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Biomass is an essential sustainable and carbon-neutral energy source. Through thermochemical conversion processes,
such as combustion and gasification, biomass can generally be used in boilers to provide heat and/or power. Biomass fuels
contain varying amounts of potassium, chlorine and sulfur. The release of these elements, especially in the form of
potassium chloride (KCI), in the thermal conversion processes causes crucial problems such as slagging and corrosion of
heat transfer surface, and bed material agglomeration in operating furnaces. Potassium sulfate (K,SO;,) is less corrosive and
has a higher melting point than KCI. K;SO, could be formed through sulfation of potassium using sulfur-containing additives,
such as sulfur oxides (SO;). Between KCI/KOH and SO, the sulfation can occur through gas-phase reactions. The
understanding of the sulfation processes is based on gas-phase K-CI-S chemistry, and the work in this thesis focuses on the
development and application of in-situ optical diagnostics for quantitative measurements of key species in the K-CI-S
chemistry.

As a preliminary investigation (Paper I) of the homogeneous sulfation between gas-phase KCI/KOH and SO, a specially
designed counter-flow reactor was adopted, where neither wall-based reactions nor other heterogeneous reactions could be
involved. Homogenous sulfation was observed in the reactor, and the sulfation of KOH was observed to be more rapid than
that of KCI. However, due to the counter-flow structure, quantitative measurement of potassium species was hard to be
achieved. In order to achieve quantitative measurement and evaluate a detailed K-CI-S mechanism, a laminar flame burner
(Paper Il) was designed to provide well-defined homogenous hot gas environments. The homogenous hot gas could be
widely adjusted both in temperature and gas composition to mimic real operation conditions of furnaces. The temperature
was measured using two-line atomic fluorescence (TLAF) thermometry. Different homogenous reactions could be
investigated with seeding certain additives in gas or liquid phase, such as K,CO3, KCl and SO,.

UV absorption spectroscopy was used to quantify concentrations of KOH, KCI, OH radicals and SO,. However, UV
absorption cross sections of KOH, KCI and SO, at the temperature over 1200 K were absent. Thus, they were accurately
measured in this work (Paper lll, IV). Tunable diode laser absorption spectroscopy (TDLAS) was adopted for the
measurement of the concentration of K atoms. Two TDLAS systems, at 769.9 nm and 404.4 nm, were employed to extend
the measurement dynamic range of potassium atoms, from below ppb-level to over ten ppm.

The K-CI-S chemistry (Paper V, VI) was investigated in oxidative and reducing environments having temperatures from 1120
K to 1950 K with additives of K,CO3, KCl and SO,. Based on the quantitative measurements of KOH, KCI, K atoms and OH
radicals, a detailed K-CI-S mechanism was evaluated and a reasonable agreement between the modelling and experimental
results was obtained. SO, sulfated KOH/KCI to K,SO, in an oxidative environment at a temperature below 1550 K. The
sulfation of KOH was more rapid compared to that of KCI. The chain-terminating reactions between KOH / K atoms and OH
radicals promoted the consumption of OH radicals and inhibited the oxidation of CO and H, as the environment temperature
below 1550 K (Paper VII). Sulfation reactions consumed KOH and K atoms and eliminated the chain terminating reactions.
In a reducing environment with SO, seeding, potassium was only transformed into KOSO, and UV absorption spectrum of
KOSO was obtained for the first time.
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Abstract

Biomass is an essential sustainable and carbon-neutral energy source. Through
thermochemical conversion processes, such as combustion and gasification, biomass
can generally be used in boilers to provide heat and/or power. Biomass fuels contain
varying amounts of potassium, chlorine and sulfur. The release of these elements,
especially in the form of potassium chloride (KCl), in the thermal conversion processes
causes crucial problems such as slagging and corrosion of heat transfer surface, and bed
material agglomeration in operating furnaces. Potassium sulfate (K;SOjs) is less
corrosive and has a higher melting point than KCl. K;SOy could be formed through
sulfation of potassium using sulfur-containing additives, such as sulfur oxides (SO,).
Between KCI/KOH and SO, the sulfation can occur through gas-phase reactions. The
understanding of the sulfation processes is based on gas-phase K-CI-S chemistry, and
the work in this thesis focuses on the development and application of in-situ optical
diagnostics for quantitative measurements of key species in the K-CI-S chemistry.

As a preliminary investigation (Paper I) of the homogeneous sulfation between gas-
phase KCI/KOH and SO, a specially designed counter-flow reactor was adopted,
where neither wall-based reactions nor other heterogeneous reactions could be
involved. Homogenous sulfation was observed in the reactor, and the sulfation of KOH
was observed to be more rapid than that of KCl. However, due to the counter-flow
structure, quantitative measurement of potassium species was hard to be achieved. In
order to achieve quantitative measurement and evaluate a detailed K-CI-S mechanism,
a laminar flame burner (Paper II) was designed to provide well-defined homogenous
hot gas environments. The homogenous hot gas could be widely adjusted both in
temperature and gas composition to mimic real operation conditions of furnaces. The
temperature was measured using two-line atomic fluorescence (TLAF) thermometry.

Different homogenous reactions could be investigated with seeding certain additives in
gas or liquid phase, such as K;CO;, KCl and SO..

UV absorption spectroscopy was used to quantify concentrations of KOH, KCI, OH
radicals and SO,. However, UV absorption cross sections of KOH, KCl and SO; at the
temperature over 1200 K were absent. Thus, they were accurately measured in this
work (Paper III, IV). Tunable diode laser absorption spectroscopy (TDLAS) was
adopted for the measurement of the concentration of K atoms. Two TDLAS systems,
at 769.9 nm and 404.4 nm, were employed to extend the measurement dynamic range
of potassium atoms, from below ppb-level to over ten ppm.

The K-CI-S chemistry (Paper V, VI) was investigated in oxidative and reducing
environments having temperatures from 1120 K to 1950 K with additives of K,COs3,



KCl and SO.. Based on the quantitative measurements of KOH, KCI, K atoms and
OH radicals, a detailed K-CI-S mechanism was evaluated and a reasonable agreement
between the modelling and experimental results was obtained. SO, sulfated KOH/KCI
to K5SOy4 in an oxidative environment at a temperature below 1550 K. The sulfation
of KOH was more rapid compared to that of KCI. The chain-terminating reactions
between KOH / K atoms and OH radicals promoted the consumption of OH radicals
and inhibited the oxidation of CO and Hj as the environment temperature below 1550
K (Paper VII). Sulfation reactions consumed KOH and K atoms and eliminated the
chain terminating reactions. In a reducing environment with SO, seeding, potassium
was only transformed into KOSO, and UV absorption spectrum of KOSO was
obtained for the first time.



Popular science abstract

Global warming is one of the biggest worldwide challenges. Greenhouse gases emission
during fossil-fuel utilization gives a dominant contribution. Therefore, increasing the
share of renewable and carbon-neutral section in the total global energy consumption
is nowadays a common sense. Common renewable energy resources can be biomass
energy, hydropower, wind power, solar energy and geothermal energy.

Biomass energy is mainly from the organisms of plants. Forest wood and agriculture
residues are the largest biomass energy sources. Different thermal conversion processes,
such as pyrolysis, gasification and combustion, are regarded as the most important ways
to use the biomass energy to generate power and heat directly, or produce syngas and
bio-fuels including bioethanol and biodiesel. However, biomass usually contains
relatively high concentrations of potassium, chlorine and sulfur, which may strongly
influence the operation of boilers, pollutant emission and gas product quality. For
example, potassium chloride causes problems of slagging and corrosion of heat transfer
surface of boilers and bed material agglomeration. Potassium sulfate acrosols can be one
of harmful emissions. Potassium species participate and affect various key reactions in
the thermochemical processes of biomass fuels, and are found to be related to char and
tar conversion.

In the present work, homogenous gas-phase potassium chemistry was investigated. The
fundamental knowledge can support the utilization of biomass fuels with higher
efficiency and lower emission. This thesis was mainly comprised of three parts: creating
reaction environments, development and application of optical techniques for species
measurements, and analysing the potassium chemistry through experimental and
modelling approaches.

A burner with methane/air flames was designed to provide uniform hot flue gases,
which were used as reaction environments. The temperature of the environments can
be adjusted between 1000 K and 2000 K. Different reactants could be introduced into
the hot flue gas homogenously, and their reactions were investigated in the present
work. The concentrations of key species, such as KOH, KCl, K atoms, SO,, and OH
radicals, were quantified through non-intrusive and in-situ measurements using
different absorption spectroscopy methods. In the absorption spectroscopy
measurements, when collimated light passed through the hot flue gases, part of the light
was absorbed by certain types of molecules or atoms. The molecules or atoms have their
own characteristics in light absorption. KOH, KCl and SO, has broadband absorption
at wavelength from 200 nm to 400 nm. OH radicals absorb the light at wavelength
around 310 nm. K atoms have absorption exactly at 404.4 nm and 769.9 nm. Hence,



these species can be readily distinguished. Based on the amount of light that was
absorbed, the concentration of the species in the hot flue gas could be calculated. The
results show that the temperature and the oxygen concentration of the hot gas
atmosphere strongly influenced the balance among different potassium species, mainly
KOH, KClI, and K atoms. At a temperature lower than 1260 K, KOH could be readily
sulfated by SO, and nucleation of K;SO4 occurred. KOH and K atoms in the hot flue
gas enhanced the consumption of OH radicals, and consequently, inhibited the
oxidation of CO and Hs in the hot flue gas. In order to study the reactions pathways,
a detailed K-CI-S chemical mechanism was adopted to simulate the reactions under the
experimental conditions.

10
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Optical investigation of gas-phase KCI/KOH sulfation in post flame

conditions.
W. Weng, S. Chen, H. Wu, P. Glarborg, Z. Li, Fuel 224 (2018) 461-468.

This paper investigated gas-phase sulfation and homogeneous nucleation of
gas-phase KCI/KOH in a counter-flow reactor setup. SO, was used as sulfur
source. Mie scattering was used to detect KoSOj aerosols, and Rayleigh
scattering was used to derive the temperature distribution. KOH was
observed to be sulfated more readily than KCl. Oxidizing environment was
needed to have the sulfation reactions. These characteristics were also
predicted by modelling work.
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88 (2017) 045104.

