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Abstract. Combustion has been the foundation of worldwide industrial development for the past 200 years. In particular,
industry relies heavily on the combustion process. The major uses for combustion in industry are oil and natural gas
production, solution heat treating. A major concern has always been improving the energy efficiency of industrial com-
bustion processes, however, this has shifted towards pollution emissions, such as soot. Studies on turbulent sooting flames
that are similar to those found in the industrial burners are required to improve the knowledge which is a prerequisite to
developing new processes. In this work, ethylene/air and methane/air turbulent flames stabilized on the near wake of a
bluff body type burner are characterized by means of light extinction and laser induced incandescence techniques. This
allow to measure the soot volume fraction and soot planar distribution of the studied flames. The obtained results indicate
that the methane/air flames produce an order of magnitude less soot than the corresponding ethylene/air ones. Significant
turbulent soot intermittency is observed, which is associated to highly distorted flame structures. Results obtained with
delayed and prompt signal detection could lead to identifying the presence of polycyclic aromatic hydrocarbons.
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1. INTRODUCTION

Environmental protection is becoming an important socio-economic issue nowadays. Environmental quality and
greenhouse gases are seen as some of the key drivers shaping the future of energy and industrial combustion. Around
the world, environmental protection awareness is increasing, with stricter laws in recent years regulating acceptable levels
of ambient air pollution. On the other hand, the number of vehicles, power plants and factories in operation is also increas-
ing (Sun et al., 2016). Energy demand and its consumption are growing annually, forcing power plants to produce more
electrical and heat energy, which is connected with large volumes of pollution gases (Chmielewski, 2013). Studies have
shown that air pollution is a major cause of cardiovascular diseases and endothelial dysfunction. It has also been shown
that exposure to air pollution and traffic from major highways is associated with a high risk of atherosclerosis, such as that
shown by premature aortic and coronary calcification (Bourdrel et al., 2017). Therefore, the enhanced understanding of
combustion processes is fundamental to a better comprehension of how energy efficiency can be achieved simultaneously
with health environmental impacts reduction.

In this context, improving the knowledge about combustion phenomena by the application of laser diagnostics tech-
niques should contribute to the development of more efficient combustion devices, with an associated pollutants emission
reduction (Franzelli et al., 2015). The aim of this work is to explore the potential of laser techniques to characterize soot
distribution in non premixed turbulent ethylene/air and methane/air flames stabilized in a bluff body type burner near wake
region. These flames are examined using light extinction, in order to quantify the averaged integral soot volume fraction,
and with laser induced incandescence (LII) technique, so as to provide the instantaneous soot distribution.

Classically, different laminar flames are applied in the study of soot formation, selected accordingly to the kind of
phenomena to be studied and stabilized in different type of burners. Gulder et al. (2006) report studies performed in a
co-flow ethylene/air diffusion flame with an axi-symmetric configuration; this kind of flame is very useful to calibrate LII
technique. Axelsson et al. (2000) use a Mckenna burner to calibrate flame temperature measurements, to perform flame
speed measurements, and to characterize of soot formation using the LII technique. Quay er al. (1994) explore the LII
technique to measure two-dimensional soot volume fraction distribution, f,, in an ethylene/air laminar hyperventilated
co-flow flame. The results allow to eliminate many of the limitations associated to the f,, measurements obtained by laser
extinction, such as tomographic inversion of a integral measurements group through the beam optical path.

The turbulent flames stabilized in bluff body burners exhibit complex flows, involving recirculation zones similar
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Figure 1: Experimental setup schemes.
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to those found in the industrial burners. Two vortexes are found in the recirculation zone, an exterior one near the air
stream, and an interior vortex, closer to the fuel jet (Dally et al., 1998a). In this type of burner, the rate of air and
fuel flow may be varied and the interaction between the chemical process and the turbulence can be studied in different
combustion regimes (Huang and Lin, 1994; Dally et al., 1998b; Esquiva-Dano et al., 2001; Dawson et al., 2011; Caetano
and Figueira da Silva, 2015). Previous studies (Cruz Villanueva and Figueira da Silva, 2016) discussed the measured
averaged velocity and turbulence fields in a situation when the air annular flow is present only. The velocity and OH
fluorescence radical distribution in several methane/air flame regimes has also been addressed (Caetano and Figueira da
Silva, 2015).

The paper is organized as follows. In section 2, the methodology is presented with an overview of the burner and
optical techniques used to measure the soot volume fraction and soot planar distribution. The results are presented in
section 3, where the influence of turbulence in soot formation and distribution is discussed. In section 4 the main findings
are summarized and perspectives are given.

