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Abstract

Inorganic particle deposition and wieadyslag flow is one of the main issues
entrainedflow gasifiess causingseveral problems especially tap hole blockage and
emergencyghutdown

For the first part ofthe experimentsn this study, slag collector prob&as used tdake
depositios and analyze blockage in terms of operating conditions and particle
trajectories. Increasing the temperattgsulted inhighertotal depositionAlthough by
increasing the temperature the weight of slag dropieteasedbut, it did not guarantee
the safe operatioby preventingblockage.The reason waanderstoodo be related to
different effects of temperature orash depositiorand slag flow ratelncreasing the
temperaturgincreased stickiness of the particles and amounthefdeposition, but,
decreasedhe viscosity and causedigher slag flow rate which could removenore
depositionfrom the plateUsing wo coaltypesproved that ash composition hessential
effect on the amount and thicknesstlod deposition.For fuel with higher ash viscosity
increasing the temperatunesulted in higherblockage probability.BackScattered
Electron (BSE)f this fuel showed that irehearing particles on the gace of slagnade
the surface sticky for other particles to stick. For this, fthed effect of increase in the
particle stickinessvas higherthanthe decrease in slag viscosit¢omputer Controlled
Scanning Electron MicroscopZ CSEM analysis of thisdel showedthat the percentage
of excluded minerals was hightdran includedonesand most of irorbearing particles
were in excluded conditioff.he coalwith higher calcium content hddwer ash viscosity

and increasing the temperatureesulted in higher slag flow andlower blockage



probability CCSEM analysis of this fuel showddat most of calciumwasin included
naturewhich resulted irmoreparticle coalescenamakingbig agglomeratios The most
important understandingf comparingthe results of thee two fuelswas that inorganic
matter loading (especially loading rate of irand calciurmp can be more effective than
theviscosity in inorganic depositioncreasingparticle velocitymostlyresulted inower
deposition.The reason is most probablyatdd tothe residence timearbon conversion
and kinetic energyLarge particlesat low emperature and high gas flow hbmvest
deposition tendencyfwo different types of feederonfiguratiors were usedto evaluate

the effect of particle trajectoryiheresults showed that thgarticleinjection patternhas
significanteffect on the deposition growth at different locatiohise feederleadingthe
particles to collide with the wall in anarrowarearesulted insevee depositon near the
feeding spatOther feederwith wider sticky surfaceesuledin more uniform deposition
with lower thicknessFinally, it was understood that the traditional deposition models
must be enhancedby consideing new parameters such as iron loading, mineral
association typeand the deposit surface formdaly aerodynamic of théeeder

The difference of theron concentration on the surface and bulk of depositions made a
motivation to investigate the possibility tife surface reactionsAnalyzing slag surface
under reducing anithert atmosphershowedthat iron can react with gaseous species and
leave the surface which can leachtdecrease ithesurface stickiness.

The secondset of the experiments igperformedbased oncontrolled injection of the
inorganic particlesThe results showedigher deposition byncreasing the temperature.
Increasing the particle velocisfightly decreased the deposition at lower temperature and

slightly increased the deposition at higher temperatiireas understood the effect of



velocity is elated tothe liquid fraction of particlesincreasing the impact angtd the
particlesslightly led to higher dgosition. Effects ofthe impact angle and velocity were
muchlower thanthe effect of temperature.

A 2D-axisymetric modelwas developed to snulate inorganic deposition Particle
interaction with the wallvasintroduced to the models User Defined Function (UDF).
The operating condition parameters and the propertietheoinorganic mattersvere
consideredn the submodeland the results wesaved inUser Defined MemoryUDM).
Comparison of ie modeling andexperimentalresults showeda reliable accuracyof
location of depositionbut, the errorof the amount of depositiowashigh which thought
to bereasonableansidemg the simplifying asumptionsIt was understoo@ynoringthe

mineral associatiowith coalcould be the main source of eisor



Preface

The main results and understandiiof this work are presented in chapters 3 to 5 of this
thesis in the form of research papers. In tolai some extra results and analysis are
presented in appendic& C and D The ideas of all the experiments are mibata
collection and analysis in chapter 3 to 5 and literature review in chapter 2 are my original
work. | am the sole author of all thehaptersMy supervisor, Dr. Rajender Gupta of the
Department of Chemical and Materials Engineesngervised all my works including

the experiments and modeling during my PhD progtarbring my ideas into practice in

the most efficient wapnd providedne required corrections and modifications to edit the
chapters.

Chapter 3 of this thesis has beenlmhied as Hosseini S,and Gulgg fi | nMattey ani ¢
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Chapter 1. Introduction

1.1. Overview of coal andgasification process
Coal thesolid organic rockis one of the mospopularsourcesof energy because is
exuberantly, evenly, and widely distributed all around the w@rdd concentrateth few
regions)and therefore is not affected the geopolitical tensionsCoal is a cheap ergy
source which isery easy to transport and stqfd. It is proventhat there isnear 1000
billion tonnesof coalin the world It is predicted that the gb@l demand othis fossil fuel
at the end of current decadeaches to 9 billion tonnes per yeAs a matter of global
energy productioncoal is the second source @fiergy by producing about 3086 the
requiredenergy in the worldafter oil which prodaes 31%)[1]. The nost important
application of coal is in power plant for electricity generation and today more than 40%
of the electricity poduced worldwide is coddased and in many countries such as China,
India and the United States this contributi®even highefl].
Combustionis traditionaly the majorprocesdor utilization of coalwhich is under huge

global objectios. This objection is mostlylue tothe sevee environmenal pollution
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(nitrogen and sulfur oxid¢andgreenhouse gasnissions ¢arbon dioxide)Furthermore
low efficiency ofthe plantsworking based on the coal combustion prodeads to higher
fuel consumption and finally mogollutans production.Governments and Industriese
now more concernedbout the issuesf air pollution and global warmingTherefore
more innovative technologiexlaptable withthe stringent environmental regulatiofsr
utilization of coalseem to be necessaxyconsistently deabith the increasing demand

for energy[1-3].

Particulate Gas Shift Synthesis Gas
Removal Cleanup Reactor Conversion
— p—
J -5
Fuels and
c— — Chemicals
Gasifier )
7~ N\ Particulates m ¥
‘—1 Carbon Dioxide
Sulfur By-product s"'e}’:;'fagt?o':‘ Sequestration
Gaseous
Constituents Solid By-product \ |———————————» Hydrogen

oal,
Petroleum coke, Gas

Biomass, ;
Waste, efc. Turbine

Electric
' Generator
Air

Heat Recovery
Steam Generator Y
am == | ———
v
y

-

Air Separator Combustor,
A > «— Air ? [ D s Hedlic
Coal Power
a @ Oxygen| ~_Compressed Air Fuel Cells

Air

Solid By-product Steamn Stack

Generator
Electric
Power

Figurel.1l: Gasificationbased energy conversion options [4]

Steam Turbine

For clean and efficient utilizatiorof coal, gasificationcan be a suitable option
Gasification isa procesghat convertanycarbon containinduel to the gaseous pragtts
with utilizable heatingontent[2,3]. In fact, gasification isa proces$o upgradeanysolid
fuels (such as coal, biomass, municipal wastes wfigcich are hard to handle and

operation by convertingit into a gasmixture that can beprocessedpurified and used

2



much easief2-5]. Gasificationis an endothermigprocessin which oxygen, steam and
carbon dioxidecan beused as gasifying agenthe main desired product oagjfication

is syngaswhich is amixture of hydrogen and carbonornoxide Syngas an be used for
many purposes such as electricity generatjas the most important uye petrol
production, methanobimethyl ether DME) and ammonia synthesisre reduction and
domestic useR2-6].

Using gasification technologyhe efficiency will beimproved and the environmental
impacts and greenhouse gas emissions wiigeificantly reduced2]. The production
and efficiency of the gasification process is affectednigny parameters such as
chemical composition ahefuel, types of the gasfying agents, operating conditiofise.
temperaturepressure particle size of the fuel, residence time of fuel particles in the
furnacg and type of feeding or injectiofburner configurationwhich determins the
contactpatternand consequently thextentof the reactiors between fuel and gasifying
agents[2,3]. The systemsthat work basedon gasificationtechnology are typically
capable ofutilizing all carbon containindeed stocks, such as coal, biomass, petroleum
coke, heavy oil sand residuetc [2]. The IntegratedGasification Combined Cycle
(IGCC) isatechnology which utilizesoal gasificatiomprocessnstead ofthe traditional
combustionprocess This processs widely reportedto be more efficient with higher
thermal efficiency and lower fuel cemmption) withlower environmentapollutants
[3.4]. Separatiorof sulfurand nitrogerspecieqwithout production of S©and NQ) and
also CO; capturecan be performed much easier in gasification protiessombination
with Carbon Captureand SeparatiofCCS) which leads to manyconomical (lower

cost) and operational (lower volume@dvantagesespecially in gas treatment units



compared withraditionalcombustiorbasedoower pants[3]. Althoughhigher efficiency
of the gasificationbased processand wde applications of syngdgas the main desired
product) make gasificationa valuable and interestintgchnology to secure thexisting
sources of energyfor future generationsbut, gasification processgespeciallywhat is
currently appliedin power plans) is not as reliable athe combustioAbasedprocess
Availability, reliability and safety during theoperation of the plants which use

gasification process atee main concerns anskues for its wider applicatidg,3].

1.2. Details of gasification process

Containing many homogeneous and heterogeneaeactions makes gasification an
extremelycomplex chemical procesdnside a gasifier, coal particles usually undergo
three basic stages that take platghe same time becausetbé high tenperature and
high heating rate. These stages argrolysis (devolatilizatior), partial oxidation
(combustion) angasification B-7].

During gasification processfirstly devolatilization starts by rapid increasen the
temperature ofhe feed particlesvhich leadsto breakage ofthe weaker chemical bonds
As a result of this stagars, oils, and hydrocarbon gasee producedavhich then might
participate in other reactiorte form H, CO, and CQ@ The carborcontaining particle
that remaingrom parent particlafter dewlatilizationstage is called char anidenreacts
further with gasifying agents likesteam, @ and CO; [4]. Char gasification involves
heterogeneous (gasolid) reactions inwhich carboncontent ofthe char particleis
converted intosyngas. The gasificaion processreactions might be exothermic or

endothermic[2]. The main endothermic reactioms CO, reduction andthe main
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exothermic reaction isburning of carbon with oxygen to produceCO,. The main
reactions that occur during gasification process casubemarized abelow|[2]:

Reaction of oxygen with carbaand hydrogen:

6 0 9 80 YO o wdifadéa p p
¢6 0 ° 80 YO pppdWaéa P ¢
¢O 0 © ¢00 YO cqtaqifaéa p o

Water gas shift reaction

00 6P O 60 YO 1 déd p T

Gasification withCO;( Boudouar doés reacti on)

6 60P ¢60 YO pxqiaéa p U

Gasification with stean\Water gas reactign

00 6P O 060 YO popiaéd (O I

Gasification with hydrogenMethane reaction

6 ¢OP 860 YO xw aé a P X

Steam methane reforming reaction

60 O0P 60 O YO c¢mnpdéa p U

Due to low oxygen concentration (Oxygmnfed at sub-stoichiometricamount based on
the inletfeed carbon content) and highlgducing conditionsluring gasification process,
most of thesulfur existing in the fuel will beconvertedo hydrogen sulfidevhich can be
separated easilyTherefore the amount ofthe environmentalpollutans and harmful
gasegroduced bygasificationprocessare much lower in comparison with conventional

combustion proceds8 4].



1.3. Gasification Today

The revolution in gasification technology started dulest 1520 years Great increase
in the costs oénergy is the maireason for this facDuring 1980 the price of oil was 20
30US$/bbl butin early 2000the priceincreased td5-70US$/bbl[2]. Sharp growth of
industrializationlead to anincrease inthe energy demandind consequentlypeople
looked at coal as an alternet interestingsource ofenergy especially because of its
cheaper price andider availabilityto bea substitute for energy sources with unstable
prices[2].
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Therefore big companies aimed to participatetire gasification technology progress to
be more involved itheworldwide energy productioiasificationtechnologyof Texaco
built an integratedcoal power planin 2004 in US and then corporationof GEE and
Bechtel developd a 630 MW IGCC plant In Italy gasification technologis applied for
heavy oil desulfurizatiomnd power generation in threefinerieswith capacitiesn the

range of 250500 MWe. Pernis refineryof Shell in Netherlandsproduces285 t/d



hydrogen and generates 115 MWThere are lots ofjasificationbasedprojects in the
planningor designphase invarious industries imther Europearmountries Anotherfield
which received increased attentienproduction ofchemicalsfrom coal The Eastman
plant in KingsportUbe in Japamndsomeof the othereminentgasification technologies
(such as Lurgi, GE Energy and Shelbrk in this area?].

Attention tothe Canadian oil sands has increageshtlydueto the high price of crude
oil. Based orthefeasibility studiesgasification can ba key technology in development
of oil sand utilization especially upgrading processesidue isan interesting feed for
gasification procesd.ong Lake projecby Opti Canadas the first plant operating with
gasification technology and many other plants are in the preliminary stage of design and
construction[2]. Sherritt International designed some gasification gléaised orthe

coal reservoirs in Alberta.

1.4. Typesof gasification technologies

Gasification process can be performed in diffetgpe ofreactorsmainly basedn the
operating conditios and obligated requirementswhich are determinedy the fuel
properties.The principal groups of gasifieapplied in diferent industries arefluidized
bed gasifier, fixed bed gasifier and entraufleav gasifier [3,8]. Figure 1.3 showdbrief

information about the characteristimseach type of gasifiefs].

1.4.1. Fluidized bed gasifier

Feedparticles inafluidized bed gasiér have moderate sizéygpically in the rangef 0.5
5mmwhich must be drietdefore suspensian thebed The bed might be made of ash or

sandandis fluidized by gas flow8]. The operating temperature difig kind of gasifiers



mustbe kept very low(usually lower than1000°Q, becausgat higher temperature ash
particles coalesce artdereforeagglomeration might occuwhich results innon-uniform
bed fluidization Therefore feed must be checkeoefore using to ensurinat the ash
fusion temperaturefaoal is higher than operating temperatuwkthe reactof8]. Based
on this fact fluidized bedgasifiersdo not operateat slaggingcondition In addition,
because ofow operating temperature, this kind of gasifi€appropriate for reactive coal

andalsothefuelswhich containpoisonoushazardous and troublemakeaterialg3,8].

1.4.2. Fixed bed gasifier

In afixed bedgasifier, the coal particles(usually with big size#n the rangeof 5-80mm)
and the gasifyingqgens are passethroughreactor incouner-currentpattern[8]. Due to
working with largefeedparticles the residence timim this kind of gasifier must bleng.
This kind of gasifierdoes no have the temperaturestrictions andan operateitherat
low temperaturgdry ashmode) or at hightemperaturg(slagging mode) Because of
working withlarge particlesit isrecommendetb use highly reactiviuelsin this kind of

gasifier[3,8].

1.4.3. Entrained-flow gasifier

Flow pattern of fueland gasifying agentss concurrentn entraineeflow gasifier with
very shortresidence time ofuel particles(usually in the range of-50s). With low
residence timeacceptableconversion can be achievedly by recycling a part othe
downstreamun-reacted materialsincreasingthe temperature and usingmall ske
pulverized fuel8]. Operating at high temperatures typically higher ttr@ash melting

temperature rangehe inorganic contents of fuedre melted and produce a slag layer



which flows down onthe wall of gasifierby gravity and thenis discharged ttough a
taping system at the bottor@perating under intense conditiomaakes this kind of
gasifiersuitable forhigh fuel throughput andjives it flexibility of workingwith a wide
range of less reactivielels This gasifieris also capable of working Wi dry or slurry
feed B].

Among various gasification technologiegplication ofthe entrainedflow gasifiershas
increasedsignificantly because of its high efficiencyigh capacity,relatively simple
design and operatioand also its lowerenvronmenal related issueslIGCC plants
commonly utilize atrainedflow slagging gasifier becausge there is an essential
requiremento havevery low concentrationf sticky particles irthe exit gas flowto have
appropriate performanceiith less possible trouldein the downstream equipment
turbinesandin CO, sequestration and capturrit. For this reasonit is desired to design
the gasifier in a way that most thfe ashparticles sticko the reactor walland finallybe
removedas slag througthe bottom othe gasifier §, 9].

Most of the commercial entraideflow gasifiers areperating inslaggingcondition Slag
can penetratento the refractory and causesrrosion, erosion, refractory cracks and lead
to material lossln designing step of the entrainréidw gasifier, ash conterfamount and
composition)of the fuel is acrucial parameter which has minimum and maximum value
[8]. Steady removabf slagdepends highly on the flow behavior of slag which can be
characterized by various parameters such asdaeatyreand compositiorependence of
the viscosity ofslag[8]. One of he main disadvantage of the entrainedflow gasifier
results from the low concentration thie fuel in the gasifyingeaction zonend the ce

current flow pattern of the fuel and réaat which eliminategshe possibility ofthe



internal heat exchange between the product gas and incoming €eaforhe other
issuegelated tahe entrainedflow gasifierare B,10]:

- Issues related to the feeder system and Vet sifetime of burners

- Short lifetime oftherefractoryused for wall protectiaon

- Fouling,corrosionand erosionn down-stream equipmersuch asyngas cooler.

- Tap holeblockage due to unpredicted and unsteady flow of slag
For most coal types, usualtyore than 50% of the aslows downon the wallof furnace
as molten slagnd the restis carried bythe outlet gasas fly ash The quench tank
temperature must hereciselycontrolled becausgif uncontrolledflashng happens and
steamgenerates in the tank and goe® the gaifier, it might causean increase in the
deposition thickness blgeat consumption and increasing swidification rate of the
flowing slag p].
As a matter of wall design, entrairdw gasifiers are categorized intefractory wall
and membrane wallThe first typeis much simpler and cheapbut the lifetime ofthe
second typés muchhigher. The reason is that the wall temperatuth@membrane wall
gasifier is usually lower due the heat exchange with coolirftuid (usually waterjand
thereforethere will be a solid layer which protects the Wa8llLO]. Slaglayer can actas a
heat transfer medium bgbmetimesnight alsoplay a catalyticrole. For exampleferric
oxide in the slag can oxidize carbdj: [
"0 009 ¢0Q0 0L P W
Also carbon might be oxidized lmxygen containing species suchsaslium sulfateq:

0WwY 16° 0wY 160 p pT
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Figurel.3: Different types of commercially available gasification technolog|&$

Blockage in the slaglischargehole at the bottormmay lead tocostly emergency shut
down and affect sbngly the reliability ofthe gasifier. Although, it has beerseveral
decadesincetheentrainedflow gasifiershave been commercialized and widely received
attentiors, but, thar reliability is still a bottleneck for wideuses especiallyn power

productionplantswhich arenot supposedo operatebased omisky processefl0].
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1.5. Research objectives

As discusseearlierin this chaptergasification isan environmental friendly process for
utilizing of coal asa cheap and aimdant source of energlispecially IGCC which is a
promising technology for poweayeneratioruses gasification process as the main part of
its combined cycle. Despitaf the advantages dhe gasification processhe safety and
reliability of this procssarestill big obstaclesor wider applicatios. Oneof the main
issues affecting the reliability dlfie gasificationprocesss unpredictednorganicmattes
behavior in terms of ash deposition and slag formatimcontrolled slag flow which
might leadto the bottom hole blockage is mentioned in lots of studies to be the main
phenomenon reducing the reliability and availability of t#rainedflow gasifies.
Despiteof the importance of thi®ccasion the slag flow blockage is not studieshd
charactezedwell as a function of operating conditions and fuel properigperimental
analysis otheblockage probability is very difficutnd costly intheindustrial plantsin
order to do the thickness measuremamalysisand takingdepositsamplesat various
conditions gasifier must be shut dowrafter each specific conditiomhich is not
economicallyacceptablén industrialscale.The type ofthefuel is one of the main factors
determining theinorganic behavior, ash deposition and slag flow, but ehare little
studies on Canadian coals regarding slag formation in gasification prbcasslition,it

is not economically reasonabledo experimental analysfer all the conditions to have a
reliable prediction othe mineral behavior. Thereforenoceling theinorganicdeposition
and slag flow providea good opportunity to have reliable predictions sy desired
operating conditiorusingvarious types of fusl But, to be sure about the reliability of

the model, it must be tuned based tbe experinental results at the same conditions.
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Considering all of above discussgithe main objectives of this research are fourfold as

below:

1-

Evaluation the inorganic deposition and slag formation especially considering the
blockage probability in terms dlfie operating conditions, fuel characteristics and
differentfeeding configurationiigjection type$. A cylindrical slag collector plate
made ofKawool paper is used to take samples at different location inside the drop
tube furnace. Temperature and particléoery (by adjustingthe gas flow rate)

are studied ashe operating conditions. Two types of Canadian coals with two
different sizes of eachuel are used to investigate the effect iobrganic
compositios on the mineral matter behavior. Two different fal injection
configurationswvere tested to evaluate the effectlod particle flow pattern orthe
inorganic depositionHaving all the results in a table provides a valuable data
bank to have a reliablesourceof the mineral mattersbehavior and blockage
probability. Image analysis such &canning Electron MicroscopysEM) and

BSE analysis are utilized to analyze the deposition samples at different locations
produced under various operating conditionEnergydispersive Xray
spectroscopy (EDX) helps tmalyze the composition of the samples.

According to the literatureone of the mairstepsin any CFD modeling ofthe
inorganicparticle deposition and slag formation is particle capture criterion which
is introducedto the softwareas apredeterminedule to decide when a particle
sticks to thewall and when a particle reboundsfter collision with the wall. The
second part othe experiments is performed based tire controlled particle

injection. Particles are injected with specific temperature, veloagrbon
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conversion and impact angle on a ceramic plate. Based on the amainet of
deposition and comparison of all the dataparticle capture criterion can be
achieved This part ofthe experiments needs to be continued in future to have an
extended d@ base to reach a comprehensive reliable capture criterion.
Performing aCFD modeling for ash deposition and slag formationduring
gasificationis the third and last step of this studommercialANSY S-Fluent
software is usediscrete Particle Model (EM) is usedfor particle trackingand
EulerianLagrangian frame work ispplied for simulation of the gasparticle
interactionto increase the accuracy of the modghsed orthe particle capture
criterion introducedo softwareby UDF, the inorganicdeposiion is determined
based orthe affectingparametersuch operating conditions and properties of the
particles and wall surfac&@he depositionresults are saved UDM. The model is
developedbased oran electrically heated drop tube furnasdich wasusal in

the experiments; therefqréhe experimental results can be usedvalidatethe

modeling results.
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Chapter 2. Literature review

2.1. Introduction to mineral matter behavior in coal gasification
The expression ddsh iscalled tothe inorganianaterialremaining ater consumption of
the combustiblepart of each fueparticle during high temperatureutilization processes
Fly ash is a heterogeneous mixture of inorganic nsatte&rving a composition
approximatelyclose to the orignal mineral mattes in coal. Ash residue is mainly
composed of oxides and sulfatfg. Due to the high temperature in entraindidw
gasifier (which is usually higher than ash fois temperature)ash particles meltand
producemolten slag layer on the wall of gasifierlt must be noticed thathese isa
difference between ash and mineral mattednchangednorganicmattes in theraw fuel
are called mneral mattes [6]. Some ofthe pure minera in coal arekaolinite, calcite,
pyrite, quartz, dolmite, illite and anorthiteAfter utilization processtheseminerak will
be inthe form of various oxides such as SjQAl203, FeO, FeOs, CaOetc in the ash.

Figure2.1 shows ash and slag formation processluring coalgasification Build-up of
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slag on thewall of gasifiercan causerosion andcorrosionof the refractoryand also
creates many other problems during the operation of gasifiers andlownstream
equipment such asyngas cooleand lead tdhe extramaintenanceostand unscheduled
emergencyshutdown Therefore, ash deposition relatsdueswhich essentiallyaffect
the operation ofthe entrainedflow coal gasifiersare usually avery big andhighlighted
concernof any designerDuring chaii slag transitiona particlecan deposion the wallof
gasifier and consequentlyts burnout beavior might be affectedby changng the

residence timand available active surfaeeeafor reaction[7,10].

01, H:0, COs H, CO
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Reaction £h -

Figure2.1: Conversion process of coal particles in an entraidéalv slagging gasifierq]

Uncontrolled slag flow andlagrefractory interaction infllence the reliability ofthe
gasifier Thereforeg it is very important to studghe inorganicmattes behavior ad slag
flow at high temperatureand have more accurate information abowsh fusion
temperature viscosity, temperature of critical viscosi¥cy), the influence of fluxing
material etc [8]. Viscosity of dag is mentioned to bdhe most important property
governingthe slag flow behavior. fie rate of slag discharge and the d&gerthickness
on the wall of gasifier stromg depend orthe viscosity. kv is the temperature at which
the behavior ofthe slag flow starts to deviate from Newtoniawifl and with small
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decrease irthe temperature the viscosity increagapidly [8]. Steady andcontinuous
dischargeof slag is one of the basand vitalrequirements for normal operation thie
entrainedflow slagging gasifiers. For slag to have continuous fémae appropriate layer
thickness its viscosity at thedischargetemperatureanust be lowenough(typically less
than 25 Pa)s[8,1]]. In order b have low viscosityone approachis to operate avery
high temperaturef¢r exampleby increasing oxygen which might redutiee heating
value of syngasand also decrease the life time tbe refracory walls and another
proceduras to addfluxing materialsuch adimestone and dolomitgl2]. In order to have

a suitable slag floywoperating temperature of gasifier should be higher thanltTmust
be noted thaalthoughoperatingat low temperaturean result in very viscosgdagflow
with high thicknessbut, operatingat very hightemperature can causery fastrefractory
abrasiorieadng to unacceptable maintenance cdstereforean optimization is required
in this casePreliminary studiesnight showthe demandof the large amount of fluxing
materials owvery highoperation temperatureghich based othe cost analysi€an result

in extra operatioal expensesndconsequentlynake a particular feedstockreasonable
for the utilization process Therefore it can be concluded that the viscosity of slag
determines the suitability of a particular coal for a gasification process. In order to have a
reliable assessment dfe suitability of a particular coal for a specific gasifier, knowing
the compsitional and temperature dependencéhefslag flow behavior is significantly
important[8,11].

It must be noticed thahere isusuallydistinguishablalifferencesbetween thegroperties
of the laboratoryash (produced in muffle furnaceand the ash geerated under the

conditions of t .hTée reasod ussoal rash propertigsare highly r
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dependentto the conditionsat which the ash is generatatid the history that each
particleexperienced inside the furnageshes produced undegal gasiication conditions
usually undergdransformatios suddenly and in a very short tigneut, the rate ofthe
changes irthe laboratory ash is usually much slower. Thignifies the great importance
of taking and characterizing samples from real conditi@atser thanrelying on the

studies otheash produced by muffle furnaf#s,14].

2.2. Various types of mineral matter in coal

As a matter oskize, distributiontype and degree @fssociation withithe coalmatrix, the
original mneralsin the raw coal are céegorizedinto two major groups oihcluded and
excludedminerals Includedmineraladdresseto the inorganianateriak thatwerea part
of the plant from which the coabasderived.Excludedmineralmentionsto the inorganic
materiak transported by winénd water and deposited in the péating the process of
the fuel generation6]. Different degree andypes ofassociationof various minerals
within the coal matrixresult in different characteristics and behavior duriagy
utilization processesThe degree and strength of different species associassantially
affect the time after whickachinorganic particlecan be released fmthe char particle
and then might be able to adh¢oehe surfaceof the wall or other particlesTherefore
characteration of the mineral association especialfgr low melting pointinorganic
matterssuch as iron, calcium and alkabntainingminerals is of great importance. In this
regard Rasskdid valuable studies andategorized the association wfany inorganic
species[6]. As anexample for iron (as one of the main inorganic elemeatfecting the

deposition behavior) the associatmith the inorganicdepositioncanbe categorizecas
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oxide fumescamefrom the organicallyattachedr included partssulfide andoxidefrom
partially oxidized pyrite(which might be separateor inheren}, large sizeresiduesorm
separatesideriteand dssolved iron(usually from inherent sourc@&) the melteddeposit
mainly containingsilicate[6].

Reactions othe volatilized maters inthe hot spotsection ofthe flame and nearby area
lead to theformation ofthe fume matters which mostly are composed a@fism and
potassium sulfatesndarethe maincause othefouling problemsy condensatioon the
cold surfaces inthe industial boilers and furnaces[6]. Sticky film resulted by alkali
condensatiomlays a precursor role toapturethe transporédresidueparticles by the gas
phase and also may cawesdra maintenance expenses dutheamaterial loss by forming
corrosive componds. Sulfate form of edium, potassiumand calcium make upthe
majority of the submicron size particles iany utilizationprocessegspecially working
with pulverized coa[6,14]. Rassk 14] reportedthatapproximatelyhalf of the sodium in
coal vaporize to form saltsduring the high temperature processeBhere are some
evidences showing that sodium capsuogher silicacious inorganicmattersin the ash
residueor in the carried particles by flue gek5]. In combustion(at both high and low
temperatires) sulfur is the maimeasorof corrosion Some alkali sulfate compoundan
be meltedat temperatures about 830°Baving adequateconcentratiorof sulfur in the
form of sulfur trioxide (S®), dkali iron sulfatesmight form liquid film at temperatures
as low ass40°C[6]. While cooling inthe bottom section of the reactor or downstream
equipment aitemperature around 160°6ulfur trioxidecondenses to form sulfuric acid

(as an extremely corrosive compournfilenoughexcess air is preseim the process
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Under reducing conditiaduring gasification processhost ofsulfur will be convertedo
hydrogen sulfideH.S) or other sulfidespeciesn thedeposits §].

Properties of coahre completely different form its mineral contei@pecific gravityof
theraw walis in the range of 1:2.4 whereas the mineral contents have spegifavity
in range of2-5 or evenhigher([6]. It is hard to determinéhe mineral matter ate fuel
from ashresidue remained after the utilization pro¢cd®sauseduring hightemperature
operationsinorganic content othe fuelexperience many physical transformations and
chemicalreactionsand onlyfew minerals such aguartz may remainapproximately
unaltered during high temperaturgrocess As a matter of compositionmost of the
minerals in coatan be categorizddto one ofthegroups below§):
Aluminosilicates-Clay minerals

It can be said that imerals in this group are the masell-known inorganicmattersin
coal such as kaolinite andlite. Minerals of this groupare usually categorized as
excluded minerals becausieey are usually tansported by wind or wateCrystalline
types oftheminerals of this group usually have waitetheir lattice structurgs].

Sulfide minerals

Iron disulfidespyrite and marcasitévhich havethe samecomposition and formulaut
different crystalstructure and are calletimorphg are themajor sulfide mineral§ound
in most coal types These minerals are afrucial importanceduring any utilization
processbecausgtheybring a sigriicant shareof the totalamountof the sulfur into the
processwhich canresult infouling, corrosionand also causenvironmental problems by

high SO emissionduringcombustior 6].
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Sulfate minerals

The mineralsof this groupusually might not beobseved considerablyin the mineral
content offreshraw coal howeveriron sulfide might be oxidized and producesulfates
during mining process Gypsum and barite arthe most famous sulfatdsund in the
fresh coals§).

