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ABSTRACT
The utility of fluidized bed reactors for combustion and gasification can be enhanced if
operational issues such as agglomeration are mitigated. The monetary and efficiency losses
could be avoided through a mechanistic understanding of the agglomeration process and
prediction of operational conditions that promote agglomeration. Pilot-scale experimentation
prior to operation for each specific condition can be cumbersome and expensive. So the
development of a mathematical model would aid predictions. The heterogeneity in ash
chemical composition, gaseous atmosphere and distributive granular physics properties affect
agglomeration.

As

the

particle

size

distribution

changes

with

agglomeration,

the

hydrodynamics such as particle collision frequencies also change continuously. This
progression makes it challenging to predict the particle growth kinetics, since the chemistryand physics-based parameters are interdependent. Existing models consider only one of these
two aspects. The present work aimed to account for the heterogeneous conditions and develop
a modeling methodology that integrates ash chemistry and granular physics.
With this motivation, the study comprised of the following model development stages1) development of an agglomeration modeling methodology based on binary particle collisions,
2) study of heterogeneities in ash chemical composition and gaseous atmosphere, 3)
computation of a distribution of particle collision frequencies based on granular physics for a
poly-disperse particle size distribution, 4) combining the ash chemistry and granular physics
inputs to obtain agglomerate growth probabilities and 5) validation of the modeling
methodology.
The modeling methodology comprised of testing every binary particle collision in the
system for sticking, based on the extent of dissipation of the particles’ kinetic energy through
viscous dissipation by slag-liquid (molten ash) covering the particles. In the modeling
methodology developed in this study, thermodynamic equilibrium calculations are used to
estimate the amount of slag-liquid in the system, and the changes in particle collision
frequencies are accounted for by continuously tracking the number density of the various
particle sizes. The particle number density is also affected by the ash chemistry as solid particles
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melt to form slag. Computational fluid dynamics modeling is used in conjunction to obtain the
initial granular physics inputs to the model.
In this study, the heterogeneities in chemical composition of fuel ash were studied by
separating the bulk fuel into particle classes that are rich in specific minerals. FactSage
simulations were performed on two bituminous coals and an anthracite to understand the effect
of particle-level heterogeneities on agglomeration. The mineral matter behavior of these
constituent classes was studied. Each particle class undergoes distinct transformations of
mineral matter at fluidized bed operating temperatures, as determined by using high
temperature X-ray diffraction, thermo-mechanical analysis and scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDX). The heaviest density fraction (>2.6 g/cc)
indicated the occurrence of ternary and multi-phase eutectics involving CaO, Fe2O3, SiO2 and
Al2O3 phases and a low slag formation onset temperature of 850 °C. Thus, up to 10 % slag-liquid
levels were observed to form around certain particles even at fluidized bed operating
temperatures, under oxidizing conditions. Initiation of ash agglomeration occurs around such
particles that tend to become sticky, and then propagates in the bed. It was also found that slagliquid formation began at lower temperatures under the studied reducing environment than
under oxidizing conditions and the amount of slag formed was at least 4 times greater for the
mineral rich density fractions. Thus, presence of local reducing conditions in the reactor could
enhance the propagation of agglomeration.
For the incorporation of a particle size distribution, bottom ash from an operating plant
was divided into four size intervals and the system granular temperatures and dynamic bed
height were computed using MFIX, a CFD simulation software. The kinetic theory of granular
flow was used to obtain a distribution of binary collision frequencies for the entire particle size
distribution. With this distribution of collision frequencies, which is computed based on
hydrodynamics and granular physics of the poly-disperse system, as the particles grow,
defluidize and decrease in number, the collision frequency also decreases. Under the conditions
studied, the growth rate in the latter half of the run decreased to almost 1/5 th the initial rate,
with this decrease in collision frequency. Additionally, the ash chemistry influenced the melting
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and the number density of solid particles in the system, which in turn affected the collision
frequency.
This interdependent effect of chemistry and physics-based parameters, at the particlelevel, was used to predict the agglomerate growth probabilities of Pittsburgh No. 8, Illinois No.
6 and Skidmore anthracite coals in this study, to illustrate the utility of the modeling
methodology. The study also showed that agglomerate growth probability significantly
increased above 15 to 20 wt. % slag. It was limited by ash chemistry at levels below this amount.
Ash agglomerates were generated in a laboratory-scale fluidized bed combustor at Penn
State to support the proposed agglomerate growth mechanism. Ash agglomerates were
produced by operating the reactor at a superficial gas velocity close to the minimum
fluidization velocity of the particles, using rejects from Pittsburgh No. 8 coal, with about 82 %
ash content, under oxidizing conditions. Agglomerate samples were also obtained from another
fluidized bed combustion facility in Canada. Polished cross-sections of these agglomerates were
studied using SEM-EDX to relate the particle-level slag formation and sticking to the chemical
composition. FactSage simulations of the slag-forming components were used to estimate the
agglomeration temperatures.
This study also attempted to gain a mechanistic understanding of agglomerate growth
with particle-level initiation occurring at the relatively low operating temperatures of about 950
°C, found in some fluidized beds.
The results of this study indicated that, for the materials examined, agglomerate growth
in fluidized bed combustors and gasifiers is initiated at the particle-level by low-melting
components rich in iron- and calcium-based minerals. Although the bulk ash chemical
composition does not indicate potential for agglomeration, study of particle-level
heterogeneities revealed that agglomeration can begin at lower temperatures than the fluidized
bed operating temperatures of 850 °C. After initiation at the particle-level, more slag is observed
to form from alumino-silicate components at about 50 to 100 °C higher temperatures caused by
changes in the system, and agglomerate growth propagates in the bed. A post-mortem study of
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ash agglomerates using SEM-EDX helped to identify stages of agglomerate growth.
Additionally, the modeling methodology developed was used to simulate agglomerate growth
in a laboratory-scale fluidized bed combustor firing palm shells (biomass), reported in the
literature. A comparison of the defluidization time obtained by simulations to the experimental
values reported in the case-study was made for the different operating conditions studied. This
indicated that although the simulation results were comparable to those reported in the case
study, modifications such as inclusion of heat transfer calculations to determine particle
temperature resulting from carbon conversion would improve the predictive capabilities.
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Chapter 1 : INTRODUCTION
Fluidized bed reactors for combustion and gasification have the advantages of in-situ
sulfur capture, fewer feeder points, low NOx and the ability to switch between wide varieties of
fuels (Basu, 2006). Combustion of biomass as a renewable energy source and also
supplementing the use of high rank coals with lower rank coals due to their wider availability
across the world, is gaining importance. Fluidized beds are efficient in handling such variations
in fuel types. Additionally, advanced power generation methods such as chemical looping
combustion that make carbon dioxide capture easier use fluidized beds. Gasification in
fluidized beds helps to avoid slag flow issues that can occur in entrained-flow systems.
In spite of the advantages, operational difficulties, down time and monetary losses due
to ash agglomeration and defluidization are prevalent in the fluidized bed combustion and
gasification industry. Agglomeration is sticking of solid particles to form larger particles leading
to an increase in particle size. This increase in particle size may be desirable for applications
such as pellet-making in the pharmaceutical industry, compacting, granulation, sintering of
ores, baking, instantizing and briquetting. On the other hand, this growth in particle size can
sometimes result in bed defluidization and losses, if it proceeds in an uncontrolled manner
(Pietsch, 2002). Unintentional bed agglomeration is a major concern in processes such as
combustion and gasification of fuels. The process efficiency is decreased with a decrease in heat
and mass transfer that occurs due to agglomeration. Besides the combustion and gasification
industry, the study of this phenomenon is important across numerous fields given the wideranging applications of fluidized bed reactors. These applications include catalytic cracking,
drying, gas phase polymer production, iron ore reduction and related metallurgical processes
(Bartles et al., 2008), cement manufacturing (Siegell, 1984) and thermochemical solid–fuel
conversion, such as combustion and gasification of coal, biomass, petroleum coke, pyrolysis of
plastic waste, waste incineration, and olefin polymerization. Problems such as deposit
formation and bed defluidization adversely affect the efficient utilization of this technology (Lin
et al., 2003, Anthony et al., 2000, Tharpe et al., 1997, Wheeldon et al., 2002, Brown et al., 1996,
Mudd et al., 1995, Steenari et al., 1998, Steenari et al.). Utilization of fluidized bed systems
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requires the maintenance of uniform fluidization conditions, as well as appropriate solids flows
within and out of the system, as per the design. Constraints to these parameters have resulted in
plant derating (as a mitigation strategy), forced outages and significant financial losses. In
addition to diminished financial performance due to constrained plant availability, operational
changes to avoid agglomeration can also create adverse impacts. For example, a decrease in
feed conversion efficiency may be experienced while attempting to avoid agglomeration by
decreasing reaction temperatures.
Agglomeration in commercial-scale fluidized bed combustion and gasification systems
is typically an undesirable phenomenon. Several instances of this have been experienced while
using fluidized bed technology for fuel combustion and gasification. A review of agglomeration
problems in commercial fluidized bed systems shows multiple terms used to describe the
phenomenon. In addition to agglomeration (especially going back more than two decades), the
terms “sintering” and “clinkering” have been used as descriptors. In some cases,
agglomerations of bed particles may also be referred to as “deposits”.
Solids agglomeration has been reported in boilers using bubbling fluidized bed (BFB),
circulating fluidized bed (CFB), and pressurized fluidized bed (PFB) systems. Fluidized bed
gasification systems have also reported the problem. BFB installations in the U.S., designed for
the firing of coal preparation refuse, reported agglomeration (Tung et al., 1987, Anthony et al.,
2000), which was assumed to be due to temperatures and partial bed slumping. Ultimately the
presence of agglomerates in this type of system could alter the fluidizing airflow and
temperature in the system, and lead to a forced outage. With the commercial introduction of
CFB boilers, there have been multiple instances of agglomeration reported in the literature,
across multiple fuels and multiple locations of the boiler system. Locations of specific interest
that can be impacted by agglomeration include fluid bed ash coolers, non-mechanical solids
returns that feed circulating solids back to the combustor (there are multiple trade terms for
this, here it will be referred to as the “loop seal”), and external heat exchangers. Loop seal
agglomeration has been reported for plants fired with petroleum coke (Anthony et al, 2000,
Tharpe et al., 1997), anthracite (Wheeldon, 2002), and blends of biomass/bituminous coal (Lin et
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al., 2003) and lignite/petroleum coke (Le Guevel et al., 2003). The loop seal system must return
solids at a high flow rate to the combustor, constraints in the loop seal can disrupt this flow,
and, in the extreme, solids can build up to the cyclone. A study, sponsored by the U.S.
Department of Energy, involving 13 CFB boiler plants in the U.S., showed several instances of
agglomeration (Brown et al., 1996). The results of this study have been summarized in Table 1.1.
Table 1.1 illustrates the problem prevailed in 69 % of the cases studied and also there was
uncertainty in the determination of the cause. It shows that at least 9 of the 13 units surveyed
had experienced deposition problems. Also, 6 of these reactors showed definite occurrence of
bed agglomeration. PFB boiler systems have also reported agglomeration in the bed area as well
as deposits on heat exchangers and cyclones (Mudd et al., 1995, Steenari et al., 1998). Fluidized
bed gasification systems have also reported agglomeration (Cargill et al., 2001, Southern
Company, 2008a) such as the problems with the Pinon Pine gasifier (Southern Company, 2008b)
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Table 1.1: Summary of study of instances of agglomeration in U. S. industry (Brown
et al., 1996)
No. of Facilities
No. of cases in which
situation was observed

No. of cases in which
situation was not
observed

9

4

6

3

3

6

5

4

3

6

6

7

5

1

4

2

Temperature

0

13

Alkali

0

13

Low-rank fuel

1

12

Situation

Deposit formation
Deposit Locations
Coal feed locations
Side walls
Cyclone
Return loop
Bed agglomerates
Bed material had agglomerated to form
large particles
If large particles in bed
Bed particles larger than feed
Agglomeration was confirmed to be due
to bed particles sticking together
Suspected cause of problems:

Agglomeration is influenced by the mineral matter transformations in solid fuels, which
depend on the type and composition of the fuel. The melting behavior of fuel mineral matter is
expected to be a key parameter as it provides the binding medium that causes ash particles to
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adhere. When a sorbent is used for emissions control, such as the use of limestone in fluidized
bed combustion, mineral species derived from the sorbent can also play a role. A mathematical
tool to predict agglomeration problems for a given set of operating conditions is crucial for the
use of solid fuels such as low and high rank coals and renewable energy sources such as
biomass. Even within high rank coals, compositional differences such as the chemical form and
content of iron, the sulfur and alkali/alkaline earth metal oxides content can affect
agglomeration.
Moseley and O'Brien (1993) and Wank et al. (2001) have associated agglomeration with
particle density, size and surface properties; agglomeration is also associated with the system's
operating temperature, gas velocity, physical and chemical characteristics, reaction mechanism
and particle size distribution (Lin et al., 2011). Laboratory-scale experiments reported in the
literature have studied the effects of some of these parameters in isolation. A lack of
comprehensive understanding of the combined effects of mineral matter composition,
transformations and operating conditions on agglomeration and subsequent bed defluidization
is evident. Furthermore, especially in the case of coal, mineral matter composition is a
distributive property, and batches of particles with similar physical properties (especially
density) can exhibit mineral matter compositions that deviate from the bulk property, with
respect to ash melting behavior.
This difficulty in prediction due to ash chemical heterogeneity (distributive nature of
mineral matter), becomes a bigger issue with fuel blending for combustion and gasification
since agglomeration tendencies may differ for each fuel type. For example, when the need for
fuel flexibility is high in biomass combustion and gasification, the fuel composition may vary
based on the availability. Fuel switches can result in unanticipated agglomeration problems.
Experimental study of agglomeration problems is challenging as – 1) agglomeration can
be difficult to control and failure to do so can result in clogged reactors, 2) predictions at the
plant scale cannot be based entirely on laboratory-scale experimental results and 3) running
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agglomeration experiments at the plant and pilot scale can be cumbersome and expensive,
especially with the growing need for fuel flexibility.
Additionally, in the case of solid fuel combustion or gasification systems, prediction of
agglomeration has been attempted based on indices and analyses such as the ash fusibility test,
differential thermal analysis (DTA), thermo gravimetric analysis (TGA) (van der Drift et al.,
1999), thermo mechanical analysis (TMA) (Gupta, 1998), and compression strength
measurements (Backman, 1994). Although these are useful tools for research and may help to
make a comparative approximation of the severity of agglomeration, they would be inadequate
to make full-scale predictions since agglomeration is simultaneously affected by several
different parameters (van der Drift et al., 1999). Non-uniformities that arise during combustion
and gasification of different fuels in fluidized beds cannot be predicted through the available
models. A key non-uniformity is the ash melting behavior itself, which is influenced by mineral
matter composition. Mineral matter composition itself can be a distributive property, and
classes of particles can deviate considerably in this parameter with respect to the mean value for
a sample of the respective coal seam.
Thus the development of a mathematical model to predict agglomerate growth rate for a
given fuel under a given set of operating conditions is necessary to reduce operational issues in
the fluidized bed gasification and combustion systems. This model could also be used for a
systematic study of the different parameters in order to develop a fundamental mechanistic
understanding and operational guidelines for trouble-free operation and could provide a means
for improved fuel flexibility and operational efficiency.
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Chapter 2 : LITERATURE REVIEW
A thorough review of the existing literature was conducted to understand the current
knowledge-base on the cause of agglomeration phenomenon and the ability to predict and
prevent operational difficulties.
Firstly, the basic hydrodynamics and conditions that lead to defluidization in a fluidized
bed are described briefly. Extensive agglomerate growth can cause defluidization and the
mechanisms of this agglomerate growth, their relation to the type of fuel and the forces that
cause two particles to stick, on collision, are discussed in detail. With an understanding of the
mechanisms of agglomerate growth, the different parameters that affect agglomerate growth
are reviewed. These parameters including chemistry-based parameters such as slag amount,
slag rheology, surface properties, and particle physics-based parameters including collision
frequency and collision velocity are discussed in this chapter. The tools (both chemistry- and
physics-based) that are available to predict agglomeration are reviewed. Due to the fuel
flexibility offered by fluidized beds, the experimental determination of agglomeration
tendencies for the large variety of fuels can be cumbersome and pilot-scale studies can be
expensive. Hence there is a need for mathematical models to enable quick estimates of
agglomeration with changing operational parameters. A critical review was conducted of the
existing models and their suitability to predict agglomeration in fluidized bed combustion and
gasification systems. In general, the models use certain criteria to determine the outcome of
binary collisions, and a technique to estimate the kinetics of agglomerate growth. In addition,
they may also include a method to account for the hydrodynamics of the discrete and
continuous phases. Each of these three aspects is reviewed. The modeling methodologies are
based on a number of ash chemistry and particle hydrodynamics parameters. The effect of each
of these parameters is elaborated on and the interdependence of chemistry-based parameters
such as slag amount, slag rheology, surface properties, and particle physics-based parameters
including collision frequency and collision velocity is discussed in this chapter.
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2.1. Basics of particle ﬂuidization in ﬂuidized beds
A bed of particles is kept ﬂuidized by an upward ﬂow of gas in these reactors. As the
gas ﬂow rate increases, the pressure drop across the bed increases. The minimum
superﬁcial gas velocity needed to avoid deﬂuidization is called the minimum ﬂuidization
velocity (Pell, 1990). At this point, the pressure drop across the bed equals the weight of
the bed. The bed deﬂuidizes if the velocity drops below the minimum ﬂuidization
velocity or if the particle minimum fluidization velocity begins to exceed the superficial
gas velocity. The time elapsed from the start of operation until bed deﬂuidization is called
the deﬂuidization time (Chaivatamaset, 2011). Bed defluidization can be defined based on
changes in pressure drop across the bed or by the mass of bed material defluidized. In
this thesis, the defluidization time was arbitrarily defined as the time required for
defluidization of 95 % of the bed mass.
The study of particle hydrodynamics begins with a classification of particles into four
types based on their size and density to determine the particle hydrodynamic properties. This
classification was given by Geldart. Some of the properties of these particles are summarized in
Table 2.1.

Table 2.1: Summary of particle properties based on Geldart classification (Kunii et
al., 1991, van Ommen et al., 2010, Alvarez Cuenca et al., 1995, Basu et al., 2006)
Type

Physical
property

Fluidization Characteristics

Examples

Minimum fluidization velocity is lesser
than the minimum bubbling velocity

FCC catalysts

Minimum fluidization velocity is equal
to minimum bubbling velocity

Sand

30 -100 µm
A (Aeratable)

(particle density
< ~1.4 g/cc)
40-500 µm

B (Bubbling)

(particle density
1.4 -4 g/cc)

C (Cohesive)

0-30 µm

Normal fluidization is difficult as interparticle forces are large

Flour

D (Spoutable)

>1000 µm

Difficult to fluidize

Coffee beans
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In fluidized bed combustors and gasifiers solid fuel is fed in the lower section of the
reactor near the bed. It is kept fluidized above a porous frit by gas. The combustion occurs in
the lower section of the reactor and the temperatures are higher in these dense bed sections. The
bed can consist of ash particles, bed material such as sand and limestone particles used for
sulfur capture.
Ash particles may be of type C (0-30 microns) and A (30-100 microns) type, based on
their size and parent fuel particles. As combustion progresses and ash is formed, the larger coal
particles burn and their size decreases. Thus more type C particles are likely to form from the
initial bigger coal particles. Coal particles used in fluidized bed systems are generally of type B
(100-1000 µm). As coal burns, the particle size decreases and type A and further type C particles
may be formed. Agglomeration and channeling problems may then occur as more type C
particles are formed. Bottom ash particles in the fluidized bed would mainly be of type A and
type B. As agglomeration progresses, they would increasingly be of type B. Once, the flow
patterns become uneven and agglomeration gets initiated, particles can form large type D
particles that begin to defluidize. Thus the system evolves from type B to A and C and finally to
D as the particles burn and agglomerate.

2.2. Mechanisms of agglomerate growth during fluidized bed combustion and
gasification
In a fluidized bed, colliding particles possess kinetic energy, which is dissipated by
other forces that arise and bind the particles. The forces that bind colliding particles are
summarized in Figure 2.1. The magnitudes of these forces differ from case to case as is
elaborated in section 2.2.1. Fundamental balances of these different forces determine the
outcome of particle collisions. Particles form agglomerates when the impact force due to
kinetic energy is lost due to dissipative forces such as viscous dissipation forces, cohesion
forces, capillary forces and surface tension forces. If the sum of the impact force and the elastic
repulsive force is greater than the sum of these dissipative forces, the particles stick together
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after collision. Agglomeration mechanisms may be categorized based on the balance of these
forces that arise between the particles, the structure of the agglomerates, as well as the method
of formation of the binder.

Binding forces

Solid bridges

Adhesion and
Cohesion

Surface tension and
Capillary pressure

Sintering

Highly viscous
binders

Liquid bridges

Hardening
Binders

Adsorption
layers

Capillary
Pressure

Drying

Molecular
forces

Attraction
forces between
solids

Interlocking
Bonds

Electric forces

Magnetic forces

Van-der-Waals

Free chemical
bonds

Hydrogen
bridges

Figure 2.1: Binding forces causing agglomeration (Adapted from Pietsch, 2002)
Several studies (Hupa, 2012, Salman, 2007, Shao, Y., 2012, Skrifvars et al., 1994, Visser et
al., 2008, Gatternig et al., 2015) have proposed mechanisms of agglomerate growth. Figure 2.2
synthesizes and classifies these mechanisms, establishing their interconnectedness. It should
also be noted that hitherto mechanisms of agglomerate growth have been described based on
the ash chemistry alone, assuming that particle physics does not play a primary role in the
growth mechanism. A complete explanation of operational problems experienced under
different conditions, with the same fuel, would require a mechanistic understanding of the role
of physics-based parameters as well. Agglomeration may be initiated in a system due to
fluctuations in system hydrodynamic parameters, in spite of identical chemistry, as long as a
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minimum amount of binder is present. Thus, an understanding of the particle physics may
enable extension of agglomeration mechanisms to include categories based on particle physics
as well.
Mechanisms of
agglomerate growth

Without Liquid

Solid state
sintering

With liquid

Coating
induced

Melt
induced/Liquid
induced

- Van der
Waal

- Around burning char
particles

- Slag Coatings

- Slag bridges

- Partial melting
- Viscous Flow
- Chemical Reactions

Figure 2.2: Classification of mechanisms of agglomerate growth in fluidized bed
combustion and gasification
Broadly, particle agglomeration can occur by solid-state sintering or by the formation of
liquid bridges. Solid-state sintering occurs when identical species come together in order to
lower the surface energy. It is less common than agglomerate growth that occurs in the presence
of liquid. The importance of the presence of a liquid phase in promoting agglomerate growth is
elaborated below.
Based on the dispersion of the slag-liquid on the particles, the agglomerate growth
mechanism may either be referred to as the “melt induced” or “coating induced” (Visser et al.,
2008, Gatternig et al., 2015). In the case of the melt induced mechanism, the liquid forms a
pendular bridge between particles that come in contact. Since this mechanism of agglomerate
growth by melt formation had been identified earlier, Gatternig et al. (2015) referred to this as
the liquid-induced mechanism. Although the coating induced mechanism also involves the
presence of a liquid, a reference to “liquid induced mechanism” in the literature signifies only
the melt-induced mechanism. In liquid-induced or melt-induced agglomeration, partial melting
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of certain components leads to liquid formation. This has also often been referred to as
“sintering by the partial melting mechanism”. Either of these agglomerate growth mechanisms
involving liquid, result due to formation of slag by different sintering mechanisms such as
partial melting, viscous flow or chemical reaction sintering as shown in Figure 2.2. These have
been discussed in detail in section 2.2.2.
The “coating-induced” mechanism involves ash particles completely covered by a sticky
liquid layer. With increasing interest in the utilization of biomass as a renewable energy
resource, further investigations have been undertaken to further understand this mechanism.
Gatternig et al. (2015) studied the effect of heterogeneous reactions on the formation of coatings
and also investigated changes in the coatings as agglomeration progresses. In coating induced
agglomeration, the binding of particles can also occur by Van der Waals forces or by solid-solid
or gas phase chemical reactions. There exists some debate in the literature about the method
that leads to the formation of the coating. Chaivatamaset et al. (2015) found condensation from
gas phase to be the dominant agglomerate growth mechanism based on their Scanning Electron
Microscopy-Energy Disperse X-ray Spectroscopy (SEM-EDX) study of agglomerates along with
comparison to thermodynamic calculations showed that condensation from the gas phase
followed by chemical reaction with silica to be the cause of agglomeration. However, Gatternig
et al. (2015) showed that condensation of volatilized alkali metals onto solid particles from the
gas phase was not the dominant mechanism, since the large temperature gradients required for
this were not likely in the fluidized bed. In their SEM-EDX studies they found that the
composition of the coating layer (liquid) was similar to that of the solid particles that were
stuck. Hence, they concluded that the particles were already sticky before coming into contact
and the coating was not formed by the condensation of species from the gas phase. Instead, they
proposed that adhesion of ash fragments, invasion of quartz by calcium and potassium, and
contact of inner layers during particle collisions resulted in the formation of coatings and
agglomeration. Gatternig et al. (2015) further classified the coating induced mechanisms based
on SEM-EDX analysis as hard coating, dry powdery coating and a coating with immersed
particles.
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Agglomerate growth mechanisms have thus been broadly categorized into solid-state
sintering, melt-induced and coating-induced mechanisms based on their structure and the type
of bonding. It was considered important to determine the relative significance of the forces that
lead to this bonding and also understand the causes of formation of the binding liquid phase.
2.2.1. Dominant particle binding forces causing agglomeration in fluidized bed systems

Figure 2.1 summarizes the forces that can cause two particles to remain stuck on
collision. These include Van der Waals forces, surface tension or capillary forces, and liquid
bridge forces that hold particles together (Salman, 2007). One of these forces would be
dominant, depending on the nature of the particles involved. Van der Waals forces include
dipole/dipole, dipole/non-polar and non-polar/non-polar forces. In the case of sphere–
sphere interaction, the Van der Waals interaction force between the spheres each of
radius R is given by Fvw = AR/12x2 where ‘A’ is the Hamaker constant and is a
property of the material while ‘x’ is half the separation distance between the two
spheres. Molecular forces such as Van der Waals forces are weak and will be dominant only
if the particles are less than 1 μm in diameter and at the most up to 10 μm diameter
depending on the material properties. In combustion and gasification processes the ash
particles are larger than a micron. The particle size distribution of bottom ash obtained from a
full-scale boiler ranged from 90 μm to about 4 mm (Soundarrajan et al., 2012). Hence the
formation of a liquid phase is a prerequisite for ash agglomeration during combustion and
gasification. In the case of particles that have a wetted surface, either the surface tension and
capillary forces or the viscous dissipation forces dominate, depending upon the viscosity of
the bridging liquid. If the liquid has a low viscosity, the bridge represents a movable surface
and surface tension forces act along the solid-liquid-gas boundary. In addition, a negative
capillary pressure develops in the liquid bridge region and holds the two particles together.
On the other hand, if the liquid is highly viscous, its mobility is reduced and so also is the
magnitude of the surface tension and capillary forces (Rumpf, 1961). Darabi et al. (2009)
developed a coalescence model based on liquid bridge forces. Comparison of the results of
limiting cases (with capillary/surface tension forces as dominant and with viscous forces as
dominant) were compared to experimental results, and they concluded that viscous forces
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dominate when the capillary number (Ca =

𝑢𝑐 𝜇
𝛾

) is greater than 100. In the system under

study, the collision velocity ranges from 1 to 10 m/s and the slag surface tension would be
around 0.1 to 0.5 N/m (Miller et al., 1988). Thus, viscous dissipation will dominate
agglomeration if the slag viscosity is greater than about 20 to 50 Pa.s. The slag viscosity is
higher at the operating conditions in fluidized bed, for the bituminous and anthracite coals
studied and hence viscous dissipation dominates during combustion and gasification of these
fuels. The following section discusses the mechanisms of the liquid phase formation in these
applications. The forces due to liquid bridges are dominant compared to those due to solid
sintering at the time-scale of collisions in fluidized bed systems as discussed in section 4.4.2.
2.2.2. Sub-division of agglomeration mechanisms based on slag formation tendencies

Mechanisms by which agglomerate growth occurs during fluidized bed combustion and
gasification can further be sub-divided into three types based on the method of liquid phase
formation. These include agglomeration due to partial melting, viscous flow and chemical
reactions (Skrifvars et al., 1994 a).
The partial melting mechanism results in the formation of liquid bridges and leads to the
melt-induced agglomeration mechanism. Partial melting refers to slag formation from low
melting solid components on the ash (Skrifvars et al., 1994 b). The ash does not melt completely,
but the constituents of ash whose solidus temperature is reached, begin to form a melt phase.
Thus, ash particles begin to have slag droplets on their surface, which form bridges when the
particles come into contact.
Viscous flow and chemical reaction sintering can cause both melt induced and coating
induced agglomeration. Viscous flow sintering occurs in highly siliceous materials that form a
glassy slag on heating beyond the solidus temperature. The softened mass acts as the viscous
binding medium between interacting particles. Additionally, viscous flow sintering is also used
as a description of agglomeration mechanism that occurs in the presence of viscous liquids.
Generally viscous flow sintering has been associated with the coating induced agglomeration
mechanism (Gatternig, 2015). However, it can be related to the partial melting mechanism as
well. An extension of the partial melting and viscous flow sintering mechanisms is the
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attachment of partially molten particles to other inert bed particles, in turn leading to
agglomeration. The presence of hot char particles also initiates agglomeration by partial melting
through viscous flow sintering (Gatternig, 2015).
Chemical reaction sintering involves reactions between mineral components that lead to
liquid phase formation. The formation of particle bridges may occur by the reaction of gaseous
material with particles (gas-solid) (Hupa, 2012) or by solid-solid reactions (Gatternig, 2015) as
well as gas phase (gas-gas) reactions (Shao, 2012).
An example of important gas-solid reactions that lead to the formation of low-melting
potassium silicates, in case of biomass fuels are (Hupa, 2012)
SiO2 + 2 KCl + H2O  K2SiO3 + 2 HCl
SiO2 + 2KOH  K2SiO3 + H2O
Additional chemical sintering reactions prevalent in biomass fuels are discussed in section 2.3.1.
as the mineral matter transformations of biomass fuels.
The above discussion suggests the importance of liquid phase formation as a cause of
agglomeration during fluidized bed combustion and gasification processes. Thus in order to
determine the slag formation tendencies of ashes, a need to study mineral matter
transformations in detail arises.
The mechanism by which agglomeration occurs influences the surface coverage of the
particles. In the case of the melt-induced mechanism, a smaller particle surface area is wetted by
slag-liquid, while a uniform coating of the entire particle surface occurs in the case of the
coating induced mechanism. This difference is important in the development of models to
predict agglomeration. The surface area of a particle that is wetted by slag determines the
probability of a wet collision between particles. The higher is the probability of colliding
particles being wet, the greater is the likelihood of their sticking, as the viscous slag layer can
dissipate the particles’ kinetic energy. Hence an understanding of the dominant mechanism of
agglomerate growth influences the prediction of agglomerate growth for the system under
study.
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This knowledge of agglomerate growth mechanisms will help to evaluate use of the
available prediction tools for different fuel types.

2.3.

Important

chemistry

and

physics

based

parameters

that

affect

agglomeration
The chemical composition, surface tension and viscosity need to be integral parts of
agglomeration prediction tools. In addition, granular physics, which includes particle velocities
and collision frequencies, also play a critical role. Each of these parameters is discussed in
detail in the following sections.
As discussed in section 2.2, agglomeration during fluidized bed combustion and
gasification has often been associated with slag formation. Hence, a review of the slag formation
tendencies of each of the fuel types that are used in these systems was conducted to understand
the effect of their chemical composition on slag formation, at fluidized bed operating
conditions.
2.3.1. Mineral matter transformations that lead to slag formation in fluidized bed conditions

The literature has several studies (Duchesne et al., 2012, Massoudi et al., 2013, Jak et al.,
2004, Scott, 1999) on ash slagging tendencies at high temperature conditions since slagging is an
important phenomenon in entrained flow gasification. However, reactions that lead to slag
formation under fluidized bed temperature conditions have not been separately compiled and
emphasized. In order to gain this understanding, eutectic compositions that may be possible
based on fuel ash components were identified. Thus, it was considered useful to study the
chemistry of different fuels at the particle-level to determine problem-causing components that
are likely to initiate agglomeration.
When coal ash is heated, a liquid-like melt or slag comprising of siliceous polymeric
compounds begins to form above the glass transition temperature. The polymeric compounds
consist of bonds such as Si-O-Si. Acidic oxides, present in the ash, help to extend such chains
and lead to formation of polymeric networks. On the other hand, basic oxides such as Na2O, K2O
and so on satisfy the open ends of these acidic polymeric complexes thus completing the
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polymeric chain (Vargas, 2001). The basic oxides are called network modifiers while the acidic
oxides are referred to as network formers. Alumina and iron oxide are amphoteric and can act
as both network modifiers and formers based on the neighboring ions. Thus the composition of
the ash determines the slag formation tendencies of the ash.
In addition to the tendency of ashes to form slags, certain components present in the
ashes can also lead to the formation of specific eutectics depending on the ratios of the
components present. The formation of eutectics will lead to melting of the ash particles, further
leading to liquid formation.
The typical components in the ash of different types of fuels, some of their major
transformations and also tendencies that lead to the formation of a liquid phase are discussed
below. Based on the fuel composition, the likely agglomeration mechanism is identified.
Applicability of existing tools to the prediction of agglomeration based on this mechanism is
also discussed for each fuel type.

High rank coals- These coals are generally rich in siliceous and clay minerals (Raask, 1985).
The low temperature transformations of these alumino-silicates are shown in Figure 2.3. Besides
mullite, alumino silicates also lead to formation of mineral phases such as montmorillonite,
felsobanyite and corundum. Alumino-silicates also undergo vitrification. Metakaolin
decomposes to mullite crystals of different forms and amorphous silica. The amorphous silica is
reactive and also leads to the formation of eutectics at temperatures as low as 990 °C such as
due to potassium feldspar. Calcium compounds also interact with alumino-silicates and form a
variety of low-melting compounds (van Dyk et al., 2009, Zwu et al., 1990). Compounds
consisting of calcium with sulfur and sodium as well as calcium magnesium silicates such as
forsterite have low melting points and have been witnessed while using high rank coals (Zhu et
al., 2015). Bituminous coals also have high contents of iron-based minerals such as pyrites and
iron oxides. Certain iron-aluminosilicates form low melting compounds (Zhu et al., 2016).
Depending on the stage of reduction of the iron several more eutectic combinations become
possible. Fe2O3 particles were shown to undergo greater agglomeration in the presence of higher
contents of iron (Zhong, 2014). The exothermic oxidation of pyrrohotite leads to high particle
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temperatures. Such local high temperature conditions, promote the formation of a liquid phase.
The sulfur containing compounds such as pyrite, FeSO4, CaSO4 also melt and form slag at low
temperatures.
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Figure 2.3: Mineral matter transformations in high rank coal (Image structured on
information given in references by Raask, Arvelakis et al. 2006, Finkelnburg)
Besides leading to the formation of low melting compounds by their individual
reactions with other chemical constituents, calcium and iron containing compounds also react
with one another to form compounds that melt at low temperatures. Calcium oxide and iron
oxide react at 1,000 °C to form calcium iron oxide, which is fully molten by 1,200 °C. Anorthite
combines with iron oxide to form hercynite, which also melts fully by 1,200 °C.
Since high rank coals are predominantly siliceous and form glassy slag, agglomeration
in high rank coals is generally attributed to the viscous flow mechanism (Scott, 1991). The other
oxides present influence the viscosity and to some extent the temperature slag formation. Since
the slag formed is always highly viscous glassy material, the viscous dissipation of the kinetic
energy of particles would be very high. Hence, particles that come into contact in slag-wetted
regions would necessarily stick since their kinetic energy would be dissipated. However, if
significant amounts of alkaline oxides or iron oxides are present, they can influence the
viscosity and initial slag formation temperature. The agglomeration mechanism then may also
involve partial melting in addition to viscous flow sintering. The effect of the gaseous
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atmosphere present would also be important. Iron oxides can occur in several different
oxidation states and have different effects on agglomeration. Thus estimates based on solely
physics-based prediction techniques may be misleading. They may be useful in the case of
conventional combustion but highly inaccurate in case of advanced combustion techniques such
as chemical looping combustion (Adanez, 2012) wherein iron may exist in a number of
oxidation states.

Low rank coals- They are rich in calcium, sodium and alkali/alkaline earth metals (Raask,
1985). The sodium in lignites and sub-bituminous coals undergoes volatilization in the form of
volatile species such as sodium chloride. Brown coals with high chlorine and sodium contents
lead to liquid phase formation at 628 °C and significantly high amounts of liquid phase are
formed between 700 to 900 °C. Hydroxides, oxides, and in the case of highly reducing
conditions, metals are formed from the minerals present. These interact with the silicates or
sulfates to form compounds such as Al2O3.SiO2.Na2O and Na2SO4 (McCullough et al., 2015, Eyk et
al., 2012). Sodium sulfate melts at 884 °C. It can also form low melting components especially in
the presence of potassium sulfate and calcium sulfate (Eyk et al., 2012). Sodium and calcium
sulfates form mainly under oxidizing conditions, such as in combustors or at gas inlets in
gasifiers. Under gasifying conditions, Mccullough et al. (2015) showed that sodium disilicate –
quartz eutectic was likely to act as the glue. They used SEM-EDX and XRD and found that the
glassy phase surrounding solid particles contained large quantities of sodium and the sodiumto-silica ratio found also indicated that sodium disilicate is a likely cause of agglomerate
growth. Calcium compounds are often present as organo-metallic complexes, sulfates and
carbonates in low rank coals (Raask, 1985). Eutectics are formed in the ternary system of alkali,
magnesium and calcium sulfates that melt in the temperature range of 650-940 °C (Nel, 2015).
While calcium sulfate alone does not lead to agglomeration issues, presence along with sodium
compounds and formation of NaCaSO4 can cause the formation of low melting components and
promote agglomeration (Eyk et al., 2012).
Unlike high rank coals, agglomeration in low rank coals follows the mechanism of
partial melting and chemical reaction sintering (Scott, 1999). Physics-based tools alone will give
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faulty estimates of agglomerate growth. Instead, tools that are based on ash chemistry would
provide a relatively better judgment.
With the high content of sodium and calcium, the viscosity of the melt phase is likely to
be lower than in the case of high rank coals (Raask, 1985). The lower viscosity and greater slag
amount at a given temperature increase the slag-wetted surface area of solid particles. Hence,
the probability of particles coming into contact in a slag-wetted region would be higher in the
case of low rank coals. This would then promote particle sticking and increase the
agglomeration rate at a given temperature.
Additionally, minerals are more finely dispersed in case of lignites than in case of
bituminous coals (Baxter, 1993). Alkali metals present in lignites are generally dispersed in the
coal while they are found as discrete minerals in high rank coals (You, 2008). For example,
calcium in lignite is dispersed in coal macerals while it is generally found as discrete calcite in
high rank bituminous coals. This also indicates that the finer mineral particles present in low
rank coals would be more completely covered in slag, thereby increasing the agglomerate
growth rate. Hence, the coating induced mechanism of agglomerate growth is more likely than
the melt-induced mechanism. This is supported by Liu et al.’s (Liu et al., 2009) study that
showed that particles less than 10 µm underwent coating induced agglomeration while larger
ash particles followed the melt-induced mechanism. This is also supported by the differences in
the fouling mechanisms described by Baxter (1999). Inertial impaction has been found to be the
dominant deposition mechanism of bituminous coals in his study, while the deposition of
smaller lignite particles is dominated by condensation and coating of the particles.
Another difference that needs to be considered is that higher operating temperatures
may be needed for high rank coals as compared to low rank coals due to their lower reactivity
(Southern Company Services, 2008). This could lead to higher agglomeration if heat dissipation
and hydrodynamics are not improved.

