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Abstract

In the foreseeable future, it is anticipated that the use of pulverized solid
fuel will continue to grow. Technologies that utilized pulverized solid fuel
as a co-firing fuel will prove indispensable to meet electricity demands as
well as to combat the ever-increasing threat of global warming, especially
in countries where fossil fuels remain the majority of energy source. How-
ever, the ash deposition formation remains a very complex process in the
furnace, which involves physical and chemical processes that account for:
ash-forming, transporting, sticking and consolidating. Each of which is a
non-linear process that requires a careful analysis of the temperature-time
history of the fuel particles.

In this thesis, the CFD methods are employed to predict the ash depo-
sition for the EI Cerrejon coal and the recycled wood biomass air combus-
tion in 2D mesh. The dynamic mesh model is also employed in the simu-
lation. A new simulation method, combining with dynamic mesh, discrete
phase model and mesh partition method, is developed in the parallel ANSYS
FLUENT to simulate the accurate and smooth change of the deposit surface
during the ash deposition processes. It is noted that the predicted deposit
rate matches the experimental data. And this method has more steady sim-
ulation and takes one third of time when compared to the current mass re-
distribution method. The effect of flue gas velocity and the change of the
deposition shape are also investigated. The results show that the increase of
the flue gas velocity leads to the increase of the ash deposition rate in the coal
air combustion case. And the ash deposition rate decreases in the biomass air
combustion case when increased the flue gas velocity. It is noted that due to
the change of the velocity distribution around tube caused by the change of
the deposition shape, the ash particles accumulate at the windward stagna-

tion point of the tube. In addition, the ash deposition for Zhundong lignite



vi

combustion is also investigated with this simulation method. The predicted

ash deposition thickness is close to the Zhundong lignite experimental data.
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Chapter 1

Introduction

1.1 Background information

1.1.1 Energy consumption

Energy is playing an important role in social development and economy
growth. Through the progressive development of technology for harnessing
energy, a rich tapestry of human activities and cultural diversity is sustained
across the whole spectrum of human history. Since the start of the industrial
revolution, the degree of energy utilization has seen a substantial increase in
all industrial sectors. This is a trend that is likely to continue for the next
few decades due to the continued rise of human population and the need of
socio-economic development (B.P. Statistical Review, 2020).

As noted in the B.P. Statistical Review (2020) report, fossil fuels remain
the dominant source for energy consumption (accounting for more than 80%
of the total (Figure 1.1)), which is partly driven by their high energy den-
sity and the relatively inexpensive cost of their production. Fossil fuels come
with a rich variety and they can be broadly divided into three types: oil, coal
and natural gas. The type of fuel favoured by each community depends on
its availability as well as the technological means to extract the fuel. For in-

stance, in south and central American nations, oil accounts for more than
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World consumption
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FIGURE 1.1: World energy comsumption(B.P. Statistical Re-
view, 2020)

Regional consumption pattern 2019
Percentage

North America  S. & Cent. America Europe cis Middle East Africa Asia Pacific

FIGURE 1.2: Regional consumption pattern in percentage
2019(B.P. Statistical Review, 2020)
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30% of the energy consumption whereas in Asian Pacific nations, the major-
ity of the energy share comes from coal powered stations (see Figure 1.2).
Regardless of the fuel types, however, it is a common knowledge that com-
busting fossil fuels may result in the release of a variety of toxic chemicals
that are detrimental to the local environment. For example, carbon diox-
ide CO, is identified as the main constituent that is responsible for global
warming whereas sulphur dioxide (SO;) and the oxides of nitrogen (NOx)
are identified as prime drivers for acid rains and urban smog (Lokare et al.,
2006). To mitigate the environmental impact whilst still being able to meet
energy demand, two approaches are generally adopted in parallel. One is to
shift reliance on fossil fuels to alternative forms of energy such as renewable
or nuclear (Saidur et al., 2011) and the other is to improve the existing pro-
duction techniques so that the toxic chemicals can be suitably isolated and
captured prior to being released into atmosphere.

Fossil fuels are formed naturally from deceased plankton and plants un-
der the consistent heating and pressurized condition deep in the Earth’s crust
over a course of millennium. Driven by the process of photosynthesis, those
fossilized plants contain a large reservoir of CO, content. If such a large
quantity of carbon-based fuels are consumed within a short period of time
(over the course of a few decades), then the release of CO» into the atmo-
sphere will out-perform the CO»-absorption capability of the Earth in a typi-
cal carbon cycle; resulting in a net increase of CO, concentration (Abbasi and
Abbasi, 2010). Measurements on the greenhouse gases have revealed that
there has been an accelerated growth of the greenhouse gases since the pre-
industrial revolution. In fact, Garba (2012) has indicated that an alarming
yearly rate of 2.2% increase in CO; concentration may be observed currently,
which is clearly not sustainable. One promising solution is to use biomass as
a means to balance the production and absorption of CO, content in the at-

mosphere. Biomass, similar to fossil fuels, is derived from deceased plants
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but on a much shorter time scale. By carefully cultivating the right amount
of vegetation used for biomass fuels, one can theoretically reach a neutrality
point where no net addition of CO; is released into the atmosphere.

There are several methods for converting biomass into useful forms of
energy(McKendry, 2002). The main energy utilization of biomass is com-
bustion, gasification and pyrolysis (Saidur et al., 2011). Biomass is typically
burnt along with coal as a partial substitute for a mixture of the fuels used
in an efficient coal-fired boiler. The co-firing with biomass proves to be the
most cost-effective way of reducing CO, emission on existing systems with

relatively minor modifications (Loo and Koppejan, 2012).

1.1.2 Ash deposition issues

The burning of solid fuels often gives rise to ash particles that are transported
across the combustion system. Depending on the nature of the ash particles,
they may deposit along flue gas paths. Commonly, the ash deposition can be
identified as either slagging or fouling.

Slagging deposits are formed when melt or softened ash particles that
are not sufficiently cooled to solid state reached the heated walls. The tem-
perature on the walls causes the particles to partially fuse together resulting
in a deposit that is characterized by an outer molten ash layer on top of a
powdery inner layer. They are commonly found on furnace walls or other
regions in the boiler subjecting to a high and consistent radiation impact. If
those deposits are left untreated, they may cause the shutdowns of the boil-
ers, which would increase the operational cost and decrease the lifetime of
the combustion systems.

Fouling, on the other hand, is typically formed when materials from the
flue gas accumulate on solid surfaces that are placed in the convective pass

of a boiler. The fouling materials can be organic or inorganic substances and
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they are usually distinguished from other surface deposits in that the fouling
process tends to obstruct the function of the components in the system (such
as the superheaters and reheaters). Accordingly, depending on the flue gas
temperature, two types of the fouling process can be identified. High tem-
perature fouling, which occurred in the temperature range 900°C to 1300°C,
is characterized by the formation of partially fused and sintered ash deposits.
Low temperature fouling, on the other hand, is identified by the formation
of the loose or slightly sintered deposits, which typically occurs in the tem-
perature range 300°C to 900°C (Weber et al., 2013b; Yang, 2017).

Slagging and fouling occur at different parts of the boiler. For exam-
ple, Figure 1.3 shows a schematic representation of a conventional pulver-
ized fuel boiler configuration with regions of slagging and fouling. Slagging
mainly occupies in the combustion chamber in which the high temperature
in the region causes a molten slagging deposit to build up on the refractory
wall lining. The slagging deposit behaviour is a major consideration in boiler
design. Similarly, fouling deposits affect the proper functioning of the ex-
change surfaces as in superheaters and reheaters. The build up of the fouling
layers could reduce the total thermal efficiency of the boiler and, in some ex-
treme cases, it could also impede the stable operation (Weber et al., 2013b).
The effect of the fouling build-up may be mitigated by carefully positioning
the convective tube and optimizing the spacing of the heat exchange surfaces

(Akar et al., 2013).

1.2 Inorganic constituents in solid fuels

1.2.1 Origin of inorganic constituents

Coal is a major source of fossil fuel for electricity generation. It is derived

from the accumulated plant matter on a time scale that spans over millions
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Convective heat exchange surface for
ti
a) superheating and reheating steam b)

Combustion

chamber lined
with fubes for
raising steam

To air preheater
ESP and stack

=3, E
24 Man wocations of ash deposition
V] A S meciant camage)
[ Foulng 3 Bumer (eyebrows)
[[] siagging 4 Wall slag
Ash

5 Division wall Sag (where approriate)
6 Piaten (bridnestng)

7 Convection bank (bonded deposits)
8 Economiser (bonded deposits)
9AIr heater (gas inlet ouling)

FIGURE 1.3: a) Regions of slagging and fouling in typical boil-

ers, b) Images of ash deposits found in coal-fired boilers: 1 -

platen superheater, 2 - furnace wall, 3 - at the entrance to con-

vective pass of boiler (Akar et al., 2013).

of years through a slow coalification process. Due to the extreme conditions
during its formation, coal is identified as a combustible sedimentary rock,
which may also be contaminated with inorganic impurities. The quality of
the coal depends on several factors such as the geological conditions, tem-
perature, pressure and climate. The most common mineral found in coals
are clay minerals (such as kaolinite, illite, muscovite and montmorillonite)
and carbonates (such as calcite, dolomite and ankerite)(Ptaza, 2013; Bradley
Adams et al., 1985). Sulphides and Silicon dioxide can also appear in the
coal.

Biomass fuels are a type of solid fuel that consist mostly of biodegrad-
able matter. Those matter can derive from a variety of sources such as plant,
animal matters or any substances that originate, either directly or indirectly,
from them. A wide variety of sources can be used as biomass such as pul-
verized wood, residues from animals, sewage sludge and dedicated energy

crops (Ptaza, 2013).
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Inorganic constituents of biomass fuels are important factor in determin-
ing the combustion efficiency. These substances may accumulate during the
various stages of the plant’s utilization cycle. In the growing phase of the
plants, for instance, the inorganic substances absorbed from the soil enable
the proper functioning of the photosynthesis process through which the plant
metabolism and physiology are developed. In addition, inorganic substance
can also enter the accumulation chain via contamination during the process-
ing stage for the biomass fuel, which may include harvesting, handling and
storage. It is noted that for a typical plant-based biomass fuel, such as straw,
the main constituent chemical elements are Nitrogen (N), Phosphorous (P),
Calcium (Ca), Magnesium (Mg) and Sulfur (S) (Loo and Koppejan, 2012; Vas-
silev et al., 2010). The use of fertilizer can also boost the concentration of
potassium, chlorine and nitrogen to a significant degree.

The mineral composition of different types of biomass varies significantly.
In woody biomass, for example, there is a higher content of calcium whereas
in agricultural wastes, such as straw, there is more potassium, chlorine and
silica. Animal residues, which includes animal bones and meat residues, are
rich in phosphorous and calcium (Ptaza, 2013). Sewage sludge, a product of
the waste water treatment process, contains very high quantities of inorganic
materials, which include silicates, aluminates, calcium, magnesium, nitro-
gen, phosphorous and some heavy toxic metals (Zn, Pb, Cu, Cr, Ni, Cd, Hg
and As) (Ptaza, 2013; Tortosa Masia et al., 2007).

1.2.2 Association of inorganic constituents with organic mat-
ter
In addition to the organic matter and moisture found in solid fuels, inorganic

constituents can also exist. Those can be categorized into three major groups:

organically associated inorganic elements, water-soluble slats and mineral
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Included minerals Organic coal
matrix

/,D'Na*

e\

OH

Organically
associated
elements

Excluded minerals

FIGURE 1.4: Types of ash forming elements associated in solid
fuels(Ptaza, 2013).
inclusions. Mineral inclusions are further divided to included and excluded
minerals (Falcone et al., 1984), as is shown in Figure 1.4. The included min-
erals are inherent in the organic matrix, but not chemically bound to the fuel
matrix, whilst the excluded minerals are individual mineral grains (Yang,
2017).

Organically associated elements are part of the organic structure of a solid
fuel, which can be metals and non-metals bound with the fuel matrix. In the
case of metals, they are mostly associated with organic functional groups
(carboxylic acids and chelates) in the form of metal cations such as Na*, K*
and Ca%* (Yang, 2017; Falcone et al., 1984). The organic part of the fuel matrix
is commonly associated with organically bound non-metals, such as sulfur,
phosphorous and chlorine, which are established by the application of the
covalent bonds between the organic matrix and the inorganic constituents.
Water-soluble salt includes simple dissolved salt in the pore water of the
solid fuels and the salts dissolved in biomass plant fluids. The most com-
mon metal cations are potassium, sodium and calcium (Ptaza, 2013). Mineral
inclusions are divided into included minerals (inherent in the organic ma-

trix) and excluded minerals (individual mineral grains). The minerals can
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be accumulated during the growth phase of the biomass or during the pro-
cessing stages such as harvesting, handling and storing of the fuels (Ptaza,
2013; Zevenhoven, Yrjas, and Hupa, 2010). Minerals, such as quartz, calcium
oxalate, iron oxide or hydroxides, are most common in biomass fuels (Plaza,

2013).

1.3 Ash deposit formation

The mechanism of ash deposition on heat transfer surfaces includes complex
physical processes that account for the formation, transportation and accu-
mulation phase of ash particles during a combustion cycle. These processes
can be identified by four relevant steps. Those are: 1) the process of breaking
and releasing of ash particles from ash-forming elements of the solid fuels
during the combustion cycle; 2) the transportation phase of the particles to
the deposition surfaces due to the release of the flue gas and the effect of
thermal convection; 3) the fusion and adhesion of the particles settled on the
heat transfer surfaces; 4) the consolidation of the deposit due to the effect of

heat conduction and cooling of the deposition particles (Ptaza, 2013).

1.3.1 Release of ash forming elements

The releasing of ash particles from ash-forming elements determines directly
the size distribution of fly ash particles observed in the boiler, which is cru-
cial in modelling the deposition process. In a typical cycle, pulverized fuels
are injected together with the primary air into the combustion chamber. Due
to the high temperature in the chamber, the fuel particles are being rapidly
heated up at a heating rate of approximately 10° K/s and the moisture is
evaporated. As a result, the volatile species are released (devolatilization),
which may include combustible gases such as hydrocarbon compounds, hy-

drogen and carbon monoxide (Chen, 2012). The hot gas pushes the oxygen
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to react with the volatiles and the chars (mainly consist of fixed-carbons and
non-reactive ash) in the fuel in a manner that might or might not occur simul-
taneously. During both the devolatilization and combustion phase, ionically
and organically bound inorganic species (such as K, Ca, Cl, S and P) may re-
lease into the hot mixture resulting in the generation of an inorganic vapour,
which may further react with the impurities in the fuels such as SiO; and
Al,O3 (Bryers, 1996; Plaza, 2013). Non-reactive minerals in the fuel may re-
main in the chamber, during which several physical processes could occur to
them such as phase transformation, fragmentation, melting and coalescence
of the mineral matter. Typically, fragmentation and coalescence of mineral
matters tend to produce larger and heavier particles (with a characteristic di-
ameter above 1.0 pm) whereas submicron particles are likely generated dur-
ing the vaporization and condensation phase of the transformation process
(Doshi et al., 2009). For this reason, a bi-model particle size distribution is

typically employed to account for those size variations.

