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Abstract The absorption of OH* chemiluminescence and
laser-induced fluorescence (LIF) in the exhaust gas of con-
fined premixed laminar CHy4/air flames at atmospheric pres-
sure was investigated. One flame was used as source and a
second as absorber. OH LIF was excited in the v/ =0 —
v/ =1 band of the A—X electronic system around ~ 283 nm
and spectrally resolved detected in the (0,0) and (1, 1) vi-
brational bands around 305-320 nm. For OH* chemilumi-
nescence, spectrally resolved detection was performed in the
wavelength range 280-340 nm. For an absorption path of
54 mm and at T =~ 2000 K, signal trapping on the order
of 10-40% was observed. Signal trapping was most pro-
nounced in the (0,0) band, as expected from the thermal
population distribution of OH in the electronic ground state.
The spectral distribution of the signals and the wavelength
dependence of the signal trapping are addressed in this pa-
per. Implications from the results with respect to detection
strategies and chemiluminescence-based equivalence ratio
measurements are discussed.

1 Introduction

Laser-induced fluorescence (LIF) of OH and chemilumines-
cence imaging of OH radicals in the excited electronic state
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(OH*) have been widely used in combustion research for
the determination of flame structure, temperature, or heat re-
lease rate [1, 2]. Limitations in the value of these techniques
can arise in flames with high OH concentrations, where ab-
sorption of laser radiation and signal trapping have often
been observed [3]. With respect to laser light absorption, dif-
ferent approaches have been proposed to mitigate the prob-
lem, e.g. using weak transitions, counter-propagating laser
beams, or calculation of the absorption from the detected
LIF signal [4-6]. However, a remedy for signal trapping
is difficult to find for different reasons. Except for well-
defined laminar flames, the spatial distribution of OH rad-
icals including number density and energy distribution is in
general unknown. Further, the internal energy distribution
of the excited OH radicals after laser excitation is a dy-
namic process, including rotational energy transfer (RET),
vibrational energy transfer (VET), and electronic quench-
ing [7]. Although some of the involved rate coefficients are
quite well known (see for example LASKIN [8]), the simu-
lation of the time-dependent energy level redistribution af-
ter LIF excitation and the determination of the subsequent
signal trapping is still a challenging task. From simple cal-
culations or measurements, it can be concluded that absorp-
tion of lines with strong line strengths is substantial even
in flames of moderate size. However, the fluorescence spec-
trum is composed of hundreds of individual lines originat-
ing from a rapidly transforming non-thermal energy distri-
bution. The total amount of absorption is thus not easily cal-
culated even if the OH density along the absorption path
is known. To our knowledge, a spectrally resolved study
of the effect of signal trapping in OH LIF measurements
in flames under well-defined boundary conditions has not
been published before. It has therefore been one goal of this
work to measure the spectral distribution of OH LIF sig-
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nals after passing through an absorbing gas. In most OH
LIF investigations in flames, laser excitation is performed
in the v = 0 — v/ = 1 band of the A-X electronic system
around ~ 283 nm with a red-shifted detection of the fluo-
rescence in the (0,0) and (1, 1) vibrational bands around
305-320 nm. This scheme is also studied in this experiment
using pulsed laser radiation with a pulse duration of approx-
imately 8 ns.

Chemiluminescence imaging is usually performed using
the same detection wavelength region as for LIF [9-11].
However, the rotational and vibrational distribution in the
excited electronic state is generally different compared to
that in LIF measurements. Nevertheless, signal trapping oc-
curs as well and can be a serious problem in quantitative
measurements of the heat release rate or equivalence ra-
tio [12].

The second goal of the current work is therefore an ex-
perimental characterization of the signal trapping of OH*
chemiluminescence under well-defined conditions and with
spectrally resolved detection. Laminar premixed CHga/air
flames were used in this study as sources for the OH emis-
sions and confined premixed flat laminar flames were used
as absorbers. The burner for the flat flames was specially
designed for this purpose and consists of a square sintered
bronze matrix with a close confinement of quartz plates. In
this way, a quite homogeneous exhaust gas is formed with a
defined boundary.

