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seeded with KCl.

� Quantitative species concentrations
have been evaluated from
experimental data.

� Measurements show good agreement
with predictions of a chemical
mechanism.
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a b s t r a c t

Quantitative potassium species concentrations have been measured in alkali-seeded premixed methane-
air flames of different stoichiometry. Potassium chloride (KCl) and hydroxide (KOH) were measured by
broadband UV absorption spectroscopy and laser-induced photofragmentation fluorescence, while
atomic potassium was measured using tuneable diode-laser spectroscopy. In addition, laser Rayleigh
scattering was employed for temperature measurements. Investigations were made for different alkali-
seeding levels and chlorine loads resulting in KCl/KOH concentrations up to �30 ppm and concentrations
of K atoms at ppm levels. Experimental results were compared with predictions from a chemical mech-
anism used in a homogenous reactor model. The observed trends, decrease in KCl and KOH concentra-
tions and increase in K-atom concentrations with flame equivalence ratio, were well reproduced in
simulations and are compared with results reported in literature. In addition, possibilities using the
experimental methods for further investigations of alkali-related combustion phenomena and detailed
model validation of alkali chemistry are discussed.
� 2017 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Increased attention to limited fossil fuel resources and the
impact of combustion emissions on climate, environment, and
health continuously promotes efforts to implement sustainable
concepts for future energy supply. Even though solar- and wind
based systems have been introduced, combustion remains a major
supply of energy worldwide, which has motivated use of renew-
able biomass fuels [1]. While combustion of such fuels is consid-
ered to produce no net CO2 and thereby have reduced impact on
global warming, it still has substantial impact on the environment
[1]. Moreover, the chemical composition of biomass fuels intro-
duces new challenges to achieve combustion with minimum wear
of power plant units and minimum pollutant emissions [2].

Biomass from wood or crops contains alkali species (mainly
potassium) as well as chlorine and sulfur [3–6], and formation of
alkali compounds during combustion is of high practical impor-
tance since corrosive alkali chlorides cause severe problems in
boilers and furnaces [2,7]. In addition, deposits formed on surfaces
such as heater and steam tubes contribute to problems with foul-
ing and slagging [8]. Thus, detailed knowledge on alkali release and
formation processes during combustion is crucial for efficient uti-
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lization of biomass fuel while also minimizing problems during
power plant operation.

Trace-level species, such as alkali and chlorine [3], in the fuel
are many times neglected in combustion models, but have never-
theless been found to have rather strong impact on the overall
combustion process, affecting the fuel oxidation process as well
as formation of NOx [9]. According to the discussion in the review
by Glarborg [9], this has mainly been attributed to the ability of
these reactive species to participate in chain-branching or chain-
terminating chemical reactions resulting in production or con-
sumption of flame radicals such as H and OH. In combustion chem-
istry, potassium atoms are reported to consume flame radicals
such as O and H forming potassium hydroxide (KOH), which in
turn establishes rapid equilibrium with potassium chloride (KCl)
[9]. The combustion chemistry of potassium and chlorine is also
coupled to that of sulfur via the ability to transform potassium
chloride to less harmful alkali sulfates [10]. Thus, in addition to
understanding pollutant formation of alkali species, knowledge
on their impact on the overall combustion process and coupling
with each other via the flame radical pool is necessary for develop-
ment of models for biomass fuel combustion. Such combustion can
be carried out under a variety of conditions, including co-
combustion with coal [11], flameless combustion at very lean con-
ditions [12], or oxy-fuel combustion in an atmosphere augmented
with CO2 [13]. Comprehensive combustion models are therefore
required for predictions of relevant quantities such as species
concentrations.

Detailed studies of alkali chemistry in flames allow for develop-
ment of chemical mechanisms, which enable predictions of alkali
formation under different combustion conditions. Experimental
data acquired under well-defined conditions are crucial for further
development and validation of such mechanisms. For example, a
study including experiments as well as kinetic modelling of
sodium-species in hydrogen flames has been presented by Hynes
et al. [14]. For potassium, early investigations have included stud-
ies on its effect on flame inhibition [15] but also potassium kinetics
in premixed methane flames [16]. A rather recent study was made
to investigate the effect of sulfur addition on potassium-species
formation [17]. In addition to studies of gaseous fuels, detailed
characterization of potassium release has also been carried out
for single particles of coal [18] and biomass [19].

According to the work presented by Slack et al. [16], potassium
participates in chemical reactions involving O2, atomic hydrogen,
the hydroxyl radical (OH), and water when introduced in a flame.
The potassium species involved in these reactions are atoms,
potassium hydroxide, potassium oxide (KO), and potassium diox-
ide (KO2). Moreover, fuel-rich combustion conditions result in
increased formation of atomic potassium via reactions between
potassium hydroxide and hydrogen atoms. Conversely the levels
of potassium hydroxide are increasing at lean conditions favoured
by the availability of oxygen and water. If potassium is introduced
together with chlorine in a flame, additional reactions will be
included involving species such as atomic chlorine, hydrogen chlo-
ride, and potassium chloride [20]. Corresponding investigations of
combustion in flames burning hydrogen or propane with sodium
and chlorine added, show similar trends with increasing levels of
alkali atoms at higher equivalence ratios while chloride and
hydroxide concentrations decrease [20].

