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Abstract

Global energy consumption is projected to increase the world over from 546 EJ in 2010
to an estimated 879 EJ in 20%Lrei et al., 2013)Several factors contribute to this
projected increase including growing globapptation, better quality of life globally, and
continued electrification of services and products. Three serious issues arise from the
increase in consumption and production, that is, fuel supply, and availability and
increased anthropogenic emissions. Mmeet demand, developing countries, such as
Pakistan, are investing in power generation research and technoWiést a number

of technologies are available, fluidised bed combustion (FBC) is an attractive
technological option because of its abilityitandle fuels with variable calorific content,
moisture content, mineral content and high alkaline content. FBC offers reliable thermal
output because of the large thermal mass (fluidised bed) associated with the method. This
thesis set out to explore thegsibility of using low grade fuels in FBC and investigate

the impact the fuels have on agglomerate formation rates and combustion efficiencies.

To explore the potential of FBC in the first experimental investigation presented in this
thesis, a 350KW piloscale FBC rig was used to perform a series of combustion
experiments on ten Pakistani coal blends from the Northern Punjab salt rage coal seams.
The coals had high sulphur and alkaline content and presented challenges in both
combustion and emissions cait Operational variables including bed temperature, bed
additives (limestone), sulphur: calcium fuel ratio, additive particle size afidrgpwith

wood biomass were employed to evaluate the effect of fuel blending, combustion and
emissions optimisatim This thesis argues high S@missions resulting from the
combustion of high sulphur coals can be reduced in emission concentration when
optimising operational variables. The high alkaline content, because of pyrite (FeS)
concentrations in the fuel causded agglomeration and slagging in the beds. The
investigation analyses the agglomerates and defines the mechanisms involved. This
research allows for remedies and implementation choices when considering the coals

application in full scale systems.

It is not only coal which can be utilised. Further work investigated the effects of five
different biomass fuels in FBC. Biomass can be classified as,an@fal fuel as the

CO released during combustion is relatively equal to the &Sorbed in the growtH o

the original plant. However, biomass is known to contain high concentrations of alkaline
species such as potassium (K) and sodium (Na) which were shown in the literature to

cause agglomeration. The biomasses were combusted in the FBC rig to evaluate the

Vi



combustion, emissions, agglomerates, temperatures and pressure outputs associated with
each fuel. Following tests the air distribution plate was modified to simulate both a
uniform air distribution system and a naniform air distribution system. This alved

for comparisons of the fuels in a system with uniform air flows andumifiorm
airflows/distribution which would be experienced in damaged systems. Thus, this thesis
argues biomass is significant and relevant to industrial application and allowed for
identification of significant chemical components in the agglomeration mechanisms of

each fuel as well as establishing the performance of each fuel in variable systems.

In order to understand the fundamental chemical and physiological makeup of the low
grade fuels it was necessary to conduct an extensive series of fuel characterisation. The
fuel characterisation research undertaken yielded information as to the fuels energy
content, chemical makeup, combustion characteristic and identify key componédnts suc
as alkaline species associated with the negative mechanisms seen in pilot scale testing. In
order to analyse the fuelsray fluorescence (XRF) was used. This technique identifies
major and minor oxides in coal samples. However, as demonstrated in ehe fu
characterisation work, there were limitations, inaccuracies and repeatability issues when
analysing low grade fuels with XRF. Thus, a significant effort was made to improve the
sampling, ashing, XRF medium and normalisation process. The results wdsisch

led to a more reliable XRF method for analysing low grade fuels and thgiodhiict of
combustion which is applicable for any industry utilising these types of fuels and

techniques.

The final part of the investigations focused on the predictioagglomeration and
slagging tendencies of the fuels. This was done by applying the results seen in the pilot
scale tests and the results of the fuel characterisation work with slagging indices and the
application of a thermodynamic model (FACTSAGE). FA@GTGE can be used to
predict slagging tendencies of the fuels by modelling chemical species released over
temperature ranges. The results showed correlation between the theoretical results and the

experimental results

Together this research demonstratesitipgications of using lowgrade fuels in small

scale FBC. This thesis explores how this research can then be used in full scale FBC
operations. This thesis not only highlights the problems with using low grade fuels in
FBC but suggests remedies and po#&rgolutions to the problems based on the results
from experimental data and FACTSAGE modelling. It also presents suggestions on how
to continue development of the technology to reduce or avoid some of the difficulties in

combusting low grade fuels.
Vil



1

Contents

INEFOTUCTION. ...t e e e e e e e e e e mn e e 1
I A €11 ] o T LI =l 1= (0 Y 2
1.1.1  GlobalEnergy CONSUMPLION.......cceiiiieiiiiiiiieeee e e 3
1.1.2 Global Energy ProducCtion..............ceeiiiiiiiiiacceee e 4
1.1.3  Energy in the FULUIE...........uuiiiiiiiiii e 4
114 FUEI SEOCKS. ...eeeiiieiiieeeee ettt 5
1.2 Fluidised Bed Combustion (FBC)........cuiiiiiiiiiiiiiiiiee e 7
1.2.1 Fluidised Bed Combustion Problems...............cccvvviiieemiiiiiiieieeeeee 8
1.3 SYNOPSIS Of RESEAICH........uiiiiiiiiiiiii e 9
1.4  AIMS and ODJECHIVES........cooiii e 9.
1.5  Outling Of TRESIS..ccciiiiiiiiii e 11
LILErature REVIEW . ... ittt e e e e e e e e e e 13
2% R [ 011 o T VT 1o o U ERPUUR R STRPPPRR 13
2.2 CoalI ULISALION......ceiiiiieeiiiiiii e ee ettt 13
2.3 BIOMASS. ..cciiiiiieie it 15
2.4 Fluidised Bed Combustion (FBC)........cccuiiiiiiiiiiiceeeeeeeeeee e 16
2.5 Fluidisation Theory and Fundamentals..............ccoccviimemnniiiiiiiieeeeeeenn. 17
2.5.1 Minimum & Maximum Fluidisation VelocCity..............cccccvvvvvvieennennn. 17
2.5.2 Pressure Drop Vs. VEIOCILY..........ccoovviiiiiiiiiiiiee e eeens 19
2.5.3 Theoretical Properties of Fluidising Particles..............cccccccvveeenneee. 20
2.6 Physical Properties of Fluidising Particles...........ccccccoiiiiaacnns 22
2.6. 1 SPNEIITY.c.eiiiiiiiiiiiiiiee et cee e e s 23
2.6.2  Terminal VeIOCItY........cccoieieiiiieeeeeeeeee et 24
2.6.3  BUIK DENSILY.....cciiiiiiiiiiiiiiee et 25
2.6.4  Bed VOIdage.........cccuuuiiiiiiiiiii e 25
2.6.5 Bed Height.......cooiiiiiiiieeeee e 26
2.7  Fluidised Bed Combustion (FBC)........cccuuiiiiiiiiiiceeeeeeeeeee e 28
2.8  FBC TECNNOIOQIES......euuuuuuiiniiiiiiiisimeeeeeesieavieansn s smmme e eeeeenesnnennnnnns 28
2.8.1 Atmospheric Fluidised Bed Combustion (AFBC)..........ccvvvveeierinne. 29
2.8.2 Circulating Fluidised Bed Combustion (CFBQC)............ceeviiiiiieenane. 30
2.8.3 Pressurised Fluidised Bed Combustion (PEBC)..........ccceevveiiieenee. 32
2.8.4  Oxyfuel Fluidised Bed Combustion.............ccccevvvvviiimemeeeeeieiiieneee, 33
2.9 Combustion Mechanism of Coal & Biomass.............cccccvviiiceeiiiiiinnnen. 34
P2 N A B Y/ o U SOOPPPR 34
2.9.2 Devolitisation Mechanism in Fluidised Bed..........ccccccceeeiiiiaccnennn. 35
2.9.3 Combustion of Volatiles............ccccuiiiiiiiiieeeiieee e 36
2.9.4  Char COMBDUSHION.......uuuiiiiiiiiiiee e 39
220 L I Ao To | (o] 4 0 =T =1 1 o] o I PP PPPPPPPPPPPPPPTR 40
2.10.1 Mechanisms of AgglomeratiQn...............ccevvvuiiiimmmeeeeeeeeeieiieeeeeennnnnns 40
2.10.2 Physical Agglomeration MechaniSms................euueeeicnreereeeeeeennnnns 41
2.10.3 Operational Variables Effects on Agglomeratian.......................vee. 43
2.10.4 Agglomeration SUMMAIY..........uuiiariireeee e eeeeiiiieiiinissas e s eemeeees 45
2.11 Agglomeration PrediCtion...........cccccvvveviiiiiimmmneeeeeeeeeeeeeeeeeveeeeeeienen e AT
2.11.1 Experimental MethodsS............oooviiiiiiiiicee e 47



2.11.2 Theoretical Methods (FACTSAGE)........cccooooiiiiiiie e A7

2.11.3 INAICES...oiiiiiiieiiiiii it eeei et rmmme e eeene e A8
2.11.4 Agglomeration MONItOriNG.........ceeeeeeieeeeeriiiicceeeeeeeeeiiiiiieeeeeeeeeene . 49
2.12 HydrodyNamICS......ccuiiiieiiiiiiii e eee ettt e e e 52
2.12.1 Air Inlet and DiStriDULION..........ccooiiiiiiiiiiiieee e 53
2.12.2 GasSOolid MiXING ..ccooeiieiieeeeeeeeeeeee e 53
2.12.3 Bubbles in GasSolid FIOWS..........ccccuuiiiiiiiiiiiieeeeieee e 53
2.12.4 BUDDIE GEOMELNY......uuiiiiiiiiiiieee e 54
2.12.5 SOl MiXiNG.....cceiieiiiiiiiiiiiiiiniimmmeeeeeeeeeeeeeeeeeersesnesnnneeseeeeeeeeeeeeeeennee 56
2.13 EMISSIONS....ciiiiiiieieiiiieiiiiteee ettt e e e e e e e e ammme e e e e e e eeere s 57
2.13.1 Carbon MonoxXide (CO)......cceueeeiiiiiiiiiiiireee it 57
2.13.2 0L 57
2.13.3  BIOMASS ...ciiiiiiiiieiiii ittt eee ettt e e e amme e e e e eeans 58
2.13.4 Carbon DioXide (CQ).......ooiiiiuiiiiiiiieiii et 60
2.13.5 Sulphur DIiOXIide (S@).......eeiiiiuiriiiiiieieiieeeeeeee e e e e e e e 61
2.13.6 Sulphation MeChaniSMS..........uuuuuiiiiiiiies e sreeeeees 64
2.13.7 Operational Variables.................uuuuiiiiiiiiiiieienne e 64
2.13.8 Nitrogen Oxides (NO and NAD.........ccceviriiireeeiiiimrniieeeeeeeieeeee e 66
214 SUMMIAIY .. ciiieitiee ettt e e et e e e e e e e s mmmeees e e e e e e e e snn s e e e smneneeeas 69
Experimental Fluidised Bed Combustion (FBC) Rig........ccceveveiiiiiiiieacenennnn. 70
3.1 Pilot Scale Rig DeSCIPLION.........cceiiiiiiiiiiiiiireeiieiiee e e e e e e immme e e 70
311 SYStEM STAFUP. ..o 70
3.1.2 Post Combustion SYStEMS..........cccuuviiiiiiiiieeriieeeeeee e e eeeeeiviiieene L O
3.2 COMITISSIONING. tttttttiiiiaaeeeeseaeeetteees st e e e e e e e e e e e e s smmme e e e e e e e e aannnnneeeeeees 78
3.2.1  RIG MOIfICAtIONS.....ccceiieieeiiieeeeeeeeeeer e 78
3.3 HOt COMMISSIONING......cii ittt ee e eeeeeeeas 81
3.4 Coal & Operational Variable(s) Test Methodolagy............ccuevveieiiieenee. 82
3.4.1  RIiQ SPECIfICAIONS. ....uuiiiiiiiiieeei e 82
3.4.2  Main Rig SYStEIMS....ccciiiiieiiiieeeeeeeeteeer e 82
3.4.3  Air SUPPlY & EXIraCtion.........cccovviiiiiiiiiiiiineee e eeeeeeeeeeeeeevneee s 82
344 FUEBIFEEUEBLS....coiiiiee et 83
3.4.5  FIUIdISEA BEA.......euiiiiiiiiiiieee et 83
3.4.6  Auxiliary Rig SYSIEMS...ccciiiiiiiiiiiiieiieee e rmmne e 84
3.5 €08l TESES OVEIVIEW. ....uuueiiiiiiiieaeeee e eme e e e e e ettt e e e e eeeeeeeeaaaaeeeeeaand 85
3.51  BaSeliNe TeSHS.....ooiiiiiiiiiiiiieiee et 85
3.5.2  PUISE TESIS.. .ot 86
3.5.3  PremixXed TeSHS.......uuiiiiiiiiiiiiie e 38
3.5.4 Temperature Range Tests (TeSt 7 &.8)......uueeeeeiiiiiiiiiiiicceeeeeeeee 89
3.5.5 Particle Size Tests (TeSt 9 & 10)......ccccuuvrriiiiiiiiieenieieee e e 89
3.5.6 Biomass CeirNg TeSIS......ccciviiiiiiiiiieeiiiireee e reee s 89
3.6 Modification/Redesign Phase.............cccevvviiiiieeen e eeeeee 91
3.6.1  RiIg MOIfICAtIONS........ccoviiiiiiiiiiiiiiiiemme e 91
3.62 Cold ReCOMMISSIONING.......cceiiiiiiiiiiiiiiiiiireee e eeereee s 96
3.6.3  HOt COMMISSIONING......ccceiiiiiiiiiiiiiieteeee e ree s 96
3.7 Biomass & NorUniform Air Distributor Test Methodology..................... 99
3.7.1 Uniform Air Test Schedule..........ccccccooiiiiiiiieme e, 99



