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Novel ultraviolet laser-based multidimensionalmeasurement techniques were applied to the burner exit of a H2 ±

air jet engine. Two-dimensionalRayleigh scattering and one-dimensional Raman scattering were used to measure
the mean temperature ® eld, the distributions of the majority species H2 , O2 , H2O, and N2 , and the turbulence

intensity distribution ¾T /T in the burner exit plane. The wealth of data allows are elucidation of the turbulent
mixing and combustion processes inside the burner. For example, the majority species distributions show that

unburned H2 occurred in certain regions in the burner exit plane that were essentially free of O2 and vice versa.
This pattern was constant in time. This means that certain ¯ ow structures in the burner caused rich mixing in some

areas and lean mixing in others, and it explains why overall combustion was not complete in this particular burner.

Introduction

L ASER diagnostictechniquesundoubtedlyhave a high potential
for nonintrusive molecular species, temperature, and velocity

measurementswith high spatial and temporal resolution in combus-
tion and ¯ ow systems. Laser-induced ¯ uorescence (LIF), coherent
anti-Stokes Raman spectroscopy (CARS), Raman scattering, and
Rayleigh scattering are the most commonly used techniques for
species and temperature measurements. Raman scattering has the
unique advantageof being able to provide the densitiesof all major-
ity species and the temperature using a single laser beam. It is now
possible to measure these quantities with one-dimensional spatial
resolution (along a line) by using a spatially resolving optical mul-
tichannel analyzer (SROMA) as the detector.1±3 It is demonstrated
in this paper that a large number of one-dimensionalmeasurements
yield quasi-two-dimensional multispecies concentration and tem-
perature ® elds at the burner exit of an H2±air jet engine.

Because Raman (as well as Rayleigh) scattering intensities in-
crease with the fourth power of the scattered laser frequency, this
applicationof Raman scattering is possible given the availabilityof
deep uv laser sources.Although this fundamentalbehaviorwas well
known, there have been very few applications of deep uv Raman
and Rayleigh scattering to ¯ ames1±5 and to ¯ ow® eld diagnostics
and mixing problems.6±9 The measurementspresented in this paper
are one of the ® rst successful applications of one-dimensional Ra-
man (and Rayleigh) scattering in a realistic combustion system.10

It is demonstrated that these improved measurement techniques
can, indeed, be used as a tool for the development of combustion
systems.

It is also demonstrated that a combination of Raman, Rayleigh
scattering,and LIF techniquesis particularlyusefulfor appliedcom-
bustion diagnostics, because it yields temperature (via Rayleigh),
majority species (via Raman), and minority species (via LIF) infor-
mation. All three techniques can be applied simultaneously using
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a single laser beam and an SROMA system. An example is given
subsequently.

Rayleigh scatteringyields the total density in particle-freemedia,
so that the ¯ ame temperaturecanbederivedthroughthe idealgas law
in atmospheric ¯ ames.2 Different Rayleigh cross sections of differ-
ent species are taken into account using temporally averaged major-
ity species distributionsmeasured by Raman scattering.This yields
precise mean temperature ® elds. Rayleigh scattering measurements
can be performed with two-dimensional spatial resolution even on
a single laser shot basis and even with a large object-detector dis-
tance (1±2 m) if deep uv wavelengths are applied, as in this work.
This yields approximate two-dimensional temperature ® elds with
a temporal resolution of the order of 10 ns (laser pulse length).
The mean temperature ® eld can be deduced from a large number
of single-shot measurements as will be demonstrated. The turbu-
lence intensity ® eld (temporal temperature and species variations)
can also be obtained from single-shot Rayleigh measurements.

Two-dimensional Rayleigh scattering and one-dimensional Ra-
man scattering techniques were applied to an H2±air jet engine
burner to obtain the temperature ® eld and the distributions of the
majority species H2 , O2, H2O, and N2 at the burner exit for char-
acterization of the nozzle entry conditions.The burner was located
at the DLR, German Aerospace Research Establishment, Cologne.
This burnerbelongsto a prototypeH2±air jet engine.The nozzlewas
removed for the measurements to gain optical access. Air-breathing
jet engines are being developed for advanced aerospace propulsion
systems.12 With two different experimental setups (one and two di-
mensional) the measurements were performed within a ® ve days
measurement campaign in 1994. The experiments were also done
to demonstrate the capabilitiesof the novel measurement technique.

