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Abstract

A detailed understanding of the mechanisms underlying soot production is needed to control particle emissions
from practical combustion devices. This requires fundamental investigations of these processes in turbulent combus-
tion systems. This study reports experiments on soot production in a perfectly premixed turbulent flame operating
under rich conditions. A swirled ethylene/air flame is stabilized in a confined combustor at atmospheric pressure with
full optical access. Quantitative measurements of the soot volume fraction (f,) are carried out with the Laser Induced
Incandescence (LII) technique, allowing the characterization of the soot spatial distribution and temporal intermit-
tency. While f, is detected by LII mainly in the near-wall region of the burner, light scattering measurements bring
complementary information on the presence of particles in the whole chamber. The investigation of a rich perfectly
premixed turbulent flame represents an unexplored configuration that provides new insights on soot production in a
situation where this process is not dominated by mixing between fuel and air. The data gathered in this situation may
be of interest in future developments of modeling methods and their validation for soot prediction.
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1. Introduction

Soot emission is now recognized as an important
issue for its adverse effects on climate [1] and hu-
man health [2]. The problem is not easy to solve
because soot is produced by complex processes and
the difficulties are compounded by the fact that most
practical devices involve turbulent flames. Numerical
simulations are still not capable of precisely predicting
soot production [3] and it is important to advance soot
modeling to help the control and reduction of soot
emission from these systems. In addition to the many
studies carried out on sooting laminar flames, it is
worth examining soot production in turbulent flows
that are widely used in industrial applications. In this
respect, much of the technical literature has focused
on soot in turbulent jet diffusion flames [4-8]. This
case has been extensively investigated with a variety
of diagnostics, highlighting the effects of turbulent
eddies, strain rate and scalar dissipation on the soot
volume fraction f, distribution. Recently, Geigle et al.
[9, 10] have developed a confined swirled turbulent
non-premixed configuration, providing new insights
on soot production in a system that has many of the
features found in industrial burners. However, all these
investigations deal with the non-premixed combustion
mode, where soot production is essentially controlled
by the quality of mixing between fuel and oxidizer that
is mainly governed by the turbulence. The local mixture
inhomogeneities dominate the soot production process,
complicating the interpretation of the experimental data
and numerical modeling of soot production.

It was then worth asking whether one could study
soot production in a turbulent flame operating under
perfectly-premixed rich conditions. This has led to the
development of the “EM2Soot” burner, in which a rich
premixed swirled turbulent flame is established in an
optically accessible combustor [11]. The interest of
this experimental burner is threefold. First, it allows to
independently examine effects of various parameters
on soot production such as the equivalence ratio or
the flame power, bypassing the complexities linked
to the presence of local mixture inhomogeneity [11].
Second, this configuration can be used to generate
a new experimental database for the validation of
soot modeling in turbulent flames. In particular, the
perfectly premixed rich flame represents an unexplored
situation which complements the experimental database
of the International Sooting Flame (ISF) workshop
[12]. To this end, ethylene, the reference fuel for the
ISF activities, is here retained due to its high propensity
to produce soot and the large availability of models

for sooting ethylene flame simulations. Third, the
investigated rich premixed flames provide information
that may be of interest in the design of combustors
employing Rich-Quench-Lean (RQL) concepts to
reduce pollutant emissions, in which the first stage
combustion process is carried out in a rich regime at an
equivalence ratio ¢ ~ 1.8.

In the present work, soot production in the EM2Soot
configuration is characterized and this is, to our knowl-
edge, a first of this kind. The experimental setup is
briefly introduced in Section 2, together with the Laser
Induced Incandescence (LII) and Laser Light Scattering
(LS) techniques employed to investigate soot volume
fraction and soot particle presence, respectively. Soot
production is then characterized in Section 3, by exam-
ining the volume fraction distribution, and the spatially
layered structure of soot particles. Using light scattering
imaging it is also shown that soot particles are present in
some regions where their volume fraction is below the
detection threshold of LII. Section 3 then discusses the
temporal variability of soot volume fraction induced by
the turbulent eddies.

