
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

Development and Application of Optical Diagnostics of Alkali Vapours for Solid Fuel
Combustion

Leffler, Tomas

2016

Link to publication

Citation for published version (APA):
Leffler, T. (2016). Development and Application of Optical Diagnostics of Alkali Vapours for Solid Fuel
Combustion. [Doctoral Thesis (compilation), Combustion Physics]. Lund University.

Total number of authors:
1

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

https://portal.research.lu.se/en/publications/b106a83c-7525-430c-83f2-21e7ed33f51f


Development and Application 
of Optical Diagnostics of Alkali 
Vapours for Solid Fuel Combustion
TOMAS LEFFLER 

DEPARTMENT OF PHYSICS | FACULTY OF ENGINEERING | LUND UNIVERSITY

Faculty of Engineering
Division of Combustion Physics

Department of Physics
ISBN 978-91-7753-040-4

ISSN 1102-8718

Lorem ipsum dolor

Erum simus repera vel mo berio quam ium nam sum re nihil mos aut faciis eum 
audios etur? Luptint eum dolorio cuptiatque sequiam, tem necerovitiis seque 
pa volorep rorporpor sin rem estius aut velendicil et lati is enis quo esci dolent 
adi nectatio optatiam laborporem estis es porate volest audandit estrum im 
hilitat la erciur sunt quiatiusam eos earchic tem con peles ario min nient qui 
qui volupta tianditat reium, et aut pa dolorepedOpta consequis reici tessint, 
cus ditiatet aut estiaspiet ent, odia doluptatur acimusd animil ipitiate re vol-
leserumet peritatur, cus moluptat.

Printed by M
edia-Tryck, Lund U

niversity 2016            N
ordic Ecolabel 3041 0903

9
78

91
77

53
04

04

TO
M

A
S LEFFLER  


D

evelopm
ent and A

pplication of O
ptical D

iagnostics of A
lkali V

apours for Solid Fuel C
om

bustion                               2016

 

 
De var dessa jag tänkte skull passa ihop 

 

 

 

 

 
Dessa är mitt andra val 

 

 

 
De var dessa jag tänkte skull passa ihop 

 

 

 

 

 
Dessa är mitt andra val 

 



 



Organization 
LUND UNIVERSITY 
Division of Combustion Physics 
Department of Physics 
P. O. Box 118, SE-221 00 Lund, Swden 

Document name 
Doctoral disertation 

 Date of issue 

Author(s) 
Tomas Leffler 

Sponsoring organization 

Title and subtitle 
Development and Application of Optical Diagnostics of Alkali Vapours for Solid Fuel Combustion 

Abstract 
Background:  
High amounts of alkali in the fuel, such as potassium and sodium in combination with high amounts of chlorine 
increase the chances of high-temperature corrosion, deposit growth and slagging and fouling. These risks need 
to be reduced to avoid losses in revenue due to unplanned stops and costs related to increased maintenance.   
 
Aims: 
This research targets the development of a new cell to produce calibration spectra of good quality that render 
accurately-determined alkali chloride concentrations. Similarly, it aims to develop new measurement techniques 
that can be used to determine the concentration and formation of alkali.    
 
Methods: 
UV absorption measurement on sublimated vapour from potassium chloride under well-defined conditions, which 
subsequently can be converted into an accurate calibration spectrum. Differential Absorption LIDAR technique 
adapted to measurements in the combustion environment using one optical access port. Laser-induced 
Photofragmentation Fluorescence imaging for formation studies of alkali compounds.   
 
Results: 
This work has resulted in a calibration cell able to provide alkali vapour of well-controlled conditions and Laser-
induced Photofragmentation Fluorescence imaging set-up for the formation studies of alkali compounds. It has 
been shown in the laboratory environment that the Differential Absorption LIDAR technique can be used for alkali 
chloride measurements.   
 
Discussion: 
Prospectively the work aims at contributing to the development of more efficient combustors with low levels of 
emission and reduced operational problems and also increase the academic knowledge of alkali compound 
formation during biomass combustion. 

 

UV Absorption Spectroscopy; Alkali Vapour Pressure; KCl; KOH; NaCl; NaOH; high-temperature corrosion; 
Laser-induced Photofragmentation Fluorescence; slagging; fouling; reduced maintenance cost 

Classification system and/or index terms (if any) 

Supplementary bibliographical information Language 
English 

ISSN and key title 
1102-8718  

ISBN 
978-91-7753-040-4 

Recipient’s notes Number of pages Price 

 Security classification 

 

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant to all 
reference sources permission to publish and disseminate the abstract of the above-mentioned dissertation. 

2016-10-26

2016-12-02

211

Signature    Date    







  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  



  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  















 

 

 

 

 

























 

 





Figure 1.1. Diagram showing the qualitative look of the absorbance spectra of KCl, NaCl, KOH and NaOH. 



 



 





 

 λ



 

𝑑/𝜆 ≪ 1 λ

𝑑/𝜆 ≪ 1 

𝐼𝑅𝑎𝑦 = 𝐸0 ∙ 𝐶 ∙ 𝑁 ∙ 𝛺 ∙ 𝐿 ∙ (
𝑑𝜎𝑅𝑎𝑦

𝑑𝛺
)



𝑑𝜎𝑅𝑎𝑦 𝑑𝛺⁄

𝑇

𝑇𝑟𝑒𝑓

=
𝜎𝑅𝑎𝑦

𝜎𝑟𝑒𝑓

∙
𝐼𝑟𝑒𝑓

𝐼𝑅𝑎𝑦

𝑇~ 1 𝑁⁄



 

Figure 2.1a. Rayleigh scattering at room temperature. b. Rayleigh scattering in a methane-air flame at  = 0.9, seeded 

with 1 M KCl. The scattered signal from the top part in figure b comes from the flame stabilizer located 30 mm above the 
burner.  
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Figure 2.2. Absorbance spectrum of KCl with the excitation wavelengths, λ = 235 nm (off) and λ = 247 nm (on) for the 

DIAL measurements and the evaluation region, marked blue for KCl between the wavelengths, λ = 225 nm and λ = 310 
nm used by the IACM instrument. The absorbance spectrum was obtained from experimental measurements. 

Figure 2.3. Potential Energy Surface (PES) for the KCl molecule showing bond length, energy levels and type of light 
sources used in the experiments. 
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Figure 2.4. Schematic of the spectral evaluation of the DOAS technique where the differential absorbance 𝐷′ is derived 

from the fitted low order polynomial 𝐼0
′  and transmitted intensity I at resonance wavelength at λ2. 
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Figure 2.5. The different steps in the evaluation procedure to calculate the KCl concentration by the IACM instrument. 
a. The reference (Rf), measurement (Ms) and background (Bk) spectra. b. The calculated transmittance spectrum (blue) 
with its fitted spline (red). c. The transmittance spectrum normalized against its fitted spline spectrum. d. The normalized 
transmittance spectrum (blue) and the resulting natural logarithm (red). e. The natural logarithm of the normalized 
transmittance spectrum (blue) with the least square fitted KCl calibration spectrum (red) to determine the KCl 
concentration. 
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Figure 2.6. A principle schematic of a hypothetical DIAL measurement set-up configured for measurements in a flue 
gas duct.  
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Figure 3.1. The experimental set-up for DIAL and IACM measurements used in Paper I. The blue (dashed dot) line 
indicates the beam path for the 235 nm λoff and the 247 nm λon off and on KCl resonance, respectively used during the 
DIAL measurements. The red (dashed) line shows the beam path for the KCl measurements with the IACM instrument. 
The purple (doted) line shows the backscattered light used to determine the KCl concentration by means of DIAL 
measurements. 

 



  

Figure 3.2. Experimental set-up for 2D Laser-induced Photofragmentation Fluorescence and Rayleigh scattering 
thermometry measurements where DM is a dichroic mirror and the first L is a concave lens and the other two L are plano-
convex lenses. 

 

 



Figure 3.3. The IACM instrument optical set-up. 1. broad band light source, high pressure xenon lamp; 2. plano-convex 
UV grade fused silica lens; 3. measurement region i.e. flue gas duct or calibration cell; 4. collecting spherical mirror of 
enhanced alumina coating; 5. fibre holder; 6. optical fibre; 7. spectrometer; 8. Bluetooth connection; and 9. computer. 

 



Figure 3.4. The IACM instrument with the new optical set-up. 1. deuterium lamp; 2. aperture; 3. parabolic mirror; 4. 
aperture; 5. measuring place, i.e. flue gas duct or calibration cell; 6. parabolic collimator with SMA connector for the 
optical fibre; 7. optical fibre; 8. spectrometer; 9. Bluetooth communication unit 10. Computer.  
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Figure 3.5a. A detailed sketch of the calibration cell. b. A photo of the calibration cell with its thermocouples for cell 
temperature measurement and temperature control of the cell temperature.   

 





 



Figure 3.6a. The heating elements wounded around the quartz tube. b. Calibration cell in the furnace. c. Front view of 
the furnace. d. Furnace temperature control unit. 
 



Figure 3.7. Experimental set-up for KCl measurements in the calibration cell. 1. UV light source (deuterium lamp); 2. 
Aperture; 3. Parabolic mirror; 4. Aperture; 5. Furnace; 6. Heating zone; 7. Calibration cell; 8. Parabolic collimator with 
SMA connector for the optical fibre; 9. Optical fibre; 10. Spectrometer; 11. Bluetooth communication unit 12. Computer; 
13. Temperature control box for the furnace; and 14. Pipe for cooling the salt reservoir.  

 



Figure 3.8. Experimental set-up for absorption measurements in the methane-air flame at different equivalence ratios. 
1. UV light source (deuterium lamp); 2. Aperture; 3. Parabolic mirror; 4. Aperture; 5. Plano-convex lens; 6. Burner top 
(modified Perkin-Elmer for atom absorption spectroscopy); 7. Mirrors; 8. Parabolic collimator with SMA connector for the 
optical fibre; 9. Optical fibre; 10. Spectrometer; and 11. Standard computer.  



Figure 3.9a. Photo of the Perkin-Elmer burner; 1. N2 co-flow; 2. Auxiliary air; 3. Cooling water; 4. Fuel; 5. Nebulizer air; 
6. Drain; 7. Sample tube. b. Inside of the endcap: 2. Auxiliary air; 4. Fuel; 5. Nebulizer air outlet; 6. Drain; and 8. Impact 
bead. c. Endcap removed: 9. Flow spoiler; 10. Spray chamber. d. The Perkin-Elmer burner with a flat premixed CH4-air 
flame. 



 

 

Figure 3.10. Schematic of the CFB boiler with its key components listed below. 1. Primary air; 2. Secondary air; 3. Fuel 
feeding; 4. Furnace; 5. Cyclone; 6. Particle seal; 7. Cyclone outlet; 8. IACM instrument; and 9. IACM measurement path 
length. 



 

Figure 3.11a. A drawing of the PF boiler with a furnace width in x-direction of 7.6 m and a depth in z-direction of 8.1 m. 
b. The IACM is situated between superheaters 3 and 4. The location is marked with two red dots and the measurement 
path length is 8 m. 
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Figure 4.1a. Shows the KCl number density calculated with the simplified DIAL equation Eq. (2-10). b. Shows the KCl 
concentration before and after the DIAL measurements.  

 



Figure 4.2a. The KCl concentrations for three different fuel mixtures where the chlorine content in each fuel mixture has 
increased. b. KCl concentration dependence on the chlorine and sulphur content in three different fuel mixtures.   
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Figure 4.3a. 0.1M KCl seeded into a laminar and stabilised methane-air flame, =0.8 in a modified Perkin-Elmer atom 
absorption burner. b. Same settings as in (a), with additional seeding of 3M ammonium sulphate. c. Same settings as in 
(a), with additional seeding of 4M ammonium sulphate. d. NaCl and KCl mixture seeded into a turbulent stoichiometric 

methane-air flame where the image has been captured with a stereoscope utilizing band pass filters for detection of 
excited Na atoms (589 nm, left) and excited K atoms (766 nm, right), respectively. e. The spectra from Na and K atoms 
created by Laser-induced Photofragmentation Fluorescence.
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Figure 4.4a Calculated KCl vapour pressure at the five investigated temperatures (red diamonds). b The corresponding 
absorption spectra for these temperatures. 
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Figure 4.5a. KCl concentrations from absorption measurements at different equivalence ratios measured with the IACM. 
b. KCl concentration from LI-PFF measurements recalculated to ppm. c. Rayleigh temperature measurement and K LIF 

signal in a 1 M KCl seeded methane-air flame at  = 0.9. d. Rayleigh temperature measurement and K LIF signal in a 1 

M KCl seeded methane-air flame at  = 1.3. 
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Figure 4.6a. IACM measurement in a test unit for combustion of propane in air- and oxy-fuel mode. The cross-stack 

version of IACM with the new optical set-up with a deuterium lamp as a light source with a measuring path length of 0.8 
m at a flue gas temperature of 748 °C (oxy-fuel mode) and 860 °C (air mode). b. The temperature profile across the 

measuring path length for both cases.

 



 



Figure 4.7. Long-term IACM measurements in a BFB boiler from 2014. The cross-stack version of the IACM at a path 
length of 9.32 m at a flue gas temperature of 860 °C.  

 



Figure 4.8. IACM measurements in a CFB boiler during co-combustion of coal, palm kernels and shells and demolition 
wood during simultaneous injection of ammonium sulphate. The cross-stack version of IACM at a path length of 10.5 m 
at a flue gas temperature of 860 °C. 

 



Figure 4.9. IACM measurements in a grate-fired boiler during municipal waste combustion. The mirror probe version of 
the IACM at a path length of 1.0 m at a flue gas temperature of 850 °C.  

 



Figure 4.10. IACM measurement in a rotating BFB boiler combusting non-hazardous waste and sludge. The cross-stack 
version of IACM over a corner with a path length of 2.1 m at a flue gas temperature of 920 °C. 

 



Figure 4.11. IACM measurements in a CFB boiler during combustion of wood chips and waste wood and simultaneous 
optimization test of ammonium sulphate injection. The cross-stack version of IACM at a path length of 3.0 m at a flue 
gas temperature of 860 °C.  
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Range-resolved detection of potassium chloride
using picosecond differential absorption light

detection and ranging

Tomas Leffler,1,2,* Christian Brackmann,1 Andreas Ehn,1 Billy Kaldvee,1

Marcus Aldén,1 Magnus Berg,2 and Joakim Bood1

1Division of Combustion Physics, Lund University, Box 118, 221 00 Lund, Sweden
2Vattenfall Research and Development AB, 814 26 Älvkarleby, Sweden

*Corresponding author: tomas.leffler@forbrf.lth.se

Received 16 October 2014; revised 7 January 2015; accepted 7 January 2015;
posted 8 January 2015 (Doc. ID 225083); published 4 February 2015

A laser diagnostic concept for measurement of potassium chloride (KCl) and potentially other alkali com-
pounds in large-scale boilers and furnaces of limited optical access is presented. Single-ended, range-re-
solved, quantitative detection of KCl is achieved by differential absorption light detection and ranging
(DIAL) based on picosecond laser pulses. Picosecond DIAL results have been compared experimentally
with line-of-sight measurements using a commercial instrument, the in situ alkali chloride monitor
(IACM), utilizing differential optical absorption spectroscopy. For centimeter-scale range resolution
and a collection distance of 2.5 m, picosecond DIAL allowed for measurement of KCl concentrations
around 130 ppm at 1200 K, in good agreement with values obtained by IACM. The DIAL data indicate
a KCl detection limit of around 30 ppm for the present experimental conditions. In addition, a double-
pulse DIAL setup has been developed and demonstrated for measurements under dynamic conditions
with strongMie scattering. The picosecond DIAL results are discussed and related to possible implemen-
tations of the method for measurements in industrial environments. © 2015 Optical Society of America
OCIS codes: (280.1910) DIAL, differential absorption lidar; (280.3640) Lidar; (300.1030) Absorption.
http://dx.doi.org/10.1364/AO.54.001058

1. Introduction

Increasing fuel prices, environmental issues, and
overall efforts to achieve sustainable energy supply
require power-plant operators to increasingly con-
sider utilization of fuels from biomass or municipal
waste [1,2]. However, these types of fuels result in
production of alkali chlorides such as potassium-
and sodium-chloride (KCl and NaCl) in power-plant
boilers. While KCl is mainly generated from bio-
mass fuels such as demolition wood and agricul-
tural residues, NaCl primarily originates from
municipal waste [3]. These alkali chlorides are
key components for slagging and fouling in

power-plant boilers and affect heat-exchange surfa-
ces [3]. Slagging occurs in the hotter parts, e.g., at
the furnace walls due to flame radiation. Fouling
occurs in the colder parts, e.g., in the convection
area, due to decrease in the temperature of the flue
gas and suspended fly ash. Moreover, chlorine expo-
sure increases the risk of corrosion on the furnace
walls, super heaters, and economizers. Minimizing
problems related to slagging, fouling, and high-
temperature corrosion will increase operational
time, improve steam data, and reduce maintenance
costs.

There are a few methods to mitigate the problems
related to alkali chlorides: switching to a fuel with
less content of alkali and chlorine, co-combustion
with a fuel that contains sulphur and minerals, or
using the commercially available ChlorOut concept

1559-128X/15/051058-07$15.00/0
© 2015 Optical Society of America
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[4,5]. The ChlorOut concept is based on the injection
of a sulphate-containing additive for the conversion
of gas-phase alkali chlorides to potassium sulphate
(K2SO4), which is less harmful [6]. While the first
two methods do not necessarily need a measuring
device for the alkali chlorides, it is a great advantage
in the third method, ChlorOut, for determination of
the correct amount of sulphate-containing additives
to reduce the concentration of the alkali chlorides.
The concentration of gas-phase alkali chlorides
(KCl�NaCl) can be measured with the in situ alkali
chloride monitor (IACM), based on differential
optical absorption spectroscopy (DOAS) in the wave-
length range 200–300 nm [7,8].

Other optical methods for alkali chloride detection
have also been developed, for example, a method for
KCl detection based on KCl photofragmentation us-
ing UV laser pulses followed by infrared absorption
[9,10]. Alternatively, alkali chlorides may be detected
using photofragmentation fluorescence [11–13]. An
extensive review of these and other methods for de-
tection of metal species in industrial processes has
been presented by Monkhouse [13]. The absorption
methods mentioned above provide line-of-sight data,
lacking spatial information on the alkali-chloride
distributions. Laser-based diagnostic methods such
as photofragmentation fluorescence allow for imag-
ing with high spatial resolution provided that the
optical access is sufficient [13]. However, optical
accessmay be limited in boiler configurations. Never-
theless, spatially resolved measurements could

clearly be of value when localizing regions with high
alkali-chloride concentrations for improved assess-
ment and handling of surface deposits and corrosion.

The light detection and ranging (LIDAR) concept
provides a method for range-resolved detection of
backscattered laser light, which is beneficial under
conditions with only one optical access to the mea-
surement region. Extension to differential absorp-
tion LIDAR (DIAL), utilizing two different
wavelengths with different absorption cross sections
for the species of interest, allows for species-specific
measurements. LIDAR and DIAL, which are mature
techniques for long-range (km) atmospheric mea-
surements [14] with range resolution on the order
of 10–100 m, have both been demonstrated for
short-range (1–10 m) applications in combustion
environments [15–17] with range resolution down
to sub-cm level. This work demonstrates and evalu-
ates short-range DIAL, based on picosecond laser
pulses, as a measurement technique for range-
resolved KCl detection. The result is compared
quantitatively with the concentration from the IACM
instrument, which constitutes the reference. In addi-
tion, a double-pulse LIDAR setup is demonstrated
to perform DIAL of KCl under dynamic measure-
ment conditions with strongly varying scattering.

2. Experimental Setup

The experimental setup is schematically outlined in
Fig. 1. The fundamental radiation, 1064 nm, of a
mode-locked picosecond Nd:YAG laser (Ekspla, PL

Fig. 1. Experimental setup for combined DIAL and IACM measurements on vaporized KCl. M designate planar mirrors, BS a beam
splitter, and BM a beam combining mirror. The laser beams are guided into the furnace by mirror M1 and backscattered laser light
is collected with concave spherical mirror M2. For IACM, L is a plano–convex lens for collimation of the Xenon lamp light (gray), FM
indicates flip-in mirrors, and M3 is a concave spherical collection mirror.

10 February 2015 / Vol. 54, No. 5 / APPLIED OPTICS 1059



2143C) is used to pump an external amplifier
(Ekspla, APL 70-1100), which supplies two Optical
Parametric Generator/Amplifier (OPG/OPA) systems
(Ekspla PG401-P80-SH) with third harmonic radia-
tion (355 nm). The OPG/OPA systems are tunable in
the range 210–2300 nm with a line width specified to
<4 cm−1. Wavelengths of 247 and 235 nm were used
for excitation on and off KCl resonance, respectively.
Typical pulse energies used during the experiments
were 0.3 to 1 mJ in the ultraviolet (UV) region. The
laser pulses of 80 ps duration are generated at a rep-
etition rate of 10 Hz, and the typical beam diameter
is 12 mm.

