CHARACTERISATION AND FLUIDISED BED GASIFICATION
OF SELECTED HIGH-ASH SOUTH AFRICAN COALS

André Daniél Engelbrecht
BSc. (Chem. Eng.)

Dissertation submitted in fulfilment of the requirents for the degree of Master
of Engineering in Chemical Engineering in the SdladdChemical and Minerals

Engineering at the North-West University, Potcheistn Campus, South Africa.

Supervisor: Professor R.C. Everson (North-Weswehsity)
Co - supervisor: Professor H.W.J.P. Neomagus (Nafest University)
September 2008

Potchefstroom



DECLARATION

This dissertation is submitted in fulfilment of tmequirements for the degree of
Master of Engineering in the School of Chemical &fiderals Engineering of the
North-West University.

[, André Daniél Engelbrecht, hereby declare that:

1) The dissertation with the title: CHARACTERISATIONND FLUIDISED
BED GASIFICATION OF SELECTED HIGH-ASH SOUTH AFRICAN
COALS is my own work and has not been submittedngt other university

either in whole or in part.

2) Commissioning and operation of the fluidised bedifga pilot plant at the

CSIR was my own work.

Signed at Potchefstroom on this .................. day oft8eyer 2008

A. D. Engelbrecht



ACKNOWLEDGEMENTS

The author wishes to sincerely thank the followregpple and organisations for their

support during this project.

- Professor R.C. Everson and Professor H.W.J.P. Ngasnat the School of
Chemical and Minerals Engineering for their guidaaad advice throughout
the duration of this project.

- Dr. Rufaro Kaitano for assistance with the operatb the thermogravimetric
analyser at North-West University and interpretaod the results.

- Mr. Ashton Swartbooi and Mr. Alphius Bokaba for iat@nce with the
operation of the fluidised bed gasifier at the Gwmuror Scientific and
Industrial Research (CSIR).

- Colleagues at the CSIR for the useful discussioashad on the subject of
coal and fluidised beds.

- The CSIR and the South African National Energy Rede Institute for
providing financial support.

- New Vaal, Matla, Grootegeluk and Duvha collieriesr fcollection and
preparation of coal samples.

- Family and friends for their encouragement.



ABSTRACT

South Africa has abundant coal reserves and prgdapproximately 75 % of its
primary energy from coal. Based on scientific asaly however, it is generally
accepted that a link exists between climate chamgethe use of fossil fuels such as
coal. The development of clean coal technologie€T)Chas therefore received
increased attention worldwide. Integrated gasificatcombined cycle (IGCC)
technology, utilising fluidised bed gasificatiorgshbeen identified as a potential CCT
that can be applied in South Africa. A suite ofrf@outh African coals was identified
as being possible fuels for IGCC power stationsctvlwould operate for three to four
decades, towards the middle of this century. Thecssd coals are from New Vaal,
Matla, Grootegeluk and Duvha collieries. These oaéere subjected to detailed
characterisation, thernogravimetric analysis anddi$ed bed gasification tests to
access their suitability for use in IGCC poweristat.

The characterisation performed consisted of stahdaral analytical methods,
petrographic techniques and physical analysis.rébelts of the analysis showed that
the coals are low in grade and rich in inertinitee vitrinite random reflectance {R
which is regarded as a reliable rank parametenvstahat the coals selected are
representative of the rank variation within Southidan bituminous coals, with the

coals of lower rank having larger surface areaspmmndsities.

Gasification reactivity experiments were carried wua thermogravimetric analyser
(TGA) at 87.5 kPa, between temperatures of 875rC%0 °C, with 100 vol. % CO
as the reacting gas. The results of the tests ghatvthe reactivity of coal char
increases with a decrease in the rank of the dte.reactivity of the New Vaal coal,
which has the lowest rank, is comparable to thented reactivity of some overseas
lignite coals. The results also show that the graodel can be used to describe char
conversion and that the Arrhenius equation desgribe effect of temperature on the

reaction rate constant.

Pilot-scale fluidised bed gasification tests weaeried out on the four selected coals
at 925 °C and 950 °C. The results show that tkedficarbon conversion achieved in
the gasifier correlates well with the rank paraméi) of the coal. Although the

order of ranking of reactivities of the differerdats in the fluidised bed gasifier and



the TGA are the same, the variation in the redgtividex in the fluidised bed gasifier
is significantly lower than in the TGA. This watréuted to the large amount of
fixed carbon that is converted in the FBG by meairbe partial combustion reaction

which is less sensitive to the reactivity of tharch

The low volatile matter content and the high ashteot of the coals tested, together
with high gasifier heat losses and nitrogen dilutioontributed to the low calorific
value of the gas produced. No agglomeration amketing of the coal was observed
during the gasification tests and it was conclutthed this can be attributed to the low
Free Swelling Index (FSI) and Roga Index (RI) ¢f toals tested.

It was concluded that fluidised bed gasifiers de #o utilise high-ash South African
coals and are therefore a candidate technology&G@C power stations. Due to the
relatively low reactivity of most South African brminous coals, a secondary
combustion stage may be required after the fluttised gasifier in order to achieve
acceptable overall carbon conversions.



OPSOMMING

Suid-Afrika besit volop steenkoolreserwes en pregusngeveer 75% van sy primére
energie uit steenkool. Op die basis van wetendk@apdinaliese, word dit egter
algemeen aanvaar dat daaverband tussen die gebruik van fossielbrandstoseos
steenkool en klimaatverandering bestaan. Die omslikg van skoon
steenkooltegnologié geniet dus weéreldwyd groot agnd Geintegreerde
vergassingsstelsels, wat sweefbedvergassing gebisiikas 'n potensiéle skoon
steenkooltegnologie vir toepassing in Suid-Afrikaidgntifiseer’n Reeks van vier
steenkole is as moontlike brandstowwe vir kragstasir die volgende drie tot vier
dekades tot die middel van die eeu uitgeken. Digesoekte steenkole is uitkomstig
uit die New Vaal-, Matla-, Grootegeluk- en Duvhaestkoolmyne. Gedetailleerde
karakteriseringtoetse, termogravimetriese analissveeefbedvergassingstoeste is op
hierdie steenkole uitgevoer om te bepaal of huller \geintegreede

vergassingskragstasies geskik is.

Die karakteriseringstoetse wat uitgevoer is, hdt standaard steenkoolanalitiese
metodes, petrografiese tegnieke en fiesiese aaddestaan. Die resultate toon dat die
steenkole laag is in graad en ryk is aan inertifdet vitriniet-refleksiewaaardes (R
wat asn betroubarae rangaanwyser beskou word, toon dadte@nkole wat vir die
studie gekies is verteenwoordigend van die rangseri onder Suid-Afrikaanse
bitumineuse steenkole is. Die resultate toon odkdia laer rang steenkole groter
opperviaktes en porositeite het.

Vergassingsreaktiwiteitstoetse is ’in termogravimetriese analiseerder (TGA) teen
87.5 kPa, tussen temperature van 875 °C en 950t§€vaer, met 100% CfLas die
reagerende gas. Die toetsresultate toon dat didiwgait van steenkool mehn
afname in rang toeneem. Die reaktiwiteit van dievN&al-steenkool, wat die laagste
rang het, is met die reaktiwiteit van sekere oadigmietsteenkole vergelykbaar. Die
resultate toon ook dat die korrelmodel toegepaswaid om die omsetting van vaste
koolstof te beskryf en dat die Arrhenius-vergelgkigebruik kan word om die
uitwerking van temperatuur op die reaksiesnelhadstant te beskryf.

'n Sweefbedproefaanleg is gebruik om vergassingstagsdie vier steenkole teen

925 °C en 950 °C uit te voer. Die resultate toondie vaste koolstofomsetting goed



met die rangaanwyser (Rvan die steenkool korreleer. Die rangskikking \dia
steenkoolreaktiwiteite in die sweefbedvergassatieselfe as in die TGA, alhoewel
die reaktiwiteitsindeks in die sweefbedvergassebetekenisvol laer variasie toon.
Die laer variasie kan aan die omsetting van ‘n ghmeveelheid vaste koolstof d.m.v.
die gedeeltelike verbrandingsreaksie toegeskryfdwarat minder sensitief is t.o.v.
die reaktiwiteit van die verkoolsel.

Die lae vlugstofinhoud en hoé asinhoud van diendteal, saam met hoé hitteverliese
in die vergasser en stikstofverdunning, het tot ldie kaloriewaarde van die gas
bygedra. Geen agglomerasie en klinkerformasie diansteenkool is tydens die
vergassingstoetse waargeneem nie en die gevolgitelkgemaak dat dit aan die lae
FSI (Free Swelling Index) en RI (Roga Index) indekan die steenkool wat getoets

is, toegeskryf kan word.

Die gevolgtreking is gemaak dat sweefbedvergasaeishoé-as Suid-Afrikaanse
steenkool kan benut en dusn kandidaattegnologie vir geintegreerde
vergassingsstelsels is. As gevolg van die relakdef reaktiwiteit van meeste
Suid-Afrikaanse bitumineuse steenkool, is dit mobkntdat n sekondére

verbrandingsstadium na die vegasser nodig sal weas aanvaarbare totale
koolstofomsettings te behaal.

Vi
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NOMENCLATURE

Ag
Ae

C
Cash

Cc
Cac
Cec
Cq

Cyat
Cfixed

Crixepcon
CVcoal

CVv

daf

dpore

d50

DT

fo

F(X)

FT

Gec

gasifier bed area

char elutriated to cyclone

carbon in coal

ash in coal

total carbon conversion
carbon in bed char

carbon in elutriated char
nozzle discharge coefficient

dry and ash free carbon in coal
fixed carbon in coal
fixed carbon conversion

calorific value of coal

calorific value of gas

dry ash-free

char particle diameter/coal particle size
average pore diameter by BET analysis
mean particle diameter

pipe diameter

deformation temperature

activation energy

relative reactivity factor

structural factor ( char conversion model )

fluid temperature
gravitational constant

bed char flowrate

Xiv

%

%
%

%
%

%

%
%
%
MJ.Kg
MJ.(N)
%

m or mm

nm

m or mm

°C
kJ.mbl

°C
9.81 .S
kg'h



Gec
Gehar
Geoal
Gsteam
H
HGI

HT

kCOZ

ko

Kco

Kco2

Kh2o

P1

elutriated char flowrate
char feedrate to gasifier
coal flowrate

steam flowrate

distance from distributor to pressure probe

Hardgrove Grindability Index

hemispherical temperature

reaction rate constant (CO2 gasifcation)

reaction rate constant (kCO2()")
apparent reaction rate constant

pre-exponential factor

adsorption constant for CO
adsorption constant for GO
adsorption constant for,H

adsorption constant for,B

total pore length per unit volume

bed mass above pressure probe

bed mass below pressure probe

total bed mass

mass of ash/residue

initial mass of char following pyrolysis
mass of coal/char at time t

nitrogen in coal

oxygen in coal
gasifier bottom pressure

gasifier top pressure

XV

kgth

kd.h
kgh
kgh

m

°Cc

Fhin
min~
"in
min
Pa
Pa’
Pa
P&

kg
kg

kg

%
%

Pa

Pa



Ps
Pcoz
Prz
P20
Qair
NQtotal

Qtotal

r
R
R

Rs

SgeT
ST

T1
T3
T7
Tair

Ts

Umf

Ui

gasifier pressure

partial pressure of GO

partial pressure of H

partial pressure of @

air flowrate

total gas flow to the fluidised bed
total gas flow to the fluidised bed
rate of reaction

universal gas constant

vitrinite random reflectance

reactivity index of char

sulphur in coal

initial surface area of char per unit volume

surface area of coal by BET analysis

softening temperature
temperature

residence time

bottom bed temperature

mid-bed temperature

gasifier exit temperature

air temperature

fluidised bed temperature
superficial gas velocity in the bed
minimum fluidising velocity

terminal falling velocity

gas velocity through holes in nozzle

XVi

kPa
Pa
Pa
Pa
(Nmh?
(Nih)*
3 it
s
8.314 Jhnhot
(%)
h
%
2 mi’
2 gt
°C
°C
min
°C
°C
°C
°C
°C
ih.s
m’$
m$
™.s



VcHa
Vco

V2

Ycoz

Yco

Greek Letters

AH
APs

APp

Pchar

Py

Pcoal

CH; concentration of the gas
CO concentration of the gas

H, concentration of the gas

fractional conversion of fixed carbon in coal
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CHAPTER1 GENERAL INTRODUCTION

CHAPTER 1 GENERAL INTRODUCTION

This introductory chapter consists of three sestidBection 1.1 gives background
information and the motivation for carrying outghiesearch project. The objectives
of the investigation are described in Section h@ fnally the scope and outlay of the
dissertation are given in Section 1.3. The backggoinformation given briefly
describes the importance of coal in the South Afrieconomy, concerns about the
effect of coal utilisation on the environment, cleaoal technologies and coal
gasifiers. The need for carrying out research erfliidised bed gasification of high-
ash South African coal is motivated.

1.1 Background and motivation

1.1.1 The importance of coal in South Africa

Abundant and relatively cheap coal has contribtwegstablishing South Africa as the
leading economy in Africa and as a major world agorter. South Africa has coal
reserves amounting to 34 billion tons, of which 2dillion tons are mined annually.
Domestic consumption of coal amounts to 171 millions, and 69 million tons are
exported (Prévostt al., 2004). Domestically, coal is consumed mainly fbe

generation of electricity by Eskom (65 %) and theduoiction of synthetic fuels and

chemicals by Sasol (25 %).

Table 1 shows that coal is the most important gnexgurce in South Africa,
supplying 74.1 % of its primary energy. Due to khgh cost and decreasing reserves
of oil and gas, their contribution to the energyxns expected to decrease. Since
South Africa is a water-scarce country, the coatrdn of renewable energy, such as
hydro and biomass, is not expected to increaseafis@mtly. The use of solar and
wind energy is also currently limited by the higbstof these energy sources. Safety
and cost are issues that inhibit the increasediisaclear energy. Coal will therefore

remain our most important energy resource for theseeable future.
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Table 1.1: South African and world primary energurses (Winkler, 2006)

Energy source South Africa (%) World (%)
Coal 74.1 24.0
Oil 12.0 39.0
Nuclear 4.2 8.0
Gas 2.3 23.0
Biomass 2.92 2.82
Hydro 4.44 2.64
Renewables | Geothermal 0.00 0.36
Wind 0.03 0.12
Solar 0.01 0.06
Total 100 100

1.1.2 The effect of coal utilisation on the environment

The use of coal results in greater volumes of dreese gases being emitted per unit
of energy generated compared with other energycssuSouth Africa currently has a
CO, emitted per capita ratio (metric tons/annum ,GEnitted per person) of 7.8,
which is almost double the world average (Hietkasing., 2004). Based on scientific
analysis, it is generally accepted that there liskabetween global warming and the
emission of greenhouse gases such as carbon di@&@g. It is estimated that CO
emissions are responsible for 61 % of the enhagosehhouse effect and that the use
of coal contributes 30 % to the increase in the, C@hcentration of the atmosphere
(Recket al., 1996). In the first 150 years after the starth@ Industrial Revolution,
the CQ concentration in the atmosphere increased from@80 to 330 ppm, but in
the last 30 years alone it has increased from 380 {® 380 ppm (Goede, 2004). To
ensure that the CGQconcentration of the atmosphere rises no highem 50 ppm,
which is considered to be the maximum ceiling allble, substantial reductions in
the amount of C@that is released into the atmosphere are requireehues that are
being investigated to achieve this include renee/@lergy, increasing the efficiency
of fossil-fuel-fired power stations and the captued sequestration of GOln
December 1997 the Kyoto Protocol, which sets tardet the reduction of CO

emissions, was signed by 84 countries. In termthefKyoto Protocol, which is a

2
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United Nations treaty, ‘annex 1’ countries (i.eveleped countries) are required to
reduce their C@emissions by an average of 7 % below 1990 leds, (1997). The
‘emissions’ refer to the average annual emissi@ts/éen the years 2008 and 2012.
As a non-annex 1 country (developing country), Bo@frica does not have any
Kyoto obligations in terms of CQeductions. This situation is, however, expected t
change when the Kyoto Protocol is reviewed in 200t USA, which is the largest
emitter of CQ, did not ratify the treaty in its current formanainly because
developing countries such as South Africa do natehany obligations. When the
treaty is reviewed in 2012 it is expected that tgveg countries such as South
Africa, India and China will be given obligations order to get the USA on board.
Coal users in South Africa, such as Eskom and Saslbltherefore be investigating
the implementation of clean coal technologies (CF)power generation and liquid

fuels production in the future.