A novel multi-jet burner was designed which can provide uniform hot flue
gas with temperature ranging in 1000 K to 2000 K. Different additives in gas
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the large uniform hot flue gas for the study of heterogeneous reactions.
Different types of optical diagnostics can be easily applied in the burner.

[ designed the burner and planned the experiment. The temperature
measurements using TLAF and corresponding temperature calculation was
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wrote the manuscript with some input from the other authors.
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I planned the experiment, and conducted the measurements. I made the data
evaluation. I wrote the manuscript with some input from the other authors.
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The concentrations of KOH, KCI, and K atoms in the hot flue gas at
temperatures ranging between 1120 K and 1950 K were quantitatively
measured for the investigation of gas-phase K-Cl chemistry. Broadband UV
absorption spectroscopy was applied for KOH/KCI measurements and
TDLAS was applied for K atom measurements. Modelling work was
conducted based on a detailed K-Cl mechanism. For most cases, the
experimental and simulation results were in reasonable agreement.
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The concentrations of KOH, KCl, K atoms, OH radicals and SO, in the
hot flue gas at temperatures ranging between 1120 K and 1550 K were
quantitatively measured for the investigation of gas-phase K-CI-S
chemistry. UV absorption spectroscopy was applied for KOH/KCI, SO,
and OH radical measurements and TDLAS was applied for K atom
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sheet. Modelling work was conducted based on a detailed K-CI-S
mechanism and predicted the experimental results.

I planned the experiment, and conducted the measurements. I made the data
evaluation. I did the modelling work with the help from P. Glarborg. I wrote
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H, oxidation in combustion environments.

T'B. Vilches, W. Weng, M. Seemann, H. Thuman, Z. Li, P. Glarborg, To be
submitted.

The influence of potassium on the oxidation of CO and H; in the hot flue
gas at the temperature between 1120 K and 1550 K and oxygen rich
conditions was investigated. The concentrations of KOH and OH radicals
were measured using UV absorption spectroscopy and the concentration of
K atoms was measured using TDLAS. The concentrations of CO and H,
were obtained using a GC system. A reduction of CO and H, oxidation
was observed, which may be caused by the reduction of the concentration
of OH radicals due to the existence of KOH and K atoms.
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responsible for the measurement of CO and H>. T.B. Vilches and me wrote the
manuscript with some input from the other authors.

Paper VIII: Quantitative imaging of potassium release from single burning pulverized
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biomass char particles.
W. Weng, S. Li, M. Costa, Z. Li, Submitted.

Laser-induced photofragmentation fluorescence imaging technique was
applied in the quantitative measurement of the potassium release from
single burning pulverized wheat straw char particle with a size around 200
pm. The distribution of gas-phase KOH surrounding the burning char
particle was obtained. About 0.034 pg potassium was released from the char
particle with a residence time of 70 ms in the hot flue gas at 1650 K and
having 6.5% oxygen.

1 planned the experiment. The measurement was conducted with S. Li. The
biomass char material was prepared and provided by M. Costa. I made the data
evaluation. I wrote the manuscript with some input from the other authors.



Chapter

Introduction

Nowadays, fossil fuels still have the biggest share in the global primary energy supply,
and are considered to be the major contribution to global warming due to CO,
emissions. The demands on renewable energy with net zero greenhouse gas emission
are increasing. Biomass energy, together with other renewable energy sources, such as
hydropower, wind power, solar energy and geothermal energy, will be a substantial
section of the future energy supply. Thermal conversion processes, such as combustion,
gasification, and pyrolysis, are considered the most important ways to use the biomass
energy. Through thermal conversions, power and heat can be generated directly, and
important carbon-based feedstock such as syngas and second generation biofuels can
also be produced from biomass fuels.

Biomass, such as forest wood and agricultural residues, usually contains varying
amounts of potassium, chlorine and sulfur [1, 2]. During thermal conversion, these
elements can be released and may cause problems such as fouling, slagging, corrosion
and bed material agglomeration in an operating furnace [3]. Suitable mitigation
methods have been developed, such as the usage of sulfur-based additives [4-6] to
convert KCl into K;SO4 which is less corrosive and has a higher melting point.
Moreover, potassium, chlorine and sulfur potentially affect the overall thermal reaction
process through producing or consuming radicals, such as OH, O and H, and may
affect the pollutant formation [7] and product gas quality in gasification [8]. Thus, the
understanding of potassium chemistry in homogeneous high-temperature
environments is essential for a higher energy efficiency and lower pollutant emissions
during the utilization of biomass fuels through different thermal conversion processes.
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In previous works, detailed reaction mechanisms containing potassium, chlorine and
sulfur reactions at high temperature have been reported [9-12]. However, model
validation is difficult. Despite that some experimental studies about potassium
chemistry have been conducted [11, 13-15], more experiments under well-defined
conditions with accurate measurements from optical diagnostics are still required to
further evaluate mechanisms.

In the present work, the research questions/focus are listed:

1. Does sulfation occur via homogenous reactions between gas-phase KCI/KOH
and SO7?

2. To provide uniform hot gas environments for homogenous gas-phase
potassium reactions, a new burner needs to be developed.

3. How can the concentrations of KOH, KCl, K atoms, SO, and OH radicals be
quantitatively measured using non-intrusive optical techniques?

4. Absorption spectroscopy was employed for concentration measurements.
What will be the UV absorption cross-sections of KOH, KCl and SO; in a hot
gas environment with a temperature over 1000 K?

5. How do the reaction environments influence the formation of potassium
species and the potassium sulfation process?

6. Will potassium species affect the radical consumption and fuel oxidation?

7. Can simulations with the present detailed K-CI-S mechanism predict our

experiment results?

Thus, the thesis work is divided into the following parts: preliminary investigations,
design of a new burner for providing reaction atmospheres, development and
application of new optical methods for key species measurements, and experiments and
simulations for deepened understanding of potassium chemistry.

Chapter 2 presents the work on the preliminary investigations of homogenous sulfation
reactions between KCI/KOH and SO; in different hot gas environments. A counter-
flow reactor was designed to avoid any wall-based reactions and heterogeneous
reactions. K;SOy aerosols formed in the sulfation were observed through the
illumination by a laser sheet. Chapter 3 describes further investigations with
quantitative measurements, where a novel laminar flame burner was designed to
provide uniform hot gas environments for homogeneous K-CI-S reactions. The
temperature of the hot gas environment can be widely adjusted, between 1000 K and
2000 K. Different optical diagnostics can be readily applied on the burner. In the
present work, mainly broadband UV absorption spectroscopy and tunable diode laser
absorption spectroscopy was adopted for measurements of concentrations of KOH,
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KCl, K atoms, SO, and OH radicals. For quantitative analysis, the UV absorption
cross sections of KOH, KClI and SO, in combustion atmosphere were measured. In
Chapter 4, K-CI-S chemistry was studied in hot gas environments with different
temperatures and oxygen concentrations. Corresponding simulation work was
conducted with a detailed K-CI-S mechanism. The discussion focused on the formation
of different potassium species, the sulfation process and effects of potassium on OH
consumption and CO/H, oxidation in different gas environments.
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Chapter

Investigation of potassium sulfation

There are several studies on the homogeneous sulfation process between gas-phase
KOH/KCI and SO,. A detailed mechanism including K-CI-S chemistry has been
developed by Glarborg and Hindiyarti et al. [9, 10]. However, experimental studies
conducted on this topic are still scarce. Through experimental measurements Li et al.
[11] have verified that the formation of K;SOj4 could occur between gas-phase KCl and
SO.. As the first part of this thesis work, a new reactor was designed to investigate the
sulfation of both KOH and KCl. The advantage of the reactor is that it can completely
avoid any wall-based and heterogeneous reactions.

2.1 Experimental setup and simulation

As presented in Paper I, the preliminary investigation of the sulfation process was
conducted in a counter-flow setup, as shown in Figure 2.1. The advantage of this setup
is to allow only homogenous reactions between gas-phase KCI/KOH and SO to occur
while avoiding any wall-based or heterogeneous reactions, since the sulfation reactions
could only occur in the mixing region, which was located away from the burner
surfaces.

A Perkin-Elmer burner was used to generate uniform laminar flows of hot flue gases
from premixed CHy/air flames. The flat premixed flame with a diameter of 23 mm
attached on the surface of the burner. The fuel-air equivalence ratio of the premixed
flame was adjusted to be 0.9 or 1.1 to generate an oxidizing or reducing environment,
respectively. A well-prepared KOH or KCI aqueous solution was atomized by a
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nebulizer and transported by the premixed CH/air gas flow to the flame, which
enabled a homogeneous introduction of KOH or KCI. When KOH or KCI passed the
premixed flame front, which had a high temperature over 2000 K, gas-phase KOH
and/or KCI was generated. The concentration of potassium in the hot flue gas was
calculated to be around 215 ppm according to the consumption rate of the aqueous
solution. A N, flow surrounding the premixed flame was used to shield the flame from
the ambient air.

Mckenna Burner Mckenna Burner

j : i CH,/air
¥ & { (KCI or KOH)
Perkin Elmer Burner Perkin Elmer Burner
Figure 2.1

Photo of the counter-flow system with flames (middle), Perkin Eimer burner (left), and Mckenna burner (right).

A sintered-metal porous plug of a McKenna burner with a diameter of 60 mm was
placed above the Perkin-Elmer burner to supply a N, flow containing a certain amount
of SO, as shown in Figure 2.1. The hot flue gas flow from the Perkin-Elmer burner
and the N,/SO, flow from the McKenna burner encountered each other, thus a
counter-flow structure was generated. The concentration of SO, in the N, flow was set

to be 0 ppm, 245 ppm or 980 ppm.

Sulfation reactions between SO, and KCI/KOH occurred in the mixing region, where
K,SO4 was formed. Since K;SOy has a high boiling point, acrosols of K;SO4 were
generated after nucleation. In order to detect the aerosols, a vertical laser sheet was sent
through the counter-flow region to illuminate the aerosols. The laser beam was
produced from the third harmonic of a Nd:YAG laser (Brilliant B, Quantel). It has a
wavelength of 355 nm and a pulse energy of ~-50 m]J. The Mie scattering signal from
the aerosols was captured by an ICCD camera. Meanwhile, in the same system, the
temperature distribution of the counter-flow was obtained based on Rayleigh
scattering, as presented in Paper I.

