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Abstract

Bed agglomeration behaviors were investigated when palm shell, corncob, palm empty
fruit brunch and rice straw as the representative biomass were combusted in the
fluidized bed reactors. The focus of this study was the influences of biomass
characteristics and the operating conditions of fluidized bed on the bed agglomeration
tendency, and the behaviors of ash forming elements. The mathematical models to
predict the bed agglomeration behaviors were also proposed. The bed agglomeration
tendency was described by the defluidization time (t4ef) and the extent of potassium into
the bed as K/Bed. It was experimentally found that the defluidization caused by the
agglomeration of bed particles can be observed by the abnormal decrease in bed
pressure drop, more clearly than the deviation from relatively uniform bed temperature.
The defluidization was developed steadily from partial to complete by an extension in
an increase and growth of agglomerates. The bed defluidization increased as the
increase of bed temperature, static bed height and bed particle size and the decrease of
fluidized air velocity. The biomass fuel with relatively high alkali and chloride contents,
as used in this study, was likely to increase the bed agglomeration problem. The
SEM/EDS analysis on the features of the agglomerate samples indicated that the bed
agglomeration is mainly attributed to the formation of the ash derived potassium silicate
compounds as liquid phase during combustion. This was initiated by the burning char
particles. The propagation of ash formed material inward the sand grains could be
observed, which may cause by the gaseous/aerosol alkali species. In this study, the
migration of ash forming elements from fuel particle to bed particle was likely
dominated by the collision. The agglomeration process was the reactor scale
independent. The plot of EDS data employing ternary phase diagram showed that the
compositions of the coating and neck fused materials were mainly located in the low Ca
and high Si region where the eutectic composition is nearby, and the relatively large
amount of the melt (70-95%) in fused materials at relatively low temperature (740-800
°C) was estimated using lever bar rule for all biomass samples studied, which seemed
likely that the melt formation controls the agglomeration. The order from high to low of
the bed agglomeration tendency of the biomass samples were palm brunch, corncob,
rice straw, and palm shell, respectively. The fairly well to good satisfactory in the model
predictabilities were obtained.

Keywords : Bed Agglomeration / Fluidized Bed Combustion / Biomass Combustion /
Palm Shell / Corncob / Palm Fruit Brunch / Straw
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CHAPTER 1 INTRODUCTION

1.1 Renewable energy overview

Climate change concerns, high oil prices, peak oil demand and increasing government
support drive increasing renewable energy legislation, incentives and commercialization
[1]. Renewable energy is an energy that is derived from naturally and constantly
replenished resources. It includes electricity and heat generated directly or indirectly
from sun, wind, tides, hydropower, biomass, geothermal resources and biofuels, as well
as hydrogen derived from the renewable resources.

According to Figure 1.1, renewable energy supplied 18.9% of the global energy
consumption of 474 EJ, counting traditional biomass, large hydropower (>10 MW
production), and other renewable sources (small hydro (<10 MW), modern biomass,
wind, solar, geothermal, and biofuels).

Nuclear 2.8% 3 Wind/Biemass/Solar/Geothermal
- _\Power generation 0.7%

\. Biofuels 0.6%
Biomass/Solar/Geothermal
Hot water/Heating 1.4%

Hydropower 3.2%

Traditional biomass 13%

ATAEJ h *1EJ=10"J

Figure 1.1 Share of renewable energy to global energy consumption in 2008 [2].

Of this 18.9%, traditional biomass which is used primarily for cooking and heating
accounted for approximately 13%, and is growing slowly or even declining in some
regions as biomass is used more efficiently or replaced by more modern energy forms.
Hydropower at a large base (>10 MW) represented 3.2%, and is growing modestly.
Other renewable sources accounted for 2.7% in total, and are increasing very rapidly in
developed countries and in some developing countries. Renewable energy replaces the
conventional fuels in four distinct markets: (i) power generation, (ii) hot water and
space heating, (iii) transport fuels, and (iv) rural (off-grid) energy services. However,
fossil fuels (coal, oil and natural gas) still dominated the consumption.

In Thailand, well-recognized as one of the top rank exporters of agricultural and food
products, biomass has been the traditional renewable energy resource. As shown in
Figure 1.2, about 24.4% of the total energy consumption of 2.37 EJ came from
renewable energy, with 22% counted by traditional biomass, used mainly as
cooking/heating, and 1.4% from biofuels (biodiesel and ethanol) including the garbage.
Power from renewable energy represented approximately 0.9%, and is growing very
rapidly by the government subsidies. However, the major contribution to the total
consumption was fossil fuels, particularly oil for transportation.
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Figure 1.2 Contribution of renewable energy to total energy consumption of Thailand
in 2009 [3,4].

Fossil fuels are not considered as biomass by the generally accepted definition [5], in
spite of their origin in ancient biomass. Their production and use raise environmental
concerns primarily caused by the CO, emission from the combustion. A global
movement toward the generation of renewable energy is therefore under way to meet an
increased energy needs and the attention to the biomass for the commercial power
generation is also being paid increasingly.

1.2 Biomass overview

Biomass is biological material derived from living, or recently living organisms. Since
the beginning of civilization, biomass has been a major source of energy throughout the
world. Biomass, the fourth largest energy source after coal, oil and natural gas, is the
largest and most important renewable energy option at present and can be used to
produce different forms of energy [6]. In the developing world, wood biomass is a
major renewable energy source, representing a significant proportion of the rural energy

supply.

Biomass resources include primary, secondary, and tertiary sources [7]. Primary
biomass resources are produced directly by photosynthesis and are taken directly from
the land. They include perennial short-rotation woody crops and herbaceous crops,
seeds of oil crops, and residues from the harvesting of agricultural crops and forest trees
(e.g., wheat/rice straw, corn stover and the tops, limbs, and bark from trees). Secondary
resources result from the processing of primary resources either physically (e.g., the
production of sawdust in mills), chemically (e.g., black liquor from pulping processes),
or biologically (e.g., manure produced by animals). Tertiary resources are post-
consumer residues as biodegradable wastes including animal fats and greases, used
vegetable oils, packaging wastes, and construction and demolition debris.

Using biomass represents an attractive way to environmental benefit by the decreasing
CO; emission, because it is part of the short carbon cycle. Carbon from the atmosphere
is converted into biological matters of plant by photosynthesis, building up lignin,
hemicelluloses, cellulose, lipids and etc, as structure and non-structure carbohydrates
[8]. On death of combustion, or decay, the carbon goes back into the atmosphere as
carbon dioxide (CO,). This happens over a relatively short timescale and plant matter



can be constantly replaced by planting for new growth. Though biomass is sometimes
called a “carbon neutral” fuel since its use as a fuel reasonably stabilize the level of
atmospheric carbon, its use can still contribute to global warming due to the processing
of biomass, for instance the crops for biofuels are harvested and transported using
machinery that burns fossil diesel.

Even though the annual global primary production of biomass was equivalent to 4,500
EJ [6], the biomass presence in the global energy consumption was only 62-66 EJ (13-
14% according to Figure 1.1). In Thailand, only 0.53 EJ of biomass, referred to Figure
1.2, was utilized while the estimated biomass production was equivalent to 1.4 EJ [4].
These potentials are highly attractive for commercial power production and biomass
contribution to power generation in Thailand has been promoted at present under the 15
Year Renewable Energy Development Plan [9], particularly focusing on the solid
agricultural biomass.

1.3 Biomass conversion technology
There are a number of energy conversion technologies that can convert a variety of
biomass into heat, power, and fuels as summarized in Figure 1.3.

Oil crops (rape, Sugar and starch plant N Wet biomass (organic
Solid biomass
sunflower,.) (cassava, sugar-beet,...) waste, manure,...
refining | crushing extraction fhydrolysis pyrolysis gasification fermentation
(anaerobic)
y Y
Vegetable oil Sugar Pyrolytic oil Fuel gas Biogas
fermentatio\ hydrolysis
tranesterification .
combustion
Methyl ester
(biodiesel) Ethanol
Y /
Liquid » ..
biofuels Electricity Heat Vapor
cogen;ration \
Y Process
Transport
Electric devices Heating

Figure 1.3 Biomass energy conversion overview [7].



Conversion technologies may release the energy directly, in the form of heat, or may
convert to other forms, such as liquid biofuel or combustible biogas. While for some
classes of biomass resource there may be a number of usage options, for others there
may be only one appropriate technology. The most conventional way in which
particularly solid biomass is used, however, still relies on the direct combustion.

The combustion is studied intensively over hundred years. The intimate understanding
in the behaviors of solid combustion as well as the development in a number of
techniques and implements have made it to utilize biomass in a more effective way, as
the increasing heat/power productivity with the decreasing emission. Among them, one
favorable technique built up is the fluidized bed combustion (FBC) technology.

1.4 Fluidization technology

1.4.1 Fluidization and Fluidized bed

Fluidization refers to the process by which a fluid-like is imparted to granular solid by
the application of appropriate external forces [10]. The amount of solid particles is set
into motion by blowing a fluid steam upward through a bed at sufficient velocity to
locally suspend the particles, but yet not too great velocity to blow the particles out of
bed. The bed appears like a boiling liquid and has other features of liquids such as
exhibiting buoyancy and hydrostatic head, hence that it is called “fluidized bed”. This
behavior is characterized as shown in Figure 1.4.
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Figure 1.4 Characteristic of increasing fluid flow fluidization [10].



When fluid flow start at relatively low velocity through static bed of solid particles, the
interstitial pores among the particles offer sufficient resistance to the fluid to create a
corresponding drop in pressure in the flow direction. As the velocity increase, this
pressure drop increases correspondingly until at some flow rate, this pressure drop
equals the weight of this granular. At this point, the solid particles start to lose contact
from their neighbors, which have up to this point offered mechanical support, and
become buoyed up hydro-dynamically. As it increases further, the particles, which are
now suspended, cannot offer greater resistance due to their limited masses. Instead, the
flowing fluid pushes the particles further apart to make way for increased flow and the
pressure drop remains constant at the same level corresponding to the solid weight.

1.4.2 Solid combustion application [11]
When fuel particles enter the hot bed of inert materials, such as sand, fluidized by the
upward flowing air, their temperatures are raised to the point at which the moisture is
vaporized and then are further increased to the point at which a certain part of the
organic compounds is volatilized. Until reaching their self combustion temperatures,
fuel char particles are burnt continually in the bed. A part of released heat is circulated
to the recently fed fuel particles by the inert bed, acting as the heat reservoir, while the
major one is utilized, for instance to boil water into steam. During combustion, fuel
particles can be spread uniformly across the bed due to the chaotic bed mixing induced
by the passing air bubble. The temperature field in a fluidized bed is rather uniform due
to the intense in-bed heat transfer as a consequence of this bed mixing. This feature of
fluidized bed combustor provides the advantages as summarized below:

- High fuel flexibility, both in size, rank and type.

- High combustion efficiency with low combustion temperature.

- High rate of heat transfer due to the turbulent mixing of bed.

- Effective emission control of SO, through removal by reaction with the

poisonous gases capture additives.
- Expensive pretreatment and preparation of fuels are not needed.

By its prominent features, FBC is found suitable for a wide variety of fuels, especially
the low grade fuels such as lignite and solid agricultural biomass. Presently this
technique has been achieved to be the commercial scale power plants using biomass.

1.5 Problems of biomass firing in fluidized bed

Although FBC is a mature technique, many operational problems associated with the
ash are frequently encountered in its application to biomass [12]. They are particularly
connected with the unique alkali content. The relatively rich alkali of biomass cause the
ash forming constituents to melt at relatively low temperature leading to a number of
the critical ash-related operational problems [13] viz,

- The formation of fused or partly-fused ash agglomerates and slag deposits at
high temperatures within furnaces and stoves.

- The formation of bonded ash deposits and accumulations of ash materials at
lower temperatures on surfaces in the convective sections of boilers.

- The accelerated metal wastage of furnace and boiler components due to gas-
side corrosion under ash deposits, and due to ash particle impact erosion or ash
abrasion of boiler components and other equipment.

- The formation and emission of sub-micron aerosols and fumes.

- Biomass ash impacts on the performance of flue gas cleaning equipment.



- The handling and the utilization/disposal of ash residues from biomass
combustion plants, and of the mixed ash residues from the co-firing of
biomass in coal-fired boilers.

- Bed particle agglomeration caused by fused or partly-fused ash materials in
the fluidized bed boiler.

Particularly, bed agglomeration is a common reason for decreased availability of the
biomass fired fluidized bed boiler. It deteriorates the fluidization quality, which then
disturbs the combustion process in the furnace. An increase in bed particle size, due to
the agglomeration, is then translated into an increase in the minimum fluidization gas
velocity. As a result, the superficial air/gas velocity must be increased in order to
maintain the fluidization state. If it is not increased accordingly or the whole bed
agglomerates in the extreme case, fluidization can no longer be maintained, namely
defluidization, leading to an unscheduled shutdown with costly loss.

Defluidization by the bed particle agglomeration is one major challenge faced by the
thermal based fluidized bed technologies for the power generation. The intimate insight
to its behaviors concerning the fates of inorganic elements on the bed agglomeration
and the contributions of the bed operating parameters on the defluidization is required to
prediction and tackling, for the success of applying FBC to produce energy from the
specific biomass.

1.6 Research objectives
This work aimed to find out the approach to predict the bed agglomeration behaviors
during fluidized bed combustion of agricultural residues. The specific objectives were

1. To investigate the bed agglomeration tendency regarding to the biomass ash
properties and the fluidized bed operating conditions.

2. To elucidate the plausible mechanisms of bed agglomeration and relevant inorganic
behaviors.

3. To propose the developed mathematical models.

1.7 Scopes of work

1. Investigating experimentally by combustion of the representative agricultural
residues as palm kernel shell, palm empty fruit brunch, corncob and rice straw in the
laboratory and pilot scale bubbling fluidized bed facilities using only quartz sand as
inert bed material at different bed (combustion) temperature, superficial air velocity,
bed particle size and static bed height, of the operating conditions.

2. Developing the mathematical models to predict the bed agglomeration behaviors.

1.8 Research Methodology

To achieve this work, the study workflow was performed below:

1. Characterizing the materials.
Firstly, the physical and chemical properties as well as the ash compositions of selected
biomass were necessary to be characterized intensively since they were handled in fuel



preparation and subsequently tested in fluidized bed. Similarly, the quartz sand was also
characterized.

2. Performing the agglomeration test

The steady state combustion in fluidized bed reactors under the atmospheric condition
was carried out to study the effects of biomass ash properties and operating conditions
on the bed agglomeration tendency. The behaviors and states of bed during combustion
were monitored until complete defluidization.

3. Characterizing the agglomerates

The morphology and chemistry of agglomerate samples from the bed at defluidization
were studied in order to identify the inorganic behaviors and the interactions between
the released ash constituents and bed particles responsible to the bed agglomeration.

4. Developing the mathematical models
The mathematical models were developed based on analyzing the laboratory scale
experimental results.

5. Verifying the models.
The results of lab and pilot scale tests as well as the previously published data were
used to verify these models.



CHAPTER 2 BED AGGLOMERATION

2.1 Introduction

Particle agglomeration was early recognized as critical factor for the operation of
fluidized bed in fuel conversion, iron ore reduction and cement processes [14-16].
However, it became useful and common for food and pharmaceutical industries, the
agglomerates of material grains are intentionally produced in order to improve the
powder properties [17]. Bed particle agglomeration latterly was found to occur in
likelihood by a mechanism of sintering in the presence of a liquid phase [18]. As the
sintering process progressed, the coalescence and densification were evident.

The bed particle agglomeration was experienced during various fuel conversion
processes such as fluidized bed combustion (FBC) and gasification (FBG) of coal,
biomass and refuse derived fuels (RDF) [12,19-23]. It was mainly attributed to the
chemistry of ash and bed material [24-28]. The interactions between the released ash
species and bed particles under high temperature during the normal bed operating
conditions resulted in the presence of the compounds with low melting temperatures on
the surface of bed particle. At certain critical conditions, these compounds presenting as
liquid phase induced the permanent bonds between bed particles to form agglomerates,
and defluidization then began.

There are a large number of previously intensive studies toward the bed agglomeration,
many investigations focused on the plausible and governing mechanisms, prediction or
prevention. The following information on bed agglomeration is the comprehensive
compilation and review of the research literatures.

2.2 Ash chemistry of biomass
A wide variety of solid and liquid biomass materials, and biomass materials as the
components of mixed fuels, are combusted in a wide range of combustion devices, for
heating and power generation purposes. The general types of installations [29] can be
classified under the following broad categories, depending on the scale of operation:
- The very small stoves, fires and boilers employed for domestic cooking and
heating.
- The small and medium scale boilers employed for commercial, process and
district heat supply.
- The medium and large scale boilers employed for combined heat and power,
or power-only applications.
- The co-firing of biomass materials with coal in large industrial and utility
boilers.

For the case of solid fuel, biomass materials contain noncombustible constituents, and
the nature and behavior of these constituents have a significant bearing on the design,
operation and performance of the combustor and boiler.

2.2.1 Chemical compositions of biomass ash

Composition and other relevant data for a wide range of biomass, biomass ash and other
relevant materials are available in a number of databases of biomass properties on the
internet [30-33] and of previous literatures in the biomass related field study, including
from presently reviewed literatures [8,12,29]. All of the biomass and biomass-based
waste materials are distinguished to other industrial solid fuels by having relatively low



calorific values, high volatile matter contents and low bulk densities. They are the
oxygen rich and carbon based fuel. Most of the biomass materials, in raw harvested
form, also have very variable moisture contents, and it can be disadvantageous to dry
and/or densify the biomass, prior to transportation, handling and storage as a fuel.

The reported ash data show fairly clear in some general trends of inorganic species,
described below for woody fuels and agricultural residues. The wood materials,
generally having very low ash contents (1-4 %), are particularly rich in calcium and
very low in chlorine and sulfur. Some extraneous clay and quartz may be present from
contamination with soil. The ash melting temperatures are generally very high.
Agricultural residues have relatively higher ash content, ranging at a large variance
from 2% to more than 20%. Their ash chemistry vary significantly but all are dominated
by potassium, silicon and phosphorus compounds. Silicon is the abundant element.
Their ash melting temperatures are therefore lower than those of wood, usually between
800-1000 °C. Some residues such as straws and grasses may also contain relatively high
concentration of chlorine and sulfur.

Three different biomass ash systems have been generally described in terms of their ash
chemical composition and their fusion behavior [34], viz:
- high silicon / high potassium / low calcium ashes with low fusion
temperatures, in the agricultural residues.
- low silicon / low potassium / high calcium ashes with high fusion
temperatures, found in woody materials.
- high calcium / high phosphorus ashes with low fusion temperatures, including
manures, poultry litters and animal wastes.

The important inorganic elements in biomass from a view point of the bed
agglomeration problems are the refractory silicon, the alkali potassium, the alkali earth
calcium and the non-metallic chlorine, sulfur and phosphorus [12,24]. Potassium is well
accepted by far as the most important element responsible for bed agglomeration and
other ash-related problems in thermal treatments of biomass (given technical terms as
combustion, pyrolysis and gasification).

2.2.2 Forms of inorganic in biomass

The form in which an inorganic element occurs in a solid fuel has a decisive influence
on its reactivity and volatility in combustion and gasification. Inorganic material in low-
rank solid fuels, including lignites and biomass, can be roughly divided into two broad
fractions [35], viz:

1. Atomically dispersed inherent inorganic material

Inherent inorganic material exists as part of the organic structure of the biomass. It is
most commonly and largely associated with the oxygen, sulfur and nitrogen-containing
functional groups (carboxyl, hydroxyl, ketone or ether groups). The inorganic elements
are associated chemically, in the form of cations or chelates (chelate; a heterocyclic
compound having a metal ion attached by coordinate bonds to at least two nonmetal
ions), with these organic functional groups in the suitable sites or are in the solution in
inherent moisture as a soluble salt or are precipitated as a crystalline salt. It is also
possible for some inorganic species to be present in a very fine particulate form within
the organic structure.
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2. Extraneous discrete mineral

This inorganic material is added to the fuel through geological processes, or during
harvesting, handling and processing of the fuel. Biomass fuels are commonly
contaminated with soil, sand, pebble, pieces of iron or tramp materials, which have
become mixed with the fuel during collection, handling and storage.

The modes of occurrence and origins of the main inorganic elements in biomass based
on the plant physiology [34] are summarized in Table 2.1, including the elements of
interest, principal form of uptake, structural forms in plant, brief function description
and main source of each element, and explain below viz;

Silicon is taken up to plant by absorption of silicic acid from the soil and
deposited as hydrated oxide (SiO,-nH,0) in plant structure usually in an
amorphous form, but occasionally in a crystalline form [36].

Aluminum is toxic occurring in small quantities and its presence is usually a
marker of contamination via dust, dirt or other soil constituents.

Calcium is essential for cell wall stiffening and forms exchangeable bonds
with cell walls. Major sources of calcium are lime, dolomite or gypsum in the
soil amendment.

Magnesium is exclusively part of chlorophyll essential for photosynthesis [37].
Soil minerals, organic material, fertilizers, and dolomitic limestone are sources
of magnesium for plants.

Sodium is not an essential element to plant, but it is toxic at higher than 2 wt%
in soil.

Potassium occurs as the univalent ion with high mobility and has an important
function in osmotic process and metabolism [38]. It is supplied to plants by
soil minerals, organic materials and fertilizers.