1.1.3 Clean coal technologies

Clean coal technologies are defined as “technosodiesigned to enhance both the
efficiency and the environmental acceptability afak extraction, preparation and
use”. The clean coal technologies that are beingeldped include (Henderson,
2003):

» Ultra supercritical pulverised coal combustion
» Post-combustion capture

e Oxy-coal combustion

e Circulating fluidised bed combustion

* Integrated gasification combined cycle technold@QC).

The first four technologies given above will beatdissed briefly, after which IGCC

will be discussed in more detail.

Ultra supercritical pulverised coal combustion is regarded as a CCT since it increases

the efficiency of conventional pulverised coal carsiion boilers and less Gs
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therefore released per MW of electricity generafBae efficiency of conventional
pulverised coal combustion power stations can edafrom 35 to 45 % by using
ultra supercritical steam conditions of 600 °C @bdVIPa in the boiler. It is necessary
to develop specialised materials of constructiom €fdtra supercritical steam

conditions.

Post-combustion capture occurs when C®is removed from the flue gas of power
station boilers and heating furnaces. Options forirsy the captured CQOinclude
geological storage, ocean storage and mineralgdoiEhe best proven technique for
separating the C{Orom the flue gas is to scrub it with mono-ethaanline (MEA)
solution. The MEA from the scrubber is heated wgtigam to release high-purity @O
The CQ-free amine is then recirculated to the scrubbée disadvantages of post-
combustion capture are that the equipment sizesaage due to the large flue gas
volumes and the low C{oncentration in the flue gas (10 - 15 %).

Oxy-coal combustion uses oxygen instead of air for coal combustionhia boiler.
Flue gas is recirculated to reduce the combustenperatures in the boiler. The
advantages of this method are that the flue gasstthas a high GQroncentration
(90 %) and the flowrate of flue gas is much lowéve( times) than that from
conventional combustion using air. The costs oé fijas cleaning and G@moval
are therefore reduced significantly. Oxy-coal costlmn can be retrofitted to ultra
supercritical boilers, thereby achieving higher ioééhcies and improved

environmental performance.

Limestone and dolomite can be addeditoulating fluidised bed combustion boilers

in order to reduce the SOn the flue gas. The concentration of N@ the flue gas is
also lower due to the lower combustion temperatuhes are employed. Future
developments will probably include adding ultra exgpitical steam conditions and

oxy-coal combustion to circulating fluidised bedlérs.
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The flow sheets for conventional and IGCC poweregation cycles are given in
Figure 1.1. In a conventional cycle all the endrgthe coal is used to generate steam,
which is then exhausted through a steam turbinget®rate electricity. The exhaust
steam has to be recondensed and recycled to tles.ldoie to the large energy losses
during condensation, the overall efficiency (caattectrical power) of a conventional
power station is between 33 and 38 % (Eskom, 20008 can be raised to 45 % by

increasing the temperature and pressure of thenstea

flue gas ET—
ecirostatic
A precipitator » stack
l ash
/s
coal
— . steam Steam
_— Boiler *| turbine
ar current
ash
Conventional cycle
flue gas Electrostatic -
»| precipitator Tl | stack
coal Jr ash
— ¥ Waste heat steam [ Steam 7
T boiler j et turhine
' waste gas current
) char
air
1—+ ra
coal aas Gas
Air ’ Coal purification
i Ox¥gen | gasifier current
separation > l sulphur and
unit steam I particulates
Integrated gasification combined cycle (IGCC)

Figure 1.1: Conventional and IGCC power-generatimies (Henderson, 2003)

In an IGCC power station a coal gasifier is incogted into the flow sheet. During
gasification coal is reacted with air and steamowygen and steam to produce a
combustible gas (‘syngas’). This gas stream idively easy to clean since it is under
pressure and has a low volume compared with the fjas resulting from

conventional coal combustion. The cleaned gas nsboasted in a gas turbine which
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produces electrical power. Heat is recovered frioenttirbine exhaust gas by means of
a conventional steam cycle. This configuration (€Ccan produce higher
efficiencies (50 %) and lower emissions than cotiveal power stations (Pruschek
and Oeljeklaus, 1997). IGCC also has the advamégeduced water consumption

and the potential for co-production of liquid arekgous fuels and chemicals.

1.1.4 Coal gasification

Coal gasification is a key enabling technology f8CC plants. Coal gasification is
not new to South Africa since Sasol operates 73ilgasifiers at its synfuel plants in
Secunda. The Lurgi gasifier, however, is more duitesynthetic fuel and chemicals
production since it cannot utilize fine coal (< d2n) and byproducts which include
tars and oils are produced. For IGCC plants, fwel gasification is the technology of
choice (Calpine Fuels Diversity Initiative, 2006)he most well-known fine coal
gasifiers are the entrained flow gasifier and thalised bed gasifier. These two types

of gasifier are compared in Table 1.2 and Figuge 1.

Table 1.2: Comparison of fluidised bed and enticifi@w fine coal gasifiers

Fluidised bed Entrained flow
Coal particle size 0.5 mm-5mm <0.5mm
Coal moisture Dry Dry/slurry
Coal type Non-caking coals Low-ash coals
Ash in coal <60 % <30 %
Gasification agents Air, oxygen and steam Oxygehsieam
Temperature 850 °C - 950 °C 1300°C-1450°C
Pressure < 25 bar < 30 bar
Residence time 0.5h-15h <10s
Carbon efficiency 65 % -85 % 75 % - 90 %
Gasification efficiency 55%-75% 55%-70 %
Commercial examples Winkler Texaco, Prenflo, Slagitl

Koppers-Totzek
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Dried coal
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Figure 1.2: Fluidised bed and entrained-flow gassfiParekh, 1982)

The only commercial example of fine coal gasifioatin South Africa is the six
Koppers-Totzek gasifiers which were operated froBv5l to 1999 by African
Explosives and Chemical Industries (AECI) at Modadetein for ammonia
production. Gas production was + 100 000 ¥mcontaining 60 % CO. The fixed
carbon conversion was between 70 and 80 % and dk#iogition efficiency was
between 60 and 70 %. A pilot fluidised bed gasifiepplied by Krupp Engineering
was operated by Highveld Steel and Vanadium Cotjmoran 1988. The objective of
the project was to demonstrate fluidised bed gadifin technology for the
gasification of the discard coal produced by theawnding mines in the Witbank
area. Problems experienced by the Krupp gasifetuded low carbon conversion and

clinkering of the coal at the oxygen and steam leszin the gasifier.
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The advantages of fluidised bed gasification fer glasification of South African coal
include (Schilinget al., 1981):

e Coals that are high in ash and low in grade cagaséied

* Fine coal (<5 mm) can be utilised

* The heat and mass transfer rates are high

» Good temperature control can be achieved

* Lower temperature operation increases refractéey li

* Limestone can be added for in bed capture of hyatraylphide

* As there are no moving parts in the furnace, thenteaance costs are low

* No tar and oil by-products are produced.

A potential disadvantage of fluidised bed gasifaat however, is that due to the
lower temperature in the gasifier, the carbon cosiga is lower than entrained flow
gasifiers which operate at a higher temperature. [dtv carbon conversion decreases

the efficiency of an IGCC power station.

Coal gasification reactions occur at a much lovaée than coal combustion reactions.
It is therefore important to develop an understagddf how coal properties and
conditions in the gasifier affect the gasificatioate and the resulting carbon
conversion. This forms the basis of this investaat

1.2  Objectives of the investigation
The objectives of the project are to:

1) Explore the relationship between the coal charmeton parameters, TGA
results and performance of four high-ash SouthcAfricoals in an air-blown,

pilot-scale fluidised bed gasifier.
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2) Assess the potential of the fluidised bed coal fgasion process for
incorporation into future IGCC power stations stitig high-ash South African

coals.

In order to achieve the objectives, the followiaghkts were carried out:

1) Select and source four high-ash South African ctieds are currently being

used as power station feed.

2) Subject the selected coals to characterisationtla@anogravimetric analysis
(TGA).

3) Design and commission a pilot-scale fluidised basifeer at the CSIR.

4) Gasify the selected coals in the pilot-scale flerdi bed gasifier.

1.3 Scope of the investigation

The work plan for the project consisted of the\atéis described below.

1.3.1 Motivation for the research project

Chapter 1 gives an overview of the background arafivating factors for the
research, followed by the objectives.

1.3.2 Literature review

Chapter 2 gives an overview of publications in tbpen literature on coal
characterisation, coal gasification kinetics, flaetl bed gasification and gasifier
modelling. This review includes references to rssupublished in journals,

conference proceedings and doctoral theses, aimteynet websites.
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1.3.3 Coal selection and characterisation

Chapter 3 contains information on the origin of ftvar selected coals and the criteria
for their selection. The results of the detaile@lccharacterisation tests are given.

The characterisation tests consisted of:
* Proximate analysis
* Ultimate analysis
» Petrographic analysis
» BET (Brunauer, Emmett and Teller) surface areayasmal
» Hardgrove Grindability Index
* Free swelling index and Roga index

» Ash fusion temperature.

1.3.4 Laboratory thermogravimetric analysis

Laboratory TGA tests were done on the four selectedls and these are described in
Chapter 4. Carbon dioxide (GQwas used as the reacting gas and the work cedsist

of:

* Measurement of the relative reactivity of charsivae from the selected

coals
» Determination of the effect of temperature on #ction rate

» Calculation of the Arrhenius activation energy éBd grain model constants

(k andp) based on the experimental data.

1.3.5 Fluidised bed gasifier pilot scale tests

The fluidised bed gasification of the four coaltested for the study is described in
Chapter 5. A description of the pilot plant, togathvith the start-up and operating
procedure that was developed for the process,asepted. The detailed results of

each test are also given in this chapter.

10
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1.3.6 Conclusion and recommendations

In Chapter 6 conclusions are drawn based on thdtsesf this investigation. The
contribution the investigation has made to the Wedge base of science and
technology is given. Finally, recommendations aigery for future work on

gasification of South African fine coal.

11
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

This literature review is divided into four maincens: coal characterisation, coal

gasification kinetics, fluidised bed gasificatiamdefluidised bed gasifier modelling.

2.2 Coal characterisation
2.2.1 Coal properties

2.2.1.1 Introduction
Many analyses and indices are used for the cleasdn of coal. The indices given
below are those that were considered relevantdatinrent investigation, namely the

fluidised bed gasification of coal.

2.2.1.2 Proximate analysis, ultimate analysis andarific value
These analyses originated more than 100 yearsrajara normally used to calculate
mass and energy balances for coal utilisation @xeE® These are relatively simple

analyses to carry out, as described by Ergun (1979)

The proximate analysis consists of determining niwsture, volatile matter, fixed
carbon and ash contents. The determinations are dgmmeasuring the percentage
weight losses when coal is heated stepwise torgppoint (moisture), to 900 °C in
the absence of oxygen (volatile matter), and ogidliat 900 °C (fixed carbon). The
residue that is left is the ash content. It wasgecsed that ash determined in this way
is slightly lower in weight and different in cheralccomposition than the original
mineral matter in the coal. A simple empirical fafla was developed by Ergun
(1979) to relate the mineral matter content of ¢oahe ash determination and is as

follows:

Mineral matter (%) = 1.08(y) + 0.1(S) (2.1)

12
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The ultimate analysis of coal involves determinthg elemental carbon, hydrogen,
nitrogen, sulphur and oxygen by chemical means.chnleon, hydrogen and nitrogen
are determined by burning a dried sample in air medsuring the concentration of
CO,, and HO in the combustion products (ASTM 5373). Totalpbuir is measured

by using a high-temperature combustion tube furfAS&TM D4329) and oxygen is

determined indirectly by subtracting from 100 trerbon, hydrogen, nitrogen and
sulphur values. No simple and reliable direct métihas yet been developed to

determine the oxygen in coal.

The gross calorific value of coal is determinedbdyning a weighed sample of coal in
a calorimeter and measuring the heat that is rettdSO 1928), which includes the
condensation heat of water formed. The calorifi@aan also be estimated from the

ultimate analysis using the well-known Dulong’s atjon given below (Reid, 1973):

CVeoa = 0.338C +1.442H —%) +0.094S (2.2)

2.2.1.3 Petrographic analysis and rank

It has long been recognised that coal is a non-lgemaus substance and that it
consists of discernable components catfederals. The three maceral groups that are
recognised are vitrinite, liptinite and inertinittbu Cann, 2006). These are
distinguished from one another by differences iflectance, colour, morphology,
shape and size. Macerals also have different ct@nommpositions, as shown in
Table 2.1.

Table 2.1: Relative chemical composition of mace(Blu Cann, 2006)

Carbon Hydrogen Oxygen
Vitrinite high medium low
Liptinite medium high low
Inertinite medium low high

13
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One of the most useful petrographic parametersishased in coal utilisation is the
vitrinite reflectance analysis. It has been fouNeggvel, 1979) that vitrinite random
reflectance is a very reliable indicator of ranleiny independent of the vitrinite
concentration and the ash content of the coaldbpendent on the carbon/hydrogen
and carbon/oxygen ratios. Coal rank is a measurthefdegree of metamorphism
(coalification) that a coal has experienced andeases with maturity of the coal. The
rank of coal is important for gasification reseasafice it well known that higher-rank
coals are less reactive than lower-rank coals. imadinite content of coal has also
been found to have an influence on the reactivitgoal since inertinite has a higher
density which restricts the diffusion of reactingsgs within the coal (Eversehal.,
2006).

