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Abstract

In case of PF firing, solid fuels such as coal and biomass undergo various chemical
and physical transformations (devolatilization, char oxidation, fragmentation and gas
to particle conversion followed by nucleation, coagulation and condensation etc.) just
in milliseconds after fuel enters to the furnace. These transformations depend on
several operating parameters (temperature, pressure, heating rate etc.) along with
several chemical and physical properties (ash, moisture content, density, porosity,
mineral matter composition and their association in the fuel matrix, particle size,
shape and density etc.). The resultant ash formed during combustion after such
parallel transformations in relation with several physical and chemical
transformations along with the operating parameters will have different particle sizes
and mineralogical composition compare to the original fuel. The scope of this
research work is to perform the experimental and modelling work to investigate the
ash formation process in terms of particle sizes and their mineralogical composition
after combustion. A vast experimental study was planned in the lab scale combustion
simulator at ECN with six biomass and two coals (Bark, wood chips, waste wood,
saw dust, olive residue, straw, UK and a Polish etc.) under typical PF-firing
conditions. Ash release, conversion, size reduction and size distribution alongside
with the change in inorganic chemical compositions, are derived at different char burn
out levels in the reactor at 20, 90, 210 and 1300 milliseconds of residence times.
Several of the past observations made in the literature review are reconfirmed with
performed set of experiments. A qualitative predictive tool is also suggested to
envisage the extent of first line physical transformations. Based on the extensive data
pool at hand, a simple but reliable?(R0.95) set of linear correlations have been
proposed to predict the elemental release of potassium, sodium, chlorine and sulfur. It
is also concluded that such linear expressions can be particularly effective for the
prediction of elemental release from the fuels of similar characteristics, such as
woody biomass. Mathematical model is developed to predict the particle size after
combustion by simplifying Dunn-rankin’s particle population balance model
analytically and kinetically. Ash formation modelling has also been attempted. The
developed understanding and models can be further used for the investigations of
several ash related problems during combustion and co-firing such as slagging,

fouling, corrosion and erosion etc.
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Chapter 1

Introduction and Objectives

1.1 Introduction

Several technologies are used to generate electricity worldwide. Compare to the
other technologies such as hydro power station, wind mill, solar and nuclear power
station have limited resource availability; thermal power station is the most suitable
technology in terms of resource availability, capacity, cost and uninterrupted quality
power [1, 2]. Solid hydrocarbon fuels such as coal and biomass are the potential
natural resources for the generation of electricity using thermal power stations
worldwide due to easy availability, transportation and cheap cost etc. It is also known
that co-firing of coal with appropriate biomass can reduce the emissions of GHGs
(green house gases) and other pollutants [3]. For example, reactions of sulfur from
coal with alkali chlorides from biomass during co-firing significantly reduce the SOx
emissions and also lower the corrosive behaviour of the deposited ash [4]. Despite of
several advantages, one of the major problems with the use of coal and biomass is
the ash related issues such as slagging, fouling, corrosion, erosion and environmental
and health hazards etc. [2, 5, 6]. The ash related problems during solid fuel
combustion or co-firing can be minimized if we are able to measure or predict them
at the design stage or well before their values reach beyond their critical limits in the

existing running set up.

Extensive research has been carried out for more than three decades to address the
ash related issues with the use of the coal [2]. Biomass is considered as new
generation fuel and several issues still exist regarding how biomass material will
behave in boilers in terms of combustion and ash related issues [7]. Coals and
biomass contain various inorganic matters along with organic structure. The organic
matter gets burnt during combustion leaving inorganic residue termed ash. Ash

formation during combustion is a complex mineral evolution process due to several



physical and chemical transformations occurring just in milliseconds after fuel enters
to the furnace. Several methods/ models/ submodels/ tools are developed to predict
or measure the slagging, fouling, corrosion, erosion and environmental and health
hazards etc [8, 9,10]. The predictive tools for the slagging, fouling, corrosion,
erosion and aerosol formation often need input in terms of particle size distribution
of ash, their respective mass fractions and mineralogical composition at different
time steps in the furnace [10]. The particle size distribution of the ash, their
respective mass fractions and mineralogical composition are usually obtained using
expensive and time consuming lab/pilot/plant scale trails. Several models are also

developed in this area to avoid such expensive and time consuming trails.

The present research is about predicting the extent of ash formation mechanisms
occur during PF combustion or co-firing of different coal and biomass. The
developed understanding on the ash formation mechanisms from the present research

work will be quite useful for the prediction of several ash related problems.
1.2 Objectives

Solid fuels such as coal and biomass undergo various chemical and physical
transformations (devolatilization, char oxidation, fragmentation and gas to particle
conversion followed by nucleation, coagulation and condensation etc.) just in
milliseconds after fuel enters to the furnace. These transformations depend on several
operating parameters (temperature, pressure, heating rate etc.) along with chemical
and physical properties of the fuel (ash, moisture content, density, porosity, mineral
matter composition and their association in the fuel matrix, particle size, shape and
density etc.). The resultant ash formed after such parallel transformations in relation
with several physical and chemical transformations along with the operating
parameters will have different particle size and mineralogical composition compared

to the original fuel.

Physical and chemical properties will significantly vary for different coals and
biomass fuels due to their age, rank, handling etc. [11]. Moreover, mineral
distribution after milling and classifying will also be dissimilar in different particle
sizes of the similar fuel [12]. The operating parameters can also be different for

different combustion technologies Atmospheric Fluidized Bad Combustors (AFBC),



Pressurized Fluidized Bad Combustors (PFBD), Pulverised Fuel Combustor and
Grate Combustor etc). Therefore, extent and criticality of the several chemical and
physical transformations will be different for the different fuels especially with

different firing technologies [13].

This PhD project is an extension work of Doshi’'s PhD work [14] at Curtin university
of Technology in collaboration with Energy research centre of the Netherlands.
Doshi [14] modeled the ash release during PF combustion by using chemical
fractionation and FACTsage (thermo-chemical equilibrium calculations) and
validated for different coal and biomass. Doshi [14] also modeled the aerosol
formation by simple calculations on gas-to-particle conversion for alkali chlorides

and alkali sulfate.

In an extended effort, the main objective of the present research work is to study and
model the several ash transformation mechanisms responsible for coarse ash

formation during combustion and/or co-firing of several coals and biomass.

A research strategy has been devised as outlined below (in Candidacy report):

1. Characterize and quantify the ash formed in terms of particle size and
mineralogy.
2. Quantify the release of mineral element under given operating conditions
3. Model the various ash formation processes for the development of CAT (Co-
firing advisory tool) at Energy research centre of the Netherlands (ECN)
4. Define methods/sub models, either empirical or mathematical, so as to arrive
at:
a. The composition of the gaseous phase as well as the concentration of
inorganic elements released,;
b. The composition and particle size distribution of fly-ash
5. Use ash deposition post processor at ECN to model the ash deposition
6. Applications of CAT to new processes such as Ultra Super Critical vapor

characteristics, Oxy fuel combustion



The detailed ash formation map (particle size distribution along with their respective
mass fractions and mineralogical compositions etc.) after combustion is really
helpful for predicting various ash related problems in the solid fuel firing. Therefore,
rather than directly working on the several ash related problems (slagging, fouling,
corrosion, erosion, environmental and health hazards etc.), the present work focuses
on deriving the ash formation mechanisms during the combustion process in terms of

particle size distribution, mass fractions and mineralogical composition.

A detailed literature review is carried out on the ash formation during solid fuel
firing and based on that the objectives are further refined in the chapter 2. The
proposed project is aimed at making major contributions to the development of Co-
firing Advisory Tool (CAT) at ECN by focusing on specific aspects of CAT that
require further in-depth R&D.

1.3 Outline of thesis

The outline of the thesis is presented as a block diagram in Figure 1.1.

The thesis commences with Chapter Two which is a literature review on the current
status of the investigations about the ash formation process during pulverized fuel
combustion. This chapter mainly provides a review about the effect of the operating
parameters and the fuel characteristics on ash formation. Analytical methods
available and used so far in this field are also reviewed. This chapter also highlights
the modeling efforts made to date in this field. Finally, the chapter concludes with

the specific objectives based on the literature review which is targeted further in this
PhD work.

Chapter 3 describes the enormous experimental study carried out on the Lab scale
combustion simulator (LCS) under typical pulverized fuel firing conditions (i.e. high
heating rate (10K/s) and high temperature (145G-1600°C)) with six different

coals and biomass to investigate the first line physical transformations such as char
oxidation, devolatilization and fragmentation. A qualitative predictive tool has been

suggested to predict the extent of these first line physical transformations.
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Chapter 4 explains the detailed experimental study on the devolatilization of several
volatile minerals under typical PF-firing operating conditions. The release of
potassium, sodium, calcium, magnesium, chlorine and sulfur has been investigated
for the total eight different coals and biomass and simple but novel linear co-
relations (empirical indices) with (>0.95 R2 value) have been attempted for the same
as a function of mineral matter elemental composition and their association to the
fuel matrix. It is also concluded that such indices work well for the group of fuel

having similar physical and chemical characteristics.

In Chapter 5, a mathematical model is developed to predict the particle size evolution
during combustion. The particle population balance model developed by Dunn-
Rankin and Mitchell has been selected from the literature review and experimental
observations made in chapter 2 and chapter 3 respectively. This model is simplified
analytically for two size classes. Moreover, the burning and fragmentation rate
constants derived from the experiments are incorporated into the model. The model
is validated with five different coal and biomass combustion experiments conducted
on Lab-Scale combustion simulator (LCS) at ECN. The model gives good agreement
with experimental results with 10-15% standard average deviation. Model validation
with LCS co-firing experiments is also done for Polish coal (37%) and Straw (63%)
combination. The model works well with maximum of 15-20% standard average
deviation for the experimental results. However, the model is at initial stage of
development and needs to be improved further in many areas.

The empirical indices developed for ash release and the simplified particle

population model described in chapter 5 works well separately. The ash formation
modeling is also attempted in Chapter 6 by integrating both of the above sub models
with a relatively simple approach. The model predicts the devolatilization, particle

size distribution, their respective mass fractions and mineralogical composition after
combustion. It has been validated with Polish coal and Olive residue experiments.
The model needs to be further improved in many areas. The set of assumptions

applied so far should also be re-addressed to improve the model outputs.

The final chapter (Chapter 7) ends with practical implications and conclusions drawn
from the present work followed by recommendations for the future work to refine the

modeling tool.
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Chapter 2

Literature Review

This chapter provides a review on typical fuel characteristics and operating

parameters responsible for ash transformations during pulverized fuel combustion
based on critically reported investigations and modeling efforts to date. The present
work briefly describes the different basic analytical methods used by researchers so
far to measure various parameters responsible for ash formation. It also recognizes
the modeling efforts made to date covering simple calculations up to advance
numerical simulations. Finally, it concludes with the summary of information on ash

formation along with future research needs in this field. The objectives are finally set

based on the critical literature review.

2.1 Introduction

Pulverized coal and a variety of biomass fuels are used as a feed in the power station
boilers, where a large amount of thermal energy is generated because of the
exothermic reaction taking place during the combustion of fed hydrocarbon which is
later converted to electrical energy by several other means. The mineral matter
present in quite significant proportions alongside with the hydrocarbons usually
fragments, devolatilize (evaporates) and subsequently partly condenses during
combustion. This inorganic, mineral residue after combustion, commonly called ash,
travels towards the smokestacks carried by the flue gas, may lead to various
operational problems such as slagging, fouling, corrosion and erosion of heat

exchanging, internal boiler and flu gas duct surfaces etc.

Extensive studies on ash formation during combustion have been conducted World-
wide. As a result, theories on ash formation mechanisms have been formulated and
described in detail by several researchers [1,2,3,4,5]. It is evident from several
experimental investigations that solid fuel particles undergo various physical

transformations during combustion, as shown in Figure 2.1. The important physical



transformations are fragmentation and/or coalescence and vaporization. It is
postulated that the fragmentation/coalescence of the ash/char particles along with
chemical oxidation and physical devolatilization, will lead to coarse ash formation.

The vaporized minerals chemically react with other gas-borne matter, and may
condense homogeneously or heterogeneously to form submicron aerosols and fine
ash particles. The physical and chemical transformations during thermal conversion

of solid fuel are time-dependent and very difficult to understand as a continuous

process.
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Figure 2. 1: Physical transformations involved for ash formation during coal/biomass
combustion [2]
These physical and chemical transformations of minerals depend on several fuel
characteristics i.e. fuel, fixed carbon, volatile matter, total ash content and mineral
matter elemental composition, mineralogy (either included or excluded especially for
coal), char reactivity, char morphology, density, particle size etc. The fuel
characteristics will be different for different fuels according to their age, formation
history and handling. This chapter highlights the effects of all the above fuel

characteristics on ash transformations during combustion.

The mineral transformations can also be significantly influenced by several operating
conditions i.e. mode of combustion, temperature, pressure, heating rate, residence

time, reaction kinetics of various mineral gaseous, slag and solid species etc.
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Currently, a broad range of technologies is available for the combustion and co-firing
of coal and biomass. These include: Atmospheric Fluidized Bed (AFBC),
Pressurized Fluidized Bed (PFBC), Pulverized Fuel (PF) and Grate Fired (GF)
combustors. All the technologies have their own advantages and limitations [6]. The
route of mineral transformations will be similar in nearly all the mentioned options,
but the extent and criticality will be different for each technology due to differences
in operating conditions. The present chapter reviews mainly the efforts made to
identify the effect of the mentioned operating parameters on ash transformations

during pulverized fuel (PF) combustion.

Experiments ranging from lab-scale-combustion simulators to pilot- and plant-scale
furnaces under laminar- through turbulent flow conditions, are usually designed and
analyzed to understand the ash formation processes during combustion. To date,
several methods/ sub models/ models have been employed to study and identify the
effect of different fuel characteristics and operating parameters on ash formation.
The present work also briefly reviews some of the basic analytical methods used to
measure various parameters responsible for ash formation. It also highlights the
modeling efforts undertaken to date, ranging from the simple calculations to
advanced numerical simulations for predicting the ash transformations during PF
combustion. As there appears to be a lack of a comprehensive literature review to
date covering all of this basic information related to ash transformations, such
synthesized information may give an overview on the updates in the concerned field.

Furthermore it also gives some insight on the future research needs in this area.

2.2 Parameters responsible for mineral transformations

during PF combustion

2.2.1 Fuel mineral matter composition and their association

Coal and Biomass (or their blend) can be subjected to different ash formation
mechanisms during pulverized fuel (PF) combustion, as the fuel mineral matter
composition and their association varies greatly in different fuels. The mineral matter
in the fuel may be present in the form of free ions, salts, organically bound or as
excluded minerals. The lignite and woody biomass contain a major fraction of

11



volatile compounds (and less excluded minerals) compared to Bituminous or
anthracite coals. Alkalis in low rank coals and woody biomass, remain primarily in
included minerals as free ions, salts and organically associated inorganic elements
and start vaporizing at lower temperatures. Even before reaching the char burnout,
these vaporized species will chemically react and will condense, nucleate and
coagulate on each other or onto the furnace surfaces, to produce submicron ash.
Other elements such as calcium and magnesium partly devolatilize, fragment or
coalesce [3,7]. Thy [8] found that if alkali metals occur as network-modifying and
charge balancing cations in highly depolymerized melts, such as typical for wood
ash, they are easily evaporated during prolonged heating and subsequently deposit
onto the heat exchanger surfaces. However, if the melt is highly polymerized such as
in the case for rice straw, where alkali metals occur as network modifying cations,
they are strongly retained in the polymerized network. During diffusion-limited char
combustion, the interior of the particle becomes hot and fuel rich. The non volatile
oxides (e.g. AlO;, SiG, MgO, CaO, Fgds;) can be reduced to more volatile
suboxides or even down to elements, and partly vaporized. These reduced species re-
oxidize while passing through the boundary layer surrounding the char particle,
becomes instantaneously highly supersaturated which make them nucleate

homogeneously [9].

Ash melting behavior is affected by the elemental composition of ash (alkali metals,
phosphorous, chlorine, silicon and calcium species), as well as the chemical
concentration of the compounds which can alter reaction kinetics of the fuel
combustion. Commonly analyzed ash-forming elements are silicon (Si), aluminum
(AD, iron (Fe), calcium (Ca), magnesium (Mg), manganese, (Mn), sodium (Na),

potassium (K), phosphorus (P), sulfur (S) and chlorine (CI).

Baxter [10] studied three different ranks of coal (high-volatile bituminous, sub-
bituminous, and lignite) and observed that for high-volatile bituminous coals more
than 100 fly ash particles were formed from a singleu80(initial diameter) char
particle, whereas only 10 fly ash particles are produced from singlen2(nitial
diameter) char particle. However, regardless of its initial size, fragmentation of
lignite particles was far less extensive, with less than five fragments from a single

char particle.
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The volatile inorganic matter content is one of the most important parameter in coal
and biomass as far as submicron particulate formation is concerned. Buhre et al. [11]
observed that formation of submicron aerosol ash particles during coal combustion is

mainly due to condensation of evaporated species and not due to the fragmentation.
2.2.2 Mineralogy

Mineralogy of coal and biomass can also play a critical role in various physical and
chemical transformations. Physically, the inorganics can be present as included and
excluded minerals in the fuel especially for coal. Excluded minerals present in
biomass are mainly a result of the contamination with soil during the harvest or
handling while presence in coal is due to mining or handling. It is quite obvious that
the amount of excluded minerals in most of the biomass fuels will be significantly
lower than the in coals, of which deposits are inherently in close contact with rocks
and soil. Included minerals in the biomass are the inorganics required for plant
growth; and as such they are still present in coals even after millennia of peatification
and coalification [12], however their physical and chemical form may be altered by

the said geological processes.

Included minerals have a higher tendency to remain in the char during combustion.
Due to exothermic reactions occurring in the char during combustion, the included
mineral matter can reach very high temperatures (above the temperature of the
surrounding flue gas). As included minerals are situated close to each other, reactions
between them can easily take place. Included minerals may contain more volatile
inorganic matter than excluded minerals. The volatile minerals from the included and
excluded minerals will be vaporized in the early stage of combustion. The vaporized
minerals will condense later on to produce sub-micron ash. During char burnout, the
included minerals may either appear as molten particle on a reducing char surface or
as a lattice network in char particle. As char burnout proceeds, the minerals may
coalesce within a single particle or fragment into several smaller entities. The extent
of fragmentation or coalescence depends on several operating parameters and fuel
characteristicsThis subject has been studied in detail by manyarekegroups,
combining both experimental as well as modeling wakMdemski et al. [13] and

Kang [14] tried to validate experimental results with no and a full coalescence limit.
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Morone in her PhD thesis [15] reported that a partial coalescence is likely to occur in
real life systemsHelble et al. [16] observed very small number ofjfr@nts being
created during devolatilization. Wilemski et al. [17] later on validated his shrinking
core model with partial coalescence limit. Wigley et al. [18] stated that coal particles
containing included mineral matter will have a greater specific heat capacity than
particles consisting of organic material alone, hence included particles would be
expected to heat up and combust more slowly. Included minerals may fuse and coat
the surface of burning char particles, reducing the rate of char combustion. On the
other hand, the included mineral matter may catalyze char combustion. The
difference in thermal expansion between included minerals and their organic matrix
may cause localized thermal stress, thus, leading to an increased char fragmentation.
Agglomeration may occur when particles collide or when they meet on a deposit
surface on a boiler wall or tube. Mitchell [19] observed attrition, breakage and
percolative-type fragmentation of included minerals during the devolatilization stage.
Excluded minerals (especially in the case of coal) on the other hand will reach lower
temperatures than included minerals, and they will not be influenced by locally
reducing environment. The transformations occurring in excluded minerals and the
behavior with respect to the ash deposition may therefore be significantly different
from included minerals. Excluded minerals can either be carried through the
combustion system with their original structure intact or they can melt and fragment.
Decombe et al. [20], Yan et al. [21] and many others concluded that excluded
minerals always fragment randomly, due to thermal stress. Brink et al. and Yan et al.
[22,23] observed that calcite and pyrite as excluded minerals fragment at high
temperature and high heating rate conditions while siderite and ankerite grains did

not fragment at the same conditions.
2.2.3 Particle shape, size and density

Experimental and theoretical investigations indicate that particle shape, size and
density influence particle dynamics, including drying, heating rate and oxidation
reaction rate [24]. It is generally observed that spherical particles devolatilize quickly
compared to other shape particles. Badzioch et al. [25] found that particle size had no
significant effect on the weight loss because the heating rate of the particle was

controlled mainly by the heating rate of the carrier gas, so that the large particles
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heated only at slightly lower rates than the fine particles. Mathews et al. [26]
observed that mineral matter and macerals composition of the char will be different
for different particle sizes, which can affect the devolatilization rate. Syred et al. [27]
and Decombe et al. [20] observed that large particles form more fragments than
small particles, likely due to larger internal temperature gradient. Wigley et al. [18]
confirmed that a decrease in char particle size may lead to more complete
combustion. Decombe et al. [20] suggested the relationship of fragmentation extent
with compressive strength as shown in Figure 2.2. However, compressive strength of

the coal particle is inversely proportional to the particle size.
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Figure 2. 2: Variation in the extent of the fragmentation of a coal against
compressive strength. [20]
The ash transport behavior is affected to a large extent by the size of the particle after
combustion. Large ash patrticles tend to impact onto boiler heat transfer surfaces by
inertia, whereas fine ash particles tend to reach wall surfaces by thermophoresis or
Brownian motion. For example, a 60 micrometer ash particle was estimated to reach
the deposit surface almost three times faster compared to 30 micrometer particle

primarily due to inertial effect. [21].

Liu et al. [28] studied Chinese bituminous coal with three density fractions. The
fragmentation was severe with light density fractions as shown in Figure 2.3. The
median size of each coal fraction was almost the same. The reasons for the above
were particle size, mineralogy and swelling ratio. The light fraction and the medium
fraction of the coal contained mostly included minerals, and the heavy fraction

contained largely excluded minerals.
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Figure 2. 3: BSE images with Comparison of PSD (by Volume) of char and Coal
[28]

2.2.4 Fuel characteristics after milling

Milling of raw coals or biomass fuels, i.e. fineness of the material after grinding as
well as the applied mill technology, has a profound effect on ash formation. It has
been observed by several researchers that mineralogy, ash percentage, volatile
matter, density and char reactivity will be different for different particle size ranges
(PSD) Bridgeman et al. [29] studied two energy crops (switchgrass and reed canary
grass) in terms of their physical and chemical properties in different size fractions
after grinding with ball mills at lab scale. The results summarized in Table 2.1
indicate that smaller particles of the two grasses have a significantly higher
concentration of inorganic matter as well as the moisture content than larger
particles. In contrast the larger-sized fractions had higher carbon content and lower
nitrogen content, with a resulting higher calorific value. The volatile content was also

higher in the larger sized fraction.

However, Wigley et al. [18] stated that the presence of included mineral matter could
alter the size distribution of pulverized coal particles leaving the mill classifier and

entering the boiler. The mineral inclusions will increase the average density of a coal
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particle. As classifiers separate particles on a combined size and density basis, denser
coal particles would be expected to be slightly finer.

Table 2. 1: Proximate and Ultimate analysis of Biomass [29]

Ultimate, proxmmale and CV analyses of different size fractions of reed
cnary grass and switchgrass {(Instotuton 1), where RCG = reed canary
grass, pnd 5W = switchgross

Y ROG <81 ROG>90 SW <90 SW>4

prm pm prm prn
Moisture 6.45 5 B.bd 7.93
Ash 6.0 lb62 6.8 112
Volatiles TLA2 74.89 T0.58 71257
Fixed carbon 14.92 15.78 134 16.17
{ 43,56 449 4233 4432
H 6,1 614 598 5,949
M 047 =144 023 003
iy 365 Bay 3758 3824
Cv Messured 17,100 17,700 1 6,66 17,500
(k¥Vkg) OLs 17,204 17,7} 16, 704 17,500
PLS 17,30 17,80 16,804 17,500

The observations on particle size distribution do indicate that included minerals have
slightly finer size distributions than organic-rich particles, and the very largest

particles are almost purely organic, as shown in Figure 2.4.

Figure 2. 4: Classifier Effect: Size distributions for excluded minerals, organic
particles with included mineral, and organic-only for typical coal [18]

2.2.5 Char structure
The change in the internal structure of a char particle is one of the most important
issues during coal devolatilization and is closely associated with the coal particle

swelling phenomenon, during the plastic stage. The extent to which the pore

structure changes is dependent on the fuel type and is strongly affected by the
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conditions under which the fuel is devolatilized [30]. Hurt et al. [31] concluded that
CO, gasification reactions took place primarily on the surfaces of larger pores during
kinetic-diffusion controlled regime. The fragmentation will be increased as char
burnout shifts from a diffusion-controlled to a chemically-controlled regime [32] as
shown in Figure 2.5. It was observed by many researchers that during the initial heat
up and devolatilization in a kinetic-diffusion controlled regime, char particles do not
change much in shape and size. As shown in Figure 2.6, Helble et al. [16] observed
with a high speed camera (approximately 4000 frames per second) that at 1250 K
and at high oxygen partial pressure (>0.80 atm) initially fragmentation occurs at the
perimeter of the bituminous coal char particles. Mitchell [19] also mentioned
attrition—type of behavior during the initial heat up and devolatilization of char
particles. He also noted that large amount of aerosols were formed by the attrition of
large particles from the peripheral diffusion in regime Il which describes the particle
burning rate during the char oxidation at high temperatures in which the
characteristic rates for pore diffusion and chemical reaction are comparable, making

both effects important in determining overall mass loss rates.

Figure 2. 5: SEM. images of char samples generated at various burnout levels at a
gas temperature of 1300 C in a drop tube furnace under atmospheric condition.
The scale bar is 500 pm. [32]
Menendez et al. [33] ranked the most important char characteristics with gradual
increase in combustion temperature as follows: (1) The total surface which may be
accessible to the reacting gases; (2) Porosity of the char particle; and (3) Char
particle size. These parameters are crucial in modeling of PF combustions and

gasification. Mitchell observed a significantly higher degree of fragmentation, with
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less porous chars during the heat-up and devolatilization stages, suggesting that the
more open the porous char structure, the lesser will be the extent of fragmentation
during heat-up and devolatilization, induced by either thermal stresses or stresses due

to build-up of pressure of volatiles in the pore work.
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Figure 2. 6: Negative prints of three successive frames from high speed film
(approximately 4000 frames per second) [16]
Highly porous char particles can attain the chemically-controlled regime earlier than
dense chars, due to a higher extent of both the devolatilization and fragmentation.
The fragmentation has also been found to have a significant impact on the chemistry
of the final ash particles. Kaiho et al. [34] and Ezra et al [35] examined the role of
pore structure in the fragmentation of highly-porous char particles and claimed that
the reason for local fragmentation under non-uniform oxidation is the increase in the
local macro-porosity. Kang et al. [36] with his experiments concluded that the

fragmentation of a macro-porous char can influence the final ash size distribution.

Yua et al. [30] summarized extensive efforts made in the past decades to classify
morphologically complicated char structures. Char structures have been classified on
the bases of char morphological parameters including macro-porosity, the wall

thickness, particle shape etc. [30, 37]. A three-group classification system (Table 2.2)
suggested by Benfell and Bailey has been adopted by number of researchers [23, 30].
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Table 2. 2: Summary of the three-fold char structure classification system by Bailey
and Benfell [30]

Char groups Group | Group II Group 11
Char subtypes Cenosphere tenuisphere, Crassisphere, crassinetwork, Inertoid, solid, fusinoid (mixed
tenuinetwork mesosphere, mixed porous dense)
(mixed dense)

Char particle shape Spheroidal Spheroidal to irregular Subspheroidal, rectangular or
irregular

Porosity >80% >50% ~50%

Pore shape Spheroidal Variable Spheroidal to elongate and
angular

Wall thickness <Spum Variable >5um

Dominant maceral components ~ Vitrinite Vitrinite and inertinite Inertinite

Swelling ratio >1.3 <1.0 <09

The macerals composition of coal plays a dominant role in the morphology of the
char during devolatilization. Vitrinite-containing bituminous coal particles
commonly produce cenospheric chars while the intertinite produces a char with low

porosity.

For softening coals, the formation of different types of char structures is closely
associated with their thermoplastic behavior such as fluidity and swelling during
heating [30]. The porosity of the chars from non-plastic coal increases steadily with
increasing temperature. Gale et al. [38] found that the overall porosity and swelling
ratio of char increases with increasing heating rates up %« &, with a further
increase in the heating rate above 2 XKG™ resulting in a decreased porosity and
swelling, as shown in Figure 2.7. This is due to the rapid release of volatile matter
than the relaxation time for expanding the char particle. The temperature gradient in

a particle at a very fast heating rate may also affect the process.
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Figure 2. 7: The porosity and swelling ratio as a function of heating rate [30].

2.2.6 Other fuel characteristics

The ignition temperature of the fuel particle has an indirect relation with ash
formation as it is an important parameter for defining the early start of the
combustion process. A number of investigations [39] has been devoted to this issue
and it was found that the ignition temperature decreases with an increase in particle
size, oxygen partial pressure and volatile matter content. And larger particle size and

higher volatile content can lead to various ash related problems.

Char reactivity is defined as the mass loss per unit external surface area. The average
char reactivity was found to decrease with an increase in burn out levels but was
ranging greatly even within the same particle size [39]. Koranyi et al. [40] found
within a set of three British bituminous coals that a qualitatively good correlation
exists between the char reactivity and its micro-porosity. Ash, moisture and fixed
carbon percentages can also be interlinked with other fuel characteristics such as
ignition temperature, char reactivity, char morphology, char mineralogy, char

structure and patrticle size.
2.2.7 Relation with operating parameters

During the char oxidation at high temperatures, particle burning rates initially lie in
the so called zone Il burning regime, in which the characteristic rates for pore
diffusion and chemical reaction are comparable, making both effects important in

determining overall mass loss rates. As burning progresses, particles become smaller
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and pores become enlarged, decreasing mass transport limitations. Thus, later in the
burn-off, a transition is expected from the “zone II” burning regime to the zone |
regime, in which chemical reaction rates are dominant in controlling overall mass
loss rates [41]. Zone |, can be summarized as a chemically controlled regime and
Zone |l as a kinetic-diffusion controlled regime. In all the regimes, density and
particle size are the most important parameters which change with mass loss rate
simultaneously [19, 30, 41]. The effect of operating parameters will be different in

the two regimes.

Heating rate has a significant effect on ash formation. The effect of heating rate will
be different for included and excluded minerals, porous vs. non-porous structures and
small vs. large-sized particles. Excluded minerals have more specific heat capacity
and will therefore heat up slowly compared to included mineral matter or purely
organic particles. Highly porous char that undergoes much more extensive
devolatilization during heating will burn out at an earlier stage compared to less
porous (solid) char particles; even though they burn at a similar “per carbon site” rate
[42]. Large particles, although experiencing a higher temperature gradient making
them susceptible to fragmentation, will heat up later than the small entities.

