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Abstract. A standard burner for confined swirling natural a water-cooled combustion chamber with good optical access
gas flames is presented which was developed within the Gefer various measuring techniques. A number of well-defined
man TECFLAM cooperation. The aims of the TECFLAM “standard flames” have been investigated in identical copies
research program are the establishment of an extensive eaf the burner at five different institutes with the goal to get
perimental database from selective flames and the validatican extensive and reliable quantitative characterization of the
and improvement of mathematical combustion models. In thilames [1-5]. Great care was taken to ensure identical oper-
paper, results from joint PDF measurements of temperaturating conditions of the flames and each research group con-
mixture fraction, and major species concentrations in a turbutributed its specialized knowledge to achieve a high level of
lent diffusion flame with 150 kW thermal load, equivalenceaccuracy and confidence in the measurements. The results,
ratio 0.833, and swirl number 0.9 are presented. Major assomprising velocity, temperature, mixture fraction, species
pects of the investigation are the general quantitative characoncentrations, and radiation, provide a detailed insight into
terization of the flame and the study of the thermochemicathe complex physical and chemical processes occurring in the
state, e.g. effects of turbulence—chemistry interactions. Scatombustion chamber and form a comprehensive basis for the
terplots of temperature, Ciland CO mole fractions as well validation of CFD codes.

as mean mixture fraction and temperature fields are presented At the German Aerospace Center (DLR) single-pulse
and discussed. Furthermore, CFD calculations have been papontaneous Raman scattering was applied to determine the
formed using the code Fluent 5 as an example of a conjeint probability density functions (PDFs) of the temperature,
mercially available code that is frequently used for techni-mixture fraction, and major species concentrations. The mean
cal applications. The comparison between the calculated andilues and fluctuations derived from the PDFs yield a general
measured results reveals some significant deviations whiaharacterization of the temperature and concentration fields,
are discussed with respect to the applicability of this code t@and the correlations between various quantities give an in-

swirling turbulent flames. sight into the turbulence—chemistry interactions. Effects of
finite-rate chemistry, flame stretch, mixing, and heat loss were
PACS: 33.20; 78.30; 82.40; 89.30 studied in experiments performed in a flame with a Reynolds

number of 42900 and a swirl number of 0.9.

o ] o ) ) The comparison of the experimental data with numerical
Swirling flows are widely applied in technical combustion ca|culations reveals some significant disagreements which are
systems in order to achieve a fast mixing of fuel and aifmainly due to an incorrect simulation of the flow field. It was
and to stabilize the flame by recirculation of hot combusmgt the aim of this investigation to develop a new CFD code,
tion products. The correct mathematical simulation of thesgt to test and assess the commonly available and frequently

flames is, however, difficult and belongs to the important andised Fluent 5 code with respect to its applicability to confined
challenging tasks in modern computational fluid dynamics. Inswirling diffusion flames.

order to improve the experimental and theoretical knowledge

of turbulent swirling diffusion flames the TECFLAM co-

operation between several German universities and the DLR Experiment

developed a burner for natural gag flames with a ther-

mal power of typically 150 kW. The flames are confined bya schematic drawing of the burner and combustion cham-
- ber is shown in Fig. 1. Natural gas and air are supplied
*Corresponding author. to the flame through annular nozzles with inside diam-
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Fig. 1. Schematic drawing of the TECFLAM swirl burner

eter (i.d.) 20mm, outside diameter (0.d.) 26 mm, and i.d.
30mm, o.d. 60 mm, respectively. The natural gas contained
96.4%—98.2% CH, by volume and minor admixtures of N,
CO,, and higher hydrocarbons (changing from day to day).
The air had a water vapor content of typically 0.8%. The
swirl number of the air stream can be varied by a move-
able block swirl generator inside the burner [6]. The flame
investigated had a thermal power of 150kW, an air/fuel
ratio of A = 1.2 (equivalence ratio 0.833), and a swirl num-
ber of S=0.9. The corresponding Reynolds numbers were
42900 at the air flow inlet and 7900 at the (non-swirled) fuel
flow inlet. The water-cooled combustion chamber (Twaterin ~
65°C, Twaerout =~ 75°C) has an i.d. of 500 mm, four win-
dows for optical access, and an annular dlit for the exhaust
gas at the top. The burner can be moved vertically within the
chamber like a piston by 500 mm in order to changethe rela-
tive measuring height. The axial symmetry of the flame was
experimentally checked and confirmed. Figure 1 also indi-
cates the characteristics of the overall flow field which can be
divided into three regimes: (i) the mixing zone between the
fuel and air streams where combustion takes place predomin-
antly, (ii) the inner recirculation zone around the flame axis,
and (iii) the outer recirculation zone. More details about the
burner and flame can be found on the Internet [1].

