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ABSTRACT
SIMULATION OF CIRCULATING FLUIDIZEDBED COMBUSTORSGö§ebakan, YusufPh.D., Department of Chemi
al EngineeringSupervisor: Prof. Dr. Nevin SelçukSeptember 2006, 170 pages
A dynami
 mathemati
al model for simulation of atmospheri
 
ir
ulating�uidized bed 
ombustors has been developed on the basis of �rst prin
iplesand empiri
al 
orrelations. The model a

ounts for dense and dilute zonehydrodynami
s, volatiles release and 
ombustion, 
har parti
les 
ombustion andtheir size distribution, and heat transfer from/to gas, parti
les, waterwalls andrefra
tory.Inputs to the model in
lude 
on�guration and dimensions of the 
ombustor andits internals, air and 
oal �ows, 
oal analysis, all solid and gas properties, inlettemperatures of air, 
ooling water, and feed solids, size distribution of feedsolids; whereas outputs in
lude transient values of 
ombustor temperatures, gas
on
entrations, 
har and inert hold-ups and their size distributions.The solution pro
edure employs method of lines approa
h for the governing non-linear partial di�erential equations and 
ombined bise
tion and se
ant rule fornon-linear algebrai
 equations. The initial 
onditions required for the model areiv



provided from the simultaneous solution of governing equations of dynami
 modelwith all temporal derivatives set to zero. By setting all temporal derivatives tozero, model 
an also be utilized for steady state performan
e predi
tion.In order to assess the validity and predi
tive a

ura
y of the model, it wasapplied to the predi
tion of the steady state behavior of Te
hni
al Universityof Nova S
otia 0.3 MWt CFBC Test Rig and predi
tions were 
ompared withmeasurements taken on the same rig. Comparison of model predi
tions at steadystate 
onditions revealed that the predi
tions of the model are physi
ally 
orre
tand agree well with the measurements and the model is su

essful in qualitativelyand quantitatively simulating the pro
esses taking pla
e in a 
ir
ulating �uidizedbed 
ombustor.Keywords: Cir
ulating �uidized bed, dynami
 simulation, 
oal 
ombustion.
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ÖZ
DOLA�IMLI AKI�KAN YATAKLIYAKICILARIN BENZET���M�Gö§ebakan, YusufDoktora, Kimya Mühendisli§i BölümüTez Yöneti
isi: Prof. Dr. Nevin SelçukEylül 2006, 170 sayfa

Atmosferik dola³�ml� ak�³kan yatakl� yak�
�lar�n benzeti³imi için temelprensiplerden ve deneysel ba§�nt�lardan hareketle bir matematiksel modelgeli³tirilmi³tir. Model tane
ik yo§un bölge ve tane
ik seyreltik bölgehidrodinami§ini, uçu
u madde sal�n�m� ve yanmas�n�, kokla³m�³ kömürparça
�klar�n�n yanmas�n� ve boyut da§�l�m�n� ile gaz, parça
�k, su duvarlar� verefrakter aras�ndaki �s� transferini göz önüne almaktad�r.Modelin girdileri yak�
�n�n kon�gürasyonu ve boyutlar�, hava ve kömür debileri,kömür analizi, tüm kat� ve gaz özellikleri, kömür so§utma suyu ve beslenenmalzemelerinin s�
akl�lar� ve boyut da§�l�m� olup, modelin ç�kt�lar� ise zamanaba§l� yak�
� s�
akl�klar�, gaz konsantrasyonlar�, kok ve yatak malzemesi miktarlar�ve boyut da§�l�mlar�d�r.Çözüm metodunda k�smi diferansiyel denklemlerin çözümü için çizgiler yöntemi,do§rusal olmayan 
ebirsel denklemlerin çözümü için ise bütünle³ik çift bölme vesekant kural� kullanm�³t�r. Model için gereken ilk de§erler model denklemlerininvi



zamana ba§l� türevlerinin s�f�ra e³itlenip çözülmesiyle elde edilmi³tir. Zamanaba§l� türevlerinin s�f�ra e³itlenmesi ile model yat�³k�n durum performans�n�nöngörülmesi için de kullan�labilmektedir.Matematiksel modelin geçerlili§ini ve öngörülerinin do§rulu§unu test etmekama
�yla model Nova S
otia Teknik Üniversitesi 0.3 MWt DAYY Test ünitesininyat�³k�n durumda çal�³�rken ki davran�³�n�n belirlenmesine uygulanm�³ veöngörülerin do§rulu§u ayn� test ünitesi üzerinde al�nan ölçümlerle yap�lankar³�la³t�rma ile de§erlendirilmi³tir. Yat�³k�n durumdaki ölçümlerin ve modelsonuçlar�n�n kar³�la³t�r�lmas� öngörülerin �ziksel olarak do§ru ve ölçümlerle uyumiçerisinde oldu§unu ve modelin dola³�ml� ak�³kan yatakl� yak�
�da gerçekle³enolaylar�n ni
el ve nitel temsilinde ba³ar�l� oldu§unu göstermi³tir.Anahtar Kelimeler: Dola³�ml� ak�³kan yatak, dinamik benzeti³im, kömüryanmas�.
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CHAPTER 1INTRODUCTION1.1 GeneralToday, demand for ele
tri
 power 
ontinues to rise steeply due to populationgrowth, e
onomi
 development, and progressive substitution of alternate te
h-nology with 
lean forms of energy generation. Coal has re-emerged as a majorenergy sour
e for power generation after having played a subsidiary role to oil dur-ing the mid 20th 
entury. Today about 40 % of all world ele
tri
ity is generatedfrom 
oal, almost double that of its nearest 
ompetitor, namely gas (Table 1.1).Table 1.1: World ele
tri
ity generation in 2003 [1℄.Fuel GWh %Coal 6681339 39.9Gas 3224699 19.3Hydro 2725824 16.3Nu
lear 2635349 15.7Oil 1151729 6.9Biomass 138207 0.8Waste 62493 0.4Others 122244 0.7Total 16741884 100.0As 
an be seen from Table 1.1, 
oal is the most important fuel sour
e forele
tri
ity generation in the world today and would also 
ontinue to dominatethe power station fuel s
enario in the foreseeable future. Within the available
lean 
oal te
hnologies, atmospheri
 
ir
ulating �uidized bed (CFB) te
hnologyhas emerged as an environmentally a

eptable te
hnology for burning a widerange of 
oal types to generate steam and ele
tri
ity.1



Development of CFBC boiler te
hnology was initiated in the mid 1970s and itsshare in the world FBC boiler market has been in
reasing gradually sin
e 1980s(Figure 1.1) with the trend to 
ir
ulating �uidized bed 
ombustion prevailingover bubbling �uidized bed 
ombustion.. This was due to its advantages overbubbling FBC, e.g., better 
ombustion e�
ien
y, fewer fuel feed points andtherefore simpler fuel feed system, lower limestone requirement due to longergas/solid 
onta
t time.
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Figure 1.1: Total installed CFB power plant 
apa
ity (>100 MWe)Although less than 30 years old, today CFB has established its position asutility s
ale boiler te
hnology. The number of installations as well as theirsize grow rapidly. Plant sizes up to 300 MWe are in operation today anddesigns for larger boilers (600 - 800 MWe) are being developed. The largest
ir
ulating �uidized bed boilers in operation are two 300 MWe CFB boilers atJa
ksonville Energy Authority in Ja
ksonville, Florida, U.S.A and are based onnatural 
ir
ulation with sub-
riti
al steam parameters. The largest 
ir
ulating�uidized bed boiler under 
onstru
tion, on the other hand, is 460 MWe LagiszaCFB boiler at Poludniowy Kon
ern Energety
zny SA in Poland with super
riti
alsteam parameters and on
e-through te
hnology.2



1.2 Des
ription of CFB BoilerA 
ir
ulating �uidized bed (CFB) boiler is a �uidized bed furna
e for generatingsteam by 
ombustion of fuels under the fast bed regime of �uidization where �nesolids are transported through the furna
e at a velo
ity greater than the terminalvelo
ity of individual parti
les. The major fra
tion of solids leaving the boiler is
aptured by a gas-solid separator and returned ba
k to a point near the base ofthe furna
e at a rate su�
iently high to 
ause a minimum degree of re�uxing ofsolids in the furna
e. Flow stru
ture in the CFB boiler is shown s
hemati
ally inFigure 1.2.

Figure 1.2: S
hemati
 diagram of �ow stru
ture in CFB boiler.3



A CFB boiler 
an be divided into two se
tions. The �rst se
tion 
omprises of riser,gas-solid separator (
y
lone or impa
t separator) and solid re
y
le devi
e (loopseal, seal pot, L-valve or J-valve). These 
omponents form a solid 
ir
ulationloop in whi
h fuel is burned. The furna
e en
losure of a CFB boiler is generallymade of waterwalls as in pulverized 
oal-�red (PC) boilers. A fra
tion of thegenerated heat is absorbed by these heat-transferring tubes. The se
ond se
tionis the ba
k-pass, where the remaining heat from the �ue gas is absorbed by thereheater, superheater, e
onomizer, and air-preheater surfa
es. (Figure 1.3).
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 diagram of a CFB boiler.4



The lower part of the furna
e is smaller and often tapered in 
ross se
tion.This helps to maintain good �uidization, even with segregated parti
les. Thiszone is 
hara
terized by a dense gas/solid mixture with rigorous mixing. Thewalls of the lower se
tion are lined with refra
tory up to the level of se
ondaryair entry or above so as to prote
t the tubes from possible 
orrosion fromalternately oxidizing-redu
ing 
onditions. Beyond this level the furna
e is uniformin 
ross se
tion and larger than the lower part. The upper part of the furna
eis 
hara
terized by a dense downward �owing annular region surrounding adilute upward �owing 
ore. The 
ore-annulus �ow stru
ture 
auses an internal
ir
ulation of solids in the furna
e.Coal is generally inje
ted into the lower se
tion of the furna
e. It is sometimesfed into the loop-seal, from whi
h it enters the furna
e along with returned hotsolids. Limestone is fed into the bed in a similar manner. Coal burns when mixedwith hot bed solids. Bed ash is extra
ted from the lower dense through the useof either �uid-bed or water-
ooled s
rew ash 
oolers.The primary 
ombustion air enters the furna
e through an air distributor at thefurna
e �oor. The se
ondary air is inje
ted at some height above the nozzles to
omplete the 
ombustion. The lower part of the riser below se
ondary air portsis usually an extensively mixed bubbling or turbulent bed with fast �uidizationabove the se
ondary air ports. Usually 40 to 60 % of the total air is introdu
edas primary air.Solids are well mixed throughout the height of the furna
e. Thus, furna
etemperature is nearly uniform in the range of 800-900◦C, though heat is extra
tedalong the evaporator walls of the furna
e. Relatively 
oarse sorbent and unburned
har parti
les are 
aptured in the 
y
lone and are re
y
led ba
k to the furna
e.However, �ner solid residues generated during 
ombustion and desulfurizationleave the furna
e through the gas-solid separators, but they are 
olle
ted by abag-house or ele
trostati
 pre
ipitator.
5



1.3 Chara
teristi
s of CFB BoilersFuel FlexibilityOne of the major attra
tive features of CFB boilers is its fuel �exibility. Fuelparti
les 
onstitute less than 1-3% by weight of all solids in the furna
e. Therest of the solids are non
ombustibles: sorbents, fuel-ash or sand. The spe
ialhydrodynami
 
ondition in the CFB furna
e allows an ex
ellent gas-solid andsolid-solid mixing. Thus fuel parti
les fed to the furna
e are qui
kly dispersedinto the large mass of bed-solids, whi
h rapidly heat the fuel parti
les above theirignition temperature without any signi�
ant drop in the temperature of the bedsolids. This feature of a CFB furna
e would ideally allow it to burn any fuelwithout the support of an auxiliary fuel, provided its heating value is su�
ientto raise the 
ombustion air and the fuel itself above its ignition temperature.Thus, a wide range of fuels 
an be burned in a CFB boiler without any major
hange in the design.To maintain the 
ombustion temperature within an optimum range, it is ne
essaryto absorb a 
ertain portion of the generated heat from the 
ombustion zone. Thisfra
tion varies from one fuel to another. A CFB a

omplishes this for di�erenttypes of fuels by 
ontrolling the amount of heat absorbed in the furna
e byadjusting the heat extra
tion from the re
ir
ulating solids outside the furna
eby means of an external heat ex
hanger. In boilers without the external heatex
hanger, the hydrodynami
 
ondition of the furna
e 
an be adjusted su
h asto 
hange the solids 
on
entration in the furna
e; this, in turn, alters the heatabsorbed by the furna
e.High Combustion E�
ien
yThe 
ombustion e�
ien
y of a CFB boiler is higher than that of bubbling �uidizedbed boilers. It is generally in the range of 97.5 to 99.5% . The followingfeatures 
ontribute to the high 
ombustion e�
ien
y of 
ir
ulating �uidized bed
ombustors:
• Better gas-solid mixing 6



• Higher burning rate (espe
ially for 
oarser parti
les)
• Re
y
ling of unburned parti
les ba
k to the furna
eThe primary sour
e of 
ombustible loss in all types of �uidized bed 
ombustorsis the es
ape of �ne 
arbon parti
les before they are burned. Fresh 
oal often
ontains a large amount of �nes. In addition, a 
onsiderable amount of 
arbon�nes are generated during 
ombustion through attrition. In a bubbling �uidizedbed 
ombustor, these �nes are easily entrained out of the �uidized bed, whi
h isusually 0.5-1.5 m deep. The free spa
e above the bubbling bed (freeboard), whereparti
les are eje
ted, is not 
ondu
ive to e�
ient 
ombustion be
ause of poorgas-solid mixing and relatively low temperature. Thus an appre
iable amount of
arbon �nes es
aping into the freeboard of a bubbling �uidized bed 
ombustorleaves the system unburnt.In a CFB boiler the 
ombustion zone extends up to the top of the furna
e andfurther beyond into the hot 
y
lone. Thus, 
arbon �nes generated in the furna
ehave a greater time to burn during their travel through the height of the furna
eand then through the rest of the 
ir
ulating loop. The only 
ombustible loss isdue to the es
ape of 
arbon �nes generated in the upper se
tion of the furna
e.In some boilers, re-inje
tion of these �nes from downstream se
tions (e
onomizerhopper, pre
ipitator, for example) of the 
y
lone are also used to minimize the
arbon loss. Unlike bubbling beds, CFB boilers retain their e�
ien
y over a widerange of operating 
ondition, even when �ring fuels with a 
onsiderable amountof �nes.E�
ient Sulfur RemovalSulfur 
apture in a CFB is more e�
ient than in a bubbling �uidized bed. Atypi
al CFB boiler 
an 
apture 90% of the sulfur dioxide with only 1.5 to 2.5times the stoi
hiometri
 amount of sorbent, while a bubbling �uidized bed boilermay require 2.5 to 3 or more for 90% 
apture [2℄.Unlike 
ombustion, the sulfur 
apture rea
tion is slow. Sulfur dioxide in the �uegas must remain in 
onta
t with 
al
ined sorbents for a su�
ient period of time7



for 
omplete 
onversion into 
al
ium sulfate. The interior of sorbent parti
lesis not readily available for sulfation rea
tion. In a bubbling �uidized bed, theaverage residen
e time of gas in the 
ombustion zone is of the order of 1-2 se
onds,while it is 3-4 se
onds in a CFB. Furthermore, the average size of sorbents in abubbling bed is about 1 mm, while that in a 
ir
ulating �uidized bed is 0.1 mm.The spe
i�
 rea
tion surfa
e of a 0.1 mm parti
le is 10 times that of a 1.0 mmparti
le. Thus both utilization of sorbent parti
les and 
onversion of SO2 in CFBare superior to that in bubbling beds.Low NOx EmissionThe low emission of nitrogen oxides is a major attra
tive feature of both bubblingand 
ir
ulating �uidized bed boilers as 
ombustion takes pla
e at relatively lowtemperatures (800-900 ◦C). Data 
olle
ted in 
ommer
ial CFB boilers suggest
NOx emission in the range of 50-150 ppm [3℄. Su
h low levels of NOx havebeen observed 
onsistently in all 
ommer
ial CFB boilers . At su
h temperaturesnitrogen in the 
ombustion air is not normally oxidized to NOx.Smaller Furna
e Cross Se
tionA high heat release rate per unit furna
e 
ross se
tion is a major advantage ofthe CFB boiler. The CFB �ring system has a grate heat release rate of about 3.5to 4.5 MW/m2 whi
h is 
lose to or higher than that of pulverized 
oal-�ring [2℄.Moreover, for a given thermal output, a bubbling �uidized bed boiler requires afurna
e grate area 2 to 3 times larger than that of a CFB boiler. The high heatrelease rate of CFB boilers arises from the high super�
ial gas velo
ity (4-7 m/s).The intense gas-solid mixing promotes a high rate of heat liberation throughrapid generation and dispersion of heat in the bed.Fewer Feed PointsThe fuel feed system is simpli�ed in a CFB boiler due to its relatively smallnumber of feed points. It requires less grate area for a given thermal outputdue to vigorous mixing resulting from higher gas velo
ities. Furthermore, goodmixing and the extended 
ombustion zone allow one feed point to serve a grate8



area mu
h larger than that in a bubbling bed. For example, a 100 MWt CFBboiler requires only one feed point, 
ompared with 20 to 30 in a bubbling bedboiler of the same 
apa
ity [2℄.1.4 Aim and S
ope of the ThesisCir
ulating �uidized bed boilers o�er fuel �exibility, broad turn down ratio,relatively fast response to load 
hanges and lower SO2 and NOx emissions.Thus, several hundred CFB boilers are in use in pro
ess and utility industriesworldwide. Many of these 
ommer
ial units spend a signi�
ant portion of theiroperating lives following the load 
hanges when the fuel rate 
hanges introdu
inga 
hain of transient events. Therefore, investigation of dynami
 behavior ofCFB 
ombustors is of vital importan
e. Although a number of studies exists onthe simulation of atmospheri
 CFB 
ombustors under steady-state 
onditions,number of studies on predi
ting the 
omplete transient behavior is limited.Therefore, the obje
tives of the proposed study are:
• Development of a 
omprehensive 
ode for dynami
 simulation of CFB
ombustors,
• Appli
ation of the dynami
 
ode to the predi
tion of steady state behaviorof a CFB 
ombustor,
• Assessment of the steady state performan
e of the 
ode by 
omparing itspredi
tions with experimental data available in the literature.