Petroleum coke (Pet coke)- Pet coke-fired plants have shown more agglomeration problems
than coal-fired ones. The review by Chen et al. (2007) states agglomeration as one of the
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operational problems that needs to be addressed for effective utilization of this by product as an
energy resource. Pet coke has high sulfur content, making it convenient to run in fluidized beds
that use limestone for sulfur capture. However, vanadium based compounds as well as sulfur
compounds are mainly responsible for slag formation in pet coke. Calcium carbonate and
calcium sulfate can also be problematic (Anthony, 2005). Conn et al. (1995) studied the effect of
addition of limestone and also dolomite as bed material during pet coke combustion. Based on
the increase in compressive strength of samples in the presence of the sulfated bed material and
thermo-gravimetric analysis of samples, they discussed this interaction of bed material and
calcium-based compounds as the cause for agglomeration. Some very low melting components
are present in pet coke, some of which have been listed in Table 2.1. Compounds such as
CaO.V2O5 that result from interaction of limestone with vanadium-based compounds lead to the
formation of low temperature eutectics.

Table 2.2: Low melting compounds found in Pet coke (Tillman et al., 2004)
Component

Melting temperature
(oC)

Na2O.V2O5

630

V2O5

690

NaSO4

880

CaO.V2O5

778

Fe2O3.V2O5

860

2NiO.V2O5

899

Due to the presence of such low melting components, agglomeration of pet coke would
be likely to predominantly follow the partial melting mechanism. However, pet coke slag
viscosity is considerably high due to the presence of vanadium- and nickel-based compounds
(Scala, 2013). This could also result in the viscous flow mechanism of agglomeration. Thus pet
coke would lead to formation of high amounts of highly viscous slag, which is the likely cause
for its greater agglomeration potential. Additionally, it should be noted that the viscosity of pet
coke slags is higher under reducing conditions than under oxidizing conditions since the
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reduced form of the vanadium-based compounds have higher melting points (Conn et al.,
1995). This is unlike the viscosity of slag formed from coal ash, which is lower under reducing
conditions than oxidizing conditions, due to the fluxing effect of reduced iron based
compounds.

Biomass- Unlike coals, biomass contains impurities such as chlorine, sulfur, phosphorus
(Hupa, 2012), which can increase their potential for agglomeration. Potassium and sodium salts
are present to a large extent in biomass (Niu et al., 2014). Gas phase reactions followed by
condensation onto solid particles results in the formation of sticky liquid that promotes
agglomeration. Additionally, solid-solid reactions and formation of low temperature eutectics
also lead to the formation of a binding liquid phase (Niu et al., 2014).
Reactions of alkali metals present in biomass with water lead to formation of
hydroxides. Also, these alkali metals undergo gas phase reactions of sulfation, chlorination and
carbonation reactions. These sulfates, chlorides, hydroxides and nitrates found in the vapor
phase, condense onto solid ash particles at low temperatures providing a viscous medium to
cause particle agglomeration (Niu et al., 2014, Visser et al., 2008, Knudsen et al., 2006). Chloride
content in a fuel can also lead to increased agglomeration. The liquidus temperatures of the
KCl-NaCl-CaCl2 system are below 700 ˚C for several compositions and even below 500 ˚C for
some compositions. Table 2.3 shows that melting points of these oxides individually are also
below 800 °C (Billen et al., 2013). Deposition due to chlorides is enhanced in the presence of
sulfur due to the formation of sulfates as per the following reactions
2KCl+ SO2 + 1/2O2 + H2O  K2SO4 + 2HCl
2KCl + SO2 + O2  K2SO4 + Cl2
Similarly, lime in bed material can also lead to biomass agglomeration by chemical
reaction sintering involving carbonation or sulfation reactions (Hupa, 2012) as followsCaO + CO2  CaCO3
2CaO + 2SO2 + O2  2 CaSO4
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The type of compounds that are predominant in the bed depends upon the initial
composition of the biomass e.g. woody biomass form more alkali sulfates while herbaceous
biomasses show more alkali chlorides (Shang et al., 2013), the temperature and the gaseous
atmosphere (Niu et al., 2016). Based on the K/Cl ratio and temperature range, either potassium
hydroxides may be formed (K/Cl <1 and temperature > 800 °C) or potassium carbonates may
form (K/Cl <1 and temperature < 800 °C). The different possible products have been
summarized by Niu et al. (2016) in their recent review. As per their discussion, alkali metal (M)
compounds also undergo silication reactions as followsM2SO4 + nSiO2  M2O.nSiO2 + SO3
MCl + nSiO2 + H2O  M2O.nSiO2 + 2HCl
2MOH + nSiO2  M2O.nSiO2 + H2O
Silicates and alumino-silicates that contain potassium or calcium lead to low
temperature viscous liquid formation, which in turn causes bed agglomeration (Shao et al.,
2012, Hupa, 2012). Compounds with n =1, 2 and 4 in K2O.nSiO2 have melting points below 800
°C. For example, the mixture of potassium tetrasilicate and quartz has a solidus temperature of
767 ˚C. Using SEM-EDX study of agglomerates formed in a laboratory fluidized bed reactor,
Chaivatamaset et al. (2015) also showed that potassium silicates contributed to agglomeration
during combustion for eucalyptus bark. Sodium silicates melt at slightly higher temperatures
(Billen, 2013). Ohman et al. (2000) performed SEM-EDX analyses of 8 different biomass fuels
and concluded that potassium silicates were responsible for the formation of agglomerates.
Contradictory to other suggestions in the literature, they also suggested that chlorine and sulfur
do not participate in the agglomeration mechanism.
The presence of phosphorous-based compounds also aggravates the agglomeration
problem (Hupa, 2012) and these are found to a larger extent in biomass. Potassium phosphates
have very low melting temperatures (Wang, 2012). For example, a mixture of potassium
metaphsophate and potassium pyrophosphate has a solidus at 613 ˚C (Billen, 2013). Using
thermodynamic calculations, Billen et al. (2013) demonstrated that alkali metals compete
towards the formation of phosphates and silicates. They found that even in fuels having high
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phosphorus contents, silicate formation also occurs. In the presence of calcium oxide, they
found that reactions are possible between the calcium and phosphorus phases and hence the
resultant effect of phosphorus in the formation of low melting silicates is not very significant, in
such a situation. Hence, high phosphorus content alone may not indicate an increased
agglomeration tendency, as it needs to be analyzed in conjunction with the other mineral
matter.
Based on the ash composition, mineral matter transformations and knowledge of the
phases present at fluidized bed temperatures, select ternary phase diagrams were studied.
Possible eutectics that lead to slag formation at temperatures relevant to fluidized bed operating
conditions were identified. Some of these have been listed in Table 2.3.
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Table 2.3: Melting temperatures of possible eutectic mixtures (Knudsen, 2006, Shang, 2013,
Marinov , 1992, Spliethoff, 2010, Billen, 2012, Turkdogan, 1996, Moore, 1990)

Components forming eutectic

Melting temperature (oC)

NaSO4- NaCl

625

K2O-SiO2-Al2O3

750

K2O-SiO2

770

KCl

776

CaCl2

782

NaCl

801

CaSO4 –CaS

850

CaSO4- NaSO4

899

CaSO4- KSO4

867

K2O-CaO-SiO2

770

FeS-FeO

924

Fe- FeS

988

Fe2O3-SiO2-Al2O3

1073

FeO-SiO2-Al2O3 (wt.% - 47-40.3-12.5)

1073

CaO-FeO-SiO2 (wt.%- 17-46-37)

1093

CaO-FeO-SiO2 (wt.%- 11.5-43-45)

1105

CaO-FeO

1133

FeO-Fe2O3- SiO2

1147

CaO-FeO-SiO2

< 1150

CaO-SiO2-Al2O3

1170

CaO-FeO-SiO2-MgO

<1047

CaO-SiO2-MgO

1320
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These eutectic temperatures would be further lowered in the presence of impurities or
additional phases in multi-component systems. For example, the melting temperature of the
four component CaO-FeO-MgO-SiO2 eutectic is more than 250 °C lower than the three
component CaO-SiO2-MgO eutectic (Table 2.3). Another example reported about a 100 oC drop
in melting point of the FeO-SiO2-Al2O3 eutectic in the presence of impurities (Mason, 1977).
The chemical reactions that lead to biomass agglomeration are being extensively studied
and reviewed in the literature. Condensation of gas phase species onto solid ash particles after
gas phase reactions, eutectic formation involving potassium silicate species, eutectic formation
due to phosphorus based compounds are some of the possibilities that are being studied. The
predominance of reactions involved in the agglomerate formation depends on the chemical
composition of the specific type of biomass, the temperature conditions and the reactor
configuration.
Biomass is likely to undergo agglomeration by the mechanism of chemical reaction
sintering, while also being coating induced. Coating-induced mechanism is said to be the
dominant agglomeration mechanism in case of biomass fuels (Billen et al., 2013, Gatternig et al.,
2015). In case of herbaceous fuels, however, melt induced mechanism has also been largely
observed (Gatternig et al., 2015). In general however, more slag formation is likely from
biomass ash due to the presence of several low-melting and vaporizing alkali and alkaline earth
metals and hence it is likely that particles may be fully covered in slag and agglomerate by the
coating-induced mechanism.
The coatings may be formed by gas-solid reactions such as those that include the
formation of potassium silicates or by gas-gas reactions such as the conversion of gas phase
potassium chlorides or hydroxides to potassium sulfates and formation of supersaturated
mixtures (Shao et al., 2012). These can then condense onto solids to form sticky coatings.
Heterogeneous solid-solid transformations of KCl and K2CO3 can also result in the formation of
solid K2SO4, which can lead to the formation of low melting constituents (Shao et al., 2012).
An understanding of the effect of chemistry on the mechanism of agglomerate formation
is required to develop models for specific applications. There is a need for the development of
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sub modules to perform calculations of particle surface coverage based on the agglomeration
mechanism. Sub-models should be developed and tailored to the specific fuel type for better
applicability. In order to calculate the surface coverage by slag, thermodynamic modeling tools
such as FactSage can be used, as discussed. FactSage needs further improvement for application
to the prediction of slag formation from biomass. Currently, it can be used to predict low
melting constituents such as potassium silicates, but further improvements are needed for
making predictions based on phosphorus containing phases (Niu et al., 2015). Also, the
development of supplementary models that account for slag formation from the condensation
of gaseous species would enhance the applicability of these tools to biomass agglomeration.
Further, the ash chemistry determines several other physical properties such as the
viscosity, surface tension, amount of slag formed and the subsequent contact angle, particle
coverage, and thickness of the coating discussed below.
2.3.2. Slag viscosity and surface tension

The agglomeration rate depends on the extent of energy dissipation by slag-wetted
colliding particles. The amount of slag present and the extent of particle coverage by the slag
determine the probability of a given collision being wet. Surface tension of the slag on the ash
particle, the slag viscosity and the thickness of slag layer are other parameters that affect
agglomeration. The effects of each of these parameters and their inter-relations are explained
below.
Frenkel equation (Frenkel, 1945) relates the contact area of a binary collision to the melt
surface tension (γ) and viscosity (η). x2 = 3rγt/ 2η where x is the radius of circular interface, r the
radius of spherical particles and ‘t’ the contact time. Frenkel assumed that the surface tension
gradient caused the mass transfer to occur, thus causing sintering. The contact area and extent
of sintering increase as the surface tension increases. However, with an increase in surface
tension, the extent of particle wetting and the subsequent probability of a wet collision decrease.
Surface tension increases under a reducing atmosphere compared to that in an oxidizing one
(Miller, 1988). The energy dissipation depends upon the critical Stokes’ number as well as the
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thickness of the slag layer on the particle. The critical Stokes’ number (Ennis et al., 1991) is given
by St* = (1 + 1/e) ln (h/ha) where ‘e’ is the restitution co-efficient, ‘h’ the slag layer thickness and
‘ha’ the thickness of surface asperities. The restitution co-efficient and also the slag thickness
depend on the surface tension and viscosity of the slag. The co-efficient of restitution is related
exponentially to the surface tension to viscosity ratio (Gibson, 2013, a). The slag layer thickness
may be computed based on the slag amount and contact angle (Thielmann et al., 2008). A
correlation for the change in slag thickness over time in a fluid coker was developed by Darabi
et al (2010). Such correlations may be useful, however, they are specific to the system under
study.
The viscosity of coal slag depends on its chemical composition. The length of chains in
the polymeric network in the slag depends on the kind of oxides present as was discussed in
section 2.4.1. The smaller the chain length the lower is the slag viscosity. Viscosity is also
sensitive to the kind of atmosphere in which the reaction is occurring. This sensitivity is higher
for slags with higher iron content due to the large number of possible oxidation states (Vorres,
1986).
Slag viscosity is measured using rotational viscometers or rod penetration viscometers
and so on. It may also be calculated with empirical models such as the Urbain model. Several
studies (Seok et al., 2007, Massoudi et al., 2011, Kondratiev et al., 2006, Duchesne et al., 2012)
have calculated slag viscosity but have focused on the higher temperature regimes. These lie
above the critical slag viscosity temperature. However, fluidized beds generally operate at
temperatures below this critical temperature. The Tcv or critical viscosity of slag is a temperature
above which slag behaves like a Newtonian fluid. Below this temperature, the ash particles are
not completely molten and the entire slag behaves as a non- Newtonian substance. However,
the molten, clear liquid portion of the slag is Newtonian. The viscosity of this clear liquid is
important in the prediction of particle agglomeration.
Biomass ash has different melting behavior. When added to coal ash, it significantly
lowers the slag viscosity. This is due to high amounts of calcium, magnesium and alkali metals.
An experimental study of the effect of addition of sodium oxide to ash has shown that a 10 %
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increase in sodium oxide corresponded to an order of magnitude decrease in the slag viscosity.
These measurements were done in the range of 627 – 1,102 oC with a needle penetrometer
(Raask, 1985).
The contact angle is a function of the surface tension and friction coefficient. It is
measured using Goniometry. The more a liquid wets a surface, the higher is the possibility of
occurrence of a wet collision. At the same time, the thickness of the liquid layer that covers a
given particle decreases; leading to a decrease in the viscous dissipation.
Viscosity affects coverage, thickness and contact angle. In case of a higher viscosity,
greater is the dissipation of kinetic energy when the wetted regions are in contact. However, the
coverage may be lower and thus the probability of a wet collision would decrease.
Another level of complexity is added in case of porous particles. Liquid layers may form
on the surface of the particles; but in case of porous particles, the liquid will also enter the pores.
Consolidation of particles would increase the amount of surface liquid. The liquid within pores
will be squeezed out onto the surface during consolidation.
2.3.3. Effect of granular physics on agglomeration

In addition to the fuel chemistry, which determines slag formation that causes stickiness
of particles, the motion of particles within the reactor also plays an important role in predicting
agglomeration tendencies. Particle hydrodynamics as influenced by reactor configuration is
expressed in terms of voidage, granular temperature, particle velocity, and collision frequency.
Each of these properties also changes with increase in particle size. It is important to understand
this effect of particle size on the hydrodynamics in order to develop models with two-way
coupling between agglomerate growth and particle hydrodynamics. The basic terminology that
describes particle hydrodynamics in a fluidized bed and the influence of particle size on the
important hydrodynamic properties is discussed below.

Superficial gas velocity and minimum fluidization velocity- Superficial gas velocity is the
velocity of the gas produced in the complete absence of solid. Bubbles are formed with gas in
excess of that required for minimum fluidization when the superficial gas velocity exceeds the
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minimum fluidization velocity. Low superficial gas velocity can reduce bubble size. Generally
the superficial gas velocity is maintained between 1 and 1.5 m.s-1 and it depends on the mean
particle size. In case of circulating fluidized beds, this velocity must lie in the limit of fast
fluidization while for bubbling fluidized beds, it should be between the minimum fluidization
velocity and the terminal velocities of mean particles (Basu, 1991). As particle agglomeration
occurs, the minimum velocity required to keep particles fluidized increases while the superficial
gas velocity is constant at the fixed value. When the superficial gas velocity becomes less than
the minimum fluidization velocity, defluidization and bed instabilities begin.

Voidage- The fraction of the control volume occupied by gas is called the void fraction. The
voidage at minimum fluidization is the bed voidage at the point at which fluidization begins. It
determines the mean free path of the particles and influences properties such as collision
frequency, collision velocity and granular temperature. For spherical particles of uniform size,
this could be close to that of a packed bed i.e. εmf = 1- π/6 = 0.48 (Songprawat et al., 2010). It
increases with increasing bed height (Barnocky et al., 1988), narrowing of the particle size
distribution, and decrease in sphericity of particles for a constant air inflow. The axial voidage
profile is S shaped with an increase with increase in bed height.
Initially, the bed voidage is high and as agglomeration occurs, the particle size increases.
With an increase in size and subsequently mass (constant particle density), the bed height at a
given air inflow velocity decreases and the voidage decreases (Terrazas-velarde et al., 2011).

Granular temperature- Granular temperature is the energy possessed by particles due to their
collisional interactions with other particles. Mathematically, granular temperature is given as θ
= 1/3<v2> where v is the fluctuating particle velocity. The particle velocity is composed of a local
mean solids velocity and a random fluctuating velocity component (Hussain, 2013). Mean
square of velocity fluctuations are directly related to the granular temperature. There are two
mechanisms that cause these velocity fluctuations, namely, inter-particle collisions, and particle
interactions with the gas phase (Huilin, 2003). Solids phase pressure and flux from fluctuating
energy, contribute to the granular energy. Granular energy is lost by dissipation due to
collisions. Thus granular energy has kinetic and collisional contributions (Ansys Fluent, 2012).
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The velocity fluctuations that contribute to the particle granular energy increase with an
increase in superficial gas velocity (Pell, 1990). This increase with superficial velocity occurs in a
sigmoidal fashion. As fluidization begins, the increasing energy of the particles leads to an
increase in the velocity fluctuations. This is followed by a plateau region, when the energy
begins to get utilized in the formation of bubbles. Once the bubbles are large enough, beyond
the minimum bubbling velocity, once again there is a rapid increase in the velocity fluctuations
and thus the granular temperature.
The voidage also affects granular temperature. At high voidage, the particles can have
larger mean free paths and kinetic energies. They may result in higher granular temperatures.
On the other hand, at low voidage, the rate of inelastic collisions will be higher and more kinetic
energy will be dissipated (Kantak et al., 2009). However, the frequency of collisions will be
higher and hence the velocity fluctuations would be more. At high voidage, low solids
concentration would lead to higher granular temperature, while at lower voidage, an increase
in solids concentration would lead to a lower granular temperature (Huilin et al., 2003). The
granular temperature is independent of the number of particles in the system (Kantak et al.,
2009). Smaller particles showed higher granular temperature due to the greater randomness in
their velocity and higher velocity fluctuations (Benyahia, 2008, Songprawat et al., 2010). Often
the number density of smaller particles in a given system is very high. At high number densities
and low voidage, the collision frequency would be high leading to a large amount of energy
dissipation. In this situation, the granular temperature would be lower for smaller particles.
When granular temperature decreases, so does the particle velocity. With a decrease in velocity,
the lower kinetic energy possessed by the particles is easily dissipated. Thus aggregation rate is
enhanced.

Collision frequency- Collision frequency increases with a decrease in voidage that can occur
as particle size increases. This is possibly due the presence of a larger number of particles in a
given volume. However, it later levels off before it begins to decrease with a further decrease in
the voidage. The decrease in the granular energy of the particles may be responsible for this
trend. A higher superficial gas velocity makes the particles more energetic and increases
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collision frequency. It may also lead to more fluctuations in the velocity, thereby increasing the
granular temperature and collision frequency. The absolute value of particle velocity need not
increase much with superficial gas velocity (Buffier et al., 2000).
With the knowledge of both chemistry-based and physics-based parameters that
influence agglomerate growth and interactions between them, methodologies and models
available in the literature for prediction of agglomeration were reviewed.

2.4. Methodologies to detect and predict the occurrence of fluidized bed
agglomeration
As discussed in section 2.2, agglomeration during fluidized bed combustion and
gasification has often been associated with slag formation. Hence, characterization techniques
to estimate the tendency of ash to form slag have been used to predict agglomeration. These
techniques give a qualitative idea about the slag formation tendencies of given fuels based on
ash chemistry alone. In order to obtain the resultant effects of both the particle physics during
fluidization and the ash chemistry to estimate the net impact on agglomeration kinetics, tests
need to be carried out in pilot- and bench-scale reactors. However, experimental testing in
reactors for each fuel type is economically less feasible and also time consuming. Some
analytical techniques and experiments that are used to predict agglomeration tendencies are
critiqued below.
2.4.1. Agglomeration prediction and detection techniques based on Chemistry

In the past few decades, operators have experienced problems of fouling, slagging and
deposition during coal combustion and gasification (Dorminey, 2009, Southern Company
Services, 2008). Several methods to predict such problems have been under development ever
since (Lawrence, 2013, Wang, 2012, Hanxu, 2006, Gupta, 1998, van Dyk, 2009, Yu, 2014, Raask,
1976). Some of the techniques that have been used to predict the fuel slagging and
agglomeration tendencies are described below.
Ash fusion temperature - Ash fusion temperature (AFT) measurement is one such technique,
which was often used to estimate the initial deformation temperature (Gupta, 1998). Originally
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visual inspection of ash as it is being heated was used to make qualitative conclusions. In 1968
the American Society for Testing and Materials (ASTM) ash fusion test was developed. This
technique involves grinding the ash into a fine powder and casting it into the shape of a cone,
which is observed while being heated in an oven. The temperature at which the corners of the
mold become rounded is called the initial deformation temperature (IDT). The softening
temperature is when the top of the cone becomes spherical while the hemispherical temperature
is that at which the entire cone attains a hemispherical shape. The temperature at which the
cone melts to form a flat drop is called the flow (fluid) temperature (FT) (Raask, 1985).
However, slag formation has often been observed several degrees below the temperature
estimated using ASTM ash fusion tests (van Dyk, 2009, Scott, 1999, Hsieh, 1985). These
characteristic temperatures predicted are often inaccurate. This is due to several reasons
including the fact that the ash used is often produced at high temperatures, it is ground to
smaller particle sizes to make compact cones and is not representative of that actually found in
the reactor. The test is subjective and qualitative and ash fusion temperatures for coal blends are
not additive (Scott, 1999). The ash fusion temperature depends on the ash composition which is
distributive and can be significantly different at the particle-level than the bulk value (Khadilkar
et al., 2013). Another disadvantage of this technique is that the low temperature mineral
transformations that can cause initiation of melt phase formation may get overlooked in the
process of ashing the fuel at high temperatures. This would be especially difficult to use in case
of biomass and low rank coals since the initiation of slag formation from certain inorganics may
occur at temperatures lower than those used for ashing.
Chemical composition based indices- Indexes such as slagging and fouling factors (Singer,
1981), base-to-acid ratio (Jenkins, 1998, Singer, 1981), silica percentage (Raask, 1985), and iron
percentage (Raask, 1985) have been used to determine whether a given fuel will pose problems
during combustion and gasification. Ashes with 40 – 60 % bases lower the melting point of the
system (Scott, 1999). However, these indices were developed for specific coals and hence their
applicability to all different types of coals is limited. In a manner similar to the existing indices
for coal, ratios such as K/Si and K/Cl are being used as indicators of deposition tendency of
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biomass fuels too. S/Cl ratios are also used and a ratio lower than 2 is considered to present high
corrosion risk (Shao et al., 2012).
However, differences in transformations occur depending on the gaseous atmosphere
with which the mineral matter equilibrates. Thus these effects will not be easily differentiable
based on only the starting fuel composition and the corresponding base-to-acid ratio.
Dilatometry/Thermo-mechanical analyses– Dilatometric techniques such as thermo-mechanical
analyses (TMA) (Riga, 1991) or electrical conductance based techniques (Bartels et al., 2008)
have also been used for estimations of agglomeration potential (Gupta et al., 1998). The initial
sintering temperature (IST) is determined using this method either based on the change in
electrical resistance (Gupta et al., 1998) or change in the mechanical strain (van der Drift et al.,
1999) that the sample undergoes as it is heat treated under an applied load. It is defined as the
point at which the thermal expansion is just balanced by contraction due to sintering (Raask,
1976). It is used as an estimate of the temperature at which defluidization occurs at minimum
fluidization velocity (Kunii et al., 1991). The variability in measurements with particle size and
bulk density can be high. The ash has to be pelletized for the test, which may change some of its
morphological properties. The change in the slope obtained from the graph of electric resistance
or change in thickness against temperature indicates the IST, but is often very small making it
difficult to accurately determine the temperature (Bartels et al., 2008). It is estimated as the point
of intersection of the tangents drawn to the curve before and after the change in slope and
introduces some subjectivity in the determination of the IST.
Thermo-gravimetric Analyses (TGA) and Differential Thermal Analyses (DTA)- TGA (Froberg,)
measures the weight of a sample as it is being heated while DTA (Mackenzie et al., 1972)
measures the sample change in temperature. A loss in weight indicates decomposition of
substances in the ash while change in temperature obtained from the DTA helps to detect
whether the reaction is endothermic or exothermic. Thus melting or slag formation can indicate
an endothermic reaction without loss in weight. Melting however may occur simultaneously
with vaporization of volatiles such as potassium (especially in biomass fuels). Thus, good
knowledge of chemistry and mineral transformations would be required before the use of this
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technique for predictive purposes. This technique cannot detect changes that are slow to attain
equilibrium. Also, the technique is sensitive and any accidental variation in experimental
conditions may lead to a signal although none should exist in reality (van der Drift et al., 1999,
Mackenzie et al., 1972).
Hot Stage Microscopy (HSM)- This technique involves continuously heating ash particles while
observing them under a microscope. The slag formation tendencies can be visually studied. This
technique can also be used along with Energy Dispersive X-ray spectroscopy (EDX) techniques
in order to identify the chemical transformations otherwise it gives only a qualitative idea of the
slagging tendencies (Lawrence et al., 2013).
For use along with EDX while heating, special, expensive EDX detectors are required
and so generally only microscopic imaging without in situ phase detection becomes feasible. In
order to have enough signal for EDX detection, even at room temperature, the spot size under
study needs to be large. However, in maintaining the larger spot size, the image quality is
generally lowered. Hence hot stage microscopy, in general, remains only a visualization
technique, making it qualitative and subjective. Use of X-ray diffraction as a supplementary
technique to study the phase transformations could improve the utility.
FactSage thermodynamic simulation software- Thermodynamic simulation software such as
FactSage are good tools to estimate the slag formation tendencies of the mineral matter. It is
based on minimization of the Gibbs free energy of a given system. Studies have shown that this
can be a useful tool to predict the slag formation tendencies in fixed bed (van Dyk et al. 2009)
and also fluidized bed (Khadilkar et al., 2013, 2015) reactors.
FactSage can be used to predict the amount of slag and the chemical composition at
equilibrium under a given set of operating conditions. However, one does not directly know the
chemical transformations that have occurred. These need to be interpreted by analyses and the
use of supplementary experimental techniques. It is more effective when used along with
experimental techniques such as high temperature X-ray diffraction (HT-XRD) (van Dyk et al.,
2006, Khadilkar et al., 2015) in order to analyze the mineral matter transformations that occur.
Also, the slag formation predicted by FactSage is based on melting as well as chemical reactions,
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but the effect of coating formation due to condensation of gaseous species is not directly
accounted for. Coating induced agglomeration due to condensation from the gaseous phase is
more prevalent in the case of biomass and low rank coals (Chaivatamaset et al., 2011). Hence,
this method of estimation is more directly applicable to the estimation of slag formation
tendencies for high rank coals.
Supporting Characterization Techniques- High temperature X-ray diffraction (van Dyk et al.,
2006, Walsh et al., 1990, Tyni et al., 2014, Wang et al., 2012) and scanning electron microscopy
with energy disperse x-ray spectroscopy (Liu et al., 2009, Grimm et al., 2012) are being widely
used for post mortem characterization of agglomerates. These are used to understand the
chemical constituents of agglomerates and the mechanism of agglomeration and avoid
conditions that promote agglomerate growth. These techniques are indirect and useful to gain
understanding but cannot be used as preventive tools. X-ray diffraction can detect only the
crystalline phases while SEM-EDX can also give a composition of the slag formed that causes
particles to stick. XRD can give the exact crystalline mineral phases present, while EDX only
provides output in the elemental form. However, SEM-EDX can map the elemental composition
in desired locations on the agglomerate. Since the XRD diffraction spectrum is influenced by
particle size, the absence of a species from it does not necessarily indicate its absence in the
sample. These techniques supplement each other and it is recommended that results from both
are interpreted in conjunction.
Enhancements needed to improve accuracy of chemistry-based prediction techniques- In
general, particle level variations in coal composition will not be accounted for using the
detection tools discussed. Ash composition is distributive and significant differences in slag
formation tendencies have been seen among density separated fractions of a high rank whole
coal (Khadilkar et al., 2015). Minerals may also be distributed according to particle size.
Deposits formed from high sodium containing coals were found to be primarily formed from
very small particles (Raask, 1985). Thus agglomeration is likely to be initiated around few
particles based on their chemical composition, which will not be detected by using techniques
that depend on bulk ash analyses. Hot spots and varying hydrodynamic conditions in reactors
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may also lead to local initiation of agglomeration even for fuels predicted as safe by the above
detection tools.
2.4.2. Methods that account for particle physics for detection and prediction of agglomeration

In situ measurement of properties such as pressure (Liu et al., 2009), acoustics (Wang,
2009), and temperature variations (Zhong et al., 2013) across the bed are made in order to detect
agglomeration. In some cases, particle size is measured in real time using optical or imaging
techniques such as focused beam reflectance measurement (FBRM) and near-infra red
spectroscopy (NIR) (Zhao et al., 2007). As agglomeration occurs, the pressure drop decreases
(Chaivatamaset et al., 2011) and significant temperature fluctuations are witnessed as
segregation and channeling occurs in the bed. The pressure drop across the bed can be
measured and the measured pressure drop is compared to the pressure drop in a situation with
normal fluidizing conditions. Significant deviations from the standard values indicate the
occurrence of agglomeration (Bartles et al., 2008). However, once agglomeration is initiated, the
gas velocity required to keep the bed fluidized increases exponentially (Kunii et al., 1991).
Hence, changes in temperature, particle size or pressure often are detected too late in the
process to prevent significant damage. These detection techniques are therefore useful to
monitor intentional granulation processes in pharmaceutical industry but not very useful to
predict and prevent agglomeration in fluidized bed combustion and gasification. Acoustics
produced due to collisions of fluidized particles with the reactor walls can be measured using
accelerometers. Fluctuations occur with changes in particle size and hydrodynamics. In this
way, acoustics measurements can also indicate defluidization (Wang et al., 2009).
Recently attractor methods that detect small fluctuations in pressure and temperature
have been developed in order to enable early detection of agglomeration (Bartles et al., 2010).
An attractor is a multidimensional distribution of delay vectors showing consecutive pressure
values. These methods involve setting up a standardized reference quantity and recalculating
that quantity under different conditions. Attractors are thus obtained at certain frequency from
the data of changes in pressure and two attractors are compared using statistical parameters.
The frequency of obtaining the data is high such that the value is accurate and not just an
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average estimate. The pressure measurements are also made in the dense section of the bed. If
the difference between two attractors is statistically significant, the hydrodynamics of the bed
has undergone a change. This may then be a signal indicating agglomeration onset (Bartles et
al., 2008, Nijenhuis et al., 2007). The attractor methods provide warnings more quickly than the
traditional pressure, temperature or size measurement methods (Bartles et al., 2010).
Scope and limitations of the physics based prediction techniques- These methods, however, are
sensitive to changes in superficial gas velocity in addition to pressure fluctuations. Since
changes in superficial gas velocity are common in fluidized bed reactors the accuracy of such
detection techniques is limited (Bartles et al., 2008). These methods cannot give a priori idea
about the suitability of a fuel or fuel blend for a given reactor configuration. If a fuel is to be
compositionally modified by an operation such as blending in order to make it free from
agglomeration problems, it would be time consuming and economically unfeasible to test
different combinations using these techniques. These early detection techniques may be useful
tools to supplement the more fundamental prediction-oriented tools. Mathematical modeling
tools will help to improve prediction efficiency.
Thus, a number of different tools have been used to estimate the tendency of a given fuel to
agglomerate for several years. Figure 2.4 outlines the development of these techniques by
giving the approximate years during which the specific technique was a popular agglomeration
detection tool.
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Figure 2.4: Evolution of agglomeration detection methods

2.5. Mathematical models to study ash agglomeration
Mathematical models to predict the occurrence and growth of agglomerates are
developing alongside the estimation techniques discussed. In general, they include a
criterion to test whether the particles stick or rebound after collision and a method to
determine the agglomeration kinetics. Some models may also include particle-tracking
methods to estimate dispersed phase properties and also to model the continuous phase.
2.5.1. Criteria to identify collisions that lead to agglomeration
Different approaches have been used in the literature for development of criteria to
determine increase in particle size of colliding particles in a ﬂuidized bed. Several studies
have developed criteria based on the balance of forces arising during the collision (Ennis et
al., 1991, Seville et al., 2000, Darabi et al., 2009, Zhou et al., 2000, He, 1999). Some studies have
also considered energy balances (Moseley et al., 1993). Force balance theories tried to
account for the role of cohesive, elastic and plastic forces during particle collision (Kim et
al., 2004, Foerster et al., 1997). Gradually, the signiﬁcance of the presence of a viscous liquid
layer coating the particles was recognized. The subsequent models accounted for the
dissipation of the initial impact kinetic energy through the viscous liquid medium. Based
on these criteria, various mathematical models predict whether two colliding spheres stick
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or rebound on collision. The particle size distribution changes as more particles stick, and
agglomeration progresses.
2.5.2. Methods to estimate agglomerate growth kinetics

Besides the tools used to study the chemical transformations in the fuels, the rate of
agglomerate growth is estimated using mathematical techniques such as population balances
and Monte Carlo simulations.
Population Balance methods- Population balance techniques (Ramkrishna, 2000) are based on
mass conservation principles. The origins of the population balance equation are found in the
work of Smoluchowski in 1916 wherein he first formally utilized the equation for polydispersed particle dynamics (Sporleder et al., 2012). The scale described by the population
balance equation is more detailed than the macroscopic level but less than the kinetic level.
Population balance equations make use of number density based integro-differential
equations in order to determine the growth kinetics. The formulation of population balance
assumes that a particle number density exists at every point in the particle space under
consideration. The phase space has spatial co-ordinates and one or more internal co-ordinates
that describe properties such as size, mass, temperature and so on. Volume is generally chosen
as one of the co-ordinates since it is easier to obtain empirically than mass while also being
easier to use mathematically than the diameter. Integration of the number density function over
volume gives the number of particles in the desired region. The change in the total number of
particles is equated to their rate of appearance and disappearance for each of the particle sizes
in the system. Particles appear due to processes of breakage, nucleation and growth while they
disappear due to breakage and aggregation processes. The population balance equation consists
of rates of these processes given by number densities and a rate constant called the coalescence
kernel.
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An expression for a one dimensional population balance equation (Hussain et al., 2013) is
𝜕𝑛(𝑡, 𝑣)
𝜕[𝐺(𝑡, 𝑣)𝑛(𝑡, 𝑣)] 1 𝑣
(𝑡,
= 𝐵0 𝑣) −
+ ∫ 𝛽( 𝑡, 𝑣 − 𝑤, 𝑤)𝑛(𝑡, 𝑣 − 𝑤)𝑛(𝑡, 𝑤)𝑑𝑤
𝜕𝑡
𝜕𝑣
2 0
∞

∞

− 𝑛(𝑡, 𝑣) ∫ 𝛽(𝑡, 𝑣, 𝑤)𝑛(𝑡, 𝑤)𝑑𝑤 + ∫ 𝑆(𝑡, 𝑤) b(v, w)n(t, w)dw
0

(2.1)

0

− O(t, v)n(t, v)
where n(t, v) is the particle number density function, v and w are the volumes of the two
coalescing particles or granules. The equation consists of a term B0(t, v) for the nucleation rate
with another term G(t, v) as the subsequent linear growth rate. S(t, w) the selection function
and b(v, w) the breakage function and O(t, v)n(t, v) the sink term. β(t, v, w), the aggregation
kernel, is a measure of frequency of successful collisions due to a collision between two particles
of given volumes (Khadilkar et al., 2014).
Complex integro-differential equations are required to solve the population balance
equation. Finite difference techniques that require discretization in both space and time are
needed, which creates high computational load. Numerical solutions to such continuity
equations require high processing power, thereby limiting the applicability of such
techniques in real-time analysis. Analytical solutions to these equations are extremely
difﬁcult and thus very rarely computed (Cryer, 1999). The discretized population balance
equations involve solving differential equations across size ranges of interest, which can be
solved by Runge Kutta methods. Solving population balances is purely mathematical and
the starting particle size distribution must be one of the standard mathematical
distributions such as exponential, normal, log- normal and so on.
The accurate determination of the aggregation or coalescence kernel values is another
important and challenging aspect of population balance equations. The kernels are often
approximated as the product between the collision rate and the coalescence efficiency. A large
amount of work is reported in the literature on the development of coalescence kernels for the
application of the population balance technique. Some of the coalescence kernels developed
are shown in Table 2.4. Coalescence kernels depend on a very large number of physical factors
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such as amount and liquid dispersion on the particles, probability of contact of particles,
particle shape, density, rate of liquid drying and so on (Adetayo et al., 1997). Due to such
complexity, the literature shows that these constants have been found by fitting empirical data.
However, this limits the method to the given system that has been measured experimentally.
The success of population balance modeling depends on the choice of the coalescence kernel
(Tan et al., 2006). This makes it difficult to apply the technique to a variety of fuel systems and
different reactor configurations. Application to a variety of fuel systems is critical given that fuel
flexibility is one of the major advantages of the use of fluidized beds in combustion and
gasification applications. Several studies have attempted to modify the coalescence kernel in
order to improve the accuracy of predictions but these have also been based on empirical
measurements (Cryer, 1999, Tan et al., 2004). The use of the kinetic theory of granular flow with
equi-partition of kinetic energy, along with a radial distribution function has been attempted to
improve the aggregation kernel estimation (Tan et al., 2004). The model worked well in the
estimation of granulation of sodium carbonate particles. This study demonstrated a step
towards the coupling of the kinetic theory of granular flow with population balance models,
although it makes the assumption of a well-mixed bed, which may need improvement in
further studies.
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Table 2.4: Coalescence kernels developed for population balance models (Cryer,
1999)
Kernel