Carbonate minerals

Carbonatanineralsare reported to beelated to the environmewf the initial stages of
fuel formation andusually are composed ofiron, calcium andmagnesium. Calcite

(CaCQ) and siderite (FeCf)arethe major carbonates in mdgpes ofcoal[6].

2.3. Types of slag layer

Slag layer can betypically classified iio four categoriescrystaline, glassy, plastic and
alkalescentvhich are different irthe structure anadtonsequently have variopsoperties.
Measurements based on theerimental observatiorshowedthat the thickness of the
flowing slagis minimumfor crystallayer typeandis maximumfor glassylayer type The
slag film propertieamust be carefully studied as thaffect thefurnacetemperatures,
progressof the heterogeneouseaction and coal conversidoy influencing the heat
exchange ratbetweengas phasand the wall of gasifierThe slag film on thewvall of
furnaceis divided into three layerd 6]:
- The exterior sectionwhich is called the real liquid flowing layer and based on
experimental analysishis layer usually containsno solid crystals (usually with

temperature higher than,J.
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- Plastic flow layelocatedbelowthereal liquidlayerin which some solid crystals
mightbeobservedusually in the temperature range otd Tcv).

- Thelastlayerwhich is located between plastic flow layer and the wall of furnace
is the solid immobile layer Based on the operating temperature of the process and
type of the wall of gasifier (refractory or membrane wadli)s layer mighexist or
not Temperature of tisilayer is typically lower thancl.

Having the fixedrate of ash generatio{constant amount of the inorganic matters which
stick to the wall in specific operational timdahe slaglayer thickness on the wall of
gasifier can be adjusted by the thézad and the processtemperaturevhile doing the
operation or by adding fluxing material (to decretts®viscosity of slag) before doing

the operation16.

2.4. Effects of mineral matter composition on slag flow

Ash deposition and lag flow behavior significamgl dependson the ash fusion
temperatureand viscosity which both depenan the mineral composition ofthe parent
coal. Adding fluxing materiabr additives is a method tdecreasehe viscosity One of
the major components existing the ash and slag isiS>. A famousproposed theory
which can explain many aspects tbe behaviorof the viscosity of melted deposition
(mostly includingSiQ,) is network theory which is based dhe effect ofincoming
oxides onthe silicacious network.Oxideswhich lead to ioreasethe viscosityare called
network formersandoxides which cause decreasdhe slag viscositare called network
modifiers [8]. Based onthe network theory larger viscosityhappens whetthe net is

biggerdue tothe more internal frictiorbetween he layerswvhen liquidlayer flows [17].
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Silicon dioxide as the principal componantthe ash acts as a network formefhe
alkali oxides such ada0, K>O and LpO arecategorized intmetwork modifiersgroup

The role of alkaline earth oxidassich as M@, CaOdepend on their compositionin the
deposition layer By adding CaOand MgO (when their concentration is lgwthe
microstructure beconsdnomogeneouandcause tdreakthebig nesto smallerones (by
importing more negative oxygen iongnd conseqgently, viscosity decrease®Overall
content of CaO and Fe€buld greatlyaffectthe viscosity andTc, [8,14,17]. Song et al.
[13] reported thatadding CaOleads to decreasan the melting point (ash fusioi,
viscosityand T of the slagandthe extent otheimprovingis different for each additive
material In this regardWei et al. L8] observed that Mgadbetter effect than CaO in
improving the liquid contentf slag. Adding 10%f MgO wasfound to be more efficient
than 20% of CaO itheliquid formation. Figure2.2 shows the effect of CaO on the flow
temperature of ash and slag. Adding CaO until 35% reduces the flow temperature of ash
and slag an@bove that increasingaO shows network formeeffect [13]. Lingxue et al
[17] evaluatel the effect ofCaO onthe slag behavior and founithe same trendThey
reportedthat Ty firstly decreaseby increasing CaO, and then reaches a minimum value
when the content of CaO is around 15%. et al [L9] studied the effect oinorganic
matters compositionon the fusion temperature and concluded that the formation of
anorthite is the main reason for low ash fusion temperaBaged on their hypothesis
mullite (3Al203-2SIQy) reacts with the added CaO to form anorthite (CagDARSIO,)

with low melting temperatay, but, by adding more CaO, Gehlenite is formed, thus the
liquidus temperature increasel9] 20]. Depending on the chemistry of slagspecially

the concentration adlkali or alkaline earth elementsluminum oxide (Al>Oz) and &rric
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oxide (FeOs) can bea network former or aetwork modifier[8]. Different states of iron
exhibit various effectsn theviscosity The state of irorfFe?* or F€*) generallydepend

on the operating conditions such d@smperature, pressure awdidizing or reducing
environmet [12]. Some elements may have more important role in slagging behavior
and also may change the temperature at which slaggingsotur is one the most
important elements in slagging behavior and at very bmicentrationsthe slagging
propertiesof the inorganic residue might be observadtemperatures as low as 700 °C.
The dissolution of iron in the aluminosilicates and quartz decreases the melting point of
the mixture. Another affecting component is sodium whitasa highlightedrole in slag
formation at lower temperature8]], 22].

To characterize theeffect of the composition on asldepositionand slagbehavior
defining parameters such as base to acid ratiallali indexis very helpful These
indicesare mostly relied omhe ratioof basic omponentsKeQ, CaQ MgO, NaO and

K20) to acid compounds (SK) Al20z) in the ash multiplied bgome other empirical

factors[23].
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Figure2.2: How temperature of ash and slag with the different CaO contd@3]
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2.5. Effect of atmosphere ormash deposition andslagflow

Atmosphereof the reactorsurroundingthe ashdepositionand slagayer influences their
behavior mainly by affectinghe viscosity especially when the sample contan
considerable amount afon. It is widely observedthat at a constanttemperaturehe
viscosity is usually lower under reducing conditionghan the viscosityin oxidizing
environment[18]. Based onthe atmosphere characteristickhere are two types of
entrainedflow gasifier. The first type isair-blown gasifierwhich produces syngas with
concentration odbout10% H and 30% CCandthe other type isxygenblown gasifier
usedfor producing higher concentration of syngas including approximately 39%m¢H
60% CO.Inorganic depositin and slag layer characteristics within these two tyges
gasifiersare different Experimental mvestigations show that the slag from-laimwn
gasifier is glassy and granulabout, in oxygenblown gasifier iron oxidemight be
completelyreduced tathe elemental ironstatewith different shapes at solidondition
which may causeroblems with the slabandlingafter discharging 18]. Wei et al. [B]
observed thator COy/H2 ratio of 10/9Q the liquid content in slag higherthan CQ/H>
of 50/5Q Most d these king of observatios are related to iron athe mostplenteous
heterovalenklementin the inorganic depositiortausingvital variation under different
oxidizing and reducing atmospherén XRD pattern ofthe slag produced at C{H, of
10/9Q the characteristic peak of iron was detected which is becaustheofron
precipitation in strong reducing atmospheiiderefore it can be corladed that the
precipitation of iron particles influenseahe characteristics of the sldgr example by
changing he liquid behaviorfrom Newtonian to Plastic flow12]. Gupta et al. 32]

highlighted the existenaaf CO; in the atmosphereasa strongly affectingeason foithe
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mineral transformations in the char particteging gasification processes. Basedtbe
experimental observatian they reported thapyrohotite and iron oxidesare essential

reagive phaes showinghe mostransformationsn the presence of C®

2.6. Mineral matter transformation during gasification

Mineral mattersin any fuel such ascoal undego many physical and chemical
transformationswhile heatingin any high temperatureutilization process The first
change idosing water of hydration andhoisturereleasg6]. In a normal coalmoisture
might be in the form ofsurface moisture,nherent moisture and chemicalipounded
moisture(which determinegherankof thecoal). Surfaceadsorbed and intdattice water
existing inthe clay mineralsevolve through an endothermic transformatiorthe early
stage ofthe heatup process[6]. Then releag of CO, and sulfur oxideshappens by
calcite decomposition anuyrite oxidization Liquid phasdormation initiatessintering at
about650°C (might vary by formation of various eutectiaghich finally leads melting
and thenreactionsstartto occur inthe liquid phaseat about1000°C. At temperaturg
higher than110C0C, volatilization of alkalis happes and at the same timethe
endothermic lattice destructionightcommencd6]. The processes mentioned above can
be analyzed usin@ifferential Thermal Andysis (DTA), but, the heating rate in this
method isextremelylower than the actual heating rate a particle sateough real
utilization processes inside the furnaBased on this factnany researchers reportuht
waterreleaseandstructurechangesisually will not be fully completedespecially during

the early stages dfieprocesg6].
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Bulk properties ofthe inorganic matters affect the process of transformatiohhe
modification and alteratiom the shape and structuad theinorganic matterare mainly
governed and dominated bye properties such asigace tension and viscosiyhich are
functions ofthe temperaturecompositionand atmospherén this regard=renkel (1945)
reportedthat therequiredtime for an irregularly shaped particte transformto sphere
can be approximately calculated by the equation bgl@iv

i 1Q ¥ ¢ p

In aboveequationr is the distancef a point on thenitial surface from the center tie
sphee with the samesolumewith radiusi , p is viscosityanda is surface tensiofl4].
This correlatiormight be usefulto validate the spherical particle assumption in modeling
based on theesidence time dhe particles In this regardtiis widely accepted that most
of the inorganicparticles passing arouritie flamewith the temperatureof 1430°C or
higherhavesphericalshape; howevethere are somexceptionssuch agjuartzparticles
which have very high melting temperature and therefore might only be partially surface
melted andhold their original nonspherical shapeThe final shape depends aime
compositionsize, residence time atige flame temperaturgg).

Inorganic constituentsn coal during combustion or gasificatiazan transforminto
vapors, aerosoland solidor liquid ash.After structural changéollowed by fusion at
high temperaturesnorganiccontent inthe ashmight undergomany possible chemical
reactiors. Some of thaeactions among thmorganic mattersat high temperatures are
listed below P4, 25]:
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Figure 2.3 shows the mineral transformatioh coal ashBy increasing the temperature
the amount of mullite increaséas the mairthermodynamically stableompound at high
temperaturesthe amount of Si@decreases because of the reactions betweena8tD
Al20sz, but, some inorganic compounsigch assillimate havemaximum valugat about
1300°C). Al theseobservations provéhat reactiors happenin solid or liquid phase
betweeninorganic matterst high temperatures during gasification procg$. [On the
base of XRD resultsmost of mullite and Si@are in crystal phaséSsome inorganic
compoundg might undergathroughdifferent pathwayg and structures changet high
temperaturesalyalite (Fe(SiOs)) sometimes transforsnto glassyphasesut sometimes
transbrm to ferrite phase@vhich is not stable because sifong polarizationand is not
detectabldy XRD analysis Due tothelack of accurat@and reliablanethod tostudy and
analyze the generatednarphous phase&TIR is potentialy the bestavailablemethod
for determination the change of melts structaral the degree of polymerization of
aluminosilicatenetworks (uring any utilizationproces} because of its sensitivity the
short range order structurfl6]. Different amorphousor crystalline phass have
significant effects on thproperties such asurface tension and polymerization degree of

the molterdeposit which finally determine the thicknesstaflowing layer.
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Figure2.3: Minerals transfomation for HN coal ash at different temperature24]

Iron-rich glass will be formetby decomposition of pyritéwhich might have included or
excluded origin)while heating Type and degree of mineral associatasia matteof
being included or excludedfacts the transformations and reactiofsr examplesome
reactive minerals such as dolomatee mostly presentith includednatureand are highly
associated witlthe carbon fraction; thereforé can participate itany of mineralogical
reactiongust at the later stages ttfie gasification processearto the end othe reactor
when most of the organic materials in coal have lweasumed by gasification reactions
In mineralogical transformations studies during gasification proeesstence statef
different speciestype and degree @fssocation, bulk chemistry and mineralogy of coal
must be taken into consideratitmevaluate the possibility dlfie interactions as accurate
as possiblg¢26,27]. Matsuoka et al.Z8] performed some experimentsdoalyze the ash
forming reactions during gasificationqmess using CCSEM. Thesbservatios showed
thatthe systenof Ki AlT Si and FéAli Siare almost the same as their original statben

raw coal and they do not participatetire reactiors with otherspecies at temperatures
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below 500 °CBased orthe low Na contentin aluminosilicates and silicagen the raw
coal andthe significantamount ofNa in aluminosilicates in the chat the temperature
around 800 °C, they concluded that sodium containing esies reacted with
aluminasilicate, principally kaolinite at that specific temperature rd28¢

Gupta et al. [9] reported thatfrom the starting point othe partial melting till
transformation tahe completely meltechomogeneous liqujdthe depositcomposition
variescontinuously.This observation is related to both reactions between various species
and alsahe extent ofthe dissolution ofdifferentspeciesn the melted deposit®resence
of some species affects the solubilitytioé others.If there is high iron content in the ash,
solubility of SiOy increases and itevel in the melguickly reactesto that of the bulk ash
whereasfor the ash with low iron contenthis process is much slowdue tothe lower
particlesolubility in melt,anduniform compositionclose to bulk agimight be observed
only atvery hightemperaturgor in thelater stages of the procg29)].

Essential affecting interactions are not just between the inorganic matters, but, at the
same time the interactiopetween alminosilicatemelts and the carbon content of the
char particles affects the polymerization and surface tei$g&jnRassk (1966)eported
that atthe inorganiecarboninterface iron carbidemight form and reactvith other
mineral species and finalbau® theformation andelease of carbon monoxid&4:

O YQP "OQY'Qc0Q ¢b6 0 ¢ Y

Gas formationand release might also occur througtihner pathwayswhich areless
probablereactiongbecause of lovgolubility and diffusivityof carbon inthe molten slag
as below 14]:

"0Q0 6P "0Q 60 ¢
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Gasreleaseprocess is a functioaof the rate of carbodissolutionin the molten deposit
(in variousforms such apure carbon or iron carbideyyrface tensiormndreaction rates.
Thesereactiors affect the surface characteristics tbe maten slag and consequently
influencethe particle capturingability of the slag layerwhich is crucially important in

ash deposition phenomenfi#].

2.7. Influence of mineral matter on gasification process

Slag mayparticipate inchemical and physical intefta@ns with charand consequently
affect gasification procesDuring high temperatur@rocessescarbon conversiomight
be hindered due tthe surfacecovemlmge andporesplugging of the char particlesby
molten aluminosilicatesSurface tensioris the main affecting propertyin this regard
which determins the degree of polymerizatiofof surface) andhe extent ofspread of
molten phaseon the char surface24]. Lin et al. [30] reporteda decrease in thehar
reaction rate at conversions more than 50%artdmperatuiearound ash meltingoint
or highertemperature and relatedhis phenomenon to the pobéockagehappenedy
spreading ofmoltenslag which finally resultedin the reductionof the available surface
area fomreactiors. In an adverse phentenon formation of slag may significantly extend
the residence time dhe particles in thegasifier and consequentlyaffect the carbon
conversion[31]. Whenthe char particles adhere tbe slag layer,their carbon content
may remain segregateoh the surface of the slagnd continue to be gasifient it can be
encapsulatethto moltenlayerwith no more chance of reaction and all thdependon

the parameterssuch as asbarbon interfacial tension, ash viscosity and overlying of
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carbon particles by ndwimpacting ash materialn addition,in nonvertical section of
the gasifier the buoyancyorce can be effectivg31]. Noda et al.[32] based onthe
experimental results reported that particles with combustible ca@ctisat lower rates
when capture bytheslag layerdue tothe lower surface area insidand on the surfacef
the particles. Zhao et al. 33] reported thateactivity ofthe trappedcarbon in fine slag is
lower in comparison withhat of coarse slagUsually the fine slagncludeshigh content
of unreacted carbon whicdls economically desired tbe mixedagainwith the feedstock
and recycled tothe gasifer [33]. Ash deformation andusion affect the morphology
development of the char particléhe reactivity ofthe pureorganiccarbonsn the char
and carbon producedrom decomposition of SiC (inorganically bound carbon) are
completelydifferent [25].

Mineral matters in coal influence the reactivity especjaliyow-ranked coal due to their
catalytic effects orthe gasification rea@ns which is a function othe chemical form,
concentration andistributionin the coal matrix. Alkalis and alkalirearth elements are
famous inorganienatterswith catalytic effectsSkodras and Sakellaropould&3] found
that reactivity andthe rate d gasification are linear functienof alkali index. They
observed that in COand B atmosphere, gasificatioreactionrates will be promoted
proportionally to Ca concentration. There is no correlation for Fe catalytic effect on
gasification however it is generally approvethat Fe(not in oxide form) hasatalysis
effect[23].

Schmitt (1981) reported thdlhe presence of included inorgamuatters(as dispersed
matter3 within the coal matrix preparehannels which helphe gasifying agents to

diffuse ntothechar particles, react witthe carbon contentand produced syngaslease
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from char particle and thereforenhance the rate of gasification reactions. Howater
the ash content is too higlit is possible that molten inorganic matters encapsula
unreacted carboand reduce the process efficieridy].

By forming amoltenslag layerwith different thicknessesn the wall ofreactor mineral
matters influence the heat transfer inside the gasifier and dfffecfficiency of the
gasification proess. Costen et al34] reported that evea very thin layewof the deposit
cancause a substantidecreasen the heaexchange (between wall and gas phase). As a
case studythey reporte@5%reduction inthe heatexchanges the result of the presence
of a thin layer with thickness of0.7 mmon the wall The typeand structureof the
depositionare of great importance in this regard and there @asiderablaifference

betweerheat exchange behavior of sintered deposit and flowing liquid [&ger

2.8. Coal and ash particle size distribution

Having many parameters involved ify fash characterizatiosuch asinter-particle
morphology changes, heterogeneousonuniform chemical composition and size
distribution make the study of adglepositionbehavior vey difficult [35]. Size of mineral
mattes stronglyaffects their behavior during pyrolysis, combustion and gasification. Size
distribution is & importantparameter for modeling asteposition slag generation and
charslag interaction during coal utiliian processesParticle size determines the
mechanism of particle transfespecially particle movemetward the wall inside the
reactor. When therés swirl/tangential flow themass transfefrom gas to wallis
governedby the inertial mechanisnresuled by centrifugal forces This mechanism is

more effective for larger particles and therefore most of big particles might collide with
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wall while fine particles mainly follow the gas pha6]. There isa greatdifference
betweerdeposition behavior ofip and small particles. Colliding with the wall is the first
requiredstep for sticking.The largeinorganicparticles careasilycollide with the wall
becaus®f large inertiabut, the fraction oftheseparticles isrelativelylow. For smallash
particles, it is less possibléo reach anaollide with the wallbecause thefollow the gas
pathdue to the low inertial' hefractionof small inorganic particles ash ismuchlarge
than big particles anconsequentlythe probability of theiinroadinto theboundary layer
by the turbulent effeds high Therefore most ofthedepositiosis due tathe presence of
small particls [37].

The patrticles in a typicalytverized coabregenerallyin therange of 10150um and the
inorganic mineralcontentare usially finer and unevenly dispersedwithin the coal
particlesweather as separate partictgsassociated witkthe coal particle§15]. Seggiani
et al. 3§ reported thathe mass fraction of minerals in a typical pulverized agsal
generallybetweenl to 3%. These mineral mattensay existin the form of very small
ionically bounaed materialto the carboncontentor asbig separatenineral particles
(usually in the rangef 1 to 15 un). Size distribution inthe ash products includes
submicron particles whh are produced by condensation of volatilized spéeegsorized
in the hot flame area ash condensed in colder sections), bgh particlegeneratedrom
heating and oxidation afxcludedmineral mattergproducing the particles in range of
10-20pm) andvery big agglomerates formed lopalescence othe inorganic matters
(might be bigger than Dum) [15].

In gasification process considering thygerating conditionthereis a size distributiofor

coal, char and inorganparticles andherefore the sane degree of gasification cannot be
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expected from althe particles.Having thecoal particls in very small dimensions
promotesthe heahg up processand consequentlynprovesthe reaction of carbon with
the gasifying agentss they flow through the gdigr. When the particle size increases
the overall gasification rate generally tend to decrease dtigetdecreasan the gas
phasanass transfer and diffusionto porous structure of pyrolized cH& 22, 39].
Regardless of the original size distrilout of the feed before injectiointo the furnace,
there are some phenomena affecting the sizéhetoal, char and inorganiparticles
inside the furnace such as fracture or agglomeratioich is related to the type of each
particle In this regardRaak (1984)reportedthat the silicasioughorganic matters such
guartzdid not fractureconsiderably due tthe suddenheating in thereactor but, non
silicate minerals such gsyrites or carbonatedracture fast and extensivelyhen the
particles are fackto rapid heating14].

Somemodels for predicting the particle size distribution have been propdkedirst
model is calledull coalescence moddBased on this modghe charmparticleparticipate

in all the reactios while shrinking but maintainss integrity andall of thedifferentash
particles dispersed ithe char particlecoalescesnd finally appear as a single particle
Using this assumption in any gasification modelitigere will be only oneash particle
resulted fromeverycoal particle[40]. The other model is calledo-coalescence model
Based on this modetoalescenceoesnot happen and therefgreachinorganicparticle
whether presented as excluded mineral or dispersed invdhtorm an ash particle40Q].

In reality, the partites behave somewhere between the assumption of these two models.
Barta et al. 41] developed the Random Coalescence (RC) model whialcombination

of thetwo restrictingcases of full coalescence andaeualescencenodels Based on this
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mode] inorganic particlesare presenton the exterior surface of the char particle and
coalescences only possibleif the inorganic mattergollision happes by progresmg of
the reactiors and receding othe char surfacdn this model transitionradius (rirang IS
defined as a valuthatif the char particle radius decrease to tsanificantpenetration
of the gasifying agentsto the char particlesappensnd internal burnig occus. At the
end if the charporosityreaches aritical valug disintegration hapgnsthat causeelease
of the rest ofdispersed inorganias separate agbarticles[41]. Seggiani et al.3g]
investigatedhe RCmodelin coal combustiorand reported thatansis a functionof the
coal andinorganic particlesize andalso thefraction of the mineralmatters They
introduced the ratio 25.9dDcoa @S an index of the mineral matter coalesceAcmther
phenomenon which affects the particle size distribution is agglomeratie@noligh
amount ofthelow melting point eutectic is presentthin the coal matrix it would act as
glue toforce other particles to stick together and make big agglomerates. Considering
many caenplicated phenomena involved size distributionof the particlesduring any
coal utilization process, there is stlllack of comprehensive modei this regard and

more studies are required to be done.

2.9. Compositions of ash and slag at different locatian

Wall et al.[42] reported that slatayer compositioris not usually the same asilk ash
composition ofthe parent coh Yu et al. B3] used a deposit probe placed parallethi®
gasifier wall to take slag depositside the gasifieandfound that included and excluded
minerals have different deposition behasidasel on their resultsleaving fly ash has

compositionclose to the bulk ashbut, included minerals mostly deposit thearea near
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the burnerand excluded minerals are mostly deposited in the area above the. burner
addition carbon content in their slag samples showeddhah atow carbon conversign
the char particles might be trapped by slélgerefore it is more logical not to usthe
bulk ash viscosity to calculate slag flow and thickness ithalkections of the furnace
during gasification proce$43).

Based onthe experimental observatigrof Costen et al. 34], deposition behavior is
mostly related to the size and weighttloé particles. he smallerparticles are deposited
nearthe burner inleandheavierparticles deposited far frothe burner This behavior is
most likelyrelated to theidifferent inertia Inorganic composition is another parameter
affecting the locatiorof the deposition Aluminosilicates are mostlydeposited in top
sectionand their deposition isreducedas they move downwardlong thelength of
gasifier This observatin might also be related tthe temperature Because ofigh
temperaturesiear the burner areacompoundswith high melting temperaturesan be
sticky enough to depositowever,in lower sectios, endothermic gasification reacti®n
reducethe temperaturetherefore the viscosity of aluminosilicateincreases and tire

depositiontendencydecreasg[34].

2.10. Mineral matter and slaganalysis tests

2.10.1.Ash Fusion Test (AFT)
AFT testis a traditionalandthe mat acceptednethod of evaluatinthe tendencyof coal
ashtransformatiornto slag This method categorizébe temperatureelated todifferent
stepsfrom ash softeningo completemelting. Based on this method ash patrticles are

assumed to be sticky when they start to softdni@dl DeformationTemperature @T).
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This parameter is visually recorded whibe tip ofthe ash cone isounded.The main
deficiency aboutAFT is its inaccuracybecause it is based dhe subjectivevisual
characterization(however the accuracy ofthis method has beeanhanced recently
utilizing computer programs)his methodleals withthe average flow propertiesnd do
not specifythe exactemperaturat which melting startf21, 29]. This method also gives
no accurate information about the conditions at which the slagging or sgnteight be
observed duringhe operation.Van Dyk et al. 1] observed the IDT at 1300 °for an
ashsample whereas slag formation already started to take place from 1G00%Gat
sample An AFT analysisonly gives someinformation aboutthe temperatues at which
the structure ol cone shapedshmaterialdeforns and gives no informatioraboutthe
properties of the slag below that poirfarious relationships between AFT and

composition has been proposed basedcid to base ratio, silica ratetc [6].

2.10.2.X-ray diffraction (X RD)

XRD testrevealsvariouscrystallinephasegpresenin the materials and when appliddr
coal or charit canonly specify themajorphases. The deficien®f this method is that it
provides little information aboutminor phass and cannotrecognize amorphous phases
[28]. Brachi et al [36] performed XRD analysien coarse slagind observed no distinct
peaksdue to the amorphouwsructure of slagHoweverthe method detectad/o peaksof
anhydriteand periclasén fine slags. A typical result of XRD analysis is shown Fgure

2.4
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Figure2.4: XRD analysis for coarse slag and slag fines (A: anhydrite, C&S@ericlase, MgdB6]

2.10.3.Thermo-MechanicalAnalysis(TMA)

TMA analysis ca be used as a method for evaluation the viscosity and the change in the
viscosity due tdhe flux addition.In metallurgical sciengeeliable methodto study the
physical properties at very high temperature are mostly basedhershrinkage
evaluationIn TMA techniquethe penetration of a ram intopalletof ashis recordedas
the temperature obample isincreasing[44, 45]. Initially when the temperature is low
the melt formation is very slow and the ralnes not penetratihat much but, as the
temperature increases gradualigelting and reactiomappenand liquid phase starto
form whichfill sthe open networkr poresof the ashandconsequentlyeadto the initial
shrinkage.Various indiceshave been introducedased onTMA analysis.It is thought
that essential sample deformation happens Tatw) which is the temperature
corresponding t@5% shrinkag¢29].

Bryantet al.[46] investigated theffect of adding fluxing ager{CaO)to coal ash on the
shrinkageat high temperaturesing TMA in @mbination with viscosity measurement. It

is widely reported that in typical coal utilization process for safe operatian slag
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viscosity must be irthe range of15-25 Pa.s.They reportedthat 10-95% shrinkage
corresponds to this viscosity randacreasing CaO contensignificantly reduces the
viscosity and causea great increase irthe shrinkage.Figure 2.5 shows a typical
Schematiof ash sample during TMA analy4#6].

It is possible to observe some peaks during TMA analysis which are corregptmnitia
rapid fusion events during heating. Gupta et 8] f2portedthat these peakarerelated
to the formation of eutecticsvhich can beracked and recognizesh phase diagrams.
Theyusuallyobserved the first peak ail0% shrinkagebut, the seconcdpeakdependon
the iron and calcium contestFor mostof the casesthe second peak happened-a0%
shrinkage but, for cases containingigh iron and highcalcium conterg second peak

happened at50% shrinkage
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Figure2.5: Schematialiagram of the ash sample in the thermamechanical analysisechnique[29]

Based on th&vell-knownassumption of thequaity of the volume fraction of a phase to
the crosssectional area fraction of j§7], Gupta et al[29] appliedimage analysis to
estimate the porositysing thedigitized images at different temperatures. They found
thatthe bulk porosity decreasdsl the formation of closed poreshich dependson the
iron content.Most of their experimentshowed arelation betweerm (50%) with closed
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and spherical pore formatioAlkali and silicate compositiomaffect the porosity ofthe
samples which consequently influerite shrinking processThese results proved that
TMA analysis in combination with other taglques such as image analysisviscosity
measurementhelpsin better understamag of the structural changes happened in ash

depositiors during heating proce$29].

2.10.4.SEM/EDX

DevelopingSEM in combination with other techniqués 1965 essentiallyenharedthe

ability to identify extremely finemineralsand inorganic mattergn coal [14]. Using
SEM/EDX techniqueit is possible to analyzthe structure and morphology of ash and
slag together witlthe composition of each point dhe sample which helps tbnd out

about thefate of various particlesSEM/EDX analysisprovides an accurate technique
helpingto observe various interactions between minerals at different stages of a process
and gives valuable information about the size, morphology and congpositithe
minerals simultaneously making possible to study the mechanissnof various
phenomen§l4]. In this regardash surface studiggerformedoy Raask and Goetz (1981)
showed large number of submicrsize particleon the surface apherical or ounded
aluminosilicates EDX analysis revealed that carried particles are masolgium and
potassium sulfate§hen they started to propose probable mechanisms and testAhem.
possible mechanism faheir observation iadhesion othe vaporized alkali ratal at the
surface ofmeltedsilicate particlesand thenthe alkalis oxides were sulfated Hifferent

forms of sulfur oxiden the fluegas [L4].

Numerous studies and lots of valuable results have been achieved by SEM analysis.
Based on SEM analysimbrosino et al.48] reported thatarbon content ifine pieces
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of slag was larger than the coarse slag particles. Their results showed thaigbldtave

a significant carbon content as high as 54fe importance of this method will be
understood knowig thatpermanentlyencapsulatedarbonby slagwill not be disclosed

by thermal analysidn this casecuttingthe sampleandcross sectiomnalysisby SEM-

EDX is able torevealthe presence ofinreacted carbomside slag36]. Zhao et al. 33
based o the SEM imagedound that the surfaces of the fine slag samples were covered
with fine floccules and small spheres and udHigX analysisthey observedthat the
carbon content oflocculesis higherthan the sphereShen they reported thatudng
melting of the mineralsinorganicmattes hadtendency ta@oalesceandform carbonrfree
spheres whilecarbon usually remains as floccules and doest rparticipate in the

formation of ash sphef&3).