For individual emission lines, the absorption depends on
the population of the ro-vibrational states in the electronic
ground state that can absorb the specific wavelength. For
well-resolved isolated individual spectral lines, the molec-
ular transitions for emission and absorption are mostly the
same. In that case, the probability of absorption depends—
besides on the line strength—on the population density of
OH in the ground state, which is governed by the Boltz-
mann distribution. For flame temperatures, e.g. at 2000 K,
more than 92% of the OH radicals are in the vibrational
ground state v” = 0. Thus, absorption for transitions from
V" = 0 are more likely than those from higher vibrational
levels. This behavior is confirmed by the measurements re-
ported in this paper. However, for overlapping spectral lines
the situation is more complex. It must also be considered
that the ro-vibrational distribution in the excited state is
generally not in thermal equilibrium. The spectral distri-
butions of the OH LIF and chemiluminescence signals are
shown in this paper for a situation with negligible absorp-
tion and compared to the spectra after passing through the
exhaust gas of two different laminar flames. The absorp-
tion behavior for emission lines in the (0, 0) and (1, 1) vi-
brational bands of the A—X transition are demonstrated and
quantified, and conclusions for flame investigations are de-
rived.
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Fig. 1 Photographs showing the burner configurations that were em-
ployed in the current investigations. (a) OH* chemiluminescence sig-
nal trapping measurements, (b) OH LIF signal trapping measurements

2 Experimental configuration
2.1 Burners

Photographs of the burner configurations and the flames
that were used for the current investigation are shown in
Fig. 1. An optically accessible, water-cooled, square ma-
trix burner, 50 x 50 mm? in cross section, was used as the
main burner for the OH LIF measurements and a straight
tube (Bunsen burner), with an inner diameter of 8§ mm, was
used as the main burner for the OH* chemiluminescence
measurements. An identical square matrix burner was em-
ployed for the stabilization of the flames used as absorbers
for both OH LIF and OH* chemiluminescence measure-
ments (in the following termed ‘absorption burner’). The
sintered bronze matrix had a thickness of 18 mm and con-
tained a copper tube for water cooling. It was custom built
by the company Tridelta Siperm (material type B20, 18-pm
mean pore size, 34-39% porosity). The matrix resembles the
ones used in the well-known McKenna burners [13]. Similar
custom-built matrix burners have been operated by us before
with premixed CHy/air and H»/air flames and characterized
by coherent anti-Stokes Raman spectroscopy (CARS) and
Rayleigh and Raman scattering. The exhaust gas temper-
ature and composition turned out to be the same as for a
McKenna burner when operated with the same gas compo-
sition and flow velocity within the accuracy of the measure-
ment techniques [14]. Thus, the exhaust gas temperatures of
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the flames investigated here were taken from previous mea-
surements.

Both the main and the absorption matrix burners were
equipped with quartz windows (52 x 117 mm?, 1.7-mm
thick) held by four posts at the corners. They form a con-
finement for the exhaust gas with an inner square section of
54 x 54 mm? and thus a defined absorption path. The burner
for the premixed Bunsen flames consisted of a straight stain-
less steel tube. The flames were surrounded by a quartz
tube of inner diameter 30 mm to avoid interferences from
outside. The burners were operated with premixed CHgy/air
flames stabilized under laminar conditions. The mass-flow
rates were regulated with high-precision Coriolis (Siemens)
and mass-flow controllers (Brooks for the main burner and
Bronkhorst for the absorption burner).

