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Abstract

An experimental study on turbulent non-premixed jet flames is presented with focus on CO;-
diluted oxy-fuel combustion using a coflow burner. Measurements of local temperatures and
concentrations of the main species CO,, Oz, CO, N, CHs, H20 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 molar fraction in the fuel was varied from 37 to 55 %, with a
constant jet exit Reynolds number Rer. of 15,000. In the second series the jet exit Reynolds
number was varied from 12,000 to 18,000, while keeping 55 % H, molar fraction in the fuel.
Besides local temperatures and concentrations, the results revealed insights on the behaviour of
localized extinction in the near-field. It was observed that the degree of extinction increased as
the hydrogen content in fuel was decreased and as the jet Reynolds number was increased. Based
on the distribution of the temperature, a fully burning probability index able to quantify the
degree of extinction along the streamwise coordinate was defined and applied to the present
flame measurements. A comparison of measured conditional mean of 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. A shift of maximum flame temperature
was observed toward the rich side of the mixture fraction space, most likely as a consequence of
reduced heat release in the presence of product dissociation. Main characteristics of laser Raman
scattering measurements in CO;-diluted oxy-fuel conditions compared to air-diluted conditions
are also highlighted. Most data, including scalar fluctuations and conditional statistics are
available upon request.
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1. Introduction

Due to climate change and favourable policies aiming at reducing carbon dioxide emissions,

carbon capture and storage (CCS) technologies are seen as an effective panel of solutions for a
transition between today’s mostly combustion-based energy production, generating undesirable
emissions, and tomorrow’s energy production mostly based on renewables. 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 efficient solution among the
available CCS processes. Bolland et al. [1, 2] and Tan et al. [3] studied the design of oxy-fuel gas
turbines fired with natural gas as a CO; removal option. The authors concluded that using partial
flue gas recirculation offers a great potential for short-term feasibility and provides better
operating conditions for the CO; scrubber performance compared to a plant equipped with a CO>
scrubber without recirculation. Using O,/CO; mixtures instead of air for fuel combustion ideally
results in exhaust gases composed of water, which can be easily separated by condensation, and
relatively pure carbon dioxide that can be captured, used in the semi-closed power cycle, and
stored.
An advantage of this technology is its potential to reduce nitric oxides (NOx) emissions. Ditaranto
et al. [4-6] investigated NOx emissions from oxy-fuel flames without CO; dilution, as it is used in
glass melting industry for instance. The authors observed that NOy emissions are especially
influenced by air leaks and residual N; present in either natural gas or oxygen stream. Indeed,
small amounts of N, can lead to significant NOy emissions due to the high-temperature
characteristic of oxy-fuel flames and the induced predominance of the thermal mechanism.
However, if CO; dilution is considered, flame temperatures can be significantly reduced and NOy
emissions are expected to be lower than in air-diluted conditions [7].

The heat transfer properties of CO; are radically different from those of N,. Consequently, as
Ditaranto et al. [8] observed, CO; molecules radiate much more than N, molecules and tend to
locally quench the chemical reaction. It has been seen in different studies [8, 9] that the molar
percentage of oxygen in the oxidant should be around 30 % to reach air flame like stability,
depending on the mixing process. In the present study, the oxygen molar fraction is set to 32 %
in the oxidizer mixture. It has been observed that turbulent jet flames barely sustain with less
than 30 % oxygen using a coflow burner. However, optimizing the mixing enables to stabilize
turbulent flames with lower oxygen content in the oxidizer. For instance, Kutne et al. [10]
stabilized oxy-fuel flames with contents as low as 20 % oxygen in the oxidizer by using swirl and
partial premixing. 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 differential diffusion, which is
especially likely to happen with high H, content in the fuel, though its magnitude in jet flames may
progressively decrease as the Reynolds number and streamwise distance increase [11-13].
Computational codes do not necessarily take differential diffusion into account since they are
most likely industry-oriented, where Reynolds numbers are much higher than atlaboratory scale.
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 achievable values in the laboratory
conditions to minimize the effect of this phenomenon.
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Besides limiting the flames series to stabilized conditions on a simple jet burner, laser
Raman/Rayleigh scattering technique restricted the study to non-sooting flames, at least over
most of their length. Indeed, hydrocarbon fluorescence from fuel-rich zones, where soot is likely
to form locally, considerably affects Raman signals. The local soot level is very sensitive to the
oxygen content in the oxidizer, as observed in previous studies on combustion in oxygen-enriched
oxidizers [14, 15]. In the present case, due to the high H, content in the fuel, the level of
fluorescence interferences coming from soot formation was at an acceptable level so that the
Raman and Rayleigh signals could be confidently corrected.

