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Abstract

This thesisconcerns nmerical investigations athe combustion behaviour efrious
combustion regimeslhe simulations are based orodelling the flow of the fuels in
the combustion devices. Computational fluid dynamics (CFD) modelling and analysis
were used in three different workSLUENT software, which is based ohet finite
volume methodis used tccarry out all the simulationgirstly, numerical simulatios
were carried out to investigate thebulentnon-premixedcombustionof a mixture of
methangCH,) 90% andnitrogen (N) 10% on volume basignside an axisymmetric
cylindrical chambe (base case)The objectiveis to investigatethe turbulent flow,
flame propagabn, temperature and species concentration evaduatethe effectsof
different reducedreaction nechanisms of methanand the influence ofvarious
turbulence models omém. Theturbulentcombustionnside the chamber occuusider
a conditionfor which the equivalence rati@) of 1.04 is usedinstead of using fully
detailed chemical kinetics schemes and to reduce the computational costs, four global
reducedchemical kineticsnechanisms are employed in the combustion maaelthey
are named as (M M-II, M-lll and M-IV). The simulations in which M is used,are
performedby RenoldsAveraged Navier Stoke®RANS) approach withthe threetwo-
equationk- closures(standad, realizable and RNGImployed to model theurbulent
flow. Concerning the chemisttyrbulence interactiorthe finite-rateeddydissipation
model (FR/ED) is used.The first two of the above kinetics schemase twostep
reaction mechanisms and the othevo are frststep and fivestep reaction
mechanisms, respectivelf¥he latter one is used to assess ¢hpability of FR/ED
model for modeling such a mechanisfhe influence ofthermal radiationis also
investigatedoy means oP-1 model. The stadardk- modelandrealizablek- model
are also modified and used in the course of simulatidilereover, he reaction
mechamsm (M-11) is optimized tosee its effects on the combustion proc&se results
are compared with the experimental data gade good agreemerit is found that he
bestresultsare generallyobtained using the modified standdd model Moreover,
the simulationresults using the realizabtarbulence model are found to have large
discrepanciesompared to the experental dataln comparison with the experimental
data, he optimization of MIl (5 = 1.6x108J/kmo) is found tohavegood resultsin
terms of temperaturdncreasing the dilution of the fubly N, is investigated Four

cases,CH, (85, 80, 75 andl00%) on volume basisare performedThe latter one
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concerns the combustion of pure methartee results areompared with the base case
and found thathe base case is the best compronosabtain the highest temperature in

inside the chamber.

Secondlyanaxissymmetric combustion model based on the Eulgrange approach

was formulated to model the combustion of pulveribedminouscoal. Three cases

with three different char oxidation models are presenieccaseland case 2 the
diffusion and kineti¢diffusion global char moded are used, respectivelyWhereasto

model char oxidatioin case 3the multisurfacereactions model is use@hevolatiles
released during the devolatilization stagdich is modelled using single kinetic rate
model, aretreated asone species and its combustimnmodelled using the FR/ED
model.The predicted results have good agreement with the available experimental data
and the best predictions are obtained froase 3.The results showed that the
combustion insidé¢he reactor was affected by the particulate dizes found thathe
burnout of the particle witthed i a me t e r at thé exil @ thesfumacs 100%.
Whereas the burnout ofthepar ti cl es with diametesg s o

approximately 8675, 35, 33, 29 %aespectively

A number of simulations were carried out to find the best values of parameters suitable
for predicting NQ pollutants.The chemical formation and reduction rates of NO are
calculated by pogprocessing data obtained fromme previously reacting flow
simulations.This method is computationlefficient. For volatile-N is assuned that

the nitrogen is released via the intermediates HCN ang Kbt chatN path way, it is
assumed that all the nitrogen is released via the intbateeHCN It is found that the
assumptiorof the partition of volatile-N by 52% HCN, 10% NHand 38% NO hathe

best agreement with the experiment dafghe influence of different operating

parametersn the combustion process and N@rmationwas invesgated as well.

For the same operating conditiomsmd the same particlesze distribution the
combustion ofpulverised biomass alone, represented by straw, was investigated
followed by the investigation of its firing with codlhe former one show a prosing
results undesuch operating conditiondt is found that the temperature distribution
when burning straw particles is nearly the same as that obtained from burning coal
becauseall the saw particles are completely burned out inside the furnace when
compared with the coal particleBhe NO, model in whichtheratio of HCN to NHis

suggested to be for thgatitioning of volatileN, shows thalNO formationis reduced
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by approximately 20% for case | and 26% for case Il at the exit of the fuwiere
compared to coaFor the latter onehe resultf co-firing blends of coal with 10, 20,

30 and 40% share of biomass are presentedlan the influence of ebiring on the
combustion proces€o-firing of straw with coal enhances the combustion behavio

and increases the burnout of coal particles compared to that of coaldimygt is
seen that the burnout of the particles
increased. On the other hand, the burnout of the other two pafti@e8 1 €360 a n d
€ M does not show a great chan@de share of 10% of strashows the highest

temperature.

Thirdly, Two-phase computational modelling based on the EElder was developed

to investigate the heterogeneocsmbustion processes chrbon particlesnside a

newly designed combustiamamber. A transigrsimulation was carried out for a small
amount of carbon powder situatéd a cup which was located at the centre of the
combustion chamber. A heat source was provided to initetecombustion with the

air supplied by three injection nozzldhe combuson simulationsare performed for
particle sizes wittdifferent diametersO(5mm, 1mm 1.5mm,2mm, 2.5mm and 3mm).

The particle of 1mm diameter is assigned to the baselineHaseesults show that the
combustionis sustained in the chamber, as evidenbg the flame temperaturé.is

shown thatup toa time of 055 s, the higher temperature wgained from thecase of
carbon particles withihe diameter of 3 mm and burniripe carbon particles witta
diameter of 0.5 mmproduces lower temperatur@his may be attributed to the
residence time of the carbon particles and the design of the bliheelarger particles

stay longer than the smaller ones inside the chamber. This may due to the reason that
the smaller particles follow the streamlines of thetiomous phaseandincreasing the
particle size leads to that the larger particles may deviate from the streamlines of the
continuous phasand theirslip velocitymay increaseesulting in enhancingonivective

transports of heat and species concentrations

The influence of the chamber design was also investigatexlheight of the chamber
is doubled.With the same operating conditiong to a time oapproximately 0.55,3t

is found thatburningcarbon particlesn the doubled height chambegroduces higher
temperature than the baseline cqparicle diameter 1 mmpand after this time the

opposite takes placklost of the other casedo so
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1 Introduction

There is a gradual transition globally to carbwrutral fuels to potentially reduce
global warming and at the same time, dependency on traditional daslsed fuels

such as coal, oil and natural gaseschlare facing the risk of depletiomhe supply of
energy has been dominated by fossil fuels for decadethsndominance will continue

in the near future.€r r ently, al most 80% of the wor|l
based fuel$l, 2]. But there is a general agreement thaaoinatural gas are expected

to be depleted within thi century.In the British Petroleum (BP) reportst was
estimated that thevorld hasa p pr o x i mat edservesd 0il agdd@ year Df
natural gas remainingt that consumption ratesf the year2009[3]. However, hese
predictions could vary as there is still the possibility to discover new reserves over the
next few decades. Co# still important in power generation because of its low cost
and based on major deposits existing on every continent, is expectest forlaround

115 yearsvhichis significantly longer thathe conventional oil and gas reserJés.

Unfortunately, thedependency ofglobal population on the production of energy
through the burning of these fossil fuélas become high and this leadghe global
consumption ising rapidly thanthe production. Moreover, the growth of carbon
dioxide emissias has also beenaccelerated3]. Indeed, because of the rise of the
worl doéos popul ation t he debecamedorefabruptiretme r gy
coming years.Coveling this increasingdemand of energyin accordane with
adherence to current and needs §amous ® dooklfatheri t s

alternativego produce energy.

Since the fossil fuel sources are limitadd its burning causes many environmental
problems the renewable fraction has been imsiag in the last decadeBhe major
pollutants from combustion are soatliphur oxides $Q,), nitrogen oxides NOy),
unburned hydrocarbons (UH®@garbon dioxide (C¢) and carbon monoxide (CO)

Combustion of fossil fuels influences the environment maihtpugh emissions of
nitrogen oxides NOy) to atmosphere. These emissiooemprise various nitrogen
compounds such as nitrogen dioxit,) and nitric oxide NO) which are associated
with a variety of environmental concerns suchtlas formation of acidrain and

photochemical smog in urban 4b]. In addition they participate in a chain reaction

which can result in the depletion of 0zorj€)].
2




Chapter 1 Introduction

Burning coalis themain source of SO When combined with water in the atmosphere,
the emitted SQ lead to form sulphuric acid and precipitates as acid rain, with
devastating effects on aquatic life and soil erosmnotherserious, and potentially
catastrophic, environmental problemtige global warmingcaused by the increased
amount of anthropogenic GOn the atmosphereTherefore, looking for ways for

removing CQ from the atmosphere is of increasing intef@kt

In the coming decades, supiolg asustainable energy is ooéthe greatesthallenges

that mankind will face, particularly because of the need to address climate dyange
energy producersMoreover, the energy consumevant this energy to be secure and
affordable. Nowadays, decisions regarding power generatiares not only about
technology and finances, but also taking into consideration the above mentioned
factors.Depleting supplies of fossil fuels anlde environmentaissues caused by the
burning of these fuelsgfowing greenhouse gas emissipase the driing forces
behindthe global interest in sustainabkenvironmentally friendlyand cleanenergy

systems.

Indeed, renewablalternatives of energy have beemsolutionas well as sustainable
development concerns have become a common sense worl@agledly, renewable
energy isa type of energproduced from soursether than fossil fuelsThese sources
come in many forms such as wind, solar, hydro, geothermal energy and bimmass
bioenergy However, hese resources cannot completely replace fosss fnghe near
future, but they can make a substantial contribution to supplying future energy demand
if carefully managed.Furthermore, implementing renewable energy systems is
dependent oraspects such as the availability of fossil fuels and renewablgyene
carriers and the economic possibiliti®&omass, wind, and geothermal energy are

making relatively fast progressid arecommercially competitivés].

A global renewable energy scenario for 2040, by the European Renewable Energy
Council (EREG, is shown inFigure 1.1, Figure 1.2 and Figure 1.3. The information

has been extracted frof)]. The consumption of energy is Million ton oil equivalent
(Mtoe). It was claimed that by then nearly half of the global enetgyples will be
provided byrenewable eneggsourceswith the condition that the cumulative growth

rates are reached as showrrigurel.4.

Referring to the International Energy Agency (IEA) statis{it§], the total world
energyprimary supply was 13107 Mtoe in 201Rigure 1.5 shows that nly 13% of

10



Chapter 1 Introduction

worldwide energy consumption is covered by renewable resources with biomass takes
the share of 9% followed by 2.3% which is provided by hydro power and the rest

comes from the other renewables such as wind, solar, geothermal and tide.

® 2001 = 2010 = 2020 = 2030 = 2040
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Figurel.1l: Renewable energy sourcds 2040.
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Figure 1.2: The totalglobal consumption of energy and the total renewable energy

sources till 2040.
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Figurel.3: Renewable energy contribution (%) 2040.
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Figure 1.4: The contribution of renewable energy sources to the world total primary
energy consumptiof9].

Figure 1.6 also shows the global renewable energy supplies with biomass representing
74.9%, which is by far the largest source of renewable energy and this is because of its

non-commercial use in developing countries.

With regards to BP energy outlook 20[, renewable energy deployment for power

has been led by Europe. The share of renewable sources in power generation in the
European UniofEU) increases from 13% in 2012 to 32% in 2035 as showkigimre

1.7. The increase of the renewable share in Europe is attributed to the implementation
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of strong policies supporting renewable energy in the late 1990s and €20k R(ore
recently, in 2007, the EU proposed a new renewable energy target by increasing the
share of renewable energy to 20% by 200 and 45% by 203011].
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Figurel.5: Fuel shares in the world total primary energy supply Q0L
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Figurel.6: Product shares in the world renewable energy syaoly

In spite of their environmental effects, coal and natural gas are still playing a
paramount role in power sector as they accounts foéargl 21.9 %, respectively, of
theworld total electricity production in 2011. Whereas, the trifnution of renewables
was 20%[10]. The coal share will decline to 37% by 2035 due to the increase of

renewables shaig].

Among the renewable energy sourcesjriass can be seen as a promisegpurceo
producing energgnd it is expected to hawestrong growth within sectors such as heat
and power generationand transportation biofuels in the coming decad#sis a

worthwhile alternativewhen compared with unpredictable wind energy and high cost
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photovoltaic energyCombustion of biomaswasthe oldestlt is the first ondemand
source ofenergythat humans exploitednd by which they started to make fireook
andprodue heatlt is still today the worldwide most spread out energy source used in
a variety of applications fathe production of heat and powdt can besaid thatthe
history of combustion is related to the availability and utilization of fuel. Furtboee,
factors such asecurity suppl, demand pressure, environmental concerns and political
issues are the driving forces of energy productionthe mid1800s, most othe
worl dos energy needs had besaeoffosst ughbedan e d |
when it started to be phased out in the industrialized counfiiiese was a transition
towards energyroduction based on coal, then on oil and natural Bassthe first oil
crisis in 1970s madeiomassagain to be a viable energy resource to mta#y reduce

oil consumptior{12].

35%
—EU
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25% N
——China
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10%
5%
0% — =
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Figurel.7: Renewable share of power generafigjn

In the developing part of the worlthe use of biomass is mostly for domestic heating

and cooking. On the other hand, because of its cambatral its usefor energy
production is presently on the risethme developed countriesdn the Orgaisation for
Economic Ceoperation and Developme(@DECD) countries, the largest proportion of
renewable energy was supplied by biofuels and waste in @2 Recently,about

10% of the worl dbds current energy consu
decadegshere has beengradualincrease of usingiomass in energy systerfiy. The

interest in using of biomass fuels for energy production purposes across the world has
alsobeen growingand most of energy scenarios indicate that they will be increasingly
used worldwide Biomass is considered to be arfethe options to replace fossil fuels

andits result will lead to decrease the emissions of greenhouse[d@sa4].
14




Chapter 1 Introduction

Nussbaumefl5] gavean overviewof the combustion technologies available in Europe
with regulations on emissions and fundamentals of combustion of woody biomass.
Possible direct combustion as well as an option dfrowy and gasification of biomass
makes it a more attractive sourcefoél for power production. However, a detailed
study of complex and complicated combustion reactions of biomass requires a highly
scientific focus, since the biomass, in gen&ains;include all materials derived from
photosynthetic plants to animal west The sources also include naturally grown
forests, energy plantations, herbaceous plants or grassesoducts from different
industries such as agricultural, food, wood processing, manures, and paper industries or

municipal solid wast§l6].

The compositioa and molecular structures found in any carbonaceous fuel, such as
coal and biomass, are very complex. The main elements presssdliandbiomas,
determined by ultimate analys@seusuallycarbon (C), hydrogen (H), oxygen (O) and
nitrogen (N). Other elements found in nitrogen, sulphur, chloride and other impurities.
The proximate analysis determines the percentages contents of moistureesyolatil

fixed carbon and ash.

Both, he volatiles which areeleasedas a gas by heating and tbentent offixed
carbon provide a measure of the ease with which biomass can be ignited. Biomass is
usually combustible because it has a high level of volatilestherefore, forms a
potential source of energy. However, it has lower energy content due to the higher O/C
and H/C atomic ratios when compared to ctrakeality, biomass is regarded by many

as CQ-neutral fuelas it does not contribute to any increab€0, in atmospherg¢l7].

This means thathe carbon dioxide generatéfdm biomasscombustionconstitutes one

of the elements of the carbon cyclevbe¢nthe atmosphere and the plant kingdom,and
therefore it does not affect the atmospheric carbon dioxide concentralibae.
renewability here comes from that the amount of biomass grown per unieguads
theamount of biomass used for producing egargthat unit and as a result it does not
enhance the greenhouse effélthis leads to avoid the carbon dioxide emissionl

other pollutantsassociated with the combustionafal and other fossil fuelshen the
energy produced from burning biomass si&ts the one that would otherwise be
obtained by burning fossil fuel®iomassis also characterized byess sulphur and

nitrogencompared taoal
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Chapter 1 1.1 Computational Fluid Dynamics (CFD)

Reaction methods of solid fuel combustion or gasification include fixed bed, fluidized
bed and pulverizd methods. The latter one is commonly used for power generation.
The development in these technologieseguired and due tdéhe need to reduce the

cost and time, numerical simulations emerges as powerful research tool that not only
complement the expenental investigation but also due its ability to simulate more
complex casedn this thesis, FLUENT commercial code is used to simulate different

combustion cases including the combustion of methane, coal and biomass.

1.1 Computational Fluid Dynamics (CFD)

There are basically three approaches by which a problem in fluid mechanics and heat
transfer can be solved. These approaches are experimental, theoretical and
computational. The experimental approach is capable of being more realistic and the
theoretical use general information which is usually in a formula form and is usually
restricted to simple geometries and linear proble@wmputational fluid dynamics
(CFD) is a methodology for solving complex problems in fluid dynamics and heat
transfer. It is used tpredictfluid flow by finding the numerical solution to a set of
partial differential equations governing the continuity of mass, momentum and energy
in the flow field. Problems with highly nelmear flows can be solved using CFD. In
combustion, reactivBow processes are often characterized by a complex interaction of
transport and chemical kinetidsloreover, he chemistry may include either only gas
phase or both gas and solid phadesthe latter case (combustion of solid fuels),
multiple phases arpresent and the solid particles have a range of sizes and shapes.
Chemical reactions are affected by adding sink or source terms in the equations for
reactants and products as well as appropriate sources in the energy equation to account
for exothermicand endothermic reactionsn terms of chemical kinetics, it is needed

for prescribing the paths and rates through which chemical reactions take place because
all combustion processes have some finite characteristic times defining the relevant
phenomenaThis set of equations is highly coupled and4iopar and as result the
problem domain must be discretizeldh. the discretization process, the governing
equations are converted to a simple algebraic form that can be solved numdtarally.
discretization bthese equations the finite volume method is used and a solution found
through numerical methods. The ability of this method to cope with unstructured
meshes allowthe complicated geometries to be modelled. There are various methods

for discretizing theequations such as firstder and secondrder methods.
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Chapter 1 1.1 Computational Fluid Dynamics (CED)

Turbulence is a significant complication to the problem of modelling of engineering
flows and there are different techniques with different approaches have been developed
to account for itthat exist in literature. These approaches include direct numerical
simulation (DNS) Reynolds Averaged (timaveraged) NavieBtokes (RANS)and
largeeddy simulation (LES)In DNS model the governing equations are discretised
and solved numerically and the attenmgpteven to resolve the smallest of structures,
which requires fine meshes. Such appraarhoves the need for any turbulence model
when using grids and time steps that are small enough to capture the real physics of
turbulent flow.Thus it is extremelycomputationally very expensive and viable only

for turbulentflows in relatively simple geometries and flowasesat low Reynolds
numberas the number of cells increases viRynolds numbeiTherefore, it isapplied

as a basic todb fundamental researdtudies on turbulencélowever, in engineering
applications, the effects of turbulence can be calculated approximately using the other

two approaches.

With regard toRANS approach, the attempt is to model the turbulence by artificially
increasing the vigsisity of the fluid, thereby increasing the rate of mixing and the
resistance to flow and, for practical calculations, most of the industrial scale modelling
of turbulent flows is being carried out by applying Reynolds Averaged NStwides
(RANS) equatios. This model ignores the turbulent fluctuatioawsd calculates only
the turbuleraveraged flow.Since there is no single RANS model can accurately
predict all flow regimesit is considerably cheaper than DNS simulatidience, it is a
favored approachn engineering applications. Howevéirbulencemodels are required

to close thestressterms that result from time averaging of Nav&tokes equations
These terms are called Reynolds stres#es.a result of these extra termsewn
unknownsare contribtedto the RANS equation® close thenand need to be related
to the other variables. wide rangeof turbulence models are available for this purpose
in literature and th& model has become the most employsabelin industrial CFD

simulations.

LES is another approacthat is considered somewhere between direct solution DNS
and RANS approach.With this approach the governing equations are filtered to
separate the large scale eddiedich depend on geometrical shape and boundary
conditions of the flowfield from the small scale onewhich do not depend upon the
geometry and have a universal structdree idea is to resolve only the large eddies

which carry the majority of the energy and dominate the physical behaviour of any
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turbulent flow accuratel and to approximate the effects of the small sc#lesib-grid
scale model is used to includeeteffects of the small eddiesthe filtered equations.
This approach is still costly as it is inherently thdemensional and unsteadyut it is

a feasibé option for some real problems

Generally, gasolid flow (particleladen) is the phenomena of the transport of particles,
which are distinguishable from the carrier phase and can be dense or dilute. A simple
way to differentiate between the dense andtdiparticléladen flows is based on the
particle volume fraction . In industrial processes like fluidized beds, a particulate
flow with | < 0.15 is considered to be dilut®lodelling of these systems is very
complex because the flow field tfie continuous phase as well as the motion of the
particulate phase, need to be solved. This type of modelling is based on the type of
reference frame. There are two basic approaches by which the solid particles are
modelled, which are the Euleri&ulerian approach andhe EulerianLagrangian
approach. In both cases the gas phase is treated by udthgdesian reference frame.

With regards to the particulate phase, it is treafed continuous phase mixed with the
fluid phase (these models are also kn@agmontinuum model®r two-fluid modely,
whereasthe solid particles are treated as discrete objectbe Lagrangian particle
dispersion modelsAs these solid particles pass through the reactor their organic
fraction is consumedand their motion isracked as they move through the flow field
However, the particles are tracked individually and as a result the computational time
may be large. Therefore, it is assumed for this model that the dispersed phase occupies
a volume fraction that is usually keshan 1012%. To reduce the computational time,

only representative samples of the particles are trabkéthe number of calculated
trajectories should be sufficient to provide a complete picture of the pdngiobeviour

in the turbulent flow More dedils of CFD is given in[18]. In terms of biomass
combustionand gasificatiorfield, there are significant challenges that one cae f
when modelling biomass combustion and gasification due to complexity of biomass
composition There are many CFD studjeegarding combustion and gasification of
different biomassbut there is still needs to be studied especially théiriog of
biomass and coal, which is still developing review [19] that gives a summary of
various CFD applications in the field of thermochemical conversion of biohzsss

been reported in literature
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Chapter 1 1.2 Purpose of the work

1.2 Purpose of the work

The overall objective of thithesisis to understan@hat happens teolid fuels such as
coal andbiomass fuels during the combustion procd®atticularly, the aim is to
investigate the pulverized combustion of coal and biomass, including the temperature,
species, NQ formation and analge the perfomance of combustion by applying

computational fluid dynamics technigagd this includes the followings:

1. Study the parameters that have important effects on the combustion of different
types ofsolid fuelparticleswhensubjected talifferent operatingonditiors.

2. Study the interactions between tpesphaseand solid phase.

3. Develop a combustion model that includesdid the combustion stagesf a
solid fuel based on the available experimental data and computational
modelling.

4. Compare the resulizredicted by tB modelling with the available experimental

data in order to validate the models.

1.3 The importance of the research study

The applications oolid fuel combustion and gasification are implemented in many
different types of furnaces such as fixed beds rea@nd moving bed ones, fluidized

and circulating fluidized beds, and pulverized fuel burners. So this study will greatly
help to develop better methods of combustion that can be implemented in such practical
applications as well as help to reduce the siois of greenhouse gases and decrease

burning the fossil fuels as mentioned previously.
1.4 Thesis outline

This thesis is constructed as follows:

In chapter 2, an overview dlfie current status of combustion of coal and bionmss
made This includes the diffrence between the propertiestioé coal and biomass as

well as the models which are used to their combustion rates.

In chapter 3the combustion of one phase, which is the gas plmsggyen. As it is
well-known those gaseévolatiles) are released whéwirning solid fuels anthe most

significant gases for solid fuels combustion due to their high activities are methane
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(CHg), carbon monoxide (CO), and hydrogen,)Hrherefore, the oxidation of these
gases is importarwhen burning sold fueldfhe combstion of methane (Ch), which

is alsoimportant in practicatombustiondevices such asirnaces andjas turbinesis
investigatedin this chapter The governing equations of turbulent reacting flow are
describedDifferent global reactioomechanisms witldifferent k- turbulence models
are usedto model the combustion of metharnknhe effects of modified turbulence
modelson the combustion processe also investigated.he reaction mechanism by
Westbrook and Dryeis optimizedto see its effect as well'his chapterpresents the
modelling approach angumerical results of methane combustioramaxi-symmetric
chamber The predictions are presented andcompared against the experiments

conducted bysarreton and Simonif20].

In chapter 4the pulverized combustion of coal and biomas@vestigatedusing the
EulerLagrange approaci he particulatephasemodeling is describedThe formation

of the nitric oxide (NO)uring the combustiors alsodescribed and modelleéirst,

the volatiles released during the devolatilization stafi®oth fuelsare treated as one
speciesn all casesThe intention wasotinclude many species in the combustion of
volatiles in the next step, but, unfortunateiye time wasnhot enough to do sorhe
particle size distribution for both coal and biomass particles is assumed to be the same
andfollow a RosinRammler distributon curve The results of the simulationg/hich

are carried out in a-B axi-symmetricfurnace,are presented and compared with the
available experimentatlata Moreover, thework is extended to investigatthe

influence of cefiring of coal and biomass dhe burnout of coal particles

In chapter 5¢contrary to the cases presented in chapténelEuler-Euler approach is
used to investigate thbeterogeneousombustion of carbon particles a three
dimensional numerical modeThe governing equations d&oth gas phase and solid
phase are described’he carbon particles are burneimiside a newly designed
combustionchamber.Sincethe carbon particles are located in a small cap inside the
chamber (static combustion); i.e. there is no continuous flow ofuttleit is thought
that this approachs moreapplicable formodelling such a cas&he effects of the
chamberdesignon the heterogeneous combustion of the partalealsoinvestigated.

The results are presented and discussed, and a conclusionns draw

In chapter 6, conclusions of the findings of the present sitelyummarized and some

recommendations fomproving the work in théuturearegiven.
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2 Literature review

In this chapter, a general review of the combustion of solid fuels hagghenFirst,
a description of the properties of coal and biomass is to be presented. Then, an outline
of the combustion processes and the effects of various factors such as temperature,
particle size, heat rate on these procesmesgiven. Finally, an overviewon the
combustion systems and the models used for modelling the combustion processes are

discussed

2.1 Solid fuels structure and properties

Combustion technologies such as fixed beds, fluidized beds, and pulverized
combustion furnaces applyp a wide vari¢y of practical carbonaceous solid fuels
extending from low grade fuels to high grade fugl]. Solid fuels used in

combustion angasification are classified in the following two main categories:

1. Fossil solid fuels andrerepresented by coals (high grade fuels such as bituminous
and anthracite and low gradédse subbituminous coals, lignite and peat).

2. Renewable solid fuelsxd can be represented by biomass (low grade fuels).

The composition of fuel has a great influence on the characteristics and rates of solid
fuel combustion and formation of emissiod$ereforejt should be known to enable
valid modelling of the procesdodelling of solid fuel combustion or gasification
requires data for physical and chemical properties. To evaluate coal or biomass
properties that affect the design and operation of combustion systems, several types of
analysis are performed which inclutihe following:
1 The proximate analysisvhich involves a series of tests that heat and burn solid
fuel and by whichthe percentages of moisture content, volatiles, fixed carbon
(char) and ashre determined
1 The ultimate analysis, which gives the elemeatallyses for carbon, hydrogen,
nitrogen, sulphur, and oxygen. The latter is determined by difference in the
balance between the sum of contents determined by the ultimate analysis and
the total dryashfree DAF) weight.
1 The determination of the heatinglue by combustion of fuel sample in a

calorimeter
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1 The analysis of the grindability and the determination of the swelling index.

1 The determination of the particle size distribution.

The composition of any fuel, in standard fuel analysis, is determiggordximate
(technical) and ultimate (elemental) analyses. The methods employed for such analysis
are thoroughly described {22, 23]. On dry basis, renewable and fossil solid fuels
consist of two fractions. They are the dmustible organic substance and inert inorganic
material (mineral matter)lhe former one is responsible for the energy content of the
fuel. The latter onas not identical to the mineral content aptesents significant
challengesregardingthe design anaperation of furnacedt is common, though, to
give the ash content as a measure of the mineral matter in thenfaembustion
engineeringdue to the more complexity of the procedure for the determination of the
mineral content than that for the detemation of ash contentPerforming the
proximate analysis distinguishes the moisture, volatile matter, fixed céharnand

ash and serves as an indicator of combustion behaviour.

The main elements, which are determined by ultimate analysis in mastfsels,

include carbon (C), hydrogen (H), oxygen (O), sulfur (S) and nitrogen (N). Additional
varying quantities constituents like chlorine (Cl), potassium (K) and sodium (Na) might
be present in the fuel sample. The ultimate analysis gives a first egtimmhemissions

result from the combustion proce3$ie combustion calculations of the stoichiometric
oxygen demand, the flue gas quantity and the flue gas composition are based on the
elemental composition of the fuel.

The variation of shares of the@le mentioned elements in coal and in biomass has a
great influence on the pyrolysis and combustion characterislies. increase in
hydrogen to carbon and, to lesser extent, the increase in oxygen to carbon ratio leads to
increase lte mass loss of the sblfuel particles during the pyrolysis stagéne mass
evolved during pyrolysis can vary fromfew percentandup to 7080% of the total
particle weight. Typically, anthracite coals lose less than 10% of their mass by
pyrolysis and bituminous coals los®ri 5 to 65% of their mass, whereas, the mass
loss of lignite coals, peats and biomass can reach over 90%. This mass loss may last
from a few seconds to several minutes, depending on the composition of fuel. The
elemental composition and nature of the gasric compound in solid fuels and trace

metals also affect the fuel reactiv[i34].
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One of the differences between biomass and coals is the hyemgarbon H/C and
oxygen-to-carbon O/C atomic ratios, with higher values for biomass. The change in
atomic ratios H/C and O/C from biomass to peat, lignite, coal and anthracite is shown
in Figure2.1. The diagranwasdeveloped by Van Kreveld25]. The increase in rank

from biomass to bituminous coal involvesabeygenatiornof solid fuel and an increase

in carbon content and consequently a decrease in H/C ratio and a decrease in O/C ratio

as illustrated irFigure2.2.
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Figure2.1: Chemical composition of various solid fu¢®f)].
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Figure2.2: Coal rank as a function of H/C and O/C atomic rgt&3.

For simplicity, in many combustion modelthe char is assumed to consist of carbon
only and the elemental composition of volatiles is determined frompril}@mate and

ultimate analysis data of the solid fu€lther properties of fuel and process conditions
such as aifuel ratio and temperaturare important in the combustion process.

Moreover, the particle size of solid fuels ie@rgreatly, depending upon grinding
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technique and desired applicatiéior example, the coal dust size in the case of a utility
boiler application is much smaller thémat in the case of fluidized bed gasifier. The
particle sizeplay a fundamental role in the combustion and gasification processes of
solid fuels.Therefore, whenhe solid particlesareinjected into the combustor or the
gasifiertheycover a wide rangef sizes an@dnecan easymagine that smaller particles
carried by gas stream tend to be consumed faster and easier thang¢heones.
Therefore, to specify a fuel system, it is necessary to define the relative numbers or

masses of particles of diffemt sizes, i.e. the particle size distribution.
2.1.1 Non-renewable solid fuel(coal)

Coals are mainly the results of slow deterioration of bionaasshe degree of ih
deterioration determines the coal radoal is a black, inhomogeneous fuel, formed
from the partial decomposition of plant materidisis used primarily as a fuel, sts

heat of combustion ithe most important propertyfhe structure of coal varies based

on time, the extent of temperature and therefore the amount of pressure applied to it
over time.Typicaly, coalstructureconsists of numerous aromatic rings of five or six
carbons bonded with principally hydrogen, nitrogenplsut, and oxygen atoni2§].

Coal is a mixture of organic material and mineral matter as mentioned before. The
geological process of conversion of plant materials such as peat to coal, shown in
Figure2.3, is called coalificationlt takes place in stages to produce different types of
coals. The progress of this process in which plants are changed into coals is the base for
coal classificationElevated temperatures and pressures caused physical anidathem
changes in the initial plant material and as a result it transformed first into peat, then

into lignite (brown coal) and finally into hard coals.

Increasing age, conversion

Peat Lignite Subbituminous Bituminous Anthracite

Figure2.3: Coalification (adopted frorf29]).

In the coallification process, the coal rank increases from lignite to anthfscs@own
in Table 2.1 and Table 2.2, increasing coalification degree means lower oxygen and
hydrogen contents and accordingly higher carbon leWelparticular, coals are solid

and unlike oil fuels, so it is impossible to easily adjust coal properties through refinery.
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Therdore, it becomes very necessary to correctly identify the coal properties and

logically classify coal types.

Table2.1: Fuel properties for increasing coalification degree {\) [30].

