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ABSTRACT

This dissertation considers the behaviour of paldie fly ash produced during co-
combustion experiments of biomass materials witlhigyized coal in a 1 M\ pilot-
scale combustion test facility (PSCTF). Particidt#ention is generally given to fly
ash particles of diameters less than 10 and 2.Bonsc(namely PNy and PMs).
These small particles have the potential for aiffigcthuman health and forcing
climate change because of their ability to scadted absorb light and also to act as
cloud condensation nuclei. South African coal high lash content that consequently
affects the ash burden and the efficiency of asmoval system. Previous research
work reports increase of the concentration of foaeticles during the co-firing of

biomass with coal, thus limiting the amount of bass co-fired.

Coal and two types of biomass, grass and sawdesg used in this study. The coal
chosen was representative on the basis of the hawesge calorific value of coals
burned at ESKOM'S coal-fired power stations. Fochediomass, the ratios of
biomass to coal used on an energy basis were 10%8:96%:85% and 20%:80%,
resulting in a total of seven different tests inohg coal alone. Seven tests with
similar fuels were also carried out using a drdgetturnace (DTF) to determine their

reaction kinetics for the combustion simulation.

The experimental results revealed that the gradsawdust blends showed decreases
of PMyo, and PM; particles percentages compared to the coal baséline grass
because of its high content of alumina-silicatevadu considerable agglomeration
whereas sawdust blends gave minor increase Qb BMler high pressure condition
inside the combustion chamber. The pulverised-@ioahess, flue gas temperature
and excess air were found to affect the particutaggter behaviour. The fly ash
samples collected were also analysed by scanniegtreh microscope and
spectrometry; alkali metals released were obsetwedact with the alumino-silicate

phase. The fine sulphate enriched particles foonaduring combustion process was



modelled based on the Glarborg-Marshall mechangnmguCFD tool. The simulation
results were validated by the experimental datenftbe pilot-scale combustion test

facility.
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NOMENCLATURE

Biomass: all kinds of materials that are directlyrwlirectly derived not too long ago
from contemporary photosynthesis reactions, sugilaag matter and its derivatives
such as wood fuel, wood derived fuels, fuel cregsicultural and agro-industrial by-

products, and animal by-products.

Bioenergy: energy issued from biomass in the fofen@rgy carriers such as
charcoal, oil, gas, or as heat and electricity t thermochemical and biochemical

conversion technologies.

Coal: solid fossil fuel formed millions of yearsaagharacterized by a mixture of
organic matter and inorganic matter containingds@ked carbon, ash), liquid and

gaseous phases (volatile matter and moisture) dlistimct geological origins.

Char or charcoal: carbonaceous material obtaindtebying coal or other organic

matter in the absence of air or at the first stafggombustion.

Co-firing or co-combustion: refers to the practide simultaneous combustion of a
supplementary fuel, for example petroleum cokehwibase fuel such as coal in a
boiler.

Fouling: deposition on the heat recovery surfaessentially sulphate salts primarily
due to the mineral contents of the fuels and sulE®gmechanisms and reactions

occurring in the flue gas.

Inertinite: Type of maceral considered equivalentharcoal and degraded plant

material.
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Liptinite: Type of maceral, with low reflectancecahigh hydrogen-to-carbon ratios,

are derived from plant spores, cuticles, resind,agal bodies.

Maceral: dehydrogenated plant fragments observddrysetrographic microscopy of

coal.

Particulate matter (PM) is the sum of all solid &gdid particles suspended in air,
many of which are hazardous. This complex mixtoctudes both organic and

inorganic particles, such as dust, pollen, soobk&nand liquid droplets.

Slagging is the formation of hard or molten degosit boiler tubes, usually due to

the presence in the fuel of fluxing elements (siicalkali metals, etc.) and sulphur.

Vitrinite: type of maceral of a shiny appearancgerabling glass, derived from
woody tissue of the plants from which coal was fednand chemically composed of

polymers, cellulose and lignin.

Vitrinite reflectance: method of identification thfe vitrinite measuring its sensitivity
to temperature ranges that largely correspondasetiof hydrocarbon generation and

indicator of maturity in hydrocarbon source.
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CHAPTER 1. GENERAL INTRODUCTION
1.1 INTRODUCTION

The worldwide use of coal as a dominant sourcenefgy since the last century has
led to a serious air pollution problem, which hasdceive serious consideration, in
terms of not only carbon dioxide (GQOnitrogen oxides (NQ, sulphur oxides (S,
but also suspended particulate matter (SPM) irathand heavy metals emission.
Several efforts have been introduced to mitigaéegihouse gases for prevention of
global warming, particularly the Kyoto Protocolif@97 committing developed
countries taeduce greenhouse gas emissions by an average9ofly. 2012. These
pollution issues justify the growing need for negvé’en” energy technologies that
can replace conventional coal combustion in powagrans. Moreover South Africa
is currently a party to more than forty internaibanvironmental treaties, the
country is required to report on national emissiang is encouraged to consider air
pollution and climate change issues in domesti@asaeconomic, and environmental

policymaking (Environment International Agency, 200

Airborne particulate matter (PM) associated withbamt levels of fine particles
affects human health, by causing asthma and casiooNar diseases. The most
important particle sizes related to human heaktlaose less than 2.5 pum (P

and less than 1.0 um (aerosol). Fine particles@pan important role in climate
forcing because of their ability to scatter andoabdight and also because they act as
cloud condensation nuclei (Goodarzi, 2006; Lipsksle 2002; Chengfeng et al.,
2005; and Yoo et al., 2005). The particulate madteissions from the combustion of
coal during power generation mainly depend on #irecantent of the coal, coal type,
type of boilers used and pollution control equipmdineir size distribution,
composition, and morphology vary significantly pase and time (Wang et al., 2007,
Sengupta, 2007; Environment International Agen&@42.
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The diversity of coals present around the worlekiated to its geological origins.
Low grade coals are characterized by very highcasitents compared to other coal
grades. Therefore, low-grade coals are generafigeed to result in large quantities
of fine fly ash downstream of the fly ash removyatem typically installed on

combustion systems.

Within the research framework for environment-fdgnpower generation, co-firing
biomass with coal, directly into existing coal-firboilers, has been regarded as a
form of renewable energy source. Biomass combusbitows the reverse of the
photosynthesis reaction for tree growth, and tlegesin this respect it is a ‘GO
neutral’ fuel in the entire life cycle. Substitugifeed coal with biomass pronouncedly
reduces the net GQ@elease from coal-fired power generation (Ninoneyal., 2003).
Though combustion of fuel blends has recently et considerable attention, the
predicted combustion behaviours are non-lineardiffidult to predict (Backreedy et
al., 2005).

Despite the simplicity of the co-firing conceps #pplication in pulverized fuel
boilers is still associated with many technicaliessincluding flame stability, ash
deposition, gaseous emissions IN&Q,, and CQ), particulate matter, corrosion, and
the mineral transformation. However, emission of iAMo-combustion was reported
to increase considerably in the finer range, tlasaas for which have not been
clarified yet (Wang et al., 2007; Diaz-Somoanolgt2906; Ninomiya et al., 2004).

The effectiveness of fly ash removal systems sgdbag filters and electrostatic
precipitators in collecting particles is size degemt. These devices effectively
remove coarse mode particles, and are less eféeatigontrolling submicron
particles (PMs) (Lipsky et al., 2002).

Hence, an investigation of the fly ash size disititn during co-combustion of coal

and biomass is a necessary part of a preliminadygb evaluate the feasibility of
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biomass co-firing, if such technology is to be ierpkented in future in South African
power stations. This dissertation describes exparial and modelling results of
sequential co-combustion tests of coal/biomassislenth respect to particulate
matter behaviour at pilot-scale. It is a productaifaborative work of the TSI/Eskom
Research and Innovation Department and the Scliddéchanical, Industrial and
Aeronautical Engineering of the University of Witwesrand under the project
PRJ07-00640900-3177. The research problem addrassed this research contract
was to obtain fundamental experimentally-basedrmétion on the principal effects
in the combustion process of co-firing biomass withl. These effects are basically
ignitability, particulate and gaseous emissions {C30», and NQ), and ash
deposition. The influence of fuel proportions, casition and operational conditions

are presented and conclusions are drawn.

1.2 International research on particulate matter behavour

Co-combustion of coal with biomass (sewage slugges) carried out in a laboratory-
scale drop tube furnace in Japan to understanidtir@ction between these different
fuels. Two types of sewage sludge and various catrdnuconditions were selected
to assess the influence of the fuel’s composi@mosphere, and residence time. The
coal/sewage sludge co-firing ratio was kept at 6@u&% to wt %), and four fuel
pairs were selected based on the mineral assatigMioomiya et al., 2004).
Ninomiya and co-workers studied the interactiowaen included and excluded
minerals from coal and biomass materials and inya&d the production of
particulate matter during the co-combustion. Thayotuded that mineral
transformation and PM emission correlate closelywhie fuel characteristics. For
the sludge that contained a high proportion of malseinclusions, the coarse-
excluded mineral grains of coal interacted witHuded minerals because of the
collision between the ash shell of sludge and ¥oduded minerals of coal. The
chemical species formed inside underwent transfboms, and much more alkali,

trace elements and fine droplets escaped fromhtae tts PM emission was
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increased accordingly. A similar phenomenon toakcelfor the coal enriched with
fine excluded particles where the fine mineralsted with the ash shell to form
more large particles in the ash. On the other hined¢oal with high included
minerals content showed little interaction withdga. Strong interaction was also
recorded when both fuels were enriched with exdud@erals; much more
agglomerated ash particles were subsequently forametiless PM was emitted due

to the deposition of vaporized elements on theaserbf melt ash.

Apart from precisely elucidating low-rank coal itability and NQ emission during

its combustion in mixtures with biomass using atelcally heated Drop Tube
Furnace, Gani et al. (2005) also investigatedstsfarmation characteristics. Burning
biomass with coal shifts the particle size disttidnu from fine particles to coarse
particles, with the observations from a ScannirgciEbn Microscope (SEM)
suggesting that ash particles produced from bioroasgbustion seem to be captured
by ash particles from coal. These fly ash partialeseasily captured by dust

collection systems.

The report of the work carried out under contrgcEbture Energy Solutions as part
of the DTI Carbon Abatement Technologies Progral(R005), expresses that in
scarce cases particulate emissions have also bearisincrease slightly during co-
firing trials. This report summarizes full scalgexiences from all ongoing biomass
co-firing activities in the UK up to 2005. In rekevt cases where particulate matter
emission has been monitored, it has remained witt@riolerance band allowed
under the WHO standard (50 mg/Rrfor electrostatic precipitators of high
collection efficiency (> 99.7%). Hence, they comigd that the impact of co-firing

biomass on boiler particulate emission levels wasarserious issue.

The sometimes slight increase was attributed todni@tion in the composition of
the underlying coal, and increased carbon contetiteoincident dust size

distribution. In many cases this was seen withiBggantly increased levels of
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potassium and phosphorus oxides in the co-firedsafir raw fuels enriched in those
elements (DTI, 2005).

Wang et al. (2006) investigated the emission charatics of particulate matter of
aerodynamic diameter less than 10 um {§Muring coal/biomass co-combustion
carried out in a laboratory drop tube furnace. ™ifterent atmospheres,,;ND, = 4:1
and 1:1, were tested. The coal/biomass ratio wpsater5:25 (wt %), and four types
of coal/biomass blends were selected as fuelseisetexperiments. The results show
that the particle-size distribution of Rjpfrom the co-combustion of coal and biomass
is bimodal, with one peak at about 4.3 um and therat about 0.1 pm. They
evaluated the influence of the oxygen ratio onphticle size distribution. With the
increase of the oxygen ratio, the total concertratif PM rose and the percentage
of PM o in PMy diminished greatly, while that of P)M. (particle size between 1.0 —
10 um) increased. The increase of oxygen concesriraithin the system caused a
higher sulfation of alkali metals present in PMThis was measured by the ratio of

S/CI and translated by an enrichment ofBMith alkali, sulphur, and chlorine.
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1.3 Objectives of dissertation

A review of research around the world indicatesnaowins and uncertainties in the
reasons for the increased emissions of partictilatesh during the co-combustion of
biomass with coal. Against this background, theaesh problem addressed in the
overall project, of which this dissertation forma is to obtain fundamental
experimentally-based information on the princigées in the combustion process
of co-firing biomass with coal under Eskom condigoThis information is a
prerequisite for any further feasibility studiesoitthe use of biomass as a

supplementary fuel for power generation in pulvedituel boilers.

The main purpose of the present study is to determi pilot-scale the effects of two
specific types of biomass materials: ligneous (dast’) and herbaceous (‘grass’), on
the production of particulate matter during corftyiwith a typical South African

power station low-grade coal at ratios of 10:908%5and 20:80 biomass/coal on an

energy basis.

The information about to the resulting fly ash mattes sampled from experiments,
includes particle size distribution (RN, PMio and PM ), microstructure,
morphology and chemistry characteristics. Due &oparticularity of the coal, a
distinct particle size distribution could be exmettTherefore, this research work

addresses the following major issues:

- Analyse the physical microstructure of fly ash jées for each co-firing
combination of biomass with coal and under varicarmbustor operating

conditions.

- In order also to understand the mechanism resplerfsibthe formation of
fine particles issued from gas phase-to-solid pha@sesformation in

combustion systems, investigate the possibilitynotielling by computational



27

fluid dynamics (CFD) the complex thermochemical\esion under
experimental conditions and validate with experitabmeasurements from
the 1 MW Eskom combustion test facility (PSCTF).

These issues represent the main objectives that twdye achieved at the end of this

study.

1.4 Methodology

The Eskom Research and Innovation Department (ER#S)a down-fired pilot scale
combustion test facility of 1 MW thermal output dder these experiments,
operating with a single low-Nburner at atmospheric pressure. The combustion
gases (CQ O,, CO, NO, SQ, etc.) and solid particles travel down the furnace
through turbulent flow towards the heat exchangedsinto the fabric filters. The
radiant section bears sampling ports for fly adlecton, ash deposition
measurements, temperature, and flue gas compoattiggsis. The facility was
designed to simulate conditions as close as pestlihose encountered in a
commercial boiler, with respect to flame behavioear the burner and in-situ

temperature and residence time histories (DTI, 2002

The research focused on experimental results frearias of tests with two biomass
materials, herbaceous (“grass”) of medium chlorarel high potassium and silica
contents, and ligneous (“sawdust”) low-chlorinegypomass, blended on an energy
basis at ratios of 10%, 15%, and 20% with a tydwatquality coal. The testing
facility provided a highly controllable combustienvironment that allows safe

sampling of gaseous and particulate emissions.

The particulate matter was sampled isokineticalgugh the ports along the radiant
section during the experiment in accordance wighlts. EPA Method 5 (U.S. EPA
Method, 2000). The maximum collection efficiencyflgfash particulates of all sizes
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was achieved regardless of the velocity and dvaadf the air stream entering the

sampling device by the isokinetic sampling method.

The solid samples were analysed for their chengieaiposition and morphology and
the results were compared to that of 100% coaldBestest). Induced coupled
plasma and absorption emission spectrometry, iooncatography, laser Malvern
sizer, and scanning electron microscopy energyedssge x-ray techniques were

employed to elucidate the phenomenon of particilakematter formation.

In order to obtain more insight into the mechandproduction of aerosol particles,
numerical differential-equation-solving techniquesre used to simulate the
simultaneous chemical processes during combudBiased on the reaction kinetics
parameters obtained from the drop tube furnacererpats performed, and the
existing fine particles models, a simplified mukaction mechanism was modelled
using CFD methods and the results were interpratedcompared to some extent to

experimental data.

15 Outline of the dissertation

In this work, the information on the principal efte of co-firing biomass with coal
from the pilot-scale experiment on the particulasgter is addressed and CFD tools
for the modelling of sources of fine potassium kale particles are used to predict
the risk levels of each test. Variables such aBrowg ratios, biomass types, and
chemical characteristics are considered in thisstigation. A qualitative analysis of
the fly ash samples is also presented, includiegribrphology, chemistry, and size

distribution.

In Chapter 2, a survey of basic concepts in conntrusind a literature review of fly

ash formation mechanisms is carried out, and thieafeliscussions are presented of
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the fate of alkali metals during co-combustion minbass with coal, on which fine

particle modelling is based.
Chapter 3 describes the experimental section: fuelsaration and properties,
operating conditions, sampling method, analysikriggies and results of the test

programme.

Chapter 4 provides details of the models useddorbwistion simulation, together

with fine particulate modelling, using a CFD pac&agnd the results.

Chapter 5 presents the discussion of the experahantd modelling results

In Chapter 6 the final conclusions of the experitabwork and modelling work are

presented. Recommendations for future work aregilsm.

In Appendix A fly ash PSD from port 21are given foe different test series.

In Appendix B the CFD homogeneous turbulent combostub-models used for the

sulphate formation simulation are illustrated.

In appendix C the results of Drop Tube Furnace ex@nts using batch blends of

coal with either sawdust or grass are presented.

In appendix D the PSCTF experimental results fonlmastion efficiencies and

temperature profiles are presented.

In Appendix E calculation of the Potassium, Sulpdwd Chlorine splits through
different species during devolatilisation is presdrfor Potassium Sulphate

formation modelling.
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In Appendix F the radiant section residence time \alocity magnitude of the flue

gas are given for the different test series.

In Appendix G the chloride deposition tendency diy@sh particles is presented.

In Appendix H ICP and IC analysis on fly ash sama@ee given for all the tests

series.

In Appendix | Co-firing coal and biomass — clink@EMSCAN photographs are
displayed.

In Appendix J additional SEM-EDS spectra of fly asimples extracted from port 21

are given for the different test series.

In Appendix K the comparison between experimentrandelling is presented of

carbon dioxide concentrations in the PSCTF foredéht test series.
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CHAPTER 2. LITERATURE REVIEW

2.1 Types Of Biomass Co-Firing Technologies

Co-firing of biomass with coal (subsequently rederto as co-combustion) represents
a partial substitution of fossil fuel to take adizaye of both fuel types in traditional
coal-fired boilers (Van Loo et al., 2003, Foster&§ler, 1999).

There are several ways to engineer the co-firingi@iass, and the best approach is
usually site specific. At present power generatiom biomass has mostly been
successfully practiced, tested, and evaluatediftarent boiler technologies across
Europe, Australia, and the USA. Little or no sigrant loss in total efficiency has
been found, implying that the effective partial stilotion of coal with biomass has

become a substantial opportunity for power genemgTI, 2005).

The qualitative and quantitative analysis of baitmthnologies (stoker fired boilers,
pulverized fired boilers and fluidized bed boilens)ve shown that pulverized fired

boilers offer more advantages compared to othexstyb boilers (Broek et al., 1995).

Existing pulverized coal-fired technologies useddambust biomass are categorized
as follows (Van Loo and Koppejan, 2002; Foster Vimed999):

- Direct co-firing: Blending the biomass with coaldamansporting the mixture
to the boiler through the coal feeding system ¢sitwushers and mill), or
pneumatically separate feeding of the pre-procelsgsdass to the boiler

furnace without impacting coal system;

- Indirect co-firing:Gasifying the biomass and firing directly the gakes in

the boiler furnace or in a combined cycle powenpla
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- Parallel combustion: Combusting the biomass inpaisge boiler and feeding
the generated steam upstream of the coal-fired plabine.

The majority of these methods exist already onramercial scale, and each displays
its own pluses and minuses. Van Loo and Koppej@@3ppoint out that the fuel,
costs, technical issues, and site factors defiad#sic selection criteria of these
schemes.

2.2 Coal, Biomass, And Particulate Matter

2.2.1 Coal

Fundamental chemical classification of coal is Has®the organic matter defined by
standard proximate analysis (fixed carbon, volatilter, moisture and ash
contents), ultimate chemical analysis (carbon, bgdn, oxygen, nitrogen and
sulphur contents), and maceral contents. The almeedat fixed carbon classifies the
rank of the coal whereas the amount of ash in tlaé defines its type (Liu et al.,
2005). Macerals are subdivided into inertinitetinite and liptinite.

Difficulties to ignite and completely burn pulvegiz coal in boilers are essentially
attributed to the maceral constituents (Cloke ¢28l02). Maceral maturity can be
estimated by vitrinite reflectance. The reactiafyvitrinite varies with its reflectance
and the inertinite content is considered a poorlugstor, depending upon the
geological origin of the coal. Southern hemispterals are more likely to contain a
large quantity of inertinite of lower reflectand&h northern hemisphere coals. Cloke
and associates (1999) revealed a correlation battheecoal combustion behaviour
and its total reflectance existed and not withmiteceral composition. Inorganic

matter contains various mineral classes (van AlpBefas):

- Silicates: quartz, kaolinite, illite, chlorite, meevite, montmorillonite,
feldspars, etc;
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- Carbonates: siderite (FeGQcalcite (CaCg), dolomite (CaC@ x MgCQOg),
and ankerite (CaCOx MgCQO;. y FeCQ);

- Pyrite (Fe9);

- Apatite;

- Chamosite;

- Rutile, etc.

These mineral species are organized into assatsatibincluded and excluded
mineral grains. The later are produced during éngstgrinding and milling
processes and dispersed among pulverized coatlpartincluded minerals refer to
the discrete mineral grains organically embeddatieanatrix whereas excluded
grains are out-of-coal particles with more or lesaexistent association with the
matrix (Liu et al., 2007).

In the recently-developed mechanistic models, thm@uter Controlled Scanning
Electron Microscope (CCSEM) has been mainly usaddntify and classify mineral
grains into included and excluded minerals fromdbal and their composition by
image analysis (van Alphen, 2005).

Since many research works have linked mineral grmansformation to the ash
formation mechanisms during coal combustion (vgoh&h, 2005; Raask, 1985;
Unsworth et al., 1987; Canadas et al., 1990; Chdr@@0) as discussed later in this
chapter, the inorganic matter must be regardedsgonsible for slagging, fouling,

and particulate matter emissions.

There are three processes occurring during condsusficoal, namely: drying
(heating), devolatilisation (pyrolysis), and volatmatter and char combustion. They
are characterised by reaction kinetic parametdrs.charcoal yield of initial

pyrolysis softens and forms porous spherical dagi¢Smith, 1980).
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2.2.2 Biomass fuels

Van Loo et al. (2003) defined four thermochemidahiass conversion
technologies for energy purposes: pyrolysis, gasifon, (co) - combustion, and
liquefaction. Co-combustion of biomass with coabwiae focus in the present

research.

a) Utilization status of biomass in South Africa

Honsbein (2006) and Goosen (2008) cited the folgvagectors of utilization of
biomass as sources of energy in South Africa:

- Primary production of charcoal from forest wastderal and briquettes from
the fines debris of charcoal for barbecue purpaséssilicon industry;

- Slow pyrolysis for high quality charcoal productiosed in metallurgical
processes;

- Wood for the pyrolysis to volatilise oils and gag@scombustion;

- Wood-oils and wood-acids (light and heavy pyrolysjgids) for energy or
other relevant purposes;

- Agricultural residues and bagasse in the sugarsingior the gasification or
partial combustion with steam;

- Pulp and paper waste from commercial forestry (Métaper Ltd., Sappi,
etc.) for the traditional direct combustion with & produce steam to drive
turbines;

- Sugarcane (molasses, sugar solids, crop residsi&sdenergy crop for
ethanol, methane and fertilizer production, orwes briquettes for steam and
electricity generation;

- Manure and other wastes.

Often combined heat and power (co-generation)aelinked to existing industrial

operations.
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b) Physical and chemical characteristics of biomasksfu

Due to the biomass diversity and complexity, stadiethe physical and chemical
compositions of biomass fuels are still ongoingugiito some databases are

available on the internet (Van Loo and Koppejar920

The following is an overview of the most importaheracteristics used in

practice as described in the literature.

i) Physical characteristics

Fuel size grading, moisture content, bulk dengjtgss calorific value, are

important physical characteristics for biomassduy®lan Loo et al., 2003):

- Size grading determines the appropriate fuel-fedystem into the boiler
and the combustion technology;

- coal particle diameter distribution was used asitimp a CFD code for
combustion modelling;

- Moisture content influences the adiabatic tempeeadfi combustion thus the
efficiency of the boiler;

- Bulk density defines the fuel-feeding rate as waslthe gross calorific value
(GCV).

i) Chemical characteristicéVan Loo and Koppejan, 2002):

Proximate analysis generally revealed that thetWelaatter content for
biomass materials was higher than that of coaltiagun relatively higher
vaporization before the homogeneous gas-phase &tiobueactions. The

amount of volatiles therefore strongly determinael ¢combustion behaviour
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of biomass particles. As for coal, the remaininkidscarbon (char) also
underwent heterogeneous combustion reactions.

Ultimate analysis usually determined the fuel CCKHIN and S contents. C in
biomass was partly oxidized, which explained thve @&CV of biomass fuels.
Subsequently, the exothermic reactions of formadio80O, and HO from C
and H released less energy. At high temperatwespbund N promoted

NOy formation during combustion processes.

Furthermore, organically bound S transformed irt®segpus compounds $O
and by sulphation reactions, $§@nd alkali sulphates that condensed on the

fly ash particles towards low temperature zonehefoiler.

Biomass fuels had high chlorine contents which viaed almost completely
during combustion, forming HCI, €and alkali chlorides. Part of Cl would be
bound as alkali and earth alkaline chlorides orafiiz particles or on the heat

exchanger surfaces; the rest would be emitted dsrH@e flue gas.

The biomass fuel consisted of lignocelluloses émibn of cellulose,
hemicelluloses and lignin) behaving practically #ae as the maceral did
for coal. The proportion of these molecules diatdtes process taking place
during combustion from both physical and chemieaktions points of view.
Lignin was much less reactive, similarly to ineiteénwhereas cellulose

compares to vitrinite (Backreedy et al., 2005).

The combustion process of biomass materials folibtlie stages of drying,
devolatilisation, homogeneous and heterogeneowati@n reactions, which
are functions of the environmental conditions iedige system. Unlike
bituminous coal, biomass particles retained theiial form that was irregular
in shape during devolatilisation (Backreedy et2005).
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c) Biomass fuel selection criterion

The different chemical structures and organic bafdsomass fuels fixed the
quantity of volatile matter released while heafBus gave a remarkable
devolatilisation signature as a function of tempa& Hence, the choice of
types of biomass materials, like woody and herbasgtmok consideration of
merits and disadvantages that each type could affart from their
availability within the region, such as pre-treatty&omposition, heating
value, density, porosity, size, active surface ,aaed ash sintering

temperatures (van Loo and Koppejan, 2002).

2.2.3 Particulate matter

In electricity generation by pulverized coal conmous, materials that remain
after coal has burnt out are coarse particles¢botsh and boiler slag) settling to
the bottom of the combustion chamber, and thegoréion (fly ash) carried by
the flue gas, which is effectively removed by AP@®nerican Coal Ash
Association, 2007).

Particulate matter varies greatly in size, compasitand origin. It has irregular
shapes and the aerodynamic behaviour is expresserns of the diameter of an
equivalent sphere. The sampling and descriptiqradicles is based on this
aerodynamic diameter, which is usually simply nefdrto as “particle size”
(GreenFacts, 2007). Fly ash size distribution, cositipn, and morphology can
vary significantly in space and time (Lipsky et 2002).
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Particulate matter was reported to be responsiblestiuction in visibility,

mainly caused by fine particles formed from gasseh@actions in the
atmosphere. Coarse particulate matter can setttaioted surfaces, clothing and
possibly cause corrosive damage to metals depengioig the composition of the
adsorbed chemical by inert particles and its pl&ystate. The combination of
emitted fly ash particles and other gaseous paitataffect vegetation growth by
reduction of gas exchange, increased leaf surbanpérature, and reduction in
photosynthesis because of dust deposited direnttyleaf surfaces. Indirectly the
coarse particles falling onto plants are enriclmeldeéavy metals such as mercury,

arsenic, or fluorine and these can also affecbtbdiversity (Miller, 2005).

Based on the aerodynamic diameter, the particuatéer includes both fine and
coarse particles. These particles can be inhatedinaulated within the
respiratory system and cause heart and lung dise@abeas asthma, increased
respiratory symptoms and disease, decreased lmafda, and even premature
death. The elderly, individuals with cardiopulmonédrsease and children
represent the groups at high risk (Miller, 2005e@&r Facts, 2007).

