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Abstract

An experimental study on turbulent non-premixed jet flames is presented with focus on CO,-
diluted oxy-fuel combustion in a coflow burner. Measurements of local temperatures and
concentrations of the main species CO,, O,, CO, N, CH,4, H,0 and H; were achieved using
the simultaneous line-imaged Raman/Rayleigh laser diagnostics setup at Sandia National
Laboratories. Two series of flames burning mixtures of methane and hydrogen were
investigated: in the first series, the hydrogen volume fraction in the fuel was varied from 37 to
55%, whereas in the second series the jet Reynolds number Rery was varied from 12,000 to
18,000. Besides local temperatures and concentrations, the results revealed insights on the
progression of localized extinction in the near-field. The degree of extinction decreased with
the hydrogen volume fraction and increased with the jet Reynolds number. Based on the pdf’s
of the temperature, an index able to quantify the degree of extinction in the present flames
was calculated as a fully burning probability. A comparison of measured conditional mean
mass fractions and laminar flame calculations underlined the significant level of differential
diffusion in the near-field that tended to decrease farther downstream. The results also showed
high local CO levels induced by the high content of CO, in the oxidizer and flame products.

Introduction
Due to climate change and favourable policies aiming at reducing carbon dioxide emissions,
many technologies have been investigated as a transition between the current combustion-
oriented energy production, generating undesirable emissions, and the renewable energy
production. Based on the great advance in oxygen separation technologies, which leads to
reduced costs and the absence of post-combustion constraints, oxy-fuel combustion stands for
a potentially serious and efficient solution within this range. Bolland et al. [1, 2] and Tan et al.
[3] studied the design of oxy-fuel gas turbines fired with natural gas and concluded that
efficiency is best with combined cycle operation, i.e. with recycled CO, as a diluting gas.
Using O,/CO, mixtures instead of air for fuel combustion results in exhaust gases composed
of water, which can be easily separated by condensation, and relatively pure carbon dioxide
that can be captured, stored, and directly used for recycling in the power cycle. An advantage
of this technology is its potential to reduce NOx emissions, as shown by Ditaranto et al. [4-6].
It was also observed that NO, emissions are especially influenced by air leaks and residual N,
present in either natural gas or oxygen stream. However, NOy emissions are lower with oxy-
fuel combustion if CO, dilution is considered [7]. Another advantage gained over air-fuel
combustion is the elimination of the capital and maintenance costs of air preheater by using
combine cycle operation, as suggested by Boushaki et al. [8].

The heat transfer properties of CO, are radically different from those of N,. Consequently,
as Ditaranto et al. [9] observed, CO, molecules radiate much more than N, molecules and



tend to locally quench the chemical reaction. It has been seen in different studies [9, 10] that
the molar percentage of oxygen in the oxidant should be around 30% to reach stabilized
regimes, depending on the mixing process. In the present study, the oxygen content is set to
32% in the oxidizer mixture. Indeed, it has been observed during the first tests that even at
low Reynolds number, simple jet flames barely sustained with less than 30% oxygen.
However, Kutne et al. [11] stabilized oxy-fuel flames with contents as low as 20% oxygen in
the oxidizer by using swirl to optimize the mixing. The choice of using a coflow in the present
study has been motivated by the interest in observing how the turbulent mixing is
characterized in CO,-diluted oxy-fuel flames.

Another phenomenon that may affect the flame structure is the differential diffusion,
which is especially likely to happen with high H, content in the fuel. Barlow et al. [12]
showed that its magnitude in jet flames progressively decreases as the Reynolds number
increases. Computational codes do not necessary take differential diffusion into account since
they are most likely industry-oriented, where Reynolds numbers are much higher than those
achievable in laboratories. Since one purpose of the present experiments is to provide data for
validation of computational codes, the Reynolds numbers have been set to the highest
reachable values in the laboratory conditions to minimize the effect of this phenomenon.