2.2.1.3 Surface area, porosity and density measuremt of coal

The internal surface area of coal consists of mgres (< 2 nm), mesopores
(2 -50 nm) and macropores (> 50 nm). Coal has dewiange of pore size
distributions and the relative percentage of egple tlepends on the origin and rank
of the coal (Garet al., 1972). The surface area and the number of asties present
influence the reactivity of the coal (Miughal., 1989). The surface area of coal chars
is generally higher than that of coal due to thenipg of micropores when volatiles
are released. The surface area of coal and chargssoften measured using the BET
(Brunauer, Emmett and Teller) method, with nitroges the absorbing gas. The
method consists of measuring the equilibrium adsampressure of Nand relating it
to the amount of plabsorbed and therefore to the surface area.

For cylindrical pores the porosity of coal can lkadcualated using equation (2.3).
Equation (2.3) was derived using surface area ahgime calculations (Engelbrecht,
2007).

d. .S 0
£ — pore ~"BET /~'coal 2 ' 3
oo 4000( 23

14
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The bulk density of low-porosity coals.{a < 5 %) can be measured using the water
displacement method. (Engelbrecht, 2007).

2.2.1.4 Hardgrove Grindability Index

The Hardgrove Grindability Index (HGI) of coal isveeasure of how difficult or easy

it is to grind the coal to smaller sizes (ISO 5074)general, the HGI of coal varies
between 20 and 110, a lower value indicating thatdoal is difficult to grind and a

higher value that it is easy to grind finer. On tit&ole, lignite and anthracite are more
resistant to grinding (i.e. have low indices) thare bituminous coals (Ode, 1963).
The HGI is important for fluidised bed gasificatismce it could be an indicator of

the amount of fines that will be generated in thsifier due to abrasion and attrition.

2.2.1.5 Free swelling index (FSI) and Roga index [R

These indices are used to indicate the caking ggtbaerating nature (tendency to
deform and stick together) of the coal and theescalre FSI 0 - 9 and RI O - 90
(Thomas, 1986). Coals that have a FSI of 0 and af RIdo not cake or agglomerate.
To determine the FSI by the ISO 501 method, onegr&finely powdered coal (250
um) is rapidly heated to 820 °C and the silhoueftéhe resulting coke button is
compared with a series of standard profiles. Thedf$he sample is the number of

the standard profile (O - 9) which it most closedgembles.

To determine the RI by the ISO 335 method, a méxtfrone gram of coal crushed to
< 0.2 mm and 5 g of anthracite sized to betweena@B0.4 mm is compacted in a
crucible under a weight 6 kg for 30 seconds. Alffteing brought to a temperature of
850 °C in 15 minutes, the coke button is weighedl sureened at > 1 mm. The weight
of the > 1 mm fraction is an indication of the aggkrating nature of the coal. If coal
has swelling and agglomerating properties, thidccpotentially be problematic for

fluidised bed operation since the coal particlel stick together, defluidise and

clinkers will be formed in the bed.

15
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2.2.1.6  Ash fusion temperature

The melting of ash in coal is characterised by meainfour temperatures (Ergun,
1979). These temperatures are the deformation tetype (DT), the softening
temperature (ST), the hemispherical temperature @@ the fluid temperature (FT).
In the ASTM method (D-27), a prepared ash sampléhenform of a pyramid is
heated quickly to 800 °C and then at a rate 7 t6Q/&in to 1 600 °C. The DT is
noted when the apex of the pyramid becomes rourdeel ST is recorded when the
pyramid has fused down to a nearly spherical lurapirty the height equal to the
base. The HT is noted when the height of the luegpimes one half of the length of
the base. The final measurement of the fluid teatpee is made when the ash fuses
and spreads into a liquid layer with a height omfn or less. In a fluidised bed
gasifier, there is a zone of higher temperatur¢hat bottom of the bed near the
distributor. In order to prevent sintering of peles and subsequent clinker formation,
the mid-bed temperature has to be maintained at 260 °C below the deformation
temperature (DT) of the ash (Clark, 1979).

2.3 Coal gasification kinetics

2.3.1 Factors affecting gasification rate

Coal gasification consists of coal devolatilisatiand subsequent conversion of the
char that is formed. Since devolatilisation occatsa rapid rate, coal gasification
kinetics are concerned mainly with the slower chasification reactions. The most

important char gasification reactions are:

C +¢0, > 2(1-9)CO+ (29 -1)CO, (2.4)
cC+CQ > 2CO (2.5)
C+HO > CO+H (2.6)
C+2H >  CHy 2.7)

16



CHAPTER 2 LITERATURE REVIEW

The rates of the char gasification reactions afect#d by the external operating
conditions surrounding the char particle and bytdiecrelated to the char particle
(reactivity) (Molina and Mondragon, 1998). The ertd conditions include the
temperature, pressure and composition of the athewspsurrounding the char

particle. The char reactivity is affected by:

1) Structural properties such as surface area angippro
2) The concentration of active sites on the surface

3) The catalytic effect of the mineral matter.

The conditions used for the preparation of chach &s temperature and time has an

effect on the three factors given above.

2.3.2 Relative reactivity

The relative reactivity of a particular char (relatto other chars) is often compared
by using the reactivity indexsgZhanget al., 2006 and Yet al., 1997) which can be

expressed as:

R, =— (2.8)

with 7, being the time (h) taken for the char to reactaetfonal conversion of 0.5 at

specified conditions of temperature, pressure, tilgaogas composition and char
particle size. Therefore if the char takes %2 houetch a fractional conversion of 0.5,

the reactivity index is 1.

17
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2.3.3 Char conversion models

The rate of char conversion with €0 often expressed using the rate equation given
by Lu and Do (1994):

dX

?: kcozF(X)Pcoza (2.9)

As the gasification reactions proceed, the chaoi® structure changes continuously
with the extent of reaction “which leads to vawats in the effective area for reaction
and, then, to variations in reactivity” (De Carvaland Brimacomhel987). The
structural factor F(X) is used to describe the afia fractional char conversion (X)
on the gasification rate of coal chars. Variousictiral factor models have been
developed in order to describe the different waywhich char structure changes with

the extent of reaction (Molina and Mondragon, 199Bedahl and Sjostrom, 1996).

A structural factor model that is often used toadé® char gasification is the grain
model and can be expressed as (Lu and Do, 1994):

F(X) = (1-X)’ (2.10)

This model predicts that the gasification rate @tXivill decrease from the initial rate

when X =0, to zero when X = 1.

Two special cases of the grain model arehibraogenous model ( = 1) (also referred
to as the volumetric model) and tH&inking core model (B = 2/3). The homogenous
model assumes that the reaction takes place urifdimoughout the whole volume
of the particle. The shrinking core model assurhas the reaction occurs only on the
outer surface of the particle and as the reactinfase recedes a layer of ash is
formed around the unreacted core of char. (Zhaire., 2006). The shrinking core
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model is characteristic of “fast reactions” withe overall reaction rate being
controlled by external diffusion. The homogenousdeip on the other hand, is
characteristic of “slow reactions” with the ovénadaction rate being controlled by

chemical reaction rate at the internal surfacénefdarticle.

The random pore model and random capillary model developed by Bhatia and
Perlmutter (1980) and Gavalas (1980) respectivaly predict the char conversion
rate if the rate increases from the initial rat& tmaximum and then decreases to zero.
This behaviour is often explained in terms of scefarea changes, the rate increasing
due to pore opening and growth and then decreatilegto pore coalescence. The

equation for theandom pore model is:

F(X)=(@0-X)y/1-¥In(1- X) (2.11)
p=olo5) (2.12)
S

In the above equatio! is referred to as the structural factog, IS andgg represent

the initial surface area, pore length and porasithe particles respectively.

In equation (2.10) abovey is the reaction order with respect to the reactjag. For
reacting gas pressures of 0 to 1 bar, the reactidar is close to unity. For higher
pressures, the reaction order decreases and remclatise of O at pressures of 12 - 18
bar (Sheet al., 1990).

The effect of temperature on gasification rate bandescribed by the well-known
Arrhenius equation (Yet al., 1997):

19



CHAPTER 2 LITERATURE REVIEW

k = k, exp( _RT—E) (2.13)

The addition of CO and Ho the reacting gases G@nd HO results in a retarding or
inhibiting effect on the overall reaction rate (@bgt al., 1989 and Eversod al.,
2006). The reaction mechanism that explains thiseplation is that CO and;H
adsorb onto the char surface, thereby blockinyadites for C@and HO to react. It

is important to consider this effect in developnmage equations for coal gasification
since in practical gasifiers significant amounts@® and H are present in the
reacting gas. The Langmuir—Hinshelwood-type ratgatigns are used to describe the
intrinsic rate when CO and,Hare present in the reacting gas mix. These empgati

have the form:

kKo P
r, = L% <O F(X) (2.14)
1+ Kco2 PC02 + Kco Pco
kK, P
2 N0 HO F(X) (2.15)

r, =

’ 1+KHZOPHZO+KH2PH2
Njapha (2005) found that if the reactions proceedeparate sites, the overall rate is:
rt = rl =+ r2 (216)

The above rate equation can be incorporated inidifled bed gasification models
that are based on fundamental kinetics. The magadgantage of the Langmuir-
Hinshelwood-type rate equations is the large nurobenknown parameters involved
(Kaitano, 2007).
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2.4 Fluidised bed coal gasification

2.4.1 Background

Fluidised bed coal gasification has the distinctiminbeing the first commercial
application of fluidised bed technology (Kunii ah@venspiel, 1977). In 1926 the
Winkler gasifier, developed by Fritz Winkler, stdtcommercial operation in Leuna,
West Germany, producing fuel gas for gas engineg tompressed ammonia
synthesis gas and hydrogen for tar hydrogenatiguiSs, 1983). Subsequently, 63
gasifiers were constructed, mainly in Europe, JagahIndia, producing fuel gas and
synthesis gas for ammonia and methanol productitarekh, 1982). The Winkler
gasifier operates at atmospheric pressure usingtdigas the feed coal and at a
temperature of 850 °C to 950 °C. A flow diagramtled Winker gasifier is given in
Figure 1.2 (Chapter 1). After 1967 no new Winkli&ns were built since at the time
it was cheaper to produce methanol, ammonia andobgd using oil-based
feedstocks.

In 1978 Reinische Braunkholenwerke AG in Germarartstl development of the
High-Temperature Winkler (HTW) process. In 1986 &07ton/day HTW
demonstration plant was built in Cologne, West Gamm to produce synthesis gas
for methanol production (Brunget al., 1989). Special features of the HTW gasifier

include:
e Operating pressure : 10 bar
* Bed temperature : 1000 °C
* Freeboard temperature : 1100 °C
» Gasification agents : Oxygen and steam
e Coal particle size : 1-4mm

* Pre-drying of lignite coal feed
* Recycling of fly ash

* Dry bottom ash-removal system
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The major disadvantage of the HTW gasifier is thialy reactive non-caking coals
can be used as feedstock. The use of unreactivagcakals in the HTW process
results in low carbon conversions and defluidisatd the bed. There are indications
that the addition of dolomite and limestone to toal could reduce the tendency of
caking coals to agglomerate in the gasifier and atgprove the carbon conversion
(Ocampoet al., 2003).

Research in the USA has concentrated on devela@fhgdised bed gasifier that can
gasify caking coals. This research has resulteédardevelopment of the Kellogg Rust
Westinghouse (KRW) and Institute of Gas Technolgpgas) processes, which have
an ash agglomeration zone in the gasifier (Shiehat., 1988) The concept involves
maintaining two distinct zones within the same eés3he bottom ‘hot zone’
generated by a jet of steam, oxygen and coal istaiaed at temperatures above the
ash sintering temperature. At these temperaturesash is sticky and agglomerates
into low-in-carbon particles. The agglomerates giowize until they defluidise and
drop out of the bed through the bottom classifyihgpat. This type of gasifier is
termed a ‘Fluidised Bed Agglomerating Ash GasififFBAAG). These processes
have, however, been hindered by operating probbamishave not found commercial

application.

2.4.2 Chemical reactions
When coal enters the gasifier, it is first devadised by means of reaction (2.17).

Coal» Char+HO+CO+CO+H+CH;+COS +NH

+HCN+¢ (2.17)

The char that is produced by devolatilisation isvasted by means of heterogeneous
reactions (2.4) to (2.7) and (2.18) to (2.19) (¢aal. 1999).

C +¢0, > 2(1-¢)CO+ (29-1)CO  AH= -252kJimol  (2.4)
C+CO > 2cCO AH= 172kJ/mol  (2.5)

22



CHAPTER 2 LITERATURE REVIEW

C + H,O > CO+H AH = 131 kJ/mol (2.6)
C+2h >  CH, AH= -74kd/mol  (2.7)
C +1/2H0O +1/2 = 1/2CO + 1/2CH4  AH = 28 kJ/mol (2.18)
S+H > H.S AH = -51kJ/mol (2.19)

Homogenous gas phase reactions that take plate idilute and emulsion phases of
the fluidised bed are (Yaat al. 1999):

CO +HO > CO+ H AH = -41 kd/mol  (2.20)
CH;+HO - CO+3H AH= 206 kJ/mol (2.21)
H+%2Q > H,O AH = -242 kJ/mol (2.22)
CO+1/2Q =~ CO, AH = -283 kJ/mol (2.23)
CH;+20G, = CO; + 2H,0 AH = -802 kJ/mol (2.24)

Most of the heat required for the fluidised bedifyzion process, which normally
operates at temperatures between 850 °C and 956 {@oduced by means of the
exothermic partial combustion reaction (2.4). Tkaths required to heat the reactants
(air and steam) to the bed temperature and foerlklethermic reactions ((2.17), (2.5),
(2.6), (2.18) and (2.21)).

2.4.3 Pilot plant investigations

Many pilot plant studies have been carried out rieestigate the fluidised bed
gasification of coal. The objective of pilot plaesting is to investigate the effect of

operating variables such as:

e air/coal ratio

e oxygen/coal ratio
* steam/coal ratio
e coal type

e coal particle size
* bed temperature
e reactor pressure.

on gasifier performance parameters such as:
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e gasyield
e gas composition
e carbon conversion

» fly ash/bed ash ratio.

Potential operating problems such as:

* blocking of coal feeding and ash-removal screw egovs
* bed agglomeration and clinkering
e attrition and thermal shattering of coal

are also investigated.

Gutierez and Watkinson (1982) reported that whesifgiag western Canadian coal
with air, gas calorific values of between 2.9 anfl BIJ/Nn? were obtained. When
steam was added, the calorific value increased2d/Nnt. Carbon conversions of

between 65 and 85 % were obtained.

Chatterjeest al. (1995) conclude from their work that when gasifylituminous coal
and coke-breeze, the bed temperature should beedirto 950 °C for bituminous coal
and to 1 000 °C for coke-breeze to avoid ash aggtation and defluidisation of the
bed.

Jing et al. (2005) tested three coals of differing rank atiougs air/coal ratios,
steam/coal ratios and temperatures, and found ‘tih&t gas yield and carbon
conversion increase with air/coal ratio, steam/aatib, and bed temperature, while

they decrease with the rise of the rank of coal”.

