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ABSTRACT

This dissertation deals with the development ofodiring advisory tool capable of
predicting the effects of biomass co-firing withalcen the ash deposition and thermal
performance of pulverised fired (pf) boilers. Tleeloped predictive methodology integrates
a one-dimensional zone model of a pf boiler to mieitee the heat transfer conditions and
midsection temperature profile throughout the bilgith the phase equilibrium—based ash
deposition mechanistic model that utilises Fact$4ghermo-chemical data. The designed
model enables advanced thermal analysis of a bdderinvestigating the impact of fuel
switching on boiler performance including the agipdsition effects.

With respect to the ash deposition predictive motted improved phase equilibrium
approach, adjusted to the pf boiler conditions wasposed that allows the assessment of the
slagging and high temperature fouling severity ealiby the deposition of the sticky ash as
well as low-temperature fouling due to salts corsd¢ion. An additional ash interaction
phase equilibrium module was designed in orderstor&te the interactions occurring in the
furnace between alumino-silicate fly ash and alkaétals originating from biomass. Based
on the developed model, the new slagging/foulirdjces were defined which take into
account the ash burden, slag ratio in the fly apipraaching the tube banks as well as the
slag viscosity corresponded to the conditions withie pf boiler.

The developed model was validated against fielceagsions data derived from semi-
industrial pf coal-fired furnace as well as a largeale 518 MWpf boiler fired with a blend
of imported bituminous coals and biomass mix comego®f the various quality
biomass/residues, such as meat and bone meal, \pelbets and biomass mix pellets
produced on-site: the power plant typically fire¢p i0 20wt% coal substitution. Good
agreement has been found for the comparison betweedictions and slagging/fouling
observations. Based on the validated model theliggld optimisation was performed up to
30wt% co-firing shares revealing highly non-addtiash behaviour of the investigated fuel

blends.
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Ir
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ad adiabatic -

con convection -
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e electrical -
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w wall -
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a convective heat transfer coefficient WHn
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0o Stefan-Boltzmann constant Wit
7 ratio of molten slag in the ash -
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INTRODUCTION

1.1 Background Information

Nowadays, more than 85% of primary energy conswnpbriginates from fossil fuels
whilst the coal is still the largest energy sousmounting to around 40% of world’s
generated electricity [1, 2]. Pressure on the diimgdraditional economic fossil fuel reserves
along with stringent environmental legislation, @splly those associated with greenhouse
gas production, has led to sectors such as thpbwer generation to reanalyse the way in
which they produce electricity. The EU target isnorease share of renewable energy sources
by generating 20% of its energy from renewable gynbly 2020 (15% in case of the UK) [3].
One such promising route to achieve in short-timedesthe set targets is to co-fire using a
mixture of coal and biomass in existing large sgallrerised fuel fired boilers.

Currently, coal substitution rates have been cwasiee, typically operating at about
10wt% when co-firing less quality agricultural biags. However, within the European Union
there is a drive to substantially increase the lasgco-firing ratios to around 30wt% or even
to higher percentages when utilising good qualibod pellets or torrefied biomass. This is
especially encountered in European countries whemass (co-)firing is subsidised by
governments, namely in Belgium, The Netherlandg WK, Spain, Italy and Poland.
Amongst these countries the UK and Poland havéatigest estimated technical potential, in
terms of available pulverised coal-fired boilerpaeity for biomass co-firing [4]. In the view
of the most extensive, and long experience in bggnt@mbustion, the Nordic countries, such
as Denmark, Sweden, and Finland, have been foubd tbe leaders in this field due to good
biomass supply, contributing to favourable condisidor biomass (co-) firing.

According to carried out estimations [5], in 201found 230 power plants placed
globally, with a range of power capacities variedween 50-700 M\ use, have used or
announced the intention tm-fire biomass with coal. Assuming switching loé tL0% of the

global coal-fired capacity to biomass co-firingwibuld result in approximately of 150 GW

-1 -



Chapter 1

biomass capacity [5]. This is around 10 times highwan today’s co-firing capacity
estimations and about 2.5 times higher comparethdoglobally installed biomass power
capacity (in 2010).

The technology of biomass co-firing in large puised coal-fired boilers is the most
cost-effective way of biomass utilisation due te tieed for only relatively minor, low cost,
system modifications, and the higher boiler efficig in comparison with 100% firing
biomass in smaller boilers. Limitations develop ttusupply chain problems for the physical
guantities of biomass needed. The by-product os$irrgi biomass thresholds can be
operational problems associated with the generati®tagging and fouling and/or corrosion
within pulverised fuel boilers.

The ash deposition process, inevitably associatddtive combustion of solid fuels, can
lead to substantial financial losses to an operastor result of reduced boiler efficiency,
reduced availability (unplanned shut-downs), anghhinaintenance costs due to blockage,
erosion, and corrosion. These operational boil@blems are often, but not exclusively,
caused by utilisation of high alkali content biomaRiels, whose fly ash behaviour
significantly differs from that of conventional fise The pioneering straw co-firing campaign
undertaken in the 1990s in Denmark revealed sefoolklems with slagging, fouling, and
corrosion encountered in conventional boilers saglstoker-fired (up to 100% straw firing),
fluidised bed boilers (with up to 50% biomass onesergy basis) and also increased ash
deposition in pulverised boilers (up to 20th% stidvares) [6-8]. It has been established that
the main reason for such operational problemsridite high concentrations of potassium and
chlorine present in straw.

With respect to coal impacts, the results obtainech the UK collaborative programme
(in 1990s) on slagging in pulverised coal-firednfaces revealed that iron and calcium (both
abundant in the inorganic matter of the UK nativals) originated from pyrite and calcium
carbonate, respectively, are the major fluxing #&gest alumina-silicates which led to
decrease ash viscosity, thus enhancing slagging [9]

Nowadays most of the hard coals fired in Europeawe? Plants originate from various
worldwide sources (e.g. Russia, Colombia, SouthcAfrUS), except in Poland which is the
largest hard-coal producer in EU27. In all of thesmnts, co-firing of different quality coal
blends with biomass is very common. To date, tlggiirements with respect to the use of
diverse biomass fuels co-fired at higher levelsxisting large pulverised fuel boilers has

rapidly increased. Therefore, there is a needsesasthe safe, economical operating limits on
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the level of co-firing fuels that can be used ins#rg boilers while maintaining efficient
boiler performance without severe slagging andimhgil

Although many ash behaviour indices and predictehniques are available, most of
them have been developed for addressing slaggidgaaning during coal combustion and
are also limited to certain coal types. These islido not include the non-additive ash
interactions between coal and biomass which mayroatien the fuels are fired together,
leading to inaccurate predictions if available codlices were used. Other predictive indices
and methods, postulated to be more accurate, eemqare detailed fuel information regarding
the mineralogical composition, particle size dimition and solubility of inorganic elements
to assess slagging/fouling propensity. These nandsird additional fuel data are not easily
available on a daily basis, and even so, when ihexoto more complex fuel blends of
different origin and ash chemistry, the interacsidretween inorganics need to be assessed
which is still a big challenge.

In recent years, a number of CFD-based models/abongl including ash deposition
phenomena have been developed. Nowadays, multipeirgoFD codes combine the
modelling of turbulent flow in combustion systemghaother combustion phenomena. These
include advanced models of ash deposition with dexptages of ash behaviour from ash
formation, transport to the heat surfaces, demsitand growth. The integration of CFD
combustion modelling with advanced mineral mattegnaistry, multicomponent, multiphase
thermo-chemical equilibrium calculation, and adwxhduel analyses are the goal for the
development of reliable complex simulation tools &xcurate predictions of slagging and
fouling processes.

Despite the apparent advantages associated witht@#ts, these comprehensive models
are too bulky for use in case studies with strovglyable fuel properties or those considering
various possible design changes to the boiler anmth€e. In addition to the expertise required
and time taken to prepare the simulation, CFD nedeh at best take several hours or days
to run and at worst several weeks. This makesit @dficult and time-consuming to evaluate
the effect of even small changes to fuel specificatindeed, most operators test new fuels in
model 0.5-1 MW boiler simulators with residence disimilar to large boilers, looking at
slagging, fouling, corrosion effects, as well asaage of other parameters. This allows
appropriate fuel blends to be developed, but gxpensive. When a co-firing approach or
retrofitting an existing unit is considered, desaggineers as well as the boiler's management
have to take into account a large number of pakptoblems and case studies related to the

efficiency and reliable operation of the boilerrface.
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In such cases, the models should be simple, capéliteorporating experimental data,
since a rapid response is required so that numetmsscan be conducted. With sufficient
accuracy, the required thermal characteristics haf furnace can be obtained within a
relatively short period of time, with the aid ofrmbased engineering computational models.
These simplified models are capable of deliveringfigent information regarding the
thermal conditions within the boiler that can bettier used or employed for more complex

thermo-chemical investigations on slagging andifguvhen co-firing various fuel blends.
1.2 Objectives and Main Research Questions

The aim of the research was to develop a geneaggsig/fouling prediction tool for
large scale utility boilers when co-firing biomassll blends. This should be capable of
giving relatively quick responses of the prediciomhen simulating the effects of different
fuel types and operating conditions while beinglgasplemented for various furnace types.

The objectives of the research are as follows:

» to perform an overview of the variety of the sdil ash chemistries, as well as to

identify the major factors affecting slagging aondlfng,

* to carry out the critical review of the slaggingdafouling predictive methods and
boiler thermal performance simulation tools to Mgt their capabilities and

limitations,

* to develop an integrated package of methodologeste of predicting the slagging
and fouling tendencies of solid fuels blends asl wgelassessing the impact of fuel
guality change on thermal boiler performance,

» to validate the developed predictive modelling appgh on slagging/fouling data
derived from a large scale pulverised fuel boiler,

» to investigate the optimal fuel flexibility windowts avoid severe slagging and fouling
of coal/biomass blends containing residual bionva#s increased proportion of low
quality ash.

Based on the performed studies and obtained résdiatings the following research

guestions will be answered:
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* Is it possible to assess successfully the slagomigig tendencies of complex
coal/biomass fuel blends with the aid of modelsedasn the phase equilibrium

analysis? How much detailed fuel data are requoeduch analysis?

* How the quality of coal ash would affect the slaggand fouling when co-firing of

coal with biomass?

The set of investigated fuels includes various @sdlity trade hard-coals and their blends
with biomass containing poor quality ash, suchtesasand mixtures composed of the meat
and bone meal, paper/sewage sludge and wood residhe optimal co-firing rates for

certain fuel blends aimed to be identified.

1.3 Thesis Outline

Following by the introduction part, the Chaptent@rts off by outlining the major factors
affecting slagging and fouling in boilers. The diffnces in the inorganic species origin,
composition and behaviour between various coalshémmass fuels are outlined and the ash
deposition mechanisms described. In Chapter 3,t@atrreview of existing slagging and
fouling predictive methods and boiler simulatiorol®ois carried out, which resulted in
defining the conceptual approach of the model todbeeloped. Chapter 4 presents the
development of a slagging and fouling predictivethodology, firstly by outlining the
improved zone-based thermal model, and then bypeifig the sensitivity analysis of the
model applied to the large scale pulverised fudebsupported with discussion of the results
obtained. It is then followed by the developmenttioé thermo-chemical module that is
employed to predict and investigate slagging/fautendencies, which is defined in Chapter
5. In this Chapter the results obtained from tred hlend optimisation analysis as well as the
effects of biomass co-firing are discussed in nawtails. The Chapter 6 presents the results
from the validation of the slagging/fouling modeithwthe slagging/fouling observations
gathered from a semi-industrial coal-fired furnael a large scale coal/biomass fired pf
boiler. Additionally, the methodology used to opBsmore complex coal/biomass blends to
minimise their slagging/fouling propensity is prets®l and the obtained findings discussed.
Finally, in Chapter 7, the conclusions drawn frame tesearch are given, followed by the

recommendations for continuation of the work.







UNDERSTANDING SLAGGING AND FOULING

This Chapter aims at providing a brief overviewtbé mechanisms involved in the ash
deposition process when co-firing of solid fuetgluding coal/biomass mixtures, in large
utility pulverised fuel boilers. Apart from outlimg the basics of mineral matter influence on
boiler design, here a particular focus is on théd d&ehaviour, including the release of ash
forming matter from the fuels, ash formation prageand finally the formation of ash
deposits on heat exchanger surfaces. Understandivege phenomena, but also the
knowledge on how the inorganics are associated vugl is seen to be crucial in a
development of reliable slagging and fouling préde tools. Throughout the Chapter, a
number of relevant references are mentioned toligighthe state of the art knowledge in this
field.




Chapter 2

2.1 Introduction

The accumulation of fireside deposits on the heatsfer surfaces decreases boiler
efficiency and availability due to unplanned shawds contributing to substantial losses to
an operator. Ash deposition is inevitably assodiatéh combustion of solid fuels. This most
common and serious boiler’s operational problermoame avoided but may be reduced by
the appropriate boiler design, firing less ash-f@wtatic fuel blends as well as proper boiler
operation. In all of these factors, understandirggrtature of inorganic constituents present in
solid fuels but also their behaviour under comlmustconditions in boilers are the most
crucial elements to minimise effectively inorgamaterial impact, also by the use of other

design and boiler operation methods.
2.2 Influence of Fuel Impurities on Boiler Design

Since the industrial revolution, the encountereabf@ms with the ash deposition during
coal combustion have been dominant influences @ désign and operation of boiler
furnaces [10]. The industrial scale precursorsntmdern pf fired boilers were stoker-fired
boilers, first introduced for coal combustion ireteecond decade of the 20th century. In its
basic design, coal is fired on a moving grate i lblottom furnace, cooled by underfire air.
The thermal capacity of these boilers ranges frénk\A4, up to about 150 M. The major
iIssue encountered in stoked-fired furnaces wasfelagation on the grate which hinders the
fuel material transport and disturbs the air disttion through the grate. These problems were
heightened when firing a high-alkali content biesésuch as straw) and the low ash-melting
waste fuels. To minimise slagging/fouling in thérance to the convective pass of the boiler,
in some designs the increased water-wall areasusesl to lower furnace exit gas
temperatures to approximately ?6011]. Other design changes included staged cotiains
where one-third of the combustion air is supplietbtigh the grate so that fuel is initially
burned at low temperatures (see Figure 2-1). Furtbee, slagging screens are placed at the
furnace outlet to capture molten ash particles sndninimise development of deposits
downstream of the furnace.

In 1920 the concept of combustion of pulverisedl @ clouds and with a hot oxidising
atmosphere was introduced instead of burning imck toed on grate. This was a major step
towards improving the fuel conversion process,imgishe steam temperature and pressure
parameters and scale-up the units (now even ab@®@ MW;) to produce electricity more

efficiently. The short residence time of pulverisal particles in the hot flame zones (up to
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a few seconds) was believed to substantially redlneemelting of inorganic species while

ensuring a high fuel burn-out. Although the pulsed fuel fired boilers can be designed for a
relatively wide range of coals (i.e. by designihg tvall-furnace surfaces to achieve required
flue exit gas temperature which corresponds tactiee ash melting characteristic), switching

to other different or lower ash quality solid fuelsay cause increased ash-deposition

problems.
Stoked-fired boiler I'—I_ Boiler furnace
900170°C 135°C ESP 127°C«c Q/j

I AT
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Figure 2-1. Scheme of stoked-fired [11], cyclong][and pulverised fuel fired technologies [13].

Other boiler types, designed specifically to utillsigh slagging coals are equipped with
the cyclone or slag-tap (wet-bottom) chambers ifimg coals within the furnace instead of
pulverised coal-fired burners (see Figure 2-1). Tdrger coal particles are trapped in the
molten and sticky layer covering the surface of tiyelone chamber, being fired in the
temperature range between 1650°C to 2000°C [12]stMb the ash (80-90%) leaves the
bottom of the boiler as a molten slag, thus deangabe fly ash burden passing through the
superheater/reheater sections. Although, a numbstag discharge boilers were designed
and operated for utilising US and German coalsh&nUK only a few were built, and after
1950s no more were erected at large, industridé s€ais was due to the strict criteria of slag

viscosities of coals which should be specificatiyIto obtain efficient ash removal and boiler
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operation [10] and UK coals were not particulaytable. Hence, the slag-tap boiler types do
not have the fuel flexibility of dry-bottom pulvegd fuel boilers.

When switching the existing pf coal-fired boilecsdo-fire coal/biomass blends, various
options can be considered. The simplest and ctettefe way is a direct biomass co-firing
with coal using the current or modified burner aagpropriate fuel feeding/milling
installations. However, this may lead to seriousititions with respect to milling system
capacity as well as slagging/fouling issues. Bisnas be also co-fired in-directly in a more
complex and thus expensive ways, which also redsbeimpact, e.g. through a gasification
of biomass in a separate gasification unit, and théning the generated gas with coal in pf
boilers.

Combustion of biomass in dedicated-biomass fledlised boilers (FBC) appears to be
an attractive way of utilising of low ash qualitglisl fuels. This is due to the relatively low
temperature (85€C) of the combustion process, giving high thernffitiency compared to
grate-fired boilers. However, according to the régm operational experience, the risk of bed
agglomeration may occur when co-firing high alketintent biomass, also the increased
erosion of the heat transfer surface may be are ig 14] whilst capital and running costs
are elevated compared to comparable sized pf boiler

In all cases, whatever the combustion system ésatiih-related problems will be always
associated with burning of solid fuels. In this Wwahe focus is on reducing the ash impact on
pulverised fuel-fired boilers performance. Suchdrsiare widespread, and are recently more

intensively exploited to co-fire biomass with ctalachieve targeted G@mission reduction.

2.3 Slagging and Fouling in PF Boilers

In this subsection the types of deposits founduivgrised fuel fired boilers are described
as well as the major factors affecting slagging fanding are discussed.

Slagging depositccur on the furnace walls and other surfacesearnraliant section of
the boiler, including burner areas. These depasditn consist of an inner powdery layer,
covered by a molten or partly molten ash layer [Fofnace wall deposits are dominated by
silicate, iron and alkali species whereas depast®loped around the burners are composed,
in particular, of not completely oxidised fusednifbased minerals. Slagging reduces the heat
absorption in the furnace, therefore leads to emxd furnace exit gas temperature. As a
result, the overheating of the platen superhedsmed at the furnace outlet occurs, followed
by the formation of highly sintered deposits onthiemnsfer sections.
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Fouling depositsform on the heat exchange surfaces, such as sgierk and reheaters,
placed in the furnace outlet and convective pasa obiler. High temperature fouling is
defined by the formation of semi-fused, sintereld dsposits found typically in the flue gas
temperature range of 1300-9@0whereas the low temperature fouling is associatid
formation of the loose or slightly sintered depeditilt-up in flue gas temperature between
900°C-300°C. The primary mechanism involves the condensatifgoreviously volatilised in
flame species which occurs in different temperataregges depending upon the composition
and concentrations of the gaseous inorganic congsopresent in the flue gas. As a result,
the inner deposit layer on the tubes is often caagoof condensed alkali salts, which
provides a sticky surface for trapping other naokstparticles [10, 15]. The trapped calcium
oxide particles once sulphated can significantlyptgbute to the mass of these deposits,

binding particles and increasing the deposits gtten

Convective heat exchange surface for
superheating and reheating steam
a) pe 9 ng b)

Combustion

chamber lined
with tubes for
raising steam

)

To air preheater
ESP and stack

Bumers

Main locations of ash deposition
1 1 Ash hopper (bridging)
D Fouli 2 Ash slope (mechanical damage)
ng 3 Bumer (eyebrows)
D Slagging 4 Wall slag
5 Division wall slag (where approriate)
’ 6 Platen (bridnesting)
Ash 7 Convection bank (bonded deposits)
8 Economiser (bonded deposits)
9Air heater (gas inlet fouling)

Figure 2-2a) Scheme of heat-exchange surfaces arrangemehbdailer [16], b) Images of ash deposits found
in coal-fired boilers: 1-platen superheater, 2-aomwall, 3-at the entrance to convective pas®ibh]17].

Fireside Corrosion is commonly associated with the ash depositiorblpros, and
usually results from the combustion of fuels ergtim chlorine or sulphur. Corrosion can be
accelerated during reducing conditions existing ttuair-staging and operation of low NOXx
burners (high temperature corrosion). Formatiotoaf melting alkali iron sulphate or alkali
chloride deposits can significantly increase caowsates. In comparison with slagging,

corrosion is usually a long-term process [10].
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The wide variation in deposit types and locationswihich deposits may be formed
indicates that besides the fuel nature, the slagad fouling are very much dependent on the
boiler design and operating conditions [18]. Thganéactors affecting slagging and fouling
are summarised schematically in Figure 2-4. In @ibed boilers, slagging is a major
determinant in fixing the furnace size whereas ifmuldictates the spacing and location of
convective tube banks for superheating and relgaieam for a given fuel [10, 19]. All
these factors determine the relative costs of &z tiansfer surfaces needed for a given steam
output.

The pf boiler furnace should be designed to achilbgdurnace exit temperature (FEGT) at
least 50°C lower than the softening temperatuth@fash. Typical design values of FEGT for
pulverised boilers fired with hard coals are in ta@ge 1150-1200°C whereas for lignite
burning plants, the FEGT is 150-200°C lower thas [h8-20].The impact of coal quality on
the furnace design concept is illustrated in Figi#®

Plan Plan
Plan Plan Plan - ,
Area |1.08W Area |1.16W Area |1.2 Area [1.20W
5{?30 o =1.15 =1.25 =1.56 =163
e 1.06D 1.08D 1.24D 1260

I i <'
REREUR
T r ( 152h
]h_- 1.15h 1.17h
L L L T
1.30H 1.45H
H 105H | 1 1.07H 1 ] [ i ..I.
Medium-Volatile High-Volatile Low-Slagging Medium- High-Slagging
Bituminous Bituminous Lignile Slagging Lignite
Lor Lignite
Subbituminous

Figure 2-3 Impact of coal quality on furnace design concepid.|

In general, the lignite-fired boilers have to béetawith a much greater cross section
areas than boilers designed for hard coals, whaehlts in significantly higher capital cost.
This is due to a larger amount of flue gas produetédn firing lignite coals but also their
increased slagging propensities which affect theigtefurnace volumes. Furthermore, the

increased soot-blowing activity is also required lignite-fired boilers to minimise the ash
deposition built-up.
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Other boiler-design factors which may affect insezh furnace slagging are related with
the use of in furnace low-NOx emission reductiorthrods (i.e. air/fuel staging, low NOx-
burners), which lead to reducing conditions ocagrin the burner zones. Therefore, the
firing system as well as the furnace flow aerodywanshould be designed properly to
increase the residence time of particles in thelisikxig atmosphere and to avoid flame
impingement onto walls. The particle size distribntof fuel also matters, as it determines
the aerodynamics as well as the temperature ofirmyuparticles and transformations in the
flame minerals.

In order to keep the heat-exchange surface relgtivdean for long periods during the
boiler operation, the soot-blowing system needegériodically activated which is often not
sufficient when medium/high slagging fuels are pestedly fired. As a consequence the
“snow-ball” effect of accelerated ash depositionyneccur. To avoid such operational
situations, there is still on-going research effawwards developing highly efficient and
economic intelligent soot-blowing systems for mohallenging fuels including the co-firing

of biomass [22].

e Ash fusion temperatures —
melting characteristic.

» Viscosity of slag phase.

» Sintering tendency of ash.

* Ash burden.

e Speciation of inorganic material.

» Particle size distribution and

composition.
Fuel Quality

PF Boile Desigr /\ Boiler Opeaatior
* Furnace exit temperature. e Coalsize.
* Furnace absorption. e Air distribution between
» Furnace configuration. burners.
» Burner arrangement. e Burner operation.
* Burner size. * Excess air level.
» Tube size spacing, orientation * Flame impingement.

and temperature. * Soot blower operation.

» Steam conditions » Boiler load.

Figure 2-4 Factors affecting slagging/fouling in pf boileMddified after Bryers [18]).
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Due to the current environmental regulatory requéeets for the power utility sector as
well as increased competition in the solid fuel kefrthe utilisation of other fuels than those
for which boilers were originally designed is rettgnvery common. Therefore, more
attention is needed to optimise composition of tlehds fired as well as in improving the

efficiency of soot-blowing system in order to aveelere slagging and fouling.

2.4 Inorganic Constituents in Solid Fuels

Understanding the nature of inorganic species (mmgstibles) present in solid fuels is
crucial to analyse and describe their behaviouinduthe fuel combustion process. In this
subsection, the fundamental information are outlingth respect to the origin and forms of

inorganic constituents found in solid fuels, inghgldifferent quality coals and biomass fuels.

2.4.1 Origin of Inorganic Constituents in Coal and Biomas S

The inorganic constituents, their origin, abundaacd forms differ significantly between
coal ranks as well as various biomass fuels. Theeeseveral factors which influence the
variety and abundance of inorganics present irdsoigls, from which for coals the most
important are the coal rank and related geologaral environmental history of the coal
deposit. For biomass fuels the crucial factor & ghowing phases of the plants, the origin of
agricultural/municipal wastes, as well as othercpssing steps, such as fuel collection,

handling and storage.

2.4.1.1 Coal

Coal is a fossil fuel and can be defined as a catilide sedimentary rock formed
primarily from the accumulated plant matter, conteated with inorganic impurities which
have been deposited during its formation.

During coal formation, the organic and inorganictterahave been accumulated and
undergone transformation leading to subsequeng@ser in coal rank by a slow coalification
process lasting million years to present, in whitle geological conditions, pressure,
temperature and climate were the important influenéactors.

With respect to origin of inorganic constituentcimal, they can be classified as [18, 23]:
1) inorganic elements originated from plants, twate incorporated during peat formation, ii)
wind or water-borne detritus that settled in thatgerming environment, and iii) epigenetic
minerals that formed during or after burial of theat The most common mineral found in

coals are summarised in Table 2-1.
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Detrital deposited minerals include mostly claydicates and quartz minerals. Along
with undergoing coalification process, an enrichtnansilicates and clays occurred due to
increasing coal density. Subsequently, the chenboalds in the coal matrix are slowly
destroyed resulting in a transformation of theaskd organo-metalic elements (e.g. alkali
metals) to dissolved salts and eventually silicdfied. Other mineral such as carbonates,
sulphides, chlorides are formed through a predipiteof soluble ions (mainly of Fe, Mg, Ca,
Cl) derived from rock weathering or marine watersetse, were released from the organic
coal matrix [24]. In time, calcium carbonate ormghdte were transformed to calcite or reacted
with silicates. With increasing coal rank, iron waansformed to sulphide rather than
carbonate. Apart from the precipitated primary gisas the basin, secondary phases occurred
such as calcite, pyrite, quartz, clay, which dlihe cavities and cracks of the coal deposit
[18].

In general, the change in coal rank from lignita sub-bituminous to bituminous coals
and anthracite has led to a gradual coal densticand increase of carbon in organic matter.
Simultaneously, this has resulted in decreasingrihiganic constituents’ due to formation of
clay mineral dispersions in fuel deposits. The atash in the ash oxide compositions for

various quality coals is discussed more extensivesection 3.5.2.

Table 2-1. Major minerals found in coals [10, 18].2

Clay minerals - up to 50% Chemical formula
Kaolinite Al,O, [2SiQ [2H,0
lllite, Muscovite K,OBAILQ, 6SiO, 2H,0
Montmorillonite (1-x)Al,0, X(MgONa,0)@SiQ hH,0
Oxides Chemical formula CarbonatesUp to 20% Chemical formula
Quartz- 1-15% Sio, Calcite/Aragonite CaCQ
Rutile TiO, Dolomite CaCQMgCQ,
Magnetite FeO, Siderite FeCQ
Hematite FeO, Ankerite CaCQFeCQ
Sulphides Sulphates
Pyrite FeS Gypsum CaSQ[2H,0
Pyrrhotite FeS Barytes BaSQ
Phosphates Chlorides
Fluorapatite CegF(PO4)3 Halite NaCl

Sylvite KCI
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2.4.1.2 Biomass Solid Fuels

Biomass solid fuels are defined here, as the baolale fraction of energy derived from
plant or animal matter or substances originateelctly or indirectly from them. The biomass
fuels group includes various woody/forestry biomasgricultural wastes or other
animal/domestic residues, including sewage sluddealso energy crops (of herbaceous or
woody nature) which are grown for the purpose dhdpaused as a fuel [26, 27]. Such a
diverse origin of biomass solid fuels give risateariety of inorganic species.

In general, as far as solid biomass derived froamtglis concerned, the inorganics have
been accumulated during the growing phase of thentg and further biomass processing
steps, such as harvesting, handling or storageshwhiay additionally increase biomass fuel
contamination by foreign inorganic matter. The gaorics present in plants are important
nutrients or other key inorganics adsorbed by gldram soil, and have various functional
roles in plant metabolism and physiology which desiproper plant growing through the
photosynthesis process. The primary macronutrientiomass, such as e.g. straw consist of
Nitrogen (N), Phosphorous (P), Potassium (K), Datc(Ca), Magnesium (Mg) and Sulphur
(S) whose concentration are higher than 0.1wt% igaatter ) in plant tissue [15, 26]. Other
nutrients, such as Fe, Mo, Cl and Ni are presemjuantities less than 0.1% dry weight.
Often, fertilisers are added to artificially modggil in order to provide plants with sufficient
guantities of nutrients needed for a vigorous ghoarid increased yield. The use of fertilisers
(such as KCI, KSO, or KNOs), amongst which KCI is the cheapest and the madtlwused
in general agriculture, can significantly increasmcentrations of potassium, chlorine and
nitrogen in biomass [26].

Overall with respect to inorganics occurrence iontass fuels, there are large variations
observed in the key inorganic elements, not onfyvben biomass groups (e.g. woody or
herbaceous/grass biomass), but also within thepgitself (e.g. between wood and bark) as
seen in Figure 2-5. In generalherbaceous biomasssuch as straw there is a higher content
of potassium, chlorine and silica as compared wittody biomasswhere calcium is more
abundant, especially as far as bark is concernadth&r important factor which influences
the inorganics quantities and moisture contentantg is harvesting time. Delayed harvesting
(winter or following spring harvest, instead ofraditional harvest in autumn) of energy crops
has been observed to have a positive effect oncieglumoisture content as well as
undesirable components in biomass such as Cl, KPC& and N [28, 29]. Leaching of the
cut straw after harvesting on fields by rainfall aaother common way to decrease the
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chlorine content in straw. However, the drawbackghis are the increased moisture in

biomass and a related higher risk of straw degiaalat
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Figure 2-5 Variations of key inorganic elements in woody dedbaceous (straw) types of biomass [15, 26].

Animal and domestic/industrial residues, such agdtppolitter, meat and bone meal or
sewage sludge in comparison with biomass origindteth plants, include significantly
higher quantities of inorganic material of diffetesrigin. Poultry litter is a by-product of
poultry industry which consists of the poultry exarent of chickens, turkeys and the bedding
material, wasted feed and feathers [2Bhe bedding material may be wood shavings,
sawdust, straw, peanut hulls or other fibrous negerPoultry litter is rich in nutrients like P,
K and N and therefore is usually used as fertili3é&re phosphorus can be in organic and
inorganic forms. Another by-product of the poulindustry is eggshell waste which can
contribute to increased calcium carbonate (Cg0@ poultry litter. Meat and bone meal
(MBM) as a by-product of the rendering industrycludes parts of animal bones, and meat
residues in form of approximately 50% protein, 1faftand incombustible mineral matter. A
dominant mineral in MBM is hydroxyapatite — deriviedm bones and rich in phosphorous
and calcium [30]. Other abundant inorganics pregeMiBM are nitrogen rich originating
from proteins and alkali metalSewage sludgeés a by-product of waste-water (contaminated
by human and other waste from households and indsjstreatment processes. Besides the
organic matter, which is mostly of biological ornigfwith approximately 60% content on a
dry basis) and other organic, pathogens and micladical pollutants, sewage sludge consist
of very high quantities of inorganic material (ory thasis %). Inorganic constituents include:
i) silicates, aluminates, and calcium- and magmestontaining species, ii) organically
originated Nitrogen (N)- and Phosphorous (P)-carg@ components, iii) precipitated P in
form of Al-, Ca- or Fe- phosphates in quantitiepateding upon the type of precipitated agent
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used, iv) heavy toxic metals (Zn, Pb, Cu, Cr,@ld, Hg, and As (with concentrations varied
from more than 1000 ppm to less than 1 ppm) [3(], 31

More detailed discussion regarding the differenndaorganics content between various
biomass types with relation to their impact on mhelting tendencies of the ashes is carried

out in section 3.5.3.

2.4.2 Association of Inorganic Constituents with Organic Matter

Apart from the organic matter and moisture, thédsiolels contain inorganic constituents
which can be divided into four groups dependingrugieeir association with fuels, namely:
organically associated inorganic elements, simplts glissolved in pore water of fuel, and
more common for coals - mineral inclusions whicim ¢e classified either as included or

excluded minerals, as seen in Figure 2-6.

Included minerals Organic coal
' matrix

(8 S Organically
b 4 ,. L associated
0 ; ' elements

C

%ﬁ HO/C\O' Ca2+ o on

O Nat

Excluded minerals

Figure 2-6 Types of ash-forming elements association in solids [25].

Organically bound inorganics are a part of organic structure of the fuel and ba
either ionically (metals) or covalently (non-mejat®und with fuel matrix. In case of metal
ions they are mostly associated with oxygen comtgimnionic, organic functional groups
such as e.g. carboxylic acids (-COOH), which caraadonding sites for metal cations such
as e.g. N§ K*, C&* [10, 25, 32].The metal cations can be also bound with more cexnpl
structures of organic oxygen functional groups knaas chelates. Organically bound non-
metals, such as Sulphur, Phosphorous and Chlorme&@valently associated with organic
phase of the fuel. The abundance of organicallpaated metals decreases with increasing
coal rank, due to lower presence of oxygen comgifiinctional groups in higher rank coals.
Correspondingly, the inorganic constituents whielohg to this group are rather dominant in
biomass fuels. Typically the organically associatedtal ions bound to anionic organic
groups of biomass consist of K, Na, Ca, Mg andgmes a minor fraction Mn, Fe and Al,

-18 -



Understanding Slagging and Fouling

whereas covalently bound non-metals include md3fl{Cl and less common in biomass S
[33].

Dissolved saltsinclude generally simple dissolved salts (e.gCN&CI) in pore water
of the solid fuels including coals and biomass, disb salts dissolved in biomass plant fluids.
Amongst the most common metals cations presentkgréla and Ca whereas anions may
include Cl-, HPGQ*, H,POy, SO, Si(OH), [33].

Mineral inclusion present in solid fuels, can be either closely bowitth the organic
fuel matrix (included minerals) or not, being indiwal mineral grains (excluded minerals).
This group of inorganics is dominant for coals andludes mostly clay minerals (often
contaminated with K, Na, Ca etc.), silicates angeotCa-,Fe -based minerals [10, 32]. As
already mentioned the minerals have contaminatats ¢brough geological processes or have
been precipitated during the growing phase of timnbss, or else during harvesting,
handling and processing of the fuels. Included mailsecommonly found in biomass are
quartz (SiQ), calcium oxalate (Ca0,), iron oxide or hydroxides (Fe(Ok)[33]. The
foreign minerals derived from the processing ofntegs or waste can include for instance
iron and alumina phosphates present in sewage esludgulting from the phosphorus
precipitation in wastewater treatment plant. Otwaste derived foreign impurities in waste
fuels (e.g. such as PVC) can be metallic alumin@m,Zn and Cu depending on the source of
solid fuel.

The organically associated inorganics and dissobadts can be analytically determined
by the use of chemical fractionation methods wlaich based on a leaching procedure of the
fuel elements in aqueous solutions that is graguakde stronger [33, 34]. The inorganics

speciation in woody biomass determined by leaclsnijustratively shown in Figure 2-7.
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Figure 2-7 Types of ash-forming elements association in wiiodhass fuels (Werkelin [34]).
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To obtain the quantitative information on minerédsind in coals, in terms of the mineral
types, they mode of occurrence and size distribgtidhe Computer Controlled Scanning
Electron Microscopy (CCSEM) method is commonly ugj 35].

2.5 Ash Content and Composition

Ash-forming species (or inorganic constituents)spre in solid fuels are transformed
during fuel combustion into fly and bottom ash.c®ira determination of the ash content is a
quite simple process under laboratory conditionshbeécame one of the basic standard
properties to characterise the fuel quality.

Ash content amongst the volatile and moisture cdnte fuel as well as calorific value
belongs to the standard proximate analysis of dakds. Besides the proximate analysis, the
ultimate analysis is usually performed, which imlgda the assessment of C, H, N, S, O (as
difference) elements content in fuel. Major classesomponents characterising fuel quality
recalculated for different reference fuel statessdrown in Figure 2-8.

Regarding the ash content measurement standaedsephesentative amount of fuel is
slowly heated in laboratory furnace in air untiaitains a constant mass representative of the
remaining incombustible matter. It is then weight@the ashing temperature for coals is
815°C whereas for biomass is lower (860 in order to minimise volatilisation of inorganic
material [26]. The drawback of this process is #ihinorganic constituents associations with

the fuel are destroyed.
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? - composition
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Figure 2-8 Standard characterisation of quality of solid $uel

The elemental composition of ashes is then detewhimusing inductively coupled
plasma-atomic emission spectrometry (ICP-AES). Thentypical for coals, elements are
recalculated to obtain oxide composition in theghlest oxidation state, including commonly
10 oxides: Si@+Al,O3+TiO+Fe03+CaO+MgO+NaO+K,0+P,0s+S0s = 100.

-20 -




Understanding Slagging and Fouling

In case of determining elemental composition famteass fuels, it is suggested to carry
out a wet digestion of raw biomass prior to usimg ICP-AES technique instead of biomass
ashing. It is due to concerns of potential losgnofganic material during the ashing process
[15, 26].

The oxide ash composition is a basic measure ofjaality which allows the assessment
of the composition of mineral matter as well asgidy assesses the slagging/fouling
propensity of fuels with the use of empirical ctations. Another standard predictive method
to assess the ash behaviour is based on the memsuseof the ash fusion temperatures.

These methods are described in more detail atidathy evaluated in Chapter 3.

2.5.1 Ash Content Variations in Solid Fuels

The ash content in the solid fuels can very sigaiitly and depends upon the
conditions of fuel formation/coal rank and otheopgesses such as mining, harvesting or
handling of fuels. The relation between the asmtertt (on dry basis) and volatile amount
(dry ash free basis) throughout a wide range of carks originating from Poland, from
brown coal to anthracite, as well as various bi@tgpes (wood, bark, various straw types)
and sewage sludge feedstocks is shown in Figurg38]9The performed analysis revealed a
trend in increasing ash amount (on dry basis) édadriation with lowering coal rank for
higher volatile content coals, with the exceptidnbomass fuels. Amongst the analysed
fuels, the lowest ash content was observed for-haghtile biomass (woody biomass, bark,

straw) and very low-volatile anthracite coal.
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Figure 2-9 Relation between ash content (dry) and volatilgeat (daf) for various quality coals, biomass and
sewage sludge fuels (Modified after Ferens [36])
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For biomass fuels the ash content (on dry basis¢ddetween less than 1 % (some woody
biomass) to 10% (straw) whereas for anthracite apab 20%. In case of sewage sludge the
dry ash content ranges between 30-50%. The askrddior bituminous coals was in a range
of a few percentages to almost 40%. The highesatians in the ash amount were observed
for the samples of brown coal, ranging from a fesvcpntages to approximately 50%, in
some extreme cases approaching 68% of dry ash ntorite the high energy density
anthracite and bituminous coals, most of the detecarbon was found to be in a carbon
fixed form (C=70-95% in coal on “daf” basis). Inseaof a highly volatile biomass and
sewage sludge the carbon concentrations variedeletw5-55% (on “daf’ basis) indicating

the presence of carbon in a volatile form.

2.5.2 Ash Composition of Trade vs. Native EU Coals

The composition of coal ashes can vary signifigatittoughout the coal ranks but also
can differ widely from mine to mine or seam to sefama given coal rank. In general, the
oxides which dominate in the coal ashes consiSi©f, Al,0;, SG;, CaO and F£; whereas
the remaining part is below 10% in the ash. A comspa of the ash oxide compositions and
ash melting temperatures (defined in Chapter 3%82cl.) of typical imported hard coals used
nowadays for power generation in Europe with ttdigenous UK and Polish hard coals as
well as brown coals originating from Germany, Pdland Greece is shown in Table 2-2.

Low rank coals, such as brown (lignite, sub-bitumis) coals typically have increased
amount of alkaline earth metals which may be highttan the iron content
(CaO+MgO>Fg0s) in the ash (defined here as a lignitic type adl9). However, this
observation is not always apparent for other cadlsin the rank, since e.g. brown coals from
the Turéw (Poland) mine are characterised by thposite relation. Furthermore, some
bituminous coals, i.e. those originated from Soithca have higher content of alkali-earth
metals than iron in their ashes and would haveyritic nature according to this category.
With regards to silica and alumina elements, bétihem dominate in the ash composition of
coals (SiQ+Al,03>50%) and the increased content of these elenenisually associated
with the higher ash content in coals.

Currently, the UK is increasingly dependent on imgad coals to fuel their coal-fired
power plants with the percentage of indigenousscehbre below 40%. The UK bituminous
coals are usually enriched in iron and can havétiaddlly low or increased calcium content
which lower their melting temperatures as compavitd other coals (see Table 2-2).
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Table 2-2. Ash oxide compositions and standardasibn temperatures of typical trade coals in camspa with the UK indigenous coals and brown EUIsoa

Imported Bituminous Coals UK Bituminous Coals Brown Coals

FuelName RUS COL  SA hiLng? s IND PL LL(J)}ij& L%'\fv‘_%i L%'\fv‘_TSi HLiJgr;l-<Si HLiJgr;-DSi GR-P GER-H PLT
AsH® % 11.9 9.7 13.9 8.5 3.59 12.6 4.2 44 52 15.0 11.2 36.11 4.3 29.5
SiO,, % 55.6  61.8 43.7 435 25.6 46.8 31.4 36.8 34.3 47.8 47.0  31.07 1.3 55.0
Al,O5, % 245 211 34.0 22.6 7.50 21.8 17.6 23.9 23.8 26.8 25.5 12.85 1.5 24.1
TiOy, % 0.8 0.9 1.7 1.06 0.37 0.7 0.6 1.1 09 1.1 1.1 0.67 <0.1 1.1
Fe0s, % 715 6.6 30 212 11.2 9.6 23.2 11.2 26.3 16.6 14.1 7.69 186 9.3
CaO, % 315 22 72 4.03 143 5.8 12.5 12.0 33 13 6.4 38.92 358 34
MgO, % 088 21 2.2 0.84 4.80 3.5 0.6 2.5 07 11 3.0 4.45 16.3 1.5
K,0, % 140 2.4 <0.5 1.59 0.88 3.1 1.5 0.5 1.4 35 1.6 0.83 <0.5 1.7
NaO, % 1.03 1.1 0.4 0.84 7.10 0.8 4.2 1.5 5.9 1.7 0.8 0.38 0.7 1.1
P,0s, % 057 0.2 1.0 0.27 0.03 0.3 6.6 <0.3 <0.2 0.2 0.5 0.26 <0.5 -
SO;, % 3.0 1.6 6.3 3.50 27.5 6.6 2.6 12.9 31 - - 2.83 20.0 2.8
> 98.08 100.0 995 9943 99.28 99.0  100.0 100.0  99.7100.0  100.0 99.95 953 100.0
IDT, °C 1290 1250r  1390r  1070r  1080r  1182r  1040r  1240r 6060 - - 1238  1310r  1250r
HT, °C 1425 1305r  1480r  1210r  1120r  1210r  1080r  1270r 9060 - - 1250  1350r  1350r
FT, °C 1460 1410r >1500 1300r  1140r  1350r  1110r  1320r 2042 - - 1280  1350r  1480r

Ref. Imported Bituminous Coals: Russian (RUS) [3yfical Colombian (COL) [38], South African (SA39], US-high Sulphur [40], Indonesian (IND) [41yptcal Polish
(PL) [38]. UK Bituminous Coals: Kellingley -lowlgia (UK-K, Low-Si) [39] and -high silica (UK-K, High-Si) [42]; Daw Mill -lev silica (UK-D, Low-Si) [39]and -high
silica (UK-D, High-Si) [42]; Thoresby -low silicdUK-T, Low-Si) [39]. Brown Coals: Greek coal [43]zerman Rhenish coal [39], Polish Turéw coal [38].
Ash Fusion/Melting Temperatures: IDT — initial def@tion temperature, HT- hemispherical temperatefe,flow temperature, “r’ denotes reducing atmaseh for more
see Chapter 3, section 3.2.1.
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The amount of silicates can vary in the ash, froenldbw to high silica presence, and is related
with the low or high ash content, respectively.ggiag, fouling and corrosion problems were
encountered when firing UK indigenous coals [®]was established that iron and calcium
play important roles as fluxing elements of alumsil@cates in these coals.