Phosphorus, noted especially for its role in converting the sun energy to useful
compounds for plant, is a vital component of DNA (Deoxyribonucleic acid,;
the genetic memory unit), RNA (Ribonucleic acid; the DNA decoder) and ATP
(Adenosine-5'-triphosphate; the chemical energy unit) of plants [39]. Its uptake
is mostly as the primary orthophosphate ion (H,PO4) from mainly fertilizer,
but some also absorbed as secondary orthophosphate (HPO,*) as increasing
soil pH [36,39].

Iron has two principal forms; chelates and cations. It is involved in nitrogen
fixation and photosynthesis. Soil mineral is its main source.

Sulfur in plants is in the form of sulfates and organic sulfur. It can be
incorporated into plants both by absorption and assimilation of the
atmospheric SO, and by absorption of the sulfur dissolving water.

Chlorine in biomass occurs as a chloride iron. Its concentration is closely
related to the nutrient composition of the soils.
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The further investigations [36,43] of the major inherent inorganic species of biomass
provide a roughly qualitative and quantitative data of the major inorganic element

speciation in three categories, viz:

Water soluble, i.e. in free ionic form

Organically associated

Precipitated as relatively pure compounds, in crystalline or amorphous forms

A listing of these major inorganic species is presented in Table 2.2.

Table 2.2 Speciation of inorganic materials [36,43]

Element Class 1 — water soluble (free ionic form)
Compound Formula Share of total element (%)
Si Silicon hydroxide Si(OH), <5
Ca Calcium nitrate, Ca(NOs3),, CaCl,, 20-60
chloride, phosphate Caz(POy),
Mg Magnesium nitrate, Mg(NO;),, MgCl,, 60-90
chloride, phosphate Mg;(PO,),
Na Sodium nitrate, NaNO;, NaCl >90
chloride
K Potassium nitrate, KNOs, KC1 >90
chloride
P Phosphate ion PO~ >80*
S Sulfate ion SO,” >90*
Cl Chloride ion Cr >90*
Class 2 — organically associated (covalent or ionic bonding with tissue)
Ca Calcium pectate macromolecule 0.8-2.6
Mg Chlorophyll, CssH7uMgN,4Os, 8-35
magnesium pectate macromolecule-
P Nucleic acid PO, Not reported
Fe Organic complex, Fe’*, Fe* >80*
organic sulfates
Mn Various organic Mn®", Mn’*, Mn** >9(*
structures
S Sulfolipid, poteins, SO, S Not reported
amino acids
Class 3 — precipitated (pure compound, amorphous, crystalline)
Si Phytolite SiO,-nH,0 >90*
Ca Calcium oxalate CaC,04nH,0 30-85
P Phytates Ca-Mg(-K)-salt of Up to 50-86% in seeds
CsHe[OPO(OH)]¢
Fe Phytoferritin (FeO.0OH);.(FeQ.0OPO3H,) Up to 50% in leaf tissue

* No exact quantities have been reported. The quoted value indicates that the speciation is the
dominant one for that element.

The data in this table indicate clearly that the alkali, phosphorus, sulfur and chlorine in
the inherent inorganic material tend to be present largely in the soluble form, as simple
inorganic salts. Silicon is present predominantly as silica in the precipitated form. The
alkaline earth metals are more complex and can occur in a number of forms. The
extraneous inorganic material can also be present in many forms. It takes the form of
contamination with sand, soil or other mineral materials, tramp metal components, etc.
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The modes of occurrence of inorganic species are further discriminated according to
their solubility in a sequence of increasingly aggressive chemical solvents, namely “the
chemical fractionation™ [44-45]. It is developed originally for the characterization of
coals and later adapted to characterize a number of biofuels [24,46-47]. The leaching
solvents employed for this purpose are commonly: Water = Ammonium acetate
solution = Hydrochloric acid solution. The following four modes of occurrence
distinguished by this analysis are listed in Table 2.3.

Table 2.3 Modes of chemical fractionation results
Solubility Likely form in the fuel
soluble in water principally the water soluble salts, sulfur and chlorine
soluble in ammonium acetate | organically bound as cations and chelates
(ion-exchangeable)
soluble in hydrochloric acid
insoluble

generally acid soluble salts as carbonates and sulfates
principally mineral formed as oxides, silicates or sulfides

It is generally considered that the water and acetate-leachable elements are relatively
reactive and are more readily released into the vapor phase and the submicron sized
aerosol fraction of the ash generated from the biomass during elevated temperature
processes. The elements in the acid soluble and residue fractions are more immobile and
tend to release into the coarser ash fraction.

As result, the biomass materials, in general, have significantly and relatively higher
levels of water and acetate soluble species, with the majority of the potassium and
chloride, and some of the calcium and magnesium, compared with coals. The
fractionation results in details of each element are provided in Table 2.4 and discuss, viz

Table 2.4 Fraction and form of elements in chemical fractionation of biomass

Element Fraction Likely form Description
Refractory Insoluble mainly Oxide, Silicate - Al and Ti in trace concentration
Si, Al Ti - Much less reactive in volatilization
and chemical reaction
Alkali >90% in water Chiloride, Sulfate, Na in trace concentration
K, Na soluble or ion Other salts, Easily volatilized or easily
exchangeable Cations, Chelates available for chemical reaction
Alkali earth | Largely in an ion | Cations, Chelates, Lesser volatile than alkali
Ca, Mg exchangeable or | Carbonate, Sulfate
acid soluble
Cl Water soluble Salt, Anions Present in an easily vaporizable
mainly form
S Variable Variable Variable forms, ranging from
completely water soluble to
completely insoluble
P Variable Variable -
Noble metals | Acid soluble or Variable Trace elements in biomass
(Fe, Mn, etc) insoluble

- All refractory elements (Si, Al and Ti) are insoluble and likely in the oxide and
silicate as the major form. Al and Ti are present in trace concentrations. These
refractory components are thus assumed to be much less reactive in
volatilization and chemical reaction in a high temperature process.
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- The alkali and alkali earth elements (K, Na, Ca and Mg), which mainly occur
in plant organic structures or reactive mobile inorganic components, are
predominantly in the soluble fractions.

- Over 90% of potassium in non-contaminated biomass (no soil) is in the water
soluble and ion exchangeable form, hence it is believed to be easily volatilized
or easily available for chemical reaction, probably leading to the ash-related
problems. Sodium presents only in a trace element.

- Calcium is largely in an ion exchangeable or acid soluble form, thus it is lesser
volatile than potassium. Magnesium also shows the same.

- Chlorine is supposed to be present in an easily vaporizable form, since almost
all of it in biomass is in a water soluble form.

- Noticeably, sulfur occurs in variable forms, ranging from completely water
soluble in wheat straw to completely insoluble in switchgrass. However, the
volatility of sulfur is insubstantially depended on its form in fuel, as it is
oxidized to SO, in combustion and released as H,S in gasification and
pyrolysis [48].

- Phosphorus and the noble metals also occur in variable forms.

It further seems that the chemical fractionation results are fairly consistent with the
biological functions of inorganic elements. Clay contamination can give increasingly a
fraction of insoluble.

The chemistry of biomass ash differs considerably with the biomass type, cultivated
soil, fertilizers, climate, maturity, harvesting, handling, etc., and also with employed
analytical techniques and ashing temperature [49-53]. The inorganic classes in biomass
are early discriminated by the aforementioned analyses based on either the plant
physiology or chemistry. They provide useful information to assist in the advance
prediction about the potential behaviors of ashes in the thermal treatments of specified
biomass fuels. However, the careful interpretation from these results is needed.

2.3 Inorganic behaviors and bed agglomeration process
Despite the result of the complex interactions in both physically and chemically, the bed
agglomeration is likely treated as basically three sequential steps [24];
e Firstly, the ash forming elements in fuel are released during thermal
treatments, as the inorganic transformation,
e Secondly, they are transported to the surface of bed particles forming the
coating, namely the inorganic migration, and
e Thirdly, the coated bed particles stick their neighbors and then form the
agglomerates, this is the sintering.

A review in this section is performed to identify the behaviors of inorganic elements
during elevated temperature processes. Their interactions with the bed particle relevant
to bed agglomeration and the sintering processes are focused and then summarized to
the mechanistic information.

2.3.1 Inorganic transformations

The physical and chemical transformations of inorganic matter in biomass combustion
are typically illustrated in Figure 2.1. The mechanisms for transformations in biomass-
fired boilers are mainly based on analysis of deposits from different locations in large
scale or commercial scale boilers, including travelling grates and fluidized beds.
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Figure 2.1 Transformation of mineral matters in biomass [54].

A certain part of the inorganic matters, derived supposedly from ionically or
organically-bound inorganic, is released as a vapor phase. This volatilization of
inorganic is a key role in fouling of biomass-fired boilers, (fouling is defined as
deposition in the heat-recovery section of the steam generator subjected to convective
heat exchange by fly ash quenched to a temperature below its predicted melting point,
condensation by volatiles, or sulfidation by SOj3) [34]. The released ash constituents
have else present in the fine liquid/solid of particulate matters (aerosols), coarse fly ash
particles and sintered ash as bottom ash, which they can contribute to slagging and
further to intensified fouling (slagging is deposition of sintered ash on heat transfer
surface and refractory in the furnace volume primarily subjected to radiant heat
transfer). However, there are some general agreements on the ash release behaviors and
no exact ranges and temperature on the release quantities and the start of volatilization,
respectively. These are obviously due to many factors affecting the release: the form of
inorganic elements in biomass, heating rate and final temperature of fuel particle,
presence of chlorine, sulfur and silica, ambient conditions (oxidizing: combustion or
reducing: pyrolysis, gasification), etc [51].

Basically, most solid fuels exposed to a hot gas stream during combustion experience in
three sequentially distinct stages of mass loss; (i) drying, (ii) devolatilization and
volatile combustion, and (iii) char combustion. No release of inorganic species as well
as chlorine and sulfur occurs in the drying step [55-68], indicating that they may not be
associated with water in the fuel. Generally, a minor extent of inorganic elements starts
to be released during devolatilization while the major releases part is in the char
combustion phase. The transformation mechanisms of elements of interest, particularly
of potassium that had been proposed specifically [69] as illustrated in Figure 2.2, can be
summarized in Table 2.5 and explained; viz.
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Table 2.5 Fates of elements during heat treatment processes

Element Transformation Note
Phase Species
Si Molten Silicates -
Solid Si0; (Silica)
Al Solid Al,Os, Silicates -
Ca, Mg Molten Silicates -
Solid Sulfate, Oxide and Chloride
Na - - Neglected in the account
K Vapor KCl, KOH, K,SO, -
Aerosol K,S0,, K,0, K,CO,
Molten Silicates
P Solid K3PO,, K4P,05, Silicates -
Fe Solid Oxide form -
S Gas SOz, HZS -
Aerosol KQSO4
Solid CaSQ,, MgS0,
Cl Vapor HCI, KCI -
Trace Variable Variable -
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Potassium released from fuel particle includes (i) gaseous KCl, KOH and K;SOj, (ii)
aerosol K;SO4, K,CO3 and K;O, and (iii) K in the coarse particle mainly as silicates. If
chlorine presents in biomass, especially the annual crop that has relatively large amount
of potassium and chlorine, potassium will be released to the gas phase as KCI. This KCl
is proved to be the major volatile K species and major volatile constituent [57,63]. The
KCl release is initially in the devolatilization state and substantially on char combustion.
The subsequent sulfation of KCl in both gas phase and condensed phase to form K;SO4
will be occurred, if SO, exists in the system [66]. The sulfation rate in the gas phase is
significantly faster with occasionally up to complete conversion while that of the
condensed phase is considerably slower with about 0.5-2% conversion. However, both
rates are controlled by the availability of intermediate SO;, depending on SO, and O,
but not on H,O concentration. A vapory K,SO, is also directly released. As further
suggested [66], the most in-flight KCI sulfation takes place in the gas phase while any
sulfation of deposits likely occurs in the molten deposits. In the case of high water
vapor concentration in the gas phase, KOH is formed and it is relatively stable [63].
KOH is yet still very reactive until it reacts to form the even more stable compounds by
the reaction with vapor HCI to form gaseous KCl, the sulfation and carbonization to
form aerosol K,SO,; and K,COs respectively or otherwise the absorption-reaction by
some inorganic matters (chemisorption). The release of volatile alkali species out of fuel
is however inhibited in consequence of the absorption onto the reactive char surface
[60,61]. Solid K,O is also an intermediate one among the released K species and it is
unstable by thermal decomposition at temperature above 350 °C [70]. Since sodium is
generally assumed to behave similarly with potassium and is further an insignificant
content in biomass, the specific presence of sodium is always neglected in the account.

Chlorine is well already recognized as the facilitator of alkali volatilization, which can
stabilize high temperature gaseous alkali species [59-62]. Its major amount in biomass
is released to gas phase as HCI during devolatilization, this HCI is an important
contributor to the high temperature corrosion in boiler [34]. Chlorine is hardly found in
the non-volatile ash [24]. The KClI release to gas phase in char combustion is therefore
determined by the existing chlorine in biomass char.
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The main sulfur release in combustion is SO, [64]. In the devolatilization step, sulfur is
released to gas phase from its primary binding sites in organic molecules, such as
proteins or sulfolipids (a class of lipids which possess a sulfur-containing functional
group), while sulfur in the form of inorganic sulfates may be partially reacted with char,
and become attached to the char matrix or transformed to CaS/K,S [61]. During char
combustion phase, the inorganic sulfur bound to the char matrix is oxidized and
released to gas phase as SO,. However, the released gaseous sulfur species can be
subsequently captured by reactive sites in the char, and become bound to the char. To
the contrary in the reducing conditions, sulfur is largely converted to H,S and the
sulfation does not occur [51,64]. It was further suggested that the maximum achievable
sulfur retention in fuel during heat treatments is largely determined by the content of
silicate relative to calcium and potassium in biomass [64]. The interaction of gaseous
sulfur species, as well as volatile alkali species, with char even inhibits their releases to
gas phase.

The adsorption, mentioned above, and repeated desorption on the char surface allow
resultantly the released alkali species to transform into thermally stable char-boned one
and/or non-volatiles such as K-silicates, that is an important eutectics responsible for the
bed agglomeration of biomass (Eutectics; a mixture of substances having a minimum
melting point). Part of formed silicate fragments may partially or entirely be solidified
in the deposition on convective surface as coarse fly ash from the entrainment of flue
gas. In addition silica/silicate particles both from fuel as fly ash [34] and from silica
sand (quartz sand); commonly used as the bed material, can absorb alkali hence creating
the eutectics on their surfaces by the fluxing reaction [51].

Alkali earth elements, Ca and Mg, are hardly volatilized over the conventional
temperature ranges of thermal treatments [51,61]. Therefore they are released mainly in
char combustion and in association with the oxide and sulfate (by sulfation) groups, as
the fine solid particle [46,53,69]. In some combustion cases of biomass rich in
organically bound calcium [22,71-73] or co-combustion [74,75], calcium can cause
problems by that it is involved to form the eutectics, while magnesium seems to be
relatively more inert in eutectic formation. Calcium is an important bulk component in
ash deposits of fouling but it is mostly not responsible for the initiation of deposits.

Phosphorus [76], aluminum [27], iron [12] and silicon [34,69] are mainly associated in
oxide, silicate or potassium associated compounds as the fine solid particle with
relatively high melting point, over than bed operating temperatures. The noble metals as
the trace element in biomass have insignificant influences on the bed agglomeration
[24,51], and there are a number of intensive studies on their behaviors and
environmental impacts during combustion with a number of biomass [77-81].

The release behaviors of biomass ash forming elements during thermal conversions are
influenced significantly by the chemical properties of biomass and operating
temperature. The physical state (vapor, gas, molten or solid) and species of released ash
have a remarkable effect on the form of ash deposition and on the physical and chemical
interactions between the ash constituents and specific surface, for example the
convective tube bank in fouling, the furnace wall for slagging and the surface of bed
particle in bed agglomeration. Only extensive interactions between the ash forming
constituents and bed particle are emphasized.
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2.3.2 Inorganic migrations

The deposition mechanism of the ash forming elements from the burning fuel particle to
the surface of bed particle to form the deposits as coating can be typically illustrated in
Figure 2.3, including partly in Figure 2.1 and 2.2, and summarized: viz,
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Figure 2.3 Mechanisms of ash-bed interaction [82].

1. Condensation

The submicron fly ash particles in size approximately between 0.02-0.8 um had been
identified in the elemental mass size distribution of K, S and Cl, of the ash matrix
elements (Si, Ca, K, P, S and CI), at downstream of cyclone during fluidized bed
combustion of high alkali wood residues [69], and waste sludge mixtures [81]. This
indicates that a certain part of the ash species is volatilized and these volatiles prefer
nuclei condensation into submicron size as the homogeneous condensation, while the
non volatile species remain mostly in the coarser particles (approximately 1-100 um)
[83]. Approximately half of gaseous KCI condenses into the aerosol particles, whereas
the other half is found to condense on the coarser particle, or contact surface, as the
heterogeneous condensation [69].

2. Adhesion

Aerosols that are originated from both non-volatile ash compounds (below 5 um) and
sublimed inorganic volatile compounds as freely fine particulate matter can be attached
to bed particle surface, or relevant surface of constructions, via surface forces (the
force that acts across an internal or external surface element in a material body) [84].
This attachment includes adhesion of the molten or solid ash on the surface of burning
char particles with bed particle by the random collision, and the coagulation/fusion of
coarse ash particles by sintering process.

Some certain compounds firstly formed or located in the proximity of the bed particle
surface by above mechanisms can extend their transformation into the core of bed
particle [28]. For instance [24,84], the possible decomposition of alkali sulfate in the
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formed coating layer or diffusion of alkali compounds can be the source of free alkali
metals that subsequently form the silicates extending inward the sand grain by the
reaction with silicon of quart sand, as the sand particle residence time increases.

3. Chemical reaction

In some case, the gaseous inorganic species are absorbed on the surface of bed particle,
or relevant silica/silicate particles of ash, by chemical reaction (chemisorption). The
evidences of gas phase alkali reaction with silica sand have been revealed in a literature
[85]. The chemical reactions of alkali with silica sand also include the decomposition of
alkali sulfates, carbonates and chlorides by reaction with silicon of sand, forming K-
silicates.

Building up the coating layer on bed particle, the ash forming elements released from
the burning fuels migrates by the processes such as the condensation of volatile
inorganic species, the adhesion by random collision of particulates either as freely or on
the burning fuel surface, and chemical attack of gaseous ash species. The ash deposition
on the bed particle is probably dominated by the combination of them. Subsequent
chemical reactions within the coating layer or inward the bed particle may occur. As the
continuous deposition on the bed particles proceeds under prolonged operation, the
coating thickened up to certain critical conditions (e.g. viscosity or thickness) leads to
the formation of permanent bonds between the bed grains, and then agglomerates are
formed. The extensive particle bonding mechanisms are therefore mentioned as
following, and the relevant sintering mechanisms to the bed agglomeration are focused.

2.3.3 Particle interactions

Interparticle forces (or intergranular force), well defined same as intermolecular forces
[86], are the forces of attractions that exist between individual particles in a material.
These cause the material to exist in a certain state of matter. Interparticle forces between
particles can occur due to a variety of causes. In fluidized bed [87], they are mainly
associated to van der Waals interaction, liquid bridge and sintering.

1. van der Waals forces

“van der Waals forces” is a collective term taken to include the dipole/dipole,
dipole/non-polar and non-polar/non-polar (dispersion) bonding forces arising between
atoms, ions or molecules [88]. As illustrated in Figure 2.4, they are defined for two
spherical particles as;

Figure 2.4 van der Waals interaction between two spheres [88].
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where A is the Hamaker constant (materials-dependent), 1, is particle radius and D is the
surface separation between two particles, which takes a minimum value of the order of
the intermolecular spacing. However, some confusion has risen between the expressions
for intermolecular and interparticle van der Waals forces. To clarify, a previous study
[88] showed the results that van der Waals forces increase in proportion to particle size,
and are independent of it if asperity contact is assumed. They further revealed that the
spherical particles with asperity contact in diameter of order 100 um exhibit
interparticle van der Waals forces to equal their single particle weight, while to much
lesser for particles in diameter of order 1 mm. This is in accordance with common
experience; dust particles of about 100 pm or below are commonly found adhering to
all kinds of surface and resisting the gravity force, whereas particles of 1 mm or larger
will only adhere to surface in the presence of some additional adhesives from the
chemical reaction or sintering, for example.

2. Liquid bridges

If the surface of a particle has a film of mobile liquid at point of contact with other
particles, or surfaces, liquid bridge will be formed, as shown in Figure 2.5. They are of
practical importance in agglomeration processes, driers and in some types of reactors.

Figure 2.5 Liquid bridge between two equal spheres [88].

Liquid bridges are more complex than van der Waals forces in that they exhibit both
static and dynamic forces, i.e. capillary and viscous forces, respectively, and are
dissipative of energy [87]. Their magnitudes and forces can be varied by altering the
amount of free liquid and its properties, particularly surface tension and viscosity. The
static liquid bridge force (capillary force) arises from the sum of the surface tension
force and the force arising from the pressure deficit in the liquid bridge.

2
Fips =2mr,y + AP (2.2)
where AP is the reduction of pressure within the bridge with respect to the surrounding

pressure; y is the surface tension. This reduced pressure is given by according to
Laplace equation [89];
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The liquid bridges also dissipate energy by viscous force (dynamic liquid bridge force).
This force always opposes to the relative movement, unlike the surface tension force,
and it becomes appreciable if separation rates are high. The viscous force between two
spheres being separated at a rate equal to the relative particle velocity can be
determined, to a first approximation, by Reynolds’ lubrication equation [90].

