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ABSTRACT

INVESTIGATION OF FACTORS AFFECTING COKE STRENGTH AFTER
REACTION (CSR) AND DEVELOPING A STATISTICAL MODEL FOR
CSR PREDICTION

' nsal , Bar ek
M.S., Department of Mining Engineering
SupervisorProf. DrrAliKhsan Ar ol

May 2018, 157 pages

This studywasaimedat investigating theoke strength after reactig8 SR)prediction
before coke production by regression dalhing. Initially, quality parametersf
studied coals, nameWustralian, American and Canadiaoals,were categorizetb
understand fluctuation ithe parametersParametersstudied consist of proximate
analysis, physical properties, rheological proipsr ash chemistry, petrographical
analysis and coke quality parameters of the casfter understanding remarkable
difference incoal quality parameters relative to origiregression analysis/as
performed forthe coalsunder studyHighly correlated parameters were detected by
correlation analysis, performed via Excel and Minitabnsidering both Pearson
Correlation Coefficient and pvalues Devore states that two variablshowstrong
relationship when correlation coefficient gfem is above 0.8Absolute values of
correlation coefficients above 0.8 evaluated as highly correlated. Absolute values of
correlation coefficientbetween 0.6 an@.8 and pi values below 0.05 alsevaluated

as highly correlatedlhen, best subset agais was carried outty Minitabto indicate
best alternative regression modBkecision of whch parameters armcluded into
model was given by evaluatingiRsquare, R square (adj) and Rsquare (pred) of
best subset analysis model alternativesr gudied Australian, American and

\Y



Canadian coals, CSR prediction models were developed individually. Categorization
and origin base CSR prediction model developns&uindiescreated the base of CSR
prediction model for coal blend®recision of the models ctolled by mean
hypothesisand whether residues of model agual to zero or not was checkdd.
sample t test, 2 sample t tesand oneway ANOVA test were used for mean
hypothesis. In addition, Origin base CSR prediction models were comprised with
formulas retrieved from literaturét the end of study, CSR prediction models were
developed with 96.5 %, 93.41 %, 86.21a¥d 80.9%6 R square for Australian,

American, Canadian coals and coal bleredpectively

Keywords: Coke Strength after Reaction, Coal Quality, Coke Quality, Model
Development, CSR Prediction, Blend Design
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¥Z

REAKSKYON SONRASI KOK MUKAVEMETKNK ( CSF
FAKT¥RLER VE CSRO6YK TAHMKN ETMEK K¢KN K
MODEL GELKKTKRKLMESK

' nsBar éx
Y ¢ k s e k, Depagneemnt ef Mining Engineering

Tez Y°rPetDrdil $si Khsan Ar ol

Ma y 21, 157 sayfa

Bu -aléxkmada reaksiyon sofAnaséi kkbk maidkra
model i ile tahmin edil mesi ama-|l anméxkt eéer
vV e Kanada k°m¢grl erinin kalite par ametr e
anl akéel masé i-in sénéflandeérmbher gk&mmaseé

késa anal idoaoik, kimyasa, ip&tregeafik, ve kok kalite analizlerinden

ol ukmaktadeéer . K% m¢r orijinine g°re g°ze
-al exeéel an k°me¢r |l er i -in regresyon anall
ger ekl extirilen korelasyon analizl eri S ay
dejerleri g%z °n¢gne al énar ak ykolelasgok i | i K|
katsayésé mutlak dejeri 0.8 ve ¢zerinde

dejeenrdli r iKlomiekltaisryon katsayésé mutl ak dej e

dejerl eri 0.05 den k¢- ¢k ol an par ame !
dejerlendirilmicktir. Sonrasénda en iyi m
en iyl allitz ik ¢greer -aenkal ekt i ri | mi Kt i r. Hangi

yer alacajé en iyi alidR(d)wd(pocedal) alefemrn:

bakél arak karar wverilmixktir. CSR tahmin
Kanada Kki°m¢mr leeyrié ayré geliktirilmicktir.
t ahmin mo d e | -al ékxmal ar é K° mg¢r har maneéeé
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ol uktur muxktur . Mo del tahmin artékl arénén seé
ortal ama hi pot emd ceeli tkaulr mil Mmu kasvyseasi yet i kor

Ort al ama hi p esampleztltestr2isample ttest add omveay ANOVA

testl eri kull anél mékter. Ek ol ar ak, Orijin
bul unan form¢gl |l er ihen kegashaa mAvwwust r alcyaa £ «
Kanada ve K°m¢gr harmanlaré i -in CSR tahmin r

%86.21ve % 80.99R | e model |l enmi ktir.

Anahtar KelimelerReaksi yon sonrasé kok mukavemeti, Ko
istatistikseimodel , CSR tahmini, Harman dizayné.
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CHAPTER 1

INTRODUCTION

Il ron and steel production is one of the
Main usage areas of steel are construction, transportation, epaackagng and

industrial supplies. These are basis of modde) that iswhy, progress ofteel
industryisanind cati on of ¢ ount Becduse ofdhe fact thansteel pr o ¢
is new cement of current civilizatipworld steel production rate is inasng year by

year.

According to World Steel Association (WSA})eelproduction increase80 % in last

10 years. In 208, 1,250098 thousand tonnes steel was producedand while

1,620408 thousand tonnes of steel was produced in 204%ld Steel Association
Economics Committee, 201@8 % of steel is being produced in topgt@el producer

counties. On the other han@hinaisthew r | d6s bi ggesth0%dfeel pr
steel is being producetiere It means nearly 3% of steel is being produced tine

remaining9 countresincluding Turkey. Top 10 steel producing countries are listed in
Tablel-1in accordance with data provided by W8&orld Steel Association, 2017)

Turkey ranks eighth in the list out of 66 WSAe mber countri es. Tu
production is nearly 33 million tonnes, which makes up 2 % of total steel production

in the world.In a similar manner to world incréasn g st e el producti on

productio also increask42 % in last 10 years.



Tablel.1 WSA 2016 Country Basis Steel Production Rates

Rank Country Production (million tonnes)
1 China 808.4
2 Japan 104.8
3 India 95.6
4 United States 78.5
5 Russia 70.8
6 South Korea 68.6
7 Germany 42.1
8 Turkey 33.2
9 Brazil 31.3
10 Ukraine 24.2

Top 10Total 1357.5
World Total 1629.6

There are two main steel production processes:
1. Integrated Steel Plants (Oxygen process)
2. Electrical Arc Furnaces (Electrical process)

In an integrated steel plant, iron ore is melted with coke in blast furnace. Iron ore may
be in the form of lump ore, sinter or pellet. Coke is a residue opgoallysis process
which is calledcarbonization However, in an electrical arc furnacserap is used to
produce moltetiron. Intheworld, 74.4 % of steel is producéwm iron oreby basic
oxygen furnaces (BOFRh an integrated steel plant. 25.1 % of steel is prodérosal

scrap by electric irlectrical arc furnace In contrast tahe world, 35 % of steel is
produced byblast furnaceand 65 % of steel is produced by electriarc furnacen
Turkey(World Steel Association, 2017)



In Turkey, there are three integed steel plants.
1. Kskenderun I ron and Steel Company ( KSI
2. Erej | i Il ron and Steel Company ( ERDEMKI
3. Karab¢k I ron and Steel Company (KARDE]

Crude steel capacities of KSDEMKR, ERDEM

1.5 million tonnes, respectively TC Kal kénma Bakanl éejé, 201/

In an integrated steel plant, iron ore isltad with a unique carbon fuel, that is coke,

in blast furnaces. Coke used in blast furnacest have foubasicproperties.

It must be a heat provider,
It must be a reducing agent,

It must have enough strength to allow smooth descend of burden,

0N

It must allow gas and moltgroduct transfer.

Coke is produced by subjectingkog coals to heat in coke oven batteriegha
absence of air. While cokingolatile matter of coal is extracted as coke oven gas
(COG). COG is used as energy source in both heating of coke oven batteries and other
units of an integrated iron and steel plant. Bo#éd residue of coal carbonization,
which is coke, has unique propes for blast furnace process that satisfy above
necessities. Coke is a carbon rich fUdle exothermic reactionselowbetween coke
and oxygen provides the hesededo melt iron.

2C+QA 2CO + heat
The poduct ofthe chemical reactiombove catbon monoxidereduces iron oxide.

FeO + COA Fe + CQ
Carbon dioxide also reacwith carbon and regenerates reducing agent, carbon
monoxide.

CO+CA 2CO



After carbonization, coke gains enough strength, which is expressed as coke stability
factor andcoke strength after reactiq@SR) It enables to support burden in blast
furnace.In addition to these, manageable size distribution of coke allows both gas
permeability andhe flow of molten products inthe blast furnaceFor these reasons,

coke is ineitable for an integratenon andsteel plant.

According to International Energy Agency (IEA) 1,072 billion tonnes of coking coal
was produced in 2015. From 2001 to 2015, world coking coal production increased
131 %.China consumes nearly 60 % of cokiogal produed However, biggest
coking coal exporter of @rld is Australia. In 2015, 298.million tonnes of coking
coalwas exported anfustraliadd s s h a87.&milkoa. E means Australia exported
more coking coal than rest of world in 2015. World coking coal exportrdataved

from Key Coal Trend Report 2016, whichsummarizedn Table 12 (International
Energy Agency, 2016)

Tablel.2 International Energy Agency Major Coking Coal Exporters in 2013 to 2015

Country 2013 2014 2015
Australia 154,2 180,5 187,7
United States 59,6 54,5 41,7
Canada 35,0 31,1 28,0
Russia 21,5 21,1 18,3
Mongolia 7,7 6,0 7,7
Other 16,7 17,5 15,6
World 294,9 310,7 299,2

Even if increasingteel production rates increased coking coal produdti@hould
be notel thatincrease in both steel and coking coals production in China affects these

number critically. In addition, unstable coking coal prigaevents long term



purchasing contracts and finding stable quality coking coateeSt007, coking coal
price fluctuated between 80 ar®@40 $ per tonne. For this reason, contract terms
decreases to 3 mtirs from 12 monthg L ¢ n g e n. ,Thes2 @Halenges make
sustaining coke quality more difficult and predicting the coke quality before

production more important

There are four main parameters,igthare standardized by ASTNh, evaluatingcoke
quality. These are listed below with their ASTM standards and common targets.
1. Coke Stability (ASTM D3402}> 60 %)
2. Coke Hardness (ASTM D3402 70 %)
3. Coke Reactivity Index (ASTM D5341¥% 25 %)
4. Coke Strength After Reaction (ASTM D5342)65 %)

There are also sonweke qualityparameters such as sulphur, ash, alkali contenQNa
+ K20) in ashetc, howeverthey are controlled by raw material selection and blend

design. That is why these four parametersvasesimportant.

The mostimportant coke quality criteria ihe strength. Coketrengthis divided into

two pars ascold and hot strength, which are coke stability and coke strength after
reaction, respectively. Shrinkage of coke destrne size distribution andprevents
uniform gas permeability and moltenaterial flow in a blast furnace. Fortunately,
before charging of coke into blast furnagenerally a finakieving is performed-ine

coke generallyi 25 mm,is separatedrom the coketo be charged into the furnace.
Furthermore coke must havalso enough strengtlagainst to degradation iplast
furnacé® s dna abrasive environmenit is represented bgoke strength after
reaction(CSR) orcoke hot strength

For stability anchardness]10 kg coke sample in a size range?8 +50 mm is taken.
Sample is subjected to 1400 rotations at 24 rpm in a tumbler, which is standardized by
ASTM. After 1400 revolution, sample seved using 25 mm and 6.3 miVeight
percent of above 25 mm portionpresents the coke stability and above 6.3 mm
represents the coke hardnéaSTM, 2008) Basically, coke stability is resistance to

5



shrinkage and coke hardness is resistance to abrasion. Coke stability is also known as

coke coldstrength.

Nippon Steel Cooperation first designed CSR &est later ASTM standardized it by
following Nippon Steel proceduré.has been realized thedke stability or coke cold
strength is not enough to represent coke behavior in blast furnace, indieation

was researched. When coke lumps descend in the blast furnace, they are stabjected
two stressesFirst, is chemicalreaction withreverse currenC0O,, and second is
physical stress due tabrasioncaused byrubbing of cokesand the walls oblast
furnace. These simultaneopsocesses physically weaken and chemically react with
coke lumpsThereforeexcess of fines producel and burden permeability decreases.
These phenomena resintincreased coke rates and lost hot metal produdtigopon
Steel 6s coke strength af designedtoeneasusek®e n ( CSR)
behaviorin the blast furnacendirectly.

CSR test procedure begins with coke reactivity index (CRI)@edte reactivity index

is an indication of reaction rate bewvecoke and C® 200 g coke sample in a size
range of-22.4 + 19 mm is subjected to €@r 2 hoursat 1100°C. Percent of mass

loss represents coke reactivity index. After reaction, coke residue is subjected to 600
revolutiors with 20 rpm in a tumbler, wbh is standardized by ASTkbo. Then coke
sample is sieved &.5 mmsieve Percent of mass above 9.5 mm represents coke
strength after reactiofhSTM, 2014)

Predicting the coke quality before production is inevitableptiimize the production
cost while providing bestoal blend. Especially for tougiiconomic conditions, it
becomesnoreimportant. For example, colgrcoal prices fluctuated fro80to 330 $
per ton in 2016. In addition to that, main portion of steel pcbdn cost is raw material
cost, specifically coking coand iron ore in form of sinter, pellet or lump @est in

an integrated steel plafurthermoregcoking coal is more expensive than iron ore.



Coke quality prediction research can be divided thtee stages. First is based on

stability prediction created by Shapiro and Gf@grdovaet al, 2016) Then, CSR is

developed by Nippon Steel and it was understood that CSR is a better test method to
predict coke behavior iR blast furnace. Second stageas based on theoretical

formulas to predict CSR. While working with enegion coals, these formulas gives

relatively accurate results. Unfortunately, prediction accuracies are not satisfactory for

a bl end, whi ch i ncl ud e s ored thifdfstage @nedictiom e gi o1

attempts were based on statistical modelling.

Attempts of predicting coke quality are focusing possible usage gbarticular

r e gi o n giher tharevelsping a statistical model for quality prediction from
coals all arond the world Because, each coking coal customer or integrated iron and
steel plardg purchase coals from specific countries due to geographie@bmic
circumstances. Consequently, theseno reason to develop coke quality prediction
modelapplicablefor coals from all over the worldzrom this point of viewin order

to developan accuratecoke qualityprediction model first factors dfecting coke
strength after reaction should betekmined. Prediction model shoudé based on
these factorsather han only statistical studies. Thaow much these factoesfect

CSR individuallyshould be determinedh addition to thisexamined coals shoulik
classified regarding their originardo al s 6 p o dve ¢ffects en coke qualig/ g a t
shouldbe deternmedbased on their origirFinally, a statistical model to predict coke
quality based on coal quality woulte developed.






CHAPTER 2

THEORY AND LITERATURE REVIEW

Coke as a blast furnace fuel first used in England at the beginning"aemgury
(Kobus, 2015) In last 300 years, technology, machinery and even coke making
processes changed. However, the inevitability of coke production for biaaté&uin
integrated steel plamthave nothanged. Through the developing a statistical model
for coke strength after reaction (CSR) prediction, a brief of coke making history and
modern coke making proceisexplained. Thencoal formationis investigated After
classification of coals, metaligical coal qualityis examined. In order to create the
basis of prediction model, coal to coke transformation should be under$twuds

why, theory of carbonization will be searched. Then coke quality and SR
explained. At thatpoint, factors affecting CSRs investigated.Theoretical CSR
prediction formulags also explainedFinally, a statistical predictiomodel for CSR

is developed with the help of literature review.

2.1 Definition and History of Coking

Coking isthermochemical d®mmpositionof coal in absence of air. When a pyrolysis
process residue is carbon rich, it is called carbonization. Therefore, coking is coal
carbonization process to produceke, whichhas more carbon, low volatile matter
and mechanical strengthlThis piocess has been applied over 300 years for
metallurgical purposesCoking in piles is first technique to produce coke. Then it
evolved to coking in beehive ovens. The third and ongoing process is coking in

byproduct typecokeovens (retort ovens).