Temperature and pressure can significantly affect the extent of ash formation, as well
as its characteristics. For instance, Erickson et al. [43] found in his experiments with
synthetic coal in a drop tube furnace at temperatures of 900, 1100, 1300, 1500°C,
and at constant heating rate conditions, that at high temperature fly ash formation

was dominated by fragmentation, as shown in Figure 2.8.

Wu et al. [44] performed combustion experiments employing a bituminous coal with
a size fraction of 63-90 micron, under oxidizing atmosphere (air) in a drop tube
furnace (DTF) and a pressurized drop tube furnace (PDTF) at a gas temperature of
1300C with same heating rate conditions and pressures of 0.1, 0.5, 1.0, and 1.5
MPa. As shown in Figure 2.9, ash generated at high pressure was found to be much
finer than ash generated at low pressure due to the differences in the pressure

gradient.
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Figure 2. 8: Fly ash Particles formed at @DQleft-top), 1108C (right-top), 1306C
(left-bottom) and 150K (right-bottom) [43]
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Figure 2. 9: Particle Size distribution of ash generated at different pressures [44]

Usually, PF combustion occurs at atmospheric pressure and high temperature with
high heating rates (in excess of°1K/s). Though operating parameters such as
temperature, pressure, heating rate will be in a relatively narrow, specified range for
PF combustion, the effect of operating conditions will be varying significantly for
different fuels. The measures of the fuel characteristics such as char reactivity, ash,
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moisture, volatile matter and fixed carbon percentages, as well as its density and
porosity will also be different even within the same fuel with varying particle size.
Therefore, each particle size range in single fuel will behave differently under PF
combustion conditions. Kinetic reaction rates of the mineral chemical conversions
are also highly dependent on several operating parameters (temperature, pressure,
residence time etc.) and fuel characteristics (ash contents, mineralogy, particle size

etc).
2.3 Prediction of ash formation during PF combustion

Extensive research has been carried out to identify the inorganic behavior during
coal, biomass combustion and co-firing and many uncertainties have been clarified.
Experiments ranging from lab-scale-combustion simulators to pilot- and plant-scale
furnaces under laminar through turbulent flow conditions have been run and
analyzed. Many methods/model/sub models starting from simple and traditional ash
analysis to advance numerical modeling have been attempted based on the achieved

understanding so far.
2.3.1 Analytical methods

Proximate and ultimate analyses of the fuel are considered as the most basic and
necessary analyses that need to be carried out to understand the combustion
characteristics of the fuel and deciding on optimum operating conditions in an
installation of a particular design [45] . A typical proximate analysis includes the
moisture, ash, volatile matter, and fixed carbon contents. It also gives an idea about
the calorific value of the fuel. The ultimate analysis indicates the various elemental
chemical constituents such as carbon, hydrogen, oxygen, sulfur, etc. It is useful in
determining the quantity of air required for combustion and the volume and
composition of the resulting combustion gases. However these analyses combined
are only giving clues for optimal operating conditions and are incapable of

measuring the mineralogical composition of the fuel [45].

The elemental analysis of a fuel/ash can be performed by means of several traditional

methods such as atomic absorption spectroscopy (AAS), graphite furnace atomic
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absorption spectroscopy (GFAAS), inductively coupled plasma atomic emission
spectrometry (ICP-AES), inductively coupled plasma/ mass spectrometry (ICP/MS),
X-ray fluorescence spectrometry (XRF), glow discharge mass spectrometry (GDMS)
and spark source mass spectrometry (SSMS) [46]. Molecular beam mass
spectrometry (MBMS) [47] and high pressure mass spectrometry (HPMS) [48] are
also found to be used at lab-, pilot- or plant scales to measure the alkali gaseous
phase release. Korbee et al. [49] and Frandsen et al. [50] used ICP-AES and SEM-

EDX for finding the elemental characteristics for a range of coals and biomasses.

However, the traditional elemental analysis is of little use in getting insights into ash
formation characteristics. To know about the mineral matter association in the fuel,
pH-static leaching and chemical fractionation are often used. Doshi et al. [51] used
these methods to analyze the mineral association in the fuel matrix, classifying the
elements present as free ions, salts, organically bound and excluded minerals. This
was done by measuring the solubility of inorganics in water, ammonium acetate and
HCI. The free ions, salts and organically bound minerals easily devolatilize and are
responsible mainly for aerosol ash formation, primarily through condensation
processes during combustion. Excluded minerals remain in the solid form and play
the primary role in coarse ash formation. However, the pH-static leaching and
chemical fractionation methods were found to overestimate the release measured
dynamically in lab-scale facilities. This is mainly due to the assumption that the
entire ‘reactive’ fraction (the fraction of the inorganic elements leachable in water or
ammonium acetate) is released into the gas phase during combustion. In a real
combustion situation, the ‘reactive’ fraction may interact with the ‘less reactive’
fraction (leachable in HCI or not leachable at all), thereby decreasing the fraction of

the inorganic elements being released to the gas phase [50].

Thermogravimetric analysis (TGA/ STA) is often used to find out the reaction
kinetics of the fuel organics alongside with their included and excluded minerals.
TGA measures the weight change in the materials as a function of time and
temperature [52]. The measurements provide basic information about the thermal
stability of the fuel and its composition. TGA is nowadays one of the most
commonly applied thermal techniques used to characterize both char oxidation and

devolatilization rates. It is often also used for predicting the total residence time
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required for a fuel under given operating conditions. Lu et al. [52] studied the
combustion kinetics for various coals and biomass using the TGA method. Vuthaluru
et al. [53] used thermogravimetric analysis to study the pyrolytic behavior of coal
and biomass blends. Hurt et al [54] did his kinetics study using TGA to investigate
the fuel transformations during advanced coal combustion and gasification. Filho et
al. [55] studied the kinetics of Brazilian coal while Zhaosheng et al. [56] and
Miranda et al. [57] studied rice, wheat straw and olive residue using

thermogravimetric analysis.

Traditional ash analyses and chemical methods are time-consuming and often of
limited scope. Furthermore, such methods are incapable of providing physical
characteristics like the size and shape of coal mineral particles and mineral
distribution on a particle basis, which clearly play important roles in understanding
the ash formation during combustion to the full extent [58]. For this purpose,
computer controlled scanning electron microscopy (CCSEM) has been extensively
used. This technique is relatively expensive, and still not very common and mostly
used for research. Terma et al. [58] studied the ash transformations of coal during PF
combustion by extensive use of CCSEM. Chen et al. [59] investigated the mineral
matter composition of fine particulate matter of coal using CCSEM, while Wang et
al. [60] used CCSEM to investigate the interactions of the inherent minerals. Yu et
al. [61] studied six highly heterogeneous Chinese coals while Bruner et al. [62]
studied bark, waste wood and wood chips using the CCSEM technique. The use of
CCSEM has increased remarkably in the last two decades. It can be used to find out
the mineral matter distribution along with organic matter in different size fractions of
the raw fuel as well as ashes from various stages of the combustion process. Many
unknown facts and uncertainties are made clear using CCSEM techniques, adding to
a better understanding of the combustion process. CCSEM has been also used to
identify and characterize ash particles in deposits, in order to gain insights into
deposition and fouling characteristics of coals under conditions of various
combustion regimes. In recent efforts, QEMSCAN has been used to determine
mineral-mineral associations, particle size, mineral compositions, and particle texture
in coal and ash samples. The above mentioned procedure is similar as CCSEM
analysis, but characterized by an even higher degree of automation [63]. Vuthaluru et

al. [64,65] have analyzed the ash chemistry and mineralogy of an Indonesian coal at
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various stages of combustion. Many other coals have been analyzed using
QEMSCAN. However, analysis of different biomass using the same is very limited

to date.

Chemical transformations can be predicted using thermo-chemical equilibrium
calculations based on Gibbs-free energy minimization principle. This method
assumes that the chemical equilibrium exists at each time fraction but ignores any
intermediate products. As an input, this method requires the elemental mineral matter
composition in gas-slag-solid phases. It describes the composition of stable gas-solid
species at different temperature conditions. The input elemental composition is
provided using traditional ash analyses, possibly extended with the chemical
fractionation method. Such an approach was used by Doshi et al. [51] who applied
FACTsage (Thermo-chemical equilibrium software) to predict compositions of gas
and solid species for different coal and biomass fuels.

Several empirical indices for several aspects of coal combustion and ash formation
have been proposed based on the experiments performed at lab, pilot and plant scale
in the function of mineral matter composition. These empirical indices quantify
primarily various ash-related issues such as slagging, fouling, corrosion, erosion and
aerosol formation etc. rather than lead to an in-depth knowledge of ash formation
mechanisms. The well-known empirical indices are ash fusion temperature, base-acid
ratio, slagging factor, T25C temperature, iron/calcium ratio, iron plus calcium,
slagging index, silica percentage etc. [66]. Large discrepancies were observed in the
use of the majority of these indices on a wider range of coals, let alone for coals and
biomass co-firing. The empirical indices were found to be a rather poor tool for the
prediction of ash formation or deposition behavior [67]. Nonetheless for an isolated
set of fuels and under constant firing conditions, where variations in mineral matter
are small, mechanisms of ash formation and depositions are consistent and operating
and design variables remain constant, a well developed set of indices may actually

predict the ash behavior very well.

2.3.2 Mathematical modelling
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Several mathematical/analytical (sub) models have been developed to predict the
stepwise combustion process. As discussed in Section 2.2, inorganics may undergo a
number of physical and chemical transformations during combustion and these
transformations depend on multiple operating parameters and fuel characteristics.
Therefore, it is difficult to develop an integred mathematical model for all the
mechanisms, as with more of variables complexity of the models increase [68]. To
make the simulations simpler, the different mechanisms, such as char oxidation,
devolatilization, fragmentation, chemical reactions along with gaseous phase
nucleation, coagulation, homogeneous and heterogeneous condensation etc. are
studied separately, supported by different analytical methods as discussed above,
often resulting in the development of several “rival” sub models describing the same
system. Also the effects of various operating parameters such as the heating rate,
temperature, pressure, and the residence time with different particle sizes,
mineralogy and mineral matter composition ranges, as well as each of the chemical
and physical transformations are often represented by separate subroutines to avoid
simulation complexity. For a more realistic simulation interlinking of the above

described sub models is also attempted.

A common approach for the ash formation modeling during PF combustion
comprises a dual size ash mode [69, 70]. 1. Coarse ash and 2. Aerosol. Coarse ash
formed during combustion usually participates in slagging, fouling, corrosion and
erosion while aerosols contribute to environmental and health hazards, although they
can also play a role in fouling at intermediate temperatures. The two important
mathematical/numerical models for the prediction of the overall ash formation
process are the aerosol ash formation models and the coarse particle size distribution
evolution model, which are described in more details in the following section.

2.3.2.1 Coarse ash formation

The critical physical transformations responsible for coarse ash formation considered
in most of the studies reported in the literature are fragmentation and/or coalescence.
From the experimental and the industrial observations, it was found that
fragmentation/coalescence during combustion is a very complex phenomena,
particularly when covering a broad range of fuels at different operating conditions.
Flagen et al. [71], Kang et al. [72], Decombe et al. [20], Wilemski et al. [17],
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Mitchell [19] and Yan et al. [23] all modeled fragmentation/coalescence. The
different models developed to date include particle break up and/or the coalescence
of molten grains [17, 71], macroporosity due to the thermal stress [20], the
percolative fragmentation, based on macroporosity, in which oxidation progressively
erodes the solid network until the solid phase becomes spatially discontinuous [21,
23, 32, 72, 73, 74], collision-induced attrition [75, 76] and pressure-induced fracture
and macroporosity due to attrition, breakage and percolation during devolatilization
[19]. This section summarizes the gradual development of the individual models

from simple theory based calculations to advanced numerical modeling.

2.3.2.1.1 Break up model

Laboratory work and studies of full scale coal-fired boilers in the early 1980’s
encouraged Flagen et al. [71] to model the residual ash formation during coal
combustion. The simple breakup model described by Flagen et al. [71] assumed that
char particles containing mineral matter, fragment during combustion. Major
assumptions in the model include: (1) all coal particles contain same percentage and
amount of mineral matter, independently of size, (2) all coal particles break into
exactly the same number of char particles during combustion. The breakup number
identified in this model is influenced by the breakup of char during burnout, from
shedding at burning char surface and from the fragmentation of discrete included and
excluded minerals. Despite several assumptions, the basic breakup model has proven
to be a useful engineering and interpretative tool. Building further on Falgen’s
model, Damle et al. [77] added the vaporization-condensation model for submicron
particle formation and evaluated the performance of the model with actual

experiments.

2.3.2.1.2 Fragmentation model based on thermally induced stress

This mechanism implies that the fragmentation due to thermal stress is the dominant
driving force for particle breakage, as there are always internal temperature gradients
during particle heating up, especially with large particles. These internal temperature
gradients cause significant thermal stress, leading to the production of more tiny
fragments than those generated from small parent particles. Decombe et al. [20]

developed a theoretical model for initial fragmentation based on thermally-induced

29



stresses. A transient analysis of these stresses allowed the fragmentation point to be
determined. The results suggest a mode of fragmentation where many small particles
are produced from the outer region and a few large particles from the inner one. As
small particles experience a smaller temperature gradient resulting in much lower
stress, fragmentation can be delayed to the char burnout phase [24]. Decombe et al.
[20] found the relationship of the fragmentation extent with compressive strength.
Furthermore, he observed that the extent of the fragmentation was found to increase
with the particle size. To the best of the authors’ knowledge, no further model was

developed based on compressive strength.

2.3.2.1.3 Shrinking core model

Wiesmiki et al. [13, 17] developed a shrinking core model based on the observations
that ash particles are produced during combustion by transformations and
interactions of the mineral inclusions within the coal particle. The growth behavior of
ash particles on the char surface is described in the model by considering
redistribution and coalescence processes (ash formation mode). Several redistribution
sub models have been used in the shrinking core model. Cahron et al. [78] applied
Monte Carlo methods to simulate the random distribution of minerals among a set of
coal particles. Berta et al. [79] developed an analytical model based on Poisson
statistics for determining the size and chemical composition distributions for the
minerals based on CCSEM data. Later on the same group developed the Random
coalescence model to predict the PSD with elemental composition. However, all
these models inaccurately predict that no small inorganic particles are present as
excluded minerals. Wilemski et al. [13] used a composite method that combines
Poisson statistics for distributing the smallest minerals among the smallest coal
particles with a Monte Carlo method for handling all of the larger minerals and coal
particles. Ash distributions were predicted with a full and no coalescence ash
formation modes [13]. In the no coalescence mode, each mineral inclusion is
assumed to produce one ash particle while in the full coalescence mode, the minerals
in each coal particle are assumed to coalesce fully, producing one ash particle per
coal particle. Based on Kang's thesis [14], the char fragmentation mode was also
studied for cenospherical chars. In this case, ash particles are formed by the
coalescence of inclusions that have high probabilities of encountering each other, as
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the cenospherical char shell burns away. In the said model, the char fragmentation
mode has independent variables such as porosity, swell volume of char particle, and
cenosphere shell thickness. These parameters are entered in the model with the use of
CCSEM analysis of the coal. Yan et al. [23] investigated the implications of the
shrinking core model on ash deposition and thermal behavior. Liu et al. [32] used the
shrinking core model to mechanistically predict ash particles size distributions and
chemical compositions of the included and excluded minerals, throughout coal
combustion. The upgraded mechanistic model of shrinking core method is based on
partial coalescence (Morone [15]) of included minerals with three different groups of
chars (Benfell et al. [37]). The excluded mineral fragmentation in this model is

calculated with the Poisson statistical distribution method [23].
2.3.2.1.4 Percolation model

Based on a series of experiments by various researchers during the 1970-1980’s, it
was found that char oxidation is percolative in nature and char macroporosity is the
single most important factor governing char breakup and the resulting residual ash
size. Mohanty et al. [80] was the first to suggest the application of percolation theory
to fluid-solid reaction systems, accompanied by pore volume changes. Kerstein et al.
[81] applied this theory to char oxidation system, and developed a model to explain
the fragmentation of chars in the chemically controlled reaction regime. Reyes et al.
[82] applied the same theory to the Bethe lattice char model. Kerstein et al. [83]
performed the simulation of char oxidation and fragmentation using the percolation
model on lattice. To target the effect of char fragmentation on ash formation, Kang et
al. [84] developed the first stochastic model based on the percolation theory on
lattice for the external diffusion controlled regime. Porosity, mineral matter grain
size distribution in the coal particle, reaction rate, and ash surface coalescence are the
independent variables in the model. Salatino et al. [75, 76] stated that the
fragmentation process may extend to the entire particle structure (uniform
percolation- occurs only in chemical-kinetic-controlled regime, porosity develops
uniformly within the particle, simultaneously throughout the particle, until conditions
for loss of particle connectedness are reached) or may be restricted to its periphery
(peripheral percolation- under diffusion controlled regime, where porosity increases
non-uniformly and the fragmentation threshold is reached at particle periphery earlier
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than within the particle). However, they proposed that peripheral percolation is to be
considered for carbon oxidation studies as both chemical kinetic and intraparticle
diffusive resistance are considered in this approach. Salatino et al. [75, 76] developed
discrete, uniform percolation and peripheral percolation model. Most of the
percolation-based models were discrete models with one of the main disadvantages
of the discrete model being the associated high computational power. Continuous
models, however, take less computational power but provide only qualitative results.
Salatino et al. [76] developed the percolative fragmentation model combining
discrete and continuous methods where continuity equations are pseudo-stationary,
as far as the oxygen concentration is concerned. Yan et al. [23] studied the above
percolation model in the diffusion-controlled regime. It was further extended and
used to predict structural changes such as particle swelling due to coal
devolatilization [85, 86, 87].

2.3.2.1.5 Particle population balance model

Most models that include time-dependent relationships for the growth of numbers of
particles are based on the work of Dunn-Rankin et al. [88, 89]. Mitchell [19, 41],
Decombe et al. [20] and many others found that during the initial conversion stages
like heating up and devolatilization, the char particle will be under peripheral kinetic-
diffusion controlled regime and later on after significant char burnout, it will be
diverted to chemical-kinetic-controlled regime. Mitchell [19] observed three types of
fragmentation behavior during combustion at different stages in his experiments with
synthetic chars at different heating rate affecting the attrition, breakage and
percolation. During attrition fragmentation, numerous small particles are produced
from the surface while parent particle diminishes in size slightly. During breakage
fragmentation, only a few large fragments are produced, not much smaller than the
parent particle. Percolation fragmentation refers to the transition from a connected
solid network to a completely fragmented state. It was observed during the
experiments that the degree of fragmentation with less porosity was much higher
during the heat-up and devolatilization stages, which suggest that the more open the
porous structure, the lesser will be the extent of fragmentation during heat-up and
devolatilization induced by either thermal stresses or stresses due to build-up of
pressure of volatiles in the pores. Experimental studies showed that both char particle
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diameter and apparent density change as burning progresses. Based on his
experimental observations, Mitchell [41] adopted the particle population balance
model of Dunn-Rankin et al. [88, 89] to predict particle size distribution (PSD) as a
function of time during coal combustion. The particle population model was
developed based on a power law expression used to correlate mass, density and
diameter changes with burning rate. The burning rate constant in the model is based
on an Arrhenius parameter that was obtained for each fuel experimentally. As this
approach failed to account for functional variations, later on the intrinsic kinetic-
based particle population model was developed that employ power-law-controlled
mode of burning, in which particle size and apparent density variations are dependent
on the particular physical and chemical characteristics of char [41]. Syred et al. [90]
solved the particle population balance model analytically for fragmentation and tried
to incorporate it into CFD modeling. However, fragmentation alone is not a complete
way of presenting combustion, as particle should be burnt in a finite time period.
Recently, Shah et al. [91] in their simple approach, have extended Syred’s work by
solving the particle population balance model analytically for two size class with
inclusion of a burning term. The simplified model has then been validated with
Polish coal experiments. However, the model is at initial stage of development and

needs further improvement in the future.

The above described coarse ash formation models have only occasionally been
developed and deployed for biomass fuels or co-firing modeling. Furthermore they
predict ash size distributions qualitatively, except a few, which give also quantitative
results. Likewise only a few models [15, 23] predict chemical compositions along

with the qualitative or quantitative size distributions.

2.3.2.2 Ash release / Aerosol formation

The second major ash formation mechanism is the generation of submicron aerosols
through vaporization and a number of gas-to-particle conversion mechanisms. When
the ash size distribution is plotted in terms of number density or particles numbers,
the submicron generally peak at around 0.1 micrometer. Although these particles
account only for a small mass fraction, they can present a large fraction of surface
area and become the preferred site for the condensation of more volatile oxides and

toxic metal components deeper in the boiler. To avoid complexity in the simulations,
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vaporization and condensation mechanisms are treated separately with dedicated

models.

The vaporization is often predicted by a combination of several analyses and sub
models. Proximate and ultimate analyses alongside with chemical fractionation
techniques are used to decide the volatile matter in the fuel. Additionally, several
empirical correlations are used to predict the vaporization mechanism accurately.
Recently, CCSEM techniques have also been used to quantify the volatile matter in
the fuel. TGA (Thermogravinomatric analysis) has also been used to model the char
devolatilization rate. Finally the vaporization is then often predicted using thermo-

chemical equilibrium modeling (FACTSage).

Buhere et al. [11] and several others observed that aerosols are mainly formed due to
condensation of released gaseous species rather than fragmentation. There are two
competing routes for the condensing vapor. Firstly, the vapor may condense directly
onto the internal surface of the furnace forming slag. Alternatively, the vapors may
undergo gas-to-particle conversion to form aerosols by either homogeneous
nucleation or heterogeneous condensation on existing particles entrained in the flue
gas [51]. The droplets and aerosols begin to form larger particles through coagulation
and agglomeration until finally accumulating as ash particles. The condensation of
the aerosols onto the coarse ash fraction developed by fragmentation or coalescence
iIs also possible. Several methods/models ranging from simple calculation to
numerical modeling have been developed to predict the gas-to-particle conversion

processes.

Doshi et al. [51] have reported simple calculations based on the aerosol formation of
the alkali chlorides and sulfates to model the aerosol ash formation. In the numerical
methods, finite element techniques have also been applied with some degree of
success [92], and the method of moments can be applied if the equations for
evolution of the moments of the size distribution can be obtained in a closed form
[93]. However, Gelbard et al. [94] found that for problems involving simultaneous
nucleation, growth, and coagulation, the methods most widely used are based on a
sectional representation of the size distribution. In sectional methods, the size
distribution is divided into a number of sections or size classes within which all

particles are assumed to have the same properties. Jokiniemi et al. [95] used plug
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flow model developed by Im et al. [96] for aerosol dynamics by simulating alkali
species during coal combustion process. However, the use of fixed size sections for
problems involving aerosol growth, may lead to numerical diffusion that in turn
results in the error of sharp changes in size distributions. Gelbard [97] introduced the
moving sectional method for gas-to-particle conversion. Jacobson et al. [98] and Wu
et al. [99] modified aspects of coagulation and condensational growth. Later on
Christensen et al. [100] numerically simulated the Plug flow model with nucleation,
growth, coagulation and gas phase reactions using moving sectional method. Zeuthe
[101] in his PhD thesis, validated the one dimensional model of Christensen for
aerosol formation from biomass fuels such as straw and household waste with a
detailed view at particle composition and particle size distribution. The main patrticle
formation mechanisms included in the aerosol formation plug flow model are
nucleation, condensation, coagulation and agglomerations, together with the
precipitation mechanisms (diffusion, thermophoresis, inertial impaction and
gravitational settling) on to the particle or on the furnace wall. The gas phase is
usually modeled with thermodynamic equilibrium model (FACTSage) or with

advanced fuel characteristics.

The mentioned simulation models, focused primarily on coal combustion and if

biomass combustion was considered, straw was the fuel of choice. Furthermore, if
particle formation mechanisms were treated in detail, either alkali metal compounds
or heavy metal compounds were considered for particle formation from the gas

phase.
2.4 Summary

1. It can be inferred from the literature review that ash formation during PF
combustion depends on several fuel characteristics and operating parameters.

2. PF combustion is performed normally at atmospheric pressure, at a high
temperature with high heating rates. Though operating parameters such as
temperature, pressure, heating rate will be in a relatively narrow, specified
range for PF combustion, the effect of operating conditions will be varying
significantly for different fuels. The measures of the fuel characteristics such as

char reactivity, ash, moisture, volatile matter and fixed carbon percentages, as
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well as its density and porosity will also be in same range for the same fuel
with varying particle size. Therefore, each particle size range in a single fuel
will behave differently under PF combustion conditions. Kinetic reaction rates
of the mineral chemical conversions are also highly dependent on several
operating parameters (temperature, pressure, residence time etc.) and fuel
characteristics (ash contents, mineralogy, particle size etc).

Several analytical methods/tools/models are available and used so far to
guantify ash formation process. Proximate and ultimate analysis of the fuels are
the basic and essential primary test which decides several design parameters
and gives an idea about the mineral percentage present in the fuel. To know the
mineral matter composition in the fuel or residual ash, several traditional ash
analysis techniques such as atomic absorption spectrophotometer (AA),
graphite furnace atomic absorption (GFAA), inductively coupled plasma
optical emission spectrometry (ICP / ICP-OES), inductively coupled plasma/
mass spectrometry (ICP/MS), X-ray fluorescence spectrometry (XRF), glow
discharge mass spectrometry (GDMS) and spark source mass spectrometry
(SSMS) are used. However, the traditional ash analysis methods are time
consuming and of limited scope sometimes as they are inadequate of providing
the mineral matter distribution with varying particle sizes in the fuel or residual
ash. Therefore, these techniques are complimented by more efficient and
advanced CCSEM analysis. The use of CCSEM has increased considerably in
the last two decades. QEMSCAN has also been used in place of CCSEM to
determine mineral-mineral associations, particle size, mineral compositions,
and particle texture in the coal and ash samples with higher degree of
automation in recent efforts. To decide the mineral matter association in the
fuel mineral matrix, pH dependent leaching and/or chemical fractionation
methods are often employed. STA/TGA is performed to decide the overall
reaction kinetics which includes residence time, char oxidation and
devolatilization rate etc. Thermochemical equilibrium models are used to find
out the stable gaseous and solid species at given operating conditions.

The mathematical modeling efforts made to predict ash formation are also quite
significant. The modeling of ash formation is mainly divided into two parts
such as coarse ash formation due to the fragmentation/coalescence and aerosol

ash formation due to vaporization followed by condensation. Models
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mentioned in this chapter, focused mostly on coal combustion and if biomass
combustion was considered, straw was the most commonly modeled fuel.
Furthermore, if particle formation mechanisms were treated in detail, either
alkali metal compounds or heavy metal compounds were considered for

particle formation from the gas phase.

2.5 Conclusions and future research needs

1. Ash formation during PF combustion is a very complex phenomenon,
depending on a broad range of variables, either associated with the fuel or the
conversion technology.

2. Different fuels will have different physical and chemical properties and
therefore will behave differently during combustion. Moreover, within the
same fuel, different particle size will have different physical and chemical
properties after milling and classifying based on size and density. The
investigations on lab/pilot/plant scale with narrow/single size range patrticles
under well-controlled conditions and a greater number and more diverse fuels
are very limited in the literature and therefore much needed in future research
to predict the ash formation process more precisely.

3. Analytical methods are well advanced to determine the particle sizes and their
mineralogy at different residence times. Nevertheless, the particle size
reduction rate is difficult to measure or calculate accurately even with the
methods available in the literature. This is primarily due to the various size
altering processes (such as burning and fragmentation) occurring
simultaneously during combustion. The size reduction rate is often assumed in
the models or derived inaccurately from the experiments. Innovatively, the use
of Particle image velocimetry (PIV) is appreciated for the same in future.

4. The determination of the extent of slagging and fouling phenomena are usually
tackled on the industrial scale by quantitative methods such as thermal
conductivity and slag thickness measurements, ash deposition probes etc.,
which are good indicators for local phenomena but are not efficient in bringing
the overall chart along with more importantly the reasons and details of the
underlying deposition mechanisms. These aspects will therefore need more

scientific attention in the future.
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5. Aerosol formation creates serious environmental and health hazards while
coarse ash creates problems such as erosion and also participates in slagging,
fouling, corrosion etc. At the research level, they are often quantified by
expensive and time consuming lab-pilot-plant scale trials. The use and
development of ash formation modeling to date is very limited in predicting
various ash related problems. The experimental and measurement techniques
are more accurate but often time consuming and expensive. Therefore, the
development and extensive use of ash formation modeling is highly
recommended in the future.

6. Ash formation models are mainly of two types: coarse ash and aerosol
formation. They are mostly used separately and for different purposes such as
flow, slagging, fouling, corrosion erosion, environmental and health hazards
modeling, and to date seldom brought together and interlinked to simulate the
overall combustion and ash formation process. The integration of these ash
transformations is essential to predict overall ash formation hence, the
integration of both of these models is highly appreciated in future to detail the
over all ash formation process in detail.

7. The models typically developed for coals are yet to be validated for biomass

and co-firing conditions.
2.6 Objectives (based on the literature review)

1. Ash formation during PF combustion/co-firing is a very complex phenomenon
which depends upon a number of variables. Therefore, to limit the problem, the
present investigations will be made for typical PF firing combustion conditions.
The investigations onto biomass co-firing will be made on the basis of time and
budget available.

2. Some of the interesting observations found from the literature review based on
the effect of fuel characteristics and operating parameters onto ash formations
during PF combustion will be reconfirmed using specific lab scale experiments.

a. For that ash release and cascade impactor experiments will be planned
for different pulverized coal and biomass combustion/co-firing

conditions.
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b. Char conversion, devolatilization and fragmentation will be quantified
for all the fuels.

c. Ash release should be separately studied to find out the effect of
mineral matter composition and their association in the char matrix.

3. Experiments with narrow size range particles are very expensive and time
consuming. Therefore, they will be planned based on the time and budget
available.

4. Ash release is modeled using the chemical fractionation method and thermo
chemical equilibrium calculations by Doshi [51]. In an extended effort in this
PhD project, simple correlations will be attempted to predict the ash release of
several minerals during combustion/co-firing of several coals and biomass.

5. Aerosol formation modeling is done by Doshi [51]. Therefore, the main
research task in this PhD project will be to develop the coarse ash formation
model. The coarse ash formation model will be developed and validated with a
number of coals and biomass combustion/co-firing conditions.

6. Overall ash formation modeling will also be attempted which gives particle size
distribution along with mineral composition after combustion.