2.2 Burner operating conditions

The burners were operated at two different overall equiv-
alence ratios, ¢ = 0.8 and 0.9. Initial OH LIF and OH*
chemiluminescence measurements were performed with the
OH LIF matrix burner and the Bunsen burner operating
at constant equivalence ratios, ¢ and @punsen, respec-
tively, and with no flame stabilized at the absorption burner,
¢abs = 0. In order to investigate the influence of OH sig-
nal trapping, the experiments were repeated by varying @,ps
while maintaining ¢pr Or @punsen constant. The flow rates
for the flat flames were 26.79 slpm air and 2.25 slpm CHy4
for the flame with ¢ = 0.8 and 31.99 slpm air and 3.02 slpm
CHy4 for the flame with ¢ = 0.9. The flow rates for the Bun-
sen burner were 3 slpm air and 0.253 slpm CHjy for the flame
with ¢ = 0.8 and 3 slpm air and 0.285 slpm CHjy for the
flame with ¢ =0.9.

2.3 OH LIF system

The laser system used for the OH LIF measurements con-
sisted of a flash-lamp-pumped, frequency-doubled Nd:YAG
laser (Quanta Ray, DCR-2) pumping a frequency-doubled
tunable dye laser (Lumonics, HD-500) at 10 Hz. The out-
put beam (pulse duration 8 ns and line width ~ 0.4 cm™!)
from the dye laser was tuned to the Q(8) transition of OH
at approximately 283 nm in the v’ =0, v’ = 1 vibrational
band of the A2~ t—X2IT system. For the initial characteri-
zation of the OH distribution of the flat flames on the matrix
burner by two-dimensional (2D) OH LIF imaging, the UV
beam was expanded into a vertical light sheet by means of
a combination of cylindrical and spherical lenses. The laser
sheet was approximately 40 mm in height inside the flame
and 400 um in thickness at the center of the matrix. In case
of the spectrally resolved OH LIF signal trapping measure-
ments, the UV beam was expanded into a horizontal sheet.
A depolarizer (B. Halle Nachf., type Hanle) was placed in
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Fig. 2 Schematic of the experimental set-up used for the measure-
ments: (a) OH* chemiluminescence signal trapping, (b) OH LIF signal

trapping

the beam path to avoid any influence from polarization on
the LIF signal. Inside the flame the laser sheet was approx-
imately 5 mm in width and 400 pm in thickness and had
approximately 250 pJ of pulse energy. This beam geometry
was chosen in order to maximize the signal passing through
the narrow entrance slit of the spectrograph and to avoid
saturation (the entrance slit was parallel to the laser beam
and the thickness of 400 pm was relayed onto the slit). By
means of a beam splitter, a small portion of the incoming
laser beam was directed into a CHy/air reference flame on a
matrix burner, operating under laminar conditions. The LIF
produced by this flame was used for the online monitoring of
the excitation line wavelength for both OH PLIF and spec-
tral measurements.

2.4 Detection systems

The schematic of the experimental set-up employed for the
OH* chemiluminescence signal trapping and OH LIF sig-
nal trapping measurements are shown in Figs. 2(a) and 2(b),
respectively.

2.4.1 Imaging system for the 2D measurements
An ICCD camera (LaVision Image Intense with intensified
relay optic (IRO), 1376 x 1040 pixels) equipped with a UV

camera lens (Nikkor, /4.5, f = 105 mm) and a combina-
tion of a UG11 and bandpass (295-340 nm) interference
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filters (Laser Components GmbH) was used as the detec-
tion system for the OH PLIF measurements. The captured
OH PLIF images were corrected for laser sheet profile inho-
mogeneities in post processing using the laser sheet profile
information obtained from a simultaneously captured fluo-
rescence image of the laser sheet in a quartz cell filled with
a fluorescent dye solution. OH* chemiluminescence (inte-
grated along the line of sight) was also imaged with the same
detection system along with the filter combination. The ex-
posure settings for the OH PLIF and 2D OH* chemilumi-
nescence measurements were 400 ns and 40 ps, respectively.
All the images were also corrected for background luminos-
ity and for the camera sensitivity. The timing between the
laser pulses and the gate timings of the camera were syn-
chronized with the help of a pulse delay generator (BNC,
model 555).