Coking in piles is a similar process with cleaal production from woodln this

method, coal p& was ignited from middle qf i | bettra. Piles were covered with



wet leaves, dirt or breeze in order¢éoluceair contactDespite this precaution, it could

not prevent coal burning. In addition, some of coal was consumed to provide heat.
Therefore,coke yield varied between 33 to 50 %, which is very (&obus, 2015)
Another problem was that extracted gas released to the atmosphereadded both

environmental pollution and energy waste.

Extracted volatile matter of coal can bedias heat sourcastead of coalif coking
is performed ira closearea In beehive oven process, coking begins wémaining
heat of ovendue toprevious coking periodBecause of heating raw coke gas is
extractedfrom coal. The cokeven gas is ignited and buroy suppliedexternal air.
Delivered air is controlled and is not enough to burn all coke oven gas. Unburnt gas is
driven off to the atmosphere. Due to controlled combustion by airdoaabtburn in
the ovenHowever, released coke oven gas is atilkmissionsource Beehive ovens
was a distinctive design relative to coking in pile method, nevertheless, thersiWere
unsolved problems. Thesee,

1 It wasstill labor intensive process,

1 Operation condition was not suitable for human nature due to dust, dirt and

heat,
1 Unburnt/surplus gas was wasted in terms of both environment and energy,

Heating system could not lsentrolled to sustain uniform coking.

In order to solve these problems, new desigare developedlhe Welsh drag oven

and Thomas oven reduced labdense. Excess gas was burnt in bottom of oven rather
than releasing to atmosphere in Ramsey oven wekigwve oven was first energy
conversing oven design. Here, surplus gas was used to produce steam. Moreover,
NewtonChamber ovensvas first attempt to recover fproducts in coke oven gas,

which are tar, light oils and ammor(i&obus 2015)

These progressésoughtthe coke makingrom coking in the pile to byproduct(slot)
type coke oven batteriel this designgextracted gas is sent to the-psoduct plant

by continuous pipeline in order to recover tar, ammonidightoils. Afterthat,clean
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gas is used for heating both coke oven batteries and other uaitsndégrated iron

and steel plant. Gas is burnt in flues, which is separated from coking chambers by
silica bricks. Air and gas can be controlled for eagh.flThis provides uniform heating

and coking. Beside better quality coke production, design enables energy saving and
ensure minimum emission. Thanks to technological advancement, coke oven
machneries also reduce labor intenspreduction.That iswhy; by-product type coke

oven batteries are preferredtheworld today.

In chronological ordemprogress in coke oven technology summarasillows.

1 Stauf developed gas recovery battery. In this designaim was producing
cokeovengas as city gasther than cokdn other words, coke was fproduct
and coke oven gas was product.

1 Carl Knab developed first by product type battery and an exhauster was used
to collect extracted gas.

1 Simon introduce battery regenerat@egenerator was heated with combusted
gas waste heat. Then supplied air and gas introduced to the battery via this
regenerator and they heated telp of the design has reached the battery
higher temperaturdsy using same amount of gas supply.

1 Evence Cppee introduce@8-flue design and Gustave Hilgenstock created
under jet heating.

1 Koppers developed cross regenerative heating and gas gun. They ensured
proper air gas distribution for each gas flue.

1 Otto designed twin flue heating wall&fter taller coke oven batteries were
discussed,

1 Carl Still introduced multi stage air supply for heating flues to sustain

homogenous temperatudestributionfor them.

Beehive ovens have advantages such as low construction cost, simple refractory
configuration, no restriction for restart after shut down. However, energy inefficiency,

environmental problemand lower coke rate are disadvantages. Slot ovens allows
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recovering byproducts, energy efficient and environmental friendly production.
Neverthelesgefractory works of slots ovens is highly expensive, technical and skilled
workers are necessary. Another drawback is that a slot oven cannot be restarted after

shut down of heating. Heaty mustcontinue 24 houref day, 7 days of week

All in all, by-product type coke oven batteries give better coke qualtity decrease
production cost byaluableby-productsgained Therefore, it is preferred rather than

other designs.

2.2 Coal Formation

Coal is combustible, sedimentary organic rock, compqgs@aharily of carbon,
hydrogen, oxygen, formed from vegetation, which has been consolidated between
other rock strata to form coal seam and altered by combined effects of both microbial

action and pressuieheatover considerable time perio@aad, 2016)

Rodovic and Schobert carbon cycle is illustrated in Figute Qarbon dioxide in
atmosphere exchanges with carbon dioxide in water and rocks. Plants conyvtat CO
O. by photosynthesis. However, animals convestt® CQ again by breathing.
Fatality of both animals and plants produces 6€xause of decaying. This is the brief

explanation of carbon cycle.

Carbon cycle may be interrupted by geological events such as floods, earthquakes,
volcanic eruptions, mountain formationhdn, these events cause decaying of plants
and animals to be buried under sedimg@sold, 2013) It is the beginning of

coalification.
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Figure2.1 Rodovic and Schobert Carbon Cycle

There are two basic types of coals depending on their originating vegetation and
decaying conditions. They are sapropelic @hamded) coals and humic (banded)
coals. Sapropelic coals originate from algae or spore,hwéiie called boghead or
cannel coals, respectivelyrice, 2015)They decay under anaerobic conditi(®aad,

2016) They are rich in hydrocarbon and valuable for synthetic fuel production. During
19" century, sapropelic coals were used in illuminating gas produgiopp, 2017)

Humic coals were formed mainly from cellulosic (woody stalks and roots) and
suberized materials (leaves, bark®rice, D15) They decay under anaerobic

conditions(Saad, 2016)Coking coals are bituminous coals, which are humic.

In humic coals, there are different organic fragments that is called macerals. They are
vitrinite, exinite, inetinite and they have different characters because they consist of
different parts of vegetation. Exinite (or liptinite) is derived from algae, spore, pollen
and resin. It is the most fluid maceral in coking process. Exinite haveayatilline
structue that is why, it resists biological degradation during peat form#&Raoe,

2015) Vitrinite originates from cellulosic materials such as stems, trunks, roots.
Vitrinite is subjected to humification and gelification duringapérmation. When

vitrinite heated, their aliphatic chains breakdown, then aromatic carbon structure
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softens, swells and agglomerates other maceffadédcon, 2013) Due to this
technological property, vitrinite is most importaend desired maceral for coking
process. Inertinite also originates from cellulosic material. However, they burnt or are
subjected to excess oxidation before burial. Therefore, inertinite is inert during coking

while vitrinite is reactive.

After carbon cycle interruption during decaying of vegetation, peat formation starts.
Peat is partially decomposed vegetation remains. While decaying and peat formation
easily disintegrated or degraded compounds are extracted as carbon dioxide, ammonia,
methane, and water in gas form. Lignin, tannin and resin are converted to humic acid
by oxidation, which is called humification. Humic acid is soluble in alkali solutions.
Fungi destroys cellulosic woody tissues of vegetation and aerobic bacteria activity
converts these tissues to humic acids. Humins are formed because of repolymerisation
and polycondensation of humic acids. This humification process is then subjected to
gelification. Here, humin forms a plastic gel phase called huminite. Lipids, which are
spore, pollen, exine and fat, are resistant to degradation. They do not undergo

humification as well as gelificatiofiPrice, 2015)

Thus far, carbon cycle interruption by geological events causes vegetation decaying.
Then fungaland bacterial activity converts cellulosic tissues to humic acids. Humin
forms because of repolymerisation and polycondensation of humic acids. After that,
huminite formation occurs due to gelification of humins. This first step of coalification,
which s till lignite formation, is called diagenesis and it includes decaying of
vegetation and peat formation. The second part of coalification continues with sinking
or subsidence of vegetation remains. This forms deposits. Then metamorphism of
organic materialbegins because depth, temperature and pressure increases. This

second stage is called catagenésmsonet al., 1989)

In Figure 22, coalification steps and their related chemical reactions are expressed
(Price, 2015) After peat formation decarboxylation, which is carbon dioxide

extraction from carboxyl groupsGOOH), dehydration, which is elimination of water,
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dealkylation, which is elimination of methyl groyCfz) in form of methane (Ckl

and gelification, whichs explained above, alter peat to lignite (70 % carbon, daf).
Lignite metamorphose to bituminous coal &% % carbon, daf) by decarboxylation
and hydrogen disproportioning, which is elimination of hydrogen from naphthenic
groups { CH. -) with transformabn of hydro aromatic rings into aromatic rings.
Bituminous coals are altered to semi anthracite (>90 % carbon, daf) by condensation
of small aromatic ring system. When these small aromatic rings transform into larger
aromatic rings, anthracite (95 % canpdorms. Meta anthracite (>97 % carbon, daf)

is a complete carbonification product, occurred by graphitization. Low rank coals have
more hydrogen bonding due to their hydrox@¥), carboxyl (ROH) and methoxyl
(CH:O-) groups content. As the rank of taacreases, these are eliminated and
aromatization is increasing. Howeygrcreasing aromatization in coal gets structural
intermolecular forces stronger. Then the intermolecular forces become sufficiently
strong to cause insolubility in solvents and enemportantly infusibility during
carbonization(Loison et al., 1989) As explained above, aromatization starts with
semtanthracite  formation and decarboxylation, dehydration, hydrogen
disproportioning is completed with bituminous coal formation. It & iason that

coking coals are bituminous coals.

Materials Main Chemical Reactions
Decaying Vegetation
———— > Bacterial and fungal activity
Peat
——» Air oxidation, decarboxylation, dehydration, gelification to huminit
Lignite (70 % Carbon)
—— Decarboxylation and hydrogen disproportioning
Bituminous Coals (84 - 90 % Carbon)
—— Condensation of small aramotic ring system
Semi-anthracite (>90 % Carbon)
—— > Condensation from small to larger aramotic rings
Anthracite (95 % Carbon)
—— Graphitisation and complete carbonification
Meta-anthracite (>97 % Carbon)

Figure2.2 Coalification Steps and their Chemical Reactions
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During peat formation, type of deposition, depositional medium, peat temperature, pH
of medium and depth of peat are the effects of biological degradatiesituln
depositions creates thick coal seams while transported vegetation depositions creates
thin ones. Depositional medium such as land, seawater and swamp affect directly coal
ash composition. Bacteria flourish in neutral to weakly alkaline environment;
nevertheless, they die in acidic conditions. In addition, bacterial population decreases
with depth(Atalay, 2016) After biological degradation, coals are altered by geological
factors and time. Pressure and temperature increase with depth. Coal, which are
subjected to more pressure and temperature, will be more mature. However, time is
third factor. f there are two coals, which were subjected to same geological conditions,
older one is more mature. Hilt state that across the coal deposit, an upper seam has
lower rank than the lower seam. In same depth, the quality of coals as well as degree
of coalification are identica(Stiskala, 2016) This explanation is only valid for
comparisons of coals in limited areas. It is known that some younger coals have more
degree of alteration than older coals. It is contact type alteration, which occurs due to
directcontact of heat provided by igneous rocks. Therefore, degree of coalification is

a function of pressure and temperature dugetaogical activity and timéAll in all,

there are several factors affiag coal formation and there ane two identical coals

because of this diversity.
2.3 Coke Making Process Flowheet

In a coke making plant, domestic or internationally supplied @vaktockedin open
or close coal storage yaldstead of using only one coal, a coal blend must be prepared
for various reasons

1 Limited availability of ideal coals

1 Compensation need for lack of properties of single coals
1 The aim of reducing production cost
1

To prevent from possible logistic problems
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There are two blending methods. First, each todischargd on top of previous
discharged coalTherefore,coal layers creata blend heapln second method each
coalis dischargd into coal yard separately, in other words, each coal heap cwfsist
one coal. Then individual coalre transported to coal bins lgonveyor belts. By
dosing scales, coal blend is prepared.

Blended coal is transported to coke oven bwtmyal tower by conveyor belts.
Charging car is loaded under the coal tower and charges empty or pushed oven. Coal
IS coked during coking timeCoking time changes depend on coke chamber
capacity anaoking rate. It generallyariesfrom 18 to 22 hours. While coking volatile
matters are driven off from coaha they are sent directly to {product plant by
continuous pipelineExhausters creatpipeline vacuum, which is necessary for
uniform gas flow After the end of cokingtime, pusher machine pushes coke in the
chamber. Coke moves through coke guide car and falls into quenching car wagon.
Coking is performed in absence of air, however, cdkessburnng after pushing
because of open air. Quenching car trassfeke from in front of thepushedoven to
guenching tower. Hereoke is quenched with water. Then quenched colkallen

into coke wharf byquenching car. Coke is kept for dwe in the wharfto decrease

moister contenby its own heat.

After wharf, coke is transferred to coke crushing and screening unit by conveyor belts.
Size intervals vary up to blast furnace demand. Genethly are-60 + 25 mm
(metallurgical coke);25 +10 mm (nut coke) andl0 mm (coke breeze)n coke
production, the aim is producing metallurgical cakel it is sent to blast furnace. Nut
coke may be sent to blast furnace or it is possible to seltligié is a demand. Coke

breeze is used for agglomeration in sinter.

lllustration of coke making flowsheet is given in Figur8. 2.
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Figure2.3 Coke Making Process Flow Diagram
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2.4 Coal Quality

Coal quality is examinelly four main groups of test, which are proximate analysis,
ultimate analysis, physical properties, and carbonization properties. Details in coal
quality test are listed in Figure 2.Rroximate analysis consssof moisture, ash,
volatile matter, fixed carbon and calorific value. Moisture is determined by mass loss
between original and dried coal sampish content is the residue remaining after total
combustion of coal sample. When codlémtedgasses or vays are driven off. Those
products excluding moisture is volatile matter of coal sample. Fixed carbon is
calculated by difference between 100 % and sum of moisture, ash and volatile matter

as percentage. Calorific value is determinedbdyb calorimeter.

Ultimate analysis consists of carbon, hydrogen, sulphur, nitrogen and oxygen content.
Carbon and hydrogen is determined by burning of coal sample aP@380 carbon

is converted to carbon dioxide and all hydrogen is converted to water. Then, suitable
reagents absorb the products. Sulphur is determined by gravimetric méthoaint

of nitrogen is determined by Kjeldahl method. Oxygen is calculated by difference
between 100 % and sum of carbon, hydrogen, sulfur, nitrogen ancbatnts as

percentage

Physical tests includeard Grove Index, reflectance of light, bulk density and sieve
analysis. Hard Grove is an index of the relative ease with which a coal may be
pulverized in comparison with coals chosen as standards. Coal sample is subjected to
constat grinding energy by a ball mill at constant revolution. Then, product is sieved
and undersized fraction is used to calculate HGI. Bulk density is the massembly

of coal particles in @ontainer divided by the volume of container. It depends true
density, particle size distribution, particle shape, surface moisture, degree of

compactionPrice, 2015)
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Coal Quality Tests

— Proximate Analysis
Moisture

Ash Content
Volatile Matter
Fixed Carbon
Calorific Value

— Ultimate Analysis
Carbon
Hydrogen
Sulphur

Nitrogen

Oxygen
Ash Chemistry

— Physical Properties
HGI

Reflectance of Light
Bulk Density

Sieve Analysis

— Carbonization Properties

FSI
Dilatometer
Plastometer

——» Ash Chemistry
Al203 (%)
CaO (%)
Cr203 (%)
Fe203 (%)
K20 (%)
MgO (%)
MnO (%)
Na20 (%)
P205 (%)
SiO2 (%)
TiO2 (%)
P (%)

S (%)

Ni (%)
Zn0O (%)

—— Petrographical Analysis

Maseral Analysis

Mean Random Vitrinite Reflectance (Ro
V-type Distribution

Figure2.4 Coal Quality Tests
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Carbonization tests consist of FSI, dilatometer and plastometer. Free swelling is an
index, which is determined by swelled coal shape comparison. Ground coal sample
placed in a silica crucible. Temperature is raised to’82and the sample is kept at
that temperature for 2,5 minutes. Swelled coal profile is compared with 17 standard
shapes, which were determined by ASTMlatometer test is an indicator of coal
swelling properties measured by volumetric meth@aokl is compressed into a coal
pencil of which the volumetric changes are recorded usipsi@n resting on the top

of the pencil in the cour se oCGontractanf or m F
dilatation, softening temperature, maximum contraction temperature and maximum
dilatation tempeature are outputs of the tebt.plastometer, coal fluidity is measured

as the rates of stirrer movement placed in a crucible, filled by coal. Temperature is
increased by3 A C anthstimer movement is recorded as ddpm. Fluidity, softening
temperaturemnaximum fluidity temperature, solidification temperature and fluid range
are outputs of the teg$tiskala, 2016)Fluidity is one of main indicator for coal blend
design for coke productioft.is important that the temperature intervals of the plastic
state for coals constituting a blend should overlap. The longer the overlapping of
maximum activity intervals of two particles, the more the number of chemical bonds

formed in the contact ar¢blardarshan, 2015)

Ash chemistry is determined by XRF. Reflectance is a percentage of the incident light
reflected from polished coal tablet. Macerals have different reflectance and vitrinite
phase are filtered out to determine théyye distribution(Stiskala, 2016)

2.5 Coal Classification

Non-bandedcoals are rich in inertinite or liptinite, whereas, banded coals are
composed mainlgf cellulosic materials and they are rich in vitrini@alorific value,
volatile matter and agglomerating character are basis of coaificason. These
properties varygystematicallyin vitrinite rich coals; however, inertinite and liptinite

rich coals shows diversefglative to coal alteration or coalificatiohhat is the reason
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behind the fact thafitrinite rich coals or banded c@atan be classified while inertinite

- liptinite rich coals or no#banded coals cannot.