Although temperature and species concentration determination
from Raman and Rayleigh scattering intensities is essentially easy,
it will be seen that a numberof dif® cultiesarose in this particularap-
plication. It is generally much more dif® cult to obtain precise quan-
titative data in a turbulent atmospheric ¯ ame than in cold (precom-
bustion) media,6±9 basically because of 1) smaller signal levels, 2)
stronger laser-induced(predissociative)¯ uorescence[LI(P)F] inter-
ferences for H2, O2 , and H2O (will be compared), and 3) averaging
errors due to turbulence.11 In addition, the measurements suffered
from hostile conditions at this test stand, such as mechanical vibra-
tions of the setup. Thus, it is necessary to discuss these sources of
error extensively and to develop appropriatedata evaluation proce-
dures to avoid quantitative measurement errors.
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Experiment
The H2±air burner and the test stand are described in more de-

tail elsewhere.12 The burner geometry is outlined in Fig. 1a. In this
burner, hydrogen is injected with high pressure through 54 ori® ces
in 6 injection ® ngers into the air ¯ ow. Combustion occurs before
mixing is complete and a considerable fraction of unburned hydro-
genand oxygenis present (in the presentstate)at the burnerexit.The
Laval nozzlewas removed to obtainopticalaccess,and the measure-
ments were done in the turbulent freejet 5 cm behind the burner exit
plane. The rectangularburner exit opening was 250 £ 125 mm. The
burner was operated with 10-g/s hydrogen throughput ( U = 0.9)
in the measurements presented subsequently. The free-jet velocity
was subsonic (some 80 m/s).

Two slightly different arrangements were used in the two-
dimensional Rayleigh scattering and the one-dimensional Raman
measurements, respectively. The same tunable KrF excimer laser
(Lambda Physik, 0.2 J/pulse at ¼ 248 nm) and an intensi® ed slow
scan charge-coupleddevice (CCD) camera (LaVision) were used in
both cases. For the one-dimensional Raman measurements, an ad-
ditional SROMA system consisting of a CCD camera and an imag-
ing spectrograph (Oriel) was used. The basic setup is outlined in
Fig. 1b. It can be seen that there was an angle of 30 deg between the
detector axis and the burner axis because the camera system could
only be practically located beside the burner exhaust. Accordingly,
the camera system was not perpendicularlyoriented with regard to
the laser beam. (The resulting distortion of the images was tolera-
ble.) A three-dimensionaladjustablearrangementwas used to move
the camera system and the laser beam optics, so that measurements
couldbe performed, in principle, in all regionsof the burner exhaust
and the ambient air. Two-dimensionalRayleighmeasurementswere
done at 18 positions in order to cover the whole exit plane. On the
right-half of the exit plane 32 one-dimensional Raman scattering
measurements were carried out. Figure 2 shows schematically the
burnerexit (innerrectangle),thepositionsof the18 two-dimensional
Rayleigh scattering measurements (in the outer rectangle) and the
positions of the Raman measurements (additional horizontal lines
on the right-half).

The laser beam was formed to a sheet (1 £ 24 mm) using a
telescope consisting of two cylindrical lenses in the case of the
two-dimensional Rayleigh measurements (as shown in Fig. 1b). A

a) Geometry of the burner of a jet engine (DLR Cologne)

b) Experimental setup at the burner

Fig. 1 Laser sheet forming optics for two-dimensional Rayleigh scat-
tering measurements.

Fig. 2 Measurement positions of 18 two-dimensional Rayleigh scat-
tering and 32 one-dimensionalRaman scattering (additionalhorizontal
lines on the right side) measurements at theburner exit (inner rectangle).

sphericallens ( = 2 m) was used to forma focusedlaserbeam(2 £ 2
mm pro® le) in the Raman measurements. The detector±probe vol-
ume distance was about 1.4 m. The observed section of the laser
beam as determined by the detector size and the imaging optics was
18 cm in the case of the Rayleigh measurements and 8 cm in the
Raman measurements,respectively.Two dielectric laser mirrors (45
deg, 248 §20 nm) were used to transmit essentially only the laser
wavelength to the camera in the two-dimensional measurements. It
was demonstratedin a ¯ at ¯ ame burner (McKenna),which was used
also for calibration purposes, that this ® lter suf® ciently suppressed
other laser-inducedemissions (in particular,LIPF signals from OH
and O2 even on resonance13). A 0-deg, 248§10 nm dielectric ® lter
was used to suppress the Rayleigh line in the Raman measurements.
The ® lters were mounted directly in front of the camera or the spec-
trograph, respectively. Spherical quartz lenses with a diameter of
5 cm were used in both cases for imaging.