2. EXPERIMENTAL METHODOLOGY
2.1 Bluff Body Burner

The non premixed bluff body burner characteristics have been described in detail in previous studies (Caetano and
Figueira da Silva, 2015; Cruz Villanueva and Figueira da Silva, 2016). In the present work the central fuel jet tube
diameter (D);) has been reduced to 4.3 mm, while maintaining the same bluff body diameter, D;, = 60 mm. The bluff
body is surrounded by a concentric 200 mm diameter tube which provides the air co-flow. The bluff body vertical
alignment is carefully set by precision screws located at the base, where is located a perforated disc with 12 mm holes to
ensure uniform flow and turbulence level. The bluff body surface lies 30 mm above the exit plane of annular air tube, in
order to provide ample optical access, allowing for easy application of optical diagnostics.

Annular air flow is fed by a centrifugal fan, Deltra VC-400, that leads to a maximum air velocity U, = 11.8 m/s,
and thus to a bluff body diameter based Reynolds number of Re;, = 45,400. A mass flow meter, Bronkhorst EL-FLOW
F-201AC-AAA-33-V, with a 0.8%. maximum reading uncertainty is used to control the fuel flow rate. In this work are
used the values of 2.50 Ipm for methane and 1.97 Ipm for ethylene.

2.2 Laser Extinction Technique

The laser extinction technique, which setup is shown in Fig.1a, is applied for soot volume fraction measurements. A
CW diode laser (DPSS - LaVision) with 532 nm wavelength, 0.5 W of nominal power, laser beam diameter of 330 ym,
is used as light source. Two energy monitors (V9- LaVision, with a detector integration time of 1.5 ms) measure the laser
intensity before, Iy, and after, I, passing through the probed flame. The flame natural emission is captured with a camera
(Canon Rebel T3E) with an exposure time of 1/200 s.

A review of the light extinction technique and its relation with the soot volume fraction is given by Zhao and Ladom-
matos (1998). The Beer-Lambert law refers to the optical properties of the attenuating medium and the intensities of the
collimated beam before, 1) (0), and after, I (L), of this medium resulting in:

L
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where 7 represents the transmittance of the laser beam in the participating medium, K, is the dimensionless extinction
coefficient given by K, = 67 E(m), where E(m) = 0.245 is the soot absorption function (Chang and Charalampopoulos
(1990)), L (= 60 mm) the optical path along the flame and \4.; is the wavelength used (532 nm). Using the simplifying
hypothesis that the dimensionless extinction coefficient K, is constant along the optical path, L, the extinction technique
allows to calculate an average value, ﬂ,, from the integrated value of the soot volume fraction, va =F, = fOL fodl as
(Modest (2013)):

jo = —K%Lln(ﬂ, @)
the measured f,, could be used to calibrate the qualitative LII results if the optical path, L, is superimposed on the laser
induced incandescence sheet used.

The use of the light extinction technique for the analysis of turbulent combustion requires special attention because, in
addition to the spatial interaction, Eq. 1, a temporal integration is also carried out during which the flame fluctuates. With
this, the luminous intensity measured is a function of time, I (L, t). In order to account for this double integration, the
following intensities are defined:

1 T
I (L,T) = ?/ In(L, t)dt
0

1 T
HOT)= 7 / 1,(0, £)dt
0

where T is the integration time of the detector. In the case of turbulent flames, an average transmittance is then measured:

__L(&T)_ 1" "

In the present study it should be recognized that f, (L, T) is a stochastic quantity; due to the turbulent fluctuations of
the flame, influencing k) e and L. As will be seen further, the compa_rison between the value of T and that of the time
scales of the turbulent motion determines the physical significance of f, (L, T) that can be calculated with Eq. 2.

2.3 Laser Induced Incandescence Technique

The LII technique setup is shown in Fig. 1b. For simultaneous polycyclic aromatic hydrocarbons (PAH) fluorescence
and soot incandescence, the excitation is performed with the 4** harmonic (266 nm) of a Brilliant b (Quantel) Nd: YAG
laser, with 80 mJ nominal energy, and operated at 10 Hz (Vander Wal, 1996; Vander Wal et al., 1997; de Andrade Oliveira
et al., 2013). A dichroic mirror is used to filter the second harmonic (532 nm) residual component. The shot-to-shot
energy fluctuation of laser is measured by an energy monitor (LaVision), in order to reject measurements obtained beyond
a standard deviation of the beam mean energy. A thin planar sheet of 0.45 x 35 mm?, vertically dislocated 10 mm above
bluff body face, and that passes through the symmetry plane of the burner, is generated using two pairs of lenses. The first
two are spherical lenses, f = —80 mm and 100 mm, that converge the beam to the desired thickness, whereas the second
pair of cylindrical lenses, f = —50 mm and 150 mm, vertically expands the beam. The LII signal has been measured
as a function of the laser fluence in a laminar flame (Cruz Villanueva and Figueira da Silva, 2017) and the so-called
plateau region is observed beyond 0.08 J/cm?. Accordingly, this laser fluence value is supposed to represent the present
experimental situation.