1.3.2 Minerals transformation

Slagging is mainly caused by the accumulation of fly ash particles composed
mostly of inorganic species. The main constituents of a slagging deposit are
the iron-, calcium-, potassium-based minerals, which also include alumino-
silicates and alkaline-earth metals (Ca and Mg). Alkali metals, such as sodium
and potassium, may enhance the fouling process (Bradley Adams et al., 1985).

Irons are chemically bound in coal minerals, therefore they can exist in
the form of a sulphide, carbonate or oxide. Pyrite (FeS;), in particular, ei-
ther existing in included or excluded minerals, is regarded as a key min-
eral in determining the slagging propensity of coal. During coal combustion,
the excluded pyrite decomposes to pyrrhotite (FeS) and rapidly forms an

iron sulphide melt (Fe-O-S) before full oxidation under reducing conditions
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(McLennan et al., 2000; Bradley Adams et al., 1985). Therefore, the excluded
pyrite can play a significant role in initiating the formation of slagging de-
posit. On the other hand, the included pyrite is more likely to be captured by
the alumino-silicate to form low melting temperature eutectics, such as Fe-
Al-Si eutectics systems, which aggravate the slagging problems (Yang, 2017).

Ca-based minerals are more likely to interact with alumino-silicates to
form Ca-Al-Si eutectics with a low melting point, which can significantly
increase slagging (Yang et al., 2017a). Moreover, since calcium is associated
with the organic part of a coal matrix, they form sub-micron particles as part
of the by-product of coal combustion, which may further react with SO, in
the gas stream. This chemical reaction results in the creation of CaSO4, which
is the main constituent of an initial ash deposition layer (Ptaza, 2013).

Alkali metals (potassium and sodium) exist in easily soluble forms in
biomass fuels. In general, alkali metals are very reactive species and they
tend to form sodium/potassium sulphates in the presence of sulphur oxides
in the gas stream (Vassilev et al., 2013; Thy et al., 2006). The stickiness found
on tube surface is attributed to the presence of those sulphates. Non-sticky
ash particles are likely to adhere to the sticky layer - resulting in the accelera-
tion of the fouling process in the convective section of boiler (Bradley Adams

et al., 1985).

1.3.3 Ash transport and deposit formation

The formation of deposit on heat exchange surfaces is a direct consequence
of the accumulation of fly ash particles. To reach the deposition surface,
however, the particles must be transported in the presence of a flow and
temperature field of the flue gas as well as the temperature difference on

the solid walls. More specifically, once the fuel particles are injected from
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the burner region, transportation to the deposit surface is initiated and regu-
lated by four main mechanisms. These are: 1) inertial impaction, which de-
termines whether the particles are able to traverse through the streamline of
the gas via its own inertial; 2) thermophoresis, which describes an additional
transporting force due to the non-zero temperature gradient close to the heat
exchange surface; 3) condensation, which is characterized by the production
of a collection of vapour species on the surface; 4) diffusion, which is due to
the non-zero gradient of localized particle concentrations.

Among the four mechanisms that contribute to the transportation of ash
particles, inertia impaction is considered as the prime driver for the ash de-
position formation. At higher deposit surface temperature, this mechanism
becomes more dominant (McLennan et al., 2000; Taha et al., 2013; Zbogar et
al., 2009). When particles are released, they generally have an initial velocity
that may be different from the background flow field. This velocity difference
propels the particles to traverse the different streamlines of the gas flow field.
Impaction with the deposit surface can only occur if the particles have suf-
ficient inertia to overcome the streamline effect, otherwise the particles may
follow the streamlines and never reach the solid wall as a result. In addition
to the initial velocity of the particles, the impaction rate also depends on the
particle properties, gas flow properties and the targeted geometry. Moreover,
close to the combustion region where the temperature is usually very high,
the effect of condensation of vapour species is typically negligible compared
to the inertia effect, thus the inertia impaction is assumed to be the major
pathway on which particles are delivered to the deposit surface (Garba et al.,
2013).

For small particles (< 10 nm), the effect of thermophoresis becomes impor-
tant (Zbogar et al., 2009). This is caused by a non-zero temperature gradient
close to the heat exchange surface, which produces a thermophoretic force

that is opposite to the local temperature gradient. This force is produced
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when fluid molecules with higher kinetic energy displaces the molecules of
lower energy. To this effect, when ash particles moving close to the solid sur-
face there is a constant force directed towards the cooler region induced on
the particles. Thermophoresis is more pronounced at initial deposition stage
because of the lower deposition surface temperature. However, as the depo-
sition layer grows, the surface temperature approaches that of the outer gas,
which then lowers the influence of thermophoresis.

The condensation is the mechanism responsible for alkali deposit col-
lected on the deposit surface. The condensation rate depends on the amount
of the vapourised metal species (alkali/alkaline metal) and the temperature
condition in the furnace (Yang, 2017). In general, biomass with higher alkali
metal content are likely to produce condensation. In addition, the vaporiza-
tion rate of metal species is also a function of the temperature in the furnace;
higher temperature tends to enhance the vaporization capability (Leppadnen
et al.,, 2014). Condensation is a key process during the initial stages of the
deposition formation on the fouling surfaces. There are three different meth-
ods of condensation (Zbogar et al., 2009; Li et al., 2015): 1) The homogeneous
nucleation of vapours to form the fume particles and these particles are more
likely to deposit on the surface due to the thermophoresis; 2) The direct con-
densation of vapour on the deposition surface; 3) The vapours condense on
the other ash particles. As a result, the condensation can be a significant
mechanism for low rank coal or biomass with a large amount of condensable
species.

When a collection of vapours or small particles congregate over a local-
ized volume of space, diffusion tends to regularize the buildup by creating
a diffusive force that spreads the localized concentration apart. This is char-
acterized by a non-zero particle concentration gradient. Fly ash particles can
deposit on the surface via this mechanism. There are three types of diffusion

(Zbogar et al., 2009): 1) The Fick diffusion due to the concentration gradient;
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FIGURE 1.5: A schematic of the deposit growth on the super-
heater tube(Plaza, 2013; Bryers, 1996)
2) The Brownian diffusion-random movement of small particles; 3) The eddy
diffusion-movement due to turbulent flow effects.

A schematic of the development of deposit on the superheater tube can
be found in Figure 1.5. Once the particles hit the surface, there is a possibility
that it may adhere to the surface or rebound. A ratio thus can be defined to
quantify this effect. This is known as the sticking efficiency. Adhesion occurs
as a result of the creation of van der Waals forces established between the
deposit surfaces and the ash particles or because of the intrinsic stickiness
of the molten particles. Furthermore, alkali vapours can condense directly
on to the deposition surface and the ash particles surfaces, which leads to
the formation of a sticky inner layer of deposits, which further accelerates
the accumulation of other ash particles that impact on the tube (Zevenhoven,

Yrjas, and Hupa, 2010).
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1.4 Prediction of ash deposition formation

Ash deposition is a major concern in the daily operation of boilers. If the
deposition layer is allowed to grow to a sufficient degree, it may impede the
effective heat transfer and cause unexpected shutdown of the combustion
systems (Weber et al., 2013b; Garba et al., 2013). For this reason, it is necessary
to develop numerical models to simulate the ash deposition characteristics,
which in turns will guide the choice on design parameters to minimize the
risk of unstable operation of the boilers.

The formation of ash deposit results from several key physical processes
that account for ash generation, transportation and deposition. The role of
the transportation and deposition phase can be predicted by examining the
time history of the ash particles, which further involves mechanisms that al-
low the ash to deposit on solid walls (e.g. particle transportation, particle im-
paction and sticking, deposit growth and etc). To model these two key pro-
cesses, computational fluid dynamics (CFD) proves to be an indispensable
tool, which allows a detailed temperature and flow field to be constructed.
Currently, ANSYS FLUENT, which is a commercially available CFD code, is
adopted to simulate the process of transportation and deposition. The code
uses a finite volume method to discretize the computational domain for the
gas phase. Subjecting to an inlet and outlet boundary condition as well as an
initial condition, the transport equations are solved for the mass, momentum
and energy balance (Fei, 2015). Since a global field is computed at once, the
computational domain is regarded as Eulerian. Meanwhile the fly ash par-
ticles, or the discrete phase, are individually tracked and modelled. This is
done in a Lagrangian frame (ANSYS Inc., 2020). Moreover, the deposition be-
haviours, which involves sticking and deposit growth, are simulated via the
in-house developed models which are coupled with FLUENT via the User

Defined Functions capability.



16 Chapter 1. Introduction

1.5 Thesis structure

This thesis focuses on using CFD methods to predict the ash deposition be-
haviours for coal and biomass combustion in the furnace. The ash deposition
geometric evolution on the tube is also considered during the simulation. A
new simulation method, which includes the implementation of a dynamic
mesh model, is developed in order to obtain more accurate results and to sta-
bilise the solution process. In Chapter 2, a literature survey on the state-of-
art ash deposition prediction CFD models is presented. Chapter 3 introduces
the CFD model adopted in this thesis. Chapter 4 presents a brief overview of
the experimental facilities and data collection techniques that are used to de-
velop and validate the ash deposition prediction models. Chapter 5 discusses
the CFD modelling of the ash deposition for the EI Cerrejon coal (Coal) and
the recycled wood (Biomass) and finally chapter 6 presents the CFD predic-
tion of ash deposition for the Zhundong lignite. A summary of the works
being conducted and some recommendations for future work are presented

in Chapter 7.
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Chapter 2

Literature review

Modelling ash deposition is a challenging task as it needs to account for all
the physical processes that may occur during the combustion. An accurate
solution requires the correct modelling of the transport process, the deposi-
tion process and the correct physical attributes of the medium in both the
continuous and discrete phases. This chapter explores some of the state-of-

the-art simulation techniques that are being widely used in the literature.

2.1 Overview of ash deposition prediction

The reliable and long-term operation of a boiler relies on mitigating ash build-
up on its various subsystems. However, ash deposition is an inevitable pro-
cess when burning solid fuels. Therefore it is necessary to study and under-
stand how such a process evolves during a fuel’s life cycle.

As discussed in section 1.3, the formation of ash deposit arises from four
main mechanisms, namely ash generation (i.e. fuel combustion and disso-
ciation of ash-forming elements), ash transportation (i.e. inertia impaction,
thermophoresis, condensation and diffusion), ash adhesion or sticking and
deposition growth. Various methods have been developed in the past to pre-
dict the deposition process in solid fuel combustions. However, they can all

be categorized into two major groups. One belongs to the CFD methods,
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where a global computational domain is constructed to capture the deposi-
tion process in macroscopic detail. The other belongs to the empirical meth-
ods, where ash deposition indices are utilized. The latter provides a loose
estimate of the degree of deposit occurring for certain fuel properties. The
indices are mainly derived from experiments and they are useful in dictat-
ing the severity of the ash accumulation but lacking in physical and chemical
information on how such processes evolve over the operation cycle of the
boiler. CFD, on the other hand, is able to model both steady and transient
phenomena, which can dynamically model ash transportation and deposi-
tion growth to an exceptional high degree of accuracy. Together with the in-
creasing computational power of modern desktop, CFD becomes a preferred
option in many high accuracy simulations of the ash deposition behaviour.
In this thesis, the CFD methods are employed to investigate and predict

the ash deposition behaviour in the boilers.

2.2 CFD methods

The mechanism for ash particle transport and the aerodynamic behaviour of
a boiler can be suitably simulated through the CFD approach. In the con-
tinuous phase (gas), the transport equations are solved for the basic flow
variables such as temperature, velocity and pressure. Through this backdrop
of the flow and temperature field, the ash particles are modelled by means of
determining their trajectories either in a one-way interaction (the release of
the ash particles does not appreciably affect the gas flow) or a two-way cou-
pling (ash particles may enhance the turbulence diffusion of the gas which
in turn may affect their trajectories); depending on the volume fraction of
the ash particles present in the domain (Greifzu et al., 2016). The deposition

process is initiated when particles impact on the solid surfaces. During this
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time, the sticking process can take place through which the impacting parti-
cle is determined whether it will adhere to the surface or rebound. In addi-
tion, other combustion behaviours can also be predicted by the CFD, which
include energy and heat transfer (e.g. devolatilisation, volatile combustion,

char combustion and etc) (Wang and Harb, 1997).

2.2.1 Solid fuel combustion and heat transfer

Solid fuel combustion is typically modelled as a dilute two-phase reacting
flow consisting of a continuous phase (gas) and a discrete phase (fuel parti-
cles) (Chen, Lei, 2013). The gas in the boiler acts as a continuous medium in
which the solid fuel particles are transported by virtue of fluid kinematic and
thermal transport (Yang, 2017). In addition, the concentration of the discrete
phase is considered dilute, meaning that the fluid flow in the coal combustion
is a particle-laden flow so that both the Euler and the Lagrangian methods
are employed simultaneously to solve the kinematic equations of the gas and
the solid phases, respectively (Chen, Lei, 2013; ANSYS Inc., 2020).

In the fluid phase, the flow is considered to be turbulent and that the
transient part of the gas motion is assumed negligible when the boiler has
reached steady operation (Weber et al., 2013b). Therefore, a temporal-average
operation can be performed on the Navier-Stokes equations, which result in
the so called Reynolds Averaged Navier-Stokes (RANS) equations (ANSYS
Inc., 2020). In this approach, the instantaneous flow is decomposed by a
time-averaged component and a transient fluctuating part. The effect of tur-
bulence is modelled by assuming that the stress tensor on the mean flow
induced by the fluctuation is proportional to the averaged flow strain. This
proportionality factor, which is known as the turbulent eddy viscosity, is de-

termined by a closure equation which relates the eddy viscosity to the flow
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kinematic properties. The choice for the closure equation depends on the na-
ture of the problem as well as computer resource constraints. For example,
the zero-equation closure equations relates the eddy viscosity, say v, to the

averaged velocity gradient. i.e.

du,

2
lay

m

v = (2.2.1)

where [;;; is the mixing length of the flow and u, is the averaged velocity in the
stream-wise direction. Although no additional equation is solved, it is well
known that the zero-equation closure possesses severe limits on the types of
flow for which the above assumption is accurate (Versteeg et al., 2007). Over
the years, turbulence modelling has advanced to the point where additional
equations are solved alongside the RANS equations. For instance, one pop-
ular one-equation model, known as the Spalart-Allmare model, is calibrated
to work well with aerodynamic wall-bounded flows, whereas two-equation
models, such as the standard k — € models, are more suited for general in-
dustrial flow scenarios (ANSYS Inc., 2020).