2.10.5.CCSEM

CCSEM scans thousands of particles in order to prostatistical information omll the
existingelementsn a sampe. CCSEMtechnique applies EDX analysis to meastie
relative concentrations oachinorganicelementand using relative concentration index
classifies the processed particle into an apeitgo mineral category. When based on the
information of a particle it cannot be classified into a certain grthgn it will be
categorized as unknown group. This technique records the dimensions of eachaiarticle
the same time of compositional anadysTherefore the area and finally the weight of
each particleanbe calculatedThe maindeficiencyof CCSEM analysis is itgsncertainty

in processingfinely dispersedminerals includingcationexchanged metaland fine

mineral particles with sizdewer than 1 um 28, 49].
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Miller and Schobertq0, 51] observed 50% of the inorganic material in the unknown
classification meaninghat a large amount ofhe minerals have been transformatb
complex phases aftée processWhenusing CCSEM for weight calilation it must be
noticed that thevalue ofdensityusedfor similar composition othe inorganic in the ash
andminerals in theaaw coal might be different Ca-rich phase in coal is usuallsalcite
with density of 2.7g/cn?® but Carich phase ircharor ash is CaQvhich hasa density of
3.3g/cn? [28]. Like other analysiswhen interpreting the results of CCSEappropriate
care must be takento preventfrom errors Ghosal et al. 35] measuredthe size
distributionsresulted byCCSEMandalso bymultisizer. By comparingthe resultsthey
conclude thaCCSEM overpredics the size.The error might be related to the method
used for preparation the samplestfugtest.

CCSEM allows determination of mineral association in coal and can determine the size
distribution of both excluded and included minsrat raw coal. Utilizing thisbility of
CCSEM Gupta et al. $2] analyzed coal gasification process and reported bigat
excludedmineralsparticlesdo not participate irthe slag formation considerablyhang

et al. B9 usedCCSEMto investigate the effect dheincluded and excluded mineral
particle size on thénorganicbehavior and transformatiosuring combustion. At high
values of calcium to sulfur ratiacalcium aluminosilicatevas able to capturesufur
dioxide, but, at lower values itvasnot able to do thatMatsuoka et al.Z8] studied the
ash forming reactian during gasification using CCSEM and concluded thait
temperaturedelow 800 °C excluded minerals do not interact with eactmer and
included calcium containingpecies mostly participate icalcination and sulfuration

reactions.
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2.11. Modelsfor slag viscosity

As the most importanand governing parameter of the slag flowiscosity depends
mostly on thecomposition, operating conditiorfsuchas temperature and atmosphere
experiencedhermal history andddid fraction. The effect of solid fraction is essential at
thefractions higher than 10963].

In order to have reliablestimation abouthe suitability of a particular coal for a gasifier
or to optimize the fluxing or blending proceduiteis essential to havealid knowledge
of the temperaturand compositiordependence othe slagviscosity This information
could begainedfrom either experimental measurementsfrom estimatios obtaned
using predictive modeld.he difficulty and high cost dhe experimentameasurement of
the viscosity of slag generated from coalas led to many predictive modeihich are
mostly functions of the chemical compositiorand temperaturg8,54]. Most of the
developednodelsfor predicing the slagviscosity are sersémpirical modelsuchS? and
Urbain which are theoreticallppasedon Newtonian fluidsand requireregressiorof the
experimentadatafor parameter tuninf12]. Urbain modelis based orthe fully molten
mixture (pure liquid) assumptionvhile in real conditions thalag is a heterogeneous
mixture of liquid and solid crystalf2l]. If the generated slag contains some solid
particles slagmost likelydo not exhibitthe behavior similar to Newanianfluid. Usually,
non-Newtonian behaviomay be due tdhe presence of solidrystals orpresenceof
immiscible liquids L2]. Molten slag is a complicated mixture of various components
containingcomplex phases. Thereforeachempirical viscosity mode will be suitable
for only a limitedspecifictemperature and compositioanges For choosing a modgit

is suggested ta@onsider the composition dhe existing slag andelecta model that
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performs well for slags with similar composition[8]. Coals with high ash flow
temperature, need fluxing material such as limestone to enable continuous slag tapping in
entrained flow gasifiers. Therefqrénding proper modeto predict reliable results for
viscosity and temperature of critical viscosity at eaplcsic value of added fluxing
materialis very beneficia[8]. Table1.1 represerst some of the weknown models.

Hurst et al. $4] presented a two paramet@mrheniustype model for viscosity as below:
T8 6. ¢ pp

On the base of this modéiurst et al. found that increasing FeCGilve mixture of SiQ,
Al203, FeO and CaO (as an artificial slag) lesm®wer viscosity valueDuchesne et al.

[12] developed an artificial neural network model calculateslag viscosity. They
evaluatedthe effect of adding various amount tife fluxing materialson the ash
viscosity and concluded that magnesinasbeter fluxing effectthan calcium.

It must be noticed that usually thexe2some errors ithe viscosity measurementghich

are mostly related tdhe measurement technique8hen comparing the results of
experimental viscosity measurements with predictibnaomode] the experimental
procedure of measurement atype of the instrument must be considered. Rotational
viscometers aremainly recommended for slag viscosity measurement due to their
accuracy and wide ran@é application[12)].

Crystallization andsolid generation is a critical phenomenon affecting the viscosity of
slag. Kondrative et al. @ used Roscoe equation to consider the effect of saliticte

suspensions and crystallization the viscosity of partially crystallized slag systems.

p o °® ¢ Pg
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Table2:1: Major viscosity models foslag p5]

Theoretical basis Model Advantages Limitations Authors
3 Simple to use Limited composition rangg ReidCohen
Arrhenius underestimate viscosity
Watt-feredy Simple to use Limited composition range Wattferedy
- 0Qwa"yY overestimate viscosity
Shaw Relatively simpé to| No physical justification Shaw
use Limited composition range
underestimate viscosity
Urbain and| Larger Harder to use, higl Urbain, Boiret
modified urbain compositional rangq discrepancies betweg Kondratiev, Jak
FrenketWeymann predictions ad experimenta
results
-  0"'YQ@moj"Y | Kalmanovitch Larger Harder to use, higl KalmanovitchFrank
Frank compositional rangq discrepancies betweg
predictions and experiment
results
Riboud Larger Inaccuate viscosity] Riboud
compositional predictions  over  som
range, easy to use | compositional range
Structural model | Larger Hard to use, require Zhang
compositional rangg thermodynamic packagq{ Jhanshahi
underestimate viscosities
Eyring uQ i q| Larger Hard to use, excessively bi| Kondratiev, Jak
c hemi c al {compositional rangd amount of fitting parameter:
requires thermodynami
package, underestima
viscosities
Empirical correlation | CSIRO/CCSD Simple to use Very limited compositiona| Hurst
range, poor predictions ov¢ Browning
boundaries Patterson

In equation 212,1 istheviscosity of slurry an@ is the volume fraction of solid3his

model works for both homogeneous and heterogeneonigtures. The limit for

application of heterogeneous models is 30% of dadiction [56] Semiempirical model

presented bWrbainis thebasis ofthis model Investigation ofdifferent combinatiogs of

fluxing agents of CaO and FeO by this model showed thatigier amount of FeO in
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the mixture of CaO and Fe@®@ more efficientin reducing the slag viscosityhis model
alsoshowedthat with increasing SifAl2Os ratio, the requirecamount of fluxing agents

increases andt higher tempetares the required flux is lower [56]

2.12. Thermodynamic packageto study inorganic matter behavior

FACTSageas athermodynamic software paclkaghich is able to calculatie inorganic
multiphaseequilibrium, liquid formation temperatureand therelative ratioof the liquid
and solid phaseasnderspecified atmosphetgased orthe chemical compositiariLingxue
et al. [L7] used FACTsage itheir study topredictthe changs in the liquid formation
temperatureby adding different amount of CaOand alsoto calculatethe liquid
composition of slag adlifferent Tcv (which can beobtainedusing tangent ofviscosity
temperature curyeln addition FacSagemight have valuable application aalculating
the phase fractions and compositions fibre purpose ofviscosity prediction[12].
Kondrative et al. [6] used FactSage to predict the fraction of solid and the composition
of liquid in order to prepare model to predicthe slag viscosity as a function oie
composition and temperature.

FactSagemakes it practicalo haveaccesgo Fact databas@gncluding slag,salt, ceramic
and aqueoys alloy databases an@hemSage data filedJser canimport streans and
mixturesfrom any desired sourcemd also is able texportthemto other programs
FactSages also able ttnandlesimultaneouslycarbon reactiong combinationwith the
mineralstransformation undevariousatmosphereggas composition) and thisature is

one of the main advantages of this softwars.
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Like any other characterization techniqusing software package appropriate care must
be taken in interpretatioof the results and comparitigemwith experimental data. The
liquid formation temperatures calculated by FACTsage always higher than AFT

results(about 150°C) because asfiil notbefully meltedduring AFT test17].

2.13. Thermal radiation and heat transfer properties of deposit

During the operation of a gasifietag layer receigs heat by three mechanisms: radiation
and convection heat transfer from hot speciesthe gas phase andnergy brought
through enthalpy othe deposited hot particleRadiationis the dominant mechanism by
transferring hout 60% of the heat to the slémyer [57]. The equationof heat flow
throughalayer of depositan be written as belovi4]:
noTL,Y Y =Y Y ¢ po
Where] = emittance of ash surface at temperatuge T

Te= temperature of radiation source

Tc= temperature of cold face of tdepositayer

k= thermal conductivity

Is= thickness of deposit layer

» = StefanrBoltzmann onstant
Absorptivity, emissivityand reflectivity are thermal properties essential the heat
transferwhich are related as shown bel{i]:

T | p 7 ¢ pT
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Wherel ,| and” are the emissivity, absorptivity and reflectivity respectiwehich

all dependon the radiation wave lengtiBecauseemittancemeasuremenf the ashand
deposits is usuallgasier to perform it is much more seed and analyzed than other
parameters Emissivity of the coal ash depends on the physical and chemical
characteristics of the surfadé,14]. In this regard Boow and Goard (1969yid
investigations orthe emittance of glass powders aantificial ashes bvarioussizes at
775K and proposed two expressi@ssbelow14]:

T ™ U I ™ o ¢ pu
ool TG @ C PO

In above equatisT is the emittance and d is the particle diameteprm The first
equationcan beapplied for colorless glass powders and the second equation can be used
for silicaciousash deposi{before sintering) They reported thathese equationkave
acceptable accuracyvhenworking with the particles in the sizerange of 7 to 420m.
Mulcahy (1966)reportedthat the emittance of ash particladecrease with increasing
temperature. He alsobserved thaemittance of slag is higher than sintered deposit and
emittance of sintered deposit is higher than particulat@aghelated this observation to
the change of the reflective surfaceand variation ofthe existing state of specie3he
transformationfrom ferric to ferrous state of iron at high temperatuaféscts emittance

of deposition[14]. Different leves of FexOz and CaOin slag underdifferent oxidizing
andreducingenvironmentesultin thegreat changes iemittanceof deposif6,14).

Another important thermal property in heat transfer of depogti@emal conductivity
which determines the rate tife heat transfer from slag layer tioe wall and affects the

temperature and consequently the thickneshe$lag layer. After sintering of ashdre
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is a noticeable increase in thiieermal conductivityPore size othe deposit affects the
conductivity At low temperatures thermal conductivity decreases with increasing pore
size[14]. Clements (1966analyzed heat transfer sintered deposand reportec linear
relationship between the thermal conality and bulk density. Boow and Goard (1969)
proposed two equatiorier thermal conductivitypased on the experimentaialysiswith
acceptable accuracy fash particlesn the sizerangeof 20-30Qum at 975K [14]:

11T m oI pg v ¢ PX

1T m¢ I'C p®o C Py

The first equation is applicablerfthe colorless glass particles atite second equation is
applicable or the iron-containing ashin these equationk is the thermal conductivity
(WmK?Y) and d is the particle diametgrng). Wall et al. (1979)mentionedthat using
thermal propertiedata ofthe ashobtained fromaboratoryprepared samplds estimate
the actualheattransfermight result inthe great errorsFor example the emittance thfe
deposit collected from boiler tube is much higher than th#teddrtificial sample.Boow
and Goard (189) reported an order of magnitude differenoetweenthe thermal
conductivity of the laboratory artificial inorganic sam@eand conductivity of the

combustor deposi{14].

2.14. Inorganic matter depositions in coal utilization processes
2.14.1.Particle stickinessand sintering
Ash depositionprocess happers the base of stickiness of the particlesvhich, many
parameters and properties are involvBdni et al. §8] assumed viscosity as the main
affecting parameter argliggested thatt viscositiesbigger thanl0’ Pa.sparticlesare not
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sticky. Stickiness may also be relatedhie condensednorganicfumes and salts otie
ash particles [3. Composition andype of association of inorganic mattengave great
effecs on their deposition behavioExcluded inorganic particlescan melt readily
especiallyin reducingconditions ofgasifier Therefore they might be deposited upon
contacting witithewall in early stages of the procebsit, char particlesre not probable
to stick due to low carbon conversiaturing early stagedron containing species and
pyrite which have low melting point under reducing atmosphere mbathg excluded
nature Included minerals arenly possible to stick when they are released ftioatoal
matrix which happengraduallyby carlon consumption as the char particigaite the
heterogeneous gasification reactions. The melting pointhefincluded minerals is
relatively high as most dbiO, and AbOs are distributed as included mineralsd this
makes the sticking process of inclddmorganic mattereeven harder. Char particles
which are normally porous and therefore are less probable to stick (unless in withtact
an extremely sticky slag layer) transform to sticky partidely at temperatures above
the ash fusion temperatuead at very high carbon conversion. Therefqggarameters
such as residence time and mixingattern which influence the carbon conversion
consequently affect thetickiness of th@articles[36, 43, 59-61].

By increasingthe temperatureof the particles deformation happengstarting by partial
surface fusion)and sintering gradually occursby spreadinga viscous liquidon each
particlefollowed by pulling effect ofthe surface tension forcénitial bondinglayer inthe
sintering deposiis usually composeaf low-melting point eutectic especiallgulfide
compounds such d&eS, CaS and N&. In this regard it has been reported thatlten

residue of pyritecan initiate sinteringby forming liquid bridge between particlegven
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under inert conditiorf14]. Watt (1968) reported that alkali vapor transploaisa crucial
role in thesintering processAlkalis condensation on the surface of ash particles or
dissolution ofalkalis in silicate (which reduce the viscosity strongly promotes the
sintering phenomenoBased orthe above discussiaviscosity and surface tension are
two vital properties insintering phenomenon Increasingtemperaturereduces both

viscosity and surface tensipiv, 21].

2.14.2.The role of minor inorganic impurities in deposit formation

The rok of minor speciesin depositformation has been much less considered and
investigatedandphosphorouss one of the few exceptions in this regatdossley (1952)
observed deposiaterialwith phosphorus content of 20 percent in econonigsulted
from a coal containing 0.4 percent of phosphoroGsossleysuggested that thibig
enrichment ismostly possible througkiolatilizationtondensatioomechanism similar to
alkali salts.Phosphorus exist in coal as apatite, €a€a(PQ). and during heatingwill

be volatilized as beloy14]:

6 086 DV ptic 663 0" pad 600 ¢ pw

Huffman (1948) reported thatbout &% of phosphorus in the apatite mineral can be

vaporizedIn presence oénough aygen thevaporizedmetal readily oxidizefl4]:
0 cgﬁ 000 ¢ QT
Phosphorous oxide combinationwith ashresults inthe formation of stragly adhered

depositwhich is very hard to remove fromhme surfaces Other trace elementsuch as

arsenic and leadre rarely observedwith high concentrationn the inorganicdeposis,
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but, thereis a lack ofexperimental evidenseregarding their effecon the deposit

formation[14].

2.14.3.Char to slag transition

The structure of a char particle during carbon consumption by gasification reactions
changs slightly and the density and porosity remaather constantintil high carbon
conversion(up to 83%). This fact signifies thatas the carbon conversion increases
gradually the char particléends tomaintain its initialporous structure and the size of
char decreases tshrinkagemechanism. When most of the combustible content of char
consumed (conversions alid89% or higherwhich mainly happens in later stages of
gasification) andhe charparticlemostly consists of included minerals the transformation
to slag might happerMaloney et al. [@] observedgradual increase ithe particle
density aghe particlesize decreasdby shrinkage while organic content being consumed
by gasifying agents. They related this density increadiectsize decrease of the particle
anddensification otheinternal microporous structufé2,63.

Shrinkage and fragmentatiaretwo mechanisms which explain the decrease in the size
of char particles while being gasifidd shrinkagemechanismchar particle maintains its
integrity during size reductigrut, in fragmentation a singlehar loss its integrity and
breaks intananysmaller particlesShrinkage is believed to be important at initial stages
of the process and fragmentation is governing at later s{&je$3]. As mentioned
before knowing the size of particles is of great importance in modeling the prdcess.

al. [61] usedthe equationbelowto relatethe carbon conversion to char diameter.

Q Q p o O ¢ ¢p
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In this equatior® is theinitial carbon contenof the raw coal o and” are he
diameter and density of tmaw coal particle respectivelyand ¢and” are the diameter
and density of char particles at carbon conversion,ae¥pectively The experimental
measured sizes v acceptable agreement withlculated valuesf this equatiorup to
about 85% conversiof.his proves that shrinkage is the dominant mechanism 8p%o
conversiorand after that fragmentation happens.

Particle size reduction and loss of microporous strudtli@ved bymeltingof inorganic
mattersinside the chamresultin transformation from porous chéronsticky particle)to
molten slag(sticky particle) This phenomenon happens at the montieatashfraction

in the char reaches a threshold valcritical carbon conversion) at whichirface areaf

the char decreasdsy about 91%or higher. The critical carbon conversion is higher for
the coak with lower ash contenor in another word transformation from char to slag
happens later by consuming more organic confj@sjt

Only the mineral mattergssociatedwvith the organic matrix inside the char particle
(included dispersenhorganicinclusions) can participaie thephenomenon ofhai slag
transition. It must be noticed thatshrinkage and fragmentation are not the only
mechanisms affectintpe particle size change. If high concentrasaif the low melting
point compounds exist many inorganic particles can coalesces to formbig

agglomerationsather than producing marmsynallash particlesq3, 64].

2.14.4 Parametersaffecting ash depositionand slagging

Most ofthe studies for ash deposition grerformed based ahe combustion procesn

particle adhesion processurface forces are of great importance such as Van der Waals
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force which is accountablevhen submicron size particlés very closeto the surface
Irregularitiesof the surfaces especially favxidized metalcan essentially promotie
adhesiorphenomenonPhysical properties such as viscosity and surface tertsonhfOr
particles and molten slag layaffectthe ash depositionWork of adhesion(Wa,) can be
calculatedby “ t p wé i \andwork of cohesion(W¢) can be calculatetdy ¢ in
which,[ is thesurfa® tension anl is the contact angléor a system with contact angle
of zerq the work of adhesion is maximum (bigger théfy) and it is called perfect
wetting [14]. Presence othe alkali metalsespecially insulfatesform improves the
wetting characteristic aheliquid phaseof ashto easilyspread on the surfack.sulfates
come incontact with carborunderreducing environment they transform tosulfides
which havebetter wetting characteristicAnalysis performedy Raask (19663howed
that he surface tension tfie coal ash wasbout0.32 Nm* which is approximately two
times higher than that of sulfatg$4]. Investigations and correlatiorte evalua¢ and
predictthe mineral surface tension is not well performed in compansith viscosity.
One of the few correlations fdhe inorganic surface tension is proposedHbyy [65]

introduced bythe expressioras below:
[ prm#t o T13E/u@!clo 18 &Ao Tt #AD8 w- Clpd ¢ .¢A & vt ¢ ¢¢

By performingexperiments on three different coal typNsruse et al.37] reporedthat
the deposition phenomenas relatedto the particle size distributioand composition
degree ofthe inorganic association with coamatrix and the hydrodynamic andlow
pattern of the gas phaselt is also accepted thathe operating conditions anthe
properties and conditions dfie target surface have essential effectsttoemdeposition

Naruse et al[37] obseved that theash with lower melting temperature had higher
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depositiontendency and reportetiat the initial deposition fraction appears torbere
relatedto the included minera rather than the melting temperatuig. et al. [61]
reported thathe depaition can start only after significant changeghe density, size

and surface areaf the char particleghich happesafter critical carbon conversion.

0.25 T T . T

® NL

0.20

0.15

& aan []

0.10

0.05

0.00 ; .
0 20 40 60

Time [min]

Figure2.6: Time dependence of deposition fractiofor three coal typesby Naruse et al.[37]

Slagging indices traditionallgnd widelyhave been used ewvaluationof slag formation
andmodeling.Various characteristics dfieinorganic mattersan be used for developing
indices for ash deposition arshgging behavior. Iron oxide content,.B¢/CaO ratio,
slica ratio, silica to alumina ratiopasic to acid oxides ratio and slag viscosite the
main factos used as criterion fothe ash deposition by many researchéMsimerous
indices have been proped bymanyresearchers, but reliableindex must take into
account the affecting parametersimorganicdepositionas manyas possibleUtilizing
ash fusion testsGray and Moore (1974ihtroduceda slagging indexas a function othe

initial deformaton temperature (IT) and the hemisphere temperature[(HT,)

T0Y'OY

o
5 ¢ C
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It was one of the first slagging indices consideramyy the physcal properties othe
inorganic matters As discussed in previous sectiprSFT is based onthe visual
subjective observations and rast theprecise scientific measuremsnthich has a large
margin of errorandwithin that marginviscositymight change  more than an order of
magnitude Consideringonly the ash fusion characteristics and ignoring other parameters
leads to unreasonable results. For exampteeky slag layer on the boiler tubes
approximatelycan capture85% of the particleswhich collide with the wall due tahe
centrifugal force whereasby ignoringthe effect ofthe transfer mechanisraf particles
the results of deposition modeling will be much lower ttliha real valus [14].
Therefore,particle transfer mechanism is another essempi@bmeter inthe inorganic
depositionwhich must be considered in a reliable indeertial effect dominatesiotion
of thebig particles whereas diffusion governs transfathefsmall particlesHedley et al.
(1965) reported thatapor phase diffusion ansport mechanism is more effectitrean
particle diffusionin growth ofthe deposition.Thermaldiffusion andthermophoresiare
effective only for very small particles therangeof 0.55um, especiallyat thelocations
with hightemperature differendeetween thevall andgas[14].

In many studies the deposition tendency has been evaluated in tethesdifferent
kinds of efficiency Capture efficiency (CE¢an be calculated by dividinidpe captured
particle masso the mass othe total injected paitles Energybased growth rate (GRE)
is the ratio of thedeposited material tthe low heat value othe fuel or consumed mass
of thefuel and gives information about the deposition growth rate per uttie@nergy
production[66]. Hutchings et al[67] developeda microstructurebasedslagging index

consideringthe quantified amount of CaO and BE®s. Rushdi et al.[68] proposed
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slagging factobased orthe TMA analysis considering thremount ofthe ram penetration
andviscosity.Barroso et al.§6] modified the traditional expressionsf slagging indices

by consideringaerodynamic diametefrelated tothe inertid impaction asthe main
particle transport mechanisngnd inorganic matter loading based onthe CCSEM
analysis However the aerodynamic diametef theash particlesalone is noenoughfor
predictingthe inorganic deposition ragdthe chemical composition must be taken into
account Scott 9] compared some proposed indices egpbredthatin case othehigh
calcium fuels CCSEMbased indx overestimates the deposition tendency in
comparison withbaseto acid ratio and concluded that the range of reliability of each

index must be taken into consideration before application.

2.15. Modeling of mineral matter behavior

2.15.1.Char-slag interactionand particle capture criterion

Appropriate prediction of the fate of burning partickespecially inthe regions close to
thewall of furnace hasvital importance fothe propermodeling design and scale ugf
the gasifier Char and mineral particles haverias interactions wittihe slag layer on
the wall which affect the particlegate and slag layer characteristiddany researchers
have studied various aspectstiog particleslag interactioa To have a reliable modef
particleslag interactionall the important parameters suchdmsninant forcesctingon
particle (inertial, viscous and interfacial forgeparticle andwall surface properties and
operating conditionmust be taken into accou®9]. Montagnaro et al.3] analyzedhe
effect of varous transport mechanisms on ttwerage of slag layer by refractory carbon

particles They developeda criterion for the ash particle depositiolbased on the

58



viscosities of the colliding particle and of ttergetslaglayerandthe probability ofthe
collisions between wufused particlesLi and Whitty [70] reportedthat char particles
transform tosticky slagonly at the temperaturesigher tharash flow temperaturand at
carbon conversiomigher than 90%. Different existencestates ofthe partides (char or
excluded inorganic) on the surface of slag lagepend on the particleinetic energy
interfacial tension, viscosity and buoyarj&g].

In order to becaptured bythe slag layer particles musfirst contact and then be wet by
the molten slag flmThe wetting characteristic of carbon e slag layer is expected to
be poor Reactionsbetween gas phase species sucG@swvith reduciblematerial inside
the deposit layermight affectthe interfacial tensior{if this phenomenorowers the
interfacialtension it is calledeactive wettinyy The wetting behavior ahe slagdepends
on the composition mainlyron oxide content in the slaand operating conditi@mainly
temperatureln addition wettablity of char dependsnostly on the ratio of the inorganic
contentto carbon[71]. Presence of iron in slagight cause formation of iron carbide at
the surface which reduces the contact an@eservation®of Raask (1966)y heating
microscopeshowed thaaluminahasa wetting surface butokedoes natin addition, he
wetting behavior of slag is influenced the atmosphergl4].

To evaluatehe particleslag interactionit is crucial to have a reliable knowledge about
the sizes and porosity dlfie particles interacting with molten slag lay&article sze
distributioncan be obtained usirgptical microscope anienageprocessing software and
theinternal surface arezan be measured lgas adsorptiof61].

The injection type ofthe fuel is another parameter affecting the partgiby layer

interaction. Tangentialinjection of the feedresults inswirl flow and leads to higher
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turbulence andbettermixing andconsequentlyhte residence timandcarbon conversion

will be promoted[48]. Particle transfer mechanism affects the deposition behavior
strongly Inertial impactionis the mostimportantmechanisnfor the particle behavior
whichis related tathe size,velocity anddensity of the particlels/2]. But, manyparticles
carried bythe inertial impactionescape froma non-captiveand drysurface.A capive
surface isa critical requirement fothe rapid deposition For very fineparticlessuch as
flame volatilized speciegmainly sulfate3 vapor diffusionis the dominant transfer
mechanism For particles in the size range 61 to 5 um, thermophoresic rad
electrophoresic mechanisnase applicable.For submicron size particles such fasne
particleswith size of lowerthan 0.1um, Brownian motion isthe governing transfer
mechanisnj14].

To analyze théate of particle upon collision with a surfageis beneficial to consider all

the involved forces. At the moment of impactiparticleloses a part of itkinetic energy
(due tothe viscousresistanceof the liquid on the surface or in the particlg)4,71].
Firstly, the particle must overcome the liqudrface tension to penetrate intdot, after
penetration(liquid surface rapturejhe interfacial tension between particle and liquid
might hold the particleThe surface tension force acting apartially penetrategarticle

with radius of randdegh of sintoaliquidwi t h t he suridgwvendylldlensi on 01

O ¢ gl it ¢ QT

When this force is greater thather forces which might pull the partidack, partide
can beheld by slag. If the opponerforceis gravitational forcethe depth ofpenetration
of a particlecan be calculatetly equality of equation 24 and gravitational forcas

given bythe expressiorbelow|[14]:
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Montagnaro et al. 39 reportedthat only in the case that the colliding particles get
embedded completely intbe liquid slag;they can be assumed as permanently cagtur
For this case to happethe inertia of the particle must be higher thathe viscous and

interfacial forcesThis statement is equated as bel8][

6 ¢ '@ 1710 ¢ Co

I n above equation u is the particle velocity
tension and & Assumindo'ed ¢ |tleeygpropased the engulf griterion

for particle by[39:

Qo ﬂ ¢ GX

Based orthe commonoperating conditionsluring gasification procesa the entrained
flow gasifiess andthe typical properties of thdiquid slaglayer, Montagnaro et al[39]
concluded thatthe char particle engulfingis not probableto happen unlessfor very big
particles (>200 pum)colliding with very low viscosity layer(<1 kg m* s1). But, they did
not mention about theole of the carbon conversion of char in their criteriaich is a
weak point of their studyOverlayeringis another state of particfate upon interaction
with the slag layer. Extreme&overage of the slag with t#fnsed char particlegwith
considerable carbon fractiopyohibits additionalchar migration tothe slag surface and
lowers thedeposition[39]. This statemostly depend®n the rate ofthe char particle
loading on the slagurface, liquid slag propertiessmoval ofthe trapped particles from

impacted aregby convective mechanism and the rate of reations of the captured

particles[39]. Based on thgeneral properties dheinorganic matterdMontagnaro et al.
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[39] concluded that overlayering is ntilhat much possibléo happenunder typical
conditions of gasifiers They proposed three regimes fahe cha-slag interaction.
Entrapped carbon regimgegime (E))in that complete encapsulating diie particles
happens and therefgrine combustible part of char cannot participatéhangasification
reactions.Segregatedccarbon regimgregime (S))in which the char particles will be
captured by slag and remains on the surface and therégfereombustible material of
char might continue to be consumed by heterogeneous reactiomshird regime is
segregatedcarbon regimewith extensive carbomroverage(SC) in that incoming char
particle covers almoshewhole surface othe slag layer and therefgraewly incoming

char particle cannot be capturethese regimes are shownHRigure2.7.
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Figure2.7: Regmes of Gslag micromechanicahteraction [39]

Montagnaro et al.39 assumedhe slag layerasthe onlyrequirementfor the sticking

phenomenonTherdore, viscosity and surface tension is omgnsideredor slag layer.
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But, carbon conversion anthe extent of exposure ofincluded minera in the char
particlemust be considerad enhance the accuracytbfs model

Shimizu 9] proposed a simple model for char capturevhich the char particlesill be
trappedif colliding with the slagcovered surfae andwill be rebounded ihitting the dry
wall or char covered sectisenThereforethe charflux rate per uniof the surface andhe
char consumptiomeaction rate are two essmh parameters which determitiee fate of
theparticles Thesticking chace of the chaiparticle tothe slag(molten layer)affects the
concentration othe charparticlesin the gas phase, concentrationtb& charparticleson
slagand consequentlycarbon content othe slag surface. They reported that the char
capture rate essentiallyaffects the temperature distribution in thdéurnace becausg
consumption process dhe carbon content othe trappedchar through gasification
reactions with HO and CQ (asendothermic reactiopgnd combustion reaction with,O
(as exothernu reaction) can consume and release heat on the surfalce sthg layer
[59].

