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Abstract. Two-dimensional laser-induced fluorescence measspectroscopic methods, e.g. absorption spectroscopy [8—12]
urements (2-D LIF) of the hydroxyl radical distribution in have to be used to calibrate LIF data.

alaminar, premixed methayer flat flame at various pressures  In the present paper we propose to combine planar LIF
were performed. Instantaneous and time averaged concentraeasurements with absorption measurements at any height
tion fields were determined for three different pressufies ( above the burner surface (1-D absorption) on a single pulse
5, 20 bar). The 2-D LIF data were set to an absolute scalebasis. The calibration of the LIF signals at any axis in the
by a calibration with a novel, single pulse one-dimensionaplane by a separate determination of the absorption along that
UV absorption measurement made simultaneously with onlaxis reduces strongly the influence of an unknown quench-
one intensified CCD camera. To compensate effects of beaing rate, since absorption measurements are less influenced
steering a spherical lens was inserted into the sheet path aftey quenching. One could consider the proposed method to be
the flame. The measurements are compared with results frojust a 1-D absorption measurement. However, the LIF meas-

numerical calculations. urements are needed not only to determine the length of the
absorption axis but also the distribution of tleH radicals
PACS: 07.65; 42.30.Va; 82.40.Py along the absorption path.

1 High pressure burner

Combustion processes are characterized by the complex inter-
action between different transport processes and numerotidie flame under study was a methaaieflat flame stabilized
chemical reactions. To study the various processes and tm a water cooled sinter plate2® mmdiameter. This burner,
validate numerical calculations, non-intrusive in-situ measurezonstructed following drawings of O.N.E.R.A. allows steady
ments of concentration and temperature are necessary. For ti@mbustion within a pressure range betwgand40 bar. Gas
purpose several laser-based spectroscopic methods have bgelocity and mixture composition were controlled by mass
developed and successfully applied in recent years [1-3]. Alow controllers. Thereby mixing ratios (air to fuel ratio)
most technical combustion systems are turbulent, multidimerbetweer0.5 and1.3 are possible though most measurements
sional single-pulse diagnostics is required. Two-dimensionakere done foih = 1 andx = 1.1. Optical access is realized by
laser-induced fluorescence (2-D LIF) is a powerful techniquéour suprasil windows orthogonal to each other. Some major
to measure many of the chemically important species, and teradvantages of this type of burner are the very high stability of
perature in a flame, with high spatial and temporal resolutiothe flame, which allows time integrated measurements, and the
with single pulse capability [4]. fact that similar devices are available at several other groups

For 2-D LIF a laser beam is formed into a light sheet bylike O.N.E.R.A. and DLR Stuttgart. So data of these research
several lenses. The light sheetintersects the flow field in a twaroups can be compared directly.
dimensional plane and excites the molecules or atoms. The
occurring fluorescence is collected with a two-dimensional
detector [5, 6] such as an image intensified CCD camera [7]2 Laser and detection system

Concentration fields o®OH radicals are of special inter-
est owing to its important role in combustion chemistry andTo detect OH radicals using 2-D LIF several detection
for comparison with results from reduced reaction schemeschemes have been published. Advantages and disadvantages
Although qualitative results are sometimes valuable, ofteof these schemes are discussed by Ketterle et al. [13]. The ab-
quantitative data are necessary. However, quantification is nsbrption of the(3—0) band in the AX—X2I1 system [14] is
a trivial problem, especially at higher pressures. Usually othetoo weak to be measured with pulsed laser systems. Excitation
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of the (0—0) band with detection in th€0—1) band a343nm  onto a quartz cell containing a fluorescent dye. The UV light
cancels out due to the low signal level. Higher laser power reintensity distributions are converted into visible light and were
sults quickly in saturation. Th@—0) excitation was preferred imaged via prisms onto the same CCD detector asQhe

to the (0—0) excitation with detection in thé0—0) band due  signal (Fig. 1). It was important to make sure that these three
to reduced problems with fluorescence trapping [15] and straynages were at the same distance to the plane of the detector.
light. At pressures exceedirigbar beam steering becomes sig-