4

3.7.2 Biomass Test SChedule..... ..o e 100

Fuel CharacteriSation..............uueeiiiiiii e 108
o R ©o - | TP P PP PRI PPPPPPP 108
A = 1 (o]0 1 1= 1 PP PPPPPP R PRORRRR 109
4.3 FUEI Prepamin .....c.oooiiiiiiiiiiiiieeeeei ettt e e rmmne e 110

4.3.1 HOMOGENOUS SAMPIE.....oiiiiiiiieiie e 111

4.3.2 Size Reduction for ANalySiS..........oooiiiiiiiiiiiieeeiiieiieeee e 111
4.4 Fuel CharaCteriSatiON..........cuuuiieeaeiiiiiiieee et e e e e e e 112

441  Ulimate ANAIYSIS.......cuemiiiiiiieeiiiiiiicee e 112

4.42  Proximate Analysis & Higher Heating value (HHY)...................... 113

4.4.3  ASN FUSION. ..ottt ettt 113
4.5 X-Ray Fluorescence (XRE).......uuu e 114

Y0t R I 1T o Y PSRRI 114

4.5.2  ANAIYSIS TYPES...iiiieiiiiiiiuiiniiii it eeeeeeeeaaesueasssnemmmreeeeeeessssnnnnns 116

4.5.3  StANAAIAS.......cccciiiiiiieiiie e 117

4.5.4 Differences between DEVICES.......ccuuiiieiiiiiiiiiieee e 117

455 Wet Chemical ANalySIS.........cuueiiiiiiiiiiiiiicee e 117

4.5.6 Preparation of the Samples..........cceeeiiiiiiiieec e 119

4.5.7 Wet Chemical Analysis TeChNiqueS.............cccuvriiiiiremiiiiiiieeeeeeennn 130

4.5.8 XRF COMPAIISON.....cciiiiiiiiiiiiiiiieiceeeeeeeeee e e e e e e e eeeees e 133

4.5.9 Pellet PreparatiQn...........c..uuuiiiiiiiiieeeieeieeee e ees e 135
4.6 CONCIUSION......ciiiiiiiiiitiee ettt mnne e e e e e e e e e e 139

Modelling & Predicting Agglomeration in FBC.............ccccoeeiiiiiiimneeeeeiinnnnns 141
5.1 Liquid Slag FOrMAatiON..........cueeiiiiiieeeiiiiime e 141
5.2 Liquid Melt Phase Modelling..........cccoooiiiiiiiiiiiceeiicicse e 142

5.2.1 Modelling APProach.........ooooiiiiiiiiiiiieeeiiieeeee e 144

5.2.2  Liquid Melt PhaseCoal..............uuuueeiiiiiiimreeieeeeeeiiviiiiieniemmme e 147

5.2.3  Liquid Melt PhaSeBiOMaSS...........uuuuruummmnniiinsimmeeeeeeeerennnnnnnnnnnnnsnns 147

5.2.4  Liquid Melt Phase CONCIUSION...........cueiiiiiiiiiiiieeeeee e 148
5.3  Liquid Slag Major OXIAES.........cccuuiiiiiiiiiiiieeeeeeee e eeeeeeeee 148

5.3.1 Major Oxide Model Difference..........ccccccvvvviiiiiiieemieeeeeeeeeee 148

5.3.2  Biomass Major OXIAES......ccoovuiiiiiiieieiie e eeenienenes 149

5.3.3  C0al MajOr OXIOES......ccuuvrrrrrrrriinniniimmmreeeeeeeeeeeeesesssnsensninnneaseeaseeees 150

5.3.4  Slag Major SPECIES......ccuuuururrrrierniiiimmmrereeeeeeeeeeerererrrenrnnnneeeeeeeeeees 155

5.3.5 Biomass Slag Major SPECIES........ccuvuruurrrrrrriimmmreeeeeeeeeeeereenennennnnne. 155

5.3.6 Coal Slag Major SPECIES.........ccvvuvriruriiiiimmmreeeeeeeeeeeeeiereninnnnnnnnee s 156
5.4 Ternary DIagramS.....ccccoeiiiiieieee e ceeenss s e e s esenrann e s 161
5.5 FACTSAGE CONCIUSIONS........cciiiiiiiiiiiiie et e 164

Low Grade Coal Combustion in FBC..........coooiiiiiiiiii e 166
6.1 BaseliNe Data........ccccoiiiiiiiiiii i ieees e 166

6.1.1 Agglomeration in Baseling TeSLS..........uuuuuiiiiiiiiecreeeeeeenveinniennnnns 173

6.1.2  SEMEDX ...ttt 173

6.1.3 X-ray Fluorescence (XRE) ...t 177

6.1.4 Agglomeration Mechanism SUMMALY..........ccccevuriiieeeeeereeeeeeennnnnns 179

B.1.5  SUMIMAIY... it iiiiiiiiiiie et et e et e eneee e e e e e eea e e e e e eeeennnan 181
6.2 Operational Variables & Low Grade Fuels in FBC.................cceeeviees 181

X



9

(ST0Z0 RS0 14 o 1< | Vo [ 1110 T 181

0.2.2  SOIBENE PArtiCIE SIzZE.. .. iieiie ettt eere e 188
6.2.3  CombuSstioN TEMPEIAtUIE........uuureeeeniieie v eeeeeereveeeneebee e mmmes 194
6.2.4  Cofiring With BiOMaSS.......ccuuuuiiiiiiiiiiiiimmreeceeeeeeeivvinviemmme e 200
(S TG T B 1Yo U =1 (o] o TSR 205
ST R 7 oY [T (ST 1) T 206
0.3.2  CaiS RO TS it it 208
6.3.3  Temperature TESIS........coui i 211
0.3.4 PartiCle Size T eSS, oot 214
6.3.5 Cofiring BiomMasSs TESIS........ccuvviiiiiiiiiiiiiimmmee e eeeeeeeeeeeerevrennennnne e 216
ST S O] o (o3 [ 117 Lo o =T 218
6.4.1 Combustion of SWHBItUMINOUS COoAlS.........eovvveeieeieeee e, 218
6.4.2 Effect of Operational Changes.............eeeevviiiiiiieeciieee e 219
6.4.3 Remedies for Coal Problems. ... 223
6.4.4 Application to Full Scale FBC..........cooiiiiiiiiiiis v 223
Biomass Combustion iN FBEC... ... ettt aeeee e e eeen 225
7.1 SUMIMI@IY ..t e e e e ernne e et e e e e e e e e nna e e emne s 225
7.2 UNIform Air DiStriDULION ... ettt e e eem e eens 226
T.2.1 WOOA PeIIBLS ... et eeeee e 226
T.2.2  PeanUt PelletS. .. ..o 232
T.2.3 OAlS PeIIBIS ... i e e et 237
T.2.4  SHAW PeIIBTS. ...ttt eee e e e e e e e 242
7.2.5  MiSCANtUS PeIIELS.. ..o 247
7.3 Non-Uniform Air DistribULION. ... oo 251
T.3. 1 WOO PIIELS ... et eee et e e e e 252
7.3.2  PENUL PERIIELS. ... o e 257
T.3.3 OaALS PeIIBIS ...t e e s 263
T.3.4  SHAW PeIBTS ... ettt eee et e e e e e e 268
7.3.5  MiSCANtNUS PeIIELS......ceiieeee e 273
4 B T (o0 1151 (] o AT TR 279
A O R = U (=1l ==Y (o] 0 1 T (6= TR 279
7.4.2 Operational PerformancCe...........cccceeeeiiiiccceee e 282
7.4.3 Impact on FIUIdiSation...........cccuiviiiiiiii e 284
7.4.4  Impact on COMDBUSHION. ...t 285
7.4.5 Biomass and Fluidised Bed Combustion..........cccoovvvevvivceeeeeennnnn. 288
7.4.6 Implications to Full Scale Plant............cccoooiiiiiimmmnniiiiiiiiieeeeeeeeen 289
7.4.7 Potential REMEAIES. ... oottt vam e e 290
A T 0 o Tod [ =10 o -3 292
(@01 [¢3 1130 ] o 1= 294
8.1  Application tO INAUSTIY.......ccevriiiiiiiiiiiiiiimmme e 296
8.2 FULUIE WOTK oot et eee e e e e e e e 297
8.2.1  Fuel CharaCteriSatiON. ... .c..cuee e e eee e e 297
8.2.2  EXPerimental WOIK.............uuuuuuuiuiiiiiimmeie et nnne e 298
8.2.3  MOAElNG ..cciiiiiiiiiiiiiiiii e 300
8.3 Research DiSSeMINATION ... ...ccueee ettt eeeee e e enaeens 301
(2] 0] [ oTe =1 o] o )V 2P 303

Xi



List of figures

Figure 11 Electricity generation by fuels 198011 (DECC, 2012)........cccceeeerennnnee 1.
Figure 12 UK renewable electricity generation, 260915 (Evans, 2016)................ 2
Figure 13 Primary energy use profiles for countries within different forums (Kaygusuz,
120 1 PR PP PPRP 5
Figure 14 Distribution of coal reserves globallpéthe trend for developing countries
(Petroleum, 2015)......ccoiiiiiiiiiiiiiieiieree et rre e e e e e e e nnnr e 6
Figure 21 Estimated coal market prices, 192@11 (Dollars per short Ton) (Paduano,
120 ) USSR SSPPRRR 14
Figure 22 Different fluidisation modes a bed can experience depending dlowjr
fluidisation medium and bed material choice.(Kunii et al., 2013)............cccceeee.. 16
Figure 23 (Kunii and Levenspiel, 1991)........ccccuiiiiiiiiiiceeeieeeee e 17
Figure 24 Characteristic curves of bed pressure dropisndkependence on fluidisation
velocity (ANthONY, 2003).....uuuuiiiiiirieeee et rer bbb e 20

Figure 25 Geldarts approach to particle classification in fluidisation (Geldart, 1273)
Figure 26 Forces exerted on a particle moving upward in a gas stream. The net forces
acting on the particle come to equilibrium as terminal velocity is achieved. (Basu, 2006)

............................................................................................................................ 24
Figure 27 Different fluidisation modes a bed can experience dependirgrdiow,
fluidisation medium and bed material choice.(Kunii et al., 2013).............ccceeen... 28

Figure 28 Atmospheric bubbling fluidised bed combustor design (Merrick, 198480
Figure 29 Circulating fluidised bed combustor design (Gayan et al., 2004; Kunii and

Levenspiel, 199L).. ..ottt e e e e e e e a e e as 31
Figure 210 Pressurised bubbling fluidised bed combustor design (Makansi, .2083)
Figure 211 Coal combustion process (Wu, 20Q3a)...........cccevrrrrrrimmmreeeeeeineeeeenenn. 34

Figure 212 The primary reaction mechanisms for the pyrolysis and devolitisation of coal
asproposed by the Van Heek and Hodek team (van Heek and Hodek,.1994)...36

Figure 213 Char combustion mechanisms (Wu, 2003).........cccooeviiiiisieeevenennnnnnns 39
Figure 214 Agglomeration mechanism of bed material; 1) coating induced, 2) melt
formation with ash components (Visser et al., 2008).........cceeveieiiiiiacceeeeeiiiins 42

Figure 219 Plate and grate type distributors (a) sandwiching perforated plates (b)
staggered perforated plate (c) dished perforated plagegtd bars (Kunii and Levenspiel,

Figure 220 the resulting behaviour of bubble formation from different distributor
techniques (a) porous plate (b) bubble cap (c) resulting bubble formation (Sano et al.,

1983; Kunii and Levenspiel, 199L)........cccuvuuriuiurimiiimmmreeeeeeeieeeeeeesieesssesinnneeseeaseeees 54
Figure 221 The bubble formation of a spherical capped gas bubble moving through solid
particlesproducing a wake/indentation (Fueyo and Dopazo, 1995).................... 55
Figure 222 NQ reactions; formation and reduction pathways (Anthony and Preto, 1995)
............................................................................................................................ 67
Figure 31 Images of the pilot scale FBC [g.........ccuuuuiiiiiiiiiieeeiiieeeee e 71
Figure 32 Schematic Of FBC Fg........coooiuiiiiiiiiier e 12

Figure 33 Thermocouples locations around the experimental rig and descriptian3
Figure 34 Pressure transducers locations around the experimental rig @nigteas of