The US EPA regulated the concentration of partteslaip to 10 pm in diameter.
Studies, however, indicated that it was the smalteticles, diameter less than 2.5
um (PMs) that are largely responsible for the health e¢ff@¢ greatest concern
and for visibility impairment. Based on this infaation, the EPA has issued
regulations of the particulate matter standard2#fehour exposure to PMas 35
png/ms. The 24-hour standard for coarser partideging from 2.5 to 10 um
(PMyg) has a recommended maximum of 70 pg/ms? urban exedgs.S.
Environmental Protection Agency, 1996). Hence fiyhash particle size
distribution is an important parameter that affestsssion control strategy and
the toxicity of the resulting PM emissions (Chemgfet al., 2005; Yoo et al.,
2005).



39

2.2.4 Particulate matter formation model during combusté coal

Particulate matter mechanistic models have beeeldjged these past years to
illustrate the ash formation mechanisms. As a tesulinderstanding of the
chemical transformations for the majority of mirleria coals has been
established. Information on mineral-organic assmsiavas also extremely
important since mineral matter might experiencéediint temperature-time
histories resulting in different physical-chemitansformations, thus generating
ash patrticles of different sizes and chemistrygfrantation, coalescence,
evaporation, and subsequent condensation are tise&cphtransformations that

play an important role during ash formation (Livaét 2005; Liu et al., 2007).

The fusion of char during combustion caused theraurface to shrink while the
inner surface remained unchanged. The coalescémuerganic mineral grains
enriched in coal particles forms the coarse modedicles that constituted the
majority of fly ash (Lipsky et al., 2002, Field&t, 1967). Coal combustion could
for instance produce particulates having diametarging from 0.03 to 100 um
(Liu et al., 2007, Ninomiya et al., 2006).

The transformation of ash, constituted of inorggotiases such as refractory
elemental oxides in the boiler, produced coarseqodates of similar
composition to the inherent minerals in the co@le Emaller particles often
tended to have less SICAI,O3; and NaO but more Fg03, CaO, MgO and f©s
(Chengfeng et al., 2005).

The coalescence of two or more of the included raiseelemental oxides and
the presence of large excluded minerals grains majer sources of fly ash
formation during thermochemical conversion (Yoalet2005; Ninomiya et al.,
2006).
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Ultra-fine particulates were the yield of high-tezn@ture vaporization,
nucleation, coagulation, and condensation mechani$he vaporized inorganic
matter (K, Na and refractory elements Ca, Mg, 8l Ah including heavy
metals), elemental carbon, organic carbon and atéghand nitrates, within the
high-temperature combustion region underwent homegeas condensation to
generate particle nuclei. The generated nucleidaggwith each other by
driving forces such as Brownian motion and/or tlebtishear and differential
sedimentation. This vaporized inorganic mattenelriby saturation partial
pressures, had a higher probability of condensimthe surfaces of existing
particles (Baxter, 1992; Yoo et al., 2005).

The Computer-Controlled Scanning Electron Microsc@PCSEM) technique

has been a useful tool to measure the abundamo@efal grain types in
pulverised coal particles. It advanced the charsetion of these mineral
particles as included and excluded minerals argdiths improved the
understanding of ash formation mechanisms duriggpiged-coal combustion.
Consequently, three different fly ash generatiomet®were developed to predict
ash size and chemical composition by many authtas €t al., 2000; Yan et al.,
2002):

- Full coalescence scheme which assumed that alldedl mineral particles
present in a char particle coalesced to produgegiedly ash particle (Field
et al., 1967);

- No-coalescence scheme considered that one mirgtalle evolved into a

single fly ash particle;

- Both of the above schemes were qualified as exttesnause Monroe (1982),
and Yan et al. (2002) advocated the existencepaftial coalescence scheme
that lies in between these two extreme schemesvaiuih gives more reliable

predictions.
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The partial coalescence scheme defined an exteimsiveled minerals
coalescence function of char structure (shell thésls of char cenosphere) (Bailey
et al., 1990) depending itself upon combustion gtk (Canadas et al., 1990)
and nature of the maceral in the coal (Unswortl.et987; Yan et al., 2000).

Bailey et al. (1990) showed that the char structoag be organised in three
groups, characterised by the shell thickness of o&i@osphere; the proportions
are 5, 25, and 45% of char outer diameter respaygtfor groups I, Il and 111
Extensive research investigated successively thesimce on ash formation
mechanisms of the char surface pressure, temperatorphology and coal
properties. Canadas et al. (1990) also studiedffbet on final ash distribution of
the included mineral grains fusion temperatureamgarison to the final particle
combustion temperature. Full coalescence was exgéat a final combustion
temperature greater than the melting point of idetlimatter and rather partial
coalescence of mineral matter in the opposite caséncluded mineral grain
transformed differently from an excluded mineraligrbecause of differences in
particle temperature, local atmosphere, and prdyitoiother included mineral

grains (Benson et al., 1993).

Other researchers identified links between theogesiphic composition and the
ash formation mechanisms. First of all, in the wolrlShibaoka (1969), it was
noted that low reflectance inertinite materialsalatilise and form open char
structures. Unsworth (1987) argued that inertinitb-particles did not change
their size and shapes at lower temperatures arsgqubéntly inhibited
coalescence, whereas vitrinite-rich particles wdlthin shell char resulting in

fragmentation and large-sized char cenosphere.

Van Alphen (2005) argued in his thesis that thé lpigpportion of low melting
point mineral inclusions and absence of char fragat®n favoured the coarse

“full coalescence” scheme. Hence, extensive clagnfientation and/or a high
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proportion of high melting point mineral inclusiotigt did not coalesce would
favour the “no coalescence” approach. The pairioknals residues in contact

coalesces alongside the char outer surface.

With the development in Australia of a powerful tiaal technique
(QEMSCAM) to characterize the mineral matter inlquaticles, mineral
distributions measurements are no longer random Ayahen, 2007). These
results were converted into CCSEM-like format cotifppa with CCSEM-based
ash formation models to predict size and chemstfly ash. Liu et al. (2005)
again used the random mineral distribution modeiridormly distribute all the
mineral grains into randomly selected coal parsiclehe poor fly ash distribution
outputs were attributed to the randomness appne@sthting in less chance given

to all included mineral grains to coalesce.
2.2.5 Particulate matter formation model during co-firiegh biomass

Several studies on co-combustion including thermadyic calculation and
bench-scale experiments have reported consideratskase in particulate
emission. No clarification of this phenomenon hasheen stated (Wayne et al.,
2002; Ninomiya et al., 2004).

The addition of biomass to the coal burning proedss created problems related
to slagging and fouling within the coal-fired bejlattributed to the different ash
properties of biomass compared to coal (Heinzal.1998). The composition
and quantity of combustion residues were the pyrfactors determining the fly

ash formation behaviour and its mineral transforomat

As for pulverized coal particles, biomass partielese also enriched with
included and excluded mineral matter. Ninomiyale29004) combined the
mineral transformation and PM emission result$efdo-combustion of coal

with sewage sludge to implement a physical modstiieing the influence of the
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fuel mineral matter and its common interaction. yreeccessively reported for
each following case:

- For high proportions of excluded minerals in bathl$: the interaction
between the excluded minerals of coal and biomagserl agglomeration.
Consequently the particle size of fly ash shifiethtge aerodynamic
diameter.

- For high proportions of included minerals in batiels: no significant
interaction between the included minerals was edtidherefore, the co-
combustion result was the arithmetic average osihgle fuel combustion
results.

- Coal with high excluded minerals content and sevshggge of high included
minerals content: there was interaction betweeluded minerals of the
biomass and excluded minerals of the coal. Cofisiof excluded minerals of
the coal with agglomerated included minerals oftitoenass produced

particles of comparable size to pure biomass cotidrus

Although biomass ash contents were reported lowpewed to fossil fuels,
research has shown that Si in combination with dl@¢tead to the formation of
low-melting silicate compounds in fly ash partic(€aask, 1985). Alkali metals
in combination with silica and sulphur were prinharesponsible for melting or
sintering at relatively low temperatures. This widible process was facilitated
by the presence of chlorine (Cherney, et al. 2006).

Because fine particles were enriched in K, S, @d, lda, mainly in the form of
sulphates or chlorides, there was an agreementtinaivere formed by
nucleation/condensation of volatilized mineral ragtin a similar path to that
described for coal combustion. Some developed mquehted that KSOx
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nucleates first, KCl formed and condensed lateo timbse nuclei (Jimenez et al.,
2005;Christensen et al., 1998). Coagulation was moatiefit for large numbers
of particles, and condensation was most efficientdrge surface areas.
Therefore the efficiency of both coagulation andaensation decreased as
particle size increases, which effectively produaedipper limit such that
particles did not grow by these processes beyopthamately 1 um (ACAA,
2007).

Ninomiya et al. (2004) showed (Fig. 2.1) a compeaeadiagram of the
transformation of minerals during coal combustisiomass combustion (sewage

sludge) and co-combustion processes.
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Fig. 2. 1 Schematic diagram of the transformatwi®inerals and PM formation

during co-combustion (Ninomiya et al., 2004)
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Wang and co-workers (2007) investigated the proggedf PMo from the co-
combustion of coal with biomass and the effectxgfgen content on the emission
behaviour of PMand PM o.. The majority of alkalis, sulphur, and chlorine
were enriched in PMh. Meanwhile, the alkali content in Ridldecreases, and a
significant increase was found in Pd. These results were very useful to the
understanding of PM formation during co-combustidcoal and biomass. P
was formed by vaporization and subsequent condensaitthese volatile
elements and PM: by included mineral coalescence, char and excludedral
fragmentation. However, the molten large coal astigdes were expected to
capture very fine PM from the combustion of coad &romass at higher oxygen

concentration (high temperature), resulting indeerease of P in PMo.

A number of authors in the last decade have alsdgmed the fact that in
biomass combustion coarse patrticles essentialigviedd the fragmentation ash

formation model and retained the fuel’s originaheral matter characteristics.

The above overview of ash formation models durimmgfune combustion was the
prerequisite to the overall fly ash particle sizgrtbution models that constituted
to some extent the major question of this inveibtga What was the effect of co-

firing coal with biomass on the fly ash particlamieters?

2.2.6 Particle size distribution (PSD)

Any particulate matter size distribution predictiogeds to take into account the
fly ash generation models already discussed irctiggpter. The PSD is one of the
most important physical characteristics of paratellmatter (Chengfeng et al.,
2005) and is used as input for other models touatalash behaviour such as
slagging, fouling, erosion, heat transfer or effestess of the cleaning devices
(Liu et al., 2005).
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Basically, particulate matter emissions from camhbustion typically have a
bimodal distribution (Lipsky et al., 2002). Furthresearch showed a tri-modal
PSD in the coal combustion process with particte sif the finest mode under
0.1 um (Yoo et al., 2005; Linak, 2002). Wang anevmokers (2007) showed a
bimodal size distribution for PMwith two peaks at around 4.3 and 0.1 pm

respectively.

PSD mathematical models have generally been basadroerical methods,
using statistical algorithms to randomly distribtiie measured CCSEM-derived
mineral composition and sizes between different s classes. The number of
offspring mineral grains from the fragmentatioragarent grain was random in
nature (Yan et al., 2002).

Charon et al. (1990) used a random mineral digiohwapproach to simulate
included mineral distribution for a US bituminousat The Monte Carlo method
was used to randomly disperse mineral inclusioasstied from 1 to 60 um
among simulated coal particles of 10 — 170 pumepsbf 10 um (Charon et al.,
1990; Yan et al., 2002).

A probabilistic method (‘urn method’) based on Rois statistics developed by
Barta et al. (1993), cited by van Alphen (2005avimied a random coalescence
model for the fly ash size and the chemical contosof mineral inclusions
measured by CCSEM.

Moderate advances have been achieved to investigaggal transformation,
especially ash formation mechanisms by severabasi{fyYu et al., 1993; Helbe,
1990; Srinivasachar et al., 1989; Baxter et al92)9They aim to predict
realistically fly ash distribution and chemical cposition, compared to the
models described earlier developed by many reseezcich as Loedhen et al.
(1989); Zygarlicke et al. (1991); Wilemski et l9902) and Van Alphen (2005).
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These authors all made an assumption of a padaéscence scheme during
combustion of pulverised coal.

A mechanistic model for ash formation developed/’an et al. (2002) for high-
rank coal, but still requiring CCSEM data, attendpte improve other existing
models. Included and excluded minerals were tres¢pdrately regarding their
transformation behaviour in the course of coal castion and the influence that
the char structure has on the fly ash size and ositipnal distribution. Based on
the coal particle size distribution, mineral inétuss were randomly dispersed
between coal particles. The model reflects the ¢nedbeffect of partial
coalescence for included minerals and fragmentdtipexcluded minerals. The
partial coalescence scheme of included mineralsr@lated to the char structure
of coal and the simulation using the random Poissatistical method of
excluded minerals. Experimental results for an Aglisin bituminous coal were
compared with the particle size distribution andraical composition predicted
by the Yan Model (Yan et al., 2002). Concerns alloe parent coal petrography
and combustion conditions have also been raisetabyand co-workers for

future development of the model.

The Yan model consisted of three sub-models addgetise mineral distribution,
the included minerals transformation and excludatknals transformation

respectively (Yan et al. 2002).

- Mineral distribution sub-model: random distributiohmineral grains into a
coal particle because the CCSEM data could nateethe real mineral-coal
association. The Monte Carlo method for examplpatsed included

minerals one by one among randomly selected higk-caal particles.

- Included mineral transformation sub-model: A shimgkmodel of char

combustion within a diffusion-controlled regime wassumed in this work.
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Consequently, the oxidation of carbon matter wasiagd to occur only on
the external surface of a char cenosphere. SipilarMonroe (1989) this
model computationally summarized the coalescenbaweur of included
minerals as a function of the cenosphere shelkti@iss, percentage of outer

diameter, coal particle size, mineral grain sizeé aneral volume fraction.

Excluded mineral transformation sub-model: Excludederal grains
behaved quite differently compared to the includederals during
combustion. The important mechanism associatedexittuded mineral
transformation was fragmentation, which contributegarticle size variation
towards the fine direction. The probability of thiéginal mineral grain to
fragment into segments was defined by a Poissadnldison. The literature
review indicated fragmentation in high-temperafomacessing of calcite and
pyrite. Under typical pulverised-coal boiler comtiois conditions no major
fragmentations of quartz, illite, other silicateglerite and ankerite were

reported.

The particulate size distribution determines tHeativeness of the cleaning
devices and subsequently the coal-fired power @Hitiency (Lipsky et al.,
2002). Mechanical collectors (electrostatic preeipirs, fabric filters, and
scrubbers) are used to control particle emissim s pulverized coal-fired
boilers since cyclone technology is a less efficraathod according to
emission control standards (Goodarzi, 2006). Tlee#lectors effectively
retain coarse mode particles, but their effectigsra controlling submicron

particles is arguable (Lipsky et al., 2002; Ylatatal., 1998).

The coal quality, combustion technology, boileesiaperating conditions,
electrical generating capacity, and also typesPCR are major parameters
for the release of particulate matter into the ajph@re as a result of coal
combustion (Smoot et al.. 1980; Damle etE82; Del Monte et al., 1983).
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2.3 Fine Particle Formation In Coal And Biomass Combusbn

2.3.1 Alkali metals, chlorine, and sulphur species inl@® biomass

Alkali metals in coal occur chiefly as alumina-cidies expressed as@®&or NgO
associated with minerals of chemical formula suEN®&O.Al;03.6Si0,
K20.2A1,03.6Si0.H,O (muscovite) or KO.AlL,O3.6SIO; (illite) (Raask, 1985).
During thermochemical conversion, the non-volaileate alkalis mainly remain
dissolved in the particle but partly escape inwlapour phase. However, alkalis were
also found to be organically bound as carboxylitocs or as other inorganics like
sodium chloride (NaCl) dissolved in the pores dld&lazer, 2007). Some
discussions assumed that sodium was ionically boatice coal shell independently
of chlorine and released as hydrogen chloride (FCIpwer temperatures during
certain tests. Raask (1985) suggested that theatibe of HCI was due to the
successive reaction of the released NaCl with #oditk present in coal and with

sulphur.

Sulphur exists in coal as organic sulphur, pyntd aulphates. During the combustion
process, coal sulphur is oxidized to Sd SQ, portions of which gases condense
on the particles, with formation of sulphuric acidfurther sulphates. Their
contribution to particulate emissions, acid raimg @orrosion of boiler components
was already mentioned previously. Chlorine is presethe form of sodium chloride
as included or excluded mineral grains or in idoren in the coal structure (Raask,
1985).

The way alkalis, sulphur, and chlorine are bounthenbiofuels appears to differ from
coal. Alkalis occur either as water soluble or wihic exchangeable links and
sometimes bond to oxygen not having functionaliwhin the matrix according to
other authors (Glazer, 2007). The organically boalkelis were believed to be easily
released during combustion. Nevertheless, it iomant to emphasize the higher

proportion of potassium in biomass compared witll,c@hereas sodium often
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accounts for similar values as that found in c@hger, 2007). Potassium chloride
(KCI) was also a reported major mode of occurreéndgofuels. Chlorine and sulphur
species exist generally in biomass in anionic fof@lszer, 2007). Like in sugar
cane, and straw, grass was characterized by higizgtinat helps to strengthen the
plant structure. The typical vaporized inclusipnssent in the biomass and coal

ashes and their transformation are illustratedeesgely in Figures 2.2 and 2.3.
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Fig. 2. 2 Patrticle formation mechanism during bismmyeombustion (adapted from

Van Loo and Koppejan, 2002)
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2.3.2 Release of Alkali metals, Chlorine, and SulphurimyCo-firing of Biomass
with Coal

During coal combustion, a small fraction of alkaltals escape the glassy phase into
the vapour phase. On the other hand, sodium wadymaieased as NaCl or
independently of Cl as Na. The behaviour becanferdifit when biomass was
associated to the combustion system. Recent ladygrists of combustion of pure
straw have shown that the release of alkalis, @, & was related to the chemistry of
the combustion process (Knudsen et al., 2004). iixpats conducted with

circulating fluidized combustors revealed that hpgitassium biofuels lower the $0
release whereas silica decreased the releaseasgnan that was in fact function of
the chlorine content rather than the fuel's potasstontent (Westberg et al., 2003).

Muller et al. (2007) examined the release of K, i \mteractions of straw and coal
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blended at varying ratios under oxidizing condiiarsing High Pressure Mass
Spectrometry for hot gas analysis. Their release strangly dependent upon silicon,
chlorine, and the type of binding. Therefore, thechranism of potassium release
during biomass combustion is still a subject ofatebThe presence of chlorine in the
biofuels plays a role of shuttle for the devolatlion of alkali metals (Baxter et al.,
1998). At the early stage of devolatilisation, ffmdassium escapes as chloride and
hydroxide. Knudsen and co-workers (2004) advocttatihigh chlorine content
biofuels such as straw tended to form chloridedenlbiv chlorine content fuels form
hydroxides. Most of the experiments at that dateevperformed under low heating
rates, raising doubt about the validity of the hssunder pulverized-fired boiler

conditions with higher heating rates (Ma et alQ20

Moreover, Miller (2003) observed at 1100 °C tha #mount of S@ K, and CI
species released during the combustion of purearahktraw did not reflect the
initial values. The release of KCl and HCI| wasueihced more by the fuel's chlorine
content. From the changes of behaviour of the eamsdor the blend cases, a

proposed scenario assumed potassium capture bynateyals of the coal:

2KCI + H,O +xAISiyO, = K-aluminosilicate + 2HCI (2.1)

At a low temperature of 800 °C, the release of 8€xreased and on the other hand
KCI and HCI stayed in the same order of magnituglatdigh temperature. Miller

(2003) concluded that the influence of fuel intéiats was stronger than at 1100 °C.

Hald (1994) found that the amount of alkali metdisrated to the gas phase during
thermochemical conversion was dependent upon:

- Increase of the temperature,

- Increase of the chlorine content in the fuels,

- Decrease of the pressure,

- Increase of the sulphur content if the conditioresaxidizing.
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2.3.3 Formation of Alkali Sulphate Fine Particles in Biass Co-firing with Coal

The alkali metals released as chlorides duringtimebustion of biomass or
biomass/coal blends discussed in the previousoseatere responsible with the §0
originating from the sulphur in both fuels, for tfeemation of alkali sulphates. The
mechanism described by the reaction (2.2) leddaaton of SQ emissions and

increase of fouling deposition together with KGlrsport in the system.

2KCl+ Y2 G + SG + HO = K; SOy + 2HCI (2.2)

Some authors argued that the mechanism was prilyciimanogeneous in the gas
phase yielding firstly gaseous potassium sulphetewould nucleate and condense
onto coarse particles in the low temperature zohlesugh, Glarborg and Marshall
(2004) disagreed that the mechanism was kinetizally demanding and proposed a
detailed homogeneous sulphate formation mechatismvever, Schofield (2003)
contested that the low vapour pressure of potassildphate is insufficient to trigger
the nucleation process but defended more the iflaaiapid heterogeneous formation
of K,SOy at the surface of coarse fly ash particles. Omtghoe scales, the
sulphation of solid and molten ash KCI by Sé&nd Q was estimated too slow
though precursors gave better results. Christeesah (1998) also argued for a gas-
to-particle conversion issuing from homogeneoudeation of KSO, particles. But
the oxidation of S@to SQ was suggested in both cases by Christensen abgetgv
(1996) as the limiting step to the overall reactioechanism kinetic.
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2.3.4 Reactions of Alkalis with Silicate Impurities in @bustion Flames

Due to the scarcity of available data and literatm the fate of alkali metals during
combustion of biomass/coal in pulverized-fired bl the majority of observations
were based on low heating rate systems such akzthgi bed combustors. Pyrolysis
alkalis were in most cases reported to be seqeesbsr aluminium silicates under the
conditions prevailing in fluidized bed reactors €nlg, 2003). The corresponding
reaction (2.1) implied more gaseous HCI while fasthes were enriched in kaolin or
aluminium phases. Nevertheless this corrosion daadge may be compensated for
by less deposition on heat transfer surfaces. R@&86) among other authors
explained that the alkalis transformed into conddrEotassium and sodium silicates
from interaction with SiQ@and ALO; species were stable at the temperature range of
800 °C — 900 °C. These alkali compounds are digteih between the bottom ash, the

fly ash, and the flue gas as illustrated by Figrebelow.
KCLx

Asgrosol formation

K800

K’C.].(s}
EL80.0

Fig. 2. 4 Path of potassium within combustion syst¢adapted from Nielsen, 1998)

Whenever alkali metals are present in the combustystem due to the use of
biofuels, it should be expected that they gengyadéound structural transformation

of the alumina-silicate compound, lowering its nmgtpoint (Miles et al. 1996).
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2.4 Summary

Coal and biomass materials have physical and cla¢feiatures that affect differently
their respective behaviour during combustion. Thotlng conversion processes
remain analogous during combustion, the interaatiomineral grains and the ash
content might influence significantly not only gaas emissions but the fly ash
formation, particle size distribution, compositiand morphology during co-firing.
This raises the issue of the adverse effect ofifinaled particulate matter (Rl on

human health likely to escape from power statiefesining apparatus.

The prediction of fly ash size distribution hasmeehieved by using CCSEM data
and currently-developed ash formation models. Qanations of the combustion
conditions (especially particle temperature) questtiby CFD simulation, should
lead to better results.

The mechanisms of increased emissions of finequaatie matter have been
mentioned within this chapter. The resulting patate fly ash size distribution
during both biomass combustion and co-combustidh eoal were generally
reported bimodal with one peak originating from thechanical process (mineral
inclusions coalescence) and the other peak reguhom the chemical process of
homogeneous nucleation, condensation and coalesoénaporized alkali

compounds.

However, several works revealed different behawairfly ash, results likely
influenced by the combustion technologies and dpgraonditions. This was to
some extent linked to the reduction of the amodifine particles escaping from the
flue gas cleaning devices normally mounted on ¥is¢esn, the efficiency of which
still needed improvement. The focus given by maithers to comprehend and
model the key process responsible for the aerdsoisation was a step forward

towards mitigation of particulate emissions durmgfuels combustion.
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The next chapter presents the experimental resilte set of tests operated on the

pilot-scale combustion facility.
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CHAPTER 3. EXPERIMENTAL INVESTIGATIONS AND RESULTS
3.1 Introduction

This dissertation is based on a pilot-scale expamial programme into the effects of
co-firing biomass (of two types) with typical Soufrican power station coal using a

pulverised-fuel burner.

Tests were carried out using both herbaceous (grasisligneous (sawdust) types of
biomass. For both types tests and simulations eamged out following the
experimental programme shown in Table 3.1 for tlweedéiring ratios, namely with

10%, 15% and 20% of biomass in the fuel blend,roereergy basis.

Table 3. 1 Planned co-firing tests

Biomass to Coal Ratio
(on Energy Basis)

Test Fuel blend
(Eskom No.)

~NoO Ok~ WN -

Tests done with the PSCTF:

Tests done with the DTF:

Coal alone (baseline coal A)
Sawdust and coal A
Sawdust and coal A
Sawdust and coal A

Grass and coal A

Grass and coal A

Grass and coal A

11 Coal alone (baseline coal A) 0%:100%
13 Sawdust and coal A 10%:90%
14 Sawdust and coal A 15%:85%
15 Sawdust and coal A 20%:80%
16 Grass and coal A 10%:90%
17 Grass and coal A 15%:85%
18 Grass and coal A 20%:80%

0%:100%
10%:90%
15%:85%
20%:80%
10%:90%
15%:85%
20%:80%
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A particular objective for this dissertation wadneestigate, using standard sampling
and detailed analysis methods, the effect of bisnoasthe production of fly ash in
the range of less than 10 um and to determine tst favourable type of biomass
based on the percentage of M

3.2 Combustion Test Facility

The Pilot Scale Combustion Test Facility (PSCTR)strated in Fig. 3.1 and 3.2,
located within the Eskom Research and Innovatiopatenent (ERID) is a 1.19 x
1.19 x 6.66 m refractory lined, vertical down-firdow furnace (radiant section). The
thermal output for combustion experiments is 1 M#d operates with a single low-
NOx burner at atmospheric pressure. The facility idekimilling, dosing and
blending devices for different coal types. Theafiation is equipped with a
gravimetric (weight-loss) type of feeder controlfed variable feeding rates capable
of feeding 100-250 kg/h of coal or alternative fudduring normal operation the
feeder continually weighs itself and adjusts thehations per minute of the feed

auger to maintain the desired feed

rate.

Fig. 3. 1 Eskom/ERID combustion test facility, Resthille
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To feed the biomass into the furnace, a dieseklavtuch runs through the centre of
the burner was removed to make room for the biomiasatory feeder (Fig. 3.3).
The furnace pressure had to be subsequently dedréaprevent biomass blow out
through the feeding pipe because of its low den3itye combustion air, split into
primary and secondary air for the furnace (Fig),3vas supplied by an air
compressor. The coal conveying primary air tempeeatvas specified to be heated
up to a peak temperature of 130 °C. The varialders#ary and tertiary airs,
independently injected with swirl, are heated up taaximum temperature of 400
°C. The primary and secondary air temperatureslandrates going to the feeder
and burner were monitored and controlled. The @esfarnace operational
temperatures were between 1400 °C and 1200 °@éaradiant section with a
maximum level of 1200 °C at the convective passtiniThe flue gas was cooled
down to 150 °C through a combination of water-cddieat-exchangers and air-
cooled fouling probes. An induced draft fan accedrfor the necessary draft for the

negative pressure operation.
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This combustor was designed (TSI, 1998) to repredie time/temperature histories
and complex particle interactions of commercialestmilers with residence times of
3 s and 5 s respectively in the radiant and comxesections. The steady-state

combustion conditions are nearly achieved by diegettion into the furnace to heat

it up until the fuel auto-ignition temperature é&ached.

The radiant unit is equipped with multiple optiosampling ports at different heights
for fly ash collection, ash deposition measuremeartd flue gas composition

analysis (Fig. 3.2).

Combustion gases and solid particles travel dowrfumace in turbulent flow
towards the flue gas coolers (heat exchangersjrand bag-house. ODCGO,, CO,
NO, SQ, and NQ gas species may be analysed on-line. Furtheragmsiron the
same row but opposite to the top sampling portsjriktallation is equipped with an

optical view port/sight glass for checking the flastability.