2. 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 combustion models. Another
purpose was to highlight the main particularities of using laser Raman scattering technique in
CO;-diluted oxy-fuel flames compared to air-diluted conditions.

Five flames were investigated in order to parametrically determine the effects of fuel
composition (CHs/H; molar fraction) and jet exit Reynolds number on the degree of localized
extinction measured in the flame. Localized extinctions have been recently studied by Barlow et
al. [16] in piloted jet flames of CHs/H2/air, in comparable conditions. Accurate prediction of
localized extinction is recognized as an important test of turbulent combustion models [17].

Two series of three flames were investigated (one flame is common to both series). Both series
had a molar percentage of O; in the oxidizer of 32 %, based on volumetric flow rates of the fuel
and the COz/0; coflow. In the A-series, the molar percentage of H; in the fuel was varied from 37
to 55 % with a constant jet Reynolds number Rer,; = 15,000. In the B-series, Rer,; was varied
from 12,000 to 18,000 with a molar content of 55 % H; in the fuel. The coflow temperature was
kept at 294 K for each flame. Details are shown in Table 1.

Table 1. CO,-diluted oxy-fuel jet flames properties.

Yomot Hz Jet speed Coftow Stoichiometric Adiabatic
Name in fuel Reéryel (m/s) speed mixture fraction temperature at
(m/s) stoichiometry (K)
A-1 55 15,000 98.2 0.778 0.0535 2250
A-2 45 15,000 84.5 0.755 0.0553 2243
A-3 37 15,000 75.8 0.739 0.0565 2236
B-1 55 12,000 78.6 0.622 0.0535 2250
B-2 55 15,000 98.2 0.778 0.0535 2250

B-3 55 18,000 117.8 0.933 0.0535 2250
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3. Experimental Setup

Measurements were performed using the simultaneous line imaging of Raman/Rayleigh
scattering developed at Sandia National Laboratories. Details of the hardware configuration can
be found in [18]. The setup enabled measurements of single-shot profiles of temperature and the
mass fractions of all major species (COz, 0z, CO, N3, CH4, H20 and H>). The spatial resolution was
0.104 mm along a ~6 mm section of the focused beam. The total energy in the test section for the
Raman/Rayleigh measurements was 1 ] /pulse at 532 nm with an overall pulse duration of ~400
ns obtained from combining three frequency-doubled Nd:YAG laser pulses. 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).

The fuel nozzle was 5-mm inside diameter with 0.5 mm wall thickness and squared-off end,
which helped to stabilize attached flames. The fuel nozzle was surrounded by a laminar coflow of
96.5 mm inside diameter. Thanks to the H; content in the fuel, the flame remained attached to the
fuel nozzle. 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. Consequently, 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, so radial profiles were measured 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, with a minimum of 500 shots systematically acquired
for each step. When crossing the reaction zone, as many 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 described in [19]. The method is based on the Ramses spectral
simulation code [20], 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), the main
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, reliable
spectra simulations for methane, for instance, are not available over the whole temperature range
of interest. Thus, the remaining calibration coefficients still had to be found through direct
measurements over a large temperature range. For example, the temperature dependent
calibration curves for CH4 Raman response and CH4 crosstalk onto other species were determined
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from measurements of an electrically heated CHs4/N, mixture between room temperature and
about 950 K. Extrapolation to flame temperatures was tested by comparing measurements and
Chemkin calculations of laminar partially premixed CHs/air jets flames and opposed flow flames
[11].

CO mass fraction could locally reach up to 0.18 in these oxy-fuel flames, and there is no
crosstalk from N onto the CO Raman channel in these flames, which are free of N,. Consequently,
CO-Raman measurements are of better quality in the present flames than in typical CHs/air
flames and are reported here in favour of the CO-LIF measurements. Additionally, measurements
of pure cold CO were added to the calibration procedure to improve the accuracy of the
calibration. The CO Raman response at higher temperature was calculated from Ramses libraries
[19, 20] in reference to the cold calibration. In air-diluted 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.