The Raman system, described in detail in previous pub-
lications [7,8], is based on a flashlamp-pumped dye laser
(A = 489nm, 2 pus pulse duration, 3J pulse energy) whose
beam is focused into the combustion chamber by a lens and
retroreflected on the other side by aspherical mirror. The scat-
tered light from the focal region is collected at 90° by an
achromatic lens (& = 100mm, f = 300mm) and relayed to
the entrance dlit of a spectrograph. After spectral separation,
the Raman signals from the major species CHy, Ha, Oz, Ny,
H>0, CO,, and CO are detected simultaneously by photo-
multiplier tubes, transferred to gated integrators, and finally

stored and processed in a PC. The spatia resolution of the
measurement is determined by the focal diameter of the laser
beam and the dlit width of the spectrograph and was 0.6 mm
in each dimension.

In order to determine the number density of each species,
the Raman signals were calibrated in cold and heated flows
and in the exhaust gas of premixed laminar flames[8,9]. The
temperature was determined from the total number density
viatheideal gaslaw, and the mixturefraction f was calculated
using Bilger'sdefinition[10, 11], which is based on the meas-
ured atomic mass fractions of O, H, and C. The data eval-
uation included corrections for cross talk between different
Raman channels and background from laser-induced fluores-
cence from water and polycyclic hydrocarbons (PAHS). The
background from laser-excited PAH emissions was corrected
for by using the signals from additional photomultiplier tubes
installed in Raman-free regions of the spectrum [8]. In the
flame investigated the PAH concentrations were significantly
smaller than in fuel-rich regions of jet diffusion flames [g],
probably dueto fast and efficient mixing of fuel and air by the
swirling flow field which diminishes the formation of (large)
PAHSs. The accuracy achieved for the mean values is typic-
aly 2%—3% for the temperature, 2% for N2, 4% for CO,
and decreases for smaller mole fractions. The accuracy of
a single-pulse measurement is reduced due to photon statis-
ticsand ison the order of 5% for the temperature, 5%—7% for
H,0 (with a mole fraction of 0.2 at 2000K), 12%—-15% for
O, (molefraction 0.03, T ~ 2000K), and 2% for CH4 (mole
fraction 1, T ~ 1000K). The accuracy of the CO detection
is lower than for the other species because of corrections for
cross talk and interferences stemming from PAHs. For a CO
mole fraction of 0.06 the accuracy of our measurements is
20%, for a mole fraction of 0.02 it is 50%. The investiga-
tion of the swirling flame was performed by recording series
of 300 single-pulse measurements at eight different heights
above the nozzle (h = 10 to 300 mm) and at radial locations
ranging from —10 to 150 mm.

2 Numerical method

It should be emphasized that the primary intention of this
work was not to elaborate or develop new combustion or
turbulence models but to test the ability of current state-of-
the-art codes to predict the behavior of swirling flames with
a satisfactory accuracy. For this purpose the commercialy
available Fluent 5 code was used. Fluent 5 operates on the
basis of finite-volume discretization and is able to work on
structured as well as on unstructured computational grids. In
the present study a two-dimensional grid for axis-symmetric
flows was employed which consisted of roughly 180 grid
points in axial and 80 grid points in radial direction. Thus,
the whole chamber was discretized by about 14000 compu-
tation cells. The results presented in this paper were gained
on this grid and were found to be grid-independent by com-
parisons with much finer grids and with locally adapted grids.
The discretization scheme employed was a second-order up-
wind scheme.