Fpy =12mu,r2V /D (2.4)

where p is fluid dynamic viscosity, and V is particle-particle relative velocity. The
comparison between capillary force and viscous force [88] indicated that viscous force
can become significantly for separation rates (V) above approximately 1 cm s, if
particle separation (D) is small (around 2 pm). However, viscous force becomes
comparable with capillary force for separation rates above 1 m s at larger separation
(above 10 um) and increasing bridge angle (o).

3. Sintering

The forces arising from sintering are quite different in kind from two above mentioned
mechanisms. Sintering is a time-dependent process in which material migrates, due to
diffusion, viscous flow or combination of mechanism, to the region of contact to form a
neck. That the bed particles are adhered to a sticky ash melt or bonded together by a
molten ash layer, as a neck, on their surfaces is characteristic for the silicate and salt
systems is described by this sintering mechanism.

In fluidized bed, sintering starts when a neck is formed between bed particles, resulting
in the initially porous network in agglomerates. A sinter neck of sufficient size becomes
permanent, resisting the breaking due to the movement of solids and gas, and eventually
leads to defluidization. In general, the rate of adhesive material migration is a sensitive
function of temperature [87]. In viscous sintering, the migration is driven by surface
energy minimization (which is relatively independent of temperature) and opposed by
viscosity (which is strong function to temperature) [87,91]. This indicates that sintering
occurs much faster at higher temperature for high temperature sintering of ash in
combustion and gasification. It may be noted that the effect of temperature on sintering
is quite different from its effect on dynamic liquid bridge forces (viscous forces), where
reduced viscosity by increasing temperature lead to decreasing forces (Eq. 2.4),
decreasing energy disruption in collision and decreasing probabilities of agglomeration
and growth (at which the fractional liquid loading remains constant).

In the previous studies on the sintering behaviors of ashes from coal, peat and biomass
under FBC conditions [92-97], three mechanisms are considered to be significant viz;

e Partial melting

e Viscous flow

e Chemical reaction

They depend significantly on the ash chemical and mineralogical composition, the
temperature history of the ash particles and gas components.
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Partial melting sintering (Reactive liquid sintering or diffusion sintering)

It is a sintering in the presence of a reactive non-viscous liquid consisting of molten
alkali salts, or other crystalline materials, where the solid phase is partly soluble in the
liquid at the sintering temperature. The amount of liquid determines the neck formation.
Decreasing temperature below their solidus temperatures (the temperature at which
melting of a substance begins) gives crystallization of bonding agent and densification
of agglomerates. It was suggested that this mechanism is likely predominant for fuels
with high alkali, sulfur and chlorine ashes [51].

Viscous flow sintering (Viscous sintering or Vitrification)

It is sintering due to viscous flow of a vitreous silicate phase. When a silicate ash is
heated above its solidus temperature, it becomes highly viscous liquid. Due to its high
viscosity, the liquid remains viscous on rapid cooling below the solidus temperature
[51]. The presence of silicate compounds in ash deposits on either bed particle or
silicate/silica fly ash particle gives rise to the formation of the liquid layer of silicate
eutectics on the surface of the particles under sintering temperature. Flowing of this
viscous molten layer forms a neck between adjacent particles. Upon cooling, this neck
is solidified to a glassy phase.

The dependence of this mechanism on properties of fly ash particle for typical fly ash
agglomeration is given by Frenkel equation [98];

:3-rp-7-t
2-u

X? 2.5)

where X is equivalent neck contact area; v is surface tension of the vitreous phase and t
is time. Neck growth (X(t)) is controlled by time and viscosity, which is varied
significantly with temperature and chemical composition of material. Sintering is
inhibited by the crystallization on the surface [51].

Chemical reaction sintering

This is a sintering due to reaction between the particles or the particles and the gas, to
form a third compound binding the particles together. This mechanism was found to be
responsible for the sintering of coal and biomass ashes rich in calcium [23,50]. It is
caused by the carbonation and sulfation of CaO with CO, and SO,, respectively,
resulting in the particle to particle bonding via thermodynamically stable CaCO; and
CaSO, crystals, respectively. These mechanisms can be relevant to the deposit
hardening and bond strengthening, where ash is firstly formed on/between particles and
then reacts in the post combustion zone in CO,/SO; rich environment. Sulfation of CaO
is stable over a wider temperature range (carbonation: 600-800 °C, sulfation: above 500
°C). Calcium sulfate bonding was mentioned to be important in a deposit hardening
mechanism when firing coals rich in organically bound calcium and sulfur or when
adding finely ground limestone for sulfur capture [23,34]. Submicron CaO particles
deposit on the surface via thermophoresis (the migration of a particle in response to a
macroscopic temperature gradient) and then become sulfate by the reaction with SO; or
SO3. Locally low oxygen partial pressure can additionally give rise to the formation of
CaS04/CaS eutectic (eutectic point 830 °C) [34].
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2.3.4 Summary of mechanistic bed agglomeration

A summary of the mechanistic bed agglomeration processes including sub processes has
been provided in the state-of-art [99] and pictorially illustrated only for the bed particle
agglomeration in Figure 2.6.

Direct adhesion (the melt induced agglomeration)

1. By solid particles O '_.Q = CX)

2. By freely molten Q % Q %
particles [ ) =

3. By molten ash on Q. Q %
burning fuel particle . =>

4a. Direct chemical
reaction sintering

Two sequential pattern (the coating induced agglomeration)

Initial coating formation Subsequent adhesion
4b. Coating initiated ARl
chemical reaction Q = =
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5. Coating formation by % = >
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Figure 2.6 A summary of the different proposed bed agglomeration mechanisms [99].
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The mechanisms can be divided into two main categories;
- Direct adhesion, as described in 1-4a
- Two sequential pattern initiated by the coating formation, as described in 4b-8.

The formation of coating layer can be initiated by: chemical reaction sintering; molten
ash particle; chemical reaction with gas phase alkali species; and deposition of
particulate matter followed by either coating formation or chemical reaction with bed
particle. The molten ash fraction can be released in the form of the freely molten
particle and the molten layer on fuel particle.

The two sequential processes, specifically named the coating induced agglomeration
[72], including the direct chemical reaction sintering (4a) have been suggested to be
dominating in the presently mechanistic bed agglomeration. Direct adhesion by the
molten ash as freely and on burning fuel particle, dubbed as the melt induced
agglomeration, have also been suggested and seem less likely, while the direct adhesion
by solid ash particle is seemed unlikely.

Although the differently suggested mechanisms and sub processes (Fig. 2.6) may be
dominating to bed agglomeration for different fuels and operating conditions, the
molten phase formation seems to initiate the bed agglomeration and the coating induced
agglomeration is likely dominating mechanism, particularly for biomass fuels. The
formation of low melting point ash consisting mainly of alkali salts or alkali silicates is
significantly dependent upon the ash chemistry and temperature. The gas phase reaction
and/or aerosol deposition seem to be further important in some biomass for enhancing
the melt formation and accelerating the defluidization [51,85].

2.4 Influence factors on bed agglomeration

2.4.1 Ash chemistry

It shows clearly that the ash chemistry plays an important role, as largely described in
section 2.2. The most undesirable inorganic elements in biomass are alkalis in
combination with sulfur, chlorine, phosphorus and silicon. Calcium causes problem in
some cases of combustion of a fuel with a rich in organically bound calcium, or co-
combustion of these fuels with a high sulfur fuel. The bed agglomeration is found to be
a strong function of the level of these elements in fuel [19,69,82,100]. The large amount
of these elements by either inherence in fuel, impregnation by additive impletion or fuel
treatments can facilitate the bed agglomeration [20,24,101-102]. A high amount of
volatile potassium in biomass also enhances the formation of melts due to the chemical
reaction. Chlorine facilitates bed agglomeration due to the low melting point of
chlorides and further provides the chemical reaction to form the eutectics. The same
tread goes for sulfur. Sulfates originated from the reaction of alkali with SO, have very
low vapor pressure and easily condense on surface, such as bed particles, to form the
liquid layer. Both silica/silicate particles which absorb alkalis forming the low melting
point compounds as coating layer and even originally released silicate particles are
capable to sintering.

2.4.2 Bed material

The chemical reactions between bed material and ash are also an effect. It becomes
clear from presently reviewed literatures that silica sand, commonly used, is not a
suitable bed material in FBC and FBG of high alkali fuels, due to further formation of
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eutectics on its surface by the chemical reaction of silica with alkali. Alumina sand does
not react with the ash and make possible higher bed operating temperatures [27,103].
Pure hematite is reported as the most suitable bed material in combustion of high alkali
biomass [104]. Dolomite and limestone seem to be also unsuitable [105] and limestone
as bed materials shows a high tendency to bed agglomeration [19]. The extensive
reviews of different bed material as a practical prevention option of bed agglomeration
will be mentioned later.

2.4.3 Fluidization condition

Defluidization by bed agglomeration is widely accepted as a result of competition
between the strengthening adhesion of bed particles by the molten ash formation and
sintering process, and the breaking of agglomerates due to mechanical forces of
collision induced by the fluidization [82]. The movement of bed particles is also
important because of the corresponding transfer of heat, and it is significantly dependent
upon the bed operating condition. An ineffective/obstructed bed particle movement can
easily lead to local bed temperature derivations, resulting in a further and potentially
self-enforcing obstruction of particle movement and subsequent hot spots in bed, that
promote the local bed sintering. This is a good reason why the bed operating variables
have an important role in the bed agglomeration process.

The contributions of the bed operating variables on the tendency of bed agglomeration
have been studied in the controlled fluidized bed reactors and described in term of the
agglomeration temperature (T,z) [106-108] and the defluidization time (tger) [108-111].
The temperature at the start of defluidization during an increase or step up of fluidized
bed temperature by either external heat sources or conditions, in which a certain amount
of ash is early contained in bed by combustion or gasification at a given ashing
temperature, is termed the agglomeration temperature. The definitions of the
defluidization time are variable. The time between the commencement of segregation-
defluidization and agglomeration can be termed, and is normally represent the time
available to restore the operating conditions, such that agglomeration is prevented [108].
The time interval between the start of fuel conversion processes and the complete
defluidization is also termed. The contributions of operating variables can be
summarized in Table 2.6.

Table 2.6 Contribution of operating variables to bed agglomeration tendency
Contribution Tendency; represented by
Taz (Ol‘ TS) taer
Temperature - +
(Ashing) (Combustion)
Heating rate 0 N.T.
Fluidizing air velocity - -
Bed particle size + + and -
Fuel particle size - 0
Static bed + N.T.
Ambient condition 0 0
(Alr to fuel ratio)

where the defludization by bed agglomeration is accelerated by an increased magnitude
of a variable is described by the plus (+), the opposite trend is referred to the minus (-),
0 is a sign of unobtrusively effect and N.T. is no experimental investigation. The higher
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tendency implied by lower bed agglomeration temperature and shorter defluidization
time can be caused by lower ashing temperature, higher combustion temperature and
lower fluidizing air velocity, for example. The major differences between combustion
and gasification of fuel with high sulfur are that sulfates do not form in gasification and
the much higher fuel particle temperature is in combustion. Sulfation, as well as
carbonation, can facilitate the bed agglomeration. The air to fuel ratio which represents
the effect of these ambient atmospheres, however, does not show clearly an influence.

The tendency for the colliding particles to stick together or the agglomerates to break
apart is directly proportional to the particle adhesive properties and to the area of
contact, and inversely proportional to particle momentum [15]. The formers are affected
substantially by the chemistry and physic of particle, while the later is reflected to the
bed hydrodynamics of fluidization.

2.5 Laboratory prediction

A number of laboratory methods are performed in order to assess the slagging, fouling
and agglomeration propensity of a fuel. Some methods show low accuracy in their
predictability and some give unclear support in the prediction, while some are not ever
used to predict the bed agglomeration. They suffer from the fact that ash produced in
laboratory is different substantially from actual ash generated in FBC and FBG. It is due
to many influence factors in ash formation that can not be adequately simulated in the
laboratory. These respect importantly to the ash partitioning, gas-solid reaction, and
absorption and condensation of vapor alkalis. The predictive value of below mentioned
laboratory methods is therefore hard to access.

2.5.1 Fuel analyses

Indices derived from the ash chemical composition

Several defined empirical indices are used commonly to assess the propensity of
fireside ash-related problems during combustion of coal and biomass. They are
formulated by only using the basic ash chemical composition derived from the standard
methods of ash analyses. They include, for instance, Alkali index (AI) [112], Base-to-
Acid ratio (Ry) [113] and Bed agglomeration index (BAI) [105]. These indices have
correlated the ash composition to predict the standard deformation and fusion
temperatures of coal ashes [114].

Al = kg(K,O + Na,O) 2.6)
GJ

» _ %l(Fe,0; + CaO + MgO + K,0 + Na,0) .

bl %(Si0, + Ti0, + Al,0,) 7)

Bal = — 2Fe:0, 2.8)

%(K,0 + Na,0)

Alkali index expresses the quantity of alkali oxides in the fuel per unit of fuel energy.
The maximum alkali input, in kg/GJ, into the boiler is divided into: 0-0.17 does not give
problems, 0.17-0.34 become problematic and need to frequent outages and lower
furnace exit temperature, while >0.34 give certain to unmanageable problems. The label
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for each compound in Base-to-acid ratio and Bed agglomeration index makes reference
to its weight concentration in the ash. Of the fuel ash, the increasing Ry, values
indicates the increasing fouling tendency while the decreasing BAI represents the
increasing bed agglomeration problem. These indices are fuel specific and can not
definitely take the effects of the boiler operating parameters and the complex behaviors
of inorganic elements during conversion into consideration. Nevertheless, they can be
the approximately secure basis for decision making.

Ash thermal behaviors based on chemical fractionation with TPEC

Based on the chemical fractionation analysis in section 2.2.2, the ash forming elements
are divided into two parts, “a mobile part” and “an immobile part” [24]. The mobile part
consisting of water and ammonium acetate leachable elements are supposedly in the
form of volatile and submicron aerosol during heat treatments, while the immobile part
comprising of acid leachable and residue elements are present as the coarse ash found in
bed. Their individual contents of mobile and immobile parts give more information
about the propensity of fouling and bed agglomeration, respectively, than total content.
These chemical fractionation data are then used to establish the ash melting behaviors,
as a function of temperature, based on the thermodynamic multi-component, multi-
phase equilibrium calculations (TPEC) [24]. This procedure is based on Gibbs’ free
energy minimization on the database of elements and chemical reactions. The estimated
initial melting temperatures of these melt profiles are marked and then verified with the
agglomeration temperatures from actual fluidized bed experiments [115,116] and the
evaluated melting temperatures based on SEM-EDS + phase diagram analyses of
coating/neck materials in agglomerates [24]. Their predictability shows fairly in
accuracy. It was further revealed that the chemical fractionation analysis can yield 5-
15% higher total alkali concentrations than the analysis of ash prepared at 600 °C [51].

TPEC method is useful to enhance understanding of the complex ash behaviors.
However, TPEC’s small imperfection is thermodynamically based calculation
procedure that assumes the system to be in equilibriums, while the real process may not
reach [51] and, importantly, the better quality of database in chemistry and
thermodynamics is required for the higher accuracy of prediction.

Agglomeration and deposition problems are sometimes reported even though the fuel
analyses indicate an unproblematic fuel [51]. It may be that the fuel quality varies
beyond what is indicated by even frequent fuel analyses. Therefore, the homogenization
of the feedstock is needed and may be worthwhile in order to limit the risk of frequent
agglomeration and deposition problems due to such fluctuation in fuel quality.

2.5.2 Static methods
The methods below are the conventional and developed laboratory procedures based on
analyzing the laboratory ash in order to characterize the ash thermal behaviors.

ASTM standard ash fusion test

Standard ash fusion temperatures are determined according to ASTM-D1857. This well-
known method is developed to access the slagging propensity of coal and coke in stoker
type boilers. It is based on visual observation on the deformation of an ash cone during
heat treatment. The characteristic temperatures include Initial deformation temperature
(IDT), Softening temperature (ST), Hemispherical temperature (HT) and Fluid
temperature (FT). However, bed agglomeration problems sill occur despite the
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relatively low temperature in fluidized bed during conversion below the ASTM initial
ash deformation temperature. The ashes substantially melt at 200-400 °C below the
visually determined initial deformation temperature [117]. The melting process is not
the shape phenomena, but the gradual process [114]. The characteristic temperatures of
this method are affected by the size and geometry of ash cone, fineness of ash, heating
rate and atmosphere.

Simultaneous thermal analysis (STA; TGA-DTA and TGA-DSC)

TGA, DTA and DSC are termed as Thermo gravimetric analysis, Differential thermal
analysis and Differential scanning calorimetry, respectively. These methods are
conventional analyses to study the ash thermal behaviors, such as the melting and
volatilization behaviors of ashes, or to study in advanced applications such as
characterizing the sorbents for alkali capture and the reactions between bed materials
and alkali salts [118]. They are based on the simultaneous measurement of heat effects
in ash samples (endothermic or exothermic processes) and weight loss. These methods
can be useful to determine the initial melting temperature and to estimate the
volatilization of elements. However, interpretation of the results without the knowledge
of mineralogical composition of ash is a very difficult task due to many processes that
can occur simultaneously in ash (decomposition, volatilization, evaporation, melting,
and reaction with gas) and many disturbing effects (the combustion of residual carbon,
absorption of gases and reaction of artefacts from low temperature ashing) [51].
Therefore, these methods do not clearly support the bed agglomeration.

Thermo-mechanical analysis (TMA, or shrinkage method)

This method is based on the measurement of volume changes and softening of ash
samples during heat treatments to determine the sintering tendency, initial melting
temperature and initial sintering temperature. It has been used to identify the initial
sintering temperature of spent bed material and found well correlation between this
temperature and temperature where agglomeration started in circulating fluidized bed
(CFB) combustion of high sodium low rank coals [119]. The initial sintering
temperature from TMA is the same as temperature where melting started in TGA-DTA,
so that partial melting is probably the sintering mechanism, however it is substantially
less than the ASTM initial deformation temperature. Additionally, the sintering rate of
ash has been correlated to the decreasing rate of pressure drop across an ash pellet
sample in a tube like holder for some certain time during heat treatments. The sintering
changes the porosity of ash pellet by shrinkage [120-121]. This method has been
applied for coal ashes only. The dilatometer is a scientific instrument that also employs
this method.

Compressive strength measurement

This laboratory method is applied for determining the sintering tendency of ashes based
on the compressive strength test on heat-treated ash pellets. The pellets of laboratory ash
samples including the mix of ash with bed materials or additives [34,93-94,122] are heat
treated at given temperatures and conditions. After cooling the crushing strength of
pellets is measured. The temperature of treatments which the corresponding crushing
strength deviates from the base line strength is then referred to the initial sintering
temperature. This method is very useful for revealing the mechanism behind
agglomeration and comparing different fuels for their sintering and agglomeration
propensity, but it does not give absolute initial agglomeration temperature due to many
other important factors beside ash chemistry.
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High temperature light microscope (HTLM)

This advanced practical method is used to evaluate the melting quantification of
biomass ash on the basic of the change in light transparency during melting [123]. As a
part of the ash is molten, it becomes transparent. The transparency change on the plate
area of spread ash is detected by the advanced image analyses and then converted to the
melt fraction, relative to the area fraction. This method detects the onset of melting of
ash samples significantly lower than STA and fusion test [124]. HTLM method is used
to study the characteristics of ash fusion and deposit formation, but it is not ever applied
to predict the bed agglomeration.

Heat treatment and subsequent SEM analysis

The common heat treatment of mixtures of ashes and bed materials is used to study their
agglomeration characteristics in associate with Scanning electron microscope (SEM)
[21,27,125-126]. The agglomeration temperatures determined correspond very well
with experience in lab scale FBG [21,27]. This test can be used to obtain a first
indication and comparison of the agglomeration propensities of the mixture of bed
material and ash, but it does not give the absolute results of initial agglomeration
temperature, again due to many other important factors beside ash chemistry.

Flow properties heat treated ash

A method is developed to evaluate the agglomeration propensity of ash from petroleum
coke, based on the hot angels of repose and internal friction [127]. When desired
temperature in a vertical stainless steel cylindrical heater is reached, the ash is allowed
to flow from the cylinder through a small hole in the bottom. The repose and internal
friction angel are then taken as an indication of the flow ease of ash at a given
temperature. These results have been compared to the results from compressive strength
method and SEM analysis of deposit from full-scale FBC to determine the sintering
mechanisms. This allows determination of the ash agglomeration mechanism.

As mentioned, the ash prepared in laboratory by standard methods can not be
representative in the attributes of actual ash formed in fluidized bed. Ashing
temperature above 600 °C generally specified in the standard methods gives significant
loss of alkali, artificially increasing the fusion temperature [51,53]. Although a study on
ash behaviors has used ashing procedure at 350 °C [53], the low temperature ashing
with long oxidation times gives rise to the formation of artifacts from organically bound
inorganic elements which are not normally found in conventional biomass ash; e.g.
potassium nitrate and perchlorates [34].

2.5.3 Dynamic methods

By the above reasons, the test in the controlled laboratory scale fluidized bed facilities

seems to be the best laboratory method for the characterization and prediction of the bed

agglomeration. From literatures, there are four methodologies to determine the tendency

of bed agglomeration during FBC and FBG, which is reported in Table 2.6. The onset

of defluidization and bed agglomeration is mainly detected by bed pressure monitoring.