This paper presents potassium species concentration measure-
ments in alkali-seeded premixed methane-air flames. The methods
employed for species concentrations measurements include broad-
band UV absorption spectroscopy [21], laser-induced photofrag-
mentation fluorescence [21,22], and diode-laser absorption
spectroscopy [21,23]. Multiple optical diagnostic techniques have
been employed for separate measurements in this work due to
the large dynamic range of concentrations encountered in the
investigated flames. However, combined measurements of K
atoms, KOH, and KCl have been presented previously by Sorvajärvi
et al. [24]. Measured potassium species concentrations are com-
pared and the dependence on flame equivalence ratio is analysed
and discussed in terms of results previously reported in literature.
The obtained results can be further employed for future validation
and refinement of alkali flame chemistry models.

2. Experimental

2.1. Optical diagnostics

Laser-induced photofragmentation fluorescence (LIPF) mea-
surements were made using an ArF Excimer laser (Compex 102,
Lambda Physik), which provided pulses at a wavelength of
193 nm with 25 ns pulse duration and output pulse energy of
50 mJ. The laser beam was focused using cylindrical lenses of focal
lengths f = 1000 mm and f = 500 mm, which combined with an
arrangement of razorblades resulted in a 20 mm vertical sheet.
The photofragmentation-induced fluorescence signal was detected
with an intensified CCD camera (PI-MAX I, Princeton Instruments)
equipped with an f = 50 mm objective (Nikkor f/1.4). A bandpass
filter centred at 766 nm (50 mm dia., OD 4, FWHM 10 nm, Edmund
Optics) was used for suppression of scattered laser radiation.

The evaluation of alkali species concentrations from the
photofragmentation fluorescence signal has been described in
detail in a previous publication [25]. In brief, the signal, F, is given
by Eq. (1)

F ¼ X
4p

leFA
Afi

Afi þ Q
TN ð1Þ

where X is the detection solid angle, l the probe volume length,
eF the detection efficiency for the fluorescence signal, and A is the
probe volume cross section area. The fluorescence quantum yield

is given by Afi

AfiþQ where Afi is the Einstein coefficient for spontaneous

emission and Q the collisional quenching rate.
The transmission factor T accounts for fluorescence losses due

to absorption, so-called trapping, which in this case is generated
by atomic potassium formed in the flame chemistry. To determine
this factor, spectra of the potassium D1 line at 769.9 nm were
obtained from tuneable diode laser absorption measurements, dis-
cussed in the following. The spectral line was fitted by a Voigt pro-
file with a Gaussian width of 0.11 cm�1 and a Lorenzian width of
0.05 cm�1. An average integrated absorption cross section for the
two 42P transitions was determined from spectroscopic data in lit-
erature [26] to 8.36 � 10�6 cm2 s�1 and the peak absorption cross
section for the fitted lineshape was then calculated to 1.6 � 10�11

cm2. Using this quantity, the transmission factor T was calculated
according to the Beer-Lambert absorption law under optically thick
conditions [27,28] described more in detail in the Supplementary
Material. The calculation requires the absorption cross section,
given above, the concentration of K atoms, and the absorption path
length as input parameters. Values of K-atom concentrations were
determined from data of tuneable diode laser absorption measure-
ments, while a path length of 1 cm was estimated for the passage
to the detector in the central region of the flame.

Coefficients for spontaneous emission and data on collisional
quenching have been obtained from literature [26,29]. The beam
cross section area A, is determined by dimensions of the of the
focused laser sheet, which had a height of 20 mm and a width esti-
mated to 200 mm. The solid angle and detection efficiency can be
retrieved by calibration using the Rayleigh scattering signal.

The quantity N in Eq. (1) is the concentration of K atoms gener-
ated in the excited 42P states by photofragmentation of potassium
compounds and the concentration of these compounds, NKCl, is
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related to the evaluated concentration of K atoms according to Eq.
(2)
N ¼ NKClU 1� e
�rE

hmlaserA
� �

ð2Þ
Fig. 1. Methane-air flame of equivalence ratio U = 1.1 stabilized on porous plug
Perkin-Elmer burner with alkali-seeding (KCl) through a nebulizer. Laminar
uniform flames were achieved with a stabilizer mounted 30 mm above the burner
surface.
The factorU is the yield of photofragments generated from the par-
ent species and is equal to 1 since dissociation of one KCl/KOH
molecule results in creation of one K (42P) atom. In the exponential
term r is the absorption cross section, E the laser pulse energy, h
Planck’s constant, and mlaser the laser frequency.

Rayleigh scattering measurements were made using the
532 nm second harmonic of a Nd:YAG laser (Brilliant B, Quantel)
with a pulse duration of 7 ns and a pulse energy of 120 mJ. The
532 nm beam was aligned into the beam path and shaped into a
laser sheet of 10 mmwidth using cylindrical lenses of focal lengths
f = �40 mm, f = 200 mm, and f = 500 mm. A half-wave plate posi-
tioned in the beam path was adjusted to achieve vertical polariza-
tion for optimal Rayleigh scattering. The Rayleigh scattering signal
measured at ambient conditions provides the detection solid angle,
X, and the probe volume length, l, in the concentration evaluation
using Eq. (1). In addition, Rayleigh scattering can be utilized for
flame temperature measurements by comparison of signals mea-
sured in flame and at ambient conditions, taking differences in
cross sections into account. Using Rayleigh scattering cross-
section data compiled by Zetterberg [30] and species concentra-
tions determined from chemical equilibrium calculations, the Ray-
leigh scattering cross sections of the product gas in the post-flame
region of the investigated flames were found to be typically 10%
higher than that of ambient air.