Nowadays, the most common trade coals-fired in pesa power plants are as follows:

* Intermediate alkalis content Russian, Colombian Botish coals. These coals may
have ashes additionally enriched in both the irod ealcium content (Russian and
Polish coals) which may lead to increased slaggimg) fouling issues. In these coals

the chlorine content may vary widely up to highdsvespecially for Polish coals.

* Low alkalis but with increased calcium content ®oAfrican (SA) coal. This good
ash quality coal is commonly utilised to decredsedamount of alkali metals in coal
blends, and thus reduce fouling propensity. Howestepending on the calcium and
iron content combustion of SA coals may also leadntreased slagging issues,

producing highly reflective Ca-silicate/clay baskposits [44].

» US-high sulphur coals. This coal has an increasaa ¢ontent which is associated
mostly with pyrites (F£5). It has been reported to have a high slaggiogegmsity;

therefore its contribution is relatively low ingigal imported coal blends [10, 44].

* Low ash, high iron/calcium/alkalis content Indom@scoals. Combustion of such coal
blends have been reported not to lead to increasdddeposits but to increase their

sintering tendencies [45].

2.5.3 Melting Tendencies of Biomass Fuel Ashes

As already mentioned, the chemistry of biomasssasha vary significantly depending
on the biomass origin, cultivation, harvesting ahdndling process. The ash oxide
compositions of various biomass and waste fueld fmecombustion are compared in Table
2-3. In general, the following groups can be idedias follows [18]:

» High silica and alkalis rich asheswith low melting temperatures. These include
most of agricultural straw residues, excluding akigrains and oilseed rape straw
which are enriched in phosphorous and calcium, ecsgely. Potassium is also
abundant in energy crops of grass nature such @shsgrass, reed canary grass,
miscanthus. Due to the increased risk of slaggimg fouling, the straw co-firing
shares in a blend with coal fired in pf boilersitgly do not exceed 20th% according

to Danish experience [46].

-24 -



Table 2-3. Ash oxide compositions and standardiasibn temperatures of typical biomass fuels.

High Si/ High K High Calcium High Phosphorous
reiname  svaw Mot Ohe SAW wiow  foe MY wew e
AsH" % 3.30 1.7 8.1 0.8 2.0 3.8 22.4 15.2 32.3
Si0,, % 42.00 48.7 41.10 21.33 4.82 2.61 16.0 4.22 @22.6
Al,0s, % 0.40 1.04 5.94 2.35 0.72 0.5 1.70 0.29 12.78
TiO,, % 0.02 0.07 - 0.17 0.05 0.04 0.20 0.03 0.69
FeOs, % 0.20 2.24 5.75 2.95 1.32 0.46 2.40 0.61 16.84
CaO, % 14.0 14.1 12.80 44.44 37.2 36.9 24.0 48.65 13.81
MgO, % 2.60 3.48 9.53 7.69 5.7 2.42 11.0 1.67 3.11
K,0, % 21.00 20.3 10.70 13.76 14.0 13.9 10.0 0.68 1.78
NaO, % 0.30 0.34 6.46 0.91 0.26 0.8 3.40 6.19 1.71
P,0s, % 4.20 3.31 2.81 3.13 11.9 4.02  25.0 34.16 25.42
SQ;, % 5.0 3.47 3.59 3.27 2.39 8.8 5.20 - 1.18
CO, % 1.80 1.31 - - 20.3 27.5 - - -
Cl, % 0.65 0.63 - - 0.61 1.15 - - -
Y 92.17 98.99 98.68 100.0 99.27 99.10 98.90 96.50 .9899
IDT, °C 870 850 1020 1270 >1500 1480 1113 1370 1000
HT, °C 1050 1080 1120 1410 >1500 1490 1179 1700 1150
FT, °C 1240 1120 1140 1430 >1500 1500 1368 1700 1180

Ref: Straw [47], Miscanthus [48], Olive pulp [4@awdust [49], Willow [48], Rape Straw [48], Poultityer [40], MBM [40], Sewage Sludge [49].
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Low silica and high calcium asheswith high melting temperatures. These
originate from various woody biomass fuels whichvéhahe lowest ash content
amongst all solid fuels e.g. forest residues, setvlut also high calcium content rape
straw and energy crops of the woody nature suchilisy. Fuels in this group may
additionally include increased contents of phospusrand alkali metals which
decreases their melting temperatures. Currentlg,tduecognised low ash impact of
woody biomass, full biomass conversion projectsuto pf boilers on woody biomass

have been reported [50].

Phosphorous-rich biomass/waste fuelsAsh melting behaviour of phosphorous-rich
solid fuels is very complex and depends on the eotnations of other elements, such
as potassium, calcium, magnesium but also ironadmahina. Depending on the fuel
ash chemistry the low melting K-rich phosphates dagher melting K-Ca/Mg

phosphates can be formed. Cereal grains are matingh sources of phosphorous,
potassium and magnesium. High calcium and phospbkorshes include most
manures, poultry litters and animal wastes. Theidant mineral present in meat and
bone meal is hydroxyapatite (melting temp. 1€)0a constituent of bones: also high
contents of easily soluble alkali metals are alsgs@nt in this animal residue. The
phosphorous is also abundantly present in the letimg point ash of sewage sludge,
in the form of iron, calcium or alumina phosphatdgpending on the type of
phosphorus precipitation agents used during themie¢atment process. Typically,
the shares of sewage sludge or MBM do not exceei 4then co-firing with coal in

pf boilers based on German experience [30].

2.6 Ash Deposition Process in PF Boiler

Fireside ash deposition on the heat transfer sesfag a very complex chemical and

physical process which involves the four most rafg\steps, such as: i) releasing of the ash-

forming elements from solid fuels during combusteomd mineral matter transformation to

form ash particles, ii) transport of the ash p#&tdo the surfaces, iii) adhesion to the surface,

and, iv) consolidation of the deposit.

2.6.1 Release of Ash Forming Elements

After injection of the pulverised fuel with entranh air into flame of the boiler, the fuel

particles heat up rapidly (at the rate of up toregimately 16 °C/s) and dry at first. This
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rapid heating of the fuel particles is caused layatton and mixing with hot gases which may
approach the temperatures as high as AGO0@fter this, the devolatilisation of organic
species from the fuel occurs and the released mrgases will start to burn, followed by char
burning. Simultaneously, during the devolatilisatibut also char burning stage of fuel,
ionically or organically bound inorganic speciesds as K, Ca, P, S and Cl) are released
forming inorganic vapours [18, 32]. Depending uonv they are released and during which
phase of combustion (i.e. devolatilisation or dmaming), a part of inorganic vapours may be
recaptured by the mineral inclusions [18].

The remaining, not vaporised mineral inclusionsl witdergo a series of overlapping
physical and chemical processes, such as phasdamarations, fragmentation, melting and
coalescence of the mineral matter [32, 50fje degree of the mineral transformation and
amount of generated molten phase depends on sdaetats. These include the minerals
chemistry and their association with fuel (includeatluded minerals), their residence time in
high temperature zones as well as the presen@zo€ing/oxidising conditions [32].

The overall process of coal particle combustionltesy in the formation of fly ash takes
less than 2-3 seconds, usually producing fly agh thie bi-modal particle size distribution as

schematically shown in Figure 2-10.
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Figure 2-10. Ash formation during combustion ofigdliels [32].

The formation of larger particles (with diameteb®ae 1.0 micron) is associated mainly
with the fragmentation and coalescence of the ralm@atter whereas the vaporisation, and
then heterogeneous condensation and/or homogememieation of inorganic vapours are

responsible for a generation of submicron partiflés 32, 51]. In case of coal combustion,
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the percentage of produced sub-micron ash is velgitiow (typically 1.0wt%) in comparison

with combustion of biomass fuels rich in a highblatilised ash-forming elements.

2.6.2 Minerals Transformation and Salts Formation

Amongst the most crucial inorganic species resfbmgor slagging are: iron-, calcium-,
potassium- based minerals, including alumino-diéisavhereas the release of alkaline-earth
(Ca, Mg) and alkali metals (Na, K) from the fuelyrenhance fouling [10].

Iron can exist in many forms in coal minerals (a$pkide, carbonates and oxides);
however, the most common form of occurrence ist@yfre$) either existing in inherent
or/and extraneous mineral matter, which has beentified as a key factor determining
slagging propensity of coals. On the one hand,ndugoal combustion conditions the
extraneous pyrite decomposes to pyrrohotite (Fe8)rapidly forms an iron sulphide melt
(Fe-O-S) before a full oxidation under reducing a@itions [10, 52]. Therefore, extraneous
pyrite can play a role in slag deposits initiati@specially in fuel rich zones around the
burners, prior to complete mixing and fuel burn-ddh another hand, the inherent pyrite is
more likely to be captured by alumino-silicate slagvering its melting temperature and
viscosity, therefore extending ash deposition &ftlinace outlet heat transfer sections.

Transformation of Ca-based minerals, abundanthseein brown/lignite coals, and
their likely interaction with alumino-silicates, reaignificantly increase slagging, even more
when iron is involved forming low melting eutectits IFRF studies on slagging and fly ash
formation when firing blends of sub-bituminous &athe likely in-flame interactions
between minerals were identified [53]. These inellidnteractions between Ca- (dolomite
and calcite) and Fe-rich (pyrite) minerals withychainerals (kaolinite, aluminosilicate and
illite) and quartz, leading to formation of Ca-Aéfsilicates. Calcium can be also organically
associated with the coal matrix, and then reledseithg combustion forming submicron CaO
particles which can be either captured by alumificase slag or be further sulphated to form
calcium sulphates (CaQUnder reducing conditions the mixtures of Ca@@d CaS can be
formed, which have an eutectic melting temperatfi@gs(°C.

As far as alkali metals are concerned, the potassgal mostly present in coal as a
constituent of clay minerals whereas sodium usuetigts in form of sodium chloride which
can be easily released from the fuel. Several etudonfirmed that increased presence of
sodium chlorine, or organically bound chlorine matcan intensify the release of potassium
from silicates to the gas phase whereas the higbltile sodium is partly recaptured by the

fused ash patrticles enhancing the slag generatioh The alkali metals present in biomass
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are usually in easily soluble forms, thus very twac When released into the gas phase,
alkali metals in the presence of sulphur oxides f@iim sodium/potassium sulphates which
then accelerate fouling in the convective passf @oflers, by generating stickgyers on the
tube banks and deposition of other non-sticky astighes. As far as sulphation of alkali gas
species is concerned, theoretically there are wasiple routes, which are still debated in the
research community. According to the first theatitali sulphates (e.g.#60,) are formed in
the gas phase, and then subsequently condense bedhtransfer surfaces or lead to increase
formation of aerosol particles. The second routesitters deposition of alkali chlorides or
hydroxides (KCI, KOH) first, followed by a subsequesulphation of these alkali species
within deposits [15].

Phosphorus based salts or minerals can be additrapartant players which influence
the melting behaviour of ashes by a generation lafsy-amorphous particles under pf
conditions [10, 30]. The source of low melting pblogte salts (composed of the
CaO0-K0O-P,0Os5 oxides) can be agricultural or food industry raesisl [14].0Other P-rich ashes
can originate from burning sewage sludge whosegardcs composition is likely to fall
within the low melting eutectic of the CaQ@R-Al,O; oxides system [31], or else can form

low melting iron phosphates.

2.6.3 Ash Transport and Deposits Formation

The typical processes involved in the ash parti@dasport to the surface include inertial
impaction, diffusion and thermophoresis [32, 3@)e contribution of each process depends
on local chemistry, aerodynamics, and boiler opegatonditions. According to Bryers [18]
the mode transport of fly ash to the heat-transteface is preliminary inertial impaction for
particles over 1dm and thermophoresis and diffusion for particlegriCand smaller. The
rate of inertial impaction depends on targeted ggomparticle size distribution and gas flow
properties. Diffusion and thermophoresis are trecgss of particle transport in gas due to
local concentration and temperature gradientsecdsely. There are three type of diffusion
defined which describe the movement of moleculethéosurface, namely, Fick diffusion-
mass transport due to a concentration gradientywlien diffusion-random movement of
small particles and Eddy diffusion-movement duetudoulent flow effects [33, 51]. All
transport processes are strongly influenced bytube orientation in the gas flow, point of
contact on the tube, wall effects, and locatioth@bundle.

The development of subsequent layers of deposithentube banks being a part of a

superheater is illustrated in Figure 2-11. Onceate particles hit the surface it may adhere to
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it or rebound. Adhesion can occur either with van \Waals forces or through the stickiness
of the molten particles to the surface. Other gaseoorganic compounds such as e.g. alkali
salts can diffuse to the surface and condensatethyiron the colder surface [33}s already
mentioned earlier, this leads to formation of thieky, inner layer of deposits, which then

accelerates the accumulation of other particlesactgnl the tube banks.

Direction of Gas Flow Large fin shaped
Large Fe Outer layer of deposits form on
argticle 1 agglomerates of the leading edge «
P Build up of glass and melt the tubes rich in S,
penetrates : P )
thermal particles on the phas: Fe and Si
boundary laye sticky layer, Inner sinter
surrounded by layer
SupeLheater molten material discrete
tube particles
with little
bonding

Layer of alkali Cacrich, Si deficier
sulphate deposits grow at t
condensate rear of the tube dt
(@) (b) small particles of (c)
ca. 3um entrained
in eddies

Figure 2-11. Deposit build-up process to the supatdr tube [18, 54].

Due to deposit growth the insulation effect of da@ptayer occurs creating a temperature
gradient throughout the deposit. In time, the odegosit surface may reach its initial melting
temperature. The presence of liquid phase acceteride sintering and consolidation of
deposited material. The deposit is growing urithhex it reaches the final melting stage at
which the viscous slag flows down the surface (gpfor furnace wall deposits) or else the
heavy deposits will drop down due to the gravitatiorce acting on them, or soot-blowing

system activity.

2.6.4 Corrosive Nature of Ash Deposits

Corrosion of heat-exchange surface in boilers ccarmally at a rate between 8-10
nm/h, of tube wastage but at worst conditions ecaadhigh as 600 nm/h. Corrosion is highly
intensified by the presence of reducing condititag. effect of applied low-NOx emission
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firing systems) and by combustion of chlorine, afkalis rich biomass, coals (Cl > 0.2%)
and wastes [18]. In general, corrosion can be ieduy sulphur and/or chlorine species.

Sulphur induced corrosion is usually related to formation of corrosive coaxl
sulphates with low-melting temperatures able teradtt with tube metal, or else, can be
associated with formation, in reducing conditiookjron sulphide deposits [18]. In the first
case, deposited alkali sulphates (such g0 NaSQ,) which have generally high melting
temperatures (}$SO;, 1069C) have to be further sulphated with the preseric8@. This
may lead to formation of low melting alkali pyrophhtes (Ng5,0,, 389C, and KS,0;,
404°C) which can then interact with the protectiveelagf iron oxide and create alkali-iron
trisulphates (Ngte(SQ)s, KsFe(SQ)s). An important factor in this process is availabibf
SG; in the flue gas surrounding corrosive depositsctican be possibly released locally
from the molten deposit outer layer or during aalyic oxidation of SQwith the aid of iron
oxide. Due to the range of melting temperaturegho$e complex sulphates, they may occur
on the furnace walls as well as on the superhéatétesteam sections.

Another type of sulphur induced corrosion is teflato formation of iron sulphide
deposits which may lead to corrosion of the furnaedls. Impingement of the flame into
furnace walls, the presence of pyrites,&ein coal and reducing conditions are the main
factors facilitating this type of corrosion. Pyriiecomposed in reducing conditions and the
released BB interact with the metallic iron and produce a E8®r which loses its protective
properties thus enabling diffusion of ion metal®tour [18].

Chlorine induced corrosion can be either associated with formation of gaseblmine
(i.e. HCI, Cb) and further interactions with tube metal, or edeposition of alkali chlorides
and formation of solid deposits involving tube nhetar at worst case formation of low-
temperature melting eutectics [15, 33]. There axemal theories explaining the mechanisms
of chlorine induced corrosion which are still detide. In general, it is agreed that gaseous or
ionic chlorine penetrates the protective metal exayer and then reacts with metallic Fe and
Cr forming Fe-, Cr chlorides which are highly vdiat Metal chlorides diffuse back through
the material and form again oxides, close to therosurface of tube where a higher partial
pressure of @exist. This cyclic process leads to a high degradan the structure of tube
material by forming cracks and pore inside the gutive oxide layer. Formation of molten
chlorides enhance contact between deposit and satialce intensifying interaction between
them, and thus increasing corrosion rates [15, 33].
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2.6.5 Fuel Additives

In order to minimise ash deposition/corrosion issugrious fuel additives potentially can
be used. They can be classified into two followgngups [15, 33, 55]:

* Additives which influence gas K-S-Cl chemistry atidus aerosols formation.
Alkali metals can be captured by various minertds,instance alumino-silicate
based minerals (e.g. kaolinite, betonite, bauxitd encluding coal ash (eq. 2.3) or
else, by mono-calcium phosphate forming more stané still high melting
species (eq. 2.2). On the other side, alkali ctiewrican be transformed in the gas
phase to alkali sulphates which have higher metengperatures, and thus are less
corrosive (eq. 2.1). Easily decomposable sulphatesd for this purpose may
include e.g.(NH).SOy, Al(SOy)s or Fe(SQy)3) [55]. Sulphur present in coal can

reduce chloride formation from biomass co-firing.

» Additives which can change the physical and chelnpicgperties of deposited ash
making it easier removable by soot-blowing systém.example of such additive
is copper oxychloride, 3CuOuCkL4H,0, which was reported to reduce slagging
when utilising iron rich UK coals, producing a sdiftable deposits [10]. The
volatilised in flame additive condenses then onsiinéace of fly ash or in the open
pores of sintered slag deposits, affecting thetalysation of iron phases. This
results in generating a more open structure in digpsits and consequently a

lower mechanical strength [10].

2KCl(g)+S0y(g)+H,0lg) - K;S0,(g)+2HCIg) (2.1)
2KClg)+CdH,PQ,),(s) - CaK,P,0,(s)+2HCIg) (2.2)
2KCl(g) + Al,Si,0,(0OH),(s) - 2KAISIQ,(s,1)+H,0(g) +2HC(g) (2.3)

Although fuel addtives may help to mitigate aslatedl issues, this is usually not the
most cost-effective option, therefore a proper rogation of coal/biomass blend can give

more profits for a power generator.
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2.7 Summary

Slagging and fouling are very complex phenomenaclwhiepend upon many factors
related with the fuel nature, boiler design andrapen. In case of coal combustion the ash
behaviour in boilers is mostly dictated by coal emals which undergo in flame
transformation and melting whereas for the majoofybiomass fuels, especially those
originating from plants, the ash-forming vapours agsponsible for initiating slagging and
fouling. It was established that coarser fly ashiglas are formed during coal combustion,
for which the inertial impaction is a dominant mactsm of ash deposition. When co-firing
of biomass, the fraction of sub-micron ash and s@soincreases, and other ash mechanisms
such as condensation and diffusion become morertano The released inorganic species
from biomass can be recaptured in the furnace bByromerals or other Al-Si-based additives
used for this purpose. Optimum composition of thal/biomass blend may reduce the risk of
ash deposition.

Nowadays, much more focus is on utilising impotedd-coals blends, also in a mixture
of various biomass types. In comparison with bituoois coals, the ash composition of low
rank coals vary significantly and apart from thenaino-silicates is typically more dominated
by calcium, magnesium and iron capable of accetgyaiagging whereas coals enriched in
sodium may lead to fouling. In case of biomassirtlmev melting ashes were found to be
composed mainly of silicates and potassium (asc&pfor straw), or else potassium
phosphates (animal/agricultural residues). The &dstroublesome biomass appears to be
woody biomass due to its low ash content whilsh@eainriched in calcium, and thus being a
high melting point ash.

Conventionally designed pulverised fuel boilers ao¢ suitable to run 100% on alkali-
rich biomass such as straw or other agricultursidrees. Special boiler designs are needed
which enable the lowering of the furnace exit gasperatures to avoid slagging and fouling.
These should include adequate water-wall surfaga ar parallel heat exchange surfaces but
also efficient soot-blowing system to remove dej@osmaterial. Grate-firing or fluidised bed
boilers, with emphasis on the latter, appear tthbanost adequate for biomass combustion at
smaller scale.

Optimisation of coal/biomass blends to minimisegglag and fouling seems to be the
most appropriate way forward but is also very diffi to achieve for pf boilers. It is due to
non-additive behaviour of such fuel blends. Thewfgroper predictive tools need to be

developed and critically evaluated which is theangpal of this research.
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REVIEW OF SLAGGING/FOULING PREDICTIVE METHODS

The main purpose of this Chapter is to provide atlime of the research methods used for
predicting ash behaviour and to justify the proceduemployed for the development of a
predictive model which is attempted in a furthertpd the Thesis. Firstly, the evaluation of
the empirical, still widely used methods is conddcfThis is then continued to highlight the
new trends in the development of alternative, musgective and accurate experimental
techniques. Secondly, along with the experimemithods, more sophisticated modelling
tools are discussed. These include the combinatbrise phase equilibrium analysis—based
approaches with the ash deposition mechanistic lsoéeally, a brief introduction into the
zone furnace models is conducted, followed by ptege applications of the more
comprehensive CFD models used for simulating agiosigon in boilers. The goal is to
review and evaluate various methodologies that lsarused to predict ash deposition in pf
boilers fired with coal and biomass. As a resufte ttoncept of a generic, universal and
reliable slagging/fouling prediction tool is propec
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3.1 Introduction

There are a number of methods used to evaluatdesiviour, in terms of predicting
slagging and fouling propensities of solid fuéildarge number of the developed methods are
associated with the continuous need to find a ivelgt simple, fuel flexible and reliable
approach. In general, the following methodologiesia use:

» Standard laboratory methods used to determinetiBmical composition and fusion

temperatures of laboratory prepared ash;

» Simple empirical indices that utilise ash compositi(or inorganic constituents

speciation) data to assess the slagging and foptmgensity of coals;

* Non-standard laboratory methods based on the nigeetove measurements of the

physical properties of ashes which change durieg#h sintering or fusion process;

* Mechanistic modelling approaches capable of predjdhe ash formation, transport

and deposit growth;

* Advanced thermodynamic models which predict thg/btpid, solid and gas phase

distribution of the ash under equilibrium condisoover a wide temperature range;

* Comprehensive computational fluid dynamics toolsicwhcombine the complex

aerodynamics typical of a boiler with basic meckars of ash deposition.

All of these techniques have some advantages amthiions, which will be briefly

discussed in the following sections.

3.2 Experimental and Empirical Approaches
3.2.1 Ash Fusion Test vs. Non-standard Alternative Method S

The ash fusion standard test (AFT) is based orobservations of the ash sample that
changes its shape (due to i.e. deformation, shymikua flow) during the gradual temperature
increase in a laboratory furnace [10, 56, 9He exact procedure and the initial shape of the
ash samples can differ (e.g. pyramidal or cylirelrghape) depending on the world standard
used (ISO 540, 1981; DIN 51730, 1984; ASTM D185 7 AS1038.15, 1987) as shown in
Figure 3-1a [57]In spite of its subjective nature, AFT is still theost common method used
to estimate the slagging/fouling propensities didstuels. Several temperatures are defined
which characterise the fusion state of the ash Eampring heating. Initial deformation
temperature (IDT/DT), in other standards (e.g. DBM730) can be called the softening
temperature (ST), is regarded as an onset of agdrigig process. In this state the ash sample

starts to lose its original shape, which can beaated with the first occurrence of liquid
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phases. It is then followed by the further slagrfation when the sample reaches the shape of
a half of sphere (defined as the hemispherical &atpre - HT), or becomes completely
molten (fluid temperature - FT). Although the askibn test is still the most accepted basic
method to assess ash slagging propensity, it asvaildely criticised in the literature. Its poor
accuracy and repeatability especially in deterngnthe first IDT/DT are documented
elsewhere [56, 58]The measurements performed by three independenalabies revealed

the differences between measured IDT/DT, as lasgé08°C between the same coal samples

[56].
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Figure 3-1. Ash fusion standard test vs. non-stahdaustralian shrinkage-based test: a) Ash fusion
characteristic temperatures defined based on thgplsageometry change during the heating procesk 7
Comparison of the new method with the IDT tempeesiobtained for the same ash analysed in thergiiffe

laboratories [59].

Due to abovementioned high uncertainties in detangi the first-initial deformation
temperature of ashes more objective methods hase Beveloped. They are based on the
precise measurement of physical properties thahgghaluring the sintering and melting
process of ash. The most common are different kihdhrinkage, electrical resistance or
thermal conductivity measurements and compressiength-based tests [10, 56, 57, 60].

According to the Frenkel sintering theory [10, 61], formation pérticle-to-particle
bonding leads to the contraction and closure oégaevhich results in reduction of porosity,
decrease in bulk size and strength developmenhefash sample. As a consequence the
enhanced conductance or decreased resistance adetdmted in the sintered ash samples.

These changes of the ash physical properties ghtyraccelerated with the first appearance
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of liquid phases. In the thermal conductivity tetbste ash sample is placed between two
reference materials with known thermal conductiviipd then the heat flux is measured
while heating the sampld0, 56]. The sintering temperature is definedaasmperature at
which the thermal conductivity of the ash sampiesaases markedly.

The results obtained with the aid of the non-stashglanethods have been reported to
improve, in many cases, the predictions of the &sfl behaviour for both the fluidised bed
and pulverised fuel fired combustion systems. S8&rg [62, 63] used successfully the
compression strength-based test to predict fluidizsd agglomeration when burning biomass
fuels.

Wall et al.[56, 64] developed penetration/shrinkage-basedribanechanical method and
applied it to evaluate slagging/thermal performan€eseveral coals obtaining reasonable
agreement between formulated indices and fieldrebens gathered for the investigated pf
boiler of 600 MW capacity.

Hansen and co-workers [15, 58%ed the simultaneous thermal analysis (STA), which
combines the thermo-gravimetric analysis (TGA) wiitle differential scanning calorimetry
(DSC), to investigate the melting, evaporation e@hytlration of transforming inorganic
material. Experiments conducted for pure fuels, elgmstraw and coal, and its blends
revealed the presence of melting phase well belmax( 150°C) the corresponding IDT
temperatures.

Although the non-standard methods give more insightb a better understanding of the
ash transformation/fusion processes, and in mangescaimproved indications of
slagging/fouling propensities of ashes have begorted, there are still some issues that
should be resolved. These are related with thenon§ the ash samples tested, which are
usually produced in laboratory conditions that ao¢ the same as found in utility boilers.
More importantly, during these tests the heatitgsrand heat fluxes acting on the ash sample

are dissimilar to those conditions existing in bogd furnaces.

3.2.2 Slagging/Fouling Indices

Indices used to assess slagging and fouling temneken€ coals have been developed since
the 1960s and are usually constructed based oandlgses of the ash fusion, viscosity and
ash chemistry. The most commonly applied indicesdafined and summarised in Table 3-1.
Reviews on variety of these indices were carrietbguBryers [18] and Couch [16].

Most of the slagging/fouling indices have been dgved for coal combustion and are

usually limited to the range of coals considerdge Tost common index utilises the ratio of
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base to acid (B/A) oxides identified in the ashassess its melting behaviour. Based on the
ash fusion measurements of several coals studedZglkowski [65])there is a certain ratio
of B/A oxides, between 0.4-0.7, in which a low tergiure melting slag occurs due to
existence of a low melting eutectic region. Thig Bidex was then more specifically applied
to the high-sulphur US coals to assess their stggtgndencies by taking into account the
sulphur content in coal, which may indicate theitpgr presence. As far as fouling is
concerned, the sodium content in the coal was resed as the major fouling influencing
fuel-factor, therefore sodium impact is accountedif most fouling indices developed for
coals (e.g. (B/A)XxNgD).

Table 3-1. Summary of key empirical correlationsdiagging and fouling.

Slagging or Fouling Propensity
Index Formula
Low Medium High Severe
Slagging Propensity[38]
Base-Acid Ratio B/A= Fe,0, +Ca0r MgO+K,0+ Na,0
SiQ, +ALO3+TiO,
<0.4o0r>0.7 0.41t00.7
for lignitic ash
Slagging Factor B/A x Sulphur in coal( drgso)
. . <0.6 0.6t02.00 2.0to2.6 >2.6
for bituminous ash
0.5
T,s, °C. Temperature M x10°
& P T °C = {— +150
at which the lg(25)-C
_ v of ash i _ ' 1400 1400to | 1245to <1120
viscosity of ash is whereC = 0.0415xSi@+0.0192xAb05+ 1245 1120
equal 25 Pa*s. +0.276xFg03+0.0160xCa0-3.92
M = 0.00835.Si0,+0.00601.Al ,05-0.10¢
Iron-Calcium Ratio FeO; <0.3 or 031030
.31to0 3.
CaC > 3.C
Iron plus Calcium Fe,0, +Cal <10%
Slagging Index’C ALminIT)+(maxHT ) 1340t0 | 1230to
5 >1340 <1150
123( 115(
" SiQ, x100
Silica Percentage
SiQ, +Fe0, +CaO+ MgO 72-80 65-72 50-65
Fouling Propensity
i B/AxNa,Qin theash(%)
Fouling Factor [66] L . <0.2 | 0.2t00.5 05t01.p0 >1.0
for bituminous as
. Na,O % in the ash for bituminous ash| <0.5 05t01.0 1.0to2.b >2.5
Sodium content [67 -
NaO % in the ash for lignitic ash <2.0 21t06.0 610 8.0 8.0

Note:* Bituminous ash, when F@; > (CaO+MgO); Lignitic ash, when (@; < (CaO+MgO).
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Other ash parameter used commonly to evaluatddhgisg potential of coals is related
with the assessment of slag viscosity, or moreipegcwith the temperaturdl{s, see Table
3.1) at which the slag reaches the viscosity oPa% (when the ash can be easily removed
from the bottom of combustor [18]).

The more advanced indices that utilise more detdileel ash data derived from the
CCSEM and chemical fractionation analysis were el by Bensoret al. (for the US
coals [68]) and Gibb (UK coals [9]). Although thasdices have been found to be valid for
coals of a specific origin, there are also othedigs in which the limited applicability of
them were reported, especially for the blends caegmf different coal ranks [69].

The indices developed for coals are of less vatndiomass fuels since the biomass ash
chemistry differs significantly. In case of biomdasls, the most common index is based on
the molar ratio of (Na+K)/(2S+Cl) elements presearthe fuel. If this ratio is lower than 1.0,
it indicatesthe presence of enough S and CI to yield low mglttkali sulphates and
chlorides [70]. Furthermore, according to the perfed experimental studies by Kraueteal
[71], it is generally agreed, that if the S/CI molaraati the fuel is larger than 4.0, there is far
less risk of chlorine induced corrosion. Anotheefus index utilises the ratio of silica and
alumina to alkali metals in the fuel (Si+Al)/(Na+k)lowing the assessment of the potential
of the silica/alumina based ashes or additives (eaglinite) for capturing alkali metals to
avoid formation of alkali sulphate/chloride aerasp2].

Due to the complexity of the ash-forming elememtieractions and non-additive ash
behaviour, the development of universal indices Various fuel chemistries is virtually
impossible without the use of more sophisticatedistdased on the phase equilibrium
calculations. Furthermore, the boiler related fesstsuch as a local geometry, aerodynamics
and thermal conditions, should be also possiblysicamed when comparing slagging/fouling

propensities of various fuels and their blends.

3.3 Ash Behaviour Mechanistic Models

Most of the ash-related models that aim to des¢hibecomplex process of fuel inorganics
transformation and behaviour under conditions gxgsin boilers are of a mechanistic nature.
In these models the attempt is made to providergens of some or all of the subsequent
processes, starting from the combustion and ashafiion process, particle transport
phenomena, particle impaction and adhesion, thrabghdeposit growth and the effects on
the heat transfer. In this subsection, a brief wear of the above phenomena is presented
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highlighting the key factors or parameters thay @la important role when simulating the ash

deposition process as a whole.

3.3.1 Ash Formation Models

The current ash formations models are capable etliging fly ash particle size
distribution and composition (Beet al. 1992 [73]), Wilemskiet al. 1992 [74], Yan et al.
2001 [75], 2002 [76]). However, these models regmuetailed input on the physical and
chemical properties of fuel regarding the inorgarspeciation and their association with fuel
matrix (included/excluded minerals) which are dedvby CCSEM and chemical fractionation
analysesln some concepts, e.g. in model developed by Wikemsd Srinivasacher [74] the
Monte Carlo techniques is used for redistributingliiaonally the internal mineral grains in
coal particles before simulating the fly ash fonoat More comprehensive ash formation
models take into account the mineral coalescenag® @mar fragmentation, but also
fragmentation of the excluded minerals. The gengcthbme of this process is illustrated in
Figure 3-2. Coalescence of inclusions within thalgoatrix minerals is described by char
shrinkage and fragmentation sub-models [73-76].rd@hare various stages of mineral
coalescence processes considered with a rate degambn the char structure, in terms of a
relative shell thickness of the char censophereatsat related with the coal diameter size and
mineral volume fraction or fuel burn-out (Monreeal.[77], Yanet al, 2001 [75]). As far as
fragmentation of excluded minerals in concerned th simulated by Poisson distribution
method, except the identified quartz minerals whiale assumed to not undergo

fragmentation [73-76].

le Ash Formation Model

- - | Included Minerais |
/J Analysis of Inorganics | )
Coalescence Coalescence
- o e )
urgaln_lr:al-.y Bounded | ;‘3/ i ) — g’:?r . &

il , e S Lg @ :
WA @ Leaching Test | . 2 - @ [ ]

= OH Miﬁeral Coal Ash
- @) Inciuded Minerals | Excluded Minerals I
&

Predict size and

: . Fragmeantation
Liberated Minerals g = ‘ chemical
q — composition of
CCSEM I t & ash particles
y i
Minaral Ash
33 >

Figure 3-2. Ash formation modelling scheme for utldd and excluded minerals in coal matrix [78].

Christensenet al. (1998 [79], 2000 [80])investigated gas-to-particle modelling

approaches and developed a comprehensive plug-ftmsel applicable for straw-fired
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boilers. The developed Christensen model utilisesnéilas describing the homogeneous
nucleation, growth by multicomponent gas-to-pagtiatonversion, and coagulation of
spherical particles. The phase equilibrium caldcohest including the kinetics rates were used
to assess the local gas composition. Although tbéeainpredictions, in terms of fine particles
(K-Na-CI-S) and HCI(g) Sefg) concentrations in the flue gas, agreed quité with the
experimental results when firing high-K biomassg¢lswas straw, the model was far less
accurate for other types of biomass, especiallgghwith high Na content, which affected the
gas S/Cl chemistry.

Doshiet al. (2009 [81]) investigated the development of a nlodgapproach to predict
ash formation when co-firing of biomass with co&s. input into the model the speciation of
inorganics in biomass and coal was required, whigds derived from the chemical
fractionation or pH leaching method. Based on thase equilibrium calculations the gas—to-
particle formation was determined based on thenddfisaturation ratio for the homogenous
and heterogeneous condensation cases. The prediesdts revealed much higher
condensation rates obtained for the heterogenemdeasation than is likely to occur on the
heat exchange surfaces of boilers as comparedtetfow homogenous condensation rates

predicted for the analysed biomass co-firing cases.

3.3.2 Ash Particle Transport and Deposition

Particle transport and deposition mechanisms resplenfor the build-up of the ash
deposits depend on the fly ash properties (sugadile size distribution and composition),
flow pattern as well as the local physical conais®f the surface. A number of mechanisms
influence the fly ash transport to the surface, gsd which the most important are included

within the general ash deposition rate formuldpdews [82-84]:

‘jj_rt“ = 1 (t) + C(t) + TH (t) + BE(t) - SD(t) (3.1)

where, m is the deposit weight, is the time,I(t) is the inertial impaction which includes
upstream side deposition by large sticky partiddes also erosion effects,C(t) is the
condensationTH(t) express the thermophoresis forcBg(t) describes Brownian and eddy
diffusion, SD(t)is the shedding rate of deposits [83]. Additibpathe chemical reactions
can also contribute to the deposit mass, for im&tdny the sulphation of the condensed alkali
salts on the heat-exchange surfaces [82].

Inertial impaction is regarded athe single most important mechanism for the mates ra

of deposition of large particles with a diametepwad 1Qum [51, 85].Ash arrival rate onto
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heat transfer surfaces (kg#h is proportional to the ash arrival velocity (m/s), the
particulate burden in the furnas (kg/n? of gas) as well as the impaction and capturing
efficiencies [51, 82-84]:

1(t)=u, [

ash

mimp |1‘7capt [kg/ rnzs] (32)

The impaction efficiencyof the particles flowing in the streamlines intgnsal by a tube,
was very well quantified and correlated by Rosnet €o-workers (1986 [86]), as being a
function of the particle Stokes and Reynold’s nurab&he value of the Stokes number needs
to exceed 1/8 for particle in order to hit the oglical surface by the inertial impaction as

shown schematically in Figure 3-3a

a) b) p 22
- pmin |
e — - - ].lm
a8 Stk=01_ —— 55—k
Stk=04_ > i £p=2000 kg/m?®
y/d | > s (SiC;)
I Stk 100/ = \\
or ) |
e 2 —> ;
[ o g £,=5200 kg/m
—05 \_ U 0t *q (Fe,0,)
[ A AL .'A' - A J 8

-15 =10 =05 0 0.5 1,0 6| t=1000C  d=38mm
f]

xid P ) S N S

0 4 6 8 10

Ug, M/s

Figure 3-3. a) Particle trajectories in functionStbkes number [87], b) Minimal diameter of impagtash
particles in function of impaction velocity andndéy of mineral [87].

Assuming the Stokes numb&tk= 0.1 and after transforming the Stokes numbectfan,
we can obtain the formula describing the minimdh gsirticle diameter that can hit the

cylindrical tube, as follows:

/1.81/ p,d
dp,min = ﬁ (33)
p~p

whereg, is the particle density (kafn Pyis the gas density (kgftn vy is the gas kinematic
viscosity (nf/s), Up is the velocity of the particle (m/s) amblis the diameter (m) of the
cylinder, respectively. For the particle size ofig0the value of th&tkis around 0.46 which
corresponds to the impaction efficiency of abo@t[61]. Based on the derived functions for
dp,min= f(Up, ) @s shown in Figure 3-3b, and for the assumedrtmifize distribution of the

arriving ash particles to the tube, it can be codetl that most of the arriving ash particles to
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the tubes are of high density [87]his is confirmed in practise, as usually more ipks
enriched in FgO3 are found in deposited material when firing coals.

The fly ash capture efficiencyby the surface is associated with the physicaé siathe
ash particles approaching the tube as well astte ef the tube surface itself, respectively.
According to Sarofim [51] factors that govern thapture efficiency are incompletely
quantified. These should include the kinetic enerfjthe impinging particles (Wibberley and
Wall, 1982 [88]) but also the viscous dissipatiahjch is dependent upon the viscosity of the
approaching molten particles as well as depositatbnal. Other relevant parameters are the
surface tension, impact angle and impact velo@8] Wwhich may all determine the particles
energy to rebound [89, 90]. There a number of emgiformulas found in the literature
which describe above mentioned phenomena [90].,Hllegerelation of the capture efficiency
with the fly ash sticking probability is analysed some more detail, as it is the most
commonly used. It combines the stickiness of tikemming ash particles with the stickiness of

the deposit surface, as follows [51, 83, 84]:
Neapt = Pstick(Tp) + Psticl(Ts) [(1_ Pstick(Tp» —-K, [(1_ Pstick(Tp ))(1_ Pstick(Td )) (3.4)

whereT, is the temperature of the particle (assumed tedoml to the temperature of the flue
gas), Ty is the temperature of the deposit surfaégk is the sticking probability an&.

represents the erosion coefficient. The stickingppbility is commonly expressed in as:

:Uref ,U S ,U
Pstick (T) = H o (35)
1 ,U < :uref

To assess the sticking probability, the referendtcal viscosity 4t needs to be assigned
above which the deposition of sticky fly ash paescis highly limited. In the literature there
is not consistency in this matter and a value f@mwide range between 400 Pa*s is
chosen in different investigations. The typicalfluiscosity of the slag is about *lPa*s and
during the temperature drop the solidification asawhich may have individual character for
the various ashes considered. In other works, Haeseal. [83, 91] assumed, based on
experiments, that the sticking probability increatigearly with the melt fraction in the fly
ash approaching the tube banks. Although thereelalifferences between the reference
viscosity/adhesion criteria used, usually the assligriteria have been found to agree well

with the experimental results obtained for theeadi#ht pilot-scale furnaces or deposition rigs
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[90, 92, 93]. Nevertheless, the further, more fundatal investigations are still needed in this
matter.

The theory behind theondensationof inorganic vapours or gas-to particle formatien i
very well developed, however when applying it irdoactise it becomes very complex,
especially when the mixture of gases is consid¢séd 85]. In a very simplified form, the
mass flux of condensable species diffusing per sunitace area towards the outer surface of

the tube can be calculated by the equation [82, 84]

C(t)=k., D%Dog [kg/m?s] (3.6)

g

and the mass transfer coefficient of the ith congmdn

k;=SHD/d [/ (3.7)
wheregy is the gas density (kgfin pgy is the flue gas pressure (Pay); represent the saturation
pressure of the ith component (Pla),is the mass transfer coefficient of the ith compadne
(m/s), Shis the Sherwood’s numbed; describes the diffusion coefficient #s), and dis the
tube diameter (m). In the above formula, the memsster coefficient can be obtained based
on the known correlations for the Sherwood’s numlzid for the cylinder in a cross flow
[51]. Diffusion coefficients for binary mixtures can baatively easily obtained, however this
can be highly more problematic for the more comgageous mixtures. The concentrations
of alkali vapors and their saturation pressuresvitle temperature range can be calculated
with the aid of phase equilibrium analysis toold@rless complex gaseous mixtures can be
estimated using simple formulas as suggested byetoek [84]:

P - exda-B/T,) (3.8)

Pg
where theA, B are constants for a given salt and can be founthanliterature [84]. With
increasing temperature of the outer deposit surfdee saturation pressure increases which
leads to decrease of the deposit growth due toeswadion processes.

According to Sarofim [51] the turbulent depositicate for particle deposition due to
thermophoresis forcescan be assessed from the same turbulent masgetransfficient as
for the vapour, but including some corrections eegarding the reduced diffusivity of the
particles. In other studies, Baxter [82] adaptédretional form for the thermophoretic force
which is based on applying a Knudsen number, exptkas a ratio of the gas mean-free-path

to the particle diameter, as follows:
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R =—6mu,d f(Kn)OT, (3.9)

wheref(Kn) is a function of Knudsen number (Kn) and sevenaterial-specific properties.

This functional form was derived based on the irgegn of particle-gas momentum
exchange over the surface of particle, and was akdin other investigations with some
success [82, 94].

The Brownian and eddy diffusionis in general a minor contributor to the overall
deposition rate and its quantification is largetypérical [51, 81, 85]. The ash deposition rates
derived by these transport mechanisms for submipanticles in a turbulent fluid can be
found in studies performed by Woetlal.[95].

The shedding of depositcan be due to soot-blower activity but also duenatural
gravity forces when deposits grow too much, orlregavily fused of low viscosity and thus
are too heavy for the adhesive forces to suppernttor else through the thermal expansion
effects during the boiler shutdowns. The developneéra 2D model for predicting natural
shedding of deposits formed during straw firing wasestigated by Zhoat al.[83] who also
performed a parametric study on the impact of dleallconditions and ash material properties
change on the ash deposit formation.

An alternative to the already described approaell i3 assess the overall deposition rate
was proposed by Yaet al.[75]. In this one-dimensional approach, the inflceof a simple
flow pattern inside the furnace is additionallyluded. Three different flow pattern zones are
defined, namely: a fully turbulent core, a buffeyer and a boundary layer as shown in Figure
3-4. The major mechanisms considered in this stuese the inertial impaction for larger
particles, Brownian diffusion and thermophoresisfiloer particles.

R
™~
1__\3 ~———]
RBM13 R"Z R| !
N~ P ~ o
—) “—) ~
Rrw,
I Gas flow
) main stream
/ Boundary Buffer layer Turbulent core
/ layer

Figure 3-4. Diagram of main mechanisms for ashspart considered in a boiler’s furnace [75].

In this model, it was assumed that in the boundaygr the Brownian motion and
thermophoresis processes are the key contribubotiset ash transport to the furnace walls.
However, these processes can be neglected in teetatbulent core flow and a buffer layer,
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since the inertial impaction is dominant in thesgions. Overall, the total resistance of ash
transportRy,; can be defined based on the analogy with the kwellvn electric resistance
formula, as follows [75]:

_ 1

" 1R, +1U Ry 5 +U Ry,

where R 1, R2 andR, ; are inertial resistances belonging to the turltuteme, buffer layer

Rt tR.itR, (3.10)

and boundary layer, respectiveBsy,3 is the thermophoretic resistance in the boundaygrl
and Rgm,3 the resistance for Brownian motion in the boundamer. The details of these
individual resistances are given elsewhere [75, 96 arrival velocity of ash patrticles is
inversely proportional the total transport resis@R,:.. Ash arrival rate onto heat transfer
surfaces (kg/iis) is obtained by multiplying ash arrival velocity/s) with the particulate

burden in the furnace (kghof gas).