2. Experimental Setup

A detailed description of the EM2Soot burner may
be found in [11] and is only summarized in what fol-
lows. The burner, schematically represented in Fig. 1a,
includes three components: the plenum, the injector
and the combustion chamber. The chamber features a
square cross section and its dimensions are 118 x 118
x 250 mm?. An ethylene/air mixture at ambient tem-
perature prepared in the upstream manifold is conveyed
to a plenum feeding an injection channel equipped with
a radial swirler (Swirl number S = 0.7). It is formed
by four quartz windows (90 mm X 250 mm X 3 mm)
mounted between metallic corner pieces. One of the
corner bars is equipped with 8 thermocouples measur-
ing the temperature on the inner side of the chamber
wall. The burner can be operated in a large domain of
equivalence ratios and mass flow rates, but this study fo-
cuses on the reference operating conditions summarized

¢ Pior mr Mgy Re
kW)  (gfs)  (g/s)
2.1 15 0.319 2.23

20000

Table 1: Reference flame operating conditions: equivalence ratio,
flame power, fuel and air mass flow rates, Reynolds number.



16w
14
fv[ppb]
12 % 40
£
S E‘ 10 - | 35
o
) L, 30
N 2 ° 25
G 20
4= - 15
z—ii,};f o 10
L] b A
Tinj=293 K ! i’ S | L |
Im, ! | CoHg+air 0 -4 2 0 2 4 oy #i
CoHa+air = — — 4 3 2
a. [Cm] b r [em] c.

Figure 1: (a) Schematic of the EM2Soot burner. (b) 2-D mapping of instantaneous soot volume fraction by LII as a selective collage of images
recorded at different heights (pixel size Ax = 0.1 mm). (c) Close-up views of soot structure at two HABs: the camera is equipped with an extension

ring (Ax = 0.05 mm).

in Table 1, chosen for the high soot production of the
corresponding flame. In this configuration, soot genera-
tion is strongly dependent on the wall temperature [11].
It is therefore ensured that all experiments are carried
out at a fixed initial wall temperature (7 = 573 K mea-
sured by one of the thermocouples at a height above the
burner HAB=113 mm), which is obtained by preheating
the chamber with a lean flame to prevent quartz obscu-
ration by soot deposits. During each experimental run,
corresponding to a duration of about 30 s, the wall tem-
perature varies by less than 3% so that a quasi-steady
state can be assumed for the thermal environment. In
addition, using a short acquisition time the soot deposit
on the wall can be considered to be negligible during
each experimental run.

The broadband emission of light from the reference
flame, recorded by a Nikkon D700 camera, is displayed
in Fig. 1a. Light is emitted from a large volume of the
chamber, but the largest intensities originate from the
lower part, where a highly luminous yellow flame is ob-
served. One may then deduce that soot concentration
is mainly present in the vicinity of the chamber bottom
plane. However, the detected signal also depends on the
soot temperature through Planck’s law so that the inten-
sity only provides a qualitative indication of the pres-
ence of soot.

It is then more instructive to deduce 2-D soot volume
fraction fields from LII techique since the LII signal
is effectively proportional to soot volume fraction [13].
The detection performance of this technique depends on

the laser characteristics and on the optical setup, allow-
ing to capture the presence of soot only when f, exceeds
a critical threshold value € (here € = 7.5ppb). Light
scattering (LS) imaging is also used in the present in-
vestigation as a complementary optical diagnostic. Its
physical interpretation is less easy since the scattered
light signal is not directly proportional to f,, being
strongly dependent on particle morphology and sizes
[14]. For this reason, the LS images are essentially used
as an indication of soot presence and of the spatial lay-
out of soot. As the sensitivity of LS is not linked to the
volume fraction value, it can be used to detect the pres-
ence of soot particles in regions where f, < €.

LII measurements are performed using a laser sheet
focused on the burner central axis (convergent lens
f=+1000, cylindric lens f=-50), obtained from a
Nd:YAG laser (1064 nm, 10 Hz). The sheet is 0.35 mm
thick and extends over 7 cm in the vertical direction. It
should be noticed that a uniform fluence is guaranteed
only in the central 4 cm of this laser sheet. The laser
fluence is set to approximately 0.45 J/cm? with a shot
duration of = 9 ns. This value belongs to the “plateau”
region [15] of the LII signal for this configuration [11].
LS measurements are performed using a 9 cm wide laser
sheet generated with a Nd: YAG laser doubled to 532 nm
with a shot duration of ~ 9 ns. A low energy fluence
(0.09 J/cm?) is imposed to avoid soot incandescence.
The LII and LS signals are captured with two intensi-
fied CCD cameras (Princeton, PI-MAX 3, f=10Hz) and