For the discrete phase, the Lagrangian approach is generally adopted to
resolve the time-history of the particle trajectories submerged in the fluid
medium. The trajectory is determined from solving the kinematic equations
of the fuel particles and are subsequently tracked throughout the interac-
tion phase. Coal and biomass combustion modelling is proceeded by four
steps: evaporation, devolatilization, volatile combustion and char combus-
tion (Yang, 2017). Evaporation refers to the process of releasing of moisture
in the fuel particles while devolatilization is the process of releasing organic
compounds into the gas phase from the volatiles in the fuel. Volatile and char
combustion are simply the chemical reactions with the oxygen molecules in
the gas. The latter is typically initiated after the evaporation and the de-

volatilization phase (Black, 2014; Yang, 2017). It is noted that the behaviour
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of each step is quite different, therefore a separate model is usually required
in the CFD framework.

The devolatilization process is sensitive to the temperature history of the
boiler. In particular, the temperature variation can exert a strong influence
on the kinetic and yields of the volatile species (Black, 2014). To account for
this effect, the rate of volatile generation can be modelled by a rate equation
whereby the rate of release of the volatile content from the particles can be
modelled by a variety of empirical functions. The simplest approach is to
assume a constant rate whose value depends on the initial mass of the par-
ticle, the fraction of the volatiles initially present as well as a tuning param-
eter. A more refined model uses a linear rate, which is a linear function on
the amount of volatiles left in the particles (Garba, 2012). Char combustion
is regulated by a diffusion process whereby gaseous oxidants from the gas
stream are transferred to the chars” pore for reaction. The combustion rate
therefore depends on a pore diffusive coefficient as well as a surface reac-
tivity parameter indicating the chemical rate of the reaction. To characterize
the process, the combustion rate is modelled. One of the most popular mod-
els for char combustion application is the intrinsic model developed by Smith
(1982), which assumes that the order of the reaction is equal to unity and the
combustion rate is a function of the gas temperature, densities of the reacting
agents, surface area, pore diffusion rate and reaction rate.

Radiative heat transfer could account for approximately 90% of the to-
tal heat transfer in the radiation section of the boilers and furnaces (Yang,
2017). In CFD, the radiation is modelled by the radiative transfer equation
(RTE)(ANSYS Inc., 2020). Solving the full RTE equation is considered an im-
possible task and there is an enormous body of research dedicated to finding
its solution. In practice, however, an approximate solution often suffices to
account for the important features in the transfer process. The discrete or-

dinate method (DO) is one such approach in which the angular variables
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associated with the radiation field is discretized by a finite number of angu-
lar intervals (ANSYS Inc., 2020; Chen, Lei, 2013). The integral contribution
due to the scattering in the field is replaced by a weighted sum. Therefore,
a linear system of equations may be constructed to obtain the approximate
solution. Owing to the large size of the matrix in the system, an iterative
method is typically employed such as the Gauss-Jordon elimination. The
weighted-sum-of-gray-gases model (WSGGM), which assumes that the flute
gas is composed of a transparent gas and several gray gases(Chen, Lei, 2013),

is often employed to calculate the radiation characteristics of the gases.

2.2.2 Particle trajectory using DPM

The essential ingredient in modelling the formation of ash deposit is to un-
derstand how the ash particles are transported to the deposit sites. In sec-
tion 1.3.3, we have discussed the main physical mechanisms that contribute
to this process, namely the inertia impaction, thermophoresis, condensation
and particle diffusions. The arrival rate of the particles on the deposit site de-
pends on a combination of these effects. For modelling purposes, the ash par-
ticles can be treated as a Lagrangian particle, which means the ash particles
are treated as point masses and whose equations of motion are prescribed
in the Lagrangian frame. FLUENT models those particles via the Discrete
Phase Model (DPM) module in which the trajectories are determined by the
momentum conservation principle. Two modes of interaction can occur dur-
ing the particle passage through the gas flow field. One is coined one-way
coupling, which assumes that the ash particles do not affect the background
gas flow field. If this is not the case, then a two-way coupling can occur
which enhances the turbulence diffusion rate of the gas. Depending on the
value of the volume fraction, a one-way coupling interaction can often be as-

sumed (Greifzu et al., 2016). This then simplifies the calculation pipeline of
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the underlying solution procedure of FLUENT.

The kinematic equations satisfied by a Lagrangian particle are obtained
via the momentum balance in each component. This is an example of New-
ton’s second law. Let 7, denote the velocity vector of a Lagrangian particle
and U, be the background gas flow velocity, then the rate of change of 7) is

given by (Yang et al., 2017b):

dvy _ 18y CpRey
dt — ppds 24

(T — Bp) + g(p”p;pg) +F (2.2.2)
p

Here, p, and p, denote the density of the particle and gas, respectively. ji
is the dynamic viscosity, d, is the characteristic diameter of the particles, Cp
is the drag coefficient, Re, is the particle’s Reynolds number and g is the
acceleration due to gravity. Moreover, other additional forces such as ther-
mophoresis force and Brownian force can be modelled by including a source
term, i.e. ﬁ, to the equations.

Although the effect of turbulence is modelled on the gas flow equations
by means of the Reynolds averaging procedure, this is typically identified
in the modified viscosity factor in the molecular diffusion term of the flow
equations, the Lagrangian particles, on the other hand, do not usually ex-
perience this stochastic fluctuation due to the turbulent eddies if the mean
velocity of the gas flow were to be used to advance the trajectory. Typically,
this is corrected by subjecting the particle to interact with the turbulent ed-
dies in succession. To this effect, a Discrete Random Walk (DRW) model
is enabled, which includes an additional contribution to the mean velocity
of the gas. During each interaction episode, the components of the gas ve-
locity vector are added a pseudo-random number, which is generated from
a Gaussian normal distribution with mean zero and a standard deviation
V/2k/3, where k is the kinetic energy of the interacting turbulent eddy. In

two-equation models, such as the k — ¢, this is solved alongside the RANS
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equations. Therefore, this value is readily available at each volume cells and
it only needs to be interpolated to the particle’s location at the end of each
eddy lifetime, which is characterized by 7, = 2Crk/€, where Cy, is a constant
that depends on the turbulence model being used (ANSYS Inc., 2020).

At the time of the current research, only a few published articles have
utilized the CFD framework to obtain the impaction result relating to the for-
mation of ash deposit (Yang, 2017). A new revised particle impaction model
was proposed by Yang et al. (2016), which aims to minimize the numerical
discrepancies observed between the predicted and experimental results. The
method uses an impaction correction factor and is coupled with the sticking
efficiency to obtain a better agreement between the prediction and experi-
mental data. It is noted that an accurate prediction of the ash deposition be-
havior is possible only if the particle sticking efficiency is taken into account

(Weber et al., 2013a; Yang, 2017).

2.2.3 Particle sticking models

Not all ash particles impacting on the deposit site will stick to the surface.
The sticking efficiency, defined as the ratio between the number of sticking
particles and the total number of impacting particles, depends on several fac-
tors such as the physical and kinematic properties of the impacting particles
as well as the properties of the deposition surfaces. Wieland et al. (2012) iden-
tified the key variables that relate to the sticking process of the ash particles.
They are the viscosity of the ash particles, the kinetic energy of the impacting
particles and the molten degree of the ash particles.

One of the earliest and most common sticking model is the viscosity-

based sticking model introduced by Walsh et al. (1990). In such a model,
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the ash particles are assumed to always stick to the deposit surfaces when-
ever their viscosity is smaller than a reference value at a given particle tem-
perature. To be more precise, let 774k (T) denote the sticking efficiency at a

particle temperature T, then the model proposes that:

Href
Pl_p if Hp > Mref

1 if Hp < Href

stiek(T) = (2.2.3)

where y,, is the particle viscosity and i is the reference viscosity for stick-
ing. The value of the reference viscosity depends on the type of fuels being
used in the furnace as well as the temperature range. For example, Table 2.1

presents some commonly used values for the reference viscosity for different

types of furnaces.

Work Boiler Fuel Reference
viscosity

Walsh et al. (1990) Pilot scale furnace  Bituminous US coal 8 Pa:s

Srinivasachar et al. (1992) Lab scale furnace  Bituminous US coal 10° Pa-s

Huang et al. (1996) Lab scale furnace  Bituminous US coal 10* Pa-s

Wang and Harb (1997) Pilot scale and util- Sub-bituminous; lig- 10° Pa-s

ity scale furnace nite US coal

Rushdi et al. (2005) Pilot scale furnace  Australian bituminous 108 Pa-s
coal

Degereji et al. (2012) Pilot scale furnace  Australian bituminous 108 Pa-s
coal

TABLE 2.1: The reference viscosities used in the sticking models

The viscosity-based model requires the specification of the reference vis-
cosity. Depending on the furnaces being used, the same fuel (e.g. Bituminous
US coal) can result in a vastly different reference value. In fact, Taha et al.
(2013) and Wieland et al. (2012) identified the reference viscosity for the Bi-
tuminous US coal is anywhere between 8 to 108 Pa-s. For instance, the value

of 8 Pa-s may be used if molten silicates were present (Walsh et al., 1990).
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This suggests that the correct choice for the reference viscosity is extremely
sensitive to the temperature present in the particles. Without knowing their
exact temperature distribution, the viscosity-based model is always prone to
error. Moreover, it is known that the ash particles do not always appear as
a molten mixture, instead, the instantaneous temperature of the ash parti-
cles can be much lower than their melting point. This presents a particular
difficulty in deciding what value should be used for the reference viscosity
since the ash particles now exist in a liquid-solid mixture. Fuels, such as the
AAEM coals or biomass with a high alkali/alkaline content, when fired, tend
to produce a wide variety of inorganic constituents as ash particles which can
drastically reduce the predictive value of the viscosity-based models (Yang,
2017).

To circumvent the empirical nature of the viscosity-based approach, a
more refined model that takes account of the kinematic properties of the
ash particle may be developed. One such approach, based on the Johnson-
Kendall-Roberts (JKR) theory, is the Brach & Dunn kinetic energy threshold-
ing sticking model. In this approach, the dissipated energy caused by the
impaction is computed. Sticking is thought to occur whenever the dissipated
energy is higher than the initial kinetic energy of the particles (Weber et al.,
2013b). Thus, based on the law of collision restitution, a single critical speed,
normal to the impacting surface, can be identified, say V¢, which is given as

follows (Ai and Kuhlman, 2011; Brach and Dunn, 1992):

2K 10/7
Vo = (—) (2.2.4)
Cr dpRz
2/5
K = 051 57T24(k+;k’”) (2.2.5)
Op
1_1/52
ke = T (2.2.6)
S
1— 2
ky = —F (2.2.7)

nEp
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where d is the characterized particle diameter, R is the coefficient of restitu-
tion, E and v are the Young’s modulus and the Poisson’s ratio, respectively.
The subscripts s and p stand for surface and particle, respectively. A value
of 0.9 may be used for R for the applications considered in this study (Ai
and Kuhlman, 2011). The model predicts that sticking will occur when the
normal component of the impacting velocity of the particle is less than the
critical speed V. In determining V.., however, the values of E are required
for both the surface and particles, which is taken to be a function of the tem-
perature and the characteristic diameter for the particle case. Those parame-
ters require careful tuning between the experimental data and the simulation
result in order to produce an acceptable accuracy (Yang, 2017).

Other sticking model may be developed based on the molten degree of
the ash particles. The sticking process is determined by the melting ability
of the coal ash particles and the deposit on the deposition surface, which is
informed on the basis of an ash fusion temperature (AFT) experiment, which
is carried out prior to the simulation. The aim of the experiment is to char-
acterize the melting curve typical of the ash composition. Specifically, the
following temperatures are determined: 1) the Initial Deformation Temper-
ature (IDT); 2) the ash Fluid Temperature (FT). The experiment entails sub-
jecting the ash deposit, which is initially in a solid state, to a uniform heat-
ing. At some thresholding temperatures, the deposit may undergo softening,
deforming and phase transforming. The rough estimate of the temperature
may be characterized by the resulting geometry of an initially cone-shaped
deposit, as is shown in Figure 2.1, at increasing heating intensity. The IDT
corresponds roughly to the initial smoothing of the tip while the FT refers to
the complete liquid state of the deposit. A sticking model based on these two
observations can be constructed as follows:

T —1IDT

Nstick(T) = FT—IDT (2.2.8)
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IDT Initial Deformation Temperature
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FIGURE 2.1: Schematic of the Ash Fusion test for coal ash
(Hansen, Frandsen, and Dam-Johansen, 2005).

where T is the particle temperature. At low furnace temperature, the ash
particle temperature may be lower than the IDT, which results in a negative
efficiency (Li et al., 2015; Yang, 2017). Therefore, this model is not applicable
for these types of furnaces.

Alternatively, the molten fraction of the ash particles can be used instead.
In this method, the melt fractions of both the particles and the deposit on
the deposition site are computed based on the thermodynamic equilibrium
state, which is determined by a minimization process applied to the Gibbs
energy in the system with mass balance constraints (Yang et al., 2017b; Cai
etal., 2018). Denote 1, (T) and 75 (Ts) be the melt fractions of the ash parti-
cles and the deposit on the deposition surface at the particle temperature T,
and surface temperature T;, respectively, then the sticking efficiency may be

computed as follows:

Nstick = 1p (T) + (1L =11, (T)) 15 (Ts) (2.2.9)

Equation 2.2.9 is used when the biomass fuel contains a high concentration

of alkali species (Kar, Rosendahl, and Baxter, 2006).
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2.24 Prediction of the geometry of deposition

To predict the ash deposition more accurately, the deposit growth phase could
be directly implemented into the CFD modelling, which means that the de-
posit will grow according to the accumulated mass of the particles that has
been collected on the deposit surfaces. Simulating such an effect can be di-
vided into two steps. The first step is to calculate the accumulated mass
on each of the mesh faces, which can be determined by the ash particles’
physical properties, their trajectories and particles impaction and sticking ef-
ficiency. The second step is to mimic the deposition growth by morphing the
interface geometry so as to simulate the effect of the mass deposit in a con-
tinuous manner. To achieve this, one can employ a mesh motion procedure
on the deposition surface based on the collected mass on each of the mesh
faces. In ANSYS FLUENT, the mesh motion can be realized by translating its
nodes where these faces are connected to each other, which can be controlled
by a dynamic mesh panel and UDFs (user-defined functions).