The incandescence signal is captured perpendicular to the laser sheet by a CCD camera (Imager Intense, LaVision)
with 1376 x 1040 pixels, coupled to an intensifier (Intensifier Relay Optics, LaVision) equipped with a P43 photosensor.
Alens f/2.8-100 mm (UV lens enhanced, LaVision) with filters centered at 340 and 400 nm, 10 nm bandwidth and 90%
of transmissivity, are used to perform soot and PAH spectral characterization.

The corresponding measurements resolution is 16 px/mm. In order to avoid the polycyclic aromatic hydrocarbon
(PAH) fluorescence, a delayed detection of 50 ns with respect to laser pulse and an intensifier gate of 20 ns are used, so as
to capture soot incandescence only. These results are compared with prompt detection (0 ns) in order to evaluate the PAH
+ soot distribution. For each experimental condition, a set of 4,000 images is acquired and post-processed by applying
background subtraction, energy shot-to-shot fluctuation and laser sheet correction (Qamar et al., 2009; Cruz Villanueva
and Figueira da Silva, 2017).

3. RESULTS AND DISCUSSIONS

In this section the average ethylene/air sooting flame structure and the measured soot volume fraction are first pre-
sented. Then, is given a detailed characterization of soot volume fraction and polycyclic aromatic hydrocarbons fluores-
cence at two different wavelengths, 340 and 400 nm.
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Figure 2: Soot volume fraction for different vertical positions (27, 37 and 47 mm above the burner surface) at the bluff
body burner centerline, also shown are the extinction histogram at these positions.

The measurements have been carried out with flow rates of 1.97 Nlpm for ethylene, and 2.50 Nlpm for methane.
The corresponding fuel jet Reynolds number, Re;, are 1,070 and 720 for ethylene methane, respectively. Therefore, the
flow in the fuel feed tube is expected to be laminar. However, upon the interaction with the recirculation zone, turbulent
conditions are achieved, and the turbulent state of the recirculation zone is expected to be controlled by the air flow. The
co-flow air velocity used is 11.8 m/s at 1 bar, resulting on a Reynolds number of 45, 400. The maximum measured soot
volume fraction is 1.0 ppm for ethylene/air and 0.02 ppm for methane/air flames.

3.1 Sooting Flame Structure and Soot Volume Fraction

The ethylene/air turbulent sooting flame structure may be observed in the photograph of Fig. 2. The corresponding
histogram of the flame extinction 7 shows a monomial distribution behavior with the highest value of soot volume fraction
found in the lowest part of the flame. The stochastic behavior of f,, may be understood by considering the values of de-
tection and turbulence time scales. Indeed, the depicted results have been obtained with a detection time of 7' = 1.5 ms,
which is of the same order of magnitude as the estimated turbulence integral scale, ¢y = 1.27 ms. Therefore, the his-
tograms indicate f, excursions which have time scales comparable to the largest turbulence motions. Therefore, it should
be stressed that small scale turbulence fluctuations are not resolved. A note that to has been estimated using measured
values of the turbulent kinetic energy (Cruz Villanueva and Figueira da Silva, 2016).

The turbulent nature of the flame is underscored by the extinction distribution. Indeed, at some of the heights along the
flame a non-negligible zero extinction probability is observed. On the contrary, at the lowest measurement height almost
complete extinction is often found to occur. This may be explained both by a high flame soot loading and by a frequent
change of the optical path thickness responsible for laser attenuation. Note that obtaining an instantaneous value of soot
volumetric fraction from such laser extinction data would require the combined knowledge of the instantaneous optical
path, which is not available, and a strong hypothesis involving the medium homogeneity along the laser path.

As it may be seen in the histograms given in Fig. 3, the methane/air flame has a significantly smaller soot volume
fraction — approximately an order of magnitude less — when compared with the ethylene/air flame. Indeed, ethylene is
known for producing a sooting flame, has a considerable degree of extinction in laminar diffusion flames (Gulder et al.,
2006). This is the reason why further extinction or LII measurements have not been attempted for the methane/air flames.