Majority Species Measurements
via Raman Scattering

The SROMA detectionsystem used in the one-dimensionalmea-
surements covered an emission wavelength range from 240 to
285 nm. With this setup, a number of different laser-inducedemis-
sions were detected simultaneously with one-dimensional spatial
resolution:1) Rayleigh scatteringat 248 nm (the laser wavelength);
2) vibrational Raman emissions from O2 at 258 nm, N2 at 264 nm,
H2O at 273 nm, and H2 at 277 nm; and 3) LIPF from O2 at three
different wavelengths (258, 267, and 277 nm). In principle, the ma-
jority species densities q i (i = O2 , N2 , H2O, H2) can be obtained
from the intensity of the Raman emission lines Ii , provided that
the slightly temperature-dependent scattering crosssection r (R)

i is
known, through

Ii = c r ( R)
i q i (1)

where c is the overall detection ef® ciency, which depends on the
laser power, the detection solid angle, polarization properties, and
the ef® ciency of the detection system consisting of spectrometer,
Rayleigh rejection ® lter, and intensi® ed CCD camera. However,
dif® culties often arise in the determination of the pure Raman sig-
nal intensities, Ii due to interferences, in particular from LIF emis-
sions that occur at the same wavelengths as the Raman emissions.
LIPF emissionsfromO2 and OH are particularlysevere in hydrogen
¯ ames with KrF laser excitation.13 Thus, tunable excimer lasers are
appliedfor Raman measurementsto avoidLIPF emissionsby tuning
the laser wavelengthbetween the LIPF excitationlines.1±5 This usu-
ally works well in the case of OH LIPF using the KrF laser, i.e., OH
LIPF can be effectivelyavoided.In contrast,a nonvanishingamount
of O2 LIPF emissions is usually obtained in hydrogen ¯ ames with
the KrF laser, and O2 LIPF interfereswith O2 Raman and H2 Raman
emissions(alreadymentioned).It is possible in principleto discrim-
inate Raman (and Rayleigh) emissions against unwanted O2 LIPF
using polarization techniques.3 , 10, 14 Unfortunately, it is not possi-
ble at the present to use these polarization techniqueswith a 30-deg
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angle between detector and laser beam as in this application.Thus,
it was necessary to develop an alternative data evaluation method
for discrimination of the interfering O2 LIPF emissions to obtain
the densitiesof H2 and O2. The basis of this method is that the emis-
sions of three different vibrational transitions of O2 were recorded
simultaneouslywith the SROMA system, as mentioned earlier. The
emissions at 258 and 277 nm interfere with the O2 and H2 Raman
lines, respectively, but the emission at 267 nm is interference free.
Thus, it is possible, in principle, to determine the intensities of the
interfering O2 LIPF emissions from the interference-freeemission
at 277 nm, because the emissions occur in a constant intensity pro-
portion(which is essentiallygivenby theFranck±Condonfactors10).
The appropriate factors were determined in a calibration measure-
ment in the post¯ ame region of a ¯ at ¯ ame burner (McKenna). The
H2±air burnerwas operatedleanor rich in order to obtainall threeO2

LIPF emissions interference free in differentmeasurements.This is
possible because traces of O2 can be detected by LIPF under rich
conditions,when the Raman scattering intensity of O2 is negligible.
The measurements in the ¯ at ¯ ame burner, which were done shortly
before or after the jet engine burner operated, were also used to ad-
just the laser wavelength between the excitation lines of O2 and OH
and to determine the relative Raman scattering cross sections of the
majoriy species.

It will be seen that this method for discrimination of interfering
O2 LIPF emissions worked fairly well in the case of H2, but caused
considerableerrors in the case of O2 . (This is mainly because most
of the unburned O2 and H2 occurred in different regions, as will
be seen.) The method is inaccurate because the O2 LIPF emissions
were usually stronger than the Raman emission resulting in a small
signal on a large background. Thus, it was not possible to derive
the mole fractions v i of the majority species i directly from the
densities of all majority species j via v i = q i / R q j , because the
O2 density was too inaccurate. (This underlines the importance of
the application of advanced polarization techniques in the future as
proposed elsewhere.10, 13)

Additional problems arose from mechanical vibrations of the
components of the setup when the burner was operating. This was
particularlysevere in the case of the one-dimensionalmeasurements
because slight dealignment of the laser beam with regard to the
SROMA detector can cause large signal loss. Thus, it was neces-
sary to derive the mole fractions of the majority species via ratios
of Raman signals, i.e., in a relative measurement, so that the overall
detection ef® ciency c cancels out

Ii / I j = ( r (R)
i / r (R)

j
)( q i / q j ) (2)

Also note that the temperature dependence of the ratios of cross
sections r (R)

i / r ( R)
j is smaller than the aforementioned temperature

dependence of the Raman cross section of a single species r (R)
i ,

because the temperature dependence is similar for all species i
(Ref. 10). Thus, it was assumed in the data evaluation procedure
that r (R)

i / r ( R)
j is independentof the temperature. (Errors occur from

different vibrational energy quanta, line width effects, and contri-
butions from different vibrational modes in the case of H2O, but it
can be estimated that the resulting error is smaller than other occur-
ring errors due to LIPF interferences.10) Thus, data evaluation via
ratios of cross sections essentially eliminates the necessity to cal-
ibrate the Raman signals for different temperatures, provided that
the concerned temperature range is not too large.