9



CHAPTER 2REVIEW OF CFBC MODELS2.1 GeneralAdvantages of 
ir
ulating �uidized bed 
ombustion (CFBC) te
hnology su
has the ability to burn wide variety of fuels e�
iently and to 
ontrol pollutantemissions without �ue gas treatment systems have led to a steady in
rease inits 
ommer
ial use over the past de
ades. In
reasing number of CFB boilerinstallations has led to the development of mathemati
al models in order toanalyze new design, to optimize the pro
ess and to predi
t the emission andthermal performan
es over a broad range of operating 
onditions.In the last two de
ades, substantial e�ort has been devoted to the development ofa steady-state 
omprehensive mathemati
al models for 
ir
ulating �uidized bedboilers [4�32℄. However, number of studies on the understanding of the dynami
behavior of CFB boilers [33�43℄ is limited.2.2 Previous Studies on Dynami
 CFBC ModelingMany of 
ommer
ial CFB boilers spend a signi�
ant portion of their operatinglives under o�-design 
onditions due to either load 
hanges or 
hanging fuelquality due to 
omplex and heterogenous nature of solid fuel. These 
hangesusually lead to disruption of steady-state 
onditions, hen
e dynami
 modelingbe
omes an essential requirement for the predi
tion of thermal and emissionperforman
es. Despite extensive resear
h 
arried out on steady-state modeling [4�32℄, only a limited number of studies [33�43℄ has been 
arried out for dynami
modeling of CFB boilers. These studies are reviewed below.10



Zhang et al. [33℄ performed one of the earliest studies on the dynami
 modelingof CFB boilers and have developed a 1-D dynami
 model on the basis of �rstprin
iples while 
onsidering the wide size distribution of parti
les. Model in
ludesriser, 
y
lone, hopper, L-valve and superheater bed, i.e., external �uid bed heatex
hanger(EFBHE). The 
ombustor is divided into two zones. The bottomse
tion of the bed, from the distributor plate to the se
ondary air inje
tion point,is assumed to be a dense zone similar to a bubbling bed. The upper se
tion abovethe se
ondary air inje
tion level is assumed to be the dilute zone. The dilute zoneis divided into several lumped-parameter blo
ks in series, within whi
h gas andsolids are assumed to be well-mixed in ea
h blo
k, and with no ba
kmixing of gasbetween the blo
ks. The riser hydrodynami
s is 
onsidered to be at steady-stateas the gas and solid dynami
s are assumed to be instantaneous. Dynami
 
hangesof gas 
on
entrations are dire
tly related to the rea
tion rates. Change of 
harparti
les size distribution due to 
ombustion and attrition also 
onsidered in themodel. The only model validation provided is a 
omparison of the simulated densezone temperature against measured data from a 20 t/h CFB boiler for a 16% stepin
rease in the 
oal feeding rate and satisfa
tory agreement was reported.Following Zhang et al. [33℄, Mori et al. [34℄ proposed a simpli�ed dynami
 modelfor a 70 t/h multisolid CFB boiler in order to develop an advan
ed 
ontrol system.Model in
ludes solid 
ir
ulation line, i.e., riser, 
y
lone, stand-pipe and L-valve,and external heat ex
hanger with 
onsideration of 
ombustion, heat generationand transfer. The riser is 
onsidered in three zones; a dense zone, a redu
ingzone and an oxidizing zone. Both gas and solids are 
onsidered to be well mixedin ea
h of these zones and ba
k �ow of solids between these zones is taken intoa

ount. Volatiles release and 
ombustion is assumed to be instantaneous inthe dense zone. Neither SO2 generation and 
apture nor NOx formation andredu
tion is 
onsidered in the model. Solid hold-up through the riser is assumedto vary in the axial dire
tion only and is obtained from steady-state pressure dropmeasurements taken from 70 t/h boiler. Transient hold-up is 
onsidered to 
hangelinearly between initial and �nal steady-state 
onditions. The model utilizes a11



fudge fa
tor, i.e. solids down�ow ratio, representing ba
kmixing between thethree riser zones and this parameter is sele
ted as 15 in order to mat
h themeasured and predi
ted temperature pro�les of initial and �nal steady-state
onditions. No dynami
 model validation was presented by the authors.Hyppanen et al. [35℄ presented a dynami
 model for development of a dynami
pro
ess simulator to simulate energy balan
es of power plants and to analyzedynami
 
hanges in water/steam 
y
les su
h as step 
hanges in load. Therefore,model of Hyppanen et al. [35℄ in
orporates not only the boiler, but also thewater/steam 
y
le. CFB boiler model takes into a

ount hydrodynami
s, watervaporization, volatiles release and 
ombustion, 
har 
ombustion and heat transferto steam 
y
le but negle
ts the dynami
 behavior of emissions. The riseris divided into numerous 
ompartments in series, ea
h assumed to be well-mixed. The axial suspension density pro�le is determined using an empiri
al
orrelation, while the dynami
s of these pro�les are estimated with the aid ofan experimentally determined time 
onstant. The 
ir
ulating mass �ow rateis assumed to be 
onstant through the riser and 
al
ulated from an empiri
al
orrelation. Volatiles release, burning and mixing are 
ombined in a singleexpression and �tted to experimental data. Solid mixing between the 
ellshas been des
ribed by using a dispersion model, details of whi
h are notdis
ussed. An empiri
al 
orrelation for heat transfer 
oe�
ient is utilized inthe model. Experimental data from the 125 MWe power plant were used todetermine the parameters of empiri
al 
orrelations and veri�
ation of dynami
model. Comparison between predi
tions and measurements shows reasonablygood agreement. The authors also developed an advan
ed 
ontrol stru
ture basedon the proposed dynami
 model and reported improved load following 
apabilitybased on the new 
ontrol stru
ture.Similar to the obje
tive of Mori et al. [34℄ and Hyppanen et al. [35℄, i.e.development of a pro
ess 
ontrol stru
ture based on a dynami
 CFB model,Muir et al. [37℄ developed a global model to predi
t the transient response of thetemperature, �ue gas oxygen 
on
entration and heat removed from an in-bed heat12



ex
hanger in a CFB 
ombustor. The model also in
ludes an overlaying 
ontrolstru
ture whi
h adjusts the model inputs in response to model outputs for pro
ess
ontrol purposes. In the model, suspension density is assumed to vary in theaxial dire
tion only and parti
les are represented by single e�e
tive mean parti
lediameter. Instantaneous devolatilization and subsequent volatiles 
ombustion isassumed in the model. Variation of parti
le size due to 
ombustion, fragmentationand attrition does not 
onsidered in the model. Moreover, it is assumed that gasand solids in the riser are at the same temperature and that parti
les introdu
edto the 
ombustor are instantaneously heated to the 
ombustion temperature.The temperature distribution in the furna
e is negle
ted and whole CFB loopis represented by a single temperature obtained from a global energy balan
e.Unlike previous models, this model 
onsiders the thermal inertia of walls. Themodel is validated by 
omparing its predi
tions with step-response tests 
arriedout on a pilot CFB 
ombustor and generally very good agreements were reported.To simulate the pro
esses within the CFB 
ombustor, Park and Basu [36℄developed a dynami
 model whi
h predi
ts the transient temperature responseof CFB 
ombustor as well as the 
orresponding transient 
arbon and oxygen
on
entrations. The model in
ludes mass balan
es of oxygen and 
arbon, energybalan
es, as well as sub-models for hydrodynami
s, 
ombustion and heat transferto both refra
tory and waterwalls. Riser is divided into two parts, a turbulentdense zone and a fast bed. Fast bed se
tion is broken down into homogeneous,fully-mixed 
ells. In order to a

ount for radial variations, 
ore-annulus modelis utilized in the fast bed se
tion. Parti
les are represented by single e�e
tivemean parti
le diameter. Thermal inertia of the refra
tory walls is also takeninto 
onsideration. Based on the assumption that hydrodynami
 
hanges o

ursmu
h faster than thermal or 
on
entration 
hanges, steady-state hydrodynami
sis utilized in the model. All volatiles are assumed to be released and burned in theturbulent zone whereas 
har is 
onsidered to burn throughout the CFB 
ombustorloop. Performan
e of the proposed model is tested with measurements taken froma 0.3 MWt CFB 
ombustor by performing experiments with step disturban
e to13




oal feed rate and good agreement between measured and predi
ted values oftemperatures was observed.An overall power plant model similar to Hyppanen et al. [35℄ is also presented byRemberg and Fett [38℄ whose model 
an 
onsider subsystems for gas turbine,atmospheri
 or pressurized CFB boiler and water/steam 
y
le. In the CFBboiler subsystem, riser, lateral gas pass, 
y
lone, EFBHE and se
ond pass is
onsidered and these 
omponents are represented by well-mixed, homogeneous
ells 
onne
ted in series. CFB boiler model 
onsiders parti
le size distributions,�uid dynami
s, drying, devolatilization, gas and solid phase rea
tions and heattransfer details of whi
h are not given. Thermal inertia of the refra
tory wallsis also taken into 
onsideration. The only model validation is the steady-state furna
e temperature predi
tion against measurements obtained from anatmospheri
 
ombined heat and power plant and su�
ient agreement wasreported.To re�e
t the dynami
 
hara
teristi
s of a 220 t/h CFB boiler, Li et al. [39℄developed a one-
ell global dynami
 CFB boiler model 
onsidering global massand energy balan
es only. The proposed model negle
ts many physi
al aspe
tsof CFB boiler and tries to form a basi
 engineering approa
h for modeling ofdynami
 behavior of CFB boiler. Authors present model predi
tions for load
hanges from 70% to 110% but do not provide experimental validation.Following Li et al. [39℄, Costa et al. [40℄ developed a dynami
 CFB boiler modelto quantify plant �exibility and to determine transient behavior of the boiler.Model des
ribes hydrodynami
s, 
ombustion, heat transfer in the 
ir
ulation loopand also 
onsider water/steam side. In the model, CFB boiler is divided intothree zones. The �rst zone extends from the base of furna
e to the se
ondaryair inje
tion ports. The se
ond zone extends from the se
ondary air inje
tionports to the top of refra
tory lining zone. The third zone 
overs the rest tothe top of the furna
e. The external re
ir
ulation of the bed material through
y
lone is des
ribed as the internal re
ir
ulation between the zones of the boiler.14



Hydrodynami
s of the boiler is des
ribed by a 1-D simpli�ed model with two�uxes (one as
ending and the other des
ending) for solids and with only oneas
ending �ux for the gas. Size distributions in ea
h zone is assumed to beuniform and all solids are represented by a single mean diameter. Volatiles releaseand 
ombustion is assumed to be instantaneous. For heat transfer, 
orrelationsdeveloped by Ele
tri
itè de Fran
e (EDF) are utilized. Proposed model wasvalidated against data obtained from 250 MWe boiler and predi
tions were foundto be in satisfa
tory agreement with the measurements.Chen et al. [41℄ presents a dynami
 model for large s
ale CFB boilers withwater/steam 
y
le. The model uses 
ell approa
h to simulate the axial gas andsolid distributions and 
ore-annulus approa
h to des
ribe the radial distributionof solids while taking into a

ount wide size distribution of solids. Riser is dividedinto two parts, a turbulent dense zone and a fast bed 
onsisting of 
ells in series.Mass and energy balan
es are performed for ea
h 
ell, whi
h is assumed to behomogeneous and well mixed. It is assumed that all the gas going upward inthe dilute zone passes through 
ore region only, i.e., no gas �ow in the annulusregion. Moreover, size distributions of parti
les in the 
ore and annulus regionsare assumed to be identi
al. Similar to approa
h of Park and Basu [36℄, steady-state hydrodynami
s is utilized in the model. No experimental validation of thedynami
 model is provided. Instead, model predi
tions of 410 t/h pyro�ow CFBboiler to step 
hanges in 
oal feed rate is given.Following their previous work, Kettunen et al. [42℄ presents a model based analysisof dynami
 behavior of large s
ale CFB boiler by using a tailored dynami
 CFBboiler simulator. Model parameters are obtained from a transient pro
ess tests.The �ne-tuned model is then used to design the 
ontrol systems of 262 MWe CFBunits and 
ontrol system development of a super
riti
al OTU CFB boiler. It isstated that the model 
onsists of several sub-models based on fundamental lawsof 
onservation of mass, energy and momentum and on empiri
al 
orrelations.Model 
onsiders both CFB boiler and 
omplete water/steam 
y
le in
ludingsteam turbine and generator. As the model is developed by a 
ommer
ial15



boiler manufa
turer, namely Foster Wheeler Finland, details of the model is notavailable due to the know-how. Model is tested against data obtained from a 235MWe CFB boiler during 
hanges in fuel feed rate, primary and se
ondary air �owrates, primary to se
ondary air ratio and load and good agreement was reported.The last study 
arried on dynami
 simulation of CFB boilers is done byHongwei et al. [43℄. In their study, they present a dynami
 model of a 450 t/hCFB boiler. The model 
onsiders sub-models for gas-�ring du
t, CFB 
ombustor,
y
lone and J-valve and utilizes lump-parameter approximation. The 
ombustoris divided into dense and dilute zones in whi
h dense zone is represented by abubbling bed whereas dilute zone is represented by 
ore-annulus �ow stru
ture.For solution, dense and dilute zones are represented by series of 
ells havinguniform properties. Parti
les are assumed to be spheri
al and represented by amean parti
le size. Performan
e of the dynami
 model was not tested againstmeasurements.2.3 Overview of the ModelsProminent features of studies 
arried out to model the dynami
 response of aCFB boiler des
ribed above are brie�y summarized in Table 2.1. As 
an be seenfrom the table, models are generally 1-D in nature and 
onsider hydrodynami
s,
har 
ombustion, volatiles release and 
ombustion and heat transfer. Theyutilize steady-state hydrodynami
s based on the assumption of fast hydrodynami

hanges. Parti
les are represented by an average parti
le size in hydrodynami
sand 
ombustion 
al
ulations. Only some studies 
onsidered the thermal inertiaof walls. Furthermore, some of the studies did not validated against experimentaldata or very limited validations were made.Present study, on the other hand, provides a new model based on 
onservationequations for energy and 
hemi
al spe
ies in 
onservative form for both dense anddilute zones 
onsidering hydrodynami
s, volatiles release and 
ombustion, 
har
ombustion, 
har parti
les temperature and size distribution and heat transfer toboth waterwalls and refra
tory for dynami
 simulation of CFBCs.16