7. The developed model will be incorporated in the CAT (Co-firing advisory tool)
at ECN.

8. Further, it will be used in an ash deposition post processor developed at ECN as
an input to predict ash deposition.

9. Applications of CAT to new processes such as Ultra Super Critical vapor

characteristics, Oxy fuel combustion (OXY- or MILD) will also be evaluated.

All objectives are addressed apart from 3,8 and 9 which are recommended to be
addressed in the future. Moreover, the present study does not include specific co-

firing experiments.
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Chapter 3

First line ash transformations during PF combustion

As decided from the literature review, the present research work will be limited to
PF combustion only. In this chapter an attempt is made to shed light on the first line
ash transformations such as char oxidation, devolatilization and fragmentation for
six different coal and biomass fuels, by carrying out a thorough experimental study
in the Lab-scale Combustion Simulator (LCS) of the Energy Research Centre of the
Netherlands (ECN) under typical PF-firing conditions at high initial heating rates
(10° K/s) and high temperature (1450-1600 °C). Ash release, conversion, size
reduction and size distribution alongside with the change in inorganic chemical
compositions, are derived at different char burn out levels in the reactor at 20, 90,
210 and 1300 milliseconds of residence times. Several of the past observations made
in the literature review are reconfirmed with performed set of experiments. A
gualitative predictive tool is also suggested to envisage the extent of first line

physical transformations.
3.1 Introduction

One of the major obstacles to the economical use of coal and biomass is managing
the behavior of its ash. During combustion, minerals in the fuel undergo various
chemical and physical transformations [1, 2] as discussed in the literature review
(chapter 2) which under certain conditions may lead to the occurrence of various
problems such as slagging, fouling and corrosion [3]. The physical and chemical
transformations during the thermal conversion of the solid fuels are time-dependent
and very difficult to understand as a continuous process [2]. They largely depend on
several fuel characteristics. The linkage between the operating conditions (i.e. type of
combustion, temperature, pressure, heating rate, residence time, chemical
equilibrium of the gaseous species and reaction rate of different gaseous and slag

phases minerals etc.) with fuel characteristics (fuel mineral matter composition, ash
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percentage in fuel, fixed carbon, volatile matter, mineralogy - either included or
excluded especially for coal, char reactivity, char morphology, density, particle size
etc.) are also essential to study for understanding the ash transformations. Detailed

review of the parameters of crucial importance can be found in the Chapter 2.

During the char oxidation at high temperatures, initially char particle lie in the so
called kinetic -diffusion controlled regime, in which the rates for pore diffusion and
chemical reaction are comparable while later in the burnout, a transition is expected
from the kinetic-diffusion controlled burning regime to the kinetic controlled regime
only. In the latter stages, chemical reaction rates are dominant in controlling overall
mass loss rates [3]. However, from the past experiments it was concluded that all
major types of pulverized fuels will be in the kinetic-diffusion controlled regime
even with extended residence time during the typical PF combustion conditions
where mass loss rates due to chemical reaction and pore diffusion are comparable
[4,5].

Char burnout, devolatilization and fragmentation are the most important first line
physical transformations which occur in the radiant zone [2]. Char burnout of the
fuel, depends on the reactivity of the char. The more reactive the char, the quicker
and the more complete will be the fuel chemical conversion. It is well known, that
the overall char reactivity is affected by the presence of minerals [6,7]. At the high
temperature levels of the furnace, char oxidation rates are highly dependent of the
intrinsic char reactivity, which is in turn linked with the char’'s ash content [8].
Volatilization processes depend also to a large extent on the mineral matter
composition and its association with the carbon matrix. The mineral matter can be
present as free ions, salts, organic bound or as hard minerals in the fuel. Alkalis in
the younger fuel, such as low rank coal and woody biomass remain mostly in
included mineral as free ions, salts and organically associated inorganic and start
vaporizing at lower temperatures [9,10]. Chlorine, sulfur and partly calcium and
magnesium along with alkalis primarily present as organically bonded or dispersed
phases, are expected to devolatilize at moderate to high temperatures. Silicon,
aluminum and iron on the other hands are considered as stable or conservative

elements, which remain in the solid ash matrix in the melt form.
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The devolatilization of the above volatile minerals is due to several chemical
transformations occurring between the solid, slag and gaseous mineral phases
[11,12]. Alkali chlorides and sulfates are the main possible products of the chemical
transformations at even moderate temperatures. Nonetheless, it is evidently found
that alkali metal oxides inclusions in silicate network in the char matrix, make them
significantly less volatile [13]. The volatilization of alkali minerals increases with the
higher chlorine concentrations, because of the high saturation vapor pressure of

alkali chlorides at combustion temperatures [13].

An increase in the fragmentation can be observed at high chemical conversion and
devolatilization levels of the fuel. Larger particles fragment more compared to
smaller size particles [14,15]. Mitchell [16] observed attrition, breakage and
percolation-type fragmentation behavior during coal combustion at different regimes
in his experiments with synthetic chars. During the initial stage of combustion,
burning and little attritive fragmentation are found to occur, with shedding of smaller
particles from the surface which extends to breakage mode after certain conversion
where a particle breaks into two or three samilar sized particles. Later in the
combustion process fragmentation is found to be of percolative nature [3] where

particles disintegrate into an array of larger and smaller patrticles.

The physical and chemical transformations during thermal conversion of the solid
fuels can be termed as complex time- dependent process. For prediction of the actual
overall ash formation process, it is essential to understand the integration of the most
important first line physical and chemical transformations such as char burnout,
volatilization and fragmentation. In the present study, several coals and biomass fuels
have been tested in the Lab-scale Combustion Simulator (LCS) at the Energy
Research Centre of the Netherlands (ECN) under typical PF firing conditions. Ash
release, conversion, size reduction and size distribution alongside with changes in
inorganic chemical compositions are derived at different char burn out levels in the
advanced drop tube furnace-like reactor at 20, 90, 210 and 1300 milliseconds of
residence times. Char burnout, devolatilization and fragmentations are quantified for

all burn out levels.
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3.2 Experimental

3.2.1 Fuel Preparation and analyses

The study includes wood chips, waste wood, olive residue, straw alongside with a
UK and a Polish coallhe proximate and ultimate analysis of these fuels along with
the mineral matter elemental composition can be found in the Appendix A while a
ranking of the studied fuels according to their ash and volatile matter contents is
presented in Table 3.1.

Table 3. 1: Ranking of test fuels according to their ash and volatile matter content

% Olive Residue

High Volatile matter & Straw
High Ash
¢ Polish coal
Low Volatile matter % UK Coal
s Waste wood
Low Ash High Volatile matter < Wood Chips

The fuels were milled and sieved on a Retsch SM 100 cutter mill, equipped with a 1
mm sieve/knife. The final particle size distribution of the fuels was analyzed by light

scatter technique (Malvern Mastersizer) and can be found in Appendix B.
3.2.2 Laboratory Set-up

Coal and biomass were combusted in the LCS. An overall schematic of this tests rig
is given in Figure 3.1. The LCS is an advanced drop tube furnace, that can be
applied to study the behavior of a single or blended solid fuels under typical
pulverized fuel fired furnace conditions. It consists of a drop tube reactor with an
integrated, premixed and multi-stage flat flame gas burner. The staged gas burner
accommodates high initial heating rates and temperatures and also provides the
possibility to simulate air staging as in Low-NBurners along with the presence of

specific combustion products such as, e.g. 3@e flat flame gas burner consists of
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two concentric sub-burners viz. a primary, inner burner and a secondary, outer
burner. A tertiary nitrogen flow is applied to create suitable mixing profiles and for
thermal protection of the reactor tube. Fuel particles are fed through the inner burner
and are rapidly heated (>°LR/s) to the high temperature level of, e.g., a coal flame
(1450-1600 °C), at which the devolatilisation takes place. The particles, together
with the volatile-laden flue gases, travel down with the gas towards the entrance of
an all alumina reactor tube for combustion. Due to the aerodynamically optimized
design of the system, a majority of the flue gases is purged, while only a minor part,
which however contains almost all char particles, is actually led into the reactor tube.
The said tubular reactor is externally heated by two 3.4 kW furnaces equipped with
Kanthal Super 1800 elements with a maximum element temperature of 1700 °C. The
temperature of each furnace is independently controlled by a Eurotherm controller

and two S-type thermocouples.

The fuel particles are fed by means of a commercial Pallas RMG 1000 ram/brush
feeder in which the fuel is pressed out of a cylinder against a rapidly rotating brush
into a dispersion chamber and transported into the reactor pneumatically. Typically,
low particle feed rates are used in order to control the gaseous environment of each
particle by means of the imposed gas burner conditions. For this study, a fixed 3g/h
feed rate was applied throughout. For low-NOx operation, this implies that heating
and devolatilization of the fuel particles takes place in an oxygen-deficient zone
(indicated as zone | in Figure 3.1) provided by the primary, inner burner, whereas
subsequent char combustion takes place in a zone with excess oxygen (indicated as

zone Ilin Figure 3. 1
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Figure 3. 1: Schematics of the Lab-scale Combustion Simulator (LCS) used to study
the formation of ash (incl. aerosols) from biomass and coal
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3.2.3 Sampling and analyses

An oil-cooled, quenched gas/particle probe was used for sampling char and ash at
four locations along the reactor vertical axis. The particle residence time is taken to
be that of a particle with an aerodynamic diameter of 50 um. Residence time
calculations based on the gas velocity, assuming laminar flow and taking into
account the reactor geometry, axial gas temperature profile and the particle terminal
velocity, showed little (20%) influence of the particle size when below 100 um. A
University of Washington/PILAT Mark V cascade impactor was used to obtain
eleven fractions in the size range >50 pm down to 0.3 pm approximately.
Aerodynamic particle diameters are estimated using calibration curves of the cascade

impactor, taking into account sampling flow and temperature.

deposit / analysis no.1
deposil [ analysis no.2
deposit ! analysis no.3

Figure 3. 2: Example of cascade impactor sample (one stage) with an indication of
the part of the sample which was analyzed using a scanning electron microscope
Nuclepore® polycarbonate substrates were used for their smooth surface to allow
subsequent microscopic analysis. A JEOL FEG-SEM with a coupled EDX system
was used to analyze each stage of the impactor. An EDX measurement was
performed by scanning the whole of a deposit of particles formed underneath an

orifice in the corresponding impactor jet stage (see Figuzg 3.

In this way a ZAF-corrected analysis of 1-3 deposits per stage was obtained,
including the following elements: Si, Al, Fe, Ca, Mg, Na, K, Ti, P, S, Cl, Mn and O.
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The elements Zn and Pb were measured using a higher acceleration voltage (15 or 20
kV). In all cases the various analyses on a single stage were found to be very similar,
indicating a homogenous loading of the stage. Results are expressed on an oxygen-
free basis. Secondary and backscattered electron images (exemplified in Figure 3.3)
were stored for all cascade impactor stages from all residence times for visual
evaluation. From these, the modal particle sizes were derived from visually
inspecting SEM frames containing several hundred particles Subsequently the
distribution of the coarse, fine and aerosols are done based on the modal particle
sizes obtained for different cascade impactor stages. Coarse - >10 um, Fine - >1 pym;
<10 um, and aerosols - < 1 um.

Paoleh Coal ;: 1200 m=s =

Figure 3. 3: Secondary electron images for different fuels for different residence time
and cascade impactor stages

Inorganic matter released from fuel particles during pyrolysis or char combustion can

be identified in different ways. In this study, the release of inorganic matter is

determined as the difference between the amount of inorganic matter in the fuel and

the amount of inorganic matter left over in the solid residue after (partial)

combustion.
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Figure 3. 4: Mass balance per element for cascade impactor measurements

Particulate matter with a particle size smaller than | pm (aerosol) is mathematically
added to the released part as shown in Figure 3. 4

Overall mass balance equation for the single mineral element will be

j
ZCE'M' + G+ L=galfa
i=1I

(1)

Where ¢ = mass fraction of the mineral element obtained in the different cascade

impactor stages

M; = total mass of the mineral element obtained in the different cascade

impactor stages
Co= mass fraction of the mineral element in the feed

My = total mass of the mineral element in the feed

58



Release

The release is calculated according to the formula shown in equation (2) :

J
colMy - z ey - L

. G i =1 and L _ 1 TIS
e == Iy i -
oy Cplldg zﬂzMz Mg
i=]
(2
So
i
o= 1o — cel
Mg Coddo
(3

The recovery(ns) (not to be confused with the sampling efficiency) is calculated by

assuming the release (G) of the stable elements (such as Si, Al and Fe) as zero. The
choice of these conservative “marker” elements is done by considering the specific
chemistry of fuel: i.e. for wood it may be Ca while for both the coals, Al and Si. On
the other hand Ca is not a good marker for bark, where it is available in the form of

oxalate and is almost integrally mobilized into the gas phase in the form of superfine

CaO aerosol. Thgs can be calculated from equation (3) as below.

i
ZC ) M
i=1I

- [JM[J

E'ﬁs

(4)
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If multiple stable elements are considered:

J i 7 '
> s S S et _
i=1 + i=1 + o +oees = 1,
no. elements
coldy element I Coldp elemant 2 coldy element 3

All the details of the above calculations can be found in [17].

(5)

3.3 Results

The results are graphically presented in Figures 3.5-3.10, which are tackling various
aspects of the fuel particle size evolution in due course of the combustion process.
The detailed experimental results are tabulated in Appendix C. The char chemical
conversion and devolatilization rates are quantified using the ash tracer method, thus
allowing for understanding the effect of varying ash content in the different fuels.
Mass-based distributions across particle sizes and size reduction factors are
calculated to identify the extent of the fragmentation in the different fuels with
varying chemical and physical properties. Size-resolved mineral distributions are
calculated to see the effect of mineral matter and it association onto the char matrix

reactivity.

3.3.1 Conversion

The association of the mineral matter with the carbon matrix and the characteristics
of the carbonaceous matter itself, define to a high degree the subsequent physical
properties of the formed char, such as the available surface area for char oxidation
during combustion. The relative surface area available will be less for the fuel having
high ash content due to the lower abundance of active carbon sites. Thus a fuel with
high ash content can be expected to form relatively less reactive char compared to a
fuel with low ash content. The lower the ash content, the higher will be the relative
char reactivity and the quicker will be its conversion. The higher the volatile matter,
the higher will be the devolatilization and therefore the higher will be the overall fuel
conversion. Thus, it can be concluded that ash and volatile matter contents are the

two most important factors for the relative char reactivity. The third important
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parameter is the type of the carbonaceous matter. Figure 3. 5 presents the (ash-tracer

based) fuel conversion as a function of residence time.

100 — —

70

60 |_
50 A

40

Fuel conversion [%)]

30 4 -
20
0 - T T T T T
Wood chips Waste wood Olive residue Straw (BM6) Polish coal UK coal (C2)
(BM2) (BM3) (BM5) (C1)

\I 20 ms @90 ms 0210 ms 01300 ms =Combustible matter = Volatile matter \

Figure 3. 5: Mass-based fuel conversion as a function of residence time

The volatile matter (from the proximate analysis) and the combustible matter content
(taken as 100 % of the dry ash base) are included for reference. All studied
biomasses are found to be much more chemically reactive than coals due to the
comparatively lower ash and the high volatile matter contents. Both the Polish and
the UK coals are much richer in ash and significantly less volatile, hence their
conversion is lower and delayed considerably as compared to the biomasses. For
example, the wood chips and the waste wood are reaching higher overall degrees of
conversion already in the flame (20 ms). The devolatilization of inorganic matter is
also a time-dependent process and not merely an instantaneous phenomenon, as can

be seen in the graphs presented in Figure 3. 11.
3.3.2 Ash Release

Most of the inorganic matter is released in the first ~200 ms, however the release in

the last burnout stage (1300 ms) with extended residence time is still countable.
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Figure 3. 6: Amount and distribution of inorganic elements released after 1300 ms
residence time. (Percentages represent the ratio of the sum of inorganic elements
released to the sum of inorganic elements in the fuel.)
Figure 3. 6 presents an overview of the amount of the different elements released

after 1300 ms of residence time in the combustion chamber.

The data are expressed as the amount of element X released in milligrams per
kilogram of dry fuel, so they can be easily applied in combustion process
calculations. The percentage plotted over each stacked bar represents the mass ratio
of the sum of inorganic elements released to the sum of inorganic elements in the

fuel.

Large differences are observed between fuels. The release in mg/kg is influenced by
the fuel's ash content and the reactivity of the ash constituents [17]. The relatively
small ash release from the wood type fuels reflects their low ash content, while the
high ash release from olive residue and straw is caused by the higher ash content but
especially by the high ash volatility. The release from both coals is dominated by the
elements sulfur and chlorine. If the sulfur content of the coal is high, then the release

will be high too.
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3.3.3 Size distribution

This section describes the mass-based patrticle size distributions (PSD) (in % w/w)
during char burnout stage for different coal and biomass fuels. The mass-normalized
PSDs of all fuels presented in Figure 3.7 and Figure 3.8 have been calculated by
converting the volume fractions, obtained by Malvern Mastersizer analyses
(Appendix 2), assuming a single bulk average density and a spherical particle shape.
In contrast, the mass fractions of the ashes at different residence times have been
obtained from direct gravimetric analyses of the cascade impactor samples. This is
done to help identify the type as well as the extent of the fragmentation and size
reduction at different char burnout levels. The presented particle size distribution is
based on weight share of the three size fractions (namely the coarse, the fines and
aerosols particles with the corresponding sizes >10 pm, >1 pm and <1lum
respectively) and vap (devolatilization) at each stage for all fuels as shown in Figure
3.7.

Significant increase in the aerosol concentration during the initial char burnout (20
and 90 ms) is possibly a sign of burning with attritive fragmentation (Figure 3.8 and
Figure 3.9). Furthermore, fine ash particle concentration (Figure 3.7) is decreasing in
the first 20 ms for all fuels and this proves that lower size particles oxidize and
devolatilize quickly compared to larger particles. The faster conversion of the
smaller char particles is clearly observed for all the fuels accept Polish coal where
ash content is the highest. It is evident from the experiments that after a certain
conversion, larger particles fragment in breakage or percolation mode more than the
smaller particles for all fuels and therefore their concentration decrease more rapidly
in the later time steps. Biomass was found to be fragmenting more than coal.
Percolative fragmentation during the final char burnout stage is clearly manifesting
itself in the considerable increase in fine, fly ash and aerosol concentrations.

3.3.4 Relative Size Reduction

Particle size reduction factors calculated for all cascade impactor stages at different
residence times are shown in Figure 3.Mbdal particle sizes for each cascade
impactor stages have been read visually using SEM images for all different residence

times. Relative size reduction is calculated by considering the size reduction of the
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final char burnout (1300 ms residence time) as 100 %. Although, it is a very rough
method to calculate particle size reduction, it gives an idea how particle size will
reduce at different residence times. The resulting sizes for the upper cascade
impactor stages (> 30 um) are due to burnout and fragmentation while for the lower
cascade impactor stages (< 30 um) it is assumed as only due to burnout, as smaller

particles will not fragment much.

From Figure 3.10, it can be clearly seen that particle size reduction is very complex
and no specific trend can be derived for particle size reduction with the different
biomass and coals. For all fuels, irrespectively of their different char conversions due
to different chemical and physical properties, the average size reduction between two
successive initial residence times of 20 ms and 90 ms (so within 70 ms) is observed
to be between 20-30%. The smallest size reduction of 10 % is observed during the
longest residence time “slot” (1300-210 = 1090 ms), between the last two successive
residence time 210 ms and 1300 ms. This proves that particles reduce their sizes
most in the devolatilisation phase (kinetic — diffusion controlled regime) where
particle size reduces due to burnout and breakage mode of fragmentation while they
reduce less at extended residence time (kinetic controlled regime) where very little or

no burnout along with percolative mode of fragmentation is expected.

Initially in the combustion process, fine ash particles reduce in size more rapidly
compared to coarse particles, as volatilization and rapid char oxidation occur fast in
the smaller particles due to less surface area and high oxygen concentration around
the surface. It can be seen in the all studied fuels except the UK coal where no such

trends are observed.

3.3.5 Elemental Distribution with PSD

The elemental distribution has been derived for each char burnout stage, which is
presented irFigure 3.11. Elemental release and size-resolved distribution after char
burnout, devolatilization and fragmentation are calculated for all residence times. It
is observed that sulfur and chlorine starts vaporizing earlier at 20 ms in the flame
itself where the release of alkali and other mineral elements are negligible. Alkali
minerals appear to be vaporizing in the second time steps at around 90 ms. In silica

and aluminum rich fuels such as straw and the two coals, the overall release of alkali
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minerals is limited which proves that alkaline metals in intimate contact with
silicious network make them less volatile. The release of calcium and magnesium is
observed to be significant in calcium and magnesium rich woody fuels. Alkali rich

fuel such as olive residue is found to be most volatile compared to all other fuels.
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3.4 Summary

Polish Coal has the highest ash content compared to all other fuels studied,
amounting to ca. 19 % w/w d.b., while its volatile matter content is the lowest
constituting approximately 26 % w/w d/b. It can be described as producing the least
reactive char of the test fuels range. The other physical line transformations such as
devolatilization and fragmentation are also observed to occur to a lesser degree. As
this coal is rich in reactive silicious components, alkali release is also found to be the
lowest compared with the other experimental fuels.

UK Coal has an ash content around 7 % w/w d.b., while the volatiles account for ca.
32 % w/w/ d.b. Compared with the biomass fuels, this coal too can be termed as
relatively unreactive, yet it is significantly more reactive than the Polish coal.
Therefore, char burnout, devolatilization and fragmentation can be described as
moderate. The UK Coal is less rich in silica compared to the Polish coal, moreover, it
has high content of sulfur and chlorine (23 and 13% w/w d.b., respectively). Alkali
release is quite significant from this compared to Polish coal.

Wood chips have a very low ash content if not negligible (<< 1 % w/w). It is a highly
volatile fuel having VM contents of around 84 % w/w d.b. This also translates into
relatively highly reactive char compared even to other biomass fuels. The total char
conversion is very fast and almost 50 % conversion is achieved upon 20 ms
residence time. A high extent of devolatilization and fragmentation is also observed.
The wood chips ash composition is dominated by calcium and magnesium. The
release of Ca, Mg, Na, K, S and Cl is observed to be significant. However, since the
ash content is very low in wood chips, very little carbonaceous matter in the char will
be associated with minerals and devolatilization will be quite low in terms of mg/ kg
of dry fuel. Due to the said low mineral element content and the corresponding low
ash release, at high char conversion levels the char patrticle is likely to attain very
high temperature. Therefore, significant fragmentation is observed, initially with
attrition mode of fragmentation - by shedding of small particles from the surface due
to the increase in thermal stress at the surface of the particles - and later on
significant percolative fragmentation inside the particles due to the increase in

overall thermal stress.
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Waste wood is similar to the earlier described wood chips, as this too is characterized

by a low ash contents (2 % w/w d.b.). Likewise, it has also a high volatile matter

(80%) content. In general, all the aspects of this fuel conversion are very similar to
those of the clean wood chips. Hence it too can be termed as a highly reactive fuel.
The extent of the char conversion, devolatilization as well as the fragmentation is

comparable to that of the wood chips.

Olive Residue is an alkali-rich fuel, having ash percentages around 9 % w/w d.b. -
quite high compared to woody biomasses. Yet, it also has high volatile matter (71 %
w/w d.b.) content, similar to that of the woody biomass and equally it forms a
medium to highly reactive char. The char particles however contain less active
carbon sites due to the high ash content. Therefore initially at 20 ms, char conversion
is lower in this fuel. Nonetheless due to the high alkalis and volatile matter contents,
after a relatively short residence time (90 ms), presumably when char achieves a
certain minimum temperature, further conversion, devolatilization and fragmentation
are observed to proceed very fast. At the onset of the combustion process less initial
fragmentation is observed due to less conversion and devolatilization as compared
with wood. Nonetheless excessive percolative fragmentation is observed due to the
quick conversion and high devolatilization during later stages. The ash release is
dominated by alkalis, alongside with chlorine and sulfur. It is also one of the reasons

for increase in aerosol particles formation.

Straw has almost the same ash content (around 8 % w/w d.b.) as the olive residue.
The volatile matter is also high (74 % w/w d.b.). This fuel can also be termed as
producing moderate to highly reactive char, similar as the olive residue. However
unlike the olive residue, in this case volatilization of alkalis is less pronounced even
once char achieves minimum temperature after certain conversion. This is most
likely due to relatively high levels of silica present in the fuel, compared to olive

residue. Fragmentation is also less extensive, due to the lower extent of

devolatilization. The ash release is predominated by potassium, chlorine and sulfur.
3.5 Qualitative prediction

As shown in Table 3.2; the conversion, devolatilization and the fragmentation can be

predicted qualitatively by taking into account the fuels ash, as well as the volatile
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matter contents. In general terms, higher ash contents reduce the relative char
reactivity. Higher volatiles in the fuel result in a higher devolatilization and thus a
higher overall conversion already early on in the combustion process. The higher
overall conversion can result in a higher fragmentation. The higher carbonaceous
matter and lower ash content increases the char particle temperature to a great extent
during combustion which leads to high fragmentation due to the increased thermal
gradient. Silica and alumina are both responsible for lowering the devolatilization of

alkalis. Sulfur on the other hand volatilizes quickly and fully.

Table 3. 2: Qualitative prediction of the devolatilization, char conversion and
fragmentation

Ash  volatle e A Sulfur

FUEL matter Devolatilization Conversion Fragmentation
Content content content
content
) ) — Less . )
High
Wood chips Low High Low Low (but quicken) ig High
q LESS .
. High .
Waste wood Low High Low Low (but quicken) ig High
— : ]
Olive Residue High High Low Low High High High
Straw High High High
Polish coal High Low High Low: —p> Less Less Less
UK Coal High Low _ Medium

3.6 Conclusions

Based on the lab-scale tests with different coals and biomass fuels, first line ash
transformations were investigated. The following conclusions can be drawn from the

said work:

1. Ash transformations and char combustion will be in the kinetic-diffusion
controlled regime, even with extended residence time with typical pulverized
fuel firing conditions.

2. Char chemical conversion is found to be dependent on ash content and volatile
matter at typical pulverized fuel firing conditions. Fuels having high ash
content with fewer active carbon sites for smooth char oxidation are converted
more slowly. Within the test fuel range examples of such fuels are the UK coal,
the Polish coal and to a lesser extent the olive residue and the straw. The UK

and Polish coals are further characterized by high ash- and low volatile matter
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contents. Therefore, overall chemical conversion is lower for both of these
fossil fuels. On the contrary, the olive residue and straw have relatively high
contents of volatile matter. Therefore, the initially low conversion is quickly
accelerated when the fuels reach a certain critical temperature. The high
volatiles result in a high overall conversion. Also, smaller sized particles
convert more quickly than larger sized particles.

Devolatilization of the fuels also depends on the mineral elemental matter and
its association with the carbon matrix. Fuels having high volatile matter
contents are found to be highly devolatilizing. Chlorine and sulfur starts
devolatilizing early in the combustion. Alkalis release will be limited under the
presence of silica and alumina in the fuel. The other non-volatile oxides such as
calcium and magnesium are also found to be devolatilizing in some of the fuels
where their content is high. The devolatilization of individual minerals will be
studied separately in the next Chapter 4.

Fragmentation is found to be dependent on fuel chemical conversion and
devolatilization. The quicker and higher the fuel chemical conversion and
devolatilization, the more pronounced will be the fragmentation. Woody
biomass is a good example of this mechanism. Three kinds of fragmentations
are observed: attrition, breakage and percolative fragmentation. During the
initial heat up and devolatilization, biomass and coal were found to be
fragmenting attritively. Excessive percolative fragmentation was observed only
after a critical conversion (approximately 60-70%) of the char. Larger sized
particles fragment more compared to smaller sized particles.

Although the present study does not include the effect of particle size, shape,
density and mineralogy (included/excluded minerals) at constant high operating
conditions, the qualitative predictions based on the fuels mineral elemental
matter composition, as well as the volatile matter contents appear to approach
the experimental results very closely and can be used as an efficient predictive

tool for the new fuels.
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Chapter 4

Ash release of minerals during PF combustion

It was one of the conclusions from the Chapter 2 that the chemistry of mineral matter
composition and their association in the fuel matrix play an important role in
devolatilization. In this chapter, ash release of individual mineral element is
investigated as a function of elemental mineral matter composition and their
association in the fuel matrix under the same PF operating conditions as applied in
Chapter 2. In the previous chapter char oxidation, devolatilization and
fragmentation were quantified for six different coals and biomass (Wood chips,
Waste wood, Olive residue, Straw, Polish coal and UK coal). In the present chapter,
ash release for individual mineral element is studied for a total of eight coals and

biomass by adding two more biomass fuels (Bark and Saw dust) to the previous list.

Ash release was modeled using chemical fractionation method and thermo chemical
equilibrium calculations at ECN. In an extended effort in the present work, simple
correlations (empirical indices) have been attempted to predict the ash release of
several mineral element as a function of elemental mineral matter composition and
their association in the char matrix. The empirical indices developed in this chapter
can work as an effective tool to predict the ash release and have also been used in

Chapter 6 for modeling the overall ash formation.

4.1 Introduction

Power generation from biomass fuels and coals poses several technical and economic
challenges. In chemical terms, coal and biomass fuels are complex composite
materials which contain inorganic species along with organic matter. In the fuel
matrix, these inorganics are present as free ions, salts and organically-bound as well
as in the form of fine crystalline materials such as quartz, carbonates, oxalates and
sulfides etc. Upon combustion, volatile minerals release from the fuel matrix in the

form of gaseous and condensed ash [1]. The gas phase inorganic elements may
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undergo numerous physical transformations such as nucleation, coagulation and
homo/heterogeneous condensation in few milliseconds just after fuel enters the
combustion furnace. Ultimately these gas-to-particle transformations lead to the
formation of homogeneous aerosol particles and / or heterogeneous fine ash particles.
The gas phase release / condensed particles lead to problems such as slagging,

fouling, corrosion, erosion and harmful emissions of gases and particulate matter.