Reference

𝛽 = 𝛽0

Kapur and Fuerstenau (1969)

𝛽 = 𝛽0 (𝑢 + 𝑣)𝑎 /(𝑢𝑣)𝑏

Kapur (1972)

2
2 𝑎
1 1
𝛽 = 𝛽0 (𝑢3 + 𝑣 3 ) /( + )
𝑢 𝑣

Sastry (1975)

𝛽 = 𝑎(𝑢 + 𝑣)

Golovin (1963)

𝛽 = 𝑎(𝑢 − 𝑣)2 /(𝑢 + 𝑣)

Golovin (1963)

𝛽=

Adetayo et. al (1995)

k, t < t1

Golovin Kernel, t>t1 where K, t1
constant, t1 = transition time dictated by
experimental observations
𝛽=

k, w < w*

Adetayo and Ennis (1997)

0, w > w* k constant

w* = critical granule volume at “cut off”

Where w = (𝑢𝑣)𝑎 /(𝑢 + 𝑣)𝑏

a, b constants

Population balance models have been used to understand the kinetics of particle size
distribution in combustion and gasification systems in recent literature (You et al., 2013, Loha et
al., 2014). A discrete population balance has been used to obtain particle size evolution in
pulverized fuel boilers while incorporating into it the char oxidation, devolatilization and
fragmentation with sub-models (Shah et al., 2010). Further, population balance of the ash
particles in fluidized bed systems such as CFB-flue gas desulphurization (Shah et al., 2010) and
wood gasifiers have also been developed (Natale et al., 2014). These models are based on the
mass balance in the reactor and the bottom ash and fly ash amounts. Parameters such as particle
abrasion and segregation are considered. However, so far such population balance models have
not incorporated the continuous particle growth and growth kinetics. Thus, in addition to the
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limitations due to empirical parameters, the utility of continuous population balance models
with an inclusion of agglomerate growth is not yet wide spread in the combustion and
gasification industry.
Monte Carlo Methods- Monte Carlo techniques are a comparatively recent method to estimate
particle growth kinetics. They have also been used to develop coalescence kernels so as to be
able to better incorporate the influence of micro-mechanisms (Hussain et al., 2013). These are
stochastic techniques and are inherently discrete in nature, and hence avoid the computational
strains required for discretization in other techniques such as population balance modeling.
This makes the technique more favorable computationally. The ability to consider the outcome
of an event as a complex network of mechanisms allows easy incorporation of several
mechanisms governing change in particle sizes. Monte Carlo methods can model particles on
the scale of few nanometers. They can easily be applied to about 104 particles with current
technology and 103 particles have been found adequate to attain good accuracy (Rumpf et al.,
1961).
Monte Carlo methods may be either time driven or event driven. Event-driven
methods provide better accuracy than time-driven methods for long run times. They also
require lesser computational time since an event is designed to happen in each step. Eventdriven Monte Carlo methods may be either constant number or step-wise constant volume
methods. On the other hand, time-driven Monte Carlo methods may either be direct
simulation methods or multi-Monte Carlo methods that combine elements of constant
number and constant volume methods (Zhou et al., 2000, Zhao et al., 2007). A Monte Carlo
method is based on generating a new microstate from a given microstate based on certain set
rules and assigned probabilities. Thus, when agglomerate growth is modeled using Monte
Carlo techniques, the new microstate is generated based on particle size as a parameter. Each
binary collision may be treated as a Monte-Carlo event. The possible new particle-sizes may be
evaluated by a criterion such as the Stokes’ criterion and then accepted based on a calculated
probability (for example- the probability of the collision being wet) (Terrazas-velarde et al.,
2011).
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Monte Carlo techniques may either be integrated with population balance techniques to
model the coalescence kernels or may also be independently used to determine the growth
kinetics. Hussain et al. (2013) used a constant number Monte Carlo simulation to obtain the
coalescence kernel for a population balance technique. The agglomeration rate was indirectly
estimated based on the changes resulting in the total number of particles, the number of wet
particles and the success factor of aggregation i.e. kernel determined based on probabilities of
successful wet collisions. The time step between events was calculated from a probability
density function based on an exponential distribution that described the time between process
events, considering the events to occur randomly and independently at a constant average rate.
This modeling approach demonstrates the use of the Monte Carlo technique in conjunction with
population balances.
Kernels and growth kinetics obtained from Monte Carlo techniques are not computed
from direct measurements and require careful validation. These techniques also cannot be easily
interfaced with standard process simulators that mainly use deterministic methods (Zhao et al.,
2007).
Particle growth rate is also affected by the hydrodynamics, which will evolve with an
increase in particle size. Thus, growth kinetics is inter-linked to the particle hydrodynamics.
However, techniques to determine the net effective kinetics resulting from such interaction have
not yet been developed.
2.5.3. Methods to estimate particle hydrodynamics in agglomerating fluidized beds

The granular physics primarily involves understanding the particle hydrodynamics.
Particle hydrodynamics can be modeled using several modeling techniques (Terrazas-velarde et
al., 2011, Ansys Fluent, 2012, Syamlal et al., 1993) which are classified as shown in Figure 2.5.
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Figure 2.5: Classification of methods to obtain hydrodynamics in the reactor
The Eulerian approaches treat the two phases as interpenetrating continua (Gidaspow et

al., 1994). Eulerian models generally use the kinetic theory of granular flow to compute the
constitutive relation to describe the solid phase stress tensor in the momentum balances. The
stress can be modeled as kinetic or collisional (Syamlal et al., 1993). The calculation of granular
physics can be based on a Maxwellian (zeroth order contribution to the shear stress)
distribution of velocities. This assumption though often used, under predicts the shear stress
and the first-order approximation (non-Maxwellian) is more accurate. Several models also
assume equi-partition of kinetic energy i.e. the kinetic energy is same for particles of different
masses (Huilin et al., 2003). However, this assumption is valid only for particles with narrow
particle size distribution (Benyahia, 2008). The models developed by Iddir and Arastoopour as
also Rahaman et al. (Rahaman et al., 2003) do not make this assumption (Benyahia, 2008). A
distribution of granular energies can be found for every phase in the system, based on particle
mass by using this method.
Of the three types of Eulerian approaches, the Euler-Euler approach is the most complex
and can be used to model systems with large volume fractions of the dispersed phase. The
volume of fluid (VOF) models are suitable only for dilute systems with the volume fraction of
the dispersed phase being less than 10 % (Benyahia, 2008). Thus, in order to model
agglomeration in fluidized beds that occurs primarily in the dense bed region, the Eulerian-
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Eulerian approach would be more suitable. Eulerian models are less computationally
demanding than DEM models but do not consider interactions at the particle level.
DEM models (Deen et al., 2007) that consider every particle in the system, would be
useful to account for particle-particle interactions. The solid particles are considered a discrete
phase while the gas phase is treated as a continuum. The effect of gas phase on solid particles is
accounted for in the calculations using the correlations based on drag force. The drag
correlations proposed by Syamlal et al. (1993), Wen yu (Dey et al., 2015) and Hill et al. (2001)
have been used extensively by researchers. Drag force in poly-disperse systems can also be
modeled based on lattice Boltzmann simulations (Deen et al., 2007). Another particle-fluid
interaction force, the buoyance force, which arises due to pressure drop, can also be included in
DEM simulations. The incorporation of particle-fluid interaction forces in DEM models has
been reviewed, in detail by Feng et al. (2004). The drag and buoyant forces are dominant over
particle-fluid interaction forces such as lift, Basset force and virtual mass force. The solid-solid
interactions are modeled using the hard sphere or soft sphere model as shown in Figure 2.5. In
hard sphere models, the particle trajectory is determined by momentum-conserving binary
collisions. In soft sphere models, the particle trajectories are obtained by integrating Newton’s
equations of motion and the contact forces are calculated based on deformation history (Garg et
al., 2010). The gas phase and the solid phase are linked through porosity and inter-phase
momentum exchange. Recent adaptations of DEM models include additional forces such as the
mass force (Potic et al., 2005, Zhang et al., 1999). This force is especially significant in the case of
solid-liquid fluidized beds, when the density of the fluid phase is high (Potic et al., 2005) and
hence is not dominant in combustion and gasification systems. For prediction of agglomeration
in wet granulation systems, in addition to the pressure gradient force, drag force, gravitational
force and contact force, liquid bridge forces also need to be accounted for. This was introduced
by He et al. (He, 2014) in their soft sphere DEM method. The liquid bridge force comprised of
the capillary and viscous dissipation forces due to the liquid bridge between interacting
particles. Along with this, improvements in the calculations of drag and lift forces at the bubble
emulsion and solid-liquid interphases are required for this purpose. Integration of population

47

balance models with DEM methods is also important as the mathematics undergo further
changes with particle size (Dasgupta et al., 2011).
In Eulerian techniques, developments in terms of the replacement of a linear restitution
co-efficient by one that accounts for rotation will be useful. This would help to accurately
calculate the rotational granular energy and momentum, which are currently based only on the
linear restitution co-efficient. Cluster formation needs to be accounted for by the addition of
frictional effect during binary collisions. Current models tend to under-predict the solid density
and thus the dissipation of granular energy due to shear is also under-predicted. In addition,
dissipation caused by gas-particle turbulence interaction is also not included in these models.
These assumptions lead to higher predictions for granular energy than experimental values.
The development of a kinetic theory for poly-disperse systems with a distribution of particle
sizes is still in progress. Attempts to avoid multiple solid phases and discretization of the
particle size distribution are being made through the use of a method of moments (Ranade,
2002).
In fluidized beds, the particle interactions become more critical in the dense bed region
that the dilute freeboard region. Overall, the system is a dilute particle system and can be
modeled using Eulerian-Eulerian techniques. However, in order to model agglomerating
fluidized beds, particle-particle interactions and particle growth also become important thereby
increasing the complexity. Some Dense Discrete Phase Models (DDPM) models that combine
the advantages of both the Eulerian and DPM models are also becoming available. The particle
interactions are based on kinetic theory of granular flow and the dispersed phase can exchange
momentum, energy and mass with the fluid phase. This method, however, lacks strong
coupling between the phases. It also does not include particle-particle interactions, which makes
it unsuitable for denser systems. Models that couple Eulerian and discrete element methods are
also being developed. They overcome these limitations but are computationally very
demanding especially for large-scale systems with smaller particles.
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2.5.4. Description of available mathematical models to study agglomeration

In the initial stages of development, agglomeration models were based on collisions
between dry spheres. Later, models that incorporated the effects of the presence of a liquid
between colliding spheres were developed.

2.5.4.1. Agglomeration by collisions between dry spheres
Models based on adhesive and elastic repulsive forces- Several previous works such as those of
Langston and Stephens as well as Dahneke and Loffler have predicted agglomeration based on
the adhesive and elastic repulsive forces (Barnocky et al., 1988, Moseley et al., 1993). The elastic
repulsive forces that arise on deformation were obtained using Hertz’s theory which assumes
zero energy loss on impact. Deformation is considered to be a slow and reversible process.
Thus, an equivalent amount of energy is released when the sphere regains its original shape and
this energy can be estimated. The Hertzian approach is inadequate for collisions that cause the
material to show plastic behavior. The duration of impact can also be found using Hertz’s
theory (Love, 1944). More lately Kim and Dunn have based their microsphere- surface impact
model on these adhesive and elastic repulsive forces (Kim et al., 2007). Walton extended the
Hertzian model further to oblique collisions. In this extension, Walton defined three regimes in
a typical impact based on the angle of incidence. Each of the three regimes was characterized by
a coefficient namely, the coefficient of normal restitution, the frictional coefficient and the
tangential restitution coefficient (Foerster et al., 1994).
Moseley’s force-balance model- On similar lines, Moseley et al. (1993) introduced a binding
force characterized by an adhesiveness co-efficient and an opposing elastic repulsive force.
Moseley modeled the agglomeration phenomenon using a two particle collision model and a
model for granular energy.
In his model, a criterion for particle sticking on collision is obtained based on the
principle of energy conservation. Colliding spheres initially possess kinetic energy, Eo. Elastic
repulsive forces, FE and centrifugal repulsive forces, Fc contribute towards this kinetic energy,
𝑥

𝑥

E0. Thus, it is expressed as EO = ∫0 𝐹𝐶 (𝑥)𝑑𝑥. + ∫0 𝐹𝐸 (𝑥)𝑑𝑥. Considering that the collision is a head
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on collision, centrifugal force and contribution of VC can be neglected. 𝐹𝐸 is given by the quasistatic Hertz model. On collision, this kinetic energy gets dissipated in several forms. A part of Eo
is dissipated due to adhesion, during recoil, as energy, ED. The maximum energy which can be
dissipated during recoil is ED = Vb (xmax) where xmax is the maximum deformation distance and Vb
𝑥

is the integral of the binding force due to surface adhesion, i.e. ∫0 𝐹𝑏 (𝑥)𝑑𝑥. For agglomeration to
occur, ED >= Eo. This was characterized by a critical value of the initial collision velocity Vcr.
2𝐸

Thus, 𝑉𝑐𝑟 = √ 𝑚𝑐𝑟 where Ecr is the critical initial kinetic energy and mr is the reduced mass.
𝑟

In order to make an evaluation using this criterion, an estimate of the particle speed was
required. Moseley et al. (1993) utilized the kinetic theory of granular flow for this purpose. A
part of the energy of the fluidized gas acts against the bed weight to maintain the particles in
the fluidized state and the remaining energy contributes to their random motion. This energy
can be expressed as a function of the random velocity or a granular temperature. The random
gas velocity can then be obtained as a function of superficial gas velocity. The collision velocity
is thus estimated from this random gas velocity analogous to the equations from the kinetic
theory of gases. Using these equations the minimum superficial velocity at the point of
defluidization was found and validated by Moseley et al. (1993)
Zhou’s force-balance model- Zhou et al. (2000) also developed a model for agglomeration
between dry particles based on balance of forces, considering cohesion to be the dominant force
that promotes sticking. The cohesion was assumed to be due to Van der Waals forces,
neglecting electrostatic forces. The cohesion forces and the resultant of gravity and buoyant
forces were considered to oppose the impact forces and the drag forces acting on the particles
undergoing collision. A quadratic equation was obtained through this force balance and it was
solved analytically. In the solution, the drag force was neglected since calculations showed it to
be less than the collision force by two orders of magnitude. The radical term (∆) in the roots
obtained as the solution included a physical parameter β =

𝑔𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒
𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒

𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 𝑓𝑜𝑟𝑐𝑒

× 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒. It

was in the form ∆ = constant x (1- β). Based on whether or not a real solution could be obtained,
β was defined for three cases namely the one wherein the particles separate after collision, the
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one wherein they coalesce without breaking and one wherein they break after initial
coalescence.

2.5.4.2. Agglomeration by collisions between spheres with surrounding liquid

Figure 2.1: Presence of a liquid bridge between colliding particles

Ennis’ model of static and dynamic viscous forces- Ennis et al. (1991) established the
fundamental theories to include the effects of the presence of liquid during agglomeration. The
presence of the liquid bridge is considered to give rise to static forces including capillary and
surface tension forces and dynamic viscous forces. Previously, description of the strength of
forces binding agglomerates together emphasized on the effect of capillary forces. Ennis et al.
(1991) in their pioneering work addressed the significance of viscous dissipation forces. They
developed the mathematics to study the effect of these forces on particle sticking.
The contact region between two colliding spheres is divided into two parts as shown in
Figure 2.6 - 1) the inner region (darkened) which is the immediate vicinity of the point of
minimum gap (r = 0). This region is mainly responsible for viscous dissipation forces. 2) The
outer region (hashed) which contributes to the capillary forces. The net force was given by
Ennis et al. mathematically by the superimposition of the Laplace-Young capillary pressure
acting in the outer region and the viscous lubrication pressure acting in the inner region. The
total binding force was expressed as –
F = Fcap + Fvis + O(Ca lnε) as ε  0

(2.2)
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with the contribution due to the capillary forces (Fcap) being sin2φ (C0 + 2) and that from the
viscous forces (Fvis) being 3Ca/2ε. Ca is the capillary number and ε the dimensionless gap
distance. To determine whether or not the particles stick after collision, the forces acting on the
spheres are balanced. The minimum velocity needed for rebound of the particle on collision is
given by
𝑚𝑑𝑢
3𝐶𝑎
= 𝜋𝛾𝑎 [𝑠𝑖𝑛2𝜑(𝐶0 + 2) +
+ 𝑂(𝐶𝑎 𝑙𝑛𝜀)]
𝑑𝑡
2𝜀

2.3

Neglecting the contribution of capillary forces,

𝑚

𝑑𝑢 3
𝑑𝑥 1
= 𝜋𝜇𝑎2
×
𝑑𝑡 2
𝑑𝑡 𝑥

2.4

The solution to equation 2.4 is given as

u = u0 [1 -

1
ℎ
𝑙𝑛
𝑆𝑡𝑣
𝑥

]

2.5

with the Stokes’ number as Stv = 2mu0/3 𝜋𝜇𝑎2 . This can be extended to granules of unequal size
and mass as Stv = 2𝑚
̃u0/3 𝜋𝜇𝑎̃2 wherein reduced mass and reduced diameter are used. A critical
ℎ

Stokes’ number is then obtained as Stv* = (1 + 1/e) 𝑙𝑛 ℎ

𝑎

by applying suitable boundary

conditions to equation 2.5. Two colliding particles stick together if the Stokes’ number is less
than the critical Stokes’ number.
The mean collision velocities in this model were estimated using the two phase inviscid
flow theory and fluctuations in it were estimated using the kinetic theory of granular flow.
However, the fluctuations were considered to be minor due to the extremely dissipative nature
of the collisions in the presence of a viscous binder.
Another significant aspect of the work of Ennis et al. was that they used a ratio of
̅ 𝑣 /Stv* to establish regimes of coalescence (Lister et al., 2004). 𝑆𝑡
̅ 𝑣 is the average of all viscous
𝑆𝑡
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Stokes’ numbers in a given spatial region. The first regime is defined as the region wherein
̅̅̅𝑣
̅̅̅
𝑆𝑡
St∗v

→ 0. Here St < Stv* and all collisions are successful. This is a non-inertial regime in which the

rate of coalescence is independent of initial granule kinetic energy and viscosities of the liquid
layer. It is influenced only by the presence and distribution of the binder. The second regime is
said to occur when the largest Stokes’ number is equal to the critical Stokes’ number i.e. Stv ~
Stv*. This regime is called the inertial regime. In this regime, the coalescence depends on both
the liquid layer viscosity and the initial kinetic energy. In the third regime, the average Stokes’
̅ 𝑣 ~ 𝑆𝑡𝑣∗ . This is called the granulation regime.
number equals the critical Stokes’ number i.e. 𝑆𝑡
In this situation, on average, granule growth is not achieved and a theoretical growth limit is
implied.
Liu’s addition to Ennis’s model- The model by Liu et al. (2000) added the effect of granule
deformation to the Ennis et al. (1991) model. Both wet as well as dry sphere collisions were
analyzed. Particles may coalesce before making actual surface contact or after making contact
during the recoil stage. The dissipation after the particle surfaces have touched will be greater
due to the larger contact area and energy lost in the deformation of spheres. Liu’s model took
into account the effect of this particle deformation on collision. A deformation Stokes’ number
was defined, in addition to the Stokes’ number for viscous dissipation. Based on these Stokes’
numbers, different coalescence and rebound regimes were defined.
He’s model based on balance of forces- He (1999) developed a model based on balance of forces.
In using a force balance model, knowledge of the deformation distance was adequate to
calculate the deformation force. Previously, the models were based on energy balances and
recoverable distance was also required to estimate the amount of energy dissipated during
deformation. The energy dissipated during deformation would be equal to the energy released
on recoil only if the collision was perfectly elastic; thus making it necessary to know the
deformable distance to estimate the real value of dissipated energy. He’s model thus eliminated
the need for this knowledge of post-collision recoverable distance. This was an advantage over
previous models such as those of Moseley and Liu.
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The agglomeration criterion used by He was based on the fact that for successful
agglomeration, the binding force between particles should exceed the impact force. He
considered only head-on impact. He also neglected electrostatic, Van der Waals and capillary
forces in the calculation of the binding force. The change in deformation distance (ds) of a
particle moving with velocity (vp) and undergoing a collision for time tc was given as ds = vpdt =
(Vp0 + 𝑎̅t)dt. Vp0 is the initial velocity of the particle. Using this, the time average acceleration (𝑎̅)
̅̅̅), an estimate for the collision force was obtained as ̅̅̅
and time average collision force (𝐹𝑐
𝐹𝑐 =
m𝑎̅ = -1/2 mvpo2/smax = Initial Kinetic energy / Deformation distance. Thus the impact force is a
ratio of the initial particle kinetic energy and the maximum deformation distance. The binding
force was estimated considering the presence of a liquid layer. Assuming that the liquid is a
power law non-Newtonian fluid with power law index as n, the viscous force (Fv) was
calculated by the correlation 𝐹𝑣 =

𝜋
2𝑛+ 1𝑛 𝑘𝑏𝑛+3 𝑣𝑠𝑛
(
) ℎ2𝑛+1
(𝑛+3)
2𝑛
0

with the two spheres being of diameter

‘dp’, separated by a distance ‘h0’ with a separation velocity of ‘vs’ and radius of contact area ‘b’.
‘k’ is the consistency constant.
Cryer’s model- Later, Cryer (1999) used Stokes’ criterion in accordance with the theory
developed by Ennis et al. as a criterion to test for agglomeration during the granulation process.
He incorporated it into a discretized population balance model to study granule growth
kinetics.
The Stokes’ number for a collision between two spherical granules of diameters d and density 𝜌
with a relative collision velocity Uc is given as 𝑆𝑡 =

4𝜌𝑈𝑐 𝑑
9𝜇

where 𝜇 is the viscosity of the liquid

layer. The coalescence kernel was developed based on the Stokes’ criterion after calculating a
distribution of Stokes’ numbers. Use of the Stokes’ number reduced the number of empirical
parameters required for a coalescence kernel as it helped to account for the effects of binder
viscosity, particle size, particle velocity and density simultaneously.
Cryer accounted for the uncertainty in the values of collision velocity and particle
diameter in his model using the deterministic equivalent modeling approach with a polynomial
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chaos function. The assumption that particle collision velocity is normally distributed was
made.

2.5.4.3. Utilization of population balance kinetics for ash agglomeration modeling
The Smoluchoski equation, which was developed for coagulation studies, was of a
discrete form and could be used to understand agglomeration kinetics. Later, continuous forms
of the same were also developed. Moseley (2012) analyzed these discrete and continuum
agglomeration models and developed equivalent problems for the discrete agglomeration
model in the continuous context. Tan et al. (2004) tried to improve estimation of kinetics using
population balance models. They showed that the velocity distributions obtained from the
discrete particle methods matched the distributions that they obtained using the kinetic theory
of granular flow. They coupled the kinetic theory of granular flow with discrete population
balance modeling. For this purpose, they developed a new equi-partition kinetic energy kernel
for population balance techniques. However, their model also assumed completely mixed beds
and thus failed to account for the non-uniformities in parameters.
As discussed, the coalescence kernel is a critical parameter in modeling using population
balance kinetics. Accurate determination of the coalescence kernel has been challenging. An
attempt was made to modify population balance methods and eliminate the need for a
coalescence kernel. In this case the kinetics of the agglomeration process were evaluated using
the equation

𝑑𝑁𝑖
𝑑𝑡

= 𝑁̇ 𝑝𝑗,𝑘 𝛼𝑗,𝑘

for a binary agglomeration event where 𝑁̇ is the number of

potential agglomeration events per unit time, 𝑝𝑗,𝑘 is the probability of a potential agglomeration
event involving particles from size intervals j and k and 𝛼𝑗,𝑘 is the probability of successful
agglomeration between the two particles from the same size intervals. Sub-models were
established to determine 𝑁̇, 𝑝𝑗,𝑘 , 𝛼𝑗,𝑘 . However, the submodels involved other empirical
parameters and assumptions that the liquid per agglomeration event was constant throughout,
which limited the applicability of the model. The model was said to lack good predictive ability
and more work was encouraged towards development of the sub-models (Maurstad, 2002).
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2.5.4.4. Utilization of Monte Carlo kinetics for agglomeration modeling
Terrazas-Velarde et al. (2011, b) used Stokes’ criterion as the basis to determine success
of coalescence and used a Monte Carlo method to study the kinetics of agglomeration. They
described a two-particle collision as an event. The particles were considered to be nondeformable and non-porous. The relationship between the real process and model was made
through the concentration of droplets of the liquid sprayed per unit time and the number of
particles in the simulation box.
Particle collision frequency was based on the experimental correlation given by Buffiere
et al. (2000) and the length of a simulation time step was thus obtained. The number of events
was predefined and they were assumed to occur one after another, which allowed the
calculation of the length of a simulation time step to be the inverse of the collision frequency
(Terrazas-Velarde et al., 2011, b). The collision velocity for the calculation of Stokes’ number
was randomly chosen assuming a normal distribution function with a mean equal to half of the
particle velocity. Particle wetting and drying as well as agglomerate breakage were included in
this study.

2.5.4.5 Other modeling approaches with introduction of non-uniformities in bed
conditions
The models discussed up to this point tried to account for the decrease of particle kinetic
energy due to viscous dissipation but did not account for the decrease due to surface tension
forces. Some models, on the other hand, only considered dissipation due to surface tension
forces by utilizing the Weber number (Duchesne, 2012). The surface tension forces are more
important if the liquid viscosity is lower.
The higher the amount of liquid and the greater the contact area, the higher is the
probability of a wet collision. Thus the amount of liquid and the surface tension as well as
viscosity need to be considered in agglomeration prediction. Walsh et al. (1990) developed a
sticking model to obtain a sticking probability based on the ratio between a particle and
reference viscosity.
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Subsequently, a level of non-uniformity in bed conditions was introduced into the
modeling techniques by Thielmann et al. (2008). Their model was also based on the popular
Stokes’ criterion but additionally took into account collisions between partially wetted particles.
They attempted to include effects of the amount, surface tension and viscosity of liquid in the
prediction of agglomeration.
Hitherto, the models had assumed that the colliding particles were completely and
uniformly covered by the liquid layer. Thus, two particles coming into contact always had a
liquid layer separating them. The liquid layer caused viscous dissipation. However, depending
on the amount of liquid present and the surface tension of the particles, they may exhibit partial
wetting. This decreases the probability of the occurrence of viscous dissipation on particle
collision. This does not necessarily decrease the agglomeration rate. Partially wetted particles
may have a higher liquid film thickness in the wet regions and thus cause higher dissipation of
energy although with a lower probability.
The model results of Thielmann et al. (2008) demonstrated that the number of particles
granulating was lesser when particles were separated by a hydrophobic liquid, but the average
size of the agglomerated particles was higher. They defined the probability of particles colliding
at their wet regions as a ratio of the diameter of the droplet wetting the particle and the dry
particle diameter. The surface tension and contact angle helped to obtain the diameter of the
wetted region of the particle. The limitation of this model is that a constant collision frequency
value has been used in this model, unlike the Cryer model. The particles were also assumed to
be of equal size.
Another non-uniformity in bed conditions was addressed by Turchiulli et al. (2011).
They divided the bed region into three temperature zones based on experimentation; namely
the low temperature and high humidity wetting zone, isothermal zone and the heat transfer
zone. The agglomeration occurred in the wetting zone and hence it was important to accurately
obtain the dimensions of this zone. However, they used the population balance model to study
the kinetics of agglomeration and hence difficulties with accurate description of the coalescence
kernel were experienced.
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The models discussed so far have been developed in keeping with the granulation
application. There is a need to extend these models for application to fluidized bed combustion
and gasification systems.
Li’s bio-fuel based agglomeration model- One of the models developed for non-granulation
applications was that of Li et al. (2010), which attempted to model the bed agglomeration in a
bio-fuel combustor based on a force balance model. The model attempted to consider the
changes in liquid phase formation and viscosity based on fuel composition and temperature.
However, the amount of ash in the bed was considered to be increasing linearly with time
instead of being considered a function of particle composition. Agglomerates formed when the
adhesive force due to the sticky liquid phase exceeded the breaking force, which was attributed
to bubbles and proportional to the excess fluidization velocity. Bonding stress due to the
presence of the liquid phase was considered to be the main cause of adhesion. This bonding
force was considered to be inversely proportional to the liquid phase viscosity and directly
proportional to the amount of liquid phase. Using FactSage equilibrium modeling software, the
composition of liquid phase at a given temperature was calculated. The viscosity was calculated
based on the slag composition using the modified Urbain model.
In this method, the bonding and breaking forces and subsequently the defluidization
time are dependent on empirical parameters, which are determined using agglomeration
experiments in a laboratory-scale fluidized bed reactor. This limits the predictive capability for
the wider applicability of this model. The model only considered large mono-sized particles of
about 300 μm. The model assumes complete coverage of the bed particles and assumes equal
amount of liquid phase on each of the particles. The bed particles are considered inert. They are
not accounted for in the formation of eutectics though ideally their mineral contents may affect
the slag formation behavior. The model does not account for variations in particle compositions.
It also does not consider the possibilities of temperature differences across the reactor. This is
likely to limit the utilization of the model at the industrial scale, although predictions at the
laboratory-scale were comparable to experimental values. The applicability to different fuel
systems is also likely be limited due to the empirical parameters required
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Table 2.5: Summary of agglomerate growth models
Author

Year

Forces considered

Parameters included

Considerations

Zhou et al.

2000

Cohesion, drag,
gravity

Basic hydrodynamics (using
drag force equation)

Only dry. Several empirical
parameters. No study of evolution
with time

Moseley et
al.

1993

Adhesion, elastic
repulsion

Hydrodynamics using kinetic
theory of granular flow

Only dry. Many empirical
parameters

Ennis et al.

1991

Viscous dissipation

Hydrodynamics using kinetic
theory of granular flow

Established theory. Did not address
kinetics

He

1999

Viscous dissipation

Neither composition nor
particle dynamics

Only theoretical concept. Not
validated.
Coalescence kernel has empirical
parameters. Particle size
distribution limited to regular
mathematical functions.

Cryer

1995

Viscous dissipation

Polynomial chaos function for
uncertainty in collision
velocities.

Thielmann
et al.

2008

Viscous dissipation

Constant values for collision
velocity

Included partial wetting, but only
mono-sized particles with constant
collision frequency.

TerrazasVelarde et
al.

2006

Viscous dissipation

Hydrodynamics considering
variation only in collision
frequency

Collision frequency estimation
requires empirical parameter.
Monte Carlo kinetics

Tan et al.

2004

Not obtained

Some hydrodynamics with
kinetic theory of granular flow

Incorporation of KTGF into discrete
population balance model but
assumes bed is well-mixed

Kang et al.

1991

Surface tension,
adhesive

Chemical composition with
regards to metaplast formation

Considered kinetics. Only vitrinite
carbonization and metaplast
formation mechanisms considered.

Chemical composition to get
slag viscosity

Amount of ash considered to be
increasing with time. Only large
mono-sized particles considered.
Effect of changing amount of slag
with composition is not considered.

Adhesive force- due
to liquid,
Li et al.

2010
breaking force due to
bubbles
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2.6. Summary of agglomerate growth models reviewed
The model by Ennis et al. (1991) established a good theoretical basis for granulation
studies. They validated their theoretical basis by experimentally observing the
occurrence of granulation regimes predicted by them. He's model included a theoretical
construct to account for deformation during collisions. However, experimental validation
of the model has not been achieved so far.
Moseley et al.'s model, which relates deﬂuidization velocity to temperature, did not
match well with experimental measurements, especially in the lower temperature
regions. The validation had been done for mono-sized coal ash particles of about 700 μm.
Prediction of changes with particle size or in the presence of a particle size distribution
was not adequately achieved with this model. The discretized population balance method
used by Cryer matched pilot plant experimental predictions reasonably well for longer
duration. However, it overestimated the particle size distribution earlier in the
granulation process especially for the lower particle sizes. This may be due to the limited
accuracy of the estimated empirical parameters. The model by Thielmann was validated
by comparisons with a Monte Carlo simulation. The general trends appeared similar to
the Monte Carlo predictions although not the absolute values. The

agreement was to a

lesser extent for the more hydrophobic particles.

A brief comparison of some of the models discussed is made in Table 2.5.
The earlier models such as the Hertzian models were based on elastic and plastic
deformations and did not account for the energy dissipation due to the existence of a
liquid phase. In the absence of a liquid phase, it is difﬁcult for agglomeration to occur
unless the particles are small (less than a micron). In the case of small particles, cohesive
forces may be adequate to hold them together and agglomeration could then be
analysed, using models such as that by Zhou et al. (2000) and Moseley et al. (1993).
However, in the case of applications such as coal combustion and gasiﬁcation, the
particles are in the micron-size range reaching several hundreds of μm and
agglomeration due to the effects of viscous dissipation due to a liquid phase that becomes
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important. Ash agglomeration in combustion and gasiﬁcation systems involves the
presence of a liquid layer, which promotes the agglomeration process. In the presence of
the slag-liquid layer, the agglomeration is dominated by viscous dissipation due to the
liquid bridge. The inﬂuence of other forces such as molecular forces and electrostatic
forces becomes less signiﬁcant. These molecular forces are important only if the particles
are less than a micron in size (Salman, 2007). Thus these dry granulation models cannot be
effectively used to model such coal combustion and gasiﬁcation processes. Subsequent
models began to include effects of viscous dissipation due to the presence of liquid.
The applicability of several of the models is limited by the need for accurate
empirical parameters. Zhou et al.'s (2000) model has a large number of empirical
parameters. Although Moseley et al.'s model and Li et al.'s (2010) model were applied to
coal ash systems, several of the model parameters have to be determined empirically for
these models as well. Even models such as those of Cryer (1993) and Terrazas-Velarde et al.
(2011 a and b), which were based on viscous dissipation forces, required the use of several
empirical parameters. The critical Stokes' number in Cryer's model is one such example.
Models with kinetics based on population balances are limited by the choice of the
experimentally determined coalescence kernel. Most of the coalescence kernels available to
estimate agglomeration require experimental parameters, determination of which would be
extremely difﬁcult for applications such as combustion and gasiﬁcation. This can limit the
accuracy of models such as the ones by Cryer and Tan et al. (2004). Development of an
appropriate coalescence kernel is challenging. Some other models such as the FluidizedBed Combustion Deposition model is based entirely on empirical data and the model may
only be used for comparative analyses. The agglomeration prediction model called
FBCSUL, which was developed using computer controlled scanning electron microscopy
(CCSEM), assumes only alkali sulfates to be the cause of agglomeration. Other minerals
such as alumino-silicates and also the iron oxide content which is an important factor
especially in high rank coals, are ignored (Mann et al., 1996).
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Use of the population balance models will be highly complicated when dealing with
chemically reactive systems. It is not possible to have a single value of viscosity for the
calculation of Stokes' numbers for all the collisions. The viscosity will be a function of
particle temperatures and chemical compositions. This would make it difﬁcult to use the
coalescence kernels developed so far. Li et al. (2010) have attempted to estimate viscosity
based on composition of the fuel in their agglomeration prediction model. However, they
do not consider non-uniformities that result from differences in particle composition and
particle size.
Several of the assumptions made in the agglomeration models available in the
literature are valid when one considers granulation processes, which desire to increase
particle size such as pelletization and processes with a uniform binder chemical properties
and binder distribution. These are not equally applicable to agglomeration in ﬂuidized
beds used for coal or biomass combustion and gasiﬁcation. A low viscosity phase may form
due to the presence of mineral matter such as pyrite and calcium oxides in high rank coals
or sodium- and potassium-based compounds in low rank coals and biomass. Local heating
caused by burning char particles, sudden excess oxygen supply or poor mixing also cause a
drop in local viscosities thereby creating conditions that promote agglomeration (Bartles et
al., 2008). Similarly, low temperature eutectic mixtures can cause local melting and initiate
the agglomeration process. Mineral constituents such as sodium may react to form
chlorides, sulfates and carbonates, which can evaporate and later condense on bed particles
making them sticky. Individual particle compositions will also differ from the average bulk
composition in solid fuel combustion and gasiﬁcation systems, which may also create
conditions promoting agglomeration. The existing models cannot account for such lack of
uniformity in conditions throughout the bed or variability of individual particle
compositions from the bulk value.
Chemical reactions and their effects have not been considered by most existing
models. Besides slag formation from ash, complicated interactions of bed material such as
limestone (Barišić et al., 2009) alumino-silicate compounds and additives (Tangsathitkulchai et
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al., 2001) with ash and the extent of carbon conversion (Hsieh et al., 1985) also inﬂuence the

slag formation tendencies. The models are simply based on a physical account of the forces
involved in particle collisions.
Besides, models assume that the spheres undergoing collision are completely
covered by the liquid. Effects of partial wetting of agglomeration and changes in amount
of slag formed based on fuel composition have not been adequately studied in the
published literature. Li et al.'s (2010) model attempted to account for the effects of
chemical composition of fuel. However, they assume that the amount of slag goes on
increasing with time. Thielmann et al.'s (2008) model was an attempt to overcome this
constraint. However, his model has the assumption that the total volume of liquid in the
system would be equally distributed on the particles in the system. This may be invalid if
the liquid formation is due to the presence of chemical reactions and eutectic formation.
In such a situation, the particle composition would dictate the amount of liquid on a
given particle. The estimation will also be different if a distribution of particle sizes needs
to be accounted for.
The majority of the existing models also assume that the size for all the
agglomerating particles is equal. This would not be the case when considering ash
agglomeration in a ﬂuidized bed combustor or gasiﬁer. In granulation processes, models
making the assumption of equal particle sizes may be useful. However, other
applications require a mathematical consideration of collisions between particles of
unequal diameters which has been inadequately developed.
The models using Stokes' criterion require an accurate estimate of the collision
velocity. As a simpliﬁcation, the Thielmann model assumes a constant value of collision
velocity for a collision between any two particles. The Cryer model uses polynomial-chaos
method to account for the uncertainty starting from a normal distribution. Eulerian–
Granular approaches may give a good estimation of collision velocities. Ennis et al. (1991),
Moseley at al. (1993) and Tan et al. (2004) in their models attempted to use the kinetic
theory of granular ﬂow to estimate velocity distributions. However, in combustion and
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gasification systems, the ash chemistry affects the number density due to melting of solid
particles. This in turn affects the bed hydrodynamics such as collision frequency and
collision velocity.
A model to predict agglomeration for applications such as combustion and
gasiﬁcation would require incorporation of chemical composition of the fuel along with
particle level differences in the same, inclusion of the effects of variations in temperature,
slag amount and viscosity across the bed and also the variations in hydrodynamics. Ennis
et al. (1991), Moseley at al. (1993), Tan et al. (2004) and Cryer (1999) attempt to include
variations in collision velocities of particles. Terrazas-Velarde et al. (2011, b) address nonuniformities in collision frequency, which is another parameter affecting particle
dynamics. However, these models do not include the effects of particle chemistry. On the
other hand, models by Kang et al. (1991) and also Li et al. (2010) take into account bulk
chemical composition of the fuel but do not address the differences due to
hydrodynamics. Models that integrate such different non- uniform conditions across the
bed are still at their infancy and call for further developments.
The literature review of agglomerate growth models showed the necessity of
incorporation of both chemistry- and physics-based parameters into existing models for
better applicability to fluidized bed combustion and gasification systems. Additionally, the
need for incorporation of heterogeneity that exists in parameters affecting agglomeration into
the models was also briefly discussed. The following section elaborates on one of the most
important heterogeneities in the system, which is the particle-level ash chemical composition.