Backscattered light was collected by a Newtonian-
style telescope, having a concave 10 cm diameter
primary mirror, M2, with a focal length of 45 cm
and UV-enhanced aluminum coating. The primary
mirror is placed on a 30 cm translation stage,
allowing adjustable position of the focal plane. The
collected light is directed toward the detector using
a planar mirror M, having similar coating as M2.

A. Combined DIAL and IACM

Detection of KCl was investigated using two experi-
mental configurations for DIAL. In experiments com-
binedwith IACM, backscattering along the y axis (see
the Cartesian reference system in Fig. 1) was imaged
onto the horizontal slit of a streak camera (Optronis,
OptoScope, 19.5 × 14.4 mm CCD chip with 1392 ×
1024 pixels). The streak camera enables time-
resolved measurements where each point in time cor-
responds to a certain position of the laser pulse along
the x axis. Thus, in the resulting streak-camera image
the horizontal axis corresponds to time, i.e., position
along the x axis, and the vertical axis represents
position along the slit, i.e., location along the y axis.
The ultimate time resolution is dictated by the laser
pulse duration, i.e., 80 ps, corresponding to a range
resolution of 0.5 cm. However, the time resolution,
and accordingly the range resolution, is also depen-
dent on the temporal response of the detector,
governed by the streak rate, which can be set from
10 ps∕mm to 1 ns∕mm. As shown in Fig. 1, DIAL
can be implemented using laser pulses from separate
OPG sources, which in principle allow for simultane-
ous DIAL measurements using single-image acquis-
ition, provided that the signals are sufficiently
separated in the image. Nevertheless, to obtainmaxi-
mum freedom of choice of detection parameters,
DIAL measurements on and off KCl resonance were
in this case made separately. If no KCl or any other
interfering absorbing species is present, the ratio be-
tween the LIDAR signals recorded at the two wave-
lengths should ideally be constant throughout the
measurement volume. Compensation for small
imperfections in the coaxial alignment of the two laser
beams could be obtained from reference measure-
ments at the two wavelengths, carried out before
KCl was placed in the measurement volume.

The IACM setup consists of a transmitter, a
receiver, and a computer. Light from the transmitter

high-pressure xenon lamp (Hamamatsu, L2273) is
collimated using a 50 mm diameter plano–convex
UV-grade fused silica lens, L, having a focal length
of 150 mm. A pair of UV coated aluminum flip-in
mirrors, FM, was used to direct the collimated
light through the measurement volume toward the
receiver. The light is collected and focused with a
200 diameter spherical enhanced-aluminum mirror,
M3, having a focal length of 200, into an optical
fiber (Azpect Photonics, FC-UV600-0.5-SR), F, con-
nected to a deep-UV spectrometer. The spectrometer
(Azpect Photonics, AVABENCH-75-2048) has an
entrance slit of 50 μm width and a grating
with 2400 grooves∕mm.

For vaporization of KCl grains, a tube furnace was
designed with the following components: ceramic
tube (inner diameter 30 mm, length 300 mm), coiled
with heating wire (Kanthal) and insulated (Fibrax)
all the way out toward the ends to achieve temper-
ature distribution that is as uniform as possible in-
side and reduce condensation of KCl. The tube was
positioned at a distance of 2.5 m from the LIDAR
telescope collection mirror M2.

The combined DIAL/IACM measurement pro-
cedure consisted of the following steps: 235 nm LI-
DAR reference measurement, insertion of a mirror
at position BM for reflection of 247 nm, followed
by a LIDAR reference measurement at this wave-
length. Then the IACM mirrors (FM) were raised
in position, a KCl grain was placed close to the fur-
nace center, and IACM data were acquired during
the initial vaporization. Thereafter, the IACM mir-
rors were lowered to their original position and
the 247 nm on-resonance LIDAR measurement
was carried out. The mirror at position BM for the
247 nm beam was then removed and the 235 nm
off-resonance LIDAR measurement was carried
out. To obtain similar total signal strengths, 250
LIDAR curves were accumulated for the 235 nm
measurement, while 500 LIDAR curves were accu-
mulated for the 247 nm measurement.

B. Double-pulse Differential Absorption Light Detection
and Ranging

In the double-pulse DIAL experiments, KCl excita-
tion on and off resonance was made with combined
beams from the OPG units, which in principle allows
for simultaneous measurements and data acquisi-
tion on a single-shot basis. The experimental ar-
rangement for DIAL was similar to that shown in
Fig. 1; however the mirror used at position BM
was replaced by a dichroic mirror, reflecting the
247 nm beam while transmitting the 235 nm beam.

In addition, for improved sensitivity the backscat-
tered signal was detected with a micro-channel-plate
photomultiplier tube (MCP-PMT, Hamamatsu
R5916U-50) characterized by rise and fall times of
170 and 730 ps, respectively. The PMT signal
was acquired with a 3 GHz bandwidth digital oscillo-
scope (Lecroy Wavemaster 8300). Temporally, the
laser pulses were separated by ∼5 ns, with the
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on-resonance pulses preceding the off-resonance
pulses. The delay was chosen to enable scattering
from both beams to be captured in the same oscillo-
scope sweep while avoiding interference from light
scattered off the beam dump. Data from 100 laser
pulse pairs were acquired in six measurements.

The response function of the PMT limits the opti-
cal resolution of the present setup to ∼9 cm, however
a longer (40.3 cm) tube furnace (Entech 89260
1.4 kW) used in these experiments ensured that a
number of measurement points in the center is
unaffected by the temperature drop at the edges of
the tube. The tube furnace has a 5.8 cm diameter
main tube, open in both ends, and a shorter
perpendicular tube connected at the middle. An
evaporation vessel of metal, with a volume of
∼13 cm3, was partially filled with solid KCl and posi-
tioned in the shorter tube, perpendicular to the beam
path, not to interfere with the optical path through
the furnace. The short tube was plugged with glass
wool to reduce the flow of vaporized KCl through the
main tube. An air flow going from the short tube,
where KCl was vaporized, through the main tube
of the furnace was formed by having local exhaust
ventilation at the openings of the main tube. The
KCl temperature was measured to 1085 K, using a
type-S thermocouple (Microtherma 2 thermometer),
which is slightly above the melting temperature of
KCl (1046 K)

3. Methods

A. Differential Absorption Light Detection and Ranging

Range-resolved concentration profiles are calculated
using the simplified DIAL equation, Eq. (1), which is
a part of the full DIAL equation [14]:

N�R� � 1
2Δσ

d
dR

ln
P�R; λoff �
P�R; λon�

: (1)

N�R� is the number density of the absorbing mol-
ecule (KCl) at spatial coordinate R, Δσ is the differ-
ence in KCl absorption cross section between the two
wavelengths λon (247 nm), and λoff (235 nm), shown in
Fig. 2, and P�R; λi� are the LIDAR signals detected on
and off resonance.

From absorption cross-section data presented
by Davidovits and Brodhead [18], the differential
absorption cross section was determined to
1.2 × 10−17 cm2. For the simplified DIAL equation
to be valid, i.e., Eq. (1), extinction by gases other than
KCl is assumed to be the same for both wavelengths.
For the prevailing experimental conditions the only
difference in extinction is due to the difference in the
scattering cross section, δsca, at the two wavelengths.
The contribution from this error source is <0.1 ppm.
A further prerequisite for the simplified DIAL equa-
tion to be valid is that the ratio of the backscattering
coefficients for the two wavelengths, δsca, is assumed
to be range independent. Molecular scattering exhib-
its species-specific wavelength dependence, hence
δsca becomes range dependent when large variations

in bulk-gas composition occur. To calculate the
magnitude of this error, wavelength-dependent scat-
tering cross sections for the bulk gases must be avail-
able. This error is often negligible and on sub-ppm
level, but careful treatment of the measurement re-
sults should be practiced in regions with large bulk-
gas variations. Moreover, to account for differences in
the overlap of the laser-beam paths corresponding to
λoff and λon, the signal ratio P�R; λoff �∕P�R; λon� in
Eq. (1) can be compensated with a reference mea-
surement ratio, C�R�, acquired with no KCl present.

B. In Situ Alkali Chloride Monitor

The IACM measurement technique is based on
DOAS for which the Beer–Lambert law provides a
linear relationship between absorbance and the
concentration of the absorbing species. Given that
optical path length and absorption cross section
are known, species concentration can be determined.
The operation principle and calibration routine of
the IACM is described in detail by Forsberg et al.
[7] and the total alkali chloride (KCl�NaCl) detec-
tion limit is 1 ppm for a measurement path of 5 m [7].

4. Results

A. Measurements on Single Grain KCl Vaporization

In order to make an adequate comparison, three com-
plete time-reference series were recorded using
IACM during the vaporization of single KCl grains
of mass 0.03 g. These measurements gave a good in-
dication of the full temporal-concentration profile.
Figure 3 shows the average of three such vaporizing
experiments that were performed before the com-
bined DIAL/IACM experiment. Strong development
of gas-phase KCl occurs during vaporization in the
first few minutes followed by a slower decay due to
gradual ventilation of the furnace.

Figure 4(a) shows an accumulated streak-camera
LIDAR image employing the λon wavelength 247 nm.
The image pixel intensities represent backscattered
light, and horizontal image coordinates represent
positions along the laser-beam path. The vertical
image coordinate represents position on the streak-
camera slit. An arrangement with the collection

Fig. 2. Absorption spectrum of KCl with the DIAL excitation
wavelengths λoff (235 nm) and λon (247 nm) indicated.
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mirror placed in an off-axis position to improve sig-
nal collection [19], results in backscattered light from
different axis positions to be imaged on different po-
sitions on the slit. This results in the diagonal image
structure observed in Fig. 4(a). The intense vertical
structure indicated by an asterisk is scattering from
a reference object used to correct for time jitter be-
tween the laser pulse and laser-trigger signal when
averagingmultiple LIDAR images. Strong signals in-
dicated by arrows are also obtained close to the open-
ings of the tube furnace due to Mie scattering from
cooled and condensed KCl as it mixes with the am-
bient laboratory atmosphere. The gas flow in these
regions results in time-varying KCl concentrations,
which cannot be evaluated from sequentially ac-
quired DIAL data. However, inside the furnace con-
ditions are more stable and the white box indicates
an unaffected region inside the furnace for which the
signal was integrated in vertical direction to yield
one-dimensional LIDAR intensity curves. The ratio
between two such LIDAR curves recorded using
λoff and λon, respectively, is shown in Fig. 4(b) while
the final result is presented in Fig. 4(c). The concen-
tration curve shows the highest KCl concentrations
around the distance 0.15 m, corresponding to the
middle of the furnace and lower KCl levels toward
the edges. The mean number density of the evalu-
ated region is ∼8 × 1014 cm−3, which corresponds to
∼130 ppm at a temperature of 1200 K, measured
by a thermocouple attached to the middle of the fur-
nace. The results from the IACM measurements car-
ried out before and after the DIALmeasurements are
shown in Fig. 5, indicating that in the time interval of
the DIALmeasurements, the average KCl concentra-
tion in the tube furnace could be expected to be in
the range 0.3–1.7 × 1015 cm−3. While the slow de-
crease in the KCl concentration observed toward
the furnace edges, as shown in Fig. 4(c), represent
dilution with ambient air, the short-range variations
represent the measurement and evaluation accuracy
for this configuration. These variations suggest a
detection limit of 2 × 1014 cm−3 corresponding to
30 ppm at 1200 K. For comparison, alkali chloride

concentrations down to 1 ppm have been measured
with IACM at similar temperature for an absorption
path length of 5 meters [7]. Scaling this limit to

Fig. 3. KCl concentration versus time measured by IACM
during single grain vaporization. The profile is an average of
three experiments.

Fig. 4. Panel (a) shows a streak-camera image recorded with the
laser tuned to λon � 247 nm, white box indicates the region inte-
grated to yield one-dimensional LIDAR curves. Panel (b) shows the
ratio between two such LIDAR curves measured on and off KCl
resonance at 247 and 235 nm, respectively. The evaluated KCl
number density is shown in panel (c).

Fig. 5. KCl concentration profile monitored by IACM before and
after the ps-DIAL measurements carried out during the time in-
terval where the curve is broken.
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centimeter scale comparable with the ps-DIAL range
resolution suggests that concentration levels at least
down to 100 ppm should be detectable, i.e., in reason-
able agreement with the detection limit estimated
from the DIAL data.

B. Double-pulse LIDAR Setup for DIAL Measurements in
Harsh Conditions

Non-stationary conditions require simultaneous
measurements at the two DIAL wavelengths, which
can be achieved using the double-pulse LIDAR setup.
Local condensation of KCl was observed as conden-
sation streaks along the vapor flow inside the tube
furnace and resulted in dynamic fluctuations in
the backscattering signals.

Condensation has a two-fold effect as it reduces
gas-phase KCl concentration but also enhances the
amount of condensed KCl, which has a much higher
back-scattering cross section than KCl in gas phase.

Six separate double-pulse measurements were
conducted within a 40 minute time frame and the
data are shown in Figs. 6(a) and 6(b) where each
signal pair is displayed in different color. The
differences in LIDAR signals between the six pairs

are evident. Equation (1) was employed to determine
the KCl concentration, and evaluated profiles are
shown in Fig. 6(c). The lower spatial resolution ob-
tained for detection using the PMT results in some
spatial averaging over the evaluated range. How-
ever, the sequentially measured profiles show good
agreement, confirming that double-pulse DIAL pro-
vides consistent KCl concentrations despite the large
signal fluctuations. This is further demonstrated in
Fig. 6(d), showing KCl concentrations evaluated from
the six different measurements at distance 0.57 m.

The evaluated number densities for the six
measurements, shown in Fig. 6(d), are in the range
6–8 × 1014 cm−3. The higher values around 7.5 ×
1014 cm−3 correspond to the KCl vapor pressure cal-
culated for 930 K and a relative concentration of
95 ppm at this temperature. The comparison with va-
por pressure suggests that the gas temperature could
thus be as much as 150 K lower than that measured
in the KCl reservoir. A lower gas temperature seems
realistic due to mixing with colder ambient air dur-
ing ventilation of the furnace.

To further point out the necessity of the double-
pulse concept under these experimental conditions,

Fig. 6. Double-pulse ps-DIAL data, each signal consists of 100 single shots and each pair is displayed in different color coding. Raw-data
of the back-scattered signal from (a) 235 nm and (b) 247 nm. (c) Range-resolved concentration data of KCl inside the tube furnace. The
range is indicated with a colored area in (a) and (b). (d) Number densities evaluated for the six signal pairs at distance 0.57 m, indicated by
a dashed line in (a), (b), and (c).
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sequential measurements at the two wavelengths
have been mimicked by mixing signal pairs. The
curves from the six different measurements were
paired in cyclic order with amismatch offset, starting
with pairing P1�R; λoff � with P2�R; λon�;… and
P6�R; λoff � with P1�R; λon�, which has an offset of 1.
In addition, four more evaluations were performed
with offsets from 2 to 5. The values obtained from
the correct double-pulse signal pairing evaluation,
presented in Fig. 6(d), have a standard deviation
of 5 × 1013 cm−3, whereas the datasets of mixed sig-
nal pairs had standard deviations of 6.4 × 1014 cm−3,
i.e., more than one order of magnitude larger and
similar to the evaluated KCl number densities. This
analysis clearly confirms that a double-pulse setup
is needed in order to perform correct ps-DIAL
measurements under non-stationary conditions.

5. Conclusions

When evaporating single KCl grains, combined DIAL
and IACM measurements show good agreement,
which indicates that the quantitative result achieved
is accurate. The shape of the concentration profile
shown in Fig. 4(c) also seems realistic since it is
reasonable to believe that the concentration should
be higher in the center of the tube furnace where
the grain of KCl is evaporated. The demonstrated
double-pulse concept has potential for measure-
ments under time-varying measurement conditions.
Implementation of picosecond DIAL for applied mea-
surements needs to consider the choice of laser
source as well as detection system. Even though pico-
second laser units have shown a continued technical
development, tunable OPG units in their current
stage are probably not sufficiently robust for use
in the vicinity of combustion installations such as
large boilers and furnaces. A more realistic approach
could be to use the fourth and fifth harmonic of a sin-
gle Nd:YAG laser at 266 and 213 nm, respectively.
These wavelengths could provide reasonable on
and off resonance measurements (see the KCl ab-
sorption spectrum in Fig. 2) however resulting in a
differential absorption cross section reduced by a
factor of two and correspondingly reduced detection
sensitivity. In addition, the use of a single laser
would permit implementation of the double-pulse
concept if necessary. Alternatively, Raman shifting
(in hydrogen) of the Nd:YAG fourth harmonic [20]
could provide a beam around 300 nm to be used
for off-resonance measurements. The choice of detec-
tor for picosecond DIAL is determined by the length
of the measurement region, desired range resolution,
and the amount of backscattered signal. Potentially,
IACM combined with a picosecond DIAL setup de-
signed for applied measurements could provide
quantitative as well as range-resolved data on al-
kali-chloride concentrations. Altogether the picosec-
ond DIAL technique permits single-ended range-
resolved detection of KCl and shows good potential
for further development and application in power-
plant boilers and other industrial processes.
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ABSTRACT 

Today’s power plants are shifting their combustion toward a more complex fuel mix on 

the grounds of environmental impact, cost, availability and regulations. Certain new types 

of fuel can be classified into the following groups: herbaceous material (straw and grass), 

agricultural by-products (pits, shells and hulls), wood, and waste fuels. These fuels 

contain various amounts of alkali metals, mainly potassium and sodium, as well as 

chlorine and sulphur, which are easily vaporised in the combustion process and are 

involved in processes that cause severe slagging, fouling and high-temperature corrosion 

problems in the furnace and further downstream in the boiler. In this study, combustion 

of three different biomass fuel mixes was investigated in a circulating fluidized bed boiler. 

An on-line alkali-chloride monitoring instrument was used to gather valuable information 

for evaluating the fuel quality in terms of harmful alkali chlorides, measuring the sum of 

alkali chlorides (potassium chloride and sodium chloride) based on ultraviolet absorption.  

In addition, two batches of wood biomass fuel were compared during combustion in a 

full-scale powder fuel boiler. In all cases the impact of changes in fuel composition on 

alkali-chloride formation levels were monitored quantitatively with a time resolution in 

the order of seconds, allowing for analysis and countermeasures. The study concluded 

that the employment of an on-line alkali monitoring device to prevent alkali-chloride 

problems is a cost-efficient, sustainable solution that extends the operational time of the 

boiler and reduces its maintenance costs. 

 

Keywords: alkali metals, prevention of slagging, fouling and high-temperature corrosion, 

reduced maintenance cost 
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INTRODUCTION 

Traditional combustion of oil, gas and coal for electricity generation and district heating 

has evolved toward the use of more complex fuel mixes of biomass. Such fuel mixes often 

have a base of wood chips and bark, which are then mixed with a moderate percentage of 

herbaceous material (straw and grass), agricultural by-products (e.g. almond pits, shells 

and hulls), forest residue, or peat. This change in fuel mix has come from environmental 

issues, availability, cost considerations, and regulations. 

 

This type of biomass fuel mix is rich in alkali metals such as potassium (K) and sodium 

(Na), and also has a high content of chlorine (Cl). The alkali metals and the Cl react with 

each other during combustion, creating the more harmful gas-phase potassium chloride 

(KCl) and sodium chloride (NaCl) compounds. The chemistry of potassium and chlorine 

release from biomass fuels during combustion has for example been surveyed by 

Johansen et al. [1]. Vaporised alkali chlorides have the potential to cause severe slagging, 

fouling and high-temperature corrosion problems in the boiler further downstream when 

condensed on heat-exchanging surfaces. A key component concerning the severity of 

high-temperature corrosion is the amount of sulphur in the fuel mix, which has the ability 

to reduce alkali [2]. In addition, the risk for corrosion is determined by the boiler design 

and temperature in its different regions. Many boilers that are using this type of fuel mix 

were originally designed for coal-firing and have been converted to biomass-firing and 

are thus not ideally suited for this type of fuel. 

 

Slagging and fouling decrease the operational time between planned maintenance stops 

of the plant and high-temperature corrosion increases the maintenance cost. A sustainable 

solution for these issues is needed to enable running these plants in a more cost-efficient 

manner. 