A one-dimensional opposed-flow model in Chemkin-Pro [16] was used to simulate the
sulfation process occurring in the counter-flow reactor. A potassium sulfation
mechanism was adopted based on previous works [9-11]. The composition of the two
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inlets of the model was set to be the composition of the hot flue gas of the premixed
flame on Perkin-Elmer burner and the N, flow with a certain amount of SO, from the
Mckenna burner, respectively. The composition of the hot flue gas was obtained
through the calculation using a one-dimensional free propagation premixed flame
model in Chemin-Pro with the GRI-3.0 mechanism [17]. In the calculation, the hot
flue gas at 3 mm from the flame front was used, which had a temperature of 2060 K
for the fuel-lean case and 2118 K for the fuel-rich case. The axial distance in the model
was set to be 20 mm.

2.2 Preliminary results and discussion

The distribution of the Mie scattering signal from the aerosols in the hot flue gas
produced in the fuel-lean case with KCl seeding is shown in Figure 2.2 (a). When the
hot flue gas with gas-phase KCl was cooled by the surrounding N, co-flow or the N,
from the top through the Mckenna burner, KCl aerosols were formed and Mie
scattering was observed in the region having a temperature between 700 K and 1000 K
according to the temperature measurement using Rayleigh scattering thermometry.
When SO, was introduced into the counter-flow through the Mckenna burner, a much
stronger Mie scattering was observed as shown in Figure 2.2 (b). The images in Figure
2.2 (a) and Figure 2.2 (b) were put together in Figure 2.2 (c), and it was found that
compared to the case without SO, seeding, the location of the Mie scattering in the
case with SO, seeding shifted a bit to the hot flow side, where the temperature was
between 1000 K and 1400 K. This indicates that K;SO4 was generated and the
nucleation occurred, since K;SO4 has a much lower vapour pressure and condenses at
a higher temperature than KCI [18].

(a)

KCI nucleation

Hot products

K,S0,4 nucleation

Hot products
+KCl

Figure 2.2
Images of the Mie scattering signals in the counter-flow by the KCI seeded fuel-lean hot flue gas and the N2 flow
illuminated with a thin laser sheet without (a) and with (b) SOz, and combination (c) of these two images.
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Similar to the case with KCl seeding, K;SOj aerosols were also detected in the counter-
flow with KOH and SO, seeding. The Mie scattering signal in the case with KOH
seeding was much stronger than the one with KCI seeding, which indicates that the
homogeneous sulfation of KOH occurred more readily than the one of KCI. When the
flame was switched to the fuel-rich case, the Mie scattering signal became more than
10 times weaker than the one in the fuel-lean case, since oxidation is necessary in the

sulfation reactions between gas-phase KOH/KCI and SO,.

The simulation results including the distributions of temperature and the
concentrations of potassium and sulfur species along the counter-flow vertical axis were
presented in Paper I. The predicted temperature distribution showed good agreement
with the experimental one. In the flow with KOH/KCI and SO, seeding, K,SO4 was
generated in the region having a temperature around 1200 K. About five times more
K,SO4 was predicted to be formed in the case with KOH than the case with KCL
Almost no K;SO4 was formed in the fuel-rich case.

(a) KOH — (b)

KOSO{—[K0SO,

no M o(')n ///” ~||<'|||~n;(///-ou
+KOH [KHSO) « - “KCl [KHSOJ
KOH +KOH I-H('I
K.50] K>SO,

Figure 2.3
Reaction pathways for the formation of K2SO4 at 1200 K in the counter-flow comprised by fuel-lean hot flue gas with
KOH (a) or KCI (b) seeding and the N2 flow containing SO2
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The pathways of sulfation between KOH/KCI and SO, in the fuel-lean case were
analysed and the results are presented in Figure 2.3. The sulfation was predicted to
occur mainly through the following reactions:

KOH + H = K + H,O (R1)
KCl + H = K + HCI (R2)
K + O, (+M) = KO, (+M) (R3)
KO, + SO, (+M) = KOSO; (+M) (R4)
K + SO, (+M) = KOSO (+M) (R5)
KOSO + O, (+M) = KOSO; (+M) (R6)
KOSO; + H,O = KHSO, + OH R7)
KHSO; + KCl = K,SO, + HCI (R8)
KOSO; + KCI = K,SO; + Cl (R9)
KHSO; + KOH = K,SO;4 + H,O (R10)
KOSO; + KOH = K,SO, + OH (R11)

First, K atoms are generated through reaction R1 and R2. Then, KOSOs is formed
through the reactions between K atoms, O, and SO, (R3 — R6). Finally, KOSOj; reacts
with KCl, KOH or H,O to generate K;SO4 or KHSO4 (R7 — R11). It can be seen that
the sulfation highly depends on the concentration of K atoms. Since the lower thermal
stability of KOH facilitates the formation of more atomic K compared to KCI, the
sulfation of KOH has a higher propensity than that of KCI. In the sulfation of
potassium by SO,, O, plays an important role in reaction R3 and R6 to generate
KOSO:s. Hence in the fuel-rich case, K;SO4 cannot be formed and a large amount of
KOSO is generated instead.

However, in order to evaluated the K-CI-S mechanism directly for a better
understanding of the sulfation process, quantitative measurements on the

concentrations of KOH, KCI, K atoms, SO, and OH radials are needed. This therefore
becomes the focus of the rest of the thesis.
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Chapter

Burner design and in situ quantitative
measurements

Absorption spectroscopy provides feasible techniques for quantitative concentration
measurements. However, limited by the line-of-sight nature of these techniques, it is a
big challenge to measure the concentration of key species in the mixing zone of the
counter-flow reactor due to the large concentration gradient. Thus, homogenous
reaction environments are needed. In the present work, a new burner was designed
which provided uniform hot gas environments. Because of the uniformity, absorption
spectroscopic techniques can be easily applied. The gas environment has a wide range
of temperature and composition to mimic different reaction atmospheres. Broadband
UV absorption spectroscopy was employed for measurements of concentrations of
KOH, KCI, SO; and OH radicals. Tunable diode laser absorption spectroscopy was

used for concentration measurements of K atoms.

3.1 Multi-jet burner

The newly designed burner is shown in Figure 3.1 with its photo, 3D structure and
sectional view. It is mainly comprised of two chambers, jet-flow chamber and co-flow
chamber, separated by a divider (7). The jet flows, mainly CH4/air/O,, are introduced
into the jet-flow chamber through four inlets (9). With two porous barriers (8) and the
parabolic convergent shape of the chamber, the jet-flow can be evenly distributed into
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Shielding ring

Jets (only one jet is illustrated)
Perforated mask
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Flow stabilizer
P ——

Hot gas products

Figure 3.1
The structure of the burner. (a) Sectional view of the burner. (b) Partial top view of the burner. (c) 3D structure of the
burner. (d) Photo of the burner.
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181 jet tubes (2). These jet tubes have inner and outer diameter of 1.6 mm and 3 mm,
respectively. Above each jet tube, a laminar premixed conical flame is stabilized,
producing hot gas products. A photo with the typical jet flame matrix is presented in
Figure 3.2 (a). Meanwhile, a co-flow is introduced into the co-flow chamber, and a
uniform laminar flow is obtained as the flow passes through the two porous barriers
(5). After a perforated mask (3) and several layers of 1 mm diameter glass beads, the co-
flow can be evenly mixed with the hot products from the jet tubes. After the shielding
ring (1), above the burner outlet, a homogenous hot gas environment is generated. The
temperature and the composition of the hot gas products can be readily adjusted by
varying the gas composition of the jet-flow and the co-flow. This is different from other
flat flame burners, such as the McKenna burner [19], Meker burner [20], and Perkin-
Elmer burner [21], which can only use a limited number of flat-flame cases to provide
hot gas environment. The rectangular burner outlet had a size of -85 mm x 47 mm,
and the large size is in favour for the application of absorption spectroscopy techniques.

(b) Side view
(KOH seeding)

(a) Top view

Burner outlet

Figure 3.2
Photo of the burner head with flames on (a) and chemiluminescence of K atom at 766 nm in hot flue gas with KOH
seeding capture by ICCD camera (b).

The flame conditions adopted in the present work are summarized in Table 3.1 with
variation in temperature of gas product and fuel-air equivalence ratio. The temperature
at -5 mm above the burner outlet was measured using two-line atomic fluorescence
thermometry with indium atoms as reported by Borggren et al. [22], and the details of
the measurements will be described in the next section. The accuracy of the
measurements was evaluated to be ~2.7% [22]. The temperature varies in the range
between 1120 K and 1950 K. The equivalence ratio was varied between 0.6 and 1.31
to obtain hot gas products with different oxygen concentrations. The fuel-air
equivalence ratio was calculated based on the total fuel and oxygen from both jet-flow
and co-flow. The fuel-lean cases with equivalence ratio smaller than 1.0 will result in
certain amounts of oxygen in the hot flue gas, while for the fuel-rich case with
equivalence ratio over 1.0, the hot flue gas will be oxygen free. For example, the cases
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with equivalence ratio of 0.6 and 0.96 have O, concentration of about 4.5% and 0.5%,
respectively. The distribution of the temperature and equivalence ratio of all the flame
cases are summarized in Figure 3.3.

Table 3.1
Summary of the flame conditions adopted in this experiment, where the temperature measurement was performed at a
location 5 mm above the burner outlet.

Gas flow rate (sl/min)

Flame Fgel-air Gas product
Case Jet-flow Co-flow equw_alence temperature
CH, Air 0, N, Air ratio ¢ )
T201 2.66 17.34 1.89 6.96 11.61 0.67 1770
T202 2.66 17.34 1.89 10.83 7.74 0.74 1750
T203 2.66 17.34 1.89 14.21 4.38 0.83 1760
T204 2.66 17.34 1.89 18.60 0.00 0.96 1790
T205 3.04 17.11 1.86 13.95 0.00 1.12 1840
T206 3.14 15.53 1.91 12.09 0.00 1.22 1890
T207 3.23 14.16 1.93 9.30 0.00 1.32 1750
T102 2.95 19.20 2.09 6.84 7.09 0.78 1950
T302 2.47 12.23 2.58 18.97 8.90 0.70 1550
T304 247 12.23 2.58 27.90 0.00 0.96 1530
T402 2.28 11.89 2.26 22.69 9.83 0.67 1390
T404 2.28 11.89 2.26 32.55 0.00 0.96 1400
T502 2.09 10.90 2.07 26.50 10.66 0.63 1260
T504 2.09 10.90 2.07 37.20 0.00 0.96 1260
T602 1.71 8.91 1.69 26.92 10.25 0.60 1120
T603 1.71 8.91 1.69 32.55 4.65 0.76 1120
T604 1.71 8.91 1.69 37.20 0.00 0.96 1120
T107 3.62 13.76 2.61 11.16 0.00 1.31 1790
T307 3.04 10.14 2.51 13.95 0.00 1.31 1570
T407 2.66 9.12 2.14 18.60 0.00 1.31 1470
T507 247 8.47 1.99 22.32 0.00 1.31 1340
T607 2.28 7.82 1.84 27.90 0.00 1.31 1140
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Distribution of gas product temperature and fuel-air equivalence ratio of the flame conditions used in the present work.
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Figure 3.4
Variation of the hot flue gas temperature after the start-up of the burner.