Table 2.1: A summary of dynami
 CFB models in the open literature.Referen
e Year Dimension Sub-models In
luded ValidationA B C D E F G HZhang et al. [33℄ 1991 1-D YES YES YES NO YES YES NO NO YESMori et al. [34℄ 1991 1-D YES NO YES NO YES NO NO NO NOHyppanen et al. [35℄ 1993 1-D YES NO YES YES YES NO NO YES YESPark and Basu [36℄ 1997 1.5-D YES NO YES NO YES NO NO NO YESMuir et al. [37℄ 1997 1-D YES NO YES NO YES NO NO NO YESRemberg and Fett [38℄ 1999 1-D YES YES YES NO YES NO NO YES NOLi et al. [39℄ 1999 0-D NO NO YES NO YES NO NO NO NOCosta et al. [40℄ 2001 1-D YES NO YES NO YES YES NO YES YESChen et al. [41℄ 2001 1.5-D YES YES YES NO YES NO NO YES NOKettunen et al. [42℄ 2003 N/A N/A N/A N/A N/A N/A N/A N/A N/A YESHongwei et al. [43℄ 2003 0-D YES NO YES YES YES NO NO NO NONOMENCLATUREA : Hydrodynami
sB : Parti
le Size DistributionC : Char CombustionD : Volatiles Release and CombustionE : Heat TransferF : SOx RetentionG : NOx Redu
tionH : Water/Steam Cy
le
17



CHAPTER 3MODEL DESCRIPTION3.1 Physi
al SystemThe physi
al system to be 
onsidered is a 
ontinuously operated atmospheri

ir
ulating �uidized bed 
ombustor fed with 
oal of wide size distribution andequipped with a 
y
lone, J-valve and bed ash removal system. Ex
ess heatgenerated within 
ombustor is removed by means of waterwalls and heat transferthrough 
ombustor walls, respe
tively. S
hemati
 diagram of the physi
al systemis illustrated in Figure 3.1

Secondary 
Air

Coal

Primary 
Air

Bed
Ash

J-Valve

Cyclone

Riser

Flue Gas

Figure 3.1: S
hemati
 diagram of a CFB 
ombustor.18



3.2 Hydrodynami
sUnderstanding of the solids distribution and �ow behavior in 
ir
ulating �uidizedbed (CFB) boilers is the key to su

essful design, s
ale-up and modeling of CFBsystems. The solid distribution governs the pressure drop o

urring along theCFB boiler and is dire
tly related to the solids residen
e time within the boiler.It also determines the gas-solid interfa
ial area per unit volume of the mixture,whi
h dire
tly a�e
ts the gas-solid 
onta
t e�
ien
y, heat and mass transfer ratesand the extent of 
hemi
al rea
tions. Therefore a

urate predi
tion of solidsholdups through the CFB boiler is an essential requirement in CFB modeling.To model the voidage and solid �ow pattern in a 
ir
ulating �uidized bedboiler, di�erent simplifying assumptions were adapted by di�erent authors.However, one 
ommon assumption to all modeling studies is that the CFB boiler
onsists of two distin
t regions, the lower dense zone and the upper dilute zone,respe
tively [44�48℄. A transition zone may exist in between the dense and dilutezones. The interse
tion point between the dense and dilute zone depends onthe overall pressure balan
e of CFB boiler. Basu and Fraser [2℄ reported thatinterse
tion point between the dense and dilute zone is the se
ondary air inje
tionlevel in most of the CFB boilers. Therefore, interse
tion point between the denseand dilute zone is assumed to be the se
ondary air inje
tion level.3.2.1 Dense ZoneDense zone of CFB boilers is of parti
ular importan
e despite its 
omparativelysmall height within the riser. It 
ontains high amounts of solids hold-up andtherefore many experimental work has been 
arried out to 
hara
terize the �owstru
ture of dense zone. However, experimental studies 
arried out to identifythe �ow stru
ture of dense zone show that up to now no general agreement aboutthe �ow stru
ture in the dense zone has yet been rea
hed.In the open literature, there is a 
onsensus in two �ow stru
ture for 
hara
teri-zation of dense zone. In the former view, it is 
laimed that dense zone of CFB19



Table 3.1: Correlations for transition velo
ity.Lee and Kim [59℄ Rec = 0.700Ar0.485Leu et al. [60℄ Rec = 0.568Ar0.578Horio [61℄ Rec = 0.936Ar0.472Nakajima et al. [62℄ Rec = 0.663Ar0.467Bi and Gra
e [63℄ Rec = 1.243Ar0.447Bi and Gra
e [63℄ Rec = 0.565Ar0.461Table 3.2: Parameters used in the 
al
ulation of uc.Gas density (ρg), kg/m3 0.31Gas vis
osity (µg), N · s/m2 4.6 × 10−5Parti
le density (ρp), kg/m3 2600Average parti
le size (dp), µm 350shows the 
hara
teristi
s of a bubbling bed [49�53℄. On the other hand, in thelatter view, it is argued that dense zone of CFB is a turbulent bed [54�57℄.The turbulent �uidization �ow regime is 
ommonly 
onsidered to lie betweenbubbling �uidization and the fast �uidization regime [58℄. The gas velo
ity, uc,at whi
h the standard deviation of pressure �u
tuations rea
hed a maximum issaid to mark the beginning of the transition to turbulent �uidization. A numberof empiri
al equations have been developed to predi
t the transition velo
ity aslisted in Table 3.1.To de
ide on �uidization regime of dense zone, transition velo
ities to turbulent�uidization are 
al
ulated for typi
al operating 
onditions of a CFB boiler.Parameters utilized in the 
al
ulations are given in Table 3.2 whereas 
al
ulatedtransition velo
ities are displayed in Table 3.3.As 
an be seen from Table 3.3, 
al
ulated transition velo
ities show greatdeviation ranging between 2.49 to 5.09 m/s. Considering that average of
al
ulated turbulent �uidization transition velo
ity (3.82 m/s) is higher thanthe typi
al dense zone gas velo
ities en
ountered in CFB boilers (∼ 3 m/s) andthat there are 
omparatively few papers available in the open literature that deal20



Table 3.3: Cal
ulated transition velo
ities.Correlation uc, m/sLee and Kim [59℄ 3.48Leu et al. [60℄ 4.53Horio [61℄ 4.35Nakajima et al. [62℄ 3.01Bi and Gra
e [63℄ 5.09Bi and Gra
e [63℄ 2.49with the modeling of �ow stru
ture in the turbulent �uidization regime on eitherpilot or large s
ale, dense zone of the CFB boiler is assumed to be a bubbling bed.However, in order to a

ount for higher gas velo
ities en
ountered in the densezone of CFBs 
ompared to that of BFBs, empiri
al 
orrelations based on CFB
onditions are utilized in the development of dense zone hydrodynami
 model.Dense zone is represented by an emulsion phase and a bubble phase by a modi�edtwo-phase model of Johnsson et al. [64℄ developed for high gas through�owtypi
ally en
ountered in CFBs for Geldart group B and D parti
les.
u0 = (1 − δ)umf + δ ub + utf (3.1)Equation (3.1) expresses the total gas �ow as the sum of three 
onstituent �ows:the �ow in the emulsion phase (umf ), the visible bubble �ow (δ ub) and a gas�ow through and between bubbles 
alled through�ow (utf ). Emulsion phase isassumed to be in minimum �uidization 
onditions. Solids in emulsion phase isassumed to be well-mixed whereas gas in both emulsion and bubble phases areassumed to be in plug �ow, respe
tively.The rise velo
ity of bubbles is obtained from Davidson and Harrison [65℄,
ub = 0.711(g db)

1/2 + u0 − umf (3.2)and bubble fra
tion in the dense zone is 
al
ulated by using the empiri
al
orrelation of Johnsson et al. [64℄ where bubble fra
tion is given by21



δ =
1

1 +
1.3

f
(u0 − umf)

−0.8
(3.3)with

f =
[
0.26 + 0.70exp(−3300 dp)

][
0.15 + (u0 − umf)

]−0.33 (3.4)The bubble size 
an be predi
ted from the 
orrelation of Darton et al. [66℄,
db(z) = 0.54(u0 − umf)

0.4(z + 4
√

Ao)
0.8g−0.2 (3.5)In this thesis study, bubbles are assumed to be free of solids and a mean bubblesize 
al
ulated by averaging the bubble size predi
ted over the height of the bedwas utilized. The mean bubble size is then 
al
ulated as,

db =
1

Hd

∫ Hd

0

db(z)dz (3.6)The relation between the lo
al, time-averaged values of dense zone voidage andthe bubble density is given as
εg,d = (1 − δ)εmf + δ (3.7)Then solid volume fra
tion be
omes

εs,d = 1 − εg,d (3.8)As 
an be seen from Equation (3.7), 
al
ulation of bed voidage requires thevalue of bed voidage at minimum �uidization 
onditions. Therefore, empiri
al
orrelation proposed by Broadhurst and Be
ker [67℄ given below is utilized forthe 
al
ulation of bed voidage at minimum �uidization 
onditions.22



εmf = 0.586φ−0.72
s Ar−0.029

(
ρg

ρs

)0.021 (3.9)in whi
h Ar
himedes number is de�ned as,
Ar =

ρg (ρs − ρg) d
2
p g

µ2
g

(3.10)Minimum �uidization velo
ity required in Equations (3.1) and (3.2) 
an beobtained from the well-known Ergun equation [68℄,
K1Re2

mf +K2Remf − Ar = 0 (3.11)where
K1 =

1.75

ε3
mf φs

(3.12)
K2 =

150 (1 − εmf )

ε3
mf φ

2
s

(3.13)Solution of Equation (3.7) yields
Remf =

√

1

4

(
K2

K1

)2

+

(
1

K1

)

Ar −
1

2

(
K2

K1

) (3.14)The minimum �uidization velo
ity is then 
al
ulated on
e Remf is solved fromEquation (3.14) as follows:
umf =

Remf µg

dp ρg

(3.15)The �ow division at the base of the dense zone is 
al
ulated by using thede�nitions of visible bubble �ow, Qb,
Qb = Ad δ ub (3.16)23



and �ow in emulsion phase, Qe:
Qe = Ad(1 − δ)εmf umf (3.17)Dividing Equation (3.16) by (3.17) yields,
Qb

Qe
=

ub δ

umf(1 − δ)εmf
(3.18)and noting that,

nb

ne
=
Qb

Qe
(3.19)results in,

nb

ne
=

ub δ

umf (1 − δ)εmf
(3.20)Combining the total mass 
onservation equation at the base of the bed, i.e.,

na,pri = nb + ne (3.21)and Equation (3.20) and rearranging results in the molar �ow in the bubble phaseat the base of the bed,at z = 0 nb = na,pri
1

1 +
umf

ub

1 − δ

δ
εmf

(3.22)Flow in the emulsion phase at the base of the bed 
an similarly be obtained as,at z = 0 ne = na,pri
1

1 +
ub

umf

δ

(1 − δ)εmf

(3.23)24



The distin
tion between a bubble and an emulsion phase in the dense zonene
essitates the introdu
tion of lateral gas ex
hange between the two phases.Gas ex
hange between bubbles and emulsion is important be
ause on one sidebubbles 
ause the bypassing of gas whi
h is not available for 
ombustion while onthe other hand, further oxidation of intermediate 
ompounds takes pla
e in thebubbles. The ex
hange of gas between bubble and emulsion phases in bubblingbeds depends on the ratio of gas �ow rate in emulsion phase to bubble volume,however in CFBs it depends on the ratio of gas through�ow rate to bubble volumedue to high gas through �ow en
ountered in CFBs [19℄. Therefore, negle
tingthe di�usive e�e
ts interphase mass transfer 
oe�
ient 
an be written as
Kbe = 4

utf

db

(3.24)Having 
al
ulated all the hydrodynami
 parameters of the dense zone, dense zonesolid hold-up, Ms,d, and dense zone pressure drop, ∆Pd, 
an be 
al
ulated fromthe following equations,
Ms,d = (εc,dρc + εi,dρi)Vd (3.25)

∆Pd = (εc,d ρc + εi,d ρi)g Hd (3.26)3.2.2 Dilute ZoneKnowledge of solids distribution in the dilute zone is essential for design,operation and modeling purposes as it governs pressure drop along the CFB and isdire
tly related to the mean solid residen
e time within the dilute zone. Moreover,solid 
on
entration of dilute zone not only e�e
ts 
ombustion or SO2 
apture butalso 
ontributes to physi
al phenomena su
h as heat transfer. Therefore, in orderto model physi
al and 
hemi
al phenomena in the dilute zone, it is ne
essary tomodel solids distribution and �ow stru
ture in this region.Lo
al measurements of solids distribution and velo
ities in the dilute zonedemonstrated that this zone is formed by transient strands or 
lusters of relatively25



Dense phase 
flowing downward

Lean phase 
flowing upward

Figure 3.2: Flow stru
ture in the dilute zone.dense parti
le agglomerates dispersed in a dilute 
ontinuum of dis
rete parti
lesresulting in two-phase stru
ture as shown in Figure 3.2, with ea
h phase 
onsistingof both gas and solids [69℄. The two phases are i) an up�owing lean suspensionof low solids 
on
entration and ii) a dense phase of relatively high solids
on
entration whi
h moves downwards in the forms of strands or 
lusters [70,71℄.During a period of time, both phases 
an be found anywhere in the riser. However,the probability of observing a spe
i�
 phase at 
ertain instant strongly dependson lo
ation. Measurements showed that lean suspension of solids generally �owupward in the 
ore whereas, the dense phase of solids move downwards on thewalls, i.e., 
ore-annulus �ow stru
ture [56, 70, 72, 73℄.Many hydrodynami
 models have been proposed to 
hara
terize the solidsdistribution and �ow in the dilute zone. Harris and Davidson [74℄ 
lassi�edand grouped available dilute zone hydrodynami
 models into three 
ategories: i)Type I models whi
h predi
t only axial variation of suspension density or solidsvolume fra
tion [45,47,75�78℄; ii) Type II models whi
h 
hara
terize both radialand axial variation of solids volume fra
tion by assuming two or more regions,su
h as 
ore-annulus or 
lustering annular �ow models [74, 79�84℄ and ii) TypeIII models that employ fundamental equations of �uid dynami
s to predi
t the26



two-phase gas-solid �ow [85�88℄. Type I and II models may be best employed asdesign tools to investigate the e�e
t of operating 
onditions and riser dimensionson the riser �ow stru
ture and they may be easily 
oupled with rea
tion kineti
smodels to simulate performan
e of CFB rea
tors [89℄. Type III models, however,are well suited to investigations of the lo
al �ow stru
ture in CFB risers and ofthe impa
t of geometry [87℄.There is a 
ontroversy amongst the various resear
hers over whi
h type of mod-eling philosophy is the most valid. Of the three 
lassi�
ations of hydrodynami
models des
ribed, Type III models are not widely applied be
ause of the di�-
ulty in des
ribing the variety of intera
tions , i.e., interparti
le 
ollisions, 
ol-lisions/intera
tions of parti
les with walls, drag and lift for
es, for parti
les ofdi�erent shapes, sizes and densities, ea
h with its own motion in CFBs. Model-ers have adopted a wide range of di�erent approa
hes, i.e., Eularian, Lagrangianor 
ombinations of the two; interpenetrating two-�uid approa
h or dis
rete par-ti
les; 2-D or 3-D 
odes; solution via �nite di�eren
e, �nite element or �nitevolume approa
hes to over
ome su
h di�
ulties [90℄. Therefore, no agreementon either appropriate 
losure models or even on the governing equations hadbeen rea
hed [91℄. In addition, proposed 
onstitutive models for the solid-phasestresses and the interphase momentum transfer are partially empiri
al. Although
omputational �uid dynami
s has evolved substantially in re
ent years, Type IIImodels fail to give a

urate predi
tions of �ow stru
ture in CFBs so far [32,92,93℄.Today, the main 
hallenge of CFB modeling using Type III models lies in the
omplexity of �ow behavior rather than the limitation of 
omputational 
apa
-ity. Type III models may be the most rigorous, but the required simplifyingassumptions, when balan
ed against their mathemati
al 
omplexity, limit theirusefulness from a pra
ti
al perspe
tive [89℄.Type I and and Type II models, on the other hand, require 
orrelations based onexperimental data or a 
ombination of empiri
al 
orrelations and fundamentalrelationships. Type II models well predi
t time-averaged radial �ow stru
turein the dilute zone, but they require many experimental input parameters, i.e.,27
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Figure 3.3: Axial pro�le of a CFB riser.external solids 
ir
ulation rate, downward solids velo
ity, solid volume fra
tion ofstrands or 
lusters et
., whi
h are not generally available and sin
e the parameterswill be di�
ult to quantify, this restri
ts their use as either design tools or as partof performan
e predi
tion model [89,92℄. Type I models, however, are simple andempiri
al in nature but they show very good agreement with the experimentaldata and they are mathemati
ally straightforward [89℄. The only disadvantageof Type I models is that empiri
al or semi-empiri
al 
onstants utilized in Type Imodels may not always 
omply with the experimental 
onditions of the systemto be modeled. In su
h 
ases, however, it is the usual pra
ti
e to adjust some ofthese 
onstants until a 
ompromise is found to reprodu
e the measured data asa

urately as possible [19℄.In order to make a de
ision on the type of model, i.e., Type I or Type II, tobe used for des
ription of dilute zone hydrodynami
s in this thesis study, a briefdes
ription of the models is given below. Type I models predi
t the axial variationof solid volume fra
tion or so 
alled 
ross-se
tional average solid volume fra
tionby dividing the riser axially to a number of zones as shown in Figure 3.3. Nearly28