Garcia Pérez, Vakkilainen, and Hyppéanen (2015) has developed a deposit
growth model in which the movement of a given node is defined by a dis-
placement vector 7 (see Figure 2.2). Here, 7is defined as follows(Garcia Pérez,
Vakkilainen, and Hyppéanen, 2015; Garcia Pérez, Vakkilainen, and Hyppa-

nen, 2016):
m+a m+my 1

F= 17 Z -
@+ | @]+ (@ epe

(2.2.10)

where 47 and 4 are the area vectors of each neighbouring faces 1 and 2 to-
wards the direction of the deposit growth; m; and m;, are the total deposit
masses at the faces 1 and 2, respectively; p, is the density of ash particles,
and ¢ is the deposit solid fraction.

The effect of turbulence is to introduce a stochastic process that mimics
the inherent random nature of fluid flow. As a result, the number distribu-

tion of impacting ash particles is not smooth. For example, a given face may
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[gas side]

moving node

[deposit side]

FIGURE 2.2: Schematic of the variables involved in the move-
ment of a node which belongs to the outer interface of the de-
posit(Garcia Pérez, 2016).

not have collected any ash particles at all whereas its neighbouring face may
have collected several. Naive implementation of the node update procedure
would lead to a highly discontinuous mass distribution, which could dete-
riorate the quality of the interface mesh cells to a point where negative vol-
ume cells might appear. The CFD solver could not execute on negative cells
in the mesh - resulting in undefined behaviour (Garcia Pérez, Vakkilainen,
and Hyppanen, 2015). To overcome this problem, a smoothing scheme has
to be applied on the mass distribution to ensure the appearance of negative
cells is avoided. The smoothing scheme can involve a filtering algorithm,
which regulates how the mass is distributed around the surface. To be more
precise, suppose a particle of mass m is deposited on a face j. The filtering
algorithm then redistribute m over the four neighbouring faces, namely the
j—2,j—1,j,j+1,j + 2 faces with a weight ratio 1 : 2 : 3 : 2 : 1 (Garcia
Pérez, Vakkilainen, and Hyppéanen, 2015). Figure 2.3 shows a schematic of

this scheme. The closest face receives a dominant share of the mass.
By implementing this algorithm into the mass distribution, the faces with

high collected mass value will share the mass among their neighbouring
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2/9m 1/3m 2/9m
1/9 9

FIGURE 2.3: Schematic of the spreading algorithm when a par-
ticle of mass m hits the face j(Garcia Pérez, Vakkilainen, and
Hyppénen, 2015).
faces and the faces without any mass can still receive the mass from their
neighbours. This way a smoother distribution can be realized (see Figure 2.4).
After applying this filtering algorithm in succession, the resulting mass dis-
tribution would appear uniform and approach to the average mass collected
in the deposit surface (Garcia Pérez, Vakkilainen, and Hyppéanen, 2015).
Although the mass-spreading algorithm is reasonably accurate and is able
to avoid creating negative cells during the node update, it is, however, quite
expensive in terms of parallelizing the implementation across multiple com-
puting processors. Since the redistribution requires access to neighbouring
faces (i.e. Equation 2.2.10), a UDF macro needs to be hard-coded into the sim-
ulation, which causes extra work for the multiple processors to synchronise
(Garcia Pérez, 2016). This will increase the difficulty and the time require-

ment for a complete simulation case.

2.2.5 Literature survey on CFD prediction of ash deposition

The use of CFD to predict ash deposition phenomena is relatively recent. In
this field of research, two broad approaches can be identified, which can be
coined as steady and dynamic. Steady simulations refer to the rate of the de-
posit accumulation and the deposition behaviours remain constant through
the growth period of the deposit, this is in contrast with the dynamic simula-
tions in which those two behaviours are dynamically computed and updated

at each time stepping (Yang, 2017). Admittedly, steady simulations provide
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FIGURE 2.4: Resulting mass distributions after (in reading or-

der) 1, 2, 5 and 10 iterations of the spreading algorithm done

on the distribution(Garcia Pérez, Vakkilainen, and Hyppénen,
2015).

a good approximation to problems involving uncooled probe, since the tem-
perature on the deposition site is a lot closer to the furnace so that the depo-
sition behavioural difference is minimized due to the temperature variation.
On surfaces where there is a large temperature difference (or cooled probe),
deposition characteristic is a strong function of the variation in temperature
(Taha et al., 2013; Degereji et al., 2012; Mu, Zhao, and Yin, 2012). Therefore, a
dynamic approach is generally used where the deposition variables are con-
stantly being updated depending on the growth stage of the deposit.

Huang et al. (1996) simulated the ash deposition formation on the super-
heater tubes during the coal combustion in a pilot-scale coal boiler and a
drop tube furnace using the steady CFD method. Both the effects of the in-
ertia impaction and the thermophoresis were taken into consideration. The
viscosity based sticking model was used in the simulation for the prediction

of the sticking efficiency. Their simulation showed good agreement with the
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available experimental data. In particular, the simulated fouling behaviour
indicates that ash particles with higher densities are more likely to impact on
the surface compared to those with a lower density. Furthermore, they noted
that the gas temperature could significantly influence the fouling behaviour.

Formation of ash deposit in a biomass fired fluidised bed boiler was sim-
ulated by Mueller et al. (2005). In their work, only the inertia impaction was
considered as the dominant process for the ash particle transportation and
the sticking efficiency was modelled based on the melt fraction of the ash
particles. Their results showed that there is a critical value for the particle’s
melt fraction above which smaller (< 75 pm) impacting ash particles will al-
ways stick to the surface. On the other hand, ash particles with larger diam-
eter exhibit a greater tendency to rebound off the surface at the same melt
fraction. This behaviour was found to be in qualitative agreement with the
experimental observation.

A 3D steady simulation on the deposition formation for the co-combustion
of coal and biomass in a drop tube furnace was carried out by Garba et al.
(2013). Their simulation accounted both the effect of thermophoresis and in-
ertia impaction with the inertia impaction being identified as the dominant
contribution for the particle trajectories. The sticking efficiency model for the
resulting ash is determined empirically based on the mixing ratio of coal and
biomass. The viscosity-based model was employed for coal while the molten
fraction was used for the biomass. The resulting sticking behaviour is a lin-
ear combination of these two models with the ratios controlled by the mixing
ratio of the two fuels. The deposition rate was computed and was found to
be in good agreement with experiment.

Various sticking efficiency models have been tested by Wieland et al. (2012)
for coal combustion in a drop tube furnace. It was found that the viscosity-
based approach is highly sensitive to the reference viscosity, whereas mod-

els involving the melting characteristic of the ash particles generally showed
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good accuracy and were less prone to error due to the empiricism in the
model parameters.

Utilizing heat transfer, the formation of ash deposition was conducted by
Richards, Slater, and Harb (1993) on furnace walls. The deposit growth is
modelled and predicted by a heat transfer process on the deposit. In addi-
tion, the growth behaviour is also controlled by the volume fractions of the
solid and liquid content in the deposit. It was showed that the deposit under-
goes a rapid increase in temperature during the initial stage of the growth,
this rate, however, starts to drop when the deposit has developed a sufficient
thickness at later stages. The cause for this temperature rate variation is at-
tributed to the non-uniform heat conduction occurring in the deposit as a
result of a variable heat-flux being applied on the deposit boundary.

Keer, Rosendahl, and Baxter (2006) simulated the slagging formation in
a straw-fired grate boiler using an in-house developed dynamic ash deposit
model. Li, Brink, and Hupa (2009) and Li, Brink, and Hupa (2013) applied a
dynamic slagging model for the prediction of deposition formation in a heat
recovery boiler.

Garcia Pérez, Vakkilainen, and Hyppédnen (2015) developed a dynamic
deposit growth model using dynamic mesh model to predict the deposit
shape in a kraft recovery boiler. The flow pattern around a tube array was
also resolved in the simulation. In addition, a new algorithm of mass spread-
ing and re-distribution was employed to obtain more accurate results.

Zhou et al. (2019) investigated the shape variation of the ash deposit dur-
ing the deposit growth on a temperature-controlled probe in a pilot-scale fur-
nace. The dynamic mesh technique was improved upon to avoid negative
volume in the Fluent solver. Zheng et al. (2020b) predicted the deposition
behaviour on a deposition probe in a 300 kW slagging test furnace fired with
Zhundong coal. They used a dynamic numerical method to obtain the shape

and surface temperature variation as a function of time.
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A dynamic CFD model was employed by Yang, Zhou, and Wu (2022),
which considers the effect of particle sticking and erosion. The heat trans-
fer between the flue gas and the deposition was also considered during the
simulation. They simulated the formation behaviour under multiple opera-
tion conditions in a lab-scale entrained flow reactor with a modelled biomass
fly ash species (K251409). To achieve a stable remeshing on the probe sur-
face, a global mass-conserving smoothing scheme was proposed, which uses
a multi-point moving averaging algorithm together with a growth scaling

factor.

2.3 Summary

The CFD methods, where a global computational domain is constructed to
capture the deposition process in macroscopic detail, are able to model both
steady and dynamic phenomena. Thus, the ash particles transportation and
deposition growth can be predicted with a high degree of accuracy through
CFD. Several sub models are also developed and employed while modelling
the processes of the ash deposition growth during the solid fuel combustion
in the boiler. For instance, the flue gas flow in the boiler is modelled by the
RANS approach, while the ash particle trajectories are modelled by DPM
module through Lagrangian approach. Ash particle sticking models need
to take the viscosity of the ash particles, the kinetic energy of the impacting
particles and the molten degree of the ash particles into consideration. Some
common sticking models are the viscosity-based sticking model, kinetic en-
ergy sticking model and molten fraction sticking model. Additionally, the
dynamic mesh model can also be employed to predict the growth of the ash
deposition.

In this field of research about the ash deposition prediction, two broad

approaches can be identified, which can be coined as steady and dynamic.
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Steady simulations refer to the rate of the deposit accumulation and the de-
position behaviours remain constant through the growth period of the de-
posit, this is in contrast with the dynamic simulations in which those two
behaviours are dynamically computed and updated at each time stepping.
The steady simulations provide a good approximation to problems involving
uncooled probe, since the temperature on the deposition site is a lot closer to
the furnace so that the deposition behavioural difference is minimized due to
the temperature variation. On the contrary, a dynamic approach is generally
used where the deposition variables are constantly being updated depending
on the growth stage of the deposit.

The research aims are as follow: 1) fully understanding the ash deposi-
tion processes during the solid fuel combustion; 2) to develop a novel ash
deposit growth model through CFD methods to predict the ash deposition

more accurate and more efficient in parallel FLUENT.



37

Chapter 3

Development of dynamic ash

deposition models

To simulate the behaviour of ash deposition, the CFD approach has been
selected. A novel approach has been developed to dynamically update the
mesh as the ash deposition grows. To achieve this, several modules in FLU-
ENT have been employed. For instance, the realizable k — € turbulence model
is selected to capture the correct turbulent physics. In addition, the flow
solver is also coupled with the Lagrangian method for tracking the ash par-
ticles(Yang et al., 2019b). The DRW model is also employed to consider the
effect of the turbulent diffusion on the particle trajectories. The growth of
deposition is based on the sticking efficiency and the arrival rate of the ash
particle on the deposition surface. The particle sticking model is based on an
energy conservation analysis and considers the particle properties, particle
kinetic energy and furnace operation conditions(Yang et al., 2019a; Yang et
al., 2019b). The flow solver and the Lagrangian tracking are used in conjunc-
tion to determine the arrival rate of ash particles as function of the azimuthal
angle of the deposition tube. And the radiative heat transfer is solved by
the DO model, as discussed in section 2.2.1. Additionally, the dynamic mesh

model is employed to achieve the growth of the ash deposition.
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3.1 Lagrangian particle tracking method

The main goal of the Lagrangian particle tracking method in the current work
is to determine the arrival rate of the fly ash particles. This is computed by
tracking a finite number of Lagrangian particles upstream of the deposition

tube. The kinematic equation satisfied by those particles is shown as follow

(Yang et al., 2017b):
dd, 18u,CpRe, ,, L(op—pg) =
p 8 p p 8
= — ~r—°~ 4+ F A1
Tt ppd 28 (T —7p) +& o + (3.1.1)

where the term F is a source term that may include the effect of thermophore-
sis or other minor transportive effect (see section 2.2.2). The thermophoretic
force, which is caused by the temperature gradient in the gas that is closed to
the solid deposition surface, and this may be neglected when a high deposit
surface temperature exists. The term s—zg% (Ug — ¥p) represents the drag
force, which is opposite to the direction of motion whenever the particle ve-
locity is greater than the flue gas velocity, and the second term g‘(P"p;ppg) is
the gravitational force due to gravity. In an equilibrium state, the pathlines
followed by the particles have a tendency to converge to the streamline of
the background flow field after a sufficient time has reached.

As discussed in section 2.2.2, the effect of turbulence will not be felt by
the particles if the mean velocity of the gas were used to compute the trajec-
tory (note that the typical RANS equations solve for the mean velocity). An
additional force, termed turbulent diffusion, is needed, which is computed
on the basis of a discrete random walk (DRW) approach. To be more spe-
cific, the instantaneous gas velocity 7 is assumed to be composed of a time-
averaged part, say i, and a fluctuating part, say u’. The DRW treats first that

the turbulence is isotropic, which means that the statistical characteristics of

the turbulence are uniform in all directions, and there exists a characteristic
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time, say 7, for a turbulent eddy to persist in an episodic manner. Therefore,

the following observations can be assumed (ANSYS Inc., 2020):

i = a+u (3.1.2)
u = g<\/;> :g<\/2k/3> (3.1.3)
T, = Cr(k/e) (3.1.4)

where ¢(x) is a pseudo-random number generated from a normal Gaussian
distribution with zero mean and standard deviation x. Here, k is the turbu-
lence kinetic energy per unit mass, ¢ is the energy dissipation rate per unit
mass and Cy is a time scale constant. Preliminary studies have revealed that
the DRW allows the impacting particles to expand on the two sides of the
cylindrical probe to a significant degree and causes the particles to impact on
the furnace wall (Yang, 2017). If the turbulence diffusion effect was disabled
instead, a significant portion of the particles were observed to concentrate
on the symmetry plane in the windward position of the tube and almost no
particles were observed to impact on the furnace wall due to the streamline

effect.