3.3 Sampling And Analysis Techniques

The very low velocity of the flue gas inside thereective pass of the combustor
caused fly ash particles of previous experimentettle inside this section. This
suggested that there would be contamination céisly samples, in the case where
samples were collected at the convective sectitletod herefore, suitable fly ash
sampling could only be achieved upstream from patrtiifferent heights on the
furnace chamber. Recently, Van Alphen (2005) stiithe variation of the major
phases of fly ash with the furnace height, fromkbger wall to the centre. He
recommended the important precautions and methggaloring the sampling
period. The sampling probe shown in Figure 3.5 thasefore kept inserted at three
distinct levels in the radiant section (Fig. 3®ptspecific depth to reduce the error
that might result from segregation of particle agedepth increases. The sample was

sucked by compressed air through the pipe into.a ja
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Depending on the types of blends tested, the sagpbuld start only after

stabilisation had been reached, to negate possiolermalities of the samples.

Fire Hydrant Double-Barrel Water
Cooling Water Cooled Suction %
Inlet
¢
Air ejector
| %
\ g
LT
]
d Stands [
Fire Hydrant .
. Water Outlet ——L— —1 Boiler jwall
Compressor Air To Drain
Line N
Samp|e collector 1500 mm 300 mm

Fig. 3. 5 Suction pyrometer (adapted from van Atp&005)

Fig. 3. 6 Back end of the Suction pyrometer ingkdteport 9 of the PSCTF
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3.4 Experimental investigations

3.4.1 Fuels and Tests Program

Due to the limited number of tests scheduled, only type of coal was used. This
coal was chosen to be as representative as possithile coals burned in Eskom coal-
fired power stations for the year 2006, based emtbnthly average calorific values.
The average value was found to be 19.64 MJ/kgydisated in Table 3.2.

The use of coal for power generation is respongdlearbon dioxide (C¢),

nitrogen oxides (NQ), and sulphur dioxide (Spemissions, and slag deposition.
Carbon dioxide is a greenhouse gas whilg 8@ SQ form acid rain, destroy

ground level ozone and create smog. Hence, apanttfie objective of this present
work, other research aspects were being investigateh as impact of co-combustion
of biomass with coal on the gaseous emissions,dgpgsition and possible
ignitability improvement (Pokothoane, 2009). Fae thtter reason, the coal had to
have poor ignition properties in order to showelffect, if any, that biomass would
have on ignitability. It also needed to be a co@hwow propensity to foul and slag.

A choice was made between five selected possilaks echose properties are

indicated in Table 3.3 and coal A was chosen fertdsts.

Table 3. 2 Calorific values of coals from variousk&m power stations (TSI, 1998)

Power Station | Calorific value (MJ/kg)
Arnot 21.81
Camdem 20.03
Duvha 20.87
Hendrina 20.7¢
Kendal 18.58
Kriel 20.98
Lethabo 14.272
Majuba 20.56
Matimba 18.74
Matla 19.05
Tutuka 20.46
Total/Average 19.64
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Previous work done by the CSIR and Eskom on a Shfriban renewable database
in 1996 (Pokothoane, 2009) needs an update tafgifiss types of biomass as
opposed to the blanket distribution it had adopBad.also based on the physiology
and morphology attributes of plant species, twéedtnt types of biomass materials
were selected: herbaceous (grass) and ligneousl{st)isee Fig. 3.7), characterized
by their very high alkali metal contents. The conmntimatching grass “Hyparrhenia
Hirta” and sawdust (mixture of municipality treebdth originating from South
Africa, were used. The chemical composition offtreds, the ash composition, with
the ratios of certain elements characterizing pmejpg to fouling or slag deposition

during combustion processes, are given in Tabesidd 3.4.

Fig. 3. 7 Raw biomass: a) Grass; b) Sawdust



Table 3. 3 Properties of selected possible coals

67

TESTS COAL A COAL B COALC COAL D COAL E|
Proximate Analysis

Moisture 2.4 6.6 3.4 3.5 3.3
Volatiles 20.2 22.4 22.2 204 21
Ash 28.8 20.8 18.1 32.2 26.3
FC 48.6 50.2 56.3 43.9 49.4
Total 100 100 100 100 100
Ultimates

C 55.28 57.08 64.59 51.77 58.2
H 2.65 2.18 3.04 2.5 3.24
o 4.49 10.56 8.28 6.31 6.29
N 1.32 1.37 1.6 1.18 1.34]
S 1.73 1.22 0.74 0.78 0.92
CcO3 3.33 0.19 0.25 1.76 0.41
Moisture 2.4 6.6 3.4 3.5 3.3
Ash 28.8 20.8 18.1 32.2 26.3
Total 100 100 100 100 100
CV 21.25 21.18 25.34 19.64 22.00
Ash Elementals XRF % Composition

Ti02 1.4 1.7 1.8 1.6 1.6
Al203 24.3 30 40.3 30.5 28.7
Si02 44.8 41.2 46.9 50.1 47.7
Fe203 10.6 11.8 5.5 4 4.3
Ca0 11.8 5.5 0.9 8.1 8.7
MgO 2.4 0.2 0.2 1.4 1.6
Na20 0.01 0.01 0.01 0.01 0.01]
K20 0.3 0.4 0.7 0.6 0.5
SO3 3.5 8.2 0.6 3.3 4.6
MnO 0.06 0.03 0.01 0.07 0.06)
Total 99.17 99.04 96.92 99.68 97.77
Base/Acid Ratio 0.35617 0.24568 0.08213 0.17165 0.19372
Jiron Index 3.77540 2.89901 0.45174 0.68662 0.83299
|Ir0n and Calcium 22.40000 17.30000 6.40000 12.10000 13.00000
|iron/Calcium 0.89831 2.14545 6.11111 0.49383 0.49425
Hydrogen/Carbon ratio 0.04794 0.03819 0.04707 0.04829 0.05567
Slagging Assessment No Slagging No Slagging No Slagging No Slagging No Slagging
Fixed carbon/Volatile ratio 2.40594 2.24107 2.53604 2.15196 2.35238
Ignition Assessment Poor Ign.| Good Ign. No slag Poor Ign.]  Good Ign. No slag Poor Ign.
Slagging Index B/A*% S(dry) 0.631326299 0.320908346 0.062919022 0.138746643 0.184302495
Slagging Assessment Medium Low Low Low Low|
Silica Ratio 64.36782 70.18739 87.66355 78.77358 76.56501
Slagging Assessment High Medium Low Low Low|
Fouling Index 0.110412766 0.100728395 0.05831573 0.104709246 0.098796154
Fouling Assessment No Foul. No Foul. No Foul. No Foul. No Foul.
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Table 3. 4 Chemical and Physical Properties of$-aet Ashes (Air-dried basis)

PROXIMATE ANALYSES
Volatile Matter

Fixed Carbon

Ash

Moisture

ULTIMATE ANALYSES
Carbon

Hydrogen

Oxygen

Nitrogen

Sulphur

Carbonates

GROSS CALORIFIC VALUE
NET CALORIFIC VALUE
BULK DENSITY

ASH ANALYSES

TiO,

Al,O5

SiO,

Fe0;

CaO

MgO

Na,0

K20

SO

MnO

P,0s

Cl

Fuel Ratio (FC/VM)
Molar Ratio H/C

Silica Ratio

Base/Acid Ratio

Iron Index

Iron and Calcium
Iron/Calcium

Slagging Index

Fouling Index

ASH FUSION
Deformation Temperature
Softening Temperature
Hemisphere Temperature
Flow Temperature

%
%

%

%

%

%

%

%

%

%

MJ/kg
MJ/kg
kg/m3

%
%
%
%
%
%
%
%
%
%
%
%

COAL A COAL B SAWDUST GRASS
20.2 19.4 72.8 712
48.4 47.p 1713 14.p5
28.8 30.3 13 6.3pb
2.4 2.9 9.0 7.p
55.28 55.91 46.13 43.f3
2.65 2.7 4.4p 4.47
4.49 5.44 35.6[L 37.07
1.32 1.14 3.0p 0.35
1.73 0.89 0.0¢ 0.9
3.3 0.98 0.24 0.p4
21.24 21y 1717 1.7
20.61 20.6] 16.p 155
1300 1300 40(|) 35D
1.40 1.80) 39.6 0.0p
24.30 26.00 4.4 0.7p
44.80 60.80 15.2 81.710
10.60 3.40 8.2 0.8¢
11.80] 1.4 19.2p 331
2.40 0.70 0.62 2.1p
0.01 0.10 11 0.1p
0.30 0.20) 4.5 6.8f
3.50 1.70, 2.97 121
0.06 0.70 1.27 0.1B
0.83 0.08 1.54 1.19
- - 0.03 <0.01
2.410 2.4% 0.2 0.20
0.580 0.5 1.4B 141
64.00 0.91] 35.00 93.00
0.354 0.06p 0.5¢8 0.163
3.780 0.223 4.66D 0.14
22.4 4.800 27.40 4.B5
0.898 2.42 0.427 0.289
0.631 0.05B 0.025 0.01L6
0.110 0.02 3.1|8 1.135
1310 1550 1450 1880
1340 1550 1480 1890
1380 1550 1800 1410
1349 1550 1380 1430
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The coal to be used was received as crushed aretisimd, from the sampling of
pulverised coal done upstream of the weigh feedeéhe PSCTF, was 212 pum top

size.

The biomass fuels, namely sawdust and grass, wieslmsing a swing mill and
sieved through a 2 mm sieve. This process wasslew due to the low output of the
swing mill. Grass in particular was difficult to it was first hammer-milled to
reduce its particle size to that appropriate fentmilling it with the swing mill.
Eventually four drums of grass and 3% drums of sesivalere prepared. Table 3.5
shows the size grading for each of the two typdsahass. Figure 3.8 illustrates the

sawdust size grading after the milling with the regvmill.

Table 3. 5 Biomass size grading

Mass fraction

Diameter range SAWDUST GRASS

+ 6 mm 0 0
6 —4.75 mm 0 0
4.75 -3 mm 0 0
3-1mm 14.6 14.7
1-0.5mm 25.7 21
500 - 212 um 37.3 39.3
212 - 106 pm 14.5 8.8
106 - 75 pm 3.1 5.9
-75 um 4.5 9.3
Total 99.6 99.5
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Fig. 3. 8 Sawdust fractionated into size gradeseesvely 3 — 1 mm, 1 — 0.5 mm,
500 — 212 pm, 212 — 106 pm, 106 — 75 um, and -n7&@m top to right.

The contents of each drum of biomass were mixetgusie splitter shown in Figure
3.9 in order to ensure uniform test samples. Siadigg was then carried out on a
representative sample of each biomass type anasittiien milled to -212 pm and
split into two portions, one of which was used dbemical analyses and the other for
Drop Tube Furnace (DTF) tests. The DTF portion fuather milled to -150 pum and
dried at 60°C in a vacuum oven. The coal was siraplghed, milled, sieved to -150

um and dried in the sucking oven at 105 °C. Eadh@biomass types was then
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mixed with coal in a batch process in order to prefplended samples (about 5009)

for the DTF according to the co-firing ratios.

Fig. 3. 9 The splitter used to mix or subdivide ptsa

The chemical and physical analyses such as progjmtimate and calorific values
in Tables 3.3 and 3.4 were used to calculate @rfael flow requirements for the
tests on the Pilot Scale Combustion Test Facilibhe data were also used in the

simulation of the combustion process presentechapter 4.

3.4.2 Fuel kinetics characterization with the DTF

The DTF used was a down-fired furnace as showngn3-10. It has a height of

2,032 mm and an inner diameter of 50 mm. The figsanulates the conditions of
temperature, residence time and oxidizing envirartrdaring pulverized fuel firing.

It consists mainly of a variable feeder syringe pumceramic reaction tube, electric
resistance heaters, and a water-cooled samplifggpiide temperature is distributed
uniformly along the reaction domain and can be stdplt The fuel particles are
pneumatically transported at low feed rate throaglnsulated and water-cooled
injector into the tube. The residence time wasrestd to be about 1.8 s under
nitrogen atmosphere. Gas species concentratioN®gfO,, CO,, CO, etc. were
simultaneously monitored, using a continuous aralyBemperature data were traced

along the furnace axis during combustion, usingoaahle thermocouple.
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Fig. 3. 10 Eskom/ERID Drop Tube Furnace Systemgetbfrom TSI, Power
Systems, 1985)

The chars derived from the coal and its respettiomass blends (Table 3.6) were
combusted in a 3% oxygen environment at 1000 °GQ £Z and 1400 °C. For 1000
°C partially reacted char was collected at pos&iB8 and P1, while for the other two
temperatures partially reacted char was colledt@asitions P5, P3 and P1 (Fig.
3.10). Distances of each position from the injetpoobe were P5 =52 cm, P3 = 92
cm and P1 = 132 cm. Carbon burnout was expectbd teast at P5 and maximum at
P1.



Table 3. 6 Chemical properties of the mixture fuald ashes used on the DTF

PROXIMATE ANALYSES
Inherent Moisture

Ash

Volatile Matter

Fixed Carbon

Fuel Ratio (FC/VM)
ULTIMATE ANALYSES
Carbon

Hydrogen

Nitrogen

Sulphur

Carbonate

Oxygen

GROSS CALORIFIC VALUE
ASH FUSION
TEMPERATURES

Deformation Temperature
Softening Temperature
Hemisphere Temperatt
Flow Temperature

%
%
%
%

%
%
%
%
%

MJ/kg

0000
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10% 15% 20% 10% 15% 20%
COALA | SAWDUST | SAWDUST | SAWDUST | GRASS | GRASS | GRASS
2.8 33 35 3.6 3.2 3.4 35
28.9 25.4 24.9 22.3 26.0 24/3 23.1
20.4 26.4 30.2 33. 30.9 26|6 33.8
47.9 44.9 42.3 411 39.9 45|7 39.6
2.3 17 1.4 1.2 1.3 1y 1p
54.75 53.81 53.44 53.26 53.53 52,69 5641
2.41 2.72 2.93 2.89 2.98 2.87 2.9
1.30 1.42 1.48 1.4% 1.36 1.08 1.48
1.47 1.28 1.24 112 1.27 1.22 117
3.9€ 2.7 2.4 2.5 2.6( 2.61 2.31
4.41 9.30 10.98 12.85 9.07 11.83 9[74
21.00 20.46 20.41 20.32 20.46 20441 20.17
1340 1350 1350 1320 1340 13p0 1330
1360 1360 1364 1330 1360 1340 1350
138( 138( 138( 135( 137¢ 136( 136(
1400 1390 1394 1360 1390 1380 1380

3.4.3 Fuels Mineral Matter Characterization

The characterization of mineral matter in coal ipka$ has been a recent application

of a powerful mineralogical methodology tool prawsty designed by CSIRO,

Australia for precious, base metals and industriaiserals called QEMSCAN.
QEMSCAN operated like a SEM-EDS with an automatedge analysis system that

uses backscattered electron (BSE) and energy dispet-ray signals from the SEM

to create digital images in which each pixel cqoegls to mineral species in a small

region under the electron beam (Van Alphen, C.,7200

The prepared mixtures of pulverized fuel samplak wiolten carnauba wax, and fly

ash with epoxy resin, in 30 mm moulds were respelstiallowed to set and cure.

Once an individual exposed particle on the poliskextions has been located from

the BSE image, the SEM beam was positioned at finediepoints across a particle.

At each point a 1-20 millisecond X-ray spectrum &eguired. The elemental

proportions were used to identify the mineral atheoint (Liu, Y. et al., 2004; Van

Alphen, C., 2007).
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Table 3.7, given by van Alphen (2008) shows thatsawdust was characterized by a
high proportion of calcite, rutile and muscoviteilbte. K was a common organically
bound element in biomass, and it was unlikely thate were any K-bearing minerals
(muscovite/illite and microcline) in the sawdu&irass was characterized by a high
qguartz and corresponding high proportion of K-begminerals (Table 3.7). Quartz
and kaolinite are common constituents of soil aodld account for the
comparatively high ash content of the grass. Poties®as probably organically

bound and was unlikely to be in the form of K-bagrminerals.

Table 3. 7 Calculated normative mineral percentdgsed on chemical analysis

Estimated Mineral proportion Formula Coal A | Sawdust | Grass
Pyrite FeS 2.9 0.08 0.09
Calcite CaCQ 1.7 0.5 0.00
Dolomite CaMg(CQ). 3.4 0.00 0.7
Apatite 0.4 0.06 0.2
Microcline 0.2 0.1 0.7
Muscovite/illite 1.1 0.6 4.4
Kaolinite Al ;Si>(OH)s 17.4 0.00 0.00
Quartz SiO; 2.3 0.00 4.3
Siderite/Fe-oxide FeCQ 0.00 0.1 0.00
Rutile TiO, 0.4 0.6 0.00
Coal matrix C,OandH 70.2 98.15 92.28
Total mineral matter - 29.8 1.85 7.72
Mineral volatiles - 6.46 0.33 0.46
Ash% (DB) - calculated - 23.34 1.53 7.26
Ash% (DB) - measured - 23.85 1.38 6.50
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3.4.4 Fly ash Analytical Chemistry Investigation

In order to better characterize the bio-fuels cotstef reactive alkali metals, and
organo-metal salts (chlorides, sulphates, and catles) soluble in water, and get
more information about their fate on the fly asmposition, the raw fuels and
collected samples were investigated with ion-exgeachromatography (IC),
inductively coupled plasma mass spectrometry (ICH-&hd a CHNS analyser.

The IC is a process used for almost any kind ofgddimolecule as it works by the
principle of separation of ions and polar molecidased on the charge properties of

the molecules. It can be used for chloride andhatfpcontents analysis.

A wide range of metals and several non-metals @teatrations below one part in
10" are determined by highly sensitive ICP-MS. It iséon coupling together
inductively coupled plasma as a method of produmngation with a mass
spectrometer as a method of separating and degebnons.

The Leco CHNS analyzer finds utility in determinitiig percentages of unburnt
carbon in the fly ash collected based on the goleaf "Dumas method" which
involves the complete and instantaneous oxidatictheosample by "flash
combustion”. The formed GQs separated from the other combustion products by
chromatographic column and detected by the thecoradluctivity detector, which
gives an output signal proportional to the conedidn of this component of the

mixture.
3.4.5 Fly ash XRD Mineralogical Investigation

Since very many materials present in the raw foelashes form crystals such as
minerals, metals, and salts as well as variougyardic and organic molecules, X-ray
diffraction crystallography is a powerful non-destive technique of revealing
detailed information about their chemical compeositand crystallographic structure.
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Samples were in fact analyzed as powders with randistribution of the grains to
ensure that the beam of X-rays that strikes aakgshtters in all directions. The
density of electrons within the crystal helps tbreate the mean positions of the
atoms in the crystal, as well as their structuagesproportional to peak position
heights and relative intensities. The X-ray spegtaerated by this technique thus
provides a structural fingerprint of the unknowensformations occurring during the
combustion process and may be used to obtain seamtitative estimates of

abundances and identification of main crystallihages.
3.4.6 Fly ash SEM-EDS Investigation

To get more information about the minor or sundngetected phases from the x-ray
diffraction such as sulphate, phosphate, etc.yim$h, which are often reported to be
abundant during biomass combustion and co-combustibh coal, the samples

collected near the convective section had to béyse@ using the scanning electron

microscope and the energy dispersive spectroscope.

The SEM system combined with various detectors igeml/ a high resolution

imaging, quantitative elemental analysis of theestigated sample and a fast
elemental mapping of the area of interest withtdigbutput. The SEM provides a

high energy focused beam of electrons scannedsatitesurface of a sample. A high
vacuum was maintained inside the microscope usirigptand ion pumps. Emissions
of electrons were generated from the beam intenaatith the sample; using special
detectors and electronic data acquisition systemimage of the surface was created

as a result.

The Energy-Dispersive Spectrometer (EDS) is a ttesf x-rays from the sample
excited by the high-energy electron beam intergctiith the atoms of the material.
Quantitative elemental analysis of the sample canobtained with the aid of

computer software by spectral comparison to knotendards, because the intensity
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of the individual x-ray is related to the quantitf/the parent atom in the interaction

volume.

The experimental data for combustion and co-conmrusixperiments applying the
pilot scale test facility (PSCTF) are discusseQlvapter 5.

3.4.7 Fly Ash Size Distribution Investigation

The fly ash investigation techniques mentionedauthis point have been qualitative,
enabling the impact of higher temperatures, redyconditions and bio-fuels alkali
metals composition to be assessed on the ovetalinaseral structure. Quantitative
analysis of the same samples was carried out bgune@ent of the particle size with

Master sizer systems.

The Malvern Laser Diffraction Sizer uses the ppheiof light diffraction from
particles in a liquid medium as the measurementnseéparticle diameters ranging
from 1 to 1800 microns. It considers a parallelrheproduced by a low power
helium-neon laser, which illuminates the samplgite a stationary diffraction

pattern regardless of particle movement. A lensttiet has Fourier transform
property focuses this pattern onto a multi-elenmrato-electric detector. An
analogue signal proportional to the diffracted tigitensity is subsequently produced.
Based on the least squares analysis method of-Gnear signal, the size distribution
is curve-fitted close to the diffraction pattermeTresult of the analysis is a lognormal
cumulative size distribution and frequency, eithgrvolume or weight (Malvern
Instruments, 2008).

3.5 Results

The tests indicated in Table 3.1 were all carrietdas planned, but the results
obtained from the PSCTF tests using mixtures ofdsatwith coal (nos. 13 - 15

above) appeared to be questionable. It was aghetthiese three sawdust tests
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should be repeated using the PSCTF only. A difficud doing so was that the
original coal had been used up and so a new bétbabhad to be used. This
necessitated a new coal-alone (baseline) testebissvthe necessary coal B analysis
and preparation, and so four new tests were caoue(Table 3.8). These additional
tests were finally carried out on 8 August 2008gghe coal B chemical properties

shown on Table 3.4.

Table 3. 8 Repeated co-firing tests with the PSCTF

Test Fuel blend Biomass to Coal Ratio
(Eskom No.) (on Energy Basis)

1 Coal alone (baseline coal B) 0%:100%

2 Sawdust and coal B 10%:90%

3 Sawdust and coal B 15%:85%

4 Sawdust and coal B 20%:80%

Table 3.9 below gives the summary of the fly agnas collected from the overall
set of tests. The blank cells mean that becausenekpected problems with the

sampling probe fly ash could not be collected.



Table 3. 9 Overview of the collected fly ash samaiem the test series
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Date Fuel Test number | Port number | Sample I.D.
Port 9 CAPO9
27/09/07 | Coal A 11 Port 15 CAP15
Port 21 CAP21
Port 9 SD10P09
27/09/07 | Sawdust 1099 13 Port 15 SD10P15
Port 21 SD10P21
Port 9 SD15P09
27/09/07 | Sawdust 15% 14 Port 15 SD15P15
Port 21 SD15P21
Port 9 SD20P09
27/09/07 | Sawdust 20%q 15 Port 15 SD20P15
Port 21 SD20P21
Port 9 GS10P09
27/09/07| Grass 10% 16 Port 15 GS10P15
Port 21 GS10P21
Port 9 GS15P09
27/09/07| Grass 15% 17 Port 15 GS15P15
Port 21 GS15P21
Port 9 GS20P09
27/09/07| Grass 20% 18 Port 15 GS20P15
Port 21 GS20P21
Port 9 CBP09
08/08/08| Coal B 1 Port 15 CBP15
Port 21 CBP21
Port 9 SD10P09B
08/08/08| Sawdust 1094 2 Port 15 SD10P15B
Port 21 SD10P21B
Port 9 SD15P09B
08/08/08| Sawdust 1594 3 Port 15 SD15P15B
Port 21 SD15P21B
Port 9 -
08/08/08| Sawdust 20% 4 Port 15 SD20P15B
Port 21 SD20P21B
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The gaseous emission values in ppm (Table 3.1 bagn corrected to the standard
of 6% excess oxygen for better comparison fromedffit test results and taking into
account the gaseous dilution effect. The data fitoarig were usually logged in a file
every minute and an average value of the measwaatity was then taken for each
test. Each test took about 30 minutes. The valivengn the table below are such

averaged values.

The Table 3.11 below gives the char analysis resultd combustion kinetics for the
DTF tests that were used to set up computationa ynamics models for
simulation, described in Chapter 4.



Table 3. 10 Summary of the data obtained from B€H-
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Measured Quantities Units | Coal A Sawdust 10% | Sawdust 15% | Sawdust 20% | Grass 10% Grass 15% Grass 20% Coal B Sawdust 10% | Sawdust 15% | Sawdust 20%

Test Nos 11 13 14 1% 16 17 18 1 2 3 4
Furnace Pressure Pa -17 -94 -1B0 -307 -349 -B81 9 128-208.15 -184.24 -168.3 -183.76
Gas Temp Port 4 K 1604 1568 1585 12f79 1429 1897 31381237.97 1254.19 1268.0p 1283.05
Gas Temp Port 10 K 164 1608 1646 1345 1592 1p85 70 15 1346.36 1367.71] 1381.14 1400.29
Gas Temp Port D K 154§ 1504 1524 12p6 1444 1440 8 11431216.79 1241.67 1252.76 1269.00
Gas Temp Port 28 K 1387 1349 1382 10p4 1345 1849 3913 932.39 961.29 974.33 995.29
Average gas Temperature K 1547 15p6 1534 1236 1453 1443 1433 1183.39 1206.2]L 1219.07 1236|90
Average Wall Temperature K 132p 1330 13p8 1G49 1810 1301 1298 980.88 981.39 982.49 984.87
Convective exit Temperature K 476 484 496 240 916 22 % 518 170.48 177.81 180.86 187.86
Oxygen (Zirconia) wet basis % 5.2 7.06 §.1 7144 068| 8.71 9.18 NM NM NM NM
Oxygen (dry basis) % 4.9 6.6 5.06 7.27 749 813 .35§ 6.12 5.52 4.76 4.38
Carbon Monoxide ppm 82 3 a4 4 41 2 R5 23|69 81.3 29.94 30.78
Co, % 14.23 12.48 14.01 11.8p 11.47 11.p4 10{91 13.84 13.43 14.08 14.50
SO ppm 628 729 721 581 49y 445 453 47709 441.52 5231 405.25

NO ppm 1210 1059 1063 929 734 682 6[L6 130245 1346. 1527.38 1526.97
NOx ppm 1470 1286 1283 113 901 823 744 148689 1642.5 1729.64 1732.59
NO, ppm 260 227 220 206 16y 141 128 18444 194.38 2802. 205.68
NoO ppm 0 0 0 0 0 0] g 0.04 0.0B 0.11 0.p7
Combustion Efficiency RTD Port 9 % 95.96 97.82 96.4 97.2 97.24 97.76 97.1 90.8D 90.29 90.31 9363
Combustion Efficiency RTD Port 15 % 98.72 99.52 6398 99.22 97.46] 99.2 99.09 98.43 98.40 98|27 97.82
Combustion Efficiency RTD Port 21 % 98.94 99.71 089 99.31 98.3 99.48 99.55 98.76 98.96 98|67 94.49
Rate of Slag Formation g/hr N NM 176 13 31.3 43 19.2 74.82] NM NM NM

NM: Not measured



Table 3. 11 Char analysis results

PROXIMATE ANALYSES

IGNITION PARAMETERS

ASH ANALYSES

Inherent Moisture
Ash

Volatile Matter
Fixed Carbon

GROSS CALORIFIC VALUE
Volatiles by DTF, VMdtf

CV of volatiles

Heat in volatiles
Activation EnergyEa
Energy ratio, E

%
%
%
%
MJ/kg
%
MJ/kg
%
kJ/mol

Pre-exponential factdk (kg/n/s/atm)

Burnout Time
Silicon (as Sig)
Aluminium (as A}Os)
Iron (as FeOs)
Titanium (as TiQ)
Phosphorus (as,8s)
Calcium (as CaO)
Magnesium (as MgO)
Sodium (as N#)
Potassium (as 10)
Sulphur (as S§

Manganese (as MnO)

sec
%
%
%
%
%
%
%
%
%
%
%
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COAL A 10% SAWDUST 15% SAWDUST 20% SAWDUST| 10% GRAS| 15% GRASS 20% GRASS
0.2 0.4 0.2 0.4 0.2 0.4 0.2
44.2 43.0 42.4 40.8 42.8 41.9 425
0.2 0.01 0.01 0.01 0.01 0.1 0.01
55.4 56.6 57.4 58.8 57.0 57.6 57.3
20.5 19.36 19.66 20.22 19.13 20.01 20.04
30.1 39.2 41.5 43.5 37.4 40.2 43.8
26.1 23.8 23.2 221 24.4 2. 22
36.3 44.1 455 45.6 43.2 43.1 6 4
46.6 25.1 32.3 33.5 40.2 30.9 33.7
2.9 7.3 5.9 6.1 4.4 5.9 34
15.9 2.3 4.4 3.21 8.6 3.3 53
11 2.6 25 15 25 24 1.7
44.1 441 445 435 45.1 45 45.9
25.4 26 26.2 25.7 25.5 24.7 24.5
8.4 8.3 8.5 8.3 8.1 7.8 7.8
14 1.6 17 17 1.4 14 13
0.83 0.84 0.82 0.8 0.87 0.82 0.83
11.5 115 11.8 115 11.2 10.9 910
2.3 2.3 2.4 2.2 2.3 2.3 23
0 0 0 0 0 0 0
0.3 0.3 0.3 0.4 0.5 0.6 0.7
53 55 4.4 4.4 5.6 4.6 4.7
0.07 0.04 0.04 0.04 0.05 0.04 0.04
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As a general trend, at 1000 °C all grass and savindiersds showed better carbon
burnout than coal alone on the DTF. The sawdudti@sat 1200 °C also revealed
better carbon burnout for all its blends and somesi identical combustion efficiency
with coal. The profiles indicated delayed combustibhe situation for grass,
however, was different in that it has better carbomout than baseline coal at two
positions and nearly the same as that of basetiakat the farthest position for all
co-firing ratios. At 1400 °C sawdust profiles shawseworse carbon burnout than at
the other two temperatures, with more pronouncéalydd combustion behaviour.
Grass burnout profiles at 1400 °C, like those @fdizst, were mainly lower than the

baseline coal burnout curve, but not as far awahese of sawdust were.