ASTM Standard Classification of Coals by Rank (D388 is commonly usednd

well accepteatoal classifiation standard. Becausee{planatiorabove the standard

is applicable to banded coals and it is basecbal rank Fixed carbon, volatile matter
and calorific value are used as an indication of coal rank or coalification. In addition
to coal rank, agglomeration character is also used for caakifitation.In the
standard, there are four main coal gumhich are lignite, subbituminous,

bituminous and anthracite.

Below 69 % fixed carbon, calorific valuenoisture and mineral matter frégmmf)
basis,is only indication.According to the stadard, coalswhich have less thai9.3
Mj/kg calorific value (dmmf) is called Lignite. Coalshave calorific value (dmmf)
between 14.7 and 19Mj/kg, is Lignite A. Coals have calorific value (dmmf) less
than14.7Mj/kg, is Lignite B

When the calorifiovalue is between 26.7 and 19.3 Mj/kgis called Subbituminous
coals. Between 19.3 and 22Mi/kg, it is called Subbituminous C; between 22.1 and
24.4Mj/kg, it is called Subbituminous B and betwedzand 5.7 Mj/kg, it is called
Subbituminous.

Classification continues by calorific value until coals reach 69 % fixed carbon. High
volatile coals havéess thar69 %fixed carborandtheir calorific vale isgreater than
24.4 Mjlkg. If calorific value is letween 24.4 and 26.7 Mj/kgormallyit is called
Subbituminous AHere the difference is agglomerating chara@ebbituminous As

notagglomerating

Bituminous coals, which have a calorific value between 24.4 and 28jKkg is
agglomeratingAs indicated in the standard, there may be sexoeptons;however,
bituminous coals are expected as agglomerating coals. Between 26.7 and 30.2 Mj/kg,
coals are namebly High Volatile C. When calorific valuas between 30.2 and 32.6
Mj/kg, it is called High VolatileB. If a coal has9 % fixed carbon (dmmf)ess than

31 %volatile matter (dmmf) and greater tha®.6 Mj/kg calorific value (dmmf), it is

22



namedby High Volatile A. After that, coals are classified by fixed carbon and volatile

matter content. Medium volatile bituminous coals have fixed carbow iratige of 69

% to 78 % (dmmf) and volatile matter in the range of 22 % to 31 % (dmmf). Low
volatile bituminous coalbave fixed carbon in the range of 78 % to 86 % (dmmf) and
volatile matter in the range of 14 % to 22 % (dmmf).

While passing to sera@nthracite from low volatile bituminous, condensation of small
aromatic ring system occurs. This causes the loss of agglomerating chaiaates.

why anthracite group coals is not agglomerating while bituminous coal group is. Semi
anthracite coals have fixed carbon in the range of 86 % to 92 % (dmmf) and volatile
matter in the range of 8 % to 14 % (dmn#hthracite coals have fixed carbon in the
range of 92 % to 98 % (dmmf) and volatile matter in the range of 2 % to 8 % (dmmf).
Meta-anthracite is at the top of coalification. These coals have fixed carbon above 98
% (dmmf) and wlatile matter below 2 % (dmm{ASTM, 2017) Coal classification

table is given in Appendix A.

Coals used for coking must havegimmerating character. Otherwise, fusiof coal
particles will notoccur and coke formation does not exist. Therefore, bituminous coals
are used for coke production. One particular coal cannot be used for industrial
applications because of both techneadleconomiaeasonsOptimum inert reactive

ratio, plasticity, coal blend costequirements are satistl by coal blending. All
subgroups of bituminous codlslow, medium and high volatile coals, are used for

coal blending for coke production.

2.6 Coal Carbonization at Coke Oven Batteries

Blended coal is charged into coke oven batteries by a machine cdadieging or larry
car in order to produce porous, strong, stable coke lumpsfiineraoal grainsThere

are heating walls at each side of cokingrshar. This means that coal is heated from
two sidesin absence of aiThis process is special type of pyrolysis. As solid residue
of the processs carbon richprocess is called by carbonization insteagywblysis

Figure 25 is retrieved fromReadyhoghd s pr esent ati on at Mc
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2015(Readyhough and Todoschuk, 2016expresses carbonization steps relative to

temperature and time.
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Figure2.5 Coal to Coke Transformatidifodoschuk2015)

After charging, coails heated upWVater content of coal is driven aff 100°C. Heating
continues as temperature ris which follows dehydration. At about 358C, coals
starsto soften. As explained in section 2.4 Coal Classification, not all coal is softening
but coking coals are. This feature is represented in ASTM coal classification system
by agglomerating character. Between 350 to ®D0coal is in plastic phase. It iset

most important part of carbonization in terms of both theoretically and technologically.
There are thre phass in plastic state of coalrirst one is solid phase. They are
minerals or ash and nduasible organic content aal, whichis inertinite. Seond is
plastic phase and they are reactive or fusible organic portion ofwdalas vitrinite

Last one is gaseous phase. It is the volatile matter contenabfwhichis extracted

due to carbonization. After temperature reaches softening tempesbtwa, tar and

light oils are extracted. These are in the form of aliphatic chains and molecular phase.
In addition tothat, coal particles agglutinate because of plastic layer fusibility.
Fluidity, which can be measured by plastometer, is increasing t@mperaturas
increasing. When maximum fluidity temperatis@eachedit stars to decrease until

solidification, which occurs at 480 500 °C generally Solidification causes
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repolymerisationand carbon bridgearise. This phenomenon gives colgtronger
strengththan original coking coalAt solidification temperature, semi coke forms
however, it contains nearly 12 16 % of volatile matter. The differencketween
volatile matter conterdf plastic phase and semi coke is composition. In imbéhvals,
molecular phase volatiles are extracted. Hydrocarbons in aliphatic chains are driven
off in plastic state and light hydrocarbons are driven off in semi coke Ftateéeason
of relativdy high volatile content atemi coke is the gases in semi cpkee structure
and it is mainly hydrogen. From 56C to 800°C semi coke is heated and volatile
matter content decreases. After 8@0coke forms. Hydrogen extraction continues till
1000°C (Isler, 2016) Volatile matter of ed coke is below 1 %That iswhy end coke
temperature, which means the temperature of coke before pusheng,important

operational parameter.

From carbonization df000 kg dry coal, nearly 750 kg dry coke, 30 kg tar, 7 kg benzol,
and 30 kg water are produced. The rest is coke oven gas and it is used for both heating
of coke oven batteries and other units of an integrated iron and steel plant such as hot
mill ovens. @ k e 0 v ealorifig\valeedis abou#t200 kcal/m. Because of high
calorific value, which is nearly half of LPG, it is desirable for suitable heating

operations.

2.7 Coke Quality

Valia statel that a high quality coke should be able to support smootleniestthe
burden with as little degradation as possible while providing the lowest amount of
impurities, highest thermal energy, highest metal reduction and optimum permeability
for flowage of gaseous and molten prod®slia, 205). This is the summary of coke

guality requirements for blast furnace operations.

In upper cold part of blasirnace, coke should be suitable fgas flowage andble to
support burden in the furnace. At that part size distribution, cold strestgthility),

and moisture are important quality factoin middle part of furnace, iron staio
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melt. Therefore, coke should drain melt iron and slag. @xso a source of reducing
agent carbon monoxide. Carbon dioxide is re@watith coke, whichis carbon source

to produce carbon monoxidéas flowage and need for supporting upper burden is
also necessary for this middle part. For these reasons, size distribution, stability and
abrasion resistance (hardness) are critical. At bottom part of furnageadrman
region, coke act as a heat source while producing reducing gas and providing enough
strength to support burden. Here, coke hot strength, reactivity and coke chemistry are

vital quality parameters for cast iron production.

Stiskalacreateda brief table to express coke quality requirementdarth America

and Europe in Coke Making Seminar in 20@iven in Table 2.1

Table2.1 Coke Quality Requirements Morth America and EuropéStiskala, D16)

Parameter North America Europe
Mean Size > 50 50-55
+60 mm, % 33
+50 mm, % > 50

-25mm, % <3 <3
Stability, % > 61

Moisture, % <5 <4
Sulfur, % <0.75 <0.90
Alkalis, % <0.25 <0.20
Phosphorus, % <0.02 <0.02
CSR, % > 62 > 65

Coke chemistry in terms of duf, alkalis (NaO and kO) and phosphoruss directly
related with coal blending. These are additive values. It means that coals, which consist

of the blend, give their impurities proportional to their percentages in thd.ble
Moisture is related with the coke quenching operation. Old design, slow quenching

operation resudtin around 8 % moisturd-aster next quenching design results in 3.5

to 4 % moisture. Newest technology about coke quenching is Coke Stabilizing
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Quenclng (CSQ), which isleveloped by Thyssen Krupp. Desigetims that coke

guenched by CSQ have a moisture near 2 %.

Size distribution also highly depemdn operational factors such as crushing and
sieving. Desiredsize intervals also diffeplant to plant. For this reason, coke

chemistry, moisture and size distribution will not be investigated further.

Cold coke mechanical strength is represented by coke stability and coke hardness.
Stabil ity i s ceushingamndhardnessdsc lé sasistanee td abrasion.
ASTM (D 3402 Standard Test Method for Tumbler Test for Coke) standardizes both
quality parameters. Tumbler has dimensions 50 mm height, 457 mm width and 914
mm length. 10 kg coke sample with a size range between 2 to 3,imdfieh moisture
content is below 1 % and sized in a square mesh sieve, is sdiget#00 revolution

in the tumbler with 24 1 rpm. Thenthe poduct of tumbler is sieved by and |
inchessieves. Mass percentages of + 1 ipottion represents staibyl factor ard mass

per cent ag e portianfrepresents hardmasfactor.

Last and most important quality parameters are coke reactivity index (CRI) and coke
strength after reaction (CSRJhe reaction that gives name to two test is take place
betwesn carbon (coke) and carbon dioxidieis the same reaction occurs in blast
furnace dead man region to produce reducing agent carbon monoxide. Similar with
coke cold strength test, tleeare two steps. First, cokeacs with carbon dioxide and
percent ofmass loss in solid coke is represented by coke reactivity index. Second,
reacted coke is subjected to a tumbler test. Product of tumbler is sievedaaad
percentage of above 3/8 inches is represented by coke strength after reaction. After
understandinghat coke cold mecharal properties are not enough for blast furnace
coke quality representatipiNippon Steel developed CRI and CSR tests for better
understanding of coke behavior under high temperature. Then ASTM standardized the
tests by the procedur# D 5341 Measuring Coke Reactivity Index (CRI) and Coke
Strength After Reaction (CSR)etails about the test is given in Section. 2.
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2.7.1 Coke Strength after Reaction Test Procedure

This test was developed by Nippon Steel Cooperation and standiabgiZSTM. It
determineslump coke reactivity with carbon dioxide and coke strength after the
reaction between coke and carbon dioxide. Mass loss of coke as percentage is coke
reactivity index. After theeactionthere is a tumbling test. Reacted coke is subgect

to the tumbler test and 9.5 mm portion of tumbler product as percentage is

represented by coke strength after reaction.

Coke shouldhandle chemical and mechanical stresses in a blast furnace. Chemical
stress is caused by the reaction between countercurrent flow of carbon dioxide and
coke. Mechanical stress is causedabyasion, which s due t o bothk e 6s
together andhgainstthe furnace walls. Coke Reactivity Index is designed to predict
coke chemical stress resistance and Coke Strength after Reaction is designed to predict

coke mechanical stress by taking account of chemical reaction between coke;and CO

In the test, thereare 7 apparatus, which are electric furnace, reaction vessel,
flowmeters, thermocouple, sieves and CSR tumbMé&nimum 57 kg sample should

be collected. Below 25 mm sample is separated by sieving. Coarser part of the sample
is crushed and again sievedadiotain the size fraction between 19 mm and 22.4 mm.
crushing continue until all plus 25 mm sample become below 22.4Fmm this

portion three 250 g test sample are prepared by using riffle splitter. Two of them are
used for duplicated test procedure ahad is spard in case of above 10 g loss

between duplicated tests.

First 200N 2.0 g samples are prepared. Before reaction vessel placed into the furnace,
it should beneated up such that coke mrestich 1100N5 °C in 30 minutesAfter coke
reached dared temperature, it soaks 10 minutes more at same temperature. Then CO
is fed for 120 minutes at again same temperature, BC. CQ is purged by N
and reaction vessel is removed from the furnace to cool the coke & 1B8acted

coke isweighed Then it is placed into the tumble for 600 revolut®im 30 minutes
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at 20N 1 rpm. After tumbler test, product is sieved to 9.5 roth undersize and
oversize araveighed. There are three weig in one test and the test is duplicated.

If there is amabove 10 g difference between weighting of duplicated tests, third test
should be conductedVeight ratio between reacted coke and test sample is Coke
Reactivity Index (CRI). Weight ratio between oversize of tumble product and reacted
coke is Coke Strengthiter Reaction (CSRMean value®f CRI and CSR calculated
from two or three tests areported as resulASTM CSR test procede is illustrated

in Figure 2.6

| Prepare57 kg sampleand sieve it b5 mm sieve|

| Crush oversize of sieving |

| Classifyr 19 ¢ 22,4 mm portion |

| Place sample into the furnac®00g; +19¢ 22.4 mm) |

| Heat up the sample t€100C in30 minutes|

| Carbon dioxide is fed to the sample ©hours at1100C |

| Purge carbon dioxide by nitrogen |

| Cool the sample t&00C |

| Weigh the reacted sample and calculate the mass loss as percef@&je |

| Place reacted coke into the tumb(20 rpm; 30 minuteg |

| Sieve tumble product bg,5 mm sieve|

| Calculate sieving oversize weight as percenf{&&iR |

Figure2.6 ASTM CSR Test ProcedufASTM, 2014)
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2.7.2 Factors Affecting Coke Strength after Reaction (CSR)

Factors affecting Coke Strength after Reactias determined by literature review
and ardistedin Figure 2.7 (Loisonet al., 1989)(Price, 2015) Stiskala, 2016{lsler,

2016) CSR is affected by three main factors, which are coke surface area, coke
chemistry and coke carbon forn@oke, which have smaller size distribution, cause
greater surface are@oke surface area changegh oven bulk density, quenching
practice and dilatatiorGreater oven bulk density or coal bulk density results compact
and higher strength cok®ven bulkdensity affected by coal moisture, coal grain size,
density modifiers and charging practi@nal moisture and density modifiers increase
coal bulk density. While density modifiers increase production rate, high moisture
content decreases production. Fisige distributiorfor coalcause lesser bulk density.

On the other hand, coarser size distributstine reason of fusion problems in plastic
state of coking and lesser coke strength. Optimum charging practice is filling the oven
up to leveling bar spaaeiformly at minimum timeBad charging practice prevents
uniform heating and cause smaller coke size distribution. Quenching is the first change
to eliminate coke which have internatraclks. It is called coke stabilization. High
dilatation values causeternal cracks and lower coke strength.

