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Abstract

In-situ soot characterization has been successfully performed in a 100 kW, down-fired oxy-fuel test fur-
nace using laser-induced incandescence (LII) and extinction measurements. Primarily non-premixed propane
flames were investigated in oxy-fuel mode with various concentrations of oxygen in the oxidant. The tur-
bulent flame character was manifested through two-dimensional single-shot LII signals from soot showing
strong spatial variations as well as local temporal variations. The LII signals were calibrated to soot volume
fractions, f,, using in-situ extinction in the same spatial regions of the furnace. The results show increased
/v for increasing oxygen concentration in the oxidant, which is related to increased temperatures as well as
decreased mixing inside the furnace due to lowered total flow. For some measurement cases, the influence
of additives was studied for flames in oxy-fuel and air environments. The results showed increased f, for
additions of SO, and NO for oxy-fuel conditions, while a decrease of f, was found for air-fed flames. Also,
a large decrease in f, was found for water injection in the air-fed flames, and a slightly larger decrease for
addition of KClI dissolved in water with the same amount of injected solution. Uncertainties in performing
soot volume fraction measurements using LII and extinction in this large-scale furnace are discussed, and
mainly considered to be uncertainties in E(m) for soot, the spatial variation of the laser fluence in the large
imaged area, and the estimation of the absorption length during extinction calibration.
© 2019 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute.
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Introduction

Oxy-fuel combustion is a fuel conversion tech-
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warming. In furnaces using such technology,
knowledge of soot formation processes is impor-
tant as strong radiative heat transfer results from
high soot concentrations. However, soot in the
exhaust of such applications must be minimized
as soot is negative for environment [1] as well
as health [2]. Also, recent studies have shown
that soot is one of the major contributors to
global warming together with carbon dioxide and
methane [1,3].

Knowledge of radiative heat transfer in fur-
naces is crucial, which motivates development of
more accurate heat transfer models to improve
these devices. This requires knowledge about multi-
ple parameters, e.g. temperature, gas composition,
and particle concentration. These parameters can
favorably be studied in a controlled test facility
of reasonable size. At Chalmers University of
Technology, Gothenburg, Sweden, a 100 kW, test
furnace, capable of running both gaseous and solid
fuels in oxy-fuel and air environments, is located.
Flames in both oxy-fuel and air environments
have been investigated in this facility using various
techniques, see e.g. [4-6]. Most of the studies have
utilized probes for radiative measurements inside
the furnace and gas extraction for further anal-
ysis by external measurements. Andersson et al.
[7,8] measured temperature, gas composition, and
total radiative intensity using propane and lignite
as fuels. A discrete transfer model was used for cal-
culation of the total radiative intensity, and it was
shown that the measured intensity levels could not
be reached without taking radiation from soot into
account. In [9], Mehta et al. presented results show-
ing that soot particles could contribute up to 70%
of the total emitted flame radiation. In a recent
study [10], Béckstrom et al. sampled gas at differ-
ent locations inside the furnace to locally evaluate
particle sizes and soot volume fractions using a
Scanning Mobility Particle Sizer. For the flames
investigated in [10], the radiative intensity was
measured and modeled using experimentally mea-
sured soot volume fractions as an input to the
model, and the radiative intensity calculated from
the model was found to be in good agreement with
measured data.

Extractive techniques and probes in general suf-
fer from several limitations since they only give
highly localized spatial information, perturb the
flow and flame conditions, and may also change the
particle characteristics. Alternatively, optical tech-
niques can be used, exemplified by measurements
of the thermal radiation from flames from which
temperatures and soot concentrations can be esti-
mated. Optical techniques have a merit of being
non-invasive, i.e. they do not perturb the combus-
tion process. Still, a limitation of such radiation
measurements is that the detected signals are line-
of-sight averaged, i.e. the data is not spatially re-
solved along the direction of detection. Another
limitation is that optical techniques require optical

access, which sometimes can be hard to accomplish
in large-scale devices.

