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Abstract

This research has focussed on the impact of kaolin as additive on the agglomeration behaviours
of willow, white wood, and miscanthus during their combustion processes in a laboratory-scale
fixed bed whereby, Gooch ceramic crucible was used as the combustion chamber. It aimed at
reducing agglomeration during the combustion of these selected problematic biomass fuels.
Biomass fuels are CO, neutral and very rich in alkali metals especially potassium, K and sodium,
Na with potassium displaying the predominant roles in the agglomeration formation of these
selected biomass fuels. During the combustion processes, agglomerates were formed in the
combustion chamber at 750 ° C and 802 ° C under the atmospheric pressure. This was
attributed to the formation of eutectic compounds in the form of alkali-silicates (K-silicates or
Na- silicates). The eutectic compound has a lower melting temperature than the melting
temperature of either the alkali metals or the silica from sand, which is the bed material. It
therefore melts abruptly in the bed and formed lumps in form of agglomerates. Energy
Dispersive X-ray spectroscopy (EDX) carried out on the agglomerates indicated that, the
interior of the agglomerates was dominated with silicon, Si from the sand while the exterior or
the peripheries were preponderated with alkali metals potassium K, and sodium Na from the
biomass fuels ash. Other trace elements present in the agglomerates as confirmed by EDX
analyses are; Aluminium Al, Calcium Ca, Chlorine Cl, Iron Fe, Phosphorus P, and Magnesium
Mg. Meanwhile, with the addition of additive (kaolin) Al, Si, Os (OH), to the bed materials and
the combustion processes repeated under the same operating conditions, no agglomerate was
formed at 750 ° C and 802 ° C. However, eutectic compound in the form of alumina-alkali-
silicate was formed at a higher melting temperature than the alkali from the biomass fuels and
the silica from bed materials, therefore no agglomerate was formed at these temperatures
(750° C and 802 ° C).

Factsage software was extensively utilized to predict the eutectic points (eutectic
temperatures) on both the binary and the ternary phase diagrams. With the inclusion of
additive (kaolin) in the bed materials, on the binary phase diagrams, agglomeration was

predicted to occur in the combustion bed at 1200 °C if the biomass fuel is dominated by



potassium, K. Consequently, if the biomass fuel is dominated by sodium, Na, agglomeration
was predicted to occur at 1700 % C in the combustion bed. However, on the ternary phase
diagrams, with the addition of kaolin to the bed materials, initial agglomeration was predicted
to occur at 1550 ° C if the biomass fuel is dominated by potassium, K but rose to 1700 ° C if the
biomass fuel is dominated by sodium, Na. This justifies the affirmation that, Sodium, Na has a
higher melting temperature than potassium, K.

Elongation in the biomass particle size from <lmm diameter before combustion to 7mm
diameter in the agglomerates formed from the combustion of willow, and 10mm diameter in
the agglomerates produced from the combustion of both the miscanthus and white wood is a
clear manifestation that, agglomeration actually occurred in the bed. Post combustion
analyses; Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy (SEM and
EDX) carried out on the agglomerate samples also confirmed that, agglomeration took place in
the bed. Huge agglomerates were formed at a lower melting temperature of 350 °C when
potassium hydroxide, KOH and silica sand were heated directly (reality test). Harder and
tougher agglomerates were produced at 502 OC. This confirmed that, agglomerates were
produced from the formation of a low temperature alkali-silicate in the form of K-silicate.

The results of this research have indicated that, Gooch ceramic crucible is a reliable
combustion chamber for the combustion of biomass fuels experiments/tests in a laboratory —
scale fixed bed. It accommodated more heat distribution into the combustion chamber than
the conventional ceramic crucible. Moreover, kaolin was also confirmed as an additive capable
of reducing agglomeration during the combustion of biomass fuels in a laboratory - scale fixed

bed and other combustion beds.
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Nomenclature

A, Cross sectional area of orifice, m’

A/F Air — Fuel ratio

C Orifice flow coefficient, dimensionless
Cq Coefficient of discharge, dimensionless
Co Specific heat at constant pressure

C, Specific heat at constant volume

dp Diameter of particles, mm

dT Change in temperature, °c

dT/dX  Temperature gradient

EJ/yr Exajoule per Year

F/A Fuel — Air ratio

g Acceleration due to gravity, 9.8m/s’

H Bed height, m

HHVp High heating value, kJ/kg

k Thermal conductivity, w.m k™.

K Specific heat ratio (C,/Cy), dimensionless
L Length, m

M Minimum fluidization

Mair Mass of air, kg

Mtyel Mass of fuel, kg

P1 Fluid upstream pressure, Pa or kg/m2

P, Fluid downstream pressure, Pa or kg/m2
q Heat transfer rate, MW

q/A Heat transfer per unit area, MW/m?

AP Pressure drop

Q Volumetric flow rate at any cross — section, m3/s
Rep Reynolds number, dimensionless
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Pg
Ps

Emf

Ps

Mg

Pressure ratio (Py/P1)

Standard deviation

Stoichiometric

Minimum bubbling velocity, m/s
Minimum fluidization velocity, m/s
Volume, m>

Weight fraction of solids of size i
Body thickness, m

Expansion factor, dimensionless
Fluid density, g/cm?

Sand density, g/cm®

Voidage at minimum fluidization velocity,
Sphericity of particles, dimensionless
Void fraction, dimensionless
Viscosity of gas, g/cm.s or kg/m.s

Equivalence ratio, dimensionless
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1 Introduction

The world’s continued reliance on fossil fuels that are fast depleting from the reserve coupled
with increasing rate of CO, emissions from fossil fuels, calls for serious concern among scientific
researchers. Biomass has been adjudged as CO, neutral, the amount of CO, intake by plants
while growing is also released to the atmosphere during its combustion [1]. Biomass is a
reliable, sustainable, and dependable alternative energy source that does not contribute to the
earth’s surface heating but reduces greenhouse CO, emissions.

Available fossil fuels (coal, crude oil, and natural gas) in the reserve are sprightly depleting
therefore, cannot sustain the world’s energy demand and supply through it. Moreover, the
world’s population growth that is escalating at an alarming rate coupled with increase in
energy demand, have prompted researchers to deduce ways to damper the consequences
(perennial fuel scarcity, reduced quality assurance, and decrease in production
competitiveness) of the sole dependency on these conventional energy resources.
Researchers’ attention has been shifted to providing energy via a more dependable, reliable
and renewable energy resources such as biomass, solar, wind power, geo-thermal, and
hydropower.

Energy derived from biomass fuels has been recognized as one of the earliest and ancient
sources of energy which ranked fourth as energy resource, accounting for about 14% of the
global energy in terms of domestic and industrial applications [2, 3].

Biomass fuels can be sourced from energy crops (short rotation), agricultural wastes / products,
municipal wastes, sewage and industrial wastes. Biomass fuels for energy production are
environmental friendly and offer other benefits as far as utilization of biomass fuels are
concerned [1-3].

In spite of the fact that, thermal (proximate and ultimate), structural and the physical properties
of biomass fuels differ greatly, other properties such as the sulphur content, the hydrogen
content, and the ignition temperatures are very similar [3, 4]. However, because of the
heterogeneous nature of biomass fuels, which accounted for the differences in their

characteristics, different types of problems are usually experienced during the combustion of



single biomass fuel or blends of biomass fuels. However, many complications that tends to
truncate the whole combustion processes are encountered during the combustion of the
selected problematic biomass fuels for this research (miscanthus, willow, and white wood).
Some of such problems are agglomeration, erosion, fouling, and slagging [5]. The scope of this
research has been limited to the reduction of agglomeration in laboratory-scale fixed bed
combustion of biomass fuels using a Gooch crucible as the combustion chamber and silica sand
as the bed materials while adding kaolin as additive.

This chapter of the thesis addresses, background of the study, sources and varieties of biomass

fuels, relevance of biomass fuels to global development among others.

1.1 Background of the study

Biomass contains alkali metals, potassium K, sodium Na, and mostly elements of group 1 in the
periodic table, which through reactions and interactions with silica sand (bed materials) during
combustion, cause some problems such as agglomeration, erosion, slagging, and fouling in the
bed [5, 6]. Moreover, low melting points of the alkali metals present in biomass may have
contributed largely to the low melting temperature possessed by biomass fuels. In addition,
biomass fuels have low calorific value and high moisture content therefore, cannot burn easily
on its own [6, 7]. In order to improve on the combustion characteristics of biomass fuels, it is
usually co - fired with coal, which has higher calorific value. In this research, biomass will be co —
fired with coal.

Agglomeration is the formation of sticky coagulates in combustion beds during the combustion
of biomass or biomass blend with coal. This occurs because of the reactions between the alkali
metals (mostly K and Na) present in biomass and silica in the sand particles (bed materials)
leading to the formation of eutectic compound which has a melting point lower than the
melting point of either the alkali or the silica from sand particles [8, 9]. Alkali metals possesses
low melting points, Figure 1.1 It can be deduced from the figure that, Lithium Li, possessed the

highest melting point followed by Sodium Na, and Potassium K.
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Figure 1-1: Melting points of alkali metals [8, 9]

Eutectic temperatures are largely dependent on the melting points of alkali metals. The oxides
of these alkali metals particularly Potassium (K;0) react with sand particles (SiO,) to form sticky
substances called agglomerates [1, 5, 7]. Moreover, there are other deposits formed during the
combustion of biomass fuels and these includes; NaCl, KCI, K,SO,4, and CaO. Alkali getter
(additive) mostly kaolin when added to biomass has been identified to form a eutectic
compound which has a higher melting point than either the silica from sand particles or the
alkali metals particularly Potassium, K from biomass [5, 7, 10]. This will be mixed with the
selected biomass fuel separately and with their blends at different ratios. Chemistry of
behaviour of these materials would be studied and the agglomeration tendencies in them be
established. Co-firing ratio (weight) of 20% biomass to 80% coal, or 30% biomass to 70% coal
has been recommended [10, 11]. Applying these ratios, other problems like slagging and fouling

may be avoided. With this, agglomeration problems may be reduced in a combustor bed.

1.2 Specific Statements

Shortage, scarcity, or reduction in the supply of energy is inimical to the technological growth
and development globally. Every activity in a system or society would automatically results to a

standstill whenever the supply of energy to the system is interrupted intentionally or otherwise



[1, 3, 12-14]. Therefore, it clearly implies that, energy plays a vital and magnificent role in our
day-to-day activities for human comfort, production assurance in the industries and research
effectiveness in the research institutions globally [15].

Consistent increasing growth rate of the world’s population and the regular high demand for
energy consumption in terms of conventional energy sources, coupled with the fast depletion
rate of the fossil fuels from the reserves, calls for insight into generation of energy through
alternative means. [15]. The alternative energy sources include; biomass, solar, wind, nuclear,
geothermal, hydrothermal, tidal, etc. Biomass possesses high potentials to contribute to the
energy requirement of the global world. It is a renewable energy source mostly from organic
matters and agricultural crops otherwise known as energy crops. The highest volume of this is
obtainable from wood and wood wastes [2, 4, 13, 16]. Moreover, domestic solid wastes in terms
of percentage total, Table 1.1 are available on a large scale and can easily be accessed for heat
and power generation. The moderate sulphur S content possessed by biomass has led to the
generation of low sulphur dioxide SO, emissions. Biomass also possesses the characteristics to
replace the fossil fuel energy that is fast depleting from the reserves, because it is renewable
and has the potentials for ash management and utilisation. Biomass energy utilization is about

27% out of 6 EJ/yr in the European Union countries [15, 17].



Table 1-1: World’s availability of domestic solid waste (percentage total) [18]

Components Lower limit Upper limit
Paper waste 33.2 50.7
Food waste 18.3 21.2
Plastics 7.8 11.2
Metal 7.3 10.5
Glass 8.6 10.2
Textiles 2.0 2.8
Wood 1.8 2.9
Leather and rubber 0.6 1.0
Miscellaneous 1.2 1.8

Principle of energy states that, energy cannot be created nor destroyed but can be transformed
from one form to the other. There are various forms of energy conversion technologies [19].
Direct combustion, gasification, and pyrolysis are the different forms of thermochemical
conversion technologies for heat and power generation from biomass fuels. The other form of
biomass conversion technology is the biological conversion processes. These thermochemical
conversion technologies are the most widely used because of its simplified method of
operations and high reliability [20].

The type of application required determines the method to be adopted for the biomass energy
generation, most especially in the production of electricity. Coal utilization and applications in
the process of biomass fuels for energy generation is highly commendable. Moreover, biomass
high moisture content and low calorific value contribute significantly to the reason why biomass
is usually co-fired with coal [2, 4, 13, 16]. On the other hand, coal has low moisture content and

high calorific value, which make it burn easily than biomass fuels. Biomass fuels burning flame

5



is considerably higher than that of coal therefore, it burns with flaming glow which can be
likened to oil and gas, while coal on the other hand, burns with char glow and last longer [21,
22].

Combustion of biomass fuels to generate alternative energy has been widely and globally
acknowledged through various researches at research Institutes and at the Universities of
higher learning [6, 12, 16, 17]. Although, some combustion beds have been used as Combine
heat and power, sufficient efforts are still required to maintain stable and regular supply of

energy.

1.3 PhD Project Goals

The main purpose of this research encompasses the reduction of agglomeration formation in a
Laboratory - scale fixed bed combustion of biomass fuels, using a high thermal resistant Gooch
ceramic crucible as the combustion chamber while studying the various forms of mechanisms of

agglomeration in the bed.

1.4 Objectives of the Project

° Characterization of the selected biomass for its suitability for combustion processes.

° Study the chemistry of blending biomass fuels and coal with silica sand.

° Factsage software application to predict eutectic points (fusion temperatures) on
both the binary and the ternary phase diagrams.

° Evaluation and analysis of the performance of single biomass fuel with coal in a
laboratory - scale fixed bed using Gooch ceramic crucible as the combustion
chamber.

° Evaluation and analysis of the performance of blends of biomass fuels with coal in a
laboratory - scale fixed bed using Gooch ceramic crucible as the combustion

chamber.



1.5

° Post combustion analyses on bed materials (agglomerates) using Scanning Electron
microscopy (SEM) to examine and evaluate the shape and morphological structure of
the bed materials with a view to establishing agglomeration tendencies in the bed.

° Post combustion analyses on bed materials (agglomerates) using Energy Dispersive
Spectroscope (EDX) to examine and evaluate the inorganic compositions of the bed
materials with a view to knowing the elements making up the agglomerates and
establish agglomeration tendencies in it.

° Measurement of size and shapes of bed materials before and after the
agglomeration tests to study variation in the bed particle size.

° Reality tests (KOH + Silica sand) to establish agglomeration tendencies in the selected

biomass fuels.

Potential Benefits of the Project

e The outcome of this project may offer solutions to reduction of agglomeration in a
laboratory - scale fixed bed and other combustion beds (FBC) during the combustion

of biomass fuels.

Blending different proportions of biomass together with a view to solving

agglomeration problems may further provide better understanding in the use of

biomass and biomass blends for combustion purposes.

e |t may also improve the performance of fixed bed combustors.

e Unscheduled boiler / combustion equipment shutdown because of formation of large
aggregates and slags within the combustor bed may be avoided.

e Maintenance cost of combustion beds may be reduced to the barest minimum.

e Production effectiveness and quality assurance are guaranteed because; interruption

to the combustion process may be largely avoided.



1.6 Contribution of this Research to Knowledge

e An appraisal of the use of a Gooch ceramic crucible as a reliable and dependable
combustion chamber for the combustion of single biomass fuel / blends of biomass
fuels in a laboratory scale- fixed bed.

e Application of Factsage software as the appropriate tool for the accurate prediction
and modeling of eutectic points (temperatures) in both binary and ternary phase
diagrams.

e C(Clear demonstration of the influence of Kaolin Al,Si,Os(OH), as a suitable additive to
combat or reduce agglomeration formation during the combustion of some
problematic biomass fuels in a laboratory-scale combustion of biomass fuels using a

Gooch ceramic crucible as the combustion chamber.

1.7 Importance of Biomass to Global Development

Relevance of biomass fuels to the development of global economy through reliable energy
supply cannot be over emphasized. Biomass can significantly bring about 60% to 70% of the
world energy if adequately harnessed [12, 23-25]. The continuous world population increase
also commensurate with high-energy demand for various applications such as heating homes in
the extremely cold regions of the world, sustaining quality research at higher institutions of
learning and research institutes, various hospital services, and industrial applications. Therefore,
regular and uninterrupted supply of energy is required for the technological advancement and
stability of global economy [26-28].

The world over dependence on the supply of energy through the conventional means (The fossil
fuels; the coal, crude oil and natural gas) is posing economic-instability especially in the
developing countries of the world [29, 30]. Many commercial activities in these countries had
been crippled because of the shortage in the supply of the fossil fuels. The continuous use of
these fuels poses varieties of danger to the society such as air pollution and increased

greenhouse effect. These fuels are reducing at a faster rate from the reserve therefore; more
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dependable, highly economical and environmentally friendly energy resources should be
harnessed to salvage the energy sector from total dependant on fossil fuels that are no longer
reliable. Moreover, biomass fuels possess some qualities that make it stand out; less ash
content, reduced carbon monoxide CO, and less unburnt carbon [2, 28, 31].

Respiration in biomass (plants) demands that, carbon dioxide CO,is taking in while oxygen O, is
released to the atmosphere. During photosynthesis, Equation 1.1, the absorbed CO, in
conjunction with water is used to manufacture biomass food in the presence of sunlight and

chlorophyll while O, is released to the atmosphere for the respiration in man [32, 33].

6C0O, +6H, O sunlight a Ce Hi2 O + 60, 1.1

Carbon dioxide + water sunlight Carbohydrates + Oxygen 1.2
a

When biomass dies, decay or burnt, the overall CO, it had stored in its entire lifetime is released

to the atmosphere thereby, making the whole combustion process of biomass fuels, CO,

neutral. Figure 1.2 was used to expatiate further.

CO-.
Energy
Crops
switch grass

Figure 1-2: lllustration of the overall CO, circulation (CO, in = CO, out) in biomass life.



The leaves that drop off from the biomass tree is also a very rich source of manure and
nutrients to the soil for un - interrupted growth of micro - organisms [34, 35].

In tropical regions of the world where rainfall is very predominant, growth of biomass is faster
and easier without the application of inorganic manure (fertilizer) or irrigation system.
Therefore, 60% of the entire universe land mass is occupied by biomass thereby, making its
dependence as alternative energy source to replace fossil fuels very reliable and sustainable.
Biomass fuels as a source of energy can be employed to meet the expectations of man in terms
of domestic, kitchen, commercial and industrial water heating purposes because, the heating
can be supplied from only one heating source. Wood can be regarded as the most common type
of biomass because it can be obtained locally and packaged to support rural economy [23, 36].
Benefits of biomass energy are numerous in terms of applications such as domestic use (heating
and cooking), industrial (tobacco curing, beer brewing, coffee and tea drying), and Scientific
laboratories [2, 12, 26, 28]. It is an energy source obtained from plants and animal waste,
industrial wastes, agricultural wastes, sewage and municipal wastes with the highest percentage
of this coming from wood and wood wastes. Biomass fuels processes for energy generation has
contributed immensely to the creation of employment. Virtually all the stages involved in the
processes such as planting, production, processing and transportation require huge labour. In
total comparison with fossil fuels, biomass can accommodate more labour or require more
labour than fossil fuels. Biomass was responsible for about eighteen thousand (18,000) work

force in German state of Bavaria [3, 15, 16].

1.8 Thesis Arrangement / Layout

The entire PhD thesis comprises of the research work carried out in the last four years. It has
been categorized into seven different chapters, and each chapter thoroughly describe detailed
work and analyses in each case as follows:

Chapter 1 encompasses the introduction aspect of the whole research. It contains the purpose
for which this research was embarked upon. It presented detailed background of the study to
include; varieties of biomass fuels available, their sources, and importance of biomass to global

10



development. Various problems usually associated with combustion of biomass with more
emphasis on agglomeration were adequately discussed.

Chapter 2 discusses the review of series of relevant work that have been carried out regarding
agglomeration formation in the combustion chambers. Techniques applied to reduce
agglomeration in the bed were also reviewed. Moreover, Mechanisms of agglomeration
concerning eutectic compounds and eutectic temperatures in the combustion beds were
adequately reviewed. Consequences of agglomeration on the industrial application of biomass
combustion were also considered. This chapter also discusses agglomeration detection
techniques and the significant of co — firing biomass fuels with coal among others.

Chapter 3 considers the theoretical background relating to the combustion of biomass fuels in a
fixed bed. The concept of both the binary and ternary phase diagrams was discussed. Some
fundamental principles of biomass combustion were also discussed.

Chapter 4 presents the detailed description of the experimental techniques and the entire
materials utilized during the conduct of this research. Selected biomass fuels are white wood,
willow, and miscanthus. Silica sand was the bed materials while kaolin was adopted as the
additive. Characterization of the selected biomass fuels for their suitability for the
agglomeration experiments were adequately considered. Post combustion analyses viz-a-viz
scanning electron microscopy and the energy dispersive x-ray spectroscopy (SEM & EDX) were
adequately analyzed to further confirm agglomeration formation in the biomass fuels. It also
contains all the laboratory analyses carried out on the selected biomass fuels during this
research

Chapter 5 discusses applications of software to predict the eutectic temperatures on phase
diagrams. Significance of both binary and the ternary phase diagrams as related to
agglomeration formation during the combustion of the selected biomass fuels in the combustor
chamber was properly considered. Simulation using Factsage software to predict/determine
the eutectic temperatures on phase diagram was thoroughly carried out.

Chapter 6 considers discussion of all the results obtained from the laboratory combustion
experiments carried out during this research. Critical analyses and comparison of the acquired
temperature data with simulation results were deeply considered. Simulation results emanated
from the use of Factsage software to determine eutectic points on both binary and ternary

phase diagrams were appropriately discussed. The experimental aspect focuses on heating the
11



biomass fuels beyond the sintering temperature (760 °C) with a view to determining the fusion
temperature of the biomass fuels. Charts, tables, graphs and schematics were sufficiently used
for the analyses.

Chapter 7 contains the overall conclusions deduced from this research work and relevant

recommendations about the proposed future works to commence afterwards.
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2 Literature Review

2.1 Introduction

Actualization of regular and uninterrupted supply of energy, particularly electricity in our
systems (homes, schools, hospitals, airports, industries and research institutes), have prompted
the design of some combustion beds for the production of alternative energy through the
combustion of biomass fuels [23, 37]. Dependence on the conventional energy supply (fossil
fuels) is no longer reliable and sustainable globally. Apart from the fact that, the resources are
fast depleting from the reserve, the flue gases emanating from the combustion of these fuels
are not environmentally friendly and tend towards polluting the surroundings [23, 37]. These
flue gases also constitutes greatly to greenhouse effects (CO, and CH,) through surface heating
[38, 39]. Biomass on the other hand, when compared with fossil fuels, is renewable [40, 41].

In a global context, a reliable, renewable, and environmentally friendly energy source that will
contribute immensely to the economic growth of the society is required hence, adoption of
biomass as alternative energy source to substitute the almost exhausted fossil fuels. Various
problems (agglomeration, fouling, erosion, and slagging) have been identified to associate with
the process of generation of alternative energy from biomass, hence, this research. The scope of
this research encapsulates reduction of agglomeration in a laboratory - scale fixed bed
combustion of biomass fuels using a Gooch crucible as the combustion chamber and kaolin as

the additive.

2.2 Biomass energy

Biomass energy is the energy derived from biomass fuel. It is an alternative source of energy
which can be used for purposes such as domestic (heating and cooking), industrial (tobacco
curing, beer brewing, coffee and tea drying), and laboratory. It is also a renewable energy
source obtained from plants and animal waste. Other categories of materials includes energy

crops which are crops grown specifically for energy production, virgin wood from forestry or
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wood processing, agriculture which are residues from agriculture harvesting, industrial wastes
from manufacturing and industrial processing, sewage and municipal wastes (post-consumer

wastes), with the highest percentage of these coming from wood and wood wastes [4, 42, 43].

2.3 Heat Transfer by Conduction

Heat transfer is the study of the science of energy transfer that takes place in a body, when
there exists a temperature variation between the source and the sink. Thermodynamics refer to
this type of energy as heat [44-46]. Temperature on the other hand, is the determination of the
coldness or hotness of a body in degree Celsius °C, degree Fahrenheit °F, or Kelvin, K. Apart from
the way and manner of the transfer, the rate at which the transfer occurs is taking into account
[47, 48]. Thermodynamics consider mostly systems in equilibrium state and may be applied to
forecast the actual amount of energy that would be required to change a system from one
equilibrium state to the other. In order to fully establish heat transfer rates in a system, first and
second laws of thermodynamics are applied.

There are three basic modes of heat transfer; heat transfer by conduction, convection, and
radiation. The heat transfer by conduction is the most applicable as far as this research is
concerned. Heat transfer by conduction occurs in a solid body whenever there is a difference in
the temperatures of the sink and the source [49]. Ideally, in a solid body, heat energy flows from
a higher temperature region to a lower temperature region.

Heat transfer rate per unit area denoted by g/A is directly proportional to the normal

temperature gradient, Equation 2.1

dT 2.1

Where q represents heat transfer rate, k (positive) is the thermal conductivity of the material

under consideration, dT/dX is the temperature gradient in the direction of the flow of the heat,
14



and A connotes the area of concentration on the body. The dT is a change in the temperature of
the body while dX is the body thickness. The minus sign (-) indicates that, heat flows from
source, T; to sink T, in which, the temperature at the source is higher than at the sink. A change
in the temperature dT is equivalent to T, - T; which is negative (-ve). Moreover, the minus sign (-
) was introduced to equation 2.1 so that second law of thermodynamics would be fulfilled and
that, heat must flow downbhill on the temperature scale. Equation 2.1 is referred to as the
Fourier law of heat conduction. It was named after a French mathematical physicist, Joseph

Fourier [50-52].

2.4 Review of Biomass Fuels Conversion Technologies

2.4.1 Fluidized Bed Combustion

This is a combustion technology mostly used in power plants. The technology of fluidized bed
combustion is quite different from that of fixed bed in several ways. It has various advantages
over the fixed bed combustion system. It can be operated at a low temperature (800 °C to 900
°C) [2, 53], therefore generation of NOy during combustion of biomass is reduced. Reagents
such as limestone can be used as bed materials to absorb SO,.

Some biomass fuels that are difficult to burn by conventional boilers can be fired in fluidized
bed. It operates with the principle of fluidization. The major purpose of this research work is the
reduction of agglomeration in a laboratory - scale fixed bed using a Gooch crucible as the
combustion chamber, but for the purpose of wide comparison, agglomeration in a fluidized bed
was briefly reviewed.

There are different types of fluidized bed among which are; Circulating fluidized bed (CFB) and
the bubbling fluidized bed (BFB), Figures 2.1 and 2.2 respectively. Principle of fluidization is
applied in fluidized bed combustion technology [54].
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Figure 2-1: A Typical Circulating Fluidized Bed Combustor, CFBC [55]
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Figure 2-2 : A Typical Bubbling Fluidized Bed Combustor, BFBC [55]
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They both operate under the atmospheric conditions. Relative to the installed capacity in MW
of each of these fluidized beds, Circulating Fluidized Bed (CFB) is more often used which is the
reason why large fluidized bed combustion boilers for power generation are always large CFB
and its operating fluid velocity is between 5 -10m/s. On the other hand, bubbling fluidized bed
(BFB) boilers are always used for small combined heat and power (CHP) boilers in district
heating systems or when applied industrially. Its operating velocity is 1 - 2.5m/s [2]. A third
system is the pressurized fluidized bed combustor (PFBC). The technology behind this began in
the early 80’s but because of several operational problems associated with it such as
pressurized coal feed; its patronage has not progressed. When PFBC is installed to its maximum

pressure, coal feed and ash removal is always very difficult.

2.4.2 Advantages of Fluidized Bed Combustion (FBC)

e Combustion of difficult to burn low-grade fuels of varying qualities can be
accommodated in fluidized bed combustion technology.

° Combustion of single fuel or blend of fuels can take place in the same unit.

e During combustion in fluidized bed combustor, there is very low tendency for thermal
NOx emissions because of its relatively low temperature of operation. Therefore,
magnificent environmental benefits are obtained with this type of technology.

e Bubbling fluidized beds are designed with high degree of flexibility. This enhances gas
recirculation volumes and air movement in the bed. It also allows adjustment of fuel
delivery to the bed to be carried out easily [56].

e Fluidized bed combustion is also used as power boilers mostly circulating fluidized bed
boilers with pulverized coal fired boilers as the major competing technology.

e Fluidized Bed Combustion is well equipped for co — firing in large power plant boilers.

e |f limestone (CaCOs;) is added to the bed materials in fluidized bed combustor, SO,
emissions can be reduced because, the probability of removing sulphur deposits from

the bed would be very high. However, there are some peculiar problems associated
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with fluidized bed combustion in which, its effect on the efficiency and general

performance of fluidized bed combustors are numerous.

2.4.3 Disadvantages of Fluidized Bed Combustion (FBC)
Listed underneath are the disadvantages of Fluidized Bed Combustion.
e Corrosion
e Clogging
e Starting time of the bed in some cases is tolerably too long
e Emissions from the bed
e Fouling

e Slagging

2.4.4 Fluidization

This phenomenon occurs in a fluidized bed combustor when a fluid is passed upward through a
bed of solid particles, which may be sand or other solids. At a low fluid flow rate, the bed
remains a fixed bed because the fluid just penetrates through the void spaces between the

stationary particles Figure 2.3
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Figure 2-3 lllustration of fluidization particles [54]
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A further increase in the fluid flow rate, the force applied is just enough to shake the bed and
the bed becomes expanded. At a higher fluid flow rate, a stage is attained when the bed
particles become suspended [57, 58].

At this point, the drag force on the particles created because of upward moving fluid counter
balances the weight of the bed particles. The bed particles thus become suspended completely
and then fluidized. Any further increase in the fluid flow rate will not have any significant impact
on the bed pressure drop. This happens because; the bed is already well aerated therefore, may
not require any further influence to deform it. The pressure drop across any section of the fluid
is almost equal to the weight of fluid and particles in the bed. The Velocity at which fluidization
takes place in the bed is the minimum fluidization velocity U, Beyond the minimum
fluidization velocity, bubbling fluidization occurs in the bed at a minimum bubbling velocity,

Ump, Figure 2.4. At this stage, the particles begin to exhibit many of the properties of fluids. [54,

59-61].
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Figure 2-4 Gradual transformation in fluidization of particles [54]
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Minimum fluidization velocity is the least amount of velocity required to significantly influence
and actualize fluidization of the bed particles in a fluidized bed. Minimum fluidization velocity is
not applicable to a fixed bed, since the bed and its contents are static throughout the
combustion of biomass fuels process. The minimum fluidization velocity in a fluidized bed can

be determined mathematically and analytically using the following Ergun’s equations [61]

_ d3(ps—pg) €m0l

Unny 150p 1-ems ’ Repmy <20 22
dpum
Rep,mf = puufpg 2.3

If the values for @ and ¢, (sphericity and voidage respectively) for the material are not known,
then Equation 2.4 can be used to calculate minimum fluidization velocity. From the equation, it
implies that increasing the bed temperature will lead to increase in the minimum fluidization

velocity of the bed particles.

U = ﬁ [(28. 7)2 + 0.0494 %} —2.87 2.4

Increasing the bed operating temperature increases the minimum fluidization velocity U of
the bed particles. Equation 2.4 (Ergun’s equation) can be used to predict minimum fluidization
velocity in FBC. In a sodium oxide dominated biomass fuels, the eutectic temperature at which
agglomeration occur in the bed is higher than when a potassium oxide dominated biomass fuels
are combusted even at the same pressure.

Bed height has significant influence on the pressure drop on bed particles during the
combustion of biomass fuels in fluidized bed. Bed pressure drop increases as the bed height
increases [14, 16, 51]. The following modified Carman-Kozney equation is very relevant in the

prediction of pressure drop at various bed heights for mixture of irregular particles [10, 62].
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Increasing the gas velocity to adequately high value, the drag force on the particles will
overcome and surpass the gravitational force on the particles. At this stage, the particles will be
entrained in a gas and carried out of the bed. The point at which the drag force is about to
exceed the exerted gravitational force is the maximum fluidization velocity. The terminal
velocity is the velocity of the particles when the gas velocity is equal to zero. It is the same as
the slip velocity between the particles and the fluid in a pneumatic transport [54, 59-61].

Aside from agglomeration, other problems associated with combustion of biomass fuels in beds
are corrosion, fouling, erosion, and slagging. Some researchers have carried out some research
work in this area but their work has concentrated on combustion of single or blend of biomass
fuels in fluidized bed combustors. This research work will look at combustion of some selected
single and blend of biomass fuels in a laboratory-scale fixed bed using a Gooch crucible as the

combustion chamber.