3.3.3 Heat Transfer through Ash Deposits

The heat transfer controls the surface temperaitithe ash deposit, determining the
physical conditions at the deposit surface, e.gerwdvith increasing deposit temperature the
liquid phase occurs. Furthermore, the deposit sartanditions influence the deposit build-
up rate as well as the removal/shedding of depd3itsurrence of partly molten deposits may
lead to a more efficient particle capturing. Howewence the deposits become completely
molten they flow down the heat transfer surfacescokding to Muelleret al. [97], deposits
may reach a steady state, a maximum layer thickwhesa the percentage of molten phase in
the deposits surface does exceed 70%.

In this subsection the basic parameters affectivgy leat transfer conditions during
deposit build-up are briefly discussed. A more coghpnsive review of the state-of-the-art
modelling approaches was carried out by Zbagal [98]. In general, the net radiative heat
flux through the ash deposit layer can be exprelgdle following equation:

q :E_L“[(Td _TW):a[ﬂTgJ —Td)+ gdao(Tg“ —Td“), bN/mz] (3.11)

eff
where, Tg-Ty) is the temperature gradient through the depagérl (‘d” denotes deposit and
“w” wall/tube surfaces respectivelylly is the flue gas temperature (K} is the thickness of
deposited material (m)..kexpress the effective thermal conductivity (varedween 0.5 to
2.0 W/nf depending on the porosity of depositg),is the deposit surface emissivigg is

the Stefan-Boltzmann constant amis the convective heat transfer coefficient (ikin
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The heat transfer parameters of prime intereste@léo the deposits are the effective
thermal conductivity (which includes besides thendiectivity also radiation through the
deposit layer) and the surface emissivity of thpaodé. The emissivity of ash deposits can
significantly affect the heat absorption by thenfoe walls, especially when enriched in
calcium: then white and highly reflective deposite formed [99]. In unsteady conditions, the
heat transfer through a developing deposit layem@se complex, since the values of all
critical parameters (such as the conductivity, piyoand emissivity) are changing during the
deposit build-up process, due to the likely ligplthse presence which accelerates sintering of
deposits.

The comprehensive literature study performed bygabet al.[98] showed that there is
still a need for a wide range of experimental da&d would help in evaluating and improving
the existing thermal conductivity models. Also,igtnecessary to formulate more accurate
models for the thermal conductivity of solid mix@sr in which potentially important sources

of errors have been identified [98].

3.4 Importance of the Phase Equilibrium Analysis

The phase equilibrium modelling is a powerful todlinvestigating the transformation
and phase changes of chemical species in a mufiponent system under specific
temperature and pressure conditions. The thermaaignstate of system can be described by
specifying temperaturd,, pressurep, the number of moles of each component, =1, . . .

,Ns in the system. The convenient energy function etghstate variables is the Gibbs energy
of the systemG = G (T, p, i), and the difference between two different states be
expressed as follows
dG=-SdT+ Vd|srzc",ui d (3.12)

i=1
where Sis the system entropy/ is the system volume and is the chemical potential of
component. In terms of stimulus and response, the pressifiterehce drives the volume
changes, temperature difference drives entropyggsmand the chemical potential difference
drives the mass transfer. Considering the systémhais in thermal equilibriumTEconst),
mechanical equilibriump&const) but not at chemical equilibrium hence alfgyvthe mass
transfer, the total Gibbs energy of a chemicalbpctimg multi-component system at constant
pressure and temperature is given by [100] :

G =Y nu =Y n(4+RTn g (3.13)
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wheren; is the number of moles afz is the chemical potential of specieslf stands for the

chemical potential at standard state for spetiaad & for the activity of pure species
At the constant temperature and pressure, the ileles energy of the reacting mixture
reaches a minimum value (a stable state) resuliitige equilibrium composition [100].
G" =min=(dG');, =0 (3.14)

In order to minimise a set of the above obtainatttions of the multicomponent chemical
system the Lagrangian multiplier method is used]10

Thermodynamic equilibrium analysis can be effidgnperformed with the aid of
FactSag8” thermochemical software and databases [102], leratommercially available
tools, which are based on a minimisation of Gikblee fenergy. Once the initial composition
and pressure of the system are set, Fact8adgtermines equilibrium concentrations of solid,
liquid, and gas species over a specified temperatange. It should be noted, that the
equilibrium concentrations are calculated indepatigeat each temperature. Depending on
the kinetics of the reactions occurred, these #aiwim concentrations may or may not be
achieved.

There have been several studies reported in #r@titre in which the phase equilibrium
calculations were utilised to investigate the agpagition tendencies in solid fuel combustion

systems [72, 103-106]. The general procedure schersehematically illustrated in Figure

3-5.
Air, A=1.2 @
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< | < —
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Figure 3-5. Application of the phase equilibriunabysis for the ash behaviour of solid fuels.
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The available thermodynamic databases enablestoramalyse, under high temperature
conditions, the slag phase formation of complexnaho-silicates, but also the condensation
(through the liquid/melt formation) of salts ((K,aNSQ, CGQ;, CI, OH)) which are found
commonly in solid fuels [102].

Due to the nature of the equilibrium analysis whiles not consider kinetic as well as
transport-mixing parameters, some additional aptress have been developed for various
combustion systems. Gupd al. (1998) [35] proposed the use of the availabilibgfticient
which roughly describes the activity of the inorgaspecies under pulverised coal fired
conditions. This coefficient utiises CCSEM and wmiheal fractionation fuel data, such as
particle size distribution of the minerals and thassociation with the fuel matrix, to
determine the minerals activities. Included minesghich encounter higher temperature and
reducing atmosphere during coal combustion, thesefdong with soluble salts and fine
mineral matter have assigned the availability goiefiit value of unity. Excluded minerals are
assumed to be only partly reactive, and their abdity coefficients are assessed based on the
general formula, as follows [35]:
>, [1.O(ri -3 )1 rf’]

2N

wheren; is the mass fraction of excluded mineral in the $im of radius; with g its reactive

AC =

(3.15)

thickness, and AC is the availability coefficiehhe reactive thickness layer is assessed based
on the experimental investigations: however acogydo Gupta it can be assumed to be less
than 1.Qum [35]. The above defined AC coefficient determiriee reactivity of the coal
minerals when applying the phase equilibrium calttahs.

In other studies, Zevenhovehal. (2001) [106] used the data obtained from the chami
fractionation analysis of the fuel as an inputhe phase equilibrium model applied to the
thermal conditions of a fluidised bed boiler toestigate bed agglomeration risk and fouling.
The fuel fraction that was leachable in water amdtate was expected to react with
combustion products rapidly forming fly ash, thygpm@aching equilibrium, therefore, it was
assumed to be a “reactive fraction” of inorgangse(Figure 3-6). The non-reactive fraction,
which is leachable in hydrochloric acid or insokyiblvas expected to form the bottom ash in
FBC system. Both the fly ash and bottom ash belawas modelled based on the phase
equilibrium calculations to identify equilibrium ewosition as well as melting temperatures
of ashes, which were then successfully used tosagbe bed agglomeration or fouling for

various biomass fuels studied [105, 106].
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Figure 3-6. Chemical fractionation scheme for r@acand non-reactive ash fractions in fuel [1046]10

Nutalapati(2007) [103] and Tortosa (2007) [104] used the mediphase equilibrium
analysis schemes to investigate slagging and fguhinpulverised fuel fired boilers. This

approach was based on laboratory investigationgshaihdicated that alkali ash compounds

vaporise at elevated temperatures and can inteveit the surface of nonreactive silica

particles. This gives rise to low-melting temperatalkali silicates and contributes to the melt

phase that occurs in the boiler. According to tiiaimed correlation trends presented in

Figure 3-7, for the assumed the average thicknefgeaeacting layer of O3n [103] and 10

um size of non-reactive particles, this would cqoeesl to around 15% on the volume or

mass basis of the non-reactive particles. Suchulzdaéd percentage of non-reactive ash was

assumed to reach equilibrium at high temperatupet¢u1300C) with water and acetate

soluble inorganics (reactive ash).

Volume percentage of reacted part of a particle, %

Reactive layer
of a particle

Layer thickness|

0O 10 20 30 40 50 60 70 80 90 100 110
Particle diamter, um

Figure 3-7. Volume percentage of reacted partisla dunction of particle diameter
and reactive layer thickness [103].
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Figure 3-8. Nutalapati’s simplified phase equiliion algorithm for pf boiler conditions [103].

However, according to Nutalapati methodology, & lbwer temperature range (below
1300°C) only the fate of inorganic vapours is investightas schematically shown in
Figure 3-8. Two temperature ranges were defineghich the mass of the species condensed
between 1301 and 908C; this was assumed to indicate fouling risk whertkee species

able to condense between 806&600C indicated low temperature fouling.

3.5 Towards Finding an Effective Predictive Furnace Model

Thermal conditions and flow pattern in a boilernface amongst the fuel characteristic
are the key factors influencing the ash behaviowr @eposition severity in boilers. Over the
past 50 years several modelling approaches ofrdiffecomplexity have been developed that
enable the assessment of boiler thermal performinaheding the impact of ash deposition.

In general, two types of models can be distingushs follows:

* Zone based models are the precursors. These atevedl simple, flexible and
thus rapid in response. In a one dimensional clseace is divided into one or
several control volumes, in which radiation is thajor mechanism of the heat
transfer. Zone-based models aapable of predicting temperature distributions
and heat fluxes within the zones. In multi-dimensiozone models the flow
pattern is necessary to solve the total energynbalaf the zones, which is
simplified, prescribed or provided from the CFDaoddtions [107].

* Finite-difference models are able to calculate flaene temperature and other
furnace variables in much finer resolution. Nowaddhese models are part of the
computational fluid dynamic (CFD) commercial packsaglhey are able to predict
flow, mixing, combustion, heat release and heamnsfex based on the local
conditions within the furnace and boiler. Its a@my depends on the initial and

boundary conditions, but also on grid fineness @mmdulence model used [107].

-52 -



Review of Slagging/Fouling Predictive Methods

They require large computational effort, therefsoene other phenomena, such as
i.e. ash deposition are typically simulated in gmstcessing calculations, when a

converged steady-state solution is obtained.

3.5.1 Usefulness of the Zone-Based Models

The development of the zone method is largely dube work (carried out in the 1950-
60s) of Hottel, Cohen and Sarofim [108] who analyslkee radiation heat transfer in an
enclosure filled in with the flue gas. These methoder the years have been successively
extended, and applied to the more complex georseta@ging from a one-dimensional long-
furnace model to multidimensional enclosures, amdehbeen widely used in several
industrial applications ranging from the gas-fildest chambers [107] through to pulverised
coal-fired furnaces [109, 110].

The concept of this method is based on a disctetrsaf the boundary surface and gas
volume into a number of zones which are assumée tof uniform temperature and have the
radiation properties of the gas and surface. Amggniealance is written for the each of zones,
including the heat introduced with burning fuek, and all the radiation arriving at the zone
from all other zones within the furnace enclosimeone-dimensional models the effect of the
flow pattern may be neglected, opposite to multehisional cases when the flow and heat
release pattern is necessary to solve the totadjgialance and has to be prescribed to obtain
the mass transfer rates between each volume zahetaer neighboring zones. The heat
balance equations are solved iteratively for the tamperature, which then allows the
temperature distribution, heat flux on the heafem#s and corresponding total values of
radiation heat transfer between the zones to Erdeted.

According to the way radiative heat transfer indiad zone methods can be divided into
three general groups: i) classical methods devdldpe Hottel and co-workers [108], ii)
Monte Carlo probabilistic methods supporting Hdstehodel when applied to the more
complex geometries [111], and iii) simplified oderensional, Russian normative furnace
models [112].

The classical method uses the precalculated naeliaéat exchange coefficients for total

energy balances, known as a directed flux areaso{dé aquG, éS, SG and SSfor gas-
gas, gas-surface, surface-gas and surface-suddizion exchange, respectively). According
to this theory, the radiation energy transfer betwa pair of zones, e.g. between the gas
volume enclosura) and surfacej) zones can be expressed as follows [107]:
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Q.,=GS a1, -GS, o,T" (3.16)

where Ty= 5.67*10°W/m°K* is the Stefan-Boltzmann’s constant afig; and T, are

temperatures of the gas and surface respectivaly tflermal radiation balance of the surface
zone is schematically shown in Figure 3-9a.

These direct flux areas (DFA), which are tempemtgpendent, include the effects of
the total enclosure geometry, the non-grey absmrpthe emissivity of combustion products
and multiplied reflection. However, before DFA daa obtained, the more fundamental sets
of exchange factors, namely direct exchange arB&A) have to be calculated. These
exchange areas define the fraction of radiant theasferred from one zone to another on the
assumption that the surfaces of the surroundinglosaie are non-reflective [107].
Furthermore, these DEA are not temperature depéndad can be easily applied for the
basic zone shapes; their tabulated values arel istEL08]. More detailed description of the
successive steps needed to transform the direttelkehange areas into the direct heat flux
areas can be found elsewhere [107].

The classical method described above is not flexdénlough when dealing with more
complex zone enclosures and handling the localrikpecies of radiative properties. In such
cases the use of Monte Carlo ray tracing methodahwisi very versatile with respect to zone
shape and arrangement can be very supportive astedpelsewhere [111]. This technique
relies on algorithms of random sampling of a langenber of discrete packages of energy
(rays/beams) from each zone, which are then trat@eachieve a statistically significant
measure of the distribution of the radiant heagf@ 3-9b). However, in case of the multi-
dimensional models the computer run time is moraateling since the computational effort

of the exchange area calculations increases expalhgn

b) Monte Carlo Method for Direct

a) Radiation from the surface zoneg
Exchange Areas

m -

Y. §So.T!

j=1 p, Aj
Radiation from the gas zones /

Receiving surface
zone j

Shadowing
zome

y //
Surface zonei Yo 4

Figure 3-9. a) Thermal radiation balance of théamar, b) Monte Carlo method for calculating theadir
exchange areas [113].
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Although the Monte Carlo method is based on quitecgve algorithms, the encountered
difficulties with calculating the direct exchangeas for enclosures with participating media
make this method more suitable for the gas-firetheaes rather than pulverised fuel fired
boilers. Nevertheless, a number of examples cafolred in the literature that show the
application of this method into large utility cdaded boilers [114-119].

Lowe et al (1975) [114] performed the sensitivity analysi@@one method applied to a
tangentially-fired pf boiler of 900 MW thermal inpulhe effects of different simple flow
patterns variations, boiler load and ash conterdoal were investigated. It was concluded
that variations in the ash radiative properties da@®minating influence on the heat flux and
temperature distributions, more relevant than tifieceof flow pattern. Comparison of the
simulation results with the measurements data galaévely good agreement.

Blokh et al. (1992) [116] applied the 3D zone approach supdoweh Monte Carlo
calculations to the brown-coal-fired pf boiler, Wihighly slagging tendencies. Although the
flow pattern was assumed to be relatively simphe, more detailed ash deposits thermal
resistance profile along the furnace determinedhftbe measurements was included. The
results obtained allowed to determine the rati@maaiditions for burning slagging coals, and
to develop an algorithm to evaluate degrees of engals recirculation into different areas of
the furnace chamber to obtain the highest intertdityeat exchange with minimum slagging
of heating surfaces.

Hesselmann (1998) [117] developed algorithms tgetighe input data of the 3D zone
model applied to a 300 MWpf boiler with the flow and axial heat releaset@at provided by
the CFD tools (Figure 3-10). The integration of CB&sed data within the zone model
improved significantly model predictions of the hlaxes as compared to real boiler data,
and more realistic flame trajectories were obtaifedthermore, this approach allowed more
reliable and efficient studies on the impact ofumace NOx reduction methods on the boiler
performance. However, in this work the uniform face deposition topography was assumed
due to lack of proper data: thus a full validatafrthis model with respect to ash deposition
impact could not be performed.

The different, more simplified/engineering concepthe one-dimensional zone model is
illustrated by the Russiamormative zone furnace method (standardised in)1d242]. In this
approach, instead of the direct-exchange flux atedsandle the radiation heat transfer, the
thermal efficiency factors are defined which exprése ratio of absorbed to incident heat
fluxes in the analysed zone. These factors, imaasparent way, describe the boundary

conditions of the heat transfer inside the furnaweluding the relation between the incident
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heat flux, thermal resistance of the furnace watid the radiative (absorptivity, emissivity)
properties of deposits [120]. As a result, the iotp the ash deposition conditions or other
sensitive parameters change on the heat fluxeduandce performance can be potentially,
relatively quickly, assessed.

| O

| |

. "o, "o, "V, I, I,

LTTEEETTT
AL
A

[

N
Thdl
Figure 3-10. Three dimensional zone-based modealpdfboiler furnace including
the platen superheater section [117].

Kuprianov et al. (2001) [119] applied the Russian normative mettmdietermine the
temperature and heat flux distributions for thenge of a 500 MW pf boiler fired with
high-ash, medium volatile bituminous coal undefedént operating conditions. In this work,
Kuprianov proposed some improvements to the mogehtooducing more detailed thermal
energy balances for the each burner row (now defasea separate zone), and incorporating
empirical correlations for the fuel burn-out prefilalong the furnace height. This allows the
simulation of the impact of staged combustion aeduced boiler loads of the individual
burner tiers on the boiler performance. The nuraériesults were validated with some
operational data obtained for different boiler'ads and fuel distribution patterns giving good
agreement. Furthermore, the effect of various dpegrgparameters, such as the effects of
excess air and fuel particle size distribution walso studied to establish possible range of
operating conditions that ensure the most efficemler operation.

The Russian zone method/model was successfullyeabipl a number of cases, and was
recommended as a very powerful and efficient tesplni to predict the thermal performance
of combustionfurnaces. These models vary in complexity dependingthe number and
arrangement of zones that subdivide the furnaceeSaf them were also integrated with an

on-line boiler performance monitoring tool [118]u® to the uncomplicated nature of this
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approach, the thermal characteristics of the fuer(gamperature profiles, heat fluxes) can be
obtained within a relatively short period of timadasufficiently accurate for engineering
purposes [118, 119]. The advantages of this mesinedlexibility with respect to the furnace
geometry and fuel type, including fuel mixtures,veall as potentially short computational
time (a few minutes for a single case study) tdnoige the model with respect to the fuel
mixtures/air distribution.

As far as the accuracy of the zone-based methatriserned, according to literature
reviews [119] this is estimated at about 3% (or&@r the temperature in burner zones) and
5% (or 60°C for the temperature at the furnaceetutor various fuels and furnace types. For
these industrial applications the predicted furnelcaracteristics are sufficiently accurate to
be used for further calculations related to furndesign, retrofitting, or investigating the

effects of fuel switching on thermal boiler perfante.

3.5.2 Advanced CFD-based Modelling Approaches

Over the last two decades, a number of attempt® Hmen made to apply more
comprehensive CFD models to simulate ash depositidrilers. Such advanced analysis is
most useful when investigating the impact of thealoboiler conditions on slagging and
fouling. Different approaches have been exploredriter to reduce computational efforts
needed but also with respect to the mechanisticl@sbsition sub-models used.

Richards (1993) [92] and Wang (1997) [121] couplkd comprehensive combustion
code to predict the gas temperature and flow fielctuations with the particle impaction and
the sticking probability routines used in post gsging mode. At an early stage, due to the
large computational effort required, a 2D geometia pilot-scale furnace was investigated
by Richardet al. [92] who used the stochastic flow trajectoriesrapph and assumed the
critical viscosity of less than 1®a*s to simulate fly ash particles impaction angasétion.

At the later development stage, Wang and Harb [Iijlied a statistical cloud particle
model to assess the particle impaction rates f@Daboiler geometry, which reduced
significantly simulation time from the several miesitfor individual particle tracking to

several dayslIn this work, the deposit growth on the panel o ttilot scale furnace was

accurately predicted, however the model predictiwase not validated with full-scale boiler

results due to lack of proper data. In other swdeanet al. (2001) [122] used also a

stochastic flow trajectory approach applied to dateiash deposition in a pulverised coal-
fired boiler, however they assumed a higher ciitidgacosity of fly ash - 10 Pa*s. The
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predictions of the deposit mass and thickness d¢r@stfunction of the furnace height were
obtained.

Leeet al (2002) [89] used the individual particle trackiagproach while investigating
the ash deposition in the local area around a esirigbat exchanger tube for their
computational domain. The deposition caused bickyssodium layer on the fly ash particles
was investigated. A more detailed model was dewslognd validated which calculated the
sticking probability based on the particle viscgs#urface tension, impact angle and velocity.
Tomeczeket al. (2009) [123] also used more complex individualtipbe tracking approaches
when simulating the ash bridging between tube habksing the deposit build-up the grid
was adjusted affecting the flow pattern around tiieks. Inanother study, Degeregt at.
(2012) [90] performed 2D simulations af 0.2 MW, pilot-scale coal-fired furnace with
individual tracking of 10 injection group of patés between 70-2Q0n, using a critical
viscosity of 18 Pa*s. The predicted deposition rates agreed wéh the experimental
measurements on four different coals.

Currently, with increasing computer power, more poehensive sub-models within
boiler CFD post-processing simulations are beingofporated. These include the ash
formation, ash transport, deposition and deposiwtr mechanistic sub-model (Lee and
Lockwood (1999) [124], Ma&t al (2007) [125], Losurdet al. (2012) [126] as schematically
illustrated in Figure 3-11. Besides the increasedsive computational effort, these models
require detailed data on inorganic speciation, véerifrom the CCSEM and chemical
fractionation analyses, as input in order to sineutae mineral matter transformation process

and fly ash formation.

operating conditions

————— fuel properties ~ Dboiler geometry
fuel properties

ash (trans)formation fluid dynamics P -

PSD flow field

chem. composition v A 4 T distribution

particle trajectories

v

deposition

; a

deposit properties
sootblowing OPQHUOD%

deposit growth ~  b=-=-mmmmm e

Figure 3-11. Scheme of a comprehensive CFD-basebetsaviour modelling approach [127].
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Amongst CFD simulations performed for coal-firedléxs, only a few references can be
found regarding the analysis of the ash depositioring biomass combustion.aK et al.
(2006) [94] simulated the ash deposition procesa BD geometry of the straw-fired grate
boiler. To calculate the ash deposition rate a argiodeposition approach was used that
assumed additive contribution from impaction, thehmresis and condensation. As a sticking
criterion the melt fraction of 15wt% in the ash weaculated with the aid of the phase
equilibrium analysis, including two separate ligplases, such as a molten salt and silicate
slag [94]. In another study, Muellet al [97] also used 15 wt% melt fraction in the fihass
a stickiness criterion when predicting ash depmsiin biomass-fired fluidised bed boilers. In
this approach, the CFD model was integrated with thase equilibrium calculations that
required input data derived from the chemical foaetion of the biomass fuels studied [97].
The model was successfully validated with entraified/ reactor experiments performed

under well-defined conditions [128].

3.6 Concept of the Slagging and Fouling Advisory To ol

After reviewing many different approaches to thedelbng of pulverised coal and
biomass fuel combustion, and keeping in mind theessgty of high accuracy for the
predictions, a short computational time and flditjpbdf the model with respect to the furnace
geometry and fuels burning (including mixtures)zane—based computational method was
chosen to determine a midsection temperature prifioughout a pf boiler. The zone model
of boiler is then aimed to be integrated with thpioved thermo-chemical calculation-based
schemes to be able to assess the slagging andddeindencies in different boiler regions
when co-firing various coal/biomass blends. Thepdiied scheme of the slagging/fouling
predictive tool is shown in Figure 3-12.

The concept of a generic slagging and fouling mtedioriginated from the previous
research carried out by Cardiff University withiovirerFlam1&2 European Project . In its
original design a spreadsheet-based model wasajmal designed to be run under Microsoft
Excel (Cardiff University, Gralton T., PhD thesZ07 [54]). The spreadsheet uses a series of
empirically derived correlations based on the FagéSthermodynamic calculations but also
FLUENT derived, obtained for a number of coals brminass fuels covering a large range of
operating conditions. These correlations were imeleted via the neural networks (NNT)
into the spreadsheet. However, the flexibility lné tmodel were limited since the NNT had to
be learnt each time when different biomass ash dtees were considered. It also
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introduced other limitations associated with thehfer development of more sophisticated
ash deposition models.

In light of the above, it was decided within thi®nk, to attempt a development of the
more complex 1D-zone model that could be direathggrated with the phase equilibrium
module. In such approach, the highest flexibilitylee phase equilibrium calculations should
be achieved allowing the analysis of various fuleémistries (only limited by thermo-

chemical databases used) but also further moduicaiof equilibrium model.

ZONE-BASED MODEL - Temperature Profile (1D)
_| Boiler geometry / tube bank arrangement

Fuels data / detailed ash analysis

Firing pattern & Operating conditions Reactive/non-reactive ash
(Chemical fractionation)

y

Thermal energy balance
Heat released (Fuel burnout)
Heat transfer (Ash deposition model)

Thermo-Chemical Analysis ‘O

Melt phase distribution (slags + condensed alkali salts)
Deposition model (viscosity prediction + amount of molten ash)

POTENTIAL BOILER INDICATOR

*+ SLAGGING + Boiler Efficiency
. FOULING . Boiler’s operational parameters

A

Figure 3-12. Simplified scheme of the proposedgitagffouling predictive tool.

Furthermore, the improved modelling approach shbeld¢dapable of predicting the impact of
fuel switching and related slagging/fouling risk thre various associated heat transfer and
thermodynamic parameters of the system, such as bmder efficiency and steam

temperatures.

3.7 Summary

In this Chapter various methodologies of differeomplexity that have been developed
over the decades for predicting ash behaviour luat thermal performance of boilers were
presented and discussed. It was observed thatatige, during the boiler designed stage or
boiler operation, when evaluating slagging/foulipgppensities of fuels the less accurate
standard methods are still in use along with tleeces which have been reported to give
unreliable predictions for more complex fuel blendswadays, in the scientific community
very comprehensive modelling approaches generaliyimgiate: these models integrate the
mechanistic ash-related sub-models within the CHbulgtions. The predictions obtained

from these models have been validated mostly ferpilot-scale furnaces or rigs fired with

-60 -



Review of Slagging/Fouling Predictive Methods

coals. The question arises if these highly comprsire models can be ever validated with
data derived from large scale boilers?

Despite the apparent advantages associated with ©BI3, in day-to-day decision
making, it is more useful for the boiler operatarsd managers to have available generic
models capable of giving first order, reliable peddns. In order to meet these needs the
development of an integrated package of methodetowias proposed which is based on
coupling of the simplified zone-based model of aldvowith thermo-chemical phase
equilibrium calculations capable of analysing mooenplex ash chemistries to assess their
slagging/fouling tendencies. The development ofpgtsgwosed model as well as its validation

are the goals of the next Chapters.
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THERMAL PERFORMANCE ANALYSIS OF A LARGE SCALE
PF BOILER

In this Chapter, the development of an improved-dmeensional zonal furnace model of a
large utility pulverised fuel boiler is investigateThe model has been improved by adding the
convective section as well as including theater/steam cycle for performing more
comprehensive thermal analysis of the system. iaddity, the functions describing the
impact of deposits resistance and emissivity ondt@ heat transfer conditions were derived
and implemented. The first sections deal with @évheoretical background of the heat
transfer process to obtain a set of proper energhatice equations for the zones placed in the
different boiler’s regions. Some method assumptamslimitations are discussed. The model
enables the assessment of the local heat transfadittons within the zones, determining a
midsection temperature and heat flux profiles tigloaut a boiler. Associated changes in
boiler efficiency as well as various heat transded thermodynamic parameters of the system
can be also analysed. The developed model hasapgdied to the large 235 MyWall-fired

pf boiler fired with blends of bituminous coal abtbmass fuels of different quality. The
effects of changes in the ash and moisture contenit® fuels on heat transfer conditions and
boiler performance are analysed for different bi@waypes and co-firing sharesThe
sensitivity of the model is analysed for variougragional conditions, including simulated
severe furnace slagging. The open and clear straabii this approach gives the possibility
for adapting the ash deposition module which dgualent is described in more detail in the

next Chapter.
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4.1 Introduction

Amongst the most crucial factors influencing thé agposition severity in pulverised
fuel fired boiler are the nature of fuel fired, @gynamics and thermal conditions, of which
the last one affects almost every other physicahemical process taking place [129].

The amount of heat absorbed in the furnace whidominated by radiation represents
around 40% of the total thermal energy releasethguwwombustion. Slagging of the furnace
may disturb the heat exchange rate distributionvéen the furnace and convective section
leading to the production of lower steam mass flawd higher temperatures at the furnace
exit, resulting in overheating of the heat exchas@eigher steam temperatures), or extending
the ash deposition to the convective pass of tilerbo

The major parameters that determine thermal camditin the radiant and convection

sections of a pulverised fuel-fired boiler are shawFigure 4-1.
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Figure 4-1 Factors influencing thermal performance of pf énil

In order to minimise slagging and fouling issudse furnace should be designed to
achieve a proper thermal load of the heat-exchagéaces along the furnace height.

Furthermore, aerodynamics in the furnace shouldgmteimpingement of flames on the water
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wall and ensure uniform distribution of heat flux the water walls. With respect to the fuel
ash quality, the furnace exit gas temperature (FESiDuld be kept below the softening
temperature of ashes (usually in the range of I¥HIFC) to avoid deposit build-up on the

platen superheaters, and other heat exchange esiréatering the convective sections [115,
129, 130].

Besides slagging furnace issues, the variationsadiative properties of flue gasses
mainly occur when co-firing high moisture and high/ ash content biomass fuels: this may
also affect significantly the heat transfer withihre furnace. Furthermore, convective heat
transfer will be influenced by higher volumes, ahds velocities of the flue gas produced
when utilising lower quality, low calorific and wsblid fuels.

The impact of fuel quality on the thermal perforroaf a boiler can be relatively simply
and accurately conducted with the aid of one-dinograd zone modelling methods. In this
Chapter the use of an extended version of such matleods is investigated, with the purpose
of analysing the effects of biomass co-firing ast deposition on thermal performance of a

pf boiler.

4.2 Concept of Improved 1D-Zonal Modelling Approach

A comprehensive extended version of the Russiandatd one-dimensional zonal
furnace model is proposed with the conceptual sehshown in Figure 4-2. The proposed
modelling concept consists of the following genenaldules:

 Furnace section module which utilises the furna@®eh constructed based on the

mathematical principles of the Russian standarce zoethod [112]lt is capable of

assessing heat flux and temperature distributiongathe furnace height for a wide
range of boiler thermal loads. This model can batikely simply extended to
simulate the effects of fuel/air distribution vaiams, fuel burn-out [119] as well as
the impact of furnace slagging on thermal furnaegfggmance. As a result, the
furnace thermal efficiency can be predicted, incigdthe mass flow of steam

generated and the flue gas temperature enteringptiveective pass of the boiler.

« Convective section module which is based on thetmaéncing of heat exchangers

placed in the convective pass of boiler. To eaclthefheat exchangers one zone is
assigned. The heat transfer/exchange between tiee gihs and heating media is
assessed. The proper heat transfer coefficientsnal@ded which take into account

the effects of tube banks arrangement, thermalflamdconditions as well as thermal
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deposit resistance. Along with the parallel caltafes conducted with the aid of the
furnace section module, the impact of fuel switghon the overall boiler thermal

performance and efficiency can be analysed.

* Ash deposition module aims at delivering informatio the furnace and convective

section modules, regarding the thermal resistieitythe ash deposited in different
boiler's zones. These data can be assessed ejtliee luse of reliable ash deposition
models, or else by the direct measurements of fi@ets change during the ash
deposit build-up process (i.e. on the furnace Wwallsd recalculation of the deposit
resistivity [131]. The development of the ash déjpms predictive methodology that

utilises phase equilibrium calculations is the ainthe next Chapter.

FURNACE SECTION CONVECTIVE SECTION
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Figure 4-2. Conceptual scheme of the used zone limagdapproach.

The model output includes boiler performance infation with respect to boiler/furnace
thermal efficiency, amount of steam generated, tFatpres of superheated/reheated steam,
spray-water injection flows, and other related i@dynamic data. Most importantly, with
the aid of ash deposition model, the effect of d&p@sistance on thermal performance can

be investigated.
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4.3 Zone Modelling Procedure

This section deals with presenting the theoretieakground regarding the construction

of a one-dimensional zone furnace model for pubesticoal/biomass fired boilers.

4.3.1 Radiant Heat Exchange

Before the whole set of thermal energy balancegrésented and discussed, first the
analysis of the heat exchange between the flame aod furnace walls in a single zone in the
furnace will be analysed in more details. In ttpprach it is assumed that the whole furnace
is occupied by a flame with the surface/f and emissivityg (Figure 4-3). The furnace
enclosure consists of diffuse grey surfaces sudimgna grey gas. The assumed greyness of
the gas means that its emissivity does not dependhe wavelength but only on the
temperature and gas composition ¢C8,0 concentrations). For diffuse grey surfaces, the

radiant energy is emitted or reflected in all dil@ts.

Figure 4-3. Gas enclosure in radiant zone of tinesce.

The rate of radiative heat transfer from the flamagards the furnace walls can be calculated
from the following formula:
oA (T -T)
h i +ﬁﬁ (41)
£fl £W AN

where Jy= 5.67*10%W/m?K* — Stefan-Boltzmann’s constant.

Taking into account that the flame fills up the wehfurnace zone, therefore it can be assumed

that the surface of the flame is equal to the serfaf the wall £ = Ay).
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Q. = O—OAN(T;I‘_-IC\?)
Rad —
1,1, (4.2)
&y &

W

Since not all incident radiation from the flameaissorbed by the water-walls, part of it is

reflected (as shown in Figure 4-4).
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Figure 4-4. Energy distribution at the surface.

Moreover, taking into account that the wall surfaeenit also the energy, the net heat flux

which is absorbed by the water-wall can be givethieyformula:

qrad = Q:;d = c]nc - QJack (43)

anck = qemit+ qreﬂ: g\p—T?/v-l-(l_gv) qint (4-4)

After introducing the thermal efficiency factor, wh is defined as the ratio of the heat flow

rate absorbed by the furnace water-walls to thiglemt heat flow rate:

q'ad — qnc B q)ack :1_ qback
qnc qnc qnc

(/j:

(4.5)

the outgoing radiation from the surface, as a phirticident flux, can be expressed as

G = (1) Gl (4.6)
Submitting expression (4.4) into (4.6), one olgain
£.03T0 +(1-6,) 6 = (1) G (47)
and then
EO5 T = E e~ U (4.8)

After substitution and proper transformations
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4 4
_ Ewgfla-onl — &€y JoTw

qrad = l//qinc -

EqTE, ~E,E&y (4'9)

. — Ew‘gflaon? - gfl (gw C.lnc _l// qnc)
wqinc gﬂ +£W _Ewgﬂ (410)

Performing further transformations a formula fog #missivity of the flame can be derived as
follows:
1

14,1{‘70Tf71 _ 1} (4.11)

&g =

w an
Furthermore, from the definition of the furnace ssiity, we obtain

& — c'Jinc
furn 4
JOTfI

(4.12)

which leads then to the expression for correlatimg emissivity of the flame and furnace

chamber, as follows:

e = 1
fl—
1+1 1 (4.13)
w Efurn
£ = (4.14)
€ +‘//(1_5ﬂ)

Finally, the rate of heat transfer transferred agiation to the water-walls with the surface

areaAqmm and flame temperatuiig can be calculated from the following expressions.

QRad = qrad Afum = qny/ Afum: 3 furrq-o T‘#/ Aurr (415)

4.3.2 Furnace Deposit Boundary Conditions

By definition, the thermal efficiency factor of tfiernace walls expresses the ratio of the
heat flow rate absorbed by the furnace water-wallghe incident heat flow rate in a given
zone. After transformation of equation (4.8), tlemeral formula, which characterizes the heat
transfer efficiency by radiation between the flaama& furnace walls (or the heat exchange
surfaces) covered by deposit layer, can be obtasddllows [110]:

Cinc Cinc

The thermal efficiency factors of the furnace waélflect the slagging conditions in the

N T4
== g, {1——00 ") (4.16)

furnace zones. A simple relation can be found betwhe thermal resistance of the deposit
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layer and thermal efficiency factors. Considerinfiah layer of deposits, the heat conducted

through deposit layer and absorbed by water-wslésifollows:
. /]eff .
qabs :?(Td _Tw) :l//qinc (417)
d

Note that the heat exchange between deposit argstaliter layer takes into account the
conductive and radiative heat transfer in the diédager which is often expressed for

simplicity by the effective conductanct coefficient. The above correlations (4.17) , can be

transformed to the form which expresses the thed®pbsit resistanc&(), as follows:

O _ (Td _Tw) —
A g R, (4.18)
Further transformation of equation (4.16) enabldsaetion of the temperature of the deposit
surface as:
0.25
T, :[gd i qm] (4.19)
E0

The final relation between the thermal resistamzbthermal efficiency factor that includes

also the emissivity of deposit€() can be expressed by [120]:

e, -w . 025 ) '
Rd _[[ £,0, qincj ijl%l/jqinc) (420)

As can be seen, this above correlation in a vexilfle way reflects boundary conditions of

the deposit layer and can be used to assess tipertature of deposit surfaces by:

. 1 1
Ty =T, + Qincl/l(a_ + Rdj =Tyt EumToTy 44[/[0,_ + RdJ (4.21)

To give a wider perspective on how the thermalcedficy factors and the correlated
temperature of deposit vary within the incidentxfltange, the corresponding curves were

generated for different thermal resistance of foenavall deposits (with the assumed

emissivity of deposit€y :0-75) as shown in Figures 4-5ab. These calculationse wer

performed for cases starting from the operationaian surface (2.5 7/kW) and following

severe slagging conditions in the furnace. Theesponding thermal resistances for various
slagging conditions on platen superheaters arepred in Table 4-1. As can be seen, in the
most intense heat zones (such as burner regiaesjodthe high incident heat fluxes (600-

700 kW/nfK), the ash deposits accumulated in time can weltieasily and quickly reach
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their melting temperature. This may result ingngicant drop of thermal efficiency of heat
exchange surfaces, shifting the gas temperatuaie fogvards the higher levels of the furnace

and accelerating ash deposition.

a) o T — aaa— b) 15w
o8 R R R s P
100 T
. L
a 51200 i ; A A
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Figure 4-5. Thermal efficiency factors and tempameabf the wall deposits distribution as a function
of the incident heat flux for different thermal istances assumed@\=320°C, £=0.75).

Table 4-1 Assessment of thermal resistances of heat exclamfgces under various slagging conditions [120,
132].

Slagging conditions Furnace Walls Platen SH,ten@’G
Operationally clean surface, {i1kw) 2.5 6.45
Slightly contaminated surface, tkW) 35 12.9
Contaminated surface, tK/kW) 4.5 17.2
Surface covered with slag, tHIkW) 55 215

The presented correlations in this subsection dest¢he boundary conditions of the heat
transfer with the presence of an ash depositioarlayowever, it should be noted that these
thermal and radiative properties of deposits caangh during the deposit growth and may
depend on both the physical state (amount of mgliease, porosity, texture) and the
chemical composition of the deposit as well asté@sperature. Furthermore, once the
growing deposits reach their melting temperature,averall process of further ash deposition

may slow down, since all the new particles trantsgubto the molten surface will be not
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captured. Under these extreme conditions the steiadly deposit layer can be reached, and its
thickness can be estimated by [115]:
Aet (TFT -T )

w

O = (4.22)

£y — €40, T
For typical values of the ash fluid temperatlig =1500K, the temperature of the outer
surface of the wallT, =750K, deposit emissivityg=0.7, and deposit conductivity
et =0.8*10°% KW/mK, the estimated thickness of molten deposietds around 8mm [115].
Furthermore, analysing equation 4.22, it can beegdly concluded, that the steady-state
fused deposits in the most intense heat flux regieifi be thinner than those accumulated in

less heat loaded zones within the furnace.

4.3.3 Thermal Energy Balances in the Zones

Before deriving a set of equations used to desctiilee thermal energy balances in
specific boiler zones, first the following geneasksumptions need to be introduced:

» Combustion flue gas and flame are assigned a siegiperaturd;.

» The gas is grey and the ash particles are dispeusddrmly in the flue gas
influencing gas emissivity.

* The Weighted-Sum-of-Gray-Gases Model (WSGGM) iglusedescribe emissivity of
combustion flue gas (see Appendix I).

» The surface of deposit is grey.

* Radiation is the dominant way of heat transfer.

» Convection from the gases to the deposit on thepealels is negligible.

* Due to the one-dimensional nature of the calcutatiand relatively large zone
volumes assumed, flow pattern details are neglected

* The heat release from the burning fuel along theate height is described by simple
empirical fuel burn-out characteristics being action of basic fuel properties, such
as the amount of combustible matter, size of fumitigles and ash content, as
described in subsection 4.3.6.

Zone-based models are based on dividing the furitdoea series of control volumes
across which the energy balance equations areswyitthich results in a system of algebraic
non-linear equations in terms of the outlet temjpeeaof each zone, allowing the radiative

heat flux distribution to be predicted [107, 1089]L Depending upon the zone location, the
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heat streams can be delivered into the furnaceszbpeourning fuel Q), by preheated air

(QAir), and by heat from flue gas entering from the jmes zone QFG,i ), as shown in Figure

4-6. In some specific cases, i.e. for the firstezgart of the heat delivered is emitted to the

furnace bottom @EM,M). Suchcase occurs at the furnace outlet zone which emdtion

towards surfaces placed in the platen superheate.

QCOFI

QRad
<=

i Potential problem areas
I Slagging [ Fouling

QFG,out QEM ,out

gfurn
ZONE'I"
ﬂ ﬁ T
QFG,in QEM,in

Figure 4-6. Thermal energy balance of the zonésdrboiler’s furnace [133].

In each zone in the furnace heat is absorbed byfwahbce tubes, especially by radiation

(Qad). Convection Qon) is usually neglected in the furnace but is com®d when the

platen superheater is situated at the outlet offilheace. The general steady state thermal

balance of a zone in the furnace, excluding interezradiation, can be written as follows:

QFGJ'n +QB+ QAir - Qad_ Qion_ Q:G)ut =0
QFG,in zganB(V%,tm) Fq
Q[+ Sinen | waven iy

QNr = rk,i EN'Bq\lr

(4.23)

(4.24)

(4.25)

(4.26)
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QRad gfurna-ol,OqTAf +T0A[Jt)] IMN) (427)
QCOH =a, I:O'S(tin + tout) - td] A (4.28)
Qe =';nBDVIB(ch,M) b (4.29)

where M; is a total fuel mass flow rate, af¥ represents the current fraction of the total
fuel supply delivered into the zones uritij (ch’%)and (ch,tom) are the average specific

heats of the flue gases of 1 kg fuel burnt at tlated zone temperaturas, (out denote the
inlet and outlet of current zoney; - the current fuel burn-out fraction of the fuelt the
actual furnace levelpg =3 - 3, is a degree of fuel burn-out in a specified zoffrem the
combustion of the fuel introduced into previousesin LHV is the lower heating value of the
fuel, kJ/kg; iB is the sensible heat of fuel delivered into theezoki/kg; Uy, is the heat

transferred with air into the current zone per kgl fwith a specified air excess ratib: T
and t are the temperatures of flue gases %h and K, respectively),d; is the Stefan-

Boltzmann constantfy,,,, is the emissivity of the furnace‘;}x, and Ap are the radiative and

convective heat exchange surfaces areas of the (ome); ¢ is the thermal efficiency

factor of the surfaced?, is the convective heat transfer coefficient dgdis the temperature

of surface deposit.

After transformation of the thermal energy balarempuation the following general
formula is obtained for the temperatures at théebwf the zone in the furnace [110, 112,
133]:

[nB.B +ZnBABJM MHV +2 1, Mgl +2n, (M, g,

tout,i = +
22 ng (Mg (ch,twt) +a,; A,
.\ 2; Mg (Mg (VCp’tin ) ~a Ay . 204 A t, - (4.30)
221: ns (Mg (VCp,tﬂm ) +a,; A, 221: n, OV ( VG, ) +ta, R
-— €m0 [(T ’ ou“)] WA)

ZZ Ng Y B (VCp,rw ) ta A
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In order to solve the above thermal balance ofzitvee, other associated equations are
needed, which describe the emissivity of the fuen#ttermal efficiency factors as well as the
temperature of deposit in a given zone, as follows:

Efum = f(l//”gﬂ) - eq414

¥ =1(R,é&,T4,06,) - €9420
Ty = (T, R.4.0,) - 9421

The sensitivity analysis of the impact of the tharmesistivity Ry) as well as the
emissivity of the depositgf) on the heat flux and temperature distributiomglthe furnace
height is performed in subsection 4.4.5.