Coke chemistry consist of coal blend ash analysis, coal sulphur, coal blend ash content
and additives. Higher basicity indexes decrease @8Bicity index is explained in
Section 2.8.1. Coal sulphur disturb cokarbon structure. It weakens coke and

decreases CSR. Higher ash contents decrease CSR.

Coke carbon form is affected by coal blend rheology, coal macerals, do&ypé
distribution, pyrolytic carbon, additives and width of plastic zo@eal blend
rheolayy, macerals and coal Vtypes is explained in Section 2.4. increase in width of
plastic zone increase CSR. Working with lower coking rates and wider blend fluid

range increase width of plastic zone.

30



Coal Mositure
Grain Size

—— Oven Bulk Density

Coke Surface Are

CSR

Coke Chemisti

Quenching Practic

Dilatation

Coal Blend Ash Analysis

Density Modifiers
Charging Practice

Sio2
Al203
Fe203
CaO

MgO
Na20
K20
TiO2
P205

Organic

Coal Sulphur

Coal Blend Ash Content

Pyritic

— Coal Blend Rheology

Blend Additives and Contaminants

Coke Carbon Form

Coal Maceralg

Coal V- types

Additives and Contamination
Oxidation

V - type Distribution
Individual Coal Rheology

Final Coke Temperatur

Pyrolitic Carbon

— Additives and Contaminatio

h

Width of Plastic Zon

Soak Time

Coking Rate

Fluid Range of Blend

Figure2.7 Factors Affecting CSR
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2.8 Developing a Statistical Model for CSR Prediction

Coke quality prediction research can be divided into three stages. First is based on
stability prediction created by Shapiro and Gf@lyapiroetal., 1961) It was based on

ash chemistry and coal petrography. They defined two parasnethich are
composition balance index (CBI) and Strength Index (SI). Theg developed the
stability predictioncurve, whichpredicts estimated coke stability bgingcalculated
composition balance index and strength indenen, CSR wasdeveloped by Nippon

Steel and it was understood that CSR is a better test method to predict coke behavior
in blast furnace because coke stability tesult gives information alob only coke

cold behavior. On the other hgr@SR test is done after coke is reacted with @0

1100 °C. Second stage was based on theoretical formulas to predict CSR. While
working with oneregion coals, these formulas gives relatively accurate results.
Unfortunately, prediction accuracies are not satisfactory for a blend, which includes
di fferent Bebwlade2d parameatessiofsearly attempt CSR prediction
formulas developed by steel companies are listed chronologitakyldition to tlat,

8 most famous theoretical formslaregiven in Section 3.1. They will also be used

to comprise developestatistical prediction formula, which is the aim of thigdy.

After 1980s international coal tratiavegrown due to both low cost and higuality
coke production. It accompid a challenge for coke makers, coke quality prediction
for coal blends, containg international coalsTherefore, third stage prediction

attempts were based on statistical modelling.
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Table 2.2 Theoretical CSR PredictionEquations Parameters developed by Steel
Companies

Company Coal Petrography Coal Rheology Ash Others Year
British Steel Vitrinite Reflectance Coke ash content 1977
NKK Coke petrography 1978

Inertinite %, )
0 Coal ash alkali

Nippon Steel Maximum medium Maximum fludity . 1980
index
reflectance
. Coal Oxygen anc
BCRA Inertinite % Maximum fludity Coal alkal Carbon content; 1982
content
pores/cm2 coke
Kobe Steel Maximum medium Maximum fludity Coa! ash alkal 1985
reflectance index
CANMET  Maximum medium Coalash modifie.  +.)| jiataon 1988
reflectance basicity index
BHP Inert Content Maximum fludity Coal ash basicity Volatile matter 1989

Plastic temperatur Coal ash alkali

Indland Steel .
range index

Coal Sulphur 1989
Vitrinites maximum Coal ash basic
ISCOR reflectance; organic Maximum fludity . 1990
. oxides
inerts %

2.8.1 Theoretical CSR Prediction Equations
There are several theoretical CSR prediction formulas in literature. In general, they

were developett 0o r esear c h p a ravailabiltylofause inrceagblemda c o a |

for coke making. Some of them are given in-fitlbs of Section 2.8.1.
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Formulas explaineth further subsectionsare retrieved from literatures fdlows.

Coke Quality Semindny Victor Stiskala,
Coal for metallurgical coke production: prediction of coke quality and future
requirements for cokemakingby Diez, Alvarez and Barriocanal,
Influence of Geology on CSBy Pearson
Review on Modeling of Coal Blends for Prediction of €oRQuality by
Cordova, Madias and Barreiro

In titles, formulas represented by origin caynhames because there ng

terminology for them.

2.8.1.1 Canadian Formula 1

CSR = 8.3761 18.9091 A x Bl
Bl = (CaO + MgO + NgO + K;O + FeOs) & (SiOz + Al203)

WhereA is ash,
Bl is basidty index.

This formula wasetrieved fromTled Todoschuk studyTodoschulket al., 2018)

2.8.1.2 Canadian Formula 2

CSR =83.217 167.8011 Bl + 147.816 BI?
Bl = (CaO + MgO + NgO + K20 + FeQs) 8 (SiO; + Al20s)

Where Bl is basicityndex.

This formulawag et ri eved from Sti s k(atkkal®2016Co ke Qual it
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2.8.1.3 American Formula 1

CSR =28.91 + 0.6BFRi 9.641 Ali 14.04] S
Al = Ash (%)1 (CaO + MgO + NgO + KoO + FeOs) 6 (SiO, + Al203)

Where FR is fluid range,
Al is alkali index,

S is sulfur.
This formula is retrieved from Diez, Al ve
coke production: prediction of coke qualityand feturr e qui r ement s f or
study. (Diezet al., 2001)

2.8.1.4 American Formula 2

CSR =66.89 MMR + 7.81 log (F)i 891 BARi 32
BAR = (CaO + MgO + NgO + K20 + FeOs) 0 (SiOz + Al203+ TiOy)

Where MMR is mean maximum reflectance of vitrinite,
F is maximum fluidity,
BAR is basic to acidic ratio.
This formula wasetrieved fromSt s k al a6 s Co k e(Stidkala,2016)y S e mi
2.8.1.5 Australian Formula 1
CSR =94.2 1.275[ (13.4 + 9.39 MBI) i 0.45] MBI?

MBI = 1001 ashl (CaO + MgO + NgO + K20 + FeOs) 8 ((100i VM) T (SiO; +
Al203))
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Where MBI is modified basicity index,

VM is volatile matter content (%).

Thisformulawags et ri eved from Sti s k(Stkkal®216Coke Qual it

2.8.1.6 Australian Formula 2

CSR =133.8 15.561 Bli 3.11 VM + 8.51 log (F) + 0.22 Inerts (%)
Bl = (CaO + NaO + KxO + Fe) 0 (SiOz + Al2Os)

Where Bl isbasicity index,
VM is volatile matter content (%),
F is maximum fluidity,

Inerts (%) is inert content (%).

This formulawag et ri eved from Pearsonodsstiily nfl uence
(Pearson, 2016)

2.8.1.7 Japaneserormula

CSR =70.9 MMR + 7.81 log (F)i 891 BAR - 42
BAR = (CaO + NaO + K20 + FeOs) 8 (SiO; + Al203)

Where MMR is mean maximum reflectance of vitrinite,
F is maximum fluidity,

BAR is basic to acidic ratio.

This formulawag et ri eved from Pearsonodsstiily nfl uence
(Pearson, 2016)
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CHAPTER 3

STATEMENT OF THE PROBLEM

The objedtve of this study is tadevelop a statistical model to predict coke strength
after reaction(CSR)based on coal quality test resul@SR isone of coke quality
parameter and it is the most important one. Generally, high quality coking coal
definitionis used for coals, which have high CSR values in metallurgical coal trade.
There are several factoaffecing CSR. In addition to these factodifferent cals

from different regions showharacteristic coking properties. Moreover, coking coal
cost isthebiggest cost in steel production. Economic crisesusmegrtainiesfluctuate

coking coal pricesBecause of this diversity iquality parameters and challenges in
feasible coke production make coke quality predictigiical. CSR as most important

coke quality criteria must be predéctbefore industrial coke production. Theoretical
formulas were developed as an attempt to predict CSR, however, they are not giving
accurate predictions relative to actual test resglistentindustrial trend and solution

is developing statistical models a s e d on pl ant 6s own i mp o
Therefore, lhe primary goal in this study is to obtain accurate CSR prediction model
relative to both theoretical formulas developed before and actual laboratory coke

guality test resultdn this manner, tis study consists dour main phases. These are:

1. Determiningfactors affecting coke strength after reaction (CSR)

2. Determining how much these factors affect CSR, which are most critical

3. Classification of studied coals regarding tteeir origin and positig or
negative effects

4. Developing an accurate CSR prediction model
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CHAPTER 4

MATERIALS AND METHODS

4.1 Coking Coal Samples

In this study,49 coking coals are examined2 of them are Australian coald) of

them are American coals afdof them are Canadian coalBhere are 192 seif

analysis for these 49 coals. These analyses have already been carried out before the
start of the studyPerforming analyseis not a part of this studyeach analysis set

have 15 parametes. They are isted in Appendix C, Table C.These coals are
already used for industrial applicatiprtoke making In order to keep operational
know-how and technological informatiotonfidential, coal names, supplier company
names and consumer company name will naiten.Coals are named according to

their origin, for example, AAustralian c:¢

4.2 Coal Sample Quality Characterization Studies

In this part, coals are classified according to laboratory analysis. There are three phase
in analysis. After coal isupplied first, individual coal analysearedone Then, cke

analyss performed by individual coals. Finally, coke quality tests are made by coal
blend for industrial production. In this study, coals are classified according to coal and
coke quality paraeters, which are explained in sections 2.4 andespgectively In

addition to theseprigin of coalis considered as a factor. It means that general
characteristics of coals according to their origin is also examined. Therefore,
out st andi n care@mesadars ©anadianfandAbstralisason of popularity

is explained. This part of the study is done to understand usual and unusual changes
by classification before developing a statistical model for CSR prediction.
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In coalcharacterizatior; man analyss grou will be investigated.

Proximate analysis
Physical properties
Rheological properties

Ash chemistry

= =/ 4 4 -

Petrographical analysis

Proximate analysis consssif moisture, volatile matter, ash, fixed carbon and calorific
value. Physical analysis includes hard grove index, reflectance of light, bulk density
and sieve analysiRheological analyssinclude free swelling index (FSI), plastometer
and dilatometer tesesults Coal ash mineral analysis consists 0i@d, CaO, C3Os,

Fe0s, K20, MgO, MnO, NaO, B.Os, SiO, TiO,, P, S, ZnO. In addition to these, total
sulfur and total phosphor analysis are also dbnestigated petrographic analysis of
coal samplesncludes mean random vitrinite reflectance (Ro)i, Ype distribution

and maceral analysis, which are vitrinite, liptinite, séusinite and inertinite
contents.

Analysisof coals samples are given in AppendixIBsectiorb.1, each parameter of
analyss is examine@ndbasic statistic tablis given withabox plot graph in order to
understand distribution of data relative to coal origiverage origin base proximate,
physical, rheological, chemical and petrographic analysis of coal samples arengiven i
Table 4.1, Table 4.2, Table 4.3, Table 4.4, Table 4.5 relatively.

Table4.1 Average Origin base Proximate Analysis of Coal Samples

Coal Moisture Volatile Ash (%) Fixed Calorific Value
Origin (0p)  Matter Ty carbon T calikg)
(%) (db) (%) (db)
American 829 2596 834 6571 7690
Australian 950 2470 927 6603 7482
Canadian 893 2416 907  66.77 7565
db: dry base
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Table4.2 Average Origin basetysicalAnalysis of Coal Samples

Reflectance

Bulk +6,30
Coal Origin  HGI of Light Density
(%) (gr/lcm3)

mm
(%)

-0,425
mm (%)

American 76.38 90.%
Australian 74.81 94.16
Canadian 83.32 92.40

0.77 2238 23.81
0.82 36.16 19.40
0.71 16.75 34.93

Table4.3 Average Origin basRheologicalAnalysis of Coal Samples

Coal Origin / Parameter

American Australian Canadian

FSI 8.14 7.24 7.39
Maximum Fluidity (ddpm) 5272 1333 104
Softening Temp (Plastometer)( UC) 403 400 412
Maxi mum Fluidity 448 435 444
Solidification Te 487 464 472
FIluid Range (UC) 71 61 60
LGF (Logarithmic Fluidity) 2.55 2.11 1.80
Maximum Dilatation (%) 147.47 70.13 45.28
Maximum Contraction (%) -1.02 -11.10 -20.53
Softening Temp (Dilatometer) ( U C) 390 404 404
Dil atation Start.i 425 442 445
Dil atation Finish 480 449 475

ddpm: dual division per minute

Table4.4 Average Origin bas€hemicalAnalysis of Coal Samples
Coal Origin / Parameter American Australian  Canadian
Total Sulphur (%) (db) 0.848 0.515 0.442
Total Phosphor (%) (db) 0.021 0.039 0.071
Total Alkalis in ash (%) 2.740 1.164 0.910
Basicity Index (Bl) 0.201 0.124 0.094
Basic to Acid Ratio (BAR) 0.197 0.121 0.092
Modified Basicity Index (MBI) 2.207 1.488 1.129

Chemical analyses were performed by dry basis (db) sample.
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Table4.5 Average Origin basBetrographicafnalysis of Coal Samples

Coal Name (Ro) \Vitrinite Liptinite Semifusinite Inertinite

American 1.04 66.45 7.94 8.50 21.40
Australian 1.08 67.72 5.20 14.57 24.57
Canadian 1.06 70.14 3.29 11.75 24.18

4.3 Coke Sample Quality Characterization Studies

There are 6 examined coke quality parameters.

Coke stability factor,

Coke hardness factor,

Maximum gas pressure of coking,
Maximum wall pressure of coking,

Coke reactivity index and

= =4 =4 A4 -4

Coke strength after reaction,

Coke quality characterization parameters arediste Appendix B, Table B.6. In
section 5.2 basic statistics about coke quality parameters is also given. In addition, box
plot representatiowill be used tchelp understandmbothparticularorigin base and
betweenfluctuations inorigins. Average origin base coke quality analysis of coal

samples are given in Table 4.6.

Table4.6 Average Origin bas€oke QualityAnalysis of Coal Samples

Max Max
Coal Stability Hardness CRI CSR Gas Wall
Origin (%) (%) (%) (%) Pressure Pressure

(kPa)  (kPa)

American  57.53 64.48 28.73 54.24 944 5.18
Australian 57.02 63.60 2890 57.68 4.68 4.70
Canadian 59.13 65.10 2256 66.23 2.01 2.89
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4.4 DevelopingMultiple Linear Regression Modelfor Origin based CSR

Prediction

A model is an adequate representation of a real process system, and modeling is the
act of model development. There am® types of model, physical and mathematical.
Physical models are full scale or scaldawn repliceof the real systems. They allow
direct experiment without assumptioridathematical models represgmiocess or
someaspectf a process quamatively by set of equations. Mathematical models
consist of fundamental models, empirical models and phenomenological models.
Fundamental models explain transport phenomena and chemical rates in a process.
Empirical models based on dependent or indepdrajmrational variables to predict

a process response. Phenomenological models combines both fundamental and

empirical approach to understand of a progesso k t en, 2014)

First order multiple linear regression model is repntes: below(Devore, 2012)

y=bo+bixi+bxa+ €é¢é¢é bx+U B= [E @GR

wher e Aydo i s response,
Ax0 I s regressor variable
AU & unobservable random error,

fibo regsession coefficient.

Hokt en steps bfempiritahneodel representation for a continuous process

which is listed below.

1. Define purpose of model

2. Select response and factors
Select forms for model (functional relationship between the response and
factors)

4. Devise a data acquisition pland obtain raw data
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5. Adjust raw data statistically
6. Fit models to adjusted data

7. Test adequacy of fitted equations.

The purpose of this study is predicting CSR. Therefore, response is CSR and
parameters are coal and cakealysis. 218 set afnalysis abouboth coal and coke

werecollected and categorized in axcel file for statistical use.