2.5 Fixed Bed Technology

The two most prominent energy conversion technologies are the fixed bed and the fluidized
bed. Fixed bed technology is gaining popularity in the conversion of biomass fuels to energy. In
a fixed bed, the solid fuel is introduced into the bed through the opening at the top and allowed
to flow downward the reactor or the combustor where reaction of the materials take place [63,
64]. The combustion gas (heat source) may be applied from the bottom (counter current) or
from the top (co-current). The downdraft fixed bed is the best cost effective for small and
medium scale energy conversion technologies and operations [65]. The biomass fuel particles
are fed to the combustion chamber through the top and allowed to react with the pre-heated
bed materials (silica sand) while heat was supplied to the combustion chamber through the
grates. In this present research, the perforated bottom of the Gooch crucible represents the

grates, Figure 2.5
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Figure 2-5 Schematic of a typical downdraft Fixed bed

a) Oxidant (heat source)
b) Grates

c) Biomass fuels

d) Gasemitted

e) Fixed bed of biomass fuels.

In fixed beds, combustion of fuels takes place in a stationary bed. There are two major types
and they are “underfeed stocker and the grating firing”. Generally, with these methods, primary
air is supplied through the grate from below and initial combustion of fuel takes place on the

grate through gasification process[65].

The underfeed stocker is a relatively cheap option for biomass combustion but only palatable
for small — scale systems. It is very easy to control compared to other technologies. This also has
some shortcomings such as ash removal problems, limited in terms of fuel types because ash
rich fuels may not be successfully burn with this system and this may cause instability of
combustion conditions. The grate firing has some advantages over the under feed stocker such

as accommodation of high fuels with high ash and moisture contents. In addition, fuels with
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different particle sizes can be accommodated. Other types of grate firing systems are travelling

grates, moving grates, fixed grates, and rotating grates.

However, there are some advantages and disadvantages associated with this type of technology

as listed below:
Advantages of fixed bed technology are;

e \ery easy to develop
e High conversion rate per weight of catalyst
e Affordable and low cost of construction, operation and maintenance

e The technology is very effective at high temperatures and pressures
Disadvantages of fixed bed technology are;

e Heat transfer from or to the reactor may be difficult

e QOccasional side reactions may occur

e Temperature control may be difficult

e There is possibility of temperature gradient occurrence.

e Replacement of catalyst may be difficult during operation.

2.6 Energy Sources

There are three major forms of energy sources; the renewable, non-renewable, and nuclear
energy [28, 66]. Non-renewable energy is also referred to as the conventional form of energy,
which includes the fossil fuels (coal, crude oil, and natural gas). Renewable energy resources are
also termed alternative energy resources that may be inexhaustible and these includes;
biomass, solar, wind, hydropower, marine and geothermal energies. Good percentage of
renewable energy comes from biomass [67]. Selection of an energy to be used at a specific time

must be based on the economic value, social, environmental and safety. There is a positive
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correlation between availability of energy and economic activities of a given society either large
or small [28, 68].

Biomass energy is the energy derived from the combustion of biomass fuels using the energy
conversion technology. Different categories of conversion technologies include the fixed bed
and the fluidized beds. Fixed bed was the traditional method of biomass / coal conversion in the
past [58, 69]. Fluidized bed on the other hand may be atmospheric (circulating or bubbling), or
pressurized type. Biomass energy is an alternative source of energy that is very useful in some
applications such as; domestic (heating and cooking), industrial (tobacco curing, beer brewing,
coffee and tea drying) and in the laboratories [17, 59, 70]. It is obtained from plants and animal
waste, industrial wastes, agricultural wastes, sewage and municipal wastes with the highest
percentage of this coming from wood and wood wastes [2, 23, 29]. Conversion of organic
wastes to useful fuels (synthetic) can be achieved through gasification, pyrolysis, bioconversion,
and hydrogenation processes.

Demirbas [2, 28] in his research showed that the presence of metals in ash, in association with
other elements (sulphur and silica) in fuel and coupled with the availability of chlorine, are the
major cause of unwarranted problems and reactions within the fluidized bed. Chemistry of the
ash formed in the bed indicated that, some elements such as K, Na, Mg, S, Cl, P, Ca, Fe and Si,
are actively involved in reactions leading to the development of problems such as fouling,
slagging and agglomeration in the bed during biomass combustion [2, 12, 71, 72].

In biomass fuel containing high alkali content especially potassium, direct coalescence of
potassium with quartz sand particles in gas phase usually contribute to the formation of a
eutectic compound, potassium silicate, K,SiO3 that has a lower melting point than the alkali or
the silica in the sand particles [3, 4, 10, 21, 73]. It thus melts and form coatings on the sand

particles which results to agglomeration in the bed.

2.6.1 The organic wastes
Organic residues or wastes are those that contain some carbon compounds, which are derived

from plants or animal materials. Numerous biomass fuels fall under this category [26, 27].

24



2.6.2 Municipal solid wastes
These include mostly the organic solid proportion of waste products emanated from urban
settlements especially the cities. It is a combination of domestic, demolition, and light industrial

wastes [26].

2.6.3 Commercial and Industrial solid waste

These consist of wastes having organic origin (organic part of the waste) emanated from
commercial and industrial processes or manufacturing operations. About 36 mega tons of these
wastes are generated in the United Kingdom each year. About one third of this is combustible.
The furniture industry has been estimated to burn about 35,000 tons as off-cuts and this

represented about one third of its total production [58].

2.6.4 Wastes from the industries

These may either be woody or non — woody wastes. Woody wastes are sawdust, chips, pellets,
logs and, off — cuts. Examples of non — woody waste are paper pulp/ waste [74], textile wastes,
and sewage sludge [19, 26]. Sewage sludge is the liquid waste from the industries and the cities.
The moisture content is very high therefore, it would require drying for it to be suitable for

combustion processes in the combustion beds [75].

2.6.5 Agricultural wastes

This refers to the waste products from agricultural activities and systems, which may be either
dry or wet [17, 26, 34]. The dry stuff includes those agricultural products that are not primarily
for immediate consumption. Examples are straw, poultry litter and corn Stover (leaf and stalk
from harvested maize). The wet wastes include wastes from dairy cattle, beef cattle, pigs, and

sheep [76].
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2.6.6 Food wastes
These are wastes from all food supply, processing or any food chain. In most cases, the moisture
content is always high, therefore proper drying of biomass is necessary for it to be suitable for

the anticipated combustion purposes.

2.7 Energy Crops

This refers to plants or crops that are cultivated or planted and grown specifically for energy
production. They are further classified into herbaceous crops (miscanthus), short rotation

woody crops (willow), and grass (switch grass) [77, 78].

2.8 Forms of Biomass Fuels

Biomass fuels appear in various forms; pellets, chips and pulverized. Wood pellets are very good
form of biomass for combustion processes. These are type of wood fuel generally produced
from compacted sawdust or other wastes from sawmilling processes. It can also be obtained
from other sources such as branches of trees leftover after logging. Pellets are produced in
different types and grades as fuel for electric power plants, homes, and other applications [79-
82].

One of the qualities that make it suitable for combustion purposes is its regular geometry and
small sizes which make it easy to load into the burner through the hopper. In an industrial zone,
loading of pellets into the burner can be done pneumatically via conveyor or manually
depending on the capacity of the burner [83]. Pellets high density also allows compact storage
and rational transport through a long distance.

To have a perfect and complete combustion, pulverized coal can be co—fired with biomass. This
is widely used in large power stations. Coal is finely shredded to about 70% - 80% of it by
weight. The combustion reaction is always faster using this method because finely grounded
coal has large surface area per unit weight than larger particles, thereby reducing complete
combustion time by 1 to 2 seconds [84].

In most cases, particularly for industrial applications, the pellet size is about 6mm to 8mm
diameter and about 20mm to 25mm long. It can be produced with low moisture content below

10% that allows it to be able to burn with high combustion efficiency [4]. However, the pellets
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are grinded to smaller particles before the commencement of the combustion processes on

them.

2.9 Coal Utilization in a Fixed Bed Combustion of Biomass Fuels

Coal is a non-uniform organic fuel, formed from partly or largely decomposed plant materials. It
is widely co-fired with biomass fuels to enhance the biomass combustion characteristics. Coal
formations usually occur through a process under very high pressures and temperatures. Coal
took its source from different types of plants. This singular fact about coal makes it to have

different types of characteristics and properties [85, 86].

2.9.1 Coal Processes (Thermo Chemical Combustion Processes of Coal)

There are different types of coal combustion processes available with the most commonly used
being the direct combustion while others are gasification, carbonization, coking, and
liquefaction. Direct combustion was the dominant coal process in the past [87-89]. The
combustion also depends largely on the particle size of the coal as itemized below:

Pulverized coal combustion - (smallest particles are required).

Fluidized bed combustion - (medium - sized particles are required).

Fixed bed combustion - (larger sized particles are required).

2.9.2 Coal Slurry

Coal slurry can be produced appropriately when mixed with either water or oil. When mixed
with water, it is referred to as coal- water mixture, (CWM). This could serve as a replacement
fuel for oil fired boilers. It is also very useful in the ignition of pulverized coal in existing furnace
systems and as a substitute fuel in gas turbine [90-92]. When mixed with oil, it is termed coal-oil
mixture, (COM). Research has indicated that, this cannot be used as oil replacement fuel

because there is always the problem of ash fouling associated with it when used [93, 94].
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2.9.3 Coal Classification and Characteristics

There are various types of coal in existence. The best way to classify coal is through the use of
the standard set by the American Society of Testing Materials, ASTM [95]. This is based on the
heating value and the fixed carbon content of the coal under consideration. Coal is classified
into four categories; lignite, sub-bituminous, bituminous, and anthracite.

(i) Lignite: This coal has the lowest value in terms of ranking. It has very high moisture content
and a low heating value [96] .

(ii) Sub Bituminous: This is dull and black in colour. It actually lost some moisture content but
still has low heating value and splits parallel to the bedding [37, 96].

(iii) Bituminous: This type of coal is dense, brittle, compacted, banded and display columnar
cleavage and a dark black colour. It also shows more resistant to disintegration in air than the
lignite and the sub bituminous coals [96, 97]. It also has low moisture content and a high
heating value.

(iv) Anthracite: This is a highly metamorphosed coal with jet-black colouration. It is very hard,
lustrous, and brittle. It breaks with a conchoidal fracture (smooth rounded surface). It has a very
low moisture content and very high heating value and carbon content [98].

Coal possesses some properties upon which its characterization could be developed. Among
these are; specific gravity, thermal conductivity, specific heat, density, swelling index,
temperature, moisture content, and the heating value [97, 98].

Precisely, to use coal appropriately, its composition as characterized by proximate and the
ultimate analyses must be known [98, 99]. The proximate analysis determines the moisture
content by drying, percentage of volatile matter, ash content, heating value and the fixed
carbon content. While the ultimate analysis gives the composition by weight of carbon C,

hydrogen H, oxygen O, Nitrogen N, and Sulphur, S.
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2.9.4 Specific Gravity of Various Species of Coal
Specific gravity is the ratio of the density of a substance to the density of a known reference
substance at the same volume. The reference substance is always water. Specific gravity of

some coals are shown in Table 2.1

Table 2-1: Specific Gravity of Different Species of Coals [100]

TYPES OF COALS SPECIFIC GRAVITY
Anthracites 1.7
Bituminous 1.4
Sub bituminous 1.3
Lignite 1.2

It clearly shows that, anthracite coal has the highest specific gravity while lignite coal has the
least. This makes anthracite coal the best for co-firing purposes because it exhibits more char

glow during combustion and last longer [69, 100].

2.9.5 Ignition Characteristics of Coals

Coal ignition is a phenomenon whereby a visible flame is produced at high temperature or a no
visible flame at low temperature when there is a reaction between the fuels (coal) and an
oxidizer (usually oxygen) [101, 102]. It is often characterized by the time required to achieve a
temperature for a specific combustion task. It is worthwhile to note that, there is no specific
ignition time recommended or exist but it all depends on a particular combustion task [102,
103]. This is a very important factor in the use of coal as fuel during the combustion of biomass
fuels.

A typical biomass fuel on dry basis possesses moisture content of between 4% and 8% and low

calorific value of 17MJ/Kg to 18MJ/Kg. Coal on the other hand, has very high calorific value of
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23.02MJ/Kg which contributes largely to its ability to burn effectively with char glow [104].
Burning flame of biomass fuel is higher than that of the coal, but burning time of coal is much
longer than that of biomass fuel. Biomass fuels burn with flaming glow while coal burns with
char glow.

To improve on the combustion characteristics of biomass fuels in the combustor chamber,
biomass fuels are usually co-fired with coal. The ignition time of coal depends largely upon the
coal particle arrangements [101, 104]. There are three of such arrangements;

(i) Single coal particles: There is no interaction among the particles in this category.

(i) Coal piles: This occurs in moving bed, fixed beds and coal storage layers.

(iii) Coal clouds: This exists in pulverized — coal combustors, furnaces, and in gasifiers. It is more

pronounce in fluidized bed combustors.

2.9.6 Variables Influencing Coal Ignition and Propagation Processes.

Literature survey revealed that, dry coal would ignite faster than the wet coals because self-
heating criteria are more pronounced in the dry coals. It was also discovered that, the adiabatic
self-heating temperature (ASHT) above which ignition will occur for lignite is 291 K (18 °C) and
378 K (105 °C) for bituminous coals in an adiabatic calorimeter. Dry and high volatile content
coals will self-ignite in 7 hours if exposed to air that is moist [101, 105]. Some of the factors

affecting coal ignition are presented in Table 2.2

Table 2-2: Variables Influencing Coal Ignition

Coal type Oxygen percentage Rate of energy addition
Coal size Initial temperature Initial pressure
Coal size distribution Dust concentration Auxiliary gaseous fuels

It takes several hours at low temperature for a coal pile to ignite meanwhile a coal dust can be
ignited in milliseconds at high temperatures. Generally, in coal processes, heating rate of 10° k/s

had been established. Some researchers concentrated their research on the mechanisms of bed
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agglomerations coupled with the prediction time and temperatures at which it would occur
[106]. Others depended on the use of standard ash test but this was criticized because
agglomeration could occur below the deformation temperature of the ash.

Addition of very good forest biomass to energy crops could reduce the formation of SOy, NOy,
and HCI emissions. It can also lead to reduction in agglomeration formation by diluting the
presence of alkali metals like Na and K and minimize every other problem associated with low
ash fusibility temperatures such as slagging and fouling [107]. The use of additives like dolomite
CaMg (COs), would result in a reliable bed management and may also control SO,, HCl and
agglomeration.

Biomass briquettes can be applied to reduce CO, emissions in fixed bed combustion. It is a
substitute to coal and charcoal [108, 109]. They are used in the industries to heat up boilers in
order to generate electricity from steam. It is also useful in the developed Countries as co-firing.
This can be achieved when coal is pre-mixed with briquettes to generate enough heat to the
combustor. This will reduce CO, emissions by partially replacing coal with materials already

contained in the carbon cycle. Briquettes contain majorly organic materials [110-112].

2.10 Effects of Moisture Content on Heating Values of Biomass Fuel

Moisture content of biomass fuel is the reduction in weight recorded when the fuel is
combusted to a temperature of about 108 + 2 °C in an oven and allowed to cool down [79].
Heating value of any substance or fuel is the amount of energy released per unit mass or per
unit volume of the fuel when the fuel is completely burnt. Percentage of moisture content in
each biomass fuel has a magnificent influence on the heating value of such fuel [113].

The higher the moisture content, the higher the latent heat of vapourization which also plays
prominent role in the determination of both the higher heating values and the lower heating
values of biomass fuels. Net calorific values of biomass fuels decreases as the moisture contents

increases while the density increases as the moisture contents increases, Figures 2.6 and 2.7
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Figure 2-6: Influence of moisture content on Biomass Energy and volume [79].
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Figure 2-7: Influence of moisture content on the calorific values of Biomass Fuels [79].
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2.10.1 The proximate analyses

It is also referred to as thermo gravimetric analyses (TGA). It shows the contents of biomass
fuels in terms of the moisture content, volatile matters, fixed carbon and the ash. However, the
fixed carbon content in each biomass fuel is also very significant in the determination of the

heating value of biomass fuels [114].

2.10.2 Fixed carbon

Fixed carbon refers to the solid left in the furnace after volatile matters has been distilled off.
This mostly comprised of carbon but contain traces of hydrogen, oxygen, Sulphur and nitrogen
that did not completely escape with the flue gases. The quantity or the percentage of fixed
carbon available in biomass fuels has much influence on the heating values. In fact, it has been
used to estimate the heating value of coal in the past [115]. This is different from the ultimate
carbon of the fuels because some of the carbon is usually lost in hydrocarbons alongside the

volatiles.

Analytically, fixed carbon can be determined thus;

Fixed carbon = 100 — (moisture content + volatile matter + ash) 2.6
Therefore;
Fixed carbon + moisture content + volatile matter + ash = 100 2.7

2.10.3 Lower heating value, LHV
This implies that, water completely remain as vapour therefore, the latent heat is not released
with the combustion products. Lower heating value is the net heating value, NHV. It can also be
described as the overall amount of heat given out when a unit mass (1 Kg) or a unit volume of
fuel is completely combusted in the presence of excess oxygen O, while the bye products of the
combustion is permitted to disappear to the atmosphere without the latent heat [115].
Analytically; [6, 113]

LHV = HHV - Latent heat of vapourization, KJ/kg 2.8
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2.10.4 Higher heating value, HHV

Higher heating value indicates that, water is in liquid state; hence, the heat released includes
the latent heat. This is the same as gross heating value, GHV. It is described as the total amount
of heat generated during the complete combustion of a unit mass (1 kg) of fuel in the presence
of excess oxygen while water vapour (product of combustion) cool down to liquid at a room
temperature. The Sl unit is MJ/kg. Latent heat of vapourization is added to the total heat
evolved [116].

Mathematically stated;

HHV = LHV + Latent heat of vapourization, KJ/kg 2.9
These values are very significant in analysing the combustion characteristics of biomass fuels
and could be determined experimentally or by calculation using some empirical equations.
Experimentally, the bomb calorimeter or adiabatic calorimeter could be used to determine the
heating values of biomass fuels [116]. Biomass fuel with higher heating value is a very good
material for combustion purposes. The heating values of a biomass fuel can be estimated from
its compositional analysis using the empirical equation 2.10 based on the ultimate analysis of
the fuels:

HHVp = 0.35Xc +1.18Xy + 0.01Xs - 0.02Xy - 0.10Xp - 0.02Xasy [3, 114, 116]. 2.10
Where, Xc, Xy, Xs, Xn, Xo,and Xasn are the mass fraction of the compositions of the biomass fuel
on percentage dry basis of Carbon C, Hydrogen H, Sulphur S, Nitrogen N, Oxygen O, and Ash
contents respectively. Unit is in KJ/kg dry mass.

The HHV is also a function of the fixed carbon (FC) and can be computed using Equation 2.11

HHV = 0.196(FC) + 14.119 2.11

Where HHV}, = Higher heating value on dry basis. This equation is suitable for the determination

of the HHV for both biomass fuels and coal [3, 114, 116].
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2.11 Significance of Heating Value of Biomass Fuels and Coal

Heating value of a substance (biomass fuels and coal) is a measure of the ability or tendency of
that substance to undergo self-heating reactions while supported by cellulosic or other fibrous
materials in air. In addition, it represents the auto ignition ability of the substance under such
condition [12, 114]. Proximate and ultimate analyses data are significant in the analytical
determination of the higher heating values of some selected biomass samples. Specifically, in
the research conducted by [6, 116], 12 samples obtained from Turkish sources were analysed
and the correlation of the obtained values was checked with the calculated values using
equations 2.10 and 2.11. The results are presented in Table 2.3

Experimentally, the higher heating values were measured with the use of the bomb calorimeter
per the ASTM D2015 standard method. Proximate analyses were carried out according to the
ASTM E870-82 standard test methods [114].

Structural and chemical analyses of biomass samples were carried out per ASTM D1103-80 and
ASTM D1104-56 standard test methods. Blend of some of the biomass samples could produce
good and suitable materials for fluidized bed combustion [117]. Moreover, the blends could also

generate valuable materials for combustion in a fixed bed.
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of some selected biomass fuels [114]

Table 2-3: Comparison between the calculated and experimental calorific values (HHV, MJ/kg)

Sample C H (o) N Ash | Experimental | Calculated | Calculated
HHV, MJ/Kg | HHV, MJ/Kg | HHV, MJ/Kg
(egn 2.10) (egn 2.11)
Olive husk 500 | 6.2 | 422 | 1.6 3.6 19.0 18.8 19.2
Hazelnut 529 | 5.6 | 42.7 | 14 1.4 19.3 19.2 19.7
shell
Hazel seed 51.0| 54 | 423 | 13 1.8 19.3 19.2 194
coat
Soft wood 521 | 6.1 | 41.0 | 0.2 1.7 20.0 19.8 19.6
Hard wood 486 | 6.2 | 411 | 0.4 2.7 18.8 19.0 19.0
Wheat straw | 455 | 5.1 | 341 | 1.8 13.5 17.0 17.3 18.7
Wood bark 531 | 6.1 | 406 | 0.2 1.6 20.5 20.3 20.4
Waste 483 | 5.7 | 453 | 0.7 4.5 17.1 17.2 17.4
materials
Tea waste 486 | 55 | 395 | 05 1.4 17.1 17.2 16.8
Sprucewood | 51.9 | 6.1 | 409 | 0.3 1.5 20.1 19.7 19.7
Beechwood | 495 | 6.2 | 41.2 | 04 1.4 19.2 19.0 18.9
Ailanthus 495 | 6.2 | 410 | 0.3 1.7 19.0 18.9 19.0

Comparing the calculated higher heating values obtained using the two equations 2.10 and
2.11, there is appreciable correlation in the values. This was observed in hazelnut shell, hazelnut
seed coat, soft wood, hard wood, wood bark, waste materials and spruce wood. On a broad
outlook, in comparison between the calculated and experimentally obtained higher heating
values, there is a good correlation between the obtained values. This was clearly displayed in
hazel nutshell, hazel seed coat, wood bark, and waste materials. Generally, there exist close

similarity in the high heating values obtained experimentally and the calculated.
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2.11.1 Volatile Matters in Biomass Fuels

These combustible gases vaporize easily whenever biomass fuels are being combusted. In most
cases, they are hydrocarbons such as carbon monoxide CO, methane CH; and hydrogen H [118,
119]. In addition, some incombustibles such as carbon dioxide CO, and nitrogen N could be
present. Volatile matter is an index of the percentage of gaseous fuels contained in biomass
fuels and coal. Typical range of volatile matter in biomass fuels is from 70% to 80% while coal

volatiles ranges from 8% to 45% [3, 120].

2.12 Ash Content of Biomass fuels and Coal

The percentage of ash content present in biomass fuels is one of the factors used to determine
its suitability for combustion purposes. The leftover of unburnt fuels in the combustion chamber
/ bed is termed the ash content [121]. Its value is significant in the combustion of biomass fuels
experiment especially in the design of the furnace grate and ash handling system of the furnace
Biomass fuels with high ash contents are capable or have very high tendency of complicating
combustion problems especially agglomeration in the bed during combustion [114, 122].
Composition of main ash forming elements in biomass are K, Na, Ca, Al, Si, Mg, P, Mn, Fe, S, and
Cl. Pure sawdust, peat, mixture of 10% peat/sawdust, and 20% peat/sawdust were investigated
and analysed. Percentage of potassium K in all the samples appeared to be similar. Silicon
content in the pure peat and 20% peat/sawdust are higher than the pure sawdust. Manganese
Mn content in all the samples is almost negligible. However, all the elements are present in the

samples but in varying quantities, Figure 2.8
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Figure 2-8 Composition of main ash forming elements in biomass [114]

Moisture contents of typical coals from literature fall within the range 4.3 % to 9.43 % by weight
on dry basis. In the same trend, the ash contents, volatile matters, and the fixed carbon of these

coals appeared relatively moderate, Tables 2.4 and 2.5

Table 2-4: Typical Proximate Analyses of Some Selected Coals [123, 124]

Parameter Indian Coal, % Indonesian Coal, % | South African Coal, %
Moisture 5.98 9.43 8.5

Ash 38.63 13.99 17

Volatile matter 20.70 29.79 23.28

Fixed Carbon 34.69 46.79 51.22
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Table 2-5: Typical Ultimate Analyses of Some Selected Bituminous Coals Samples [123, 124]

Parameter Sample 1, % Sample 2, % Indonesian coal, %
Moisture 5.98 4.39 9.43

Ash 38.63 47.86 13.99

Carbon 42.11 36.22 58.96

Hydrogen 2.76 2.64 4.16

Nitrogen 1.22 1.09 1.02

Sulphur 0.41 0.55 0.56

Oxygen 9.89 7.25 11.88

2.13 Setback Associated with Combustion of Biomass Fuels

Various complications are usually experienced during the combustion of problematic biomass
fuels / blends of biomass fuels in fixed beds and fluidized beds. This menace, if not controlled
could disrupt the whole combustion process or even damage the combustion equipment. Some

of these unwarranted occurrences are as discussed below:

2.13.1 Bed agglomeration

This is a fundamental problem usually experienced during the combustion processes involving
biomass fuels or coal blended with biomass fuels. Severe case of agglomeration can lead to
complete defluidization or total loss of the bed contents [10, 125]. Agglomeration is produced
in the bed because of the reaction between the alkali metals in the biomass fuels and the silica
from the sand, this union usually led to the formation of eutectic compounds [126]. These alkali
metals especially potassium, K are always released during the combustion process and react
with the silica SiO, from the sand to form coagulates or sticky layers on the surface of the bed
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materials as a results of the eutectic compound produced (alkali-silicates) [10, 125]. The silica
sand conserves heat and act as a heat reservoir [59].

The Eutectic compounds have a lower melting point than either the silica in the sand or the
alkali in the biomass fuel. Consequent upon this, it melts sharply below the melting point of
either the silica or the alkali and form coagulates on the surface of the sand particles [10, 125,

127]. Ash fusion temperature for biomass fuel is between 1000 °C to 1600 °C [36, 128].

2.13.2 Corrosion
This is the Corrosion of the interior walls of the combustion chamber or the tubes within the
boiler but, the extent of the damage is largely dependent on the feedstock introduced during

combustion process [129].

2.13.3 Clogging

This is a phenomenon whereby, some thick and sticky substances emanating from the
combustion process are formed within the bed or on the internal surface of the combustion
chamber thereby interrupting the efficient operation of the bed. It can lead to uneven bed

temperature distribution.

2.13.4 Emissions
These are the specific emissions emanating from the bed during the combustion processes of
biomass fuels. It includes CO, SO, CO, and NO, although biomass is CO, neutral. Thermal NOy

formation is experienced at elevated temperatures.

2.13.5 Slagging and Fouling
Formation of deposits especially on the boilers wall in areas directly opened to flame radiation
is called slagging. Meanwhile, fouling on the other side refers to deposits formed on the areas

not directly exposed to flame radiation such as closely spaced tubes in the convention areas of
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boilers. This has devastating effects on the combustion equipment in that; it can complicate the
deposition rates within the equipment.

Accumulation of irrelevant substances on the surface of the bed combustor is termed fouling. It
is a serious problem in design and operation. It poses a major threat in the operations of the
bed for quality assurance and production reliability [3, 130]. Where this occurs, the thermal
conductivity on the affected surface is reduced or interrupted. This can lead to decrease in the
effectiveness of the processing device (heat exchanger). If this persists, there is every tendency
for the surface area to be reduced and this may cause pressure drop across the entire device.
Additional or extra cost would be required to normalize the bed surfaces if production targets
are to be met. Moreover, fouling is believed to have been produced because of vapourization of
the volatile inorganic elements during the process of combustion.

Although reduction or total elimination of agglomeration in a laboratory - scale fixed bed
combustion of biomass fuels is the major/specific task of this research, an attempt will be made

to control any emissions that may arise from the combustion processes.

2.14 Consequences of Agglomeration in Combustion Beds

Loss of bed content and intent are the major consequences of bed agglomeration.
Agglomeration causes steady rise in bed temperature particularly when the combustion of
biomass fuels takes place in a fluidized bed. When agglomerates are produced in the bed, melt
layers increase and this causes formation of lots of lumps with wide voidage. The drag force
created by the upward fluid flow no longer counter balances the weight of the particles (weight
of suspended particles > drag force) therefore, the bed becomes depressed or defluidized.

Defluidization time decreases with increasing bed temperature (The higher the temperature the

quicker agglomeration occurs in the bed), Figure 2.9
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Figure 2-9: Graph of bed temperature versus defluidization time [131]

However, in fixed bed combustion of biomass fuels, there is no suspension of bed particles or
bed materials before the formation of agglomerates in the bed. Temperature plays a major role
in agglomerates formation in the bed. Addition of biomass fuels to the bed materials (silica
sand) that has been pre-heated to the ignition temperature of between 250 °C to 260 °C causes
an increase in the combustion chamber temperature [17, 22]. Biomass fuels burns with fuming
flame while coal burns with char flame. As interaction among the bed particles continue, alkali
metals (mostly Potassium K) from biomass fuel react with the silica from sand and produced a
low melting temperature eutectic mixture in the form of alkali — silicate. The eutectic mixture
has a lower melting point than the parent materials (alkali and silica sand). It melts quickly and

produce lumps of agglomerates in the combustion chamber.

2.15 Effects of Pressure, Gas Velocity, Bed Height and Temperature on Bed
Particles during Combustion

Pressure has significant effects on the agglomeration formation in fixed bed reactors. The higher

the pressure in the combustion chamber, the lower is the risk of agglomeration formation
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within the bed reactor. With addition of additive (kaolin) and increasing the pressure in the
combustion chamber, agglomeration has been established to occur only at elevated
temperatures [2, 4, 10, 132]. Consequently, pressure, temperature, fluidization velocity, and air
mass flow rate are operating conditions that can have significant effects on agglomeration in
combustion beds. Increase in the gas velocity in the combustion bed will lead to a better
interaction and proper mixing of the particles thereby elevating the force acting on the
agglomerates. Consequently, fuel ash in the gas will also increase and defluidization in the bed
will be decelerated. Increase in the gas velocity leads to extension of the defluidization time,
Figure 2.10 Pressure fluctuations are also very conversant with fluidized beds combustion of
biomass fuel experiments. Variance of high frequency pressure fluctuations was considered as

agglomeration warning in fluidized bed combustion of pine seed shell [59, 133].
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Figure 2-10 Influence of gas velocity on defluidization time in beds [59]

Many experiments on bench-scale and pilot-scale indicated a continuous decrease of the
variance based on high frequency (100 Hz) pressure fluctuation measurement during the
experiment involving pine seed shell. As agglomeration proceeds in the bed, variance in the

pressure changes significantly, Figure 2.11
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Figure 2-11 Pressure fluctuation variance in FBC during the combustion of pine seed shell [59]

Fluidization velocity and air mass flow rate have more influence on agglomeration in fluidized
bed compared to a fixed bed where temperature and pressure are the predominant factors that
influences agglomeration in the combustion beds [59, 133]. Temperature has appreciable effect
on defluidization time that decreases as temperature increases. Cost incurred in the processing
of the combustion of biomass fuels is considerably increased. Moreover, combustion efficiency

of the equipment (boiler) is reliable.

2.16 Preceding Approach to Solve Agglomeration Problem

Some researchers have attempted to tackle the agglomeration problem with different
approaches. The ash composition for coal is quite different from that of biomass. A research
conducted showed that, the presence of metals in ash, in association with other elements
(Sulphur and Silica) in fuel and coupled with the availability of chlorine, are the major cause of
unwarranted problems and reactions within the bed [2, 134].

The chemistry of the ash formed indicated that, some elements such as; K, Na, Mg, S, Cl, P, Ca,

Fe and Si are actively involved in reactions resulting in the formation of fouling, agglomeration
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and slagging in the bed during biomass combustion. It was made clear that, Chlorine reactions
could also lead to the formation of corrosion within the bed thereby complicating
agglomeration and that, at high temperatures, ash formation could also contribute to severe
corrosion formation in the bed [135].

Some bed materials and the agglomerates formed during the combustion of selected biomass;
straw, olive residues, peat, bark, and reed canary grass were subjected to electronic analysis
using the scanning electron microscopy (SEM) and energy - dispersive X-ray spectroscopy (EDX)
to determine the structure and the elements making-up the samples respectively.

In addition, the reaction of calcium with the quartz sand (bed materials) by diffusion was
identified as an aid and mechanism of agglomeration in the bed. Diffusion of potassium in a very
small available space where other ash compounds could not reach resulted in the formation of
potassium silicate. At an operational temperature, these materials were, melted and hence
allowed other higher diffusion rate of potassium leading to the formation of silicates. Calcium
silicate was discovered to be more stable than any of the silicate compound formed [125, 134,
136].

Moreover, it was discovered that, the coating or the outer layer formed was relatively
inhomogeneous and consisted of small particles in form of fuel-ash compositions. Apart from
the fact that, the small particles formed sticks to the quartz sand, there may be gas-phase
reactions, condensations and collision with melted ash particles to form agglomerates. These
actually displayed the mechanisms for the formation of agglomeration, particularly in fluidized
beds.