 

A significant amount of research has been conducted in this field, aiming at understanding 

the formation and fate of alkali metals and chlorides from the different types of fuel to 

the flue gas, which later on condense on the heat-exchanging surfaces in the boiler. This 

requires sophisticated methods and instruments to detect alkali chlorides. In the beginning 
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of the 1990s alkali metal vapour was collected by means of sampling systems. British 

Coal and the Technical Research Centre of Finland both developed their own sampling 

systems to collect vapour of alkali metals in the flue gas. Hald [3]  took the development 

of the sampling technique a bit further and included the total amount of chlorine in her 

construction, which, however, required certain conditions on the sampled flue gas flow 

to be fulfilled. 

 

Later research has driven the development toward on-line measurements of metal species 

in the flue gas –in particular K and Na. The review by Monkhouse [4]  gives the current 

status up to 2011 of different techniques for on-line detection of alkali metals in the flue 

gas. Glazer et al [5] utilize the Excimer Laser Induced Fluorescence (ELIF) technique for 

the detection of gas-phase alkali metals (K and Na) in the flue gas from Circulating 

Fluidized Bed (CFB) combustion of biomass with a high content of alkali and coal. Erbel 

et al [6] used the ELIF technique in gasification of biomass to detect K and Na. Sorvajärvi 

et al [7] have taken the fluorescence technique of detecting alkali metal (in this case 

potassium) vapour in the flue gas even further by combining it with diode laser absorption 

spectroscopy, allowing the tracking of the different chemical compounds of potassium, 

such as atomic K, potassium hydroxide (KOH) and KCl. In addition to optical methods, 

surface ionisation (SI) is another on-line measurement technique that offers detection of 

alkali metals in gas-phase and condensed on particles. This technique has been evaluated 

in power plants in Idbäcken and Nässjö in Sweden [8]. 

 

Today’s environmental issues, emission legislations, different types of biomass fuels and 

their availability require power plants to run on more complex fuel mixes where the fuel 

quality, and in particular the contents of Cl, sulphur (S) and alkali metals such as K and 

Na, fluctuate considerably depending on which types of fuels are being used. To be able 

to minimise deposit growth on heat transfer surfaces and high-temperature corrosion that 

causes unnecessary disruption in the production of district heating and electricity for the 

power grid, a robust and reliable on-line flue gas measuring instrument that monitors the 

gas-phase alkali chlorides in the flue gas is needed. The concentration read from the 

instrument indicates how severe the actual fuel mix is for the boiler. 
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This article presents studies of the feasibility of using an instrument based on absorption 

spectroscopy in the ultraviolet regime, the In-situ Alkali Chloride Monitor (IACM) [9] as 

a tool for on-line control of fuel quality. It measures alkali-chloride levels that can be 

related to the corrosiveness of biomass fuel mixes (wood chips, bark, herbaceous material, 

agricultural by-products, forest residue, PVC and peat) in power plants. An additional 

feature of the IACM instrument is the possibility of measuring the sulphur dioxide 

concentration (SO2) in the flue gas. Two cases will be presented. The first case shows in 

a well-controlled way that different fuel mixes (wood and straw pellets, wood and straw 

pellets + PVC and wood and straw pellets + peat) can render different concentrations of 

alkali chlorides in the flue gas monitored by the IACM. The second case shows the ability 

to detect differences in quality of fuel batches from different suppliers. 

 

METHOD 

Research circulating fluidised bed boiler 

The 12 MWth Circulating Fluidised Bed (CFB) boiler used in this experiment is the well-

known research boiler at Chalmers University of Technology in Gothenburg, Sweden, 

which has been described in several earlier publications [2, 10]. This CFB boiler has a 

nominal load of 8 MWth and was run on an average load of 6.3 MWth with a standard 

deviation of 0.3 MWth during the experiments. The main components of the boiler are 

shown in Figure 1a. The combustion air supplied to the boiler is divided into primary air 

(1) and secondary air (2). The fuel enters the boiler via the fuel feeder (3) located at the 

bottom part of the boiler and is combusted in the furnace (4), which has a cross section 

of 2.25 m2 and a height of 13.6 m. The mix of sand and flue gas is separated in the cyclone 

(5) and the sand is transported back into the furnace via the particle seal (6). The 

concentration of gas-phase alkali chlorides, i.e. the sum of KCl and NaCl, are measured 

with the In-situ Alkali Chloride Monitor (IACM) (8) once the flue gas has left the cyclone 

via the cyclone outlet (7) and before it reaches the first heat exchanging surface. The 

measurement path length is 2.55 m (9). 
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Full-scale powder fuel boiler 

The boiler used for long-term measurements is a pulverised fuel (PF) combined heat and 

power (CHP) boiler firing pellets and briquettes of wood. A schematic obtained from a 

CFD-model of the boiler is shown in Figure 1b. It was originally planned to run on oil, 

but was converted to coal during the construction phase and subsequently changed to 

biomass. The boiler has been fired exclusively with biomass from 2006 onwards and the 

conversion from firing fossil fuel to biomass-only fuel has led to a reduction of over 90% 

in emissions of CO2. The ash from the pellet firing can be returned to the forest as 

fertiliser. The CHP can deliver 69 MWe to the electrical grid and 138 MWth to the district 

heating. The CHP’s steam is delivered to the turbine at a pressure of 110 bar, a 

temperature of 520 °C and a mass flow of 78 kg/s. 

 

 

 
 

Figure 1a. Principle sketch of the 

Circulating Fluidized Bed (CFB) boiler 

with its key components listed below. 1. 

Primary air 2. Secondary air 3. Fuel 

feeding 4. Furnace 5. Cyclone 6. Particle 

seal 7. Cyclone outlet 8. IACM and 9. 

Measurement path length. 

Figure 1b. Principle sketch of the PF boiler 

where the IACM is situated between 

superheater lll (3) and superheater lb (4). 

The location is marked with a red dot and 

the measurement path length is 8 m. 
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The IACM instrument 

 

The IACM instrument consists of a receiver (Figure 2a), a transmitter (Figure 2b) and a 

computer. The UV light sent from the transmitter’s high pressure xenon lamp 

(Hamamatsu, L2273) is collimated using a 50 mm diameter plano-convex UV grade fused 

silica lens with a focal length of 150 mm. The collimated light passes through the 

measurement volume, indicated by the number 9 in Figure 1a, toward the receiver. In the 

receiver the transmitted UV light is collected by a 50 mm diameter spherical UV-

enhanced aluminium-coated mirror that has a focal length of 100 mm. Light from the 

spherical mirror is then focused onto an optical fibre (Azpect Photonics, FC-UV600-0.5-

SR) that is connected in the opposite end to a deep-UV spectrometer (Azpect Photonics, 

AVABENCH-75-2048). The spectrometer has an entrance slit of 50 µm width and a 2400 

L/mm grating. The signal from the spectrometer is evaluated and stored on a PC. A typical 

time resolution for the instrument is about 5 seconds with each read out being an average 

of 200 spectra, each in turn with an integration time of 25 ms. Photos of the installed 

IACM instrument boiler can be seen in Figure 2c (receiver) and Figure 2d (transmitter) 

for the research CFB boiler and in Figure 2e (transmitter) and Figure 2f (receiver) for 

long-term measurements in the PF boiler. 

  

a. The IACM receiver showing collection 

mirror, optical fibre and spectrometer. 

 

b. The IACM transmitter with xenon lamp 

and collimating lens. 
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The IACM measurement technique is based on molecular absorption spectroscopy with 

broadband UV light in the wavelength region of 200 – 320 nm. The evaluation procedure 

is based on Differential Optical Absorption Spectroscopy (DOAS) [11] where the Beer-

Lambert law provides a linear relationship between absorbance and the concentration of 

the absorbing species – see Equation 1. 

𝐼𝑡 =  𝐼0 × 𝑒−𝑐𝑙𝜎    (1) 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 =  ln
𝐼0

𝐼𝑡
 = 𝑐𝑙σ 

𝐼𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 

𝐼0 = 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 

𝑐 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑐𝑚3) 

  

c. The receiver mounted on the research 

CFB boiler. 

 

d. The transmitter mounted on the research 

CFB boiler. 

 

  

e. The transmitter mounted on the full-scale 

CHP boiler during long-term 

measurements. 

 

f. The receiver mounted on the full-scale 

CHP boiler during long-term 

measurements. 

 

Figure 2. Experimental set-up of the IACM system. 
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𝐼 = 𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔𝑡ℎ (𝑐𝑚) 

𝜎 = 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 (𝑐𝑚2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒⁄ ) 

Due to similarities in their UV absorption spectra, the IACM instrument is unable to 

distinguish between gas-phase KCl and NaCl, so the total alkali concentration measured 

is the sum of both, and the detection limit is 1 ppm for an optical path length of 5 m. The 

IACM instrument can be used in grate-fired boilers, bubbling fluidised bed boilers (BFB), 

circulating fluidised bed boilers (CFB) and powder fuel boilers (PF). The preferred 

position for installation is in front of the first super heater or in regions where the 

temperature is about 650 – 1300 °C. The positions for measurements in the CFB research 

boiler and the full-scale PF CHP boiler are indicated in Figure 1a and 1b.   

 

The IACM instrument also has the ability to simultaneously measure the SO2 and alkali 

chloride concentrations on-line in the flue gas. SO2 has strong absorption bands in the 

wavelength ranges  200 – 230 and 290 - 310 nm [11], i.e. in the spectral regime already 

covered by the instrument. An instrument that measures these two parameters on-line is 

a powerful tool that effectively monitors the corrosiveness conditions during combustion 

of a particular fuel mixture. 

Fuels used in the research circulating fluidised bed boiler 

 

The research experiments using the circulating fluidized bed boiler are presented in the 

work published in [2]. Mixes of three different types of fuel (wood pellets, straw pellets, 

and peat) were used and a detailed fuel analysis is provided in Table 1. These fuel types 

have been selected to represent expected future fuel mixes for co-combustion of biomass 

and agricultural residues, and also give a broad fuel spectrum with significantly different 

ash chemistry. The experiment evaluated how the different fuel mixes, with different 

contents of K, Na, Cl and S, affect the composition of the flue gas and specifically relate 

to gas-phase alkali chlorides. To increase the load of chlorine in the fuel, PVC-granulates 

(Norvinyl, HYDRO) were fed to the fuel mix for some measurements. The three 

investigated fuel mixes, Case 1, Case 2, and Case 3, with their respective compositions, 

are described in detail in Table 2. Case 1 represents a fuel flow of 1035 kg(dry)/h wood 

pellets and 364kg(dry)/h straw pellets. Case 2 constitutes 1046 kg(dry)/h wood pellets, 
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310 kg(dry)/h straw pellets and an additional amount of 1.2 kg/h PVC to double the 

chlorine load compared to Case 1. Lastly, Case 3 represents co-combustion of 312 

kg(dry)/h wood pellets, 340 kg(dry)/h straw pellets and 596 kg(dry)/h peat. The average 

amount of straw pellets in the fuel on an energy-basis during the experiment was 23.6% 

with a standard deviation of 2.0%. The calculations are based on the lower heating value 

(LHV), H, daf (Table 1) of each individual fuel. 

Step response measurements 

 

The alkali chloride measurements with the IACM instrument took place in position 8 

indicated in Figure 1a. The optical path length at the measurement location was 2.55 m, 

the average temperature during the experiments was 795.4 °C, with a standard deviation 

of 8.0 °C, and the averaged excess air ratio was 1.24, with a standard deviation of 0.03. 

Three step-response experiments were carried out on three different fuel mixes.  

 

  

 

 

 

 

 

 

Table 1. Fuel element analysis [2].  

  

Table 2. The compositions of the different 

fuel mixes [2]. 
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Long-term measurements 

 

The long-term alkali chloride measurements with the IACM instrument took place in the 

full-scale CHP boiler during the firing season between 20 November 2013 and 4 March 

2014. The optical path length at the measurement point was 8 m and the flue gas 

temperature was 750 °C (Figure 1b). 

 

RESULTS AND DISCUSSION 

The results from the well-controlled experiments incorporating fuel step responses with 

different fuel mixes performed in the CFB research boiler are shown in Figures 3, 4 and 

5, the fuel mix changes marked with vertical dashed lines. The results from long-term 

monitoring of the alkali chlorides in a commercial full-scale CHP pulverised fuel boiler 

are shown in Figure 6.  

Fuel mix changes in the research circulating fluidised bed boiler 
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Figure 3. Alkali-chloride concentration measured in the step-response experiment -

Case 1, with a fuel mix of wood pellets and straw pellets (1035 + 364 kg(dry)/h). 

Note the rapid increase in KCl concentration after addition of straw pellets at 07:15 h. 

 

Case 1 

Figure 3 shows the step response for the gas-phase alkali concentration for Case 1, with 

a fuel mix of wood and straw pellets (1035 + 364 kg(dry)/h). Even though the wood 

pellets have a high potassium content, the amount of chlorine is low, resulting in a low 

average baseline KCl concentration of 3.7 ppm before the introduction of straw pellets to 

the fuel. At about 07:15 h, straw pellets, containing slightly higher levels of potassium 

compared to the wood but considerably more chlorine, are introduced in the fuel and the 

KCl concentration monitored by IACM increases instantaneously and reaches an average 

of 33.5 ppm in about 20 minutes. 

 

 

Figure 4. Alkali-chloride concentration measured in the step-response experiment - 

Case 2, with wood pellets, straw pellets and PVC (1046 + 3102 + 1.2 kg(dry)/h). Note 

the increase in KCl concentration after addition of straw pellets (06:30 h) and PVC 

granulates (07:23). 
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Case 2 

Figure 4 presents the step responses for Case 2, with a fuel mix of wood pellets, straw 

pellets and PVC (1046 + 3102 + 1.2 kg(dry)/h). In this case, the baseline for KCl before 

the introduction of straw pellets and PVC is below the detection limit of 2 ppm under 

these conditions. At about 06:30 h, straw pellets are introduced in the fuel and similar to 

Case 1 the concentration of KCl reaches an average concentration of 32.5 ppm after 

approximately 20 minutes. At 07:23 h, the chlorine load in the fuel is increased to an 

amount double of that for Case 1, via the addition of PVC granulates. Approximately 25 

minutes later an average KCl concentration of 71.7 ppm has been reached. 

 

There are a few key fuel molar ratios that can be used to determine the environment to 

which the heat transfer surfaces will be exposed. Three are described below. The 𝑆 𝐶𝑙⁄ , 

(𝑁𝑎 + 𝐾) 2𝑆⁄  and (𝑁𝑎 + 𝐾) 𝐶𝑙⁄  molar ratios describe which non-silicate alkali metal 

compound in the deposits are favoured at low or high temperature in a reducing or 

oxidising environment [3] and [12, 13]. Case 1 and Case 2 have fuel molar ratios of 

(𝑁𝑎 + 𝐾) 2𝑆 > 1⁄  and(𝑁𝑎 + 𝐾) 𝐶𝑙 > 1⁄ , a temperature of 800 °C and an excess air ratio 

of 1.21. In these two cases, condensed non-silicate alkali metals exist in sulphates, 

carbonates and chlorides at temperatures below 800 °C but only in sulphates and 

carbonates at temperatures above 800°C [3]. The alkali-sulphur ratio (𝑁𝑎 + 𝐾) 2𝑆⁄  is 

3.95 and 3.87 for Cases 1 and 2, respectively, and the corresponding values of the sulphur-

chlorine ratio 𝑆 𝐶𝑙⁄  are 0.38 and 0.17. In both cases there is excess of alkali and chlorine 

and insufficient amounts of sulphur are available to completely reduce the alkali chlorides 

by formation of K2SO4. The alkali-chlorine ratio (𝑁𝑎 + 𝐾) 𝐶𝑙⁄  is 3.01 and 1.29 for Cases 

1 and 2, respectively, which indicates that the chlorine level is the limiting factor for 

alkali-chloride formation. This is also confirmed by the results of Case 2 (Figure 4) since 

the measured alkali chloride concentration increases by a factor close to two when 

doubling the chlorine load of the fuel mixture. In addition, this confirms that the IACM 

readout is linearly dependent on the alkali chloride concentration under the investigated 

experimental conditions.  
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Figure 5. Alkali-chloride concentration measured in the step-response experiment - 

Case 3, with wood pellets, straw pellets and peat (312 + 340 + 596 kg(dry)/h). Note the 

changes in KCl concentration when introducing potassium- and chlorine-rich straw 

pellets at 07:15 h and sulphur-containing peat at 07:30 h, the latter resulting in KCl 

reduction. 

 

Case 3 

Figure 5 shows the step responses for Case 3, with a fuel mix of wood pellets, straw 

pellets and peat (312 + 340 + 596 kg(dry)/h). The baseline concentration of KCl before 

the introduction of straw pellets and peat is also in this case below the detection limit. At 

07:07 h, straw pellets are introduced into the fuel and 25 minutes later the concentration 

has increased to 44 ppm but has not fully stabilised when the peat is introduced to the fuel 

at 17.32 h. After 30 minutes the concentration of KCl has stabilized at 32.2 ppm on 

average. 

 

When practicing co-combustion, the fuel mix should be carefully chosen in respect of the 

alkali metals (K and Na), Cl and S in the fuel mix, as illustrated in Figure 5. Here the 

addition of sulphur-containing peat allows formation of K2SO4, 
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2𝐾𝐶𝑙 + 𝑆𝑂2 + 𝐻2𝑂 + 1 2 𝑂2 → 𝐾2𝑆𝑂4 + 2𝐻𝐶𝑙⁄ , consuming Cl and thus reducing the 

formation of alkali chlorides and the KCl level. 

 

Case 3 has fuel molar ratios of (𝑁𝑎 + 𝐾) 2𝑆 < 1⁄  and of (𝑁𝑎 + 𝐾) 𝐶𝑙 > 1⁄ , a 

temperature of 800 °C and an excess air ratio of 1.21. Condensed non-silicate alkali 

metals under these conditions exist in the form of sulphates at all temperatures [3]. The 

alkali-sulphur ratio of 0.63 is lower than the values for Case 1 (3.95) and Case 2 (3.87), 

while the alkali-chlorine ratio of 1.90 is higher than the values for Case 1 (0.38) and Case 

2 (0.17). This indicates that the fuel mix in Case 3 is less harmful than the fuel mixes in 

Case 1 and Case 2, and that there should be no chlorides in the deposits. 

 

The fuel molar ratio 𝑆 𝐶𝑙⁄  can be used to compose a less harmful fuel mix for co-

combustion, since it measures to which extent the fuel mix is corrosive [12]. Salmenoja 

[13] has developed a few rules of thumb to determine the corrosion tendency. If the 𝑆 𝐶𝑙⁄  

molar ratio in the fuel is lower than 2, it is regarded as corrosive and if it is higher than 4, 

it is regarded as non-corrosive. For intermediate values between 2 and 4, the corrosion in 

the super heaters is determined by boiler design and combustion parameters. These rules 

of thumb indicate that the fuel mixes used in Case 1 and Case 2 are strongly corrosive 

while the fuel mix in Case 3 is still corrosive but to a greater extent ruled by boiler design 

and combustion parameters.  

 

Kassman [14] shows that the corrosive measure of the 𝑆 𝐶𝑙  ⁄ molar ratio is also dependent 

on the form of the sulphur introduced into the boiler, which can be elemental sulphur  or 

sulphates (SO3), e.g. injected in the form of ammonium sulphate. The gas-phase alkali 

chlorides can be removed from the flue gas by the injection of ammonium sulphate at a 

𝑆 𝐶𝑙  ⁄  ratio that is lower than the ratio needed with elemental sulphur. 

 

Figures 3 – 5 have shown that the In-situ Alkali Chloride Monitor (IACM) is able to 

rapidly detect changes in the fuel mix resulting in formation of harmful alkali chlorides. 

The response of the instrument allows for instantaneous on-line monitoring as clearly 

shown by the data presented. If a fuel mix contains a large amount of K, Na or both, it is 
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important to keep the Cl level low to prevent alkali chloride formation as shown in Figure 

4, where addition of Cl by means of PVC allowed more of the K available in the biomass 

fuel to be utilised for KCl formation. 

Long-term measurements in the full scale CHP boiler 
 

 

Figure 6. Alkali-chloride concentration measured during long-term monitoring of 

wood pellet combustion. A change in alkali-chloride concentration could be observed 

at around 12:00 h when changing to pellets from a different supplier. The sections 

indicated by dashed lines and labelled A-E represent different operational modes of the 

boiler. 

 

Figure 6 shows results from long-term monitoring of alkali chlorides in a full-scale boiler 

during combustion of wood pellets. Sections A – E in Figure 6 describe different boiler 

load configurations during the case studied. The boiler load is expressed as a percentage 

of the boiler’s total steam flow (78 kg/s).  In section A, the boiler load started to decrease 

and the average value during this time span was 63.5%, while the average air excess ratio 

was 1.23. During section B, the boiler load was constant at an average of 59.2%, with an 

average air excess ratio of 1.24. Section C starts with a boiler load reduction, which ends 

at around 16:00 h. During that time span the boiler load had an average value of 55.6% 
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and an air excess ratio of 1.27. In section D, the boiler load was constant and had an 

average value of 50.0% and an air excess ratio of 1.29. In the final section, E, the boiler 

load decreased and reached its lowest average value of 44.5% while the air excess ratio 

reached its highest value of 1.32. During the 12 hours during which the case study was 

carried out the average standard deviation for the load was 1.6 % and for the air excess 

ratio it was 0.02. The flue gas temperature in the measurement region was determined to 

be about 750 °C on average and it is estimated that it can fluctuate 50 °C around the 

average value. 