Zhuoet al. (1999) investigated the reactivity of the bed astl cyclone ash produced
from the gasifier. This information is required fohe design of a secondary

combustor for the combustion of the ash producethbygasifier. They reported that
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the bed ash was less reactive than the fly aslcanduded that this was because it
had experienced more ‘thermal annealing’ durindpitger stay in the gasifier.

Huang et al. (2003) investigated the effect of pressure (55-hkhr) on gasifier
operation. They found that:

» Pressure has little effect on the gas composition
* Increase in pressure increases the amount of Ayttest is produced from

the gasifier.

Ocampoet al. (2003) gasified Columbian coal mixed with limestoin a pilot
fluidised bed gasifier with a diameter of 220 mnhey reported that the addition of
limestone prevented clinkering of the bed and a&pt@25 % of the sulphur at 850 °C.

2.4.4 Future developments

Many IGCC demonstration projects are currentlyarnzbnstruction. Three of these

projects have selected fluidised bed coal gasiingechnology for gas production.

The Kellogg Brown and Roots (KBR) transport gasifias been selected as the basis
of the 330 MWe IGCC demonstration plant at the ®tarenergy Station in Orlando
Florida, USA (Smithet al., 2005). The KBR gasifiers (fluidised bed) will fex with

dry sub-bituminous Power River Basin coal and beraj@d in air-blown mode.
Provision has also been made for post-combustiotheffly ash produced by the

gasifiers.

Work on a 400 MWe IGCC demonstrator in Australi@xpected to start at the end of
2007 and be completed in 2009 (Mc Farlane, 2006¢. g@lant will be located in the
Latrobe Valley, in the State of Victoria. The supplof the fluidised bed gasifier has

not been specified.
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At the Vresova plant, which is located between &eyl Vary and Sokolov in the
Czech Republic, existing fixed-bed Lurgi gasifiendl be replaced by HTW fluidised
bed gasifiers for the gasification of lignite taguce 400 MWe power (Bucko, 2000).
The Lurgi gasifiers are being replaced to avoid tveduction of unwanted

by-products.

2.5 Modelling of fluidised bed gasifiers

2.5.1 Introduction

The objective of fluidised bed gasifier modellirggto predict the performance of the

gasifier based on given input conditions.

The input conditions usually include:

» Coal feedrate and analysis

Air flowrate and temperature

e Steam flowrate and temperature
* Oxygen flowrate and temperature
» Gasifier pressure

¢ Heat losses.

The performance parameters are:

e Gasifier temperature
* Gas flowrate and composition
e Carbon conversion

* Temperature and concentration profiles inside teafigr.
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2.5.2 Models

Efforts at modelling fluidised bed gasificationrséa in earnest in the early 1980s and
many models have been developed. Models generalbng to one of the following

categories (Basu, 2006):

e Equilibrium models

* Kinetic models.

Equilibrium models are developed by first setting up mass balancatems for the
system. The mass balance equations (element ba)apoeduce six equations and
eight unknowns. To obtain eight equations and eigtknowns the water-gas shift
reaction (CO + KO > CO, + Hy) and the hydro-gasification reaction
(C + 2H, > CH,) equilibrium equations are added to the mass belaguations
(Furusawaet al., 1989). Solution of the equations produces valioesthe eight
unknowns which are the seven gas components anprdideict gas flow. Using the
input flows and calculated output flows, the ga&sitemperature can be calculated by
means of an energy balance (Kovadtikl., 1990). Equilibrium models cannot predict
carbon conversion and profiles (temperature andaumnation) inside the gasifier.
For this purpose kinetic models are required.

Kinetic models are a lot more complex to set up and solve. Thasisb of several
differential and linear equations that have to blvexd simultaneously. Despite the
complexity of kinetic models, they still requireetlitombustion product distribution
coefficient (p) and the relative reactivity factor ) fto be adjusted to fit the
experimental data. This is because there are mesesuch as coal devolatilisation,

coal shattering and attrition that are not takéa account in these models.

Kinetic models require kinetic data for the indiwé gasification reactions in the
gasifier. A hydrodynamic model is also requirediéscribe the mixing in the bed (Ma
et al.,, 1988). The two-phase theory of fluidisation deped by Davidson and
Harrison (1971) and Kunii and Levenspiel (1977)used to describe the bed
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hydrodynamics. It assumes that the bed considismphases: a bubble phase and an

emulsion phase.

A model developed by Yagt al. (1999) predicted that 21 - 41 % of the oxygen input
to the gasifier is consumed by combustible gabengasifier that is back-mixed to the
distributor region. The remainder of the oxygerctgeavith the char in the bed.

Gururanjan and Argarval (1992) reported that atiredly small proportion of the gas
is produced by the slow-rate char gasification tieac The fast coal devolatilisation
and char combustion reactions have the biggesttedfe gas composition and carbon
conversion in the gasifier. It was concluded thatstof the fixed carbon conversion

occurs in the bottom part of the bed via the pbectianbustion reactions.

All the kinetic models have the char combustiordpic distribution coefficienty) as
an adjustable parameter. The combustion produtttdison coefficient ¢) gives the
relative amounts of CO and G@hat are produced during the partial combustion

reaction according to equation (2.15):

() = Ycor + 0.5Yco (0.5< ¢ < 1.0) (2.17)

Yan and Zhang (2000) found that if homogenous gasbtistion is not considered in
the model, the value af has a large influence on the model predictionsvéi@r, if
homogenous gas combustion is considered in the Imib@éevalue ofp can be set at

between 0.75 and 0.85 with “negligible effect ondalgpredictions”.

The model of Chejne and Hernandez (2002) requiressolution of 29 differential
and 10 non-linear equations using the method ofr @ed Adams. This model was

validated using experimental data from two pilodedluidised bed reactors.
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The model of Yaret al. (1998) considers net flow between the bubble plaaskthe
emulsion phase in the conservation equations. Rlesnmodel, the calculated net
flow was found to be 71 - 87 % of the feed gas fldlve net flow decreased when the

rank of the coal that was used as input to the inodeeased.

A non-isothermal model was developed by Rassal. (2005) to predict the
temperature profile in the fluidised bed. This iseful since a region of higher
temperature is present at the bottom of the gasigar the distributor. It is important
to know what the peak temperature is since thiddcauwdicate the possibility of
clinkering and agglomeration in the bed. The nathsrmal model predicted higher
carbon conversions (higher temperature zone) tharnisbthermal model and was in

better agreement with the experimental data.

The model of Lucet al. (1998) has two adjustable parametegqyélative reactivity
factor) andp (combustion product distribution coefficient). Foedium- to high-rank
coals, a better agreement with the experimenta dais obtained than for low-rank
coals. An explanation for the above observation thas the actual reactivity of coal
is better correlated tq, {(fo = 6.2(1-Gap) for medium- and high-rank coals than for

low-rank coals.
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CHAPTER 3 COAL CHARACTERISATION

3.1 Introduction

This chapter describes aspects concerned with ceaisation of the four coals
selected for the thermogravimetric analysis andidied bed gasification
experimentation described in Chapters 4 and 5.i@e8t2 gives the criteria used for
coal selection and information on the origin of toals. The results and discussion of
the various characterisation tests are present&gdtion 3.3. A summary of the coal

characterisation tests is given in Section 3.4.

3.2.1 Selection criteria

One of the objectives of the project was to evaluhae suitability of fluidised bed
gasification of South African coals for incorpodatiinto future IGCC plants. The
coals evaluated were therefore those that woulkikbly feedstock to IGCC plants in

South Africa in future. The criteria given beloverg used to select four coals:

* Low-grade coals with ash contents between 30 arfd 45
* Feed coals to existing Eskom power stations
« Estimated life of the mines producing the coalsjcWwishould be 30 - 50

years.

New Vaal, Matla, Grootegeluk and Duvha coals gsatisthe above criteria and were

accordingly selected for this study.

3.2.2 Background information on selected coals

Geographical, technical and historical informatmm the selected coals is given in
Table 3.1.
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Table 3.1: Information on the selected South Africaals

Colliery New Vaal | Matla Grootegeluk | Duvha
Location of mine Free Stat¢  Mpumalandampopo Mpumalanga
Coal field Sasolburg| Highveld Waterberg Witbank
Production rate (Mt/a) | 15.2 14.0 15.0 16.0
Started production 1985 1979 1985 1979
Expected lifetime (years)| 30 - 40 40 - 50 40 - 50 30-40
Coal preparation Washed Raw coal Washed Raw coal
Receiving power station Lethabo Matla Matimba Duvha
Power station ratingswe) | 3.6 3.6 3.6 3.5

12005

Table 3.1 shows that the coals selected are fraee tifferent provinces in South
Africa and four different coal fields.

33 Coal characterisation

A representative (£) 1 000 kg coal sample was veckfrom each of the four mines.
The coal was used to carry out coal characterisaésts, thermogravimetric analysis
and fluidised bed gasification experiments. Theultesobtained are discussed in

relation to how the coal is expected to perform ftuidised bed gasifier.
3.3.1 Coal characterisation parameters

3.3.1.1 Proximate, ultimate and calorific value anlgses

The proximate, ultimate and calorific value anatysge the analyses most often
carried out on coal samples and the results aengiv Table 3.2. The analyses were
carried out by Advanced Coal Technologies (Prefani@ccordance with the methods
given in Table 3.2.
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Table 3.2: Proximate analysis, ultimate analysts @alorific value

New Vaal | Matla | Grootegeluk | Duvha
Proximate analysis Standard
Ash content (%) ISO 1171 40.40 33.4( 34.90 32.5(
Inherent moisture (%) SABS 925 5.80 3.50 1.60 1.80
Volatile matter (%) ISO 562 19.20 21.00 24.90 19.90
Fixed carbon (%) By diff. 34.60 42.10| 38.60 45.80
Ultimate analysis
Carbon (%) ISO 12902 42.58 50.64 51.96 58.70
Hydrogen (%) ISO 12902 2.19 2.65 3.15 3.33
Nitrogen (%) ISO 12902 0.89 1.07 0.99 1.27
Sulphur (%) ISO 19759 0.69 0.74 1.58 1.10
Oxygen (%) By diff. 7.54 7.97 5.85 3.14
Calorific value
Calorific value (MJ/kg) | 1SO 1928 | 15.07 18.6( 19.80 21.10

Table 3.2 shows that the selected coals have |darifti@ values and high ash

contents, and are therefore low in grade (Gradel' Bg.inherent moisture and oxygen

contents indicate that the coals are bituminousank. Although fluidised beds are

known for their ability to process high-ash codle high ash content could have a

negative impact on the efficiency of the gasifier.

3.3.1.2 Petrographic analysis

The petrographic analysis was carried out PetrdgcapSA (Pretoria) in accordance

with the 1ISO 7404-3 method.The maceral contentsvitndite random reflectance of

the selected coals are shown in Table 3.3.
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Table 3.3: Petrographic analysis

New Vaal | Matla Grootegeluk | Duvha
Vitrinite (% daf) 23 38 52 13
Liptinite (% daf) 3 5 7 4
Total inertinite (% daf) 74 57 41 83
Vitrinite random reflectance (%) 0.53 0.64 0.68 0.7

'Dry ash free

From Table 3.3 it can be seen that the vitrinitedlan reflectance values are between
0.53 and 0.75 %. According to the classificatioategn by Du Cann (2006) shown in

Figure 3.1, the coals are bituminous in rank amdtlm medium in vitrinite content.

Low rank Medium rank High rank
o C I!B'A|D! C 'B'A|l C ! B! A
£ 100 . ' T ' ;
s —] - ] N ' ' High witri nite
2 a0 — ; — ; ;
E : : : Lo ; : Moderately high
) | P ' I ' ! witri nite
E 60 — : R I Ve
3 I r edium
e — Grootegeluk E E E »n E i E E vitri nite
-y 40 hatla : : :l : , : : o
=2 — ! ] ! ) 1 ' ] Lowy witrinite
o Mew vWaal 24— ] ] 1 ] ]
£ — : H— —
£ Duvha ——ro! : 1 L
> g ! ! H HE : !
03 04 05 06 10 14 20 3.0 4.0 6.0
Vitrinite random reflectance( R %)
Lignite/brown coal |S'hit? Eituminous Anthracite
C I!B|A|[D: C !BIA|l C 1! B! A
a- Sub-bituminous coal
m Selected coals

Figure 3.1: Rank classification system using vitenrandom reflectance
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New Vaal coal has the lowest rank parameter, beloger to the sub-bituminous
coals, and Duvha has the highest rank parameteg lotoser to the semi-anthracite
coals. Pinheiro (1999) reported that 95 % of Sd\ftitan coals fall within the green
square shown in Figure 3.1. The selected coalghemefore representative of the

variation in rank and vitrinite content within Shuifrican coals.

3.3.1.2 Structural and physical properties

The structural and physical properties of the setkcoals are given in Table 3.4.

Table 3.4: Structural and physical properties

New Vaal | Matla Grootegeluk | Duvha
BET surface area (ffg)" 7.01 2.08 0.38 0.17
Bulk density (kg/m)* 1700 1620 1570 1577
BET pore diameter (nm) 11.3 15.4 101.1 16.5
BET Porosity (%) 3.4 1.3 1.5 0.1
Hardgrove grindability indéx | 66 51 47 60

! Carried out by Protechnik Laboratories (Pretoriing the BET method
2 Measured by the CSIR (Pretoria) using the metletetenced in Section 2.2.1.3

% Calculated using BET surface area, BET pore diamand bulk density (equation
(2.3))

* Measured by Advanced Coal Technologies (Pretasi)g the 1ISO 5074 method

From Table 3.4 it can be seen that the surfaceardgorosity of the coals decrease
with increasing rank. The higher-rank coals havepeelenced more extensive
coalification (pressure and time) and therefore ehdower surface areas and
porosities. Table 3.4 also shows that the poresratbe mesopore (2-50 nm) and
macropore range (> 50 nm). The hardgrove grindghitidex (HGI) shows no clear

relationship with the rank of the coal.
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3.3.1.3 Caking properties

Table 3.5 shows that only the Grootegeluk coalaakly caking. It has been found by
other investigators (Du Cann, 2006) that high-dsgh-inertinite and low-volatile
bituminous coals tend to be non-caking in natue/ege agglomeration of coal in a

fluidised bed gasifier is therefore not expecteddour.

Table 3.5: Free swelling index and Roga index tdced coals

New Vaal Matla Grootegeluk | Duvha
Free swelling index (FS1)| 0 0 1 0
Roga index (R 0 0 10 0

Measured by Advanced Coal Technologies (Pretosajg the ISO 501 method

2 Measured by Advanced Coal Technologies (Pretosajg the ISO 335 method

3.3.1.4 Ash melting temperatures and ash analysis
The ash melting temperatures and analysis of thewase determined by SABS
(Pretoria) and are given in Table 3.6 together with measurement methods that

were used.

Table 3.6 shows that the ash softening tempera{®Esof the selected coals are all
above 1 400 °C. Clinkering of the coals in a flaetl bed gasifier, which normally

operates below 1 000 °C, is therefore not expetdentcur. The ash analysis shows
that the ash consists mainly of Si@hd ALO3, and that the ash melting temperature

increases with increasing A); content.