Chemical equilibrium and reaction kinetics at the given temperature are known to be
responsible for the release of gas phase inorganic species. Baxter et al. [2], in their
lab scale PF combustion experiments with six different coals examined them at more
rapid heating rates (5x18/s), more devolatilization of the alkali and alkaline earth
metals are expected. Oleschko et al. [3] studied the gas phase release of sodium,
potassium, sulfur and chlorine at 800 °C and 1200 °C and reported that different
reaction kinetics at both temperature regimes influence the release of alkalis. In
general terms the gaseous release of the inorganic elements can be linked with the
two phases of material conversion, namely devolatilization and char combustion.
During devolatilization, at relatively low temperatures, loosely bound free ions, salts
and organically associated alkali minerals will be released. During the char
combustion phase, generally at high temperatures, strongly bonded alkalis and
alkaline earth metals will also be released [3]. Other important factors for the release
of inorganics into the gas phase during combustion include particle size, shape and
density. Experimental and theoretical investigations indicate that the particle shape,
size and density influence particle dynamics, including drying, heating rate and
reaction rate [4]. It is generally observed that spherical particles devolatilize quickly
compared to particles of other shapes. Badzioch et al. [5] found that particle size had
no significant effect on the weight loss because the heating rate of the particle was
controlled mainly by the heating rate of the carrier gas, so that the large particles
heated only at slightly lower rates than the fine particles. However, Eyk et al. [6] and
Ninomiya et al. [7] studied the release of sodium as a function of the particle
diameter and its temperature, for a single burning particle system and observed that
during the devolatilization phase, sodium concentrations were found to be
reciprocally dependent on the particle diameter, at the same residence times. During
the char burnout Na levels were found to decay exponentially with increasing
particle temperature. It is also found that the higher the porosity and lesser the
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density of the fuel, higher will be the volatilization [6,7]. Mathews et al. [8] observed
that mineral matter and macerals composition of the char will be different at different

sizes which can affect the devolatilization rates.

A wide range of coal and biomass fuels have been extensively studied to understand
their chemical and physical properties [9,10,11]. As a result it has been concluded
that the inorganic matter in biomass, is mostly associated in the fuel matrix as free
ions, salts and organically bound inorganics, while elder fuels, e.g. peat, lignites and
hard coals, contain more excluded minerals. The mode of occurrence of the minerals
is specific for each type of the fuel, and allows for ranking them according to their
age, origin or pre-treatment/handling. For instance, coals can be divided based on
their age and degree of metamorphism into high, medium and low rank coal. The
older the coal and higher the degree of metamorphism, the higher the rank and the
lower will be the content of the loosely bound inorganics. In the case of biomass
fuels, however, such an age-based ranking can not be proposed and it is much better
to consider its origin. Such classification would then include for example woody
biomass, energy crop, animal or agriculture waste etc. Also this classification could
be associated with some general characteristics and so wood and energy crops can be
considered to be the purest fuels with low ash content. The agricultural residues and
animal wastes or byproducts can be characterized as the more contaminated fuels. In
addition within this latter group, the mineral content and its association can be
varying due to the nature of the process they stem from, i.e. animal fat will contain
significantly less mineral matter than meat and bone meal etc. The higher the free

ions, salts and organically bound inorganics, higher will be the ash release.

Coals and biomass fuels contain various mineral elements composed mainly of
sodium, potassium, calcium, magnesium, chlorine, sulfur, silica, aluminum and iron,
along with trace elements such as zinc, lead, titanium, phosphorous, manganese etc.

These trace elements are not discussed further within this work.

Sodium, potassium and partly calcium, magnesium are known to be present as free
salts or cations bonded to the carboxylic groups in the biomass (organically bound).
Sulfur can be a part of the organic coal structure, but also present as crystalline pyrite
(iron sulfide). Chlorine can be found as bound to the organic matter in the fuel or as

dissolved chlorides in the inherent moisture [9]. Free ions, salts and organically
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bound inorganics are easily devolatilized into the gas phase and react with other
gaseous species to form chlorides, hydroxides and oxides. Thus, it can be concluded
that the mode of occurrence of the minerals affect their release to the gas phase [12].
It is understood from the literature review that the release of volatile inorganics also
depends on the composition of the more conservative inorganic elements in the fuel
[13]. Results of the co-firing experiments by Wei et al. [14] and by Cieplik et al. [15]
suggest that the inorganic elements present in the fuel such as Si, Al, Ca, Mg, may
greatly affect the gas phase release of Cl, K, and Na. It has been found that higher
aluminosilicate contents in the fuel makes alkalis significantly less volatile during
combustion. Also calcium and magnesium have shown affinity towards aluminum
and silica during high temperature PF combustion and may therefore interfere with
the alkali capture by aluminosilicates. Additionally the presence of sulfur and
chlorine, both released nearly to completion into the gas phase upon combustion,
may aid the volatilization of alkalis. A more detailed review of elemental gaseous

phase release is described in the following Section 4.1.1.

From the literature review, it is understood that gaseous phase release of inorganic
elements during pf combustion is a complex phenomenon depending upon several
parameters such as heating rate, temperature, residence time, particle size, shape,
density and mineral matter composition along with their association in the carbon
matrix. Parameters such as heating rate, temperature, pressure, particle size, shape,
density and the residence time (kinetics) can be well described using relatively
straightforward numerical or analytical methods. Several simple correlations also
exist in this regard. Also, the stable gaseous and solid species composition can be
calculated using FACT-Sage or several other thermochemical equilibrium software
packages, but these models are giving good results only for thermodynamically
stable systems, or for elements with rapid conversion kinetics and are limited to fuel
range analysed by chemical fractionation methods [12]. However, there is no simple
correlation which exists or has been attempted to identify the effect of elemental

mineral matter composition and their association in the char matrix on ash release.

In the present study, given the complex ash release phenomenon involving a number
of variables, an experimental attempt is made with limited investigations only on the

role of the elemental mineral matter composition and their association in the fuel
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matrix onto the gaseous release at typical high temperature PF combustion
conditions. The tested fuels are of different groups such as woody biomass and
forestry residues, energy crop, agricultural/food waste and high rank coals. The study
is carried out in the Lab-scale Combustion Simulator (LCS). The typical pf
combustion operating conditions are atmospheric pressure, 1500°C flame/furnace
temperatures and heating rates of K0s. Gas phase release of alkalis, sulfur,
chlorine, calcium and magnesium are quantified and translated into novel linear
correlations (empirical indices) aimed at predicting elemental release during PF

combustion.
4.1.1 Inorganic elemental gas phase release — a review

4.1.1.1 Release of S

Most of the sulfur in coals and biomass is released into the gas phase in the form of
SO.. However, if present at sufficient levels as compared with chlorine, sulfur
dioxide is prone to react with alkali chlorides to form alkali sulfates. Wall [16] also
mentioned that sulfur may react with calcium and magnesium to form sulfates below
1450 °C. Furthermore, Schurmann et al. [13] verified that sulfur and aluminosilicates
compete for alkalis and the dominance of one or the other depends on temperature as
well as the actual flue gas composition. The increased combustion temperature
favors alkali aluminosilicates over sulfate formation, even though both processes are
thermodynamically less favorable at higher temperatures. Nonetheless, sufficiently
high sulfur contents can support the formation of alkali sulfates even at high

temperature [3], in spite of the presence of the aluminosilicates.
4.1.1.2 Release of Cl

Chlorine present in the fuel will be released almost completely to the gas phase as
HCI already at low temperatures. With the increase in the temperature, more alkalis
released into the flue gas will convert chlorine into alkali chlorides. Also, chlorine
has been observed to have pronounced influence on the alkalis release. Thompson et
al. [17] predicted that under both coal combustion and gasification conditions, the
effect of sulfur on the distribution of potassium and sodium between the gas phase
and the slag is minimal, but that the role of chlorine in alkali volatilization is very
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pronounced, with the potassium and sodium levels in the gas phase linearly
dependent on the chlorine levels. In his experiments also Baxter et al. [2] found that
the amount of alkali vaporized during biomass combustion is determined more by the
amount of chlorine available to form stable vapors than by the amount of alkali in the

fuel.

4.1.1.3 Release of Ca and Mg

Calcium and magnesium cations in most lignites, sub-bituminous coals and woody
biomasses are molecularly dispersed and bound to the carboxylic groups [18]. This
organically bound calcium can be easily liberated as CaO(g) during pf combustion at
high temperatures. Calcium can be found in two principle solid phases during
combustion, namely a Ca-aluminosilicate slag or glass and Na-Ca-sulfate. Very few
studies [18,19] are reported in the literature addressing the effects of Ca and Mg on
the behavior of chlorine and alkali metals. Yet it was found that, aluminosilicates are
more likely to react with Ca and Mg, rather than with alkalis. Therefore it may be
expected that higher levels of calcium in the fuel will cause more alkalis to remain as
gaseous alkali chlorides or sulfates even at high temperatures.

4.1.1.4 Release of K and Na

Alkalis, especially potassium, play an essential role in plant metabolism and are
present in organic structures as simple, easily accessible inorganic compounds
[20,21]. Alkalis are known to be an important plant nutrient and are required in
osmotic processes inside the plant cells. In biomass, they remain organically bound,
as free ions, salts, hydroxides or in the aluminosilicate structures (such as
microcrystalline quartz-like backbone in straw). Upon coalification and peatification
of different biomasses the organically bound alkalis will become less giving way to

more mineral-bonded mode of occurrence.

Numerous studies [4,12,13,22] suggest that most of the alkalis present as free ions,
salts and organically bound in the fuel will be released to the gas phase during
combustion. Hence, under typical PF combustion conditions, the alkaline metals will
be mostly released in the form of free ions, hydroxides and salts while in slag or solid

residual ash phase, it will occur predominantly as alkali-aluminosilicates.
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In the absence of sufficient reactive aluminosilicates, while taking into account
relevant levels of sulfur and chlorine the release and the resulting
partitioning/speciation of potassium can be very well predicted by thermodynamic
calculations (backed up by extensive gas-phase measurements [22]), as illustrated in

Figure 4.1.

As can be seen in the Figure 4.1, at lower temperatures, potassium sulfate vapor
condenses to form liquid or solid potassium sulfate while at higher temperatures, it
decomposes. The dominant gas-phase, potassium-bearing species at flame
temperatures >1400°C, are potassium hydroxide, followed by potassium chloride. In

the absence of sufficient chlorine for reaction, only the hydroxide is present.

Figure 4. 1: Equilibrium species concentrations for the major potassium-containing,
gas-phase species present under typical biomass combustion conditions; Source:
Baxter et al. [22]
Sodium also behaves in a similar way to potassium. Osborn [19] observed that
sodium associated with carboxylic acid groups has been shown to decompose early
in the devolatilization stage. At temperatures in excess of 1500 °C, most of the
sodium is released into the gas phase primarily as chloride and hydroxide [3]. But,
similarly to the earlier-discussed potassium, Gallagher et al. [23] concluded under
laboratory-scale pulverized combustion conditions that the fraction of sodium in the
vapor is reduced by the presence of silicates under high temperature combustion
regimes. Also Wall [16] observed that high proportion of the water soluble sodium

vaporizes (i.e. chlorides and as salts of carboxyl groups), but then reactions between

83



sodium containing gases with silicate fly ashes at high temperature reduces the
concentration of these gases. It has also been verified that sodium chloride
decomposes in the flue gas to form HCI and sodium carbonate at high temperatures.
In the earlier-mentioned study, Wall [16] suggested the relative order of stability of
sodium compounds in a non-reducing atmosphere for the range of 1300-200 K as:
NaCl g > NaSiOs ) > NaOH g > Na ). Also Sarofim et al. [24] reported high
alkali release dependence on the extent and size of silicon containing minerals in the

coal.
4.2 Experimental

From the literature review, it is found that the ash release transformations are very
much complex and difficult to study with the more number of variables. Therefore,
to limit this problem, it was decided to investigate only the effect of elemental
mineral matter composition and their association in the fuel matrix onto the ash
release. It is well known that different coals and biomass will have different
elemental mineral matter composition and association in the fuel matrix according to
their type, age, rank and handling etc. Therefore, an extensive experimental ash
release study with eight different coals and biomass was planned at Energy Research
Centre of the Netherlands, especially to investigate the effect of elemental mineral
matter composition and their association in the fuel matrix on the release of several
volatile elements such as potassium, sodium, chlorine, sulfur, calcium and

magnesium etc.

The elemental ash release for the nearly complete combustion (1300 ms) for
Woodchips, Waste wood, Olive residue, Straw, Polish coal and UK coal have been
obtained from the experiments carried out in Chapter 3 while new experiments for
the ash release at complete combustion (1300 ms) were planned for two more
biomass fuels i.e. Bark and Sawdust etc. with the same methodology explained in
Chapter 3. The mineral elemental ash release for these six biomass and coals are
tabulated in Appendix C.3.

4.3 Results and Discussion
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The selected test matrix for coals and biomass fuels is characterized by a broad range
of mineralogy entailing also varying association of the inorganics in the fuel matrix.
The mineral elemental release for all the fuels is quantified by experiments and then
described by means of simple linear correlations (with > 0%9%Re) as a function

of elemental mineral matter composition and their association in the char matrix.
4.3.1 Release from tested coals and biomass fuels

Firstly, the experimentally found release of each of the tested fuels is graphically

presented in Figure 4.2.

The present study discusses only the release of potassium, sodium, chlorine, sulfur,
calcium and magnesium which contributes to the major share of the total elements

with respect to their presence and association in the fuel matrix.
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Figure 4. 2: Amount and distribution of inorganic elements released after 1300 ms
residence time. (percentages represent the ratio of the sum of inorganic elements
released to the sum of inorganic elements in the fuel)

Bark (BM1)
Bark is a product of extraneous surface of woody biomass. This falls into the forestry
residues category within the woody biomass group. It is characterized by a moderate

ash level. These inorganic constituents are highly volatile and hence the overall ash
release in this fuel is also high (30%). The alkali release is nearly complete as this
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fuel is likely to contain water soluble alkalis (free ions, salts and organically bound).
Moreover, it has low silica and high calcium content, both contributing to an even
higher alkali release. Sulfur and chlorine, both at levels significantly lower than the
alkalis are also released nearly completely. The more conservative calcium and
magnesium are also volatilized partly, and it has been verified that much of these
elements is present in the form of crystalline oxalates which decompose at the

increased temperature, releasing finely dispersed calcium and magnesium oxides.
Wood chips (BM2)

It is a pure form of woody biomass which has low ash content and high volatiles.
Although, ash is composed to a large extent of calcium, with a minor proportion of
silicon and potassium it has a high overall ash release (49%). The release of alkali,
sulfur and chlorine is almost complete and accompanied by a partial release of

calcium and magnesium.
Waste wood (BM3)

It is a waste/byproduct from forestry refinery. Like pure wood, this has also little ash
and high volatile matter content. The overall ash release is also high in this fuel
(51%), similar to the wood chips. However, the release of sodium from this fuel is
observed to be little less than expected. The potassium, chlorine and sulfur are

released completely with partial release of calcium and magnesium.
Sawdust (BM4)

Same as wood chips and the waste wood, this is also a pure form of woody biomass,
a byproduct from the wood mills. Compared to the other fuels of the same woody
biomass category, it has higher ash content, and contains more aluminosilicates
(clays). It could be argued that this additional mineral matter is soil entrained during
handling of this waste material, which is often stored on prisms simply outside the
mills. Therefore, although the water soluble alkali is high, its release is observed to
be lower in this fuel (6%). Sulfur and chlorine are almost completely released.
Calcium and magnesium, which are also present at lower levels than in wood chips,

are released to a lesser extent .
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Olive residue (BM5)

This material is a residue from olive oil extraction and falls therefore into the
category of agricultural/food production residues. Overall it contains significantly
more ash, which is also very volatile. Therefore, overall ash release is highest (55%).
This can be traced back by its very high potassium content, with little silica,
aluminum, calcium and magnesium. The release of potassium, sodium, chlorine and
sulfur is as good as complete. Calcium and magnesium release is comparatively low,

on the other hand.

Straw (BM6)

Like the olive residue, this too belongs to the category of agricultural/ food
production residues. It is a byproduct of basic food crops such as rice, wheat etc, the
straw used during this study was a residue of hard wheat. It has a relatively high ash
content and the elemental mineral matter is also highly volatile. Therefore, overall
ash release is high in this fuel (40%), particularly caused by high chlorine and alkali
emissions. The release of alkali is nonetheless reduced by the presence of high levels
of silica. A nearly complete release for sulfur and chlorine is observed. Calcium and

magnesium release is comparatively less.

Polish Coal (C1)

It is a high rank coal. Within this test fuel range, it has the highest ash content with
the lowest volatile matter. It has also the lowest share of water soluble minerals. In
consequence, the overall release is observed to be the lowest of all the tested fuels
(8%). Due to high silica and aluminum, alkali release is observed to be minor, while
the release of sulfur and chlorine is complete. Calcium and magnesium release is the

lowest.

UK Coal (C2)

It is also a high rank coal. It has a moderate to high ash content and has a lower
volatile content in comparison with biomasses, yet more so than the Polish coal. It
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has also little water soluble minerals. Although the observed overall release is high
(36%), it is primarily caused by the relatively high sulfur contents, followed by

chlorine. Surprisingly, the individual release of chlorine is observed to be less than
expected, which could be due to its inclusion in the conservative aluminosilicate

minerals. Calcium and magnesium release is also lowest in this case.
4.3.2 Element-specific Release of the Inorganic Matter

The raw release data have been plotted against different indices identified in the
literature review to evaluate the effect of elemental mineral matter compositions i.e.
chlorine, aluminum, silicon and sulfur, onto the release of single mineral element.
The elemental release is described as linear correlations in several sub figures
starting from (a) to (j). Sub-figure (a) shows the elemental mineral release compared
to the elemental mineral matter present in the fuel while sub-figures (b) to (j)
presents different linear expressions withvRlue. The correlations with >0.95' R
value can be considered suitable for prediction of different elemental release with the

same group of tested fuels for given PF operating conditions.
S

An almost quantitative release of sulfur is observed for all the studied fuels. This is
probably due to the fact that majority of this element is present as organically-bonded
sulfur and will be rapidly oxidized to release as,$Om the surface of the burning

fuel particle The rest of the inherent sulfur will likely react with alkalis, first to form

a low-melting alkali sulfate-rich slag which will then decompose during char
combustion phase at high temperature, releasing AlRalis during this reaction

will be incorporated into siliceous or alumino-silicate structures. Also sulfur present
in already mineralized (excluded) forms in the fuel will be released to a great extent,
either by the oxidation of sulfides or by volatilization of sulfates. Overall a close
match of >0.99 Rvalue is obtained for S released against the fuel levels, as shown

in Figure 4.3.

Cl
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From Figure 4.4 (a), Chlorine is found to be released completely from woody
biomass such as Bark (BM1), Wood chips (BM2) and Waste wood (BM3).
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Figure 4. 3: Sulfur release during combustion of coal and biomass fuels (BM1: Bark,
BM2: Wood Chips, BM3: Waste wood, BM4: Saw Dust, BM5: Olive Residue, BM6:
Straw, C1: Polish Coal, C2: UK Coal)
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Figure 4. 4Effect of elemental mineral matter composition on chlorine release
during combustion of coal and biomass fuels (BM1: Bark, BM2: Wood Chips, BM3:
Waste wood, BM4: Saw Dust, BM5: Olive Residue, BM6: Straw, C1: Polish Coal,
C2: UK Coal)
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The other fuels such as Saw Dust (BM4), Olive residue (BM5), Straw (BM6) and
Polish coals (C1) also demonstrate nearly complete but still noticeably lower release.
Interestingly, the UK coal (C2) has the lowest chlorine fraction release, though its

content is the highest in this fuel compared with the other studied materials.

As shown inFigure 4.4 (b), chlorine release correlates well with the CI fuel levels
(>0.98 Rvalue). The closest match (>0.96 Wlue) for a elemental mineral matter-
dependent regression is obtained when plotting the release against the ratio of
Cl/(Na+K+Si+Al+2S) as shown in Figure 4.4 (e). This is an indication of the

interconnection of the primary release mechanisms for chlorine and alkalis.

Furthermore, all four woody biomasses behave very comparably, with closer match
(>0.99 R) as shown in Figure 4.5 (e).

0,40 0,35
035 030
% 0,30 &
S S 0,25+ y =1,0599x - 0,0133
Eozs £ R?=0,9763 ‘
@ o 0,20 7
& 0,20 BMS & BM3
% 0,15 % 0.5
@ @
£0,10 £ 010
G BM,?/ 5 BM2
0,05 0,05
! BML
0,00 “BMA_—— - - T T - 0,00 BM4 T - -
000 005 010 015 020 025 030 035 040 0,00 0,05 0,10 0,15 0,20 0,25
Clin Fuel (moles) Clin Fuel (moles)
0,35 1 @) 035 (0)
030 0,30
D @
[y [}
5 0,25 g 0,25
£ -
= =0,5193x - 0,141 = = -
o 0,20 *E BM3 o 0,20 y= 0'2651)( 0,1068 BM3
a R"=0,8991 © R"=0,9684 ‘
20,15 % 0,15
@ @
2010 £ 010
= o
© 0,05 Bivt Z 0,05 BMZ
M4 gi71_ e
0,00 : — : . . ! 0,00 BM4. : : :
0,00 0,10 0,20 0,30 0,40 0,50 0,60 0,70 0,00 0,20 0,40 0,60 0,80 1,00
(K+Na) in fuel (moles) 2CI+K+Na in fuel (moles)
035 © 035 (d)
0,30 0,30
m M
5] <L
S 0,25 g 0,25
£
= 020 Y = 1,7593x - 0,018 5 020
5 020 R’=09968 | o g y = 0,2029x - 0,0499‘ SN
£ 015 20,15 1 R*=0,7187
o
% 0,10 = 0,10
6 <
0,05 EQ’\V BVZ Z 0,05 BV
0,00 M4 T T . . T 0,00 *BMA G T T T
0,00 0,02 0,04 0,06 0,08 0,10 0,12 0,14 0,00 0,20 0,40 0,60 0,80 1,00 1,20
Cl/(Na+K+2S+Si+Al) in Fuel (moles) (2CI+Na+K)/(2S+Si+Al) in Fuel (moles)
(e) ®

Figure 4. 5: Effect of elemental mineral matter compaosition on chlorine release
during combustion of woody biomass fuels (BM1: Bark, BM2: Wood Chips, BM3:
Waste wood, BM4: Saw Dust)

Caand Mg
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Only a partial release of calcium and magnesium has been observed throughout the
test fuel range, as depicted kigure 4.6. The woody biomasses such as the Bark
(BM1), Wood chips (BM2) and the Waste wood (BM3) contain very high share of
calcium in the ash and its release into the gas phase is significant (marked
separately). Fuels richer in silicon such as the Saw dust (BM4), Olive residue (BM5)
and Straw (BM6) along with the high rank Polish and UK Coals (C1 & C2), release

much less calcium.

Such behavior of calcium can be traced back to the mode of occurrence, which
strongly depends on the age of the fuel, and therefore its classification/rank. In
biomass (younger and pure fuels), calcium is predominantly dispersed in the
macerals and is bound to carboxyl groups, whereas in coal (elder fuels), it is present

as the discrete mineral, calcite.

1,60 0,35

140 0,30
2 2

5 1,20 B 025
E 100 E
e @ 0,20

2
2 0,80 8 .
° y = 0,4096% - 0,0749 20,15 1 ¥ = 0,3965x<0,025
@ 0607 72 = 0.8334 : 2 £0,5097 -BM2,
< 040 1 . BM1) £ 0,10 BVi3
8 0,20 g 0,05 BM1
TpMooMemm _BWec, _ewi g
0,00 oL : : ' ' ' 0,00 : : ' 8) ' '
o,ooko,zo 0, 060 08 100 120 140 1,60 000 005 010 015 020 025 030 035
(

Ca in Fuel (moles) Mg in Fuel (moles)

(@ (b)

Figure 4. 6: Calcium and Magnesium release during combustion of coal and biomass
fuels (BM1: Bark, BM2: Wood Chips, BM3: Waste wood, BM4: Saw Dust, BM5:
Olive Residue, BM6: Straw, C1: Polish Coal, C2: UK Coal)
This difference in the form of occurrence plays an important role in the behavior of
calcium during combustion, as the dispersed esterified calcium will be likely to form
superfine CaO aerosol, while (micro/microcrystalline) calcite will at best decompose
to CaO, likely forming much larger particles. Furthermore in the presence of
aluminosilicates the release of calcium, also in its dispersed form, will greatly

diminish as this element will react similarly to the common alkalis.

Release of magnesium is similar to the release of calcium and no sturdy correlation
of the elemental mineral matter composition is observed. The release of magnesium
is also higher for woody biomass including the Bark (BM1), Wood chips (BM2) and
the Waste wood (BM3).
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K

Gaseous phase release of potassium has been studied separately for all the fuels.
Figure 4.7 (a) shows that the potassium present in the fuel is released to a high
degree into the gas phase from all the fuels, but not quite in a linear correlation with

its concentration in the fuel.

It can be clearly seen from the Figure 4.7 (a) that the almost complete release of
potassium is observed for clean woody biomass fuels, i.e. the bark (BM1), the wood
chips (BM2) and the waste wood (BM3) in which the water soluble minerals are the
highest, while silica and aluminum are the lowest. A much lower potassium fraction
release is recorded in the case of the saw dust (BM4), as well as the Polish coal (C1)
and the UK coal (C2).
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Figure 4. 7Effect of elemental mineral matter composition on potassium release
during combustion of coal and biomass fuels (BM1: Bark, BM2: Wood Chips, BM3:
Waste wood, BM4: Saw Dust, BM5: Olive Residue, BM6: Straw, C1: Polish Coal,
C2: UK Coal)
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Figure 4. 8Effect of elemental mineral matter composition on potassium release
during combustion of woody biomass fuels (BM1: Bark, BM2: Wood Chips, BM3:
Waste wood, BM4: Saw Dust)
The reason for this is likely the higher levels of silica and aluminum. Moreover, both
the coals contain significantly less water soluble minerals and volatile matter
alongside with a high share of excluded minerals. At least some of the potassium
contained in the two fossil fuels can be bound with the excluded minerals, which
during the combustion process will not reach as high a temperature as burning char
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particles and therefore release less potassium. The incomplete, though considerable
in comparison with other studied fuels, release of potassium from the Olive residue
(BM5) is likely due to the high share of organically bound potassium (insoluble in
water) which still remains for a part in the unburnt carbon.. The main reason for the
observed lower potassium release from the Straw (BM6) is the much higher silica
content with lower calcium and magnesium. Also this fuel contains significantly less

water soluble potassium than clean wood biomass.

As shown in Figure 4.7(b) potassium release shows a good linear correlation with
potassium levels in the fuel for pure woody biomass fuels, with high levels of water
soluble potassium, However, for coals as well as straw this correlation is very poor.
The closest match (0.95°Rvalue) is obtained as shown in Figure 4.7(h) when
plotting the release against the ratio of (K+Cl)/ (Si+Al+2S) in the fuel. Translated
into the release behavior this correlation implies that the higher potassium and
chlorine levels in the fuels, the higher will be the potassium volatilization. But the
release will be limited by the silica, aluminum and sulfur present in the fuel. The
correlations prove that there will be less direct effect of calcium and magnesium on

the potassium release.

Despite the fairly good overall correlation obtained for all the tested fuels, it is
clearly noticeable that the coals as well as straw correlate significantly worse than
woody biomass. This is likely due to the earlier discussed different speciation of
potassium in the said fuels as compared with woody biomass. Therefore a similar set
of correlations has been developed for the four woody biomass fuel, which is plotted
in Figure 4.8 (h). As a result of this, a better correlation (>0%9%PRbtained indeed

for this group of woody biomass fuels, which underscores the fact that fuels of
similar rank/class behave very similarly, despite fairly broad fuel ash composition (

eg. wood chips and bark).
Na

The complexation and modes of occurrence of sodium in the biomass and coal is
similar as that of potassium, as both elements reveal almost the same chemical and

physical properties. One would then expect a fairly comparable release behavior.
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Surprisingly however, the sodium release was found to be substantially lower
compared to potassium as showrFigure 4.9 (a). The release of sodium is nearly
complete from Bark (BM1) and Wood chips (BM2). The release from Waste wood
(BM3) is found to be less than expected. Saw dust (BM4) releases less sodium,
which can be justified by its higher silicon content. The low to moderate release in
the case of Olive residue (BM5) may be due to a higher share of organically-bonded
sodium in the fuel compared to woody biomass. In the case of the Straw (BM6)
however, the complete release of sodium against a lower release of potassium
appears somewhat contradictory, but it can be likely justified by the high chlorine
content which is of great importance for the volatilization of potassium. The release
from both the coals (C1 and C2) is observed to be much less, mainly due to high

silica and alumina content.

Sodium release appears to give a fairly good correlation with the sodium fuel levels.
However, the release of Na is shown to interact with the release of potassium, as can
be seen from the best correlation showrkigure 4.9 (j) where the best regression
(>0.98 R value) is obtained for plotting the release against the ratio Na/(K+Si+Al) in
the fuel. An even better correlation (>0.99\Rilue) is obtained for the four woody

biomasses, as shown in Figure 4.10 (j).

It should be stressed however, that the data on sodium release presented and
analyzed in this work should be considered less reliable, as levels of Na in all the

studied fuels were fairly low.
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Figure 4. 9Effect of elemental mineral matter composition on sodium release during

combustion of coal and biomass fuels (BM1: Bark, BM2: Wood Chips, BM3: Waste

wood, BM4: Saw Dust, BM5: Olive Residue, BM6: Straw, C1: Polish Coal, C2: UK
Coal)
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Figure 4. 10Effect of elemental mineral matter composition on sodium release
during combustion of woody biomass fuels (BM1: Bark, BM2: Wood Chips, BM3:
Waste wood, BM4: Saw Dust)
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4.4 Summary

The elemental release behavior has been studied under typical PF combustion

conditions, employing high temperatures and high heating rates. It is concluded that

fuel elemental mineral matter and its association in the fuel matrix influences the

release of ash-forming elements to a large extent.

1. Several observations from the literature review have been reconfirmed in this

study are as follows:

a.

Biomass and low rank coals will contain more water soluble (free
ions, salts and organically bound) minerals than higher rank coals
which will have more insoluble elements. This difference in mode of
occurrence of the mineral element in the fuel matrix has a direct effect
on their release.

The presence of silica and aluminum in the fuel limits the release of
alkaline metals. This underscores the effect of mineralogical
composition on the elemental release.

The release of sulfur and chlorine will be nearly complete at high
temperature and high heating rate PF combustion conditions for all

the fuels.

. Calcium and magnesium will only release in the younger fuel when

their content in the fuel ash is high and not counterbalanced by

aluminum and silicon.

The total ash content, volatile matter and excluded minerals can also
affect the elemental release. The higher the ash content and volatile
content the higher the observed release.

The processing and handling of pure, waste and byproducts of coal

and biomass can alter the elemental mineral matter composition and
their association, which can change the gaseous release of the mineral
elements.

The concentration and ratios of the elements can alter the reaction

kinetics and chemical equilibrium, both affecting the release.

2. Effect of ash %, volatile matter %, mineralogy (included/excluded), particle

shape, size and density are also substantial. Mineralogy, particle shape, size and
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density should also be studied in further detail in order to quantify the overall
elemental release.