The mole fractions of N2 , H2O, and H2 were determined from
the Ii / IN2 ratios using a data evaluation procedure that is given
elsewhere.10 It was mentioned earlier that the oxygenRaman inten-
sitycouldnotbedeterminedaccuratelyfrom theO2 Raman emission
due to interferences. Note that the Raman signal intensities of dif-
ferent species are not only proportional to their mole fraction but
also to their scatteringcross sections, etc. Therefore, [O2] was more
accurately deduced from the sum of the other majority species,

[O2] = 1 ¡ [N2] ¡ [H2O] ¡ [H2] (3)

Figure 3 shows the N2 and H2O concentrationdistributionsaver-
agedover960 lasershots on the rightsideof theburnerexit (compare
Fig. 2). The combination of a large number of line measurements
results in quasi-two-dimensionalimages.

Fig. 3 Species concentrations of nitrogen and water on the right-hand
side of the burner exit plane; the z axis corresponds to the concentration.

It is the main featureof thesedistributionsthat the mixing zoneof
the exhaust gas and the ambient air can be clearly seen, particularly
in the H2O concentrations (see also the O2 distribution in Fig. 4).
This suggeststhat the structureof the temperature ® eld is affectedby
mixing of the freejet with cold ambient air, which will be discussed
in more detail in the following section.

It is probably the most important objective of the species con-
centration measurements to determine the regions where unburned
hydrogen and oxygen occur at the burner exit, because it is im-
portant to improve the completeness of combustion before the gas
enters the Laval nozzle. Figure 4 shows the averaged distributions
of H2 and O2 in the right-half of the burner exit plane. The O2 con-
centrationwithin the hot regions (T > 900 K) can also be derivedin
a qualitative way from the simultaneously detected O2 LIPF. Cold
ambient oxygencannot be observedusing this detectionmethod be-
cause it works via highly excited initial states of vibration (v 0 0 = 6
and 7) (Ref. 13). In this case the data cannot be quanti® ed due to
two effects: 1) the strong temperature dependence and 2) excita-
tion by the broadbandportion of the laser radiation.10 However, the
LIPF emission is very sensitive to traces of unburned oxygen in the
exhaust gas, and the resulting distribution corroborates the O2 dis-
tribution that was derived from the sum of the othermajority species
in Fig. 4.

UnburnedH2 occurs in regions that are essentially free of O2 and
vice versa.This implies that combustion is incomplete in this burner
mainly because poor mixing of H2 and O2 results in large spatial
structures of nonstoichiometricmixture. These large structures are
essentially constant in time (over a long time scale), because they
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Fig. 4 Species concentrations of hydrogen and oxygen, and the oxygen
LIPF distribution on the right side of the burner exit plane; the z axis
corresponds to the concentration.

can still be observed by averaged measurements (even though there
may be some high-frequency¯ uctuations in the H2 concentration).
Temporal averaging explains why there is some overlap in the dis-
tributions of H2 and O2 . The existence of some overlap does not
necessarily mean that unburned H2 and O2 occurred at the same
place and the same time.

It can be seen that H2 is mainly detectedin the centerof the burner
exit (up to some10%)andnear its rightedge.These structurescannot

a) Majority species

b) Hydrogen and oxygen

Fig. 5 Species concentrations at z = 2 mm.

be easily explained by the hydrogen injection geometry. This will
be further discussed in the last section.

The occurring structures of nonstoichiometric combustion also
explainwhy there aremodulationsin theH2O and N2 concentrations
within the exhaust gas region. Rich or stoichiometric combustion
leads to a [N2]/ [H2O] ratio of 2/1, whereas [N2]/ [H2O] > 2 after
lean combustion. Concentration pro® les at z = 2 mm from Fig. 3
are summarized in Fig. 5 (Fig. 5b shows the H2 and O2 pro® les with
a different scale). It can be seen in Fig. 5 that [N2]/ [H2O] equals
2 near y = 0, i.e., in the center. This corroborates that combustion
is rich or at least stoichiometric in this region. The ratio of 2 is
not precisely matched at y ¼ 110 mm, where combustion was also
rich, as indicated by the H2 concentration.This can be explained by
mixing with ambient air in this region.