Table 3.4: Correlations for 
al
ulation of annular layer thi
kness.Patien
e & Chaouki [94℄ δa = 0.5D

[

1 − 1
√

1+1.1FrD

(
Gs

ρp ug

)0.083 F rD

]

Werther [95℄ δa = 0.5DReD
−0.22

(
H
D

)0.21(H−z
H

)0.73Zhang et al. [96℄ δa = 0.05D0.74Bai et al. [97℄ δa = 0.403Dεs
0.7Bi et al. [98℄ δa = 0.5D

[

1 −
√

1.34 − 1.30εs
0.7 + εs

0.7

]Tian et al. [99℄ δa = 24.343 ug
0.4996Gs

−1.0251
(

D
H

)1.501( z
H

)−0.4919Harris et al. [100℄ δa = 0.5D

[

1−0.4014εs
−0.0247ReD

0.0585
(

H−z
H

)−0.0663
]

all of the published Type I models of CFB risers 
onsists of 
ombinations of these�ve or less zones shown in the �gure. However, one 
ommon assumption to allmodeling studies is that the CFB boiler 
onsists of two distin
t regions, the lowerdense zone with 
onstant solid volume fra
tion and the upper dilute zone withexponential de
ay of solids, respe
tively.Type II models, however, follow the same approa
h with Type I models for axialvariation of solids volume fra
tion but in order to a

ount for lateral variationsfurther divide riser 
ross-se
tion into two or more zones laterally. The mostpopular Type II model in the literature is 
alled as �
ore-annulus model� inwhi
h rapid dilute suspension �ows upward in the 
ore, whereas dense 
lusters ofparti
les intermittently �ow downward in the annular wall region. Both 
ore andannulus are represented by averaged solids volume fra
tions. Moreover, ex
hangeof parti
les is generally assumed from 
ore to annulus hen
e thi
kness of annularwall layer de
reases as you go upward in the riser. The thi
kness of annular walllayer, δa, is de�ned as the region adja
ent to the riser wall within whi
h the net29



Table 3.5: Parameters used in the 
al
ulation of annular layer thi
kness.Riser diameter (D), m 0.23Riser overall height (H), m 6.35Super�
ial gas velo
ity in the riser (ug), m/s 5.00Parti
le density (ρp), kg/m3 2600Net solids 
ir
ulation �ux (Gs), kg/m2 · s 31.50Reynolds number based on riser diameter (ReD), − 7764Froude number based on riser diameter (FrD), − 3.33Table 3.6: Cal
ulated average annular layer thi
knesses.Correlation δa, mPatien
e and Chaouki [94℄ 0.0266Werther [95℄ 0.0168Zhang et al. [96℄ 0.0169Bai et al. [97℄ 0.0084Bi et al. [98℄ 0.0156Tian et al. [99℄ 0.0146Harris et al. [100℄ 0.0211�ow of solids is downwards. This 
orresponds to the distan
e to the wall fromthe point of zero parti
le �ux or zero parti
le velo
ity in 
ore-annulus �ow. Anumber of empiri
al equations have been developed to predi
t the thi
kness ofannular layer as listed in Table 3.4. In order to evaluate the e�e
t of annular layerthi
kness on the performan
e of hydrodynami
 model, these empiri
al 
orrelationswere used to 
al
ulate the thi
kness. Parameters utilized in the 
al
ulations aregiven in Table 3.5 whereas 
al
ulated annular layer thi
knesses are displayed inTable 3.6.As 
an be seen from Table 3.6, 
al
ulated average annular layer thi
knesses varywithin the range 0.0084 to 0.0266 m. Considering that diameter of the test rigto be modeled (0.23 m) is mu
h higher than the average of 
al
ulated annularlayer thi
kness (0.0171 m) in the dilute zone and that thi
kness of annular layerde
reases with height from the surfa
e of dense zone, e�e
t of radial variationof solid volume fra
tion in the dilute zone on the performan
e predi
tion will30



be minimum. Furthermore, it is not 
onsidered ne
essary to add this level of
omplexity to an already 
hallenging dynami
 system model of �uidized bed
ombustion systems. Therefore, it is assumed that the inter
hange of both gasand solids is fast enough so that radial variation 
an be negle
ted. In other words,suspension density or the solids volume fra
tion is assumed to vary in the axialdire
tion only.It was shown that solids volume fra
tion in the dilute zone de
reases exponentiallyas a fun
tion of distan
e from the surfa
e of the dense zone or height in dilutezone [47, 48℄. Therefore, model of Kunii and Levenspiel [101℄ is utilized as ithas minimum number of adjustable parameters 
ompared to the other modelsavailable in the literature [75, 76, 102℄.
εs,f(z) = εs,d exp(−az) (3.27)where a is the de
ay 
onstant and εs,d is the solids volume fra
tion of just abovethe surfa
e of dense zone. The de
ay 
onstant is usually 
orrelated with super�
ialgas velo
ity and parti
le diameter [47, 103, 104℄. However, the solids pro�le indilute zone is also e�e
ted by 
ombustor diameter [49℄ and gas properties [105℄.In a re
ent study of Choi et al. [106℄ an empiri
al 
orrelation was presented topredi
t de
ay 
onstant whi
h was found by using experimental data obtained withvariations in 
olumn size, gas velo
ity, temperature, parti
le size, and density;

a =
1

dp
exp

(

−11.2 + 210
dp

Dt − dp

)[
dp ρg(u0 − umf )

µg

]−0.492

×

[
ρp g dp

ρg(u0 − umf )2

]0.725(
ρp − ρg

ρg

)0.731

C−1.47
d (3.28)where drag 
oe�
ient Cd is given by,

Cd =







24/Rep for Rep ≤ 5.8

10/Re0.5
p for 5.8 < Rep ≤ 540

0.43 for 540 < Rep

(3.29)31



and parti
le Reynolds number, Rep, is de�ned as,
Rep =

dp u0 ρg

µg
(3.30)Equation (3.28) 
overs riser diameters from 0.05 to 0.4m, parti
le diameters from46 to 720 µm, parti
le densities from 930 to 3050 kg/m3, gas velo
ities from 0.3to 6.2 m/s, and temperatures from 24 to 600 oC.The solids volume fra
tion distribution in the dilute zone was 
al
ulated by usingEquation (3.27) together with de
ay 
onstant, a, from Equation (3.28). The totalsolids volume fra
tion at the dense zone surfa
e is taken equal to the dense zonesolid volumes fra
tion with 
onsideration of in�uen
e of se
ondary air inje
tionfollowing the line thought of Rhodes and Geldart [107℄, i.e.,

εs,o = εs,d
u0,d

u0,f
(3.31)Volume fra
tions of 
har and inert parti
les of size r at dense zone surfa
e aregiven by the following equations, respe
tively,

εc,o(r) = εs,o
Mc,dPc,d(r)∆r/ρc

Mc,d/ρc +Mi,d/ρi

(3.32)
εi,o(r) = εs,o

Mi,dPi,d(r)∆r/ρi

Mc,d/ρc +Mi,d/ρi
(3.33)Volume fra
tions of 
har and inert parti
les of size r at any height z in the dilutezone is then 
al
ulated by 
ombining Equation (3.27) with Equations (3.32) and(3.33) as follows,

εc,f(r, z) = εc,o(r) exp(−acz) (3.34)
εi,f(r, z) = εi,o(r) exp(−aiz) (3.35)32



Char and inert parti
les �uxes for a parti
le of size r at any height z in the dilutezone is then 
al
ulated by using the following equations with the approximationthat parti
les up�ow velo
ity is equal to the slip between the gas and parti
levelo
ity, i.e., us = (ug − ut),
Ec,f(r, z) = εc,f(r, z)ρc(ug − ut,c) (3.36)
Ei,f(r, z) = εi,f(r, z)ρi(ug − ut,i) (3.37)Terminal velo
ity required in Equations (3.36) and (3.37) is 
al
ulated by usingthe 
orrelation given by Kunii and Levenspiel [108℄,

ut =







g(ρp − ρg)d
2
p

18µg
for Ret ≤ 0.4

[
4

225

(ρp − ρg)
2g2d3

p

ρgµg

]1/3 for 0.4 < Ret ≤ 500

[
3.1g(ρp − ρg)dp

ρg

]0.5 for 500 < Ret ≤ 200 000

(3.38)
where Ret is de�ned as

Ret =
dp ut ρp

µg

(3.39)Size distribution of 
har and inert parti
les at any height in the dilute zone is
al
ulated by assuming that probability of �nding parti
les of size r at any heightis proportional to their presen
e in bed,
Fc(z)Pc,f(r, z) = Ec,f(r, z)AfPc,d(r) (3.40)
Fi(z)Pi,f (r, z) = Ei,f(r, z)AfPi,d(r) (3.41)33



Multiplying both sides of Equations (3.40) and (3.41) by dr and integrating yieldsthe �ow rate of 
har and inert parti
les in dilute zone:
Fc(z) = Af

∫ rmax

rmin

Ec,f(r, z)Pc,d(r)dr (3.42)
Fi(z) = Af

∫ rmax

rmin

Ei,f(r, z)Pi,d(r)dr (3.43)Then size distributions of 
har and inert parti
les be
omes
Pc,f(r, z) =

AfEc,f(r, z)Pc,d(r)

Fc(z)
(3.44)

Pi,f(r, z) =
AfEi,f(r, z)Pi,d(r)

Fi(z)
(3.45)On
e all hydrodynami
 parameters of dilute zone are 
al
ulated, average dilutezone solid volume fra
tions, εc,f and εi,f , dilute zone solids hold-up, Ms,f , andpressure drop, ∆Pf , 
an be 
al
ulated from the following equations, respe
tively

εc,f(z) =

∫ rmax

rmin

εc,f(r, z)dr (3.46)
εi,f(z) =

∫ rmax

rmin

εi,f(r, z)dr (3.47)
εc,f =

1

Hf

∫ Hf

0

εc,f(z)dz (3.48)
εi,f =

1

Hf

∫ Hf

0

εi,f(z)dz (3.49)
Ms,f = (εc,f ρc + εi,f ρi)Vf (3.50)

∆Pf = (εc,f ρc + εi,f ρi)gHf (3.51)34



3.2.3 External Equipments3.2.3.1 Cy
loneGenerally, 
y
lones are used to separate parti
les from the gas exiting the riser.Cy
lones are very simple devi
es that use 
entrifugal for
e to separate parti
lesfrom a gas stream while 
ausing minimum pressure drop. They 
ommonly are
onstru
ted of sheet metal or sometimes steam-
ooled tubes. They have a low
apital 
ost, small spa
e requirement, and no moving parts. They are lined with
astable refra
tory material or �re bri
ks to resist abrasion and also to insulatethe metal body from high-temperature gas. A typi
al 
y
lone is illustrated inFigure 3.4.

Particle 
Laden Gas

Clean Gas

Collected 
Particles

Vortex 
Finder

Body

Cone

Figure 3.4: S
hemati
 diagram of a 
y
lone.35



Cy
lone has a tangential inlet to a 
ylindri
al body, 
ausing the gas stream to beswirled around. Parti
les are thrown toward the wall of the 
y
lone body. As theparti
les rea
h the stagnant boundary layer at the wall, they leave the �owinggas stream and presumably slide down the wall, although some parti
les may bere-entrained as they boun
e o� of the wall ba
k into the gas stream. As the gasloses energy in the swirling vortex, it starts spinning inside the vortex and exitsat the top. The vortex �nder tube does not 
reate the vortex or the swirling �ow.Its fun
tion is to prevent short-
ir
uiting from the inlet dire
tly to the outlet.Changes in geometri
al ratios 
an in�uen
e e�
ien
y and pressure drop signi�-
antly. In
reasing the inlet velo
ity in
reases the 
entrifugal for
e, and thereforethe e�
ien
y, but it also in
reases the pressure drop. De
reasing the 
y
lonediameter also in
reases 
entrifugal for
e, e�
ien
y, and pressure drop. Figure 3.5and Table 3.7 illustrate typi
al 
y
lone dimensions [109℄. Relative dimensionsare based upon the diameter of the body of the 
y
lones. High-e�
ien
y 
y-
lones tend to have long, narrow bodies, while high-throughput 
y
lones withlarge diameters generate less pressure.The theoreti
al e�
ien
y of a 
y
lone 
an be 
al
ulated by balan
ing the terminalvelo
ity with the residen
e time resulting from a distan
e traveled in the 
y
lonewith the utilization of Stokes' law as
ηcyc(dp) =

πNeVindp
2(ρp − ρg)

9µgW
(3.52)However, it is reported that theoreti
al e�
ien
y relationship based on thisapproa
h does not 
orrelate well with the real data but 
orrelates reasonablywell for determining the 50 % 
ut diameter (the diameter of the parti
le thatis 
olle
ted with 50 % e�
ien
y) [109℄. Substitution of this de�nition intoEquation (3.52) gives the expression for 50 % 
ut diameter of 
y
lones, i.e.

dp50 =

[
9µgW

2πNeVin(ρp − ρg)

]0.5 (3.53)36



Table 3.7: Typi
al 
y
lone dimensions.Standard Stairmand SwiftInlet height H/D 0.50 0.50 0.44Inlet width W/D 0.25 0.20 0.21Gas exit diameter De/D 0.50 0.50 0.40Body length Lb/D 2.00 1.50 1.40Cone length Lc/D 2.00 2.50 2.50Vortex �nder S/D 0.625 0.50 0.50Dust exit diameter Dd/D 0.25 0.375 0.40
H S

 D  

L�
L�

W

D�

D�Figure 3.5: Cy
lone dimensions.Number of e�e
tive turns, Ne, 
an be 
al
ulated by using the following expressionif the dimensions of the 
y
lone is known. Otherwise, it is reported that a valueof Ne = 5 best represents the experimental data [110℄.
Ne =

1

H

(
Lb +

Lc

2

) (3.54)37
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Figure 3.6: E�e
t of slope parameter on 
y
lone e�
ien
y.The parti
les larger than 50 % 
ut diameter have a greater probability of being
aptured by the 
y
lone whereas parti
les �ner than this size have a lowerprobability of being 
olle
ted. Thus for a 
y
lone, the 
olle
tion e�
ien
y willdepend on the size distribution of solids entering to the 
y
lone. The e�
ien
yof 
y
lone for other parti
le sizes 
an be determined from Lapple's empiri
ale�
ien
y 
orrelation given below.
ηcyc(dp) =

1

1 +

[

dp50

dp

]B
(3.55)where B is a slope parameter of the 
olle
tion e�
ien
y 
urve, typi
ally rangingfrom 2 to 6. The larger value for B results in a sharper 
ut. Sin
e more massis asso
iated with larger parti
les, the sharper 
ut results in higher overall massremoval e�
ien
y. E�e
t of slope parameter B on 
y
lone e�
ien
y is illustratedin Figure 3.6.Pressure drop provides the driving for
e that generates gas velo
ity and
entrifugal for
e within a 
y
lone. Pressure drop a
ross the 
y
lone 
an be38




al
ulated from the following 
orrelation whi
h is based on the number of inletvelo
ity heads as shown below,
∆Pcyc =

1

2
ρgVin

2NH (3.56)
NH = K

HW

De
2

(3.57)where K is a parameter ranging between 12 to 18. Number of inlet velo
ity heads,
NH , is reported to be 8 for standard 
y
lone dimensions, 6.4 for the Stairmand
y
lone design, and 9.24 for the Swift 
y
lone design [109℄.3.2.3.2 StandpipeThe purpose of the standpipe is to transfer solids from the 
y
lone exit to thepressure seals and to 
reate ne
essary pressure drop for returning the solids intothe riser. Solids in the standpipe are in a state between the �xed bed andminimum �uidization. The �uidization air introdu
ed into the pressure seal risespartially in the standpipe and over
omes fri
tion. The mass in the standpipe
auses the ne
essary pressure drop for returning the solids into the riser. Thestandpipe pressure drop is assumed to depend only upon the stati
 pressure ofthe solid inventory in standpipe and is 
al
ulated as follows.