2.7. Effect of heterogeneity in ash chemical composition
An important consideration in the study of particle-particle sticking by an intermediate
slag-liquid layer is the differences in chemical composition of different ash particles in the
system. Mineral matter in fuel ash is distributive and the bulk chemical composition is not
representative. Based on mineral processing operations used, such as grinding, the mineral
content is distributed amongst particle classes and therefore each particle class differs in
chemical composition. Thus, the bulk fuel contains classes of particles that may be rich in
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specific minerals such as a class that contains heavy, iron-based minerals or calcium-based
minerals. The particles of such a class can be assumed to be reasonably homogeneous in
composition, while each particle class would have a composition distinct from another. The
term “particle-level” refers to the differences that exist at the level of these ash particle classes.
The term “bulk” composition used in this thesis refers to the overall composition of the whole
coal that contains these specific mineral-rich particle classes. The studies of slag-liquid
formation in fluidized bed combustors discussed from the literature so far, have not
elaborated on the compositional differences that exist at the particle-level and have used the
bulk composition of the composite, whole coal.
The density separation of coal into various density fractions done in previous studies
(Shannon et al., 2009, Soundarrajan et al., 2012) clearly showed these particle-level
compositional differences along with variation in ash content of the separated fractions.
Austin et al. (1987) have also previously emphasized this in their work on ash deposition in
pulverized coal fired units. They mentioned the significance of particle-level heterogeneities in
ash composition and used density separated Rosebud coal fractions in the study of deposition
on heat transfer surfaces in pulverized coal fired boilers. This concept was further applied to
the fluidized bed industry by Rozelle et al. (2000) in their models to predict the flow rates of
fly ash and bottom ash from a CFB boiler. Moreover, in the study of ash particle sticking in
entrained flow gasification, the effect of heterogeneity of fuel ash has been studied (Gibson et
al., 2013 b).
These particle-level non-uniformities in chemical composition have not been
considered in the determination of agglomeration tendencies of fuels. The techniques that
have been used previously for estimation of agglomeration propensity, such as initial
deformation temperature (IDT) measurement using AFT (Drift et al., 1999) and base-to-acid
ratio calculation (Vamvuka et al., 2009) have been applied using only the bulk coal
composition. However, Van Dyk et al. (2009) found on comparison to high temperature X-ray
diffraction (HT-XRD) and FactSage modeling results that a liquid phase was detected at
temperatures below those predicted by AFT. Additionally, they stated that operational
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experiences have indicated that the slag formation tendencies as predicted by AFT were often
not reliable. Stallmann et al. (1980) also observed this, while Raask (1985) also identified the
limitations, and suggested that the margin of error may be significant, and the occurrence of
errors in the determination of the point of onset of slag-liquid formation is possible. These
may occur as particle-to-particle sticking by local liquid phase formation may not cause a
visually detectable difference in the shape of the composite ash cone. Stallmann et al. (1980)
studied temperatures at which agglomerates begin to grow for six coals using sieve analyses
and SEM, and found no correlation with the AFT measurements. Experimental estimation of
sintering based on change in shrinkage or conductivity of ash pellets during heating has also
been done previously to estimate the agglomeration potential (Scott, 1999). Gupta et al. (1998)
related the shrinkage to slag formation and particle stickiness. These techniques have also
largely been applied to the bulk coal. The particle-level differences in size and composition
have been ignored in using only the composite fuel for analysis and prediction. A
consideration of particle-level non-uniformities in the prediction of ash behavior and
agglomeration is warranted.
This concept of heterogeneity becomes critical in the development of particle
population models that quantify the response of different particle classes to stimulus in order
to obtain the resultant effect. Existing mathematical modeling techniques to predict
agglomeration require further development in this regard. Incorporation of the fuel ash
compositional variations at the particle-level into these models for plant applications can lead
to improved tools for mitigating agglomeration issues in fluidized bed systems.

2.8 Effect of heterogeneity in granular physics
Previous studies as reviewed in section 2.5 have estimated values of the physics-based,
hydrodynamic parameters such as collision frequency specifically for the case under study and
assumed them as constant throughout the process or have made approximations that make
them adequate for comparative purposes alone. The models have also used several empirical
parameters that are system specific (Moseley et al., 1993, Terrazas-Velarde et al., 2011 ,b).
Thielmann et al. (2008) acknowledged the dependence of collision frequency on granular
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temperatures and system hydrodynamics, but avoided the calculation of a collision frequency
by basing their model on iteration counts. This was sufficient for the comparative study in their
system. However, it is difficult to extend this assumption to an ash agglomeration prediction
model since the fuels change in the fluidized bed combustion and gasification systems. Cryer et
al. (1999) incorporated a variation in particle collision velocity using an uncertainty calculated
with polynomial chaos functions. They superimposed this uncertainty onto a normal
distribution of the collision velocity that they assumed. Since the particle size distributions of
ash particles in gasification and combustion systems vary widely, thereby leading to nonuniform distributions of collision velocities and collision frequencies, it was desired to
incorporate such non-uniformities into the model.

2.9. Summary
Ash particles stick to one another on collision, if forces such as the viscous dissipation
forces, which arise in the presence of a sticky slag layer, dissipate their kinetic energy. Based on
the extent of coverage of ash particles by slag, ash agglomeration can occur by the melt-induced
or coating-induced mechanism, which is also affected by the fuel type.
The fuel chemical composition determines the amount of slag formed at given
temperature conditions. Analysis of literature on phase equilibria that exist between different
ash components showed that even at the relatively low temperatures that exist in fluidized bed
combustors and gasifiers, there is a possibility that the ash particles become sticky, if their
particle-level composition is considered. In addition to the slag amount, the slag viscosity, ash
particle size and surface tension also affect agglomeration. Ash agglomeration is not only
affected by these chemistry-based parameters, but also physics-based parameters such as the
superficial gas velocity, bed voidage, bed mass, particle size, particle density and particle
collision frequency.
Studies reviewed in this chapter have tried to understand the effect of some of these
parameters in isolation. Various characterization and modeling tools have been used in these
attempts. Although these methodologies can provide a qualitative insight of the agglomeration
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tendency of a fuel, it is challenging to obtain the resultant effect of chemistry- and physics-based
parameters using these alone. For example, the AFT, HSM, thermodynamic simulations and so
on focus only on the chemistry. Pilot-scale experiments can be useful to understand the effect of
both chemistry and physics, but it is cumbersome and expensive to conduct these tests,
especially considering the large variability in fuel type. Development of theoretical models
would aid predictions. However, work in ash agglomeration modeling for fluidized bed
combustors and gasifiers, is not extensive. A few important attempts have been made by
researchers such as Li et al. (2010) and Kang et al. (1991), but more work that integrates the
effect of chemistry- and physics-based parameters is required. Major model development efforts
have been applied to the granulation industry, wherein the conditions in the reactor are
relatively homogeneous and the particle chemistry is not critical. These models consist of three
components: a criterion that tests for particle sticking, a numerical method to estimate
agglomerate growth kinetics and a method to estimate the particle hydrodynamics affecting it.
These granulation models such as the ones by Cryer (1991), Thielmann et al.(2008) and
Terrazas-Verlade et al. (2011, b) would serve as a good basis for development of ash
agglomeration models that can be applied to the heterogeneous conditions existing in fluidized
bed gasifiers and combustors. Some of these models also have a number of empirical
parameters, such as the coalescence kernels used in population balance growth kinetics and
adhesiveness coefficients, which would be difficult to apply to fluidized bed combustion and
gasification conditions.
Hence, overall the literature survey identifies two broad aspects in which extensive
research would be required to understand the process of agglomerate growth in fluidized bed
combustors and gasifiers. These are the integration of the effects of chemistry-based and
physics-based parameters on ash agglomeration and incorporation of particle-level
heterogeneities in ash chemical composition, particle size and particle collision frequencies into
prediction methodologies.
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Chapter 3 : PROBLEM STATEMENT AND OBJECTIVES
For agglomeration to occur, the particles must be sticky, must come in contact with each
other and at the same time their kinetic energy should get completely dissipated by the viscous
binder between them. The fuel chemistry affects the stickiness and slag formation tendencies of
the ash particles. The temperature and chemistry dictate the amount of slag formed. This slag
may fully or partially cover ash particles based on their particle size, surface properties such as
surface tension and the resulting contact angle as well as the rheological properties of the slag
such as its viscosity. Particles will agglomerate to form bigger ones only if they collide in a wet
region. This makes it important to consider the net impact of each of the four properties
mentioned (particle size, surface properties, slag rheology and ash chemistry).
In addition, amongst the wet collisions, only some result in the formation of bigger
particles. This would depend on the slag viscosity (governs viscous dissipation) and also on the
particle velocity (governs kinetic energy). The particle velocity in turn would be affected by the
collision frequency, superficial gas velocity, resulting voidage, and the granular temperature.
These physics-based parameters would also be affected by the particle size and density. As
agglomeration propagates, each of these parameters undergoes changes with the increasing
particle size as has been discussed in section 4.3.5. A collision frequency distribution should be
determined based on the hydrodynamics and granular physics. Since only a fraction of all
particles that collide are sticky, the ash chemistry and particle coverage by slag become
important in the determination of agglomerate growth rate. Furthermore, when particles melt
to form slag, their number density decreases and thereby decreases the collision frequency.
Thus, the chemistry and physics of the process need to be integrated in order to model
the phenomenon of agglomeration. Hitherto, the tools used to predict agglomeration are either
based entirely on chemistry or physics and they do not integrate their effects. The methods that
are based entirely on the chemistry give only a qualitative estimate of agglomeration tendency
of a given system. They do not account for differences in reactor configuration. They are also
unable to predict the kinetics of agglomeration. The effect of change in hydrodynamics that
occurs with increase in particle size on the kinetics is not included. Also, they assume complete
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coverage of particles and thus fail to account for the decrease in growth rate that occurs due to
partial wetting.
Depending on the growth regime of agglomeration or granulation, certain factors
are more dominant than others. If the viscosity of the liquid binder is very high,
agglomeration would lie in the non-inertial regime. In this situation, the dispersion of the
binding liquid is the critical parameter. The extent of coverage of the particle by the liquid
becomes important. The amount of liquid and the surface properties such as surface tension
of slag on the agglomerating particles need to be accounted for in models. Most of the
models available consider that the particles are completely covered by liquid of uniform
thickness. These models have not accounted for scenarios wherein the amount of liquid is
insufficient to cover the entire spherical particle. The model by Thielmann is an attempt in this
direction. It however assumes that the amount of liquid on every particle is equal.
If the binder viscosity is low, the granulation may lie in the inertial regime wherein
the viscosity and particle kinetic energy govern the agglomerate growth. The particle kinetic
energy is largely affected by the bed hydrodynamics. Bed hydrodynamics include the
collision frequencies and velocities of particles. Models reviewed from the literature have
so far assumed a constant value or a standard mathematical distribution of values for the
collision velocity of particles. This is not the complete representation of reality, although it
may be sufficient for comparative purposes in the case under study. Different applications
call for operation of ﬂuidized beds in different operating regimes such as packed bed,
bubbling bed, turbulent bed, fast bed and transport bed (Salman et al., 2007). The voidage
and particle velocities differ in these regimes and affect the collision frequency. Particles in
different regions of the reactor would also have different collision frequencies based on the
operating velocities, sizes and number density. These factors affect particle agglomeration
and their variations have not been used as inputs in currently available agglomeration
models, especially in the case of the ones that focus on chemistry.
Viscosity of the liquid that covers the particles is also a critical parameter to
determine agglomeration and deﬂuidization conditions in the inertial regime. Changes in
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the viscosity with time have not been accounted for in the available models. Differences in
viscosity of liquid surrounding bed particles are possible due to varying local conditions
such as temperature and particle compositions. Models have not yet been able to
incorporate such non-uniformities. A higher viscosity implies more viscous dissipation
but a decrease in the particle coverage due to lack of ﬂuidity. Thus the net effect of the
amount, surface tension of slag and viscous dissipation along with their changes with
time needs to be incorporated into a model for accurate prediction of agglomeration.
The parameters discussed so far such as binder thickness, slag amount, collision
velocities and collision frequency would be affected by the presence of a particle size
distribution. Experiments such as those by Lin et al. (2011) and Öhman et al. (1998) have
also demonstrated the importance of a particle size distribution and its effect of
agglomeration. Cryer (1999) acknowledges that since initial and ﬁnal particles in an
agglomeration process have a distribution of sizes rather than a single value, any
predictive algorithm should be designed to account for this non-uniformity. However,
most of the wet agglomeration-modeling attempts in the literature focus on mono-sized
particles.
The agglomeration models available in the published literature mainly focus on
physical sticking together of particles. The effect of chemical composition on reactions,
eutectic formation, melting and liquid phase properties such as viscosity and amount has
not been adequately modelled. Models such as those based on population balance methods
require a number of empirical parameters. Fluidized bed combustors and gasifiers offer
fuel flexibility as an advantage and this makes it especially difficult to use empirical
parameters in prediction techniques, due to the large variation in fuel feed and operating
conditions.
From a review of the published literature, it is evident that a mathematical model that
predicts agglomeration by incorporating the combined effect of physics and chemistry-based
parameters is currently lacking. Mathematical modeling of particle growth in the fluidized bed
gasification and combustion industry involves heterogeneities in ash chemical composition,
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particle sizes and collision frequencies. Existing mathematical models have been primarily
developed for the granulation industry, wherein the conditions are uniform and hence further
modeling improvements are necessary for their extension to the fluidized bed gasification and
combustion industry.

Hence, the objectives of this research are to1) Develop a unified mathematical modeling methodology that combines the effects of
physics- and chemistry-based parameters on fluidized bed ash agglomeration,
2) Incorporate the effects of heterogeneities in chemical composition, collision frequencies
as well as an initial particle size distribution in to the ash agglomeration model
developed,
3) Study the effect of gaseous atmosphere, temperature, ash composition, collision
frequency and particle size on agglomerate growth,
4) Develop a mechanistic understanding of agglomerate growth in fluidized bed gasifiers
and combustors, considering initiation at the particle-level and
5) Propose operational guidelines to aid selection of fuel and operating conditions to
mitigate agglomeration issues in fluidized bed combustion and gasification systems.
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Chapter 4 : RESEARCH METHODOLOGY

4.1. Overview of Methodology
In order to develop a model that unifies effects due to chemistry- and physics-based
parameters to predict ash agglomeration, the chemistry-based parameters are obtained utilizing
computational thermodynamics, while computational fluid dynamics is used in the calculation
of the particle physics-based parameters. The model is based on testing every binary collision in
the fluidized bed for sticking using the Stokes’ criterion. The research methodology used to
accomplish the study objectives has been summarized in Figure 4.1.

73

Construction of modeling framework
Establishment of mathematical approach and criterion to determine
particle-particle sticking
Development of approach to include particle size distribution
Tools- Literature, Mathematica for coding

Identification and calculation of critical parameters required to model agglomeration
Ash Chemistry
-

Granular Dynamics

Calculation of amount and viscosity of slag at given

-

Collision frequency

temperature

-

Bed volume and bed mass

-

Effect of gaseous atmosphere

-

Particle velocity

-

Calculation of probability of wet collision based on surface

-

Time-scale

coverage

-

Stokes’ number

Tools- Models using Kinetic theory of granular flow, CFD
Tools- FactSage, Modified Urbain model, Agglomeration model

simulations, agglomeration model

Incorporation of heterogeneities in the chemistry-and physics-based parameters
Ash Chemistry

Granular Dynamics

-

Particle-class level chemical composition

-

Collision frequency

-

Both oxidizing and reducing conditions used

-

Particle size distribution

Tools- Density separation, FactSage

Tools- Models using Kinetic theory of granular flow,
CFD simulations, agglomeration model

Validation of FactSage results
Slag formation temperatures and mineral matter transformations
Tools- TMA, HT-XRD, SEM-EDX, Literature case study. Sample-Pittsburgh No.8 coal
Development of a mechanistic understanding of agglomeration in FB gasifiers and combustors
- Initiation of agglomerate formation by particle-particle sticking and possible propagation routes

Substantiation of proposed agglomerate growth mechanism and agglomeration modeling methodology
-

Post mortem study of agglomerates to support proposed growth mechanism

Comparison to case studies from the literature
Tools- Agglomeration model, SEM-EDX, Literature case study, Laboratory fluidized bed reactor

Illustration of potential industrial utility of agglomeration modeling methodology developed
Calculation of probability of agglomerate growth and understanding effect of chemistry and physics based parameters
Samples- Illinois No. 6 coal and Skidmore Anthracite in addition to Pittsburgh No. 8 coal

Figure 4.1: Research Road map
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In this study, agglomeration was investigated from the particle-level instead of relying
on bulk coal properties. For this purpose, density separation was used to isolate particle classes
that are homogenous in chemical/mineral composition, from the bulk coal. These classes were
then characterized for their oxides composition using ICP-AES. The slag formation tendencies
for each of the particle classes as well as the whole coal were predicted using FactSage
thermodynamic simulations. This study was initiated with bituminous Pittsburgh No.8 coal due
to its high iron oxide content that was likely to play a role in agglomerate formation and
considering the widespread use of bituminous coals in northeast US. These predictions were
experimentally validated using thermo-mechanical analysis (TMA) and high temperature X-ray
Diffraction (HT-XRD). TMA was used to determine the slag formation temperature and HTXRD to understand the mineral matter transformations. Experimental predictions reported in
the literature (Chaivatamaset et al., 2011) using scanning electron microscopy coupled with
energy disperse X-ray scattering (SEM-EDX) of slag amount were also simulated using FactSage
and compared to support the validation studies. The composition of slag obtained from the
FactSage computations was used to calculate the slag viscosity. These slag chemistry-based
parameters were used as input parameters to the ash agglomeration model that was developed.
They were used in the calculation of the probability of a wet collision.
The physics-based parameters were computed using the CFD software – Multiphase
Flow with Interphase eXchanges (MFIX). The granular temperature and dynamic bed height
obtained from MFIX were used to calculate a particle collision frequency distribution using the
kinetic theory of granular flow (KTGF) with a slight modification of the calculations used by
Rahaman et al. (2003).
The agglomerate growth mechanism that was proposed based on the results was then
experimentally substantiated by performing SEM-EDX on ash agglomerates obtained from a
fluidized bed combustor in Canada. In addition, a combustion run was conducted in a
laboratory-scale fluidized bed reactor at Penn State to support the formation of agglomerates at
low temperatures from particles of specific compositions. These agglomerates were also
analyzed using SEM-EDX to support validation of the proposed mechanism. Further, FactSage
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simulations were performed using the compositional analysis obtained from SEM-EDX of
agglomerates in order to estimate the slag formation temperatures of different stages of
agglomerate growth identified. This helped to validate the effect of heterogeneity in ash
chemical composition on agglomeration. In addition to the slag formation temperatures, the
slag amounts obtained were also used to simulate the case of agglomerates produced in the
Penn State reactor and compare to the time required for defluidization experimentally. The
results, obtained using the modeling methodology, were also compared to case studies obtained
from the literature.
The model was then used to predict the probability of agglomerate growth as a function
of temperature for Pittsburgh No. 8, Illinois No. 6 and Skidmore coals to illustrate the potential
utility of the modeling methodology. Illinois 6 was chosen as it is also a bituminous coal with
high content of iron-based phases and considerable calcium-based phases. The selected
Skidmore anthracite has high content of calcium-based minerals. The agglomerate growth
probabilities that were predicted corroborated with the understanding of the effect of these iron
and calcium phases on agglomeration.
The details of the computational and experimental methods used for model
development and validation are provided in the following sections.

4.2. Sample preparation to study heterogeneity in ash chemical composition
Pittsburgh No. 8 bituminous coal, Illinois No. 6 bituminous coal and Skidmore
anthracite from Pennsylvania were used in this study. Pittsburgh No. 8 coal rejects, which have
a high ash content of 81.6 % were used as a sample for the experimental generation of ash
agglomerates in the Penn State fluidized bed reactor. This study focused on high rank coals
with high iron content, and relatively simpler mineral assemblage, with low content of
organically-bound alkali and alkaline earth metals. The widespread use of bituminous and
anthracite coals in combustion units in the US makes it useful to study these coals.
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4.2.1. Grinding and size separation

Quarter-inch coal was obtained and then ground in a ball mill (8.5 by 8.8 inch). The
grinding was done in batches of 500 g, using 60 balls (~1.5 inch in diameter) for 1 min at 75
revolutions per minute. The ground coal was then sieved into 7 particle size classes, which are
represented in Table 4.1, to obtain narrow size cuts for analysis. The PS6 size class was used in
the study, since a smaller size is preferred for accurate analysis using the experimental
characterization techniques. The PS3 size class of Pittsburgh No. 8 seam was also studied to
show that variation in particle size did not change the slag formation tendencies and major
mineral matter transformations.

Table 4.1: Particle size classes of coal samples
Particle
Class

PS1

Size Range
(μm)

+500

PS2

PS3

-500+425 -425+212

PS4

PS5

PS6

PS7

-212+150

-150+106

-106+75

-75

4.2.2. Density separation of bulk coal into fractions

The float-sink density separation technique was used to divide the coal into density
fractions rich in certain mineral matter. After initial grinding, to ensure presence of the narrow
size classes in adequate yields, the ground material was mixed for density separation. The
whole coal was separated into four density fractions. Coal was mixed with organic liquids
having the specific gravities of 1.3, 1.6 and 2.6. About 200 g coal was mixed with about 1000 mL
of the separating liquid. The fraction heavier than the liquid was allowed to sink and separated
from the lower specific gravity particles that remained afloat. The specific gravities of the
organic liquids were chosen based on the desired mineral rich fractions being generated. For
example, the need for the separation of a distinct particle class dominated by the heavier iron
rich particles led to the choice of 2.6 as the highest specific gravity. At the same time, an attempt
was made to obtain yields of at least 1 weight % of the bulk coal, for each of the fractions
generated. These density-separated fractions are referred to as SG1, SG2, SG3 and SG4 in this
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thesis, in increasing order of their specific gravity, as shown in Table 4.2, while the whole coal is
referred to as SG0.

Table 4.2: Specific gravity classes in to which whole coal (SG0) was divided
Gravity Class

SG1

SG2

SG3

SG4

Density
Range (g/cc)

< 1.3

1.3-1.6

1.6-2.6

> 2.6

4.2.3. Generation of ash for experimental analyses

The coal fractions were heated in a TGA proximate analyzer (LECO Corporation, St.
Joseph, MI, USA) up to 650 °C. Each crucible was loaded with 0.5 g of coal sample to allow for
complete ashing at this relatively lower temperature. A moisture removal step was done at 110
°C for an hour, which was followed by ashing. The ashing was done at 650 °C until a constant
mass of the residue was achieved. In this way, ash that had not been subjected to relatively high
temperatures was generated from the coal fractions. Since fluidized beds operate at low
temperatures of 800-1,000 ˚C, it was important to generate ash samples that are not been
subjected to these temperatures, for analysis.

4.3. Sample characterization to use as inputs for thermodynamic computation
The

density-separated

fractions

were

characterized

using

proximate

(LECO

Corporation, St. Joseph, MI, USA), ultimate (LECO TruSpec ultimate analyzer) and total sulfur
analyses (LECO S/C 632 Carbon/Sulfur Determinator). A Quantachrome helium pynometer was
used to measure the density of ash prepared from each of the coal samples. This was done to
ensure that the particle density of the ash fraction obtained from density separation was within
the specific gravity ranges, mentioned in Table 4.2 for the respective coal fractions. The reported
values were obtained as the average of repeated measurements with a maximum error of 4%.
The distinct ash composition of each of the fractions was determined using Inductively Coupled
Plasma Atomic Electron Spectroscopy (ICP-AES) (Perkin-Elmer Optima 5300). This technique
helps to obtain a quantitative measure of the ash components. The solid ash samples are mixed
with lithuim metaborate in the ratio (1:4) and fused. These are then dissolved in 5% trace metal
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grade nitric acid. The sample is then introduced as an aerosol into plasma that excites the
atomic species. The wavelengths of the photons released when excited electrons return to their
original energy state help to detect the different elements present and measure their
concentration. It is acknowledged that the results are reported as oxides, which is not
necessarily the mineral form in which the element is present in the original sample. However,
these data are useful as an input for computational thermodynamics calculations in which the
computations are performed based on elemental and oxide thermodynamic properties.

4.4. Model Development
Due to the importance of heterogeneity at the particle-class level, an agglomeration
model was developed based on testing binary collisions for sticking using the Stokes’ criterion.
When two particles stick on collision, the resultant increase in particle size is calculated. This
calculation is performed on all possible binary collisions in the system at each time step and the
evolution of the particle size distribution is tracked. The ash agglomeration model incorporates
effects of both the particle-class chemistry (using FactSage simulation results) as well as the
particle-class physics. The chemistry of the formation and rheology of the viscous liquid that
can bind particles on collision are studied using computational thermodynamics, while the
physical properties that define particle motion are studied using computational fluid dynamics.
The agglomeration model developed comprises a mathematical code (written in the Wolfram
Mathematica program) that uses these inputs on the binder’s chemical properties and particle
physics to track changes in particle sizes over time. This includes consideration of the
dispersion of the binder on the solid particle surface as also the differences in collision dynamics
that relate to particle size. Figure 4.2 gives the detailed algorithm of this modeling
methodology.
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Figure 4.1: Flowchart of Ash Agglomeration Modeling Algorithm

4.4.1. Scope and limitations of agglomeration model being developed

It is acknowledged that the agglomeration model considers ash agglomeration alone
and does not include effects of the organic matter and kinetics of coal combustion and
gasification. This may affect particle temperatures, and a sub-model to calculate particle
temperatures based on heat transfer mechanisms would need to be used for this incorporation.
The presence of carbon may decrease the wettability of the particles (Gibson, 2013). This is
believed to decrease the probability of wet collisions between particles and thereby the potential
for agglomeration. Experiments by Hseih et al. (1985) indicated that agglomeration did not
occur on heating coal samples until at least 80 wt. % of the carbon was removed. Thus, as a
simplification, this study was restricted to the agglomeration of ash without carbon in the bed.
The model has been developed to study the agglomerate growth kinetics alone. It does
not consider the attrition of particles. Attrition could result in elutriation of particles from the
bed, decreasing agglomeration. On the other hand, the increase in finer particles could increase
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the particle number density and increase collision frequencies, which could also increase the
agglomeration rate. If conditions are not suited for agglomerate growth, the presence of more
fines would decrease the average particle size.

A sub-model that additionally defines a

deformation Stokes’ number based on hydrodynamic parameters such as bubble velocity,
bubble diameter and shear rate may be incorporated if the addition of this effect is desired.
Considering the complexity and large number of parameters, different mechanisms of particle
attrition and models available to determine particle attrition in fluidized beds, this is considered
outside the scope of the present work.
Currently, the model has been directly applied only to high rank coals, although
extension to other fuel types is being considered. Work initiated in this direction has been
discussed in Chapter 7 and some preliminary results have been provided in Appendix 2.
The model is based on particle-particle collisions and does not include particle wall
collisions. However, particle wall collisions would be less critical in the study of agglomeration
and defluidization than in the case of deposit formation.
4.4.2. Analysis of time-scale and magnitude of forces that arise during binary collisions

The balance of forces makes colliding particles that are wetted by a sticky liquid, stick or
rebound on collision. These include liquid bridge forces such as viscous dissipation forces,
capillary and surface tension forces, sintering forces or forces of adhesion and cohesion that lead
to particle-particle bonding, and drag forces, gravitational forces, van der Waals forces and
electrostatic forces. The magnitude and significance of these forces depends on the particle size,
viscosity of the intermediate liquid and time scale of collisions.
In fluidized bed combustion and gasification systems, the particle size is always in the
range of a few µm. It generally ranges from 90 µm to about 4 mm (Soundarrajan et al., 2012).
Vander Waals and electrostatic forces are very weak for such large particles and are
insignificant. Van der Waals forces will be dominant only if the particles are less than 1 µm in
diameter and at the most up to 10 µm diameter depending on the material properties. Hence
the formation of a liquid phase is a prerequisite for ash agglomeration during combustion and

81

gasification. In the case of particles that have a wetted surface, either the surface tension and
capillary forces or the viscous dissipation forces dominate, depending upon the viscosity of the
bridging liquid. If the liquid has a low viscosity, the bridge represents a movable surface and
surface tension forces act along the solid-liquid-gas boundary. In addition, a negative capillary
pressure develops in the liquid bridge region and holds the two particles together. On the other
hand, if the liquid is highly viscous, its mobility is reduced and so also is the magnitude of the
surface tension and capillary forces (Rumpf, 1961). The viscosity of slag formed from ash
particle melting that acts as the liquid binder depends on the ash chemical composition and the
temperature of operation. The operating temperatures in fluidized bed combustors and gasifiers
are relatively low in the range of 800 to 1,000 ˚C. At these temperatures, the slag viscosities are
generally in the range of 104 to 109 Pa.s. With such high viscosities, the viscous dissipation forces
are dominant over the capillary and surface tension forces. The collision frequency of particles
in fluidized beds is high. Hence, the contact time per collision is extremely small, in the order of
a few microseconds. Particle collisions in a fluidized bed are very rapid and occur on a smaller
time scale of a few milliseconds as shown by the CFD model developed and validated by Chua
et al. (2011). A simulation study by Tan et al. (2006) showed that the particle collision rate is on
the time scale of microseconds. The collision frequencies of the binary collisions ranged from 100
to 106 per second, thereby making the time per collision about 0.01 to 10-6 seconds. At this timescale, bond formation cannot occur due to sintering, as for sintering to occur to the extent that
the particles do not separate under the influence of gravity, they need to be in contact for at
least greater than a second. The time-scale for sintering is at least 2 to 3 orders of magnitude
greater than for viscous dissipation. Solid state sintering occurs by slow solid diffusion between
particles. Similarly, ash sintering in the presence of a liquid phase is also a slow process due to
the high viscosity (>105 Pa.s) of the siliceous slag material. The time for sintering is calculated
using the Frenkel equation, which is described in section 2.3.2. Raask (1985) has presented the
effect of different parameters on the sintering time and these results can be used to estimate the
time scale of particle sintering in fluidized beds. The time required for a given degree of
sintering increases with an increase in particle size and the viscosity. The particle size of solids
in fluidized bed combustors and gasifiers is large. At the relatively lower temperatures in
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fluidized beds, in general, the viscosity is greater than 105 Pa.s. Under these conditions, the time
required for formation of deposits that do not break off under gravitational influence by
sintering would at more than a second.
Based on this analysis, viscous dissipation plays the dominant role in keeping colliding
ash particles stuck together in fluidized bed combustion and gasification systems. The Stokes’
criterion, which is based on the viscous dissipation of kinetic energy of colliding particles’, is
used to test for sticking in the ash agglomeration model developed on this study.
4.4.3. Stokes’ criterion to determine sticking potential of colliding particles
The Stokes’ criterion has been previously used to determine if colliding particles remain
stuck together in the process of granulation for pellet production (Buffier et al., 2000, Ennis, et
al., 1991). The Stokes’ number is given as
𝑆𝑡 =

4𝜌𝑢𝑐 𝐷
9𝜇

(4.1)

Where
uc is the velocity associated with a collision and it is approximated to the superficial gas velocity
in this study,
D is the reduced diameter of the particles,
ρ is the particle density, taken constant for all the ash particles in the system. Reduced mass
could be used instead, if unequal density is required,
and µi is the viscosity of a liquid layer on the surface of the particle.
The Stokes’ number is a ratio of the kinetic energy of the particles to the viscous
dissipative forces. If the viscous dissipation on collision of the particles exceeds their kinetic
energy then the particles remain stuck, otherwise they rebound. This was evaluated by
comparing the value of the Stokes’ number for a given binary collision to a fixed critical Stokes’
number. The critical Stokes’ number, below which the viscous dissipation exceeds the kinetic

83

energy of particles and causes sticking is has been derived as Stcr = (1 + 1/e) ln (h/ha) by Ennis et
al. (1991).
This criterion helped to combine the effects of both chemistry- and physics-based
parameters into the model. The viscous slag-liquid formed by the melting of ash material acts as
the liquid bridge binding particles. The amount and viscosity of the slag-liquid determine the
extent of viscous dissipation that occurs on collision, which in turn depend upon the ash
chemistry as well as operating temperatures. On the other hand, the kinetic energy depends on
the particle physics such as the collision frequency, which depends upon the hydrodynamics in
the system.
Hence, for particles to agglomerate- 1) They should be wetted by a viscous liquid, 2)
they should undergo a collision in the liquid wetted region and 3) they should pass the Stokes’
test for sticking. Accordingly, the model developed included calculations to obtain the particle
coverage by a predicted amount of slag-liquid, the collision frequency of particles and the
viscosity of the slag-liquid.
4.4.3.1. Sensitivity analysis based on the Stokes’ criterion

Sensitivity analysis was performed based on the Stokes’ criterion in order to determine
the relative importance of the parameters that affect agglomeration. Sensitivity analyses on the
viscosity, critical Stokes’ number, density, and collision velocity were done over a range of
particle sizes.
The collision velocity was approximated to the superficial gas velocity. The superficial
gas velocity may be 1-2 m/s for bubbling fluidized beds and a maximum of 10-30 m/s for
circulating fluidized beds (Basu, 2006). The higher the collision velocity, the greater will be the
particle’s kinetic energy and the chance of sticking would be less.
*
The critical Stokes’ number is given by St = (1 + 1/e) ln (h/ha)

where h is the liquid

layer thickness, ha is the height of surface asperities and ‘e’ is the co-efficient of restitution
which takes a value between 0 (inelastic collision) and 1 (elastic collision). Thus a range of
values of restitution coefficient was chosen and the corresponding pre-factor to the critical
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Stokes’ number were calculated as shown in Table 4.3.

Table 4.3: Restitution coefficient used towards calculation of critical Stokes’ number
e

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1 + 1/e

11.00

6.00

4.33

3.50

3.00

2.67

2.43

2.25

2.11

2.00

Table 4.4: Estimation of range for critical Stokes’ number
h/ha

ln(h/ha)

StCr min

StCr max

1 +1/e = 2

1+ 1/e = 11

1.1

0.095

0.190

1.048

10

2.302

4.605

25.33

100

4.605

9.210

50.66

1000

6.907

13.82

75.99

‘ha’ may be obtained experimentally using SEM. It was estimated to be around 2.5 polymeric
granules (Thielmann et al., 2008). Other studies estimated it to be proportional to the diameter
of constituent particles of the granule (Lister et al., 2004). ‘h’ may be estimated from the amount
of liquid and contact angle made by the liquid with the granule surface. h/ha cannot be less than
1, since otherwise the contact point of the particles would be above the slag layer and thus the
collision, in effect, would be dry. Thus a minimum value of 1.1 was chosen since an accuracy of
less than 1 µm would not be expected with the experimental techniques and estimation
methods discussed above. Subsequently, the ln(h/ha) values were obtained for a range of h/ha
values as shown in Table 4.4.
The maximum and minimum range of corresponding critical Stokes’ numbers were
calculated using the limits of e = 1 and e = 0.1 as shown in Table 4.4. In the study by Thielmann,
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the minimum critical Stokes’ number of 3.2 was used. Empirical relations have often been used
in the literature to estimate Stokes’ number (Cryer, 1999, Yang, 2003). Barnocky et al. (1988)
suggested that in typical applications, for micron-sized particles, the critical Stokes’ number
must be between 1 and 10 for impaction and rebound to occur. It is thought however, that these
values would be significant only in conventional granulation applications that use low viscosity
binders. These values from the literature indicate range of values for critical Stokes’ number.
The particle density may be between 1.3 g/cc and 2.6 g/cc. The particle inertial forces will
be higher for particles with higher density.
A lower limit of viscosity (critical viscosity) above which a binary collision results in
particle sticking is estimated. For this situation, the Stokes’ number must be less than the critical
Stokes’ number. Thus 𝜇 =

𝑚𝑢
12π𝑑2 𝑆𝑡 ∗

will be the critical viscosity above which particles stick.