A research on bed agglomeration was carried out which led to the prediction of time and
mechanisms of bed agglomeration in the bed [5, 137]. During the research, agglomeration
problems were observed. Fluidized bed combustion of some biomass residues (Pine seed shells)
was conducted and it was discovered that, agglomeration was the major problem observed
during this process [125]. This was again due to the high alkali contents present in the biomass.
The combustion was carried out in both the bench-scale and a pilot- scale reactor. It was also
observed that, some factors had magnificent influence on the agglomeration problems among

which are the sand particle size, the combustor size, and the type of biomass used. Further
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analysis conducted on the particles after the bed had been defluidized indicated that, potassium
and sodium formed a eutectic compound with the sand, which melted at a temperature below
the melting point of either the sand or the alkali [138].

The analysis was done with the use of SEM and EDX. All the experiments conducted using the
two facilities eventually ended up in bed defluidization. Samples of agglomerates generated is

shown in Figure 2.12

ECN COMPO 15.8kY 2 108pm WO 15mm -

Figure 2-12 SEM image of agglomerate produced from pine seed shell [138]

Formation of agglomeration in the combustion bed began because of two major reactions [139].
The first was the reactions between the sand particles and the alkali present in the fuel which
led to the formation eutectic compound that has a lower melting point than the sand, or the
alkali thereby forming agglomerates [7, 10, 125]. The other one is the continuous usage of
inertial force to break the formed agglomerates against the internal surfaces of the bed. If the
first reaction prevails, defluidization of the bed is certain even though the agglomerates are
brittle.

Agglomeration behaviours of wheat stalk was investigated. Results indicated that, defluidization

time decreases with increasing the combustion temperature. Samples were retrieved at 750 °C
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and 800 °C. Post combustion analyses carried out on the bed samples was analysed with SEM

and EDX at 750 °C and 800 °C Figures 2.13 and 2.14 respectively.

Figure 2-14 SEM image of particles and EDX analyses at 800 °C [10]

SEM results showed that, elongation in the particle size was an indication that, agglomeration
had occurred in the bed. EDX results also confirmed that, Potassium K, calcium Ca, and silicon Si
played prominent roles in agglomerates formation in the bed. Some of the elements present at
the spots considered could not be determined hence; they were represented on the EDX Table
2.6 as nd.
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Table 2-6 EDX of wheat particles on the surface (wt. %) [7, 10, 125]

spot 0 Si K Ca Cl Mg P
A 5223 17.20 10.96 8.54 452 252 4.04
B 53.52 46. 48 nd nd nd nd nd
C 4988 2709 15.41 162 nd nd nd
D 47 83 43.54 8.63 nd nd nd nd
E 48.80 35.99 15.21 nd nd nd nd

Two South Australian low rank coals (Kingston and Lochiel) were known to be very rich in
sodium and sulphur (Na & S). Fluidized bed combustion of these fuels was carried out under a
tightly controlled operating condition. At a certain time, operational problems were noticed
within the bed [140, 141]. It was observed that, the particles of the bed became sticky,
agglomerates formed and the bed defluidized. This was caused by melting of alkali because of
the reaction between the alkali (sodium) and sand particles, which formed sodium sulphates, a
eutectic compound that has a lower melting point than either the sand or the alkali thereby
forming agglomerates. This research was carried out to compare the behaviour of these two
coals [140-142]. The experiment was performed using both the bench — scale and the pilot —
plant operation. Additive, kaolin (clay rich) was added to the Kingston coal during the
combustion. An examination of the ashes formed from the two coals indicated that, ash formed
from the Kingston coal was found to be less sticky than that from the lochiel coal. This led to the
Kingston having a longer time before agglomeration was noticed compared to the Lochiel coal
in which agglomeration of its particles was experienced too early and very predominant. Upon
analysis of the ashes, it was revealed that the kaolin had reacted with sodium to form a
compound, nepheline. This has a very high melting point that reduced the formation of sodium
sulphates (agglomerates) within the bed [143]. This actually displayed the effectiveness of
kaolin at combating agglomeration.

Combustion behaviours of phosphates rich fuel are grossly different from that of woody fuels. It

was established that, phosphate rich fuels exhibit very high stability during combustion.
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Moreover, phosphorus has very high affinity for cations such as potassium more than silicon
and this is the major element responsible for ash transformation reactions.

Agglomeration and defluidization could occur when resources are co- combusted or combusted
separately. This was investigated when high-sodium, high - Sulphur South Australian lignite
(coal) was allowed to undergo combustion through spouted-bed gasification process [138, 144].
It was noticed that, agglomeration could be avoided in the bed if the operations are conducted
under a low bed temperature below 850°C, maintaining consistent increase in the fluid velocity,
and maintaining ash content of the bed below 80 in terms of percentage by volume. An average
South Australian coal contained high sodium and sulphur. During fluidized bed combustion of
these coals, these elements form a eutectic compound in form of sodium - calcium - sulphates
that has a very low melting point. This created a very sticky paste within the bed. The lumps
continued interaction with the inert bed materials (silica sand) causing the particles to further
stick together and forming larger sized agglomerates.

Investigations revealed that some elements such as potassium K, sulphur S, and chlorine Cl are,
released during the co-combustion of coal and biomass (straw) [145-147]. It was discovered
that, the amount of KCl released during the co-combustion was far more than available during
the combustion of biomass fuel alone. This was carried out under a controlled temperature of
between 800°C and 1100°C and the amount of gaseous potassium released was merely lower
than what the value should be. Meanwhile, the amount of sulphur released during this process
depends largely on the temperatures and the proportion of the mixtures. At elevated
temperatures and lower straw (biomass), percentage of sulphur S, released in the mixture was
high because of the reactions between the K,SO,4 obtained from straw and coal-clay minerals
[144]. With high straw percentage and under a low temperature, sulphur from coal would not
be predominant because, it would have been captured by the calcium and potassium present in
the straw.

This therefore, is one of the best methods to control emissions emanated from co-firing in
fluidized bed combustion. It was discovered that, firing of pure straw resulted at a great
disadvantage because the bed was characterized by various degrees of bed operational

problems such as fouling, high emissions such as HCl and SO,. With the co - combustion of coal
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with low sulphur biofuels, emissions such as CO;, and SO, would be greatly reduced. A good
proportion mixture of 20% straw was suggested [144, 148].

Analysis of the variations in measured bed temperatures and pressures were initially used to
determine bed agglomeration tendencies. Experiments were conducted on about eight
different process variables. The results indicated that, for a fuel, the amount of bed material
and air to fuel ratio during heating and ashing, could not adversely affect or influence bed
agglomeration temperatures. It was clarified further that, bed particle size, the ashing
temperature and the ash to bed materials ratio could have a significant impact on bed
agglomeration temperatures [3, 140]. The agglomeration temperature was determined to be
899°C with a reproducibility of + 5°C (Standard Deviation). With this method, agglomeration

temperature of various blends of biomass fuels could be determined [2, 149].

2.17 Emissions from Combustion of Biomass Fuels

Emissions are products of combustion, it may be gaseous, solid and other particles usually
released to the atmosphere during combustion processes [150]. Emissions emanated from
automobiles and industrial zones are very common in the society. When emissions are released
to the atmosphere, there would be uncomfortable and contaminated air available. Heavy
pollution increased global warming, and gross threat to the global eco system [151].

The emissions from the bed combustion of solid fuels especially biomass fuels includes; CO,, CO,
N, NO, NO,, SOy NOy, SOy S [152] . These emissions depend largely on the type of materials
being combusted. Biomass is a very good material for combustion purposes because it is CO,
neutral [4, 153]. Addition of calcium carbonate, CaCOs (lime stone) to the bed will remove
Sulphur, S emissions from the system. The operating condition of fluidized bed combustion in
terms of temperature (600 9C to 1000 °C) does not permit formation of thermal NOy. High

thermal NOy would be produced at elevated temperatures 1450 °C and above [154-156].
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2.18 Fuel NOx and the Thermal NOx

Fuel NOy refers to the oxides of nitrogen that are produced during biomass fuel combustion
resulting from the reaction between the organically bounded nitrogen and the oxygen in the
fuels [157, 158]. This is also called oxidation reaction. Meanwhile, thermal NOy are the oxides
of nitrogen that are generated because of the reaction between the nitrogen in the combustion
air with excess air at elevated temperatures above 1000 °c although, it can be controlled by
adhering strictly to the normal operating conditions of the bed. NOy is highly hazardous in that,
it can react with water in the atmosphere and produce acid rain or corrosive acid, nitric acid

(HNOs) which is dangerous to the body [159, 160].

2.19 Sintering Temperature for Biomass Samples during Combustion

Sintering is heating and pressing a material close to its melting point to form a solid shape.
Sintering temperature is therefore the temperature at which biomass fuel begins to form
porous powdered mass by heating it close to its melting point [11, 125, 161, 162].

A little, above this temperature, melting and fusion of biomass fuels occur and this usually
aggravates agglomeration formation in the bed. Generally, biomass fuels have similar
properties. The sintering temperature of these biomass fuels is very significant in that; it can be
used to study their ash fusion characteristics and agglomeration behaviour in the bed. Sintering

temperature of some selected typical biomass fuels are as shown in Table 2.7.
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Table 2-7: Typical Sintering temperature of some selected biomass fuels [163]

Samples Sintering Temperature, °C

Reed canary grass 800 -900

Wheat straw 700 -750

Bagasse 800 -850

Bagasse leaves 850 -950

Wheat straw B 650 - 700

Olive stone 950 -1050

Forest residue >1000

Lucerne 625 - 650

Eucalyptus 700 - 750

2.20 Agglomeration in a Fixed Bed Combustion of Biomass fuels

Agglomeration is the major operational problem usually experienced during the combustion of
biomass or biomass co-fired with coal in combustion beds. If agglomerates formation in the bed
during combustion processes is not controlled, the consequence is that, it may lead to
complications in the combustion process [5, 125, 140]. Agglomeration is the formation of
agglomerates in combustion beds. It occurs because of melting and fusion of alkali metals
(Sodium Na, Potassium, and K) present in biomass fuels with silica present in sand particles
forming a eutectic compound [134, 138]. This eutectic compound has a lower melting
temperature than either the alkali or the silica. It melts abruptly below the melting point of
either the silica or the alkali with potassium K playing the prominent roles [10, 22].

Outcome of a research carried out [164, 165] showcased the mechanisms by which agglomeration
takes place in a fluidized bed combustor during the combustion of biomass fuels or biomass fuels
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blends. It was discovered that, the main mechanism of agglomeration and defluidization in
fluidized beds is the reaction between biomass fuels and silica from sand which changes the
fluidization behaviour of sand particles at high temperature. The research was conducted on pine
seed, agglomeration occurred during the combustion process. The combustion was carried out in
both the bench-scale and a pilot- scale reactor. SEM and EDX analyses were conducted on the bed
samples (agglomerates). It was established that, agglomeration actually occurred in the
combustor bed. Alkali metals, Potassium K and sodium Na formed eutectic compounds with the
silica in sand particles and this melted at a temperature below the melting point of either the
sand or the alkali [166]. This was a confirmation that, agglomeration was caused by the high
presence of alkali metals in biomass particularly potassium K and sodium Na. Similarly, a research
conducted [166] clearly indicated that, agglomeration usually occur in the combustor beds during
the combustion processes. Samples of the agglomerates formed during this process are shown in
Figures 2.15 and 2.16. Scanning electron microscopy image of the agglomerate produced is shown

in Figure 2.16 d.

(a) (b)

Figure 2-15 (a) Photomicrograph of a particle from an agglomerate found on the wall in a circulating
fluidized bed combustor, (b) Photomicrograph of agglomerate in the loop seal area of a circulating
fluidized bed combustor [166].
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Figure 2-16 (c) Photomicrograph showing mineral reactions around quartz grains in the agglomerated
bed material, (d) Scanning electron photograph of agglomerated bed particles. [166]

Combustion of some fuels such as willow, logging residues, wheat straw, and wheat distiller's
dried grain with soluble (wheat DDGS) was carried out in a 5Kw bench-scale bubbling fluidized-
bed reactor using olivine and quartz sand as bed material [167]. During the combustion process,
agglomeration was observed to have occurred in the bed. Post combustion analysis was carried
out on the bed materials, bed ash particles, and the agglomerates using scanning electron
microscopy SEM and energy dispersive X - Ray spectroscopy EDX for morphology and elemental
composition respectively. Powder X - Ray Diffraction (XRD) for the determination of crystalline
phases was also conducted on the bed samples.

Results indicated that, agglomerates were produced with the inner layer consisting majorly bed
material composition and outer layer containing composition like fuel ash characteristic. The
inner layer elemental composition comprised of Si, K and Ca. Agglomeration was also formed
because of adhesion of bed particles by molten silicate in form of K-Silicate. This conforms to

findings from other researchers[3, 22]. Analysis of the variations in the measured bed
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temperatures and pressures were initially used to determine bed agglomeration tendencies. It
was clarified further that, bed particle size, the ashing temperature and the ash to bed materials
ratio could have a significant impact on bed agglomeration temperatures [127, 138, 168]. With

this method, agglomeration temperature of various biomass fuel blends could be predicted.

2.21 Mechanisms of Agglomeration in combustion beds

Mechanism of agglomeration formation refers to the process by which agglomeration occur in
the combustor bed. The basic mechanism of agglomeration is the formation of a low melting
compound that lead to increased particle stickiness and subsequent formation of agglomerates
[14,7]. Biomass fuels are very rich in alkali metals. These alkali metals mostly potassium K
(metals in group 1 of the periodic table of elements) react with the silica in sand forming a
eutectic compound (alkali — silicate) which has a melting point lower than that of the alkali or
the silica. This compound melts abruptly and form lumps called agglomerates in the bed.
Viscous flow sintering was identified as the major mechanism of agglomeration, in a fluidized
bed. Diffusion/migration of potassium compounds through a very small available space where
other ash compounds could not penetrate amounted to the formation of potassium silicate [3,
10]. At an operational temperature, these materials melted and hence allowed other higher
diffusion rate of potassium leading to the formation of silicates. Calcium silicate was found to be
more stable than any of the silicates compound formed especially potassium silicates.

This revelation actually conforms to the outcome the research conducted [169-171] that, alkali
metals or its oxides, particularly Potassium K, are the main determinants of agglomeration
formation in the beds during the combustion of biomass fuels for energy generation purposes.
Other alkali metal that could adequately contribute to agglomeration formation in the
combustion chambers is the Sodium Na or its oxides. Alkaline earth metals (elements in the
group two of the periodic tables), Magnesium Mg, Calcium Ca, also display a significant degree

of coalescence during agglomeration in the combustion beds.
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Biomass is the percentage of living organisms by weight in a locality. There are two major
classes of biomass resources; organic residues / wastes, and the energy crops [2, 172, 173].
Various mechanisms that have been identified to be responsible for the formation of

agglomerates in combustor beds are discussed below:

2.21.1 Sintering of coatings mechanism

This is the formation of agglomerates in the combustor bed because of the sintering of coatings
mechanism undergone by the biomass fuels particles, Figure 2.17. Sintering is the formation of
shapes mostly from solid (powdered form) by heating the substance close to its melting point.
During combustion, most of the ash formed appeared as fly ash while the remaining proportion
remains in the bed. The inner layer is mostly comprised of the bed materials (silica sand) while
the outer layer is made up of the composition very alike the fuel ashes resulting from the

combustion processes.

Agglomeratesformed
due to sintering of the
coafings.

Gas phase ash Coatings produced at

sintering Temperature
6 6

Figure 2-17 : Mechanisms of agglomeration formation by sintering of coatings

2.21.2 Particle interaction mechanism
The other type is the particle interaction mechanism leading to the formation of agglomerates

by ash melts. Depending on materials and operating conditions, molten ash particles are,
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formed between bed materials [174]. As this persist, the formed molten ash become
concentrated between different bed materials resulting in formation of agglomerates, Figure

2.18

Bed materials Agglomerates produced duetoash-

melt

.
g
(N

Molten ash particles

Figure 2-18: Mechanisms of agglomeration by particles interaction

2.21.3 Coating - induced agglomeration mechanism

Reaction and diffusion of calcium into the silica have been identified as the dominating
mechanism for typical wood fuels. Low melting calcium based silicate with little traces of
potassium K were formed with subsequent viscous — flow sintering and agglomeration [10, 145,
175]. In other biomass containing high alkali, direct attack of the bed particles (silica) by
potassium compound in a gas phase formed a low melting potassium silicate, K;SiOs. This
compound melts quickly and subsequently form agglomerates in the bed [16]. This low melting

point is below a typical operating temperature of fluidized beds of 850 °C.
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2.21.4 Mechanisms of chemical reactions

Most agglomeration occurrences in beds at high temperature are induced by chemical reactions
through which cohesive particles are formed. It is caused by generation of ash, which has a low
melting temperature and reacts with bed materials. Formation of ash from fuels with a high
content of alkali especially Na and K has a low melting temperature [176]. Biomass ashes are
usually dominated by potassium K, calcium Ca, silicon Si, and traces of aluminium Al. If chlorine is
present in the fuels, potassium may likely be released as potassium chloride KCI. Without chlorine
in the fuels, carbonates, oxides, hydroxides, or sulphates may be formed.

Under normal fluidized bed combustion, fuels ash interaction occurs resulting in the formation of
molten silicates from potassium, sodium, calcium and sulphate-components and possibly solid-
solid reactions [177, 178]. Alkali has high mobility therefore; its ability to come into physical
contact with other materials is also high with potassium always playing the significant role.
Agglomerates produced in fluidized beds are always composed of potassium and silicon
sometimes with a little amount of calcium implying that compounds consisting of K,0-SiO, or/and
K,0-Ca0-SiO, are formed [179, 180]. Eutectic temperature of K,0-SiO, is as low as 770°C while
that of K,0-Ca0-SiO; in even lower. Gas-gas reactions may alter the gas-phase composition and

route of formation of smaller particles. This is illustrated with chemical Equation 2.12

KCl(g) + SOz(g) + HZO(g) - KZSO4(5) + HC|(g) 2.12
Fuel ashes dominated by calcium can produce crystals that form sintering in bed even at a
temperature as low as 500°C. A little temperature above this, the crystal will melt, Equation 2.13
[133].

Ca0 + S0, = C(CaS04 (crystal) 2.13

Low temperature melting ash constituents can induce formation and accumulation of

agglomerate in fluidized bed combustor. These agglomerates are usually composed of sand and
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ash particles, bound by fused glassy materials, can result to defluidization (loss of fluidization) or
unscheduled shutdown of the bed [59, 181].

A research was carried out [182] scanning electron microscopy (SEM) examination on
agglomerates produced in an experiment on some biomass fuels, olive husk and pine seed. The
inner region of the agglomerates where extensive melting occurs was enriched with potassium K
and sodium Na. The external region was composed of sand particles. Principally, agglomeration
mechanism or process is because of the reaction between the alkali in biomass fuels and silica in

sand particles.

2.21.5 Continuous impaction of ash particles

This is usually experienced because of accumulation of ash particles at high temperatures thereby
leading to the formation of slags inform of agglomerates. The rate of the agglomerates formation
is hugely dependent on the particle flux. If not controlled, it can occupy the whole combustion

chamber and complicate ash removal processes. [183, 184]

2.21.6 Condensation of volatile matters

Biomass fuels possesses high volatile matters. During the combustion processes of these fuels,
biomass exhibits fuming glow ignition with the volatile matters circulating in form of flue gases
within the combustion chamber. Upon making contacts with cooled surface, condensation of the

hot gases takes place and agglomerates resulted if the process is prolonged [183-185].

2.21.7 Long-term effects of Thermophoresis
This refers to the movement and accumulation of ash particles because of gas temperature
gradients in the combustion chamber. It is very common in minute particles especially during

initial process [186].
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2.22 Chemistry of Agglomeration Formation in Combustion Beds

Formation of agglomerates usually takes place in combustion beds (fluidized and fixed beds)
because of continuous interaction between the biomass fuels and the sand (bed materials) during
combustion. Alkali metals present in biomass fuels are mostly the elements of the first group of
the periodic table, Potassium K, Sodium Na, and Lithium Li. Most Predominant alkali in biomass
fuels is the Potassium, K. Sodium Na is often found and could dominate biomass fuels.
Agglomerates are produced in the combustion beds upon reaction with the bed materials, sand.
[10, 145]

The alkali metal, K possessed the affinity to form eutectic compounds or mixtures with the silica
SiO; in the sand. The produced eutectic compound has a melting point lower than either of the
parent materials; alkali metals and the silica, therefore it melts sharply below the temperature of
the parent material. Prolonged interaction of biomass fuels and the bed materials at the same
operating condition, usually leads to these materials gluing together and forming agglomerates in
the combustion bed. The reaction between the alkali and the silica produces Potassium Silicate
K,SiOs that is water soluble, and glass forming silicate or Sodium Silicate NaSiOs; which is also a

water glass that can be used as coagulant agent in the wastewater treatment plant.

2K + SIOZ -> KzSiOg 2.14

2Na + SIOZ -> NaZSi03 2.15

Potassium sulphate K,SO4 and Potassium chloride KCl usually condensed at the upper furnace
walls where it mixed with fly ash. Boiler design, fuel properties and boiler operations contributes
significantly to deposits formation during biomass fuels combustion. Most compounds containing

potassium K, sulphur S, and chlorine Cl constitutes the principal agents in formation of deposits.

Some sulphur S reacts with alkali metals to produce sulphates, which oxidises to SO, during

combustion, Equation 2.16

4K+ 2SO, = 2K;S04 2.16
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Alkali sulphates are very unstable at typical temperatures such as 900 °C. At this stage, they are
found clinched or condensed on fly ash. Mixtures of fly ash with alkali sulphate always encourage
formation of agglomeration in the combustion beds.

Chlorine Cl is an important facilitator of agglomeration in the beds. A reaction between chlorine

and alkali metals produces salt on the surface in the form of chlorides, Equation 2.17

K+Cl -  KCI 2.17

When potassium chloride KCl reacts with potassium sulphate K,SO,, sticky substance or coating
that induces particle attachment because of inertial impaction are formed. Alkaline earth metal
like calcium and potassium sometimes react with silicates deposited as fly ash to produce molten

and glassy phase leading to the formation of tightly bonded structure, Equation 2.18

Ca+Si0s = CaSiO4 2.18

In wood, potassium K is more reduced while calcium Ca and other alkaline earth metals

predominate. Alkaline earth metals are elements of group 2 on the periodic table.

2.23 Prediction of Agglomeration in Combustion Beds

Some researchers [4, 5] conducted a research on prediction time at which agglomeration would
occur in a fluidized bed and this is also applicable to a fixed bed. Their research was conducted on
fluidized bed combustion of biomass residue (Pine seed shells). Agglomeration was the major
problem observed during the combustion process. High alkali content particularly potassium
present in the biomass fuel accounted for the formation of agglomeration in the bed. The
experiment was carried out in both the bench-scale and in a pilot- scale reactor. Further analysis
conducted on the particles after the bed had been defluidized indicated that, potassium and
sodium formed a compound with the sand, which melted at a temperature below the melting

point of either the silica or the alkali. The analysis was done with the use of scanning electron
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microscopy SEM and the energy dispersive X-ray spectroscopy, EDX. A study of variations in the
bed pressure was conducted. Approximately 60% decrease of the variance from the steady
average value was measured indicating the beginning of defluidization. This occurred at exactly
130 minutes in the bench — scale, and occurred at 113 minutes on the pilot — scale FBC. This

occurrence largely depends on the operating conditions of the bed.

In another research conducted on fresh rice straw in a bubbling fluidized bed under different
operating conditions. Agglomerates were produced in the bed during the combustion experiment.
Upon examination through scanning electron microscopy SEM and energy dispersive x-ray
spectroscopy EDX, potassium K was the dominating alkali in the fuel just like a typical biomass fuel
while there was tremendous increase in the size of the particles after combustion [4, 5]. SEM and

optical images of the agglomerates are as shown in Figure 2.19

Figure 2-19 (a) Agglomerates produced in the combustion bed (b) Small slag block produced in the bed
(c) Detail of bed materials agglomerates under optical microscope (d) Bed material agglomerates under
SEM [5]
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A research that involved the combustion of some mixtures of biomass (rapeseed cake and spruce
bark) in a bench — scale bubbling fluidized bed reactor was carried out [187]. Quartz sand was
used as the bed particles. After the combustion of these fuels, the agglomerates and the ash
formed were examined with scanning electronic microscopy (SEM). Each fuel has different
agglomeration tendencies. Total defluidization occurs in the pure bark at a temperature of 1045°C
while defluidization occurred in the rapeseed at a temperature of 800°C. The low defluidization
temperature of rapeseed was because of the sticky ash dominated by phosphates (Calcium -
potassium/sodium phosphates). This shows that biomass fuels containing high percentage of
alkali are prone to produce agglomerates in fixed beds and fluidized beds during combustion of
biomass fuels [125, 134, 175].

Agglomeration may be experienced when fuels are co - fired or combusted separately. This was
investigated when high-sodium, high-sulphur South Australian lignite (coal) was allowed to
undergo combustion through spouted-bed gasification process. It was noticed that,
agglomeration could be avoided in the bed if the operations are conducted under a low bed
temperature below 850°C, maintaining consistent increase in the fluid velocity, and ash content of
the bed below 80 % [145-147]. An average South Australian coal contained high sodium, Na and
sulphur, S. During fluidized bed combustion of the coals, these elements form a eutectic
compound sodium - calcium - sulphates which has very low melting point compared to individual
element melting point and created a very sticky paste within the bed (agglomerates).

At elevated temperatures and lower straw (biomass), the release was high because of the
reactions between K,SO, obtained from straw and coal-clay minerals. With high straw
percentage and under a low temperature, sulphur from coal would not be predominant because

it would have been arrested by the calcium and potassium present in the straw. This therefore,
is one of the best methods to control emissions emanated from co-firing in fluidized bed

combustion [188].

63



2.24 Evaluating agglomeration potential in biomass fuels

In fact, the fuel type and bed materials usually determines the control of the overall bed
chemistry and introduction of additives to the bed materials is a universal way of reducing
formation of agglomerates in combustion beds. Interaction between the fuel ash components
and bed materials is very important factor to be considered [2, 11]. This agglomeration indicator
technique is particularly applicable to a bed where silica sand, SiO, is the bed materials. The

technique is further illustrated with equation 2.19

(Na+K)/(2s+Cl)>1 2.19

Considering the agglomeration indicator technique Equation 2.19, it may be assumed that, high
alkali in biomass fuels induced agglomeration tendency [11, 125]. At a temperature greater than
700°C, if the ratio (Na + K) / (2S5 + Cl) is greater than 1, there is every tendency that
agglomeration may occur during the combustion of the biomass fuels. The implication is that,
the biomass fuel is hugely dominated by alkali. The assumption for the indicator technique is
that, all the Sulphur S and Chlorine Cl in the fuel react with the fuel alkali species.

Consequent upon findings from related literature, it can be deduced that, the major process of
agglomeration formation in the fluidized bed is the formation of a eutectic compound between
alkali metals present in biomass fuels and silica in the sand particles as earlier discussed [125,
138]. The eutectic compound usually melts sharply below the melting point of the parent
materials and subsequently causes agglomeration in the bed. Eutectic point at which fusion of
the selected biomass fuels occurred in the bed would be determined on both the binary and the

ternary phase diagrams.

2.24.1 Phase Diagram

A phase diagram is a chart used to depict conditions at which thermodynamically distinct phases can
occur at equilibrium while a phase is a region in space at which substances remain homogenous

throughout its state [189-191]. Phase diagram is also a broad module that allows the
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determination of different combinations of pressure, temperature, volume, compositions,
chemical potential, and phase fraction. Phase diagram could be in form of unary, binary,
ternary, and multicomponent phase diagrams [132, 192-194]. In the case of the present
research, analyses have been strictly focussed on binary and the ternary phase diagrams.

Status of substances at a phase indicates that, their physical properties particularly pressure,
temperature and density usually remain constant. Phase transitions occur along lines of
equilibrium.

Generally, phase diagrams indicate physical states of substances at equilibrium. Temperature
and pressure are always considered as the key actors[147, 191].

Temperature is plotted against concentration of two components at different compositions in a
binary mixture. Meanwhile in the ternary phase diagram, three components at different
compositions were considered simultaneously. This type of solution could be either a solid
solution or eutectic. A eutectic point is a point on the phase diagram where a eutectic
mixture/compound is formed. A eutectic mixture is that which melts at a temperature below
the melting point of the individual components making up the mixture [195, 196]. The mixture
is always a solid. A typical example of a phase diagram illustrating the onset of formation of

eutectic compound is as shown in Figure 2.20
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Figure 2-20: Schematic of a typical binary Phase diagram
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The binary phase diagram consists of the temperature as the ordinate and the compositions of

the SiO,and K,O components in the mixture as the abscissa. Potassium oxide from biomass fuels

and silicon oxide from the bed materials are plotted on the phase diagram. The melting point of
Si0, is 1700 °C while the melting point of K0 is 1190 °C.

These two compounds react together to form potassium silicate K,SiOs which is a eutectic
compound having a lower melting point temperature than either the K,O or the SiO,. The
temperature at which the formed compound melts is the eutectic temperature, which occurs at
the eutectic point.

Agglomerates formation in the bed is also likened to the adhesion of the fuel particles because
of the produced molten fuel ash in the form of potassium-silicate, K-Silicate. The produced
eutectic mixture melts abruptly on the surface of the bed materials and form lumps in form of
agglomerates [4, 5, 10, 188, 197]. The inner core of the agglomerates is predominantly
comprised of the bed materials (silica) while the outer layer is make-up of the ashes from the

burnt biomass fuels. Figure 2.21 below was used to illustrate further.

Inner core layer (silica). Outer layer (biomass fuel ashes)

Figure 2-21: Composition of Agglomerates in bed
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2.25 Distinction between Simulation and Modelling

Modelling refers to the act of representing part of a system or the entire system as a whole in a
more simplified approach with the intention to promote better understanding of the
system[198, 199]. A good model contains all the necessary facts needed to exist about the
system under consideration otherwise, it will not be genuine and valuable details would have
been lost during the modelling. Moreover, models, which are not too complex, would facilitate
easy understanding of the message it is disseminating and the simulation process. Models are
simplifications of reality and are therefore, less complicated than reality [200]. Models are
subject to change but must maintain its correspondence with reality. Models could be static or
dynamic. A static model indicates a set of element and any relationship that exists between
them. While a dynamic model is that which describes the behaviour of one or more elements of
the system. However, on the other hand, Simulation is the use of a well-written computer
program (software) to intensify interactions among parts of the system of the model with a view
to establishing the expected facts. It is always made interactive for easy understanding. It can
simply be referred to as computerized version of the model which is run over time to study the

implications of the defined interactions[201].

2.26 Reduction of Agglomeration Techniques in Combustion Beds

Addition of additives to biomass or biomass blends co-fired with coal can reduce agglomeration
tendencies of biomass fuel in combustion beds (a fixed bed and fluidized beds) by removing
alkalis from alkali chlorides or alkali oxides. This can prevent the release of gaseous potassium
chloride, KCl (g or react with the potassium chlorides to produce a component, which is a less
destructive component [202, 203]. Example of these is alumina-silicates Al; Si; Os (OH)4 called
kaolin or China clay. This compound (aluminosilicates) is made up of oxides of aluminium and
silicon (Al,03 & SiO;). The common form of the compound is kaolinites whose chemical formula

is Al Si; Os (OH)4 which is the main source of kaolin.
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Reaction of the additives with Potassium K, produces K — alumina - silicates which has great
affinity for reducing the formation of Potassium Chlorides, KCl () in the combustion chamber.
This method had been applied by some researchers [4, 204]. In most of the researches, kaolin
was added to the bed materials while co-firing single biomass with coal. In this research work,
blends of biomass fuels, coal, and kaolin will be combusted in the bed combustor. Addition of
kaolin to biomass fuels or blend of biomass fuels with coal may reduce agglomeration
tendencies of these fuels. Kaolin can alter the chemistry of the reaction that causes
agglomeration in the bed and thereby reducing the tendency for the formation of agglomerates.
Kaolinites can remove the alkalis present in chlorides (NaCl & KCl) in coal ash at an operating
temperature of 1200 °C [205, 206].

If alumina rich compounds such as kaolin are present in the bed materials, the solid-to-solid
reaction may result in the formation of alkali-aluminium-silicates, K,0-Al,03-Si0, that has a
much higher melting temperature than alkali-silicates, K,O0-SiO, [23]. Operating the bed
combustor at this condition may not lead to agglomeration formation in the bed except at
elevated temperatures [197, 207].

Other methods to reduce agglomeration include; the use of alternative bed materials, improved

reactor design and modified operating conditions.

2.27 Co - Firing Coal in Combustion Beds

Coal is a non-uniform organic fuel, formed from partly or largely decomposed plant materials.
Coal formations usually occur through a process under very high pressures and temperatures.
Coal took its source from different types of plants [23, 89, 208]. This singular fact about coal
contributes significantly to the differences in its characteristics and properties. Comparison
between biomass and coal, biomass has very high moisture content and low calorific value
therefore, may not burn easily hence, it is usually co — fired with coal in combustion beds
(fluidized bed and fixed beds).