During the last decades, laser techniques have
been developed and applied to numerous practical
combustion devices. They have been successful in
providing two- or even three-dimensional data of
various parameters. For soot detection, especially
laser-induced incandescence (LII) [11,12] has been
used for absolute soot concentration measure-
ments. Since LII can provide temporally as well as
spatially resolved soot concentrations, such data
can lead to more fundamental understanding of
the turbulent flame interactions and significant
improvement of radiative heat transfer models.
Previous applications of laser diagnostics to these
types of furnaces are scarce and dominated by
diode-laser absorption spectroscopy. These lasers
can be tuned to specific transitions of molecules to
retrieve species concentrations, however, only spa-
tially averaged line-of-sight. A successful applica-
tion of diode-laser absorption to oxy-fuel systems
is for example [13], and measurements using LII in
small-scale oxy-fuel flames can be found in [14].

In this work we present results from soot mea-
surements performed in primarily oxy-fuel environ-
ments using laser-induced incandescence, where ex-
tinction measurements were used for absolute cal-
ibration of LII data. We observed strong increase
in evaluated soot volume fraction for increasing
oxygen concentrations in the oxidant based on
averaged data, and analyzed the stochastic fluctu-
ations from the temporally resolved 2-D data. The
effects of additives of KCl,q), H>O, SO,, and NO
on the soot concentration were also studied for
some operating conditions in both oxy-fuel and air
environments. We also discuss the challenges we ex-
perienced when applying LII in this test furnace, as
well as discuss uncertainties and limitations related
to the measurements and calibration of two-
dimensional LII images to soot volume fractions.

Experimental description and evaluation routine

In-situ soot measurements were performed us-
ing laser-induced incandescence (LII) [11,12] and
extinction. LII is a technique where incident laser
pulses are absorbed by soot particles, giving rise to
an increased particle temperature and consequently
to incandescence. This increased radiation above
the normal flame luminosity is called the LII signal.
The LII signal has been shown to be approximately
proportional to soot volume fractions [15], but has
to be calibrated to achieve quantitative data. Ex-
tinction measurements can be used for quantitative
soot volume fraction measurements, and thereby
utilized for calibration of LII. Extinction is a line-
of-sight technique for which the decrease in light
intensity through an absorbing medium with an ab-
sorption path length, L, is measured. In this work,
the extinction coefficient, K, was extracted from
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Fig. 1. Illustrations of (a) the optical setup, (b) the furnace, and (c) the fuel and oxidant registers. All lengths are in mm
unless otherwise stated. The measurement ports are called M1 to M8.

Beer-Lamberts law, I = Iye %t knowing the ini-
tial intensity, 7y, and the transmitted intensity, I.
By assuming that the soot particles are spherical
and that the measurements take place within the
Rayleigh limit, i.e. the particles are much smaller
than the used wavelength, it is common to neglect
the scattering as part of the extinction [16]. These
assumptions are discussed in for example [17]. Un-
der these assumptions, the soot volume fractions,
fv, can be calculated using:

Kexi A

where A represents the laser wavelength and E(m) is
the absorption function, often calculated from the
complex refractive index, m, using E(m) = -Im((m?
— DI(m? +2)).

The combined LII and extinction setup is pre-
sented in Fig. la together with a schematic image
of the furnace in Fig. 1b, and a detailed image
of the fuel and air registers in Fig. l1c. The mea-
surements were performed on an 80 kW propane
flame in Chalmers 100 kW, oxy-fuel test furnace,
and all measurements were performed in measure-
ment port M3, with its center located 384 mm from
the top of the furnace. The furnace can be oper-
ated with air, oxygen-enriched air, as well as in oxy-
fuel mode by recirculating a portion of the dry flue
gas consisting mainly of carbon dioxide and ex-
cess oxygen. Hence in oxy-fuel mode, the oxidant
consists of carbon dioxide and oxygen in varying
amounts, see Table 1. It should be noted that in-

creasing oxygen concentration in the oxidant cor-
relates with less carbon dioxide recirculated to the
furnace and by a lower total oxidant flow. The fuel
and the oxidants are introduced in the top-center
of the furnace where the oxidant (including recir-
culated gas) enters through two swirling registers,
with angles of 15 and 45 degrees. The flow through
the registers could be controlled by opening or clos-
ing of valves connected to each register. For all test
cases, the flow of propane was constant at 1.73 g/s
and the oxygen-to-fuel equivalence ratio, also of-
ten referred to as the air-to-fuel equivalence ratio,
A, was set to be constant at 1.15, i.e. slightly lean
overall.