The measurement errors of the concentration pro® les are differ-
ent for the different majority species. The error in [N2] and [H2O]
is dominated by calibration errors mainly due to pixel-dependent
gain and detection solid angle effects. Such effects are extensively
discussed elsewhere.9, 10 For example, it can be seen in Fig. 3
that the horizontal [H2O] and [N2] pro® les are not continuous at
y = 65 mm, i.e., at the link of two neighboring measurement po-
sitions. The differences in the pixel-dependentgain of the left and
right edges of the spatial range of the detector were not precisely
eliminated by the calibration procedure. The resulting error can be
estimated to be 3±5% for [N2] and [H2O]. The error in [H2] is
dominatedby inaccuratediscriminationof LIPF interferencesas al-
ready discussed and is roughly 20%. It turned out that [O2] could
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be precisely derived from the sum of the other majority species, as
seen earlier. For example, summation in oxygen-freeregions results
in [N2] + [H2O] + [H2] = 1.00§0.02, i.e., it differs only 2% from
unity. This suggests that the error of [N2] and [H2O] is, indeed, on
the order of a few percent.

It turned out that the repeatability of the concentration measure-
ments was good even with reduced shot numbers. The data given
were averagedover960 shots.Figure 6 shows the resultingdata from
two measurements with 320 shots each. It is seen that the quantita-
tive repeatability is better than 95% for [N2] and [H2O], and at least
90% for [H2] and [O2], respectively.

It was not clear what caused the occurringstructuresof unburned
H2 and O2 at the burner exit. The occurring pattern (interpreted
as a symmetric ring structure) and the injection geometry of the
burner are roughly outlined in Fig. 7. (Symmetry with regard to the
vertical middle axis is suggested by the temperature measurements
as seen in the following section.) Obviously, the six H2 injection

a) Nitrogen and water at z = 2 mm using 320 laser pulses in each
measurement

b) Hydrogen and oxygen

Fig. 6 Repeatability of concentration pro® les.

Fig. 7 H2 injection geometry in the burner and the observed distribu-
tions of unburned H2 and O2 at the burner exit shown schematically.

® ngers are not re¯ ected in the unburned H2 and O2 distributions.
It is particularly surprising that unburned H2 occurs in the center
where no H2 is injected.

Temperature Field via Two-Dimensional
Rayleigh Scattering

The temperature ® eld can be measured by two-dimensional
Rayleigh scattering in such applications, because the intensity of
the Rayleigh signal, IR , is proportional to the total density q of the
molecules in the probevolume, and the ideal gas law can be applied,
providing that the pressure is known (here, 1 bar §2 mbar):

T / 1/ q / 1/ IR (4)

It is demonstrated elsewhere that small density (or temperature)
differences of 0.5±1%, in principle, can be detected using the two-
dimensional Rayleigh technique.9 However, it is crucial to deter-
mine the effective Rayleigh scattering cross section r eff in order to
quantify the results.2 For this purpose, the mole fractions, v i of the
majority species are generallynecessary because different species i
yield different Rayleigh scattering cross sections r i . The Rayleigh
scattering signal at constant pressure can be expressed as

IR =
( R v i r i )c 0

T ´
r effc 0

T
(5)

This equationde® nes the effectiveRayleigh scatteringcross section
where c 0 is a calibration constant that is determined via calibration
of the measurement system in a well-characterized medium; for
example, in room air under normal conditions, as in this work. For
determination of r eff the average mole fractions v i of all of the
majority species, H2, O2 , H2O, and N2 , were measured as described
in the preceding section.

Other problems using Rayleigh scatteringmay arise from surface
and/or Mie scattering. Appropriate ® lter techniques for discrimi-
nation of these interferences are not yet available at the excimer
wavelengths applied in theses studies. However, it turned out that
stray light from the burner surface only occurred in certain small
regions of the images (discussed in the following). Mie scattering,
most probablyfromwater droplets,was severeonly at a certainmea-
surement position (discussed in the following). In most regions of
the measurement plane only a few single-shot Rayleigh scattering
images had to be eliminated because of too severe Mie scattering.

Absorptionof the laser beam in the probe volume can cause prob-
lems. This would affect the calibration constant. In this work the
laser wavelength was tuned between the absorption lines of O2 and
OH before the actual measurement, so that it can be assumed that
no considerable absorption occurred.

It is generally necessary to perform single-shotmeasurements in
turbulent media, because otherwise averaging errors may occur.11

This was achievedby the two-dimensionalRayleigh technique.The
single-shot images were converted to single-shot temperature ® elds
as will be described. The two-dimensional single-shot temperature
distributions were subsequently averaged to obtain the mean tem-
perature distribution.The spatial distributionof temperature ¯ uctu-
ations was also calculated from these single-shot images. A single-
shot precision of the Rayleigh scattering signals of ·3% due to
photon statistical noise9 was achieved for each detector element
with a spatial resolution of 1.5 mm.