(o702 110 ] o 30O PPPPPRPPRY ¢
Figure 35 Bubble cap @Sign...........ccuuiiiiiiii e 76
Figure 36 installation and sound pran§ of new primary and exhaust fans.......... 79
Figure 37 Labview_5_alarm program on itS main SCreen.............cvvvvrvrmmmeeeeennnn. 80
Figure 38 125mm screw feeder calibration chart.............ccccoiiiccc i 80
Figure 310 Operational data from the pilot scale rig under different flngisegimes
............................................................................................................................ 81
Figure 311 screw feeder [ayOUL..........cooooiiiiiii i 83


file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088068
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088069
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088070
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088070
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088071
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088071
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088072
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088072
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088073
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088073
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088075
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088075
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088076
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088077
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088077
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088077
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088078
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088078
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088079
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088080
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088080
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088081
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088082
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088083
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088083
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088084
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088085
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088085
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088086
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088086
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088086
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088087
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088087
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088087
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088088
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088088
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088089
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088089
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088090
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088091
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088092
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088093
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088093
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088094
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088095
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088096
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088097
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088098
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088098
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088099

Figure 312 Thermal output with varying biomas®al blends.................ccennill! 90

Figure 313 Shape choice for lopitch (Yang, 2003)......cccccceeeeiieeeeiiiiieeenn 93

Figure 314 Solidworkamagery of the fluidised bed (top left), cut away of the main body
of the rig (top right) and an expanded image of the purposed distribution plate layout

(001100 0 1) TSP PPPPPRRRTRT 95

Figure 315 Hot commissioning test of new gas burner(s) temperature prafiles..97

Figure 316 Hot commissioning test with solid fuel (white wood pellets)............. Q8

Figure 317 Average bed temperature and asrdsed pressure with increasing
temperature during pfeeat and subsequent commissioning.test...................... 100

Figure 318 Example pressure data recorded during the combustion of biomass in a pilot
scale fluidised bed cCOmMBUSTIOr UNIL............uviiiiiiiiiiieee e 101

Figure 319 Example temperature profile data recorded during the combustion of biomass
in a pilot scale fluidised bed COMBUSTONMU. ...........uuiiiiiiiiii e 103

Figure 320 Air distribution platdayout; Left plate showing the uniform distribution
layout containing 30 bubble caps, right layout using 18 caps and an ash.chutdé04
Figure 321 Example of a temperature profile with a defluidising system with the non
uniform air distribution plate installed............cccccoriiiio e 105
Figure 322 Example of pressure data with a defluidising system with theinidorm

air distribution plate installed..................uvuiiiiiierr e 106
Figure 41 Mapof coal field location and proposed power generation sites (Nimmo, 2016)

Figure 42 Examples of Coal batches; a) coal A, b) Coal D, c) Coal G and d) &%l J
Figure 43 Biomasses; a) wheat straw pellets , b) Miscanthus pellets , c) Peanut Pellets ,

d) Oats pellets , €) White wood pellets...........oeeviiiiiiiiiecceeeeee e 110
Figure 44 Basic XRF SChemMaLtiC...........coooiiiiiiiiiiieeiiiiieeee e 115
Figure 45 Standards development methodology.............c.eeeeveiiiceeieiiiiieeeenennns 118
Figure 46 solid ash formations from combusiton of biomass at 90Q°C............. 120
Figure 47 solid ash formations from combustiohbiomass at 550°C.................. 121
Figure 48 carborseparation during acid digestion of biomass ashes................ 122
Figure 49 Effect of retained carbon content in fuel with increasing final heating
102001 01T =1 LU= PSR UPUSPPRPPIN 123
Figure 410 SEM images and SEMDX for the images shown in A and B being and
overall image and enhanced area of the wood ash repectively..........cccccouueeen. 125
Figure 411 SEM images and SEMDX for the images shown in A and B being and
overall image and enhanced aofahe peanut ash repectively..................cc.evveeee. 126
Figure 412 SEMimages and SENEDX for the images shown in A and B being and
overall image and enhanced area of the oat ash repectively..............cccceeuneeee. 127
Figure 413 SEM images and SEMDX for the images shown in A and B being and
overall image and enhanced area of the miscanthus ash repectively............... 128
Figure 414 SEM images and SEMDX for the inages shown in A and B being and
overall image and enhanced area of the straw ash repectively..........cccccc..ueee.. 130
Figure 415 Comparison of data collected from different XRF devices using the same
Sz L] o] 1o [ g4 F= LT = | USSP 134
Figure 416 Sample preparation methods measured in a single XRF device for comparison
Of LECINIGUE. ... e 137
Figure 417 validation of XRF sample preparation methodolagy........................ 138
Figure 51 Main screen for FACTSAGE Equilibrium model softwatre................. 142

Figure 52 Liquid "Slag" melt phases over m@asing temperature using both the basic
approach and a more complex approach with FACTSAGE Equilibrium model; a)
Different coals slag melt phases using the basic model, b) Different coals slag melt phases
using the complex model, a) Different biomass stegjt phases using the basic model
and, b) Different biomass slag melt phases using the complex model.............. 145

Xiii


file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088100
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088101
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088102
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088102
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088102
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088103
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088104
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088105
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088105
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088106
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088106
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088107
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088107
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088108
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088108
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088109
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088109
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088110
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088110
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088111
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088111
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088112
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088113
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088113
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088114
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088115
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088116
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088117
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088118
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088119
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088119
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088120
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088120
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088121
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088121
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088122
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088122
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088123
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088123
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088124
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088124
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088125
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088125
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088126
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088126
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088127
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088128
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088129
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088129
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088129
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088129
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088129

Figure 53 Modelled liquid slag major oxides for biomass fuels over a temperature range

of 100-2500°C (D@SIC MOUEI)........ceeivieiiiiiiiiiiiimnne e e rree e e e e e e e e e e e eeeees 151
Figure 54 Modelled liquid slag major oxides for biomass fuels over a temperature range
of 100-2500°C (complex Model)............uueiiiiiiiiiiieei e 152
Figure 55 Modelled liquid slag major oxides for @ldfuels over a temperature range of
500 2500 °C (baSiC MOEl).......cooviiiiiiiiiiiee e 153
Figure 56 Modelled liquid slag major oxides for coal fuels over a temperature range of
500 2500 °C (coMPIEeX MOAELY......cviiiiiieiii e 154
Figure 58 stable solid phases in biomass slags over increasing teémpdizsic model)
.......................................................................................................................... 157
Figure 59 stable solid pases in biomass slags over increasing temperature (complex
Lo L= ) OSSR PPPPPPRP 158
Figure 59 stable solid phases for low grade coals over temperature rangbQ0TC
(DASIC MOEI). ...t 159
Figure 510 stable solid phases for low grade coals over temperature ran@sQ@
(COMPIEX MOEL)......e e e 160
Figure 511 multiple phase diagram interaction to create overall 2D ternary diagram
showing the liquidius surfaces of themponents............ccccccevvvviviieeeeeeeeeeeeeeeeee, 161

Figure 515 Ternary diagrams farxides of interest; a) Caa0-SiO,, b) K:O-CaG
SiO, ¢) SIG-MgO-N&0, d) K:O-NaO-SiO,, €) AbOs-MgO-NaO & f) CaO-NaO-

Figure 516 Ternary diagram fUEIS KeY.........uuiiiiiiiiiiiii et 164
Figure 61 Typical data recordings for a baseline test. The example hex@ifram the
steady state baseline test for Coal A and subsequent defluidisation. a) temperature, b)

pressure and c) flue gas emIiSSION............uuuuiiiiiiiiieeeiei e 168
Figure 62 Defluidisation time and S@missions associated with normal operation in
Fludised bed combustion of different low grade coals...............ccccvieeenicinnnnnee. 170

Figure 63 Agglomerated bed as a result of coal A combustion in tbeguhle unitl71
Figure 64 Agglomerates takerrdm the defluidised bed post testing of steady state

combustion With Coal A.......oooi e 172

Figure 65 SEM image of typical agglomerate surface. Sand particles are coated and
embedded in a material which has blinded the structure tflpartogether........... 173

Figure 66 Magnification of and agglomerated particle. The particle is coated and
impregnated in an Iron/silica rich compleX............cccuiiiiiceciiiii e 174

Figure 67 Elemental analysis by SEMDX of coated/impregnated sand particle found

=Yoo (o] g T=T = 1= PP PO PSPPI 174

Figure 68 Fe Si-Al complex crystal structure within agglomeration medium and crystal

= L =1 016 [ 01T | PR 175

Figure 69 SEMEDX elemental analysis of F&-Al crystals..............ccccvvvvvnnnieen. 175

Figure 610 Example of bridging occurring on agglomerate surface and a stage in the
propagation of agglomerate formation..............oovvvvviiieeei e 176
Figure6-11 SEMEDX elemental analysis of bridging section and emphasis of Iron rich
= LU PP 177

Figure 613 XRF analysis results of bed samples taken from the bed after the combustion
of Pakistani coal Gin a BFBC ... 178

Figure 614 Agglomeration mechanism for low grade sub bituminous Pakistani coals in
pilot scale bubbling fluidised DEAS...........ccooiiiiiiie e 179

Figure 615 Data example from combustion of Pakistani coals lWitlestone sorbent
[limestone and coal H]..........oooviiiiiiiiiiiiiiee e reee e e e 183

Figure 616 SEM images and the locations of SEH®X from wood combustion. Images

are as followed; 1) agglomerated bed particles, 2) fusion point between bed patrticles, and,
3) surface of agglomMeratiQn.............ovvviiiiiiiiiiere e e 185

Figure 617 SEMEDX results for the selected samples shown in Figt6.6........ 186

Xiv


file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088130
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088130
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088131
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088131
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088132
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088132
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088133
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088133
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088134
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088134
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088135
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088135
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088136
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088136
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088137
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088137
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088138
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088138
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088139
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088139
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088139
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088140
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088141
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088141
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088141
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088142
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088142
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088143
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088144
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088144
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088145
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088145
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088146
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088146
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088147
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088147
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088148
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088148
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088149
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088150
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088150
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088151
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088151
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088152
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088152
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088153
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088153
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088154
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088154
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088155
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088155
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088155
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088156

Figure 618 XRF analysis results of bed sampghaeen from the bed after the combustion

of Pakistani coal A with limestone at variable Ca:S ratios in a BEBC................ 187
Figure 619 Graphs from the combustion of coal | with limestone whilst varying sorbent
average particle size; 1) temperatures, 2) pressures and, 3) emissions........... 190

Figure 620 SEM images and the locations of SEHDX from wood combustion. Ingges

are as followed; 1) Surface of limestone, 2) surface of agglomerate, and, 3) Agglomerated
area With ash SUIMACE. ........uuiiiiiiiiiiie e e 191

Figure 621 SEMEDX results for the selected samples shown in Figt28.6........ 192

Figure 622 XRF analysis results of bed samples taken from the bed after the combustion
of Pakistani coal | with limestone with varying averagebent particle size in a FBC

.......................................................................................................................... 194
Figure 623 Data from combustion of coal | over varying system combustion
temperatures; 1) temperatures, 2) pressures, and, 3) emisSions...................... 195

Figure 624 Agglomerated bed of temperature variable tests combusting coal | and
Limestone (ratio 3.0). Bottom of the bed found to be standard agglomerate as in other
tests, op of bed found to contain sintered material................coovvvieeeeeeeeeeennnnnn, 197

Figure 625 SEM images and the locations of SEHDX from wood combustion. Images

are as follows; 1) agglomerated bed particles, and, 2) fusion point between limestone and
DEA PAMICIE. ..o ———— 198

Figure 626 SEMEDX results for the selected samples shown in Figt2B.6........ 198

Figure 627 XRF analysis results of bed samples taken from the bed aftmrtiristion

of Pakistani coal | with limestone at variable temperatures in a BEBC.............. 199
Figure 628 Data for the cdiring of Pakistani coals and white wood pellets; 1)
temperatures, 2) pressures, and, 3) €MISSIONS..........uuuuuuuiiccnrerreeeeererrernnennn.. 201
Figure 629 Experimental and theoretical S€nissions with varying biomass: coal feed
7= 11 TP PPPRTP 202
Figure 630 agglomerated structures and ashed pellets from tiei@pof wood pellets
AN COAL....eee e 203

Figure 631 SEM SEM images and th&cations of SEMEDX from wood combustion.
Images are as followed; 1) Surface of agglomerates taken from-tiiengdest bed, and,

2) embedded particles in agglomerated mineral matter..............ccccccveeeeeeeeeenn. 203

Figure 632 SEMEDX results for the selected samples shown in FigtB&. 6........ 204

Figure 633 XRF analysis results of bed samples taken from the bed aftertinengamf
Pakistani coal B with wood pellets in @ BFBC............cooooiiiiiemniiiiiiiieieeeeeeee 205

Figure 634 SQ concentration in the flue as a result of combusting varying ratios of coal
H and limestone against the calcium utilisation efficiency...............cccvvvieeeenenee. 209

Figure 635 Calcium utilisation efficiency and calcium loading in the bed over varying
coal and lIMESLONE FALIOS. ... ...uuuuriieiiiiiiee e eeeer e e e e e e e e e e e e 209

Figure 636 Images of agglomerates from the combustion of Pakistanwitbavarying

coal: limestone ratios. Left image showing the embedding of limestone in agglomerate,
right image showing larger particles trapped in bed agglomerate with sintered top layer