NyXN;
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stored into a 3-D matrix: I(x,y,t) € R+'X , with



N, = 1024, N, = 1024 and N; = 300, defining a pixel
size of 0.1mm. Close-up views are also obtained with a
pixel size of 0.05mm by inserting an extension ring to
the camera objective. Both cameras are equipped with
Nikkor 50 mm f/2 lenses. A bandpass filter centered at
425 nm (50 nm FWHM) is used for LII to reduce para-
sitic C, Swan band emission and flame luminosity [16],
whereas a bandpass filter centered at 532 nm is used for
LS. A reliable proportionality between LII signals and
soot volume fraction is achieved by suitably choosing
the acquisition duration of the LII signal [13]. The sig-
nal is recorded with no delay with respect to the end of
the laser pulse over a period of 100 ns to maximize the
signal to noise ratio. The LS signal is acquired for 20
ns without delay with respect to the laser pulse. The
LII signal has been calibrated via the Modulated Ab-
sorption Emission technique (MAE [17]) on a laminar
diffusion flame [18], fixing the value of the soot com-
plex refractive index E(m, 645 nm) = 0.38. It is known
that uncertainties in the value of E(m) may lead to a rel-
ative error on the soot volume fraction that may be up
to a factor two [18].

3. Characterization of soot production

3.1. Soot structure

Images of the LII signal in the form of instantaneous
soot volume fraction fields along the chamber are dis-
played in Fig. 1b. It is worth noting that the laser beam
enters the chamber from the left side. A net reduction in
the intensity level can be observed on the right side, pro-
viding an indication on the soot absorption of the laser
sheet as it travels in the chamber. Measurements in the
right side of the flame are biased and the left side re-
sults are only considered in the following. Examining
the LII signal, one notices that large volume fractions
of soot are mainly present near the wall' Images indi-
cate that the f, values are generally below the LII de-
tection threshold in the flame central region. Instanta-
neous f, values can reach about 0.1 ppm near the wall
(Irl > 3 cm) close to the bottom plane (HAB< 4 cm),
which is fairly small compared to the levels classically
observed in turbulent non-premixed flames [4, 7]. Fur-
ther downstream, the level of instantaneous f, generally
decreases. Soot volume fraction appears in the form of
layers of approximately 0.5-2.5 mm thickness, which
are clearly distinguishable and comparable to previous

IThe immediate vicinity of the wall is not accessible due to the
limitation of the optical access, reducing the field of view by about 5
mm for each side.
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Figure 2: Simultaneous measurements of soot presence by LII (red)
and LS (black) at 2 = 532 nm.

experiments [4, 6]. A close-up view of these ligaments
is presented for two HABs in Fig. 1c. The effect of tur-
bulent eddies on the ligaments is quite visible, as they
are wrinkled and distorted by the turbulent flow. Close
to the injection plane (bottom image in Fig. 1c), larger
eddy structures can be observed, so that soot particles
occupy a reduced surface area, i.e. a high preferential
concentration of soot particles prevails. Downstream
(top image in Fig. 1c¢), large eddy structures are less vis-
ible reducing the preferential concentration of soot.

One may note that the spatial soot organization dif-
fers from that observed in the swirled non-premixed
flame investigated by Geigle et al. [10, 19], which to our
knowledge represents the only experimental database
available in the literature for confined swirled sooting
flames. This is most likely due to the different combus-
tion modes. In particular, soot appears near the cham-
ber walls in the present configuration in contrast with
the pattern obtained in the DLR flame where f, reaches
its largest levels in the middle of the chamber and is
nearly negligible in the outer recirculation zone close
to the walls. Soot ligaments are also shorter than those
found in the present experiment but both configurations
feature a high spatial preferential concentration of soot,
also designated as spatial intermittency. In the DLR
flame, soot presence is related to the mixture fraction
field and is linked to locally rich zones promoting soot
production. The spatial distribution of soot then de-
pends on turbulent mixing. In the present premixed
flame, soot production is not governed by the local
equivalence ratio since it is homogeneous in the whole
chamber. Here, soot is expected to be mainly affected
by the turbulence through fresh and burnt gas mixing,
its effects on local flame properties (such as temperature
or soot precursor concentration) and the stretch induced
on soot ligaments by turbulent eddies.