3.4  Summary of coal characterisation tests

The proximate analysis shows that the selectedsduale low calorific values and

high ash contents, and are therefore low in grade.
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Table 3.6: Ash melting temperatures and analysthefsh

New Vaal Matla Grootegeluk | Duvha
Ash melting tempearture | In accordance with ASTM D 27
DT (°C) 1 600 1400 1350 1460
ST (°C) 1 600 1450 1410 1 500
HT (°C) 1 600 1480 1480 1560
FT (°C) 1 600 1500 1500 1 600
Ash composition In accordance with ASTM D 3862
SiO; (%) 56.7 48.2 62.5 55.2
Al O3 (%) 31.7 26.4 21.8 28.6
FeG; (%) 2.61 4.33 8.22 5.22
P,Os (%) 0.25 0.98 0.33 0.64
TiO, (%) 1.55 1.51 0.92 1.66
CaO (%) 2.50 9.71 2.35 3.11
MgO (%) 0.76 1.93 0.83 1.07
K20 (%) 0.44 0.77 0.87 0.90
NaO (%) 0.19 0.46 0.18 0.10

The petrographic analysis shows that the coalhi@te in inertinite and medium to
low in vitrinite content. The vitrinite random le€tance, which is regarded as a
reliable rank parameter, shows that the coals teeleare representative of the

variation of rank within South African bituminoueats.

Structural and physical analyses of the coals stiat the higher rank coals have
lower surface areas and porosities due to the mxt@nsive coalification (pressure

and time) it has been subjected to.

The characterisation tests also show that the duale low caking properties and
high ash fusion temperatures. Agglomeration anukeling of the char in a fluidised

bed gasifier is therefore not expected to occteraperatures below 975 °C.
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CHAPTER 4 THERMOGRAVIMETRIC ANALYSIS
4.1 Introduction

In this chapter the carbon dioxide—char gasificatieaction is investigated for each
coal using a thermogravimetric analyser (TGA). Expents using the TGA analyser
were carried out in order to determine the relatiasification reactivity of chars,
derived from the selected coals, in £&hd to determine the grain model parameters
(k and B) for each char. A brief description of the expesntal apparatus and
operating procedures is given in Sections 4.2 aBd¥he experimental programme is
discussed in Section 4.4, while the experimentllte are presented and discussed in

Section 4.5. Finally, the results are summariseSection 4.6.

4.2 Experimental apparatus

Thermogravimetric analysis is a semi-batch expemimehich involves placing a
pre-weighed sample in a reaction chamber and thgosing the sample to
predetermined conditions of temperature, pressace raacting gas concentration
flowing through the reaction chamber. The main adtlvges of the TGA are that:

1. The mass of the coal sample is continuously recbmigring the reaction
period, which enables instantaneous conversiondeared reaction rates to be

calculated; these can be used for reaction ratesHiagl

2. Since the gas flowrate to the apparatus is largepeoed with the sample
mass, the concentration of the reacting gas atg#tsesolid surface is very

close to that of the feed gas composition and ea@dsily manipulated.

The TGA used was a Bergbau-Forschung GmbH7 modaplied by Deutsche
Montan Technologie (DMT), Germany. This TGA can dien particles with
diameters between 1 and 5 mm and sample masses 21g tat temperatures up to
1 000 °C and pressures up to 10 MPa.
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A schematic representation of the apparatus is showigure 4.1 and a photograph
in Figure 4.2. The apparatus shown consists osasgpply system, the TGA (reactor
and microbalance), a pressure control system andhta acquisition interface.
A detailed description of the TGA is given by Kaita(2007).

Microbalance =

H Data
é ...... acquisition

purge
X

Sample ’
lock

T,

Pressure control

valve ~

Dynamic gas mixe

02
H,O
SG

He

Sample holder

Bypass Steam generator

Figure 4.1: Schematic representation of the appsrat

4.3  Experimental procedure

Coal samples received from New Vaal, Matla, Groeligigand Duvha collieries were
screened (0.85 mm <,k 1.2 mm) into representative batches for the TGA
experiments. For each experiment £ 100 mg of theesed sample was loaded into
the basket of the TGA. The TGA was heated to theraipng temperature before the
sample basket was loaded to the upper sectioneofeifiction chamber which is at a
low temperature (< 50 °C). Before lowering the sknigasket into the hot zone, the
reaction chamber was flushed with reacting gas,j@®order to purge oxygen from
the system. The data logging computer programmesteaited and the sample basket
was lowered into the reaction zone of the TGA. Ti&ss loss of the sample was
recorded by the data acquisition system and thererpnt was continued until no
further mass loss was observed. The reaction tiate,(temperature and mass) was

copied to an Excél file for data processing.
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Figure 4.2: Photograph of the thermogravimetridys®a (Kaitano, 2007)

4.4  Experimental programme
The reaction conditions used for the gasificatinpeziments are given in Table 4.1.

Table 4.1: Reaction conditions used for gasificagaperiments

Particle CO2
Pressure _ .
Coal (kPa) size (mm) concentration | Temperatures (°C)
(mole %)
New Vaal 87.5 0.85-1.20 100 875, 900, 925, 95p
Matla 87.5 0.85-1.20 100 875, 900, 925, 950
Grootegeluk 87.5 0.85-1.2¢ 100 875, 900, 925, 930
Duvha 87.5 0.85-1.20 100 875, 900, 925, 950

For each test, the coal sample mass was () 100amigthe CQ flowrate was
1 800 ml miAY(STP). The tests were carried out at ambient pressthich was

assumed to be approximately 87.5 kPa (absolute).
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4.5 Results and discussion

4.5.1 Normalisation of experimental data

The experiment on Matla coal at 925 °C is usechis $ection to demonstrate how
the experimental data were processed in order tairoplots of char conversion vs.
time for each coal and temperature. The resultallothe experiments are given in
Section 4.5.2.

Data obtained from a thermogravimetric analyseiratbe form of mass as a function
of time, as shown in Figure 4.3 for Matla coal 269C. The sample mass decreases
rapidly during the first minute or two of the exjmeent during which time the coal is
pyrolysed (devolatilised). During the second stdlge,fixed carbon is converted. The
fixed carbon conversion rate gradually decreasas fts initial value until a stage is
reached where no further loss in mass is obseiveel mass loss during the pyrolysis
and carbon reaction stages agrees within £ 3 % thighvolatile matter and fixed
carbon content of the coal. The residue obtaintst #ie experiment agrees within +
5 % with the ash content of the coal (Table 3.2).

The first four minutes of the TGA experiment is wmoin Figure 4.4. It can be seen
from the plot of mass loss as a function of timeg hyrolysis was complete within 1.2
minutes. An accurate estimate of the time requioecbmplete pyrolysis (breakpoint),
can be obtained by fitting a polynomial equatiofti{@®rder) to the first four minutes

of the experimental data given in Figure 4.4. Treakpoint is obtained by calculating
the time at which the first derivative of mass({ihas a function of time (n;[t(t)) ),

attains a constant value (Engelbrecht, 2007).
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Figure 4.3: Isothermal gasification of Matla coafa5 °C in 100 % C@at 87.5 kPa
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Figure 4.4: Initial isothermal gasification of Mattoal at 925 °C in 100 % GGt
87.5 kPa
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The char (reacted carbon) conversion stage, shawfigure 4.5, was obtained by

excluding the mass loss data of the coal pyrolstsige. For the other experiments the
coal pyrolysis time was typically between 0.5 andiButes.

The experimental data shown in Figure 4.5 were absed by expressing the char

conversion variation on an ash-free basis accorirggjuation (4.1) (Kaitano, 2007)

m, —

R — (4.1)
mO - mash

A typical normalised result derived from the datdigure 4.5 is shown in Figure 4.6.
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Figure 4.5: Isothermal gasification of Matla che®2a5 °C in 100 % C@at 87.5 kPa
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Figure 4.6: Conversion of Matla char at 925 °C00 %60 CQ at 87.5 kPa

For each test, twenty data points were used foc#éaulation of R k andp given in
Sections 4.5.2 and 4.5.3. Twenty data points wassidered to be sufficient since
using eighty data points resulted in a differentéess than = 3 % in the calculated

values of B k andB which is within the repeatability of the experime (£ 5 %).

During the tests on Grootegeluk coal it was obsembat the char formed a dense
cake in the basket of the TGA. This can be attebuto the caking properties of
Grootegeluk coal as shown in Table 3.5. Caking lwdirccould have resulted in
diffusion effects since the test at 925 °C produaesimilar result to that of the test at
950 ° C. The tests on Grootegeluk coal were thesatepeated using char prepared in
the apparatus shown in Appendix A.1. The resulthgr did not cake in the basket
of the TGA as experienced with the experiments tisatd Grootegeluk coal directly
in the TGA.
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4.5.2 Gasification reactivity

The relative gasification reactivity at 950 °C bktchars derived from the selected
coals is shown in Figure 4.7. The relative gasiitca reactivities at 875, 900 and

925 °C are given in Appendix A.2.
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Figure 4.7: Relative char gasification reactivity980 °C in 100 % C@at 87.5 kPa

The relative reactivity of char (relative to otlwrars) is often compared by using the
reactivity index R (Zhanget al., 2006 and Yeet al., 1997) given in Section 2.3.2,
equation (2.8):

R =2

T0_5

with 7,, being the time (h) taken for the char to reachaational conversion of 0.5.

The reactivity indices calculated from Figure 4nd &ppendix A.2 are given in Table

4.2 for each char.
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Table 4.2: Reactivity indices {h of chars at 875, 900, 925 and 950 °C in 100 % CO

at 87.5 kPa
Temperature (°C) Rank parameters
of parent coal
Char Vitrinite C (%)
random
875 900 925 950 Dry ash
reflectance
free
(%)
New Vaal 2.75 3.80 5.63 8.92 0.53 79.1
Matla 0.51 0.65 0.99 1.56 0.64 80.2
Grootegeluk] 0.14 0.27 0.40 0.75 0.68 81.8
Duvha 0.13 0.21 0.34 0.52 0.75 84.7

Table 4.2 shows that the reactivity index of tharshdecreases with increase in rank
of the coal, as indicated by the vitrinite randoeflectance and carbon content (daf)
of the parent coals. A similar result was obtaibgd<won et al. (1988) who used a
TGA to measure the reactivity of Chinese, Canadiath Australian coals with carbon
contents (daf) between 70 and 90 %. The higher caaks (Grootegeluk and Duvha)
have lower porosities and surface areas (Table ant) since the CQOgasification
rate of char is controlled by chemical reactiontla# char surface, the reactivity
indices of these chars are lower. The orders ofmhade of the reactivities obtained
by Kwon et al. (1988) are similar to those reported in Table & 200 °C for the
Matla, Grootegeluk and Duvha coal chars. The re#gtof the New Vaal coal char,
however, is orders of magnitude higher than thateeaed by Kworet al. (1988) at
900 °C. The reactivity index of New Vaal coal clfeituminous coal) has the same
order of magnitude as South Australian lignite (Bwam’s coal) as reported by &

al. (1997).
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4.5.3 Evaluation of experimental data against thergin model

The experimental data were evaluated against e grodel described in Chapter 2.
Equation (2.9) and (2.10) given in Chapter 2, $&cf.3.3, reduces to equation (4.2)

since the C@concentration was fixed at 100 % for this invesstiign.

X - x)A
= ka-x) (4.2)

Equation (4.3) and (4.4) are the integrated forfequation (4.2) and expresses the

conversion as a function of time:

X =1-[1- Q- B)k]¢ A (forp#1) (4.3)

X =1- e " (forp=1) (4.4)

The model parameters k afidvere calculated by regression using the experiahent
data for New Vaal char, as shown in Figure 4.8.|&atsons of the grain model for the
Matla, Grootegeluk and Duvha chars are given inefglix A.3. The grain model

parameters for each char and temperature is givéable 4.3.
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m 950 C
— model
¢ 925 C
— model

900 C
— model

875 C
— model

Conversion, X (-)

30 40 50 60
Time, t (min)

Figure 4.8: Grain model for New Vaal char at 872akn 100 % CQ

Table 4.3: Grain model parameters k @rfdr selected chars

Temperature (°C)

875 900 925 950
Char

k! p* Kk B k B Kk B

min?t min* min?t min*

New Vaal 0.0571 0.69 | 0.0773 0.62 | 0.1147 0.62 | 0.181Q0 0.63

Matla 0.0098| 0.47 | 0.0127 0.48 | 0.0194 0.49 | 0.031g 0.63
Grootegeluk 0.0031| 0.91 | 0.0061 0.93 | 0.0090 0.92 | 0.0164 0.88
Duvha 0.0028 0.80 | 0.0043 0.71 | 0.0073 0.83 | 0.011 0.87

! The estimated error in the calculation of k is #5based on the repeatability of

the TGA experiments (£ 5 %)

*The estimated error in the calculationpos + 10 %; based on the repeatability of
the TGA experiments (£ 5 %)
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Table 4.3 shows that each char has a charactesstictural parametef. The
variation of B with temperature could be due to errors associatetth the

experimental data.

The experimental data suggest that the New Vaal cbacts according to the
shrinking core modelp( = 2/3) which is a special case of the grain modéle
shrinking core model assumes that the reactionrecauthe external surface of the
particle and gradually moves to the middle of thdiple, leaving an ash layer behind.
The other special case of the grain model is thmdyenous modelB(= 1) which
assumes that the gasification reaction occurs oamly’ throughout the particle
volume. (Yeet al., 1997). The results indicate that the Grootegethlar reacts
predominantly according to the homogenous modeéreds for the Duvha char, the

reaction takes place via both models simultanedgslginking reacted core model).

The char conversion rate (dX/dt) shown in Figur@ #as calculated using the
experimental data shown in Figure A.3a (Appendi®)AThe grain model plot shown
in Figure 4.9 was calculated using equation (4r2) the values of k angl for Matla
char at 925 °C given in Table 4.3. The experimedtdh plot given in Figure 4.9
shows that the char conversion rate reaches a maxiwalue at a conversion ef
0.18. This could indicate pore growth and increasesurface area, followed by
collapse of the pores and a decrease in surfage asethe reaction proceeds to
completion. This result was confirmed by a testedan the University of Pretoria
using a Mettler 851e TGA (Appendix A.4). The residhow that only the Matla char
exhibits a maximum in the char conversion rate ebrasersion ot 0.21. The lower
value ofp (B = 0.5) obtained for Matla char is indicative of glér char conversion
rate at lower conversion levels, with a rapid daseein the conversion rate at higher
conversion levels. The random pore model of Bhatid Perimutter (1980) is often
used to describe experimental data that shows anmax conversion rate at lower
conversion levels. Since only the Matla char exhibithis behaviour and the
maximum rate was only + 15 % higher than the ihitsae, the random pore model
was not applied to model the experimental data.
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Figure 4.9: Conversion rate of Matla char in 10C% at 925 °C

4.5.4 Arrhenius activation energy

The variation of the reaction rate constant (k)hwtgmperature shown in Table 4.3
can be described by the Arrhenius equation (4.5p ajiven in Chapter 2,
Section 2.3.3:

-E
k = k, exp(—— 4.5
o €xp( — ) (4.5)
The Arrhenius equation can also be written as:

~In(k) = (Ey(%) - In(ky) (4.6)
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By plotting —Ink as a function of 1/T, E is obtaih#om the slope and Ingkfrom the
intercept of the linear graph. The Arrhenius plmtéach char is given in Figure 4.10.