Figure 637 Temperature variance effect of desulphurisation during fluidised bed
combustion of Pakistani Coal.l.............ceiiiiiiiicc e 212

Figure 638 SQ emissions measured at fluesggampling point with varying temperature

AN PAITICIE SIZE.....coiiiiiiiieiee ettt n——— e 214

Figure 639 Temperature variance across the bed as a result of variable combustion
conditions with the alteration in sorbent average particle size ranr@e2mm, B 2.8

AMM AN GA.5-BIMIM ...t erene e e e e e e e e e e e e nneneeeneas 215
Figure 71 Temperature, pressure and emissions data collected during the combustion of
wood pellets with a uniform air distribution plate installed....................cceeeeens 227

XV


file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088157
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088157
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088158
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088158
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088159
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088159
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088159
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088160
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088161
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088161
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088161
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088162
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088162
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088163
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088163
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088163
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088164
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088164
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088164
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088165
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088166
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088166
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088167
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088167
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088168
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088168
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088169
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088169
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088170
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088170
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088170
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088171
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088172
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088172
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088173
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088173
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088174
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088174
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088175
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088175
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088175
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088175
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088176
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088176
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088177
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088177
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088178
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088178
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088178
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088179
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088179

Figure 72 Images of the side view port looking down on top of the bubbling bed. These
images show the protruding thermocouples in the bed with bubbles of sand bursting

=110 0o IRt 0= o HO PP TP PP PUP PP PPPPPP 228
Figure 73 total inlet air flow rates against rig tempeartures during the combustion of
WOOA PEIBLS ... e e e e rmmne e 228

Figure 74 A collection of SEM images and the locaisoof SEMEDX from wood
combustion. Images are as followed; 1) Surface of agglomerate, 2) enhanced image of
bridging between agglomerates, 3) combustion point of wood pellet, and, 4) cross section
Of AQGIOMEIALE. ... .o 229

Figure 75 shows the SEMEDX results for the selected samples shown in Figude 7

Figure 76 XRF analysis of bed samples taken atsting from the combustion of wood
pellets in a BFBC with uniform air distribution...............oovvviiiiie e 231
Figure 77 Temperature, pressure and emissions data collected during thastiomb
Peanut pellets and defluidisation of the bed with a uniform air distribution plate installed

Figure #8 A collection of SEM images and locations of SH®X from peanut
combustion. Images show the following; 1) surface of agglomerate, 2) enhanced image
of branching and alkaline complex, andcB)ss section of agglomerate.............. 235

Figure 79 shovs the SEMEDX results for the selected samples of Figug.7.....236

Figure 710 XRF analysis of bed samples taken after testing from the combustion of
peanut pellets in a BFBC with uniform air distribution.................oooovvieeeeciiiennn. 237

Figure 711 Temperature, pressure and emissions data collected during the combustion
Oats pellets and defluidisation of the bed with a uniformdatribution plate installed

Figure 712 SEM images and location of SEEDX measurements from oats
combustion. The images show the following; 1) cross section of agglomerate, and, 2)
cross section of liquid agglomerate/sintered area..............ooeeeeeeeeviiiiiccieeeenn, 240

Figure 713 shows SEMEDX results for the selected samples of Figufe7......... 241

Figure 714 XRF analysis of bed samples taken after testing from the combastoat

pellets in a BFBC with uniform air distribution.............cccoovvvvviiie e 241

Figure 715 Temperature, pressure and emissions data collected during the combustion
Straw pellets and defluidisation of the bed with a uniform air distribution plate installed

Figure 716 A collection of SEM images and SEBDX locations from straw
combustion. The images are ; 1) bubatglomerate formed around combusting pellet,

2) Structure remaining from pellet combusting internally, 3) enhanced area of
agglomerate surface, 4) enhanced area of surface with branching, 5) cross section of
agglomerate, and, 6) surface of sintered materia...............coeeeeeeeevrivinnniiinnnnn, 245

Figure 717 shows the SENEDX results forthe selected samples in Figurd @.....246

Figure 718 XRF analysis of agglomerated bed samples taken after testing from the
combustion of wood pellets in a BFBC with uniform air distributian................. 247

Figure 719 Temperature, pressure and emissions data collected during the combustion
Miscanthus pellets and defluidisation of the bed with a uniform air distibyplate
1153 7= 1 =T PRSP 248

Figure 720 SEM imagesand SEMEDX measurement location from miscanthus
combustion. The images are as followed; 1) surface of agglomerate, and, 2) agglomerate
bridging between sand PartiCles............ooooiiiiiiiieeei 249

Figure 721 SEMEDX results for the points of interest samples analysed and described
N FIQUIE 20 . ittt errn e e e e e e e e e e e e ennn s 250

Figure 722 XRF analysis of bed samples taken after testing frontahgbustion of
miscanthus pellets in a BFBC with uniform air distribution..................ccee e 251

XVi


file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088180
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088180
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088180
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088181
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088181
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088182
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088182
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088182
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088182
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088183
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088183
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088184
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088184
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088185
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088185
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088185
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088186
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088186
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088186
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088187
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088188
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088188
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088189
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088189
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088189
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088190
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088190
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088190
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088191
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088192
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088192
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088193
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088193
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088193
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088194
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088194
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088194
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088194
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088194
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088195
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088196
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088196
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088197
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088197
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088197
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088198
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088198
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088198
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088199
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088199
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088200
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088200

Figure 723 Temperature, pressure and emissions data collected during the combustion
wood pellets and defluidisation of the bed with a-moiform air distribution plate
1153 7= 11 [T PP PPPPPRPPP 253

Figure 725 shows a series of SEM images and SHBMX measurement locations from
point of inerest for samples collected form the combustion of wood pellets. The images
are follows; 1) Sand particle coated in agglomerate complex, 2) crystal formation bridged
between sand patrticles, 3) crystal formations upon the surface of agglomerates, 4)
brancling on the surface of agglomerates, 5) fusion point between agglomerate structures,
and, 6) enhanced images of fusion point between agglomerates..................... 255

Figure 726 SEMEDX results for the points of interest samples analysed and described
N FIQUIE 225 i e ennn 256

Figure 727 XRF analysis of bed samples taken after testing from the combustion of wood
pellets ina BFBC with noruniform air distribution.................euvviiiiiimmnneeiiiiennenne. 257

Figure 728 Temperature, pressure and emissions data collected during the combustion
peanut pellets and defluidisation of the bed with a-moiform air distribution plate
15211 T=T o PP PPPPPPPRRTR 258

Figure 729 shows a series of SEM images and SEHBMX measurement locations from
point of interest for samples collectfedim the combustion of peanut pellets. The images
are follows; 1) branching on the surface of agglomerated bed particle, 2) enhanced image
of branching, 3) surface of agglomerated bed particle, 4) cross section of bridged
agglomerate, 5) cross sectionagfglomerate, 6) surface of liquid phase agglomerate, 7)
agglomerate branching, and ,8) enhanced image of branched bridging........... 260

Figure 730 SEMEDX results for the points of interest samples analysed and described
N FIQUIE 729 ..ottt e e mn e ettt et e e e e e e et e e aaeeeens 261

Figure 731 XRF analysis of agglomerated bed samples taken after testing from the
combustion of peanut pellets in a BFB@h nonuniform air distribution.............. 263

Figure 732 Temperature, pressure and emissions data collected during the combustion
oats pellets and defluidisation of the bed with a-noifiorm air distribution plate installed

Figure 733 shows a series of SEM images and SIHMX measurement locations from
point of interest for samples collected form doenbustion of oat pellets. The images are
follows; 1) bed particles coated in agglomerate complex, 2) bed particle bonded to ash,

Figure 734 SEMEDX results for the points of interest samples analysed ascritied

N FIQUIE 733 ittt e e e e e e e e e e e mn e e e e ettt bttt e e e e e e e emmeeaaaeeeeas 267

Figure #35 XRF analgis of agglomerated bed samples taken after testing from the
combustion of oat pellets in a BFBC with roniform air distribution.................... 267

Figure 736 Temperature, pressure and emissions data collected during the combustion
straw pellets and defluidisation of the bed with a-naiform air distribution pla
1153 = 11T PP PPPPPPP 269

Figure 737 shows a series of SEiMhages and SENEDX measurement locations from
point of interest for samples collected form the combustion of straw pellets. The images
are follows; 1) enhanced area of agglomerated surface, 2) break away section of
agglomerated bed particle, 3) cross mectof agglomerate, 4) surface of fused area
between agglomerates, 5) branching on surface of agglomerate, and, 6) complex
structures between agglomerates.............oiiiiiiiiieeee e errer e 271

Figure 738 SEMEDX results for the points of interest samples analysed and described
LI o (U LT USSP 272

Figure 739 XRF analysis of agglomerated bed samples taken after testing from the
combustion of straw pellets in a FBC with namiform air distribution................... 273

Xvii


file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088201
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088201
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088201
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088202
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088202
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088202
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088202
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088202
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088202
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088203
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088203
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088204
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088204
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088205
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088205
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088205
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088206
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088206
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088206
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088206
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088206
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088206
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088207
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088207
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088208
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088208
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088209
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088209
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088209
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088210
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088210
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088210
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088210
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088210
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088211
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088211
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088212
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088212
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088213
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088213
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088213
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088214
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088214
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088214
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088214
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088214
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088214
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088215
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088215
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088216
file:///D:/thesis%20corrections/Thesis%20correction%20final%2024.06.17h.docx%23_Toc486088216

Figure 740 Temperature, pressure and emissions data collected during the combustion
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o P= pressure drop (N/fn
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Um= minimum fluidisation velocity (m/s)
Vme, Q=volumetric flow rate (r¥s)
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Dp=particle diameter (mm)

} s=solid density Kg/nr)

} &= gas densitykg/nr)

gand g = gravity (9.81 m/g

Dp,=average particle sizenn?)
dspr=diameter of sphere (m)

de=effective particle diameter @n

o p=frictional pressure drop (Pa)
Lm=height of bed (m)

Un0U=void fraction
e=viscoskgmgh) of gas (
eo=superficial gas velocity (m/s)
Us=Spherity of a particle
Il=interstitial velocity (m/s)
u= carrier gas

j=pressure gradient factor

J p=particle density including porekg/nr)
Vp=bed volume (%)

No=bulk density kg/m®)

M= mass of bedk@)

vp= volume of the particle (A

vb=bed volume (rf)

H= Bed height (m)

Hm= minimum fluidisation bed height (m)
Up=pressure change across bidd

Umi= volume of void fraction at minimum fluidisatiom(®)
w=terminal velocity (m/s)

Dy=bubble diameter (m)

D= bed diameter (m)

upr= bubble rise velocity (m/s)

N= number of holes

dh=grid hole diameter (m)

Cd= discharge coefficient

N;= hole density (1)
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1 Introduction

In the UK ,mwer generatiocompaniesreshifting from largecentralisedacilities such
as thosebrought onlineup to the earlyl 9 8,0pfasts such as; Ratcliffe (2GW),
Ferrybridge {GW), Eggbrough (2GW) anbrax 4.4GW) to medium and small scale
localised facilitieéBreeze, 2014)

Centralised power generation facilities wetesen as a result of politicaocial and
environmental climates at the tim€oal wascheagr and securewith national and
international fuelstocks plentifuland accessible However, global politics, public
opinions, anthropogenicemissionimpacts, fuel security, developing countries and
advances in technology have moved the UK from larger facilities to-smealium scale

more localised facilies fuelled by alternative fuels

Power generatiomdustryhas continued to evolve and adaptite changes iproduction
choices Figure1-1 show how the fuel types for generation has changed since 1980. As
the figure showscoal use hageducedsince 1985 wit discoveries in the North Sea
leading to large construoh of gas plants across the UK, and then drive to implement

sustainable fuel sources.
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Figurel-1 Electricity generation by fuels 198011(DECC, 2012)

TWh

The UK government is a member of directives such as; directive 2009/28/EC,
2001/77/EC and 2003/30/EC (Renewdbhergy Directive 2009) which promotes the use
of renewables in the power generation sect

fuelled by renewables by 202Glachant, 2001)Legislation and directives such as these
1



are a response to the grogriooncern over emissions from anthropogenic sources and the
potential consequences foreealb impact the atmosphere and environniethe future
(Hassan, 2014)

The power sector has responded to the need for renewable power by constructing wind
farms, solar arraynstalling biomass fired facilities andodifying coal fired units. This
is demonstrated by the changes seeRiguire 1-2 which shows the overall increase in

renewable generation.