∆Psp =
gMs,sp

Asp
(3.58)3.2.3.3 Pressure SealOne unique 
hara
teristi
 of CFB operation is to obtain a 
onstant and desiredsolid 
ir
ulating rate. At given gas velo
ity, the 
ir
ulating rate determines thesolid load and overall pressure drop in the 
ombustor, whi
h in turn a�e
tshydrodynami
s, 
hemi
al rea
tions, heat transfer and fan power. Due to highoperating temperature of a CFB 
ombustor, solids 
ir
ulation rate is usually
ontrolled by non-me
hani
al valves su
h as L-valves, J-valves or other kind of seal39



L-VALVE J-VALVE LOOP SEALFigure 3.7: S
hemati
 illustration of pressure seals.pots. The 
ir
ulating �uidized bed loop is very similar to the water-steam loopof natural 
ir
ulation boilers. In both 
ases, the dense phase in the down
omerimposes a pressure drop high enough to for
e the �uid to move toward the riserto rea
h an equilibrium state.Pressure seals are generally realized as L-valves, J-valves or loop seals as shownin Figure 3.7. These non-me
hani
al valves allow the �ow of solids betweenthe standpipe and riser. Air fa
ilitates the movement of solids in these valves.An advantage of the L-valve is its simple design, while the J-valve allows �neradjustment of solids �ow into the riser through the 
hanging aeration rate in theverti
al leg. Solids in the L-valves and J valves are generally in a state between�xed bed and moving bed whereas solids in loop seal in a state of bubbling�uidization. The pressure drop of a pressure seal depends on its type. Geldartand Jones [111℄ suggest the following expression for 
al
ulation of pressure dropa
ross the L-valve.
∆Pps =

216Gs
0.17Lps

Dps
0.63dp

0.15 (3.59)where
Dps =

√

4Aps

π
(3.60)40



3.2.4 Pressure LoopIn CFB systems, it is desirable to have reliable estimates of riser pressure drop,solids hold-up and solids inventory to maintain stable operation at a given gasvelo
ity and solids 
ir
ulation rate. The solids hold-up is related to the pressuredrop a
ross the riser, whi
h in turn depends on the pressure drop a
ross the
y
lone, standpipe and pressure seal. The overall pressure balan
e thereforeestablishes the pressure driving for
e needed for solids 
ir
ulation, as well as therequired blower 
apa
ity. S
hemati
 illustration of pressure distribution in a CFBis illustrated in Figure 3.8.Sin
e the stati
 pressure in the standpipe 
auses the driving for
e for 
ir
ulation,the pressure drop in the standpipe must equal to the pressure drops of the otherparts, i.e.,
∆Psp = ∆Priser + ∆Pcyc + ∆Pps (3.61)where ∆Priser is the sum of dense and dilute zone pressure drops,

∆Priser = ∆Pd + ∆Pf (3.62)

He
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Figure 3.8: S
hemati
 illustration of pressure distribution in a CFB.41



3.3 CombustionCombustion of 
oal is a very 
omplex pro
ess. This partly due to the fa
t that
oal is not a homogeneous material, i.e., di�erent portions (both mi
ros
opi
and ma
ros
opi
) of a single 
oal sample exhibit widely di�ering 
hemi
al
ompositions and physi
al properties. Composition of 
oal is expressed by twokinds of analysis as shown in Figure 3.9. A

ording to origin and age of 
oal its
omposition may vary widely. Therefore, an elementary des
ription of the 
oal
ombustion pro
ess is not possible.Using 
oal analysis and heating value, it is possible to 
ategorize 
oals by rankas shown in Table 3.8. Coal rank expresses the progressive metamorphism of
oal from lignite (low rank) to anthra
ite (high rank). Rank is based on heatingvalue, for low-rank 
oals and on per
entage of �xed 
arbon for higher-rank 
oals,both 
al
ulated on a dry and ash-free basis. The heating value and per
entageof �xed 
arbon in
rease whereas volatile matter 
ontent de
reases as the rankmoves from lignite to anthra
ite.
Moisture

Ash

S

C

N
O
H

Moisture

Ash

Volatile
Matter

Fixed
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Dry
Ash
Free

Dry

As
Received

Ultimate 
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Proximate 
AnalysisFigure 3.9: Composition of 
oal.42



Table 3.8: ASTM Classi�
ation of 
oals by rank (dry-ash-free).Fixed Carbon, % HHV, MJ/kgMeta-anthra
ite > 98Anthra
ite 92 - 98Semianthra
ite 86 - 92Low volatile bituminous 78 - 86Medium volatile bituminous 69 - 78High volatile A bituminous > 32.56High volatile B bituminous 30.24 - 32.56High volatile C bituminous 26.75 - 30.24Subbituminous A 24.42 - 26.75Subbituminous B 22.10 - 24.42Subbituminous C 19.30 - 22.10Lignite A 14.65 - 19.30Lignite B < 14.65When a 
oal parti
le is fed to a �uidized bed 
ombustor, initially moisture willbe driven o� and the temperature of the 
oal parti
le rises as it is heated by inertparti
le 
onve
tion, gas 
onve
tion and radiation. The temperature of the 
oalparti
le rapidly rea
hes a value at whi
h volatile matter in the 
oal 
ommen
esto be liberated, es
aping in the form of 
ombustible vapors into the bed. Theresidue left after devolatilization is 
har, whi
h is essentially porous 
arbon withash bound in it; the degree of porosity depends upon the type of 
oal. On
ethe ignition temperature is rea
hed, the 
har 
ommen
es to burn, but, the timerequired to burn it out is mu
h longer, one to two orders of magnitude longerthan that taken to evolve the volatiles [112�114℄.3.3.1 Volatiles Release and CombustionDevolatilization is a 
hemi
al de
omposition of 
oal and begins at a temperatureof 350 - 400◦C [115℄. Volatiles are the primary gaseous de
omposition produ
ts,some of whi
h will be liquids or even solids at ambient temperature and pressure.Devolatilization of 
oal has been noted to be an extremely 
omplex phenomenadue to the large number of 
hemi
al rea
tions and physi
al 
hanges o

urringduring the pro
ess. 43



The volatile fra
tion of 
oals normally 
ontributes a signi�
ant proportion of thetotal energy released during 
ombustion and thus should not be ignored. Volatilesmay also 
ontribute signi�
antly to the CO emission as well as NOx formationin �uidized beds. Although, time s
ale for devolatilization is small, 
ompared tothat for the 
ombustion of 
har, the distribution of volatile matter throughoutthe system a�e
ts the 
ombustor performan
e and pattern of heat release.Devolatilization rates of 
oals are 
omplex fun
tions of the experimental 
ondi-tions, under whi
h the devolatilization pro
eeds, and the overall devolatilizationpro
ess is open to manipulation. The most important fa
tors are:
• 
oal rank and 
omposition
• pore stru
ture of 
oal
• parti
le size
• temperature
• pressure
• heating rate
• atmosphere (oxidizing or redu
ing)
• type of rea
tor (�xed bed, �uidized bed, et
.)The relatively few experimental data available, as well as the inherent di�
ultyin developing a 
omprehensive model, have required theoreti
ians to make manysimplifying assumptions. The most general ones are approximation of irregular
oal parti
les by spheres, using an average parti
le size and de�ning 
ompositionin terms of volatile matter, �xed 
arbon and ash to avoid the 
omplex 
hemistryof 
oal. To date, des
ription of the gaseous produ
ts produ
ed and the kineti
sof their formation have been more extensively dealt with.There exists a number of models for kineti
 interpretation of devolatilizationpro
ess. The simplest model for the pro
ess of volatiles evolution is based on asingle de
omposition rea
tion o

urring uniformly through the parti
le:44



coal
k

−→ volatiles + char (R1)The rate of rea
tion R1 is either approximated by a �rst order rate expression,
dv

dt
= k(v∞ − v) (3.63)or an nth order rate expression,

dv

dt
= k(v∞ − v)n (3.64)where v is the yield of volatiles at time t, v∞ is the ultimate yield of volatiles at

t = ∞ and k is the rate 
onstant. The rate 
onstant is generally 
orrelated withtemperature by an Arrhenius expression,
k = ko exp

(

−
E

RT

) (3.65)The parameters v∞, ko, E and n in Equations (3.63) and (3.64) depend upon 
oaltype, heating rate and experimental te
hnique utilized and must be determinedexperimentally.Although �rst and nth order models are frequently used in des
ribing 
oalde
omposition due to their simpli
ity, they la
k the �exibility to represent mu
hof the data available in literature [116℄. The most serious short
oming of thesemodels is the failure to a

ount for apparently asymptoti
 yield, v∞, observedat the �nal temperature [115℄. In addition, a
tivation energies predi
ted bythese models are mu
h lower than expe
ted from studies on model 
ompounds[117℄. Consequently more 
omplex models have been proposed to des
ribedevolatilization pro
ess. These models 
onsider devolatilization to o

ur via anumber of independent parallel rea
tions [115℄ or 
ompeting ones [118℄.Parallel rea
tion model 
onsiders devolatilization to o

ur via a large number ofindependent parallel �rst order rea
tions [115℄. The rate of volatiles produ
tion45



by a parti
ular rea
tion within the 
oal stru
ture is then des
ribed in a mannersimilar to Equation (3.63) with a subs
ript i used to denote one parti
ularrea
tion:
dvi

dt
= ki(v∞,i − vi) (3.66)Integration of Equation (3.66) for non-isothermal 
onditions yields the amountof of volatile matter released due to a parti
ular rea
tion:

vi = v∞,i

[

1 − exp

(

−

∫ t

0

kidt

)] (3.67)The rate 
onstants, ki, are assumed to follow Arrhenius relation with a 
ommonpre-exponential fa
tor, ko,
ki = k(E) = ko exp

(

−
E

RT

) (3.68)but di�erent a
tivation energies varying in the range Emin to Emax a

ording toa probability density fun
tion f(E). Most often a Gaussian distribution is usedto des
ribe f(E) [115℄,
f(E) =

[
(2π)1/2σ

]−1
exp

[

−
(E − Eo)

2

2σ2

] (3.69)with,
∫ ∞

0

f(E)dE = 1 (3.70)where Eo and σ are the mean and standard deviation of the a
tivation energydistribution, respe
tively.As 
an be seen from the resulting model equations, i.e. Equations (3.67), (3.68)and (3.69), parallel independent rea
tion model requires four parameters to be46



estimated from the experimental data: v∞, ko, Eo and σ, only one more thanthe primitive single �rst order rea
tion model represented by Equation (3.63).Hen
e, this model is su�
iently simple for 
ombustion 
al
ulations. A single setof experimentally determined parameters, ko, Eo and σ, 
an be used to 
orrelateexperimental data obtained under di�erent heating 
onditions whereas �rst and
nth order models require di�erent set of parameters for ea
h heating 
ondition.The value of v∞ may vary for di�erent 
oals as well as for di�erent temperaturesand heating rates.An alternative to the multiple parallel rea
tion model is to assume the existen
eof multiple 
ompeting rea
tions by whi
h the devolatilizing 
oal may follow anyof a number of rea
tion paths depending on the temperature-time history [118℄.This 
on
ept was introdu
ed as it provides a simple empiri
al explanation of thee�e
ts on yield of both temperature and heating rate. The simplest model of thiskind postulates two 
ompeting overall rea
tions [118℄:

coal
k1−→α1 volatiles1 + (1 − α1) char1 (R2)

coal
k2−→α2 volatiles2 + (1 − α2) char2 (R3)with rate equations,

dc

dt
= −(k1 + k2)c (3.71)and

dv

dt
= (α1k1 + α2k2)c (3.72)where c is the mass fra
tion of initial 
oal to be rea
ted. The rate 
onstants k1and k2 are of Arrhenius form with the important feature that E1 < E2:

kn = ko,n exp

(

−
En

RT

) , n = 1, 2 (3.73)47



At low temperatures, the �rst rea
tion, R2, is dominant leading to the asymptoti
volatile yield α1. At high temperatures, the se
ond rea
tion be
omes faster thanthe �rst, resulting in higher volatiles yields (asymptoti
ally α2). The ultimateyield of volatiles lies between α1 and α2 depending upon the �nal temperature,heating rate and residen
e time.Both parallel independent rea
tion and parallel 
ompeting rea
tion models havebeen reported to give good results [116℄. However, it is suggested that two
ompeting rea
tions model 
an be used at moderate and higher temperatureswhereas the parallel independent rea
tions model is re
ommended at lowtemperatures typi
ally en
ountered in �uidized bed 
ombustors [119℄.As highlighted above, up to date, there is still no generalized kineti
 model fordes
ription of devolatilization pro
ess. Furthermore, enhan
ed heat and masstransfer taking pla
e in CFBs due to high gas �ow rates and intense mixing [120℄in
reases the probability of instantaneous devolatilization in the dense zoneas 
on�rmed by previous modeling studies [8, 13, 27, 28, 30℄. Therefore, it isassumed that volatiles are released instantaneously as the 
oal parti
les enterthe 
ombustor and mixed with hot bed of parti
les. Furthermore, devolatilizationpro
ess is 
onsidered to take pla
e only in the dense zone and volatiles are assumedto be uniformly distributed along the height of the 
ombustor.The released volatile matter is assumed to immediately undergo the following setof rea
tions in the emulsion phase;
C + 1/2 O2 → CO (R4)