Besides limiting the flames series to stabilized conditions, laser Raman/Rayleigh
scattering technique restricted the study to non-sooting flames, at least over most of their
length. Indeed, fluorescence from fuel-rich zones, where soot is likely to form locally, alters
Raman signals and, in some cases, floods them. The local soot level is actually very sensitive
to the oxygen content in the oxidizer. In fact, this topic is currently being studied at SINTEF
Energy Research in Norway. In the present case, thanks to the high H, content in the fuel, the
level of interferences coming from soot formation was at an acceptable level so that the
Raman and Rayleigh signals could be confidently corrected through calibration.

Specific Objectives

Literature regarding CO,-diluted oxy-fuel flame structure and composition is scarce. The
objectives of this study were to investigate the detailed scalar structure of CO,-diluted oxy-
fuel jet flames, exhibiting strong effects of turbulence chemistry interaction, and thereby
provide new insights and data that may be used for improvement or validation of
computational combustion codes.

Table 1. Flames properties.

Name i:]/ofﬂél Rergel Je;ns]?;ed Coflow speed (m/s)
A-1 55 15,000 98.2 0.778
A-2 45 15,000 84.5 0.755
A-3 37 15,000 75.8 0.739
B-1 55 12,000 78.6 0.622
B-2 55 15,000 98.2 0.778
B-3 55 18,000 117.8 0.933

Five flames were measured in order to parametrically determine the effects of fuel
composition (CH4/H; volume fraction) and jet Reynolds number on the degree of localized
extinction measured in the flame. Localized extinctions have been recently studied by Barlow
et al. [13] in piloted jet flames of CH4/Hy/air, in comparable conditions. Accurate prediction
of localized extinction is recognized as an important test of turbulent combustion models [14].

Two series of three flames were investigated (one flame is common to both series). Both
series had an overall equivalence ratio of 1.25 and a molar percentage of O, in the oxidizer of



32%, based on volumetric flow rates of fuel and the CO,/O, coflow. In the A-series, the molar
percentage of H; in the fuel is varied from 37% to 55% with a constant jet Reynolds number
Reruel = 15,000. In the B-series, Rerye is varied from 12,000 to 18,000 with a molar content of
55% H, in the fuel. Details are shown in Table 1.

Experimental Setup

Measurements were performed using the simultaneous line imaging of Raman/Rayleigh
scattering. Details of the hardware configuration can be found in [15]. The setup enabled
measurements of single-shot profiles of temperature and the mass fractions of all major
species (CO,, O,, CO, N2, CHg4, H,O and H,). The spatial resolution was 0.104 mm along a ~6
mm section of the focused beam. Total energy in the test section for the Raman/Rayleigh
measurements was 1 J/pulse at 532 nm with an overall pulse duration of ~400 ns from three
frequency-doubled Nd:YAG. Due to the high level of radiation emitted by CO, within the
flames, heat-sensitive devices close to the flame were protected by reflective aluminium foil.
The large collection lens in front of the Raman/Rayleigh setup was shielded by a 150-mm
square, 1-mm thick window of infrared absorbing filter glass (Schott KG2).

Note that CO Laser Induced Fluorescence (LIF) line measurements and OH planar-LIF
measurements were performed at the same time, but results are still being processed and thus
not presented in the present paper.

Thanks to the H; content in the fuel, the flame remained attached to the fuel nozzle. The
fuel nozzle was 5-mm inside diameter with 0.5 mm wall thickness and squared-off end. This
was surrounded by a laminar coflow of 96.5 mm inside diameter. The nozzle had its tip 40
mm above the coflow and was long enough so that when the fuel mixture reached the nozzle
tip the flow was considered fully developed. The oxidizer mixture first flowed through a
series of perforated plates and then through a honeycomb to allow a uniform flow
distribution. The burner was mounted at the top of a 25 cm x 25 cm square-section wind
tunnel from where fresh air was flowing at 0.5 m/s to accompany the flow of interest and
prevent early mixing with ambient air. The setup allowed measurements from 1 to 20
diameters above the nozzle with no mixing with ambient air, and thus, no intrusion of
nitrogen within the probe volume. Thus, no combustion chamber was required for
measurements in the near-field, which was most important for the present investigation of
localized extinction in these flames.