The OH radicals were excited using the®) line of the  nificant (Fig. 2a) due to fluctuations of the index of refraction
(1-0) vibrational band of the electronic?x X2IT transi-  at the edges of the flame (“Schlieren” effects) [16]. For pres-
tion. The thermal population of the inititl” = 8 state varies sures higher thaP0 barthe shape of the light sheet was totally
only by 10% betweei300 K and3200 K and can therefore distorted after passing the flame (Fig. 2b). Figures 2a and 2b
be considered as independent of temperature [3]. Figureshow single pulse measurements of the intensity distribution of
shows the experimental set-up. The output of a frequencthe light sheet after passing the flame at a distangZ20imm
doubled, YAG pumped dye laser (Quantel YG 38DL 50) Evaluation of such data is not possible as it is not known
was formed into a light sheet8 mmx 0.5 mm) using cylin-  which part of the outgoing light sheet corresponds to a given
drical lenses. Optical elements and diaphragms reduced tipart of the incoming light sheet. To restore the shape of the
laser energy fron8 mJ at the laser output td mJ in the light sheet we placed a simple spherical lefis=(180 mnj
flame. The laser linewidth determined frddH linesinalow at a distance of 2 to the burner axis and f2to the dye
pressure discharge has b&eh6 cnt, well below thed.4 cmt  cell (Fig. 2¢, d). A similar set-up was proposed by Kohse-
of the observedOH absorption lines in the flame dtbar  Hoéinghaus et al. [17] to reduce the motion of a laser beam
but large enough to cover the Doppler width. This, togethafter passing the flame of a high pressure burner.
er with the unusual long pulse duratidr®(0+ 0.3 ng) of our For a quantitative evaluation of the data several checks for
laser system greatly reduced problems with saturation of thinearity were necessary. The linearity of the following points
OH transition compared to other YAG-based systems. Emiswas verified: Conversion of the UV laser beam to the visi-
sion of the excitedH molecules was detected in ti@-0  ble light in the dye cell, signal conversion on the MCP-CCD
and (1-1) band around314 nmwith an intensified, slow- detector and homogeneity of the camera system. Since homo-
scan CCD-camera (Princeton Instrumettshit) which was  geneity of the camera system was not perfect, we corrected the
oriented perpendicular to the light sheet. The camera was opdluorescence images for pixel-to-pixel variations in sensitivi-
ated in the gated mode wift20 nsgate time to suppress flame ty [18]. To check the linearity of the LIF signal with respect
emission. Synchronization between excitation and detectioto saturation measurements were performed for different laser
system was checked with a fast digital storage oscilloscop@nergies. While the presented images were taken for pulse
The fluorescence light was collected using a standard U¥nergies ofl mJ, we also performed measurements for ener-
optics with a focal length 0105 mmand f4 = 4.5 (Nikon,  gies down tol00w J. Despite the increasing noise level the
UV-Nikkor). The spatial resolution of the detection systemresults were identical for each laser energy within the esti-
within the plane of detection has been abd00um. A UV~ mated errors. This corresponds to given saturation parameters
cutoff filter (WG 295) was used to suppress Rayleigh scattelin [19—-21].
ing, straylight signals from quartz and metal surfaces, and the
OH (1-0 emission. Since measurements near the burner sur-
face were desired, a background subtraction was necessary3oData acquisition and image processing
eliminate reflections of the light sheet on the sinter plate.

To determine the absorption the incoming and outgoing] typical image recorded by the CCD camera is depicted in
light sheet intensities have to be measured. For that purpo$ég. 3. It contains three parts: the incoming light sheet profile
the light sheet profiles before and after the burner were imagezh the right side, the outgoing light sheet profile on the left
side, and the rawDH-LIF signal in the centre. As the LIF
signal is a function of the laser intensity and its profile, this
raw image is not yet a direct measure of @ concentration.