The investigation of the fate of alkali on the parate matter formation through the
very low occurrence of sodium in the ash of thdSueas enabled by the potassium
measurements. Since the original potassium coniethe raw fuels were known,
co-firing of coal with successively 10%, 15% and®6f high potassium biomass on
an energy basis increased by replacement theaasatincentrations. Biomass
materials were generally enriched in reactive mitas that would generate large
numbers of fume particles within pulverized-fuelrface.

The results of the XRD and SEM investigations &f fily ash samples, from the
different tests, are shown in Figure 3.11 to Figdi25. As mentioned previously
EDS was also performed on the samples and theisesel presented in the
Discussion chapter. Figure 3.11 and Figure 3.13laysrespectively the scanning
electron photograph and the mineral spectrum cooreting to the fly ash originated
from the 100% coal combustion experiment 11. Letgn of coalescence appears
from the picture of Fig.3.11 illustrating the fragmation of large particles into finer

ones.
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Fig. 3. 12 Flyash from port 21 mineral spectrunpgriment 11, baseline coal A

reference Table 3.8)
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The mineral spectrum above shows a morphology antposition of the fly ash
dominant in alumina-silicate (kaolin, quartz) wéminor phase of @,. Co-
combustion of coal with 10% (Fig.3.13), 15% (Fi@3, and 20% (Fig.3.17) of grass
on an energy basis brought transformation of thgs8l 0¢04.85 compound to

Al 498451101609 508 fOr the first two ratios (Fig. 3.14 and 3.16) ald 5Si; 0409 5 for

the later (Fig. 3.18). This suggests that the catibn domain was under changing
oxidising conditions for the net increase of oxygencentrations in these phases
with the co-firing ratios. Another important obsation was the reduction of the

volatilisation of Al-Si-phase (kaolinite) with trgrowing ratios and environment

conditions.

Fig. 3. 13 Fly ash collected from port 21 (expemin&s, 10% grass, reference Table
3.8)
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Fig. 3. 14 Flyash from port 21 mineral spectrunp@iment 16, 10% grass, reference
Table 3.8)

For the 10% grass fly ash from the port 21 (Fig33.some trace of KFeQvas

found (see Fig. 3.14), which spectrum was easihfused with the CaO spectrum as
no logical explanations could be advanced forlitseace in the remaining grass-
based tests. At a magnification factor of 20 tinesfused particles coalesced
together and formed medium sized spherical or eoansn-spherical fly ash particles
in major percentage. Similar conclusion is dravamfrFigures 3.15 and 3.17 both at
the scale of 1 um emphasized the escalating cesleseffect of fused fly ash

particles towards coarser mode with the augmemtaticdhe co-firing ratio.
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Fig. 3. 15 Fly ash collected from port 21 (expemtnE7, 15% grass, reference Table

3.8)

7|
805°60 9T0'T!IS ¥86'+IV ‘0 & L‘ L
$0 €24 IL [

80S5°60 9T0°TIS ¥86°IV

=

wis—= [

805°60 9T0°T!S ¥86'vIV ‘O ED !lm B

=

Qs —

= L

$0 €4 805°60 9T0°TIS +86'VIV HN. o

POgR68%16Y RS P ﬂl i
IIJ B

805°60 9TO'TIS b86'IY 120 15—t |-

80S5°60 9T0'TIS ¥86'vIV

80560 9TO'T!S ¥86'HIV ‘O €D

Q! —f
PO OGO STy |
805°60 9T0°T!S +86't+IV Om'UIM

80S°60 9TO'T!S ¥86 vIV Ilm
Y0 € —rnr]

2015 —=|

ot
— N 805760 9T0 T1S ¥86° VIV — —
_— oY —
LL =~
—< 80560 9T0'TIS b86 bV |
) *
© =
2 5
< 3
O
LD
i
T T T
o o o
o o o
o < ~N
j2]
£
=]
o
(6]

60

50

40

30

20

Position[2Theta]
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The 20% grass (Fig. 3.17) fly ash spectrum (3.h8&d qualitatively some
similarities with the first grass blend and thiseas further investigated in the

Discussion Chapter.

Fig. 3. 17 Fly ash collected from port 21 (expemin®8, 20% grass, reference Table
3.8)
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Fig. 3. 18 Flyash from port 21 mineral spectrunp@iment 18, 20% grass, reference
Table 3.8)
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For the sawdust/coal co-combustion tests, a rerhbrl@hase of alkali alumina was
reported in the 10% biomass blend (Fig. 3.19) §ly spectrum (Fig. 3.20) while the
remaining tests samples (Fig. 3.21 until 3.24) wWermed of similar molecules like
the 20% grass/coal case. As per comparison tortss ¢plends experiment, the fly
ash particles of sawdust (Fig. 3.19 and 3.21) viiee still, spherical and abundant.
This suggests the argument that the high contergaattive alkalis plays an important
role on the coal major phase transformation or @ngfiy of fly ash to coalesce and
agglomerate. Test 13 (10% sawdust) fly ash spestsiraws trace of alkali-alumino-
silicate phases NAl»Osy+1 (Fig. 3.20) which is more likely to fuse and caale.

This particular phase was nowhere to be found whematio was increased for the
tests 14 and 15 (Fig. 3.22 and 3.24) with diffeesrdess oxygen levels.

Fig. 3. 19 Fly ash collected from port 21 (expemtnE3, 10% sawdust, reference
Table 3.8)
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Fig. 3. 20 Flyash from port 21 mineral spectrunp@ment 13, 10% sawdust,

reference Table 3.8)

Fig. 3. 21 Fly ash collected from port 21 (expemin®4, 15% sawdust, reference
Table 3.8)
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Fig. 3. 22 Flyash from port 21 mineral spectrunp@ment 14, 15% sawdust,

reference Table 3.8)

There was a remarkable reduction of the finer raargkeconcentration of fly ash
particles for the Test 15, 20% sawdust (Fig. 3t#8)the spectra (Fig. 3.20 and 3.22)

have remained the same.

SN . . e - s . > el ’:: .J\
; - P A
WU B R
YT ) R ST
Fig. 3. 23 Fly ash collected from port 21 (expemtnts, 20% sawdust, reference
Table 3.8)
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Fig. 3. 24 Flyash from port 21 mineral spectrunp@ment 15, 20% sawdust,

reference Table 3.8)

The likely alkali reaction with the main aluminagsie observed during 13 had to be
investigated by running a new series of sawdustemtion tests (1 — 4) with a nearly
similar coal B. Though there was a relatively hagimcentration of Na and K in the
flue gas compared to the baseline, no dramatisfoamations occurred to the
microstructure and composition of the fly ash asnshby spectra of Figures 3.25 till
3.27. Once again the dominant aluminosilicate pkaseobserved without
significant molecule structural changes under redyconditions as compared to the

coal B baseline test.
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Fig. 3. 25 Flyash from port 21 mineral spectrunp@rment 2, 10% sawdust,

reference Table 3.8)

It was however worthy to indicate the formatiorFe$O, (Fig. 3.26 — 3.27) with the
decrease of oxygen concentration inside the flge(gge Chapter 5) while the

coal/sawdust ratio increased.
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Fig. 3. 26 Flyash from port 21 mineral spectrunp@ment 3, 15% sawdust,

reference Table 3.8)
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Fig. 3. 27 Fly ash from port 21 mineral spectruxpgriment 4, 20% sawdust,
reference Table 3.8)

Visible variability in composition and morphologgrcesponding to port 21 samples
characterized the set of SEM images. The chensstfiehe ashes were different, as
were the physical characteristics. The physicat@ggh was probed by

measurements with the Malvern sizer instrumenhefdarticle size distribution.

Co-firing of sawdust and coal A (Tests 13 — 15) hegdrong influence on PM
concentration, as suggested by Fig. 3.28 by inorgdke percentage of RM at the
expense of PM, and PMy to the benefit of finer ones (P as the co-firing ratio

increases.
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Fig. 3. 28 Lognormal PSD of fly ash for tests 13,115 from Port 21

From the baseline coal the mean aerodynamic diarg@ppendix A) changed from
6.09 umto 14.37 um, 13.69 pum, and 13 um respégtice 10% grass, 15% grass
and 20% grass (Fig. 3.29). The areas underneatiuties corresponding to the
blends cases were all inferior to that of the basedt 10 um particle size meaning of

a diminution in PMg concentration.
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Fig. 3. 29 Lognormal PSD of fly ash for tests 16,118 from Port 21
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The particle size distribution of fly ash sampleiected from Port 21 for tests 1 — 4
(Coal B) typically tended to have two or three nmdespectively located under and
over 1 um as well beyond 100 pm for the sawdustatsul case (Fig. 3.30). Closer
look at this particle size graph of the repeateddssst-based co-firing test series
revealed higher diameter in the finer range congptryehe previous campaign with
coal A (Fig. 3.28 — 3.29).
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Fig. 3. 30 Lognormal PSD of fly ash for repeateddast tests from Port 21

Fig. 3.30 showed a relatively constant or increzfsthe area below the graphs at 10
pum, indicative of an increase of R§concentration as the sawdust percentage was
increased during the experiment.
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3.6 Summary

This chapter presents the results of morphologycanaposition of fly ash from tests
performed on the PSCTF with two selected high aediom alkaline types of
biomass respectively, grass and sawdust, burntamitfiverage coal at ratios of 10%,

15%, and 20% on an energy basis.

For all biomass/coal blends, the potassium reteritiofly ash at position 21 of the
radiant section was higher than that of the basa&loal except for the repeated
sawdust blend tests under different boiler opegatonditions (discussed later in
Chapter 5). Furthermore, the grass potassium cow@nhigher than that of sawdust,
the fly ash of grass blends appeared to capture patassium than that of sawdust.
This suggested a pronounced reactivity with thé pagicle matrix for the grass
blends.

These visible variations observed by SEM of thephology and microstructure
composition of fly ash were also confirmed by thal\rnsizer measurements of the
fly ash particle size distribution. The first sétsawdust blend tests revealed more
susceptibilty of formation of finer fly ash pared (less than 10 um aerodynamic
diameter) in comparison with the grass tests sdvigsboth campaigns still showed a
drop of PMy with a flattened tail for less than 1um. The secsawdust tests series,
in contrast, displayed a small increase of;Padhd a peak of P, depending on the
co-firing ratios.

In the next chapter, modelling of the potassiunpisate formation during the
thermochemical transformation is described to asttar the fine fly ash particles
mentioned above, because sulphate is believed aotegor phase of these fine
particles.
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CHAPTER 4. CO-COMBUSTION COMPUTATIONAL FLUID DYNAMICS
MODELLING

Computational fluid dynamics (CFD) is a computagibiechnology that uses
numerical methods and algorithms to solve and aegbyoblems that involve fluid
flows, heat and mass transfer, moving bodies, phae physics, chemical reactions,
fluid-structure interaction and acoustics. Compatae therefore used to build a
virtual prototype of the system to be analysedsdiying simplified equations that
provide approximate predictions of the performaoicehat particular design with
images and data. Results of CFD analyses are digmetavant for conceptual
studies of new designs, detailed product developn@ubleshooting and redesign.
The low total cost and effort involved in caseitegtaind experiment design makes
CFD codes genuine tools for quick data acquisitiboomplex physical simulations
(Wang et al., 2008).

The finite volume discretisation method (domairctesised onto a finite set of
control cells) is relatively easy in applicatiomgoared to other numerical techniques
for the solution of most simultaneous sets of défgial equations. After the
construction of the geometry, discretization cansts the first step for calculation of
the mixing and transport of chemical species sglwonservation equations

(convection, diffusion, and reaction sources farhespecies) (Dong, 2000).

Coal and biomass combustion are quite complex phena that combine numerous
mechanisms, as described by the Figures 2.1 and@:2rned by chemical
homogeneous and heterogeneous reactions. The Blignbf programs (2006)
provides several models related to combustion psEEesuch as pre-mixed, non-
premixed, and species and transport models assdd@sub-models concerning

flow, heat transfer, gas phase and heterogene@msichl reactions. More precise
predictions of the flow, heat transfer propertaasg chemical reactions characteristics

could be achieved when the entry of case paramatershe use of a material data
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base are correctly coordinated. The physical subetsaused here and their

mathematical equations are summarized in Appendix B

4.1 CFD homogenous turbulent combustion sub-models

4.1.1 Homogeneous gas-phase reactions sub-model (theespgansport and
finite rate chemistry model)

The coal and biomass devolatilisation gas spe@ssatydrocarbon
configuration of the form C{D,. Alkali metals are the most readily vaporized
metals that are recognized to be released and greater influence than the
other metal components. Ma et al. (2007) suggehtadhe release rate of
potassium in the form of potassium hydroxide, psitam chloride or other
potassium compounds during biomass devolatilisatgarid be considered to be

the same as that of the overall volatile release.

The volatile gas combustion and additional mukipsalkali sulphate formation
mechanism described later in this chapter can lsetieal for chemical species
to predict the local mass fraction of each spedfeghrough the solution of the
convection diffusion equation (B.4, Appendix B) tbe th species. The
reaction rates that appear as source tefraeeSyenerally computed from three
models related to the effect of turbulent fluctaasi on the reaction kinetics
(Fluent, 2006):

- Laminar finite rate model
- Eddy-dissipation model
- Eddy-dissipation concept (EDC) model.
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4.1.2 Alkali sulphate formation

Based on the work of Marshall and Glarborg (20€#),mechanism of formation
of condensed or solid alkali sulphates that has lageocated is that the gas-to-
particle conversion occurs by the homogeneous aticleof K;SO, particles,
which act as condensation nuclei for the subsequardensation of KCI during
biomass combustion. A detailed kinetic reactiothefsulphation of alkali metals

is therefore proposed (Glarborg et al., 2004).

The modelling of multi-step detailed reaction metbhas (number of reaction >
2) with the eddy-dissipation or finite rate/eddgsipation models produces
inaccurate solutions (Fluent, 2006). The reasahasintermediate kinetically-
controlled species such as radicals have Arrhenaiies different for each reaction
in turbulent flows. Thus the EDC assumes that reastoccur in small turbulent
structures, called the fine scales (Fluent, 2006& length fraction of the fine

scales is modelled as

gzg{%j (4.1)

WhereCs is the volume fraction constant equal to 2.1377
vis the kinematic viscosity
Reactions proceed over the time scélegoverned by the Arrhenius rates of

Equation (4-19), and are integrated numerically.

#=C{Kj 4.2)

&

WhereC;is a time scale constant equal to 0.4082.
The source term in the conservation equation femtlean specias

Equation (4-4), becomes
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R=—P¥) v -y 4.3)

WhereY*; is the fine-scale species mass fraction aftettirgpover the time*.

If however, a detailed reaction mechanism compaos$édindreds of step-
reactions is to be used (Glarborg et al., 2004) sthlution of a large set of
linearized algebraic equations using the EDC mddehll the chemical sources

terms involved, will become CPU-expensive.

Therefore, much attention has to be paid to thehar@sm reduction techniques.
The elimination of the less important species dadinfluential reaction paths is
an easy technique to reduce a long reaction mesingmiovided no loss of the
accuracy of predictions is recorded with furthetugtion (Aglave, 2007). As a
fuel is also present this time in comparison with Glarborg et al. (2004)
experiments, chain branching induction will be tak&o account as well as the
reduced Fluent S@nodel reactions mechanism. The retained mechanism,
leading to sulphation of alkali and ultimately asois formation, is provided by
Table 4.1.
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Table 4. 1 Reaction potassium species subset (@tadi al., 2004; NIST 2008; and
Fluent, 2006)

REACTIONS A n Ea (/kgmol) Source

1 O,+M=0+0+M* 36.64 0 225473.5 Fluent
2 HO+0O=O0H+OH 212.9 -0.57 38198.23 NIST
3 H+0,=0+0OH 5.30E+16 -0.82 137173.2 NIST
4 H,+O=H+OH 1.80E+10 1 73344.06 NIST
5 H;+0,=0H+OH 1.70E+13 0 397051.8 NIST
6 H,+OH=HO+H 1.17E+09 1.3 30132.06 NIST
7 HS+H=SH+H 1.82E+07 0 7484.3 Fluent
8 SH+H=H,S+H 9375623 0 62536.6 Fluent
9 H;S+OH=HO +SH 138.039 0 3742.15 Fluent
10 H,O+SH=HS + OH 3.10E+07 0 121854.3 Fluent
11 SO +OH=SE+H 1.62E+08 0 2565.926 Fluent
12 SO, +H=S0+OH 7.69E+09 0 118702.3 Fluent
13 SH+0=SO+H 3.55E+08 0 2687.316 Fluent
14 SO+H=SH+O 2.99E+09 0 169460 Fluent
15 H,S+0=SH+OH 4365.16 0 13804.93 Fluent
16 SH+OH=HS+O0O 9.89E+08 0 60359.96 Fluent
17 SO+Q=SQ+0 446683 0 27032.22 Fluent
18 SO, +0=S0+Q 1663412 0 76136.43 Fluent
19 SH+H+M=HS+M* 1096.48 0 0 Fluent
20 H,S+M=SH+H+ M* 8.67E+14 0 381946.3 Fluent
21 SO +0+M=Se+M* 8.71E+09 -1.8 0 Fluent
22 SO,+M=SO+0+M* 1.91E+14 0 520736.5 Fluent
23 SO+ OH +M = HOSQ + M* 7.20E+25 0 2992.68 Glarborg
24 HOSG+ 0,=SQ+HO, 7.80E+11 0 2743.29 Glarborg
25 HO; + H,0 = H,0, + OH 2.90E-12 0 1330.08 Glarborg
26 HO,+OH=HO+ 0O 4.80E-11 0 -2078.25 Glarborg
27 Cl+HQG,=HCI+ G 4.98E-17 0 0 Glarborg
28 SO+ 0+ M=SQ+ M* 3.70E+11 0 7066.05 Glarborg
29 SO, +OH=SQ+H 490 0 99756 Glarborg
30 SO,+3,=SQ+0 1.30E+12 0 25520.91 Glarborg
31 K+O+M=KO +M* 1.50E+21 -1 0 Glarborg
32 KO+ SG =KSG; 3.70E+14 0 0 Glarborg
33 KSO;+ OH =SQ + KOH 2.00E+13 0 0 Glarborg
34 KCI+ H,0 = KOH + HCI 1.70E+14 0 0 Glarborg
35 KOH + SQ = KHSQ, 1.00E+15 0 0 Glarborg
36 KHSO, + KCI = K,SO, + HCI 1.00E+15 0 0 Glarborg
37 KHSO, + KOH = K;SQO, + H,O 1.00E+15 0 0 Glarborg
38 KCIl+ SO, = KSOCI 1.00E+15 0 0 Glarborg
39 KSOCl + H,0O = KHSQ, + HCI 1.00E+15 0 0 Glarborg
40 KSOsCl + KOH = K,SO, + HCI 1.00E+15 0 0 Glarborg

*M = nitrogen, argon, oxygen
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4.2 CFD Application to co-firing Biomass with pulverized Coal an a Pilot-
Scalefurnace.

The simulation of gas-to-solid particle formatiamgmating from potassium sulphate
formation during co-combustion of biomass with caslpresented in Chapter 2 and
following the mechanism described above must cenglte fact that the combustion
process and sulphate formation mechanism are sinredus and influence one

another.

Hence, an existing model of alkali sulphate foroatleveloped by Glarborg and
Marshall (2004) is used to enable predictions aégsium sulphate fractions in the
flue gas that might nucleate, evaporate, and ca®lero fine fly ash particles
emissions when coal is burnt together with a spraportion of biomass.

The numerical simulation carried out uses a comiae@omputational Fluid
Dynamics software package, namely Fluent© versiBro6 a personal computer
with 2 GB RAM, to predict the potassium sulphataantration profile in the
PSCTF, gaseous emissions (COG, and NQ), and certain other aspects of
combustion behaviour (in-situ and wall temperapnddiles). The validation of the
modelling is made possible by the experimentallte$tom the PSCTF tests (Table
3.1). Additional input data required for the sintidas included reaction kinetics
parameters: pre-exponential facfoand activation energy,, retrieved from DTF
test results (Table 3.11) evaluated from combusgitiniency graphs (Appendix C).

In the PSCTF like any other practical combustiostey, the flow is highly
turbulent. The mixing process results in tempdraidtbiations of temperature and

species concentration that influence the charatiesiof the flame (Fluent, 2006).

4.2.1 Temperature Profiles

Figures 4.1 to 4.11 display the predicted tempegghuofiles in the PSCTF furnace.
These results may be compared with the measuremeteisiperature (Table 3.10)
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inside the chamber from the ports 4, 10, 28, aras discussed in Chapter 5. The
predicted values are mass-weighted averages frersatime ports, on the surface

normal to the shell.

The fire ball temperature (Port 4) was predictecetich value of 1900 K for Test 11
(coal A baseline) which differs by 20% comparedwite experimental measurement
(Fig. 4.1 and Table 3.10). Moreover, the short madow flame indicates poor
ignitability of the coal, as further evidenced mabysis of the combustion efficiency
and temperature graphs (see Fig. D.1 Appendixtiy.unfortunate that the high-
temperature optical camera could not operate térooof the inclination to the left

hand side of the flame, observed also in other lsitions.
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Fig. 4. 1 The predicted temperature profiles oé ffjas in the PSCTF for the baseline
coal A, Test 11

There is a drop of fire ball temperature for thedelbng of sawdust blends Tests 13,
14 and 15 (Fig. 4.2, 4.3, and 4.4) from 1900 Kespectively 1830 K, 1830 K, and
1790 K comparable to experimental data (Table 3a0¢h indicate the influence

of the high moisture content of sawdust and theeeed effect when the co-firing

ratio increases. The flame remains tilted to tlficblet shows a tendency to widen in
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Figures 4.2 and 4.3, interpreted as an amelioratidhe ignitability of coal by great
guantity of volatiles from the sawdust material.
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Fig. 4. 2 The predicted temperature profiles o¢ fyas in the PSCTF for 10%
sawdust/90% coal A blend, Test 13
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Fig. 4. 3 The predicted temperature profiles oé fjas in the PSCTF for 15%
sawdust/85% coal A blend, Test 14
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When the proportion of sawdust injected insideatimbustion system becomes
considerable and because of the very low ash coatehdensity of sawdust
materials, the flame displays a particular curvespg (Fig. 4.4). This is in fact an
indication that the abundant burning biomass pagitollow the flow pattern

discussed later in this chapter.
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Fig. 4. 4 The predicted temperature profiles oé fjas in the PSCTF for 20%
sawdust/80% coal A blend, Test 15

For the grass blend tests (16, 17, and 18) sinomlailiustrated by the temperature
distributions, in Figures 4.5, 4.6, and 4.7 belapart from the inclination of the
flame, the fire ball is slightly wider than witheltorresponding blending ratios of
coal with sawdust. Similar drops of temperaturéheffire ball are also recorded but
not a pronounced curvature, probably attributabliné five times higher total ash

content of grass blends (though almost identictd density).
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Fig. 4. 5 The predicted temperature profiles oé fjas in the PSCTF for 10%
grass/90% coal A blend, Test 16
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Fig. 4. 6 The predicted temperature profiles oé fyas in the PSCTF for 15%
grass/85% coal A blend, Test 17
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Fig. 4. 7 The predicted temperature profiles oé fjas in the PSCTF for 20%
grass/80% coal A blend, Test 18

Under the boiler operating conditions during theeated tests of sawdust blended
with another coal B (Tests 1 - 4, Table 3.8), ihe Iball temperatures remain
unchanged for the three ratios (Fig. 4.8, 4.9,440) always with a narrow inclined
flame. The main difference from the previous sawthlend test series is that the
total amount of air fed into the combustion domaas progressively increasing
(Table 3.4) in the repeat tests, while it was cardusly dropping in the original
tests. There is every reason to correlate the ahafwair to the flow field present
inside the system and subsequently to the flami@grdhe pf-coal fineness is
however another parameter of importance that matsb@ neglected in the flow

field behaviour during all these combustion tesee(Chapter 5).
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Fig. 4. 8 The predicted temperature profiles oé fjas in the PSCTF for 10%
sawdust/90% coal B blend, Test 2
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Fig. 4. 9 The predicted temperature profiles o¢ fyas in the PSCTF for 15%
sawdust/85% coal B blend, Test 3
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Fig. 4. 10 The predicted temperature profiles o¢ fjas in the PSCTF for 20%
sawdust/80% coal B blend, Test 4

Further discussions based on mass-weighted avetaggerature values measured
in-situ and their comparison with numerical simidas are contained, in the next

Chapter, under the modelling work section.

4.2.2 Particle tracks and velocity profiles

The trajectory of the combusting particles (coal Aiomass) inside the furnace are
obtained from integration of the force balancertiag hydrodynamic drag, and
gravity) on the particle, and computed using a hagran approach (see Appendix
B).

The flow fields and global velocities in the radianmd convective sections of the
PSCTF are illustrated in Figures 4.11 till 4.17 enénthe different particles are
tracked and coloured according to their resident@mthe system. The interaction
of the continuous phase with the discrete phaperf®rmed by tracking the exchange
of mass, momentum and energy based on the Euletiagrangian scheme (Fluent,
2006).
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The flame profiles described in Section 4.2.1 arectly linked to these trajectories

and velocity profiles. The flow pattern and velgdiistribution of the baseline coal

A, Test 11, are demonstrated in Fig. 4.11. It jsaapnt that the L-shape of the reactor

and the generated back-flow in the bottom pit afé&ongly the flow pattern because

of the asymmetric vacuum from the ID-fan. The absasf biomass patrticles in the

baseline test and consequently less total aispamsible for the good mixing along

the entire radiant region (Fig. 4.11a) while théoeiy (Fig. 4.11b) grows weaker as

the coal injection enters the system.
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Fig. 4. 11 (a) The flow pattern and (b) velocitpfies in the PSCTF for the baseline
coal A, Test 11
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In the case of 10% and 15% sawdust blends (Fi@adahd 4.13a) the dominant coal
phase results in poor mixing along the walls andveoy good mixing in the
immediate central post-injection zone and bottommsback-flow region. By the
diffusion effect, because the ignitability of co®improved as shown by the long
flame, the flue gas velocity profiles also lengtten have lower absolute values as a
general trend (Fig. 4.12b and 4.13b).
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Fig. 4. 12 (a) The flow pattern and (b) velocitpfies in the PSCTF for 10%
sawdust/90% coal A blend, Test 13
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Fig. 4. 13 (a) The flow pattern and (b) velocitpfies in the PSCTF for 15%
sawdust/85% coal A blend, Test 14

As for the two previous tests, the 20% sawdustdiBesst 15 presents, three flow
zones (Fig.4.14a): top, middle and bottom. Thecqtral zone close to the burner
illustrates more eddies or mixing because of tleaigpercentage of lighter density
and relatively lower ash content biomass partieteding in the curved shape of the
flame. The middle zone shows of poor mixing anadyeflow (Fig. 4.14b) while the

last zone of recirculation is inclined to trap paes but still with constant flow.
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Fig. 4. 14 (a) The flow pattern and (b) velocitpfies in the PSCTF for 20%
sawdust/80% coal A blend, Test 15

The flow patterns and velocity profiles for the 1@%d 15% grass blends tests (Fig.