2.4.2 Spectral measurements

For the OH LIF and OH* chemiluminescence spectral mea-
surements, a spectrograph (SpectraPro 275, Acton Research
Corporation, aperture ratio f/3.8) was used in combination
with the ICCD camera (LaVision Image Intense with IRO,
1376 x 1040 pixels). The exposure settings for the OH LIF
and OH* chemiluminescence measurements were 200 ns
and 1 ms, respectively, and the sampling rate was 10 Hz. The
OH LIF signal, orthogonal to the excitation beam, and the
OH* chemiluminescence signal were collected by the UV
camera lens (Nikkor, /4.5, f = 105 mm, diameter 28 mm)
attached to the entrance slit of the spectrograph. A depo-
larizer (B. Halle Nachf., type Hanle) was placed between
the UV lens and the entrance slit to mitigate any effect of
polarization-dependent efficiency of the gratings. The laser
sheet was at a distance of approximately 390 mm from the
UV lens, leading to a detection solid angle of 4.04 x 1073 sr.
The spectrograph was set up with its entrance slit arranged
horizontally, parallel to the laser beam, in order to capture
several millimeters of the laser beam. Two different grat-
ings, 1800 grooves/mm and 3600 grooves/mm, were used
in the current measurements, corresponding to dispersions
of 1.75 nm/mm and 0.74 nm/mm, respectively, in the spec-
tral range of interest. The entrance slit width of the spec-
trograph was set to 150 um. This corresponded to a spectral
width of 0.26 nm (28.9 cm ™! at 300 nm) for the grating with
1800 grooves/mm and 0.11 nm (12.3 cm~! at 300 nm) for
the grating with 3600 grooves/mm. After spectral separa-
tion, the rotational bands of the OH molecule were imaged
into the ICCD camera located at the exit focal plane of the
spectrograph. The dependence of the detection efficiency on
the wavelength was not measured but, from the data sheets
of the ICCD and gratings, it is expected to be small in the
wavelength region of interest. 1000 laser shot measurements
were performed for each operating condition. In addition,
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Fig. 3 2D OH LIF distribution of the investigated flames at 5 mm
away from the edge of the matrix burner; also marked is the spatial
position in the flame where the OH LIF spectral measurements were
performed

the images were binned four times on the spatial axis during
measurements to achieve sufficient signal-to-noise ratio.

3 Results and discussion
3.1 Flame characteristics

Figures 3(a) and 3(b) show the time-averaged OH LIF im-
ages of the matrix burner flame at ¢ = 0.8 (T = 1967 K
[14]) and 0.9 (T = 2110 K [14]), respectively. The flame
front of both flames resides very close to the matrix within
a distance of roughly 1 mm. At these temperatures and ex-
haust gas compositions, the equilibrium OH mole fraction is
8.91 x 10™* (¢ = 0.8) and 1.5 x 1073 (¢pr1r = 0.9) [15].
The laser sheet was positioned at approximately 5 mm away
from the edge of the matrix burner. The laser sheet travels
from left to right of the images and the variation in LIF in-
tensity along the laser beam path is due to absorption by the
OH radicals. The images shown here are an ensemble av-
erage of 200 single shots. The decrease of OH LIF signal
with height above the burner is caused by a decrease of OH
concentration. OH is formed in superequilibrium concentra-
tions in the flame front and its relaxation towards chemical
equilibrium takes about 3 ms [18]. The equilibrium value is
reached at heights of 7 ~ 10-20 mm depending on the flow
velocity. The spatial position of the horizontal laser sheet
for the OH LIF spectral measurements is marked in the im-
ages by the white line. The edge of the laser sheet (5 mm in
width) was approximately 3 mm away from the edge of the
burner matrix in the direction of the detector and at a height
of 17 mm. As can be seen, the laser sheet is located in a re-
gion where the OH concentration is very close to the equilib-
rium value. Further, the location close to the edge minimizes
signal trapping within this flame.