(a)

capture

Slag surface Occupied by
unreacted char
- &
(b) Particle C Particle B
Do

!
I Slag surface

Dy D

i

Particle A

Figure2.8: (a) Concept of the modgbroposed by Shimizu [59kide view); (b) Detail of the occupation of slag
surface by oe char particle (side view)59).
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They hypothesizedhat due to thesignificantdensity differencéoetweenchar and slag,
char particlecanonly float onthe slag surfaceThey introducedthe probability ofthe
char capture, € as a function othe char fux rate per unit area of the surfacé),
parti cl e pateladiametsr () @nd the rate constant tfe char consumption
(r) as follows[59]:

55 —P
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Basedon this mode| increasingthe particle size and densityicreaseshe probability of
thechar particles toeach the slag surfagéhich lead to theincreasen the probability of

the char particle capture by slag layi&9]. The first part is reasonablnd accepted
becausgbigger and heavier particlesove bytheinertial effect anccan reacho the slag
surface easiebut, the second pagtrobablymight not becorrectfor all the conditiors.
When heavy and big particlege not sticky the probability of rebounding is higher.
Therefore this kind of estimation of char capture the slag surface can be applicable
only if the char reactivity is veryigh and temperature is above.Tin this study e
equatiors of modelingarenot well explainedThe logical explanation of thessumptions
and calculatiorof the rate of increasm the covered surface fraction with -veacted
particlesarenot well explained. One of the deficiencies of this study is that the method
for differentiationbetweerthereacted and uneacted char is not mentioned.

Shannon et al.7[1] reported that its the balance athe forcesactingon the particles
which determines the fate tie particles. These forces dependtbe slag and particle
propertes, operating conditienof gasifier such as temperature and particle impact

velocity. They presented a model based the balance ofthree forcesacting on the
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particles fidrag force (&), capillary force (k,)z and fluidadded mass force {6, as
schenatically presented in Figre 29. In term ofthe drag force they used the friction

factor in the slagsross sectiomarea of theeontacted part dheparticle, densityviscosity

and velocity of theparticle.In term ofthe fluid-added mass forcg¢hey @nsidered the
volume and also acceleration tbk particles. In term of capillary for¢céhey considered

the surface tensions of the particle and slag. They concluded that two cases can be
distinguished byusing this model Entrapmenthappenswhen the paricle is fully
encapsulated by slag anetting which happens when the particle is floated and
stagnated on the surface of sl&gis model could also predithe oscillation state which

was observed only for few cases and rare conditions which was totubha probable to

happen in real caseg]].

Slag

Particle

Figure2.9: Schematics of forces acting on a particle impacting a slag layer at a given velocity?({)). [

They introduced interfacial tension (contact angle@nd slag viscosityas the most
important parameters ithe particle capture phenomenoNiscosity as a sensitive
function of temperature and compositigespecially sensitive tdCaO and Fe])
significantlyinfluences the drag force. Coverage thfe surfacef a particleor wall with

carbon affects the contact angle aesultsin nonwetting behaviof71].
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Mueller et al. 73] considered the kinetic energy and total surface engrgyoposea
model basd onthe mass and energy balanc&bey evaluated kirtee and surface energy
in terms ofthe Reynolds number and Weber number and lredt¢o an equationthat
calculats theratio of the colliding particle diameter tthe maximum particle diameter at
the moment of impacis below [3]:

- pC WQT op ATIO 1 "IJIQY'QB C Cw
Theyintroducedexcess energ\E, as therebound criteriorof this deposition modeand
evaluated the effectsf velocity and impact angle by performirgnalysisat constant
temperatureand reportedthat if the excess energgf a particleis positive then the
particle will bounce off otherwise it willbe capturedi73].

O MuQ jQ p AITO mcQ jQ8p AlTO® ¢oQQ P C OT
Wall et al. L5 introducel the inertial mechanismas the most important mechanism of
depositionfor entrapment of théarge sticky particles which atgggerthan 15um. As a
mechanisnfor depositinitiation, it is assumed that sticky particles wi# tapturedf the
interfacial energy betweethe particle andwet surface ishigherthan the kinetic energy
of impacting particle As the second mechanisrhey introducd the diffusion ofthe
volatilized particlesformedby vaporizationof the includedinorganicmatters transported
by thermophoresis. The third mechanism is condensatioalkafis especially alkali
sulfatewhich produce a sticky layepon condensatioand can capture fly ash particles.
They reported thatcondensable submicron particlesnef silicates and large sticky

particles usually form initial deposit laygr5].
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Yong et al. 2] introduceda submodel forthe particleadhesion based dhe slag and
particle properties (as function tfe temperature and composifiaand considered &
momentumtransfer betweethe captured particles and surface. They also considbesd
possibility ofthe slag resolidification. They reported thahigh inertia particlesnostly
bounce off the surfacehile low inertial particles are captured and somets embodied
in the slag layerThey assumedvhen both the particle and slage in the liquid phase
the particle is alwaysapped regardless die kinetic and surface tension energyhen
there is solidsolid interaction all the particleswill be bounced off again regardless of
the different energy comparisenFor other caseshe kinetic energy and interfacial
energy must be compareBy applying Weber numbgthey made the comparison tie
kinetic and interfacial tension energy of partislag atthe moment of impact much
easier and practicaBased on this modeh particlecan be captured if the calculated
Webernumberis lower than a critical value. They assumed ttrifical value tobe 1

[72]. Table2.2 presens the criterion proposed by Yonet al.for particle capture.

Table2:2: Particle capture criterigoroposed by Yong et al72]

Sticky particle Non-sticky particle

We < We_, We > We_, We < We_, We > We,
Sticky wall Slagging Slagging Reflect
Non-sticky wall Fouling Reflect Reflect

They reported that at higher valuafsthe critical Weber numbeithe deposition will be
higher[72]. The mainproblem of this model iselated tothe first assumptionThe hg
melted particle in contact witthe liquid slag might not stick due tthe large force
required for its retention. Another deficiency is ignorthg carbon conversion which is

one of the mst important parameters iheash deposition.
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Ni et al [74] developed a sumodelbased orthe maximum spread diameter and excess
rebound energyo evaluatehe inorganic depositionAt the moment of collisiona fully
melted particle starts to deforby spreathg, andthereforeits diameter increaseéfter
the diameter ofdroplet reachedo the maximumvalue the dropletmotion direction
changesbut, it can continue to deforragainbackto its initial shape and moue reverse
directionif its possesed energy aftestretching isadequateBy comparingthe surface
energy, kinat energy, and potential energy the particle before collision andt @ahe
moment of impactionthe ratio ofthe particle diameter to its maximum diameter upon
collision can bealculated.The energy balanas writtenas below[74]:

0O O O 0O Yo ¢ op

In above equatioYO is the loss of kinetic energgnd Wis the work of the particle
deforming against viscositfdased on above equatipthey reachedo the final formula

for dmaxdo as below[74]:

Q P wQ
Q —toQ op Ai1O =
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Then they used this ratio in another equationttierexcess energy to predict tfae of

the particle at the moment of collision. Higher deposition at higher temperature can be
explained byincreasinghe surface tension. Particles wiltigger size and higher surface
tension have highemaximum spread diametdi74]. Increasing maximum spread
diameterreducesthe excess rebound energgd consequently increases the deposition
probability [74]. The pamameters inthe equationsof this modelare defined improperly

and it s hard tanvestigate tk validity ofthesecalculatiors. They reportedhatthe small

particles have loweexcess rebound enerdyut, they also mentionedhat for the large
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molten slag particleghe deposition probabilit is higherdue to the higher maximum

spread ratio. These statemecasinotbe compatible findings.

2.15.2.Slag formation modeling

In order to develop a&omprehensive moddb have reliable predicns of the ash
deposition and slafprmation it is necessary tcombine thenain stagef theinorganic
mattervariatiors and interactions (with other particles or with the wall surfatg)ng

the gasification processeasto one model frameworlSlag layer modeling started with
very simple models decades ago (withuasgtiors like such as pludlow and constant
rate ofthe capturel ash and reached to more reliable and accuratesstatmany recent
models(for example byutilizing Euleriari Lagrangian framewori)73].

Seggiani [B] developed a simple model to simulabe time varying phenomena tife
slag formation on the wadif coal gasifierlD slag model oSeggianwascombinedwith

a threedimensionalmodel of gasification whichcalculates the temperature and syngas
composition profile inside the gasifierSeggiai used T, as the solidliquid phase
transition, ignoredhe shear stress between the gas and slsgumedinear temperature
profile across the slag layend assumed constant physical properties for deposition.
Seggianievaluatedhe effect ofthe operting conditionsof gasifieron the slag behavior.
He made some changes aperating conditionand calculated theesponse time of the
model He found outthat slagrelated variables have muslower responsgabout 2 h)
compared withthe gas phasevariables (about 15 min).Although this model as an
innovative and pioneer work in slag modelings become the basis of mafugure
studies but, it hadsomeserious defections. Seggiani didt konsiderthe phenomena of
the particle interaction andadhesionto the slag layer The differencein the inorganic
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compositios which affects the properties ofthe slag layerandmay lead tahe different
behavior of slags not consideredAssuming the fixed inlet mass from ash contenhie
slaglayeris the main diciency ofthis model.

Sheng et al. [6] developed a -D axisymmetric model for slag flow considering
solidification phenomenon.They considered slagto be Newtonian fluid at the
temperature above tfig,, used VOF model tsimulatethe free surface betwaslag and
gas phaseand solved mass, energy amdotion equationsand finally calculatedthe
temperature distribution and the thickness of the slag laymy assumed thain each
control volume the summation die liquid slag volume fractiorand synga volume
fraction is 1 andgnoredthe volume ofthe solid slag in each control volume. They
reported thgtRNG k-Umodel resultedn more accurate predictions than standatd k
model. They used discrete transfer radiation model (DTRIg§umingsingle rayleaves
the surface element in specificrange of solid anglef’6]. The properties of slg are
considered to be constaiithe size and composition differenceglodinorganic particles
inside the gasifier is not considered and mass deposit of slaguimeasso be constant
whichis a wealpoint of this model.

Mueller et al. 3] developed a CFased ash deposition moddlhey considered
various phenomena such as partidlesion, impaction andsticking or reboundingand
gradual deposit layer growtiThey assumed that fly ash particles smalean 75 pm
containing molten phase highttran 15% are sticky andvill be trapped upon collision
[73]. But, they did notmentionhow they measurd the molten fraction of a particl&hey
reported thatinertial impacton showed a significant contribution (>99%gr the

transportof particles on thesurface otheprobe[73].
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Costen et al.34] developed a thredimensional CFD modebf the ash deposition in
pulverized coal combustionThey applied NaviéiStokesequatios and standard K
model in Eulerian frameiork for gas phase anbagrangianframework for particles.
Consideringthe effects ofinorganic compositiongnd type of the mineral association
within coal matrix increased the accuracy tifis model They repored that, the alkali
species arehe main reasoffior the deposition in the convective heat transfer section
because ofhecondensation of these species on cold surfadesefore they considered
the evaporationof alkalis from the included and excludednerals applying single
Arrhenius type reaction[34]. They assumed that excluded mineral matters to be in
equilibrium withthe gas phasandincluded mineraldo bein equilibrium with the char
particle.Viscosity is the main parameter usedmake thededsion about the fraction of
the captured particles by the surfade.order to have a criterion for arrival thfe fly ash
particles to the wall surface they defined a critical velocitywhich is the minimum
velocity that a particle must haveto passan especial distance in a stagnant and viscose
environment They used Kalmanovitch modebrf calculating viscosity othe ash and
assumed that all theorganicparticles are transformed toe fly ashas soon as entering
the furnace.They reportedthat withou application of the effect of thermophoresis,
particles smaller than 10 um did not depdisét muchandfollowed the gas flondue to
their lower momentum But, applying thermophoresiccaused an increase ithe
deposition osmallparticles[34]. Lack ofa precise particle capture is thiainweakness

of thismodel.

CFD modelingusually leads to highomputational expensandespeciallyfor dynamic

modesof the complicatedprocesgin which many complex phenomena are involvisd)
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not recommendedFor modding in dynamic mode space divisionapproachs the best
option, becausegit is a compromise approatietweenonedimensionaimodelsand CFD
models which provide acceptable accuracgnd prevents high computationabsts
[10,76]. Yang et al[10] useda ReactorNetwork Model (RNM)based orspacedivision
conceptto model ash deposition and slag formation in gasifier in dynamic mode
Considering the flow pattern and gas flow hydrodynanfey divided the furnaceinto
several zoneand performed the calctiens in each zone based either a plugflow
reactor or acontinueswell-stirredtank reactor and by this conceptoveredall the
domain ofthe furnaceexcept the slag layeyn the wall The concept of their model is

shown inFigure2.10andFigure2.11

Figure2.10: Schematiadiagram of space division in the oxygestaged gasiér done by Yang et a[10].
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Figure2.11: RNM model for the oxygeistaged gaifier done by Yang et al[10].
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Yang et al.[10] assumed constapressure in the reactounniform size ofthe particles
andignoredthediffusion transport mechanism (due to much higher effect of convection)
They considered convection heat transeamisfor gasto-particle and gaso-wall and
radiation heat transfer terms for partitbeparticle and partickko-wall. But, theyignored
the radiationfor gas to wall and particles ite heat transfer submodel. They assumed
thatfor particles in the @anes which are in contact with the wall the ash contenwill

be transferred to the slag layer att@ combustiblepart bounces off whh is not a
reliable assumptionThis modelpredictsthe temperaturelistribution inthe near wall
regiors more accuate than onedimensional model§l0]. They reported that increasing
the temperature reduces the thicknesshefsolid layer in membrane wall. They also
evaluated the different effects thie operating conditions on slag layer in membrane and
refractory wédl gasifiers and reported thatefractory wall dynamic response to any
operating change is much slower than membrane wall due halisrstorage capacity
[10]. This modelis not accurate enough evaluatingand monitoing flow turbulence
gas/solidreactionsand particlewall interactionwhich is adefection in comparison with
the CFD modelsin this study there is no mechanism fioe mineral particlesnteraction
with the slag layer orcapture criterionThis model doesot considerthe effect of the
particle sizeandcompositionon the deposition

Li et al. [77] developed &D-axisymmetricmodel for simulation the slag flow in super
heater tube section of a boiler and uSed g g i naodei farthe flow calculation.In the
related CFD model thheusedDPM for particletrajectorytrackingand assumed that all

the collidingparticleswill be capturedwhichis not an acceptable assumptiarthereal
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conditions of a gasifi@r This modelshowed thaat higher slag surface temperatuytése
temperature atheslag and gas are clo4éT].

Ni et al. B3] applieda combination ofthe continuum surface force (CSFYOF and
discreteordinate method (DOMjnodelto have more accurate predictiofts gas/liquid
surface tensiorfree surface ofheliquid layerand radiationrespectively They assumed
that above the T, slag behaves as Newtonifloid, betweenT., and T behaves like
plastic fluid and below’ slag is solid. They assumed all the properties to be constant and
ignored any possiblesactionsbetwee the inorganic speciem the slag layeBased on
the results of their case studigseyreportedthat the slag throat is theritical partof the
slagging entraineflow gasifier. They also reportedthat the assumption othe linear
temperature prade across the liquid slag layes notreliable This model can predict the
variation ofthe solid and liquid slag thicknesss function ofthe operating parameters.
Lack of a reliable particle capture criterion to calculiie rate ofthe particle adhesin
(actual deposition value) more accuratislya weaknessf this modeling.They did nd
mentionthe type othe feedng systemsize oftheinorganicparticlesandthe association
type

Yong et al. 8] proposed a steaetate modefor slag layerformaion coupled with a
CFD model of coal combustionconsidering the momentumnansfer betweercaptured
particlesand walland slag resolidification probability. After being trapped by the liquid
layer, the combustible part ¢iie particle can undergo furtheeactions. Temperature
across slag layer is assumed to be cubic Bpds phase transition temperature. The
resultsshowed that about 56% of tparticles fed to the furna@an be capturedhe ash

particle capture criterion in this model is basedtlmn probabilistic suimodel usedy
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Tominagaet al. [79]. This criterionuses ash viscosity as the key parameter for slagging.
Based orthe ash deposition model of Tominaga et al. the particles will deposit on the
slag layer if either the ash and slag visttesarebelow a critical value at the moment of
impaction Yong et al. 8] improved the particle capture suiodel by taking into
consideration the stickiness of the wall of gasifier and partielesiever they improved

the particle capture criteriprbut, they did na consider thedirection of the particle
impaction in the sumodel whichis one ofthe main affectingparametesin the particle
entrapment.The wall consumption suodel is used to calculate the reaction after
particle adhesion. This subodel calculatethe sinkng level of the trapped particlesnd

by this method theeal available surface dhe particleswhich can participate inhe
reactionswill be used in modeling B]. They used the equatiobelow for surface

calculationand therelatedparameters angresentedn Figure2.12

Figure2.12: lllustration of sink position, covered angle and contact riad proposed byYong et al.78].

They assumed thahe reactions take placaly atthe outer surface areandignored the
porosity ofthe coalandinternal surfaceseactionshowever it is generally accepted that
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the gasificationreactiors primarily happenon the internal surfacelhis CFD model
provides particle feeding rateer unit area othe targetsurface particle temperature and
particle velocity for slag model and these valaee notpresumedconstant number
which makes this model one of theostcomprehensiv@roposed modsl The results of
this model showed thaparticles with highWeber number, lowcarbonconversionand
high momentummostly will be reflected The trend ofthe resultsis reasonable but
comparisortheresuts with experimetal data is required to evaluate the accuracy

Sun et al. 80] proposeda dynamic model ofa gasifierused in IGCCconsideringthe
time-dependentleposition and slag flonDynamic models is of great importance as it
can predict the effect of any kind ofaitges orthe deposition and slag flow which are
extremely useful for controlling the process. They assuhmedr temperature profile
acrossslaglayers.The slagsulbmodel isone dimension which onlgependsn the axial
direction. All the properties assied to be constanThe dynamic behavior dhe slag
layeris assumed to beffected just byhe thermal effecand the effectassociatedo the
differentcompositiors of slag aragnored The worst part othe assumptions is constant
flow rate ofthe liquid slag. Having this assumptiothe effectof the particle capture
efficiency andvarious slag compositi@mat different locationss ignoredresultingin a
slag layer which has the same compositiotheforiginal mineralswhich do not reflect
the realconditions inthe gasifier. They reported thaby 20%increasen the steam/coal
ratio, liquid slag transform into solid slag due to the decrease the slag surface
temperatureA step change of +1% in the oxygen/coal raesults inthe higher gas

temperature and consequentiyore liquid slag will be formed by meltingolid slag
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They observed thatynamic response of all traperationalvariablesare more sensitive
to oxygentoal ratiorather tharto steam/coal ratio

Du et al [81] proposed a mathertieal model ofthe inorganicdepositionin entrained
flow gasifier. They considered the gas phase to be continuum-ghd k s uteed f or
turbulence calculatianCoal particlestrajectory is modeledbased onLagrangian
framework They used the Discrete Transfer Radiation Model (DTRMIhe domnant
heat transfer mechanisn the gasifier.They assumed entrapment of #ik colliding
particleswhich is not an accurate andealistic assumptianThis model predicts high
amount ofdeposition inthe first stage becaugée amount of pulverized coadjectedin
this stage was larger thdime second stage arizhsed on that they conclud#thtthe ash
deposition on the wall ia function of the particle concentratianThe model could be
more realisticby applyinga more accurate and comprehensive captuiterion to
evaluate the effect dhe operational parametem ash depositionThey did no present
analytical calculations to evaluate the walls of the first and second stagecould
practicallyreceiveand deposit that much particles or not.

Li et al. [16] developed anathematical model of a sld@yerinside a slaging entrained
flow gasifier based othetraditionalmassand heatransfer equationandconsideredhe
possibility ofthe presence ofarious layers of slagn the wall Lin et al. [82] developed
a mathematical model to predict quantitatively the thermal stress of slag¢aysesd by
the temperature variationThey only consideredthe solid slag layerand reportedthat
cracking intheslag layerns mainly relatedo the thermal stresBased on this modgt is
concluded thathte porosity of the slag strongly affectghe trermal and mechanical

propertiesLower porosity leads tthe higher thermal conductivityBased orthis mode]|
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they reported that larger slag layer during coolingcpss are more probable dack
Theysuggestedhe thickness of the slag layewustbe adjusted to amptimizedvalue by
adjustingthe operating conditions

One of the best models presentedtfog ash deposition and slag flow is performed by
Chenet al [83]. This modelincludes @D slag modetoupled witha 3 CFD modelof
the furnacefor the gasification process They appliedchaii slag interaction and wall
burning submodels.In the particle capture of this modéémperature of particle and
wall, cabon conversion othe char particles andnergy comparisowere all considered
to determinethe fate of each particle at the moment of impaction. They reported ¢hat
has a great effect on the thickness tfe slag layer on the wall especially in the
formation of solid slag layefTo enhance the accuracy this model Chen et al. 4]
proposed ahreedimensional slag modeh dynamic modencluding two multiphase
flow models and considered well-characterized sumodels for the particlewall
interactons and particle behavior after stickingheir work includesone ofthe most
advancedand comprehensivimodelsproposedor the ash deposition arsflag formation

so far
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Chapter 3. Inorganic matter behavior during coal
gasification: Effect of operating conditions and
particle trajectory on ash deposition and slag

formation

Reprinted (adapted) with permission forBnergy and FuelR 0 1 5 , 29,. 150371 1¢
Copyright (2015) American Chemical Society

Directlink: http://pubs.acs.org/doi/p _dfplus/10.1021/ef502640p

3.1. Abstract

Ash particle deposition and uncontrolled slag flow which can lead to tap hole blaskage
one of the main issues during coal gasification. In this ya#dpecial collector probe was
used to collect ash deposition aadhlyze slag formatiorand blockage probabilityn

terms ofthe operating conditions and patrticle trajectories. Increasing the temperature led

to increasean the total depositionAlthough by increasing the temperature the weight of
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the produced slag flow kcreased, butt was observed thaincreasing the temperature
could not guarantee the safe operation by preventing from deposition blockage. Using
two Canadian coal types proved thia¢ ash composition of coal has a significant effect

on the amount andhickness ofthe deposition on the wall. For fuel with low ash
viscosity, increasing the temperature increasee slag flow and blockage never
happenedBut, for fuel with high bulk ash viscosity, by increasing the temperathee
blockage probability dishot decrease. The reason might be related to the different effects
of temperatureon the particle stickiness and slag viscosity at specific range of
temperature. CCSEM analysis showed that excluded iron bearing minerals of the first
coal and included calem bearing minerals of the second coal had substantial ®ifect

the deposition tendency of these fuels. Increafiegelocity of the particledy gas flow

rate mostly resulted irthe reduction ofthe deposition. Fuel witharger particles at low
tempeature and high gas flow héise lowest deposition tendency. To evaluate the effect

of the particle trajectory/aerodynamics, two different types of feedorgiguration were

used and the results showed that feeder type has significant effect on thdiateposi
pattern and growth at different locations. One feeder by injecting the particles in a narrow
area,led to the high inorganic accumulation near the feeding spot resulting in severe
depositions with thickness of sever@ntimeters The other feederealted in more
uniform deposition by producing wider sticky surface with lower deposition thickness on

the wall of furnace.

Keywords: ash deposition, slag formationCCSEM BSE/EDX, particle trajectory,
blockage
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3.2. Introduction

Inorganic deposition during ebutilization processes such as combustion or gasification
affects heat transfer inside the reactor and changes the performance, capacity and
efficiency of the proces$1-3]. Using entrainedlow coal gasifier it is desired to
dischargethe inorganic matrs as liquid slag as much as possible to redneesh
deposition poblems in downstream equipmeBit, uncontrolled and unsteady slag flow
may cause blockage at the bottom of the reactor near the slag tapping hole and
consequently lead to unschedutedergency shutiown of the process which could be an
economical disaste€onsidering the growing interests anee after sewval decades of
thecommercial applicationghe availability and redibility of the entrainedflow gasifiers

are still the bottlerecks for its wide and safe utilizatiofd]. Therefore it is crucially
important to have a reliable evaluation of the inorganic mattbavior ash deposition

and slag flow inside the gasifier. Steady removal of the slag from tapping hole is of
significart importance fothesafe ad proper operation of entraindéldw gasifier[5].

Mineral composition ofheraw fuel, viscosity of the ash and slag, temperature of critical
viscosity and ash fusion temperature (AFT) are the most common factors used for
charaterizationthe inorganic deposition and slaggibghavior[6-11]. Numerous studies

are focused on empirical indices such as alkali index, base to acid ratio and silica ratio to
evaluate and characterize the slaggimghavior of various fuels [12, 13]. Man
researchers proposed correlations to predict the viscosity of ash mostly bagesl on
temperé&ure and composition [14, 15} is accepted thathe shape and structure tie
depositsare related to the properties such as viscosity and surface tensibto she

operating conditions such as temperature and atmosphere [16]. Thettedoirgluence
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of theinorganiccompositions, additives and operating condition on viscosity, ash fusion
temperature and temperature of critical viscosity as the main affeféictors on
deposition tendency have been widely investigatee[d]7In addition the effect ofthe
environment orthe inorganicmattersbehaviorhas been the topic of a number of studies
[21, 22].

The first step of slag formation in coal combustiorgasification is sticking othe ash
particles to the wall of furnace. Durirggasification process, inorganmattersand char
particles at various levels insitlee furnace hit the wall with different properties; some of
them stick and the rest reboundartle properties (temperature, composition, angle of
impact and velocity) and impacted surface properties (surface roughness, temperature and
composition of the existing deposit layer) @ine main factors affecting the fate die
particles [23]. Partides capture by the wall determines the amourthefleposition and

is of crucial importance especially for modeling purpose (sticking particles are the inlet
mass ofthe slag layer). Traditionally this phenomenon is mostly relatethéwiscosity,

ash fision temperature and carbon conversion and is usually evaluated by empirical
indices [2426]. Most of the current models and correlations for ash deposition and slag
formation are mainly based dme viscosity. Low viscosity of the inorganic particle a¢th
moment of impact to thevall makes larger théoss of energy. Thereforethere is less
energy forthe low viscosity particles to rebound and consequently the probability of
sticking to the surface is higher [1]. Mueller et al. [27] assumed the kinetrgyeand

total surface energy dkeimportant factors and proposed a sticking model basdgtieon
mass and energy balances. Shannon et al. [28] concluded that thetfegpanticles is

related tathe balance of forces acting on the particles and prapaseodel based dhe
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balance of drag force, capillary force and a fladttled mass force. Ni et al. [29] studied

the slag droplet deposition in the slagging combustor and in order to defitverion for
particle rebound used maximum spread diametel excess rebound energy. They
considered viscosity, surface tension, particle impact angle, and impact velocity as the
affecting parameter in their model. Montagna&toal. [30, 31] studied the interact®n
between char and slag layer and coverage ofligelayer bythe carboncontaining char
particles. They reported thaomplete entrapment of the char particles into the slag layer
only could occur if thecolliding char particlesencapsulatedavell within the slag layer
which requires particlekinetic erergy (nertia) to overcome viscous and interfacial
energies This condition is mostly possible fahe high speed particles with large
diameter and slag layer with low viscosity. In some studies Weber and Reynolds number
are introduced as indica®of paticle condition to be used as criterion for particle
capture. We number is defined as the ratidhefparticle kinetic energy tthe surface
tension energy and is calculated by equation b§@p

" 0Q
r

©Q o p

Il n t hi s pie theudartsiiy oftre partigle, v is the velocity of the particle, dp is the
diameter of the particlerong et & [32] observed thathe tendencyof a particleto be
captured by slag layer is higher at largercWEhey observed an inverse relation between
the temperature of critical viscosity atite massof depositionin slag layerShimizu and
Tominaga [33] assumed that char particles will be rebounded if they hit the area covered

by unreacted char particlescawill be captured if they hit the molten slag surface. Luan

et al. [1] investigated the depositidcrehaviorof high viscosity ash and evaluated the
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effects of impact velocity, deposition time and particle size using a probe inside a drop
tube furnace. Theconcluded that high particle impact velocity and low temperature of
surface of the probe reduce the ash deposition strongly.

Slag layer at each specific location on the wall of furnace may have different properties
which are not the same #e properties ofthe bulk of ash.The reason is various char and
inorganic (included and excluded) particles may stickhedifferent locations on the

wall of furnace based on their properties (fusion temperature, viscosity, surface,tension
type of associatiorand carbon conversion) and operating condisi¢particle velocity

and injection pattern). This aspect has been investigated in Soiesbut still more
works need to be done. Wall et al. [34] observed, thatinorganic deposition and slag
layer flowing dbwn the wall of furnacesuallydoes not have the composition of the bulk
ashof the fuel Yu et al. [35] reported that bulk ash composition should not be used for
all the areas covered with slag layer. They used a deposit collestited parallel tohe
gasifier wall to take samples dlfie inorganic matter depositisnand found that the
depositionbehaviorof included and excluded minerals is different and slag viscosity at
different locatioms varied based on the included and excluded mineral cor@estenet

al. [36] reported that there is difference in thehaviorand deposition tendency die
particles with different sizes and densities. Bigger particles with higher density mostly
are captured bthe moltenslag layerfar from thefeeding spot oburner. The reason is
related to the different transport mechanisms. Bigger particles with higher density are
mostly affected by inertial forces while smaller particles are mostly carriectvatlas

flow [36].
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Deposition rate of thgariousparticles (char and ashflepends on thgas mediunflow
patternand particle trajectories [37]. Ni et al. [38] reported treiousgas flow field in
different gasifiers, affect the particle flobehaviorand their depositiond.i et al. [39]
observed differences ithe depositionbehaviorusing different burner configuration.
Barroso et al. [40] reported that complementing the indicesthaparameters related to
the amountand trajectories othe ash particles flowing inside the furnace is reasonable
due tothe strong dependence dhe inorganicdeposition tahe flow pattern through the
furnace and ash fluxDespite thehighlighted importance of the effect of particle
trajectory onthe inorganic matterdeposition, it is not widely studied and fully
understood.

Althoughone of the most critical consequences of unpredicted inordpmaviorand
uncontrolled slag flow ira coal gasifier is blockage at the tappingle (which reduces

the reliability and availability of the gasifier too mychout this phenomenon igess
investigatedin the literature. Unlike viscosity and some other properties and indices
which were the topic of several studies, blockage probabilitypanticle trajectory are
less investigatedn addition there are only few studiedoutthe ash prticle interaction
with the wall at different locations. In this work removable collector prolveas used to
take ash deposition at different locations inside the furnace during gasification process
and the resultof specific section were quantifiedn addition using two different
feeders the effect ofthe particles trajectory pattern otne ash deposition has been
evaluated. The experimental results will be useful in validating the CFD modeling of ash

deposition and slag formation in future studies.
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3.3. Experiments

An electrically heated vertical drop tube furnace was used to perform coal gasification
experiments For temperatures up to 150Q°®lullite tube was used and for higher
temperatures alumina tube was u$é@]. The dimension of the furnace 68.5mm ID

and 1530mm total height. The temperature of the furnace during gasification process was
controlled by three PID controllers locatatithe top, middle and bottom secsmf the
furnace[46]. Based on the safety ruldset maximumpermittedoperaton temperature in

this furnaces 1650°C.Nitrogen flow was used to carry the coal particles coming from a
screw feede(attached to a hoppeto entrain them inside the furnadébrating walls of

the hopper inhibited the bridging of fine particlespgmducea uniformsolid flow [46].
Nitrogen and air were preheated by passing around steam generator and an inline heater.
The residence time dfie particles inside the drop tulveasadjusted by the total gas flow

rate. Feeder was volumetrically calibratieal each fuel. Gasification products passed
through arair cooled collection probe. After the collection probe a cyclone was used to
collect large solid particles (including char, ash and slag droplets)tifrefiue gas. After
cyclone a bag filter sepaest particles smaller than few macrons in.d&zgure3.1 shows

the gasification setuj@6].