Broadband UV absorption measurements of KCl were made
using a UV light source (L1314, Hamamatsu). The light was emitted
through an aperture and collimated using a 90� off-axis parabolic
mirror with a reflective focal length of f = 150 mm (diameter
50 mm, Thorlabs). The collimated UV light beam subsequently
passed through another aperture and a plano-convex focusing
quartz lens of focal length f = 150 mm. The UV beam was guided
in six passages across the burner through the flame using UV-
enhanced aluminium mirrors (diameter 25.4 mm, Thorlabs) and
then collected in an UV-enhanced collimator (250–450 nm, diam-
eter 12 mm beam, SMA, Thorlabs). This arrangement gave a total
absorption path length of 138 mm. The collected UV light was
transferred through an optical fibre (FC-UV600-0.5-SR, Azpect Pho-
tonics) to a spectrometer (grating 2400 grooves/mm, slit width
50 mm, AVABENCH-75-2048, Azpect Photonics). A set of 100 spec-
tra was acquired for each investigated condition and KCl concen-
trations were evaluated from acquired spectra by a least-squares
fit to a calibration spectrum measured at temperature 860 �C fol-
lowing the procedure presented by Forsberg et al. [31].

Measurements of K-atom concentrations were made by tune-
able diode laser spectroscopy (TDLAS) using a single-mode exter-
nal cavity laser (DL 100, Toptica Photonics) with an output
power of 40 mW and a central wavelength of 769.9 nm. A scan
control module (SC 110) controls a piezoelectric crystal to change
the cavity length and obtain wavelength scanning with a repetition
rate of 110 Hz. The laser has excellent tuning ability and can be
scanned over a frequency range of 25 GHz without mode-hop,
and overlaps perfectly with the D1 line of potassium. The laser
beam was guided through the flame at the centre of the burner
with a path length of 23 mm. A photodiode detector (DTE 210,
Thorlabs) received the laser after absorption by K atoms in the
flame. The detector was connected to a data acquisition card
(BNC 2110, National Instrument) and an on-line data processing
program based on LabVIEW was employed to evaluate K-atom
concentrations.
2.2. Burner

A burner originally made for atomic absorption spectroscopy
(Perkin-Elmer), shown in the photo of Fig. 1, was used for measure-
ments in alkali-seeded methane-air flames. The burner has a
water-cooled head with a central compartment for the premixed
fuel-air blend and an outer channel for a co-flow shielding the
flame. The diameter of the inner compartment is 23 mm and the
head is topped by a circular honeycomb plate (pore size �1 mm
and length 20 mm). The burner allows for stabilization of flat lam-
inar premixed flames (cf. Fig. 1).

Gases are supplied to the burner through a spray chamber with
two connections for air, auxiliary air and nebulizer air, and one
connection for the fuel. The nebulizer flow provides seeding of
alkali solution, which enters via a capillary tube immersed into
the liquid. The alkali-solution from the nebulizer is pre-treated as
the droplets collide with a so-called impact bead and a flow spoiler
in order to have only finer aerosol droplets to pass through the
chamber to the burner head while larger droplets are removed
via a drain tube. Methane and auxiliary air are mixed together with
the nebulizer air in the spray chamber to get the total correct
equivalence ratio of the mixture.

A nitrogen co-flow of 10 ln/min was supplied to the burner head
to shield the flame. A steel cylinder (cf. Fig. 1) was mounted 30 mm
above the burner for flame stabilization required for quantitative
signal analysis and to be able to make sequential photofragmenta-
tion and Rayleigh scattering measurements under steady-state
conditions. The total gas flow of air and fuel to the burner was
5.6 ln/min and individual flows of nitrogen, air to the nebulizer,
primary air, and fuel were controlled by four mass flow controllers
with maximum flows of 20, 10, 5 and 1 ln/min (Bronkhorst),
respectively. Premixed methane-air flames of equivalence ratios
U = 0.8–1.3 were investigated and the flows of fuel and air are
given in Table 1.



Table 1
Experimental conditions for methane-air flames.

/ CH4 (Ln/min) Air (Ln/min)

0.8 0.41 5.19
0.9 0.46 5.14
1 0.51 5.09
1.1 0.55 5.05
1.2 0.60 5.00
1.3 0.64 4.96
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2.3. Chemical equilibrium calculations

Post-flame compositions for the investigated flames were
obtained through calculations using the PREMIX module in the
CHEMKIN software. Conditions of KCl/KOH flame-seeding were
then mimicked by introducing atomic species, K and Cl, into the
post-flame mixture predicted for each flame. Simulations of these
alkali-seeded mixtures were in turn made using the closed
homogenous reactor model at temperature 1500 K and atmo-
spheric pressure with a mechanism for alkali-chemistry developed
by Hindiyarty et al. [17,32]. These simulations provided concentra-
tions of KCl, KOH, and K atoms versus reaction time and illustrated
the progress towards chemical equilibrium for each condition.