Material Moisture (airdried) Coar Hoar Obar
Wood 10-15 50 6.0 43
Peat 20-25 55-65 5.5 32
Lignite 1525 6573 4.5 21
Bituminous coal 1-13 7892 5.3 8

Table2.2: Coal properties for increasing rank (onDAF basis)[31].

Coal type Moisture Volatiles C H @) LHV

Lignite 31-70 42-65 62-73 4359 2030 23.7-29.5
Subbituminous 16-35 37-52 70-80 4560 1322 28.631.9
Bituminous

High volatiles 1-21 32-49 76-88 496.0 4516 30.937.2

Medium volatiles 1-4 20-32 84-91.5 4554 2085 34.237.2
Low volatiles 1-2 9-20 90.5935 3.7748 1535 36.1-37.2
Anthracite 1.53 4-9 92.596 2.039 125 34536.6

Regading coal rank classification, several works, based on compositions, are
dedicated. Among them is the wodf Averit [32] and amore recent coal rank is
presented by Hensé¢B3]. It increases from lignite tanthracite and is summarized

belowonweight fractions at dry and adtee basis (WiDAF):

(1) Anthracite hasvolatile percentagebetween 1.8 and 10%nd carbon between
91 and 94.%. The carbonand hydrogen ratioG/H) is between 23.4 and 46,
and combustioenthalpyis between 34.4 and 35.7 MJ/Kkg.

(2) For bituminous coal hie percentages are between 19 and 44.6% for vodaiile
between 77.7 and 89® for carbon.C/H is between 14.2 and 19.2yhile
combustion enthalpis between 32 and 36.3 MJ/kg.

(3) The volatile grcentage ofd-bituminouscoal isbetween 44.2 and 44.7&0d
that of @arbonis between 73.9 and %6 C/H is between 14.3 and 14.6, and

combustion enthalpig between 29 and 30.7 MJ/Kkg.
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(4) Lignited svolatile and carbon contentsre approximately4d7 and 71%,
respectively. C/H and combustion enthalpy amround 14.5, 28.3 MJ/kg

respectively

In the U.S., the American society for testing and material (ASTM) uses a method of
classification thats based on a number of parameters obtained by various prescribed
tests for the fixed carbon values as well as other physical properties. It distinguishes
between four types of coal and each of each is subdivided into several groups as shown
in Table 2.3 and Table 2.4. This method is based on approximate analysis. Coals
containing less than 31% volatile matter on the mineral mgerbasis are classified

on the basis of fixed carbon.

The fuel ratio which is the ratio of fixed carbon tatile matter gives an indication of
coal rank. In general, a coal with high rank has high fixed carbon content while the
volatile matter reduces, which results in the increase of the fuel ratio. Proximate and

ultimate analyses of various types of coaislessted inTable2.5.

Table2.3: Classification of anthrate and bituminous coals by rank (ASTM D 388)
[34].

Fixed carbon limits  Volatile matter limits
(Dry mineratmatter (Dry mineratmatter

free basis), % free basis), %

Rank Equal or Less Greater Equal or

greater than than than less than
Meta-Anthracite 98 n/a n/a 2
Anthracite 92 98 2 8
Semtanthracite 86 92 8 14
Low volatile bituminous coal 78 86 14 22
Medium volatile bituminous coal 69 78 22 31
High volatile A bituminus coal n/a 69 31 n/a
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Table 2.4: Classification of bituminous, sdfituminous and lignite coals by rank
(ASTM D 38805)[34].

Gross calorific value limits
(moisture, mineramatterfree basis)

Btu/lb MJ/kg

Rank Equal or Less Equal or Less
greater than  than  greater than than

High volatile A bituminous coal 14000 n/a 32.557 n/a
High volatile B bituminous coal 13000 14000 30.232 32.557
High volatile C bituminous coal 11500 13000 26.743 30.232
Subbituminous A coal 10500 11500 24.418 26.743
Subbituminous B coal 9500 10500 22.09 24.418
Subbituminous C coal 8300 9500 19.30 22.09
Lignite A 6300 8300 14.65 19.30
Lignite B n/a 6300 n/a 14.65

2.1.2 Renewable solid fuel (biomass)

Biomass is an umbrella that covers a great divedditys sorts. It was defined as the
biodegradable fraction of products, waste and residues from agriculture (including
vegetal and animal substances), forestry and related industries, as well as the
biodegradable fraction of industrial and municipal w48t. Figure 2.4 shows some

examples of biomass.

Figure2.4: Examples of biomass.

Biomasshas been used for domestic purposes since a long ltinsan be used to
produce usable energy like heat, electricity ordnergy. Therefore, it can be either
converted into energy directlyja combustion or into a secondary 4ieel, which can

be in the form of solid, liquid or gaBio-fuels caninclude charcoal which is a higher
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Chapter 2

energy density solid fuel, ethanol (liquid fuel) producer gasThe latter is produced

from the gasificatiorof biomass.The conversion processes for the latter form include

thermachemical, biochemical and physical chemical converg36éh

Table2.6 lists the two types of harvested biomass in food andfood categories, and

indicates the potential conversion products from them.

Table2.5: Andysis of various coalg37].
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Table2.6: Sources of biomag46].

Farm products Corn, sugar cane, sugar beet, whea Produces ethanol
etc.

Rape seed, soybean, palm sunflowe Produces biodiesel
seed, Jatropha, etc

Ligno-cellulosic Straw or cereal plants, husk, wood, Can produce ethanol,
materials scrap, slash, etc. bio-liquid, and gas

Biomass is considered renewable because of the process which is called photosynthesis
takes place as biomass is grown. In this process; fe@asd from biomass
combustion in the atmosphere is captured where, together with 8@y, it is
converted into organic matter under the influence of sunlight as represented by
Equation(2.1).

(2.2)

0 QL0 Q& ®ESOD OO0 wuuul 6 Qe a @i i

Then, energy stored in biomass is again released into the atmosphere by its conversion

into CO, and HO by the following equation:
0 Q¢ a ®iob Ov 2.2)

Moreover, the chemical energy stored in biomass is passedtiba &nimals and to the
human that take the plants as food and as a result there will be waste that also

contributes to biomass.

From the chemical point of viewirgin biomasssuch as wood, plants and leaves
(Lingo-cellulose) consist of three main compents of materials: cellulose,
hemicell ulose and | ignin. In addition t
minerals (inorganic compoundd)l6, 3840]. The detailed description of these
components is found in the critical review pap#l]. Biomass can be classified based

on the atomic ratios as shio in Figure2.1, which shows thatl/C and O/C than fossil

fuelsbiomass has higher.

The proximate and ultimate analyses mentioned before, which are classification
techniques developed for coal, are also applied to characterinads fuels. Various
biomass fuels can be found in literature and for example large variations between
biomass fuels were summarized by Vassilev €i4d] and Demirbag43]. Biomass
fuels are generally low in carbon and high in volatile matter and oxjgf3, 44,
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which lead to low calorific value. The typical weight percentages for C, H and O,
respectively are 30 to 60 %, 5 to 6 % and 30 to 4p1%24]. For coal, the typical
compositions (mass percentages) inclefeto 95% C, 2 to 7% H, up to 25% O and 1
to 2% N[45. Summary of the chemical compositions of several important fuels is
provided inTable2.7 and Table2.8.

Table2.7: Proximate analysis for several coal and biomass sarfg§fes

Moisture*  Volatile matter Fixed carbon Ash LHV

(%) (%) O6) g (MIKg)
Wood 20 82 17 1 18.6
Wheat straw 16 59 21 4 17.3
Barley straw 30 46 18 6 16.1
Lignite 34 29 31 6 26.8
Bituminous coal 11 35 45 9 34

*Intrinsic: the moisture content of material without the influence of weather effects.

Biomass, as carbon dioxide neutral fuel with good availability in most regions of the
world, is still more attractive to engy producers. Many studies and investigations
have beerconducted orbiomass gasification, combustion and-fcmg. Properties

similar to lowvalue coal allow comparison and access to detailed combustion data.

Table 2.8: Average of &mental analysis fomany thousands afoal and biomass
sampled46].

Anthracite Bituminous Sub lignite  Grass Straw Wood Wase
bituminous chips  wood

C 90.22 78.35 56.11 4259 4534 4831 5159 49.62
H 2.85 5.75 6.62 7.40 5.82 5.85 6.14 6.34
N 0.93 1.56 1.10 0.73 204 0.78 0.61 1.01

O 5.03 11.89 35.31 48.02 45.95 44.18 4157 42.89
S 0.96 2.43 0.84 1.15 0.24 0.18 0.07 0.07
Cl 0.03 0.08 0.01 0.01 0.62 0.70 0.02 0.06

20



Chapter 2 2.2 Coal versus biomass combustion

2.2 Coal versus bhiomass combustion

Selecting the combustion system (technology) is greatly based on the fuel properties
such aghe chemical compositiomoisture and ash content, particle size, particle size
distribution, temperate, pressure, etc. The important characteristic properties of
biomass are: heating value, moisture content, volatile matter and aghoetess is a

good candidate for replacing coal or forfaing with it and one of the reasons behind

this is that bothbiomass and coal are solid fuels and, from the view point of power
generationthe equipmeniesigned to burn coareassumed to be able to use biomass

as well. However,hte chemical composition of biomass is different from that of. coal

Furthemore biomass properties vary significantly more than those of coal do.

Referring toTable 2.7 it can be seen that biomass has a higher fraction of oxygen and
less carbon than coal as mentioned befdtee hydrogen fraction is also somewhat
higher than that of @. Regarding nitrogen and chlorine contents, these components
vary significantly among biomass fuels. For both biomass and coal, they are directly
related to N@ emissions and corrosioBome biomass fuels like straw has contents of
chlorine can exceed dse of coal.When compared to coal, biomass rakigher
moisture content and lower heating valag shown inTable 2.7. Moisture content
affects the behaviour of pyrolysis. Product yietidpend on the moisture cont¢A?).

It can also cause many problems related to the ignition. It reduce the maximum possible
temperature and increase the necessary residence time in the combustion chamber anc
this gives less room for preventing emissions as a resuitomplete combustiof#3,

48].

In biomass combustion, fuel moisture adimiting factor due its effect on heating
value. The reaction of combustion is exothermic and eWaporation of water is
strongly endothermic and, practicallg, supplemental fuel such as natural gas is
required forcombustors that burn biomass in excess of 50 to 55% moisture wet basis
[24] or it must be dried ta level where it becomes able to sustain combustion
Concerning the volatile matters, biomass has a very high volatile content in comparison
with coal, (up to 80 % for biomass and less than 20% for coal), whigbs it to have

more flaming combustion and less char combustibighly reactive fuél [49].
Therefore, lhe higher volatile content in biomass can affiget optimum sizing and

design of the combustion chamber, as well as the ideal flow rate and location of
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combustion air. Furthermore, the higher amount oeblatile matter leads to a
dominating role of devolatilization in the overall conversion process of biomass
particles. Ash is identified as the inorgamcombustiblepart of fuel which left after
complete combustiofi]. Typically coal contains more ash than biomass and it reflects
mineralogical composition, whereas the composition of biomass ash is based on the
chemical components required for plant giowBiomass ash contains inorganic
elementsn the form of salts while coal ash is bound mostly in silicates, which are more
stable at high temperature. Thus, biomass ash is more disposed to form deposits in the
combustor which is known as slagging and ifog[50]. Burning coal containing more

carbon will increase carbon dioxidmissions deeply related to global warming.

With regard to the physical propertiesn important variable in large scale biomass
combustion applications especially where entrainment of fuel particles in the flue gas
occurs, as in pulverized fuel combustianfuel particle siz€26]. Biomass particles are
typically much larger than pulverized cqadrticle In comparison with traditional coal
combustion, the large size of biomass particles has effects on biomass confdistion
51]. Solid fuelsare burnedat rates dependn two predominant factoysvhich are the

rates of heat transfer and the kinetic rates of reactions. For the former one, particle size
dominates the influence of heat transfEnerefore a rapid heating is found ismall,

thin particles (thermally thin) while heatingis slower for coarser, thicker particles
(thermally thick)[24]. Thermally thick particles are those where there is a significant
temperature gradients inside them, whereas, for thermally thin particles it is assumed
that the temperature distribution is uniform throughout the partidlesevaluate
whether a particle can be considered as isothermal or not during heating the criterion
based on Biot number is used. This numbsates the internal heat transfer resistance

to the external resistandéis mentioned in the review papg2] that when biomass is
ground by milling, chipping or any other sizing pess, the particles would still have a
bigger size and great particle distribution. Thisbescause of thdénigher moisture
content and fibrous nature of many biomass fyéld. Regarding the pulverized
biomass and coal there are significant differences between the particle sized tdili

them. The average pulverized coal particle size is >BOwith top sizes of 16020

>m, whereas a biomass particle can be up to 200 times ag4&del]. However, it

was reported that wood particles should be milled to a size less@bBarrrh in order

to reach a satisfactory buout with the residence times typical for pulverized fuel

boilers [55]. Since the particle sizes of pulverised coal are small, they
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allow complete combustion after around half a second in a furidee.critical
biomasgparticle size is Q00 >m [56] and this isbecause the residence time is limited
to few secondsvhich is similar to pulverized coal particlesd the oxidation rate of
norrmicron range particles is limited mxygen diffusion to the particles and not by
reaction kinetics.However, particle specifiations have not yet been defined for
pulverized biomass in comparison with those of coal that are standaf8ide&ize
reduction of biomasfuels isan intensive task that needs eneagyl is costly, but it
could be an efficient way in terms of producing usable renewable erfergiudy in

which the pulverization of three different forest biomasses have been invesitfited

The other parameter thatfects the combustion procefise most aspect of operational
control is the temperature. The key parameter of heating rate, the residence time of
solid and maximum temperature is the control of temperature. The residence time is
directly influenced bythe combustion temperature and to some extent by the mixing
time[26].

2.3 Combustion characterigics

The heating value of a fuel, also called the calorific value, is definetieateat
releasedvhen combustind kg of it, with the assumption that the combustion products
are cooled down to the initial temperature. the flue gass have the same
temperatures as the temperature of the fuel prior to combuskiois value which is

the so-called high heating value (HHY)s based on dry basiand it is measured
directly in a calorific bombWhereas, thevalue thatis calculated by subtracting the
energyrequiral for evaporang any moisture content of the fuisl called low heating

value This value, if the experimental methods are not possible, can be estimated using
empirical correlations. There are many of these correlations ifitdm@turethat are

used for estimating the heating value of solid fuels such as coal and hiomass

Parameters that are definitely related to the energy content of a solid fuel are the atomic
ratio between oxygen and carbon O/C and the atomic ratio between hydrogen and
carbonH/C. The diagranwas previously shown ikigure2.1 that relates together the

LHV, the H/C and O/C ration a dry asHree basis for all fuels, from carbeith
anthracite to carbedeficient woody biomass'he heating value ofibmass fuels are

lower than that ofmost coak and on average, the heating value of bioméssls

usuallyranges from & to 22 MJ/kg (on dry basis)26]. However, according tf24] the
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contents of C and H tend to increase the heating value. Every 1% increaseoof carb
mass fraction elevates the heating value of biomass by 0.39 Mdbileyhigh content

in oxygen results in low energy content. Therefore, the higher O/C ratio the lower
energy content will beFor example, the higher heating value (HHV) of a biomass
correlates well with the oxygeto-carbon (O/C) ratio, reducing from 38 to about 15
MJ/kg while the O/C ratio increases from 0.1 to (fie effective heating value tie

fuel is reduced as a result tiie increaseof hydrogento-carbon (H/C) ratio For
exampe, fresh plant biomass like leaves has very low heating valuestoits high

H/C and O/C ratiosAs it is also shown irFigure 2.1, the atomic ratie of a fuel
decreasesvith increasingits geological age, which means that tiider the fuel, the
higher its energy contenftor example anthracite which is a fossil fuel geologically
formed over many thousands of years, has a very high heating @alume handhe
lower H/C ratio of this solid fuelgives higher heatOn the dber hand the carbon

intensity or the CO2 emission from its combustion is high.
2.4 Thermo-chemical conversion processes of solid fuels

Reducing the pollutants does not depend only on the type of the fuel but also on the
conversion processes and the techne®gised to carry out thenithe processeso
thermachemically convert the chemically stored energy in shli&ls tousable forms

of energy include pyrolysis, combustion and gasification as showigime2.5.

Combustion Pyrolysis
A
\ 4
Charcoal
Heat | ¢
Bio Solid fuel
Gaseous fuel |

Liquid fuel

v A

| Liquefaction l

Figure 2.5: Thermachemical process for conversion of biomass into fuels, gases or
chemicals.

Gasification

Direct combustion of solid fuels is a conversion process by which heat is generated.
When burning solid fuels to produce energlyemically, the combustion process is an

exothermic reaction between oxygen and the hydrocarbons that converts them into high
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temperature gaseous emissidRegarding the combustion of coal and biomass, it is the
classic technology for household energgpexially for cooking.There are several

major chemical and physical phenomena occurring during this process as illustrated in
Figure 2.6. The ideal combustion is the complete oxidation of fuel molecules to CO
and HO. In practie, combustion is always incomplete, and even in the idealised case
of complete combustion. For example, the nitrogen in the air may react with the oxygen
to produce nitrogen oxides and also many fuels contain elements other than carbon that

may be transfaned during combustion.

Flue gases
T T T Combustion
domain
Pollutants
formation,___|
NGOy, S
O 5Q Heat transfer
by conduction,
corvection and
Turbulence radiation
chemical ™
interaction

Particle drying,
devolatilization,
oxidation and
gasification

of gasphase

N

(RN

Airffuel

Figure 2.6: Various chemical and physical mechanisms during solid fuel combustion
(adapted fronj59]).

Figure 2.7 shows the volume loss and mechanisms involved in the combustion of a
solid fuel. For the design and optimization of combustion systenasyl&dge of these
mechanisms is essentidlhe combustion proceggenerally entailthe combustion of

the volatiles released during devolatiliztion stéigemogeneous combustiofollowed

by thechar oxidation, which represents the reactions between tistecaobon and the
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surrounded gasdbeterogeneousombustion)It must be noted that the latter one may

simultaneously proceeds with devolatilization, depending on reaction conditions.

Devolatilization is the release of volatile matter by thermal decomimaslt is carried
out in widely different environmental conditions and plays a paramount role in burning
solid fuels. When it occurs in an inert atmosphere is termed pyrolysis, which, as a
standalone technology, is a possible theahemical conversionoute of commercial

importance in the production of a huge number chemical compounds.

1
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Figure2.7: Combustion stages of a small biomass particle (adapted &gl

However, for engineering applications,the absence of any reacting gas mediuis, it
defined as an endothermic reaction which cotsveolid fuel to a mixture of gas and
solid residue at high temperature (9BI00 K).Based on biomass in a number of
ways, pyrolysis as a thermahemical conversion route can be used as a part of
renewable energy systems. For exampigyid and gas pragcts produced from
pyrolysis of biomass can be used directly for generating electricity. Moremgér,
value products suitable for use as transport fuels are produced by updghadiiggid
product.Additionally, the char produced by pyrolysis can alsoused as a renewable
fuel and in its traditional form as charcoal is used for cookinghe developing
regions However, the traditional process of making charcoal is often seen as a major
source of environmental degradation in the form of deforestatidnpollution in rural
areaq60].

Devolatilization is the termhattypically used for the process occurring in an oxidising
or combustingatmosphersuch as the one present within a combuatatthis context

will be used in tk present investigationtt is the process where combustible gases are
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released from the 8d fuel due to thermal decompositid6l]. As devolatilization
proceeds, volatile gases are formed from the solid fuel mathiese released gase
diffuse towards the particle surface amay combust within or in the vicinity of the
particle or in both of themDespite its occurrence on a time scale thauch shorter

than the subsequent char oxidation process, devolatilization has a profound effect on
the whole combustion proced$2, 63]. This process is the basic step in any

combustion or gasification process of a solid f{&l, 64].

During the devolatilisationthe degree of released volatilead the compositioof

these volatiles andhar depend onseveral parameters such ake fuel typeand
composition particle size pyrolysis temperature and heating reaed pressre For

more information abouthe effects of these paramet@ne can refer to the review
papes by Yu et al [65], Borah et al [66] and Di Blasi[61]. The process of
devolatilizationaccounts for up to 70% of weight loss experienceddnl and up to

95% for biomass and it takes place artime scale shorter thanhar oxidation.
Typically, the devolatilzation products consist of Cd,0, CO,, H; and light and
heavyhydrocarbons (@), which subsequently may react in an oxidising gas phase to
produceCO, and HO as well as the solid carbonaceous residue, charhwhatudes

also the inorganic components (ash)e first five components are termed as light gas,
and the last one as tdrar is a high molecular weight substance tkatleased in the
gaseous phase and it condenses at room tempendtureally, the asumptions made

on the mechanisms of formation, the rate of biomass decomposition, and the final
composition of the volatileare differ from one researcher to anotdepends on the
objectives of the modelling and the available experimental data for atieyar
situation For examplein [67, 68 all these components are lumped togethed
treated as a single pseupmduct It maintains the species balanageladhas an energy

of information of that is consistent with the overall energy of the reactianr. the
simplicity of combustion modelling, the same assumption has beenimtaecurrent
investigations.The portions of the three products of pyrolysis pesfgasestar and

chai depend upon the type of pyrolysis that is determined by the residence time and
temperatureHigh temperature and long residence time enhances the conversion of
solid fuel into gaseous products, while for short residence tends tar yields are

favoured.

The most important parameter for the devolatilisation proaesmg those mentioned

aboveis the temperatureAt increasing temperatures the mass loss due to thermal
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decomposition of chemical bonds increase until only chdraeh remainln addition
to that higher temperatures lead to lower char yield in all pyrolysis reacfldreschar
composition is also affected lgmperatureand thereforeat higher temperaturgthe

chars producedre rich in carboif47].

The devolatilisations also affected byhe molecular structure of the solid fuel as it
involves the breaking of chemical boné®r examplecoal devolatilization behaviour

is different from that of biomas<Coal devolatilisation taés place at much higher
temperatures. Howevehere is a broad range of coal types as outlined in § 2.1.1, each
of which decomposes in slightly different manner. Generathy, lank coals generate
high gas yields and low tar yield§9] like biomass Bituminous coals generate a high
yield of tarcompared to other coa[€9, 70], while high-rank coals exhibitow gas
yields and also moderate or low tar yiel@9]. On one hand, @it is heated, aal
typically releases volatiles three stagesvhich arelow temperature process, primary
pyrolysis, and secondary pyroly$i&l].

The low temperature process (2000°C) in which coal undergoes mild changes
related toremoval of crystabound moisture andisruption ofhydrogen bondThen
during the primary pyrolysiat higher temperaturethe weakest covalent bondiseak
and produce fragments, which will be released as primary tar if they are small enough
to vaporizeand be transported out of the char partidf@e secondary pyrolysis
involvesbreakingthe stronger covalent bonds initiates when the tar and certain light
gases begin to undergo further reactions in the gas phase. On the otheiidraasds b
devolatiisation is mainly related to the contentlgfocellulosic componenta/hich

are cellulose, hemcellulose, and ligninlt results ina rapid weight loss as tke
componentdreak downlt appears to be simplelowever,the differences in chemical
compositon of these componengsd its breaking down at different temperature ranges
make the devolatilization process complicatedl the subsequent release of inherent

volatiles lead to structural chand&<)].

During pyrolysis, bbmass typically starts to release volatiles at temperatut6300

°C [73, 74]. Cellulose and hemicellulose componentcontribute differentlyto the
overall pyrolysis[75, 76] and they decompose in a somewhat narrow temperature
interval Whereas, lignin decomposes slowly through a wide temperature intéal

At aheating rate of 5°(nin, first, the decomposition of latter one takes place at lower
temperaturesaround 250°C to 320°CThen, the decomposition of the former one

occurs at higher temperaturedl0 to 380°C The decomposition of the two
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components, in sonEases, may overlap and occusiilar rates. Finally, the thermal
degradation of lignin takes placag 300 to 430°C[7§]. It typically results in a
continuous weight loss at slow rates in the regionsigtiest temperatureEigure 2.8
depicts the thermal degradation of four 5mg wood samples at a rate’Gfmio. All

the samples have the same trend for weight and derived weight as a function of
temperature. The areas of weigds for the three components of biomass are shown in
the figure.It was reported if61] that at low temperatures, the evolutiohCO, CQ

and HO is mainly because of the degradation of extractives and hemicelluloses and as
the temperature increases, the formation of tar vapours becomes predominant due to
cellulose degradationLignin decomposition also attains fast rates and results in
producing char and additional gg$CO,, CO, CH, and H).
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The processof devolatilization in the case of coand depending on its typeccurs
when the coal is first heated to temperature higher tharC35@] and both the

chemical and pore structures change significantly. This is due to the release of the
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volatile constituents of the coal in the form of gaseous compounds and tar in an inert
environment. The yields of this process also include tiag, evhich is the solid product

that ha higher carbon to hydrogen ratio than the original coal. The composition of
these productions depeswoin the factorsmentioned abovdt was observed that amount

of ultimate weight loss of coal during pysolysis irases with increasing the peak
temperaturg79-81]. The yields of char are imvsely impacted by temperature. Higher
temperature decreases char yields, wheréaser dewlatilization temperature

increases char yields.

The influence of particle size on the devolatilization process of solid fuels is related to
the internal heat transfer and residence time of the reactive species in the particle.
Therefore,the pyrolysis can be conventional (slow) or fast, based on the operating
conditions that are usdd6, 82]. Regarding the former one, the larger the particles the
slower the heating rate and consequently, the slower the devolatilizatiotnréte.
presentstudy, the latter one has been considered due to its relevance to the pulverized
combustionwhere valueseaching.For fast pyrolysis, the following conditiorshould

be met: (a) high heating rate, (b) short vapour residence time. This, genamtdil,

that the solid fuel to be prepared as small particle sizes. Moreover, it needs a design
that removes the vapours quickly from the presence of hot parfidhesefore, the
understanding of thmfluence ofparticle sizes will be ofmportance in order to select
appropriate size fraction for conversion efficiency and design of biomass combustion

alone or cecombustion with codl83].

It is easy to imagine that smaller particles carried by the gas stream tend to be
consumed faster and more easily than the larger ones. Therefore, the particle size
distribution influences not only the rate at which the fuel reacts with oxygen and other

gases, bualmost all other aspects of combustand gasifieras well

In the case of biomass, grinding it into small partictes challenging exercise because

of the nonfriable nature of biomass and its moisture contamd requires energy
However, size reductiominimises the fibrous nature of biomass so that the burning
rate is fasterenhances boundary layer diffusion and reduces heat transfer relsldfant

85]. Di Blasi [86] studied theeffects of parameters such as particle size, reactor
heating, and temperature in a reactbwas found that char yields increase as particle
size increases and higher rates lead to higher volatile matter yields and lower char

yields. A study of the combistion characteristics of a single biomass particle ranging in
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size from 10 & m t o[87I0wasmoncludadsthatctle resultsengdre o u-
beneficial when used in assessing different combustion systems using biomass as a fuel
such as pulverized fuel furnaceédany other studies related to the influence of fuel
particle sizehave been camd out[17, 87-90]. For coal devolatikation, the effect of

particle size has also been obserV&.

In terms of the effect of heat ratbgtvolatile yield, the temperature range at which the
volatiles are released and the rate of weight loss are influenced by heddingl}.
Therefore, the range at which volatiles are released shifts towards higher temperatures
for increasing heating rateBherefore, it is almost impossible to avoid the influence of
heating rate on pyrolysifAs mentioned beforepyrolysis can beslow or fast. Slow
pyrolysisassumes that the heating rate of the sample is below 10 K/s, while the rates of
the latterone can be above i(K/s. The fast pyrolysisoccurs. In almost all
combustions of pulverized solid fuelshere the fst pyrolysis occurs, the heating rates

of values reaching £@r even 1&can be found. Whereasuitlized bed imposes lower
values, or around ¥010* K/s and noderate to slow may happen in sections of moving

or fixed bed combustion or gasificati¢®l]. Pyrolysishas been studied in the case of
biomass and extengly in the case ofoal and numerous studies can be found in
literature[51, 92-101].

Another process by whicthe thermal conversion of solid fuels is carried out is the
gasification technology. It is defined as the thermal degradation of a solid fuel in the
presence of an oxidizing agent such as oxygen, carbon dioxide or gépnits
primary goals are to convert the rash fraction of the solid fuel to gas and produce
gases that preserve, as much @ssible, the heat of combustion value of the solid fuel.
Combustion and gasification are two closely related processes, but there is a difference
between them. Théatter one packs energy into chemical bonds in the progast
whereas in théormer onethese bonds are broken to releasedhergy.lt should be

noted that the term combustion is used for the gasification of char with the oxygen. It
takes place at slightly lower temperatures than the combustion and aims to maximize
the product gas which mainlconsists of CO, C§® H,O, H,, CH;, and other
hydrocarbons. This technology, compared with the combustion, leads to reduce the
emissions of C® due to the limited amount of oxygen (an oxyghficient
environment). It is an endothermic process and assaltrédeads to reduce the

temperature. Comparison between these processes can be fpLOE.in
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Chapter 2 2.5 Char oxidation (heterogeneous combustion)

2.5 Char oxidation (heterogeneous combustion)

Despite the similarity of biomass and coal shdinere are large physical differences
between hem with regard tdhermal conductivitydensity, porosity, surface area and
particle size and shape. In terms of biomass, several fundamental studies have been
carried out focussing on the reactivity and conversiogitbersingle biomass particles

or biomass chaf87, 100 103 104. In addition, more information regardinghar
reactivity of coal and biomassan be found in many reviews e. [¢1, 105. Char
oxidation and gasification is the process to occur in solid fuel combustion systems
proceeding simultaneously or after the datibzation processThe latter is usually
assumed because the blowing of volatile matter through the particle sarfdae

flame formed during the combustion of volatiles effectivigllyibits the surrounding
oxygen from reaching the ch&t0€. During this process the char is oxidized or
gasified by means of heterogeneous reactions. The heterogeneous reactions take place
between the solid phase (char) and surrounding gases in the gas phase. Since chat
conversions the slowest reaction, the heterogeneous combustion rate is a crucial factor
for industrial furnaces and gasifiers. It determines the time required for complete
conversion of char. It accounts for the majority of time required for fuel particle burn
out. Furthermore, it defines the necessary residence times in the furnace, which directly
influences the necessary size of the unit and as a result the investmefit@gsts is

the ratelimiting step. The ratéimiting step can be chemical or diffusiores will be
described nextThe burn out of carbon is affected by several factors that include the
amaunt of volatile matter quickly released from the fuel, porosity of the resulting char,
char particle size, the reactant and its partial pressure, furnace temperature and the
residence timelf residence time is long enough and particle size is fine, theoht

increases

Heterogeneougeactions require a longdime than that of devolatilization. For
complete combustion of chahe time requireddtan be several of orders of magnitude
larger than that for devolatilizatio®incemost of the char is carbo0 and CQare

the dominating products of burning carbon. Thereftine, other elements may be
neglectedwhen considering the heat effect of char combustion, and the char is
considered to be 100% carbon without making large errors. However, the eldmaénts t
have a large effect on formation of environmental emissions such as nitrogen and

sulphur needs to be known in order to determinesthissiondormation correctlyFor
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Chapter 2 2.5 Char oxidation (heterogeneous combustion)

the process of char combustion and gasification, an oxidizing &yeygen, steam,
carbon dioxide, etcfrom the surrounding bulk flow must diffuse to the particle surface
through a boundary laydd0g. Reactions of char with oxygen are called oxidation
reactions and those with steam and carbon dioxide are called reduction reactions.
However,char gasification rates for its remmns with HO and CQ are negligible ithe
oxygen is present, and sufficiently we can only consider the char combustiothevith

oxygen[109.

In addition, in the case of gasification and especially for high hydrogen partial
pressuresthe reaction of char with hydrogen may also become imporfdete is a

thin layer surrounds the char particle where the homogeneous reactions occur. Through
this layer, the diffusion of gaseous reactants and products takes place. The former ones
diffuseinto the char surface, while the latter ones diffuse away to the gaseous phase as

shown inFigure2.9.

Gas phase (bulk) phase) Thin layer where

homogeneoueeactions
occur

O, diffuses intochar Ash layer

O, diffuses from
gaseous phase to

particle surface Diffusion of gas
products out into
the gas phase

Figure2.9: Char combustion (adapted frdhl(Q).

Based on the process that controls the reaction rate of heterogeneous reaction rate,
chemical kinetics, diffusion oa combination of them controls the combustion and
gasification ofchar.One can refera the comprehensive revieyd5, 105 109, 111,

112 for more information regarding the combustion of char regirBased on the
rate-controlling mechanism the oxidation of char may be divided imetibombustion
regimeg61]. The heterogeneous reaction raténsted by chemical kineticgegime 1)

if temperatures are lowg char particle is very small and the reaction rate is low
Therefore,the concentration of oxygen is unifo within both the entire particlend

thebulk gas phase in this case.
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Chapter 2 2.6 Combustion technologies

On the other handarge char particlesat high temperatureften burn under diffusion
limitations (regime Ill). In such casethe chemical reactions are very fasi that
oxygen is consumed at the outer surface of the particle whiohans that the
penetration depth of oxygen and the external surface concentration of oxygen
approaches zerdVith increasing the temperature in comparison to that of regirhe I, t
reaction rate isnfluenced by the combined effects of chemical kinetics and diffusion of

oxygen(regime ll) in the intermediate region.