The Arrhenius constants were calculated from Figut® and are given in Table 4.4.

Table 4.4: Arrhenius activation energy (E) and @xponential factor (§

Char E (kJ/mol) In(ko) (s Correlation
Coefficient (R?)
New Vaal 180 (£14) 11.82 (+1.40 0.9884
Matla 184 (+20) 10.44 (+2.04) 0.9765
Grootegeluk 252 (x16) 16.54 (+1.63 0.9919
Duvha 222 (+9) 13.29 (20.88) 0.9970

The uncertainty in the calculated values of E &r#o), given in Table 4.4, are
obtained from the slope- error and intercept-eafothe linear regression equations
(Draper and Smith, 1966).
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—Linear (Duvha) — Linear (Grootegeluky— Linear (Matla) — Linear (New Vaal)

Figure 4.10: Arrhenius plots for New Vaal, Matlao@tegeluk and Duvha chars
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Kaitano (2007) investigated the gasification ofighhash South African bituminous
coal char in 100 % Cgat 87.5 kPa and reported an activation energy 6fkJémol.
An activation energy of 183 kJ/mol was obtained @ghoaet al. (2001) for the
gasification of Argentinean bituminous coal cha7th% CQ at 100 kPa between 900
and 1 160 °C.

4.6  Summary of TGA tests

The carbon dioxide gasification of four high-ashutBoAfrican coal chars was studied
in the temperature range between 875 and 950 °(, M0 % carbon dioxide at an
absolute pressure of 87.5 kPa, with 1 mm coal gesti It was found that the
gasification rate increased with increasing temjeeaand decreasing rank of the
parent coal. Other investigators obtained simiksults for the C@gasification of

coal chars.

It was found that the grain model can be used smrilee the char conversion, with
each char having a characteristic structural patemf& The parameter describes

how the char structure changes during the conversiocess.

The effect of temperature on the reaction rate temiscan well be described by the
Arrhenius equation, and the values of the activagoergy are consistent with the

literature on CQgasification for high-ash coal chars.
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CHAPTER 5 PILOT-SCALE FLUIDISED BED
GASIFICATION

51 Introduction

In this chapter the fluidised bed gasification atle coal is investigated using a pilot-
scale fluidised bed gasifier. In Section 5.2 thediked bed gasifier pilot plant and its
operation are described in detail. The experimgmagramme and the test results are
presented in Sections 5.3 and 5.4. Finally, a suypaiathe fluidised bed gasification

tests is given in Section 5.5.

5.2 Pilot-scale fluidised bed coal gasifier

A pilot-scale fluidised bed gasifier (FBG) at th&I® was used to investigate the
gasification performance of the four selected caakerms of carbon conversion and

gas quality. The main advantages of the pilot FB&tlaat:

(1) The conditions that coal particles are expdseduch as heat-up time,
gas atmosphere and attrition in the bed, are reptasve of a
large-scale FBG.

(2) Since the operation is continuous, gas producethbyFBG can be

sampled and analysed online.

The FBG tests, however, require large coal sam(@3®&8 kg per test) and the furnace

takes = 15 h to heat up and stabilise at the requperating conditions.

5.2.1 Plant and process description

A flow diagram of the FBG pilot plant is given ingere 5.1 and a photograph is also
shown in Figure 5.2. The pilot plant, previouslyeddor fluidised bed combustion

(FBC) trials, was retrofitted in order to carry aihe test programme on the four
selected coals. Specifications of the FBG pilohpkre given in Table 5.1.
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Figure 5.1: Flow diagram of the FBG pilot plant
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Figure 5.2: Photograph of the FBG pilot plant
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Table 5.1: Specifications of the FBG pilot plant

Operating pressure Atmospheric

Bed dimensions (m) 0.2 x 0.2 (square)
Freeboard dimensions (m) 0.55 x 0.55 (square)
Furnace height (m) 4 (2 m bed & 2 m freeboard)
Fluidised bed height (m) <0.6

Coal feedrate (kg/h) 18 - 30

Coal particle size (mm) &g 1-25

Coal CV (MJ/kg) > 10

Air flowrate (Nnt/h) 40 - 60

Steam flowrate (kg/h) 5-12

Bed temperature (°C) 850 - 950

Air temperature (°C) 155 - 210

Fluidising velocity (m/s) 15-25

Coal, air and steam are the input streams to tbheeps which produce the output
streams of gas and char (ash). Coal is fed todkdigr by means of a screw conveyor
at a height of 1.5 m above the distributor. Steargdanerated in an electrode boiler
and is mixed with preheated air before introductiomo the gasifier via the
distributor. The gas produced during the gasifazaprocess is used to preheat the air,
using a shell-and-tube heat exchanger. Char isved&rom the bed (bed char) by
means of a water-cooled screw conveyor and frongdse(cyclone char) by means of
a cyclone which is placed after the gas cooler. @ikedusted gas is combusted

(flared) before it is vented to atmosphere.

5.2.1.1 Fluidisation

In a fluidised bed coal gasifier, the char paricdee suspended (fluidised) by the gas
stream flowing upwards in the furnace. In ordertfar bed to be ‘well fluidised’, the
recommended gas velocity in the bed is greater tihaee times the minimum
fluidising velocity (Uyy) of the char particles. The minimum fluidising @eity can be
obtained by solving equation (5.1) fop,J(Geldart, 1986).
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2y 150((11— E)H U

p

175p,U o = (P = Pg)0d €7 (5.1)

Calculated values of k4 as a function of char particle size, @nd densityds) are

given in Appendix B.1.

5.2.1.2 FBG distributor

An important component of an FBG is the gas diatoh The distributor distributes
the fluidising gas (air and steam) uniformly acrtfss bed area to provide ‘smooth’
fluidisation of the bed. In order to distribute thas uniformly across the bed, it is
essential to design the distributor so that thepgeasing through it has a sufficiently
high pressure drop. It is recommended that the ddtdistributor pressure drop to bed
pressure drop should be greater than 0AF®/APgs > 0.30). Diagrams of the FBG gas
distributor and details of the nozzle are givefigures 5.3 and 5.4.

Distributor plate — I

LPG inlet

Section AA

700 mm

Pressure measurement

Figure 5.3: FBG distributor layout
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Figure 5.4: Details of distributor nozzle

Equation (5.14) can be used to calculate the Hdigwir pressure drop. (British
Standard 1042)

P—( )( ) (5.2)

The pressure drop of the distributor shown in Fegbil3 was measured for different
air flowrates and is given in Appendix B.2. Equat{®.2) was fitted to the data and a
value for the discharge coefficient{)®f 0.67 was obtained for the FBG distributor

nozzle shown in Figure 5.4.

Another essential design feature of a distribusothiat it should prevent bed solids
from falling through into the gas distribution pgeSince the angle of repose of the
bed char is greater than 30° it is recommendedthigavalue ob shown in Figure 5.4

should be less than 30° to prevent back-flow ofdsainto the gas-distribution pipes

(plenum). The angle of repose is the angle formed beap of char on a flat surface.
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5.2.1.3 Furnace details
The internal dimensions of the FBG and the locatidnthe thermocouples and
pressure probes are given in Figure 5.5. Figure sh&ws that the FBG has a

0.2 m x 0.2 m bed section, which expands to a 560.55 m freeboard section.
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Figure 5.5: Dimensions of the FBG furnace

Coal particles that enter the furnace via the &ad chute drop into the fluidised bed
section and start the conversion to gas and chee.char particles move rapidly up
and down between the gasification and combustiorezan the bed. The combustion
zone is limited to the lower 10 - 15 % of the béd\ae the air and steam distributor
and is rich in oxygen. Reaction (2.4) occurs preidamtly in the combustion zone,
resulting in temperatures that are higher (up 1@ k%) than the mid-bed temperature.

Reactions (2.5) to (2.19) occur predominantly ia Iled above the combustion zone.
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Due to the fluidising action of the bed, the chartigles experience attrition and
break down into smaller particles. When the patichre small enough, they are
entrained into the freeboard section (upper pdrthe furnace. Due to the expanded
nature of the freeboard, the gas velocity decreasdsthe particles fall back to the
bed, resulting in internal circulation of particlestween the bed and the freeboard.
Further breakdown of the char particles resultthair terminal falling velocity ()
being lower than the freeboard velocity and theg alutriated from the furnace.
A significant proportion of the char particles (4®0 %) is not elutriated from the
furnace and these are drained from the bottom eflid in order to maintain a
constant fluidised bed height.

5.2.2 FBG start-up and control

The FBG is started up by adding 15 kg of silicadsgh4 - 0.85 mm) to the furnace.
The silica sand is fluidised by starting the foredught (FD) and induced-draught
(ID) fans. LPG is injected into the fluidised sdisand bed via the nozzles shown in
Figure 5.4. The LPG is ignited by means of a dikne which is inserted through the
furnace door and directed down towards the bed.ri\the bed temperature reaches
650 °C, coal addition to the furnace is startedeWthe temperature reaches 850 °C,
LPG injection is stopped, the pilot flame (lance)émoved and the furnace door is
closed. The temperature is further increased by addition and the furnace is
operated in combustion mode (excess air) at 92trf® h. Operation in combustion
mode is required for thermal soaking of the refsaes and heating of the freeboard.
After 6 h, the coal flowrate is increased + foudf@nd steam is added to produce
reducing conditions (oxygen deficient) in the fureaThe furnace is operated for a

further 6 h to allow the bed carbon content andldoard temperature to stabilise.

During heat-up and the test period, the airflovges$ at a fixed value which is high
enough to maintain good fluidisation and low enotmminimise elutriation of fine
char from the furnace (3xkJ < U < 10xUyy). The bed temperature is controlled by
increasing or decreasing the steam flow. If thamstélow drops below a minimum
value (determined by the air/steam ratio), thecaal ratio is adjusted. A minimum

steam flow is required in order to prevent hot spotthe bed. The bed height is

58



CHAPTERS5 PILOT-SCALE FLUIDISED BED GASIFICATION

controlled by removing char from the bed via thel lextraction screw. The gauge
pressure in the furnace is controlled at - 20 m@ Kt 200 Pa) by adjusting the valve
before the ID fan. Once stable conditions havenbmehieved, operating data are

recorded and samples are collected for a peri@itof4 h.

5.2.3 Measurements and analyses

5.2.3.1 Coal feedrate

The coal screw feeder was calibrated by measuhegdtational speed of the screw
shaft and measuring the mass of coal fed in a givea period. During the tests, the
coal feedrate is determined by measuring the ostatispeed of the screw shaft and
using Figure B.3 in Appendix B.3, which gives theakfeedrate as a function of
rotational speed. The accuracy of the coal feedraasurement is estimated to be
+ 1.0 kg/h based on the accuracy of the scale tmethe measurement of the coal
mass during calibration of the coal screw feeder.

5.2.3.2 Airflow

The airflow was measured using a sharp-edged erfiate with pressure tappings at
one pipe diameter ({p upstream of the orifice plate and half a pipemiéer (0yY2)
downstream of the orifice plate. A formula was ded to calculate the airflow using
British Standard 1042, 1964, which gives the aivflas a function of the pressure
drop over the orifice plate, the temperature amdahsolute pressure of the air. The
formula and plot of airflow as a function of pressdrop are given in Appendix B.4.
The accuracy (tolerance) of the airflow measuremengiven by British Standard
1042, 1964 and is + 1.5 N¥h.

5.2.3.3 Steam flow

The steam flow was also measured using an orifi@e pSince the steam is close to
its saturation point, the method given in the BhtiStandard 1042 is not accurate to
within 5 %. The orifice plate was therefore caltbthby measuring the pressure drop
across it and measuring the mass of steam thaedathrough it in a given time
period. The mass of steam was determined by digettie steam to a drum filled
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with crushed ice and then measuring the increasdanmass of the drum and its
contents. The calibration curve for the steam flmvfice plate is given in Appendix

B.5. The accuracy of the steam flow measuremeestisnated to be + 1.0 kg/h based
on the accuracy of the scale used for the measutenfieghe condensed steam mass

during calibration of the steam orifice plate.

5.2.3.4

Specifications of the continuous online gas anasyseed are given in Table 5.2.

Gas analysis

Table 5.2: Specification of gas analysers

Gas Supplier Model Measurement method | Accuracy
CcO Servomex 4210 Infrared +0.25%
H> Servomex K1550 Thermal conductivity + 0.50 %
CH, Servomex 4210 Infrared +0.10 %
CO; Fuji Electric ZAJ Infrared +0.25%

O, Hartman and Braun Magnos 3K  Paramagnetic +0.25 P
5.2.3.5 Temperature and pressure

The process temperatures and pressures are meabyradeans of type K
thermocouples and low-pressure gauges. The locatafnthe temperature and
pressure gauges are shown in Figure 5.1 and Fgbirdue to the bubbling action of
the bed, the bed pressure drop reading fluctuateslb0 Pa.

5.2.3.6

The mass flowrate of char from the bed and cyclsraetermined by collecting and

Char flows and char analysis

weighing the char produced by the bed and cyclamimg the test period. The carbon
in the bed and cyclone char is determined by pta&id g samples in a muffle oven
for a period of 6 h. The resulting mass loss alldtws carbon in the char to be
calculated. Tyler screens are used to determinaigi@eanalysis of both the bed and
cyclone char. To reduce sampling errors, four dampf the bed char and cyclone
char are taken for each test. The standard demiafithe carbon in ash measurements
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is 1.0 % . The char flowrate error is estimatetad.2 kg/h (based on the accuracy of

the scale used to weigh the bed and cyclone cloduped).

5.3 Experimental programme

Coal gasification tests were carried out on thetpgHBG in order to determine for
each coal:

The fixed carbon conversion

The analysis and calorific value of the gas produce

The relative amounts and analyses of the bed atthcyclone char

The temperature profile in the bed.

Table 5.3: Operating conditions for fluidised bedi§cation tests

Bed Mean Mean Fluid- | Absolute | Gasification
Coal temperature | residence| particle ising | pressure agents
(°C) time of size | velocity | (kPa)
char (mm)* | (m/s)
(min)
New Vaal 922 & 947 35-37 24&121.9-2.2 90 Air & stean
Matla 925 & 949 36 - 37 1.6 19-22 90 Air & steam
Grootegelukl 927 & 953 45 - 46 1.9 19-22 90 Air & steam
Duvha 927 & 949 35 -36 1.7 1.9-2.7 90 Air & steam

1 - dyp (PSD’s are given in Appendix B.8)

Temperatures of £ 925 °C and + 950 °C were selected for thdstesnce it is
suggested in the literature (Chattergteal., 1995) that temperatures above 975 °C
could result in clinkering and agglomeration of thed. The TGA tests (Chapter 4)
indicated that temperatures below 900 °C would Itesu very low carbon

conversions.

The char residence times given in Table 5.3 were the practical maximum tifor the
apparatus since increasing the bed height furttmridvhave resulted in excessive
‘slugging’ of the bed (Geldart, 1986). Slugging o when the bubble diameter
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increases to the diameter of the reactor. This @ime@mon can result in reactants
(oxygen and steam) bypassing the bed in the bulitdse without reacting with the

char.