Compared to high-temperature reactors/furnaces operated with electric heating, the
biggest advantage of a burner is its short start-up time. Especially in the present burner,
the hot flue gases with temperatures over 1550 K are produced by lifted flames. This
design highly reduces the heat loss to the burner. Figure 3.4 presents the temperature
variation of the hot gas products as a function of the time after the start-up of the
burner. It can be seen that the temperature can stabilize at a certain value in a short
time, typically less than 1 min.

Potassium and chlorine was introduced into the hot gas environments through the jet-
flows. Potassium carbonate or potassium chloride was prepared in water solutions with
a concentration of 0.5 mol/l and 1.0 mol/l, respectively. The solution was atomized
with an ultrasonic fog generator. The resulting fog was transported into the jet-flow
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chamber and mixed into premixed jet flow. When the fog droplets passed through the
premixed flame fronts with a temperature over 2000 K, KCI was vaporized into gas-
phase KCl directly and K;COj can react rapidly with water vapour to form gas-phase
KOH. In the following work, K;CO; water solution was adopted instead of KOH
solution that was used in our preliminary investigations in the Perkin-Elmer burner in
Chapter 2, since K;COj solution is much less corrosive than KOH solution. In Figure
3.2 (b), the image shows the signal of the chemiluminescence of K atoms in the hot
flue gas with KOH seeding captured by an ICCD camera with an interference band
pass filter centred at 766 nm. It can be seen that uniform signal was obtained along the
horizontal direction, which indicates that the seeded additives can be homogeneously
distributed in the hot flue gas environments.

3.2 Temperature measurements

The temperature of the hot gas products 5 mm over the burner outlet was measured
using two-line atomic fluorescence (TLAF) thermometry with indium atoms. The
detail of the measurement has been reported by Borggren et al. [22]. In TLAF, the
indium atoms at two different lower energy levels, cf. level 1 and level 2 in Figure 3.5
(a), are excited by the lasers at 410 nm and 451 nm to a common higher energy level,
cf. level 3 in Figure 3.5 (a). When the excited atoms relax back to the two low energy
levels, fluorescence is generated, cf. F3; and Fs, in Figure 3.5 (a). The strength of the
fluorescence generated from the two different excitations is proportional to the
population of the two lower levels, which is governed by the temperature-dependent
Boltzmann distribution, and the correlation between the fluorescence ratio and
temperature is presented by the curve in Figure 3.5 (b).

(a) (b)
3 F3oFs4 FsiFso ]
A A 22 15k
3 8
@2
§§ 1.0 F
2 S5
Q* EX23§( 58
[elF=)
‘%;—g U 1 1 1
EXi3 =% 1000 2000 300()
EX13=410 nm Temperature (K)
Ex,3=451 nm
Figure 3.5

Simplified energy level diagram of the indium atom (a) and the correlation between the ratio of fluorescence and
temperature (b).
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In the present work, the fluorescence ratio obtained in experiments was compared to
the one obtained in simulations. In the experiment, the fluorescence was recorded by a
camera, and the ratio of the fluorescence after compensation for laser power is given by
[22],

_ R/
Rexp = F1/l1s (3.1)

where Fi and £ are the fluorescence signals generated from the excitation of energy
level 1 and level 2, respectively, and 715 and D3 is the power of the laser at 410 nm and
451 nm, respectively. In the simulations, the fluorescence ratio is expressed as [22],

_ 923(A23,T) f2(T)Bz3
RSlm(T) "~ 913(A13,T) f1(T)-B13 (3-2)

where g is the line shape as a function of wavelength (A) and temperature (T), f is the
Boltzmann distribution and B is the Einstein absorption coefficient. Combining
Equation 3.1 and Equation 3.2, the temperature is derived.

The temperature measurement system adopted is similar to the one developed by
Borggren et al. [22], as shown in Figure 3.6. Two external cavity diode lasers (Toptica,
DL 100pro and DL 100) generated two continuous-wave beams at 410 nm and 451
nm. These two lasers were used to probe the indium transitions 5°P1, — 6°S1> (Exi3
in Figure 3.5 (a)) and 5°P32 — 6%S12 (Exzs in Figure 3.5 (a)), respectively, with a power
around 5 mW. The lasers were overlapped using a dichroic mirror, and passed through
the measurement zone alternately using a chopper. The wavelength and the power was
monitored by a wavemeter and photodiodes, respectively.

When the laser passed through the hot flue gas, the indium atoms there were excited
and emitted fluorescence. The fluorescence was captured by an ICCD camera through
an interference band pass filter with a centre wavelength of 450 nm and full width at
half maximum (FWHM) of +5 nm. A typical photo of the fluorescence above the
burner captured by a digital camera is shown in Figure 3.6. Trimethylindium (TMI)
or indium chloride (InCls) was introduced into the gas products to generate indium
atoms. For TMI seeding, a system developed by Whiddon et al. [23] was used. InCl;
was seeded into the hot flue gas through an atomized InCl; water solution using an
ultrasonic fog generator, as described above for potassium seeding.
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Figure 3.6

Schematic setup for the TLAF system and a photo of the burner outlet with laser-induced fluorescence of indium
atoms.
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Figure 3.7

Horizontal distribution of the hot gas product temperature along the long side (a) and the short side (b) of the burner
outlet measured with TLAF.
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As presented in Paper II, through the fluorescence distribution obtained from an ICCD
camera, the one-dimensional horizontal temperature distribution was derived. The
typical horizontal distributions of the temperature along the long side and short side of
the burner are shown in Figure 3.7. The homogenous hot flue gas area is estimated to
be larger than 70 mm x 40 mm. It should be noted that at the edge of the hot flue gas,
the measured temperature became less reliable due to the low indium atom
concentration that resulted in weak fluorescence signal.

3.3 K atoms measurement

Tunable diode laser absorption spectroscopy (TDLAS), based on the Beer-Lambert
law, is adopted for the quantitative concentration measurements of potassium atoms.
Two transitions employed in the present work to probe the potassium atoms are shown
in Figure 3.8. According to the Beer-Lambert law [24, 25], the frequency-dependent
absorbance, a(v), is given by,

a(v) = —ln(I(V)) =o()'L-N (3.3)
()
where v is the frequency of the light, /o and 7 is the intensity of the light before and
after passing through the flue gas with potassium atoms, respectively, o is the
absorption cross section as a function of frequency, L is optical path length and /V is
the number density of potassium atoms. The absorption cross section can be expressed
as,

o(v) = w (3.4)

where h is Plank constant, vy is the transition central frequency, By, is the Einstein
absorption coefficient from ground state to excited state, g is the area-normalized line
shape and ¢ is the speed of light. Thus, the number density can be obtained by

integrating over Equation 3.4, and expressed as,

c

N = [a)dv (3.5)

hVoBlzL
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Figure 3.8
Partial energy level diagram of the potassium atom including the resonant transitions at 769.9 nm and 404.4 nm.
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Figure 3.9
Schematic setup for the TDLAS system for K-atom measurement.

In previous works [24-26] for measurements of potassium atoms, a TDLAS system at

769.9 nm was widely used with a high measurement sensitivity. The schematic of the

experimental setup employed in present thesis work with 769.9 nm laser is shown in

Figure 3.9. An external cavity laser (Toptica) was used to produce laser light with a

wavelength at 769.9 nm probing the potassium 4°S;, — 4Py, transition. The

wavelength was scanned a certain range at a repetition rate of 100 Hz using a scan

control module. The scanning range was monitored by a high-finesse confocal Fabry-

Perot etalon and the power of the laser before and after the passage of the hot flue gas

was measured by two photodiodes.
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Figure 3.10
Voltage of the photodiode detecting the light without passing the hot flue gas, and the signal of etalon with a free
spectral range of 1 GHz.
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Figure 3.11

Voltage of the photodiodes detecting the light before and after passing through the hot flue gas as a function of laser
frequency without (a) and with (b) KOH seeding in the 769.9 nm TDLAS system. The potassium concentration in (b)
was calculated to be 0.05 ppm.

As shown in Figure 3.10, the 769.9 nm laser had a scanning range over 35 GHz, and
the voltage of the photodiode, representing the power of the laser, varied smoothly with
the light frequency. The voltage of the photodiodes detecting the laser after the passage
of the hot flue gas with or without KOH seeding is presented in Figure 3.11, which
was based on 50 measurements. In Figure 3.11 (b), a significant absorption can be
observed with about 20 ppm KOH seeding. Based on the absorption, the concentration
of K atoms in the hot flue gas was calculated to be 0.05 ppm through the data process
described in detail in Paper III. Moreover, it can be noted that the signal from the
photodiode detecting the laser after the passage of the hot flue gas was more scattered
than the one before the passage of the hot flue gas. It was mainly caused by fluctuations
of the hot flames.

39



_ Stabilizer

K atom chemiluminescence

Burner outlet

Figure 3.12
Image of the laser-induced fluorescence and chemiluminescence of K atoms in the hot flue gas produced by a fuel-
rich flame above the burner.
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Figure 3.13

Voltage of photodiodes as a function of laser frequency without (a) and with (b) KOH seeding in the 404.4 nm TDLAS
system. The potassium concentration in the case with KOH seeding was calculated to be 1.64 ppm. The voltage of
etalon was shown in (a).