Signals were corrected for CCD background, flat field, total Nd:YAG laser energy, interferences
from laser induced fluorescence in Raman signals, broadband flame luminosity, beam steering
through flames, and bowing effect through Raman optics [19]. 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.

Table 2. Representative uncertainties of scalar measurements at flame conditions

Scalar Standard deviation Accuracy (%) Premixed flame
(%)

T 1.3 2 ®=097,T=2185K
N: 1.1 2 ®=097,T=2185K
CO; 45 4 ®=097,T=2185K
H.0 4.1 3 ®=097, T=2185K
P 3.1 5 ®=097,T=2185K
cO 67 8 ®=1.28,T=2045K
H; 9.2 8 ®=1.28,T=2045K

Table 2 lists the uncertainties calculated from laminar premixed CH4/air flat flames, based on
the standard deviation (precision) and the estimated accuracy of averaged measurements. The
standard deviation is mostly higher than in [18], due to the lower laser energy (approximately 1
J/pulse instead of 1.8 J/pulse, limited by the availability of only three of four lasers and the need
to avoid optical breakdown in the coflow mixture) and to about 15 % transmission loss through
the Schott KG2 glass filter. The estimated accuracy is mostly the same as in [18], except for CO
and H;, whose Raman calibration is based on pure gas measurements at ambient temperature,
leading to better accuracy. In non-premixed oxy-fuel flames, accuracy for CO is expected to be
better, since CO levels are higher and there is no crosstalk from N, though this positive effect may
be locally balanced by interferences from laser induced fluorescence (cf. Section 4.5). The
accuracy at low temperatures for the reactants from the oxy-fuel flames is also expected to be
better, since they are calibrated with pure gas measurements at ambient temperature. However,
relative uncertainties in the mean values increase for all reactive species as their mass fractions
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decrease. 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 [21]. The measurement limits are
discussed in Sections 4.5 and 4.6, in the context of the reported results.

4, Results and Discussion

Most of the following analysis 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-averaged 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 shift of the maximum flame temperature from stoichiometry will be
commented. Lastly, the measurement limits and the main particularities seen for CO;-diluted oxy-
fuel flames compared to air-diluted flames while using Raman/Rayleigh laser diagnostics will be
discussed.

4.1. Localized extinction

Localized extinction occurs when turbulent mixing rates become competitive with critical
rates of chemical reactions. The phenomenon induces local temperature drops due to increasing
heat removal rates from convection and diffusion along with decreasing chemical reaction rates
[22].
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Fig. 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.
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Scattered plots of Rayleigh temperature versus mixture fraction for both flame series are
shown in Fig. 1. Each dot represents the result of a single-shot measurement from various
locations along the radial axis. Dots scattered below the narrow, dense band of temperature
indicate localized extinction. Barlow et al. [16] reported that extinction roughly took place around
four diameters above the nozzle within the CHs/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 Rer..; as seen with the B-series. This result was expected, as lowering the
H> content in fuel decreases the chemical reaction rate, and increasing Rery. increases the mean
scalar dissipation rate, both rates being essential in the localized extinction mechanism.

Figure 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 of temperature, shown by the black solid lines,
decreased only moderately for the observed levels of localized extinction.

Figure 2 shows pictures of the two series of turbulent jet flames, taken using a very low
exposure time to help reveal patterns from the flame structure. 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; molar fraction of 60 % in fuel was tested and displayed even
fewer samples out of the narrow band of temperature (not shown here), as expected since H;
considerably improves the local stability of flames by increasing the chemical reaction rate.

Fig. 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,
1S0: 1600.

A chosen sample of flame pictures was binarized with a fixed threshold and allowed enhanced
visualization of the localized extinction as areas of reduced visible luminosity (see Fig. 2, right).
The shape and exact location were constantly changing, though the phenomenon tended to
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systematically appear between 3 and 5 diameters above the nozzle. Localized extinction events
appeared very intense on Flame A-3, as shown in Fig. 2 (top-right). Note that, for a given flame,
effects from localized extinction do not necessarily appear on every picture as clear as in the
chosen sample, notably due to the line of sight visualization, though the chosen sample is quite
representative.