The LII setup consists of two main components;
an Nd:YAG laser operating at the fundamental
wavelength, 1064 nm, and an ICCD-camera for de-
tecting the LII signal. The laser beam was shaped
to a 4.5 cm high Gaussian sheet focused in the cen-
ter of the furnace using a cylindrical lens with focal
length of two meter. The long focal length was
used to get a longer beam waist and more uniform
laser fluence over the imaged two-dimensional
region. At flame center, a laser fluence of 0.8 J/cm?
was used, which is on the so-called fluence plateau
[18] where the LII signal is rather insensitive to
variations in laser intensity. This is beneficial for
the use of LII in practical applications, to avoid
uncertainties arising from laser energy absorption
by soot. The ICCD-camera was placed orthogo-
nally to the laser beam. A short-pass filter with a
cut-off wavelength at 450 nm was placed in front
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Table 1

The operating conditions used for the different test cases. For the oxy-fuel cases the fraction that is not oxygen is mainly

carbon dioxide.

Test case Oxygen in Oxidant flow Primary oxidant ~ Overall oxygen-to-fuel
oxidant [%] [Nm?3/h] register equivalence ratio, A

Oxy-fuel 1 25 73.0 Open 1.15

2 30 60.8 Open 1.15

3 35 52.1 Open 1.15

4 40 45.6 Open 1.15

5 42 43.4 Open 1.15
Air 6 21 86.9 Open 1.15

7 21 86.9 Closed 1.15

of the camera to suppress the major part of the
background luminosity of the flame. In addition to
the short-pass filter, neutral density filters were also
placed in front of the camera to avoid saturation at
the conditions giving the highest signals. For every
measurement case, at least 500 single-shot images
were recorded with a camera gate width of 50 ns.
A background luminosity image was recorded 5 s
before each laser pulse and has been subtracted
from each LII image. In the resulting LII images
the size of one pixel corresponds to a length of
420 pm inside the flame. For further discussion
regarding the LII setup, see for example [19,20].

The extinction measurements were conducted
using a diode laser modulated on and off with a
frequency of 250 Hz to be able to measure a back-
ground signal between each laser pulse. The laser
was operated at a relatively long wavelength of
808 nm to prevent absorption by polycyclic aro-
matic hydrocarbons (PAHs), as discussed in [17].
Based on previous measurements in the same facil-
ity, the scattering contribution to the extinction was
estimated to be less than 3% for a flame correspond-
ing to case 7 [10,21]. To accomplish valid quantita-
tive calibration, the laser beam with a diameter of
approximately 5mm was overlapped with part of
the laser sheet from the Nd:YAG laser. For more
information regarding the setup used for the extinc-
tion measurements, see for example [17].

The calibration procedure can be described
in four steps: (1) An average of the LII signal
was evaluated at the spatial position where the
808 nm extinction laser overlaps with the LII laser
(approximately 21 mm from the top edge of the LII
laser), see Fig. 2a. A vertical average (&2 mm) in
the LII image resulting in a horizontal cross section
will be used for step 2, and an average of the entire
dashed area will be used for step 4. (2) Evaluation
of the absorption length was made in order to cal-
culate the soot volume fraction averaged along the
extinction laser path. For most cases, the averaged
LIT images were used to estimate the absorption
length, see Fig. 2b. This procedure was not possible
for case 5 (see Table 1) since the LII signal extended
outside the observable region for the CCD detec-
tor, and the absorption length was assumed to be
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Fig. 2. (a) presents the first step of the calibration pro-
cedure, i.e. calculation of the average LII signal used in
step 2 and for attaining the corresponding LII signal to
the measured soot volume fraction. (b) shows the second
step of the calibration procedure, where an estimation of
the absorption length based on averaged LII signals are
performed.