 

A gradual response due to a change in fuel quality is observed when introducing pellets 

from another fuel supplier. The baseline of KCl in section A, prior to the change in fuel, 

was 3.1 ppm on average. At around 12:00 h an increasing trend for the KCl concentration 

due to changes in the fuel composition starts, and it stabilises at an average concentration 

of 12.3 ppm at approximately 18:00 h, in section D. This demonstrates the feasibility of 

the IACM instrument for fuel-quality monitoring, clearly having sufficient sensitivity to 

distinguish differences in alkali-chloride formation between different batches of the same 

type of fuel. 

 

CONCLUSION 

To be able to correctly determine the corrosiveness of a fuel mix in co-combustion in a 

cost-effective and sustainable way and to institute a good means of avoiding potential 

deposit and corrosion problems, an on-line alkali chloride monitor would clearly be a 

valuable analysis tool. This has been proven by using an In-situ Alkali-Chloride 

Monitoring (IACM) device during three controlled fuel-step responses in a CFB research 

boiler as well as in long-term measurements in a full scale CHP boiler. The IACM 

instrument was able to accurately measure concentrations of gas-phase alkali chlorides 

on-line under relevant combustion conditions and showed instantaneous responses to 

changes in the fuel mixture composition. The detection sensitivity of the instrument is at 

ppm-level and was sufficient to detect a difference in alkali-chloride concentration of 

around 8 ppm between two batches of wood pellets provided by different fuel suppliers. 

The IACM instrument is therefore a valuable tool for on-line fuel quality control since it 
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detects changes in alkali-chloride formation from different fuels and provides 

opportunities to design proper fuel mixes for co-combustion while minimising corrosion 

problems. 
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ABSTRACT 

Laser-induced photofragmentation fluorescence has been investigated for imaging of alkali 

compounds in premixed laminar methane-air flames. An ArF Excimer laser, providing pulses 

of wavelength 193 nm, was used to photodissociate KCl, KOH, and NaCl molecules in the post-

flame region and fluorescence from the excited atomic alkali fragment was detected. 

Fluorescence emission spectra showed distinct lines of the alkali atoms allowing for efficient 

background filtering. Temperature data from Rayleigh scattering measurements together with 

simulations of potassium chemistry presented in literature allowed for conclusions on the 

relative contributions of potassium species KOH and KCl to the detected signal. Experimental 

approaches for separate measurements of these components are discussed. Signal power 

dependence and calculated fractions of dissociated molecules indicate the saturation of the 

photolysis process, independent on absorption cross section, under the experimental conditions. 

Quantitative KCl concentrations up to 20 ppm were evaluated from the fluorescence data and 

showed good agreement with results from ultraviolet absorption measurements. Detection 

limits for KCl photofragmentation fluorescence imaging of 0.5 and 1.0 ppm were determined 

for averaged and single-shot data, respectively. Moreover, simultaneous imaging of KCl and 

NaCl was demonstrated using a stereoscope with filters. The results indicate that the 

photofragmentation method can be employed for detailed studies of alkali chemistry in 

laboratory flames for validation of chemical kinetic mechanisms crucial for efficient biomass 

fuel utilization. 
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INTRODUCTION 

Environmental issues and overall efforts to achieve a sustainable energy supply require 

power plant operators to increasingly consider utilization of a broader variety of biomass 

sources in the fuel mixture, such as herbaceous material (straw and grass), agricultural by-

products (pits, shells and hulls) and municipal waste.1, 2 However, many of these fuels result in 

the formation of alkali chlorides such as KCl and NaCl during combustion in power plant 

boilers. Alkali chlorides are key components for slagging and fouling and they also affect heat-

exchange surfaces.3 In addition, chlorine exposure increases the risk of corrosion on furnace 

walls, super heaters, and economizers.4  

Problems related to alkali chlorides can be avoided using fuels with low content of alkali 

and chlorine, or suppressed by adding sulphur to the process – either by co-combustion with a 

sulphur-containing fuel or by injection of sulphur-containing additives.5 Nevertheless, optimum 

reduction of alkali chlorides requires detailed understanding of the formation process and 

validation of mechanisms for alkali chemistry, which can be achieved by studies in laboratory 

flames under well-controlled conditions, see for example Li et al.6 Potassium is the main alkali 

metal in many biomass fuels7, 8 and a major component in many of the problems outlined above, 

thus knowledge on potassium chemistry is highly relevant for proper combustion of biomass 

fuels. 

Laser-based techniques provide non-intrusive probing, in many cases species-specific, with 

high temporal and spatial resolution for detailed studies of combustion processes. A 

comprehensive review by Monkhouse9 summarizes the status up to 2011 of different techniques 

for online detection of alkali metals in flue gas. Alkali chlorides, such as KCl and NaCl, can be 

detected by means of photofragmentation fluorescence for which Oldenborg et al.10 used high-

power laser pulses in the ultraviolet regime for photodissociation of alkali compounds followed 

by detection of fluorescence from the excited atomic alkali fragment. Furthermore, Chadwick 

et al.11 investigated photofragmentation fluorescence detection of NaCl and NaOH (sodium 

hydroxide) using an Excimer laser of wavelength 193 nm for photodissociation and subsequent 

measurement of Na fluorescence signals at 589 and 819 nm for detection of NaCl and NaOH, 

respectively. Further investigations of the photofragmentation fluorescence technique have 

included NaOH detection by multi-photon fragmentation using the 355 nm third-harmonic 

output from a Nd:YAG laser12 and studies of collisional quenching of the alkali metal atom 

fragments.13 



3 

 

The photofragmentation fluorescence technique has been applied for detection of alkali 

compounds in flue gas of Circulating Fluidized Bed (CFB) boilers.  Investigations have been 

made for combustion of coal only14-16 as well as for co-combustion with biomass with a high 

content of alkali.17 Moreover, Erbel et al. used the technique in a study of biomass 

gasification.18 Sorvajärvi et al. have further developed the technique, combining 

photofragmentation with absorption measurements of the atomic K fragments for enhanced 

sensitivity and quantitative concentration measurements.19, 20 Furthermore, Sorvajärvi et al. 

have demonstrated this combination for simultaneous measurements of nascent atomic K, KCl, 

and KOH (potassium hydroxide) employing wavelengths 266 and 320 nm for 

photofragmentation of KCl and KOH, respectively.21  

While previous studies include measurements in a single point or averaged along a line, also 

in practical combustion devices, spatially resolved imaging measurements are also of interest. 

Employed for detailed studies in laboratory flames such measurements could provide valuable 

insights for model development and validation. To investigate this approach 

photofragmentation fluorescence imaging is characterized in this study for detection of KCl and 

KOH in the post-flame region of premixed laminar methane-air flames seeded with alkali 

compounds. Investigations include assessment of interferences, comparison of signal levels, 

quantification, and estimation of detection limits. Moreover, simultaneous imaging of alkali 

species is demonstrated for NaCl and KCl in flame. 
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METHODS 

Photofragmentation fluorescence measurements. The experimental set-up for 

photofragmentation fluorescence, schematically shown in Fig. 1a, contains an ArF Excimer 

laser (Compex 102, Lambda Physik), which provided pulses at wavelength 193 nm with 25 ns 

pulse duration and output pulse energy of 50 mJ.  

 

Fig. 1. a) Experimental set-up for laser-induced photofragmentation fluorescence and Rayleigh 

scattering using an ArF Excimer laser and a Nd:YAG laser, emitting wavelengths 193 nm and 532 nm, 

respectively. DM=Dichroic mirror, L=lenses. Measurements were made in premixed methane-air 

flames seeded with liquid alkali solution as illustrated to the right in the schematic. b) Photo of Perkin-

Elmer burner with flat premixed methane-air flame. c) Set-up for UV absorption measurements. 

UV=light source, A=Aperture, PM=Parabolic mirror, L=Plano-convex lens, M=Mirrors, 

C=collimator, F=optical fibre. 
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For photofragmentation fluorescence measurements the 193 nm laser beam was focused into 

vertical sheets using different combinations of lenses. Measurements of photofragmentation 

fluorescence emission spectra of KCl, KOH, and NaCl were made with the beam focused into 

a 50 mm sheet using a cylindrical lens of focal length f=300 mm. The fluorescence was 

collected into a spectrometer (Acton SP-150, grating 300 grooves/mm, Princeton Instruments) 

using an UV condenser, f=60 mm, and a long-pass filter (WG280, Schott) to suppress scattered 

laser light. The signals were detected with an intensified CCD camera (PI-MAX I, Princeton 

Instruments) connected to the spectrometer. For imaging the detector was instead equipped with 

an f=50 mm objective (Nikkor f/1.4).  

In measurements for quantitative analysis of the photofragmentation fluorescence signal, the 

193 nm 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. 

Measurements of potassium species were made using a bandpass filter centred at 766 nm (50 

mm dia., OD 4, FWHM 10 nm, Edmund Optics) for detection of K-atom fluorescence and 

suppression of scattered laser radiation. Simultaneous measurements of KCl and NaCl were 

made using a stereoscope (Lavision) mounted in front of the objective. Band-pass filters centred 

at wavelengths 766 and 589 nm (50 mm dia., OD 4, FWHM 10 nm, Edmund Optics) were 

inserted in the stereoscope for detection of K- and Na-atom fluorescence signals, respectively.  

A burner originally made for atomic absorption spectroscopy (Perkin-Elmer), shown in the 

photo of Fig. 1b, was used for measurements in alkali-seeded methane-air flames. The burner 

consists of a spray chamber and 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 mesh plate (pore size 

~1 mm and length 20 mm). The burner allows for stabilization of flat laminar premixed flames 

(cf. Fig. 1b). Alkali-seeding is achieved using a nebulizer fed with part of the supplied air, 

which extracts liquid KCl-solution via a sample tube. The KCl-solution from the nebulizer is 

pre-treated in order to have only finer aerosol droplets to pass through the chamber to the burner 

head whereas larger droplets are removed via a drain tube. Methane and auxiliary air are mixed 

together with the nebulizer air in the burner’s spray chamber to get the total correct fuel-air 

equivalence ratio (Φ) of the mixture.  

A nitrogen co-flow of 10 l/min was supplied to the burner head to shield the flame. A steel 

cylinder (cf. Fig. 1b) was mounted 30 mm above the burner for flame stabilization required for 

quantitative signal analysis and to be able to make sequential photofragmentation and Rayleigh 
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scattering measurements under steady-state conditions. The total gas flow of air and fuel to the 

burner was 5.6 l/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 l/min 

(Bronkhorst), respectively. Premixed stoichiometric methane-air flames were investigated and 

the KCl concentration in the seeding solution was varied from 0.01 to 3.0 M.  

Rayleigh scattering measurements. 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 was used for 

Rayleigh scattering measurements. The 532 nm beam was aligned into the beam path using a 

dichroic mirror, cf. Fig. 1a, and further shaped into a laser sheet of 10 mm height using 

cylindrical lenses of focal lengths f=-40 mm, f=200 mm, and f=500 mm. A half-wave plate 

positioned in the beam path was adjusted to achieve vertical polarization for optimal Rayleigh 

scattering.  

Absorption measurements. KCl absorption measurements were made in the flames using 

the experimental set-up shown in Fig. 1c. UV light from a high-intensity (150 W) UV light 

source (L1314, Hamamatsu) was radiated through an aperture and collimated using a 90° off-

axis parabolic mirror coated with UV-enhanced aluminium and 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. 

After the lens the UV beam passed over the burner top and was reflected five times using UV-

enhanced aluminium mirrors (diameter 25.4 mm, Thorlabs) before it was collected in an UV-

enhanced collimator (250 - 450 nm, diameter 12 mm beam, SMA, Thorlabs). This construction 

resulted in a total absorption path length of 138 mm. The collected UV light was then transferred 

through an optical fibre (FC-UV600-0.5-SR, Azpect Photonics) and subsequently dispersed in 

a spectrometer (grating 2400 grooves/mm, slit width 50 µm, AVABENCH-75-2048, Azpect 

Photonics). KCl concentrations were evaluated from the collected spectra by a least-squares fit 

to a calibration spectrum measured at 860 °C following the procedure presented by Forsberg et 

al.22 

Fluorescence data evaluation. Alkali species concentrations have been evaluated from the 

photofragmentation fluorescence signal, F, which can be expressed in emitted photons by Eq. 

(1) 

TN
QA

A
AlF

fi

fi

F



 

4
     (1) 
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where Ω the detection solid angle, l the probe volume length, εF the detection efficiency for the 

fluorescence signal, and A the probe volume cross section area. The ratio 
QA

A

fi

fi


represents the 

fluorescence quantum yield where Afi is the Einstein coefficient for spontaneous emission, Q 

the collisional quenching rate, and T represents a factor accounting for fluorescence losses due 

to absorption, so-called trapping. The quantity N is the concentration of alkali atoms generated 

in the excited K-atom 42P states by photofragmentation. The fluorescence is obtained from the 

42P transitions at 766 and 769 nm and the frequencies are ν=3.91·1014 s-1 and ν=3.89·1014 s-1, 

respectively. Assuming that K-atom photofragments are distributed between both the 42P states, 

the average of the coefficient for spontaneous emission for the two transitions can be employed 

in the evaluation, using values presented by Nandy et al. 23 give Afi=3.8·107 s-1. Collisional 

quenching data has been presented by Jenkins24 and using concentrations of CO, CO2, O2, N2, 

H2, and H2O determined from equilibrium calculations resulted in a total quenching rate of 

Q=4.1·108 s-1 for a stoichiometric flame. The beam cross section area A, is determined by 

dimensions of the focused laser sheet.  

Tuneable diode laser absorption measurements of the potassium D1 line at 769.9 nm were 

made using a single-mode external cavity laser (DL 100, Toptica Photonics) with output power 

of 40 mW. The laser was scanned over a frequency range of 25 GHz covering the potassium 

line and the transmitted laser beam passing through the flame 21 mm above the burner surface 

was detected by a photodiode (DTE 210, Thorlabs). Analysis of scanned spectra of the K-atom 

line allowed for determination of potassium atom concentration. The K-atom line shape in the 

flame was given by a Voigt profile 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 to be 8.36·10-6 cm2s-1 which distributed over the measured line profile resulted in a 

peak absorption cross section of 1.6·10-11 cm2. Combined with the measured K-atom 

concentrations and assuming a path length of 1 cm for passage to the detector in the central 

region of the flame, the absorption was calculated for the different parts of the K-atom line 

employing the Beer-Lambert law. Trapping of the photofragmentation fluorescence signal was 

then calculated by integration over the attenuated line profile.  

The quantities related to signal collection and detection efficiency can be retrieved by means 

of Rayleigh scattering measurements for which the signal, S, expressed in number of photons 

is given by Eq. (2) 
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In Eq. (2) ERayleigh is the laser pulse energy for Rayleigh scattering measurements, h Planck’s 

constant, νRayleigh the Rayleigh photon frequency, 



 the differential Rayleigh scattering cross 

section, εR the detection efficiency for the Rayleigh scattering signal, and Ntot the total gas 

number density in the probe volume. The cross section for air at ambient pressure and 

temperature for wavelength 532 nm is 6.25·10-32 m2/sr.25 Using the Rayleigh scattering signal 

for calibration provides the detection solid angle, Ω, and the probe volume length, l, in the 

concentration evaluation using Eq. (1). The detector quantum efficiencies are specified to 10% 

and 3.3% at 532 and 766 nm, respectively. These values together with the transmission, 85%, 

of the interference filter used for fluorescence detection have been employed for determination 

of εR and εF.  

In addition, Rayleigh scattering can be utilized for flame temperature measurements by 

comparison of signals measured in flame and at ambient conditions, taking differences in cross 

sections into account. For the investigated stoichiometric flame, using Rayleigh scattering cross 

section data compiled by Zetterberg26 and major species concentrations determined from 

chemical equilibrium calculations, the Rayleigh scattering cross section of the product gas in 

the post-flame region was found to be a factor of 1.1 higher than that of ambient air. Including 

this factor in the ratio between Rayleigh signals measured in flame and ambient air allowed for 

temperature measurements in the flame. 

The relation between the concentrations of K atoms, N, and parent species, NKCl, is given by 

Eq. (3)27 

)1(
Ah

E

KCl
lasereNN





      (3) 

The factor Φ is the yield of photofragments generated from the parent species and is equal 

to 1 for the investigated case since dissociation of one KCl molecule results in creation of one 

K atom. Furthermore, σ is the absorption cross section, E the laser pulse energy, and νlaser the 

laser frequency. Equation (1) can be solved for the concentration of alkali atoms N and the 

product of Ω and l can be retrieved using Eq. (2). Solving Eq. (3) for NKCl using the obtained 

value of N in turn allows for evaluation of alkali compound concentrations from the 

photofragmentation fluorescence data.  
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RESULTS AND DISCUSSION 

Prior to imaging experiments, fluorescence emission spectra were measured to identify 

potential interferences. Figure 2a shows photofragmentation fluorescence emission spectra 

measured in stoichiometric flames seeded with KCl (black) and NaCl (grey).  

 

Fig. 2. a) Fluorescence emission spectra measured in stoichiometric flame seeded with KCl and NaCl. 

Spectral lines of atomic K (black) and Na (grey) are observed at 766 and 589 nm, respectively. b) 

Spectrum measured for KOH-seeding (black) shows a K-atom signal ~8 times lower than for KCl-

seeding as shown in a. The spectrum for NaCl-seeding (grey) shows a line at 820 nm attributed to Na 

generated by photodissociation of NaOH c) Close-up of the spectra for KCl/KOH/NaCl-seeding in the 

ultraviolet region showing lines attributed to OH radicals of dissociated H2O. 
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Distinct spectral lines from atomic Na and K can be observed at wavelengths 589 and 766 

nm, respectively. K-atom fluorescence at 766 nm is also obtained for KOH-seeding as shown 

in a higher resolution in the spectrum of Fig. 2b, although the line is approximately eight times 

weaker compared with the case of KCl-seeding. In Fig. 2b the spectrum measured for NaCl 

seeding also shows a line from Na at 820 nm, also observed previously by Chadwick et al.11 

and mainly attributed to photofragmentation of NaOH formed during combustion. All spectra 

show fluorescence peaks at wavelengths 250 – 350 nm, shown in Fig. 2c, mainly attributed to 

OH radicals generated from photodissociation of H2O. This could potentially interfere in 

imaging experiments, but can be removed with suitable filters transmitting the strong 

contributions of atomic Na and K.  
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Fluorescence images, averaged over 300 laser pulses, showing photofragmentation 

fluorescence signals in the product zone of stoichiometric Φ=1.0 methane-air flames are shown 

in Fig. 3.  

 

Fig. 3. Averaged (300 frames) photofragmentation fluorescence images measured in premixed methane-

air flames of equivalence ratio Φ=1.0 seeded with potassium compounds a) 0.5 M KCl b) 0.01 M KCl, 

and c) 0.5 M KOH d) Rayleigh scattering image measured in KCl-seeded (1.0 M) methane-air flame of 

Φ=1.0. Narrow regions of high signal at the flame edges, indicated by arrows, suggest KCl 

condensation. Temperature evaluation from Rayleigh scattering data was made for the regions between 

the horizontal lines in images a-c.  
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The images were acquired for seeding with KCl solutions of concentrations 0.5 (a) and 0.01 

M (b) and with KOH solution of 0.5 M concentration (c). The images show that signal levels 

close to the flame front region, located towards the lower image boundary, are low but increase 

further up in the post-flame region where the major potassium compounds to consider are KCl 

and KOH. With KCl-seeding, K and Cl elements entering the flame are able to form KCl in the 

post-flame region. However, via reactions involving water, K atoms are also able to form KOH. 

Thus, with KCl-seeding flame chemistry allows for formation of both KCl and KOH in the 

post-flame region, while KOH-seeding merely results in KOH formation. Figure 3d shows a 

Rayleigh scattering image measured in a stoichiometric flame seeded with 1.0 M KCl solution. 

The Rayleigh scattering signal of the propagating laser sheet can be seen across the image 

together with scattered light from the flame stabilizer located above the burner. The lower signal 

in the hot post-flame region is clearly observed and images of this type have allowed for 

temperature measurements of the investigated flames. Narrow vertical regions of stronger 

Rayleigh signal, indicated with arrows, can be observed at the flame edges and is interpreted as 

scattering from condensed KCl.  