By lowering the H, molar fraction in fuel below 37 %, localized extinction systematically
became more frequent, leading to lift-off or flame blow-off. Similarly, increasing further Reg. up
to around 20,000 also lead to lift-off and instabilities. These conditions were certainly the
threshold of the unbalanced competition between heat removal rate and chemical reaction rate.

Results from Raman/Rayleigh diagnostics brought systematic and reliable information. The
conditional means of mass fraction for CO, H, 02 and H,0 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 H20 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 nozzle in Fig. 3 and 4, it can be seen
on the fuel-rich side that unburnt oxidizer penetrated into the fuel-rich part of the jet, with lower
H; content in fuel or higher Rer.. This was a direct consequence of localized extinction, which
seemed to vanish out farther downstream.

In Fig. 3 and 4, the levels of H,0 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 0; mass
fraction in the reaction zone. 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;0 and CO were still
visible for the A-series. A slight increase in CO, mass fraction was also found but is not shown
here. For the B-series, fuel and oxidizer compositions are the same for each flame, only the jet and
coflow speeds were varied.

In Fig. 3 and 4, the root-mean square (RMS) fluctuations of CO mass fractions for Flame A-1
and B-1 are shown by grey areas. They enable to see the significant amplitude of the local
fluctuations, which are mainly due to turbulent intensity. However, for Flame A-1, effects of
localized extinction may have contributed to the amplitude of the RMS fluctuations, which
appears larger than for Flame B-1.
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Fig. 3. Conditional means for CO, H;, 02 and Hz0 mass fractions for both A- and B-series at z/d = 3,
5and 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 Flames A-
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Fig. 4. Favre-averaged radial profiles for CO, H;, 0; and H;0 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 grey area represents the RMS fluctuations (according to the
Favre decomposition) for CO mass fraction corresponding to Flames A-1 and B-1.
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Fig. 5. PDF of the temperature within a narrow band in mixture fraction (total width 2 A = 0.04)
centred on the locus of maximum temperature 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.

Figure 5 shows the probability density function (PDF) of the temperature for both flame series
at 3, 5 and 10 diameters above the nozzle. The PDF of the temperature is calculated for each
profile only on a narrow band, 24, of mixture fraction centred on the locus of maximum
temperature. In the present study, 4 is chosen equal to 0.02 to include a representative number
of temperature measurements in the PDF calculation. The number of temperature measurements
used for the PDF is about the same for each flame at a given axial location, from about 6000
measurements at z/d = 3 to about 13,000 at z/d = 10. Within each plot, only one parameter is
varied: hydrogen content in the fuel for the A-series and jet Reynolds number in the B-series. In
addition, the adiabatic flame temperature is similar from one flame to another. Thus, any
variation of the PDF of the temperature for a given axial location can be mostly attributed to a
variation of the degree of localized extinction inducing local temperature drops. At 10 diameters
above the nozzle, above the region of localized extinction, all flames display very similar profiles
of PDF of the temperature. At 3 and 5 diameters above the nozzle, lower and higher temperatures
can be clearly distinguished into two zones. Higher temperatures correspond to the fully burning
mixtures and systematically display a peak. For the A-series, the PDF of the temperature within
this range decreases with the H; content in the fuel. For the B-series, the same trend can be
observed while increasing the jet Reynolds number, though it is clearer at 5 diameters above the
nozzle than at 3 diameters. The decreased contribution from the higher temperatures is balanced
by an increased contribution from the lower temperatures, and especially from the very low
temperatures, suggesting an increased content in fresh gases. These observations can be
correlated to the corresponding higher presence of oxygen and lower presence of flame products
in the flame region, as seen in Fig. 3 and 4.
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One further way to quantify the degree of localized extinction is to define a fully burning
probability (FBP), based on the same definition of the PDF of the temperature above. FBP is
calculated as the PDF within a 24 narrow band of mixture fraction centred on locus of maximum
temperature, corresponding to the temperatures above a threshold temperature, Tiim, and plotted
with the measured axial locations (see Fig. 6). Tiim should be reasonable, well below the calculated
adiabatic temperatures (~2250 K for all the present flames) and still relatively high. As seen in
Fig. 5, Tiim = 1700 K appears as a good trade-off to capture localized extinction effects on
temperature within the present flames.
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Fig. 6. Fully burning probability plotted with axial location for both flame series, based on the PDF
of the temperatures above Tiim = 1700 K, within a narrow band in mixture fraction (total width
24 = 0.04) centred on the locus of maximum temperature. 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.