The recorded intensity distributions of the light sheet pro-

files contain the information of the integral absorption along
mshee‘ 851 'e:\“' ?, Nd:YAG- lines _parallel to the burner surface. To extract the integ(al ab-

(o i—&—| dyelaser sorption data two images have to be recorded, one with the
KJ system laser tuned to a molecular absorption (resonant case) and one
with the laser detuned (nonresonant case). In the latter case in-
deed no fluorescence was detected. This is not necessarily the
case with fuel rich flames due to the broad band absorption
and fluorescence of large transient hydrocarbons.

The two-dimensional images of each light sheet profile

were transferred into one-dimensional intensity distributions
by calculating a mean value for each line, i.e. for each height
. above the burner surface. Not only in the resonant case but also
inthe nonresonant case the incoming and the outgoing intensi-

Fig. 1. Experimental arrangement for 2-D LIF measurements combined Wiﬂ‘l:y d|s_tr|but|0ns were not identical. While in the re.sonant case
1-D UV absorption spectroscopy @H radicals (BS: 5% beam splitter, P: the differences are expected due to absorption, in the nonres-
prism, F: filter, C: cylindrical lens) onant case differences persist due to dust and distortion of
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Fig. 2a—d. Intensity distribution of the light sheet after passing the flame at

adistance 020 mm While in (a) at10 barthe shape of the light sheet is still

recognizable, inkf) at 20 barthe shape of the light sheet is totally distorted.

A spherical lens is able to reproduce the shape of the light sheet, which = tmm
shown in €) (10 bar) and @) (20 bar)

4000 ppm

" - " — 1
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Fig. 3. Single pulse measurement of B fluorescence (raw data) including
the incoming (right side) and outgoing light sheet profile (left sidep at
1barandi =1.0

the optical elements. Inserting a mesh into the incoming ligh

sheet generates a pattern which allows the precise determi

ation of which part of the incoming light sheet corresponds tc

a given part of the outgoing light sheet. With this information,

using the non-resonant light sheet profiles, we can determir

a transform function which describes the imaging of the in- : e i

coming light sheet on the outgoing light sheet. This transforn _ _ 2 3000 ppm
function is only determined by the optical setup and will not :

-Chang-e during the meas-uremen-ts' Div_iding the tlans}cormelglg 4a—d. Two-dimensional absolutéOH radical concentration fields
!ntenSIty profiles of 0‘“90”.‘9 and incoming light sheet re.SUItSa Single r;ulse measurement @t= 1 bar, » = 1.0; b averaged ovet0 laser
in the corrected transmissidnof the laser light as a function pyises atp— 1 bar, 1 — 1.0; c averaged ovet00laser pulses ap = 5 bar,

of height above the burner. Using the non-resonant data one= 1.1; d averaged ovet0OOlaser pulses ap = 20 bar, 1 = 1.1
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gets unity for each height. Using the resonant data one get®ncentration and temperature are mainly normal to the flame
the percentage of the light which was not absorbed bythe  front and the calibration is performed for each height paral-

radicals in the flame. So the part of the light absorbed by thkel to the flame front, signal changes due to quenching rate
OH radicals is given by T. variations in this direction are negligible.

The evaluation of the absolute concentration (follow- Changes in the quenching rate as a function of the posi-
ing the procedure given in [22]) using Bouguer—Beer’s lawtion in the flame are dependent on the stoichiometry. It was
needs, however, some additional data. The absorption lengshown [20, 29] that these changes are lower for lean flames
can be determined from the 2-D LIF image taking into acthan for fuelrich flames. In a premixed ethyl¢a@ flame with
count the magnification factor of the imaging system. The. = 1.07 Schéfer et al. [20] determined variations in quench-
absorption coefficient can be calculated using Einstein cang rate to be less than 5% whereasXet 0.61 differences of
efficients for absorption and line positions listed in theabout 20% were observed. Therefore quenching corrections
literature [23,24]. The partition function was calculated by
summing up Boltzmann factors of all molecular levels which
are significantly populated at flame temperature. The ak 7000
sorption line shape was measured as a function of pressu a