The obtained thermal balance equations for zonethenfurnace can vary, and are
dependent on specific conditions of heat releaddaramsfer in each zone. In the burner zones
each burner row is considered as a separate ztmevimich fuel flows at the given rate and
the degree of fuel burn-out achieved in the previpone is also considered. A more detailed
procedure for estimating the fuel burn-out ratenglthe height of the furnace is described in
subsection 4.3.6.

The thermal energy balance equations derived fersghecific zones, which may also
include inter-zone radiative heat transfer can &endl in Appendix I. All other related
correlations used to calculate flue gas composigonissivity and enthalpy are also included
in Appendix 1.

The temperature profiles and heat fluxes alongfuhgace height, obtained by the zone
method can be used to assess the amount of thalbsabed by the furnace walls. Thus, the
mass flow of steam generated can be estimated thithsupport of the mass and energy
balance written on the water/steam side. Moredwer effects of a change in the rate of heat
radiated from the furnace and absorbed directhyth®y platen superheaters, as well as the
other aerodynamics-related factors (such as vglooit flue gasses, heat exchangers
geometry) influencing the intensity of heat trangfen be easily evaluated if these parameters
are introduced into thermal balance equations.mass and energy balance scheme, for both
the gas and water/steam sides, allowing for suclewvatuation is illustratively shown in
Figure 4-7. The division of all individual heat k&nof the thermal boiler's system cycle into
control volumes (zones) for balance calculationsdseto be made. This schematic includes
the complete boiler’s cycle for saturation of liseeam, starting with water preheating in the

economiser, following by boiler evaporator contvolume and subsequent 3-stages of live
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steam superheating (zones 11, 8 and 9) with thayspwater injections to control the

temperature of the outlet live steam. The steartedpec reheated steam is also included.

(M Evap + M Dshl) ’ hSh 2, (M Evap + M Dshl) ’ h Sh2,:

(M Moyt M oD .

Me, = (M psnit M pent M Drh)’ M evape Mo 2
. . M LiveSteam? hSh3,I
QFG,B QEM,B
1
/| |
_/SHV3_
1
o i HP Turbine
ZONE 9 1
L___{}____I
' . .
: Qrso Qemo
|
1
1 Y .
| M oenas Mo M penzs Nosn
1
' . .
: (MRh+M Drh)’thz,l . .
' ' . (MRh"'MDh)l%;
! ! M Rh'thl,Z
1 1 . . .
1 1 3 Q Q Q
. | FG,11 , )
1Y/ Iy ! i M gns Ngias & Fe8 M
! 1 -—- -—— ——— ===
i | | ﬁ |
1 1
! ! From HP, ! / / :
| | Turbine ! Rl'}l_ _R'[}Z_ i ’
| : i 7 |1 LPTurbine
o ____1 | ZONE12 ZONE 10 !

M Drh? hDrh

Figure 4-7. lllustrative scheme of control volunfes mass and thermal balance of boiler evaporatater
economizer (ECO), subsequent 3-stages of live sgrarheating (SH1, SH2 and SH3) [134] and 2-stafjes
steam reheating (RH1 and RH2): 1-drum, 2-downcomaevaporator, 4-°1 stage and 53 stage superheater
spray attemperator, 6*5ktage reheater spray attemperator.

The mass flow rate of the steam produced in a IbON'éEvap) can be estimated based on

the overall radiative heapr) transferred from the combustion chamber to theosading
water-walls in the furnace. Taking into account tieat absorbed by the second superheater

stage QHZ) which is placed inside the furnace, it can bewdaked from the expressions:
N'I c ~ QEvap _ M o h'( pd) - h:wz
() = M H(R)— B

Qoo =( Qu=Me( VG, ) 1) - Qe (4.32)

(4.31)

where the mass balance of boiler evaporator isritbestas
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M Fw _(M psh1 ¥ M pshat M Dr)-) =M Evap’ M B (4.33)

According to Kefa [21] the heat loss through bloawth can be neglected as the blow-down

water (My,) in large condensing power plants does not exo&€8b of the main steam flow.

The mass flows of the spray-water in subsequegestaf the attemperatoMDsm, MDshz and

My, can be estimated based on the algorithm desciibedbsection 4.3.4. In the above
equations, (), h=wz are the enthalpies of the saturated steam at gressure and feed-

water after the economizer, respectiveld,yis the theoretical combustion heat (under

adiabatic conditions) of the coal/air mixture itneed into the combustion chamber, given

by the formula:
Quo = Mg (V6,, ) L (4.34)
Finally, the adiabatic temperature of combusfigitan be calculated iteratively as follows:

_ Mg (LHV +iy)+ Mg,
ad Mo (Ve,, )

Based on both the adiabatic temperature of condysivhose value is directly related with

(4.35)

the fuel and does not depend on furnace thermatliwons, and the furnace exit gas
temperature (predicted by zonal method), the olvdwumhace thermal efficiency can be

assessed with the formula:

M B (ch,tad ) | ¥ M B(ch ,L,eg‘) tfegt

: (4.36)
M LHV

e =

Extending the above methodology to the convectiasspof the boiler, and consequently,
incorporating within the iterative procedure mohermal balance equations written for the
next neighboring zones (each zone represents @ieekehanger), the subsequent zone outlet
gas temperatures can be calculated, as well apataneters of the heating media. As an
example, the thermal energy balance for the ZONBEwvhich corresponds to the first-stage of

live steam superheating, can be expressed as:

M B,lO(\/Cp,tlo )th -M Evap [ﬁhsnz - h") -M B,ll(\/cp,tll)tll =0 = ,=7?
MEvap [ﬁhsnz - h") - kShlASliATIog =0 =h sm,z(tsm’ psn.z) = gy, =7

where the flue gas enthalpy drop, and thus thesbfitle gas temperature from the zohe) (

(4.37)

can be obtained from the first equation, simultaisgo in solving the second formula to
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obtain steam outlet temperatuten{ ). Here, the heat transfer conditions are deterthine

the logarithmic temperature difference between fjas and steam, surface area of heat

exchangerAy,; and the overall heat exchange coefficient whichedep, on fluid (gas and

steam) properties, flow direction and turbulenceegifor specific types of heat exchangers,
and thermal resistances of the tube and deposériakst

Since all parameters of importance (flue gas emitgsienthalpies, and deposit radiative
properties) directly depend on the temperaturateaative technique is used for convergence
of the results. The Newton-Raphson method can Ipdeap which proved to be a highly
efficient technique and widely used in solving nimear radiation equations. In this method
each non-linear function is differentiated withgest to each master unknown to form the
Jacobian matrix. A set of linear equations is fainfiewm the Jacobian matrix that can be
solved to approximate a solution to the nonlinepra¢ions. By iteratively solving successive
sets of linear equations, a solution to the noalinequations can be found. More details
regarding this method can be found elsewhere [107].

Once all unknown parameters are calculated, asnal fassessment of thermal

performance, the boiler efficiency can be direeyimated:

_ QN _ MEvap(hSh3,2_ th)"'( M pshit M Ds (h sh32 h Dlh_'_

s

QFueI IleLH\/ (4 38)
+ Mgy (thz,z_ thl,) +M Dshg h Rh2,2° h Dsaii
MgLHV
|\/.IRh = OQSDM LiveSteam= OQB:EM Evap-i-(lv.I Dsh:l-.'- M Dsl :| (439)

4.3.4 Variations in Steam Parameters

The steam produced in the evaporator, in genargissing through one or more primary
superheating sections, where it is raised to soneemediate temperature, after continuing to
flow through the secondary and final stage of Spating.

The heat exchange areas of the superheaters teehage usually oversized to achieve
the required full steam temperatures for lower dytsl loads (typically up to 60 % of full
load). As a consequence, the additional mass fliospray-water needs to be injected via the
attemperators in order to cool down the overhestieam to the designed parameters.

As an example, the mass flow of spray-water neeaféet the first stage of steam
superheating can be derived from the following niredrbalance of SH1 section, as shown in
Figure 4-8:
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M Dsh1r h Dsh

M Evap? hShl,2 (M Evap + M Dshl) ’ hSh 2,

Y

[
»

Figure 4-8. Thermal balance of the 1st stage siea¢eh spray attemperator DSH1.

M Evap(hSh].,Z - hShZ,l) =M Dshl(hShZ,l - hDsh) (4.40)

— (hShl,z - h5h2,1 )

M oy = M e Thaw—hos) (4.41)
° P h5h2,1 ~ o
In the above equations, the steam enthalgy. ghand thus its temperature aftésng =?)
spray-water injection needs to be known or deteechifhe steam superheating process and
the algorithm used to calculate the cool-down terimediate steam temperatures (after spray-
water injections) is schematically presented iruFegs-9.

a) b)
DSH1 DSH2 t. =540 @ D

J 7 1 JTZ/ 540 C
lspa 2 \K/Atsmmmsm o1 o = Lo tspo2 = Lsna,

—
~—+
2]
N
||4—(_—{_)

|

At tops1 At,,=0 At,,=0
/ L, i~ ?
t"=B3C C t" 5330 C
1-stage 2-stage 3-stage 1-stage 2-stage 3-stage

Figure 4-9. lllustrative increase of steam tempeeaturing three-stage of superheating.

The algorithm used is based on the assumptioneoséime temperature drop of superheated
steam when spray-water is injected by the firstHD5and second (DSH2) attemperators.
The outlet temperature of the steam passed thrthalfirst superheating stagds( ) and

the inlet steam temperature to the third superhgagection tghz 1) can be determined from
the thermal balances of the SH1 and SH3 superiseaten including flue gas side, for the
known inlet t"=330C and outlet tgn3 =540°C) steam temperatures, respectively. To
determine the temperature at the inlet to Sk £?) the mentioned above assumption is
used, according to which:

(tsn,z _tsnz,l) = (tsrzz _tsre;L) (4.42)
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and then:
tsno1= (t snott Shs)._t sh2 (4.43)

The remaining steam temperature at the SH2 owglet)is derived from the thermal balance
equation written for the SH2 superheater.

During the operation of the boiler under specifomditions, e.g. partial boiler loads, or
increased ash deposition, the outlet nominal teatpex may not be obtained or reduced mass
flows of water-spray injections can be expectedstasnvn schematically in Figure 4.8-b. A
similar algorithm can be applied for reheat ste&fthough the spray-water injections into
superheaters do not affect significantly the edfiy of the unit, spraying in reheaters is

generally not desirable, because of reducing effextthe overall thermal cycle efficiency.

4.3.5 Overall Heat Transfer Coefficient

The overall heat transfer coefficient expressesraite of heat transferred (in kWK
from flue gasses through the subsequent layerdeftubes and deposit material to the
water/steam. Its value is determined by the heabhaxger type and localisation within the
boiler, including the heat exchanger geometry,tthee arrangement (staggered, in-line tube
banks, tube walls), fluid flow directions and tuldnce conditions. Other critical parameters
include the local temperature gradients and flondgérials physical properties (such as e.g.
medium viscosity, medium/tube (deposit) materiahdiectivity, thickness of deposit layers
etc.). Assuming negligible value of the thermalisesce of the tube metal (due to its very
high thermal conductivity), the overall coefficiesftheat transfer can be given by [132, 135]:

aq

kSHl =
1+(Rd +1ch'g (4.44)

a

S

a
— — 9
or kSHl - wCon |:IkSH 1_Clean — [// Con a

L+ (4.45)

~9
as

where 4, is the combined radiation and convective heastarcoefficient of flue gases;_ -

is the convective heat transfer coefficient of wateam, Ry — is the thermal resistance of the

ash deposit, and/,, is the thermal efficiency factor [136] of a conweet heat-exchange

surface, defined as a quotient of overall heatsfeancoefficients in real and ideal-clean

conditions. More details of the applied into mofiemulas can be found in Appendix 1.
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The key point is associated with a proper estimatibthe thermal deposits resistance
growth in time, which is affected by the foulinghtlency of the ash in given conditions.
Usually, due to the complex nature of the ash dépogprocess these coefficients are derived
from experimental lab-scale tests or boiler's sjalith a limitation to certain conditions.
Some of the more interesting empirical correlatihgch link the thermal efficiency factor of
convective surface with the ash quality have beend by Pronobis [136]. These correlations
have been derived from experimental tests carrigdropulverised fuel fired Polish steam
boilers and are valid for heating surfaces covevigld loose or slightly sintered deposits (for

exact formulas see Appendix 1).

4.3.6 Fuel Burn-Out Rate Assessment

Proper calculation of the thermal balance in thigebdurnace requires the assessment of
the fuel burn-out degree over the furnace chamhleghh The basic equation which
determines the one-dimensional fuel burnout prefitelated to the total fuel burn-out in the
furnace Qusc) can be determined by a simple relationship [119]:

H, 1
,8] == : E
H; +001g,c 1- 001qygc

(4.46)

Where I-_Ij is the relative height from the bottom plane of fingt zone to the top plane of the

arbitraryj™ zone, andjusc is the value of heat energy loss due to unburaedon which can
be derived from experimental trials or alternatyehlculated by the following formula

proposed by Kouprianov, which has been validateddals with an accuracy of 2-4%:

ar. )09
Quee = 052C,C,C., [1.5+ca(/1)1-2](?\‘;’:/|+31)5

Ci, G, G5, and C, are the fuel, burner, ash removal and air empifigetors which are

(4.47)

determined by the boiler and fuel type as describdd19], A is the excess air ratio, ASlis
the ash content of the fuehg is the dust fineness and VW#is the volatile content.
According to the literature, this formula gives damssessment of heat loss for burning pure
coals. However, the temperature dependent kinetiarpeters are not included within this
empirical correlation, limiting its predictions e.tpr partial boiler loads. Some indicative
degrees of fuel burn-out over the furnace heightpaesented in Table 4-2.

Applying above correlations for biomass co-firirgses leads to larger uncertainties. This
simple model without including the temperature effen fuel conversion may be not

sufficient for solid fuels with relatively wide rge of moisture, high amount of volatiles, and
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wide particle size distribution dominating withdar particles. In most cases, when co-firing
higher shares of biomass, better degrees of fugl-but are predicted, which is not always
true with operational boiler data [137, 138]. ledhy, the higher amount of volatile matter is
important because it counteracts the generalletasgze of the biomass particles. Overall, for
an equal particle size, the burn-out in case ofmbiss is higher than for coal. In addition,
when coal/woody biomass blends are consideredialtiee fact that biomass is much harder
to grind than coal, more pressure is also exertethe coal particles resulting in much finer
particles then when coal is milled alone.

Table 4-2 Degree of fuel burn-out in different zones over filmmace height [110, 119]

Zone location over the furnace heidftitHf

Type of fuel fired 0.15 0.20 0.30 0.40 0.50 1.00

Anthracite, semi-anthracite 0.72-0.86 0.86-0.90 2@MW5 0.93-0.96  0.94-0.97 0.96-0.97

Black coals 0.90-0.94 0.92-0.96 0.95-0.97  0.96-0.98.98-0.99  0.98-0.995
Brown coals 0.91-0.95 0.93-0.97 0.96-0.98  0.97-0.98.98-0.99  0.99-0.995
Natural gas, Fuel oil - - 0.94-0.96 0.96-0.98 00999 0.995

Furthermore, as it has been proved by sensitivitglies performed by Kouprianov, it is
not expected that the differences in biomass butnwill significantly change the
temperature profile and affect ash behaviour. Toege in order to make predictions more
comparable, a constant value of UBC equally to 8#ssumed for all co-firing cases, and the

heat lossqusc) is given by

GFusc =M gy 32702 o (4.48)
(100- UBC%) LHV

However, it should be kept in mind that heat lesdated with unburnt fuel contributes to a
drop in overall boiler efficiency and the increaszatbon content in the fly ash (above 5%)

influencing the quality of the ash used for sale.

4.4 Results and Discussion — Model Sensitivity Anal  ysis

In this subsection, the results obtained from {haieation of the zone-based model into
the 235 MW wall-fired pulverised fuel boiler are presentedd asiscussed. The model
response sensitivity is tested for various openaficonditions, including the impact of firing
poorer quality fuels on the thermal performancénhefboiler. The investigated cases include:

» Boiler load change.

» Fuel distribution and air excess change.
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* Impact of moisture and ash content change in {tuel switching)
» Deposits resistance and emissivity.
All presented cases, except the last one, aretigaésd for clean heat-exchange surfaces

to give a base-reference-line for further compawjsshen the ash deposition effects will be

included.

4.4.1 The 235 MW, PF Wall-Fired Boiler

The zonal method presented in this work is applethe E.ON operated Genk-Langerlo
235 MW, pulverised coal-fired boiler, fired with typicaltbminous coal and different blends
of biomass (see Table 4-7). This unit was built aotinto service in 1972-1974, and was
originally designed for fuel oil firing and genezdt300 MW with a steam cycle of 130 bar,
540°C/540°C [139, 140]. The general layout of theestigated boiler with some major
operational data are presented in Figure 4-10 adeT4-3. More information regarding the

boiler geometry and steam cycle are included inefuolx I.

- Table 4-3Main data for Langerlo boiler.
Thermal Input 618 MW
Electrical Output 235 MW
Steam Raised 194.4 kg/s (700 t/h)
............ Eﬁf‘/':rgg_sosl\jgol‘l’(vgfor 30.15 (108.5) kg/s (t/h)
_____________ Superheated Steam 50/ bar
‘ Reheated Steam 54D/ bar
N\ | B — e
| \\\ \\ ‘ ..............

\\\\\\\\W§ .............
S
&\\\\\ ,

\

Figure 4-10. Boiler layout with basic parameters.

The boiler is of the natural circulation two-paggd. In 1985-1986, two of these identical
units, installed in Genk-Langerlo (Belgium), wemeneerted to coal and natural gas firing,
after the oil crisis. During this fuel transit pess the furnaces of the existing boilers was not
drastically changed. However, the nominal grossgyavapacity of boiler had to be de-rated
to 235 MW, .
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The front-wall fired furnace of the investigatedilbo consists of four burner rows with
each having four low-NOx coal burners, with secopdeverfire ports above the main burner
zone. In the upper part of the furnace the pléatetype” and final pendant superheater are
located, which along with a primary superheatégheconvective section, are integral parts of
the three stage steam superheating process. Dsidgle reheaters are placed in a back-pass
of the boiler and at the end of the originally domsted flue gas path two tube-type

economisers are located .

4.4.2 The Effect of Boiler Load Change

As a reference fuel, the medium volatile and inegtrate-ash subbituminous Colombian

Coal has been selected. The proximate analysef@fence coal is shown in Table 4-4.

Table 4-4 Fuel reference data.

Fuel LHV, kd/kg (ar) FC, % (ar) VM, % (ar) Moistyri Ash, %

Colombian Coal (CO1) 26080 48.17 34.03 9.00 8.80

The maximum (235 M\, and two intermediate stages of boiler loads [@ab5) are
simulated for combustion of the reference fuel. Goal is to check whether the predicted
thermal performance parameters corresponds surfigievell with operational/design basic
data, in particular if the steam nominal outletgmaeters are achieved for the 50 %MCR
partial load (approximately 60% of thermal fueldpa

As non-deposition cases are investigated in tlaBse the boundary conditions were set
up as for a clean surface condition, given by: sheface emissivity equals to 0.75; the
thermal resistance of furnace walls - 2.5KW and platen superheater (SH2) - 6.45

m?K/kW, respectively.

Table 4-50Operational parameters for different boiler’s loads

Gross power output 90 MW, 120 MW 165 MW, 235 MW,
Applicable Load Range Minimum Intermediate 1 Intediate 2 Maximum

% Load 38 % MCR 50 % MCR 70 % MCR 100 % MCR
Fuel Heat Input 1025 GJ/h 1310 GJ/h 1715 GJ/h 2p5
Temp. of SH/RH Steam <540/ < 540 540 / 540 5400/ 54 540/540

The temperature profile predicted for the maximuoids load shows good agreement
with the one obtained from CFD simulation perforngdvan Ormelingen and Co-workers
[141], as shown in Figure 4-11. The CFD-AIOLOS coded in these simulations, developed
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at the University of Stuttgart was intensively dalied, in particular with respect to the three-
dimensional temperature distributions, which wemmpared with acoustic pyrometry

measurements giving satisfactory results [142].
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Figure 4-11. Predicted gas temperature profilesliiéerent boiler loads - pure coal combustion céde- fuel
mass flow, Dm - Livesteam mass flow Dm=Devap+DSH$H2.

The maximum flue gas temperature was predictechatoutlet of the burner zones
(1615C), whereas the temperature of gas entering theectine section (after platen
superheater) was slightly above 1200The higher differences in results obtained fritve
zonal and CFD models appeared at the 25m leveheffirnace, when over fire air is
introduced. This additional air, on the one hansueas more complete combustion and on the
other hand dilutes the flue gas, and overall ldads decrease in temperature in this region.
Although the over fire air effect is not includedthin the zonal model, these large
temperature variations are reduced in the furnatketogiving satisfactory comparison with
CFD predictions. The simulations performed for loweiler loads give reasonable profiles,

and the steam outlet temperatures up to 50 %MC® doa obtained for both the superheated
and reheated steam (54). Furthermore, the mass flows of raised steMgvgp:Dean, as
shown in Figure 4-12 correspond quite well withigesoperational boiler data and spray-
water injection flows MDsm:DSHl,MDshz:DSHZ andMDrh=DSH3) and are comparable to

those of typical pulverised fuel fired boilers otk capacity.
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— CO1, 100% MCR, DSH1=3 67kais, DSH2=3 34kafz, DSH3=5.36kais
— CO1, 70% MCR, DEH1=2.59kaiz, DSH2=2 28kats, DSH3=3.18kais
— CO1, 50% MCR, DEH1=080kiiz, DEH2=0.45kats, DSH3=0.60kais

Figure 4-12. Predicted variations in steam pararadte different boiler loads and coal combustiase

4.4.3 The Effect of Fuel Distribution and Air Excess Chan  ge

The investigated cases for analysing the effectiu@lf distribution and total air excess
changes are shown in Table 4-6. Simulations wergedaout for full boiler load, clean
surface properties and Colombian Coal as a referfrg.

Table 4-6 Operational parameters settings for studying tfexcesf of fuel distribution and air excess ratio.

Change in Fuel Distribution

Case Load, % Bl B2 B3 B4 a

1fd 100 0.25 0.25 0.25 0.25 1.1
2fd 100 0.35 0.30 0.20 0.15 11
3fd 100 0.50 0.50 0.00 0.00 11
4fd 100 0.15 0.20 0.30 0.35 11

Change in Total Air Excess Ratio

lea 100 0.25 0.25 0.25 0.25 1.1
2ea 100 0.25 0.25 0.25 0.25 1.2
3ea 100 0.25 0.25 0.25 0.25 1.3

where B indicates the ratio of total fuel introdudetd given burner tier

The predicted temperature profiles are presente&igure 4-13, whilst the relative

changes in furnace efficiency and mass flows amatproduced are shown in Figure 4-14.
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Figure 4-13Predicted temperature profiles for different fuistidbution and excess air ratio cases.

Analysing the results obtained it can be conclutlet overloading the lower part of the
furnace “case 3fd” as well as increasing totaleaicess in the furnace (“case 3ea”) have the
greatest impact on thermal performance. Howeveilewhe “case 3fd” leads to increase the
furnace efficiency the raise in air excess rateadly contributes to the efficiency drop (for
A=1.3,up to 6% efficiency decrease or 15% relativenge to the reference case) as shown in
Figure 4-14.

| IFurnace Efficiency | |*I — Steam Produced
10
Ref. Fuel Distribution Excess Air
-

i

Relative Change %
@ o A N o NV A O ®

- L : ; . .
N 1 2fd 3fd fd 2ea 3ea
. T—m
] -
10 4
-12 _-
1g
-16 1

Figure 4-14The effects of fuel distribution, excess air oratiele change in boiler furnace efficiency and mass
flows of steam produced.
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Moreover, the furnace efficiency improvement redate shifting firing densities towards
lower furnace levels, may lead to a significantréase of local heat fluxes in these regions,

and cause both tube overheating and increasedrstpigsk.

4.4.4 The Effect of Fuel Switching

The amount of incombustible matter, such as ashnawidture, can significantly vary in
low calorific biomass/waste fuels changing the itiedrperformance of the boiler. These fuel
quality variations may mainly affect the radiatiheat transfer, which depends on the
radiative properties of combustion gases and gmiticulates produced by burning of solid
fuels. Furthermore, a relatively low adiabatic flatemperature may also influence the flame
stability and fuel conversion in the furnace.

In this subsection, the zonal model responses est&d concerning the co-firing of
substitute fuels with extreme and intermediate eslaf ash and moisture presence, namely
sawdust (low-ash, high-moisture), olive residuaefimediate ash and moisture) and sewage
sludge (high-ash), respectively. The reference fblan coal with up to 40% thermal
biomass substitution as considered. The slagginlgip effects on thermal boiler
performance are not evaluated here but are patarger discussion in the following
subsections. The proximate and ultimate analysithefinvestigated fuels and some basic
thermal properties of the flame are presented bie€T4-7.

Analysing the fuels’ thermal properties, it canrmgiced regarding the low-ash sawdust
as an example, that increasing the moisture inpgeneral dilutes the flue gas and leads to a
drop in adiabatic temperature, slightly improvimg tmissivity of flue gas. The same effect
can be also visible in comparison of the 40% waetdssst with the high —ash (48%) sewage
sludge as fuels. Although, the sewage sludge heaothest calorific value amongst the fuel
investigated, its adiabatic flame temperature igh#lly above the value calculated for 40%
wet sawdust (Figure 4-15a).

Moreover, despite the low LHV which usually resultsincreased volume of flue gas
produced for the same fuel thermal input, the laghcentration of fly ash in sewage sludge
may significantly improve the radiative heat tramsh the furnace. The contribution of the
fly ash particles to the total flame emissivity foo-firing coal-sawdust and coal-sewage
sludge blends, calculated based on the WGSM madde3@0C, is shown in Figure 4-15b.
Further discussion in relation to the obtainedrtrerboiler characteristics is continued later

on in this subsection.
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Table 4-7. Investigated fuels data.

Fuel probert Colombian Sawdust Olive Residue Sewage Sludge —
property Coal-CO1  SD2/SD2wet — OR3 SL1
LHV,(ar) kd/kg 26080 17630/ 10480 16400 9100

Proximate analysis (% as received basis)

Volatile Matter (VM) 34.03 77.43149.94 66.24 3B.
Fixed Carbon (FC) 48.17 14.85/9.58 14.92 2.75
Moisture 9.00 6.98 /40.00 9.00 11.72
Ash 8.80 0.74/0.48 9.84 48.81

Ultimate Analysis (% dry ash free)

C 81.0 50.46 46.76 48.44
H 5.50 6.62 5.95 10.54
N 1.70 0.21 1.37 6.71
S 0.70 0.07 0.06 1.95
Cl 0.01 0.01 1.00 0.50
@] 11.10 42.65 34.20 32.35

Thermal Properties of the Flame,’C

Adiabatic Flame
Temp,°C

Emissivity (Gas+Ash) 0.612 0.484/0.506 0.682 48.9

2090 1992 /1677 1969 1721

Emissivity of flame was calculated at 180C0for mean beam length.

The flue gas temperature profiles as well as dbloder thermal performance parameters
variations predicted for pure coal firing and blendth wet sawdust, sewage sludge and olive
residues, up to 40% thermal co-firing ratio aresprged in Figures 4-16..4-19.
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Figure 4-15Calculated volumes of flue gas produced and thepmagerties of flame for various co-firing
ratios.
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Simulations were carried out for full boiler loadtlvoperational parameters given in
Table 4-8. The results show a lower gas temperdafmireco-firing in the furnace and,
correspondingly, a slightly higher level in the geative section of the boiler compared with
pure coal combustion. This is due to the differadiative properties and lower adiabatic
temperatures of the gaseous combustion productsidarass that affect the combustion and
heat transfer. The temperature rise in the convestection for sawdust co-firing cases is due
to the lower heat absorption in the furnace, whishindicated by decreased furnace
efficiency. In other words, the heat transfer igtetl towards the convective section of boiler,

and as a consequence lower mass flows of steapreduced.

Table 4-8 Operating conditions set-up for biomass co-combuasdimulations.

Operating Conditions Value Deposit Properties Value
Thermal input 618 MW (100%) | 1hermal Resistance of the2.5 nfK/kW

) S Water/Wall Deposit
Uniform Fuel Distribution 4x 0.25
Fuel Fineness)y 15% ]

Thermal Resistance of the6 45 MAK/KW

Unburned Coal in Ash, UBC 5.0% SH2 Deposit '
Total Air Excessg 1.1 Emissivity of Deposit 0.75

This is opposite to the results obtained for sewslgdge co-firing, for which an increase in
furnace efficiency and mass flows of generatednst@as observed up to approximately
10th% co-firing share. The raised values of thesaipeters (above the nominal related with
pure coal combustion) were achieved also for higih@nass rates (up to 40th%).

The lowest impact on thermal furnace charactesstod the amount of the steam
produced was observed for cases with olive residadsing. This could be explained by the
comparable content of ash and moisture in compangith coal fired, and slightly lower
adiabatic flame temperature.

Analysing the effects of co-firing on steam tempera variations, it must be highlighted
that sawdust co-firing generates more instabilitiés already mentioned earlier, less
efficiency in steam production and increased temipees in the convective section as well as
larger flue gas velocities are all factors influegcpositively the heat transfer conditions
downstream the furnace, and are responsible fon susensitivity to steam temperature
changes. As a consequence higher spray-water iof)ecare required to cool down the
temperatures to the nominal level. Overall, caafirihigh percentages of wet sawdust may

lead to a significant drop in boiler efficiency (t@2.8% for 40th%), lower steam generation,
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and higher steam parameter variations, which resoltsteam overheating and increased

spray-water injection.
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Figure 4-16. Predicted gas temperature profiles&ovdust co-firing with Colombian coal.
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Figure 4-17 Predicted variations in steam parameters for sawabufiring with Colombian coal.
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Co-firing of a high-ash, dried sewage sludge magrove radiative heat transfer in the
furnace and thermal boiler performance. Howeveg, ititrease in heat absorption leads to
corresponding higher heat fluxes, and thus temperaif the furnace wall as well. This, in
turn may enhance the risk of slagging of sewagelgguashes: this is a well-known

phenomenon due to their low fusion temperatures.
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Figure 4-18. Predicted gas temperature profileséovage sludge co-firing with Colombian coal.
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Figure 4-19Predicted variations in steam parameters for sewstgige co-firing with Colombian coal.
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4.4.5 The Effect of Slagging Conditions Change

Slagging conditions can be simulated by varying tthermal resistance of the furnace
wall deposits over the height of the furnace. Asrisk of slagging is highly dependent on the
incident heat flux falling on the walls, which réas its maximum at the outlet of the burner
zones, the following proportional correlations tenassumed for studying model sensitivity:

Roo = Ry e (4.49)

Uinc max

The “curve shapes” of deposit resistance distrdmgiobtained by eq. 4.49 have been found in
coal-fired pf boilers utilising slagging coals [1161 the above formula is an attempt to relate
these slagging conditions directly with the headl@f furnace wallsRn.x expresses here the
maximum resistance corresponding to the maximunhinement in this regiominc max With
respect to the conditions when the steady-statesitiepyer is reached (described by eq. 4.22,
for an ash fusion temperature of 135)) Since the emissivity of the deposits is depahda
the temperature and molten state of deposits (anotimgy parameters such as texture and
chemistry), the simple correlation proposed by Mfliset al.[143] can be used:

g, =K-300"T, (4.50)
where the parameté&rvaries depending on the type of deposits, see able

Table 4-9.Parameters used to describe the emissivity ofaslabdeposits [143].

Type of deposit Particle diameter (mm) K
Glassy - 1
Sintered - 0.9
120 0.85
Powder 33 0.75
6.5 0.65

All simulated cases describing the extreme andrmmeeiate states of surface conditions,
performed to analyse the model sensitivity are samsead in Table 4-10. The reference
“operationally clean conditions” is described bycanstant thermal resistance BE2.5
m?K/kW and emissivity equal to 0.75, while severeggiag conditions is defined by cases
3a-3c. The effects of non-linear emissivity digitibn along the furnace height (given by eq.
4.50, and assumed sintered depo&itH).9) were taken into account in the last case §3@
comparison to the assumed constant emissivity gatuease 3a. In addition, the intermediate
cases were also performed for the average valuéspafsits resistances that correspond to the

non-linear deposit distribution profiles (eq. 4.58ased on the above, it was possible to
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evaluate the effects of a commonly used unifornodigp topography assumption on thermal

furnace performance in comparison with more raalgposits distribution patterns.

Table 4-10Parameters describing the cases for study theteféthermal resistance and emissivity of deposits

Change in the Wall Thermal Resistance DistributiorModel

Case Resistance model type Surface conditions Batyssodel type
1 Linear Reonse=2.5 Operationally Clean Linear E.ons=0.75
2a Non-linear Rnax=4.5 Contaminated Linear E.ons=0.75
2b Linear R.e3.1 Contaminated Linear E.ons=0.75
3a Non-linear Rmnax=5.22 Max. Thickness — Covered with slag Linear E.ons=0.68
3b Linear Rave=3.61 Contaminated Linear &.0ns=0.68
3c Non-linear R=5.22 Covered with slag Non-Linear g, (0.52-0.73)

According to the obtained predictions, the maximfumace exit temperature difference
between clean and slag covered furnace walls (dases 3c) was around %D (raised from
1200°C, see Figure 4-21d), leading to a drop in furreftieiency up to approximetaly 2.7%.
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Figure 4-20. Assumed thermal resistance profilescamresponding calculated thermal efficiency festver
the furnace height.

A similar efficiency fall was noticed with an in@®ed excess air ratio in the furnatel(.2)
or is achieved for co-firing of around 15% of higtoisture (40%) sawdust in a non-ash

deposition case (Figure 4-16).
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Figure 4-21Predicted distributions of the heat fluxes andtédmperatures of flues gas and wall deposits for
assumed thermal resistance deposits profiles.

Moreover, it was observed that when the deposiistence exceeds 3.65KtkW (Figure 4-
20a) and the thermal efficiency factors fall beldow (Figure 4-20b) a significant decrease in

heat flux absorbed by furnace walls may occur, pcody “concave shape” heat flux profiles
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(Figure 4-21a). This results in shifting the hdag@ption process towards upper levels of the
furnace and increasing the temperature of the @arnveall deposits above 110D Such a
high deposits temperature may lead to the accelaraf the ash sintering process, making
deposits difficult to remove.

Furthermore, the simulations revealed that a deer@aemissivity of deposits that have the
same thermal resistance (cases 3a, 3c Figure aD@able 4-10) may result in lowering its
outer surfaceaemperature as shown in Figure 4-21c. It is duthéolower heat absorbed by
the furnace walls in these zones (Figure 4-21a&<x8s, 3c), which in consequence, lead to

higher heat fluxes to the zones located upstreahoaerall drop in furnace efficiency.

4.5 Summary

In this chapter a one-dimensional zonal model hasnbdefined and applied to a
pulverised fuel fired boiler to analyse the effeofsbiomass co-firing on thermal boiler
performance. Although the developed model is ablgive quantitative predictions, it is
primarily designed to assess the relative chanfégat exchange efficiency and associated
thermodynamic parameters caused by the variatiomadiative properties of co-firing fuels
as well as the varying resistance of the depasyesrs.

The results revealed that the increased ash comtesgcondary fuels does not change
significantly thermal efficiency of the boiler afar certain ratios may even slightly improve
boiler performance, e.g. for sewage sludge. Howerearase of co-firing with large shares of
high-moisture fuels, such as wet sawdust, the beiléciency may drop up to 2.8% for a
40% coal substitution.

The conducted sensitivity analysis proved thatd@posit resistance pattern is the most
important factor that influences all other key paeters, such as furnace efficiency, furnace
exit gas temperature as well as mass flow of stgamuced. If slagging of the furnace walls
occurs, due to the reduced heat absorption inulmace a relatively low mass flow of steam
Is evaporated and undesirably high flue gas teny@s may appear entering the convective
pass of the boiler (up to 70 higher than for non-slagging cases). As a coresmp the
temperature of the superheated steam increasestcandaintain the present constant
temperature of the live steam, the mass flow oapvater injection to the attemperators
must be increased. Another factor that has a sogmif influence on slagging behaviour is the
incident heat flux falling on the furnace walls. @pading of the boiler with incident heat

fluxes above 550 kW/frcan result in severe furnace slagging.

-96 -



Thermal Performance Analysis of a Large Scale PileBo

In order to reduce major uncertainties caused ey uhknown slagging and fouling
patterns in the furnace, a proper ash depositiotieinoeeds to be developed. This would be
still a challenge for the one-dimensional approactiace simulating the near-wall boundary
ash transport phenomena in the furnace is limNéate realistic results could be obtained for
superheaters / reheaters placed perpendiculariyetanajor flow trajectories. Nevertheless,
the combination of a one—dimensional zone methald ather on-line monitoring tools, such
as heat flux sensors located on the furnace wadlg significantly support input data into
such a predictor. Despite the mentioned few linateg, the used approach with the aid of the
proper ash deposition mechanistic models (whicthésfocus of the next chapter) is well-

suited as engineering tool for simulation and pennce analysis of boilers.
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DEVELOPMENT OF A SLAGGING AND FOULING PREDICTIVE
APPROACH

The development of a slagging and fouling predictimethodology integrated within the
zone based thermal model of pf boiler is of mé&ous in this Chapter. It is aimed to develop
a reliable model for coal blends but also capablgredicting the effects of biomass on the
ash deposition. Due to the non-additive behaviotirttee ashes the improved phase
equilibrium-based approach which is more adjusted tlhe conditions existing in the
pulverised fuel fired boilers is investigated. itk a thermo-chemical equilibrium model the
effects of different activity of certain ash-forgnispecies should be taken into account.
Furthermore, the ash deposition related criteriaogll be carefully evaluated. Two major
slagging and fouling mechanisms are investigatetuding the deposition of molten sticky
ash on the heat transfer surfaces placed at theafte outlet and salts deposition in the
convective pass of a boiler. In this Chapter thelei@levelopment is described and the model

sensitivity analysis is performed.
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5.1 Introduction

Although many ash behavior indices and predictechhiques are available, most of
them have been developed for addressing slaggidoppduring coal combustion, and are
valid only for specific, narrow fuels types (i.éagging index B/A for eastern bituminous US
coals). Empirically derived indices fail when itmes to investigate blends composed of fuels
of different ash composition. It is due to the ramditive behaviour of such ash mixtures
caused by the non-linear ash melting charactesiftit also due to time and contact-limited
interactions between inorganic species under comditexisting in pulverised fuel boilers.
The recent progress in a development of phaseilequiih analysis gives the possibility to
investigate the ash behaviour of more complex lilehds, including coal/biomass mixtures.
However, due to the nature of the phase equilibramalysis the proper predictive algorithms
based on the phase equilibrium calculations needyeodeveloped, and then critically
evaluated.

This chapter is divided into two sections. In thistfpart, the theory behind the developed
model will be presented to outline and discussittiy@ortant criteria and assumptions within
methodology that has been applied to assess thavioeih of ash forming elements during
conditions in pf boilers. In this section, propésigging/fouling indices are defined. In the
second part, the sensitivity analysis of the ptadicmodel is performed for the thermal
conditions of the 235 M\Wpf boiler which was analysed in the previous Caapthe used
assumptions, regarding the ash stickiness critaréa evaluated, including the effects of
biomass co-firing. Finally, the impact of coal bdeash quality on the ash deposition severity

is investigated when co-firing with high alkalisntent biomass such as straw.

5.2 Model Development

The aim is to develop a reliable slagging/foulimrgdictive methodology for large scale
pulverised boilers fired with coal/biomass blen@lee considered approach is based on the
integration of a one-dimensional zone based themmzdel used to determine midsection
temperature profile throughout a boiler with theagpd equilibrium analysis applied to assess
fuels slagging/fouling tendencies for correspondhmgymal conditions and investigated boiler
configuration. The zone based boiler model has blescribed and evaluated in the previous
Chapter. This section is focused on adapting tres@requilibrium calculations for predicting

slagging/fouling propensities of coal/biomass bkemnden co-firing in pf boilers. It is aimed
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to derive more universal slagging/fouling indicésittcan be applied to rank fuel blends

composed of the fuels of different chemistry andiorof inorganic species.

5.2.1 Conceptual Approach Layout

In a very general term, the ash behaviour for ¢ealictated by minerals, in case of
biomass by simple salts and organically associatgd biomass ash-forming elements.
Minerals undergo transformation and melting undgh hemperature whereas ash-forming in
biomass systems vaporise and subsequently conflemsi@g aerosols/sub-micron particles,
or else interact with minerals affecting their rmgjtcharacteristics. Such different behaviour
of inorganic species originating from coal and bé®sy should be reflected by different,
separate phase equilibrium pathways that need tgpbeified for conditions existing in pf
boilers [81]. The general procedure for evaluatirehaviour of ash-forming matter from
biomass/coal co-firing with the aid of phase edpmlim predictions is shown in Figure 5-1.

| FUELS CHARACTERISATIOM | | ZONAL MODEL

Boiler Geometry
Tube Arrangement
Ash Loading

Speciation of Inorganic E Phase Equilibrium Ash Deposition
Material in Fuel Mix : Calculations Rates
NV — x| Melting Characteristics ir__éii;:_k;/_ﬁ_\s_f_lﬂi
m i Slag Composition " Deposition !
! N
Organically ' - * - ¢ - |

— Bound ! Viscosity Predictions
[T 7| Gas, Liquidand Solid |1 peposition !
- » Soluble Salt — Phase Distributior ] !

Proximate  Ash Oxide Composition

Ultimate An.  Chemical Fractionatior
Blending Ratio CCSEM !

Temperature Profile
Combustion Atmosphere

Figure 5-1 Procedure scheme for assessing inorganics belavithuthe aid of equilibrium calculations.

In the first instance, the speciation of inorgamiaterial in coal and biomass needs to be
done. The first group of inorganics consist of mate (mostly silicates/clays but also some
carbonates, pyrites and others) that can be edtttuded or included within the fuel matrix.
Due to short residence time of minerals in the nfwesht intense zones (1-3 sec), such
minerals can be partially fused or completely moleaptured in the slag (more likely for
included minerals due to higher temperatures addaiag conditions presence). The second
group consists of alkali salts and organically asged metals (mainly found in biomass) that

are assumed to achieve equilibrium in the furnaod, are released into the gas phase during
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combustionA combination of Computer-Controlled Scanning Msxopy- CCSEM (best for
coals), chemical fractionation and pH-based extaciethods can be used to determine
speciation of inorganic species in solid fuels [85]. The usefulness of bulk ash composition
in determining the average fly ash composition over CCSEM method is discussed in
section 5.2.2.

Depending on the group to which the inorganic gmedielong to, different phase
equilibrium calculation schemes are performed.tRerminerals, their melting characteristics
and slag viscosities are calculated with relatorihie temperature profile along the furnace
height determined by zonal method. The amount gtaguced and its viscosity are regarded
as major criteria for assessing the stickinessbfparticles approaching the tube banks. Then
separate equilibrium calculations are carried outilie stream of alkali salts and organically
associated metals which are expected to be releagethe gas phase, followed by aerosols
and solids formation during sub-cooling procesthaconvective section of a boiler [81].

Moreover, the procedure includes the interactiogsvben streams of minerals and the
remaining part of the ash-forming elements whicd seleased into the gas phase. Such
interactions, taking place at furnace conditionayrtead to recapturing of some part of e.g.
alkali metals by Al-Si based fly ash, reducing &lkalts formation in the convective pass of a
boiler. However, this positive effect of alkalisptare may influence formation of a sticky

layer on the ash particles and cause increaseistaggd fouling propensity [88, 103].

5.2.2 Phase Equilibrium Model

Based on the above outline the conceptual modedliproach is developed with three
phase equilibrium modules being defined which ideldifferent pathways of ash behaviour
modelling, as follows:

« Slagging and high-temperature fouling module (EQf) investigate ash
deposition on the heat-exchange surfaces plactde dtirnace outlet, and caused
by sticky, partially fused, silicate-based ashipke$ (see section 5.2.2.2).

e Low temperature fouling module (EQ2) to analysedamsation of ash-forming
elements in a temperature range typical for comwedtection of a boiler (see
section 5.2.2.3).

* Inorganics interactions phase equilibrium (EQ3) miedto investigate alkali
metals capture at the furnace caused by the siwated ash particles. This

module is connected with EQ1 and EQ2 modules tdysaghase equilibrium
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interactions between silicate-based ash and atkatals at specific limited rate
(see section 5.2.2.4). It is run first to give ihpata to the other related modules
EQ1 and EQ2.

As reviewed in more detail in Chapter 3, due to tla¢ure of the phase equilibrium
analysis, which is not related to the kinetics loé fprocess, the various improved phase
equilibrium schemes were developed [35, 81, 88, 103, 106]. It is generally agreed that
the soluble inorganics, such as simple salts agdnically associated elements, can be used
as an input to the phase equilibrium calculati@nartalyse low temperature fouling, which is
specifically applicable for fluidised bed conditfoas studied by Zevenhoven and Hupa [105,
106]. Interactions of alkali metals with the reaetiash, likely to occur at the high
temperatures of the pf boiler furnaces, and théfiecess on the salts condensation was
thermodynamically investigated by Nutalapattial. [103]. However, in this work the effects
of inorganics interactions on the ash viscositynggawas not analysed.