- A certain amount of biomass is combusted at a fixed temperature (ashing),

subsequently the biomass feeding is stopped and the bed temperature is
increases by the external heat sources until the agglomeration occurs (sudden
drop in pressure and sudden change in temperature) [22,106-107,128]. Bed
agglomeration temperature, Ty, is then recorded.
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- Biomass is gasified in the bed at a fixed temperature for a certain time while
the fuel feed rate and airflow are kept constantly. Subsequently the bed
temperature is raised stepwise at certain temperature interval and time by the
external heat sources until agglomeration occurs [51], and T, is then
recorded.

- A fixed amount of biomass is combusted batchwise at a constant temperature
with the bed containing a fixed weight of bed material. After the fuel batch is
depleted eventually, the test ends, the spent bed is then discharged and the
reactor is emptied. A new experiment is then carried with the fresh bed
material at a stepwise higher temperature. These procedures are repeated until
the sign of defluidization is observed [51], and T4, is then recorded.

- At fixed operating conditions (temperature, airflow, bed particles size, mass of
bed material, air to fuel ratio, etc), the steady state combustion of biomass is
carried out until the signs of beginning defluidization are observed or complete
defluidization is reached [109-111]. Defluidization time, tqey, is then recorded.

All above laboratory methods, mentioned in this section, for the prediction of bed
agglomeration and their predictabilities are then summarized in Table 2.7.
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2.6 Bed diagnostic tool

The conventional monitoring in thermal based fluidized bed applications or otherwise is
principally based on the bed pressure, either local or different, and temperature
measurements. In normal operation, bed pressure drop which directly related to the
mass of bed can be described by the balance between the net gravitational force and the
friction force exerted by fluid, as mentioned in Chapter 1, while in abnormal condition
of bed during agglomeration, the adhesive force between bed particles is taken into
consideration in the above force balance [18]. The isothermal condition inside fluidized
bed is due to the intense in-bed heat transfer as a consequence of turbulent bed mixing.
It seems clearly that the bed pressure indicates the better perception to any abnormal
bed conditions [82,129]. An analysis method developed uses the short term
predictability of time series of local bed pressure fluctuations to detect early changes in
the hydrodynamic states of bed, named EARS (Early Agglomeration Recognition
System) [130-131]. The incipient bed particle agglomeration causes changes in the
hydrodynamics. This analysis gives the time period between the detection of a
significant change in the hydrodynamics and the moment when the bed is defluidized,
sufficiently large to take preventive measures, i.e. increasing gas velocity. This method
has been further evaluated into the industrial scale fluidized bed boilers [132].

2.7 Measures for prevention

Some measures to prevent or delay bed agglomeration, and other ash-related problems,
for an existing installation include viz:

Alternative bed material,

Chemical additive,

Co-firing, with coal or forest wood residue,

Fuel pre-treatment,

Fluidized bed operation control,

Bed management,

Other measures

2.7.1 Alternative bed material

According to section 2.4.2, a number of alternative bed materials have been studied
their bed agglomeration characteristics to serve as a practical option of the bed
agglomeration prevention. Some less Si and Si free bed materials show inapplicable or
the promotion on bed agglomeration, while many can reduce evidently the bed
agglomeration problems. They include alumina, granite, gabbro, corundum, mullite,
hematite ore, pure hematite, feldspar, magnesite, dolomite, limestone, bauxite, calcined
sillimanite, calcite, ceramsite, GR GRANULE, lignite ash with high Al,O;3 content, pure
Ca0, CaSO, and CaCOs, blast-furnace slag and patented AGGLOSTOP™ [19,25-
28,51,73,100,103-105, 122,133-136].

The Al species bed materials for instance alumina, bauxite, corundum and ceramsite (a
clay mineral rich in Al,O3) delay evidently the bed agglomeration since they do not
interact chemically with biomass ash to further form the eutectic compounds. However,
the coatings of silicate compounds on the surface of bed particles, as an evidence of the
ash deposition, is still existed in the previous illustrative results [27,103], and possibly
leads to defluidization. The lignite ash with high Al,O; content is also inert to bed
agglomeration. The use of alumina and mullite (aluminosilicates clay) in stead of silica
sand has once been found that it does not change the agglomeration temperature [51].
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The Fe species bed materials as hematite ore, pure hematite and blast-furnace slag show
the potential mechanism of prevention. If sufficient Fe;O; is present in the bed material,
or otherwise in the ash of residues burnt, the agglomeration rate may be reduced since
Fe,O; may react preferentially with the alkali and present in bed as the fine particle of
the eutectic mixtures with relatively high melting temperatures, in occasionally excess
of 1135 °C [104-105].

The different effects of alkali earth based bed materials, such as magnesite, dolomite
and limestone, on bed agglomeration are reported, but they are all unsuitable to be the
bed particle [105]. Their high attrition rates which are several times higher than that of
silica sand do not make possible to maintain sufficient bed inventory. Limestone
particle show a high tendency to agglomeration due to a decrease of ash deformation
temperature [114], while dolomite can extends the operation by several hours, due to the
formation of high melting point Mg rich mineral phase in ash.

As mentioned above, the bed agglomeration is determined by the two competitive
processes i.e. physical and chemical. Although the uses of different bed materials in
stead of silica sand can inhibit efficiently the chemical reaction of ash with bed material,
the physical transformations of ash (condensation or melt adhesion) are an influence and
become dominating the bed agglomeration process. FBC or FBG with some bed
materials is still eventually ended at defludization, or even increase other ash related
problems.

2.7.2 Chemical Additive
The identified mechanisms of additives to reduce or delay bed agglomeration in FBC
and FBG are revealed viz [51];

- Physical absorption: the molten phases are absorbed within porosity of
additive particles.

- Chemical absorption: the problematic elements are absorbed chemically into
the stable compounds with high melting point. This effect includes the
absorption of the molten phases, fixation of volatile alkali species and the
removal of sulfur prior to reaction with ash to form the compounds with low
melting points.

- Powdering: the additives generate the molten phases which act less sticky to
surface of bed and ash particles in order to reduce the rate of bed
agglomeration.

The additives that at least in some cases offer the above positive effects are listed in
Table 2.8, including the principal components.
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Effect Additive Principal component Reference
Physical absorption Gibbsite Al(OH); [51,137]
Calcined dolomite Ca0.MgO [138]
Sintered magnesite MgO [51]
and Periclase
Calcined alumina Al O3 [139]
Chemical absorption | Coal ash Fe, Carich [51,134]
Aluminosilicates ALSLO, (ALSiOs for [51,119,137]
(Clay minerals) Sillimanite)
Bauxite Rich AL,O; + less Si0, | [25]
Kaolinite,Kaolin AL O5.(8i10,),.(H,0), [82,137-138,140]
Dolomite CaMg(CO;), [51,137-139]
Emathlite [141]
Diatomaceous earth SiO, [142]
(Diatomite)
Limestone, Calcite CaCO; [25,138]
Magnesite MgCO; [25]
Powdering Coal fly ash Ca, Mg rich [139]
Dolomite CaMg(CO;), [143]
Aluminosilicates ALSLO, [51,140]
Pure magnesium oxide | MgO [114]
Pure calcium oxide and | CaO, CaCO; [114]
carbonate
Calcined dolomite CaO.MgO [51]

It has been suggested that bauxite, kaolinite, kaolin (the rock that is rich in kaolinite)
and emathlite (a rich Al additive) are promising alkali vapor sorbents. Aluminosilicates
as clay minerals including kaolin seem to be preferable for the reaction with the molten
phases. Gibbsite and porous calcined alumina reduce the available melt by soaking the
molten species. Limestone and dolomite are the common commercial sulfur capture
additives. Noticeably, dolomite can further affect the combustion of some biomass to
form Ca-Mg rich layers with high melting points and these layers protect the bed
particles from agglomeration [143]. In contrary, limestone can have the adverse effects
in that it facilitate the bed agglomeration and increase problems of fouling and erosion
in biomass fired fluidized beds by decreasing the ash deformation temperature [114].
The use of additive to reduce the bed agglomeration problem is considered primarily a
selective prevention method since it is a conventional chemical treatment for FBC and
FBG of coal and biomass [11-12].

2.7.3 Co-firing

Co-firing to achieve a higher ash melting temperature or lower alkali input into the
system is to blend a problematic biomass with coal, forest wood residue or waste
sludge. It includes co-combustion and co-gasification. This prevention method is
considered as a good alternative to using additives. The mechanism primarily
considered to be responsible for the positive effect of co-firing is that a major part of
alkali from biomass is bound chemically into the high melting compounds found in co-
fuels, such as aluminum silicates, magnesium aluminum silicates or iron species of coal
and wood [12,113,144]. In addition, the low content of alkali and chlorine in coal gives
the dilution effect so that the volatile alkali and chloride species may not condense due
to resultantly very low vapor pressure.
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The general criteria for the pairing of biomass-biomass, biomass-coal or biomass-waste
fuel (sludge) in co-firing are given below [51],
- Co-firing of fuels having alkali and high chlorine concentrations should be
avoided. Chlorine causes the high mobility of alkali during fuel conversions.
- Co-firing of fuels rich in KCI and high sulfur (some coals) should be avoided.
Sulfation of KCl in gas or molten phase is the main reason.
- Co-firing of high alkali and high silica fuels should be avoided. The alternative
bed material (not silica) is preferred as an optional solution.
- Co-firing of high alkali fuels with high magnesium or iron fuels should be
considered.

The examples of successful co-firing experiences include; (i) the combustion of lucerne-
coal and olive flesh-coal provided the stable operation possible for entire duration of
experiments (10 hrs), instead of less than 30 min for their own biomass combustion
[144]. Blending these fuels with coal also increased significantly their initial bed
agglomeration temperatures, and further obtained 80% of sulfur retention in the bottom
ash; (i) Wood and rice straw were blended during combustion and this mixed fuel
could delay bed defluidization by at least 50% fraction of wood [113]; (iii) The bed
agglomeration risk seemed low, indicated by the increase of bed agglomeration
temperatures, when straw was co-combusted with sewage sludge [51].

The ash characteristics of biomass and co-fuels, as another biomass, wood, coal or
waste sludge, indicate a first sign for co-firing that cause more or less trouble than either
of biomass used separately. The thermal behaviors of mixed ash analyzed by laboratory
methods may provide the further possibilities of co-firing. However, the possible and
appropriate combination of biomass with co-fuels needs further intensive experimental
investigations in fluidized bed furnaces.

2.7.4 Fuel pre-treatment

The removal of problematic inorganic materials described largely in section 2.2.2 is an
effective option of prevention [51,58]. The different inorganic materials provide the
different effects on fluidization. Too large fraction of coarse particle impacts negatively
to the quality of fluidization. The inert extraneous discrete particles such as soil, sand,
pebble, pieces of iron or tramp materials, including coarse char particles under slow
reaction conditions, can accumulate in bed to a concentration that limits the local bed
circulation and subsequent heat transport and eventually destabilize the fluidization
properties. Such destabilization easily leads to hot spots in bed that promotes the local
sintering due to the obstructed heat transport. The major part of the whole bed may be
involved in this irreversible process within a short time. These extraneous particles can
also have the participation in sintering [51]. Mechanical breaking, crushing, washing,
sieving, magnetic separation or fluid dynamic separation may be the solutions of
separating out of fuel and bed material. The attached sand and soil can be removed more
easily by sieving, if fuel is dry.

The inherent inorganic material being the main cause of bed agglomeration can be
extracted out of biomass by leaching [24,45,58]. The biomass fuels leached by hot
water show clearly the less problem of bed agglomeration, while the extensive bed
agglomeration is observed for the untreated biomass [71,145-146]. The loss of alkali
and other problematic elements, particularly chlorine and sulfur, in biomass by leaching
is the main reason for this treatment.
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Fuel pre-treatments particularly the leaching can reduce efficiently the risk of bed
agglomeration because it eliminates the large fraction of alkali and chlorine elements as
well as sulfur of inherent inorganic material before they are transformed to the
problematic compounds during FBC/FBG. However, the excessive water content more
hinders the combustion process and limits the availability of the fuel fired FBC/FBG.
Otherwise, the removal of sand, soil and other inert contaminate materials can prevent
the deterioration of fluidization quality only in a minor extent.

2.7.5 Fluidized bed operation control

As mentioned in section 2.4.3., defluidization is described as a part of the formation of
stable bond between bed particles and the breaking of agglomerates. The breaking is
significantly dependent upon the bed operations, particularly fluidizing air/gas velocity
and operating temperature.

Velocity control

High fluidization velocities lower the tendency for bed agglomeration and deposition
problems due to an increasing breaking force, and enhancing ash entrainment [147-
148]. In some occasions, agglomerates already formed are disintegrated by temporarily
increasing the gas velocity, which may mainly work on weakly bonded agglomerates
that typically formed rather fast at relatively high temperatures [149]. However,
increasing the gas velocity may also show a negative result when the agglomerates are
bound with the stronger bond and settled on the base of bed. These agglomerates with
slowly settling are more typically formed in the lower bed temperature ranges.
Increasing the gas velocity in the primary zone (bed zone that is closely above the
air/gas distributor) may even provide a worse situation by reducing the bulk density in
the still fluidized areas adjacent to the agglomerates and thereby reducing the buoyancy
forces acting on the agglomerates [51,149]. A suitable way in this case is to frequently
or occasionally drain the bed, even if the boiler has to be shutdown. A sudden increase
of air flow during combustion at an inappropriate stoichiometric ratio may also result in
an overshoot of temperature, which is the worsen situation. However, simply increasing
the fluidizing gas velocity does also result in the increasing loss of heat by flue gas and
entrained unburned carbon.

Temperature control

Agglomeration is in most case caused by the melt formation of ash forming constituents
at particle surface, which then glue particles together. It is therefore a straightforwardly
logical measure to avoid agglomeration by combustion/gasification at a sufficiently low
temperature below the initial agglomeration (sintering) temperature, or initial melting
temperature [150]. However, there are several temperature related effects to be
concerned.

Lowering bed temperature of FBG by decreasing air-fuel ratio is undesirable, as this
generally gives a lower carbon conversion and higher tar concentration in the gas [51].
Increasing the excess air ratio in FBC is also difficult, as it can cause extinction of the
flame at the bottom of the bed. Furthermore, a low bed temperature may cause a high
CO emission [104]. Increasing air flow to lowering the bed temperature can result in the
unacceptable carbon losses due to a high elutriation. A better way to achieve a lower
bed temperature for a given air-fuel ratio is therefore the addition of steam, flue gas or
nitrogen to the fluidizing gas [114], or otherwise additional heat transfer area in bed or
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freeboard. Freeboard temperatures in biomass combustion are generally 100-200 °C
higher than bed temperatures due to the volatile combustion [34].

Temperature overshooting during start up in combustion and gasification (start up and
shut down usually in “combustion mode™) is also a serious problem [51]. A delayed
reaching the set point temperature often results in a major increase of a fuel feed rate,
due to the natural impatience of operators. It results to an unrecognized excessive
amount of fuel in bed. This fuel starts to react at a much faster rate shortly before
reaching the set point of operation temperature, and thus gives overshoot bed
temperature. A similar risk exists when changing to a less reactive fuel [11]. A good
procedure during start up is to observe the temperature response on a short feeding stop,
before an assigned operation temperature is reached. It is also a good start up not to
exceed a previously experienced or calculated feed rate. To avoid temperature
excursions during start up and shut down, it is simply patient and careful [51,82].

In addition, the local temperature peaks established by the locally poor bed circulation
from the large bed area or inappropriate design of furnace chamber or fluidizing gas
distributor should be avoided. Several measures are mentioned [51];
- improving the distribution of fuel and oxygen,
- better mixing by providing a more aggressive stage of fluidization in critical
areas,
- moderating the temperature near gas nozzles e.g. adding steam in gasification
or circulating flue gas in combustion,
- inducing further upwards streams through critical in-bed areas,
- allowing a higher particle flux, through critical part of a CFB reactor.

Fluidized bed reactors used for energy production are operated at specifically designed
load conditions, e.g. steam or gas capacity. Increasing the fluidizing gas velocity by
raising the gas flow merely delays the defludization state, due to the limited capacity of
the designed air/gas flowing devices (blower or compressor). The temperature of
burning char particle, especially in the high oxygen concentration zone inside the bed, is
considerably higher than the mean temperature of the surrounding bed particles [51,96].
This high surface temperature of char particle can enhance the melt formation of
eutectics on the char surface. Measures such as improved distribution of combustion or
gasification agent (e.g. improved nozzle design) may be a solution, in order to avoid
high concentration of oxygen in areas with high concentration of char. Oxidation or
gasification at low (average) temperature also limit this problem due to the generally
slowed reaction kinetics and higher margin from bed temperature to initial temperatures
of melting and eutectic formation, resulting in a lesser formation of the melts [107,109].

Temperature control and velocity control are relevant operation. The operation controls
as increasing gas velocity or decreasing bed operation temperature are an urgent
prevention that delays the bed agglomeration. The furnace/nozzle designs and
operations resulting to reduce effectively the poor bed circulation and poor fuel
distribution is a solution to achieve this measure. However, the above operations out of
the design conditions increase directly the losses of heat and carbon conversion of fuel,
leading to the loss of boiler efficiency and the high emission. It is therefore seen to be a
less extractive measure of bed agglomeration prevention.
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2.7.6 Bed management

The bed properties on a continuous FBC/FBG after considerably long operating hours
are largely different from the original properties of initially loaded bed particles. It
includes a change in bed particle size, both larger and smaller than the initially loaded
bed particle, as well as a change in chemical compositions of bed material. It is mainly
due to the substantial contamination of the inorganic constituents from fuels and
inherent fluidized bed behaviors [34,54]. The regular sampling and analysis of the bed
material during operation and periodical refreshing the bed inventory, before a critical
alkali concentration [104] or critical bed defluidization level is reached, is a necessary
measure. The refreshment of bed inventory is a discharge of old bed material in the
reactor and an addition of the new one.

In cases where some oversize particles are not possible to be removed by the fuel
preparation, the fluidized bed chamber should be designed in such a way that the worst
possible type of tramp material; passing through the preparation and feed system, and
the agglomerates; formed in bed, can be efficiently drained out. The suggested design
means for effective draining are mentioned viz; [51]
- designing for a light state of fluidization in the bed bottom (bed regime below
the air/gas distributor), in order to loose the bed lock up,
- keeping the flow high enough to the vigorous and stable fluidization at the
reactor bottom, at all times,
- inclining the bed bottom against draining opening/means,
- using directional air/gas distributor,
- using nozzle shaped in order not to hold up the irregular bed components,
- providing an open type of bed drain [151], instead of a base plate with nozzles.

A periodical addition of the fresh bed material keeps the bed sufficiently well sized and
chemically corrected. The addition is considered in term of the mass ratio of batch fed
fuel to bed particle. The potential needs for the bed refreshment is partly or fully
covered by adding the chemically active particles to absorb sulfur, chlorine and alkali
components.

2.7.7 Other measures
Carbonation and sulfation of CaO are a main agglomeration mechanisms based on
chemical reaction (in section 2.3.3), according to below reactions.

Carbonation: CaO + CO, — CaCO; (exothermic)
Sulfation: CaO + SO, + %20, — CaSOy4 (exothermic)
CaCO; + SO; — CaSO4 + CO;, (exothermic)

The potential of these reactions to be taken place is increased by [34,51,66] viz,
- the presence of a high CaO concentration,
- ahigh partial pressure of CO, and SO,/S0Os,
- decreasing bed temperature

An extension of the agglomeration due to carbonation and sulfation is particularly
presented, when the high Ca fuels, bed materials or additives are used and temperature
of local bed is decreased to form the thermodynamically stable Ca compounds. The
particle stagnation is also a further effect, as badly fluidized zone in bed [51]. The
possible preventions are suggested as;
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- avoid stagnant zones such as the area near gas distributor grids, in particle
return duct and particle coolers.

- limit the CO, or SOx concentration in critical areas, e.g. (i) limiting the char
concentration; (ii) adding steam, circulated flue gas or nitrogen; (iii) designing
the chamber in such a way that liberate of SOx out of bed as well as its
subsequent absorption are primarily taking place , e.g., in the vigorously
fluidized main reactor chamber,

- choose proper bed materials/additives,

- provide sufficient clearance and cleaning in hear absorption surfaces

- precautions in design of the flue gas and product gas coolers against
deposition,

- avoid the combination of pressure and temperature that enhance the tendency
for Ca compounds to alternate between calcinating and re-carbonating/re-
sulfating conditions.

The formation of agglomerates/deposits based on condensation of vapor KCl on the
particle surface/heat absorption surface and the subsequent sulfation forming K,SOy4 is a
risk, according to reaction;

2KCl + SO; + 2H,0 — K,S04 + 2HC1

It is a severe problem when high alkali and chlorine fuel is co-combusted with a high
sulfur coal, for example. Some possible solutions are viz;
- avoid the combination of inputs of K/Na, chlorine and sulfur (e.g. co-firing
straws/grasses and a high sulfur coal),
- limit the release of alkali to gas phase and/or promote its rebinding into non-
sticky solid phase (e.g. using additive or free Si bed materials),
- provide sufficient clearance and cleaning in hear absorption surfaces,
- provide some rows of so called screening tubes in front of superheater surfaces
in the convective pass, deposits will form on the screening tubes but tend to
peel off due to thermal stress induced by a relatively low surface temperature.