Co —firing is the combustion of more than one type of fuel simultaneously in the same furnace
at the same time [151, 209]. It is advantageous because both fuels are solids. Biomass has high

moisture content, high oxygen and hydrogen fractions than coal. Coal on the other hand is
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denser and has more carbon fraction than biomass. Because of this, biomass tends to generate
less energy compared to coal. In addition, biomass has high volatile matter than coal and
therefore has more flaming combustion than char combustion. In terms of ash content, coal has
higher ash content than biomass. However, biomass ash is prone to formation of deposits
(slagging and fouling) within the bed [84, 210].

In terms of mixing ratio, if the percentage of biomass in the total mixture is 30% or more,
formation of slagging and fouling may be a significant problem within the bed. However,
approximately 5% to 10 % biomass of the total mixture appears not to cause any noticeable
problem of slagging and fouling in the bed. Less than 30% of biomass in the total mixture is
recommended for effective co- firing [3, 211, 212]. Addition of calcium carbonate, CaCOs; (lime

stone) to the bed will remove Sulphur, S emissions from the system.

2.28 Summary

With particular reference to the journal papers reviewed, it can be concluded that,
agglomeration is a major problem usually observed during the combustion processes of
problematic biomass fuels. Agglomeration was experienced in most of the researches
conducted on the combustion of biomass fuels in combustor beds. Sections 2.13 and 2.14
discussed consequences of agglomeration during the combustion of biomass fuels. Biomass is
CO, neutral and very rich in alkali metals potentially potassium and K and sodium Na. Reactions
between the alkali metals and the silica from sand leading to the formation of eutectic
compounds is the main mechanism for agglomeration in the combustor beds. The eutectic
compounds have lower melting temperatures than the alkali and the silica therefore, melts
quickly and formed lumps (agglomerates) in the combustor beds. Agglomeration and
subsequent defluidization occurred at 800 °C during the combustion of rapeseed cake in a
bench-scale bubbling fluidized bed reactor. Also, agglomeration was experienced at 113
minutes in a pilot-scale combustion of pine seed shells and at 130 minutes in a bench - scale
fluidized bed reactors [4, 5]. Addition of additives such as kaolin, Al, Si, 04 (OH)sto bed materials
during biomass fuels combustion may reduce the formation of agglomerates in the combustor
beds. Most of the researches conducted on the combustion of biomass fuels were carried out

using the conventional combustion chambers; fixed bed and fluidized bed (pilot - scale and
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laboratory - scale) but in this present research, Gooch crucible was introduced as the
combustion chamber. This was to enhance temperature distribution within the combustion

chamber.
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3 Theoretical Background

3.1 Introduction

Theoretical background of this research work comprises of the theoretical concept,
fundamentals and the basics of agglomeration problems in combustion beds. This is particularly
applicable to fluidized bed and fixed bed. Appropriate biomass fuels for this research were
jointly selected with the industry-based supervisor who was initially co-supervising this project.
The selected biomass fuels are; willow, white wood, and miscanthus. Biomass fuels could
appear in various forms such as pellets, pulverized, and chips. However, white wood and the
miscanthus were prepared in pellets form while willow was prepared in chips form (as received
from the supplier). These fuels were crushed to the same particle size in readiness for the
combustion process anticipated to be carried out on them. During the combustion of biomass
fuels, agglomeration is experienced at a temperature a little beyond the sintering temperature
which indicates the beginning of the formation of porous powder like substances [11, 125, 161,

162]. The ignition temperature of biomass fuels is between 240 °C to 260 °C [4, 5, 84, 106, 213].

3.2 Concepts of Agglomeration

Agglomeration is the formation of solid lumps in the combustion chamber during the
combustion of biomass fuels. Silica sand, which is the bed material, contains silica oxides (SiO,)
while biomass fuels contain alkali metals; Na, K of group one on the periodic table of elements.
At a temperature just above the sintering temperature of biomass fuels, interactions begin to
take place among the bed materials and the biomass fuels in both fluidized and fixed beds. This
leads to the formation of a eutectic compound in the form of alkali-silicate (K,SiOs) [5, 10, 145,
197]. Addition of additive to the bed materials would prevent occurrence of agglomeration in
the bed. Kaolin was selected as the additive to be used in this research. Addition of kaolin, Al,
Si; O4 (OH)s to the bed contents (premixed or added in the process), will form an alkali-alumina -

silicate compound (K - alumina - Silicates or Na - alumina - Silicates) that has a much higher
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melting temperature than either the silica from the sand or the alkali from the biomass fuels
[125, 202, 214]. This melting temperature is also higher than the recommended operating
temperature (750°C to 900°C) in combustion beds (fixed beds and fluidized beds). This simply
implies that, with the addition of kaolin as additive to the bed contents during combustion of
biomass fuels, agglomeration was predicted to occur at elevated temperatures of 1200 °C to

1700 ° C depending on the dominating alkali metal (K or Na).

3.3 Pyrolysis of Solid Fuels (Biomass Fuels)

Pyrolysis can be described as the thermochemical conversion of solid fuels (biomass fuels) at
elevated temperatures in the absence of oxygen to produce gases and liquid as by-products
leaving char as the residue. The char is highly rich in carbon. In a situation whereby the char
produced is mostly dominated by carbon, the process is termed carbonization. The word
pyrolysis is derived or borrowed from a Greek word as “pyro means fire’”” while “lysis implies
separating”. The starting temperature of pyrolysis is between 200°C - 300°C [124, 215-217].

In this research, the combustion of biomass fuels experiments that was targeted at reducing
agglomeration by the addition of additive can be likened to pyrolysis because the process and
the operating conditions appears similar. However, their differences and similarities would be

considered in detail at the appropriate chapter in this thesis write up.

3.4 Stoichiometric Combustion

In an air/fuel mixture, stoichiometric combustion is the ideal combustion process when the
theoretical air supplied is exactly enough to completely burn the required fuel. This is not
always practicable therefore; additional air is required to completely burn the fuel. The
additional air is termed excess air [13, 16, 21]. To protect the life expectancy of the combustion
equipment, it is advisable to run such equipment (boiler) at 10% to 20% more than the required

air to burn the fuel completely.
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In a situation whereby inadequate air is supplied during the combustion process, an incomplete
combustion ensued. Combustion products at this stage include; soot, carbon monoxide CO, and
unpalatable smoke. This development can cause environmental pollution, surface fouling,
instability in the combustion flame, and gross reduction in the efficiency (performance) of the

combustion device [12].

3.5 Air/Fuel Ratio (AFR)

This rationale is very important in the determination of the appropriate proportion of air and
fuel in the mixture during combustion processes particularly in fluidized beds. Air-Fuel mixture
is termed lean mixture when the proportion of air in the mixture is more than the
stoichiometric while a rich mixture ensued when the proportion of air in the mixture is less than
the stoichiometric [1, 14, 21]. The air is the oxidizer. The general chemical equation for the
stoichiometric combustion of a hydrocarbon (methane, CH4) is as given below:
CHg +2(0; +3.76N,) > CO, +2H,0 + 7.52N; 3.1

CO, compositions in the flue gases decreases as the excess air increases while O, compositions
in the flue gases increases as the excess air increases. Figure 3.1 was used to illustrate the
combustion processes during the combustion of biomass fuels in combustion beds while Table

3.1 shows the combustion variables. Meanwhile, “nd” on the Table 3.1 implies not determined.

Air Combustion products

Combustion chamber ﬁ
EH

CDZJ HEUJ 021 & N2

Figure 3-1: Schematic of the combustion processes
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Table 3-1: Combustion variables

Element symbols Atomic mass Molecular mass Combustion Products
C 12 nd CO,
H 1 2 H,0
N 14 28 nd
S 32 nd SO,
o 16 32 nd

3.6 Thermal Conductivity

Fourier’s law is the governing equation for thermal conductivity in solids. In this research,
Fourier’s law was applied to determine the amount of heat transfer from the burner flame to
the Gooch ceramic crucible as follows believing that, the system is in a steady state (no change
of temperature with time). The unit of thermal conductivity is in watt per meter per degree
Celsius when the heat flow is expressed in watts.

Heat transfer through the high alumina Gooch ceramic into the combustion chamber was
calculated thus;

Thermal conductivity for alumina ceramic, K =32 W.m k™

Flame temperature of burner T, = 1059 °c

Temperature within the chamber T, = 802 °c

Crucible thickness dX = 3mm

Change in temperature, dT =T, - T; =802 - 1059 = 257 °%c=-530K

a4 _ _p4r 3.2
A
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Therefore, amount of heat transferred through the ceramic crucible is determined using the
Fourier’s equation of heat conduction below;

% =-32W.m*k**-530K/0.003m

= 5.7 MW/m?

3.7 Energy Dispersive X- Ray Spectroscopy (EDX)

Energy Dispersive X- Ray Spectroscopy (EDX) analysis conducted on the retrieved agglomerates
after combustion was meant to determine the elemental compositions of both the outer and
the inner layers of the agglomerates, with more emphasis on the dominating alkali in the
particles using the electron microscope.

Apart from the elemental composition determination, it also takes into consideration; electron
distribution in the K, L, and the M shells of the elements making-up the samples [218, 219].
During this process, electron e- from the SEM space dropped on one of the electrons on the K-
shell of the sample’s atom thereby creating an electron vacancy. The vacancy is quickly occupied

with another electron from a higher energy level. This was illustrated with Figure 3.2

Silicon, Si e

e from atom

A
y

A\

e from SEM

Figure 3-2: Electron’s behaviour during SEM analysis
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Transition of the elements and the energy of the X-ray machine are completely dependent on
the characteristics of the elements. The X-ray machine can easily detect majority of the

elements on the periodic table except the noble gases (Helium, Neon, and Argon) [220].

3.7.1 EDX Spot Analysis
This is the identification of a particular point on the sample and then determine the elemental

composition at that spot [220].

3.7.2 Spectrum Analysis

This is the division of samples into array of spectra. Each spectrum is analyzed with a view to
determining the elemental composition in it [221]. The elements making-up the samples are

confirmed via this methods and mapping.

3.7.3 Element Mapping

Mapping is the separation or breaking of the sample (post combustion specimen) into various
segments to critically distinguished the elements making-up each of the segments. This is to
ensure that, the elements in the samples under consideration are equally distributed. The maps
are compared with the SEM image to verify if they are in conformity in terms of shapes, colour,
and structure [222]. The elements are classified into K-a, K-B, and K-y.

Element mappings emanated from the SEM and the EDX analyses of the biomass fuels for this
project are presented in chapter 7 of this thesis. Generally, in terms of appearance, there are
many similarities in them as displayed. In the mappings, the dominating elements in each case

are clearly shown.

3.7.4 Scanning electron microscopy

Scanning Electron Microscopy (SEM) analysis of bed samples after combustion and
agglomeration tests on the biomass fuels is to examine microscopically, details of the particle’s
surface in terms of growth or increase in morphological structure, shape and texture of the

particles. These are displayed conspicuously on the SEM micrographs. Increase in the size and
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shape of bed particles is an indication that, the bed particles have lumped or fused together to

form agglomerates.

3.7.5 Particle size measurement

This is the determination of the size of the biomass fuels particles, before and after the
agglomeration experiment. An elongation in the size of the particles after the combustion
processes is a manifestation of the fact that, fusion of the particles had occurred. It was
performed differently on the bed samples collected at various bed temperatures (700 °C, 750
¢, and 802 °C) and compare with the initial (before experiment) bed particle size of < Imm.
Increase in the bed particle size is an indication that bed particles have fused together and thus
produced agglomerates in the bed. Large Stuck of ash particles in the bed is the main reason for

bed agglomeration [223].
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4 Experimental Techniques and Procedures

4.1 Introduction

This chapter contains the experimental set up for the conduct of the combustion experiment in
the Laboratory. It comprises of all the equipment and the procedures guiding the experiment.
The experiment was conducted at the combustion laboratory, Department of Mechanical
Engineering, University of Sheffield. The equipment used are; High alumina Gooch crucible,
Roxio Burner, butane/propane mix cartridges, wire gauze, platinum thermocouple, stainless
steel tripod stand, temperature data acquisition or data lodger (Pico instrument), smoke tunnel,
and a lighter. Materials used for the experiment are; biomass fuels (willow chips, miscanthus
pellets, and white wood pellets), silica sand (bed materials), coal (Cerrejon coal), and kaolin
(additive).

Other aspect of the experiment is the thermal analyses which encompasses of the thermo
gravimetric analyses (proximate analyses) and the ultimate analyses (C, H, N, S & O) using the
Perkin Elmer instruments. The thermo gravimetric analyses (proximate analyses) and the C, H,
N, S, & O (ultimate analyses) were conducted at the combustion laboratory located at the Low
Carbon Combustion Centre of the University of Sheffield (Beighton site) while post combustion
analyses (SEM and EDX) of the produced agglomerates were carried out at the SORBY Centre,
North Campus, University of Sheffield.

4.2 Materials Adoption

Identification and selection of suitable raw materials that are required for the overall conduct of
this research work are discussed in this sub section. The materials were carefully selected in
conjunction with the Industrial based Supervisor of the “Biomass and Fossil Fuels Research
Alliance” BF2RA. During the combustion of biomass fuels at the industry, there used to be
eruption of some combustion problems particularly agglomeration. The interest of the BF2RA is
to investigate the mechanisms of agglomeration in the bed with a view to finding a lasting
solution to its reduction hence, the selection of these biomass fuels. The selected biomass fuels
are willow, miscanthus and white wood. Other materials are coal, silica sand, and additive. The
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coal is El-Cerrejon (Columbian coal) while the alkali absorber (additive) used is kaolin,

AlLSi,05(0H),.

4.3 Materials Selection

Apart from the fact that, biomass possessed similar characteristics and properties, there are
other factors that needs to be considered while selecting biomass fuels for experimental
purposes. One of such factors is availability of the materials. Biomass fuels considered for this
research includes; switch grass, white wood, willow, tobacco leaf, miscanthus, hard wood and
wheat straw. Ash contents by weight percentage of these fuels from literature survey are;
switch grass 7.1%, sorghum 14.15%, tobacco leaf 17.2%, hard wood 2.7%, wheat straw 13.5%,
willow 4.5%, white wood 0.9%, and miscanthus 4.5%. Switch grass was not readily available as
at the time of the conduct of the experiments. Every effort to procure switch grass proved
abortive because the harvest season had passed.

Moreover, tobacco leaf, sorghum, switch grass, and wheat straw contained high ash contents as
indicated above. High ash contents biomass fuels have the tendency of aggravating combustion
problems such as agglomeration, slagging, and fouling in the combustion beds. Despite the fact
that willow, miscanthus, and white wood Biomass fuels were readily available, they also
contained moderate ash contents hence, they were selected as the appropriate biomass fuels
for this research. These selected biomass fuels are alkali rich [4, 141], predominantly Potassium
K. This is one of the qualities that make the fuels suitable for the agglomeration tests to be
carried out on them. Potassium K plays significant roles in agglomeration formation during the
combustion of biomass fuels in the combustion chambers. These selected biomass fuels and
coal (willow, miscanthus, wood, silica sand and Columbian coal) are all suitable for
agglomeration tests/experiments anticipated on them. Additives considered in this research
work include dolomites, calcium carbonate CaCOs;, sewage sludge, and Kaolin. After much
consideration, kaolin was adopted as the additive in this research because it is readily available.
Columbian coal was selected because it possessed the following qualities; it contains moderate

ash content therefore, formation of ash related problems in the bed will be reduced, low
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sulphur content which will reduce formation of SOy, good resistant to cracking and has long
burning time performance. These materials were crushed to less than 1mm particle size Figure

4.1, in readiness for the combustion / agglomeration test on them.

<1mm miscanthus particles

I <1mm white wood particles I

(a) (b)

<1mm willow particles <1mm silica sand

(c) (d)

Figure 4-1: (a) <Imm miscanthus particles (b) <Imm white wood particle (c) <Imm willow

particles (d) <1mm quartz sand as the bed materials.

To improve on the combustion characteristics of biomass fuels and make it burn effectively,
they are usually co-fired with coal. The percentage of ash presents in these biomass fuels;

willow, miscanthus, and white wood also appeared moderate; 1.16, 0.74 and 4.10 respectively.
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This make them suitable for agglomeration tests because fuels containing high ash content can
complicate combustion processes and cause the formation of incombustible residue that forms
lumps after the combustion of coal (clinkering) and formation of molten deposits on the wall of
combustion beds (slagging). Effect of moisture content in biomass fuel is indirectly proportional
to the corresponding calorific values. Referring to the selected biomass fuels for this research,

calorific values increases as the moisture contents decreases, Figure 4.2

25

B MC
mCcy

Willow Wood Miscanthus Coal

Biomass Fuels

Figure 4-2: Relationship between moisture contents and the calorific values of the biomass fuels for this

research.

4.4 Suitability of the Selected Biomass Fuels for Agglomeration Tests

Three biomass fuels were selected for agglomeration investigation in this research work. The
biomass fuels are; willow, miscanthus, and white wood. Among these fuels, only willow was in

chip forms while miscanthus and white wood pellets were prepared in pellet forms, Figure 4.3
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6mm Miscanthus pellets 6mm Wood pellets 6mm Willow chips

Figure 4-3: Biomass fuel samples for this research
Apparently, for the combustion experiments, these fuels would be crushed to the same particle
size (less than 1mm). PerkinElmer instruments, TGA analyser and CHNS/O were used to conduct

the proximate and the ultimate analyses respectively on the selected biomass fuels on dry basis.

4.4.1 The Proximate Analyses

Proximate analyses reveals the moisture content, volatile matter, the fixed carbon, and the ash
content contained in the biomass fuels or coal under consideration. Results of the proximate
analysis (TGA) carried out on the selected biomass fuels; Table 4.1 shows that, the percentage
of volatile matters in the selected biomass fuels for this project is relatively moderate when

compared with typical volatile matters in literature.

Table 4-1: Proximate analysis of the selected fuels on dry basis, Wt. %

Biomass Moisture Content  Volatile Matter Fixed Carbon Ash Content
Willow 7.54 68.71 19.25 4.50
White 7.11 71.48 20.51 0.90
Wood

Miscanthus 4.41 67.02 24.02 4.55
Coal 4.10 22.91 48.42 24.57
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White wood contained the highest volatile matter, 71.48% closely followed by willow, 68.71%,
and miscanthus 67.02%. The percentage of fixed carbon in coal was the highest, 48.42%. This
was followed by miscanthus, 24.02% while wood and willow has 20.51% and 19.25%
respectively. High volatile matters in some biomass fuels is responsible for the flaming ignition
usually experience during the combustion processes [79]. Meanwhile, coal on the other side has
a low volatile matter (22.91%) and high fixed carbon (48.42%), therefore burns with char glow.
These conform to literature findings. Temperature profiles showing the results of the TGA

analyses are contained in Figures 4.4 and 4.5
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Figure 4-4: (a) Temperature profile for the proximate analyses (TGA) on <1lmm white wood
particles, (b) Temperature profile for the proximate analyses (TGA) on <Imm miscanthus

particles.
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Figure 4-5 Temperature profile for the proximate analyses (TGA) on <1mm willow particles

4.4.2 The Ultimate Analyses

The ultimate analysis determines the organic carbon C, hydrogen H, nitrogen N, sulphur S, and
oxygen O that are present in biomass fuels [122]. The CHNS/O (ultimate analysis) results for the
selected biomass fuels, Table 4.2, which revealed the organic elemental compositions of the
biomass fuels, indicated that, wood possessed the highest percentage of carbon, 48.24%
followed by willow, which has 47.47% of carbon and then, miscanthus with 43.91%. These
values are moderate and are similar to results obtained from literature. Moreover, the sulphur
contents of these biomass fuels appear relatively high. Adequate precautions would be taken to
control emissions (SO,) likely to emanate because of this high sulphur content. These are very
significant in the determination of the calorific values and the heating values of biomass fuels.

These values are also indication that the selected fuels are suitable for combustion purposes.
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In comparison with values available from literature, both the sulphur and the ash contents of
the selected biomass fuels (willow, wood and miscanthus) are moderate and therefore, make

them suitable for agglomeration tests anticipated to be carried out on them.

Table 4-2: Ultimate analysis CHNS/O and calculated calorific values of the selected biomass

fuels for this project on dry basis, %

Biomass C H N S (o] Ash Calorific value, MJ/Kg
Willow 47.47 6.54 1.07 0.6 39.82 4.50 18.92
Wood 48.24 6.44 0.38 0.72 43.32 0.90 18.65
Miscanthus 4391 6.14 0.04 0.73 44.63 4.55 16.56
Coal 49.89 4.48 1.26 0.82 9.88 24,57 23.02

The significant of the calculated calorific values is that, it conforms to the calorific values of
some typical biomass fuels. The results of the TGA and the CHNS/O coupled with the physical
properties; particle density, bulk density, particle size, colour, moisture content, and the ash
content of the biomass fuels, clearly show that, the biomass fuels are suitable for the

agglomeration tests/experiments anticipated on them.

4.5 Characterization of the Selected Biomass Fuels

Characterization of biomass fuels is the classification or categorization of the fuels for their
suitability for combustion processes in combustor beds [4, 12, 43]. Critical analyses of the
selected biomass fuels in terms of thermo - chemical analyses, physical property, and physical
analyses clearly indicated that these fuels are suitable for combustion purposes intended on
them. Relatively, Physical properties of these fuels vary [125, 224]. These are bulk density,

particle density, particle size, porosity and shape distribution. All these depend on fuel sample
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preparation and fuel species. Thermo - chemical analysis of biomass fuels include; Thermo
gravimetric analysis TGA (proximate analysis), CHNS/O (Ultimate analysis), and calorific values

[125, 133, 225].

(i) The TGA is the proximate analysis, which reveals the percentage of moisture content, volatile
matter, fixed carbon and the ash content in biomass fuels. Results of the thermo gravimetric
analyses carried out on the selected biomass fuels indicated that, they are all suitable for

combustion processes anticipated on them.

(ii) The ash content is relatively moderate therefore; the tendency of ash problems formation
such as slagging and fouling in the combustion chamber would be minimal. The percentage of
moisture content in the fuels is generally similar to the values obtained from literature [4, 130,

226].

(iii) The fixed carbon is the solid left in the furnace after volatile matter has been distilled off
completely. It comprises mostly of carbon. Fixed carbon gives rough estimate of the heating
values of the combusted solid fuels. It is very important in the determination of the heating
values of these fuels. Percentage of fixed carbon in the selected fuels for this project is also
moderate when compared to other biomass fuels from literature. Generally, biomass fuels
possess similar characteristics therefore, the selected biomass fuels for this research also

possessed akin properties and characteristics.

(iv) Calorific value is the energy released in KJ/Kg when 1Kg of a substance is completely
combusted. It has a direct link with the heating values of these fuels. The higher the heating
values of the fuel, the better the combustion products and the process. The standard unit of
heating value and calorific value is KJ/Kg in Sl units or Btu/lb in English units. It represents the
theoretical overall energy in the substance or fuel. There are two types of calorific values; the
gross calorific values and the net calorific values [79]. The gross calorific values usually include

latent heat of vapourization (heat energy required to transform the substance from water to
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vapour) in the water vapour while in the net calorific value, heat of vapourization is not

included. Therefore,

Net Calorific value, NCV = Gross calorific value — Heat of vapourization KJ/Kg 4.1

Proximate and ultimate analyses are very important in the determination of heating values of

biomass fuels.

(v) The ultimate analysis indicates the percentage of the organic content by mass of carbon,
hydrogen, nitrogen, sulphur and oxygen (CHNS&O) in the fuels [4, 116, 122]. The results of the
ultimate analyses conducted on these fuels clearly indicated that, the fuels are eligible for the
combustion processes intended to be carried out on them.

Inductively coupled plasma — Mass Spectrometry (ICP-MS) and Energy Dispersive X-ray
Spectroscopy (EDS) are usually used to determine the trace elements and the elemental
compositions of biomass fuels respectively before and after combustion processes on the
biomass fuels [133, 227]. With respect to the present research, an instrument that has
combined facilities for both EDX and SEM was used to determine the elemental compositions of
the samples after combustion. The results obtained from the physical and the thermo - chemical
analyses of the biomass fuels for this project, clearly indicated that, the fuels are suitable for

combustion processes anticipated on them.

(vi) Density: Density of biomass is the mass of the fuels content per unit volume in Kg/m3. There
are two distinguished types of density as related to biomass; the particle and the bulk density.

The two are highly significant in the characterization of biomass fuels [228].

(vii) Biomass particle density: This is the density of individual particle making up the entire
biomass fuels. It is the mass of individual biomass fuel divided by its volume measured

differently in Kg/m?> [229, 230]. The shape of individual biomass fuel particularly in pellets form
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can be geometrically, likened to that of the cylinder; therefore, the expression for the

determination of the volume of a cylinder is applicable to biomass fuels too as follows;
T
Volume, V = ZDZL 4.2

Where V is the volume of the biomass single particle in m?, D and L are the diameter and length

of the biomass particles respectively. The unit is metre, m.

(viii) Biomass bulk density: Considering space acquisition, biomass bulk density has a significant
influence on the total economic value of production of alternative energy from biomass fuels.
The cost of biomass fuels supplied to a storage area depends on the bulk density of the fuels.
Apparently, because of the non-uniformity in shapes and sizes of biomass particles, high cost is
usually incurred to transport and store biomass fuels of various forms (pellets, chips, leaves,
bark and pulverized) [228, 231-233]. Compaction technique could be adopted to increase
biomass bulk density. This involved close-packing two or more biomass fuels together. Switch
grass and wheat straw were close - packed and compacted to increase the bulk density of these
fuels, Figure 4.6. It consists of grey-like and whitish biomass fuels mixed. This demonstration
displayed the importance of bulk density as a very important factor in the characterization of

biomass fuels for their eligibility for combustion purposes.
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Figure 4-6: Bulk density of mixed particles of switch grass and wheat straw (wet and dry) [228,

231-233]

A Group of researchers [125, 133, 225] conducted a research on characterization of some
Canadian biomass. In their research, they considered wheat straw, barley straw, flax straw,
timothy grass, and pinewood. Wheat straw and pinewood have the highest calorific value
therefore indicated that they have good heating capability which make them suitable biomass
materials for combustion processes[133, 216]. Moreover, barley has the highest ash percentage
(9.8%). This makes it less suitable for combustion process because too much ash will lead to
other problems such as ash sintering and slagging in the bed.

This method has been applied to characterize the selected fuels (willow, miscanthus, white
wood, and coal) for this research. The ash contents of the selected fuels for this research are
relatively moderate hence; make them suitable for the combustion process and agglomeration
test in the bed. The relatively low sulphur contents of the fuels indicate that production of SO,
emissions from these fuels will be very low. This also makes them suitable for combustion
process in FBC. The moisture content in these fuels is relatively high when compared to a typical
coal, which is one of the reasons why biomass is being co — fired with coal. Generally, fuels
selected for this research are suitable for combustion and agglomeration tests in a Fluidized bed

combustor.
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The selected sand is silica sand (Garside Leighton Buzzard 16/30).

Sand diameter = 1mm approx.

Sand density = 1201 Kg/m®

Volume of the Gooch Crucible (combustion chamber) = 500 mL = 0.0005m>
Mass of sand = 0.6005 Kg

A sketch of the Gooch ceramic crucible is as shown, Figure 4.7

Figure 4-7: A sketch of the Engineering drawings of the Gooch ceramic crucible

Part list of the Gooch ceramic crucible:

(a) Imm perforated holes on crucible base

(b) 80 mm diameter crucible base

(c) 120 mm crucible height

(d) 200 mm diameter crucible top

(e) 80 mm diameter crucible base

(f) 100 mm diameter crucible lid

(g) 7.5 mm thermocouple hole

Literature survey on this research, coupled with the various post combustion analyses carried

out on the biomass fuels samples indicated that, the selected biomass fuels are rich in alkali
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content. Post combustion analyses carried out on the fuels include; Scanning Electron
Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDX) analyses. Scanning Electron
Microscopy analysis verified the changes (growth) in the morphological structure, form, shape
and pattern of the bed materials after combustion. Energy Dispersive X-Ray Spectroscopy
revealed the elements contained in the bed materials [125, 164, 202].

Major elemental compositions of the bed particles are Potassium K, Calcium Ca, Silicon Si,
Magnesium Mg, Aluminum Al, Sodium Na, and Phosphorus P while minor elements include;
Barium Ba, Molybdenum Mo, Nickel Ni, Lead Pb, Copper Cu, and Zinc Zn. Major elements as
components of their oxides are very significant in the process of agglomeration formation in
combustion beds. They include; Potassium oxide K,O, Calcium oxide CaO, Silicon oxide SiO,,
Magnesium oxide MgO, Sodium oxide Na,0O, Aluminum oxide Al,03;. The most important of
these elements and their oxides as related to agglomeration in combustion beds are K, Na, Ca,

Si, K;0, Na,0, Ca0, and SiO; [7, 150, 234].

4.6 Experimental Algorithm

e The experiment was set up as shown in the diagram. The platinum thermocouple
was inserted to the combustion chamber through a 7.5 mm diameter hole on the
Gooch crucible lid. The thermocouple was connected to a temperature data
lodger (Pico instrument) linked to a computer system to capture the temperature
within the combustion chamber as phase transformation progresses.

e Bed material; 200 grams of silica sand was heated to the ignition peak
temperature of biomass fuels (225 ° C to 302) [4, 235].

e Single biomass fuel; 25 grams each of willow, wood and miscanthus particles
were added to the heated bed materials each at a time.

e Samples were collected at temperature intervals of; 700 °c, 750 °c, & 802°C.

e The experiment was repeated for the blends/mixtures of the biomass fuels.

e The experiment was strictly carried out as itemized above. The experimental set-

up is as shown in Figure 4.8
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4.7 Experimental Set Up

Thermocouple

<——— Thermocouple cable

Temperature

Gooch ceramic crucible — data logger

Computer system

Data logger cable ‘

Temperature

Trinod stand —

AN

Burner — \l

Burner knob —

Cartridge

Figure 4-8 Schematic of Rig set-up

A close monitoring of the thermodynamic property (temperature of the surrounding fluids)
indicated that, the chamber has the highest temperature compared with the temperature of the
surrounding most especially that, the combustion chamber was fully lagged with thermal
insulation sheets [49, 51]. Heat is transferred into the combustion chamber through the
perforated area located at the bottom of the chamber (Gooch alumina crucible) by conduction.
The Gooch crucible, Figure 4.9 can be used to filter substances (filtrates and substrates) into
another container but in this case, it has been used as a combustion chamber. This is similar to a

distributor plate made of metal sheets used in Fluidized bed combustor.
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Conventional

Lagged Gooch
ceramic crucible

ceramic crucible

Figure 4-9: Lagged 500ml Gooch ceramic crucible and 500ml conventional ceramic crucible.

Interaction of fluids in the bed has significant effect on the formation of agglomerates in the
bed [5, 10, 236]. Biomass fuels are very rich in moisture content but have low calorific value
hence, mixing / blending biomass with coal which has a low moisture content and high calorific
value would improve the combustion characteristics of biomass fuels [3, 17, 21].

The Columbian coal has been selected for this research because of its relatively low ash content.
Biomass fuels has high volatile matters which is responsible for its glow burning while coal has
low volatile matter which enhances its char burning nature [3, 22]. In most cases, biomass fuels
with high ash content are not very suitable for combustion purposes because of the tendencies

to form ash fusion at a lower temperature is always very high [7, 15, 22, 133, 236]. The ash
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content for the selected biomass fuels for this project is considerably moderate and therefore

suitable for combustion experiments anticipated on them. This was confirmed by the proximate

analyses carried out on the biomass fuels as shown earlier in this report.

4.8

(ii)

(iii)

(iv)

(v)

List of Experimental Equipment and Descriptions

Ceramic Gooch Crucible: This is a ceramic crucible named after Frank Austen Gooch,
hence the name. It has a thermal resistant of about 1750 °C. It was perforated at the
bottom to further enhance and improve heat transfer/distribution within the
crucible in other to be able to attain the anticipated agglomeration temperature of
750 °C and above.

Burner with a Cartridge: The burner, which is made of brass, has been, designed, for
use with Butane/Propane mix gas cartridges. It can attain temperatures of well
above 1000 °C. The burner can be, attached and detached from the cartridges as
desired. This makes its transport and storage easier. It also has a replaceable
perforated head. The standard burning time for the burner is 2.75 hours when used
with the 220g cartridge.

Wire Gauze: The wire gauze has ceramic-coated plate at its center. It provides a
comfortable seat for the crucible when placed on the triangular tripod stand.
Thermal Insulation Sheet: This very flexible super wool 607 thermal insulating sheet
was used to insulate the Gooch crucible to prevent heat lost to the surroundings
during the combustion of the biomass fuels. It is a high temperature gasket
recommended for excellent thermal insulation purposes. It has a continuous
temperature resistance of about 1200 °C and highly resistance to solvents and
chemicals.

Tripod stand: This is a Zinc plated steel triangular tripod stand. It is 210mm high and
6mm diameter support legs. It is the platform on which, the ceramic crucible was,

placed while ignited from beyond by the burner.
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(vi) Furnace Tong: This is a stainless steel made tong with flat hinge, specially designed
for holding and handling hot crucibles during the combustion of biomass fuels. The
serrated tapered tips close firmly when grapping objects.