In real combustion systems, various particles may burn under different re@hmes
overall rate is influenced by eombinationof adjoining zmes and thereforethe
analysis of oxidation regimes is more complicated. For exanmlkerized fuel
combustion has a significant distribution of particle sizes and therefore the oxidation of
small particles of >m may bllow regime I, while those ok 100>m may burn under

the conditions ofegime Il or I11[105. Under conditions ofegime Ill, Biomass char
particle are significantly more reactive than coal ones with respecgtdaadias a result

a lower temperature is required fobesmass char particle to be oxidized than a coal
char particle

2.6 Combustion technologies

The application and knowledge of combustion of solid fuels are an8eld. fuels in
terms of wood from plantiave been usefdr cooking and generating hesihceman
discovered the fireln moden times, theyare burned in different way#n principle,
several combustion technologies exist for the combustion of solid fuels. The following
ones can be distinguished:

i1 Fixed bed combustion

1 Fuidized bed combustion

1 Pulverized fuel combustion

Such solid fuel firing technologies are widespread and play a paramount role in
generating heat and electricifyhe choice of the proper firing system dependsiany
considerationsThe basic principles of these systems are shoviigare2.10 and the
distinction between them is based on the fuel feed techniques, the mode -of heat
feedback and combustion. Thdvantagesnd disadvantages of these systems and the

comparison between them can be founfl 113-115.
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Chapter 2 2.6 Combustion technologies

The fixed bed combustion systems have been used for burning solid fuels since a long
time ago. h these systems, also known as grate firing systems, the primary combustion
air is supplied through a bulk bed of fuel, where drying, devolatilization and char
combustion take place. Typically, the primaryspeeds 0.1 m/s in utility plant§116

which is insufficient to lift the fuel particles and they remain in the layer on the grate.
In most of the combustion systemsriharetwo or more locationshrough which the

air is suppliedIn these systems the combustible gases released from the fuel bed are
burned with secondary air additions that are often located separately from they/prima

combustion zong26].

Principle QOutline of boiler
°}°o°o°0 Diameter
¢ .P_Q’%‘i Under 200 mesh
Particle o z
i g = U v 0 ratio 70% Pulverized
Saehe Aol 2 3 t;? 8°° e ?, Velocity 10~15m/s coal Boiler
"1 —n' hnf ' Temperature
1,400~1,500°C
Air
T 1
) ) Diameter
z g E’%{":"%a vt
Fluidized Bed g3 ‘Ea;‘ff?( Velocity 1.4~10m/s Fluidzed
§ % D 8 © goo Tempefature bed boiler
=2 ﬂ ﬂ 800~900°C
Air
(B
A e ~ Diameter
Fixed Bed § & m Coal 3 T s:q:(er
& ﬂ Velocity 0.8~1.5m/s L
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Figure2.10: Coalcombustion systems outline (adapted fridr7]).

Fixed bed combustion systems aharacterized by theftexibility regarding moisture
content and fuel particle sif&@14, 118. However, due to the poor mixing of air and
solid particles longer reaction resident time is required to achieve full conversion of
solid fuels.The poor mixing results in inhomogeneous combustion conditions at some
pats of the grate. Moreover, ineffective mixing condition needs higher amount of
excess air for complete combustiorhe typical fixed bed combustion systems are
grate furnaces and uncfered stokersBased on the grate desigimere are several
different gate furnaces including fixed grates, travelling grates, rotating grates and
vibrating gratesAll thesetypes of furnacebave specific advantages and disadvantages
depending on fuel properti¢26]. Since no or minor fuel preparation is required, grate

firing systems are preferred for fuels such as solid industrial wastes or bidrhass.
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Chapter 2 2.6 Combustion technologies

grate funaces can burn biomass fuels ranging in size from pellet® (6m) to wood
logs[26].

Increasing the air velocity leads to that the drag forces between the air and the particles
become larger and the bed begins to expand in volume. Then, a limit, where the drag
force is in balance with the gravitational force and the particles are suspendied with
the flow, is reached. At this point the particles start to exhibitdikel behaviour and

the bed is considered to be at minimum fluidization gtbt§|. Fluidization technology

gives very good heand mass transfer characteristicsthis technologyf{uidized bed
combustion, solid fuels are burned in a suspension of gas and solid bed m@atenal
reactive material)Sand isusuallyusedas he solid bedand located in the bottom part

of the funace. The primary air enters from below the bed through a nozzle distributor
plate.Based on the air fluidization velocity and the particle size of the bed material,
two different technologiesthe bubbling fluidized bed combustion (BFB) and

circulating fuidized bed combustiorlCEB), are employed.

In BFB, the fluidization velocity is lower to keep the bed particles which are located in
the bottom part of the furnace in suspension by the primarWéiereasjn CFB, the
fluidization velocity is high andhe bedis continuously circulatingnd thus the bed
particles are carried out tiie bed and separated in a cyclone and circulated back into
the combustion chambg¢6]. The feed of solid fuel particles is located somewhere
above the sand beahd these particle fall down and mix with sandtitherefore they

are being liftedFluidized bedeactos, compared tmther combustion systenssich as
fixed bedsreactorsmentioned aboveon one handare generally characterized by
having a verywide operatingrangeregarding fuel materials and moistumed because

of the good mixing conditions the temperatuprofiles along them are uniform.
Therefore, the formation of hot spots is avoid@d the other handhey areinflexible

with regard tofuel particle size$114]. Therefore, a suitable fuel pteeatment system

for particle size reduction is required. For CFB, a particle of biomass with size below
40 mm is recommendeghd regarding BFB units a size up to 80 mm candssi[26].

As outlined earlier, Hese ypes of furnacegprovide better heat transfer withithe
fluidized bed and as a result the size of the boiler can be reduced. Furthehaore,

lower temperatureis these furnacesake low level of NQemissions.

In pulverised fuel (PF) combustion, also called dust or entrained combustion, fuel

particles argpneumatically injected into a furnacehey are kept in suspension while

36
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reacting with the ascending gas flow. The combustion of the released gas is achieved
by supplying secondary air. Pulverized combustion technologguires both fuel
particle sizedo be very fineand low moisture conteft14]. Pulverised combustion of

coal is thecommontechnique thats used forgeneratingelectricity for industries and
utilities in the world.It is only feasible in large scale applicatiofrs.comparison with

the other two types of reactors, they are characterized by their ability to use various
types of fuels with different copwsition (e.g. cdiring of coal and biomass) and their
quick responses to changes in lo8ging a rapid process disturbed over the entire
furnace, the combustion process of the pulverized particles nigessibleto achieve
higher capacitiethan theother two types of combustion systerRael requirements for

PF combustion are higher than those for grate or fluidised bed combustion. When
burning coal in pulverized furnaceit must be goundto fine dust with 9098% of
particles smaller than 10 to travel with the gas stream and they are characterized
by short residence times no greater than a few sed@l<sl20, 121]. The hgher
moisture content and fibrous nature of many biomass fuels makes them harder to grind
than coaland, &cording to van Loo and Koppejdi26], the maximum size for
renewable fuels in PF boilers is-20 mm.However,as mentioned in 8.2, it was
repored that wood particles slld be milled to less than 1 mm, which is the critical
size,in order to reach a satisfactory btout within the residence times typical for PF
boilers. This is due to two factors. First, the residence time in PF is limited to few
seconds. Secondly, oxtion rate of nommicron range particles in PF furnaces is
limited by the oxygen diffusion to the particle and not by reaction kinetlsgig
biomass alone ipulverized combustiomot yet at any advance stage because of the
high cost of biomasgulverizaion (reduction tofine particles) and the challenge to
reduce the moisture contdi?].

2.7 Modelling of solid fuel rates

The field of combustiomand gasificatiorof solid fuels such as coal and biomassne

of the important surces for producing energy and power aing always of great
importance to understand the processesuohingsuch fuelsCombustion studies are
required for the purpose of determiningombustion characteristics under well
controlled conditionsto aid in the design and operation of solid fuel combustion
systems.This sectionpresents the solid fuel combustion subdels such as drying,

devolatilization and char oxidation models.
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2.7.1 Drying

One issue that is related to the combustion of solid fuels is th&ture contentThe
moisture contenbf coalis very little that it has not a great effect on the combustion
process, while biomass contains large amounts of water thaé tede dried prior to
combustion The conversion process of solid fuels alwayststwith drying process.

The water leaves the fuel particle agamwhich cools down its outer surface
Proceedings of heat aneeded for drying, and in return, this lowers the temperature in
the combustion device. Therefoes mentioned in 8 2.2pr biomass combustion, it is

not practically feasible to burn particles witligh moisture contentsince moisture
content in excess of 55 wt % makes it very difficult to maintain the combustion process
[24].

There are two forms of moisture in which a solid fuel particle can exist, which are free
water and bound water. To categorize the moisture content in biomass, the criterion of
fibre saturation point, which is approximatél§% wt db for wood, can be usethe
moisture content is categorized as free water above thisgrairaound water below

it. There are various methods of modelling the moistinggng procesg123. The
thermal model ighe simplest onén which the drying processegins when the fuel
reaches a predefined temperature, which is typically ©O@nother model uses an
algebraic expression for temperata® a function of moisture contefit is similar to

the thermal modebut the @aporation temperature is not constant. In some cases,
moisture evaporation is assumed to be diffusion limited (diffusion expression
method)The most commomethodis that in which the drying process is treated as an
additional chemical reactiont is socalled the firstorder kinetic rate model. In this
model, it is sufficient to add water and its vaporization heat to kinetic schidme.

reaction ratéQ can be expressed in first order Arrhenius f¢i24, 125:

Gé Qi 000 QO E I (2.3)
2.7.2 Devolatilization models

As it was mentioned before (see section 2.4) that the devolatilization process is
complex owing to several influencing parameters, which inclubeating rate,
temperaturemoisture content, fuel chemical composition, pressure pamticle size
and shapeWith regard to coal combustion, a number of models have been previously
developed andnplementedor the devolatilization of various coalSeveral reviews of
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these models have been publistiéd, 126. These modelsnclude the simple ones

such aonstant moddl127], sngle kinetic rate mode[128 and the Kobayashi model

(two competing rates moddR9]. The first one is the most basic devolatilization model
that assumes the driving off gblatiles to take place at a constant rate. In the second
model, it is assumed that the rate of volatiles release is first order dependent based on
the amount of volatiles remaining tihe fué. Theimportant shortcoming of this model

is that it cannot acmnt for the dependence of the volatile yield on the final
temperature. To overcome this, theobayashi model is used to handle the
devolatilization of coal and volatiles release through the implementation of two
eguationsOne equation is for low tempenates and has a certain volatile yield and the
other is for higher temperatures where it is assumed that the volatile yield could be

much larger.

In addition to the above mentioned models, there are complex modalsh are
applicable over a wide range dfoal types, including the functional group
devolatilization vaporization crodmking model (FGDVC) [129, the FLASHCHAIN
structural model[130 and the chemical percolation devolatilization (CHRRS.
These models are extremely complex and difficult to use for practical applications
Despite theimportant differences between coal and biomass, coal devolatilization
models have been commonly adapted for the biomass devolatilizatiaddition,
many biomass pyrolysis/devolatilization models have been developead
comprehensive reviesvon the various models and kinetics are presented by Di Blasi
[97] and also given 19, 131]. The kinetic mechanisms classification involves these

three mairglobalschemes:

1. Onestep global mechanisms.
2. Onestep multireaction mechanisms.

3. Multi-step semglobal mechanisms.

The way used bynestep global mechanism to define devolatilization rates is very
simple. The products can be either (volatiles or char) or (g&sesnd char) as shown
in equationg2.4) and(2.5).

8 'QE G OICKHI 0 E & do Qi Qi (2.4)
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8 Q& & BIAGT Qd i G (2.5)

The rate of reaction@) is expressed in an Arrhenius fashi@guation(2.6)) and the
necessary kinetic parameters are generally obtained mqeslly usingube furnaces,

thermoagravimetric analysers, etc.

Q b QwR— (2.6)

whered is pre-exponential factqrO is activation energy’Y is universal gas constant

and "Yis temperature (°K)The major drawback of this mechanism is its inability to
predict the composition of volatiles and not accounting to various componettts of
virgin biomass. To overcome these limitations, @tep multi reaction mechanism has

been developed as can be illustrated below:
6 Q¢ a@BIMAG © Al £ Qoo (2.7)

6 Q8 A@iiié QO BWiE & G odIQ (2.8)

where Qis gases tar or char But this scheme neglecthe secondary reactions
(tarcracking to light molecular weight volatilg@swhich become significant when the
temperatures become hggtand there are sufficiently long residence tiraeswvell To
addess this issue muiitep semplobal schemes have been consideted usually
assumed that the fuel first decompose to so called active intermediates with lower
degree of polymerization. Then, theses intermediates decompose to other products.
Two-stage semiglobal reactions for both cellulose and wood are illustrateéigare

2.11 [13]]. It is assumed thatllareactions are first order, irreversible analldw

Arrhenius law équation(2.6)). Kinetics of these two schemes are givefilidZ.

ity
I, .
I . - Tar Gas
(a) Cellulose Active <
Char + gas
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Figure2.11: Two-stage semglobal reaction mechanisms for (a) cellulose; (b) wood.
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2.7.3 Heterogeneous combstion models

The devolatilization process produces gaseous volatiles and solid char that both react
further in homogeneous and heterogeneous reactions. The gaseous volatiles, at high
temperature, react very fast towards their equilibrium composition (raigfuthe main
components Cg CO, HO, H, and N. The heterogeneous reactions take place
between char, which is assumed to be cangisif only carbon and these gases and

determine the further solid fuel conversion.

A part from the reaction with oxygenhich is simply termed char combustion that
produces CO and CQall reactions of char with any gaseous reactant other than
oxygen refer to char gasification. Thetéattakes place at rate much slower than the
former one and consequently the gasificatieactions have a longer residence time

within the furnace.

The heterogeneous reactions are considered to be influenced by many factors including
the total active surface area, the local gas reactant concentration, local temperature,
pressure, char structusnd composition and the overall scheocas be described in
these basic processes: diffusion of mass and heat through the boundary layer
surrounding the solid fuel particle, diffusion of mass and heat within the porous
structure of fuel and reaction of gaswith solid surfacegl05. The surface burnout
reaction is represented byguation(2.9).

61 Y& QQROMI £ QDO i (2.9
where"Y is the stoichiometrand defined in terms of mass of oxidant perss of char

0 i . Its value depends on whether the gaseous product is CO prThére are
several global char combustion models available in litera@ne. of these models is

the diffusion-limited surface reaction ratdt assumes the conditions ofgime Il
mentioned in §2.5, where the chemical reactions are assumed to Ilhe flaistregime,

the oxidant(oxygen)is consumed as soon as reaches the particle surdckigh
temperaturessurface reactions are so fast #imd means that thegartial pressure at the
particle surface is assumed zeftis model isbased orthe work done by Baum and
Street[127]. It is based orthe assumptiohat the surface reaction proceeds at a rate
determinedy the diffusion of gaseous oxidant (oxygen) to particle suifacéhe rate

of combustion only depends on the mass transfer in the vicinity of the char pamticle

this rate is computed by the following equation:
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ir —  1"Q0; (2.10)

where™Y, O, Q, ® , "Y, "Y and” are the stoichiomgt of equation(2.9), the
diffusion coefficient for oxidant in the bulk, the particle diameter, the local mass
fraction of oxidant in the bulk the particle temperature, the gas temperature and the gas
density, respectivelyn this model, it is assumed that the diameter does not clzanthe

the kinetic contribution to the surface reaction retégnored Range of the validity of

the diffusion limited approach can be extended to the conditions of regime Il. It was
suggested by Baumnd Streef127] andField [133 to use a diffusion rate coefficient
and a reaction rate coefficierithus, the effective surface reaction rate includes the
effects of both bulk diffusiorand chemical reaction rateSherefore, the soalled
kinetics/diffusionlimited surface reaction mod&as developedin this model char
reactivity is limited by the minimum of kinetic rate and the oxidant boundary layer

diffusion.

In the kinetics/diffusion model the diffusion rate isexpresed by the following
equation127]:

o & -1 (2.11)
and the kinetic rate is determined by:

T 8Q (2.12)
then, chacombustion rate is:

T o T

0 (2.13)

T R T

if — 80

whered (& “Q),0 ,6 andd  are the surface area of the coal particle, the
partial pressure of oxidant species in the gas phase, the diffusion rate coefficient and
the molecular weight of oxidant, respectiveljhe above mentioned models only
corsider boundary layer diffusion and ignore some important phenomenahée
porosity, changes in pore structure and external surface area during char combustion
[134]. Contrary to this, the model that accounts for pore diffusion is the intrinsic
reaction model which is based on the modef Smith [135. It is similar to
kinetics/diffusion limited rate modeln this model, the diffusion rate is computed by
equation(2.11), but the chemical rate idescribes the&eombined effect of intrinsic

reactivity and pore diffusioand expressed as following:
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~

T -—"00 (2.14)

where- is the effectiveness factathg ratio of the actual combustion rate to the rate if
no pore diffusion resistance existed is thevolume of the particle; is the apparent
density of the cha) is the specific internal surface area of the char parioQ is

the intrinsic chemical reaction ratehich is of Arrhenius form:

Q 0Q | (2.19)

where the pre&xponential factod and the activation energ® can be measured for

each char—is solved as a function of Thiele modulus as

- — e &0 p (2.16)

wheree is the Thiele modulus:

. - (2.17)

and” stands for the density of oxidant in the gas phasdO is the effective

diffusion coefficient in the particle poré®r more details one can refer[tt35)

The other modebf char oxidation is the multiple surface reactions model, which
describes that the particle surface species can be depleted or produced by the

stoichiometry of the particle surface reaction.
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3 RANS simulations of methane

combustion

Methane is on®f the main species resulted from the devolatilization process when
burning solid fuels and modelling its oxidation is not only importamas turbines but

in oil, gas, pulverized codired boilersandfurnaces as wellTherefore, his chapter

has beerdedicatedto the investigaton of the turbulentdiffusion combustiorof both
puremethaneand its dilution with nitrogebased orReynolds Averaged Navitokes
(RANS) approach The investigation ha®cused orevaluatingthe effect of various
turbulencemodels on the accuracy of CFD simulatiolmbBe NavierStokes equations

are solved withk- turbulence closuresSince several phenomena such as mixing,
turbulence, radiative heat transfer, chemical kinetics take place during combustion
process, and in oed to obtain reasonable results, a rational approach with appropriate
submodels should be use@he standard and realizabke turbulence models are
modified and their effecten the combustion processe also investigated Different
reducedglobal readion mechanisms of methane combustion have been U$ex.
reaction mechanism by Westbrook and Drigeoptimized to see its effect as wélhe
turbulencechemistry interaction is modelled using a finigge/eddy dissipation model
FR/ED. This chaptempresnts thanodelling approach amumerical results of methane
combustion inan axi-symmetric chamber. The results are compared with experimental

dataavailable in literature.

3.1 Introduction

In terms of fluid mechanics, odelling of turbulent combustion is ord the most
important andcompicated subjectdue to the complicated nature of turbulence
chemistry interaction. Turbulent flames involve a wide range of coupled problems such
as the mixing between the reactants and, more generally, apdrapsenomea (heat
transfer, molecular diffusion, turbulent transport, etc.). To carefully describe these
problems, the fluid mechanical properties of the combustion system must be well
known. Combustion requires both the fuel and the oxidizer to be mixed at aufaplec
level. The other important things that are involved in turbulent flames include the

chemical reaction schemas well aghe heat transfetue to radiation
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Detaileddescriptionchemstry is necessary to estimate the consumption rate of fuel,
formation of combustion products and pollutant speeied give a deeper insight into
reactive flow processesTherefore, a good knowledge of the chemisichemes
(chemical reaction schemas)definitely required to predict the combustion processes.
Such a dei&ed chemistry can contain hundreds of chemical species and thousands of

elementary reactions.

In combustion systerat hightemperaturegadiative heat transfer becomes siigrant

and for accurate simulations, it needs to be taken into accboete ae two main
categories in whichutbulent combustion can be classified which @memixed and
nontpremixed combustion. In the former one, the fuel and the oxidizdirsirenixed
homogeneoushand then the mixture enters tkembustion chamber. This type
combustion is found in the spaignition engine where the fuel and the oxidizer are
mixed at the molecular level for a long time and then the energy of the spark initiates

the combustion flame at first by laminar and then by turbulent propagation.

In turbulent norpremixed combustion, the fuel and the oxidieaterthe combustion
chamber individuallyjandthe combustion takes place simultaneously with the turbulent
mixing process. This type of combustion, which is of the primary interest in this
chapte, is employed in a wide array of practical applications such as gas turbines and
oil, gas, pulverized codired boilers and furnaces. The widespread use of non
premixed combustion is the major motivation for the numerous model approaches to
their numerial simulation[13§. The rate of the reaction is oft@ontrolled by the
mixing rate and the molecular diffusion of the reactants towards the reaction zone and
because the diffusion transport is essential in the effective mixing of the reactants at the

molecular level, the nepremixed combustion is also knows diffusion combustion.

The developments of simplified models play a significant role in the understanding of
solutions of complex systems of governing equations. Therefore, a lot of successful
models include their validations against results from expert have been worked out.
Many computational studies regarding diffusion combustion have been carried out and
numerous combustion models have been developed and used for different applications.
There are many reviews dealt with Rpremixed combustion st asBilger et al.

[137], Bilger[138], Peter§139, Veynante and Vervisdi4(.

One of the important aspects in themmarical simulations ofombustion ofuels such

as methane is the modelling of kinetic mechanisms. In reality, this phenoroanon
45




Chapter3 3.1 Introduction

involve a large number of species and reactitm&€FD simulations, for each species

in the reaction mechanism, one species conservation equation needs twede sol
Therefore to decrease the computational costs, the level of description of combustion
chemistryhas to be reduced down t level thata few numbes of species and
reactionsare includedMoreover, the addition of chemical species makes the turbulent
reaction modelling more complicated since the chemical reaction rates depend non
linearly on the concentration of specigstl]. Then, the reduced mechanisms are

favourable.

In this context the presensimulationswere intended to applydifferent simplified
reaction mechanismaccompanied with differentutbulence modeldo model the
turbulent diffusion combustion of both methaaed its dilution with nitrogen.The

major work includes the comparison between the selected reaction mechanisms and the
investigation of the effects of different turbulence modatsl how they affect the

simulation results when they are modified.

The other important aspectsedhe kinetics andmixing time scalesThe interaction
between combustion chemistry and turbulent mixinignigortant because the structure
of nonpremixed fames ismainly governed by the coupling betwebath mixing and
chemicalreactionsThe chemistry could be considered infinitely fagten considering
the chemicalreactioncharacteristidime to bemuch smaller than the flow time scale
and correspondintg the Damkéhler number is very higithe Damkoéhler numbefO ¢

is the ratio of chemical reaction and fluid dynamic mixing.

Oow — (3.1)
wheret is the turbulent time scandt is the chemical time scale.

In this case, a simple finite rate mo@ERM) is less unrealistic and otherwise to model
the combustion approaches such asldy breakup model, also referred toealy
dissipationmodel(EDM) [142] in FLUENT, or flamelet model¢FLM) could be used.
However, theEDM model does not takeinto accountthe real gasffects e.g. the
exclusion of reactant concentration in the reaction rate calculdtieFLM assumes

that the local chemical structure of a flame is independent of the physical complexity of
the surrounding flowTherefore, the flamstructure resembleslaminarlike structure.

In this mode]l diffusion processes and chemistry are coupled. In the case of laminar

flamelet modelall flame properties in the flamat any point in the flow ardescribed
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in terms of the mixture fraction and tls¢rain rate (orscalar dissipation rateThis
reduction of the complex chemistry to two variables allows the flamelet calculations to
be preprocessed, and stored in leog tables.Therefore computationalcosts are
reduced considerably using this modethe calculation of a turbulent reactive flow
with a detailed chemical kinetican be achievedy solving only two additional

transport equations for the mean mixture fraction and the mixture variance.

Accounting for chemistry on turbulent diffusion flamean be also described byore
elaborate modelsuch as finite rate/eddy dissipationodel (FR/ED) and eddy
dissipation concephodel(EDC)[143 are used. In thlsetwo modelsthe chemical and
mixing times are of the same order, thus, the mixing and chemeeations are

influenced by each other.

3.2 Governing equations

With regards to a homogeneous reacting flte change irpressure, temperature,

molecular transportadiation, and chemical reactions as mentioned in § 3.1.
3.2.1 The Navier-Stokes (NS) equations

In reacting flows, properties such as mass, momentum and energy are conserved and as
a result of this the mathematical modelling is basically based on a set ohiggver

equations of the conservation of mass, momentum, energy, and chemical transport and
reactions. These equations can be derived by considering a control volume as a system.

Such an approach knhown ascontrol volume approach.

The law of mass conserva results in the mass continuity equation as shown below:

— — 70 W (3.2)

wherew (j = X, y, 2 are the Cartesian coordinatés,or (uy, U, W) are the Cartesian
components of the velocity vectd{m/s], t [s] is thetime coordinate antl [kg/m?] is

the mixture density.

The law of momentum conservation leads to the following equation:

— — 740 —n — 1t " (3.3
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wherep [Pa] is the static pressure, [N/m? denotes the viscous stress tensor 'siet
[N/m?] is the gravitational body force. The body force can often be neglected when
modelling chemical reactions. The vissostress tensor can be expressed in terms of

molecular viscosityy [kg/m.s], and local velocity gradient as

" =06 —06 -—01j (3.4)
wherg  is the kronecker deltai.€}, f = 1ifi=j and j = 0 otherwise).

3.2.2 Species mass conservation equation

In the case of fluid mixture and in addition to the Nan8é&wvkes equations, the species

mass conservatn equation is also needed to describe the chemically reacting flow.

—"® — "6 — Uy Y i=1,.,No (3.5)

The two terms on left hand represent the rate of change of mass of specidbe net
rate of decrease of mass of spegieiie to convection, respectively. The other two
terms on right hand are the net rate of increase of mass of spegeb diffusion and

the net rate of increase of mass of speicikee to source.

In the above equationy is mass fraction of specie¢sn the mixture,0 is the number

of species in the gas phad¢, [kg/m®.s] is the net rate of production of spediesie

to homogeneous chemical reactions apdkg/m?.s] denotes the molecularass flux

of specied. Generally, it has three components which are known as mass diffusion,
pressure diffusion and thermal diffusifit¥4]. For most combustion processes, the last

two onesmay be neglected4l]. Usi ng the Fickbés | aw the

Up "0 — (3.6)

The description of mass flux is further simplified by introducing the-aiarensional
Schmidt number.

Y — (3.7)
then
Or - (3.8)
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O [m?%s] is the diffusion coefficient for speciésnd it will be different for different
species. In this work, a simplification is made that all species have the same diffusion

coefficiert.
3.2.3 Energy conservation equation

The knowledge of temperatufg,is required for the evaluation of density and chemical
reaction rate. It can be obtained by solving the energy equation which can take several
formshavingone of thesestatic temperaturetatic enthalpyandstagnation enthalpy or
internal energyas the principle variable. The governing equation can be written in the

following form:

_» 'Q _n 'Q r‘] _r'.l 6 (39)

where,R} is the energy flux) is the internal production rate for thermal energy, for

example duéo radiaton andeis the specific total energy and is given by

Q Q - (3.10
whereh is the etthalpy of the mixture.

then equatiori3.9) becomes as following:

~

- n 'Q . n "Q _ _r'.l l') (311)

The enthalpy in equatio8.10) is related to the temperature by its definition in terms

of species enthalpy,

0 B &Q (3.12)

where™Q is the absolute internal enthalpy for speciaad for an ideal gas the enthalpy
is an unique function of temperature. The enthalpy at given temperature is calculated
from approximated by

o

QY Q| O YQY (3.13

where'd is the heat of formation of specieat a reference temperatuig(298.15 K)

and @ "Y is the specific heat at constamessure of speciés

~
g

Wi — (3.19)
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The specific heat for the mixtuce at constant pressui

~

® B OO (3.15)
The energy fluxy is divided into three different part$41].

n N1 n N (3.16)
wherer) denotes energy flux due to conductigndenotes energy flux due to species

diffusion andnl denotes energy flux caused by concentration gradients (Dofour

effect). The latter is usually much smaller than the other two compofietils and

has been neglected in this work.

The energy flux due to condsdodowingppn i s exr¢

n _— (3.17)

with _ being the thermal conductivity of the niixe. As a function of enthalpy, by
combining equationg3.12), (3.13) and(3.14) the energy flux due to conduction can be

written as

A — B Q— — (3.18)

As indicated by the name, energy flux due to diffusion is caused by the diffusion of

species with different enthal@nd is given by

R B QU (3.19)

n —B 0— (3.20)

then, the energy flux can be written as

n _— —B 0— (3.22)

Similar to the introduction of Schmidt number in mass flux, the-diorensional

Prandtl numbe® iis introduced to simplify the description of energy flux

~
5

0i — (3.22)

The Lewis number is the ratio of Schmidt and Prandtl numbers
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0Q — (3.23

then, the total energy flux becomes,

n - — p — B Q— (3.29)

The Lewis numbefor most gases is close to unit45, and by assuming Le = 1,
equation(3.24) is further simplified Equation(3.10) is further simplified by assuming
thatd ‘Q p to the following equation:

~

-"Q —"Q — —— — 0 (3.25
3.2.4 The equation of state

The mixture of reactants and protkics treated as ideal gas and therefore the equation
of state for density is needed to make the system of governing equations close. For the
operating conditions of flames studied in this work the gas mixture can be assumed to
behave as an ideal gas midwand with the equation of stgti46 the pressur® is
given by

n "y — (3.26)
Alternatively

n "y — (3.27)

B R

where 0 ; and @ are the molecular weight and mole fractia speciesi,
respectively,T is the mixture temperature in [K] afnd is the universal gas constant
(Y =8.1314KJ/kmol.K).

3.3 Turbulence models

In turbulent flows, all transport processes are enhanced by turbulent fluctuations but in
laminar flovs most of the transport processes take place on molecular Téhel.
interaction of chemistry and turbulence leads to turbulent combustion. When the
interaction of a flame and turbulent flow occurs, the turbulence is modified by the
combustiondue to tle strong flow accelerations through the flame front induced by the

release of heat and due to the large kinematic viscosity changes associated with the
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temperature changeshere are many practical devices in which turbulent combustion
occurs like gas tuibes, furnaces, boilers, internal combustion engines and rocket
engines. In these devices, turbulence causes large fluctuations of mass fractions,
temperature and density and moreover extinction can occur when turbulence effects are
strong. Turbulent flowsire characterized by the presence of a wide range of time and
scales at which motion and fluctuations take plate. formation of turbulent eddies is
present in a wide range of sizes, ranging from largest scales to small eddies
(Kolmogorov scales), andransport most of the turbulent kinetic energy. The
turbulence scale in comparison to laminar flame thickness characterizes turbulent
flames and therefore the interaction of chemistry and turbulence plays an important role
in turbulent combustion. The largeale eddies, which are responsible for the effective
mixing, are exposed to the process of vortex stretching. They are significant as they
carry most of the energy. In the process of vortex stretching, the motion in large scales
is translated into the sailer eddies. In this way, the energy is passed on from large
eddies to smaller and smaller eddies until reaching the smealligli¢s, where the
viscous effects are strong and energy is dissipated into heat through viscous dissipation.
Such a process is &wn as energy cascada.DNS simulations as mentioned i81.1,

all of the motions contained in the flow are resolvMedorder to account for the full
nonlinear multiscale effect of turbulence in a combustion process, the governing
equations must be s@d resolving theKolmogrov scaleeddies which makessuch
simulations computationally expensiv&@hus, DNS is restricted to le®eynolds
number turbulent flows and simple geometries. A review work on the current status of

DNS applications to nepremixedcombustion is done by Vervisch and Poindet7].

Instead of directly solving the Navi@tokes equations for turbulent flowsES and
time-averagingapproachesreused.The former approacfsee 81.1)s still expensie

in terms of computational costbut when compared to DNS, they are much more
reasonable Comprehensive reviews ohES of turbulent flows can be found in
literature such as Moifil48 andLesieur and Metai§149. The latter oneis solving

the RANS equations (Reynolds/eraged NavieiStokes). These equations describe the
behaviour of the timaveraged flow quantities instead of the exact instantaneous
values. In thisapproach RANS equations arise when the Reynolds decomposition
(Equation (3.28)) is implemented into the Navi&tokes equations. Reynolds

decomposition refers to the separation of the flow variabiato two components:

mean component,h and fluctuating component, 8
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n n n (3.28)
For the velocity components:

6 o0 © (3.29
The same is applied for pressure and other scalar quantities.