FBP is equal to 1 when all measured temperatures from the sample are above Tiin, thus the
sample is considered as in a fully burning state. On the other hand, FBP is equal to 0 when those
temperatures are all below T;im, meaning that locally, the flame is supposedly close to blow-off. A
flame showing an axial profile with constant FBP equal to 1 would be considered as fully burning
over its whole measured length.

It can be seen in Fig. 6 that, according to the FPB criterion, none of the present flames was fully
burning, though Flame B-1 was reasonably close. Fig. 6 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. At 1 diameter above the nozzle, the FBP criterion
gradually decreased for the A-series as the molar fraction of H in the fuel decreased, showing a
more dramatic effect on the very near field than for the B-series. Only a few axial locations have
been measured and a finer resolution would be required to draw further conclusions.

Another way to quantify the degree of extinction is to calculate the burning index based on
temperature (Blr). Details and limits about it can be found in the literature [16, 23-25]. Blr is
generally calculated as the ratio of the difference between local instantaneous temperature and
room temperature, and the difference between reference temperature and room temperature.
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For hydrocarbon flames, the reference temperature represents a fully burnt state at a given
mixture fraction, and is typically taken a laminar flame calculations at low strain rate from an
arbitrary chosen flame composition. Blr is then usually plotted with the mixture fraction.

FBP has been used in the present study in favour of Blr since it enables to integrate the whole
set of temperature measurements into one comprehensive plot against the streamwise location.
It enables to spatially bound the localized extinction zone and to compare its streamwise
influence on flames from series of similar composition. However, FBP has the disadvantage of
being sensitive to two arbitrary-defined parameters and requires a certain number of
measurements in the streamwise direction to be properly resolved.

4.2. Influence of differential diffusion

In turbulent non-premixed flame calculations, to greatly simplify the mixing problem, it is
often assumed that energy diffuses at the same rate for all species, i.e. the diffusivities are set
equal for all species [22], giving the so-called equal diffusivities transport model. However, in the
near field of simple jet flames at low to moderate Reynolds number, this assumption is known to
be inaccurate as diffusion effects tend to strongly influence the mixing process. The phenomenon
has been especially seen at low Reynolds numbers and with high H; content in the fuel [11-13].
Thus, changes in the relative importance of molecular diffusion and turbulent transport were
expected in the near-field of the present flames.

To evaluate the influence of differential diffusion, laminar diffusion flame calculations were
performed with CHEMKIN-PRO [26] using the opposed-jet reactor with the GRI 3.0 mechanisms
[27]. Considering non-premixed flames as an ensemble of laminar non-premixed flamelets,
results from those calculations could be locally comparable to the experimental results. The
purpose was not to simulate the investigated flames but simply to bring into the light underlying
physics from the results by isolating some cases locally close to flamelet calculations. Results
were compared to the present flames using similar fuel and oxidizer compositions and the two
different transport models: full multi-component transport and equal diffusivities. The full multi-
component transport model takes into account the effect of differential diffusion, whereas the
equal diffusivities assumption sets all species diffusivities equal to the thermal diffusivity (Lewis
number equal to 1). Note that radiation effects were included in the calculations and the strain
rate was defined as in [28].

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 [29]. Focusing especially on Flame B-1, more relevant in this case since
closer to a fully burning state (see Fig. 6), and on CO mass fraction, a good match was found with
a strain rate a =800 statz/d=1and a = 15 s! at z/d = 20, with full multi-component transport
model, as shown in Fig. 7.

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 structures 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 [30, 31]; whereas equal
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diffusivities transport model 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 [29].