I Onshore Wind [ Offshore Wind Solar Hydro [ Biomass Other
100

75
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— % B B B |
o — I [ |
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Figurel-2 UK renewable electricity generation, @2015(Evans, 2016

Examples of thencreasan biomass use include Drgower statiorwhich has converted
from pulverisedfuel (PF) €oal units) to biomass fired unitshe construction obteveris
Croft virgin wood fluidised bed, Blackburn Meadows recycled wood fluidised bed,
Wilton 10 virgin/recycled wood fluidised bednd Aberthaw virgin wood PF units
(Breeze, 2014)

With the renewable power sectmsmmissioningmore and more biomass fired stations
across the UKthe focus of this thesis will be towards the application of low grade fuels
such as biomass fall scaletechnologies. As fluidised bed combustion is being utilised
to combustow grade and renewabigels, thisthesis will investigate problems with their
use in fluidised bed combustion apbpose remedies based in critical evaluation of the

results

1.1 Global Energy

Power generationtechnologies varyfrom country to country and between local
requirementsMany factors dictate the choice of power generatectuding technology

type, economics, power requirement amaist significantlyfuel sources.


http://www.carbonbrief.org/wp-content/uploads/2016/03/UK-renewable-electricity-generation-by-source-2009-2015.png
http://www.carbonbrief.org/wp-content/uploads/2016/03/UK-renewable-electricity-generation-by-source-2009-2015.png

Energy sources can be divided into two categories, namelyemawdle and renewable
sources. Nostenewable sources are deaup primarily of fossil fuels. Aese ee the
remnants of ancient plants and animals which have been exposed to pressure and heat
over millennia e.g. coal, natural gas and crude oil. -Morewable fua alsoinclude
nuclearbecause of its depletinfinite fuel source. Bnewable energy sourcaxiude

solar, onshore/offshore wind, tidal and biomass. Renewable emnsifgpation has
increased as a resolt global emissionand public awarenesswards the environmental
impacts ofconventionalpower generation methods. Whilst the work in this ihesl|

evaluate the potential for environmental impact of using both renewable ard non
renewable fuels, the focus drawn toengineering problems and limitations of utilising

low grade fels and thus how to remedy the issues.
1.1.1 Global Energy Consumption

Global energy consumption is projectedcntinueincreaseover the next centuryin
projections modelled by the world energy council it was suggested that world energy
consumption will increasieom 546 EJ in 2010 to 879 EJ BP50(Frei et al., 2013)In
another independent study the international energy agency projects tBasyhe

world energy consumption will have reached 22 Gfggatons of oil equivalent)
compared to the current 10 Gtoe a y@&dA, 2016)

There are a number of key global factors which will cause an increase in the global energy

consumpbn increase to 2050 and beyond:

1 Global population is predicted to increasdétweerd and 12.1 billion people before
2100. There is a large margin @fror associated with this type of study because of
global economies, social dynamiasnd technologicainnovation. However, the
populdion is expected to peak and then reduce to a balanced value of approximately
9 billion peopleas we approach the year 21Q@itz et al., 2001; Cohen, 2003)he
global cap is estimated by taking into account glababurce availability and free
space, without consequence to environmental damage. The distribution of the global
population will increaseni continents such as Asia asmnificantly in Africa. A
decrease is expected in develogedntriessuch as Europ@Cohen, 2001)Each of
the 9 billion people will createan increasingdemand on energy production as
individual demand on electrically driven appliances and lifestylesease This is
until the efficiencies of power rise in the devices is optimised along with technological

innovaton.



1 Quality of life can be correlated with the units of energy per capita head a person
consumes annugl In countries with sufficient energy reserves/production, there is
an ability to provide services and products which improve the quality of lifeicaied
and health facilities for instan¢eloogwijk, 2004) Studies have indicated thahen
the energy consumption per capita head for a state reach€o®¥x, there is no
further improvement without industrialisati@gérowing globalisation and economic
growth is most prevalentin developing countries creating a deficit in energy
production as the pulations of those states conmeexpect the same amenities as
citizens indeveloped countriesThis brings with it a significant increase in energy
demand and consumption.

1 Other fators are predicted to increase the global energy consumption such as
increasing wealth in emerging markets e.g. China and industrialisation in these
markets accompanied with globalisatioddowever these factors will fluctuate
whereas population growth attte demand of each individualhighly probable.

1.1.2 Global Energy Production

In order to meet the demand for electrical production it will be necessargdte more
efficient systems whilsprodueng more power generation facilities, of a larger energy
producing capacity, using the available eneppurces available in the futur€he type

of energyresource is expected to also change in the future as fuel reserves are depleted
and discovered, as different technologies become more efficient and aduatstates

alter their policies and address national pressswel agproducingless CQ intensive

electricity.
1.1.3 Energy in the Future

When considering the potential sources of energy in the future there are two leading
factors which affect the decisionqmess; land availability/required for that fuel source
and the respective yielthievableThis is especially true when considering renewables;
solar, PV, wind turbines, wave, hydro and biomass. An example being a stBdyrioles

et al. (2003)who reviewed 17 studies on the potential for bionpasger generation for
future global energy deficit. The conclusions of this studies illustrated that depending on
the land availability and yield achieved by that land, the energy peodoy the biomass
couldvarybetween 100 and 400 EJ/yr by 2qSeminski, 2014)This type of difference

is shared with global energy associations such aswBish prediced a 56% global
energy consumption increase from 2010 to 2040 equating to an increase from 524
quadrillion btu to 820 quadrillion bt{Birol, 2010)
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Figure1-3 Primary energy use profiles farountries within different forums
(Kaygusuz, 2012)

As Figure 1-3 showsdeveloping countriewill be a large proportion of futurecreased
power demand. These types of country wiitially utilise their indigenous fuel stocks
and import cheap alternatives. In arde address energy consumptidimese countries

will change and utilise the most economic option available to tRegure1-3illustrates

how the trad of energy sources is likely to alter by 2030. Note should be taken to the
dependence of fossil fuels such as coal in the developing couBiigise question is to
what fuel stocks are to be utilisadd thus whatechnologiesfor future energy useiliv

likely to be adopted.
1.1.4 Fuel Stocks

In the past, fuel availability and stockpiles have been governemvdykey factars;

political ramification andeconomic feasibility. Political ramifications have been
drastically steered by global political peer pressand local social trends for climate
change and the effect energy producers are having on anthropogenic environmental issues
(Verrastro and Ladislaw, 20Q7)his is then combined with the cost of fuels as
technologies fall in and out of fashion, nuclear energy disasters such as Chernobyl being
a key example, meamthat energy generation has changed over the last 50(yzarsler

Pligt, 1992) As a direct resulthe need fothe energysector to continue sourcing new

fuel reserves to match these treansl pressureslongside the continuing deplatibas

an effect orfuel prices which influencesenergy producerdecisions with regards to fuel

choice for generatiofPerlack et al., 2009Rogner, 1997)
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1.1.4.1 Low Grade Coal

Coal is a combination of carbon, hydrogen, oxygen, nitrogen, sulphur and low
concentratios of mineral/inorganic impurities. The high carbon content makes this fuel
ideal for combustion and power generation. Different saokcoals existslue to the
variance in theontentof carbon, moisture, mineral matter, ash and inherent impurities
(Volborth, 1987)

The priceof higher ranks coal such as anthrac#80{$90/tonne) and bituminous coal
($57-$60/tome) is more than three times the cost of sub bituminous cae?siBYtonne)
and | i gn$0teen®vEIA; F013¥Hecking, 2016) This has fluctuated more
recently withNorth America investingn indigenous fracking and tar s#nthus resulting
in an exces# coal productiorand exportsFor developingountries the variability of
the cosis forcing governments such as Pakistan, Irafia, Chingetc. to look at utilising

indigenous fuel stock

Coal: Total proved reserves at end 2014 (Mtoe) Non-OECD: distribution of 891531 Mtoe of coal

Anthracite and
bituminus

Sub-bituminous 43%

Non-OECD andsljglte
65%

Figure1-4 Distribution of coal reserves globally and the trend for developing coun
(Petroleum, 2015)

Figure1-4 shows how the proven world coal reserves are found more in developing, non
OECD countriegPetroleum,2015) Within nonrOECD countries there is currently a
proven total proven reserve of 891531 Mtoe of cBalwever morethan half, 57%, of
these reserves are sub bituminous or lignite i@stkiguro and Akiyama, 1995; Husain,
2010)

The available data illustrates a trend for developing countries to utilise their indigenous
low grade coal in the futureAlternativefuelsin developing countriesclude biomasses
(wastes, virgin materials and recycling) which haveattide dootentialfor CO, emissions

reductiors.



1.1.4.2 Biomass

Biomass is organic materials such as wood, farming residuasicipal solid wastes
(MSW) etc. which contain high concentrat®oaf hydrocarbons anthus have high

calorific potential

The potential for biomadsielsto meet power productiogiobally is dependent on land
availability and the yield achieved. Studmsygest that biomass could suppbtween

100 and 600 EJ of electricity depending agrowth variables and the local strategies
adopted in producing the powgslade et al., 2011)t is difficult to quantify the actual
global availability of biomass for generation when there are so many different types and

applications.

The International Renewable energy agedRENA (2012) quantified the investment

cost required to utilise biomasgs different technologies, as shown Table 1-1. This
indicates that technologies such as stoker boilers and fluidised beds could potentially
produce the cheapeseetricity using biomass; 18860 $kW and 21764500 $kW

respectively.

Table1-1 Typical capital costs and the levelised cost of electricity using different
biomass power generation technolodieENA, 2012)

Stoker boiler 1880 - 4 260 0.06 -0.21
Bubbling and circulating fluidised boilers 2170 -4 500 0.07 - 0.21
Fixed and fluidised bed gasifiers 2140 -5700 007-024
Stoker CHP 3550 - 6 820 0.07 -0.29
Gasifier CHP 5 570 - 6 545 0.11-0.28
Landfill gas 1917 -2 436 0.09 -0.12
Digesters 2574 - 6104 0.06 -0.15

1.2 Fluidised Bed Combustion (FBC)

Cheapemitial capitalinvestment andigh potential electrical output meathsidised bed
combustion(FBC) adopted heavily imon-OECD countries. Malaysia uses FBC for
agricultural and forestry residugShafie et al., 2012Brazilfor highmoisture sugar cane
residues and MSWHoffmann et al., 2012)Chinafor MSW also for powe(Cheng and
Hu, 2010)andThailand to combust residues from the fruit farming indudtiagle et al.,
2011)



Fluidised beds are also being used to combustldlver ranked coals (previously
described), examples including; Pakis(&hah et al., 1994 Australia(Vuthaluru et al.,
2000) GreecgKoukouzas et al., 200@ndAfrica (Papo, 2015)

FBCis different from conventional combustion methods sudAFombustion. In FBC

a conthuous strearof air isused to lift and suspend a bed of inert bed material, such as
silica sand. Within the turbulent bed, solid fuel enters and combusts, resulting in rapid
heat transfer and high combustion efficiencies. FBC is particularly useful for the
combustionof biomass and low ranks coals. The use of a bed results in a high thermal
reservoir/massTherefore any fluctuation in fuel quality (calorific value, moisture
content etc.) is absorbed whilst a constant thermal and hence electrical cautpog
achievel. Additionally, FBC is capable of handling high ash, high mineral impurities,
high alkali concentration by havingpnstant bottom and fly ash removal techniqivés,
2003a)

1.2.1 Fluidised Bed Combustion Problems

As with any combustion technology, there arpitmductghis includes the residues in the
form of bottom ash, fly ash and fine particulate matted ashesrom the complete
combustion othe fuels Depending on the type of fuel and its relative quality/ranking,
the fuel can contaielevated concentrations obirganic elements, heavy metals and other
chemical impurities resuftg from thefuels chemical and physicsiructureg(Khan et al.,
2009)

Low rank coals anttiomass contain elevatedraentrations of iarganic elements such
as alkali speciessodium (Na) ad potassium (K).These species have melting
temperature$ O 76f4or Na °€ fodK) BartelDe al., 2008g)ower than the
temperaturef the combustion environme(@800-900°C)(Kunii et al., 2013) The alkali
speciesand askenter a liquid melgasphase which coats the bed material creating a sticky
surface.Collisions of thesgarticlesresultsin adhesion and growth targer paticles.

The agglomerates grow in size and structural rigidity. The presence of agglomerates
within the bed interferes with the hydrodynamics of the bed tartsulence Hence
combustion efficiency and system performance reduces. If agglomeration is messadd
upondetectionof a system changa bedcan eventually defluidise which will result in a
furnace outagéOhman et al., 2000; Elled et al., 2013b; Duan et al., 2015)



1.3 Synopsis ofResearch

The rationale othe researcHor this thesisvas toundertakean investigation in the use

of low rank coals and biomass fuels in pilot s¢&€ and evalua the application to full

scale This was to be done by completing a literature review to encompass all necessary
theory and current research, extensive experimental testing of fuels in a pilot scale test rig
and by conducting thorough analytical analysisesults.The literature review allowed

for the identification and outlining @faps in theurrent available researcExperiments

and methodology were proposed and designed in order to address the outlined research
gaps. By consulting the literatur@devident theory, it was poss#tio approach the
research in such a way as to evaluate the dffiatthe fuels had upon the fluidised bed
system. Further work was conducted in order to assess the impgerafional changes

such as the use of add#ts, bed temperatures, particle size etcthefluidised.

Further analysis and characterisation of the fuels was necessary to understand the
underpinning fundamentals and thus the effieefuels had upon the technology. Further
gaps in analytical techgues, such asRF, for measuring@lemental content of ashes were

identified to develop the technique to improve accuracy and reliability in results.