After applying the Favréime-averaging procedure and neglecting thravitational

body force RANS equations are as follows:

6 m (3.30)

PRAOT T T et
_(b m mo mo ET_(]OO(.I R 00 (331)

—a

Additional unknown Reynolds stress termié 6 [N/m? is introduced and in order to

close equatioi(3.31) this term should be modelled. A number of turbulent models have
been proposed and among them are thedsueation turbulence modgl$50-1527, but
the most popular models presently are khemodel[153 and thek-¥ model[154].
They have proven to give good results for different turbulent flow regifiesse
turbulence modelare canmonly used with gas and coal combustion models for the
simulation In the present work, thk® modek have been used. There are threé
models available in FLUENT, which are the standard, RIgBormalizatiorgroup)
[159, and realizabl¢156 models. They are based on solving two additional transport
equations. A common method employs the Boussinesq hypotfliésfsis used in

these turbulence models.

"66 ' —6 —6 95 —6 (3.32)

where* is the turbulent viscosity and is called the bulk viscosity and also known as
volume viscosity, which expresses the resistaridée fluid against the rapid changes
in volume. It is identically zero for low density monotonic gases and it is not too

important.

In the case ok-', two additional transport equations, for the turbulence kinetic erkergy
and the turbulence dissipatioate’ , are solved, and is computed as a function &f

and’ .
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3.3.1 Transport equations for the standardk- model

This model is a twquation turbulence modgroposed by Launder and Spalding
[153. It is a highReynolds number modeThe model transport equations foand’
are given in equatiof3.33) and (3.34) as given byFLUENT [158. The turbulence

kinetic energy is obtained from the following transport equation:

~ ~

- - — ' —— 0 0 "7 »w Y (3.33

And the rate of dissipation is computed from the following equation:
"7 — "0 — " —— 06 -0 6 0 06 — %Y (339

where,, and, are the turbulent Prandtl numbers foand® respectively,”O is the
generation of turbulent kinetic energy due to the mean velocity grad{dms
production of turbulence kinetic enejgyO is the generation of turbulence kinetic
energy due to buoyancwhich is not considered in this siydv is the dissipation rate
due to fluctuating dil@tion in compressible flonandd , 6 andd are model
constantsThe default values given ByLUENT [158 have been used for the model

constants. To evadtie the turbulent viscosity, equation(3.35) is used.

6 "Qjf (3.35
where0 is a constant. The default values of model constants are as following:

6 =1.4406 =1926 =0.09, =10, =13andi 1§
3.3.2 Transport equations for the RNGk-" model

This model has a similar form to the standkfdmodel It wasdevelomd by Yahot
and Orszad159 in response tthe empirical nature of the stand&d model Rather
than being based on observiddgid behaviour, his two-equation model waderived
from the instantaneous Nawi8tokes equations using a statistical technique called

renormalization group theofL59. It takes into accoundw-Reynolds number effect

-0 —"®" —| ‘* —— O 0 "f & Y (3.36)
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I .

. - "1
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The quantities and| are the inverse effective Prandtl numbfs Qand] . The
model constants in equati¢B37) have values analytically by the RNG theory, used by
default in FLUENT[158], which are

6 p&8dq 6 pBpY
3.3.3 Transport equations for the realizablek- model
The realizablé-" model is an improvement on the standefdmodel with respect to

prediction of jet spreading rate accordingRIDUENT [158. Thetransport equations

for kand® in the realizablé&-" model are

-"Q —"®" — * —— O 0 i & Y (3.39)

and

— "7 — "7 — - — oY (o] =

6 -6 "0 Y (339

o .= Q.
6 | Ag@ 6—— h - \%— h Y ¢Y"Y
- v
In these equation®, and0 are constastand™Y is the mean strain rat&he model
constants are
0 =1.440 =190,, =10and, =12
The governing equations as well as the equations of the turbulent kinetic energy and its

rate of dissipation at steady stater imcompressible flow in a 2dxisymmetric

coordinate system can be written in the following generalized form:

— "6 = -— 1" iep— Y (3.40)

where”, 6, 1, 1, @ and"Y are the density, velocity in x direction, velocity in r
direction, flow property, diffusion coefficient of the flow property and source term of

flow property on arolumetric basis, respectively.
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Depending on, equation(3.40) represents mass (m), velocity componerist),
enthalpy ) and a range of species mass fractioh The variable® can also represent
the turbulent scata which are the turbulent kinetic energ@) (and therate of
dissipation of this energy J as summarized iffable 3.1. This table also shows the

values for(,,» ) and the source terms as well

Table3.1: Source terms.

Equatlon n (‘Q) n N “Y
Continuity 1 0 1 O
Axial u - 11 .16 pl T+ 10
momentum - T T o iTi 1T o Ti
Radial 1! ., To6 pr T3 ¢ FT0
momentum wh To T o iTi1 T i T
Energy h _ ' 090

6 nhn
Species ® g _ 07

n N

Turbulent N . _ 1 0 rf
energy n N
Turbulent T ‘ ._ 1.3 T_ X & B ”
dissipation wp ¢ © 0
rate

Constants 6 Thwod p& 1 6 P& C
Other terms O ¢ — — — —

‘ (‘j ” '?'QJ _
where' and‘ are the laminar and turbulent viscosities, respectively.

! Constants fostandard- turbulence modef,"O is the production term.

3.4 Thermal radiation

In most combustion systems, thermal radiation may have a large influence on the
combustion process. By radiation energy willttesported from the high temperature
gas mixture to its cooler surroundings and this transfer will result in lower combustion
temperature. Thahermal radiative heat fluX) from a blackbody to isothermal

surroundings is given as

o i Y Y (3.41)

56



Chapter3 3.4 Thermal radiation

wherei = 5.67x10° [W/m?K? is the StefarBoltzmann constant ant¥  [K] is
surroundings temperature. Thadiative flux is proportional to”Y and therefore it
becomes significant compared to the heat transfer due to convection or conduction. It
depends on the hot combustion products, mainly carbon dioxideu@Qvater vapour

H>0, which absorb and emit a significant amount of radiation in the thermal spectrum.
They show strong absorption/emissions in the infrared spectruoontrast, diatomic
gases Nand Q have no significant absorption band&ermal radiabn propagation is
described by the radiative transport equation (RTH)e accuracy in describing
radiative heat transfer is crucial in simulations of turbulent combustion syatehtke
exact solutiorof the RTEis extremelycostly. Therefore, to obtaimn approximation,
there are various radiation modale usedo simulate radiation heat transfer such as P
1[160, 161], discrete transferl62, discrete ordinategl63 164 and rsseland 161]
radiation modelslin this study, PL radiation model (spherical harmonietnod) was
employed.This model is a first order approximation to the RTE. The radiation intensity
is expressed by an orthogonal series of spherical harmomiostefore it is
mathematically simple and its implementation is easy. Additionally, it is

compuationally robust.

The equation of balance of radiative enemgysferin a specified directiomthrough a
small differential volume for an absorbing, emitting, and scattering medium can be

written as

—® &, O & — — O b Q (342

where'@W/m?.sr] is the radiative intensitgd[m™] and, [m™] are the absorbing and
scattering coeffi@nts respectively is the refractive index, which is important when
considering radiation in serransport media, is the solid anglep andp are the

incoming and outgoing radiation direction vectass the position vector and is the

scattering phase function. In the above equation thetermepresents the blackbody

radiative intensity at the temperature of the medium

P-1 model is based on the expansion of radiation intehsitip an orthogonal series of

spheical harmonics. The radiation flux is calculated using the following equation:

0 — 0 (343
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where C is the lineafanisotropic phase function coefficient aidis the incident
radiation. By introducing thparameteto pj o @ 0, ,the above equation

is simplified to

0 ® O (3.44)

The transport equation fd@is given by

& OO0 Td Y (3.45)
3.5 Chemistry modelling

3.5.1 Chemical kinetics

In modelling gas phase, the source té¥m [kg/m® s], which is the net rate of
production of specieisdue to homogeneous chemical reactiam$ound by appropriate
reaction mechanisnMosty, the chemical reactions occur on time scales comparable
with that of the flow and the molecular trandgpprocessesin this casejnformation
about the rate of chemical reactiogsneededHowever, if one can assume thhe
chemical reactions are fast in comparison with the other processes like flow, diffusion
and heat conduction, then, thermodynamicsmealallow the description of the system

locally.

In a general case, for the gas phase that consist of number of species and
number of chemical reactionsé the chemical reactions can be written in the

following form

B ' 690B ' 0 m=1,.., R (3.46)

where 0 is the specification of specidgsand’ and’ are the stoichiometric
coefficients of the reactants or products of speci@s reactionm. The chemical
production rate for speciésan be expressed

Yi @' ' B & (3.47)

whered is species concentration [kmoffhand¢ is the reaction order with respect
to the spe@si. The reaction orders of elementary reactions are always integers and

equal the molecularity of the reaction, but those of global reactions are not necessarily
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integer because the global reactions can have complex rate laws. The rate coefficient of

reactionmis Q and is calculated from the following modified Arrhenius expression:

N 6 YyQ | (3.48)

whereo (units vary) is the prexponential factor, is tenperature exponent and

'O [J/kmol] is the activation energy.

In complex chemical schemes involviag reactions the total rate of production of a
certain speciesis the sum of individual rates of each reaction producing the species
which is given by

Y B Yy (3.49)

The rate is used as a source term in equd8d), which hasthe units [kg/m.s]. To
convert to requiré units we multiply'Yy , which is in [kmol/ni.s] by the molecular
weightd . The net rate of production of specieslue to homogeneous chemical

reactionsis expressedtby
Y 0 {Y (3.50)
3.5.2 Reaction mechanism

The oxidation of methane is widely dealt with in combustion modelling topic.
Combustion occurs through a reaction mechanism which includes a number of
elementary reactions that together lead to the overallioea@etailed mechanisms for

the combustion of methaan include thousands of elementary reactions as discussed
by Turns [90]. In general, detailed mechanisms are not applicable to CFD simulations
because of the computation time involved to solve thgelaystem of differential
equations associated with such mechanisms when reaction kinetics are included.
Therefore, to save time required for simulations, simplified combustion mechanisms

are used.

Various chemical kinetic mechanisms reported in the tileeaare used to study
methanéair diffusive flames. Simplified or reduced global mechanisms sudheas
two-step mechanism proposed by Westbrook and Dryer (YIB} and the 4step
mechanism by Jonesnd Lindstedt (JL)[166, which are multistep reaction
mechanisms, are often used in combustion modelling of hydrocarbons. Another

reduced mechanism can be used in modelling methane is-shep Smechanism
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developed by Nicol et a[167). The other types of mechanisms include the detailed
and the skeletal mechanisms. Many detailed mechanisms (full mechanisms) were
developed such as Glarbaegd. [16g, Miller and Bowmar{169, C1/C2 mechanism

of Warnatz and MaafL7( and the standard GRMlech. releases 1.2, 2.1171] and
v.3.0[173. The skeletal mechanisms include Kazakov and FrenKibcH, Petersen

and Hanson[174], Glarborg et al[175, Yungster and Rabinowit§l76q, Li and
Williams [177], Peter et al.[178 and Li and William§l79. There is a difference
between all these mechanisms with respect to number of specie=aahdns with the

full mechanisms have the large number.

Four reaction mechanisms are used in this study as sholablie3.2. They include a
onestep reaction mechanisfd8(, the twoestep reaction mechanism of Westbrook
Dryer [165 which is available as dafilt in FLUENT. Another twestep mechanism
[18]1] and the fivestep mechanism developed by Nicol et[467] were selected. The
rate expressions of these mechanisms are shoWabile3.2. It is worth noting that the
units for the preexponential parametér vary depending on the reaction order and
someof the values inable 3.2 are given in the units (cm, cal, s and mol) and must be
converted to Sl units system, which is employed by FLUENT. The {iatededdy
dissipation mode(FR/ED) is employed to model tbulencéchemistry interaction.
This model calculates both the Arrhenius and edidgipation reaction rate¥he later
one iscalculated according to the EQMhich isbasedon the work of Magnussen and

Hjertager{142. The reactiorincluded in the mechanisms are:

00 ¢ ©9 060 (¢OU (r-1)
60 -0 ©060 ¢OU (r-2)
60 -0 © 060 (r-3)
o0 ©60 -0 (r-4)
0 0 9¢g00 (r-5)
0 0 90¢00 (r-6)
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Table3.2: Reaction kinetics.

Reaction 0 i 0O Reaction order

Mechanism one (M): Two-step; units iflcm, cal, s and mo[}181]].

(r-2) 2x10° 0 1.46410° 60 80 8
(r-3) 2x10 0 1.2x10" 600 8
(r-4) 8.11x10" 0 7.7210° 60
Mechanism two (MI): Two-step (Westbrooloryer); units in(m, J, s, kmol]165.
(r-2) 5.012x16" 0 2x10° 60 80 8
(r-3) 2.239x102 0 1.7x10° 606806 8 00 8
Mechanism three (Mil): One-step; units in (cm, cal, s and mg1)8Q.

(r-1) 1.35x16* 0 1.26x10° 60 0
Mechanism four (MV): Five-step;units in (m,J, s, kmol}167].

(r-2) 1.66x16° 1.7163%10° 60 8 ¢ 8
(r-3) 7.98x13* 9.655¢10 668 o 8
(r-4) 2.233x10* 5.180510° 60

(r-5) 8.831x16° 4.44x10° 6 8 0 8
(r-6) 9.268x16* -0.5 5.73x10° O 6 8

3.5.3 Modelling turbulence/chemistry interactions

Gas phase reactions are homogeneous betaiseactants are in the same phase.

gas flow is turbulent in most combustion applications and the characteristic features of
the combustion process such as flame propagation, peak temperature and pollutant
formation do not depend on these reactiom$ their corresponding rates alone. They

are also affectedby gasflow turbulence It alters flame structure and may enhance
these reactions increasing their rates. Furthermore, high levels of turbaienhibit

the flame. On the other handhe chemichreactions havean influence on the
turbulerce as outlined in 83.3Combustionprocess involves chemical reactions take
place in a wide range of tinsezalesand turbulencalsohas its timescale. These time
scales range from almost instantaneous to akweicondsTherefore, to capture and
describe the phenomenon, all the characteristic time scales needs to be retained. All
these effects are what -salled turbulence/chemistry interaction that needs to be
modelled. To do s finite volume simulationghere aredifferent possibilitieshave

been attempted in the literatui®everalmethods to model the gas phase reactions in

finite volume simulations.
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3.5.3.1 Eddy-dissipation model (EDM)
This model is based on the following single step reaction:
QO QA £ OQQAMAPQI i € QO DO |

wherei is the stoichiometric coefficient of the reaction. In this widedgdmodel, the
basic assumption is fasteversible onestepchemistryandbecause of this, the rate of
combustion is determed by the turbulent mixing process. Thienple idea of the
eddydissipation model given i(8.51) and(3.52) is to consider that chemistry does not
play any explicit role while turbulent motions only control the reaction rate.has
been proposed for predicting the mean reaction rates for flows withDagtkohler
number (O >>1) in turbulent diffusion flames. Therefor&finitely fast chemical
reactions can be assumed ahe reaction rate is controlled by the characteristic
turbulent timeand by the limiting ingredient needed for reaction either fuel, or oxidizer
or heat In the case of rich mixture, Qvill be consumed completeBnda proportional
amount of fuel will be consumed, as determined by the stoichionueteificient i .

In the case of lean mixture, fuel will be consumed completely together with a

proportonal fraction of Q.
The chemical reaction rate is governed by the large eddy mixing timeg('§pia)e

The reactant mixing rate

Yoo D pd-aQE —1— (3.51)

T m

The product mixing rate

Yi D pd 6 ¥ (3.52)

wheredy is the mass fraction of any product specieséy is the mass fraction of a
particular reactant], ando andd are empirical constants that take thaues of 4.0

and 0.5, respectively.

In this model the reaction rate is proportional to the large eddy mixing time scale given
by Q7 . The reaction rate is taken as the smaller of the values determined with the
above two equations. The advantages i&f tiodel include its simple implementations

and reasonable resultkat can be achieved as will be shown neMreover, it is
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computationally inexpensiv&his model can be used for reactions with any number of
reactants and products and even possiblast more than one global reactidin
example regarding the latter case is when considering CO as intermediate species in the
combustion of methane. Because the oxidation of CO is a comparably slow reaction,
CHa reaction is alculated first.

3.5.3.2 Finite-rate/eddy-dissipation model(FR/ED)

The EDM is based on the assumption that the chemical reactioestammelyfast and

the reaction rate of speciestaally controlled by turbulent mixing. Such assumption
leads to that this model estimates a high combustt@in the large dissipation zones.
Therefore, he finite ratedddydissipation model isonsideredRegardhg this model,

the rate of reaction is determined by the Arrhenius and by-éddipation equations.
Reaction rates, equatior(8.51) and (3.52) as well as the Arrhenius rate equation
(3.47), are calculated. Local reaction rate is given as the minimum value of these two
rates In practice, the Arrhenius rateegiation (3.47)) acts as a kinetic switch,
preventing reaction before the flame holder. When the flame is ignited, the eddy
dissipation rate is generally smaller than that of Anibs, and the reaction is mixing
limited. These models are used for reduced chemistry and it difficult to extend them to
full chemistry mechanisms. Thereforey include a detailed chemistry, the eddy

dissipation concept model (EDC) can be considered.
3.5.3.3 Eddy dissipation concept model (EDC)

It is based on the representation of turbulent flow by the energy cadisatssed in
83.3 The mechanical energy in the turbulent flow is primarily contained in the largest
eddiesand passed oto smaller and smaller diks until reaching the smallest eddies,
where the viscousffects are strong and energy is dissipated into heat through viscous
dissipation It assumes thdahereactions take place the regions wherthe dissipation

of turbulene energy takes plac&hese regiongsmallest eddieswhere the dissipation
takes place, are called fine structudesregions where the turbulence levels are high,
the mixing is fast and, as a result, the reaction rate is not limitsthhltscale mixing.

The kinetically conblled reaction rate has the smallest value. Whereas, in regions
where turbulence levels are low smsdiale mixing may be slow and limits the rate of
reaction.With varying degree of complexity, the EDC is capable of handling chemical
reactions ranging @ém the fast chemistry limit to a detailed description of the different

elementary reactions involved in the combustion process. However, a detailed
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chemistry calculation is computationally expensiv&8he calculation time for
integrating the chemistry is gi. The reactions, governed by Arrhenius rates, are
solved numerically using ISA®RIgorithm. Therefore, a reduction in the calculation

time can be reached.
3.6 Numerical methods

The smulationsarecarried out using the CFD package Fluent. Flow field equatioms
solved using simple pressure velocity coupling methd@4][ in which the mass
conservation solution is used to obtain the pressure field at each flow itefEtien
finite volume scheme is employed to diczetithese equations. The discretization is
done using the secormtder scheme.The Standard schemelly is used for
interpolation methods for pressure. The criterion of convergence is set®téorl0
energy and radiation and 1@or the other terms of the transport equations. Regarding
the radiatve heat transfer, the (P1) radiation model gredveighted sum of gray gases
model (WSGGM) proposed by Hottel and Sarofiffl82 are employed into the

simulations.

3.7 Geometry and boundary conditions

. . . Wall
All dimensions in (m) 17 :
[~ |
Wall Wall temperature = 393.15 K Wall
vy
(]
<
Outlet
&
0.02 —> Air T=323.15K | =>
0.03 C—> FuelT=313.15K il

Figure3.1: Geometrical configuration of the burner

In this study the combustion chamber reported by Garreton andnBirf20] is
numerically simulated. The geometrical configuration of the burner is shofigure

3.1. The cylindrical chamber is 1.7 m in length with a diameter of 0.5The fuel
enters the chamber with a velocity of 7.67 m/s and temperature of 313.15 K. The
velocity of air is 36.29 m/s and its termpture is 323.15 Kwith a corresponding
Reynolds number is 1.22x40The fuel is composed of 10% nitrogeN,) and 90%
methane CH;) on volume basis. Full details of this chamber and op®rating
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Chapter3 3.8 Material properties

conditions can be founith [20]. The computational domain of this chamber was also
reported iN183-185. The cases are simulated haveeguivalenceatio of € = 1.04)
which means that they amsoderately fuetich. The equivalence ratio is given as the

stoichiometric air to fuel ratio divided by the actual air to fuel rejoation(3.53).

— i mbe 4

f] T (353

3.8 Material properties

The material progrties that have been used in the simulation are givéralite 3.3.

The specific heat at constant pressurdor the gas mixture is obtained from equation
(3.15). In this work, @ is determined from the piecewigpelynomial function of

temperature and the default values provide&IDYENT were usedsee appendix A)

Table3.3: Material properties.

Property Value
Thermal conductity a{W/m.K]study 0.0454
Viscosityp [kg/m.s] 1.72x10°
Mass diffusion coefficiend; [m?/s] 2.88x10°
Scattering coefficient [m™] 0
Refractive indexn 1

3.9 Computational domain and grid refinement

For use in the CFD simulations, computatiomashes of the interior volume of the
furnace have been constructed. The dimensions used for meshes are skayunein
3.1. The mesh centrelines aligned with the x axis. All meshes have been constructed
using GAMBIT. A two-dimensional axisymmetric domain was utilized for which the

common mesh elements are rectangles and triangles.

In the presenstudy, the rectangular mestllements were useds shown inFigure 3.2

the cells are concentrated at the centreline where the flame is lcmadeds a result,
large gradients in flow properties exi$hus, more cells are concentrated here to more
accurately resolve the gradient$ie growth ratio of the distance between celdes

has been used.
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Chapter3 3.9 Computational domain and grid refinement

Generally, the accuracy of simulations increases as the number of cells increases. In
order to determine a mesh that yields a mesh independent solution, a mesh
independence study is required. The grid density was slightly variedcbgaging

number of cells. The meshes are designated A, B, C in order of increasing number of

cells, which is given iTable 3.4 for each mesh.

0.25

1 1.5

Lxial distance (m)

Figure3.2: Computational grid.

Table 3.4: Number of mesh cells.

Mesh Number of cells
A 23634
B 18395
C 13200

Converged solutions, in which the mechanismI{Mhown inTable 3.2 was used for
the smulatiors, were performed on the three computational meshks. interaction
between combustion chemistry and turbulent mixuwgs modelled using=R/ED

model To model the turbulencé&” modelwas usedldeally, all variables of interest

should be monitad, but doing steads to a large amount of data handling.

Figure 3.3 and Figure 3.4 show comparisons of velocity magnitude and temperature
along the axial distance, respectively. The g#yoand temperature in the radial
direction at different axial locations are shownHigure 3.5 to Figure 3.9. It can be

seen from the figures that all the results ol#difrom the three meshes are very close
except for the mesh C, which shows very small discrepancies in the radial variation of

the chosen variables compared with meshes A and B.

Table 3.5 also shows the temperature and speciew flates at the outlet and the
maximum temperature inside the furnace obtained for all meshes. From the axial and
radial plots of velocities and temperatures as well as the values givieabl&3.5 a
comparison was made betweene ttmeshes at the monitored locations, and
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Chapter3 3.9 Computational domain and grid refinement

consequently mesh B, shown iRigure 3.2, was determined to yield a mesh

independent solution and was chosen for carrying out all the subsequent simulations.
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Figure3.3: Velocity along the axial distance of the furnace for three different meshes.
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Figure 3.4. Temperature along the axial distance of the furnace for three ediffer
meshes.
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Figure3.5: Radial profiles of velocity at x = 0.312 m for three different meshes.
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Figure3.6: Radial profiles of velocity at x = 0.612 for three different meshes.
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Figure3.7: Radial profiles of velocity at x = 0.912 m for three different meshes.
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Figure3.8: Radial profiles of tempetare at x = 0.612 m for three different meshes.
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Figure3.9: Radial profiles of temperature at x = 0.912 m for three different meshes.

Table3.5: Mesh indepndence temperature and flow rates at furnace outlet.

Mesh A B C

Mass weighted average temperature [K]

Y 1339.049 1336.4049 1347.5334
Species flow rate [kg/s]

a 0.00071109226 0.00064929423 0.00061162794
a 0.66752805x18° 1.203249x18° 1.3592869e)5
a 0.030436978 0.029913951 0.029893884
a 0.00081159326 0.0012321554 0.0012466239
a 0.025945209 0.026058445 0.026087508
a 0.15501644 0.15506227 0.155074

a 0.21292794 0.21292813 0.21292722
Maximum temperature inside the chamber [K]

Y 1600.338 1601.91 1602.871
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3.10 Results and discussion

The results of CFD analysis are presented and discussed. These results include the
effects of turbulence models, turbulence/ chemistry interaction and kinetic mechanisms

on as well as the effects of mass fractonthe combustion process.
3.10.1Mechanism one (M)

In this case, the chemical mechanism is the same mechanism used for grid
independence analysis was employed to model the combustion of methane, which is
mechanism (M). This mechanism consists of threeatans as shown ifable 3.2.

For turbulencethemistry interactionthe FR/ED model was used. To model the
turbulence three models were utilized. They are thedgumtionk- models (standard,

RNG and realizable)The constants of these models are mentioned in 8 3.3. With
regard to radiation modelling:Pmodel was used.

Numerical modelson computational fluid dynamics and heat transfer can only be
acceptedf the results obtained from the simulations match quidl those obtained
from the experimental work whether they are available in the literature or they are
obtained from side by side experiments.thie caseof this mechanisnand the other
mechanisms that will be presented in the next discussioesodd were validated by
comparing the predictionagainst the experiments conducted[Bf], the numerical
results of Magel et 4183 and the numerical reks obtained by184 . In general, the
results show good agreemevith the experiments.

Figure 3.10, Figure 3.11 and Figure 3.12 show thevelocity magnitude axial velocity
and velocityfield vectors inside the chambéeFhe negative values of ativelocity
indicate that there is an internal recirculation zone in front of the fuel inlet due to the

sudden expansion.

2 4 6 8 10 12 14 16 18 20 ¢ 24 26 £8 30 32 34 36

¥ (m)

0 i i i ! i i i i | j i i i !
] 0.5 1 1.5

Axial distance (m)

Figure3.10: Velocity profile inside the chamber f&f standard case (M).
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Figure3.11: Axial velocity profile inside the chamber f& standard case (N).

From Figure 3.11, a recirculation region (circled) is observed at the entrancerregi
near the fuel inlefThe creation of this recirculation leads to a premixing of air and fuel.
The other recirculatiorregion located close to the walllso enhances the mixing
processand speds up the reactions due to temperature incr@dsevariation of axial
velocity along the radial direction at different axial locations is showmgare3.13. It

can be seen that there is a variation in positive and negative of axial veldugy.
variation of velocity indicatesthe occurrence of recirculation zonefich leads to

good mixing of air and fuel

\

Axial distance (m)

Figure3.12: Velocity field vectors inside thehambeffor k- standard casgM-1).

Axial velocity (m/s)

Radial distance (m)

Figure3.13: The variation of axial velocity along the radial direction at different axial
locationsk- standard case (N).
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Figure3.14: Velocity magnitude along the centreline o tthambe(M-I).

The velocity magnitude and the axial velocity along the centreline are shdvigure

3.14 and Figure 3.15, respectively. It can be seen that the predisi@ues reasonably
agree with the measured values. It is shown that all cases -predict the
experimental data in the axial distance lies between 0.4 and 1tisimay attributed

to mesh resolutioin this region, which may need to be increasedmtioe figuresit

can also be seen thalNB k- case shows better agreement with the experimental data
along the centreline at the axial distance lies between 0 and 0.4 m.
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Figure3.15: Axial velocity alongthe centrelinef the chambe(M-1).
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Figure 3.16 to Figure 3.19, showthe difference between thiemperaturalistributions

for all presentcases They visualize the flamand its structure by means of the
temperature distributions and show how these distributiongiffexing for all the
cases.t is shownin the figures that the flame is blown further downstream of the
chamberFor all casestican be also notdtiatthe highest temperature zone occupies a
wider span of the radial sectidib.can be seen from the figures that at the centre of the
chamber the flame temperature increagesy slowly along the axial distance till
approximately half of the wathen it startsto increasequite rapidly and reaches its
maximum.This can beclearly seen inFigure 3.28 that will be presented next can
also be seerfrom the figuresthat thetemperaturecontours ofstandardk- case are
approximately the same as those of RIM- caseand there is not considerable
difference between then®n the other hand) comparison with standaid andRNG

k- casesthere is an obvious difference the flame structure of the realtda k-". It

can be seen thétte position of thehighesttemperature zone of gases foe realizable

k- shifts along the cemeline of the chambdpwards the exitThe contours of the case

in which the radiation was not taken into accowlbfv the sane behaviour.
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Figure3.16: Temperature distributions fetandarck- case (Ml).
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Figure3.17: Temperature distributions f&®NG k- case (MI).
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Figure3.18 Temperature distributions fétealizablek- case (Ml).
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Figure3.19: Temperature distributions fetandarck- case (without radiation) (M.

Figure3.20 to Figure 3.23 show the contours of mass fraction of specieg, @4, CO,
andCO, respectivelyAs shown inFigure 3.20, it is clear that €4 is consumed in the
reaction zonet the far side from the burneZH, has amass fractiorof 0.84 at the
inlet which stays constant till the axial distance of8r@ where its consumption
started. At this point thie is a premixing of metharand airthat takes placelue to the
recirculation of the gas flovas mentioned earlier when describifigure 3.11 and
Figure3.13. The mass fractionf CH, approximately becomes zero at th@vnstream

regiontowardsthe exit of the chamber.

When having a look on the mass fractidistribution of O, (see Figure 3.21), as
expectedyve cannoticethatthe concentration of s zero aboththe inlet of fueland
the region near the exit oie¢ chamber, which is consistent with the consumption of

CH,. The consumption of oxygen begins by the axial distance of 0.09 m.

FromFigure3.22 andFigure3.23, it is clearly seen that the most génd COproducts

are in the region where the combustion flamiadscated(seeFigure3.16).
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Figure3.20: CH, mass fractiorior standard- case (Ml).
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Figure3.21: O, mass fraction for standakd case (Ml).
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Figure3.22: CO, mass fraction for standakd case (Ml).
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Figure3.23: CO mass fraction for standaked case (Ml).
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The rates of the reactiornis2), (r-3) and (r-4) are shown irFigure 3.24, Figure 3.25
andFigure 3.26, respectively. As mentioned above, it is clearly seen that the flame is

located at the region near the exitloé thamber where the reactions take place.
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Figure3.24: Rate of methane destruction reactiofl) in (kmol/m?/s) for standard-
case (Ml).
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Figure3.25: Rate of reactiorir-3) in (kmol/m*/s) for standard- case (MlI).
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Figure3.26: Rate of reactiorfr-4) in (kmol/ni*/s) for standard- case (MI).

The profiles of the rate of reactions mentiomadlieralong the centreline ashown in

fig 3.26. It is shown that the combustion was not rapi@. view the gradients of
temperatue along the axial direction (x), the variations of the computationally
predicted temperature compared with the experimental data along the chamber

centreline are plotteh Figure3.28.
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Figure3.27: The profiles of reaction rate along the centreline of the chamber for
standarck-" case (MI).

All the cases exhibit the correct temperature trend as the experimental {26k Bor

all cases, the predicted temperature started to increase very slowly and as the

combustion takes place it increases and achieves a maximum value of 1586 K (standard
k- case at x = 1.43 m), 1617 K (R\k- case at x = 1.42 m), 1548 K (realblek-

case at x = 1.6 m) and 1979 K (standardcase without radiation at x = 1.6 m).

2100 H
] O Exp. (ljata (Gclarreton and Simonin)
: O DaSilvaeta
1800 s H.C.Magel et al.
W
< 1500 == -gk-y Realizable
~ ] (k- standard (without radiation) .
£ 1200 S o,
S 1 A /
& : S/
@ /
S 900 -
o /
[ 1 .
600 1
300
0 +———+ "t Tttt
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

Axial distance (m)

Figure3.28. Gas temperature along the centreline of the chambdy. (M
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Unfortunately, there is no experimentidta available beyond the axial distance of 1.3
m to validate the predicted results.can be seen that larger temperature gradients
occur along the cerdine of the chambebetween x = 1.3 and x = 1. At X < 0.7 m,

all the cases yield the correct teenature. Wereas,for x > 0.7 m, RNG k- and
standardk- cases show better results than the realizebleease when compared with
the experimental datavith the former one predicted the best resullbe gas
temperature predicted by realizable case is significantly underestimated in
comparison with the measured temperatiRadiation is a source of heat loss in flames
and has a major influence on temperature distributioaglBicting the radiative heat
transfer generally causes oymediction in temperature profiléAs is evident from
Figure 3.28, comparing the results of standatd case, including and excluding the
radiation effects, with the experimental data indicates that maximum temperature
obtained from the case without radiation was reduced%§ % and the results are
better fit to the experimental datllowever, as showin the figure, the effects of
radiation are considerable at the egit the chamber (at x > 1.81) where the
temperatures are high while for x < 1.3m, the temperatures are relatively lower and
these effectappear to be very smaller aack neglectedlong the axial distance

In order to further estimate quantitatively the difference between the experimental and
numerically predicted results, a parity plot of the gas temperature at different axial

locations lie between x = 0 and x = 1.35 m are present-igure3.29.
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Figure 3.29: Comparison between thexperimental andpredicted data of gas
temperature for all case@M-I). Ideal resultdie on the line indicated by y = z
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They = zline indicates the ideal results i.e. the simulated results are identical to those
from the experimentt is seen that all the results thfe presentases lievery close to

the lineat the axial locations on the centreline for x < 0.7 m, extmpthe results
predicted bySilva et al [184 and Magel et al[183, which show slight difference
above the lineAt the axial locations for x > 0.7, it is showmat the results of Magel et

al., standardk- and RNG k- cases lie closer to the line than the other two cases.
Moreover, it is seen th&®NG k- case gives better results thisliagel et al case at the

axialpositionsxa 1. 124 and 1.311 m.