4.15 and 4.16) show the same features as in T8stad 14, as noted previously.
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Fig. 4. 15 (a) The flow pattern and (b) velocitpfies in the PSCTF for 10%
grass/90% coal A blend Test 16
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Fig. 4. 16 (a) The flow pattern and (b) velocitpfies in the PSCTF for 15%
grass/85% coal A blend, Test T17
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In contrast to Test 15 with 20% sawdust, the 20&sgblend test, especially, the
flow pattern illustrated in Fig. 4.17a, indicates@ very good mixing zone just at the
burner outlet but extremely stirred into the ratisgction with lower recirculation at
the bottom region. The velocity profile (Fig. 4.} displays a similar pattern to Test
15.
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Fig. 4. 17 (a) The flow pattern and (b) velocitpfies in the PSCTF for 20%
grass/80% coal A blend, Test 18
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4.2.3 Potassium Sulphate, Sulphur Trioxide and Sulphoxide Species Profiles

The data used for the modelling of the devolatilgaof potassium, sulphur and

chlorine species involved in the alkali sulphaterfation mechanism are as follows.

About 60% of atomic chlorine is released to the gasse at 500°C for the biomass
materials and the residual chlorine is releaseeMayporation as KCl at 700 - 800 °C
and as HCI, in proportions respectively 30% and 1@#ereas potassium was
liberated to the gas phase in the forms of botblggis K (ICP) KCI and atomic K
(30%) (Appendix E). The residual K (45 — 55% by XRd-captured by ash. The coal
behaves differently with 70% of atomic Cl, 20% KC0% HCI, 35% K-ash, and the

balance as atomic potassium (Ma et al., 2007).

Figures 4.18 to 4.28 show a series of predictegh@ifiles of K,SOy, SG and SQ
mass fractions for the entire set of tests. Thélpsoof SQ shown were estimated by
using the SQmodel available with the Fluent package, whilegbtassium sulphate

profiles were predicted using the species trangpordel with EDC model.

The predicted profiles for 60, SG and SQin the PSCTF boiler for the coal A
baseline are demonstrated in Figure 4.18. Sinceothkpreset excess oxygen
percentage was 6%, so the sulphur trioxide wasurned in the combustion chamber
to form potassium sulphate and their concentratiofisie gas were very low (Fig.
4.18a and 4.18c). The flame was short and narraltlr@sulphur dioxide mass
fraction profile showed peak values (Fig. 4.18bbhie fire-ball region inclined to the
left. There were close similarities between the 8@l KSO, profiles although
different models were applied to simulate theinfation. The relationships between

SO formation rate, temperature, and species condentrare highly nonlinear.
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Fig. 4. 18 (a) The potassium sulphate; (b) sulghaxide; and (c) sulphur trioxide
mass fraction profiles in the PSCTF for the basetioal A, Test 11
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The situation in the 10% sawdust blend, Test 13s waproved in terms of a
reduction of the total concentration of Si@ the system (Fig. 4.19b). The30, and
SOs; mass fractions (Fig. 4.19a and 4.19c¢) this timeewiermed more outside the

flame zone but still at lower proportions comparethe coal A baseline.

The cases with 15% and 20% sawdust blends shove8s®6Qis produced, not
only within the flame region but also in the syst@ihe mass fractions of sulphate
and sulphur trioxide are then presented in FigX0 & 4.21.
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Fig. 4. 19 (a) The potassium sulphate; (b) sulghaxide; and (c) sulphur trioxide
mass fraction profiles in the PSCTF for 10% saw@@86 coal A blend Test 13



122

1.2Be-
1.22e-
1.15e-
1.0Be-

1.02s-
9.60e-
5.9Be-
d.3cds-
T.6Be-
T.04e-
B.40e-
5.7Be-
5.12e-
4.4Be-
3.H4e-
3.20ae-
2.56e- ]
1.92e-
1.2Bs- —
B.40e-
0.00e+

1.85e-0:
1.78e-0°
1.67e-0°
1.58e-0°

1.49e-0"
1.40e-0:
1.31e-0:
1.22e-0°
1.13e-0°
1.04e-0°
9.52e-0¢
8.62e-0¢
7.72e-0:
6.82e-0:
5.93e-0¢
5.03e-0¢
4.13e-0-
3.23e-0¢

2.33e-0:
1.43e-0¢ ¥

5.37e-0! (b)

3.33e-0¢
3.16e-0¢
3.00e-0¢
2.83e-0¢

2.66e-0"
2.50e-0"
2.33¢-0t
2.16e-0!
2.00e-0
1.83e-0¢
1.66e-0
1.50e-0¢
1.33e-0¢
1.17e-0f
9.99¢- 0t
8.33e-0t
B.66¢- 0t
5.00e-0¢
3.33e-0t
1.67 -0t X

7.53e-0¢

(@)

(©)

Fig. 4. 20 (a) The potassium sulphate; (b) sulghaxide; and (c) sulphur trioxide
mass fraction profiles in the PSCTF for 15% saw@86 coal A blend, Test 14
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Fig. 4. 21 (a) The potassium sulphate; (b) sulghaxide; and (c) sulphur trioxide
mass fraction profiles in the PSCTF for 20% saw@@86 coal A blend, Test 15
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The set of Figures 4.22 to 4.24 show the massdraprofiles of KkSQy, SO, and

SG; for the grass blend tests in the combustion sys@miously, for the purpose of
potassium sulphate formation, the grass blends egéongenerate less sulphate than
sawdust blends under the PSCTF operating conditbmable 3.4.
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Fig. 4. 22 (a) The potassium sulphate; (b) sulghaxide; and (c) sulphur trioxide
mass fraction profiles in the PSCTF for 10% gra@®%/%oal A blend, Test 16
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Fig. 4. 23 (a) The potassium sulphate; (b) sulghaxide; and (c) sulphur trioxide
mass fraction profiles in PSCTF for 15% grass/8%# & blend, Test 17
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Fig. 4. 24 (a) The potassium sulphate; (b) sulghaxide; and (c) sulphur trioxide
mass fraction profiles in the PSCTF for 20% gra@®/&oal A blend, Test 18
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Because coal B had approximately half the sulpbatent of coal A, for which the
sulphate mass fraction profile was already preseab®ve, the profile for the
baseline coal B (Fig. 4.25) displayed a reductibthe same proportion of

magnitude.
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Fig. 4. 25 The potassium sulphate mass fractiofilgsdan the PSCTF for the

baseline coal B, Test T1

The K;SO, concentration was predicted (Fig. 4.26 to 4.28)d®ensitive to the
excess oxygen concentration in the flue gas duhegepeated sawdust blend tests
when compared to the first sawdust blend test s€fige decreasing excess oxygen
level influenced more formation of potassium sutphend consequently nucleated

condensed and coagulated fine particles.
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Fig. 4. 26 (a) The potassium sulphate; (b) sulghaxide; and (c) sulphur trioxide
mass fraction profiles in the PSCTF for 10% saw@@86 coal B blend, Test 2
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Fig. 4. 27 (a) The potassium sulphate; (b) sulghaxide; and (c) sulphur trioxide
mass fraction profiles in the PSCTF for 15% saw@®386 coal B blend, Test 3
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Fig. 4. 28 (a) The potassium sulphate; (b) sulghaxide; and (c) sulphur trioxide
mass fraction profiles in the PSCTF for 20% saw@@86 coal A blend, Test 4
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4.3 Summary

The CFD technique is a proven tool around the wimidhe simulation of coal and
biofuels combustion in commercial boilers. In thisrk, it has been applied to the
modelling of the potassium sulphate formation dyitimermochemical conversion
occurring from co-combustion of biomass with c&rticle tracks and profiles of
temperature, velocity, and species mass fractionsetrieved from computational
solving of simultaneous differential equations discg physical models associated

with the combustion process.

This chapter is a preliminary attempt based oraffroach of the work of Glarborg
et al. (2004) to model aerosol formation using cotafonal fluid dynamics. Two
sets of co-firing tests of coal with either sawdusgrass were investigated under
certain operating conditions of a 1 M\gilot-scale down-fired combustion facility.
The impact of the fuel chemical composition ongpecies distributions was studied
for the different co-firing ratios. From the nuneaii simulations, it may be concluded
that:

- The thermal field was to some extent in good agesd with the measured
temperatures at different heights of the furnacaficthe cases except in the
fireball region, this error being attributed to thege encountered turbulence;

- The flow field presents information about the iefhice of the boiler
configuration, operating conditions (pressureflaiv settings, etc) on the
flow pattern and mixing rate as validated by thmparison of the particles’
predicted averaged-residence times to the expetatime at the lower
sampling port;

- The predicted velocity magnitude contour couldrosted for the area-
averaged velocity at cross sections inside theradind convective zones
compared with the calculations;

- Though direct in-situ measurement of the alkalpbate concentrations inside

the furnace could not be achieved, the modellinigsdbrmation mechanism
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seemed to correlate with the fly ash sulphate brment data at several levels
of the boiler;

Concentration of fine sulphate particles lessersethea co-firing ratio grew,
with higher concentrations observed in the fluegading zone. Therefore,
for this particular pulverized-fuel boiler, the combustion technology from
the modelling aspect was effective and has stratgnpial to decrease PM
generation;

In some cases the simulation results over-predecB8Q concentration by
30% on average, which is unsatisfactory. The tlewlever agreed quite well

with that of the experimental results.
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CHAPTER 5. DISCUSSION

This chapter discusses the results of spectromstayining electron microscopy, and
size distribution measurements performed on flyssshples collected during the
combustion test experiments as well as the compang modelling work with
experimental data. The combustion test of 100% lcaslbeen used for the purpose

of this analysis, where the baseline is set.

5.1 Experimental work using the PSCTF

Through analysis with a Malvern sizer of fly asmgées from each test, we can
ascertain the PSD of fly ash (Figs 3.28, 3.29 aB@)3and the variation as a function
of the PSCTF operating settings, and of the caatibiss co-firing ratio.

5.1.1 Sawdust/Coal A test series

Figure 5.1, below, is derived from Figure 3.28 ahdws the trend of particulate
matter formed during co-firing with sawdust. Duritings first series of test, the
proportions of fly ash particles of aerodynamicwkers less than 10 um, 2.5 um,

and 1.0 pum drop down as the ratio of sawdust ise®éFig. 5.1).
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Fig. 5. 1 Sawdust blend test series (Tests 11, 15 particulate matter percentage vs

co-firing ratio

5.1.1 Sawdust/coal A test series

From the Figure 5.1 it can be seen that:

- The baseline coal A (Test 11), for example, preskhtgher cumulative
percentages of 72%, 22% and 7% respectively foroPRM, s and PM .
- The three blend tests resulted in lower valuesfsPPM, s and PM g; these

values reduced with increasing co-firing ratiossie, the total average
particle diameter @) figure of 6.09 um will thus be used as the baseli

- Test 15 (20% sawdust) showed the greatest reduatiBiM.

- All the tests present similar trend of RIMPM,sand PM gbut with very little
variation of PM sand PM ,for the blends tests. Therefore, the following

discussion concentrates mainly on the;Ppkrcentages.

Fly ash formation is the result of the transformatof the fuel minerals that takes

place during their combustion and is a functiothef mineralogy, boiler operating

conditions and specific mineral reactivity. The lcAalisplays a high proportion of

kaolinite, and a lower proportion of dolomite, gizaand pyrite. Because of low
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blending ratios utilized, the matrix of the coalistust fly ash remains almost the
same as for the baseline coal. As illustrated byaign (5.1) (Raask, 1985; Muller et
al, 2006; Westberg et al., 2003), alterations efditicate structure occur during
combustion and tend to define the viscosity anctiility of sulphate and silicate

phases into a eutectic mixture.

X AlSiyO; f) + 2 MCl(g) + H,0 () = M-aluminosilicate + HG, (5-1)

Where M denotes alkali metals (K, Na)

This has the general effect of lowering the asfofugemperature and viscosity of
particles as the co-firing proportion of biomassr@ases, equivalent to high
coagulation propensity. Hence, starting from 10%dsst, the sawdust/coal blends

experiment display relatively low percentages of.PM

Fly ash particles arising from the combustion e coal alone or blends of coal
with sawdust are predominated by the coal fly aghtherefore the particle size
profiles are influenced by the raw coal finenesmaasured by the percent passing
through a 75 pm screen (Fig. 5.2). The pulverisegl-tneness is the percentage of
coal particles less than 75 um that was used fdr eembustion experiment. In order
to quantify the effect of co-firing pf-coal withwdust on the fly ash PSD, focus is
given to the particles less than 10 um recordebarMalvern sizer because not only
do they have large fluctuations from one test &odther but they also include the less

than 2.5 and 1.0 um particles.

Excluded mineral grains are massively producedhdurushing, grinding and
milling processes and dispersed as fine pulvertoad particles. If the pulverised-
coal fineness is high, the more likely the contdregxcluded mineral grains is high.
Ninomiya et al. (2004) advanced that during caifirof coal and biomass, high

proportions of excluded minerals in both fuels mked an interaction between the
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excluded minerals of coal and biomass causing aggiation. Consequently the

particle size of fly ash shifted to large aerodymadiameter.

The variation of PN (Fig. 5.1) highlights the possibility of a correten in this set of

tests between the PM and the fineness of pf-coéitles (Fig. 5.2); the finer the coal
particle size was, the less PMvas generated. As observed on Fig. 5.2, Testad1 a
13, and Tests 14 and 15, had respectively simil@ness percentages because two

different batches of milled coal were used.
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Fig. 5. 2 Correlation between pf-coal fineness,deratures and P{dbased on

sawdust/coal A co-firing ratios

Raask (1985) advocated that small particles, dfedow 1.0 um in diameter, attained
the temperature of the flame whereas large pastiglauld be up to 200 K lower
because of the difference in heat transfer by taiaFig. 5.3 below, for example,
indicates small spherical particles, sign of moftgrash particles formed from the
reaction of the fluxing elements (Ca, Fe ...) wjtrartz and kaolinite at low
temperatures. The above RPNPSD (Fig. 5.2) results demonstrate the fact thdha
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co-firing ratio increases the coagulation propgmnaihds also to progress, with finer

particles sticking onto larger ones.

o

S A Py
4 . b " Y s
¥ - . s L“j

Fig. 5. 3 Fly ash collected from port 21 (Test 13% sawdust) as observed by SEM

Though the drop of flue gas temperature duringotead tests is also attributed to the
increase with the biomass ratio of the moisturgematnin the fuel (Table 3.6), another
observation from the experiment to be considere¢dds/ariation of temperatures of
the flue gas and fire ball with the excess oxygassifraction as illustrated by Fig.

5.4 below. The oxygen level is a function of théuwae of flue gas in the furnace (see
Total primary air in Appendix F), the higher thecegs oxygen is, the lower the
temperature and vice versa. This general trendbéas generated using data obtained
from the PSCTF test results (Table 3.10): Fire testiperature (port 4) maximum
1604 K and minimum 1283 K. The deviation in exa@sggen level in Test 14 (15%

sawdust) is not understood.
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Fig. 5. 4 Temperatures and excess oxygen levakisystem (Tests 11, 13 — 15) for

different co-firing ratios

Hence, the influence of temperature on;pM also summarized in Fig. 5.2 where for
similar pf-coal fineness from the baseline to 1Gdust coal based tests, more
coarse particles are formed. That is indicativa bfgh coagulation propensity of
finer fly ash particles onto large ones. As calhlséi seen from the data in Fig. 5.2,
the 15% and 20% sawdust tests are less enrichbdingt pf-coal particles and show
decreases of approximately 3% and 8% imflkpectively, compared with 10%

sawdust.

In the case of the 10% sawdust/90% coal blendetivas an indication of a sodium
alumina compound (NAI,Osx + 1) that suggests significant reactivity between the
volatilised sodium organically bound in the sawdisiis has facilitated the

formation of fluxing element-bearing aluminosilieat
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Based on the results for the 10% sawdust blend aetidm experiment, strong
concentrations of alkali-bearing and fluxing caloibearing minerals would be
expected for the 15% and 20% combustion tests.ddily, calcium, iron and
aluminosilicates compounds were observed, as well@eposit issued from the
crystallisation of anorthite (Ca [#$i,Og]) or mullite (AlsSi-O13). Since the molten

fly ash is also responsible for initiation of skdgposition onto heat transfer surfaces,
any particles that reached this initial molten dagpaould adhere and form a clinker.
Van Alphen’s (2008) report on the clinker (Pokothea2009) confirmed the Test 14
(15% sawdust and 85% coal) to have a high propodicCa-Fe bearing “alumino”
and “quartz” glasses. These were unusual phaseefbduring the co-combustion of
sawdust with coal as compared to the typical cagging fly ash. The normal coal-
derived clinker deposit was mainly a Ca-bearingraosilicate. The Test 15 (20%
sawdust and 80% coal) clinker deposit had phaggoptions different from the other
sawdust blends. There was no obvious explanatiothi® observation. Nevertheless,
the mineralogy of the fly ash remained distincthirthat of coal in terms of

composition and proportions of aluminosilicates.

5.1.2 Sawdust/coal B test series

Additional PSCTF tests (Test 1 — 4) were perforsigosequently with the
sawdust/coal blends. These tests were performeartect the excess,@evel for
Test 15 and to check the results of highep & CQ fractions measured during
Tests 13 & 14, as shown in Fig. 5.5 below, thatensemsidered outliers in this case
(Pokothoane, 2009). These latter species were gazdrop by replacement

during co-firing experiments.
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Fig. 5. 5 Effect of Sawdust on gaseous emissiar the Baseline coal A

The major differences between the first and thesg@series of test were the
chemical composition of the baseline coals (A &8 Fable 3.4), pulverized-coal
percent fineness, and relatively distinct PSCTRaiogg conditions (temperature,
turbulence, inlet velocity, etc.). The reason foo different baselines (coals A & B)
is that after the first series of tests the sumplgoal A was exhausted and another
coal B had to be extracted from the same seama®\dout it showed a different
chemical composition (Table 3.4). Direct comparisbthe fly ash PSD results for
the two series of tests is therefore useful onfylfastration purposes. The operating
conditions are characterised by firstly the ex@ssvhich is the amount of air
required above the stoichiometric quantity to eeasiomplete combustion and hence
better combustion efficiency. Excess air shoulédd¥small as possible to avoid
significant reduction in thermal efficiency throutifermal stack losses (Pokothoane,
2009). For comparison of the results from differsts, it is important to achieve as
constant an excess oxygen level as possible &3 F outlet. This is only
achieved by setting up appropriately the flow ratethe primary and secondary air
streams into the system (Appendix F). SecondlyldhweNOx burner installed on the

system must operate with respect to the recommeradiedof the primary and
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secondary air velocities. The principle of openmatid this burner requires the creation
of a rich fuel zone in the primary combustion flaarea.

During the repeat sawdust blend tests, an aburantint of air was incorrectly
allowed through the biomass inlet because of adnighessure setting on the induced
draft fan vacuum, different from that for the pi@ws tests (Appendix F). As a
consequence, a lean fuel zone was created thatigaue higher gas temperatures,
reduction in combustion efficiency (Table 3.4) andomatically to progressive

increases in the N@missions as co-firing ratio increased (Pokothpa089).

Fig. 5.6 below shows the results of particle sizeglative distribution of fly ash
collected from port 21 for the different co-firimgtios of sawdust/coal B. Results of
the analysis using the Malvern sizer indicate thatmean values of the diameter of
fly ash particles were 12.92, 14.21, 13.94, an@2 um for 100% coal B, and the 10
up to 20% sawdust blends respectively (Fig. 3.8Bis contrasting trend of PSD
makes the interpretation of these results difficolnpared with the previous series of
tests.
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Fig. 5. 6 Sawdust blend series (Tests 1 — 4) pdatie matter percentage vs co-firing
ratio
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The fire ball temperature of 1240 K for the baseli@oal B) rises for the blend tests
and is a function of the declining excess oxygeg.(5.7) and agrees with Coal A-
based sawdust tests in which, however, temperetigiges the other way round (Fig.
5.2).
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Fig. 5. 7 Temperatures and excess oxygen levéksystem (Tests 1 — 4) for

different co-firing ratios

According to indications from the first series e$ts, considering the new
temperature graph (Fig. 5.8), there should beealiprogression of P)dpercentage
when the co-firing ratio increases, but there isndlection at 10% and 15% (Fig.
5.8). This requires a closer look at the other patars affecting the particulate
matter behaviour by encouraging coagulation, otcaggration of fine particles.

The pf-coal fineness graph of Fig. 5.8 confirmsfemt that, for nearly similar
percentages of pf-coal passing through 75 um,Ré&&s was produced. The variation

of the viscosity of fly ash particles caused bynhiaeralogy transformation does not
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explain the increase of Plpercentage during 15% sawdust/coal B test (F&). 5.
and the difference of this result with the 15% sastftoal A (Fig. 5.1). This is the

reason why it is however worthy to compare the $&ts of tests, despite the fact that

the baseline coals are distinct.
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Ninomiya and co-workers (2004) also observed & shifard coarse PSD (Fig. 5.1)

during co-combustion experiments carried out iakmtatory-scaled DTF of sewage
sludge and coal at a ratio of 50:50 (wt%). Theyobated that if the coal was

enriched in fine excluded mineral grains and tlve@ contained significant included

minerals, the coal fine minerals reacted with thle shell to form large particles

inside the ash. And many more large agglomerategaicles were formed in the

case of both fuels enriched with excluded mindoalsause of their strong interaction;

less PM was emitted due to the deposition of vapdrelements on the surface of

melted ash.
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Using an electrically heated DTF, Gani (2005) st from SEM observations that
fly ash produced by straw combustion seems to ptigad by ash particles from
coal. Hence, burning biomass with coal shifts tB®Rrom fine particles to coarse

particles.

Wang and co-workers (2006) also studied the cortipassf PM during co-
combustion of biomass under DTF conditions and daivat the PN is enriched in
alkali metals as sulphates or chlorides. In faeia$k (1985) established the

simplified alkali sulphation reactions [Equatios?) and (5-3)] during the
combustion of coal. But more sophisticated mukpstnechanisms are also presented
by Glarborg et al. (2005) (see Chapter 4). Becatigs high content of reactive
alkalis, the biomass blends should result in atgresaulphate formation which would
generate after condensation, coagulation lots of RfMring co-combustion with

coal. Unfortunately, P, stays more or less constant for the blends (F&).&nd the
alkali appears to react with silicates and alunfgee Chapter 2) and the emission of

alkali sulphates and chlorides is lessened (Appe@{li

2MCl (g + SQ (g) + Y2 Oz (g) + H20 () = M2SOs () + 2 HCl (g) (5-2)
CaO) + SG (g + 72Oz (g = CaSQ g (5-3)

where M represents K and Na; f: fused; g: gaseous.

It is necessary to put the graphs of pf-coal fissrend P of the two test series on
the same figure (Figure 5.9) to obtain a bettereustdnding of the results. For close
values of pf-coal fineness at both baselines afd 4&wdust tests, the Rptesults

are far apart distant as shown on Fig. 5.9 witHitlse sawdust series displaying
higher percentages than the second series. Duméngext two co-firing ratios (15%
and 20% sawdust) the pf-coal fineness increasawédooth series (Fig. 5.9) but
especially coal A. The 15% sawdust Rivesults are effectively different because of

the gap between the raw pf-coal used during eaplrarent, and because of the
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coagulation effect already discussed above andgbeating conditions. At 20%, the

extent of the coagulation effect is estimated bygaring the two pf-coal fineness

graphs. It indicates that under the operating ¢ i of the second series (coal B)

the propensity of finer fly ash particles to conskeand agglomerate onto coarser

ones is more pronounced than in the first serieal (&).
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Fig. 5. 9 Comparative P)dand pf-coal fineness graphs of the two sawdusserges

Observations of the flow patterns indicate thatstieng turbulence effects would

have to be considered; therefore the flue gas itgloside the PSCTF on the RMs

represented in Figs. 5.10 & 5.11. In general testwy flow of the pf-coal carrier gas

(primary air mainly responsible for turbulence desPSCTF) produces coarser

modes of PM and fast air flow finer ones.
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5.1.3 Grass/coal A test series

Figure 5.12, below, is derived from Figure 3.28 ahdws the percentages of PM
during the co-firing tests of coal A/Grass blend@egt 11, 16 — 18).
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Fig. 5. 12 Grass blend series (Tests 11, 16 —a®icplate matter percentage vs co-
firing ratio

The proportions of PM, PM 5, and PM pvary with the grass ratio during this series
of tests. Approximate average aerodynamic diamefetd.37 um, 13.69 um, and 13
pum were measured from fly ash taken through pofoRTests 16, 17 and 18
respectively. The baseline coal A fly ash mean édi@mremains 6.09 um. Hence,
Fig. 5.12 is a summary of the measurements of BB&wing coarser modes (low
PM percentages), with more or less constant MM, s and PM, for the blends,

and finer mode for the baseline test. To ensursitiréficance of the analysis of the
data provided by the Malvern sizer and the inflegeotgrass on the results, only the
PM;jq results are considered hereunder to account éovdhation with co-firing ratio.
Once again, the higher potassium and ash contétiie grass blends appear to act to
encourage the alkali-bearing silicate formatiompogsible for the deposition of finer

flying ash onto coarser particles (Fig. 5.13) for blends. Small particles, often
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below 1.0 um in diameter, attained the temperattitbe flame whereas large

particles would be up to 200 K lower because ofdifference in heat transfer by
radiation (Raask, 1985).

Fig. 5. 13 Fly ash collected from port 21 (expemin7, 15% grass, reference Table
3.8)

It is clear that the major PMpercentage difference between the baseline and the
blend tests was firstly linked to the size of puised-coal particles (Fig. 5.14), the
100% coal A test had fewer finer coal particleslli€ions of excluded minerals of
the coal (high fineness of pulverised-coal parsiplguring grass blend tests with
agglomerated included minerals of the biomass predparticles of comparable size
to sawdust/coal A blend combustion. Secondly, beeaf the above-mentioned
modified mineralogy structure by alkalis duringrdecombustion, the pulverised-
coal particles melted easily when subjected tdltleegas and fire ball temperatures
(Fig. 5.14) that resulted into coarse PM (R§ylor less PMy. The more potassium
was brought into the grass/coal mixture (co-fimago) and the more temperatures
dropped, an increase of Rpdvas then observed as well as significant “clinker”

formation or slagging (Pokothoane, 2009).
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grass/coal A co-firing ratios

The following graphs of Figure 5.14 show oxygenessclevels and temperature
patterns in the PSCTF within the same range aBrtesawdust test series. In fact,
the operating conditions of sawdust/coal A andgjcaal A blend tests were very
close. The excess oxygen level is inversely proguat to the temperatures (Fig.
5.15) as already stated for the two series of stgously discussed in this chapter.
These graphs are obtained from the PSCTF teshiegt $Table 3.10).

The thermochemical equilibrium within the very hatliant region seemed to shift
towards heterogeneous interaction of alkali metatls the alumina-silicate phase of
coal leading to the formation of alkali-aluminaisates. This explained the
remarkable increase in the fly ash alkali conceimnaneasured with ICP-MS (see
Appendix H). As confirmed, with the increase of thends biomass ratios the port 9

fly ash presented low alkali metals concentratitrergas the bottom port 21 ashes
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disclosed pronounced deposits of potassium (seegp H). Several authors have
supported the assumption of the very noticeabletirgty of the biomass pyrolysis
alkalis in comparison to coal. The fate of alkaétals, sulphur and chlorine for these
tests was further probed by the clinker QEMSCANdtarted by van Alphen (2008)
which confirmed several peaks corresponding to pigiportions of Ca-Fe bearing

“alumino” and “quartz” glasses for particularly Té$.