The researchlsoinvolved the use of theoretical thermodynamic modelfimgthe use of
predicting agglommeation and slag based mechanisms in FBi@& results will be usetd
validatethe results of experimeaitdata The result of this workincludedvalidation of
the software package itself ande of the technique in predicting FBC agglomeration

likelihood when using the fuels included in the investigations of @teaptes

1.4 Aims and Objectives

The key aims which defined the core research objectives are as the following points

indicate:

1 Investigate the effect that combusting industrially relevant biomasseb
economically viable subituminous coalhave on the formation of agglomerates
within the bed of an FBC. The aim of this is to quantify the mechanism of the
agglomerate formation and to compare the fuels applicability in the technology.

1 Evaluate theaffect operational variables have on the formation of agglomerates,
emissions, combustion performances, temperature distribution and system pressures.
By varying operational parameters conclusions will be drawn as to the flexibility and

applicability of thefuels in FBC systems.
9



1 Using the information of the previous objectives, a series of engineering remedies
will be presented including operational parameter choice/optimisation and the
alternative methods that the results indicate could be beneficial in FBC

1 Investigate the application of indices, fuel characterisation and thermodynamic
modelling in the prediction of slag and agglomeration formation in FBC. In doing so
conclude on the use of different techniques and the use for predicting FBC issues.

1 Investgate the effect of damaged air distribution systems in FBC. Evaluate the impact
on agglomeration, air distribution etc. and conclude as to the impact on industrial
scale systems.

1 The overall objective is to define the applicability of the fuels in thessstigations,
the effect of operational variables, use of modelling and remedies for full scale power

generation FBC facilities.

EachChapteraddresses different aspects of low grade fuels for FBC. Howevéoctise
is to evaluate the implications théie low-gradefuel would have if employed on full
scaleFBC technologyThe following sections describe the aims of @lepterand their

significance.

The is a comprehensive literature review which overviews important theory and
previously undertaken rearch. This is fundamental for an understandingthe
techniques and technology usttnloughout thenvestigations The research is used to
identify areas whi ch haneedrodfurthgnvestigationm ars | y
more rigorous validatiors neededThroughout thiChapterthe aim is to identify gaps

in the research and explain where the research in the subsequent investigatidhs fit

bigger picture

Chaptef3is a detailed description into the methodology appliedexpérimentathoices

made in order to rigorously and accurately test the applicability of the fuels in FBC
systems. Developments of the testing equipment, plans of tests and validation of
operational choices for investigation are explained. By doing soCégpteraims to
indicate the logical and systematic approach taken to thoroughly testpleesgtional
parameters within the research in order to achiepeesentative and reliablesultsto be

used to compartnefuels, techniques and scale of operation.

Chapterd is aimed towards producing an understanding of the fundamental physical and
chemical makeaup of the fuels. The objective of this is to produce a series of data sets that
will be used to draw links to thegglomerateand combustion mechanisms seen in later

Chaptes. ThisChapteralso aims to develoXRF as a more accurate and applicable

10
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technique for measuring low grade fuel ashes and combustmnodicts. This data will
also be critical for identifying key components within the combustion mechanisms and
devising conclusions as to their importance to the research.

Chapters applies theoretical approaches including indices, predictions based on the fuel
characterisation studies and a thermodynamic m@#e€TSAGE)for the determination

of slagging and agglomeration issues with low grade fuels in FBC. The aim is to evaluate
the accuracy and applicability of these techniquegifedicting bed issudsy validating

the resultsn experimental chapter$he overall olgctive is to identify the strengths and
weaknesses of the methods and to suggest how the techniques could be used to predict

bed issues in full scale operations.

Chapter6 aims to investigatehe effect sudbituminous coals have on a FBC bed and the
impactthe fuel has on agglomeest The objective of thisChapteris to evaluate the
opportunity toimprove the fuel with the addition of bed additives and operational
changes. By doing sthe work allows for conclusions to be drawn betweperational
variabkes whilst linking phenomena seen in the bed to the fuel characterisation work of
Chapter. The overall aim of th€haptelis to conclude as to the applicability of the fuels

in full scale operations and to offer methodsifioprovingthe fuels as a resudf the data

gathered during experimental testing.

Chapter7 aims to evaluate the effecbmbusting different biomass fuels in FBGshan

the rates of agglomeratiamd the impact of operational variables onahiity to achieve

stable combustionfhe ar distribution plate will be modified in order to understand the
effect poor air flow and restriction has on the bed and combustion. The overall aim of this
Chapteris to evaluate the biomasses anagvaluate the application of the fuétsfull

scale opmtions and recommend techniques that should be employed in order to mitigate

theengineering challengédsghlighted by the experimentedsults

1.5 Outline of Thesis

This thesis contains 8haptes. Chapterl introducesthe problem and rationale for the
resarch undertaken in the following docume@hapter2 develops an understanding of
the theory and explains research in the literature. In doing so highlighting the gaps in the
available research and the needtfo researchChapter3 describes the experantal
methodology, equipment and testing plan designed to vigordhslytheories and
variables definedChapterd is focused on fuel and material characterisation and the lab
analysis techniques/methodologies develept Chaptel5 through 7 are resul@haptes

11



specifically looking at areas in which thieerature review has highlighte@€hapter6

investigates low rank Pakistani coals HBC, Chapter7 investigates the impact of

biomass InFBC and the effect of a damaged air distribution system on agglomeration,

andChapter5 demonstratesyor Kk conducted in the modelling pa
Chapter8 outlines the conclusions and the futwark requiredo further develop ideas

and theaes fourded in thighesis.The research shows how the fuels baemployed in

full scale utilities and the remedies which should be considered on their application.
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2 Literature R eview

2.1 Introduction

An ongoing area afesearch is thepplicaion of biomass fuels and sub bituminous coals

due to theeconomic and technologicahplicationin the power generation industry. In

order to understand what research has been undertaken beforehand and identify where the
research gaps are a thorough litera review was conducted. The followiGhapteiis a
comprehensive cross section of technical, chemical and physical areas whied need
consideration when addressing potential operational issues for the combustion of low

grade fuels ifFBC technologies.

2.2 Coal Utilisation

Coal in its many variationsan be found in a number of geologically significant locations
around the world, especially in large quantities in countsigsh asNorth America,
Russia, Australia, South Afric&€olumbiaand ChinaSpeight, 2012)Coal is the result

of dead plant life fron thecarboniferous period (300 millioyears ago) which has been
subjected to great pressure and heat. The first formations of coal come in the form of soft
peats, but with longer periods of heat and pressure, give rise to bituminous and less
abundant anthra@s(Stone, 2004) Due to the plant life origins of the coal, the elemental
make o of coal consists mainly of carbon, hydrogen, oxygen, nitrogen and sulphur. Coal
also contains small amounts of a number of major and minor groups varying from alkaline
speciessuch as sodium and potassiumhgavymetals such as cadmium and mercury.
Thes components/ould normally be found ismall concentrations in plant life but due

to the compaction process and leaching from local land formataytsconcentrations

of these elemental groupan buildup in the coa{Wiser, 1999)

The price of Coal has continued to incre
charges and increasing consumpt@lobally, asindicated byFigure2-1. An example of
changevouldaltering coal utilisatioms the collapse oftheworltha r ket i n t he mi
followed by record coal production in the USA in 26@®@08 resulting in a fluctuation in

global coal prices from $97.68 per shortrieexported to $39.31 per short tmexported
respectively(Freme, 2009)This then led to increased use of coal for power generation,

domestic heating etc. in developing countries such as Chhah increasedits

13



consumption to 2581t in 2008 which was 41% of the global consumpfiijbim and Liu,

2010) However with the restabilisation of world markets by 2010he increase in coal
prices has left countries such as Japan unable to fungpooar generatiomafter their
nuclear power plant fleet was shut down amid fears post Fukushima tsunami nuclear
disaster, 2011Kim et al., 2013) It is for reasons such as these thegearch and
investments are being made towards the exploitatioaboindantlower grade coal

sources
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Figure2-1 Estimated coal market prices, 192911 (Dollars per short ToiiPaduano,
2016)

Barnes (2@5) defines low grade fuels as followed:

Amaterials that have an energy content that
or indirect (e.g. gasification) processes, but where that energy content is significantly

lower than the range expressediimo r mal f ossi |l fuels (o0oil, gas

The lower energy content in lograde fuels can be due to higher mineral matter and
moisture content, thus diluting thdrocarbon contergind also negatively effecting the
combustion properties of the fu@arnes, 2015)

A review of the available literature findsgnificant investigative works in numerous
research institutes for low gradeefielectrical power utilisatiorglobally. Li (2004)
reviewed research and exploratory work in Australia aimed towards the liberation and
application of Victorian brown coals ahdi g n There @&esnumerous reserves of low
grade coals includinilurray Basin Mt, 19600, Gippsland Basin, 395000avtd Otway

Basin, 15500 MtThe conclusionsf fuel availability, ease of extraction and its critical
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role in the future of Austr al indicitetheevaser gy
potential and nek for technological application®Numerous other studies including;
(Ward and Christie, 1994; Dunne and Agnew, 1992; Karthikeyan et al., 2009; Barton et
al., 1993)have been conducted on Australian coals because of their fuel supply potential
This is an example of the growing desire to use these types of fuels and thus the effect

and application in combustion systems needs evaluation.

2.3 Biomass

Biomass is defined by the international energy association as:

fiOrganic i.e. decomposable, matter derived from plants or animals available on a
renewable basis. Biomass includes wood and agricultural crops, herbaceous and woody

energy crops, municipal organic wastes as well as mgnd® Ap ot ¢e , 1998)

Whilst the utilisation of low grade coals could potentially alleviate some of the growing
global electricademandresuling from theprojected population growth of 18.6% (8.5

billion by 2030)(Davis et al., 2014)concerns towards anthropogenic climate change has
refocused research and development to less @€@nsive methods of electrical
generation CO, measurements over the last 60 years have seen average atmospheric
concentrations increase from measurements over the last 60 years have seen average
atmospheri€CO, concentrations increase from 3apmto 400ppm (Davis et al., 2014)

One methodo reduce te is to replac€0; intensive fossil fuels with biomass fuels such

as those previously described as these types of fuels have potential to be carbon neutral

or negativaf comhbined with carbon capture meth{/dathews, 2008)

In order to utilisebiomassit is impotent to understand the differermemass hato coal
both chemically and physically. Biomass,dikoal, contains mainly carbon, hydrogen
nitrogen anaxygen. Biomass contains very little sulphur and is of a varied concentration
to the impurities such as alkaline earth gro(Psaak et al., 1999)rhe differencen
biomass composition poses challenges in its application; from harvesting and logistical
issuegMcKendry, 2002; De Wit and Faaij, 2010; Thorsell et al., 2004; Sokhansan;j et al.,
20009; Ekkiojlu et al ., 2009; LewandowsKki
processing of the fuel damaging traditional grinders and cutting equighhems et al.,
2016; CHEN et al., 2005; Xutao and Bailiang, 2008; SUI et al., 2012; Yonglong and
HouShulin, 2013)to physical and chemical reactions causing abrasion, agglomeration,
corrasion, slaggingand fouling in furnace@ing-tao, 2009; Wang et al., 2009; Bartels et
al., 2008a; Basu and Sarka, 1983; Chaivatamaset et al., 2013)
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As part of this study, biomass will be assessed in its applicatidgfB@. This is a
technology suited to low gde fuels such as biomass and the following sections will
elaborate

2.4 Fluidised Bed Combustion (FBC)

In order to combust biomass and other low grade fuels it is necessary to utilise a
technology which hasombustionflexibility that canadapt to the variable mineral,
calorific andmoisture contenalongside othevarying impurities Fluidisationrefers to

the flow of gases through a bedsafid particles suspended on a bed of gas, usually air
When gases (air) with sufficient velocity enters under a bed via a distrilbogéithrod the

bed expands and lifts as the voids between particles inci@ase. combustion takes
place in the bed either through solid fuel combustionusually oil or gaspre-heat
system With increased air flow and hetite bed materidlows and reacts more like a
fudand thus Afl ui dGodoa etiab, R@l3)Hgars 2-2 lillesgates
different stages diuidisation abed will undergo with increased airflow. As the airflow
is increased the bed void increase as they are filled wittuidesation mediumThe bed

will begin to bubble, with bubbles erupting tire surface.

Fixed bed Minimum Smooth Bubbling
fluidization fluidization fluidization

NI NI

Gas or liquid Gas or liquid
(low velocity)

Figure2-2 Different fluidisation modes a bed can experience depending on air 1
fluidisation medium an bed material choicgunii et al., 2013

The following sections describe technological considerations and design choices for FBC
systens which will be applied in later Chapters and experimental deSlgnreviewed
literaturehas been used to devise the method for investigationthameed for research

in specific areas of FBC utilisation for low grade fuels
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2.5 Fluidisation Theory and Fundamentals

Operating and monitoring a FBC requires understanding and applicafiomdaimental
rules and mechanisms including; minimum fluidisatiorelocity, combustion
optimisation, pressure drop and bed hydrodynamics. As such it is nedessaigw the
literature on the effeaperational variablesave on thento better understand and operate

the experimentalig during testing and conceptiohtests.
2.5.1 Minimum & Maximum Fluidisation Velocity

Possibly the most important facteffecting the operation of a fluidised bed is the
fluidisation velocity.Thatis, the velocity of the gas or liquid flowing through a packed

bed in order to commence flusation.The following sections describe the fundamental
properties and theory required for both understanding how a bed fluidises and how to
modify and operate a bed successfully. The following sections are of particular
importance to the air distributipefficiencies and state of turbulence underpinning the
rates and type of agglomeration that can occur in a bed. The theory described are a
justification for picking operational variables to tests in later investigations including, use
of additive, modifiation of air flows, particle sizes, combustion temperatures and co

firing of different fuel ratios.