3. Results and discussion

3.1. Temperature measurements

Temperatures of the investigated flames were measured by
means of Rayleigh scattering and the product gas temperatures
for two levels of KCl-seeding are shown in Fig. 2. The temperatures
reside within the range 1400–1500 K for both conditions and the
uncertainty is estimated to be 9%, indicated by the error bars. Thus,
within the estimated accuracy the two data sets provide similar
results. The mean temperature value from two data sets show dif-
ferences up to 70 K and for both conditions the profiles show the
same trend versus equivalence ratio with temperature variations
less than 50 K. Moreover, the temperatures measured at high
KCl-seeding are consistently lower suggesting some cooling by
the increased KCl concentration.

3.2. Alkali species concentration measurements

Introducing potassium compounds in the flames result in the
formation of atomic potassium as evident from the yellow-red
color observed for the seeded flames (cf. Fig. 1). Potassium atom
Fig. 2. Average temperature in post-flame region of premixed methane-air flames
with two different levels of KCl-seeding to the flame. Circles, 0.05 M solution,
squares, 1.0 M solution. The estimated temperature uncertainty is 9% (error bars).
concentrations were measured using TDLAS for seeding of KOH
and KCl and the results are shown in Fig. 3. The high absorption
cross section of atomic potassium D1 line, on the order of 10�12

cm2, required rather low seeding concentrations to avoid satura-
tion of the absorption line. Experimental data for seeding with
0.0025 M solution of KOH and 0.005 M solution of KCl are shown
in Fig. 3a. While absorption measurements were unattainable at
higher seeding levels, the atomic emission lines in the flame
chemiluminescence were employed as a measure of the K-atom
content in the flame. Fig. 3b shows flame chemiluminescence ver-
sus concentration of the KCl solution used for flame seeding. The
data plotted in the log-log diagram follow a linear trend with a
slope of ½, indicating a dependence on N1/2 for the chemilumines-
Fig. 3. (a) Post-flame K-atom concentrations versus flame equivalence ratio for
seeding of KOH and KCl at solution concentrations 0.0025 and 0.005 M, respec-
tively. (b) K-atom chemiluminescence measured at wavelength 766 nm vs. KCl
seeding concentration in the stoichiometric flame. (c) Chemiluminescence profiles
measured in lean (U = 0.8), stoichiometric, and rich (U = 1.3) flame. Higher
chemiluminescence signals indicating higher K-atom concentrations are observed
for the stoichiometric and fuel-rich flame. The profile of the lean flame shows a
more planar shape in the product zone above 12 mm indicating a condition closer
to chemical equilibrium compared with the stoichiometric and fuel-rich case.



Fig. 4. Post-flame concentrations of potassium compounds measured by UV
absorption spectroscopy versus flame equivalence ratio for 1.0 M KCl seeding. Lean
conditions show higher KCl concentrations. Square symbols show experimental
data while circles represent the sum of calculated KCl and KOH concentrations.
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cence. At high seeding concentrations chemiluminescence is emit-
ted under optically thick conditions where strong absorption at the
center of the atomic spectral line result in virtually no transmission
of light. However, at the wings of the lineshape absorption is lower
allowing for transmission and resulting in the observed N1/2 trend.
Absorption and emission under optically thick conditions in this
type of flames are described more in detail in Refs. [27,28]. This
indicates that the K-atom concentration can be considered propor-
tional to the alkali seeding and that concentrations for higher seed-
ing levels can be calculated through extrapolation from the results
obtained at low seeding levels by TDLAS and plotted in Fig. 3a.

Fig. 3c shows chemiluminescence versus height above the bur-
ner for three different flame stoichiometries and seeding with
1.0 M KCl solution. Peak chemiluminescence positions are located
at heights 8–10 mm above the burner and indicate high K-atom
levels from the flame-front region. Above these positions the pro-
files show a rapid decrease up to around 15 mm and then a more
gradual decrease with height. A rather uniform temperature profile
is expected in the product zone for this type of flame and Rayleigh
scattering thermometry indicates temperatures in the range 1300–
1500 K (cf. Fig. 2) for the region 11–18 mm above the burner. The
observed decrease in chemiluminescence thus probably indicates
the progress of K-atom concentrations towards levels correspond-
ing to chemical equilibrium conditions. In the vicinity of the flame
stabilizer, mounted 30 mm above the burner, a more rapid
decrease attributed to cooling is observed.

The TDLAS results as well as the chemiluminescence profiles
show that atomic potassium concentration increase with equiva-
lence ratio, in agreement with observations for sodium in flames
burning methane, propane, and hydrogen [8,14]. This can be attrib-
uted to increased levels of atomic and molecular hydrogen at fuel-
rich conditions. Atomic hydrogen is able to react with potassium
hydroxide and/or potassium chloride forming atomic potassium
and water or alternatively hydrogen chloride [20]. Equilibrium cal-
culations as outlined above, also predict an increase in K-atom con-
centration with equivalence ratio and show a trend similar to
experiments. Calculations for seeding of 30 ppm KCl into the flame
show that the time to establish chemical equilibrium is 8 and
180 ms for the lean U = 0.8 and rich U = 1.3 flame, respectively.
However, the time for transport from the burner surface to the
region probed in the TDLAS measurements, around 21 mm above
the burner surface, is 19 ms. Thus, while the time to establish
chemical equilibrium conditions in the post-flame region of the
lean flame is shorter than the transport time, it is longer for the
fuel-rich flame and chemical equilibrium is not established, in
agreement with the shapes of the chemiluminescence profiles in
Fig. 3c.