The OH* chemiluminescence distribution from the pre-
mixed Bunsen flame is shown in Fig. 4. It has a conical
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shape and due to the line-of-sight integration of the chemi-
luminescence the edges appear more intense than the cen-
tral parts. Chemiluminescence provides information about
species concentration produced in the electronically excited
state. The OH* chemiluminescence is formed only in the
heat-release zone and, after a lifetime of a few nanosec-
onds, the excited molecules relax to lower energy levels
by radiative transitions (chemiluminescence) or molecular
collisions. The chemiluminescence can be absorbed by OH
molecules in the absorption burner, so that the detected OH*
chemiluminescence intensity will only be a fraction of what
was originally emitted. The absorption of the OH* chemi-
luminescence signal by the OH radicals in the absorption
burner is highlighted in Fig. 4(a). The top row shows the
results from the Bunsen flame with ¢punsen = 0.8, the sec-
ond row the results from ¢punsen = 0.9. The left-hand im-
ages were recorded without flame on the absorption burner,
the other images with absorption flames with ¢aps = 0.8 and
dabs = 0.9. As expected, the chemiluminescence intensity is
decreased due to absorption. In Fig. 4(b), the averaged OH*
chemiluminescence intensity is plotted against ¢gps. The re-
gion of the flame where the intensities were calculated is
shown as a dotted rectangular region in Fig. 4(a). ¢aps = 0
represents the case without flame in the absorption burner.
The degree of signal trapping is defined here as the percent
reduction in the signal intensity between the probe volume
and the collection optics. It can be seen that the OH* chemi-
luminescence signal emitted by the Bunsen flame is dropped
by approximately 17 and 16%, for ¢pynsen = 0.8 and 0.9, re-
spectively, when a ¢y, = 0.9 flame is stabilized in the ab-
sorption burner. It is noted that the images shown do not
include the chemiluminescence from the absorption flame.
The absorption flame chemiluminescence was estimated by
repeating the measurements without the Bunsen flame and
is then subtracted from the OH* chemiluminescence distri-
bution from the Bunsen flame in a post-processing step.

In this measurement, a small contribution to the detected
chemiluminescence is expected to stem from electronically
excited CO, molecules [16]. CO,* chemiluminescence is
broadband and extends beyond the transmission range of the
interference filter. A significant portion of it does not spec-
trally overlap with OH absorption lines and passes through
the flame without being absorbed. In the imaging experi-
ments, the CO,* contribution was not subtracted from the
total chemiluminescence signal. Subtraction of it would lead
to numbers larger than 17% and 16% for the OH* signal
trapping. More details are given in the next subsection.

3.2 OH spectral distribution
The spectral distributions of the OH* chemiluminescence

and OH LIF signals were analyzed with the help of the
spectrograph coupled with the ICCD camera. Figure 5(a)
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Fig. 4 (a) 2D OH* chemiluminescence distribution with changing
QPabs: (1) dpunsen = 0.8 and (ii) Ppunsen = 0.9. (b) Corresponding OH*
chemiluminescence signal intensity variation; the averaged intensities
were calculated from the dashed rectangular section shown in (a)