Figure 7 shows the scatter plots of CO, Oz, Hz, H,0, CO2 and CH4 mass fractions compared to
the laminar flame calculations. At 1 diameter above the nozzle, most results agree well with the
full multi-component transport model, even though CHs and H; mass fractions seem to rather
agree with the equal diffusivities assumption. At 20 diameters above the nozzle, the results are
settled between the two different models. However, after only a few diameters above the nozzle,
products start to be present on both sides of the flame region, leading to unclear conclusions for
the relative importance of differential diffusion in the mixing process.

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 hydrogen
atoms (Fx) and carbon atoms (F¢); see details in [29]. Fig. 8-9 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.

B-1-z/d=1

B-1-z/d=1

= =
=N %o

Mass Fraction
S
.

Mass Fraction

=
()

<

= =
=N %o

o
s

Mass Fraction

Mass Fraction

0.2

04 06 10 02 04 06 08 10 02 04 06 08 1
Mixture Fraction Mixture Fraction Mixture Fraction

0.2

Fig. 7. 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'1
(top) and 15 s (bottom) are plotted using the two different transport models: full multi-
component transport (dashed lines) and equal diffusivities (solid lines). The stoichiometric mixture
fraction is marked by a vertical dashed line.

Figures 8 and 9 show that the maximum of differential diffusion parameter close to
stoichiometric mixture fraction considerably decreased with the axial location, showing good
agreement with the expectations. A second observation, especially seen at z/d = 1, is that the
differential diffusion parameter agrees well with the full multi-component transport model on
the lean side of the reaction zone and then shows a major departure from this model toward the
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equal diffusivities transport model on the rich side. Indeed, close to the nozzle, the reaction zone
and lean side of the flame were in a laminarized part of the flow, so that there, the mixing was
mostly controlled by molecular diffusion. However, the rich inner part of the mixing layer was
still relatively cold and strongly affected by the pipe flow turbulence. This is likely to explain the
behaviour of H, and CHs mass fractions in Fig. 7 and the major departure from the full multi-
component transport model toward the equal diffusivities transport model in the rich side of the
flame in Fig. 8-9.
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0 02 04 06 08 10 02 04 06 08 10 02 04 06 08 I
Mixture Fraction Mixture Fraction Mixture Fraction

Fig. 8. Differential diffusion parameter Z plotted with 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 models: 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. The stoichiometric
mixture fraction is marked by a vertical dashed line.
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Fig. 9. 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 s1 (left and centre) and 15 s (right) are plotted
using the two different transport models: full multi-component transport (red solid line) and equal
diffusivities (orange solid lines). The grey area represents the conditional RMS fluctuations for Z
corresponding to Flame B-1. The stoichiometric mixture fraction is marked by a vertical dashed
line.

The differential diffusion parameter was determined by subtracting two uncertain values. In
Fig. 8 and 9, the difference between the measurements was not significant compared to the
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corresponding RMS fluctuations. Despite the high level of uncertainty of Z, Fig. 8 seems to show a
dependence of the differential diffusion with the CH4/H> ratio. 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 while decreasing the
hydrogen molar fraction in the fuel. This result underlines the relative importance of differential
diffusion effects in flames where H; is mixed with a heavier gas in the fuel stream. Nevertheless,
no clear conclusions can be made about the jet Reynolds number dependence of the differential
diffusion effects in the B-series flames in Fig. 9.

4.3. High CO levels

The conditional mean CO mass fraction could locally reach up to 0.18 (see Fig. 3, Flame B-1
and z/d=3). Such high CO mass fractions result from high CO.-dilution levels. Previous
investigations with CO-dilution [32, 33] 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
<-> (0 + OH. CO concentration is then expected to be locally higher than with 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 seems to agree with this trend, though
it remains unclear because of the effects of localized extinction.

Heil et al. [34], who performed measurements in CO-diluted oxy-fuel flames in a furnace for
flameless combustion, showed that high CO levels in the products are very sensitive to the 0,/CO;
ratio. In low dilution oxy-fuel flames, high flame temperature would also contribute to increased
local CO concentration through CO; dissociation. CO levels up to 30 % were found in pure oxygen
flames [4]. In the present study, the 0,/CO- ratio was kept constant. Further investigation with a
varying O,/CO; ratio would be of great interest.