K-atom concentrations estimated from TDLAS measurements
made 21 mm above the burner are 0.2 and 4.4 ppm for the lean
and rich flame, respectively. Taking into account transport times
and the reaction time profiles obtained from calculations, the K-
atom concentrations were calculated to 0.05 and 11 ppm for the
lean and rich flame, respectively. As discussed previously, the fuel
lean condition is expected to be the closest to chemical equilibrium
and the higher experimental value of 0.2 ppm suggests that equi-
librium has not been fully established. For the fuel-rich U = 1.3
flame, the K-atom concentration from experiments is lower than
that predicted by the calculations, suggesting a condition closer
to equilibriumwith K-atom concentrations of a few ppm. However,
it should be noted that calculated K-atom concentrations are rather
sensitive to the input temperature. Moreover, some underestima-
tion in experimental K-atom concentrations, obtained from extrap-
olation of data measured at low seeding, could also be possible
even though a linear relation between K-atom concentration and
flame seeding is indicated by the results presented in Fig 3b.
Potassium hydroxide and potassium chloride constitute the
major alkali compounds formed in the post-flame region when
KCl is introduced with the reactants into the flame and the distri-
bution between these compounds depends on the availability of
chlorine as well as temperature [20]. Equilibrium calculations as
well as analysis of KCl-seeded methane flames presented by Li
et al. [17] and simulations by Schofield [20] indicate that low tem-
perature favors chloride formation. Fig. 4 shows alkali compound
concentrations measured by UV absorption spectroscopy at flame
equivalence ratiosU = 0.8–1.3. The square symbols represent aver-
ages of concentrations evaluated for 100 spectra while the error
bars indicate the uncertainty, estimated to 30%, for the absorption
measurements in the flames.

Both KCl and KOH show absorption in the wavelength range
230–300 nm probed in the measurements and could contribute
to the evaluated absorption spectra. The evaluated concentration
thus becomes a sum of the concentrations of the two species.
While the peak absorption cross section of KCl at 245 nm has been
reported to be 2.0 � 10�17 cm2 by Davidovits and Brodhead [33],
data for KOH are scarce. However, following the discussion by Sor-
vajärvi et al. [24] and comparing with values presented for NaOH
[34] suggest a KOH absorption cross section of 1.7 � 10�17 cm2 at
245 nm. A cross section of KCl on the order of 15% higher than
for KOH would result in a correspondingly higher weight for KCl
in the sum. However, to take such differences into account require
accurate values of the KOH cross section and in the present evalu-
ation cross sections have been assumed to be equal and both spe-
cies considered to contribute equally to the measured spectrum.
With chlorine available at the temperatures of the investigated
flames, chemistry is expected to promote KCl formation in the
post-flame region, in particular under fuel-rich conditions [20].

Concentrations at lean and stoichiometric conditions are higher
than values measured at fuel rich conditions. The observed trend is
in agreement with the observed increase in K-atom concentrations
with equivalence ratio, cf. Fig. 3a. For comparison with the results
from absorption measurements, the sum of the KCl and KOH con-
centrations, calculated for 30 ppm KCl added to the flame product
gas, are also plotted in Fig. 4. The average concentrations measured
by absorption spectroscopy drop from 28 ppm at equivalence ratio
U = 0.8 to typically 15 ppm at fuel-rich conditions. Corresponding
values from calculations decrease from 30 to 16 ppm and the trend
of the experimental results is thus rather well reproduced by the
calculations.
Error bars indicate the uncertainty for the UV absorption measurements.