In this studysteps listedelowwere fdlowed as parts of regression analysis.

Classification of raw coal and coke analysis data.
Elimination of parameters thahows similar behavior.
Best subset analysis to decide regression parameters.
Regression model development.

ok~ 0N RE

Testing fitted linear model.

Before regression model development, correlation analysis was performed to decrease

number of parameter from 115 to below B@&arson correlation coefficient and p

value are considered in correlation analy$ise Pearson correlatiaoefficient is a

statstical toolto evaluate thdinear relationshigpetween twaontinuous variablest

i's a val ukd bendveknl ohihmegathi ie r el ati on bet we:«
increases. Likewise, positive relation betwe
represent there is no relation. By excel correlation tool, correlation analysis was

performed for 115 parametett is considered that parameters that have over 0.8 and

belowi 0.8 Pearson correlation coefficient are highly correlated and one of twid shou

be eliminatedDevore, 2012)

This elimination was not enough to decrease number of parameters below 30. For this
reason second stage correlation was performed by using both Excel and Minitab
correlation toolsAfter detemination of theparameters that have above 0.6 or below

-0.6 correlation byExcel correlation tool, walues of correl&d parametersvere
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controlled by Minitab correlation tool. Thus, parameters, which have correlation

coefficient between 0.6 0.6) and).8 ¢ 0.8) and below 0.05-palues were eliminated.

Rest of parameters created regression databése elimination of correlated
parameterdn order to decide which parameters will be used in regression model, best
subset analysis was performed in Minitab. Best subset analysisagaele including

R T square, R square adjusted, Rsquare predicted, Mal | ows
deviation ad the components of possible regression mmdef is called the
coefficient of determination. It is used to judge regression model adequacy. Higher R
square values represent higher adequacy of regression model. However, adding
parameter to regression nmaddalso increase Bquare valueR 7 square (ad)) is a

modified version of R square that has been adjusted for the number of predictors in

the model. Predicted Rsquare indicates how well the model predicts responses for
new observat i ocsramther $thaidtid far assedsingChpw well the model

fits the data. Mallows' Cp should be close to the number of predictors contained in the
model plus the constant. Using Mallows' Cp to compare regression models is only
valid when you start with the sameet of variables. fAso is t
A good model should have a high, Righ adjusted R high predicted R small s, and

Mallows' Cp close to the number of predictors plus the constant contained in the
model.(Minitab Software, 2018)rom best subset analysis, parameters used in up to

10 variable model alternatives are selected for regression analysis.

First regression analysis is performed to evaluate variagEsby ANOVA table of
regressionContributionof parameters are evaluated biy yalues. Parameters, which

have 0.05 p value or above, are considered unnecessary or insignifistet.this

last step parameter or variable elimination, second regression model is developed to

predict response, whigh CSR.

In regreson mode| there are some assumptions listed bgloWo Kk t e n 2014)
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1. The error termJin the model is normally distributed with @xpected value of
zero and an unknown variance,
2. TheUare uncorrelated random variables,

3. The variance of model error equals the variance of measurement.

Because of thesessumptiondjtted linear model should be testdasting is done by

residuals usuallyif scatter plot of residuals and predicted res®@s is homogenous or

randomly scattered, it means that the variance is constant. Normality test is also shows

the distributionbs type. Thanks to Minitab

representation.
Expectations from developed models are listeldw.
RT square should be over 85 %

Residues of predicted response should be distributed normally.

Residues of predicted response should be distributed homogenously.

w0 N PE

Developed model should predict CSR more precisely than theoretical formulas

given inSection 2.8.1.

4.5 Comparison of Origin base CSR Prediction Models withTheoretical

Formulas

The aim of linear multiple variable regression model is predicting response values
exactly. It means that difference between actual value and predicted response value
should be zero. Comparison of models and formulas retrieved from literature bases on

this assumption.
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First residues, which means the difference between actual values and predicted values,
will be calculated. Then, hypothesis will be created based on residues means and

suitable test will be performed. Three hypothesis tests will be ushis istaidy.

1. 17 sample t test,
2. 27 sample t test,
3. Onel way ANOVA test.

Residue populations should distribute normally. In additorihat, variances of

populations should be equal.

Inlisample t test, a popul at i ated. Onigirsan 6 s e 0
hypothesis is mean of population is equal to zero. Alternative hypothesis is the mean

is not equal to zero. If pvalue of the I sample t test is greater than confidence level,

original hypothesis is truar vice versaConfidence levels expected 5 % in this study.

Representation of L sample t test is explained below.

Ho: O(model) =0 if pi value >U, Ho is true
Ha: O(model)i 0 if pi value <U Ha is true
U=0.05

In 27 sample t test, mearo f t wo popul at i stigated Origiggl al i t y
hypothesis is mean of first population is equal to mean of second population.
Alternative hypothesis is mean of first populationn equal to mean of second
population . If p 1 value of the 2 sample t test is greater than confidenevel,

original hypothesis is true or vice versa. Confidence level is expected 5 % again.

Representation of 2sample t test is explained below.

Ho: O (model) =0 (formula 1) if pi value >U Ho is true
Ha: O(model)i O(formula 1) if pi value <U, Ha is true
U=0.05
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In onei way ANOVA test, means of more than

investigated. Original hypothesis is population means are equal to each other.

Alternative hypothesis is at least one of population has different mean.viilpe of

the onég way ANOVA test is greater than confidence level, original hypothesis is true
or vice versa. Confidence level is expected 5 % again. Representation iofvaye
ANOVA test is explained below.

Ho: O(model) =O(formula 1) =O(formula 2)  if pi value >U Ho is true
Ha: at least one is different if pi value <U, Ha is true
U=0.05

In conclusion, residues of population(s) will be investigated in terms of mean(s). If
single model or formula is examined, $ample t test will be used.developed model

is comprised with a formula, 2 sample t test will be used. In order to comprise
developed model with more than one formulas, iom&ay ANOVA test will be used

if population variances are equal. If they are not equal to each jpdived, populations

will be examined by 2 sample t test.
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4.6 Developing a CSR Prediction Model for Coal Blends

Procedure for developing a model for coal blend CSR predist@mostthe sameas

for developing a model for origin base coals. Théed#nce is that parameters of origin
base model will be determined by correlation and best subset analysis. However,
parameters of blend model will be determined by considering literature,
characterization studies and origin base model development. Tgressi®n analysis

will be performed.

Normality and homogeneity of model residues is an indication of model fitness. In
addition to that I sample t test will be performed to check the model precision. In
theory, if model predict responses exactly, residues of the model must be zero, so as
mean of residues. By performing lsample t test, whether the mean of model residues

is equal to zero will be controlled.

Representation of L sample t test is explained below.
Ho: O(model) =0 if pi value >U, Ho is true

Ha: O(model)i 0 if pi value <U Ha is true
U=0.05
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Coal Quality Characterization Studies

Coal quality consist of 5 test groups, which are proximate analysis, physical analysis,

carbonization properties, ash chemisingl petrographic analysis.

5.1.1 Proximate Analysisof Coal Samples

Statistical data about coal samplebs pro:

Proximate analysis includes moisture, volatile matter, ash, fixed carbon and calorific
value.The analysgof coal samples are listed Appendix B,TableB.1. Australian

coals have higher moisture relative to othémnericancoals have lesser moisture
content. In average; Australian coals have 9,50 %, American coals h&vé &ad

Canadian coals have 8,93 %istare content.

American coals have higher volatile matter relative to others. In average; Australian
coals have 24,70 %, American coals have 25,96 % and Canadian coals have 24,16 %
volatile matter conten€Canadian coals have lowest volatile matter eontl he reason

is higher degree of coalification because of temperature and geological activity rather

than age.

Australian coals have higher ash relative to others. In average; Australian coals have
9,27 %, American coals have 8,34 % and Canadian beals 9,07 % ash content.
American coals have lowest ash content. It is known that ash content and composition

is related with peat formation environments, which is explained in section 2.3.
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Table5.1 Descriptve Statistics of Coal Samples' Proximate Analysis

Analysis Statistic  Australian American Canadian
Minimum 7.05 6.64 8.44
Moisture Median 9.46 8.07 8.80
Average 9.50 8.29 8.93
Maximum 11.70 10.69 9.76
Minimum 19.12 17.03 20.75
Volatile Median 23.48 25.66 23.86
Matter Average 24.70 25.96 24.16
Maximum 35.04 32.11 27.03
Minimum 7.24 6.09 8.31
Ash Median 9.55 8.23 9.02
Average 9.27 8.34 9.07
Maximum 10.58 11.57 9.94
Minimum 56.45 60.75 64.66
Fixed Carbon Median 66.88 65.89 66.83
Average 66.03 65.71 66.77
Maximum 71.16 76.07 70.07
Minimum 6865 7446 7477
Calorific Median 7552 7683 7588
Value Average 7482 7690 7565
Maximum 7744 8004 7621

Australian, Canadian and American coals have similar fixed carbon values. In average;
Australian coals have 66,03 %, American coals have 65,71 % and Canadian coals have

66,77 % fixed carbon content.

All coal samples have similar gross calorific values, which are between 7400 and 7600

kcal/kg. In average; Australian coals have 748al/kg, American coals have 7690

kcal/kg and Canadian coals have 7565 kcal/kg calorific valuel coal sampl esdé6 g
calorific value are between 7400 and 7600 kcal/kg generally because all coals are

belong to bituminous coal class. That is why calokifitues are close to each other.
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Boxplot of Proximate Analysis
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In order to understand fluctuations in proximate analysis according to different origins

and samples from same origin, box plot representation is given in Figure 5.1.

5.1.2 Physical Properties of CoalSamples

Descriptive statistics of coal sampleds phys

Table5.2 DescriptiveStatistics of Coal &nples' Physical Properties

Variables Statistic  Australian American Canadian

Minimum 47.70 58.74 80.87

HGI Median 78.69 78.15 83.00
Average 74.81 76.38 83.32

Maximum 88.15 95.40 86.93

Minimum 90.21 67.14 91.38
Reflectance Median 94.66 92.00 92.28
of Light  Average 94.16 90.56 92.40
- Maximum 98.29 97.11 93.96
i Minimum 0.75 0.67 0.68
Bulk Median 0.82 0.76 0.72
Density  Average 0.82 0.77 0.71
Maximum 0.88 0.85 0.75

Minimum 27.33 9.36 10.14

+6.3mm Median 33.70 20.68 17.17
Average 36.16 22.38 16.75

Maximum 49.98 38.65 20.00

Minimum 9.73 12.99 27.81

Median 19.80 23.67 34.48

"0425mMM ) erage 1940 2381  34.93
Maximum 25.09 30.94 44.43

Physical testof coal samples consist of hard grove index, reflectance of ligh, b
density and sieve analysis. 50, 25, 12.5, 6.3, 3.15 and 0.425 mm sieves are used to
determine size distribution. In coke making, plus 6.3 mm portion can be considered as

coarse and minus 0,425 mm portion can be considered as fine. For this reason, plus

54



6.3 mm and minus 0.425 mm portions of sieve analysis are used in this¥tysigal

propertiesof coal samples are listed Appendix B, Table B.2

Canadian coals have higher hard grove index than other coals. American coals are
similar with Australian coals In average; Australian coals have 74,81 %, American
coals have 76,38 % and Canadian coals have 83,32 %Gfi@tability of Canadian

coals are esier than other coals. The reason is that Canadian coals coalification is high.
However, geological activity and temperature gradient played more important role in
this coalification rather than age. Therefore, Canadian coals have been subjected to
geologcal and temperature stresses and it cause fine particle size distribution.

Australian, American and Canadian coals have similar light reflectance, which are

over 90 %. In average; Australian coals have 94,16 %, American coals have 90,56 %

and Canadian @is have 92,40 % reflectance of lightt | coal sdé refl ect a
over 90 % generally. Reflectance of light is an indication of coal oxidation. When coal

is stored several months, it starts to oxidize. Oxygen bonds decrease coke strengths.

For thisreason, lesser stock time or oxygen bonds in carbon structure is desired in coke
making. Over 90 % reflectance of light represents not awaited or smibd coal.

Australian and Canadian coals have higher bulk densities than Canadian coals.
Canadiancoals have lowest bulk density although they have finer size distribution,
which will be explained next item. In average; Australian coals have 0,828, g/

American coals have 0,767cgf and Canadian coals have 0,71dng/bulk densities.
Australian coals have higher + 6,3 mm size patrticles than other coals. Canadian coals

have lowest coarse particle. In average; Australian coals have 36,16 %, American coals

have 22,38 % and Canadian coals have 16,75 % + 6,3 mm size portion.
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Canadian coal have highet 0,425 mm size particles than other coals. In average;
Australian coals have 19,40 %, American coals have 23,81 % and Canadian coals have
34,93 %- 0,425 mm size portion.

In order to understand fluctuations in physical properties accowlhfferent origins

and samples from same origin, box plot representation is given in Figure 5.2.

In order to understand fluctuations in physical analysis according to different origins

and samples from same origin, box plot representation is givagurefs.2.
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5.1.3 Rheologyand Free Swelling Indexof Coal Samples
Rheolajical properties of coal includgdastometer and dilatometer test.

Output of plastometer tests are
T Maximum fluidity,
1 Softening temperature,
1 Maximumfluidity temperature,
1 Solidification temperature,
1 Fluid range (difference between maximum fluidity temperature and
solidification temperature),

1 LGF (islogarithmicmaximum fluidity)

Output of dilatometer test are
1 Maximum dilatation,
1 Maximum contraction,
1 Softening temperature,
71 Dilatation sarting temperature,
71 Dilatation finishing temperature

Descriptive statistics of coal samplebdbs rheo

Free swelling indexFSl)is alsoconsideredn this section although it i@gglomeration
characteristic rather than rheological parameBheological Properties of coal

samples are listen in Appendix B, Table B.3.

American coals have higher free swelling index relative to others. Canadian have
lesser FSI. In average, Australimoals have 8.0, American coals have 8.0 and
Canadian coals have 7.5 FSI. It should be note that nearly all coals are coking coals.

That is why all have over 7.0 FSI generally.
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Table5.3 DescriptiveStatisticsof Coal Samples' Rheology and FSI

Variables Statistic  Australian American Canadian

Minimum 2.5 7.0 7.0

ES| Median 8.0 8.0 7.5

Average 7.2 8.1 7.4

Maximum 8.5 9.0 8.0

Minimum 2 72 18

Maximum  Median 140 1518 71

Fluidity — Average 1333 5272 104

Maximum 18969 23799 233

Minimum 201 314 374

Plastometer . yian 419 409 422
Softening

Temperature Average 400 403 412

Maximum 459 448 432

Plastometer Minimum 217 350 403

Maximum  Median 459 455 458

Fluidity ~ Average 435 448 444

Temperature Maximum 480 482 463

Minimum 229 380 425

LSIASOMEIE Median 492 495 488

Temperature Average 464 487 472

Maximum 504 511 492

Minimum 29 63 46

. Median 65 85 62

Fluid Range Average 64 84 60

Maximum 87 104 68

Minimum -8.00 18.00 13.00

Maximum  Median 63.14 137.10 39.80

Dilatation  Average 70.13 147.47 45.28

Maximum 164.00 260.75 91.00

Minimum -26.00 -26.00 -26.14

Maximum  Median -21.00 -22.00 -22.50

Contraction  Average -18.85 -19.45 -20.53

Maximum -4.29 -3.76 -7.07

_ . Minimum 414 410 436

Ds"tagr"’t‘itr'w‘;” Median 442 424 446

Temperature Average 442 425 445

Maximum 471 460 458
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American coals have higher maximum fluidity relative to others. Canadian coals have

lowest maximum fluidity. In average; Australian cobhBve 1333, American coals

have 5272 and Canadian coals have 104 ddpm maximum fluidity. It should be note

that fluidity is key parameter in plastic pl
American coals is inevitable in coal blend design for coke mggki

Australian, American and Canadian coals have simgkstometersoftening
temperatures’C). In average, softening temperatures are’@@03°C and 412C

for Australian, American and Canadian coals respectively.

Australian, American and Canadiemals have similar maximum fluidity temperatures
(°C). In average, maximum fluidity temperatures are 435448°C and 444C for
Australian, American and Canadian coals respectively.