At present, it is not possible to perform single-shot one-
dimensional Raman scattering measurements over a spatial de-
tection range of several centimeters in atmospheric ¯ ames due
to small signal levels, even though uv wavelengths are used (see
Introduction).10 Thus, one-dimensionalRaman scattering measure-
ments were averaged over an appropriate number of laser shots, so
that an averaged, effective Rayleigh scattering cross section could
be determined.It is discussedsubsequentlythat the resultingerrorof
the temperature ® eld and the majority species distributions is small
and therefore negligible in comparison to other sources of error.

At each measurementposition,50 single-shotRayleighscattering
images were recorded. It turned out that this was suf® cient to obtain
a reproduciblemean temperaturedistributiondespite the turbulence
(discussed subsequently). The single-shot images were converted
to temperature ® elds using calibration images acquired in room air
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(ra) with known temperature, Tra. This calibration procedure for
each detector element is demonstrated in more detail elsewhere.9

The temperaturedatagivenin the followingwere calculatedunder
the assumption that the effective Rayleigh scattering cross section
is equal to that obtained in room air

r eff ¼ r ra (6)

because calibrationof the images via the Raman measurementswas
only possibleat distinctlinepositions(thiscorrectionwill be applied
at the end of this section). The error introduced by this assumption
[Eq. (6)] is smaller than about 10%, as will be seen in the following
discussion. It was seen in the preceding section that the measure-
ments were made in a region of the combustor where combustion
was locally (not overall) approximately complete, but considerable
variations in the gas composition occurred across the ® eld of view
because of spatial variations in the stoichiometry.

The error due to these changes in the gas compositionwithout the
correctionof the Rayleigh scattering cross section can be estimated
as follows. The relative Rayleigh scattering cross sections for the
different species are given in Ref. 2. Only the relative cross section
of H2 differs substantially from that of air. Consequently, the error
due to Eq. (6) is dominated by the uncertainty in the H2 concentra-
tion. It was seen in the precedingsection that (on average)up to 10%
H2 occurs in certain regionsat the burnerexit. Under the assumption
that the O2 concentration is negligible in these regions, which was
corroborated by the measurements, the effective Rayleigh scatter-
ing cross section of the exhaust gas (consisting of 10% H2 , 30%
H2O, and 60% N2 as calculated) equals r i / r ra = 0.87. In contrast,
the assumption of complete combustion of a mixture with U = 0.9
corresponding to the overall H2/air throughput would result in ex-
haust gas that consistsof 68% N2, 31% H2O, and 1% O2. This would
yield an effectiveRayleighscatteringcross sectionof r i / r ra = 0.94.
Consequently, the assumption of overall complete combustion (as
far as possible)at the burner exit would result in a temperatureerror
of 7%. It will be seen that most of the unburned hydrogen occurred
in spatial regions where the temporal variations in the temperature
® eld were rather small (10±20% standard deviation from shot to
shot), so that the temporally averaged concentrationmeasurements
via Raman scattering yield a high precision (less than 5% relative
error) for the correction of the effective Rayleigh scattering cross
section.

The largest concentrationgradients in these measurements result
from mixing of exhaust gas and ambient air. It can be calculated
from the Rayleigh scattering cross sections2 that this would result
in an error of 6% because the effective Rayleigh scattering cross
section of pure exhaust gas (from combustion at U = 0.9) equals
r i / r ra = 0.94 as already seen. These calculations underline the
importance of the correction of the effective Rayleigh scattering
cross section. However, it will be seen that the correction of the
effectiveRayleighscatteringcross sectionon the basis of the Raman
scattering measurements does not change the major features of the
temperature ® eld obtained without this correction.

Figure 8 shows a number of resulting single-shot temperature
distributions.The spatial area extends over 20 £ 170 mm. The im-
ages were recorded at the z = ¡ 60, . . . , ¡ 40 mm position. The
temperatures were converted to gray levels as shown.

Figure 9 shows the complete mean temperature ® eld at the burner
exit obtainedbyaveragingover50 single-shottemperatureimagesin
each position.Only in theuppermost position(z = 60, . . . , 80 mm)
are a substantially smaller number of single-shot images available
for averagingbecause about 90% of the raw images were eliminated
due to strong Mie scattering.The Mie scattering in this positionnear
the upper edge of the burner exit was caused by water droplets.The
water in the exhaust gas condensated on the cold burner walls and
was drawn into the freejet especially at the upper edge of the burner
exit. The small number of underlying images in the uppermost po-
sitions is insuf® cient for averaging. (The measurement positions at
z = ¡ 80, . . . , ¡ 60 mm were skipped due to a software error.)

The most important features of the two-dimensional mean tem-
perature distribution are 1) the mean temperature peaks near the
center, 2) the distribution is essentially symmetric with regard to
both middle axes, 3) there is a waist in the temperature ® eld near the

Fig. 8 Distributions of 30 single-shot temperature images from the
burner exit at z = ¡ 60, . . . , ¡ 40 mm; y range extends over about 165
mm (compare Fig. 2).