T. Leffler et al. / Fuel 203 (2017) 802–810 807
Detection of both KOH and KCl with better sensitivity than the
absorption spectroscopy setup is offered by the laser-induced
photofragmentation fluorescence technique. However, since both
species result in fluorescence emission from K-atom fragments
the measured signal contains contributions from both species.
Fig. 5 shows alkali compound concentrations measured by
photofragmentation fluorescence at flame equivalence ratios
U = 0.8–1.3 for seeding of KOH (a) and KCl (b) solutions of 0.5 M
concentration. For the KOH-seeded flames, without chlorine pre-
sent, the photofragmentation fluorescence signal only arises from
KOH. Since seeding concentrations are the same and atomic potas-
sium levels for both cases are similar (cf. Fig. 3) the sum of KOH
and KCl concentrations can be expected to be similar as well. How-
ever, the signal obtained for KOH-seeding was a factor of 2.2 lower
than for KCl-seeding and this is attributed to differences in the KCl/
KOH photofragmentation process. Even though the measurements
were made under conditions approaching saturation of the
photofragmentation process, for which it is independent on laser
irradiance, lower intensity at the temporal wings of the laser pulse
will nevertheless generate a signal dependent on irradiance. The
relative contribution of this to the total signal will be higher for
KOH due to its lower absorption cross section at 193 nm [33,34]
resulting in lower photofragmentation efficiency for this species.
The energy of the 193 nm laser photons is sufficient for photofrag-
mentation of KCl and generation of K atoms in the 2P1/2 and 2P3/2
states [22] resulting in fluorescence emission at wavelengths
766.5 and 769.9 nm. However, the lower energy required for disso-
ciation of KOH also allows for formation of K atoms in higher
Fig. 5. Post-flame concentration of potassium compounds measured using laser-
induced photofragmentation fluorescence (LIPF) versus flame equivalence ratio for
seeding of (a) 0.5 M KOH and (b) 0.5 M KCl. Lower KCl/KOH concentrations are
measured at fuel-rich conditions due to increased formation of K atoms. Square
symbols show experimental data while circles represent results from calculations
of potassium species concentrations in flame product gas for (a) KOH and (b) the
sum KCl + 40% KOH. The error bars represent the uncertainty of the LIPF data.
excited states [22] potentially returning to the ground state via
transitions not detected in the photofragmentation setup. Due to
these effects a lower photofragmentation fluorescence yield can
be expected for KOH than for KCl.

For equal concentrations of KCl and KOH in a flame seeded with
0.5 M KCl, a factor of 2.2 higher signal would mean that the KOH
photofragmentation fluorescence yield is 30% of the KCl yield. With
KCl as the dominant potassium compound, comprising 80% of the
total KCl and KOH concentration, the KOH photofragmentation flu-
orescence yield would instead be 40% of the KCl yield. Using a
value of 40% in the evaluation resulted in the KOH concentration
profile presented by square symbols in Fig. 5a. The concentrations
decrease from 27 to 14 ppm when going from equivalence ratio
U = 0.8 to U = 1.3. Calculated KOH concentrations obtained for an
initial concentration of 20 ppm KOH added to the flame product
gas are shown with circle symbols in Fig. 5a and decrease from
20 to 5 ppm. The decreasing trend of KOH observed experimentally
is thus well reproduced by calculations for the assumed seeding
level. Following the discussion above, the evaluated concentration
in the KCl-seeded flame is thus expected to represent the concen-
tration of KCl plus 40% of the KOH concentration and the results are
presented in Fig. 5b. The concentration evaluated from the
photofragmentation fluorescence signal, plotted with square sym-
bols, decreases from 17 ppm atU = 0.8 to 10 ppm atU = 1.3. A sum
of calculated concentrations for KCl and 40% of KOH is plotted with
circles in Fig 5b for comparison and drops from 15 to 7 ppm.

Fig. 6 shows alkali compound concentration versus equivalence
ratio for 1.0 M (a) and 0.05 M (b) KCl seeding measured by laser-
Fig. 6. KCl/KOH concentration measured using laser-induced photofragmentation
fluorescence (LIPF) versus flame equivalence ratio for seeding with different
potassium and chlorine levels. (a) 1.0 M KCl seeding (b) 0.05 M KCl seeding. Lower
KCl/KOH concentrations are obtained under fuel-rich conditions. Square symbols
show experimental data while circles represent calculated potassium species
concentrations in the flame product gas, the sum KCl+40% KOH in (a) and KOH in
(b). The error bars represent the uncertainty of the LIPF data.



Fig. 7. Bar charts illustrating balance of alkali species concentrations for the
investigated flames. The sum of K-atom concentrations (black bars) and KCl/KOH
concentrations (grey bars) is constant within the experimental uncertainties
indicated by the error bars. (a) 1.0 M KCl seeding, (b) 0.5 M KOH seeding, (c)
0.5 M KCl seeding, and (d) 0.05 M KCl seeding. KCl/KOH concentration measured by
laser-induced photofragmentation fluorescence are presented with light grey bars
for all the flames. For the 1.0 M flame presented in (a), KCl/KOH concentrations
were also measured by absorption spectroscopy and these values are presented
with dark grey bars.
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induced photofragmentation fluorescence. Following the previous
discussion related to Fig. 4 and 5, the case of high KCl-seeding is
expected to give higher concentrations of KCl than KOH. In that
case KCl forms the main contribution to the photofragmentation
fluorescence signal and the evaluated concentration mainly repre-
sents KCl. Seeding with 1.0 M KCl solution, cf. Fig. 6a, results in
post-flame concentrations up to 33 ppm at lean conditions
decreasing to 21 ppm at U = 1.0 and 9 ppm at U = 1.3. The sum
of KCl and 40% of the KOH concentration, obtained by calculations
for 30 ppm of KCl added to the flame product gas, decreases from
24 to 14 ppm.

Better overall agreement between experiments and simulations
were obtained for the absorption data presented in Fig. 4. At equiv-
alence ratios U = 0.8 and U = 1.0, photofragmentation data show
good agreement with calculations whereas the experimental value
obtained for U = 0.9 is higher than the calculated concentration. At
fuel-rich conditions, experimental concentrations are consistently
lower than results from calculations, indicating that the experi-
mental conditions are further from chemical equilibrium condition
than the calculations predict.