Improved phase equilibrium schemes for slagging lmdfouling were investigated by
Guptaet al.[35] who proposed the use of activity coefficefdr certain minerals groups, of
which the included minerals, identified by CCSEM thoel, were assigned the highest
activities. The major drawback of such approackth& by CCSEM only a small raw fuel
sample is analysed and the minerals data may bé&lptrepresentative. Furthermore such
analysis in not commonly available.

Akiyama et al. [144] performed phase equilibrium calculationsdaa®n the bulk ash
composition of coal blends, achieving good correfatbetween the predicted slag phase
percentages and deposition severity observed otipea The use of the bulk ash composition
Is supported by the investigations of the fly asmpgles taken from the pf coal-fired boilers
which revealed the high interactions between caakmals. Most of the Ca-, Fe- carbonates
and oxides were found to be transformed into thenala-silicates [145]. When co-firing with
straw, the formation of Ca-Si- and K-Al-based defsosvere reported, and potassium to
alumina-silicates conversion was found to be dependn the coal ash content and quality
[8, 46, 146].

Overall, the bulk ash composition appears to beoadgindicator of the fly ash
composition, and can be potentially used in a prgpastructed phase equilibrium schemes
to assess slagging and high temperature foulingetaries of ashes. Although several
practical advantages of the bulk ash compositiosgrtheir universal applicability should be

validated across a wider spectrum of coal/bioméssds analysed.
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5.2.2.1 Model Assumptions and Design

Based on the considerations the previous sectlm$otiowing general assumptions are
made and applied in the model:

 The melting behaviour alumina-silicate- based skgletermined by the bulk oxide

composition of the ash elements able to form ahansilicates, present in the coal and
biomass fuels. However, specific conditions applew the additional effects from the
organically bound and simple salts are considered.

« The behaviour of organically associated ash-forngétements and easily soluble salts:

Coals: the most severe case is considered in which dhede elements are captured by
slag. Typically their concentrations are less thak0% of the total ash content for a high
rank coalsBiomass fuels:these elements are the major part of the inorgaiccase of
the soluble alkalis, they are assumed to partlgradt with the alumino-silicate ash
particles and produce sticky, molten outer layer tba particles, according to the
Nutalapati model [103] (section 5.2.2.4). Unreaoheth the Al-Si ash alkalis remain in
the gas phase and form salts which condense iodheective section. Other elements
are assumed to form submicron solids which arg fidptured by generated slag.
More specific assumptions are assigned to eachepéasilibrium modules which are
described in the following subsections. The conoastbetween defined phase equilibrium
modules as well as the temperature ranges of eailons for particular equilibrium modules

are shown in Figure 5-2.

Alumino- Soluble
silicates Alkalis
I A I
SLAGGING Reactive INTERACTIONS
& HT FOULING  Part MODULE LT FOULING
MODULE \ MODULE
f |
EQl SLAG EQ3 GAS EQ2
1700C . 1300°C
R h 130@0 -
800°C 400°C
Slag % Condensed Phase
Viscosity e.9.KS0O,, KOH, KCI

Figure 5-2. Scheme of the mass stream connectitmgebn the phase equilibrium modules.
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The phase equilibrium calculation modules were thwith the aid of SimuSag¥
package of thermodynamic libraries and procedufes Delphi programming language),
which utilise FactSad¥ thermo-chemical data and phase equilibrium so{@remApp)
[102, 147].The phase equilibrium analysis is conducted basethe minimisation of total
Gibbs free energy of a system of chemical compoufids use of SimuSag# allows, in a
flexible and controllable way, constructing the slated thermodynamic process with the use
of thermodynamic blocks and mass flow connectorsvéen them [147].The non-
equilibrium processes can be investigated by Ihgitor excluding certain compounds/phases
which are not expected achieve thermal equilibratrthe specific temperature ranges. More

details regarding the current model constructiorsbyuSagd” can be found in Appendix IL.

5.2.2.2 Slagging and HT Fouling Equilibrium Module

This module (EQ1) is designed to determine the ingeltharacteristics of bulk ash
composition at the specified temperature range d@twl 700-80 and atmosphere of the
flue combustion gases. Apart from the informatibow the slag percentage distribution over
the temperature range, the composition of slaghbzaalso obtained which is used then to
calculate the slag phase viscosity characterithie.data derived from this module are used to
assess the slagging and high temperature fouliogemsities of fuel blends as described in
section 5.2.3.

Thermo-chemical (FactSal}e5.4) databases used:

» Liquid/glass solution: The FToxid-slag-A databasas been used, which contains the
system of six components A;-CaO-FeO-FgO3;-MgO-SiO;, fully optimised and
evaluated together at all compositions froni%o above the liquidus temperatures.
Additional oxides such as Na or KO have been also considered, although, the
optimisations are less precise for their high categions in a slag mixture [102].

* Solid solutions: Complex alumino-silicates (woltaste, olivine, mulite).

» Stoichiometric compounds:

o solid compounds of corresponding silicates, alunsitioates and oxides.
0 gas compounds adequate to describe combustion @lteres
Complete list of compounds considered can be fourfgppendix I1.
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Input data into EQ1:

To create the proper combustion atmosphere theegliaanalysis of fuels (C, H, O,
N, S, Cl) as well as the air excess=1.2) were introduced into the equilibrium
calculations.

Ash bulk chemistry of minerals, described by Si, Bé, Ca, Mg, Na, K elements.
Other elements were not investigated due to limmat of the liquid/glass solution
databases [102].

Organically bound elements. These are assumed tfullye(or almost complete)
captured by slag to simulate the most severe dondit

Data output from the EQ3 module, in terms of theoant of alkalis captured by the
reactive part of the ash.

Viscosity model:

Several models have been reported for the estimaticslag viscosities [148, 149],
but the modified Urbain equation (Kalmanovitch mipdeas been found to be the
most accurate in a range of viscosity up td R8*s where complete molten slags are
expected. To increase its accuracy for a lower &atpre range, where slags
solidification is likely, the slag composition clyes are calculated based on the
equilibrium model which were introduced accordiogeference [148]. This approach
is in good agreement with results obtained by otkempirical viscosity models (i.e.
Senior model [149]) and is valid for a lower tengiare ranges but limited to slag

composition of silicates.

5.2.2.3 LT Fouling Equilibrium Module

The module EQ2 is constructed to assess the fasforming elements that have been

released into the gas phase in the furnace andnéeeing the convective section of a boiler.

The focus is mostly on the alkali salts formatimtjuding aerosols at the temperature range

between 1300-40C. However, the alkali earth metals behaviour, eigig sulphation of the

calcium, magnesium oxides can be also assessed bagbe phase equilibrium conditions.

Although, there are no further kinetic parametetsoduced for the sulphation process, the

maximum concentration of S@Qg) in the flue gases generated in pf boilers céyse to those

predicted by the phase equilibrium calculationgemperatures between 1000-800[79].

Based on predictions obtained by this module thel@acies to form alkali aerosols can be

assessed and compared for various fuels mixtures.
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Thermo-chemical (FactSate5.4) databases used:
 Liquid solution: Salt melt (SALT-F): (K, Na)(SQCG;, Cl, OH).
» Solid solutions:
o (Na, Kp(SG, CO;) (ss)
o (Na, K)(CI) (ss)

» Stoichiometric compounds:

o solid compounds of corresponding salts and oxides.
0 gas compounds of corresponding salts and oxidesl eombustion
atmosphere.
Complete list of compounds considered can be faudgppendix Il.
Input data into EQ2:
* The elemental analysis of fuels (C, H, O, N, S,&lwell as the air excess=(.2).

* Organically associated and easily soluble elematdscribed by K, Na, Ca, Mg, P
elements chemistry. Impact of P is limited dueitwomplete thermo-chemical data
[102]. The input in particular includes:

o Data output from the EQ3 module, in terms of theam of alkali metals not
captured by the reactive ash and still remainingpéngas phase.

o Part of organically associated elements that weseiraed not to be captured
by slag. Input of these elements should be cabbratith the experimental
results. Here, it is not investigated, therefore #put from this elements is

assumed to be equal 0.

5.2.2.4 Interactions Equilibrium Module

This phase equilibrium module (EQ3) is designednigestigate the high temperature
interactions between the part of the alumino-diéidaased ash and alkali metals which were
recognised as easily soluble and thus very reacHaet of these alkalis are expected to be
captured by the ash. The alkali metals captureieffcy can be determined as defined in
section 5.2.4.

This assessment is based on laboratory investiggtishich revealed that alkali vapours
can interact with the outer surface of silica/clayneral particles [88] producing low
temperature melting alkali silicates/clays. Takihgs as a basis, in the model developed it
was assumed (according to Nutalastal. [103]) that all the ash particles are sphericad, a

of 10um diameter, and at high temperatures (assumed td30€’C) whilst the same
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proportion of particles are reacting [88, 103]. thermore, the average thickness of the
reacting layer was assumed to beufnlwhich corresponds to around 5% in volume or mass
basis for 1m sized silicate/clay particles [88, 103].

Thermo-chemical (FactSae5.4) databases used:

e Liquid/glass, solid solutions and stoichiometriamamunds as defined in the EQ1-
Slagging and HT Fouling Equilibrium Module.
» Phase equilibrium calculation performed at the terature of 1301C.
Input data into EQ3:
« The elemental analysis of fuels (C, H, O, N, S,&lwell as the air excess=(l.2).

« Alkali metals such as K and Na which are easilylslel and/or organically associated
(assessed based on the chemical fractionationsasply

« The reactive part of ash (according to Nutalapal [103] model) described by Si,
Al, Fe, Ca, Mg, Na, K elements being part of materoriginated mostly from coals
but also can be from biomass which are then idedtias a not soluble (thus less
reactive) fraction according to the chemical frac#tion. Other elements were not
investigated due to limitations of the liquid/glasdution databases [102].

Output data from EQ3

« The predicted by the EQ3 amount of alkalis captlrgdhe reactive ash analysis is
introduced into the EQ1 module which utilise thiatad to analyse the effects of
captured alkalis on the viscosity and slag germamathanges (formation of a sticky
layer) remaining in the gas phase, uncaptured ialkak introduced into the EQ2
module to calculate the amount of condensed salts.

5.2.3 Deposition of Sticky Ash Particles

In this subsection, the slagging and high tempeegafouling deposition rate and indices
are defined. Slag and high-temperature fouling dep@re formed by the inertial impaction
of relatively large, sticky, partially fused, s#ite-based ash particles, and dominate on heat-
exchange surfaces placed at the furnace outletilgépsed-fuel fired boilers. Depending on
the temperature at the furnace exit and naturdeffael fired the slagging/fouling can be
extended from the platen superheater to reheaperiseater surfaces suspended over the
furnace box or entering the convective pass oflaopér.
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The slag and viscosity distributions calculatedhsy EQ1 phase equilibrium module, are
used to formulate proper indicators that allows knagn fuels according to their

slagging/fouling performance.

5.2.3.1 Formulation of Ash Deposition Rate

The ash deposition rate of sticky, partially fusklge ash particles resulting from the
inertial impaction on the upstream side of the tuimnks of heat exchangers can be

determined using the following simplified formul@4] 121, 150, 151]:

lg =uy [T, 2 [P (T) [A(T)  [kg/m’s] (5.1)

otal
The ash deposition rate defined above is assumée fmroportionally dependent upon such

parameters as the velocity of the flue gaém/s), ash concentratio@ a(sh' kg/nt), the ratio of

cross-sections areas of the heat exchanger and (AusdAwia) [84] which express the
probability of the ash particles hitting the suda®©ther parameters are more ash quality

related and include the sticking probabilifystl(d) [150] and ratio of molten slag)in the ash

particles approaching to the tube banks. The effedated with the deposit layer stickiness or
erosion of deposit layer are not included herehasanset of the ash deposition process is
investigated. The sticking probability of the impag fly ash particles is commonly
calculated by using a method similar to that of $fal al.[150] and is expressed by:

:uref ,U S ,U
P (T)=1 u o (5.2)

1 Hs Uiy
where, i represent the viscosity at the local gas temperand/s.s is the reference critical
viscosity. Deposition may occur if the critical esity criterion is met at the estimated gas
local temperature. According to the literature [821, 150, 151] the reference value for
critical viscosity vary significantlyand the most likely values lies betweer? 201F Pa*s.
Such a wide range of the reference critical videsiis a major drawback of this method.
Difficulties in determining the reference stickisesf ash particles can be associated with the
different melting/solidification curves and visctyschanges for slags of various composition.
The impact of ash quality and the reference clitiiscosity changes on the predicted ash

deposition rates throughout the boiler are inves#id in section 5.3.
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5.2.3.2 Formulation of Slagging and HT Fouling Indices

The assessment of the ash deposition rate aseuiilinthe previous section may include
large uncertainties associated with:

* Not including the melting history of the impactinuarticles due to the phase
equilibrium calculations of the local molten slagtio, which is temperature
dependent.

* Not well defined sticking probability functions, pesially the reference critical
viscosity.

* Not well defined function describing probability die ash particles hitting the
surface.

In order to decrease the above mentioned unceesirihe alternative slagging and high
temperature fouling indices are considered, whieh lzased on the following postulations
regarding the melting history of the ash and isxwosity:

« Instead of the use of the local molten slag raglo the average values are calculated.
However, the slagging tendency is assessed by galtie slag average values
calculated for a higher temperature range wherelhgodling correspondingly for a
lower temperature range as schematically shown igur& 5-3 (for details see
Appendix I-6).
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Figure 5-3. Slag % and slag viscosity regions lagging and HT fouling assessment.

* The sticking probability, as defined in section.3.2. is not taken into account.
However, it is assumed that the ash depositionisateversely proportional to the slag

phase viscosity (lagu) at the specific reference temperature relatatig¢docation of
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the given heat exchanger and represents the vigadfsine deposit outer surface. To
make a general comparison, not strictly boiler tegla the viscosity calculated at
1250C can be used, which was found to be a good inalidar slagging/fouling
[16, 64].

Overall the slagging/HT fouling fuel tendencies daa assessed by the following general
form:

%
I SUHTF) ~ AEEC:aDsh Gﬁ} +B (5.3)
0~ Temp

where Cfsh (g/kg flue gas) is the ash concentraticg?@h(HTF) is the average slag ratio at the

slagging (SL) or HT fouling (HTF) defined tempenauwanges, respectively; lagrempis the
viscosity factor calculated for the viscosity at tleference temperature; aAdandB are the
calibration coefficients, used to adjust predicsidlm the known slagging/fouling severity

scale of a given heat-exchanger when assuming loogeelation.
The ((ZgL(HTF)/ logiottremy ratio can be further used to determine the askisess criteria

as discussed in section 5.3.5. The major differebesveen this ratio and the sticking
probability defined in section 5.2.3.1, is thatnitludes viscosity calculated for the specific
reference temperature whereas the sticking prabatlsicalculated for the reference critical
viscosity which is assumed to be constant for@dll @sh chemistries.

The usefulness of such above formulated ash depositdices lies in the conviction that
the three major ash quality parameters, such awidoesity, average slag ratio and ash
burden determine mostly the ash deposition sevaitg those parameters can be relatively
simply obtained with the use of developed modelcé&the deposition indices are calibrated
to the known slagging/fouling observations, they b& further applied to investigate more
complex fuel blends to optimise their composition.

All of the abovementioned indices are criticallyabrsed in more detail based on the

slagging/fouling observation examples presentdternvarious subsections.

5.2.4 Salts Condensation-Based Indices

Based on the results derived from the phase equitib calculations performed by
modules EQ2 and EQ3, the following indices can &indd to assess the likelihood of low
temperature fouling due to salts condensationdaravective pass of a boiler:

» Alkali metals capture efficiency index. This is egpsed as a mass ratio of the

captured alkali metals (Na, K) by active part dicate-based ash (assessed during the
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phase equilibrium calculations by the module EQ33QCC) to the mass input of
alkali metals to the module EQ3 (easily solubleab#y. The higher capture efficiency,

the lower availability of alkalis for fouling in cwective pass of boiler.

» Alkali aerosols formation tendency, which can bseased based on the predicted

molten alkali salts concentrations distributed otlee temperature range. For a
relatively higher alkali salt concentrations in thee gas, the formation of molten salts
phase is expected to occur at the higher temperatnges. Correspondingly, this may

indicate the increased tendency of aerosols foondtr the fuel analysed.

» Apart from the above defined indices, the predicedcentrations of salts in the flue

gas related to the 1 kg of fuel fired can be alsed as indicators.

5.3 Model Sensitivity Analysis — Results and Discus  sion

In this section the responses of the developed modevarious ash quality related
parameters as well as model assumptions are teBtedmodel is applied to the thermal
conditions of the Langerlo 235 MWf boiler configuration analysed in more detaristhe
previous Chapter 4. The following effects are inigzged:

» The impact of different coal ash chemistry (in teraof CaO, Fg); and KO, NaO

content) on melting and slag viscosity charactesst

» The impact of assumed ash reference critical viscas the ash deposition rates
predictions.

* The effects of increasing co-firing of alkalis-ritlomass with coal on the predicted
ash deposition rates (for assumed different intenag rates of silica-based ash ). The
corresponding condition changes of various salsdéion in the convective pass of
the boiler are also analysed.

* The impact of coal quality on slagging and foulwwben co-firing with alkalis-rich
biomass. The proposed new slagging and HT foulmdjces, as defined in sec.
5.2.3.2, are tested to identify the optimal coalfass blends.

5.3.1 Investigated Fuels

Three different ash quality bituminous coals and typical high-alkali content biomass
type were chosen in this investigation, namely BoAfrican (SA3), Australian (AL1)
Colombian (CO1) coals and straw (DS2), respectivdlzfe more detailed oxide ash
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composition as well as proximate and ultimate asedyof investigated fuels are shown in
Table 5-1.

Table 5-1. Proximate, ultimate and ash oxide aealyd the investigated fuels (on as received hasis)

Fuel Name SAZ cor AL1° DSZ
VM, % 22.28 34.03 28.3 68.49
FC, % 58.21 48.17 43.7 13.15
Moisture, % 5.2 9.0 3.3 12.4
Ash, % 14.31 8.8 24.7 5.96
LHV, MJ/kg 25.58 26.08 22.17 14.67
C, % 66.74 66.58 57.67 40.38
H, % 3.79 4.52 3.53 5.26
N, % 1.52 1.40 1.08 0.51
O, % 8.04 9.06 9.17 34.9
S, % 0.38 0.58 0.51 0.11
Cl, % 0.02 0.06 0.04 0.48
SiO,, % in the ash 44.6 61.8 48.2 34.0
Al,O3, % in the ash 34.2 21.1 31.6 0.94
TiO,, % in the ash 1.1 0.9 1.2 0.06
Fe0s;, % in the ash 4.4 6.6 7.9 0.65
CaO, % in the ash 9.4 2.2 3.8 7.3
MgO, % in the ash 1.1 2.1 15 2.0
K>0, % in the ash 0.6 2.4 0.4 29.8
Na,O, % in the ash 0.2 1.1 0.2 0.85
P,Os, % in the ash 1.3 0.2 0.5 0.5
SG;, % in the ash 3.1 1.6 2.9 4,74
SUM, % 100 100 98.2 80.8
IDT oxy, °C 1350 1250 >1480 1015
HToxy, °C 1360 1305 >1480 1170
FToxy °C 1400 1410 >1480 1240
B/A 0.17 0.17 0.20 1.16
B/A*Sd 0.09 0.11 0.08 -
B/A*Na,O 0.03 0.19 0.04 -

a) South African coal, S21 [24], b)Typical Colombizoal , c) Typical Australian Coal — Liddell $&§38], d) Danish Straw.

South African coal (SA3) is the intermediate ashtent coal with a low alkali metals
presence and relatively increased calcium confaindtralian coal (AL1) similarly to SA3 is
poor with alkali metals, however has the highest @mtent and is slightly enriched in iron.

Colombian coal (CO1) has the lowest ash contentngstacoals investigated, but is the most
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enriched in the alkalis metals and has the incead&a presence. The calculated indices
based on the B/A ratios indicated the low slagging fouling tendencies for the all coals.
However, the increased M2% content in the CO1 ash (above 1.0%) classihexidoal as a
highly fouling. In terms of the ash melting tendesc the lowest ash fusion temperatures
measured at oxidising atmosphere (AFT) were regddethe CO1 ash, followed by the SA3
and AL1 ashes. It is expected that the AFT for Ahd coal ash obtained under reducing
conditions should be lower due to not being fulkydsed, thus giving reduced melting of
iron in the slag [135].

Straw was chosen for the sensitivity model invedian, as it is a good example of the
biomass that includes a high content of alkali iseda well as a relatively increased amount
of calcium. These elements are mostly organicadigociated or in form of easily soluble
salts, thus highly reactive. Furthermore, strawtaimis a realtively high ash concentration as
compared with e.g. low ash content woody biomaksrdfore, the models are expected to be
more senistive for the effects of straw co-firimgth coal with itermediate co-firing biomass
shares up to 20th%. As far as melting tendench®fstraw ash is concerned, the reported ash
fusion temperatures are shown to be relatively fpdwee to the high ratio of 0% to SiG%

in the ash, as compared with the coals investigated

5.3.2 Melting and Slag Viscosity Characteristics

The ash melting and viscosity characteristics ptedi by the phase equilibrium module
EQL1 for the investigated coals are shown in Figbrdsand 5-5.

For a better interpretation of the results, the gerature scale is divided into two,
slagging temperature range (1600-1Z50and high temperature (HT) fouling range (1250-
80C0°C).

In the slagging temperature region, the meltinghef investigated ashes is influenced
mostly by such oxides as CaO,,8¢ SiO, and AbOs; whereas in the HT fouling region by
the presence of SPONaO and KO. The example slag composition in those two region
SA3 coal is shown in Figure 5-6.

Two coals, namely SA3 and AL1, whose oxide compmsst differ only in terms of CaO
and FgO; content, revealed overall similar melting curveasds with some visible
differences at the slagging region. It was obsethat, the higher CaO concentration in the
SA3 coal ash caused the increased slag levels eetd@00-142TC whereas for AL1 coal
ash, the raised E®;3 content in the ash led to higher slag percentagtse lower temperature

range of slagging region between 1420-250The decrease slag levels with a temperature
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drop for SA3 coal was related to a solidificatioh@a-Si/Al phase from the slag, whose
chemistry is dominated by the ternaryp®@4-SiO,-CaO oxides system.
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Figure 5-4 Ash melting characteristics for South African (SAGplombian (CO1) and Australian (All) coals.
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Figure 5-5. Calculated viscosities of slags obiifoe South African, Colombian and Australian coal.

In case of CO1 coal, due to significantly lower tmms of AbOs, higher SiQ and
intermediate content K®; oxides, as compared to the other investigatedscolaé highest
levels of slag was calculated to be at the slaggagyon. Furthermore, CO1 coal revealed
also the highest slag levels in the HT fouling tenagure range, due to the increased silica
and alkali metals presence in the ash, as compdatedhe SA3 and AL1 coals.

Analysing the obtained viscosity curves it can bensthat the slag viscosity increases

gradually with a temperature drop and those chaagesassociated with the corresponding
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melting curve development. Moreover, it was noti¢edt, for the investigated ashes, the
viscosity changes in the slagging temperature ramgemostly influenced by the high CaO
content in the slag which leads to lower viscosiieigure 5-6). In the HT fouling region the
differences in calculated viscosities are signiftbalower for the investigated coals, and the

slag chemistries are mainly dominated by the oxidéssilica, alumina, sodium and

potassium.
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Figure 5-6. Phase equilibrium calculated compasitibthe slag for South African coal.

5.3.3 Evaluation of Ash Sticking Probability Criterion

In this subsection, the impact of the assumed eatar viscosity value on the sticking
probability distributions (as defined in sectio2.8.1) and the predicted ash deposition rates
are evaluated. The calculations are performed Her @sh of CO1 coal that revealed the
highest percentage of a slag presence over theswigenperature range amongst the
investigated coals. The temperature dependentratayis the key parameter that determines
the ash deposition rate of sticky ash particlesaictipg the heat exchangers.

The influence of two boundary reference criticalcdgisities from the range of 1Ba*s to
10° on the predicted ash deposition distribution sv&hin Figure 5-7. The temperature scale
on the X-axis is transformed to a correspondingdmdistance within the boiler with
highlighted zone areas of the heat-exchangers atieqtor the Langerlo pf boiler
(investigated in Chapter 4). At the entrance toSK platen superheater section, the flue gas
temperature was predicted to be around G5Whereas for the SH3 zones reached
approximately 1251 (Figure 4-11, Chapter 4).
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As far as the ash impact is concerned, the sinmmatirevealed that changing the
reference viscosity value from 3@Pa*s to 10 leads to significant shifting of sticking
probabilities of the CO1 coal ash, as shown in fEdat7a. This caused extension of the ash
deposition from the SH2 platen superheater zonarsvthe heat-exchangers entering the
convective section of the boiler, SH3 and RH2, eefipely (Figure 5-7b). The rapid
increases of the predicted ash deposition ratethatentrance to the subsequent heat-

exchangers sections are related with the changieiofcross-section areas.
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Figure 5-7. Predicted viscosity, correspondingkstig probability functions and their effects on hredicted
ash deposition rates obtained for two referenceosisy values 1band 18 Pa*s, and CO1 coal.

Overall, the predcitions obtained for CO1 coal, &mdthe assumed reference viscosity
value of 10 Pa*s apear to be in most agreement with the dpesdtexperiences citied in the

literature releated with the fouling performancénwfh alkalis content coals [10, 145, 152].
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5.3.4 Impact of Co-firing Alkalis Rich Biomass with Coal

The capture efficiency of the biomass originatethpsium by the alumino-silicate based
coal ash determines the slagging and fouling wieefiring high alkali content biomass with
coal. The quality of coal ash, in terms of increhssh content as well as a high relative
amount of alumino-silicate to alkali metals in #eh, is the major factor affecting the capture
process efficiency. In this analysis, the low alkand itermediate ash content SA3 coal was
chosen to investigate the impact of straw co-fimmgthe coal ash behaviour up to 20th% coal
subsitution. All alkalis present in straw were assed to be easilly soluble. The set of cases

considered in the sensitivity analysis in summariseTable 5-2.

Table 5-2 Sensitivity parameters for studying the effectsofiiring rate and mass % of reactive ash.

Change in Straw Co-firing Rate

Case Legend in Figures SA3 th% DS2th%  Mass % atfRe Ash
ler SA3 100 0 5.0

2cr SA3DS2-10th% 90 10 5.0

3cr SA3DS2-20th% 80 20 5.0

Change in Ash Reactivity

lar SA3DS2-20th%-5REA 80 20 5.0

2ar SA3DS2-20th%-10REA 80 20 10.0

3ar SA3DS2-20th%-20REA 80 20 20.0

Note: Reactive ash mass % calculated for assumeah partcile diameter.

Besides the change in straw co-firing rate, theaichpf the assumed mass % of ash reactivity
was investigated, varying from the 5% to 20% oélteish amount for the assumed conditions
as defined in section 5.2.2.4. The detailed infuhe elements into the particular EQ for the

cases considered is summarised in Appendix I-4.

5.3.4.1 Ash Deposition Rates up to 20"% Straw Co-firing

To investigate the effects of the sensitivity paggans change on the ash deposition
severity, three types of characteristic were garedrand compared including the slag phase,
viscosity and the ash deposition rate distributidos all investigated cases as shown
in Figure 5-8. The performed analysis revealed gt the increasing straw co-firing rate
from 0th% to 10th% and 20th% coal substitutionighsly higher slag levels in the zones
upstream of the platen superheater (SH2) and thie moreased slag levels at the HT fouling
region between SH2-RH2 zones were predicted. Ttleseges are associated with the raised
CaO % and Si@% in the slag at higher temperature zones andnitreased KD content in

the slag at the lower temperature range, respégtive
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Figure 5-8 Predicted impact of straw co-firing with coal omadag and viscosity distributions as well as ash
deposition rates: a) 5% mineral mass (REA) intamgavith alkali metals, b) 5%, 10% and 20% of REA.

As a consequence, this further led to the slagosisg changes and lowering their values at
the HT fouling region. Interesting effects werentiged at the temperature range between 28
and 32 meters of linear distance inside of theebddee Figure 5-8a). In this region, the slag
percentages dropped with increasing co-firing ratfostraw which was affected by the
solidification of Ca-Si/Al phases predicted by phasuilibrium considerations. This effect
accordingly influenced the viscosity increase whieached the critical reference value>10
Pa*s) earlier, before the platen superheater zAsea result, the lower local ash deposition
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rates were predicted for the ash impacting theaseriplaced at the entrance to the platen
superheater. After this region, for the increadeas co-firing shares higher ash deposition
rates were obtained.

The effects of increasing the reactive layer of patticles towards alkali metals capture
when co-firing 20th% straw are presented in Fighh&b. As expected, the higher reactive
mass of particles leads to more interaction, whedulted in a slight increase of slag phase
and more significant viscosity drop leading tosenn the predicted local ash deposition rates
at the HT fouling region.

The impact of other coals with different ash chengs, including coal blends with
miscanthus, on the predicted ash deposition clarsics for this boiler was analysed

separately in a paper [153].

5.3.4.2 Salts Formation in a Convective Section of Boiler

The impact of the analysed sensitivity parametarthe potassium capture efficiency and
K2SOy(s) concentrations is summarised in Figure 5-1% @&kample potassium distributions
over the temperature range of the boiler convecseetion predicted for the 20th% coal
substitution and two ash reactivity considered gasar (5%REA) and 3ar (20%REA) are
presented in Figures 5-9 and 5-10, respectively.

Analysing potassium distributions, according toilloium calculations, at the furnace
conditions the most stable gaseous species are ¢O#{d KCI(g). With decreasing
temperature, KSOy(g) forms, and then subsequently the available tifiesof potassium in
the gas phase condense to form a liquigb®(l) phase as shown in Figure 5-9. The
remaining gaseous chlorine is predicted to be nstable in the form of HCI(g) for the
investigated straw co-firing shares. The assumgbeniash reactivity results in reducing the
levels of potassium available for condensation. Seguently, the amount of liquid phase is
affected which is shown by the movement of the bofeondensation temperature towards
lower ranges.

The performed sensitivity analysis revealed thattlie assumed constant mass % of the
reactive ash, an increase in straw co-firing ski2ce-3cr cases) does not affect the potassium
capture efficiency. The capture efficiency was obsé to be more sensitive to the changes in
the ash reactivity (lar-3ar cases, Figure 5-11yedbas ash concentration (section 5.3.5.2).

Moreover, as expected, with increasing straw dagirshare a proportionally higher
concentrations of maximum >B8O(S) levels were predicted. These levels were simfly
reduced when a higher mass % of the ash reactwatyassumed.
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5.3.5 Optimisation of Coal/Biomass Blends — Impact of Coa | Quality

In this section, the impact of coal quality on giag and fouling when co-firing with
alkali-rich biomass is analysed. The aim is to tdgrnthe fuel flexibility widows when
investigating the blends composed of three coamaty SA3, CO1 and AL1 co-fired with
straw (DS2) for the 20th% coal substitution caseindicate changes in the slagging/fouling
severity the proposed slagging and HT fouling iediare used as defined in section 5.2.3.2.

Amongst the fuels investigated the SA3 and AL1 s@ak good quality coals with low
slagging/fouling tendencies according to the B/Adzhindices as well as the AFT results
summarised in Table 5-1. The blends of the COl simdw are expected to increase

slagging/fouling.

5.3.5.1 Slagging and HT Fouling Indices

In the defined slagging and HT fouling indices thare three key parameters, the
average slag ratios in specific temperature ranfesyiscosity at the reference temperature
(1250°C) and ash burden (g/kg flue gas). The first twapeters, or more precisely the ratio
between them, is assumed to determine the stickicmwditions of the particles impacting the
heat transfer surface. In order to make the resutire comparable, the normalised ratio of

these parameters is introduced according to theular.

( aSL(HTF) J_( gZSL(HTF) J
[ ¢SL(HTF) LoglOluTemp LoglOI'ITemp Critical

I_oglo’uTempJNorm (CDSL(HTF)J - (%L(HTF)J
Max Critical

(6.4)

LOglOluTemp LOglO:uTemp
where: Max denotes the maximum stickiness ratioragsiball calculated cases, and Critical

denotes the critical stickiness ratio. The critistatkiness ratio was assessed by calibration of
this ratio to the values obtained for the non-siiag/fouling coals, such as SA3, ALL. For the

slagging region, the average slag rati(_q,l)( was around 0.66 whereas the viscosity (at

1250C) was equal to logu=5.8, which gives the critical slagging stickinesatio

(Egl/ logiottremp Of 0.114. Considering the HT fouling, the cormasgped parameters were: the

slag ratio q_zg.TF=o.095 and the critical HT fouling stickiness rat®.016. More detailed
calculation results are summarised in AppendixT-#&ble I-13 and Table 1-14).
The normalised stickiness ratios predicted forghee coal blends and co-fired with the

20th% straw share (lar case, Table 5-1) obtainethéslagging and HT fouling conditions
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are compared in Figure 5-12. On the ternary diagrdma white areas show the non-slagging
or non-HT fouling fuel blends thermal ratios windowhereas the coloured shadows indicate
increasing stickiness ratio tendencies.
a) Platen Superheater Slagging
SA3-CO1-AL1 Coal Blend SA3-CO1-AL1+20th% Straw
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b) High Temperature Fouling
SA3-CO1-AL1 Coal Blend SA3-CO1-AL1+20th% Straw

0.00 0.25 0.50 0.75 1.00 0.0 0.2 0.4 0.6 0.8 1.0

Figure 5-12 Predicted impact of straw co-firing with coal orrmalised stickiness ratios for pure coal blend and
20th% straw co-firing: a) Platen superheater slaggib) HT fouling region.

Analysing firstly the results obtained for the @@ blends of coal without straw impact,
as expected, the increased ratio of CO1 in blerdstd raised slagging and HT fouling
stickiness ratios. To meet the non-ash depositinditions (“white areas” on the diagrams)
the thermal ratio of CO1 coal should be below @.&icoal blend. The impact of AL1 and
SA3 coals on reducing CO1 coal effects is preditbdae comparable.

When analysing the influence of 20th% straw ca¥frivith the set of coals considered,
the different predictions were obtained between dlagging and HT fouling regions. The
impact of straw co-firing on slagging condition olga was predicted to be not significant for

the 20th% coal substitution. The non-slagging dpmmal windows slightly increased for
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AL1 coal and decreased for SA3 coal shares in rdbhgth straw. The positive effect of AL1
coal and the increasing negative impact of CO1 w@ak identified. These positive/negative
observations are shifted also to the HT foulingioeg. However, the impact of straw co-
firing is here much more visible. In this case, fioe 20th% straw share, the increased HT
fouling was predicted for the all coal blends cdesed.

The highest impact on increasing stickiness ratmwed blends dominated by the CO1
coal whereas the blends composed of the high shaEré8A3 and AL1 coals reduced
significantly the straw effects. The blends withndoating AL1 coal revealed the most
positive influence on reducing slagging/HT foulitgndencies. Although the overall ash
burden increases for blends with AL1 coal as shawrrigure 5-13a, the predicted low
stickiness ratios affected mostly the slagging/ldtilihg indices which remain low for these
blends. The effect of ash burden on the HT foulimdex predictions (lar case, Table 5-1) is
presented in Figure 5-13b.

SA3-CO1-AL1+20th% Straw
a) Ash burden, g/kg flue gas b) HT Fouling Index

6.00
10.00
12.00
14.00
16.00

18.00
%

0.00 0.25 0.50 0.75 1.00

Figure 5-13Coal co-firing with 20th% straw: &sh concentration g/kg flue gas, b) Predicted heghperature
fouling index (normalised stickiness ratio multgaliby the ash burden).

The results showed that even though the lowestcaskent of CO1 coal, the blends
composed of this coal still maintain their high Hduling tendencies which are mostly
influenced by the high stickiness ratios.

5.3.5.2 Alkalis Capture Efficiency

The impact of coal ash blends quality on the patasscapture efficiency and the
predicted KSOy(s) maximum concentrations (g/kg fuel) found in tkeperature range of the
convective section of the boiler co-fired with t2@th% straw share (lar case, Table 5-1) are

shown in Figure 5-14.
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SA3-CO1-AL1+20th% Straw
a) Potassium Capture Efficiency b) KSO4(s) g/kg fuel
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Figure 5-14 Predicted impact of 20th% straw co-firing with coa) Potassium capture efficiency — 5% of fly
ash mass (REA) interacting with alkali metals, lmr€sponded max 4#60y(s) concentrations in a convective
pass.

As can be seen, the potassium capture efficierazyesed well with the predicted HT
fouling tendencies analysed in the previous subigecThe highest efficiencies have been
predicted for the AL1-coal dominated blends, duéhtr high content of the ash, enriched in
SiO, and AbO3; and low NaO, K;O percentages. Blends composed of the SA3 coaaleve
it to be a relatively less efficient in capturingalis as compared with the AL1 coal.

The remaining flue gas alkalis formed salts in thavective section of the boiler. As
expected, the simulations revealed the higheSt(s) concentrations predicted for the CO1-
coal dominated blends due to their relatively lowepensities to capture alkali metals from
the flue gas.

5.3.5.3 Agreement with the Observations found in the Literature

Although is it difficult to compare directly the t@ined model predictions with the
slagging/fouling observations reported in the &tare, the general tendencies can be noticed,
mainly derived from the Danish experience in st@wfiring straw with coal in large scale
pulverised fuel fired boilers [7, 8, 46, 145, 146].

Visual inspection after one week co-firing of 20tls#%aw with Canadian, high-S coal at
the Amager Power Station (250 M\ff boiler) revealed less deposition formed atplaten
superheater region and increased deposition ofettiary superheater as compared with the
pure coal firing [7]. The lowest sensitivity of th@aten superheater sections on the ash
deposition effects from the straw as compared thighreheat exchangers were also predicted

by the current phase equilibrium-based model.
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Co-firing up to 20th% straw with US and South Arcari coals at Midtkraft-Studstrup
(MKS) Power Station, Unit 1 of 150 MW\¢apacity, revealed increased deposition tendencies
of platen superheater and other sections enten@aganvective pass of the boiler. However,
in the platen superheater region the reduced tgna€ideposit was observed over time
probably due to shedding of the deposits [8, 46].

Other results obtained from the straw co-firing paign undertaken at the MKS Power
Station, Unit 4 of 300 MWcapacity, strongly indicated the high impact o ttoal content
and quality on the alkali metals behaviour. Durgtigaw co-firing with a South African coal
much more improved conversion of K from straw imsoluble K-Al silicates was observed
as compared with co-firing lower ash content Col@nlxoal for which increased,BOy(s)
concentration was detected in the ash [146].

In the all above reported experiences, it was gdliyeagreed that the quality of coal,
especially their ash content was the major parantlese controlled the potassium behaviour
which was either captured by the alumino-silicadesconverted into potassium sulphates.
Furthermore, decreasing the furnace gas exit teatyrer by reducing boiler load mitigated
the ash deposition severity revealing the highatation of the thermal boiler conditions with

slagging and fouling.

5.4 Summary

In this chapter the development of a slagging anirig predictive model is described.
The model is based on the phase equilibrium arglged utilises three separate phase
equilibrium schemes assigned to the modules inracdassesses the ash deposition caused by
the different mechanisms, such as slagging and élilinig, condensation of salts and
inorganics interactions phenomena. The model iebas the assumption of including the
slag percentage in the bulk ash approaching the hdnks, the slag viscosity and ash
concentration as the major factors affecting the @sposition severity. The ash deposition
rate as well as the proper slagging and fouling aaid indices assigned to the specific boiler
regions were defined. Due to the one-dimensionaliraaof the model and associated
simplification of a flow pattern, only the assessmef ash deposition rate by inertial
impaction on the heat exchangers surfaces placedempdicularly to the major flow
trajectories were attempted. Furthermore, the hwaace wall-boundary deposition likely to
occur by thermophoresis or diffusion was not inggdéd, as it is known to have minor
impact when co-firing with relatively lower levelsf biomass, i.e. when the coal share

dominates.
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The effects of various model criteria to deterntime stickiness of the ash particles were
critically evaluated. It was revealed that the miopgkedictions are very sensitive to the
assumed reference critical value which is not wefined in the literature. Furthermore, the
predicted local slag phase percentages corresppnhalithe temperature profile of the boiler
may also lead to misinterpretation of the obtaimedults. To overcome mentioned
uncertainties, the average slag ratios determiregzhrately for the slagging and high
temperature fouling temperature ranges were intteduMoreover, instead of the reference
critical viscosity value being constant for all easthe slag viscosity at the specific reference
temperature was proposed to be calculated to determe stickiness of particles.

As far as straw co-firing is concerned, the preditt revealed that an increase in coal
ash blend quality, expressed by the higher alursili@ates presence in the fuel caused higher
potassium capture efficiencies by the fly ash awgidsalts condensation in the convective
pass of the boiler. Furthermore, the interactingsnaf the particles influenced mostly the
viscosity at the lower temperature range by deamngass value, and thus enhancing the
stickiness and increasing the local ash deposmate The impact of straw co-firing with a
lower ash quality coal was much more significard aaused higher deposition especially at
the heat exchange section placed at the HT fouégmn.

The model responses, in general corresponded vitdlltiae findings reported for straw
co-firing cases in the literature. However, thealeped approach needs to be validated for a
wider spectrum of fuel blends. This is carried iouhe next Chapter of this thesis.

-127 -






VALIDATION OF THE DEVELOPED SLAGGING AND FOULING
PREDICTIVE APPROACH

In this Chapter an attempt is made to validate degeloped slagging and fouling predictive
approach based on the field observations derivennfithe industrial scale pf coal-fired
2.5 MW, furnace well as a large pf 518 MWitility boiler fired with coal/biomass blends.
A wide range of different quality trade coals aheit blends are investigated. Furthermore,
the impact of co-firing more complex biomass blengs to 30wt% coal substitution, on
slagging and fouling is analysed. The investigatidmass mix includes the mixture
composed of the meat and bone meal, wood pelletshenbiomass mix pellets produced on
site at the power plant consisting of the sewage#paludge, and other wood residues. The
gathered ash deposition observations are compardith whe model predictions and
conventional slagging/fouling indices. Corresporgiyn the assumptions related with the
used modelling approach are discussed with respethe fuels investigated. Additionally,
with the aid of the developed model, the fuel nptndsation is performed to identify the
biomass share flexibility windows for blends whastsure the most reliable operation of the

boiler without severe slagging and fouling wherficog 30wt% of biomass considered.
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6.1 Introduction

Based on the carried out literature review in Chaeptl-3, the conventional predictive
slagging and fouling indices fail when coal blemmddifferent quality and their blends with
biomass are considered. In this Chapter the piredipbtential of the new developed indices
is evaluated.

The goal is to answer the research question sgtee beginning of this thesis, which is
as follows:Is it possible to assess successfully the slagnligig tendencies of complex
coal/biomass fuel blends with the aid of the mobtaked on the phase equilibrium analysis?
How detailed fuel data are required for such anay®Basically, it is aimed to check if the
assumptions made to define the new slagging/foulmijces are correct, in terms of
correlating the slagging/fouling severity with thsh burden, average slag percentages and
viscosity of the surface predicted for the bulk @asimposition of blended fuels. In case of
biomass co-firing, the interest is in investigatitige impact of the assumed interaction
conditions between coal and biomass ash-formingematn the predictions with known
slagging/fouling observations.

To meet the stated objectives the predicted resmdscompared and discussed with the
field observations gathered from the industriabjgcale coal-fired pf furnace and large scale

utility pf boiler fired with complex coal/biomasseinds.

6.2 IFRF-ECN Campaign to Characterise Behaviour of  the Battle Coals

The slagging and fouling observation data used teevalidate the developed predictive
model originate partly from the past tests/researolgrams carried out by the IFRF and ECN
in 1999 [69].0ne of the major tasks of this collaborative resiegrogram was to evaluate
the slagging and fouling tendencies of the impqréb@aper coals, some of them being of the
low-quality (so called “battle” coals), which weaémed to be fired in Dutch pf boilers. The
majority the imported coal is originated from Soudtfiica, Colombia, Australia, Indonesia,
Russia, Poland and the United States.

During the IFRF-ECN “battle coals” investigatioranaspaign, the semi-quantitative
slagging/fouling assessment was performed for tected single coals as well as binary
blends which were fired in a 2.5 MMWFRF boiler furnace simulator. It was then support
by the ash deposition tests conducted under weliralbed conditions with the use of the

ECN'’s lab-scale combustion simulator to provide enorechanistic ash-related information,
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which could allow the further interpretation of tbleservations made from the semi-industrial
scale trials.