Spatial soot structures are now investigated by exam-



ining LS images [6] to collect information on soot pres-
ence and complement the LII data. This is exempli-
fied with quasi-simultaneous measurements of LS and
LII performed with the same laser sheet generator with
two Nd:YAG lasers doubled to 532 nm. Light scatter-
ing is measured with a first low energy laser shot 20
ns before the LII shot to prevent any parasitic LII sig-
nal and vaporization of smallest soot particles. Results
are displayed in Fig. 2. The LII signal (red) only fea-
tures a few ligaments close to the wall as it pertains to
sufficiently high detectable values of f,. The LS signal
(black) is superimposed on the LII signal where this sig-
nal is present but also recovers more soot ligaments ev-
erywhere in the chamber. These ligaments may be con-
stituted by a small number of large aggregates or a big
number of nuclei particles, so that the total soot volume
fraction is negligible and therefore not detectable by the
LII. At this point, it is not possible to know which is the
correct interpretation. However, since light scattering
of spherical particles in the Rayleigh regime is propor-
tional to d,ﬁ,, the first proposition, i.e. small number of
large aggregates with bigger primary particle diameter
d, compared to soot nuclei, seems more likely but there
is no clear proof of it at this stage. This point might
be resolved in the future by performing time-gated LII
measurements [18]. A 2-D instantaneous field of light
scattering is displayed in Fig. 3a. by combining two
uncorrelated images. Long soot ligaments highly wrin-
kled by the turbulent eddies are detected in the whole
region. By comparing LII and LS instantaneous results
(Figs. 1b and 3a, respectively), it can be deduced that
sufficiently high values of f, prevail along the walls,
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Figure 3: a) Image of light scattering intensity, indicating the instanta-
neous soot presence (combination of two images recorded at different
instants). Parasitic background signals from light reflection on the
chamber walls are not eliminated as they provide information on the
chamber geometry and on the position of the bluff-body (grayscale).
b) Axial velocity field derived from PIV treatment of soot light scat-
tering fields. The black contour corresponds to null axial velocity and
indicates the IRZ position.

but soot particles are actually present everywhere in the
chamber.

Since soot particles are characterized by a nearly zero
Stokes number, the soot pattern detected via LS con-
tains information on the turbulent velocity field as one
may reasonably assume that diffusion and thermophore-
sis effects are negligible. Therefore, the Particle Imag-
ing Velocimetry (PIV) methodology is here applied to
150 pairs of soot LS fields separated by 75 us using
an adaptative PIV algorithm with a minimal interroga-
tion areas of 32x32 pixels. The images have been ob-
tained using a 2x400 mJ Nd:YAG laser doubled at 532
nm (10 Hz, Continuum, Powerlite SL.3-PIV) and a Flow
sense Eo (Dantec Dynamics) camera equipped with a
532nm filter (10nm bandwidth) to enhance the signal-
to-noise ratio. The resultant axial velocity U field pre-
sented in Fig. 3b only provides qualitative information
on the velocity field since, being subjected to mass and
number variations, soot particles cannot be considered
as “perfect” tracers. It is however possible to recog-
nize the presence of a wide central inner recirculation
zone (IRZ), identified by the black isocontour U = O.
Compared to a classical swirled flame, one notices the
absence of outer recirculation zones close to the cham-
ber corners. This atypical flow structure is characteris-
tic of a toroidal swirled flame, that expands in the lat-
eral direction and occupies a region located near the
combustor bottom plane [20]. Unfortunately, this can-
not be confirmed by OH* chemiluminescence since the
corresponding signal is dominated by black-body radi-
ation from the sooting flame captured by secondary re-
bounds of the filter [11]. However, from the OH* field
obtained in the EM2Soot configuration for the richest
non-sooting premixed flame, it is possible to identify a
toroidal swirled flame [11], confirming results obtained
for the axial velocity field and the inferred flame struc-
ture. A more precise investigation of these is however
out of the scope of this work.