At 0.05 M KCl-seeding, resulting in chlorine levels of a few ppm,
equilibrium calculations as well as previous flame studies indicate
KOH to be the dominant post-flame potassium compound. For
example, simulations of hydrogen and propane flames seeded with
sodium chloride, presented by Schofield [14], indicate negligible
amounts of alkali chloride compared with hydroxide and atom
levels at chlorine concentrations below 10 ppm. Thus, data mea-
sured at this seeding level can be expected to mainly represent
KOH. Photofragmentation data measured for 0.05 M KCl-seeding,
presented in Fig. 6b, also show a decrease in alkali compound con-
centration with equivalence ratio from 1.8 to 1.0 ppm. For the
0.05 M solution seeding, experimental conditions were mimicked
by calculations for 4 ppm KCl seeded to the flame product gas.
The KOH concentration obtained by calculations decreases from
2.8 to 0.7 ppm.

3.3. Alkali balance

Since free K atoms together with KCl and KOH constitute the
major potassium species in the post-flame region, conservation
of K atoms implies that the sum of the concentrations of these spe-
cies should be constant. The concentration balances of these spe-
cies for the investigated flames are presented in Fig. 7. Fig. 7a
presents a bar chart with concentrations of K and KCl/KOH mea-
sured in flames for 1.0 M KCl seeding. K-atom concentrations cal-
culated by extrapolation of TDLAS results are presented with
black bars and KCl/KOH concentrations are presented with grey
bars on top of the black ones. The height of the total bar thus rep-
resents the sum of the concentrations. Concentrations of KCl/KOH
are presented both with the results from absorptionmeasurements
(dark grey bars) and laser-induced photofragmentation fluores-
cence (light grey bars) together with corresponding error bars rep-
resenting the experimental uncertainty.

Absorption and laser-induced photofragmentation fluorescence
data show a decrease of 13 and 18 ppm in KCl/KOH concentration,
respectively between equivalence ratios U = 0.8 and U = 1.3. These
results are not fully counterbalanced by the increase in K-atom
concentrations obtained from TDLAS data. A possible reason for
this could be an uncertainty in the contribution from KOH to the
evaluated concentrations, assumed to represent sums of KCl and
KOH. For example, an underestimation of the KOH absorption cross
section by 10–20%, would give KOH concentrations overestimated
by 2–6 ppm, which could partially account for the observed differ-
ence in total alkali concentrations when going from lean to fuel-
rich conditions. As discussed previously, concentrations evaluated
from laser-induced photofragmentation fluorescence data only
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partially include the contribution for KOH, which could result in an
underestimation on the order of 5 ppm.

The TDLAS data give K-atom concentrations increasing from 0.2
to 4.4 ppm, however, an underestimation, as discussed previously,
could also be a possible explanation for the observed difference. In
addition, this could account for the difference compared with cal-
culations, predicting an increase from 0.1 to 12 ppm. The K-atom
concentrations were measured at a similar height as the UV
absorption measurements 20 mm above the burner, this position
is, however, located higher than the evaluation region of
photofragmentation fluorescence,�12–18 mm above the burner
surface. Chemiluminescence profiles (cf. Fig. 3c) suggest K-atom
levels in this region to be up to a factor of two higher than values
obtained from the TDLAS data. Considering this, K-atom concentra-
tions for comparison with the LIPF data would increase from 0.4 to
9 ppm between equivalence ratios U = 0.8 and U = 1.3. For com-
parison, calculations for these conditions give K-atom concentra-
tions increasing from 0.1 ppm to 14 ppm. The increase in
experimental K-atom concentrations would then approach the
decrease in KCl/KOH concentrations. Altogether, the difference
between the trends for KCl/KOH and K atoms is still within the
uncertainty and spread of the experimental data, indicated by error
bars in Fig. 7a, and the total concentration of potassium species is
conserved.

The potassium balance for the flame seeded with 0.5 M KOH
solution is shown in Fig. 7b with KOH concentrations decreasing
from 27 to 14 ppm while the K-atom concentrations increase from
0.3 to 5 ppm. However, considering the estimated KOH measure-
ment accuracy, indicated by the error bars in Fig. 7b, the decrease
could be smaller and the potassium species concentrations remain
balanced. The result for 0.5 M KCl seeding is shown in Fig. 7c with
K-atom concentrations increasing from 0.2 to 4.4 ppm and KCl/
KOH concentrations decreasing from 17 to 10 ppm. Within the
experimental uncertainties of the photofragmentation data, the
decrease in KCl/KOH concentrations is in agreement with the
increase in K-atom concentrations. For comparison, calculations
give an increase in K-atom concentrations from 0.1 to 9 ppm.

The results for the flames seeded with 0.05 M KCl solution are
shown in Fig. 7d and KCl/KOH concentrations show a 0.8 ppm
decrease from 1.8 to 1.0 ppm. K-atom concentrations derived from
experimental data increase from 0.002 to 0.4 ppm, cf. Fig. 3a and c,
while calculations result in an increase from 0.02 to 3 ppm. Also in
this case the sum of potassium species concentrations is constant
within the estimated experimental uncertainties indicated by the
error bars.