(vii)  Platinum Thermocouple: Temperature resistant of the platinum thermocouple is
about 1650 °C. It is very relevant for the agglomeration experiments. It contains
ceramic protection tube and connector which can withstand a temperature up to
650 °C. To increase its temperature resistance, the elements are insulated by a

double - bore high purity hard-fired alumina insulator.

Progress of the experimental conduct are depicted, Figures 4.10, 4.11, and 4.12

[romeasmns ]

Figure 4-10: Experiment highlighting the burner and the cartridge
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Temperature Data Lodger Cable

Lagged Gooch Ceramic Crucible

Figure 4-11: Experimental Set-Up highlighting the Gooch ceramic crucible

Temperature Data
Lodger (Pico

Smoke Tunnel

Figure 4-12: Experimental Set-Up highlighting the smoke tunnel
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4.9 Thermal Analyses

4.9.1 Thermo Gravimetric Analyses (TGA) and C, H, N, S & O (Ultimate analyses)
Proximate and ultimate analyses (Thermo gravimetricand CH N S & O analyses respectively) are
very essential in the characterization of biomass fuels for its suitability for combustion purposes.
Pyris 1, Perkin Elmer instruments, Figure 4.13 were used to carry out both thermo gravimetric
(Proximate analysis) and CH N S & O (Ultimate analysis) analyses on the selected biomass fuels
for this project (willow, miscanthus, and white wood). The white wood and the miscanthus were
prepared in pellets forms of 6mm diameter and 20mm long while willow was in the chips form.
They were all grinded to particle size of less than 1mm for the combustion experiments.
Proximate analyses results revealed the percentage of moisture contents, volatile matter, fixed
carbon content and ash content in the biomass fuels while ultimate analysis showed the
percentage of organic elemental compositions of the fuels i.e.; the carbon, hydrogen, nitrogen,
sulphur and oxygen on dry basis. Detail analyses of these results are contained in results /

discussion section of this thesis.

Perkin Elmer CHNS/O Analyser Perkin ElImer TGA Analyser

Figure 4-13: PerkinElmer instruments
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4.9.2 Operational Principles of the Pyris 1, Perkin EImer Instruments

(i) Sample Nomenclature: The operation begins by putting identification tags on the
samples and aligning it with operator’s notes for easy identification of the specimen. Operation
sequence can be created in form of playlist [237, 238]. This is to enable series of iterations to be
carried out without the incessant interference of the operator in charge of the experiment. The
playlist is viewed occasionally or at will to reveal the, macro-view of the sequences [73]. Sample
list page is viewed to show the spread sheet containing information like; the method adopted
for the experiment, the sample identification (ID), and the sample weight. The historical page
and the sample history page were created to show the historical views of the completed

experimental steps and the historical views of all the samples run respectively [238].

(ii) Cleaning the TGA furnace: For this purpose, the furnace is opened to allow air into it.
The temperature can build up to 900 °C to bake off all the organic condensate and residues from
the furnace. Mild soap or appropriate solvent with bottlebrush was recommended for the
cleaning up of the furnace tube. It is also advisable to have at least two furnace tubes so that,

the other one can serve as a spare.

(iii)  Sample preparation: Approximately, the same sample weight was used throughout the
experiment. This was done to protect the integrity of the results by ensuring that, uniform data
were captured under the same operating conditions. 1 mg of the sample was loaded onto the

weighing balance and then transferred to the furnace in each case.

(iv)  Temperature range for samples: This depends largely on the sample type, the nature of
the experiment, the analyst decision. A survey scan was run at 20 °C /min through to 100°C. It
could also be carried out at 10°C / min through to 100 C /min or better still, at 50°C /minif a
faster rate is preferred to safe more time. The recommended rate is 20 °%C / min while
recommended gas cylinder pressure for the Pyris 1 TGA is 300 Psi. The purge gas is always
Nitrogen, N, even though there might be a need to switch the gas later. It is advisable never to

purge the balance with a reactive gas. This is to forestall a situation, whereby there will be back
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streaming into the balance area. Oxidative gas can be introduced at the beginning, or at half
way into the experiment through a mass flow controller built into the analyser and controlled by
Pyris software. The balance purge was carried out at 10 mL / minute higher than the sample

purge, which was 20 mL / minute.

(v) Calibration of the TGA Instrument: It is advisable; to usually restore the instrument to a
default setting. This was done at regular intervals more especially, if the instrument calibration
in terms of temperature exceeds the acceptable temperature range. The typical calibration
accuracy limits are within 1°C and 5°C of the anticipated value. It is always advisable to refer to

the calibration routine to serve as a guide.

4.10 Calorific values of the selected biomass fuels (Heating values)

Calorific value of any substance or fuel is the amount of energy released per unit mass or per
unit volume of the fuel when the fuel is completely burned [114, 117, 122]. The standard unit of
calorific value and the heating value is KJ/kg. Proximate and ultimate analyses are very
important in the determination of the heating values of substances. Biomass fuels with high
moisture content are bound to have a low calorific value.

Lower heating value LHV or lower calorific LCV implies that, water in form of vapour is not
allowed to escape from the combustion products therefore, latent heat of vapourization is not
added to the heat released while higher calorific value, HCV or higher heating value, HHV
indicates that, water in the final combustion products remain as vapour or steam. Therefore,
latent heat of vapourization is added to the heat released. Higher heating value is the same as
gross heating value (GHV) while lower heating value is also known as the net heating value
(NHV)[79, 82, 113, 226]. These values could be determined experimentally or by calculation
using some empirical equations. The device for the conduct of the experiment is called bomb
calorimeter or adiabatic calorimeter [163, 239]. Biomass fuel with higher heating values is
recommended as the best materials for combustion purposes. The higher calorific value of

standard biomass fuel is between 17MJ/Kg and 18MJ/Kg [239]. The heating values of any solid
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fuel can be estimated from the results of its proximate analysis and using the empirical Equation
4.3 or any preferred empirical equation.

HHVp = 0.3536FC + 0.1559VM + 0.0078ASH (MJ/kg) 4.3

Where FC is the fixed carbon, VM is the volatile matters, and ASH is the ash content.

However, heating values of the selected biomass fuels for this project were calculated using
Equation 4.4 and presented in Table 4.3. The equation is absolutely a function of the fixed
carbon content determined from the proximate analyses carried out on the biomass fuels.

HHV = 0.196 (FC) + 14.119 4.4

Table 4-3: Heating Values of the selected biomass Fuels for this project

Biomass fuels Higher heating value, MJ/Kg
Willow 17.89
Wood 18.14
Miscanthus 18.83
Coal 23.02

The average absolute error in this correlation is 2.2843% [114].

Comparing the heating values of the selected biomass fuels for this research, willow,
miscanthus, and white wood, there are similarities in their values and combustion
characteristics. The heating values actually fall within the range of the heating values of typical
biomass fuels. Coal on the other hand, has higher heating values therefore, can burn effectively

during combustion processes.
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4.11 Samples Retrieval Method and Frequency of Collection

Samples were collected at the end of each experiment when the combustor chamber might
have cooled down to the room temperature, 20 °C. Approximately four hours was allowed for
the combustion chamber to properly cool down. The samples were collected after the burner
might have been shut down at; 700 °C, 750 °C and 802 °C in each case. Collection of samples at
these temperatures was done to allow for wider comparison of temperature data, during
analyses. Additive (Kaolin) was added to the bed materials. The experiments were also repeated

without the addition of kaolin.

4.12 Online analyses and Data acquisition

Online analyses comprise of the acquisition of temperature data recorded during the
combustion experiment in the bed. The data were acquired by the temperature data acquisition
unit (Pico instrument) also known as Pico TC-08 Thermocouple Data Logger, Figure 4.14. The

instrument displayed the data on the computer system connected to the test rig.

Figure 4-14: temperature Data Logger (Pico TC - 08 Thermocouple/temperature Data Logger)

The instrument is appropriate for a broad range of temperature measurement and other

recording applications. It can measure temperature from —270 °C to +1820 °C with any common
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thermocouple. These data will be analyzed adequately and critically in the appropriate chapter
of this thesis. Continuous decrease in the bed temperature during combustion of biomass fuels
is an indication that, the fuel and the air intakes (air flow rate) from the cartridge to the burner-

required adjustment.

4.13 Post combustion analyses

Post combustion analyses to be conducted on the retrieved bed samples include; Scanning
Electron Microscopy (SEM), and Energy Dispersive X - Ray Spectroscopy (EDX). The specimens
were carbon - coated and gold - coated. Other post combustion analyses is the Particle size

measurement to verify growth in size and shape.

4.14 Samples Preparation for SEM and EDX

The biomass fuels samples collected for post combustion analyses are poor or non-conductors
therefore, they were carbon coated to improve on their conductivity and to make them suitable
for the SEM and the EDX analyses envisaged on them. The agglomerate samples are as depicted
in figure 4.15 while the carbon coating machine used was “Speedivac Coating Unit”” model 12E6

/ 1589 produced by Edward High Vacuum Limited based in the Sussex, England, Figure 4.16.

White Wood Samples Miscanthus Samples Willow Samples

Figure 4-15: Samples of agglomerates produced from the biomass fuel combustion in a Gooch

ceramic crucible at 802 °C
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The samples were initially mounted in resin solution, thoroughly washed in an iso - propanol,

and then air-dried in preparation for the carbon coating processes.

Figure 4-16: Carbon Coating Instrument, Speedivac Coating Unit.

The Speedivac coating unit was produced by Edward high vacuum limited that based in the
Sussex, England. Some of the samples could not be mounted in a resin solution because, they
are non-conductors hence; Sputter Coater was used to coat and polished the samples in
preparation for the SEM and EDX analyses while using the electron microscopes.

Sputter coating is a recognized method of preparing the non-conducting samples for
observation in a scanning electron microscopy. The sample’s surface was sputter coated with
gold (Au) that is a non-oxidizing metal. The sputter coater used in this research is as shown,

Figure 4.17
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Figure 4-17: SC7620 Mini Sputter Coater/Glow Discharge System.
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5 Software Applications

5.1 Introduction

Chapter 5 discusses various applications of Factsage software for the prediction of eutectic
points (eutectic temperatures) on phase diagrams. Fusion of substances occurs in the
combustion bed at this eutectic temperature. Fusion takes place at the solid state of the
substances under consideration. Significance of both the binary and the ternary phase diagrams
as related to agglomeration formation during the combustion of the selected biomass fuels in
the combustor chamber was considered properly. Factsage package contains FACT-Win / FACT
and CHEMSAGE, SOLGASMIX thermochemical. It comprises of several databases, information,
calculation and manipulation modules, which permits access to the control of pure substances
and solution database. The Gibbs energy minimization workhorse of Factsage is the equilibrium
module and some other common programs [132].

Factsage software is thermochemical software and databases. It runs on PC operating under MS
windows [240]. It has been used extensively to predict eutectic point on phase diagrams at
which melting and fusion of solid particles in a fixed bed combustor during the combustion
process of blends of biomass fuels with coal.

In this research work, Factsage software had been effectively utilized to predict the eutectic
points on both the binary and the ternary phase diagrams. Agglomerates were formed in a
laboratory-scale fixed bed using high alumina Gooch crucible as the combustion chamber at this
temperature. The corresponding temperature to the eutectic point on the temperature axis,
which is the eutectic point, is the agglomeration temperature in the combustor bed.

The eutectic point on phase diagram is largely influenced by the percentage of the inorganics

(K,0, KOH, Na,0 or SiO;) in the mixture [240].

5.2  Simulation Using Factsage Software

Factsage software is a thermochemical software and databases. It runs on PC operating under
MS windows. It has been extensively used to predict eutectic points on binary and ternary
phase diagrams. The eutectic points refer to the points on phase diagrams where melting and
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fusion of biomass fuel particles occur during the combustion of single/blends of biomass fuels
with coal.

Factsage software specifically determines the behaviours and characteristics of substances on
phase diagram using their thermodynamic properties. Phase diagram is a broad module that
allows the determination of different combinations of pressure, temperature, volume,
compositions, chemical potential, and phase fraction. Phase diagram could be in the form of
unary, binary, ternary or multi components phase diagrams.

The corresponding temperature to the eutectic point on the temperature axis is the eutectic
point. It is the equivalent agglomeration temperature in the combustor bed. The eutectic point
on phase diagram is largely influenced by the percentage of the inorganics (K,0, KOH, Na,O or
Si0,) in the mixture. The eutectic points on binary and the ternary phase diagrams varied

considerably, even though, the operating conditions may be the same.

5.3 Validation of FactSage software as an appropriate tool

Combination of two software package F*A*C*T/FACT-Win and ChemSage otherwise referred to
as FactSage was introduced in 2001. It is made up of several information, calculations, and
modules that enable researchers to access pure substances and databases. Many
thermochemical calculations can be performed with the series of modules available in the
package. With this, thermochemical calculations can be processed to generate graphs, figures,
and tables of high interest to the corrosion and chemical engineers, physical metallurgist,
environmentalists, geochemists, electrochemists, ceramists, and other relevant fields of study
[240]. This application permit acquisition of new databases, calculation, and manipulation of
both phase diagrams and other complex phase.

Initially, the F*A*C*T package was designed to simulate the thermochemistry of
pyrometallurgical processing but, with the introduction of the Windows-based FACT-WIN which
undergo amazing metamorphosis to FactSage, the applications have been expanded to
accommodate combustion, electrometallurgy, glass technology, hydrometallurgy, ceramics,
environmental studies, corrosion, and geology. Relative to program usage and assistance of

proper documentation, practical understanding of the principles of thermochemistry can easily
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be acquired in relation to complex phase equilibria. The relevant modifications that was carried
out on both the software and the databases, provided enhancement for calculation and
manipulation of phase diagrams and also easy access to the various modules in the package.
There are various versions of the software. The version under consideration is 6.1. The modules

are grouped into different categories: Info, databases, calculate, and manipulate, Figure 5.1

F FactSage o (]

Slide show  Programs Tools  About

CRCT -Ecole Polytechnique de MONTREAL

6.1

Calculate Manipulate

Reszults

Databaszesz

Fact=age(Thi) 5.1

Figure 5-1 Series of modules in Factsage software, version 6.1 [240]

Binary alloy database comprised of 115 of the binary systems retrieved from the SGTE alloy
database that contained over 300 much-accessed binary systems and 120 ternary and higher-
order systems that include 78 elements. Two composition variables, FeO — TiO, were processed
at 1600 °C, 1 atmosphere, and 1 mole each. Image capture of the reaction as produced from the

Factsage software is as shown in Figure 5.2
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Figure 5-2 Two composition variables FeO — TiO, at 1600 °C and 1 atm [240]

Bale [240] utilized Factsage software to process two composition variables CaO — SiO, and the
fusion temperature (eutectic point) was determined at the meeting points of the liquidus.
Image capture of the output is as depicted in Figure 5.3. Clicking on the calculate module
button, the phase diagram is automatically calculated and plotted. The figure module uses the
graph as a dynamic interface. The tie lines and stable phases are automatically labelled by
pointing to a particular domain. Equilibrium compositions and phase amounts at any point on

the diagram can be determined. This is also applicable to three composition variables.
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Figure 5-3 Phase Diagram Module —Ca0-Si0O2 system [240]

Similarly, the software was also applied to process three composition variables SiO, - CaO —
Al,03 at 1600 °C, 1 atmosphere, and 1 mole each. The image capture of the reaction is as shown
in Figure 5.4. This is a confirmation of the reliability of the software as an appropriate tool for

this research.
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Figure 5-4 Three composition variables SiO, - CaO — Al,O; at 1600 °Cand 1 atm [240]

5.4 Locating Eutectic Points on the binary Phase Diagram

Determination of the eutectic points on binary phase diagrams can be accomplish by utilizing a
graph of temperature against the compositions of the two substances under study at a constant
pressure, P. The system is at a gas phase (y) or vapour state when the temperature of the
system is very high while at a lower temperature, the system is at a liquid phase (a). At the

intermediary between the gas and the liquid phase, is the solid phase ()[241]. Between the two
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states (vapour and liquid), the system is at an equilibrium with each other therefore, fusion of
the substances take place at this point.

The particular spot at which this occurs, is the eutectic point EP [242]. The eutectic point is very
significant in this research work because, the temperature at eutectic point determines the
temperature at which agglomeration will occur in the laboratory-scale fixed bed whereby the
Gooch ceramic crucible is the combustor. In binary phase diagram, temperature T is plotted

against the mole fractions of the two substances under consideration, Figure 5.5

Liquidus

f
l@ Melting point

ofQ ¢

Temp. 1

Liguid

Melting point
ofP, oC >
a Eutectic Point, EP

EutecticTemp o

a+p
Solids

P P/Q, mol/mol Q

Figure 5-5 Schematic of a eutectic point on a typical binary phase diagram

Freezing point reduces as attention is moved from the pure substances under consideration, for
instance P and Q. This implies that, the tendency of solids formation is very high as focus is
moved away from one solid to the other.

The liquidus line separates the liquid phase from the two-phase region of pure solid and liquid
(a + L and B + L). In the two-phase region on the binary phase diagram, a line parallel to the
compositions axis (tie line) is drawn from the meeting point of the liquidus to the temperature
axis. The point of intersection of the tie line on the temperature axis, indicates the eutectic

temperature of the materials under consideration [242].
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As focus is being shifted from one solid region to the other, the former crystallizes out gradually
therefore, the liquid proportion of the mixture is richer in the later solid than the former solid. A
tie line is also drawn at meeting point of the two liquidus. The point of intersection between the
meeting point of the two liquidus and the tie line is the eutectic point. At eutectic, the melting
point is always lower than the melting points of the two solids under consideration on the
binary phase diagram. The two solids crystallize out isothermally at eutectic and produces
common crystals, which appears homogenous to the ordinary eyes [241].

Above the eutectic point is the liquid phase. Scanning electron microscope (SEM) is utilized to
determine the real morphological structure of the mixture (structural arrangement) while
Energy Dispersive X-ray spectroscopy is used to analyze the elemental compositions of the
mixture.

If heat is continually removed from the mixture at eutectic point, the mixture will remain at
eutectic until all become solidified. As the temperature reduces below the eutectic point, two-
phase region is reached which comprises of pure solids of the two mixtures. Variations in the
atomic radii of the various metals making — up the mixtures influence the different phases
usually produced. Factsage software was applied to predict eutectic points on binary phase
diagrams. With the addition of kaolin to a potassium, K dominated biomass fuel, agglomeration

was predicted to occur at 1200 ° C, Figure 5.6
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Figure 5-6: Eutectic points on Binary Phase diagram at 1200 °C with addition of 1 mole of kaolin.
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Figure 5-7 Eutectic point on a binary phase diagram at 1200 °C with addition of 6 moles of kaolin.
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5.5 Locating Eutectic Points on the Ternary Phase Diagram

Ternary phase diagram is a phase diagram comprising of three concurrent components with
four dimensions. That is the 3-components and the Temperature axis. It can be likened to a
quadrilateral triangle. The composition of the component at the vortex is 100%. Moreover, the
composition of each component at the two edges is 100% each [243]. Eutectic point is formed
within the interior of the triangle and this depends on the compositions of each component in
the entire system. The ternary eutectic point is the point at which, three boundary curves
appear together at a triple junction in a ternary phase diagram[244]. The corresponding
temperature at which eutectic point was formed is the eutectic temperature. It is the
temperature at which the three components crystallizes out at isothermal as shown in triangle

ABC, Figure 5.8

A

Figure 5-8: Schematic of Eutectic point on a typical ternary phase diagram
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Factsage software was applied to predict eutectic points on both the binary and the ternary
phase diagrams. Few of the graphs Figures 5.9 and 5.10 are as shown below while detailed

analyses are contained in the results and discussions chapter of this thesis.

K,0 - Si0, - AL;Si,0,(0H),
1600°C, 1 bar actsag'
K,O

Eutectic point, EP

Figure 5-9 Eutectic point on a ternary phase diagram at 1600 °C and 1 bar
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Figure 5-10 Eutectic point on a ternary phase diagram at 1800 °C and 1 bar

5.6 Comparison of Experimental results with Simulation data

Factsage software predicts the eutectic point which is the temperature at which agglomeration
occurs in the combustion bed. These were depicted by series of phase diagram charts at
different fuel compositions. Data obtained from these analyses would be compared with the
post combustion analyses results with a view to establishing agglomeration tendencies in the

combustor bed. Detailed analyses on this are contained in chapter 7 of this thesis.
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5.7 Effects of Variations in the composition of components in moles or grams

Composition of individual component in moles or grams in the mixture of kaolin/potassium
oxide or in kaolin/sodium oxide during the combustion of biomass fuels, does not seems to have
any significant effect or influence on the agglomeration formation in the bed. Eutectic point was
formed at the same temperature 1200 °C when ten moles of kaolin reacted with one mole of
potassium oxide, Figures 5.11. Twelve moles of kaolin reacted with one mole of potassium
oxide, Figure 5.12. Factsage software simulation results on the binary and ternary phase

diagrams further emphasized this fact as discussed in the results analysis of this thesis.
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Figure 5-11: Eutectic point on a binary phase diagram at 1200 °C with addition of 10 moles of kaolin.
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Figure 5-12 Eutectic point on a binary phase diagram at 1200 °C with addition of 12 moles of kaolin

In this research, Factsage software was utilized to predict the eutectic points (fusion
temperatures) of the bed materials when additive (kaolin) was added to the bed materials.
With the addition of the additives, a eutectic mixture whose melting point is higher than that of
the parent materials (silica sand and K,O from biomass fuel) was produced [7, 22, 128, 245].

In the simulation results, with the addition of additive, kaolin, Al, Si, Os (OH),; to the biomass
fuels, it was shown that, agglomerates could be produced at elevated temperature of 1200 °C if
the material is hugely dominated by Potassium oxide, K,O, Figure 5.13. The volume of the
additive, kaolin or the biomass fuels does not seem to have any noticeable significant effect or

influence on the eutectic temperatures as depicted.
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Figure 5-13: (a) Eutectic temperature between kaolin and potassium oxide at constant K,0, on
binary phase diagram at 1200 °C. (b) Eutectic temperature between kaolin and potassium oxide

at constant kaolin, on binary phase diagram at 1200 oc

Meanwhile, in a Sodium oxide, Na,O dominated biomass fuels; simulation results indicated that
agglomerates would be produce at a temperature of 1700° C irrespective of the volume of the
additive or the biomass fuels in the composition. Figure 5.14 further expatiate on this fact but

detailed analyses on these are contained in the results and discussions section of this thesis.
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Figure 5-14: (a) Eutectic temperature between kaolin and sodium oxide at constant Na,O, on
binary phase diagram at 1700 oC. (b) Eutectic temperature between kaolin and sodium oxide at

constant kaolin, on binary phase diagram at 1700 °C

5.8 Influence of pressure on agglomeration

Simulation results obtained from Factsage software clearly indicated that, operating the bed at
a higher pressure would extend/prolong the time for agglomeration formation in a fixed bed. At
a bed pressure of 1 bar in a Potassium K dominated biomass, the eutectic temperature at which
agglomeration would occur in the bed is 1200 °c.

Meanwhile, in a Sodium Na dominated biomass, the eutectic temperature at which

agglomeration would occur in the bed is 1700 ©Cat 1bar, Figure 5.15
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Figure 5-15: (a) Eutectic temperature between kaolin and Sodium oxide at constant Na,O, on binary
phase diagram at 1700 °C. (b) Eutectic temperature between kaolin and Sodium oxide at constant kaolin,

on binary phase diagram at 1700 °C

However, as the pressure increases, so also the agglomeration time and temperature increases.
At a pressure of 5 bar, in a Potassium K dominated biomass, the eutectic temperature at which
agglomeration would occur in the bed is 1600 °C, Figure 5.16a and 5.16b as against 1200 °C

when the pressure in the combustion chamber was 1bar.

121




Eutectic Temperatures of K;0/Kaolin @ Shar Eutectic Temperature of K,O0fKaclin @ 5bar

2000 2000
1800 1800 |
0 10 | B-E—a—a—a O 160 e
o 1400 o 1400 -
£ 1200 S 1200 -
= 1000 Emoo-
'.E 800 k=] 800 -
] I s00
5 600 3
o ago w400
200 200 |
0 o 1] Ll 1] Ll
0 9 4 6 8 10 0 2 4 6 8 10

K,0/kaoli Ifmol tantK, O
K;0/Kaolin [mol/mol) @ constant kaolin 20/kaolin {mol/mol} @ constant K,

(a) (b)

Figure 5-16: (a) Eutectic temperature between kaolin and potassium oxide at constant kaolin, on binary
phase diagram at 1600 °C. (b) Eutectic temperature between kaolin and potassium oxide at constant K,

0, on binary phase diagram at 1600 °C

Furthermore, at 5 bar, in a Sodium Na dominated biomass, the eutectic temperature at which

agglomeration would occur in the bed is 2038 °c, Figure 5.17a and 5.17b.
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Figure 5-17: (a) Eutectic temperature between kaolin and Sodium oxide at constant Na20, on binary
phase diagram at 2000 OC. (b) Eutectic temperature between kaolin and Sodium oxide at constant

kaolin, on binary phase diagram at 2000 °C
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In Comparison with fluidized bed combustor, bed pressure increases as air flow rate increases
[4,5]. Voidage at minimum fluidization €., increases slightly with increasing bed pressure while
minimum fluidization velocity decreases with rise in the operating pressure but it is negligible
for beds having fine particles with diameter d,less than 100pum [59, 246]. Particle voidage at
minimum fluidization €, increases with rise in the bed operating temperature for fine particles
but may not have any effect on coarse particles. Minimum fluidization velocity U.s of sand

particles decreases with rise in bed operating temperature [2, 10, 246].
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6 Results and Analyses

6.1 Introduction

This chapter hopes to bridge the already identified gaps during the broad outlook of the
combustion of biomass fuels (chapter two) in a fixed bed, particularly in a Gooch crucible
(combustion chamber). Considering the problems associated with the combustion of biomass
fuels; fouling, erosion, slagging with specific interest in reduction of agglomeration during the
combustion processes of willow, white wood, and miscanthus (selected fuels for this project).
The scope of the present work has limited the research area to encapsulate only agglomeration
out of all the problems listed above.

Moreover, as contained in chapters 2, 3, and 4 with emphasis on chapters 2 and 4,
agglomeration usually occur in the combustion beds at temperatures that is a little higher than
the average sintering temperature (670 °C) of the respective biomass fuels.

Addition of additive (kaolin) to the bed materials prior to the combustion process or during the
combustion process, caused agglomeration to be avoided even when the materials were heated
at the same temperature. With kaolin added, agglomeration was predicted (Factsage software)
to occur at elevated temperatures of 1200 °Cina potassium, K dominated biomass fuels and
1700 °C in a sodium, Na dominated biomass fuels. Variations in the composition of the
components do not have appreciable influence on the eutectic temperatures and
agglomeration in the combustion beds.

The experimental results emanated from the combustion of single biomass fuel and its blends
indicated that, agglomerates are produced in the combustion chamber (Gooch crucible) at a
temperature range of between 750 °C and 802 °C but when additive (kaolin) was added,
agglomerates were not produced at these temperatures.

However, chapter 6 has been separated into sub-sections and cases for ease of discussion in no

specific order.
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6.2  Analyses of Results (Computational)

Case 1 recaps series of the simulation results emanated from the application of the Factsage
software to predict the eutectic points on binary and the ternary phase diagrams. The eutectic
temperature is the temperature at which fusion of alkali metals (K, Na) and silica (SiO;) from the
sand (bed material) occurs in the combustion bed during the combustion process of the
problematic biomass fuels.

Variations in the composition of the components do not have any noticeable effects on the
agglomeration and the eutectic points. Two components (additive and alkali oxides) were
compared simultaneously on the binary phase diagrams.

Alkali oxides considered are potassium oxide K,O and sodium oxide Na,O while the additive is
kaolin, Al, Si; Os (OH)4. With the dominant alkali in the biomass fuels as potassium K, eutectic
point was located on the phase diagram at a eutectic temperature of 1200 °C as indicated by

the meeting point of the two liquidus on the tie lines, Figures 6.1, 6.2, 6.3, and 6.4.
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Figure 6-1: Locating eutectic points on binary phase diagrams at 1200 °c
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Irrespective of variations in the composition of the components, the eutectic point remained

unaltered at 1200 °Ciin a potassium dominated biomass fuels, Figure 6.2

@ectlc polntD
@ctlc temperature)

K,O - AL,Si,O,(OH),

2000 | l ' -ﬁhctSage"
=/ 1A
1200 -

1000 4

800 .

800 & = .

400 -

200 i '
0 0.2 0.4 0.6 0.8 1

2K,0/(2K,0+ALSi,0,(OH),)) (mol/mol)

Figure 6-2: Locating eutectic points on binary phase diagrams at 1200 °c

In figure 6.2, two moles of potassium oxide reacted with one mole of kaolin in the combustion
chamber, agglomeration occurred at a temperature of 1200 °C. This is equivalent to the eutectic
temperature recorded when one mole of potassium oxide reacted withl mole of kaolin under

the same operating condition of pressure, 1 bar, Figure 6.3
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Alternatively, two moles of kaolin were added to one mole of potassium oxide under the same
operating conditions, the same eutectic temperature of 1200 °C was also recorded as depicted

in figure 6.3
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Figure 6-3: Locating eutectic points on binary phase diagrams at 1200 °C

In the same pattern, four moles of kaolin were added to one mole of potassium oxide under the
same operating conditions. A eutectic point was located at an equivalent temperature of 1200

°C with an increase in the percentage composition of kaolin to four moles, Figure 6.4
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Figure 6-4: Locating eutectic points on binary phase diagrams 1200 oc

Increase or decrease in the proportion of the components, under the same operating conditions
does not have any noticeable influence on the eutectic point viz a viz the equivalent eutectic
temperatures. This assertion, is further ascertained while considering the combustion of
sodium dominated biomass fuels in a laboratory — scale fixed bed using a Gooch crucible as the
combustion chamber.

Utilizing Factsage software to predict the eutectic temperatures in a sodium dominated biomass
fuels, a eutectic point was located on the binary phase diagrams at a temperature of 1600 °C

irrespective of the volume of the individual component in the mixture, Figures 6.5, 6.6, 6.7, and

128



6.8. In a mixture of one mole of sodium oxide and one mole of kaolin, a eutectic point was

located at an equivalent temperature on the binary phase diagram, Figure 6.5.
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Figure 6-5: Locating eutectic points on binary phase diagrams at 1600 °C

Increasing the number of moles of sodium oxide in the mixture yielded a eutectic point at the
same eutectic temperature of 1600 oc, Figure 6.6. This is an indication that, variation in the
volume of the components does not have any significant control or effect on the eutectic point
on the phase diagram and on the eutectic temperature in the combustion chamber during the

combustion of the problematic biomass fuels.
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Figure 6-6: Locating eutectic points on binary phase diagrams at 1600 oc

On the other hand, increase in the number of moles of kaolin to two and then four while
keeping the number of moles of the alkali oxide (sodium oxide) constant at one mole, does not
have any specific change in both the eutectic point and eutectic temperatures as seen in Figures
6.6 and 6.7. In comparison with the ternary phase diagram, the eutectic temperature remained
at 1600 °C and 1800 °C. This is the temperature at which agglomerates are expected to be
produced during the combustion of the selected problematic biomass fuels; willow, miscanthus,

and white wood.
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Figure 6-7: Locating eutectic points on binary phase diagrams at 1600 °c
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Figure 6-8: Locating eutectic points on binary phase diagrams at 1600 °c

6.3 Influence of Additive and Pressure on Agglomeration Tendencies

This sub-section considers the influence of additive and pressure on the agglomeration
tendencies of the selected biomass fuels. Simulation results indicated that, with the addition of
kaolin to the bed contents, pressure has tremendous influence on the formation of
agglomerates in the beds during the combustion of the problematic biomass fuels.

The higher the pressure in the bed, the higher the temperature at which agglomeration will

occur in the bed. Considering the binary phase diagrams emanated from the combustion of the
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selected biomass fuels (willow, miscanthus, and white wood), only two components were
compared simultaneously (kaolin and alkali compounds) while in the ternary phase diagrams,
three components were compared together simultaneously (alkali compounds, kaolin, and
silica). Moreover, simulation results gathered from the series of binary phase diagrams, at a
pressure of 1 bar, predicted the occurrence of agglomeration at elevated temperatures of 1200
%C and 1708 °C in the combustion if the dominant alkali metals are potassium, K and sodium, Na

respectively Figures 6.9 and 6.10 respectively.