The variation inmean coal particle size between the different tests shown in Table 5.3
resulted from the crushing procedure (cone crusheell for preparing the samples
received from the mines (<20 mm). Since the gzdifbn reactions are chemical
reaction rate controlled and not diffusion contdlffor particles less than 2.8 mm the
variation in mean coal particle size is not expgdtehave a significant effect on the
results (Hansoet al., 2001 and Yet al., 1997).

For the tests, th#luidising velocity was maintained between 1.9 and 2.2 m/s. From
Appendix B.1 and the mean char particle sizes shawrable 5.3, it can be seen that
the fluidising velocity is greater than three timég;, which will result in complete
fluidisation of the bed as explained in Section B2 If the fluidising velocity is too

high, this will result in excessive carry-over efaonverted char to the cyclone.

54 Fluidised bed gasification test results

The results of the eight fluidised bed gasificatieats are summarised in Table 5.4.
The values shown in this table are average valb&smed during 3 hours of stable
operation. Figures 5.6 and 5.7 shows an exampleéheftemperature and gas

concentration profiles during the test period faath coal at 925 °C.

Test 1 was carried out before installation of tlas g@nalysers and no gas readings
(NR) are therefore available. The fluidising vetgcigas calorific value, residence
time, fixed carbon conversion and char elutriatgldafled values in Table 5.4) are
calculated values based on the experimental ddia. calculations are given in
Appendix B.6.

Table 5.4 and Figure 5.6 shows that the temperatittee top of the gasifier {Jis =
190 °C lower than the bed temperaturesdiid ). The high ratio of surface area to

volume of the FBG results in high heat losses, tvigcunfortunately a disadvantage
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suffered by most small fluidised bed pilot plaritarge-scale fluidised beds have a
smaller difference (x 30 °C) between the bed aeeloard temperatures since the

heat losses are a much lower percentage of thientesiaiinput.
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Figure 5.6: Gasifier temperature profiles for Mattal at 925 °C
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Figure 5.7: Gas concentration profiles for Matlalcat 925 °C
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Table 5.4: Summary of fluidised bed gasificatiost$eat 90 kPa absolute pressure

New Vaal Matla Grootegeluk Duvha
Test number 1 2 3 4 5 6 7 8
Coal feedrate (kg/h) 28.7 23.9 27.( 2483  23J0 23.26.4 | 26.4
Airflow (Nm¥h) 522 | 47.0 | 50.6 | 50.9| 485 47.4 475 478
Steam flow (kg/h) 9.1 5.8 8.5 8.5 10.2 10.0 109 0 9.
Air and steam temp. (°C) 202 159 190 18% 178 178 6 17 186
Oxygen: carbon molar ratio 0.48 0.54 0.4p 0.47 0.4®.45 0.34 0.35
Steam: carbon molar ratio 0.50 0.38 0.41 0.46 0.pD.56 0.47 0.39
Coal particle size —g(mm)* | 2.4 1.2 1.6 1.6 1.9 1.9 1.6 1.6
Fluidising velocity (m/s) 2.2 1.9 2.1 2.2 2.1 2.1 2.1 2.1

Mid-bed temperature (°C) ;T | 922 947 925 949 927 953 927 949
Lower bed temperature (°C); T 967 948 995 972 948 978 921 954
FBG exit temperature (°C),T | 750 720 752 756 742 764 761 773

Dry gas composition

CO (%) NR [11.1 | 108 | 116 87 102 88 9.9
H, (%) NR | 8.6 100 | 9.6 9.4 9.5 8.5 9.3
CH, (%) NR [ 07 0.8 0.7 1.1 1.1 0.8 0.7
CO, (%) NR 158 | 148 | 146| 150/ 149 153 15p
N, + others (%)’ NR 63.7 | 635 | 63.4| 657 64.2 663 65
0, (%) NR [ 01 0.1 0.1 0.1 0.1 0.1 0.1
Gas calorific valug(MJ/Nnt) | - 28 [3.0 3.0 2.7 2.9 2.5 2.7

Bed pressure drop (Pa)P,) | 2664 | 2115 | 2553 2259 2553 2558 2455 2456
Char residence time (min) 36.7 |36.6 |[374 |37.6 |[451 |451 | 357 |35.7

Carbon in bed char (%) 2.8 1.4 24 20.8 26(8 26.88.6 33.9
Bed char particle size (mm) 1.1 0.6 1.2 1.0 0.8 1.00.9 1.2
Carbon in cyclone char (%) 19.5 15.5 32.8 2718 31.@7.0 | 41.6 | 43.2

Cycl. char particle size (mm) 0.07 0.09 0.0b 0.7 .070 | 0.07 0.06 0.08
Char elutriated to cyclone (%)| 60.6 | 66.6 |[53.8 |556 [51.1 |51.6 |58.3 |59.9
Fixed carbon conversiif%) 827 [859 |68.2 |74.0 |63.2 |67.0 |[52.0 |53.7

" dso — 50 % of the coal mass is less than tesize (PSD is given in Appendix B.8)

2NR - no reading

3 Others are < 0.4 % and include34 NH;, HCN and G

* (N, + others) by difference

®> The estimated error in the calculated gas catoviélue is given in Appendix
B.6.2

®The estimated error in the calculated fixed carbomversion is given in Appendix
B.6.4
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5.4.1 Fixed carbon conversion

Figure 5.8 shows that the fixed carbon conversibthe lower-rank coals is higher
than for the higher-rank coals. A similar resultsvadotained by Jingt al. (2005) who
gasified three Chinese bituminous coals of diffgniank in a fluidised bed gasifier. It

can also be seen that increasing the temperature 925 °C to 950 °C increased the
fixed carbon conversion by an average of 3.6 %.
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Figure 5.8: Fluidised bed gasifier fixed carbon\eension

Using the fixed carbon conversion and residence ftilata in Table 5.4 for each coal
and temperature, the reactivity index)(Bf the coal in the FBG was calculated using
equation (2.8) and these indices are presentedalneT5.5. Calculation of the

estimated time required to achieve 50 % conversidhe FBG is given in Appendix
B.7 (Table B.7.1).

65



CHAPTERS

Table 5.5: Reactivity index Rof coals in the FBG and TGA U

PILOT-SCALE FLUIDISED BED GASIFICATION

Temperature (°C)
Coal 925 950
TGA FBG TGA FBG
New Vaal 5.63 1.74 8.92 1.88
Matla 0.99 1.20 1.56 1.34
Grootegeluk 0.40 0.94 0.75 1.05
Duvha 0.34 0.86 0.52 0.93

The estimated error in the calculation gfiRthe FBG is given Appendix B.7

Table 5.5 shows that the order of ranking of re@ats of the different coals in the
TGA and FBG are the same (New Vaal highest and Buelwest). In the FBG,
however, the variation in the reactivity index igngficantly lower than in the TGA.
A possible explanation for this observation is tinathe FBG a large percentage (50 -
60 %) of the fixed carbon is converted by the fpattial combustion reaction
(equation (2.4)) (Yan and Zhang, 2000). In the T&lAthe fixed carbon is converted
by means of the C&char gasification reaction (equation (2.5)). Tlenbustion rate
of 1 - 2 mm bituminous coal particles in a fluidiseed combustor at temperatures
above 900 °C is under external diffusion controt aes less dependent on the
reactivity of the coal (Brunell@t al., 1996). Since the factors that affect external
diffusion, such as oxygen concentration, tempeeatparticle size and fluidising
velocity, were nearly constant for each coal testedhe FBG, the fixed carbon
conversion rate by partial combustion would be lyeemnstant, resulting in a lower

variation in the measured reactivity index.
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5.4.2 Calorific value

The calorific value of the gas given in Table S4ilotted in Figure 5.9 as a function
of the coal rank parameter JRand temperature. The calorific value of the gas i
comparable (x 10 %) to that obtained by other itigators (Jinget al., 2005,
Ocampoet al., 2002 and Gutierez and Watkinson, 1982) who itiyated the air-
blown fluidised bed gasification of bituminous coaing small pilot plants.
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Figure 5.9: Gas calorific value as a function dfimite random reflectance (R

The disadvantage of a small pilot plant is thathbat losses are high as a percentage
of the total heat input. In order to maintain tleel temperature above 900 °C, without
external heating, a high air/coal ratio is requir€lis reduces the calorific value of
the gas due to nitrogen dilution. The high ash eainbf the coals tested also has a
negative impact on the calorific value since théa has to be heated to the bed
temperature by means of char combustion which mesla high C@concentration

in the gas (x 15%).
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Figure 5.9 shows that although New Vaal coal hashtghest reactivity (lowest rank),
it produced a calorific value that is similar tathof the lower-reactivity coals. This
trend was also observed by Gururanjan and Argd®&92) who concluded that the
volatile matter content of the coal has a gredteceon the calorific value of the gas

than the char reactivity.

5.4.3 Char fines generation and elutriation

Table 5.4 shows that the particle size of the Heat ¢s lower than that of the feed
coal. This is a result of thermal shattering artdtan of the coal in the bed which
results in the generation of fines that are evdiytwutriated from the gasifier. The
particle size distributions, appearance and redasimounts of the coal, bed char and

cyclone char are shown in Appendices B.8 and B.9.

The relationship between the percentage cyclonearhthe Hardgrove Grindability
Index (HGI) is given in Figure 5.10 for each coatlaemperature.
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Figure 5.10: Char fines generated as a functidi@f
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Figure 5.10 shows that the char fines generated edmgiated increase with the
grindability of the coal and with the temperatusace the fly-ash (cyclone char) has
a higher carbon in char, as shown in Table 5.4g#reeration of fines has a negative

impact on the total fixed carbon conversion.
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Figure 5.11: Comparison of fixed carbon conversiothe FBG and TGA

The negative effect of fines generation in the F&fixed carbon conversion is
illustrated in Figure 5.11 which compares the fixadoon conversion in the FBG and
the TGA at the residence times given in Table 6rdefach coal and temperature. It
can be seen that complete conversion of the New dfeat was achieved in the TGA
whereas in the FBG the conversion was significatdlyer at + 84 %. The fines

generated are entrained to the freeboard of the WBE&e they are not exposed to
oxygen but to the freeboard gas which contain® %1CQ, £ 10 % BO, £ 9 % CO,

*+ 8 % H, and the balance NThe freeboard gas produces a low conversionafate
char due to the low concentrations of £&hd HO and also due to the inhibiting

effect of CO and klon the reaction rate (Goyetlal., 1989 and Eversaat al., 2006).
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Using the experimental data and least squaress®igre a correlation was developed
to predict the amount of cyclone char that wouldobsduced by the gasifier. This is
given by equation (5.3) for values of U from 1.9rd<2.2m/s and values of, &rom

1.2 mmto 2.4 mm.
Elutriated char (%) A = 313HGI)**(U)™=(d, )™ (5.3)

In equation (5.3), gdis the mean particle size 5@l of the feed coal. A similar
correlation was used by Rhinehastftal. (1987) to predict the carry-over of fines
from a fluidised bed gasifier.

Char particles taken from the bed of the gasifrershown in Appendix B.10. These
images show that the New Vaal coal reacts via tivenldng core model and the
Duvha coal reacts via the homogenous model asqteelddby the TGA experiments
(Chapter 4).

5.4.4 Bed agglomeration and clinkering

Table 5.4 and Figure 5.6 shows that the temperatiose to the distributor ¢J is

higher than the temperature in the middle of the @3g). This is a result of oxygen
reacting with the char and with back-mixed comlhlstgas close to the air distributor
(Rosset al., 2005). Ciesielczyk and Gawdzik (1994) reportedt tthe maximum

temperature is limited to the bottom 10 % of thd bad is up to 200 °C higher than
the uniform bed temperature in the middle of the.bEhe maximum temperature
increase observed during the pilot plant tests wag0 °C (Test 3). The lower
maximum temperature could be due to heat lossesudhr the bottom of the

distributor (see Figure 5.3).

Due to the non-caking nature of the coals tested,agglomeration and defluidisation
of the bed did not occur during any of the testse Fame result was achieved by
Gutierez and Watkinson (1982) who gasified nonfgkCanadian coal in an air-

blown fluidised bed gasifier.

70



CHAPTERS5 PILOT-SCALE FLUIDISED BED GASIFICATION

Upon inspection of the bed after Test 1, small ks were observed on the
distributor as shown in Appendix B.11. This could Bue to segregation of the
particles to the bottom and corners of the bedrasut of the larger coal particle size

used for this test.

5.5  Summary of fluidised bed gasification tests

The atmospheric pressure air-blown fluidised besifigation of four high-ash South

African coals was investigated at temperature26f<€ and 950 °C.

The results show that the fixed carbon conversidnieaed in the gasifier correlates
well with the rank parameter {Rof the coal. Although the order of reactivitiesthe
fluidised bed gasifier and the TGA are the same vidriation in the reactivity index
in the fluidised bed gasifier is significantly low¢han in the TGA. This was
attributed to the large amount of fixed carbon teatonverted by means of the partial

combustion reaction, the rate of which is less itgrg0 the reactivity of the char.

Due to its higher ash content and lower volatiléteracontent, the New Vaal coal did
not produce a higher gas calorific value than ttieerocoals, despite having a much

higher char reactivity.

The carbon conversions and calorific values obthiaee consistent with published
literature on air-blown fluidised bed gasificatiaf high-ash coals in small pilot

plants.

The low fixed carbon conversions and calorific eslwbtained are the result of the
inherent disadvantages of a small pilot plant gasifvhich include high heat losses
and low residence times of bed and cyclone chdreiCiaictors, not directly related to
the size of the gasifier, that reduce the carbanwersion and calorific value of the
gas are the generation of fines in the gasifiertaeddilution of the gas with nitrogen

(air-blown).
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No agglomeration and defluidisation of the bed welbserved during the fluidised
bed gasification tests. This is consistent with lttexature which suggests that only
coals with high FSI and RI indices (caking coals) prone to agglomeration in a

fluidised bed gasifier.

A region of higher temperature was observed abbeegas distributor of the pilot
FBG,; this has also been reported by other investigavho studied the fluidised bed
gasification of coal. Since the maximum temperatinerease was only 70 °C,

melting and sintering of the char in the bed ditlaxur.
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CHAPTER 6: GENERAL CONCLUSIONS AND
RECOMMENDATIONS

6.1 General conclusions

This dissertation presents results concerning ltlaeacterisation of four typical high-
ash South African coals, followed by thermogravimeetnalysis and fluidised bed

gasification tests. The conclusions drawn frors thvestigation are the following:

1) There are significant differences in gasificatioham@cteristics between

different high-ash South African bituminous coals.

2) The rank parameter of the coal,\#& a reliable indicator of the reactivity of
the coal and of the fixed carbon conversion aclikvan a fluidised bed

gasifier.

3) Although the order of ranking of reactivities ofetldifferent coals in the
fluidised bed gasifier and the TGA are the same vtriation in the reactivity
index in the fluidised bed gasifier is significgnkbwer than in the TGA. This
can be attributed to the large amount of fixed carkthat is converted by
means of the partial combustion reaction, the odt®hich is less sensitive to
the reactivity of the char.