3.2 Planar Soot Distribution

The instantaneous 400 nm delayed and prompt fields and 340 nm prompt field are shown in Fig. 4 for the studied
ethylene/air flame. Here, the intermittence index, Q2(z, y), is defined as the fraction of measurements where a non-zero
signal is observed (Lee et al., 2009). In the present study 2 is calculated by averaging the binarized fields, after using a
threshold above the characteristic ICCD image noise.

The instantaneous fields given in Fig. 4 are significantly different from each other, showing large spatial distribution
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Figure 3: Comparison between methane and ethylene flames extinction histograms at 27 mm above the burner.

signal variation and maximum intensities for two studied wavelengths. Such a distribution of structures is indicative of the
intermittence in the recirculation region, and is certainly the outcome of the turbulence-chemistry interactions in the bluff
body wake. Only soot structures, free of PAH, are expected to be observed at the 400 nm delayed images in Fig. 4(a). The
observed soot structures are thin, seemingly stretched by the instantaneous vortexes, and spatially isolated. This figures
underscores that the instantaneous soot formation process does not seem occur as a spatially localized process, as found
in laminar flames. However, the intermittence index distribution is highly uniform in the measurement region, §2 ~ 0.15,
and indicates a relatively low probability of finding soot at any given point and time. This relatively low value of €2 is the
major drive behind the need of performing 4, 000 single-shot image acquisition in order to obtain meaningful statistical
data.

The combined soot and PAH instantaneous signals are shown in Fig. 4(b) and (c) for the two light collection wave-
lengths used. Again, in this turbulent flame, the PAH and soot structures are found to randomly occur in the bluff body
wake region, hindering the separation between the corresponding instantaneous signals impossible with a single camera.
For this reason, the instantaneous structures shown in Fig. 4(b) and (c) may not be assigned to a single species or even to a
group of species. Nevertheless, it is possible to verify that the intermittent index fields distribution is significantly different
for the two used wavelengths. Indeed, for the larger wavelength, 400 nm, a nearly uniform distribution with 2 ~ 0.4 is
found at the lower part of the measurement region, whereas for the 340 nm detection a lobed structure is observed. Note
that those 2 fields have been symmetrized around the r axis origin.

Figure 5 shows average fields of 4, 000 instantaneous images obtained for the two wavelengths of 400 and 340 nm.
Note that these results are not the outcome of an image binarization process, but of a classical ensemble averaging. The
discontinuity streaks in these average fields, e.g. at z = 30 mm, are attributed to the irregular distribution of laser sheet
energy. Comparing, first, the delayed and prompt detection results of 400 nm, one may observe a rather similar spatial
distribution, but with different intensities due to temporal signal decay. Again, the delay signal fields is expected to
represent soot emission only, whereas the prompt signal is expected to be the combination of soot and PAH fluorescence.
Figure 6 shows the distribution of the LII signal for different heights in the flame along the diameter of the burner. It’s
worth mentioning that the images are not symmetrized, therefore asymmetric profile of the curves is possibly due to
attenuation of the beam by the soot and PAH particles present in the observed zone. This transverse profiles also show
that the LII signal at the outer edges of the average flame, i.e. at = == 30 mm are nearly independent of the flame height.

A comparison between the three detection wavelengths/delays allows to further verify the differences that exists be-
tween the results obtained. A preliminary analysis suggests that it is not possible to individualize the PAH species signal
from the soot signal. However, an in-depth comparison of these measurements and averaged soot volume fraction calibra-
tion is currently being performed. Indeed, it could be possible to identify and to quantify soot volume fraction distribution
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(c) Detection wavelength: 340 nm, prompt detection.

Figure 4: Fields of the instantaneous observed signals and intermittent index (£2) distribution for the ethylene/air flame.
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Figure 5: Averaged measured signals for the ethylene/air flame.
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Figure 6: Transversal distribution of soot + PAH signal for the ethylene/air flames.

and to identify the different PAH, by applying an analogy with respect to laminar flame results (Cruz Villanueva, 2018),
also.

4. CONCLUSIONS AND PERSPECTIVES

e Average soot volume fraction was measured in turbulent non premixed ethylene-air and methane-air bluff body
stabilized flames. Methane-air flames were characterized by an order of magnitude smaller soot concentration than
the corresponding ethylene-air flames

e Soot intermittent and instantaneous soot distribution were characterized in the bluff body wake. In the studied
cases, the instantaneous soot distribution indicated a large departure from the classical laminar cases, such as non-
premixed stagnation point or jet.

e Future work will investigate the statistical properties of the soot incandescence field and its relationship with the
turbulence properties.
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