3. Itis observed that the mineral elements of the same group/ rank of biomass and
coal have similar association in the fuel matrix and behave similarly during
combustion. Significantly better correlations for the elemental release can be
derived for fuel type separately. Also, non-linear correlations should also be
attempted.

45 Conclusions

Experimental investigations reported in the present work have clearly demonstrated
the effects of the elemental composition and their association on the gas-phase
release of ash constituents. Firstly, the differences in the mode of occurrence of
volatile minerals in the fuel matrix were found to have direct effect on their release
pattern into the gas phase. Secondly, the presence of other, conservative elements,
such as Si and Al, are also observed to influence the vaporization of Na, K, Cl and S.

Ash release is also affected by the ash and volatile matter contents.

From the current study, it is evident that different fuels of the same type will exhibit
fairly similar chemical and physical properties. Woody biomass (BM1, BM2, BM3
and BM4), fuels with a higher proportion of water soluble (free ions, salts and
organically bound), are characterized by a very comparable release of alkalis,
chlorine and sulfur. However, the presence of silicon and aluminum can reduce
release of alkalis, as clearly noticeable in the case of the saw dust (BM4). The olive
residue BM5, the straw (BM6) and the studied coals (C1 and C2), fuels belonging to
different groups/ranks but are all generally characterized by a lower proportion of

water soluble inorganics and behave different to woody biomass.

These correlations are simplistic but innovative and are non-existent in the literature
to the best of authors’ knowledge with such a massive experimental study. The
release of sodium, potassium, chlorine and sulphur can be calculated with simple
linear correlations presented in this chapter having >09%aRie. These simple
linear equations (with >0.95°Rvalue) can be considered as a valuable tool for
predicting ash release as a function of elemental mineral matter composition and

their association in the fuel matrix for the typical constant PF firing conditions.
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The correlations developed for woody biomass in the present work can be applied to
any other fuels of the same biomass group under the tested standard operating
conditions. Significantly better correlations of the elemental and overall ash release

with respect to elemental mineral matter composition can be achieved separately for
each different fuel groups. However, in the case of coals, ash contents and amount of
ash vary significantly, more than for woody biomass. There might be doubts that

such correlations exist for coals. More research is necessary for separate group of

coals.

The correlations derived from this work and the proposed methodology based on the
limited number of fuels possibly provides a platform for arriving at a robust
predictive tool, if a greater number of fuels and their groups could be included in

future studies.
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Chapter 5

Modeling of particle size evolution after PF

combustion

Particle size is an essential parameter in pulverized fuel (PF) combustion as many of
the problems or further areas of development in these systems are strongly
influenced by the fuel and ash size distribution after combustion. The evolution of the
PSD after combustion represents the convolution of several competing physical and
chemical transformations, operating over the entire size distribution. It has also been
distinguished in the literature that PSD after combustion comprises of two modes of

ash sizes namely aerosol and coarse.

The aerosol formation was studied at ECN by simple calculations on gas-to-particle
conversion for alkali chlorides and alkali sulfate. Therefore, the present work
encompasses the modeling of coarse ash formation. Various models such as break-
up, thermal stress, shrinking core, percolation and particle population model as
reviewed in Chapter 2 have been developed by incorporating numerous ash
transformation mechanisms to predict the coarse particle size evolution during the
pulverized fuel combustion. The present work describes an adaptation of the
numerical kinetic-based particle population balance for predicting particle size
evolution during PF combustion developed by Dunn-Rankin and Mitchell. The model
is further simplified analytically. Several empirical parameters are derived from the
experiments and incorporated into the model. The resulting simplified PSD evolution
model shows good agreement with several combustion and co-firing experimental
results of different coal and biomass, with maximum 15-20 % absolute standard

deviation.
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5.1 Introduction

Over the past decades significant progress has been made in understanding and
quantifying the processes governing ash formation during pulverized fuel
combustion [1]. From the experimental investigations explained in Chapter 3, it is
concluded that particles fragment along with the pore diffusion during char
oxidation. Processes such as char oxidation, devolatilization and fragmentation are
considered as the first line physical transformations responsible for coarse ash
formation in the radiation zone of the boiler. Other physical transformations such as
nucleation, coagulation and condensation of devolatilized inorganic gaseous species
are responsible mainly for submicron aerosol formation. Experimental and
theoretical investigations indicate that particle shape, size and density influence
particle dynamics, including drying, heating and conversion rates. Therefore, their
effect on first line physical transformations in the radiation zone, will be quite
significant [1,2]. These transformations compete with each other in the radiant zone
of the PF furnace [3]. From the experiments it is observed that devolatilization (of
both organics and inorganics) is significant, even at the char combustion phase.
Fragmentation of the char particle depends on char burnout and thermal stress.
Fragmentation starts from 10 % burnout and occurs throughout in both diffusion
(char burnout) and chemically kinetic controlled regimes [4]. Overall, the evolution
of particle sizes in a combustion system is a combination of all such various

competing physical transformations.

Particle size after combustion is a very important parameter in pulverized coal
combustion systems as processes such as pollutant formation, corrosion, erosion,
slagging and fouling are strongly influenced by the fly ash size distribution after
combustion [4]. Furthermore, ash particle size after combustion has been found to
affect the ash transport behavior to a great extent. Large ash particles tend to impact
onto boiler heat transfer surfaces by inertia, whereas fine ash particles tend to reach
wall surfaces by thermophoresis or Brownian motion. For instance, a 60 micrometer
ash particle was estimated to reach the deposit surface with higher probability

compared to 30 micrometer particle primarily due to inertial effect. [1].
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Evolution of particle sizes after combustion has been described by numerous
researchers and details of their findings can be found elsewhere [5]. Various
mechanisms have been studied in depth to understand the overall ash formation
process [6,7]. Explanation of why and how char oxidation, devolatilization and
fragmentation are likely to occur, have been illustrated [1]. Separate mathematical
models for prediction of char oxidation, devolatilization and fragmentation have been
developed. The integration of the mechanisms alongside with the mineral matter
distribution, particle size, shape and density has been incorporated in the models with
linear, nonlinear, deterministic or probabilistic relationships. The models developed
[5] are break-up [8], thermal stress [9], shrinking core [10,11,12], percolation
[13,14,15,16] and particle population [20,21,22,23] models etc..

The present work describes an adaptation of a kinetic population balance model,
which predicts PSD evolution of particles after PF combustion in the radiation zone
mainly working with three ash transformations i.e. char oxidation, devolatilization
and fragmentation. The model is a set of first order linear ordinary differential
equations and therefore particle-particle interaction in the space is neglected. Also,
other physical transformations such as nucleation, coagulation, homogeneous and
heterogeneous condensation with gaseous phase chemical reactions are also not
included in this model. The fragmentation and burning rate constants are derived
from lab-scale experiments and incorporated into the present model. These
experiments have been performed in a Lab-scale Combustion Simulator (LCS),
under very well-defined and controlled conditions. Furthermore, the model is
simplified analytically. In order to do so, instead of predicting the full particle size
distributions at every time step, fragmentation into two distinct particle diameters
within each particle size class/bins are solved analytically. Particle shape and density

changes are also neglected in the present model.
5.1.1 Background

Kinetic models (or population balances) are applied in the analysis of many size
degradation and size enhancements processes. Wolf [17] gives exact solutions of first
order kinetic equations describing the degradation of chain molecules by random

scission. In their formulation, a fragmentation event gives rise to a pair of daughter
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fragments while all fragment pairs are assumed equally probable. The solutions give
the molecular weight distribution as a function of time. The kinetic simulations of
Wolf [17] assume that single fragmentation event produces only two daughter
fragments. However, other kinetic simulations presume that a single fragmentation
event produces a family of fragments. Austin [18] reported similar solutions of size-
continuous form of kinetic equations with specific breakage functions and
fragmentation families for grinding processes. Waldie [19] employs the population
balance method with familial fragmentation to simulate competing processes of
particle growth, attrition and fragmentation during palletization in a rotating drum.
Dunn-Rankin [3, 4] introduced a kinetic model using a particle population balance
approach to simulate PSD evolution during the oxidation and fragmentation of char.
This model however, does not include the density changes occurring due to particle
swelling. Subsequently Mitchell [20] modified the particle-population balance model
by incorporating these density changes. Their extended model was then used to
evaluate PSD as a result of fragmentation occurring during both coal devolatilization
as well as the char oxidation. Recently, Syred [5] simplified the present model
analytically for two size classes for fragmentation only. The present model is an
extended version of Syred's work with the inclusion of burning together with

fragmentation.
5.2 Mathematical modeling

5.2.1 Overall mass balance equation

The present simplified model predicts the cumulative mass fraction using a PSD
derived from the particle number calculations at different distinct time steps. The

initial particle size distribution represents different size bins as shown in Figure 5.1.

They (also shown in Figure 5.1) is a very important parameter, defining the upper
and the lower cut-offs of each interval and can be expressed as a ratio of larger and
smaller size particle for each size bin. The overall mass balance for each size bin has

been considered as follows:
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Figure 5. 1: Modeling chart of PSD evolution during pf combustion

Mo (1-G’) = My Nygy+ My Nogy
(1)

The M’q is the initial mass number of the each size bin having) and my(,
weighted particles witiN; o) andNy) particle numbers, respectively. Equation 1
implies that the residual mass after converggins divided into two size classes.
The ‘G” is the total char conversion of the particular size bin into the gas-phase due
to devolatilization and char oxidation. Burning (chemical conversion) and

fragmentation are the main cause for the two resultant size classes.

The particle numberdN;y and Ny after burning and fragmentation have been
calculated by solving the population balance equation of Mitchell [20] analytically

for two size classes.
5.2.2 Population balance equation

The structure of the particle population balance model by Mitchell [21] is presented

as a set of differential equations having the following form (Equation (2)):
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The indices andk refer to size-class and density class. The first two terms on the
right-hand side of the Equation (1) represent the rates at which particles leave and
enter a particular classg k), as a result of fragmentation. The third and the fourth
terms represent the rates at which particles leave and enter the class, as a result of
changes in size due to burning. The last two terms represent the rates, at which
particles leave and enter the class, as a result of changes in density due to burning.
Thus, N; ¢ is the number of particles in size-clasand density-clask. § g is the
fragmentation rate constant ang@ndD;  are the burning rate constants. The b

are elements of the fragmentation progeny matrix, which specify the number of
fragments that enter higher size biper particle that fragments in lower size hin
Particles fragmenting in bip can produce fragments only in hirwhere i > j,
therefore, p = 0 fori < j. The progeny elements were determined for each type of
fragmentation considered. Three kinds of fragmentation described are considered i.e.,
attrition, breakage and fragmentatidrne fragmentation modes used in the present

model are described below [5].

Attrition is incorporated in the model by assuming 0.01 % volume of largest particles

to fragment attritively to lowest size bins.

Progeny matrix for break-up fragmentation can be expressed as (Equation (3)):

0 P
h{;‘ = 'F i=jti
0 i= j+i
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3)

Progeny matrix () for percolative fragmentation can be defined as (Equation (4)):

0 Ditherwize

TGS L VI E
b= {

(4)

The present work uses the population balance approach developed by Mitchell [21]
to simulate the evolution of the particle size distribution during char combustion. The
simulation includes both the burning and the fragmentation. The burning includes
both char oxidation and devolatilization. Therefore, this model predicts the PSD
evolution during the combustion by taking into account all three important first line
physical transformations: i.e. char oxidation, devolatilization and fragmentation and
their revaluations with size changes. The model is a set of isolated first order linear
ordinary differential equations; therefore particle-particle interaction in the space is
neglected. Other physical transformations for gaseous phase such as nucleation,
coagulation, homogeneous and heterogeneous condensation with chemical reactions
are also not included in this model. Although the present model is considering only
ash transformation mechanisms occurring in the radiation zone and considerable
simplifications have been made in the numerical approach by selecting ODE
structure instead of PDE, it is still analytically too complex to incorporate Mitchell’'s
model into simple visual basic or even Excel-based engineering models and CFD
routines. For this reason, this model is further simplified and solved analytically as
below. Several parameters obtained from the ash formation experiments conducted at

ECN are used in the simplified model.
5.2.3 Assumptions and Simplifications

In the present kinetic model, it is assumed that the particle combustion rate depends
on the instantaneous particle diameter. Changes in the particle density, due to the
steady diameter char oxidation or to cenospheres formation are neglected.
Consequently, Mitchell’'s [21] model is simplified as shown in Equation (5), overall
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resembling much the original model of Dunn-Rankin [3, 4], but with the progeny

matrix from Mitchell’'s model [5, 21] described in equations (3) and (4).

i
D= - SN+ by SN - CN + G Ny
t
F=i

()

The described simplifications are considered while solving the model equation
analytically for two size class for each size bin. Instead of using a PSD classification
for the combustion, the particle size bins before and after combustion are classified
only in two sizes, having a higher {hand a lower (1) particles masses. Therefore,
every combustion time step in each size bin would create new child particles
classified in higher and lower mass sizes. The values ¢f ¢nd (m) are time-
dependent; however, their change is limited within the ratio between the higher and
the lower particle massyY) in each size bin, assumed to be constant during the
process. This simplification is the same as proposed by Syred [5], who simplified and
solved the model equation analytically for pure fragmentation. However, pure
fragmentation is an incomplete representation of char oxidation, since these particles
must burnout in a finite time. Therefore, instead of only the fragmentation, the
present adaptation of the model is extended onto burning. The analytical solutions of
the above equation (5) for burning and fragmentation are derived in Section 5.3. In
contrast to Dunn-Rankin’s, Syred’s and Mitchell’s model, fragmentation rate and
burning rate constants are derived empirically from dedicated experiments.
Throughout, the particle shape is considered to be spherical, in order to avoid

complexity and no shape factor is included in the developed model.
5.2.4 Empirical parameters

Apart from the progeny matrix, the burning and fragmentation rate constants are the
two unknown values in the model equation. Fragmentation and burning are the two
parallel ash transformations which are responsible for PSD evolution after

combustion. Both rate constants are derived from experiments and incorporated into
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the model. The detail of the derivation of the constants from the experiments is
explained in Section 5.4.

Burning rate Constant

The overall spherical particle burning rate [23] is defined as the mass loss rate per

unit of external surface area and can be expressed as described below:

] e Ope dd, Dy d0pe
ST wer e C @& Yo

(6)

Wherem, and ppc are the mass and apparent density respectively of the particle
diameterD,. The first term on the RHS of the equation (6) can be defined as the
apparent external burning rate due to size changes with time and second term as the
apparent internal burning rate due to density changes with time. As mentioned in the
simplification section above, this model assumes shrinking core burning, hence
density changes are neglected in the present model, thus zeroing the second term.
The equation (6) is then reduced to:

z dm Poc oo
= L3 - Fpo i
N TSY 2 &

(7)

So, from the above equation particle size changes due to burning can be derived. For

this, the burning rate constabtis calculated [23] as below:

()
dt Kiti

(xz' - xz'ﬂ/]

ﬂ: C"!.z

(8)
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The burning rate is a time dependent function, which describes how rapidly particles
leave a given size class due to the overall burning. To treat this rate as a constant for
a particular time step, its value is calculated using experimental data for that selected

time step.

The burning rate constant will be a single value derived from experimental data for
each size class for the defined time step (gs @) and can be termed as A for

further calculations.
Fragmentation rate constant

The physical significance of a fragmentation event is made evident by solving,
without burning, the basic kinetic equation only for larger particles.

anN
a = SV

B = Sdf=£nfl“nfm}/N@j

(9)

Where N is the initial number of largest particles (> 30um), adg is the

particle number at time step t. ThussSlirectly related to the fraction of the largest
particles that ultimately fragment during the simulation. In the described study,
though S is a function of time, is obtained from the experiments for different
residence times and incorporated into the model. Therefore, it can be taken as a

distinct value/constant for that selected time step.

The fragmentation rate constant will have a single value for all size classes (> 30um)
for a particular time step for each size bin and can be termed as B for further

calculations.
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As, 3 and G will be a value for a particular time step, an analytical solution of
equation 2 for that corresponding time step is possible and is derived in Section 5.3.

5.2.5 Mode of Fragmentation

In several studies [22, 23], it was observed that the char combustion will be in a
kinetic -diffusion controlled regime (where mass loss rates due to pore diffusion and
chemical reactions are comparable), even with extended residence time under typical
PF firing conditions. Three kinds of fragmentation are considered in this model:
attrition, breakage and percolation. Initially, a particle will be forming small particles
from its outer surface, which is essentially simply the phenomenon of attrition. As
soon as the particle starts devolatilizing and oxidizing, thermal stress within the
particle increases, due to rapid vaporization and the increased temperature. This in
turn causes the particle to break into relatively large particles, which process is called
breakage. After a certain conversion, due to very high thermal stress, particle
fragment percolatively into smaller and larger size particles excessively. It is
observed that significant percolative fragmentation does not occur until substantial
chemical conversion (60-70 %) of the fuel [24, 25]. To quantitatively incorporate the
possibility of attrition, breakage and delayed excessive percolative fragmentation, the
progeny matrix discussed previously (Section 5.2.2) is used and analytical solution
for these different modes of fragmentation alongside with burning have been given in
Section 5.3.

5.2.6 Conversion and Particle size reduction due to Burning and

Fragmentation

Particle size reduction during combustion depends on the fuel chemical conversion
and fragmentation. The size reduction will be high for smaller sized particles
compared to larger ones. This appears to be confirmed by the one dimensional coal
combustor program (1-DICOG) developed by Smith and Smoot [26] and described
in Dunn-Rankin’s modeling work [4] for typical operating conditions of 1700 K and

5 % vol. Q as shown in Figure 5.2. The 1-DICOG software [4,26] uses equilibrium
chemistry in the gas phase, and requires conservation of energy, momentum, and

mass for separate particles. This model assumes that the particles swell linearly with
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the extent of devolatilization. It will change the particle density significantly in the
devolatilization phase only. The average particle diameter increase is often in the
order of 10 percent for highly bituminous coal. After complete devolatilization, the
particle will burn with an almost constant density in the shrinking core mode. The
results verified by the model developed by Smith and Smoot [26] for this typical
conditions show that the particle surface regression rate during char oxidation is
nearly independent of time, and relatively insensitive to the initial particle diameter.
In the present approach, results are not generated with the help of 1-DICOG program
but instead of that the graph presented in Dunn-Rankin’s [4] work as shown in
Figure 5.2 is used to decide the particle size reduction for each size bin.

The total char conversion for a given time step is derived from the LCS experiments,
as described further. The char conversion for each size bin is assumed in such a way
that total char conversion derived from experiments matches with the sum of the
assumed char conversion for all size bins. The burning rate constant is calculated
using equations 7 and 8 for the assumed char conversion for each size bin for a given
time step t. The fragmentation rate constant is also derived experimentally (see
section 5.4). The particle sizes together with particle numbers for given time steps,
have been calculated for each of the size bins using burning and fragmentation rate
constants with the help of the present simplified model. The particle size reduction
rate has been calculated as the ratio of the final particle size to the initial particle size
for each size bin for the given time step t.

The calculated particle size reduction rate for each size bin should match with the
size reduction rate derived using 1-DICOG coal combustor program, as shown in
Figure 5.2. If not, then a new value of the char conversion for each size bin is
assumed in such a way, that the calculated size reduction rate also matches with the
size reduction rate derived from the graph of 1-DICOG coal combustor program [4].

It should be stressed here, that this approach is crude and it needs to be further
verified with specific single particle experiments to identify particle size reductions

based on char conversion and fragmentation.
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Figure 5. 2: Particle surface regression computed with the one dimensional coal
combustor program 1-DICOG [4]

5.2.7 Mineral matter distribution

Each size bin is marked with ash and combustible matter contents in a way that the
sum of the ash contents assumed in all size bins matches with the total ash content of
the fuel. The organic and the inorganic matter distribution from higher to lower size

bins is made according to Figure 5.3.
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Figure 5. 3: Classifier effect on size distributions for minerals for typical coal [27]

It is observed that the inorganics in the char particles increase the density of the
overall char particle [27]. Therefore, after milling and classifying based on the

density and the diameter, the fuel will have a different organic and inorganic matter
distribution for different sizes [27]. In the present approach, it is assumed that higher
size char particles will have a higher organic content, while smaller sized particles
will contain more mineral matter. The total char conversion of each size bin is also
assumed by taking into account its mineral matter content. However, this model does

not account for excluded minerals.
5.3 Analytical solution

As described above, in the particle population balance model equation 5,dhd C

Si are respectively the time dependent burning and fragmentation rate constants. The
analytical solution of equation 5 has been derived for each particular time step by
treating them as constants for the selected time step. The values of the fragmentation
and burning rate constants for different time steps are derived from the LCS
experiments, described further in detail. For simplicity, when obtaining an analytical
solution, the fragmentation and burning rate constants are termed as A and B

respectively.
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As a result of the simplifications discussed in the mathematical modelling Section
5.2, the model equation 5 is solved analytically for two sizes namely the higher (m
and the lower () mass particles in each size class. The particle number for the
larger (N) and the smaller ()} entities in each size class are derived in Table 5.1.
Burning, fragmentation and the combination of both processes are considered as
three separate cases. The analytical solutions for the different cases are used for all
size bins according to the chemical conversion achieved at the selected time step. For
shorter time steps (conversion <5%), only attrition is considered together with
burning. For conversions up to 65 %, breakage mode of fragmentation together with
burning is considered, while above 65 % percolation mode is considered as well.

Table 5. 1: Analytical solutions for the different modes of fragmentation along with

burning
Mode Analytical solution for two size class
Burning
Ny = Nyg Exp (-At) Ny = EXP(-AD) [N, @) + ANy )
Burning + Breakage
Ny = Ny Exp (-(B+A)Y) Ny o= EXp(-(B+ A [Ny + Ny (3B +A)]
Burning + Percolation N,y = Exp(-At) [N, © ~ (0.5y3B+A) Ny - (Exp(-(0.5B)t)-1)]
Ny = Ny Exp (-(0.5B+A))
(05B)

A modeling chart of the PSD evolution during pulverized fuel combustion is given in
Figure 5.1. The marked size bin contains the two size particles having magges m
and my) at the initial (t = 0) time step. These particles are having Bnhd N
particle numbers according to their weight fractions in the fuel. Particle shape is
assumed to be spherical throughout all the calculations. This marked size class will
be solved by the current described mathematical model for t = t time step for burning
and fragmentation which will produce two resultant size class having masges m
and my with particle numbers f\y and Ny. The same way different particle size
bins, representing different sizes in the initial particle size distribution, will be solved
through the currently described model. Thgymyp, N1 and Ny, for each size bin

at a given time step t is derived from the algorithm chart as shown in Figure 5.4.
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Divide Fuel PSD into different size bins by choosipg
lower value fory as shown in figure 1
Calculate gy, My(), Nio) & Ny from the corresponding
volume fractions (obtained in Figure 6) by assuming
spherical shape particles

Perform LCS experiment for the given fufl
for time step t and find the total char v
conversion
Assume ny, for each size bin for time stept |
Assume char conversion (gidt) for each Calculate X by assuming spherical particle
size bin in a way that sum of the char X1(1)=(6*m1(0/ﬂ)°‘333
conversion for all size bin matches with the
total char conversion obtained from the LGS
A" experiment. v

in the different size bins according to figure | calculated (dmc/dT) from char conversion test ang
should also be considered while assum for each size bin for specific time step t
char conversion Cy = A =2 * (dmJdi)/(IT* pc* X1° (1))

Combustible and inorganic matter distribut[d Derive the value of burning rate constant based on|the
ng

Derive the value of fragmentation rafe Calculate Nyand Ny using analytical solution derived if
constant from the new LCS experiment by Table 1 for different mode of fragmentation along with
cascade impactor measurement or use if from | burning for the given time step t
ECN database

S(t)=B=Ln [N(g)/ N(x)]

A 4

Replace gy, by my, in the overall mass balance equatior) 1
using correlatiomm,/m, =y

The mass balance equation for each size bin changes to
M’ (1-G') = mygy Ny + Nogy/ 1)

Then calculaten,,

If ml(t) Calculated = ml(t) Assumed

Calculate particle size reduction
PSR (%) = Xl(t) Calculated /X1(0)

No

If PSR(%)caicuiated = PSR(%Lraph w

Obtain the value of gy, Myp, Ny and Ny, for that
corresponding size k

* Figure 2 - for size reduction rate using 1-DICOG program
described in Dunn-rankin’s work [4]

Figure 5. 4: Algorithm chart for the calculation of particle sizes along with particle
numbers for the given time step t
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5.4 Experimental

The experiments described in Chapter 3 are used for validation here. The burning

rate constant and fragmentation rate constants are calculated as follows:
5.4.1 Burning rate constant

An oil-cooled probe was used for sampling char and ash at four heights along the
reactor vertical axis in the system, representing particle residence times of 20 ms, 90
ms, 210 ms and 1300 ms.

Total char conversion was calculated using the ash tracer method and can be found in
Chapter 3 (Figure 3.5).The value of char conversion ¢/gtinor [meey mew] ) for

each size bin is assumed in such a way that the total char conversion obtained from
the experiment matches with the sum of the char conversion assumed for all size
bins. Moreover, char conversion for each size bin is also assumed by keeping in
mind that the calculated particle size reduction rate using the present simplified
model matches with the size reduction rate suggested by Dunn-Rankin’s coal
combustor program (1-DICOG). The burning rate constant has been calculated from
equation 7 and 8 for different time steps using assumed char conversion for different

size bins.
5.4.2 Fragmentation rate constant

A Pilat/University of Washington MarkV cascade impactor was used to obtain
eleven mass fractions in the given size range for all different residence times of 20
ms, 90 ms, 210 ms and 1300 ms. Aerodynamic particle diameters are read out from
the calibration tables of the instrument, while true particle diameters are verified
from SEM inspection. The corresponding particle number for different given time
steps for all higher particle sizes (> 30um) was then calculated from the mass
fractions by assuming spherical shape particles. The fragmentation rate constant has
been calculated with the particle numbers using equation 10 for different time steps.

Cumulative mass fractions with particle diameters for different char burnout were

also measured for comparison with model results.
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5.5 Validation against different coal and biomass

combustion

Dunn-Rankin’s and Mitchell’'s population balance models have been simplified by
solving the system of the first order linear ODE analytically for two size classes. In
contrast to Dunn-Rankin’s, Mitchell's and Syred’'s efforts; fragmentation rate
constant, burning rate constant, particle size reduction and chemical conversion for
the Polish coal derived from the experiments have been incorporated into the present
simplified kinetic model. The model and experimental data are tabulated in
Appendix D. Figure 5.5 shows the simulated PSD evolution, beginning with a
roughly power-law initial size distribution. After burning and fragmentation at
increased residence time, the power law is shifting for small particles. However, the
self-preserving power law has different exponents from the initial PSD power law.
The model qualitatively behaves nearly in a same way as the Dunn-Rankin’s

simulation [3, 4], as visualized in Figure 5.5 and Figure 5.6
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1 10 100 1000
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Figure 5. 5: Power-law particle size distribution of polish coal at different char
burnout level using current described model
This confirms that the concentration of larger particles decreases due to burning and
fragmentation during combustion, which modifies the particle size distribution.
These large particles initially contribute fragments to the smaller particle sizes,

counter balancing the quick burnout of the smaller particles. The balance between

122



burning and fragmentation produces nearly constant decrease in particle
concentration throughout all particle sizes.
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T T
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Figure 5. 6: Dunn-Rankin model power-law particle size distribution at different
residence time [4]
The cumulative mass fractions obtained for the different char burnout levels from
experiments with five different coal and biomass (Polish coal, UK coal, Wood chips,
Olive residue, Straw) are compared with the model predictions, given in Figure 5.7-
5.11 It can be seen from Figure 5.12 thlé model results are in good agreement
with the experiments apart from small absolute standard deviation of around

maximum 15-20% for all the time steps for all the fuels
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Polish Coal
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Figure 5. 7: Polish coal different residence times: Comparison of model with experimental data (Cumulative mass fractions (w/w %))
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UK Coal
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Figure 5. 8: UK coal at different residence times: Comparison of model with experimental data (Cumulative mass fractions (w/w %))
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Wood chips
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Figure 5. 9: Wood chips at different residence times: Comparison of model with experimental data (Cumulative mass fractions (w/w %))
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Olive Residue
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Figure 5. 10: Olive residue at different residence times: Comparison of model with experimental data (Cumulative mass fractions (w/w %))
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Straw
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Figure 5. 11: Straw at different residence times: Comparison of model with experimental data (Cumulative mass fractions (w/w %))
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Figure 5. 12: Standard average deviation (%) of the model and experimental results for
different fuels

This variation may be due to several of the following reasons:

1. To avoid complexity, only external burning is considered and, therefore effects of
density changes are neglected in the present simulation.

2. Particle shapes are assumed to be spherical one and no shape factor is introduced in
the modeling, which may affect the particle number calculations.

3. Sizing of the cascade impactors samples for experiment is done visually on the basis
of the SEM images. However, this proves difficult in the case of smaller particles,
primarily due to clustering by salts.

4. Conversion analyses for each separate cascade impactor stage have not been
performed and instead of that only a single bulk conversion test was performed for
each char burnout level. The conversion per size bin is therefore assumed. The
fragmentation rate constant is also crudely derived for all the particle sizes (>30 um).
In the future, single particle experiments will be performed to evaluate single particle
conversion and fragmentation rate constants more accurately.

5. It has been observed that two coals have less deviation compare to other biomass
fuels. Such deviation may be due to the reason that two coals are having less

devolatilization, char burnout and fragmentation events than biomass fuels.
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5.6 Validation against co-firing (Polish coal and Straw)

All of the above detailed cascade impactor measurements along with release and
conversion analysis were done for different coals and biomass under the BIOASH project
at ECN. Co-firing tests were not planned under the BIOASH project for creating such a
large, complex data base. However, only few filter samples for blends were available at
ECN which were taken during ash deposition tests for investigating elemental mineral
matter composition of the ash. One such filter sample for blends (Polish coal (63%) and
Straw (37%)) was selected for the model validation. The filter sample was collected for the
longest residence time (1300 ms) in the furnace. Fragmentation and burning rate constants
for Polish coal and Straw are taken from the individual experiments described as above.
The char conversion of the blend was found (4.2 wt% carbon in ash) using the ash tracer
method. The char conversion for different size bins of Polish coal and Straw have been
assumed from their individual experiments in a way that total char conversion assumed
matches with the value obtained for the ash sample using ash tracer method. The filter
sample was analyzed by Marlven Mastersizer (with pure Ethanol solution) for final ash
particle size distribution. The derived ash particle size distribution was then compared with
model results as shown in Figure 5.13. The model results were deviating more than 20%

against filter sample analysis mainly for the higher sizes.