Depending on the application and choice of fuel, an option of prevention or the
combination of these can be the effective measure to reduce the bed agglomeration
problem. The prevention methods to be success need the intensive experimental and
practical experiences.

In above reviews including the further reviews of mathematical prediction in Chapter 4,
despite the substantial efforts toward the bed agglomeration, the intimate understanding
in its phenomena is still far from being complete. The several significant inconsistencies
and uncertainties are shown in the present literatures. It is due to the fact that the bed
agglomeration is a consequence of physically and chemically complex interactions in
micro level between many different compounds. The intensive chemistry of bed
agglomeration is hence important and needs to be studied in greater detail, in order to
obtain more effective prediction and tackling for the success of applying FBC to
produce energy from the specific biomass.



CHAPTER 3 EXPERIMENTAL

This chapter described the material, equipment, and experimental procedures of the
study which covered both lab scale and pilot scale test rigs. All the instruments used for
chemical analyses were also shown.

3.1 Material

3.1.1 Biomass

The biomass fuels selected for their bed agglomeration study were based on the
agriculture residues. They included oil palm kernel shell (palm shell) and empty fruit
bunch, corncob of feedstuff corn and rice straw from harvested paddy fields; all are the
promising biomass fuel for heat/power generation in Thailand.

Palm shell and palm empty fruit bunch are the main residues of palm oil mill. In 2009
the domestic availability of palm shell and empty fruit brunch had been estimated to be
0.04 and 1.02 million tons equivalent to 17.02 and 433.29 ktoe (kilo ton oil equivalent),
respectively [152]. As the consumption of bio-diesel which is mainly produced from
palm oil continuously increases, there will be more residues to be used for energy
generation. Palm shell is considered suitable for use as a solid fuel to generate heat
and/or power due to its relatively high bulk density and uniform shape and size. It is
presently a commercial solid fuel, and a good quality raw material for the activated
charcoal. Empty fruit bunch that is fibrous material is mainly used in agricultural sector,
for instance the fertilizer and culture media of mushrooms. However, its quantity in
applications as a fuel for heat/power generation is being increased. These residues
obtained from the mill were shown in Figure 3.1.

(a)

Figure 3.1 Oil palm residues; (a) smashed palm shell, (b) empty fruit bunch.

In Figure 3.2, corncob is the dry stalk (core) of maize and has widely application. It is
used as a fuel to mainly produce steam (heat) in the feedstuff mill or auxiliary fuel for
neighbouring factories. It is also a raw material of briquette. Additionally, it is also a
raw material for the furfural (a liquid aldehyde with a penetrating odour used in making
furan; raw material of nylon fiber synthesis, and as a solvent) and ruminant fodder
production. Approximately, 0.58 million tons equivalent to 249 ktoe of its leftover
quantity was estimated in 2009 [152]. The commercial power plant using corncob as a
fuel is being initiated.
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Figure 3.2 Corncob in original shape.

Rice straw, the dry stalk of the plant, is an agricultural residue after the rice grain has
been harvested on fields, and it was selected in this work for bed agglomeration study.
In Thailand, rice is a domestic cereal staple and an important export product. It had been
evaluated that about 25.6 million tons of straw, or 6,217 ktoe equivalent, is produced as
the available potential in 2009 [152]. The use of straw in commercial-scale biomass
power plants becomes a mainstream in the European Union [12] but in Thailand straw
is mainly used as roughage animal feed, mainly for the cattle, and in agricultural sector
as the culture media for mushrooms and mulch. Due to its relatively low bulk density,
the densification of straw is needed for effective handlings and transportation, as shown
in Figure 3.3.

Figure 3.3 Cubic bale of rice straw.

3.1.2 Bed particle

In this work only quartz sand, four different size ranges, was used as the bed particle to
study their agglomeration by burning with the above mentioned biomass at given
experimental conditions in fluidized bed reactors.
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3.2 Material characterizations and instruments

Biomass is a very heterogeneous and physically/chemically complex renewable
resource. Understanding this natural variability and range of properties is essential for
conducting research and developing energy technologies using biomass resources.
Physical property of biomass plays an important role particularly in sizing of the
reactor/fuel handling equipments, such as conveyor, hopper or shredder, and in extent of
co-firing [12], while chemical property describes its potential to undergo some chemical
change or reaction by virtue of its composition. The former includes the material
strength, particle and bulk densities and size, while the later is importantly the organic
and ash compositions, and the energy value.

Basically, biomass fuels are characterized chemically by the standard methods of
Proximate and Ultimate analyses, heating value determination and the ash composition
analyses. The proximate analysis is a technique that separates and identifies categories
of compounds in a sample and reports the contents of moisture, volatile, fixed carbon
and ash in the sample. The ultimate analysis is also similar technique giving the
contents of carbon, oxygen, hydrogen, sulfur, and nitrogen elements. The energy value
of fuel substances analyzed in laboratory is reported generally in term of the high
heating value (HHV) based on the complete combustion of the sample to carbon dioxide
and liquid water (The low heating value, LHV, gives the heat released when the
hydrogen is burned to gaseous water). The analysis of fuel ashes gives the composition
of inorganic elements in the ash. The results of these analyses are so important for fuel
handling, combustion/gasification system design, operation, and emission control [12].

Comparison of fresh and used bed materials based on their chemical and morphological
characteristic are also necessarily.

The standard analytical methods used in this study were mainly based on ASTM
(American Standard of Testing Materials). The analysis items, ASTM codes and the
further advance analyses including laboratory instruments, used in this study, were
listed in Table 3.1.
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(b) (e)

(c) 9]

Figure 3.4 Biomass characterization instruments, (a) CHN elementary analyzer;
(b) S analyzer; (c) Bomb calorimeter; (d) Microwave oven,;
(e) Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES); (f) Thermal
Gravimetric Analyzer (TGA).
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(c)

Figure 3.5 Characterization instruments for bed material, (a) X-Ray Fluorescent (XRF);
(b) X-Ray Diffraction (XRD); (c) Scanning Electron Microscope equipped with Energy
Dispersive X-ray Spectrometer (SEM-EDS).

3.2.1 Biomass

Prior to intensive chemical characterization, a number of samples of each biomass were
taken and then pulverized separately to be in powder form of up to 250 pm grain size,
according to ASTM D2013-11. The analyses of proximate and ultimate, heating value
and chlorine content of these samples were then carried out. Additionally the amount
and rate of mass loss of biomass samples during combustion in air ambient were also
measured via TGA.

The quantitative analysis of the inorganic elements in biomass ash samples was carried
out by using ICP-AES. As this technique requires the liquid form of the sample, the ash
samples of biomass prepared according to ASTM D1102-84 (2007) were digested with
the mixture of concentrated acids (HF+HNO;+H,0,) in a microwave oven into solution
state, according to the methods in a literature [153]. These ash solutions were then
introduced to ICP to measure the concentrations of the required ash forming elements.
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3.2.2 Bed material

Firstly, fresh quartz sand obtained was analyzed for the size distribution and then sorted
out the size range for lab and pilot scale experiments. The ranges of 300-355 um
(dpav:323 pm) and 425-500 pm (459 pm) of sand sizes were used for lab scale
experiments, as the controlled conditions, while 150-600 um (354 pm) and 150-1180
um (573 pum) in the original size ranges were tested in pilot scale, for verification.
Secondly, the chemical properties of this sand were analyzed by using XRF and XRD to
determine the composition and identify the crystalline structure, respectively.

3.2.3 Spent bed and agglomerate samples
The exhausted bed samples from FBC experiments were sized by a set of standard
sieves to analyze their size distributions, and to separate the agglomerates. Prior to
SEM-EDS analysis, the agglomerates samples had been prepared to be the specific
specimen as follows:
- embedding by the slow curing epoxy resin (Fig. 3.6a, Struers; EpoFix) in a
vacuum chamber (Fig. 3.6b, Mega advance; VEGA 5).
- cross-sectional cutting by the diamond saw of a precious cutting machine (Fig.
3.6¢, Struers; Accutom-5).
- grinding (Fig. 3.6d, Buehler; Phoenix Beta) the prepared surface with the
silicon carbide abrasive paper No.240 (Fig. 3.6e, Buehler).
- polishing with the 9 um diamond suspension (Fig. 3.6f, Buehler; MetaDi).
- finishing the surface of agglomerate specimen by carbon sputtering to make
specimen electrically conductive during SEM examination.

The SEM analysis was operated at the backscatter mode to characterize the appearance
and EDS analysis was performed to determine the elemental distribution of the coating
and neck in agglomerates.



51

(d) (e) )

Figure 3.6 Materials and instruments of SEM specimen preparation, (a) epoxy resin;
(b) vacuum chamber; (¢) precious cutting machine; (d) grinder; (e) Si-C abrasive paper;
(f) diamond suspension.

3.3 Fuel preparation for FBC experiments

Fuel preparation was required to treat the variable particle size and inappropriate
properties of the fresh biomass samples, in order to feed uninterruptedly by existing fuel
feeders and be efficiently the combustion process. The preparation was biomass
specifics and described in details below. The controlled size range of biomass fuels in
the present laboratory scale experiments was 0.8-1.0 cm.

3.3.1 Palm shell and fruit bunch

The mature fruit bunches cropped are steamed for a certain time, as the initial step of
kernel separation process. They are then threshed to separate palm seeds by gravity.
Only palm seeds are steamed once again to make the fiber to be easily peeled, while
sodden empty bunches are sent off. The peeled palm seed are cracked by mechanical
press to separate their kernels, as the final step. As a result, palm shell and empty bunch
have substantially high moisture contents. They lead to poor combustion and
subsequent increased stack emissions, and maintenance and operational problems [12].
Reducing these excessive moistures was necessary, as a fuel preparation.

The size range of 0.3-1.3 cm of actual shell as received from the mill was suitable to the
present combustion experiments, and sufficiently amount was separated for lab scale
tests (Fig. 3.7).
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Figure 3.7 Size of palm shell particles for lab scale experiments.

Palm fruit bunch is the drop-like shaped bundle of natural long thread-like fibers (Fig.
3.1b), and the more steps in preparation were required. Initially, sodden bunches were
ripped away and then introduced into a small agricultural shredder. Subsequently, the
intermediate (Fig. 3.8a), which was still too large to be fed, were cut into the adopted
size (Fig. 3.8b), and was employed in both lab and pilot scale tests.

Finally, both palm residues fuels were dried in the open air to remove the excess water.

(b)

Figure 3.8 Treated palm bunch; (a) shredded by an agricultural shredder and
(b) cut to end-used sample.
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3.3.2 Corncob

Corncob from silo of the mill which had been dried naturally during storage was
smashed by a laboratory hammer crusher generating the corncob flakes for the pilot

scale experiments (Fig. 3.9a). The adopted size of lab scale tests was then separated out
(Fig. 3.9b).

.--
=
=

(a) (b)

Figure 3.9 Corncob samples; (a) crushed by a hammer mill and (b) end-used sample of
lab scale test.

3.3.3 Rice straw

The bales of rice straw that had been dried by exposing to the sun at field for a certain
time, after the grains were harvested, were unfolded and fed into a small shredder. The
straw was then taken to further cut into internodes within the sizes for lab scale tests.
For pilot scale tests, these internodes were bunched to form the cylindrical bale. The
two treated straw samples were shown in Figures 3.10a and 3.10b, respectively.

(a) (b)

Figure 3.10 Straw samples; (a) for lab scale test and (b) for pilot scale test.

3.4 Bubbling fluidized bed facilities

The bed agglomeration behaviors were investigated in the laboratory and pilot scales of

bubbling fluidized bed apparatuses. The schematics and details of both facilities were
illustrated in Figures 3.11-3.13.
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Figure 3.13 Layouts/Specifications of (a) tuyeres and (b) measuring devices
(TC=thermocouple, PT=pressure transmitter).
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3.4.1 Laboratory scale facilities

A laboratory scale unit sketched in Figure 3.11 consisted mainly of a cylindrical
fluidized bed reactor, a fuel feeding unit, a set of devices and a data acquisition system.
The reactor was made of a 316L-cylindrical stainless steel tube with 1.8 m-length, 9 cm-
ID and 4 mm-thickness. A stainless perforated air distributor plate with 85 holes of 0.6
mm. diameter in equilateral triangular array was fitted to the chamber, approximately
1% opening area. The start up was accomplished electrically by a cylindrical tube
furnace (Carbolite; STF), preheating the bed and fluidizing air. In a wind-box, the
twisted stainless steel strips were packed to serve as an air pre-heater. The fluidized bed
section was located near the middle of the furnace. An over bed fuel feeding unit was a
frequency adjustable shaker mounted with a fuel hopper. The volumetric flow rate of
fluidizing air supplied from an air compressor was measured by a calibrated orifice.

Three pressure transmitters were fitted at a calibrated orifice, an air-box and above an
air distributor to measure the air flow rate, the air-box pressure and the whole bed
pressure drop, respectively. Two K-type thermocouples for the bed temperature
measurements were located along the vertical axis at 2 and 6 cm-heights above an air
distributor. All devices were connected to a data acquisition instrument (data logger) to
online record and display via PC in order to observe the bed pressure and temperature
profiles.

3.4.2 Pilot scale facilities

A schematic diagram of a pilot scale unit was shown in Figure 3.12. A cubic and tall
furnace chamber with the inner lining of refractory bricks had 45 x 45 cm? of bed cross-
sectional area and 2.5 m of height. The plenum air box was connected with 17 tuyeres
serving as the air distributor, which was detailed in Figure 3.13a, and to an access port
of liquefied petroleum gas (LPG) tank for preheating. Biomass fuel was fed over the
bed by a speed adjustable screw feeder mounted with a fuel hopper, and was spread
onto the bed surface by the air jet produced by an air compressor. Dusty flue gas was
treated in 2 sequential steps of a hot gas cyclone and then a water wet scrubber before
emission. Several ports were fitted along the hot path for the pressure transmitters and
K-type thermocouples, positioning in Figure 3.13b. Similarly the bed pressure and
temperature profiles were monitored and logged on a PC via a data acquisition unit
(data logger).

The bed pressure and temperature profiles were observed in both facilities in order to
observe the changes in bed hydrodynamics and mark the onset and completion of bed
defludization.

3.5 Experimental procedures

The bed agglomeration experiments were carried out under the atmospheric condition
and steady state combustion at constant bed temperature and fluidizing air velocity. The
influences of bed temperature (T), superficial air velocity (U), bed particle size (d,) and
static bed height (as Hy/Dy) on the bed agglomeration tendency was investigated.

3.5.1 Pre test
Prior to the bed agglomeration testes, these experiments were formerly carried out only
in the lab scale unit to determine the significant characteristics of bed, viz;
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1. Minimum fluidization velocity

In order to transition from a packed bed to a fluidized condition, the velocity of gas that
passes over it is continually raised. A free-standing bed will reach to an incipient
fluidization point, whereby the bed mass is suspended directly by the flow of gas
stream. The corresponding gas velocity is termed the minimum fluidization velocity
(Ume). The transition boundaries between various fluidization regimes (i.e., bubbling to
turbulent, and turbulent to fast fluidization) are affected by gas and solid properties and
gas superficial velocity [148]. The regime of bubbling bed for the particle in Geldart
group B, such as sand, is generally 3-5 of U/Upy.

To investigate Upy, a certain amount of quartz sand at given sizes (in section 3.2.2) in
the lab scale reactor was heated up electrically to a given bed temperature without
fluidizing air flow. Until reach, the gas flow was raised gradually and simultaneously
the bed pressure and temperatures were recorded, until obtained the complete
fluidization.

2. Reference profiles

As mentioned, the changes in bed hydrodynamics by bed defluidization were observed
by monitoring the bed pressure and temperature. Their reference profiles would be
formerly done by fluidizing the given sand at high temperature, derived from the
electrical furnace, without fuel feeding. During a trial, the ongoing fluidized bed
initially set at 0.5 of static bed height to bed diameter ratio (Hy/Dy) was doubled by
immediately adding an identical amount and size of sand particle. The used bed samples
would be sieved to find the abnormal sized particles at the end of tests, after cooling.

3.5.2 Agglomeration test

To start up, the bed was heated up by the external heat sources (the electrical furnace
and burning LPG) from ambient to a certain temperature and then fluidized at a required
air velocity. A required bed temperature was reached by subsequent combustion with
biomass, and the external heat sources were then shut off. The recorded time started as
the fuel feeding began. In the course of lab scale trials, regularly sampling the bed
particles in reactor and visual observing (recorded by digital VDO camera) the
fluidization were carried out. The trial completed when the bed was completely
defluidized. The fuel consumption of each trial was estimated from the measured initial
and final weights of biomass. The bed samples taken during the trial and discharged
after defluidization were further characterized, as mentioned in section 3.2.3. All
conditions were repeated twice to establish reproducibility.

In the next chapter, additional literature reviews on the theoretical prediction of bed
agglomeration and the development of the present mathematical models will be
mentioned and discussed in details.



CHAPTER 4 MODEL DEVELOPMENT

4.1 Introduction and reviews

As mentioned in Chapter 2, the tendency of bed particles to agglomerate is influenced
by several factors such as their physical and chemical characteristics, the characteristics
of the ash, the reaction mechanisms and the collision among particles. It is directly
proportional to the particle adhesive properties and to the area of contact and inversely
proportional to the particle momentum [15]. Interparticle forces which associate to the
particle agglomeration of fluidized bed include van der Waals force, liquid bridge force
and viscous force [87]. The formed liquid/molten phase existing on the surface of the
moving bed particles makes them to be more deformable and inertia, so the
agglomeration is easily taken place during FBC/FBG as described by the viscous
sintering. Agglomerate is formed as the momentum of the colliding bed particles,
induced by the kinetic energy of fluidizing gas, is dissipated by the interparticle forces
[82,109]. The agglomerates can meanwhile suffer the breaking when these forces inside
agglomerate are defeated by the segregated force such as the gravitational force or
collision force. Some solutions involve changing the operating conditions in the bed to
avoid the adhesion together or using alternative inert bed material and adding additives
to reduce the tendency.

The mathematical models have been developed to predict particle/bed agglomeration
characteristics, such as the minimum fluidization velocity, the minimum sintering
temperature, the defluidization time and the agglomeration size and growth, based on
the different approaches. Several models employ the mass balance and force balance
combined with the statistical regression analysis to complexly formulate, or are the
simple empirical model. The formulas of agglomeration and defluidization are
summarized in Table 4.1, viz;

Gluckman et al. [18] performed defluidization experiments using a number of bed
materials and correlated the fluidizing gas velocities as a linear function of temperature
above the initial sintering temperature (Ts). Below Tg, the bed can always be fluidized
at minimum fluidization velocity, while above Ts, a correspondingly higher fluidization
velocity was needed to fluidize the bed. The minimum fluidization velocity was no
longer determined only by a balance of gravity, buoyant and drag force but the
interparticle cohesiveness and particle kinetic energy had to be taken into consideration,
when particles were fluidized at temperature above Ts. The bed height was an influence
on the tendency.

Siegell [154] correlated the fluidization velocity data in term of the excess velocity
needed to keep the bed fluidized at high temperature to the excess temperature relative
to Ts in high temperature defluidization experiments with several particle materials. The
linear relationship between these two parameters was found.

Compo et al. [155] measured the fluidizing air velocity during high temperature
defluidization experiments with a wide range of materials. The dimensionless excess
velocity was correlated with the dimensionless excess temperature relative to Ts
observing both linear and non-linear relations, and classified these according to whether
the solid was amorphous or crystalline.
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Basu [156] and Liss et al. [157] modified Ergun’s equation by including the adhesive
force in the force balance. The expressions of minimum fluidization velocity under
sintering conditions were derived as the adhesive force was correlated with the excess
temperature with Ts. The models of Basu had been verified by the experimental results
of the coal ash thermal sintering.

Seville et al. [158] compared two characteristic times to predict the defluidization
velocity as the function of bed temperature, based on plastic viscous sintering; i) a time
for which particles in the quiescent zone of fluidized bed remain in contact with others,
and ii) a time for the growth of a neck between particles of sufficient size, and hence
strength, to withstand the breaking force imposed by the movement of gas bubbles.
Knight et al. [159] also employed this approach to develop a model based on the
diffusion sintering.

A model of Tardos et al. [160,161] was developed to predict the limiting velocity to
defluidize, based on the approaches viz; (i) the comparison between the breaking force
acting on agglomerates and the agglomerate strength and; (ii) the equilibrium in the
dynamic formation and break of agglomerates. In this model, the cohesive forces
between granular was described by the presence of sticky liquids in both high and low
temperature conditions and the bonding mechanisms between particles was associated
to the liquid bridge, viscous sintering and high temperature sintering. The theoretical
prediction and their results of experiments showed an exponential relationship between
the dimensionless excess velocity and the dimensionless excess temperature, which was
in an agreement with the data of Liss et al. [157] and Compo et al. [155].

Moseley et al. [162] proposed a kinetic model for calculation of defluidization velocity
as dependence of temperature. It was suitable to viscous plastic sintering. The kinetic
energy was taken to be dissipated in doing against an adhesive force on rebound. Two
collision models and a model for the granular energy of the bed were used to formulate.
They introduced a surface adhesiveness coefficient, which was early used by Liss et al.
[157] as Cohesive number (Co), to account for the temperature effect.

Yang el al. [163] developed a model to predict the extent of agglomeration in a fluidized
bed with a central jet. The model included mass and momentum balance to describe the
fluid dynamics, and collision number and adhesive probability to describe the
agglomerate rate. The defluidization phenomena were, however, excluded from the
model.

