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Abstract

In pulverised coal fired boilers, entrained fly gsrticles in the flue gas often leads
to erosive wear on metal surfaces along the fl@dfiThis can have a significant
effect on the operational life of various secti@fidoiler (in particular regenerative
heat exchanger tubes). In this work, CFD based E@tlHEENT is used in conjunction
with erosion model developed by other researchersaf large-scale furnace to
identify the areas likely to be subjected to erpsionder various operating
conditions. Eulerian- Lagrangian approach is careid to analyse continuum phase
and patrticle tracking for the coal particle. Floeld has been thoroughly examined
in terms of velocity, particle and temperature pesfalong the gas flow path. The
data obtained on particle velocities and trajeetohave been utilised to predict the
extent of erosion in selected areas of boiler camepts. Predictions have been found
to be in good agreement with the published datavels as plant observations for
velocities ranging from 15 to 32 m/s showing a d8un of approximately 4.9 %
with 20 impact angle.The results obtained from the presemk for understanding
erosion pattern in boilers are not only of pradtis@nificance but also provides
platform for the development of an erosion tool etthcould assist power utilities in
avoiding unnecessary shutdowns and penalties assdaowith the replacement of

boiler components.
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Chapter 1

Introduction

1.1 Background

In the modern increasing competitive environmenteticient operating criterion for
pulverised coal fired furnace is vital for the ftguof thermal power station. In
worldwide energy sector, total 37% of electricgyproduced by combusting raw coal.

Different grade of raw coals are used as fuel anrttal power stations.

In the thermal power station, the boiler perfornearis a backbone for power
production. Growing problem of global warming maledcient operation of furnace
as main interest of research in the energy seBtacess design parameters of coal
combustion inside the furnace are precisely decideathieve long life of boiler and
boiler tubes, to attain maximum thermal efficientwyminimise NQ emission and for
maximum power generation. Furnace is highly hetnegus and highly non-
predictive part of the power industry. Various ughcing parameters make the coal
combustion process less controllable inside theéaite (Belosevic et al., 2008).
Further more, during coal combustion the inorgammeral matter undergoes
different mechanisms, including char oxidation, aaposition, coalescence,
fragmentation and vaporization, generating ashigbarof different shape and size
with different composition from those of mineral theas in coal. However, ash and
minerals are completely opposite to each othere ash formed in coal combustion is
major constrain in power generating utility boilérbecomes difficult to predict the
problem related to ash formation and behaviour sif during coal combustion
(Hurley and Schobert, 1993). It has been observatiaround 20% of ash produced
during combustion has erosive effect on the wallase of burner and tubes (Das et
al., 2007).

Ash produced after combustion flows through theesysalong with hot combustion
gas and impacts on wall surfaces on its way outesof the ash particles will
separate from this flow and impact at certain angith relatively high velocity

damaging the target surface. The tendency of asimpact or to stick to the boiler



surface is a function of ash particle size, shagkis composition. Mineral form and
its occurrence dictate the abrasive nature of ralnéncluded minerals are not as
abrasive as excluded minerals which exist as iddadi entities within the coal
matrix. Thus, it is not alumina (4Ds) which occurs in a softer form, but the minerals
of which is a major constituent. Similarly it istr&lica (SiQ) which is abrasive, but
the mineral form quartz which can be abrasive dépgnupon size and shape of the
grains(Raask, 1969). Repeated collisions of these pastioh target surface reduce
the strength of the metal structure and deformedstitfface layer. In other case due to
irregular shape of particles, their impact velocitly different impingement angle,

material is removed by the cutting action (BittE963).

Erosion of material also depends upon mechanicgdgsties of target surface such as
material of construction, thickness of the mateii@hsile strength of the material to
resist the impact of solid ash particles. Also Empstogether with the process of
blocking, fouling and corrosion, reduce life of keoiand boiler tubes. These results in
reduced thermal efficiency or immediate shut dowrumwanted maintenances and
penalty of millions of dollars production lost. Theverlasting demand of clean coal
technology and its implementation has acceleratedréquirement of more precise
information on particle erosion behaviour in coambustion system. However
various tests or experimental work can not desdititgecomplexity of the physical
and chemical phenomena that happen in a large bodér significantly, resulting in
under prediction of erosion due to flue gas flowwbécomes expensive and time
consuming to analyse this behaviour using differgrade of coal for different
operating conditions, not at industrial scale bisban small experimental work.
Computational Fluid dynamics (CFD) technique is edfective tool to study and
analyse complex process occurring inside the fwndc provides very precise
numerical values for velocity, temperature, specescentration and heat transfer
distribution for combustion process. CFD codes hefp to visualise different
parametric effects inside the boiler, to understtnel gas flow pattern and its effect

in various boiler section during the combustion théaluru and Vuthaluru, 2006).

In this work, an attempt has been made to idemwlifigrent areas inside the furnace
which are more prone to erosive behaviour. Comjuurtak study of furnace geometry

is carried out by providing different parametersvisualise the effect of particle



velocity, particle residence time, and its impactpdates and wall surface. Study is
carried out to evaluate wear effect, high veloabnes, temperature distribution at
Cross over pass, and oxygen concentration at theTéxs study provides necessary
plat form for design engineer to mitigate issudateel to erosion on the basis of flue
gas behaviour inside the boiler for various combilest and operating parameters
without expensive and complex trials on actual éoilThus it is essential to
understand the fundamentals of erosion phenomemzhwadescribed in detailed in
next chapter.

1.2 Objectives

Ash formed during combustion of inorganic minerahttars in coal can lead to
problems causing erosion, slagging and foulings study is aimed to investigate the
flue gas behaviour and predicting the erosive eiédly ash particles along the flue
gas flow during direct combustion in pulverised Icpint. The knowledge gained
from the literature is used as tool for better ustdding of coal combustion process
and ash behaviour, paving a way towards optimisadioefficient boiler operation.
The scope of this research includes the study adi@n phenomena in conjunction
with numerical modelling approach, will be usefalénhance the understanding of
the characterised flow inside the furnace duringloostion.

The goals of this work can be summarized into feifg sequence:

» Develop furnace geometry with different mesh schemseng Gambit 2.3.16
with general arrangement drawing available fronustdy;

» Numerical simulation using CFD code Fluent 6.3.26ar different operating
condition considering different case scenario;

» Evaluating temperature distribution along differendss section and identify
temperature zones;

» Evaluating velocity distribution and particle tretieries along the furnace
height;

» Calculate erosion rate with obtained numerical&salfrom simulations and
compare with experimental and available literatiat;

> Identifying popping furnace zones from the partickgectories of simulation

cases, which are likely to be under, wear influence
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Chapter 2

Literature Review

The literature review provides insight in to theckground information and research
that has been carried in relation to solid partietesion in pulverised coal fired
furnace. The first section will discuss the coambaistion and problem arises from
coal combustion. The second section will descritee iehaviour of mineral matters
included in coal and formation of ash during contious process. The following
section will review erosion phenomena and effealieérse parameter causes erosive
wear such as solid particle impact, effect of imipaelocity, particle rotation and
effect of temperature on target surface. This secWwill describe all the detailed
information on how all these parameters are resplen® cause mechanical damage
to the furnace wall surface and tube surface. FRaation will look into summarising
available literature review and identify the neeegsadditional research required to

optimise the erosion behaviour of solid particlgide the furnace.
2.1 Coal and coal combustion

Pulverised coal combustion is one of the most ieffic techniques for power

generation industry over several decades, with pigiormance and high technical
designed for large scale utility boiler. In combaoistsystems, raw coal chunks are
grounded in pulverised mill to small particles. $aearticles range between 5 to 400

4 m in diameter (Z.Wu, 2005). The grounded partidesthen mixed with the air to

combustion chamber for combustion process. As pmal dgank, combustion
temperature varies from 1300 to 1700 C. A mixing of fuel (coal) and oxidiser (air)
gives high temperature flame end up in high intgnsi combustion. An additional
secondary air is added after the primary combust@mre to complete the burn out of
the coal. Usually the area of burner is much smalke compared to combustion
chamber. Coal solid particles are dispersed inp@se, injected through small area
of burner (primary burner) with different velocithen the gas phase. The inertia
force, effects the flame pattern due to changeriection of gas flow. In the process

of coal combustion coal particle goes through feitgy steps.



» Drying of coal particle, attain pyrolysis temperatby heating up;
» Pyrolysis of coal particle to produce non condelesablatiles, condensable
volatiles and carbonaceous char;

> Oxidation and char oxidation.

Investigation of coal particle combustion in indigdtconditions is not an easy task;
therefore, most of the present knowledge was gaimedigh experiments with single
coal particles. In such cases, the numbers of peteaminfluencing the process are
limited to the type of coal, size of coal partictate of heating, gaseous atmosphere
surrounding the coal particle. The rate of surfireperature increase and the profile
of temperature within the particle is a functionhafat flux to the particle surface by
radiation and convection, particle size, thermalpgrties of the particle, and thermal

effects within the particle (Tomeczek, 1994).

Combustion process starts with drying and heatingadicles when they approach a
flame. Drying and heating results in physical cheatgcoal particles. Volume of coal
particle reduces due to change in moisture combertal particle and type of coal. As
moisture converts to steam phase, it migrates tieriex part of particle and break the
particle due to pressure build up inside. Thisrimagtation will increase with increase
in heat rate. As heat drives through the partiitl@eaches a reaction temperature
where thermal decomposition starts and coal is exted into volatiles and char. Thus
heat along with the volatile gases is carried duparticle, continuing the heating
process. At the particle surface devolatilisatitarts and proceeds towards the centre.
Here particle temperature varies from 480to 500 C (Tillman, 1991)As coal is
heated, disruption of hydrogen bonds, vaporisatiot transport of molecular phase
and low temperature linking occurs. Generaliseddian structure of coal particle is
shown in Figure 2.1. After weak bonds break up,ftimetional groups decompose to
release gases mainly GGCH, and HO. Primary devolatilisation produces different
non condensable gases and condensable volatiléarsr Finally it leaves solid
carbonaceous residue which is called as char (Gigrét al., 2003)Generally coal
combustion process is rarely completed in largéedcturnaces. A small amount of
unburned carbon is emitted from boiler. This witlhiks the overall combustion

efficiency of the plant.



Figure 2.1 Structure of coal

The reactivity and efficiency of combustion puréelgpends on percentage of carbon
burnout obtain in the furnace. Sometimes coal glartakes more time to burn, based
on burning rate of char particle after devolatiisa. Research suggests that raw coal
guality plays an important role on the level of unti carbon in fly ash to produce
less NQ after combustion (Carpenter, 2002). Naturally ecng coal obtained as
mixture of combustible solid hydrocarbon, whichidentified on the basis of their
optical properties referred as maceral and largatpmbustible mineral and other
inorganic constituents known as mineral matter.okganic component defines the
rank and type of coal and it's important for difat processe@Vard, 1984; Taylor et

al., 1998). It is classified as potential sourcéydrocarbon.

The inorganic mineral matter behaves as diluetitplacing more useful organic
matter with a non combustible component that leareash residue when the coal is
burned. This mineral matter in coal seam is thenncamponent causes problems in

utilisation industry (Gupta et al., 1999b).

Further more mineral matter in coal is sum of thearals and inorganic matter in and
associated with coal(Standards Australia 1995, 2000). This definitiorasw
considerably true and was defined in the same wayitikelman (1994), Harvesnd
Ruch (1986). Thus on the basis of different studessied out for mineral matters, it

can be divided into three basic types of constiisien

» Inorganic elements associated with organic compswhdoal marceals;
» Dissolved salts and other inorganic substance;

» Crystalline or non crystalline particles.



Out of these three, first two types of constituears non mineral inorganic. In sub-
bituminous materials, lignite and in brown coalgesh non inorganic are in large
amount. These mineral matter constituents areialgved in ash formation process
for low rank coal deposits (Kiss and King, 1977799Given and Spackman, 1978;
Miller and Given, 1978, 1986; Benson and Holm, 198%ard, 1991, 1992).

Generally non-inorganic mineral matter is in smathount in bituminous and
anthracites. Formulae have been generated to atdcthhe percentage of mineral
matter for any coal sample. In late 30s Parr (1928) King et al., (1936), both
proposed formulae based on percentage of sulphltuparcentage of ash yield from
coal with few assumptions. But these formulae dbgiee any accurate amount of
mineral matter in coal seam. However, there areymather different methods
available to analyse the mineral matter and itsabeiur in mined coal sample.
Megascopic and microscopic methods, Scanning electmicroscopy, Electron

microprobe analysis, X-ray diffraction analysise®Reld XRD analysis techniques
and other analytical methods have been used breift authors to find out
proportion of mineral matter in whole coal sampléut of all these technique
Scanning electron microscopy is used with compoterttrolled scanning electron
microscopy (CCSEM) to visualise distribution of mials in coal. Thus, it became
possible to predict the behaviour of mineral matiarcoal during coal combustion.
CCSEM is the most adopted technique to determiree, scomposition, and

association of minerals in coal (Wigley et al., T9Wigley and Williamson, 1998;

Gupta et al., 1998; Virtanen et al., 1999).

2.2 Behaviour of mineral matter during coal combusbn

There is an interaction between mineral mattersoa at high temperature at which
combustion occurs. For example loss of,G@m carbonates, S from sulphides and
crystal lattices OH form clay minerals. Theses mate and other inorganic
constituents in coal react, along with the orgagpacticles, when the coal is used in
combustion process. However, changes in the minevaiter of coal at high
temperature associated with coal combustion haven beddressed by several
researchers. Literature also shows that alteratiamdividual minerals and interaction
of minerals brought about by exposure to high tewtpee fuse to form liquid phase,

which cools in other parts of the furnace to becanystalline glass in the ash or slag



residue (Ward, 2002).Some mineral interaction isoaldepending upon the
environmental condition inside the furnace, likeifgyand siderite forms iron oxide
mineral during combustion process. In detail pygoes through exothermic reaction,
because of sulphur and oxygen interaction, whilersie undergoes an endothermic
reaction to release GOIn other cases Ca and Mg from different mineraksct to
form calcium ferrite, Srebrododiskite, magnesionferand many other minerals.
Wide range of minerals found at high temperatureaal combustion as shown in
Table 2.1. All these minerals have an effect omdae operation depending upon
their hardness and reactivity during combustiorcedure. Data suggests that quartz
and pyrite may both be abrasive in coal mill buyaquartz plays most effective role
to cause erosion or abrasion to the different paftsboiler as pyrite rapidly
decomposes. Empirical studies show that quartwvasto five times more abrasive
than pyrite (Carpenter, 2002)Other then minerals in solid phase, liquid phase of
minerals formed at high fusion temperature cool mlow different part of furnace,
forms ash or slag residu@hus ash formation throws more lights on mineral

behaviour during and after coal combustion insieefurnace.

Table 2.1 Principal minerals identified in high tenperature with coal utilization

during combustion of coal (Ward, 2002)

Mineral Composition Mineral Composition
Quartz SiQ Metakaolin AbOs.2SiI0
Mullite AleSibO3 Albite NaAISkOg
Anorthite CaA}Si,Og Sanidine KAISiOg
Corundum AJO3 Pyrrhotite Fa-xS
Oldhamite CaS Anhydrite Cag0
Aragonite CaCoO3 Portlandite Ca(QH)
Lime CaO Periclase MgO
Wouestite FeO Hematite K@
Magnenite FeD, Spinel MgALO,
Magnesioferrite MgF£, Calcium ferrite | Cafg,
Srebrodolskite C#re0Os Brownmillerite | CaAl,Fe0q9
Wollastonite CaSi@ Gehlenite CaAl,SiO,
Merwinite CaMg(SiOy), Melilite CaAl12MgSiz0i4




2.3 Ash formation mechanism

In any thermal power station ash related probleresod major concern since it is
difficult in predicting the formation and behavioaf ash during combustion. Two

important coal characteristics influencing the fsination process which are

» The mode of occurrence of the inorganic matter;
» During combustion behaviour of coal particles comtey both organic and

inorganic matters.

Many of inorganic matter present in coals occutha form of minerals of various
types and sizes. These minerals can be closelyiatst with the organic matter
(included minerals), or they occur excluded frone tbrganic matter (excluded
minerals). The majority of ash particles are fornfrean four formation mechanisms

as shown in Figure 2.2 below.

Ash Formation Typical Ash
Mechanism Farticle Size
Excluded h
Mineral Wﬁ = 1
. Fragmeriaton® )
Excluded
Minerals

< 1 um

\ Vaporizaticn SEEIELEE
P il

Ineluded 1
Mineral * =1 um
Coalescence > Q W

Cioal with Mon-swelling

Included Char
Mimerals

_Char o Sy sipmeSum
oo

Fragmentation

Swelling Char

Figure 2.2 Ash formation mechanisms (adepted from &penter et al., 2005)

» Included mineral coalescence;
» Char fragmentation;
» Excluded mineral fragmentation;

» Vaporization and subsequent condensation of inacgaatter.
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Ash particle formed by first mechanism forms bufksaper micron particles, while

ash patrticle formed by third mechanism is not budky super micron sized. Large
number of ash particle of micrometer size is predulbecause of char fragmentation,
while last mechanism contributes mainly to submmcsize ash particles. However,
vaporisation believed to be less important in faioraof sub micron size ash particle

during low rank coal combustion in utility boiler.