The viscosity was calculated for all possible binary collisions of particles ranging from 1
to 500 µm. The particles were divided into size-intervals of 25 µm each and the mean diameter
was considered representative of all the particles in a particular size-interval. Thus 20 sizeintervals and corresponding 400 binary collisions were considered. The highest requirement on
critical viscosity would be obtained at the maximum possible particle collision velocity and
density with the minimum possible critical Stokes’ number. Thus, the parameters stated above
were varied one at a time keeping the rest at these limiting values to obtain the critical viscosity
for all the 400 collisions.
The upper limit of collision velocity was taken as 10 m/s, 2.6 g/cc was used as the density
and 0.01 was used as the limiting Stokes’ number. The critical viscosity for this limiting case,
was between 7.2 Pa.s and 282 Pa.s for the collisions involving the smallest particles to those
involving the largest size, respectively. Overall, the sensitivity analyses of all the parameters as
described yielded a minimum of 4.8 x 10-5 Pa.s as the critical viscosity and 282 Pa.s as the
maximum critical viscosity.
Practically, in fluidized bed combustion and gasification operating conditions, slag
viscosities of high rank coals are generally above 300 Pa.s. Only slags that are rich in fluxing
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agents such as FeO may have lower viscosities. As an example, the calculated slag viscosity for
density separated Pittsburgh seam coal using the modified Urbain (Kalmanovitch) model (van
Dyk et al., 2009) on the slag chemical composition obtained from FactSage is 8,817 Pa.s even at
1,050 °C. Thus, the viscosity of the slag formed would exceed the critical value in most cases and
thus most of the wet collisions would pass the Stokes’ test and stick. Only some of the particles
rich in iron phases may have lower velocities. Thus, the majority of the collisions would result
in sticking while a few could depend on other parameters such as collision velocity.
Thus, from the sensitivity analyses it was understood that for fluidized bed combustion
and gasification conditions of high rank coals, the agglomeration occurs primarily in the noninertial regime. Non-inertial regime was as defined by Ennis et al. (1991) in their pioneering
work in using the Stokes’ criterion to understand granulation. Thus, collision velocity, liquid
viscosity and particle density would not be critical in determining the agglomeration tendencies
of a given high-rank coal system. Instead dispersion of the liquid on the particle surface,
amount of slag-liquid formed and collision frequency will be more important. Thus, particle
surface properties, chemical composition, temperature and gaseous atmosphere may be more
critical in determining differences in agglomeration tendencies.
4.4.4. Incorporation of physics-based parameters into agglomeration model
4.4.4.1. Calculation of resultant particle size distribution

Based on the percentage of slag obtained from FactSage calculations, the mass of solid
particles in the bed was obtained by subtracting out the mass that converted into slag. This
mass was divided into narrow size intervals based on the initial particle size distribution (PSD),
for further computations. Each particle increment had a top size and a bottom size and the
geometric mean of these two sizes was used to represent the average diameter of particles in
that interval. The particles are assumed to be spherical. The initial bed mass was distributed
amongst the size intervals based on the mass percent of a given size in the industrial
distribution of interest. In the present study, the particle size distribution used is given in Table

4.5, consisting of four narrow size intervals. This was based on a distribution obtained from a
full-scale fluidized bed boiler (Soundarrajan et al., 2012). The defluidization size was arbitrarily
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fixed as 12,700 µm. The number of particles in each interval was calculated and tracked during
the entire simulation. When an agglomerate is produced by a collision of a particle from one
size interval with that from another, the mass of the resultant particle was calculated to be the
sum of the individual masses of the colliding particles, given by

mi , j

3
dj
4  d 
 mi  m j     i  i    j 
3  2
 2






3





(4.2)

If two colliding particles stick, the resultant solid agglomerate diameter was calculated, based
on the resultant mass and assuming the particle density to be constant.

di, j

 3Vi , j
 2
 4

1



mi2, j
3
 3

  2



 4 mi   m j  


(4.3)

The agglomerate may then move into a higher sized interval before the next time step.
When two particles collide, it is also possible for them to rebound without sticking. If the
kinetic energy of the colliding particles is greater than the energy dissipated on collision, they
rebound.

Table 4.5: Initial particle size distribution used in simulations
Class upper limit
(µm)

Class lower
limit (µm)

1

1,200

707

34.51

2

707

354

29.58

3

354

149

30.99

4

149

90

4.93

Size interval

Mass fraction (%)

88

In order to obtain the rate at which these wet particles stick, it is necessary to calculate
the frequency at which they undergo collisions. This particle collision frequency depends on the
system hydrodynamics and was calculated as follows.
4.4.4.2. Calculation of collision frequency distribution

In order to correctly incorporate the agglomerate growth kinetics for the entire particle
size distribution, the determination of a distribution of collision frequencies is required. In this
study the collision frequency was calculated based on the kinetic theory of granular flow. Based
on the theory for non-uniform dense gases described by Chapman et al. (1960), Rahaman et al.
(2003) developed an unequal granular temperature theory i.e. a kinetic theory for multi-particle
flow with particles having different granular temperatures. Based on their kinetic theory, they
derived a formula for the calculation of binary collision frequency (fcoll).
This formula was used for the calculation of collision frequency in the agglomeration
model, since it had been developed utilizing a granular mixture of particles consisting of
different sizes with unequal granular temperatures, unlike prior models that only considered
mono-sized particles. The equation derived by Rahaman et al. (2003) was used with a
modification to use granular temperature as an input for the calculation in place of the granular
energy. The modified equations used are as follows𝑓𝑐𝑜𝑙𝑙 =

1 (3) 1
√𝜋 2
𝑑𝑖𝑗 𝑁𝑖 𝑁𝑗 𝑔𝑖𝑗 (
) 2 3/2 2
4
𝜃𝑖 𝜃𝑗
𝐴 𝐷

𝑔𝑖𝑗 =

(4.4)

𝑁𝑝ℎ 𝑔0
(∈ +∈ )
2 (1 −∈𝑔 ) 𝑖 𝑗

(4.5)

𝑁𝑖 𝑚𝑖
𝜌

(4.6)

∈𝑖=
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𝐷=

∈𝑠 1/3 −1
𝑔0 = [1 − (
) ]
∈𝑠𝑚𝑎𝑥

(4.7)

1 1 1
𝐴= ( + )
2 𝜃𝑖 𝜃𝑗

(4.8)

2
𝑚𝑖𝑗
𝑚𝑖2
+
2(𝑚𝑖 + 𝑚𝑗 )2 𝜃𝑗 2(𝑚𝑖 + 𝑚𝑗 )2 𝜃𝑖

(4.9)

Where
The subscript i,j indicates the size interval i, j,
di,j is the particle diameter,
Ni,j is the number density,
gij is the radial distribution function,
𝜃𝑖 is the granular temperature,
mi,j is the particle mass,
𝜌 is the particle density,
∈𝑠 is the solid volume fraction,
∈𝑔 is the void fraction,
and ∈𝑠𝑚𝑎𝑥 is the maximum solid volume fraction.
The particle granular temperature and the number density of particles in the intervals
were needed to compute the distribution of collision frequencies between particles of different
sizes using the Rahaman formula.
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The number density (Ni/j) was calculated as

𝑛𝑖/𝑗
𝑉𝑏𝑒𝑑

(Vbed is the equilibrium bed volume)

and the granular temperature required for the above calculation of the collision frequency was
obtained using CFD with the software – MFIX (Multiphase Flows with Interphase eXchanges)
based on finite volume method (Syamlal et al., 1993). This is an open-source software that has
been validated for multiphase simulations in gasifiers and combustors. The Eulerian-Eulerian
computations along with the kinetic theory of granular flow were used.
In the collisional regime, the solids stress tensor was calculated using an algebraic form
of the granular energy equation based on the granular energy conservation equation and the
granular temperature was obtained from the granular energy equation of Lun et al. (1984)
assuming local dissipation and neglecting the convection and diffusion terms. In the plastic
regime (if the voidage is less than the packed bed void fraction), the Schaeffer friction equation
was utilized to calculate the solids stress (Syamlal et al., 1993).
First order discretization was used and the simulation was started from a slumped bed
initial condition. The mass inflow and pressure outflow boundary conditions were used. A
semi-permeable internal surface was used to model the frit based on Darcy’s law for the
pressure drop along the flow direction. The post-processing was done by using the post-MFIX
executable. The granular temperature for every solid phase and solid volume fraction (ϵs) at
every cell was obtained as an output from MFIX. Post MFIX was modified to obtain the mass
average granular temperature for each phase to be used as an input to the collision frequency
equation (4.4). The dynamic bed height was obtained by locating the height of the cell below
which the total mass (mass in cell = ρi x ϵs x cell volume) was greater than 99% of the total initial
bed mass.
The hydrodynamics for the simulation results presented were obtained considering a
laboratory scale reactor, 0.06 m in diameter and 0.94 m in height, with a 0.05 m plenum and 1
cm thick distributor plate having a porosity of 0.5. The radius of the fluidizing air inlet was 0.5
cm and the superficial gas velocity was about 1.8 m/s. The voidage at minimum fluidization
was 0.42. These parameters were selected to model the fluidized bed reactor at the Penn State
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laboratory, described in section 4.5.4. The ash particle density used as 2 g/cc,, as an average of
the densities of mineral components of bituminous coals.
Figure 4.3 is a snap shot of the voidage obtained by simulation of the particle size
distribution using MFIX. It shows stable bubble phase formation illustrating convergence of the
simulation for the given system.

Figure 4.3: Snap shot from MFIX simulation showing stable bubbling
4.4.5. Incorporation of chemistry-based parameters into agglomeration model
4.4.5.1. Calculation of amount of slag formed using FactSage thermodynamic simulations

FactSage computes the Gibbs free energy for various possible compounds at a given
temperature and pressure using thermodynamic properties from FACT databases while
maintaining the elemental balances. FactSage has been utilized in a number of studies
previously to study mineral matter transformations in coal (Jak et al., 2004) including Pittsburgh
No. 8 coal (Shannon et al., 2009). The report by Jak et al. (2004) has applied and validated the
use of FactSage for several studies involving coal mineral matter transformations. These studies
have been performed at higher temperature above 950 ˚C. Since the databases have been
optimized for Al2O3-CaO-FeO-Fe2O3-SiO2 systems (Bale et al., 2009) as well as binary and higher
order subsystems containing Al-Ca-Fe-O-Si-Mg, Al-Ca-Fe-O-Si-Na and Al-Ca-Fe-O-Si-K, which
are the primary elements present in coal ashes, FactSage was chosen as a tool that would be able
to predict the mineral matter transformations under fluidized bed operating conditions as well.
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Experimental validation of results obtained from FactSage helped to ensure appropriate
utilization of this simulation software, under fluidized bed operating conditions. FactSage
includes the general unified thermodynamic solution model, which makes binary parameters
more flexible and easy to unify into multicomponent systems. Further, it uses the modified
quasi-chemical model, which enables it to account for amphoteric oxides that are important in
ash mineral systems, in addition to acidic and basic oxides.
In order to determine if the heterogeneity or particle-level behavior indicates onset of
conditions favoring ash agglomeration at low operating temperatures, FactSage was used as a
tool to obtain the slag-liquid present in the bed at a given temperature at equilibrium. The
amount of slag-liquid is determined by the ash chemistry and operating conditions such as the
temperature and gaseous atmosphere.

Each of the four density-separated fractions were

studied to incorporate the effect of chemical heterogeneity of bed ash in to the calculations, and
to identify the bad actors through an understanding of particle-level mineral matter
transformations. The ash generated from each of the four density -separated fractions contained
in 10 kg of the coal was equilibrated with a gaseous atmosphere using FactSage version 5.2.
To simulate combustion conditions, an oxidizing gas composition, the composition of
the gaseous atmosphere used for this study was a typical flue gas composition containing 3%
oxygen, 15% carbon dioxide, 10% water and 72% nitrogen. This gas composition was chosen
based on the distribution of oxygen in the study by Hartge et al. (2005) in a CFB combustor,
which showed the oxygen content to be similar to the flue gas. The simulations were also
repeated in air and the slag formation tendencies were not significantly different. The ratio of
amount of coal to the gaseous atmosphere was determined based on the amount of carbon
dioxide formed on complete combustion of whole coal.
Similarly, in order to simulate gasification, ash from each density fraction was allowed
to equilibrate individually with a reducing gasification medium. The reducing gasification
medium consisted of 32.6% carbon monoxide, 27.6% hydrogen, 14.3% carbon dioxide and
balance water vapor at atmospheric pressure. The mass ratio of the total amount of reducing
gas to the carbon content of the fraction was taken as 0.2 based on an average value reported in
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literature from commercial gasifiers (Ariyapadi et al., 2008, Jan de Graaf et al., 2002, Jones et al.,
2012). Since these gasifiers use mainly lignite, sub-bituminous coals and a few bituminous coals,
the carbon content was considered as 55 wt.% for calculation of the ratio.
It was run at atmospheric pressure and the temperature was varied to depict fluidized
bed operating conditions. The FACT Slag A database was used for the slag phase
thermodynamic properties. All the phases available in this Slag A database as well as phases
available in the FACT database for pure solids, liquids and gases were used unless the number
of phases exceeded the maximum allowed in a single calculation. If the number of possible
phases exceeded this limitation, the hydrocarbon phases and the phases containing water of
hydration from the solid and liquid phase were not included in the calculation, since they
would not exist at the high temperatures studied. The ash compositional analysis as oxides was
used as input. Shannon et al. (2009) showed that the results are not significantly affected by the
forms of sulfur. Therefore only sulfur, in its elemental form, was used as input in this study.
The FactSage calculations were used to obtain the stable solid, liquid, gaseous and slag–liquid
phases at equilibrium. The slag–liquid formation onset temperature was predicted as the lowest
temperature at which slag- formation of 0.5 wt. % or greater was detected. In order to obtain the
initial slag formation temperature, the FactSage calculations were first performed at 900 °C and
then performed by gradually increasing the temperature in increments of 10 °C until slag–liquid
presence was seen. Similarly, if slag–liquid was present at 900 °C, the temperature was lowered
in increments of 10 °C until no more slag–liquid was seen. Once the slag–liquid formation onset
temperature had been determined, the FactSage calculations were done using step intervals of
50 °C.
The slag-liquid amounts obtained from the more homogeneous ash fractions were used
in the ash agglomeration model, instead of that based on the heterogeneous bulk coal
composition. In this model, the resultant amount of slag was obtained by “attribute-tracking” of
the slag amount obtained at the particle-level from these individual fractions that make up the
bulk coal. In this case, the “attribute” was the “slag-amount”. If the weight percent of slag
obtained from each of the individual fractions is ‘si’, the contribution of the homogeneous coal
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fraction in the ‘W’ kg of bulk coal is ‘wi’, each with an ash content of ‘ai’, the total resultant
fraction of slag (wsl) is given as
∑((𝑤𝑖 × 𝑎𝑖 ) × 𝑠𝑖 × 𝑊)
∑((𝑤𝑖 × 𝑎𝑖 ) × 𝑊)

(4.10)

Due to the heterogeneous nature of whole coal, the attribute-tracked amount of slag was
significantly different from that obtained by studying the bulk coal (Khadilkar et al., 2015 a).
The ash particle size within the homogeneous particle-classes did not cause differences in the
slag formation tendencies.
4.4.5.2. Calculation of probability that two particles collide in a slag-wetted region (wet collision)

Particle coverage by slag depends upon the amount of slag-liquid present. The amount
of slag-liquid present, the contact angle (α) and the particle size were used to calculate the
probability of a wet collision, as follows.
Knowing the mass (mi/mj) of the particles in the interval undergoing collision from
equation 4.2, the number of particles in that interval was calculated as
𝑛𝑖,𝑗 =

𝜑𝑚𝑖 × 𝑀𝑏𝑒𝑑
𝑚𝑖,𝑗

(4.11)

The slag-liquid associated with the particles in a given interval (amti) was equally
distributed among all the particles. It is given as- 𝑎𝑚𝑡𝑖 = 𝑊𝑠𝑙 × 𝑀𝑏𝑒𝑑 × 𝜑𝑚𝑖 . The radius (r) and
height (h) of the liquid droplet that forms was calculated using the method adopted by
Thielmann et al. (2008) that had been obtained using modeling based on the molecular kinetic
theory.
3𝑎𝑚𝑡𝑖 sin3 𝛼
𝑟=[
]1/3
𝜋𝜌𝑖 𝑛𝑖 (2 − 3 cos 𝛼 + cos 3 𝛼)

(4.12)

1 − cos 𝛼
ℎ = 𝑟[
]
sin 𝛼

(4.13)
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Where
amti is the amount of slag-liquid in size-interval i,
ni is the number of particles in interval i.
Using this, the surface area of the liquid droplet is calculated. The probability (pr) that a
collision between two particles is wet was given by 𝑝𝑟 = 1 − [(1 − 𝑓𝑟𝑖 ) × (1 − 𝑓𝑟𝑗 )] where ‘fr’ is
the ratio of the surface area of the wet droplet to the surface area of the particle that it wets. The
total number of collisions that occur in a given time step (ncoll) depends on the number of
particles available and their collision frequency. The number of wet collisions is the fraction fr x
ncoll while the number of collisions per unit time is limited by the number density.
Once a wet collision occurs, the viscosity of the slag-liquid formed helps to determine if
the viscous dissipation of the particles’ kinetic energy would be sufficient to result in sticking.
The viscosity of the slag-liquid is dependent on the chemical composition of the liquid. A brief
description of the methods used for this calculations have been described below.
4.4.5.3. Calculation of slag-liquid viscosity

The chemical composition of the slag obtained from FactSage calculations was used to
calculate the slag viscosity with the modified Urbain model (van Dyk et al., 2009). This
empirical model was chosen, based on the review of viscosity models by Vargas et al. (2001).
The study found the Botinga-Well and Urbain model to reasonably match experimentally
measured viscosity values of high rank coal ashes. However, the Botinga –Well model does not
predict adequately well for slags rich in iron containing phases since in the development of the
model, only few data were available for the viscosity of iron-containing silicates and the
measurements were made in the low-Fe2O3 range. Vargas concluded that Urbain model made
reasonable predictions for high rank coals. Since the modified Urbain model is an empirical
model that has been developed for completely molten slag-liquid, the slag-liquid oxide
composition obtained from FactSage was used as an input for the calculation. Thus the viscosity
of the clear slag-liquid at the desired temperature is calculated.
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In summary, the changes in the number of particles are tracked by the ash
agglomeration model developed using Mathematica, and the model can trace the temporal
evolution of the ash particle size distribution in the system. Thus for every iteration, the
collisions that pass the Stokes’ criterion, result in the formation of larger particles and these
particles are redistributed within the size intervals to give a new average particle diameter. The
mass of particles that grow to a size that can result in defluidization is also tracked.
The model can be used to simulate a batch system or be applied to a semi-continuous
system with an adaptation. For application to a semi-continuous system, the ash feed rate
(ashrate) was used as an input and the slag amount increased with time.
amt 𝑖 = 𝑤𝑠𝑙 × 𝜑𝑚𝑜𝑙𝑑𝑖 × ashrate × Δt

(4.14)

Where,
𝜑𝑚𝑜𝑙𝑑𝑖 is the initial mass fraction in size interval i,
Δt is the time-step used in the model.
The ash alone contributed to the slag formation and its contribution to increase in particle size is
considered negligible, it being a very small percentage of bed material.

4.5. Experimental techniques for validation of FactSage and proposed
agglomeration mechanism
4.5.1. Thermo-mechanical analysis (TMA)

Thermo-mechanical analysis (TMA) in a Shimadzu thermo-mechanical analyzer
(Shimadzu Corporation, Kyoto, Japan), was used to experimentally study the onset temperature
of slag-liquid formation of the density fractions. The minimum temperature at which the ash
pellet begins to shrink is stated as the Slag-liquid Formation Onset Temperature. The onset
temperature was recorded at an arbitrary value of 0.1% shrinkage for consistency between all
the samples. Ash pellets of 6mm diameter and 5–6 mm thickness were made using hydraulic
pressing. They were then subjected to a constant stress by a vertical alumina rod while the
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sample was heated. The sample was heated up to about 1,200 °C and the change in the
thickness of the pellet was continuously recorded. This change in thickness has been correlated
to the melting of ash particles in previous studies (Gupta et al., 1998). The thickness decreases
gradually at first and then more rapidly thereby forming a curve with a knee. The initial
sintering temperature was determined as the temperature at which the drop from the horizontal
tangent to the curve begins. Hence, this technique is useful to understand the slag–liquid
formation tendencies of ash as a function of temperature. The measurements were made in both
oxidizing and reducing atmospheres. The reducing gaseous atmosphere consisted of 30.5%
carbon dioxide and balance carbon monoxide and air was used as the oxidizing environment.
Due to the difficulty in experimental handling of hydrogen and possible damage to the TMA
furnace, the gaseous atmosphere was simulated using a mixture of only carbon monoxide and
carbon dioxide that had the same oxygen partial pressure. Simulations showed that trends in
slag–liquid onset and the relative amount of slag–liquid were not affected by the differences in
gaseous atmospheres. Thus, as a simplification and due to the practical limitations, hydrogen
was not used during the validation of comparative trends using TMA.
4.5.2. High temperature x-ray diffraction (HT-XRD)

HT-XRD (Anton Paar GmbH, Ashland, VA, USA) was used to analyze the phase
transformations with temperature. This technique is used to obtain mineral composition, based
on the characteristic x-rays diffracted by crystal planes. The sample is scanned by X-rays
incident over a range of angles and diffraction peaks are observed at characteristic angles, in
accordance with the Bragg’s law. HT-XRD is an adaptation of XRD wherein XRD patterns are
collected while continuously heating the sample at the desired temperature intervals. HT-XRD
helped to understand the mineral matter transformations responsible for the slag formation
tendencies observed using FactSage simulations. It is recognized that phase detection using
XRD depends on the amount, particle size and crystallinity of the material. Due to these
limitations as well as the presence of platinum peaks from the substrate used in the hot stage
experiments, quantitative estimation of mineral contents was not used. Semi-quantitative
estimates of mineral content were made only at room temperature without the use of a
platinum stage. The high temperature experiments were performed under both reducing and
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oxidizing environments to validate both these simulation conditions. An XPERT-PRO
diffractometer with a PW3050/60 goniometer with copper as the anode material was used to
perform X-ray diffraction measurements. The ash powder was uniformly spread over a
platinum strip with the sample length of about 10 mm. X- ray spectra of the ash samples were
recorded in-situ every 100 °C starting from 700 °C. A scan was also taken before starting the
heating cycles in order to get a baseline that reflects the components in the ash that had been
previously generated. Gas flow was maintained during the measurements to provide an
oxidizing or reducing gaseous environment, as required. All the experiments in this study were
performed at atmospheric pressure conditions. Jade 2010 software was used to search and
match the peaks in the pattern to information from the database. The characteristic diffraction
angles help to identify the compounds and the area under the curve can be used to obtain semiquantitative compositional analysis.
4.5.3. Scanning electron microscopy coupled with energy dispersive x-ray spectroscopy (SEM-EDX)

The samples were tested in a FEI Quant 200 SEM coupled with a 10 mm2 EDX detector
(Oxford Instruments, Concord, MA). This technique was primarily used to conduct post
mortem analysis of agglomerate samples. Agglomerates were obtained from a laboratory-scale
combustor and an oxy-fuel combustor. The agglomerate samples were cut with a diamond
cutter saw and polished with a belt sander with a 60 grit. They were given a conducting
iridium coating to avoid excessive charging of the sample surface with electrons during the
experiments. These were then observed using SEM and the elemental composition was also
analyzed. This helped to identify the elements in the regions that formed slag bridges as
compared to the solid particles. The elemental analysis was performed using the software Aztec
version 2.4.
4.5.4. Laboratory scale fluidized bed reactor

A laboratory-scale fluidized bed that is schematically represented in Figure 4.4 was used
to produce agglomerates from a fraction of Pittsburgh No.8 seam coal. The rejects of this coal
were used for this purpose as the rejects have a high ash content of 81.6 % and so would reduce
effects of the presence of carbon, as that is not accounted for in the model. The reactor was
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operated as a combustor by using 3% oxygen, 15% carbon dioxide, 10% water and 72% nitrogen
as the fluidizing gas. The particle size distribution used consisted of about 48 % in the size range
of 250-355 µm and 52% between 149-250 µm. The size and velocity distribution were chosen
such that the superficial gas velocity would be greater than the minimum fluidization velocity
and less than the terminal velocity of majority of the particles, taking into consideration the
limitation of gas flow rate permissible in the laboratory setup. A 200 g sample was used and the
experiment was run for 2 h 15 min, using a gas flow rate of about 10 L/min.
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Figure 4.4: Schematic of laboratory fluidized bed reactor
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4.6. Uncertainty Analysis
In the method of density separation of the whole coal, errors can occur in the
determination of the location of the layer that separates the float and sink fractions. A small
sample loss during filtration can also introduce some error. The reproducibility of this
separation technique was tested by conducting five repeated separations and calculating the
yield of the 1.6 float and sink fractions. These repetitions resulted in an average yield of 4.5 wt.
% of sinks with a standard deviation of 0.95.
The uncertainty of measurement of the oxide content of the fractions was determined
through the analysis of a rock standard over time using the same technique and making
observations across several previous measurements. The relative uncertainty depends on the
oxide concentration. This uncertainty is shown in Table 4.6. As an example, 2 % relative
uncertainty for a 20 wt. % oxide concentration means that the concentration would be 20 ± 0.4
%.

Table 4.6: Uncertainty in oxide content obtained from ICP-AES
Concentration range (Wt. %)

Relative uncertainty (Wt. %)

> 10

± 2 to 3

1 to 10

±5

0.1 to 1

± 10

< 0.1

± (>10)
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The uncertainty in the thermo-mechanical analysis was determined based on the
comparison of results obtained using the SG4 fraction under an oxidizing atmosphere. The
pellet thickness changes as slag formation begins. The change in thickness from the original has
been recorded in Figure 4.5. At the initiation of slag formation, a change in the thickness is
detected as seen by the drop from horizontal in the graph below. Near this point of initiation,
the difference in the change in thickness between the two runs is an average of 17 µm. This
translates to less than 10 °C difference in initiation temperature. Figure 4.5 shows that the
reproducibility in TMA data is reasonable for the requirements of this study.

Change in thickness (µm)

100
0
-100
-200

Run 1

-300

Run 2

-400
600

700

800
900
Temperature (oC)

1000

1100

Figure 4.5: Reproducibility analysis of thermo-mechanical analysis measurements
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Chapter 5 : RESULTS AND DISCUSSION

5.1. Sample Characterization Results
The selected high rank coals including two bituminous coals and an anthracite were
characterized to obtain inputs for FactSage thermodynamic simulation. The chemical
characteristics of these including the mineral matter analysis as ash oxides were used as inputs
in the understanding of heterogeneity in ash chemical composition and also to experimentally
validate results from FactSage simulations using TMA and HT-XRD. The samples were also
used for simulations using the ash agglomeration model to illustrate the utility of the model
developed in the prediction of agglomerate growth.
5.1.1. Proximate and Ultimate Analysis

Table 5.1 shows the proximate and ultimate analysis of the three coals used in this study.

Table 5.1: Proximate and ultimate analysis of coals

Wt. %

Pittsburgh No. 8 *

Illinois No. 6

Skidmore
Anthracite

Moisture

2.08

9.01

1.36

Ash

8.90

11.9

15.2

Volatile Matter

36.2

36.7

11.7

Fixed Carbon

52.9

42.4

71.9

C

77.9

67.4

76.6

H

5.60

4.74

2.67

N

1.40

1.53

1.31

S

1.90

2.60

1.14

O (By Difference)

4.40

8.07

-0.51

* Analysis for Pittsburgh No. 8 coal is taken from Soundarrajan et al., 2013
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5.1.2. Density separation of bulk coal into fractions

Each of these coals was density-separated into four distinct density fractions using floatsink separation as described in sections 4.2.1 and 4.2.2. The yields obtained during this
separation are given in Table 5.2. These values are used in the calculation of the attributetracked amount of slag, which is the resultant slag amount used as input to the ash
agglomeration model.

Table 5.2: Density separation yields of coals and the ash content of each fraction
Sample

Pittsburgh No. 8 *

Illinois No. 6

Skidmore Anthracite

SG1

47.8

Wt.
percent of
ash in
respective
PS6
fraction
(ai)
1.71

SG2

47.6

9.53

68.4

8.01

33.4

6.71

SG3

3.5

55.0

8.08

28.6

50.7

67.9

SG4

1.1

65.0

2.15

72.3

1.21

67.3

Wt. percent
of fraction
in whole
coal (wi)

Wt. percent
of fraction
in whole
coal

Wt.
percent of
ash in
respective
PS6
fraction

Wt. percent
of fraction
in whole
coal

Wt. percent
of ash in
respective
PS6 fraction

21.4

2.16

14.7

7.61

* Analysis for Pittsburgh No. 8 coal is taken from Shannon et al., 2009
The SG4 fraction comprises the smallest fraction of the bulk coal (1 to 2 wt. %) but it has
the high ash content (65 to 75 wt. %). The SG3 and SG4 fractions contribute to a major portion of
bed ash, due to their high ash content.
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5.1.3. Ash particle density measurement of the density-separated samples

Table 5.3 shows the density of the high temperature ash obtained from each of the four
density fractions. The measured density of each of the fractions was in the range expected based
on the specific gravity ranges for the respective coal fractions that were mentioned in Table 4.2.

Table 5.3: Density of ash obtained from each of the density fractions for Pittsburgh
No.8 coal
Fraction
Density (g/cc)

SG1
1.45

SG2
1.78

SG3
2.57

SG4
2.67

Error in measurement (%)

1.75

1.96

4.18

2.09
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5.1.4. Inductively coupled plasma – Atomic emission Spectroscopy and Sulfur Analysis Results

The ICP-AES of the three coals and their respective density-separated fractions are
shown in Tables 5.4, 5.5 and 5.6. The analysis was done using the PS6 size class defined in Table

4.1. Table 5.4 shows that the SG4 particle class of Pittsburgh No. 8 coal is rich in iron oxides,
while the SG2 particle class is rich in alumino-silicates. The SG3 particle class contains
considerable amounts of both iron oxides and alumino-silicates. This demonstrates the
heterogeneity that exists in chemical composition at the particle-class level.

Table 5.4: ICP-AES and sulfur analysis of Pittsburgh No. 8 coal ash
Species
Pittsburgh
No.8 coal

Wt. percent in fuel ash (%)
SG1

SG2

SG3

SG4

[1.3 float]

[1.3 sink, 1.6 float]

[1.6 sink, 2.6 float]

[2.6 sink]

SG0

(PS6)
SiO2

46.4

49.9

55.3

51.8

12.5

Al2O3

22.0

28.7

25.2

20.8

4.67

Fe2O3

24.5

9.41

11.3

18.9

76.0

CaO

3.41

5.05

2.78

4.87

5.79

TiO2

1.05

2.47

1.22

0.74

0.21

K2O

1.56

1.85

1.98

1.48

0.24

MgO

0.73

1.32

1.08

0.76

0.29

Na2O

0.42

0.76

0.91

0.52

0.13

SrO

0.11

0.34

0.10

0.04

0.29

BaO

0.08

0.17

0.07

0.03

0.03

MnO

0.03

0.02

0.03

0.02

0.07

S

1.92

0.98

1.81

10.3

37.9

Illinois No. 6 coal ash has higher calcium-based mineral content than Pittsburgh No. 8 coal
ash. The SG1 fraction of Illinois No. 6 coal ash has a relatively higher sodium oxide content (3 %
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as against 1%). The calcium- and iron-based minerals are concentrated in the SG4 fraction. A
progressive increase in the CaO content is seen in the SG2, SG3 and SG4 fractions of Illinois No.
6 coal as well as Skidmore anthracite in Table 5.6.

Table 5.5: ICP-AES and sulfur analysis of Illinois No. 6 coal ash
Species

Wt. percent in fuel ash (%)

Illinois No. 6

SG1

SG2

SG3

SG4

[1.3 float]

[1.3 sink, 1.6 float]

[1.6 sink, 2.6 float]

[2.6 sink]

SG0
(PS6)
SiO2

45

45.9

55.8

49.3

6.51

Al2O3

18

45.6

29.8

20.9

3.68

Fe2O3

20

0

8.05

17.3

66.3

CaO

7

0.25

0.9

8.39

20.9

TiO2

1

2.18

1.17

0.7

0.14

K2O

1.9

0

1.08

1.35

0.11

MgO

1

2.5

1.47

1.1

0.17

Na2O

0.6

3.36

1.75

0.86

0.15

SrO

0

0.17

0.05

0.03

0.02

BaO

0

0

0

0.02

0.03

MnO

0

0

0

0.01

0.04

S

4.4

2.8

2.9

4.7

29.7

The Skidmore anthracite has a high content of calcium-based minerals, almost twice as
much as the content in the bituminous coals studied. It is lower in alumino-silicate content than
the Pittsburgh No. 8 and Illinois No. 6 coals studied. The SG1 and SG4 fractions contain high
calcium- and iron-based mineral matter. The finely dispersed mineral forms containing these
elements are likely to be separated into the SG1 fraction.
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Table 5.6: ICP-AES and sulfur analysis of Skidmore anthracite ash
Species
Skidmore
Anthracite

Wt. percent in fuel ash (%)
SG1

SG2

SG3

SG4

[1.3 float]

[1.3 sink, 1.6 float]

[1.6 sink, 2.6 float]

[2.6 sink]

SG0

(PS6)
SiO2

37.27

4.32

35.4

39.3

2.46

Al2O3

25.32

10.51

31.7

25.1

1.62

Fe2O3

11.39

40.6

8.02

7.75

74.6

CaO

15.96

24.8

13.4

18.5

17.9

TiO2

2.16

0.20

2.45

2.17

0.06

K2O

1.03

0.28

1.04

1.09

0.03

MgO

2.70

2.90

3.57

2.58

2.60

Na2O

1.02

0.42

1.07

0.88

0.12

SrO

0.24

0.20

0.33

0.25

0.09

BaO

0.33

0.11

0.70

0.30

0.02

MnO

0.06

0.06

0.04

0.06

0.08

S

1.25

0.67

0.65

0.91

36.7

ICP-AES analysis of each of the density fractions shows that clear separation of mineral
matter was obtained by density separation and particle classes with distinct compositions were
generated. Analysis of these 15 particle classes with distinct chemical compositions would help
to identify the bad actors that lead to agglomeration. Comparison to bulk coal (SG0) analysis
also demonstrates the differences existing at the particle-level. Predictions using both bulk coal
analysis and that of the density fractions will help to understand the effect of heterogeneity in
ash chemistry.
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Table 5.7: ICP-AES and sulfur analysis of Pittsburgh No.8 coal rejects
Species

Wt. %

SiO2

62.57

Al2O3

24.82

Fe2O3

5.74

CaO

2.17

TiO2

1.26

K2O

2.50

MgO

0.83

Na2O

0

BaO + SrO

0.09

MnO

0.02

S

1.61

The ICP-AES of Pittsburgh No. 8 coal rejects which were used to generate agglomerates
in the Penn State fluidized bed reactor is shown in Table 5.7.
5.1.5. X-ray Diffraction of bulk coal and fractions at room temperature

ICP-AES provides quantitative analysis of the mineral content of the fraction in oxide
form. XRD was used to supplement these results. At room temperature, semi-quantitative
analysis of the mineral content of the fractions was analyzed.

Pittsburgh No.8 Coal
The XRD analysis in Figure 5.1 and Figure 5.2 shows that consistent with the ICP-AES
analysis, SG1 and SG2 fractions are composed of greater than 50 % clay minerals while the SG4
fraction has primarily hematite (42 %) with negligible clay mineral content. About 5 % calcium
carbonate is found only in the SG4 fraction.
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Figure 5.1: XRD pattern to compare mineral composition of density-separated
fractions of Pittsburgh No.8 coal
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Figure 5.2: Semi-quantitative XRD analysis of density-separated fractions of
Pittsburgh No.8 coal
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Figure 5.3: XRD pattern to compare mineral composition of density-separated
fractions of Illinois No.6 coal
Illinois No. 6 coal shows a similar mineral make-up to Pittsburgh No. 8 coal in Figure 5.3
and Figure 5.1. SG1, SG2 and SG3 fractions show a large content of illite and muscovite clay
minerals (50 to 65 wt. % total) and quartz (20 to 30 wt. %). On the other hand, SG4 contains 7 wt.
% of quartz and negligible amounts of clay minerals. SG4 is rich in hematite (37 wt. %). SG3 and
SG4 fractions have high contents of calcium sulfate too. Calcite is the next major mineral in the
SG4 fraction, present to the extent of 30 weight %.
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Figure 5.4: Semi-quantitative XRD analysis of density-separated fractions of Illinois
No.6 coal
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Skidmore Anthracite
Skidmore anthracite contains higher amounts of calcium-based minerals such as calcium
sulfate, calcium silicate, paragonite and muscovite as compared to the bituminous coals studied
as seen from Figure 5.5. The semi-quantitative chemical composition is shown in Figure 5.6.
The SG1 has 25 wt. % paragonite, while clay minerals such as muscovite are once again present
in higher concentrations in SG1, SG2 and SG3 fractions (30 to 50 wt. %). The SG4 fraction is rich
in hematite (67 %). Free quartz and corundum are also seen in all the four density fractions.
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Calcium
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Figure 5.5: XRD pattern to compare mineral composition of density -separated
fractions of Skidmore anthracite
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Figure 5.6: Semi-quantitative XRD analysis of density-separated fractions of
Skidmore anthracite

118

5.2. Effect of heterogeneity in ash chemical composition on low temperature slag-liquid
formation
Based on the literature reviewed, it was considered critical to understand the effect of
heterogeneity in parameters on agglomeration in fluidized bed combustors and gasifiers. The
ICP-AES and XRD data obtained showed that each of the density-separated fractions has a
distinct mineral composition and indicated that the particle-level composition (especially as
seen from the SG4 density fraction) is distinct from that of the bulk coal.

In this work, the density-separated fractions obtained from Pittsburgh No. 8 coal were
studied in detail for their slag-formation tendencies and process of agglomeration. Their slagliquid formation tendencies were obtained computationally as well as validated experimentally.
A detailed analysis of the chemistry that leads to low temperature slag-liquid formation (~ 850
˚C) for the SG4 fractions was done. Further, the slag formation tendencies of Illinois No. 6 coal
and Skidmore anthracite were studied using the same computational method to support the
effect of particle-level heterogeneity in the coals on slag formation tendencies that was evident
from the study of Pittsburgh No. 8 coal ash.
The concept of heterogeneity in ash chemical composition has been previously used to
study deposition in pulverized coal fired units (Austin, 1987). However, literature extending
this to agglomeration in fluidized beds is not extensive and the effects of this heterogeneity
under oxidizing and reducing conditions have not been quantified previously. The
quantification provided in this study will aid the development of particle population models to
study agglomeration and help mitigate it. This study helps to better understand the reason for
operational issues due to fluidized bed agglomeration at temperatures lower than those
predicted by bulk analysis alone.