the entire inner diameter of the furnace, i.e. 0.8 m.
(3) The soot volume fraction was then calculated
using Beer-Lambert law and Eq. (1), and will yield
soot concentrations averaged along the laser beam.
(4) A ratio between the LII signal, averaged in step
1, and the soot volume fraction was calculated,
and used to translate both single-shot images as
well as averaged LII images to two-dimensional
soot volume fraction images, since the LII signal
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centration in the oxidant for measurements in oxy-fuel en-
vironment, i.e. cases 1-5 in Table 1.

is approximately proportional to the soot volume
fraction [15]. The LII-to-f, ratio is valid for all cases
provided that the LII signals have been measured
using the same optical equipment, laser energy,
and camera settings. The strength of this semi-
simultaneous extinction calibration method in
comparison with others is that the calibration is
performed on soot at exactly the same location in
the furnace.

3. Results and discussion

In Fig. 3, results from the measurements of LII
calibrated using extinction measurements, are pre-
sented. The graph presents soot volume fractions
as function of oxygen concentration in the oxidant
for the oxy-fuel measurements. The LII signals
have been averaged over the entire field-of-view at
the level in the furnace where the extinction laser
passed through. The absorption function, E(m),
used in the evaluation of soot volume fractions
was set to 0.35, based on measurements conducted
in our laboratory ethylene/air flames [22,23].

The results show a strong increase in soot vol-
ume fraction for increased oxygen concentration
in the oxidant, although the overall oxygen-to-fuel
equivalence ratio in the furnace remains constant
(A =1.15) for all cases, as presented in Table 1. To
achieve this, the flow of oxidant has to be decreased
when increasing the oxygen level, since the flow
of propane is constant at 1.73 g/s. The reduced to-
tal flow inside the furnace, causes a higher tem-
perature as the recirculated CO,-flow is reduced.
It is well-known that increasing temperatures in
non-premixed flames result in higher soot volume
fractions [24]. Hence the strong increase of soot
volume fraction for increasing oxygen concentra-
tions may be a combined effect of increasing tem-
peratures and reduced mixing of fuel and oxidant.
Similar observations have been made by Shaddix

and Williams in lab-scale measurement of non-
premixed methane flames on a simplified geome-
try [14], i.e. that reduced soot concentration is as-
sociated with increased mixing and higher temper-
atures. Furthermore, measurements were also con-
ducted using oxygen-enriched air under the same
equivalence ratio as for the oxy-fuel measurements.
Using oxygen-enriched air results in higher temper-
atures caused by a lower molar heat capacity for N,
compared to CO, [24], which consequently led to
soot volume fractions at the same level as for oxy-
fuel with 42% O, already at 30% O, for the oxygen-
enriched cases. This indicates a strong influence of
temperature on the soot formation.

The results presented in Fig. 3 originate from av-
eraging of two-dimensional single-shot images. In
Fig. 4, two-dimensional images of soot are shown,
one single-shot image from case 4 and averaged im-
ages of cases 4 and 5. Based on the single-shot im-
age in Fig. 4a, it is clear that soot is formed very
locally with clearly visible soot structures with lo-
cal concentrations up to 1 ppm for this single shot
of case 4. However, the averaged soot concentra-
tion presented in the first image of Fig. 4b is much
lower (up to 33 ppb), which is expected as large
portions of the imaged area in the single-shot im-
ages do not contain any soot, and the fact that the
flames are turbulent. In Fig. 4c, single-shot statis-
tics are shown for case 4, where the maximum soot
volume fraction in a square of 10 x 10 pixels (cor-
responding to 4mm x 4mm in the furnace) is re-
trieved from each single-shot frame (in this case
1000 frames) and presented in a histogram with
bin size of 20 ppb. The distribution was found to
be highly skewed with 54% of the observations be-
tween 0 and 20 ppb, while few observations showed
soot volume fractions up to around 1 ppm, which
strengthens the earlier statement that the flame is
highly turbulent. The images with high soot con-
centrations, case 5, in Fig. 4b, will be discussed
later.