Fluent 5 offersavariety of different modelsfor turbulence
and combustion. Most of them were tested in the present
work, however, in the case considered here, the results did not
differ significantly. The presented results were obtained using
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Fig. 2. Comparison between measured and simulated mean axial velocities
a h=5mm

a Reynolds-stress turbulence model [12, 13] and a presumed
B-pdf combustion model [14, 15]. Here, chemical equilibrium
was assumed, which might not be adequate for al regions
of the flame. However, further calculations on the base of
a finite-rate chemistry model brought only small changesin
the computed temperature fields. Due to relatively low wall
temperatures, heat transfer by thermal radiation plays a sig-
nificant role in the heat balance of the combustion chamber;
therefore thermal radiation was included in the numerical
simulations by a discrete-transfer radiation model [16]. The
calculationsrevealed that the total heat loss dueto radiationis
about one third (=~ 50 kW) of the thermal power of the flame.
This result was also confirmed by measurements [17]. How-
ever, it was found that radiation has no significant effect on
the flow in the combustion region.

The inlet boundary was located at the burner mouth
where fuel and air are injected separately thus giving well-
defined boundary conditionsfor the flows. However, sincethe
first plane of the velocity measurements was at a height of
h = 5 mm above the burner mouth [5, 18] it was necessary to
assume an inlet velocity distribution. In the present calcula
tions the inlet velocity conditions were approximated by the
measured velocitiesat h = 5 mm. The numerical calculations
revealed that the velocity profiles at h = 5mm do not differ
significantly from those at the burner mouth. As an example,
Fig. 2 shows a comparison of the radial profiles of the meas-
ured and calculated mean axia velocity at h =5mm.

3 Resultsand discussion
3.1 Thermochemical state of the flame

The most interesting and, as far as the simulation is con-
cerned, difficult part of the flame is the flame root, where the
highest flow velocities and smallest turbulent structures are
present and where the flame is ignited and stabilized. The
scatterplotsin Fig. 3 show the measured correlations between
temperature, CH,4, CO, and mixture fraction in this region at
a height of 10 mm above the nozzle. Each symbol represents
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Fig. 3. Scatterplots of temperature, CHs, and CO at h = 10 mm above the
burner mouth. The different symbols represent different radial regions. Note
that the mixture fraction axis is stretched in the middle frame in order to
recognize details

the result of a single-pulse measurement, recorded at various
radial locations. Asan aid for the interpretation of the experi-
mental data, the lines represent the result of astrained laminar
opposed flame calculation with strain rate a = 1571 [19, 20],
of adiabatic equilibrium (for CO), and of mixing without re-
action (for CH,). The calculations were performed for pure
CH, and dry air and do, thus, not exactly match the natural
gas/air composition used in the measurements.

At r = 0-10mm (symbol o), stoichiometric and dlightly
rich mixtures (fgoich. = 0.055) with high temperatures pre-
vail. Most of the temperature data points are scattered around
the calculated laminar flame curve with a= 1! indicating
that the gas has completely reacted and that no significant
temperature loss occurred. This region lies within the inner
recirculation zone, where hot combustion products are trans-
ported from flame regions further downstream back to the
burner mouth (see also right side of Fig. 7). The axial vel-
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ocity changes direction at r ~ 10 mm [5, 18], but due to tur-
bulent fluctuations there is, of course, no distinct separation
between the inner recirculation zone and the adjacent inlet
flow of natural gas. The corresponding CH4 mole fractions
(middle frame of Fig. 3, stretched f-axis) are roughly zero
near fgoich, and increase stronger than the calculated values
(a=1s1) for fuel-rich mixtures. With respect to the clas-
sification of the data points into different flow regimes, the
sampleswith f > 0.075 mark the transition to the group with
r = 14-24mm and are discussed later. With respect to CO
(lower frame of Fig. 3), the highest mole fractions are found
in the inner recirculation zone (r = 0—10 mm) where most
of the samples are close to the calculated laminar opposed
flame curve with a= 1s~1. Calculations with high strain
rates do not match the measured distribution for f < fggich..
A few samples exhibit molefractions exceeding the valuesfor
a=1s"! and tend to follow the adiabatic equilibrium curve.
It should be mentioned that adiabatic equilibrium is usually
not reached in fuel-rich regions of turbulent flames because
the thermal decomposition of CH, takes alonger timethanis
typicaly available in turbulent flows. However, the residence
time within the inner recirculation zone can be a few mil-
liseconds, and at T ~ 19002000 K the approach of adiabatic
equilibrium seems plausible.