The mass fra@n of the species in the axial direction along the centreline is shown in
Figure3.30to Figure3.33. With respect to Ciimass fraction along the axial direction,

its vatiation along the centreline is illustrated Bigure3.30. It shows that the trend of
variation is almost the same for all the cases and in cosmpawith the experimental
data CH is predicted very well. It is && that mass fraction of Gldecays slowly due

to its consumption by chemical reactions and approximately reaches zero at the exit of
the chamberThe slow decay can be attributed to the slow mixing which results in that
the chemical reactions are quitewslleading to a slow rise in temperature (Bégire
3.28). Moreover, in terms of the effects of radiation on,Gplecies, there is only a very
slight difference between the mass fraction of both the stakdahd standardk-
(without radiation). However, as it is seen, the radiation effect ofgnay gases of

CO, and HO changed the other species mass fractions and the results improved.
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Figure3.30: CH, mas fraction along the central line (Nl
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Chapter3

Theaxial profile ofmass fraction of @along thecentreline of the chambes depicted

in Figure3.31, which shows thathe predictions of standard and R\- cases areni

good agreement with the experimental ddtais shown that the trend is well
reproduced by all casel.is also seen that Omass fraction of both the experimental

and computational results increases from the inlet along the axial distance up to the
axial position of approximately 0.6 m where it starts to ddidbgeaches the exit of the
chamber where is totally consumed. From the figure, one can see that the mass
fractions ofrealizablek- and standar&- (without radiation) are predicted well in the

upstreamdistanceof the chamber and theshifted towards the exit of the chamber in

the downstreardistance

Figure 3.32 shows the variation of C@nass fraction along the chamber central line
comparedwith the experimental dat#\ll the cases predicted the correct resaltng

the axial distance between 0 and 0.9Hawever, after this poird reliable comparison

is not possible due to the abserafeexperimental data, except for that point which
measured at axial position of 1.3 m. As seen from the figure, this point can be
considered athe maximum value of the experimental data. According to thsséen
thatthe CO peak concentrations areeppredicted in most case$he reason for this

may be the partial premixing of the fuel wil.
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Figure3.31: O, mass fraction along the central line{{M
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The figure also indicates that better resultsre obtained from standard and &K

caseslt can be seen thatakzablek- case showed the same trend of the two cases,
but the peak value shifted towards the outlet. Regarding the case in which the radiation
was excluded, it can be seen that CO mass fractiorsigagicantly over pedicted in

the downstreamzone close to the outlet. This oyaediction was reduced and the
results were improved when the reactionl) (for CO, decomposition) was excluded

from the mechanisras shown irFigure3.32.

Figure 3.33 depicts thecomparison between the computationally predictedss
fraction of CQ and the experimental daéitong the centreline of the chamber. It can be
seen that reaablek- case shows the best results when compared to the other cases
while no comparison ialsopossiblebeyond the axial position (x = 1.36 m) due to the

unavailability of the experimental data.
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Figure3.32. CO mass fraction along the central I({hé-1).
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Figure3.33: CO, mass fraction along the central line<{M

A selection of results obtained at various axial locations downstream from ther bur
for temperature and species mass fractine plotted in Figure 3.34 to Figure 3.42.
Generally, most of the predicted results are matched reasonably well with the
expeimentaldata andjualitatively they have gooalgreement implyingomeaccurate

predictions in some locations.

Figure 3.34, Figure 3.35 and Figure 3.36 show theprofiles of gas temperature at axial
locations (0.312, 0.912 and 1.312 dgwnstream of the burner inlet as a function of
radial distance from the centrelinempared with the measurementsspectivelyAsit

is evidentfrom Figure 3.34, the heatingup of themixture started atadial distancef
0.03m. Further, he radial temperaturincreasesdue to the initiation of exothermic
reactionsascan be seen fromigure3.35 andFigure3.36. Apartfrom the case without
radiation, it can be seen that the other three cases show reasonable agreement with the
experimental data at axial locations x = 0.312 @82 m.At x = 0.312m, all cases
underpredictthe radial temperature excluding the case without radiation, which over
predics the temperaturat all selected axial locationét x = 0.912 mdepicted by
Figure 3.35, RNG and realizablek- cases show vergood agreement whereas
standard k- case slightly ovepredics the temperature when compared with

experimental data.
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Concerning the axial location at x = 1.312 m, it is shanwfigure 3.36 that standard
and RNG k- casespredicted the radial profiles of temperatenecellently. It can be
seen that the former one shoexcellentagreement with the experiment time zone
aroundthe centrelinat a radial distance between 0 and 0.13 m. On agnttee results

of later one haveexcellentagreement with experiment ithe zone far from the
centrelineat a radial distance between 0.13 and 0.25 m. Regarding reakZabbese,

it shows good agreement with the experimental datadial distance lgebetween 0.14
and 0.25 m. Whereas, it undaredictsthe radial temperature in the opposite direction
at a radial distance lies between 0 and 0.14 m. This is due $bithef theposition of
the increased temperature zone of gasasg the centrelinef the chamber towards the
exit as mentioned beforas shown irFigure3.18. It is evident from the plots of radial
profiles that effects othermal radiation are so small around the centreline of the
chamber and thiss clear inFigure 3.28, which, as mentioned previously, shows that
the thermalradiation is considerable at x > 1.3 @n the hand, it can be clearly seen
that the effects of thermal radiatisnbstantiallyreduces the flame tempenats abng

the radial distance (r > 0.03 m).

Figure 3.37, Figure3.38 andFigure3.39 depictsthe radial profiles of @mass fragon

that showthe comparisonsf the predicted resultsgainstthe experimen{20] and the
computational results reported by Silva eftld4. As seen from the figures, the results
obtained fom the present cases agree well with the experimental data and fellow the
same trend. IrFigure 3.37, it is seen that the maxima of,@ass fraction are owver
predicted compared with experiment and these maximdedhib the left when
referring to the maximum value of the experimental data. For all cases, there is a slight
overprediction in Q mass fraction at the radial distance lies between 0 and 0.03 m. At
the radial distance lies between 0.03 and 0.25 m, allcses, except for the case
without radiation, show good results in comparison with the experimental data. The
effects of thermal radiation on the concentratiorODgfcan also be observed from the
figure, since the oveprediction in Q mass fraction (witout radiation case) is reduced
when these effects are taken into account (staridacdse).

A part from the case without radiation, the obtained results from the cases are in good
agreement with the experimental data as showfgare3.38. However, it can be seen

that they shows slight owgredictions in @ massfraction atthe radial distance (r >

0.06 m). The plots of radial profiles at the axial position x =1.312 mKggee 3.39)

show that all cases significantly ungmedict Q mass fraction, except for realizalide
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° casewhich shows very good agreement with the experimental data. It is also seen in
the figure that excluding the thermal radiation effect (standardcase: without

radiation) gives better results in terms gfr@ass fraction than those when inchuglit
(standarck- case).
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Figure3.34: Radial temperature profile at axial location x = 0.31,2Ml).
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Figure3.35: Radial temperature profile at axlatation x = 0.912 m(M-I).
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Figure3.38: Radial profile of @ mass fraction at axial location x = 0.912 ({-I).
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Figure3.39: Radial prdile of O, mass fraction at axial location x = 1.312 (l-I).

The radial distribution of COmass fraction at the selected axial positions is depicted in

Figure 3.40, Figure 3.41 and Figure 3.42. From these figures, in comparison with the

experimental data, a part from the case without radiation at the axial location x = 0.312

m, the numerical results of all present cases areeeicted. The overall accuracy of

the results is acceptable. It was also noticed that exclugiaction (r-4) (for CO,

decomposition) resulted in increasing ®@ass fraction. As is seen kigure3.42, the

results of realizabl& case shows very good agreement with the experimental data in

the radial distance lies between 0 and 0.06 m.
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Figure3.40: Radial profile of C@mass fraction at axial distance x = 0.312(M-I).
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Figure 3.41: Radial profile of CQmass fraction at axial distance x = 0.912(M-I).
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Figure3.42: Radial profile of CQ mass fraction at axial distance=X1.312 m (M-1).
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Figure3.43: Radial profile of CO mass fraction at axial location x = 1.312 m|)(M

Figure3.43 abovedepcts the radial profile of CO mass @tégon at the axial position (x

= 1.312 m). Compared with the experimental data, standard a@lkRNcases give
better results. Despite of the ungeediction at the radial distance near the centreline

(r <0.09 m) realizablé- case shows very good agmeent with the experimental data
beyond the radial distance of 0.09 m. It is seen that not taking the thermal radiation

effects into consideration leads to a significant guediction of CO mass fraction, but
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the results are improved and fit better witle experimental data by excluding the

reaction(r-4) from the mechanism.
3.10.2Mechanism (M-1) with modified turbulence model

In this case the same mechanism providedTable 3.2 was used. Using this
mechanim in this case is differ fronits using inthe previous case, discussed in 8
3.10.1, in terms of turbulence modelling. In this case modified standard and realizable
k- modelsare adopted. The value of turbulent Schmidt numBeri¢ modified from

0.7 t00.85. The effects of the modification will be seemhia next figures.

Figure 3.44 shows the axial profiles of gas temperature inside the chamber along the
centreline of the chamber. It can be seen that therm islifference between the
standardand realizablé&k- cases (base case with the default value) and the modified
standard and realizable cases (base case with the new value) along the centreline of the
chamber up to the value (x = 1 m). Beyond this point and up to the axial value of 1.36
m for standark- cases and 1.48 m for realizalsle cases, there is a slight difference

in temperature. After these two points, the temperature increflsedsame behaviour

is seen inFigure 3.45. Compared with the base cas#iscan be seen that,Onass

fraction resulted from the modified cases are slightly shifted to the right along the axial

distance till the axial location (x = 0.7 m), where this difference after this point became

bigger.
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Figure 3.44: Gas temperature along the centreline of the chambdrviith modified
turbulence models).
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Figure3.45: O, mass fraction along the centreline of the chambet {th modified
turbulence models).

The axial profile ofCO mass fraction along the centreline of the chamber is illustrated
in Figure 3.46. As is shown in the figure, the maximum values of the two modified
casesare increased andhifted to the rightlt is alsoseen that the cases with the
modified turbulence models predicted gamneresultsas the experiments and the other

two base casesong the axial distance up to the valu® &6 m.

In Figure3.47, the variation of C@mass fraction is also shown along the centreline of
the chamber. It appears in the figure that the predicted results of the case with the
modified standard-" model fits the experimental data better thankhsecase(with

the default standark mode) and shows very good agreement in the axial distance
which lies between 0.8 and 1.2 m. The results obtained from the case with modified
realizable model also show very good agreement with the experimesuétsin some

axial distancelt is alsonoticed that althe Figure 3.44 to Figure3.47 indicate that the
effects of the modified turbulenaaodelson the resultclearly appeain the axial

distance abové m.

The radial profiles of the results obtained from the case with the modified st&Adard
model are compared with the ones which have been generated from the case with the
default standar#- model as will be shown the next figures. These figures depict the
distribution of temperature and species mass fraction as a function of the istdiadel

at various axial positions which are x =0.312, 0.912 and 1.312 m.
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Figure3.46: CO mass fraction along the centreline of the chambel \{ih modified

turbulence models).
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Figure3.48, Figure3.49 andFigure3.50 show the radial profiles of gas temperatate

these axial positions, respectively can be seen that thpeedicted results of the case

with standarck- model were improved by increasing the valuguwbulent Schmidt
number §9. The computationallpredicted results of thease with modified standard

k- model has very good agreement with the experimental data in the radial distance at
the axial locations x = 0.912 and x = 1.312Ruar the same case, theaxial location x
=0.312 m, iis appearedrom Figure3.48 that the temperature decreased sligivhen
compared with the base camad the predicted radial temperature of case with modified
realizablek- modelalsodoes the same in comparison with the base case

The radial variation of @mass fraction is shown iRigure 3.51, Figure 3.52 and
Figure3.53. Better improvement in results is obtained from the case with the modified
standardk- model as shown ifrigure 3.52 and Figure 3.53. Modified realizablek-
turbulence model case also shows very good improvements in results in the radial
distance far fromm the centreline as is shown Kigure 3.52. Regarding the radial
variation at the axial position (x = 0.312 m), it can be seen figure 3.51 that there

is a slight diference between the base and modified cases.
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Figure 3.48. Radial temperature profile at axial location x = 0.312 m;l(Mith
modified turbulence models).
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Figure 3.49. Radial temperature profile at axial location x = 0.912 m;I(Mith
modified turbulence models).
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Figure 3.50: Radial temperature profile at axial location x = 1.312 m;|(Mith
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Figure3.51: Radial profile of @ mass fraction at axial location x = 0.312 m,-[(Mith

modified turbulence models).
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Figure3.52: Radial profile of @ mass fraction at axial location x = 0.912 (-1 with
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Figure3.53: Radial profile of @ mass fraction at axial location x = 1.312 (¥l-1 with
modified tubulence models)

CO, mass fraction idlustrated inFigure3.54, Figure3.55 andFigure3.56. From these
figures, it is seen thaetter results are also obtained from the case with the modified
standardk- turbulence model when compared with those of base case. As is evident
from Figure 3.57, contraryto the base case, the case with thedified standard-

over predicts the experimental data in terms of the mass fraction of carbon monoxide

CO, but it shows the same trend.
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Figure 3.54: Radial profile of CQ mass fraction at axial location= 0.312 m (M-I
with modified turbulence models)
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Figure 3.55: Radial profile of CQ mass fraction at axial location x = 0.912 (W-I

with modified turbulence models)
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Figure 3.56: Radial profile of CQ mass fraction at axial location x = 1.312 (W-I

with modified turbulence models)
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Figure3.57: Radial profile of CO mass fraction at axial locatio= 1.312 m(M-I with
modified turbulence models)

3.10.3Mechanism two (IVHI)

In the following cases, the reaction mechanismi(My Westbrook and Dryer (WD)
[169, which is shown inTable 3.2, was used. Three cases were suggested in this
section. The kinetics of the reactions for case 1 (the base case) are providddkein

3.6. This chemical reaction mechanism is already built in FLUERegarding the
other two cases(cases 2 and 3), the activation ener@y )( of reaction(r-2) was
optimized. The values of the activation energy for the reaéti@pare givenin Table

3.6. In these cases, theastdardk- turbulence model was also modified by changing
the turbulentSchmidt number. The default value was 0.7 and was changed to 0.85

which also resulted in better results as will be seen in the next figures.

Table3.6: Optimized values of activation energy for reactiof).

Case Activation energyO (J/kmol)
Case 1(base case) 2x10° [165

Case 2 1.7x10

Case 3 1.6x10°

Figure 3.58 depicts the gas temperature along the centreline of the chambirisAs

evident from the figure, all the cases give the same results along the axial distance up to
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1.1 m andwhen comparing them with the experimental data, they show very good
agreement along the axial distarficem O to 0.66 m. It is also shown that c4dsshows

a great difference in comparison with the experimental data. It is seethetitatsing

the activationenergy of reactiorir-2) in cases 2 and Bnproves the results and gives
better fit with the experimentalata alonghe axial distance above 1.1 With respect

to the variation of oxygen species &long the centrelinet is also seen ifrigure3.59

that decreasing the activation energy leads to improvprddicted resultswhich give
better fit with the experiment measuremefigure3.60 shows the effect of decreasing
the activation energy on the concentration of,ClOcan be seen that case 1 has very
good agreement with experintah data. The other two cases also have very good
agreement in comparison with experimental data along the axial distance lies between
0.6 and 1.2 m, but there is an oyeediction of the results after th&0O mass fraction
along the centreline of the @mber for the three cases is plottedrigure 3.61. For
case 1jt is seen that the maximum valuedi®128for case 1which is nearly the same

as that of the experimerasd located at the axial distance of .5

Unfortunately there is not experimental data available beyond the axial distance of 1.3
m to compareahe results that lie beyond this point withlitis also indicated that the
maximum concentration of CO shifted towards the bufoercases 1 and and the
results are better fit with the experimental datlaough the maximum value is

increased.

The gas temperature and species concentrations at 0.312, 0.912 and 1.312 m
downstream of the burner as a function of radial distance from the centrelinaredmp
with measurements are shownRigure 3.62 to Figure3.71. At 0.312 m (sed-igure

3.62) the results obtained from the cases the samegven thougtthere is an under
prediction in comparison with the experimental data. At 0.91R im evident from
Figure3.63that case 3 agreed well with the experimental data and so it does at 1.312 m
as shown inFigure 3.64. From Figure 3.65, which depicts the radial variation of, O
mass fractiorat axial distance of 0.312,nit is also seen that all cases produced the
same resultand have the same trend of the experimental data. At the axial distance of
0.912 m illustrated irFigure 3.66 cases 2 and 3 have very good agreement with the
experimental dataFigure 3.67 shows that case 1 hastter agreement with the
experimental data than case 2 and case 3 which significantly-pretkct Q mass
fraction.Concerning the concentration of g€pecies, the radiatriation of CQ mass

fraction is shown inFigure 3.68, Figure 3.69 and Figure 3.70. At axial distanceof
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0.312 mall the cases approximately produced the same resultst Bl812 m case 1
agreed well with the experimental data. At 1.312 m it is seen that dase 2losest
agreement with the experimental da@en contrary to the other two cases, case 1 failed

to predict the correct results CO concentration at the agtdrdie ofl.312 m Cases 2

and 3show the same trend of the experimental data. The latter one provides very good

agreement with the experimental data along the radial distance @bSven.
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Figure3.58. Gas emperature along the cedine of the chamber(M-11).
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3.10.4Mechanisms M-Il and M -1V

In the present cases, another two reaction mechanisms were selected for the
simulations. One of them is a eatep reaction mechanisf®8( and the otheoneis

the fivestep reduced mechanismvhich was developed by Nicol et 4l167]. The
chemical kinetics othe reactions imolved inthesetwo mechanismsrealso provided

in Table3.2. In these two cases, the turbulence was modelled tisexgtandarck- .

The FR/ED model was also used to model the interaction between the chemistry and

turbulence.

The axial variations of temperature and species mass fraction at the centreline of
combustion chamber are shownFigure3.72 to Figure3.75. It can be seen from the
figures that there are only slight differesdeetween the predicted results of the two
cases and the experimental data as well as the other cases, excepX@ treriation

of CO mass fraction (sekigure 3.75) which shows that the maximum value was
shifted to the left in the direction towards the burner. However, the figure shows that all
the casebdave very good agement with the experimental data along the axial distance
from 0 to 0.9 mUnfortunately, &er this point, as mentioned in310.1,there is only

one measured valuavailablewhich appears to be the maximum value of CO mass
fraction, and this point isat enough to compare the obtained results from the various
cases withThe radial profiles of temperature at axial distances 0.312, 0.912 and 1.312
m aredepicted inFigure3.76, Figure3.77 andFigure3.78, respectively. At 0.312 m, as

is evident fromFigure 3.76, the twocasesunderpredictthe experimental data and fit
better with the othecases. Regardirnte axial location at axial distance of 0.912 m, it

is seen fronFigure 3.77 that both cases over predict the experimental data. Fer one
step case, the owprrediction is far from the centrelired chamber and lies in the radial
distance between 0.11 and 0.24 @n the other hand,lang the radial distance less
than 0.11 m this case has very good agreement with the experimental data. The five
step case shows an owprediction along the almost natl distance, except for the
radial distance that are very close to both the centreline and the wall, where it shows
good agreement with the experimenfd. 1.312 m, it is shown that the twcases
generated very good results at some radial distance whepacmg them with the
experimental data and the previous cases that are discussed before. -Step mase

has verygood agreement with the experiments along the radial distance close to the
centreline up to 0.06n and beyond this point there is a smalkmprediction. On

contrary, the results dhe five-step case agrsevell with the experimental data along
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the radial distance far from the centre line and -@redicts them lang the radial
distance close to the centreline (less than 0.0 Rajial prdiles of mass fraction of @

at different downstreanpositionsare plottedin Figure 3.79, Figure 3.80 and Figure

3.81 The two caes agre&ery well with the experimental data and the other cases as
shown inFigure3.79 for the axial location at (x = 0.312 m). For (x = 0.912 m) shown
in Figure3.80, it is seen that onstep case stw better results than fivetep case when
comparing them with the experimental ddtaure 3.81 depicts the radial variation at

(x = 1.312 m). It is also seen that the two cases unmelict the experimental data
significantlywith better results of onstep case than fivetep caseThe radial profiles

of CO, mass fraction are shown Figure3.82, Figure 3.83 andFigure3.84. It is seen

that the two cases overedict theexperimental data as the other cases did. In terms of
CO mass fraction, its radial variation at the axial distance of 1.312 m is shown in
Figure3.85. It can ke seen thathe five-step cas@pproximatelyhasthe same trend of

the experimental data. However,predicts a significantly lower CO concentration
along the radial distance near the centreline of the chamber and a higher concentration

along the radialidtance far fromt.

Although, it was mentioned 15§ that allowing multistep reaction mechanisms with

this model will likely lead to incorrect solutions, the results obtained from thesfage
reaction mechanism show a readaadit with experimental data as well as the other
cases. Generally, in comparison with the results presented in the previous sections, the
onestep and fivesteps cases show good results as will be seen in the next figures.
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Figure3.72. Gas temperature along centreline of the charfdreall cases
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3.10.5The effect of fuel camcentration

The combustion of various fuel weentrationsvas simulated.e. the fuel is duted.

The chemistry mechanism used in the simulations-isabd the modified standakd®
turbulence model was also adopted. The axial temperature profile along the centreline
of the chambefor the base case (GH0 % N, 10 % by volumeg and the othecase

(CH4 100, 85, 80, 70 %is plotted inFigure 3.86. As it is shown in the figure, the
predicted temperature is the same for all cases along the axial distancg opltas

also indicated that the peak teengture is decreased for all cases even for the case with
pure methane as a fudlél rich casewith equivalence rati@ = 1.1556).The peak
temperature position at centreliné the base case lies between tlofitpure methane

and 85% methane casds.is clearly shown that the base case produces the highest
temperatureFigure 3.87 depicts the axial variation of GHnass fraction along the
centreline of the chambdt.is shown that methane decays slowly for all cases and this,
as mentioned previouslgan be attributed to the slow mixing which results irt tha
chemical reactions are quite slow leading to a slow rise in temperHtaes bealso

seen that Ciimass fraction is a little bit higher than the other casdbe exit of the
chamber The mass fractions of speci€, CO, and CO are shown ifigure 3.88,

Figure3.89 andFigure3.90, respectively.
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Figure 3.86. Gas temperature along centreline of the chambediffarent caseswith
different percentages of GKvolume basis)
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Figure3.87: CH, mass fraction along the centreline of the chamber for different cases
with different percentages of GKvolume basis)
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Figure 3.88: O, mass fraction along the centreline of the chamber for different cases
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Figure 3.89: CO, mass faction along the centreline of the chamber for different cases
with different percentages of Gkivolume basis)
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Figure3.90. CO mass fraction along the centreline of the chamber for different cases
with different percentages of GKlolume basis)

3.11 Conclusion

In this chapter, He investigations havesought to determine the accuracy of CFD
simulations using RANS approaciihe simulations are based on the finite volume
solution procedure, includingubmodels for turbulent flow, radiative heat transfer and
combustion.The purpose is to analyse the turbulent flow, species concentrations and
temperature arising in the turbulent Aomemixed combustion of natural gas (90%
methane and 10% nitrogen by volunrep cylindrical combustor. Experimental data of
existing study[20] has been utilized focomparisonsFor the combustion modelling
the FRIED model was considered. This model has the advantage that it is
computationally inexpensive and simple to udee flow field was calculated using the
standardk-, RNG k- and realizablek- . For chemical reactions, four global
mechanisms weremployed For radiation modellingP-1 method was applied for
investigating the radiative heat transfer from the flame. A mesh independence study
was performed for the airof identifying which of the meshes constructed lead to a
mesh independent solution. It was found that megtlfs this requirement and has
been chosen to perform all the subsequent simulafidrestrends of all cases are well
reproduced in comparisonith the experimentDespite some disagreement with the
experimental data at sonh@cations,good agreement is achievadboth quantitative
and qualitative aspects comparison with the experimental data, it is shown that one
step reaction mechanisrfM-Ill) can provide satisfactory estimate of maximum
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temperaturen the reaction zone. For the case ofi,Mt is observed thathe resultof

all turbulence models show very good agreement with the experimentat taxtas of
temperaturealong the centratie in the half of the chamber close to the burner. In the
direction towards the exit of the chamber the resbitained fronstandard-" case are
almostclose to that obtained from RWNk- . The inclusion of radiative heat losses
reduced the temperature inside the chamber and this is noticed in the region near the
exit of the chamberWhen applying the modified standakd it is observd that
obtained resultsvereimproved The optimization of kinetic energy of reactign2) in
mechanism (MI) alsoimproved the resultsRegarding e casgM-IV) in which a
five-step reaction mechanism was emplgybeé prediotd resultsshows a reasonable
agreement with the experimentsterms of temperaturen Isome locations especially

for the predicted concentration of carbon monoxide CO along the centreline and at the
axial location of x = 1.312 m there is an oypgedicton, though, the trend is similar to

that of experimental datdt is seen that peak temperatures obtained from both the
combustion of pure methane (100% lAnd the combustion of diluted methane (85%
CHa, 15% N) areless than that of the base c496% (H,, 10% N) at the same
operating conditions. This leads to conclude that the best compromise of methane and
nitrogen is that of the base ca3e. sum upjn comparison with the experimental data
and the predicted results reported by Magel ¢1.88, which were obtained by using
EDC, the FRED model proved to capturthe features ofcombustion process with
sufficient accuracy. The numerical simulations indicate that the cases with the modified

standardk-" lead to generally best predictions.
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4 Pulverized combustion

This chaptempresentsa CFD modelling studyf pulverized combustion of coal and
biomass as well as the fioing of both. It provides the basis for a comprehensive
model. Some assumptions to simplify the modelling process canesidered.The
simulatiors of pulverized combustioare based othe Eukr-Lagrangeapproach. The
discrete phase mod@PM) is used The first part of thischapter starts with modelling
the pulverized combustion dfvo types ofbituminouscoal It presents three cases
using three different char oxidation modelSass 1 and 2 use diffusion and
kinetics/dffusion models, respectively. Case 3 uses the raulfiace reetion mode|
where a UDF is used to define the rate of heterogeneous redmitweerboththe gas
and particulate phaseModelling of NG, is also presented’he modek are validated
with the available experimental datative literature. The results shogoodagreement
with the experimentsThe combustiormodel of case 3is then used to model the
pulverized combustion of straparticlesandthe caofiring of pulverizedcoal and straw
particles Finally, a conclusion of the predicted results is given.

4.1 Introduction

Chemical compositions and molecular structures in any carbonaceous fuel, such as coal
or biomass, are very complex. The main elements presdribinass, determined by
ultimate analyses, are usually carbon (C), hydrogen (H), oxygen (O) and nitrogen (N).
Other elements also found include sulphur, chloride and other impurities.
difference in this composition and particle size distribution tesul different
characteristics of combustion for biomass and coal as discussed @13 2f the
combustion technologies that have a great of importance in generating power is the
pulverized combustion of solid fuels. This technology is based on themgatieu
conveying system, since the fuel particles are carried by the air. Therefore, it is

considered as one of the typical examples of paitacien flows.

Despite the general similarities between the pulverised combustion of coal and that of
biomass, the is a difference between their chemical compositi®iemass has
significantly lower fractions of carbon, while its oxygen content exceeds that of coal.
The hydrogen fraction is also somewhat higher than that of coal. The typical weight
percentages fo€, H and O, respectively are 30 to 60 %, 5 to 6 % and 30 to A§.%
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For coal, the typical compositions (mass percentages) include 65 to 95% C, 2 to 7% H
up to 25% O and 1 to 2% 5] Moreover, there is also a difference between biomass
and coal regarding their devolatilization. Caamgd to coal, biomass hasnuch higher
amountof volatile matter leading to a dominating role of devolatilization in the overall
conversion process of biomass particles. The volatiles fraction in biomass is usually 70
80%, whereas the fraction in coalli850%. The high level of volatiles makes biomass

a combustible fuel which means that it is easier to ignite even at low temperature.
However, it has lower energy content due to the higher O/C and H/C atomic ratios
when compared to codlVith anthracite éss than 10% and bituminous from 5 to 6%,
biomass fuels can lose up to 90% of their masses during the process of devolatilization
[1]. The heating value dfiomass fuels is significantly lower than tlditcoalrequiring

a large amount to be injected mrmaces compared to coal firing and this asggests
thatless excess air is needed for biomass combustion. Mordaeerass fuels begito

release voldles at a lower temperatuasd in a more rapid way than coal does.

Regarding the devolatilization kineticakhe sensible prediction of the rate of release of
volatile matter is of importance for the success of any computational model.
Devolatilization pocess plays an important role in coal and biomass combustion.
Determination of devolatilization rates is typically done by means of thermo
gravimetric analysis. lthese analysesmall samples afolid fuelare ground so fine
that the size dependence st factor which is to be considered and heated up with
different temperature slopedJsing the thermaravimetric analyser, in awell-
controlledatmosphere, the change in sample weight is meastireadmber of kinetic
models have been developed for tlewalaltilization of various coals and the models
that are relatively simple include the single kinetic rate model and the two competing
rates model. Models that aspplicable over a wide range of coal types, but they are
complexand difficult to use for gactical applications includeghe functional group
model, the flashchain model atitek chemical percolation devolatilization modghe

devolatilization of biomass and coal has been extensively investigdteg6ia89.

In numerical simulations, most researchers for simplicity considered the combustion of
solid fuels occurring in two individual steps. The first one is the combustion of volatiles
and the secondne is the combustion of char, neglecting the interaction between the
two steps. Butfor any twoephase flow such as pulverized coal combustiadhge
interactions between the gaseous and solid phaseds to be taken into account

because such a type of las characterized by ndmear coupling between the two
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phases such as gas turbulence influencing both the particle motion and heat up. This
requires an accurate description of both comtisugas phase and dispersed particle
phase. Thismay be studied yo using the EulerLagrange or EuleEuler modelling
approaches and it is crucial for practical application of predictiorsabfl fuels
combustion for different technologie$he former one is the basis for the discrete
phase model (DPM) in FLUENT.

When carying out numerical simulations of partidieden flows, it needs to bear in
mind that there are different flow regimes which are classified in dilute and dense flow
regimes.Therefore, to decide which regime is the case to be simulated is determined by

the volume fractiorf the dispersed (particulate) phase

I (4.1)

where ® is the volume of the dispersed phase in a speedlumew. This volume
fraction has an upper threshdldt is giverby maximum value of 0.6#h a packed bed

of particles (monalispersed spherical particldd)9(. In DPM, the assumption made

is that the particles take up a negligible volume in the fluid phase. Practically, this
limits the particulate phase to around-1ZV6. The other thing that needs to be
mentioned is the turbulent dispersion. Although the calculation éClesairajectories

from themean continuous phase velocities is valid for an individual particle, unrealistic
results will be produced when considering an ensemble of similar particles. Therefore,

to account for turbulence a term which is stochastic caattded to the calculation.

Pulverized combustion is characterized by small volume fraction of the dispersed
particle phase antherefore in this study, théculerLagrangeapproachhas beemused
to model the pulverized coahd biomassombustion wherea, the other approach has

beenapplied inanother model that will be presented in the next chapter.

In the simulation of pulverised combustion of coal or biomass, the mathematical model
needs to describ@ number of phenomenauch as multphase turbulentluid
mechanics (particle dispersion and exchange of mass, momentum and energy between
phases), turbulent mixing, particle devolatilisation, volatiles combustion, char oxidation

and radiative heat transfer.