The feeding probe consisted of two concentric tubes. The coal carrier tulzequager

inch tube in which nitrogen carrietthe coal particles from feeding hoppénto the
furnace. This tube was located inside a half inch steel tube for carrying the gasifying
agents. This simple feeding system (two open ended tubes) resulted in strong axial flow
downward with very low mixing which led tthe low carbon conversiorDue tothe

strong axial flow and low carbon conversion, the amourthefnorganic deposition in
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the slag collector plates installed on the wall of furnace at different location was very
low, especially on the vertical section of the slag collector @obhe carbon conversion
must be higher in order to be closer to the conditions of agaeafier and get more
deposition.

Waler tank

Steam generator

Preheating
sechon

sel wuanpnem

Electrical Furnace

Coohmg Water n ] e =T

Cooling Water out L
Vacuum pump
Cyclone

Sampling

Char & ash samples pump

filter

Micro GC

Figure3.1: Scheme othe gasification setuf46]

Two designs for feeding configation were tested to increase the turbulence and mixing
and also to evaluate the different patternthefparticle trajectory. In the firdeeder, the
bigger tube which transported air was oewled, and the tip of the fuel carrier tube was
designed wth four holes with diameter of 3mm. The results of this feeder are presented

under the title of C4. In the second feeder, the coal carrier tube located inside the air tube
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was operended and the tip dhe air carrier tube was designed with eight holeshat
edge with diameter of 2mm. The results of this feeder are presented under the title of A8.

Figure3.2 shows configuration dhefeeders.

(a) (c)

Coal+N2 Coal+N2
,0.25 inch

/, 0.25 inch 1 /,

o Py

Coal+N2+Air Coal+N2

(b) (d)

Figure3.2: Feeder configurationga,b) Feeder A8 (c.d) Feeder C4
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Two types of Canadian coal (F1 and F2) were used in the experiafehis study Two

size ranges were uséal each fuel. S1 contained fine particles with diameténérange

of 28 53 microns and S2 included coarser iglas in the range of 15P12um. The

proximate, ultimate and inorganmomposition analysi®f the coalsis presented in

Tables3.1 to 33. The ultimate analysis is dry ash free basis and samples were prepared

based on D3176 standard. For proximate amalyamples were dried based on D7582

standard.
Table3:1: Proximate analysis othe coal samples
F1-S1 Wt% F1.S2Wit% F2S1Wt% F2S2Wt%
Volatile matter 22.27 23.51 34.95 34.27
Fixed carbon 39.43 44.93 41.85 43.01
ash 29.27 21.22 12.39 10.50
moisture 9.03 10.34 10.81 12.22
Table3:2: Ultimate analysis othe coal samples (daf*)
F1-S1 Wit% FLS2Wt% F2S1Wt% F2S2 Wt%
C 53.3 46.5 54.9 50.8
N 0.8 0.5 1 0.9
H 35 2.6 4.1 35
S 0.4 0.4 0.5 0.5
o 42 50 39.5 443
*daf: dry ash free
Table3:3: Ash composition analysigndo)
SiQ AkOs FeOs CaO NaO MgO KO BaO TiQ
F1-S1 52.1 23.7 7.9 6.5 2.7 1.3 1.5 - 0.8
(STDEV) (0.76) (0.32) (0.47) (0.42) (0.10) (0.12) (0.06) (0.07) (0.31)
F1-S2 445 17.2 8.4 12.2 2.3 1.2 1.4 - 11
(STDEV) (1.28) (0.41) (0.75) (0.49) (0.08) (0.19) (0.04) (0.08) (0.72)
F2S1 334 224 6.7 15.8 6.4 3.2 - 1.8 1.0
(STDEV) (1.15) (0.77) (0.36) (0.91) (0.15) (0.26) (0.17) (0.09) (0.76) (0.06)
F2S2 26.5 16.9 8.1 22.6 51 3.9 - 1.5 0.9
(STDEV) (0.74) (0.39) (0.52) (0.51) (0.17) (0.18) (0.16) (0.05) (0.49) (0.06)

STDEV: Standard Deviation
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A special slag codictor probe was installed inside the furnace to take inorganic
deposition samples duringpal gasificationexperimers, as shown in Figur&.3. The

probe was made dfawool paper shaped by hardener solution to be strong enough to
toleratethe high temperatresduring gasificatiorprocess The hardening process of the
probes was done by soaking them into the hardener solution and drying them several
times (once a day during a week). The lengtthefprobe is 20cm witlihe bottom hole
diameter of 1cm. Sam@everetaken fromthe top, middle and bottom sections. For the
top section, the probe was installed 10 cm inside the furnace from top. For the middle
section the probe was installed exactly in the middléheffurnace and for the bottom
section the platevas installed 10cm above the collection probe. Based on the information
of inorganic content of each fuel, the operation was done until 60greahorganic
mattersentered the furnace. To quantify the results, the weigthtesflag collector plates

were measured at the end of each experiment and the weight and percentage of
inorganic matter deposition were calculated. For plates installed at the top sedhien of
furnace, the relative deposition was defined as the ratibeshass of deposit insid@e

plate to the total mass of inorgam@attersbrought intathe furnace bycoal

op G 0IE00N EREA0BRR Y QdEDI0
5 & oacani & ME £ | b o0 dmo Q8 o

Collector plates for middle and bottom sectiovere only ued to take samples for BSE,
SEM andEDX analysis to study the morphology and composition,duantifieddeposit
calculations were not possible performfor these sections baase ofthe uncertainty

and inaccuracy of the results.
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Figure3.3: Slag collector plate insidéhe drop tube furnace

3.4. Results and discussion

3.4.1. Effect of Temperature

Temperature is one of the moshportant affecting parameters during gasification
process. Temperature affects the process efficiency, product distribution, particles
stickiness, slag laydiow (by affecting the viscosity) and consequently the amount of
deposition. Increasing the temperature oesult in higher depositiohy increasing the
stickiness othe particles, butat the saméme can lead tohe decreasén the deposition
thickness by reducing the slag layer viscosity. The resultthefdeposition onthe
collector plates installed dté top section are presented in Talldsand3.5. The values

for viscosity presented in these tables are experimentally measured by Duchesne et al.
[41]. Based orthe experimental viscosity measurement of Bie temperature range of
1350°G1650°C has ken selected. Since for larger size of F1 (F1S2) the ash content is

lower than smaller size (F1S1), the collector plate is in contact with corrosive inorganic
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deposition for longer timeTherefore the slag collector probenight be damaged by
molten slag al650°C;hence the results for F1S2 at 1650°C could not be quanfiiied.

ash content of F2 had lower fusion temperature and viscosity, therdfetemperature
range of 1250°€1450°C has been selected for this fuel. Ash deposition and slag layer of
this fuel at higher temperatures were extremetyrosive therefore, quantified
measurement for F2 at higher temperatures could not be performed. The iméuges of
corroded probes for these fuels are shown in Fi@ute The reason for the corrosive
behaviorof F2 (which is much more corrosive than F1 at the same condition) is its lower
viscosity. Low viscosity allows the liquid slag $pread fast andenetrate easily into the
structure ofthe collector phate and react with its material and therefore leathadigh
corrosion.Solid slag layer(which is immobil@ not only is not corrosive but also &
protective layerfor the membrane wall gasifierén addition, at lowviscosities, the
diffusion of various speciemside the liquid slag will be promoteald increases the
reaction rates between different specieshefmolten layer and the material of the wall
which finally will be appeared as corrosiaand material lossThis fact signifies the

crucialrole oftheviscosity in corrosive characteristic thie liquid slag layer.

(@) (b)
Figure3.4: (a) Collector plate corroded bthe slag of F28§ top section, T=1550°C (lapllector plate corroded bythe
slag of F1S2, top section, T=1650°C

100



Figures3.5-3.8 show that for all the cases (different fuels, feeders and particle sizes) the
amount of deposition increases with temperature. Yong ¢83l.and Luan et al[1]
observed the same trend thfe increasing deposition at higher temperatures in their
experimats.

One reason might be related to the behavior of inorganic matters with different
association natures within the coal mat&ased on the association witie coal matrix,

the minerals are categorizexb included and excluded minerals. By increasihg t
temperaturesome excluded minerals with lower melting point such as pgright be
partially or fully meltedwith low viscosity Therefore these particles are stickiet
higher temperaturesncluded minerals can form low melting point compound @sfig

in reducing atmosphere of gasificatigmnocess At higher temperaturesdue to the
reduction of thecarbon content ahe char parttles more included minerals are exposed

to the char particlessurface makinghem stickier. These two factors workdether to

increase the total amount thie deposition in each case.
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Figure3.5: Effect of temperature orthe deposition of fuel F1, feeder C4
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Figure3.6: Effect of temperature orthe deposition of fuel F2, feeder C4
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Figure3.8: Effectof temperature onthe deposition of fuel F2, feeder A8

For each fuel ahigher temperatures, slag droplet falling down from the bottom hole of
the collector plate might be observed. These droplets are collected in cyclone and their
weights are added tde weight ofthe deposited material inside the collector plate to
calculate the total depositiof.ables3.4 and 3.5 demonstrate that by increasing the
temperaturgthe weight ofthe slag droplet (if produced) increases in mofsthe cases

which is due tdhedecreas@n theslag viscosity.
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Table3:4: Experimental results of F1

Fuel: F1 T=1350°C T=1450°C T=1550°C T=1650°C
Air: 5L/min Ve 0.163 Vp:0.173 p 139 | Vp0.183 1 41.5| Ve0.193 [ 14.6
N2: 1L/min TD:17.6 SD:0 | TD:21.2 SD:2.9 | TD:23.6 SD:3.1| TD:26.5 SD: 6.2
w o® ¢ | Blockage:Y Blockage: Y Blockage: Y Blockage: Y

Air: 5L/min | Vp: 0.190 & Ve 0.202 } 139 | Ve 0.214 p415]| Ve0.225 k 14.6
$12853um | Nz 2L/min TD:17.2 SD:0|TD:21.5 SD:1.6|TD:24.2 SD:1.3 TD:26.1 SD: 4.5

w o® w | Blockage: Y Blockage: Y Blockage: Y Blockage: N
Air: 5L/min Vp: 0.272 p- Vp0.289 [ 139 | Ve 0.305 W 41.5| Ve0.322 [ 14.6
N2: 5L/min TD:13.1 SD:0| TD:16.9 SD:0 | TD:19.5 SD:0 | TD:21.1 SD:1.7
Feeder: ® vg x | Blockage: N Blockage: N Blockage: N Blockage: N
C4 Air: 5L/min Vp: 0.163 Ve 0.173 [ 139 | Ve0.183 M 415
Nz: 1lit/min TD:14.6 SD:0| TD:18.0 SD:O TD:21.3 SD:1.2
W op ¢ | Blockage: N Blockage: N Blockage: Y

Air: 5L/min | Vp: 0.190 & Ve 0.202 1139 | Ve 0.214 415
$2:156212 pm | Ny: 2lit/min TD:13.5 SD:0| TD:17.9 SD: 0 TD:20.5 SD: 0

A o® w | Blockage: N Blockage: N Blockage: Y
Air: 5L/min Ve 0.272 Vp0.289 1139 | Ve0.305 p41.5
N2: 5L/min TD:9.0 SD:0 | TD:13.6 SD:0 | TD:16.1 SD:0
A vg x | Blockage: N Blockage: N Blockage: N

Air: 5L/min Vp: 0.163 Ve 0.173 {139 | Ve 0.183 p 415 | Ve0.193 p14.6
N2: 1L/min TD:14.3 SD:0 | TD:18.1 SD:0 | TD:21.0 SD:1.2| TD:229 SD:1.4
W oD ¢ Blockage: N Blockage: N Blockage: Y Blockage: N

Air: 5L/min Ve 0.190 Vp0.202 [ 139 | Vp0.214 [ 415 | Ve0.225 K 14.6
$12853um | Nz 2L/min TD:142 SD:0|TD:184 SD:0 | TD:20.7 SD:0 |TD:224 SD:2.5
@ Xx& X | Blockage: N Blockage: N Blockage: Y Blockage: N

Air: 5L/min Ve 0.272 & Vp:0.289 139 | Ve0.305 (415 | Ve0.322 pl4.6
N2: 5L/min TD:10.2 SD: 0| TD:14.3 SD: 0 TD:16.9 SD:0 | TD:17.7 SD: 0

Feeder: ¢& p® o |Blockage: N Blockage: N Blockage: N Blockage: N
A8 Air: 5L/min Vp: 0.163 & Ve: 0.173 (139 | Ve 0.183 p 415
N2: 1L/min TD:11.4 SD: 0 TD:13.7 SD:0 | TD:16.1 SD:O
® 0D G Blockage: N Blockage: N Blockage: N
Air: 5L/min Vp: 0.190 p= Vp0.202 3139 | Ve 0.214 K415
$2:150212 um | Np: 2lit/min | TD:10.1 SD: 0 | TD:13 SD:0 |TD:15.6 SD:0
®  X& x | Blockage: N Blockage: N Blockage: N
Air: 5L/min Ve 0.272 Vp: 0.289 K139 | Vp0.305 W 41.5
N2: 5L/min TD:6.5 SD:0 | TD:94 SD: 0 TD:11.5 SD: 0
@ p ® o | Blockage: N Blockage: N Blockage: N

VP: particle velocity in furnace (m/sjy : particle initial velocitym/s),: viscosity(Pa.s), TD: total deposition (g), SD: slag droplét (g
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Table3:5: Experimental results of F2

Fuel: F2 T=1250°C T=1350°C T=1450°C
Air: 5L/min Vp: 0.153 ¥ 29.05 Vp:0.163 3855 |Ve0.173 p4.16
Nz: 1L/min TD:12.2 SD:0 TD:15.6 SD:1.6 | TD:18.4 SD: 2.2
® o @ Blockage: Y Blockage: N Blockage: N
Air: 5L/min Vp: 0.178 [ 29.05 Vp:0.190 855 |Ve0.202 p4.16
$12853um | Nz 2L/min TD:11.9 SD:0 TD:152  SD:1 |TD:189 SD:1.7
® 0P w Blockage: N Blockage: N Blockage: N
Air: 5L/min Vp: 0.255 p 29.05 Vp:0.272 3855 | Ve 0.289 p4.16
Nz: 5L/min TD:7.8 SD: 0 TD:11.3 SD:0 | TD:14.2 SD: 0
Feeder: @ g X Blockage: N Blockage: N Blockage: N
c4 Air: 5L/min Vp: 0.153 p 29.05 Vp: 0.163 855 |Ve0.173 4.16
Nz: 1L/min TD:9.6 SD: 0 TD:13.3 SD: 0 TD:16.6 SD: 0.9
® o @ Blockage: N Blockage: N Blockage: N
Air: 5L/min Vp: 0.178 [ 29.05 Vp:0.190 855 |Ve0.202 p4.16
$2:150212 pm | Na: 2L/min TD:82  SD:0 TD:12.6  SD:0 | TD:16.0 SD:0.6
@ oD w Blockage: N Blockage: N Blockage: N
Air: 5L/min Vp: 0.255 p 29.05 Vp: 0.272 ¥ 855 | Ve 0.289 p4.16
N2: 5L/min TD:4.7 SD: 0 TD:9.5 SD: 0 TD:12.9 SD: 0
@ L& X Blockage: N Blockage: N Blockage: N
Air: 5L/min Vp: 0.153 [ 29.05 Vp:0.163 1855 | Ve 0173 4.16
N2: 1lit/min TD:10.1 SD: O TD:13.2 SD: 0 TD:16.4 SD: 0.6
@ X ¢ Blockage: N Blockage: N Blockage: N
Air: 5L/min Vp: 0.178 [ 29.05 Ve 0.190 855 | Ve 0.202  4.16
S$12853um | Nz 2L/min TD:9.5 SD:0 TD:13.7  SD:0 | TD:16.1 SD:0.7
@ X& X Blockage: N Blockage: N Blockage: N
Air: 5L/min Vp: 0.255 K 29.05 Vp: 0.272 |k 855 | Ve 0.289 Kk 4.16
N2: 5L/min TD:6.6 SD: 0 TD:10.1 SD:0 | TD:13.2 SD:0
Feeder: @ p ® o | Blockage: N Blockage: N Blockage: N
A8 Air: 5L/min Vp: 0.153 [ 29.05 Vp: 0.163 ¥ 855 | Ve 0.173 ¥ 4.16
Nz: 1L/min TD:8.5 SD: 0 TD:11.0 SD: 0 TD:12.9 SD: 0
@ X ¢ Blockage: N Blockage: N Blockage: N
Air: 5L/min Ve 0.178 12905 Vp:0.190 3855 |Ve0.202 pu4.16
S$2:150212 um | Na: 2L/min TD:7.5 SD: 0 TD:9.8 SD: 0 TD:13.2 SD: 0
@ X& X Blockage: N Blockage: N Blockage: N
Air: 5L/min Vp: 0.255 p 29.05 Vp:0.272 3855 |Ve0.289 p4.16
N2: 5L/min TD:4.5 SD: 0 TD:6.9 SD: 0 TD:9.6 SD: 0
® p ® o | Blockage: N Blockage: N Blockage: N

VP: particle velocity in furnace (m/s) :

particle initial velocity(m/s),: viscosity(Pa.s), TD: total deposition (g), SD: slag droplét (g
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3.4.2. Effect of gas flow rate (particle velocity) and particle size

Nitrogen carries the coal particles into the furnace. To evaluate the eftbetvaflocity

in this study, only nitrogen flowate wasvaried and oxygen flow rate was kept constant.
Increasingthe gas flow rate has various effects on the process which most of them work
to decreas¢he mineral deposition on the bare wall. Montagnaro et al. [31] reported that
big particles with high impact velocitgan break easier intdhe slag layer (with
extremely bw viscosity) and get embodied intbe moltenliquid which is very less
probable based on the typical condisai gasifiers. Butthere isa differencebetween

the behaviorof the bare wall and slag covered wall. It isacceptedact thatthe reactor

wall which is covered by molten slag layer is more likely to capture and trap the
incoming particles than the dry wall [32].

By increasing the gas flow ratthe velocity ofthe particles increases as presented in
Tables3.4 and3.5. Therefore the particks collide with the wall with higher kinetic
energy by whichthe probability of rebounding is higher in most cases [1, BY].
addition, by increasingthe gas flow rate the residence time tbk particles inside the
furnace decreases which leads to higheburnt carbon content irthe ash residue
resultingin lower carbon conversion. When the carbon conversion is Jdiwere are
lower amount ofthe inorganic matterexposed to the surface of chars making them
sticky enough to be captured kye slag colletor probe. Shimizu and Tominaga [33]
reported the same observation in their studies.

Figures3.9-3.12 show the deposition for different feeders, fuels and temperatures as
function of velocity. In each specific condition usually the deposition decreass w

increasingthe velocity or gas flow. Luan et al. [1] observed the same trends in their
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experimental results. In all the experimeritee deposition athe gas flow rate of 10
L/min is lower tharthe deposition at 6L/min. Buin somecases the deposi atthe gas
flow rate of 7 L/min is larger or approximately equal to the deposition at 6 Limen
equivalent velocity of each gas flow rgtehich depends to the temperatuiepresented

in Tables3.4 and3.5). This might bedue tothe effect oftheturbulence and mixing at gas
flow rate of 7L/min.At low temperaturgsthe effect of increase ithe gas velocity is
more noticeable. The reason is lower stickiness agdd@mperature and high&rmnetic
energy at higér gas flow rate work together to peaut the char particles from sticking to
the slag collector probe. By increasing thelocity orgas flow ratethe deposit on the
bare wall inthe vertical section of the collector plate decreases which can be seen in
Figure3.16. Influence othevelocity on bigger particle size is realizable even in low gas
flow rate which can be explained by the higher kinetic energy. In addtiensmall
particlescanreachto the thermal equilibrium sooner than bigger partickésnce small
particles reacho the emperature othe furnace and melt sooner than bigger particle.
Kreutzkamet al. [42] reported that smaller particles follow the streamlines of the gas
phase better than the big partic(@gich usually follow their own pathsjherefore do

not collide with the surface of the prolm wall and consequently do not tend to deposit
that much. Butthe results of this study showed higher deposition for smaller particles.
this work, it must be noticed that based on the configuratiothefeeders most of th
particles collide with the wall ahe collector probe independent of their size and smaller
particles are stickier and more probable to be captured. &ha&ln[37] and Yong et al.
[32] observed the same trend as well. They repotted high inertia m@rticles (big

particles with high velocity and densitynostly tend to rebound. Chetal.[37] reported
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that even at low carbon conversj@articles with low velocity and small Weber number
can be trapped. Based tre Weber number definition as the icabf the kinetic energy

to the interfacial surface tension energy, in casehefbare wall, particles with lower
Weber number are more probable to stick. Weber ¢4l reported that the particlean
stick to the wall if all the kinetic energypossessd by the particle before collision
dissipates byhetarget surfacat the moment of impaethich is usually probable due to
the presence of the film with low viscositgut, particles with higher kinetic energy than
the lostenergy at the moment of calion bounce off the surfagenless if they break into
the liquid layer) At the same condition athe temperature andelocity, the kinetic
energy ofthe bigger particles is higher thahe smaller onesTherefore when the big
particles hit the wall, bewse of higher energy the possibility of rebounding is higher
unless the wall is covered by liquid slag with low viscosity. In caskeexlag covered or
wet wall higher energy helpshe particles to break intahe slag layer and get
encapsulategpermanatly (only if the viscosity of molten slag layer is low enough).
Comparison ofthe depositiors of different sizes at the same operating conditions in
Figures3.5-3.8 and Figures3.9-3.12 shows that the fuel with bigger particle size has
lower deposition tedency.According to Luan et a[1] smaller particles lose their kinetic
energy soonerTherefore smaller particlesare more proneto stick (with higher
deposition tendency) if they can invade into the boundary layer around the wall and reach
to the suréce of slag.

Carbon conversiors another affecting parametar the deposition tendencidsually at

the same operating conditigrearbon conversion ahe smaller particles is higheéhan

the big onesParticles with high carbon conversion (over 80%)ehhigher tendency to
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be captured37]. But, it must be noticed that there might beuapredictedslowdownin
the carbon consumption rate of the chparticles under gasification process at
conversions more than 50% and arothmslashfusiontemperaturgange [44] The reason

is that molten included inorganienatters cover analose the pores,holes and the
channelsnside the char particles and prevent the gasifying agents to penetratieeinto

charparticlesto react with carbon content at high tempeaed{44].
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Figure3.9: Effect ofgasflow rate onthe deposition of fuel F1, feeder C4
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Figure3.11: Effect ofgasflow rate onthe depositionof fuel 2, feederC4
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Figure3.12: Effect ofgasflow rate onthe depositionof fuel P2, feeder A8

3.4.3. Effect of ash composition

Fuels F1 and F2 have different inorganic contents which are presented ir8Bafdlee
experimental measurement presented in Ta8Bleand3.5 demonstrate that at the same
condition the bulk ash viscosity of F2 is lowérah F1. Therefore, it seems that the

deposition tendency dheinorganic matters of F2 must be higher thanHie reason is
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that, usually ash particles with lower fusion temperature and lower viscosity are melted
sooner and have higher liquid fractiori[4Therefore ash particles with lower viscosity

are more probable to stick. Also lower viscosity causes the slag layer to move and spread
faster and make the wall surface a very sticky place for other incoming particles to be
captured.

Comparison the redts presented in Figui@5 t03.12 or Table8.4 and3.5 shovsthat in

most of the experimentshe inorganic content of F1 had higher deposition tendency in
slag collector plate. Onlin few casesespecially for bigger particles, the ash deposition

of F2 is higher than F1t must be noticed thaall of the quantified results presented

this study are regarding collector plates installed at the top section. Fardadghmost

of the depositios happerat the top section of the furnace near the ifeedpot and the
deposition tendency for F1 is usually higher in this section. Rushdiet al. [26] performed
ash deposition experiments in a piggiale setup and compared the amounthef
deposition on the panels installed at different locations. Theyrtegbdhat more
deposition was formed on themel 1which was thedp section in their experiments
They related this observationttee higher temperature near the flame in the top section.
The depositions of bothoalshave been analyzed with BSE/EDX. B$mages ofthe
depositiors for top section show that the deposit layer is highly covered with iron as
presented in Figur8.13 and3.14. In this regard, Rushét al. [26] reported that high ash
loading with high iron oxide content caused a coal to showaaced ash deposition.
Thereforeg it can be concluded that the reason of high deposition tendency of F1 at the
top section is most likely related to the small iron particles. At reducing corgiitighe

gasification process, iron is mostly present mhueed states which has low melting point.
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These low melting point particles are very liable to be captured by the wall of surface.

Therefore these particles act as precursors to make the wall sticky to capture other

impactingparticles including char arash.

(@) (b)

Figure3.14: BSE images dhe particles captured by iron covered surface (a) F18350°Qb) F1S1450°C

BSE image and EDX analysis of the samples at different locations in Figure and
Table 3.6 show that there is lower iron concentration on the surfadbeodleposit in

lower sections. Based on Ruslkdial. [26] and Barroset al. [40],the sticking particles
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(with high deposition tendencyre mostly rich in basic oxidegparticularly iron and
calciumbearing speciesThese oxides lower the viscgosibf the mdten slag by
formation ofthe low melting point compoundéwhich can be identified on the phase
diagram) and therefore enhance ash deposition. In this redaedereji et al. [45]
reported high deposition tendency for high iron content asabnd vey low slagging

tendency for coahshwith iron contenfower than 6%.

(©)

Figure3.15: Different iron concentration ofthe surface of deposition, F1S1, 1550°C (a) top (b) middle (c) lmotto
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Table3:6: Average iron compositionn the depositions of Flat different locations determined by EDX

F1-Raw F1-Top

F1-Middle

F1-Bottom F1-Cyclone

Fe (%) 7.9 20.3

8.5

7.1

P————

(c)

(d)

Hgure 3.16: Deposition on the wall of collector plate ahe top section, Feeder: C4 (a) F2S1 T: 1450°C, N: 2L/min (b)
F1S1 T: 1450°C, N: 1L/min (c) F1S1 T: 1450, N: 2L/min (d) F1S1, T: 1550, N: 2L/min

Statigical calculations were performed basedto@ CCSEM analysis and the results are
presented in Tabl8.7. These results help to better understand the diffelembsition
behavios of the inorganic matters of1 and F2. For F1, iron is mostly present as
excluded particlesln addition,most ofthe inorganianattersof this coal exist separately
as excludedminerals Unlike included minerals, the stickiness thie excluded iron

particles in reducing conditions is independerthefcarbon conversion. This maxplain
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high iron concentration and high deposition tendency of F1 in the top section. The lower
deposition tendency of F1S2 in comparison with F2S2 might be explained by the fact that
the stickiness othe iron particles is not strong enough to hold thg particles. In this
case,the ash particles of F2 because thie lower fusion temperature and bulk ash
viscosity have higher deposition tendency. The same behavior for such particles has been

also predicted by Montagnaro et al. [31].

Table3:7: Statistical results of CCSEM analysis of F1 and F2

F1 F2
Weight%  Number of  Area Fe Ca Weight% Number of  Area% Fe Ca
particles % particles
Total 3340 8.06 1.74 3355 8.38 13.48
Included 331 1217(36.40) 339 3.06 1.83 46.9 2087(62.20) 489 448 22.65
Excluded 66.9 2123(63.80) 66.1 10.53 1.69 531 1268 (37.80) 51.1 11.83 5.37

Because of higher calcium content, ash of F2 has lower fusion temperature and viscosity
in comparison with FIThereforeresultedslag layerof F1 flows down on the wall with a
very slow rate and consequently the slag thickness grows fast. Bigjdrshows the slag
layer from F1 and F2 at the top section. It is obvious that at the same cqrttitichag
generated from F1 is thickehan F2. Experimental results of F1 showed very small
amount of deposition dhe middle and bottom sectisnAlthough for F2 the deposition

in the middle and bottom sect®is lower thanthe top section, bytthe deposition is
higherthan F1 in theseestions. This observation signifies the differeehaviorof the
inorganic matters ofhese two fuels. Excluded irdrearing particle®f F1, stick tothe
wall of the furnaceat reducing condition ofhe gasification process mostly as soon as
they collidewith the wall and maké& a sticky surface for other particles e trapped

CCSEM analysigpresented inrable 3.7 showsthat F2 has lower amount of excluded
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minerd matters.In addition,most ofthe calciumbearing minerals of Fare present as
includedparticles which require high carbon conversion to make theparéiclesticky.
Therefore although F1 has higher fusion temperature and higher viscosity, itsut
deposition at the top section is usually higher. The slag layer thickness of F1 grows fast
due to its high viscosity. Because most of the irons stick to the top section, there is not
enough iron to do the same roletite middle and bottom sectignAlso, strong axial gas

flow in combination with highslagviscosity of F1 might be other reasofor the low
deposition inthe lower sections isidethe furnace. Due tthe lower amount of excluded

iron particles in F2, this fuel hadmore uniform deposition and severe deposition growth
was not tserved at all.

Working with F2 some depositionwereobserved evenaar the collection probe (where

the temperature is around 1000°C). Some reasons can be introduced to explain these
observations. Firstlythe melting point and viscosity of the bulk of ash of F2 is lower
than F1. Thereforehe bulk ofthe inorganic matters of F2 are stickier than &lthe

same condition. Butthe included mineral content of F2 is higher than F1. Especially
most ofthe calcium contents are present as included minehatduded minerals can
make a particle sticky if they aexposed to the char surface which happens at higher
carbon conversion in later stages tbé gasification process. Thereform the lower
sections othe furnace by increasinghe carbon conversion inorganic matters of F2 are
able to stick to the wallLower ash content of F2n comparison with Flmight be
another reason for its lower deposition in top section. Because when the ash content is
lower, higher carbon conversion is needed to make enooghanicparticles exposed to

the char surface. Anath reason is that the inorganic depositions of F2 usually form a
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liquid slag layer quickly. Due tthe low viscosity, this slag layer flows and spreads on
the wall ofthe furnace from top to the bottosection(Figure3.20 (a)).Consequentlya
large areaf the wall ofthefurnace will be a wet sticky target for other particlésr F1,
the flowing slag layer is formed only at very high temperaiuaad due tathe high
viscosityit canjust flow a few centimeters down the wall with much higher thickness

than slag layer of F2.