shows the OH* chemiluminescence spectrum from the Bun-
sen flame stabilized at ¢pynsen = 0.9 as seen in Fig. 4(a)(ii).
The imaged region was approximately 12 mm above the
rim of the Bunsen burner and 17 mm above the surface of
the matrix burner. The measurements were performed with
the 1800 grooves/mm grating. The plot shows strong OH*
chemiluminescence emissions from the A-X (0,0) band
starting at a wavelength A ~ 306 nm and also weak but
non-negligible emissions from the A-X (1,0) band start-
ing at A & 281 nm. Overlaid on the (0,0) band are also
weak emissions in the (1, 1) band. The main portion of the
chemiluminescence lies within the (0,0) band, in accor-
dance with previous observations [9]. The signal level ob-
served at A < 281 nm and A > 330 nm most probably stems
from broadband CO,* chemiluminescence [16]. While the
red curve displays the distribution without absorption flame,
the green one was recorded with the ¢aps = 0.9 flame as
absorber. As can be seen, significant absorption occurred
in the (0,0) band and only little absorption in the (1, 0)
band. This is qualitatively explained by the thermal distri-
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Fig. 5 OH* spectral distribution of the chemiluminescence signal
from a Bunsen burner flame at ¢pynsen = 0.9 (@), and plots showing the
OH* chemiluminescence signal reabsorption from the Bunsen burner
flame stabilized at ¢pynsen = 0.8 (b), and 0.9 (¢) by the absorption
burner flame

bution of the absorbing OH molecules, which are predomi-
nantly in the vibrational ground state. Figures 5(b) and 5(c)
show the influence of absorption on the OH* chemilumi-
nescence emissions from the (0, 0) band produced by the
Bunsen flame in the spectral range from 306 to 320 nm.
The value of ¢punsen Was set to 0.8 and 0.9 in Figs. 5(b)
and 5(c), respectively. The 3600 grooves/mm grating was
used for these measurements. Despite the better spectral res-
olution of this grating, the observed lines are not isolated
single transitions. For example, the line at A ~ 311.8 nm
is an overlap of at least four lines with the main contribu-
tions from P (8) and P>(7) [17]. The plots mirror the strong
signal absorption that was seen earlier in the OH* chemi-
luminescence images. As expected, the strongest absorption
is observed for the lines belonging to well-populated rota-
tional states in the v/ = 0 state and those having the high-
est transition strengths. These are generally located in the
lower-wavelength region (A ~ 306-313 nm). For details of
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the spectrum and line positions, the LIFBASE spectral sim-
ulation program is recommended [17]. Increasing the tem-
perature and the heat-release rate of the Bunsen flame by in-
creasing the equivalence ratio from 0.8 to 0.9 does not alter
the observed trend significantly (see Fig. 5(c)).

From the spectra in Figs. 5(b) and 5(c), the degree of sig-
nal trapping was assessed. First, the contribution from CO;*
chemiluminescence was estimated from Fig. 5(a) and sub-
tracted as a constant offset (6 a.u. in the units of Fig. 5) from
the spectra. For the flame with ¢punsen = 0.8 (Fig. 5(b)), the
absorbed intensity was 7.3% for ¢aps = 0.8 and 24.4% for
dabs = 0.9 when the intensity was integrated over the spec-
tral range A = 306.16-320.40 nm. The relatively low sig-
nal levels in the second half of the spectra add some uncer-
tainty to these numbers. If only the more intense spectral
range A = 306.16-313.0 nm is considered, the numbers are
18.5% for ¢,ps = 0.8 and 33.8% for ¢aps = 0.9. The cor-
responding signal trapping for the flame with ¢pypgen = 0.9
(Fig. 5(c)) is 20.9% for ¢aps = 0.8 and 37.8% for ¢aps = 0.9
in the range A = 306.16-320.40 nm. For the restricted range
A = 306.16-313.0 nm, the absorbed portion is 26.1% for
¢abs = 0.8 and 42.6% for ¢p,ns = 0.9. These numbers are
considerably larger than the ones obtained from the imag-
ing experiments. The main reason lies in the contribution of
the CO,* chemiluminescence. Neglecting the CO,* chemi-
luminescence leads to numbers that are typically a factor of
0.8 smaller. In the imaging experiments, the effect is even
larger because the interference filter transmits a range (295—
340 nm) that is wider than the range A = 306.16-320.40 nm
considered here. It must be kept in mind that the subtraction
of the CO,* chemiluminescence background is subject to
some arbitrariness because it was not determined precisely
in the measurements. This is also expected to contribute to
the difference in relative absorption between the flames with
®bunsen = 0.8 and Ppunsen = 0.9 when the same absorption
flame was used.