3.2 Particle sticking model

Sticking may occur when an ash particle arrived at the impaction surface.
However, not all impacting particles will adhere to the surface - only a frac-
tion of the particles will do so. Determining whether a particle will adhere
to the surface depends on several factors (see section 2.2.3 for a detailed dis-
cussion). In this work, a newly proposed model of Yang et al. (2019a) is used,
which accounts for the ash chemistry, the particle kinetic energy and the fur-

nace conditions. This model is based on energy conservation principle and
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is expressed as follows:

1 if E*<O0
Estick = (3.2.1a)
e~ 92IXE (1= fmet)  if E* >0

E* = demZ (1 —cosf)+

3dm (3.2.1b)
— 0.00536 x dp*70 x (1 —cos6)>?! —1
dym =1+ 0.259 x We%317 (3.2.1¢)
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We — Pr—p 20 (32.1d)
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where Egc is the sticking efficiency, fier; is the liquid phase fraction (or the
melt fraction) of the deposition surface, 8 is the contact angle, pp is the par-
ticle density, U, is the normal speed of the particle relative to the impacting
surface, Dy is the characteristic diameter of the ash particle and 1y is the
liquid-vapour surface tension. The quantity E* in Equation 3.2.1b may be
interpreted as the normalized excess energy while d,, is known as the maxi-
mum spread ratio. Finally, We is the particle Weber number.

Yang et al. (2019b) validated the model for particle Stokes number up to
seven, which is comparable to a utility-scale boiler. The parameters used
in the model can be estimated by sampling the bulk ash composition and
prescribing a size distribution in the sampled ash content (Mills and Rhine,
1989) while the contact angle is inferred from matching with experimental
data. It is worth noting that this sticking model does not directly consider
the viscosity of the particle, instead, the viscosity is indirectly transmitted to

the model by means of the wetting behaviour (Yang et al., 2019b).
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3.3 Deposition growth model

The deposit growth is simulated by means of a node translation on the deposit-
flow interface according to the mass that has been collected on each of the
faces over an accretion period. ANSYS FLUENT offers the dynamic mesh
model to simulate the growth of the ash deposition on the deposit surface.
The motion of these nodes are implemented by employing an in-house de-
veloped UDFE.

As shown in the Figure 3.1, two mesh faces (face a and face b) and three
mesh nodes (node i — 1, i and i + 1) are distributed on the interface between
the flue gas side and the deposit side. The increased thickness of the ash de-
position Ad; on any face of the interface can be calculated over a time interval

At as follows:
Ami

Ao =
l Pp (1 - Edeposit) S

(3.3.1)

where Am; is the accrued mass on the i-th surface segment over the interval,
S is the surface area of this segment and p,, is the density of the ash particles.
The variable egeposit is the porosity of the ash deposition. Am; is calculated by
FLUENT during the simulation by assuming that there is a constant stream
of Lagrangian particles delivered to the deposition surface (also known as
steady tracked), the accrued mass is computed by multiplying the mass flux
of the particles with the re-meshing time step. The actual accrued mass is
then adjusted by multiplying with the sticking efficiency Eg, which is com-
puted prior to each dynamic re-meshing operation. The deposit properties,
such as the porosity, the thermal conductivity and the deposition surface
temperature, could have an appreciable effect on the deposition behaviour
during the deposit growth (Yang et al., 2017b), which are reflected in the
change of the values of the model variables such as the melt fraction, contact
angle and the liquid-vapour surface tension. The effect of these variations is

not considered in this work and is left for future investigations.
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The deposit porosity can be calculated based on the temperature and de-
posit composition correlation (Yang et al., 2017b; Wang and Harb, 1997; Keer,
Rosendahl, and Baxter, 2006; Richards, Slater, and Harb, 1993). Zheng et al.
(2020a) and Zheng et al. (2020b) assumed that the porosity of the ash deposit
is a linearly decreasing function of the thickness of the ash deposition with an
initial porosity value of 0.6 while Zhou and Hu (2021) calculated the deposit
porosity by assuming the same initial porosity value along a linear depen-
dence on the volume fraction of the solid and liquid phase. In this thesis, a
constant value of €geposit = 0.6 may be used (Ker, Rosendahl, and Baxter,
2006). This is a reasonable justification since the deposit temperature and
the deposit composition was not observed to change too significantly during
the simulation. In reality, however, the porosity of the ash deposition should
vary with the deposition growth and therefore a dynamic approach has to
be adopted. This may be calculated by a UDF macro and is left for future
investigation.

A fixed direction, normal to the initial flow-deposit interface, is constrained
on the growth direction of the nodes. At the end of the accretion period, the
nodes are relocated along the normal of the cylindrical tube. Let (x!,y!) de-

note the position vector of the i-th node on the interface boundary at the time

t, then the new position after the node update, namely (forAt, yf+At> , may
be computed by:
XA = x4 AS; cos b, (3.3.2)
yi ™A = it 4 A sin 6 (3.3.3)

where A¢; is calculated from Equation 3.3.1 and 6; is the azimuthal angle of
the i-th node (see Figure 3.2).
The aforementioned node translation strategy is a local scheme in which

the update depends only on the local node properties such as the localized
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FIGURE 3.1: A schematic diagram on the moving strategy for
the moving of the nodes on the interface between the flue gas
and the deposit face.
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FIGURE 3.2: A schematic diagram on the coordiantes update of
node 1.



44 Chapter 3. Development of dynamic ash deposition models

collected deposition mass distribution. However, due to the effect of tur-
bulence diffusion, the mass over a set of neighbouring nodes may show a
significant degree of variation, which may cause the mesh to stagger or over-
lap (Garcia Pérez, Vakkilainen, and Hyppéanen, 2015). Schemes that do not
include a smoothing procedure may result in the creation of negative volume
on one or more interface cells. This is a serious issue in FLUENT as the CFD
solver could not handle this numerical instability. Reducing the size of the
mesh may help to stabilise the simulation, but it requires a significant cost in
computing resources.

Therefore, in order to produce a stable simulation and to allow non-local
information to propagate in the update scheme, the average value of the
thickness of the ash deposition on the two adjacent faces is used to determine
the new coordinates of the nodes. This means that the motion of each node of
the interface between the flue gas and the deposit face is calculated from the
average collected mass from its two adjacent faces. Shown in the Equation
3.3.4, Ab; represents the average value of the thickness of ash deposition on
the two neighbouring faces; Ad; and Ad;_ are the increased thickness of this

two adjacent faces:

AS; = % (3.3.4)

The updated coordinates of the node i are then determined as follows:
XA = xt 4 AJ; cos b; (3.3.5)
yi ™A =yt 4+ Adjsin6; (3.3.6)

ANSYS FLUENT uses a combination of smoothing and remshing opera-
tions to establish a consistent mesh in the computational domain. This is ap-
plied in the dynamic mesh model to preserve the mesh integrity (ANSYS Inc.,

2020). To this ends, the spring-based smoothing method may be selected,
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Threshold Deposit cells  Flue gas cells
Minimum cell size ~ Axq ~ 0.1Ax;
Maximum cell size ~ 2Axq ~ 200Axq

Target cell skewness 0.6 0.5

TABLE 3.1: Approximated thresholds for the local face remesh-

ing algorithm (Garcia Pérez, 2016).
which utilizes the fact that the equilibrium state of a connected network of
springs produces a smooth distribution of nodes that minimizes the poten-
tial energy of the system. Each spring, which connects two adjacent nodes, is
characterized by a spring constant and a characteristic length. Thus, the force
produced by the spring follows the Hook’s law in which the force is a linear
function of the relative displacement of the two connected nodes (ANSYS
Inc., 2020). Without loss of generality, the spring length is taken to be zero
and the spring factor may be taken to be between 0 and 1. This value also con-
trols the non-local effect of the spring in the network. For example, a value of
zero indicates that there is little damping in the system; a small change in the
displacement can affect faraway cells, whereas a value of one suggests that
the effect localizes to only neighbouring cells (Garcia Pérez, 2016). The walls
are not static, the movement of the boundary cells can sometimes result in a
large difference between the boundary displacement and the local cell sizes,
which then deteriorates the overall quality of the cells in the proximity of
the boundary walls. It has been observed that this could lead to divergence
problems in the solution.

To alleviate this issue, a local face remeshing procedure can be applied to
alocalized set of cells. The procedure determines the average size of the cells,
if the size is larger than the threshold value, the cells are collapsed, otherwise
they are split to maintain a relative uniform size distribution (ANSYS Inc.,
2020). The local face remeshing is controlled by adjusting the Minimum and
Maximum Length Scale parameter in the FLUENT solver (ANSYS Inc., 2017).
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The dynamic mesh model requires experimenting with the various input
parameters in the solver in order to produce a stable simulation case. For
the current simulation, the values of those parameters are defined in Table
3.1, where Ax; defines the length of the cells adjacent to the interface. Those
thresholds are chosen according to the suggestions of Garcia Pérez (2016),
where they used a trial-and-error approach to avoid generating poor quality
cells during the mesh morphing process. It is important to keep in mind that
a finer mesh may produce saw-tooth instabilities (see section 5.2.1), therefore
the maximum allowable cell size in the flue gas side should not be too small

so as to avoid introducing instabilities into the simulation.

3.4 Summary

The current model is used to predict the ash deposition behaviour in boilers
where steady state is assumed. The construction of the model is split into two
phases - the gas phase, which solves the field equations of the background
gas using the RANS equations, and the discrete phase, which solves the equa-
tions of motion of the fly ash particles in a Lagrangian frame. The combina-
tion of these two phases determines the deposition behaviour by means of
a sticking model where the distribution of the sticking mass flow rate is de-
termined as a function of the azimuthal angle of the deposition tube. Based
on this mass flow rate distribution, the geometry of the deposition interface
is updated using the dynamic mesh module of FLUENT and the preceding

procedure is repeated until the specified time is reached.
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Chapter 4

Experimental data

This chapter discusses the experimental facilities that are being used to aid
the development and validation of the ash deposition growth models. Ash
deposit formation on an uncooled tube for coal air combustion and biomass
air combustion in pilot-scale furnace (PACT) has been analysed by deploy-
ing the CFD based ash deposition growth model. This pilot-scale furnace in
PACT has been chosen for this validation study because there is an exten-
sive volume of experimental data collected over the years and it is an ideal
candidate to conduct validation work both on the theoretical and numerical

basis.

4.1 Pilot-scale furnace

In order to validate the developed models, the Pilot-scale Advanced Cap-
ture Technology (PACT) facilities have been utilized to provide experimental
data. UKCCSRC PACT offers a combustion plant that can operate either in
air or oxyfuel mode. The experimental setup consists of two modules, the
pilot-scale furnace Figure 4.1a and an ash collection measurement system
Figure 4.1b. The pilot-scale furnace is a down-fired furnace of a cylindri-
cal shape with a length of 4000 mm and an inner diameter of 900 mm. The

furnace is fitted with two swirl burners, one for coal and one for biomass
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FIGURE 4.1: The schematic diagram of (a) the pilot-scale fur-
nace (mm) and (b) the ash deposition measurement system
(Yang et al., 2019b).

combustion; both of which consist of a primary, secondary and tertiary reg-
ister. Pulverized fuels and primary oxidizer stream are delivered via the pri-
mary register while the rest of the preheated oxidizer are fed through the
secondary and tertiary register. In order to achieve a steady stream of gas
flow, a stable swirled flame needs to be maintained, which can be achieved
by controlling the oxidizer flow rate. Similarly, the swirl intensity is adjusted
by controlling the flow rate of the preheated oxidizer in the secondary and
the tertiary registers. An excess oxygen level in the flue gas is maintained at
3.5% (dry basis).

Two types of solid fuels are considered in the experiment - the El Cerrejon
coal, which is a low-ash and low-sulphur bituminous coal, and the recycled
wood for the biomass fuel. The composition of these two solid fuels is critical
in identifying the underlying deposition behaviour. A few of those proper-
ties are listed in Table 4.1, which shows that the woody biomass contains a
significantly higher concentration of volatiles but at a lower fixed carbon con-
tent than the El Cerrejon coal. At the same time, inferring from the ultimate

analysis, a higher concentration of the oxygen content in the biomass fuel is
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observed, which could lead to a lower heating value. Both fuels produce ap-
proximately the same amount of ash (= 3%). The composition of the fly ash,
on the other hand, differs quite markedly. For instance, the ash composition
due to the coal is mainly composed of silicon, alumina, iron, calcium and

sulphur whereas it is silicon and calcium for the woody biomass.

Ash composi- Coal Biomass Proximate analysis (wt.%) Coal Biomass
tion(wt.%) (as received)

SiO, 39.9 444 Moist. 7.63 5.8
Al,Os3 16.6 5.8 Vol. 35.5 73.9
Fe; O3 10.8 7.6 FC 54.0 17.1
CaO 14.4 29.5 Ash 29 3.2
MgO 1.9 4.1 GCV (k] /kg) 28.7 18.4
KO 1.6 2.6 Ultimate analysis (wt.%)

Na,O 1.9 1.5 C 80.9 51.9
TiO, 0.6 0.9 H 5.12 6.0
P,0Os5 0.8 0.6 N 1.65 0.4
SO3 114 3.0 @) 11.8 41.7

TABLE 4.1: Fuel properties of the EI Cerrejon coal (Coal) and
the recycled wood (Biomass) that were used for the CFD calcu-
lations (Yang et al., 2019Db).

4.2 Ash deposition measurements

The ash deposition measurement system is responsible to collect informa-
tion on the deposition behaviour both quantitatively and qualitatively. For
this reason, in addition to the sampling sub-module, the system is also fitted
with an imaging unit where a detailed sequence of the growth stages can be
recorded and to allow shedding events to be determined on the deposit once
enough mass is accumulated. The sampling unit consists of an ash deposition
probe with a detachable uncooled ceramic coupon at the tip (see Figure 4.1b).
The probe is inserted into the middle cross-section of the furnace in order to
allow the deposit to settle and to provide a detailed temperature condition

for the slagging formation. The exact position of the probe is shown in Figure
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4.1a, where it sits at a distance of 2800 mm from the top wall of the furnace.
To replicate the real condition in a utility-scaled boiler, the particle Stokes
number in the pilot-scale boiler needs to be matched with that of the utility-
scaled boiler. However, given the relatively low speed of the exit flue gas in
the pilot-scale boiler (= 0.5 m/s), it is possible to adjust the outer furnace
diameter to compensate for the lower speed. This requires a scaling of (1:20)
of the dimension of a real superheater tube, which is difficult to realize in
practice. For this reason, the modelled superheater tube is assumed to have
a characteristic diameter of 37 mm in this thesis (Yang et al., 2019b).