Further insights into image interpretation and evaluation can be obtained from profiles of 

fluorescence signals across the post-flame region. Profiles averaged over a region indicated by 

the dashed horizontal lines in Fig. 3, covering 13-20 mm above the burner, are plotted in Fig. 4 

together with temperature profiles determined by Rayleigh scattering.  

  



13 

 

 

Fig. 4. Temperature (dotted) and alkali compound profiles measured across the post-flame region in 

stoichiometric methane-air flames a) seeding of 0.5 M KCl (solid) and 0.5 M KOH (dashed) b) 0.01 M 

KCl-seeding (solid).  High alkali seeding (a) gives profiles attenuated at the flame center (position 0 

mm) due to absorption of the emitted fluorescence. The alkali fluorescence profiles have been 

compensated for gas number density to obtain profiles representing relative concentrations. 

The fluorescence signal is proportional to gas number density and the profiles have been 

compensated by multiplication with the temperature profiles in order to obtain profiles 

representing relative concentrations. Profiles for the two KCl-seeding concentrations show 

apparent differences. The 0.5 M KCl-seeding results in maximum signal at the flame edges, cf. 

Fig. 3a and 4a, where two distinct peaks can be observed. In contrast the image and profile 

measured for 0.01 M KCl-seeding, cf. Fig. 3b and 4b, show strong signal across the flame 

though with some signal decrease at the flame center, as shown in Fig 4b. The major reason for 

the observed trends is absorption of the fluorescence signal by K atoms formed in the flame 

chemistry, i.e. fluorescence trapping, during its passage through the flame. This must thus be 

considered in quantitative evaluation of the flame data, in particular at high seeding levels. 

Potassium atom levels determined from diode laser absorption spectroscopy (data not shown) 

were 1 and 0.02 ppm for 0.5 M and 0.01 M KCl-seeding, respectively. For comparison, 

broadband UV absorption measurements and evaluation of fluorescence data, discussed in the 

following, show potassium compound concentrations to be around 10 ppm for the 0.5 M flame 

and around 0.1 ppm for the 0.01 M flame. For the 0.5 M seeding trapping results in a 

transmission of the photofragmentation signal to the detector calculated to be 4%. Furthermore, 



14 

 

the trapping effect could be confirmed by comparing the signal versus KCl-seeding for the 

central region of the post-flame region, exhibiting strong trapping, and the edge region where 

the impact of trapping is lower.  

As flame chemistry produces both KOH and KCl, and both of these result in K-atom 

photofragmentation fluorescence, as shown in Figs. 2 and 3, it is relevant to discuss the 

contributions of these compounds to the observed signal. Figure 4a also shows a profile 

measured with 0.5 M KOH-seeding of the stoichiometric flame, corresponding to the image in 

Fig. 3c. Similar to the KCl profile the KOH profile shows lower signal at the center of the flame 

where the temperature has reached a stable level around 1470 K. The profiles of KOH and KCl 

shows signals at the edges that are stronger than the signal at the flame center by a factor of two 

and three, respectively. The ratio of the signals generated for KCl- and KOH-seeding is around 

2 in the central part of the post-flame region.  

The energies required for dissociation and generation of a K-atom fragment in the excited 

42P state is 5.31 eV and 5.91 eV for KOH and KCl, respectively. While the energy provided by 

193 nm photons is insufficient for excitation of K atoms from KCl into higher excited states, 

dissociation of KOH, requiring less energy than KCl, allows for generation of K-atom 

fragments in the 52S and 32D states.23 Compared with the case of KCl this would introduce 

additional emission coefficients Afi and collisional quenching rates Q in the fluorescence 

quantum yield, cf. Eq. 1. Thus, as only the 42P emission is detected the photofragmentation 

fluorescence quantum yield for KOH can be expected to be lower than for KCl.  

In addition to the comparison between KCl and KOH presented in Fig. 4a corresponding 

measurements were made in lean and rich flames of equivalence ratios Φ=0.8 and Φ=1.3. 

Photofragmentation fluorescence signals for KCl-seeded flames were on average a factor of 2.1 

stronger with variations of 15%. From the broadband UV absorption measurements, the 0.5 M 

KCl-seeding is estimated to generate about 10 ppm KCl in the post-flame region. For this 

amount of KCl, chemical equilibrium calculations at the measured temperature predicts 6-7 

ppm of KOH, i.e. about 40% of the total concentration of KCl and KOH. Diode laser absorption 

measurements indicated 1 ppm of potassium atoms in the post-flame region for both flames and 

chemiluminescence measured by the CCD camera also indicated similar K-atom levels for both 

cases. For the 0.5 M KOH-seeding, without chlorine introduced into the flame, it can thus be 

expected that ~16 ppm of KOH is formed. Considering this, the photofragmentation 

fluorescence quantum yield of KOH can be estimated to be around 40% of the yield of KCl. 

This suggests KCl to be the major signal contribution in the image measured in the KCl-seeded 
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flame for which the temperature is around 1500 K. In the KOH-seeded flame the lack of 

chlorine results in more K atoms available for formation of KOH, which becomes the major 

post-flame potassium compound. 

 The formation and distribution of KOH and KCl are temperature-dependent which also 

could affect the shapes of the profiles in Fig. 4. Formation of KCl is reportedly promoted at 

lower temperature while the formation of KOH is promoted at higher temperature.6 The larger 

difference in signal between the edge and the central part of the flame observed for KCl 

compared with KOH-seeding could also partially be due to enhanced KCl formation and 

suppressed KOH-formation in the low-temperature region at the flame edges. In addition, data 

measured in KCl-seeded flames indicate condensation in the regions of lower temperature at 

the flame edges. This is demonstrated in the Rayleigh scattering image shown in Fig. 3d, 

measured in a stoichiometric flame seeded with 1.0 M KCl-solution and showing thin regions 

of high signal, indicated by arrows, at the flame edges. The enhanced elastic scattering indicates 

formation of aerosols due to KCl condensation. Calculated vapor pressures using the HSC 

chemistry software30 are higher for KOH than for KCl, which then becomes more susceptible 

to condensation. 

Chadwick et al.11 have shown that it is possible to discriminate between NaCl and NaOH in 

photofragmentation fluorescence measurements. For both species the photofragmentation 

process produces Na atoms in the excited 32P state, resulting in emission at 589 nm. However, 

the dissociation energy of NaOH is lower and excess energy is therefore available for further 

excitation of the Na-atom fragment resulting in additional fluorescence emission for Na, for 

example at 819 nm as observed in Fig. 2b. As mentioned previously the situation is analogous 

for the potassium compounds where additional energy available after dissociation of KOH 

allows for excitation into the 52S and 32D states.23 Population of these states would result in 

fluorescence emission at wavelengths 464, 1174, and 1248 nm. The 32D→42S transition at 464 

nm is, however, rather weak with a coefficient for spontaneous emission five orders of 

magnitude lower than the 42P→42S transition.23 The 32D→42P and 32D→52S transitions at 

1174 and 1248 nm, respectively, are stronger but are located at wavelengths outside the 

sensitive range of the employed CCD detector. Thus, implementation of the concept presented 

by Chadwick et al. would likely be feasible also for KOH using detectors sensitive at near-

infrared wavelengths. The energies required for photofragmentation and creation of excited K-

atom fragments correspond to threshold wavelengths of 206.8 and 233.1 nm for KCl and KOH, 

respectively.10 Thus, a way to induce photofragmentation fluorescence of KOH only, would be 
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to use a laser wavelength longer than 206.8 nm, for which the 213 nm fifth harmonic of a 

standard Nd:YAG laser could be an appropriate choice. For NaOH photofragmentation 

Chadwick et al. have also reported on emission from excited OH-radical fragments, attributed 

to a multiphoton process as the excess energy after photofragmentation is insufficient for OH 

excitation.11 In our investigations of KOH, the fluorescence spectra do show OH lines (cf. Fig. 

2c), however no difference were observed between spectra measured in KOH-seeded or 

unseeded flames. A contribution to the OH signal from a KOH multiphoton process is therefore 

probably much lower than the OH signal obtained from photodissociation of water in the post-

flame region.  

The photofragmentation process is influenced by the laser fluence according to Eq. (3) and 

Fig. 5a presents the photofragmentation fluorescence signal versus laser fluence measured in a 

KCl-seeded stoichiometric methane-air flame.  

 

Fig. 5. a) Photofragmentation fluorescence signal versus laser fluence measured in a stoichiometric 

methane-air flame seeded with 0.2 M KCl solution. Each measurement point is an average over 300 

laser pulses and the error bars represent the standard deviation. The signal shows an essentially 

saturated trend. b) Calculated fractions of dissociated molecules versus laser fluence for KCl (circles) 

and KOH (squares). The experimental conditions for flame measurements correspond to ~800 mJ/cm2, 

which results in complete dissociation for KCl and strong dissociation for KOH. 
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The results indicate an essentially saturated signal with some scatter indicated by the error 

bars. The saturated process is confirmed in Fig. 5b, which presents results from calculations of 

the fraction of dissociated KCl and KOH molecules versus laser fluence according to Eq. (3). 

These calculations include the absorption cross section, which for KCl at 193 nm can be 

estimated to 3·10-17 cm2 from data presented by Davidovits and Brodhead.28 Corresponding 

data for KOH is, however, not available in literature but following the discussion by Sorvajärvi 

et al.21 it can be approximated with that of NaOH reported by Self and Plane29 which gives a 

value of 5.6·10-18 cm2 at 300 K. The higher cross section of KCl results in a complete 

dissociation at lower fluence levels than for KOH, which shows a slower increase in the fraction 

of dissociated molecules. While these calculations indicate that KOH does not fully reach 

complete dissociation for the experimental conditions, with laser pulse energies of around 40 

mJ in a focused laser sheet resulting in a fluence of 800 mJ/cm2, the degree of dissociation is 

above 90% and both species are considered measured under saturated conditions. 

Figure 6a shows the photofragmentation fluorescence signals, measured at the edge (open 

circles) and center (filled circles) of a stoichiometric flame, versus KCl-seeding.  

 

Fig. 6. a) Photofragmentation LIF signals versus KCl-seeding concentration in a stoichiometric 

methane-air flame. The signal measured at the flame boundary (open circles) is directly proportional 

to the seeding concentration while that measured in the flame center (filled circles) shows a weaker 

increasing trend due to signal absorption. b) KCl concentrations measured by LIF (circles) and UV 

absorption (squares) versus KCl-seeding concentration in stoichiometric flame.  
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As referred to previously, the signal at the flame edge is directly proportional to the seeding 

concentration, resulting in a slope close to 1 in Fig. 6a, whereas the signal at the flame center 

shows a weaker increasing trend with seeding concentration due to fluorescence trapping. 

Absorption spectroscopy was used to quantify the amount of seeded KCl converted into gas-

phase KCl in the flame and post-flame region. Figure 6b shows the KCl-concentrations 

measured by absorption and photofragmentation fluorescence in the post-flame region of a 

stoichiometric flame versus KCl-seeding level. Concentrations evaluated from averaged 

fluorescence data according to Eq. (1), i.e. compensated for fluorescence trapping, for an 

estimated laser sheet thickness of 200 µm are in good agreement with results from absorption 

measurements. Note, that both measurements result in concentrations considerably lower than 

the KCl-seeding input concentrations of the reactant mixture, plotted on the abscissa, indicating 

losses of KCl-solution via the burner drain as well as due to precipitation and deposits in the 

burner system. Quantitative measurements are thus feasible and the accuracy is determined by 

uncertainties in the quantities of Eq. 1. Uncertainties related to calibration of the signal 

collection and determination of the laser sheet cross section area can be minimized and 

estimated with thorough experimental design. The laser pulse energy for the Rayleigh scattering 

and the width of the focused laser sheet can both be determined with accuracies on the order of 

5%. The collisional quenching and fluorescence trapping however introduce uncertainties more 

challenging to assess. Determination of the collisional quenching rate requires knowledge on 

temperature as well as the concentrations of the major species of the flame and their collisional 

quenching cross sections. The accuracy of the quenching rate is thus in turn dependent on how 

accurate these parameters are known, as an example the quenching rate calculated for premixed 

methane-air flames on the investigated burner configuration varies by 10% for equivalence 

ratios between Φ=0.8 and Φ=1.3. The fluorescence trapping requires accurate determination of 

K-atom concentrations, which can be achieved using sensitive absorption techniques. Under 

the investigated conditions a change in K-atom concentrations of 10% result in a relative change 

in trapping factor of 5-7%. With experimental uncertainties of these magnitudes the uncertainty 

of the measured alkali compound concentrations can be estimated to 15-20%.  

Imaging measurements are particularly valuable for studies of non-stationary conditions 

requiring single-shot measurements, exemplified by images measured in KCl- and KOH-seeded 

flames shown in Fig. 7a and b.  
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Fig. 7. Single-shot photofragmentation fluorescence images measured in stoichiometric methane-air 

flames seeded with potassium compounds a) 0.5 M KCl b) 0.5 M KOH. 

c) Detection limit determined for a signal-to-background ratio of 3 in KCl-seeded flames for images 

averaged over 300 pulses (circles) and single-shot images (squares). 

The image of KCl (Fig. 7a) has a signal-to-noise ratio of about 300 while for the KOH image 

(Fig. 7b) it is about 170. The detection limit is, however, determined by the relation between 

the fluorescence signal and the background radiation from excited K-atoms formed in the flame. 

An analysis of the detection limit for a signal-to-background ratio of 3 in KCl-seeded flames 

and an image spatial resolution of 0.7 mm is shown in Fig. 7c. For measurements at post-flame 

KCl concentrations of a few ppm and data averaged over 300 laser pulses the lower detection 

limit is on the order of 0.5 ppm. However, for high seeding levels and a higher background of 

excited K atoms the detection limit instead approaches 3 ppm. Similar analysis for single-shot 

data shows detection limits of 1 and 5 ppm, respectively, for measured post-flame 

concentrations. These detection limits, estimated under conditions with a background 
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consisting of alkali emission, are obviously higher than values of 0.1 ppb reported for NaCl and 

KCl measured in low-background experiments carried out in cells at lower temperatures than 

in a flame environment.10, 11 

Figure 8 demonstrates that it is possible to carry out simultaneous single-shot 

photofragmentation fluorescence measurements of two relevant alkali components: KCl and 

NaCl, in a fuel mixture within a context of combustion in biomass and waste-fired boilers.  

 

Fig. 8. Fluorescence image (top) with signals from K (left) and Na (right) atoms measured 

simultaneously using a stereoscope in a stoichiometric premixed methane-air flame with 1.5 M KCl-

/NaCl-seeding. An intensity profile, integrated over the region between the horizontal white lines, is 

shown below. 

The fluorescence image was measured in a flame seeded with a mix of 50% 3 M NaCl and 

50% 3 M KCl solution utilizing a stereoscope with band-pass filters for detection of K atoms 

(766 nm) and Na atoms (589 nm). Signals from K (left, blue) and Na (right, orange) atoms both 

show a shape mimicking the cone of the flame obtained without the stabilizer mounted above 

the burner. Even though similar in shape, the signals originate from the two different species 

without cross-talk between the detection channels, which was confirmed by measurements for 

seeding of KCl and NaCl separately. Gas-phase KCl and NaCl are detected on the inner part of 

the cone while stronger signals are obtained on the edges due to lower temperature resulting in 

higher gas density, enhanced formation of chlorides, and possible condensation. While the 

signals at the edges for the two species are of similar magnitude, KCl shows a signal a factor 

of ~1.5 stronger inside the cone. The signal is dependent on the concentration N as well as the 

spontaneous emission coefficient Afi (cf. Eq. 1), which for Na atoms is 1.3·108 s-1 while the 

corresponding values for K atoms is 3.8·107 s-1.31, 32 Since signals have been compensated for 

the detector response at the detection wavelengths, the emission coefficient and the signal ratio 
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suggest KCl concentrations a factor of ~5 higher than NaCl in the post-flame region under this 

experimental condition.  

The presented imaging technique in combination with the earlier findings from Oldenburg 

et al.10 and Chadwick et al.11 can help in the quantifying and visualizing where the different 

alkali species are formed in the combustion process. Potentially this could be useful in 

fundamental investigations to characterize co-combustion of coal and biomass fuels containing 

sodium and potassium, respectively. The mitigation of alkali-related problems such as high-

temperature corrosion, slagging and fouling, that are due to the increased use of biomass fuels 

of different quality regarding alkali and chlorine33, 34 demands methods that has the possibility 

of detecting KCl and NaCl, as demonstrated for this set-up. 

CONCLUSIONS 

Laser-induced photofragmentation fluorescence can be used for imaging detection of alkali 

chlorides such as KCl and NaCl and for alkali hydroxides such as KOH with high sensitivity. 

The application of high-power UV pulses from excimer lasers for photofragmentation allows 

saturated photodissociation, independent on absorption cross section, to be achieved. 

Quantitative KCl concentrations up to 20 ppm were evaluated from the fluorescence data and 

KCl detection limits of 0.5 and 1.0 ppm were determined for averaged and single-shot imaging 

data, respectively. The method can be employed for detailed studies in laboratory flames to 

validate chemical kinetic models, and from a fundamental point of view help to increase 

knowledge and understanding on the fate of alkali-formation from fuel to flue gas in biomass 

combustion.  
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ABSTRACT 

A novel design of alkali chloride vapour-generating system has been developed, which can 

serve as a calibration cell for quantitative ultraviolet absorption concentration measurements 

and meticulous spectral investigations of alkali chloride compounds. The calibration cell was 

designed to provide alkali vapour of well-controlled concentrations and temperatures and 

consisted of a sealed quartz cell measuring 0.4 m in length with a temperature-controlled 

reservoir containing solid alkali salt. The cell was placed in a furnace and the generated alkali 

vapours have direct access to the measuring chamber. Investigations of potassium chloride 

(KCl) were made on sublimated vapour at temperatures 650, 700, 750, 780 and 800 °C while 

the reservoir temperature was kept 50 °C lower to avoid condensation. The cell provides stable 

KCl vapour pressures and the furnace provides a homogenous temperature profile along the 

cell. KCl vapour pressures are well characterised and conform the base for determination of 

the KCl concentration in the cell. The alkali chloride levels matched the concentration range 

of the absorption setup and indicated a previously employed calibration method to overestimate 

KCl concentrations. The KCl absorption cross-sections for wavelengths λ = 197.6 nm and λ = 

246.2 nm were calculated to 3.4×10-17 and 2.9×10-17 cm2/molecule, respectively. The 

absorption cross-section spectra did not show any structural differences with increasing 

temperature, which could indicate influence of dimers or changes of the population in the KCl 
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vibrational states. The KCl absorption cross-sections did thus not show any temperature 

dependence in the temperature region of 700 – 800 °C. Moreover, the applicability of the 

calibration cell for characterization of other alkali chlorides and hydroxides is discussed.   

 

Keywords: UV Absorption Spectroscopy; Sublimation; KCl; IACM; DOAS; Hydroxides; 

Alkali Vapour Pressure 
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1. Introduction 

Formation of harmful corrosive alkali compounds during combustion makes measurements of 

alkali chlorides or hydroxides in the flue gas of biomass-fired boilers of strong interest. Such 

measurements are relevant for fuel-quality assessments in terms of alkali-chloride formation 

[1], operating conditions adjustments, and also the monitoring of the effects of alkali chloride 

reduction concepts, e.g. by addition of suitable additives [2, 3]. Measurements can be 

performed with different optical or spectroscopic techniques and Monkhouse [4] have made a 

thorough review of online measurements using such methods on alkali metal species. While 

quantitative species concentrations in principle can be achieved by evaluation of measurements 

using literature data for necessary physical quantities, e.g. absorption cross sections, for many 

cases calibration under well-defined experimental conditions is necessary. For example, there 

might be a lack of data for relevant species such as an absorption cross section for potassium 

hydroxide as reported by Sorvajärvi et al. [5]. New techniques developed for flue gas 

measurements, such as the LIDAR concept for KCl detection [6], also require calibration for 

accurate quantitative measurements. Moreover, extension of instruments based on broadband 

absorption such as the In-situ Alkali Chloride Monitor (IACM) [7, 8] to incorporate additional 

alkali species also call for the possibility to measure well-defined reference spectra. There is 

thus a demand for development of a suitable calibration cell to produce spectra of different 

alkali compounds under well-controlled conditions that can subsequently be used to carry out 

reliable quantitative determination of concentrations. This type of calibration cell also 

facilitates the possibility to carry out detailed spectroscopic studies of how the absorption cross-

section of different solid alkali compounds varies due to temperature and formation of dimers.      