(a) (b)

Figure3.17: Slag layer on the wall of collector plate #te top section T: 1450°C, N: 1L/min (a) F2S1 (b) F1S1

BSE/EDX analysis oftheash residue of F2 showed lotspafrticles sticking together and
making big agglomerati@ In many of these agglomeratigrishas been observed that
calciumbearing inorganienatters acted as glue and made other particles to stick together
and form big agglomeratisrwith size of morehan hundred microns. Formation tbe

big agglomeratios might be another reason tte lower depositiontendencyof F2.
Agglomeration is observed in F2S2 more than FZBiis could be due tthe higher

included mineratontent existed in the bigger pafé. Particle agglomeratian case of

117



F1 happenednuch lower than F2. Figur@18 shows agglomeratisrof F2 at different

conditions. Tabl&.8 presents the EDX resultsgarding theeomposition of the specified

points in Figure3.18.

() (d)

Figure3.18: BSE images a@fgglomeratiors of the minerals ofF2collected in cyclonda) F2S2T:1450°C ,N:1L/min,
Feeder:C4 (bF2S2T:1450°C ,N:5L/min, Feeder:C4 k@S2, T:1350°C, N:5L/min, Feed8 (d) F2S1, T:1350°C
,N:1L/min, Feeder:C4

Table3:8: EDX analysis dhe specified points in figure3.18

Si Al Fe Ca Na Mg K Ba Ti S P
(b) point1  35.5 27.3 3.6 18.4 14 15 - - - - -
(b) point 2 15.3 13.2 3.6 51.3 4.6 5.3 - - - 15 5.3
(c) point 1 57.6 38.2 0.9 14 1.3 - 0.6 - - - -
(c) point 2 30 32 4.8 25.1 - 1.7 - - 5.7 - 0.8
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BSE/EDX analysis of the ash residokeF2 showed lots of small irecontaining particle

on the surface of other ash pael But working with F1, very small amount of iron as
separate particlesereobserved irthe ash residue collected in cyclone. As presented in
Figure3.19, layer of iron sdide is observed on some particlasthe ash residue of F2

which was observed mbdowerin case of F1. Tabl8.9 presents the EDX results for
composition of the specified areas in Fig8t#9. Based on all of these observations, it

can be concluded thavorking with F1 underreducing conditioa of the gasification
process most ofthe iron particlescan stick to the wall of furnace upon collision. But
iron-bearing minerals of F2 undergo various processes and can be seen at different states
at various locations from top tihe bottom sectionof the furnace an@lsoin the ash

residue ollected incyclone.

(@) (b)
Figure3.19: Iron sufide layer onthe ash particles, FeedeA8 (a) F2S2, N: 1L/min, T:135qd¢F2S1, N: 1L/min,
T:1350C

Table3:9: EDX analysis dhe specified points in figure3.19

Si Al Fe Ca Na Mg K Ba Ti S P
Area 1 27.6 22.5 19.1 19.7 6.4 1.3 0.4 2 0.3 0.9 -
Area 2 4.1 3.9 60 2 29 - - - - 27.3 -
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Figure3.20 shows the slag layer of F2 on the wall of furnace. Mbshe experimental
resultsof F2 showedthat the slag layer forefastand flows down on the wall of furnace
with a very thin thicknes©nly at the bottom section near the collection probe where the

temperature is very low, the slag layer might be vieigkt(as shown in Fig3.20(b)).

(a) (b)
Figure3.20: Deposition at different locations on the wall of furnace for F2 (a) Feeder A8, middle section (b) Feeder
4, bottom section

3.4.4. Effect of the particle trajectory (different feeding configurations)

Based on the quantified results tbie ash deposition presented in TabB4 and3.5,

using C4 feeding configuration, inorganic matters have higher deposition tendency in
comparison with feedeA8. The reason is most likely related to the wet and sticky area
produced by each feeder. A8 injects the particles in athatyhey collide with the wall

close to normal daction in a concentrated smalfea. In this case, skier particles
(especidly iron-bearing inorganic matters which act as precursors) make that narrow
section of collision very sticky. In this regard, Li et [89 analyzed different burners

and reported thate feeder with higher number dle colliding particles with the wall
resultsin higherparticles stickingvhich consequently increases the total amounthef
deposition. Ni et al[38] reported that the highest particle concentrafhich increases

the particle capture probability)vas observed at the impingingr feedng area.
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Continuing the process with theenditionmakes the depositidn a narrow area to grow
fast. The thickness in some cases might reach to seesraeters In addition,Ni et al.
[38] reported thathe morphologicalstructure of the deposit Sace strongly depends on
the temperature which may change frorpaaticulate sinteregoroussurface to aon
porousmolten surface. Molten surface provsde sticky capturingplace on which other
particles can adheréligh particle captureate may resul in the sintering of the deposit
depending on thextentof melting of the incoming particles. Becausewairking with

the electrically heated wall in this study, the temperature is higher on the wtik of
furnace and is lower on the deposit surfacegiise temperature gradient in comparison
with selfheatedgasifier). Hencewhen there is a severe growthtb& deposition on the
wall of furnace, the temperature of the deposit surface in that area will bevdatr
causes the surface to be less sticklyis fact could be another reason for the lower
depositionresulted byA8 in comparison with C4.

Figure 3.21 showscontours of the velocity resulted I§F~D modeling of both feeders
with comparison ofthe initial contact area othe particles. The CFD madleling is
performedby ANSYSFuentbased on 2Eaxisymetric geometry in WiterianLagrangian
framework. Discrete Particle ModelOPM) is used forthe particle tracking and
Realizablek-0 apmiedto model the turbulence inside the furnaResinRammler is
used fortheparticle size distribution in the range of-28um. Inlet velocity is used dise
boundary condition fothe air and carrier nitrogen inlet flow and outlet pressure is
appliedas the boundary condition of the exit stream. More detailedniation abouthe
modelingof this gasification setup is presented in chapter 5. The initial contact area is

assumed to be the location that the gas flow carries the particles toward the thall of
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furnace.However, the bigger particlesend to follow th& own paths based on their
inertiaand they usually do not follow the gas phaseam linesThe dfference between

the trajectoriesf thesmall and big particles is presented in chapter 5.

26301
23601
204001
17501
145001
11701
876602
a0
29702
000s40

Confours of Velocity Magrtude (mis) War 14, 2014
ANSYS Fluprd 145 (au, dp, pbeis, spe, tha)

Condours of Velocity Magnitude (mis) Mar 14,2014
ANSYS Fluent14.5 (ax, dp, pbins, spe, ke)

Figure3.21: Contours of velocity magnitude (a) Feeder A8 (b) Feeder C4

Figure3.22 showshe deposition on the wall of furnace resulted from B8ing A8 and
working with F1S1, the thickness thfe deposition can reach to 25mm in the top section
and maks the operation very risky due ttte high probability ofthe blockage neathe
feeding spotin this casdhe deposition is not uniform. Most of the particles hit the wall
and deposit on the first 10 cm of the collector platéherwall of furnace as giwn in
Figure3.21 and Figure.22. This uneven particle distribution causes a concentrated thick
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layer of deposition at the top section. Deposition thickness can be conbylted gas
flow rate and temperature. Increasing the gas flow rate from 6LionibOL/min (or
increasing the average velocity of the particles from 0.178m/s to 0.29%&d(g)es the
thickness othe deposition (more realizable for F1) and reduces the blockage probability.
Figure 3.23 shows the deposition and BSE images of Fig®2 (a). Based on this
image, it can be seen that the deposition is growing from the top and the slag flow is
formed from the bottom. Becausetbe high viscosity oftheash content of F1, the flow
of slag is not enough to reduce the deposit thickness. &34 shows the deposition
resulted from C4 at the same conditiéor this feederthe deposition is distributed over

a wider areaand the thickness of the deposit layer is lowercomparison with the
deposition of A8. BSE images of FiguB23 and3.24 shows thatregardless of the
feeding configuration, the depositions resulted from Fihattop section are highly
covered with iron.

Using F1 and working with simple feeder (two concentric open ended twbssjall
amount of the deposition on the waths observed only at the top section which is due to
the presence ofhe sticky iron particles. Bytbecause othe strong axial gas flow, some
sticky particleswere pushed downward and deposited on the -sbape part of the
collector probe in lower saons. Using C4 and A8, due tbe higher turbulence and
radial velocity ofthe particles, most othe ironbearing particles hit the wall ithe top
section areaPue totheirlow melting point at reducing conditisriron-bearingparticles

are sticky anctan adhere to the surface upon collisibhereforg small amount of iron
(and consequently other inorganic matters) caargbadheréo the bottom sections. This

fact caused larger depositison the wall while workingvith C4 and A8 as shown in
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Figure 3.25. Figure3.25 shows that the thickness tbe depositmaterials

A8 is much higher in comparison with C4 and simple feeder.

(C)

(d)

(€)

(f)

resulted from

Figure3.22: Mineral deposition of Feeder A8, &m from top(a) F1S1, T=1450°C, N2:1L/nf) F1S1, T=1450°C,
N2:8/min,(c) F1S2, T=1450°C, N2:1L/min (d) F1S2, T=1450°C, N2:§k)iR51, T=1450°C, N2:1L/nfiF2S1,

T=1450°C, N2:5L/min
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(@) (b) Area 1 (c) Area 2

Figue 3.23: F1S1, T: 1450°C, Feeder: A8 (a) deposition at top section (b) BSE image of area 1 (c) BSE image of area 2

(a) (b) (c)

Figure3.24: F1S1, T:450°C, Feeder: C4 (@¢position at top section (b,c) BSE imagetioé deposition

(b) (©)
Figure3.25: Depositionresulted by different feeders at top section, T: 1350°C, N: 2L/min (a) simpleléreb)
feeder C4 (c) feeder A8

3.4.5. Deposition blockage

It must be noticed that there are two kindghaf deposition growth in this study which

may lead taheblockage. The first one the growth of deposition athe sticky inorganic
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particles at the placef the feed particles impaction to the wéteeding zoneyhich is
mostly occurred ahelow carrier gas flow rate using A8 feedér.this casethe top part

of the deposit contains sintered sticky particles whitart to meltfrom the bottom to
geneate slag flow as shown in FiguB&3. If there is a small flow of slag (which cannot
remove enough inorganic deposition outlof area), the deposition growth can be very
high leading tothe blockage inside a 63.5mm diameter tube. The second typleeof
blockage is slag flow blockage at the bottom holghefslag collector plate which is
similar tothe tapping hole ofa gasifier. In this casevhen the slag flow rate is not high
enough to remove the required amounth@&molten slag, gradually the thickss ofthe
deposition will be that much high to cause blockage at the bottom hthe obllector
probe.Inadequate slafjiow can be the result of two facts. Firsttizge incoming material

to the deposit laygicaptured particlegnight be tochigh which is due tahe presence of
high amount othe sticky particles. The second reasorhis high viscosity of the liquid
slagwhich is related téheinorganic composition of theshcontentof coaland operating
temperature (and also atmosphere inside thenate). Experimentalviscosity
measuremestfor F1 showedhatthe viscosity ofthe slag generated from this fuel is too
high. Therefore,working with F1, the slag flonmust be managed by adding some
fluxing material or byincreasinghetemperature of #furnace to reduce the viscosity.
Table 3.4 shows that for Flblockage is possible even at very high temperatures. By
increasing the temperature from 1350°C to 1450°C and 1559éMlockage probability
does not decreasespecially at low gas flow raté can be concluded that for thisal
increasing the temperature to 1450°C and 1550°C, will not dectleasgscosity that

much to increase the slag flosnoughto prevent from blockageit the same time the
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stickiness of the particles increases agthlr temperatures. This leadsthe increasen

the inlet mass ttheslag layer and finally results the blockage. For Fldue tothe high
viscosity of the ash content, working at temperatures up to 1550°C with C4 feeder,
resulted inthe blockage at tb bottom ofthe slag collector plateDepending on the
operating conditios such asvelocity of the particlesand temperature (which can be
considered in terms of Re and We for modeling purpose), the time after which the
blockage occurs might be differertables3.4 and3.5 show that in some cases the
blockage can be prevented by increasheggas flowrate. The reasois the reduction of

the amount othe sticking particles athe higher gas flow rate drigherparticlevelocity.

The results othe expeiments showhat by increasing the temperature to very high value
(1650°C), the slag flow can be fast enough to reduce the blockage probability. Working
with F2, blockage might occlonly at the low temperatures and low gas flow matén

case of F2by increasing the temperatutbe blockage can be prohibited well. Figure
3.26 shows the tip othe collector plate for F1S1 at different conditions. In order to
reduce the blockage probability, three solutions can be proposed. Using fluxing material
(or blendng with other fuels) in order to reduce the slag viscosity to increase the flow
rate of the liquid slag is the first option. Second option is to increase the operating
temperature of the furnace. Bumcreasing the temperature might reduce the cold gas
efficiency and also reduce the lifetime thie refractory materia in contact with highly
corrosive deposition The third solution is to increase thielocity of the particlesby
increasing the carrier gas flow rate to reduce the amouthiedticking paticles as the

inlet material to the slag layeithis can lead tahe reductionin the coal carbon

conversion and economically affect the process; theretomeoptimization study is
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required. In addition, changing the trajectory tbé particles during thegasification
process to distribute the inorganic deposgi@ver a wide surfacand consequently
decrease the deposition thickness can be considered as anatiegement methoaf

theinorganicmatters

(b)

(d)

Q) (h) (i)
Figure3.26: Blockage at the bottom hole ate collector plateat the top section F1S1, Feeder:G4)N: 1L/min, T:
1350°Qpb) N: 2L/min, T: 1350°@) N: 1L/min, T: 1450°Q@l) N: 2L/min, T: 148°C(e) N: 1L/min, T: 1550°() N:
2L/min, T: 1550°Qg) N: 1L/min, T: 1650°Ch) N:2 L/min, T: 1650°@) N: 5L/min, T: 1650°C
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One of the interesting experimentdservations in this study is the slag droplet falling
from the tap hole atheslag colletor probe. The EDX analysis on the surface of the slag
droples showedthat their composition is approximately close to the bulk ash
composition otthe coal Figure3.27 showshe slag dropletof F1 and F2. Slag droplets

of F1 are larger thatme dropletsof F2 due tothe higher viscosity

Figure3.27: Slag droplets N: 1L/min, 3 droplets at left F2S1 1450°C, 3 droplets at right F1S1 1450°C

3.5. Conclusion

In this study gasification experiments with two typeg Canadian coal and two different
feeder configurations were performédvo size ranges (coarser and finer) were used for
each coal type. Temperature and gas flow rate were varied to evaluate the effect of
operating conditiomon theash deposition.

Temgrature

In all the experiments, increasing the temperature made the ash particles stickier and led
to higher deposition. Butit the same time increasing the temperature reduced the slag
viscosity which causednincreasean the flow rate othemolten slg layer.Therefore, by

increasing the temperatyréhe slag flow usually increases. For each coal type, a
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minimum valuefor thetemperaturenight existat which there is controllable amount of

the inorganic deposition and slag flow to prevent from blgekaBut considering two
opposing results ahe higher amount othe sticky particles and higher slag flow rate at
higher temperatures, was concluded that increasing the temperature cannot guarantee
the safe operation by reducing the deposit thickness.

Gas flowrate (velocity of particledparticle size

Increasing the gas flow rate in most cases reduced the amaimetdefposition for both
coals The reason is most likely related to the kinetic energyhefparticles at the
moment of impact to thbare wall. In addition increasingthe gas flow rate reducethe
residence time ahe particles which resultad the decrease ithe carbon conversion of

the char particles. Particles with lower carbon conversion are less sticky. Big particles
because ofigher kinetic energy showed lower deposition tendency than smaller particles
at the same condition. Another reasontfee higher deposition tenden®f the smaller
particles is that these particles usually have higher carbon conversian addition

reach to the environment temperature sooner tiagbig particles.Therefore smaller
particles start to melt sooner.

Ash composition

For FJ, iron showed an important role the inorganic depositiorbehavior CCSEM
analysis of this fuel showethat most ofthe iron-bearing minerals werexisted as
excluded particlesUnder reducing conditioa of the gasification process,iron is
presented in reduced state which has low melting point. These low melting point particles
can be readily captured upon collisiortmwihewall and make it a sticky surface for other

particles to stick Average EDX analysi®f the deposition of F1 at different locations
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showed that the iron concentration the top section is much higher thahe other
sections.

Regardingthe depositon tendency of F2, calcium hadsgnificant role. Calcium nde

the viscosity of the bulk of ash ank&g low enough which usuallydeto the smooth slag
flow. In most of the experiments with F2, there was a thin layérexdlag flowing down

the wall ofthefurnace. CCSEM analysis of this fuel showed that excluded minerals of F2
were lowerthan F1.In addition,most ofthe calciumbearing minerals existed as included
particles. At high temperatwsethe inorganic particles of F2 adhered together and made
big agglomerationThe reason is related the melting ofthe included calciurdbearing
inorganic mattersvhich acted as glue to force other inorganic matters to stick together
and make big agglomerations. The size of these agglomerations couldoreazk than
hundred microns which is hard to stick to the wall at the top sedtidower sectios by
increasing the carbon conversion and also by increasing the number of tim#gethat
particles collidewith the wall, the probability of their sticking waliincreaseWorking

with F2 lots of inorganic agglomerates weykservedn cyclone, butin case of F1 ash
agglomerates in cyclone were much lower.

Feeder configuration/particle trajectory

The deposition was affected by the feeding configuration for botls. FeederA8
resulted in very thick depositisrby injecting thecoal particles on a narrow area. The
severe growth athe depositionresulted byfeeder A8 was more observable for F1 due to
the high iron concentration on the surfacettod deposit. Feger C4 injected the particles

on a wider area than A&ereforethe depositiomesulted byC4 was more uniform with

lower deposition thickness.
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Blockage probability

The Hockage analysis of the collector probes showed that for F1 increasing the
temperatee form 1350°C to 1550°C did not decrease the blockage probabilithis
case,increase in thestickiness of thearticles (as the inlet mass tiee slag layer)was
more effective thathereduction ofthe slag viscosity at high temperature. Workinglwit
F1, even very high operating temperature could not guartrgsafe operation.

Blockage never happened time slag collector probes during the gasification process of
F2 atthe temperaturghigher than 1250°GHowever there was a very thick layer tfe

slag neato the bottom of the furnace where the temperaturewsaslow. Using F2 and
performing the process #he temperature higher than 1250°CQould assure the safe
operationof the gasifier far from blockagerherefore the most important requd
precaution during the gasification process of F2 is adjusting the temperature ta be in
specific range ¥250°G1450°C). Lower temperatures lead tthe high slag layer
thickness and higher temperatures leath&extra maintenance cost due to thateral

loss andcorrosion.
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Chapter 4. Inorganic particles deposition based on

controlled injection

4.1. Abstract

Considering the high cost operforming gasification experiments, @dicting the
inorganic deposition and slag layer formation using Gr@lelshave been the topic of
many researche®\n accurate evaluation of the fate thie particles at the moment of
collision with thewall is a critical step for a reliable modéh this work inorganic
content of a Canadian coal were injeatedlercontrolled conditions such ésmperature,
velocity andimpact angleon the surface of hafttylindrical ceramic plateto evaluate the
particle depositiorbehaviorat different conditionsPeacentage othe weight increase of
the platess preseted for each specific condition.

Increasing the temperaturesulted inincreasdan the amount othe deposition for all the

experiments. At higher temperatutbe effect ofthe temperature increass lower. By
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increasing the impact anglthe amount othe deposition increases slightlizowever
impact angle is not the only affecting angle and at the same thm®@rientation of the
wall must be considered. Increasing the particle velosiightly led to the higher
deposition at high temperature and reduced the depositioowat ktemperature. The
dependencef the particle deposition to temperature is higher thlae velocity and
impact angle.

Keywords:Inorganicdeposition, operating conditionagicle impact angle

4.2. Introduction

Performance, reliability and efficiency tife coal gasificationor combustionprocess are
strongly influenced byheinorganicbehavior Fusion oftheinorganicmattes in the char
particles at high temperature might d¢ém further reactions and lower carbon conversion.
Molten and solid Iag layerson the wall can affect the heat tranddeastically Unsteady
and uncontrolled flownight cause blockage at the bottom of the reactor. Reliability of
the process which strongly affected bytheinorganicbehavioris one of the main issues
for plenteousndustrialapplication ofthegasification processl{5].

Upon impaction othe ash particle tdhe bare wall or to the surface tiie deposit the
viscosity and surface temsi are thought to bée controlling factors §]. Traditional
sticking coefficiens are mostly based orthe viscosity (by comparison othe viscosity

with a threshold valyeto decide if a particle is cayredor bounced off the surfac@][
Tominaga et al[8] and Walsh et al. [9] related the char capture probability to the
viscosity ofthe char particle and slag layer and assumed that when the viscosity is lower

than a certain value thethe particles will be captured. Many studies have been
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performed tanvestigate the inorganic matteehaviorfocusing mostly orthe viscosity,
temperature of critical viscosity and ash fusion temperature in terthg empirical and
semiempirial indices such as alkali index aih@se to acid ratio teharacterizethe
inorganic depositiomehaviorof differentfuels. Several correlations have been proposed
to predictthe viscosity mostly based othe temperature and composition [2@]. It is
also proved that atmosphere influences the statbeoéxistence of some compents
such as iron which results itne great changes in viscosity ZB]. Therefore the
dependency ofhe viscosity and ash fusion temperature has been widely investigated in
terms of mineral compositions, additives, atmosphere and operating candition

Today due tathe increasing interestotvard wider application ofhe coal gasification
process and inaccuraof the empirical viscositybased slagging indices, more accurate
method for predictiomshdepositionand slag formation is desireGomprehensie CFD
modeling of gasification includinghorganicdeposition and slag formation has belea
topic of numerous researches in this regBased ortherequirement for more accuracy
relying only ontheviscosity and fusion temperature is not satisfyiagha onlycriterion

for prediction ofthe inorganicbehaviorin CFD modeling Ash particlesbehaviorat the
moment of collision with the wall at differembcationsdepends on their properties,
operating condition ofhe furnace and the conditisiof thewall. This phenomenors of
crucial importance in CFD modelinpecausgit determines the inlet matersahich
form theslag layer. Temperature, composition, velocity and impact angle of the incoming
particle in combination witlthe target surface propges such as composition of the

currentdeposit layer are the main factors determiningraleof particles 7-30].
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Luan et al. §] analyzedheinfluenceof thetemperature, impact velocity, deposition time
andfuel particlesize on the mineral depasith behaviorusing a probe and found inverse
relation between particle impact velocity and ash deposifibley observedthat high
inertia particle in contact with low temperature surface had lowest deposition tendency.
Particle capture efficiencincrease byincreasg the carbon conversion and there is a
sharp increase ithe capture efficiency above a certain conversion value which is called
critical conversior{7]. Li and Whitty [30] observed that operating at temperatures higher
than ash flow tempenate is not enough to makte char particles sticky and only at
carbon conversiamore than 90% thé&ransformationfrom porouscarbonacioushar
which isnonsticky to molten andsticky slag happen®egereji B1] studiedthe surface
properties and contaangleof the particles upon impaand proposed a slagging index
based on viscosity, ash fusion and ash loading reporteda good agreement with
experimental dataMueller et al. B2] introducel a particle captureriterionbased orthe
kinetic energyof the particles and total surface energyhe sze of the particles must be
considered as an affecting paramete€asten et al.33] observedhe differentbehavior

of inorganicmattersbased on their sizes. Yong et @4 proposeda capturecriterion
consideringherelation betweerhe particle velocity(vp), particle diameter (g, particle
density( g) and surface tensign an)term of Weber number.

0 Ol 0 0Q&H @E@D A Q

WO TR G R 00T

They reported thatf the Weber is lower thathe critical Weber number (Wg, then the

particle is probable to stick and assumed this critical number to be 1.
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In most of the proposed criterigrthe properties fothe bulk of ash was used for all the
interactiors, but, Yu et al. B5] reportedthatusingoverallash compositioms not a good
approach to analyzéhe interactions onall the surfacescovered withmolten layer,
becausg particle are deposited based treir composition and this fact lead tbe
different local compositiamand properties at different locatiorf$ e same observation is
reported by Wall et al.37]. In addition, the difference between bare wall and slag
covered wall must be codered inan accurate criterigrbecausg particles maybe
capturecdeasiempon colliding withthe sections which is covered by liquichg layetthan

in the case othe dry walls [34]. Shimizu and Tominaga3f] performed experimental
analysis to investigate the cehslag interaction using a ceramic tube an electric
furnace.Having assumptiorfor the formationof only a single layeof the char particles
on the slag surfagehey proposed a criterion for chatag interactiorbasedon that if a
char particle hithe surface otheslag it will be capturé otherwise it will bounce off the
surface Based onthis mode| by increasing the char feed ratthe char capture rate
decreasesTherefore the phenomena dhe char capture by slag layer plays a vital yole
specially, when the charparticles are not that much reactivehe main issue in their
experiments was that the type of injection was not identichletioeal situationbecausg
feedingwas not implemented ate vertically flowing layer and alsdhe impat angle
was not controlled asnaaffecting parameterMontagnaro et al. 38, 39 studiedthe
influence ofthe carbonloading on the surface of slag brought liye colliding char
particles They characterizethe situation at which incoming particles getapsulated
by slag or trapped at the surfabg comparing inertial, viscous and interfacial forces.

They reported thatin nonvertical walls the buoyancyorce must be taken into

141



considerationTheyfound out that onlythe high inertia particles (big pactes with high
velocity) interacting withmolten liquidlayer with low viscosity can plungeompletely
into the molten slag layer. Shannon et a( based on the force balance formulation
acting on the particles proposeda capture model in terms w@fscosity, surfacgension
and impact velocity as the main affecting factdvao et al. #1] studied the ash
deposition inkraft recovery and in order to derive a capture criterapplied energy
balance whilestretchingand recoiling ofthe molten particleat the moment of impact
They defined excess energy in relation witlte maximumvalue of the diameter thaa
particle mighthave after spreadin@his diameter is called maximum spreading diameter.
Whenthe excess energy is positivthe particle will rééound otherwise it sticks tthe
surface. The particle spread can also be simulated with numerical modeling by solving
NavierStokes equations which is very time consumuhig43]. Assumingthe inertia of
the particles as the main affecting paramehdiret al. [44] used the model of Mao et al.
[41] to apply it for gasification process. They reported thamaximum spread diameter
of the particles at the moment of impact is a vital factor for particle sticking and
introduced a model in terms of excdsgpact energyas a function of Reynolds and
Weber number.

Particle trajectoryand impact directionaffect the depositiorbehaviorof the particles
including chars andsh Although, some studies reported the differdrghaviorof the
inorganicdeposition baed onthe particle trajectories and feeding configuratidid-4g],

but, it is not well investigated.

In thiswork, theashparticlesof a Canadian coalereused for injectioron the surface of

the half-cylindrical ceramic platesnstalled on the wall o& drop tube furnaceunderthe
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controlled condition. In each experiment the temperature, velocity and impact angle of
the particles at the moment of impact wadjustedand the deposition results were

guantified.

4.3. Experiments

The objective of the experimes in thisstudyis to implementhe controlled injection of
theash content of coal on a ceramic plate in order to evaluate the eftbetagferating
conditions ortheinorganicmatter deposition to be usedtas particle capture criterion.
The norganic residueof coalis used to be injected through3a/ 8tainless steel tube on
a removable ceramic plate inside a drop tube furndbte ceramic plate is half
cylindrical with the diameter of 5.5cm antthe length of 10 cmBYy using the tubes with
differenttips the particlexan beinjected with specific angle. Figurel shows the tubes

used fortheinjection with different impact angles.

Figure4.1: Tubes with different tips to produce different impaangles

The ceramic plate was installed on a half cylindrical metal sheet which can be removed

after each experiment at high temperatufé injection point is located 25cm inside the

furnace After doingthee x per i ment wi t h s, jghe tubefwasachangetp a c t
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to repeat the experimentith a different impact angle. The injection setup shown in
Figure4.2, was placed inside an electrically heated drop tube furnace which is shown in
Figure4.3. Theceramictube ofthe furnace with 635cm ID and 158m total height can

be used for temperatures up to 1500%2]. The feeder consists of a screw feeder
including a hopper and stirring rod. Uniform feed injection was achieved by vibrating
walls of the hopperto prevent bridging othe fine particles[52]. Nitrogen is used as
carrier gas and by controlling the nitrogen flow rate wedocity of the particle was
adjusted. A 3/8 inch tubansfered ash particles and nitrogen from feeding hopper into

the furnace

Figure4.2: Injection set up including injector tube, removable ceramic plate and holder metal sheet

In order to prepar¢he ashparticlesfor injection, a Canadian cod grinded, sieved and

thesizerange of1l50-212micronis separated and burn@da muffle furnace with carbon
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conversion of 8%. The analysis dhecoal and its inorganic content are shown in Tables
4.1 and 2. The ash fusion temperature analysis dne viscosity measurement for

inorganic content of this fuel performed Byichesneet al 49] arepresented in Tablé.3

and Table4 4.
Table4:1: Proximate and ultimate analysis dhe coal

Proximate analysis w% Ultimate analyss w%

Volatile matter 34.27 C 50.8

Fixed carbon 43.01 H 35

ash 10.50 N 0.9

moisture 12.22 S 0.5
o] 44.3

Water Lank

sl yuenoamss

Electrical Furnace

Collection Probe

Coolng Waler 9
—_—

Comling Waker out

Cyrkne

Char & Suh Aamples

Macry GIC

Figure4.3: Atmospheric electrically heated drop tube furna¢g2]
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During e&h experimeng0g of the inorganic mattesis injected on the ceramic plate. To
guantify the resultshe weight ofthe receiving ceramic plates recordedbefore and at
aftereach experiment and the percentagéhefparticlesdepositionis measuredDuring

the experimentsthe tubes must be cleaned several times by high pressure air. Fluctuation

of the manometer of carrier gas helps to know when cleaning is required.

Table4:2: Ash composition analysis

Inorganic composition W% STDEV
SiO2 26.5 0.74
Al203 16.9 0.39
Fe203 8.1 0.52
CaO 22.6 0.51
Na20 5.1 0.17
MgO 39 0.18
BaO 15 0.16
TiO2 0.9 0.05
SO3 13.8 0.49
P205 0.6 0.06

STDEV: Standard Deviation

Table4:3: Ash fusion temperature analysis in °€1]

Oxidizing Reducing
Initial 1191 1096
Spherical 1268 1107
Hemispherical 1299 1118
Fluid 1332 1177

Table4:4: Viscosity measurement of asd ]

Tempeature (°C) Viscosity (Pa.s)
1150 298.77
1200 91.7
1250 29.1
1300 14.3
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The ash deposition rate in any coal utilizatmmecesscan be analyzed asfanction of
the adhesion efficiencAdhesion efficiencys defined as the ratio die particle captus
efficiencyto theparticle collision probability. @ptureefficiency isexpresseas theratio

of theparticlemasscapturedoy the surface to theotal particle mass in the projected area
[50]. Based on the configuration of the injection setlican ke assumed that all the
particles collide with the surface tife receiverplate;therefore the collision probability
can be assumed tbe 1. Therefore the capture efficiency equals the adhesion
efficiency andis introducedas the ratio othe mass ofdeposit collected on the ceramic

plate to the total mass tifeinjected ash.
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Figure4.4 showsthedeposition ortheceramic plate.