During coal particle combustion, ash particle fodmey coalescence of included
minerals can be affected by the size, type andilolision of minerals. This happens
when char particle remain unchanged means they doedragment. Sintering is
another characteristic of ash particle which wifeet the tube spacing. Ash particle
below 900° C will adhere to the tube surface. It has shown sivetering strength is
directly related to the fouling tendency. Thus aths high combustion temperature
mineral matter undergo physical and chemical chein@g&idation, decomposition or
calcinations of carbonates to oxides may occur. &armeral may melt; other may
become soft with change in its shape or size. ¢hasge depends upon the residence
time of mineral particle in hot zone. This is cdlks ash. Thus ash may be considered
as inherent and as adventitious ash depending emtheral matter involved in it.
Iron, calcium, Magnesium, phosphorus, potassiumsaghur are commonly present
in inherent ash but iron, calcium, magnesium anhsw are present in larger
quantities in adventitious ash with varied part&iee (William,1984).Moreover, this
elemental distribution depends upon the complexrjiidy of a range of factors such
as mineralogy, particle size, mode of occurrenckaganic associationHowever in
combustion process non carbonaceous mineral neatteup as solid particles of size
which restrict them to enter in to combustion gast dlows through the system. This
is considered as fly ash. Fly ash generated cansebanical damage to tube wall and
furnace wall and other part of utility boiler. Thmsechanical damage is called as
erosion or abrasion described in detailed in thieviong section.

2.4 Erosion and influencing parameters

Abrasion or Erosion can be define more preciselylasn solid particle moves on the
surface called as abrasion, while when kinetic gynef particle is high, then it

considered as erosion. Thus wear is total effexdiypred by abrasion and erosion.
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In coal power plant wear of metal surface is cause(l) flow of coal as ash
inherent in it; (2) Due to fly ash or bottom ash mdor quality generated after
incomplete combustion of coal. However, these twases are in the content of
moisture limit in raw coal. The upper limit of mtuse in raw coal is generally 10 %.
During the rainy season some coals having hardresging from 90 to 130
represented by hard grove index (HGI). This isilaited to high clay content
containing high moisture. Despite their soft natureey cause flow problems and
consume excessive power for pulverisation. Litemtiso shows that, when ash in
coal increases, in order to maintain the givenesgsoutput level, the coal flow
through the system also increases, because ofa@dduseful heating value of coal,
lower efficiency of equipment, and so on. Henceaffiécts the systems in qualitative
as well as quantitave manner (Bhatt, 2006).

Erosion is mainly observed for the systems whicholve high speed particle
movements, causes mechanical wear to the diff@aaniof utility equipments such as
in regenerators, riser and cyclones of catalytacking installations, air mills, tube
wall and re heaters in side furnace, fluid bedeyst Since five to six decades, this
problem has been investigated by various researdieover the world to optimise
the erosive behaviour of particles and its effeiciscombustion system. Many
experimental studies have been carried out todutdvarious parameters responsible
for particle’s erosive nature and to develop theema which does not affect by wear
under different operational condition. Major paraeng are described in the following

sections give more information on solid particleseon.
2.4.1 Effect of impact angle on metal surface

Impact angle is one of the major factors whichidethe type of erosion on the metal
surface. (DE Haller, 1939%e found that large impingement angle and smalleaof
impact causes metal erosion. Study at the microasdepel showed highly deformed
surface for large impingement angle and less deddrmscratched surface for small
impact angle. (Wellinger, 1949) studied the erogbenomena using impact angle as
a platform. His study was concentrated on mechapicgerties of erodent material,
which also influence the type of erosion persiBayis, 1949) had a different view
other then impact angle. According to him repeatefbrmation could be one of the
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main reasons for erosion to occur. He studied ¢hadtic deformation occurs when
maximum value of stress does not reach the stresfgtie material. However during
collision the elastic limit is exceeded, plasti¢atenation reaches the maximum value
of stress. On repeating collision this maximum eahi plastic deformation become
equal to the strength of material. Later on indreathe load, strength of the material
is exceeded, the surface layer is destroyed. (Vamstijk and Bitter, 1959)
visualised the effect of deformation wear by expgsilver plates to a jet of cast iron
pellets impacted at 60They also mentioned another type of wear, cuttiregr. In
cutting wear mechanism, a particle strikes at arieaangle which is less than’9Bor
hard and ductile material effect of cutting wear nsgligible as compared to
deformation wear. On the basis of these two meshaniBitter derived the overall
erosion rate of particular material. A detailed hesbatical model is described later in
section 2.6 in this chapter. He showed that tatasien rate is sum of deformation
mechanism and erosion due to cutting mechanisis Well developed that solid
particle impingement angle is key factor to findt the erosion rate. For all metal,
maximum erosion occurs at angle approximately 280 from the plane of the
surface. Erosion at normal incidence is of lessraggt because erosion at this angle is
only one third of the maximum. But research alsowshthat erosion occur at normal
incidences does have mechanism differ from shaliowles. (Hutchings, 1980)
carried out analytical model for erosion considgrispherical particle at normal
incidence angle. He studied that at normal incideangle platelet is formed on
specimen surface as shown in Figure 2.3 below. &teggpear to be the main
mechanism of metal removal by spherical particlée Tplatelet mechanism is
different from the cutting and deforming process@gch are seen in single impacts of
angular and spherical both particles at obliqudearige proposed that critical strain
may be one of the main criteria such as remova thgment of a material occurs
when plastic strain in the fragment reaches thiecativalue. He further showed that
average strain value can be affiliate with eachaotpvith same velocity to find out
the erosion rate (Rickerby and Macmillan, 1980jus, velocity with impact angle is

our second major constrain.
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Figure 2.3 The plastic strain associated with impacand the energy balance
before and after the normal impact of a spherical msive particle (adapted from
Hutchings, 1980)

2.4.2 Effect of impact velocity and its exponentialalue

As mention above that velocity is second key faétorthe removal of material from
its surface. In 1972 Finnie showed relation betweefume removed from the
surface, particle velocity, mass of the particlaegd &orizontal component of flow
pressure of particle, angle of impact, which wapegxnentally proven but it has
different value for values o equal to 90 Study showed that erosion rate differed
with large angle of impingement. It was observedt ttutting mechanism occurs with
an angle range from 0 to 4due to repeated collision between particle andaserf
(Finnie and Kabil, 1965). Further this study wasried out with role of particle
velocity. The assumed relation V2With value of n=2 was first approximation with
actual value of n being noticeable large. Differealues of n for different grade of
material were shown at different angle. Sheldoronteyl value of n is equal to 2.36
for electrolytic copper and 6061-0 Al eroded by id@ticle ata = 20. Values of n
close to 2.3 for a variety of materials were foumat by Tilly. This value was
confirmed experimentally for 11% Chromium steeleylalso suggest that smashing
of the particle and growth in secondary erosioruceat higher velocities (Tilly et al.,
1970). In 1965, Sheldon developed a sand blast apparatasdlyse the velocity
effect on erosion rate with different thermal défiwity. For Al and Ti, showed similar
velocity exponent value at velocity 39 and 97 ma/s;10, despite of difference in
thermal diffusivity. Prediction from experimentabrvk shows that velocity exponent
should increase with angle for given velocitiestdsistudied that particle rigidity is
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also one of the major factor effecting type of eénswith certain velocity. If a rigid

particle strikes the steel surface with 100m/s eigfo it penetrates to the depth of
fraction of particle diameter and forms curvatufesame radius to that of particle
shape. But with higher velocity forms depth andwBger many time the diameter of

particle.

At certain velocities particle will produce stressncentration for brittle material,
which results in cracks at depth proportional tdiple size. At higher velocity cracks
may be formed in directions which are determinegéasticle velocity (Bitter, 1963).
The force and direction of an ash particle’s impaetthe target surface provides
necessary data to determine the erosion rate pfriaterial. For rebounding particle
velocity, impact condition and combination of pelgi and surface are also of
importance. Here restitution behaviour which candeéned as momentum lost by
particle corresponds to the work done on the nadtsrirface and extent of erosive
wear suffered by the material. (Grant and Tabak&f75) they developed the
empirical correlation of velocity restitution coefents for silica. The velocity
coefficient of restitution mainly depends on theslgy of the particle, velocity of the

particle, and hardness of the target material.
2.4.3 Effect of solid particle rotation

Finnie, 1972he reported the implication of particle rotation whichn influence the
erosion rate of metal surface by solid particleis tHeory was based on rotational
velocity distribution which indicated the effect @rosion rate. (Hutching, 1977,
1979) delivered an impressive theory suggesting foa ductile material, three
possible mechanisms occur during erosion. He cermidthe effect of a particle
rotating forwards or backwards after impact. It vgaggested that for angular shape
particle erosion occur by cutting or micro-machgicompletely depend upon the
direction of rotation before and after impactiorhile plastic deformation occurs for
spherical shape particle.
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Figure 2.4 Schematic illustration of the effect otarget orientation on the spin

direction of rotating particles at impact (adaptedfrom Bingley et al., 2003)

Experiment on particle spin in centrifugal accelerarosion tester was carried out
and it was observed that particle strikes the tadgpending on the speed and
direction of rotation of particle will change thdfextive impact velocity of the
particles during their point of contact as mentobire Figure 2.4. Different angles of
impingements were arranged to be close to the2) 30, 45, and 60 as possible
with same velocity for all tests. The results iraded a higher erosion rate for back
spin of particle rather than top spin. Due to bsgi particle has a higher velocity at
the point of contact leads to high material remasating erosion (Bingley et al.,
2003).

2.4.4 Effect of temperature on solid particle erosin

Many of the experimental data obtained on erosate are based on temperature at
normal room temperature. Sundararajan structutedsallts and incorporated them in
erosion model developed on the basis of room teatyer. With the help of different
erosion model, important material characteristieseanpossible to determine for high
temperature erosion. Data available from differsaturce show that the erosion
behaviour of metals and alloys as a function ofperature can be classified into
three groups. First group in which erosion rateéidly decreases with increase in
temperature, SS 310, SS 304, Al 1100 and Ti-6AlfdNs in this group. For the
second group erosion rate is independent on tertyperantil it reaches the critical
temperature. Once critical temperature is achiexedion rate of material increase
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with increase temperature. SS 310, Al 1100 and flethdh this group. In third group
of metal erosion rate goes higher with high valdetemnperature (Sundararajan,
1984). Thus tensile properties, interference ofdation and mechanical properties
has an association with erosive behaviour at heghperature. Research shows the
presence of a limiting particle above which erosimevails and below which
corrosion occurs. However, erosion behaviour ah égmperature is still not studied
well. For tube erosion study basic erosion parameteh as impact velocity,
impingement angle was analysed at high temperatifeeping this condition
constant, erosive resistance of boiler tube stes examined and tried to correlate
that with steel property to have an idea aboutcthr@rolling factor for that particular
steel. Using different material experiment was iedrrout with blasting type test
equipment at high temperature. Tabakoff showed \Rkicity exponent for inconel
718 and for Ti-6Al-4V for 25impingement angle and 60300F, it decreases with
temperature. Also, yield strength decrease withreim®e in temperature. For low
angle, erosion rate is high and temperature woaldigher. Thermal parameter such
as melting temperature, heat capacity could beottes of key factor for the metal

removal. (Smeltzer, 1970)
2.4.5 Erosion rate and material selection

Indenture and erosion of target surface by impéebbd particle, frequently depends
on the size and velocity of the particle. For deatnaterial maximum erosion occur at
impact angle of 70to 80 to the normal (Zukas, 1990). At shallow incidemrgles,
the indenture and erosion occurs due to cuttingdafdrmation action (Bitter, 1963).
During this process plastic flow and friction amnpe mechanism of deformation and
energy dissipation. Wellinger and co-worker showhbdt for different material,
erosion resistance changes as the angle of impaaged. For harder steel which has
Vickers’s hardness 840 kg/minmaximum removal of material occurs at jet angles
close to 90 Holtey showed rub and shock, two new phenomelesderkto erosion

action on the metal surface.

On striking patrticle soft steel are under shockditwons, while harder steel are under
rub condition. Mainly the erosion of target surfame solid particle in inert fluid
should depend on the number of particle collidenwtite surface, normal and
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tangential component of velocity and direction miagte of the particle (Finnie,
1960). For brittle material deformation wear is mtikely to happen and for ductile
material cutting mechanism would be more promin&stan angle of impact changes
from 90 to zero, importance of deformation to cutting wésreases. Different
factors which can be considered while selecting enddt of furnace for its

construction.
From surfaces point of view

Physical properties;

Change in shape caused by erosion;
Stress level;

Presence of oxide (or other) coatings;

Simultaneous occurrence of corrosion:;

YV V. V V V V

Temperature.
From particles point of view

Impact angles;

Impact and rebound velocities;

Rotation before and after impact;

Shape and size;

Volume concentration and surface flux;

Physical properties (hardness, strength, and ggnsit

Fragmentation;

YV V.V V V V V V

Interactions with surfaces.

2.5 Tube erosion

In most of the power plant apart from furnace wa#;heater in inlet, primary

superheater, secondary superheater and economésellsa prone to erosive wear
under combustion condition. This erosive effect bandescribe as the mechanical
thinning of tube walls by the continuous impactttod ash particle on the mild steel
tubes in super heater sections. Figure 2.5 showtogtaphic view of tube surface
eroded due to solid particle impact at differemialion. Mechanical damage is limited
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to localised zones in the vicinity of the gaps kedw tube bundle and wall. Outlet of
gas by pass channel is also affected by high flae welocity. Cutting action is

dominant in removal of metal at oblique angle opaution less tham /4 rad.

T ha

Figure 2.5 Eroded tube surface

Study also shows that during soot blowing due tmme@ssed air jets and impaction
of ash particles. Depending upon the concentrabioflue gas and particle impact
velocity less than 100 to 150 m/s causes lessdtdmon. This case is different for oil
fired boiler where ash particle velocity of thedlgas rises up to 60 or 80 m/s causes
negligible erosion to the tube surfa@®aask, 1969)The damaging effect of erosion
substantially reduces the operational life of taban average rate of 2x1615x10°

M m/s. for maximum erosion rate tube failure happeatdr 16000 hrs in service

(Jianren et al., 1999Thus finally, it could be concluded that key fastdor erosion

rate analysis for target steel surface are

Ash particle velocity,
Ash particle impingement angle,

Mass fraction of silica contained in the ash sample

>

>

>

» Average density of ash particles,

» Density of the steel component,

» Yield stress of the steel component, and
>

Temperature of the steel component.

On the basis of above mentioned key factors, masgarchers have made analytical
as well as mathematical equations and models t@rmehthe scope of erosion
phenomena in pulverised coal fired power indudtrig quite interesting to know that

when the variables are assembled into mathemdtioal they are referred to as wear
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equations while a wear model is a listing, deswipor discussion of the variables
that influence wear. Many of the mathematical eiguat developed by various

authors are mentioned in next section for our study

An Evaluation of Erosion
hechanism

An Evaluation of Erasion
Parameters

Selection { Developrment) of an
Erosion Model

Calculation of Erosion Full 30 Gas-Particle Two-Phase
Pararmeters Flow Analysis(Full Geornetry)
Selected Particle Sizes
Impact “elocity

Design Impact Angle Full 3D Gas-Particle Two-Phase
Parameters ar Particulate Concentration g1 Flow Analysis( Local Geometry
Data Basze Mechanical Properties of Fly Where Max. Welocity Occurs)
Ash
Tube Temperature

Erasion Calculation of Erosion Rate - - ——
Constant {Life Expectancy) [—[Particle Size Distribution

Modification of the Boiler
Geometry

Design
Requirement

‘ End ‘ @

Figure 2.6 Calculation procedure of solid particleerosion rate (adapted from Lee
et al., 1999)
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2.6 Erosive wear equations

There are number of erosion models and mathematipsadtions are described in the
literature to calculate erosion rate. This sectahh shows different erosion wear

equations developed in past.

(1) J. G. A. Bitter, A study of erosion phenomeparst 1 and 2, wear, 6-1963 pg.5,
169

gVT =‘E‘VD +£VC
_1M(sina -K)?
& =5
2 o)

: w2 : _ 2
:2MV(\/S|nal K) (VcosaC(VSIna K)

(V sina)? (Vsina)?
;M (V2cos a-K,(Vsina -K)2)

Ever = fora<a,
X

VC1 )() fora > a

(2) I. Finnie, Erosion of surface by solid particheear, 3 (1960) 87-103

2
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(3) J.H. Neilson and A .Gilchrist, Erosion by aestm of solid particles,(1968)111

1 1 2
> M(V2cofa -V, EM(VSIna' K)
& =< + fora<a,
X o
1 1 :
= ) M (Vsina -K)?
g\,:;M(V cosza)+2 fora>a,

X o

21



(4) J.E. Goodwin, W. Sage and G .P. Tilly, studyeadsion by solid particles, Proc.
Inst. Mech. Eng. 184 (15), part 1(1969-1970) 279

e, =KV?*, Where a =2 for 2%m and a = 2.3 for 12%m

(5) G.L. Sheldon and A. Kanhere, An investigatidnimpingement using single
particles, wear, 21(1972) 195

(6) G.P. Tilly, A two stage mechanism of ductileson, wear, 23 (1973) 87

3 2
£=£1(VL] 1—(%)2% +£2(VV ] Fou
ref ref

£,=E-¢
W, -W
Fav= 0
W

(7) G. Grant and W. Tabakoff, An experimental irtigegion of the erosion
characteristics of 2024 Al alloy, Department of ésgyace Engineering Tech. Rep.
73-37,1973( University of Cincinnati)

£ =K {1+C[K, sin[%aj]}zv2 cos’ a(l— RT2)+ K,(Vsina)’

0
C=1fora<3a,
C=0, fora >3a,

(8) I .M .Hutchings, R. E. Winter and J . E .Fiedd]id particle erosion of metals: the
removal of surface material by spherical projestil®roc. R. Soc. London A,
348(1976) 379- 392

W=5.82 X 10'°v*?

(9) | .M .Hutchings, A model for the erosion of tale by spherical particles at
normal incidence, wear, 70 (1981) 269- 281.
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(10) G. Sundararajan and P. G. Shewmon, A modelHererosion of metals at
normal incidence, wear, 84 (1983) 237-258
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2.7 Summary of literature review

Literature shows that major experimental basedarekeis carried out with limited
parametric values for solid particle erosion. Fngdioptimal solutions for each
individual practical problem with experiments be@smvery tedious and time
consuming task. Critical parameters such as flaositipn, particulate flow pattern,
incompleteness of combustion and probable zonesruhd particulate concentration
are difficult to assess during experiments. Apao being expensive and not easy to
perform, experimental measurements may not progable results of individual
tests to the situations with changed operating itiond. On the other hand, CFD
modelling approach can effectively provide detagedl complete information on the

process in the furnace.