Further outside (r = 14—24 mm, symbol x), samples with
a wide spread in mixture fraction can be seen ranging al-
most from pure air (f = 0) to purefuel (f = 1). Thisregion
lies above the fuel and air nozzles and the results reflect
the different states of mixing (see Fig. 4). The temperatures
are roughly divided into two branches. one at room tem-
perature, i.e. unreacted mixtures, and the other close to the
calculated temperature (a = 1s71). At first sight it seems
surprising that even stoichiometric mixtures of fuel and air
(around r ~ 20 mm) have not reacted. The chemical reac-
tion is prevented by the high flow velocities and a too small
heat and mass transfer from the inner recirculation zone.
Also, the visible flame emission does not reach the burner
but starts typicaly at h ~ 20—25 mm indicating that no com-
bustion takes place below this height. This behavior is, how-
ever, plausible because the hot gases from the inner recir-
culation zone which initiate the flame reactions are shielded
from potentially reactive CHg4/air mixtures by the inlet-flow
of cold natural gas (see Fig. 4 for a schematic drawing of the
situation).
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Fig.4. Schematic drawing of the burner mouth and flow fields in the start
region of the flame

The hot fuel-rich samples in this region (r = 14-24 mm)
are mixtures of burnt gas from the inner recirculation zone
with cold fuel and, in some samples, admixtures of air.
The thermochemical state is mainly determined by mixing
and to some degree by pyrolysis but scarcely by combus-
tion reactions. The burnt gas contains no, or only little, O,
(O, mole fraction < 0.02) so that combustion of CH4 can
not (or only partly) occur in this environment. Instead, the
thermochemical state of the samples with high temperatures
(> 1700-1800K) isinfluenced by the thermal decomposition
of CH4 (pyrolysis) generating CO and H, and consuming
COs. A calculation with CHEMKIN 11 for a perfectly stirred
mixture of 5% CH,4 and 95% exhaust gas with f = fggich,
revealed that after 1 ms the CH,4 concentration dropped to
4.65% at 1700K and to 2.53% at 1900K [21]. The flow vel-
ocities near the burner mouth are typically 10-20m/s (e.g.
the axial velocity component was measured to be 14.5m/s at
h=10mm, r = 12mm [5, 18]) corresponding to a distance
of 10-20 mm traversed in 1 ms. Hence, the time scale of the
natural gas flow at h =10 mm and for mixing of fuel and
burnt gas are on the same order of magnitude asthetime scale
of the thermal decomposition of CH, at T > 1700-1800K.
At lower temperatures pyrolysis should be of minor impor-
tance in this flame. The chemical state of the burnt gas/fuel
mixtures is therefore expected to exhibit deviations from
thecalculation (a= 1s*) for T > 1800K, f ~0.055— 0.09
(the typical time scale for the strained flame with a=1s1
is 0.1s). The experimental results are in accordance with
this picture: The measured CH4 mole fractions are dightly
larger than for a= 1s~! and the CO mole fractions (and
also the H, mole fractions, not displayed) are lower than for
a=1s"1. The scatter in the distributions reflects the com-
petition between the varying time scales of residence time
and CH4 decomposition but are also, in the case of CO,
influenced by the measurement uncertainty. The conditions
favoring pyrolysis are given in the shear layer between nat-
ural gas and the inner recirculation zone when a small per-
cent of CH4 mixes with burnt gas. Further outside, the CH4
mole fraction increases and the temperature decreases. For
f> 0.1 (T < 1700K) the measured temperatures are typic-
ally 100-200K below the strained flame temperatures and
the CH4 mole fractions are about 0.03 above the calculated
values. Most of these samples contain some O, (mole frac-
tion < 0.04) originating from the air nozzle. The coexistence
of fuel and oxidizer shows that these mixtures have not com-
pletely reacted and explainsthe temperature drop. However, it
cannot be excluded that spatial averaging effectsin the probe
volume are also involved to a small degree (see discussion
below). In addition, an analysis of the CH4 and CO, measure-
ments indicated a small shift of the mixture fraction axis by
roughly 2%: the natural gas composition which entersthe cal-
culation of f was taken from the supplier’sanalysis and stated
a CO, mole fraction of 0.002. The Raman measurements, on
the other hand, resulted in a mole fraction of 0.008 — 0.01.
With this CO, concentration, the data points of the scatter-
plotswould move by about 2% to higher f values, shiftingthe
measured results closer to the calculated ones. The effect is,
however, small and does not change the interpretation of the
results.