by careful scanning of thd®;(8) line of the (1-0) band. £ 80001

This line is not affected by neighbouring lines even at pres &

sures up to20bar [21]. A Voigt profile turned out to be =z $000 1

best suited to fit the line shape data. Temperature data we 8 4000 -

provided by CARS measurements [25,26] and by numeri &

cal simulation. Since the thermal population of tNé = 8 £ 3000 1

state varies only slightly in the temperature range of inter g ,400

est, minor errors in the temperature data have no seriot 3 « caleulation

consequences. 1000 ~ measurement
Due to the mutual proportionality of concentration, ab-

T T Y T T =T

1 2 3 4 5 6

sorption, and fluorescence the fluorescence image can be us
to distribute the integral concentration values to different lo-
cations along the direction of light propagation. We used th
iterative algorithm for one-dimensional LIF data of Hertz et 4000 -
al. [11] line by line, i.e. for each height above the burner b
surface to get the two-dimensiorf@aH concentration fields.
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4 Results and discussion
2000 1 » calculation
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Figure 4a shows an absolute concentration field in a steac
methandair flame ¢ = 1.0, p= 1 bar). This image was tak-
en with a single laser pulse. The signal-to-noise ratio (SNR) i
limited by the number of photons detected per pixel. This wa:
demonstrated by averaging over several laser pulses whit Jl
considerably increased the quality of the 2-D LIF images 0 1 2 3 4 5 6 7 8 98 10
(Fig. 4b). Even at higher pressures concentration fields wel
determined with good SNR as shown in Figs. 4c and 4d fo
pressures db and20 bar.

OH radicals are formed in the flame front and are alsc
present in the hot burnt gases according to the thermal eqt
librium concentration. The flame front can be seen clearly
in Figs. 4a—d as a bright zone in the lower part of the im-
ages. Increasing pressure results in a decreasing reaction z(
thickness. It can be seen from the noise level that the sign.
level is decreasing for increasing pressure. Although increa
ing pressure results in an increasing absolute number dens
of OH radicals, the signal level decreases due to mole frac
tion decrease, absorption line width broadening, and increa
of electronic quenching. 0

Since calibration of the 2-D LIF data is performed by © 1 2 3 4 5 6 T 8 9 10
1-D absorption measurements the influence of quenching )
reduced. In addition it was shown (see e.g. [27-30]) thau z-axis [mm]
changes in quenching rate due to stoichiometry and posFg, S+ 0 wce socenaicr e omparion setues s,
tion in the ﬂame are small in burnt-gas regions of premlx.eq?ont, @ singlegpulse measurement = 1 bar, 2 = 1.0; b averaged over
hydrocarbopair flames. Larger effects are only observable injog jaser pulses ap = 5 bar, 1 = 1.1; ¢ averaged ove00 laser pulses at
the flame front. Since in our special case changes in speci@s=20bar, A = 1.1

concentration [ppml

1000 4
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are of minor importance because our aim is the applicatioReferences

of 2-D LIF in industrial combustion systems which tend to
extreme lean flames. 1L
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Since a major challenge in the application of laser di-
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comparison with numerical simulation models, a comparison ;
for different pressuresis shown in Figs. 5a—c. The figures show
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normal to the flame front and the results of a one-dimensional
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code [32]. Figures 5b and 5c result for averages @@&taser

pulses whereas Fig. 5a has been taken from single pulse data.
We have not succeeded yet stabilizing the flame front heighg.
at elevated pressures. The flame front moves to and fro anaB.

appears in the averaged images shown in Figs. 5b and 5c¢

to
be broader than it actually is. 24

In conclusion, we have established a two-dimensionalys.
26.
centration fields on a single laser pulse basis. Briefly, the27.

measuring technique for determination of absolOtd con-

method is a combination of 2-D LIF and 1-D absorption 28
spectroscopy. An application up &0 bar was demonstrat- 59
ed. Comparison with numerical model calculations showed2
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