CFD modelling has proven as an effective tooldmmunicate the results obtained
from simulation studies to potential industrial issand to obtain recommendation
from potential users regarding research directidihe results obtained from
simulations provide a detailed graphical preseomatif local values such as velocity,
temperature distribution and species concentraiimside the furnace. Furthermore, it
is known from the available literature review, thatorder to use analytical or
mathematical model that can predict the erosiom iratoal fired large scale furnace,
several issues need to be looked into. Firstlig Vital to have detailed knowledge of
the chemical speciation of the organic and inorgamia coal to be able to predict its
behaviour when it is combusted. Research in coal tive year has provided deep
insights into coal mineral matter using differentidgable techniques. Secondly, this
research will look into ash formation mechanismt thell provide essential
information on the behaviour of ash particle duriogal combustion inside the
furnace. The work reported in this thesis will addrehe different parameters
responsible for erosion by solid particles durirmgnbustion in boiler. Additionally,
this research will also look into various analyticaethods as well as numerical
approach to predict the erosion rate of differeart pf furnace. An analysis of coal as
received will be used to calculate operating cood# for the given furnace domain.
Finally, Knowledge of available computational nuroal technique combined with
analytical model will be used to predict the prdeadreas prone to erosive wear and

to predict erosion rate.
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Chapter 3

Computational Fluid Dynamics Modelling

3.1 Introduction

Inventions in computational technologies have odahe door for improvements in
the area of power generation by way of computatidhad dynamics (CFD)
modelling. Traditional research on turbo machineegctors, and heat exchangers has
involved fabrication and testing of actual systemiich is often expensive and time
consuming. CFD allows engineers to improve theciefficy and reduce difficulty
levels of these systems without fabrication expgreeen at laboratory scale level.
Predominantly CFD technique was used to perforrachgramic research, which used
to enhance engine efficiency by improving the awfthrough the engine. Advance in
computing since that time have stimulated the arrtevelopment and application of
these models to more complex structure. But regetiié use of Computational Fluid
Dynamics has received increased attention withenltbiler manufacturing industry,
considerably due to the relatively low cost of catapional capacity, but also due to
the continuous development of more user friendlyDCEode including pre-
processing, solver and post-processing. With thgp ld Computational fluid
dynamics it is possible to analyse the complex floemperature distribution and
combustion pattern in boilers which are very difftcor even not possible to identify
experimentally. Today this allows a detailed stunlypé carried out, for instance fluid
flow mixing processes, pollutant formation, pasicburnout and many other
processes important during the design of new lwiterd in the course of trouble
shooting. Moreover it also helps designer to openthe operating conditions,
investigate malfunctions in the equipment and eataludifferent corrective measure
for the same (Carvalho et. £&2001).

To understand the particle size distribution, chadation, local heat release, kinetic
parameters for coal devolatilisation, local oxygsancentration during pulverised
coal combustion using CFD codes as a tool, it besonecessary to understand the
basic concept of codes which are further dividethnee elements available in CFD.

CFD consider fluid flow equations which were dedvby Navier, Poisson and
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Stokes, known as Navier-Stokes equation, as thes bias calculations. But

knowledge of function of these elements in contdXCFD code is necessary.

3.2 CFD Code

3.2.1 Pre- processor

Before we proceed with CFD work we need to nardmwn various criteria for our
problem to reduce the difficulty level to an aclable level to get accuracy and
desirable results. Keeping end results in mind l@rabcan be divided in to physical

and chemical phenomena.

First, decide geometry configuration. Geometry banmade in two dimensions or
three dimensions but, three dimensional geometiesume higher computational
power. So it could be our one of the main concerresolve our problem. Detailed
geometry with dimension is given in Appendix A. 3j2ometry produces more
accurate results then 2D geometry, but complex 8Dngetry is quite difficult to

construct as well. Here, three dimensional geometaty created using GAMBIT- a
FLUENT pre-processor. Second step would be boundanditons applied to

geometry by dividing it into different zones. Fourostudy different boundary
conditions such as primary and secondary inlet fantiace out let, radiation zone,

conduction zones etc.

Next important part as pre-processing is discretisa of flow field in to
computational domain which leads to grid generatmn creating mesh. Grid
generation or creating mesh is defined as set witpdistributed over a calculation
field for a numerical solution of a set of partdifferential equations (Thompson et
al., 1999). Hence, grid generation divides the domaio ansmaller number between
the regions of our interest. This is possible wifD(based software GAMBIT. User
must generate mesh of proper size with minimum skes# error to obtain accurate
result. User should be aware of consequences @fsgiection, affecting the accuracy
of numerical solution. Major amount of time spentproject is devoted to geometry
creation, defining the domain geometry and gridegation. The choice influences the

accuracy of the approximation.
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Considering these factors grid type can be decidlbdre are two type of grid, which
are structured and unstructured. Structured grid lma defined as, “when domain
geometry is equally divided into intersection ofrnwlinear co-ordinate surfaces or
mapping the flow field domain equally into hexatedor quadrilateral element.”
Figure 3.1 shows structured meshing scheme for dimmensional pipe structures.
This type of grid gives more precise results therstuictured grid but has
disadvantages over unstructured grid as well. isames high computational power
and higher computational time required which is beneficial for instantaneous

result oriented projects.

Figure 3.1 Schematic of structured meshing scheme

Unstructured grid can be defined as, “when domagontetry is divided into
triangular or tetrahedral element is known as westired grid.” Figure 3.2 shows
unstructured meshing scheme for two dimensiona¢ gipuctures. An unstructured
grid can be describe as a limiting case of a nildick grid where each individual cell
is treated as a block. The advantage of such amgama@ent is that no implicit
structure of co-ordinate lines is imposed by thd.dt requires less storage space, less

computational power and less computational timeotacentrate where ever it needed.

Figure 3.2 Representation of unstructured meshingcheme

Due to complexity of geometry and computational poavailability. In next chapter

detailed furnace geometry is described with gragtpcesentation.
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Grid dependency is another one of the major congermrder to achieve desirable
results. Different size of grid shows distinguishesbults for the same type of
geometry. Small exercise is carried out to shoferkhce in results for the same size
of object but with different size of grid size. Eht equipped with visualisation
capability make much easier for the user to anabgeful information in terms of
temperature - velocity profile, particle trajectatc. CFD code fluent also calculates

mass balance, heat transfer rate at any time afiatian.
3.2.2Solver

The choice of solver depends on the grid type aechtimber of nodes involved in
each algebraic equation. Partial differential et are solved mainly be three

numerical techniques in CFD.

» Finite difference method;
> Finite elemental method;
> Finite volume method.

Fluid flow problems are generally solved by numari@lgorithms consists of
summation of fluid flow equations over control vialas of the domain, Discretisation
of integral equation in to algebraic equations exystand solution of the algebraic
equations by an iterative method (Versteeg and lsisd&era, 2007).

3.2.3 Post — processing

Rapid growth in computing world has provided a ukgfatform to designer with its
graphical effects in post processing field. Graphrepresentation gives clear idea to
the user about operation to be performed. This eleroeCFD is used to visualise

versatile data such as,

Grid display;

Sweep surface in any three dimensional directiangtpoint;
Temperature and velocity contours or vectors plots;

PDF display;

Particle flow pattern;

YV V V V VY
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» Colour postscript output.

As in computer aided engineering, the graphicalgenaf output in CFD code have
shown new way to the science industry. Still reseas continued for many other
post-processing techniques to make it more and rhetier. FLUENT is mainly

associated with post processing element whiched here as well.
3.3 Basic fluid flow modelling

Basic fluid flow modelling is based on fundamengaincipals from the laws of

physics in form of governing equation which aréadewed,

» Conservation of mass-- Continuity equation;

» The rate of change of momentum equals the sum ofdiees on a fluid
particle-- Newton’s second law;

» The rate of change of energy is equal to the sutheofate of heat addition;

» The rate of work done on a fluid particle-- Firswlaf thermodynamics.

In modelling of pf coal combustion, fluid is assudres a continuum and interaction
of gas and coal particle is considered. In otherdwor fluid flow analysis, distance
between the molecules is negligible which may beotigd, so it appears as a
continuous gas phase region. Basic governing emualong with chemical species
transport and chemical reaction during combusti@mviges platform for combustion
modelling. Because of turbulent flow occurs in coegsible fluid flow, these three
conservation equations mentioned above should tdrdmed in time and space

average forms (Eaton et al., 1999).
3.3.1 Basic governing equations

Conservation equation of Mass
This is usually defined as,

Rate of increase mass in fluid elements = Netahflow of mass into fluid element
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—c+—(ov)=5 (3.1)

Where, S is the mass source in the systemis a density of the fluid and. is the

velocity component inx direction.
This mass balance for more than one component system

d 9 9
— —\ oV H M, +S 3.2
p (om )+ o (ovm)=- o i T M+ (3.2)

Where,m = local mass fraction of each species;
H, ;= Diffusion flux of species;

M.. = mass rate of removal or formation by chemicattiea;
S = mass source in other system.

Conservation equation of momentum or Navier-stokesquations

0 0 op arij
V. |]=———+—+S 3.3
at (10‘/|) aXI ( | J) axl aX] mi ( )
Where p = static pressure,
r; = stress tensor,
S,; = Momentum in particular direction.
Conservation equation of energy or First law of themodynamics
0 0 ap op 0
— +—(ohv Vv, —-—— hJ +r,
at(ph) axi(ph') ot ' ox axi( axj axz’ ! X, S
where (3.4)
h= Z m; h,
J
i :;ef Cp,j‘dT
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3.3.2 Generalised equation for fluid transport

All these above conservation equation can be adlim one generalised transport

equation.

0 0 0 op

— + — )=—1Q — |+ S

ot (00) 0x, ('OWJ) 0X; ( ) j v (3.9)

Where,Q , is diffusivity for scalar variable. It is very tedious task to solve these

equations. There are many other techniques areabil@aivhich can be used to solve
conservation equations. A brief review of thesehmégques is discussed in the

following section.
3.4 Fluid dynamics with numerical techniques

Diverse numerical techniques are available to atdégebraic equations but solutions
to these equations are very complex. Thus, diffelygres of approximations such as
Moment averaging, vortex methods, spectral andctdinemerical simulation have
been suggested for solving these equations. Otltegk four approximation methods
moment averaging is widely used in simulating lasgale industrial combustion
problem. Major advantage of this method is thafed#nt commercial software
programs such as PHOENICS, FLUENT, FLOW 3D, TEACH, PCGG@nd
GENMIX are easily available to solve combustion peafs. In this method turbulent
velocity components are reduced to average andufitinog terms and solved with
k —& closure equations. Mainly three numerical techegqare used to simulate
turbulent flows. Finite difference, finite elemesmd finite volume either of these is
used to discretise the computational domain. Meailogy by which the flow
variables are approximated is the main differeneéwvben these three methods
(Baukal et al., 2000).

In finite difference method nodes of grid co ordeéines are used to describe the
unknown variables. Based on Taylor series theserdinaies determine the number
of algebraic equations (Smith, 1985). In finiteneémts methods the computational

domain is divided into number of finite elementged@wise functions are applied to
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show change in flow variables. In finite volume hwt computational domain is
divided into small number of finite volumes. Theneigration of mass, momentum
and energy equations is performed over the allefimolumes. Then finite difference
type approximations are substituted for the termghe integrated equation. This
results in to a series of algebraic equations whighfinally solved iteratively. This
technique is widely used in industry to solve costlmn problems with semi implicit
method for pressure linked equations approach ursteady state assumption
(Zienkiewicz and Tylor, 1991).

3.5 Turbulent flow modelling

Different turbulence models have been used to aptinflow field (mainly flow
fluctuation) situation in any process including darmstion modelling. But due to their
limitations of each and every model is not useduldll processes. Here user will have
to narrow down parameters requires for modellinge Titerature available for all
these turbulence models, user will have a cleaa mi®out the model to be used for

particular reactions.
Different Turbulence models:

Spalart — Allmaras model or one equation model;
k — ¢ model,

Wilcox k —a model;

Addon model;

Reynolds stress model;

Detached eddy simulation model;

VvV V. V V V VYV V

Large eddy simulation model.

Most flows encountered in engineering practice #webulent. Characteristic
properties of turbulent flow are, fluctuation ¢dwWw on a large range of length and
time scale, diffusive behaviour due to increaseaie at which conserved quantities
are stirred, time dependent, three dimensional diedipative flow (Ferziger and
Milovan, 1999). Generally all basic governing edquas for homogeneous
Newtonian fluid flow are based on set of partidfedential equations which can not

be solved numerically because of it laminar flovitgga. Consequently, turbulence
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through mixing is key factor for efficient combusii (Kjadldman,1993).By using

dimensional analysis, it is known that in ordercapture all length scale, it requires
computational mesh in high grid order Re 9/4 withet step in order of Re3/4
.Subsidiary relationships are required to provide effects of turbulence on the
transport processes. To overcome this problem ideaveraging Navier-Stocks

equations were developed, which has known as Regraleraged conservation
equations (RANS). Since this method was mainly ddpet on mean value of the
turbulent flow thus additional turbulence modeluiegd (Warnatz et al., 1993).

Research showed that effect of turbulence can beéehea by dividing the direct
properties ¢ (scalar variable) in conservation equations intceamq_o and

fluctuatingg' components (Bird et al, 1960, Kjaldman, 1993, W&z, 1993, 2001).

Based on Reynolds decomposition theory,

g=p+¢ (3.6)
Therefore¢' = 0, when conserved scalar variable is averagethbDetion processes

are associated with density variation in huge arholihus, another averaging flow
field method was introduced as Faver-averaging atetwhich based on density

weighted average concept. So time- average cotirguation can be written as,

a—p+—a(pVi):s (3.7)
ot ot ' '

Where, p,1y,,and S are mean variable.

RANS can be written as,

alpv), 0 _ 0 ) fov ) 2 vl _op 0 T
x ox (ﬂ'ivi)_axj{‘{axfax] Sﬂax,} 6>s+axj( p\l‘vjjJrS 59

J J

I I

Here, -pv, v; is Reynolds stress modelled from Boussinesq hysathghown in the

following equation.
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Wherey, is the turbulent viscosity, needs to be modelled.

Time- averaged transport equations incorporatingnmeaiable¢ eq. (3.9) can be

written as
dop) 0 d 1) a( —j
iVt o/ S J=—|Q =X |+~ | -pv +S 3.10
o Tax PP Qo [T TP TS (.19
T a¢
- V. :Q _r
pl¢ tax

Here Q, is transport coefficient of turbulent for mean served scalar variabje

3.5.1 The standardk —¢ model

A form of k —& model was first proposed by Harlow and Nakayaitma;was revised
by launder and Spalding in 1972, 1974 as stankard model. According to them
the standark —& model is a semi-empirical model based on modehspart
equations for the turbulent kinetic enerdy &nd its dissipation rates(). The model
transport equation fde is derived from the exact equation, while the niddesports
equation foe was obtained using physical reasoning. This maelpplied to fully
turbulent flow on assumption of negligible effeofsmolecular viscosity in flow and

turbulence is assumed to be isotropic.

RANS were used as a platform to develope model in further extension of time-
averaged method.
As shown in eq. (3.9) for Boussinesq hypothesis

M, 1s turbulent viscosity, which can be assumed asvahin following relation,

1, = ApVL

Here various model constants depend upon processdesations and application of
empirical methodsA is a dimensionless constantjs turbulent length scale andis

the turbulent velocity scale.

Thus turbulent viscosity in the form of kinetic egyand dissipation rate shown as
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H =Apk—:
g gosllonn
And

(pé+f(pfe) ;Kw”]ﬂw‘i(ﬂ —/&)Q)—M{ (3.12)

In these equatiol, represents the generation of turbulence kinetergyndue to
mean velocity gradient&, Is the generation of turbulence kinetic energy doe

buoyancy, can be described by the Prandtl numbegrf@® temperature and , a

thermal expansion coefficient.
3.5.2 RNGKk~-¢ Model

This model for turbulence is derived from the im$¢é@eous Navier-Stokes equations,
using a mathematical technique called “renormabmagroup methods”. It is similar
to standarck —& model but differ in few ways such as it has anitamital term of
heat dissipation rate which is responsible for eateustrain flows and streamline
curvature, swirling effect on turbulence for swidi flow, uses analytical equations
for turbulent Prandtl numbers. This model is uséful analysing the effect of low
Reynolds number with the help of viscosity calcedbanalytically (Fluen2003).

9 9 _a ok
) k)= P o

+G, +G, —pg
ot J P

(3.13)

g(pe)%(pevi):%[aueﬁg}ckg(ek+c3£eb)—c2£pezxk-re

Values forP. and P, = 1.393 for high Re number@nd G is same a& — £ model.

(3.14)

_C,pn*-nin,) e
1+ Bn? k

(3.15)
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Herey), = 438 4 =0.012 also values foC,,,C,,is 1.42 and 1.68 respectively and
model constant for buoyancy ter@,, :tanl{g}. u and v both are velocity

\Y

components.

The effective viscosity can be modelled by

2 ~
d( P J: 17— Y% g

@ \/0_3—1+Cu (3.16)
0 :ﬁ,cu =100
7

As we can see that the only difference betweendst@nand RNGk — & models
equation is addition of few term like reciprocaleetive Pr numbeiP; andP, , and R

term in the equation. This R term has significdfecat in such a way that as a result in
largely strained flow this model gives less turlmil@iscosity then standarkl— &

model.
3.5.3 The k=€ model via convective heat and mass transfer

Turbulent energy transport equation for convechigat and mass transfer is given by

0 0 0 oT
a(ﬂf)J’a(Vi (o + P)):a['(eﬁ&wj (Tu )eﬁJ-'-Sh (3.17)

Where, K, is the effective conductivity anB is the total energy.