One of the key parameters for the deposition formation is the ash depo-
sition rate, which is defined as the ratio of the deposition mass over the de-
position time. The deposition time is a controlled parameter and it can be
adjusted for experiment and simulation. In this study, a typical deposition
time of four to six hours is used. This will ensure that the deposits have suffi-
cient mass to allow a distinct shape to be distinguished before excessive mass
is shed. The ash deposition rate is calculated from the measured mass of ash
deposition on the deposition probe during four to six deposition time. The
ash deposition rate for coal air combustion case is 6.0 g/ (mzh), while it is 24.2
g/ (mzh) for biomass air combustion (Yang et al., 2019b). Unfortunately, the
thickness of the deposition is not measured during the experiments. Readers
are referred to the work of Huynh (2018), Yang et al. (2018), and Yang et al.

(2019b) for more information on the whole experimental set-up.
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Chapter 5

CFED prediction of ash deposition

in a pilot-scale furnace

This chapter mainly presents the dynamic ash deposition growth model and
the CFD predictions of ash deposition growth for coal air and biomass air
combustion in pilot-scale furnace. The dynamic ash deposition growth model
is validated through the experimental data. The effects of the flue gas veloc-

ity and the deposit shape change are also investigated in this chapter.

5.1 Case settings

51.1 Geometry

Base on the experimental facilities discussed in Chapter 4, a two-dimensional
(2D) geometry with a tube of diameter 37 mm placed in the central region is
considered as the computational domain, which is shown in Figure 5.1. The
length and width of this computational domain is both 900 mm, respectively.
The tube is surrounded initially with a deposit layer of 1 mm (Garcia Pérez,
Vakkilainen, and Hyppénen, 2015). The unstructured mesh is used and the
computational domain consists of solid zone and fluid zone. The triangu-
lar grids are used in the computational domain to apply the dynamic mesh

method, whereas the quadrilateral grids surround the deposit-flow interface
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FIGURE 5.1: Schematic diagram of computational domain.

to obtain the accurate resolving of the flow field within the boundary layers

of this deposition surface.

5.1.2 Mathematical models and simulation conditions

In order to accurately simulate the ash deposition growth, several mathemat-
ical sub-models have been developed and applied in the CFD framework.
For instance, the Realizable k — € model, the Discrete Ordinate model and
the Discrete Phase Model (DPM) are used for modelling the turbulence, ra-
diation heat transfer and particle trajectories, as discussed in Chapter 2 and
Chapter 3.

The DPM allows the particles” trajectories to be computed and tracked
throughout the simulation. This is done in a Lagrangian frame in which the
equations of motion are solved on a particle basis. In the deposition exper-
iments, the leeward section of the uncooled tube was initially clean and no
ash particle deposits were initiated. Since the tube is uncooled, the temper-
ature difference between the flue gas side and the deposition surface is con-
sidered negligible, therefore the effect of thermophoresis is not modelled in

this study. However, turbulence diffusion is accounted for by employing the
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DRW approach where the instantaneous fluid velocity experienced by the La-
grangian particles is thought to be composed of the mean velocity field and a
stochastic field, which is modelled by a Gaussian distribution (see section 3.1
for detail). In the DRW module of FLUENT, a number of parameters can be
set, which can drastically affect the predicted particle arrival rate. Following
the work of Yang et al. (2019b), a particle size interval of 50 and 10 tries are
implemented, these values were found to produce the most reliable results.
However, one should note that the fluctuation in the particle arrival rate can
be suitably reduced by increasing the particle size interval and number of
tries.

The solution procedure first proceeds to compute the mass flux (or the
arrival rate) of the ash particles using the DPM. Subsequently, the particle
sticking model based on energy conservation is applied to determine the sta-
tistical percentage of the mass that will remain on the surface (see section 3.2
for detail). The deposition rate is finally computed as a product between the
mass flux and the sticking efficiency.

The sticking model outlined in section 3.2 contains several physical pa-
rameters that characterize the ash and surface properties. For example, the
ash particle density p, and the liquid-vapour surface tension 1y need to be
estimated, which can be done by analysing the bulk ash composition (Mills
and Rhine, 1989). The contact angle, on the other hand, is deduced by match-
ing the ash deposition rate predicted by the model with experimental data.
For the cases considered in this section, which concerned with coal /biomass-
tired pilot-scale boiler, a value of 160 ° might be used. This assumes that the
deposit has a 83% liquid phase content at chemical equilibrium. It should
be noted that this number is substituted for the value of f,.; in the current
model (Yang et al., 2019b).

Since the ash deposition rate is obtained through the above modelling, the
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deposition growth model can be applied to simulate the growth of the ash de-
position on the deposit surface. As discussed in section 3.3, the motion of the
nodes in the fluid-solid interface (terms as the deposit surface) is modified by
the dynamic mesh model in conjunction with the ' DEFINE_GRID_MOTION’
UDF macro. A snippet of the code is shown in Figure 5.2. The line
'r_deposit=0.5*F_UDMI(, tf, 1)" in the code means that the value that con-
trol the node motion is taken to be the average value of the thickness of ash
deposition on the two neighbouring faces.

As stated earlier in section 3.3, parameters in the dynamic mesh model
have been carefully selected to minimize instability. For example, in the
spring-based smoothing method, the spring constant factor is set to 0.1, which
is found to produce stable results. As for the remeshing module, the mini-
mum and maximum length scale are set to 4¢> m and 0.15 m for the fluid
zone while they are 0.0001 m and 0.015 m for the deposit solid zone.

The boundary conditions of the flue gas are determined from the combus-
tion cases (see Table 5.1). The size distribution of the coal ash particles fol-
lows the Rosin-Rammler distribution with a mean diameter of 36.86 pm and
a dimensionless spread parameter of 1.096. The distribution is computed na-
tively in FLUENT with the input parameters given by Table 5.2. The density
of the coal ash particles is deduced based on the composition information in
Table 4.1, which is calculated approximately to be 3174 kg/m?.

The ash particles are assumed to be uniformly distributed at the inlet and
they are injected from a section of the inlet boundary spanning 74 mm about
the line of symmetry. The reason to limit the injection length is to reduce the
particle count since only particles that interact with the tube contribute to the

deposit growth. The schematic of the domain is shown in Figure 5.1.
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DEFINE_GRID MOTION(grid growth, domain, dt, time, dtime)
{

Thread *tf = DT_THREAD((Dynamic_Thread *)dt);

face t f;

real r_deposit;

Node *v;

real x1, y1, x2, y2, theta;

SET_DEFORMING _THREAD FLAG(THREAD Te(tf));

begin_f_loop(f, tf)
if PRINCIPAL_FACE_P(f, tf)

{
r_deposit = B.5*F_UDMI(f, tf, 1);

f node loop{(f, tf, n)

{
v = F_NODE(f, tf, n);

if (NODE_POS_NEED_UPDATE(v))
{

¥1 = NODE_X(v); /*previous coordinates®/f
y1l = NODE_Y(v);
theta = atan(yl / x1);

if (x1 »>= @)
{
Xx2 = x1
y2 =yl

+

r_deposit * cos(theta);
r_deposit * sin(theta);

+

x2 = x1
¥y2 =yl

r_deposit * cos(theta);
r_deposit * sin(theta);

rz = sqri(x2 * x2 + y2 * y2);
NODE_X({v) = x2; /*updated coordinates*/
NODE_Y{v) = y2;

}

¥
end f loop(f, tf);

FIGURE 5.2: The UDF that controls the motion of the nodes.
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Boundary conditions Coal air case | Biomass air case
Velocity (m/s) 0.5 0.5
Temperature (K) 1637 1531
Inlet (flue gas presents O, 0.047 0.035
as mole fraction) H>O 0.065 0.113
CO, 0.133 0.145
N> 0.755 0.707
Wall Temperature (K) 1637 1531
Tube Adiabatic wall (heat flux = 0)
Outlet Pressure outlet

TABLE 5.1: The flue gas boundary conditions for coal air and
biomass air combustion cases in the CFD simulation (Yang et

al., 2019b).
Fly ash properties Coal fly ash | Biomass fly ash
Flow rate (g/s) 0.24 0.31
Rosin- Minimum diameter 1 1
Rammler Maximum diameter 200 200
distribution Mean diameter 36.86 102
(pm) Spread parameter 1.096 1.174
Density (kg/m?) 3174 3144
Specific capacity (Jkg T K1) 1479 1269
Surface tension 0.394 0.411
Contact angle (°) 160 160
Melt fraction 0.83 0.415

TABLE 5.2: Fly ash properties used in the ash deposition model
(Yang et al., 2019b).

5.1.3 CFD settings

The commercially available CFD solver, ANSYS FLUENT version 19.2, has
been deployed to model the turbulence, radiation heat transfer, particle tra-
jectories and the ash deposition growth. The software is coupled with the
User Defined Functions and Memories to model the ash deposition growth
process. Since the dynamic mesh model is utilized in the simulation, the
transient FLUENT is used instead.

The flow chart of the simulation algorithm is shown in Figure 5.3. A sim-
ilar quasi-transient calculation concept has been used to integrate the depo-

sition growth model with the CFD framework (Ker, Rosendahl, and Baxter,
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2006; Yang, 2017). In each time step, the algorithm proceeds to compute the
global gas flow properties, such as the flow velocity, temperature, wall heat
flux and etc. Once the velocity fields are known, Lagrangian particles are
released from the inlet and are subsequently tracked by computing their tra-
jectories. During this phase, the effects of particle-particle interaction are ig-
nored as well as the influence on the turbulence diffusion due to the particles’
presence (i.e. one-way coupling, see section 2.2.2). This is an acceptable com-
promise provided that the volume fraction of the fly ash particles in the flue
gas is relatively low (Greifzu et al., 2016). The sticking procedure applies to
a Lagrangian particle on the deposition surface, which determines a percent-
age of the mass of the particle that will stick to the surface. The remaining
mass of that particle is reflected back to the stream. The collective mass on a
deposition surface is then used to update the surface node dynamically and
a global meshing is subsequently performed.

Due to a large number of cells in the computational domain, it has become
a general requirement to utilize the parallelization capability of modern com-
puter to accelerate the solution procedure. In particular, ANSYS FLUENT
offers a parallel mode in which the computational domain is split into multi-
ple partitions. Each computing node on the processor is assigned a partition
and computations are carried out independently and the node synchroniza-
tion is relied on the Message Passing Interface (MPI) protocol (ANSYS Inc.,
2017). This way, a simulation case can be distributed to multiple processors.
To be more exact, in Figure 5.4a, parallel FLUENT uses the Metis partition
method as default. The different coloured regions in the domain correspond
to the different partitions in parallel FLUENT with 6 processes. Note, how-
ever, that the deposit-flow interface is separated in three different partitions
and is solved through three different processes. This may result in the erro-
neous mesh update if the dynamic mesh model was enabled in the simula-

tion. Therefore, it is necessary to use a parallel partition strategy that avoids
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FIGURE 5.3: The algorithm of the ash deposition growth model
integration in the CFD framework.
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(a) (b)

FIGURE 5.4: The mesh partition in parallel ANSYS FLUENT: (a)
Default partitions in parallel Fluent with 6 processes; (b) Modi-
fied partitions in parallel Fluent with 6 processes.

this issue. FLUENT has a built-in Polar R-Coordinate partition method, for
which the partitions are arranged in a concentric manner as is shown in Fig-
ure 5.4b. The Polar R-Coordinate partition method places the deposit-flow
interface (known as deposit surface) into the same partition. In doing so, the
dynamic mesh could be deployed in the parallel FLUENT mode to properly
modify the interface node whilst retaining the same performance accelera-

tion.

5.2 Independence study

5.2.1 Mesh independence

In the simulation, both the accuracy and the efficiency are important factors
to take into consideration. The deposition efficiency of the surface can only
be accurately predicted when the flow-field near the deposition surface is

accurately resolved (Weber et al., 2013a; Zhou and Hu, 2021). In order to
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resolve the flow-field within the boundary layer near the deposition surface,
ten layers of quadrilateral cells with size 0.1 mm were distributed around
the tube. Three different meshes are investigated with increasing resolution
(Figure 5.5). They are known as the coarse mesh, medium mesh and the
fine mesh. In Figure 5.5, the inner red circle represents the uncooled tube
while the outer red circle is the deposition surface, which is also known as the
interface between the deposit side and the flue gas side. The zone between
these two red circles is the initial deposit zone and the rest is the fluid zone.
For the coarse mesh, 100 faces on the fluid-solid interface were set and the
total number of the cells amounts to 65702. As for the medium mesh, the
number of the mesh face on the interface is 200 and the total number of cells
is 82978. Finally, the fine mesh contains 124366 cells in total and has 400 mesh
faces on the interface.

Sensitivity tests have been investigated on the influence of the different
sizes of mesh. In order to get the results quickly and reduce the computa-
tional cost, all of the fly ash particles are assumed identical with a constant
diameter of 100 pm. The density of the deposition on the tube is set to 400
kg/m3. For the purpose of the sensitivity tests, it is assumed that all of the
arrival ash particles will have a 100% sticking efficiency, so that the impact-
ing particles will contribute 100% of their mass to the node update. In the
discussion of Yang et al. (2019b), the effect of the flue gas velocity during the
ash deposition formation was investigated. It has been observed that the flue
gas velocity is a significant factor in determining the impaction efficiency,
which is defined as the ratio between the number of particles delivered to
the deposition surface and the total number of particles being released into
the gas. For example, Yang et al. (2019b) noted that the impaction efficiency
is increased approximately from 3% to 50% for coal ash particles at the two
flue speeds 0.5 m/s and 25 m/s, respectively. Hence, in order to observe a

more pronounce change of the deposition shape, a reasonable value of the
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impaction efficiency is required. Presently, this is controlled by adjusting the
velocity of flue gas and ash particles to 5 m/s. The effect of the time step size
will be discussed later, but for the present cases, the time step size is set to
1s as default and there are 400 time steps in total. 400 seconds of deposition
time is simulation during this study.