Arena et al [164] calculated the predictive time at which defluidization occurred in
plastic waste combustion. It was the time at which the viscous coating layer formed and
extended by continuous plastic feeding reached to the critical thickness that had viscous
resistance to bind together the two colliding particles within initial particle velocity. The
condition for this defluidization limit, rebound occurs, could be described in term of a
critical stoke number (St) [165].

In wheat straw combustion, Lin et al. [109] proposed a simple model of the breaking
force, induced by bubbles, in linear function of the excess air velocity and an expression
of the coating thickness relative to the combustion time and potassium content in linear
function. The model was then developed based on the regression analysis to describe
the defluidization time as a dependence of temperature, fluidizing velocity and bed
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particle size, in an approach of the force balance between the strengthening adhesive by
viscous sintering in the potassium silicate system and the breaking of fluidization.

Similarly, Lin et al. [166] also developed a predictive model of the defluidization time
based on an approach of the adhesive-breaking force balance under the viscous plastic
sintering of the sodium species system. A new expression of coating thickness relative
to fuel properties and time was further applied and the model of average convective
solid mass flux [167] was accounted as the expression of breaking force.

4.2 Modeling the bed agglomeration in FBC

In this work, the defluidization time of FBC defined as the predictive time at which the
bed at specific operation conditions is reached to the complete defluidization state
would be described by two present mathematical models. One was newly developed and
another was a modified model based on the study of Lin et al. [109].

4.2.1 A presently developed model

1. Approach

The bed particles in the fluidized bed system keep moving, colliding, coalescing and
breaking. After coalescence, agglomerates may also experience the strengthening or
breaking. Based on these considerations as well as the present experimental results and
discussion, which have been reported in the next chapter, the following assumptions
were made:

e Defluidization is a result of competition between the total adhesive force in
bed and the segregated force on agglomerates.

e Bed will be in the complete defluidization state when the total adhesive force
equals, or exceeds, the segregated force.

o The segregated force on agglomerates is induced by the gas bubble.

e Bed agglomeration is caused by the formed melt fraction in the dominant
potassium silicate system under the collision of melt transfer mechanism.

e Agglomerate is formed by the neck whose adhesive strength develops
according to the viscous sintering mechanism and the melt induced
agglomeration.

e Particles of bed material are sphere with uniform size.

o The ash content in bed increases linearly with combustion time.

2. Formulation

According to section 2.3.3, the size of the neck developed by the sintering therefore
increases with time. In fluidized bed, the adhesion of two moving bed particles at uj, of
each particles caused by a bonding neck of molten material at sufficient size was
illustrated in Figure 4.1. Based on the information of sintering in Chapter 2, and
applying a modified Reynolds lubrication equation [168] (Eq. 4.1) and Frenkel equation
of viscous sintering [98] (Eq. 2.5), which described the viscous force of liquid bridge
between two moving spheres,

3 L1
F,= Eﬂy,rp BZu 4.1)

14

:3-rp-}/‘t
2.y

X? (2.5)
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Neck

Bed particle

Up=Ug—> | <—U,=Ug (initial state)
Up=0 +— — u,=0 (final state)
Figure 4.1 Illustration of adhesive force development by neck.

the adhesive force was herein simplified as;
F.,=f(y,d,,D,u,t) (4.2)

where  is viscosity of molten neck, d, is particle diameter, D is particle separation
distance, u, is particle velocity and t is force developing time. The separation distance
could be calculated from the kinematic law of Newton [169], also it was depended on;

D= f(y,d,,m,,u,) (4.3)

where m, is the mass of a single particle. An average particle velocity (u,) which
represents the bed hydrodynamics depended substantially upon the bubble properties
and was associated into the fundamental operating variables [148] viz;

u,=fd,.d,S,u,) (4.4)
u, = f(d,,D,,U) (4.5)
d, = f(lg,Pg> P, Dy, H,,U,U,,) (4.6)
S=fd,,u,U) (4.7

where p, is the air density, py, is the bed particle density, pg is the viscosity of air, dy is
the bubble diameter, Dy, is the bed column diameter, Hy, is the static bed height, S is the
bubble separation length, u, is the air bubble velocity, U is the superficial air velocity
and Upris the minimum fluidization velocity.

In combination of Equation 4.2-4.7, the adhesive force per neck (F,q) could be
associated resultantly with the basic variables;

F=f(u,u,p.p,.d,,D,Hym, UU,. 1) ‘8
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The bed of inert particles at a specific experimental condition was partially and
progressively defluidized by the thermally generated molten fraction of the inorganic
constituents in biomass fuels, continuously fed during the steady state combustion. The
complete defluidization was reached at the defluidization time (tger), at which the
adhesive force of a number of necks in bed was overcome by breaking force. Therefore,
the total adhesive force (Fadtotal) at complete defluidization state was established;

— '
Faa’,total _f(/ug’/ul’pg’pp’dp’Db’Hb’mbed’mfuel ’

U,U,ps X o s70ash, t ) (4.9)

where Xper is the melt fraction of ash in bed. It could be estimated from the phase
diagram of involved ash elements in agglomeration by applying the “Lever rule”
analysis [24], as mentioned in Appendix A, on the simplified initial fuel ash
compositions at the surface temperature of the burning char particle. The char surface
temperature was calculated according to the procedures in Appendix B. %ash is the
percentage by weight of ash in biomass fuel on “as fired” basis. mpeq and m'g,e are the
bed inventory and fuel feed rate, respectively. Xmex and char temperature herein
described an adhesive property of ash constituents.

Unfortunately, no exact mathematical model was published to describe the segregated
force in fluidized bed. However, several pervious studies [108-109,164,170] suggested
that the segregated force was defined from the behaviors of gas bubble in fluidized bed.
Therefore, the segregated force of the present model was also correlated to the bubble
properties in fluidized bed;

Fseg = f(db’S’ub) (4.10)
similarly simplified as;
F., = f(u,,p,.p,,D,,H,,UU,.) @.11)

Defluidization time (t4f) Was obtained by the setup in equality of Equation 4.9 and 4.11
as shown in Equation 4.12.

ta’ef = f(,ug,,u,,pg,pp,dp,Db,Hb,mbed,m'fue, ’

U,U s X oy »Y0ash) (4.12)

By mean of the dimensionless analysis, Buckingham-7n theory [171], the variables in
Equation 4.12 were grouped into the dimensionless terms;

"ot d
M et Laer _ f H, U , P ’ Hb ,(%ash *Xmelt) 4.13)
M yeq My Ur"f D, D,

The analysis of Multiple Linear Regression (MLR) on the lab scale experimental results
was carried out in order to complete Equation 4.13 into general form of MLR model
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(Equation 4.14), where BO to BS were the proportional constant, and to obtain the
contribution of each independent dimensionless variable.

' , Bl B2 d B3 H B4
m .
Moy Hg Uy D, D,

(4.14)

Equation 4.14 was a purely statistical model. The viscosity ratio and melt fraction group
represented the influence of fuel ash compositions and temperature on bed
defluidization while the effect of bed hydrodynamics was described by the
dimensionless velocity, particle size and static bed height. In this model, the viscosity of
the molten ash (p) was easily calculated from the practical viscosity model of the
silicate glass melt [172] at the fuel ash composition and bed temperature. The gas
properties were based on the physical properties of the air. It should be noted that
although the present experiment was carried out with only quartz bed material, the
effect of bed materials could have been physically taken into account in Uy, determined
by Ergan’s equation, as the bed particle density (pp).

4.2.2 A modified model

A second model proposed in this work was modified from the model of Lin et al. [109]
in order to probably correct the accuracy in the predication. The fully understanding of
the model formulation and application in origin was thus necessarily.

1. Original assumption
Repeatedly, an original model [109] was early developed on the approach of the
adhesive-breaking force balance. The adhesive force was well defined from the bonding
stress on the neck cross sectional area as shown in Figure 4.2, while the breaking force
was defined in the linear dependence with the excess velocity (U-Upyg). A linear
extension of the coating thickness relative to the combustion time and potassium
content in biomass was established and included in the model formulation. The
assumptions of this formulation were as followed;
e The agglomeration tendency is caused by the formation of a coating layer
composed of potassium silicates.
Particles of bed material are spheres with uniform size.
The coating is equally distributed on each sphere.
The ash content in the bed increases linearly with time.
Agglomerates are formed by necks, whose strength develops, according to the
visco-plastic sintering mechanism.
o Defluidization is a result of competition between the adhesive force and the
breaking force on agglomerates.
o The segregated force on agglomerates is induced by bubbles and is
proportional to the excess fluidization velocity.
¢ If the adhesive force is equal to or higher than the breaking force, the bed will
defluidize.
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-
-~ -
b

.I

\Coating thickness, o
Bed particle

Up=Up (initial state)

 —
up,=0 (final state)

Figure 4.2 The development of adhesive force by bonding neck of coating [109].

2. Early formulation

The adhesive force between two particles caused by bonding, as illustrated in Figure
4.2, was described by

F, =nb’o, (4.15)

where o; is the bonding stress. The accumulation of ash in the bed contributed to the
build up of the coating and neck. According to mass balance and assumption, the
thickness of coating layer on the bed particle as a function of time was expressed as;

2
npcoal”dp5 = Clm'fuel )(K—FuelZL (4.16)

where n is the number of bed particles, peoa 1S the density of coating material, o is the
thickness of coating, Xk.ruel 1S Weight fraction of potassium in the fuel and C, is the

proportional constant. From Figure 4.2 and Equation 4.16, the growth of neck radius
(b(t)) with the substitution for n was expressed as;

Cm'_ X d*p t
b2 = dp5 _ M et A Kk Fuet @ p Pp @.17)
6mbedpcoal

The strength development is proportional to the time and inversely proportional to

viscosity of the coating due to the viscous sintering mechanism. The tensile stress of
agglomerate (os) was thus defined by [123];

C,t
(4.18)
/uldp

Og =

where p is the viscosity of coatings. Substitution of Equations 4.17 and 4.18 into 4.15,
the adhesive force could be express as;
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C.d. t
F,=—7" (4.19)
H;
where
C3 — CICZ m'fuel XK-Fuelpp (420)
6mbedpcoat

The viscosity is dependent upon the composition and temperature in a K-Si system and
the viscosity model applied was estimated by an Arrhenius’s expression [158] as shown
in Equation 4.21.

E
— _exp| — (4.21)
H = Hy p{RT}

where E, is activation energy of surface viscosity and po is pre-exponential factor for
viscosity. The breaking force was assumed to be induced by bubbles and was
proportional to the excess air as;

F,=C,(U-U,) (4.22)

When adhesive force (F,q) is equal to the separating force (Fy,), the bed is defuidized.
Equations 4.19-4.22 were applied to obtain the defluidization time viz;

1/2
U-uU, E
tdef = C d—f} exp[zR‘uT] (423)
p
where
c= [FSs (4.24)
G,

3. Present modification

It had been noticed in Equation 4.24 that the fuel feed rate (m’ge)), bed inventory (mpeq)
and potassium mass fraction in fuel (Xk.pue1) Were considered to be the constant, and
included in C constant. In present work, the effect of different biomass and bed
conditions with one bed material were studied experimentally on the bed agglomeration
tendency. The bed inventory, fuel feed rate and potassium content were therefore
considered to be the variable, while the bed particle density (pp) was considered to be
the constant.

To obtain more generalized expression, the fuel feed rate, potassium content and bed
inventory involved in C constant were separated out of Equation 4.24 and the equations
were rewritten as,
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A 1/2

" ped U=Uy exp By ) @os)
m'fuel X an X k in ash d 2RT,

ash

Cppy = [stlsPeoa (4.26)
ﬂCl CZ pp

where Cp.w and A were the presently defined constants. The original value of A was 0.5
[109] (Egs. 4.20 and 4.24), while it expects to be 1 in this work. Xg.ryel Was presented in
the form of mass fraction of ash in the fuel (X,s,) and mass fraction of potassium in the
ash (Xk in ash)- Crew, A, and E,, would be calculated by the regression analysis on a set of
present lab scale experimental data at constant air velocity and particle size. It was
further noticed that the density of molten coating (pcoar) Which was included in C,y (Eq.
4.26) was particularly depended upon the chemistry of coating material and the
temperature, in a minor extent [173]. E, was also a function of the chemical
composition of coating.

Crrows = S (Peoating) (4.27)

tdef = Cnew

where

P ooating » £, = J (the _coating _ composition) (4.28)
Therefore, these two parameters (Cnew, and E, ) could be possibly correlated as a
function of the initial fuel ash composition, to which the coating composition was
directly related.

Finally, the proposed models in Equations 4.14 and 4.25 were verified, in term of the
defluidization time, with the present laboratory scale and pilot scale experimental results
as well as the previous published experimental data.



CHAPTER 5 RESULTS AND DISCUSSIONS

This chapter presents and explains all the experimental results with the corresponding
discussions.

5.1 Materials characterization

5.1.1 Bed material
The characterizations of quartz sand provided the important physical and chemical
properties.

1. Chemical composition and crystalline structure
The detailed characteristics the chemical composition and crystalline structure of quartz

sand were given in Table 5.1 and Figure 5.1.

Table 5.1 Quartz sand properties

Item
Particle density (kg/m’) 2,510
Bulk density (kg/m’) 1,851
Fixed bed void fraction 0.351

Elemental composition (wt%o)

Si0, 99.55
MgO 0.008
CaO 0.02
ALO; 0.16
FCQO3 0.05
Other 0.212

The chemical compositions, analyzed by XRF, which were reported as the oxide form
in Table 5.1 revealed that this sand is almost pure of Si. The XRD spectrum illustrated
in Figure 5.1 showed that the peak positions of this sand were perfectly matched with
the standard material. This bed material was assertive SiO, compound in Hexagonal
crystalline structure of quartz. Generally, the amplitudes of peaks in the XRD pattern
are directly related to the atomic distances [174].
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2. Size distribution
The screen analyses of quartz sand used specifically in the present experimental
conditions were reported in Figure 5.2.

Weight fraction (wt %)
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Figure 5.2 Size distributions of fresh sand particle for (a) lab scale
and (b) pilot scale experiments.

Since the lab scale agglomeration test was to be the controlled condition, the adopted
sizes ranges of sand were intentionally fixed in the relatively narrow distribution (Fig.
5.2a). The size ranges of 300-355 pum (average size, d,4.:323 pm) and 425-500 um
(459 um) were used for lab scale experiments, while those of 150-600 um (354 um) and
150-1180 um (573 um) (Fig. 5.2b) were used in pilot scale experiments. The diminutive
fractions of undesirable size ranges for lab scale tests, however, were still found in bed
samples, due to an imperfect separation and cracking.

5.1.2 Biomass
The properties of selected biomass samples were intensively characterized as shown
below.

1. Biomass characteristics
The physical, chemical and combustion properties of biomass samples were reported in
Table 5.2. They were analyzed based on “as fired basis” and “dry basis”.
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Table 5.2 Biomass properties

Description | Palm shell \ Corncob \ Palm bunch \ Rice straw
Physical property
Bulk density (Kg/m*)® [ 500.04 | 124.06 | 28.69 | 4256
Chemical property
Proximate analysis (wt%) "

Moisture (17.36 % 9.79 10.37 (63.44™)9.23 10.09
Volatile matter 68.35 72.01 74.48 69.49
Fixed carbon ¢ 19.28 16.13 19.29 16.38

Ash 2.58 1.48 6.22 14.13

Ultimate analysis (wt%)

C 49.30 44.86 34.71 28.62

H 5.88 6.30 4.47 3.76

o 41.52 46.39 53.79 52.49

N 0.40 0.66 0.64 0.89

S 0.019 0.049 0.05 0.09

Cl 0.02 0.06 0.16 0.02
HHV (kJ/kg) © | 19,030 | 17,600 | 17,530 [ 15215

* As received basis; ” As fired basis; ¢ As dry basis; and ¢ by subtraction.

Palm shell, the hard and dense shell of palm seed, had relatively high bulk density while
corncob, which is the porous cylindrical stalk, showed lower. In contrary, palm bunch
and rice straw, both were the fibrous matter, had relatively low bulk density. Due to
steaming, palm shell and bunch had considerably high water concentration. Rice straw
was a relatively high ash biomass. Sulfur content in these biomass differed only slightly
while chlorine content in palm bunch was relatively high, 8 times higher than that of
palm shell and rice straw.

2. Ash characteristics

The elements in biomass ash, presented as the oxide form, were reported in Table 5.3. It
revealed that silicon proved evidently to be the dominant and abundant element in these
ashes. Potassium and magnesium were the major alkali and alkali earth elements
presented, respectively. The relatively high content of phosphorus and potassium could
be noticed in corncob. From these information, the fluidization during combustion was
expected to be problematic in some extent from the influences of the high potassium
and chlorine content in these representative biomass fuels.

Table 5.3 Biomass ash compositions (wt% in ash)

Element Palm shell | Corncob Palm bunch Rice straw
Si0; 61.48 36.60 51.80 60.10
Al O3 2.39 0.56 0.47 0.0
CaO 2.51 0.91 0.95 0.80
MgO 12.95 923 18.06 21.97
Na,O 0.21 0.23 0.33 0.80
K,O 5.78 33.08 21.39 10.57
P>0s 3.96 12.41 4.06 2.45
Fe, O3 5.56 5.08 0.72 0.20
Other 5.16 1.9 2.22 3.11




3. Thermal behaviors
The qualitative and quantitative measurement of mass change of the biomass samples
associated with thermal degradation was provided by TGA. The amount and rate of
change in weight of biomass as a function of temperature in air environment was
illustrated in Figure 5.3.
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Figure 5.3 TGA weight loss profiles of (a) palm shell, (b) corncob, (¢) palm bunch and
(d) straw. Noted that all samples were tested based on “as fired basis” in air.

Three distinguishable ranges of the decreasing weight were observed in the relatively
similar weight loss profiles. They could be interpreted as the following;
Moisture in biomass samples began evaporating at about 50 °C until it was

depleted at about 100 °C.

Volatile components then started to release at around 200-230 °C.

The biomass fuel accessed to the char combustion phase when the temperature
reached to about 350-380 °C.

The characteristics of biomass and quartz sand provided the reference data and would
be employed in the comparative description with the further results of agglomeration
experiments reported below.
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5.2 Agglomeration test

The agglomeration tests in both lab and pilot scale fluidized bed combustors were
performed under an atmospheric condition and steady state combustion at constant bed
temperatures and fluidizing air velocity. The influences of bed temperature (Ty),
superficial air velocity (U), bed particle size (d,), and static bed height (as Hy/Dy) on the
bed agglomeration tendency were investigated.

5.2.1 Pre-test

1. Minimum fluidization velocity

The experimental minimum fluidization velocities (Upg) of quartz sand at the given
sizes associated to the given temperature ranges of the agglomeration tests were

reported in Table 5.4, including the calculated Uy, values from Ergan’s equation.

Table 5.4 Minimum fluidization velocity data

Size range | Average size | Experimental U, | Calculated Uy
(um) (um) (m/s) (m/s)
Lab scale experiment (Temperature range : 750-900 °C)
300-355 323 0.048-0.051 0.048-0.053
425-500 459 0.078-0.084 0.083-0.091
Pilot scale experiment (Temperature range : §00-900 °C)
150-600 354 0.055-0.058 0.055-0.060
150-1180 573 0.148-0.152 0.151-0.160

It can be seen that the predicted Uys showed relatively good agreement with the
observed values. In this study, 3 to 5 times of these experimental Uy were set as the
certain designed experimental conditions to study the air velocity effect.

2. Reference profiles

The bed defluidization which is directly associated to the change in bed hydrodynamics
were observed and marked by monitoring the bed pressure and temperature. Therefore,
their reference profiles were done before the agglomeration tests by fluidizing the given
sand at high temperature without fuel feeding. The typical reference profiles at a
specific condition were illustrated in Figure 5.4. It included the typical bed pressure loss
and temperature profiles (Fig. 5.4a), and the superficial air velocity (Fig. 5.4b) for 425-
500 um sand size as a function of time in the case of without fuel feeding. Two bed
temperatures, T1 and T2, were measured, along the vertical axis, at 2 and 6 cm. height
above an air distributor, respectively.

The sand bed early heated up by an electrical heater began to be fluidized at about
600°C. As the temperatures of fluidized bed were increased to about 700 °C, the
observed operating parameters began to be logged. The thermal steady state was
reached at about 880°C. Adding the cold bed particles into the hot fluidizing bed
resulted in a sharp fall about 200°C of bed temperatures, a sudden and double rise in
whole bed pressure drop, and a marked increase in amplitude of fluctuation in pressure
profiles. The conditions of bed, however, could recover rapidly from this serious
disturbance. The isothermal bed temperatures as well as the persistent fluctuation of bed
pressure at relatively uniform amplitude and constant baseline were clearly observed in
both experimental conditions (Hwy/Dy= 0.5 and 1). The changes in amplitude and
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baseline of bed pressure relative to the different air velocity were not clearly observed.
After 8 hour of trial, no agglomerate was found in the cold spent bed samples.
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Figure 5.4 Typical bed pressure drop and temperature profiles of the pre-test
for d,=425-500 um (a) pressure and temperature profile and (b) air velocity.