Many models adopted Lagrangian approach in itrgathe particle phase when

modelling pulverized coal combusti¢ph91-193. Concerning biomass combustiohet
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Lagrangian approachwas used by Fletchg¢d94 to simulate the flow and reactions
inside an entrained biomass gasifier and the numerical results showed the capability of
the Lagrangian model to optimise the design of such gasifiacther study regarding

the modding of pulverized wood combustion was carried out in which the Lagrangian
manner was also adoptdd95. In this chapter, two firing scenaridsawe been

simulated including pulverized coal combustion gantverizedbiomasscombustion.
4.2 Governing equatiors and used models

4.2.1 Gas phase

The governing equatienof the conservation of mass, momentum, chemical species,
energyas well as the equations of thebulent kinetic energy and its eabf dissipation

for the steady incompressible flow in 2d axisymmetric takes the aefeem as
presented in equatiq3.40). The turbulence model used in the current simulagdhe
standardk-", which has been outlined in § 33nfortunately, theptimizedstandardk-

° considered in ch.3, which shows better results when modelling the combustion of

methan is not used in these simulations.
4.2.2 Modelling of the particulate phase

Besides the modelling of turbulent and reactive gaseous flow, pulverized fuel
combustion also includes solid fuel particiesich aredispersed into itln the Euler
Lagrange approackhe dispersed phase is solved by the DRPMvhich a large amount

of paticles is trackedHowever, it is computationally expensiva.the application of
pulverised fuel, hie discrete phade consideredo bedilute and its volumetric fraction

is neglected 158 196. The dilute dispersed flows are defined as those in which the
particle motion is controlled by the hydrodynamic forces (drag and lift fofd€s]).
Therefore, the motion of particles mainly depends on drag forces. On the other hand, it
is controlled by the collisions of particles in dense flow syst&ospling between the

two phases accountsrfthe exchangef mass, momentum and heet shown irFigure

4.1. Generally, the coupling between the gas and particulate phases can be found in
different way which include oneavay coupling, tweway coupling and fouway
coupling (related only to dense flowsgs shown irFigure4.2. For volume fraction less

than 10° (very dilute flows), the particulate phase has negligible effects on the gas

phase. Regarding the Larger volume fraction (31@ twoway coupling is required. A
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four-way coupling should be usefbr larger volume fraction (>If). FLUENT
provides only the first two types of couplinghe motion offuel particles is modelled
according to the differential equations for mass, momentum andjyen€hese
equations predict the change in particle trajectory as it moves through the gas phase
taking into account the interaction between the two phases by treating the heat and

mass losses of the particles as the source terms in the governing equations.

y Z
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Figure4.1: The interaction between gas phase and particulate ptz8e
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Figure4.2: Coupling regions for padle-fluid turbuence interactiof19§.

4.2.2.1 The patrticle equation of motion

The trajectory of each discrete phase particle is calculated by solving its equation of

motion, whose theory is based o Ne wt o n 0 s Fostleec«direation It ia given

by:

&« — BO (4.2)
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wherea ando , respectively ar¢he massandinstantaneouselocity of the particle

and "O represents different forces acting on the particleciyvhdepending on the
characteristics of the particles and the continuous phase (gas phase), some of them have
various relevance and some of them can be neglected.

a — BO 006 o ” o O (4.3)
where™O and  are the drag force and acceleration gravity, respectively "and,
and O are the particle density, the instantaneous gas velocity and additionaltfoate
can be important, respectivelihe other forces that are represented@®snay include
pressure gradient force, virtual mass force, lift fdime for]158 more details)If the
fluid-particle density ratio is very st (~ 10°), all the forces araeglected, apart from
the drag force and the gravity forcEhe drag forc€O is the only one taken into
account in this model and calculated as following:

0 — (4.4)
where’Q is the particle diameter andr Qis the relative Reynolds numberhich is
calculatedusingthe following equation:

YQ —— (4.5)
where* is the gasviscosity To calculatethe drag coefficien® for spherical
particles, FLUENT uses theorrelations developed Worsi and Alexandef199.

6 o — — (4.6)

where® , @, and® are costants.
4.2.2.2 Heat and mass transfer to and from particles calculations

The thermal energy conservation equattan be written as following:

— BO (4.7)

where0 is the sum of energy sources, such convection from the gas phase, radiative

energy transport and heat of reactandQ is theparticleenthalpy.

The particle enthalpy per unit mass is
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N Q. QRQY (4.8)

where®j, is the heat capacity of the particl® is the particle temperaturéy is the
temperature at standard conditions (298 K) ‘&ndis the enthalpy of formatioriC} =

0). The particle temperature is governed blyeatbalance ofifferent heat fluxes that
involve convectre hat transferradiatve heat transfetheheat loss due to evaporation
of moisture and thealevolatilization reaction in the particleand the heat of char

combustion Mathematically, th particle heat balan@an be represented as

a wF— “Q_06Y Y O0-0i — Y —7Q
QB — O (4.9
whereQ is the particle diameter, is thethermal conductivity of gas phas® is the

temperature of the gas phase,, “'Q is the surface area of therpale, - is the

particle emissivityj is the StefarBoltzman constan5.67032 x 18 W/m*K?*), — is

j
the radiation temperature— , "Q is thefraction of heat absorbed by the particle

andtakes the value of 0.30 is the enthalpy of reaction (the heatgain/loss by

heterogeneoureactiors including the heat gain due to cltmmbustionreactions and

the heat loss due to the gasification reac)iofs is the latent heatf devolatilization

and( 6is theNusselt number('Q is the incident radiation i/m?*

0 0Q (4.10)

whereQs the radiation intensity and is the solid angle.

The convectiveheat transfer coeffici¢riQis evaluated using the correlation of Ranz

and Marshall:

66 — ¢8t m@Yd Oil (4.11)
and

01 6 j_ (4.12)

whereD iis Prandtl number of the gas phabeequation(4.9), the first term in the

right hand side represents the heat transfer due to convection, the second term is the
heat transfer caused bgdiation, the third term is the heat of reaction and the last one

is the heat transfer results from evaporation. The heat of evaporation is not included in

this model as the coal was considered to beadhfree (DAF). The heat of
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devolatilization is neglcted in this workfirstly, due tothe difficulties anduncertainty
of measurement0(d and secondly, because it is much less than the heat transferring
from the gas phase to the particleis negligible as compared to the heat due to

convection and radiatioMoreover, thdatent heat is normally small for coals.
4.2.2.3 Thermally-thin assumption

Equation(4.9) assumes that the internal resistance to heat transfer is negligible, i.e., the
particles are at a uniform rtgerature throughout (thermatilyin assumption is
considered)If the temperature is uniform throughout the particles, the stages of fuel
particle combustion such as heating, devolatilization and char oxidation occur in a
sequence wagnd tle currentstudy is based on this assumptid@dn the other hand,
when temperature gradients are present, they may occur simultaneously. The
temperaturedistribution in a particleis generally characterizedoy means ofBiot
number (6 X2which relates the internal heat transfer resistance (internal conduction
resistance) to the external resistance (surface conveciMmgn tte Biot number is

very small the internal heat transfer due to conduction is fhlserefore, temperature
gradientsare negigible inside the particlend the temperature of the particle can be
regarded as uniform, which means that the combustion and gasification will depend on
the external heat transfer and chemical reacti@®mscontrary, if the number is large

the external heat transfer due toneection is faster than that due to conduction. This

means that the particle size will be a limiting factor.
50— (4.13

Where'Qis the convective heat transfer coefficientjs the thermal conductivity of the
particle and0 is the ratio of particle volume to its surfaceaa@ @j 0 ). In the
current studyeitherpulverised combustioof coal and biomass ameodelled by using

the discretephasemodel which is based on the assumptidhat the particles are
thermallythin andthe particles are tiny in siz&herefore under the conditions of all
casesthe Biot number is so small that theiformity of temperature within the particle
phase due to the small size and large thermal conductivity of the particles has been
considered

4.2.3 Combustion stages of fuel paticle

The general model used for many solid fuels involves three stages of combustion:
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1. Fuel heating and drying.
2. Devolatilization of particle to produce volatile and char.

3. Volatile combustion in the gas phase and char oxidation and gasification.

The inert leating is applied as long as the particle temperature is less than the
vaporization temperatui@evolatilization temperatur@nd after the volatile fraction of

the particle has beaeleased”Y Y ). During this stage, the fuel particlehsated
rapidly by both the convective heat and absorption of radiation at the sarfidce

equation(4.9) becomes as

4 Op— “Q_006Y Y bd-i — Y (4.14)

When the temperature of the particle reaches the vaporization temperature, the
combusting particle may proceed to obey the devolatilization and surface combustion
laws and returns to the inert co law when the volatile fraction has been consumed

(a P "Q & j). In this study, it is assumed that all the particle combustion
stages take place in sequence waythis process, devolatilization refers to the release

of volatile matter by thermal decomposition, while it is termed pgislwhen it takes

place under inert conditiong.he devolatilization law is applied to the combusting
particle whenY “Y ) and stays effective while the mass of the particleexceeds

the mass of nomolatile in the particle | p % & ). The particle

temperature during this stage is described by equ@tibh).

@ G — “Q_006°Y Y &6-i — Y —0 (4.15)

After a complete evolve of the volatile component the surface reactions, which
consumes the combustible fractioiQ( ), begin At this point (& p
"Q, & i . At this stage,the combustion of char starend continues until it is

consumedandthe particle temperature is describedelgyation(4.9).
4.2.4 Turbulent dispersion in gassolid flow

Commonly, turbulent dispersion is a term usediescribe the transport phenomena of
the patrticles in the carrigghase, whilst the flow is turbulent the analysis of gas
solid flows, @upling between the gas phase and the particulate phase is an important

concept. It describes thedfectsof one hase on the othexs shown irFigure4.1. The
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combination of the stochastic change in velocity and the misalignment of particles and
fluid trajectories are the ways in which the turbulence is felt by the dispgrisase.

When considering a turbulent flowye must take into account the effect of a random
fluctuating velocity. The effects of turbulence are accounted for by predictirveg
trajectories of particles using the megas phasevelocity (6) in the trajectory
equations.The model of particle motion given by equatior(4.4)-(4.6)) needs the

instantaneous local value tbfe velocity ofthe gas mixture.

0 0 60 (4.16)

In the current work, the standatd model is used for estimating the turbulence
properties. Thus, the mean velocity, is calculated by solving the Favre averaged
NavierStokes equations for thgas phase and the fluctuating velocity, is assumed

to fellow a Gaussian probability distribution and determined in a stochastic manner

within a turbulent eddy. Therefore, the instantaneous gas velocity is calculated as

, , , i , ~ -
6 6 , 06 6 , ¢Qo ! (4.17)
where, is anormally distributed random number

For this purposehe dispersion of the particles due to turbulence in the gas phase is
predicted using a stochastrackingapproachThe turbulent dispersion of particles is
predicted by integrating the trajectory equations for individual particles using the
instantaneous fluid velocitglong the particle path during the integratidhe particle
position at any givemstant of time the density, the temperature and the sources to the
gas phasare computedor a sufficient number of representative partiqiesmber of

tries) with different sizes, dropped from each celihafinlet as shown irFigure4.3. In

the present investigations, the discrete random walk (DR®4] model is usedn this
model,the fluctuating velocity components are discrete piecewise constant functions of
time and heir random value is kept constant over an interval of time given by the

chaacteristic lifetime of eddies.
The eddy lifetimas expressed asconstant

by (4.19)

where"Y is the fluidLagrangianntegral time and given as

129



Chapterd 4.2 Governing equations and used models

Y oy (4.19)

To cross an eddy, the particle requires time is given by

- o
[ —_— .
T T X o o (4.20)

wheret is the particle relaxan time,a is the eddy length scale, andl 6 is the
magnitude of the relative velocitit.is assumed that the particle interacts with the gas
phase over the smaller df andt and therefore a new value of instantaneous velocity

has to be calculated.

Figure4.3: Trajectories of particlef a single cel[203.
4.2.5 Particle size distribution

The size ofparticles injected into the reactorage of the important parametewhen
modelling multiphase systems such as pulverised fuel combustion. The pulverized fuel
composed of particles with different sizes. Therefore, the particle size distribution
needs to be measurel is normally obtained by a standard laboratory scregni
method. In FLUENT, it is possible to simulgialverized fuel flow withusing various

sizes of particles with thassunption that the particle size distributiéollows a Rosin
Rammler distribution curva.e. in the form of RosiFRammler type The RosinA
Rammler distribution function is based on the assumption that an exponential

relationship exists between the particle diam€&eand the mass fraction of particles

@ with diameter greatehanQ :

o Q ! (4.21)

wheredis the mean diameter amdis the spread parametdterefore, the measured

particle size distribution is transferred toetRosinRRammler distribution Then, the
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average particle diametey calculated. Finally, the spread parameter is calculated. The

particle size distribution of the fuels used in the current study wpkégsenteaext

4.2.6 Radiation

The distribution and concentrations of products are strongly influenced by heat transfer
in combustion systems. Therefore, its proper prediction is essential. In pulverised coal
combustion systems and combustion reactors with heated walls, radiation is the
dominating heat transfer mechanisf03. Several radiation models have been
developed as outlined in § 3.4. For comprehensive combustion modetiendg21t
radiation modelhas employed for the heat transfer of radiation [IIA)is radiation
model has been successjulised by several researchg284-206. The weighteesum

of graygases modefWSGGM) is usedfor determiningthe absorptin coefficient of

the gas phaseThe WSGGM-cell based method, which calculates the mean beam
length based on a characteristic cell size from the CFD nhaddbeen used

4.3 Pulverized coal combustion

In the current work, the combustion of pulverized coal is modelled in an electrically
heated reaor which will be described in § 4.3.1. To validate how well the CFD
models capture the physical and chemical process taking place inside the reactor, the
predictions are compared with the relevant experimental data.

4.3.1 Model geometry and operating conditions

The basic geometry of the reactor considered for this study is taken from literature
[207]. The reactor is 2.5 m in length with an internal diameter of 200 Tin@axis
symmetric corputational domain and the burner of the reactor that consists of three
concentric tubesireas shown inFigure4.4. The coal particles are injected centrally
through an 8 mm diameter inner tube. A concentric tube with a dianfelsd mm

makes an annular gap that admits the primary air through it. The secondary air is
supplied through another annular gap made by a concentric tube with a diameter of 34
mm. The operating conditions are providedleible4.1. Some assumptions are made

in order to simplify the modelling. It is assumed that the gas phase can be treated as an

ideatgas mixture.
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Figure4.4: Geometry othe axisymmetric@mbustor

The coal parti@ds are assumed to be spherical in shape and enter the combustor at the
same velocity as the carrying air.istalso assumed that the particles are dry with a
temperature of 300 K. The side walls are modelled as having a constant temperature
maintained byelectrical heater. For the discrete phase, the particles parameters
including the mass flow rate, temperature, velocity and diameters were specified at the
inlet. The interaction between the particles was neglected.

Table4.1: Operating conditionsf pulverized coal combustion

Parameters Units \
Coal mass flow kg/hr 1

Wall temperature K 152¢
Volume flow rate of coal carrying air m3hr 2.38
Temperature of coal carrying air K 473
Volume flow rate of primaryir m3hr 4.68
Temperature of primary air K 523
Volume flow rate of secondary air m3hr 11.15
Temperature of secondary air K 623
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Table4.2: Coal analysis data

Proximate analysis (wt%, raw basis) Ultimate analysis (wt%, rawdsis)

Moisture Volatile Fixed carbon Ash C H O N S

Coall 1.57 30.46 62.87 6.67 789 49 76 13 O.t

HHV = 35084.16 [KJ/Kg] LHV = 33930.32 [KJ/K(]

Coal2 1.69 31.94 57.32 10.74 742 44 8.2 1.2 1.1

HHV = 34210.764 [KJ/Kg] LHV =23325 [KJ/K(g]
Particle size distribution

Average particle size

Mass fraction of particle diameters % 30, 35, 25, 10

RosinRammler particle size MinQ [e m] MaxQ [e m] Qe m] &[]

distribution
16 350 48 0.747

4.4 Chemistry of coal

The simulations of pulverised coal combustion have been carried for two types of
bituminous coal. fie proximate and ultimate analysis and the particle size distribution

data of the twaoalsfired in the pulverised combustion reactor are showrainle4.2.

It appears that the low heatinglwa is higher than that of pure carbon (around 33
MJ/kg) because the high heating value was estimated olAlke basisusing the

correlation given if20§.

Reaction kinetics

The combustion of solid fuels is a complichterocess that includes several physical
and chemical phenomena. This makes combustion modelling to be-acdisieming
challenging task. Therefore, the combustiphenomena neetbb be considerably
simplified for CFD modelling and a reduced combustion raa@m is used. The

combustion mechanism used in the current work is explained below.
4.4.1.1 Devlatilization

The pulverized coal combustion model proposed in this simulation involves
devolatilization, volatile combustion, char combustion and other gas phasensduot
133




Chapter 4 4.4 Chemistry of coal

this study volatiles release is described the single rate mod¢lL2§. It assumes that
the rate of devolatilization is firgirder dependent on the amount of volatilemaining

in the particleand employs global kinetic¥he reaction and its rate constant are:

HE G ¢ & O QudmI p o (R1)

where® is the distribution coefficient.

0 dA@PQYTY (4.22)

4.4.1.2 Heterogeneous reactions

Four welldefined $eps are usually involved in the chemical processes of solid fuel
combustionas mentioned aboverying, devolatilization, volatile combustion and char
oxidation. Once solid fuels are injected into a combustion chamber, they are heated up
and the drying mcess (the release of moisture) occurs immediately, followed by the
rapid devolatilization process (the release of volatiles) which occurs due to high
temperatures. Char produced through the volatilization process is consumed by
heterogeneous processes aoimbustion and gasification and its combustion yields
carbon monoxide (CO) and carbon dioxide (C&ccording to the following reactions:

6i 0 ° 80 (R2)
6i T®O © 60 (R3)
6i 60 0 ¢o o (R4)

ReactiongR2) and(R3) are exothermic and will occur very rapidly but reactigr) is
enddhermic. In general, a dominating heterogeneous reaction is related to whether the
char combustion rate is limited by either the diffusion of oxygen through the boundary
layer surrounding particles or the kinetic rate of carbon oxidation reactions.

Heterogeneous reactions can also include the following endothermic reaction:

6i ™Ouvoo6uv O (R5)

where the carbon monoxide (CO) and hydrogep) (Elsulting from reactiongR4),
(R5) and (R6) are incorporated to the gas phase and oxidized to CO2 and H20

according to the followig homogeneous reactions:
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60 ™M) © 60 (R6)

‘0 1@ © 08 (R7)

Three caseare considered in the present worke heterogeneous reaction begins after
the volatile fraction of coal particles is complgtevolved.In case (1) and case (et
initial reaction considered in this simulation is the oxidation of combustible fraction of
coal particle (char) to carbon dioxide2). The models that are applied to céddte the
reaction ratedescribed ir§ 2.7.3,are the diffusiormodel[127] for case(1), and the
kinetics/diffusionmodel[133 for case(2). It assumes that the heterogeneous reaction
rate is determined by the diffusion of the gaseous oxidant to the surface of the particle
in the former model, and is determined either by the diffusionaiatey a chemical
reaction, presumed to be first order in oxidant partial pressure and occurriegyeattir
the particle surfacein the latter oneWith regard to cas€3), the multiplesurface
reaction model was use8urface reactions are modelled by thwlicit relationship
proposed by Smithil35. According to this model, the rate of particle species depletion

for any reaction is given by

ir 6 —-0'Y; (4.23)

whered , —, & and'Y are the particle surface arfa?], effectiveness factor, mass
fraction of surface speciésn the particle andate of particle species depletifkg/m?

g], respectively

Y
Y T — 4.24
R v O ( )

where0 , O, T and0 are bulk partial pressure of the gas phsgecies (pa), the
diffusion and kinetic rate and apparent order of reaction, respectively.
Y Yic

8
I 42
0O 6 5 (4.25)

whered is the mass diffusion limitedite constan® = 5x10 m*¥/K%"%s).

T 0YQ | (4.26)

Then, the rate of particle surface species depletion for a reaction with Nrdet)(is

given by
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ir 6 -&0 - (4.27)

and for a reaction with ordeNE 0),

ir 6 -aT (4.28)

In case 3 the combustion of char was assumed to follow the reacti®z)s(R5). To
determine the rates of these reactioasuserdefined function YDF), given in
appendix B), was written and exported to the solvdihe other processes were
modelledusing submodelswhich are readily available in fluerduch as turbulence,
turbulencechemistry interaction, radiation, particles initial heating up, pa#dicl

devolatilization, and NOmodels.

Summary of the three cases and the heterogeneous reactions and theusexti¢o

determine their rates apeovided inTable4.3.

Table4.3:; Devolatilization and char oxidation models used in the simulation cases.

Case 1 Case 2 Case 3
Devolatilization Single rate model Single rate model Single rate model
Char oxidation diffusion model kinetics/diffusion multiple surface
model reaction model
Heterogeneous (R2) (R2) (R2), (R3), (R4), (R5)

reactions

4.4.1.3 Gas phase reactions

In the gas phase reactiortbe yields of gases and tars combined are known as the
volatile matter ' 0 €) avhich will evolve during the devolatilizatioprocess. Tis
volatile matter, for simplicity in this study and also because the detailed chemical
species in it are not completely understood due to the complexity of the chemical
structure of coaand biomasswas generallytreated as a single speciwbich varies
depending on the type afolid fuel whether it is coal or biomassd comprising
carbon, hydrogen and oxyged@ U ) in a ratio determined from the ultimate analysis

of the ®lid fuel. Moreover, the formation of volatile products consists of individual
time-dependent species release, but this takes place so rapidly that for most modelling
application they can be treated as a single-tiegendent variabléor the description

of the gas composition inside the furnace the species transport approach in FLUENT
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has been used and for this purpose six species have been:defhed, O,, CO,, CO,

H,O and N. For all the caseshe homogeneous react®{iR6) and(R8) are included
600 @ ° 60 SO0 (R8)

where wandwrepresent the composition of the chemical elemieased on the type of
solid fuel Thus, equating the numbers of atoms of each element in the reactants to the

number in the products gives:

W p WT g (4.29)

® G¢ (4.30)

For coaland biomass typeased in tle currentstudy, the volatile gas species are
represented in the CFD predictionsnal be presenté laterwhich was calculated from

the coal 6s ul ti mat erhe&R/EDmadelthatcalzulatesabobtlethea n a |
Arrhenius kinetic and eddgissipation[1427 rates was applied in the simulations to
account for the turbulent@hemistry interaction and the net reaction rate is chasen

the minimum of the two rates depending on which one is dominating the local reactions
as outlined in chaptéy 3.5.3.2

i &aQ& h (4.31)

T'he Arrhenius kinetic and eddySSipatiOII rates are, IeSpeCtively, givell as

i 0'Y Qw I‘| —' 0 0 (4 32)

l .
Y'Y

where0 and0 are reactant and oxidant concentrations, respectively.

(D¢

0§ -1 EN El+ F 22 (4.33)

FooR B % &

i T

wherel [ is the molecular weight of specigsy is the mass fraction of any product

species® is the mass fraction of a particular reactahtN is the number of species,

(D¢
>t

is the stoichiometric coefficient for reactantand’ % is the product species
stoichiometric coefficient and it will be zero for any species that is not a product in the

reaction.
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For the chemical readbns considered: the heterogeneous orig2) through
(R5) and the gaseous reactiofi®) and (R8), asummary of the kinetics data used in

the present combustion modelling and the valuekarfde are provided iTable4.4.

Table4.4: Kinetic constantsf reactions

Type of reaction Reaction no. Kinetic parameters d e Ref

A E b
(units vary)  (J/kmol)

Devolatilization (R 3.12E+05  7.4E+07 - - - [12§
Heterogeneous (R2) 0.002 7.9E+07 O - . [159
Heterogeneous (R3) 0.052 1.33E+08 O - - [209
Heterogeneous (R4) 4.4 1.62E+08 1 - - [210
Heterogeneous (R5) 1.33 1.47E+08 1 - - [21Q
Homogeneous (R6) 1.30E+11 1.26E+08 - 0.5 0.5 [2171
Homogemrous (R8) 2.119E+11 2.027E+8 - 0.2 1.3 [15§

4.4.2 Coal volatile elemental composition and enthalpy of formation

The molecularformulas of the two coals used in the modelvebeen simplified ira
form that make the numerical simulations simpler. The consewit Sulphur (S) and
Nitrogen (N)havebeen neglected.

For (coal 1) on DAF basis the proximate analysis is 32.6% volatile and 67.4% fixed
carbon (char). Thelementalcomposition of the coal on DAF basisis 86.32% C,
5.36% H and 8.32% OThe relative proportion composition of the volatile is

determined by assuming that its mas® be 32.6% of kg of theDAF composition.

thus

™GO ypmld v PpmIO YW gp T

then
W p@ch
The elemental composition of volatile I8 g Og U g j and this leads

t068’0868'
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The volatiles of (coal 1) has the simplified molecular formuf®@™Og 0 g O with the

molecular weight of 20.67Rg/kmol.

The lower heating value of volati{@ "Ow) is calculated using the following formula:

00w — (4.34)
where"Ois the mass fraction of char in coal [kg/&gal], O is the mass fraction of
volatiles in coal [kg/kecoal] andD "Ows the lower heating value of chawhich is
regarded to be equal to thadtfixed carbon 32900 KJ/KQ.

8 8

5 o @ THAQQ

0 Ow

then

00w o@mn@TICBHYXCXTULWBIEUABQG £ a

The oxidation of volatile of coal lis represented by the following reaction:

60g Ug p&Yo© 60 p&h WQU (R9)

The formation of enthalpy of the volatile is calculated by the following equation:

O B "dﬁ B "dﬁ (4.35)

where’O is heat of reactiorf745442.4658 kJ/kg)and Q}; and "y

are the enthalpy of formation of products and reactanitsJ/kmol], respectivelyThe
enthalpy of ifiormation of the species) , 60 and 'O0 are obtained from
FLUENTdatabaseSolving equatior{(4.35) resulted in the enthalpy of formation thie
volatiles of(coal 9),"Q;  that have thealue of(-5.824x10" Jkmol).

The same steps above have been followed to obtain the enthalpy of formation of the
volatiles of(coal 2,d;, which has the &0} &gawiththe f or 1

molecular weight of 19.97 kg/kmorhe obtained enthalpy of formation has the value
of (-6.8462068x10J/kmol), which is based on the following reaction:

005 U g p® vig © 00 p& (00 (R10)
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4.5 Mesh-independence study

The mesh for the geomgtshown inFigure4.4 is generated using GAMBIA steady

state computation was initially carried out with a grid resolution having a total of
48,000 control volumeswhich is shown irFigure4.5. For proving that the solution is
independent of the mesh used in the simulations, it is important to carry out a grid
independence study. Thereforbetgrid density was slightly reduced to 37,500, and
then symmetrically increased to 52,000, 61,000 control vdumee check their
sensitivity on simulated resultEigure 4.6 shows thetemperature inside the reactor
along the midine for the four gridsandthe predicted resultshow reasonably good
agreement with small variation at the wpam of the reactoiMoreover, Figure 4.7
shows the variation of the temperature along the axial line at an outer radius (i.e., y =
70 cm). It is shown thahe simulation results based on the four meshes are very close
to each dter except for the small discrepancies in the upstream rébhemefore, the

grid thathasa total number of cells of 48000 wasifficient for obtaining a grid

independent CFD soluticendused for carrying out the further simulations.

r (m)

&

1|
gs'l. f

Coal and carrying air inlet
(10 cells)

Figure4.5: The grid of the computational domain.
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Figure 4.6: The variation of temperature predicted along ¢batrelineof the rector
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Figure4.7: The variation of temperature predicted along the line (y = 70 cm) of the
reactor with different grids (coal 1).

4.6 Numerical methods

Solving the governing eqtians of two phases during the course of simulations has
been carried out using the implicit finite volume method. ANSYS FLUENT 6.2
software has been used for solving the equations. The steady state segregated solver ha
been employedvith a pressureelodty coupling derived by the SIMPLE (Semi
Implicit Method for Pressure linked equations) algorithhg#]. The discretisation
process is second order upwind scheme and the evaluation of gradients and derivatives

is carried out by Gree®auss cell based GradieEvaluation method. For getting a
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stable solution, the relaxation factors have been adjusted and the residual for all the
variables converged to £@ut for the energy and radiation to1®ix discrete particle

sizes are considerdd be released fro each cell of the injection surfacehe particles

enter the computational domain through the coal buffrtes.total number of particles
tracked depends on the number of tries of DRW model (see § 4.2.4), which have been
set to the value of 10. Numbera&d¢ | s i n t he i n,jThecefoie,dheré s s
are 1200 particles, which are tracked during the simulatibimsy are tracked cell by

cell through the volume. They are subjected to devolatilization and combustion and
exchange of heat with the gpbase as well. Tracking these particles takes place till

they either burn out or pass out the reactor exit.
4.7 Modelling of NO, chemistry

4.7.1 Mechanisms of NQ formation

In combustion systems including pulverized combustion, the formation and destruction
of nitrogen oxides NOy) emissions are influenced by several factors as fuel properties
and combustion conditions such as the temperature of combustion zone and dire fuel
ratio[212 213. Understanding the chertrg of nitrogen in solid fuel burned systems

mainly can help to improve the measures of;@ntrol.

The nitrogen from combustion air and solid fuel are converted to pollutants
compromise various nitrogen compourgigeh as nitric oxidéNO), nitrogen dioxile
(NOy), nitrous oxidg[N,0O), ammoniaNH3) and hydrocyanidéHCN). NOy oxides can
include mostly NO andioo much lower the contributions from N@nd NO. So, the
focus of NQ models is only on predicting the concentration of NO in the reactive field

of interest.

Without considering the nitrogen contained in the fuel, these emissions are formed at
high temperatures from the combustion air nitrogen and can be limited by combustion
engineering measures to a permitted values. On the other hand, when tusgenaus

fuels and low combustion temperatures, the formation of MOnainly due to the
conversion of fuel nitrogen partially or totally into nitrogen oXiti&5.

During devolatilization, the nitrogen in the solid fuel is releasethasitrogen in the
volatiles {olatile-N), such as TaN, HCN, NH; and N and the remainder is retained

as the nitrogenni the char, which is calle(charN). Most coals contain 0-8.0%
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nitrogen by weight with bituminous coals generally have high nitrogen levels and
anthracite low nitrogen level$he split of nitogen in the fuel into volatill and char

N is important forNOy formation. Consequently, nitrogen release from both coal
pyrolysis and char oxidation must be considered when modelling@&dtions in coal

combustion systems.

Different mechanisms during the combustion of solid fuels cause the formation,of NO
oxides. In combustion field, there are four different mechanisms, which are identified
in the formation of NQ@ nitrogen oxides can be form¢a13 and briefly described as
following:

1. ThermalNO, which is simply formed by the higlemperature oxidation of
atmospheric nitrogen and determined by a sehemical reactionsvhich take
place in a few tens of microseconds, andnegbly temperaturelependent.

2. PromptNO, which is first postulated by Fenimof214]. It is another way in
which the atmospheric nitrogen can participate in the formation of NO. In this
mechanism, the molecular nitrogen is attacked by hydrocarbdicals
produced at high temperature in fuigh regions of flames when hydrocarbon
fuels or coal are burned, producing atomic nitrogen, which is subsequently
oxidized to NO.Therefore,PromptNO is only important in very fuetich
regions with high hydrarbons concentration. Due to reason that the presence
of hydrocarbons is only in the devolatilization zone of the coal flames with a
concentration that is much lower than that in methane flarhes,likely to
make only a small contribution to the totalONformation in industrial
combustion systemsTherefore, it is usually negligible in the combustion of
solid fuels.In pulverized coal combustion, it was estimated that the amount of
NO is less than 10 ppidi15

3. In the combustion of solid fuelsydFNO isthe principle source adhe NO,. It
describes the formation of NO from the nitrogen, which is chergitallinded
in the fuelduring the combustion proces&s mentioned earlier, FUdO is
namely composed of volatiddO and chaiNO and typically accounts to more
than ~ 8094215. The formation of NO is usually assumed to proceed through
the formaton of HCN and/ or Nklwhich are oxidized to NO.

4. In addition to the above mechanisms, there is another mechanism that could be
considered which is nitrous oxide @ intermediate mechanism. In this

mechanism and with the presence of a third body, the matenitrogen is
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attacked by the O atom to form®, which subsequently reacts with O atom to
form NO.
In solid fuel combustion systems, the oxidation of M€ is typically the most
significant source produced during the combustion process with somebcton
from thermalNO. It has been showin [216-218 that over 80% of the NO formed in
pulverised coal combustion derives from the coal, i.e. they results from the oxidation of
nitrogen in the coal (codl), and the remainder is due to thermal and prompt MO. |
addition,the experimeral work carried out by Pershing and Wej@diL5 demonstrated
that the contributions of thermal NO become significant wihertemperatures ithe

coal flames are greater than 1650 K.
4.7.2 Kinetics of NO, reactions

Table4.5: Rate constants for thermal NO chemical reacti@s 6°Y A @DQ 'Y Y.