Eutectic Temp of K,0/Kaolin @ 1 bar
1400

1200 *—e ¢ ¢ 4
1000

Eutectic Temp °C

0 2 4 6 8 10
K,0/Kaolin (mol/mol) @ constant K,0

Figure 6-9: Eutectic Temperature with Factsage software application at 1200 °C
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Figure 6-10: Eutectic Temperature with Factsage software application at 1700 oc
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However, temperature at which agglomeration occurs in the bed increases as the pressure
increases. At a pressure of 5 bar, and if the dominant alkali metal is potassium K, eutectic

temperature was predicted to be 1566 °C, Figure 6.11
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Figure 6-11: Eutectic Temperature with Factsage software application at 1600 oc

Meanwhile, if the dominant alkali metal is sodium Na, agglomeration was predicted to occur in

the bed at a temperature of 2038 °c, Figure 6.12 (eutectic temperature).
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Figure 6-12: Eutectic Temperature with Factsage software application at 2000 °c
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Moreover, with the pressure maintained at 5bar and kaolin is kept constant, it was predicted
that, agglomeration will occur in the bed at a temperature of 1600 C when the dominating

alkali metal is potassium K, Figure 6.13
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Figure 6-13: Eutectic Temperature (1600 °C) with Factsage software application at Sbar.
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In the ternary phase diagram, no eutectic point was observed at temperatures of 1300 °C and

1400 °c, Figures 6.14 and 6.15 respectively.
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Figure 6-14: No eutectic point formed at 1300 °Con ternary phase diagram
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1400°C, 1 bar actingy
K,0

Figure 6-15: No eutectic point formed at 1400 °C on ternary phase diagram

It is expected that, eutectic points would be formed at higher temperatures than experienced in
the binary phase diagrams. This is because, three components interacted simultaneously K,0 -
Si0, — AlLSi;O5(0OH)4. This compound has a higher melting temperature than the K,O -
AlLSi,05(OH)s hence, higher eutectic points. Eutectic point was first noticed at 1550 °C and

became obvious at 1650 °C, Figures 6.16 and 6.17 respectively.

137



K,0 - Si0, - ALSi,0.(OH),

1550°C, 1 bar Ghttgage"

K,0

Wy o Wy e N e g W g A P PR T R

Al,Si,0,(OH), *

mole fraction

Figure 6-16: Eutectic point noticed at 1550 °Con ternary phase diagram
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Figure 6-17: Eutectic point confirmed at 1650 °C on ternary phase diagram

Generally, during the combustion of the selected biomass fuels in a laboratory scale fixed bed,

both the time and the temperature increases as the pressure increases in the bed. However, the

scope of this research coupled with the limitations of the experimental set-up, does not permit

further experimental investigations into the influence or impact of pressure on the combustion

characteristics and agglomeration tendencies of the selected biomass fuels (miscanthus, white
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wood, and willow). This has been included in the proposed future works to continue this

research chapter 7.

6.4 Analyses of Results (Experimental)

This sub section focuses on the results obtained from the series of the combustion experiments
conducted on the single and blends of biomass fuels with the intention to establishment of
agglomeration tendencies in them. The experimental campaign was in the order of; burning of
individual single biomass fuels (willow, white wood, miscanthus, and silica sand) with and
without the addition of additive (kaolin), and burning of blends of these biomass fuels with and

without the addition of kaolin.

6.5 Burner Flame Temperature, °c

Flame temperature indicates the temperature of the naked flame of the Roxio burner. During
the combustion experiment, the platinum K-type thermocouple was used to record the burner
outside flame temperature, 1054 °C maximum temperature was recorded within a period of 12

seconds, Figure 6.18
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Figure 6-18: Flame Temperature (1054 °C) of the Roxio burner
However, when the conventional ceramic crucible was used as the combustion chamber, only a

temperature of 445 °C was achieved within the chamber, Figure 6.19. This prompted the search
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for a more thermally efficient and reliable crucible (Gooch ceramic crucible) that was used for

the whole biomass fuels combustion experiments.
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Figure 6-19: Maximum Bed Temperature (445 °C) during the combustion of <lmm diameter

wood particles in a conventional ceramic crucible.

Utilizing the experimental rig as set up in chapter 5, the experiment was conducted as itemized.
< Imm diameter miscanthus particles were pre-mixed with coal particles in ratio 20% to 80%
(biomass fuel to coal particles). The mixture was added to the 300g of silica sand (bed materials)
that had been pre-heated above the ignition point of biomass fuels (260 °C) in the combustion
chamber (Gooch crucible) in a period of 15 minutes. Graph illustrating this is shown in Figure

6.20
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Figure 6-20: Pre-heated Sand Temperature

Acknowledging that, the sintering temperature of biomass fuels is 670 °C, burning of the
biomass fuels was stopped at a little above this temperature at 700 %c, 750 °C, and 802 °C at the

equivalent time of 109.2 minutes, 119.6 minutes, and 120 minutes respectively.

6.6 Combustion of <1Imm Diameter Miscanthus Particles

The experiment was strictly followed as itemized in section 4.6. Silica sand (200 grams) was
heated to the ignition temperature of biomass fuels. 25 grams of biomass fuels was added to
the heated silica sand. After cooling to room temperature, the samples were retrieved from the
combustion chamber. Upon close examination, at 700 °C, no agglomerate was spotted in the
samples. At 750 O, traces of flake like agglomerates were observed in the samples. These signs
mark the beginning of agglomeration in the combustion chamber. Meanwhile, at 802 °C, the
samples were observed to have increased in size, formed different shapes, and fused together
into huge lumps of agglomerates. The combustion experiment was repeated for three times and
the average data compiled. Huge lumps of particles found in the samples confirm that,

agglomeration has occurred in the combustion bed while burning the selected problematic
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biomass fuel (miscanthus). Temperature distribution in the combustion chamber at 750 °C and

802 °C are depicted in Figures 6.21 and 6.22 respectively.
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Figure 6-21: Miscanthus + Sand + Coal at 750 °C
miscanthus + sand + coal @ 802 deg celsius
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Figure 6-22: Miscanthus + Sand + Coal at 802 °C
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6.7 Combustion of <1mm diameter White Wood Particles

Biomass fuels have similar characteristics. At 700 °C, no trace of agglomeration was noticed
until at a temperature of 750 °C and 802 °c. Agglomeration was first observed at 750 °C but
became more conspicuous later. At 802 °C and atmospheric pressure, agglomeration fully
occurred in the combustion bed. This confirms the affirmation that, eutectic mixture in the form
of alkali-silicate had been produced between the alkali from biomass fuels and the silica from
the quartz sand (bed materials).

The eutectic mixture has a lower melting point than the silica and the alkali, therefore melts
promptly in the bed forming lumps of different shapes on the surface of the bed materials. The
experiment was conducted three times and the average data collected. Temperature
distribution in the combustion chamber is shown in Figures 6.23 and 6.24. SEM and EDX
analyses reveal the morphological structures, shapes and the elemental compositions of the
agglomerates respectively. Details on these (SEM and EDX) are contained in the appropriate

section of chapter 7.
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Figure 6-23: Sand + Wood + Coal at 750 oc
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Sand +Wood + Coal at 802 Deg Celsius
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Figure 6-24: Sand +Wood + Coal at 802 °C

6.8 Combustion of <1mm diameter Willow Particles

Despite the observable similar characteristics exhibited by biomass fuels generally, willow
possess peculiar characteristics associated with it. During the combustion of willow particles (<
1mm), no traces of agglomeration was observed at both 700 °C and 750 °C unlike other two
previous biomass fuels (miscanthus and white wood) where agglomeration was noticed at
750°C. The experiment was replicated three times and the average data collected.

Quantities of agglomerates produced during the combustion of willow particles at 802 °C were
little, compared to miscanthus and white wood.

The implication is that, agglomeration formation during the combustion of willow particles was
not as sturdy as found in miscanthus and white wood. Willow may be a very reliable biomass
fuels for the industrial production of heat, power or combined heat and power generation
because, fewer agglomerates are generated during the combustion of the willow particles, silica

sand, and coal.
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Sand + Willow+ Coal at 750 Deg Celsius
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Figure 6-25: Sand + Willow+ Coal at 750 °C
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Figure 6-26: Sand + Willow + Coal at 802 °C.

Combustion experiments conducted on the three selected problematic biomass fuels (white
wood, willow, and miscanthus) categorically confirmed that, agglomeration occurred in the
bed during the combustion processes of these fuels. Agglomerates were produced at 750 °Cat

a temperature a little above the sintering temperature (670 ° C) of biomass fuels.
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During the combustion process of the <1mm willow particles, samples were retrieved at 750 °

C and subsequently at 802 % C with agglomerates appeared conspicuously at those samples

collected at 802 ° C. However, in miscanthus and the white wood particles, agglomerates

formation was conspicuously noticed in the samples at 750 % C. The nature and the quantity of

the agglomerates produced at 750 ° C were quite different from those generated at 802 ° C

with later appearing stronger and harder while the former appeared weaker and brittle.

Generally, in the combustion experiments conducted on the three biomass fuels,

agglomeration was ascertained and confirmed at 802 oc.

Massive lumps of solid particles of about 10 mm diameter were produced at 802 °c during the

combustion of miscanthus and wood while the agglomerates produced from the combustion of

willow were minor of about 6 mm diameter. In other words, it may be easier to carry out

combustion tests or experiments on willow particles because lesser agglomerates are produced

during this process. This is being attributed to the percentage of the alkali (potassium, K)

present particularly in willow compared to other biomass fuels as revealed by the EDX analyses

carried out on the samples.

Case 3 establishes on the reality tests conducted to validate the simulation and the
experimental results obtained from the combustion of the selected problematic biomass fuels
(white wood, willow, and miscanthus). The reality tests were carried out by heating a mixture of
60g of potassium hydroxide, KOH and 180g silica sand. Most of the expected potassium
compounds in biomass possessed high melting temperatures; potassium sulphites K,SO, 1069
oc, potassium chloride KCl, 770 oc, potassium oxide K,0, 740 °c, potassium carbonate K,COs3,
891 °C. However, potassium hydroxide, KOH possessed relatively low melting point, 360 oc
therefore, it was selected for the reality tests.

The experiments were conducted under the same operating conditions and control as the
previous combustion of biomass fuels experiments. The melting point of silica, SiO, is 1700 °C.
At 350 °C, some samples were collected from the combustion chamber and examined. A huge
form of agglomerates was formed at a very low temperature of 350 °C, Figure 6.27A. This

temperature is lower than the melting point of any of the parent materials (silica and potassium
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hydroxide). Further heating of the mixtures to a higher temperature of 502 °C produced

stronger, tougher, and hard lumps, Figure 6.27 B

Figure 6-27: (A) Reality test agglomerates at 350 °C, (B) Reality test agglomerates at 502 °C

(C) Reality test brittle agglomerates produced at 502 °C with kaolin addition.

The nature of the agglomerates produced has been attributed to the alteration in the chemistry
and agglomeration mechanisms, which was introduced by the addition of kaolin to the mixture.

The potassium hydroxide melts sharply and the resulting moist particles reacted with silica from
the bed materials (sand). A eutectic mixture was formed in the form of alkali silicate, K,SiOs
(potassium silicate). Potassium silicate has a lower melting point, 976 °C than the silica 1700 °C
therefore, it melts quickly on the surface of the bed materials and formed massive lumps.

Chemical equation 6.1 has been used to illustrate the reactions.

2KOH + SiO; = K,SiO3 + H,0 6.1

With this discovery, it clearly connotes that, potassium K plays leading and prominent roles in
the formation of agglomerates in the bed during the combustion of biomass fuels. Additive,
kaolin was added to the mixture and the experiment was repeated under the same operating

conditions. Weaker and brittle agglomerate was produced, Figure 6.27C. This is a confirmation
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that, addition of kaolin to the bed contents before combustion will grossly reduce the
occurrence of agglomeration during the combustion process of the selected biomass fuels
(willow, miscanthus, and white wood). It is also a clarification that, addition of kaolin to the

mixture may reduce agglomeration in the beds.

6.9 Error Analysis

Experimental researches are not always completely free of errors, which could be spread
across the acquired data. The commonly applied measure of spread is the variance o® and the
standard variation 0. The variance is a measure of how well spread a set of data look like. It is
calculated as the average squared deviation of each number from the mean of the data set.
The standard deviation is calculated as the squared root of the variance and considered as a
better measure of dispersion. In this research, combustion experiments were conducted on
three biomass fuels (willow, white wood, and miscanthus). These fuels possess similar
combustion characteristics. Standard deviation of the data emanated from the combustion of
willow at 802 °C was calculated and presented below while detailed computational analyses

are presented in appendix B.

X = Total temperature data acquired = 3582555

N = Total number of times data were acquired = 9015

XMean = X/N 6.2
=3582555/9015
=397.40

Variance o¢” = % N, (X —XMean)? 6.3

=32780.55452
=32780.55

SD =VL¥X, (X —XMean)? 6.4
= 181.05

Therefore, standard deviation SD from the mean = 181.05

149



6.10 Influence of kaolin on the combustion characteristics of the selected
biomass fuels

Additive (10 % kaolin) was pre-mixed with the individual biomass fuel (willow, white wood, and
miscanthus). Throughout the combustion of the pre-mixed biomass fuels with kaolin, no
agglomeration was observed in the bed at 750 °C and 802 °C compared to when these biomass
fuels were combusted without the addition of kaolin; agglomerates were formed at these
temperatures.

Previous research confirmed that, additive from water waste resources could serve as a reliable
additive in the handling of agglomeration problems in combustion beds. One of such additives is
the sewage sludge used as additive during a research conducted on wheat straw and wood
waste ash [247]. It was concluded that, sewage sludge has the affinity to reduce ash related
problems during the combustion of problematic biomass fuels by encouraging the production of
high melting temperature alkali-silicate (potassium or sodium silicate) and reduced fouling and
slag formation in the reactor. The change in the chemistry and mechanisms of agglomerates
formation led to reduction in ash deposit formation on the surface of the furnace (combustion
chamber)[202, 247].

Kaolin, Al,Si;Os(0OH)4 has great affinity to form eutectic mixtures with the alkali present in the
biomass fuels in the form of Alkali-Alumina-Silicate [149, 205]. This mixture has higher melting
point than the parent materials (alkali, sand, and kaolin). Therefore, kaolin was adopted as the
preferred additive for this research.

Prediction with Factsage software clearly indicated that, with the addition of kaolin to the
combustion bed contents (biomass fuels and silica), agglomeration will only occur at an elevated
temperature of 1300 °C if the biomass fuel is dominated by potassium, K or potassium oxide,
K,O. Moreover, if the biomass fuel is hugely dominated by Sodium, Na or its oxide,
agglomeration will occur at a temperature of 1700 °C.

Addition of kaolin hindered both the sintering of the wood particles and subsequent melting or
fusion that may have followed. Bulk of the samples retrieved from the mixture of wood particles

and kaolin at 802 °C did not show any trace of bonded particles. As identified earlier in chapter
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2, aluminium-silicates, Al,03-SiO, from kaolin may react with the low melting alkali -silicate from
wood particles (biomass fuel) to form alkali-aluminium-silicate. This mixture has a very high
melting temperature higher than the melting point of the parent materials. Therefore, the
degree of ash sintering was reduced and melting of the biomass fuels at 802 oC was completely
avoided.

With this, it is advisable to always add kaolin to blends of biomass fuels or single biomass fuel as
a suitable additive while conducting combustion experiments on them or when they are being

processed for industrial heat and power generation.

6.11 Scanning Electron Microscopy (SEM) Analyses of the Samples (Willow,

Miscanthus, and White Wood) After Combustion

Post combustion analyses were carried out on the bed specimen (samples) with specific
interest and focus on the Scanning Electron Microscopy, SEM and the Energy Dispersive X-ray
Spectroscopy, EDX. Series of post combustion analyses were conducted on the bed samples
which were collected at 700 °C, 750 °C, and 802 °C. Scanning Electron Microscopy, SEM revealed
the morphological structure (structural arrangements), size, and shapes of the samples after
combustion, Figure 6.28

Comparing the bed samples before and after combustion, increment in the sizes, changes in the
shapes and structure of the samples were observed. In all the three samples examined (willow,
white wood, and miscanthus), initiation of agglomerates formation was noticed at 750 °C with
huge lumped structures produced at 802 °C except in willow where only little agglomerates

were produced.
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(a) (b) (c)

Figure 6-28: (a) Agglomerates from <1mm white wood particles at 802 °C. (b) Agglomerates from <1mm

miscanthus particles at 802 °C, (c) Agglomerates from <1mm willow particles at 802 °C

Initial size of the samples was <1mm before the combustion process. After the combustion of
the particles, the size of agglomerates formed in white wood and miscanthus particles increased
to an average of 10mm diameter while the size of the agglomerates produced in willow is about
7mm diameter, Figures 6.28a, 6.28b, and 6.28c. Moreover, the agglomerates produced from the
combustion of willow particles were brittle while those produced from the combustion of white
wood and miscanthus particles were tougher and harder. This is a clear indication that,
agglomeration had occurred in the bed. Formation of agglomerates in the bed was attributed to
the reactions between the alkali metals from the biomass fuels and the silica from the bed
materials, sand as earlier explained. The elemental compositions of both the inner core and the
outer surface of the lumps were examined using the Energy Dispersive X-Ray Spectroscopy,
EDX. These observable features in the samples are a clear indication that, agglomeration
occurred in the bed during the combustion experiments on the selected biomass fuels. Unlike
willow, traces of agglomerates were observed and consistent with both white wood and
miscanthus at 750 °C but became obvious at 802 °C. Scanning electron microscopy (SEM)
images of the agglomerates produced from the combustion of the selected biomass fuels
(wood, miscanthus) at 750 oC are shown in Figure 6.29A and 6.29B while SEM of agglomerates

produced from willow particles is shown in Figure 6.30C.
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Figure 6-29: (A) SEM image of agglomerates from the combustion of <lmm wood particles at 750 °C (B)

SEM image of agglomerates from the combustion of <Imm miscanthus particles at 750 °C.

Letters A-Q on the figures represents nomenclature for easy identification and discussions of

the images. There are two noticeable sections on image A based on its brightness. The overall
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dark area in Figures 6.29 A, 6.29B, and 6.30C is made up of the mixture of coal and resin used
for the preparation of the specimen for SEM analyses while the brighter sections contained the
molten < Imm wood, miscanthus, and willow particles respectively at 750 °C. SEM images of the

samples are shown in Figures 6.29 to 6.37.
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Figure 6-30 (C) SEM image of agglomerates from the combustion of <Imm willow particles at 750 °C

(D) SEM image of agglomerates from the combustion of <Imm miscanthus particles at 802 °C
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Figure 6-31(E) SEM image of agglomerates from the combustion of <Imm white wood particles at 802 °C
(F) SEM image of agglomerates from the combustion of <1mm willow particles at 802 °C
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Figure 6-32 (G) SEM image of agglomerates from the combustion of <lmm mixture of wood +
miscanthus particles at 802 °C, (H) SEM image of agglomerates from the combustion of the mixture of
willow + wood particles at 802 °C
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Figure 6-33 (I) SEM image of agglomerates from the combustion of the mixture of miscanthus + willow
particles at 802 °C, (J) Powder image of the mixture of Kaolin + wood particles at 802 °C.
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Figure 6-34 (K) Powder image of the mixture of Kaolin + wood particles at 802 °C (L) Powder image of the
mixture of Kaolin + willow particles at 802 °C
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Figures 6.33 J and 6.34K are powder images of the mixtures of wood particles and kaolin at
802°C while Figures 6.34 L, 6.35 M, 6.35N, & 6.36 O are the powder images of the blends of
mixture of Kaolin + willow, miscanthus, wood, and willow particles respectively with kaolin at 802
°C. It has very weak electron conductivity hence; it was subjected to powder imaging. No
molten of the substances was observed in the particles after the combustion process. This
buttressed the simulation results with Factsage software on binary phase diagrams whereby, it
was forecasted that, with the addition of kaolin to the bed materials, agglomeration would
occur at elevated temperature of 1200 °Cina potassium K, dominated biomass fuels.
Moreover, as predicted with the Factsage software that, in a sodium Na, dominated biomass
fuels, agglomeration would occur at a high temperature of 1300 °C and not at 802 °C. Liang and
Wang, 2013 in their research concluded that, addition of additives to biomass fuels act as anti-
sintering agent that reduces melting or formation of low melting temperature alkali-silicate
compounds.

The threadlike feature in figure 6.34L comprised of willow particles while the surrounding fine
particles that exhibits continuous phase, composed mostly of the mixture of kaolin and silica
sand. Addition of kaolin influenced the combustion of the willow particles in the mixture. Many
high melting temperatures alkali-alumina-silicate were produced in the bed during the
combustion processes. The potassium-alumina-silicate produced has higher melting
temperature. Production of the high melting temperature of these Potassium-alumina-silicates,
can improve on the ash sintering and subsequently, agglomeration characteristics of the

selected biomass fuels (white wood, willow, and miscanthus).
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Figure 6-35 (M) Powder image of the mixture of Kaolin + <1mm wood particles before combustion. (N)
Powder image of the mixture of Kaolin + <1mm willow particles before combustion.
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Figure 6-36 (O) Powder image of the mixture of Kaolin + <lmm miscanthus particles before combustion.

Figures 6.35M, N, and 6.36 O are the powder images of the mixtures of Kaolin + <1mm wood
particles, Kaolin + <1mm willow particles, and Kaolin + <1mm miscanthus particles respectively

before combustion.
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Figure 6-37: (P) SEM image of agglomerates from the combustion of Sand particles + KOH at 350 °C, (Q)

SEM image of agglomerates from the combustion of Sand particles + KOH at 502 °C.

The two brighter features, Figure 6.37 P are the lumps formed in the bed during the combustion
of the mixture of potassium hydroxide, KOH and silica sand at 350°C while the darker areas
surrounding the lumps is mostly comprised of carbon and oxygen from resin. The massive block
like structure in figure 6.37 Q is the hard, tough, and strong agglomerates formed in the bed

during the combustion of potassium hydroxide, KOH and silica sand at 502 °C. Formation of this
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structure was because of the reaction between the potassium K and the silica from sand (bed
materials). The reaction produced a low melting temperature, eutectic mixture in the form of
alkali-silicate (potassium silicate) that melts speedily at a low temperature of 502 °C lower than
the melting point of silica.

Generally, the results showed that, agglomerates were formed because of a great adhesion
between the molten fuel particles in form of alkali — silicate (potassium-silicate or sodium
silicate) and the bed particles.

The alkali — silicate (potassium silicate or sodium silicate) has a lower melting point than the
parent materials (alkali and silica) therefore, melts considerably and quickly on the surface of
the bed materials with the inner core comprise of mostly the bed materials while the outer

layer possesses characteristics related to fuel ash.

6.12 Energy Dispersive X-Ray Spectroscopy (EDX) Analyses of the Samples
(willow, miscanthus, and white wood) after combustion.

The main technique adopted for these analyses, is the EDX Spot analysis of the selected areas
on the electron images. The machine focussed on different spots called the spectra, each
spectrum was analysed and the elemental composition at that spot established. Carbon, C and
oxygen, O was mostly present in all the images plotted. These elements were believed to have
emanated from the adhesive (resin) applied to bind the samples together firmly. Details of both
the SEM images and the EDX comprehensive data are contained in appendix A.

SEM and SEM-EDX images of the mixture of KOH with silica sand melted at 350 °C are shown in
Figure 6.38 while the summary of the elemental compositions of each spectrum are contained
in Table 6.1. Comprehensive/detailed SEM and the EDX data are contained in appendix Al,
Figures 9.1t0 9.5
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Figure 6-38 SEM images of the mixture of KOH with silica sand melted at 350 °C and SEM-EDX images of
the selected areas (spectra 1, 2, 3) in panel a.
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Figure 6-39: (a) SEM image of the mixture of KOH with silica sand melted at 350 °C and SEM-EDX images

of the selected areas (spectra 4 and 5) in panel a.

The two light grey portions in Figure 6.38 panel a, comprised of the molten fraction of the KOH
and silica sand in the reality tests conducted at 350 °c. Spectrum 1 of figure 6.38 is mostly
dominated by silicon Si (78.26 wt %) and potassium K-Feldspar (1.80 wt %). Spectrum 2
contained mostly potassium K-Feldspar (41.07 wt %), Si (12.40 wt %), and Fe (0.61 wt %) as a
trace element. Concentration of K in this region is higher than that in spectrum 1. In addition to
Si, K, and Fe in spectrum 2, spectrum 3 contained Calcium, Ca (0.88 wt %) although in a
negligible amount. Spectra 4, and 5, Figure 6.39 were mostly dominated by silicon Si (50.90 wt
%), (72.87 wt %), and (52.41 wt %) respectively. Concisely, Si and K generally dominated the
sample. Si and K completely dominated agglomerates emanated from the reality tests while Ca
and Fe were trace elements in the mixture, Table 6.1.

Table 6-1: EDX spot analysis results of KOH + Sand at 350 oc

Wt Spectrum

26 1 2 3 £ 5
Si 78 12 51 73 52
K 2 41 14 4 20
Ca 0] 0] 1 0 8]
Fe 0] 1 1 0 0
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Mixture of willow with white wood particles melted at 802 °c

SEM and SEM-EDX images of the mixture of willow with white wood melted at 802 °C is as
shown in Figure 6.40. The EDX machine spotted three spectra 1, 2, and 3. Elemental
composition of each spectrum are depicted in Table 6.2 while overall EDX comprehensive data

are presented in appendix A2, Figures 9.6 t0 9.10
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Figure 6-40: SEM image of the mixture of willow with white wood melted at 802 °C and SEM-EDX images

of the selected areas in panel a.
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Brighter area of the grey zone of spectrum 1 Figure 6.40 is made up of the melted part of the
mixture of willow and wood at 802°C. It was dominated by Si (74.31 wt %). It clearly implies
that, the region may also comprise of mostly K-silicate. Spectrum 2 contained some additional
elements to Si and K; Calcium Ca — Wollastonite (3.35 wt %), Phosphorus P (1.22 wt %),
Aluminium Al (3.58 wt %), Iron Fe (4.96 wt %), (12.40 wt %), while the major dominating
element was Silicon Si (39.70 wt %). Element mapping, Figure 6.41 of panel a in Figure 6.40

revealed the elemental compositions as K, Si, Al, C, O, Cl, Fe, Mg, Ca, and Na.

O kal

Mg Kat_2

Clkal

Figure 6-41: Element mapping of panel a in figure 6.40; mixture of willow with white wood melted at
802 °C
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Table 6-2: EDX Spot analysis of blends of willow, white wood, and miscanthus at 802 °c

Wt % Wood + Willow Miscanthus + Wood Willow + Miscanthus
1 2 3 4 5|1 2 3 4 5|1 2 3 4 5
Si 7440 46 0 039 20 0 0 0|67 61 0 0 0
K 0 23 21 0 0(0 12 0 0 0110 0 0 0 0
Na 0 0 0 0 oro 0 0 0 01 0 0 0 0 0
Mg 0 4 2 0 oro 2 0 0 011 0 0 0 0
Al 0 4 4 0 oro 2 0 0 o0 0 0 0 0
Ca 0 3 3 0 olo 3 0 0 ol 2 o0 0 0 0
5 0 0 0 0 oro 0 0 0 o0 0 0 0 0
Cl 0 0 0 0 oro 0 0 0 01 0 0 0 0 0
P 0 1 2 0 o0 2 0 0 01 0 0 0 0 0
Fe 0 0 3 0 o]0 1 0 0 011 0 0 0 0

It is worthwhile to note that, numbers 1,2,3,4 and 5 represents the spectra. The elements

present in each spectrum are as shown in Table 6.2 while detailed SEM and EDX data are

contained in appendix A.

Figure 6.42 comprised of SEM-EDX images of the mixture of 50% wood and 50% miscanthus
particles melted at 802 °C. Spectrum 1 consisted of mostly Si (38.52 wt %). The light grey region
indicated the melted alkali-silicate mixture. Spectrum 2 comprised of mostly Si (19.54 wt %) and
other elements like; K-Feldspar (11.45 wt %), Mg (2.23 wt %), Al (2.15 wt %), P (1.74 wt %), Fe

(1.28 wt %), Ca (3.16 wt %). Spectrum 3 of the electron image comprised mostly of, carbon C

(74.53 wt %) and oxygen O (20.00 wt %) that emanated from the adhesive.
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Mixture of wood with miscanthus particles melted at 802 °c
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Figure 6-42: SEM image of the mixture of wood with miscanthus melted at 802 °C and SEM-EDX images

of the selected areas in panel a.
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Figure 6-43: Element mapping of panel a in Figure 6.42, mixture of white wood with miscanthus melted

at 802 °C.
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The element mapping, Figure 6.43 revealed the overall elemental composition of the mixture of
50% wood particles with 50% miscanthus particles. The following elements were discovered to

be contained in the entire image; Na, Si, Cl, C, S, Al, K, P, O, Fe, Mg, and Ca.

Mixture of willow and miscanthus particles melted at 802 °c
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Figure 6-44: SEM image of the mixtures of willow and miscanthus melted at 802 °C and SEM-EDX images

of the selected areas in panel a.
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Figure 6-45: Element mapping of panel a in figure 6.44 mixture of willow + miscanthus at 802 °C.
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Figure 6.44 is made up of the SEM-EDX image of the mixtures of 50% willow with 50%
miscanthus particles at 802 °C. Panel a in Figure 6.44 was divided into three spectra. It showed
that, spectrum 1 consisted of Si (66.62 wt %), K (9.93 WT %), Ca (2.01 wt %), Mg (1.30 wt %),
and traces of Fe and Na. Spectrum 2 contained mostly Si (61.00 wt %) while spectrum 3 is made
up of C and O. There is strong correlation between K and Si for the enhancement of low melting
temperature K-Silicate build up, hence, formation of agglomerates in the bed. Element mapping
Figure 6.45 (willow + miscanthus) contained the following elements; O, Si, Fe, C, Mg, K, Ca, and
Na. Comprehensive EDX and SEM are contained in appendix A, Figures 9.34 to 6.36

Wood particles melted at 802 oc
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Figure 6-46: SEM image of wood melted at 802 °C and SEM-EDX images of the selected areas in panel a.
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Figure 6-47: Element mapping of panel a in figure 6.46, wood @ 802 °C
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Light grey area, spectrum 1, Figure 6.46 contained fused alkali-silicate in the form of K-silicate as
revealed by the EDX and the element mapping, Figure 6.47. Si (79.45 wt %) - in addition to C and
O from the adhesive, potentially dominates the region. Spectrum 2 was specifically dominated
by Si (55.66 wt %) and K-Feldspar (22.83 wt %). Other elements making up the region are Ca -
Wollastonite (3.04 wt %), Mg (1.19 wt %), and Fe (38.52 wt %). Tendency of formation of K-
Silicate is high hence, production of the fused sample. Spectrum 3 is made up of C and O with
infinitesimal amount of chlorine Cl (0.46 wt %) and K (0.20 wt %). Details are shown in Appendix

A4, Figures 9.16 t0 9.20
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Wood particles melted at 750 °C
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Figure 6-48: SEM image of wood melted at 750 °C and SEM-EDX images of the selected areas in panel a.
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Figure 6-49: Element mapping of panel a in figure 6.48 wood at 750 °C
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Figure 6.49 contained the element mapping of white wood melted at 750 °C. It consisted of Al,
Mg, Si, P, O, Ca, C, S, Na, K, Cl, and Fe as shown in the images. Spectrum 2, Figure 6.48 was
dominated with Si (75.28 wt %) in addition to C and O. The indication is that, a melt that is
highly rich in silica had been formed in that region meanwhile, the periphery of the brighter
grey area (spectrum 3) is very rich in potassium K-Feldspar (22.79 wt %), and silicon Si (41.48 wt
%). It also contained calcium Ca Wollastonite (3.12 wt %), Mg (2.77 wt %), P (1.06 wt %), and Fe
(5.10 wt %). This showed a good correlation between K, Na, Ca, and Si. A close examination of
the grey portion, Figure 6.48 confirmed that, the interior of the agglomerates consisted majorly
the silica (bed materials) while the periphery or the outer layer contained mostly the fuel ash.
The tendency of K/Na-silicate formation is also very high. However, spectrum 4 is made - up of
the adhesive zone with O and C dominating the area. Complete SEM and EDX data are shown in

Appendix A5, Figures 9.21 to 9.25
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Miscanthus particles melted at 750 °c
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Figure 6-50 SEM image of miscanthus melted at 750 °C and SEM-EDX images of the selected areas in
panel a.
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Figure 6-51: Element mapping of panel a in figure 6.50 miscanthus at 750 °C.
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Darker section of the grey zone of Spectrum 1 of Figure 6.50 has Si (88.97 wt %) as the major
element. The lighter area of the grey zone has Si (48.76 wt %), Mg (1.78 wt %), Al (5.23 wt %), P
(4.60 wt %), K (23.72 wt %), Ca (8.95 wt %), and Fe (1.74 wt %). Concentration of Si, K, and Ca is
very high in the region. The tendency of formation of K-Ca-silicate is also very high. Spectrum 3
contained exclusively C and O with little Si (1.59 wt %). These are also depicted in the element
mapping, Figure 6.51 while comprehensive EDX and SEM data are contained in Appendix A6,

Figures 9.26 to 9.30. Elemental composition, EDX of the samples are shown in Table 6.3

Table 6-3: EDX Spot analysis of willow, white wood, and miscanthus at 750 °c

Wt % Willow Wood Miscanthus
1 2 3 4 5(1 2 3 4 5|1 2 3 4 5

Si 8 58 0 0 0175 41 1 0 08 49 0 0 0
K 0 23 0 0 0(0 23 0 00} 0 24 0 0 0
Mg 0 2 0 0 oo 3 0 00,0 2 0 0 O
Al 0 0 0 0 oo 4 1 00,0 5 0 0 0
Ca 0 4 0 0 oo 3 0 000 9 0 0 0
S 0 0 1 0 oo O 0 000 0 2 0 0
P 0 0 0 0 o0 1 0 000 00 0 O
Fe 0 1 0 0 oo 5 0 000 2 0 0 0
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Willow particles melted at 750 °C
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Figure 6-52: SEM image of willow melted at 750 °C and SEM-EDX images of the selected areas in panel a.
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Figure 6-53: Element mapping of panel a in figure 6.48 willow melted at 750 °C
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Inner core of the grey section of Figure 6.52 is predominantly covered with Si (84.81 wt %)
thereby affirming that, the region is mostly made up of the bed materials while the outer layer
spectrum 2, potassium K in addition to Si. There is likelihood of the presence of biomass fuel ash
in large quantity in the region. Spectrum 3 comprised of the adhesives C and O. Detailed

analyses are contained in Appendix A7, Figures 9.31 to 9.33

Willow Particles Melted at 802 °C
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Figure 6-54: SEM image of willow melted at 802 °C and SEM-EDX images of the selected areas in panel a.
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Figure 6-55: Element mapping of panel a in figure 6.54, willow at 802 °C.
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Spectrum 1, Figure 6.54, willow particles melted at 802 °C is prevalently covered with Si (84.84
wt %). This clearly indicated that, the interior of the grey zone is made - up of Si. Spectrum 2
contained Si (43.95 wt %), K (25.39 wt %), Fe (18.16 wt %), Mg (3.20 wt %), Al (1.33 wt %), Ca
(1.07 wt %). Other trace elements are S, P, and Na, Table 6.4. Spectrum 3 contained mostly
traces of Na, Mg, Si, S, and Ca in addition to C and O that dominated the region. Element
mapping, Figure 6.55 also showed these elements while the overall EDX data are contained in

appendix A9, Figures 9.37 t0 9.41

Table 6-4: EDX Spot analysis results of willow, white wood, and miscanthus at 802°C

Wt % Willow Wood Miscanthus
1 2 3 4 511 2 3 4 5|1 2 3 4 5
Si 84 44 0 0 079 5% 0 0 0|76 42 0 0 0
K 0 25 0 0 oy0 23 0 0 0|0 16 0 O 0
Na o 0 0 0 o0 0 0 0 oo 0 0 0 0
Mg |0 3 0 0 o0 1 0 0 o0 3 0 0 0
Al o0 1 0 0 o0 0 0 O oo 2 0 0 0
Ca o 1 0 0 o0 3 0 0 oo 3 2 0 0
5 o 0 0 0 o0 0 0 0 oo 0 0 0 0
Cl 0o 0 0 0 00 0 0 O o0 0 0 0 0
P 0 0 0 0 00 0 0 0 oo 0 0 0 0
Fe 0 18 0 0 o0 0 0 1 0|0 4 0 0 0
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Miscanthus particles melted at 802 °c
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Figure 6-56: SEM image of miscanthus melted at 802 °C and SEM-EDX images of the selected areas in

panel a.
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Figure 6-57: Element mapping of panel a in figure 6.52, miscanthus at 802 °C.
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Inner part of the grey portion in Figure 6.56, spectrum 1, is predominantly covered with Si
(75.84 wt %) while the lighter part of spectrum 2 (periphery) contained the following elements
Mg (2.63 wt %), Al (1.70 wt %), Si (42.30 wt %), P (0.65 wt %), K -Feldspar (15.62 wt %), Ca-
Wollastonite (3.21 wt %) and Fe (4.10 wt %). The region represents the melted miscanthus
particles. High concentration of Si in the region can induce tendency for the formation of low
melting temperature K-Ca-silicate. Spectrum 3 contained C, O, Ca and traces of Cl and K.
Detailed data are contained in Appendix A10, Figures 9.42 to 9.46.