3.2. Time-averaged and RMS fields of f,

The time-averaged field of soot volume fraction 7‘, is
obtained by summing 300 images. Results are shown
in Fig. 4a. As already indicated, the asymmetry of the
results is due to the soot absorption of the laser sheet
that enters the chamber from the left. Time-averaged
results confirm that f, is almost negligible in the middle
of the chamber and takes detectable values close to the
walls. The time-averaged soot volume fraction initially
reaches a maximum value of 10ppb (region A for 1 <
HAB < 5 cm), then decreases downstream at around
6ppb (region B for 5 < HAB < 12 cm) and finally in-
creases again at 8ppb (region C for 12 < HAB < 18 cm).
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Figure 4: 2-D mapping of (a) time-averaged and (b) standard devia-
tion of soot volume fraction from LII.

The trend observed for f, differs from what may be con-
cluded from the flame luminosity image? in Fig. la. By
considering the flame luminosity, one can deduce that
soot is present in the whole chamber while LII mea-
surements only detect high soot volume fraction levels
along the lateral wall. However, the difference is due to
the fact that the light intensity signal is integrated along
the line-of-sight and cannot be compared to the planar
2-D field of f, obtained with LII. Second, from Fig. 1a,
f, is expected to reach its maximum value near the bot-
tom of the chamber and to rapidly decrease from that
point. These conclusions are not confirmed by the LII
measurements since f, plotted in Fig. 4a features high
values at HAB ~ 16 cm. This definitely indicates that
flame luminosity cannot be used to estimate the spatial
evolution of f, in the chamber since it is also dependent
on the forth power of the temperature.

Results from the standard deviation of f,, o, are dis-
played in Fig. 4b. One finds that o is maximum in re-
gion A and decreases in regions B and C, whereas f,
has a non monotonic behavior. This indicates a com-
plex behavior of soot production that may be investi-
gated by characterizing the temporal intermittency of
the soot distribution.

3.3. Temporal soot intermittency and turbulence effects

Soot production in turbulent flames is known to be a
highly intermittent phenomenon [6, 21, 22], which may
be characterized by the intermittency index Q [23]:

| &
Qx,y) = 1 —ﬁl;ﬂx,y,n (1)

2Due to the exposure time for flame luminosity visualization (2us),
Fig. la contains time-averaged information.
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Figure 5: 2-D mapping of (a) temporal intermittency and (b) weighted
time-averaged soot volume fraction field from LII.

where 7 (x,y,t) is the presence index:

0 if fi(x,y,0)<e€

ﬂ**”:{l if fny ) > e )

The 2-D intemittency index, displayed in Fig. 5, reaches
its minimum in region C, indicating that soot presence
is sporadic for small HAB (regions A and B), whereas
soot particles are more likely to be continuously de-
tected at higher HAB (region C). The temporal inter-
mittency can strongly affect the interpretation of soot
production trend, especially when it is based on time-
averaged fields. Therefore, a weighted time-average op-
erator - is here introduced to take into account the inter-
mittency of soot particles, by weighting time-averaged
soot volume fraction by the presence of soot particles:

SRy, OI(x,y, 1)
DI (EXN))

filxy) = 3)

Results for the weighted time-averaged field f are
shown in Fig. 5b. Compared to the 1, field, the weighted
mean f, is higher close to the bottom plane (region A)
and slowly decreases downstream towards a nearly con-
stant value. Evolutions with axial position of ]Tv, Q, f,
and o variables in the near-wall region are summarized
in Fig. 6. Here, each variable has been spatially aver-
aged over a surface of 1 cm X 1 cm (r € [-4.9;-3.9]
cm). The temporal and spatial evolution of soot volume
fraction can be characterized by combining results from
Fig. 6 with local information on the probability to de-
tect a certain value of soot volume fraction. For this,
the probability density function (PDF) of f, for three
axial positions corresponding to regions A, B and C are
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Figure 6: Axial evolution of time-averaged /., weighted time-
averaged f,, standard deviation o and intermittency index Q for
re[-4.9;-3.9] cm.

shown in Fig. 7. Each histogram represents the distribu-
tion of instantaneous soot volume fraction in a square of
5 x 5 mm? centered on r = —4.5 cm accumulated over
300 images (HAB=3,10,17 cm). In each histogram, ]Tv
and o values are reported. The red line provides an es-
timation of the PDF for the f, values below € assuming
a log-normal distribution.