The correlation between Effective Viscosity andegfive stress tensor is shown by

following equation.

ov, ov.| 2 ov
T = — 1 -= —L 0 3.18
( ij )eff :ueff [ OXI aXi J 3:ueff 6X< ij ( )

Relation between mass transfer and diffusivity,cén be shown by following

equation.
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Here D, is the effective diffusivitym is the local mass fraction ang is the

chemical rate of reaction by mass creation.

9
ot

9 yom)=-2p,, Im
(om )+ =~ (viom) =~ (Deﬁ x J+R +S, (319)

3.6 Radiation models

Different five radiation models are available WRhUENT- such as

Discrete Transfer Radiation Model,
P-1 Radiation Model;

Rosseland Radiation Model;
Surface-to-Surface Radiation Model,

YV V V VYV V

Discrete Ordinates Radiation Model.

Radiation plays an important role in combustioncpsses to transport energy to
surrounding surfaces in entrained flow particle.oTapproaches were developed by
researchers. First approach was based on predictidnradiative properties at

microscopic level, while in second approach radatinteractions by means of

adsorption, emission and scattering of radiant ggneras focused. For steady state
radiative heat transfer equation is given by follogvequation.

ar* o,

di(s, s
I(jSQ)+(a+as)|(s,Q)=a p- +E£|(S,Q)cbd9 (3.20)

Where, sis a path lengtlo, is the scattering coefficiengy is the Stefan Boltzmann
constant (5.672 X TOW/m’k*), ®is the phase function, arld+a,) is the optical

thickness and is a local temperature.
3.6.1 P-1 Radiation model

For combustion applications where the optical theds is large, the P-1 model works
reasonably well. The P-1 radiation model is acyutie lowest order approximation

of the more general P-N model. In the P-1 modek Bet equal to 1 as suggested by
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the name of the moddFor the P-1 model, the RTE is a diffusion equatihjch
requires less computational pow@luent, 2007). In addition, available P-1 model
can easily be applied to complicated furnace geoesewvith many coordinates. The
P-1 radiation model considers the effects of soatjg¢Stockwell et al.2007).

In radiative heat transfer approximation equatiadiative intensity is formulated as a
multiplication of angular and special functions alhiresults in series different orders
moments’ equations and also deducts the integralghbaRTE. This model does not
consider small concentration of species producedfincoal combustion which

neglects the effects due to scattering. For thigjept uneven particle shape is
assumed to determine the absorption coefficient soadtering for sub bituminous
coal combustion. The main limitation of this modethat it does not go through sever
calculation and does not give accurate results.egult in loss of accuracy also
depends on the complexity of geometry. Basis equoafor this model can be

expressed as follows.

1(s,6,¢) = %T(I ') +31'® cosg +31'@ singcosp+ 31'C) sin@sinqp) (3.21)

So, path length with intensity

ar

1'0(s)= [I"(s@wdw  And  1'0(s)= 4J.”Iil'(s,a))da)

0
So relation between radiation flux andl” can be reduce to

1
3(a+ as) -Co,

q =- 0G (3.22)

The transport equation for incident radiation Garm of g Stefan-Boltzmann
constant is shown as

Ox(QOG)-aG+4adT* =S

Q= ! ,
3a+0,)-Co,

Here in both above equatiddis phase function.

Therefore radiation fluxg, can be represented as
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-0xqg, =aG-40Ta

For scattering is assume due to particles, enegggteons can be expressed as

4
~Oxq, =4n£aaj; +Epj+(a+ap)e (3.23)

3.7 Combustion model

In any combustion when a high number of speciesram@ved it becomes impossible
to determine the reaction rate, to overcome thmblem it is advisable to use
combustion model which will solve the conservatisralar equation from which
individual species concentrations are derived. Tdumbustion model is called as

PDF formula or mixture fraction formula (Stockwetlal., 200).

Arrhenius rate equation and eddy dissipation apgir@ae also available to solve the
same combustion problem. Reaction rate can be latdcu using these two

approaches if we know the factor control the cortibos process or species
concentration fluctuates due to mixing of turbuledties which gives rise to a time
averaged form. Therefore certain assumptions adern@msimplify the model. These
assumptions are correlates to both reaction tirake snd turbulent mixing time scale.
Simulation which offers both reactions and turbulerixing time-scale at same level
(Magnuseen and Hjertager, 1976) also incorporaty édeak up model have been
developed for premixed combustion systems or lanm@action systems or diffusion

flames systems (Spalding, 1970).For this projeadtlapproach which is mixture

fraction or PDF approach is considered.

In this both coal and oxidiser flows in two diffetestream and contacted intimately
on molecular level before they enter into combustione. Thus, fast chemistry was
assumed. In other word mixture fraction modeligd#d in two options and neither
of those options emphasis on reaction mechanisfirstioption is flame sheet where
mass; momentum and energy balance is requiredjgaftl for single step reaction.
Hence, reactants never coexist. Reaction in thgrcegmation is so fast that as
reactant mix, they become burned. Another optioagsilibrium assumption which

predicts in between species concentration.

39



For a mixture fraction of variablé defined as follows

Z -7
f = %k ko ’ (3.24)
ZkF _Zko

Where, Z, is the mass fraction and subscript o and F dermteiser and fuel inlet

stream respectively.

Mixture fraction from time-averaged transport equatcan be formulated as

%(p?)+aixi(p/i?):a%[%g—):]+sm (3.25)
If value of variable f is known, mixture fractiort any point in flow field can be
found out using above equation. Thermodynamic ptegseof fluid are linked with
mixture fraction. If value of variable is known ethimportant properties can be
known without going through individual transportuatjon. Jones and Whitelaw
developed transport equation to show above theoryectly to end turbulence

chemistry model.

— —\2
0 7> 0( —)_ 0 [u of? of £

—\of?)+—\ov f2)=—| = +C — | -C,p=f? 3.26
at(’o ) ax ' ) ox, {a’t axiJ g”{axJ Py (3.26)

Where, f2is mixture fraction variance, and, and C; having values 2.86 and 2

respectively.

For Non adiabatic system thermodynamic propertyflwtl is function of mixture

fraction and enthalpy. This leads to PDF approaadbur discussion.

3.7.1 PDF approach

This mainly consists of two mathematical models.

The double delta function and the beta functiont @uhese two beta functions is

di (s, w)
ds

=—(k+0,)I(s @) +kl, +$J'|(s,a))d>da) (3.25)
ar

4
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Where| is the radiative intensityk and o, are local absorption and scattering

coefficients respectively® is phase functionq represents gradient of intensity in
the specified direction. Right hand side of equasbows change in intensity due to
absorption and out scattering, emission and irtextag) respectivelyEaton et al.,
1999).

3.8 Discrete phase modelling

The deposition and erosion of furnace wall or tufegerial due to solid or air born
particle impact are observed in two phase flowaegh most of the power plant. In
multiphase flow system, hydrodynamic behaviour bananalyse, once there is an
exchange of mass, momentum and energy betweeggaté in confine gas- particle
flow occurs. Here one phase is in conjunction vatiother phase, could be solid,
liquid or gas. DPM is able to evaluate this intecleange between solid-liquid, gas-
solid or gas- liquid using two basic approach. Hale Eulerian approach and

Eulerian- Lagrangian approach.

In Eulerian- Eulerian approach both phases ardeleas separate interpenetrating
continua and are solved separately using sepacatedary conditions. According to
phasic volume fractions, volume fractions are asslito be continuous functions of
space and time. There are three different multiphasdels available for this
approach in fluent. Although it requires low comgidgnal time, this approach is not
useful for any dilute phase. Difficulty with thigaine is to predict the erosion,

because it gives mean value of particulate ovetlsroatrol volume.

In Eulerian- Lagrangian approach gas phase iseleas continuum and discrete
method for particulate phase as single particldodigy of particle, impact angle,
density of particle, important particle propertes be obtained in Eulerian method.
This approach is useful to model particle wall imijg@n. Basic assumption made that
dispersed phase attains small volume fraction articte trajectory for individual
particle is possible at any time of simulation liomf domain. Lagrangian formulation
yields a detailed physical behaviour of each plastialso it is based on FLUENT uses
stochastic way, where mean velocity and particleceatration can be identify near

wall surfaces from particle trajectory (Fluent, 3D0
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3.9 Submodels used for combustion reaction

| would like to end this chapter by discussing eliéint sub model available and used
here for furnace simulation. Coal particle in puised coal or char in form of particle
or droplet after combustion are linked with vapatien, devolatilisation and char
oxidation operations. For our coal combustion cotafon, devolatilisation and char
oxidation operations are considered. Coal Dev@atibn is modelled with Arrhenius
equations to determine the rate of reaction. Single reaction is considered due to
first ordered combustion reaction. After this pres@emaining combustible fractions
reacts with oxidiser on particle surface. Differdrgterogeneous surface reaction
models are available with FLUENT. Kinetic/diffusiohmited rate model is
considered on assumption of equal value of oxidisfusion rate and char oxidation
rate (Jones and Wille, 1996, Speziale, 1987).

42



Chapter 4

Modelling Approach

4.1 Introduction

In this day and age, the electricity generatiomfroal around the world accounts for
the approximately 113 of the total generation. At the same time, theiremmental
requirements for gas and particulate emissionsremee and more restricted. In order
to sustain the harmony between efficient and cle@nbustion, the development of
clean combustion technologies to improve combuséfiitiency is required. Coal
fired power plants are usually of old technologyfaxilities and they are always in
search of a technology which could enhance thdicieficy without an additional
cost. Generally, a research trend is to analysepleeation strategies that involve an
efficiency improvement in pulverised coal powerntlaBut, this analysis requires
detailed study and characterisation of some presaske place inside boiler, such as

coal combustion, fluid flow, fly ash formation, westc.

Since 1970s, tremendous growth in computer wotldhas become much easier to
characterise various phenomena and has fastenetredopment of numerical flow,
combustion and heat transfer modelling. With thidvaacement, simulation of the
furnace of 330MWe is possible using computatiotaidf dynamics (CFD) codes.
CFD modelling is capable of predicting qualitatesed quantitative information, with
sufficient accuracy to justify the change in desgarameter of commercial boiler
plant. Codes are used to solve physical modeldsrfpw, particle dynamics, particle
combustion, gas phase mixing and combustion, aathgriransport. It is known that
CFD codes has certain limitations as well, degpiitinese it has undergone a series of
progressive enhancement as the focus of applicdtes shifted (Vuthaluru and
Vuthaluru, 2006). Despite of the limitations, CFBshightened up new areas which
are difficult and sometimes not possible to visalin experiments. In this chapter,
furnace is simulated under different operating ¢boas and an attempt is made to
identify the fluid flow pattern and its possibldegt on different part of the furnace.
Before that it is necessary to have brief informatregarding furnace geometry

which is used for our study.
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4.2 Geometry description

This section will describe detail dimensions of geometry and meshing technique
adopted. The three dimensional opposite wall pidedr coal fired is considered in
this study is 330 MWe unit, and is shown schemHyicga Fig. 4.1. This furnace

geometry is created using GAMBIT — a FLUENT pregassor. The height up to top
wall of furnace is 42.53m; the horizontal crosstisecin the furnace has width of 14.4
m and depth of 10.9 m. The specification of furngeemetry is given in Table 4.1. In
super heater section plates are incorporated thstédubes in tube bundles. Tube

bundles of reheater and economiser are not coesiderthis geometry.

Table 4.1 Furnace geometry specification

Parameter Values (m) and'1

=

Total travel path from burner to outlet 51.025

Distance between last burner row and hop@e15

Horizontal distance between burners 2.286 and 2.3%0
Vertical distance between burners 3.00

Surface area of inner burner 0.2826

Surface area of outer burner 0.5024

In order to make effective firing system within thienace, 20 burners are arranged in
series of 5 burners in one raw mounted at diffekewel on front and rear wall of the

furnace. Provision of extra 5 burners is made amtfwall of furnace as standby.

Single raw of burners on each side of the furnaak ave oil burners used as start up
burner for initial furnace firing. To achieve quative results, all these burners are
meshed with Quad Pav meshing scheme dividing eaateb surface in to 20 nodes

interval count. The swirl angle is not consideredthe present study.

Moreover, geometry of furnace hinders its solutroainly because of variation in
scale between burners and large volume of the dorfauthaluru and Vuthaluru,

2006). To overcome this problem tetrahedral untitred mesh is used wherever
needed. Coarse grid is used to mesh the completeagey, which contained 384,522
elements with tetrahedral cell for all zones.
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Fig 4.1 Schematics of (a) meshing scheme used ahyidimensions of furnace

Once, the geometry is constructed, input data aadery conditions for simulation is
calculated using engineering equations. The maimafte operating condition
considered in this project include five cases arpia detailed in section 4.4 in this
chapter. Prior to basic input data calculationsjsitnecessary to determine the
numerical simulation method and models selectianodwlifferent models explained
in previous chapter 3. The following section wilalgorate on simulation procedure

and models adopted for furnace simulation.
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4.3 Numerical Simulation Technique

» Gas Phase Model

The gas flow is described by the time mean conservaequations of global
mass, momentum, enthalpy and species mass fractibhe gas phase

conservation equation in three dimensions candradd in the following form:

o) _ o (- 00), o
0 v
o0x. 6xj 0X.

i j (4.2)
Where ¢ | represents three momentum components, the tuntbkileetic energy and
its dissipatior, the enthalpy and mass fraction of gas speciestyna fraction). , is
the diffusion coefficient of the transported vateb For the particular case of the

mass conservation equation, variabile set to unity and the right hand side of the

equation is zero.Sﬂ, the generalized source term of which dependshergeometry,
transport coefficients, and other dependent vamlfM. Xu et al, 2001). Since the
flow is turbulent, turbulent model must be couptedthe Navier stoke equation in

order to overcome the turbulence problem. The stahll — € model proposed by
(Launder and Spalding, 1972; Launder and Sharm#&4)18as been chosen with an
assumption of negligible effects of molecular vstp in flow and turbulence is
assumed to be isotropic. It has been also validdieé large amount of industrial
turbulent flow. Thus turbulent viscosity in the fiorof kinetic energy and dissipation

rate shown as

k2
My = Ap —
&
0 0 _ 0 K, | Ok -
E(/d()+a_)(i(la/ik)_a_)(j|:(ﬂ+a,—k]a_)(j:l+6k+Gb pE
(4.2)
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(4.3)
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In words the equations are

Rate of change ok or £+ Transport of€ or € by convection = Transport dforé

by diffusion + Rate of production dfor € - Rate of destruction dfor €

In these equatioﬁx represents the generation of turbulence kinetergyn due to

mean velocity gradient§ls the generation of turbulence kinetic energy doe

buoyancy, can be described by the Prandtl numbegr @@ temperature amd, a

thermal expansion coefficient. The stand&rd € model employs values for the
constant that arrived at by comprehensive datedittor a wide range of turbulent

flows: A= 0.09,%= 1.00,%= 1.30, A = 1.44, A= 1.92 (Versteeg, 1995).
» Particle Phase Model

The heterogeneous nature of pulverised coal condousind the relatively slow

particle combustion rates require the particleettgries are accurately modelled. In
Lagrangian framework the particle field is reprdsdnas a series of trajectories
through the gas continuum. The Lagrangian equatdm®ntinuity, momentum, and

energy are used to calculate the particle progeraed trajectories. Particle
trajectories are tracked throughout the computatiodomain, and interactions
between the particles and gas are incorporated nbyx@hange of source terms
(particle source in cell method) for mass, momentand energy. Particles are
assumed to be composed of raw coal, char, ashemsture. In the Lagrangian

treatment, formulated by Megdal and Agosta, thghts of statistically representative
particles are tracked through the combustion charfioen entry to exit. There are

three principal advantages weighing in favour o# thagrangian and against the
Eulerian treatment: particle slip in the fluid isry much more easily accounted for;
the computer storage requirement does not incredbethe number of particle-size
groups, the drag, heat transfer, devolatilisatiang other laws which govern the

particle behaviour are more readily and obviouglgli?d (Lockwood et al. 1980).

The particle momentum equation can be written as;
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P dt

pi
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:ECDp(ui_upi)z-l-mpgi 4.4

The drag coefficier{to is a function of Reynolds numberpp, IS mass of patrticle,

Pis a particle density, Ui and Ui are velocity component i|i1 direction (Boyd,
1986).

However, here we are considering interaction betwgas and solid phase, both
Eulerian and Lagrangian approach has been adoptéki$ project.

Combustion of pulverised coal is modelled as a poeamixed kinetics/diffusion-
limited process with the mixture-fraction/probatyildensity function (PDF) approach
for the reaction chemistry. It is assumed that Bi@F mixture consists of 13
volumetric species (Filkoski et.al, 2006). In theegent study, a commercial finite-
volume-based CFD solver Fluent is used to solverelized equations. There are two
advantageous features in finite-volume methodssighily, the conservation of mass,
momentum, and energy is assured in the formulaiteelf and, numerically,
unstructured grids and arbitrary geometries areoractodated without coordinate
transformation (Chung, 2002,). Fluent applies astuctured grid solver, which
cannot exploit all the benefits related to grids hexahedral cells (Saario and
Oksamen, 2007). Furthermore, study shows that teanmmass fractions of fuel,
oxidant and products are obtained from mean anénveg of the mixture fraction,
using an assumed form for the Pdf of the mixtuaetfon. Here, a beta function was

assumed.
> Particle Combustion

The coal combustion model considers coal combust®a two global step process.
During the first step, considered as homogeneauiatile gases escape from the coal
particle, which is nothing but devolatilization amlde combustion in the gaseous
phase takes place, leading to the generation ovdlesgile combustion products. The
second stage is considered heterogeneous becausertibustion of the solid phase
(char) occurs, giving off gaseous products of teeefogeneous combustion (lranzo,

1985). The particle devolatilization is modelled dnnsidering a pair of parallel, first
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order reactions and rate constant is expressed iArdnenius form. Badzioch and
Hawksley proposed expression for single kinetie rabdel that assumes the rate of
devolatilization is first order dependent on theocamt of volatile remaining in the
particle.