However, as the concentration of K atoms increased to several ppm, an optically thick
condition resulting in saturated absorption was observed as reported by Qu et al.[25],
especially in the present burner with a long optical path length. Figure 3.12 shows the
laser-induced fluorescence of K atoms excited by the 769.9 nm laser under a fuel-rich
condition. In the fuel-rich condition, several ppm K atoms can be generated [15]. In
the image, the laser beam entered the hot flue gas from the left side, and almost no
fluorescence could be observed in the right part of the hot flue gas. It indicates that the
light was almost completely absorbed by the K atoms in the hot flue gas.

Due to the fact that the Einstein spontaneous emission coefficient of the 404.4 nm line
is ~30 times smaller than the one of 769.9 nm line [27], the 404.4 nm line has a much
smaller absorption cross section, which allows for measurements of higher K atom
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concentration without saturation effects. A TDLAS system at 404.4 nm was developed
in the present work to measure the concentration of K atoms at ppm-level. The TDLAS
system at 404.4 nm is almost the same as the one at 769.9 nm. An external cavity laser
(Toptica) was used to produce the beam with a wavelength of 404.4 nm probing the
potassium 4°Si; — 5°P3 transition. As shown in Figure 3.13 (a), the 404.4 nm
TDLAS system had a scanning range of ~-21 GHz, and the absorption is far from the
optically thick condition even with a K atom concentration of 1.64 ppm as shown in
Figure 2.13 (b). Further details, such as the fitting of the frequency dependent
absorbance, and the absorption peak correction under optically thick conditions for
even higher concentration measurement, can be found in Paper III.

3.4 KOH, KCI, SO, and OH measurement

Broadband UV absorption spectroscopy, also based on the Beer-Lambert law, was
adopted for the measurement of concentrations of KOH, KCI, SO, and OH radicals
in the hot flue gas. Similar to previous works [11, 28], a deuterium lamp was used as a
broadband UV light source. The light provided by the lamp was collimated by a
parabolic mirror to form a beam with a diameter of ~10 mm that passed above the
burner six times using five UV-enhanced aluminium mirrors as shown in Figure 3.14.
After the passages, the UV light was collected to a spectrometer (USB2000+, Ocean
Optics) with a spectral resolution of ~0.3 nm.

Parabolic mirror

Deuterium lamp

USB 2000+ |
Spectrometer ~ Multi-jet burner

Figure 3.14
Schematic setup for the broadband UV absorption spectroscopy system.

In Figure 3.15, the red and black curves indicate the spectra of the UV light after the

passage of the hot flue gas with and without KOH seeding, respectively. Comparing
these two curves, the main differences are observed at the wavelengths around 300 nm
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and 766/769 nm. In the hot flue gas with KOH seeding, K atoms were generated
through the reaction KOH + H = K + H,O, and the extra spectral lines at 766/769 nm
are attributed to the strong chemiluminescence emission of K atoms. The reduction of
the intensity at the wavelengths around 300 nm indicated by the dashed ellipse, was
caused by the UV absorption of gas-phase KOH.
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Figure 3.15
Spectra of the UV light after the passage of the hot flue gas with or without KOH seeding.

The absorbance, A(A), of alkali compounds, here mainly KOH and KCl, in the hot

flue gas can be defined as:

= _ln(s®
A = ln(lo(/l)) (3.0)
where Iy(4) and I5(4) are the intensity of the UV light after the passage of the hot flue
gas without and with KOH/KCI seeding, respectively. A typical absorbance curve of
KOH obtained in the experiment is presented in Figure 3.16 (a). Using the absorbance
of KOH or KCl, the concentration can be calculated based on the Beer-Lambert law:

where N, is the number density, g5 (1) is the absorption cross section of the alkali
species, and L is the absorption path length. Unfortunately, the UV absorption cross
sections of both gas-phase KOH and KCl at temperatures above 1100 K were
unknown. Hence, in the present work, measuring the UV absorption cross sections of
KOH and KCl accurately at high temperature became a crucial issue. Davidovits et al.

42



[29] and Leffler et al. [28] have measured the UV absorption cross sections of KCl at
~1000 K using a quartz cell with alkali chloride vapour. However, through this
apparatus, it is hard to reach a higher temperature to mimic the combustion
atmosphere. In the present work, as reported in Paper 111, a new method was developed
to measure the UV absorption cross sections of KOH and KCI at the temperature
between 1300 K and 1800 K in the multi-jet burner.
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Figure 3.16
Absorbance of KOH in the fuel lean and rich cases (a) and corresponding number density of K atoms (b) in the hot
flue gas.

As shown in Figure 3.16 (a), the absorbance of KOH in the hot flue gas provided by
the fuel-rich flame T205 (T = 1840 K, ¢ = 1.12) was significantly weaker than the
one in the flue gas provided by the fuel-lean flame T201 (T = 1770 K, ¢ = 0.67),
despite that same amount of KOH was introduced in both cases, and these two cases
had similar temperature. According to the potassium chemistry, KOH and K atoms
should be the dominant potassium species under these two conditions, but the balance
between KOH and K atoms could be significantly different. This was observed in the
experimental measurement on K atom concentration using TDLAS system. As shown
in Figure 3.16 (b), the number density of K atoms was 1.7 x 10'® m™ and 4.87 x 10"
m” in the fuel-lean and fuel-rich case, respectively. It means that KOH was the
dominant potassium species in the fuel-lean case, but in the fuel-rich case, a
considerable amount of KOH was converted into K atoms. The part of KOH that was
converted into K atoms had the absorbance equalling to the difference between the
absorbance of KOH in the fuel-lean and the one in the fuel-rich case as shown in Figure
3.16 (a), which was marked with scatter star. Hence, the absorption cross sections of
KOH were obtained using the Beer-Lambert law,
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AAkon(4) = ANkon - oxou(d) - L (3.8)

where AAgoy and ANkoy are the changes in absorbance and number density of KOH
as the hot flue gas case varied from the fuel-lean to the fuel-rich, respectively. The
obtained UV absorption cross sections of KOH are presented in Figure 3.17. Using the
absorption cross sections, the concentration of KOH in the fuel lean case was calculated
to be around ~20 ppm. In addition, ~100 ppm of Cl was introduced into the KOH
seeded fuel-lean flue gas, and almost all the KOH was converted into KCI. Through
the comparison between the absorbance spectrum of KOH and KCI, the UV
absorption cross sections of KCl were measured as shown in Figure 3.17. It is also
possible to obtain the UV absorption cross sections of NaCl and NaOH based on the
cross sections of KOH using the method described by Weng et al. [30].
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Figure 3.17
UV absorption cross sections of KOH and KCI at temperature of 1300 K and 1800 K.
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Figure 3.18
Absorbance of KOH in the hot flue gas under 50 measurements (black lines) and the average value (red line).
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According to the measured absorption cross sections of KOH and KCI at different
temperatures, it can be seen that the influence of the temperature on the cross sections
is small, which has been reported by Leffler et al. [28]. However, the difference between
the spectrum of KOH and KCl is significant, especially at wavelengths around 330 nm.
This difference is beneficial for the distinction of KCI from KOH when both of them
exist in the hot flue gas.

The measurement sensitivity of the broadband UV absorption spectroscopy system was
evaluated based on the standard deviation of the absorbance with 50 measurements, as
shown in Figure 3.18. Referencing to the random scattering of the absorbance observed
at the wavelengths without any absorption, the sensitivity of the system was estimated
to be about -2 ppm.
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Figure 3.19
UV absorption cross sections of SO2 at varying temperatures up to 1950 K obtained in the hot flue gas environments.

The UV absorption cross section of SO; has attracted many experimental studies [31-
34]. However, accurate measurement at a temperature over 1100 K was still lacking.
Since the absorption cross section of SO; is strongly influenced by temperature, having
reliable measurements at different temperatures is necessary. In the present work, in
Paper IV, the absorption cross section of SO, in combustion environments was
investigated using our broadband UV absorption spectroscopic system and the multi-
jet burner. Since SO, could be introduced into the hot flue gas with a known
concentration, it became much easier to evaluate the absorption cross sections of SO,
compared to KOH and KCI. SO, (1% in N>) was mixed with the jet-flow and seeded
into the hot flue gas at different temperatures. The spectrally resolved absorbance of
SO, was obtained as the natural logarithm of the ratio between the intensity of the UV
light after the passage of the hot flue gas with SO, seeding and the one without SO,
seeding (cf. Equation 3.6). Based on the Beer-Lambert law (cf., Equation 3.7), the UV

absorption cross section of SO, between 230 nm and 350 nm at temperatures varying
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between 1120 K and 1950 K was measured. The results are presented in Figure 3.19.
The values are almost 10 times smaller than the absorption cross sections of KOH and
KCl shown in Figure 3.17, and they are very sensitive to temperature. The absorption
cross section of SO, at wavelengths shorter than ~-270 nm increases with temperature
significantly. Hence, with spectrally resolved absorbance, not only reliable SO,
concentrations can be obtained, the gas environment temperature can also be evaluated,

as reported by Gao et al. [35].

(a) LIF of SO, Stabilizer

Burner outlet

(b) LIPF of KOH .
Stabilizer

Burner outlet

Figure 3.20
LIF signal of SOz (a) and LIPF signal of KOH (b) in the hot flue gas with an excitation by an 266 nm laser.

In order to measure the distribution of KOH and SO, in the hot flue gas, laser-induced
photofragmentation fluorescence (LIPF) and laser-induced fluorescence (LIF) were
adopted, respectively. The schematic of the experimental setup is presented in Paper
IV. The fourth harmonic of a Nd:YAG laser was used to provide a 266 nm laser with
a pulse energy of about 28 m]/pulse. The laser beam was passed through the hot flue
gas to directly excite SO, molecules. During the relaxation of the excited SO, molecules
to the ground state, broadband UV fluorescence was generated. The spectrum of the
fluorescence from 240 nm to 380 nm was recorded by a spectrometer, and it is
presented in Paper IV. In order to have two-dimensional images of the fluorescence,
the fluorescence was also collected by an ICCD camera through a long pass filter
(Schott WG305). Figure 3.20 (a) presents a typical image of the SO, LIF signal in the
hot flue gas. It can be seen that the distribution along the horizontal direction is quite
uniform. As described in Paper IV, the fluorescence signal can be used to measure the
concentration of SO, after calibration, and it shows that the LIF method was more
sensitive than the broadband UV absorption spectroscopy method.
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In the previous works reported by Leffler et al. [15, 36], two dimensional laser-induced
photofragmentation fluorescence was adopted for the measurement of the distribution
of KOH and KCl in the hot flue gas. An ArF Excimer laser was used to provide the
193 nm laser to photodissociate gas-phase KOH and KCl molecules as,

KClI + hv (193 nm) — K* + Cl = K + Cl + hv (766, 769 nm) (3.9)
KOH + hv (193 nm) — K* + OH — K + OH + bv (766, 769 nm) (3.10)

and electronically excited K atoms (K*) were generated. When the exited K atoms
relaxed to the ground state, fluorescence at 766 nm and 769 nm was generated [36].
The resulting fluorescence can be collected for concentration evaluation. However, the
laser at 193 nm photodissociated both KOH and KCI, which made it hard to
distinguish them from each other when both KOH and KCl existed in the hot flue gas.