4.4. Shift of maximum temperature from stoichiometry

Figure 10 shows the scatter plots of temperature in mixture fraction space and the
corresponding results from laminar flame calculations using the two transport models. A close-
up was made on the flame region. Close to the nozzle, the temperature peak shows best
agreement with the laminar flame calculation using full multi-component transport model, which
tends to be slightly shifted toward the rich side compared to results with equal diffusivities
transport model. This observation is verified for both Flame B-1 and Flame A-3, in spite of their
significantly different CHs/H; ratio. From z/d = 1 to z/d = 5, the temperature peak is greatly
shifted back toward the lean side. Then, it seems to remain at a constant location in mixture
fraction space until z/d = 20. The laminar flame calculations also show a similar trend when
reducing considerably the strain rate from 800 s'1 to 15 s'1. However, the shift for the laminar
flame calculations using full multi-component transport model appears to be more dramatic than
with the equal diffusivities transport model.

This trend can be explained by the relative importance of differential diffusion when the
reaction zone is still very thin in the near field, which probably enhances the diffusion of small
molecules such as H; through the reaction zone. As the reaction zone thickens farther
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downstream, the relative importance of differential diffusion decreases. This phenomenon is seen
in Fig. 10 over the development length of the jet until a region between z/d = 5 and z/d = 10,
where differential diffusion does not seem to interact any more with the location of the
temperature peak.

Law et al. [35] investigated the cause for the shifting of the maximum adiabatic flame
temperature from stoichiometry. The authors concluded that the phenomenon is a consequence
of reduced heat release in the presence of product dissociation. Thus, in the present case, there
would be more dissociation in the lean side, so that the heat release peaks on the rich side,
inducing the rich shift of the maximum flame temperature. The shift may be more pronounced

than with air-dilution, due to the high CO; content on the lean side, characterized by higher heat
capacity and lower heat release than Na.
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Fig. 10. Scatter plots of Rayleigh temperature with mixture fraction for Flame B-1 atz/d = 1, 3, 5,
10 and 20 and for Flame A-3 at z/d = 1. The conditional mean is plotted with a blue dashed line.
Results from laminar flame calculations corresponding to fuel and oxidizer composition of
displayed flame are plotted for strain rates of 800 s’ (top row and bottom-right), and 15 s
(bottom-left and -centre). The two transport models were used in the calculations: full multi-
component transport (dashed lines) and equal diffusivities (solid lines). The multi-component
solution lies above the equal diffusivities solution in both cases. The stoichiometric mixture
fraction is marked by a vertical dashed line.

Figure 11 gives another view of the results from the laminar diffusion flame calculations.
Mixture fractions corresponding to the peak of adiabatic temperatures, T44-max have been plotted
within a range of strain rates from 10 to 1000 s-1. Results show that, at very low strain rates, Taq.
vax peaks rather close to the stoichiometric mixture fraction for both transport models. However,
at higher strain rates, the temperature peak tends to be shifted toward the rich region of the
mixture fraction space. For strain rates from 500 to 1000 s, this trend seems to get slightly
attenuated with the equal diffusivities transport model but keeps on with the full multi-
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component transport model, for which the shift of Tsa-max peak toward the rich region is more
dramatic. In fact, the flame thickness is decreased as the strain rate is increased, which
consequently acts on the residence time. Thus, at low strain rates, the mixing time is longer than
the reaction time, so that the system is close to follow the ideal assumption of fast chemistry. In
this case, Tad-max Would peak at stoichiometric mixture fraction and the transport phenomena
would not affect much the temperature peak shift. On the other hand, at higher strain rates, the
mixing time becomes shorter than the reaction time, potentially leading to incomplete reactions
and stronger effects of the transport phenomena.
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Fig. 11. Mixture fraction at maximum adiabatic flame temperature from laminar diffusion flame
calculations corresponding to fuel and oxidizer composition of flames A-1, B-1, B-2 and B-3. Results
are plotted with the strain rate. The two transport models were used in the calculations: full multi-
component transport (dashed lines) and equal diffusivities (solid lines). The stoichiometric mixture

fraction is shown by a horizontal dashed line.