Australian, American and Canadian coals have similar solidificagamperatures
(°C). In average, solidification temperatures are 464 487°C and 472°C for

Australian, American and Canadian coals respectively.

Fluid range is difference of solidification temperature and softening temperature.

Amer i can c ogais smich rhdreuhard othera €anadian coals have lowest

fluid range. In average, fluid ranges are 63.5, 83.97 and 60.16 for Australian, American
and Canadian coals respectively.

Dil atati on i s vol ume expand of coal when F
dilatation is much more than others. Canadian coals have lowest dilatation. In average,
maximum dilatations are 70.13, 147.47 and 45.28 for Australian, American and

Canadian coals respectively.

Contraction is volume decrease of coal when heated. Canadia @oalma x i mu m
contraction is much more than others. In average, maximum contractiois &%-

19.45 and20.53 for Australian, American and Canadian coals respectively.
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Australian, American andCanadian coals have similar latation softening
temperaturesin average, softening temperatures are 404390°C and 404C for

Australian, American and Canadian coals respectively.

Australian and Canadian coals have higher dilatation starting temperatures. In average,
dilatationstarting temperatures are 442, 42509 and 445°C for Australian,

American and Canadian coals respectively.

Australian, American and Canadian coals have similar dilatation finishing
temperatures. In average, dilatatiimshing temperatures are 420, 480°C and 475

OC for Australan, American and Canadian coals respectively.
In order to understand fluctuations in rheological analysis according to different

origins and samples from same origin, box plot representation is given in Figure 5.3
and Figure 5.4.
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Boxplot of Rheological Properties
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5.1.4 Ash Chemistry, Sulphur and Phosphor in Coal Samples

Descriptive

Table5.4 DescriptiveStatistics about Coal Sampl&iemical Analysis

statistics

of

Variable  Statistic Australian American Canadian
Minimum 0.28 0.50 0.34
Total S Median 0.52 0.88 0.44
in Coal  Average 0.51 0.85 0.44
Maximum 1.02 1.14 0.56
Minimum 0.01 0.00 0.05
Total F  Median 0.04 0.02 0.06
in Coal  Average 0.04 0.02 0.07
Maximum 0.10 0.05 0.10
Total Minimum 0.62 0.72 0.64
Alkalis  Median 1.20 2.84 0.83
in Coal  Average 1.16 2.74 0.91
Ash  Maximum  1.90 3.50 1.25
Minimum 3.25 5.41 3.24
Fe:Os Median 5.70 7.68 3.55
Average 5.87 8.65 3.71
Maximum 10.68 17.76 4.47
Minimum 0.08 0.14 0.09
Basicity Median 0.12 0.17 0.10
Index  Average 0.12 0.20 0.09
Maximum 0.24 0.53 0.10
_ Minimum 0.07 0.14 0.09
B/f‘;'cfigo Median 0.11 0.17 0.09
Ratio  Average 0.12 0.20 0.09
Maximum 0.23 0.52 0.10
N Minimum 0.84 1.14 1.01
Modified ;0 jian 1.43 2.05 111

Basicity

Index  Average 1.49 2.21 1.13
Maximum 2.71 5.35 1.25
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Coal ash mineral analysis consists 0@y, CaO, CtOs, FeOs, K20, MgO, MnO,
NaO, P.Os, SiO, TiO2, P, S, ZnO. In addition to these, total sulfur and total phosphor
analysis are also done. In thsgction,not all ash minerals wilbe investigated
separatelyTotal sulfur in coal, totgbhosphor in coal, total alkali in ash (}at+ K20),
FeOs, basicity index(Bl), basic to acidic ratigBAR) and material balance index
(MBI) will be studied. Formukafor Bl, BAR and MBlare mentioned in section 2.8.1
Theoretical CSR Prediction Equations and given again beoal Chemistry

parameters are lisddlen Appendix B, Table B.4.

Bl = (CaO + NaO + K>O + Fe) 0 (SiO; + Al2Os)

BAR = (CaO + MgO + NgO + K20 +Fe03) 8 (SiOz + Al203+ TiO2)

MBI = 1001 ashl (CaO + MgO + NgO + K:O + FeOs) 8 (1007 VM) T (SiO; +

Al03))

American coals sulfur content is higher than others. Canadian coals have lowest sulfur
impurity. In average, total sulfur contsmtf coals ae¢ 0.51 %, 0.85 % and 0.44 % for

Australian, American and Canadian coals respectively.

Canadian coals phosphor content is higher than other coals. American coals have
lowest phosphor impurity. In average, total phosphor contédntoals are 0.039 %,

0.021% and 0.071 % for Australian, American and Canadian coals respectively.

American coals total alkali in ash is higher than other coals. Canadian coals have
lowest alkali impurities. In average, total alkalif coal s6 ash are 1.

0.91 % for Australian, American and Canadian coals respectively.

American coal8FeOz contents in ash are higher than other coals. Canadian coals have
lowest FeOs content in ash. In average2Pac o nt e nt ash &re 583 %, 86

% and 3.71 % Australian, American and Canadian coals respecineyo the nature

of analysispyritic sulfuris also measurkas iron oxide. The reason of high iron oxide
content of American coals may be high pyritic sulfur amaay be cause of high sulfur

content.

65



American coals basicity indexes are higher than others. Canadian coals have lowest
basicity index. In average, basicity indexes of coals are 0.124, 0.201 and 0.094 for

Australian, American and Canadian coals respdgtive

American coals basic to acidic ratios are higher than others. Canadian coals have
lowest basic to acidic ratios. In average, basic to acidic ratios of coals are 0.121, 0.197

and 0.092 for Australian, American and Canadian coals respectively.
Americanc oal s6 modi fi ed basicity indexes are hig
lowest modified basicity indexes. In average, modified basicity indexes of coals are

1.488, 2.207 and 1.129 for Australian, American and Canadian coals respectively.

In order tounderstand fluctuations in chemical analysis according to different origins

and samples from same origin, box plot representation is given in Figure 5.5.
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5.1.5 Petrographic Analysis of Coal Samples

Descriptive

statistics

of

coal

sampl ebs

Table5.5 DescriptiveStatistics of Coal Samples' Petrographical Analysis

Variable  Statistic  Australian American Canadian
Minimum 0.75 0.71 0.97

RO Median 1.07 1.15 1.08
Average 1.08 1.09 1.06
Maximum 1.50 1.39 1.11
Minimum 52.58 56.34 55.00

Vitrinite Median 66.91 65.94 72.89
Average 67.72 66.45 70.14
Maximum 81.40 79.50 79.80
Minimum 0.00 3.30 0.50

Liptinite Median 5.67 8.20 3.08
Average 5.20 7.94 3.29
Maximum 12.00 12.67 6.51
Minimum 5.20 4.00 7.10

Semi Median 12.77 9.05 11.29
fusinite  Average 14.57 8.50 11.75
Maximum 31.33 12.33 17.33
Minimum 16.30 14.90 16.65

. Median 24.19 22.23 21.03
inertinite Average 24.57 21.40 24.18
Maximum 36.33 26.66 38.00

68

petr



Investigated petrographic analysis of coal samples consist of mean random vitrinite
reflectance(Ro), V 1 type distribution and maceral analysis, which are vitrinite,
liptinite, semifusinite and inertinitecontens. Ro is an indication of coalification.
Higher Ro values represents more matured coaisypé distribution gives an idea
about coal volatile matter such that V 7 to V 10 considers as high volatile, W11 to
14 considers as medium volatile and V 15 to V 18 considers as low volsiidesrals

are smallest carbon structure of coals. They are similar concept of minerals.

Petrographic properties of coal samples are listed in Appendix B, Table B.5.

Australia n American and Canadian coal s® mean
similar. It means coalification degrees of these coals are siniiaaiverage, mean
random vitrinite reflectance of coals are8,.009 and 1.06 for Australian, American

and Canadian coals respectively.

Vitrinite content of Canadiancoals are higher than other coalgitrinite is
technologically desired for coke makindn average, vitrinite content of coals are
67.72 66.45 and70.14% for Australian, American an@anadiarcoals respectively.

Liptinite content of American coals are higher than others. Canadian coals have lowest
liptinite content In average, liptinite content of coals ar@®.7.94 and 3.2% for
Australian, Americarand Canadian coals respectively.

Semtfusinite content of Australian coals are higher than oti#ersericancoals have
lowest semifusinite contentln average, serfusinite content of coals afet.57 8.50
and 11.7%% for Australian, AmericaandCanadia coals respectively.

Inertinite content of Australiaand Canadianoals are higher thaamerican coalsin
average, inertinite content of coals #&4.57 21.40 and 24.18 % for Australian,

AmericanandCanadiarcoals respectively.
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American and Austradin c oal s 6 p eidype distribntioraisvbetweserg ¥ 7 V

to V 14, which are high volatile to medium v
V 9to V 12, which is in medium volatile range. It should be note that if there is one

peak in V type distbution, investigated coals is one particular coal. If there are two

or more peak, that means investigated coal is a blended coal, which includes two or

more different coals.

In order to understand fluctuations in chemical analysis accordiiffeoent origins

and samples from same origin, box plot representation is given in Figure 5.6.

Graphical representation of coal samples averagéype distribution relative to their

origin isgiven Figure 5.
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5.2 Coke Quality Characterization Studies

For each coal sample coking test also performidthis section,the following

parameters were analyzed for coke quality.

Coke stability factor,

Coke hardness factor,

Maximum gas pressure of coking,
Maximum wall pressure of coking

Coke reactivity indexand

=4 =2 A A4 -4

Coke strength after reaction,

Coke quality charaerization parameters are listedAppendix B, Table B.6.

Descrptive statistics of coke quality categorization is given in Table 5.6.

Stability indexes of Australian, American and Canadian coals are similar. In average,
stability indexes of coals are 57.02, 57.53 and 59.13 % for Australian, American and

Canadiarcoals respectively.

Hardness indexes of Australian, American and Canadian coals are similar. In average,
Hardness indexes of coals are 63.60, 64r865.10% for Australian, American and

Canadiarcoals respectively.

While American cobs have maximum gapressure, Canadian coals have lowest. In
average, maximum gas pressures of coals are 4.68, 9.44 and 2.01kPa for Australian,

American and Canadian coals respectively.
While American cos have maximum wall pressure, Canadian coals have lowest. In

average, maximum wall pressures of coals are 4.70, 5.18 and 2.89 kPa for Australian,

American and Canadian coals respectively.
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Table5.6 DescriptiveStatistics of Coke Quality Categorization

Variable Statistic  Australian American Canadian

Minimum 25.70 46.60 56.80

Coke  Median 59.37 58.33 58.00
Stability  Average 57.02 57.53 59.13
Maximum 64.10 64.08 61.66
Minimum 49.40 59.10 62.16

Coke  Median 65.23 65.14 64.45
Hardness Average 63.60 64.48 65.10
Maximum 68.45 68.28 67.40
Minimum 18.01 16.81 19.80

CRI Median 25.79 26.92 21.79
Average 28.90 28.73 22.56
Maximum 48.40 47.41 28.35
Minimum 18.12 24.46 59.12

CSR Median 62.30 56.26 66.19
Average 57.68 54.24 66.23
Maximum 71.65 72.31 71.59

~ Minimum 0.26 0.75 0.96
hGas Median 1.63 4.31 1.80
Pressure Average 4.68 9.44 2.01
Maximum 48.31 36.66 3.66
Minimum 0.55 0.58 0.35

Wall Median 4.32 4.45 3.45
Pressure Average 4.70 5.18 2.89
Maximum 19.73 12.86 4.46

Canadian coals have lowesike reactivity indexes. In average, CRI of coals are 28.90,

28.73 and 22.56 % for Australian, American and Canadian coals respectively.

Canadian havéiigher coke strength after reactioindexes, on the other hand,
Americancoals havéowest CSRIn average, SRof coals ar&7.68, 54.27 and 66.23
% for Australian, AmericamndCanadian coals respectively.

Box plot representatioof coke quality parameteis given in Figure B.
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5.3 DevelopingOrigin Base CSR Prediction Model

5.3.1 Developing a CSR Prediction Model for Aistralian Coals

In this study, 22 different Australian coadse investigated. iese coals havé9

analysisset which have 15 parametesfor each

First correlation analysis waegormed by excel. 50 parameters, which have 8ver

0.8 Pearson correlation coefficient, were eliminated. Correlated parameters and the
eliminated ones are listed in Appendix D in Table [5&cond correlation analysis

was performed by Minitab.8parameters, which have oMg0.6 Pearson correlation
coefficient and below 0.05ipvalue, were eliminatedThey are listed in Appendix D
Table D.2.Number of noreliminated parameter B8 and it is enough for best subset
analysis by Minitab. Angizedparameters are listen Trable 57.

Table5.7 Rest of Parameters after Correlation AnalysisAustralian Coals

# Parameter Name # Parameter Name

1 Volatile Matter (%) (db) 15 Dil atation Finis|
2 Ash (%) (db) 16 CRI (%)

3 Sulphur (%) (db) 17 Stability (%)

4  Phosphor (%) (db) 18 Porosity (%)

5 Calorific Value (db) (kcallkg) 19 Charged Coal Moisture (%)

6 Reflectance of Ligh() (T17) 20 Bulk Density (kg/m3) (db)

7 Total Alkalis in ash (%) 21 Maximum Gas Pressure (&

8 Na20 (%) 22 Mean Rand. Vit. Reflectance (Ro)
9 TiO2 (%) 23 V9-V11 (%)

10 Basicity Index (BI) 24 V12-V14 (%)

11

Maximum Fluidity (ddpm) 25 V15-V18 (%)
Maximum Fluidity 26
Temperature ( Vitrinite
Maximum Dilatation (%) 27 Fusinite
Maximum Contraction (%) 28 Semifusinite

=
N

=
A~ W
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Table5.8 Best Subset Analysis of Australian Coals

Volatile Sulph Total

Mean

R-Sq R-Sq Mallows Matter Alkalis Na20  Max - Max — Maximum Dilatation o -y, MaxGas Random g 5 g
Vars R-Sqg (ad) (pred) Cp S %) (%) in ash (%) Fluidity Dilatation Contraction Finishing @) (%) Pressure Vitrinite VL1 (%) V14 (%) V18 (%)
(db) (inash) (ddpm) (%) (%) Temp (kpa) Reflectan
(db) (%)
(coal) ce (Ro)
1 820 817 80.6 223.1 2.47 X
1 676 66.9 645 441.1 3.32 X
2 935 932 923 52.2 1.50 X X
2 917 914 901 79.2 169 x X
3 959 956 94.9 181 1.21 X X X
3 957 955 947 20.3 1.23 X X X
4 96.6 96.3 95.8 9.2 1.107 X X X X
4 96.6 96.3 95.6 9.6 1.111 X X X X
5 97.0 96.6 96.0 5.6 1.056 X X X X X
5 969 965 96.0 7.4 1.076 X X X X X
6 97.3 96.9 96.3 29 1.011 X X X X X X
6 97.3 969 96.0 3.0 1.012 X X X X X X
7 975 97.1 96.2 1.2 0.975 X X X X X X X
7 974 97.0 96.0 3.2 1.001 X X X X X X X
8 976 97.2 837 1.6 0.965 X X X X X X X X
8 97.6 97.2 96.2 1.8 0.967 X X X X X X X X
9 97.8 97.3 96.2 1.9 0.953 X X X X X X X X X
9 97.7 973 964 2.0 0.953 X X X X X X X X X
10 979 97.3 96.6 2.3 0.941 X X X X X X X X X X
10 979 97.3 955 2.4 0.942 X X X X X X X X X X




Best subset analysis of the r@& parameters are listen in Table 5.8. CRI is most
contributed parameter for CSR prediction of Australian Coals with ah®BR i
square. Stabilitjollows CRI with a67.6 % R square. Other parameters are volatile
matter of coal (%)sulfur of coal (%) total alkali in ash (%), N® (%), maximum
fluidity (ddpm) maximum dilatation(%), maximum contraction (%)dilatation
finishing temperatur¢’C), maximum gas pressu(kPa)and mean rando vitrinite
reflectance (Ro, %), VB V11 (%), V12i V14 (%) and V15 V18 (%).

With most contributor parameters for CSR prediction Regression analysis was
performedIt is given in Figure 2.