The jet flames were axisymmetric and thus radial profiles were measured from a location
slightly back from the central axis to the pure oxidizer region, to ensure capturing the full
reaction zone. To obtain the profiles, the 6-mm probe was translated by steps of 3 mm where
a minimum of 500 shots were systematically acquired. When crossing the reaction zone, as
much as 1500 shots were recorded to improve the quality of the data.

The calibration and data processing method used for laser Raman scattering was the
recently developed hybrid method. Detailed description can be found in [16]. The method is
based on the Ramses spectra simulation code [17], which generates Raman spectral libraries
for the major species over temperatures ranging from 290 K to 2500 K, for optically well
characterized detection setups. Coupled with a short series of calibration measurements
(practically one per species), most of the calibration coefficients required to process the
Raman data can be known by integrating the spectral libraries over regions corresponding to
the on-chip binning. However, not everything was solved by the Ramses code. Since the code
is based on quantum mechanical models, spectra simulations for methane, for instance, are
not available over the temperature range of interest. Thus, a few calibration coefficients still
had to be found through direct measurements over a large temperature range.

Signals were corrected for CCD background, flat field, total Nd:YAG laser energy,
interferences from laser induced fluorescence in Raman signals, broadband flame luminosity,
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Figure 1. Scatter plots of Rayleigh temperature at z/d = 5 for A-series and at z/d = 3 for B-
series. The conditional mean temperature is plotted with a solid line. The stoichiometric
mixture fraction is marked by a vertical dashed line.

beam steering through flames, and bowing effect through Raman optics [16]. Data were
filtered for sparks and dusts particles altering Rayleigh and Raman signals, although such
events were rare since in-line particle filters had been installed along the critical gas lines.

As for performing laser diagnostics, CO,-diluted oxy-fuel flames remained very
challenging due to their high CO, content. For instance, compared to air, the molecule has a
different refractive index, and this caused some steering of the laser beam when it passed
through the unsteady interface between air and the CO,/O, coflow. Another drawback is its
radiative property that creates a significant thermal load in flame conditions. Those two
examples had to be taken into account while performing the experiments. Beam steering was
not severe using the 32% O, mixture, and the main effects of beam steering are accounted for
automatically by the hybrid Raman/Rayleigh processing method [16].

Estimates of accuracy based on uncertainties in calibration flow conditions and
repeatability of measurement are roughly equal to those shown in [15]. All flows were
measured using mass flow controllers which were calibrated (within 1% of reading) against
laminar flow elements. The mixture fraction was calculated from the measured mass fractions
using the Bilger formulation [18].

Results and Discussion

Most of the following comments will deal with the progression of the flame structure in the
A- and B-series of flames, and will rely on the analysis of Favre-average radial profiles of
selected mass fractions, measured conditional scalar statistics in mixture fraction space, and
results from laminar diffusion flame calculations. First, the focus will be set on the evolution
of the localized extinction, followed by an investigation on the influence of differential
diffusion. Then, the CO measurements and the measurement limits will be discussed.

Localized extinction

Localized extinction occurs when turbulent mixing rates between fuel and oxidizer become
competitive with critical rates of chemical reactions. This leads to local temperatures drops
due to increasing heat removal rates from convection and diffusion along with decreasing



Figure 2. Pictures of A-series flames (left), B-series flames (centre) and close-ups from the

region of localized extinction for A-series (top-right) and B-series (bottom-right). Close-ups

were post-processed by applying a threshold to highlight the localized extinction. Exposure
time: 1/2500 s, ISO: 1600.

chemical reaction rates.