Rate constant A i E
ky 1.8x10 0 38370
ko 3.8x1d 0 425
ks 1.8x1d 1 4680
Ky 3.8x10 1 20820
ks 7.1x10 0 450
ke 1.7x10 0 24560

In this work,thermatNO and the fueNO were considered~or the former one, NO is
predicted by usinghe Zelovich[219 mechanism with the partial equilibrium approach

for radicals O and OH concentrations. It incorporates the following reactions:

0 0 o 00 O© (R12)
u U 4 UL UL (R12
0 VO 4 DL VU (R13
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where: Q ) h) stands for the forward and , 0 , 0 for the backward rate
constants of the reactions angd 0 and0 "Care oxygen radical, nitrogen radical and
hydroxyl radical. Fluent uses the values compiled by Hanson and Salig#fnas

shown inTable4.5.
The netrate of NO production is:
Qoo ., o~ T w o
— Qu v QU v Qu v'0
Qo <, L4 L4 L4 <, L4 14 114 ~, L4 L4 ”,
Qoo L Quuu Quu 'O (4.36)

where all concentrations have units mdl/m

In order to compute the conceations of NO, the concentrations of N;,ND, H and

OH radicals must be known. It is useful to assume that the rate of consumption of free
nitrogen atoms becomes equal to the rate of its formation and therefore -atqadsyi

state can be established. Thissumption is valid for most of the combustion cases
except in those of extreme fueth conditions. Hence the formation rate of NO can be

expressed as followin@21]:

’?’Q 6 TQTQ 0 0
Q0 0 Q0
¥ — 4.3
Qo v QUL (4.37)

P 90 G0
If the reverse reactions and the third reaction of the above mechanism are neglected, the
following simplified expressiogan be obtained:

QU 0

93 QU O (4.39)

The U and 0 "Oare estimated by the partial equilibrium approach as following:

O o'yl § (4.39)
b0 oY ?® (5 J 00 ! (4.40)
where the equilibrium constanisand0 are as follows:

o o@nm#co (4.41)
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0 ¢ C wp n'Q(bﬁ%wU (4.42)

With regard to fueNO, most coals contain 05.0% nitrogen by weight with
bituminous coals generally hawigh nitrogen levels and anthracite low nitrogen levels.

It was assumed that the nitrogen contained in the coal is completely devolatilized
during the simulations and distributed between the volatiles and the char when a coal
particle is heated. This digution is indicated by most experimental studies of coal
pyrolysis[222. The split of nitrogen in the fuel into volatiles and char is important for
NOy formation. Consequently, nitrogen rage from both coal pyrolysis and char
oxidation must be considered when modelling \N®actions in coal combustion
systems. The key issue is the knowledge of partitioning of the nitrogen between them.
The fraction of nitrogen released with the volatilepatals on the fuel type, the
temperature, and the residence tifa&7. The increase in temperature and residence
time favours the conversion of cddlto volatilieN. On contrary, low temperature

favours the preferential retention of nitrogen in char, which is greater for biomass

[217.

In some studie§223225, it was assumed that fuel nitrogen is distributed evenly
between the volatiles and the chahereasa parameter (char nitrogen as a fraction

of total nitrogen) is introduced to describe this distributiothis analysiss follows:

a
z 443
a P 7 (443
a
z 444
a =5 (4.44)
wherel N gifpQa & , & ,70 and’Oare the mass fraction of nitrogen in

volatiles, the mass fraction of nitrogen in char, the total mass fraction of nitrogen in
DAF coal, mass fraction of volatiles IDAF coal and mass fraction of char DAF

coal,respectively.

The transformation of nitrogen to pollutants takes place via intermediates HCN and
NHs. For both of them, two variations of fuel N@athways are included as shown in
Figure4.8[218 22€9.

The reactions considered for NO formation and the ones that leads to the reduction of

NO are as follows:
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Figure4.8: FuelNO pathways(a), (b)[227], (c) and (d]21§.

The rate of conversion of HCN and blare given by De Soef@28§ as the following
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T 0 @ QwnojY"Y (4.45)
T80 O QOnojYTY (4.46)
T 0 ® QwnojY"yY (4.47)
T 0 ® QuwnojY"y (4.48)

where & is the mole fraction (1/s),( is the oxygen reaction order aritfis the

instantaneous temperature (K).

The kinetics of these reactioasegiven in Table4.6 and the oxygen reaction order is
taken fromTable 4.7. Regarding NO reduction on char surface, the heterogeneous
reaction by which the reduction of NO occurs on the char surface is given as

. N B x

0 i O U E (R18)
Levy[229 who uses pore surfaceear(BET) to define the rate of NO consumption due

to this reaction which will then be:

Y% wd 0§ T (4.49)

where 0 is BET surface area (ikg), o is theconcentration of the particles and
"Y is NO consumption (kg/f¥s).

Table4.6: Reaction kinetics.

Rate of reaction 0 (1/s) ‘O (J/mol)
T 1.0x10° 280451.95
T 4.0x16 133947.2
T 3.0x10" 251151
T 1.8x10 113017.95
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Table4.7: Oxygen reaction aler.

Oxygen mole fraction @
@ I pT 1
P pmT ® pPPPT o®ou Tl
pPpPppMMT ® T8O ™ U Tl W
(A T8t 0 0

For coal,typically, the BET area is 25000 #kg. This valueis used ashe defaultin
FLUENT. The reaction rat€T ) is modelled as

T 6 AgPOjY'Y (4.50)

where T is the rate of NO reduction (molls/ ), 0 is NO partial pressure
calculatedu s i ng Da l0t o rdd 8 ant"Xisvthe mean temperature (Kjhe
kinetic constantsof this reaction ared 2.27x10® (mol/lpa/sfi ) and O =
142737.485 J/mol.

4.7.3 Numerical procedure

Due to the reason that the concentratxd NO formed is so small compared with the
concentration of other species of interest in the combustion process, the reactions
included in the NO chemistry have been decoupled from the pulverized coal
combustion process, i.e. the models of nitrogen tmils are deoupled from the
combustion model and executed after the flame structure has been predicted. Thus, the
method used for NOmodelling in RANS simulations and particularly in Fluent is the

one by which the chemical formation and reduction ratd¢O are calculated by post
processing data obtained frgreviously reacting flow simulations. Another advantage

of this method is the computational efficiency. Standard Fluenipbidprocessing
models considering thermBlO and fuelNO formation wereused and the specie

transport equations for the mass fractioN@f, HCN, and NHwere solved.

IR L R SR - S SIS F S
o ® Ty ® O T Oy Y @S

where® is the mass fraction of NO, HCN, and NBNd"Y is the source term of the

production and reduction of NO.
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Chapter 4 4.7 Modelling of NQchemistry

As mentioned above, thermal NO is calculated according to the extended Zedovich
mechanism with the partial equilibrium approach for the radicals O and OH. On the

other hand, some assumptions are made to calculatB@el

Moreover, diring the process of pegrized combustion, devolatilization takes place
rapidly, followed by the oxidation of the devolatilized products (volatiles) such as tar
and light gases. When these volatiles are released much of the nitrogen contented in the
coal particles is also relezs However, the nitrogen contained in the fuel is partially
released in both the volatiles and the char. The split of nitrogen in the fuel into volatile

N and chaN is potentially important for NOformation.

It is assumed that fuel nitrogen is distitibd between the volatiles and char according
to the parametef, which takes the value d.2 This assumption has been made
because the conversion of the nitrogen released in the volatiles,tts [g@dominant
during pyrolysis in pulverized fuel flames. As mentioned8id.7.2 the nitrogen is
depleted at high tengpatures but at low temperatures it is retained in the d¢har.
particular, & higher temperatures (above 158} up to 7090% of coal nitrogen is
devolatilized [23(. Pulverized furnaces produce high temperature which sesult

releasing most of the coal nitrogen with the volatiles.

In regular pulverized coal combustioabout 6880% of NQ is resulted from the
volatile-N [231]. Thus, by using tle valuelf = 0.2the mass fractions of nitrogen in
both the volatiles and char are calculated using the equafB#3) and (4.44).

Furthermore, the type of coal used in this gtusl bituminous which yields large

amount of tar when compared with the other types of ¢§aal.

Yang et al[233 showed that volatile mattéor bituminous coalss the most important
NO«-forming property and he vdatile-N consists mostly of tarry compounds that at
high temperatures decay rapidly to HGN addition the combustion of the bituminous
coals show more HCN formation than pf234-23€, thusleadng to the assumption
thatthe nitrogeris released via the intermediates HCN and; Mith higher percentage
of the former one. The percentagesed for different simulation runs fahe two
species are shown imable 4.8 and, depending on the local conditioisese two
species will react to form either NO ok.NFor charN path way, it is assumed that all

the nitrogen is released via the intermediate HZMNg 237].
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Table4.8: Partition of volatile nitrogen via the intermediates HCN and.NH

Run volatile nitrogen (wlatile-N) partitioning
% HCN % NH; % NO
1 60 10 30
2 55 10 35
3 52 10 38
4 50 10 40
5 48 10 42
6 45 10 45

4.8 Results and discussiomnf coalcombustionmodel

4.8.1 Combustion model

Three casewere simulatedor both types of coaldn the first two caseghe char was
assumed to be only oxidized to g€@ccording to reactiofiR2). The char oxidation
model usedn the first case (Case ®jas the diffusion modethile in the second case
(Case 2) was theiffusion-kineticsmodel. In the third caggase 3)the combustion of

char was assumed to follow the reacti¢iRg)-(R5).
4.8.1.1 Model validation

In order to validate the model, the sintida results are compared with the experiment
data[207] as shown inFigure4.9 and Figure 4.10 for coal 1 andn Figure4.11 and
Figure4.12for coal 2 It can be seen that the predictions gfa@d CQ concentrations

have a good agreement with the experimental data. In particular, the mass fraction of
oxygen along the axial distamof the reactor ifrigure4.9 for coal 1 andrigure4.11

for coal 2showthatthe results predicted by Case 3 are more close to the experimental
data near the burner than the other two cases, while Cassultsfor coal 1show

better agreement at the exit of the readtoterms of coal 2case 2 show better results

at the exit of the reactor in comparison with the experimental @he&amole fractions

of carbon dioxide irFigure4.10 for coal 1 and~igure4.12 for coal 2also show that the

Case 3 results have very good agreement with the experimental data.
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Figure4.9: Mass fraction of @for coal lalong the axial distance of the reactor.
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Figure4.10: Mole fraction of CQ for coal lalong the axial distance of the reactor.

We note that Zhang et aJ207] also performed CFD investigations in the same
combustion chamber, and the results predicted by the current simulation approaches are
far better than their result€FD 2 means an algebraic unified secesrder moment
(AUSM) turbulencdchemistry model of char combustion that takes into account the
influence of temperature fluctuation on char combustion rate, which is totally
eliminated by CFDOL model (the old char combustion model). For more details one can

refer to referencg207]. They used an EuleriaBulerian model while the current
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simulations results proved that the discrete phase Euleagrangian model is better

suitedmethod for this particular apphtion of modelling coal combustion.
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Figure4.11: Mass fraction of @for coal 2along the axial distance of the reactor.
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Figure4.12: Mole fraction of @, for coal 2along the axial distance of the reactor.

In order to further estimate quantitatively the difference between the experimental and
numerically predicted results, a parity plot of the ®ass fraction and COmole

fractionfor coal lat the diferent axial locations are presentedrigure4.13. The y =z
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line indicates the ideal results i.e. the simulated results are identical to those from the

experiment.
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Figure 4.13: Comparison between the experimental and simulated dats ofiaSs
fractionfor coal 1.ldeal resultdie on the line indicated by y = z

From Figure4.13 abovefor the oxygen mass fraction, it can be seen that the results of
Case3 have good agreement as most of the data points lie very close the line when
compared with the other cases. Results of Cases 1 and 2 have good agreement with the
experiment towards the downstream of the reactor but failed to achieve better accuracy
nearthe burner region as can be seen at the axial distarces® .mlL 4a2nd x & O

where the data placed far from the line.

The same is seen Higure 4.14 for the carbon dioxide mole fraction. However, we
further emphasise thabrinformation is available in Zhang et f207] on the standard
deviation of these experimental data and in pcadtis has to be taken into account in
any comparative plot, and esall, as already mentioned, Case 3 produces the best

agreed results.
4.8.1.2 Temperature and mass fractions of combustion species

The volatile mass fractiofor coal 1is illustrated inFigure 4.15. It is seen that the
behaviour of the elatile release is almost the same in general for all the cases but the
start of volatile release shifts to a downstreacation of the reactofor case 1 and
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case 2n comparison with case. 3his can also be seen kigure4.16, which shows

the distribution of the volatile mass fraction.
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Figure4.15: The variation of volatile mass fractidar coal 1in the axial direction of
the reactor.

The release of volatiles takes place while coal particles are entrainee bgrtler gas

(air), which mixes with the inlet gas (air) supplied through the primary and secondary
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inlets. Therefore, the release and combustion of volatiles mainly occurs at the centre of

the reactor as can be seerfrigure4.16.
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Figure4.16: Volatile mass fraction distributiofor coal I (a) case 1, (b) case 2 and (c)
case 3.

The variation of gas temperature inside the reaadtwrg the centrelinéor all the cases
is depicted byFigure4.17. It is shown that the high temperatwecursin the region
where the volatiles combustidakes placewhich can be identified by the release of
volatiles shown irFigure4.15 andFigure4.16. It can be seen that case 3 gives higher

temperature than that of the other cases.

Figure 4.18 demonstratethe isothermal contoursf the gas phasi the reactor The
maximum temperature of case 3 is 1632 K. The maximum temperature of both case 1
and case 2 are 1604.77 K and 1602.967 K, respectiVeghigh temperature zone at

the upstream wherthe release ofvolatile takes place is due to the exothermoal
combustion Despite the difference in the temperature distribution at the part near the
coal inlet, t can be seethat it is almost thesame near the exit of the reactor. The
variation of temperature inside the readtaficatesthe process ahe coal combustion

when referring td=igure4.17. For all the cases,nge the particles of coal mix with the

air at the feed pointthe mixture temperaturaitially increased due to the process of
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heating up till tle point where the release of volatiles started. At this location the
temperature dropped dowdue to the heat taken by the coal particles thoe
devolatilization process then went up graduallAfter a gradual increase, the
temperatureapidy increases s1a result of the combustion of volatietlowed by the
combustion ofchar. The gas phase reactions have rates that are known to be much
faster than those of the char combustion reactions and therefore they are dominant in
the presence of OThe peakemperature occurat the instant when most of the oxygen

is depleted (se&igure 4.9). When the peak temperature is reached the gasification
reactions become more important and their effectiveness depends on the operating
conditiors. It is clearly seen fronkigure 4.17 that when the peak temperature is
achieved the temperature of gas phase begins to decreases due to comntlemce of

gasification reactions.
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Figure4.17. Gas temperature variation for coal 1 along the axial distance of the reactor.

Figure 4.19 shows the char burnout rates. From this figure and biggare 4.15 and
Figure4.16, it can be seen that both the process of char combustion and the process of
release and combustion of volatile for the whole combustion process take place in the
same time. The coal particles injectatb the reactor have different particle sizes and
some particles are so smaller and some are bigger. Therefore, the smaller particles
release their volatile content faster than the bigger ones and their char content is
combusted while the bigger ones as@ll releasing their volatile content. When
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considering only the combustion of one coal patrticle, it will takes place in a sequence

way based on the assumption made earlier (see § 4.2.2.3).
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Figure4.18: Predicted temperature distributifor coal X (a) Case 1, (b) Case 2 and (c)
Case 3.
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Figure4.19: Particles burnout for coal 1.
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Figure4.19: continued

The distribution of mass fractions of combustion species for the three cases of coal 1 is
shown inFigure4.20 throughFigure4.23 for O,, CO,, H,O and N, respectively. From
Figure4.20, it can be seen that,@ available in the vicinity of the burner. For case 1,

O, is available in the first 10 cm of the reactor for case 1 and in the first 8 cm. For case
2, the availability of @is in the first 15 cm of the reactor. Thesetems represent the
drying zones and the earlier devolatilization zones. The distribution,ah @Ghese
zones is fairly uniform (@does not vary along the axial direction). For all cases,as O
moves further it is consumed by the combustion of volagites char till the exit of the
reactor where only a very small fraction is available as can be séeguire4.9. The
concentration of @in these stages depends on the devolatilization rate, the mixing rate
of volatiles and aidue to the turbulence and the particles residence time. It is seen that

the rapid consumptioof O, is mainly due to the combustion of volatiles.

FromFigure4.21 andFigure4.22, it can be seen th#tie concentration of C@and HO
increase showing high quantities just after the rapid decreasg ®h@® concentration
of CO, reacheghe maxinum valueat the outlet as can be seerFigure4.10, which
gives an indication that thgasification reactionR4) is not effective The mass
fractions of the species CO and fidr case 3 are plotted respectivelyFigure4.24 and
Figure4.25. It is observedhat the concentrati@of CO and H are very smalivithin
the char combustion zon€O0O produced is immediately consumed in the gas phase.
There is only very little of CO appeag in the downstream region which resulted from
the reduction reaan (R4). This is consistent wittvhatmentioned above regarditige
ineffectivenessof this reaction.Regarding H, it increases monotonically along the
length of the reactor as can be clearly seerFigure 4.26, which illustratesthe

variation of mass fractions of species CO andldng the centreline of the reactor
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Figure4.20: Mass fraction of @distribution for coall: (a) case 1, (b) case 2 and (c)
case 3.
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Figure4.22: H,O mass fraction distribution for coal 1: (a) case 1, (b) case 2 and (c)
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0.005

0.004

—cCo
h —HF
0.003

0.002

Species mass fraction
-
=

/

0.001 \

0 / 1 1 | e T 4‘4’/—\\—7-’—77-

O 02 04 06 08 1 12 14 16 18 2
Axial distance (m)

Figure 4.26. Mass fraction ofCO and H for coal lalong the axial distance of the
reactor.

4.8.1.3 Particles depletion and burnout

FromFigure4.27 that depics the mass changd ooal particles along the axial distance
of the reactor it can be seen that there is a flat part of the curves at the beginning for
each particle, which means that there is no mass change takes place and the particles

only undergo a heating process. Ih@so be seen that the larger particles need longer
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period of time than that of the smaller particles to be heated up. Then, there is a
decrease in the mass @lue to the particles devolatilization which takes place rapidly for
the small particles and hecomslower near the exit of the reactor as the particle size

increases. During the devolatilization the volatile matter is rele&sgdre 4.27 also

shows that whole volatile \matter was almost released and the char reactions began.
From the properties of the cqal the solid combustible fraction ofccoBIAF basisvas
approximately 67 % and it is\seen that the decrease in mass reached this value means
that nearly the total volatile maiter was released. This reduction in massngpacied

by the volatile combustiorand this can be identified when referringRmgure 4.17,

where it was.found that the highest rate of change of temperature occurred in the region
between 0.In and 0.4m due to the rapid changé mass of the small particleShis
igure 4.27, where the results show that the
aller diameters (e.g.

r particles, the heat release by combustion is

o
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Figure”4.29 showsthe calculated NO emissions for the third case of pulverized
bustion modelling (Case 3) for different runs. It shows the effect of the
intermediates on the formation of NO. All the runs gave the same trend, but it is clear
that the run with the assummtis: 52% HCN, 10% Nfiand 38% NO has good
agreement with the experiment data availabl2B8. Further, it can be seen that the
calculated profile of NO concentration is rather smooth except at the upstream where
there is a slight difience found between the measured and calculated values. On the
other hand, it gives good agreement in the downstream towards the exit of the reactor.
Referring toFigure4.29, it is seen that the variation of intermediate perggddas an

influence on the formation of NO. Thus, the decrease of the assumed HCN percentage
results in increasing the mass fraction of NO.
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Figure4.29: NO weight fraction for various runs along the axistance of the reactor.
4.8.3 Effects of wall temperature

Figure 4.30 throughFigure 4.36 show the effects of the variation of wall temperature

on the temperature of gas phas®l the species concentrations.Higure 4.30, the
variation of gas temperature along the centreline of the reiaqitmtted. It can be seen

that the gas temperatuirecreases as the wall temperature incredsésalso seen that

the trends are similaf.he other important thing that can be extracted frigure4.30

is the heat needed to the process of char gasificdtimseen that at wall temperature

of 1800 K,more heat is taken for the char gasification than the other cases as can be

identified from the decrease of gas temperature after reaching the maximum value.
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Figure 4.30: The variation of gas temperatuadong the centreline for various wall
temperatures.
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From Figure4.31, it can be seen for all case that the release of volatile takes place in
the same region, but the maxima of volatile mass fraction increasese asatl

temperature increases.
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Figure 4.31: The variation of volatile concentration along the centreline for various
wall temperatures.

With regard to @ concentration,tican be seen fromaigure4.32 that there is no much
change init due to the increase of wall temperature. This is sésmin Figure 4.33,
which depicts the variation of GOnass fraction along the cerine of the reactor
Moreover,it is also seen that COnass fraction for eactase increases along the axial
distanceespecially in the region where there is only little oxygen is available (see
Figure4.32). Thismeans that reactigir4) is not effective

On contrary, it can be seen that the mass fraction £ #kecreases as the wall
temperature decreasédoreover, br wall temperature of 152RB (base caseind the
other cases it is also seen that the concentration obCH along the axial direction
reached its maxima thestarted to decrease atcertainaxial location For the former
case, the decrease in®concentration started the axial locat{@= 1.6 m), whereas
the axial locatioa for wall temperatures600 K, 1700 K and 1800 Kvhere the
decrease of the concentration gfCHis obviousare 1.04, 1.04 and 0.96 m, respectively.

For all cases, this decrease ofHs due to the heterogeneous reacties).

The mass fractions of CO and, Hre plotted inFigure 4.35 and Figure 4.36,
respectively. As mentioned in8 4.8.1.2, since the CO produced due to the
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heterogeneous reaatigdR3) is immediately consumed in the gas phdse to the
presence of @ only a small amount of CO is seen within the char combustion a®ne
shown inFigure4.35. It is seen from the dure that the concentration of CO increases
with increasing the wall temperaturé.can be also seen thhy increasing the wall
temperaturevery small amounts of C&arted to appeaccording to the reactiqiir4)

along the axial distandgetween the axial location (x > 1 m) and the exit of furnace.

H, mass fraction increases with increasing the wall temperature as depi¢ieairia
4.36. It can be also noticed that the concentratiohlpfor all cases increases along the
axial distance of the reactdue to the heterogeneous react{®®). FurthermoreH,
mass fraction increases as Mass fraction decreasbgcause of the reason that the
heter@eneous reactioriR5) becomes more active artflis is consistent with the
decrease in D at the region near the exit of the furnace {Sgare4.34). Figure4.37

shows the composition of gas products at the reactor exit.

Regarding the influence of wall temperature on the concentration of pollutant NO,
Figure 4.38 depicts the variation of NO emissions along the centreline of the reactor
which is plotted by different wall temperaturééhe figure shows that increasing the
wall temperature increases the concentration of Nart from that the peak of the
casefor wall temperaturd 600 K which is lower than that for the base cake, gane

behaviour is visibldor all graphs.
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Figure 4.32. The variation of @ concentration along the centrelif@ variouswall
temperatures.
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Figure4.33: The variation of C@mass fraction along the centrelifer variouswall
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4.8.4 The influenceof air inlet rate

The effects of air inlet on the combustion prockasebeen investigated. The inlet
velocity of the air supplied through the secondanyialet has been variedThe
secondary air velocity takes the values of 11.5 m/s, 13.5 m/s, 15.5 m/s (base case) and

17.5 m/sFigure4.39 shows the variation of gas temperature axial direction. Compared
with the base case, itcde seen that thgastemperaturdor the other casascreases

and reaches a peak valwethe region where the combustion of volati{esge energy
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release rate of the gas phase combustion reacta)char takes placéor the
secondary inlet veloty of 11.5 m/s the maximum temperature is about 2250 K and for
the other two case it is ~8%0 K for the inlet velocity of 13.5 m/s and 1790 for the

inlet velocity of 17.5 m/s. For all cases, the figure shows that the gas temperature
reaches its maximumalue thenlater in the gasification processpegins todecrease
gradually due to the reduction reactidthe endothermic naturef the gasification
reaction$. It is also seen that the gas temperature is almost the same for all case in the
region betveenthe axial locations (x = 0.6 n@nd & = 2 m). In this region, the rate of
decrease in temperature is too sld@we influence of gasification reactions on the gas
phase temperature is clearly seen in the case with the secondary inlet velocity of 11.5
m/s. The variation of the released volatiles along the centreline of the reactor is plotted
in Figure4.40. It can be noticed that decreasing the velocity of the secondary air leads
to that the particles will spend more time instle reactor. Therefore, the residence
time increases and as a result more volatiles will be released as can be seen for 11.5 m/s
case inFigure 4.40. Moreover, It is also seen that a small portion of the volatiles
appears in theegion by the axial distance of 0.68 m till the exit of the reactor, which is
attributed to that there is no more oxygen fleftit to be oxidized (seEigure4.41).
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Figure 4.39: The variation of gas temperature along the centreline at different
secondary air inlet velocities.
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Figure 4.40: The variation of volatile concentration along the centreline at different

secondary air inlet velocities.

The effects of varying the inlet velocity of the secondary air on gas phase spgcies O
CO,, H,O, CO and His illustrated inFigure 4.41, Figure 4.43, Figure 4.44, Figure
4.45 and Figure 4.46, respectivelyAs it is evident fromFigure 4.41 the oxygen is

completely depleted at the axial location (x = 80 cm) for the wikethe semndary air

inlet velocity of 11.5 m/s and at the axial location (x = 1.8 m) for the case with the

secondary air inlet velocity of 13.5 miSompared with the base eafl5.5 m/s) there

is more Q available at the exit of the reactor.idtalsoseen from thdigure that the

depletion of Q for the base case begins at axial distance of 8 cm and takes place in a

region close to the burnéhereasincreasing the secongainlet vebcity to 17.5 m/s

results in a depletion of Owhich slightly shifts in a direction away from the burner.

As it can be seen fromigure4.42, which shows the flow stream lines, the secondary

air effectson the mixingprocess. For the base case, it is shown that thererastex

structure due to the secondary air in the region close to the burner inlet which enhances

the mixing process and leads to the rapid depletion.ofin@reasing the secondary inlet

velocity to I7.5 m/s results in a vortex structure in the redietween x = 20 cm and x

= 30 cm.Figure 4.41 shows that the rapid depletion of @r the case of 17.5 m/s

begins in the region where this structure vortex is formed. The sdmagiber is seen

for the other two cases of 11.5 m/s and 13.5 m/s. It is seen thab tsec@hsumed

rapidly where the vortex structures are credssFigure4.42) because of the reason

that these vortex structures enhancediheng process
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Figure 4.43 and Figure 4.44 show the variation of COand HO along the axial
direction of the reacto-romFigure4.43, it is shown thathe concentration of CJor

the cases with velocities of 11.5 m/s and 13.5 m/s increased when compared with the
base casd-or the former onet is alsoshown that the concentration of €f@ached its

peak by axial distance of 0.88 m then it began to decrease along the axial towards the
exit of the reactor because of the heterogeneous red&tnCO, mass fragon for

the case with the velocity of 13.5 m/s reached its peak value in the region close to the
exit of the reactor at the axial locati(hd 1. 8 8 m) with O®hase zaséheal

case with the velocity of 17.5 m/s shows low concentration of. @Qcan also be

noticed that the heterogeneous reactigr) is not activated in this case due to the

availability of O,.
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Figure 4.43. The variation of C@ mass fraction along the centreline at different
secondary air inlet velocities.

The concentration of # along the axial direction of the reactor iswhadn Figure

4.44. For the cases with velocities lower than that of the base case, it is shown that the
concentration of kD is higher than the latter one the region between (X = 32aoch

(x = 88 cm). The variadn of the mass fraction of GQor case with secondary inlet
velocity of 11.5 m/s reached the maximum value, which is 0.0365, then started to
decreasalong the axial distance towards the exit of the reactor. Such a decrease in
H,O mass fraction is attribed tothe heterogeneous reactigR5) which became a
dominant in the combustion process besides the heterogeneous ré&adjiofrigure

4.44 also shows that the case with secondary velocity of 17.5 m/s produced lower
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concentration of D than thabf the base case. It is also seen that the concentration of

H,O began to decrease along the centreline of the reactor towards its exit.
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Figure 4.44. The variation of HO mass fraction along the centreline at different
secondary air inlet velocities.

The mass fraction of CO and k¢ plotted inFigure4.45 andFigure4.46, respectively.

The behaviour of the variation of CO and ¢bncentration along the axial distance is

similar to that discussed in § 4.8.3 except for that the mass fraction of CO for the case

with the secodary inlet velody of 11.5 m/s, which shows a monotonic increase along

the axial distance immediately at the axaaation(x = 64 cm) where the concentration

of O, falls to zero. This monotonic increase in CO concentratoordue to the
gasification reactioiiR4) and is consistent with the decrease in,@®shown irFigure

4.43. The mass fraction of CO for the case of 13.5 m/s also shows a small increase at
the exit of the reactor. Thengrease of Kl mass fraction for all cases e to the
heterogeneous reactigR5) andalso consistent with théecrease of the mass fraction
H,0. It can be seen that the variation of tdass fraction along the iax direction for
the case of 17.5 becomes higher than that for the base case (15.5 m/s) from the axial

locationof (x  13am) till the exit of the furnacelhis can be attributed to the structure

vortex (seeFigure4.42 (d)) thatenhances the mixing process in this region.
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Figure 4.45. The variation of CO mass fraction along the centreline at different

secondary air inlet velocities.
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Figure 4.46. The variation of H mass fraction along the centreline at different

secondary air inlet velocities.

Figure4.47 shows a comparison

between the base case (15.amd/she case with the

velocity of 11.5 m/s in tersmof the change of the coal particle mass along the axial

distance of the reactor. From th

is figure the coal combustion prtaretee two cases

canbe seenin general, the figure gives an indication that the massiigssoved by

decreasing the inlet laity of the secondary aitt is indicated thaby decreasing the
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inlet velocity of the secondary dihe particles sig longer inside the reactoivhen
decreasing the inlet velocity of the secondary air thesgibthe curves of mass change
become steper which indicate that more char conversion takes place inside the reactor.
Therefore, their mass loss is improvids shown thatll the particlesend theirelease

of volatile matter in the case with the velocity of 11.5 m/s by an axial distaatésth
shorter than thahey do in the base case except tbe particle with size of 16m. In
comparison with the base casecan be seen th#ite heating up stagae the case of

11.5 m/s which is represented by the flat part of the curve, for the particlesn184

>m and 154>m increasedThis means that the heating period increaded the
particle with the size of 1&m, it can be seen that tlrehole mass loss stages takes
place in the upstream region of the readbor, it ends bythe axial distance of ~ 0.4 m

for the case with 11.5 m/s, which is shorter than that of the base~c8sé5(m).As
indicated in the figure,he mass of the particlesf sizes 84, 154, 222 and 2%n
decreased at the exit of the reactor in the case of 11.5 m/s when is compared with base
case. The particle with the size 34 >m shows the highegtercentag of decrease of

~ 31 %.This decrease in mass ratiog(m,¢) atthe exit of the reactor for the case with

the velocity of 11.5 m/s when compared with the base case is due to the commence of
reduction reactions which can be identifidte rapid decreasenigas temperature
(Figure 4.39) due to the heat taken for such endothermic reactiigsire 4.47 (f)

shows the ratio of mass loss the particle with size of 368m. It indicates that the
conversion ofthe char does not occur for both caséiscan be noticed that period of
heating is the same for the two case which is the same for the particles with sizes of
222 and 29m as shown ifrigure4.47 (d) and (e).

The variation ofpollutant NO along the centreline of the reactor is depictdelgare

4.48. As it is evident from the figure, all the cases show higher concentration of NO
along the axial direction when compared with the base case, but thagr@milar. It

seen that the case with the velocity of 11.5 m/s shows the highest concentration, which
is mainly due to the conversion of fudl As mentioned in 8§ 4.7.3 thatang et al.

[233 showed that volatile mattesf bituminous coalsis the most important N@
forming propertyand when referring t&igure4.40, it can be seen that more volatiles

are released during the devolatilization process which as a result contributed to the
higher increasef NO. The same is for the case with the velocity of 13.5 ihis.also

shown that the slops of the curves for the cases with the inlet secondary air velocities of

11.5 and 13.5 m/s are steeper when compared with other two [Eas#se former, this
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becomes more obvious along the axial distance beyond the axial locétien0.8 m).

This isbecause @in this region is consumeefer toFigure4.41) and thereforgthe

oncentration of the Nahtermediate products, which are NCand NH increase

b&cause the reactiori®14) and (R15) become ineffective i.e. they are impedéd.

tur

, herates of the reaction$16) and (R17) become higher due to the increase of

HCN and NH concentrations resulting in lower concentrations of ®@.contrary, he

increase of NO concentration for the case with the velocity of 17.5finstby, can be

attributed to the the reason that morgi©available and therefore the reactigR44)

and (R1%) become more activand, secondlymay result from the onversion of

thermaiN

[y

since more nitrogen is supplied in the inlet air.
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Figure 4.48: NO weight fraction along the centreline at diffet secondary air inlet
velocities.

4.9 Biomass pulverized combustion

Pulverized coal combustiaa a main source to produce energy in power section, but in
the recent years there has been a development towards finding alternatives to be fired
either alone orwith coal for supplying energy. Therefore, biomass is the only
alternative that can replace coal and regarded as the most important of renewable
energy sourceas discussed in chapter (B) this part of the current work, an attempt

has been made to deaith the development of modelling the combustion of biomass,
which is represented by the pulverized combustion of stiespite the general
similarities between the pulverised combustion of coal and thbibofass, there is a
difference between their cmécal compositiongsee § 2.2)The volatile content of

straw is significantly higher than that of coal. In addition, the release of volatile matter

of straw starts at a lower temperature and more rapidly than coal.
4.9.1 Chemistry of straw and chemical reactiors

The straw used in this worik terms of the ultimate and proximate analyses the
chemical composition that is shownTable4.9. The combustion of volatiles released
during devolatilization, which has the faoular formulad'Og 0 g (molarmass =
29.585 kg/kmol) based on the ultimate and proximate analysis, is also treated in the

similar wayof coal volatiles (seg 4.4.2).
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The stoichiometric combustion reaction of the straw volatiles is as following:
00z U g P8t © 00 pP8TtLRO (R19)

The enthalpy of formation of straw volatiles was calculated according to equation
(4.35) and found to be-2.2983193x18J/kmol).