Region A is characterized by a high soot temporal in-
termittency, indicated by the height of the first vertical
bar. When soot is detected, the f, threshold is the most
probable value and, at the same time, the highest val-
ues of f, (about 0.15 ppm) are observed in this region,
leading to a maximum o value in the center of region A
(HAB= 3.5 cm). This region corresponds to the IRZ
so that this behavior possibly indicates that the large
eddies of the turbulent flow observed in this region in
Fig. 1c induce a high variability of instantaneous f, val-
ues. Thus, soot production can be enhanced or dimin-
ished by their actions, a feature discussed in [24, 25]
for a single vortex interacting with a sooting laminar

flames. Downstream, the region close to the wall for
5 < HAB < 12 cm (zone B) features nearly the same
level of intermittency as in region A. Its most proba-
ble f, value is close to € but o is reduced so that the
final time-averaged and weighted time-averaged values
are smaller than in region A. Finally, for higher HAB
(region C) soot temporal intermittency is drastically re-
duced. Since o is the smallest, f, value is high again at
HAB= 16 cm.

In summary, rich premixed swirled flames feature a
strong relation between the spatial structure (Fig. 1c)
and the temporal variability of f,. Close to the cham-
ber bottom corners, long ligaments of soot are wrinkled
by turbulence forming large eddy soot structures with a
spatial preferential concentration which temporally re-
sults in a high level of intermittency. In addition, strain
rate and curvature effects induced by vortices are known
to decrease or enhance soot production, respectively, in-
creasing the variability of f, value along a soot ligament
[25]. Downstream, f, is detectable via LII close to the
wall and a quasi-homogeneous spatial distribution of
soot is observed (Fig. 1c), probably due to an attenu-
ation of the eddies strength near the wall. This results in
a thinner PDF for f, and a higher probability to detect
soot as a function of time.

One may wonder whether soot oxidation plays a role
in this configuration. To answer this question an at-
tempt was made to detect OH radicals with planar laser
induced fluorescence (PLIF) with a dye laser tuned to
A = 282.92 nm and detection in the band 308+5 nm
(ZBPA310 Asahi bandpass filter). No signal could be
detected along the height of the burner, indicating that
OH volume fraction was negligible. This is in agree-
ment with the fact that at ¢ = 2.1 the OH concentration
is expected to be quite small compared to that prevailing
under stoichiometric conditions. Based on the analysis
of the flame structure proposed in Section 3.1, one may
consider that most of the OH concentration will be lo-
calized near the combustor bottom plane. In the absence
of this radical and of oxygen (due to rich premixed con-



ditions), soot oxidation is expected to be quite limited
in this configuration [11].

4. Conclusion

Soot production in turbulent flames is investigated by
making use of turbulent combustion operating in the
premixed mode. Experiments are carried out on a novel
laboratory scale model combustor that is used to stabi-
lize an ethylene/air rich swirling turbulent flame, estab-
lished in a confined environment allowing optical ac-
cess to the process. Production of soot is examined
using planar laser induced incandescence (LII), provid-
ing quantitative measurements of soot volume fraction
f, along the height of the burner and planar laser light
scattering (LS) by soot particles providing information
on the presence and spatial geometry of soot layers.
The LII reveals two important trends: soot is mainly
present along the wall of the burner highlighting the role
of the confinement on soot production in rich premixed
flames. The evolution of the mean soot volume fraction
along the height of the burner exhibits two locals max-
ima. The first maximum is located in the lower part of
the chamber while the second is formed in the second
half of the combustor at a larger distance from the in-
jection plane. A statistical analysis of the two regions
reveals that these two maximum values conceal two dif-
ferent trends regarding soot intermittency. Soot inter-
mittency is highest in the lower part of the chamber and
decreases along the height of the burner. A weighted
mean is proposed to take into account the intermittency
of soot particles leading to a rather monotonic evolution
of this weighted mean along the height of the burner.
Laser light scattering images combined with LII images
indicate that soot particles are also present in the central
region of the burner but that f, reaches its highest val-
ues in the near wall region of the burner. The volume
fraction levels in the central region are outside the dy-
namic range of the LII and their values are too low to be
detected.
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