In the overall, agglomeration behaviours of white wood, miscanthus, and willow were studied
and ascertained in this research. SEM and EDX clearly indicated that, agglomeration occurred
during the combustion of the selected problematic biomass fuels. Increase in the size of the
particles from <1mm before combustion to between 6mm to 8mm diameter after combustion
is another clarification of agglomeration in the bed. Research showed that, melting of the
biomass fuels took place because of the formation of eutectic mixture in the bed. Eutectic
mixture was formed from the reactions between alkali metals in the biomass fuels and the
silica in the bed materials (sand) in the form of a low melting temperature alkali-silicate,
precisely potassium-silicate (K/Na-silicate). The low melting eutectic mixture melts abruptly
below the temperature of the parent materials (alkali metals and silica). Additive was added in
a blending ratio of 10% of the bed materials. This agreed with Wang [187] where the same
ratio was used in their research. However, it may be flexible depending on the combustion

technology adopted.

6.13 Summary

Series of experiments conducted in this research overwhelmingly revealed that, agglomeration
is @ major problem combating the combustion of biomass fuels and biomass fuels blend with
bed materials. It constitutes a real threat to the generation of alternative energy from the
combustion of these energy-producing fuels. This is because of the consequences that usually

follow the combustion complications which include; defluidization of the bed if the combustion
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bed is a fluidized bed, the loss of the whole contents and intents, reduced production
competitiveness and quality assurance in a fixed bed.

A different approach to solving agglomeration occurrence during the combustion of the
selected problematic biomass fuels (miscanthus, willow, and white wood) have been adopted
in this present research. The use of Gooch ceramic crucible as the combustion chamber,
Factsage software application to predict the eutectic points and temperatures on both the
binary and the ternary phase diagrams, series of the combustion experiments conducted on
the biomass fuels. The reality tests carried out on the mixture of potassium hydroxide, KOH
with the quartz sand, and finally, the post combustion analyses (SEM and EDX) carried out on
the samples retrieved at 700 ° C, 750 ° C, and 802 ° C during the combustion processes of the
biomass fuels were adequately analysed.

It is worthwhile to note that, biomass fuels have numerous similar characteristics therefore,
they possessed almost the same average sintering temperature of 760 % C as earlier discussed
in chapter 2. This fact corroborated the experimental results emanated from this present study
whereby, agglomeration occurred at 750 °C and 802 °C in the laboratory-scale fixed bed. The
agglomerates produced at 802 °C appeared massive and tougher when compared with
agglomerates produced at 750 °C. The agglomerates produced from <1lmm diameter white
wood and miscanthus particles seemed harder than those from the <1mm willow particles at
the same temperature and other operating conditions. This had been discussed earlier.
Consequently, agglomerates were produced in the combustion bed because of the thermo-
chemical reactions that occurred between the alkali metals (mostly potassium, K and Sodium,
Na) the silica from the quartz sand.

Generally, in all the simulation results obtained from the ternary phase diagrams, temperature
at which agglomeration was predicted to occur is higher than predicted on the binary phase
diagrams. This may have been attributed to the fact that, the eutectic mixtures produced in the
ternary phase diagrams were generated from the reaction of three components; kaolin, alkali,
and silica while in the binary phase diagram, the eutectic mixtures were generated from two
components; alkali and kaolin. Moreover, the eutectic mixture produced in the ternary phase

diagram was in the form of alkali — aluminium — silicate while in the binary phase diagrams, it
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was in the form of alkali-silicate. Consequently, the melting temperature of the eutectic
mixture produced in the ternary phase diagram is higher than that in the binary phase
diagrams. Therefore, agglomerates would be produced at these elevated temperatures as

forecasted with the Factsage software on both the binary and the ternary phase diagrams.
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7 Conclusions and Recommendations for Future Works

7.1 Introduction

Fossil fuels (coal, crude oil, and natural gas) are vigorously debasing and depleting from its
reserve therefore, no longer dependable as a reliable energy source. Moreover, the emissions
(combustion products) emanating from its combustion processes are sources of heavy
pollution to the environment. The poised for researchers to perpetually scout or rummage for
a friendlier and renewable alternative energy source is highly applauded, hence the adoption
of a fixed bed combustion technology for the combustion of biomass fuels and agglomeration
tests. However, series of problems are encountered during the combustion of biomass fuels in
the combustion beds among which are; agglomeration, erosion, fouling, and slagging to
mention a few. The scope of this research is limited to “ the reduction of agglomeration in a
laboratory - scale fixed bed using a Gooch crucible as the combustion chamber while adding
kaolin as additive”. This chapter discusses the overall discoveries during the research work
(PhD) in its entire totality, with a view to recommending other areas not adequately covered as

proposed future works.

7.2 General Research Conclusions

Findings from this research are also applicable to other combustion beds especially the
fluidized beds. A unique approach was adopted at solving the agglomeration problems.
Introduction of a Gooch ceramic crucible as the combustion chamber was to ensure that,
higher temperature distribution is achieved within the chamber. This is a significant
contribution to knowledge in this research work. Maximum temperature attained with the
conventional ceramic crucible was 445 ° C while 802 °C was achieved with the Gooch ceramic
crucible. This temperature, 802 °C was able to melt the biomass fuels particles during the
combustion processes. Simultaneous and critical comparison of the combustion experiments,
simulation results (Factsage software applications), and the reality tests conducted by heating

KOH + silica sand formed the main technique and approach in this research.
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In this research, it was established that, formation of a low melting temperature alkali-silicate
in the form of potassium, K —silicates or sodium, Na — silicates were the bed rock upon which
agglomeration in the combustion beds depended. The low melting temperature alkali-silicate
(eutectic compound) has a lower melting temperature than the parent materials therefore,
melts quickly in the bed during combustion.

Post combustion analyses, SEM revealed that, elongation in the sizes of the biomass particles
from < 1mm before combustion to 6mm or 10mm after combustion, was a clear indication and
confirmation of occurrence of agglomeration in the bed. EDX confirmed the elemental
compositions of the agglomerates. The inner core contained silicon, Si while the outer layer
contained mostly potassium, K emanated from the fuel ashes. Details of the comprehensive
SEM and EDX data are contained in appendices A of this thesis.

Addition of additive, kaolin facilitated chemical reaction in the bed that produced a higher
melting temperature (eutectic compound) in the form of alkali-alumina-silicates. This has a
higher melting temperature than the parent materials therefore, would melt at elevated
temperatures, 1200 oC if the dominant alkali is potassium, K and at 1700 oC if the dominant
alkali is sodium, Na. Therefore, kaolin is a dependable and reliable additive to reduce
agglomeration during the combustion of biomass fuels in combustion beds (fixed and fluidized
beds).

The reality experiments conducted also buttressed the formation of agglomerates via alkali-
silicates formation in the bed. Potassium hydroxide KOH was heated with silica sand. At 350 °c,
lumps of particles in form of agglomerates were produced. At 502 °C, stronger and harder
agglomerates were produced. This is also a confirmation of alkali-silicate existence in
agglomeration chemistry. Brittle and weak agglomerates were produced when 10% kaolin was
added to the mixture of KOH and silica sand.

As a limitation, the experiment could not be performed beyond the agglomeration tests. The
maximum temperature achieved in the bed 802 °C, could not confirm agglomeration at higher
temperatures when additive was added. This has been added to the future works to continue

this research. Details of the discoveries are as epitomized underneath;
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7.3

Prediction of Eutectic points on Phase Diagrams

The intention of this sub-section was to investigate and affirm the temperature at which fusion

of biomass fuel particles and bed materials occurred in the bed during combustion with

additive, kaolin added. Moreover, this led to the determination of the safe working

temperature of the combustion equipment (SWT) which was recommended to be below the

eutectic temperature, when additive (kaolin) was added. Conclusions were drawn as follows;

With the addition of additive (kaolin) to the bed contents, in Potassium, K dominated
biomass fuels, agglomeration was predicted to occur in the bed at the temperature of
1200 °C and pressure of one bar on binary phase diagrams. Only two components
(kaolin and potassium oxide) were considered simultaneously.

Eutectic temperature in Sodium, Na dominated biomass fuel was at a higher
temperature of 1700 °C at the same operating conditions.

With the addition of additive (kaolin) to the bed materials, initial agglomeration was
forecasted to occur in the bed at the temperature of 1550 °C and pressure of one bar
on ternary phase diagrams where three components were considered simultaneously.
Variation in the value of the compositions of the components (kaolin and potassium
oxide respectively) Al,Si,Os(0OH); and K,O was discovered not have any significant
influence on the eutectic temperatures on both the binary and the ternary phase
diagrams. Percentage of the components was in either mole or grams as earlier
showcased.

Pressure has a significant influence on the formation of agglomerates in a laboratory-
scale fixed bed during the combustion of biomass fuels. This was confirmed with the
results obtained from Factsage software applications on the determination of eutectic
temperatures on binary and ternary phase diagrams. The higher the pressure in the
bed, the lower is the risk of agglomeration in the beds during the combustion processes

of the biomass fuels.
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7.4 Reality test on the selected biomass fuels

The motive behind this sub-division was to investigate experimentally and ascertain the
mechanisms of the reactions between alkali metals and silica. Potassium hydroxide was pre-
mixed with silica sand and the mixture was heated in a Gooch crucible (combustion chamber).
Findings from these tests are as discussed below:

e Agglomeration was found to occur in the combustion bed at a very low temperature of
350 °C. The potassium hydroxide melts abruptly at 350 °c thereby creating muggy and
moist particles that adhere stickily to the silica sand. This corroborated the affirmation
that, agglomerates are produced because of the intimate reactions between the alkali
metal (Potassium K) from the Potassium hydroxide and the silica (SiO,) from the sand,
to form a low temperature alkali-silicate that melts quickly.

e A eutectic compound was formed (Potassium silicate, K;Si,03). It has a lower melting
temperature than the parent materials (KOH and SiO,) and therefore melts quickly at a
lower temperature of 350 °C thereby producing a massive and huge lump of blocks
called agglomerates in the bed. Harder and stronger agglomerates were formed when
the temperature was increased to 502° C.

e Addition of additive in this case, only reduces the magnitude and hardness of the
agglomerates produced in the bed even at the same operating conditions. Brittle

agglomerates were produced.

7.5 Post Combustion Analyses on the Bed Samples

The idea of this sub-section was to further establish agglomeration tendencies in the selected
biomass fuels (willow, white wood, and miscanthus). Samples were retrieved at different
temperatures, 700 °c, 750 °C, and 802 °C. The samples were later subjected to both the SEM
and the EDX.

Scanning Electron Microscopy (SEM) analyses conducted explicitly revealed the morphological
structures of all the samples considered. The SEM revealed the structures, shape, and sizes of

the agglomerates produced during the combustion processes while the EDX showed the
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elements contained in the agglomerates (elemental composition). All the combustion
experiments conducted on the selected biomass fuels (white wood, miscanthus, and willow)
produced agglomerates except for when additive (kaolin) was added to the mixture. Therefore,
it can be concluded that, biomass fuels have the potentials and tendencies to produce
agglomerates during their combustion processes. Moreover, there was elongation in the size
of the biomass particles from <1mm to 10mm diameter during the combustion involving wood
and miscanthus while combustion involving willow particles produced elongated particles from
<1mm to about 6mm diameter. Comparing the samples before and after combustion, there
was a huge increase in the size and shapes of the samples after combustion in the bed. This
served as confirmation that, agglomeration had occurred in the bed.

Energy Dispersive X-Ray Spectroscopy (EDX) exclusively affirmed the elemental compositions
making up the samples. Spot analyses, element mapping, and spectra analyses showed that,
the samples were massively dominated by the alkali metals particularly, Potassium K and
Sodium, Na. Presence of some trace elements was observed, while the percentage of some
trace elements in the samples is negligible. EDX analyses showed the element making up the
samples. In all the samples examined, the common and the dominated elements are the alkali,
potassium, K, sodium, Na, and the alkali earth metals, magnesium, Mg, calcium, Ca. In addition,
silicon, Si was present in large quantity in all the samples. Other trace elements are
phosphorous, P, iron, Fe, S, and Cl. Depending on the spotted area; concentration of each
element varies per spot. Concentration of individual elements in the samples was further
clarified with the mappings of SEM images. Meanwhile, EDX could not be carried out on some
samples because they have very poor electron conductivity hence, only powder imaging was
conducted on them.

Impact of Additive on the control of agglomeration during the combustion of selected biomass
fuels was fully established. Kaolin was pre-mixed with the bed contents to examine the
agglomeration tendencies and behaviours in the experiments conducted. Agglomeration was
predicted to occur in the bed at elevated temperature of 1200 °C if the biomass fuel is
dominated with potassium, K while agglomeration would occur in the combustion bed at 1700

OC if the biomass fuel were dominated with sodium, Na.
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Formation of thermal NOyx and Probable damage to the combustion equipment may be

completely avoided thereby, reducing the cost of emergency breakdown maintenance.

7.6 Closing Assertion

Agglomerates are usually produced during the combustion of the problematic biomass fuels at
temperatures slightly above the average sintering temperatures of typical biomass fuels (700 °c
to 760 °C). Addition of additives (mostly kaolin) to bed contents could increase agglomeration
time and cause agglomeration to occur at elevated temperatures between 1200 °C to 1700 °C
depending on the dominant alkali metals (K or Na) as predicted by the Factsage software
applications. In potassium, K dominated biomass fuels, agglomeration will occur in the
combustion bed at a temperature of 1200 °C while in sodium Na, dominated biomass fuels,
agglomeration will occur in the bed at a temperature of 1700°C. The presupposition is that,
adoption of kaolin as additive during biomass fuels combustion in a laboratory - scale fixed bed
with a Gooch crucible as the combustion chamber, could reduce and prevent agglomeration
from occurring. With these facts, utilization of the fixed bed technology could be a reliable
option for the combustion of biomass fuels for the generation of alternative energy via heat and
power or combined heat and power (CHP).

Addition of kaolin (pre-mixed or in the process) as additive during the combustion of biomass
fuels in a fixed bed could contribute significantly to a reduction in agglomeration formation
thereby, encourage generation of heat and power from organic matters and energy crops in
future. Adoption of kaolin is cost effective because, downtime and cost of maintenance of the
rig because of unexpected shut down resulting from agglomeration accumulation in the
combustion chamber would be averted.

With Gooch crucible as the combustion chamber in a Laboratory-scale, fixed bed combustion
of biomass fuels, higher temperature of 802 %C was achieved compared to 445 oC that was
realized when the conventional ceramic crucible was used. The implication is that, a high

thermal resistant Gooch ceramic crucible may be the preferred combustion chamber for this

purpose.
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7.6.1 Overall Comparative Analyses of the Research Innovations

Literature Survey

Agglomeration
occurred in the
combustion
chamber as from
760 °C to 889 °C
depending on the
operating

conditions.

Factsage software Applications

With the addition of kaolin to
the bed contents,
agglomeration was predicted
to occur at between 1200 °C to
1700 °C on binary phase
diagrams, depending on the

dominating alkali metals.

Under the same operating
conditions, agglomeration was
predicted to set in at between
1550 °C to 1700 °C or higher on

ternary phase diagrams.

The higher the pressure in the
combustion chamber, the
higher is the agglomeration

temperature and time.
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Laboratory Experiments

Agglomerates were
produced at between 750
°C to 802 °C in the Gooch

ceramic crucible.

With the addition of
kaolin, agglomerates
were not produced at the
same operating

conditions.

With these results, kaolin
is confirmed as a reliable
additive to control
agglomeration in fixed
bed combustion of

biomass fuels.

Reality Tests

Agglomerates
were produced
at very low
temperatures
of between 350
°C to 502 °C.
This occurred
when KOH was
added to Silica
sand and then,
heated directly
inside the
Gooch crucible.
This  confirms
the low melting
temperature
potentials of K-

Silicates.



7.7 Future Work

This sub-section consists of broad overview of the whole thesis with concentration on the newly
identified discoveries during the research work. However, since the research has a scope that
does not permit immediate application and development of the new findings, the author is
recommending these findings as future work that could continue on it. Various suggestions that
would enhance further breakthrough in harnessing alternative source of energy mostly from
organic matters and energy crops have been provided. The author also applauded the adoption
of a fixed bed technology as a reliable combustion technology option for the combustion of
biomass fuels or biomass fuel blends because of its cost effectiveness. Among others, the

followings are recommended:

7.7.1 Limitations of the cartridge and the burner

The maximum temperature of 802°C achieved within the combustion chamber, using the
cartridges and the burner does not permit verification of the occurrence of agglomeration at
elevated temperatures when kaolin was added to the bed mixture. Therefore, further research
to include experiment that would verify production of agglomerates at elevated temperatures,
as predicted with Factsage software on binary phase diagrams, 1200 °C and 1700 °C on the
ternary phase diagrams is hereby recommended. This could not be achieved with the present

Roxio burner.

7.7.2 Scope of the Factsage software Database

Database of the Factsage software does not include data for the direct blending of K,0 and SiO,
(potassium oxide and silica respectively) in the database, so that eutectic points for these
mixtures can be located on phase diagrams. Presently, this is not included in the present
version of Factsage software used for this research, version 6.3. Manufacturers of Factsage
software are to be notified. Relevant information on this had been sourced from previous

works done by other researchers.
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7.7.3 Agglomeration Control via Materials Selection

High alumina-rich sand can greatly reduce agglomeration in the combustor bed during
combustion of biomass fuels. This is because, there is every tendency that, formation of alkali-
alumina-silicate that has a higher melting point than the alkali and silica would occur. The
implication is that, agglomeration will take place at elevated temperatures above the safe
working temperatures, 1000 °C (SWT) of the combustion equipment. It is not advisable to
operate the combustion equipment at any temperature higher than the safe working

temperature.

7.7.4 Ash Fusion Test

Agglomeration confirmation tests should be extended to include “ash fusion test” to further
establish agglomeration tendencies in the chambers during combustion. Presently, the facilities
to conduct the ash fusion tests experiment are not available at the combustion laboratory of

the Mechanical Engineering Department of the University of Sheffield.

7.7.5 Constraints of Laboratory space

Mechanical Engineering Department of the University of Sheffield is to speed up the
construction of a modern and well spacious combustion laboratory to avert future
rationalization of space and incessant embargo on combustion activities in the laboratory. This
is a key factor in research activities because, the consequence is intolerably elongation of
student’s time limit while awaiting the suspension of such embargo or waiting for other
students to complete their experiment before the remaining students could be free to perform

their experiments.
7.7.6 High Temperature Resistant Crucible

To guarantee a successful combustion of biomass fuels without any major impediment, high

heat resistant Gooch ceramic crucible may be a preferred combustion chamber. This is to
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forestall a situation, whereby the combustion chamber would crack and completely break
before the completion of the experiments.

This is to ensure that, the integrity of the obtained results is not compromised in any way. One
of the ceramic crucible utilized for the conduct of the combustion experiment in this research,

got broken because of the intense heat applied on it, Figure 7.1

Figure 7-1: Wreckage of the ceramic crucible after the series of combustion experiments.

7.7.7 Proposed Paper Journal Publications
e Establishing Agglomeration Potentials in biomass fuels through Post combustion
analyses and Factsage software applications (Chapter 5, 6, 7)
e Comparative analyses of energy crops and organic residues in terms of combustion

characterization (1, 2, 3, 4)
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e Influence of kaolin (additive) on agglomeration control during the combustion of
problematic biomass fuels in a laboratory - scale fixed bed using a Gooch ceramic

crucible as the combustion chamber (chapters 2, 5, 6, 7).

7.8 Reports Submitted During the Period of this Research

D.O Akindele, C.W Wilson, M Akram et al., “Six Monthly Reports submitted to Biomass and
Fossil Fuels Research Alliance, BF2RA on Reduction of Agglomeration in a 350Kw Fluidized Bed

Combustion of Biomass Fuels”, 2013.

D.O Akindele, C.W Wilson, M Akram et al., “Annual Reports submitted to Biomass and Fossil
Fuels Research Alliance, BF2RA on Reduction of Agglomeration in a 350Kw Fluidized Bed

Combustion of Biomass Fuels”, 2013.

7.9 Seminar Attended During the Period of the Research

D.O Akindele, C.W Wilson, M Akram et al., “Stakeholders Seminar on BF2RA Research Projects
E. ON Technology Centre, Ratcliffe on Soar”, 26th March 2013.
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9 Appendix
Appendix A: Comprehensive data of the SEM and EDX examinations of the samples

(Agglomerates)

Appendix Al: Comprehensive data of the SEM and EDX examinations of the

mixture of KOH + silica sand samples at 350 °c.

+

Spectrum 1

L E00m 1 Electronimage 1
Figure 9-1 EDX spot analysis of the mixture of KOH + Silica Sand sample at 350 °c (spectrum 1)
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iSpectrum 2
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Figure 9-2 EDX spot analysis of the mixture of KOH + Silica Sand sample at 350 °c (spectrum 2)
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Spectrum 3
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Figure 9-3 EDX spot analysis of the mixture of KOH + Silica Sand sample at 350 °c (spectrum 3)
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Spectrum 4
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Figure 9-4 EDX spot analysis of the mixture of KOH + Silica Sand sample at 350 °c (spectrum 4)
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Figure 9-5 EDX spot analysis of the mixture of KOH + Silica Sand sample at 350 °c (spectrum 5)
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Appendix A2:Comprehensive data of the SEM and EDX examinations of the

mixture of willow + wood samples at 802 °c

Electron ir‘nage.'i

Figure 9-6 SEM image of the mixture of Willow + Wood sample @ 802 °c

Figure 9-7 Element mapping of the electron image of the mixture of Willow + Wood sample @ 802 °c
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Figure 9-8 EDX Spot Analysis of the mixture of willow + wood sample @ 802 °C (spectrum 1)

Spectrum processing:
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Figure 9-9 EDX Spot Analysis of the mixture of Willow + Wood sample @ 802 0 C (spectrum 2)
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Spectrum E+
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Figure 9-10 EDX Spot Analysis of the mixture of Willow + Wood sample @ 802 0 C (spectrum 3)

Peak possibly omitted : 8.090 keV
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Appendix A3:Comprehensive data of the SEM and EDX examinations of the

mixture of wood + miscanthus samples at 802 °c

1

AccV  Spot Magn
200 kV 4.0 100x

0 Kalt

CaKal

KKal

Figure 9-12 Element mapping of the mixture of Wood + Miscanthus sample @ 802 °c
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Figure 9-13 EDX Spot analysis of Wood + Miscanthus sample @ 802 °c (spectrum 1)

Spectrum processing:
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GODEm Electron Image 1

Figure 9-14 EDX Spot analysis of Wood + Miscanthus sample @ 802 °c (spectrum 2)
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Spectrum 3

r 500pm ' Electron Image 1

Figure 9-15 EDX Spot analysis of Wood + Miscanthus sample @ 802 °c (spectrum 3)
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Appendix A4: Comprehensive data of SEM and EDX examinations of wood

sample at 802 °c

AccV Spot Magn Det WD — 200 um
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Figure 9-16 SEM image of wood sample @ 802 °c
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Figure 9-17 Element mapping of wood sample @ 802 °c
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500pm ! FElectron image 1

Figure 9-18 EDX Spot analysis of wood sample @ 802 °c (spectrum 1)
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500pm " Electron Image 1

Figure 9-19 EDX Spot analysis of Wood sample @ 802 °c (spectrum 2)
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Figure 9-20 EDX Spot analysis of Wood sample @ 802 °c (spectrum 3)

Spectrum processing:
No peaks omitted

Processing option: All elements analysed

Number of iterations = 4

Standard:

C CaCO03 1-Jun-1999 12:00 AM
O Si02 1-Jun-1999 12:00 AM
Cl KCI 1-Jun-1999 12:00 AM

K MAD-10 Feldspar 1-Jun-1999 12:00 AM

Element |Weight% Atomic% \
CK  |116.99 (82.40
OK 3301 (1745
ClK |046 0.1

KK 020 [0.04

Totals |150.65

S ()

Spectrum 3

1 1 2 3

Full Scale 7100 cts Cursor: 9.449 (9 cts)

L L L B L L R

232



Appendix A5: Comprehensive data of the SEM and EDX examinations of

wood sample at 750 °c

Electron lmage 1

Figure 9-21 SEM image/mapping of wood sample at 750 °c
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Figure 9-22 Element mapping of wood sample at 750 °c
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" Electron Image 1

Figure 9-23 EDX Spot analysis of Wood sample at 750 °c (spectrum 2)
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Spectrum 3

500pm ' Electron Image 1
Figure 9-24 EDX Spot analysis of Wood sample @ 750 °c (spectrum 3)
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Spectrum 4
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Electron Image 1

Figure 9-25 EDX Spot analysis of Wood sample at 750 °c (spectrum 4)
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Appendix A6:Comprehensive data of the SEM and EDX examinations

miscanthus sample at 750 °c
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Figure 9-27 Element mapping of miscanthus sample at 750 °c
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' Electron Image 1

Figure 9-28 EDX Spot analysis of Miscanthus sample at 750 °c (spectrum 1)
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Spectrum 2

500pm ! Electron Image 1
Figure 9-29 EDX Spot analysis of Miscanthus sample at 750 °C (spectrum 2)
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Figure 9-30 EDX Spot analysis of Miscanthus sample at 750 °c (spectrum 3)
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Appendix A7: Comprehensive data of the SEM and EDX examinations

willow sample at 750 °c.