The clinker samples of grass blends had a highegagetion of anorthite, Ca-Fe-
bearing “alumino-glass” and Ca-Fe-bearing “quagidss. The anorthite had
crystallised from the melt and the remnant glass tha Ca-Fe-bearing “alumino”
and “quartz” glass (Appendix I). Discrete spheri€éaloxide grains, angular quartz,
aluminosilicate (kaolinite) and Ca-oxide/Ca-Mg-Oxigrains encapsulated in the
“glass” matrix were common. These were mainly deifrom coal and represent the
transformation products of pyrite, quartz, kaokraind carbonates (calcite/dolomite),
respectively. The grass clinker deposits (Appehdnad a comparatively higher
proportion of Fe-oxide, Ca-oxide, Ca-Mg-oxide, dmand aluminosilicate
(kaolinite). Quartz and kaolinite is also derivean the grass. For instance, the
predominant fly ash phase Al-Si-O was a produd¢hefmineral transformation of
kaolinite. Quartz represented the second abundagep Other minor phases might
occur as a result of the interaction of kaolinitejoartz with trace concentrations of

Al, Ca, Mg, Fe, Na and K during the ash formatioogess (Van Alphen, 2008).

This statement of dominant quartz and aluminog#igdnase was also confirmed by
SEM-EDS analysis (Appendix J) of spots at sevemgmifications of the fly ash
samples. However SEM also depicted the presenicerpfcalcium and potassium of
diversified origins. Pyrite, calcite, dolomite, gtzaand kaolinite were common
minerals in the coal (Table 3.7). Quantitative gsial with ICP-MS of port 21 fly ash
revealed the presence of sulphur; chlorine andspatan in higher concentrations
than for port 9 (see Appendix H). It meant not ovdyiation of the fly ash
composition and phase with height but that somepoamds were adsorbed like
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alkali chlorides or sulphates at the surface ofaste particles. It meant also that they
might be released back to the system wheneverthéiteons inside the boiler

changed.
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Fig. 5. 15 Temperature of the system dependendytivet excess oxygen level (Tests
11, 16 — 18) vs co-firing ratio

The combination of the PSD measurements obtairoed fine sawdust and grass co-
firing tests shown in Fig. 5.16 below reveals oige sin excessive production of
PM;o for the cases: baseline coal A, 10% and 15% savedas A-based at
respectively 72%, 45% and 42%. The other side 28#asst coal B-based blend
gave an estimate percentage of 43%#Mhe size distribution of raw coal being

injected during each experiment varied as showh daish-lines in Figure 5.16.
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Fig. 5. 16 Comparative Pjdland pf-coal fineness graphs of the complete PSE&TF

of tests

Briefly, the following could also be concluded frdfigure 5.16:

- Though there was a general shift of particle sig&idution towards a coarser
mode, sawdust/coal A blends showed a relativellidrigercentage of P
compared with grass for all the scenarios.

- The sawdust/coal B blend tests feature generatgralow reduction of P
relatively to its baseline (coal B) of 5% and 2 @6 10% sawdust and 15%
sawdust respectively. Then there was an increaB&gfpercentage above
40%, for a 20% co-firing ratio, the highest valwenpared to the other 20%
biomass blend experiments. This was due to highibultence inside the
combustion chamber caused by the large amounirofpy air admission
from biomass inlet.

- The effect of grass on Phiiformation during co-firing with coal A tends
towards reduction of the quantities of fine paettcccompared with the
baseline test and promotes the generation of copastcles. The coalescence

mechanism responsible for the trend towards theseaaode for grass was
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due to a tendency of alkali salts formation. Thkisdency consequently
reduced the viscosity, thus creating favourabledgans for slagging and
coagulation propensities.

- Therefore, PN} percentage decreases with pf-coal fineness inereas

- PMjyg percentage decreases with co-firing ratio increase

- Flue gas temperature decreases witlexzess level increase and RM

percentage increases with flue gas temperatureaser

Of the two types of biomass studied, the grasschiasacterized by higher K content
and higher chlorine content (Table 3.3). The patas€ontent in grass was almost
20 times greater than that of the coal A, wheredgusn was about 10 times higher.
Identically to sawdust, the grass potassium wabkgbly organically bound and was
unlikely to be in the form of K-bearing mineralsi¢nocline and muscovite/illite).
Moreover, grass was characterised by a high goarttent and corresponding high
proportion of K-bearing minerals (Table 3.6). lassumed that this amorphous $iO

in the cell cavity, just as for sugar cane, streags the plant (Van Alphen, 2008).

The small difference between the results of grasssawdust blends was also
attributed to the relatively higher ash-% contefithe grass compared to the sawdust
and the higher proportion of “solid” ash partic{gsartz, alumina-silicate, Fe-oxide
and Ca/CaMg-oxide) in the “grass” slag depositatMmould effectively create a
selective deposition of the different-size fly gehiticles and their retention on cooled
boiler tubes. The ash patrticles in the size rar@eSoto 5.0 um would be
preferentially retained in the deposited ash, wéeftarge particles would easily
escape from the deposition surface because ofghfficiently large rebound kinetic
energy (Raask, 1985).

This shift of fly ash PSD towards the coarse rangke co-firing could also be either
attributed to the formation of cenospheres or &af@glomeration of mineral grains in
the coal particles (Appendix C):
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1. As previously stated, combusting coal particlestevith alkalis released by
biofuels and its minerals are transformed. Theasad volatile gases during
the combustion process such as,Gfater vapour, and S@ontribute to the
swelling of the coal particles (Fig. 5.17) and assult, the overall particle
size (Van Alphen, 2005). Contrary to coal, biomaagicles generally
remained unchanged (Fig. 5.18). Consequently,derdio better comprehend
the impact of possible volatiles release and atkaials on the fly ash PSD,
measurement of sulphur dioxide, and carbon diowide performed in the

flue gas by means of an infra red analyser as ptedén Figs. 5.19 & 5.20.

P ' ‘ -
Fig. 5. 17 Fly ash collected from port 21 (expemin&s, 20% sawdust, reference
Table 3.8)
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Grass reduced S@missions by up to 30% at the co-firing ratio 6% (Fig.
5.19). Further increase in the co-firing ratio §pass did not reduce the O
emissions any further. As the amount of &@d SQ liberated from coal
particles reduced, the swelling of pf-coal pargatminished. The fly ash
particles fragmented less and RMroduction tended to lessen. In fact
because of the lower and decreasing temperatuceBSGTF in-situ
pressures (Appendix F) the cenospheres did noklaasily. This applies as
well for the first sawdust test series (coal A-liB94€&ig. 5.5), where for the
first two co-firing ratios there was an increasé&@k mole fraction from the
baseline and then a reduction down to 15% belovb#iseline for the last

ratio. That was an incongruous result that couldoecexplained.

However, the P percentage increase of coal B-based sawdust tdstsl
correlates with the excess oxygen level drop, @0le fractions (Fig.5.21)
and temperature increases, in the flue gas astfierg ratio increased
which reflected its influence on char breakagemyudombustion. Wang and
co-workers (2006) also concluded in their reseéinehthe percentage of
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PMso rose during co-combustion experiments proportigrialthe oxygen

ratio and as a result the percentage of PMminished considerably, while

that of PM o+ increased.
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Fig. 5. 21 Combined effects of G@missions and temperature on Bkbrmation

from coal B-based tests

2. As for pulverized coal, biofuels also contain iremge matter formed of

included and excluded mineral grains (see Chaptddi2 to the relatively

high mean particle diameter of biomass achieveat afilling using the swing

mill compared to that of coal, it is believed tha biomass materials were

more enriched with included grains that reactedh wie included grains of

pulverized coal as mentioned previously. The gbdessds show more acute
agglomeration than the sawdust blends (both cda&ged) (Fig. 5.16),
probably because of their high ash content. Wiokrse fly ash particles

essentially retained the properties of the minevatter in the coal, fine

particles were mainly composed of alkali chlorides sulphates. The low
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sulphur content of the grass and its different maler structure compared to
coal (see 2.3.1) play a major role by replacemetiteé reduced formation of
sulphur dioxide. Another alkali metals sulphatieaction (5.2) also takes
place inside the combustion chamber. Certain rebees’ works advocate
that Cl has more impact on the degree of alkaloviaption than the alkali
concentration in the fuel itself (Muller et al.,@0 Christensen et al., 1998).
But under the conditions of fly ash particle samglithe alkali sulphate was
expected to be in a vaporized form and is notyikelbe detected in the two
top sampling ports of the PSCTF but rather as atkdbrides and alkali
metals. For grass, very low potassium capture whalek been expected as a
result of its high release in the combustion predescause of the high K and

Cl levels.

5.2 Modelling work on the PSCTF

The flue gas temperatures were generally measorée iPSCTF with thermocouples
from the ports 4, 10, 28, and D, whereas the ptedicalues are mass-weighted

averages across the cross-section.

The modelling of baseline coal A (Fig. 5.22) dig@d a short flame interpreted as
weak combustion. The effect of the addition of bé@sis shown in Figs. 5.23 to
5.28. The drop of temperature as the co-firingratcreased was attributed to the
relatively high moisture content of biofuels comgmawith coal. Table 5.1 illustrates
the comparison of experimental data with resutismfsimulation. Figure 5.23
presents the comparison between the temperatureune@aents at ports 4, 10, D, and
28 with those mass-averaged, across the crosssedtthe PSCTF furnace for coal
A alone.
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Table 5. 1 Summary of comparison of experimentdl@redicted maxima

temperatures
Max Max
Test temperature temperature
(measured) (predicted)
Baseline coal A 1648 1663
10 % sawdust/90% coal A 1608 1615
15 % sawdust/85% coal A 1646 1611
20 % sawdust/80% coal A 1579 1618
10 % grass/90% coal A 1592 1608
15 % grass/85% coal A 1593 1585
20 % grass/80% coal A 1570 1648
Baseline coal B 1346 1570
10 % sawdust/90% coal B 1368 1629
15 % sawdust/85% coal B 1381 1627
20 % sawdust/80% coal B 1400 1654
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Fig. 5. 22 Comparison of temperatures of the flag @ong the height for the

Baseline coal A, Test 11
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The maxima in the temperature profiles were ovedjated in most of the cases (Fig.
5.22 to 5.28), by up to 15% in the flame regiore gossibly to the strongly unstable

flow created by the eddies leading to inaccuraadiregs by instruments. However, at
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lower temperatures, the predictions seemed to mihechmeasurements well except
for the baseline coal A, where the numerical ptaalicdeviated from the
measurement data at port 28 while the middle fuenqeants compared well. In
general terms, an average error of 4% was estintegtisceen the two sets of values,
showing that the combustion modelling gives googt@gent with the experiments.
Because of the lack of a high temperature watetedocamera during the test series,
the flame shape and length could not be observetinstruments were not available

to monitor temperature at the centre-line of thealsostion region.

The flow pattern, as demonstrated by the diffeesluty configurations (Fig. 4. 11a to
4.17a) depended not only on the secondary aidéeeased as the coal/biomass
ratio increased, but also on the furnace presswauped by the induced draft fan.
These profiles also provided important informatimmcerning the impact that the
furnace L-shape had on the inclination of both ffeids and flame, and on the
recirculation of particles created by the bottorn &ap, which improved the flue gas
mixing and the combustion burnout when low dengdésticles (biomass) were added

to the system.

The predicted average residence times for the degticted in Figure 5.29 were
compared to reported experimental ones at porAppéndix F) of the radiant

section.
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Fig. 5. 29 The residence time distribution of tiféedent cases in the radiant section:

a) sawdust blends; b) grass blends

The sawdust blend cases had residence times oBmaxronds, except for the 20%
sawdust test that differed from the baseline figlitee grass blend tests showed
shorter predicted residence times explained bytiwe mixing effect present within
the combustor. Although the densities of the bismaaterials were slightly
different, these disparate results were also inflee by the specific operating
conditions of the PSCTF during each test (presdrop, air flows, etc.). Higher
residence times meant that the operating conditi@rs favourable to the growth of
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the mixing rate. The area-averaged velocity (Fgtlb to 4.11b) over the cross-
sections at port 21 and at the convective sectilen are respectively compared, as
shown in Fig. 5.30, to the measured velocity magles along the radiant and the
convective sections (Appendix K) which in fact aedculated from experimental
data. It may be seen that the predicted veloditi¢se radiant and convective
sections were considerably greater than the aegiahated values for all the cases.
The uncertainty of this method of approximatiorthe flue gas velocities inside the
radiant zone relies on the estimated density & las and the flow rate of carrier air
through the burner centre pipe (biomass inlet)pBran-situ measurements of

velocity would need to be provided for validatidrtius modelling.
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2 . .
T 200 predicted
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Fig. 5. 30 The radiant section velocity magnitudethe different cases:

a) sawdust blends; b) grass blends
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The predicted S©profiles for sawdust in Figures 4.18b to 4.28begally appeared

to agree well with the experimental results (Fi@15a)) but it must be borne in mind
that the experimental results for 10% and 15% sawolends were suspect. Because
the sulphur content of sawdust was less than thadal, the overall effect should

have resulted in lower progressively Sgnissions for the blends. If that was the case
then the comparison with the model would be simathe trends of Figure 5.31 (b)
for grass. Considering the profiles for grass, atyrbe said that the model appeared to
over-predict the S@concentration by 30% on average, which is unsatiefy. The

trend however agreed quite well with that of thpexkmental results.
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An alternative interpretation based on the predittends of S@would consider the
experimental result (Fig. 5.31 (a)) for the baselicoal A) as the outlier. The
explanation might be an incorrect reading fromitistrument without in this test,
which the experimental measurement would othertvése compared well with the
modelling prediction in this series. As far as ¢faseous emissions are concerned the

modelling compared better with respect to the @3ults (Appendix K).

The simulated mole fraction of S@r all the cases showed similar decreasing trends
from 100% coal down to 80% blends with biomasssT@crease was indeed
observed with the grass blends and with the redesstedust blends, but the first
sawdust test series data (Fig. 5.31 (a)) displaydifferent trend. Biomass materials
are characterized by very low sulphur contents @etgbto the coal (Table 3.4) and

by replacement the sulphur dioxide produced shoatdrally drop as the blending

ratio grew. From this perspective the modelled testlts gave reason for confidence.

SO emissions are produced from the oxidation of fumind sulfur. During the
combustion process, fuel-bound sulfur oxidizes@ &nd SQ. A portion of the
gaseous SExondense on the particles, reacting with watéoim sulfuric acid, and
further to form sulfates (Fluent, 2006). Wang e{2007) considered the
measurement of sulphur trioxide concentration geedrwithin a combustion system

as equivalent to an indirect measurement of sudpt@hcentration.

The difference between the predicted and measusB@fconcentration inside the
furnace condensed onto fly ash particles collefitad the sampling port 21, as
shown in Fig. 5.32 — 5.34, seemed very large. TOgf®m the SQ model on Fluent
gives better prediction of sulphate than the dbsdrpotassium sulphate model of
chapter 3. Especially for the baseline Test 114Fg32 and 5.33), there was a good
agreement between experimental data and simul&tfmndiscrepancies of the 80O,

and SQ mass fractions during the grass/coal A and savahastA blends tests (Fig.
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5.32 and 5.33) could also be associated with tleetedf its dilution by oxygen
present in the flue gas.
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prediction
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Fig. 5. 32 Potassium sulphate, sulphur trioxideseections: coal-A based sawdust

tests
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Fig. 5. 33 Potassium sulphate, sulphur trioxidesieections: coal-A based grass
tests



170

4.00E-04 80.00%

3.50E-04 <\\ 70.00%

3.00E-04 \ 60.00%

2.50E-04 50.00% potassium sulphate
prediction

2.00E-04 40.00%

—eo— Total sulphate
1.50E-04 30.00% measurement
\ SO3 prediction

Potassium sulphate mass fraction [%]

1.00E-04 N 20.00%
5.00E-05 10.00% PM1.0 measurement
0.00E+00 1 T T 0.00%

Baseline 10% 15% 20%
B sawdust sawdust sawdust

Co-firing Ratio

Fig. 5. 34 Potassium sulphate, sulphur trioxidesieections: coal-B based sawdust
tests

In opposition to the modelling, measurements gblsate generally increased during
the co-combustion experiments for the 10% co-firaiip and decreased as the co-
firing ratio rose (Figs. 5.32 and 5.33). Becaugepbtassium sulphate gas phase
nucleates, condenses and coagulates to form sadighérticles, these figures
compared almost correctly with RMPSD (Fig. 5.1 and 5.12) measurements with the
assumption made that sulphate was the major phiisi@ the fine PM. These
concentration ranges were very low to form aerpsalicles except for the results of
the repeat series of tests for sawdust (Fig.5.66a8u).

Sulphur trioxide (S@model) (Fluent, 2006) could then be concludedetonore
reliable to predict potassium sulphate concentngti@files than the species transport
model of the complex alkali sulphate formation metbm (Table 4.1). The latter
assumes potassium sulphate as unique molecule madeous phase leading to
formation of submicron fly ash particles (P§ whereas the SOnodel considers

that portion of fuel-bound sulphur forms and corsteninto sulphate.
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The modelling of sulphate formation verifies to ®axtent the experimental
observations of constant percentage of, p&mitted during biomass blends
combustion. The total sulphate potassium measur#kifly ash particles and shown
on the above-graphs (Fig. 5.32 — 5.34) helps tolctiwat the predicted concentration
of sulphate (Sg) remains below it.
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CHAPTER 6. CONCLUSIONS, RECOMMENDATIONS AND FUTURE
RESEARCH

6.1 Conclusions

In order to obtain fundamental technical informatregarding fly ash particulate
behaviour (PMio, PMio, PMzs and PM ) for biomass co-firing with a typical
pulverized South African coal, pilot-scale co-fgitests using two types of biofuels,
namely ligneous (sawdust) and herbaceous (grasts)itere conducted at co-firing
ratios (biomass/coal) of 10%, 15% and 20% on anggr@asis. The main objectives
of this study covered in Chapter 5 were to:
- Analyse the particle size distribution of fly asimgpled from the experiments
and observe its mineralogy with respect to theidoef ratio variation;
- Compare both grass and sawdust experiments oraie & PM PSD
produced and its blending ratio with coal;
- Compare the results of fly ash particulate formatimodelling by means of
computational fluid dynamics methods with the ekpental results from the

pilot scale combustion test facility.

The experimental work on the 1 MMPSCTF revealed with the help of a laser
Malvern sizer that the percentages ofie®&hd PM sfly ash particles generally
decreased; there was a greater proportion of aopastcle, with the increase of the

biomass/coal ratio.

Co-firing of both biomass materials with coal ledatreduction of up to 12% in the
total fly-ash dust burden, which was due to thedpash content of the biofuels;
moreover the fly ash microstructure was enricheiti aikali metals by chemical
reaction or adsorption, as shown by the SEM-EDS3AQ ICP analysis. The alkali
aluminosilicate compounds formed in some casesecuently lower the emissions
of alkali sulphate fine particles often reportedindg biomass combustion alone.

Effectively, the sulphur dioxide decreased corresiiogly as the co-firing ratio grew
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for the grass blends while the sawdust blend reidte not all been satisfactorily
explained.

The effect of biomass/coal co-firing on P¥and PM, tended towards reduction of
the quantities of these fine particles and promtittedormation of coarser particles
(PMs,,0) for the case of grass co-firing. Though there aagneral shift of particle
size distribution towards a coarse mode, sawdustst a relatively higher
percentage of P and PMo compared with grass co-firing. The general tremg w
due to a tendency of alkali salts formation. Tkisdency consequently reduced the
viscosity, thus creating favourable conditionsdlagging and coagulation
propensities. The grass blend tests feature dggnareeduction of all P, PM; 5,
and PM o percentages below 40%, 10%, and 3% respectivehpaced to the higher

proportions for sawdust using the same baseline coa

The coalescence effect of fly ash particles was@adby the low fusion point of the
eutectic alkalis — alumina - silica phase resultmglagging propensities.
Consequently, biomass co-firing could reduce paldte matter pollution by
decreasing the PMand PM s concentrations through a fine particle coalescence
mechanism. Grass would be better than sawdusismebpect, according to the
results of this particular study.

These findings compare well with other researcm@Niiya et al., 2004) which had
focused on the effect of the interaction of mingrralins present in the fuels on the
PM fly ash size distribution. In the present watks considered that since the
pulverized-coal fineness is to a certain exterkdahto the excluded mineral grain
size distribution, fine coal excluded grains causethift of the fly ash PSD toward
the coarse mode, and coarse coal excluded graimsds fine fly ash PSD. Hence,
the blending of high ash content coal with biomasserials could be beneficial, as
long as the operating conditions of the furnacepdfiring ratios that do not

exacerbate slagging and fouling, are adjusted dougly. For example under high
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pressure, the repeat sawdust set of tests on ti&P®ere characterized by a lean
fuel zone created inside the primary region ofltlveNO, burner, which caused fast
devolatilisation and high carbon dioxide formatihich was responsible for fine
PM. A PM,sfly ash peak was consequently measured at thedaidining ratio (20%
sawdust) in comparison with the original sawdust $eries. We also observed drops
of 5% and 3% in P for the baseline (coal B) test compared to thst 8xperiments
(grass/coal A and sawdust/coal A respectively)efahdency of fly ash PSD on the
pulverized-coal PSD, flue gas temperature, prina@ryelocity and excess oxygen
was revealed:

- PMjp percentage decreases with pf-coal fineness inereas

- PMjyp percentage decreases with co-firing ratio increase

- Flue gas temperature decreases witlexzess level increase;

- PMjyg percentage increases with flue gas temperaturease.

Based principally on the work of Glarborg and corkans (2005), the modelling of
the fine sulphate particle formation mechanism im@d a numerical resolution of the
radiation, flows, discrete phase patterns, chensigaties reactions and transport
equations using a commercial CFD package (Fluerginulate coal/biomass blend
combustion. This modelling remains computer intemsmostly because of the
complex turbulence and the variation of densitthefflue gas with temperature that

renders the solving of the numerical equations \emgthy.

Of the different input data required for the congpigimulation, the chemical
characteristics of the fuels and the combustioetkis parameters were of great
importance. Grass was rich in potassium, silicadmdrine, while sawdust was
characterized by a high sodium level. Both bionmaaterials had very low sulphur
content compared to coal. Only potassium, sulphdrchlorine were considered to
devolatilise through a single rate model like tlydrocarbon species. DTF
combustion tests were carried out for the evaluadicthe reaction kinetics and other

parameters of the coal and its blends with bionmassnoted that sulphate and
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chloride traces were measured by IC but no vipbkese was detected on the XRD
that suggested that they have been adsorbed withrace of being released for

instance during the flue gas cooling stage.

The results discussed in the previous chapterdeado conclude that this simplified
mechanism of sulphate formation provides moderselts under a reactor
environment with presence of a fuel that normatizances the generation of chain
carrier radicals and turbulent flow. Under simitanditions and using a S@odel, a

better correlation with submicrons (RW PSD was then achieved.

6.2 Recommendations and future work

This project is the first to report in South Afrioa a pilot-scale experimental
program into the effects of co-firing biomass wattal using a pulverized-fuel burner.
More detailed investigation at large scale of tlesnpromising biomass would need
to be undertaken prior to implementation. Howetleg, following recommendations

are proposed, taking into account the findinghf tesearch:

- Primarily, the operating conditions of the combaistsystem impacted the
fine particle emissions as observed during thedawdust test series. Further
investigations should be carried out of the eftdd®SCTF operating
parameters (pressure, burner velocity ratio, ettthe formation of particles
and their control to reduce fine particulate foriomt

- In cooperation with the traditional industrial buyef fly ash for the
production of cement, studies would need to be daklen to ensure that high
alkali content fly ash from co-firing can be usextlae same way as common
coal ash.

- Very fine fly ash particles originate from the ewggtion, nucleation,
condensation, and coagulation of alkali sulphatelpced during the co-firing

process. Electrostatic precipitators are challerageieaning them; their



176

efficiency is a function of fly ash PSD. Thus, canmmpises have to be found
on the types of suitable cleaning devices.

In order to confirm the experimental results thisralso a need for the direct
measurements at the system outlet of hydrogenidblgootassium, chlorine,
and potassium sulphate in the flue gas because gtag an important role in
the sulphate formation mechanism (Table 4.1). Thpseies were not
monitored during the co-firing experiments dueaokl of adequate
instrumentation.

There is little information about devolatilisatiand char reactivity for
biomass in the literature in general. For Southcafto engage in a
meaningful co-firing research and development m@ogra reaction kinetics

database for different biomass types would nedxktocompiled.



177

REFERENCES

Aglave, R. (2007), Automatically Reduced Reactioadiianisms: A Case for Diesel
Engine, PhD thesis, University of Heidelberg, Gamgpainpublished.

American Coal Ash Association (ACAA) (2007), Freqtlg asked questions.
INTERNET. www.acaa-usa.orgCited 22 March 2007.

Atkinson, R. ; Baulch, D. L.; Cox, R. A.; Hampsan R. F.; Kerr, J. A.; Rossi, M. J.;
and Troe, J. (1997), Evaluated kinetic and photout@& data for atmospheric
chemistry: Supplement VI.

Backreedy, R.l., Fletcher, L.M., Jones J.M., Ma,Rourkashanian, M., and
Williams, A. (2005), Co-firing pulverized coal alibmass: a modelling approach.
Proceedings of the Combustion Institutel. 30, pp. 2955 — 2964.

Bailey, J.G.; Tate, A.; Diessel, C.F.K.; and Wall-. (1990), Char morphology

system with applications to coal combustiBoel, vol. 69, no 2, Feb, pp. 225-239.

Barta, L. E., Berr, J. M., Sarofim, A. F., TeareDJand Togan, M. A. (1993), Coal
fouling tendency model, cited irfFactors influencing fly ash formation and slag
deposit formation (slagging) on combusting a saftiican pulverised fuel in a 200
MW, Boiler, Van Alphen, C. (Eds), PhD Thesis, 2005, Univgrsitthe
Witwatersrand, Johannesburg, unpublished.

Baxter, L. L. (1992), Char fragmentation and fly» &srmation during Pulverised-
coal combustion. InFactors influencing fly ash formation and slag deipformation
(slagging) on combusting a south African pulverifgs in a 200 MWBoiler, Van
Alphen C., PhD thesis, unpublished.



178

Benson, S.A., Jones, M.L., Harb, J.N. (1993), AzimAtion and deposition. ksh
formation from excluded Minerals including consiatésn of Mineral-Mineral
AssociationsLiu Y., Gupta R., and Wall T., Ed.; Elsevier: Newrk, pp. 461 — 467.

Broek, R. van den, Faaij, A., Van Wijk (1995), Biass combustion power
generation technologies. INTERNET:
http://www.chem.uu.nl/nws/www/publica/95029.htr@ited 22 March 2007.

Canadas, L., Salvador, L., and Cortes, V. (199@d#ling of pulverised coal
combustion with respect to fly ash particle sizgrthution.Fuel, vol. 69, pp690-
695.

Charon, O., Sarofim, A. F., and Beer, J. M. (19®@83tribution of mineral matter in
pulverized coalProg. Energy Combustion Scienc¥sl. 16, pp. 319-326.

Chengfeng, Z., Qiang, Y. and Junming, S. (2005gar@&tteristics of particulate
matter from emissions of four typical coal-firedwgr plants in ChinaFuel

Processing Technologyol. 86, pp. 757 — 768.

Cherney, J.H. and Baker, E.V. (2006), Ash Contéi@rasses for Biofuel.
INTERNET. http://www.GrassBioenergy.or€ited 14 September 2007.

Christensen, K.A. and Livbjerg, H. (1996), A fiedtudy of submicron particles from

the combustion of strawAerosol Science and Technologgl. 25, 185-199.

Christensen, K.A., Stenlhom, M., Livbjerg, H.J. 89, The formation of submicron
aerosol particles, HCl and $@ straw-fired boilersAerosol Sciencevol. 29, no.4,
pp. 421 — 444,



179

Cloke, M., Lester, E., and Thompson, A. W. (20@)mbustion characteristics of
coals using a drop-tube furnaéeiel vol. 81, pp. 727 — 735.