Fig. 9 Mean temperature ® eld at the burner exit; temperatures were
converted to gray levels.

vertical middle axis, and 4) there are no structures that re¯ ect the
H2 injection geometry. The details of the temperature distribution
can be seen more clearly in pro® le plots in Fig. 10 that were ex-
tracted from Fig. 9 at the positionsmarked by arrows. It can be seen
in Figs. 9 and 10 that there is a temperature drop at y ¼ ¡ 90 mm
in most measurement positions. This temperature drop is a mea-
surement error, which is caused by stray light coming from the left
edge of the burner exit (this was the only stray light present in these
images).

It can be seen that the temperature pro® les are not perfectly con-
tinuous at the edges of the measurement positions. These errors are
caused by image defects and calibration errors. These are the main
sourcesof error in these measurements (besides the aforementioned
Mie and surface scattering problems), and they can be estimated to
be 4 ±7% relative error. Obviously, photon statistical noise (·3%
in single shots) plays a negligible role, in particular for the mean
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Fig. 10 Horizontal mean temperature pro® les extracted from the mean temperature ® eld at the positions of the arrows in Fig. 9.

Fig. 11 Repeatability of the mean temperature pro® les from two dif-
ferent days at z = ¡ 10 mm and z = ¡ 30 mm, respectively.

temperature ® eld. Image defects are caused by a poor transmission
function of the imaging and ® ltering optics. Calibration errors are
mainly due to dealignment of the laser beam with regard to the
camera system between the measurements in the jet and in room
air, respectively. This was caused by mechanical vibrations when
the burner was operating.

It turned out that the mean temperature ® eld measured by two-
dimensionalRayleigh scatteringwas highly reproducible.The mea-
surement was repeated on a second day resulting in essentially the
same distribution. Figure 11 shows horizontal pro® les from differ-
ent measurement days: one pro® le from each day at z = ¡ 10 mm,
and one from each day at z = ¡ 30 mm, respectively.The deviations
are smaller than the errors discussed earlier.

The mean temperature ® eld was corrected for variations in the
effective Rayleigh scattering cross section via the averaged con-
centration measurements of the majority species described in the
preceding section. Thus, the error introducedby the averagingpro-
cedure of the Raman data must be considered. The Raman density
data itself is onlyslightlyin¯ uencedbyaveragingerrors,becausethe
Raman signals are roughly proportional to the density despite tem-
perature ¯ uctuations(the occurring temperature ¯ uctuationswill be
quanti® ed subsequently).11 However,a temperatureerrormay result
from the nonlinear relation of temperature and the Rayleigh scatter-
ing signal via the effective cross section [Eq. (5)]. It was estimated
earlier that the maximum error in the effective Rayleigh scattering
crosssectiondue to spatialvariationsin the gas compositionis about
10%. Thus, it is reasonable to assume that temporal ¯ uctuations in
the Rayleigh scattering signal are also of the order of 10%. Obvi-
ously, the temperaturehyperbolaT / 1/ IR can be approximatedby
a straight line over a 10% variation, which is roughly performed by
averaging. The resulting error (due to integration) is much smaller

Fig. 12 Mean temperature ® eld from Fig. 9 corrected for the effective
Rayleigh scattering cross section ¾eff; temperatures converted to gray
levels.

than 10%. Hence, other sourcesof error already discussedare much
more important for the mean temperature ® eld than the error due to
averaging of the Raman scattering measurements.

The Raman scatteringmeasurementswere only doneon the right-
hand side of the burner exit due to restrictions in the measurement
time (see Fig. 2). Thus, only the Rayleigh scattering temperature
data on the right-hand side are quanti® ed. Because it was demon-
strated that the mean temperature ® eld is essentially symmetric
with regard to the middle axes, this approach was considered ade-
quate for total ¯ ow® eld characterization.Note that the burner oper-
ated repeatably from day to day, as already mentioned, so that the
Rayleighand Raman measurementsfromdifferentdayscan be com-
bined.

The raw temperature ® eld in Fig. 9 was corrected for the effective
Rayleigh scattering cross section on the distinct lines of the Raman
measurements resulting in the temperature distribution in Fig. 12.
The correctionwas less than 15%. It can be seen that the contour of
the temperature ® eld is essentially unchanged.The most important
feature is that the peak in the center of the uncorrected temperature
® eld decreasedand the ® nal distributionis more homogeneousin the
central region (maximum T ¼ 1750K). Some horizontal pro® les
extracted from Fig. 12 are given in Fig. 13. The temperature ® eld
will be further discussed.