Figure 5.6 shows the deposition shape after 400s deposition time for the
three meshes. The light grey zones represent the grown deposition. The
results highlighted a common trend where a dominant growth direction is
observed (see Figure 5.6b), which is located at the upstream stagnation posi-
tion of the deposit surface (i.e. « = 180°). All of the cases considered have
reached steady state and no instabilities are observed. However, the grown
deposition surface in the fine mesh case appears to be not smooth compared
to the coarse and medium mesh cases, as is shown in Figure 5.7. It would
appear that beyond a certain mesh resolution, saw-tooth instability could
propagate throughout the simulation, which may pose a risk for the appear-
ance of negative cell volumes during the mesh update. The appearance of
the instability may be attributed to the non-smooth mass flux on the deposit
surface, which is determined from the discrete phase. At a certain mesh res-
olution, this non-smoothness exacerbates the cells to alternate to skew on a
particular direction; resulting in a saw-tooth pattern that cannot be smoothed
over time. One way to resolve this issue is to employ the mass re-distribution
approach, in which the mass of the impacting particle is re-distributed over a
section of the interface surface. However, this approach is computational in-
tensive and difficult to implement on parallel FLUENT. For this reason, this
approach is not being used in the current study.

Since the tube position at # = 180° is the stagnation point, ash particles
are more likely to be transported to this area, which may lead to a higher
impaction efficiency around the stagnation region. Among the three cases

investigated, the differences in the velocity, pressure and the particle arrival
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rate are all less than 2%. From Figure 5.7, the largest thickness of the depo-
sition is 2.582 mm, 2.588 mm and 2.588 mm for the coarse, medium and fine
mesh, respectively. The y* in the coarse mesh is 1.4 and 0.6 for the medium
mesh while a value of 0.8 was used for the fine mesh. Simulation times of
the coarse and medium mesh simulations are about the same while the time
for the fine mesh took three times longer than the other cases. Therefore, it is
reasonable to use the medium mesh for subsequent simulations as it reduces

the computational cost whilst maintaining an acceptable accuracy.

5.2.2 Time step size independence

As discussed in section 5.2.1, the medium mesh contains 82978 cells and 200
faces on the interface and it balances computational speed and accuracy, thus
it is chosen for the following simulations. The sensitivity of the time step size
will be investigated in this section. Garcia Pérez, Vakkilainen, and Hyppénen
(2015) used a time step of 0.1 ms to predict the deposition shapes in a tube
array. Zhou and Hu (2021) chose the time step 0.005 s to investigate the ash
deposition behaviour whilst Yang, Zhou, and Wu (2022) set the time step
size to be 10 s in the first 3 minutes of the deposition and 30 s in the rest
time. Based on the former test cases, for the uniform ash particle size (100
pm), two different time step sizes, 1 s and 0.01 s, have been tested. Figure 5.8
shows the shape of the ash deposition after 400s deposition time. The basic
flow variables such as the velocity, pressure and the particle arrival rate, are
observed to not deviate much from each other; each with a relative error
estimate of less than 1%. To reinforce the sensitivity of the time stepping,
the deposition height is investigated between the two cases at the forward
stagnation point. It is observed that the largest thickness of the deposition,
which is at the forward stagnation point, is 2.588 mm and 2.595 mm for the 1

s and 0.01 s time step size cases, respectively. This is largely consistent with
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FIGURE 5.7: Simulated deposit growth profile on the tube for
test cases in different meshes: (a) Referencing for the angle co-
ordinate « for tube; (b) Deposition thickness on the tube.
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the observed differences between the flow variables.

In addition to the uniform size distribution of the ash particles discussed
previously, time sensitivity tests are also carried out for ash particles that
follow the Rosin-Rammler distribution discussed in section 5.1.2. For these
set of tests, the same simulation conditions are retained except that the in-
vestigated time steps are chosen to be: 0.001 s, 0.01 s and 1 s. Note that an
extra case of time step is included (namely 0.001 s), this is necessary since the
Rosin-Rammler distribution might produce ash particles with exceptionally
small diameters, which may affect the overall deposition behaviour. Figure
5.9 shows the shape of the ash deposition after 400 time steps. The largest
thickness of the deposition is 1.522 mm, 1.521 mm and 1.523 mm for the 1 s,
0.01 s and 0.001 s time step size cases, respectively. The deposition height at
the forward stagnation point of the tube can be shown to vary within 1% of
each other.

This concludes that the quasi-transient simulations are not too sensitive
to the choice of the time step size. For this reason, a larger time step may be
selected to achieve the same level of accuracy while substantially accelerate

the simulation time.

5.3 Case study for coal/biomass deposition

5.3.1 Predicted ash deposition behaviour in PACT

Figure 5.10 shows that the measured deposit is mainly formed at the wind-
ward section of the uncooled tube while almost no deposit appears on the
leeward section (Yang et al., 2019b). Windward is towards the direction from
which the flue gas is coming, while leeward is downwind from this direction.

In the pilot-scale furnace, the Reynolds number for the flue gas is about 70 in
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Windward Leeward

coal-air
biomass-air @

FIGURE 5.10: Deposit images on the tube (Yang et al., 2019b).

the downstream region (Yang et al., 2019b). Hence, both the thermophoretic
effect and the eddy impaction are insignificant (Yang et al., 2019b).

Figure 5.11 shows the predicted deposition shape on the tube after six
hours for the pilot-scale furnace in PACT. The predicted deposition (light
grey zone) surface shows that the deposit shape is not smooth (see Figure
5.11). The reason might be attributed to the small particle Stokes number in
the simulation. Furthermore, one may also argue that the current number
of the tracked ash particles is not sufficiently large enough to reconstruct a
smooth profile. This is consistent with the observation of Yang, Zhou, and
Wu (2022), who observed that, by increasing the particle count into the main
flow, a substantial improvement on the smoothness of the impaction effi-
ciency distribution can be achieved, which also helps to reduce the error in
the predicted deposition thickness. Currently, the effect of the number of
tracked ash particles is not investigated further and is left for further work.

The ash deposition rate for coal air combustion case was found to be
about 6.0 g/(m?h) in experiment, while it is about 24.2 g/(m?h) for recy-
cled wood biomass (Yang et al., 2019b). The predicted ash deposition rate for
coal and biomass air combustion cases are 5.5 g/ (m?h) and 25.0 g/ (m?h),
respectively. The simulation results for both cases agree with the measured
results. The predicted deposition rate is calculated from the multiplied value
of the ash particle mass flux, the overall impaction efficiency and the overall
sticking efficiency. It can be observed that the ash deposition rate for coal

air combustion is much lower than the biomass, which is chiefly because of
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FIGURE 5.11: Predicted ash deposition on the tube after 6h in
PACT: (a) Coal air; (b) Biomass air.
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the overall impaction efficiency for coal (2.6%) being much lower than the
biomass (15.4%), see figure in Figure 5.12. On the other hand, the overall
sticking efficiency for coal has a value of 0.77, which is approximately twice

the value of biomass (0.38).

5.3.2 The effect of flue gas velocity

Utility-scale boilers produce a much higher flue gas velocity than pilot-scale
furnaces. For instance, a typical flue gas speed produced by an utility-scale
boiler is about 20 m /s whereas it is about 0.5 m/s for pilot-scale boilers. This
difference in flue gas speed contributes to a large difference in the dimen-
sionless parameters in the system such as the the Reynolds number and par-
ticle Stokes number as well as the total kinetic energy. In order to accurately
predict the deposition behaviour, one needs to take account of the velocity
condition.

Figure 5.13 and Figure 5.14 show the predicted ash deposition (light grey
zone) for coal and biomass under different flue gas speeds (0.5 m/s, 15 m/s
and 25 m/s). For the coal air combustion case, the change of the deposi-
tion shape is seen to be the greatest when the flue gas velocity is 15 m/s.
Likewise, the largest deposition shape change corresponds to the flue gas ve-
locity 0.5 m/s for the biomass air combustion case. Figure 5.15b shows the
predicted deposition thickness at the tube position & = 180°, which matches
the deposition shape change in Figure 5.13 and Figure 5.14. Similarly, Figure
5.15a shows the predicted ash deposition rate under different conditions. It
is interesting to note that the predicted ash deposition rate for coal increases
from 6 to 32 —42 g/ (m?h) when the flue gas velocity is increased from 0.5
m/s to 25 m/s. The coal air combustion has the highest ash deposition rate
at the 15m/s of flue gas velocity. On the other hand, the ash deposition rate

decreases from 25 to 3 — 6.7 g/ (m2h) for the biomass air combustion. The
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FIGURE 5.13: Predicted ash deposition on the tube for coal air
case after 6h under different flue gas velocity.
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FIGURE 5.14: Predicted ash deposition on the tube for biomass
air case after 6h under different flue gas velocity.
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change of the deposition rate leads to the same change trend of the depo-
sition shape. Also, the predicted deposition rates are similar to Yang et al.
(2019b)’s predicted results. Furthermore, the trend predicted by the model
for coal and biomass deposition rate with the increase of the flue gas velocity
is mainly caused by the difference of the fly ash properties produced by the
two fuels. As shown in Table 5.2, biomass fly ash particles are more coarse
than the coal ash particles. Due to the low flue gas velocity (i.e. 0.5 m/s), the
pilot-scale furnace favours the coarse particle deposition. However, with the
increasing of the flue gas, the fine particles take the major responsibility to
the deposition (Yang et al., 2019b).

The predicted impaction and sticking efficiencies are given in Figure 5.16
for the three speeds considered in this study (v = 0.5,15,25 m/s). The higher
speeds are indicative to the typical velocity conditions in utility-scale boilers.
Consequently, those boilers lead a higher particle Stokes number and kinetic
energy, which can have a drastic effect on the impaction and sticking effi-
ciencies. For example, the impaction efficiency increases from 2.6% to almost
50% for coal when the flue gas speed goes from 0.5 to 25 m/s. The sticking
efficiency, on the other hand, is observed to be decreasing at higher velocities;
starting at the maximum of 77% to around 25% at the highest speed. A sim-
ilar trend is observed for the biomass combustion. This decreasing trend in
the sticking efficiency is actually predicted by the sticking model (i.e. Equa-
tion 3.2.1), where the higher flue gas speed results in a higher normalized
excess energy E*. If this energy is positive, then the model predicts an expo-
nentially decreasing function of E* (see Equation 3.2.1b). For the two com-
bustion cases (coal and biomass) considered, the reported results are both

consistent with the results of Yang et al. (2019Db).
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5.3.3 Prediction of evolution of deposition shape

In utility-scale boilers, the combustion system is intended for long term op-
erations. Thus, understanding the effect of the ash deposition is ever more
important. In section 5.3.2, it is observed that the high flue gas velocities in
the coal air combustion case lead to the biggest deposit rate under the ve-
locity of 15 m/s. The deposit geometry essentially determines the accurate
prediction of the formation process, thus this section examines the evolution
of the geometry from an initially clean tube. To this ends, the same boundary
conditions are used. Figure 5.17 shows the change of the deposition shape
during the 84 hours. The shedding of the deposition (or erosion) is not con-
sidered during the simulation.

It is worthwhile to examine some important features about the ash de-
position. For instance, it is noted that the predicted deposition rate varies
as a function of the azimuthal angle « sampled at three different times (Fig-
ure 5.18), however, the averaged predicted deposition rate (defined as the
area integral divided by 277) are around 41 g/ (m*h) for all deposition times.
It should be noted that most ash particles accumulate at the tube position
« = 180° when the deposit grows. And at the deposit time of 84h, there are a
few particles transport to the leeward of the tube (position « = 10°), which is
mainly because the turbulence eddy diffusion effect. The change of the depo-
sition shape results in a change of the velocity distribution around the tube,
which is shown in Figure 5.20. Moreover, the predicted sticking efficiency
follows a similar trend (shown in Figure 5.19a), and the overall sticking effi-
ciency remains around 30% for the whole 84 hours. Since the calculation of
the sticking efficiency is related to the normal velocity of the impacting par-
ticles to the deposit face, the average normal velocity is larger at the position
« = 180° than it is at &« = 90° and a = 270° (Figure 5.19b). The sticking effi-

ciency will decrease with increasing normal velocity magnitude. It is noted
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that, due to the change of the velocity distribution around the tube from the
deposit time Oh to 84h, the average normal velocity of the ash particles at
the same tube position (for example, the tube position &« = 130°) decreases
with the deposit time. Thus the sticking efficiency at the same tube position
increases with the deposit time. But the arrival rate of the ash particles at the
same tube position (90° — 160° and 200° — 270°) decreases with time. The net
effect is that the deposition rate (product between the arrival and sticking ef-
ficiency) is observed to be lower than those of earlier times except near the
forward stagnation point at which a noticeable increase of deposition rate is
found. All of the changes lead to the accumulation of the ash particles at the
tube position « = 180° when the deposition time comes to 84h. However, the
average rate among the three sampled times is approximately constant and
it could be because the temperature remains unchanged when predicting the
ash deposition on the uncooled tube.

When modelling the ash deposition on the cooled tube, the mechanisms
involved in the ash particles transport to the deposit surface are more compli-
cated than those of the uncooled case. For the prediction of the ash deposition
on the uncooled tube discussed earlier, the thermophoresis effect is not taken
into consideration. However, this is considered an important mechanism in
the presence of a strong temperature gradient. Yang et al. (2017b) considered
the alkali vapour condensation and thermophoresis when predicting the ash
deposition on the cooled tube, especially at the initial stage when the depo-
sition surface temperature was increasing at a faster rate. Additionally, other
deposition properties, like porosity and thermal conductivity, may also vary
with the deposition growth (Yang et al., 2017b), which are taken as constant
in the current study. In the paper of Yang, Zhou, and Wu (2022), the predicted

deposition rate increases with the increasing of deposit time.
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5.3.4 Comparison of the present method and mass re-distribution

technique

The mass re-distribution method mentioned in section 2.2.4 is also employed
in the same simulation case described in section 5.3.3. Figure 5.21 shows
the predicted ash deposition for coal air combustion during the 72h period.
It is noted that when the mass re-distribution method was employed, the
deposition surface became uneven at a deposit time of 48h. The situation
deteriorates when the deposit time is progressed to 72h. This is mainly be-
cause of the random turbulence effect on the ash particle motion. In addition,
the tracked particle count is not large enough. A given face may not collect
any ash particle during a simulation, while the neighbouring faces may have
collected several particles. The difference between the collected mass on the
neighbouring faces would accumulate as the deposit time increases. Also,
the motion of each node on the interface is calculated from the collected mass
from one face. Although the mass re-distribution method is used once in the
simulation, it is still not enough to obtain a smooth mass distribution. Garcia
Pérez, Vakkilainen, and Hyppéanen (2015) even used 10 iterations of this mass
re-distribution method to have a smooth resulting mass distribution. The un-
even deposition surface could increase the risk of negative volume occurring
during the simulation, which then causes the failure of the CFD package.