The accuracy of the methods employed for species concentra-
tions is dependent on experimental conditions and knowledge on
relevant quantities. Accurate absorption measurements require
homogeneous distribution of the measured species along the light
path as well as knowledge on path length and absorption cross sec-
tions. Homogenous alkali species distributions can be obtained in
the investigated one-dimensional flames and the path length can
be determined rather accurately from visualization of alkali species
distributions using the photofragmentation fluorescence imaging.
For K atoms, absorption cross sections are fairly well known mak-
ing TDLAS a robust and reliable technique. For alkali compounds
KCl and KOH less information is available. A cell for calibration of
KCl absorption measurements and determination of UV absorption
cross section at temperatures relevant for KCl in combustion flue
gas has, however, been presented recently [35]. For KOH, data is
unfortunately lacking and the presented analysis relies on estima-
tions, as discussed previously. In addition, methods for refined
analysis of UV absorption spectra would clearly be beneficial for
improved distinction between KCl and KOH.

The accuracy of the photofragmentation data is dependent on
the uncertainties of the quantities in Eq. (1). This includes uncer-
tainties in the calibration versus Rayleigh scattering, the laser
sheet cross section area, the collisional quenching factor, the trap-
ping factor, and the photofragmentation fluorescence yield of KOH.
For a set of measurements at different equivalence ratios the signal
calibration, the laser sheet area, and the KOH yield remain constant
and uncertainties in their values would introduce constant over- or
underestimation in evaluated concentrations for the entire set. The
uncertainty for the Rayleigh scattering measurement used for sig-
nal calibration is mainly attributed to the laser pulse energy, which
can be determined with an accuracy on the order of 5%. By compar-
ison with concentrations evaluated from UV absorption measure-
ments at high KCl-seeding, the uncertainty in the width of the
focused laser sheet has been estimated to 20%. The KOH yield, as
discussed previously, is a factor between 0.3 and 0.4 of the KCl
yield and an uncertainty in this factor by 0.05 corresponds to an
uncertainty in the yield of 15%. The collisional quenching and trap-
ping factor depend on flame conditions and vary with equivalence
ratio. The uncertainty in temperature (cf. Fig. 2) equivalence ratios
introduces an uncertainty of 5% in the collisional quenching rate.
The fluorescence trapping is dependent on the K-atom concentra-
tion and variations of 15%, corresponding to the spread in the val-
ues of a TDLAS data point in Fig. 3, result in a change in the
trapping factor by 8%. In addition, multiple averaged photofrag-
mentation fluorescence images show a variation in signal strength
by 2%, representing uncertainties introduced by the detection sys-
tem and possible variations in the flame. Combining these uncer-
tainties have resulted in an overall uncertainty for the
photofragmentation fluorescence data of 30%.

For all cases presented above, the K-atom concentrations pre-
dicted by calculations are higher than values retrieved from exper-
imental data. This could imply that the chemistry has progressed
further towards equilibrium conditions, resulting in lower K-
atom concentrations, than predicted by the calculations. However,
it should be noted that calculations are made for a constant tem-
perature and that calculated K-atom concentrations are rather sen-
sitive to the input temperature. Higher temperature favors atomic
species formation and result in higher equilibrium concentrations,
which is exemplified by results obtained for sodium-seeded pro-
pane flames by Schofield [20]. In simulations of those flames, tem-
peratures were around 2000 K and atomic sodium constituted
around 10% or less of the total alkali content at equivalence ratio
U = 0.8. At a fuel richU = 1.2 condition, the Na atom instead repre-
sented around 80% of the total alkali content. For flames investi-
gated in this study, measured temperatures were 1400–1500 K
and for the lean flame of 1.0 M KCl seeding, the K-atom concentra-
tion of 0.02 ppm corresponds to on the order of 0.05% of the total
alkali content while the 4.4 ppm obtained at equivalence ratio
U = 1.3 corresponds to 12%.

Altogether, for flame-seeding with KOH as well as KCl, alkali-
compound levels decrease with increasing flame equivalence ratio
whereas atomic potassium shows an opposite trend. As mentioned
previously, similar observations have been made for sodium spe-
cies concentrations in premixed sodium-seeded propane and
hydrogen flames [20]. The observed trend is also in good agree-
ment with predictions from calculations. While the transport times
are sufficient for establishing equilibrium conditions in the lean
flames this is likely not the case for the stoichiometric and fuel-
rich conditions. Nevertheless, also for chemical equilibrium calcu-
lations show lower concentrations of KCl and KOH and correspond-
ingly higher concentrations of K atoms under fuel-rich conditions.
4. Conclusions

Alkali species concentrations obtained from non-intrusive opti-
cal measurements in potassium-seeded premixed methane-air
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flames have been compared with results from calculations using a
mechanism for potassium chemistry in a homogeneous reactor
model. Experimental results show agreement within estimated
uncertainties with predictions from the model calculating concen-
trations in the post-flame region. The burner and diagnostic meth-
ods employed thus present a suitable experimental configuration
for further detailed studies for validation and development of alkali
combustion chemistry models. The combination enables investiga-
tions under well-defined experimental conditions arranged to
obtain information relevant for biofuel combustion. Such investi-
gations provide insights necessary for understanding of combus-
tion also at larger scales. For example, on specific phenomena
related to alkali in combustion, such as sulfation for abatement
of deposit formation and catalytic effects.
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