Anzlysis of Variance

Source DF Adj ss Adj MS F-Value P-Value

Regression 15 174%.40 116.627 110.58 0.000
Volatile Matter (%) (db) 1 0.01 0.014 0.01 0.%09
Sulphur (%) (db) (coal) 1 5.29 5.289 5.02 0.031
Total Alkalis in ash (%) 1 0.04 0.044 0.04 0.840
Nz20 (%) (in ash) 1 3.00 2.996 2.84 0.100
Maximum Fluidity (ddpm) 1 3.36 3.363 3.19 o.o08z2
Maximum Dilatation (%) 1 0.74 0.739 0.70 0.408
Maximum Contraction (%) 1 0.10 0.098 0.09 0.762
Dilatation Finishing Temperatur 1 0.76 0.757 0.72 0.402
CRI (%) 1 332.61 332.613 315.37 0.000
Stability (%) 1 46.72 46.723 44 .30 0.000
Maximum Gas Pressure (kpa) 1 1.81 1.811 1.72 0.1%98
Mean Random Vitrinite Reflectan 1 0.14 0.139 0.13 0.718
V9 - V11l (%) 1 2.63 2.628 2.49 0.123
vz - v14 (%) 1 2.38 2.379 2.26 0.141
V15 - V18 (%) 1 1.58 1.577 1.50 0.229

Error 38 40.08 1.055

Total 53 1789.48

Model Summary

S R-sg R-sg(adj) R-sg(pred)
1.026%8 97.76% 96._.88% 95.15%

Figure5.9 Screen of Minitab Analysis of Variance Talide Australian Coal
Regression

The analysis of variance table shows the amount of variation in the response data
explained by the predictors and the amount of variation left explaikdaitab

Software, 2018)Here, one of mst important parameter is p value to evaluate
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parameter contribution to prediction. Parameters, which have near or greatei 0.05 p

values can be considered unnecessary for maseéptsulphur, stability and CRI and

maximum fluidity,a | |

unnecessary oinsignificant parameters, regression analysis was performed again.

Final regression analysisd ANOVA
5.10.

Analysis of Variance

Source DF Adj SSs Adj MS F-Value P-Value

Regression 4 1726.86 431.714 337.77 0.000
Sulphur (%) (db) (coal) 1 23.24 23.244 18.19 0.000
Maximum Fluidity (ddpm) 1 37.56 37.560 29.39 0.000
CRI (%) 1 512.69 512.689 401.13 0.000
Stability (%) 1 T72.44 72.437 56.67 0.000

Error 49 62 .63 1.278

Total 53 1789.48

Model Summary

S R-=3q R-3qg(adj) R-sgl(pred)

1.13054 96.50% 96.21% 95.58%

Coefficients

Term Coef SE Coef T-Value P-Value VIF

Constant 56.85 6.00 9.47 0.000

Sulphur (%) (db) (coal) -12.04 2.82 -4.26 0.000 1.84

Maximum Fluidity (ddpm) —-0.001442 0.000266 -5.42 0.000 1.68

CRI (%) —-0.9570 0.0478 —-20.03 0.000 2.19

Stability (%) 0.6248 0.0830 7.53 0.000 2.40

Figure5.10 Screen of Minitab Regression Analysis Australian Coals

p ar d weduesearesalboved. After elimination of

t abl

Regressioranalysis 6 Minitab is given in Figure 5.1@nd equation for Australian

coals CSR prediction givenin Formula 1.

CSR =56.85 12.04 Sulphur (%) 0.001442 Max Fluidity (ddpm
i 0.9570 CRI (%) + 0.6248 Stability (%)
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Residual plots of Australian coals CSR prediction model is given in Figtde 5.
Residuals are distributed normally i(psalue = 0956 > 0.05)which is represented
upper left side of Figure 5.43. In addition, residuals distribbtedogeneousiit is
also represented upper right sidR.7 square is 6.50 %. It can be concluded that
fithess of the model is good.

Scatter plots of model variadd and CSR is given in FigurelB. It is clearthat coal
content (%) maximum fluidity (ddpm)CRI (%) and stability%) are highy related
with CSR (%).

Increase irsulphur (%) maximum fluidity (ddpm), CRI (%), decreases CSR according
to the regressio model. On the other, increase in stabidihows positive effect for
CSR.

Database variation range iscaterion for a regression analysis. Predictor values, is

out of database range, can cause meaningless response predictions. For this reason,
basicstatistics of response and variables of Australian coals CSR prediction model is
given in Table 9.

Table 5.9 Basic Statistics of Response and Variables of Australian CSR Prediction
Model

Maximum

Variable COSR SuLphur Fluidity CéRI Sta:)bility
Satsic 0 %% dpm) OO 0O

Mean 65.01 0.53 539 23.56  60.54
Std Dev 5.81 0.07 757 4.81 2.90

Minimum 47.85 0.34 0 17.30 52.90
Quarter1 61.85 0.50 38 19.75 59.81
Median 66.24 0.53 149 2255 61.25
Quarter3 69.77 0.58 771 25.71  62.33
Maximum 72.66 0.67 3364 38.35 64.80
Range 24.81 0.33 3364 21.05 11.90
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5.3.2 Developing a CSR Prediction Model for American Coals

In this study, 20 different American coals are investigated. These baaés 89

analysis set, which haved 3 parametesfor each.

First correlation analysis was performed by excélp&rameters, which have our

0.8 Pearson correlation coefficient, were eliminated. Correlated parameters and the
eliminated ones are listed Appendix D in Table DL Second correlation analysis

was performed by Minitald9 parameters, which have oMg0.6 Pearson correlation
coefficient and below 0.05ipvalue, were eliminated:hey are listed in Appendix D
Table D.5.Number of noreliminatal parameter is2and it is enough for best subset

analysis by Minitab. Analyzed parameters asteh inTable 510.

Table5.10 Rest of Parameters after Correlation AnalysrsAmerican Coals

# Parameter Name # Parameter Name
1 Volatile Matter (%) (db) 14 Stability (%)
2 Ash (%) (db) 15 Porosity (%)
3 Sulphur (%) (db) 16 (C(:)/Z\)arged Coal Moisture
4 ZnO (%) 17 V7 and less
5 Basicity Index (BI) 18 V9-V11 (%)
6 -6,30 +3,15mm (%) 19 V12 (%)
7 Maximum Fluidity (ddpm) 20 V17 (%)
8 Maximum Fluidity Temperature 21 Vitrinite
(UC)
9 Fluid Range ( UC 22 Liptinite
10 Maximum Dilatation (%) 23 Semifusinite
11 Maximum Contraction (%) 24 Micrinite
12 Volatile Matter (%) (db) 25 Knertinite
13 CRI (%)
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Table5.11 Best Subset Analysis ofrAericanCoals

R-Sq R-Sq Mall \Slat”e (AO/S;] Slzlcﬁr)]ur Basicity -g’i?scm Stability Porosity 2 V12 V17 Semi
- - allows atter () () +3, tability Porosit s emi- . . .
Vars R-Sq (adj? (pret?) Cp S %)  (db) (db) Index mm (%) (%) y (%) y \(/)11 %) (%) Liptinite fusinite Micrinite
(db) (coal) (coal) BV (%) (%)
1 88.0087.8087.00 68.6 3.12 X
1 39.5038.60 35.90 614.9 7.01 X
2 92.0091.8090.70 24.8 2.56 X X
2 90.2089.9088.90 455 284 x X
3 92.80925091.30 17.8 2.45 X X X
3 92.6092.2091.10 20.6 2.49 X X X
4 93.4093.0091.90 129 2.36 X X X X
4 93.2092.8091.60 15.8 2.40 X X X X
5 03.8093.3092.10 11.0 2.31 X X X X X
5 03.7093.2092.00 124 2.34 X X X X X
6 94.2093.6090.60 8.8 2.26 X X X X X X
6 94.0093.4092.20 109 2.30 X X X X X X
7 945093.9091.30 6.9 221 X X X X X X X
7 94.4093.8091.00 8.0 2.23 X X X X X X X
8 94.7094.1091.80 6.3 2.18 X X X X X X X X
8 94.6094.0091.60 7.3 220 X X X X X X X X
9 949094.1091.30 7.0 217 X X X X X X X X X
9 94.8094.1091.80 7.0 2.17 X X X X X X X X X
10 95.0094.1091.70 7.8 2.17 X X X X X X X X X X
10 95.0094.1091.40 7.8 217 X X X X X X X X X X




Best subseainalysis of the rest®2parameters are listen in Tablelk. CRI is most
contributed parameter for CSR predictionArherican Coals with an 8.0 % R
squareBasicity Indexfollows CRI with a39.5% R square. Other parameters are
volatile matter of coa(%), ash (%),sulfur of coal (%), 6,3 + 3,15 mm portion of
coal,stability (%), porosity (%), VI V11 (%), V12 (%), V17 (%), liptinite (%), semi

fusinite (%) and micrinite (%).

With most contributor parameters for CSR prediction Regression anabysis

performedlt is given in Figure 5.13.

Analysis of Variance

Source DF Adj ss Adj MS F-Value P-Value

Regression 14 5325.81 380.415 79.75 0.000
Volatile Matter (%) (db) 1 2.52 2.517 0.53 0.471
Ash (%) (db) (coal) 1 36.77 36.771 7.71 0.007
Sulphur (%) (db) (coal) 1 4.93 4,826 1.03 0.314
Basicity Index (BI) 1 31.06 31.059 6.51 0.013
—-6,30 +3,15mm (%) 1 7.75 7.745 1.62 0.208
CRI (%) 1 771.13 771.133 lel.66 0.000
Stability (%) 1 49._77 49_766 10.43 0.002
Porosity (%) 1 7.08 7.075 1.48 0.228
Ve - V11 (%) 1 0.1l¢ 0.158 0.03 0.85¢
v1iz (%) 1 3.79 3.793 0.80 0.376
V17 (%) 1 17.21 17.205 3.61 0.063
Liptinite 1 16.34 16.342 3.43 0.069
Semifusinite 1 6.46 6.456 1.35 0.250
Micrinite 1 29.26 29.257 6.13 0.01e

Error 56 2e7.12 4,770

Total 70 5592.93

Model Summary

S R-sgq R-sg(adj) R-sg(pred)
2.18405 95.22% 94_.03% 90.97%

Figure5.13 Screen of Minitab Analysis of Variance Talbbe American Coal
Regression

As explained before, parameters, which have near or greater 0.0&lpes can be
considered unnecessary for modeli value of volatile matter is 0.471, sulphur is
0.314,-6.3 + 3.15 mm portion of coal is 0.208, porosity is 0.228) W41 is 0.856,
V12 is 0.376, V17 is 0.063, liptinites 0.069. these are considered unnecessary or
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insignificant parameters based on ANOVA analysis. Parameters, which will be used
in regression model, are ash (%), basicity index, stability (%), CRI (%) and micrinite
a n smariaple descéptioANOgwdén int a b | e

(%). Fi nal regression
Figure 514.

Analysis of Variance

Source DF Adj Ss Adj MS F-Value P-Value

Regression 5 5224.44 1044.89 184.31 0.000
Ash (%) (db) (coal) 1 41 .47 41 .47 7.32 0.009%9
Basicity Index (BI) 1 20.72 20.72 3.65 0.060
CRI (%) 1 1216.18 1216.18 214.53 0.000
Stability (%) 1 240.51 240.51 42 .43 0.000
Micrinite 1 21.52 21.52 3.80 0.05¢

Error 65 368.49 5.67

Total 70 5592.93

Model Summary

S R-s5g R-sg(adj) R-sg(pred)

2.38098 93.41% 92.90% 89.29%

Coefficients

Term Coef SE Coef T-Valus P-Value VIF

Constant 78.40 5.24 14._9¢6 0.000

Ash (%) (db) (coal) -0.99¢ 0.368 -2.70 0.009 1.08

Basicity Index (BI) -16.72 5.75 -1.91 0.060 2.54

CRI (%) -1.2137 0.0829 -14.65 0.000 2.92

Stability (%) 0.3997 0.0614 6.51 0.000 1.31

Figure5.14 Screen of Minitab Regression Analysis American Coals

Regression equation féimericancoals CSR prediction is given Formula 2

CSR = 78.40 0.996 Ash (%) 16.72 Basicity Index 1.2137 CRI

(%) + 0.3997 Stability (%) 0.431 Micrinite
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Residual plots ofAmericancoals CSR prediction model is given in Figure75.4
Residualsare distributed normally (p value = 0.956 > 0.05) which is represented
upper left side of Figure 574 In addition, residuals distributed homogeneously. It is
also represented upper right side.i Rquare is 8.41 %. It can be concluded that
fitness ofthe model is good.

Scatter plots of model variables and CSR is given in Figl® B.is clear that coal
ashcontent (%)basicityindex, CRI(%) and stability (%) are highly related with CSR
(%). However, there is no meaningful relationship betweeasrimie and CSR. It may
be due to correlated other parameter(s) with micrinite.

Increase inash (%), basicity index, CRI (%) and micrinite (%@gecreases CSR
according to the regression model. On the other, increase in stability shows positive
effect for CSRScatter plot of variables and CSR is given in Figure 5.16.

Database variation range iscaterion for a regression analysis. Predictor values, is

out of database range, can cause meaningless response predictions. For this reason,
basic statistics of response and variables of Australian coals CSR prediction model is
given in Table 5.2

Table5.12 Basic Statistics of Response and VariabledwiericanCSR Prediction
Model

Variable CSR Ash  Basicity CRI  Stability Micrinite

Statistic (%) (%)  Index (%) (%)

Mean 58.34 8.4181 0.18504 26.008 57.906  0.355
StdDev 894 0.8017 0.05182 5868 5301  1.392
Minimum 24.46 676 0.13667 16.81 456 0
Quarter1 53.29 8.01 0.16109 22.13  53.8 0
Median  59.36 848 0.17424 2481 581 0
Quarter 3 63.72 879 0.19608 28.9  62.8 0
Maximum 73.01 1157 0.52869 46.79 655 10.8
Range 4855 481 0.39202 29.98  19.9 10.8
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Scatterplot of CSR (%) vs Model Variables
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5.3.3 Developing a CSR Prediction Model fortCanadian Coals

In this study,7 differentCanadiarcoals are investigated. These coals t&danalysis

set, which hava15parametesfor each.

First correlation analysis was performed by exédlparameters, which have our

0.8 Pearson correlation coefficient, were eliminated. Correlated parameters and the
eliminated ones are listed in Appendix D in Tablé.wmber of parameter after
elimindion is 24. Thus there is no need for second correlation by Minahlyzed
parameters are listen Table5.13.

Table5.13 Rest of Parameters after Correlation AnalysisCanadian Coals

# Parameter Name # Parameter Name

1 Volatile Matter (%) (db) 13 Basicity Index (Bl)

2 Ash (%) (db) 14 Maxi mum Fluidity
3 HGI 15 Dil atation Finish
4  Calorific Value (db) (kcal/kg) 16 CRI (%)

5 Reflectance of Ligh(%) (T17) 17 Stability (%)

6 Bulk Density (gr/cm3) 18 Charged Coal Moisture (%)

7 AlI203 (%) 19 Bulk Density (kg/m3) (db)

8 Cr203 (%) 20 Maximum Gas Pressure (kpa)

9 Fe203 (%) 21 Maximum Wall Pressure (kpa)

10 MnO (%) 22 Coke Rate (%) (db)

11 Na20(%) 23 Mean Rand Vitrinite Reflectance (Ro)
12 TiO2 (%) 24 Vitrinite

Best subset analysis of the rest 24apgeters idisten in Table 5.14Stability (%) is
most contributed parameter for CSR prediction of Canadian Coals with an 88(0 % R

square. Volatile matter (%llows stability with a 38.6 % R square.
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Table5.14 Best Subset Analysis @anadiarCoals

Vars R-Sq

(adj) (pred)

R-Sq R-Sq Mallows

Cp

S

(db) (coal) (kcallkg) (T17) (gr/cm3)

Ash Calorific Ref of

Value
(db)

Light
(%)

Bulk

Density Cr203 Fe203 MnO Na20 Finishing
(%) ¢ SYLJ CRI(%)

(%)

(%6)

(%)

Dilatation

Bulk
Density

Max
Wall

Coke
Rate Mean

Stability (kg/m3) Pressure (%) Rand Vit

(%0)

(db)

(kpa)

(db) Ref (Ro) Vitrinite

88.0087.80 87.00
39.5038.60 35.90
92.0091.80 90.70
90.2089.90 88.90
92.8092.50 91.30
92.6092.20 91.10
93.4093.00 91.90
93.2092.80 91.60
93.8093.30 92.10
93.7093.20 92.00
94.2093.60 90.60
94.0093.40 92.20
94.5093.90 91.30
94.4093.80 91.00
94.7094.10 91.80
94.6094.00 91.60
94.9094.10 91.30
94.8094.10 91.80

10 95.0094.10 91.70
10 95.0094.10 91.40

68.6

3.12

6149 7.01

24.8
455
17.8
20.6
12.9
15.8
11.0
12.4
8.8
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Other parameters are ash (#glorific value (kcal/kg), reflectance of light (%), bulk
density of coal (g/cA), CrOs (%), FeOs (%), MnO (%), NaO (%), dilatation
finishing temperature®C), CRI (%), bulk density of coke (kgAn maximum wall
pressure (kPa), coke rate (%), mean canditrinite reflectance (%) and vitrinite (%).