_dm_p: k(m_ -@a1-f, )m_)

dt ’ R (4.5)
Here,™is the particle mass (kg)sis fraction of volatile present in the particle; is
the initial particle mass (kgk is the kinetic rate (s-1) defined by input of an

Arrhenius type pre- exponentidiand activation energy

k = A exd- E/RT) .

In above equationiis a constant, E is activation energy, R is ides gonstant and T
is temperature’C) (Sahajwalla et al., 1997).

Char oxidation is a much slower process than dé&liskion, and determines the
burnout time of pulverised coal in the furnace. Thar oxidation is modelled as a
global reaction of order unity. The reaction radecalculated on the assumption that
the process is limited by the diffusion of oxygenthhe external surface of the char
particle and char reactivity. When coal combustisrmodelled, it is necessary to
combine the combustion models with particle tramspalculation. Thus, Lagrangian

approach discussed earlier in this section has aéepted (Field MA et al., 1998).

Radiation heat transfer is computed by the simgaifP-N model, based on the
expansion of the radiation intensity into an orthwog series of spherical harmonics,
widely known as P-1 model. One of the importantuéss in the case of coal
combustion modelling is the inclusion of the effeftdiscrete phase presence (coal
and ash particle) on the radiation absorption coefit. Moreover, the P-1 model has
several advantages over other radiation modekstingethe radiative transfer equation
as a diffusion equation that is relatively easystdve. It can be easily applied to
complicated geometries. To model emissivity coedfic of combustion products,
WSGGM (weighted-sum-grey gas) model is used. Dedaibrmulation is shown in

previous chapter in section 3.6 (Filkoski et.alQ@p
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4.4 Overall Simulation Method

This section will explain simulation methodology daimodel chosen for coal
combustion inside the furnace. The solving phasth@fCFD simulation consists of
the numerical solution of the governing equatioifse work presented here implies
the simulation of turbulent flow field, coal combios, particle transport, and
radiative heat transfer in the furnace. Numerictwations are carried out using
commercial CFD code FLUENT based non premixed catitya model available in

it. The combustion simulation begins by solving tgas flow field equations

assuming that the particle, energy and radiatiaraggns are disable.

0 The gas flow is modelled by solving the Navier- K&® equations along the
solution domain. The time averaged Navier-Stokasaggns are solved using
the SIMPLE - pressure velocity coupling algorithm predict the flow,
temperature, and concentration of gas speciesrwiitigi boiler.

o Since the flow is turbulent, a turbulence modedndardk — & model based on
density and turbulent viscosity is coupled. Hetandard wall function option is
considered.

0 The simulation procedure is based on finite volufoemulation. It is also
assumed that the flow field is at unsteady stat the solution procedure is
simplified by solving an unsteady state form of #ggiation of motion.

o Once converge solution is obtained for fully depeld flow, Energy equations
are active. Next step would be modelling of pulsed coal combustion with
non-premixed kinetic-diffusion limited process withixture fraction or PDF
approach for reaction chemistry. Species and ch@m@actions are modelled
using PDF approach. The species composition ing@fatom fraction of C, H,
N, O with specific heat capacity of the fuel aredigs data available from local
power plant. The fuel composition inputs are definesing proximate and
ultimate analysis data shown in Table 4.2 and T4l8erespectively. PDF table
for a pulverised coal fuel is prepared using pré=Ride-processor for medium
volatile coal. The reacting system is treated usmfgnitely fast chemistry,
chemical equilibrium calculations, or non equilibri calculations. The
chemical equilibrium is assumed in this study. &rgnetic rate model is used
to derive elemental composition of the volatileeatn. This model also suggests
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that a volatile gas produced during reaction iggiby a first order reaction and
the rate constant is expressed in terms of Arrlseequation form.

Furthermore, the char combustion has to be moddlledo the fact that the two
stage of combustion are considered. The char ogid& much slower process
than devolatilization and it therefore determine thurnout time of pulverised

coal in the boiler (Iranzo, 1985). For this studydtic / diffusion surface

reaction rate model was applied for the modellirigthee char combustion.

However, it is assumed that surface rate reactiatetermined either by kinetic
or by a diffusion rate (Fluent, 1999). All physigabperties of chemical species
and equilibrium data are obtained from the chemuatalabase. The particle
emissivity, reflectivity, and anisotropic scatteyiare effectively included in the
calculation (Bolsevic et al.2006,).

One of the important issues in the case of coalbtmtion modelling is the

inclusion of the effect of discrete phase coal asll particles on the radiation
absorption coefficient (bolsevic et al.2006). Far study WSGGM (weighted-

sum-of-gray-gases-model) is used, which specifiesomposition dependent
absorption coefficient (Vuthaluru and VuthaluruQB).

When all criteria for coal combustion model are, #eis necessary to activate
the radiation model using P-1 radiation model. T™é& radiation model is

simplest approximation of the P-N model, which &sé&d on the expansion of

the radiation intensity in to an orthogonal seaéspherical harmonics.

Table 4.2 The Proximate analyses of coal (as redgiv

Proximate Analysis (% dry baseAverage valug
Moisture 25

Ash 8
Volatiles 29.8
Fixed Carbon 37.7
Total Sulphur 0.7

Specific Energy (MJ/Kg) 19.6

o Lastly, when we have prepared non- adiabatic PDitetaabove mentioned

radiation model and discrete phase model (DPM)aatrated. Discrete phase
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model is used to calculate particle transport @qnoat In this case, a Lagrangian
approach has been adopted in combination with Emepproach. Using DPM
injections of fixed number of particle stream igramluced to each burner as per
their location point.

Particle size distribution is assumed to fit RoR@mmler diameter distribution
with spread parameter equal to 3.30. Trajectormséd by those injected
particles are tracked throughout the computatidoahain.

Spherical drag low is considered in discrete phaséelling with two — way
coupling between particle and gas phase in turlbuflew field. Inter action
between the particles and gas is incorporated bgxahange of source terms of
mass, momentum and energy. The dispersion of festdue to gas turbulence
is predicted using stochastic tracking model whiobludes the effect of
instantaneous turbulent velocity fluctuations ofe tlgas on the particle
trajectories. Discrete random walk model is usedtashastic tracking model.
Particles are assumed to be composed of raw doal, ash and moisture (Fan
et al., 2001).

Before we decide boundary condition and operatorgltions, material type for
PDF mixture is specified.

Simulation of coal combustion can be controlledwatjusting under relaxation
factors, plays an important role for convergencdeiga.

Gravitational force and default value for operatprgssure is considered under
operating condition section. After incorporatingeogting condition, boundary

condition selection would be the last step befargailising simulation.

4.5 Boundary conditions

This section will describe the boundary conditiodsosen for different cases

considered in this study. The principal theory behchoosing the different cases is

that the several experimental and computationaldissu have contributed to

understand the role of mechanism of solid partielesling the material surface of an

individual tube. Although these studies are usdfut research conducted so far

suggests that it is too difficult to relate to fatlale boiler. There is very little reported

work in literature in which full scale boilers wermulated and the erosion

distribution evaluated from the mean particulatéoei¢y or from the impact angle.
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The complexity of flow generated within a powerlityti boiler has compelled
designers to make use of empirical informationgmfcomplemented by pilot plant
experiments, in order to tackle problems associaii¢lal the erosion reduction. Such
design practices are rather expensive, inefficaent often valid for restricted range of
parameters. Thus, using trend analysis approacltam@redict the detailed flow and
particulate distributions under different operatiognditions and could possibly
enable to identify the location of maximum eroswear and the consequences in or
around those locations. Using different feed flaterand different firing scenarios,
optimization of boiler configurations to minimiseosion rate could then also proceed

in a more cost effective way.

Therefore, once the problem was defined in termsnefessary equations, the
establishment of the boundary conditions is reguiBoundary conditions for present
situations are inlets, wall and outlet. Boundarpditons will vary for four different
cases explained in section 4.5. For inlet, primand secondary air inlets are
considered as velocity inlet. These velocitiescaleulated as a function of mass flow
rate, density and inlet section area. Necessaguledions are shown below in this
section below. Table 4.4 shows calculated air avall low rate for base case (full
load) of 330MW furnace considered for study. Tudmilintensity of 3 % to 7 % is
considered.

Hydraulic diameter is set equal to inlet diametethe boiler. It is assumed, for the
calculations, that the gas pulverised coal mixttemperature is 400 K and the

secondary air temperature is 543 K.

Boundary condition calculations:

» Case 1: Full load (100%)

Fuel: Sub-bituminous coal

Calorific Value (CV): 5135 Kcal/kg

Type of Furnace: Pulverized coal fired furnace

Power generation (PG): 330 MW
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Boiler efficiency (BE): 77 % = 0.77

Turbine efficiency (TE): 38% = 0.38

Excess air (EA): 20%

Primary air distribution: 30%, Secondary air disttion: 70%

Cross sectional area of inner burner (From Gerfgraingement (GA) drawing)
=0.2826 M

Cross sectional of outer burner (From General Ayeament (GA) drawing) = 0.5024

m2

Total Number of inner and outer burners in operaticc0

Calculations:

1. Coal flow rate calculations

Coal Flow rate = PG (KW) / (hour) * 860 (Kcal / KW 4.7)

CV (Kcallkg) * BE (%)TFE (%) *3600 Sec/hr

= 330* 1000 * 860

5135 *0.77 * 0.38600

= 52.47 kg/S

2. Air flow rate calculations

For typical sub- bituminous coal, the air requiretas per stoichiometry comes out

as 8 Kg per Kg of Coal. The calculations are devioe

Calculation for Requirement of Theoretical AmouhAa

Basis: 100 kg of sub-bituminous coal.
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Table 4.3 The Ultimate analysis of sub bituminooalc

Ultimate analysis of sub-bituminous caoaverage (wt %)
Carbon 73.5
Hydrogen 4.8
Nitrogen 1.2
Sulphur 1.0
Oxygen 19.5

The exothermic chemical reactions are:

C +Q = CO

Hx+% G = HO

S +Q 2> SO

Constituents of fuel

C(12) +Q(32) > CK»:(44)

12 kg of carbon requires 32 kg of oxygen to formkg4f carbon dioxide therefore 1
kg of carbon requires 32/12 kg i.e 2.67 kg of oxyge

(73.5) C + (73.5 x 2.67) 0> (269.5) CQ

H,(2)+ % O, (16)> H,O (18)

2 kg of hydrogen requires 16 kg of oxygen to for8nkdy of water, therefore 1 kg of
hydrogen requires 16/2 kg i.e. 8 kg of oxygen

(4.8) Ho+ (4.8 x 8) @ > (4.8 x 9) HO

S(32) +Q(32) > SO (64)

32 kg of sulphur requires 32 kg of oxygen to forinkg of sulphur dioxide, therefore
1 kg of sulphur requires 32/32 kg i.e 1 kg of oxyge
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(1)S+(1x1)@> (2x1)SQ

Total Oxygen required = 235.65 kg

(196.25+38.4+1)

Oxygen already present in 100 kg fuel (given) =51&y

Additional Oxygen Required = 235.65 — 19.5 = 21&@5

Therefore quantity of dry air required = (216.19)23

(air contains 23% oxygen by wt.)

= 939.76 kg of air

Theoretical Air required = (939.76) / 100

= 9.40 kg of air / kg of fuel

=@ 8 kg of air / kg of fuel

(As the ultimate analysis of the fuel was varyinghe plant site, it was recommended
by plant operator to take 8 kg of air / kg of fém further calculations.)

Excess air was considered 20% for the pulverisatlifaing furnace.

Therefore, Total air required 8 kg of air / kg of coal * 52.47 kg of coal / Set.2

= 503.70 kg of air / kg of coal

As per plant practice, 30% of the total air wasmigol as primary air and rest 70% as

secondary air.

Therefore, Primary air flow rate (from inner bumer503.62 * 0.3 = 151.11 kg/s

Secondary air flow rate (from outer burnerb03.62 * 0.7 = 352.59 kg/s

3. Air velocity calculations (Boundary conditionrfBluent)
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Flow rate (ni/s) = cross sectional areaq velocity (m/s)
Therefore, Primary air velocity (m/s) (through eé&ciiner)

= Flow rate (n¥s)/(cross sectional area of burnef{riTotal number of running

burners)

(Density of air = 1.2 kg / i)

Primary air velocity (m/s) = (151.11/ 1.2) / (0288* 25) = 17.82 = @18 m/s
Secondary air velocity (m/s) = (352.59/ 1.2) b(24 * 25) = 23.29 = @ 23 m/s

4. Coal injection value (Boundary condition for &ht)

Total number of inner burners in operation from ethcoal will be injected = 25

Coal injection from each burner = 52.47/25 = 2.@(5k

From the above calculations, the boundary conditeypplied for base case is as

follows:

Table 4.4 Boundary conditions of Base Case for 3@8@Murnace

Parameter Values
Total primary air flow rate (kg /s) 151
Total secondary air flow rate (kg/s) 352
Coal feed rate from each burner (Kg/s) 2
Primary air velocity (m/s) 18
Secondary air velocity (m/S) 23
Total number of burners (inner + outer) 50

A pressure out flow is considered as outlet coaditwith 1300 K back flow
temperature. Wall temperature and emissivity vaiu@.5 to 1 for different walls are
considered as wall boundary conditions. Boundand@mns for three other cases are
shown in Table 4.5, Table 4.6, and Table. 4Détail calculations are shown in

Appendix G.
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Table 4.5 Boundary conditions for case 2 (excas28Pb)

Parameter Values
Number of active burners (inner + outer) 40
Total primary air flow rate 121 (kg/sec)
Total secondary air flow rate 282 (kg/sec)
Total coal flow rate 42 (kg/sec)

Table 4.6 Boundary conditions for case 3 (excas28Pb)

Parameter Values
Number of active burners (inner + outef) 30
Total primary air flow rate 91 (kg/sec)
Total secondary air flow rate 212 (kg/sec)
Total coal flow rate 31 (kg/sec)

Table 4.7 Boundary conditions for case 4 (exces3@%)

Parameter Values
Number of active burners (inner + outer) 50
Total primary air flow rate 174 (kg/sec)
Total secondary air flow rate 411 (kg/sec)
Total coal flow rate 50 (kg/sec)

4.6 Calculated cases

This section will describe operating conditionsbofners considered for this project.
Purpose of this study is to investigate charadtesisof fluid flow pattern and
behaviour of different parameter such as fluid we#lo particle trajectories
temperature etc. inside solution domain under dffefiring patternTable 4.8 shows
operating condition of burners for four diverseasasThese cases cover different set
up of the burners and fuel load in accordance wditferent operating range. In this
table “NA” indicates that burners which are noservice during operation while, “A”
indicates that burners which are in service dudgagbustion process. For case 1 all
five rows of burners are in service and furnacepsrated in full load conditions.
Input data of total air and fuel consumption fastbase is calculated using empirical

equations as shown in detail in section 4.5.
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In case 2, burner number 11 to 15 are not in seraicd can be considered that
furnace is operated on 80 % fuel load. For caserBds number 11 to 15 and 21 to 25
are not in service. That means only three rowsuohérs are in service out of five and
can be said that furnace is operated on 60% fael.|8ll these cases are considered
with 20 % excess air to achieve complete combustimide the furnace using

different firing pattern.

Table 4.8 Operating conditions of burners for défe cases

Burner Number Casel Case 2 Case 3 Case 4
Full load (base| 2-2 firing 2-1 firing Full load with
case) (3-2 firing) (excess air 30%
1to5 A A A A
6 to 10 A A A A
11-15 A N/A N.A A
16 to 20 A A A A
21to 25 A A N/A A

A= Burners are in service, N/A= Burners are nogenvice.

Moreover, in this project author has tried to inigege diverse case scenario by
considering 30% excess air as case 4 for the pségeicoal firing furnace. It is true
that 15-20% excess air is realistic operating ciorliin the case of pulverized coal
(Turner WC et al., 2006, Devendra C, 2005). Higiher excess air lower will be the
overall efficiency of the furnace due to highercktayas flow rate. However, the
advantage of higher excess air is that it can redDi®» and CO percentages well
below the standard limits. Thus, it can lead to pate combustion (Devendra, C,
2005). Even in the case of the higher moisturehdrigexcess air is recommended (N

Magasiner et al.,). Moreover, as per new practigartly (15-20%) flue gas
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recirculation in the pulverizer has been put in pinactice to get higher efficiency of

the pulverizer (Bhattacharya C. et al., 2007).

Despite of the standard 15-20% excess air limdkilog to the increased price of the
raw coal and pulverizing, some industries have legrerimenting 30% excess air in
the case of pulverized coal (Arand JK. et al., 1986drigues et al., 2005). Also, it
was suggested by industrial personal to carry iomtilgtion considering higher excess
air than ideal to analyse boilers efficiency arsdaperation. That was the reason that

this case was studied at 30% excess air. Howewsrjust a scenario modelling.

Results regarding simulation of all these casestiomed below are shown and

discussed in the following chapter five results dretussion.