During the onéour trials for each tested fuel, the ash and depasiples were collected
for the off-line analysis and evaluation, by the@ioled slag sampling probe located in the
recirculation zone of the burner to simulate neaamnbr slagging at a gas temperature of 1300-
1400°C. Another, fouling probe was placed in the flus gait channel to simulate fouling at
the gas temperature of 1100-120(69]. These tests were simultaneously performed under
well-known conditions of the ECN simulator, estab&d for the full-scale pf boiler equipped
with the low-NOx burners. Ash deposition probeseveiserted into the simulator to collect
particles and deposits at different residence tinies included the near-burner area (at the 20
ms residence time) to study slagging under reduaimdyhigh-temperature conditions as well
as at high residence times of around 2000 ms &sageuling at the flue gas exist areas [69].

The collected samples were analysed by SE#M-EDX method to obtain information
regarding the thickness, orientation and compasitid the ash layer on the deposition
surface. The results were expressed in a formldavdahe ranking of the slagging and fouling
propensities of investigated coals/blends, and wenepared with the predictions obtained by
the commonly used predictive ash deposition indwkgh in many cases failed. The results
obtained are summarised in Table 6-3, and discussedre detail in section 6.4.1.
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Figure 6-1. Schematic of the semi-industrial 2.5 \Miwnace used during IFRF-ECN slagging/foulinglgria
[69].
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6.3 Biomass Co-firing at the Maasvlakte 518 MW . PF Boilers

The Maasvlakte Power Plant (MPP) owned by E.ON Renevas commissioned in June
1975 and was at that time fired by natural gasfieither converted into burning coal in 1988.
The plant consists of two pulverised fuel tangdiytiired sub-critical steam boilers, each
with a capacity of 518 MW Both units are equipped with SCR DeNOX, electiistfly-ash
filters and desulphurisation installation. The boilayout showing the heat-transfer surface
arrangements as well as the major boiler operdtigawameters are shown in Figure 6-2 and
in Table 6-1.

6.3.1 Boiler Layout and Fuels Portfolio

Co-firing of biomass with coal has been practiseMaasvlakte since 1998 approaching
the levels of around 10% monthly average level adl substitution (on mass basis) after
2001. Suitable location of the MPP, close to engrgst Rotterdam, makes this power plant
attractive for importing coals and biomass of vasigources. The portfolio of biomass fuels
used for co-firing includes a wide range of wasteed and agricultural solid/liquid residues

of varied ash composition and slagging/fouling nugities.

Table 6-1. Maasvlkate PF Boilers data [154].

2|l seovo ,% R-tﬁ Thermal Input 1272 MWith

% ) g - ] — Electrical Output 518 MWe

: = Steam Raised 444.4 kg/s (700 t/h)
! ECO2 Coal mass flow for | 50.9 (183) kg/s (t/h)
=N Ko LHV=25.0 MJ/kg

ﬁ — Superheated Steam| 540/ 180 bar

- Reheated Steam 54D/ 42 bar

E I Firing pattern Tangentially fired

— treor 1238C

% ) \/ Boiler Efficiency 93.4%

Figure 6-2. Layout of the Maasvlakte boiler witle tsthown major operational parameters.

At the Maasvlakte Power Plant the blends of diffiéguality trade bituminous coals are
fired that fit to the designed fuel blending windowased on the basic fuel properties, in
general limited by the levels of the pollutants gston allowed. On the average, most of the
coal mix is composed of the various sources of @blan coals, South African coals,
followed by the lower relative percentages of thes&an, Indonesian, US-high sulphur and
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other multisource coals. The individual coal ratinscoal blend may vary over the longer
operational periods depending upon the currenepraf the trade coals.

As far as the co-firing of biomass fuels is coneeinthree major substitute fuels
dominate in the current co-firing strategy at Mdakte, including: the meat and bone meal
(MBM), woody biomass (WP) and biomass mix pell&&P) which are produced on-site at
the power plant, and are composed of the sewaga/mpdge, bleaching clay and other
wood residues. Moreover, the Maasvlakte Power Plant has expegiencco-firing the
chicken litter and various liquid fuels such aswelydrocarbon-based as well as the animal
fat [154].

Blending of such a variety of fuel types may havpoasitive or negative impact on the

overall slagging and fouling occurred in the boiler

6.3.2 Slagging/Fouling Observations Methodology

The slagging/fouling assessment of the fuel bleagserformed based on the long-term
experience and slagging/fouling observations regonperiodically since 2008 with the
current time interval of around once per week.

The scheme of the heat transfer surfaces arrandsraethe furnace outlet along with a
drawn example of ash deposits found in the bollerpresented in Figure 6-3. As typical for
the pf boilers design, the heat-exchange sectigpssed on the high temperature and the flue
gas radiation have higher distances between thpdlzels, which also favours minimising the
build-up of deposits bridging the individual tubgianels. As the temperature of the flue gas
cools down when entering the convective pass, idtartte between tube’s panels is designed
to be lower to achieve better heat-transfer viactirevection mechanism.

A four-grade scale is applied to assess the ggwvefithe slagging/fouling occurring,
starting from: 0 — no deposition occurred onitidvidual tube panel; 1 — presence of low
thickness deposits; 2 — high thickness depositaroed on the individual tube panel, and 3 —
severe deposition occurred, observed by the foomatif the deposit bridges growing
between the individual tube panels. For the aligniauperheater/reheaters placed at the upper
part of the furnace, the individual slagging/fogliseverity points are summarised to obtain
the overall deposition index. More detailed exammpdé such assessment are shown in a
confidential report [155].

Co-firing of good ash quality fuels should not ledthe increase of ash deposition.
However, this risk of the high temperature foulisgll exists; therefore the boiler is
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additionally equipped with the soot-blowing systémremove periodically the deposited
material.
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Figure 6-3. Scheme of the heat-exchange surfaesegement in the upper part of the furnace [155].156

6.4 Results and Discussion - 2.5 MW  PF Furnace

In this section the coal blends investigated duthreyexperimental IFRF-ECN campaign
are analysed with the use of developed slaggingf@uihg predictive model. It is expected
to give more understanding on the observed diffszerbetween measured ash deposition
tendencies and predicted slagging/fouling propmssivf fuels when utilising conventional
indices. The flexibility of the new proposed indida terms of their applicability for different
coal ash chemistries/mineralogy is aimed to bestesthe obtained model predictions are
then calibrated to the ash deposition severityesapplied during the experimental IFRF-ECN

campaign.

6.4.1 Investigated Coals, IFRF-ECN Campaign

Various quality coals are tested originating frome worldwide sources, namely South
African (SA), Egyptian (EG) , Indonesian (IN), Ri#ss (RU), Polish (PL) and Candanian
(CA) coals. Amongts these coals, the selected piblands of SA-EG, EG-IN and IN-RU
coals were investigated [69]he blending coals had properties which would rmwaed
them to be burnt as a single fuel, mainly due ®dblphur and ash content. For instance for
the IN-RU blend, the high ash and high sulphur Rl evas counterbalanced by the low ash,

low sulphur IN coal.
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Ash content, calorific value, oxide composition rjowith the slagging and fouling
assessement carried out during the IFRF-ECN camdpigthe investigated coals and their
blends are summarised in Table 6-2 and 6-3. Baseth@se results, it can be seen that
besides the ash chemistry, ash burden was anatipertant factor that influenced slagging

and fouling severity during the experiemental #ial

Table 6-2. Ash composition of the invesigated IHREN coals [69].

IFRF-ECN INVESTIGATION — COALS AND COAL BLENDS
Coal LHV [ S% | Ash SiO, | Al,O; | F&0; [ CaO] MgO | NaO | K,O | P,Os | SO,
MJ/kg | daf % % % % % % % % % %
SA 25.8 0.8 17.14 45.8 32.0 56| 8.0 1.2 0.2 0.7 1.2 4.1
SAG0-EG40 26.8 1.6 13.58 40.1 27.1 8.7 6.8 1.1 0.2 0.7 1.0 13.2
EG 28.2 2.7 8.24 22.2 12.0| 18.4 29 0.6 0.3 0.5 0.2 41.7
EG61-IN39 29.4 1.8 5.70 24.0 13.3 17.7 3.9 1.0 0.7 0.7 0.2 37.3
IN 313 0.3 1.73 37.8 23.3| 124 11.0| 4.2 3.9 1.8 0.2 4.7
IN36-RU6G4 |  27.3 2.0 16.14 40.9 2060 9.1 5.4 15 1.0 2.1 1.2 17.4
RU 25.1 3.0 24.25 41.0 20.5 9.0 P 14 0.9 2.1 1R 17.9
PL 26.6 0.9 16.33 46.6 26.1 9.0 5.0 3.5 06 29 0.5 4.9
CA 21.0 0.3 26.21 61.4 21.8 5.0 7 1.5 26 2.4 0.1 0.0
Table 6-3. Slagging and fouling assessment ofrthestigated IFRF-ECN coals [69].
IFRF-ECN INVESTIGATION — COALS AND COAL BLENDS
Coal Slagging Assessment Fouling Assessment
Experimental B/A B/A*Sd T25,°C Experimental B/A*Na20
IN Low (0.5) 0.54 (H-S) 0.15 (L) 1231 (H) Low 2.1
SA Low-medium (1.0) 0.20 0.13 (L) 1396 (M Low 0.04
EG Low-medium (1.0) 0.64 (H-S) 158 (M) | 1183 (H) Low 0.20
SAG0-EG40 Medium (1.5) 0.26 0.35 (L) 1364 (M) Low .08
EG61-IN39 High (2.5) 0.62 (H-S) 1.04 (M) 1192 (H) Low 0.48
PL High (2.5) 0.29 0.21 (L) 1384 (M Low 0.17
IN36-RU64 Severe (3.5) 0.31 0.63 (M) 1392 (M) Medium-high 0.32
RU Very severe (4.5) 0.30 0.68 (M) 1399 (M) Severe 0.27
CA Very severe (4.5) 0.19 0.04 (L) 1543 (U Highvees 0.50

Slagging:B/A: 0.4-0.7 (high-severeH-S”); B/A*Sd: <0.6 (low ‘L"); 0.6-2.0 (medium M”); 2.0-2.6 (high H"); >2.6
(severe S°); T25: >1400C (low “L"); 1400-1248C (medium M”); 1245-1120C (high “H”); >1120C (severe S");
Fouling: B/A*Na,0: <0.2 (low ‘L"); 0.2-0.5 (medium M”); 0.5-1.0 (high H"); >1.0 (severe S").

For instance, the low ash IN coal, enriched in ircedcium and alkali metals content in
the ash, expressed by a relatively high B/A ratimj notorious for the low melting point ash,
revealed both the low slagging and fouling tendeshayng the experimental tests. This could
be associated with the very low ash content of twal and the aerodynamic conditions
around the slag sampling probe which had a relstiosv projected area as compared with

the furnace dimensions. Similarly, based on theveptional indices applied, the EG coal also
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revealed a high slagging severity. However, du¢hintermediate ash content of the EG
coal it was ranked within the low-medium categargading to measurements.

Interesting results were obtained for the blenchposed of the EG61-IN39 coals which
has slightly reduced ash content due to the IN coghlct. For this blend the increase in
slagging tendency was observed during the trials.

In general, it was observed that coals with ineedaash content had correspondingly
higher slagging/fouling tendencies with some exoegt e.g. for the SA coal which has a
relatively low B/A ratio and was assessed as anwedium slagging coal.

The use of conventional indices completely faidten evaluating the slagging potential
of the CA coal. This coal was identified to causeyvsevere slagging based on experiments,
which was opposite to the index predictions indigathe low slagging risk. Based on these
results, it was revealed that the conventionalcesliunderestimate the impact of alkali metals
on slagging prediction. It was especially visibde the ashes with the low B/A index values,
such as in case of the CA coal ash, which was iaddity found to be enriched in both the

sodium and potassium metals.

6.4.2 Predicted Melting and Slag Viscosity Characteristic s

To give more insights into behaviour of the inigeied coal ashes the phase equilibrium
calculations were performed, being part of the tex predictive methodology. The
predicted slag ratios in the bulk ash over the widmperature range as well as the
corresponded slag viscosity for the investigatealscare summarised together in Figure 6-5
and 6-6.

According to the calculations, the SA and EG coagealed the most benign slag
distributions whereas for the IN and CA coals tighést levels of slag were predicted. Polish
and Russian coals showed intermediate melting ctaarstics amongst coals investigated.
Blending of SA and EG coals led to a minor increasthe slag percentages in the ash due to
the impact of EG coal whose ash revealed a slidhigger melting tendency, but a lower ash
content as compared with the SA coal. The impadhafeased percentage (36wt%) of the
low ash but with a high slagging propensity IN coah blend with RU coal was even less
significant due to a considerable difference in délsb contents of these two coals. A similar
blending ratio of IN coal with EG coal led to a héy sensitivity of the results, due to the
three times less ash content of the EG coal as amdwith the RU coal.

As far as slag viscosity characteristics are corexr the lowest viscosities, in a

temperature range below 1300 were predicted for the Indonesian coal, followmsdthe
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Canadian, Polish and Russian coals. Blending witlothesian coal affected the overall slag
blend viscosity by lowering its value which was ebv&d to be the most significant for the
blend of EG61-IN39 coals.
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An interesting tendency was observed for the Camasliag viscosity characteristic which
revealed the highest viscosity levels above 2@5@hilst achieving relatively low levels at
the lower temperature range. It is due to the lalgiom and iron content (thus low B/A ratio)
as well as the increased potassium and sodiumsl@vehe ash of the CA coal as compared
with the other investigated coals.

The impact of blending the IN coal having the lowcous slag with the EG coal on the
overall slag blend viscosity was predicted to bgude significant. Such coal blends may
reveal the elevated slagging risk which is agre#is thie field observations gathered during
the IFRF-ECN slagging trials.

6.4.3 New Slagging Index vs. Field Observations

The predicted for the investigated coals/blendsdegiosition related parameters, such as
the average values of slag ratio at the slaggimpégature range (above 1280, the slag
viscosity at 125%C, and the calculated ash burden, were used thdatésmine the slagging
severity based on the new slagging index as defm&apter 5.

To identify more clearly the impacts of slag radod surface viscosity on the ash
deposition, the following graphs have been produ@edthe first one — Figure 6-6, the effects
of the ash loading and the average slag ratio enaish is included, and the predicted ash
deposition severity is compared with the obserdadging tendencies. The second graph,
Figure 6-7 presents additionally the impact of theposit surface viscosity on the ash

deposition severity.
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Amongst the investigated coal ashes, for two ofmtheamely for the South African coal
and EG61-IN39 coal blend the observed slagging rggveendencies differ from those
predicted based only on the ash loading and stagparameters.

In case of the EG61-IN39 coal blend, the slaggingeovations did not match the general
predictive trend which would indicate far less lggnslagging severity, in a range of low-
medium risk, as compared with the observed highgstey severity for this coal blend. This
mismatch can be associated with another importantorf such as the low viscosity of slag at
the temperature corresponding to the deposit saittager (around 125Q), which was not
included within this predictive index. The low slapcosity for the EG61-IN39 coal blend
was confirmed by the phase equilibrium calculati¢gee Figure 6-5). Therefore, it is very
likely that additional mass of non-molten fly agbpeoaching the tube was captured by the
sticky deposit layer and contributed to the depogild-up process.

For the South African coal, the predictions weighgly more severe in comparison with
the field observations which revealed a low-medglagging risk for this coal. This can be
associated with a relatively low stickiness ratfotlee SA ash (see Chapter 5), whose slag
ratio levels were predicted to be the lowest, ata sviscosity the highest from the
investigated coals. Considering also the intermedigh content of the SA coal, this ash can
have the increased erosion potential.

When including additionally the slag viscosity pasder within the index, the improved
linear correlation between the predictions andgteggobservations within the index range of

1-3, has been obtained as shown in Figure 6-7.
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This was followed by the calibration of the predintscale to the field observations. For the
assumed linear relationship, the following calibcatformula (with the determination

coefficient of B=0.92) valid for the slagging severity assessmieased on the investigated

pf furnace, has been obtained:

|, =20137)C,, O— 2 |-1062: (6.1)
LOglOﬂTemp

where Cysp, is the ash burden (g/kg flue ga:éi_!;l is the average slag ratio for the slagging

temperature range (<12%0) see section 5.2.3.2 Chapter 5) andd@@mp is the viscosity

factor calculated for the slag viscosity at therefce temperature (12%).

6.5 Results and Discussion — Maasvlakte PF Boiler

In this section the developed predictive methodplog validated against the
slagging/fouling observations derived from the M#moiler. It is aimed to perform such an
analysis for the selected operational periods duvimich the different quality coals and
biomass fuels were fired altering the ash deposgrverity.

Currently, the biomass percentages are around 10ed&b substitution (on monthly
average basis) with some temporary operational déngsy higher biomass shares were fired
approaching 20wt%. The validation part is followey performing an example of the fuel
blends optimisation analysis to identify fuel blenflexibility windows with non-severe
slagging/fouling propensity when co-firing biomas shares up to 30wt%.

6.5.1 Investigated Operational Periods

From the long reported history of slagging and ifaulobservations (since 2008, see
confidential repor{155]) two shorter operational periods have bedecsed for conducting a

more detailed analysis:

. Period A (one month long: May 2009)In this period, in general, thgood ash quality

coal blendswere co-fired withbiomass mix of lower ash qualityand increased co-
firing shares typically above 10wt%, especiallyidgrthe first half of the month. After
the mid-month the biomass ash quality improved lameér co-firing percentages were
experienced. During the whole period the bulk alsthe coal blend was of low alkali
metals content. The measured IDT ash fusion teryresawere relatively high for all

the coal ashes within the blend [155]. The ashierdrof biomass mix was a relatively
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high compared to coal blend. The temporary biomaigsquality drop was identified to
be associated with the impact of the BMP ash coitippschange, which was enriched

in calcium in the ash [155].

. Period B (three_months long: Jan 2011 — March 2011)n the second half of this

perioda significantdrop in coal ash quality has been identified whilst good quality

of biomass mix input was maintained over the whole analysed ajper@ time.
Although, the biomass co-firing ratios have beamfbto vary considerably on a daily
basis, they were typically below 10wt% with thentiged short-term (daily) peaks of
around 15wt% coal substitution. The drop in codl gsality was indicated by the
relatively low IDT ash fusion temperatures of thlecaals within the blend, which was
associated with the increased alkali metals presencthe bulk ash. During this
operational period when a high slagging/fouling whaserved the boiler shutdown was
reported and the heat transfer surfaces cleanexbibimass ash quality has been found
to not change significantly over the whole investegl period. More details can be

found in a confidential repof155].

Amongst the all considered biomass fuels co-firetMaasvlakte Power Plant, the MBM
showed the most stable ash chemical compositiorisivthe BMP revealed the highest
variations mostly regarding the ash content andiwal concentration in the ash. This due to
varied origin of the biomass residues of whichBiMP are composed, being a mixture of the
composted sewage/paper sludge, bleaching claythedwood residues.

The individual co-firing ratios of the coal and tiass fuels in the overall fuel mix as well
as their ash chemical composition variations dutirginvestigated periods can be found in a
confidential report [155].

6.5.2 Discussion on the Biomass Mix Inorganic Speci  es Activity

In order to perform more reliable phase equilibrigaiculations which are part of the
developed slagging and fouling predictive methoggjahe preliminary assessment of the
inorganic species activity based on the inorgapecition is needed, particularly in relation
to biomass fuels.

In general the procedure follows the assumptiorimel® in section 5.2.2.1, Chapter 5.
According to them, as far as coals are concernedutk ash composition is used as the input

into the model, assuming alumino-silicate chemigifythe fly ash. Part of the alumino-
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silicates is assumed to be more reactive towargtugag the alkali metal released into the
gas phase from the biomass, based on the Nutalapatimodel (see section 5.2.2.4).

In case of the biomass fuels, all the ash-formieghents which are easily soluble, or are
organically associated (i.e. alkali metals) areyuwaactive, thus can interact with alumino-
slicate-based fly ash based on the conditions Bpédin section 5.2.2. The key point is
related with identification of the less reactivenemals/salts present in biomass materials
which would behave as inert during fuel combustaod do not affect slagging and fouling.

In the biomass mix co-fired with coal blend at Mdakte boilers, typically more than one
third mass of the biomass stream consist of the s bone meal. A dominate percentage
of the MBM ash (> 85%) is composed of the hydroxatap Cas(PO,)3(OH), a constituent of
the bones. This mineral appears to be a very stalylag combustion (eventually releasing -
OH part) and influence the high fusion temperatk$= 1700C, Table 2-3) of the MBM
ash. Furthermore, according to reported experientttssMBM co-firing, the hydroxyapatite
was a majority of the ash found in the bottom aslpfi boilers, contributing to the coarser,
heavier ash fraction, and not affecting the slaggntrease [157]. In light of the above, it was
assumed to exclude the calcium and phosphoroumategl from the MBM from the input
into slagging and HT fouling phase equilibrium miedihe dominating impact of the MBM
on slagging/fouling is thus expected to come frbm ielatively high contents of the reactive
sodium and potassium elements.

Biomass mix pellets produced on site at the Ma&s¥lRower Plant are dominated by the
alumino-silicates derived from the bleaching clay also from the composted sewage/paper
sludge which additionally contribute to the largdeat of calcium and eventually smaller
presence of the phosphorous in biomass mix. Theeased content of very reactive
(organically bound) calcium in the BMP ash, origethmost likely from the higher shares of
the paper sludge, is the key factor which may arile the slagging and fouling. Within this
work, the 20% part of the identified calcium in tB&P was assumed to not interact with
alumino-silicate fly ash. This is based on the ifigd which revealed a high ability of the
BMP enriched in Ca, to produce sub-micron CaO gadj which were further sulphated to
form CaSQ in the DeNOx catalyst region [154].

Regarding the wood originated biomass, such as \pebets or forest residues, which are
enriched in calcium, the similar approach as ferBiMP (in terms of 20% non-interacting Ca
with alumino-silicate ash) was applied. Other eletaederived from the extraneous minerals,
mostly S-Al-based were introduced into slagging &idfouling phase equilibrium module

as defined in 5.2.2 section.
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6.5.3 Slagging / HT Fouling Predictions vs. Field O  bservations

In this subsection the slagging/fouling observaicmre compared with the model
predictions obtained for the specific fuel blenided during the investigated periods.

However, before analysing more complex fuel blefidst, the impact of a single biomass
types co-fired with coal is simulated to give maralerstanding of the model behaviour when
increasing co-firing share of biomass with specdigh chemistry. Therefore, firstly the
slagging and viscosity predictions were performadcb-firing the reference coal blend with
MBM (for Owt%, 10wt%, and 20wt% shares), followey the simulations of co-firing the
same coal blend and co-firing shares with the BMPefs (enriched in calcium in the ash).
The predicted slag % distribution in the ash areldlag viscosity over the wide temperature

range are shown in Figure 6-8.
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Figure 6-8. Predicted slag % and correspondedvisagsity distributions for: a) MBM co-fired withoal for
Owt%, 10wt%, 20wt% coal substitution, b) BMP ccefirwith coal for Owt%, 10wt%, 20wt%.

It is clear according to the model, that co-firinfjthe meat and bone meal with coal
would affect mostly the high temperature foulingogensity of the overall blend when
increasing co-firing shares of MBM. It is showed Hye raised slag % at the lower
temperature ranges which was not observed to bsigificant above 130C, therefore
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indicating the low impact on slagging propensitamge. It is associated with the capturing of
sodium and potassium originated from the MBM by terolalumino-silicates which led to the
decreasing of the melting temperature of the astvelsas caused the rise in the slag %
occurring at the lower temperature range. The etiethe MBM co-firing up to 20wt% share
on the slag viscosity change was observed to bermin

In case of the BMP co-firing, the impact is morengdex. In general, according to the
predictions, as seen in Figure 6-8b, the slag ¥eased as compared with the pure coal firing
case, reaching 100% in the total ash at around®C4@fr both 10wt% and 20wt% co-firing
ratios. Correspondingly, the significant drop oé thlag viscosities were predicted, which
overall can result in the rise of the slagging séyein the platen superheater region.
Furthermore, the performed analysis revealed tbBatt% co-firing of the BMP would not
change significantly the HT fouling tendency of Isuslend, as the differences between the
predicted viscosity and slag % are minor as contpani¢h pure coal firing. However, the
situation can change dramatically when higher dogirates of the BMP are considered. For
instance, as shown in Figure 6-8b, the 20wt% colastitution has already led to the drop of
the slag viscosity at the lower temperature rangbgh can lead to severe fouling. In
comparison with the MBM co-firing, the impact ofet8BMP enriched in Ca content in the
ash, can be more severe and lead to both the staggd fouling when higher BMP co-firing
shares are considered.

A comparison of the obtained predictions with tlagging/fouling observations gathered
during two investigated periods is shown in Fig6r8. Additionally, in Figure 6-10 the
results for co-firing were compared with the préidics obtained for the corresponding pure
coal blends firing cases to highlight more cleahg impact of biomass mix on the ash
deposition severity. More detailed data of the foleinds, regarding the ash compositions,
individual shares of coals and biomass co-firingiosa within the blends during the
investigated periods are summarised in a confidergport [155].

The scale of the predictions was calibrated tofifld observations. Slagging index was
calculated for the platen superheater section (®amoand HT fouling index was assessed for
the heat transfer sections entering the convegiags of the boiler as defined in 5.2.3.2
(Chapter 5). These included the calculation ofdlierage slag ratios and the reference slag
viscosities for the corresponded temperature rardderseover, it is important to note, that the
calculated slagging/HT fouling indices (“Depositibmdex” in Figures 6-9, 6-10) did not
include the effects of the ash burden on the aglositton due to some uncertainties related

with this assessment. The operational periods letilee subsequent field observations were
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relatively long and not equal (from a few dayswm tweeks). The boiler load also changed
which also would affect the real ash burden fouetveen the field observation intervals.
Another uncertainty was related with the unknowrotdmowing activity during the
investigated periods. Therefore, it was postul#ted predicting average slag ratios as well as
the slag viscosity would at least give some ingghnd correspondence with the history of
ash deposition giving the reliable first order pe&dns. This could be supported with the
observed relatively low overall average ash contbanges within the blends fired during the
investigated operational periods.

Slagging/Fouling Predictions vs. Observations
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Figure 6-9. Comparison of the predicted slaggingdifig tendencies with the field observations gatldor two
operational periods when co-firing biomass withlcBariod A — good quality coal co-fired with a lemquality
biomass, Period B — lower quality coal co-firedhgiood quality biomass.
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Figure 6-10. Comparison of the predicted slaggmgiiig tendencies obtained for biomass co-firind pore
coal firing cases, related to the two investiggiedods.
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According to the predictions, it was noticed thiaé impact of biomass co-firing on
increasing ash deposition was more significanthm first analysed “Period A” whereas the
quality of coal in the second period (“Period Bfjeated dominantly the slagging/fouling
performance. The predictions obtained correspondetl with the field observations,
allowing the identification of the differences iregbsition severity between the platen
superheater and further heat transfer surface ghlat¢he furnace outlet. This is especially
visible for the cases when increased shares ofdBaiomass mix pellets were co-fired with
coal during the Period A.

During the Period B, after 22/02/2011 the boilentdown was reported during which the
heat transfer surfaces were cleaned. However, #fier intervention the observed ash
deposition severity quickly re-occurred, indicatimdpigh slagging/fouling propensity of fired
alkali rich coal blend in this period.

The performed analysis confirmed that for the aggions made regarding the bulk ash
composition simulation and behaviour of the mowretiwe biomass ash-forming elements (as
discussed in more detail in section 6.5.2 — Chaftand also in section 5.2.2.1 Chapter 5)
relatively good first order predictions have bedamed for the investigated co-firing rates

and biomass fuels considered.

6.5.4 Fuel Blend Optimisation when Co-firing up to 30wt% Biomass
Share

The optimisation of the overall fuel blend compiositto minimise slagging and fouling
is a further objective of this work. It is aimed find the safe operational fuel flexibility
windows that allow the operation of boiler withaévere slagging/fouling. Within the co-
firing strategy of the MPP there is a drive to pllysincrease co-firing rates of lower ash
quality fuels in a total biomass mix whilst redugiro-firing percentages of less ash-
troublesome but expensive wood pellets.

The optimisation process is performed with the @idhe same modelling approach as
already presented and validated for the co-firiages analysing in the previous subsections.
The maximum co-firing rate in this study is conseteto approach 30wt% for the biomass
mix composed of the mixture of the meat and bonalmeood pellets and biomass mix
pellets enriched in calcium in the ash (the woeshsrio).

The slagging and HT fouling predictions obtainedtfte three co-firing ratios: 10wt%,
20wt% and 30wt% in a blend with a good quality dolehd (as fired in the first mid of May
2009, Figure 6-9), are shown in the ternary diagram Figure 6-11. The severity of
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slagging/fouling predictions was calibrated based tbe field observations from the
validation part of the model (section 6.5.3), andludes the joint index of the slagging
severity of the platen superheater as well as théadling severity assessment of the further
heat exchange surfaces that enter the convectssqgiahe boiler. As already mentioned in a
previous section, such calibrated indices did nolude the effects of the ash burden on the
ash deposition severity predictions as it has beend to be less relevant for the operating
conditions of the MPP boilers co-fired with bioma$sres below 20wt% coal substitutions,
as discussed in the previous sub-section.

The low slagging/fouling fuel flexibility windowsatrespond to the blue areas in the
ternary diagrams, the medium slagging/fouling fiagibs go through the yellow shadows, and

high to severe slagging/fouling is defined by rediark coloured index isolines.

Overall Ash Deposition Index
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Figure 6-11. Predicted overall ash deposition indexthe Schotten and HT-OVO sections) when cimir
10wt%, 20wt% and 30wt% biomass blend composedeofvitiod pellets (WP), meat and bone meal (MBM) and
biomass mix pellets (BMP).
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The obtained modelling results revealed highly hoear trends of the predictions
indicating different optimal fuel blending windovisr the 10wt%, 20wt% and 30wt% coal
substitutions.

As far as 10wt% co-firing rate is concerned, therall (joint) ash deposition index was
predicted to be the most severe for the biomasscamposed of the half mass of the BMP
and MBM biomass fuels (0.5 BMP-0.5 MBM, yellow fiein Figure 6-11). In this blend, the
BMP was predicted to affect primarily slagging bétplaten superheater whilst co-firing the
MBM led to increased HT fouling of the next heansfer sections. This has been already
discussed in more detail when analysing predictisinewn in Figure 6-8. Adding wood
pellets clearly mitigates the ash deposition riskaming low slagging/fouling indications for
the WP mass ratio which exceed 0.4 in biomass blue(shadow areas).

Increasing co-firing share to 20wt% coal subsutosi led to the rise in the overall ash
deposition index indicating medium severity. Inrhass mix blend, the BMP revealed to
have the highest impact on the ash depositiomgi@t by the MBM and WP.

For co-firing 30wt% of biomass mix considered, thel flexibility windows for the non-
severe ash deposition conditions have been narrewadicantly, dominated by the effects
from the high slagging BMP. Moreover, for such &atieely high co-firing rate of fuels
whose individual ash contents differ consideratiig, differences in the ash burden also affect
the slagging/fouling severity. This is especialigible when predicting the impact of co-
firing low ash content wood pellets within the istigated biomass mix. Although, based on
the joint ash deposition index, the impact of MBROaNP was predicted to be comparable
for the 30wt% co-firing case, the significantly heg ash content of MBM as compared with
WP indicated higher slagging/fouling risk for MBlsls shown in Figure 6-11.

As far as the low temperature fouling is concerrled,alkalis remaining in the gas phase
which were not captured by the alumino-silicateatbh under the high temperature conditions
at the furnace can form alkali salts able to cosdeduring the flue gas cooling in a
convective pass of boiler. The predicted (via thage equilibrium model) alkali sulphates
concentrations (as a sum of J8&x(s) and KkSQOy(s)) in the flue gas downstream of the
furnace obtained for the 30wt% co-firing ratio af@wn in Figure 6-12a. Additionally, the
overall efficiencies of the alkalis capture by tfye ash, predicted for the corresponded

biomass mix ratios, are presented in the ternaagrdm in Figure 6-12b.
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30wt% Co-firing
a) K2SOy(s) + NaSOq(s), g/kg fuel b) Alkalis Capture Efficiency
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Figure 6-12. Predicted alkali sulphates concemtnat{g/kg fuel) in the flue gas downstream the damwhen
co-firing investigated fuel blends composed of 30&vt% of biomass mix.

The predictions showed that with increasing the MBihre in the 30wt% biomass mix
the higher concentrations of the alkali sulphatethe flue gas occurred. This may result in a
further deposition of the alkali salts aerosolglmtube banks in the convective pass of boiler
and formation of a sticky deposit layer accelegtiheposition of the non-molten ash
particles. Regarding the predicted alkali captufieiencies, the mixtures dominated by the
BMP revealed the highest efficiency ratio which @gghed the unity for the 100% BMP
share in the 30wt% co-firing blend. This was redate relatively high concentrations of

alumino-silicates present in the BMP, originatedsttyofrom bleaching clay.

6.6 Summary

In this Chapter a critical validation of the deyed slagging and fouling predictive
model has been attempted against the experimelngaiations derived from the industrial-
scale pf coal-fired furnace and the large scaleM¥&. pf boiler.

Various imported coals and their blends of difféerash melting tendencies and ash
content were analysed. The results obtained framlERF-ECN campaign showed that the
assessed by the conventional indices slaggingfigulseverity did not match the
corresponding field observations. Performed withis thesis, more detailed modelling of the
ash melting and slag viscosity changes revealedtiawia information that improved the
understanding of the observed differences in the lshaviour which led to a better
predictions. It was proved that the ash deposgeverity is proportional to the average slag
ratio in the ash, ash burden as well as the slagosity at the reference (deposit surface)

temperature.
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The validation of the developed predictive methodyl applied to the large scale pf
boiler fired with coal/biomass blends gave alsatreély good agreement. The ash deposition
severity was predicted well for the platen supedreaection and the other heat transfer
surfaces entering convective pass of the analysierblt was again confirmed that the coal
ash quality has the crucial impact on reducingglagifouling when co-firing with biomass.

Furthermore, the model validation analysis revedleat the use of the bulk ash
composition of coal ash, including blends as welbther related assumptions related with the
behaviour of the more reactive biomass ash-fornglegnents were sufficient within the
methodology to give reliable first order predictdior the investigated cases.

The fuel blend optimisation process was perfornmdilie good quality coal blend co-
fired with up to 30wt% of lower quality biomass miomposed of the mixture of the high
alkalis content meat and bone meal, low ash-wodlétpeand biomass mix pellets enriched
in organically associated calcium. The non-additdehaviour of the fuel blends has been
identified. The performed modelling analysis showeat amongst the biomass considered,
the BMP has the highest impact on slagging occaer@nd gradually produces more severe
HT fouling conditions when increasing biomass c¢oyj ratios. In case of co-firing the MBM
dominated biomass blends, these influence primdh& HT fouling of the heat-transfer
section placed at the entrance to the convectigs pathe boiler: as well as this can lead to
enhanced alkali salt aerosols formation able todense downstream of the furnace. Ash
deposition severity can be mitigated by co-firingod pellets with coal, mostly due to its low
ash content. However, with increasing co-firing rehéhe impact of WP on the overall

slagging and HT fouling tendency becomes more sever
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In this final Chapter, the summary of the conclosiobtained from this research work is presented.
Some relevant recommendations are given for fursearch, highlighting the potential areas for

improvements in the modelling methodology, whiclthia Author’s opinion are of importance.
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7.1 Overall Conclusions

The major focus of this research was to develogliahle slagging and fouling predictive

methodology which should enable in a relativelyrshione the optimisation of the complex

coal/biomass fuel blends to minimise slagging amdlifg as well as to assess the direct

impact of the fuel quality on pulverised fuel firbdiler performance. Based on the literature

review focused on the fuel ash behaviour, predictivethodologies and most importantly

from the obtained findings regarding the developmand model validation stages the

following conclusions can be drawn:

Chapters 1 — Introduction, and Chapter 2 — Unded#td slagging and fouling:

Co-firing of a good ash quality biomass with caathe existing pulverised fuel fired
boilers is the most efficient, and cost-effectivethodology for biomass utilisation

towards reducing C£emissions from the power generation sector.

Currently, the Power Utilities are exploring neveas of utilising the variable quality,
cheaper coal blends whilst increasing the biomhases of different origin in a total
blend to achieve more profitable operation, i.etaoted from the biomass co-firing
subsidies. Combustion of such fuel blends may leadiore severe slagging and

fouling issues.

Generally, for coals it is established that theeased iron and calcium contents in the
ash lead to higher slagging whereas fouling is@ated with the raised sodium levels

in coal.

As far as the biomass fuels are concerned, the asbstroublesome biomass types are
those enriched in potassium and silica, such adabeous biomass, but also
phosphates rich solid biomass residues which deerde melting temperatures of the
ashes. Woody biomass, due to its generally lowcasttent and increased calcium

presence, appears to be the best choice when eangjdarge co-firing shares.

Inertial impaction is a dominant mechanism of aspasition during coal combustion
when coarser fly ash particles are formed. Wheffirocay with biomass, the fraction
of sub-micron ash and aerosols increases, and asiredeposition mechanisms such

as condensation and diffusion become more important
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* Ash deposition cannot be completely avoided. Thet beay to minimise this
operational problem when switching to fuel blends Wwhich the boiler was not
originally designed is to optimise the compositiohthe fuel mixture and ensure
proper boiler operation. The use of fuel additiveay be an additional option;
however, increased operational costs occur depgndpon the fuel quality and

additive type used whose effects need to be stilhér investigated.

Chapter 3 — Review of slagging/fouling predictivethods:

* The slagging/fouling indices developed over thet phalf-century are mostly
applicable and valid for specific coal groups aaitiithen used for the more complex

coal and coal/biomass blends composed of the difteash chemistries.

» The standard ash fusion temperature test, whiskilisn use nowadays for assessing
slagging/fouling propensities of the fuels, is Wyderiticised in the literature due to its
subjective nature and large reported uncertaintidss led to more intensive
development of other non-standard experimental ousth however they are not

widely applied in practice.

* In the field of the slagging/fouling modelling, aveéhe last few decades the
combinations of various mechanistic and phase ibguin based models have been
developed. There have been a number of attempt® noadthcorporate these sub-
models into the more compressive, but very timesaaring 3D-CFD approaches.
Less complex zone-based models, precursors of #@ t0ols appear to be less
investigated in the field of slagging/fouling, esjadly when coupled with the phase

equilibrium models.

» Based on the various approaches reviewed, theraiteg of a one-dimensional zone
based model capable to assess the heat transféiticos throughout the pf boiler
with the improved thermo-chemical phase equilibriwalculation algorithms to

investigate the possible non-additive behaviouslended fuel ashes was proposed.

Chapter 4 — Development of the improved one-dinmerai thermal zone model for the

pulverised fuel fired boilers:

* The Russian standard zone furnace model has beeressfully improved by
extending the zonal approach to the convectiveisedf the boiler and including a

steam cycle for performing a more comprehensiventbdynamic analysis of the
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system. Moreover, more transparent formulas ddsgilthe effects of fireside

deposition were incorporated into the model.

The improved model is capable of predicting, forrmg a wide quality of
coal/biomass blends, the midsection temperaturidetbroughout the boiler, the heat
fluxes inside the furnace, and the related boilerfggmance parameters, such as

furnace/boiler efficiency and the parameters offteating media.

The performed sensitivity analysis of the model chhivas applied to the wall-fired

235 MW, pf boiler revealed that co-firing of high moisturentent biomass with coal

can lead to lower heat absorption in the furnaakarelatively high flue gas volume

produced. This resulted in the shifting of the heahsfer towards the convective
section of the boiler. As a consequence lower stibans were generated and steam
overheating occurred which caused a drop in baféciency. The increase in ash
content to certain levels may result in improversetat the radiative heat transfer
inside the furnace. Moreover, the resistivity amaissivity of the wall-ash-deposits

revealed to have a relatively high influence on theedicted heat transfer

characteristics of pf boiler furnace.

To support input data into the predictive modeatiproposed to combine it with the
on-line monitoring system of the boiler, includiagditionally for instance heat flux

sensors located on the furnace walls at differemels. These would improve the
model predictions of the thermal performance anttebadentify when slagging

conditions may occur in the furnace.

Chapter 5 — Development of a slagging/fouling pride approach based on the improved

phase equilibrium calculation schemes:

The phase equilibrium-based algorithms adjustedntestigate the ash behaviour
under pulverised fuel fired boiler conditions wetecessfully designed and integrated

within the zone methodology.

The developed predictive algorithms utilise threpagate phase equilibrium schemes
assigned to the modules in order to assess thdegsisition caused by the different
mechanisms, such as slagging and HT fouling, cosatem of salts and inorganics

phenomena.
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The sensitivity analysis of the various ash depwsitelated parameters and criteria
were performed, indicating that the average slag,rdhe slag viscosity at the
reference temperature of the deposit surface dsawelsh burden are the most reliable

parameters defining the slagging and high temperdtwling tendencies.

The phase equilibrium interactions analysed betwaemino-silicate fly ash and
alkali metals in the gas phase, cause a viscosityedse of the bulk ash slag, thus
raising its stickiness which resulted in the oVdradrease of the ash deposition rate.

Stated research questionHow the quality of coal ash would affect the siaggand

fouling when co-firing of coal with biomass?

The performed coal blends optimisation analysieaéd that the coal ash content and
chemistry/mineralogy are of a great importance maarstanding how to mitigate
slagging and fouling when co-firing high alkalintent biomass fuels, such as straw.
The lowest ash deposition tendencies were projesteed co-firing high alumino-
silicate content coals with straw. The predictech dsehaviour tendencies for
coal/straw blends were in good agreement with dp@nted experience found in the

literature.

Chapter 6 — Validation of the developed predictivethodology:

Stated research question:ls it possible to assess successfully the slaggnlgig

tendencies of complex coal/biomass fuel blendstivélaid of models based on the phase

equilibrium analysis? How much detailed fuel data eequired for such analysis?

The developed slagging and fouling predictive apphohas been critically validated
with the slagging/fouling observation data derivédm the semi-industrial pf
2.5 MW, coal-fired furnace and a large scale 618 MW boiler fired with various

quality imported coals and complex biomass blentow20wt%.

The obtained results revealed that the slaggintwiguendencies of coal blends can
be successfully assessed with the use of the deelpredictive methodology. The
bulk ash analysis data of coal blends are sufficten obtaining the first order
predictions.

The developed methodology was capable of prediasiy deposition on the platen
superheater as well as the surfaces belonging échéat exchangers entering the

convective pass of the boiler.
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The impact of co-firing good quality coal blendstiwthe increased percentages of
poor ash quality biomass (up to 20wt% coal sulisii) was found to be comparable,
or even lower in comparison with co-firing of pooesh quality coals that contained

increased sodium levels (above 1.5% in the ash).

As far as co-firing more complex fuel blends of lo@#gh biomass is concerned, more
detailed speciation of the ash-forming elementbiamass fuels may be required to
estimate their reactivity/interactions needed foe phase equilibrium calculations.
Although, the current assumptions made for the stigated fuel blends have led to
predictions which agreed quite well with the fi@tservations. More experimental
work is needed to improve understanding of intévast between coal and biomass
inorganic species to support the developed phasélegym algorithms.

Chapter 6 — Optimisation of biomass mixture wheifigog with 30wt% coal substitution:

Based on the previous validation of the model thgnusation of the coal/biomass

blends were performed for a higher biomass cogfighare up to 30wt%.

Ternary diagrams were used to display the predice=slilts and identify fuel
flexibility windows when co-firing three differerthiomass type streams with coal,
such as a high alkalis content meat and bone roealash content wood pellets and
enriched in calcium biomass mix pellets producedsibm at the investigated power
plant.

The performed analysis identified highly slaggingelf mixtures which were
dominated by the biomass mix pellets whereas a temperature fouling was

associated with co-firing the increased percentafjise meat and bone meal.

Appendix Il — Slagaging Prediction Tool — Softwarevglopment:

The developed predictive methodology and algorithias been integrated into a user-
friendly software package, that additionally inadsdan extended fuel database for
coals and biomass fuels (see Appendix II).

The software is designed to allow the user to makgquick comparison of the
predicted slagging/fouling indices and other theltygmamic parameters of the system

obtained for a wide range of analysed fuel blends.
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The developed prediction tool can support the dagay decision making of

managers and operators, to help remove much ofuticertainty associated with

decisions related to fuel characteristics and dpergrocedures. Such a tool is most
useful in determining the optimum fuel-blendingastgies in order to avoid the
elevated ash deposition in the boiler and enswenbst efficient boiler operation.

7.2 Recommendation for the Future Work

Zone-based model improvement:

The impact of deposits chemistry and its physicapprties on the deposit emissivity
and radiative heat transfer in the furnace sho@dnvestigated. It is important; in
particular, for the fireside deposits enriched 80C having a highly reflective nature.
These deposits can originate from firing high aaiticontent coals, such as western
U.S. Powder River Basin coal. A procedure to asses@pact of the ash chemistry
on deposit emissivity, supported with derived propmrrelations should be
incorporated into the model.