One should bear in mind that due to the fast mixing the
probed gas samples can have very different histories and
alarge variety of compositions of (partially) burnt gas, fuel,



and air. The interpretations given above are thus only a quali-
tative explanation of the thermochemical state.

In the regionr = 26—-36 mm (symbol [J) the gas samples
are fuel-lean and stem predominantly from mixtures of cold
air with burnt gasfrom the outer recirculation zone. For larger
radial positions (r > 40mm, symbol ¥) this branch merges
into a state of burnt gas with f = 0.047 which corresponds
to the overall equivalence ratio of 0.833. The measuring lo-
cation of these probeslies in the outer recirculation zone, and
on the way there the molecules have lost heat to the chamber
walls by radiation or convection so that the measured tem-
peratureis several hundred degrees below the adiabatic flame
temperature.

Further downstream, at h ~ 20 mm, the natural gas flow
becomes sufficiently diluted by turbulent mixing, so that the
ignition and stabilization of the flame can take place. In
comparison to h = 10mm, the scatterplots at h =20 and
40 mm (Fig. 5) have become narrower in mixture fraction
space reflecting the rapid mixing in the flow. The different
flame regimes mentioned above can still be distinguished and
the thermochemical state of the probes from the inner (sym-
bal o, partly covered by x) and the outer (symbol ¥) recircu-
lation zone has hardly changed in comparison to h = 10 mm.
However, in the mixing region of the fuel and air streams
the temperatures now cover the whole range from 300K
to 2300K. The samples with intermediate temperatures can
have two different histories: (1) They stem from local flame
extinction leaving the gas in a partially reacted state. Local
flame extinction certainly occurs in this flame and has been
observed by visual inspection. (2) They are compositions of
hot burnt gas and cold air/fuel mixtures which have not (yet)
completely reacted. The experiments show a coexistence of
oxygen and hydrocarbonsfor these samples but from the Ra-
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Fig.5. Scatterplots of temperature at h = 20 and 40 mm
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man measurements aloneit cannot unambiguously be decided
which of the two interpretationsis correct.

The question arises whether the results could be in-
fluenced by spatial averaging effects, eg. that fue and
air are present in different parts of the measuring volume
(= 0.6° mm?3) but not mixed on the molecular level. The oc-
currence of inhomogeneous compositions within the probe
volume, i.e. gradients of the mixture fraction or temperature,
cannot be excluded. The pointwise Raman measurements and
laser light sheet measurements of the fuel distribution with
a spatia resolution of 0.15mm revealed that the turbulent
mixing of fuel and air is very rapid, so that at h = 10mm
pure fuel (f = 1) is no longer present. The light sheet ex-
periments were performed using laser-induced fluorescence
of NO which was seeded into the fuel as a tracer. From these
measurements, the gradients of the fuel mole fraction were
estimated to be smaller than 0.1 mm~1 for h > 10mm. Thus,
spatial averaging effects are small as far as mixing is con-
cerned. On the other hand, laser light sheet measurements of
OH radical distributions indicated that the regions with large
gradients of OH concentrations (reflecting the reaction zones
or at least the edge of it) are often smaller than 0.6 mm so
that the temperature gradients within the measuring volume
can belarge. The probability that the reaction zone lies within
the probe volume is, however, small: At h =40 mm the re-
action zone moves statistically from roughly r = 20mm to
r = 40 mm, as deduced from single-pulse planar OH images.
Assuming a width of ~ 0.3mm for the regions with large
OH gradients, the probability that this gradient lies within the
probevolumeisapprox. (0.6+ 0.3) /20 = 0.045. In summary,
spatial averaging can occur near fygich, dueto large gradients
in the reaction zones but only a few samples are concerned
which do not seem to alter the PDFs significantly.