Fig. 1 shows the scattered plots of Rayleigh temperature versus mixture fraction for both
flame series. Dots scattered below the narrow, dense band of temperature indicate localized
extinction. Barlow et al. [13] reported that extinction roughly took place around four
diameters above the nozzle within the CH4/H,/air flames that were studied. Similarly,
extinction tended to happen within this area in the present flame series. The probability of
localized extinction gradually increased by lowering the H, content in fuel as seen with the A-
series or by increasing Rery, as seen with the B-series. Fig. 1 shows that the samples
deviating from the narrow band of temperature were especially located between 600 and 1700
K and the evolution of probability of localized extinction did not significantly affect the
behaviour of the narrow band of temperature, representing fully reacting states or flamelets.
The conditional mean temperature, shown by red curves, decreases only moderately for the
observed levels of localized extinction.

As shown in Fig. 2, Flames A-1 and B-1 visually appeared to be fully burning even
though they displayed in Fig. 1 a non-negligible number of samples deviating from the
narrow band of temperature. During the preliminary phase of defining the flame conditions,
H. content of 60% in fuel was tested and displayed fewer samples out of the narrow band of
temperature (not shown here).

The post-processing applied to the flame pictures allowed qualitative visualization of the
localized extinction as areas of reduced luminosity (see Fig. 2, right). Its shape and exact
location was constantly moving. The intense localized extinction from Flame A-3 could easily
be seen as shown in Fig. 2 (top-right). As expected, by lowering the H, content in fuel below
37%, localized extinction systematically increased, leading to lift-off or flame blow-off.
Similarly, increasing further Reg, until levels around 20,000 also lead to lift-off and
instabilities.

The conditional means of mass fraction for CO, H,, O, and H,O are plotted with the
mixture fraction in Fig. 3 for both flame series, at three different axial positions intercepting
the region of localized extinction. Similarly, the Favre-averaged mass fractions of CO, H,, O,
and H0 are plotted with the radial position in Fig. 4. Note that, measurements performed at 1
diameter above the nozzle revealed mass fraction profiles very similar for each series and
thus, are not shown here. By looking at O, mass fraction at 3 or 5 diameters above the fuel
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Figure 3. Conditional means for CO, H,, O, and H,O mass fractions for both A- and B-series
atz/d = 3, 5 and 10. Flames A-1 and B-1 are shown with solid lines, A-2 and B-2 with dashed
lines, and A-3 and B-3 with dotted lines. The stoichiometric mixture fraction is marked by a
dashed line. The grey area represents the conditional rms fluctuations for CO mass fraction
corresponding to the first flame of each series respectively.
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Figure 4. Favre-averaged radial profiles for CO, H,, O, and H,O mass fractions for both A-
and B-series at z/d = 3, 5 and 10. Flames A-1 and B-1 are shown with solid lines, A-2 and B-2
with dashed lines, and A-3 and B-3 with dotted lines. The grey area represents the rms
fluctuations (according to the Favre decomposition) for CO mass fraction corresponding to
the first flame of each series respectively.

nozzle in Fig. 3 and 4, it can be seen on the fuel-rich side that unburnt oxidizer showed up
into the jet with lower H; content in fuel or higher Rery. This was a direct consequence of
localized extinction, which seemed to vanish out farther downstream. It also seemed that the
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Figure 5. Fully burning probability plotted with axial location for both flame series, with Tjin,
=1700 K and o = 0.02. A-1 and B-1 are shown with solid lines, A-2 and B-2 with dashed
lines, and A-3 and B-3 with dotted lines.

localized extinction was located slightly more upstream in the B-series when looking at the
progression.

In Fig. 3 and 4, it appeared that levels of H,O and CO gradually decreased around the
localized extinction zone, respectively with decreasing the H; content in fuel in the A-series,
and with increasing the jet Reynolds number in the B-series. This variation was mostly
induced by the increase of O, mass fraction. However, this was slightly more intense in the A-
series and could be explained by the variation of fuel composition, coupled with lower jet exit
speeds. Farther downstream, far from the localized extinction, the decreased levels in H,O
and CO were still visible. A slight increase in CO, mass fraction was also found but is not
shown here. As for the B-series, fuel and oxidizer compositions are the same for each flame.
However the jet exit and coflow speeds were greatly varied, so that one can expect a decrease
in the relative importance of molecular diffusion compared to turbulent transport. Barlow et
al. [12] reported such a transition with piloted methane/air jet flames and showed that
transitional effects of transport regimes especially appeared in the near-field and were
vanished out further downstream, as it was also the case for the B-series. This topic is
investigated in the following section.