The variablesiffecting minimum fluidisation arsummarised b¥igure2-3, and indicate
how fluidisation cannot occur until the forces acting down upon the bed are counteracted
by the forces being applied to the bed from the inlet air etc.
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Figure2-3 (Kunii and Levenspiel, 1991)

When air is introduced to the system the bed will undergo a number of stages as
fluidisation occurs;1) initially the bed will be packed; 2) the initial development of
fluidisation and raising of the whole bed; 3) bubbling bed starts and intensifies; 4)
slugging of the bed occurs 5) entrainment of the bed. Initiayair velocitiespresent
no change irthe bed due to the frictional forces between particles etc. overcoming the
opposing forces against the béthwever,there is a pressure drop across the bed which
is a result of a | oss of mechanical energ
pressure drop across the bed which is influenced by the properties of the pésticles
calculated usingquation2-1(Anthony, 2003)
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S Anthony,
Y0 v Equation2-1 ( y
= 0 ¢ 2003)

Wherea is pressure dropsis friction factor, L is distance across the bed, v is velocity
of the gas angk is the fluid/gas density.

Whilst Equation2-1 calculates the pressure drop across a bed with a good level of
accuracy with parti clEquatiom-brequies mofifcatiomtor n di amet e
retain accuracy when considering different particle sizes. With largepdrtidles,the

bed voidage between irregular shaped particles will also increase thus influencing the

displacement properties of the fluidising air. The increase in voidage also has aoreffect

the particle wall effect of the particlesTherefore, taking these pamaeters into
consideratiofEquation2-2 developsEquation2-1 (Kunii and Levenspiel, 1991; Anthony,

2003)

&, o= 1 _ﬁ“)ZT e, 1-C ; JQUS Equation  (Anthony,
— 1= + . 7
L ~© ﬁ (G dp) @% a.dp 2-2 2003)

Whereag, |s frictional pressure drop,iis the height of the bedy. gravity constantl,

is the void fractiong is the viscosity of the gasy, is the superficial gas velocity,d

particle diameteq,gis gas density ands is the spherity of a particle.

With an increase of fluidisation air the fluidisation of the bed will begin. The initial

incipient fluidisation of the bed can be calculated and is referred to as the minimum

fluidisation velocity (Wy). Equation2-3 illustrates the relationship with the minimum

fluidisationto inlet velocity air and the crossectional area of the bed. The floate of

inlet air is in reality greater than that of the calculated minimum fluidisation air value.

This is due to frictional forces in the inlet pipes, the irregularity of bed materials such as

sand which will not be perfectly spherical, trariableweight of the individual particles

and the physical dimensions which will contribute to aerodynamic factors and buoyancy

influence (Howard, 1989) Equation2-4 develops orEquation2-3 and gives a more
realistic minimum fluidisation value when the
whilstEquatiol2-5i s mor e applicable for bed particles awv
are variations of these equations between auttlifgsation 2-3, Equation 2-4 and

Equation2-5 are widely acepted for materials such as silica sand for bed materials

(Howard, 1989; Kunii and Levenspiel, 1994nd will be applied during air distributor

and experimental rig design.
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8% oo_ Equation2-3 (Howard, 1989)
0

Y Rep, m&40 Equation2-4

(Kunii and

Levenspiel, 1991)

Y — - Rep, m$1000 Equation2-5

Where Uyt is the minimum fluidisation velocity, Mis the volumetric flow rate, A is the
crosssectionalrea of the bedl, is the particle diametefsi s t he s ojisthel dens
gas density, €  iissticeovelume wfvoid fractibrhag mirgnaus ,
fluidisation, g sisshegphedatyofthbedpartickkst ant and

With the onset of incipienfluidisation, the pressure drop across the bed will remain
stationary,however,the particles in the bed will increase woidage until a state of
equilibrium has been achieved. At this pdabbleswill form and collapse throughout

the bed The bed will sustain its level of buoyancy as long as no other variables are
introducedor altered Anthony, 2003)

With further increaes in the fluidisation inlet velocity the bed will moveatthird stage

and the bubbling will intensify. At this point the fuphrticlesand temperature will
distribute within the bed resulting in a near homogenous bed with continued mixing. The
bubblesat this point will be small and irregular and variant. As the fluidisation velocity
continues to increase the bed enters stage 4 resulting in slugging of the bedstaAgthis
smaller particles become entrained within the bed i.e. they are no longeg roixt
become trapped within the bed which is stage 5. The entrainment of particles will result
in changes of pressure drop across the bed. If these are too great the bed risks slumping
or inefficient mixing throughout the bggHoward, 1989; Kunii and Levenspiel, 1991,
Anthony, 2003) These factors need consideration when analysing shape and spread
formation of agglomerates in the bed to understand fuel distribution and the effect of

operational parameters influencing bed turbulence.
2.5.2 Pressure Dop vs. Velocity

Pressure drop and the @tlifluidisation velocity is a common methfaat monitoring a bed
condition because of its more simglic representation of the bed air movement and

particle mixing.
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Figure2-4 Characteristic curves of bguessure drop and its dependence on fluidis
velocity (Anthony, 2003)

As the pressure drop remaiosnstantpost fluidisation of the bed, the increasing inlet
fluidisation velocity causes some fundamental changes as shéiguime2-4. These can

be used to determine the status of a FBC in operation. The changes of increasing inlet
velocity are as follow; (a) the increasing inlet air is approaching fluidisationewkthe

onset of fluidisation occurs the hump as shown by (b) will present followed by a
stabilisation (this stable line is an average value as the values will oscillate around this
value with the bubbling occurring within the be@nthony, 2003) (Kunii and
Levenspiel, 1991)

The region shown as (c) above the line represented as (d) is a buffer zone which can occur
with smaller average particle diameters. The smaller particles are effected by buoyancy
forces differently to that of larger particles and as a reswithen minimum fluidisation

occurs the pressure drop diminishes until a further increase in fluidisation velacity re
establishes fluidisation. The line at which (e) occurs indicates the entrainment of material
with the bed resulting in a decrease in pressure dropsaitrededHoward, 1989)

Overall the theory covered will be used to exé the bed conditions, operational choices

and starup procedure.
2.5.3 Theoretical Properties ofFluidising Particles

Different particles interact with the bed in different ways and based on their particle
classification this can be used to predict the plagiinteractions with the bed. Another
purpose for a particle classification is that not all particles can be fluidisetienedore,

it is important that proper classification gives an operator the information needed to run

an FBC correctly.
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The literaure shows iiferent approaches used to try and classify the interactions of the
particles within a FBC bedhe mode of fluidisation and the criteria for transition from
one mode to another. InitialiWilhelm and Kwauk (1948proposed a criteria system
based on inteparticle brces between bubbles using the Froude number. This was then
developed byRomero (1962which included dimensionless groups such as Reynolds
number and Froude number. Additional approaches and takes ciagbéicationwere
attempted and developémwever, it was Geldart (1973)who approached the issue in
terms of particle characteristics and the way they fluidise as illustratggdure2-5.
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Figure2-5 Geldarts approach to particle classification in fluidisai@eldart, 1973)
The Geldart diagram compromises of four categories and are asdollow

1 Group Aconsists of particles which haveseall mean size and low bulk density
( <140kg/md). Theseparticles can be fluidised easily with smooth fluidisation
being observed at low inlet velocities. Due to the large buoyancy effect on the small
particles, the fluidisation of these materials resuh large bed expansions and a
homogeneous fluidisation. The bubble rising velocity will exceed the interstitial gas
velocity during the emulsion phase resulting in a maximum bubble size achievable
(Geldart,1973; Kunii and Levenspiel, 1991)he interstitial gas velocity is defined
as the velocity of the gases moving in an opposing direction to a particle in the bed

and is summarised Hyquation2-6 (whered.is interstitial velocity, u is the carrier
gas and j is a pressure gradient factor).
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6 60Q Equation2-6 (Subramanian, 2004)

T GroupBparticles are ofDppS5tmedmumasdzeeddldOmmdens
( 1 4 0<0180(kg/m®) andtherefore, covers a large variety of different materials
(Kunii and Levenspiel, 1991Most particles of this group areds cr i bed as fAsando
like and bubbles occur immediately after minimum fluidisation has been achieved.
There is no maximum bubble size associated with this group which allows slugging
etc. of beds made of this particle categ@mthony, 2003) This is a visuaindicator
for poorfluidisationbrought on by operational changes.
1 Group Cis made up of fine particlep<3 0e m) with extremely | ow de
can be described as cohesive. The fluidisation of these particles is difficult due to the
inter particle foces being very strong. The velocity of the inlet gases required are too
large for fluidisation but instead blow away bed material. These types of particles
form channels and irregular slug patterns and thus the pressure drop seen in fluidised
beds is not ehieved. For thigeasonthe bed will remain fairly static hence poor
mixing and no fluidisation is achievé@eldart, 1973; Kunii and Levenspiel, 1991;
Anthony, 2003; Jones and Williams, 2008)
1 Group Dis made up of largefDp>6 0 0 € m) and mo r &hicld e n s e parti
commonly have coarse shapes which will influence fluidisation greatly. Because of
the larger physical weight etc. of the particles, deeper beds are difficult to fluidise.
However,once fluidisation has been achieved bubbles will rise slowly thraugh t
bed, specifically slower than the interstitial gas velocity. The slow bubble formation
develops explosive bubbles on the surface of a bed and can lead to channelling or
spouting through the bgéioward, 1989; Kunii and Levenspiel, 1991)

The Geldart diagram will be referred to in later results to correlate average bed patrticle

size change to agglomeration formation #odlisation.

2.6 Physical Properties offluidising Particles

There are a number of physical properties whftdct the hydrodynamics of bed particles

and hence the ability to fluidise that bed. The different physical properties such as particle
size, density, size distribution, particle voidage, physical shapehawdcoarse the
particles areetc. will contribute to the particles classification in the Geldart diagram and
therefore the requirements for fluidisation. Understanding these values is important for

operators to determine what mechanisms are taking piabe bed and why.
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The following sections and theory are fundamental for the understanding of bed
interactions that occur between gases;ggdisis and solids. The bulk density for instance

will influence how the bed will fluidise, how the gases will mdakeoughout the bed,
bubble formation and consequently this impacts in the physical mechanisms associated
with agglomeration. Furthermore, these physical properties will alter the impact that test
variables can pose on the outcome of agglomerate formda&tunidisation times and the

resulting flame from bed/above bed combustion.
2.6.1 Spherity

Each particle will interact differently within a bed due to its shape and sizbemdore,
influence the fluidisation and voidage of a packed Begrage particle sizeare used to
encompassariance in size and shape of particles within a bed and the large number of
individual particlegpresent The term ¢ is the effective diameter of each particle within

the bed. Whilst particles over 1nigan be measured manudly either sieve or callipers,
particles OLmn? are calculated from available data. The first method is to average
particles by giving an equivalent spherical diameter for volume, thus mitigating the shape

of each individual particle and is definedEguation2-7 (Kunii and Levenspiel, 1991)

(Kunii and
. QQOa @SMI DI QABM € a 0 A . .
Q £ OG0 Q1 RN QU HOB Q Equation2-7  Levenspiel,

1991)

Due to the irregularity in particle shape, voidagenspherical naturend the non
uniform particles it is more common for the Spherity to be calculated using the method
in Equation2-8.
_ (Kunii and
i 01 "Odi®dI NI Q

® AT A A T w T x o« E ion2- L n ‘l,
i 01 "ADIW®IN i 0 Qwa Q quation2-8 evenspie
1991)

Us=1 is the definition for a spherical particteerefore, for irregularly shaped particles

the value will beOl (Kunii and Levenspiel, 1991puring combustion and the fluidisation

of a bed, the particles will move against each other creating abrasion and erosion. This
results in the coarser particles becoming more spherical and stherfore jncreasing

the sValue.A standard value for a granular particle such as that found in silica sand
based beds 0.6(Howard, 1989)
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The d« can represent a bed of nepherical particles in terms of spherical particles by
using the developeBquation2-9 which takes two theoretical beds of the same patrticles
including the same total surface area and the total voidage fraction.

Q * Q Equation2-9 (Kunii and Levenspiel, 1991)

The spherity of particles is significant whietroducing fuels such as biomass which has
large irregularity and variance thus altering the flow through a bed and thus potentially

effecting mixing of the bed.
2.6.2 Terminal Velocity

Terminal velocity is the velocity of particle falling through a gas with external forces
acting upon the particle whilst the particle achieves a maximum falling speed which will
max d 9.8m/s (gravity).Figure 2-6 illustrates a particle which is falling within a gas

stream. The forces exerted on the patrticle include gravity, drag and buoyancy.