For LIF, an excitation strategy using the OH A-X (1-0)
vibronic band is reported in the literature as an option to
reduce the fluorescence trapping effect [19, 20]. The cor-
responding fluorescence distribution and its absorption are
considered in the following. Figures 6(a) and 6(b) display
dispersed fluorescence spectra from the matrix flames with
¢Lir = 0.8 and 0.9, respectively, with changes in ¢,ps. The
experimental configuration used for these measurements is
shown in Fig. 2(b) and a 3600 grooves/mm grating was
used in the spectrograph. The spectra exhibit a different
shape compared to the chemiluminescence spectra because
the ro-vibronic population distribution in the excited A-state
is different. The prominent lines in the spectra are Ry(7)
(A &~ 312.25 nm), Q1(8) (A &~ 315.1 nm), and P1(9) (A =
318.22 nm) in the (1, 1) band. They originate from the laser-
excited rotational level N’ = 8 in v/ = 1. The other lines
originate from ro-vibronic levels that have been populated
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by collision-induced vibrational or rotational energy trans-
fer. Again, the red lines display the fluorescence spectra
without absorbing flame and the blue and green lines cor-
respond to the absorption flames with ¢,,s = 0.8 and 0.9,
respectively. The differences between plots (a) and (b) are
small. However, they are scaled to the same maximum value
in the figures, but the maximum intensity is a factor of 1.96
higher for spectrum (b) due to the higher OH concentra-
tion level of the flame with ¢ = 0.9. The striking fea-
ture of the spectra is the difference in absorption between
the (0, 0) and (1, 1) bands. For example, the overall OH LIF
signal intensity (deduced by integrating the area under the
spectrum shown) decreased by 39% and 1.3% in the (0, 0)
(calculated in the wavelength range from 306 to 312 nm)
and (1, 1) (calculated in the wavelength range from 312.01
to 320.4 nm) bands, respectively, for the ¢ = 0.8 flame
when the absorption burner is set to ¢,ps = 0.9. The cor-
responding values for the ¢ = 0.9 flame are 43.2% and
9.7% for the (0,0) and (1, 1) bands, respectively. Note that
here the wavelength range that was selected for emissions
from the (1,1) band, namely 312.01-320.4 nm, also in-
cludes some contribution from the (0, 0) band emissions. In
particular, high rotational levels of P branches (N’ > 8) of
the (0, 0) band are located in this range. So, the increase in
signal absorption seen in the spectral range of the (1, 1) band
within the ¢ = 0.9 flame is also caused by the absorption
of the rotational lines of the (0, 0) band. The observed differ-
ences are, of course, due to the different populations in the
V" =0 and v’ = 1 levels of OH in the absorption flames.
Note also that the degree of absorption in the (0, 0) band is
on the same order as estimated for the spectrally resolved
chemiluminescence measurements.

The measurements clearly convey that the absorption/
trapping effects by the OH radicals in high-temperature
flames are non-negligible. The effects should be taken into
account for quantitative measurement of OH concentrations
or in diagnostic techniques in which the quantitative infor-
mation is important, for example temperature measurements
using OH LIF. The results also demonstrate that one way to
minimize this effect is use of the (1, 0) excitation strategy
coupled with a detection restricted to the (1, 1) emission
band. As the v/ = 1 vibrational level is weakly populated
even at high temperatures, the problem arising from radi-
ation trapping can be mitigated. Moreover, since the (1, 1)
band is fluorescence shifted, the detection strategy aids in re-
ducing laser light scattering interferences. The only practical
difficulty in 2D LIF imaging is that with the commercially
available band-pass filters it is not possible to spectrally dis-
criminate the fluorescence from the (0, 0) band and from the
(1, 1) band.