The isothermal condition inside the fluidized bed was unique due to the intense in-bed
heat transfer as a consequence of turbulent bed mixing. Bed pressure drop was directly
related to the mass of bed as described by the balance between the net gravitational
force and the friction force exerted by fluid in Ergan’s equation [148]. The fluctuation
in bed pressure originated from the passage of bubbles between the pressure probe and
the downwards propagating pressure wave formed by erupting bubbles at the bed
surface [148,175]. The increased amplitude as a result of increasing bed height was
assumed to be connected to a larger bubble size at the bed surface of higher bed height
[175-176], where as an effect of the air velocity on the bed pressure was also in
accordance with a previous experimental result [176].

5.2.2 Lab scale agglomeration test

The controlled operating conditions and the main results of lab scale test in term of
defluidization time (t4er) and potassium consumption to bed mass ratio (K/Bed) were
summarized in Table 5.5.
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1. Bed behaviors
The behaviors of bed during agglomeration were illustrated in Figures 5.5-5.6.
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Figure 5.5 Typical bed behaviors during combustion of (a) palm shell, (b) corncob,
(¢) palm bunch, and (d) rice straw in lab scale fluidized bed combustor.
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The behaviors of bed, as well as the agglomerate samples, at specific conditions during
combustion of biomass in a lab scale fluidized bed from start until defluidization were
reported typically in Figure 5.5. All biomass samples showed similar behaviors that bed
pressure base line and its magnitude of fluctuation upon defluidization decreased
steadily during combustion until complete defluidization (Sub-fig. 1), while the non-
uniform bed temperatures occurred but it was not clearly observed in a number of trials.
The agglomerates accumulated in the bed as the trials progressed. This was indicated by
the exponentially increasing percentages of agglomerates in the drawn bed samples at
different lengths of operating time, as reported beneath the pressure line. However, the
agglomerate fractions were lesser than 10 wt% in all bed samples at complete
defluidization. Agglomerates found were formed in various sizes and easily breakable
(Sub-fig. 2). Channeling flow of air through the bed at defluidization (Sub-fig. 4),
compared with the bed at beginning (Sub-fig. 3), can be observed visually. The higher
temperature of fuel particle than bed temperature was noticed by its glowing
combustion.
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Figure 5.6 Typical particle size distributions of completely defluidized bed compared
with fresh bed at specific conditions when burning (a) palm shell, (b) corncob, (c) palm
bunch, and (d) rice straw in a lab scale fluidized bed.

An increase in bed particle size was evident from the size analyses of spent bed against
fresh bed as shown in Figure 5.6, even though it was affected by partial breaking of
agglomerates during discharge and sieving.
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An increase in the number and growth of agglomerates inside the bed had established
the more multi-size particles in bed. This essentially induced (i) an increased bed void
fraction; channeling and decreasing pressure were as a result; the decreasing amplitude
was also reflected to the decreasing size of flowing air bubble [176], (ii) a poor bed
mixing that caused consequently a segregate combustion zone and local hot spots in
bed. The occurrence of bed defluidization that directly affected the bed hydrodynamics
was more clearly detectable from the pressure measurement. The bed started to be
defluidized as the agglomerates began to be formed, and defluidization was
progressively developed from being partial to completion.

To verify the decrease in experimental bed pressure drop, which is caused mainly by the
bed agglomeration but can not be affected by the amount of samples taken out for
analyses, the bed pressure drop of each trial was therefore estimated by Ergan’s
equation using initial particle size, and from the retained mass of bed material upon
defluidization, and was found to be considerably higher (96-97% of initial bed pressure
drop) than that of observed experimental values (60-75% of initial bed pressure drop
upon defluidization). This clearly indicated that the decrease of bed pressure drop
during the trial is certainly caused by bed agglomeration.

2. Bed agglomeration tendency

The main results of the lab scale agglomeration test in Table 5.5 were reported in terms
of the defluidization time (tger) and potassium to bed ratio (K/Bed). tger was the time
interval from the start of fuel feeding to the complete defluidization. The defluidization
rate, or the formation rate of agglomeration, was inversely proportional to tgs; the lower
the t4er, the higher this rate. K/Bed was well-defined as the maximum of potassium
consumed by bed until complete defluidization. It was calculated as the total potassium
input from fuel consumption divided by the initial bed inventory, which referred to the
quantity of K consumed to completely defluidize the bed. The influences of the bed
operating variables on the bed agglomeration tendency were described allegorically by
teer and K/Bed. In order to elucidate easily on the bed agglomeration tendency, the
results in Table 5.5 were repeated graphically into Figures 5.7-5.11 viz.

It was noticed in Table 5.5 that, entirely, FBC of all given biomass fuels at given
operating conditions suffered eventually the defluidization.
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e Effect of fuel inorganic composition
In Figures 5.7a and 5.7b with the same operating conditions on Run No.9, 11 and 12,
the effect of ash composition showed very significant on the bed agglomeration. The
outstandingly larger tgs and K/Bed of palm shell indicated to its lower bed
agglomeration tendency, while palm bunch also showed the markedly opposite results.
This could be attributed to the comparatively low K content of palm shell. The higher K
content can lead to the larger amount of formed eutectic melts serving as an adhesive
material in agglomerates [51]. However, this reason was evidently uncertain. Palm
bunch combustion showed the relatively higher tendency in all cases over than corncob
combustion, as indicated by lower t4s and K/Bed, despite its significantly lower K
content (Fig. 5.7¢). It might be caused by the relatively high Cl content of palm bunch,
which could facilitate the release of inorganic species and enhance the formation of
molten K-derived compounds [62,69,85]. The evidences to this effect would be shown
and discussed later, elsewhere. The agglomeration tendency of corncob against with rice
straw could not be given clearly in comparison.
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Figure 5.7 Bed agglomeration tendencies on fuel ash compositions described by (a) tger
(b) K/Bed, and(c) summary of biomass inorganic content.



e Effect of bed (combustion) temperature
teer and K/Bed as a function of bed temperature were illustrated in Figure 5.8 and these
results indicated that the bed temperature showed a significant effect. They both
decreased exponentially as the bed temperature increased. The lower tqer at higher bed
temperature came about the lesser K fed into bed, at relatively close fuel feed rate. As
the temperature that exceeds the initial melting point of the ash-forming compounds in
bed increases, the melt fraction increases [24] and viscosity of the melts decreases
resulting to increase the adhesion efficiency [91]. Both factors may result in an increase
of the amount and stickiness of coated bed particles by the melt. This in turn accelerates

the defluidization process.
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Figure 5.8 The effects of controlled bed temperature on the bed agglomeration
tendency when burning (a) palm shell and corncob, and (b) palm bunch and rice straw
in a lab scale fluidized bed.
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As shown in Figure 5.9, tger and K/Bed for all biomass increased as the air velocity
increased. The higher fluidizing air velocity increases the mobility of bed particles and
the resultant force acting on the bed particles, induced by the gas bubbles [147-148].
This causes an increase in the attrition rate of coating, the elutriation rate of fine ash
particles and the breaking rate of agglomerates via collision. These phenomena delay
the defluidization, and the agglomerates needs more the ash melt to consolidate in order
to reach the defluidization state.
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Figure 5.9 The effects of controlled fluidizing air velocity on the bed agglomeration
tendency when burning (a) palm shell and corncob, and (b) palm bunch and rice straw
in a lab scale fluidized bed.
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¢ Effect of bed particle size

In the set of trials carried out with two different bed particle sizes, it was shown in
Figure 5.10 that an increase of bed particle size clearly resulted in the lower t4r and
K/Bed. A bed with the larger particle size has lower outer specific surface area, so it
needs less the ash melts to form coating layers and necks. In additions, the bed mixing
of larger bed grain is poorer at the same air velocity as the ratio of U/Uy,r 1s lower, due
to the higher Up¢ for larger particles. This feature easily causes hot spots in bed, which
enhances the formation of ash melt and the vaporization of ash constituents [51,110].
These two factors facilitate agglomeration and then accelerate defluidization.
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Figure 5.10 The effects of controlled sand size on the bed agglomeration tendency
when burning (a) palm shell and corncob, and (b) palm bunch and rice straw in a lab
scale fluidized bed.

In case of the same U/Upy ratio at which the bed mixing behavior is supposed to be
similar (Run No. 5 vs. 11 and 8 vs. 12 in Table 5.5), the increase of bed particle size
showed the higher K/Bed. It is due to that larger particle has more inertia which
consequently related to the higher energetic collision. Therefore, the adhesion to form
agglomerates should be more difficult [51] and require the more amount of ash melt to
form agglomerate. tgr may can not provide well suitable description in bed
agglomeration tendency in this case, due to the difference in fuel feed rate as a
consequence of the enhanced in-bed heat transfer and heat loss by flue gas from
increasing air flow rate.
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Effect of static bed height
A set of the results for the effect of static bed height at different biomass was showed in
Figure 5.11. The bed height was increased doubly as the mass of bed increased twice
accordingly. The biomass consumption relative to K consumption in most trials
increased less than twice and K/Bed for higher static bed height is resultantly lower.
The increasing static bed height yields more surface area of bed particles, hence needing
more amounts of ash melt, while the bed mixing is poorer and the ash melt in smaller
fraction can stick easily to particles to form agglomerates. For this reason, the K/Bed of
higher Hy/Dy, showed lower while tqef showed an increasing trend, due to the poorer bed
mixing. In this study, the effect of poor bed mixing was clearly seen from the
reasonable decrease of K/Bed which otherwise would be relatively constant in value
when the static bed height was doubled.
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Figure 5.11 The effects of controlled static bed height on the bed agglomeration
tendency when burning (a) palm shell and corncob, and (b) palm bunch and rice straw
in a lab scale fluidized bed (No. in x-axis represent No. of Run in Table 5.5).

The influences of bed temperature, air velocity, particle size and static bed height on the
bed agglomeration tendency in the present work were consistent with the experimental
results reported in previous literatures [18,51,108-111,154].
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The contributions of operating variables on the tendency of bed agglomeration in
present work could be summarized in Table 5.6.

Table 5.6 Present summaries of bed variable contributions

Variable Tendency
Alkali content +
Bed temperature +
Fluidizing gas velocity -
Bed particle size +
Static bed height +

where the defludization by bed agglomeration was accelerated by an increased
magnitude of a variable is described by the plus (+) and the opposite trend was referred
as the minus (-).

tqer and K/Bed in this work showed good consistency and could be well for comparative
characterization toward the bed agglomeration tendency. However, it must be noted that
the elutriation loss of ash was not taken into account in K/Bed. tgris also relative to the
fuel feed rate It had been suggested that the rate of defluidization is considered to be
the competition between the formation rate of stable bond and the breaking rate of
agglomerated particles [109]. The former is a result of melt formation while the latter is
significantly dependent upon the fluidization characteristics. Defluidization can take
place rapidly if the former process is enhanced by the accumulation of K in bed and/or
the increasing bed temperature; and the latter process is worsened by some certain
conditions leading to the poor bed mixing.

5.2.3 Pilot scale agglomeration test
The conditions and results of pilot scale experiment similarly reported in term of tger and

K/Bed were shown in Table 5.7.

Table 5.7 Summary of pilot sale results

' Run | Biomass Ty U dpav | He/Dyeq Result

(°C) | (m/s) | (um) K/Bed (x1000) | tger (se€C)
1 Corncob 850 | 0.59 | 573 0.5 1.12 5,797
2 Palm shell | 860 | 0.59 | 573 0.5 2.99 14,711
3 Palmshell | 900 | 0.61 | 573 0.5 2.81 13,426
4 | Palmbunch | 810 | 0.35 | 354 0.5 1.02 2,376
5 | Palmbunch | 850 | 0.37 | 354 0.5 0.63 1,331
6 Rice straw | 820 | 0.35 | 354 0.5 2.42 4,031
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1. Bed behaviors
The behaviors of bed in pilot scale fluidized bed during agglomeration were illustrated
in Figures 5.12-5.13.
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Figure 5.12 Typical bed pressure loss and bed temperature profiles during
agglomeration in a pilot scale fluidized bed burning (a) palm shell, (b) corncob,
(c) palm bunch and (d) rice straw.
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Figure 5.13 Typical size distribution of bed particle in a pilot scale fluidized bed
burning (a) palm shell, (b) corncob, (¢) palm bunch and (d) rice straw compared with
the fresh bed.

The illustrations of typical bed pressure drop and temperature profiles during
combustion in pilot scale FBC were shown in Figure 5.12. The similarity in bed
behaviors relative to the lab scale test could be observed. As defluidization started, the
pressure baseline and magnitude of fluctuation decreased until complete defluidization.
Inhomogeneous bed temperatures were clearly observed. After the test, the bed particles
had larger mean size, as depicted in Figure 5.13. The extension of bed agglomeration
induced the increasing voidage inside bed as indicated by descending bed pressure and
the decreasing amplitude, which was connected to the decreasing size of flowing air
bubble through the bed. The subsequent result of poor bed mixing occurred and caused
the segregated combustion zone in bed, and was shown by the inhomogeneous bed

temperatures.
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2. Bed agglomeration tendency

As reported in Table 5.7, the comparative degree of bed agglomeration affected by
operating parameters also showed an agreement to some results of lab scale test.
Corncob and palm bunch showed the higher bed agglomeration tendency than palm
shell and rice straw, respectively, as indicated by their entirely lower in t4.r and K/Bed.
The higher content of problematic K and Cl elements is the main reason. The higher
combustion temperature can accelerate the defluidization (Run No. 2 vs 3 and 4 vs 5).

5.3 Agglomerate characterizations

In order to investigate the interactions of the ash forming constituents with the bed
particles, SEM-EDS analyses were carried out. A set of typical SEM images on the
cross-sectioned agglomerates obtained from the bed at defludization state of some
conditions were shown below. The EDS spot compositions given in the accompanying
multiple bar graphs corresponded to the numbering.

5.3.1 Lab scale agglomerates

Figures 5.14 to 5.17 showed the SEM micrographs in backscatter mode of agglomerate
samples at defluidization during combustion of palm shell, corncob, palm bunch, and
rice straw, respectively, in lab scale fluidized bed.
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In Figures 5.14-5.17, they revealed that sand particles (gray) in agglomerates were
covered and cohered together by the fused materials (white) rich in Si and K, and Na,
Ca, Mg and P to a lesser extent. Relatively, the rich P in the corncob agglomerates was
noticed. S in diminutive fraction was detected while it seemed that Cl vanished in
agglomerates.

Sand grains captured in agglomerates were attached together by either neck of material
(Fig. 5.14h) or bonded layer (Fig. 5.14c). Both the total (Fig. 5.14b, 5.15a and 5.17a)
and partial (Fig. 5.14d and 5.16a) coatings on bed particles could be observed. Concave
and convex edges in the features of coating and neck appeared on the polygon shaped
sand. The hollow structure had been found on bed particle surfaces (Fig. 5.14a and
5.16a) or located between the sand particles (Fig. 5.14c, 5.15b, 5.16¢ and 5.17c). The
porous coating layers and necks were observed (Figure 5.14d, 5.15d and 5.16a). These
non-homogeneous structures were commonly found while thin necks of relatively
homogeneous matter were found in a specific contact point between particles (Figure
5.14h, 5.15h and 5.17d). The attack propagating inwards sand grain (in cracks or surface
diffusion) was noticed in some palm bunch agglomerates (Fig 5.16d).

The above results gave clear evidence that the formation of biomass ash derived molten
compounds, which presented likely as Potassium Silicates, was the main reason for the
bed agglomeration in this study. The hollow structures indicated that the burning char
particle was previously located inside. So it is likely that the agglomerates start to be
formed near the burning char where the formation of molten ash on the char surface is
enhanced by high surface temperature of char particle; about 50-200 °C significantly
higher than bed temperature, based on calculation. This molten ash on char surfaces
causes char particle becoming sticky. As sand grains collide with the burning char
particles, they may adhere to the char surface. Collision from bed mixing, however, can
break this coherence and the remnant melt is left on sand surface. This is an important
way of inorganic migration, namely the collision mechanism. If no breaking due to a
local poor bed mixing, the formed hollow structure as the remaining ash skeleton from
burnt out char would appear.

The melts migrating from the high temperature of char surface to the lower temperature
of sand surface may be partly solidified; hence the partially molten coating layer occurs.
Bed particles having the liquid phase presents on their surfaces has more inertia and
tend to get close to the larger fuel char particles, and resultantly the continuous
deposition of the additional melt on the limited sand surface extend the porous coating
and finally the agglomerates are developed by the porous bonding necks with certain
thickness. The agglomerate supported by thin necks may be formed by the rapid
formation of the melt and the sudden adhesion. Other possible migration ways of
inorganic elements to bed grain are condensation/deposition of inorganic gases/aerosol
[69, 81], of which the evidences were given in Figure 5.16d. The diffusion of K in
existing cracks or from surface of sand particle results in the formation of K-silicates
toward the core of sand grains, as the compounds with higher thermochemical stability
[69]. This material may partially be solidified at typical bed temperature and thus allows
the additional K to diffuse through the early formed high porous silicate layer,
accelerating a continuous widening of the attacking silicates formation. It should be
noted that the diffusion of potassium is the rate determining step in the K-Silicates
formation rate. This mechanism enhances the formation of the silicate melt and may be
further responsible for the relatively high agglomeration tendency of palm bunch.
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Two kinds of agglomerates could be observed in the same spent bed samples (Figs.
5.14b and 5.14c). Agglomerate with thin neck was composed to a great extent of two to
four particles while agglomerate of a larger number of sand grains was supported by the
larger amount of the melt, by the thicker layer or larger number of neck. Previous
studies suggested that the adhesive force by the melt ash is strongly dependent on the
amount and stickiness [109,160]. Agglomerate formed by large amount of the melt may
require some certain resident time to develop the coating layer and neck while
agglomerate supported by thin necks is suddenly formed by rapid formation of the melt
[72]. The former agglomerate may thus appear in the bed at the early combustion stage
while the latter, having a weaker structure, may dominate in the bed upon defluidization
or otherwise in a local poor bed circulation zone, such as the comer of furnace chamber.

5.3.2 Pilot scale agglomerates

Typical agglomerate samples obtained from pilot scale experiments, including EDS
analyses, were shown in Figures 5.18-5.22 during palm shell, corncob, palm bunch and
rice straw combustion, respectively, in a pilot scale fluidized bed.
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Figure 5.18 Typical SEM pictures and concomitant EDS elemental distributions of
palm shell agglomerates from pilot scale FBC tests.
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The features of agglomerate samples from pilot scale test were relatively similar to
those from lab scale test. Agglomerates were formed likely by molten compounds as the
neck and coating materials comprised of relatively rich Si and K; and Mg and Ca to a
minor extent. They were likely the K-silicates. The relatively high P in comcob
agglomerates was observed. S and Cl in very small fraction were also detected. Sand
particles were adhered together by either bonding porous layer (Fig. 5.21b) or thin neck
(Fig. 5.19a). The hollow structures located between bed particles (Fig. 5.20) or on the
bed surface (Fig. 5.20a) were also observed. Non-homogenous coating and neck were
common while relatively homogenous material was located between bed particles as
thin layer neck. The diffusion and reaction propagating inward the quartz particle by
gaseous potassium compounds or potassium containing aerosols, in existing cracks or
from sand surface, was noticed typically as showed in Figure 5.22. This resulted in the
presence of K silicates inside bed grains.

In the present work, the migration of ash forming constituents from fuel particle to bed
particle was likely dominated by the collision. Condensation / aerosols deposition as
parallel migration mechanisms showed an increasing degree, if K-gaseous and aerosol
facilitators, namely Cl and S respectively, presented at relatively high content in
biomass. It could be further concluded from the mentioned results that the bed
agglomeration process was the reactor scale independent.

By the above SEM investigation, the mechanism which supposedly functions at
relatively low temperature could be discerned in Figure 5.23.
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Figure 5.23 Suggested mechanism of the agglomerate formation
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5.4 Thermodynamic behaviors of biomass ash under FBC conditions
In order to describe the presence of an individual ash forming element to the formation
of fused material as coatings and necks, all EDS data including initial biomass ash for
comparison were summarized to a set of plots showed in Figure 5.24.
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Figure 5.24 Distribution of elements in the initial biomass ash and EDS analysis of
fused materials of agglomerates formed from burning (a) palm shell, (b) corncob, (c)
palm bunch, and (d) rice straw in lab and pilot scale FBC.
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In Figure 5.24, the distribution of elements in fused materials was widely, indicated by
the vast ranges of error bars. The average compositions of fused materials were close to
that of the biomass ash, confirming that the coating and neck were originated from fuel.
Si and K were the two major elements; Si was proved to be the dominant element in
fuel ashes and fused materials. The average P contents in agglomerates were relatively
lower than those of fuel ashes. Na, Al, Fe, Cl and S content in fused materials were
insignificant. It was further noticed in Figure 5.24 that despite its relatively large in fuel
ash, Mg content in agglomerates was quite small; this indicates that Mg may not be
included in the melt formation. On the other hand, Ca may be included in the fused
material compositions due to its higher content in coating and necks of agglomerates
against with the fuel ash.

In K and Si rich and Ca poor system like the chemistry of corncob, P species as K4P,0-
(M.P.: 1109 °C), K3PO4 (M.P.: 1340 °C) or P-Si compounds (M.P. > 1150 °C) may be
the major fine particle products [76]. This presumption of P was also corroborated by a
result of a previous SEM/EDX study [177] which revealed that the major P was arrested
in the deposited fine ash, instead of the molten ash. Mg as a free fine particle of high
melting point oxide salt (MgO: M.P. 2852 °C) [53,178] is the major form in an oxygen
rich environment at high temperature combustion. This is verifiable that Mg species
may include to a lesser extent in the molten phase dominated by the significantly lower
melting point K-silicates.