One way to quantify the degree of extinction was to define a fully burning probability
(FBP) (see Fig. 5). First, the probability-density function (pdf) of the temperature was
calculated for each profile on a short bandwidth, 2o, of mixture fraction centred on the locus
of maximum temperature. Then, the pdf’s corresponding to the temperatures above a
reasonable arbitrary threshold temperature, Tn, can be integrated and plotted with the
measured axial locations. A flame showing an axial profile with a flat FBP equal to 1 would
be considered as fully burning. T;in = 1700 K seemed to be a reasonable temperature since it
was well below the calculated adiabatic temperature (~2200 K for all the present flames) and
still relatively high.

It can be seen in Fig. 5 that, according to the FPB criterion, none of the present flames
was fully burning, though Flame B-1 was reasonably close. Fig. 5 also shows that localized
extinction happened systematically between 1 and 5 diameters above the nozzle and its effect
vanished out downstream since all profiles seemed to tend to FBP = 1. As expected, Flame A-
3 appeared to have the most dramatic FBP of the two series, even though, only a few axial
locations have been measured and a finer resolution would be required to draw concrete
conclusions.
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Figure 6. Scatter plots of mass fractions plotted versus the Bilger mixture fraction for Flame
B-1 at z/d = 1 and 20. Corresponding results from laminar flame calculations for strain rates
of 800 s (top) and 15 s™* (bottom) are plotted using the two different transport regimes: full
multi-component transport (dash lines) and equal diffusivities (solid lines).

Influence of differential diffusion

To evaluate the influence of differential diffusion, laminar diffusion flame calculations were
performed with CHEMKIN-PRO [19] using the opposed-jet reactor with the GRI 3.0
mechanisms [20]. Results were compared to the present flames using similar fuel and oxidizer
compositions. In turbulent non-premixed jet flames, one could expect to match a location in
the near-field with a relatively high strain rate whereas a location farther downstream would
rather match with a lower strain rate [21]. Focusing especially on Flame B-1, supposed to be
more relevant since closer to a fully burning state, and on CO mass fraction, a good match
was found with a strain rate a =800 s at z/d = 1 and a = 15 s™* at z/d = 20, as shown in Fig. 6,
where results from the two different transport regimes were plotted: full multi-component
transport and equal diffusivity. The full transport regime takes into account the effect of
differential diffusion, whereas the equal diffusivity regime sets all species diffusivities equal
to the thermal diffusivity (Lewis number equal to 1).

In turbulent non-premixed jet flames, the shear layer develops downstream by forming
larger-scale turbulent structures until stirring the whole reaction zone so that those control the
local mixing rates. Thus, the effects of differential diffusion are expected to be more
significant closer to the nozzle, as reported from different flames burning hydrogen [22, 23];
whereas equal diffusivity would rather match far downstream zones where the upstream
effects of differential diffusion have been washed out through a process of re-entrainment and
turbulent mixing over the development length of the jet [21].

Fig. 6 shows the scatter plots of CO, O,, H,, H,0, CO, and CH4 mass fractions compared
to the laminar flame calculations. At 1 diameter above the nozzle, most results agree well
with the full transport regime, even though CH, and H, mass fractions seem to rather agree
with the equal diffusivity regime. At 20 diameters above the nozzle, the results are settled
between the two different regimes. However, the trend suggests that if measurements would
have been performed even farther downstream, they might have best agreed with the equal
diffusivity regime. Note that changing the strain rates would not alter these observations.
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Figure 7. Differential diffusion parameter z plotted versus the Bilger mixture fraction for A-

series flames at z/d = 1, 3 and 20. A-1 is shown with blue solid lines, A-2 with blue dashed

lines, and A-3 with blue dotted lines. Corresponding results from laminar flame calculations

using A-1 (solid lines), A-2 (dashed lines) and A-3 (dotted lines) fuel and oxidizer