A more sophisticated fuel burn-out sub-model whigtkes into account time-
temperature history of particles and physical proge of fuels could more accurately
assess the impact of biomass co-firing on the bakdiciency losses and the
temperature change at the furnace outlet.

The assessment of the residence time of particlései individual boiler zones can be
further investigated. Such an investigation forng-dimensional furnace model was
carried out by van der Lans [158]. Determining tbgidence time of particles can be
helpful when incorporating the kinetics data of dusted fuel particles, or to assess
the kinetics of transforming minerals/salts at higimperature zones of the boiler.

The current 1D model could be potentially extenttedhe 2D geometry to obtain a
more detailed gas temperature distribution witlie turnace. In such case the flow

pattern could be taken from CFD models.

Slagging/fouling predictive approach:

The interaction kinetics between coal mineral ma@umino-silicates) and biomass
ash-forming elements, such as K, Ca, P under pleibaonditions should be
investigated in more detail. This would require en@xperimental investigations
performed under well controlled conditions commeas with that existing in

pulverised fuel fired boilers.
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e The incorporation of the P-based thermodynamic datia the phase equilibrium
calculations could be better explored. The impdgblmsphorous can be significant
when burning materials such as agricultural/anidualiestic residues. Preliminary
investigations in this field were carried out by \&fal. [159].

* Regarding the ash formation models, the aerosots sa-micron ash formation
models which include the homogenous and heterogsneandensation mechanisms
adequate for biomass co-firing cases, could benpiatly studied in more detail. This
was partly investigated by Doséi al. [81], and some algorithms based on the phase
equilibrium calculations were proposed in this work

« Considering the development of ash formation subelsy the predictive
methodology could be extended to include the fguissessment in the high-dust
DeNOx SCR catalyst region, in which sub-micron asinticles and aerosols play
important roles in the masking and poisoning ofwaieadium based SCR catalysts.

* In relation to the ash transport/deposition sub-emdbesides the inertial impaction
and condensation also other mechanisms such aadpkoresis and diffusion could
be further investigated to be included within thetimodology, i.e. following up the
one-dimensional simplified approach proposed by ¥aal. [75], applicable for the
furnace wall conditions.

* The impact of predicted ash deposition rates througythe boiler on the parameters
of the heating media, and boiler efficiency coutd farther assessed. However, this
will require the investigation of reliable approashallowing the assessment of the
deposit resistivity which is correlated with theickmess and conductivity of the
deposit layer under given thermal conditions. Madetails regarding such
investigations can be found in ref. [92].

« The mechanisms involved in the corrosion causednbiten salts, chlorine/sulphur
induced corrosion could be potentially further istvgated with the aid of the phase
equilibrium analysis, and derived algorithms inaogied into the predictive

methodology.

* The deposit strength is often more important toebooperation than the rate of
deposition. During the operation of pulverised fbellers the deposits must not be
highly sintered as otherwise removal by soot-blgvisystems is difficult. The
development of deposit strength is related to ttesgnce of viscous liquid phases

which accelerate the sintering process as welhaschemistry of the deposits (i.e.
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highly sintered deposits are found to be enriclmedodium alumino-silicates). Some
preliminary experimental and phase equilibrium nilbtlg investigations have been
done by the author, and published in a journal pgpee Appendix Ill) [60]. It is
postulated that based on the phase equilibriunysisakthe strength of deposits can be

assessed which could be further implemented witterdeveloped methodology.

The data and parameters derived from the phasébegun calculations parameters,
such as the slag phase and viscosity distributitained for specific fuel blends, can
be potentially correlated with the CFD-based alhons to investigate the impact of
3D flow pattern details on slagging/fouling topggng within the boiler.

Further validation of the predictive model:

Although the developed predictive model has bedidated for some more complex
coal/biomass blends and the promising preliminasuits have been obtained, a
further more comprehensive validation is suggesiéis should include a study of
slagging/fouling observations gathered from longeeration of a boiler. Moreover,
more objective, short-term trials including measugats of the ash deposition rates
and heat fluxes in different boiler regions woukl\ery helpful in further validation
studies.

During this PhD research work professional contaetge been established that have
evolved into further model validation collaboratiyerojects. These include a
collaboration with theMaasvlakte Power PlarE.ON Benelux, The Netherlands) for
which the model has been already been successtigibfed against some
slagging/fouling observations. Further model eviaue could well continue via
cooperation with theElectric Power Research Institut@&PRI, USA), which has
expressed interest in model testing for variousleboiconfigurations firing

bituminous/sub-bituminous coal blends.

7.3 Outlook

Co-firing of coal with biomass is regarded as arstesm measure towards reducing £O

emission from the power generation sector. Howeiwrera longer time perspective firing

biomass in dedicated high efficient power energysunf a small capacity is expected to play

an important role. In large scale boilers, co-firiaf coal/biomass blends in an oxidising
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atmosphere with COrecirculation and C@©sequestration is likely to be important in the
future both for pf combustion and pressurised gasif

Although the developed predictive model is aimedssessing the slagging/fouling risk
when co-firing biomass with coal in large pf utiliboilers, it can be also potentially applied
or further develop for other boiler types, or tovastigate the impact of other process
conditions on the ash deposition. These may inclisdeexample the study of the ash
agglomeration and fouling in fluidised bed combustar gasification systems when utilising
biomass/waste fuels of lower quality.

Besides the generation of heat/energy from biomthgs utilisation of low rank coals
which are of order 50% of the world’s resourcesxpected to increase in forth-coming years
or decades. Nowadays, e.g. in the USA the blendingituminous coals with the poorer
quality, cheaper PRB coals is very common. Accaydmthe US energy utilities experience,
the assessment of slagging/fouling tendenciesuon soal blends is very challenging due to
the highly non-additive ash behaviour of thesexoal

An application of the zone based furnace modeisuestigate the oxy-fuel combustion
conditions on the heat transfer and boiler perforceais another field that could be
investigated, also in view of the impact of theigmed Q/CO, atmosphere on slagging and
fouling. Finally, the zone-based model can be aised as a design tool to determine the
optimal furnace geometry and the heat-transferasad arrangement to achieve the most
efficient heat-transfer inside the furnace.
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Nomenclature

emissivity weighting factor

area

weighting factors

depth

chemical element

enthalpy

height

effective thickness of the radiating gas layer

Cir| || mm|o|>|®

I
<

low heating value

mass of component per kg fuel

mass stream

fraction

sum of partial pressures

thermal resistance

width

—

temperature

moisture

volume of the component per kg fuel

Nm3/kg

average specific heat of the flue gas

convective heat transfer coefficient

fuel burnout fraction

emissivity

air excess ratio

Viscosity

Pa*s

density

kg/m3

SRR >R (SI<|IZ7|0DE |z |E

thermal efficiency factor

ubscripts

parent fuel

substitute fuel

blend

olo|oc|o|n

deposit

EM

emitted

fa

fly ash in the flue gas stream

FG

flue gas

P

constant pressure

Superscripts

ar as received

in inlet

mass mass

mol mole

out outlet

th thermal

0 theoretical (stoichiometric) -
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Appendix | — Basic Calculations

I-1. Fuel Blend

Mass ratio of the parent fuel in the fuel blend:

M
n;nass:% (l-l)
M, +M,
Thermal ratio of the parent fuel:

" M, LHV>

n' =— 2 [-2
M, ILHVY +M, [ILHV (-2)
Low heating value is assessed by using the Merm@kformula:
LHV? =33915[C* +1030H* ~1089(0% -S* )~ 2510W, kJ/kg (1-3)
Recalculation of the mass ratio from the knownniadratio of the parent fuel:
N (1-n®)/LHV LS [L-n)/LHv "
s nl /LHVY noase n'/LHV (I-4)
U
NS+ (1" )/LHV 2 + 0/ LHY
npese n" /LHV (5)
1 [=n")/LHV +n/LHY
nress n /LHV
n" /LHV
nmass —_ a a (I_G)

* [-n®)/LHVE + 0t LHY

The composition of the blend is calculated assurthecpdditive behaviour between parent

and substitute fuel:

b)) &

(g

Thus, the low heating value of fuel blend is deiieed as follows:

LHV = LHVZ ™+ LHVZ f1-n™), kd/kg (1-8)
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I-2. Flue Gas Properties Formulas

The stoichiometric reactions resulted from comlmunstof the wet solid fuel fired are
shown in Table I-1 whereas the calculation of thes fgas products is presented in the

following formulas.

Table I-1. Stoichiometric reactions of solid fuehabustion.

C + O, = CO
1 kmole 1 kmole 1 kmole
12.010 kg 32.0 kg 44.010 kg
12.010 kg 22.39 Nm3 22.26 Nm3
2C + O, = 2CO
2*12.010 kg 2*16.0 kg 56.020 kg
2H, + O, = 2H,0
2 kmole 1 kmole 2 kmole
4.032 kg 32.0 kg 36.032 kg
4.032 kg 22.39 Nm3 44.80 Nm3
S + ()} = SO
1 kmole 1 kmole 1 kmole
32.066 kg 32.0 kg 64.06 kg
32.066 kg 22.39 Nm3 21.89 Nm3
O, - O,
32.0 kg 22.39 Nm3
N2 - N
28.016 kg 22.39 Nm3
H,O - HO
18.016 kg 22.39 Nm3

Theoretical (stoichiometric) volume of air requitedourn 1 kq fuel:

VY =

Air 021_

ng _[ 2239 DCar + 22.39d—|ar + 2239 DSar 2239 DOar
1201 100 4032 100 3207 100 3200 100

j 1021[Nm?/kg]  (1-9)

Recalculated theoretical mass of air:

Mf = 0a V2 = 12931V, [kg/kg fuel] (-10)
Air excess coefficient, defined as the ratio acaual/olume to the theoretical air:
VA

A=—Ar i
ve (I-11)
Flue gas composition:
Volume of the nitrogen in the flue gas:
Vy, = 079 Wy, LN 5 Nm®/kg fuel, o, =12505 kg/n? (I-12)
N3
2189 S*
Volume of the S@producedy, :—E-lsi, Nni/kg fuel [-13
P 5% 3207 10C ko (-13)
Volume of the oxygen in a flue gag; =(A-1)021Vy,, Nni/kg fuel (I-14)
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Volume of the water vapour oxygen in a flue gasssessed based on the hydrogen and

moisture contents in the fuel and moisture in thalgustion air:

= 48O | 229V | h016TAYY, Nini/kg fuel (--15)
© 77403 10¢ 1802 10C

Volume of the C@producedyV,,, :122—20? 1;; Nni/kgfuel (I-16)
Volume of the dry flue gas produced:
Veoay =Va, Voo, *Veo, Vo, Nni/kgfuel (-17)
Volume of the wet flue gas produced:
Vet =Vecay Vo  Nm/kgfuel (1-18)

Mass concentration of the fly ash in the flue gesasn, wherey,= 0.85 is the ratio of the

total ash in the fuel:

o - 0010Ash® [h,,
“" " 1- 0010Ash* + 130601 [V 2,

[1000, g/kg flue gas (1-19)

Molar ratios of the flue gas components in the fias:

V., +V, Vv
anIR02 — anIC02 + nmolSOZ —_CO SG, | nmoIHz — H,0 : (|-20)
VFG,wet VFG,WGt
VO VN
nmolo2 — > : nmolN2 - 2 (|-21)
VFG,wet VFG,wet

The flue gas compositions calculated for two caagsombustion of Colombian coal (CO1)
and b) co-firing of CO1 coal with 20th% of wet sawtlare summarised in Tables I-2 and
I-3.

Table I-2. Flue gas products resulted from combuastif Colombian coal (CO1).

Coal (CO1) Y M. n™' - mole fraction
[Nm*/kg wet fuel] [kg/kg wet fuel] [-]
Total air required 8.192 10.682 -
(for A=1.2)
N, 6.483 8.239 0.741
CGo, 1.234 2.440 0.141
H,0O 0.746 0.666 0.085
SO, 0.004 0.012 0.00045
O, 0.287 0.409 0.033
Total amount of the 8.754 11.766 1.000
wet flue gas
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Table I-3.Flue gas products resulted from co-combustion db@bian coal (CO1) with wet sawdust (SD2).

Coal + 20%th wet \/ M, n™} - mole fraction
Sawdust [Nm%kg wet fuel] [ka/kg wet fuel] [-]

Total air requireg 6.369 8.304 -
(for A=1.2)

N, 5.039 6.403 0.712
CO, 0.974 1.926 0.242
H,O 0.840 0.727 0.119
SO, 0.003 0.007 0.001
0, 0.223 0.318 0.041
Total amount of the 7.079 9.381 1.000
wet flue gas

The average specific heat of the flue gas is caledlas follows:
Ve, (A1) =y, (A) ey, ()4 Vo) e, 0 (t) +Veo (A)1e, o (t)+

(1-22)
VO2 (A) m:p’ ), (t) + OOMSﬁH m]fa E pAsh(t)’ [k‘J/(kg |:ﬂ)]
and the enthalpy of the flue gas:
heg (/]’tFG) =VC,., (/]’tFG) [tes, kJ/kg (1-23)

To calculate the specific heats of individual flygess components the polynomial expressions

were used being a function of temperature (in @s)sias follows (see Table I-4):
J .

c,; =h, +Zh,jt] (1-24)
=1

wherelJ is the order polynomial in temperatur€C) for the specific heat calculation.

Table 1-4.Weighting factors for the specific heat functions.

Gas component, bio b1 b, b3

C.y 1.29775 0.10463*10 | 1.2558*10 -4.1863*10"
p.N3

Conio 1.49079 1.08808*10 | 1.7499*10’ -5.8330*10"

Coco, 1.61306 10.58839*10 | -5.5424*10' 11.5810%10"
P

Coo, 1.30359 2.08294*10 | -0.3289*10' -0.19933*10"
P

Conet 0.73949 7.44816*10 | -11.0696*10 | 72.0135*10"
RAS

Figure I-1 shows the plotted flue gas enthalpiefumrction of flue gas temperature and air
excessX=1.2) calculated for pure coal combustion (CO1) @l co-firing cases: 20th% and
40th% wet sawdust (SD2) shares.
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35000
e CO 1

30000 CO1_80th%+SD2wet_20th% /
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Figure I-1. Flue gas enthalpies distributiar{.2): a) pure coal (CO1) combustion, b) 20th% satdust co-
firing, ¢) 40th% wet sawdust co-firing.

The weighted sum-of-grey-gasses model (WSGGM):

Non-greyness of the combustion products can besssdewith a weighted grey gas
approach. This can be obtained by representingthssivity of real gas as a weighted sum
of the emissivities of a number of grey gases arelaear gas for considering the transparent
windows in the spectrum. In this study the approaith three grey gases (+one clear gas) for
a mixture of CQ and HO was adapted, and the emissivity of the flue gas @alculated as
follows:

3
Egas=D A (T)[l— e""pL] (I-25)

i=0 i
where g is the emissivity weighting factor fath grey gas afl(K), k is the absorption
coefficient,p is the sum of partial pressures of the absorbasgg andl. is the path length (or
the effective thickness of radiating gas layer).

J .
a=b,+>h,T (1-26)
=1

wherej is the order polynomial in temperaturéK) for emissivity.
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Table I-5.Absorption coefficients and weighting factors foe WSGGM model.

Grey gasij Absorption bio b, bi» bis
coefficient )

1 0.4303 0.5150 -2.303*T0 | 0.9779*10 -1.494*10"

2 7.055 0.07749 3.399*10 -2.297*10’ 3.770*10"

3 178.1 0.1907 -1.824*10 0.5608*10’ -0.5122*10"

Note: For the clear gas=Q) the absorption coefficient is equal O.
The effective thickness of the radiating layer barcalculated as follows:
\
L=36—" [m] (1-27)
furn

and the sum of partial pressures:
(1-28)

P=Nnco, ¥ Nmm,o0
The total emissivity of the flue gas (for pulvedseoal combustion) including the ash impact
can be calculated as [110]:

£ = ‘Sgas + gash - ‘Sgas [‘Sash (|'29)

total

where, the emissivity of the ash particles

gash =1- exp(— ka)ash (|-30)
41 06 .

(KPL) o = 1- — [T, P [L 1-31

" dfa e | 1+son0 e, o )| (-31)

I-3. Heat Transfer Formulas

After transformation of the general thermal enefgplance equation (eq. 4.30) the
following formulas for the outlet temperatures bétspecific zones in the furnace can be

obtained as follows:

a) Burner section zones

In the burner zones each burner row is considesea separate zone. For the first zone the
radiation towards the bottom part of the furnaceadslitionally considered. Heat release

pattern is described by the burnout degree of tlekffaction introduced in the given burner

Zones.

+ First zone
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t - 181 ELHV + inr + iB _ gfurnaOTott
out,1 VC nB’l D\/' BVC

(wA,), (-32)

Pitout P tout

WA)=A l, + Al + A lY" = A, [y, + ALy, + A"y (1-33)

where {{, is the thermal effectiveness of the walls withie #tone A, is the surface of the

walls, ¢' andy " are the thermal effectiveness of the imaginary wnsl towards the bottom

of the furnace (([/zl,llw) and higher located zone (assumed tofe=01 according to

[110]). A" and A" are the corresponding surface areas of the zondowis

* Next zones within the burner section

i-1 i—
(nB,i + Z NsAB j [LHV +ng;Q, +Ngjig i Ng (VCp,tin )
1 + i]_ t _

le: Ng (ch,tom ) DN (ch,tom ) N (1-34)

1
T Efur‘nao [(Tu: J +To?1t,i )](‘// )i
2. Mg (e,

t =

out,i

wA,)= A, ly, (1-35)

b) Upper zones above the burner section

_ AL LHV (\/Cp,t. ) EwmTo . .
t ==k \ A inht —_ MW T4 +T4 _ _
o (ch,tom) ’ b/cp,tum) " 2MB(VCp,tom)[( i o )](w )I (l 36)
A=A, lp, + Ay =A, y, + Ay, x (1-37)

For the furnace outlet conditions (without includadten superheater in the zong) is the

thermal effectiveness coefficient which charactsrishe heat transfer by radiation to the
higher located zone and is assumed to be equdf{tonultiplied by the heat exchange

efficiency factory (for solid fuels y = 0.8at 1300C [135]),A'is the surface area of the zone
window towards the higher located zone.
c) Zone at the furnace outlet (with a platen supedrezgse)

The thermal energy balance for the zone with a Beelhanger section placed at the furnace

outlet is as follows:
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QFG,in + QEMjn - QHZ_ Q?ad_ QM,out_ QG,out: O (|'38)
a) 1 b) ) S
TOUI I%:
QRad : QFG,out SHZ _;_@_-@__
N — > : ! $
QSHZ Z0 H2| ' Qevou SH2 """
<= > H —> |
S——— < =7 OO

QEM,in QFG,in

Figure 1-2. a) Thermal balance of the furnace zwith a platen superheater, b) Dimensions of theepla
superheater, c) Spacing between in-line tube bundle

whereg . is the heat stream associated with the flue gdmphy for the inletiq) and outlet
(out) of the zoneg,, is the heat stream emitted in)(or out of the current zong,_, is the
heat stream transferred into platen superheatergands the heat steam transferred by the

radiation into furnace walls within the analysedeo

Qan =Ms VG, ki (1-39)
Qe = EnnolT) WA),, (1-40)
Qo= Mgt Miee) L, 1) =1t B2)) = KoyiAuilTog + Qg (1-41)
Qats=E 105 OF T T A e (1-42)
Qevou = ErnrTo(Tour) WA o (1-43)
Qaon=Me VG, Koy (1-44)

After transformation of thermal balance equatiaa fitilowing formula for the temperature at

the outlet of the zone can be obtained:

- AIB| D_HV + ’(\/Cp,tin ) 4 EfurnaO
out (\/Cthom ) (\/Cp’tou[ ) in,i M . (\/Cpt

tout

_ (M Evap + M Inject) [th(tS’ p3) - h2 (t21 p2 )) £furn00

)-I—I: (‘//'A')in -

p T 035 T|r£11 +Tot w ree 1-45
e, ) e, )00 Tl A= (49
_ ‘Efurna-o 4 nan

mTout (@A)
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To determine the impact of the heat transfer camtiton the steam parameters of the platen

superheater an additional thermal energy balangatieq is required:

(MEvap+ Mlnjec|) [tha(tS’ Q:,) - hz(tZ’ pz)) - I<SH2'ASHATI09 _Q?adFurn: 0 (|'46)

The radiant heat absorbed by the platen superheaté@ces is calculated as follows
[135]:
Q?adFurn: Q?adn _Q?ad)ut (|'47)
where Qadn and QRadout are the radiant heat flux at the inlet to the ingasurface and the

radiant flux at the outlet from the heating furnaceto subsequent heating surface,

respectively:

QRadin =&umo (Tm )4(¢IA')in (1-48)
. . adin 1_5 Xe
O = 2 ( P el | £ OS{T,! + T\ JeW o (1-49)

Ain is the surface area of the furnace window in threeztowards the platen superheagels
the coeffcient which takes into account heat exghaefficiency between the furnace and

platen superheater (for solid fuejs= 0.8 at 1300C [135]) , and X, is the angular coefficient

of radiation from the inlet onto the outlet sectioh the calculated surfaces. For platen

superheater it is determined by the formula:

ey, on _
xe{(sj +1} s (1-50)

whereS s the spacing between the platen surface [m],Hfa] is the height of the platens

(in the direction of the row),AgH; is the surface area of the platen superheatéstdot].

The third equation is needed to describe the theeffigiency factor for the platen heat

exchange surfaces:

4
_ &y T,
= g - -— -
Yso ESHz[ SH2 (O.S(Tm +Tom)j } (1-51)

where & is the emmisivity of the deposit surfadg,is the temperature of the deposit outer
layer (K), &h2is the emisivity of the flue gas in the zone vilile platen superheater section,
andTineuy) IS the temperature (K) at the inlet and outlezpeztively.

The effective thickness of the radiating layer tfog platen superheaters can be calculated

as follows:
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18
L_
1 1 1 M (1-52)
Ty 4=
E H S

whereE, H andS are the depth, height and width of the space tvpatens, respectively

(see Figure 1-2).
The temperature of the outer layer of deposit canchlculated when the thermal

resistance of the deposit is known:

Ty =T+ RSHZ%, [K] (I-53)

H2

Calculation of the heat transfer coefficients:

The formula for the overall heat transfer coeéfitiis expressed by:

a,

k =
1 (1-54)
1+(Rj - jml

2

where the convective heat transfer coefficient ftomflue gas side consists of the convective
and radiant parts as follows:

all :acon+arad (|'55)
In case of the platen superheater it has the fatigfiorm:

d
a,=08§a,——+a -
1 5( con 282 D(e radj (I 56)

where the angular coefficien{, is dependent on tH&/d ratio as follows:

Table 1-6.Dependence of the angular coefficient on the sigaen geometry

S/d 5.0 3.0 2.0 1.0

X 0.28 0.44 0.6 1.0

The convective part of the convective heat transbefficient for the in-line tube bundle
case is expressed by formula:

a.,=02CC, %Re(’f’f’ Pro% (1-57)

where:
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C. = {1+ (2i —3](1—iﬂ (1-58)
d d

I % <15 or % >2,C,=10 (1-59)

when the numbers of rows,

n<10  C, = 091+0.0125[{n-2) (1-60)

n=0 C =10 (1-61)

The radiant heat transfer coefficient is expressed

4
T
a,, = 569810 ¥, g3 \lew) (1-62)

gas' gas
[T
Téas

The convective heat transfer coefficient correspaytb the steam side is as follows:

a, = 0023/]—S Re®® pro4 (1-63)
d

In case of the calculation of the convective hemtdfer for the air preheater case:

a., = 0027%Re°'8 Pro4 C,C, (1-64)
G =10, G =11
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[-4. Phase Equilibrium Calculations

In this section the more detailed formulas are dlesd which are used to calculate the
inputs of the ash forming elements into to phaselibgum model as well as the complete
list of the compounds/solutions/phases used irutations is listed.

Three phase equilibrium modules are defined agitestcin Chapter 4, section 5.2.2:

* EQB3 (calculated first) is used to determine thetwapefficiency of the alkali metals
captured by the alumina-silicate ash. As the inpatreactive part of Al-Si based ash
is used according to Nutalapai al. [L03] approach as well as the soluble part of
sodium and potassium.

« EQL1 is used to determine the slag phase % andsissity at the high temperature
range. Apart from the input of total amount of Al&ased ash the captured alkali
metals from EQ2 module are also introduced.

e EQ2 is used to assess the fate of alkali metals athdr ash forming elements
remaining in the gas phase able to condense &bee temperature range and which
were not captured by Al-Si based ash accordingQ@ Eodule calculations.

The general formulas used to calculate the inptitteash forming elementg&lj of the

blended fuel € into specific phase equilibrium modules, incluglithe corresponding mass

fractions are defined as follows:

EQ3 input

E@ — ,masg—|tot Sol Rest Rest masg—|tot Sol Rest Rest
Elc,i - na EIa' |:ﬁnAISia,i + nREA m.IAISi,a,i )+ no El[)l |:ﬁnAISib,i + nREA m]AIS'Lb,i ) (|'65)

EQ1 input

EQL _ ,,masg—|tot Rest _ rSol Sol
Elc,i - na EIa' |:ﬁnAISi,a,i +(1 r-]Sali;a,i)EIAISi,a,i)-i-

e s, +(-ns,, s, ) -
EQ2 input
* Naand K elements
EIS® = 0™ TELS (g3, 3, )+ nf™CEL" dns, (h3%,) (1-67)
» the rest of the ash forming elements
EL =nI"TEL] [ﬁnggllta,i ) + ) TEL [ﬁngglltb,i ) (1-68)
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where rL"aS and rﬂ"as are the mass shares of the parent and substieltein the blend, denote
here asa andb, respectively;nifsliis the fraction describing the reactive part ofegivelement

(soluble and organically bound) potentially ablarteract with Al-Si based asrﬂgs,t is the

mass fraction of Al-Si based ash particles definihgir reactive layer towards capturing

alkali metals according to Nutalapatial.[103]; n,ffssifa,i is the fraction of the total amount of

element which defines its association with Al-Ssdx ash;nggllt is the fraction of the given

element remaining the gas phase (for Na and K mated based on the EQ3 module
calculations — corresponding capture efficienced to form salts in the convective section
of the boiler.

The assumed “reactivity” fractions for coals aslveal the investigated biomass (straw)

are summarised in Table I-7.

Table I-7.Fractions of the total ash forming elements inticstlinto phase equilibrium calculations.

| COAL (a) BIOMASS (
i E | [ | |

r]iIOSi,a,i nggla,i nilessifa,i rﬁIOSb,i nggllb,i nig,tb,i
1 Si 0 0 1 0 0 1
2 Al 0 0 1 0 0 1
3 Fe 0 0 1 0 0 1
4 Ca 0 0 1 0 0.2 0.8
5 Mg 0 0 1 0 0.2 0.8
6 Na 0 0 1 1 1-ite 0
7 K 0 0 1 1 1-1Ea 0

More specific inputs of the elements into phaseildgium modules (EQ1, EQ2 and
EQ3) for the sensitivity analysis cases inveséigah Chapter 5, section 5.3.4, such as co-
firing of the Colombian coal (CO1) with the wet shwst (SD2wet) for different co-firing
ratios (Oth%, 10th%nd 20th%), and fly ash layer reactivity % (5%, 1866 20% REA) are
summarised in Tables I-8 and I-9.

The complete list of the gas, solid species dbase solutions (liquid and solid phases)

used in the phase equilibrium calculation is shown Tables 1-10..12.
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Table I-8.Input of the elements into phase equilibrium moddite co-firing of Colombian coal (CO1) with wetvedust (SD2) for 0th%, 10th% and 20th%, 5%REA.

SA3 SA3DS2-10th%-5REA SA3DS2-20th%-5REA
g/kg wet fuel EQ1 EQ1 EQ2 EQ3 EQ1 EQ2 EQ3
C 667.4 624.6 624.6 624.6 587.4 587.4 587.4
H 37.9 40.3 40.3 40.3 42.4 42.4 42.4
o) 80.4 124.0 124.0 124.0 161.9 161.9 161.9
N 15.2 13.6 13.6 13.6 12.1 121 121
S 3.8 3.4 3.4 3.4 3.0 3.0 3.0
cl 0.2 0.9 0.9 0.9 1.6 1.6 1.6
H,O 52.0 63.7 63.7 63.7 73.9 73.9 73.9
Air O, 2403 2235 2235 2235 2089 2089 2089
Air N 8044 7482 7482 7482 6993 6993 6993
AFM SA3 SA3 DS2 SA3 | DS2| SA3] DsJ  SAS DSZ SA3 DS2 SA3 DS2
Si 29.833 24991 | 1537] 1250 0077 00 0o 20[776.87& | 1.039 0.144 | 0.0 0.0
Al 25.902 21698 | 0048 1083 0002 0.0 0b 18.p38.00@ | 0.902 0.005| 0.0 0.0
Fe 4.404 3.689 0.044] 0184 0002 0D 0l0 3.067 20.08.153] 0.004| 0.0 0.0
Ca 9.614 8.053 0.404) 0403 0020 O0p 0101 6.6957550.] 0.335 0.038| 00 | 0.189
Mg 0.949 0.795 0.093] 0040 0005 0.0 00p3 0661 179.| 0.033 0.009| 0.0 | 0.044

Na
Na 0212 | 0.178#]04 0061 | 0.009 | 0.061 (1_’7¢apt) 0.148+754,0.114 | 0.007| 0.114 (1—/72‘2m)o.114
0.061

K 0713 | 0597+ =10 : 1-n&s)

: 597H]c,p2393 | 0.030 | 2.393 239310 0.4964/]:,,4.476 | 0.025| 4.476 | (L=/)c,.)4.476




Table I-9.Input of the elements into phase equilibrium moddite co-firing of Colombian coal (CO1) with wetvedust (SD2) for 20th%, 10% and 20%REA.

SA3DS2-20th%-10REA SA3DS2-20th%-20REA
?lj E? wet EQ1 EQ2 EQ3 EQ1 EQ2 EQ3
C 587.4 587.4 587.4 587.4 587.4 587.4
H 42.4 42.4 42.4 42.4 42.4 42.4
o) 161.9 161.9 161.9 161.9 161.9 161.9
N 12.1 12.1 121 12.1 12.1 121
s 3.0 3.0 3.0 3.0 3.0 3.0
cl 1.6 1.6 1.6 1.6 1.6 1.6
H,0 73.9 73.9 73.9 73.9 73.9 73.9
Air O, 2089 2089 2089 2089 2089 2089
Air N 6993 6993 6993 6993 6993 6993
AFM SA3 DS2 | SA3| Ds2| sSA3] Ds2] SA3] DS2 SAB DSz SA DS2
Si 20.776| 2.876| 2.078 0288 00 004 20776 2.87615%] 0575| 0.0 0.0
Al 18.038 | 0.090 | 1.804 0.000 0 0.0 18.0B8 0.090 608.| 0.018| 0.0 0.0
Fe 3.067 | 0082 0.30f 00d8 00 0. 3.067 0082 30610016 | 0.0 0.0
Ca 6.605 | 0755 0.670 0076 0.0 0.189 6.695 0.7553391] 0.151| 0.0 0.189
Mg 0661 | 0.175| 0.066 001 00 0044 0661 0.17513D] 0.035| 0.0 0.044
Na
Na 0.148+]04,0.114 | 0.015| 0.114 (1_’70am) 0.148+]04,0.114 | 0.030 | 0.114 (1—/72‘2m)o.114
0.114

K 0.49647; 076200 z 1-n&w)

496+]5,,4.476 | 0.050| 4.476 44769 0.4964]5,,4.476 | 0.099 | 4.476| (L-11&,,)4.476
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Table 1-10.List of the gas species used in phase equilibrialoutations (FACT 53 database).

H(9) Al(g) Cl(g)
H2(9g) AlO(g) Cl2(g)
C(9) AlO2(g) HCI(g)
CH4(g) AIOH(g)-1_aluminum_h... CCl4(g)
C2H6(9g) OAIOH(g) CICN(g)
N(9) Si(g) ClO(g)
N2(g) SiH(g) HOCI(g)
NH2(g) SiH4(g) COCI(g)
NH3(g) SiC(g) COCI2(qg)
CN(9) SiO(g) ONCI(g)
HCN(g) P(9) NaCl(g)
O(g) P2(g) MgCl(g)
02(g) PH(9) MgCl2(g)
OH(g) PH2(g) AICI(g)
H20(g) PH3(g) AICI2(g)
HOO(qg) PN(g) AICI3(g)
HOOH(g) PO(g) OAICI(g)
CO(g) PO2(g) SiCl4(g)
C0O2(g) (P203)2(g) SCI(g)
H2CO(g) (P205)2(g) S2CI(g)
C2H40(9g) S(9) SOCI2(g)
NO(9) S2(g) K(g)
N20(g) HS(9) K2(g)
NO2(g) H2S(g) KH(g)
HONO(9g) CS(g) KCN(g)-1_potassium_c...
HONO2(9g) CS2(9) (KCN)2(9)
Na(g) SO(9) KO(9)
Na2(g) S02(9) KOH(g)
NaH(9) SO3(g) (KOH)2(9)
NaCN(g) 02S(0H)2(g) K2S04(g)
(NaCN)2(g) COS(g) KCI(g)
NaO(qg) Na2S04(g) (KCH2(g)
NaOH(g) MgS(g) Ca(g)
(NaOH)2(q) SiS(g) Ca0(g)
Mg(9) PS(9) CaOH(g)
MgO(g) Ca(OH)2(g)
MgOH(g) CaS(9)
Mg(OH)2(g) CaCl(g)
CaCl2(g)
Fe(9)
FeO(g)
Fe(OH)2(g)
FeS(g)
FeCl2(g)
FeCl3(g)
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Table I-11. List of the solid species used in thage equilibrium calculations (FACT 53, FToxid, BIfs

databases).
C(s) FACT53 graphite Na20(s) FToxid solid-a
Na(s) FACT53 solid MgO(s) FToxid periclase
Mg(s) FACT53 solid Al203(s) FToxid gamma
Mg(OH)2(s) FACTS53 brucite NaAlO2(s) FToxid solid
MgCO3(s) FACT53 magnesite SiO2(s) FToxid quartz(l)
Al(s) FACT53 solid Si02(s2) FToxid quartz(h)
NaAl9014(s) FACT53 beta-alumina Si02(s3) FToxid tridymite(l)
Na2Al12019(s) FACT53 beta2-alumina SiO2(s4) FToxid tridymite(h)
MgAI204(s) FACT53 spinel SiO2(s5) FToxid cristobalite(l)
Si(s) FACT53 solid Si02(s6) FToxid cristobalite(h)
P(s) FACTS53 solid_(white) Si02(s7) FToxid coesite
(P205)2(s) FACT53 solid SiO2(s8) FToxid stishovite
Mg3P208(s) FACT53 solid Na2SiO3(s) FToxid solid
AIPOA4(s) FACT53 solid-a Na4SiO4(s) FToxid solid
S(s) FACT53 orthorhombic Na2Si205(s) FToxid solid
Na2S(s) FACT53 solid Na6Si207(s) FToxid solid
MgS(s) FACT53 solid Na6Si8019(s) FToxid solid
K(s) FACT53 solid MgSiO3(s) FToxid low-
K2S(s) FACT53 solid clinoenstatite
KAI(SO4)2(s) FACT53 solid MgSiO3(s2) FToxid orthoenstatite
Ca(s) FACTS53 solid_alpha Mg2SiO4(s) FToxid forsterite
CaOMgOSiO2(s) FACTS53 monticellite NaAISiO4(s) FToxid nephelinex
Ca3(P0O4)2(s) FACT53 whit..kite NaAISi206(s) FToxid jadeite
Ca3(P04)2(s2) FACT53 solid-b NaAISi308(s) FToxid low-albite
Ca5HO13P3(s) FACT53 hydroxyapatite NaAlSi308(s2) FToxid high-albite
CaS(s) FACT53 solid Mg4AI10Si2023(s) FToxid sapphirine
CaCl2(s) FACTS53 hydrophilite Mg3AI2Si3012(s) FToxid pyrope
Fe(s) FACT53 bcc Mg2AI4Si5018(s) FToxid cordierite
Fe304(s) FACT53 magnetite K20(s) FToxid solid
Fe(OH)2(s) FACT53 solid KAIO2(s) FToxid solid
Fe(OH)3(s) FACT53 solid KAI9014(s) FToxid k-betaalumina
(MgO)(Fe203)(s) FACT53 solid K2AI12019(s) FToxid k-beta2-
FeSiO3s) FACT53 clino- alumina
ferrosilite(metast) K2SiO3(s) FToxid solid
FeS(s) FACT53 solid K2Si205(s) FToxid solid
FeS2(s) FACT53 pyrite K2Si409(s) FToxid solid
FeSO4(s) FACT53 solid KAISiO4(s) FToxid kaliophilite-
Fe2(S04)3(s) FACT53 solid hexagonal
Ca2Fe205(s) FACT53 solid KAISi206(s) FToxid leucite(rhf)a
KAISi206(s2) FToxid leucite(rhf)b
NaOH(s) FTsalt solid KAISi308(s) FToxid miaocline
Na2SO04(s) FTsalt solid_a KAISI308(s2) FToxid k-feldspar
Na2S04(s2) FTsalt solid_b KAISI308(s3) FToxid sanidine
MgSO4(s) FTsalt solid CaAl204(s) FToxid solid
NacCl(s) FTsalt CaAl407(s) FToxid solid
halite_(rock_salt_struct) CaAl12019(s) FToxid solid
MgCI2(s) FTsalt chloromagnesite Ca3AI206(s) FToxid solid
KOH(s) FTsalt solid Ca3MgAI4010(s) FToxid solid
K2S04(s) FTsalt solid_alpha CaSiO3(s) FToxid wollastonite
K3Na(S04)2(s) FTsalt solid CaSiO3(s2) FToxid pswollastonite
KCI(s) FTsalt sylvite_(nacl_rock) | Ca2SiO4(s) FToxid
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CaO(s)
Ca(OH)2(s)
CaCO3(s)
CaS04(s)
K2Ca2(CO3)3(s)
K2Ca2(S04)3(s)

FTsalt lime
FTsalt portlandite
FTsalt aragonite
FTsalt anhydrite
FTsalt solid
FTsalt solid

Ca2SiO4(s2)
Ca3SiO5(s)
Ca3Si207(s)
Na2Ca2Si309(s)
CaMgSi206(s)

Ca2MgSi207(s)

Ca3MgSi208(s)
CaAl2Si208(s2)
Ca2AI2SiO7(s)
Ca3Al2Si3012(s)
Fe203(s)
Fe2SiO4(s)
Ca3Fe2Si3012(s)

gamma(olivine)
FToxid alphaprime
FToxid hatrurite
FToxid rankinite
FToxid solid
FToxid diopside(cl-
pyroxene)

FToxid
akermanite(melilite)
FToxid merwinite
FToxid anorthite
FToxid gehlenite
FToxid grossularite
FToxid hematite
FToxid fayalite
FToxid
andradite(garnet

Table 1-12 List of the solutions used in the phase equilibricatculations.

Liquid solutions:

FToxid-slag-A: AbOs-CaO-FeO-Fg;-MgO-Si0, + NaO+K,0

Salt melt (SALT-F): (K, Na)(S@ CG;, Cl, OH)

Solid solutions:

(Na, K)2(S04, CO3) (ss)

(Na, K)(CI) (ss)

Complex silicates (wollastonite, olivine, mulite)
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I-5. Slag Viscosity Formulas

The model used to determine viscosities is thatKkafmanovitch or the so-called

“modified Urbain model” [148]. The model is based the following calculations:

Step 1: Determination of the molar fractions of @mponents based on the chemical oxide
composition. FgO3 is converted to equivalent FeO.

Step 2: Calculation of thigl parameter:

M = CaO+ MgO+ Na,0+K,0+FeO+ 2TiO, (1-69)
Step 3: Calculation of the parameter:

a=M/(M +AL0,) (1-70)
Step 4: Calculation of thi® parameter, where:

B = BO+ B1[BiQ, + B2[{Si0,)? + B3[{SiO, (-71)
BO=138+399355¢ - 4049(a?) (-72)
B1= 30481-117.1505# +129.9978{a?) (1-73)
B2 = ~40.9429+ 234,0486r — 30004({a?) (1-74)
B3=60.7619-1539276(1 + 2111616C{a?) (1-75)
Step 5

In[A] =-(0.2812B +118279 (1-76)
Step 6:

Inu=In[A]+In[T]+ (1000 B/T) (I-77)

Step 7: Conversion of the natural logarithr into log g

According to van Dylet al [148] the modified Urbain model can predict botbcosities of
bulk coal ash melts as well as simple oxide glasséh specific emphasis on CaO-MgO—-
Al ,03-Si0O; systems.
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[-6. Optimisation of Coal/Biomass Blends — Calculat  ions

According to defined in Chapter 5 (sec. 5.2.3.2pgIng/HT fouling indices: three fuel
related factors are of most importance in the assest of slagging severity such as the
average slag ratio, viscosity of the slag at ttieremce temperature and ash concentration in
the flue gas. The average slag ratios for bothikpeaegions are assessed by approximating
the region under the slag ratio curve, calculatis@rea, and then divided by the temperature

range considered, as follows (see Figure I-3):

b n n
f = [ f(0dx=—2= f(x)Ax — for slagging: &, = —— @t )At
b-a< b-atz t.—t, =
n (1-78)
— for HT fouling: @, = D At
b~ la izl

The temperature range is divided into inteialof 25°C. Considering the shape of the slag
distribution curve, the trapezoidal rule can beligopto obtain the best approximation of the

area under the curve. This is calculated by thelglackage integrated algorithm.

1,0
Slagging, @, 1 HT Fouling, @,

0,8 \ —=— Calculation points\

0,6+

0,4

Slag ratio, ¢

0,2+

0,0 T T T T T T T '
1600 1500 1400 1300 | 1200 1100 1000 900 800

tc tb ta

Temperature, °C
Figure 1-3 lllustration of the slag ratios distribution fdagging and HT fouling regions with shown calcudati

points with the space interval of Z&

The calculated slagging/HT fouling key parametessduto optimise coal/biomass blends
composed of the investigated pure coal blends (2B and AL1) and then co-fired with
20th% of straw (DS2) are summarised in tables kb8 I-14. Additionally, the stickiness

ratios are calculated(?g,(HTF)/ lothottrempy Which are then normalised according to the e4y. 6.

(Chapter 5, sec. 5.3.5.1) including both the assueréical stickiness and its maximum
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values obtained (see Table I-13, case: AL1-70, G@land Table I-14, CO1-80, DS2-20,

respectively; both cases are marked in red colour).