119

5.2.1. FactSage computational thermodynamic calculations for Pittsburgh No. 8 coal
The slag-liquid formation tendency was studied under equilibrium conditions. Figure
5.7 and Figure 5.8 show the changes in slag-liquid amount with temperature. Each of the four
density fractions has distinct slag-liquid amounts and it is also distinct from that of the bulk
(SG0). This shows that heterogeneity in ash chemical composition is of significance in the slagliquid formation tendencies and subsequent particle agglomeration. To further illustrate the
importance of differences in the behavior of ash particles, the temperature of onset of slagliquid formation was predicted. A lower slag-liquid onset temperature of 840/850 ˚C is seen for
the SG4 fraction in Table 5.8, as compared to the other fractions and the whole coal. It is thus
seen that heterogeneity in ash chemical composition leads to difference in slagging tendency of
the homogeneous particle-level fractions as compared to that of the bulk coal. This can lead to
low-temperature initiation of agglomeration at the particle-level around particles such as those
of the SG4 density fraction.
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Figure 5.1: Slag-liquid formation tendencies of whole coal and density
fractions of Pittsburgh No. 8 coal in an oxidizing environment
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Figure 5.8: Slag-liquid formation tendencies of whole coal and density fractions of
Pittsburgh No. 8 coal in a reducing environment
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Table 5.8: Temperature of slag-liquid formation onset for each density fraction and
whole coal (FactSage predictions)
Density
fraction
(g/cc)

Sample

Slag-liquid formation onset
Temperature (°C)
(Oxidizing Conditions)

Slag-liquid formation
onset Temperature (°C)
(Reducing Conditions)

SG0

Whole

920

910

SG1

<1.3

940

910

SG2

1.3-1.6

920

890

SG3

1.6-2.6

920

890

SG4

> 2.6

850

840

5.2.2. Comparison of resultant slag amount obtained using homogeneous particle classes to
those obtained from bulk coal analysis alone
The resultant amount of slag in the bed was computed using attribute tracking,
described in section 4.4.5.1, and slag is seen at low temperatures in the attribute-tracked graph,
unlike the bulk coal (Figure 5.9). The amount of slag formed at a given temperature using the
resultant of the slag-formation tendencies of individual fractions is higher under the studied
reducing conditions compared to that formed from the whole coal.
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Figure 5.2: Comparison of attribute tracked and bulk whole coal slag-liquid
formation tendencies under oxidizing (dotted) and reducing (solid)
environments
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The high slag-liquid amount observed around SG4 particles is not evident if only the
whole coal is analyzed. The level of slag-liquid obtained using attribute tracking was higher
than that obtained for whole coal under the reducing conditions studied, while under the
oxidizing conditions studied the resultant slag-liquid level obtained from particle-level analysis
was lower than that predicted for whole coal (Figure 5.9). However, the slag formation began at
temperatures of 850 °C or below under both the gaseous environments. The resultant slag
amounts thus obtained were used in the ash agglomeration modeling methodology developed,
which showed (Figure 5.9) that bigger particles formed at a higher rate under reducing
environments due to these particle-level differences than those obtained for whole coal using
bulk analysis. Also, this study showed that agglomeration is likely to be initiated at
temperatures about a 100 °C lower than those predicted by bulk analysis alone. As discussed in
the literature review in sections 2.4.1 and 2.7, the measurement of ash fusion temperatures has
been one of the methods used to predict the initiation of slag formation and agglomeration.
However, these measurements have certain limitations, discussed in section 2.4 and are also
based on the bulk coal alone. Table 5.9 shows the AFTs for Pittsburgh No. 8 and Illinois No. 6
coal under reducing conditions. It is seen that the IDTs are greater than 1,000 ˚C. However,
agglomeration issues have been experienced while using these bituminous coals in fluidized
beds at temperatures lower than 1,000˚C. The study of density-separated fractions performed in
this work, helps to explain this occurrence, which has been difficult to predict using
conventional techniques such as AFT measurement.

Table 5.9: Initial deformation temperatures of Bituminous coals from AFT
measurements under reducing conditions (Matuszewski, 2012)
Pittsburgh No. 8

Illinois No.6

Initial deformation temperature
(IDT) using whole coal (°C)

1,237

1,201

Particle-level Slag Formation
Onset Temperature (°C)

840

650
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5.3. Study of particle-level heterogeneity in Illinois No.6 and Skidmore coals
In addition to Pittsburgh No. 8 coal, another bituminous coal, Illinois No.6 coal with
high iron-based compounds and higher calcium-based compounds than Pittsburgh No.8 coal
and Skidmore anthracite were studied under reducing conditions to support the results
obtained from Pittsburgh No. 8 coal. Using these two coals, the significance of heterogeneity in
particle-level ash chemical composition on slag-liquid formation tendencies was established.
The ICP-AES and XRD analysis of these coals shown in sections 5.1.4 and 5.1.5 showed that
their homogeneous density separated fractions were distinct in chemical composition and
revealed particle-level composition that could not be indicated by bulk analysis alone. The
FactSage simulations performed on each of the density-separated fractions and these two bulk
coals showed that the iron- and calcium-based compounds, as in the SG4 fraction, initiated slagformation at temperatures lower than 850 ˚C, under the reducing conditions studied, as shown
in Table 5.10. The ICP-AES analysis of all Skidmore anthracite fractions and bulk coal (Table 5.6)
show high calcium oxide content greater than 10 weight % while the remaining bituminous coal
fractions do not have as high a content of calcium-based phases. All these samples show a slag
formation onset temperature of 850 °C or lower, which relates to the high calcium-based
content. The iron oxide content of SG2 and SG3 fractions is low (~ 8 wt. %) but these fractions
still have a low Onset Temperature, indicating the significance of the high calcium oxide
content in Skidmore anthracite. In addition, SG1 and SG4 fractions also contain high (40% and
75% respectively) iron oxide content. This reflects in the onset temperature for these fractions
being lowered to 650 °C, which is about 150 °C lower than the other anthracite fractions. For the
Pittsburgh No.8 and Illinois No.6 coals, the calcium content is less than 9 weight % for all
samples. Thus only the SG4 fractions of these bituminous coals have a slag formation onset
temperature of less than 850 °C (Table 5.10). This indicates that when the calcium oxide content
is less than 9 weight %, fractions with iron oxide content greater than 60 weight % form slag at
temperatures lower than 850 °C. This shows the significance of particle-level iron- and calciumbased phases on the slag formation onset temperature. Further work will be required to develop
indices or correlations for prediction of slag formation onset temperature and resulting
agglomeration, based on the particle-level ash oxide contents under gasifying environment.
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Table 5.10: Onset temperature of slag-liquid formation under reducing conditions
from FactSage simulations
Slag-liquid formation onset Temperature (°C)

Density of
fraction
(g/cc)

Pittsburgh No. 8

Illinois No. 6

Skidmore Anthracite

SG0

Whole

910

890

800

SG1

<1.3

910

930

650

SG2

1.3-1.6

890

940

850

SG3

1.6-2.6

890

870

800

SG4

> 2.6

840

650

650

Samples

Similar to the calculations done in the case of Pittsburgh No. 8 coal, the resultant slagliquid amount was obtained by the study of particle-classes for Illinois no. 6 and Skidmore
anthracite coals also. The slag-liquid amount obtained by these calculations is shown in Figure

5.10 and it was used as an input to the ash agglomeration model to make predictions of the
agglomerate growth tendencies.
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Figure 5.10: Resultant slag-liquid amount calculated for the three coals under
reducing conditions accounting for heterogeneity

5.4. Comparative analysis of oxidizing and reducing gaseous environments on
slag formation tendencies of Pittsburgh No. 8 coal
The FactSage results helped to predict and quantify slag-liquid formation tendencies
with temperature under oxidizing environments as distinct from reducing gaseous
atmospheres.
Comparison of mineral matter transformations and slag-liquid formation tendencies
under oxidizing and reducing environment is important, since both these conditions exist
around ash particles in fluidized bed combustors. Application of this technique to reducing
conditions can be useful in isolating low-melting particle classes for a fuel that might be used in
a fluidized bed gasification system, where reducing conditions are expected. However,
circulating fluidized bed (CFB) boiler technology is widely used for power generation, and both
reducing and oxidizing conditions have been found in CFB boilers.
A CFB boiler typically splits the airflow into two zones. For purposes of the discussion
here, the primary air zone is the region of the CFB boiler above the fluidization grid (where
primary air enters), and the level at which the secondary air enters, is known as the secondary
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air zone. The air split, which is the relative fractions of primary and secondary air comprising
the total airflow, may be in the range of 60% primary air (through the fluidization grid) and 40%
secondary air. As such, the potential exists for the primary air zone to operate substoichiometric. This and the nature of solids and gas flows in the primary air zone have led to
the detection of both reducing and oxidizing conditions in the primary zones of CFB boilers.
Oxygen-rich zones are expected in both the primary and secondary air zones. In the primary air
zone, the region close to the distributor plate will be in an oxidizing environment. Also, in the
secondary air zone, above the level at which secondary air is introduced, an oxidizing
environment can be expected (Basu, 2006).
Work reported by Leckner (1998) found both oxidizing and reducing conditions in the
primary air zone of a CFB boiler. Where the air split was 100% primary air, conditions were
largely oxidizing at 0.59 m above the bottom of the combustor. At 60% primary air, conditions
alternated between oxidizing and reducing in this region, and at 40% primary air, reducing
conditions predominated. Direct gas composition measurements in the primary air zone of a
235 MWe CFB boiler (Hartge, 2005) showed that the oxygen concentration varied with distance
from the combustor wall, being highest (in the same range as the stack gas’s 3.9–4.7 vol.% O2
composition) furthest from the wall. Closer to the wall, O2 concentration decreased and CO
concentration increased.
The work reported by Leckner (1998) indicated oxidizing conditions in the secondary air
zone of the boiler examined in that work. Couturier et al. (1991) found that oxygen
concentrations in the secondary air zone of a CFB boiler were influenced by both axial and
radial position in the system, with measured O2 concentrations ranging as high as 15 vol.%.
At higher O2 partial pressures, such as may be encountered near air inlets, fuel particle
temperatures may be higher than average bed temperatures. This in turn can improve the
prospects for liquid phase formation by the mineral constituents in the fuel particles.
A few studies that compare the effect of gaseous atmosphere on mineral matter
transformations are found in the literature. One of the early studies on this topic was made by
Huffman et al. (1981), which was targeted more towards application in pulverized coal fired
units and focused on higher temperature conditions (focus above 1,000 ˚C). Their study showed
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that partial ash melting is accelerated in reducing environments. This work is also in line with
their observation and shows that the amount of slag-liquid is lower in an oxidizing
environment. The work of Huffman et al. (1981), however, used conventional, qualitative
techniques such as AFT to determine the slag formation behavior. They acknowledge the need
for more quantitative estimates of slag-liquid amounts. The present study provides this
quantitative information through thermodynamic simulations under fluidized bed operating
conditions, along with experimental validation. Similar work using thermodynamic simulations
to compare slag-liquid formation tendencies has been done by Jones et al. (2013) for a waste
fired fluidized bed boiler. However, the chemical composition and slag-liquid formation
tendencies for biomass-based fuel are different and involve gas phase reactions and
condensation on to particles. Although more liquid phase formation tendencies were witnessed
under reducing atmospheres once again, it is difficult to directly extrapolate mineral matter
transformation results for biomass-based fuels to high rank coals. Another study identified that
liquid phase formation and vaporization of volatile metals along with characteristics of char
produced vary with bulk gas composition under an oxy-combustion environment (Zhang et al.,
2011).
The present study focuses on the effect of gaseous environment on slag-liquid formation
of specific particle classes. The SG4 fraction of Pittsburgh No. 8 coal ash showed distinct
behavior under the two varying gas atmospheres studied. This density fraction is rich in iron
and calcium oxides, as seen from the XRF analysis. Conversion between the multiple oxidation
states of the iron phases explains the differences in oxidizing and reducing environments. In a
reducing environment, more slag was continually formed and the amount of slag was very high
especially at higher temperatures. This was due to the formation of eutectics involving reduced
forms of iron oxide such as FeO (Khadilkar et al., 2015 a). Under the oxidizing environment
studied, the dominant iron phase is Fe2O3. In this case, the presence of CaO dominates the slagliquid formation in the SG4 fraction. The onset of slag-liquid formation is the lowest, at 850 ˚C,
for the highest density, mineral-rich SG4 fraction, in both the gaseous environments. The onset
temperature is lower than that predicted by bulk coal analysis (Oxidizing- 920 ˚C, Reducing –
910 ˚C) and is not significantly different in the two gaseous environments.
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The amount of slag-liquid formed is lower under oxidizing gaseous atmospheres than
under reducing conditions. There is a major difference in the slag-liquid amount for the SG4
fraction under these two gaseous atmospheres as seen in Figure 5.11. These differences are not
detectable through the analysis of bulk coal alone and differences in slag-liquid tendencies in
the SG0 (bulk coal) fraction are seen only above around 1,000 ˚C. To put this into perspective,
initiation of agglomeration is likely to occur at low temperatures of 850 °C around SG4 particles.
Then, under particle-level reducing conditions, the process of agglomeration could propagate in
the bed.

At 950 °C, about 80 % slag is produced from the SG4 fraction under reducing

conditions and greater than 20 % is formed at 900 °C. Under oxidizing conditions, the amount
of slag formed is less than 10 % even at higher temperatures. Similarly, the amount of slag
predicted based only on bulk coal analysis is also less than 20 % even under reducing

Wt. percent slag (%)
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Figure 5.11: SG4 fraction showing significant difference in slag-liquid amounts in
reducing (solid) than oxidizing (dotted) unlike whole coal

5.5. Experimental validation of FactSage results using Pittsburgh No. 8 density
fractions
A validation of the trends in FactSage simulation results obtained under both reducing
and oxidizing gaseous atmospheres was performed experimentally. The onset temperatures of
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slag-liquid formation were validated using TMA, while the mineral matter transformations
were validated using HT-XRD. These techniques helped to understand the mineral phase
transformations and identify possible mineral matter transformations that led to low
temperature slag-liquid formation.
5.5.1. TMA results

The mineral matter transformations that are likely to lead to low temperature, particle-level
slag-liquid formation were identified based on a study of the literature, ash and slag phase
compositions of specific particle classes, FactSage simulations and HT-XRD experiments. The
differences in slag-liquid amount under different atmospheric conditions were not detectable at
low temperatures using bulk analysis alone, but were clearly seen on accounting for the
behavior of individual particle classes.

Thermo-mechanical analysis helped to validate the trends in the FactSage results and
supports the significance of particle-level heterogeneities in chemical composition. As seen in
Table 5.11 the slag formation for the SG4 fraction is initiated at temperatures that are lower than
the other fractions and also the bulk coal. It also softens completely and begins to flow at lower
temperatures than the other fractions as seen from the sudden drastic decrease in thickness at
about 1,000 °C in Figure 5.12.

130

Table 5.11: Temperature of slag-liquid formation onset for each density fraction and
whole coal (TMA results)

Sample

Density fraction
(g/cc)

Slag-liquid formation onset
Temperature (°C)
(Oxidizing atmosphere)

Slag-liquid formation onset
Temperature (°C)
(Reducing atmosphere)

SG0

Whole

870

790

SG1

<1.3

870

710

SG2

1.3-1.6

880

770

SG3

1.6-2.6

920

770

SG4

> 2.6

850

680

FactSage analysis also showed that the amount of slag-liquid produced under reducing
conditions was higher than that observed under oxidizing conditions as discussed in section 5.4.
The TMA results in Figure 5.12 corroborate with this calculation, wherein a rapid change in
pellet thickness is seen under reducing conditions as compared to oxidizing conditions. This
tendency of SG4 fractions to form slag- liquids at lower temperatures as well as the greater
amount of slag-liquid formed under reducing conditions as seen in Figure 5.12 validate the slagliquid formation tendencies obtained from FactSage thermodynamic simulations.
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Figure 5.12: Comparison of slag-liquid formation tendency of SG4 fraction under
different gaseous atmospheres
5.5.2. XRD results showing mineral matter transformations that lead to low slag-liquid initiation
temperatures for the SG4 fraction

FactSage and TMA results show that slag-liquid formation in SG4 fraction is initiated at a
lower temperature (850 ˚C) than the other fractions and the bulk coal. In order to understand
the mineral matter transformations associated with this low temperature slag-liquid formation,
HT-XRD was used. Alumino-silicates along with other oxides form slag-liquid at different
temperatures depending on the composition. In SG3 and SG4 fractions slag-liquid formation is
expedited by the iron phases present. Alumino-silicates form slag-liquid at different
temperatures in the presence of iron-phases depending on the oxidation state of iron as
discussed in section 5.6.3.
The eutectic composition of 23.25 wt. % CaO, 14.75 wt. % Al2O3 and 62 wt. % SiO2 forms at
1,170 °C (Finkelnburg, 2009). The proportions of CaO, Al2O3 and SiO2 present in the SG4 fraction
(Table 5.4) are similar to the composition at which this eutectic forms. HT-XRD shows presence
and decomposition of calcium carbonate in SG4 fraction and thus further supports the
possibility of eutectics and phase transformations involving calcium-based phases that lead to
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slag-liquid formation. CaO and CaSO4 can also form a eutectic mixture around 1,390 °C [20]. The
CaSO4 phase has been shown in Figures 5.13-5.17. In the oxygen-rich zones in the gasifiers,
formation of CaSO4 is possible. The presence of CaS is also likely in a reducing environment
(Wang et al., 2002). In addition to the iron phases detected using HT-XRD, FeS from pyrite
decomposition may also be present in small quantities in bed ash.
Thus several equilibrium liquid phases form due to combinations of these calcium- and
iron-based phases with the alumino-silicates. Some of these are listed in Table 2.3. These
equilibrium compositions are the likely cause of slag-liquid formation at low temperatures in
the SG4 and SG3 fractions. Study of the slag-liquid phase composition obtained from FactSage
shows that there is about 3 times increase in the FeO content along with increase in the SiO2
content in the slag as shown in Figure 5.18. The CaO and Al2O3 content of the slag formed also
increase. Presence of CaO, FeO and SiO2 in the proportions mentioned in Table 2.3 is the likely
cause of low temperature slag-liquid formation in SG4.

In addition, eutectics and other

equilibrium phases involving more than 3 of these components also occur and further decrease
slag-liquid formation temperatures beyond those shown in Table 5.12. The presence of this slagliquid, seen only in SG3 and SG4 fractions, would not be detected if only bulk fuel analysis was
undertaken.
The composition of the slag-liquid phase obtained at initiation using FactSage for each of
the density fractions is shown in Table 5.12. A higher CaO content along with lower alumina
content is seen in the SG4 fraction. The slag of the remaining fractions (SG1 to SG3) contains
mainly sodium alumino-silicates at initiation.
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Figure 5.13: HT-XRD of PS6SG0 fraction in reducing atmosphere
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Figure 5.14: HT-XRD of PS6SG1 fraction in reducing atmosphere
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Figure 5.15: HT-XRD of PS6SG2 fraction in reducing atmosphere
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Figure 5.16: HT-XRD of PS6SG3 fraction in reducing atmosphere
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Figure 5.17: HT-XRD of PS6SG4 fraction in reducing atmosphere
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Figure 5.18: Slag-liquid composition of SG4 fraction under reducing conditions
Using HT-XRD, the significant presence of crystalline CaCO3 is seen only in the SG4
fraction at 650 ˚C (Figure 5.19). This CaCO3 decomposes to form CaO as shown in Figure 5.20 at
higher temperatures and is fully converted above 900 ˚C. The presence of calcium oxide from
calcium carbonate decomposition is seen in the SG4 fraction and it is expected to play a role in
the slag-liquid formation. The unique behavior of the SG4 fraction in an oxidizing environment
was likely to be related to this mineral transformation. Hence, the literature was surveyed to
identify the possibility of low temperature liquid phase formation in the presence of CaO,
which is significantly present only in the SG4 fraction as shown in Figure 5.21. The eutectic of
23.25% CaO, 14.75% Al2O3 and 62% SiO2 that leads to liquid phase formation at 1,170 ˚C, was
reported in the literature (Finkelnburg, 2009). The analysis of the ash composition obtained
from ICP-AES given in Table 5.4 revealed that the proportion of these three oxides in SG4
fraction was distinct from the other fractions. It was indeed close to that of the reported eutectic
composition, as illustrated in the ternary composition diagram (Figure 5.22). Figure 5.22
illustrates that this eutectic would not be possible in the remaining particle classes due to the
lower CaO weight percent relative to SiO2 and Al2O3. In the presence of additional components,
such as Fe2O3, Na2O and K2O, this eutectic temperature is expected to be lowered. Thus, the
presence of Fe2O3 in the SG4 fraction plays a role in the low temperature onset of slag formation.
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The formation of this eutectic has been identified as an important mineral matter
transformation that occurs at the particle-level, contributing to formation of sticky SG4 particles
even under the low temperatures occurring in fluidized bed combustors. This is further
supported by the composition of the slag phase at the onset temperature, shown in Table 5.12.
The SG4 slag is rich in CaO, unlike the remaining fractions. All these observations substantiate
and explain the FactSage and TMA results. Besides this, the lower Al2O3 content of the SG4
fraction compared to the other fractions also supports the predicted low initiation temperature,
since increasing alumina content has been found to increase slag-liquid formation temperature
(Vassileva et al., 2006).

Table 5.12: Slag phase composition at initiation of whole coal and density fractions of
Pittsburgh No. 8 seam coal under oxidizing conditions
Wt. %
Phase in
slag

SG0

SG1

SG2

SG3

SG4

SiO2

62.48

67.28

62.50

62.48

63.22

CaO

2.64

2.73

2.66

2.26

13.81

Al2O3

20.08

18.56

20.03

20.07

8.24

TiO2

2.26

1.98

2.64

7.43

8.34

K 2O

0.12

0.39

0.13

0.12

2.96

Na2O

7.43

7.56

7.47

3.38

0.99

MnO

3.38

0.00

2.97

2.64

1.46

FeO

0.03

0.03

0.03

1.57

0.98
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Figure 5.3: XRD of ash fractions showing significant amount of CaCO3 only in
SG4 fraction in oxidizing atmosphere
Figure 5:
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Figure 5.4: HT-XRD of SG4 fraction showing decomposition of CaCO3 to CaO in
oxidizing environment

Figure 6: HT-XRD of SG4 fraction showing decomposition of CaCO3 to CaO
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Figure 5.5: XRD showing the presence of CaO only in SG4 density fraction at 1,100
C in oxidizing environment

o

Besides the onset temperature of slag formation, differences are also observed in
the amount of slag-liquid formed from the different density fractions. The slag formed
in SG1, SG2 fractions consists mainly of alumino-silicates with some alkali-alkaline
earth metal contents, while that from the SG4 fraction is mainly composed of calcium
oxides with alumino-silicates. The reduced amounts of slag seen in SG4 fraction as
compared to the SG1 and SG3 fractions (FactSage results- Figure 5.7) are believed to be
due to low contents of calcium phases and alumina, i.e. once these form slag at low
temperatures, slag-forming components are not available (Table 5.4). The decreased
slag-liquid amount in the 900 to 950 ˚C range for the SG4 fraction is believed to be due
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to changes in the CaO-SiO2-Al2O3 ratio after the liquid phase formation occurs near the
eutectic composition, along with crystallization of anorthite and andradite phases.

Figure 5.22: Ternary composition diagram of CaO-SiO2-Al2O3 showing SG4 fractions
(crosses) with compositions closer to the eutectic (circled square). (Remaining
fractions: squares)
5.5.3. Observed influence of hematite on alumino-silicate decomposition

Both SG2 and SG3 fractions have large amounts of alumino-silicates as seen from Table
5.4 and Figure 5.23. However, the SG2 fraction forms a larger amount of slag-liquid between 900
and 1,000 °C under reducing conditions.
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Each of the fractions shows a gradual reduction of hematite (H) under reducing conditions
(Figure 5.13 to Figure 5.17 and Figure 5.24). Hematite first gets reduced to magnetite and then to
wustite and finally to iron. The formation of these new iron phases is clearly seen in the iron
rich SG3 and SG4 fractions, as seen in Figure 5.23 and Figure 5.24. The extent of reduction is
increased in the SG4 fraction than the SG3 fraction. These iron-based transformations at low
temperatures of about 850 °C are not detected through analyses of the whole coal alone as is
shown in Figure 5.13.
Noteworthy differences are observed in the detection of muscovite in these fractions
(Figure 5.23 and Figure 5.24). All the fractions show the presence of muscovite. However, the
muscovite peak is not seen at higher temperatures of 1,000 and 1,100 °C in the SG1, SG2 and
SG4 fractions under reducing conditions. SG3 fraction shows the presence of muscovite up to
1,100 °C.
SG3 has high iron content in the form of hematite, in addition to the high amounts of
alumino-silicates as seen from Table 5.4 and Figure 5.16. The presence of hematite increases the
stability of alumino-silicates such as muscovite. The HT-XRD results shown in Figure 5.16 and
Figure 5.24 indicate that muscovite is present up to higher temperatures in SG3 than the other
fractions, supporting this hypothesis. This is the likely reason for the amount of slag formed
from the SG3 fraction being lower than SG1 and SG2 fractions up to 990 ˚C. Muscovite bears
partial negative charges (Schlegel et al., 2006). Thus, the strongly positively charged ferric ions
are believed to interact with these clays and increase the melting point. This is the same
phenomenon responsible for initial suppression of slag formation in SG3 and SG4 fractions
under oxidizing conditions and the increased muscovite stability (Figure 5.8, Figure 5.25 and
Figure 5.20). Under reducing conditions, this effect of hematite presence prevails until
transformation to wustite occurs. Thus, upon further heating, as the hematite undergoes
reduction to magnetite, wustite and iron, the alumino-silicates begin to form more slag-liquid.
This phenomenon as well as the other iron-based eutectics described previously causes a
sudden rise in the slag-liquid at higher temperatures (Figure 5.8). This interaction is less
prominent in the SG2 fraction due to the lower hematite to alumino-silicate ratio. This is further
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illustrated by the absence of the muscovite peak at higher temperatures in SG2 and SG1
fractions in HT-XRD (Figure 5.14 and Figure 5.15).
The hematite reduction in the SG3 fraction also appears to be slower than the SG4
fraction. The interaction of the iron species with alumino-silicates in SG3 fraction contributes to
this delay. There is less hematite in the SG3 fraction as compared to the SG4 fraction and thus it
is likely to be entirely involved in this interaction, slowing down its reduction process. Once the
hematite has undergone reduction, this effect of muscovite stability is weakened. This also
explains the reason for the stability of muscovite in both SG3 and SG4 fractions under oxidizing
conditions but only in the SG3 fraction under reducing conditions. Although the SG4 fraction
also contains hematite, it is in large quantities and begins to get reduced immediately. This
reduced form (wustite) then leads to slag-liquid formation due to the eutectics and equilibrium
liquid phases mentioned previously in Section 2.3.1.
Based on the observations of the behavior of the muscovite phase using HT-XRD, it is
believed that neither the high alumino-silicate content nor the high iron oxide content
independently determines the slag-liquid formation tendency and the resultant initiation of
agglomeration in fluidized bed conditions. The interactions involving alumino-silicates, which
are also affected by the oxidation state of the iron, play an important role. Particles with high
contents of iron phases begin slag-liquid formation at low temperatures such as SG4. Particles
rich in iron phases yield several low melting eutectics under reducing atmospheres. On the
other hand, iron present as hematite increases the stability of alumino-silicates and the hematite
itself take longer to get reduced. Subsequent lower amounts of wustite lead to lower amount of
slag-liquid formation below 990 °C. This balance becomes critical towards an understanding
and prediction of agglomeration under fluidized bed conditions. This is unlike entrained flow
gasification wherein most of the iron would exist in the reduced form at the high operating
temperatures, and thus iron oxide content would directly correlate to higher slagging
tendencies. The different stages of iron oxide reduction that exist at low fluidized bed operating
conditions add complexity to the prediction of slag-liquid formation and the relevant
transformations under different gasifying atmospheres.
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Figure 5.23: Prevalence of large quantities of muscovite in SG2 and SG3 fractions at
700 oC under reducing atmosphere
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Figure 5.24: Presence of muscovite in SG3 at 1,100 °C under reducing atmosphere
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Figure 5.25: HT-XRD of PS6SG3 under oxidizing environment showing presence of
muscovite at 1,100 °C

5.5.4. Validation of FactSage based on comparison of slag formation tendencies from a literature casestudy

In addition to experimental validation of FactSage results, a case-study from the literature
was also used to compare the reported slag forming tendencies to those computed using
FactSage. In the case-study, combustion of palm shells was performed in a laboratory fluidized
bed combustor and agglomerate samples were collected. The agglomerates were analyzed using
SEM-EDX in several spots of the slag region bridging particles and weight percent slag was
calculated and reported as shown in Figure 5.26. It shows that the slag-liquid amount predicted
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by FactSage simulations, in the operating temperature regime of fluidized beds (700 to 1,100 °C)
matches within 5 % of the results reported in the literature case-study.
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Figure 5.26: FactSage validation using experimental case study

5.6. Slag viscosity for the density fractions
In addition to the amount of slag and the Slag-liquid Formation Initiation Temperature,
the chemical composition of the slag was also obtained from the FactSage simulations. This
composition was used to calculate the slag-liquid viscosity of the fractions as a function of
temperature as shown in Figure 5.27 using the method described in section 4.4.5.3. Slag
viscosity is required as a measure of viscous dissipation of slag-liquid and is used in the Stokes’
criterion (Equation 4.1)
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Figure 5.6: Slag-liquid viscosities of density-separated
fractions

5.7. Incorporation of amount of slag-liquid on agglomerate growth rate
The amount of slag obtained using the ash chemistry (Figure 5.10) was incorporated into
the ash agglomeration modeling in this research, as a probability of a given particle being wet
as described in Section 4.4.5.2. The slag-liquid acts as a binding bridge between two ash
particles that undergo collision.
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Figure 5.28: Effect of amount of slag on agglomerate growth
The initial particle size distribution used in this study was divided into 4 size intervals
and consisted of a larger number of fine particles as shown in Table 4.5. The PSD was divided
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into size intervals and they have been labeled with numbers from 1 to 4, wherein particles in
interval 1 have the largest size. The size progressively decreases from interval 1 to 4.
Figure 5.28 shows the predictions made using the model with incorporation of the
amount of slag. It is seen that as the amount of slag increases to 15 %, the probability of wet
collisions increases and hence the rate of agglomeration increases. Under the conditions
studied, at the end of 10 hours, the particles begin to defluidize (>12,700 µm), if 15 % slag is
present in the system, while their average diameter is only about 4,000 µm if 5 % slag is
available. This simulation and the simulations in sections 5.9 and 5.10 are performed using the
hydrodynamic parameters mentioned in the methodology in section 4.4.4.2.

5.8. Incorporation of the collision frequency distribution
As agglomeration progresses, the number of smaller particles decreases along with an
increase in size of larger particles. Thus, the collision frequency of smaller particles decreases
with time. The initial distribution of collision frequencies, amongst all possible binary collisions,
depends upon the number of particles in the size intervals undergoing collision. This is dictated
by the initial particle size distribution and the average particle diameter of particles in each size
interval.
Figure 5.29 illustrates the decrease in collision frequency of smaller particles with time as
agglomeration progresses for the case of 15% slag. Initially, the collision frequency is higher for
binary collisions among the smaller sized particles since they are greater in number. Binary
collisions of particles in interval 3 and 4 with other particles within the same size class are seen
to occur at higher frequencies. Similarly, frequency of collisions between particles of classes 3
and 4 with each other (Represented as 3-4 or 4-3) is also high. At the same time, the collision
frequency of collisions 1-1, i.e. the particles in the largest size interval with other particles
within the same interval is low. As time progresses, the frequency of 1-1 collisions begins to
increase while that of 4-4, 4-3 collisions decreases. After 3 hours, all collisions of particles in size
interval 1 with other particles (1-1, 1-2, 1-3, 1-4) are higher than the collisions of the smaller
sized particles with one another (2-2, 2-3, 2-4, 3-3, 3-4, 4-4). Further decrease in the frequency of
all binary collisions is seen after 10 hours as the particles begin to defluidze. Thus, utilization of
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the unequal kinetic theory of granular flow helped to obtain the entire distribution of collision
frequencies that was then utilized in the prediction of agglomerate growth. This is in
conjunction with a suggestion made by Thielmann et al. (2008) on the use of the kinetic theory
of granular flow for the calculation of collision frequencies. The collision frequency calculations
are taken a step further in the present work, enabling growth rate determination based on real
time, instead of restricting to iteration counts. Terrazas-Velarde et al. (2011) made use of an
experimental correlation in their study that had been developed for mono-sized particles. The
experimental investigation using a poly-disperse system conducted by Wang et al. (2015)
showed that measurable differences exist in collision frequencies of differently sized particles in
fluidized beds and that they influence the agglomerates formed. The method developed, in the
current study, can be used to mathematically estimate collision frequency in a poly-disperse
fluidized bed undergoing agglomeration. From Figure 5.29, it is also seen that before the
particle size distribution begins to evolve, the collision frequency is highest for collisions
between smaller (intervals 3 and 4) particles. This observation is supported by the experimental
results and theoretical collision frequency calculations reported by Wang et al. (2015). Their
experiments using tracer particles having different particle size distributions, supported by
theoretical computation of collision frequency, showed that the collision frequency of fine-fine
particles dominate as long as the mass fraction of coarse particles is less than 73 %.
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Figure 5.29: Changes in the distribution of particle collision frequencies with time
during agglomeration
Accordingly, the distribution of collision frequencies in Figure 5.29 that constantly
changes as agglomeration progresses was utilized in prediction of agglomerate growth kinetics
using the agglomeration modeling methodology developed.
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Figure 5.30: Agglomerate growth rate predicted using the ash agglomeration model
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Figure 5.30 shows the rate of growth of agglomerates obtained using the model
developed. It is seen that initially, the size of the agglomerates increases rapidly and then begins
to stabilize as the frequency of collisions begin to decrease.
As agglomeration occurs, the particle size increases and due to the corresponding
increase in particle mass, the particle velocity decreases at the fixed superficial gas velocity. The
void fraction across a given reactor volume decreases. Since the particles will now have a lower
mean free path, their kinetic energy and thus granular temperature are also lower. The collision
frequency increases initially as void fraction decreases since the probability of the particles
coming into contact increases. Subsequently, as the bed approaches a fully packed condition,
the collision frequency decreases due to lower granular energies due to dissipation by collisions
and small mean free paths. Thus, the increase in the growth rate of particles is high at the
beginning of the agglomeration process and decreases as agglomeration proceeds. This analysis
is summarized in Figure 5.31 showing the interrelations between the hydrodynamic parameters
that influence agglomeration. The mass distribution and number density of particles across
sizes also determines particle granular energy. More dissipation due to a higher number density
results in more energy dissipation and a lower granular temperature. For a given mass, the
number density of particles of different sizes would be different. The number density of fines
would decrease during the agglomeration process as they form larger agglomerates. Thus
granular energy and collision frequency would increase until the packed bed condition is
approached. This also suggests that an initial increase in agglomeration rate would occur which
would then stabilize.
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Figure 5.7: Interrelations between hydrodynamic parameters that affect agglomeration

The correct incorporation of the collision frequency distribution helped to base the
agglomeration model developed on real time, instead of making assumptions based on the
iteration counts and time step assumptions. This modeling methodology is proposed as a more
realistic method to obtain particle growth kinetics than assumption of a constant collision
frequency or an arbitrary dependence on the number of particles in the system. Figure 5.32
compares the growth rate obtained by considering the evolving collision frequency distribution
to that obtained by keeping a constant value of collision frequency throughout the simulation
time, as was done in some other cases in the literature. If a constant value is assumed, the
growth rate appears to be linear and no defluidization is predicted.
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Figure 5.32: Comparison of agglomerate growth rate with and without a distribution
for particle collision frequencies

5.9. Resultant effect of chemistry and physics based parameters on
agglomerate growth rate
Figure 5.33 shows that the modeling methodology was used to predict the evolution of
the entire particle size distribution with time. The division of the given particle size distribution
into narrow size intervals and the consideration of particle-particle collisions enables
application of the model to a poly-disperse system of particles. This widens the applicability of
the model over some previous attempts (Cryer, 1999) using population balance modeling in
which normal distribution of particle sizes was a restriction to applicability. It is seen that the
finer particles from size interval 4 get converted to larger particles over time. For the conditions
studied, after 3 hours most of the particles are in the largest size interval and about 80% of the
particles defluidize after 10 hours.
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Figure 5.33: Changes in particle size distribution with time
The resultant slag amount obtained from attribute tracking of slag amounts from each of
the density fractions using FactSage thermodynamic simulation was used as input in the
agglomeration modeling methodology developed to predict the average particle size (Figure

5.7, Figure 5.8 and Figure 5.10). As shown in Figure 5.34, a larger average particle size and
growth rate was obtained when particle heterogeneity was accounted for in analyses of slagliquid formation. Thus bulk coal analyses underestimated the agglomeration potential under
reducing conditions. Also, the bulk coal analysis is not adequate to predict the finite rate of
growth to about 900 µm particles in 2 days seen at 870 °C. It is possible that agglomeration is
initiated at this low temperature of about 870 °C and growth is likely to propagate in bed due to
a rise in temperature or change in local gaseous conditions, which will be elaborated in section
5.10. These results demonstrate the implications of the concept of heterogeneity in chemical
composition that were discussed in section 5.2 on the rate of growth of ash agglomerates.
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Figure 5.34: Average particle diameter obtained from agglomeration model
simulations for whole coal and using resultant slag amount from density fractions
The probability of agglomerate growth was calculated at different slag amounts to
develop theoretical understanding of the effect of slag amount on agglomerate growth in the
system. This probability was based on the diameter of the solid particles fluidizing in the bed.
Particle agglomerate growth was limited by slag-liquid amounts up to 20 wt. % slag at which it
peaks as shown in Figure 5.35. As the slag-liquid amount increases further, although the extent
of particle wetness increases, the number of solid particles decreases as they melt to form the
slag-liquid. So, it is believed that the collision frequency of particles decreases although the
wetness of particles increases. These opposing effects result in maximum particle-particle
agglomeration probability at 20 wt. % slag when the agglomeration occurs in the non-inertial
regime, provided the slag viscosity is greater than 5 x 106 Pa.s. When the slag is less than 15 wt.
%, the diameter does not increase significantly since the slag viscosity is too high and amount
too low.
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Figure 5.35: Probability of agglomeration as a function of slag amount
Based on this understanding, three regimes of agglomerate growth are proposed as follows-

Regime 1: Slag-liquid amount less than 10%- In this regime, the agglomerate growth is limited
by the amount of slag-liquid available for sticking. Although a large number of particles are
present in the system, the amount of slag-liquid available is low. Thus, the probability that the
particles undergo a wet collision is low. The rate of growth is slow and the time required for the
particles to reach the defluidization size would be very long. After an adequately long time, in
this regime, there are likely to be a number of particles that are small in size as well as some
large particles. However, the slag-liquid amount is very low. Hence, the average particle
diameter is likely to be small with little or no significant defluidization.