Various measurements were performed to study
the influence of additives on soot formation, and
the results are presented in Fig. 5. The potassium
chloride (KCIl) solution in H,O and a reference
with the same amount of H,O were sprayed di-
rectly onto the flame through the angled probe
port on top of the furnace, see Fig. 1b. The
amount of KClg, (1 M) or water sprayed was set
to 0.15 ml/min, which is equivalent to ~100 ppm in
the flue gas for a case with 21% O, under the as-
sumption of complete combustion. The other addi-
tives, NO and SO,, were introduced in the oxidant
and carried through the different oxidant registers.
The amount of SO, added to the flame was around
550 ppm in the oxidant. For NO, the amount of
additive in the oxidant was set to approximately
0.7 Nl/min.

For the oxy-fuel cases 4 and 5, the results show
an increase of the soot concentration when intro-
ducing either NO or SO,, with somewhat larger
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Fig. 5. The effects of different additives (KCl,q), H20,
NO, and SO;) to some of the investigated oxy-fuel and
air flame cases. The results have been averaged from cal-
ibrated LII images. Case 4* has the same settings as the
normal case 4, however, with significant increased soot
concentrations probably due to a thermal effect after run-
ning the furnace for a full day.

effect for additions of SO,. Measurements with
the KCl-additive could, however, not be evaluated
rigorously due to significant KCl-deposits on the
windows thereby preventing optical detection.

For the air-fed flame cases 6 and 7, the first
observation is that with closed primary air regis-
ter the soot volume fraction becomes much higher,
which can be related to less mixing between air and
fuel. Secondly, when comparing the results from
oxy-fuel flames (case 4 and 5) with those from
the air-fed flame (case 6 and 7) for the additives
of NO and SO,, the effect is opposite, i.e. a de-
crease of soot volume fraction is observed for the
air-fed cases, with a larger decrease for SO, ad-
dition. Several previous studies have shown lower
soot concentrations for additions of SO, for dif-
ferent flame types. Lawton studied SO, addition
to premixed C,H,/O,/argon-flames and observed
lower soot concentrations as well as lower PAH-
concentrations, and attribute the soot reduction to
increased oxidation [25]. Giilder reports lower soot
concentrations in sooting diffusion flames when
SO, is added to the oxidant (air) and attribute the
reduction to a thermal effect [26]. Few studies have
reported on the impact of NOy on soot forma-
tion. Cotton et al. [27] suggest a mechanism for the
soot reduction observed for NO and SO,-additives,
based on catalysis of radical recombination. A re-
cent paper by Abian et al. reports that NO reduces
soot concentrations in ethylene pyrolysis experi-
ments in the range 975 —1475 K [28]. They hypoth-
esize that NO interacts with C,H radicals formed
from C,H, leading to CO and HCN. The reason
for the increased soot concentration observed for
SO, and NO additions to the oxy-fuel flames is still
unknown.
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The largest decrease in soot volume fraction re-
sulted from addition of KClsolution, with the same
effect for both open and closed primary oxidant
registers. Interestingly, the results show that the
largest soot reducing effect in these measurements
comes from adding water alone to the flames, and
that the additions of KCl,q only contributed with
a minor additional effect. Hence, this observation
indicates that there is a large temperature effect for
the decrease in soot concentration when adding the
KCI solution. The results from the additives with
KCl show the same trend with decreasing soot con-
centrations as in previous work in small-scale labo-
ratory flames [20,29].