However, calculated values of input data shownaartalary condition are used to run
simulation for the given furnace. Results obtaifexin simulations are used to do
parametric study and are combine with erosion masieloped be Mbabazi and
colleague to calculate erosion rate for the givemdce condition. Selection of this
model is based on coal chemistry criteria and perating conditions used for
experimental study. They have considered diffenemact angle and various impact
velocities to calculate erosion rate for the gigpecimen. These two parameters are
of our main concern out of all other parameter oesgble to cause wear effect. Next

section describes analytical model developed byldbeet al for their study.
4.7 Erosion Model: -(adopted from Mbabazi et al,. 2001)

In a high speed system when solid particle strit® metal surface, it removes or
damage the surface material layer by layer. Thi€gss can be termed as erosion or
abrasive wear of that target material. The extentalowrasive wear is generally
calibrated as mass or volume removed by strikingl quarticle. Cutting wear and
plastic deformation are two type of action by whiolaterial is removed. Finnie and
McFadden (1978) carried out experiments to andlyséehaviour of particles which
are at low velocities and at undesirable angle.uReshowed that the material
removed by these particles is negligible, whiletiphas at an acute angle and velocity
higher than critical do remove material in simifashion as a cutting action. Bitter

mentioned that when particle impacts on a flatestefat an acute angle, the material
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is accounted for shear over an area same as Veantass section of part of particle
which has impacted onto the surface. When sheainséixceeds, destruction starts.
This is known as cutting action.During the cuttaxdion, stresses acting at the contact
surface are constant. Thus, impacting particle lshaxert sufficient amount of

energy to overcome the deformation resistance ¢émah Kragelsky et al. developed

the equation of motion for impacting particle wittassm, and diameter ofl, is

showed below.

2
m dh = —ﬂ% hco, Wheret is the time,o, the yield stress of the target material,
P dt2 2 y y

and cis equal to 3, a shape factor for sphere.

When particle strikes a target surface at an amglempact, and impacting

velocityV , normal component of velocity is equal to initrate at which particle

strike the surface.

For t = 0, depth of penetration is equal to Yhein S (normal component of velocity).

Integrating equation, the following equation isabed.

90 h?
@:i V?sin? f-—— (4.8)
dt Ppdy

For maximum depth of penetration,

d’ 2
h®max = —=V3sin® ﬁ[ﬂj (49)
9 og

y

Volume of the material removed away from the matds proportional té’max, thus
mass of the material removed by single particld bal proportional to the value of

maximum height. Therefore mass using eq. (4.9Msgby

3

2 43 1/3 i3
m= chmh 3 — chmp pd pV sin ﬂ (410)

max 3

902y
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Where, K, is a constant and,, is the density of the erodent material. Cuttingoac

is defined as ratio of mass of the material and smaEfsimpacting particle. Thus

erosion due to cutting mechanism is given by thieong relation.

1
m _K,0,0%V’sin’ B
- 3
m et
p
o2y

E =

c

(4.11)

WhereK; is a constant

When particle strikes the target surface, removahaterial takes place by the joint
extrusion- forging process. Platelets are extrudech shallow craters made by the
impacting particle. These platelets are then haracheénto strained condition, in
which they can be easily removed from the surfaieis is known as plastic

deformation. During plastic deformation, normal gmmnent of particles’ kinetic

energy is used. This is given by the following aoqug

_1d)’
E ==
2

pVZsin® B (4.12)

Whered andp, are the particle diameter and particle densitpeesvely. Sheldon

and Kanhere showed relation between force and dexnoé the crater formed in the

target surface.

Thus work done by the normal force is given by,

max

H j o%dh 3)1

h
E, =V
24

WhereH, is the Vickers hardness number for steel
ComparingE, and E, maximum depth of penetration from eq. (4.12) aqd(é.13)

Is given by

3
_d%V?sin® Bp 2

3
h max — 3

H 2,

(4.14)
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Since crater formed is of same dimension to thahefmaximum height, and mass of
the material removed is proportional to maximumgheigiven by the following

expression. Using eq. (4.14)

1d3%V3sin® g8
3

M= K 00,2 (4.15)
H2,

WhereK jis a constant

The erosion rate due to plastic deformation usopng415) is given by,
1
2 \/3 i3

gp =ﬂ: KmelO p\g sSin ﬂ (416)

M, H,2

Relation between Vickers hardness and yield stvsEssaterial is given by Tabor.
H, =270, (417

Using relation shown in eq. (4.17) the overall epnsrate considering both

mechanisms using eq. (4.11) and eq. (4.16) is diyethe following equation,

1
K I (x 2V 3sin®
Kl )pmpgpz i 4.18)

o2y
Where, iK andl, a constant and erosion index (as shown in TalZeiMAppendix

A) of the ash respectively and x is mass fractibsilaca contained in an ash sample.

|, =3.5x%%®

Thus equation (4.18) for overall erosion rate iggiby
1

K(x)** p0,2V *sin® B

3
o?y

=

(4.19)

K is the overall erosion constant

An empirical eq. (4.19) for overall erosion ratensumlering both erosion mechanism
used by Mbabazi and colleagues, has been adoptethifo work. This equation

includes all major parameters which are responsfble metal erosion process
including yield stress for steel.
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Chapter 5

Results and Discussion

This section will explain parametric study carriedit from simulation using
simulation techniqgue mentioned in previous chapkérs study includes the effect of
temperature distributions, flue gas flow, an impawotgle effect and particle
trajectories for described combustion process. Tasigliscussed in previous chapter,
four cases including full load case have been taled for the analysis of physical
processes inside the coal fired boiler to clastify most susceptible area or faces of
the furnace, which may be under the influence othmeical wear. Therefore, to
evaluate, number of horizontal as well as diagarralss sections of furnace at
different height is considered. Figure 5.1 shovesdifferent cross sections considered
for post processing analysis. Plangi¥ a Vertical cross (width wise) section used to
show temperature distribution, velocity distributitor all cases. Plane ¥ Located

at furnace exit or at cross over path, shows teatper distribution at furnace exit for
all cases. Planej4s a horizontal cross section ai=28.301mt in burner zone (last
burner row) to show velocity as well as temperatdisgributions for different case
scenario. Similarly, Plane,Z&nd Plane Zare horizontal cross section gt=21.4314
mt and at 2= 14.315mt in burner zone, second burner row amd torner row
respectively, used for the same. Likewise, PlapatZZ= 29.033mt, lower part of
nose section, Planesat tip of nose section (beginning of super heatarey and
Plane £ at Z= 37.246mt in between super heater section antheaehd of nose
section are all horizontal cross sections consildog flow pattern analysis and
temperature distributions in upper furnace regiBfane XZ is an inclined plane
considered along the inclined nose surface to @bs#re activity around the nose
section. Lastly, Plane XX;, X3, X4 all are vertical planes considered along the heigh
of the furnace to have an idea regarding the vedit@ctions towards the plates as
well as wall surface. Moreover, author has memtbrvarious reference planes
throughout results and discussion section to empidiservation made during post
processing. The required calculations have beerfoppeed on a Microsoft
Windows2003 platform. The post processing toolshef FLUENT 6.3.26 with Intel
Core 2 Duo 2.3 GHz processor, 2GB RAM with 300GBage capacity.
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Figure 5.1 Reference cross sections used for posbpessing study and result

analysis
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5.1 Temperature distributions

This section will discuss effect of temperature andlysis made mainly on the basis
of full load case. All twenty five burners were service during full load operation.
The temperature distributions for case 1(full loatbng the cross sections, Z,, Zs,
xi1and Y; in accordance with Figure 5.2 is shown below.dHit general observations
are made from the analysis of the temperatureiligion, and then each case is
compared. The temperature distribution for eacle ¢gashown at a chosen vertical
plane (along the furnace height)=Y7.239 m from the furnace wall. A temperature
distribution for all other cases along the crosstiea Y; is shown in FigureB.1 in
Appendix B.Similarly, horizontal cross sections in burner zoaee considered for all
cases at different height to show temperatureibigions inside the furnace. For base
case, maximum temperature is observed in the cefittee furnace in burner zone
(zonel), where combustion takes place. Then temyperaecreases gradually as it
move toward upper furnace region. This decreastuergas temperature is mainly
due to heat exchange between wall and flue gasnidemum temperature is about
1890 K near the burner region, which ensures the slagging furnace operation
(Vuthaluru and Vuthaluru, 2006). A good mixing adfiet combustion air and
pulverised coal seems to be appropriate in thedsuegion. It can be seen that flame
has a proper length but due to flow from the topnbu row it inclines slightly
towards opposite burner wall.

Moreover, the amount of the combustion air and feigbplied ratio has a huge
influence on the temperature distribution inside tombustion chamber. This is
clearly observed in the Figure 5.2 {hat the peak temperature is around 1890 K near
the burner region. This hot region in burner zomeuos may be due to rapid
devolatilisation or inadequate particle radiatiossdes (Boyd and Kent, 2006).
Therefore, maximum temperature range in burnerraddation zone determines the
criteria for material of construction of differeparts of furnace. Finally, temperature
then gradually decreases as it approaches the swgaer platen region. Mean
temperature of 1420 K is observed inside the smlutiomain. Moreover, at the
furnace exit or at the cross over path (plapenearly flat profile for temperature is
observed. Temperature distribution along cross pagh is shown in Figure 5.3. The
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average temperature at the furnace exit is aba?® X0 This predicted value shows a

decent agreement with the available literaturehasva in Table 5.1.

X1

1.8%-+03
18203
1.75e+03
1 Ble+l3
1 B2e+l3
1.55e+03
1.4%+03
1426403
1.35e+03
1.28e+03
122403
1.15e+03
1.08e+03
1.01ex03
0476402
8.80e+02
8.12e+02
7 48e+2
B.78e+02
B.10e+02 1
543102

() (b)

Figure 5.2 (a) Temperature distributions along cros section ¥, (b) Temperature
distributions in burner zone along cross section Z Z,, Zz and along cross section

X1.

However, in the thesis, average temperature vdhrgyahe furnace exit (plane)xis
provided for comparison and not the specific vaRiediction of specific temperature
value is very hard through simulation. Besides, @ukack of plant data availability it
is not possible to compare the temperature ranggmaa from simulation with real
plant data. Thus, simulation results are comparghd lterature data obtained from
the furnace which were designed to produce eléstraf 350 MWe. Rear part or
furnace without economiser is considered for teaidy with same height and nearly
same depth of the furnace similar to the currendehoeported by the author. Similar
numerical techniques are adopted for both thesestao8imilar coal particle density
is considered for both models. Although there amxtain discrepancies the
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comparison shown in the thesis is satisfactoryid&ss a different firing technique is
considered in literature apart from what author bassidered for current model
(Belosevic et al., 2008). Temperature distributfon case 2, case 3 and case 4 is
shown in Figure B.1 (b), Figure B.1(c) and Figuré& Bl) in Appendix B respectively.
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[« Temperature distribution at Plane X1

Figure 5.3 Temperature distributions along cross cer path / furnace exit for
case 1(full load) (fig.5.2 (b))

In case 2 twenty burners (except burner no 11-16)unted at the same level on
opposite walls are in service. It is observed tleatperature is equally distributed
along the vertical plane and influence of top rowrners is absent. The peak
temperature near burner region for this case isitab®830 K , which is 60 K less then
temperature observed in case 1. Temperature atrtes over path has a similar
pattern as analysed in case 1. The average valigengierature 1033 K is observed at
the cross over path. The amount of air suppliddwger for this case as compared to
case 1. This leads to low temperature profile iastle furnace. Temperature
distribution on furnace exit is plotted along plane as shown in the Figure B.2 in

Appendix B.

For case 3, only fifteen burners were in serviceshart flame is observed which can
cause instability of combustion. It is observedttilame is inclined towards the
furnace wall and gradually approach the superhgdédées. The highest temperature

for this case observed is about 1810 K, less tlzee d and case 2. Figure B.1(c) is
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shown in Appendix B for reference. The average eal temperature at the cross

over path is about 1021 K, as shown in Figure B.Bppendix B.

Table 5.1 Literature value and obtained average vake of temperature

distribution at the furnace exit for different cases

Temperature Case 1 Case 2 Case 3 Case4(excess air)
(K)

Obtained value 1039 1033 1021 1009

Literature value 1294 - - 1263

* Average value considered along the furnace g@kane %) (fig.5.2 (b))

For case 4 where excess air is supplied with irse@dlow rate of air as compared to
case 2 and case 3. Here, all burners were activecdmbustion process. It is
important to notice that temperature has peak viaumirner region but reduces as it
moves in super heater region. This downturn in &naoire isdue to additional
cooling of flue gas provided by higher flow rateeofcess air. It is also observed that
temperature at cross over path reduces and hag @aloe of approximately 1009 K
as compared to other cases. Apart from temperé#itere are other equal responsible
factors as well, causing erosion in coal fired &o#re described in the following

section.
5.2 Particle trajectories

Particle tracks provide another view on the situatinside the boiler. This
exercise will help to quantify the residence tinfadifferent streams, which could be
one of the important factor for our study. Therefoduring post processing,
trajectories of fixed number of particles from s¢éel burners of each row are closely
analysed. It was observed that these particle ragestrike the furnace wall more
repetitively in particular area. In quite a few &ons trajectories shows increased
activity in different zones such as along noseisedurface, top wall surface of the
furnace, and in platen region. Moreover, literatatseo shows that tube failures
occurring in coal-fired boilers are the results esbsion wear caused by frequent

impaction of ash particles. In addition, partiakepacting on metal surface gives rise
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to surface layedeformation of furnace wall or tube wall due toeefed collisions
(Raask, 1969). However, computational study does provide the information
regarding particle shape but velocity vector dimtt impact angle and velocity
magnitude which provides the necessary platformréalict the erosive wear for any
particular zone. Therefore, on the basis of als¢hexplanations the probable areas are
assumed to be under the influence of erosion wé&hus, detailed analysis of
randomly selected burners from each row for ead® ¢a carried out to know the
behaviour of each stream inside the furnace ducmmbustion process. To do so,
stream of fixed number of particles are releasethfselected burners, are shown in

Figure 5.4 for case 1.

For case 1, it is evident that the particles fromvdr burners initially move in hopper
section and eventually travel up in high tempemtwne. However, particle stream
spend less time in burner zone whereas, spend mmoee in super heater and
economiser section before it leaves the furnaces Thdicates that complete
combustion of carbon is ensured prior to its exie tfurnace (Vuthaluru and
Vuthaluru, 2006). During the post processing it wssialised that stream from lower
burner row impact on front or opposite furnace wahis could result in damaging
the wall surface and lead to wear effect in thigipalar area. Furthermore, an upward
motion of stream was observed in radiation zonenbote vigorous flow was noticed
in platen heater regime which could lead to repetitollision of particles or particle-
wall collision. A probability of denting or scratching in this areauld be very high

too.

Trajectories from second burner row would be a#dctlue to the flow from the
above and opposite burners. Thus, this would distiow field and vary residence
time of the particles, lead to uneven proportiorunburnt carbon inside the furnace.
Moreover, time for any char particle for the neartynplete combustion usually lasts
from several milliseconds to five seconds in them&gee. Particle residence time inside
the furnace may vary due to several obstructiongsoway to chimney (i.e. particle-
particle, particle-furnace wall, particle-tube wadllisions etc.). In the present study
with Fluent, particle residence time obtained bgoteing particle trajectories using
the continuity equation of mass, momentum and gnarg estimated to be in the

range of 14-21 seconds.
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Figure 5.4 Patrticle trajectories selected burner fom row of burners for Case 1
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Some of the literature with CFD exercise also shtives particle stream has average

residence time of 22 sec to exit the furnace (@mai Kim, 2009). Model considered

from the literature has tangential firing patterithout any plates or heat exchanger in

super heater section and has nearly same outeregigoas of our study case. Also,

widely reported studies on coal fired furnace do cansider nose section in their

furnace design even though the residence time cabest 20-22 sec in 300 MW

capacity furnaces(Choi and Kim, 2009). In currenbdei, opposite wall firing

technique is used for this study. In super heatetian plates with narrow gaps and

nose section in radiation zone are created to ma@hplant furnace design. Due to
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increasedmpaction of the char particles inside the furngzagticle will reside in the

furnace even after combustion for a quite considerame.

For case 2, trajectories are shown in Figure C.Appendix C different burners are
selected for study purpose. A strong recirculaflow is observed in the bottom ash
zone. It is necessary to take into account thap#récles in area, where it is possible
to reach the melting temperature, they sometimesatdully burn out and hit the
wall, which could cause mechanical damage to tindse. It is observed that particle
from the second burner row spend high amount oé tinside the domain, especially
in super heater region and after cross over paih.dlso seen in post processing that
particle stream circulates and strike the furnaedl wery frequently. Top surface of
the furnace and surface of platen heater could ffeztad and may be under the
influence of abrasive wear. Here, for this caseawerage residence time of the flue

gas approximately 18 seconds is noticed.

A complete opposite behaviour is observed in caseshows very strong circulation
in burner zone as well as in the region of plateatér. It is also observed that particle
has high residence time and more active movememadration zone as shown in
Figure C.2 in Appendix C. It is interesting to oh&ethat particle strikes the opposite
wall as soon as they released from the burnerb@srsin Figure C.2(c) in Appendix
C. less active flow is observed near nose regiahimay have less effect in that
region. An average residence time for case 3 igoxppately 23 seconds which

shows sufficient time for char conversion.

In case 4 where excess amount of air is supptagdcdtories has different behaviour
as compared to case 1. It is observed that fludlgasfrom second and third rows of
burner moves directly in upward direction and tiaa®und plates in super heater
zones. It has moderate residence time as compaeasé 2 and case 3 where air and
fuel supplied ratio is less. Upward movement ofettories also shows that it might
hit the plate wall in vertical direction, which widunot ripple but would have
deforming effect in those regions. Trajectoriesnfr@another two burner row on
opposite wall shows same flow pattern and have aaserresidence time of

approximately 17 to 19 seconds.
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In general, for all cases particle stream spend $&wonds in burner zone and
radiation zone. But it shows more time in uppenéae region and area after cross
over path. Table 5.2 shows common observation niemla particle trajectories

during post processing.