Regime 2: Slag-liquid amount between 10-30 %- In this regime, the agglomerate growth rate is
maximum. An adequate number of particles are available in the system and there is enough
slag-liquid for particle sticking on collision. The particles in this regime are likely to be
completely coated with slag-liquid layers and the probability of wet collisions will be high. The
particle growth rate is high. After an adequately long time, it is likely that most of the particles
are large and significant defluidization would occur.
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Regime 3: Slag-liquid amount greater than 50%- In this regime although a large amount of slag
is available for wetting ash particles, since this slag is formed by the melting of solid particles,
the number of particles in the system is low. The collision frequency of particles is likely to be
low and although there is adequate amount of slag-liquid, the particle-particle interaction is
limited. Hence, the rate of growth of agglomerates obtained based on solid, unmolten bed
particles is low. However, it is noted that the amount of slag-liquid in the system is high. The
present model does not consider slag-particle collisions and is more applicable to regimes 1 and
2. In the case of bituminous coals and anthracite, at the low operating temperatures in fluidized
bed combustors and gasifiers, regime 1 and 2 are more likely to occur in the bed. Also, it is
likely that in case of bituminous coals and anthracites, significant defluidization would occur
and operational shut down can result, before the system can enter regime 3.
In order to demonstrate the effect of the large slag amounts present in regime 3, the
average agglomerate diameter was calculated assuming that all the slag coalesces and deposits
into a large solid agglomerate. Thus, Figure 5.36 shows an increase in average diameter with
increasing slag amount. As will be elaborated in section 7.1, the distribution of slag in the
system needs to be further studied and incorporated into this modeling effort. The calculation
done to obtain Figure 5.36 is the extreme case in which all the slag contributes to the formation
of a large chunk in addition to the agglomerates formed from unmolten solid particles.
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Figure 5.36: Effect of slag-liquid amount on agglomerate growth with solidification
of slag formed
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The amount of slag depends on the particle temperature and chemistry. At low
temperatures, certain low-melting components such as those in particle classes with high ironand calcium-based components studied, can initiate the slag formation. However, the slagliquid amounts are generally low at these temperatures. For the three coals studied, the slagliquid amount formed from the iron- and calcium-containing phases such as in the SG4 fraction
was less than 10 %, even under reducing gaseous environment. Hence, agglomeration would be
initiated due to the particle-level chemistry in Regime 1. The agglomerate growth is likely to
propagate in Regime 2. This proposed mechanism of the process of agglomeration is described
in the following section to explain initiation, agglomerate growth and transition across the
regimes.

5.10. Proposed mechanism of the process of agglomeration in fluidized beds
The heterogeneous behavior of bed ash helps to explain the occurrence of agglomeration
at temperatures lower than operating temperatures in fluidized bed combustors and gasifiers.
Experimental studies by Atakül et al. (2005) showed that agglomeration occurs at 125-200 ˚C
lower than characteristic IDT and about 300-400 ˚C lower than the flow temperature (FT) in a
laboratory-scale fluidized bed combustor. They identified the temperature at which
agglomeration was initiated based on the detection of bed temperature fluctuations and
pressure drop measurements, as well as pictures of the active bed surface. Since the iron- and
calcium-based mineral rich SG4 fraction has been identified as the initiator of agglomeration, in
the present study, a comparison of IDT of bulk coal with the slag-liquid formation onset
temperature obtained for the SG4 density fraction of Pittsburgh No.8 coal and Illinois No. 6 coal
was made in Table 5.9. This comparison showed that the initiation of slag formation could occur
at temperatures around 400-600 °C lower than the measured IDT temperature. This indicates
that agglomerate growth is likely to be initiated around particles of certain compositions such as
of the SG4 particle class, at temperatures significantly lower than AFT predictions that are based
on bulk coal properties.
As shown in Table 5.4 the SG2 particle class of Pittsburgh No.8 coal is rich in aluminosilicates and form slag-liquid at temperatures 50 to 100 ˚C higher than the SG4 fractions that are
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rich in iron-based minerals (Table 5.8). The SG3 fraction has both high alumino-silicate content
as well as a high content of iron phases. In SG3 the slag-liquid formation is only limited by the
co-presence of hematite and alumino-silicates. Until the iron oxide is reduced, the high slag
formation tendency of this density fraction is limited to some extent. SG3 and SG4 fractions
have high ash content as shown in Table 5.2. Coal particles with higher ash content have a
tendency to preferentially convert into bottom ash particles instead of fly ash particles
(Soundarrajan et al., 2012). Hence, the contribution of the mineral rich SG3 and SG4 fractions to
the bed ash is high although their amounts in the coal feed are low. The SG4 density fraction is
heavier and would be more difficult to fluidize, for a given size class, than the other density
fractions. Since the SG4 fraction forms slag-liquid at low temperatures, the percentage of bed
ash that forms slag is higher when estimated by attribute-tracking method, than that predicted
by bulk analysis alone. Thus, the average particle size at a given time predicted accounting for
the behavior of individual fractions was bigger than the average particle size that resulted from
bulk coal analyses alone as shown in Figure 5.34. This study of particle-level slag-liquid
formation done using density fractions of Pittsburgh No. 8 coal showed that the highest density
fraction, SG4, had a slag formation onset temperature of 850 ˚C, in an oxidizing environment
and 840 ˚C in a reducing gaseous environment. Therefore, it is likely that these sticky and heavy
SG4 particles initiate agglomeration at temperatures lower than operating temperatures of
fluidized beds.
The proposition that agglomeration is initiated around a few particles and then
propagates throughout the fluidized bed reactor is supported by the study of agglomerates
presented in a report by the U.S. Department of Energy (DOE) (Brown et al., 2006). In this study
undertaken by the U.S. DOE, agglomerates formed in thirteen fluidized bed combustion units
were observed using SEM, which showed the presence of dark cores with rims. The
agglomerates were also found to have a high calcium sulfate and iron oxide content. These
observations further support the onset of conditions favorable for agglomeration by sticking of
particles with composition similar to the SG4 fraction, which could have a dark iron core at
locations of initiation of agglomerate formation with rims of alumino-silicate rich slag. Below
850 °C, the SG4 fraction in all the three coals studied begin to form slag under reducing
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conditions as shown in Table 5.11. The amount of slag is less than 10 weight % near the onset
temperature. Agglomerate growth is likely to be initiated around these particles but as shown
by the modeling results in Figure 5.28, it is not likely to lead to defluidization at these low slagliquid amounts. At higher temperatures that can occur in bed as discussed in the sub-sections
below, the SG4 fraction can form up to 90 % slag. The amounts of slag formed from the SG1,
SG2 and SG3 fractions of these coals at fluidized bed operating temperatures of less than 1,000
°C, is between 10 to 60 weight % depending on the temperature and composition as obtained
from FactSage simulations. Thus, slag-liquid amounts less than 10 % could lead to
agglomeration of particle classes such as the SG4 fraction and initiate conditions favorable for
agglomeration.
A report published by the Energy research Centre of the Netherlands (ECN) (Visser et
al., 2004) studied agglomeration of biomass in laboratory-scale and plant-scale reactors in
which they analyzed the wall thickness of agglomerates produced, using SEM. They found that
initiation of agglomeration by the melt-induced mechanism can occur before the formation of a
complete coating around particles. Thus, before a complete coating can be formed around bed
particles due to slag-formation of the bed siliceous materials, considerable agglomeration can
occur due to the small slag-liquid amounts formed by partial melting of the biomass ash. The
Penn State study of ash agglomeration through an in-depth analysis of slag-liquid formation
behavior at the particle level helps to better understand this critical phenomenon of particlelevel onset of agglomeration by partial melting. Once initiated, agglomerate growth is likely to
propagate in the bed due to one or more of the following reasons:

1) Temperature excursions due to changes in system hydrodynamics
Once particle size increases, and defluidization begins, degree of mixing will be reduced
and temperature fluctuations increase. Local hot spots can form in a poorly mixed bed (Brown
et al., 1996). An empirical equation to obtain the critical velocity needed to avoid dead zone
formation for particles of a certain size in fluidized beds was developed by Wen et al. (1980). As
per their work, an increase in dead zone formation occurs with an increase in particle size.
Similarly, a decrease in mixing at the onset of defluidization, resulted in temperature
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fluctuations and differences in temperatures measured by thermocouples at different heights in
a fluidized bed combustor, in the study by Scala et al. (2005). A discussion of the effect of
hydrodynamics on heat transfer in fluidized beds by Bock et al. (1980) showed that heat transfer
decreases with an increase in particle size and subsequent changes in bubble motion. Hence,
with an increase in particle size with agglomerate growth and also dead zone formation at the
onset of defluidization, heat transfer is likely to decrease causing an increase in particle
temperatures. Bottom ash particles that are agglomerating are primarily of Geldart type A or B
and as they grow in size, they will eventually move into type D as discussed in section 2.1. For
BFBs, an increase in size of type A and B particles causes a decrease in the heat transfer coefficient. As the particle size increases from 100 to 1,000 μm, the heat transfer co-efficient of heat
transfer to heat exchanger surfaces decreases by about 4.5 times, mainly due to decrease in
particle convection that causes decreased renewal of particles from heat transfer surfaces (Basu,
2006). Additionally, after agglomeration is initiated, as particle size increases, the ratio of the
particle velocity to the minimum fluidization velocity of the larger particles can decrease. This
will increase the possibility of particle segregation. Hence it is possible that once agglomeration
is initiated by particles melting at low temperatures, such as those rich in iron- and calciumbased minerals, the change in bed hydrodynamics would lead to further agglomeration due to
decreasing particle velocities and decreasing bed voidage. As agglomeration proceeds, the
volume of the expanded bed decreases due to the lesser fluidization of the heavier particles
formed. Thus, with decreasing voidage and subsequent increasing collision frequency,
agglomeration rate may increase initially. As it progresses, decrease in granular temperature
and particle number density and the resulting collision frequency decrease would also decrease
agglomeration rate. Thus particles grow quickly once the process of agglomeration is initiated
until a stable size is reached as the agglomeration rate begins to decrease.

2) Temperature excursions around burning char particles
Although ash agglomeration has been used for development of the modeling
methodology, the ash is produced from char combustion and so mineral matter particles are
likely to be exposed to hot char particles. Another plausible mechanism of increased
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agglomerate growth in a bed is due to these temperature surges that can result around burning
char particles in oxygen rich zones. Burning char particles can be at a temperature of 150-200 ˚C
higher than average bed temperature (Atakül et al., 2005).

3) Temperature rise due to deposition on heat-transfer surfaces
One more plausible mechanism of the propagation of agglomeration in the system is
due to decrease in heat transfer efficiency after initiation of agglomeration. Once particles of
larger sizes form by sticking of mineral matter with low slag-formation temperatures, the
particle velocity decreases and they can deposit on to heat transfer surfaces, thereby decreasing
the efficiency of heat transfer. The decrease in heat transfer can cause a rise in bed temperature
leading to melting of alumino-silicate rich components, which have higher slag-formation
temperatures as shown from the analysis of density fractions in Table 5.8 and Table 5.10. The
increase in slag amount would then cause propagation of agglomeration. This mechanism is
prone to occur when there are in bed heat exchanges, which are generally restricted to bubbling
fluidized bed systems.
4) Presence of local pockets of reducing conditions in the bed
Besides a local increase in particle temperatures, agglomeration is also likely to occur
due to changes in the local gaseous atmospheric conditions. As seen from the results in section
5.4, the temperature required for the formation of a certain amount of slag-liquid is lower in a
reducing gaseous environment than an oxidizing gaseous environment. Local reducing
conditions can exist in a fluidized bed reactor around regions in which char particles are
concentrated. The literature shows that mineral matter within a carbonaceous particle
experiences a high temperature and a reducing atmosphere (Scott, 1999). The lowering of slagformation temperature due to local reducing conditions is also a plausible pathway for the
propagation of agglomerate growth.
Once a few particles such as those from the SG4 density fraction, rich in iron- and
calcium-based minerals become sticky at low temperatures, char particles can stick to their
sticky surface as illustrated in Figure 5.37. This photograph shows an agglomerate that was
formed in an industrial fluidized bed combustor unit with black carbonaceous particles within
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the mineral matter. Similarly, SEM observation of char particles of the SG2 fraction of
Pittsburgh No.8 coal obtained after entrained flow gasification showed carbonaceous particles
entrapped within sticky slag (Krishnamoorthy et al., 2015). The concentration of char particles
within mineral matter and slag could create these local reducing conditions. The included
minerals in these char particles are also then subjected to the reducing environment and begin
to form slag at lower temperatures.

Figure 5.37: Agglomerate with char (black) accumulation

5.11. Substantiation of proposed mechanism of agglomerate growth and
agglomeration model developed
In this work, a mechanism for agglomerate growth based on initiation at the particlelevel followed by propagation in bed is proposed. Iron-based minerals such as pyrite and also
eutectics involving iron- and calcium-based minerals were identified as low-temperature
initiators (≤ 850 °C) of agglomeration. The amount of slag formed at initiation is less than 10 %
and enough only for sticking together of few smaller particles thereby initiating an increase in
particle size. The alumino-silicates, which are present in larger amounts in bituminous coals,
begin to form slag at higher temperatures (850 °C to 950 ˚C) and help propagation of the
agglomeration process. The condition in the bed rapidly degenerates until the collision
frequency becomes too low with the decreasing number density and defluidization of
agglomerates.
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In order to substantiate these results, agglomerate samples obtained from a laboratoryscale combustion facility in Canada were analyzed. Agglomerate samples were also generated
in a laboratory-scale fluidized bed combustor at Penn State as described in section 4.5.4 using
Pittsburgh No. 8 coal rejects for analysis. This Penn State reactor was the same system that had
been simulated for the modeling work discussed in this thesis. The agglomerate samples were
polished and observed under a scanning electron microscope and the elements present in them
were mapped across a cross section of the agglomerate. The results are presented in the
following section.
5.11.1. Study of agglomerates obtained from a laboratory scale FB combustion facility at
Canada
Agglomerates that formed within two hours during combustion in a laboratory-scale
combustion facility in Canada were used as samples to conduct a post-mortem study for
validation of the agglomerate growth mechanism proposed in this study. These agglomerates
were studied using SEM to observe the agglomerates from a particle-level. The study helped to
detect the presence of slag bridges and analyze the composition of the bridging material. In
order to support the mechanism of particle-level initiation and subsequent propagation
resulting from a rise in temperature after initiation, as discussed in section 5.10, the
agglomerates were investigated to identify these stages of particle sticking.
For this purpose, the agglomerates were cut and polished as described in section 4.5.3. In
order to avoid a biased analysis, microscopic imaging was performed in randomly selected
regions across the entire sample surface. In this way, the entire sample surface was scanned to
identify particles with different morphologies. Also, EDX of the whole sample cross section was
done at a low magnification (50x to 200x) to identify regions with higher concentration of a
particular type of element. Regions distinct in elemental composition were then magnified for
detailed study with microscopic images and elemental maps, so as not to miss a different type
of particle behavior. Primarily two distinct morphologies were observed across the sample
surface as shown in Figure 5.38- small particles adhering to form a larger sphere and slagcoated particles with bridges. The latter showed that greater slag amounts were formed and
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coated the particles. Morphologies showing discrete adhered particles indicated lower slag
amounts. The formation of higher amount of slag was believed to have occurred at higher
temperatures. Hence, the slag-coated particles were likely to be a later stage (causing
propagation at higher temperatures) in the agglomeration process, after initiation by the smaller
adhered particles. In order to test this implication of the two distinct morphologies observed,
the elemental composition of each of them was studied using EDX. EDX was performed on 8 to
10 spots of the two morphologies identified in Figure 5.38.

Slag-coated agglomerates with bridges

Small adhered particles
(Initiators)
Magnified slag-coated agglomerates
with bridges
Figure 5.38: Morphologies of initiators and slag-coated particles observed by SEM of
agglomerates
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The EDX results are shown in Figure 5.39. The orange sphere in the figure is mapped to
high concentrations of iron- and calcium-containing phases. The FactSage results discussed in
sections 5.2 and 5.3, the TMA and XRD results in section 5.5 and the ICP-AES (Tables 5.4, 5.5
and 5.6) had also indicated that density fractions rich in calcium- and iron-based minerals
showed slag formation onset temperature less than 850 °C. The amount of slag obtained at
initiation for these density fractions was less than 10 % as shown in Figure 5.7 and Figure 5.8.
When the slag amount is less than 15%, the modeling results in Figure 5.35 showed that the
agglomerate growth was restricted and particles did not reach their defluidization size in 10
hours. These density classes rich in calcium- and iron-based minerals were thus believed to
initiate agglomerate growth, which would then be followed by propagation as discussed in
section 5.10. Hence, these small adhered particles rich in calcium- and iron-based phases
observed using SEM-EDX supported the occurrence of particle-level initiation of agglomeration.
Further, molten slag (blue) seen to adhere to these initiators, is rich in silicon and aluminium
with some sodium and potassium content as seen in Figure 5.39. In order to obtain a semiquantitative estimate of the composition of the initiators and slag-coated particles, EDX was
used and the average composition of the studied spots is reported in Table 5.13.
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Figure 5.39: SEM-EDX of initiator and alumino-silicate slag coating
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Table 5.13: EDX compositional analysis of stage 1 and stage 4

Small adhered particles
(Initiators/Stage 1)

Slag melting at higher
temperature (Slag on slagcoated agglomerates/stage 4)

Wt.%

Wt.%

Element
Mean

Standard
deviation

Mean

Standard
deviation

O

36.9

8.4

57.5

4.4

Na

0.2

0.2

1.8

0.3

Mg

1.1

0.6

1.5

0.5

Al

1.9

0.5

10.7

1.5

Si

4.4

2.1

21.5

2.7

K

0

0.1

1.8

0.5

Ca

3.1

1.9

1.8

1.4

Mn

2.2

1.1

0

-

Fe

50.3

8.2

3.1

0.8

In order to verify that the initiators begin to form slag at lower temperatures than
fluidized bed operating temperatures and propagation occurs with the coating of these
initiators after formation of higher slag amounts, the EDX composition shown in Table 5.13 was
used to perform FactSage simulations under oxidizing conditions. FactSage thermodynamic
simulations were performed to predict the initiation temperature of slag formation in these
regions. It was found that the initiators, which are rich in iron phases (stage 1), began slag
formation at 820 °C as shown in Figure 5.40, while the alumino-silicate rich slag was formed at
a higher temperature of 920 °C. Slag-coated agglomerates began to form bridges (stage 4) with
this higher slag amount. The amount of slag formed from the components in the initiators was
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also less than 10% up to 950 °C. This corroborates with the slag amount obtained from density
classes that acted as initiators (Figure 5.7 and Figure 5.8). Since the particles do not melt
completely, the SEM images show small discrete particles of these initiators adhering to form
larger spheres.

Figure 5.40: Slag formation tendency of components in stage 1 and stage 4 using
FactSage simulations
Through this SEM-EDX study of agglomerates, four different stages of agglomeration
were identified as shown in Figure 5.41. Stage 1 shows small particles rich in iron–based
minerals adhered together to form a larger sphere. These particles begin to form slag at a lower
temperature of 820 ˚C, as shown in Figure 5.40. The amount of slag formed from this
composition is less than 20 % at temperatures up to 1,000 ˚C. Hence, this is adequate to initate
agglomeration and lead to the formation of bigger spheres that are rich in iron, but not
sufficient to make the particles grow up to their defluidization size. Stage 2 shows that slag
formed at the higher temperatures, which can result due to mechanisms suggested in section
5.10, begins to coat these iron spheres. Stage 3 shows a completely coated agglomerate from
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stage 1. Finally, with the formation of up to 40 % slag at higher temperatures of above 920 °C,
the coated agglomerates begin to stick to one another as shown in stage 4, wherein bridging is
clearly seen between two slag-coated agglomerates.

Figure 5.41: Stages of agglomerate growth observed through SEM-EDX of
agglomerates from industrial fluidized bed
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5.11.2. Study of agglomerates produced in laboratory fluidized bed reactor at Penn State
Agglomerates of Pittsburgh No. 8 seam coal rejects were produced in the laboratoryscale reactor at Penn State as described in section 4.5.4. These are shown in Figure 5.42. The
composition of this material shown in Table 5.7 is similar to that of the SG3 fraction of
Pittsburgh No. 8 coal (Table 5.4). Pittsburgh No. 8 coal was majorly used in the modeling work
and so a sample with similar composition was chosen. Additionally, the ash content of the
Pittsburgh No. 8 coal rejects is 81.6 %. This was an added reason for the sample choice. The
modeling work is based on ash agglomeration neglecting the presence of carbon. The presence
of carbon could cause higher local temperatures due to burning char particles and the effect of
wettability of carbon would also be an added parameter. In order to reduce discrepancies
between experimental and modeling studies in this wok, Pittsburgh No. 8 coal Rejects with
minimal carbon content were used.

Figure 5.42: Agglomerates of Pittsburgh No. 8 coal rejects produced in the laboratoryscale reactor at Penn State
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The SEM-EDX analysis of the agglomerates in Figure 5.43 shows two particles rich in
siliceous minerals (violet) adhered by a slag bridge (orange) rich in iron and calcium containing
minerals.

Figure 5.43: SEM-EDX images of agglomerate of Pittsburgh No. 8 coal rejects
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Figure 5.44: Stages of agglomeration in Pittsburgh No. 8 coal rejects: small adhered
particles and slag bridges

SEM-EDX analysis of these agglomerates also showed regions with smaller, discrete
particles adhering together as shown in Figure 5.44. Across the entire cross section of the
sample, 25 regions including those with bridging and with smaller particles adhering were
observed. 9 spots in regions with initiators (small, discrete particles adhering) were studied
using EDX and found to be rich in calcium-containing compounds with the composition as
shown in Table 5.14. Similarly, 15 spots in the regions that formed slag bridges as shown in

Figure 5.44 were also analyzed for their elemental composition. The composition of the highly
molten slag is shown in Table 5.14.
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Table 5.14: EDX of initiators and alumino-silicate, high temperature melting slag
Element
Wt.%
C
O
Na
Mg
Al
Si
S
K
Ca
Ti
Fe

Initiator
Standard
Mean
Deviation
2.1
0.94
40
0.64
0.3
0.12
0.4
0.02
4.4
0.88
6.7
1.11
0.9
0.19
0.5
0.41
5.1
0.17
0.3
0.86
40
1.7

Alumino-silicate Slag
Standard
Mean
deviation
1.3
0.39
40
9.5
0.4
0.21
0.4
0.16
9
1.8
12.3
2.2
0.1
0.07
1.6
0.62
0.7
0.43
0.5
0.08
34
14

FactSage simulations under oxidizing conditions were performed with the ash
compositions in Table 5.14 to identify the temperature at which slag formation begins for the
initiators rich in calcium-based minerals. The results shown in Figure 5.45 indicate that the
agglomeration was initiated at 830 ˚C by the calcium-rich particles. The temperature of particles
in bed is then likely to rise by one of the plausible mechanisms discussed in section 5.10,
causing propagation of agglomeration with the formation of liquid bridges above 930 ˚C. This
onset temperature of slag-formation from the alumino-silicate components that lead to bridging
was calculated using FactSage simulations under oxidizing conditions.

The slag formation onset temperature of the alumino-silicate components that have
relatively higher melting temperatures was also computed under a reducing environment.
Under this condition, the temperature of onset of slag formation was lowered to 910 ˚C and the
amount of slag was 30-50 %, which was higher than under oxidizing conditions. Hence, in the
presence of pockets of reducing gaseous conditions in the reactor, these components could
cause propagation of agglomeration, as discussed in section 5.10.2. FactSage analysis showed
that the amount of slag-liquid formed from the alumino-silicate components was lower in case
of Pittsburgh No. 8 coal rejects than the agglomerates obtained from Canada. Hence, the
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intermediate stage of the formation of a slag-coating on agglomerates, before bridging, which
was seen for the agglomerates from Canada, was not seen in the Pittsburgh No. 8 rejects.
Partially slag-covered agglomerates formed bridges in case of agglomerates from Pittsburgh
No. 8 coal rejects.
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Figure 5.45: Slag formation tendency of components in small adhering particles and
alumino-silicate slag-forming components using FactSage simulations
The SEM-EDX study of the ash agglomerates supports the agglomeration growth
mechanism that was proposed based on the modeling work. Additionally, the amount of slag
obtained in Figure 5.45 was used to perform simulations using the ash agglomeration modeling
methodology developed.
Figure 5.46 shows that in the presence of slag-liquid amount corresponding to 10%
initiators, although the average diameter increased to about 700 μm, defluidization did not
occur. Thus, after initiation, the new particle size formed after 0.5 h was used to simulate the
system granular dynamics. Correspondingly, the slag-amount obtained from the aluminosilicates that are believed to help propagate the agglomerate growth was used. The simulation
using this case, as per the proposed growth mechanism, showed that more than 80 % of the bed
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mass defluidized at the end of 2 h. This was the run time for the experiment, at the end of which
the large agglomerates shown in Figure 5.42 were obtained. Hence, these observations support
the mechanism proposed in section 5.10 for the process of agglomeration based on
heterogeneity in ash chemical composition. As shown in Figure 5.46, once initiated at
temperatures below fluidized bed operating temperatures by components that form low slagliquid amounts, the particle size does not change beyond half an hour as it is limited by the
amount of slag. The system reaches a steady state until more slag is formed due to higher
temperatures in the system, from the alumino-silicate rich components. After about an hour, the
particle size grows to the point of defluidization. Thereafter, rapid defluidization is seen to
occur and greater than 80 wt. % of the particles is defluidized in about 2 h 15 min. Towards the
end of this time period, the rate of agglomerate growth rate is seen to decrease as the lesser
number of fluidized bed particles is believed to limit the collision frequency.

Initiators after 2 h 15 min

Initiators after 0.5 h
Growth propagates over next 2 h

Figure 5.46: Modeling showing initiation and propagation of agglomerate growth
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5.11.3. Comparison to literature-based case study
In order to test the model developed, a case study involving experiments published in
the literature by Chaivatamaset et al. (2011) was simulated using the ash agglomeration
modeling methodology developed. The combustion of palm shells in a laboratory-scale
fluidized bed reactor was chosen for comparison, since the deviation in the measurement of slag
amounts for this fuel was lower than the corn cob case that was also reported in the same study.
The experimental setup in this study was simulated using the ash agglomeration model
developed and the defluidization time was predicted using the model as the time at which 95%
of the bed mass was defluidized. The cases corresponding to a bed height equal to the bed
diameter, superficial gas velocity of 0.25 m/s and bed mass of 0.57 kg were simulated and the
results are shown in Table 5.15. It should be noted that the fuel analyzed had not been density separated and hence the slag amounts corresponded to those obtained from bulk analysis alone.
Also the combustion chemistry, particle attrition and elutriation are not accounted for in the
agglomeration model and hence although differences were expected in the results, this
comparison was used to get an estimate of the validity of modeling predictions.

Table 5.15: Comparison of defluidization time obtained by modeling to case study
Assumed
Bed
particle
Superficial
Particle
Run
temperature temperature gas velocity diameter

Defluidization Defluidization
time from
time simulated
experiments in using Penn State
case study
model

°C

°C

m/s

μm

s

h

h

1

800

950

0.25

425–500

55,321

15

14

2

850

1,200

0.25

425–500

26,033

7

12

3

850

1,450

0.25

425–500

26,033

7

8

4

900

1,500

0.25

425–500

14,545

4

7

Table 5.15 shows that the defluidization times obtained by simulation are comparable to
the reported experimental values. Only the bed temperature had been reported in the case
study. Different particle temperatures higher than the average bed temperature were simulated
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as indicated in Table 5.15. The particle temperature 150 to 200 °C higher than average bed
temperature could occur due to the presence of burning char particles (Atakül et al., 2005) and
thus they were used to simulate runs 1 and 2 in Table 5.15. Additionally, since the amount of
slag corresponding to a given temperature has been obtained based on bulk analysis alone, it
may be lower than reality (based on particle-level heterogeneous composition) as was shown in
section 5.2.2. Additionally, it may be possible that after initiation at low temperature, the rate of
agglomeration is likely to increase as the growth propagates with a possible change in local bed
temperature, gaseous atmosphere and hydrodynamics as suggested in section 5.10. Hence, a
higher particle temperature of 1,450 °C was also simulated as shown in run 3 and the
defluidization time obtained by this simulation was closer to that reported. Similarly, run 4 was
performed using a higher particle temperature of 1,500 °C. Analysis of results obtained during
attempts made to compare the defluidization time of these and other cases, suggests that a heat
transfer based sub-model to compute particle temperatures due to presence of char is likely to
improve the model applicability. Furthermore, work on slag distribution on particle surface in
consideration of particle surface characteristics, shape and porosity is likely to help improve the
model accuracy and the sensitivity to the slag-amount. Currently, slag has been assumed to
form hemispherical droplets on the particles if the amount is only adequate for partial coverage.
Additional, study on the surface tension of ash on slag, is likely to improve the accuracy of
determination of particle coverage.

5.12. Illustration of potential industrial utility of the agglomeration modeling
methodology developed
Using the agglomeration modeling methodology developed, the probability of agglomerate
growth during the gasification of Pittsburgh No. 8, Illinois No. 6 and Skidmore Anthracite coals
was predicted. The probability of agglomerate growth was obtained as a function of time and
temperature for the three high rank coals as shown in Figure 5.47.
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a)

b)

c)

Figure 5.47: Probability of agglomeration for a) Pittsburgh No.8 coal, b)
Illinois No. 6 coal and c) Skidmore anthracite
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The calcium oxide content of greater than 13 % causes onset of slag-liquid formation at
about 200 ˚C lower temperatures in the anthracite fractions as shown in Table 5.10 and is more
in amount than that produced from the Pittsburgh fractions at that temperature, as shown in
Figure 5.10. From Figure 5.47 a, b and c it is seen that the probability of agglomerate growth is
higher above 950 °C and increases with time. This occurs due to the higher slag-liquid amount
at that temperature than at the slag formation onset temperature. However, it is considered
important that a finite probability of agglomerate growth is also seen in Figure 5.47 at
temperatures of 850 °C and below due to the specific chemical composition of density fractions
within whole coal. This is likely to cause initiation of agglomeration at low temperatures in
fluidized beds. At temperatures above 900 ˚C, the Pittsburgh No. 8 seam coal has more highrisk zones than Illinois No.6 coal (Figure 5.47 a and b). Figure 5.47 a) shows the probability of
agglomerate growth at the end of one day, increases to almost 100 % from a negligible
probability above 950 °C, before beginning to flatten and decrease again above 1,000 °C. This is
because the corresponding slag-liquid amount is at around 20 % at 950 °C as shown in Figure
5.10, which has been identified as the amount of slag that causes agglomerate growth to peak in
the non-inertial regime, in this study.
As shown in Figure 5.47 a) and b), the bituminous coals studied have a very low
agglomerate growth probability between 900 to 950 °C due to the high slag viscosity of the
siliceous slag formed at that temperature (Figure 5.27). The anthracite slag, which is rich in
calcium-based minerals, does not show this tendency as they lower slag viscosity. The study of
differences in the probability of agglomeration of Illinois No. 6 and Pittsburgh no. 8 coals
indicates that Illinois No. 6 coal may show more difficulties at lower temperatures and start up
due to large probabilities at lower operating temperatures. This is likely to be due to the higher
calcium oxide content of the SG4 fraction (~20 wt. %) of Illinois. No.6 coal compared to
Pittsburgh No. 8 coal as seen from Table 5.5 and Table 5.7. Thus slag is present over a wider
range of temperatures that are below fluidized bed operating temperatures, from 650 °C to 850
°C making low temperature agglomerate growth more likely while using Illinois No. 6 coal. On
the other hand, the Pittsburgh No. 8 coal is likely to exhibit greater risks in case of local
temperature surges. Overall, the slag liquid amounts in the anthracite are greater as shown in

184

Figure 5.10 with a lower slag viscosity due its higher calcium oxide content as shown in Table
5.6. Hence, the probability of agglomerate growth is non-zero in the entire temperature range
studied for the anthracite as shown in Figure 5.47 c) but the agglomerate growth probability at
the end of a day is about 20 % lower in the low temperature region as compared to the
Pittsburgh No. 8 and Illinois No. 6 coals. This illustrates the utility of the model developed in
the estimation of agglomeration potential.
In this work, the following step-by-step procedure has been developed to estimate the
potential of agglomerate growth. To facilitate further research, validation of the modeling
methodology developed, creation of a database of agglomeration tendencies of different fuels
and prediction of the effect of operational parameters on agglomeration, a step-wise procedure
is described below.
1. Perform density separation on the bulk feed coal of the desired grind to obtain fractions
rich in specific minerals, while maintaining an adequate ash yield from each fraction.
2. Ash each density-separated fraction at 650 ˚C or at a lower temperature.
3. Perform ICP-AES on the ash to determine the oxide composition. Supplemental
information about the mineral phases can be obtained using XRD.
4. Perform FactSage thermodynamic simulations on each of the fractions to obtain the
temperature of initiation of slag formation and the amount of slag-liquid. This can be
done for the desired operating temperature and gaseous atmosphere. This information
can also be obtained using TMA. Alternatively, SEM-EDX performed on agglomerates
obtained during the testing phases can be used to identify particle-level components that
initiate agglomeration and components that form slag at higher temperatures. FactSage
calculations performed on these individual components can also be used instead of
performing density separation.
5. Perform attribute-tracking calculations to obtain the resultant amount of slag in the
system.
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6. Perform steps 4 and 5 under both oxidizing and reducing gaseous environments as this
is likely to give a measure of the two extreme potentials for agglomerate growth, as
conditions within the reactor are likely to be intermediate and vary locally.
7. Calculate the viscosity of the slag-liquid at the temperature of interest using the
modified Urbain model for each fraction and identify the regime of agglomerate growth.
(Non-inertial – Between 300 Pa.s to 5 x 106 Pa.s).
8. Obtain particle hydrodynamics in terms of the mass average granular temperature for
each phase and dynamic bed height for the particle size distribution being considered,
using a CFD software such as MFIX. The particle size distribution can be divided into
narrow size-intervals and these can be used as phases in the CFD calculations and the
ash agglomeration model developed.
9. Use the amount of slag, slag viscosity, dynamic bed height, granular temperatures, bed
mass and particle density as inputs to the ash agglomeration model developed in this
study, and obtain the probability of agglomerate growth, under the desired conditions.
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Chapter 6 : CONCLUSIONS
A novel methodology to model ash agglomeration in fluidized bed combustion and
gasification systems was developed by the application of principles of granulation used in the
pharmaceutical industry. The application of the Stokes’ criterion to test for particle sticking was
extended to integrate the effects of ash chemistry as well as granular physics on agglomeration,
both of which are critical in fluidized bed combustion and gasification. The model integrated
the effects of particle coverage by slag and the slag formation tendencies that depend on ash
chemical composition, with collision frequencies involving simultaneous tracking of the particle
number density of solid unmolten particles.
Poly-disperse particle-size distributions were modeled since all possible binary
collisions in the system are tested for agglomeration. Using the particle-level modeling
approach, the use of empirical parameters for the development of size-dependent coalescence
kernels for population balance modeling can be avoided. This also eliminates the limitation to
log normal, normal or exponential particle size distributions suited for the discretization
techniques used in population balance modeling previously.
A distribution of collision frequencies of all possible binary collisions in the system was
calculated as a function of particle size, number of particles and bed hydrodynamics. In the
system studied, in 3 hours, most of the particles were larger than 707 µm and the collisions that
occurred involved these largest particles. As the number of particles undergoing collisions
decreased with particle growth and defluidization, the frequency of collisions also decreased
resulting in a lower rate of agglomerate growth. Hence with the incorporation of the collision
frequency distribution into the agglomeration model, particles grew to 10 times their initial
average size in the first 10 hours of the process but showed less than 2 times increase in average
size in the next 10 hours. On the other hand, if the collision frequency was assumed constant,
the average diameter only showed about a 1.3 times increase over the initial in 20 hours and the
rate of increase was almost constant. Hence, the modeling methodology developed is proposed
as a more realistic method to obtain particle growth kinetics than assumption of a constant
collision frequency or an arbitrary dependence on the number of particles in the system.
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In addition to heterogeneities in the physics-based parameters, FactSage simulations of
Pittsburgh No. 8 coal, Illinois No. 6 coal and Skidmore anthracite showed the importance of
particle-level heterogeneity in ash chemical composition. The SG4 fraction rich in iron- and
calcium-based phases began to form slag at temperatures about 100 to 300 °C lower than those
predicted based on bulk coal ash composition alone. Based on the grind of the fuel and the
composition distribution, the number of slag–liquid-covered particles differ for a given particle
size based on the amount of slag–liquid. This leads to particle-level differences in ash
agglomeration tendencies. The slag-liquid formation for the Pittsburgh No. 8 whole coal, SG1,
SG2 and SG3 density fractions occurred at relatively higher temperatures of closer to 900 °C,
while the SG4 density fraction of Pittsburgh No. 8 coal showed the onset of slag formation at
850 °C. This slag formation at a low temperature of 850 °C occurred due to the formation of
iron- and calcium-based eutectics as was seen from the- 1) ICP-AES compositional analyses of
the fractions, 2) differences in slag formation tendencies and slag phase composition calculated
using FactSage, 3) phase transformations observed using HT-XRD along with 4) theoretical
understanding of oxide phase thermodynamics and eutectic formation. From the ICP-AES
analysis of all the anthracite fractions, it was evident that the calcium-based components
contributed to the low slag formation onset temperatures (< 850 °C) of the fractions as the
calcium oxide content was greater than 13 weight % in each of these fractions unlike the two
bituminous coals studied. Presence of 40 to 75 % iron oxide content also lowered the slag
formation onset temperature, as seen from the ICP-AES and FactSage analysis of the SG4
fractions of the three coals studied.
FactSage thermodynamic simulations in conjunction with TMA and HT-XRD
experiments of the four density separated fractions of Pittsburgh No.8 coal were used to
quantify the slag-liquid amounts as a function of temperature. This quantitative information on
slag-liquid amounts is required for the development of particle collision-based models to
predict ash agglomeration in fluidized bed combustors and gasifiers. The type of gaseous
atmosphere influenced the slag-liquid formation tendencies. The results showed that a
maximum of 10% slag-liquid was formed from the four density fractions studied, in the

188

operating range of 850 to 1,050 °C, in an oxidizing environment. On the other hand, the slagliquid amount generated under reducing conditions was higher. Under reducing conditions,
SG1, SG2, SG3 fractions and whole coal formed up to 40 % slag from 900 to 1,050 °C. The
Pittsburgh No. 8 SG4 fraction showed about a 60-70 % increase in slag-liquid amount under
reducing conditions over oxidizing environments. Low temperature slag-liquid formation was
due to eutectics involving FeO in reducing gaseous conditions that led to high amounts of slagliquid. On the other hand, the amount of slag-liquid formed in oxidizing conditions was lower
and was primarily due to CaO-based eutectics. The higher CaO content of about 6% in
combination with a very low Al2O3 and SiO2 content of about 5% and 13% respectively, is
believed to be a bad actor that promotes agglomeration. The onset temperature was low under
both the gaseous environments for the SG4 fraction.
Differences in the ratio of ferric oxides to alumino-silicates were clearly distinguishable
for the density separated coal ash fractions from the ICP-AES analyses with a higher ratio for
SG4 than SG3, which was in turn higher than SG2. The study of the slagging tendencies of these
different fractions using FactSage thermodynamic simulations as well as experiments such as
HT-XRD showed that the alumino-silicate to iron oxide ratio and the gaseous atmosphere
prevalent are the most important factors for the prediction of agglomeration under fluidized
bed conditions. Partial reduction and the presence of several iron phases with different
oxidation states of iron were observed using HT-XRD in the SG3 and SG4 fractions under low
temperature fluidized bed gasification conditions. Thus, it is not easy to relate the slagging rate
directly to the iron content, unlike in high temperature entrained flow gasification. High iron to
alumino-silicate ratio is a problem under reducing environments although it decreases slagliquid formation in oxidizing environments.
The slag formation tendencies obtained from FactSage were validated experimentally
using TMA, HT-XRD and SEM-EDX. Additionally, the amount of slag predicted using FactSage
simulations were found to be within a variation of 5 % compared to experimental studies
reported in the literature.
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The combined effect of the amount of slag and the particle collision frequency
incorporated in the model was used to predict that the probability of agglomerate growth. The
probability of agglomerate growth significantly increases when 15 to 20 % of the solid mass
forms slag-liquid, in the non-inertial regime, under the conditions studied. It is limited by slag
amount below 20 wt. %. This is due to a balance between the degree of wetness of particles and
particle collision frequencies that depend on the number of unmolten ash particles. Based on the
results obtained from the model developed, it was desired that a mechanistic understanding of
the agglomeration process be gained.
Based on this study, a mechanism of particle-level initiation followed by increased
growth in the bed was proposed for the process of agglomeration. The agglomeration modeling
results showed a finite probability of agglomerate growth exists at temperatures less than 850
°C. FactSage simulations of density fractions, TMA and HT-XRD results showed that particles
rich in iron- and calcium-based minerals formed up to 10 % slag at temperatures less than 850
°C. Agglomeration modeling results showed that particle size increased with slag amounts less
than 10 % but it was not enough for defluidization to occur in 10 hours. It was proposed that
agglomeration is initiated around these particles rich in iron- and calcium-based minerals and
then propagates with an increase in slag formation in the bed either due to an increase in
temperature or around burning char particles or due to local reducing conditions that form
within char particles that are trapped in the agglomerates. SEM-EDX study of agglomerates
obtained from a laboratory-scale fluidized bed combustor in Canada as well as those produced
in the Penn State laboratory fluidized bed reactor showed the presence of agglomeration
initiators rich in iron- and calcium-based minerals and also particles completely coated with
alumino-silicate rich slag. FactSage calculations on the components present in these two distinct
morphologies showed that the iron and calcium-rich components began to form slag at a
temperature of about 100 °C lower than the slag formation temperature of the alumino-silicate
rich components. Thus, the four stages of agglomerate growth identified using SEM-EDX
showed that 1) in stage 1, particle-level initiation of ash agglomeration occurred around
particles rich in iron- and calcium-based minerals. These smaller particles adhere to form larger

190

spheres but are not fully molten, 2) the spheres of adhered particles were partially covered by
slag-liquid, 3) as the amount of alumino-silicate rich slag-liquid increased up to 40 % the
spherical agglomerates were fully coated, while the network of the smaller adhered particles
was identifiable beneath the coating and 4) finally a thick slag-liquid coating formed and the
agglomerates bridge together resulting in defluidization.
The agglomeration model developed was also compared to a case study from the
literature. The defluidization times obtained from simulations were comparable to those
reported in literature case studies obtained through experimentation.
Additionally, the model was applied to predict the agglomeration tendencies of
Pittsburgh No. 8, Illinois No. 6 and Skidmore anthracite coals. Due to a higher calcium-based
mineral content and lower slag viscosity than the bituminous coals used, the studied anthracite
showed a lower probability of agglomerate growth than Pittsburgh No. 8 coal and Illinois No. 6
coal up to 800 °C, although the low viscosity makes agglomerate growth likely in the entire
temperature range studied. A finite probability of agglomerate growth was seen at 850 °C, it
peaked around 1,000 °C for these high rank coals under the gasification conditions studied.
Thus this ash agglomeration modeling approach can be developed further and utilized
to model agglomeration in fluidized bed combustion and gasification systems while accounting
for particle-level non-uniformities.
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Chapter 7 : RESEARCH IMPACT AND SUGGESTIONS FOR FUTURE WORK

7.1. Future Work
In this study, inclusion of attrition of particles was considered outside the scope of work.
Inclusion of a sub-model to account for particle attrition would be an addition to this model.