It has been reported by Oldenborg and Baughcum [37] that almost no excited K atoms
could be generated as gas-phase KCl was photodissociated by light at 266 nm.
However, it is still not clear whether excited K atoms could be generated from KOH
via photodissociation by the 266 nm laser. In the present work, a laser beam provided
by the fourth harmonic of a Nd:YAG laser with a wavelength at 266 nm was formed
into a laser sheet with two cylindrical lenses. When the laser passed through the hot
flue gas containing gas-phase KOH, fluorescence at 766/769 nm was detected by an
ICCD camera with an interference band pass filter at 766 nm with a FWHM of 10
nm. It indicates that, when KOH absorbed the photons at 266 nm, it was not only
dissociated into ground state K atoms [38], but also into exited K atoms. During the
relaxation of the exited K atoms to the ground state, fluorescence was emitted. A typical
image of the fluorescence signal in the hot flue gas is shown in Figure 3.20 (b). Based
on the fluorescence signal, the distribution of KOH concentration can be obtained after
calibration. Combining the LIPF technique using a 193 nm laser as reported in the
previous work [36] and the 266 nm laser in the present work, two-dimensional
measurements on KOH and KCI concentration with species distinction can be
achieved.

In the present work, as a preliminary investigation, the LIPF technique at 266 nm was
applied for a study of the release of KOH from burning biomass pellets. A straw pellet
was placed above the burner using two ceramic holders (cf. Figure 3.21 (a)) and burned
in the hot flue gas (cf. Figure 3.21 (b)). The 266 nm laser sheet passed above the
burning straw pellet, and the fluorescence at 766/769 nm was captured representing
the distribution of KOH released from the burning pellet. It can be seen that gas-phase
KOH was formed at -2 mm downstream of the surface of the pellet during its char
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burning stage. In the layer close to the surface of the pellets, K atoms can be the

dominant potassium species.

Moreover, through the KOH LIPF technique and SO, LIF technique, the distribution
of KOH and SO; in the counter-flow reactor discussed in Chapter 2 can be obtained
for further K-CI-S chemistry investigations.
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Figure 3.21
Photos of a pellet above the burner (a) and its char burning (b), and the LIPF signal of KOH surrounding the burning
pellet (c).
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Figure 3.22
Absorbance of OH measured in the hot flue gas and its simulation at 500 ppm with or without including instrumental
broadening effect.

OH radicals absorb UV light at wavelengths around 310 nm. Using broadband UV

absorption spectroscopy, Gao [39] has achieved measurement of the absolute OH
number density in a Bunsen-type premixed flame. In the present broadband UV
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absorption system for KOH, KCl and SO, measurements, information related to the
absorption of OH radicals at around 310 nm was also extracted. As shown in Figure
3.18, a dip around 310 nm appeared. This is because that the concentration of OH
radicals in the hot flue gas decreased with KOH seeding.

In the OH radical measurement, the absorbance of OH radials was obtained based on
the natural logarithm of the ratio between the intensity of the light after and before
passing through the hot flue gas. The typical absorbance of OH radicals in the hot flue
gas from flame T204 (T = 1790 K, ¢ = 0.96) is shown in Figure 3.22 with black dots.
In order to fit the simulated OH absorption spectrum from LIFBASE [40] (cf. blue
lines in Figure 3.22) to the measured one, convolution processing was conducted taking
the instrumental broadening into account. The simulated spectrum for a concentration
of 500 ppm (cf. red line in Figure 3.22) can be well fitted to the absorbance obtained
in the experiment.
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Chapter

Quantitative K-CI-S chemistry

Gas-phase K-CI-S chemistry was investigated in the homogenous hot gas environments
provided by the multi-jet burner. The hot gas environments had a temperature varying
between 1120 K and 1950 K. Potassium, chlorine, and sulfur was homogeneously
introduced into the hot flue gas. The concentrations of KOH, KCl, K atoms, SO,, and
OH radical were measured using broadband UV absorption spectroscopy and tunable
diode laser absorption spectroscopy (TDLAS). Simulation were conducted in
Chemkin-Pro [16] with a detailed K-CI-S mechanism to predict the experimental
results.

4.1 Experimental measurements

In the present work, the investigation was conducted on the KOH-, KCI- and SO,-
doped hot gas products provided by the multi-jet burner as shown in Figure 4.1. Small
droplets in the fog of K;CO3/KCl water solution generated by an ultrasonic fog
generator passed through the premixed jet flames and converted into gas-phase KOH
and KCl. SO, was seeded into the hot flue gas by mixing into the co-flow.

The detailed structure of the burner head is shown in Figure 4.1. The flow stabilizer
was ~35 mm above the burner outlet, and the burner outlet was ~29 mm or ~17 mm
above the premixed flame fronts. Here, two types of flames were adopted: lifted ones
and attached ones. The lifted flames were adopted in the high-temperature cases (above
1700 K), which reduced the heat loss to the burner jets, but for the low-temperature
conditions (below 1700 K), attached flames were much easier to stabilize on the jets.
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Moreover, attached flames can ensure that all the salt passes through the flame fronts
and is completely vaporized quickly. All the flame conditions used in the present work
are presented in Table 3.1.

Flow stabilizer

Flames(attched cases) _
NnNMOoMNnOonMmMmnn

\
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(Ny/air/S0;) (CH,/air/0,+ K,CO3/KClI)

Figure 4.1
Detail of the multi-jet burner head with hot flue gas products containing potassium, chlorine and sulfur, and a
schematic of the absorption spectroscopy technique.
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Figure 4.2
Absorbance of KOH, KCI and SO: in the hot flue gas at temperature 1260 K.

The concentrations of KOH, KCl, SO, and OH radicals were quantitatively measured
simultaneously using our broadband UV absorption spectroscopy system, the K atom
concentration was measured using the TDLAS system, and the temperature was
obtained using the TLAF thermometry with indium atoms, as described in detail in
Chapter 3. All the measurements were conducted at a height of -5 mm above the outlet

of the burner, as shown in Figure 4.1.
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Spectrally resolved absorbance of KOH, KCl and SO, at wavelengths from 220 nm to
480 nm are presented in Figure 4.2. The overlap of these UV absorption spectra was
the main challenge in concentration measurements. Fortunately, at wavelengths longer
than ~330 nm, only KOH has absorption, and, thus, based on the UV absorption at
these wavelengths, the concentration of KOH can be evaluated. The rest part of the
absorbance without any contribution from KOH, can be separated into the absorbance
of KCI and SO,, based on the absorption at wavelengths over ~300 nm where the
absorption was mainly attributed to SO,. In principle, the spectrally resolved
absorption cross section curves belonging to KOH, KCl and SO, have distinct shapes
which can be used to fit the measured spectra containing different species to a linear
combination of contributions from different species to obtain unambiguous
concentrations.

4.2 Modelling work

Simulation work was conducted using Chemkin Pro [16]. A one-dimensional
stagnation reactor, mimicking the experimental conditions, was used to simulate the
reactions occurring along the vertical axial in the centre of the burner as shown in Figure
4.3. The mixtures of the co-flow and the gas products from the jet-flames were used as
the inlet gas of the model. Here, the gas products of the jet-flames were obtained using
a one-dimensional free propagation premixed flame model in Chemkin Pro [16] with
the GRI-3.0 mechanism [17]. The concentrations of KOH/KCI mixed in the gas inlet
was set to be the one measured in the flue gas products. The temperatures along the
axial direction in the model (cf. Figure 4.4) were assigned to be the ones measured by
a type B thermocouple at different positions along the vertical axis. The measured
temperatures were corrected using heat-transfer theory considering that heat losses
occurred in the thermocouple through thermal radiation. The axial distance in the
model was set to be 52 mm and 64 mm for the cases that adopted lifted flames and
attached flames, respectively, which was the distance between the flame fronts and the
flow stabilizer as shown in Figure 4.1.

Figure 4.4 presents typical distributions of temperature and concentrations of KOH,
K atoms and OH radicals along the vertical axis obtained through the simulation. In
the simulation, the hot gas products from flame T204 (T = 1790 K, ¢ = 0.96) and
T205 (T = 1840 K, ¢ = 1.12) were used, and 20 ppm KOH was introduced. Under
the oxidizing condition, KOH was the dominant potassium species, while under the
reducing condition, abundant K atoms were generated. The concentrations of K atoms
and OH radicals decrease with the vertical height, which represents the reaction time
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of the gas products. This phenomena has been obsrved by Slack et al. [14]
experimentally. The significant reduction in OH concentration can be caused by the
temperature decrease and the chain-terminating reaction K + OH + M = KOH + M.
At the measurement height (marked with black dot line in Figure 4.4), the species
concentrations in fuel-lean case show to be closer to chemical equilibrium values than
the ones in fuel-rich case.
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Figure 4.3
Schematic of the burner head and flow field for the simulation using Chemkin software.
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Figure 4.4

Distribution of the temperature and the concentrations of KOH, K atoms and OH radicals along the vertical direction in
the hot flue gas.
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Even though the distribution of the concentrations in the hot flue gas is quite
homogenous, on the edge of the hot flue gas, the concentrations can be different from
the central part due to edge effects. For example, in the fuel rich cases, diffusion flames
were formed as the flue gas met the ambient air due to the oxidation of CO and H,
from the hot flue gas. As shown in Figure 4.5, chemiluminescence at 430 nm was
obtained in the fuel-rich case by an ICCD camera. The chemiluminescence at 430 nm
raised from CO,* from the CO oxidation. The flame front of the diffusion flame on
the edge can be clearly observed. In the experiment, the concentrations are the average
values along the measurement path as shown in Figure 4.1, which included the edge
effect. However, the simulation with the one-dimensional stagnation reactor only
predicted concentrations of the species at the centre of the flue gas as shown in Figure

4.3.