73



Table 5.2 Summary of observation made for particlérajectories during post processing

Zone

Common observations

Causes

Radiation

Zone

Trajectories from all burners show upward movenaxaept few. It inclines
toward opposite wall as soon as it released tt@rburners. During particle
tracking it was observed that some of the trajges$ hit the opposite wall
and side furnace wall repetitively. Due to repmadlision of particle and wall
that particular wall surface area may be erodethbyparticle impact at certs

angle. There could be a formation of crater efiiethat particular area.

Repetitive collision between particle and wal
or particle- particleyweaken the material integr
or weaken the structural bond of material. Th
leads to failure of material in high temperatu

lizone.

Convectiorn

Zone

Strongly active uneven flow field is observed upsrheater plate section.
Flow stream enters the heater area at differegleaBue to high gas stream
velocity and due to high particle concentratioat@lsurface is most likely to
suffer a mechanical damage. This may leads to mraptumetal from that

particular surface area.

It reduces the heat transfer efficiency. Due to

solid Ash particle impact at various angles can

cause circumferential erosion on the tube sur
This also increase the maintenance and

unwanted shut down of the plant.

Economise

Zone

Gas flow with less velocity is noticed after cras®r Path. This may be due
to flow is been restricted by plates in super hesgetion. Walls of furnace
suffer erosive wear due to stream flow through lgetwveen plates and furnac
side walls.

Stream flow through narrow gap impact directly ba front wall and little

down to the exit.

In this section due to solid gas particle velocit

wall surface would be plastically deformed asg

operational service life.

e stream flowing down along the surface reduc¢

S

e

face.

y

e
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5.3 Effect of ash particle velocity

The aim of the present investigation is to studysem phenomena combining the
results obtained from numerical simulation and wizdl model developed for
erosion rate in the past by many researchers. Tdrerean attempt has been made to
achieve complete combustion for current furnace ehahd to make a use of
simulation data obtained during post processingioltild be much more practical if
the obtained results compared with the real platd.dHowever, it is difficult to get
the information about maximum erosion rate andbitation from power station, this
study is narrowed down to predict erosion rate gisinalytical model developed by
Mbabazi et al for lethabo power plant in south édri Selection of this power plant
was based on few point such as, firstly, study gaased out on erosion on air heater
surface by fly ash particle inside the boiler. Setly, fly ash chemistry mentioned in
the literature has a similarity with the fly ashhgaosition (adopted from Wee, 2006)
considered for current model as shown in Table B8y have considered air at

speeds of 18- 28 m/s for conveying ash particléeeerrange of 0.2- 41@% m.

Table 5.3 Chemistry of the fly ash (adopted from We, 2006)

Mineral matter Fly ash (%) Mineral matter Fly ash (%)
Si0, 52.3 MgO 1.3
Al,05 24.2 NaO 0.63
Fe03 154 KO 0.88
TiO, 1.4 SQ 0.1
Mn3zO4 0.15 RBOs 1.4
CaO 1.9

Moreover, mean particle diameter mentioned indiiere has small difference with
the diameter considered for current project. Lassilica content of fly ash has
similar value as of fly ash considered for currgtnidy. On the basis of silica content
as shown in Table A.3 few predictions has been nemlshown in Table A.4 in

Appendix A.
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In this section we will discuss about effect of ewp velocity studied during

simulation process.

The parameter chosen here is the impact velocityciwis dominant factor to cause
erosion by the ash particle in combustion procEkge gas flow distributions along
the cross section pand velocity vector distribution at different lev&l, Z,, and 2

in burner region as well as in superheater regtatiféerent level 4, Zs, and Zare
shown in Figure 5.5 below. Velocity vector distriimn at different cross sections in
the burner zone are analysed to have a better stadeling of flow in the boiler, as
shown in Figure 5.6t is observed that flue gas moves in vertical cign along the
height of the furnace. Some part of flow goes doamvalong the furnace wall in

hopper section and then moves upward towards faroactre.
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Figure 5.5 Velocity magnitude along vertical crosssection Y; and Velocity
vectors distribution in burner region (Z1, Z,, Z3) and along nose section (£ Zs,
Zeg)

From Figure 5.5 it can be seen that flow is panahkal nature as it comes out of the
burners. This shows even distribution of flow orrr®r surface. The flow moves
upward steadily and inclined towards the furnac#.wWdso, it can be seen that after

several impactions, flow is not evenly distributabund the nose section and in
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platen region. It shows different velocity magniuth different region such as
approximately 25 to 29 m/sec near top furnace wiallto 28 m/sec in superheater
section and approximately 19 to 31 m/sec arounchtdse section.Another reason
for change in magnitude can be attributed to ttairsg on the furnace walls. This
could lead to improper temperature distributiorthia radiation zone. It is observed
that flow field is disturbed when flow enters iraf@ region. Uneven flow is obtained
in between the plates, also between the platesfamndce side wall as shown in
Figure 5.5 for cross section 0f,Zs, and 4. After cross over path a reduced flow is
observed due to plates in upper part of furnaceedtices gradually as it enters the
rear pass and ceases to exist in some regiongsiopass. It can be seen that velocity
magnitude varies from 10 to 22m/s in burner zongufé 5.6 shows velocity
distribution in burner zone. It remains steady dnaktically increases to more than
30m/s as it approaches plate section. It is alsemed that velocity before cross
over path has maximum magnitude and likely to bspoasible for removal of
material, depending upon the particle impact angl¢hat region. Different areas
such as plate wall, nose, upper wall corner ofdaey wall opposite to the nose are

possible area for mechanical damage.
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Figure 5.6 Velocity distributions at level 4, Z, and Z3 (fig. 5.1) in burner zone
for case 1

Similar procedure is followed for case 2 where fingners in top row are not active
for burning. In this case less velocity is notiaeehr furnace wall but flow in the

centre of the furnace is more active. Flow nearbtilners shows more activity then
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in other locations. Moreover, Flue gas has pea&oil as it exits burner throat but it
reduces as it approaches the radiation zone. The diterence between case 1
(base case) and case 2 is that low velocity regronnd nose and low velocity after
the cross over section was observed for case Zd;léess erosive behaviour can be
predicted near nose in case 2. Also, wall of fuenat different height and in
different zones could be less affected by the garflow because flow field in those
regions is not intensive. Figure D.2 in AppendixsBows that velocity distribution

between sections,And % for case 2.

Detailed study of velocity vector for different sea of the furnace was carried out
to approximate the impact angle. To analyse thecefbf low velocity impact,
another batch of simulation was carried out wheng Gfteen burners out of twenty
five were active for combustion process. In caseii®ace was supplied with less air
and fuel flow rate as compared to case 1. As altre$k-1 firing uneven firing
pattern, an inclined flow field was developed asveh in Figure D.1Moreover, the
average velocity of the char particle calculated~bJENT comes 32 m/s for Case 1
while it is 12 m/s for Case 3. Case 1 is a fullda@®ndition where coal flow rate is
high around 52.47 kg/s while Case 3 is 60% loadioigdition where coal flow rate
is 31.47 kg/s. The velocity is proportional to floate, increases with increase in

flow rate.

It is true that velocity in Case 3 is even lesstttae proportional value which is 19
m/s. This may be due to firing pattern. In, Caser8y 30 burners are running with
coal and air flow rate decreases by 40%. Hence,cta particle will have less

travelling velocity compared to 50 burners in opiera

One would notice that inclined flow impacting onpogite furnace wall could be
major factor for erosive wear of that wall on alomiich flow occurs. However, it is
difficult to identify the particle shape with nun@al approach but with magnitude of
impact velocity on or around that wall, it is pddsito approximate the erosion rate
for that burner wall surface. Similar results warelysed for super heater section
with low impact velocity. On contrary high velocityas noticed near top furnace
wall and wall corner. Generally volume removed repwortional to the mass of
eroding particles, except for particles approachin@0 to the surface (Finnie and
McFadden, 1978).Table 5.4 shows different valueewfsion rate with different
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impact velocity magnitude estimated for constanpimgement angle during post
processing. Thus, impact angle in conjunction welocity shows similar pattern for

prediction of erosion rate for any particulate fletveam.

Study was further extended by simulating furnacth eixcess air supply to have an
idea of flue gas flow stream with high velocity.rRmarticular scenario flow profile

obtained is similar to the case 1 but seems ledmead towards the wall or nose.
This would be because of the less temperature dimttan zone due to excess
combustion air supplied. Secondly, flow field isealy distributed in super heater
section and near furnace exit (cross over patigurgiD.3 to D.5 and Figure D.6 to
D.9 shows the velocity distribution for burner aswperheater section respectively in

Appendix D.

Table 5.4 Variation of erosion rate with impingemeim velocity at constant angle
of 30

Velocity (m/s) Erosion rate (mg/kg)
18.80 5.04
21.94 6.20
23.51 7.52
25.08 7.52
26.68 9.03

* The unit describes the metal loss in mg per kdlyohsh throughput in the
present study.

Finally, Results analysed from numerical simulatiare compared with
experimental values obtained for Lethabo powertgl&8outh Africa) (Mbabazi et al.,
2004).Particulate values such as mass fraction of slié&(%w/w), fly ash density
1700kg/ni, velocity exponent equal to 3 and mechanical prggsefor steel, such as
density is 7860kg/th,yield stress is 254kgf/ms considered. Reasons for comparing
with the lethabo power plant are that the coal usedoth case has nearly similar
physical and chemical properties. The velocitiethefsections are also nearly same.
The mean particle diameter mentioned in the liteeahas minimal difference with

simulation case study. Silica content in both thees is also nearly same.
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The only difference being that Mbabazi's studiegoréed that erosion rate
for lethabo plant for air preheater and for smalhtedium scale furnace. Mbabazi's
efforts have been extended further in the preseemtysfor higher scale furnace and
for different sections other than air preheatere Dalack of validation data of actual
running installation, in this case only trends haeen compared. This model works
well and shows that erosion rate increases witheasing velocity and impact angle.
The probable zones for higher erosions rates haea bbtained through FLUENT
simulations by tracking particle trajectories. Timodel later should be validated

with real plant data in future studies.

Furthermore, figure 5.7 shows that erosion rateeim®es with increase in velocity
and shows similar pattern as predicted for Mbabkamiodel. The difference in
erosion rate value between obtained and literatahege is approximately 30% when
measured at 30mpact angle. This is quite huge difference whicaynbe because
predicted value of erosion rate is obtained comsigevelocity magnitude by
simulating full scale boiler. Mbabazi has obtairted erosion rate value only on the
air preheater study. It can be also seen from thphgthat for constant impact angle
(20) with different impact velocity, the average déida is about 4.9% which is

quite acceptable.

:: _—
5% —

=

3 4 5
Impact velocity (m/s)

Erosion rate (mg/kg)

i
N

—o— 20 deg—a&— Mbabazi's value—#— 30 deg|

Figure 5.7 Comparison of erosion rate for differentvelocity between predicted

and literature value at constant impact angle of 2@nd 30
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It is also observed that there is a steady incréaserosion rate with increasing
particle velocity in all other cases as shown igufe E.4, Figure E.8 and Figure E.12
in Appendix E. Propensity of Erosion rate of suefacaterial depends mainly on the
velocity magnitude. Figure 5.8 shows Comparisompearicentage of erosion rate for
different velocity for all cases. Predicted erosi@te for all cases for different

impact velocity at constant impingement angle Y&0shown in Appendix F.

50—
45+
40+
35+
30+

% Erosion rate25—

20—

15—

3 5 6 9 10 12 13 16 18 19 22
Velocity (m/s)

B Full load @ Case 20 Case

Figure 5.8 Comparison of percentage of erosion rat®r different velocity for all

cases

As mentioned earlier that impact velocity and ing@ment angle together gives
clear view about wear effect. Thus, from here weventm our next section effect of
impact angle once all necessary data related tociglhave been gathered. Next
section will give insight analysis of impingememigée at different location, which

will help us to predict the erosive behaviour irwego utility boiler.
5.4 Effect of impact angle

Analysis is further extended to impact angle ofetdént particles on the basis
of particle trajectories which is usually definegt flue gas path line. However,
accurate quantification of different angle is diffit with this approach. Literature
data available for impact angle is purely base@xerimental research. Most of the
research relies on experimental set up and consigey limited number of
parameters. Generally, in any experimental testgbaistream containing one or two
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particles with particular shape and size is injgcé fixed angle and with fixed

velocity which strike the test specimen. Frequdrgenvation of specimen surface is
made after each trial. Thus, using different impaugle with fixed velocity or fixed

angle with different velocity, it is possible tosjify wear effect on the surface of
target material. While in real power plant boileisi not possible to do so as the flow
distribution is much more complex. Therefore, CFDstpprocessing technique
together with IMAGEJ software is one of the altéives to overcome this situation
and approximate the angles for velocity vectorsaioled from simulation. As shown
in Figure 5.9 circled vectors are considered tolymeathe impact angle. Different
angles are measured along different magnitude lotitg. Close view of circle area

showed that there can be different angle for saahecity magnitude.

3.13e01
2.98e+01

Figure 5.9 Diagrams of velocity distributions on diferent cross section in X
direction for Case 1 (a) Close view of directionaVectors between top furnace
wall and plates (b) Close view of flow vectors in diween secondary platen

heater (c) Close view of flow vectors in nose regio

Different cross section along furnace height islyse to obtain the dominant
velocity on that particular plane as shown in Fegbir9. Close view of plate zone and
zone near nose clearly shows different velocity mtage and its direction in that
region. All calculations are carried out with defth material and fly ash particle
properties using erosion model developed by Mbaleazl. It is observed from

Figure 5.10 that maximum erosion rate occurs ata2@ gradually decreases with
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increase in impingement angle. It is also obsertteat there is not much of
difference in erosion rate value between @06d 30impact angle. But it decreases

suddenly between 3@nd 45impact angle.

Table 5.5 Erosion rate at different angle at consta velocity (26m/s)

Impingement Angle (deg) Erosion rate (mg/kg)
12.26 0.23
20.32 8.57
30.01 8.39
45.07 5.36
58.72 4.48

Hutchings showed that for all metal maximum erossacurs in between range of
20-30 by ash particle in high temperature region. Tah® shows the different
erosion rate for different impact angle at constasitcity for base case. Erosion rate

at different angle at constant velocity for all @tltases are tabulated in Appendix F.

Erosion rate (mg/kg)
IS 4]

10 20 30 45 60
Impingement angle (deg)

—=— Predicted Erosion rate

Figure 5.10 Predicted erosion rate for different inpingement angle at constant

impact velocity

Figure 5.10 shows erosion rate predicted for diiieimpingement angle at constant
impact velocity. This analysis was based on rangiosdlected velocity vectors
found near furnace wall approaching towards watlrdupost processing. Although,
it was tedious and time consuming job, in this nilotg study, 500-600 patrticles
were analysed for each case.
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Chapter 6
Conclusions and Recommendation

6.1 Conclusions

* Model development

The characteristics of the flow, combustion and gerature in the 330 MWe
opposite wall fired furnace have been numericallwestigated using CFD
commercial flow solver FLUENT for combustion prose# complex evaluation of
the model has been performed, with grid independgoty. Qualitative and
guantitative analysis has been performed for variggometrical and operational
conditions. The detailed results obtained in thislg enhance the understanding of
complex flow patterns, combustion processes ansivardehaviour in opposite wall
fired pulverised coal furnaces. Moreover, the meadns of different cases based on

the full load lay a foundation for the boiler opimg expert system.

 Model results

In the absence of experimental support and plat, dia¢ presentation of more results
of the parametric studies is difficult to justiftowever, Simulations were performed
for varying combinations of burners in operationsl aesults were compared. It was
observed that for different air to fuel supplietios, selection of these burners had a
substantial impact on the flow rate and temperatiséribution inside the boiler.
Simulation carried out with excess air indicatedttthe temperature at the furnace
exit or at cross over path decreases. Thus, important from the design point of
view that a careful selection of burners in operatmust be made. Also it is
imperative that the all the selected burners shdddmaintained for a smooth
combustion process to avoid unexpected breakdowtheoboiler. Results obtained
from simulation shows deviation of approximately?d&vith previously published
experimental data, may be due to difference imdirtechnique, different boiler

configuration and different grade coal is usedoas material.
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Predicted particle trajectories show variation artgle residence times inside the
boiler. Particle from the bottom of the burner rehows longer average residence
time inside the domain for certain cases may legoobr combustion process which

is not desirable for efficient working of power ptaoilers.

The numerical investigation combine with analyticabdel described here shows
that erosion rate on a mild steel surface subjetttesiream of fly ash particles varies
with particle impingement angle. For low value dfetimpingement angle, the
erosion rate increases with an increase in impimggerangle, with maximum erosion
rate occurring at 20 Thereafter, the erosion rate decreases with duiiticrease in

the impingement angle. Thus, results obtained filoisistudy are in good agreement

with literature available.

The calculated erosion rate for predicted veloshgws a steady increase in erosion
rate with increase in particle impact velocity. Banof velocity obtained from
simulation results are used to calculate erosida & constant impinging angle
shows average deviation of 4.9 % when measured aarfjle. The percentage of
deviation obtained is very small and can be negtecThis shows good agreement
with the previously published experimental valu&isTnumerical modelling study
endeavours to exemplify the effect of impact vedlp@nd impingement angle in
evaluating erosion potential of fine ash. Furthemne@ffect of impact velocity and
impingement angle for discrete sizes of silica ipl$ could be responsible for
excessive wear on furnace walls. These discretes sif silica particles are not

considered in the present analysis due to lackalfplant data.

Overall, current model in conjunction with erosimodel can provide useful insight
into the erosion phenomena for different gradesasdls. Model results from the
present work can complement full scale experimantsengineering calculations for
better judgement for arriving at optimum operatic@nditions to control erosion

phenomena in utilities.
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6.2 Recommendation

Future work should focus on the influence of thapghand rotation angle of the ash
particles on the erosion rate with appropriate ierosnodel. Quantitative analysis
should be performed on studying various gradesoaf with minimum amount of
silica content. Investigations must also be perfxnon the effect of this silica

content on the erosion in coal fired furnaces.