Three different designs of high-temperature calibration cells for alkali compounds at 

atmospheric (open cell) and lower pressures (sealed cell) from the literature have been studied 

and are briefly described below. Grosch et al. [9] have developed a high-temperature open flow 
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cell for reactive gases at temperatures up to 530 °C. This flow cell allows for high-resolution 

spectroscopic measurements in the ultraviolet (UV) and infrared (IR) spectral regions (190 – 

20 000 nm). Vattenfall Research and Development AB has developed and patented an In-situ 

Alkali Chloride Monitor (IACM) [7] and designed a calibration cell [8] for this instrument. 

This calibration cell operates at atmospheric pressure where solid potassium chloride is 

vaporized at 781 °C and the KCl vapour is subsequently diluted with N2 and transported to a 

measuring chamber. The diluted KCl vapour is super-heated to 860 °C on its way to the 

measuring chamber where the concentration is evaluated. Davidovits and Brodhead [10] report 

on a sealed evacuated cell made of quartz with a diameter of 20 mm and a length of 20 mm 

where a sealed-off tip functions as a salt reservoir. The cell is placed in a furnace with additional 

heaters for the cell windows and the temperature of the salt reservoir is controlled by a 

conduction cooling rod. To avoid condensation, the salt reservoir is kept at a temperature of 

about 10 °C lower than that of the cell. Measurements were carried out on alkali halide vapours 

where investigations of potassium- and sodium chloride vapours are relevant for this work [10].   

Nevertheless, there is need for a calibration cell that generates vapours from alkali compounds 

at stable, well-defined concentration levels, and allows for optical measurements at well-

controlled temperatures, which has motivated this research. The working hypothesis of this 

study is to verify that the new design of the calibration cell is fit for purpose.  

A novel calibration cell is presented in this paper, which is based on a cold-finger arrangement 

and offers the possibility to generate sublimated vapour of KCl or other alkali compounds. 

Vapour is generated from a solid sample located in a small reservoir and the vapour pressure, 

controlled by the reservoir temperature, determines the concentration of the compound in the 

cell. The KCl vapour pressure in the cell can in turn be monitored at different pre-defined 

temperatures.  
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The outcome from this study is convincing and the design can be used for investigations of 

other solid chemical components, which are of relevance for, in this particular case, biomass 

and waste combustion. The calibration cell presented in this paper is stable and robust, which 

facilitates handling and experimental reproducibility, which in turn result in accurate and 

reliable calibration data. 

2. Experimental  

2.1 The calibration cell 

The calibration cell, schematically shown in Figure 1a, was made of a quartz tube with outer 

and inner diameters of 30 and 27 mm, respectively. Windows made of quartz (SILUX® 3) were 

fused onto each end of the tube at an angle of 45 degrees. The optical path length at the centre 

line of the cell is 400 mm and a salt reservoir, containing around 2 g of crystalline KCl 

(EMSURE®, 1.04936.0500), was placed at the centre part of the cell. Before sealing the cell, 

the pressure inside the cell was brought down to vacuum (1.33·10-4 Pa) and it was then filled 

with argon to a pressure of 100 Pa at room temperature. Precise control of the KCl salt 

temperature is crucial for the performance of the calibration cell and a special design is adopted 

in this work. In order to achieve precise and independent control of the temperature of the salt 

reservoir enclosed in the calibration cell, two quartz tubes were fused together to build up a 

double-jacketed tube structure for cooling.  The cooling tube was subsequently fused together 

with the cell in such a way that the salt reservoir ended up in the centre of the cooling tube (cf. 

Figure 1a). This permits keeping the salt at a controlled temperature during the experiments by 

regulating a suitable flow of N2 through the cooling tube.  

Before the cell was placed into the furnace, eight thermocouples (type K) and a Swagelok 

connector for the cooling gas were mounted onto the cell. Six thermocouples were mounted 

along the side of the cell with two in the centre (position 2, Figure 1b) and two at each end 
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(positions 1, 3, Figure 1b). Three of these thermocouples were used to monitor the cell 

temperature while the remaining three were used by the temperature regulators to control the 

temperature in the furnace and consequently the cell temperature. Two thermocouples (position 

4, Figure 1b) were used to measure the salt (KCl) reservoir temperature, one was mounted 

together with the Swagelok connector (not shown in Figure 1b) that supplies the cooling gas to 

the cell, while the other was inserted into the cooling tube from the opposite side.  

The thermocouples used for measure cell temperature were connected to a logger system 

together with the thermocouples connected to the cold and warm side of the salt reservoir. The 

cold side of the salt reservoir is the wind side (to the right side of the salt reservoir shown in 

Figure 1a) and the warm side is the lee side (to the left side of the salt reservoir shown in Figure 

1a). 

The logger system included a standard computer connected to a Hydra data acquisition unit 

2620A (Fluke). The calibration cell was equipped with supporting legs to keep its position in 

the furnace stable, as shown in Figure 1b and in Figure 2.2b presenting the calibration cell in 

the furnace. 
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Figure 1a. Detailed schematic of the calibration cell. b. Photo of the calibration cell with the 

locations of the thermocouples mounted on the calibration cell. 

2.2 The furnace 

Figure 2a shows a principle sketch of the furnace with its temperature-controlling device, 

optical set-up and calibration cell. Figure 2b shows the calibration cell when it is placed in the 

furnace. The furnace was constructed as follows: three pieces of Kanthal D wires with an equal 

length of 15 m and a diameter of 1 mm were cut from a cable reel. The resistivity of the wire 

was 1.733 Ω/m, which gave a total resistance of 26 Ω in each piece and subsequently total 

power of 6 kW (3×2 kW) for the furnace at an applied voltage of 230V. The electrical wires 

were manually wound one by one around a steel rod to form a spring-like heating element. A 

stainless steel pipe was connected at the wire ends of each heating element to provide a low 

ohmic connection between the heating wire and the wire from the power supply. The heating 

elements were evenly distributed around a 670 mm long quartz tube with an internal diameter 

of 100 mm to create three individually controlled heating zones (Figure 2c). The quartz tube 

with the heating elements was insulated with a 10 cm thick layer of durablanket (Fiberfrax) 

and then placed in a box built of 5 cm thick building blocks of duraboard (Fiberfrax). The 

temperature-controlling device for the furnace was built up with the following components: 

three-phase residual-current device, three fuses, a safety switch, three solid-state relays, three 

power controllers, three PID temperature controllers, and three current indicators. The power 

controllers were included to enable individual adjustment of the current to each heating element 

since the solid-state relay works on an on-off basis. 
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Figure 2a. Schematic of furnace, temperature control, calibration cell, and equipment for UV 

absorption spectroscopy. 1. UV light source, 2. Aperture, 3. Parabolic mirror, 4. Aperture, 5. 

Calibration cell 6. Furnace with temperarure controll equipment, 7. Detector (collimator), 8. 

Optical fibre, 9. Spectrometer, 10. Blue thooth connection between the spectrometer and the 

computer, 11. Standard computer b. Photo showing the calibration cells location in the 

furnace. c. Photo showing the heating elements wound around the quartz tube forming the 

furnace chamber. 
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2.3 The absorption spectroscopy set-up 

Absorption measurements on KCl vapour generated in the calibration cell were performed 

using an amended version of the IACM instrument [7] arranged in the experimental set-up 

shown in Figure 2a. The amendments consist of the following changes: the xenon lamp has 

been replaced by a deuterium lamp; a lens and a spherical mirror have been replaced by two 

parabolic mirrors, where one of the parabolic mirror (collimator) is equipped with an SMA 

connector for the optical fibre. 

UV light from a high-intensity (150 W) source (1), (L1314, Hamamatsu), was radiated through 

an aperture (2) and collimated by a 2-inch, 90° off-axis parabolic mirror (3) with UV-enhanced 

aluminium coating and a reflective focal length of 6 inch (Thorlabs). The collimated UV light 

beam subsequently passed through another aperture (4) and through the quartz windows on 

each side of the calibration cell (5), which in turn was located in the furnace (6). The transmitted 

light was collected in an UV-enhanced aluminium reflective collimator (7) with a diameter of 

12 mm and an SMA connector for an optical fibre (Thorlabs). The collected UV light was then 

transferred through the optical fibre (8) (FC-UV600-0.5-SR, Azpect Photonics) and 

subsequently dispersed in a spectrometer (9) (AVABENCH-75-2048, Azpect Photonics) with 

an entrance slit of 50 µm width and a grating with 2400 grooves/mm. A Bluetooth device (10) 

(WCS-232, SystemBase) was used to transfer the data from the spectrometer to the computer. 

The collected spectrum was evaluated in a standard computer (11) by means of the Differential 

Optical Absorption Spectroscopy (DOAS) technique [11] to retrieve the KCl concentration in 

the calibration cell. 

2.4 The calibration of the thermocouples 

Prior to the absorption measurements on KCl vapour the thermocouples were calibrated 

together against a reference thermocouple, which in turn had been calibrated according to EA-

4/02 standard. The calculated expanded uncertainty for all calibrated temperatures has been 
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determined to be ± 0.7 °C, which had been carried out earlier at a certified laboratory (Pentronic 

AB). The experimental system was calibrated for five temperatures: 600, 650, 700, 730 and 

750 °C. The calibration started at 750 °C and was progressively lowered down to 600 °C before 

the calibration process ended. Each temperature was stabilized during a time span of two hours 

before the reference thermocouple was compared with the other thermocouples in the system. 

2.5 Preparation and performance of the experiment 

Placement of the cell into the furnace 

The cell was placed in a central position in the furnace (cf. Figure 2b) and the hose that supplied 

the cooling medium was connected. Two insulating end plugs, each with a hole for the UV-

beam to pass through the furnace and the cell were placed at the ends of the furnace to minimize 

heat losses. The optical measurement system consisting of the UV-light source, optical 

components, and spectrometer was then placed at the respective end of the furnace and as a 

final step the UV-light beam was aligned through the cell. 

Execution of the measurements 

Five different saturated vapour pressures of KCl were generated by keeping the salt reservoir 

at five different temperatures (600, 650, 700, 730 and 750 °C). The trials were randomized to 

avoid any systematic errors. A measurement was performed in the following steps: 

 The experiment was started by setting the selected temperature on each temperature 

controller. Once the cell temperature had reached the set point value it was kept there 

for approximately one hour for temperature stabilization while the temperature on the 

salt reservoir was kept at 300 °C, by regulating the cooling gas flow. 

 A reference and a background spectrum was collected after one hour and uploaded 

into the evaluation software; thereafter, the UV absorption measurements by means of 
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the IACM instrument were made continuously during a time period of about two 

hours with spectra measured every 10 s. 

 The temperature of the salt reservoir was adjusted by the flow of the cooling medium 

to the selected temperature and was kept there for two hours to allow the vapour 

pressure of the KCl inside the cell to reach thermodynamic equilibrium.  

 The temperature of the salt reservoir was brought down to 300 °C by cooling the salt 

reservoir with compressed air. Once the KCl concentration had reached 0 ppm, at 300 

°C the experiment was considered completed and a new set point was added to the 

temperature controllers. 

2.6 Determination of the KCl vapour pressure  

The partial pressures of the KCl monomer and the K2Cl2 dimer in the calibration cell have been 

determined from measured vapour pressures at different temperatures presented in literature 

[12] that have been used to fit coefficients A, B and C in the Antoine equation [13] (Eq. 2.1).  

 

 
ln 𝑝 = 𝐴 −

𝐵

𝐶 + 𝑇
 

(2.1) 

 

The coefficients were fitted in Excel using the LINEST function and Eq. (2.1) allows to 

calculate the vapour pressure at different temperatures, where p [Pa] represents the vapour 

pressure and T [K] the temperature. The coefficients were determined as: A = 11.35, B = 

3659.18 and C = -581.64. 

The same procedure was used to determine the Antoine coefficients A, B and C for K2Cl2 

vapour pressures using data at corresponding temperatures from literature [12]. The 

coefficients for K2Cl2 were determined as: A = 10.96, B = 3874.74 and C = -600.21.  
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Vapour pressures thus calculated by Eq. 2.1 have also been compared with vapour pressures 

calculated with the commercial HSC Chemistry 7.1 software [14] based on extensive 

compilation of thermochemical data therein.  

 

In addition, the vapour pressure was calculated utilizing the Clausius-Clapeyron equation (Eq. 

2.2): 

 

 
𝑝2 = 𝑝1𝑒𝑥𝑝 (−

∆𝐻𝑠𝑢𝑏
𝑅

(
1

𝑇2
−
1

𝑇1
)) 

(2.2) 

 

The Clausius-Clapeyron equation is an approximation where it has been assumed that the 

vapour volume is much larger than the solid volume, ΔHsub is constant in the measuring 

temperature region and finally the KCl vapour behaves as an ideal gas [13]. In equation 2.2 

ΔHsub represents the sublimation enthalpy, R is the universal gas constant, p1 and T1 are the 

pressure and temperature at state 1, T2 is the temperature at state 2 and p2 is the calculated 

vapour pressure at state 2. The input data for state T1 = 900 K,  p1 = 1.04 Pa and the sublimation 

enthalpy ΔHsub = 211716 J/mol  retrieved from literature [15] are based on best fit. 

2.7 KCl spectral simulations 

The vibrational and rotational energy level structure of the KCl ground state was calculated 

using the PGOPHER [16] software  with molecular constants obtained from Barton et al. [17] 

Spectral simulations at different temperatures provided energy level population fractions and 

allowed for analysis of population redistributions between vibrational levels. 
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3. Results and Discussion 
 

Figure 3 presents salt reservoir temperature kept at 730°C and the calculated KCl vapour 

pressure in the calibration cell, which was evaluated at a temperature of 780 °C, versus time 

during the experiment. In the following the used calibration cell temperatures will be presented 

as salt reservoir temperature/cell temperature (730/780 °C). 

 

 

a) 

 

b) 

Figure 3 a. Salt reservoir temperature (solid line) and its corresponding KCl vapour pressure 

(dashed line) measured in the calibration cell at 730/780 °C. b. Close-up plot added to clearly 

show small variations in temperature and KCl vapour pressure in the cell during the 

measurement. The vapour pressure was calculated every minute and the temperature was 

measured every minute. 
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The salt reservoir temperature between minutes 90 – 200 (cf. Figure 3a) is rather stable at 730 

°C, except for three minor adjustments of less than 1 °C, cf. Figure 3b. These three adjustments 

were made at minutes 105, 120 and 160. The average salt temperature during the experiment 

was 729.9 °C with a standard deviation of 0.17 °C and a maximum and minimum temperature 

of 730.4 and 729.6 °C, respectively. The three salt temperature corrections also affected the 

KCl vapour pressure in the cell, as shown in Figure 3a and more in detail in Figure 3b. The 

KCl vapour pressure calculated in the cell during the experiment was on average 14.3 Pa with 

a standard deviation of 0.05 Pa and maximum and minimum vapour pressures of 14.5 and 14.2 

Pa, respectively. The oscillations in the salt temperature before (minutes 0 – 60) and after 

(minutes 205 – 230) the experiment were due to temperature changes in the compressed air 

used as a cooling medium on these occasions. These oscillations were avoided during the 

experiment by switching from compressed air to N2. However, the salt reservoir temperature 

and subsequently the KCl vapour pressure in the calibration cell could be even better stabilized 

with an automatic temperature controller instead of manual control (adjusting a needle valve), 

as was the case for this experiment. This was verified during the last 30 minutes (minutes 175 

– 205) of the experiment when very stable operation was achieved (cf. Figure 3b). During 

minutes 175 to 205 the average salt temperature was 729.9 °C with a standard deviation of 0.07 

°C and the difference between the maximum and minimum temperature was 0.3 °C. The 

average KCl vapour pressure during the same time span was 14.3 Pa with a standard deviation 

of 0.02 Pa, i.e. on the order of 0.14 %, and a difference between a maximum and minimum 

concentration of 0.1 Pa. Thus, the cell is able to maintain very stable KCl concentration levels 

at desired temperature. 
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Figure 4. Temperature on the left side of the cell (line with triangles), in the middle (line with 

diamonds) and at the right side (line with dots) in the calibration cell during the experiment. 

Figure 4 shows the temperature measured at three locations on the cell: the left end, the middle 

and the right end when the temperature in the cell was set to 780 °C. Initially, with sufficient 

cooling flow to maintain the reservoir temperature at temperature 300 °C the temperatures in 

Figure 4 follow values set by the temperature controllers of the furnace. The experiment started 

around minutes 60 when the cooling flow was reduced and switched to N2 to obtain a reservoir 

temperature of 730 °C, sufficient for generation of detectable vapour but still 50 °C lower than 

the cell to avoid condensation in the measuring chamber. At this time the temperature at the 

right end (line with dots) and in the middle (line with diamonds) started to decrease and 

increase, respectively (cf. Figure 4). This is presumably due to two separate reasons. Firstly, 

the thermocouples mounted on the cell might be too close to the pipe that cools the salt reservoir 

since the pipe is not provided with any radiation shield (cf. Figure 1b). This might change the 

temperature profile in the vicinity of the thermocouples, which control the temperature in the 

furnace. Radiation from the heating elements heating the furnace in combination with reduced 

losses from the cooling tube is believed to be the cause for the temperature drop in the right 

part of the calibration cell at minutes 60 (cf. Figure 4). Secondly, it seems probable that the 

heating zones in the furnace are close enough to influence each other. During experiments it 

has been observed that the middle temperature controller of the furnace has not been able to 

follow the set point. The middle temperature has been around 10 °C too high in each experiment 
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as can be observed in the corresponding profile at minutes 60 in Figure 4 and is probably due 

to heating from the surrounding zones.  

However, the slight temperature difference of 12 °C between the middle point and the ends is 

acceptable. This corresponds to a relative difference in absolute temperature on the order of 

1% and a corresponding change in gas density and absorbance in the cell. Thus, the cell 

temperature is sufficiently homogenous for calibration measurements under well-defined 

conditions.  

 

a) 

 

b) 

Figure 5a. Reference- and measured spectra at cell temperatures of 600/650, 650/700, 700/750, 

730/780 and 750/800 °C during experiments. Each spectrum is an average of 200 sampled 

spectra. (rf = reference spectrum and ms = measured spectrum, numbers behind ms indicate 

the cell temperature). b. Absorbance spectra for cell temperatures 650 (line with diamonds), 

700 (line with triangles), 750 (line with squares), 780 (line with dots) and 800 (line with 

crosses) °C. The symbols have been inserted to help spectrum identification in the plot. 
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Reference spectra were sampled when the salt reservoir was kept at low temperature (about 

300 °C) and no absorption was expected. The reference spectrum (rf) in Figure 5a is an average 

of such spectra sampled at cell temperatures 650, 700, 750, 780 and 800 °C. The measured 

spectra (ms) shown in Figure 5a were sampled when the salt reservoir temperature was kept at 

600 (599.1), 650 (650.0), 700 (700.1), 730 (729.9) and 750 (749.6) °C, i.e. 50 °C below the 

corresponding cell temperature, resulting in sufficient vapour in the cell for absorption.  

The absorbance spectra of KCl in Figure 5b obtained for different salt temperatures have been 

evaluated in the following way: firstly, a normalized spectrum is obtained by calculating the 

measured spectrum minus the background spectrum divided by the reference spectrum minus 

the background spectrum. Secondly, the negative natural logarithm of the resulting spectrum 

is calculated. The noise appearing in the raw data shown in Figure 5a is mostly caused by the 

uneven response of the pixels in the CCD detector of the spectrometer. The noise disappears 

once the measured and reference spectra have been divided with each other, as per the 

absorbance spectra in Figure 5b. It is shown in Figure 5b that gas-phase KCl has two major 

absorption regions: region 1, 200 – 220 nm and region 2, 230 – 300 nm as discussed by 

Davidovits and Brodhead [10]. The absorbance in region 2 at temperatures 650 °C and 800 °C 

corresponds to ~10% and 85% absorption of light through the cell and the KCl concentration 

is evaluated in this region by means of differential optical absorption spectroscopy (DOAS) 

[11]. The absorption measurements performed with this set-up at a cell temperature of 650 °C 

with the corresponding salt reservoir temperature at 599.8 °C results in a maximum absorbance 

of 0.04 and sets the lower detection limit for this measurement system (cf. Figure 5b).    

 

 

The vapour pressures in the calibration cell and subsequently the KCl concentration are based 

on 38 vapour pressure data points in the temperature region of 576 – 766 °C obtained from 
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literature [12]. The Antoine equation Eq. 2.1 with its coefficients was derived from the 

literature data and used to calculate the vapour pressure of KCl at reservoir temperatures: 600 

(599.8), 650, 700 (700.2), 730 (729.9), and 750 (749.6) °C. For comparison, vapour pressure 

calculations were also made with the Clausius-Clapeyron equation and the HSC Chemistry 7.1 

software [14]. The results from these calculations are presented in Figure 6 together with the 

experimental raw data [12] used to fit the Antoine equation coefficients. 