The large deviation may be due to several reasons including model simplification,
experimental errors and limitations as mentioned in SectianHo®ever, one of the main

reasons for such a large deviation could be experimental. Higher size particles might have
impacted high on the deposition probe and not collected properly on the filters. Moreover,
the other reason could be the analyses technique. The filter ash derived from the
experiment was analyzed by Malvern Mastersizer (light scatter technique) with pure
Ethanol solution which still would have dissolved salts from the outermost surface of the
char particles. Considering the large deviation, specific experiments with cascade impactor
measurements need to be considered in the future for the true validation of the model for
co-firing. However, the model assumptions could also be considered as one of the reasons
for the deviation.
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Fuel : Polish coal (63%) + Straw (37%)
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Figure 5. 13: Polish coal and Straw during combustion at 1300 ms: Comparison of model
with experimental data (Cumulative mass fractions (w/w %))

5.6 Conclusions

The population balance model has been simplified kinetically and analytically. The
fragmentation rate constant and the burning rate constant derived from the experiments
have been incorporated into the present model. The model shows a good agreement with
experimental results, with a maximum of 15-20 % absolute standard deviation, yet the
model is still considered to be in an initial stage of development. So far, according to the
author’s knowledge very few validations [28,29] of the particle population balance model
for PSD evolution under typical PF combustion conditions have been reported with specific
experiments. The experiments conducted at ECN confirm the ability of the PPM model to

predict PSD evolution during PF combustion under high temperature conditions.

Conversion kinetics which form a backbone input for the discussed model vary widely for
different fuels with widespread chemical and physical characteristics. Therefore, burning
rate constants and fragmentation rate constants will be derived for different types of fuels
under different combustion conditions (X), which will be incorporated into the ECN
model as a set of ideal fuels. The selection for the constants for a new trial fuel at any scale
measures will be based on their close match of the chemical and physical properties with

the ideal fuel and the type of scale. In the current model, the constants are derived for five
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different coal and biomass under lab scale experiments. In the future, the following

activities are aimed to improve the quality of the results:

1. Single or narrow sized particle tests will be performed to estimate the fragmentation
rate constant more precisely for different fuels and size ranges.

2. Particle size reduction and chemical conversion assumptions will be studied further
with more accurate trials and analyses.

3. Instead of two sizes per bin, more sizes with legsgalue will be attempted in
future.

4. A shape factor will also be introduced especially for biomass fuels.
The present model will be integrated or interlinked with other numerical models or
CFD to evaluate overall ash formation process.

6. Specific Co-firing experiments will also be conducted for model validation.
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Chapter 6

Ash formation modeling

There are various method/models available to measure or predict ash related problems
such as slagging, fouling, erosion, corrosion, aerosol formation etc. in power utilities.
These methods are often not powerful enough to properly predict the extent of these
problems especially with biomass fuels, varying greatly in inorganic composition, both
from coals as well as from one another. Particle size and mineralogy of ash after
combustion are often indispensable as a valuable input in these methods/models to further
investigate the ash related problems. Particle size evolution alongside with mineralogical
transformations in the course of combustion are complex phenomena depending on
numerous operating parameters and several physical and chemical properties of the fuels,
as discussed in Chapter 2. These two important parameters are often obtained using
several expensive and time consuming lab-, pilot- and plant-scale trials. Numerous models
have also been developed to predict the particle size and mineralogy of the ash after
combustion and their application for efficient design has increased remarkably in recent
years. In the present PhD project, a simplified particle population model has been
developed and validated with five different coal and biomass fuels. This work, described in
Chapter 5, allows for the prediction of evolution of the particle size population, alongside
with the respective mass fractions after combustion. Several useful empirical indices are
also suggested in Chapter 4 as a function of elemental mineral matter composition and
their association in the char matrix to predict the overall elemental release. These two
submodels work well separately. In this chapter however, as an extended effort, these two
models have been integrated, with some assumptions in place, to predict the overall ash
release and ash formation in terms of PSD, the respective mass fractions and the
corresponding elemental mineral compositions. It is concluded that with this simple yet
novel approach that the final particle size distribution along with their respective mass
fractions and mineralogical compositions after combustion can be predicted with a
reasonable quality for a number of fuels. Nonetheless it is recognized that the model needs
to be significantly improved further in many areas.
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6.1 Introduction

Solid fuels such as coal and biomass consist of several inorganics alongside with the
organic matrix. These organics are burnt off during combustion leaving inorganics termed
as ash [1], which often leads to operational problems, including fouling of the boiler

surfaces.

Ash deposition problems such as slagging and fouling have been investigated in the
industry for several decades using boiler diagnostic methods [2], including on-line thermal
conductivity, heat flux and remote slag thickness measurement systems, as well as local
diagnostics deploying for example a mobile ash deposition probe [3,4]. These methods
however are merely used to quantify ash-related problems and do not provide in depth
insights on the ash formation mechanisms with different fuels in terms of particle size
distribution along with mineral redistribution after combustion. For this purpose, several
empirical indices have been used in the past [5]. These measurement techniques and
empirical indices may be a good tool for improving the availability of the boiler but can not

be considered as a complete guide for all the ash related problems [6,7].

Corrosion, erosion and aerosols (creating environmental and health hazards) can also be
measured online with different techniques. Methods for corrosion measurement or
monitoring fall into three main groups: metal loss types, electrochemical types, and visual
or microscopic inspection [8]. The result of downtime inspection is of limited value for
pro-active corrosion management because it provides only historical data [9], but it can
certainly be very useful in new efficient design of the furnace. The simplest metal loss type
is the weight-loss coupon, which is the most commonly used technique in corrosion
research. A sample of the material of interest, of known weight, is exposed to the process
for a known period. When it is removed, carefully cleaned and weighed, the change in
weight is used to calculate the metal loss that may then be expressed as an annualized rate
of loss (mils or millimeters per year). The coupon requires a relatively long exposure time
to the combustion process to yield accurate results. The constraints imposed by the time of
exposure naturally limit the number of data points that can be obtained from a location, and
ultimately do not detect process changes quickly. Electrochemical techniques measure the
corrosivity of an environment independent of actual material loss. In recent efforts, metal

loss type sensors can be combined with electrical resistance measurement to provide an on-

137



line monitoring capability [9]. All these methods are widely used at low temperature
regions. However, these technologies are not efficient for fireside measurement at
relatively higher temperature [9]. Erosion can be calculated using several empirical indices.

A thin layer activation technique is also used to measure erosion rate online [10].

A commonly used technique for measuring particulate mass concentrations (aerosols)
involves filtration [11]. This can be done both by deploying traditional membrane-type flat
filters or more advanced cascade impactors, which suffer much less from artifacts. In any
case filters (or in the case of the cascade impactor deposition substrates) are weighed under
controlled temperature and relative humidity conditions before and after sampling, and
mass concentrations are determined from the increase in filter/substrate mass and the

volume of air sampled.

These measurements are however laborious and expensive, therefore numerous models
have been developed to deal with different ash related problems. These models are used as
an effective tool for the efficient design of the furnace with different fuels. To achieve a
good prediction quality, in all these models, the mineral redistribution alongside with the
evolution of fuel and ash particle sizes throughout the combustion is often needed as an
important input. This is usually obtained from relatively expensive and time-consuming
lab-, pilot- or plant-scale trials and present global trends encourage the use of models to

avoid such trails.

The ash formation after combustion is a very complex process, consisting of several
parallel physical and chemical transformations such as devolatilization, char burnout,
fragmentation and condensation of the devolatilized minerals etc. In his experiments,
Mitchell [12] observed that attritive, breakage and percolative-type of fragmentation is
observed throughout the devolatilization and char burnout processes. It is also observed
that large particles will have a high probability to fragment while small particles will
shrink. The fragmentation events will be random and the mineral distribution in the newly
formed particles after fragmentation will not be the same as in the parent particles. It is also
observed that devolatilization (mineral release) is dependent on particle size, shape and
density [13]. Taking into account the critical experimental observations made, as outlined
above, the process appears to be very difficult to model with a simple approach. The ash

formation modelling which predicts PSD with their respective mass fractions and mineral
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composition is rarely attempted. When tried, it is done only by using a percolation model

which is a probabilistic approach [14].

The present work uses a simple but novel approach to predict the overall ash formation
upon combustion. The ash formation calculations in this work include particle size
evolution alongside with the mineral redistribution after combustion. It comprises two
submodels, calculating mineral release and particle size evolution after combustion, as
described in Chapter 4 and Chapter 5 respectively. These two models work well separately
and predict the overall elemental release and particle size evolution after combustion. As an
extended effort, these two models have been integrated with a simple approach by making
a few assumptions to start with. The list of assumptions and the conceptual plan are
explained in detail in the following section of this chapter. The present attempt shows that
PSD evolution after combustion and overall elemental release can be well predicted using
this model. However, there is considerable deviation from experimental results in the terms
of mineral compositions of the different ash size bins for both studied model fuels, namely
the Polish coal and the Olive residue. The model needs to be improved further in many

areas and the initial assumptions made should also be refined for the model to work better.

6.2 Model plan

The conceptual plan for calculating overall ash formation is presented in Figure 6.1. The
model needs patrticle size and mineral elemental distribution of the raw fuel as an input.
The particle sizes have been divided into number of size bins according to given PSD, as
explained in Chapter 5. The release of elements such as sodium, potassium, chlorine,
sulphur, calcium and magnesium in each size bin has been calculated using empirical

indices, developed in Chapter 4.
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Raw Coal/Biomass PSD and
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Figure 6. 1: Conceptual plan of the overall ash formation modelling
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6.2.1 Assumptions

Since the integral ash formation model comprises the two submodels, the assumptions
made for these two will be applicable to this integrated model too. Moreover, to start with

the present model the following additional assumptions have been made:

1. In Chapter 4, the experiments were performed for eight fuels having particle sizes
in the range >500 pm to <1 um. The empirical indices from Chapter 4 have been
developed for predicting overall elemental release for the given fuel having wide
particle size distribution. In the present integrated ash formation model, these
indices are applied to each size bin assuming that ash release is independent of
particle size, shape and density.

2. It is assumed that devolatilization will be limited to a single char particle and
therefore particle to particle devolatilization (chemical) interactions are neglected.

3. The physical condensation of released mineral elements will be preferably taking
place onto the smaller sized particles, due to their large surface-to-volume ratio.
Chemical condensation/capture of volatile alkalis will be more efficient in the case
of clay-rich particles. However, none of the condensation mechanisms are
considered in the present model.

4. The indices are only developed for sodium, potassium, sulfur, chlorine, calcium and
magnesium. Therefore, it is assumed that the rest of the elements in the fuel are not
going to be released even at negligible levels.

5. Itis also assumed that fragmentation will occur only after complete devolatilization.
According to the simplified PPM model developed in Chapter 5, each size will be
fragmented into two corresponding size classes only. Instead of a random
fragmentation event, it is assumed that fragmented particles from each size bin will
have the same mineralogical composition after devolatilization.

6. The patrticle formed after the certain char burnout and fragmentation which in size
matches with the original fuel particle will not behave in the same way in the
combustion environment as the particle will attain different temperature, heating
rate and elemental mineral composition. The present model does not include such

differentiation.
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6.2.2 Release of mineral elements from the char particle

It is concluded in Chapter 4 that although ash release is a complex process depending on
several parameters, the effect of mineral matter composition alongside with their
association in the carbon matrix will be the most significant. To model this, empirical
indices for the release of calcium, magnesium, sulphur, sodium, potassium and chlorine
have been developed for typical PF firing conditions (atmospheric pressure, temperatures
of 1450-1650°C and a heating rate of K@) with the use of eight different coal and
biomass samples having a size range of around >500 pm to <1 um in the function of the

mineral matter composition and its association in the fuel matrix.

Based on the assumptions described in section 6.2.1, the said indices (30t@8/&been

applied to each size bin to determine the release from that particular size bin.
The indices applied to calculate the different element release are as listed below:
For Potassium:

K@® = 0.5437 (K+Cl/ Si+Al+2S}), +0.0359

(1)
For Sodium:
Nag = 0.8993 (Na/K + Si+ Al —0.005

(2)
For Sulfur:
Sw) = 1.0181 % -0.0138

3)

For Chlorine:

Clg = 2.1716 (CI/Na+ K +2S + Si + A —0.0244
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(4)
For Calcium:
Cag) = 0.4096 Cg; - 0.0749

®)
For Magnesium:
Mg g = 0.3965 Mgr - 0.025

(6)

Note: The elemental mineral matter in the above equations (1)-(6) are in mole % basis. R=

release and F= Fuel. For more details, please refer to Chapter 4.
6.2.3 Particle size evolution after combustion

Particle size evolution after PF combustion is a combination of various competing physical

transformations such as char oxidation, devolatilization and fragmentation.

The present simplified integral model calculates the particle size evolution during PF
combustion at different given time steps. The initial particle size distribution of the fuel
represents different size bins. The overall mass balance for each size bin has been

considered as outlined in Equation (7):
Mo (1-G’) = My Ny + Mpgy Nogy
(7)

The M’q is the initial mass number of each size bin havng, and myg) weighted
particles withN; ) andN,) particle numbers, respectively. Equation 7 implies that the
residual mass after conversiGn is divided into two size classes. TI&'" is the total char
conversion of the particular size bin into the gas-phase due to devolatilization and char
oxidation. Burning (chemical conversion) and fragmentation are the main cause for the two

resultant size classes.
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The particle number densitidd; ) andN,(,, after burning and fragmentation have been
calculated by solving population balance equation 2 analytically for two size classes.

i
e _ SN 42 by SN-CN +Co N,

at
j=

(8)

S andC; given in Equation 8 are the fragmentation and burning rate constants derived from
experiments. The details of the derivation of rate constants and analytical solution have

been given in Chapter 5.

The particle sizes and their corresponding mass fractions at given time step t have been

obtained from the methodology explained in Chapter 5.
6.2.4 Redistribution of the mineral elements in the char particle

The release of the mineral elements from each size bin is calculated using Equations 1-6.
After the complete devolatilization (mineral elemental release) and char oxidation, each
size bin has been fragmented into two corresponding size bins. The elemental composition
is assumed to be the same in the newly formed two size bins. The released elements have
been subtracted from each size bin. The residual elements in each size bin are normalized

after subtraction of the release amount.

In summary, the particle sizes after burning and fragmentation has been calculated using a
simplified particle population balance model developed in Chapter 5. The release of the
mineral elements and their redistribution into each particle size bin is calculated using
simple linear correlations (empirical indices) developed in Chapter 4. The particle size and
elemental mineral matter composition after combustion derived using this simple approach
has been validated in section 6.4 with Polish coal and olive residue experiments conducted
in the Lab-scale Combustion Simulator (LCS) at ECN.

6.3 Experimental

The experiments with Polish coal and Olive residue conducted in the Lab scale combustion
simulator at ECN are detailed in Chapter 3. The experiments conducted at LCS (for nearly

complete combustion 1300 ms residence time) are used for validating ash formation
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modeling. The proximate and ultimate analyses for the Polish coal and Olive residue are
given in Appendix A. The fragmentation and burning rate constants derived for Polish coal

and Olive residue are detailed in Chapter 5 and Appendix D.1.

The CCSEM analysis applied as an input in the present model for the Polish coal in terms
of particle size along with elemental mineral matter composition is given in Appendix E,
while in case of Olive residue the PSD is applied, as given in Appendix B and it is assumed

that all the mineral elements are homogeneously distributed throughout all size bins.
6.3.1 Experimental results

The overall mineral elemental release, particle size distribution along with their cumulative
mass fractions and mineralogical composition for Polish coal and Olive residue for 1300
ms residence time derived from the LCS experiments are given in table 6.1 and 6.2,
respectively.

Table 6. 1: Overall elemental releases of minerals

Mingrals (wt %)

Fiel  |TolR(ky)| Al Si B S Na | Mg | C K T | Fe | C | M
Polsh coal 869 0 0 1 6l 4 0 7 3 3 0 0 0
Olive residue 5,33 0 0 1 5 1 0 g & 0 0 0 0

The overall release for Polish coal is very little compared to the Olive residue.
Furthermore, sulphur and chlorine are mainly responsible for the elemental mineral release
in Polish coal while in the Olive residue potassium is the most significant released element.
The more detailed considerations on the nature of the observed release are given in Chapter
3.

It can be inferred from the experimental release that the mineral elemental redistribution in
the different size bins in the Polish coal after combustion is nearly homogeneous while in
the case of the Olive residue the concentration of volatiles such as potassium, chlorine and
sulphur is higher for lower sized particles. One of the reasons is that the Polish coal is less
volatile than Olive residue. As the overall release is very limited from the Polish coal, the
concentration of the mineral elements will not be significantly changing throughout the
particle sizes. In contrast, as a result of a much higher inorganic volatility, the studied Olive

residue has a higher concentration of volatiles in the lower size class. .
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Table 6. 2: Particle size distribution along with their cumulative mass fractions and
mineralogical composition

Mineral Composition (Wt%)
pomfcMwiw) Al [ si [ P [ s [ Na | Mg | o [ kK [ 7 [ Fe Jca
Polish Coal
52 40| 24 32 0 3 3 5 1 4 0 16 12
23 56 25 35 0 1 2 5 1 5 2 14 9
7 2 28 41 0 0 3 5 o) 4 0 10| 8
4 0 26 35| 0 0 2 6 1 4 1 14 12
2 0 26 36 0 1 3 7 1 2 2 15 8
2 0| 27 35 1 0 2 7 o) 3 2 16 8
2 0| 28 39 0 1 3 6 1 3 1 11 7
1 0 20 26| 2 4 4 5 1 5 2 19 13
1 0| 14 25 2 3 2 4 2 4 1 25| 17
1 0| 21 26 0 4 5| 6 1 7 1 20| 9
0 0 14 23] 2 4 2 3 2 4 2 29 15
Olive residue
156 61 4 17 5 1 1 9 1 22 0 5 35
129 21 3 16 4 1 1 7 1 26 0 6 33
32 2 4 17 6 0 0 9 1 12 0 3 47
7 1 2 8 4 2 0 5 4 48 0 2 23
6 1 0 1 1 4 0 0 8 82 0 0 4
4 1 0 0 1 3 1 0 6 87 0 0 1
1 2 0 1 4 0 3 1 5 85 1 1 0
1 2 0 0 1 4 1 0 7 86 0 1 1
1 3 0 0 1 4 1 0 8 84 0 1 1
0 4 0 0 1 4 1 0 7 85 0 1 0
0 3 0 0 1 4 0 0 6 87 0 0 2

6.4 Validation

The present model predicts particle size distribution after combustion alongside with the
corresponding mass fractions and mineralogical compositions. The model is validated

against the Polish coal experiments.

6.4.1 Overall release of the mineral elements

The experimental and model results are compared for Polish coal and Olive residue in

Figures 6.2 and 6.3 respectively.
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Figure 6. 2: Modeled vs. experimental overall elemental mineral release - Polish coal

As can be seen in the above Figures, the deviation in the predicted elemental release vs. the
observed experimental value in the case of Polish coal is significant, when compared with
Olive residue. This can be explained by the fact that the applied release indices have been
developed with both coal as well as biomass fuels (six biomass and two coal experiments).
Since the indices span a rather broad range of inorganics volatility, they may not work
efficiently for coals, characterised by a very low volatility compared with biomasses.
Therefore, as already suggested in Chapter 4 indices should be better developed for
different groups of fuels. Nonetheless, in the case of coal large differences in release are
particularly found for potassium and chlorine, which both are present only at trace levels
compare with the main ash forming elements Si and Al. Therefore in absolute terms the
models still predicts the composition of the ash fairly reliably.
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Figure 6. 3: Modeled vs. experimental overall elemental mineral release — Olive residue

6.4.2 Particle size distribution after combustion

The particle size distribution and their respective cumulative mass fractions after
combustion are predicted using the simplified PPM model. The comparison between the
model and experimental PSD’s for the two fuels are given in Figures 6.4 and 6.5. As can be
seen in the Figures, the maximum standard average deviation of the model results from the
experiments is around 12%, which is more than satisfactory for the modelling purposes.

Detailed discussion on the implications of this issue has already been given in Chapter 5.
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Figure 6. 5: Modeled vs. experimental particle size evolution - Olive residue

6.4.3 Mineralogical transformations in the different particle sizes after

combustion

In the model calculations, the release of the mineral elements calculated using empirical
indices have been subtracted from each size bin. The residual amount of the inorganics has

then been normalized for each size bin and compared with the results of the ICP-AES
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analyses performed for different particle size bins, as obtained from the LCS experiments.

The results of the said comparison are graphically presented in Figures 6.6 and 6.7.

The model results show considerable deviation from the experiments in the elemental
composition of different ash particle sizes formed after combustion. The deviation is less
for Polish coal compared to Olive residue. This is due to the fact that the Polish coal is less
volatile which means that after the devolatilization (mineral elemental redistribution) in
each ash size bin the concentrations of all elements will not vary significantly. In contrast,
the elemental mineral release is quite high in the case of the Olive residue. It is observed
that a higher fragmentation is expected together with a higher devolatilization of minerals.
Moreover, the condensation of released volatile minerals will occur mostly on smaller-
sized particles which will alter the mineral composition in the different ash sizes after
combustion even further. This is one of the reasons for the observed large deviation in the

ash elemental mineral composition for the lower size particles for the Olive residue.

In sum, the deviations in the prediction of ash formation with the present model in
comparison of the Polish coal and Olive residue experiments are mainly due to the

following reasons:

1. The indices for the elemental mineral release are developed only for S, Na, Ca, Mg.
Cl and K. For other elements, it is assumed that the release will be negligible for the
present calculations while experimental results for the Polish coal do show
considerable release of P (likely by chemical reactions of organically bonded P) and
Ti (likely due to fragmentation of small excluded mineral particles).

2. The empirical indices are developed for overall elemental release with eight
different coal and biomass fuels ranging in particle sizes (around >500 pm to <1
pum). As, the empirical indices have been developed with a broad range of
inorganics volatility, it is not working well for the Polish coal. Moreover, the
present model assumes that the devolatilization for higher and lower size particles
will be same which is not the case in reality. Nonetheless, in the case of coal large
differences in release are particularly found for potassium and chlorine, both of
which are present only at trace levels compared with the main ash forming elements
Si and Al. Therefore in absolute terms the model still predicts the composition of

the ash fairly reliably.
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3. The particle-to-particle chemical interactions and condensation mechanisms are not
included in the present model.

4. The present model crudely assumes that particle will fragment into only two size
classes after complete devolatilization and will have the same elemental mineral
composition in the newly formed particles while in reality attritive, breakage and
percolation kind of fragmentation are observed throughout char oxidation and
particles will be fragmenting into families of small parent particles rather than just
two corresponding size particles. Moreover, the particles will fragment randomly
and the elemental mineral distribution will not be same in the newly formed ash
particles after fragmentation and char burnout.

5. The effects of particle temperature and heating rates have not been included in the

model.
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Figure 6. 6: Mineral elemental distribution in different ash particles formed after combustion for Polish coal

Note: The two model lines (blue and yellow color) in the above graphs shows that two particles of nearly same sizes have been produced during

the ash formation process from the corresponding size bins which has different mineral elemental composition. PS= Particle size
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Figure 6. 7: Mineral elemental distribution in different ash particles formed after combustion for Olive residue
Note: PS= Particle size
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6.5 Conclusions

The ash formation process is complex and comprises several mechanisms occurring
in parallel on a milliseconds timescale. The presented model predicts ash formation
in terms of the particle size evolution alongside with their respective mineralogical
compositions after combustion. The discussed model is developed and applicable
only for typical pulverised fuel firing conditions, characterised by high temperatures
in the range of 1450-1650°C and high heating rates ®K&0 The output of the
present model can be used as an input in CFD and other numerical models, for
predicting the extent and criticality of several ash-related problems such a slagging,
fouling and possibly also for corrosion and erosion of boiler surfaces. The developed
model also allows for pinpointing the needs for further laboratory, pilot or plant scale
trials. The development and application of such a model, which predicts PSD and
elemental mineral composition after combustion, is highly desirable. However, its
development and application is very limited today due to the complex nature of the

modeled processes and it needs much improvement in the future.
6.6 Future Recommendations

1. The indices for the mineral element release are developed only for S, Na, Ca,
Mg. Cl and K. For other elements, it is assumed that the release will be either
nil or negligible and therefore can be neglected in the present calculations.
Therefore, it is highly recommended that indices should be developed for
other elements in the future.

2. As suggested in Chapter 4, the indices for the release will work better for
different group of fuels according to their elemental mineral association into
the char matrix. So, it is recommended in future to develop dedicated indices
for different groups of fuels as well as for blends.

3. In the present ash formation model, the indices are developed for eight
different coal and biomass fuels having particle sizes in the range of around
>500 um to <1 um. These indices are applied to each size bin by assuming
that ash release is independent of particle size, shape and density. This is

indeed a very crude assumption and leads to deviation in the ash mineral
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elemental composition with varying particle size after combustion. To
minimize this error, particle size resolved indices are suggested in future.

4. The particle to particle chemical interactions are not included in the present
model which needs to be included in future for better accuracy.

5. The physical condensation of released mineral element will be preferably
taking place onto the smaller sized particles, due to their large surface-to-
volume ratio. Chemical condensation/capture of volatile alkalis will be more
efficient in the case of clay-rich particles. However none of the condensation
mechanisms are considered in the present model and should be incorporated

in a future model for improved accuracy.

7. It is also assumed that fragmentation will occur only after complete
devolatilization which is unlikely in the actual process. So, in future these
two physical transformations need to be considered in parallel.

8. According to the simplified PPM model developed in Chapter 5, each size
will be fragmented into two corresponding size classes only which is also a
rather crude assumption. The incorporation of a multiple size classes
fragmentation is crucial and could possibly be done by dedicated MATLAB
or CFD models. This will generate the family of corresponding size bins after
combustion and give a more realistic picture.

9. Itis assumed in the present model that fragmented particles from each size
bin will have the same mineralogical composition after devolatilization,
which is highly unlikely for inhomogeneous fuels, such as many biomasses.
To resolve this, random fragmentation events have to be introduced in the
model.

10.The newly formed particle after the certain char burnout and fragmentation
which in size matches with the original fuel particle will not behave the same
in the combustion environment as the particle will attain different
temperature, heating rate and mineral composition. Therefore, the effect of
particle temperature and heating rate should be included in the model.
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Chapter 7

Practical implications, Conclusions and Future

recommendations

The aim of this research work is to deepen the understanding on ash transformation
mechanisms and parameters responsible for ash formation during PF
combustion/co-firing. The research was initiated with the detailed literature review
(Chapter 2) on ash formation during PF combustion. Specific objectives were gained
from the thorough literature review. Based on the literature review, an extensive
experimental parametric test matrix was formulated with two coals and six different
biomass fuels. Char conversion, devolatilization, fragmentation, ash particle size
distribution, reduction and mineral elemental distribution have been investigated
(Chapter 3). A qualitative prediction tool is proposed to predict the extent of the char
conversion, devolatilization and fragmentation. The release of several elements is
also quantified and novel linear correlations with $0.95 have been developed for
predicting the release of alkalis, sulfur, chlorine and alkaline earth metals such as
calcium and magnesium as a function of elemental mineral matter composition and
their association in the char matrix (Chapter 4). The particle size evolution after PF
combustion has been predicted by simplifying the particle population balance model
developed by Dunn-Rankin and Mitchell. The simplified model has been validated
with experimental results obtained using five different coal and biomass fuels along
with one co-firing experiment (Chapter 5). The overall ash formation model was also
developed and validated using experimental data obtained with Polish coal and

Olive residue (Chapter 6).

The following sections will address the potential practical implications, conclusions
and future recommendations emerging out of the research work carried out on ash

formation mechanisms during co-firing of biomass and coal.
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Practical implications

The detailed literature review carried out in the research project concludes
that the ash transformations are complex and depend on several operating
parameters and fuel characteristics. Numerous experimental results are
reviewed to understand the parameters responsible for such ash
transformations. A number of analytical methods/tools along with modeling
efforts to date in this area is also reviewed. Numerous conclusions were
drawn and future recommendations suggested based on the literature review
are discussed in Chapter 2. The present review provides a brief overview on
the progress made in understanding ash transformations so far and will also
provide useful information for novice researchers in this research field for
follow-up activities.

An extensive experimental program was carried out as described in Chapter 3
and some new interesting facts (on the char oxidation, devolatilization and
fragmentation which decide the ash formation in the radiation zone) are
gathered and numerous past observations are reconfirmed. It is concluded that
the patrticle size evolution and mineral transformations during PF combustion
are a result of various simultaneously occurring processes. The integration of
them is therefore essential to understand the overall ash formation process.
Several of the critical observations also made during the experimental runs
are as follows.

o Higher volatiles in the fuel result in a higher devolatilization and thus
a higher overall conversion in the initial phases of the combustion
process.

o The higher overall conversion can result in a higher fragmentation.

o The higher carbonaceous matter and lower ash content increases the
char particle temperature to a great extent during combustion which
leads to high fragmentation due to the increased thermal gradient.

o Silica and alumina are both responsible for lowering the
devolatilization of alkalis. Sulfur on the other hand volatilizes quickly

and fully.
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o0 The observations in this chapter can be very useful in further
investigations and modeling of ash formation process in the radiation
zone.

Moreover, the qualitative predictions suggested based on the fuels mineral
elemental matter composition, as well as the volatile matter contents appear
to approach the experimental results very closely and can be used as an
efficient predictive tool for new fuels.

Ash release of several elements is also quantified separately. Linear
expressions (empirical indices) have been attempted for the release of several
mineral elements as a function of elemental mineral matter composition and
its association into the char matrix. The correlations developed for the release
of several mineral elements in this chapter are too simple but innovative and
not developed nor attempted (or reported) in any of the scientific journal or
thesis with such a massive experimental study to the best of authors’
knowledge. The release of sodium, potassium, chlorine and sulfur can be
calculated with simple linear correlations presented in this chapter having
>0.95 R value. These simple linear equations (with >0.85/&ue) can be
considered as a valuable tool for predicting ash release as a function of
elemental mineral matter composition and their association in the fuel matrix
for the typical constant PF firing conditions.

Based on the experimental observations and literature review, the particle
population balance model has been selected and simplified further to predict
the particle size evolution during PF combustion. The present model works
well with a maximum of 15-20 % absolute standard deviation. The model is
still at initial stage of development, though it can be used to identify particle
size distribution evolution in the radiation zone during any PF combustion for
laboratory, pilot and plant scale measures with any type of fuel.

The empirical indices for the ash release and particle population model are
working well separately. In an extended effort, these two models are
integrated with a simple approach together to predict overall ash formation in
terms of ash release and ash particle size mass fractions and their elemental
mineral composition. The approach developed adequately predicts ash

formation. However, the model needs to be greatly improved in many areas.

160



Moreover, the developed model will be incorporated in the commercial
software - CAT (Co-firing advisory tool) at ECN.