I

Buoyancy

( rag Force

Acceleration

Force \

Gravitational
Force

Figure2-6 Forces exedd on a particle moving upward in a gas stream. The net fo
acting on the particle come to equilibrium as terminal velocity is achi¢Badu, 2006)

When the forces acting upon the particle come to equilibrium i.e. the particle is moving
towards the earth at the same magnitude as the particle is accelerating away from it, then
the particle is at terminal velociffupta and Sathiyamoorthy, 1998)

When theforce generated byelocity exceeds free fall forces of the particle it will travel

in the gas stream. This would be an indication that the fluidisation inlet air velocity is to
excessive. The terminal velocity of a particle can be calculated Hsjugtion2-10 and
Equation2-11 (Basu, 2006)
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" 00 Equation
6 —— YQ m8
Py 2-10
(Davidson and

PR W pt 7 Equation Harrison, 1987a)

2-11
QO mM YQumnm
Where wis the terminal velocity, is gas density, viscocity of gas;Qis the gravity

constant,” is gas density an is particle diameter.

The terminal velocity should be calculated for the smallesicpait the bed as a velocity
in excess to this value will result in the eluration of particles as they become entrained in
the gases potentially forcing particles to exit with flue géSempta and Sathiyamoorthy,
1998) Because of the loss of material from a bed, cyclonesenydle circuits are built

in to capture and replace bed materials.
2.6.3 Bulk Density

The bulk density of the bed refers to the mass of particulates per unit within the bed
volume. This value is calculated usiBguation2-12which will give a smaller value than

the true density of the particles as the bulk/bed density includes the voidage between each
particle. The bulk density is determined by the size and shape ofrtieegawhich in

turns alters the voidage between parti¢lésward, 1989)

o — " p - Equation2-12 (Howard, 1989)

WherePs, is bulk density, mis mass of bed andyis bed volume.

The bulk density is aoftenoverlookedvalue when considering theteractions occurring
within a fluidised bed. The bulk density is a function of the voidage which directly alters
the pressure drop across the fluidised bed and hence the interactions between solids and

gases within an FBC systefargun and Orning, 1949)

Therefore,in a batch bed system such as that in the experincbaistersthe constant
input of fuel and lack of removal indicates there will be a change in bulk density.
Therefore, a consideration will be needed for material build up in terms of fuel ash and

mineral @ntent influidisation
2.6.4 BedVoidage

As previously described, the bed voidage is the space which occurs between particles

within a bed. The size of the voids will change with particle shajpengressand size.
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Irregular particles produce more voidsmpaed toregular particless theyfit together
better resulting in smaller void space. On average a fixed bed will have a voidage value
between 0.4.45(Howard, 1989)The bed voidage is calculated uskguation2-13.

w tw " _
o P Equation2-13 (Howard, 1989)

WhereUis void fraction, \4 volume of particle, Y is bed volume? bed density and

" particle density.

The voidage is a fundamental property when considering fluidised bed combustion as the
combustion can be directly influenced by bed voidage in terms of both mixing aotids

gases as well as the development of combustingaurétles It has been shown studies

such asKuo et al. (1997)that larger void fractions in a bed can lead to lower bed
temperatures. This is due to the distribution of oxygen and combustion gases throughout
the bed and depletion of oxygen resulting in inefficient tugrnout. An increase in
voidage has also been shown to decrease the average combustion rate, once again due to
the reduced mixing regime within the bed. Other possible reasons stem from the formation

of slugging when the larger voids join adjacent bukble
2.6.5 BedHeight

Bed height is a parameter which describes a macroscopic behaviour of a fluidised bed and
the consequent bubbling regime. Whilst the surface of a bed will constantly vary with the
rising and collapsing of bubbles, there is a clear relationsitlp bed height and the
fluidisation velocity.Howeverb ased on t he @ADavidson two phase
particles are outside rising bubbles ahdrefore,in a state of minimum fluidisation
(Davidson and Haison, 1987c) When the fluidisation velocity is increased beyond
minimum fluidisation, the voids voidage and porosity of the bed will increase resulting in
an increased bed height. Hence the critical value is the void space which is occupied by
bubbleghroughout the be(Hetsroni, 1982; Davidson and Harrison, 1987a; Yang, 2003)
The relationship for bed height, particle voidage and space occupied by bubbles has not
beenvalidated in the literaturbut can be summarised Bguation2-14. Constants are
required for subsequent calculations which are unique to each fluidised scenario and
sydem variables.

0 p p -
0O P p -

Equation2-14 (Hetsroni, 1982)

26



Where H is bed height, ddis minimum fluidisation bed height, is pressure change
across the bed) i's voi d Ufis sotumné af woid draction at minimum

fluidisation.

Whilst increasing the fluidisation air velocity increases the bed height, there is a limit to
the bed height. For each specific fluidised bed and opeghtionditionsto the maximum

bed height will be a result of the free fall veloaitfyfuel particlesnlet gas velocity. This

is termedasthe transport disengagement height (TDH) and can be summarised using the
Geldart equation iEEquation2-15 (Hetsroni, 1982)

“YOOpgmnmO Y& o 8 Equation2-15  (Hetsronj 1982)

However,instead of determining a bed by its initial height a more suitable parameter to
incorporate is the bed weight. Whilst an increasing bed height can be influenced directly
by the fluidisation air velocity, the beds weight remains constant (excluding traasgor

loss of bed material). An increase in bed weight will require a higher minimum
fluidisation velocity but will also decrease the voidage between particles as bubbles will
be smaller and occupying less spé¢ang, 2003) Therefore varying bed weight for a
constant fluidisatio velocity will directly impacthe hydrodynamic performance of the

bed and rising bubbles and herameeffect macroscopic interactions which influence

agglomeration and combustion.

Bed height has been studied throughout the literature looking at theeno# of
fluidisation velocities on bed height utilising different materials for the Bedng et al.
(2008) investigated the effect of bed height with a number of biomass am the
influence of different bed materials. As the different fuels were introduced to the bed it
was found that the density of the bed would alter resulting in a change in the minimum
fluidisation velocity. The different beds and fuels also directfiju@nced the height of

the bedby varying inlet air velocity

Further studies have been conducted on the influence of bed height with different
mediums, bed shapes, height, fuel inlets et¢Estudero and Heindel, 2011; Sau et al.,
2007; Ramos Caicedo et al., 2002; Geldart, 1968; Cranfield and Geldatt,Ztthng et

al., 2006) These studies highlight the potential variance which is texipectedvhen
operating &BC. When conducting tests with varying bed weights/height it is prudent to

consider the alteration the different fuels will have upon the bed
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2.7 Fluidised Bed Combustion (FBC)

In order to combust biomass and other low grade fuels it is necessary to utilise a
technology which hasombustionflexibility that can adapt to the variable mineral,
calorific andmoisture contenalongside othevarying impurities Fluidisationrefers to

the flow of gases through a bedsafid particles suspended on a bed of gas, usually air
When gases (air) with sufficient velocitgters under a bed via a distributioethod the

bed expands and lifts as the voids between particles increase. Once combustion takes
place in the bed either through solid fuel combustionusually oil or gaspre-heat
system With increased air flow anteatthe bed materidlows and reacts more like a
fludand thus Afl ui dGodoa etiab, R@l3)Hgars 2-7 hillesgates
different stages dluidisationa bed will undergo with increased airflow. As the airflow

is increased the bed voidcirease as they are filled with tfh@idisation mediumThe bed

will begin to bubble, with bubbles erupting on the surface.

Fixed bed Minimum Smooth Bubbling
fluidization fluidization fluidization

IRV S

Gas or liquid Gas or liquid Liquid
(low velocity)

Figure2-7 Different fluidisation modes a bed can experience depending on air 1
fluidisationmedium and bed material choi@€unii et al., 2013)

The following sections describe technological considerations and design choices for FBC
systens which will be applied in late€hapers and experimental desighhe reviewed
literaturehas been used to devise the method for investigations and the need for research

in specific areas of FBC utilisation for low grade fuels

2.8 FBC Technologies

FBC units are commonly made up of a number gfd@mponents. The bed is placed on

a distributor plate which contains holes, caps, flanges etc. The primary air is fed beneath
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the bedand through this plate with the initial ignition system (gas/oil burners) which
lifts/fluidises the bed whilst heating iAbove the bed is normally a secondary air input
area as well as a fuel feeder system in which fuels are fed into the combustion chamber
and bed. The fuel will become mixed within the bed material as the turbulent bed moves
like a liquid Fuel will combusabove the bed as well as the collapsing air bubbles entering
fuel particles to combust within the body of the b&tis form of combustion is very
thermally efficient as fuel particles move against other particles and gases, maximising
thermal transmisen and accomplishing complete utilisation of combustible material.
Post combustion flue gases move through a freeboard spawve the bed that is tall
enough for entrained particles to disengades combined with flue gas clean up systems
such as bag lfers or electrostatic precipitators remove particulates and degraded bed
material before emitting gases through an exit flue s(Eckii and Levenspiel, 1991;

Wu, 2003a)

When considering which method of FBC is most advantageous for a @jyaication
there are a number of pros and cons that need be considered fanetachl. This
includeselectrical or thermal output, the ability to combust specific fuels, scale of
operdion intended or economic limitatiorflstd and Ltd)(Koornneef et al., 2007)

2.8.1 Atmospheric Fluidised Bed Combustion (AFBC)

Figure 2-8 is a schematic of a typical AFBC system. In ttésignthe bed material is
fluidised from primary air which is fed from below the bed. The air flow is enough to
fluidise the bed but not significant erguto carry over the material through the freeboard

and into thedownstream ductingn AFBC the fuel is fed from above, and gravity drops

the fuel onto the top of the bed. Thebulentmixing entrainghe fuel and in doing so
heating the fuel and causiitggo combust. The bed and fuel will then move around the
submerged tubesithin the bed and in doing so create a high rate of heat transfer to the
pipes and fluids. Alternatively the hot gases and radiant heat can be captured using super
heater tubes ale the bed and downstream econom{8&errick, 1984) This is more

common inmedium to large scale operations.

29



convective
section gas exit
boiler

V.. 4

freeboard

coal

feed\

cyclone

__ hot
water

» OF
steam

fluidised
bed

..... A standpipe

plenum
;‘chamber" AN

fine ash

air
inlet .
distributor plate

bed offtake

Figure2-8 Atmospheric bubbling fluidised bed combustor degiderrick, 1984)

AFBC systems are designed to operate at lower combustiortatages of 80@50°C.

This isachieved by having a uniform distribution of primary and excess airsitreded
combined withsecondary over bed air which results in a cooler fléie, 2003a) The

use of secondary over bed air in the freeboard ensures complete combustion and
conversion o¥olatiles orgaseous species. This is especially important for biomass fuels
which have high volatile matter which can be released above the bed, requiring

modification of the flame location to ensure complete combuéQuaak et al., 1999)

The advantages of AFBC compared to conventional or similar technologies is the lower
flame temperatures which will decreal® formation, decrease higher temperatures
alkaline species in slag formation, good heat transfer rates, high thermal retention within
the bed for more efficient fuel conversion and easily appkedssions control
technologies such &0, capture options. AFBC $fers primarily in two ways; firstly,

the bed accumulates combustion bi products such as bottom ash, degraded bed materials
and agglomerates which require an identification/removal and secondly, these types of
systems have scale up limitations to @D M Weiectrical(Anthony et al., 2003; Mcllveeh

Wright et al., 1999)Scale up iimited due to economic balance itee cost of generating

further underbedair to suspend an increasing bed size vs. the energy output of such a

system.
2.8.2 Circulating Fluidised Bed Combustion (CFBC)

CFBC systemshare similarities with EBBC systemsCFBC systems operate at much

higher fluidising air velocities and with a slightower rangeof combustion temperatures
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(800-900°C) This is due to the increased system air flate. Figure 2-9 illustrates a
schematic for an CFBG/stem(Kunii and Levenspiel, 1991)

In a CFBC the high primary air velocities entrain the bed particles which results in them
being transported through the freeboard with flue gases. For this reason a heavy duty
cyclone is employed to remove bed particles from the flue stream and returtottiem

main combustion chambgGayan et al., 2004)In more efficient CFBC setups a
secondary combustion chamber/bed (number Bigure 2-9) can be implemented. This

is charged with low velocity secondary air producing a second, smaller fluidise bed for
combustion of residual materials which is then employed to preheat the input airs of the
primary furnace and thus improve net energy efficigfdy, 2003a; Van de Velden et

al., 2008)

Figure 2-9 Circulating fluidised bed combustor desi@payan et al., 2004; Kunii ant
Levenspiel, 1991)

In CFBC the main chamber is host to the majority of combustion and heat transfer to
water tubesHeat recoverypccursdownstream, commonly afténe heavyduty cyclone
in an economiser. TheRBC systersahavea number of advantages over the conventional
AFBC systers; higher SO, capture potential due to particlateractionsand high
turbulence resulting in better solid gas mixing, smaller bed @®aired, fewer fuel
injection points required with high turbulence, erosion and corrosion propensity is much
less as all tubes are submerged in material and the heat transfer coefficients are potentially
the highest for all conventional combustion powengration technique@avidson,
2000; Kunii and Levenspiel, 1991jlowever theseadvantages can be offset by the
requirements for larger more powerful fanstfoghigher airflow demandof the system.
Higher pressure drop is generated across a less resistant/less densely packed bed requiring

further fan aidemandThehigh particle recycle rates require very efficient flue gas clean
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