Because of number of parameter is so much for 10 variable regression model
alternatives, parameter used in 5 variables regression model alternatives are used for
first modelling. These parameters arelatilie matter (%), Fs (%), dilatation
finishing temperature®C), CRI (%), stability (%), bulk density of coke (kgiand

mean random vitrinite reflectance (%WYith these 7parametersegression analysis

was performedilt is given in Figure 5.17.

Analysis of Variance

Source DF adj ss ndj MS F-Value P-Values

Regression 7 370.493 52.928 23.26 0.000
Volatile Matter (%) (db) 1 43.189 43.189 18.98 0.000
Fe203 (%) 1 3.332 3.332 1.4¢ 0.237
Dilatation Finishing Temperatur 1 14.063 14.0&3 6.18 0.020
CRI (%) 1 147.877 147.877 64.99 0.000
Stability (%) 1 0.105 0.105 0.05 0.832
Bulk Density Coke (kg/m3) (db) 1 7.892 7.8%2 3.47 0.074
Mean Random Vitrinite Reflectan 1 3.160 3.160 1.39 0.249

Error 26 59.162 2.275

Total 33 429.8655

Model Summary

S R-s3g R-sg(adj) R-sg(pred)
1.50846 86.23% 82_.52% 40.07%

Figure5.17 Screen of Minitab Analysis of Variance Talbbe CanadiarCoal
Regression

As explained before, parameters, which have near or greater 0.0&lpes can be
considered unnecessary for modei. Value ofFe0s (%) is 0237, stabilityis 0832,
bulk densityis 0074 andRo is 0249. Considering all these parameters insignificant
and getting them out ahodel decreases iRsquare up t80 %. For thigeasonpnly
stability is considered unnecessbased on ANOVA analysis. Parameters, which will

be used in regression model, adatile matter (%), F€s (%), dilatation finishing
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temperatureC), CRI (%), bulk density of coke (kgAnand mean random vitrinite

reflectance (%) Final regressionamals i s 6 ANOVA tabl e and
given in Figure 8.8.
Analysis of Variance
Source DF adj ss Adj MS F-Valus P-Value
Regression & 370.389 ©1.731 28.12 0.000
Volatile Matter (%) (db) 1 87.361 87.361 39.80 0.000
Dilatation Finishing Temperatur 1 15.127 15.127 6.89 0.014
CRI (%) 1 216.813 216.813 98.77 0.000
Bulk Density Coke (kg/m3) (db) 1 8.858 8.858 4.04 0.055
Fe203 (%) 1 4.1%9¢ 4.19¢ 1.91 0.178
Mean Random Vitrinite Reflectan 1 3.960 3.960 1.80 0.130
Error 27 59.266 2.185
Total 33 429.655
Model Summary
S R-sg ER-sg(adj) R-sg(pred)
1.48157 86.21% 83.14% 57.32%
Coefficients
Term Coef SE Coef T-Value P-Value VIF
Constant 214.7 44.8 4.79 0.000
Volatile Matter (%) (db) -1.58% 0.252 -6.31 0.000 4.44
Dilatation Finishing Temperatur -0.2056 0.0783 -2.63 0.014 2.7¢%
CRI (%) -1.244 0.125 -9.94 0.000 1.23
Bulk Density Coke (kg/m3) (db) 0.0212 0.010e 2.01 0.055 1.98
Fe203 (%) 0.574 0.415 1.38 0.178 1.33
Mean Random Vitrinite Reflectan -2.18 1.62 -1.34 0.1%0 1.81
Figure5.18 Screen of Minitab Regression Analyfis CanadiarCoals
Regression equation f@anadiarcoals CSR prediction is given Formula 3
CSR = 214.77 1.589 Volatile Matter (%)i 0.2056 Dilatation
Finishing Temperaturé’C) i 1.244 CRI (%) + 0.0212 Coke Bul
Density (kg/nf) + 0.574 FegOs (%) i 2.18 Mean Random Vitrinite  (3)

Reflectance (Ro)

Residual plots ofCanadiancoals CSR prediction model is given in Figurd%.

Residuals are distributed normally {pvalue = 0600 > 0.05) which is represented
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upper left side of Figure 51. In addition, residuals distributed homogeneously. It is
also represented upper rightesidR7T square is86.21%. It can be concluded that

fitness of the model is good.

Scatter plots of model variables and CSR is given in Fig@fe Bis clear thavolatile
mattercontent (%) dilatation finishing temperaturéQ), CRI (%) andmean randm
vitrinite reflectance (%gre highly related with CSR (%303 (%) and bulk density

of coke (kg/mi) do not show meaningful linear relationship with CSR (%). It may be

due to other correlated parameters with themomiinearrelationship.

Increase involatile matter (%), dilatation finishing temperatuf€), CRI (%) and

mean random vitrinite reflectance (Y%@gcreases CSR according to the regression
model. On the other, increase in2Be (%) and bulk density of coke (kgAnshows

positive dfect for CSR. Database variation range isrderion for a regression
analysis. Predictor values, is out of database range, can cause meaningless response
predictions. For this reason, basic statistics of response and variabbesagfiarcoals

CSR pretttion model is given in Table 5.

Table5.15 Basic Statistics of Response and Variable€afhadianCSR Prediction
Model

. Volatile Dilatation Bulk Mean
Varlab_le CSR Matter Fe203 Finishing CRI  Density Rand
Statistic (%) (%) (%) Te mp (%)  (kg/m3) Vit Ref

(db) (db) (Ro)
Mean 67.089 23.686 3.816 476.29 21.913 72891 1.113
Std Dev 3.608 2.158 0.717 55 2.283 22,5 0.1019
Minimum  59.12 20.4 2.357 468 17.92 683.14 0.93

Quarter1 64.45 22.567 3.282 472.75 20.19 707.61 1.025
Median 67.445 23.455 3.681 475 21.965 734.05 11
Quarter 3  69.582 25.152 4.404 478.25 22.828 746.34 1.225
Maximum 73.29 27.88 5.191 490 28.35 764.21 1.3
Range 14.17 7.48 2.834 22 10.43  81.07 0.37
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5.4 Comparison of Origin base CSR PredictiorModels with Theoretical

Formulas

I n this section, devel oped | inear regr e
prediction will compare theoretical formulas, which is discussed in section 2.8.1, in

terms of accuracy.

5.4.1 Comparison of Australian Coals CSR Pediction Model and Theoretical

Formulas

There are three formulatietior Australian coals CSR prediction. One is developed
model and the other two are formulas retrieved from literature, which is discussed in
Section 2.8.1.

Developed regressiamuationl is,

CSR =56.85 12.04 Sulphur (%) 0.001442 Max Fluidity (ddpni) 0.9570 CRI (%)
+ 0.6248 Stability (%)

Australian Formula 1 is,
CSR =94.2 1.275] (13.4 +9.39 MBI) i 0.45] MBI?
MBI = 1001 ashl (CaO + MgO + NgO + K20 + FeOs) 8 (1007 VM) T (SiOz +

Al203))

Where MBI is modified basicity index,

VM is volatile matter content (%).
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Australian Formula 2 is,

CSR =133.8 15.561 Bli 3.11 VM + 8.51 log (F) + 0.22 Inerts (%)
Bl = (CaO + NaO + KxO + Fe) 0 (SiO; + Al2Os)

Where Bl isbasicity index,
VM is volatile matter content (%),
F is maximum fluidity,

Inerts (%) is inert content (%).

In order to compare these three equations, first, responses are produced for all three.

Then, residues are calculated by subtradtimgyb r esul ts from equations
residue populations are produced. Theoretically, residues should be distributed

normally and means of residues should be zero when formulas predict lab results

exactly. Probability plot of model residues is givam Figure 511. It is distributed

normally (pvalue = 0.956 > 0.05) with a meanioD.005 and standard deviation of

1.087. Probability plot of formula 1 residues is given in FiguPd.3t is distributed

normally (pvalue = 0.075 > 0.05) with a mean 4fl99and standard deviation of

6.375 Probability plot of formula 2 residues is given in Figur@2.1t is not

distributed normally (pvralue < 0.05) and its mean 4$8.99 and standard deviation

is10.12. Formula 2 is clearly different and worse thamlehand formula 1Model

residue mean is significantly smaller than f
this again statistically 2 sample t test is designed. Original hypothesis is model residue

mean is equal to formula 1 residue mean. Alterndiyypmthesis is model residue mean

is not equal to formula 1 residue mean. Confidence level is expected 5 %. It means

that if pvalue of the test is smaller than 5 %, alternative hypothesis is true.

Ho: ®(model) =0 (formula 1)
Ha: O(model)i O(formula J)
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Minitab 2 sample t test result is givenFigure 523.

Two-sample T for RESI model vs RESI 1

N Mean StDhev SE Mean

RESI model 54 -0.00 1.09 0.15

RESI 1 54 4.20 6.37 0.87

Difference = u (RESI model) - u (RESI 1)

Estimate for difference: -4.204

95% CI for difference: (=5.9€7; —-2.441)

T-Test of difference = 0 (vs #): T-Value = -4.78 P-Value = 0.000 DF = 56

Figure5.23Minitab 2 sample t test Result for Model Residues/AmstralianFormula
1 Residues

Alternative hypothesis, which is means of the two population are different, is true

because jp value of the test is 0. Model mean is 0 and standard deviation is 1.09, on

the other hand, formula 1 mean is 4.20 and standard deviation i€637.i satc| ear t h
model predicté\ustraliancoals CSR values more precisely than formula 1. In addition,

box plot representation of model and formula 1 residues is given in Fi@dre 5.

Boxplot of RESI model; RESI 1

15
10
> [
©
©
0 o
-5
-10
¥
RESI model RES 1

Figure5.24 Box Pla of Australian Coal Model and Formula 1 Residues
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5.4.2 Comparison of American Coals CSR Prediction Model and Theoretical

Formulas

There are three formulation féxmericancoals CSR prediction. One is developed
model and the other two are formulas retrieved from literature, which is discussed in
Section 2.8.1.

Developed regression equatidirs,

CSR = 78.40° 0.996 Ash (%)i 16.72 Basicity Index 1.2137 CRI (%) + 0.399
Stability (%)1 0.431 Micrinite

AmericanFormula 1 is,

CSR =28.91 + 0.6BFRi 9.641 Ali 14.04] S
Al = Ash (%) (CaO + MgO + NgO + Kz0 + FeOs) 8 (SiO; + Al;0s)

Where FR is fluid range,
Al is alkali index,
S is sulfur.

AmericanFormula 2 is,

CSR =66.89 MMR + 7.81 log (F)i 891 BARi 32
BAR = (CaO + MgO + NgO + K20 + FeOs) 0 (SiOz + Al203+ TiOy)

Where MMR is mean maximum reflectance of vitrinite,

F is maximum fluidity,

BAR is basic to acidic ratio.
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In order to compare these three equatisasje procedure islfowed with previous
comparison.Bsi dues are calculated by subtracting
Three residue populations are produced. Probability plot of mesidlues is givem

Figure 5.151t is distributed normally @walue = 0565> 0.05) with a mean af0.006

and standard deviation @294 Probability plot of formula 1 residues is given in
Figure 526. It is not distributed normally (value< 0.05) with a mean a2.212and
standard deviation df1.55 Probability plot of formula 2 residues is given in Figure

5.27. It is not distribuéd normally (pvalue < 0.05).t6 mean i8.769and standat
deviation is 15.34Formulal and 2 arelearly different and worse than neidModel

residue mean is significantly smaller than formulanl & s r e s isdnuoederme a n
to provethatmodelis predicing CSR preciselyl sample t test is designed. Original
hypothesis is model residue mean is equ@l Adternative hypothesis is model residue
mean is not equal 1. Confidence level is expected 5 %. It means thatvélpe of

the test is smaller than 5 %, alternative hypothesis is true.

Ho: O (model) =0
Ha: O(model)i 0

Minitab 1 sample t tesesult is given in Figure 85.

One-Sample T: RESImodel

Test of p =0 vs # 0
Variabkle N Mean StDev SE Mean 95% CI T P

RESImodel 71 -0.00& 2.254 0.272 (-0.54%; 0.537) -0.02 0.983

Figure5.25 Minitab 1 sample t test Result fédtrmerican PredictiotModel Residues
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Original hypothesis, which is mean of theodel residue is,0s true becauseipvalue
of the test is ®38 Model mean i$ 0.006and standard deviation 25294.1t is clear
that model predict&mericancoals CSR values more precisely than formutad 2
In addition, box plot representation of modesidues is given in FigureZg.

Boxplot of RESImodel

(with Ho and 95% t-confidence interval for the mean)

%x.

Ho

-5.0 -25 0.0 25 5.0 75
RESImodel

Figure5.28 Box Plot ofAmericanCSR PredictioiModel Residues
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5.4.3 Comparison of Canadian Coals CSR Prediction Model and Theoretical

Formulas
There are three formulatisrior Canadian coals CSR prediction. One is developed
modeland the other two are formulas retrieved from literature, which is discussed in
Section 2.8.1.
Developed regression equatidirs,
CSR = 214.7 1.589 Volatile Matter (%) 0.2056 Dilatation Finishing Temperature
(°C)i 1.244 CRI (%) + 0.0212 Coke BuDensity (kg/ni) + 0.574 FeOs (%) 1 2.18
Mean Random Vitrinite Reflectance (R0)

Canadian Formula 1 is,

CSR = 8.3761 18.9091 A x Bl
Bl = (CaO + MgO + NgO + K;O + FeOs) & (SiOz + Al203)

WhereA is ash,
Bl is basidty index.

Canadian Formula 2 is,

CSR =83.217 167.8011 Bl + 147.816 BI?
Bl = (CaO + MgO + NgO + KO + FeQOs) 8 (SiOz + Al2Os)

Where Bl is basicity index.

105



In order to compare these three equations, first, responses are produced for all three.

Then, residues are calculateddoyy bt r act i ng | ab

resul ts

from

residue populations are produced. Theoretically, residues should be distributed

normally and means of residues should be zero when formulas predict lab results

exactly. Probability plot of model resids is given in Figure 59. It is distributed

normally (pvalue = 0680 > 0.05) with a mean daf 1.39and standard deviation of

3.57. Probability plot of formula 1 residues is given in Figur2oslt is distributed

normally (pvalue = 0642 > 0.05) with amean of-1.371and standard deviation of

3.778 Probability plot of formula 2residues is given in Figure 3. It is also

distributed normally (pralue = 0.624 > 0.05). ts mean is-1.742 and standard

deviation is 3.488. All three equations gives closeegise results. In order to

undestand which one is most precisee way ANOVA test oR-samplet test can be

performed. In addition to normal distribution requirement, ANOVA test needs that

populations have equal variances. If they have equal variances, it is possible to test all

three in ondest by ANOVA. Otherwise, thre&samplet test are reqeed.
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Figure5.29 Probability Plot of Canadian Formula 1
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Mean -1.371
StDev  3.778
N 34
AD 0274
P-Value 0.642
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Figure5.30 Probability Plot of Canadian Formula 2

Figure5.31Result of Equal Variance Test for Model, Formula 1 and Formula 2
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