' Burner outlet 1

Figure 4.5
Chemiluminescence at 430 nm obtained in the fuel-rich case raised from the oxidation of CO.
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Figure 4.6

LIF signal of K atoms and LIPF signal of KOH in both oxidizing and reducing cases with ~20 ppm KOH seeding.

The edge effect introduced an uneven distribution of the species along the horizontal
direction. There are two ways to solve the problem caused by the edge effect. One is
correcting measurement results to obtain the concentrations in the centre of the hot
flue gas, and the other one is improving the simulation process to include the edge part.



As reported in Chapter 3, the distribution of the key species can be obtained using
laser-induced  fluorescence or laser-induced photofragmentation fluorescence.
Combining LIF or LIPF with broadband UV absorption spectroscopy, the quantitative
concentration distribution of those key species can be measured. In the present work,
K atoms were excited by a continuous wave laser at 769.9 nm, and the resulting
resonance fluorescence was recorded by an ICCD camera with an interference band
pass filter at 766 nm. Figure 4.6 (a) and (b) presents the distribution of the K atom LIF
signal together with the chemiluminescence of K atom. Gas-phase KOH was
photodissociated by a 266 nm laser sheet as described in Chapter 3. The LIPF signal of
KOH was obtained and its distribution is shown in Figure 4.6 (c) and (d).

However, the signal distribution presented in Figure 4.6 cannot represent the
distribution of the fluorescence in the probe volume, since part of the LIF and LIPF
signal was trapped by the K atoms in the hot flue gas, which has been reported by
Leffler et al. [36]. As shown in Figure 4.6 (d), in the region close to the edge of the hot
flue gas, the disappearance of the signal can be caused by the high concentration of K
atoms there. Without accurate concentration measurement of the K atoms on the edge,
the correction on the fluorescence may contain a big uncertainty, and it is hard to
obtain a reliable measurement on the potassium species distribution on the edge.

In the present work, the second method was adopted. As described in Paper V, the
opposed-flow model in Chemkin-Pro [16] was used to simulate the reaction process
occurring along the horizontal axial in the edge region at the measurement height as
marked in Figure 4.3. Through this model, the concentration distribution of KOH,
KCl, K atoms and OH radicals in the edge region was predicted.

The hot flue gas from the centre was used as one of the inlets of the opposed-flow
model. The gas compositions and the temperature there was set to be the ones
calculated by the stagnation model. The ambient air was used as the other inlet of the
opposed-flow model, having a temperature of 298 K. The speeds of the hot flue gas
and the air, and the distance between these two inlets were adjusted to make the
simulated temperature and OH radical distribution close to the one obtained in
experiment. In the experiment, the temperate distribution at the edge was obtained
using two-line atomic fluorescence thermometry, and the OH radical distribution was
represented by the distribution of the chemiluminescence signal at 430 nm considering
that the signal raised from CO,* after the CO oxidation and the reaction CO + OH =
CO; + H was the main oxidation path of CO. In the present work, when the speed of
the hot flue gas and the ambient air was set to be 30 cm/s and 0.5 cm/s, respectively,
and the axial distance was 1.5 cm, a good fitting was obtained as shown in Paper V.
For a further investigation in the future, measurement of the velocity field at the edge
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of the hot flue gas using particle image velocimetry (PIV) could definitely improve the
accuracy of the simulation work.

When the horizontal concentration profiles of the potassium species and OH radicals
were obtained in the simulation, the concentration was integrated and averaged with a
hot flue gas size of 85 mm. The simulated results were compared with the experimental
results directly as presented in Paper V and VI under different conditions to understand
the K-CI-S chemistry and evaluated the K-CI-S mechanism. Paper V mainly focused
on the K-Cl chemistry in both oxidizing and reducing environments with varying
temperature; Paper VI mainly focused on the sulfation of KCl and KOH based on K-
Cl-S chemistry; and Paper VII demonstrated the influence of potassium on the
oxidation of CO and H..

4.3 Results and discussion

Paper V provides unprecedented quantitative experimental data of KOH, KCl, K atoms
and OH radicals under the conditions with a wide variation in the potassium adding
concentration, the fuel-air equivalence ratio, and the gas environment temperature for

the study of K-CI chemistry.
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Concentrations of KOH, KClI, K atoms (a) and OH radicals (b) in the hot flue gas at ~1800 K provided by flames T201-
T207 with varying global equivalence ratios with about 20 ppm potassium seeding from KCI. Experimental results are
indicated with symbols with error bars, simulation results from stagnation model are indicated with solid lines and the
ones from equilibrium calculation are indicated with dash lines.

In the first part, the effect of the variation in potassium seeding concentration was
investigated. Different amounts of K;CO3 were introduced in the hot flue gas from
flame T205 (T = 1840 K, ¢ = 1.12). It was found that K;COj; was converted into
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KOH and K atoms in roughly equal amounts. Both concentrations of KOH and K
atoms increased almost linearly with the total potassium seeding amount. When KCI
was introduced in the flame, the measured concentration of KCl, KOH and K atoms
were of the same order, and they increased almost linearly with total potassium
concentration. A reasonable agreement between the results from experiments and
simulations was obtained.

In the second part, the effect of equivalence ratio was studied. For both K;CO3 and
KCl seeding, a significant increase in the concentration of K atoms was observed when
the fuel-air equivalence ratio varied from lean to rich conditions. As shown in Figure
4.7 (a), when ~20 ppm of KCl was introduced into the hot flue gas, the concentration
of K atoms increased from negligible in the lean flames to become the most abundant
potassium component, over 8 ppm, under reducing conditions. The results from the
simulation have similar trends, as shown in Figure 4.7. Besides the simulation based on
the stagnation flow model, some calculations were also conducted using the
equilibrium model in Chemkin-Pro to have the chemical equilibrium analysis. The
divergence between the simulation from these two models under rich conditions
indicates that it takes longer time for the potassium in reducing environments to reach
chemical equilibrium than the one in oxidizing environments. The variation in the OH
radical concentration in the hot flue gas with and without 20 ppm KCI seeding as a
function of equivalence ratio is shown in Figure 4.7 (b). The concentration of OH
radical was reduced significantly for the cases near the stoichiometric condition, and it
can be found that the experimental results with potassium seeding was quite close to
chemical equilibrium, being different from the simulation results based on the
stagnation flow model.

Finally, the measurements of the concentrations of KOH, KCl and K atoms in the hot
flue gas at different temperatures were conducted, as presented in Paper V. In the gas
environment with a higher temperature, more K atoms were detected, and more KOH
was converted from KCL

The investigation of K-CI-S chemistry mainly focused on the sulfation process
occurring between KCI/KOH and SO,, as presented in Paper VI. Based on the
measurement of the concentrations of KCl, KOH and K atoms, it can be found that
KOH was sulfated more rapidly than KCl, since more K atoms were generated in the
hot flue gas with KOH seeding than the one with KClI seeding. As reported in Chapter
2, atomic K produced in the hot flue gas is one of the key species in sulfation reactions
according to the sulfation reaction pathway. The concentration of K atoms in the ~20
ppm KOH seeded hot flue gas from flame T6O2 (T = 1120 K, ¢ = 0.6) with a
temperature of 1120 K was measured to be ~10 ppb, while the ~20 ppm KCl seeded
hot flue gas had only ~0.15 ppb of K atoms. Almost all the ~20 ppm KOH was sulfated
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by the 150 ppm SO,, while only ~25% of ~20 ppm KCl was sulfated. Moreover, it was
found that the sulfation was more significant for the cases with a lower temperature. As
shown in Figure 4.8, almost no sulfation occurred as the temperature reached ~1550
K. All these phenomena can be well predicted by the simulation based on the detailed
K-CI-S mechanism.
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Figure 4.8

Concentration of KOH remained in the hot flue gas from the flame (T302 - T602) with mixing of 20 ppm KOH and 150
ppm SO.. Experimental results are indicated with symbols with error bars, simulation results from stagnation model
are indicated with solid lines and the ones from equilibrium calculation are indicated with dash lines.
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Figure 4.9
Mie scattering signal from aerosols in the hot flue gas from the flame T402 (T = 1390 K, ¢ = 0.67) and T602 (T =
1120 K, ¢ = 0.6) with 20 ppm KOH and 150 ppm SOx.
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According to the observation based on the light scattering in the hot flue gas at a low
temperature, such as 1120 K, as shown in Figure 4.9 (b), the consumed KOH was
partly transformed into condensed K;SOjs aerosols. However, at the temperature of
1390 K, even though more than half of KOH was consumed (cf. Figure 4.8), no K;SO4
aerosols were observed. This indicates that gas-phase potassium-sulfur compounds were
formed in the hot flue gas, mostly KHSOy and K,SOy as predicted in the simulation.

Figure 4.10 presents the variation in the concentration of OH radicals in the hot flue
gas with or without KOH/SO, seeding. Corresponding results are also presented in
Paper VI. The OH concentration significantly increased with temperature. It was
marginally affected by the SO, seeding, but reduced with KOH seeding. The reduction
is mainly caused by the chain terminating reaction sequence KOH + H = K + H,O,
and K + OH + M = KOH + M. When strong sulfation occurred in the low temperature
cases with seeding both KOH and SO,, the terminating reaction sequence was
eliminated and more OH radicals survived. The simulation results show reasonable
agreement with the experimental results.
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Figure 4.10

Concentration of OH radicals in the hot flue gas from the flame (T302 - T602) with or without seeding 20 ppm KOH or
150 ppm SO2. Experimental results are indicated with symbols with error bars, simulation results from stagnation
model are indicated with solid lines and the ones from equilibrium calculation are indicated with dash lines.