The chemistry of carbon conversion and heat transfer sub-models to calculate particle
temperatures can be incorporated into this agglomeration model. This would help to
incorporate the increase in agglomeration rate due to the presence of hot char particles and local
hot-spots. The likely decrease in wettability due to the presence of char would also need to be
accounted for. The distribution of slag on ash particles and deposition on cooler surfaces can be
added to improve predictions. In order to understand the slag distribution, surface tension of
slag on solid particles, effect of viscosity on this, coalescence and fluidization of slag droplets
and dispersion on differently-sized solid ash particles would need to be studied using
experiments with microscopy of agglomerates and through sensitivity analysis of modeling
parameters.

Although realistic hydrodynamic parameters are obtained from MFIX, in this study,
additional two-way coupling with MFIX, as the particle size in the system evolves will be
useful. This can be accomplished by rewriting the agglomeration modeling code in Fortran and
adding it as a user defined sub-routine into MFIX. It may be called at every time step to
compute hydrodynamic parameters based on the particle size distribution.

In this study, the ash particles have been assumed to be spherical and non-porous. These
parameters can be added to the model by use of a shape factor and porosity in the calculation of
the resultant size distribution.

This work focused on bituminous and anthracite coals. It can be further extended to model
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systems that use low-rank coals and biomass. Work in this direction has been initiated and is
discussed in Appendix 2. A combination of chemical fractionation and density separation can
be used to identify the bad actors that initiate agglomeration, in these cases. FactSage
calculations would also need to be supplemented with a model to account for condensation of
gas phase species onto solid particles. Additionally, it is likely that these fuels have a low
viscosity due to the presence of sodium-based compounds. Hence the agglomerate growth is
likely to occur in the inertial regime (Ennis et al., 1991) of agglomerate growth, wherein a better
estimate of particle collision velocity and the critical Stokes’ number would be required.

Additional experiments in a fluidized bed reactor under different operating conditions
would also help to calibrate the model and further improve the accuracy.

7.2. Potential Industrial Applications
The research can be adapted and utilized for industrial coal combustion and gasification
units in the following waysFrom this study, the industry can be cautioned that particle-level behavior is critical in
the prediction of agglomeration in fluidized bed combustors and reliance on bulk analysis alone
can be misleading.
The step-by-step methodology developed in this study to predict agglomerate growth,
can be adopted by the industry to gain a priori understanding of the agglomeration tendencies
of the fuel fed under the given operating conditions.
The understanding and comparison of the effect of an oxidizing and reducing
environment would also be useful to the industry during reactor design such as in deciding the
location of gas nozzles. The causes of agglomeration under an oxidizing environment have also
been explained in the study.
Fuels with composition similar to the SG4 fraction of bituminous coals, with high
content of calcium-based and iron-based minerals along with low alumino-silicate content
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should be avoided and the other parameters that influence agglomeration should be monitored
carefully during the use of these fuels.
The density separation technique can be adopted to identify and remove bad actors
(components that initiate agglomeration) such as the SG4 particle class.
The study also shows that FactSage simulations can be applied to fluidized bed
combustion systems to help indicate slag formation tendencies.
The modeling methodology developed is based on particle-particle collisions and hence
can be adapted for the development of particle growth models in fluidized bed combustion,
gasification and related processes. The model extends modeling capabilities that were
previously used in the granulation industry to poly-disperse systems with heterogeneities in
particle chemical composition, temperature and collision frequencies. In the gasification and
combustion industry, it could also be used to understand the effect of different cases of particle
temperature distribution on agglomeration. For example, a certain fraction of particles and/or
certain sizes of particles can be assigned different temperatures, since the model is based on
particle-level collisions. The modeling methodology can help understand and control process
variables such as temperature, initial particle size distribution, fuel mass flow rate and fuel
chemical composition. The effect of temperature and ash chemical composition on slag
formation and the effect on agglomeration obtained using the modeling methodology can
identify operating temperatures and chemical components that would increase the
agglomeration potential. These operating temperatures can be based on this information. Bad
actors that promote agglomeration from the fuel can be removed based on the understanding of
the effect of chemical composition or additives or fuel blending can be used to mitigate their
detrimental effects. The grinding circuit can be designed to obtain the desired particle size
distribution based on predictions using the modeling methodology developed. The percentage
of mass defluidized can be obtained as a function of time, which would help determine the rate
of removal of bed material.
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After incorporation of additional modules and modifications suggested in the future
work section 7.1, this model would be useful to predict and prevent agglomeration in fluidized
bed combustors and gasifiers and help better utilization of this technology.

7.3. Potential methods for the development of integrated agglomeration
models
Based on the understanding gained of the process of fluidized bed agglomeration and
the parameters that affect it, Figure 7.1 shows a generalized algorithm, which would help in the
development of an integrated model to predict agglomeration kinetics. First, a sensitivity
analysis of the system should be conducted as demonstrated in section 6.2, and the regime of
agglomeration should be determined. This will help to identify the parameters that are critical
to the agglomeration process. If the sensitivity analysis shows that the agglomeration lies in the
non-inertial regime – i.e., the Stokes’ numbers for all collisions are less than the critical Stokes’
number – then the agglomeration will not be significantly affected by the slag viscosity and
particle collision velocity. Agglomeration would instead only depend on collision frequency
and particle wetting. Particle wetting depends on the chemistry while collision frequency
depends on the process physics, and hence it will be important to integrate these effects into the
model (Khadilkar et al., 2016). Several models exist to predict the hydrodynamics of particles in
fluidized beds. By weighing their accuracy and computational demands for the concerned
application, a selection of a suitable method may be made. Several developments are still
underway in models for hydrodynamics estimation of multiphase systems with a particle size
distribution. The particle coverage may be estimated based on the amount of slag and the
contact angle. The challenge in the models for the non-inertial regime would be to calculate the
changes in collision frequencies with particle size and slag formation. Agglomeration in the case
of low rank coals and biomass is likely to occur outside the non-inertial regime as slag
viscosities could be lower.
The situation would be more complicated if the agglomeration does not lie in the noninertial regime. In this situation, the Stokes’ criterion will need to be used to evaluate every
binary collision in the system. The collision velocity will also be important in addition to the
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collision frequency. The accurate calculation of the critical Stokes’ number would be vital, as
this would lead to the challenge of the correct estimation of the restitution coefficient, models
for which are still undergoing significant developments such as the inclusion of particle
rotation. The collision velocity would also need to be correctly estimated by accounting for the
bubble dynamics. The present study focused on high rank, bituminous coals and anthracite
wherein the slag viscosities were considerably higher, and it was sufficient to assume that the
collision velocities were in the order of the superficial gas velocities. Also, as superficial gas
velocities increase, the effect of oblique collisions, rotation of particles and attrition, which are
beyond the scope of the present work, may need additional consideration.

Figure 7.1: Flow chart for development of a comprehensive model to predict
agglomerate growth kinetics
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APPENDIX A: Experimental results with PS3 Size class
Table A.1: ICP-AES results of density fractions and whole coal of Pittsburgh No. 8 (PS3)

Species

Wt. percent in fuel ash
SG1
[1.3 float]

SG2
[1.3 sink, 1.6
float]

SG3
[1.6 sink, 2.6
float]

SG4
[2.6 sink]

PS3

SG0
[Whole]

SiO2

50.9

52.1

53.3

55.9

16.4

Al2O3

23.5

28.2

25.6

21.7

6.89

Fe2O3

19.8

11.8

16.0

15.9

72.5

CaO

1.86

3.03

1.02

2.59

3.20

TiO2

1.04

1.63

1.05

0.95

0.22

K2O

1.71

1.57

1.89

1.82

0.42

MgO

0.70

0.91

0.70

0.73

0.23

Na2O

0.31

0.38

0.34

0.27

0.06

SrO

0.09

0.28

0.09

0.03

0.02

BaO

0.05

0.11

0.05

0.04

0.00

MnO

0.00

0.00

0.00

0.01

0.04

As shown in Table A.2, the SG4 fraction is rich in iron oxides and calcium oxides, as found for
the PS6 size class. This density fraction has a lower slag formation onset temperature as shown
in the TMA results in Table A.2. Thus, particle-level heterogeneity in ash chemistry had the
same effect for a larger size.
Table A.2: Initial sintering temperature of the SG4 fraction and whole coal obtained from TMA
(Oxidizing conditions)
Sample
PS3SG0
PS3SG1
PS3SG2
PS3SG3
PS3SG4

Initial Sintering temperature (oC)
820
800
855
850
680
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Quartz
Muscovite
H

H

H

H

H
a

o

1100 C
o

1000 C
o

900 C
o

800 C
o

700 C

Figure A.1: HT-XRD of PS3SG2 fraction (H = Hematite) under oxidizing gaseous environment

Figure A.1 and A.2 show the expected clay mineral peaks as well as hematite peaks. Figure A.3
shows that only the SG4 fraction contains calcium carbonate, which decomposes and the
resulting CaO is likely to form eutectics similar to those discussed for the PS6 size class.
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Figure A.2: HT-XRD of PS3SG3 fraction under oxidizing gaseous environment
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Figure A.3: HT-XRD of PS3SG4 fraction under oxidizing gaseous environment
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APPENDIX B: Study of initiation of agglomeration in low rank coals
Using a procedure similar to the study of bituminous and anthracite coals, separation
and characterization of low rank coals including a sub-bituminous coal- (Wyodak Anderson)
and a lignite –(Beulah-zap) was also initiated. Since these coals contain large amounts of alkalialkaline earth metal components, which decompose at low temperatures, the ashing
temperature was further lowered to 500 ˚C and an additional separation technique of chemical
fractionation was used to study these components. Density separation of the bulk coal was
initiated. Additionally, the bulk coal was also chemical fractionated. Chemical fractionation of
the density fractions was also initiated, to separate low melting components during their
analysis. Due to inadequate sample yields of the density-separated fractions, this work is still in
progress. A brief summary of the results is given in the appendix to aid continuation of similar
work in the future.
B.2.1. Methodology
The techniques utilized were very similar to those discussed for the study of the
bituminous and anthracite coals and hence will not be elaborated in detail. They are
summarized in Figure B.1.
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Figure B.1: Methodology used in study of agglomeration in low rank coals
The methods used have been discussed in detail in chapter 4 in the study of high rank
coals. Chemical fractionation was the only new technique employed in the study of low rank
coals. The steps performed for chemical fractionation are outlined belowB.2.2. Procedure of Chemical Fractionation
Consecutive separations were performed using deionized water, ammonium acetate and
hydrochloric acid as follows and a summary of the weights used during the chemical
fractionation is given in Table B.1.
1. The solid sample was mixed with 4ml of deionized water for every gram of sample. It
was constantly stirred for 24 hours on a magnetic stir plate.
2. After the 24 hours, the mixture was vacuum filtered to obtain a solid residue and a
liquid extract in deionized water. The solid was dried and the leachate was saved for
analysis, while a fraction of the solid was also kept for further analysis. This was
repeated thrice. The three leachates were mixed well to use for ICP-AES analysis.
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3. The solid residue obtained after the extraction with deionized water was mixed with
4ml of 1M ammonium acetate solution for every gram of sample. It was sealed, heated at
70 ˚C and constantly stirred for 24 hours.
4. After the 24 hours, the mixture was vacuum filtered to obtain a solid residue and the
liquid extract in ammonium acetate. The solid was dried and the leachate was saved for
analysis, while a fraction of the solid was also kept for further analysis. This was
repeated thrice. The three leachates were mixed well to use for ICP-AES analysis.
5. The solid residue obtained after the extraction with ammonium acetate was mixed with
4ml of hydrochloric acid for every gram of sample. It was sealed, heated at 70 ˚C and
constantly stirred for 24 hours.
6. After 24 hours filtration was performed. The residue was dried and was saved along
with the leachate for ICP-AES analysis.
Table B.1: Summary of sample weights and leachate volumes used in the chemical fractionation
Beulah Zap Whole
coal
Sample Name
1st D.I Water
1st AmAc
2 nd AmAc
HCl

Initial
Sample
Weight (g)
65
65
104
100
60

Weight of Residue (g)

Volume of
Leachate (mL)

Volume of wash
water (mL)

75
72
100
60
54

260
260
415
400
240

300

Weight of Residue (g)

Volume of
Leachate (mL)

Volume of wash
water (mL)

20
40
35.9
43
45
34
40
26.3

132
80
130
144
172
180
132
160

10
22
20
30

50

Wyodak-Anderson
Whole coal
Sample Name
1st D.I Water
2nd D.I Water
3rd D.I Water
1st AmAc
2nd AmAc
3rd AmAc
1st HCl
2nd HCl

Initial
Sample
Weight (g)
32.9
20
40
35.9
43
45
33
40

203

B.2.3. Results from ICP-AES analysis
ICP-AES analysis was performed on all the solid and leachate samples. The ICP-AES of
the solids obtained after density separation are also included. The yields of samples obtained
for SG1 and SG4 fractions so far, is inadequate for this analysis. Hence only SG2 and SG3 have
been reported. The results obtained are summarized in Figures B.2 and B.3.

70.00
Beulah Zap initial, ashed
60.00

Wt.%

50.00

40.00

Beulah Zap after DI water, ashed
Beulah Zap HCl Extract ashed
Wyodak after HCl, ashed

Wyodak SG2
Wyodak SG3

30.00
20.00
10.00
0.00
Al2O3 (%) CaO (%)

Fe2O3T
(%)

K2O (%) MgO (%) Na2O (%) SiO2 (%)
Components

Figure B.2: ICP-AES of the solid residues obtained from Chemical fractionation
Beulah-zap coal shows a higher Na content, which is extracted into the deionized water
and ammonium acetate. It shows a higher alkali, alkaline-earth metal content and suggests
higher agglomeration tendencies. FactSage simulation that had been performed also showed
low onset temperature and greater slag formation tendencies in case of Beulah-zap coal.
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Beulah Zap leachates
1200.00
1000.00

µg/mL

800.00
600.00

BZ DI water
BZ AmAc
BZ HCl

400.00
200.00
0.00

Components
Figure B.3: ICP-AES of leachates obtained during chemical fractionation of Beulah-zap lignite
B.2.4. Results from HT-XRD
HT-XRD was also performed in the temperature range of 500 to 1000 ˚C. Differences
were observed in the behavior of Ca-based phases. In the Wyodak-Anderson sample, CaSO4
was seen to convert to CaO at about 700 ˚C. However, CaO began to form slag-liquid, and the
intensity of its crystalline peak decreased and it fully decomposed at 1000 ˚C. Similar
transformations were seen in HT-XRD of Beulah-zap coal. The decomposition appeared to be
completed at lower temperatures than Wyodak-Anderson coal. This supported the slagformation that had been obtained using FactSage simulations which showed that the Slag
Formation Onset Temperature for Wyodak-Anderson coal was about 880°C while that for
Beulah-zap was 840 °C.
B.2.5. Results from Hot stage SEM
Microscopic imaging of Beulah Zap coal was performed while it was being heated. It
was heated from 500˚C to 1000 ˚C at a rate of 10 ˚C/min. At the end of the process, considerable
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bridging was seen in the sample as shown in Figure B.6 compared to the sample at room
temperature (Figure B.4). A video of the entire process, indicated that deformation began at
about 700 ˚C. Fusion with bridge formation between particles was distinctly seen at around 870
°C as shown in Figure B.5.

Figure B.4: Initial Sample before heating

Figure B.5: Sample heated to 870 °C clearly shows initiation of bridging
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Figure B.6: Sample at 1000 °C showing bridging
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APPENDIX C: Mathematica code used for agglomeration model development
Initializing variables
diaold = {3.5*10^-3, 5.31*10^-4, 2.52*10^-4, 1.2*10^-4};
originaldia = {3.5*10^-3, 5.31*10^-4, 2.52*10^-4, 1.2*10^-4};
phimold = {.3451, .2958, .3098, 0.04930};(*These PSD values were obtained for the bottom ash
stream of plant 1*)
count = 0;
rho = 2600;
slrho = 5000;
rhog = 1.225;
mug = 1.8*10^-5;
dia = Table[{}, {Length[diaold]}];
u0 = 0.5;
Uc = u0;
L = .6 ;(*Length of reactor*)
st = 0.36;
Stcr = 1;
ash = 0.80; (*Ash fraction present from C burnt in each particle*)
k = 1;
Mbed = 0.250;(*Ash content in bed, bed inventory*)
flowrate = 0.0;
slbedT = 0.7322;(*Fraction of particle that forms slag at bed temp*)
slpeakT = {0.7322, 0.7322, 0.7322, 0.7322};
(*Fraction of particle that forms slag at peak temp*)
mu = {21.5, 21.5, 21.5, 21.5}; (*Visc at peak T*)
mubedT = 21.5; (*Visc at bedT*)
ar = Table[{}, {Length[diaold]}];
theta = 53 Degree; (*contact angle, assuming semicircle i.e. h = a/2*)
gtemp = {3.22*10^-4, 0.30*10^-4, 0.104*10^-4, 0.109*10^-4};(*granular temp*)
eg = 0.95;
es = 1 - eg;
esmax = 0.75;
BedVol = 0.75*10^-3;
Vcontrol = BedVol; (*Volume within which particles are present, determined as vol for which
void fraction is not 1, from MFIX for smallest particle size*)
Nphases = 4; (*no. of phases*)
uplimit = 12700*10^-6; (*Decide based on size beyond which we do not want collisions to occur.
The interval with the top size could be made as big as wanted for this purpose*)
lowlimit = 707*10^-6; (*of highest interval*)
int = {11993*10^-6, 353*10^-6, 205*10^-6, 59*10^-6};
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Putting diameters into intervals
diaintervals[] := Module[{j, d, i, a, b, dia},
dia = Table[{}, {Length[diaold]}];
j = 1;
While[j < (Length[diaold] + 1),
d = diaold[[j]];(*djust temporary variable to put dias into size intervals*)
i = 1;
a = uplimit; b = lowlimit;
While[i < (Length[dia] + 1),
If [b <= d < a, AppendTo[dia[[i]], d]];
a = a - int[[i]]; b = b - int[[i + 1]];
i = i + 1;];
j = j + 1; ];
diaold = dia;]
Quiet[diaintervals[]]
V = (4/3)*Pi*(diaold/2)^3; (* Each partilce volume*)
m = rho*V; (*particle mass*)
amount = slbedT*Mbed*phimold; (* amount of slag obtained from Fact Sage; where the list is
the fraction of slag present for corresponding particle class*)
M = (phimold*Mbed - amount); (* mass in given interval,
phimold is the mass % in size interval obtained from exp*)
n = (M/m); (* No. of particles in interval*)
i = 0;
While[i < (Length[diaold] + 1),
If[Flatten[n][[i]] > 0,
{ar[[i]] = {((3*((amount[[i]]/slrho)/Flatten[n][[i]])*
Sin[theta]^3)/(Pi*(2 - 3*Cos[theta] + Cos[theta]^3)))^(1/3)};
(*radius of wet region*)
},
ar[[i]] = {0};
];
i = i + 1;
];
h = (ar*(1 - Cos[theta]))/Sin[theta]; (* height of liquid drop*)
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cyc = 1;
T = 10*60*60;
t = 0; (*initial time at start*)
diaact = {};
nnewact = {};
massinint = {};
noinint = {};
SAwet = 2*Pi*(ar/2)^2;
While[t <= T,
If[Total[Flatten[n]] > 1, {
Quiet[If[cyc > 1,
{dia = Table[{}, {Length[n]}];
j = 1;
While[j < (Length[n] + 1),
dtemp = Flatten[diaold][[j]];(*djust temporary variable to put dias into size intervals*)
i = 1;
a = uplimit; b = lowlimit;
While[i < (Length[dia] + 1),
If [b <= dtemp < a, AppendTo[dia[[i]], dtemp]];
a = a - int[[i]]; b = b - int[[i + 1]];
i = i + 1;];
j = j + 1; ];
diaold = dia;
nbed = Total[Flatten[n]];};
];
];
i = 1;
While[i < Length[diaold] + 1,
If[Length[diaold[[i]]] > 1,
x = 1;
While[x < Length[diaold[[i]]] + 1,
elementno = i*x;
massinintstep =
rho*((4/3)*Pi*(Flatten[diaold][[elementno]]/2)^3)*n[[elementno]];
noinintstep = n[[elementno]];
AppendTo[massinint, massinintstep];
AppendTo[noinint, noinintstep];
x = x + 1;
];
diaold[[
i]] = {((6*(Total[Flatten[massinint]]/Total[Flatten[noinint]]))/(rho*Pi))^(1/3)};
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n[[i]] = Total[noinint];
m[[i]] = rho*(4/3)*Pi*(diaold[[i]]/2)^3;
];
If[diaold[[i]] === {},
diaold[[i]] = {originaldia[[i]]};
n[[i]] = 0;
m[[i]] = rho*(4/3)*Pi*(diaold[[i]]/2)^3;
];
i = i + 1;
];
x = 1;
mnew = {}; (* resultant mass after collision, if successful*)
dianew = {}; (*phicollij={};*)
While[x < (Length[Flatten[diaold]] + 1),
diacopy = Table[Flatten[diaold][[x]], {Length[Flatten[diaold]]}];
mcopy = Table[Flatten[m][[x]], {Length[Flatten[m]]}];
mstep = (4/3)*Pi*(rho*(Flatten[diacopy]/2)^3 + rho*(Flatten[diaold]/2)^3);
AppendTo[mnew, mstep];
dianewstep = 2 ((3*mnew[[x]]^2)/(4*Pi*(Flatten[mcopy]*rho + Flatten[m]*rho)))^(1/3);
AppendTo[dianew, dianewstep];
x = x + 1;];
i = 1; j = 1;
St = {};
fSt = Flatten[St];
pr = {};
fpr = Flatten[pr];
fcoll = {};
ffcoll = Flatten[fcoll];
profcoll = {};
profcoll = Flatten[profcoll];
While[i < (Length[Flatten[diaold]] + 1),
j = 1;
While[j < (Length[Flatten[diaold]] + 1),
If[(mu[[i ]] < mu[[j]]),
Ststep = 4*rho*Uc*(2*diaold[[i]]*diaold[[j]]/(diaold[[i]] + diaold[[j]]))/mu[[i]],
Ststep = 4*rho*Uc*(2*diaold[[i]]*diaold[[j]]/(diaold[[i]] + diaold[[j]]))/mu[[j]];
];
fSt = Flatten[fSt];
AppendTo[fSt, Ststep];
prstep =
1 - ((1 - ((SAwet[[i]])/(Pi*(diaold[[i]])^2)))*(1 - (SAwet[[ j]])/(Pi*(diaold[[j]])^2)));
fpr = Flatten[fpr];
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If[(((2*SAwet[[i]][[1]])/Pi)
<
(diaold[[i]][[1]])^2)
&&
(diaold[[j]][[1]])^2),
{AppendTo[fpr, prstep]},
{AppendTo[fpr, 1];};
];
A = (1/2)*(1/gtemp[[i]] + 1/gtemp[[j]]);
paraD
=
m[[i]]^2/(2*((m[[i]]
+
m[[j]])^2)*gtemp[[j]])
m[[j]])^2)*gtemp[[i]]); (*Parameters to calculate coll freq*)
fcollstep = ((Sqrt[Pi]/4)*(((diaold[[i]] + diaold[[j]])/2)^2)*(n[[i]]/
Vcontrol)*(n[[j]]/Vcontrol)*(Nphases/
2)*(((1 - (es/esmax)^(1/3))^(-1))/(1 - eg))*((n[[i]]/Vcontrol)*
m[[i]]/rho + (n[[j]]/Vcontrol)*m[[j]]/rho)*((1/(gtemp[[i]]
*gtemp[[j]]))^(3/2))*(1/((A^(3/2))*(paraD^2))))*Vcontrol;
AppendTo[ffcoll, fcollstep];
ffcoll = Flatten[ffcoll];(*Rahaman method*)
profcollstep = n[[i]]*n[[j]]/(Total[Flatten[n]]*Total[Flatten[n]]);
AppendTo[profcoll, profcollstep];
profcoll = Flatten[profcoll];
j = j + 1;];
i = i + 1;];
fdianew = Flatten[dianew];
fdiaold = Flatten[diaold];
fn = Flatten[n];
fmnew = Flatten[mnew];
nnew = Table[{}, {Length[diaold]}];
nnew1 = Table[{}, {Length[diaold]}];
mnew1 = Table[{}, {Length[diaold]}];
dia = Table[{}, {Length[diaold]}];
dia1 = Table[{}, {Length[diaold]}];
dia1int = Table[{}, {Length[diaold]}];
nnewint = Table[{}, {Length[diaold]}];
nnew1int = Table[{}, {Length[diaold]}];
mnewint = Table[{}, {Length[diaold]}];
mnew1int = Table[{}, {Length[diaold]}];
usedCAstep = Table[{}, {Length[diaold]}];
wetsurfacegain = Table[{}, {Length[diaold]}];
wetsurfaceloss = Table[{}, {Length[diaold]}];
usedCA = Table[{}, {Length[diaold]}];
totalwetsurf = Table[{}, {Length[diaold]}];
n1 = 0;
k = 1;
ncoll = {};
fncoll = Flatten[ncoll];

((2*SAwet[[j]][[1]]/Pi)

+

m[[j]]^2/(2*((m[[i]]

<

+

212

tint = {};
ftint = Flatten[tint];
While[k < (Length[fSt] + 1),
If[Flatten[fSt][[k]] < Stcr,
{count = count + 1;
di = fdianew[[k]]; (*taking each of 400 diameters calculated for 400 possible collision types*)
mi = fmnew[[k]];(*corresponding mass of aggloemrate formed*)
(*Vnew = (4/3)*Pi*( di/2)^3;(*newly formed particle volume after collision*)
mn = rho*Vnew; (*newly formed particle mass after collision*)*)
If[Mod[k, (Length[diaold])] == 0, row = Round[k/(Length[diaold])],
row = Quotient[k, (Length[diaold])] + 1];
column = k - (Length[diaold]*(row - 1));
(* Obtaining the number of collisions actually happening based on the results from
Rahaman method. This helps to limit the number of collisions below the number of particles
available.*)
i = 1;
If[Flatten[n][[row]] > 0,
{If[Flatten[ffcoll][[k]] > (profcoll[[k]]*Total[Flatten[n]]/2),
{
nij = profcoll[[k]]*Total[Flatten[n]]/2;
},
nij = Flatten[ffcoll][[k]];
];
},
{nij = 0};
];
(*nij- the estimated number of collisions as estimated based on coll freq from Rahaman. it equals
total no. of particles available of a given size *(coll freqij/total coll freq in that row) in given time
step*)
fncoll = Flatten[fncoll];(*Rahaman method*)
AppendTo[fncoll, nij];
f = Flatten[fpr][[k]];(*f=1*);
ntot = nij;
nwet = f*nij;
n0 = nwet;
(*How much time would the collisions take*)
Quiet[If[Flatten[ffcoll][[k]] > 0,
{tintstep = fncoll[[k]]*(1/ffcoll[[k]]);
},
{tintstep = 0;
};
];
];
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AppendTo[tint, tintstep];
d1 = fdiaold[[row]];(*d1-old dia, dinew dia after collision and sticking*)
m1 = m[[row]];
Quiet[If[Flatten[n][[row]] > 0,
{If [row != column,
n1 = n0,
n1 = 2*n0;
]; (* n1- no of particles used up in the collision from a certain interval. It is equal to
number of particles undergoing that collision if particles are of two types. If same type of
particle, twice as many particles will be consumed as the number of collisions*)
(*Next, lists of the new particles formed will be created*)
a = uplimit; b = lowlimit;
i = 1;
While[i < (Length[dia] + 1),
If[n0 > 0,
If [b <= di < a,
{AppendTo[dia[[i]], di];
AppendTo[mnewint[[i]], mi];
If [row != column,
{AppendTo[nnewint[[i]], n0/2];
},
{AppendTo[nnewint[[i]], n0];
};
];
};
];
];
a = a - int[[i]]; b = b - int[[i + 1]];
i = i + 1;
];
(*In order to account for diameters that exceed the upper limit*)
If[n0 > 0,
If[FreeQ[dia, di],
{AppendTo[diaact, di];
If [row != column,
AppendTo[nnewact, n0/2],
AppendTo[nnewact, n0];
];
};
];
];
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};
];
];
(*Make lists showing what which particles have been used up in collisions*)
Quiet[i = 1; a = uplimit; b = lowlimit;
While[i < (Length[dia1int] + 1),
If [b <= d1 < a,
{AppendTo[dia1int[[i]], d1];
AppendTo[mnew1int[[i]], m1];
};
If[Flatten[n][[row]] > 0,
{AppendTo[nnew1int[[i]], n1];
};
];
];
a = a - int[[i]]; b = b - int[[i + 1]];
i=i+1
];
];
i = 1;
(*Now listing number of particles left and net slag liquid amount in each class*)
Quiet[While[i < (Length[dia1int] + 1),
If[Length[mnew1int[[i]]] > 0,
dia1[[i]] = Total[dia1int[[i]]]/Length[dia1int[[i]]];
mnew1[[i]] = Total[mnew1int[[i]]]/Length[mnew1int[[i]]];
nnew1[[i]] = fn[[i]] - Total[nnew1int[[i]]];
nnew[[i]] = nnewint[[i]];
mnew[[i]] = mnewint[[i]];
];
i = i + 1;
];
];
},
{If[Mod[k, (Length[diaold])] == 0, row = Round[k/(Length[diaold])],
row = Quotient[k, (Length[diaold])] + 1];
column = k - (Length[diaold]*(row - 1));
(* OBtaining the number of collisions actually happening based on the results from
Rahaman method. This helps to limit the number of collisions below the number of particles
available.*)
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i = 1;
If[Flatten[n][[row]] > 0,
{If[Flatten[ffcoll][[k]] > (profcoll[[k]]*Total[Flatten[n]]),
{
nij = profcoll[[k]]*Total[Flatten[n]]/2;
},
nij = Flatten[ffcoll][[k]];
];
},
{nij = 0};
];
(*nijthe estimated number of collisions as estimated based on coll freq from Rahaman. it equals
total no. of particles available of a given size *(coll freqij/ total coll freq in that row) in given time
step*)
fncoll = Flatten[fncoll];(*Rahaman method*)
AppendTo[fncoll, nij];
Quiet[If[Flatten[ffcoll][[k]] > 0,
{tintstep = fncoll[[k]]*(1/ffcoll[[k]]);
},
tintstep = 0;
];
];
AppendTo[tint, tintstep];
dia1[[row]] = diaold[[row]];
nnew1[[row]] = n[[row]];
nnew[[row]] = {0};
mnew1[[row]] = m[[row]];
mnew[[row]] = {0};
};
];
k = k + 1;
];
deltat = Total[Flatten[tint]];
(*Now listing number of particles after time step by combining those left (negative number)
and those added*)
nparticles = {}; diameter = {}; mass = {};
diameter =
Table[AppendTo [dia[[i]], Flatten[dia1][[i]]], {i, 1, Length[diaold]}];
nparticles =
Table[AppendTo [nnew[[i]], Flatten[nnew1][[i]]], {i, 1, Length[diaold]}];
mass =
Table[AppendTo [mnew[[i]], Flatten[mnew1][[i]]], {i, 1, Length[diaold]}];
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i = 1;
(*particle mass is the avg mass of particles in the interval due to all particles present*)
diaold = {}; n = {}; m = {};
Quiet[While[i < (Length[diameter] + 1),
If[Total[Flatten[nparticles[[i]]]] > 0,
{vololdstep = (Total[nparticles[[i]]*mass[[i]]]/
Total[nparticles[[i]]])/rho;
diaoldstep = 2*((3/(4*Pi))*vololdstep)^(1/3)},
diaoldstep = Total[diameter[[i]]]/Length[diameter[[i]]];];
AppendTo[diaold, diaoldstep];
diaold[[i]] = {diaoldstep};
nstep = Total[nparticles[[i]]];
AppendTo[n, nstep];
n[[i]] = {nstep};
If[Total[Flatten[nparticles[[i]]]] > 0,
particlemassstep =
Total[mass[[i]]*nparticles[[i]]]/Total[nparticles[[i]]],
particlemassstep = Total[mass[[i]]]/Length[mass[[i]]];];
AppendTo[m, particlemassstep];
i = i + 1;];
];
t = t + deltat;
i = 1;
vact = (4/3)*Pi*(diaact/2)^3;
mact = rho*vact;(*Calculation of mass of defluidized particles*)
(*Massfr calculation*)
massfr = {};
While[i < Length[Flatten[n]] + 1,
massfrstep = (m[[i]]*n[[i]])/(Total[m*n]);(*Based on new distribution obtained*)
AppendTo[massfr, massfrstep];
i = i + 1;
];
MCin = flowrate*deltat - 0.8*flowrate*deltat;
mass = phimold*(flowrate*deltat - MCin);
Mpeak = mass;(*Mass of ash particles at peak temperature*)
i = 1; slbed = Table[{}, {Length[diaold]}];
(*Mnew (Total mass that has not defluidized) =
Mass of solids in bed now + slag amount*)
Msize = Table[{}, {Length[diaold]}];
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While[i < Length[Flatten[n]] + 1,
slpeak = Mpeak*slpeakT;
If[Total[massfr[[i]]] > 0,
{Msize[[i]] = (Mbed - Total[mact*nnewact])*massfr[[i]] massfr[[i]]*Total[Mpeak] + mass[[i]];},
{Msize[[i]] = {0};};
];
slbed[[i]] = (Msize[[i]] - Mpeak[[i]])*slbedT;
i = i + 1;
];
amt = slpeak + slbed;
If[amt > 0,
mu = (slpeak/amt)*mu + (slbed/amt)*mubedT,
mu = 0;
];
mu = Flatten[mu];
M = Msize - amt;
n = M/m;
i = 0;
While[i < (Length[amt] + 1),
If[Flatten[n][[i]] > 0,
{ar[[i]] = {((3*((Flatten[amt][[i]]/slrho)/Flatten[n][[i]])*Sin[theta]^3)/(Pi*(2 - 3*Cos[theta] +
Cos[theta]^3)))^(1/3)}; (*radius of wet region*)
},
ar[[i]] = {0};
];
i = i + 1;
];
h = (ar*(1 - Cos[theta]))/Sin[theta];
SAwet = 2*Pi*(ar/2)^2;
cyc = cyc + 1;
Print[cyc];
},
{Print[particles are bigger than upper limit. No more collisions.
This happened at the time];
t
Break[];
};
];
If[Min[Flatten[n]] < 0,
Break[]; ]; ];
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