Conclusions

From an extensive experimental parametric test matrix planned with two
coals and six different biomass fuels, many conclusions have been drawn
which helped in improving understanding about the ash formation process
during PF combustion. It is concluded from the experiments that the ash
transformations and char combustion will be in the kinetic-diffusion
controlled regime, even with extended residence time with typical pulverized
fuel firing conditions. Char chemical conversion and devolatilization are
found to be dependent on ash content and volatile matter at typical pulverized
fuel firing conditions. Devolatilization of the fuels also depends on the
elemental mineral matter and its association with the carbon matrix.
Fragmentation is found to be dependent on fuel chemical conversion and
devolatilization. Mineral matter and its association in the char matrix can
significantly alter the ash release. Ash release of several mineral elements can
be linearly correlated based on the mineral chemistry of the fuel at typical PF
firing conditions. The linear correlations can be worked out better for the
fuels having similar physical and chemical properties.

From the modeling efforts made in this research project, it is concluded that
the empirical indices developed for the different elemental mineral release
under PF combustion firing conditions, work well for predicting the overall
elemental release. However, such correlations may work better for more same
group of fuels. Moreover, the simplified particle population model also
predicts particle evolution in terms of particle size and their respective mass
fractions with reasonable agreement. However, the model needs to be
improved further for better accuracy. In an extended effort, the integration of
the above two models was done to predict the ash formation in terms of ash
release and ash formation in terms of particle size, their respective mass
fractions and mineral elemental composition. The simplified approach seems

good but the model fails to predict the mineral elemental redistribution in the
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different ash particle size after the combustion and needs to be improved
further.

Future recommendations

The present experimental work studied the effect of mineral elemental matter
and its association in the char matrix with first line physical and chemical
transformations such as devolatilization, char burnout and fragmentation. In
future, the study of several other potential physical parameters such as
particle shape, size, density, mineralogy (included/excluded) should also be
investigated to determine the impact of them on the extent of first line
physical and chemical transformations.

In the present experimental study, combustion tests of different coal and
biomass fuels were planned. In future, more focus should be placed on co-
firing tests.

The empirical indices (linear expressions) have been developed for predicting
the release of several mineral elements with eight different coal and biomass
fuels. It is also proved that such indices work well for the same group of
fuels. Therefore, in future a larger number of fuels of the same group having
similar physical and chemical properties should be studied to develop the
robust empirical predictive tool (linear expressions) for the release of several
mineral elements during PF combustion.

The simplified particle population model developed in the present PhD
project, predicts the ash particle size evolution after combustion. However,
for better accuracy in future, fragmentation and burning rate constants for
each size bins should be derived more accurately by performing specific
narrow size range tests. Particle size reduction and chemical conversion
methods in the models needs to be studied more accurately by specific size
reduction experiments. Instead of two fragmentation events per size bin, more
fragmented ash sizes should be attempted. The shape factor should also be
incorporated into the current simplified PPM model, especially for biomass.
The present model can be integrated for CFD applications. Moreover,

specific co-firing experiments are required for model validation.
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The ash formation modeling has the highest scope of improvement as the sub
models used in this model from Chapters 4 and 5 need further improvements.
The empirical indices for the elemental mineral release should be attempted
for mineral elements which are released in minor amounts. These indices
should also be corrected with a greater number of the same group fuels and
with different particle size ranges. The particle to particle chemical
interactions should be understood properly and incorporated in the present
model for better accuracy. The condensation mechanisms of the released
mineral elements should also be included in future. To simultaneously
simulate the devolatilization, char oxidation and fragmentation events, the
model should be further integrated into MATLAB or CFD. Random
fragmentation events and effects of particle temperature and heating rate
should also be included in the present model.

Model validation should also be done for specific biomass combustion and
co-firing experiments in the future.

The model developed in this PhD work will be incorporated in the co-firing
advisory tool (CAT) at ECN. Further, the developed model should be used in
the ash deposition post processor developed at ECN as an input to predict ash
deposition. Applications of CAT to new processes such as Ultra Super
Critical vapor characteristics, colorless combustion (OXY- or MILD) should

also be evaluated in future.
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Appendix A

Proximate and ultimate analyses of fuels along with elemental mineral matter composition

Table A. 1. Proximate and ultimate analyses

Details Unit Bark Wood Waste | Saw Olive Straw Polish | UK
(BM1) | chips wood dust Residue (BM®6) | Coal Coal
(BM2) | (BM3) | (BM4) (BM5) (C1) (C2)

Volatiles (% w/w | 7031 83.90 79.90 82.30 71.20 74.40 26.40 32.00
d.af)

Ash - 4.90 0.5 16 1.73 8.86 8.21 18.92 7.30

C g 49.90 48.71 48.24 49.69 48.39 44.71 64.79 74.10

H E 5.84 6.15 6.14 6.04 5.81 5.83 402 | 466

N < 0.46 0.08 0.86 0.17 145 0.59 115 1.60

S (mg/kg 369 62.0 503 212 1469 1410 6014 13151
d.b)

LHV (MJkg) 19.1 18.1 185 20.2 20.5 18.0 26.1 30.2
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Elemental distribution of minerals

Ca 59.0 44.76 40.34 13.11 15.16 7.60 7.92 3.86
S 13.83 12.13 12.43 62.51 11.26 41.11 42.74 25.55
Mg 3.50 6.84 5.11 2.55 4.55 0.87 4.47 1.22
K 10.63 15.37 13.08 7.83 51.62 32.44 3.83 2.22
Na 0.61 1.10 6.33 1.07 0.49 0.12 143 2.88
Mn 2.08 6.17 1.03 0.97 0.06 0.03 0.21 0.10
S 1.86 2.38 7.23 1.71 2.71 3.06 5.68 23.22
Cl ’c.ié‘ 0.57 1.73 7.02 1.33 6.14 12.96 2.72 12.98
P g 1.63 2.25 1.01 0.85 3.22 1.27 0.33 0.33
Fe \% 2.26 344 2.90 2.05 240 0.28 9.92 12.09
Al S 4.05 3.83 3.52 6.02 2.38 0.26 20.75 15.55
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Appendix B

Particle size distributions of the raw coals and biomass fuels

Particle size (um)
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Figure B. 1: Particle size distribution of raw coals and biomass fuels
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Appendix C

Tabulation of experimental data

C.1 Massfraction of different particle sizesat different residencetime

Table C. 1: Mass fraction of different particle sizes at different residence time

1 0,
Residence | Ash particle Mass.fractlon (W) —
. . Wood | Waste | Olive Poilish
time (ms) size . . Straw UK coal
chips | wood |residue coal
Coarse | 92.71%| 74.51% | 97.85% | 97.54% | 96.77% | 90.39%
20 Fine 0.37% | 0.14% | 0.12% | 0.59% | 0.17% | 0.25%
Aerosol 0.17% | 0.04% | 0.09% | 0.03% [ 0.07% | 0.30%
Vap 6.74% [ 25.30% | 1.94% | 1.84% [ 2.99% | 9.07%
Coarse | 75.92%] 75.70% | 72.68% | 83.19% | 94.67% | 75.01%
%0 Fine 2.69% [ 0.89% | 0.30% | 0.60% | 0.24% [ 0.05%
Aerosol 1.05% | 0.88% | 0.51% | 0.65% | 0.09% [ 0.14%
Vap 20.34% | 22.53% | 26.51% | 15.55% | 5.01% | 24.80%
Coarse | 53.43%| 74.68% | 62.61% | 73.84% | 92.05% | 65.06%
210 Fine 5.76% [ 1.59% | 0.56% | 2.79% [ 0.54% | 0.72%
Aerosol 3.52% [ 1.08% | 0.87% | 1.66% [ 0.24% | 0.15%
Vap 37.83% 22.80% | 36.14% | 21.97% | 7.17% | 34.07%
Coarse | 37.44%) 45.51% | 37.37%| 57.78% | 87.53% | 61.22%
1300 Fine 9.05% [ 2.70% | 1.22% | 1.15% | 3.22% | 2.69%
Aerosol 3.52% [ 0.76% | 6.07% | 1.08% [ 0.56% | 0.49%
Vap 49.99% | 51.03% | 55.33% | 39.99% | 8.69% | 35.60%
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C.2 Elemental mineral composition and massfraction for different ash particle sizes at different residencetime

Table C. 2: Elemental mineral composition and mass fraction for different ash particle sizes at different residence time for Wood chips

Residence Ash particle si | A ] Fe | ca | Mg ] Na K | 7 I p | s c. [ mn | zn | Pb
time (ms) size Mineral composition (Wt%)
Coarse 8.75 2.76 5.69 43.83 3.50 0.98 10.61 1.08 2.68 1.34 3.64 3.74 0.43 10.97
20 Fine 9.51 4.42 8.81 58.18 6.14 1.14 2.02 0.60 3.56 0.38 0.22 4.42 0.21 0.41
Aerosol 5.84 2.59 2.63 65.97 8.37 1.59 1.42 0.61 4.07 0.37 1.27 4.87 0.23 0.17
Vap 0.00 0.00 0.00 13.06 3.69 0.00 53.43 0.59 0.00 12.07 9.74 7.14 0.30 0.00
Coarse 10.93 2.20 4.40 41.98 3.74 0.58 8.15 1.94 3.05 0.00 2.20 2.78 1.33 16.73
90 Fine 11.79 4.33 9.12 49.86 5.28 0.67 7.15 0.40 2.61 0.06 0.82 3.43 3.49 0.99
Aerosol 5.65 2.61 3.73 25.87 2.83 0.76 37.21 3.81 1.70 1.52 4.09 541 0.87 3.94
Vap 0.00 0.00 0.00 36.48 5.59 0.23 40.72 0.00 0.54 7.43 0.00 8.29 0.70 0.03
Coarse 7.38 2.26 8.34 58.08 6.77 1.00 3.80 0.99 2.68 0.68 0.30 6.44 0.68 0.59
210 Fine 14.64 5.74 11.70 50.80 7.08 1.06 0.62 0.47 3.31 0.28 0.10 3.43 0.43 0.34
Aerosol 11.65 5.39 5.24 56.88 6.06 0.81 3.27 0.63 5.68 0.33 0.31 1.40 1.17 1.18
Vap 0.00 0.00 0.00 40.88 7.34 1.17 28.96 0.00 0.00 4.59 6.81 9.50 0.73 0.03
Coarse 11.09 5.18 27.76 42.02 3.63 0.45 1.32 0.32 3.78 0.21 0.49 3.08 0.00 0.65
1300 Fine 13.52 4.95 31.23 38.41 3.68 0.34 0.59 0.53 2.35 0.01 0.15 2.85 1.05 0.33
Aerosol 12.13 5.83 16.34 52.26 4.49 0.85 0.88 0.51 4.83 0.13 0.19 1.01 0.24 0.32
Vap 0.00 0.00 0.00 45.02 6.35 1.56 29.17 0.00 0.00 4.17 5.20 7.86 0.64 0.03
Mineral mass fraction (distribution) in different sizes (Wt%)
Coarse 99.44 99.19 99.30 97.11 91.91 99.24 73.14 95.88 | 99.19 60.40 83.64 87.27 94.98 99.98
20 Fine 0.43 0.64 0.62 0.52 0.65 0.46 0.06 0.21 0.53 0.07 0.02 0.41 0.19 0.01
Aerosol 0.12 0.17 0.08 0.27 0.41 0.30 0.02 0.10 0.28 0.03 0.05 0.21 0.09 0.00
Vap 0.00 0.00 0.00 2.11 7.04 0.00 26.79 3.81 0.00 39.50 16.28 12.10 4.74 0.00
Coarse 95.66 92.07 92.14 77.92 68.45 85.87 41.10 96.67 | 92.09 0.02 96.26 53.52 80.40 99.41
9 Fine 3.66 6.43 6.78 3.28 3.43 3.50 1.28 0.71 2.80 0.10 1.27 2.34 7.52 0.21
Aerosol 0.68 1.50 1.08 0.66 0.71 1.54 2.59 2.62 0.71 1.04 2.47 1.43 0.72 0.32
Vap 0.00 0.00 0.00 18.14 27.40 9.08 55.04 0.00 4.40 98.83 0.00 42.71 11.36 0.05
Coarse 75.86 69.85 83.84 60.34 51.56 50.07 15.45 91.47 78.57 17.17 5.88 47.27 51.36 80.97
210 Fine 16.24 19.16 12.68 5.69 5.82 5.75 0.27 4.69 10.47 0.75 0.21 2.72 3.53 4.98
Aerosol 7.90 11.00 3.48 3.90 3.05 2.68 0.88 3.84 10.96 0.55 0.40 0.68 5.84 10.71
Vap 0.00 0.00 0.00 30.07 39.57 41.51 83.40 0.00 0.00 81.53 93.52 49.33 39.27 3.34
Coarse 71.58 74.83 75.36 36.13 27.08 16.66 3.27 64.44 78.71 3.63 6.61 21.43 0.01 80.73
1300 Fine 21.08 17.26 20.48 7.98 6.63 3.08 0.35 2594 | 11.84 0.03 0.49 4.80 22.47 9.79
Aerosol 7.35 7.90 4.16 4.22 3.14 2.95 0.20 9.63 9.45 0.21 0.24 0.66 1.96 3.72
Vap 0.00 0.00 0.00 51.68 63.15 77.31 96.18 0.00 0.00 96.14 92.67 73.10 75.57 5.76
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Table C. 3: Elemental mineral composition and mass fraction for different ash particle sizes at different residence time for Waste wood

Residence | Ash particle Si | A ] Fe | ca [ Mg [ Na [ K ] Ti P | s [T ¢ Jwm | zn [pp
time (ms) size Mineral composition (Wt%)

Coarse 6.06 3.70 1.06 30.74 2.28 2.23 10.16 1.19 2.98 9.01 6.39 9.76 13.49 0.97

20 Fine 8.92 4.47 6.60 56.96 5.15 1.15 2.04 2.48 1.33 4.84 1.97 1.54 0.48 2.07
Aerosol 7.34 3.70 5.44 60.50 4.87 1.31 2.04 3.07 2.19 4.80 1.44 1.09 0.93 1.27

Vap 0.00 0.00 0.00 47.18 4.70 244 15.99 3.40 0.59 4.53 14.48 1.02 3.03 2.63

Coarse 2.50 4.19 5.56 34.31 5.61 6.56 15.55 2.71 1.66 5.73 3.00 0.00 10.39 2.23

90 Fine 8.95 4.62 7.29 62.70 4.70 1.36 1.82 3.14 1.29 0.38 1.40 1.21 0.66 0.48
Aerosol 2.96 0.95 3.60 2741 2.86 10.47 19.66 0.13 1.28 1.70 14.52 3.29 4.90 6.29

Vap 0.00 0.00 0.00 29.52 3.89 8.25 16.44 1.42 0.00 10.33 24.05 0.76 3.97 1.38

Coarse 5.16 1.47 2.56 66.51 3.59 1.91 9.82 1.82 0.80 3.10 2.87 0.34 0.00 0.07

210 Fine 10.74 5.08 8.38 58.51 6.48 1.74 1.83 2.57 1.34 0.34 1.74 0.44 0.12 0.68
Aerosol 6.77 371 6.04 46.56 4.17 6.81 11.23 211 1.61 1.99 541 0.31 0.79 2.50

Vap 0.00 0.00 0.00 8.18 2.16 13.92 23.49 0.26 0.00 15.71 25.85 0.57 5.88 3.98

Coarse 11.81 4.02 15.32 53.81 5.62 0.67 0.49 2.50 0.94 0.23 2.70 1.65 0.00 0.25

1300 Fine 10.39 4.81 13.92 52.45 5.50 0.95 0.55 2.10 1.34 0.07 5.69 0.92 0.57 0.74
Aerosol 9.02 4.25 11.04 50.73 3.60 1.28 2.33 3.32 1.96 0.18 7.48 0.45 2.70 1.66

Vap 0.00 0.00 0.00 29.37 3.85 9.33 20.48 1.98 0.66 11.54 14.27 0.74 4.97 2.81

Mineral mass fraction (distribution) in different sizes (Wt%)

Coarse 99.65 | 99.71 | 98.52 65.53 | 58.63 [ 72.80 65.14 | 50.54 | 93.58 [ 85.30 56.48 | 96.55 | 92.89 | 51.96

20 Fine 0.28 0.23 1.19 0.24 0.26 0.07 0.03 0.21 0.08 0.09 0.03 0.03 0.01 0.21
Aerosol 0.07 0.06 0.29 0.07 0.07 0.02 0.01 0.08 0.04 0.03 0.01 0.01 0.00 0.04

Vap 0.00 0.00 0.00 3416 | 41.04 | 27.10 3482 | 49.18 | 6.30 14.58 43.48 3.42 7.10 47.79

Coarse 94.70 | 98.46 | 97.75 77.71 | 81.82 | 71.67 75.14 | 8542 | 98.22 [ 64.90 29.03 0.27 89.30 | 82.04

90 Fine 4.00 1.28 151 1.67 0.81 0.18 0.10 1.17 0.90 0.05 0.16 5.09 0.07 0.21
Aerosol 1.30 0.26 0.74 0.72 0.48 1.33 1.10 0.05 0.88 0.22 1.63 13.68 0.49 2.69

Vap 0.00 0.00 0.00 1990 | 16.89 | 26.83 23.66 | 13.36 | 0.00 34.83 69.18 | 80.96 | 10.15 | 15.07

Coarse 94.06 | 90.08 | 90.60 93.78 | 80.74 | 30.34 57.13 | 91.67 | 93.92 [ 39.07 26.37 | 64.40 0.00 5.13

210 Fine 4.16 6.63 6.31 1.75 3.10 0.59 0.23 2.75 3.36 0.09 0.34 1.77 0.15 1.09
Aerosol 1.78 3.29 3.09 0.95 1.35 1.56 0.94 1.53 2.72 0.36 0.72 0.84 0.63 2.70

Vap 0.00 0.00 0.00 3.52 1481 | 6751 41.70 4.05 0.00 60.48 7257 | 32.98 | 99.22 | 91.08

Coarse 93.89 | 91.86 | 93.80 59.32 | 54.46 6.01 2.06 50.92 | 52.64 1.72 14.09 | 64.84 0.00 7.28

1300 Fine 4.91 6.52 5.07 3.44 3.17 0.50 0.14 2.54 4.45 0.03 1.76 2.16 0.60 1.26
Aerosol 1.20 1.62 1.13 0.93 0.58 0.19 0.17 1.13 1.83 0.02 0.65 0.30 0.80 0.80

Vap 0.00 0.00 0.00 36.31 | 41.79 | 93.29 97.63 | 45.41 | 41.07 | 98.23 83.50 | 32.70 | 98.60 | 90.65
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Table C. 4: Elemental mineral composition and mass fraction for different ash particle sizes at different residence time for Olive residue

Residence | Ash particle si | A ] Fe | ca [ mg [ Na | K | T [ P s | ¢ [ wmn | zn ] Pb
time (ms) size Mineral composition (Wt%)

Coarse 9.13 2.60 2.83 26.17 6.08 0.44 40.62 0.38 4.70 1.97 3.79 0.61 0.00 0.68

20 Fine 9.89 2.62 3.35 29.95 7.80 0.25 30.60 0.30 5.46 2.23 7.14 0.21 0.00 0.20
Aerosol 7.03 1.75 1.87 21.38 5.79 0.59 45.36 0.19 3.52 3.93 7.34 0.00 0.00 1.26

Vap 0.00 0.00 0.00 0.01 0.01 0.10 0.01 1.65 2.31 42.05 53.82 0.01 0.01 0.01

Coarse 10.25 3.01 3.06 28.54 7.09 0.31 37.65 0.00 4.54 1.45 2.57 0.49 0.00 1.03

90 Fine 15.36 451 3.98 41.18 | 11.16 0.22 14.33 0.16 6.18 1.01 1.62 0.29 0.00 0.00
Aerosol 0.18 0.11 0.25 0.99 0.26 0.54 77.68 0.08 0.91 6.11 12.61 0.29 0.00 0.00

Vap 0.00 0.00 0.00 0.00 0.48 0.30 78.79 0.07 2.79 7.02 10.54 0.00 0.00 0.00

Coarse 9.91 2.78 3.89 28.99 6.28 0.45 38.55 0.27 4.67 1.15 2.88 0.18 0.00 0.00

210 Fine 11.46 3.23 5.03 32.29 7.67 0.50 29.57 0.09 6.19 1.36 2.32 0.10 0.00 0.19
Aerosol 0.78 0.32 1.43 2.33 4.20 1.27 72.82 0.06 0.74 9.07 6.30 0.31 0.00 0.00

Vap 0.00 0.00 0.00 0.49 0.00 0.11 82.75 0.00 1.85 6.30 8.50 0.00 0.00 0.00

Coarse 16.50 3.46 4.84 38.63 8.45 0.38 20.21 0.11 4.95 1.07 1.25 0.15 0.00 0.00

1300 Fine 2.95 0.83 0.63 9.34 1.97 0.47 71.61 0.12 1.94 3.09 6.01 0.14 0.00 0.89
Aerosol 0.11 0.07 0.83 0.68 0.25 1.05 84.22 0.14 1.53 3.29 6.54 0.11 0.00 1.18

Vap 0.00 0.00 0.00 0.00 0.00 0.66 84.89 0.00 1.47 4.87 8.05 0.00 0.05 0.00

Mineral mass fraction (distribution) in different sizes (Wt%)

Coarse 99.80 99.82 99.80 99.79 | 99.76 | 99.34 99.81 | 91.91 | 98.83 | 70.11 77.77 | 99.93 0.00 99.77

20 Fine 0.13 0.12 0.14 0.14 0.15 0.07 0.09 0.09 0.14 0.09 0.17 0.04 0.00 0.03
Aerosol 0.07 0.06 0.06 0.07 0.09 0.12 0.10 0.04 0.07 0.13 0.14 0.00 0.00 0.17

Vap 0.00 0.00 0.00 0.00 0.00 0.47 0.00 7.96 0.96 29.67 21.92 0.03 | 100.00 | 0.03

Coarse 99.37 99.36 | 99.41 99.38 | 96.92 | 73.45 56.20 0.40 81.20 | 35.69 39.50 | 99.29 0.00 99.91

90 Fine 0.62 0.62 0.54 0.60 0.63 0.22 0.09 2.37 0.46 0.10 0.10 0.24 0.00 0.00
Aerosol 0.01 0.03 0.06 0.02 0.02 0.90 0.81 2.01 0.11 1.06 1.36 0.41 0.00 0.00

Vap 0.00 0.00 0.00 0.00 242 25.44 4290 | 95.21 | 18.22 | 63.15 59.04 0.06 | 100.00 | 0.09

Coarse 98.87 98.81 98.36 97.97 | 98.79 | 84.40 44.01 | 99.29 | 80.57 | 23.38 36.44 | 96.96 0.00 1.94

210 Fine 1.02 1.03 1.14 0.97 1.08 0.83 0.30 0.29 0.80 0.25 0.26 0.49 0.00 82.30
Aerosol 0.11 0.16 0.50 0.11 0.13 3.27 1.15 0.31 0.18 2.56 1.11 2.37 0.00 0.00

Vap 0.00 0.00 0.00 0.95 0.01 11.50 54.53 0.12 18.45 | 73.82 62.19 0.18 | 100.00 | 15.76

Coarse 99.31 98.90 | 96.89 98.94 | 98.77 | 24.40 1248 | 80.13 | 66.59 11.99 8.67 86.66 0.00 0.00

1300 Fine 0.58 0.77 0.41 0.78 0.75 1.00 1.44 3.02 0.85 1.13 1.36 2.63 0.00 12.75
Aerosol 0.11 0.33 2.69 0.28 0.48 11.03 8.45 16.45 3.35 6.00 7.36 10.39 0.00 84.36

Vap 0.00 0.00 0.00 0.00 0.01 63.57 77.63 0.40 29.21 | 80.88 82.61 0.32 | 100.00 | 2.89
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TableC. 5:

Elemental mineral composition and mass fraction for different ash particle sizes at different residence time for Straw

Residence | Ash particle si | A ] Fe [ ca [ wmg [ Na | k [T 1 TP S cl [ Mn Zzn | pb
time (ms) size Mineral composition (Wt%)
Coarse 50.41 0.15 0.00 6.50 0.37 0.00 29.33 0.14 1.00 1.64 10.41 0.07 0.00 0.00
20 Fine 45.15 1.00 1.95 31.78 2.44 0.05 7.89 0.10 3.45 0.65 5.46 0.09 0.00 0.00
Aerosol 27.21 0.99 1.83 29.68 3.00 0.00 16.34 0.00 3.75 0.87 16.33 0.00 0.00 0.00
Vap 0.00 0.00 0.00 4.30 0.89 0.01 0.01 0.38 11.49 34.30 48.51 0.03 0.08 0.01
Coarse 44.41 0.08 0.27 10.53 0.69 0.14 30.95 0.11 2.16 2.65 7.94 0.08 0.00 0.00
90 Fine 58.78 0.96 1.66 26.77 2.32 0.38 4.29 0.06 1.86 0.43 2.04 0.44 0.00 0.00
Aerosol 15.47 0.55 0.58 12.50 0.66 0.04 40.07 0.17 1.40 0.77 27.66 0.14 0.00 0.00
Vap 0.00 0.00 0.00 1.20 0.03 0.00 28.42 0.01 1.98 6.42 61.90 0.00 0.04 0.00
Coarse 39.71 0.08 0.00 10.14 0.78 0.47 37.00 0.10 2.02 3.18 6.33 0.00 0.00 0.19
210 Fine 39.16 0.94 1.29 16.41 1.33 0.05 23.93 0.12 1.35 1.55 13.82 0.03 0.00 0.00
Aerosol 6.04 0.59 0.29 5.38 0.36 0.00 51.07 0.11 1.18 3.93 30.67 0.18 0.00 0.20
Vap 0.00 0.00 0.00 0.00 0.00 0.00 53.12 0.00 1.92 7.74 37.15 0.00 0.05 0.00
Coarse 46.95 0.16 0.24 8.48 0.97 0.34 30.21 0.00 1.14 2.17 6.74 0.46 0.72 1.43
1300 Fine 48.35 1.38 1.59 28.76 1.92 0.19 12.33 0.15 2.15 0.53 2.46 0.20 0.00 0.00
Aerosol 3.79 0.51 0.32 3.14 0.22 0.15 53.12 0.04 2.87 5.52 29.48 0.06 0.00 0.79
Vap 0.00 0.00 0.00 0.92 0.08 0.09 60.85 0.00 2.20 6.90 28.92 -0.01 0.04 0.00
Mineral mass fraction (distribution) in different sizes (Wt%)
Coarse 99.45 95.90 0.85 95.86 91.85 22.29 99.82 94.70 | 80.75 71.62 91.61 98.35 0.00 0.00
20 Fine 0.54 3.93 95.14 2.83 3.71 45.40 0.16 0.41 1.68 0.17 0.29 0.79 0.00 0.00
Aerosol 0.01 0.18 4.01 0.12 0.20 0.01 0.02 0.00 0.08 0.01 0.04 0.00 0.00 0.00
Vap 0.00 0.00 0.00 1.20 4.24 32.31 0.00 4.89 17.49 28.20 8.06 0.87 100.00 [ 100.00
Coarse 98.78 87.39 94.17 9532 | 96.16 | 97.66 84.54 | 96.21 | 84.58 68.67 40.22 94.55 0.00 0.00
90 Fine 0.95 7.79 4.22 1.76 2.35 1.93 0.09 0.41 0.53 0.08 0.08 3.84 0.00 0.00
Aerosol 0.27 4.81 1.60 0.89 0.72 0.24 0.86 1.20 0.43 0.16 1.10 1.32 0.00 0.00
Vap 0.00 0.00 0.00 2.03 0.77 0.17 1451 2.17 14.46 31.09 58.60 0.29 100.00 | 100.00
Coarse 96.09 63.33 0.19 93.18 | 92.97 | 99.55 67.44 | 9332 | 75.67 56.50 34.05 1.87 0.00 97.39
210 Fine 3.58 26.73 88.13 5.70 6.04 0.38 1.65 4.23 1.92 1.04 2.81 21.78 0.00 0.00
Aerosol 0.33 9.94 11.68 1.11 0.96 0.01 2.10 2.16 1.00 1.57 3.71 71.61 0.00 2.40
Vap 0.00 0.00 0.00 0.00 0.03 0.06 28.82 0.29 21.42 40.89 59.43 4.75 100.00 0.21
Coarse 97.85 81.69 86.48 86.99 90.52 83.80 41.07 2.74 41.26 30.72 24.63 99.87 96.38 98.95
1300 Fine 2.00 13.60 11.35 5.86 3.58 0.95 0.33 71.79 1.55 0.15 0.18 0.89 0.00 0.00
Aerosol 0.15 4.70 2.16 0.60 0.39 0.70 1.35 16.99 1.95 1.46 2.01 0.23 0.00 1.03
Vap 0.00 0.00 0.00 6.55 5.51 14.55 57.25 8.49 55.25 67.67 73.17 -0.99 3.62 0.02
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Table C. 6: Elemental mineral composition and mass fraction for different ash particle sizes at different residence time for Polish coa

Residence | Ash particle Si | A | Fe [ ca J Mg J Na [ kK [ 7 T P I s J o JTwm J zn [eopp
time (ms) size Mineral composition (Wt%)

Coarse 31.79 | 21.09 10.57 6.22 4.35 2.15 4.03 1.64 0.92 4.45 1.83 0.00 8.80 2.17

20 Fine 16.70 15.25 7.43 6.93 3.69 7.30 12.94 3.00 3.36 10.68 2.12 0.85 1.33 8.44
Aerosol 3.42 1.85 6.74 2.40 4.46 13.89 16.62 0.63 3.40 20.85 8.50 0.00 14.88 2.37

Vap 0.00 0.00 0.00 8.82 0.96 0.07 0.63 18.36 | 0.62 69.33 0.07 0.56 0.34 0.26

Coarse 37.79 | 24.00 8.59 6.66 4.63 2.39 4.38 3.35 0.72 2.39 2.01 0.90 1.60 0.59

90 Fine 33.92 | 2440 | 11.84 6.17 5.33 1.34 2.95 1.48 0.76 1.01 6.19 0.67 1.58 2.33
Aerosol 15.67 10.38 9.25 4.49 4.68 1.52 6.66 2.35 1.69 741 17.12 0.83 9.30 8.65

Vap 0.00 0.00 0.00 0.40 0.40 4.12 1.83 8.05 1.25 77.17 6.01 0.13 0.37 0.26

Coarse 37.04 | 26.64 8.33 8.74 4.79 2.12 5.38 1.50 0.19 1.33 1.51 0.59 0.93 0.91

210 Fine 38.15 | 27.12 10.73 8.11 5.71 2.46 3.44 1.33 0.23 0.43 1.35 0.07 0.13 0.75
Aerosol 32.63 | 25.29 15.39 8.86 6.16 3.04 2.84 2.03 0.14 0.83 1.75 0.50 0.22 0.32