2 H + 1/2 O2 → H2O (R5)
S +O2 → SO2 (R6)

2 N → N2 (R7)48



2 O → O2 (R8)
H2O → H2O (R9)The net e�e
t of devolatilization is, thus, the same as that of additional gaseousfeed stream added solely to the emulsion phase. The 
omposition of volatilematter released to emulsion phase is then 
al
ulated as,

xC,vm = (xC − xfc)/xvm (3.74)
xO,vm = xO/xvm (3.75)
xH,vm = xH/xvm (3.76)

xS,vm = xS,comb/xvm (3.77)
xN,vm = xN/xvm (3.78)Combustion of volatiles in �uidized beds is not well understood. Laboratorys
ale investigations on the 
ombustion of pre-mixed gases in �uidized beds ofsand have shown that homogeneous rea
tions are inhibited in the emulsion phasedue to radi
al-quen
hing on the inert solids [121�124℄ and that below some
riti
al temperature (∼ 800◦C) the 
ombustion of gases does not take pla
e inthe emulsion phase. As the operating temperatures of �uidized bed 
ombustors(850-900 ◦C) is above that 
riti
al temperature, it was 
on
luded that 
ombustionof volatiles is assumed to take pla
e in both the emulsion and bubble phases inthis thesis study.3.3.2 Char CombustionThe 
ombustion pro
esses are similar in a bubbling or 
ir
ulating �uidized beds,but the burning rates of 
hars are di�erent [125℄. The burning rate of 
har in49




ir
ulating �uidized bed is higher than that in bubbling �uidized beds due tohigher mass transfer rates en
ountered in CFBs [126℄. The higher degree ofmixing in CFBs 
ontributes to the higher burning rates in CFBs.The heterogeneous rea
tion between oxygen and 
har o

urs, to a large extent,in the emulsion phase only. Within this phase, oxygen transfers through theintersti
es of the ash parti
les to the burning 
har parti
le, where rea
tion maytake pla
e on the surfa
e and inside pores. Therefore, overall rea
tion mayinvolve steps su
h as mass transfer through the gas �lm surrounding the parti
le,di�usion through the pore stru
ture and 
hemi
al rea
tion. Depending on whi
hsteps are rate 
ontrolling, one of these standard models may be used to des
ribe
arbon 
onsumption: The uniform rea
tion model (
onstant diameter/de
reasingdensity), the shrinking parti
le model (
onstant density/de
reasing diameter), orthe shrinking 
ore model (ash layer enveloping a shrinking size unrea
ted 
ore).The relative importan
e of ea
h of the various pro
esses is a 
ompli
ated fun
tionof bed temperature, �uid me
hani
s, oxygen 
on
entration, parti
le size and 
harrea
tivity.Char 
ombustion is generally believed to pro
eed with one or more of the followingheterogeneous rea
tions,
C(s) + 1/2 O2 → CO (R10)
C(s) +O2 → CO2 (R11)
C(s) + CO2 → 2 CO (R12)and subsequent oxidation of CO to CO2 in the boundary layer surrounding theparti
le or in the free stream,
CO + 1/2 O2 → CO2 (R13)50
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Figure 3.10: Char 
ombustion me
hanisms.Generally, penetration of oxygen into the unburnt 
har is limited to a shortdistan
e 
ompared to the parti
le dimensions, so that rea
tion is 
on�ned to theouter thin layer of the remaining 
har parti
le [127℄ and due to the vigorousagitation in �uidized bed 
ombustors, the residue of ash on the burning 
harsurfa
e is usually �aked o� and presents no resistan
e to di�usion.Elimination of intraparti
le e�e
ts ne
essitates the examination of rea
tionstaking pla
e in the boundary layer surrounding the parti
le. There are twobasi
 boundary layer rea
tion models for 
har 
ombustion whi
h are illustratedin Figure 3.10. They may be 
lassi�ed a

ording to their priori assumptionsregarding where CO burns [128℄. In the single �lm model, the oxidation of 
harparti
le is assumed to be 
ontrolled by di�usion of O2 through a stationary �lmto the surfa
e of the 
har parti
le and/or by the kineti
s of surfa
e rea
tion, R10or R11. Carbon monoxide oxidation does not o

ur in the boundary layer. In thedouble �lm model, it is assumed that CO is produ
ed on the surfa
e of the 
harparti
le by the rea
tion R12 and the CO produ
ed is burned in a thin �ame frontin the boundary layer. No oxygen will rea
h the 
har surfa
e and no CO will rea
h51



the external edge of the boundary layer. However, the 
arbon dioxide redu
tionrea
tion, R12, is now generally not 
onsidered sin
e the rate of 
arbon gasi�
ationis not high enough to be the dominant rea
tion at FBC temperatures [129℄ andhigh parti
le temperatures predi
ted with CO oxidation in the boundary layer is
ontrary to experimental �ndings in �uidized bed 
onditions [130℄.There is mu
h 
ontroversy in the literature whether both CO and CO2 areprimary produ
ts of 
ombustion of 
har parti
les. The produ
t ratio CO/CO2was investigated by several authors experimentally and it was related to parti
letemperature by an Arrhenius expression,
[CO]

[CO2]
= fr = ko exp

(

−
E

RTp

) (3.79)and measured values was found to be between 0.2 and 12 as reported in thestudy of Linjewile and Agarwal [131℄. In the important size range for �uidizedbed 
ombustors (∼ 500 µm to ∼ 2 mm), the major produ
t measured was CO.By de�ning a me
hanism fa
tor in terms of the produ
t ratio, fr, as [131℄
ζ =

(1 + 2fr)

(1 + fr)
(3.80)rea
tions R10 and R11 
an be expressed with a single rea
tion as given below:

C(s) +
1

ζ
O2 → 2

(

1 −
1

ζ

)

CO +

(
2

ζ
− 1

)

CO2 (R14)The me
hanism fa
tor 
an take values between 1 and 2, as ζ = 1 when theprodu
t is only CO2 and ζ = 2 when the produ
t is only CO.With the simpli�
ation of a shrinking parti
le model, the rea
tion rate 
ontrollingsteps of 
har 
ombustion are redu
ed to only two, external mass transfer andsurfa
e rea
tion. In order to determine whi
h mode is more important, extensiveexperimental studies have been 
arried out and limiting 
ase models have been52



formulated. It has been shown that as mass transfer 
oe�
ient de
reases within
reasing parti
le size, the 
ombustion of large 
har parti
les (dp ≥ 2 mm) isdominated by mass transfer 
ontrol, whereas 
hemi
al kineti
s be
omes importantfor the burning of smaller diameter parti
les [132℄. However, for systems whi
hare utilizing feed of wide size distribution limiting 
ase models may not besatisfa
tory [133℄ as there will be a smooth transition between the two possibilitiesin the parti
le size range under 
onsideration.Therefore a shrinking parti
le, single �lm model with CO oxidation in the freestream whi
h 
onsiders both mass transfer-rea
tion resistan
es at the parti
lesurfa
e seems to be appropriate for modeling 
har 
ombustion in 
ir
ulating�uidized beds.The 
ombustion rate of a 
arbona
eous parti
le is usually expressed as the massof 
arbon 
onsumed per unit time per unit external surfa
e area of the parti
leand it was found to be proportional to the partial pressure of oxygen at thesurfa
e [127, 134, 135℄. The pro
esses of pore di�usion and internal 
hemi
alrea
tion are lumped together in the apparent rate 
onstant and order based onexternal surfa
e area. The rate of 
arbon oxidation rea
tion per unit externalsurfa
e area 
an then be expressed as
rC,s = ksC

n
O2,s (3.81)where CO2,s is the oxygen 
on
entration at the parti
le surfa
e and, ks and

n are the apparent rea
tion rate 
oe�
ient and rea
tion order respe
tively.The variation of 
hemi
al kineti
 rea
tion rate 
oe�
ient with temperature isexpressed by an Arrhenius type equation:
ks = ko exp

(

−
E

RTp

) (3.82)where ko is an apparent rate 
onstant based on parti
le outer surfa
e area and Eis an apparent a
tivation energy. 53



Table 3.9: Apparent rate 
onstants for 
har 
ombustion.Referen
e ko (m/s) E (J/mol)Field et al. [127℄ 595Tp 17976Hoy and Gill [134℄ 5.5Tp 90000The most widely utilized apparent rea
tion rate 
oe�
ients in the literature are ofField et al. [127℄ and Hoy and Gill [134℄ whi
h were obtained by the 
ompilationof extensive experimental data reported in the literature. The apparent rate
onstants and a
tivation energies reported in these studies are listed in Table 3.9.In this thesis study rate expression of Field et al. [127℄ is utilized.The rea
tion orders reported in the literature shows a range between 0 to 1 [136℄,but n = 1 has usually been assumed to simplify the 
al
ulations in modelingstudies. Smith [136℄ has examined the 
onsequen
es of assuming n = 1 andreported that assuming an order of unity above a parti
le temperature of 1000 K,whi
h is lower than temperatures en
ountered in FBCs, gives moderately goodapproximations to measured 
ombustion rates whereas for temperatures less than
1000 K he suggested that rea
tion order should be taken as n = 0.5.Assuming an apparent order of unity for 
har 
ombustion rate and noting thatthe surfa
e rea
tion rate must equal the rate at whi
h oxygen di�uses inwardthrough the boundary layer to the parti
le surfa
e, i.e.,

kf(CO2,e − CO2,s) =
ks

ζ
CO2,s (3.83)the oxygen 
on
entration at the 
har parti
les surfa
e 
an be obtained in termsof the average oxygen 
on
entration in emulsion phase;

CO2,s =
CO2,e

ks

ζkf
+ 1

(3.84)The rate of 
arbon oxidation at the parti
les surfa
e 
an then be expressed interms of bulk oxygen 
on
entration by 
ombining Equations (3.81) and (3.84)54



and rearranging;
rC,e =

ζ

1/kf + ζ/ks
CO2,e (3.85)Mass transfer 
oe�
ient for oxygen, kf , is 
al
ulated by using the expressionsuggested by Basu and Subbarao [137℄,

kf =
D

dp

[

2 + 0.6(Ret)
1/2Sc1/3

] (3.86)in whi
h Ret and Sc are de�ned as
Ret =

dp ut ρp

µg
(3.87)

Sc =
µg

D ρg
(3.88)Di�usivity of oxygen in nitrogen, D, is approximated from the equation suggestedby Field et al. [127℄, i.e.,

D = Dref

[
T

Tref

]n
Pref

P
(3.89)where Dref is 2.01 × 10−5 m2/s, Tref is 298.15 K, Pref is 1.01325 × 105 Pa and

n is 1.5, respe
tively. The unit of D is given in m2/s.Shrinkage rate of 
har parti
les, whi
h is required for the 
al
ulation of 
harparti
le size distribution, 
an be determined by noting that rate of 
arbon removalfrom the surfa
e of 
har parti
le must equal the rate of 
ombustion of 
arbon atthe parti
le surfa
e,
d

dt

[
4

3
π r3ρc

xfc

xfc + xash

]

= −4πr2MC rC,e (3.90)Rearranging Equation (3.90) yields the working form of the 
har parti
lesshrinkage rate: 55



Table 3.10: Coe�
ients for CO oxidation rate expression.Referen
e ko (moln/m3n.s) E/R (K) α β γHottel et al. [138℄ 4.75 × 105 8052 1 0.3 0.5Howard et al. [139℄ 1.3 × 108 15106 1 0.5 0.5Yetter et al. [140℄ 7.2 × 1014 34743 1 0.25 0.5
n = 1 − α − β − γ

ℜ(r) =
dr

dt
= −

3

ρc

xfc + xash

xfc
MC rC,e (3.91)After devolatilization and 
har 
ombustion, the primary produ
t CO is furtheroxidized in the gas phase with oxygen. The main in�uen
e on CO emission isexerted by homogeneous oxidation of CO to CO2. Low temperatures, shortresiden
e times and insu�
ient mixing of CO and O2 may limit this e�e
t.Furthermore, espe
ially under extreme air staging 
onditions large amount of

CO remains unoxidized in the redu
ing dense zone of the 
ombustor.With regard to the oxidation of CO produ
ed from volatiles (R4) and 
har
ombustion (R10), there are several kineti
 laws in the open literature in thefollowing form,
rCO = kCOC

α
COC

β
O2
Cγ

H2O (3.92)with
kCO = ko exp

(

−
E

RT

) (3.93)The widely used kineti
 rate 
onstants and a
tivation energies reported in thesestudies are listed in Table 3.10. There is general agreement in the literaturethat the CO oxidation rea
tion is �rst order in 
arbon monoxide and half orderwith respe
t to water vapor. Therefore, α and γ are usually taken as 1.0 and0.5, respe
tively. The order in oxygen ranges from 0 to 1 depending on the
on
entration of oxygen. In this study the rate of CO oxidation was predi
tedby using the expression of Hottel et al. [138℄.56



3.4 Char Parti
le Size DistributionSin
e 
arbon 
onsumption rate depends on the surfa
e area provided by theburning 
har parti
les, 
al
ulation of parti
le size distribution (PSD) and hold-up of 
har parti
les is of fundamental importan
e in the predi
tion of behaviorof �uidized bed 
ombustors.Levenspiel et al. [141℄ developed general equations in terms of mass balan
es torelate parti
le size distributions and �ow rates of entering and leaving streamsfor parti
les undergoing size 
hange in a �uidized bed. This work was extendedlater by others to a

ount for either density 
hange in parti
les [142�144℄ or toin
orporate 
ommunition of parti
les by fragmentation and attrition [144�147℄.Up to date, the time dependent behavior of 
har PSD was only studied by Weimerand Clough [148, 149℄ and Saastamoinen et al. [150℄. However, their study waslimited to temporal variation of 
har PSD for prespe
i�ed gas phase temperatureand 
on
entrations.In order to dedu
e an equation based on the mass fra
tions in size intervals forshrinking 
har parti
les the following assumptions are made:
• Parti
le size distribution of feed 
har parti
les, P0(r), is expressed by Rosin-Rammler size distribution fun
tion (See Appendix A for derivation).
• As solids in the dense zone is assumed to be well-mixed, bed drain 
har sizedistribution represents the dense zone 
har size distribution.
• Elutriation rate of 
har parti
les of size r is dire
tly proportional to their
on
entration in the dense zone.
• Densities of 
har parti
les do not 
hange during 
ombustion.
• Fragmentation and attrition of 
har parti
les is negligible.
• Char parti
les are 
onsidered to shrink by 
ombustion only.57
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Figure 3.11: Streams 
onsidered in 
har population balan
e.Considering the streams given in Figure 3.11, the unsteady-state mass balan
efor 
har parti
les of sizes between r and r+∆r for the entire range of parti
les inthe dense zone at a parti
ular instant 
an be expressed in verbal form as,
{ char of size r

accumulated
in the interval ∆r

}

=

{ char of size r
entering
in feed

}

+

{ char of size r
entering
in recycle

}

−

{ char of size r
leaving

in bed drain

}

−

{ char of size r
leaving

in carryover

}

+

{ char shrinking into
the interval ∆r

from a larger size

}

−

{ char shrinking out
of the interval ∆r
to a smaller size

}

−

{ char mass
depleted in the
interval ∆r

} (3.94)58
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Depletion of size r due 
to combustion
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Bed drain of 
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Figure 3.12: S
hemati
 representation of 
har population balan
e.Verbal form of unsteady-state mass balan
e for shrinking 
har parti
les is showns
hemati
ally in Figure 3.12. This balan
e 
an be written in symbols as
[

Mc,dPc,d(r)∆r

]

t+∆t

−

[

Mc,dPc,d(r)∆r

]

t

= F0P0(r)∆r∆t+ F3P3(r)∆r∆t

− F1P1(r)∆r∆t− F2P2(r)∆r∆t+

[

Mc,dPc,d(r)

(
dr

dt

)

∆t

]

r

−

[

Mc,dPc,d(r)

(
dr

dt

)

∆t

]

r+∆r

+
3Mc,dPc,d(r)

r

(
dr

dt

)

∆t (3.95)where, time dependen
y of parameters has not been shown in formulations forthe sake of simpli
ity in notation. Dividing both sides of Equation (3.95) by
∆r∆t and taking lim∆r,∆t→0 one gets:

∂

∂t

[

Mc,dPc,d(r)

]

= F0P0(r) + F3P3(r) − F1P1(r) − F2P2(r)

−
∂

∂r

[

Mc,dPc,d(r)

(
dr

dt

)]

+
3

r
Mc,dPc,d(r)

(
dr

dt

) (3.96)59



Re
alling the assumption that solids are well mixed, i.e.,
P1(r) = Pc,d(r) (3.97)and noting that the rate of elutriation of parti
les of size r is dire
tly proportionalto their 
on
entration in the bed, i.e.,

F2P2(r) = κ(r)Mc,dPc,d(r) (3.98)where the proportionality 
onstant, κ(r), is named as elutriation rate 
onstant,Equation (3.96) 
an be modi�ed to yield,
∂

∂t

[

Mc,dPc,d(r)

]

= F0P0(r) + F3P3(r) − F1Pd(r) − κ(r)Mc,dPc,d(r)

−
∂

∂r

[

Mc,dPc,d(r)

(
dr

dt

)]

+
3

r
Mc,dPc,d(r)

(
dr

dt

) (3.99)The me
hanism of parti
le elutriation is so 
ompli
ated that no generalized modelis yet available, though extensive studies on the subje
t have been 
arried outtheoreti
ally. Therefore, many empiri
al 
orrelations have been proposed as aresult of the extensive studies on elutriation [106, 147, 151�157℄. In this thesisstudy, elutriation rate 
onstant required in Equation (3.99) is 
al
ulated by usingthe de�nition of elutriation rate 
onstant together with elutriation rate expressionof Geldart et al. [154℄ as it was reported by Hannes [19℄ that expression ofGeldart et al. shows the best performan
e when its predi
tions 
ompared withmeasurements. The elutriation rate 
onstant is de�ned as
κ(r) =

Ad

Mc,d
κ∗(r) (3.100)where κ∗(r) is given by Geldart et al. [154℄ as

κ∗(r) = 23.7ρgu0 exp

(

−5.4
ut

u0

) (3.101)60



One 
an relate the �ow rate of re
y
led parti
les with the elutriation rate ofparti
les of size r by using the 
y
lone e�
ien
y, ηcyc(r) as
F3P3(r) = ηcyc(r)F2P2(r) (3.102)Combining Equations (3.98) and (3.102), substituting into Equation (3.99) andrearranging gives

∂

∂t

[

Mc,dPc,d(r)

]

= F0P0(r) − F1Pd(r) −
[
1 − ηcyc(r)

]
κ(r)Mc,dPc,d(r)

−
∂

∂r

[

Mc,dPc,d(r)

(
dr

dt

)]

+
3

r
Mc,dPc,d(r)

(
dr

dt

) (3.103)In order to express Equation (3.103) in more 
ompa
t form, the unknowns, i.e.
Md and Pd(r), are 
ombined in a dummy variable de�ned as,

W (r) = Mc,dPc,d(r) (3.104)and inserted to Equation (3.103) to yield the working form of the 
har populationbalan
e:
∂W (r)

∂t
= F0P0(r) −

W (r)

Md

F1 −
[
1 − ηcyc(r)

]
κ(r)W (r)

−
∂

∂r

[

W (r)ℜ(r)

]

+
3

r
W (r)ℜ(r) (3.105)where ℜ(r) = dr/dt is the shrinkage rate de�ned in Equation (3.91) and P0(r)is the size distribution of feed parti
les, represented by a Rosin-Rammler sizedistribution fun
tion given below:

P0(r) = n b rn−1 exp(b rn) (3.106)Equation (3.105) is subje
t to the following boundary 
ondition61



at r = rmax W (r) = 0 (3.107)as the probability of having solid parti
les of size rmax in the dense zone ispra
ti
ally zero, due to the shrinkage of maximum parti
le size in the densezone.On
e the solution for W (r) be
omes available, dense zone 
har hold-up, Mc,d,dense zone 
har size distribution, Pd(r), riser exit 
har �ow rate, F2, riser exit 
harsize distribution, P2(r), re
y
le 
har �ow rate, F3, re
y
le 
har size distribution,
P3(r), �y ash 
har �ow rate, F4 and �y ash 
har size distribution, P4(r) areobtained from Equations (3.108) to (3.115) derived from des
riptions given inEquations (3.98), (3.102) and (3.104).