One of the commonly used modifications in the indakscale furnaces involves use
of tertiary air inlets to improve the mixing chateastics in these processes. It is
presumed that with higher supply of tertiary aidatecreased secondary air may
lead to better mixing of flue gas inside the fumand decreasing of temperature in
the down-streams of the furnace. It would be wohitevto carry out modelling
study that incorporates these tertiary air inlatthe boiler geometry. Verification of
these claims could be topic for future development.

For the purpose of modelling it is generally assdrtieat the coal particle size and
shape remains even and uniform. Whereas, it ikelglithat in practical scenario
such phenomenon would be occur. Thus, quantitaton is required to analyse the
effect of non uniform particle size and shapes dowide range of mean patrticle
diameters. From the modelling point of view in figtut is recommended to use and
compare other gas solid modelling approaches ssiatisarete element method and

Eulerian- Eulerian approach.

It would be interesting to incorporate the wall eetf of various materials of
construction and coatings that are generally used industrial operations.
Phenomena’s such as sticking, reflecting, impactind repulsing as an effect of
wall coating must be investigated to develop adrethderstanding of the erosion in

coal fired furnaces.
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6.3 Protective and remedial measures

Operational and equipmental measures are geneailsidered. It starts with evenly
distribution of coal flow rate from pulveriser milb burner section of the boiler.
During coal selection for thermal power plant, exattention should be given to
silica and other hard minerals content to avoicgiemm Ensure complete combustion
only in radiation section. Due to incomplete contlors large lumps of unburnt char
particle may impact directly on the wall surfacéeTmost obvious action would be
to reduce the air and coal particle velocity as Imas possible with in allowable

pressure drop limit to reduce the particle con@itn on wall surface of furnace.

In equipmental measures, material of constructionf@irnace wall and plates in
superheater section can be decided consideringesevaditions such as fuel silica
content, extreme temperatures, thermal shock, athsity of impact of solid ash
particle inside the combustion chamber. Non destreicests should be carried out
to analyse the surface condition of tubes as velialls inside the furnace. Proper
preventive measures should be taken to reduce suddé unwanted shutdown.
Although the measured shown above would not cussi@n problem but at least it
will extend the operational life of this equipment.
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Appendix A

Table A.1 Proximate and ultimate analysis

Average Range
Proximate Analysis

Moisture 25 22.28

Ash 8 4-10

Volatiles 29.8 2234

Fixed Carbon 37.7 36-48
Total Sulphur 0.7 0.3-1.0

Specific Energy (MJ/KQg) 19.6 18.8-21.5
Ultimate Analysis (% Average Range
daf)

Carbon 73.5 73-76
Hydrogen 4.8 4.2-4.9
Nitrogen 1.2 1.2-1.5
Sulphur 1.0 0.3-1.3

Oxygen 19.5 18-20
Mineral matter Average Range
S0, 47.3 30-55
Al20s 24.3 20-30

F&:03 17.1 5-22

TiO2 1.54 1.-2.5
Mn3O, 0.19 0.05-0.22
Ca0o 2.14 1-3
MgO 1.67 0.5-2
Na,O 0.54 0.2-1
K20 0.73 0.3-0.9
SO 0.90 0.3-1.8
P20s 1.52 0.05-4.0
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Table A.2 Erosion indices of fly ash for silica temnts (Raask, 1985)

Silica (SiQy) content of ash (Wt %)

Erosion indices

Less then 40

Low, less than 0.02

Range 40-50

Medium, 0.02-0.08

Range 50-60

Medium to high, 0.04-0.28

Table A.3 The chemistry of the mill reject ash,tbot ash, fly ash (Wee, 2006)

Mineral Fly ash Furnace wall | Superheater Reheater
matter
Si0, 52.3 67.14 65.40 72.24
Al ;03 24.2 15.36 12.26 11.34
FeOs 154 11.83 17.05 12.85
TiO> 1.4 1.07 0.83 0.97
Mn3z04 0.15 0.07 0.07 0.04
CaO 1.9 1.01 1.17 0.68
MgO 1.3 0.64 0.60 0.41
Na,O 0.63 0.11 0.10 0.10
K20 0.88 0.91 0.41 0.93
SG; 0.1 0.02 0.05 0.09
P>Os 1.4 1.06 1.43 0.60
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Table A.4 Summary of Erosion rate for different esmn the basis of silica content (Wee, 2006)

Zone Probable areas under erosion | Dominant impact | Approximate Erosion | Erosion effectiveness (%) Intensity
influence Velocity (m/s) rate (mg/kg) of erosion
Zone 1 Side wall of furnace 14.28 2.86 5.52 Medium
Radiation Burner walls
Zone Lower part of nose sectior
Hopper section
Zone 2 Super heater section 30.19 2451 47.38 High
Convection
zone Upper furnace walls 28.14 22.58 43.64 High
Upper part of nose section
Edge of nose section
Zone 3 Side walls of furnace 12.33 1.78 3.44 Medium
Economiser
Zone
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Appendix B

B.1 Temperature distribution
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Figure B.1 Temperature distribution along plang=Y¥.2395 m in Z direction, (a)

B.07et2
5.43e+02

Temperature distribution for case 1. (b) Tempemtdistribution for case 2, (c)
Temperature distribution for case 3, (d) Tempertistribution for case 4
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() (d)

Figure B.2 Temperature distribution on planes, Z,, Zz and x%(Z;=8.30m,
Z,=11.30m, 2=14.36m, and ¥ 7.89m) for (a) Case 1 (b) Case 2 (c) Case 3 &eC
4
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Figure B.3 Temperature distributions at cross @ath for case 2
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Figure B.4 Temperature distributions at cross @ath for case 3
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Figure B.8 Temperature distributions in burner oagior case 3

95



2000 (]

" ¢ . . [
* ] *
1800 ¢ * . ¢ Y am RS
u . LT o W  m o ¢ R .
. Voo
16001 A ’l o 05 o we"” ‘I'o
" L1 A o e,
. .
LT N S " o"
1400 | (FA . . * . ',‘:‘
BT a® o o0
— ;&“ . .,
N4 *
< 1200 o A3 * e »
e [ ] »
2 R * o
S 1000 1 " . o "oge
[5) | |
o | |
IS5 »
*
2 500 ¢ -
%
. &
600 | g
: (
v | |
400 n .
"3 ne
200 -
0 ; ‘ ‘ ; ; ;
-8 -6 -4 2 0 2 4

Distance (m)

‘ ¢ Plane Z1= Plane Z2 Plane Zj

Figure B.9 Temperature distributions in burner oagor case 4

96



Appendix C

C.1 Particle trajectories — case 2
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Figure C.1 Particle trajectories for case 2, (ajn@es 1 to 5 (b) Burners 6 to 10 (c)
Burners 16 to 20 (d) Burners 21 to 25
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C.2 Particle trajectories - case 3
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Figure C.2 Particle trajectories for case 3 (a)rgus 1 to 5 (b) Burners 16 to 20 (c)
Burners 21 to 25
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C.3 Particle trajectories — case 4
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Figure C.3 Patrticle trajectories for case 4 (a)rBus 1 to 5 (b) Burners 6 to 10 (c)
Burners 11 to 15 (d) Burners 16 to 20 (e) Burndr$a225
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Appendix D

D.1 Velocity distribution
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Figure D.1 Velocity magnitude along plang=Y7.2395 m in Z direction (a) Case 1 (b)
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Appendix E

E.1 Case 2 (2-2 firing)
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Figure E.1 Predicted erosion rate for different awip velocity at constant
impingement angle (3p
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Figure E.2 Predicted erosion rate for different auip velocity at constant
impingement angle (2D
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Figure E.3 Predicted erosion rate for differentimgement angle at constant impact
velocity (18 m/s)

E.2 Case 3 (2-1 firing)
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Figure E.4 Predicted erosion rate for different awip velocity at constant
impingement angle (3p
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E.3 Case 4 (Excess air)

40 A
35 4

30

N
al
L

n
o
L

Erosion rate (mg/kg)

15

10 -

18 22 28 34 42

Impact velocity (m/s)

—e— Predicted Erosion rate

Figure E.7 Predicted erosion rate for different atip velocity at constant
impingement angle (3p
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Figure E.8 Predicted erosion rate for different atip velocity at constant
impingement angle (2P
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Appendix F

F.1 Case 2 (2-2 firing)

Table F.1 Predicted erosion rate at different inha&tocity at constant impingement
angle3o

Velocity (m/s) Erosion rate (kg/mg)
4.9 0.26
8.18 1
12.82 2.68
17.79 2.68
23.15 5.93

Table F.2 Predicted erosion rate at different inhp&btocity at constant impingement
angle20

Velocity (m/s) Erosion rate (kg/mg)
4.9 0.20
8.18 0.79
12.82 2.12
17.79 2.12
23.15 4.67

Table F.3 Predicted erosion rate at constant uglo€18m/s) with different
impingement angle

Angle (deg) Erosion rate (kg/mg)
12.26 0.07
20.32 2.84
30.01 2.78
45.07 1.77
58.72 1.448
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F.2 Case 3 (2-1 firing)

Table F.4 Predicted erosion rate at different inhp&bocity at constant impingement

angleso
Velocity (m/s) Erosion rate (kg/mg)
2.47 0.08
571 0.44
9.76 0.70
11.35 0.70
15.42 1.75

Table F.5 Predicted erosion rate at different inhpa&tocity at constant impingement

angle20
Velocity (m/s) Erosion rate (kg/mg)
2.47 0.07
5.71 0.35
9.76 0.55
11.35 0.55
15.42 1.38

Table F.6 Predicted erosion rate at constant vglo(®.7m/s) with different

impingement angle

Angle (deg) Erosion rate (kg/mg)
12.26 0.01
20.32 0.44
30.01 0.43
45.01 0.27
58.72 0.23
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F.3 Case 4 (excess air)

Table F.7 Predicted erosion rate at different inhp&btocity at constant impingement

angle3o
Velocity (m/s) Erosion rate (kg/mg)
17.8 4.9
21.74 10.11
27.67 18.12
33.61 18.12
41.53 34.22

Table F.8 Predicted erosion rate at different inhpa&tocity at constant impingement

angle2o
Velocity (m/s) Erosion rate (kg/mg)
17.8 3.87
21.74 7.98
27.67 14.30
33.61 14.30
41.53 26.98

Table F.9 Predicted erosion rate at constant uwglo€l6m/s) with different

impingement angle

Angle (deg) Erosion rate (kg/mg)
12.26 0.55
20.32 1.99
30.01 1.95
45.07 1.24
58.72 1.13
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APPENDIX G

Case 2: Partial load (80%)

DATA

Fuel: Sub-bituminous coal

Calorific Value (CV): 5135 Kcal/kg

Type of Furnace: Pulverized coal fired furnace

Power generation (PG): 264 MW

Boiler efficiency (BE): 77 % = 0.77

Turbine efficiency (TE): 38% = 0.38

Excess air (EA): 20%

Primary air distribution: 30%, Secondary air disttion: 70%

Cross sectional area of inner burner (From gersgrahgement (GA) drawing) =
0.2826 M

Cross sectional of outer burner (From general gearent (GA) drawing) = 0.5024

m2

Total Number of inner and outer burners in operatigtO

Calculations:

1. Coal flow rate calculations

PG (KW)/ (hour) * 860 (Kcal/ KW)

Coal Flowrate =
CV (Kcal/kg)* BE (%) *TE (%e) * 3600 Sec/ hour
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264 * 1000 * 860

5135 *0.77* 038 * 3000

= 41.97 kg/S

2. Air flow rate calculations

For typical bituminous coal, the air requiremenpas stoichiometry comes out as 8

kg per kg of Coal. The calculations are alreadyshin Case 1.
Excess air was considered 20% for the pulverisadifamng furnace.

Therefore, Total air required

= Theoretical air * Coal flow rate * (1 +EA/100)
= 8 kg of air / kg of coal * 41.97 kg of coal / Se¢1+20/100)
= 402.95 kg of air /sec

As per plant practice, 30% of the total air waspigl as primary air and rest 70% as
secondary air.

Therefore,

Primary air flow rate (from inner burne¥)402.95 * 0.3 = 120.89 kg/s

Secondary air flow rate (from outer burner}#02.95 * 0.7 = 282.06 kg/s

3. Air velocity calculations (Boundary condition fa Fluent)

Flow rate (ni/s) = cross sectional areaqy velocity (m/s)
Therefore,

Primary air velocity (m/s) (through each burner)
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= Flow rate (n¥s)/(cross sectional area of burnef{rirotal number of running

burners)

(Density of air = 1.2 kg / i)

Primary air velocity (m/s) = (120.89 / 1.2) / (0288* 20) =17.82 = @18 m/s
Secondary air velocity (m/s) = (282.06 / 1.2) 524 * 20) = 23.29 = @ 23 m/s

4. Coal injection value (Boundary condition for Flient)

Total number of inner burners in operation from ethcoal will be injected = 20

Coal injection from each burner = 41.97/20 = 2.#@0sk

Case 3: Partial load (60%)

DATA

Fuel: Sub-bituminous coal

Calorific Value (CV): 5135 Kcal/kg

Type of Furnace: Pulverized coal fired furnace

Power generation (PG): 198 MW

Boiler efficiency (BE): 77 % = 0.77

Turbine efficiency (TE): 38% = 0.38

Excess air (EA): 20%

Primary air distribution: 30%, Secondary air disttion: 70%

Cross sectional area of inner burner (From gersgrahgement GA drawing) =
0.2826 M

Cross sectional of outer burner (From general gearent GA drawing) = 0.5024°m
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Total Number of inner and outer burners in operati80
Calculations:

1. Coal flow rate calculations

PG (KW)/ (hour) * 860 (Kcal/ KW)

Coal Flowrate =
CV (Kcal/kg)* BE (%) *TE (%e) * 3600 Sec/ hour

198 * 1000 * 860

5135 *0.77* 038 * 3600

= 31.48 kg/S

2. Air flow rate calculations

For typical bituminous coal, the air requiremenpas stoichiometry comes out as 8
kg per kg of Coal. The calculations are alreadyshin Case 1.

Excess air was considered 20% for the pulverisadifaing furnace.

Therefore, Total air required

= Theoretical air * Coal flow rate * (1 +EA/100)
= 8 kg of air / kg of coal * 31.48 kg of coal / Se¢1+20/100)

= 302.22 kg of air /sec

As per plant practice, 30% of the total air waspigal as primary air and rest 70% as
secondary air.

Therefore,

Primary air flow rate (from inner burne¥)302.22 * 0.3 = 90.66 kg/s
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Secondary air flow rate (from outer burnery02.22 * 0.7 = 211.55 kg/s

3. Air velocity calculations (Boundary condition fa Fluent)

Flow rate (ni/s) = cross sectional areaqy velocity (m/s)
Therefore,
Primary air velocity (m/s) (through each burner)

= Flow rate (n¥s)/(cross sectional area of burnef{rirotal number of running

burners)

(Density of air = 1.2 kg / i

Primary air velocity (m/s) = (90.66 / 1.2) / (0.88215) =17.82 = @18 m/s
Secondary air velocity (m/s) = (211.55/1.2) 524 * 15) = 23.29 = @ 23 m/s

4. Coal injection value (Boundary condition for Flient)

Total number of inner burners in operation from ethcoal will be injected = 15

Coal injection from each burner = 31.47/15 = 2.#@0sk

Case 4: Full load (100%) — 30% Excess air

DATA

Fuel: Sub-bituminous coal

Calorific Value (CV): 5135 Kcal/kg

Type of Furnace: Pulverized coal fired furnace

Power generation (PG): 330 MW

Boiler efficiency (BE): 77 % = 0.77

Turbine efficiency (TE): 38% = 0.38
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Excess air (EA): 30%
Primary air distribution: 30%, Secondary air disttion: 70%

Cross sectional area of inner burner (From gersgrahgement (GA) drawing) =
0.2826 M

Cross sectional of outer burner (From general gearent (GA) drawing) = 0.5024

m2

Total Number of inner and outer burners in operaticb0

Calculations:

1. Coal flow rate calculations

PG (KW)/ (hour) * 860 (Kcal/ KW)

Coal Flowrate =
CV (Kcal/kg)* BE (%) *TE (%e) * 3600 Sec/ hour

330 * 1000 * 860

5135 *0.77* 038 * 3600

= 52.47 kg/S

2. Air flow rate calculations

For typical bituminous coal, the air requiremenpas stoichiometry comes out as 8

kg per kg of Coal. The calculations are alreadyshin Case 1.

Excess air was considered 30% for the pulverisadifaing furnace.

Therefore, Total air required

= Theoretical air * Coal flow rate * (1 +EA/100)

= 8 kg of air / kg of coal * 52.47 kg of coal / Se¢1+30/100)
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=545.67 kg of air /sec

As per plant practice, 30% of the total air waspigol as primary air and rest 70% as

secondary air.

Therefore,

Primary air flow rate (from inner burne¥)545.67 * 0.3 = 163.70 kg/s

Secondary air flow rate (from outer burnerb45.67 * 0.7 = 381.97 kg/s

3. Air velocity calculations (Boundary condition fa Fluent)

Flow rate (ni/s) = cross sectional area?nt velocity (m/s)
Therefore,
Primary air velocity (m/s) (through each burner)

= Flow rate (n¥s)/(cross sectional area of burnef{rilrotal number of running

burners)

(Density of air = 1.2 kg / i)

Primary air velocity (m/s) = (163.70/ 1.2) / (0288* 25) = 17.82 = @19.31 m/s
Secondary air velocity (m/s) = (381.97 / 1.2) b(IR4 * 25) = 23.29 = @ 25.34 m/s

4. Coal injection value (Boundary condition for Flient)

Total number of inner burners in operation from ethcoal will be injected = 25

Coal injection from each burner = 52.47/25 = 2.10
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