compositions with strain rates of 800 s (left and centre) and 15 s™ (right) are plotted using
the two different transport regimes: full multi-component transport (red lines) and equal
diffusivities (orange lines). The grey area represents the conditional rms fluctuations for z

corresponding to Flame A-1.
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Figure 8. Differential diffusion parameter z plotted versus the Bilger mixture fraction for B-
series flames at z/d = 1, 3 and 20. B-1 is shown with blue solid lines, B-2 with blue dashed
lines, and B-3 with blue dotted lines. Corresponding results from laminar flame calculations
using B-series fuel and oxidizer compositions with strain rates of 800 s™ (left and centre) and
15 s (right) are plotted using the two different transport regimes: full multi-component
transport (red dash lines) and equal diffusivities (red solid lines). The grey area represents the
conditional rms fluctuations for z corresponding to Flame B-1.

One way to quantify the degree of differential diffusion is to calculate the differential
diffusion parameter, z, defined as the difference between the elemental mixture fractions of H
and C; see details in [21]. Fig. 7-8 show the results for A- and B-series of flames at 1, 3 and
20 diameters above the nozzle compared to the laminar flame calculations corresponding to
similar fuel and oxidizer compositions. Rms fluctuations for A-1 and B-1 are also shown.

Fig. 7-8 show that the maximum of differential diffusion parameter close to
stoichiometric mixture fraction considerably decreased with the axial location, which agrees
well with the theory. A second observation, especially seen at z/d = 1, is that the differential
diffusion parameter agrees well with the full transport regime on the lean side of the reaction
zone and then shows a major departure from this regime towards the equal diffusivity regime.
Indeed, close to the nozzle, the reaction zone was still distant from the shear layer and located
in the laminar oxidizer flow. Thus, the mixing was mostly controlled by molecular diffusion
in the lean side of the flame. However, in the rich side of the reaction zone, the turbulent
stirring induced by the jet flow was likely to be responsible of the behaviour of H, and CH,4
mass fraction in Fig. 6 and the major departure from the full molecular regime toward the
equal diffusivity regime in Fig. 7-8.



Nevertheless, the differential diffusion parameter was determined by subtracting two
uncertain values. Consequently, no conclusions can be made about the jet Reynolds number
dependence of the differential diffusion effects in the B-series flames. In Fig. 8, the difference
between the B-series measurements was not even significant compared to the rms fluctuations
corresponding to Flame B-1.

Despite the high level of uncertainty of z, Fig. 7 seems to show a dependence of the
differential diffusion with the CH4/H, volume fraction. This is confirmed with the laminar
flame calculations using A-1, A-2 and A-3 fuel and oxidizer compositions showing that the
maximum of the differential diffusion parameter seems to decrease with lowering hydrogen in
the CH4/H, volume fraction. This underlines the relative importance of differential diffusion
effects in flames where H; is mixed with a heavier gas in the fuel stream.

CO measurements

CO Raman conditional mean of mass fraction could locally reach up to 0.18 (see Fig. 3,
Flame B-1 at z/d = 3), there is no N, present, and fluorescence can be corrected reasonably
well. Consequently, CO-Raman measurements are of good quality and are reported here in
favour of the CO-LIF measurements. Additionally, measurements of pure cold CO were
added to the calibration procedure to optimize the accuracy of the calibration. In methane
flames, the CO-LIF measurements are used in favour of the CO-Raman measurements, and
the CO calibration is done in a fuel-rich, premixed laminar flame in order to minimize
uncertainty in the effects of collisional quenching.

The high CO mass fractions result from high CO,-dilution levels. Previous investigations
[24, 25] have concluded that CO, was not inert but competed primarily with O, for atomic
hydrogen and lead to formation of CO through the reaction CO, + H < CO + OH. CO would
then be expected to reach higher concentrations in the near-field compared to air-dilution.
Another conclusion was that the rate of the reaction converting CO; into CO would decrease
as the turbulent mixing rates increase up to reaching the forward rate of this reaction. The
conditional mean of CO mass fraction showed in Fig. 3 for the B-series seemed to agree with
this trend, especially in the near-field.