Mc,d =

∫ rmax

rmin

W (r)dr (3.108)
Pd(r) =

W (r)

Mc,d
(3.109)

F2 =

∫ rmax

rmin

κ(r)W (r)dr (3.110)
P2(r) =

κ(r)W (r)

F2

(3.111)
F3 =

∫ rmax

rmin

ηcyc(r)F2P2(r)dr (3.112)
P3(r) =

ηcyc(r)F2P2(r)

F3

(3.113)
F4 =

∫ rmax

rmin

[
1 − ηcyc(r)

]
F2P2(r)dr (3.114)

P4(r) =

[
1 − ηcyc(r)

]
F2P2(r)

F4

(3.115)62



3.5 Gaseous Spe
ies Conservation EquationsSpe
ies 
onservation equations in both dense and dilute zone are formulatedusing 
onservative equations so that the axial variation of the velo
ities of bubbleand emulsion phases and also the gas velo
ity in the dilute zone are inherentlyin
luded. In the foregoing derivations spe
ies 
onsidered in the model will bedenoted as shown in Table 3.11.Table 3.11: Spe
ies 
onsidered in the model.Spe
ies index, j Spe
ies1 O22 CO3 CO24 H2O5 SO2

3.5.1 Dense Zone3.5.1.1 Bubble PhaseUnder the assumption of plug �ow of gas in bubble phase, a transient massbalan
e on spe
ies j between heights z and z + ∆z 
an be expressed in verbalform as,
{ species j
accumulated in
control volume

}

=

{ species j in
by convection

at z

}

−

{ species j out
by convection
at z + ∆z

}

+

{ species j
generated/depleted
by chemical reactions

}

+

{ species j
transferred from/to
emulsion phase

} (3.116)Using the de�nition of the gas inter
hange 
oe�
ient between bubble andemulsion phases given in Equation (3.24), above mentioned verbal form of spe
iesbalan
e for 
omponent j 
an be rewritten in symbols as,
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Ad∆zδ
[
Cj,b|t+∆t − Cj,b|t

]
= ∆tnj,b|z − ∆tnj,b|z+∆z

+ Adδ∆z∆tℜj,b

+ Adδ∆z∆tKbe

(
Cj,e − Cj,b

) (3.117)dividing both sides of Equation (3.117) by Abedδ∆z∆t and taking lim∆z,∆t→0yields,
∂Cj,b

∂t
= −

1

Adδ

∂nj,b

∂z
+ ℜj,b +Kbe

(
Cj,e − Cj,b

) (3.118)Ideal gas assumption 
an be utilized to express left hand side of Equation (3.118)in terms of molar �ow rates. Under this assumption one may write,
Cj,b =

Pj

RTd
(3.119)or,

Cj,b =
P

RTd

nj,b

nb
(3.120)Taking the derivative of Equation (3.120) with respe
t to time yields the term

∂Cj,b/∂t:
∂Cj,b

∂t
=
P

R

[

−
nj,b

nbT
2
d

dTd

dt
+

1

nbTd

∂nj,b

∂t
−

nj,b

n2
bTd

∂nb

∂t

] (3.121)Combining Equations (3.118) and (3.121), and rearranging yields the workingform of the spe
ies balan
e in bubble phase:
∂nj,b

∂t
=
RTd nb

P Ad δ

[

Adδℜj,b + AdδKbe(Cj,e − Cj,b) −
∂nj,b

∂z

]

+
nj,b

Td

dTd

dt
+
nj,b

nb

∂nb

∂t
(3.122)Equation (3.22) 
an be used to set the boundary 
ondition of Equation (3.122)as, 64



at z = 0 nj,b = yj,b
na,pri

1 +
ue

ub

1 − δ

δ
εmf

(3.123)Spe
ies generation/depletion term in Equation (3.122), Rej,b, takes the followingforms for ea
h spe
ies 
onsidered,
j = 1 (O2)

ℜ1,b = −0.5rCO,b (3.124)
j = 2 (CO)

ℜ2,b = −rCO,b (3.125)
j = 3 (CO2)

ℜ3,b = rCO,b (3.126)
j = 4 (H2O)

ℜ4,b = 0 (3.127)
j = 5 (SO2)

ℜ5,b = 0 (3.128)3.5.1.2 Emulsion PhaseUnder the assumption of plug �ow of interstitial gas in emulsion phase, a transientmass balan
e on spe
ies j between heights z and z+∆z 
an be expressed in verbalform as,
{ species j
accumulated in
control volume

}

=

{ species j in
by convection

at z

}

−

{ species j out
by convection
at z + ∆z

}

+

{ species j
generated/depleted
by chemical reactions

}

+

{ species j
transferred from/to
emulsion phase

} (3.129)65



Using the de�nition of the gas inter
hange 
oe�
ient between bubble andemulsion phases given in Equation (3.24), above mentioned verbal form of spe
iesbalan
e for 
omponent j 
an be rewritten in symbols as,
Ad∆z(1 − δ)εmf

[
Cj,e|t+∆t − Cj,e|t

]
= ∆tnj,e|z − ∆tnj,e|z+∆z

+ Ad(1 − δ)εmf∆z∆tℜj,e

+ Adδ∆z∆tKbe

(
Cj,b − Cj,e

) (3.130)dividing both sides of Equation (3.130) by Ad(1 − δ)εmf∆z∆t and taking
lim∆z,∆t→0 yields,

∂Cj,e

∂t
= −

1

Ad(1 − δ)εmf

∂nj,e

∂z
+ ℜj,e +

δ

(1 − δ)εmf
Kbe

(
Cj,b − Cj,e

) (3.131)In order to express the left hand side of Equation (3.131) in terms of molar �owrates through ideal gas law, Equation (3.121) 
an be rewritten for emulsion phaseas,
∂Cj,e

∂t
=
P

R

[

−
nj,e

neT
2
d

dTd

dt
+

1

neTd

∂nj,e

∂t
−

nj,e

n2
eTd

∂ne

∂t

] (3.132)and 
ombined with Equation (3.131) to produ
e the working form of the spe
iesbalan
e in the emulsion phase;
∂nj,e

∂t
=

RTdne

PAd(1 − δ)εmf

[

Ad(1 − δ)εmfℜj,e

+ AdδKbe(Cj,b − Cj,e) −
∂nj,e

∂z

]

+
nj,e

Td

dTd

dt
+
nj,e

ne

∂ne

∂t
(3.133)Equation (3.22) 
an be used to set the boundary 
ondition of Equation (3.122)as, at z = 0 nj,e = yj,e

na,pri

1 +
ub

umf

δ

(1 − δ)εmf

(3.134)66



The expression for spe
ies generation/depletion term, Rej,e, appearing in Equa-tion (3.133) takes the following forms for ea
h spe
ies 
onsidered,
j = 1 (O2)

ℜ1,e = −
Fvmxvl

Vbed(1 − δ)εmf

[

0.5
xC,vm

MC
+ 0.5

xH,vm

MH2

+
xS,vm

MS

]

− 0.5nC,e − 0.5rCO,e (3.135)
j = 2 (CO)

ℜ2,e =
Fvmxvl

Vbed(1 − δ)εmf

[

0.5
xC,vm

MC

]

+ nC,e − rCO,e (3.136)
j = 3 (CO2)

ℜ3,e = rCO,e (3.137)
j = 4 (H2O)

ℜ4,e =
1

Vbed(1 − δ)εmf

[

Fvmxvl
xH,vm

MH2

+ Fcoal
xH2O

MH2O

] (3.138)
j = 5 (SO2)

ℜ5,e =
Fvmxvl

Vbed(1 − δ)εmf

[
xS,vm

MS

] (3.139)where volatile matter �ow rate, Fvm, is 
al
ulated as
Fvm = Fcoalxvm (3.140)

nC,e in Equations (3.135) and (3.136) is the solid 
arbon 
onsumption ratein emulsion phase and given by the following equation (See Appendix B forderivation),
nC,e =

3Mc,d

Vd(1 − δ)εmf

1

MC

xfc

xfc + xa

∫ rmax

rmin

Pc,d(r)ℜ(r)

r
dr (3.141)
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3.5.2 Dilute ZoneThe gases from the emulsion and bubble phases are assumed to mix instanta-neously at the top of the dense zone and then enter dilute zone. Therefore, dilutezone 
onsists of a single gas phase with solids dispersed in it. The gas is assumedto be in plug �ow. A transient mass balan
e on spe
ies j between heights z and
z + ∆z 
an be expressed in verbal form as,
{ species j
accumulated in
control volume

}

=

{ species j in
by convection

at z

}

−

{ species j out
by convection
at z + ∆z

}

+

{
species j

generated/depleted
by chemical reactions

} (3.142)Above mentioned verbal form of spe
ies balan
e for 
omponent j 
an be writtenin symbols as,
Af∆z(1 − εs,f)

[
Cj,f |t+∆t − Cj,f |t

]
= ∆tnj,f |z − ∆tnj,f |z+∆z

+ Af(1 − εs,f)∆z∆tℜj,f (3.143)Dividing both sides of Equation (3.143) by Af (1−εs)∆z∆t and taking lim∆z,∆t→0yields,
∂Cj,f

∂t
= −

1

Af (1 − εs,f)

∂nj,f

∂z
+ ℜj,f (3.144)Following the same approa
h applied to derivation of Equation (3.121), ∂Cj,f/∂tterm takes the following form,

∂Cj,f

∂t
=
P

R

[

−
nj,f

nfT 2
f

∂Tf

∂t
+

1

nfTf

∂nj,f

∂t
−

nj,f

n2
fTf

∂nf

∂t

] (3.145)Equation (3.145) is then 
ombined with Equation (3.144) to produ
e the workingform of the spe
ies balan
e in the dilute zone;68



∂nj,f

∂t
=

RTf nf

P Af (1 − εs,f)

[

Af(1 − εs,f)ℜj,f −
∂nj,f

∂z

]

+
nj,f

Tf

∂Tf

∂t
+
nj,f

nf

∂nf

∂t
(3.146)Boundary 
ondition for Equation (3.146) 
an be expressed as,at zf = 0 nj,f = nj,e + nj,b + na,sec yj,a (3.147)The expression for spe
ies generation/depletion term, ℜj,f , appearing in Equa-tion (3.146) takes the following forms for the spe
ies 
onsidered,

j = 1 (O2)

ℜ1,f = −
Fvm(1 − xvl)

Vf (1 − εs,f)

[

0.5
xC,vm

MC
+ 0.5

xH,vm

MH2

+
xS,vm

MS

]

− 0.5nC,f − 0.5rCO,f (3.148)
j = 2 (CO)

ℜ2,f =
Fvm(1 − xvl)

Vf(1 − εs,f)

[

0.5
xC,vm

MC

]

+ nC,f − rCO,f (3.149)
j = 3 (CO2)

ℜ3,f = rCO,f (3.150)
j = 4 (H2O)

ℜ4,f =
Fvm(1 − xvl)

Vf(1 − εs,f)

[
xH,vm

MH2

] (3.151)
j = 5 (SO2)

ℜ5,f =
Fvm(1 − xvl)

Vf(1 − εs,f)

[
xS,vm

MS

] (3.152)where nC,f , the solid 
arbon 
onsumption rate at any height in the dilute zoneis the sum of 
arbon 
onsumption rates for entrained and elutriated parti
les, asshown below, 69



nC,f =
1

MC

xfc

xfc + xa

[

ρc

∫ rmax

rmaxe

εc,f(z)Pc,f(r, z)

r
ℜf(r)dr

+
F2

Af

∫ rmax

rmin

P2(r)

r [u0 − ut(r)]
ℜf(r)dr

] (3.153)3.6 Energy Conservation Equations3.6.1 Dense Zone3.6.1.1 Energy Balan
e for Char Parti
lesThe 
har parti
le temperature is 
al
ulated by solving an energy balan
e aroundthe parti
le. The parti
le is assumed to have uniform temperature. Thisassumption implies that the rate of heat transfer within a 
har parti
le is fastrelative to that between the parti
le surfa
e and the surrounding gas and thereforetemperature gradient o

urs a
ross the gas �lm surrounding the parti
le. Weimerand Clough [149℄ has shown that this assumption is valid for 
har parti
les ofdiameter less than 7 mm in a gasi�er operating with super�
ial velo
ies of up to
3.5 m/s and temperature of 1235 K. These operating 
onditions are similar tothose found in 
ir
ulating FBCs. With this approa
h the heat transfer e�e
tsare lumped at the parti
le surfa
e, and the a

umulation of thermal energywithin the parti
le is related to the rate of heat transfer between the parti
leand the surrounding gas and to the rate of heat generation by 
hemi
al rea
tion.Following this, the 
har parti
le energy balan
e takes the following verbal form,

{
energy

accumulated
in the particle

}

=

{
energy generated
by chemical
reaction

}

−

{ energy
loss by

convection

}

−

{ energy
loss by
radiation

} (3.154)or in symbols,
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4

3
πr3ρccp,c

dTc

dt
=

4πr2ρc

MC

xfc

xfc + xa
∆Ho

R14ℜ(r)

− 4πr2

[

hp(Tc − Td) + σǫ(T 4
c − T 4

d )
] (3.155)Dividing both sides of Equation (3.155) by 4πr2 and rearranging results in theworking form of the 
har parti
les energy balan
e:

dTc

dt
=

3xfc∆H
o
R14

rMC cp,c (xfc + xa)
ℜ(r)

−
3

rρc cp,c

[

hp(Tc − Td) + σǫ(T 4
c − T 4

d )
] (3.156)where ∆Ho

R14 is the heat released from 
ombustion of 
arbon, given by
∆Ho

R14 =

(

2 −
2

ζ

)

∆Ho
R10 +

(

2

ζ
− 1

)

∆Ho
R11 (3.157)and hp is the 
onve
tive heat transfer 
oe�
ient between gas and 
har parti
le
al
ulated by using the expression of Wakao et al. [158℄,

hp =
kg

dp

[

2.0 + 1.1Re0.6
p Pr0.33

] (3.158)where parti
le Reynolds number, Rep, and Prandtl number, Pr, are de�ned as,
Rep =

dpu0ρc

µg
(3.159)