It is also interesting to consider the temperature variability, i.e.,
the turbulenceintensity r T / T , as a functionof the y/ z positionin the
exit plane of the burner. This distributioncan also be obtained from
the single-shot temperature images. For this purpose, the standard
deviation of the single-shot temperature data was calculated for
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a) Horizontal

b) Vertical, y = 0 and 60 mm

c) Vertical, y = 80, 110, and 130 mm

Fig.13 Pro® les of the corrected meantemperature ® eld extracted from
the data in Fig. 12.

each detector element. The resulting image of the relative standard
deviations (in percent), i.e., the turbulence intensity r T / T is given
in Fig. 14a and for the absolute standard deviations r T (in Kelvin)
in Fig. 14b, respectively. Fluctuations in the gas composition can
cause errors in the single-shot temperature measurements, and this
results in an error in the turbulence intensity distributions,but these
are only discussed in a qualitative way here. These images are less
reproducibleusing 50 single shots than the mean temperature ® eld,
but the main features, which will be discussed in the following,
are repeatable. These images give an impression of the strength of
turbulence as a function of the spatial position.

Fig. 14 Spatial distribution of the variability of the temperature ® eld
at the burner exit: a) relative standard deviation ¾T /T, i.e., turbulence
intensity and b) absolute standard deviation ¾T in Kelvin.

The zone where mixing of exhaust gas and ambient air occurred
rendered high-temperature ¯ uctuations. This zone can be seen par-
ticularly in Fig. 14a, especially on the lower and right-hand side.
Obviously, the mixing zone has a waist near the verticalmiddle axis.
This explains why a similar waist also occurred in the mean tem-
perature ® eld and in the majority species distributions(in particular,
H2O). It is reasonable to assume that cold ambient air is drawn into
the freejet due to increased turbulencenear the verticalmiddle axis.

It can be seen in Figs. 14a and 14b that the turbulence near the
middle axis is stronger in the lower-half than in the upper-half, i.e.,
the turbulence distribution is asymmetric. This asymmetry in the
turbulence distribution was also found by L2F (Laser 2 Focus) ve-
locity measurements12 done at DLR, German Aerospace Research
Establishment. Other asymmetric structures within the exhaust gas
area can be seen particularly in Fig. 14b. For example, the turbu-
lenceon the right-handside tendsto be stronger than on the left-hand
side. These asymmetric structures are probably caused by a slight
(unwanted) asymmetry in the hydrogen injection and burner geom-
etry. The aforementioned vertical asymmetry can possibly also be
explained by gravity (convection).

In conclusion, two-dimensional turbulence can be analyzed by
the single-shot Rayleigh scattering technique. Note for this partic-
ular application that major features of the mean temperature ® eld,
especiallythe waist at the verticalmiddle axis, are causedby mixing
of the turbulent freejet with ambient room air. These features are,
therefore, not directly caused by the fuel injection or burner geom-
etry, but due to spatially dependent turbulence structures.However,
it is clear that the geometry of these turbulent structures is mainly
dictated by the injection and burner geometry.

Summary and Conclusions
Advanced two-dimensional Rayleigh scattering and one-dimen-

sional Raman scattering laser techniques were applied to measure
the temperature ® eld and the distributions of the majority species,
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H2 , O2, H2O, and N2 , at the burner exit of a H2±air jet engine. The
mean temperature ® eld in the burner exit plane was derived from
single-shot temperature images and turned out to be highly repro-
ducible.The spatial turbulencedistributionwas also calculatedfrom
the single-shot temperature images. The majority species concen-
trations were used to correct the mean temperature ® eld for spatial
variations in the effective Rayleigh scattering cross section.

The turbulence intensity distribution r T / T and the majority
speciesdistributionsdemonstratethat the structureof the mean tem-
perature ® eld was stronglyaffectedby mixing of the turbulentfreejet
with ambient air, since the measurementswere done5 cm behind the
openburnerexit.No speci® c structureof themean temperature ® eld,
for example, due to the hydrogen injectiongeometry,was observed.
The mean temperature ® eld is essentially symmetric with regard to
bothmiddleaxesof theexitplane,whereascertainasymmetricstruc-
tureswere foundin the turbulenceandmajorityspeciesdistributions.

The majority species concentrations measured by one-dimen-
sional Raman scattering showed that unburned H2 occurred in cer-
tain regions in the burner exit plane that were essentially free of O2

and vice versa. This pattern was essentially constant in time (over a
long time scale), so that it could be observed by averaged measure-
ments. This means that certain ¯ ow structures in the burner caused
rich mixing in some areas and lean mixing in others, and this ex-
plains why overall combustion is not complete (about 75%) at the
burner exit.

It is a major objective of future development to improve mix-
ing in the burner to obtain overall complete combustion at its exit.
Additional experiments would be helpful to elucidate the complete
¯ ow® eld in the burner.
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