Electron lmage 1

Figure 9-31 SEM image of willow sample at 750 °C Celsius
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Figure 9-32 Element mapping of willow sample at 750 °C Celsius
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Figure 9-33 EDX Spot analysis of willow sample at 750 °c (spectrum 1)
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Appendix A8: Comprehensive data of the SEM and EDX examinations of the

mixture of willow + miscanthus samples at 802 °c

Spectrurm 3

Electron Image 1

Figure 9-34 SEM image of the mixture of willow + miscanthus sample at 802 °c
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Figure 9-35 Element mapping of the mixture of willow + miscanthus sample at 802 °c
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Figure 9-36 EDX Spot analysis of the mixture of willow + miscanthus sample at 802 °c (spectrum 1)

Processing option: All elements analysed
Number of iterations = 6

C CaCO3 1-Jun-1999 12:00 AM

O Si02 1-Jun-1999 12:00 AM

Na Albite 1-Jun-1999 12:00 AM
Mg MgO 1-Jun-1999 12:00 AM

Si SiO2 1-Jun-1999 12:00 AM
K MAD-10 Feldspar 1-Jun-1999 12:00 AM
Ca Wollastonite 1-Jun-1999 12:00 AM

Fe Fe 1-Jun-1999 12:00 AM

Element |Weight% Atomic% __

CK 6654 |37.07
OK  [106.51 |44.54
NaK 009  0.03
MgK (130  [0.36
SiK  66.62 |15.87
KK 993 170
CaK [201 (034
FeK (083  [0.10

Totals 253.84

Spectrum 1

Electron Image 1

Si Spectrum 1
0
C
K
calFe Mg K Ca
Na Aﬁ\Ca Fe
LELJLEL I BN B LN LR LA BB BN BNLEL LN L AL L L B AL LA L N BN NN AL R LA AL LRI LR
1 2 3 4 6 9
Full Scale 13575 cts Cursor: 9.496 (15 cts) ke
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Appendix A9: Comprehensive data of the SEM and EDX examinations of the

willow sample at 802 °c

b

&

- AccV Spot Magn Det WD b 200 pm
200 kV 4.0 100x BSE 5.0
=

N

0 Kail S Kat CKal_2

Fe Kal

Na Kal_2 K Kal

Figure 9-38 Element mapping of willow sample at 802 °c

245



Spectrum 1

500

! Electron Image 1

Figure 9-39 EDX Spot analysis of willow sample at 802 °c (spectrum 1)

Spectrum processing:

Peak possibly omitted: 10.605 keV
Processing option: All elements analysed

Number of iterations = 6

Standard:

C CaCO03 1-Jun-1999 12:00 AM
O Si02 1-Jun-1999 12:00 AM
Si Si02 1-Jun-1999 12:00 AM

Element \Weight% Atomic% |

}C K }68.39 }32.40
OK 114176 [50.41
SiK 8484 11719

Totals }294.99

1o

Spectrum 1

i 1 2 3 4

Full Scale 16223 cts Cursor: 9.822 (16 cts)
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Spectrum 2

Electron Image 1

Figure 9-40 EDX Spot analysis of willow sample at 802 °c (spectrum 2)

C CaCO3 1-Jun-1999 12:00 AM
0 Si02 1-Jun-1999 12:00 AM
Na Albite 1-Jun-1999 12:00 AM
Mg MgO 1-Jun-1999 12:00 AM
Al AI203 1-Jun-1999 12:00 AM
Si Si02 1-Jun-1999 12:00 AM

P GaP 1-Jun-1999 12:00 AM

S FeS2 1-Jun-1999 12:00 AM

K MAD-10 Feldspar 1-Jun-1999 12:00 AM
Ca Wollastonite 1-Jun-1999 12:00 AM

Fe Fe 1-Jun-1999 12:00 AM

Element \Weight% Atomic% |
CK  |67.14  |38.06
OK 10117 143.05
NaK 026  0.08
MgK 320  0.90
AIK 133  0.34
SiK 4395 [10.65
PK [038  [0.08
SK 015  0.03
KK 2539 442
CaK 107 0.8
FeK (1816 221
Totals [262.19

: Spectrum 2
Si
K
3
p T:a Fe
S Ca A\ e
l""""'l""""'l"'"""l""""'l""""'l""""'I""""Tl"._"'1""l""""'l""""
I 1 2 3 5 ] 7 8 g
Full Scale 8755 cts Cursar: 9.822 (19 cts) keV)
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Spectrum 3

5000

! FElectron image 1

Figure 9-41 EDX Spot analysis of willow sample at 802 °c (spectrum 3)

Spectrum processing:
No peaks omitted

Processing option: All elements analysed

Number of iterations = 4
Standard:

C CaCO03 1-Jun-1999 12:00 AM
O Si02 1-Jun-1999 12:00 AM
Na Albite 1-Jun-1999 12:00 AM
Mg MgO 1-Jun-1999 12:00 AM
Si Si02 1-Jun-1999 12:00 AM
S FeS2 1-Jun-1999 12:00 AM

Ca Wollastonite 1-Jun-1999 12:00 AM

Element \Weight% Atomic% |
CK  |166.84 (82.83
OK 4528  |16.88
NaK (022  |0.06
MgK 010  0.03

SiK 058  0.12

SK 014  0.03

CaK 1[040  (0.06
Totals 213.56

] Spectrum 3
[112]
O Mg 5
Jm Na Sl g Caca
""""" R IR LR LI NI LI BRI LI B N LN B IR L LR R R L
1] 1 2 3 4 5 6 7 8 9
Full Scale 12269 cts Cursor: 9.792 (3 cts) keV
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Appendix A10: Comprehensive data of the SEM and EDX examinations

of miscanthus sample at 802 °C

Electron lmage 1

Figure 9-42SEM image of miscanthus sample at 802 °c

0 Kat

Na Kal_2 Cl Kat

Mg Kat_2 Siy SiKal

Figure 9-43 Element mapping of miscanthus sample at 802 °c
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Spectrum 1

500pm ' Electron Image 1

Figure 9-44 EDX Spot analysis of miscanthus sample at 802 °c (spectrum 1)

Spectrum processing:
No peaks omitted

Processing option: All elements analysed
Number of iterations = 6

Standard: S
C CaCO03 1-Jun-1999 12:00 AM g

O Si02 1-Jun-1999 12:00 AM
Si Si02 1-Jun-1999 12:00 AM

\Element \Weight% \Atomic% \

CK [5451  29.93
OK 12681 [52.27
SiK  |75.84 |17.81

Totals 257.15

(o]

Full Scale 16686 cts Cursor: 9.792 (14 cts) kel
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| o GOOHm ' Electron lmaae 1

Figure 9-45 EDX Spot analysis of miscanthus sample at 802 °c (spectrum 2)

Processing option : All elements analysed
Number of iterations = 6

C CaC03 1-Jun-1999 12:00 AM

O Si02 1-Jun-1999 12:00 AM

Na Albite 1-Jun-1999 12:00 AM

Mg MgO 1-Jun-1999 12:00 AM

Al Al203 1-Jun-1999 12:00 AM

Si SiO02 1-Jun-1999 12:00 AM

P GaP 1-Jun-1999 12:00 AM

K MAD-10 Feldspar 1-Jun-1999 12:00 AM
Ca Wollastonite 1-Jun-1999 12:00 AM
Fe Fe 1-Jun-1999 12:00 AM

Element Weight% Atomic% |

CK [157.23 [57.91
OK  |116.05 |32.09
NaK 022  (0.04

L

MgK [263  (0.48 .
AIK 170 028 ¥
SiIK 4230  [6.66 e

PK 065  0.09
KK 1562 177

Spectrum 2

Mgal| | P
CaK 321 035 vl \ K o o e
RN R Jrrvrirveey | RAARE BA LR Trrrrrrree rrorepreey ey jreerprery frrrryreer frrvriroes LRJLALEE R
FeK 410 032 S B i
\Totals \343.71 Full Scale 8098 cts Cursor: 9.803 (17 cts) ke
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Spectrum 3

500pm ' Electron Image 1

Figure 9-46 EDX Spot analysis of miscanthus sample at 802 °c (spectrum 3)

Spectrum processing:
No peaks omitted

Processing option: All elements analysed
Number of iterations = 3

Standard:

C CaCO03 1-Jun-1999 12:00 AM

O Si02 1-Jun-1999 12:00 AM

CI KCI 1-Jun-1999 12:00 AM

K MAD-10 Feldspar 1-Jun-1999 12:00 AM
Ca Wollastonite 1-Jun-1999 12:00 AM

Element \Weight% Atomic% | i e

CK 19528 (85.21

OK 4383  |14.36

CIK |08  [0.12 >

KK 079 0.1

CaK 159 021

Totals 24231 .J..LR..., '''''''' . (_J'(?I'I”l"(”!(('::?a' """""""""""" — — — _—
1 1 2 3 4 6 7 8 9
Full Scale 13582 cts Cursor: 9.792 (9 cts) keV|
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Appendix B: Detailed data of the experimental error analysis

ERROR ANALYSIS
PRE-HEATED SAND + Willow+ coal

(N) Sec (X) °C
1 56.78
2 57.03
3 57.37
4 57.72
5 58.07
6 58.42
7 58.77
8 59.11
9 59.45
10 59.83
11 60.18
12 60.49
13 60.84
14 61.19
15 61.54
16 61.89
17 62.23
18 62.57
19 62.92
20 63.26
21 63.61
22 63.95
23 64.29
24 64.64
25 65.01
26 65.39
27 65.72
28 66.06
29 66.4
30 66.74
31 67.08
32 67.41
33 67.75
34 68.09
35 68.43
36 68.76

X-Ave

56.78
28.52
19.12
14.43
11.61
9.74
8.40
7.39
6.61
5.98
5.47
5.04
4.68
4.37
4.10
3.87
3.66
3.48
3.31
3.16
3.03
291
2.80
2.69
2.60
2.52
2.43
2.36
2.29
2.22
2.16
2.11
2.05
2.00
1.96
1.91

X - XAVG

-340.62
-340.37
-340.03
-339.68
-339.33
-338.98
-338.63
-338.29
-337.95
-337.57
-337.22
-336.91
-336.56
-336.21
-335.86
-335.51
-335.17
-334.83
-334.48
-334.14
-333.79
-333.45
-333.11
-332.76
-332.39
-332.01
-331.68
-331.34
-331.00
-330.66
-330.32
-329.99
-329.65
-329.31
-328.97
-328.64

(X - X-AVG)A2

253

116021.51
115851.26
115619.93
115382.03
115144.37
114906.97
114669.80
114439.65
114209.73
113953.03
113716.86
113507.88
113272.16
113036.69
112801.47
112566.49
112338.46
112110.66
111876.40
111649.07
111415.30
111188.44
110961.81
110728.75
110482.65
110230.18
110011.16
109785.73
109560.54
109335.57
109110.84
108892.94
108668.66
108444.62
108220.80
108003.79

((X - X-
AVG)A2)/N

12.87
12.85
12.83
12.80
12.77
12.75
12.72
12.69
12.67
12.64
12.61
12.59
12.56
12.54
12.51
12.49
12.46
12.44
12.41
12.38
12.36
12.33
12.31
12.28
12.26
12.23
12.20
12.18
12.15
12.13
12.10
12.08
12.05
12.03
12.00
11.98

sqr(((X - X-
AVG)"2)/N)

3.59
3.58
3.58
3.58
3.57
3.57
3.57
3.56
3.56
3.56
3.55
3.55
3.54
3.54
3.54
3.53
3.53
3.53
3.52
3.52
3.52
3.51
3.51
3.50
3.50
3.50
3.49
3.49
3.49
3.48
3.48
3.48
3.47
3.47
3.46
3.46



37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

69.1
69.44
69.77
70.11
70.45
70.78
71.12
71.46
71.79
72.13
72.46

72.8
73.13
73.46

73.8
74.14
74.44
74.74
75.07
75.41
75.75
76.08
76.41
76.75
77.08
77.41
77.75
78.11
78.48
78.81
79.15
79.48
79.81
80.14
80.46

80.8
81.12
81.45
81.78
82.11
82.44
82.77

1.87
1.83
1.79
1.75
1.72
1.69
1.65
1.62
1.60
1.57
1.54
1.52
1.49
1.47
1.45
1.43
1.40
1.38
1.36
1.35
1.33
1.31
1.30
1.28
1.26
1.25
1.23
1.22
1.21
1.19
1.18
1.17
1.16
1.14
1.13
1.12
1.11
1.10
1.09
1.08
1.07
1.06

-328.30
-327.96
-327.63
-327.29
-326.95
-326.62
-326.28
-325.94
-325.61
-325.27
-324.94
-324.60
-324.27
-323.94
-323.60
-323.26
-322.96
-322.66
-322.33
-321.99
-321.65
-321.32
-320.99
-320.65
-320.32
-319.99
-319.65
-319.29
-318.92
-318.59
-318.25
-317.92
-317.59
-317.26
-316.94
-316.60
-316.28
-315.95
-315.62
-315.29
-314.96
-314.63

254

107780.43
107557.30
107340.96
107118.29
106895.85
106680.17
106458.18
106236.43
106021.42
105800.12
105585.55
105364.71
105150.58
104936.67
104716.51
104496.58
104302.71
104109.02
103896.18
103677.11
103458.27
103246.09
103034.13
102815.97
102604.45
102393.15
102175.68
101945.66
101709.52
101499.14
101282.62
101072.68
100862.96
100653.46
100450.52
100235.12
100032.60

99823.96

99615.54

99407.34

99199.36

98991.60

11.96
11.93
11.91
11.88
11.86
11.83
11.81
11.78
11.76
11.74
11.71
11.69
11.66
11.64
11.62
11.59
11.57
11.55
11.52
11.50
11.48
11.45
11.43
11.40
11.38
11.36
11.33
11.31
11.28
11.26
11.23
11.21
11.19
11.17
11.14
11.12
11.10
11.07
11.05
11.03
11.00
10.98

3.46
3.45
3.45
3.45
3.44
3.44
3.44
3.43
3.43
3.43
3.42
3.42
3.42
3.41
3.41
3.40
3.40
3.40
3.39
3.39
3.39
3.38
3.38
3.38
3.37
3.37
3.37
3.36
3.36
3.36
3.35
3.35
3.34
3.34
3.34
3.33
3.33
3.33
3.32
3.32
3.32
3.31



79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

83.09
83.41
83.74
84.06
84.39
84.71
85.04
85.36
85.68
86
86.32
86.64
86.97
87.28
87.6
87.92
88.2
88.49
88.8
89.13
89.44
89.75
90.07
90.38
90.73
91.06
91.37
91.69
92.01
92.32
92.63
92.94
93.25
93.56
93.88
94.18
94.49
94.8
95.11
95.42
95.73
96.04

1.05
1.04
1.03
1.03
1.02
1.01
1.00
0.99
0.98
0.98
0.97
0.96
0.96
0.95
0.94
0.94
0.93
0.92
0.92
0.91
0.90
0.90
0.89
0.89
0.88
0.88
0.87
0.87
0.86
0.85
0.85
0.84
0.84
0.84
0.83
0.83
0.82
0.82
0.81
0.81
0.80
0.80

-314.31
-313.99
-313.66
-313.34
-313.01
-312.69
-312.36
-312.04
-311.72
-311.40
-311.08
-310.76
-310.43
-310.12
-309.80
-309.48
-309.20
-308.91
-308.60
-308.27
-307.96
-307.65
-307.33
-307.02
-306.67
-306.34
-306.03
-305.71
-305.39
-305.08
-304.77
-304.46
-304.15
-303.84
-303.52
-303.22
-302.91
-302.60
-302.29
-301.98
-301.67
-301.36

255

98790.34
98589.28
98382.16
98181.52
97974.82
97774.60
97568.33
97368.53
97168.92
96969.52
96770.33
96571.34
96366.35
96173.98
95975.61
95777.44
95604.21
95424.96
95233.53
95029.96
94838.93
94648.09
94451.30
94260.85
94046.06
93843.77
93653.93
93458.18
93262.63
93073.38
92884.33
92695.47
92506.80
92318.32
92123.97
91941.94
91754.04
91566.34
91378.82
91191.50
91004.37
90817.43

10.96
10.94
10.91
10.89
10.87
10.85
10.82
10.80
10.78
10.76
10.73
10.71
10.69
10.67
10.65
10.62
10.61
10.59
10.56
10.54
10.52
10.50
10.48
10.46
10.43
10.41
10.39
10.37
10.35
10.32
10.30
10.28
10.26
10.24
10.22
10.20
10.18
10.16
10.14
10.12
10.09
10.07

3.31
3.31
3.30
3.30
3.30
3.29
3.29
3.29
3.28
3.28
3.28
3.27
3.27
3.27
3.26
3.26
3.26
3.25
3.25
3.25
3.24
3.24
3.24
3.23
3.23
3.23
3.22
3.22
3.22
3.21
3.21
3.21
3.20
3.20
3.20
3.19
3.19
3.19
3.18
3.18
3.18
3.17



121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162

96.34
96.65
96.96
97.26
97.57
97.87
98.17
98.48
98.79
99.09
99.39
99.69
99.99
100.29
100.58
100.88
101.14
101.4
101.69
102.01
102.33
102.62
102.91
103.19
103.48
103.77
104.06
104.32
104.58
104.86
105.14
105.46
105.78
106.06
106.35
106.64
106.93
107.22
107.48
107.73
108.02
108.34

0.80
0.79
0.79
0.78
0.78
0.78
0.77
0.77
0.77
0.76
0.76
0.76
0.75
0.75
0.75
0.74
0.74
0.73
0.73
0.73
0.73
0.72
0.72
0.72
0.71
0.71
0.71
0.70
0.70
0.70
0.70
0.69
0.69
0.69
0.69
0.68
0.68
0.68
0.68
0.67
0.67
0.67

-301.06
-300.75
-300.44
-300.14
-299.83
-299.53
-299.23
-298.92
-298.61
-298.31
-298.01
-297.71
-297.41
-297.11
-296.82
-296.52
-296.26
-296.00
-295.71
-295.39
-295.07
-294.78
-294.49
-294.21
-293.92
-293.63
-293.34
-293.08
-292.82
-292.54
-292.26
-291.94
-291.62
-291.34
-291.05
-290.76
-290.47
-290.18
-289.92
-289.67
-289.38
-289.06

256

90636.70
90450.14
90263.77
90083.60
89897.61
89717.80
89538.17
89352.75
89167.51
88988.44
88809.54
88630.83
88452.29
88273.94
88101.70
87923.70
87769.57
87615.59
87443.99
87254.84
87065.89
86894.84
86723.95
86559.11
86388.56
86218.17
86047.95
85895.48
85743.14
85579.24
85415.50
85228.56
85041.82
84878.59
84709.70
84540.97
84372.41
84204.03
84053.20
83908.30
83740.38
83555.28

10.05
10.03
10.01
9.99
9.97
9.95
9.93
9.91
9.89
9.87
9.85
9.83
9.81
9.79
9.77
9.75
9.74
9.72
9.70
9.68
9.66
9.64
9.62
9.60
9.58
9.56
9.54
9.53
9.51
9.49
9.47
9.45
9.43
9.42
9.40
9.38
9.36
9.34
9.32
9.31
9.29
9.27

3.17
3.17
3.16
3.16
3.16
3.15
3.15
3.15
3.14
3.14
3.14
3.14
3.13
3.13
3.13
3.12
3.12
3.12
3.11
3.11
3.11
3.10
3.10
3.10
3.10
3.09
3.09
3.09
3.08
3.08
3.08
3.07
3.07
3.07
3.07
3.06
3.06
3.06
3.05
3.05
3.05
3.04



163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204

108.66
108.95
109.23
109.52

109.8

110.1
110.38
110.66
110.95
111.23
111.51
111.79
112.07
112.35
112.63
112.91
113.19
113.46
113.74
114.02
114.29
114.57
114.85
115.12
115.39
115.66
115.93

116.2
116.47
116.74
117.01
117.28
117.55
117.81
118.08
118.35
118.61
118.88
119.12
119.38
119.67
119.93

0.67
0.66
0.66
0.66
0.66
0.66
0.65
0.65
0.65
0.65
0.64
0.64
0.64
0.64
0.64
0.63
0.63
0.63
0.63
0.63
0.62
0.62
0.62
0.62
0.62
0.62
0.61
0.61
0.61
0.61
0.61
0.60
0.60
0.60
0.60
0.60
0.60
0.59
0.59
0.59
0.59
0.59

-288.74
-288.45
-288.17
-287.88
-287.60
-287.30
-287.02
-286.74
-286.45
-286.17
-285.89
-285.61
-285.33
-285.05
-284.77
-284.49
-284.21
-283.94
-283.66
-283.38
-283.11
-282.83
-282.55
-282.28
-282.01
-281.74
-281.47
-281.20
-280.93
-280.66
-280.39
-280.12
-279.85
-279.59
-279.32
-279.05
-278.79
-278.52
-278.28
-278.02
-277.73
-277.47

257

83370.38
83203.00
83041.55
82874.49
82713.36
82540.89
82380.08
82219.43
82053.20
81892.87
81732.69
81572.67
81412.81
81253.10
81093.55
80934.16
80774.93
80621.53
80462.60
80303.83
80150.88
79992.41
79834.11
79681.60
79529.25
79377.03
79224.97
79073.05
78921.27
78769.64
78618.16
78466.82
78315.63
78170.18
78019.27
77868.51
77723.47
77573.00
77439.37
77294.73
77133.56
76989.21

9.25
9.23
9.21
9.19
9.18
9.16
9.14
9.12
9.10
9.08
9.07
9.05
9.03
9.01
9.00
8.98
8.96
8.94
8.93
8.91
8.89
8.87
8.86
8.84
8.82
8.80
8.79
8.77
8.75
8.74
8.72
8.70
8.69
8.67
8.65
8.64
8.62
8.60
8.59
8.57
8.56
8.54

3.04
3.04
3.04
3.03
3.03
3.03
3.02
3.02
3.02
3.01
3.01
3.01
3.01
3.00
3.00
3.00
2.99
2.99
2.99
2.98
2.98
2.98
2.98
2.97
2.97
2.97
2.96
2.96
2.96
2.96
2.95
2.95
2.95
2.94
2.94
2.94
2.94
2.93
2.93
2.93
2.93
2.92



205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246

120.19
120.45
120.71
120.98
121.23
121.49
121.74
122
122.24
122.5
122.75
123
123.24
123.48
123.72
123.97
124.22
124.46
124.71
124.94
125.19
125.43
125.67
125.91
126.15
126.39
126.63
126.87
127.11
127.34
127.58
127.82
128.06
128.29
128.53
128.77
129.01
129.25
129.49
129.73
129.98
130.22

0.59
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.57
0.57
0.57
0.57
0.57
0.57
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.56
0.55
0.55
0.55
0.55
0.55
0.55
0.55
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.53
0.53
0.53
0.53
0.53

-277.21
-276.95
-276.69
-276.42
-276.17
-275.91
-275.66
-275.40
-275.16
-274.90
-274.65
-274.40
-274.16
-273.92
-273.68
-273.43
-273.18
-272.94
-272.69
-272.46
-272.21
-271.97
-271.73
-271.49
-271.25
-271.01
-270.77
-270.53
-270.29
-270.06
-269.82
-269.58
-269.34
-269.11
-268.87
-268.63
-268.39
-268.15
-267.91
-267.67
-267.42
-267.18

258

76845.00
76700.92
76556.97
76407.63
76269.48
76125.94
75988.05
75844.78
75712.64
75569.63
75432.24
75294.98
75163.32
75031.78
74900.36
74763.58
74626.93
74495.86
74359.45
74234.07
74097.90
73967.30
73836.81
73706.44
73576.18
73446.04
73316.01
73186.10
73056.31
72932.03
72802.46
72673.00
72543.66
72419.82
72290.70
72161.70
72032.82
71904.05
71775.39
71646.85
71513.08
71384.78

8.52
8.51
8.49
8.48
8.46
8.44
8.43
8.41
8.40
8.38
8.37
8.35
8.34
8.32
8.31
8.29
8.28
8.26
8.25
8.23
8.22
8.20
8.19
8.18
8.16
8.15
8.13
8.12
8.10
8.09
8.08
8.06
8.05
8.03
8.02
8.00
7.99
7.98
7.96
7.95
7.93
7.92

2.92
2.92
291
291
291
291
2.90
2.90
2.90
2.90
2.89
2.89
2.89
2.88
2.88
2.88
2.88
2.87
2.87
2.87
2.87
2.86
2.86
2.86
2.86
2.85
2.85
2.85
2.85
2.84
2.84
2.84
2.84
2.83
2.83
2.83
2.83
2.82
2.82
2.82
2.82
2.81



247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288

130.46
130.7
130.94
131.18
131.42
131.66
131.9
132.14
132.37
132.61
132.86
133.09
133.33
133.56
133.79
134.03
134.27
134.51
134.74
134.98
135.22
135.45
135.69
135.93
136.17
136.4
136.64
136.88
137.11
137.35
137.58
137.82
138.06
138.29
138.53
138.77
139
139.23
139.47
139.7
139.94
140.17

0.53
0.53
0.53
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.49
0.49
0.49
0.49
0.49
0.49
0.49
0.49
0.49
0.49

-266.94
-266.70
-266.46
-266.22
-265.98
-265.74
-265.50
-265.26
-265.03
-264.79
-264.54
-264.31
-264.07
-263.84
-263.61
-263.37
-263.13
-262.89
-262.66
-262.42
-262.18
-261.95
-261.71
-261.47
-261.23
-261.00
-260.76
-260.52
-260.29
-260.05
-259.82
-259.58
-259.34
-259.11
-258.87
-258.63
-258.40
-258.17
-257.93
-257.70
-257.46
-257.23

259

71256.59
71128.52
71000.56
70872.72
70744.99
70617.38
70489.88
70362.50
70240.53
70113.37
69981.04
69859.41
69732.60
69611.18
69489.86
69363.39
69237.03
69110.78
68989.91
68863.89
68737.99
68617.44
68491.76
68366.20
68240.75
68120.64
67995.41
67870.31
67750.52
67625.64
67506.07
67381.41
67256.87
67137.63
67013.32
66889.12
66770.20
66651.39
66527.52
66408.93
66285.29
66166.91

7.90
7.89
7.88
7.86
7.85
7.83
7.82
7.81
7.79
7.78
7.76
7.75
7.74
7.72
7.71
7.69
7.68
7.67
7.65
7.64
7.62
7.61
7.60
7.58
7.57
7.56
7.54
7.53
7.52
7.50
7.49
7.47
7.46
7.45
7.43
7.42
7.41
7.39
7.38
7.37
7.35
7.34

2.81
2.81
2.81
2.80
2.80
2.80
2.80
2.79
2.79
2.79
2.79
2.78
2.78
2.78
2.78
2.77
2.77
2.77
2.77
2.76
2.76
2.76
2.76
2.75
2.75
2.75
2.75
2.74
2.74
2.74
2.74
2.73
2.73
2.73
2.73
2.72
2.72
2.72
2.72
271
2.71
271



289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318

140.41
140.65
140.88
141.12
141.35
141.58
141.82
142.05
142.28
142.51
142.75
142.98
143.21
143.45
143.68
143.91
144.14
144.38
144.61
144.84
145.07

145.3
145.53
145.76
145.98

146.2
146.43
146.65
146.88
147.11

0.49
0.49
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.48
0.47
0.47
0.47
0.47
0.47
0.47
0.47
0.47
0.47
0.47
0.47
0.47
0.46
0.46
0.46
0.46

-256.99
-256.75
-256.52
-256.28
-256.05
-255.82
-255.58
-255.35
-255.12
-254.89
-254.65
-254.42
-254.19
-253.95
-253.72
-253.49
-253.26
-253.02
-252.79
-252.56
-252.33
-252.10
-251.87
-251.64
-251.42
-251.20
-250.97
-250.75
-250.52
-250.29

260

66043.50
65920.20
65802.15
65679.08
65561.24
65443.51
65320.78
65203.27
65085.86
64968.56
64846.27
64729.18
64612.20
64490.25
64373.48
64256.83
64140.27
64018.77
63902.43
63786.20
63670.08
63554.06
63438.14
63322.34
63211.66
63101.09
62985.59
62875.21
62759.92
62644.73

7.33
7.31
7.30
7.29
7.27
7.26
7.25
7.23
7.22
7.21
7.19
7.18
7.17
7.15
7.14
7.13
7.11
7.10
7.09
7.08
7.06
7.05
7.04
7.02
7.01
7.00
6.99
6.97
6.96
6.95

2.71
2.70
2.70
2.70
2.70
2.69
2.69
2.69
2.69
2.68
2.68
2.68
2.68
2.67
2.67
2.67
2.67
2.66
2.66
2.66
2.66
2.66
2.65
2.65
2.65
2.65
2.64
2.64
2.64
2.64



8877
8878
8879
8880
8881
8882
8883
8884
8885
8886
8887
8888
8889
8890
8891
8892
8893
8894
8895
8896
8897
8898
8899
8900
8901
8902
8903
8904
8905
8906
8907
8908
8909
8910
8911
8912
8913
8914
8915
8916
8917
8918

727.26
727.22
727.17
727.12
727.05
728.07
728.18
728.73
729.01
729.21
729.69
729.62
730.07
730.35
730.77
731.02
731.32
731.61
731.89
732.11
732.69
733.27
733.77
734.27
734.77
735.27
735.77
736.27
736.77
737.27
737.77
738.27
738.77
739.27
739.77
740.27
740.77
741.27
741.77
742.27
742.77
743.27

0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08

329.86
329.82
329.77
329.72
329.65
330.67
330.78
331.33
331.61
331.81
332.29
332.22
332.67
332.95
333.37
333.62
333.92
334.21
334.49
334.71
335.29
335.87
336.37
336.87
337.37
337.87
338.37
338.87
339.37
339.87
340.37
340.87
341.37
341.87
342.37
342.87
343.37
343.87
344.37
344.87
345.37
345.87

261

108808.08
108781.69
108748.71
108715.74
108669.58
109343.11
109415.87
109780.03
109965.66
110098.34
110417.11
110370.59
110669.79
110856.17
111136.02
111302.77
111503.03
111696.79
111884.03
112031.25
112419.85
112809.13
113145.25
113481.87
113818.99
114156.61
114494.73
114833.35
115172.47
115512.09
115852.21
116192.83
116533.95
116875.57
117217.70
117560.32
117903.44
118247.06
118591.18
118935.80
119280.92
119626.54

12.07
12.07
12.06
12.06
12.05
12.13
12.14
12.18
12.20
12.21
12.25
12.24
12.28
12.30
12.33
12.35
12.37
12.39
12.41
12.43
12.47
12.51
12.55
12.59
12.63
12.66
12.70
12.74
12.78
12.81
12.85
12.89
12.93
12.96
13.00
13.04
13.08
13.12
13.15
13.19
13.23
13.27

3.47
3.47
3.47
3.47
3.47
3.48
3.48
3.49
3.49
3.49
3.50
3.50
3.50
3.51
3.51
3.51
3.52
3.52
3.52
3.53
3.53
3.54
3.54
3.55
3.55
3.56
3.56
3.57
3.57
3.58
3.58
3.59
3.60
3.60
3.61
3.61
3.62
3.62
3.63
3.63
3.64
3.64



8919
8920
8921
8922
8923
8924
8925
8926
8927
8928
8929
8930
8931
8932
8933
8934
8935
8936
8937
8938
8939
8940
8941
8942
8943
8944
8945
8946
8947
8948
8949
8950
8951
8952
8953
8954
8955
8956
8957
8958
8959
8960

743.77
744.27
744.77
745.27
745.77
746.27
746.77
747.27
747.77
748.47
749.17
749.87
750.57
751.27
751.97
752.67
753.37
754.07
754.77
755.47
756.17
756.87
757.57
758.27
758.97
759.67
760.37
761.07
761.77
762.47
763.17
763.87
764.57
765.13
765.69
766.25
766.81
767.37
767.93
768.49
769.05
769.61

0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09

346.37
346.87
347.37
347.87
348.37
348.87
349.37
349.87
350.37
351.07
351.77
352.47
353.17
353.87
354.57
355.27
355.97
356.67
357.37
358.07
358.77
359.47
360.17
360.87
361.57
362.27
362.97
363.67
364.37
365.07
365.77
366.47
367.17
367.73
368.29
368.85
369.41
369.97
370.53
371.09
371.65
372.21

262

119972.66
120319.28
120666.40
121014.02
121362.14
121710.76
122059.89
122409.51
122759.63
123250.64
123742.62
124235.59
124729.54
125224.47
125720.38
126217.27
126715.14
127213.99
127713.82
128214.63
128716.41
129219.18
129722.93
130227.66
130733.37
131240.06
131747.73
132256.38
132766.01
133276.62
133788.20
134300.77
134814.32
135225.87
135638.04
136050.84
136464.26
136878.32
137293.00
137708.31
138124.24
138540.80

13.31
13.35
13.39
13.42
13.46
13.50
13.54
13.58
13.62
13.67
13.73
13.78
13.84
13.89
13.95
14.00
14.06
14.11
14.17
14.22
14.28
14.33
14.39
14.45
14.50
14.56
14.61
14.67
14.73
14.78
14.84
14.90
14.95
15.00
15.05
15.09
15.14
15.18
15.23
15.28
15.32
15.37

3.65
3.65
3.66
3.66
3.67
3.67
3.68
3.68
3.69
3.70
3.70
3.71
3.72
3.73
3.73
3.74
3.75
3.76
3.76
3.77
3.78
3.79
3.79
3.80
3.81
3.82
3.82
3.83
3.84
3.84
3.85
3.86
3.87
3.87
3.88
3.88
3.89
3.90
3.90
3.91
3.91
3.92



8961
8962
8963
8964
8965
8966
8967
8968
8969
8970
8971
8972
8973
8974
8975
8976
8977
8978
8979
8980
8981
8982
8983
8984
8985
8986
8987
8988
8989
8990
8991
8992
8993
8994
8995
8996
8997
8998
8999
9000
9001
9002

770.17
770.73
771.29
771.85
772.46
773.07
773.68
774.29
774.9
775.51
776.12
776.73
777.34
777.95
778.56
779.17
779.78
780.39
781
781.61
782.22
782.83
783.44
784.05
784.66
785.27
785.88
786.63
787.38
788.13
788.88
789.63
790.38
791.13
791.88
792.63
793.38
794.13
794.88
795.63
796.38
797.13

0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09

372.77
373.33
373.89
374.45
375.06
375.67
376.28
376.89
377.50
378.11
378.72
379.33
379.94
380.55
381.16
381.77
382.38
382.99
383.60
384.21
384.82
385.43
386.04
386.65
387.26
387.87
388.48
389.23
389.98
390.73
391.48
392.23
392.98
393.73
394.48
395.23
395.98
396.73
397.48
398.23
398.98
399.73

263

138957.99
139375.81
139794.25
140213.33
140670.53
141128.47
141587.16
142046.60
142506.78
142967.70
143429.37
143891.78
144354.93
144818.83
145283.48
145748.87
146215.00
146681.88
147149.50
147617.86
148086.97
148556.82
149027.42
149498.76
149970.85
150443.68
150917.25
151500.54
152084.95
152670.48
153257.14
153844.92
154433.83
155023.86
155615.02
156207.31
156800.71
157395.25
157990.91
158587.69
159185.60
159784.63

15.41
15.46
15.51
15.55
15.60
15.65
15.71
15.76
15.81
15.86
15.91
15.96
16.01
16.06
16.12
16.17
16.22
16.27
16.32
16.37
16.43
16.48
16.53
16.58
16.64
16.69
16.74
16.81
16.87
16.94
17.00
17.07
17.13
17.20
17.26
17.33
17.39
17.46
17.53
17.59
17.66
17.72

3.93
3.93
3.94
3.94
3.95
3.96
3.96
3.97
3.98
3.98
3.99
4.00
4.00
4.01
4.01
4.02
4.03
4.03
4.04
4.05
4.05
4.06
4.07
4.07
4.08
4.09
4.09
4.10
4.11
4.12
4.12
4.13
4.14
4.15
4.15
4.16
4.17
4.18
4.19
4.19
4.20
4.21



9003
9004
9005
9006
9007
9008
9009
9010
9011
9012
9013
9014
9015

Total

X
3582555

S(X - X-AVG)A2

9015

797.88 0.09
798.63 0.09
799.38 0.09
800.13 0.09
800.88 0.09
801.63 0.09
802.38 0.09
803.13 0.09
803.06 0.09
802.56 0.09
802.11 0.09
801.88 0.09
800.16 0.09

3582555

X_AVG
397.3993

(2(X - X-AVG)*2)/N

SQRT((S(X - X-AVG)2)/N)

SD

400.48
401.23
401.98
402.73
403.48
404.23
404.98
405.73
405.66
405.16
404.71
404.48
402.76

160384.79 17.79
160986.07 17.86
161588.48 17.92
162192.02 17.99
162796.67 18.06
163402.46 18.13
164009.37 18.19
164617.40 18.26
164560.60 18.25
164155.19 18.21
163790.75 18.17
163604.64 18.15
162216.18 17.99

32780.55

295516699.00
32780.55452
181.05401

181.05401

264

4.22
4.23
4.23
4.24
4.25
4.26
4.27
4.27
4.27
4.27
4.26
4.26
4.24

181.05