In the silica rich system as found in FBC with quartz bed particles, the onset of the bed
agglomeration can be attributed to the melt of K-salts or K-silicates whereas Si in
molten materials may be derived from the fuel itself or bed material [24,69]. K species
mainly released during char combustion are mostly retained in the bed where they are
transformed to K-silicates while S and Cl do not participate in final agglomeration
process [69]. The present EDS results showed an agreement to these explanations.
However, the insignificant fraction of Cl and S detected in agglomerates may be derived
from the chloride and sulphate salts of alkali earth group in alkali lean system [61].

From the above chemical analyses, Si and K were the two major abundant elements.
Possibly Ca was in part of the melt formation. To examine the thermodynamic
behaviors of fused materials, all EDS data including fuel ash compositions were
normalized and then plotted on the K,0-CaO-SiO, ternary phase diagram [179] as
illustrated in Figures 5.25 and 5.26, for lab scale and pilot scale samples, respectively.
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Figure 5.25 The simplified compositions of fused material from four biomass lab scale
test and fuel ashes plotted in the K,0-CaO-SiO; ternary phase diagram.
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Figure 5.26 The simplified compositions of fused matters from pilot scale test and fuel
ashes plotted in the K,O-CaO-SiO, ternary phase diagram.

In Figure 5.25, they revealed that the compositions obtained from the lab scale
agglomerate samples were mainly located to the SiO; rich and CaO poor region;
especially those of palm shell agglomerates were mostly restricted to the SiO, rich
corner and relatively close to the fuel ash composition (Fig. 5.25a). K,O contents in
agglomerates were widely distributed (palm shell: 5-15 %, corncob: 6-36 %, PEFB: 10-
38% and rice straw: 15-29%). The compositions of fused materials in corncob, palm
bunch and rice straw agglomerates were mainly located in the area where the eutectic
with an initial melting temperature about 740 °C was nearby, while those of palm shell
agglomerate were mainly in the zone of relatively higher liquidus temperature about
1200-1400 °C (liquidus temperature is the minimum temperature at which all
components of a mixture can be in a liquid state. Below the liquidus, the mixture will be
partly or entirely solid) [179]. The high K content can form the wide composition
ranges of amorphous material and the wide distribution of EDS composition indicates to
the poor elemental distribution of forming ash in fluidized bed.

The similar trends were also observed (Fig. 5.26) from the examination of pilot scale
agglomerates. The simplified EDS compositions were so widely distributed but mainly
located in the area, where the eutectic compositions with 740°C of an initial melting
point were nearby. It is due to the fact that the fuel ash is the mixture of multi inorganic
compositions giving the wide range of melting temperature. Previous works [106,128]
had indicated that the chemical characteristics and thereby the melting of material at
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coatings are significant for bed agglomeration process. If the coating has a high enough
fraction of molten phase, it will cause bed agglomeration. The fraction of the melt
needed for stickiness has been determined for silicate melts [92]. Therefore it was of
interest in this study to determine the melting behavior of different fused material
compositions. The fractions of the melt as a function of temperature at typical EDS
compositions (in Figs. 5.14 to 5.21) were extracted from phase diagram by the well
defined “Lever rule” and shown in Figures 5.27 and 5.28 for lab scale and pilot scale
examination, respectively.
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Figure 5.27 Typical melting behaviors at specific spot characteristics of fused material
of agglomerates created from burning (a) palm shell, (b) corncob, (c¢) palm bunch, and
(d) rice straw in a lab scale FBC (No. of lines correspond to EDS spots in Figure 5.14 to
5.17, respectively).
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Figure 5.28 Typical melting behaviors at specific spot characteristics of fused material

of agglomerates created from burning (a) palm shell, (b) corncob, (¢) palm bunch, and

(d) rice straw in a pilot scale FBC (No. of lines correspond to EDS spots in Figure 5.18
to 5.21, respectively).

[t revealed from the results of lab scale test (Fig. 5.27) that the melting behaviors of the
Ca lean system in this study were very sensitive to the amounts of K in the samples. All
fused materials had an initial melting point about 740 °C. The melt profiles were
relatively similar for corncob, palm bunch and rice straw agglomerates, even though
that of rice straw agglomerates slightly differed at temperature of 740-840°C at which
the relatively lower melt fraction had been estimated (Fig. 5.27d). Estimated fraction
about 50-94 wt% of fused materials with relatively large potassium content, of corncob
and palm bunch agglomerates, could melt at temperature as low as the initial melting
temperature, while more than 50 wt% of fused materials in palm shell agglomerates
would melt at temperature well above 1200 °C (Fig. 5.27a). Fused materials in corncob,
palm bunch and rice straw agglomerates contained 60-95 wt% of melt fraction at low
temperature as 800 °C, approximately.

The relatively similar trends were noticed in the estimation of melt fraction of pilot
scale agglomerates illustrated in Figure 5.28. The higher fraction (40-90 wt%) of
corncob, palm bunch and rice straw fused materials became to molten phase at an initial
melting point, while palm shell fused materials were transformed to a liquid phase at
relatively lower fraction (35-50 wt%). The aforementioned behaviors also confirmed the
reactor scale independence in the bed agglomeration process.
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The above results seemed to confirm that the partial molten phase formation in the
released ash was responsible for the agglomeration, and it could be enhanced by the
high surface temperature of burning char. The compositions of potassium silicate fused
materials close to the eutectic mixture, caused by the high alkali content in fuel, yielded
the greater melt fractions, at the same temperature range, giving the high bed
agglomeration tendency. It should be noted that the fused materials in agglomerates
analyzed above are the result of two competitive mechanisms as shown in Figure 5.23,
and their influences are taken into inseparable consideration by the phase diagram
analysis.

5.5 Mathematical model prediction and verification
The two mathematical models developed in Chapter 4 were verified by the present
experimental results and the previous published experimental data.

5.5.1 A newly developed model
In this section, the prediction and verification of a newly proposed model was reported
and discussed.

1. Model analysis
A present mathematical model mentioned in Chapter 4 was

' Bl B2 B3 B4
(m fuel Laer J _ o+ H U (dp J EH” J (Xmell %aSh)B5
Mpeq Mg Uy D, Dy

(4.14)

The analytical results from MLR analysis, using the lab scale data in Table 5.5,
described by the expression of Equation 4.14 were summarized in Table 5.8.

Table 5.8 Constants and contribution of independent dimensionless groups

Dimensionless term Constant B
0.032 (B0) -
Viscosity 0.360 (B1) 0.489
Fluidizing velocity 1.071 (B2) 0.188
Particle size 0.916 (B3) 0.121
Static bed height -0.028 (B4) -0.006
Ash melt fraction -1.035 (BS) -0.650

where beta coefficient (§) is the magnitude, the value between 0 to 1, indicates directly
the intercomparable contribution; the higher Beta value, the higher influence. The
negative implies the inverse form of the defined dimensionless term. The comparative
results in Table 5.8 showed clearly that the characteristic of inorganic constituent in fuel
and temperature which contributed to the development of the viscous ash melts were the
major contribution to the bed agglomeration behaviors, while the bed conditions such as
air velocity, bed particle size and static bed height showed minor. The velocity affected
at relatively higher on the segregation in fluidized bed than the particle size, while the
bed height showed a less significant effect. The velocity, particle size and melt fraction
was quite in the linear relationship to tger. The order of inverse melt quantity group (B5)
was proved to 1, which corresponded to a model assumption, in Chapter 4.
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This model analysis provided the firmly consistent description to the results of this
present work and previously reviewed studies which clearly indicated the highly
significant influences of the fuel ash chemistry and temperature and that the melt
formation controlled the bed agglomeration.

The degree of mixing in fluidized bed relative to the breaking and collision is
contributed mainly by the gas velocity [34,147,148]. The early mathematical models
[109,166] proposed the half order of excess velocity (U-Upyg) to teer by the regression
analysis, while the above analysis indicated differently as the linear function (B2).
Furthermore, approximately first order of bed particle size effect (B3) was presently
revealed while the early works proposed variously (Lin et al [109] = -0.5 and Lin et al
[166] = -0.25). The order of inverse melt quantity group (BS) was proved to 1, due to
the direct mass calculation of ash feed. This was corresponding to the order of the
inverse alkali feed rate group, relative to tger, in the model formulated by Lin et al [166],
while an early model [109] set this order to 0.5.

2. Model verification

The tqe¢ prediction by a model of Equation 4.14 on the lab scale combustion data was
showed in Figure 5.29. The predictive result followed the experimental data with a
fairly good agreement, since they were the source of regression analysis. The error
calculation ranged +21%, showing satisfactory.
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Figure 5.29 Comparison of calculated defluidization time with lab scale results.
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To further verify the ensured accuracy of this model, the predictions of t4.r from the
conditions of pilot scale experiments of this study and previous bed agglomeration
works performed experimentally with several kinds of biomass residues were carried
out. Their predicted results with pilot scale and previously published data were
illustrated in Figure 5.30a and 5.30b, respectively, and showed fairly well in
consistence. In Figure 5.30b, the predictive results in the form of the dots with bands
indicated the calculated average and reported range of straw feed rate in some
conditions of wheat straw combustion [109,149]. The straw blends were the biomass
mixture of rice straw and the defined commercial fuel (80% wood + 20% almond shell)
[146].
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5.5.2 A modified model

1. Model analysis
A model which was modified from the original model of Lin et al [109] to predict tges
was proposed as an optional model in Equation 4.25 viz;

A 1/2

I’}’Zbed U — Umf exp E# (425)
m'fuel X ash X & in ash d 2RT,

ash

tdef = Cnew
p

A set of lab scale data were analyzed by using the linear regression technique to
calculate Cpew, A and E,, of an individual biomass as following,
- A slope of the line plotted between tgr and inverse bed temperature in
Jogarithm scales indicated the viscosity activation energy (E,).
- For each biomass at constant bed temperature, the logarithmic plot between tger
and the mass ratio group provided A constant, as the slope of the line.
- Finally, Cpew was a slope calculated by plotting tgs in linear scale against with
the group parameters on the right side of Equation 4.25 with corresponding A
and E,,, as the linear equation.

The regression results were summarized in Table 5.9, including the previously
published data and prediction of original model (Eq. (4.23)) with lab scale data.

Table 5.9 Model parameters

Biomass A C [Eq. (4.23)] | Cpew [Eq. (4.25) at A=1] | E/R (KT‘
Palm shell 0.90 3.77x 107 1.04 x 107 33,670
Corncob 1.12 1.81x10° 2.61x 10" 27,340
Palm bunch 0.82 3.92x 107 225x%x10° 21,741
Rice straw 0.92 1.35x 107 7.52x10% 16,492
Wheat straw [109] | 0.5 1.11 x 10™ 2.67x 10" 29,000

[t was noticed that A, an order of the mass ratio group, were around 0.82 to 1.12 and
close to 1, which was similar to B5 of Equation 4.14 in Table 5.8, while 0.5 was early
set in an original model. Therefore, all A were set newly to 1 to determine Cyy by the
subsequent regression. Among the observed biomass, E,/R and Cyew of palm shell
showed the highest value. E,/R of the present biomass showed relatively similar order
of magnitude to that of the wheat straw from a previous work [109].

2. Model verification

The Cyew and E,/R in Table 5.9 obtained in this way were then applied to calculate tger
for comparison, and the tqr comparative results were then illustrated in Figure 5.31,
including the prediction by original model.
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Figure 5.31 t4.r comparisons with experimental data by; (a) Original model (Eq. (4.23))
with lab scale data, (b) Modified model (Eq. (4.25)) with lab scale data, (¢) Modified
model (Eq. (4.25)) with pilot scale data.

As illustrated in Figure 5.31a and 5.31b for lab scale prediction, it was noticed that a
modified model provided slightly higher predictive accuracy with satisfactory
agreement at +32% of error. However, it seemed that this increasing model accuracy
was insignificant since the original model (Eq. (4.23)) offered relatively high in the
predictability at +35% of error range. The fairly well consistence in time comparison of
pilot scale data was obtained satisfactorily, as shown in Figure 5.31c.

As discussed in Chapter 4, the characteristics of Cpew and E, /R were dependent on the
ash compositions and possibly they were correlated mathematically with the variable
terms, proposed in this work, which represent the fuel inorganic chemistry well known
as Alkali Index (AI) and Base-to-Acid ratio (Ry,) [112]. Early mentioned, they were
defined as;

4 - kg(K,O + Na,O) 2.6)
GJ
%(Fe,O, + CaO + MgO + K,O + Na,O
R, = o(Fe,0, g 2 ,0) 2.7)

%(Si0, + TiO, + AlL,0,)
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The alkali index expresses the specific quantity of total alkali oxides in fuel (per unit
mass of fuel) divided by heating value in GJ unit. HHV was selected in this study. Base-
to-Acid ratio is defined as the ratio of basic oxide to acid oxide where the label for each
compound makes reference to its weight concentration in the ash. Both indexes can be
estimated by the fundamental fuel data of intensive laboratory characterization.

The MLR analysis further correlated Cyw and E,/R of an individual biomass in Table
5.9 with Al and Ry, calculated from the corresponding ash data in Table 5.2 and 5.3. It
provided the empirical correlations of Al and Ry, in Equation 5.1 and 5.2, respectively,
and their prediction results with satisfactory agreement were illustrated in Figure 5.32.
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When Equation 4.25, 5.1 and 5.2 at A=1 were employed to revise the verification of lab
scale and pilot scale data, the obtained results were then reported in Figure 5.33 with
fairly well agreement. This may be due to the using of a small number of biomass to
perform the regression analysis in order to get Cn and E, equations, and their
inaccuracy was included in the prediction.
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Figure 5.33 Revised tq4er predictions to (a) lab scale data and (b) pilot scale data by
Equation 4.25, 5.1 and 5.2.



118

In summary, the simple models in both newly proposed and modified from a previously
published model were intentionally applied to describe the defluidization behaviors by
bed agglomeration as dependence of the significant bed operating variable and biomass
ash characteristics. The correlations newly set up by the dimensionless analysis and
semi-empirical approach showed fairly well to good satisfactory agreement to the
present experimental results. More experiments with the various types of biomass and
operating conditions of FBC are therefore needed to improve these correlations.



CHAPTER 6 CONCLUSIONS

The following conclusions can be drawn from this present experimental research.

L.

The defluidization caused by the agglomeration of bed particles affected directly to
the bed hydrodynamic and could be observed by the abnormal decrease of bed
pressure drop, more clearly than the inhomogeneous bed temperatures. It was
developed steadily from partial to complete defluidization by the extension in the
number and growth of agglomerates during combustion, resulting to the increase in
bed voidage and the subsequent poor bed mixing.

Among the factors enhancing the bed agglomeration tendency, the increasing
combustion (bed) temperature and bed particle size and the decreasing fluidizing air
velocity showed significant effects, as previously suggested. Additionally, the
increasing static bed height was also an effect. The relatively high potassium and
chlorine contents increased the bed agglomeration problem. The order from high to
low of bed agglomeration tendency of the biomass samples studied in this work
were palm brunch, corncob, rice straw, and palm shell, respectively.

In this work, the presence of potassium in biomass caused likely the formation of
potassium silicates as viscous liquid phase during combustion (above 750 °C) was
the main reason for bed agglomeration. This was initiated by the high surface
temperature of the burning biomass particles.

In this study, the migration of ash forming elements from relatively high surface
temperature of char particle to lower surface temperature of bed particle was likely
dominated by the collision. The gaseous condensation/aerosols deposition of ash
species on the bed particle might have an increasing contribution on the migration if
the K-gaseous/aerosol facilitators as chloride and sulfur presented in biomass at
relatively high contents.

Chloride and sulfur did not participate in the final agglomeration process due to the
formation of potassium silicates as the compounds of higher thermochemical
stability. They were presumed to be included in the chloride and sulfate salts of
alkali earth species.

The study of bed agglomeration process in this work, as previously reported in the
literature, was the complex physical and chemical interactions between a number of
ash forming elements and bed particle during thermal process and it was the reactor
scale independent.

The model analyses provided the descriptions consistent with the experimental
results of the present study and previous works on the bed agglomeration behaviors.
The ash chemistry and the bed (combustion) temperature, as found in this study,
were highly significant to bed agglomeration as the major contribution, while the
bed operating parameters show the minor effect. The fluidizing air velocity
dominated the contributions in the breaking and collision of agglomerates in
fluidized bed, while the static bed height was less significant.
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8. The fairly well to good predictability of the presently proposed mathematical
models on the defluidization behavior, represented by the defluidization time, were
obtained. +21% and £32% were the error ranges from the prediction with lab scale
data by the newly developed model and the modified model, respectively. In
addition, the modified model showed the slightly increase in the predictability,
against with the original model.



CHAPTER 7 RECOMMENDATION

Since the study of bed agglomeration behaviors in this work was carried out with
only four different biomass fuels at some specific operating conditions of FBC,
more intensive works with various types of biomass and bed conditions are needed
to investigate the further inorganic and bed agglomeration behaviors and to
evidently verify the mechanism of bed agglomeration. In addition, the more
experimental data being used, the more improvement in accuracy of the proposed
models derived from the regression technique.

. The initial steps of bed agglomeration process illustrated in Figure 5.23 were
determined by two competitive processes: (1) condensation/deposition and (2)
collision. The present experimental results revealed that these processes are
dependent significantly on the chemistry of biomass. Presently, the degree of
contributions in either relative or absolute of these processes are not investigated.
The degree of contributions provides the further important information of the
determining process of an individual biomass during bed agglomeration and the
concept to develop the models with the enhanced accuracy of prediction.
Additionally, the intensive study of the inorganic released behaviors which provide
the important information on the ash-bed particle interaction is necessarily.

. The further mathematical models, which predict the time dependent size distribution
of any bed particle as a function of the controlled operating conditions and the fuel
properties, is interested to develop in order to verify the pressure loss profile during
bed defluidization. It is a theoretical model which may further predict the
defluidization time.

. The experimental verification in the plant/commercial scale fluidized bed boiler
including the model verification can be the further works.

. The future study in the mechanisms on the inorganic mitigation of bed
agglomeration in FBC and the selection of appropriate additives for the observed
biomass is recommended.
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Xment in Equation 4.14 was estimated according to well known “Lever rule” on the
ternary phase of the given elemental system. For instance, a system composed of three
compounds A-B-C has the composition of A, B and C at point X as illustrated in Figure
A.1. Point E in this figure is the ternary eutectic.

A C

Figure A.1 Thermal behaviors of compounds in ternary phase diagram

Temperature referred to point X is called “liquidus temperature”, at which the
composition at X would be completely in liquid phase. At this point it would begin to
precipitate crystals of C. As temperature is lowered, crystals of C would continue to
precipitate, and the composition of the liquid would move along a straight line away
from C. This is because C is precipitating and the liquid is becoming less in C and
enriched in the components A + B.

As temperature decreased to point L which some amount of C has been precipitated, the
relative portion of liquid phase and solid phase can be determined;

b

liquid .at.L — a+b (A.1)
a

_ A2

Xsoild.at.L - ( )

a+b
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With further cooling, the path of the liquid composition will intersect the boundary
curve at point O. At the boundary curve, crystals of A will then precipitate. The liquid
path will then follow the boundary curve towards point M. The bulk composition of the
solid phase precipitated during this interval will be a mixture of A + C in the proportion

shown by point P.

At point M, the bulk composition of the solid phases so far precipitated through the
cooling history lies at point N (the extension of the straight line from M through the
initial composition X). At this time the liquid and solid fraction will be given by the

distances:

XN

Xliquid.at.M = W (A.3)
XM

Xsolid.at.M = W (A4)

With further cooling, the liquid composition will move to the ternary eutectic, Point E,
at which crystals of B will precipitate. The temperature will remain constant until all of
the liquid is used up. The final crystalline product will consist of crystals of A+B+C in

the proportions given by the initial composition X.
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The char surface temperature (Tcha), an important parameter to estimate Xpen, 1S
described by the energy balance at char surface between the heat generated by the
combustion and the surface heat loss of char by fluidized bed. The main equations
reported in a previous literature [180] are

B , Sh
r, —-T1, =
char b (1 + ) Nu (B.1)
where
B = 1
1+k, [k, (B-2)
a = 0'8( char T )/h( char ) (B'3)

where C, is the oxygen concentration, 21 %Vol. can be assumable. q is the heat of
combustion associated to the complete combustion of carbon content in biomass. Gas
diffusivity (Dag) and combustion rate constant (k¢) are determined by equation B.4 and
B.5, respectively [180].

D, =52x10"T,° /P (B.4)

k,=595T

e €Xp(—149200 /RT . ) (B.5)

Heat transfer coefficient (h) and mass transfer coefficient (k) included in Nusselt
number (Nu) and Sherwood number (Sh), respectively, can be determined by the
correlations [181].

(Nu z Jarge ) /(Nul i large) = (dp,char /dp )2/3 (B6)
(Sh Shzlarge)/(Sh Shzlarge) - (dp,char /dp)2/3 B.7)
where
Nu,,pp. = 0.854r"" +0.006 Ar*° Pr™> (B.8)
SH, tage = 0.00947%° S (B.9)
Nu, =6+0.1174r"” Pr’» (B.10)
Shy =2¢,, +0.1174r"Sc" (B.11)

Tenar at specific experimental conditions is calculated according to a diagram illustrated
in Figure B.1 based on the trial and error methods.
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