The soot volume fractions from the LII mea-
surements presented in this work are quantitative
through in-situ calibration using extinction. The
main uncertainties of the soot volume fractions are
for the presented cases with low absorption in the
furnace (i.e. all cases except case 5, which is dis-
cussed later) mainly considered to be the estima-
tion of E(m) and the variation of the probe vol-
ume along the beam propagation direction. In this
work we selected E(m)=0.35 based on recent mea-
surements in ethylene/air flames [22,23]. The varia-
tion of optical properties of soot found in literature
is large. In [30], complex refractive indices of soot
from different studies are presented, resulting in a
variation of E(m) mainly between 0.12 and 0.30.
This means that by choosing a specific E(m), large
uncertainties will be introduced in the calculation
of soot volume fraction as it is inversely propor-
tional to E(m). Another experimental uncertainty
comes from the sheet-forming optics for creating
the thin laser sheet inside the furnace. Despite us-
ing a long focal length cylindrical lens in our setup
(f=2m) leading to a longer beam waist, there exist
significant variations in the laser beam thickness for
the imaged region with a width of around 15cm.
For cases where measurements are performed on
the LII plateau at low soot concentrations, the in-
creased probe volume in the regions far from flame
center will lead to relatively stronger LII signals.
Still, the averaged soot volume fraction will remain
unaffected since it is derived from the extinction
measurements.

High concentrations of soot result in several
measurement problems. In our study, such condi-
tions are represented by case 5. Firstly, from the av-
eraged image shown in Fig. 4b (second image), it
is clear that the signal decreases from right to left
(laser beam enters the furnace from the right). This
is due to extinction of the laser beam due to very
high soot concentrations. For the present case, the
transmission through the furnace was measured to
13% at a wavelength of 808 nm. Hence, the laser flu-
ence was gradually reduced along the beam prop-
agation path eventually resulting in fluence below
the laser fluence plateau. Secondly, the induced LII
signal will, due to the high absorption, also be ab-
sorbed when the signal passes from the center of the

furnace to the camera. A third problem that was en-
countered was windows fouling. Even though CO,
was used for purging the windows for the oxy-fuel
cases (air was used for the air-fed cases), they were
still to some extent contaminated by the soot in-
side the furnace. In Fig. 4b (third image) an image is
shown after applying a compensation routine based
on extinction measurements resulting in a much
more even distribution. However, it is clear that de-
spite compensations, the uncertainties for case 5 are
much larger than for the more low-sooting cases.
One of the additional uncertainties for case 5, was
the estimation of absorption length as larger part
of the LII signals came from the regions outside the
imaged region. In the same image, a striping pat-
tern can be observed, caused by variations in energy
in the vertical profile of the laser beam originating
from spatial beam inhomogeneity and beam steer-
ing effects.

4. Conclusions

Laser-induced incandescence measurements,
calibrated using in-situ extinction measurements,
have successfully been performed to obtain quan-
titative information of soot volume fractions, f+,
for 80 kW propane diffusion flames in an oxy-fuel
environment. Two-dimensional instantaneous LII
images showed highly localized soot regions and
turbulent flame structure. The results showed an
increasing soot volume fraction for increased oxy-
gen concentrations in the oxidant with constant
overall oxygen-to-fuel equivalence ratio. This is
most likely an effect of a temperature increase
and less mixing due to reduced recirculation of
CO, inside the furnace. The additives SO, and
NO resulted in increased in-situ soot volume
fractions for oxy-fuel flames, and decreased soot
volume fractions for the air-fed cases. For the
air-fed cases, the KCIl water solution resulted in
decreased soot volume fractions, where the main
effect was found to come from the water addition.
The soot concentration data from the campaign
will be used for radiative heat transfer models to be
presented elsewhere. The main uncertainties in the
quantitative 2-D soot volume fraction data are, for
the low-sooting cases, found to be the uncertainty
in E(m), and the variation of laser sheet thickness
due to the focusing of the laser sheet over a large
area in the present experiments. For high-sooting
cases, additional uncertainty in f, arises from the
absorption length estimation and extinction of
laser beam through the furnace as well as LII
signal towards the detector.
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