Measurement limits

During the measurements, flames displayed trends concerning soot formation at the flame tip
(see Fig. 2). By reducing the H, content in fuel, A-series flames produced visible soot farther
upstream, in part due to lower speeds at the jet exit (see Table 1), the correspondingly longer
residence time for soot formation, and the higher carbon species concentration. A similar
trend was revealed with B-series flames while lowering Reru. As seen in Fig. 2, soot
formation actually reached dramatic levels in Flame A-3.

The magnitude and spectroscopic distributions of hydrocarbon fluorescence interference
on the Raman measurements vary in these flames, depending on fuel composition, Reynolds
number, and spatial location. Generally, measured interference levels increased with
downstream distance in each flame, due to increasing residence time. At a given downstream
location, fluorescence interference decreased with increasing H, fuel fraction and with
increasing Reynolds number.

Corrections for these hydrocarbon fluorescence interferences are not perfect and leave
some residual errors, particularly in regions of high interference on the fuel-rich side of the
reaction zone. This can be seen, for example, in O, and CO mass fraction results (see Fig. 3),
which can be over- or under corrected by around 1%, often appearing as a wrinkle in the
plots. Similarly, an unrealistic wrinkle tended to appear for O, mass fraction in Fig. 3-4 and 6
and for z in Fig. 7-8, corresponding to mixture fractions close to 1. This is most likely due to
the Raman cross-talk of CH4 onto Oy, which is sensitive to very slight fluctuations where CH,4



Is present in large quantities. This consequently affected other species mass fraction.

Results on the whole displayed reasonable accuracy, from 1 up to 20 nozzle diameters
above the nozzle. Though levels of hydrocarbon fluorescence were fairly high in some cases,
the sensitivity of the detection system also allowed capturing precise hydrogen mass fractions
which would make this data relatively interesting for validation of turbulent combustion
models. Only a limited part of the results is shown in the present paper and but most data,
including scalar fluctuations and conditional statistics are available upon request.

Conclusions

Measurements of the temperature and mass fractions of main species were performed in
turbulent non-premixed CO,-diluted oxy-fuel jet flames, using the simultaneous line imaging
of Raman/Rayleigh laser diagnostics setup at Sandia National Laboratories. Two series of
three flames burning mixtures of hydrogen and methane in a coflow burner were studied. The
objective was to investigate the influence of H, content in fuel and jet Reynolds number on
localized extinction and flame structure in CO,-diluted oxy-fuel flames.

Consequences of localized extinction in the flame composition could be captured, notably
by the scatter plots of temperature versus mixture fraction at different axial locations.
Additionally, higher contents of oxygen on the rich side of the flame front could be observed
in the conditional mean of O, mass fraction as one progress towards higher probability of
localized extinction. Based on the pdf’s of the temperature, an index able to quantify the
degree of extinction in the present flames was calculated as a fully burning probability.

Comparison of conditional mean mass fractions and laminar flame calculations using
similar fuel and oxidizer compositions underlined the significant level of differential diffusion
in the near-field that is due to the absence of turbulence in the reaction zone so close to the
nozzle. The relative importance of differential diffusion tended to decrease farther
downstream as the large-scale turbulent structures tended to develop and control the local
mixing rates by stirring the reaction zone.

Due to the high CO, content in the oxidizer, CO mass fraction was found to be effectively
higher than in comparable air-fuel flames, especially in the near-field. This effect would be
due to CO, competing primarily with O, for atomic hydrogen and leading to formation of CO
through the reaction CO, + H <& CO + OH. This effect seemed to be diminished out farther
downstream.

Further investigations are to be done with the experimental results, notably for the CO-
LIF and OH PLIF results. Besides, more detailed investigation on differential diffusion could
be of importance in both flame series since Regy remained close to transition of molecular
transport regimes. An investigation at much higher Rer, would have been even more
beneficial but remained physically unfeasible at laboratory scale due to the consequent supply
of O, and CO..
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