In contrast, the predicted ash deposition surface remains very smooth
during the whole 72h when the present method was employed. The rea-
son is that the ash particles are injected at the central region (discussed in
section 5.1.2), thus more particles can be tracked in front of the tube, which
will reduce the effect of the random turbulence motion. Also, the motion
of each node on the interface is calculated from the average collected mass
from its two adjacent faces. This could absorb the difference between the col-

lected mass on the neighbouring faces. In addition, the mass re-distribution
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FIGURE 5.21: Predicted long term ash deposition for coal air
case through different methods: (a) The present method, (b)
The mass re-distribution method.

method cannot be employed in the parallel FLUENT (Garcia Pérez, 2016;
Garcia Pérez, Vakkilainen, and Hyppénen, 2015), so it takes three times longer
time than the case in which the present method is used. Longer simulation

time would cost if several iterations of the mass re-distribution method are

employed in the simulation.

5.4 Conclusion

Ash deposition formation for the EI Cerrejon coal (coal) and the recycled
wood (biomass) air combustion cases has been investigated through CFD
methods in this chapter. A new simulation method, combining with dy-
namic mesh, discrete phase model and mesh partition method, is developed
in the parallel ANSYS FLUENT to simulate the accurate and smooth change
of the deposit surface during the ash deposition processes. In the pilot-scale
furnace, the predicted deposition rate for the biomass air combustion case

is much higher than it is for the coal air combustion. The effect of flue gas
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velocity is also investigated. The results show that the increase of the flue
gas velocity leads to the increase of the ash deposition rate in the coal air
combustion case. And the ash deposition rate decreases in the biomass air
combustion case with increasing flue gas velocity. The particle impaction
efficiency increases from approximately 2.6% to 50% for coal and 15.4% to
75% for biomass while the sticking efficiency decreases from 77% to 25% for
coal and 38% to 1% for biomass with the increasing of the flue gas veloc-
ity. Additionally, the effect of the deposition shape change has also been
investigated. It is noted that due to the change of the velocity distribution
around tube caused by the change of the deposition shape, the ash parti-
cles accumulate at the tube position « = 180°. The average normal veloc-
ity of the particles to the face that particles are hitting decreases at position
90° — 160° and 200° — 270° with the change of the deposition shape, while
the sticking efficiency increases. The average predicted deposition rate and
overall sticking efficiency remain almost constant is mainly because the de-
position temperature remains the same when predicting the ash deposition
on the uncooled tube. And this simulation method has more steady simu-
lation smoother change of the deposition shape and takes one third of time

when compared to the current mass re-distribution method.
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Chapter 6

CFD prediction of the ash
deposition growth in Zhundong

lignite combustion

This chapter discusses the CFD predictions of the ash deposition growth
in the Zhundong lignite combustion by using the dynamic ash deposition
growth model discussed in Chapter 3 and Chapter 5. The Zhundong lignite
originates mostly from the Xinjiang province in China, and it is one of the
low rank coals that is widely being employed in the Chinese power plants.
However, this lignite has a serious slagging and fouling problem when burnt
in the boilers. In the experiments from Zhou et al. (2013), which concern the
measurement of the slagging formation on a 300 kW pilot-scale test furnace,
the ash deposit composition is identified to compose mostly of SiO,, Al,O3
and Fe;O3, and are regarded to play a crucial role in the deposit formation
process. The thickness evolution on the deposition probe is obtained by a
digital image technique and is found to vary approximately linearly with re-
spect to time until erosion occurred. This set of information is ideal to carry
out a validation calculation of the current method because the experimental
thickness measurement is readily available. Note the experimental data from

PACT does not contain the thickness measurement.
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6.1 Case Settings

Following Yang et al. (2017b), the computational domain is a 2D geometry
with a tube of diameter 40 mm placed in the central region as is shown in
Figure 6.1. The length of this computational domain is 700 mm with a width
of 350 mm (Yang et al., 2017b). The unstructured mesh is used and the com-
putational domain is consisting of solid and fluid zones. Triangular grids
are used in the computational domain excluding the deposit-flow region in
order to apply the dynamic mesh method. Meanwhile, quadrilateral grids
are deployed surrounding the deposit-flow interface in order to accurately
resolve the flow field within the boundary layers of this deposition surface.
The ash particles are assumed to be uniformly distributed at the inlet and
they are injected from a span of 80 mm (twice as the diameter 40 mm of the
tube) along the inlet boundary in order to reduce the number of particles.

ANSYS FLUENT version 19.2 has been employed to predict the ash depo-
sition formation of Zhundong lignite combustion. The software is combined
with in-house developed UDFs. The realizable k — € model is incorporated to
simulate the effect of turbulence and the Discrete Ordinate model is used for
the radiation heat transfer. Finally, the Discrete Phase Model (DPM) is used
for the ash particle tracking. The DRW model is also applied to simulate
the effect of turbulence on the ash particles. In addition, the particle stick-
ing model and the ash deposition growth model are employed to predict the
ash particle sticking behaviour and the ash deposition growth (see Chapter
3 and Chapter 5). The same mesh setting is used as in section 5.2.1 with the
medium mesh being selected as a default. The interface contains 200 faces
and ten layers of quadrilateral cells with size 0.1 mm are distributed around
the tube in the simulation.

The flue gas boundary conditions of the Zhundong lignite combustion
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FIGURE 6.1: Schematic diagram of computational domain in
Zhundong lignite combustion case (Yang et al., 2017b).

case are shown in Table 6.1. To validate the simulation, the experiment con-
ducted by Zhou et al. (2013) is selected for the validation case. In the exper-
iment, a flow rate of 1.153 g/s was used for the ash particle and they were
injected at a speed of 2.8 m/s from an inlet. The ash particle size ranged be-
tween 1 pym and 60 pm with a mean diameter of 16 ym and a spread param-
eter of 0.7 based on the Rosin-Rammler distribution, which indirectly results
from the original coal particle size distribution and the ash content (Zhou et
al., 2013; Yang et al., 2017b). Table 6.2 is the fuel properties of the Zhundong

lignite in the dried basis.

Boundary conditions Zhundong lignite case
Velocity (m/s) 2.8
Temperature (K) 1543
Inlet (flue gas presents Oz 0.05
as mole fraction) H,O 0.026
CO, 0.166
N> 0.758
Wall Temperature (K) 1543
Tube Adiabatic wall (heat flux = 0)
Outlet Pressure outlet

TABLE 6.1: The flue gas boundary conditions for Zhundong
lignite combustion cases in the CFD simulation (Yang et al.,
2017b).
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Ash composition(wt.%) Proximate analysis (wt.%)
(db)

SiO; 35.08 Volatiles 32.79
Al O3 14.04 Fixed carbon 52.91
Fe,O3 6.07 Ash 12.3
CaO 27.78 HHV (M]/kg) (db) 54.01
MgO 4.73  Ultimate analysis (wt.%)

KO 048 C 64.07
Na,O 831 H 3.58
TiO; 071 O 19.22
SOs 28 N 0.65

TABLE 6.2: Fuel properties of the Zhundong lignite (Zhou et al.,
2013).

6.2 Results and discussions

Figure 6.2a shows the ash deposition shape on the tube of the Zhundong
lignite after 2h. The inner red circle is the tube and the outer red circle is the
deposition surface. The light grey zone is the ash deposition. A smooth depo-
sition surface is observed by using the same simulation methods (discussed
in Chapter 3 and Chapter 5). Additionally, Figure 6.2b shows the comparison
of the deposit thickness at the tube position « = 180° between the predicted
results and the experimental data (Yang et al., 2017b). The blue line corre-
sponds to the predicted result with the porosity parameter égeposit = 0.6.
For this value of the porosity, the line slightly over-predicts the thickness for
times greater than 20 minutes. However, decreasing the porosity parameter
to 0.5 results in a much better agreement with the experimental measure-
ments for larger times as indicated by the yellow line in Figure 6.2b. Clearly,
the value of €deposit Plays an important role in determining the correct thick-
ness distribution of the deposition. In principle, however, the deposit poros-
ity can vary depending on the deposit temperature and its chemical compo-
sition. For example, experimental findings suggest that the porosity of the

inner layer of potassium salt may be as high as 0.9(Robinson et al., 2001)
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while a deposit consisting of coarse weakly sintered silicate particles typi-
cally has a porosity of around 0.6 (Richards, Slater, and Harb, 1993). Unfor-
tunately, the porosity of the Zhundong lignite is still not well researched in
the current literature, therefore an approximate value can only be inferred
from other chemicals that share a similar composition at a similar deposi-
tion condition. For instance, Table 6.2 shows that the Zhundong lignite ash
mainly consists of SiO; (accounting approximately 35% of the ash composi-
tion), which is chemically similar to the sintered silicate ash particle used in
Richards, Slater, and Harb (1993) accounting approximately 37% of the ash
content. Thus, it is reasonable to justify the choice for the porosity used in
this study as a first approximation. To account for the temperature variation
ON Edeposit, @ Simple correlation based on the ratio of the liquid to the solid
volumes can be employed (Keer, Rosendahl, and Baxter, 2006). More specif-
ically, let Vijquiqa and Vsolig denote the volume of the liquid and solid phase

respectively, then the porosity is given as:

Viquid
solid

Edeposit = 1 — | (1 — &) + (1—¢p) (6.2.1)

where ¢ is the initial deposit porosity. The effect of the deposition tempera-
ture is to alter the volume fraction of the liquid and solid phases. The current
study assumes that the volume of the liquid phase is negligible compared to
the solid phase, which is applicable in high temperature applications. Thus,
a constant value can be used instead for the present simulation. The effect of

deposition temperature is left for future investigation.

6.3 Conclusion

This chapter presents the dynamic CFD simulation of the ash deposition

growth in Zhundong lignite combustion with the new approach discussed
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FIGURE 6.2: (a) Predicted ash deposition on the tube of Zhun-
dong lignite combustion after 2h; (b) Comparison of the deposit

thickness between the predicted results and the experimental
data (Yang et al., 2017b) as a function of the deposition time.
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in Chapter 3 and Chapter 5. A smooth deposition shape is obtained with the
employment of this simulation method. The predicted results is close to the
experimental data, although the predicted deposit thickness shows a slightly
higher growth rate compared to the experimental data when the €geposit 18
set as 0.6. However, decreasing the porosity to 0.5 results in a much better

agreement with the experimental measurements.
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Chapter 7

Conclusions and future work

In the foreseeable future, it is anticipated that the use of pulverized solid fuel
will continue to grow. Technologies that utilized pulverized solid fuel as a co-
tiring fuel will prove indispensable to meet electricity demands as well as to
combat the ever-increasing thread of global warming, especially in countries
where fossil fuels remain the majority of energy source. However, changing
fuel mixture to be used in boiler results in the production of a radical ash
deposition behaviour. Thus deposition issues remain the major bottleneck
in improving the efficiency of existing combustion system that utilizes solid
fuel either in co-firing or coal blending mode. Understanding how such a
process evolves is critical in designing, maintaining and operating a sustain-
able combustion system. However, the ash deposition formation remains a
very complex process in the furnace, which involves physical and chemical
processes that account for: ash-forming, transporting, sticking and consoli-
dating. Each of which is a non-linear process that requires a careful analysis
of the temperature-time history of the fuel particles. For this purpose, the
CFD approach is regarded as the most versatile method to simulate those
phenomena to a high degree of accuracy.

In CFD methods, it is significant to predict the ash particle impaction
and sticking behaviours in order to estimate the ash deposition formation
accurately. In this thesis, a new approach has been developed to predict the

growth of the ash deposition. The Discrete Phase Model and the Discrete
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Random Walk model are employed to track the fly ash particles accurately.
The particle sticking model, based on an energy conservation analysis, is de-
veloped and proposed. This sticking model takes the the particle properties
relevant to the ash chemistry, particle kinetic energy and furnace operating
conditions into consideration. In addition, the dynamic mesh model is ap-
plied for updating the mesh as the ash deposition grows. This new simula-
tion method is also combined with the mesh partition mesh and developed
in the parallel ANSYS FLUENT to simulate the accurate and smooth change
of the deposit surface during the ash deposition processes.

Ash deposition formation for the EI Cerrejon coal (coal) and the recycled
wood (biomass) air combustion cases has been investigated through CFD
methods in Chapter 5. A novel ash deposit growth model is developed to
dynamically predict the formation of ash deposition during coal and biomass
air combustion. It is noted that the predicted deposit rate matches the exper-
imental data. In the pilot-scale furnace, the predicted deposition rate for the
biomass air combustion case is much higher than it for the coal air combus-
tion. The effect of flue gas velocity is also investigated. The results show that
the increase of the flue gas velocity leads to the increase of the ash deposition
rate in the coal air combustion case. And the ash deposition rate decreases in
the biomass air combustion case when increased the flue gas velocity. Addi-
tionally, the effect of the deposition shape change has also been investigated.
It is noted that due to the change of the velocity distribution around tube
caused by the change of the deposition shape, the ash particles accumulate
at the tube position & = 180°. And this simulation method has more steady
simulation smoother change of the deposition shape and takes one third of
time when compared to the current mass re-distribution method.

Dynamic CFD simulation of the ash deposition growth in Zhundong lig-

nite combustion is presented in Chapter 6. A smooth deposition shape is
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obtained with the employment of this simulation method. The predicted re-
sults is close to the experimental data, although the predicted deposit thick-
ness shows a slightly higher growth rate compared to the experimental data
when the €geposit 1S set as 0.6. However, decreasing the porosity to 0.5 re-
sults that the predicted deposit thickness has a slightly lower growth rate

compared to the experimental measurements.

7.1 Some recommendations for future work

Currently, the dynamic simulation based on the CFD methods are applied
to predict the ash deposit growth on an uncooled tube. The temperature of
the deposition surface is treated as the same as that of the furnace temper-
ature. So the effect of the temperature of the deposition surface is not con-
sidered. When predicting the ash deposition growth on a cooled tube, the
deposit surface temperature would change. Additionally, the porosity of the
ash deposition will also change as the deposition grows. Therefore, a further
development of dynamic ash deposition growth model is suggested to em-
ployed to predict the ash deposition processes on a cool tube and take the
change of the temperature of the deposition surface and the porosity of the
ash deposition into account.

During the simulation, the numbers of the tracked ash particles are finite.
But in a real boiler, the ash particles are assumed to be uniformly distributed.
Therefore, the further development of the effect of the numbers of the tracked
ash particles is suggested.

For the current ash deposition prediction, 2D geometry is considered. It
is important to explore the current ash deposition growth model to 3D ge-
ometry, which is more similar to the ash deposition behaviours in the real

boilers.
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Ash shedding is another significant physical phenomenon in the later
stage of the ash deposition formation. But the ash shedding is not consid-
ered in the current simulation. Therefore, a further development of the ash

shedding sub-model in the ash deposition model is suggested.
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