Table4.9: The chemical composition of straw.

Proximate analysis
Ultimate analysis

Moisture Volatiles Char Ash
(W%, AR")  (Wt%, D)  (Wit%, D)  (Wt%, D)
C (wt%, D) 47.3 7.7 79.5 15.6 491
H (wt%, D) 5.68 HHV (kJ/kg, D) 18.493
O (wt%, D) 41.6 LHV (kJ/kg, DAF) 17.244
N (Wt%, D) 0.54 Particle density”( , kg/n? 600
S (wWt%, D) <0.01 Particle size distribution considereds coal
Operational conditions consideredas coal

The baseq1) AR = as received2) D = Dry, and (3) DAF = dry aslfree,wt% on mass

For the simulationof gasphase reactions(R6) and (R19) are considered. In terms of
char oxidation, the heterogeneous reactigf)-(R5) of case 3 of pulverized coal
combustion were considerelRegarding the devolatilization process)ce there is little
direct experimental information on the behaviour of the reaction rates of biomass in
furnace flames wherthe heatingup rate is importanthe present simulation Ignited

to selected works that use a singieetic rate modebccording to reactioriR1) and
Equation(4.22). The knetic parametersd and O used in Equatiorf4.22) are taken

from [158 and the work of Zhou et gl188 and shown ifTable4.10.

Table4.10: Constants of single rate devolatilization model.

Reference =[s7] i [3/kmol]
Fluent[15§ 3.12x16 7.4x10
Zhou et al[188 1.56x10° 1.38x10
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4.9.2 Numerical solution

Some assumptions have been made in the current simulations which involve that the
biomass particles are assumed to be spherical and dry and they are thermallyehin.
conversion of straw particles is solved by the default DPM laws as has been done for
coal combustion presented earlier. The FR/ED modeasésl tomodel the turbulence
chemistry interaction in gas phase. For modelling radiation heat transfer,-the P
radiation model is useth terms of turbulence modelling, stand&dmodel is used.

4.10 Results and discussiomwf straw combustion

4.10.1Combustion resultsof pulverized straw

Two cases were performéd model the pulverised coal combustion of straw in the
same reactor shown fRigure 4.4. The first one(case l)uses the default kinetics for
modelling the devolatilization and the secdidse Il)uses the kinetics athou et al
(seeTable4.10). Concerning the kinetic constants, thesewn inTable4.4 are used.

The straw composition is the same used Qy Yin et al. [239. The operating
conditions are the sanas thoseusedfor modelling the combustion of coal particles,
andare provided bylrable4.11. The size of the particles &so considered to bibe

same as that of coal particles is used in order to compare the characteristics of biomass

with that of coal.

Table4.11: operating conditions giulverizedbiomasscombustion

Parameters Units Value
Biomassmass flow kag/hr 1
Wall temperature K 1523
Volume flow rate obiomasscarrying air m3hr 2.38
Temperature dbiomasscarrying air K 473
Volume flow rate of primary air m3hr 4.68
Temperature of primary air K 523
Volume flow rate of secondary air m¥hr 11.15
Temperature of secondary air K 623
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Figure4.49: The variation of gas temperature along the centrelitieeofeactor.

The temperature variation in axial directiohthe reactor along the centreline is shown

in Figure4.49. It can be seen that the two cases of straw give a temperature variation
close to that of coal (case 3 in coabdel).Even though, the high heating value of coal

is higher than that of straw which should have resulted in more heat release during
combustion, tiis seenwhen usinghe sameoperating conditionghat there is not a big
difference between the maximuemperatures all casesMoreover, the temperature

is almost the same when go further down towards the exit of the fuftsisemay be
attributed to the reason that not all the coal particles lose their mass as can be seen
when referring toFigure 4.27and Figure 4.28. The latter one shows thtte particle
with size of 16 em i s the out@ylOOpamouwt)i cl e
The particles with bigger sizex@ 22 € m) s h o wss than B®br whicho u t

means that less energy is released from them.

The distribution of gas temperature of the two caseshown inFigure 4.50. Apart
from the small differences between the two cases in the upstream regionocibse t

burner, they show a similar temperature distribution.
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Figure4.50: Gas temperature distribution of (a) case | and (b) case II.

Temperature profiles as a function of radial distancdifé¢rent axial locations are
shown inFigure 4.51. From Figure 451 (a), it can be seen that radial variation of
temperature of both straw cases is close to that of coal case in the outer regian far fro
the centre. On the other hand, only straw case Il shows a radial variation close to that of
coal casavith a maximum difference of ~100 K at radial distance (r = 0). Straw case |

shows a maximum difference of ~360 K at (r = 0) when compared with c@al cas

It can be also seen that tthiéference intemperaturdetweenstraw caseand coal case
decreases when going downstream towards the exit of the furRacehe axial
location (x = 0.6 m), shown ifrigure 4.51 (b), it can be sen that the difference
between the maximum temperature of coal case and that of both straw case is ~20 K for
case | and 34 K for case Il at the radial distance (r = 0). These differences are 5 K and
16.5 K in the middle of the furnace at axial locat{gr= 1 m) as shown ifigure4.51

(c). The radial variation of temperature is shown to be nearly the samEi¢see4.51

(d)) and became identical at x = 1.8 m with a difference of 4 K when compared with
that of coal casas shown irFigure4.51 (e).
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Figure4.51: Radial temperature profiles at different axial locations.

The variation of volatiles concentration along the a#ime of the furnace and the
distribution of this concentration are depicted Bigure 4.52 and Figure 4.53
respectively. It is seen that the two cases show a simita.tteis notedalsothat the

the release of volatiles in case Il takes place faster than that in, dadetireaches a
maximum valueof 0.016that is less than #t of the latter which is 0.0184 aan be

seen fromFigure4.52. As it is evident from this figure andigure 4.49, it can be seen

that the release of volatiles and combustion occur in parallel and this is because of the

overlap of the zones of the volatiles releaseraagdimun temperature.
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Figure4.52: The variation of volatiles mass fraction along the centreline of the furnace.
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Figure4.53: Volatiles mass fraction diribution: (a) case | and (b) case II.

Mass fractions along the centreline of the reactor are showigure4.54. It can be

seen that the behaviour of the combustion is similar to that of coal discussed earlier.
Compared to coal when referring Egure 4.11 (case 3) it is seen that the mass
fraction of oxygen is higher than that of coal at the exit of the reactor. Therefore, the
occurrence ofheterogeneous reactiorig4) and (R5) has a littleinfluence on the
combustion procesas it is evidence frorrigure 4.54. As it is seen from the figure,

only very smallfraction of CO andH, appear. For the former one, it can be attributed

to that CO produced is immediately consumed according to the reéetipn
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Figure4.54: The variation of species mass fraction along the centreline of the reactor.

T N \.‘\\
A W .
~ 1 : |‘ v \. \
a i : \ . \
S A S \
.El 08 i :. || |. - \‘\ ......... 16me
2 i : ‘\ \‘ \ -=-=:84m¢e
3 0.6 4 ' | \ \ --=--154n ¢
- I R TN Coreame
a 1 ) | \ \ —— 29I ¢
= ] : | - \ 360 ¢
0.4_ :: | .‘ \' \
02] NN
- E \ '\. c. N
| : :\~ SN
. \ ~ \ \
0 - ~ - ~ A T

02 04 06 08 1 12 T
Axial distance (m)

Figure4.55: Mass depletion of particles with different sizes for case |.

The mass loss of straw particles and theimbut are illustrated b¥igure 4.55 and
Figure4.56. On contrary to coal particles, it can be seen from the figures that the mass

of all straw particles are depleted during their journey inside theoreaatl before they
reach the exit.
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Figure4.56. Burnout of straw particles with different sizes.
4.10.2NOy formation from straw burning

With regard to the formation MO when burning biomass fuelas mentiond earlier,

it is of importance for NQ formation is the split of nitrogen in the solid fuel into
volatiles and char. The fraction in the former one increases with increasing the oxygen
content in the fuels with decreasing rd@4d and biomasscan be included in such
fuels. Moreover, compared with most coals, biomass such as straw and wood appears

to release the nitrogen more readily as the temperatcreaises.

It is also of importance for NOformation is the partitioning of volatdlsl to
intermediate species, which depends on the fuel type, devolatilization temperature and
heating rate. For bituminous coals, the main species observed during the
devohtilization at high heating rates is HOR36 and this was the base for NO
modelling for coal, which has been discussed earlier. On the other hand, low rank coals
and biomass tend to yield a significant amounts of; {i&411]. For biomass, it is
believed that fueN can exist in amine form and therefore, \N¥¢comes the principle

product of its conversion

Based on the study by Liu and Gibf#420 on woodybiomass as mentioned in
FLUENT documents, due to the younger age of the fuel it has been suggested that the
ratio of HCN to NH is 1:9which ha been used in the current investigations of straw
combustion In the currentstudy, the split of fuelN is alsoassumedo be 70% for
volatile-N and 30% for chaN based on the recent stu43. Furthermore,hie latter

onedeaeases ahigh temperatureas shown irFigure4.57, which shows the ratio of
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the nitrogen contenin the char and in the parent fuel as a function of pyrolysis
temperature (on a DAF basis), and thiakes this assumption acceptableas®d on the
same study, is assumed to be converted tg iNtdrmediate, which becomes NO after

further reactions as pointed out earlier.

2 p T
o coal
ps A peat
® straw
".ES 180 o
a S8 Qg < 8
bt | @& o F, 2 8 .
= A
3 a oo B o o
= . o o
8 05F M . . =
= A o
o | L 1
500 1000 1500 2000 2500

Pyrolysis temperature / K

Figure4.57: Nitrogen concentration in char versus pyrolysis temperature for selected
fuels and various experimental methas7].

The nitric oxide (NO) profile as a function of the axiadtdnce for the case of straw is
shown inFigure4.58. It can be seen that it qualitatively fellow the same trend of that of
coal. The values are higher for the case of coal than that of StteeMNO value was
reduced by approxintaly 20%for case | and 26% for casedt the exit of the furnace.
The resuls give an indication that switching talternative fuels thatvould replace
fossil fuels can be achieveaid as a result produce low Némissions.
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Figure4.58: The variation of NO concentration of straw along the centreline of the
furnace.
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Figure4.59: The radial profiles of NO mass fraction at various axial locations.
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The radial profiles of NO are depicted Biygure 4.59. The figure shows that the two
straw cases clearly exhibit lower NO concentration at all axial locations. At the axial
location(x = 0.2 m) as shown ifigure4.59 (a), the variation of NO for straw case |

and case Il increases in the radial direction towards the outer region of the furnace
away from the its centreline with lower values of the former one than thoselaftére

till the radial distance of ~ 0.05 m, where they become nearly the same. The radial
profile of NO fellow the same trend as temperature profile Esgere 4.51 (a)). The
variation of NO at other axial locations is consti@antall cases as can be seerfrigure

459 (b, c,d and e).

4.10.3o-firing of coal and biomassparticles

Co-firing of coal and biomass pulverized combustiomffers the opportunities for
biomass utilization. It is @ fastest alternative that can use biomass for electric power
generation and therefore saving the capital costs by using the existing pulverized coal
combustion systems. Moreover réduces the levels of thendesirable emissiorthat

affect the environmd. In this study, the coal and straw particle are burned inside the
furnace. The particle size distribution is assumed to be the same for coal and biomass
particles. Several simulations were performed. Théired biomass fractianused on

mass basis arB0, 20, 30 and 40%.
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Figure 4.60: The variation of gas temperature along the centreline of the furnace for
different cofiring cases.

The axial profile of the gas temperature along the centreline of thackl is shown in

Figure 4.60. As it is evident from the figure the temperature increases in the
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combustion region. It reaches its maximum value which is ab&git K for 10%, 175

K for 20%, 178K for 30% and 178 K for 40% of cofiring straw. The temperature
increased by, 6.7, 6.3 and 5%, respectively, when compared with toabése case).
However, it can be seen that increasing the fraction of straw leads to decreasing the gas
temperature.

The temperatureistribution of the cefiring cases is shown ifigure4.61. It can be
seen that apart from the differences in the upstream region all the cases have the same

temperature distribution in the rest of the furnace.

Figure4.62 shows the mass weightederage mass fraction of G@t the exit of the
furnace. It is shown that the concentration of,@€creases with increasing the fraction

of straw that is fired with coal.
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Figure4.61: Distribution of gas temperature: 10% straw (a), 20% straw (b), 30% straw
(c) and 40% straw.
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Figure4.63. Particles burnout at the exit of the reactor.

Figure4.63 shows the burnout of coal particles at the exit of the furf@acdifferert
casesRegarding straw particles, the only partidesnoutof case lis includedin this

figure for making a comparisorit can be seen that all straw particles are completely
consumed as mentionezhrlier Concerning the case of co@d00% coal) the coal
particle with the size of 16 em is al s
reaching the exit. Regarding the other patrticles, it can be seen that coal burnout
remarkably decreases when the particle size increases. This can be the reason behinc
that the temperature of burning straw particles gives approximatghg temperature
distribution close to that of coal burningince if the bigger coal particles had burned

completely, they would have produced extremely higher temperature than the stra
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particles doWhen straw particles are burned with coal particlesfifawy cases)it is

seen that the burnout of the coal particles is enhanced. It can be clearly seen that the
burnout of the particlewith sizes84, 154 an® 2 2 iseramarkably increased. On the
other hand, the burnout of the other two particles does not show a great change except
for the case of 40% strawvhich show a reasonable increase in burnout in terms of the
coal parti cl e wiThevariatibneof ceal pardcleufmouafdlmags m.

lossfor the @-firing casess shown inFigure C.1 in appendix C).
4.11 Conclusion

To understand the combustion processes of burning solid furlsarical model for
predicting the pulvézed combustion of coalvas formulated. It encompasseshe
stages, which are the devolatilization, the volatiles combustion and char oxidation and
char gasification. The drying stage was excluded from the simulations as the coal
particles were considere be dry.In the devolatiliztion process, the volatiles are
released and the heat is consumed, which causes the gas temperature to Bethease.
the combustion of volatiles and char oxidation make the temperature to increase rapidly
and this provides thenergy needed for char gasificatidrhe influence of operating
conditions on the combustion process and species concentratpyesided using the
model. The results show good agreement when compared with atteélable
experimental data. They also shthat the combustion inside the furnace was affected
by the coal particles size. In comparison with the larger particles, it was shown that the
volatiles from the smaller particles released rapidly and the temperature reached its
maximum, followed by a d®ease due to start of the endothermic reactions. Moreover,
increasing the diameter of the coal particles reduces the coal burnout at the exit of the

reactor.

Even though they took place, the gasification react{étg and (R5) (the reduction
reactions) have kttle effect on the gas temperatdoe the base casghich shows only

a small decreaselong the axial distance of the reactor after reaching its maximum
value Onthe other hand, when the wall temperature was increased it was shown that
these reactionsspecifically (R5), have a moderateeffect on the variation ofgas
temperature along the centreline of the readtbe cabon-steam reactioriR5) is the
dominating in the reduction stagghis is clear when the wall temperature increased to
1800 K
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The influence of secondary air inlettewas investigatednd led to the conclusiohat

the gas temperature increaseshe region where the combustion of volatiles and char
takes placeby decreasing thénlet velocity of the secondary aiDecreasingthis
velocity also led to enhancing the gasification reactiét®y and (R5), which can be
identified by the increase in the concentrations of CO argpkies in the downstream
region of the furnacelhis enhance ofjasificationreactiors is reflectedon the burnout
process. It ixoncluded that the case with secondary inlet velocity of 11.5 m/s shows
better burnoubf the coal particles than the base case (15.5 m/s) @besdecrease in

the inlet velocity of the secondary air also enhanced the burndo¢ abtl particle by
making the particles to stay longer inside the furnace during their journey towards the

exit of the furnace.

The model of NQ formation successfully predicts the N@missions in the furnace.
Optimised parametric results are foundtfoe chemical kinetics of N(prediction.The
NO concentration at the furnace exit was calculated and the results of run 3 gave the

best combinations of parameters when compared with the experimental data.

The influence of wall temperature and secondarynéet velocity on the formation of

NOy was investigated as well. It was found that NO concentration is affected by both of
them.Increasing wall temperature leads to increasing NO concentration. Regarding the
effectsof the secondary air rate, when comgzhwith the base cagg5.5 m/s) it was

found that NOconcentrationincreaseswhether the secondary air inlet velocity is
increased or decreased. For the latter case (11.5 and 13.5 m/s), it was found that the
slops of the curves become more steeper impasison with the base casad
therefore, the concentration of NO decreases along the axial direction towards the exit
of the furnace.

To compare the combustion of pulverised coal with other solid fuelantduel has

been used to predict the combustidmpolverised biomass, which is represented by the
combustion of pulverised straWithin the context of combustion,hte results obtained

by using the same boundary conditions and particle size distribafiooal particles

gives an indication that burningjternative fuels that can replace coal is applicable
without affectingthe performance of the furnace. It was found thattemperature
distribution when burning straw particles is nearly the same as thanedbtidom
burning coal.The saw particles wh this size distribution are completely burned out
inside the furnace when compared with the coal particles with the same size, which

show that increasing the size of the particle results in reducing its burnout. It should be
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bear in mind that milling thbiomass particles to such a particle size distribution is not
cost effective as mentioned earlier, therefore, instead of burning the straw particles

alone they can be dared with coal particles tamprove their burnout.

With regard to the formation of ®, when compared to coal combustibnvas found

thatburning sawproduces less N@ith 20 and 26% for case | and Case Il respectively

It was found that the ecombustion of pulverized particles of coal and straw enhances
the burnout of the coal partideand as a result the gas temperature inside the furnace
increases. It was found that the fraction of 10% of fuel that was replaced by straw gave

the highest temperature.
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5 Multiphase modelling (Euler-Euler
approach)

This chapterhnas beerdedicated to developing a mathematical model basethen
EulerEuler approachAn attempthas beermadeto model the combustion of carbon
particleinside anewly designed combustiarhamberIn the combustion casgwhich
have been presenteth the previas chapter, it was found that tl®ulerLagrange
approach is better suited thdre EulerEuler approacliior such casg(continuous flow

of fuel). Howeverthe latter one is morapplicablefor the followingcasebecause the
carbon particles are locatedansmall cap inside the chamber (static combustion); i.e.
there is no continuous flow of the fu@lhe objective is to apply theEulerEulermodel

to evaluate the influence of tiparticle size and the design of the chamber. Concerning
the latter one, theffect of the chamber height on the combustion fldrae been

investigated.
5.1 Mathematical model

5.1.1 Conservation of mass and momentum

The descriptions of multiphase flow as interpenetrating continua incorporate the
concept of phase volume fractions denoted byolume fractions represent the space
occupied by each phase. Conservation equations of mass, momentum, energy and

chemical species, are satisfied by each phase. The volume of phaselefined by

w | Qw (5.1)
where
B | P (5.2

N . (53

The conservation of mass for a single phase is given by:
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— 18”® B Qno QIQE a6 Qe O QI (5.4)

where,, is the phase velocitf.hese external influences suchtlas rate of production

of species in the phase by chemical reactions and the diffusion flux of the species.

the present case of multiphase modelling which includes a gaseous phase and granular
solid phase, each phase would be modelled with its owrepn@tgn of mass equation.

For the gas phase is:

— 8 " ® Y (5.9)

- (5.6)

where the subscripQis for the gaseous phase, the subscriptfor the solid phase and
the source term;Y is the specific rate of production of the mass of the phadag to

chemical reactions where

% % (5.7)

For a general single phase case, the forces acting upon the control volume include body
forces, pressure forces), gravitational forces, " and the surface viscous forcesy.

Then the conversion of momentum equation becomes

8" i noe 8f (5.9)

In the case of multiphase flow modelling an additional force that considers the
interacton between the gas phase and the solid phase® ® is required.

Furthermore, in the case of reaction modelling the mass exchange between phases is

considered in the form of source term.

The momentum equations for the gaseous @hasd solid phase respectively as

following:

0 ® ® Y @ (5.9)

and
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: 8 ” bb N N g f | 7@
® ® Y® (510

The stressstrain tensors for the viscous forces are as following:

For the gaseous phase is

f |1 ® @ -] ‘' & ©0 (5.11)
andfor the solid phase is

fo Y & b L, gp ‘O (5.12)

where:* and‘ are the shear viscosity of the sgaus phase and solid phase
respectively and is the bulk viscosity of the solid phase and taken from works of Lun
etal[190. 0 , is the momentum exchange coefficient for fluid solid and calculated by
using the SyamlaD 6 B r i e rj244nas tbikowing:

0 —6 — b b (5.13)
Yo —>2 2% (5.14)
6 ™ o ﬁ (5.19)
O0p ™ 6 TBIYQ < T@igvYQ T®cYQcd 6 0 (5.16)

whereQ is the diameter of the solid phaseatjudes, 0 is the drag function which has
a form derived by Dalla Vallg245, Y Qis the relative Reynolds number aing is the

terminal velocity correlation for the sdlphasd 246

with
o | 8 (5.17)
and
6 | 8 fory O 0.85 (5.18)
and
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6 | 8 for| >0.85 (5.19)

5.1.2 Conservation of energy

The fundamental physical principle is that the ratehainge of energy must equal the
sum of the rate of heat added and the work done on the fluid. Then, the conservation of
energy is written in the forms of the enthalpy for each phase as follows:

— 17 Q 8 7 0Q Y O YO (5.20)

— 17 8 " 0Q Y O YO (5.21)

whereQ and™Q are the enthalpies of gaseous phase and solid ,pleapectively and

_ and_ are the thermal conductivities of both gaseous and solid phases respectively.
0 is the heat exchange between the phases @nhdepresents the source term. It
includes sources of enthalp@ is the enthalpy forach species in the mixture and

is the mixture thermal conductivitfhe specific enthalpyy;, for the individual species

in a mixture is defined as following:

Q. Q7Y YO (5.22)
where,, is the specific heat, andiQ;; is the heat of formation.

0 6 QY Y (5.23)

and the heat transfer coefficieif® which is related to the Nusselt numbérp is

given by

o J— (5.24)

Nusselt number is typically calculated from one of the many correlations fauhe i

literature. In this case, the one has been used is that proposed bj2&1nn

66 X pm U p ™XYEOi! P o C8|
p&l YO i (5.25)

0i —— (5.26)
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YyQ —> (5.27)
5.2 Turbulence modelling

In this work, to model the gaseous phase, @emodel was used. Within the context

of the @ models, Alient[158 provides three methodsr modelling turbulence in
multiphase flows. In this case, tf@& dispersed turbulence model is used to model the
gaseous phase. This is because of the reason that the concentration of tti@rgecon
phase (solid phase) is dilute. Therefore, the interparticle collisions are neglected. The
dominant process in the random motion of the solid phase is the influence of the
turbulence of gas phase. Fluctuating quantities of the solid phase can thieeeforen

in terms of the mean characteristics of the gaseous phase and the ratio of the particle

relaxation time and the edgbarticle interaction time.

The eddy viscosity model is used to calculate averaged fluctuating quantities. The
Reynolds stress teor for the gas phase is calculated by using the following equation:

f | 'F ® Y - "y 8Y0 (5.28)
Cev 6 — (5.29)
th -0 — (5.30)

The transport equations for turbulent kinetic gyeéand its dissipation rafe for the

gaseous phase are as follows:

~

8 » v 8 - | O | "
| (5.31)

8| ” ¥ 8] — g | — & "Of
0 "7 |7 (5.32

where'¥ is the phaseveighted velocity," ; is the turbulent viscosityt ; is the
charateristic time of the energetic turbulent eddies, and represent the

influence of the dispersed phase (the solid phase on the gaseoysapllé®g is the
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production of turbulent kinetic energfhe model constants are takennfrd.aunder

and Spalding153 to be as following:

0 =144,6 =1.92and6 =0.09

The turbulent Prandtl numbers f@and] are, =1.0 and, =1.3 respectively.
5.3 Overview of numerical methods

CFD software provides a usedefined function (DF), with which the heterogeneous
chemical reaction between the sloéind gas phases was defined and incorporated. It is
included in the appendixD{. For the boundary conditions, the veloaityet was
selected for the inlet condition with air inlet velocity ofmls. The pressure outlet was
selected for the outlet of trhamber. The walls are stationary with-slip condition.

The method used for carrying out the simulations was the finite volume method. The
simulations use unsteadyate solver. For the discretization of all conservation
equations, volume fraction, mafsaction of chemical species, eta firstorder upwind

was used. The evaluation of gradients and derivatives was carried out byGanesn

cell based Gradient Evaluation methddble 5.1 summarize the parameters of the
solver. The time step was set as 1%K)

Table5.1: Solver parameters.

characteristic Value

Pressuréased Enable

Formulation Implicit

Space 3-D

Velocity formulation Absolute

Porous formulation Superficial \elocity
Discretization First order upwind
Gradient option GreenGauss cell based
Pressure velocity coupling Phase coupled simple

5.4 Geometry and boundary conditions

The geometry ofa newly designed combustion chamber is showrrigure 5.1 (a)
which consists of a small cup located in the centre of the chaifibercomputational

domain is a cylinder with an internal diameter of 48 mm and length of 101 mm. The
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dimensions of the cup are 20 mm in diameter and 10 mm in h&gld. carbon
particles are placed in the capdfor the dispersion athe particles the air is supplied
through the three injection nozzJesach having a diameter of 3 mas shown in
Figure 5.1 (b). The nozzle in the middle wasatle with an angle of 30from the
horizontal line for the sake of injecting the air into the centre of theThwgpgeometry
of the combustion chamberas createdby using solid works which was then exported
to the preprocessorGAMBIT to generate the meshnd specify the boundary

conditions as shown irrigure5.1 (b, c).

N\

(b) = (©)

Figure5.1: (a) Combustion chamber (Model 1) with holder frame, (b) computio
domain and (c) grid of the domain.

For the boundary conditions, the veloeityet was selectedith an ar inlet velocity of

1 m/s The pressure outléte. the zero gauge pressuvgs selectedtthe outlet of the
chamberas shown irFigure5.1 (b) and he walls are stationary with rsdip condition.
The combustion simulatiorsre performed for particle sizes wittifferent diameters
(0.5mm, 1mm 1.5mm,2mm, 2.5mm and 3mm)The particle of 1mm diameter is

assigned to the baline case. The other particle diameters are also simulated for
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comparison.The particles ar@assumed to be inelastic and matispersed spheres
Thus, n each casgthe solid phase is assumed to have a unifparticle size The
volume fraction of thedid phase is set t6.6 for all casesowing to the void that is
always present between the particieach case has its own particle size, which means
that six simulations are performeth unsteadystate solver with ime-stepof 10°sis

used The canbustion modelling is based on the tploase EuleEuler approach which

takes into account the interactions of the gaseous and solid phases. The char
combustion is consideredccording to theheterogeneous reactiofR1l). The
combustion rate of char is assumed to be limited by the chemical kinetics because the
only reactive species that is included in the gas phase i§h@n, the reaction rate

(kmol/m’s) is defined as

~

i Q6 o (5.33)

where 0 and 6 (kmol/m® are the concentrations of carbon and oxygen,

respectively; and is the reaction rate constant given by the Arrhenius type relation:

T oYQon — (5.39)
The kinetic constants are providedTiable4.4.

A userdefined function (UDF), with which the rate of the heterogeneous chaémi
reaction between the solid and gas phases is defined, is developed and coded in C++
language and incorporated in the solver. S@s&umptiongre made to simly the
combustion modelling:he composition ofsolid particlesis a pure £00% carbon. In

reality, this is not the case and to some extent the existence of inherent moisture,
sulphur, nitrogen, and other noarbon components will affecthe combustion
characteristicaMoreover, he virtual mass effect is neglected because the density of the
sdid phase is greater than that of the gas phasee the particle size is small the lift

force is not significant and as a result it h&lso been neglected. Therefore, the

interaction between the phases is only due to the drag force.

5.5 Grid -independencestudy

Initially, a grid-refinement test is carried out in order to estimate the grid size and mesh
quality required for the simulation. It is commonly known that more accurate solution

can be obtained from numerical simulations with a higher number of utatignal
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mesh cells. Therefore, a gitdfinement test is carried ofdr the coal particle size of

(2 mm) by sequentially increasing the number of control volumes inside the chamber.
The peak combustion temperature presentddigare5.2 against time (sec) shows that

the variation in the results obtained by the two relatively higher resolution grids
(551486 and 977899s very moderateAnd the results obtained by the grid cell size of
474748 lay between the rdtsuof the highest and lowest density grids. Thus, one of
these relatively higher resolution grids will be suitable for the simulations, but in order
to save the computational time the grid size of 474748 is used to perform all the

numerical simulations.

2000 -
< 1900 ]
& i T 977899 cells
= 1800 £l
g : — - - 551486 cells -:','.
8 1700 ] 1
g - — = 474748 cells //,,
+— R /.
x 1600 1 - . — 232219 cells ,1-';’.’
) ]
0 1500 - i
1400 ] il
: i
1300 ] 2
E - . et
1200 ==/ ————F—————F—————
0.05 0.15 0.25 0.35 0.45 0.55 0.65

Figure 5.2: Maximum temperature inside the chamber for the particle size of 1 mm
diameter for base case.

5.6 Results and discussion

5.6.1 Base case

For the case oh 1 mm particle diameter, the volume fraction affetient simulation
time-steps is shown ikigure5.3. At the beginning the volume fraction was set tq 0.6
and the results taket the midplane of the combustion chamber shibnatthe volume
fraction of the solid phaggrogresse upwardthe chamberlt canalsobe seen that the
carbon particles move upward where good mixing of the partiglbsthe injected air

through the nozzles was obtained.
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DD5 0.1 015 0.2 025 03 035 Df—l 0.45 D5 055 0.6

Figure5.3: The variation of volume fract|on of the solid phmehe middle plandor
the base casé¢particle diameter ol mm) at different simulation time(s): (a) 0, (b)
0.05, (c) 0.1, (d) 0.15, (e) 0.2, (f) 0.25, (g) 0.30, (h) 0.35, (i) 0.40, (j) 0.45, (k)(©.50
0.55and (m) 0.6

205



Chapterb5 5.6 Results and discussion

Particularly, the results show thedme particles are accumulated at the centre of the
top wall of the chambeafter 0.2 sec and this can be identified by referrindrigure
5.4, which illustrates the high temperature zone inside the chamber at the different

time-steps.

From the temperature distributioat the mddle plane showin Figure5.4, it is also
clear that the combustion was sustaiaed the temperature of the gas phase rapidly
propagatesupward from the cup due to the release hafat during the process of
combustion Moreover,the temperatureontour profiles furtheshow that the location

of the combustion zonmoves tothe top section of the chambeith time, and the
wavinessseenin the contours irthe lower right regiorattributes to the air ifjection
from the three nozzle#t is shown that the flame expands longitudinally in the chamber
and after the time of 0.2 s it reaches the top wall of it and starts to expand latérally.

hot gas is reverted back towards the cup and expands laterally towards the side walls.

To viswalize the propagation of the flame more clearly, some horizontal sections are
taken at different locations of the chamber height. These locations are aty = 4, 6, 8 and
10 cm. These slices display the temperature contours at different times as can be seen
in Figure5.5. The figure shows the progress of the gas temperature inside the chamber
in two ways. It shows the variation of temperature contours as a function time in the

vertical direction and as a function of chamber heiglténhorizontal direction.

It can be seen fronkigure 5.5 that the flame is concentrated at the centre of the
chamber and the temperature expands horizontally towards the side walls of the
chamber as the time Es. At time 0.2 s, the flame reaches the top wall of the
chamber (refer td-igure 5.4) then it starts to expand towards the side wall of the
chamber. Therefore, it is seen that at the height location of 10 cm which is verjoclose
the top wall that the flame expands towards the side walls at t = 0.3 s. This is obvious at
times of 0.4 and 0.5 s.

Temperature contours at the same height locations for the cases of the particle size with
diametes of 0.5 mm and 1.5 mm are providedappendix (E). It can be seen that there

is not a big difference between the former one fSgareE. 1) and the case of 1 mm
particle size. On the other hand, the latter one kggpere E. 2) shows a clear difference
compared with the case of 1 mm particle size. The temperature distribution at
horizontal sections at different locations of the height of the chamber for the other

Si zes 6 c a skgsreH. Jprowdedimtime appendix (E) as well.
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Figure5.4: The variation of temperatuta the middle plane for the base cagenfm
particle diametershowing at time (s): (a) 0.05, (b) 0.1, (c) 0.15, (d) 0.2, (e) 0.25, (f)
0.3, (g) 0.35, (h) 0.4, (i) 0.45, (j) 9.&) 0.55and () 0.6
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