Figure4.4: Particle depositionorthe OS N} YA O LI 4SS o6¢Tmunnc/ = ‘Tcnco
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4.4, Results and discussion

4.4.1. Effect of Temperature
During eachcoal utilization processboth ash deposition and slag flow are affected
strongly bythe temperature. Based on the mineraimpmsiticn and atmosphere in the
furnace inorganic particlesanbe melted and stickyBased on the literatusestickiness
of the particles is mostly related tahe viscosity which decreasdsy increasingthe
temperature. In Tabk.4, theexperimentally measuredscosity of the ash content thfe
coal is presenteavhich showsa decreasaate byincreasingthe temperature. Carbon
conversion as another parameter affecting the stickineisegparticleincreases with
temperature. In this studgshparticles withconstant conversion are injectadderan
inert atmospheteTherefore temperature does not change stickiness in term of carbon

conversion andnly affects theinorganicproperties.

90
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=" [ &, ¥=20m/s
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Figure4.5: Effect of tenperature onthe particle deposition
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The resultof theash deposition as a function thie temperature is shown in Figudes.
As it can be seen ithis figure, for all the conditions oftheimpact angleand velocityby
increasing the temperatutiee amoun of deposition increasefncreasingthe deposition
at higher temperaturewasobservedn experimental analysis performed ¥gng et al.
[34] andLuan et al. 4]. If the particles haveolwer viscosity at thecolliding time with the
surface the energylosswill be larger Therefore the particleswith lower viscosity will
not haveenough energy to rebourdter collisionand consequentlgre highly probable
to stick to the surfaced]. Based orthe studies oiNi et al [44] surface tensionises upat
the higher temperature and thatmight be the reason dhe less rebound tendenay
higherparticle temperatuse The rate of increase in DP% ftire first fifty degree risan
the temperature isusually higher than the second fifty degree. The reason mnhght
related tothe amount ofthe decreasen the viscosity from 1150°C to 1200°C which is
207.07 Pa.s and from 1200°C to 1250°C which is 62.6 Pa.s.

Analyzing the morphology dhe ash using SEMmagesis very beneficial taunderstand
the ashdeposition bkavior in term of the structural changeat different temperatures.
Figure 4.6 shows SEM imagef the ash at different temperatur8ased orthis figure,

at temperature of 1200°C and higher the morphologh®melted ash does not change
that much andhe liquid fraction ofthe ash seems to be high, but, at lower temperatures,
the deposition ismostly composed ofthe partially melted agglomerated spherical
particles which is similar to sintered deposition. Performing thermodynamic calcslation
using Fact&ge can be very useful in this regard to calculate the liquid fractithe ath

particles at each specific temperature.
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SEM HV: 20 kV WD: 10.00 mm
View field: 193 pm Det: SE

SEM HV: 20 kV WD: 10.00 mm
View field: 193 pm Det: SE
SEM MAG: 1,50 kx  Date(m/dly); 04/10/15

SEM HV: 20 kV | | VEGA3 TESCAN|
View field: 361 ym Det: SE 100 ym
SEM MAG: 800 x _ Date(m/dly): 04/10/15

SEM HV: 20 kV WD: 10.00 mm 1

View field: 288 pm Det: SE 50 pm
SEM MAG: 1.00 kx  Date(m/dly): 04/10/15

(d)

Figure4.6: SEM images of ash (a) 1100°C (b) 1150°C2@)°C (d) 1250°C

4.4.2. Effect of particle velocity

As the ah particles are transferred into furnace by nitrogfes velocity of the paicles
at the moment of impact can be adjustedthmy/nitrogen flow rate Depending on the
existing conditionjncreasinghe particle velocitynight result invariousbehaviorsof the
particles andnorganicdeposition If the particle collides witlawet orslag covered walls
the capture probability is high¢B4]. Big particles with high impact velocityn contact

with very low viscosity slag canpenetratanto it and getengulfed completelynto the
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moltenliquid layer [39]. If the particles hit the dry target,by increasing the velocitthe
probability of the rebounding ismostly higher, becausgat higher velocitythe paticles
havehigher kinetic energgt the moment of impacticenddue to the lowdissipation of
theinitial energyon dry wall, the particles possess enough energy to boung¢é,34.
Figure4.7 shows the deposition in term tife particle velocity. Thedlependence dahe
deposition tahevelocity is very lowespecially in comparison witthetemperature. But
it can be seen that at lower temperature increasing the velocity slightly reduces the
deposition and in higher temperature slightly increasesepesition.

Although material properties and operating conditions are very importanthen
inorganicdepositionbehavior but, the state oftheimpactingparticlesuch as sphial or
deformed is anotheraffecting parameter in ash depositioim this re@rd it should be
noticed that when a particle vghi is partially or fully meltedmpacst a surfacethe cases
presented in Figuré.8 might be resulted. The particle can stickthe surface if all the
possessednergy ofthatis dissipated by the targstirface and ithe dissipated energy at
the moment of collision is lower than initial kinetic enertiien the particle will rebound
[51]. When a molten particle with specific kinetic energy (based on its deresityand
velocity) collide with a surfagehe kinetic energy will be consumedhile the particleis
stretchingout in radial direction50]. By gradualconversion ofthe firstly possessed
kinetic energyto the surface energya part ofthe energy will be lost as welljhe particle
deformation though stretchingcontinues until the particle reach&s a state having
highestpossiblediameter which is called splatate 0]. The highest possible diameter is
introduced as a parameter calleedxamum spreadwhich is a diametehigher tharthat,

moreincreasdan the moltendroplet diameters not possible. The reasontigat viscosity
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and surface tensigorohibit more deformation ithe particle structurdoeyondmaximum
spread diameteAt the end othe spreading phenomenomgtinitial spherical meén ash
particle will be likea disk in splat condition as shown in Figu¥&(a). Then the particle
starts torecede(to go back to its initial shapd)ecause the splat condition isnro
equilibrium. Based on the wadiility, particle impact condition andhe operation
condition at the moment of impact, ts&getched particlenight stick tothe surface or
recoil [50]. While recoiling theamount ofthe remainedenergypossessed by the particle,
determines if the particle sticks or n®he ratio ofthe maximum spread diameter to the
initial diameter othe particle is a functin ofthe Weber and Reynolds numbér50].
Several numerical andanalytical models have been developedthe predict the
maximumspreaddiameter of droplef7,50. Mao et al.[41] dewloped a serempirical
model for isothermalcondition which predics the maximum spreath termsof the
Weber numbemReynolds numbegndcontact anglas below
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In above equationdis the maximum spread diametand dy is the initial diameter
Based on this equatipthe maximum spread in@sesat higher values athe Reynolds
and the Weber numheltarger maximum spread upon impaetuses to increase the
adhesion efficiencyin this regarchigher kinetic energy is erucial parametewhich can
lead tothe higher spreadH0]. Considering lie particles to be fully melted at high
temperatureghe concept and models thfe spread diameteran explain thencrease in
theash deposition with increasirige particle velocity at high temperatwrdased on the

excess energy model by Mao et dfl][and Ni et al. 44], for a molten particle at higher
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temperature and higher kinetic energy, the capture probability is highemg higher
velocity helps the particteto penetrate intdhe molten layer easieand this could be
another reason fothe increasedin the deposition with high velocityand at high
temperature

The reduction in the deposition by increasing the velocity atéomperaturess observed
in someresearchesuch agheworks done byChen et al.47] and Yong et al.34] who
repoted that particleswith high kinetic energyusuallytend tobounce off Chen et al.
[47] observed that when the velocity is logwyen particlesvith low carbon conversion
could be trappedThey reported that for the high carbon content char particles wahéch
not completely melted, if th&Veber number(the ratio ofthe kinetic energy tothe
interfacial surface tension enejg low, evenin contact with drywall the particles

might be captured
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Figure4.7: Effect of velocity orthe particle deposition
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Figure4.8: Behavioursof a drop falling impact (a) spread (b) rebound (c) splas][

4.4.3. Effect of particle impact angle

Injection experimens wer e performed for i mpact angl es
can be compared in Figurd$ and4.6. It was planned to do the experiments for impact

i n nor mal d i, butet@otmiuah stickingf oth@ & particle to the tube at the
bendirg point near the tipaffected the weight measurement and accuracy of the results.
Based on Figured4.5 and4.6, the deposition for impact angle of 60° is usually higher
compared with 3Q°however the difference is very low. Based on Figu®, when a
paticle hits the wallwi t h i mp a c,the eeloafy ofthe pafrticled(\p) can be
decomposed intdhe normal velocity (\) and tangential velocity Y/ Increasingthe
normal velocity at low temperatuwseaisesthe rebounding probability by increasing the
kinetic energy[34,47] But, at higher temperatures whehe liquid fraction of the
particles is highelincreasinghe velocity raisesthe We number which lead to increase in
the maximum spread and consequently resultsthie@ higher deposition. Tangential
component of theelocity always reduces the deposititbecausgit pushes the particle
downward on the wallreduces the retention tinaad prevents the particles to stick. The
effect ofthetangential component dlfie velocity is similarto the effect ofthe gravity in

the vertical sections which must be defeated by the sticking forces for a particle to be
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captured. By increasing the impact andllee tangential component of the velocity
decreases and this can expl ain ofthesmalhi gher
difference betweerthe depositions might be related tbe high stickiness othe ash

partides (burned coal particlewith very high carbon conversigrwhich minimizes the

effect oftheother parameters tmeobservable

Figure4.9: Decomposition ofthe velocity of particleinto the normal and tangential components
® wAlT-O T T
® wOE+ T L
The approximate depth of penetration of a particlehinmolten liquid layer (for the

surface of fused silicate) can be calculatedh®equation below13]:
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respectively.] is the angle of impaction and is the viscosity of the surface. This
equation shows that by increagi the normal component dhe velocity (V»), the
particles can penetrate more which increase their capture probability. Théasaaveor
was predicted byMontagnaro et al. @ 39]. Higher temperature by reducing the

viscosityincreases the effect tie high velocityin particle capture othe molten layer.
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As a case studythe particles were injected vertically downward on a plate which had
angle of 30A wi t hthetefore thezimopacd angle is 60°nTée résillts €0 )
compared withthe impact angle of 60° othe vertically installed plates. The difference
between the angles of these two cases is shown in HgLe

The deposition resultgresentedn Figure4.11shows a high increase the deposition

for U=30 in comparison with Udgbed deposition he s ami
for U=30 ielated porthe bmarbetentiontime (the timethat a particle is in
contact with the plajeAt U = 3ia particle does not stick tie plate it usuallymoves

on the plate until it reachés the end othe plateto be carried out of the projection area
and during this time it still has the probability of stickifgut, for the vertical plateif the
particle does not stick to the platewill becarried out of the projection area by tees
stream and there is no chance for another contact. The efféot gravity is another
parameter which hefgheparticlest o st i ¢ k i, but, puls she padidles dbwr8 0

and consequentlgcts against stickingghenomenoatU = 9 0 .

wall
Qparticle
\ — .y
0 A’. particle
\"d -
\] Wwall
\ .
Y o)
0 =60 :
@ =90 8260
a =30

Figure4.10: Different particle impact configurations witlthe same impact angle

156



7
o
065_ ‘//‘

—t=" [ &I G

S S remr e
50 T T T
1100 1150 1200 1250

Temperature{C)

Figue 4.11: Deposition behaviour of different impinging configuration (V=10m/s)

4.5, Conclusion

In this study the inorganic depositionbehaviorwas studied by controlled injection in
terms oftheoperation conditios such as temperature, velocity and impact angle.

In all the casesincreasing the temperature led to higlkeposition becausgthe ash
particles are stickier at higher temperaturesstly due tahe reduction inthe viscosity.
In addition, molten layerformed after sticking ofthe initial particles(which could be
precursor to improvehe capture efficiency)has lower viscosity as the temperature
increases and captgnmore particles.

Increasing the velocity at low temperature had small eHiadta sight decreasén the
depositionwas observedThe reason is related tioe kinetic energy ofhe particles which
is hard to dissipate at the moment of impacttf@particles with higher velocity. Also
the existing layer on the plate has higher viscaaitgpenetrating intdhe high viscosity
layer is hard and reboundings more probableas the kinetic energy dahe particle
increases. At high temperatunecreasing the velocity causedslight increase inthe
deposition. The reason is thought to batexd to the lower viscosity dlhe ash particles
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and molten layer on the ceramic plate. High velocity particle can penetratéhénto
molten layer easier thatine lower one.In addition, at higher temperature due tobe
higher liquid fraction, the maximurspread diametes largerat higher velocity which
finally increaseshe capture probability.

Changing the impact angle from 30° to 60° ledthie higher deposition slightly. The
reason is related to the change in the componeriteegfarticle velocity byvariation in
the impact angle. By decreasinpe impact angle the tangential component dhe
velocity of the particlencreases which pushes the particle downward and will not let the
particle to spread out on the surface or penetratehetmolten laser.

It was understod that thereason for nobbservingmore distinguishabledifferences in
the inorganic deposition behavi@specially for the velocity and impact angle might be
related to using asfburned coal particlewith high conversioh Coal particlewith high
carbonconversion is very stickyTherefore the probability of sticking tdahe surface is
very highwhich minimizesthe effect ofotherparametersUsingthe char particles with
lower carbon conversion probablyill lead tothe more disinguishable differences

between various impact anglend velocities.
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Chapter 5. CFD modeling of ash deposition and slag

formation during coal gasification

5.1. Abstract

Inorganic mattedeposition and slag formanh arecritical issues during coal combustion
and gasificatiorasthey significantly affect the reliabilityand availabilityof the process.
CFD modeling is a promising tool to reduce the high cosh@éxperimental prediction
of the inorganicbehaviorand to evaluate the effects thie operating conditiog on slag
flow. A 2D-axisymetric model has been developed ANSYS Huent commercial
softwarein steady stateondition to simulatethe ash particledeposition during coal
gasification Slag layer formé&on is calculated using Naviestokes equatianThe
phenomena othe char and aslparticle deposition and their interaction with the wall of
the furnace has been introduced to the modelaasser defined function (UDF). In the

submode| the operating pameters such as wall temperature, particle temperature,
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particle velocity, carbon conversion tife char particles and theghysical properties of
theinorganic matters such as temperature of critical visc¢&ity anddensityhave been
consideredNavier-Stakes equation in combination with the continuity equation uses
to calculatethe slag layethickness based orthe ash deposition athe inlet material
forming the slag layerTheresults ofthe ash deposition sutmodel in combination with
the gasfication model aresaved inuser defined memory (UDMgnd it is possible to be
passed to other models for further processifige comparison ofthe contours ofthe
inorganic particle deposition withthe experimental results o&sh deposition inan
electrically heated drop tubkirnaceshowedthat the model predicts well the location of
the particle depositionDue to neglecting some affecting parameters, the efrdhe
depositionvaluesis high.

Keywords:CFD modeling, Coal gasification, Mineral depasit Slag layer

5.2. Introduction

Entrainedflow coal gasifiers are of great interest especiallyGCC plants due to their
higher energy efficiencand fuel conversignhigh feed throughput and adaptability of
working with an extensiverange of fuels. Due tthe low residence time othe coal
particles and in order to have reasonalaldbonconversionthe temperature in entrained
flow reactormust bevery high causing fusion d@heinorganic content athefuel. Melted
ashparticles stick tahe wall and fom a slag layer flowing down to the bottom tbe
furnace.In IGCC systers, due tothe strong swirflow andintensepressureash particle
aremore concentratedear the walland ths characteristiccausefurther increasen the

deposition tendencyn ertrainedflow gasifier, up to 90% oftheinorganic mattescan be
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discharged as molten slagowever this layer can protect the wall dhe furnaceby
acting as a thermal barriand also help to better manatlhe disposabf the inorganic
content of thedel instead of havinfly ash(which might cause problems in downstream
equipment) but steady removal afhe molteninorganic mattergs a great issue strongly
affecting the reliabilityand safe operatioof the gasification proces&-{11].
Implementingthe experimental analysism the industrial combustion or gasification
plants is verycostly, becausgto investigate theffect of each parameter, large rlugn of
experiments must be done requiring stiotvn the process after each condit[@8]. In
orderto increase the reliability and insure the safe operation of slaggingreedflow
coal gasifiers and considering the high coshefexperimental analysis of the process, it
isveryimportant to predict the inorganic depositie@haviorand slag flowby modeling
the processPerforming a comprehensive model which can simulate all the phenomena
involved in the process is not feasible duethte extremely high computational costs.
Therefore the model must be implemented based tbe reasonable simplifyig
assumptions. The studies regarding simulation of the gasification process started with
very simple models with extremely simplifying assumptions such as plug fltive ghs
and particles [12,13]. As the models gradually improvedearchers focused neoon
CFD modelingas a precious tool in this regandhich reduceghe high cost ofthe
experimentakvaluationof the inorganidoehaviorat various conditionsSeggiani §] was

a pioneer in slag formation modelingr coal gasification. He developed a dhr
dimensional analytical time varying modef gasification combined with a one
dimensional slag layer modeThis model couldcalculateboth the solid and molten

liquid layer thicknesses aralaluate the effect of various operating conditiorttm@slag
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layer in transient modeHowever the model proposed bySeggani was a valuable
guidance fomanyfuture studiesbut, the simplifying assumptionsf his modelmust be
improved tobecloser tothereal situatios and achieve more accurate and reliableltes
Considering the fixed ash deposition rate without any particle capturmedél is the

most important defection & e g g i a n i Particle ceptdre duimodel is an important

part ofthe slag layer modeling becayssicking particles are inlet nmeals of the slag
modeland determines the amounttbe depositions which in molten sabeiild the slag
layer. Despite the importance dtiie particlewall interaction, in some studies a constant
rate fortheash deposition was assumed. Liu &tab[14] and Ni et al [15] proposed 2D
multiphase model$or the inorganic deposition @hslag flow without using aeliable
particle capture sulmodel.

The particle capture bthe slag layer not only affects the amounttbé deposition and

slag flow, butalsoinfluences the gasification rate dhechar particles. Depending on the
type of entrapment,thear t i cl e resi dence ti me (Whiobh t he ga:
increase the gasification rater if a particle get embodied in the liquid slag layer
completely then any further reactierwith that particle will not occur [16]Unburnt
combustible content dhe captured char particles will react at slower rate dubddoss

of surface area required for reacgdi7]. Wang et al. 18] i mproved seggiani
by considering the change in the momentum of slag flow by incoming particles. They
proposed a wall burning modey introducingan effective surface area ftive captured
particles. By this methodtheyconsideedthe decrease ithe reaction rate causdu, the
blocked pores ofhe char particle which makes hard or prevene diffusion ofthe

gasifying agents into the char structub¢the moment of interaction ahe particle with
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slag layer the fusibleinorganicfraction of the coal particle might teck to the wall (or
existing slag layer) and enabs#ag buildup. At the same timeunconverted carbon
content of the char particlmay remain segregated at the surface of the slag layer or get
engulfedinto it, depending on thgarameters such gsartide inertia, péticle-slag
interfacial tension andsh viscosity [19].

It is obvious that in order to have a reliable and accurate model, an accurate tiée for
particlewall interaction is necessary instead of assuming a constant particle deposition.
This criterion must take into consideration as many affecting parameters as possible.
There are some factors determining the particle fate while interacting with th&orak

of these factorsre related tothe particles such as particle temperature, conipos,

angle of impactvelocity andkinetic energyIn addition,there are some factonghich are
dependant tohe propertiesof the targetsurface such as surface roughness, temperature
viscosity, surface tensioand composition of the existing depeditmaterias [20,21]].
Montagnaro et al.16, 22] analyzed the particlslag interactios consicering the effects

of turbulencecentrifugal force caused syvirl flow, interaction of the incoming particles
with existinglayer, coatingof the depositsurfaceby unreacted carbon and proposed a
simple 1D model considering the carbon particle segregdiiloey reported thatoating

of the slag layer byarbonacious materiatrongly affects the particlewall interaction

and concludedthat only high inertia pdrcles can overcome viscous and interfacial
forces andoenetratavell into the slag layefwhich is mostly possible folarge particles
havinghigh kinetic energyinteracting with slag layer witkiery low viscosity. Shimizu

and Tominagad4] proposed a siple model fothe char captureinder hightemperature

gasification conditions. Theyreportedthat the fate ofthe particles depends on the
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properties of theolliding area andassumed that chgarticles will be rebouretl if they
collide with thewall in the areacoatedby the unburnthar particles and wibtick if they
collide with the slag covered surfacénerefore based orthis modelthe balance othe
chararrival flux on the slagsurfaceand thecarbon removal flux caused by the rat¢he
cha consumption by the gasificatioeactiors, determines the fate dfie char particls.
Based orthis theory, the char capture prediction is more important in case of utilizing the
char with lower reactivityShannon et al.2p] considered the balance tfe forces to
evaluate the fate dhe particles and used drag force, capillary force and a-Hdued
mass force as the main acting forces on the partidlesller et al. 6] applied mass and
energy balances and proposesticking model basedn the kingic andsurface energies
Ni et al. R7] proposed a model based atap diameter and excess energihey
introduced physical pperties (like visogty), particle impact angle and velociag the
affecting parameteaind applied thenn terms of Weber anddynolds numberyoung et
al. [7] combined the models of Seggidl| and Wang et al.1[8] andassumed a cubic
temperaturedistribution profile inside the depositionand used a criterion for particle
capture based on the stickiness of vl and thecolliding particles. Yong et alg]
performed a steady state twa@y coupled model and proposed a-sutdelto consider
new rateof the porous char consumptitiapped bytheslag by calculating more accurate
available surfacdor the reaction Chen et al. 9] proposed a 2D slag modeitegrated
with a3-D CFD modelof combustoutilizing chaii slag interaction and wall burning sub
modelsandfinally calculatedthe slag thicknes3.hey reported thatcl hasa great effect
on the thickness of slaipe layer flowing downon the wall especiallyby affecting the

formation ofthe solid slag layerin continue of this modelChen et al. 10] performed a
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time dependarully threedimensional slag model includimarticlesdeposition and slag
by integrating two multiphee flow models.They did not model the solid slag layer
because;the operating temperature in their study was higher thansolidification
temperature othe inorganic contentThey used the Volume of Fluid (VOF) model to
simulate the gs andslag phaseand used the Discrete Phase Model (DPM) to track solid
particles.Models proposed by Chen et al. [9,18fe the most comprehensive models
proposed forthe ash deposition and slag formation dueusing comprehensive sub
modek for particle capture and ath submodelsto evaluatéhe affecting phenomena.

In this study a 2EaxisymetricCFD modelof ash deposition and slag formation during
coal gasificatiorhas been performeohsed oran electrically heatedrop tubefurnace.
The model isntegrated witha sub-modelfor the ashpatrticle sticking andleposition The
modelis developed in commercial ANSY Fluent software and subodelis introduced

to the main model as UDF whichis written codein C++ language. The results die
particle capturesubmodel(including the amount anbnditionsof the trapped particles)
and other required information are saved in UMe tothe high value of the viscosity
of the liquid slag layerthe VOF two-phaseflow model for slag flowformation
developed in FLUENT failedotconvergeand give reasonable results tbe slag layer
thickness.Therefore NavierStdkes equationwvas solved analytically to calculate the

thickness othefalling liquid slag layer on the wall of furnace.
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5.3. Model description

5.3.1. Test facility and generalgasification model
A steady state 2iaxisymetric model is implementdd ANSYS Fluentbased on an
atmospheric electrically heated drop tube furnddes experimental setuig shown in
Figure 5.1. The length of the furnace is @&m with inner diameteiof 6.35 cm. The
geometry of the furnacéonsidering some assumptioris)shown in Figre 5.2. 2D-
axisymetric geometry used in the modeling is shown in Figu8e ANSYS Design
Modeler is used to create the geometry of the furnalee ceramic material ofhe
furnace tube for moderate temperaturas mullite and for temperatures higher than
1500°C alumina tube can be used. In order to take ash deposition sayinhesical
plates made of harden&hwoolpaperareused to cover the inner surface of the furnace
The feeding part of thgasification setugonsists of two tubes. The innibein which
nitrogen carries coglarticlesis a quarter inch tube with 4 holes at the tip with diameter
of 3mm. Theother tubewhich carries the gasifiyg agents israopen adedhalf inch
tube[35]. The feeding configuratiois shown in Figre5.4.
In the experimental part of the studi (get datafor comparisonwith the modeling
results) a Canadian co@ used. The ultimate and proximate analysis of the coal is
presentedn Table 5.1 and the inorganic compositemalysisof the coalash is presented
in Table 5.2.
ANSYS Mesh software was used to creademulti-block structure containingquare
meshedor the 2D-axisymetric geometry of this modasshown inFigure 5.5. The total
cell numberof the modeis 81078 with aspect ratio of 2.7 and orthogonal quality drh 1.

this regardmodels with different number of cells were tested stantiit about 2000
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cells which were gradually increased to about 100000 déiis. appoach is called grid
independency test. By this approach, the maximum number of cells which beyond that
increasing the cell numbers does not affect the accuracy or stability of the results can be
found. Inthe simple modelsby increasing the cell numbeusually the results change

until to reacha maximumcell numberbeyond that increasing the cell nundbdoes not
changethe results.In this study for modek with different cell numbeysrarious results

such as temperature distributiamgntours ofgaseouspeciesconcentratiorand particle
deposition contours were analyzedthough, due to the many involved phenomeaa
simple straighforward trend was not observed by increasing the number of cells, but,
based on the comparison of the various resultiftgrent models, it was concluded that

the model with about 80000 cells gives the best results and increasing the cell numbers

beyond that is not reasonable.

Water tank

Figure5.1: Schematic diagram of electricallyeated drop tube furnace used for coal gasificati{@?]
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Figure5.2: Geometry of drop tube furnace

Figure5.3: 2D-axisymetric geometryof the furnace usedn modeling

Table5:1: Proximate and ultimate analysis of coal

Proxirmate analysis w% Ultimate analysis w%
Volatile matter 34.95 C 54.9
Fixed carbon 41.85 H 4.1 Size 28-53um
ash 12.39 N 1
moisture 10.81 S 0.5
O 39.5
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Figureb.4: Feedingconfigurationof the gasification setud35]

Table5:2: Ash composition analysis

Inorganiccomposition W%  STDEV
SiQ 334 1.15
AbOs 22.4 0.77
FeOs 6.7 0.36
CaO 15.8 0.91
NaO 6.4 0.15
MgO 3.2 0.26
BaO 18 0.17
TG 1.0 0.09
SQ 8.5 0.76
P.Gs 0.7 0.06

STDEV: Standard Deviatior

Discretization performed by the mesh produces coutiomes and FLUENT usefinite

volume approach to solve numericatlgnservation equations of mass, momentum and

174



energy which arepartial differential equations The mass conservation or continuity

equation is presented as below [359.36]:

T" _
gy o
T(‘)SYY v p

This equation is applicable for both laminar and turbulent flovabove equationd) is
the fluid velocity vectorfield, | I s ernsityand § assthe mass source term
transferred between continues phase and dispersed phaseonservation equatisfor

momentum and energy are as belogspectivelyf19]:
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In above equationd is the pressure dheg a s p h ale giscoudistrasss is the

momentum sources, T is the tengdare of thefluid, > I s the t famdrhmal con
is the enthalpyWhenthe secondary dispersed phase afelse continuous fluidflow (as

happens in twavay coupling)the termS consides this effect[19]. In oneway coupling

if the gravity is conislered that would be the only body force acting on thed and the

momentum source term is:

Y " Q v T

Conservation equation§-2 and 5-3 are based orthe laminar flow. In case ofthe

turbulent flow the forms othe momentum and energy conservation equationseady

state conditiowill be as belowrespectively37]:

| B o .
— "00 Q — — ¢ 00 Y U U
Tw T Tw
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In above equation8 is the viscousdissipationp is the average velocityy is the
velocity fluctuation,”Y is the momentumexchange source term aid is the energy
exchange source term [37]o involve the effect otheturbulenceturbulent viscosity or
eddy viscosityis considered as a new parameter which is a function of the state of the
turbulence.The term” 6 6 in equation 55 is Reynoldsstress which is rated to the
turbulent viscosity There are various models to calcultte turbulent viscosity such as
zero equation modelspeequation models, two equation models, Reynolds stress model
etc.[36]. Among various turbulence modelsp  a +¥ advhick are themostfamoustwo
equation modelsare widely used inthe CFD modeling of coal combustion and
gasification Based orChen et al. [11]reliability of the turbulence mode(gspecially in

case of strong swirl flow in the gasifjers still a bottleneck to have accurataodelng
results Realizable KU and eddy di s s iirptlaiststudyto simutai ¢hé i s us
turbulenceln k-Umodel, the turbulent viscosity is related to k (turbulence kinetic energy)

andU(turbulence dissipation rate) based on the equation below [36,37]:

n X TQ
0 - LoX
The transport equations fBealizable kKJmodel are [36]:
T n T T n T 1 ‘_ T TQ o B n oo . o
) ) , 1 T . .
| R T P ey s _ - v
o o o o e 0 o,Q I7|’-0 QoO U W

The definitiors and equations for calculation the parametertheequations 8 and 59
are presented in FLUENTser guide [36]. Parameters of the model that can be
manipulated by user througRealizable KJ model panel in FLUENT are C2 Epsilon

(default value: 1.9), TKE Prandtl number (default value: 1), TDR Prandtl number (default
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value: 1.2) and energy Prandtl number (default value: 0.85). All the default values of
these parameters remained unchanged in this study.

Utilizing discrete particle model (DPMparticles are tracked in Lagrangian frame work
and gas phase is modeled in Eulerian frame wohe particle dispersion due tbhe
turbulence inDPM is modeled basedn StochasticRandom Walk model which is
believed to be an accurate model for dilute suspension modelimgodl is used as the

radiation model inside the furnace.
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Figure5.5: Mesh used foRD-axisymetric model
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The particles are mainlytranspored by the drag forceand the turbulence(produced by
fluid) in the dilute multiphase systemsdn these systemsusually the spacing between
particles ismore thanl00 particle diameterg/hich is quie a big distanceTherefore,
particles collision is not frequentand consequently particfgarticle interactioa can be
neglectecandparticlemotiontracking can be performezhly based orthefluid dynamic
forces[19]. When the free distance between det is about 10 particle diameters or
lower, the system is dense dispersed and the collision between particles cannot be
neglectedTherefore, to track the motion tife particles, thenteractionsof the particles
and their collisions must be consideresh combination withthe fluid dynamic forces
[19]. Depending on the dispersion level thie particles different degree of coupling
between the continuous phase and shepended phasean be applied. In onsay
coupling only the continuous phase affts the dispersed phase motiolm. two-way
coupling both continuous phasand dispersed phasaffect each otherIn four-way
coupling both phases affect each other and in addition to thatfransportof the
particles is affected bythe particleparticle irteractionsas well In modeling the systesn
including denseflows, four-way coupling is requiredBased on the typal conditions of
the entrained | ow coal gasi yer gndSalatinog22]dhe tvgwayMo nt agn a
coupling between particle affidid phases is the best coupling option [19].