Table 1-13. Summary of the calculated slagging/dilihg key parameters for the investigated coahdide

FUEL MIX Average Slag Ratio, Sla
RATIOS, th% Viscosit?/, AsthOncentrati%n SLAGGING HT FOULING
72 |z Cane | g a s oy

CO1|SA3|ALL| @, Aire | Logroféremp %lgg LOGolremy [ Loglo,ummp]wm LOGsodrems ( Lng/’Te"'F]Norm
100| O 0 |0.821|0.321| 5.805 6.819 0.141 0.898 0.055 0.761
90 | 10 | 0 [0.810|0.285| 5.810 7.283 0.139 0.833 0.049 0.637
80 | 20 | 0 [0.794|0.252| 5.815 7.745 0.137 0.739 0.043 0.526
70 | 30 | 0 |0.775|0.222| 5.822 8.205 0.133 0.632 0.038 0.425
60 | 40 | 0 |0.756|0.195| 5.829 8.663 0.130 0.516 0.033 0.333
50 | 50 | 0 [0.733|0.170| 5.838 9.119 0.126 0.383 0.029 0.250
40 | 60 | O |0.694|0.148| 5.848 9.574 0.119 0.158 0.025 0.173
30 | 70 | 0 [0.667|0.133| 5.860 |10.027| 0.114 0.002 0.023 0.122
20 | 80 | 0 |0.641|0.107| 5.875 |10.478| 0.109 -0.157 0.018 0.037
10 | 90 | 0 |0.613|0.090| 5.894 |10.928| 0.104 -0.317 0.015 -0.024
0O [100| O |0.587|0.076| 5.917 |11.375| 0.099 -0.476 0.013 -0.070
90 0 10 |0.781|0.255| 5.803 8.654 0.135 0.676 0.044 0.540
80 0 20 [0.750]0.218| 5.800 |10.427| 0.129 0.503 0.038 0.413
70 0 | 30 |0.723|0.181| 5.797 |12.140| 0.125 0.357 0.031 0.289
60 0 | 40 |0.703|0.152| 5.794 |13.797| 0.121 0.244 0.026 0.193
50 0 | 50 |0.686|0.130| 5.791 |15.401| 0.118 0.149 0.022 0.117
40 0 60 [0.671]0.111| 5.787 |16.953| 0.116 0.069 0.019 0.053
30 0 70 [0.658|0.095| 5.782 |18.456| 0.114 0.000 0.016 0.000
20 0O | 80 |0.647|0.082| 5.777 |19.913| 0.112 -0.058 0.014 -0.045
10 0 | 90 |0.638|0.070| 5.771 |21.325| 0.111 -0.108 0.012 -0.083
0 0 |100]0.629|0.060| 5.763 |22.695| 0.109 -0.150 0.010 -0.116
0 10 | 90 [0.633|0.061| 5.776 |21.562| 0.110 -0.139 0.011 -0.114
0 20 | 80 [0.636|0.062| 5.789 |20.428| 0.110 -0.132 0.011 -0.110
0 30 | 70 [0.638|0.063| 5.803 |19.295| 0.110 -0.128 0.011 -0.108
0 40 | 60 |0.640|0.064| 5.818 |18.162| 0.110 -0.124 0.011 -0.104
0 50 | 50 [0.642]0.066| 5.833 |17.030] 0.110 -0.124 0.011 -0.100
0 60 | 40 [0.619|0.067| 5.848 |15.898| 0.106 -0.259 0.011 -0.096
0 70 | 30 [0.617]0.069| 5.864 |14.767| 0.105 -0.283 0.012 -0.091
0 80 | 20 [0.611]0.071| 5.881 |13.636| 0.104 -0.323 0.012 -0.085
0 90 | 10 [0.602|0.073| 5.899 |12505| 0.102 -0.384 0.012 -0.078
80 | 10 | 10 [0.770|0.228| 5.808 9.018 0.133 0.610 0.039 0.445
70 | 10 | 20 |0.739|0.194| 5.805 |10.753| 0.127 0.440 0.034 0.334
60 | 10 | 30 |0.715|0.155| 5.803 |12.443| 0.123 0.305 0.027 0.201
50 | 10 | 40 [0.695|0.136| 5.800 |14.084| 0.120 0.195 0.023 0.138
40 | 10 | 50 |0.679|0.115| 5.796 |15.674| 0.117 0.105 0.020 0.068
30 | 10 | 60 [0.664 |0.098| 5.792 |17.215| 0.115 0.028 0.017 0.010
20 | 10 | 70 |0.652|0.084| 5.788 |18.709( 0.113 -0.038 0.014 -0.038
10 | 10 | 80 |0.642|0.072| 5.782 |20.157| 0.111 -0.093 0.012 -0.078
70 | 20 | 10 |0.756 |0.202| 5.814 9.439 0.130 0.527 0.035 0.359
60 | 20 | 20 |0.726|0.166| 5.811 |11.135| 0.125 0.365 0.028 0.236
50 | 20 | 30 [0.703|0.144| 5.809 |12.796( 0.121 0.237 0.025 0.163
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40 | 20 | 40 |0.685|0.121| 5.806 |14.413| 0.118 0.134 0.021 0.085
30 | 20 | 50 |0.670/0.102| 5.803 |15.985| 0.115 0.051 0.018 0.022
20 | 20 | 60 |0.657|0.086| 5.799 |17.511| 0.113 -0.020 0.015 -0.030
10 | 20 | 70 |0.645]0.073| 5.795 18.991| 0.111 -0.080 0.013 -0.073
60 | 30 | 10 [0.740|0.187| 5.820 9.874 0.127 0.435 0.032 0.306
50 | 30 | 20 |0.713|0.153| 5.818 |11.538| 0.123 0.283 0.026 0.193
40 | 30 | 30 |0.692|0.127| 5.816 |13.173] 0.119 0.166 0.022 0.106
30 | 30 | 40 [0.675|0.106| 5.814 [14.768| 0.116 0.072 0.018 0.036
20 | 30 | 50 |0.660|0.089| 5.811 [16.320| 0.114 -0.006 0.015 -0.021
10 | 30 | 60 |0.648 |0.07/5| 5.807 |17.829| 0.112 -0.072 0.013 -0.067
50 | 40 | 10 [0.724|0.157| 5.828 [10.312| 0.124 0.342 0.027 0.207
40 | 40 | 20 |0.700|0.129| 5.827 |11.952]| 0.120 0.204 0.022 0.111
30 | 40 | 30 [0.680(0.111| 5.825 [13.562( 0.117 0.096 0.019 0.052
20 | 40 | 40 |0.665|0.092| 5.823 [15.136| 0.114 0.010 0.016 -0.010
10 | 40 | 50 |0.651]0.077| 5.821 |16.670| 0.112 -0.063 0.013 -0.061
40 | 50 | 10 |0.706 |0.143| 5.837 |10.752] 0.121 0.234 0.025 0.159
30 | 50 | 20 [0.685|0.112| 5.836 [12.370f 0.117 0.113 0.019 0.054
20 | 50 | 30 |0.668|0.096| 5.835 [13.960| 0.114 0.018 0.016 0.002
10 | 50 | 40 |0.6540.080| 5.834 |15.514| 0.112 -0.058 0.014 -0.054
30 | 60 | 10 [0.669|0.124| 5.848 [11.191| 0.114 0.016 0.021 0.094
20 | 60 | 20 |0.649|0.096| 5.848 |12.791( 0.111 -0.095 0.016 0.001
10 | 60 | 30 |0.633]0.082| 5.848 |14.362| 0.108 -0.184 0.014 -0.046
20 | 70 | 10 |0.646|0.106| 5.861 [11.631| 0.110 -0.115 0.018 0.033
10 | 70 | 20 |0.630|0.086| 5.863 [13.214| 0.107 -0.208 0.015 -0.035
10 | 80 | 10 |0.62410.089| 5.878 |12.069| 0.106 -0.249 0.015 -0.025

Table 1-14. Summary of the calculated slagging/tdtilihg key parameters for the investigated coahdbée
co-fired with 20th% straw (DS2).

FUEL MIX Average Slag Ratio, Sla

RATIOS, th% Viscositgl, Asthoncentrat%n SLAGGING HT FOULING
80 0 0 | 20 | 0.846 | 0.396 |5.856 | 7.103 0.144 1.000 0.068 1.000
72 8 0 | 20 |0.829 | 0.368 |5.830 | 7.417 0.142 0.924 0.063 0.914
64 | 16 | 0 | 20 [0.797 | 0.342 |5.805| 7.731 0.137 0.763 0.059 0.832
56 | 24 | 0 | 20 [0.773 | 0.318 | 5.780 | 8.046 0.134 0.647 0.055 0.754
48 | 32 | 0 | 20 | 0.768 | 0.293 | 5.765 | 8.362 0.133 0.633 0.051 0.672
40 | 40 | 0 | 20 | 0.729 | 0.270 | 5.744 | 8.679 0.127 0.425 0.047 0.598
32 |48 | 0 | 20 [0.706 | 0.250 |5.722 | 8.996 0.123 0.309 0.044 0.534
24 | 56 | 0 | 20 | 0.667 | 0.230 | 5.697 | 9.314 0.117 0.104 0.040 0.470
16 | 64 | O | 20 [0.645| 0.216 |5.671| 9.633 0.114 -0.006 0.038 0.423
8 72 | 0 | 20 | 0.622 | 0.193 | 5.654 | 9.952 0.110 -0.123 0.034 0.345
0 80 | O | 20 |0.613| 0.174 |5.637 | 10.273 | 0.109 -0.163 0.031 0.284
72 0 8 | 20 | 0.803 | 0.352 |5.913 | 8.197 0.136 0.713 0.059 0.842
64 0 | 16 | 20 | 0.771 | 0.304 | 6.027 | 9.304 0.128 0.457 0.050 0.665
56 0 | 24| 20 | 0.751 | 0.268 | 6.037 | 10.424 | 0.124 0.342 0.044 0.546
48 0 | 32| 20 | 0.726 | 0.238 | 6.046 | 11.556 | 0.120 0.205 0.039 0.448
40 0 | 40| 20 | 0.706 | 0.214 |6.056 | 12.701 | 0.117 0.088 0.035 0.371
32 0O |48 ]| 20 | 0.687 | 0.196 |6.065 ]| 13.857 | 0.113 -0.016 0.032 0.309
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24 O |56 | 20 |0.656| 0.180 | 6.074 | 15.025 0.108 -0.192 0.030 0.257
16 O | 64| 20 |0.655| 0.166 | 6.082 | 16.204 0.108 -0.200 0.027 0.214
8 0 | 72 | 20 | 0.625| 0.152 | 6.089 | 17.395 0.103 -0.365 0.025 0.166
0 O |80 | 20 |0.612| 0.142 | 6.097 | 18.595 0.100 -0.436 0.023 0.135
0 8 | 72 | 20 1 0.634| 0.144 |6.099 | 17.735 0.104 -0.320 0.024 0.140
0 16 | 64 | 20 | 0.622 | 0.150 | 6.100 | 16.881 0.102 -0.390 0.025 0.159
0 24 | 56 | 20 | 0.644 | 0.156 | 6.103 | 16.033 0.106 -0.270 0.026 0.179
0 32 | 48 | 20 | 0.632 | 0.160 | 6.105 | 15.190 0.104 -0.336 0.026 0.190
0 40 | 40 | 20 | 0.637 | 0.163 | 6.108 | 14.354 0.104 -0.311 0.027 0.201
0 48 | 32 | 20 | 0.640 | 0.169 | 6.110 | 13.524 0.105 -0.295 0.028 0.221
0 56 | 24 | 20 | 0.622 | 0.181 | 6.069 | 12.701 0.102 -0.372 0.030 0.262
0 64 | 16 | 20 | 0.618 | 0.182 | 5.917 | 11.885 0.104 -0.306 0.031 0.281
0 72 | 8 | 20 |0.611 | 0.187 |5.784 | 11.075 0.106 -0.265 0.032 0.312
64 8 8 | 20 10.783 | 0.326 | 5.911 | 8.514 0.133 0.609 0.055 0.758
56 8 |16 | 20 | 0.751 | 0.285 | 6.026 | 9.624 0.125 0.354 0.047 0.605
48 8 |24 | 20 | 0.724 | 0.251 | 6.047 | 10.747 0.120 0.194 0.042 0.492
40 8 | 32| 20 |0.701 | 0.225 | 6.057 | 11.882 0.116 0.061 0.037 0.405
32 8 |40 | 20 | 0.680 | 0.205 | 6.066 | 13.030 0.112 -0.054 0.034 0.341
24 8 |48 | 20 | 0.662 | 0.188 | 6.076 | 14.189 0.109 -0.158 0.031 0.285
16 8 |56 | 20 |0.645| 0.170 | 6.084 | 15.360 0.106 -0.252 0.028 0.226
8 8 | 64 | 20 | 0.630 | 0.156 | 6.091 | 16.542 0.103 -0.338 0.026 0.180
56 | 16 | 8 | 20 | 0.761 | 0.304 |5.901 | 8.831 0.129 0.495 0.052 0.688
48 | 16 | 16 | 20 | 0.733 | 0.268 | 6.019 | 9.945 0.122 0.257 0.045 0.551
40 | 16 | 24 | 20 | 0.708 | 0.238 | 6.058 | 11.071 0.117 0.101 0.039 0.449
32 | 16 | 32 | 20 | 0.687 | 0.213 | 6.068 | 12.209 0.113 -0.018 0.035 0.366
24 | 16 | 40 | 20 | 0.669 | 0.194 | 6.077 | 13.360 0.110 -0.123 0.032 0.304
16 | 16 | 48 | 20 [0.652 | 0.178 | 6.085 | 14.522 0.107 -0.220 0.029 0.251
8 16 | 56 | 20 | 0.652 | 0.161 | 6.093 | 15.696 0.107 -0.220 0.026 0.196
48 | 24 | 8 | 20 | 0.741 | 0.284 | 5.889 | 9.150 0.126 0.391 0.048 0.622
40 | 24 |16 | 20 | 0.715| 0.252 | 6.011 | 10.266 0.119 0.169 0.042 0.500
32 | 24 | 24 | 20 | 0.694 | 0.226 | 6.069 | 11.395 0.114 0.015 0.037 0.407
24 | 24 132 | 20 |0.658 | 0.191 |6.087 | 13.691 0.108 -0.189 0.031 0.293
16 | 24 | 40 | 20 | 0.641 | 0.167 | 6.095 | 14.856 0.105 -0.280 0.027 0.214
8 24 | 48 | 20 | 0.640 | 0.150 | 6.105 | 0.000 0.105 -0.293 0.025 0.160
40 | 32 | 8 | 20 | 0.722 | 0.265 |5.874 | 9.469 0.123 0.297 0.045 0.562
32 [ 32 |16 | 20 | 0.699 | 0.238 | 5.996 | 10.588 0.117 0.090 0.040 0.455
24 | 32 | 24 | 20 |0.680 | 0.215 |6.081 | 11.721 0.112 -0.065 0.035 0.371
16 | 32 | 32 | 20 | 0.663 | 0.194 | 6.090 | 12.865 0.109 -0.160 0.032 0.303
8 32 | 40 | 20 | 0.647 | 0.176 | 6.097 | 14.022 0.106 -0.252 0.029 0.242
32 |40 | 8 | 20 | 0.704 | 0.246 |5.852 | 9.788 0.120 0.212 0.042 0.502
24 | 40 | 16 | 20 | 0.684 | 0.223 | 5.976 | 10.911 0.114 0.020 0.037 0.407
16 | 40 | 24 | 20 | 0.667 | 0.207 | 6.085 | 12.047 0.110 -0.136 0.034 0.346
8 40 | 32 | 20 [0.652 | 0.183 | 6.100 | 13.195 0.107 -0.227 0.030 0.266
24 148 | 8 | 20 | 0.668 | 0.230 |5.824 | 10.109 0.115 0.029 0.039 0.451
16 | 48 | 16 | 20 | 0.650 | 0.213 | 5.952 | 11.235 0.109 -0.149 0.036 0.378
8 48 | 24 | 20 [0.636 | 0.190 | 6.075 | 12.374 0.105 -0.300 0.031 0.290
8 56 | 16 | 20 | 0.634 | 0.200 | 5.927 | 11.559 0.107 -0.222 0.034 0.338
16 | 56 | 8 | 20 | 0.649 | 0.216 |5.801 | 10.430 0.112 -0.062 0.037 0.408
8 64 | 8 | 20 | 0.631 | 0.196 |5.792 | 10.752 0.109 -0.162 0.034 0.342
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I-7. Langerlo Boiler Geometry
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Figure 1-4. Langerlo boiler geometry.
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Table I-15.Dimensions of the zones — Langerlo boiler [54,]139

NO Zone dimensions, m
ZONE
Z1 [E,((H,-H,)2+SI(H,-H,)2]iy,, +[E (S]ig; +[E S|y =
=173455,,, +123025[y,,, +123025[0.1
z2 [E1[(H3_Hz)m+SdH3_Hz)m]w/w.z 2161.684[]{/sz
Z3 [E1 [(H4—H3)|I+SEQH4— H3)|I]W/w.3 :144-32|—_ly/w.3
z4 [El[(HS_H4)[I+SEQH5_H4)|I]W/W,4:14432mjw.4
Z5 [El[(HG_HS)DZ_FS[(HG_HS)DZ]WIW.S: 96559@\/‘/,5
Z6 [wirth7 - he)2 + d ({h7 - h6) 2], , = 146 169(W,
05
27 (B, + E.)fH, ~ H,) 0502+ SH, ~ H, )+ S{H, — H, F + (B~ E )| @, +
+[E, (8| =152606,,, + 81928,
Z8 A, =3000m?, A, = E, 8= 616[133=8193m?,
A =H, (5= 101133=1343m’, A,,=E,H,2+E,[5=1477 "
Z9 Ay, =7500m?, Ay=A , Al =H,[5= 69133=918m?,
Z10 Ay, =14000 17, Al = A
Z11 A, = 21000 m?
712 Ay, = 45000 N7
Z13 Acco, = 30000 m?
Z14 Acco; = 33000 m?
Z15 A pr = 209000 N
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Appendix Il — Slagging Predictor — Software Structu  re and Capabilities

[I-1. Structure of the Developed Application

In general, the current structure of tBlagging Predictoconsists of the four main modules,

namely zone method (1) and thermo-chemical equihbr(2) modules, fuel navigation and

database module (3) and CAD/CFD module (4) used fooiler geometry/mesh design and

link with the CFD tools - future development. Thet ef functions, algorithms or sub-models

included within the specific modules are listedrigure II-1.

3. Fuel/Deposit Database Module

Fuel databases running via
the Delphi / MS Access
environments.

Fuels blending algorithms
Deposit databases,
including images and
related descriptions.
Designed a user-friendly

User Interface

Delphi
Programming
Environment

y

1. Zone Method Module

. Newton’s iteration solver for the
non-linear equations.

. Database with the thermo-
physical properties of the steam
and water.

. Database with the thermo-
physical properties of the flue
gases.

navigation tool through
the databases.

SLAGGING

PREDICTOF

e Set of the heat transfer/energy/

4. CAD/CFD Module

3D geometry design/analysis tool
Mesh generator

Monte Carlo X-Ray radiation
algorithm for 3D geometries

Link to CFD tools for the

subtraction of the flow and energy

release computational data.

2. Thermo-chemical EQ Module

equations and related procedurgs.

FactSage databases subtracted to the
databasefile.cst for the SimuSage access.

ChemApp equilibrium solver via the SimuSagg.

Slag/viscosity distribution algorithms
developed using SimuSage components.
Condensation sub-models developed using th
SimuSage.

Results reporting options

[©)

Figure 11-1. Structure of the developed Slaggingdirtor.

To enable easy navigation directly to all areaghef application there are seven sections

designed within the menu of thf&lagging Predictar Functions and capabilities of these

sections are summarised in Table 1l-1. Some of themmore advanced options and may be

not available in a user friendly version.

-199 -



Appendices

Table 1I-1. Major sections of the menu of the depeld application.

Section

Functions and capabilities

BLEND CALCULATOR

Input of fuel data into database. Fuels selectmmh l@ending (up tg
5 individual fuels) with defined mass or thermdioa. Assessment
of the easily soluble (more reactive) REA-part lod tash-forming
elements for a given biomass type (based on thamiché
fractionation). Setting the interaction rate oficsites towards
capturing the alkali metals released into the dse. Additionally,
the ash deposits database is included. See FititZeS.

BOILER

Setting boiler operational parameters, such asebdidad, fuel
distribution, air excess. Defining boiler geometand zones
The results obtained from zone model calculatiorsdisplayed in
a numerical form, and include the temperaturehefflue gas and
heating media as well as the heat transfer coeffisi within the
specific zones. See Figures II-6, 9..10.

1D TEMP PROFILE

Visualisation and comparison of the predicted ttesaf the zoneg
model in diagrams. See Figures 1I-7..8.

SLAGGING/FOULING

This section includes illustrative scheme of thereligped high
temperature slagging/fouling EQ model built witre thid of the|
SimuSage blocks. Visualisation and comparison ef phedicted
results (slag phase %, slag viscosity) of the $tagfpuling EQ
module in diagrams. See Figures 11-11..13.

SALTS DEPOSITION

This section includes illustrative scheme of theseliegped low
temperature fouling EQ model built with the aidtbé SimuSage
blocks. Capable of predicting salts and aerosaimdton. Apart
from the graphical visualisation of the resultsgeythcan be als
displayed in reporting form via the Report EditbrSimuSage. Se
Figures 11-14..16.

A=

1)

HEAT TRANSFER This section was designed to display graphically bmpact of
deposit accumulation on the heat transfer conditiohange in
analysed zone and its effect on the overall bgiggformance.

INDICATORS In this section, the predicted slagging/foulingiaes are displaye

=N

and compared in diagrams.
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II-2. Fuel Database and Blend Calculator

INSTITUTE OF
ARODIFF SCHOOL OF CRGIRECRIA G
BLEND CALCULATOR | BOILER | 10 TEMP PROFILE | SLAGGING/FOULING | SALTS DEPDSITION | HEAT TRANSFER | INDICATORS |
Fuels | Ashes Fusl Detahase ]Deposit Database | 7 Edit Form
B -
e Fuel Name: 1 #ish Composition “REApart References
[ Fuels Selacti — ’ - -
[ Fud Nama | e [Meistue 2 LAV kg A {—D — HE [0 DarS o T Hatieal Splatot
| IFC1 55 78 1654 et Bt 1 . || A203 Jog4 o Technoloay 56 (19961 109125,
PK1 457 1.0 16.958 " H20=8.04%, Zmienilzm REA part
71 oR1 54 1063 18123 Primary Fuel ~Proimate Analysis vz 0.08 JU
| lsp2 074 5.98 17.63 o Wolatiles [mas Fe203 foes o s
EIN0,
| lwl 1.82 10 1624 —J Finad C — Ll [73 J
| |msz 338 10 15314 Cont MO [z |
HE 281 10 15195 h 5.9
(MG 151 10 1606 Sect Maisture fza L FEE 100
|oRz and 1535 1485 Ha20  [oes [1o0
WD 108! 545 17.368 Sec Fleld ol a - ]._. J— ~#sh Fusion Temperatures
I MGTwet 101 40 987 LHW. Mlska 1457 4.74 a T J[Ii ~RadioGroupl
[sbawet 048 @0 10481 . [ | PH5 | [o s " Drideed
! EE? 2 Ej = Di 11557; B ~Ultirate Analpsis- ek ]D .JU ! HT g @ Red- o
[Jec 4 75 15eem c s Jgel 8T FIo[5 O Feduced
| |OR4 131 a4 17.22 H 525 (— S— |
| |5D3 0z 136 183 - s | e
b D52 596 124 1467 e elds )
[ v 5 o aK Normalise
il Oxides Elements
£ > [0
= = cl 0482 | Cancel Save Az
Apply Add ‘ Edit ] Delete - | - | |
10:53:15: [PbFloatEdit36: TPbFloatEdit] Event Onllpdate dizpatched.

Figure 11-2 Screenshot showing the fuel database and the dgtatalgorithm.

The fuel database includes wide range of differgmality coals and biomass fuels
(currently > 20). Amongst biomass/waste group tbkowing feedstocks can be found:
energy cropsniiscanthus giganteusida hermafroditawillow), woody biomass (sawdust,
wood pellets), agricultural residues (straw, oliesidues, palm kernel etc.), animal residues
(meat and bone meal) and sewage sludge.

Regarding the coal database, this includes varmmadity bituminous and lignite coals,

namely South African, Colombian, Russian, Austrglfaolish, US, Indonesian and others.

Fuel abbreviations on Figure 1I-2: PC — pine chip& — palm kernel; OR — olive
residues; SD — sawdust; WL — willow; RS — rapeveir&H —sida hermafrodita MG -

miscanthus giganteu$VD — woody biomass; DS — Danish straw.
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Fuels l dshes  Fuel Database ]DepusltDalabas21

BLEND CaLCULATOR ]BDILEF! | 10 TEMP PROFILE | SLAGGING FOULING | SALTS DEPOSITION | HEAT TRANSFER | INDICATORS |

INSTITUTE OF

ENERGY

~Co-firing Options
+ BiFuel
Bi = Praximate Analysis ] Ultimate &nalysis (daf) ]
10mass = Multifuel
BT Fuels Selection [ W Fixed © B “latiles [ Ash 0 Moisture | Coing Rate, %
5 15654 Danish Steaw, T 100 & Erery
m 1895 i =3 -
1063 181z MJ anf--
502 0.74 £6.98 1763 Parent Fuel %
I SecFuel 1 i —
| w1 182 10 16.24 & a3
I 2:12 2218 13 1:319; ‘—J a0 e Substitute Fuel
BEE] 151 10 16.06 SecF W0 sz [inn
| _ORz2 9.09 15.95 14.95 - o
| w1 1.06 5.45 17.368 G
| IMGTwet | 101 40 987 o1 i
| [5DZwet 048 40 10.481 104 - -
| loR3 984 E 6.4 0 ‘
| Ds1 801 804 1573 Coal Biomass Blend
| [BC 4 75 15683 Updats
| |oR4 131 a4 17z e
| lsD3 0z 138 189 — sbnatih
b D52 5.96 124 1467 FOULING
B A [ |
8| > START
Apply | Add Edit Delete | Cancel | SETTINGS

10:55%:06; [PbFloatEdit36:TPbFloatEdit) Event Onlpdate dispatched.

Figure 11-3.Screenshot showing the fuel database and the fuel selection algorithm.

GING PREDCITOI

SLAGGING PREDICTOR [ ElEHY
ARDIFT SCHOOL 0F CRGINECRI G
BLEND CALCULATOR 1 BOILER ] 1D TEMP PROFILE } SLAGGINGMFDULINGJ SALTS DEPOSITION 1 HEAT TRANSFER } INDICATORS 1
Fuels 1Ashas] Fuel Diatabase | Dapasthatabase1 Cofiring Options
~Parent Fuel- ~Substitute Fuel- - Blended Fusl- Fuel £ Bikied
~Prorimate Analysis ~Proximate Analysis ~Proximate Analysis- o s receivadt & Mulifuel M
Volatiles ,— Volatiles 1— Wolatiles 1>—‘ " Dy basis “Cofiting Rates, %
Fixed C £2 58 Fixed C 1 I Fixed C 1 14,35 " Diy ash free * Enemy
Ash I Ash [z fish [rozs :  Mass
Maisture 20 Muaisture 1-. 53 Muaisture 1 1 R
Tatal 1000 Tatal 1 I Total 1 i W
LHV.MIka [0 LHY. Mg [fE 7655 LHY. Mikg  [Z05005 Substitute Fuel
~Ultimate Analysis ~Ultimate Analysis ~Ultimate Analysis | Blerd 140'0
£ 15 E: 1 (947 C 1 EAEE] 5F1 |MG1 100
H 3.39 H 1 15RE4 H 1 4 41971 5F2 iDFH 0.0
o ERE o | EECET 0 | BT sF3[sD3 [10n
N 23 N 1.45124 N
g .77 g 1 g 1 13230
Cl TR Cl 1 200 cl 1 09410
i = SLAGGING
fish 16 fish 1::.-: ; Ash 1 255
X FOULING
Muaisture Muaisture 1 530 Muaisture 1 WEE
Total 100 Total 1 ] Tatal 1 0 START
SETTINGS
122'25'2?' Path for .szd files i C:%Program FileshG T T-TechnologieshSimuS agetDelphidtW14ssdy 2

Figure 1l-4. Screenshot showing the user friendtgiiface of the developed Slagging Predictor.
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GING PREDCITOR

INSTITUTE OF

SLAGGING PREDICTOR | E[HLEY,

AROIFF SCHOOL 07 BEETIN G

BLEND CALCULATOR }EEHLEH | 10 TEMP PROFILE | SLAGGING/FOULING | SALTS DEROSITION | HEAT TRANSFER | INDICATORS |
Fuels I Ashes] Fuel Database Deposit Database 1 Cofiting Options
 BiFuel

& & Multfuel MF
Cofiring Rates, 2
f+ Energy
 Mass

Parent Fuel %

5A1

Substitute Fuel

Blend  [40.0°
'5F1 [MET [100 '
‘sFz[oRT [10.0
\sF3(s03 [100
s (D52 [100
- Update
SLAGG\NGJ

%

GroupBoxl- 1 References i
i e | | frons FULIG
= ashdey
) = g E\bMaltthi —' | CFB_agalomerates — START
CFBSiersza Coaljp
(] Browiser ¥ |depositTubeljpg v SETTINGS
122.25.27. Path for szd files iz C:\Program FilestG T T-TechnologiestSimuS agehD elphifi 1haedy o
v

Figure 11-5.Screenshot showing the concept of the ash deposit fuel databse

[I-3. Boiler Input Data / Results Module

GGING PREDCITOR.

SLAGGING PREDICTOR | E[SHLEY

ARDIFT SCHOOL 07 ChiGIKECRIL G

BLEND CALCULATOR BOILER I 10 TEMP PROFILE } SLAGGING FOULING ] SALTS DEPOSITION ] HEAT TRANSFER } INDICATORS ]

di Steam E_l,lcle] Heat Tlansleri Gas F’lnpert\es] Bailer Genmetry] Cofiing Options:
Unit Load W W ~ BiFuel
MCR.% 00 W : & Mulifuel MF
Hes W Co-firing Rates, %
o Energy

" Mass

[ Thermal Performace

Fuel In, b |B18

Them Output ]m
Theimal Ef (q) 09246458
Fumace Ef ]W

Parert Fusl %

E

Substitute Fuel
Mbkats  [30.15 Blerd  [40.0
e e Ll [-Fuel Distributon- s¢1 [WeT_[100
Ds ka/s  [2008 i | sr2[ORT [10.0
Dm.kgfs  [195.4 i W SF3(5D2  [f00
| srapsz 100
-4t Needed/Flue Gas - | B2 0.2
Wai, Nm3  Wair, Nm3/kgl (2] 0.25 Update

160,36 5.32
[Air Distribustiorr

Wem, Mm3  Wsm, Nm3/kaf EwAiZED ’T

19435 E.45 Ewdii] W
ExdiZone IT

|22'25'2T' Path for .ssd files is C:5Program Files\GTT-Technologies\SimuS age\Delphi? v 1 hssdh

SLAGGING
FOULING

START
$ SETTINGS

NS

Figure 11-6. Screenshot showing the boiler geometry, zones aid aperational data of the investigated boiler.
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GGING PREDCIT!

SLAGGING PREDICTOR || ESY

oir HooL 1 GILEC A G

BLEND CALCULATOR | BOILER 1D TEMP PROFILE ISLAGGING!FDULING | S4LTS DEPOSITION | HEAT TRANSFER | INDICATORS |
Temperature Profiles ] Heat F\ux} Thermal Efficiency Factors] Furnace ‘wall Temperalures] \Au"yklesyl ~Covfiring Options
Flue G as Side ] ‘Water/Steam Side ] " Bifuel

& Mubifuel MF

1 800 H
| BURNER ZONES | : : ! Cofiing Rates, %
s e S S T R B & Energy

T Mass

1400 |- / T
o f
51200+ --- /

PaentFuel %

]sm

Substitute Fuel

[Blend [400°
'5F1[MET  [1o0
lsrzforT oo
\srafs03 [0

o
=
=

600 -~ f -

Temperature of flue gas
@
g

aon |- — Sa1Blend-a0 |GF4 D352 ]TUU
SA1Blend-40 || : e
— 541Blend-40 || : : P
G - 4 SLAGGING
3 -
: : ; E H : CT- AT FOULING
] T 1 T T T u A T T f % T
H 0 15 b R 30 33 40 45 s 55 &0 &5 70 - START
™ Zoom Fumace Section Linear distance of boiler, m

I "wiknesy SETTINGS

% 122:25 27: Path for .s3d files is C:\Program Files\GTT-Technologies\SimuS agetDelphi7W 1 bssdh

[

Figure 11-7.Screenshot showing the predicted flue gas temperatofiles for various boiler’s loads.

GGING PREDCITOR g@@'

INSTITUTE OF

SLAGGING PREDICTOR | E[G15Y

ARDIFF SCHOOL 0F ChGIHECTh G

BLEND CALCULATOR | BOILER 10 TEMP PROFILE ]SLAEGING!FDULING] SALTS DEPOSITION | HEAT TRANSFER | INDICATORS |

Tempetature Profilss 1 Heat F\ux] Thermal Efficiency Factursi Furnace ‘wal Tempalatures] Wykresy] Corfiring Options

Flue Gas Side  Water/Steam S\de] bl
& Multiuel WP
550 SHO-SH1 }l SH2 - SH3 | Codiiing Rates, %
s & Energy
Ly B G e e " Mass
&
Eii] - Parent Fuel %

Sa1

Substitute Fuel

Blend  [400

sF MGT [i00
sFz [oRT [100
sFafspe [0
sF4fpsz [10n0
Update
SLABGING
FOULING

START J

SETTINGS

L L —

=
o
=1

425

4004-—--omee-

Temperature of main and reheat stea

w
=
o

350 F -

325

|22:25:27: Path for .ssd files is C:\Program Files\GTT-TechnologieshSimus agehD elphi7 W1 heady

&%

Figure 11-8.Screenshot showing the predicted steam temperattithe oulet of the subsequent steam heating
sections (primary steam and reheated steam).
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7 SLAGGING PREDCITOR

INSTITUTE OF

SLAGGING PREDICTOR ENERGY

I[P SCHOOL 07 ChiGILCCRIN G

BLEND CALCULATOR  BOILER | 1D TEMP PROFILE | SLAGGING/FOULING | SALTS DEPOSITION | HEAT TRANSFER | INDICATORS |

Builer Load | Steam CPD|3§1 HEalTlansfer] Gas Pruperlies] BUiIelGeUmelr_\J1 [ Corfiring Dptions—
SH-RH | ECO-AIR | © Bifuel
+ Mutivel MF
T Attemperator 1 [~ Attemperator 3 f Mulifuel |
DSHY [3.4972 DSH3 |5.351 i~ Corfiring Rates, % —
=i = - — (+ Energy
AT1 [E I (—l C Mass
| ParentFuel %
i Steam-SH2-Input i Live Steam-Outlet i Steam-RH2-Input i Steam-SH1-Output i Steam-RAH1-Dutput
Temp  |400E8 Temp  [540 Temp [404.557 | Temp [415.18 Temp  [439.029 541

Subistitute Fuel

Blend  [400

se1 [WET  [ion
srz[oRT 10D
sF2[sD3  [100
sre DSz [100

I Update
Temp 432302 _ Temp [413.38150 Temp [540 Temp |33 Temp [0 Q
| N ) SLAGGING
- ]
% of Msteam FOULING
I Attemperator 2 95
DEHZ [3E18 START

SETTINGSJ

Steam-SH2-Output i Steam-SH3-Input i Reheat Steam Outlet — | Live Steam-lnlet i Reheat Steam- nlet

]22'25'27' Path for .ssd files iz C:\Program Files\G T T-TechnologieshSimuS agehDelphi? sl hasdh .

Figure 11-9. Screenshot showing the thermal balance shemeddraht transfer exchangers within the
investigated boiler (for the primary and reheateds sections).

GING PREDCITOR.

INSTITUTE OF

SLAGGING PREDICTOR ENERGY

PP ECHOOL OF ERGINEED NG

BLEND CALCULATOR  BOILER ]1D TEMP PROFILE ] SLAGGING./‘FDULING1 SALTS DEPOSITION 1 HEAT TRAMSFER } INDICATORS ]

Boiler Load H ealTransler] Gas Prnpellles} EnlIErGenmetry] [ ~Covfiting O ptions
SH.RH ECO-41R 1 (* Bi-Fuel

& Mulifuel MF

‘wiater-ECO2-Inlet w/ater-ECOT -Outlet “Cofiing Rates, %

Temp W Temp 'W f* Eneigy
. " Mass
h & | ParertFusl %
541
AI E — Substitute Fuel

W ater-Outlet Water-ECOT-Inlet Air Preheater-Outlet 5h1 W W
Temp W Temp ’T Temp W SFZWW
: L L sFafsDE  [ino
L | ,l, srefDsz o0

Update
SLAGGING
FOULING
START

SETTINGS ‘
=

JZZ 25:27. Path for .s=d files is C:\Program Filesh\G T T-TechnologieshSimusS age'Delphi7'w/14ssd'
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Figure 11-10.Screenshot showing the thermal balance shemedadbnomiser and air pre-heater sections.
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lI-4. SimuSage Flow-sheet Scheme for Slag and Visco sity Calculations —
EQ1 Module

»
7 SLAGGING PREDCITOR (=3
4
SLAGGING PREDICTOR ENERGY
BLEND CALCULATOR | BOILER | 1D TEMP PROFILE SLAGGING/FOULING | SALTS DEPOSITION | HEAT TRANSFER | INDICATORS |
Slag phase ] Viscosily] Deposition rates | | Coiting Options
& Bifuel
E Q 1 " Multifuel
Cofiring Rates, %
EEEEsEEEEEEEEEEEsEEEEEEEnE & E
H " H * Energy
AirStream2 n @ H " Mass
"
10.036893 . =i+l .
: Mineralslter » Parent Fuel %
I > E 3 5 [BcT
FuelStream2 . 5 BC1
0.8384505 : — ) l‘ ) EE Substitute Fuel
i W = " DS2 10.0
MixerMii g Mineralsin | Minerals MineralsOut PbDutp::
H "
AFM2 E 795.90 5
-
0.0500830 g 838.27 "
. -
fesssssssnsnmsmnunnnnn 0
I 9 Pblnsp,
Moisture2
0.0560244  Updste |
FOULING
START
[~ Show message after each iteration SETTINGS
l_ 22:50:18: (Panel3.AiStream. T abSheetd. PageControld. T abSheet22 MineralsE Q: TPbGHtB alance) Calculate method called. A

Figure 11-11.Screenshot showing the implemented algorthm foskiag amount and viscosity calculations in
EQ1 Module.

Where:
AirStream2 — mass stream (in kg) of the air reguie@burn 1 kg fuel, including excess air;

FuelStream?2 — mass stream (in kg) of combustiblgeméncluding C, H, S and N) in 1 kg
fuel; AFM2 — mass stream (in kg) of ash formingnedamts (Si, Al, Fe, Ca, Mg, Na, K, Cl)
in 1 kg fuel burnt;_Moisture2 — mass stream (in kf§)moisture-HO in 1 kg fuel burnt;
MixerMi — block enabling the mixing of the inputreams. Minerals — the phase equilibrium

calculations block; Mineralsin and MineralsOut —ssisstream connectors between mixer

(MixerMi) and phase equilibrium blocks, and phaspikbrium and PbOutput blocks,

respectively; Mineralslter — iterative block usediefine temperature intervals between phase

equilibrium calculations.
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Figure 11-12.Screenshots showing the ploted results of theastagunt and viscosity predictions obtained for a
BC1 coal and with a blend of 10th% of straw (DS2).
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Figure 11-13.Screenshots showing the ploted results of theastagunt and viscosity predictions obtained for
the BC1 coal and for the 10th% blend with strawZPS
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[I-5. Development of a SimuSage Algorithm for Salts Condensation —
EQ2 and EQ3 Modules

Figure 1I-14 shows the SimuSage flowsheet desigoedssess the salts condensation
downstream the furnace. There are three phasdlequit stages implemented. The first one
(EQ3) calculates the amount of interacted alkaliatseat high temperature (13 with the
reactive layer of the silicate-based ash. The cagdtmass of alkalis (in the SlagCond stream)
is introduced to the EQ1 phase equilibrium modalagsess its effect on the overall slag %

and slag viscosity change (section II-4).
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Figure 11-14.Screenshot showing the designing stage of the mmgaiéed algorthm used for the assessment of
the salts condensation downstream the furnace.

The remaining in the gas phase alkalis and othsougaspecies go through the second stage
of phase equilibrium calculations (EQZ2) in whicle gimount and speciation of the condensed
phase is assesesed. The low temperature foulinglm&f?2 can perform calculations for the
whole temperature range or in two divided tempeeatanges, e.g. 136G-900°C and 900C
-500°C between which the amount of condesed phase s ttveo steps_(HTFoulCond and
LTFoulOut streams respectively) is calculated. Afarm the gaseous species enetering the
EQ2 module (via the SlagGas stream), additionafpai of unreacted with slicates/slag solid
CaO particles can be introduced (via the Pbinpet®tiCaO stream. This may lead to CaSO
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formation, and thus affecting sulphur availibilfiyr the alkali sulphates formation incresing

the risk of alkali chlorides presence.
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Figure 11-15.Screenshot showing the predicted potassium disimiband aerosols formation throughtout the
boiler when co-firing straw with coal for the 10th8bal substitution.
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Figure 11-16.Screenshot showing the predicted results displaigethe SimuSage Report Editor.
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[I-6. Development of a 3D Zone-Based Model — couple d with CFD tool

Fine GRID Coarse GRID

CFD ZONE

Isothermal flow View factors (exchange areas)
Heat release pattern in a participating media
Particle trajectory Material properties (emis./refl.)

Figure 11-17. lllustrative scheme of the inter-eadlge data path between CFD and zone-based model.

7 SLAGGING PREDCITOR

INSTITUTE OF

SLAGGING PREDICTOR ||E[Z{LEY

AROIFT SCHOOL 07 CHGIKCERIN G

BLEND CALCULATOR  BOILER |10 TEMP PROFILE | SLAGGING/FOULING | SALTS DEPOSITION | HEAT TRANSFER | INDICATORS |
Boiler LDad} Steam Cy:la] Heat Translerl Gas Properties  Boiler Geametry l “Coiing Dptions
TahEheEtEd] TahShaetEEl Parameters  TabSheet? ] " BiFuel

& Muliiuel MF

IﬁumbUE oxl -

™ Display toolbar

“Cofiing Rates, %
& Energy

 Mass

Parent Fuel %

Sa1

Substitute Fuel
Bend  [400
sF1 MG1 [ioo
spzfoRt [ioo
sF3fspa oo
sre sz [ioo
Update
SLAGGING
FOULING
START

SETTINGS

-

122:25:27: Path for .s2d files iz C:\Program Files\G T T-TechnologieshSimuS agehDelphi7 W1 \sady 25

Figure 11-18.Screenshot showing the 3-dimensional furnace gagroéthe investigated Langerlo pf boiler
drawn and numerically described with the aid of C&lBortims impemented into Slaggign Predictor.
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Appendix Il — Publications

Important International Paper Presentations:

1)

2)

3)

4)

5)

6)

7)

8)

Piotr Plaza, Optimisation of coal/biomass fuel deno minimise slagging and
fouling. SENERES Scientific Seminar, Power Engimeginstitute, Warsaw, Poland,
February 2013.

Piotr Plaza, Zone modeling approach for the assesisof the effects of biomass co-
firing on pf boiler performance. Paper presentedtmn 37" Clearwater Clean Coal
ConferenceFlorida, USA, June 2012.

Piotr Plaza, Ash deposition prediction tool forhafilers fired with coal and biomass.
Paper presented ahe 2 IEA CCC Workshop on Co-firing Biomass with Goal
Copenhagen, Denmark, March 2012.

Piotr Plaza Slagging and fouling predictor for coal/biomass){combustion in pf

boilers. Paper presented dme IOP Spring Meeting of the British Section o th
Combustion Institute - Combustion Modelling for Challenging Applicatigns
Southampton, UK, May 2011.

Piotr Plaza, Predicting slagging/fouling propemsitiof solid fuels with the aid of
experimental and modelling techniques. Paper ptedeanthe Energetyka 2010
InternationalConferenceWroclaw, November 2010.

Piotr PlazaUse of a predictive model for the impact of canfiy coal/biomass blends
on slagging and fouling propensity. Paper presertedthe Energetyka 2010
InternationalConferenceWroclaw, November 2010.

Piotr Plaza Impact of co-firing of biomass/coal blends on giag and fouling
propensity, using a predictive modéhpact of Fuel Quality on Power Production
and theEnvironmentBanf, Canada, October 2008.

Piotr Plaza The development of a slagging and fouling predictitool for
coal/biomass fired boilers. Paper presentethenl? European Conference on Coal
Research and its Application, ECCRI2ardiff, UK, September 2008.

List of Publications and Reports:

1)

2)

3)

4)

Piotr Plaza and Wiebren de Jong, Direct impactosfiing of biomass with coal on
catalytic SCR DeNOx performance at the Maasvlalied? Station — Energy from
Biomass Project, PhaseReport no. 2558, TU DelfNovember 2012.

Piotr Plaza, Anthony J. Griffiths, and Nick Syr&lagging and fouling prediction tool
for large pf utility co-fired boilersArchives of Energeti¢d/ol. 40, no. 3, 2010.

Piotr Plaza, Wieslaw Ferens, Anthony J. GriffithNeck Syred, and Wieslaw Rybak:
Predicting slagging/fouling propensities of solietls with the aid of experimental and
modelling techniquegrchivum Combustionjd/ol. 30, no. 3, 2010.

Piotr Plaza, Anthony J. Griffiths, Nick Syred, aldm Gralton, Use of a predictive
model for the impact of co-firing coal/biomass kdenon slagging and fouling
propensity.Energy andFuels Journal of the American Chemical Society, 23 (1),
3437 — 3445, 2009.
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5)

6)

7)

Piotr Plaza, Jaroslaw Hercog, Grzegorz Hrycaj, K&wml, and Wieslaw Rybak,
Predicting ash deposit formation during co-firigoofal with biomassw: Success and
visions for bioenergy. Thermal processing of biomass for biagnebiofuels and
bioproductgelectronic document], Salzburg, Austria, [22-23a¢h 2007 / Ed. A. V.
Bridgwater. [Newbury]: CPLpress, 2007.

Grzegorz Hrycaj, Karol Krol, Piotr Plaza, and Wasl Rybak, Thermal
decomposition of sewage sludge and biomass-sluldgeldW: Success and visions
for bioenergy. Thermagrocessing of biomass for bioenergy, biofuels aogroducts
[electronic document], Salzburg, Austria, [22-234¢h 2007 / Ed. A. V. Bridgwater.
[Newbury]: CPLpress, 2007.

Karol Krol, Grzegorz Hrycaj, Piotr Plaza, and Wasl Rybak, Ignition and co-
ignition of coal and solid biofueld3N: Success and visions for bioenergy. Thermal
processing of biomass ftroenergy, biofuels and bioprodudtdectronic document],
Salzburg, Austria, [22-23] March 2007 / Ed. A. fidgywater. [Newbury]: CPLpress,
2007.
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