Damle, A.S., Ensor, D.S. and Ranade, M.B. (19823 Combustion Aearosol
Formation Mechanisms: A reviewerosol Science and Technologyl. 1, no.1, pp.
119-133.

Del Monte M., Braga Marcazzan G. M., Sabbioni @d &entura A. (1983),
Morphological, physical and chemical character@abf particles emitted by a coal-
fired power plantThe eleventh annual conference of the associatioadrosol
research pp. 325 -327.

Diaz-Somoano, M., Unterberger, S. and Hein, K.R2B06), Prediction of trace
element volatility during co-combustion procesdaselvol. 85, pp. 1087-1093.

Dong, W. (2000), Design of Advanced Industrial Fages using Numerical
Modeling Method, PhD thesis, Royal Institute of fieclogy, Sweden, unpublished.

DTI (2005), Best Practice Brochure: Co-firing obimass (Main report), Report No.
COAL R287 DTI/ Pub URN 05/ 1160, unpublished.

Environment International Agency (EIA) (2004), Soétfrica: Energy and
Environmental Issues. INTERNETMttp://www.eia.doe.gov/cabs/. Cited 15 March
2007

Environment International Agency (EIA) (2007), Ctyranalysis briefs: South
Africa. INTERNET.http://www.eia.doe.goVCited 15 March 2007.

Field, M. A., Gill, D. W., Morgan, B. B. and HawKeg, P. G. W. (1967),

Combustion of pulverised coal. IRactors influencing fly ash formation and slag



180

deposit formation (slagging) on combusting a saftiican pulverised fuel in a 200
MW, Boiler, Van Alphen, C., PhD thesis, unpublished.

Fluent Inc. (2006); Fluent 6.3 User's Guide, Ceat®esource Park, Lebanon, NH
03766.

Foster Wheeler Corporation (1999), Cofiring Biomias€oal-Fired Boilers:
Results of utility Demonstrations. INTERNERttp://www.fwc.com/ Cited 22 March
2007.

Freeman, M.C., O'Dowd, W.J., Brown, T.D., HargisRrA., James, R.A., Plasynski,
S.I., Walbert, G.F., Lowe, A.F., Baptista Jr, J2D00), Pilot-scale air toxics R&D
assessment of creosote-treated and PCP-treatedawmeathg for pulverized coal

utility boiler applicationsBiomass and Bioenergyol. 19, pp. 447-456.

Gani, A., Morishita, K., Nishikawa, K., and Naru$g2005), Characteristics of Co-
combustion of Low-Rank coal with Biomagmergy & Fuelsvol. 19, pp. 1652 —
1959.

Glarborg, P.; and Marshall, P. (2004), Mechanischraodeling of the formation
of gaseous alkali sulfate€pmbustion and Flameol. 141, pp. 22-39.

Glazer, M. P. (2007), Alkali metals in combustidrb@mmass with coal, MSc
dissertation, Poznan University of Technology, RdJainpublished.

Goodarzi, F. (2006), The rates of emissions of fiagicles from some Canadian

coal-fired power plantszuel, vol. 85, pp. 425 — 433.



181

Goosen, R. (2008), Renewable energy in South Affi€& Energy — Alternatives to
fossil fuel. Third FFF Biofuels and Renewable Ewye@gnference, Johannesburg,
South Africa, June 2008.

GreenFacts (2007), Particulate matter. INTERNET:
http://www.greenfacts.org/glossa@ited 14 September 2007.

Heinzel, T., Siegle, V., Spliethoff, H., and HeiiR.G. (1998), Investigation of
slagging in pulverized fuel co-combustion of biosyaad coal at a pilot-scale test

facility. Fuel Processing Technologyol. 54, pp. 109 — 125.

Helble, J.J., Srinivasachar, S. and Boni, A. A9@Q Factors influencing the
transformation of minerals during pulverised caahbustion. InFactors influencing
fly ash formation and slag deposit formation (slaggd on combusting a south
African pulverised fuel in a 200 MMBoiler, Van Alphen, C., PhD thesis,
unpublished.

Honsbein, D. (2006),Examples of Biomass Utilisation in South Africa —
Application of Slow Pyrolysisattp://www.thermalnet.inter-base.ne@ited 14
September 2007.

JiménezS. and Ballester, J. (2005), Influence of operatiogditions and the role of
sulfur in the formation of aerosols from biomasmbastion.Combustion and Flame
pp. 346-358.

Knudsen, J. N.; Jensen, P. A.; Dam-Johansen, K4)20ransformation and release
to gas phase of Cl, K, and S during combustiomoiial biomasd:nergy fuelsyol.
18, pp. 1385 — 1399.



182

Lester, E. and Cloke, M. (1999), The charactemratf coals and their respective
chars formed at 130TC in a drop tube furnac€uel, vol. 78, pp. 1645 -1658.

Linak, W.P. (2002), Fine and ultra-fine ash paesctrom pulverized coal
combustion. InParticle-Size Distributions and Heavy Metal Paditing in Emission
Gas from Different Coal-Fired Power Plant®o, J.-1., Seo, Y.-C., and Shinagawa,
T. Ed.; Elsevier: New York, pp. 272 -279.

Lipsky, E., Charles, O., Stainer, Spyros, PandjsaNd Robinson, A.L. (2002),
Effects of sampling conditions on the size disttidru of fine particulate matter
emitted from a pilot-scale pulverized coal combudimergy and Fuelsvol. 16, pp.
302 - 310.

Liu, Y., Gupta, R., Sharma, A., Wall, T., Butchar, Miller, G., Gottlieb, P. and
French, D. (2005 Mineral matter-organic matter association chara&aé&on by
QEMSCAN and applications in coal utilizatidfuel, vol. 84, pp. 1259 -1267.

Liu, Y., Gupta, R., and Wall, T. (200/Ash formation from excluded minerals
including consideration of mineral-mineral assaoias. Energy & Fuelsvol. 21, pp.
461 — 467.

Loedhen, D., Walsh, P.M., Sayre, A.N., Beer, J.Ml &arofim, A.F. (1989),
Generation and deposition of fly ash in the combuastf pulverised coal. Irf-actors
influencing fly ash formation and slag deposit fation (slagging) on combusting a
south African pulverised fuel in a 200 M¥Wbiler, Van Alphen, C., PhD thesis,
unpublished.

Ma, L.; Jones, J. M.; Pourkashanian, M. and Wilsai. (2007), Modeling the
combustion of pulverized biomass in an industrahbustion test furnac&uel, vol.
86, pp. 1959 - 1965.



183

Malvern Instruments; INTERNETttp://www.malvern.co.uk Cited October 2008.

Miles, T. R. Jr (1996); Experience with biomasd tlends in combustion systems,
American Society of Mechanical Engineers, EnviramadeControl Division
Publication, EC vol. 1, pp. 365-368.

Miller, B., Dugwell, D.R., and Kandiyoti, R . (2003The influence of injected HC1
and SQ on the behavior of trace elements during wood-larkbustionEnergy &
Fuels,vol. 17, 1382-1391.

Miller, B. G. (2005), Coal Energy Systems, Acadeiess.

Miltner, M.; Kerschbaum, A.; Jordan, C.; Harasek; &hd Friedl, A. (2006), Process
simulation and CFD calculations for the developnwran innovative baled biomass-

fired combustion chamber, Vienna University of Trealogy, Austria.

Monroe, L.S. (1989), An experimental and modelktgdy of residual fly ash
formation in combustion of a bituminous coal. Anmathematical model of ash
formation during pulverised coal combustjofan, L., Gupta, R.P., and Wall, T.F.
(Eds) Elsevier.

Muller, M.; Wolf, K. J.; Smeda, A.; and Hilpert, K2006); Release of K, Cl, and S
species during co-combustion of coal and stiamergy and Fuelsvol. 20, no 4, pp.
1444-1449.

Ninomiya, Y., Zhang, L., Sakano, T., Kanaoka, CasMi, M. (2004), Transformation
of mineral and emission of particulate mattersmyGgo-combustion of coal with

sewage sludgéuel, vol. 83, pp. 751 — 764.



184

NIST, INTERNET:http://webbook.nist.gov/chemistry/reac-ser.htmte@iOctober
2008

Pokothoane, P. (2009), Investigation into co-firBigmass with pulverised-coal in a
pilot-scale combustion facility. School of Mechaadidndustrial and Aeronautical
Engineering, University of the Witwatersrand, Jatesburg, South Africa. PhD
Thesis, unpublished.

Raask, E. (1985), Mineral impurities in coal contimrs Behavior, problems, and
remedial measures. Central electricity generatmaydbtechnical planning and

research division Leatherhead, England, UK.

Schofield, K . (2003), A new method for the diréatme calibration of nebulized

additive concentration€ombustion and Flamepl. 133, 147-156.

Sengupta, I. (2007), Regulation of suspended peatie matter (SPM) in Indian coal-
based thermal power plants: A static appro&etergy Economicsrol. 29, pp. 479 —
502.

Shibaoka, M. (2002), Investigation of Combustiond@ssses of Single Coal Particles.
In: Combustion characteristics of coals using a dropetfurnace Cloke, M., Lester,
E., Thompson, A.\W., Ed. Elsevier: New York, pp. 7235.

Smoot, L.D. and Smith, P.J. (1985), Coal combusdioth gasification. New York:

Plenum Press.

Srinivasachar, S. and Boni, A.A. (1989), A kinetiodel for pyrite transformations in

a combustion environmerfuel, vol. 68, pp. 829 — 835.



185

Unsworth, J.F., Cunliffe, F., Graham, S.C. and MordP.A.. (1987), Ash formation
during pulverized coal combustion: 1: AerodynamiituencesFuel, vol. 66, pp.
1672-1679.

TSI, Power system (1985), Eskom/ERID Drop Tube &oen Eskom Research and
Innovation Department, Johannesburg, unpublished.

TSI, Power system (1998), Pilot-Scale Combustiost Facilities specifications and
operating manual. Eskom Research and Innovatiomirapnt, Johannesburg,
unpublished.

U.S. Environmental Protection Agency (1996), Aiality criteria for particulate
matter. Research Triangle Park, NC: National CdioteEnvironmental Assessment-
RTP Office; report nos. EPA/600/P-95/001aF-cF.

U.S. Environmental Protection Agency Method (20BN TIC TM-5, Determination
of Particulate Matter Emissions from stationaryrses. In:Particle-Size
Distributions and Heavy Metal Partitioning in Emiss Gas from Different Coal-
Fired Power Plants{oo, J.-1., Seo, Y.-C., and Shinagawa, T. (Eds).

Van Alphen, C. (2005), Factors influencing fly dshmation and slag deposit
formation (slagging) on combusting a south Afrigarverised fuel in a 200 MW
Boiler. PhD Thesis, University of the Witwatersraddhannesburg, unpublished.
Van Alphen, C. (2007), Automated mineralogical &sisl of coal and ash products —
Challenges and requiremeniéinerals Engineeringvol. 20, no 5, pp. 496-505.

Van Alphen, C. (2008), Co-firing coal and biomasdirkers, internal technical
Eskom research and innovation department memoramdRi021, Johannesburg,

unpublished.



186

Van Loo, S. and Koppejan, J. (2003), Handbook ohigiss and Co-firingfwente
University Press, Enschede.

Wang, Q., Yao, H., Yu, D., Dai, L. and Xu, M. (200Emission Behaviour of
Particulate Matter during Co-combustion of Coal &mmass in a Drop Tube

FurnaceEnergy and Fuelsvol. 21, pp. 513-516.

Wang, Y. and Yan, L. (2008) CFD Studies on BiomEssrmochemical Conversion,
International Journal of Molecular Sciencesl.9, pp. 1108-1130.

Wayne, S.S., Fernandez, A., and Wendt, J.O.L. (2@02tudy of fine particulate
emissions from combustion of treated pulverized isipal sewage sludge
Environment Science & Technologwl. 36, pp. 2772 — 2776.

Westberg, H. m.; Bystrom, M.; Leckner, B. (2003jstbbution of potassium,
chlorine and sulfur between solid and vapor phasend combustion of wood chips
and coal Energy fuelsvol. 17, pp 18 — 28.

Wilemski, J.G., Srinivasachar, S. and Sarofim, A1992), Modelling of mineral
matter redistribution and ash formation in pulvedi€oal combustion, Ifkactors
influencing fly ash formation and slag deposit fation (slagging) on combusting a
south African pulverised fuel in a 200 M¥Wbiler, Van Alphen, C., PhD thesis,
unpublished.

Whitby, E. (2005), Fine Particle model (FPM) manigalFLUENT.
Yan, L., Gupta, R.P., and Wall, T.F. (2001), Thelication of mineral coalescence

behaviour on ash formation and ash deposition duulverised coal combustion
Fuel, vol. 80, pp. 1333 — 1340.



187

Yan, L., Gupta, R.P., and Wall, T.F. (2002), A neatfatical model of ash formation
during pulverised coal combustidfyel, vol. 81, 3, pp. 337-344.

Ylatalo, S.I., Hautanen, J., I&ffects of sampling conditions on the size distidyu
of fine particulate matter emitted from a pilot-tz@ulverized coal combustdgd.,
vol., 2002, pp. 302 — 310.

Yoo, J.-l., Seo, Y.-C., and Shinagawa, T. (2008)tiBle-Size distribution and heavy
metal partitioning in emission gas from differenatfired power plants.
Environmental Engineering Sciena®l. 22, no.2, pp. 271 — 279.

Yu, H., Marchek, J.E., Adair, N.L. and Harb, J.ll993), Characterization of
minerals and coal/mineral association in pulveriseal, In:Factors influencing fly
ash formation and slag deposit formation (slaggiog)combusting a south African
pulverised fuel in a 200 MyBoiler, Van Alphen C., PhD thesis, unpublished.

Zeuthen,J.H. (2007), The formation of aerosol pkasi during combustion of

biomass and waste, Final Report Energinet projet? §FU2206 ), unpublished.

Zheng, L., and Furimsky, E. (IMAF Group) (200Qyantification of chlorine and
alkali emissions from fluid bed combustion of cbglequilibrium calculationgtuel
Processing Technologyol. 81, no.1, pp. 7-21

Zygarlicke, C.J., Ramanathan, M. and Erickson, T1R91), Fly ash patrticle size
distribution and composition: Experimental and pireenological approach. In:
Factors influencing fly ash formation and slag deipéormation (slagging) on
combusting a south African pulverised fuel in a RBO®, Boiler, Van Alphen, C.,
PhD thesis, unpublished.



188

APPENDICES



189

APPENDIX A FLY ASH PSD FROM PORT 21 FOR THE TESTS SERIES

T11/P21 -Tow ds :Run 10

26/09/07

By Ali

Sample File Name: GENMETH , Record: 982 Source: Analysed
Measured on: Thu, Feb 14, 2008 4:12PM Last saved on: Thu, Feb 14, 2008 4:12PM

Presentation: 28$D

Very Polydisperse model Volume Result Focus = 100 mm.

E Kill Result Low = 0 High =26 %
Residual = 0.488 % Concentration = 0.002 % Obscuration = 16.79 %
d(0.5)= 6.09um d(@.1)= 1.46um d (0.9 = 2041 pm
D[4,3]= 0.79pm Span= 311
Sauter Mean (D[3,2] ) = 0.66 pm Mode = 5.83 um

Density = 1.00gm. /c.C.

Specific Surface Area = 9.1360sq

Size (Lo) Result In Size (Hi) Result
um % um Below %

718 1027

6.39 12.43

551 15.05

468 18.21

379 2204

3.01 2668

223 3229

1.58 39.08

096 47.30

050 57.25

0.21 69.30

0.07 83.87 i
0.02 101.52 100.00
0.00 122.87 100.00
0.00 148.72 100.00

0.00 180.00 100.00
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T13/P21 -90TD/10SD :Run Number 6

26/09/07
By Ali

Sample File Name: GENMETH , Record: 978 Source: Analysed
Measured on: Thu, Feb 14, 2008 3:36PM  Last saved on: Thu, Feb 14, 2008 3:37PM

Presentation: 2$$D
Very Polydisperse model Volume Resulit Focus = 100 mm.

|

Kill Result Low = O High = 26
Residual = 0.278 % Concentration = 0.003 % Obscuration = 15.25 %
d(© 5)y= 11.31pm d(0.1)= 294pm d(09)= 30.22pm
D[4,3]= 0.75pm Span= 241
Sauter Mean (D[3,2])= 0.62pm Mode = 12.07 ym
Specific Surface Area = 9.6657 sq. m. /gm Density = 1.00 gm./c.c.
Size (Lo) Result In Size (Hi) Result Size (Lo) Result In Size (Hi) Result
um % Hm Below % Hm % um Below %
0.20 0.73 0.48 8.48 8.67 10.27 45.30
0.48 0.65 0.59 10.27 9.42 12.43 5472
059 0.60 0.71 12.43 9.43 15.05 64.15
0.71 0.71 15.05 8.89 18.21 73.04
0.86 0.80 18.21 7.60 22.04 80.64
1.04 0.86 22.04 6.17 26.68 86.81
1.26 092 26.68 4.65 3229 91.46
152 1.03 3229 3.44 39.08 9490
1.84 1.25 39.08 227 47.30 97.18
223 1.61 47.30 1.37 57.25 98.55
270 208 57.25 074 ©9.30 99.29
327 279 69.30 038 83.87 99.67
3.95 3.76 83.87 0.19 101.52 99.86
479 494 101.52 0.09 122.87 99.95
579 6.29 122.87 0.04 14872 99.99
7.01 761 148.72 0.01 180.00 100.00
30 100
jg B
T H o]
o= 0N DUNNNR NN B TV VAN . S S— -
2 E 0
Jps 0
T 0
10T i
ot ‘ 0
il 0
S 10
01 B ! o]
0.1 1.0 100.0 1000.0

Particle Ijiameter (um.)
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=

26/09/07

By Ali

Sample File Name: GENME
Measured on: Wed, Feb 13,

TH, Record: 966
2008 5:00PM  Last saved on: Wed, Feb 13, 2008 5.01PM

T14/P21 -85TD/15SD :Run Number 3

Source: Analysed

Presentation: 288D
Very Polydisperse model

Residual = 1.700 %
d(@ 5= 1223 um
D[4.3]1= 075um
Sauter Mean ( D[3,2]) =

0.62 um

Epec'lﬂc Surface Area = 9.6444 sq. m./gm

Volume Result

Kill Result Low = 0 High =26
Concentration = 0.003 %
d(0.1)= 277 pm

Span= 225

Focus = 100 mm.

Obscuration = 156.12 %
d(0.9)= 3029 pum

Mode = 16.30 pm
Density = 1.00 gm. /c.c.

Size (Lo) Result In Size (Hi) Result Size (Lo) Result In Size (Hi) Result
pm % um Below % um % pm Below %
0.20 0.77 0.48 077 8.48 766 10.27 41.92
0.48 0.71 0.59 10.27 884 12.43 50.75
0.59 0.66 0.71 12.43 9.16 15.05 59.92
0.71 0.77 0.86 15.05 959 18.21 69.51
0.86 0.86 1.04 18.21 8.66 2204 7817
1.04 0.92 1.26 22.04 7.74 26.68 85.90
1.26 1.00 1.52 26.68 587 3229 91.78
1.52 141 1.84 32.29 432 39.08 96.09
1.84 1.32 223 39.08 242 47.30 98.51
223 1.64 2.70 47.30 1.08 57.25 99.60
270 204 3.27 57.25 033 69.30 99.93
327 263 3.95 69.30 0.06 83.87 99.99
395 342 4.79 83.87 0.01 101.52 100.00
479 435 579 101.52 0.00 122.87 100.00
579 5.41 7.01 122.87 0.00 148.72 100.00
7.01 6.65 8.48 148.72 0.00 180.00 100.00
30 Volume % 100
+ ; i !
207 -
10t
] -
0.1 10.0 1000.0

Particle If)iameter (um.)




192

—_— e
T15/P21 -80TD/20SD :Run Number 3

26/09/07

By Ali

Sample File Name: GENMETH . Record: 975 Source: Analysed
Measured on: Thu, Feb 14, 2008 3:02PM Last saved on: Thu, Feb 14, 2008 3:03PM

Presentation: 25$D
Very Polydisperse model Volume Result Focus = 100 mm.

Kill Result Low = 0 High = 26
Residual= 0517 % Concentration = 0.003 % Obscuration = 15.83 %
d(©.5)= 13.67 ym d(01)= 333um d(0.9)= 37.20pm
D[4,3]= 075um Span= 248
Sauter Mean (D[3,2])= 0.3 pm Mode = 16.32 uym
Specific Surface Area = 9.5767 sq. m./ gm Density = 1.00 gm. /c.c.

Result
Below %

01 ) ; 10.0
Particle Diameter (Mm.)
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T16/P21 - 90TD/10GS :Run Number

26/09/07

By Ali

Sample File Name: GENMETH , Record: 981
Measured on: Thu, Feb 14, 2008 4:05PM Last saved on: Thu, Feb 14, 2008 4:05PM

SR ———————

9

Source: Analysed

Presentation: 28$D

Very Polydisperse model Volume Result

Kill Result Low = 0 High =26

Focus = 100 mm.

Obscuration = 16.72 %

10.0
Particle Diameter (Um.)

Residual = 0.556 % Concentration = 0.004 %
d( 5)y= 1437 ym d(©.1)= 4.26um d(0.9)= 38.47 um
DI[4,3]= 0.75pm Span= 238
Sauter Mean (D[3,2]) = 0.62um Mode = 1591 pm
Specific Surface Area = 9.6812sq. m. /gm Density = 1.00 gm. /c.c.
Result Size (Hi) Result
Below % Hm Below %
10.27 33.59
12.43 42.71
15.05 52.39
18.21 62.20
22.04 71.07
26.68 78.88
3229 85.20
39.08 90.38
47.30 94.17
57.25 96.77
69.30 98.32
83.87 99.22
101.52 99.68
122.87 99.90
148.72 99.98
180.00 100.00
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T17/P21 - 85TD/15GS :Run Number 4

26/09/07
By Ali

Sample File Name: GENMETH , Record: 967 Source: Analysed
Measured on: Wed, Feb 13, 2008 5:19PM  Last saved on: Wed, Feb 13, 2008 5:19PM

Presentation: 2$$D
Very Polydisperse model Volume Result Focus = 100 mm.

Kill Result Low = O High = 26

Residual = 0.535 % Concentration = 0.004 % Obscuration = 16.08 %

d(0 .5)= 1369um d(©.1)= 4.21pm d(0.9)= 3417 pm

D[4,3]= 078um Span= 219

Sauter Mean (D[3,2])= 0.65um Mode = 15.80 pm

Specific Surface Area = 9.1955 sq. m. /gm Density = 1.00 gm. /c.c.

Size (Lo) ’ Resuit In Size (Hi) ‘ Result Result In Size (Hi) i Result
pm % um Below % % pm Below %

0.20 035 0.48 k 8.18 10.27 35.13
0.48 0.33 0.59 973 12.43 44.86
0.59 0.32 0.71 1031 15.05 55.17
0.71 10.41 18.21 65.58
0.86 9.18 22.04 74.76
1.04 7.78 26.68 82.54
1.26 5.96 32.29 88.50
1.52 457 39.08 93.07
1.84 3.04 47.30 96.10
223 1.87 57.25 97.98
270 1.02 69.30 99.00
327 0.53 83.87 99.53
3.95 0.27 101.52 99.79
4.79 0.13 122.87 99.92
679 0.06 148.72 99.98
7.01 0.02 180.00 100.00

30 . ) L ; _ v 100

0
0
(o}
0
0
0
0
0

10
o}

I j [ | :
0.1 1.0 10.0 100.0 1000.0
Particle Diameter (um.)



26/09/07

By Ali

Measured on: Wed, Feb 13, 2008 5:59PM

Sample File Name: GENMETH , Record: 972

195

T18/P21 - 80TD/20GS :Run Number 9

Source: Analysed
Last saved on: Wed, Feb 13, 2008 6:00PM

Presentation: 2$$D
Very Polydisperse model

Residual = 0510 %
13.00 ym
0.75 ym
Sauter Mean (D[3,2]) = 0.62 pm
Specific Surface Area = 9.6047 sq.

Volume Result Focus = 100 mm.
Kill Result Low = O High = 26
Concentration = 0.004 %
d@1)= 374um

Span= 225

Obscuration = 16.00 %
d(0.9)= 3296pm

Mode = 15.42pm
Density = 1.00gm./c.c.

Result
Below %

Size (Lo) Size (Hi)

pm

Result

Result In
o

%

0.1

10.0
Particle Diameter (um.)
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APPENDIX B CFD HOMOGENOUS TURBULENT COMBUSTION SUB-
MODELS

B.1  Basic Governing Equations (Dong, 2000)
a) Conservation equations

The conservation equations of mass, momentum, gRe&id) species are respectively
shown in equations (B-1) — (B-4).

6_,0 U) =
o +0pu) =S, (B.1)
o(pu) + 0 [Qid) = -Op + 0 [ud) + S,

2 (B.2)
) 4 rgpuH) = DATIT) + S,

4 (B.3)
o(pY:)

o0 *0(e0%) =0HDO(AY) + S, +R, (B.4)

b) The state equations of a system
For a perfect gas system, the state equationsecamitien as
- M
p=pRT= PRTZM—
=1 (B.5)
B.2  Other Physical Models
a) Turbulence Model (Fluent Inc., 2006)

Hence, the standardskmodel is based on the Boussinesq hypothesis. @enirsg
the generation of k by the turbulence stress arsdijpplement by the buoyancy, the
turbulent kinetic k equation becomes:

%Uj:_k:%sz_ﬁaiﬁ[w&j;_k}
X; X; g, ) 0X; (B.6)
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Thee equation is obtained from the Navier-Stokes equatwith several
undetermined quantities

g_f+ui s_‘g :E(CR&SZ _CZEEJ+61|:£['U+ﬂ]§_£}

X; yo, X; | P o, ) 0X (B.7)
The eddy viscosity is obtained as:

k2
IL[t = ,OCy -

£ (B.8)

b) Radiation Model (Fluent Inc., 2006)

The energy source due to radiation in Eq. (B4);an be expressed as

_ pandl
S = 499
S (B.9)

The radiation transfer equation (RTE) for transfeneat due to electromagnetic
waves by absorption, emission, and medium scagfean be written as:

dis.0) +(a+o))l(sQ) = aJT4
< 7

ag 47
+—=| 1(s,Q)PdQ
ds 4n -[0 (5.8)

(B.10)

Simplification of P-1 model imposes no interactafrthe waves with the
environment and an expansion of the radiation sitgrh into an orthogonal series of
spherical harmonics (P-N model). By using only ferms in the series solution, the
following equation is deduced for the radiationfy:

- ! 0G
3(a+ US)_CUS (Bll)

g =

Combination of the transport equation for G witkiraplified formulation of (B.11)
gives the following equation:

- 4
-0y, =aG-4aoT (B.12)
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The effect of dispersed second phase of partiexfete phase model) can also be
included in the energy equation (B.3) as follows:

4
-00g, = —4n[aa_-rr + EpJ+(a+ a,)G

p

(B.13)
c) Chemical Reactions Sub-models (Fluent, 2006)

The coal and biomass thermochemical conversionass@ciated to complex
chemical and physical processes such as vaporizatgvolatilisation, homogeneous
volatile reactions, char oxidation, and transpbepmena.

- Devolatilisation sub-model (Single kinetic rate subdel)

The single kinetic rate devolatilisation model tlsatised in the next chapter assumes
that this rate is first-order dependent on the amhofivolatiles remaining in the
particle:

_dm, =Km, - @~ f,o)m, ]
dt P voTRe (B.14)

- Volatile matter turbulent combustion

During volatile species Cl@, oxidation to carbon dioxide and water in the gas
stream, the heat generated from the exothermid¢iomais important for further
release of volatiles, char ignition, and heat sedocother transformation of the
inorganic vapour such as alkali sulphation, etc.