The interaction othe gas phase and particles in this study is implemented in -avayo
coupling. Based onLagrangian particle tracking modehe particle volume is ignored
and theparticles do not interact withach other in twavay coupling[21]. By solving the
equations of motioifor particles and assuming spherigédid and nonrotatingparticles

the tajectory of the particles is determingdl0]. In DPM model all the transfer
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phenomendetweerthe gas phase and particles af@racterizedbasedot he 6éépart i cl
sourcein-cel | 66 met hod and t he aldytheobalancefithet he par

drag force and gravity forcas shown below [10]:

ploYQ, . o " )
QT ® ® — D v pp

Qw
o
Qb
Qo
In above equati)® andw are the particle andag velocityrespectively | is the gas

viscosity, @ is the particle diameter,fds the drag coefficientand®can be replaced by
any body forcesacting onthe particles which might be important depending on the
conditiors based on which the simulation is going to be implememédhe parameters
required for particle capturend slag submodel such as particle feed rate per unit area,
particles temperature, particles velocity and heat fluthéslag layercan becalculated
and saved in UDM to bassignedy appropriate sunodel when requiredConservation
equation for massnomentum and energy for gas phase and particlepesifermed by
FLUENT software. The mathematical models and equations used bYBENT in
Eulerian multiphase and also Euleraagrangian frame work applied in DPM can be
foundin the numerous references Buas 3D modeling oEhen et al. 10].

In the main part of the modelinthe gasification reactions including heterogeneous solid
surface reactions of carbon withe gasifying agentsvhich mainly produce synthesis gas
(mixture of CO and b, HO and CO, ard homogenous gas phase reactions are
considered to calculate the product gas compositaom the temperaturedistribution
inside the furnacen this regardmulti-surface reaction model was applied based on the

kinetic parameters of the gasification réas presented in Table 5.3.
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Table5:3: Kinetic parameters ofhe reactions involved in coal gasificatior2§]

Reaction A E (J/kmol) N1 N2 N3
+2f My WEHH+N+HO+Q+Tar 2.119e11 2.027e8 1.5 - -
CO oidation reaction 2.23%11 1.700e8 1 0.25 0.5
CO+0.5e'y h (H:0)
Forward watergas shift reaction (FWGS) 2.35e10 2.880e8 0.5 1 -
CO+kh Ty HhH
Reverse wategas shift reaction (RWGS) 1.785e12 3.260e8 1 0.5 -
CO+HID / h® |
Hydrogen oxidation 9.87e8 0.310e8 1 1 -
H+0.5QM 20
Reverse hydrogen oxidation 2.06ell 2.728e8 1 - -
Heh M 240.50
Char combustion 300 1.3e8 0.65 - -
C<S>+0.50h h (@)

CQ gasification 2224 2.2e8 0.6 - -
C<S>+COmH / h (CQ)
H20 gasification 42.5 1.42e8 0.4 - -
C<S>+fh Iy hbl H (H:0)

After each 40 iterations of thgas phase calculation in the maasification mode(to

obtain a specific convergen¢ehe solution results is used by DPM model to solve the

particle momentungin Lagrangian framevork), reactiors and energy equatisrandthe

interactionbetween gas phase and particl€ee trajectory, velocity, temperature and

compositionof the particles are calculated by integrating the equations of continuity,

momentum and energy for the particleshagas flow field. Then the soce term for gas

phase equati@will be updated based on the result of DPM calculation and #ilethe

equations for gas phase will be calculaagain for another 40 iterationBhis procedure

180



will go on until the desired convergence is obtained whglmlly happens when the gas
phase variables do not change (based on the adjusted acceptable enensrtitle
sticking submodel is performed with every particle phase calculation and calculates the
amount and location dhe particle sticking and savthem in UDM(to be used by slag
model as mass soujce hen slag modelcan useghe amount othe deposited particles

and temperature of each point of the furnacedlzulate the slag flow characteristics
including the thicknesstemperature profil@nd velocity. These integrated calculations
will go on until steady state conditions is satisfied in both gas and particle phases.
Convergene of the model for each specific condition was acceptezhthe residal of

each specific parameter reduces to aevddwer than the adjusted ordersnohgnitude

aslisted in Tableb 4.

Table5:4: Adjusted error values for residuals

parameter Adjusted error value parameter Adjusted error value
Continuity 10e-3 k 10e3
x-velocity 10e-3 epsilon 10e3
y-velocity 10e3 Species fraction 10e3

energy 10e6 P1 10e6

Specification othe boundary conditiongs an important part che CFD modeling while

using software like FLUENT, because for each boundary, various optieresvailable
choosing them might affect the convergence of the calculations and accuracy of the
results.

During the experimentghe mass flow rates of air stream and nitrogen stream (as coal
particle carrier) was adjusted using mass flow contrdletrin the modelingthe velocity

inlet condition was the Is¢ option for these boundaridslet temperature of the air and
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nitrogen flow is 500 K as they were preheafBde surface from which nitrogen enter to
the geometry was also activated via DPM inmttsetup as the entrance of the
combustible coal particles with adjusted mass flow rate. In DPM injectgnrammler
particle size distribution was applied. A summary tbé boundary conditions are
presented in Tabl&.5. In order to differentiate bew®enthe excluded mineral particles

and char, different particles with different type, density and size distribution could be

defined.

Table5:5: Boundary conditiors of 2D-axisymetric model
Boundary Name Gondition Value Hydraulic diameter Intensity
Air inlet Velocity inlet 0.9m/s 0.00635m 10%
Coal + Nitrogen inlet  Velocity inlet 1.32m/s 0.003m 10%
Top Wall Adiabatic - - -
Side wall Constant temperature ~ 1250°C1450°C - -
Outlet Pressure outlet - 0.0635m 5%

As mentioneckarlier,the CFD model is based on an electrically hedteg tubefurnace
in which the temperature of the wall is kept constant using thermocouple8 Bitid
controlles. Therefore the boundary condition of the wall is constant tempenatich is
introduced through DEFINPROFILE macro in UDF.

Generally the gas phaseouldbe considered to behaae incompressibltow when M<
0.3 and compressible when #0.3 [19]. In this study the gasphase ismodekd asthe

perfectincompressiblgas

5.3.2. Particle sticking sub-model

Many researchers have used plagticle captureriterion based oonly the viscosities of
the colliding particles and slag at the moment of collisi@ut, in order to have an

accuratemodel reliable fordesign and scalup a proper prediction of the fate die
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inorganic and chaparticles is crucia[6]. The interaction of the particles andhe wall

(bare wall orslag layey, dependon the physical and chemical propertiesha&f gas phase
particlesand receiving stiace Stickiness capability othe particlesdepends essentially

on unconsumearganicfraction and therefores dependant tthe conversion degree and
other parameters shi@as particle diameter, densityypact velocity impact angleand

also interfaciatensionof the particle andgvall [19].

To have an accurate slag flow prediction, an accurate particle capture criterion is
required becausgsticking particles are constructiveaterials ofthe slag layer and are
introduced as inletourcemassto theslag flow submodel.To achievereliableresults for

the particlewall interaction phenomené#he particles trajectoryinside the domaimust

be well predictedisingstochastic randorwalk in DPM, reliableresolution of the mesh
integrated witha suitable ttbulence model10]. It must be noticed that chaall
interactiors not only affect the amount dhe deposition and its thickness, but also
influencethe temperature profile ithe gas phase andlso insidethe slag layer.The
reason is thathe trappecthar particlesusually have someaunreactedorganic fractions
which might react further and by consuming or releasing energy (depending on the type
of the reaction), affect the temperatulestribution. This phenomenon affects the overall
efficiency of theprocess depending on the amount and state (surface entrapment or fully
encapsulation) of the trapped carbonaceous matgriils

Particle stickingecriterion must predict if a particle at the momentlad collision tothe

wall sticks orrebaunds In thisstudy the particle capture criterigproposedoy Chen et

al. [9] is usedwhich considerghesstickiness of the wall ahe furnace andhe properties
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of the particles. This capturecriterion presented in Tablé.6 is one of the most

comprehensive captuogiterions proposed ithe literature

Table5:6: particle sticking criterion @]

Char/ash particle

TP>Tcv TP<Tcv
X>Xcr X<Xcr X>Xcr X<Xcr
We>Wecr We<Wecr We>Wecr We<Wecr We>Wecr We<Wecr We>Wecr We<Wecr
wall  Tw>Tcv trap trap reflect trap reflect trap reflect trap
Tw<Tcv reflect trap reflect trap reflect reflect reflect reflect

The criterion proposed in TabE6 is written in C++ language to be introduced to
FLUENT as UDF. Interpret andcompile are two optionsto introduce the UDF to
FLUENT. This UDF is compiled with FLUENT due to the typetbé instructions used

in the code.X¢rin Table5.6 is critical carbon conversion and is set to 0.88.

Li et al. [28] reportedthat thetype and dgree of the inorganicarbonassociations in the
chars andtheir gradualtransformationwhile being reactedhas a great effect on the
particle behavior upon collision. This physical structural change is clearly observable
with a drasticeffect on thecapure efficiency, when the carbon conversion of the char
particle is higher than eritical value Regarding carbon conversion as a key fadtor
and Whitty [29]obseved that only at carboconversiorhigher tharB0% there will be a
recognizabldransformation from nonradhesiveporouschar tothe sticky dropletworking

at temperaturesigher thanthe ashfusion ranges Based on ta criterion used in this
study, the stickiness atfhe particlesis assumedb berelated to its temperature and carbon
conversim and physical properties such as surface tersioahd temperature of critical
viscosity (Tv). The stickiness ofthe wall is related to its temperature. If temperature of

thewall is higher than temperature of critical viscosityfWwall is assumeddtbe sticky.
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For the particles temperature must be higher thag @nd carbon conversion must be
higher than critical carbon conversitirenthe particlecan be assumesticky. If the wall
surface and particles are not stickyen the particle can stiagnly if the Weber number
is lower than critical Weber number (Wewhich is set to be [9]. Weber number is the
ratio between kinetic energy and surface tension energy and is caldwatéDF for
each particle at the moment of colliding with the waticording tadhe equation below:

0 Ol 60 0Q& @@ QA Q
Yo QORI QEE T

wQ U pg¢

In above equatiorof Weber number” is paricle density 0 is the velocity of the
particle Q is the diameter of the particendr is the surface tension of molten particle

or interfacial surface tension tfe particle andarget surfaceln the particle capture sub
model of this stug the density of the inorganic matters is assumed to be 3.24 g/cm3,
surface tension of the liquid slag layer is 0.382 N/m and temperature of critical viscosity
is 1242°C.If the particleis trapped on the wallits mass and energy will bgaved in
UDM (can beused byslag phaseubmodelthrough the source terinand the path of

that particle will be deactivatedtherwise the path ofthe particle will be calculated
based on its energgnd the particle continueits motion in the furnace. Some studies
hawe been performetb determinghe fate othe particles as a matter of being kept at the
surface or getting embodied completely into the slag layer and some dnitiviregard
have been propose Montagnaro et al. 1[6,22] assumedthat to be completely

encapsulatedhto the slag layerparticle inertia must overcome interfacial and viscous

forces of theslag as presented in equasdelow:

QQE MEQD "QSQI RO WE 0 QI 0B NI v po
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In above equation is the density othe char particley is the velocity of the patrticle,

O is the viscosity of the slag | aykRyr and
comparing the order of magnitude of the different terms of abquationthey proposed

the equation below as the criterion the complete entrapment difie particles insidehe

slag layer:

o
’Qé,,—cp v puL

The entrapment phenomena and related calculations are not considered in the particle
sticking submodel of this study to reduce the required amountefcalculations and
complexity of the model and to reduce the running time. If the incowtiag particles

stick to the surface of molten liquid layer without beingcompletely embodied the
progress ofany possible reactiois still allowedwhich results in the higdr rate of coal
conversion [19]Variousoptionsregarding the fate of thenconwerted carborraction of
thetrapped char particle might be appliedie modeling.One option is to allow allhie
residual carbon fractiorof the char particleto participate in theheterogeneous
gasification reactiorfwith the same rate of the n@aptued particle)oy sending it back

to the gas phase in the same way as if the particle was not captureseld®@jd option is

to ignore further reactions of the trapped carbon content. The most accurate option is to
calculate the depth of the particle peagbn into molten layer and based on that the
available surface area of the char particle for further reactions can be calcAated.
simplifying assumption in this regand to assume that all the trapped particles penetrate

into theslag layer a quartef the diameterof the particleBased orthe calculatedactive
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surfaceof the char particle trapped on the slag lagarface anew kinetic ratdor carbon
consumption of thé&rapped char particle on the surface of slag layer can be @ised |
Two different approaches of hasphere model and sedphere modetan be used to
simulate the collision athe particle with the wall. In hardphere modekhe collision is
described with no particle deformatiamdin softsphere approachbased on thactive
forces and particle propertighe deformation ofhe particles is determined. The particle

wall interaction in this study is based thre hardsphere model.

5.3.3. Slag flow model

In order to calculatéhe slag layer thicknesswo approaches can be used. Anabft
method based on Navi&tdkes equation for momentum balance and continuity equation
for mass balance. The details of this method are presenfggpendix B Based on this

methodthe velocity oftheslag layer on the wall can be calculated by the éguaielow:

c Y ‘IJYf c vV PO
In this equation ® and | are visdhebi gyi andl alenbaygr 0

thickness othelayer and R is the radius of the furnacBy integratingvelocity over the

cross sectioareaof theliquid slag layerthe mass flow can be calculated as below:

a ¢" “d Qi VU pX

, “7Q o . . N
a — TY Y Y tY 1 11

m ~ oY v pyY

Having theexperimentakesultsof the ash deposition athe inlet mass of the slag flow

and all the properties, the thickness related to specific condition can be calculated.
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Another approach is tase VOF two-phase model irEulerianEulerian frame workn
FLUENT. The calculatedresultsof the maingasificationmodel andhe particle sticking
submodelwhich aresaved inUDM can beassignedoy the slagmodel when required.
The submodel receives the temperaturetioé furnace andhe heat fluxof the gas phase
from the main gasification model and also receives the amouttieataptured particles
from particle sticking suinodel. Then the amount dhe captured particlexzan be
introduced tathe slag modelas the source mass terithe source term will be used in

continuity equation as below:

T_b| ” ng| " o Y U pw

In this equationss is the densityof slag,upis the velocity of the liquid slady is the
source ternregardingash particle depositiowhich is calculated and saved by particle
sticking submodel. Using this approach model forviscositymust be introduced tthe
software as UDF. Based on viscosity toolbox of slag proposddubiesneet al. [30]
the Urbain model might be an appropriate model for the ash and slag viscogig for
coaltypewhich was used in this studBCURA S2 equation used by Seggiafli ¢an be
usedas another optioto calculate slag layer viscosity as below:

0 QT8 QY pEOoPMMY X8 1 v QT

Y
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Where p is slag viscosity in poise and T is temperature in K and S is silica ratio in which
slag components are presented as weight percentage. The correlations proposed by Mills
and Rhine [31,32] are good references for calculationnbryanc properties such as

specific heat, thermal conductivity, density and surface tension to be used in the
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modeling.The equations and values fall thesepropertiescan bedefinedin UDF to be
assigned by the solver at appropriate time

As discussed befe, it is not possible to consider all the phenomena involied
gasification processdue to the high computation costn addition validated
understandings about some phenomena are still lacking anda$diree current criteria
must be improvedin a reliable model reasmable assumptionsmust be appliedo
simplify the desired system in a logical wayhe assumptia applied in thisnodeling
are as below:

- Particles will beassumed to be fullynelted as soon as they are capturedhay
wall. In real condiibns, depending on the properties such as slag viscosity, char
particle density, diameter and impact velocity and also interfacial pastage
tension char particle entrapment inside the slag layer might happen. This
phenomenon is not considered in timedeling.

- Due to themuchhigher densityof the molten slagompared witlithe gasphase
the shear stress by gas phasgnsred[6].

- The physical and chemical interact®between the slag layer and the ceramic
wall of the gasifier are neglected in ta modeling. Based on tremmpositionof
the refractorywall in real gasifiers, theramight be physical and chemical
interactions between tHalling slaglayerand the wall (at high temperatures) and
liquid slag can penetratgeeplyinto the refractorymatrial. This phenomenon
alters the slag chemistry and consequently changes the slag visddwty.

penetrationof the liquid slag intothe porousstructure of therefractory might
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cause an essential decreaséhe slag volumeavhich is more probablen caseof
new walls[10].
- All the inorganic particles are assumed to have the property of the bulk of ash.
The effect of local concentration of different inorgaspeciess ignored.
- The coverage othe ash deposition and slag with char particle including un
reacted carbon (which can result in rebounding incoming particles) is ignored.
This can cause an increaisechar particle rebounding from slag surface at the
moment of collision with the wall which is covered with-tgactedcarbon
particles. In this regdr Shimizu and Tominag2f] observed a decrease in char
capture by increasing the char feeding rate which was the result of unroasted
particle coverage at the slag surfabntagnaroand Salatino [23]performed
somestudiesabout the possibility of overlaying of carbon particles deposited on
the slag layer by newly impacting ash mateaatl found thatit is not likely to
happenin typical operating conditionsf the entrainedflow g a s i. Yherefare
this assumption seems to be logical in this modeling
- Due tothetwo-way coupling approachpalescence aheash particles, adhesion
of flame volatilized species on theurfaceof fly ashand other particlgarticle
related interactionare not considered.
The effects of either elecstatic or thermophetic forces are not considered in the
current model. Meseforcescould have significant effectsn the very small ash particles
especially for the parorlovwet[X]s Thevash depositiore e r ang
layer collected on the Fiberfrax isolation under the feqatesented ifrigure5.6, shows

that some small particles were lifted up angdatgted underneath the feeder.
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Figureb.6: Deposition layer under the feeder

5.4. Results andDiscussion

The purpose of this modeling is pedict the inorganienatter behaviorduring coal
gasification in tems of the amount and location thfe ashparticle deposition and slag
layer thickness. The results thie particle deposition are coraped withthe experimental
results of coal gasification in an electrically heated drop tube furnace.

In order to model thénorganic matter deposition during gasification procéss first
step is to model the heterogeneous reactions between carbon comierdhair particles
and homogeneous react®petweendifferent species itthe gas phase. The main results
of this ste are gas producioncentratiorcontours and temperature contou®ther steps
for particle deposition and slag formation might not be accurate and relialbdss the
first step is proved to be reasonable and validated. The contours of temperatuaedCO
CO production for the constant wall temperature of 1728 shown in FigureS.7 to

5.9 respectively.
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Figureb.7: contours of temperature for constant wall temperature of 1723K (a) ertiurnace (b) feeding spot area

The experimental measurement of the gas phase temperature during gasification process
was not possible to perform to do comparison with the modeling results, but, the
temperature distribution contour in Figure 5.7 is reabtenbased on the understanding

of the gasification process in an electrically heated furnace with constant wall
temperature. There is a temperature peak around the feeding spot with the maximum

value about 1790 K due to the existence of the flame redojteéde combustion afhe

192



char particlesas an exothermic process. The contooir CO, production in Figure 5.8
shows a high concentration of €@s the main product of the combustiortlod carbon
content of char particles) in the high temperature ordlamea around the feeding spot
which proves the existence of the combustion zone in the initial section of the furnace. In
the combustion zone, most of the produced CO furthergeattt oxygen to produce
CO,. Therefore, concentration of CO in this areaery low. Then due to thgogress in

the gasification reactions (whiclare slower in comparison withthe combustion
reactions) concentration of C@raduallyincreases and concentration of £d&creases.

Due tothe very low feeding rate of this systeitihe generated heat from combustion is
not enough to supply the required heatdasification reactions and the needeergyis
supplied by theelectrically heatedhot walls. Gasification reactions are endothermic and
due to this reason the gas tempemagiroulddecrease after the combustion zone (as it
decrease in selieated gasifiers), butlue to the constant wall temperatuiee gaseous
mixture gradually reach the wall temperature as the mixture goes toward the teed of
furnace. Based on the termpiire contourin most part of the furnace, the temperature
near the wall is higher than the centre line (which is because of heated wall) and contours
of COand CO production shows higher concentration of CO and lower concentration of
CQOz in that hightemperature area near the wdlheseresuls arein agreement with the
current understandingf the gasification process in which by supplying the required heat
at high temperaturghe endothermicgasification reaction between carbon &0@ is

promoted ¢ producesnoreCO from CQ.

193



ANSYS

R15.0

Academic

388002
3.11e02
23302
165802
7 76e-03
0.00e+00

Contours of Mags fraction of co2 Feb 02, 2015
AMSYS Fluent 15.0 (axi, pbne, spe, rke)
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5.4.1. Particle deposition

As mentionedearlierin the particle sticking section, inorganic particle deposition is of
vital importance due to its crucial role as slag buildérich is introduced as inlet mass
sourceto the slag layer model. The amount thfe particle capture by thevall highly
dependson thestickiness ofthe particles andwall which is a function of the particle

temperature, velocitydetermined bygas flow rate) physical properties and carbon
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conversion of char particles, temperature of the wall and properties of existing layer on
the wall.
At higher temperatusg the particles are stickier due tiee lower viscosityand higher
carbon conversianAt higher carbon conversipthe char particles are stickier because
moreincludedinorganic mattes areexposed to the surface tfe charparticlemaking it
sticky enough tdoe captured. At higher particle velocifgspeciallyin contactwith bare
wall), the particlesare less probable to stickecausgthe lossof the kinetic energy at
high velocity isnot enough to dissipate all the initial eneajfythe particlesFigure5.10
shows the contour of particle deposition as the main results of this modeling.
The modeling resulof the location ofthe particle depositioncomparedwith the
experimentalresult of the particle depositions presented in ure 5.11. This figure
showsthat the model predicts the main particle deposition location quite acceptable.
However comparison between experimental and modeling result for the amothn of
deposition in Figures.12 shows noticeable differersceélhe erro in deposition value
increases from 27.1 % at temperature of 1250°C to 36.6% at temperature of 1450°C.
Although this model predictswell the deposition locatignbut, the amount ofthe
deposition must be more accurate to consider it as a reliable model.
The error might beelatedto someof theassumptiosof the modeling:

- The particle fragmentation is not considergdportance othe fragmentation is

that this phenomenon changes the particle size distribution by reducing the size of
the particles and bwering the Weber number. Therefore, by fragmentation the

possibility ofthe particle stickiness increasds.this regardAi and Kuhiman[21]
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reported thatmaccurate anckliable model for particle size is an essential part
thedeposition and slagginmodeling.

- Some sticky particles such as iron containing inorganic matters in reducing
condition can easily stick to the wall and make the wall a sticky place for other
particles. This fact is not considered in present modeling.

- The difference betweendhluded and excluded inorganic contenthadcoal is not
considered.

- Gasification reaction rates might be another sourcth@terrors. The reaction
rates affectthe amount ofthe carbon consumption in the char peleés and
consequently determinghe carlon conversion of each particle. Carbon
conversion is an applied parameter in the capture criterion and determines when a
char particle is sticky enough to be captured by the wall.

In our previous experimental stufly5] it wasproved that in presence tife low melting
point compounds with low viscositgnd at high temperatuse coalescenceof the
inorganic paricles happen leading tthe big agglomerategsormation Calciumbearing
inorganic mattersact as glue in making this kind of agglomerasiofss the interparticle
collisionsare not considered in this modeling, formation ofagglomeratesould not be

predicted and evaluated
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Figure5.10: Contours ofthe particle deposition(a) Tw=1250°C (b) Tw=1350°C (c) Tw=1450°C
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Figure5.11: Comparison between experimental and modeling results of inorganic deposition

The slope of the increase the particle deposition as a function t&#nperatureis not
well predictedas shown in Figure 5.12he main reason might beat the decrease the

ash particle viscosity aa function of temperature (which affects the stickinesshef
particles and capturing ability of the slag layer) is notositiced to the model by the
particle capture criterion. Tabe.7 shows the experimentally measured values of the
viscosity of theash content othe coal. The amount othe depositiondependslsoon the
temperature of critical viscosity {J). In this regard Chen et al. §] reported thathe
amountof the ashdepositedn the wallof furnace increasefilom 23.5% to 44.1% when
Tcvdecreasefrom 1780K to 1580K. If a viscosity dependant index as a functiorthuf

temperature could be introduced to thetipbe stickiness suinodel, the slope ofhe
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particle deposition as function of temperature might be closer to the experimental

results ancdonsequentlyhe modeling results would be more accurate and reliable.

Table5:7: Viscosity measurement of ash [33]

Temperature(°C) Viscosity (Pa.s)

1150 298.8

1200 91.7

1250 29.1

1300 14.3

1350 8.6

1400 5.7

1450 4.2

Temperature is not the only affecting parameter in particle deposition. The kirextig en
of the particle is another important parameterlved inthe particle depositionin this
regard Chen et al. [9] reported that usualllge velocity magnitude of thé&rapped
particles is lower than 4 m/s and ne# the bdtom of furnacethe paticles with lover
carbon convesion and low velocity, can betrapped due tdheir lower velocity and
smaller Webenumber Regardingthe velocity magnitudethe direction components of
the velocity must be taken into account. In the experimental part of current, stedy
particle deposition in the areas néathe bottom of the furnace is negligible duethe
strong axial flow which pushes partisl®® move parallel to the wall dhe furnace (the
normal component of the velocity isegligible and most of the deposions in the
modelingare predicted neato the feedingarea By increasing the gas flow rafer gas
velocity), the flow inside the furnace will be more turbulent which resirt more
collisions of the carried particles with the wall, butue tothe higher kingic energy

lower amounbf the particles cabe captured.
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Two main mechanisms are involved in migration thie particles towardthe wall of
furnace. The first one ithe inertial mechanism which is more important in casé¢hef
coarse or high dengy particles. In this mechanisrthe forcesnduced bythe continuous
phasesuch as drag force or centrifugal forgesulted byswirled flow), dominates the
motion of the particles [19]. The other mechanism isurbulencepromoted dispersive
motionwhich is mostly the result othe concentration gradients of the particle phase and
is mainly determined btheturbulence inherent of the gas phase [V@drking with very
small coal particlg increaseshe heanhg up processand consequently promotethe
reacton of the carbonfraction with the hot oxidantmediumas they pass through the
g a s i Butethrese small particlemostly followthe gas stream lineshich reducesher

ability to continue theiown pathline toward the wal[19].
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Figure5.12: Experimental and modeling results for particle deptien
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There is a difference between the behavior of the big and small particles. Small particles
after the first impact usually are transported parallel to the wall and do not hit the wall
again, but, the bigger partisl@ue to the inertial effect might hit the wall several times.
For both big and small sizethe efect of the radial motion is reduced in the areas far
from the feeding spot artiereforemost of the particles moyearallelto the wall ofthe
furnace.This fact is shown in Figure 5.13 which presents the contours of thdipatior

the particles with different sizes. Contour of particle pltle is of great importance in
order to evaluatehe parameters related tbehavior of the particlesuch as capte
efficiency and sticking efficiencylrhese parameteewe helpful tofind the area on the

wall of furnacewhich aremore probable toeceivedeposition and predict the possible

locations of erosion and corrosion.

5.4.2. Slaglayer thickness

The flow of slag orthe wall of gasifierespecially its thickness is the main desired result
of any inorganic deposition modelinfhe main purpose of the modeling isachievea
reliable prediction of the slag layer thicknesptwformthe gasification operation at the
safe conditions to prevent from emergency shutdown resulteddslag flow blockage.
Experimental results ahe coal gasificationshowthat the slaglayer startdo form and
flow below theinitial point ofthe particle deposition which is near the fegdipot athe
top sectionof thefurnace[35].

Figure5.14 shows slag layer thickness for various amournthefieposition resulted by
different operating temperatweThese thicknesses are calculatedsbying Navier
Stokes equation for momentum balaacel continuity equation for mass balanbee to
thelow Tcy of theinorganiccontent of the coalt has been assumed thhére is no solid
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slag layerAlso the temperature gradient inside the liquid falling slag layer (which affects
the viscosity) is at taken into account. In this regafthen et al. 9] reported thatvhen
there is athin thicknessof the slag layer on the waltemperaturegradientinside the
molten slag layer is less than 10 K araild be neglected.

However by increasing the tempaiure the amount of deposition increases (as shown in
Figure5.12), but, based on Figurb.14 the slag layer thickness decreases from 2.2mm at
temperature of 1250°C to 1.3mm at temperature of 1450°C. This finding shows that the
decreasen theviscosity & higher tenperature is more effective théme increase in the
amount ofthe particle deposition due to higher particle stickiness.

Table 5.8 presents the slag layer information such as slag layer thickdless]) and
maximum velocity otthe slag (Uz,max[mm/s]) which happens at the surfacithestlag.

This table shows that by increasing the temperature, the veloditg talling slag layer
increases because tfe decrease irthe viscosity. The low slag Vecity is in good
agreement witithe results ofChen et al. [10] who reported that the slag vigyots
generallyvery low (especially in comparison with gagecausethe visosity of the
molten slag isn the range of 80 Pa.s which ispproximately6 order of magriude
higher than the gas viscosifgecause othe high density ofite moltenslag, gravity is

the dominant cause tfie slag flowwhich drivesslag to flowin axial direction along the
wall to the bottom ofhefurnace.

The calculated thigkesses in Figure 5.14, is based on the uniform particle distribution
and deposition (based on tagisymetricassumption in modeling), but, the experimental
results showed uneven deposition and slag flow as shown in Figure 5.15. This figure

shows that sladayer does not cover all the surface of the wall of furnace evenly and
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might have different paths with deviation from straight vertical line. Figure 5.16 shows
the BSE image of the cross section of the slag layer on the wall which proves that the

thicknes of the falling slag layer on the wall is not uniform.
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Figureb.14: Slag layer thicknesat different temperatures

Table5:8: Slag layercharacteristicsat different temperatures

T[°C] 4 [mm] p[Pa.s] Uzmax (atr=Rw 0 wYY
1250 2.204 29.1 2.3
1350 1.562 8.55 3.9
1450 1.275 4.16 54

Figureb.15: Experimental results of slag flow on the wall of gasifier
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Figure5.16: BSEmage of the cross section of flowing slag layer on the wall of furnace

5.5. Conclusion

A 2D-axisymetric CFD modeobf the inorganic deposition is implemented in ANSYS
Fluentbased on an electrically heateébp tubefurnace A particle capture sutmodelis
integratedwith the coal gasiication model Particle capture suimodel is written code in
C++ languageand is introducedto the softwareas UDF and the results are save
UDM.

The particle deposition contours showedttthe amountf the deposition increases with
increasing the temperatyrevhich is in agreement with the experimentidposition
results. The reason &ue tothe higherstickiness othe particles at higher temperatsre
Although the location ofthe paticle deposition is well predictedhut, there are
noticeable differense between thepredicted amouns of the deposition and the

experimental valuewnhich is thought to be related to the simplifying assumgtadrthe
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