4) The low fixed carbon conversions and calorific ealwbtained are the result
of the inherent disadvantages of a small pilot pésifier, which include high
heat losses and low residence times of bed andmydhar. Other factors, not
directly related to the size of the gasifier, theduce the carbon conversion
and calorific value of the gas are the generatidimes in the gasifier and the

dilution of the gas with nitrogen (air-blown).
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5) The low free swelling (FSI) and Roga (RI) indicesgether with the high ash
fusion temperature (AFT) of the coals tested, pmése@ agglomeration,

clinkering and de-fluidisation of the bed.

6) The amount of fines generated in the gasifier &edrésulting elutriation rate
of fly-ash from the gasifier can well be descriltigdthe hardgrove grindability
index (HGI) of the feed coal.

7) Due to the low reactivity of most South Africanutinous coals, a secondary
char combustion stage may be required after theidled bed gasifier, in order

to achieve overall carbon conversions in exce$5dfo.

6.2 Contributions to the knowledge base of coal ®ce and technology

A experimental relationship was established betvoeah characterisation parameters,
TGA measurements and performance in a fluidiseddaesifier for typical high-ash

South African coals. This information, which hag been reported in the published
literature, could be useful in selecting South édn coals for IGCC power stations

based on fluidised bed gasification.

6.3 Recommendations for future investigations

The following recommendations are proposed forherrtwork on the fluidised bed

gasification of South African coal:

1) In order to achieve acceptable IGCC plant efficienc(> 45 %), a gas
calorific value and fixed carbon conversion ofeast 4.25 MJ/Nfhand 75 %
respectively are required (Smihal., 2005). The fixed carbon conversion and
gas calorific value achieved in the pilot-scaleidised bed gasifier can

possibly be improved by:
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a. Increasing the height of the fluidised bed

b. Increasing the height of the furnace

c. Recycling cyclone char to the bed

d. Increasing the air and steam pre-heat temperatures
e. Enriching the gasification air with oxygen

f. Reducing heat losses.

The effect of the above optimisation steps cambestigated by:

a. Modifiying the pilot-scale fluidised bed gasifier

b. Developing a simulation model for the fluidised bgdsification

process.

2) Since most applications of fluidised bedsifigrs, such as IGCC plants,
operate at pressures up to 2.5 MPa, gasificatiseareh work under
pressurised conditions is recommended. As merdiameSection 2.3.3, the
rate of the gasification reaction increases witkspure up to + 1.5 MPa, after
which no further increase in rate is observed. &itie coal residence time
decreases linearly with an increase in pressueefited carbon conversion is
likely to be lower at higher pressures. It is tliere essential to carry out TGA

and pilot plant tests at higher pressures.

3) Control of the high-temperature region \abdhe distributor is critical for
trouble-free operation of a fluidised bed coal fiasi It is therefore
recommended that a better understanding of thetedfeoperating conditions
on the temperature distribution in this region bletamed by inserting
additional thermocouples into the lower 20 % of thed. The simulation
model referred to above should also be extendethdorporate the high-

temperature region.
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APPENDIX A: THERMOGRAVIMETRIC ANALYSIS

Appendix A.1: Char preparation apparatus for Grootegeluk coal

Gas vent —
Muffle oven

—

Rotameter
Sample holder

Char

925 C

Argon cylinder

Figure A.1: Char preparation apparatus for Grodtégeoal

Appendix A.2: The relative char gasification reactvities at 925, 900 and 875 °C
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Figure A.2a: Relative char gasification reactiaty875 °C in 100 % Cgat 87.5 kPa
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® New Vaal

¢ Matla

o o
o o

Grootegelul

Conversion, X
o
N

©c o 0 o
o R, N W

Duvha

0 200 400 600 800
Time, t (min)

Figure A.2b: Relative char gasification reactiwity900 °C in 100 % Cgat 87.5 kPa
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Figure A.2c: Relative char gasification reactivaty925 °C in 100 % Cg£at 87.5 kPa
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Appendix A.3: Evaluation of grain model for Matla, Grootegeluk and Duvha
chars

1.0 A - . —
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Figure A.3a: Grain model for Matla char at 87.5 ki*&00 % CQ
m 950 C
— model
¢+ 925C
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900 C
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875 C
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Time, t (min)

Figure A.3b: Grain model for Grootegeluk char at58¢Pa in 100 % CO
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Conversion, X (-)

= 950 C
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Figure A.3c: Grain model for Duvha char at 87.5 kiP200 % CQ

Appendix A.4: Conversion rate of chars
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Figure A.4a: Conversion rate of chars at 1 000h@ &/.5 kPa
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APPENDIX B: PILOT-SCALE FLUIDISED BED GASIFICATIO N

Appendix B.1: Calculated values of i as a function of char patrticle size

2
Char density
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Figure B.1: U as a function of char particle size for variouarctiensities
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Appendix B.2: Distributor pressure drop
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Figure B.2: Distributor pressure drop as a functibairflow

Appendix B.3: Coal feeder calibration curves

50
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Figure B.3: Coal feeder calibration and calculafmmulae
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Appendix B.4: Airflow calculation

90

O1BRE)E
80| o= a45 [ DLEEALE
27347

70 {Q= Airflow (Nm%h)

g 60 - AP= Orifice pressure drop (kPa)
ME P = Absolute pressure (kPa)
Z 50-T= Temperature®(C) J— -
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Figure B.4: Airflow orifice calibration curve
Appendix B.5: Steam flow calibration curve
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Figure B.5: Steam flow orifice calibration curve
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Appendix B.6: Calculation of fluidising velocity, cas calorific value, residence

time, fixed carbon conversion and elutriated chapercentage

Appendix B.6.1: Calculation of fluidising velocity(U)
Note:

o Normal (N) conditions are 101.325 kPa and 273 °C

o 1 Nm?contains 44.64 gmoles of an ideal gas

Gyer- 1000

Total gas flow to bed (N¥h) = NQota = Q,;, +M -

Q,, +1245G,,,

Total flow to bed at bed conditions {n) = Qo = NQ,, (101325j(TB i 273)

P, 273

Q. +1245G )101325 T, +273
Qua . & 7 sieam P, 273

36004, 3600A,

= [U(m/s)= (B.6.1)

The accuracy of the calculated fluidising velodity) is associated with errors in the
measurement of £ Gsieam Ts @and RB. Using the tolerances given in Section 5.2.3 and

equation (B.6.1) the accuracy of the calculated Bstimated to be £ 0.1 m/s.
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Appendix B.6.2: Calculation of gas calorific valugCV)

The gross calorific value of the gas can be caledlafrom the gross heat of

combustion of the following combustion reactions{th and Van Ness, 1975):

CO+%02=>CQ AHe0s = 283.1 kd/mol = 12.639 MJ/Nm
Hy+%02=>HO AHe0s = 286.0 kd/mol = 12.766 MJ/Nm
CHs+ 202 =>CQ +2H0 AHe0s = 890.8 kd/mol = 39.765 MJ/Nm

=>  [cv(MI/Nm®) = 0.12639v,, +0.12766V,, +0.39765V,,, (B.6.2)

Voo = CO concentration of the gas (volume %)

Vi

H concentration of the gas (volume %)

2

Veu, = CHs concentration of the gas (volume %)

The accuracy of the calculated calorific value (G%)associated with errors in the
measurement of 36, V2, and ks Using the tolerances given in Section 5.2.3.4. an
equation (B.6.2) the accuracy of the calculatedi€¥stimated to be + 0.15 MJ/kg.
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Appendix B.6.3: Residence time calculation of bechar

Bed pressure drop (Pa)¥s = Pi-P, (see Figure 5.5 and Table 5.4)

AP, = M.g (B.6.3a)
As
where:
My = Bed mass above pressure probe (kg) (above P1)
g = Gravitational constant (s 9.81
Ag = Bed area (A= 0.04
=> M, = AR A _ AR (B.6.3b)
g 2455

Bed mass below pressure probe = [helow R)

M 2= AB (l_g)lochar H

(B.6.3c)
where:
€ = Bed voidage at bed velocity = 0.63 ( bed vieyoe 3xUpy)
Pchar = Char density (kg/M = 1 200 kg/m
H = Distance from distributor to pressure prohe P =0.130 m
== M, = 231Kkg

AP,

Total bed mass (kg) = MM; + M, = YT + 231 (B.6.3d)
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. . . M
Residence time of char (min) =t—'

60 (B.6.3e)
char
G,y (C, +C.
Gchar — coal ( ash flxed) (B63f)
10C

where:

Geoal = Coal federate (kg/h)

Cash = Ash in coal (%)

Cixed = Fixed carbon in coal (%)

The accuracy of the calculated char residence (ijrie mainly associated with errors
in the measurement &fPg and Goa Using the tolerances given in Section 5.2.3 and
equations (B.6.3a) to (B.6.3f), the accuracy of tadculated residence time (t) is

estimated to be + 3 min.
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Appendix B.6.4: Calculation of fixed carbon conver®n and percentage char

elutriated

The following measured values are used to calcula¢efixed carbon conversion

(Crixepcon) and percentage char elutriatedA

Coal feedrate (kg/h) =& = a (measured)
Fixed carbon in coal (%) =ffq=b (measured)
Ash in coal (%) = Gn=CcC (measured)
Bed char flowrate (kg/h) =§z=d (measured)
Carbon in bed char (%) =gc= e (measured)
Carbon in elutriated char (%) =&=f (measured)

The elutriated char flowrate could not be accurately measured since a certain
percentage bypasses the cyclone and cannot betedllé he elutriated char flowrate

is therefore determined by means of an ash balance.

Elutriated char flowrate (kg/h) =dg=¢ (calculated)

ac = d.(100-e) +g.(100-f) (ash balance) (Bap.4

_ _ ac—d(100-¢) (B.6.4b)
100- f

The fixed carbon conversion is calculated by means of a carbon balance
Fixed carbon conversion (%) Zfepcon = h (calculated)

h= (ab-(ed + fg)).100
ab

(B.6.4c)
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The percentage elutriated char is calculated fitoerbed and elutriated char flowrates.

Percentage elutriated char (%) & Ai (calculated)
i - 9100 (B.6.4d)
d+g

The calculated values (shaded rows) for each tesjigen in Table B.6.4.1.

Table B.6.4.1: Calculation of fixed carbon convensand elutriated char

New Vaal Matla Grootegeluk Duvha
Test number 1 2 3 4 5 6 7 8
Coal feedrate (kg/h) 28.70 239 270 243 230 23.0 426.26.4
Fixed carbon in coal (%) 34.60| 34.60f 42.10 42.10 38.60 38.60 4580 4%.80
Fixed carbon feedrate (kg/h) 9.93 | 8.27 | 11.37| 10.23| 8.88 | 8.88 | 12.09( 12.09
Ash in coal (%) 40.4Q 40.40 3340 33.40 34|90 34.92.50( 32.50
Ash feedrate (kg/h) 11.59| 9.66 | 9.02 | 8.12 | 8.03 | 8.03 | 858 | 8.58
Bed char flowrate (kg/h) 525 362 584 478 5p2 05/36.00| 5.68
Carbon in bed char (%) 280 140 2430 2080 26.86.4@ 38.60] 33.9(
Carbon in bed char (kg/h) 015 | 0.05 | 142 | 099 | 148 | 1.40 | 2.32 | 1.93
Ash in bed char (kg/h) 5.10 | 3.57 | 442 | 3.79 | 4.04 | 3.90 | 3.68 | 3.75
Ash in elutriated char (kg/h) 6.49 | 6.09 | 460 | 433 | 3.99 | 413 | 490 | 4.83
Carbon in elutriated char(%) 19.50 15.p0 32(30 27.80.0(B[L 27.00| 41.6Q 43.2D
Carbon in elutriated char (kg/h) | 1.57 | 1.12 | 2.19 | 1.67 | 1.79 | 1.53 | 3.49 | 3.67
Fixed carbon conversion (%) 82.7| 859 | 68.2 | 740 | 63.2 | 67.0 | 52.0 | 53.7
Char elutriated (%) 60.6 | 66.6 | 53.8 | 55.6 | 51.1 | 51.6 | 58.3 | 59.9

The accuracy of the calculated fixed carbon coneerdCeqxepcon) IS mainly
associated with errors in the measurement g@f,GGsc, Csc and Ge. Using the
tolerances given in Section 5.2.3 and equation.4R)ao (B.6.4d), the accuracy of the
calculated fixed carbon conversion is estimateloeta: 2.5 %.
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Appendix B.7: Calculation of reactivity index (Rs) in the fluidised bed gasifier

The reactivity index is calculated using equati®) given in Section 2.3.2

R == (2.8)

The time to reach 50 % conversion,{) in the FBG is estimated from equation (4.3)

and from the pilot plant data given in Table B.7.1.

1

X =1-[1- 1- B)kt]®*# (4.3)

Table B.7.1: Pilot plant data and calculated vahfds, 1o and R

New Vaal Matla Grootegeluk Duvha
Test number 1 2 3 4 5 6 7 8
Bed temperature (°C) 922 947 925 944 92y 953 927 on9

Fixed carbon conversion (X) 0.82f 0.8%9 0.682 0.74 3D.60.670| 0.520, 0.53]

Residence time (min) 36.7 36.6 374 37p 45|]1 45.15.7 3| 35.7
Structural parametef) 0.64 0.64 0.52 0.52 0.92 0.92 0.80 0.80
Rate constant (k') (min 0.035| 0.038/ 0.024 0.026 0.041 0.024 0.019 0.020
Time to 50 % conversion (h) 0.288B 0.266 0.418 0.37253®.| 0.478| 0.581] 0.539
Reactivity index (R (h") 1.74 1.88 1.20 1.34| 0.94 1.0§ 0.86 0.98

The apparent reaction rate constant can be catculsing the rearranged version of
equation (4.3) and the conversion residence tineeidarable B.7.1.:

_1-@-X)"*

B.7.1
td-p) E-7Y
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Finally the estimated time to reach 50 % convergrequired for equation (2.8) ) is
calculated using equation (B.7.2) with the caledawalues of k' and setting the

conversion (X) equal to 0.5.

_1-@-x)"*

s =T B.7.2
o T T a-p) (8:72)

The accuracy of the calculated value of the redgtindex (R) in the FBG is mainly
associated with the accuracy of the calculatedevalufixed carbon conversion (£ 2.5

%) and the residence time (+ 3 min) and is estithaiee + 0.2 H.
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Appendix B.8: Particle size distributions of coalbed char and cyclone char
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Figure B.8a: Particle size distribution of coal
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Figure B.8b: Particle size distribution of bed char
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Figure B.8c: Particle size distribution of cycloctear
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Appendix B.9: Coal, bed char and cyclone char

Figure B.9: Appearance and relative amounts of andlchar
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Appendix B.10: Char particles removed from the gagier

Figure B.10b: Duvha bed char particle (2 mm)
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Appendix B.11: Distributor of the fluidised bed gadier (FBG)

Small clinkers
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Figure B.11: Small clinkers in the corner of theG-Bistributor
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