Vap 0.00 0.00 0.00 0.28 0.28 2.85 2.50 3.88 1.18 62.97 25.45 0.12 0.30 0.18

Coarse 3214 | 2370 [ 14.21 9.98 4.86 2.26 4.35 1.37 0.05 1.94 0.79 0.52 3.25 0.56

1300 Fine 35.98 | 25.75 12.52 9.06 5.83 2.52 3.37 1.21 0.08 0.26 0.75 0.12 2.07 0.48
Aerosol 27.51 19.58 18.96 10.79 4.97 2.79 4.14 141 0.94 2.37 1.11 0.86 2.15 2.43

Vap 0.00 0.00 0.00 0.23 0.23 3.60 2.58 3.25 1.35 61.45 26.82 0.03 0.28 0.17

Mineral mass fraction (distribution) in different sizes (Wt%)

Coarse 99.90 | 99.86 | 99.83 95.60 [ 99.10 | 98.85 98.67 | 74.09 | 97.07 | 67.17 99.36 0.60 99.74 | 98.87

20 Fine 0.09 0.13 0.13 0.19 0.15 0.61 0.57 0.24 0.64 0.29 0.21 8.15 0.03 0.69
Aerosol 0.01 0.01 0.04 0.03 0.07 0.45 0.29 0.02 0.25 0.22 0.32 0.00 0.12 0.08

Vap 0.00 0.00 0.00 4.19 0.67 0.10 0.47 25.65 | 2.04 32.32 0.11 91.25 0.12 0.36

Coarse 99.78 | 99.75 | 99.66 99.45 | 99.26 | 91.53 97.67 | 88.63 | 91.36 | 36.94 85.80 | 99.06 | 9854 | 96.80

90 Fine 0.22 0.25 0.34 0.23 0.29 0.13 0.16 0.10 0.24 0.04 0.66 0.18 0.24 0.96
Aerosol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Vap 0.00 0.00 0.00 0.32 0.45 8.34 2.17 11.27 | 8.40 63.02 13.55 0.76 1.22 2.24

Coarse 99.17 | 99.16 | 98.78 98.95 | 98.53 | 89.67 96.04 | 82.65 | 67.12 | 21.27 4310 | 98.12 | 97.41 | 97.90

210 Fine 0.60 0.59 0.75 0.54 0.69 0.61 0.36 0.43 0.47 0.04 0.23 0.07 0.08 0.47
Aerosol 0.23 0.24 0.47 0.26 0.33 0.33 0.13 0.29 0.13 0.03 0.13 0.22 0.06 0.09

Vap 0.00 0.00 0.00 0.25 0.45 9.39 3.47 16.62 | 32.28 | 78.65 56.54 1.59 2.45 1.53

Coarse 95.54 | 95.67 | 96.07 95.92 | 94.76 | 82.81 9145 | 78.46 | 26.98 | 24.03 22.72 | 97.63 | 9650 | 91.75

1300 Fine 3.93 3.82 3.11 3.20 4.18 3.40 2.61 2.54 1.43 0.12 0.78 0.86 2.26 2.90
Aerosol 0.52 0.51 0.82 0.66 0.62 0.66 0.56 0.52 3.07 0.19 0.20 1.03 041 2.53

Vap 0.00 0.00 0.00 0.22 0.45 13.13 5.38 18.48 | 68.52 | 75.66 76.30 0.49 0.83 2.82
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Table C. 7: Elementa mineral composition and mass fraction for different ash particle sizes at different residence time for UK cod

Residence | Ash particle si | A ] Fe | ca [ Mg | Na | K | Ti P | s c [ mm | zn [ Pb
time (ms) size Mineral composition (Wt%)

Coarse 25.02 [ 17.25 9.35 5.60 2.76 3.37 4.05 0.74 0.42 18.44 12.45 0.53 0.00 0.00

20 Fine 22.78 17.31 9.46 3.62 1.48 8.70 4.54 0.00 1.93 18.53 11.40 0.24 0.00 0.00
Aerosol 2.50 4.33 2.70 2.93 1.67 16.37 4.96 0.67 0.53 34.68 24.64 0.05 0.93 3.05

Vap 0.00 0.00 0.00 1.23 0.20 341 0.71 1.65 0.23 92.31 0.02 0.02 0.09 0.13

Coarse 30.75 21.03 8.44 5.85 1.22 341 2.10 1.56 0.42 14.06 6.64 0.66 0.00 3.86

9 Fine 3055 | 2131 | 13.64 2.87 1.20 7.59 2.91 1.65 0.47 5.42 12.39 0.00 0.00 0.00
Aerosol 5.74 5.09 4.73 1.80 0.39 24.78 6.22 1.27 0.74 14.76 32.86 0.52 0.00 1.08

Vap 0.00 0.00 0.00 1.48 0.22 4.31 1.15 0.52 0.15 59.57 32.40 0.05 0.08 0.07

Coarse 36.02 | 2478 | 12.05 8.30 1.54 2.08 3.34 2.09 0.63 4.74 2.90 0.30 0.84 0.38

210 Fine 4151 | 2841 | 12.49 4.53 1.79 3.63 2.85 2.05 0.19 0.94 1.44 0.18 0.00 0.00
Aerosol 19.30 14.95 15.98 6.56 1.29 11.25 7.71 151 0.66 6.62 12.03 0.63 0.37 1.13

Vap 0.00 0.00 0.00 0.16 0.10 5.34 0.95 0.38 0.09 65.46 27.36 0.03 0.07 0.07

Coarse 35.70 | 27.59 | 16.00 8.50 0.68 1.30 3.63 1.30 0.75 1.16 3.38 0.00 0.00 0.00

1300 Fine 41.06 27.90 10.33 6.01 2.05 4.47 4.20 1.63 0.52 0.46 1.20 0.17 0.00 0.00
Aerosol 26.82 | 2152 | 15.22 10.49 2.42 5.95 5.62 3.28 1.48 1.99 4.59 0.16 0.00 0.46

Vap 0.00 0.00 0.00 0.65 0.20 4.62 1.06 0.24 0.29 66.91 25.83 0.05 0.07 0.06

Mineral mass fraction (distribution) in different sizes (Wt%)

Coarse 99.72 99.65 99.63 97.51 96.53 88.90 97.60 81.58 | 93.27 66.18 99.09 99.44 0.00 0.00

20 Fine 0.25 0.27 0.27 0.17 0.48 0.63 0.30 0.00 1.17 0.18 0.25 0.12 0.00 0.00
Aerosol 0.03 0.08 0.09 0.17 0.65 1.43 0.39 0.24 0.38 0.41 0.65 0.03 25.09 | 43.85

Vap 0.00 0.00 0.00 2.15 2.34 9.05 1.70 18.18 5.18 33.23 0.02 0.40 74.91 56.15

Coarse 99.90 99.89 99.79 92.20 94.34 69.75 84.15 89.89 | 88.96 41.62 38.11 97.63 0.00 99.35

90 Fine 0.06 0.07 0.11 0.03 0.06 0.10 0.08 0.06 0.06 0.01 0.05 0.00 0.00 0.00
Aerosol 0.04 0.05 0.11 0.05 0.06 0.97 0.48 0.14 0.30 0.08 0.36 0.15 0.00 0.05

Vap 0.00 0.00 0.00 7.72 5.54 29.18 15.29 9.91 | 10.68 | 58.29 61.48 222 | 100.00 | 0.59

Coarse 98.62 98.61 98.57 98.27 95.48 42.14 85.91 90.37 | 92.33 12.15 16.80 93.41 95.75 90.79

210 Fine 1.27 1.26 1.14 0.60 1.24 0.82 0.82 0.99 0.32 0.03 0.09 0.61 0.00 0.00
Aerosol 0.12 0.13 0.29 0.17 0.18 0.51 0.44 0.15 0.22 0.04 0.16 0.44 0.09 0.61

Vap 0.00 0.00 0.00 0.96 3.10 56.53 12.83 8.49 7.13 87.79 82.95 5.53 4.15 8.61

Coarse 94.64 | 9517 | 96.52 92.10 | 7484 [ 30.77 81.05 | 84.46 | 78.93 2.90 18.27 0.24 0.00 0.00

1300 Fine 4.78 4.23 2.74 2.86 9.94 4.64 4.12 4.64 241 0.05 0.29 19.35 0.00 0.00
Aerosol 0.57 0.60 0.74 0.92 2.16 1.14 1.01 1.72 1.25 0.04 0.20 3.29 0.00 9.09

Vap 0.00 0.00 0.00 4.13 13.06 63.45 13.81 9.18 17.41 97.01 81.24 77.13 | 100.00 | 90.91
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C.3 Elemental release at different residence times

Table C. 8: Elemental release at different residence times

Residence |  V1ass Mineral composition (Wt%)
Fuel . fraction
time (MS) |~ oy | Si Al Fe Ca | Mg Na K Ti P S cl Mn Zn Pb

20 6.74 0.00 0.00 0.00 13.06 3.69 0.00 53.43 0.59 0.00 12.07 9.74 7.14 0.30 0.00
Wood 90 20.34 0.00 0.00 0.00 36.48 5.59 0.23 40.72 0.00 0.54 7.43 0.00 8.29 0.70 0.03
chips 210 37.83 0.00 0.00 0.00 40.88 7.34 1.17 28.96 0.00 0.00 4,59 6.81 9.50 0.73 0.03
1300 49.99 0.00 0.00 0.00 45.02 6.35 1.56 29.17 0.00 0.00 4,17 5.20 7.86 0.64 0.03
20 25.30 0.00 0.00 0.00 47.18 4.70 2.44 15.99 3.40 0.59 4,53 14.48 1.02 3.03 2.63
Waste 90 22.53 0.00 0.00 0.00 29.52 3.89 8.25 16.44 1.42 0.00 10.33 | 24.05 0.76 3.97 1.38
wood 210 22.80 0.00 0.00 0.00 8.18 2.16 13.92 | 23.49 0.26 0.00 15.71 | 25.85 0.57 5.88 3.98
1300 51.03 0.00 0.00 0.00 29.37 3.85 9.33 20.48 1.98 0.66 1154 | 14.27 0.74 4,97 2.81
20 1.94 0.00 0.00 0.00 0.01 0.01 0.10 0.01 1.65 2.31 42.05 | 53.82 0.01 0.01 0.01
Olive 90 26.51 0.00 0.00 0.00 0.00 0.48 0.30 78.79 0.07 2.79 7.02 10.54 0.00 0.00 0.00
residue 210 36.14 0.00 0.00 0.00 0.49 0.00 0.11 82.75 0.00 1.85 6.30 8.50 0.00 0.00 0.00
1300 55.33 0.00 0.00 0.00 0.00 0.00 0.66 84.89 0.00 1.47 4.87 8.05 0.00 0.05 0.00
20 1.84 0.00 0.00 0.00 4.30 0.89 0.01 0.01 0.38 11.49 | 34.30 | 4851 0.03 0.08 0.01
Straw 90 15.55 0.00 0.00 0.00 1.20 0.03 0.00 28.42 0.01 1.98 6.42 61.90 0.00 0.04 0.00
210 21.97 0.00 0.00 0.00 0.00 0.00 0.00 53.12 0.00 1.92 7.74 37.15 0.00 0.05 0.00
1300 39.99 0.00 0.00 0.00 0.92 0.08 0.09 60.85 0.00 2.20 6.90 28.92 | -0.01 0.04 0.00
20 2.99 0.00 0.00 0.00 8.82 0.96 0.07 0.63 18.36 0.62 69.33 0.07 0.56 0.34 0.26
Polish 90 5.01 0.00 0.00 0.00 0.40 0.40 412 1.83 8.05 1.25 77.17 6.01 0.13 0.37 0.26
coal 210 7.17 0.00 0.00 0.00 0.28 0.28 2.85 2.50 3.88 1.18 62.97 | 25.45 0.12 0.30 0.18
1300 8.69 0.00 0.00 0.00 0.23 0.23 3.60 2.58 3.25 1.35 61.45 | 26.82 0.03 0.28 0.17
20 9.07 0.00 0.00 0.00 1.23 0.20 341 0.71 1.65 0.23 92.31 0.02 0.02 0.09 0.13
UK coal 90 24.80 0.00 0.00 0.00 1.48 0.22 431 1.15 0.52 0.15 59.57 | 32.40 0.05 0.08 0.07
210 34.07 0.00 0.00 0.00 0.16 0.10 5.34 0.95 0.38 0.09 65.46 | 27.36 0.03 0.07 0.07
1300 35.60 0.00 0.00 0.00 0.65 0.20 4.62 1.06 0.24 0.29 66.91 | 25.83 0.05 0.07 0.06
Bark 1300 30.00 0.00 0.00 0.00 52.00 3.00 1.00 33.00 0.00 2.00 4.00 2.00 2.00 0.00 0.00
jj:{ 1300 6.00 0.00 0.00 0.00 8.00 0.50 3.00 61.00 0.00 0.50 20.00 4.00 3.00 0.00 0.00
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Appendix D

Tabulations of modeling resultsfor various cases

D.1 Fragmentation rate constants derived from the experiments

Table D. 1: Fragmentation rate constants

Residence time (ms)

Fuel 20 90 210 1300
Polish coal 0.107 0.690 1.343] 1.193
UK coal 2.399 2.990 4.849| 3.125
Wood chips 2.104 0.807 2.336| 2.119
Olive residue 1.923 3.462 2.939| 1.198
Straw 1.095 1.393 2.950| 2.091

Note: Fragmentation rate constants are derived crudely from the experiments by
summing up the particle number density for al size bins for a particular residence time.
In future, different narrow size ranged experiments should be performed to get more
accurate constant because the fragmentation rate constant will be different for different
size particles due to higher probability of larger size particles to fragmentizing more than
lower sizes.

D.2 Burning rate constant

The burning rate constant is dependant on the char conversion. The total char
conversion for a given time step is derived from the LCS experiments, as described
further. The char conversion for each size bin is assumed with the help of 1-DICOG
program in such away that total char conversion derived from experiments matches with
the sum of the assumed char conversion for al size bins. So, the burning rate constant
will be different for each size bin according to the assumed char conversion. Therefore,
tabulation of the burning rate constant is not done. However, the methodology to derive
burning rate constant is quite simple and already explained well in Chapter 5.

D.3 Ash particle size evolution at different residence times during combustion
(model and L CS-experimental results)
Ash particle size evolution at different residence time during PF combustion for model

and experimental results are tabulated together as follows. The graphs of the comparison
and standard average deviation are aready discussed in Chapter 5.
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TableD. 2: Particle size evolution at 20 ms (model and LCS-experimental results)

Wood chips Olive residue Straw Polish coal UK coal

MODEL | EXPERIMENT | MODEL | EXPERIMENT | MODEL | EXPERIMENT | MODEL | EXPERIMENT MODEL EXPERIMENT
PSD| CM [ PSD| CM | PSD | CM | PSD | CM [ PSD | CM | PSD | CM | PSD | CM | PSD | CM | PSD | CM | PSD | CM
(um) | (Wt%) | (um) | (Wt%) | (um) | (We%) | (pm) | (W%) | (um) | (WE%) | () | (WA%%) | (um) | (WA%) | (um) | (We%) | (um) | (Wt%) | (um) | (Wt%h)
16544  0.1] 166001 00| 8244 27| 8300[ 00| 16489  06] 1660.0] 0.0] 157.6] 26| 1580 00 3620 00 3630 00
108790 95| 1106.7] 20| 5440 19.9] 5533 15.0] 10879 10.7) 1106.7] 15.0{ 105.0[ 131 1053 300 2404 6.1 2420[ 150
7176 279 7318 600 3626 39.7] 3689 550] 725.3] 335 7378 820/ 699 311 702 60.0] 1602] 209 1613 400
4749 513 4919] 90.0[ 2418 595 2459 870] 4749] 589 491.9] 900 465 548 468 820] 1068 429 1076 700
2080 69.3] 327.9] 95.0[ 1583 7201 16401 98.2] 3044] 815 3279 940 310 781 3121 970 69.3] 654 7.7 965
167.6] 774 2186 970 1035 779 109.3] 984 1792[ 892 2186 9507 20.7] 9L1] 208 975 46.1] 891 478 975
980/ 863 1457 9B.0] 662 85.2( 729 986 1118 956] 1457] 98.0] 102 990[ 139 980 276 932 319 980
615 918 9721 990 421] 89.7] 486 988 685 986 97.21 99.0] 34] 995 92 990, 157 982 212 990
31 947 648 9.1 265 943 324 989 409 996 648 991 23 999 62 991 90| 988 142 99.1
B4 975 4320 992 153] 96.7] 216] 990 160 998 432 992 15 999 41 9921 60/ 997 94 992
169 987 288 93] 91f 984 144 9921 106] 99.8] 288 993 10/ 1000 27 993 23] 998 63 993
103 999 1921 994 6.1f 995 96| 9931 71 999 192] 994 07/ 1000 18 99.6] 15 999 42| 996
28] 999 128 995 24] 998 64] 994[ 47 1000 128 995 100 999 28 998
18 999 85 996 16| 999 43 995 18| 1000 85 99.6 0.7] 999 L9 99
12( 1000 57 997 L1 1000] 28] 996[ 12[ 1000 57 99.7 05 10000 12] 1000
08 1000 38 998/ 04 1000 L9 99.7] 08| 1000[ 38/ 998 03] 10000 08 1000
05 1000 25 999 03] 1000 L3] 998 05 1000 25 999

04] 10000 17 999 02/ 1000 08 999 04] 12000[ 17| 999

02 1000 11f 1000 0.1 1000 06] 100.0[ 02| 1000[ 11| 100.0

02 1000 0.7[ 1000 0.1 1000 04] 1000[ 02| 1000[ 0.7] 100.0
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TableD. 3: Particle size evolution at 90 ms (model and LCS-experimental results)

Wood chips Olive residue Straw Polish coal UK coal

MODEL | EXPERIMENT | MODEL | EXPERIMENT | MODEL | EXPERIMENT | MODEL | EXPERIMENT MODEL EXPERIMENT
PSD| CM | PSD| CM | PSD| CM | PSD| CM | PSD | CM | PSD| CM | PSD | CM [ PSD | CM | PSD | CM | PSD | CM
(um) | (We%) | (pm) | (Wt%) | (um) | (We%) | (um) | (W) | (um) | (WA%) | (um) | (WI%0) | (uem) | (WA%) | (um) | (WA%) | (um) | (WA%) | (um) | (W)
15095 0.2 16600| 00| 7709 56| 830.0] 00| 14400 1.0} 16600,  0.0] 1526 30| 1580[ 00| 3568 01| 3630 00
960.4| 16.1] 1106.7]  0.0[ 5031 39.7] 5533 80| 908.7] 169] 1106.7] 5.0/ 99.8] 144 1053 10.0] 237.9] 82 2420[ 15,0
522.1| 336 7378 100[ 32001 741 3689 420] 567.2[ 461 737.8] 200 665 330] 702 320] 157.0 271 1613] 330
3335 528 4919 60.0[ 170.3] 89.2] 2459 86.0] 3481 732 4919] 850 444] 60.1] 468 80.0] 1038] 55.0[ 1076 75.0
2020 TL0[ 32791 880[ 903 %4 16400 975 2100.1[ 9220 279 9200 290 843] 312 %0 622 772 7.1 96,
1396] 826 2186] 89.0[ 6021 983 1093 98.0] 1183 987 2186 940 189 97.1] 208 9.0 368 935 478 970
864 975 1457( 900 163] 988 7291 982( 3201 994 1457 960 6.5 996 139 985 206 959 319 985
23] BT 972 9201 109 990 486 984 2131 996 972 980 20 999 92 990 116 984 2121 990
141 99.1] 648 925 72[ 9921 324 986 142 998 648 981 13| 1000] 6.2/ 995 77 991 142 995
04/ 994| 432| 945 48 994 216 98 95 998 432[ 985 09| 1000[ 41 996 45 996 94 996
6.3 996 288 950 321 99.6] 144 9.0 63 999 288 989 06| 1000[ 27 9.7 24 997 63 997
420 997 1921 95 21 997 96| 9921 42[ 999 192] 990/ 04] 1000] 18 998 16| 998 42[ 998
280 998 128] 960 14 998 64 994] 28] 1000] 128 99. 100 999 28 999
19 999 85 9701 L0 999 431 996[ 19 1000] 85 99.3 0.7 999 19 999
120 10000 57[ 975 06 999 28 998 12/ 1000] 5.7[ 994 05 1000 12 1000
08 999 38| 985 04] 1000] 19 999 08/ 1000] 38 995 03] 1000 08 1000
05/ 1000] 25 987 03 10000 13 999 05 1000] 25 996

04/ 10000 L7 992 021 1000[ 08 1000[ 04 1000 L7] 998

05 1000] L1] 998/ 01] 1000 06 12000] 02[ 1000] L] 999

02/ 1000/ 0.7} 1000 01] 1000 04 12000] 0.2[ 1000] 0.7} 100.0
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TableD. 4: Particle size evolution at 210 ms (model and LCS-experimental results)

Wood chips Olive residue Straw Polish coal UK coal

MODEL EXPERIMENT MODEL EXPERIMENT MODEL EXPERIMENT MODEL EXPERIMENT MODEL EXPERIMENT
PSD| CM | PSD| CM [ PSD| CM | PSD| CM | PSD| CM | PSD| CM | PSD| CM [ PSD| CM | PSD | CM | PSD | CM
(um) | (WtS%) | (um) | (Wt%) | (um) | (We%) | (um) | (Wt%%) | (um) | (W%) | (um) | (We%) | (um) | (Wt%%) | (um) | (W) | (um) | (Wt%) | (m) | (Wt%)
988.0] 04| 16600 00| 6166] 6.5 830.0] 00| 1281.0] 17 1660.0] 00| 149.8] 50{ 1580 00] 3231 0] 3630 00
4313 94) 1106.7]  0.0] 401.0] 352| 55331 0.0 787.3] 25.9) 1106.7] 0.0] 979 238] 105.3] 10.0] 2103] 214] 2420, 100
2913 29.1] 7378 00| 2519] 675 3689 15.0] 5249 682 737.8] 50| 639 528 702 450] 1078 572 1613 300
1944 559 4919 50] 1420[ 88.7] 2459] 90.0| 1975 916 4919 180] 385 840] 468 900] 776 843 1076 650
955 689 327.9] 10.0] 658 954| 16401 974 711 96.3] 327.9] 820] 205 9731 312] 980 304 9.6/ 7.7 900
63.7] 710 2186 300 257 965 109.3] 978 514 975 2186 880] 47 991 208 985 119 91| 478 940
337 836| 1457 450 171 9701 729 979 343 984| 1457 930, 31 995 139 987 79| 986 319 960
225 886 97.2| 750 114] 975 486 980 228 9901 972 950 21 998 92| 991 53] 993 212] 991
150 918 648 890 7.6] 980] 324] 981 152 994| 648 96.0] 14/ 999 62 99.6] 35 995 142 996
100 948] 432 900 51| 985 216 982 101 99.6] 432 970 09| 1000 41 997 23| 997 94 997
6.7] 964 288 905 34| 989 144 983 68 997 288/ 975 06 10000 27| 998/ 16/ 997 63| 998
440 977 1920 910 23| 992 96| 94| 45 998 192 980 04 1000 18 10000 09 998 42 999
30 9821 128 920, 15 995 64| 985 301 999 128 985 06 999 28 1000
201 987 85 925 10| 997 43 986 201 999 85 997 04/ 999 19 1000
13 992] 57 9400 07 998 28 987 13 999 57 997 03] 1000] 12 1000
09] 997 38 950 04 999 19 992 08 1000 38 998 02/ 1000] 08 1000
06 9971 25/ 960 03 999 13 995 06| 1000 25 99.9

04 998 17| 980, 021 999 08 998 04| 1000 17| 999

02 999 11| 998  01] 1000 06| 999 02 1000 11/ 100.0

02| 1000 07| 1000, 01] 1000 04| 1000 02 1000 0.7] 100.0
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Table D. 5: Particle size evolution at 1300 ms (model and LCS-experimental results)

Wood chips Olive residue Straw Polish coal UK coal

MODEL | EXPERIMENT | MODEL | EXPERIMENT | MODEL | EXPERIMENT | MODEL | EXPERIMENT MODEL EXPERIMENT
PSD | CM | PSD | CM | PSD | CM | PSD| CM | PSD | CM | PSD | CM | PSD | CM | PSD | CM | PSD | CM | PSD | CM
(um) | (Wt%) | (um) | (Wt%) | (um) | (Wt%) | (um) | (Wt%) | (um) | (Wt%) | (um) | (Wt%) | (um) | (We%) | (um) | (Wt%) | (um) | (Wt%) | (um) | (Wt%)
8100 01| 16600 0.0 5634 41| 8300 00| 11966 11| 1660.0[ 00| 1231 27| 1580 00| 3009, 02 3630 00
5001 57| 11067  0.0[ 411.0] 21.2| 5533 00| 797.7| 22.3| 1106.7]  0.0{ 79| 134| 1053 50| 181.8] 164 2420 00
36001 205 7378 0.0] 2740{ 481 3689 200 6846 56.6| 737.8] 100 528 339 702 150 1163] 588 1613 150
24001 420 4919 00 182.7| 76.6] 2459 450 402.1| 840 4919 20.0{ 337 614 468 500 920{ 883 107.6] 550
1272 576| 3279 00| 855 916 164.0{ 650] 1263 946 3279 920{ 220[ 89.3] 312 840 361 935 7L7| 850
848 66.8] 2186 20.0] 335 947 1093 86.0[ 842 964 2186] 930 64| 984 208 96.0] 241 96.1] 478 95.0
565 784 1457 450] 223 954 729 87.0[ 561 97.6] 1457 945 42| 990 139 980] 160 974 319 96.0
3170 89.7] 972 760 149 96.2| 486 880 374/ 986] 972 950, 28| 995 92[ 985 107 985 212] 965
2510 975 648 89.0] 99 969 324 882 249 99.1| 648 955 19| 998 6.2[ 990 71 990[ 142 970
36| 999 432] 900 66| 97.6] 21.6| 888 166 994 432 960[ 10] 999 41 995 48 994 94| 980
24 999 288 910 44| 982 144] 89.0[ 111 996 288 965 0.6/ 1000] 27 998 32[ 996 63 99.0
16 999 192 920 29 987 96| 900[ 74/ 998 192 970 04| 1000{ 18/ 999 10| 997 42 992
11] 1000 128 930 20| 991 64 910 49 999 128 975 0.7] 998 28] 994
0.7] 10001 85 940[ 13| 995 43 920 33 999 85 980 04 998 19 996
05 10001 57| 9.0[ 09 997 28 930 22| 999 57| 985 03| 1000 12 99.8
03| 10001 38/ 955 06| 998 19 960 09 1000 38 99.0 02 1000 08| 1000
01| 1000 25 9.0 03] 999 13| 970, 06| 1000 25 99.2

01| 12000 17| 970 02[ 999 08 980 04 1000 17| 996

01| 1000 11| 980[ 01 1000f 06] 990 03 1000 11| 999

00 1000 07/ 1000{ 0. 1000 04| 1000, 02 1000 0.7] 100.0
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Appendix E

CCSEM analysis of Polish coal

TableE. 1: CCSEM analysis of Polish codl

Average composition of mineral categories (mass fraction of elements in %)

Category Al iSSP |S Na Mg C K [i € Fe Ca (ol

Quartz 100 948 03/ 02 04 03 09 04 02 03 07 051000
Iron Oxide 09 13 00[ 00 15 24| 08 08 02/ 03 899 19 1000
Alumina 7431 801 19 29 04 00/ 53 17 35 00 18 021000
Calcite 06] 08 02[ 02 05 05 06 02 02 02 12 9481000
Dolomite 05 08 02[ 04 03 281 04 03 03] 05 130 553 1000
Ankerite 04 08 02[ 02 04 205 04 03 03] 05 265 496]100,0
Kaolinite 37,7] 4901 05[ 09 08 12| 08 40 15 04 27 051000
Montmorillonite 298] 549 04 07 09 16/ 07 50 13 03 41 051000
Illite 304] 517 03] 04 100 15 06 86/ 12 03 36 04 1000
Fe-Al Silicate 218 36,1 03] 04 10 66/ 06 28 07 04 288 06| 1000
Ca-Al Silicate 3321 279 38 06 021 17 72 39 18 47 03 1456|1000
Na-Al Silicate 2431 581 04 01 125 02| 05 22/ 02/ 05 04 071000
Aluminosilicate 214 616 03] 10 08 16/ 04 45 19 04 59 04 1000
Mixed Silicate 194] 569 050 00 114 01 06 105 02 00 03 02]100,0
Fe Silicate 34 465 050 01 01 39 05 00 03 02 441 04 1000
Pyrite 04 06 01{515 02 02 03 02 01 02 455 08 100,0
Clay-Pyrite 192] 272] 000 27,00 00 00[ 01 37 00 00 229 0,0]100,0
Fe-Cr Oxide 11 09 04 02 07 76/ 02 04 02 03 831 49 1000
Gypsum 03] 02| 00[ 449 12| 08/ 04/ 00 05 07 00 510]100,0
Apatite 11 08 27,7 01 03] 04 02 03 01 05 09 6771000
Ca-Al-P 438 30| 286 28/ 19 01 37 06 00 00 29 125/1000
Gypsum-Al Silicate 155 502 03] 40 27 33 08 18 09 01 54 1511000
Si-rich 127] 795 04 04 03] 07 04 271 05 02 14 071000
Ca-rich 241 51 09/ 02 00[ 105 15 06/ 07 08 79 694 1000
Ca-Si-rich 401 211 09 36/ 67 15 07 00 12/ 18 12 572 1000
Unknown 52| 210 04 19 25 141 31 35 14 07 168 294 1000

Average composition of mineral particle size ranges (mass fraction of elements in %)

Size range [um] Al S P |S Na Mg C K Ti € Fe Ca toal

12 00, 00 00[ 00 00 00/ 00 00 00 00 00 00 00
2-4 216 4201 11] 23] 11 37 65 42/ 15 10 95 57 1000
4-8 211 424) 10] 200 08 51| 30 44 11 04 91 971000
8-16 155 365 06] 48 09 76/ 06 41 08 05 135 147 1000
16-32 145 365 05 35 08 85 05 400 12 04 144 154 1000
32-64 178 438/ 06/ 39 09 57 11 37 11 05 106 1051000
64-125 163 452] 03] 62 13 50 11 33 07 04 99 104 1000
125-250 00/ 00 00[ 00 00 00/ 00 00 00 00 00 00 00
average 16,71 428 05/ 46/ 1,0 6,0 1,00 36/ 09/ 04| 11,1 1141000
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Appendix F

Full manuscripts of the published articles
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