 

 

Figure 6. KCl vapour pressure calculated by the Clausius-Clapeyron equation (vp C-C, 

triangles), calculated by the Antoine equation determined by the literature data (vp Antoine, 

diamonds), of the raw data used to determine the Antione constants (vp Raw data, dots) and 

calculated by a commercial software (vp HSC, squares). Data (5 points) from the performed 

experiment are marked with black larger diamonds. 

 

Figure 6 shows that all calculations and the original experimental data of van der Kemp agree 

well with each other up to temperature 640 °C. At around 660 °C the values obtained from the 

Clausius-Clapeyron equation start to deviate and appear higher than those of the other 

calculations. Since the Clausius-Clapeyron equation is an approximation it is reasonable that 

its values deviate from the rest. When the temperature reaches around 700 °C it can be seen 

that the experimental data starts to fluctuate more than previously. However, with the exception 

of the three highest vapour pressure measurements at 730 °C, it can be seen that the calculations 
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by the Antoine equation and the HSC software follow the experimental data. Thus, KCl vapour 

pressures in the investigated temperature regime are well characterized. 

 

Nevertheless, thorough vapour pressure measurements in the temperature region of 700 – 750 

°C could improve the accuracy of the experimental data further. That would lead to increased 

accuracy and reliability for the calculated vapour pressure and subsequently the determined 

KCl concentration in the cell. In the following the Antoine equation, based on experimental 

data, has been used to calculate the vapour pressures in the cell. From Figure 5b it can be seen 

that the absorbance measured for cell temperature 600/650 °C indicates the detection limit for 

the present experimental configuration. From Figure 6 it can be seen that this corresponds to a 

vapour pressure of less than 1 (0.3) Pa. Improved sensitivity could be achieved using multiple 

passages through the cell to increase the absorption path length. 

Calculated KCl vapour pressures in the cell at the investigated reservoir temperatures are 

shown with the circle symbols in Figure 7. 

 

 

Figure 7. KCl vapour pressure from all experiments, obtained by IACM (KCl vp IACM, line 

with squares), and calculated by the Antoine equation, Eq. (2.1) (KCl vp cell, line with dots). 

Each measurement has been assigned its proper error bar. The error bars for KCl vp IACM 

are so small that they are covered by their symbol. Details are given in the main text. 
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The uncertainty in the salt reservoir temperature directly affects the accuracy of the calculated 

KCl vapour pressure in the calibration cell and thermocouple calibrations indicate an 

uncertainty in measured temperatures of 5 °C. In addition, a possible positive temperature 

offset of 15 °C, caused by the movement of the thermocouple that measured the salt reservoir 

temperature, was identified. During a set of measurements, it was found that the thermocouple 

had moved away from the salt reservoir, possibly due to thermal expansion in the thermocouple 

originating from the randomized trials where the salt reservoir experiences temperature 

changes between 300 – 450 °C. These temperature changes occur at the beginning of an 

experiment (increasing the salt reservoir temperature) and at the end of an experiment 

(decreasing the salt reservoir temperature). The problem was solved by inserting a thin metal 

wire in the cooling pipe from the opposite side to that of the thermocouple and connect it to the 

thermocouple. This made it possible to pull the thermocouple back and place it in position 

before a new experiment was started. On a few occasions it was observed that the reservoir 

temperature reading dropped about 10 – 15 °C when the thermocouple was pulled back by 

means of the metal wire. Thus, such shift in thermocouple position could potentially mean that 

the reading provides an overestimation of the reservoir temperature and vapour pressure. A 

correct salt reservoir temperature results in a correctly determined vapour pressure, which is 

subsequently used to produce a calibration spectrum. An overestimated salt reservoir 

temperature due to the offset in thermocouple position as outlined above results in an 

overdetermined vapour pressure. The combined effects of thermocouple uncertainties and the 

temperature offset were investigated in evaluations assuming a salt reservoir temperatures 15 

°C lower and 5 °C higher than the thermocouple reading. The results are indicated by the error 

bars in Figure 7 showing KCl vapour pressures to be either over predicted by 23 – 49% or 

under predicted by 8 – 23% with the largest relative errors obtained for the lowest temperature.  
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The IACM instrument has been used to measure KCl concentrations, which have been 

recalculated to vapour pressures in the calibration cell and the results are shown as square 

symbols in Figure 7. The measured KCl vapour pressures are about 75 – 100% higher than 

those determined from calculations with the largest error referring to the lowest 

temperature/vapour pressure. The differences are significantly higher than the uncertainties 

estimated for the cell vapour pressures as described above and is probably related to the original 

calibration procedure on which the absorption evaluation is based [8]. In the evaluation the 

measured spectrum is fitted to a calibration spectrum measured during continuous evaporation 

of a certain mass of KCl transported through a calibration cell placed in a furnace [8]. Possible 

sources of error are salt losses during transport to the cell, a non-uniform temperature profile 

in the furnace, and pressure build-up in the calibration cell. During operation of this previous 

calibration equipment it has been noticed that absorption spectra on occasion show traces of 

previously measured compounds, which indicates that salt vapour can stick to the walls of the 

tube, which transports a gas-mixture of N2 and vaporized KCl to the measuring chamber. A 

temperature gradient in the calibration cell will result in a density gradient of KCl molecules, 

which introduces a bias in absorption towards low-temperature high-density regions. Even 

though the calibration cell is built of aluminium oxide, the KCl vapour might induce corrosion 

in the surrounding steel tubes. Corrosion products could potentially lead to a pressure increase 

in the cell, which is assumed to have atmospheric pressure during normal conditions, resulting 

in an excessively high absorption spectrum and in turn a too low concentration value for the 

calibration spectrum. 

 

Uncertainties due to salt losses, non-uniform temperature profile and pressure build-up in the 

previous calibration cell have been considered for and are avoided in the newly developed 

calibration cell presented in this article. Salt losses are avoided in the sealed cell and the salt 



22 
 

reservoir has been made the coldest point of the cell, which determines the vapour pressure. 

Any wall effects, which result in a pressure drop, will automatically be corrected by the vapour 

pressure set according to the salt reservoir temperature. In this design, pairs of thermocouples 

mounted on the cell at the ends and in the middle for combined control and measurements of 

the temperature ensures that inhomogeneity in cell temperature and accordingly vapour number 

density is minimized, which then renders a reliable absorption spectrum. The only pressure 

build-up in the calibration cell originates from the Argon, increased from 100 Pa at room 

temperature, and the pressure of KCl and K2Cl2 vapours at the cell temperature. This avoids 

unknown pressure build-ups. The new calibration cell has been operated at salt reservoir 

temperatures of 600, 650, 700, 730 and 750 °C and repeated measurements in randomized 

orders give reproducible calibration spectra evaluated to the same vapour pressures.   

A factor for consideration when comparing calculated and measured KCl vapour pressures in 

the cell is the formation of the dimer K2Cl2. For the investigated temperatures the vapour 

pressure of this compound is around 20% of that of KCl [12] and the small dimer contribution 

to the total pressure is thus negligible. The dimer possibly contributes to the UV absorption 

spectra as suggested by Davidovits and Brodhead [10]. However, this could likely not explain 

the overestimation of KCl vapour pressures when evaluating the cell spectra using the IACM 

evaluation procedure since it is based on fit to a calibration spectrum measured on vaporized 

KCl and which also will contain dimer contributions.  

Figure 8 shows KCl UV absorption cross-sections evaluated from measurements at five 

different KCl vapour pressures generated at the following salt reservoir/cell temperatures: 

600/650, 650/700, 700/750, 730/780, and 750/800 °C.  
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Figure 8. The absorption cross-sections for gas-phase potassium chloride at different 

temperatures. 

With the exception of the profile obtained for measurement at temperatures 600/650 °C, for 

which the uncertainty in KCl vapour pressure is the largest and the absorption in the cell is 

lowest, the profiles are grouped fairly well together in spite of the large variation in vapour 

pressures. The absorption from the KCl ground state to the unbound excited state is dependent 

on the ground state energy level population determined by the temperature-dependent 

Boltzmann distribution. This would in turn introduce a temperature dependence of the 

absorption spectral profiles. The absorbance spectra were normalized to investigate if other 

temperature effects than changes in gas density could be observed as changes in spectral shape 

and are shown in Fig. 9a.  

 

 

a) 
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b) 

Figure 9a. Normalized absorbance spectra for cell temperatures of 600/650, 650/700, 

700/750, 730/780 and 750/800 °C. b. The relative population of vibrational levels in the KCl 

molecules at different temperatures.   

With the exception of the spectrum corresponding to temperature combination 600/650 °C, the 

spectra show similar shape and do not indicate any temperature effects. Population fractions 

for vibrational levels of the KCl ground state were calculated for the investigated cell 

temperatures and are shown in Fig. 9b. 

On the order of 6% of the population for vibrational levels of quantum number v = 0, 1, and 2 

is redistributed to higher vibrational levels when the temperature is increased from 650 to 800 

°C. This suggests a weak temperature dependence in agreement with the observations 

consistent shape of the normalized spectra for temperatures 650/700, 700/750, 730/780, and 

750/800 °C in Fig. 9a. The redistributed population for temperature changes between 650 and 

700 C is on the order of 2%. The prominent difference in absorption cross sections observed 

between temperatures 600/650 and 650/700 °C (cf. Fig. 8) is likely due to the previously 

discussed uncertainties in temperature and KCl vapour pressure at temperature 600/650 °C.  

For example, assuming an increased salt reservoir temperature of 10 °C would place the 

absorption cross-section for temperature of 600/650 °C with the others.  
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Vapour pressures of the KCl monomer and the K2Cl2 dimer have different temperature 

dependencies and even though the monomer pressure remains higher at all temperatures, dimer 

formation is increasingly favoured at higher temperatures [12]. Significant contributions from 

both of these components to the absorption spectrum would therefore most likely introduce 

changes in spectral shape with temperature. The similarity in shape observed for the majority 

of the normalized absorbance spectra (cf. Fig. 9a) thus suggests that the monomer, dominant 

at lower temperatures, remains the main contribution to the absorbance spectra.  

 

Figure 10 shows the absorption cross-section for λ = 197.6 nm, the shortest wavelength of the 

measurement system, and for λ = 246.2 nm for gas-phase KCl at elevated temperatures and 

concentrations. The figure also shows that the absorption cross-sections for the cell temperature 

of 600/650 °C deviates considerably compared to the rest. This is believed to be due to large 

uncertainty in the vapour pressure, as earlier discussed. Since the other four vapour pressures 

at the wavelengths λ = 197.6 nm and λ = 246.2 nm, respectively, are scattered around a 

horizontal line, they indicate that the absorption cross-sections are temperature-independent in 

the evaluated temperature region of 700 – 800 °C. The average absorption cross-section for 

these two wavelengths has been calculated to: 3.4×10-17 cm2/molecule with a standard 

deviation of 4.2×10-18 for λ = 197.6 nm and 2.9×10-17 cm2/molecule with a standard deviation 

of 3.0×10-18 for λ = 246.2 nm.  
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Figure 10. Absorption cross-sections for λ = 197.6 nm and λ = 246.2 nm of gas-phase 

potassium chloride at elevated temperatures.    

Short wavelengths approaching the vacuum ultraviolet region below 200 nm can be employed 

for alkali compound detection by means of laser based photofragmentation fluorescence, for 

example using Excimer lasers at 193 nm [18, 19]. Thus, KCl absorption cross sections in this 

wavelength region are of interest for quantitative analysis of laser induced photofragmentation 

data. 

The absorption cross-section at 246 nm determined by Davidovits and Brodhead [10] on 

vapours of melted KCl in a temperature region of 841 to 951 °C was 2.0×10-17 cm2/molecule. 

The average absorption cross-section determined on sublimated vapour in the calibration cell 

at the same wavelength was calculated to 2.9×10-17 cm2/molecule in a temperature region of 

700 – 800 °C. A comparison between the absorption cross-sections shows the value of 

Davidovits and Brodhead to be about 70% of that determined in the calibration cell. The 

absorption cross-section determined in the calibration cell for λ = 197.6 nm shows the same 

pattern, a slightly higher value than for λ = 246.2 nm, which is also reported in Davidovits and 

Brodhead [10]. Oldenborg and Baughcum [19] determined the absorption cross-section for KCl 

to be (4.1 ± 0.6)×10-17 cm2/molecule at a 193.4 nm which is in good agreement with that 

determined in the calibration cell for 197.6 nm. However, the difference between those two 
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values is smaller for those determined in the calibration cell than for those determined by 

Davidovits and Brodhead [10].   

The calibration technique presented in this article can easily be used to generate calibration 

spectra of other alkali compounds, such as sodium chloride (NaCl), which is of interest in waste 

and coal combustion. This compound has vapour pressures rather close to those of KCl and the 

cell could thus be operated under conditions similar to those for the investigations of KCl. 

There is also a need for calibration data for sodium hydroxide (NaOH) and for potassium 

hydroxide (KOH) [5]. Previous studies indicate that hydroxides exhibit absorption cross 

sections about one order of magnitude lower than those of the chlorides [20]. Moreover, since 

vapour pressures for solid-gas equilibrium for these compounds are rather low [14] the cell 

needs to be operated above the melting points, 318 °C for NaOH and 406 °C for KOH, to 

achieve sufficient vapour pressures in the cell. For KOH reservoir temperatures between 600 

and 750 °C this result in vapour pressures in the range 5 – 130 Pa, which despite the lower 

cross section expected for KOH would provide sufficient absorption in the cell for reliable 

measurements. In contrast, NaOH vapour pressures are lower and temperatures around 900 °C 

would be required to achieve vapour pressures on the order of 30 – 50 Pa necessary to achieve 

sufficient absorbance. Alternatively, improved sensitivity and detection at lower vapour 

pressures can be achieved by arranging dual passages through the cell increasing the absorption 

path length by a factor of two.  
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4. Conclusions 

The design and performance of a calibration cell based on a cold finger has been demonstrated, 

which can be employed to generate KCl vapour at stable well-defined concentration and 

temperature. The cell is suitable for UV absorption measurements to obtain calibration spectra 

or to perform detailed studies of the absorption cross-section for KCl. Investigations using an 

instrument for UV absorption measurements of KCl showed that improved calibration and 

absolute accuracy for the instrument can be obtained compared with previous approaches. In 

addition, more reliable KCl UV absorption spectral profiles and cross-sections have been 

measured over different chosen temperatures. The concept of the calibration cell can equally 

be employed for investigations of other alkali chlorides such as NaCl or hydroxides, i.e. KOH 

and NaOH. In other words, the cell has potential to be used for detailed spectroscopic studies 

of high relevance for development of alkali-measuring devices used in biomass combustion to 

determine alkali concentrations in the flue gas. This research has proven the working 

hypothesis in that the new design of the calibration cell is fit for this purpose. 
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Abstract 

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 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. Results 

were compared with predictions from a chemical mechanism used in a homogenous reactor 

model. Experimentally observed trends, decrease in KCl and KOH concentrations 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, diagnostics required for further 

investigations of alkali-related combustion phenomena and detailed model validation of alkali 

chemistry are discussed.  

1



Introduction 

Formation of alkali compounds during combustion remains of high practical importance due 

to the need for utilization of biomass fuels containing alkali and chlorine contents [1, 2] The 

tendency of these fuel components to form corrosive alkali chlorides result in severe problems 

during combustion in boilers and furnaces [3, 4]. Additional problems related to the formation 

of alkali compounds also include fouling and slagging. Thus, detailed knowledge on the 

formation process during combustion is crucial for efficient utilization of biomass fuel while 

also minimizing problems during power plant operation. Moreover, trace-level species, such as 

alkali and chlorine [5], in the fuel which even though many times neglected in combustion 

models, have been found to have rather strong impact on the overall combustion process, 

affecting the fuel oxidation process as well as formation of NOx [6]. This has mainly been 

attributed to their ability to participate in chain-branching or chain-terminating chemical 

reactions resulting in production or consumption of flame radicals such as H, and OH. In 

combustion chemistry potassium atoms are reported to consume flame radicals such as O and 

H forming potassium hydroxide (KOH), which in turn establishes rapid equilibrium with KCl 

[6]. Thus, in addition to forming harmful pollutants the alkali has an overall impact on the 

combustion chemistry via its consumption of flame radicals. The combustion chemistry of 

potassium and chlorine is also coupled to that of sulfur via the ability of sulfur to transform 

potassium chloride to less harmful alkali sulfates [7]. Thus, in addition to understand 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 also necessary for development of 

comprehensive models for biomass fuel combustion. 

Detailed studies of alkali chemistry in flames allows for development of chemical 

mechanisms, which enable predictions of alkali formation under different combustion 

conditions. Experimental data acquired under well-defined conditions are crucial input 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. [8] For potassium, early investigations have included studies on its 

effect on flame inhibition [9] but also potassium kinetics in premixed methane flames [10]. A 

rather recent study was made to investigate the effect of sulphur addition on potassium-species 

formation [11]. In addition to studies of gaseous fuels, detailed characterization of potassium 

release has also been carried out for single particles of coal [12] and biomass [13]. 
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According to the work presented by Slack et al. [10], when introduced in a flame potassium 

participates in chemical reactions involving O2, atomic hydrogen, hydroxyl radical (OH), and 

water. The potassium species in these reactions are the atomic, potassium hydroxide, potassium 

oxide (KO), and potassium dioxide (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 chloride, and potassium chloride [14]. Corresponding investigations of 

combustion in flames burning hydrogen or propane with sodium and chlorine added, show 

similar trends with decreasing levels of alkali atoms at higher equivalence ratios while chloride 

and hydroxide concentrations decrease. [14] 

This paper presents measurements of potassium species concentrations in alkali-seeded 

premixed methane-air flames. The methods employed for species concentrations measurements 

include broadband UV absorption spectroscopy [15], laser-induced photofragmentation 

fluorescence [15, 16], and diode-laser absorption spectroscopy [15, 17].  While 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, combined 

measurements of K atoms, KOH, and KCl have been presented previously by Sorvajärvi et al. 

[18]. Potassium species concentrations measured by the methods used are compared 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 model validation 

and refinement for alkali flame chemistry. 

Experimental 

Optical diagnostics 

Photofragmentation fluorescence measurements were made using an ArF Excimer laser 

(Compex 102, Lambda Physik), which provided pulses at wavelength 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 
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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 [19]. In brief, the signal, F, is given 

by Eq. (1) 
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where h is Planck’s constant, ν the fluorescence frequency, Ω the detection solid angle, l the 

probe volume length, εF the detection efficiency for the fluorescence signal, and A is the probe 

volume cross section area. The fluorescence quantum yield is given by 
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Einstein coefficient for spontaneous emission and Q the collisional quenching rate. The 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. The quantity N is the 

concentration of alkali atoms generated in the excited K-atom 42P states by photofragmentation.  

Coefficients for spontaneous emission and data on collisional quenching have been obtained 

from literature. The beam cross section area A, can be estimated from calculations of the width 

for a focused Gaussian beam, resulting in a beam width of 25 µm, together with the height of 

the focused laser sheet, which was 20 mm. The solid angle and detection efficiency can be 

retrieved by calibration using the Rayleigh scattering signal. The concentration of 

photofragmented potassium compounds is related to the evaluated concentration of K atoms 

according to Eq. (2) 

)1(
Ah

E

KCl
lasereNN





      (2) 

The factor Φ is the yield of photofragments generated from the parent species and is equal 

to 1 for the investigated case since dissociation of one KCl molecule results in creation of one 

K (42P) atom. Furthermore, σ is the absorption cross section, E the laser pulse energy, and νlaser 

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 
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mJ. The 532 nm beam was aligned into the beam path and shaped into a laser sheet of 10 mm 

width using cylindrical lenses of focal lengths f=-40 mm, f=200 mm, and f=500 mm. A half-

wave plate positioned in the beam path was adjusted to achieve vertical polarization for optimal 

Rayleigh scattering. The Rayleigh scattering signal measured at ambient conditions provides 

the detection solid angle, Ω, 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 measured in flame and at ambient conditions, taking 

differences in cross sections into account. Using Rayleigh scattering cross-section data and 

species concentrations determined from chemical equilibrium calculations, the Rayleigh 

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 150 W 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 five 

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, diameter 

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 Photonics) to a spectrometer (grating 2400 grooves/mm, slit width 50 µm, 

AVABENCH-75-2048, Azpect Photonics). KCl concentrations were evaluated from acquired 

spectra by a least-squares fit to a calibration spectrum measured at temperature 860 °C 

following the procedure presented by Forsberg et al. [20]. 

Tuneable diode laser spectroscopy for measurement of potassium atoms was made using a 

single-mode external cavity laser (DL 100, Toptica Photonics) with 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 D2 line of potassium. The laser passes 

through the flame at the centre of the burner path length of 23 mm. A photodiode detector (DTE 

210, Thorlabs) was used to receive the laser after absorption by the potassium in the flame. The 

detector was connected to a data acquisition card (BNC 2110, National Instrument) and an on-
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line data processing program based on LabVIEW was employed to monitor the potassium 

concentration. 