CHXOy + V02 O> = Vo2 CO, + Voo HO +AH kJ/mol (B].G)

Hence, the relation (B.16) can be compared tottheeaction written in general form
as

ZN“v;,rMi 0T - ZN:ui",rMi
i=1 i=1 (B.17)
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For non-reversible reactions, the molar rate ohtio@/destruction of speciesn
reactionr is given by

~ . ‘ N o
RJ = r(Vi,r _Vi,r [kf,r ” [Cj,r](nj'rJr”l,r)J
]:

(B.18)

With the forward rate constant for reactiot,, computed using the Arrhenius
expression

— B o~ E/ /RT
Kip = AT e (B.19)

The net source of chemical spedigsier to reaction in equation (B.4) is computed

as the sum of the Arrhenius reaction sources dwg reactions that the species
participate in:

= (B.20)

- Heterogeneous char-gas phase reactions sub-mausid{Diffusion surface
reaction rate model) (Fluent Inc., 2006)

Char(s) + $o{g) — products(g) +AH kJ/mol (B.24)

The diffusion-limited surface reaction rate modsdumes that the surface reaction

proceeds at a rate determined by the diffusiom@fgaseous oxidant to the surface of
the particle:

dm, _ A
dtp = —4mpDi’mW
o\ lp T e (B.25)
D —C [(T, +T,)/2]°"®
0~ ™
d, (B.26)
_ -(E/RT,)
R=C.e (B.27)
dm, =-Ap,, D,R
dt D, +R

(B.28)
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d) Particle Motion Sub-model (Discrete Phase ModelM)E-luent Inc., 2006)

du -
_p:FD(U—Up)+gX(pp p)"'Fx
dt Py (B.29)
18u C, Re
> pdl 24

b (B.30)
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Appendix C Drop Tube Furnace Experiments Using Batie Blends Of Coal And
Respectively Sawdust And Grass
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Fig. C.1 DTF Combustion efficiency profiles for P@8Goal A

Fig. C.2 Morphologies of Coal A char particles 40Q °C
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Fig. C.9 Morphologies of char particles at 1400(20% grass)
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Fig. C.11 Morphologies of char particles at 1400(20% sawdust)

120

< 100 =

2 80 yad af

o d AN A

o / A A

E Y/ /|

w 60 /

5 /

) /

> 40 4

2 /;

g /

O 20 A

0 f

o o o o o o o o o o o o o
d N ¥ © ®& O N ¥ © &© ©6 N =
o o o o o i i i i i (o] (o] o~

Residence Time [s]

—4—Coal =9=10% Grass —@—15% Grass =—&—20% Grass

Fig. C.12 Morphologies of char particles at 1400(20% sawdust)




207

Fig. C.14 Morphologies of char particles at 1400(20% sawdust)
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Appendix D Psctf Experiments Combustion Efficiencie and Temperature

Profiles
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Fig. D.1 Effect of sawdust on flue-gas temperapradiles and combustion efficiency
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Fig. D.2 Effect of grass on flue-gas temperaturdil@s and combustion efficiency
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Fig. D.3 Effect of sawdust on flue-gas temperapuradiles and combustion efficiency
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Appendix E Calculation Of The Potassium, Sulfur And Chlorine Splits Through Different Species During
Devolatilisation For Potassium Sulfate Formation Mdelling

Fvol + Fchar =1

PX::
) = Xs‘pl[t
A

(Fvol x PXv) + (Fchar x PSc) = TXfuel

- I'XM
T E XK et
TSfuel I:chau I:vol S5p|it PSc PSv PHZS,( PSOZ,( PHZS,\ PSOZ,\ Cl K

Sawdust | 0.000440.2051| 0.7949| 0.7| 0.00058| 0.0004| 0.00061| 0.00115| 0.00043| 0.00081| 0.0031| 0.0004
Grass 0.000980.2269| 0.7731| 0.74| 0.00123| 0.0009| 0.00130| 0.00245| 0.00096| 0.00181| 0.0049| 0.0045
Coal A 0.02642 0.7964| 0.2936| 0.42| 0.03184| 0.0134| 0.03384| 0.01421| 0.03597| 0.01511
Coal B 0.01321 0.7064| 0.2936| 0.48| 0.01559| 0.0075| 0.01657| 0.03115| 0.00795| 0.01495| 0.0022| 0.0013
Where

Przs.cv= PscyX MWhos/ MWios Psoz2.cv percentage by mass of gi@ char or volatile
Pso2,cx= PscyX MWso2/ MWsoo

MW: Molecular weight

Spiit : split of sulfur between volatiles and char
For mass fraction of volatiles in fuel (d.a.f)
Pscyv: percentage by mass of sulfur in char or volatile Fcha mass fraction of char in fuel (d.a.f)

Pu2s.cv percentage by mass of$lin char or volatile Tixi percentage by mass of sulfur in fuel (d.a.f)
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Appendix F Radiant Section Residence Time Calculain And Velocity

Magnitude Of The Flue Gas

Test
Date
Test Duration
Test Description

Test 11 100% Coal
26-Sep-07
07:39 to 08:05
Combustion Performance

Operator Priven Rajoo
Residence Time Calculation | Sl Units
Area
Primary Air Area with sleeve m? 0.0048
Secondary Air Area m? 0.0090
Tertiary Air Area m? 0.0075
Density

Barometric Pressure kPa 84.4
Primary Air Temp T 93
Pressure in Primary Air Pipe kPa
Density of Primary Air kg/m® 0.963
Secondary Air Temp T 301
Pressure in Secondary Air
Pipe kPa
Density of Secondary Air kg/m?® 0.614
Tertiary Air Temp T 295.00
Pressure in Tertiary Air Pipe kPa
Density of Tertiary Air kg/m?® 0.621

Mass Flows S| Units

Total Air (Required) kg/hr 1610 246
Primary Air Flow kg/hr 428
Secondary Air Flow kg/hr 1182
Tertiary Air Flow kg/hr
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Velocities at Burner Face Sl Units
Primary Air Velocity m/s 25.5
Secondary Air Velocity m/s 59.3
Tertiary Air Velocity m/s 0.0
SAV/PAV Ratio should be between 2 to 3 2.32
TAV/PAV \ 0.0

Furnace Sl Units Average Convective

Furnace Temperature T 1273 880
Area m? 1.4641 0.908
Density kg/m?® 0.194 0.260
Massflow kg/s 0.447 0.447
Velocity m/s 1.576 1.896
Radiant Length m 7.25 7.920
Distance sample point port 4 m 0.40
Time S 0.254
Distance sample point port 9 m 1.15
Time S 0.729
Distance sample point port D m 1.80
Time S 1.142
Distance sample point port 15 m 2.65
Time S 1.681
Distance sample point port 21 m 3.45
Time S 2.188
Distance sample point port 27 m 4.90
Time S 3.108
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Test Test 13 10%Sawdust 90%Coal
Date 26-Sep-07
Test Duration 10:48t0 11:16
Test Description Combustion Performance
Operator Priven Rajoo
Residence Time Calculation | Sl Units
Area
Primary Air Area with sleeve m? 0.0048
Secondary Air Area m? 0.0090
Tertiary Air Area m? 0.0075
Density S| Units
Barometric Pressure kPa 84.4
Primary Air Temp T 94
Pressure in Primary Air Pipe kPa
Density of Primary Air kg/m?® 0.962
Secondary Air Temp T 301
Pressure in Secondary Air
Pipe kPa
Density of Secondary Air kg/m?® 0.615
Tertiary Air Temp T 295.00
Pressure in Tertiary Air Pipe kPa
Density of Tertiary Air kg/m?® 0.621
Mass Flows S| Units
Total Air (Required) kg/hr 1601 246
Primary Air Flow kg/hr 427
Secondary Air Flow kg/hr 1175
Tertiary Air Flow kg/hr
Velocities at Burner Face Sl Units
Primary Air Velocity m/s 25.5
Secondary Air Velocity m/s 58.9
Tertiary Air Velocity m/s 0.0
SAV/PAV Ratio should be between 2 to 3 2.31
TAV/PAV \ 0.0
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Furnace S| Units Average Convective

Furnace Temperature T 1233 880
Area m? 1.4641 0.908
Density kg/m?® 0.199 0.260
Massflow kg/s 0.445 0.445
Velocity m/s 1.527 1.886
Radiant Length m 7.25 7.920
Distance sample point port 4 m 0.40
Time S 0.262
Distance sample point port 9 m 1.15
Time S 0.753
Distance sample point port D m 1.80
Time s 1.179
Distance sample point port 15 m 2.65
Time S 1.736
Distance sample point port 21 m 3.45
Time S 2.260
Distance sample point port 27 m 4,90
Time s 3.209

Test Test 14 15%Sawdust 85%Coal

Date 26-Sep-07

Test Duration 11:34 t0 12:02
Test Description Combustion Performance
Operator Priven Rajoo

Residence Time Calculation | Sl Units

Area
Primary Air Area with sleeve m? 0.0048
Secondary Air Area m? 0.0090
Tertiary Air Area m? 0.0075
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Density Sl Units
Barometric Pressure kPa 84.4
Primary Air Temp T 94
Pressure in Primary Air Pipe kPa
Density of Primary Air kg/m?® 0.961
Secondary Air Temp T 297
Pressure in Secondary Air
Pipe kPa
Density of Secondary Air kg/m?® 0.619
Tertiary Air Temp T 295.00
Pressure in Tertiary Air Pipe kPa
Density of Tertiary Air kg/m?® 0.621
Mass Flows Sl Units
Total Air (Required) kg/hr 1582 244
Primary Air Flow kg/hr 415
Secondary Air Flow kg/hr 1167
Tertiary Air Flow kg/hr
Velocities at Burner Face Sl Units
Primary Air Velocity m/s 24.8
Secondary Air Velocity m/s 58.1
Tertiary Air Velocity m/s 0.0
SAV/PAV Ratio should be between 2 to 3 2.34
TAV/PAV 0.0
Furnace Sl Units Average Convective
Furnace Temperature T 1261 880
Area m’ 1.4641 0.908
Density kg/m?® 0.195 0.260
Massflow kgls 0.439 0.439
Velocity m/s 1.537 1.863
Radiant Length m 7.25 7.920
Distance sample point port 4 m 0.40
Time S 0.260
Distance sample point port 9 m 1.15
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Time S 0.748
Distance sample point port D m 1.80
Time s 1.171
Distance sample point port 15 m 2.65
Time S 1.725
Distance sample point port 21 m 3.45
Time S 2.245
Distance sample point port 27 m 4,90
Time s 3.189

Test Test 15 20%Sawdust 80%Coal

Date 26-Sep-07

Test Duration 12:48t0 13:14
Test Description Combustion Performance
Operator Priven Rajoo

Residence Time Calculation | Sl Units

Area
Primary Air Area with sleeve m? 0.0048
Secondary Air Area m? 0.0090
Tertiary Air Area m? 0.0075

Density Sl Units
Barometric Pressure kPa 84.4

Primary Air Temp T 94
Pressure in Primary Air Pipe kPa
Density of Primary Air kg/m?® 0.962
Secondary Air Temp T 303
Pressure in Secondary Air
Pipe kPa
Density of Secondary Air kg/m® 0.613
Tertiary Air Temp T 295.00
Pressure in Tertiary Air Pipe kPa
Density of Tertiary Air kg/m?® 0.621
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Mass Flows Sl Units
Total Air (Required) kg/hr 1588 248
Primary Air Flow kg/hr 421
Secondary Air Flow kg/hr 1168
Tertiary Air Flow kg/hr
Velocities at Burner Face S| Units
Primary Air Velocity m/s 25.1
Secondary Air Velocity m/s 58.7
Tertiary Air Velocity m/s 0.0
SAV/PAV Ratio should be between 2 to 3 2.34
TAV/PAV | 0.0
Furnace Sl Units Average Convective
Furnace Temperature T 1236 880
Area m’ 1.4641 0.908
Density kg/m?® 0.199 0.260
Massflow kgls 0.441 0.441
Velocity m/s 1.518 1.871
Radiant Length m 7.25 7.920
Distance sample point port 4 m 0.40
Time S 0.264
Distance sample point port 9 m 1.15
Time S 0.758
Distance sample point port D m 1.80
Time S 1.186
Distance sample point port 15 m 2.65
Time S 1.746
Distance sample point port 21 m 3.45
Time s 2.273
Distance sample point port 27 m 4.90
Time S 3.228




219

Test Test 16 10%Grass 90%Coal
Date 26-Sep-07
Test Duration 14:21 to 14:44
Test Description Combustion Performance
Operator Priven Rajoo
Residence Time Calculation | Sl Units
Area
Primary Air Area with sleeve m? 0.0048
Secondary Air Area m? 0.0090
Tertiary Air Area m? 0.0075
Density Sl Units
Barometric Pressure kPa 84.4
Primary Air Temp T 94
Pressure in Primary Air Pipe kPa
Density of Primary Air kg/m® 0.963
Secondary Air Temp T 299
Pressure in Secondary Air
Pipe kPa
Density of Secondary Air kg/m?® 0.617
Tertiary Air Temp T 295.00
Pressure in Tertiary Air Pipe kPa
Density of Tertiary Air kg/m?® 0.621
Mass Flows Sl Units
Total Air (Required) kg/hr 1580
Primary Air Flow kg/hr 410
Secondary Air Flow kg/hr 1170
Tertiary Air Flow kg/hr
Velocities at Burner Face Sl Units
Primary Air Velocity m/s 24.5
Secondary Air Velocity m/s 58.4
Tertiary Air Velocity m/s 0.0
SAV/PAV Ratio should be between 2 to 3 2.39
TAV/PAV \ 0.0
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Furnace S| Units Average Convective

Furnace Temperature T 1180 880
Area m? 1.4641 0.908
Density kg/m® 0.206 0.260
Massflow kg/s 0.439 0.439
Velocity m/s 1.454 1.861
Radiant Length m 7.25 7.920
Distance sample point port 4 m 0.40
Time s 0.275
Distance sample point port 9 m 1.15
Time S 0.791
Distance sample point port D m 1.80
Time s 1.238
Distance sample point port 15 m 2.65
Time s 1.823
Distance sample point port 21 m 3.45
Time S 2.373
Distance sample point port 27 m 4.90
Time s 3.371

Test Test 17 15%Grass 85%Coal

Date 26-Sep-07

Test Duration 15:16 to 15:43
Test Description Combustion Performance
Operator Priven Rajoo

Residence Time Calculation | Sl Units

Area
Primary Air Area with sleeve m? 0.0048
Secondary Air Area m? 0.0090
Tertiary Air Area m? 0.0075
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Density Sl Units
Barometric Pressure kPa 84.4
Primary Air Temp T 93
Pressure in Primary Air Pipe kPa
Density of Primary Air kg/m?® 0.963
Secondary Air Temp T 304
Pressure in Secondary Air
Pipe kPa
Density of Secondary Air kg/m?® 0.611
Tertiary Air Temp T 295.00
Pressure in Tertiary Air Pipe kPa
Density of Tertiary Air kg/m?® 0.621
Mass Flows Sl Units
Total Air (Required) kg/hr 1590 249
Primary Air Flow kg/hr 419
Secondary Air Flow kg/hr 1171
Tertiary Air Flow kg/hr
Velocities at Burner Face Sl Units
Primary Air Velocity m/s 25.0
Secondary Air Velocity m/s 59.0
Tertiary Air Velocity m/s 0.0
SAV/PAV Ratio should be between 2 to 3 2.36
TAV/PAV 0.0
Furnace S| Units Average Convective
Furnace Temperature T 1170 880
Area m? 1.4641 0.908
Density kg/m?® 0.208 0.260
Massflow kg/s 0.442 0.442
Velocity m/s 1.453 1.873
Radiant Length m 7.25 7.920
Distance sample point port 4 m 0.40
Time S 0.275
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Distance sample point port 9 m 1.15
Time s 0.792
Distance sample point port D m 1.80
Time s 1.239
Distance sample point port 15 m 2.65
Time S 1.824
Distance sample point port 21 m 3.45
Time s 2.375
Distance sample point port 27 m 4,90
Time s 3.373
Test Test 18 20%Grass 80%Coal
Date 26-Sep-07
Test Duration 16:05 to 16:32
Test Description Combustion Performance
Operator Priven Rajoo
Residence Time Calculation | Sl Units
Area
Primary Air Area with sleeve m? 0.0048
Secondary Air Area m? 0.0090
Tertiary Air Area m? 0.0075
Density S| Units
Barometric Pressure kPa 84.4
Primary Air Temp T 94
Pressure in Primary Air Pipe kPa
Density of Primary Air kg/m?® 0.961
Secondary Air Temp T 300
Pressure in Secondary Air
Pipe kPa
Density of Secondary Air kg/m?® 0.616
Tertiary Air Temp T 295.00
Pressure in Tertiary Air Pipe kPa
Density of Tertiary Air kg/m? 0.621
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Mass Flows Sl Units
Total Air (Required) kg/hr 1586 246
Primary Air Flow kg/hr 416
Secondary Air Flow kg/hr 1170
Tertiary Air Flow kg/hr
Velocities at Burner Face S| Units
Primary Air Velocity m/s 24.8
Secondary Air Velocity m/s 58.5
Tertiary Air Velocity m/s 0.0
SAV/PAV Ratio should be between 2 to 3 2.36
TAV/PAV | 0.0
Furnace Sl Units Average Convective
Furnace Temperature T 1160 880
Area m’ 1.4641 0.908
Density kg/m?® 0.209 0.260
Massflow kgls 0.440 0.440
Velocity m/s 1.438 1.868
Radiant Length m 7.25 7.920
Distance sample point port 4 m 0.40
Time S 0.278
Distance sample point port 9 m 1.15
Time S 0.799
Distance sample point port D m 1.80
Time S 1.251
Distance sample point port 15 m 2.65
Time S 1.842
Distance sample point port 21 m 3.45
Time s 2.398
Distance sample point port 27 m 4.90
Time S 3.407
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Test Test 100%Coal B (Repeat)
Date 8-Aug-08
Test Duration 13:19t0 13:51
Test Description Combustion Performance
Operator Bonny Nyangwa
Residence Time Calculation Sl Units
Area
Primary Air Area with sleeve m? 0.0048
Secondary Air Area m? 0.0090
Tertiary Air Area m? 0.0075
Density Sl Units
Barometric Pressure kPa 84.4
Primary Air Temp T 93
Pressure in Primary Air Pipe kPa
Density of Primary Air kg/m?® 0.964
Secondary Air Temp T 301
Pressure in Secondary Air Pipe kPa
Density of Secondary Air kg/m?® 0.615
Tertiary Air Temp T 295.00
Pressure in Tertiary Air Pipe kPa
Density of Tertiary Air kg/m?® 0.621
Mass Flows Sl Units
Total Air (Required) kg/hr 1517
Primary Air Flow kg/hr 397
Secondary Air Flow kg/hr 1120
Tertiary Air Flow kag/hr
Velocities at Burner Face Sl Units
Primary Air Velocity m/s 23.6
Secondary Air Velocity m/s 56.1
Tertiary Air Velocity m/s 0.0
SAV/PAV Ratio should be between 2 to 3 2.38
TAV/PAV \ 0.0
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Furnace Sl Units Average Convective

Furnace Temperature T 1183 880
Area m? 1.4641 0.908
Density kg/m® 0.206 0.260
Massflow kg/s 0.421 0.421
Velocity m/s 1.399 1.786
Radiant Length m 7.25 7.920
Distance sample point port 4 m 0.40

Time s 0.286

Distance sample point port 9 m 1.15

Time S 0.822

Distance sample point port D m 1.80

Time s 1.287

Distance sample point port 15 m 2.65

Time S 1.895

Distance sample point port 21 m 3.45

Time S 2.467

Distance sample point port 27 m 4.90

Time S 3.504

Test 2 10%Sawdust 90%Coal B
Test (Repeat)
Date 8-Aug-08
Test Duration 14:14to 14:34
Test Description Combustion Performance
Operator Bonny Nyangwa

Residence Time Calculation | Sl Units

Area
Primary Air Area with sleeve m? 0.0048
Secondary Air Area m? 0.0090

Tertiary Air Area m? 0.0075
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Density Sl Units
Barometric Pressure kPa 84.4
Primary Air Temp T 93
Pressure in Primary Air Pipe kPa
Density of Primary Air kg/m?® 0.964
Secondary Air Temp T 301
Pressure in Secondary Air
Pipe kPa
Density of Secondary Air kg/m?® 0.615
Tertiary Air Temp T 295.00
Pressure in Tertiary Air Pipe kPa
Density of Tertiary Air kg/m?® 0.621
Mass Flows Sl Units
Total Air (Required) kg/hr 1527
Primary Air Flow kg/hr 404
Secondary Air Flow kg/hr 1123
Tertiary Air Flow kg/hr
Velocities at Burner Face Sl Units
Primary Air Velocity m/s 24.1
Secondary Air Velocity m/s 56.2
Tertiary Air Velocity m/s 0.0
SAV/PAV Ratio should be between 2 to 3 2.34
TAV/PAV 0.0
Furnace S| Units Average Convective
Furnace Temperature T 1206 880
Area m? 1.4641 0.908
Density kg/m?® 0.203 0.260
Massflow kg/s 0.424 0.424
Velocity m/s 1.430 1.798
Radiant Length m 7.25 7.920
Distance sample point port 4 m 0.40
Time S 0.280
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Distance sample point port 9 m 1.15
Time s 0.804
Distance sample point port D m 1.80
Time S 1.259
Distance sample point port 15 m 2.65
Time S 1.853
Distance sample point port 21 m 3.45
Time S 2.412
Distance sample point port 27 m 4,90
Time S 3.426
Test 3 15%Sawdust 85%Coal B
Test (Repeat)
Date 8-Aug-08
Test Duration 14:52 to 15:12
Test Description Combustion Performance
Operator Bonny Nyangwa
Residence Time Calculation
Area
Primary Air Area with sleeve m? 0.0048
Secondary Air Area m? 0.0090
Tertiary Air Area m? 0.0075
Density
Barometric Pressure kPa 84.4
Primary Air Temp T 93
Pressure in Primary Air Pipe kPa
Density of Primary Air kg/m?® 0.965
Secondary Air Temp T 304
Pressure in Secondary Air
Pipe kPa
Density of Secondary Air kg/m?® 0.612
Tertiary Air Temp T 295.00
Pressure in Tertiary Air Pipe kPa
Density of Tertiary Air kg/m? 0.621
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Mass Flows
Total Air (Required) kg/hr 1550
Primary Air Flow kg/hr 429
Secondary Air Flow kg/hr 1121
Tertiary Air Flow kg/hr
Velocities at Burner Face
Primary Air Velocity m/s 25.5
Secondary Air Velocity m/s 56.5
Tertiary Air Velocity m/s 0.0
SAV/PAV Ratio should be between 2 to 3 2.21
TAV/PAV | 0.0
Furnace Average Convective
Furnace Temperature T 1219 880
Area m’ 1.4641 0.908
Density kg/m?® 0.201 0.260
Massflow kgls 0.431 0.431
Velocity m/s 1.464 1.826
Radiant Length m 7.25 7.920
Distance sample point port 4 m 0.40
Time S 0.273
Distance sample point port 9 m 1.15
Time S 0.785
Distance sample point port D m 1.80
Time S 1.229
Distance sample point port 15 m 2.65
Time S 1.810
Distance sample point port 21 m 3.45
Time s 2.356
Distance sample point port 27 m 4.90
Time S 3.346
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Test Duration
Test Description
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Test 4 20%Sawdust 80%Coal B
(Repeat)
8-Aug-08
15:29 to 15:49
Combustion Performance

Operator Bonny Nyangwa
Residence Time Calculation
Area
Primary Air Area with sleeve m? 0.0048
Secondary Air Area m? 0.0090
Tertiary Air Area m? 0.0075
Density

Barometric Pressure kPa 84.4
Primary Air Temp T 93
Pressure in Primary Air Pipe kPa
Density of Primary Air kg/m?® 0.965
Secondary Air Temp T 301
Pressure in Secondary Air
Pipe kPa
Density of Secondary Air kg/m?® 0.614
Tertiary Air Temp T 295.00
Pressure in Tertiary Air Pipe kPa
Density of Tertiary Air kg/m? 0.621

Mass Flows

Total Air (Required) kg/hr 1553
Primary Air Flow kg/hr 433
Secondary Air Flow kg/hr 1120
Tertiary Air Flow kg/hr
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Velocities at Burner Face
Primary Air Velocity m/s 25.8
Secondary Air Velocity m/s 56.2
Tertiary Air Velocity m/s 0.0
SAV/PAV Ratio should be between 2 to 3 2.18
TAV/PAV \ 0.0

Furnace Average Convective

Furnace Temperature T 1237 880
Area m? 1.4641 0.908
Density kg/m?® 0.198 0.260
Massflow kg/s 0.431 0.431
Velocity m/s 1.485 1.830
Radiant Length m 7.25 7.920
Distance sample point port 4 m 0.40
Time S 0.269
Distance sample point port 9 m 1.15
Time S 0.774
Distance sample point port D m 1.80
Time S 1.212
Distance sample point port 15 m 2.65
Time S 1.784
Distance sample point port 21 m 3.45
Time s 2.323
Distance sample point port 27 m 4.90
Time S 3.300
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Appendix G Chloride Deposition Tendency Onto Fly Ak Particles

50.000 ?\
45.000 / AN

40.000 / \G\

35.000 / o
30.000

25.000
20.000 ©—Fly ash port#21

S/Clratio

15.000 /

10.000 /

5.000 /
4

0.000

Coal A 10% 15% 20%
sawdnst  sawdnst  sawdnst

(@)

400

R

w| /N
250 / \ d

200

—&—Fly ash port#21

(Na+K) /(Cl+28)

CoalA  10% 15% 20%
sawednst  sawdnst  sawdnst
(b)
Fig. G.1 Effect of the co-combustion of sawdustwabal on: a) chlorine deposition
tendency onto fly ash particles through S/CI ratioT otal alkali to chlorine

& sulphur ratio



S/Clratio

(Na+ )/ (Cl+28)

45.000
40.000
35.000
30.000
25.000
20.000
15.000
10.000

5.000

0.000

500.000
450.000
400.000
350.000
300.000
250.000
200.000
150.000
100.000
50.000
0.000

232

/

/

Coal A

15% grass

(@)

20% grass

/

T

0/

Coal A

15% grags

(b)

20%0 grass

&— Fly ash port#21

—&—Fly ash port#21
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Appendix H Icp And Ic Analysis On Fly Ash Samples Br All The Tests Series

Coal A | 10% sawdu: | 15% sawdu: | 20% sawdu: | Coal A | 15% gras | 20% gras | Coal E 10% sawdut 15% sawdut 20% sawdut
Na (ppm 58(C 353( 207( 252( 58(C 84C 333( 17& 41C 828( 27C
K (ppm) 50C 172( 116( 124C 50C 89C 125( 11¢ 96( 85(C 68C
Sulphate (ppn 4.65¢ 7.02¢ 6.55¢ 5.75¢€ 4.65¢ 8.401 5.26¢ 0.45: 0.23:2 0.09¢ 0.111
Cl (ppm) 17.471 0.148 0.178 0.167 17.471 0.312 D3  0.25 0.112 0.077 0.00
S/Cl 0.267 47.46¢ 37.90¢ 34.467 0.267 26.92¢ 39.87¢ 1.80¢ 2.071 1.37¢ 15.85:
(Na+K)/(Cl+2S | 40.31¢ 369.77( 243.05¢ 321.94! | 40.31¢ 101.08 429.64: | 251.30( 2378.47. 33814.81 4148.47.
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Appendix | Co-Firing Coal And Biomass — Clinkers

500 0pm

Figure 1.1: Backscatter electron micrograph — Tlidker deposit. Note the
dark anorthite laths in the predominately glassrimdlight grey). Scale bar
represents 50aAm.
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500 Opm
R e ——— a1

Figure 1.2: Backscatter electron micrograph of TliBker deposit. Note the spherical
Fe-oxide grains (light grey), angular quartz (Quna@nosilicate (Ka) and anorthite
laths in light grey “glass”. Scale bar is 5@®. The dark background is epoxy resin.
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Appendix J Additional Sem-Eds Spectra Of Fly Ash
The Different Tests Series
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Fly ash SEM-EDX spectrum (experiment T18, refereabée 4-8)
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Appendix K Comparison Between Experiment And Modeling Of Carbon
Dioxide Concentrations In The Flue Gas In The PsctfFor Different Fuels

Blends And Co-Firing Ratios
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Fig. K.1 CQ Profiles for Sawdust test series
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Fig. K.2 CQ Profiles for Grass test series