Recently, a of lot research work has been reported on
equivalence ratio sensing based on the ratio of chemilu-
minescence intensities such as CH*/OH* [12, 21-23] or
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Fig. 6 Variations in OH LIF spectral distribution from the matrix
burner with varying ¢aps: (a) ¢ = 0.8 and (b) ¢rr = 0.9

C,*/OH* [24]. The current studies show that such quan-
tification will be unreliable if the effect of OH* chemilu-
minescence signal trapping is neglected. Any such quantifi-
cation is possible only if accurate corrections are made for
the OH* chemiluminescence signal trapping effect, which in
most of the technical combustors is difficult to achieve tak-
ing into account of the variation of OH concentration with
optical depth in turbulent flames. In addition, for the valida-
tion and optimization of numerical simulations, the OH LIF
distribution is quite often used as a marker for the reaction
zone and in some cases the OH* chemiluminescence signal
as a measure of the heat-release rate. But, if the data used
is not corrected for absorption/trapping effects or, the other
way round, if these effects are not taken into account in the
simulation of the OH concentration distribution that is used
for comparison with the experimental results, the effective-
ness of simulation codes in predicting the combustor perfor-
mance under varying operating conditions will be severely
restricted.

4 Summary and conclusions

Signal trapping in OH* chemiluminescence and OH laser-
induced fluorescence (LIF) measurements in flames has
been investigated under well-defined experimental condi-
tions and with spectrally resolved detection. Specially de-
signed matrix burners with square sintered bronze flame
holders have been used to stabilize flat premixed CHy/air
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flames. The flames were confined by quartz plates to pro-
vide a defined boundary of exhaust gas. These flames were
used as source for LIF excitation of OH and as absorption
medium for LIF and chemiluminescence radiation. A pre-
mixed CHy/air Bunsen flame was employed as source for
OH* chemiluminescence. OH LIF was excited in the (1, 0)
band of the A—X electronic system around 283 nm and spec-
trally resolved detected in the (0,0) and (1, 1) vibrational
bands at A ~ 305-320 nm. For OH* chemiluminescence,
spectrally resolved detection was performed in the wave-
length range 280-340 nm.

The results showed that an absorption path of 54 mm
within the exhaust gas at temperatures around 2000 K led
to significant absorption of both OH LIF and OH* chemi-
luminescence, typically on the order of 10—40%. The spec-
tra revealed that absorption in the (0, 0) vibrational band is
much larger than in the (1, 1) band due to the higher popu-
lation density of the absorbing OH molecules in the vibra-
tional ground state compared to that in the excited vibra-
tional states. For the LIF measurements, this fact reduces
signal trapping because after excitation of v/ = 1 VET is
not fast enough to populate v’ = 0 to an extent correspond-
ing to thermal equilibrium. The vibrational and rotational
redistribution has been well characterized in previous inves-
tigations [25, 26]; however, the final effect on signal trap-
ping has, to the authors’ knowledge, not been demonstrated
before with spectral resolution. OH* chemiluminescence in-
stead is mainly concentrated in the (0, 0) band and thus more
prone to reabsorption.

The signal trapping of OH* chemiluminescence should
carefully be considered in measurements of heat-release
rate [10, 11] or equivalence ratio based on the ratio
OH*/CH* [11, 12]. It is most likely that CH* chemilumines-
cence is hardly absorbed by the flame due to the low overall
CH concentration, so that the OH*/CH* ratio changes due
to the OH* chemiluminescence trapping. In any applications
where OH LIF measurements are quantitatively evaluated,
signal trapping may also lead to errors, in particular, in large
combustion chambers at high temperature and pressure. For
planar LIF applications an optical long pass filter with a very
sharp edge at A &~ 312 nm would help in the way that it only
transmits the fluorescence in the (1, 1) band. However, such

@ Springer

a filter is hardly available and would lead to a significant
signal reduction.
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