Burner 

A burner originally made for atomic absorption spectroscopy (Perkin-Elmer), shown in the 

photo of Fig. 1, was used for measurements 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 laminar 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 mix.  

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 photofragmentation 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 0.8 – 1.3 

were investigated and the individual flows are given in Table 1.  
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Figure 1. Methane-air flame of equivalence ratio Φ=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.  

ϕ 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 

 

Table 1. Experimental conditions for methane-air flames. 

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 atmospheric pressure with a mechanism 

for alkali-chemistry developed by Hindiyarty et al. [11, 21]. These simulations provided 

concentrations versus reaction time for KCl, KOH, and K atoms and illustrated the progress 

towards chemical equilibrium for each condition. 
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Results and Discussion 

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 differences 

up to 70 K and for both conditions the profiles show the same trend of variations with 

equivalence ratio with temperature differences less than 50 K. Moreover, the temperatures 

measured at high KCl-seeding are consistently lower suggesting some additional cooling by the 

increased KCl concentration.  

 

Figure 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), the consistently lower temperatures 

for the 1.0 M case indicate that high levels of alkali salt may induce some cooling.  

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 

element 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 D2 line, on 

the order of 10-12 cm2, required rather low seeding concentrations to avoid saturation of the 

absorption line. Experimental data measured for seeding with 0.0025 M solution of KOH and 
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0.005 M solution of KCl are shown with filled black symbols in Fig. 3a and 3b, respectively. 

While absorption measurements were unattainable at higher seeding levels, the atomic emission 

lines in the flame chemiluminescence provide a measure of the K-atom content of the flame. 

Figure 3c shows flame chemiluminescence versus concentration of the KCl solution used for 

flame seeding. Two data sets, plotted in the log-log diagram with closed and open symbols, 

follow a linear trend with a slope of ½, indicating a dependence on N1/2 for the 

chemiluminescence. At high seeding concentrations chemiluminescence is emitted 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. [22, 

23]. This indicates that the K-atom level can be considered proportional to the seeding 

concentration and that concentrations for higher seeding can be calculated from the quantitative 

results obtained by TDLAS at low seeding levels. Thus, K atom concentrations calculated 

through extrapolation for higher seeding levels, corresponding to the experimental conditions 

for which potassium compounds have been measured, are also plotted in Fig. 3a and 3b with 

open symbols for the following discussion. 

Figure 3d shows chemiluminescence versus height above the burner for three different flame 

stoichiometries for seeding with 1.0 M KCl solution. All profiles show their highest intensity 

at lower positions towards the burner and the flame reaction zone. Peak chemiluminescence 

positions are located at 8-10 mm and indicate high K-atom levels from the flame-front region. 

Above these positions the profiles show a rapid decrease up to around 15 mm and then a more 

gradual decrease with height. Rayleigh scattering thermometry indicates temperatures in the 

range 1300-1500 K for the region 11-18 mm above the burner and a temperature profile for the 

stoichiometric flame is also shown in Fig. 3d. Thus, the observed decrease in 

chemiluminescence probably indicates the progress of K-atom concentrations towards levels 

corresponding to a chemical equilibrium condition. In the vicinity of the flame stabilizer above 

25 mm a more rapid decrease, attributed to cooling, is observed.  

9



a) 

 

b) 

 

c) 

 

d) 

 

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

0.001

0.01

0.1

1

10

K
 c

o
n

c
. 

(p
p

m
)

Equivalence ratio, 

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

0.001

0.01

0.1

1

10

K
 c

o
n
c
. 
(p

p
m

)

Equivalence ratio, 

0.0 0.1 1.0
10

100

K
*  c

h
e

m
ilu

m
in

e
s
c
e

n
c
e

 (
a

rb
. 

u
n

it
s
)

KCl conc. flame seeding (M)

5.0 10.0 15.0 20.0 25.0 30.0
0

50

100

150

200

250

300
 0.8

 1.0

 1.3

K
*  c

h
e

m
ilu

m
in

e
s
c
e

n
c
e

 (
a

rb
. 

u
n

it
s
)

Height above burner (mm)

800

1000

1200

1400

1600

T
e

m
p

e
ra

tu
re

 (
K

)

T

Figure 3. Post-flame K-atom concentrations versus 

flame equivalence ratio. a) KOH seeding at solution 

concentrations of 0.025, 0.05 M, 0.5 M, and 1.0 M. 

b) KCl seeding at solution concentrations of 0.005, 

0.05, 0.5, and 1.0 M. Experimental data are shown 

in solid symbol for 0.025 M KOH and 0.005 KCl 

while extrapolated values for higher seeding levels 

are shown in open symbols. c) Two data sets of K 

atom chemiluminescence measured at wavelength 

766 nm vs. KCl seeding concentration in the 

stoichiometric flame. d) Flame chemiluminescence 

profiles measured in lean (Φ=0.8), stoichiometric, 

and rich (Φ=1.3) flame together with a temperature 

profile for the stoichiometric flame (plotted on the 

right axis). Higher K atom levels 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.  
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The TDLAS results as well as the chemiluminescence profiles show that atomic potassium 

concentration increase with equivalence ratio, in agreement with observations for sodium in 

flames burning methane, propane, and hydrogen [8, 14]. This can be attributed 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 [14]. Equilibrium calculations as outlined above also predict 

an increase in K atom concentration 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 Φ=0.8 and rich Φ=1.3 flame, 

respectively. However, the time for transport from the burner surface to the region probed in 

the absorption measurements around 20 mm above the burner surface is 18 ms. Thus, while 

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 the shapes of the chemiluminescence profiles in Fig. 3d. 

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. Comparing the calculated transport 

times with the reaction time profiles obtained from calculations indicate K atom concentrations 

to be 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 may indicate that equilibrium has not been fully established. For 

the fuel rich flame the K atom concentration from experiments is lower than that predicted by 

the calculations instead indicating a condition closer towards equilibrium, with K atom 

concentrations of a few ppm, than estimated from the comparison between reaction and 

transport times. Nevertheless, it cannot be excluded that experimental K atom concentrations 

obtained from extrapolation of data measured at low seeding are underestimated even though a 

linear relation between K atom concentration and flame seeding is indicated in Fig 3c. 

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 [14]. The 

distribution between alkali-chloride and –hydroxide depends on chlorine availability as well as 

temperature [14]. Equilibrium calculations as well as analysis of KCl-seeded methane flames 

presented by Li et al. [11] and simulations by Schofield [14] indicate that low temperature 

favors chloride formation. Figure 4 shows alkali compound concentrations measured by UV 

absorption spectroscopy at flame equivalence ratios Φ=0.8-1.3.  
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Figure 4. Average post-flame concentration measured by UV absorption spectroscopy versus 

flame equivalence ratio for 1.0 M KCl seeding. Lean conditions show higher KCl 

concentrations. Circle symbols represents the sum KCl+50% KOH of calculated potassium 

species concentrations. 

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. While the peak 

absorption cross section of KCl at 245 nm has been reported as 2.0⋅10-17 cm2 by Davidovits and 

Brodhead [24] and also determined by the authors of this paper to 2.8⋅10-17 cm2, data for KOH 

are scarce. However, following the discussion by Sorvajärvi et al. [18] and comparing with 

values presented for NaOH [25] suggest a KOH absorption cross section of 0.5·10-17 cm2 at 

245 nm. Moreover, preliminary investigations by the authors indicate a KOH absorption cross 

section close to 1.0·10-17 cm2. With absorption cross sections differing by a factor of two and 

for equal concentrations of KCl and KOH, the KCl/KOH concentrations would be a factor 2/3 

of the evaluated concentration, i.e. the KOH contribution would be 1/3. 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 [14]. Since the concentrations 

of KCl can be expected to be higher than for KOH, the contribution of KOH would be less than 

1/3 of the evaluated concentration and the obtained values expected to mainly represent KCl.  

Concentrations at lean and stoichiometric conditions are on average 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. 3b. For comparison with the results 
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from absorption measurements, the sum of the calculated KCl concentration and half the 

calculated KOH concentration are also plotted in Fig. 4. The average concentrations measured 

by absorption spectroscopy drop from 28 ppm at equivalence ratio Φ=0.8 to typically 15 ppm 

at fuel-rich conditions. Corresponding values from calculations decrease from 25 to 14 ppm 

and the trend of the experimental results is thus rather well reproduced by the calculations.  

The increase in K-atom concentrations obtained from TDLAS data from 0.2 to 4.4 ppm is lower 

than the decrease of 13 ppm in KCl/KOH concentration of the absorption spectroscopy data. A 

possible explanation could be that the absorption spectroscopy data, evaluated assuming KCl 

only, not fully includes the contribution from KOH. An underestimation of KOH could be a 

contributing factor to the larger difference observed for concentrations of KCL/KOH compared 

with those of K-atoms going from lean to fuel-rich conditions. The increase in K-atom 

concentrations of 4 ppm is lower than results from calculations, resulting in an increase from 

0.1 to 11 ppm. An underestimation of experimental K atom concentrations as referred to 

previously, could also be a possible explanation for the difference between measurements and 

calculations. Nevertheless, the difference between the trends for KCl/KOH and K-atoms is still 

within the uncertainty and spread of the absorption data indicated by error bars in Fig. 4, i.e. 

the lower part of the errorbar at Φ=0.8 is around 22 ppm while the upper part of the errorbar at 

Φ=1.3 is around 18 ppm corresponding to a difference of 4 ppm. 

Detection of both KOH and KCl with better sensitivity than the absorption spectroscopy setup 

is offered by the laser-induced photofragmentation fluorescence. However, since both species 

result in fluorescence emission from K-atom fragments the measured signal contains 

contributions from both species. Figure 5 shows alkali compound concentrations measured by 

photofragmentation fluorescence at flame equivalence ratios from 0.8 to 1.3 for seeding of 

KOH (a) and KCl (b) solutions of 0.5 M concentration.  
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a)  

 

b) 

 

Figure 5. Average post-flame concentration versus flame equivalence ratio measured using 

laser-induced photofragmentation fluorescence for seeding of a) 0.5 M KOH and b) 0.5 M KCl. 

Lower KOH/KCl concentrations are measured at fuel-rich conditions due to increased 

formation of K atoms. Circle symbols represents results from calculations of potassium species 

concentrations a) KOH and b) the sum KCl+40% KOH. 

For the KOH-seeded flame, without chlorine present, the photofragmentation fluorescence 

signal only arises from KOH. Since seeding concentrations are the same and atomic potassium 
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levels for both cases are similar (cf. Fig. 3) the sum of KOH and KCl concentrations can be 

expected to be similar as well. However, the absolute signal obtained for KOH-seeding was 

lower than that of KCl-seeding by a factor of two and is attributed to differences in KOH/KCl 

photofragmentation process. While the energy of the 193 nm laser photons is sufficient for 

photofragmentation and generation of K atoms in the 2P1/2 and 2P3/2 states for KCl [16], resulting 

in fluorescence emission at wavelengths 766.5 and 769.9 nm, detected in the 

photofragmentation setup, the lower energy required for dissociation of KOH allows for 

formation of K atoms in higher excited states [16] returning to the ground state via transitions 

not detected. Thus the yield for fluorescence emission at 766.5 and 769.9 nm can be expected 

to be lower for KOH than for KCl.  

In the flames seeded with 0.5 M solutions, KCl-seeding resulted in a signal a factor 2.2 higher 

than KOH-seeding at equivalence ratio Φ=0.8. Assuming KCl concentrations to be between 

50% and 70% of the total KCl and KOH concentration, going from equal distribution to KCl-

dominant conditions, the KOH laser-induced photofragmentation fluorescence yield can be 

estimated to be between 30% and 40% of the KCl yield. Using a value of 40% in the evaluation 

result in the concentration profile presented in Fig. 5a. Measurements in the KOH-seeded flame 

shows concentrations decreasing from 21 to 12 ppm when going from equivalence ratio Φ=0.8 

to Φ=1.3. Calculations of KOH concentration for 15 ppm KOH seeding show a decrease from 

15 to 3 ppm. The atomic potassium concentrations determined for the KOH-seeded flame 21 

mm above the burner surface increased from 0.1 ppm to 2.6 ppm. Moreover, 

chemiluminescence profiles (cf. Fig. 3d) suggest K atom levels in the evaluation region of 

photofragmentation fluorescence, ~12-18 mm above the burner surface, to be higher than values 

of the TDLAS measurements by a factor of two, i.e. resulting in K atom levels of ~5 ppm at 

equivalence ratio Φ=1.3.  Thus, the trends of experimental data and calculations are consistent 

and the potassium species concentrations are balanced within the estimated uncertainties of the 

experimental data. 

Following the discussion above, the evaluated concentration in the KCl-seeded flame thus is 

expected to represent the concentration of KCl plus 40% of the KOH concentration and the 

results are presented in Fig. 5b. The concentration evaluated from the photofragmentation 

fluorescence signal decreases from 14 ppm at Φ=0.8 to 8 ppm at Φ=1.3 while corresponding 

calculated concentrations drop from 12 to 5 ppm. Measurements of atomic potassium by 

TDLAS and chemiluminescence as discussed above indicate that the concentration increase 

from 0.2 ppm to 4.4 ppm at these conditions whereas calculations give an increase from 0.1 to 
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9 ppm. Thus, the decrease in KOH/KCl concentrations and increase in K-atom concentrations 

is observed from experimental data as well as calculations.  

Figure 6 shows alkali compound concentration versus equivalence ratio for 1.0 M (a) and 0.05 

M (b) KCl seeding measured by laser-induced photofragmentation fluorescence.  

a) 

 

b) 

  

Figure 6. KCl/KOH concentration versus flame equivalence ratio measured using laser-

induced photofragmentation fluorescence 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. Circle symbols represents results from calculations of 

potassium species concentrations a) the sum KCl+40% KOH and b) KOH. 
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Following the previous discussion related to Fig. 4 and 5, for high KCl-seeding we expect KCl 

concentrations to be higher than KOH concentrations and KCl therefore the main contribution 

to the photofragmentation fluorescence signal and the evaluated concentration to mainly 

represent KCl. Seeding with 1.0 M KCl solution, cf. Fig. 6a, results in post-flame concentrations 

of 33 ppm at lean conditions decreasing to 15 ppm at Φ=1.0 and 11 ppm at Φ=1.3. The results 

from calculations, also discussed previously together with Fig. 4, decrease from 25 to 14 ppm. 

Better overall agreement between experiments and simulations were obtained for the absorption 

data presented in Fig. 4. For this method experimental data instead show higher values than 

simulations at lean to stoichiometric conditions, in particular for equivalence ratio Φ=0.9, while 

agreement within the estimated experimental uncertainty is obtained at fuel-rich conditions. 

Figure 6a shows a decrease of 22 ppm for the measured potassium species and a corresponding 

increase is expected for K atom concentrations. Potassium atom concentrations obtained from 

TDLAS and chemiluminescence profiles, cf. Fig. 3a and 3d, indicate an increase from 0.4 to 9 

ppm between equivalence ratios Φ=0.8 and Φ=1.3. The 9 ppm increase in atomic concentration 

is approaching the uncertainty of the experimental data, represented by the error bars in Fig. 6a, 

so the balance of potassium species could still be fulfilled. The equilibrium calculations give K 

atom concentrations increasing from 0.1 ppm to 14 ppm. 

At 0.05 M KCl-seeding, resulting in chlorine levels of around 1 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 measured 

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 concentration with equivalence ratio from 1.5 to 0.8 ppm. Calculated potassium 

hydroxide concentrations for 1.5 ppm KCl, mimicking the experimental condition, decrease 

from 1.3 to 0.3 ppm. For comparison K-atom concentrations derived from experimental data 

increase from 0.002 to 0.4 ppm, cf. Fig. 3b and 3d, while calculations result in an increase from 

0.01 to 1.2 ppm. The experimental results show a 0.7 ppm decrease in KOH concentration and 

an increase in K atom concentration of 0.4 ppm, However, also in this case these changes are 

in agreement within the estimated experimental uncertainties indicated by the error bars.  

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. While the transport 

17



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 when chemical 

equilibrium has been established, calculations show lower concentrations of KCl and KOH and 

correspondingly higher concentrations of K atoms. As mentioned previously, alkali (sodium) 

concentrations in premixed sodium-seeded propane and hydrogen flames has been presented 

by Schofield [14], showing trends in agreement with the observations from Figs. 3, 4, and 5. 

For the lean flame of 1.0 M seeding the atoms concentration of 0.02 ppm represents a very 

small fraction of the total alkali content, on the order of 0.05%, whereas the 4.4 ppm at 

equivalence ratio Φ=1.3 would correspond to 12%. In sodium-seeded propane flames simulated 

by Schofield [14] atomic sodium constituted around 10% or less of the total alkali content at 

equivalence ratio Φ=0.8 while at a fuel rich Φ=1.2 condition the Na atom represented around 

80% of the total alkali content. The results of Schofield were however, obtained for flame 

temperatures of around 2000 K, i.e. higher than the temperatures at 1400-1500 K measured for 

the flames in this study. As high temperature favors atomic species formation and higher 

equilibrium concentrations approaching the levels from the simulations of Schofield are 

plausible.  

Quantitative measurements of potassium species by optical diagnostics in seeded methane-air 

show agreement within estimated experimental uncertainties with model predictions. Further 

studies to validate the mechanism in flame simulations can be pursued, however refined 

diagnostics is required to obtain more accurate data for detailed investigations. This would 

include methods to clearly distinguish between KCl and KOH, for example by means of 

absorption spectroscopy extended to wavelengths above 280 nm where KCl shows negligible 

absorption [18]. Alternatively, photofragmentation laser-induced fluorescence using different 

dissociation wavelengths could allow for selective measurements of KOH and KCl [16]. The 

high concentrations of K-atoms result in saturated absorption when probing the strong 

potassium D2 line and measurements instead probing weaker transitions, for example at 405 nm 

would enable atomic measurements also at high levels of flame seeding. Detailed validation 

would also benefit from more accurate temperature measurements using either Coherent anti-

Stokes Raman Spectroscopy or two-line atomic fluorescence.  
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Conclusion 

Quantitative data on potassium species concentrations obtained from non-intrusive 

measurements in potassium-seeded premixed methane-air flames have been presented. 

Observed potassium species concentrations at different equivalence ratios can be compared 

with results from calculations using a mechanism for potassium chemistry in a homogeneous 

reactor model. The burner and diagnostic methods employed thus present an experimental 

configuration for further detailed studies for validation of alkali combustion chemistry models 

as well as investigations of phenomena related to alkali in combustion, such as sulphation and 

catalytic effects. 
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Appendix A 

Scanned spectra from tuneable diode laser absorption measurements in the flames, showed the 

potassium D1 line at 769.9 to be fitted by a Voigt profile 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 to be 8.36·10-6 cm2s-1 which distributed over the measured line 

profile resulted in a peak absorption cross section of 1.6·10-11 cm2. Using this quantity, a 

trapping factor, T, for the photofragmentation fluorescence signal fraction of intensity absorbed 

is given by Eq. A1 
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   (A1) 

In Eq. A1 I0 represents the input intensity and It the transmitted intensity, both integrated over 

frequency ν to obtain total intensity values. The left-hand ratio thus represents the fraction of 

intensity absorbed, which is determined by the Beer-Lambert law introduced in the nominator 

of the right-hand ratio. The exponential factor includes the absorption cross section, σ, the 

potassium atom concentration NK, and the absorption path length l.  
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 Figure A1 shows the transmitted intensity It for the K-atom emission at three conditions. For 

the case of negligible absorption, the intensity shows a single-peak profile plotted as solid curve 

and representing the unaffected K atom lineshape. At moderate absorption, represented by the 

dashed intensity profile, the intensity is attenuated while the shape of the spectral line is 

preserved. At strong absorption, the transmitted intensity at the center of the spectral line is 

stronger attenuated resulting in symmetric dual-peak lineshape. Under such conditions 

transmission of light is mainly obtained at the wings of the line profile which at high 

concentrations in the flame eventually results in a dependence of N1/2 for the K atom flame 

chemiluminescence [22, 23]. 

Using potassium atom concentrations determined from TDLAS measurements and 

extrapolation as values for NK together with an assumed path length l of 1 cm for passage to the 

detector in the central region of the flame, trapping of the photofragmentation fluorescence 

signal was calculated by integration over the attenuated line profile.  

 

 

Figure A1. Calculated transmitted intensity for 42P K atom emission at negligible absorption 

(solid single peak), moderate absorption (dashed single peak), and strong absorption, (low dual 

peak). The strong attenuation at the line center confines emission the wings of the spectral line 

resulting in a sub-linear dependence on K-atom concentration for the flame chemi-

luminescence.  
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