3.2 Mean values and comparison with numerical
calculations

In order to illustrate the mixture fraction and temperature
field, the mean values from measurements at 130 points were
interpolated to generate two-dimensional distributions. The
measured mixture fraction field is shown on the right-hand
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Fig. 6. Two-dimensional distribution of Favre-averaged mean mixture frac-
tions. Right side: experiment, left side: simulation. Only the central part
around the burner mouth is displayed (the diameter of the combustion
chamber is 500 mm)
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side of Fig. 6. The highest and lowest f values are observed
above the fuel and air nozzle, respectively, and the shape of
theregionswith clearly fuel-rich or fuel-lean mixturesreflects
the main direction of the flow field in this vertical plane. The
contour lines also indicate the different regimes of the flame:
The mixing region with the steepest gradients of the mixture
fraction, the outer recirculation zone where the (final) mix-
ture fraction of f =0.047 (& = 0.833) was measured (this
region extends beyond the measured radial positions), and the
inner recirculation zone where near-stoichiometric fuel-rich
mixtures prevail up to aheight of h ~ 150-180 mm. The spa-
tial variations of the mixture fraction are rapidly smoothed
out with increasing downstream position, for example from
frin, = 0.008, fmax, = 0.653 a h =10mmto fu,in, = 0.0480,
fmax. = 0.0754 at h = 40 mm. The numerical simulation with
Fluent 5 leads to a mixture fraction distribution, displayed
in the left-hand part of Fig. 6, which does not match the
measured distribution. The reasons for this behavior must
be attributed to deficiencies in the calculation of the turbu-
lent velocity field: whereas the numerical calculation gives
an open swirl flow core, the measurements reveal a more
closed form with a small but intense central recirculation re-
gion [5,18]. Neither variations of the inlet velocity profiles
nor an exchange of the turbulence and combustion models
employed (modified k- model, eddy dissipation concept) re-
sulted in a significant improvement of the calculated results.
Thus, at present the reasonsfor the shortcomings of the model
calculations are unclear.

The corresponding temperature distributions are shown
in Fig. 7. The highest mean temperatures are measured near
the flame axis at h ~ 40-100 mm and are close to 2000 K
with RMS fluctuations below 200K. The high-temperature
level in this part of the inner recirculation zone means that the
gas has not experienced a considerable heat loss, i.e. it can-
not have been in contact with a wall or radiated for a long
time, and probably most of it has been transported directly
from the flame zone to this region. Also, in laser light sheet
measurements it was seen that significant OH concentrations
are present in this region reaching down to the surface of the
burner mouth. This finding reflects the stabilization mechan-
ism of swirling flames which is based on the fact that hot
gaseswith radicals are transported to the flame root within the
inner recirculation zone. Due to the cold walls of the com-
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Fig. 7. Favre-averaged mean temperatures. Right side: experiment, left side:

simulation. Only the central part around the burner mouth is displayed

bustion chamber, the temperatures in the outer recirculation
zone are substantially lower, eg. T ~ 1400K at h = 150 mm,
and they drop with decreasing height. In the mixing region
between the fuel and the air flow the temperature is quite
low,eg. T ~ 300K at h =10 mm, r = 18-30 mm. Although
near-stoichiometric mixtures are present in this region they
are not ignited because the hot gas from the inner recircula-
tion zone is shielded from these mixtures by the cold natural
gas flow (as discussed before). The comparison of numer-
icaly calculated and measured temperature fields shows the
same behavior as found for the mixture fraction: large dis-
crepancies are seen between the structures of the calculated
and measured temperature fields.

4 Conclusions

Joint PDFs of temperature, mixture fraction, and major
species concentrations have been measured by spontaneous
Raman scattering in a confined swirling flame with 150 kW
thermal load. The scatterplots of temperature, CH,4, and CO
mole fractions give an insight into the thermochemical state
of the flame and have been discussed in detail for the start re-
gion of the flame. Here, gas samples with reacted, unreacted,
and partially reacted mixtures have been identified, and it was
seen that pyrolysis playsarole in the layer between hot com-
bustion products and natural gas. Also, the mixing behavior
and the temperature reduction due to heat loss could be quan-
tified. The measured mean mixture fraction and temperature
fields reflect quantitatively the different regimes of the flame:
the region of mixing between the fuel and air stream with low
to medium temperatures and steep gradients of f, the inner
recirculation zone with high temperatures and fuel-rich near-
stoi chiometric mixtures, and the outer recirculation zonewith
temperature-reduced exhaust gas.

The results from the simulation with the Fluent 5 code are
unsatisfactory so far because the general behavior of the flow
field cannot be predicted realistically. Thus, areally sensitive
comparison between measurement and simulation could not
be performed.

The presented investigations are part of the TECFLAM
cooperation and the TECFLAM data archive also contains
results from LDV measurements, two-dimensional Rayleigh
scattering and laser-induced fluorescence, probe technique
measurements, and thermal radiation detection, which are
available on request.
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