The sulfation process in a reducing hot gas environment was also quantitatively
investigated. It was the first time that the detailed K-CI-S mechanism was evaluated in
a reducing gas environment. The details are presented and discussed in Paper VI. The
concentrations of KOH, KCl and K atoms were measured in a reducing hot gas
environment provided by flame T60O7 (T = 1140 K, = 1.31) with a temperature of
1140 K and with 22 ppm KOH or KCI seeding. The results are shown in Figure 4.11
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(a). About 15 ppm K atoms were generated in the KOH-seeded hot flue gas, while only
~4 ppm K atoms were generated in the KCl seeded one. When 150 ppm SO, was added
into the KOH seeded hot flue gas, the concentrations of KOH and K atoms were
dramatically decreased, and some species with extra spectra distinguished from KOH
and SO, were observed, as presented in Paper VI. The unknown absorption spectrum
was attributed to KOSO according to the predictions based on K-S chemistry in a
reducing environment, as shown in Figure 4.11 (b). KOSO was formed through the
reaction K + SO, = KOSO. Due to the absence of O in the reducing environment,
KOSO was not further transformed into K;SO4. This reaction was much weaker in the
KCl seeded hot flue gas. Especially according to the observation in our experiment, no
potassium was converted into KOSO from KCI.
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Figure 4.11
Concentrations of KOH, KCI and K atoms in the hot flue gas from flame T607 (T = 1140 K, ¢ = 1.31) with introducing
22 ppm KOH/KCI and 150 ppm SOz, obtained from experiment (a) and simulation (b).

In Paper VII, the influence of potassium on CO and H, oxidation in combustion
environments was studied. Typical results are shown in Figure 4.12. Being different
from measurements of the concentrations of K atoms and OH radicals by optical
methods, the concentrations of CO and H, in the hot flue gas were measured using a
micro-gas chromatograph (GC) system. The gas at the measurement height 5 mm
above the burner outlet was extracted by a sampling tube made by stainless steel, and
collected in a gas bag with a volume of ~300 mL with the help of a syringe. The gas
was cooled down, filtered, and dried before entering the bag. The GC system took gas
sample from the gas bag, and analysed the gas composition. Since the obtained results
were the concentrations in the dried gas, the results were corrected to the concentration
in the hot flue gas based on the concentration of H,O there, that was estimated based

on chemical equilibrium.
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Figure 4.12

Concentrations of CO, Hz, K atoms and OH radicals in the hot flue gas from flame T604 (T = 1120 K, ¢ = 0.96) with
introducing different amounts of KOH. Experimental results are indicated with symbols with error bars, and simulation
results from stagnation model are indicated with lines.

In Figure 4.12, the hot gas environment was provided by flame T604 (T = 1120 K, ¢
= 0.96) with a temperature around 1120 K and oxygen concentration of ~0.5%. When
KOH was introduced into the hot flue gas, the oxidation of CO and H; was inhibited.
About 1800 ppm CO and 700 ppm H; remained in the hot flue gas with ~-30 ppm
KOH seeding, despites the fact that it was an oxidizing environment. Together with
the increase in the concentrations of CO and H,, the concentration of K atoms
increased with total KOH seeding. The OH radials in the hot flue gas were consumed
rapidly by the chain terminating reaction sequence KOH + H = K + H,O, and K +
OH + M = KOH + M as described above. The reduction of the concentration of OH
radicals may direct affect the oxidation of CO and H,. The simulation could well
predict the phenomenon, but still some deviation existed, as the simulation
underpredicted the concentration of H,.

In Paper VII, it is also shown that in the hot flue gas at a higher temperature or having
a lower fuel-air equivalence ratio, the influence from the potassium seeding on the
oxidation of CO and H; could be much smaller. Almost no effect on the oxidation of
CO and H; from potassium seeding was observed when the temperature reached 1550
K. At this temperature, certain amounts of OH radicals remained in the hot flue gas
despite the enhanced OH consumption due to KOH seeding. Moreover, chlorine and
sulfur adding in the hot flue gas also reduced the inhibiting effect of potassium on the
oxidation of CO and H, due to the reduction in the concentrations of KOH and K
atoms and resulting less consumption in OH radicals in the hot flue gas as shown in
Figure 4.10.
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Figure 4.13
Absorbance obtained in the hot flue gas environments provided by Flame T604 (T = 1120 K, ¢ = 0.96) and T304 (T =
1530 K, ¢ = 0.96) with 1.7% C2Has and 20 ppm KOH seeding.

Additionally, some previous studies show that potassium may play an important role
in the PAH conversion and tar formation, during the gasification of biomass fuels [41].
Thus, a preliminary study was conducted to investigate the effect of potassium on the
pyrolysis of C;Hy4 and the formation of PAH in the hot gas environments provided by
flame T604 (T = 1120 K, ¢ = 0.96) and flame T304 (T = 1530 K, = 0.96). When
C,Hy was seeded into the hot flue gas together with co-flow with a concentration of
~1.7%, through the broadband UV absorption spectroscopy system, an absorption
peak at the wavelength around 220 nm was observed, as shown in Figure 4.13. The
absorption spectra may be contributed by the absorption of C,H, [32] or light
aromatics [42] which were converted from C,Hy4. As ~-20 ppm KOH was introduced
into the hot flue gas, the absorption of KOH around 320 nm could be observed clearly,
and significant reduction of the absorbance at around 220 nm was obtained. This
indicates that gas-phase KOH in the hot flue gas may influence the pyrolysis of C;Hy4
and formation of PAH at a relative low temperature, such as ~1120 K, through a
homogenous reaction process. To clarify this process, further investigations are needed,
such as PAH measurements using laser-induced fluorescence.
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Chapter

Summary and outlook

5.1 Summary

Preliminary investigation of the sulfation of KOH and KCI by SO, was conducted in
a counter-flow reactor. The homogenous gas-phase sulfation between KOH/KCI and
SO; occurred in oxidizing environment with consequent nucleation of K;SOs at
temperature between 1000 K and 1400 K. K,SOy4 aerosols were observed as they were
illuminated by a green laser sheet. KOH was more readily sulfated than KCI. Using an
opposed-flow model in Chemkin-Pro, simulations were conducted with a detailed K-
CI-S mechanism and could predict the observation in the experiment. However, more
quantitative measurements were desired for a better understanding of K-CI-S chemistry
and evaluation of the mechanism.

Hence, a laminar flame burner was designed to provide uniform hot gas environments
for investigations of K-CI-S chemistry. In the homogenous gas environment,
absorption spectroscopy techniques could be applied for quantitative measurements of
key species, such as KOH, KCl, K atoms, OH radicals and SO,. The temperature of
the hot gas environments was accurately measured using two-line atomic fluorescence
(TLAF) thermometry, and the range of temperature covers from 1000 K to 2000 K.

In concentration measurements using absorption spectroscopy, an accurate absorption
cross section is essential according to the Beer-Lambert law. For the first time, the UV
absorption cross sections of KOH, KCl and SO, were obtained in combustion
atmosphere. The absorption cross sections of KOH and KCI were marginally affected
by temperature, while the one of SO, strongly depended on temperature.
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The concentrations of KOH, KCI, SO, and OH radicals in the hot flue gas were
monitored using broadband UV absorption spectroscopy at wavelengths between 220
nm and 480 nm. The concentration of K atoms was accurately measured using tunable

diode laser absorption spectroscopy (TDLAS) at wavelengths 404.4 nm or 769.9 nm.

The experimental results show that in the oxidizing hot gas environments with
KOH/KCI seeding, KOH and KCI are the dominant species. The balance between
KOH and KClI strongly depends on the temperature. In the reducing environments,
abundant K atoms were formed. When SO, was added into the KOH/KCI seeded
oxidizing hot gas environment, potassium was sulfated as the temperature went below
1390 K. When the temperature was lower than 1260 K, K;SOy aerosols was observed.
In the reducing environments, KOSO was formed from the reaction between K and
SO.. KOH in the hot flue gas reduced the concentration of OH radicals due to a chain-
terminating reaction sequence involving KOH, K atoms and OH radicals. The
reduction of OH radicals can consequently limit the oxidation of CO and H.,.

Simulations were performed using stagnation and opposed-flow reactor modules in
Chemkin-Pro. A detailed K-CI-S chemical mechanism was adopted in the simulation
and thus evaluated. A reasonable agreement between simulations and experimental
results was obtained.

5.2 Outlook

In the present work, K-CI-S chemistry in homogenously prepared hot gas environments
was investigated through quantitative measurements using absorption spectroscopy.
However, the measurements were only conducted at a certain height above the burner
where chemical equilibrium was almost reached. In order to explore the whole chemical
reaction process, further studies can be performed on a counter-flow reactor with
spatially resolved quantitative measurements. Two-dimensional LIF and LIPF
techniques can be employed. For example, the distribution of KOH/KCI can be
obtained using the LIPF imaging technique. A laser beam at 193 nm provided by an
Excimer laser can photodissociate both KOH/KCI, while the laser beam at 266 nm
provided by the fourth harmonic of a Nd:YAG laser can photodissociate KOH only.
SO, PLIF can provide the distribution of SO, with excitation by a 266 nm laser.
However, the SO, fluorescence signal depends strongly on temperature. Thus, two-
dimensional temperature measurements are also necessary. In Chapter 2, Rayleigh
scattering was used for the temperature measurement. In order to have a temperature
measurement with a higher accuracy, NO-LIF thermometry is proposed in a further
study. Moreover, the distributions of K atoms and OH radicals can also be obtained
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with corresponding planar-LIF technique. Combining the experimental results and the
simulation work based on the opposed-flow model, the detailed K-CI-S chemical
mechanism can be further validated.

More homogeneous reactions involving potassium species can be further investigated
in the multi-jet burner. As described in Chapter 4, preliminary investigation on the
effect of potassium on the pyrolysis of C;Hy and the PAH formation was conducted.
Further research can be made by monitoring PAH generation using different optical
methods such as PAH-LIF or broadband UV absorption spectroscopy. The
homogenous reactions involving other alkali compounds and nitrogen compounds can
also be studied based on the quantitative measurements demonstrated in this thesis.

Not only homogeneous reactions, but also heterogeneous reactions can be studied in
the burner. As presented in Paper 11, single biomass pellets can be placed in the uniform
hot flue gas, and their thermal conversion process can be investigated through
measurements of species release. For example, quantitative measurements of the release
of potassium from different types of burning biomass can be achieved using LIPF
imaging technique or laser-induced breakdown spectroscopy. The effect of potassium
on the heterogeneous reactions in the biomass fuels can be studied through motoring

the release of key species, such as PAH, HCN and NHs.

Finally, as a summary of the outlook, I would like to quote the title of a publication by
Hupa et al. [3]:“Biomass combustion technology development - It is all about chemical details.” .
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