4.5. Discussion of measurement challenges

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 for the same jet exit Reynolds number (see
Table 1), the correspondingly longer residence time for soot formation, and the higher
hydrocarbon species concentration. A similar trend was revealed with B-series flames while
lowering Reryer. As seen in Fig. 2, soot formation actually reached easily visible levels in Flame A-
3.

The magnitude and spectroscopic distributions of hydrocarbon fluorescence interferences 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, hydrocarbon 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. These residual errors can be seen, for example, in 0, 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 7 and
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for Zin Fig. 8-9, corresponding to mixture fractions close to 1. These imperfections are most likely
due to the Raman cross-talk of CHs4 onto O3, which is sensitive to very slight fluctuations where
CH4 is present in large quantities. This consequently affected other species mass fraction.

Localized extinction phenomena are extremely sensitive to the coflow temperature. A slight
temperature variation can have a dramatic effect on flame structure close to blow-off conditions.
While with air-diluted combustion, it is generally not a problem to supply large quantity of air at
a stable temperature, supplying large quantities of CO; was challenging. CO, has a much larger
Joule-Thomson coefficient than other supplied species, leading to a strong temperature
dependence on upstream pressure conditions. An aluminium evaporator had to be coupled to
liquid CO; tanks, followed by in-line gas heaters and a few dozens of meters of gas pipes, to keep
the CO; temperature constant at 294 K at the coflow outlet.

More detailed investigation on differential diffusion could be of importance in both flame
series since Rer. remained close to transition of molecular transport models. 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..

4.6. Discussion of Raman/Rayleigh diagnostics in COz-diluted oxy-fuel flames

As for performing laser diagnostics, CO,-diluted oxy-fuel flames remained very challenging
due to their high CO; content. For instance, CO; has a higher refractive index than air, and this
caused some steering of the laser beam when it passed through the unsteady interface between
air and the C0O2/0; coflow. Another drawback is its high emissivity which creates a significant
thermal load. 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
[19].

Furthermore, the two Raman bands for CO; can reach high intensities relatively to the other
species, due to their high Raman cross-section and the Raman scattering linearity with the
concentration. Since the Raman spectrum of CO; overlaps the detection region of O, the induced
crosstalk of CO; onto O; can lead to significant relative uncertainties in the measurement of O if
not correctly accounted for in the data processing, especially when the actual concentration of O,
is low. Raman rotational bands of H;, mostly neighbouring the CO, Raman bands, may also affect
the latter when H; is present at large quantities, or at high temperatures. Both crosstalk effects
are reasonably well handled by the hybrid method.

An important advantage compared to air-diluted conditions is the absence of N; in the Raman
spectra, which limits the number of Raman species to be processed to six. Besides, N is very close
to CO on the Raman spectra. N, induces a strong cross-talk onto CO, enhanced by the relatively
high concentration of N; in air-diluted flames. As previously detailed, detection and quantification
of CO could be confidently achieved by laser Raman scattering in favour of laser induced
fluorescence techniques.
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Varying the oxygen molar fraction in the oxidizer can lead to very high temperatures, for which
the radical pool may represent a non-negligible concentration and cannot be ignored any more
in the Raman/Rayleigh resolution. In the present flames, a molar fraction of 32 % oxygen in the
oxidizer limited the radical pool to a negligible concentration compared to the uncertainties of
the diagnostics.

5. Concluding remarks

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 scattering. 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 CH4/H>
ratio and jet Reynolds number on localized extinction and flame structure in CO»-diluted oxy-fuel
jet flames.

Consequences of localized extinction in the flame composition could be captured, notably by
the scatter plots of temperature in mixture fraction space, 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 toward higher probability of localized
extinction. Based on the PDF of the temperature, a fully burning probability index able to quantify
the degree of extinction along the streamwise location was calculated.

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, due to the very low levels 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-diluted 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.

A shift of maximum flame temperature toward the rich side of the mixture fraction space was
observed in the measurements. The shift appeared to be greater in the near-field and tended to
diminish until z/d = 5, from where the peak location seemed to remain constant. The
phenomenon can be a consequence of reduced heat release in the presence of product
dissociation, so that more dissociation in the lean side induces the heat release peak on the rich
side and a rich shift of the maximum flame temperature.

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
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a limited part of the results is shown in the present paper but most data, including scalar
fluctuations and conditional statistics, are available upon request.
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