Pr =
cp,cµg

kg

(3.160)3.6.1.2 Energy Balan
e for Dense Zone WallsThe refra
tory walls of a CFB a
t as a damper to temperature �u
tuationsin the bed. As the bed temperature in
reases or de
reases due to 
hanges inoperating 
onditions, walls slow down the response of the bed through its thermal71
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Figure 3.13: Layout of the 
ombustor walls.inertia by a
ting either as a heat sour
e or as a heat sink. The 
ombustorwall surrounding the bed have a mass su�
ient to make its dynami
 e�e
t animportant 
onsideration in the temperature dynami
s of the bed. Therefore,thermal inertia of the wall is taken into 
onsideration by making an one-dimensional heat transfer analysis.The 
ombustor has a square 
ross-se
tion and the walls are refra
tory lined. Inorder to minimize the heat loss, walls are insulated with an insulating material.Figure 3.13 illustrates the layout of the walls.In order to obtain the temperature pro�le through the dense zone walls thefollowing assumptions are made:
• Heat transfer is one dimensional. Therefore, energy balan
e is performedon a quarter of the wall.
• Conta
t resistan
e between the refra
tory and insulation material isnegligible.
• Properties of both refra
tory and insulation material are temperatureindependent.
• Outer surfa
e temperature of the 
ombustor is known.
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Following these assumptions, wall energy balan
e takes the following verbal form,
{

energy
accumulated
in the wall

}

=

{
energy in by
conduction

at x

}

−

{
energy out by
conduction
at x+ ∆x

} (3.161)or in symbols,
Ax ∆x ρw cp,w (Tdw|t+∆t − Tdw|t) = qxAx|x − qxAx|x+∆x (3.162)Dividing both sides of Equation (3.162) by ∆x∆t and taking lim∆x,∆t→0 gives

ρw cp,w Ax
∂Tdw

∂t
= −

∂

∂x
(Ax qx) (3.163)Inserting Fourier's law of heat 
ondu
tion to Equation (3.163) results in

ρw cp,w Ax
∂Tdw

∂t
= kw

∂

∂x

(

Ax
∂Tdw

∂x

) (3.164)
Ax term appearing in Equations (3.162)-(3.164) is the 
ross-se
tional areaperpendi
ular to heat �ow and varies with the distan
e x. Variation of heattransfer area, Ax, with the distan
e 
an be expressed as below,

Ax = 8Hd

(

x+
A0.5

d

2

) (3.165)Combining Equations (3.164) and (3.165) and rearranging results in the workingform of the energy balan
e in the wall:
∂Tdw

∂t
=

kw

ρw cp,w

(

x+
A0.5

d

2

)

[
∂Tdw

∂x
+

(

x+
A0.5

d

2

)
∂2Tdw

∂x2

] (3.166)Equation (3.166) is subje
t to the following boundary 
onditions:at x = 0 hdw(Td − Tdw) = −kw
∂Tdw

∂x
(3.167)at x = Lbw Tdw = Tdw,o (3.168)73



In order to predi
t the heat transfer between bed and the walls, semi empiri
al
orrelation developed by Kunii and Levenspiel [159℄ is adopted for the heattransfer 
oe�
ient, hdw,
hdw = hr + (1 − δw)

[

2kew

dp
+ 0.05 cp,g ρg u0

] (3.169)where hr is the radiant heat transfer 
oe�
ient between parti
le surfa
e to wallsurfa
e 
al
ulated by
hr =

σ
1

ǫp
+

1

ǫw
+ 1

[
T 4

d − T 4
dw

Td − Tdw

] (3.170)and kew is the e�e
tive thermal 
ondu
tivity with stagnant gas in the vi
inity ofwall surfa
e given by the following 
orrelation:
kew = εwkg +

(1 − εw)kp

0.115

(

kp

kg

)

+
2

3

(3.171)
In Equations (3.169)-(3.171) δw, εw, ǫp and ǫw represent the bubble fra
tion inthe vi
inity of the wall, void fra
tion near the wall, emissivity of parti
le andemissivity of wall surfa
e. In the model it is assumed that δw = δ and εw = εmffor simpli
ity.3.6.1.3 Energy Balan
e for Dense ZoneIn the model no distin
tion is made in terms of temperature between bubbleand emulsion phases. The dense zone is assumed to be represented by a singletemperature, Td. Energy balan
e on the dense zone is formulated by assumingthat the gas and the inert parti
les are at the same temperature and that themass of 
ombustion gases and 
har parti
les are negligible 
ompared to the massof inerts. The 
ombined gas/solid phase energy balan
e in
ludes the followingterms: 74



{ Energy
accumulated
in dense zone

}

=

{ Energy
brought
by air

}

︸ ︷︷ ︸

Qair

+

{ Energy
generated by

chemical reactions

}

︸ ︷︷ ︸

Qrxn

+

{ Energy
transferred from
char particles

}

︸ ︷︷ ︸

Qchar

+

{ Energy
transferred from
recycled particles

}

︸ ︷︷ ︸

Qrec

−

{ Energy
required to vaporize
moisture in coal

}

︸ ︷︷ ︸

Qvap

−

{ Energy
lost with

combustion gases

}

︸ ︷︷ ︸

Qgas

−

{ Energy
lost from
bed walls

}

︸ ︷︷ ︸

Qwall

−

{ Energy
lost with

elutriated particles

}

︸ ︷︷ ︸

Qco

−

{ Energy
lost with

bed drain stream

}

︸ ︷︷ ︸

Qbd

(3.172)
The items appearing in Equation (3.172), 
an be expressed in symbols as:

Qair = na

∫ Ta

Tref

cp,adT (3.173)
Qrxn = Ad ∆Ho

R13

[

εmf(1 − δ)

∫ Hd

0

rCO,e dz + δ

∫ Hd

0

rCO,b dz

]

+ Fvm xvl

[
xC,vm

MC
∆Ho

R4 +
xH,vm

MH2

∆Ho
R5 +

xS,vm

MS
∆Ho

R6

] (3.174)
Qchar =

3Mc,d

ρc

∫ rmax

rmin

[
hp(Tc − Td) + σǫ(T 4

c − T 4
d )
]dr

r
(3.175)

Qrec = GsAf cp,i(Trec − Tref) (3.176)
Qvap = Fcoal xH2O λ

o
H2O (3.177)

Qgas = (ne + nb)

6∑

j=1

yj

∫ Td

Tref

cp,g,jdT (3.178)
Qwall = Adw hdw (Td − Tdw,s) (3.179)75



Qco =
GsAf

(1 − ηcyc)
cp,i(Td − Tref) (3.180)

Qbd = Fbd cp,i(Td − Tref) (3.181)where overall 
y
lone e�
ien
y, ηcyc, is given by the following equation.
ηcyc =

∫ rmax

rmin

ηcyc(r)Pi,f(r,Hf )dr (3.182)When all of the above terms are assembled, the resulting equation yields thedense zone energy balan
e,
dTd

dt
=

1

Micp,i

[

Qa +Qrxn +Qp +Qrec −Qvap −Qg −Qdw −Qco −Qbd

](3.183)3.6.2 Dilute Zone3.6.2.1 Surfa
e Energy Balan
e for Dilute Zone WallsA surfa
e energy balan
e is formulated to solve for the temperature of the dilutezone wall at any height through the dilute zone by noting that rate of energytransferred from dilute zone to wall must equal to rate of energy transferredthrough the wall, i.e.,
{ energy transferred

from dilute zone
to wall

}

=

{ rate of energy
tranferred
through wall

} (3.184)or in symbols,
hf(z) [Tf(z) − Tfw(z)] −

[Tfw(z) − T∞]

Rfw(z)
= 0 (3.185)where hf and Rfw are the gas side total heat transfer 
oe�
ient and thermalresistan
e a
ross the wall, respe
tively. Gas side total heat transfer 
oe�
ient is
al
ulated by using empiri
al equation of Basu and Nag [160℄,76



hf(z) = 40 ρsus(z)
0.5 (3.186)where suspension density, ρsus, is 
al
ulated from,

ρsus(z) = εc,f(z) ρc + εi,f(z) ρi (3.187)3.6.2.2 Energy Balan
e for Dilute ZoneThe gas temperature pro�le in the dilute zone is obtained by solving an energybalan
e whi
h 
onsiders 
onve
tive transport and, generation and loss of energy.On a di�erential volume element of thi
kness ∆z in the dilute zone, the energybalan
e takes the following verbal form,
{ energy

accumulated
in the control

volume

}

=

{ energy in
by convection

at z

}

−

{ energy out
by convection
at z + ∆z

}

+

{ energy generation
and loss rate within
the control volume

} (3.188)or in symbols,
∂

∂t
(Af∆z(1 − εs,f)ρgcp,g(Tf − Tr)) = Mgnfcp,g(Tf − Tr)|z

−Mgnfcp,g(Tf − Tr)|z+∆z + Af∆z(1 − εs,f)R (3.189)Dividing both sides of Equation (3.189) by Af∆z(1 − εs,f) and taking lim∆z→0results in,
∂

∂t
(ρg(Tf − Tr)) = −

Mg

Af(1 − εs,f)

∂

∂z
(nf(Tf − Tr)) +

R
cp,g

(3.190)Let,
∆T = (Tf − Tr) (3.191)77



ρg =
PMg

RTf
(3.192)and 
ombine Equations (3.190)-(3.192) to obtain,

PMg

R

∂

∂t

(
∆T

Tf

)

= −
Mg

Af (1 − εs,f)

∂

∂z
(nf∆T ) +

R
cp,g

(3.193)Expanding derivatives in Equation (3.193) by summation rule and rearrangingresults in the working form of the energy balan
e in the dilute zone,
∂Tf

∂t
= −

RT 2
f nf

Af (1 − εs,f)PTr

∂Tf

∂z
+

RT 2
f

PMgTrcp,g
R

−
RT 2

f (Tf − Tr)

Af(1 − εs,f)PTr

∂nf

∂z
(3.194)Equation (3.194) has the following boundary 
ondition,at zf = 0 Tf = Td (3.195)In above equations R is the 
ombined energy generation and loss rate per unitvolume of the dilute zone. It is the sum of energy generated by 
hemi
al rea
tions,

Rrxn, energy loss from the dilute zone walls, Rfw, and energy transferred from/to
har and ash parti
les present in the dilute zone, Rp. These terms 
an beexpressed as follows,
Rrxn = ∆Ho

R13rCO,f +
Fvm(1 − xvl)

Vf(1 − εs,f)

[
xC,vm

MC
∆Ho

R4

+
xH,vm

MH2

∆Ho
R5 +

xS,vm

MS
∆Ho

R6

] (3.196)
Rfw = −

4Df

Af (1 − εs,f)
hfw(Tf − Tfw) (3.197)
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Rp =
3F2

Afρc

∫ rmaxe

rmin

P3(r)

r(u0 − ut(r))

[
hp(Tc − Tf ) + σǫ(T 4

c − T 4
f )
]
dr

+ 3εc,f(z)

∫ rmax

rmaxe

Pc,f(r, z)

r

[
hp(Tc − Tf) + σǫ(T 4

c − T 4
f )
]
dr

+ 3εi,f(z)

∫ rmax

rmaxe

Pi,f(r, z)

r

[
hp(Ti − Tf ) + σǫ(T 4

i − T 4
f )
]
dr (3.198)3.7 Steady State Forms of Model EquationsInitial 
onditions assigned to dynami
 model should be physi
ally 
orre
t anda

urate. In addition, sin
e several sub-models are solved simultaneously, initial
onditions assigned to a sub-model should be 
onsistent with those of othermodels. This 
an be a
hieved by providing the initial 
onditions of the dynami
model from the simultaneous solution of governing equations with all temporalderivatives set to zero.As initial 
onditions, 
har parti
les temperatures, size distribution, hold-up and�ow rates, inert hold-up, spe
ies 
on
entration pro�les in bubble and emulsionphases, dense zone wall temperature pro�le and dense zone temperature arepres
ribed in the dense zone model. For the dilute zone, initial 
onditions arepres
ribed for spe
ies 
on
entration pro�les, gas and wall temperature pro�les,and 
har and inert hold-up pro�les and size distributions.Following are the steady-state equations solved for the initial 
onditions required.3.7.1 Dense ZoneChar Parti
les Temperatures

ρc

MC

xfc

(xfc + xa)
∆Ho

R14 ℜ(r) −
[

hp(Tc − Td) + σǫd(T
4
c − T 4

d )
]

=0 (3.199)Char Parti
les Size Distribution
dW (r)

dr
= F0P0(r) −W (r)

[
F1

Md ℜ(r)
+ [1 − ηcyc(r)]

κ(r)

ℜ(r)
−

3

r

] (3.200)79



where,
W (r) = MdPd(r)ℜ(r) (3.201)Equation (3.200) is solved with following boundary 
ondition,at r = rmax W (r) = 0 (3.202)On
e the solution forW (r) be
omes available, dense zone 
har hold-up,Md, densezone 
har size distribution, Pd(r), riser exit 
har �ow rate, F2, riser exit 
har sizedistribution, P2(r), re
y
le 
har �ow rate, F3, re
y
le 
har size distribution, P3(r),�y ash 
har �ow rate, F4 and �ys ash 
har size distribution, P4(r) are obtainedfrom the following equations:
Md =

∫ rmax

rmin

W (r)dr (3.203)
Pd(r) =

W (r)

Md
(3.204)

F2 =

∫ rmax

rmin

κ(r)W (r)dr (3.205)
P2(r) =

κ(r)W (r)

F2

(3.206)
F3 =

∫ rmax

rmin

ηcyc(r)F2P2(r)dr (3.207)
P3(r) =

ηcyc(r)F2P2(r)

F3

(3.208)
F4 =

∫ rmax

rmin

[
1 − ηcyc(r)

]
F2P2(r)dr (3.209)

P4(r) =

[
1 − ηcyc(r)

]
F2P2(r)

F4

(3.210)80



Spe
ies Con
entration Pro�les in Bubble Phase
dnj,b

dz
= Adδ

[
ℜj,b +Kbe(Cj,e − Cj,b)

] (3.211)Equation (3.211) is solved with following boundary 
ondition,at z = 0 nj,b = yj,b
na,pri

1 +
ue

ub

1 − δ

δ
εmf

(3.212)Spe
ies Con
entration Pro�les in Emulsion Phase
dnj,e

dz
= Abedδ

[
(1 − δ)

δ
εmfℜj,e +Kbe(Cj,b − Cj,e)

] (3.213)Equation (3.213) is solved with following boundary 
ondition,at z = 0 nj,e = yj,e
na,pri

1 +
ub

umf

δ

(1 − δ)εmf

(3.214)Dense Zone Wall Temperature Pro�le
d2Tdw

dx2
(x+ A0.5

d /2) +
dTdw

dx
= 0 (3.215)Equation (3.215) is a two�point boundary value problem. It is 
onverted to aninitial value problem by de�ning a new variable ψ as,

ψ =
dTdw

dx
(3.216)and 
ombining with the original equation,

dψ

dx
(x+ A0.5

d /2) + ψ = 0 (3.217)81



The appropriate boundary 
onditions for Equations (3.216) and (3.217) are, then,obtained from Equations (3.167) and (3.168) and represented by the followingequations respe
tively,at x = 0 ψ = −
1

kdw
hdw(Td − Tdw) (3.218)at x = Ldw Tdw = Tdw,o (3.219)Dense Zone Temperature

Qa +Qrxn +Qp +Qrec −Qvap −Qg −Qdw −Qco −Qbd = 0 (3.220)3.7.2 Dilute ZoneSpe
ies Con
entration Pro�les in Dilute Zone
dnj,f

dz
= Af (1 − εs,f)ℜj,f (3.221)Boundary 
ondition for Equation (3.221) 
an be expressed as,at zf = 0 nj,f = nj,e + nj,b + na,sec yj,a (3.222)Dilute Zone Temperature

dTf

dz
=
Af (1 − εs,f)

nfcp,g
R (3.223)Equation (3.223) has the following boundary 
ondition,at zf = 0 Tf = Td (3.224)
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CHAPTER 4NUMERICAL SOLUTION METHOD ANDPROCEDURE4.1 GeneralNumeri
al analysis of large-s
ale s
ienti�
 and engineering problems has gainedsigni�
ant interest in the last two de
ades due to advan
ements in the pro
essingand storage 
apabilities of modern 
omputers. Several numeri
al te
hniques and
omputational s
hemes have been proposed for the solution of partial di�erentialequations (PDEs) governing the transport pro
esses in these systems. Amongthese te
hniques method of lines (MOL), whi
h is a semi-dis
rete method, hasproven to be a very a

urate and e�
ient approa
h for a diverse range of appli-
ations in
luding unsteady isothermal/non-isothermal, laminar/turbulent �owsand radiative heat transfer. MOL enables expli
it/impli
it solutions with higher-order approximations in temporal dis
retization and provides the �exibility inutilization of well established di�eren
e s
hemes for spatial dis
retization with-out additional e�ort in formulation. Hen
e, in the present study, the governingequations are solved using the MOL te
hnique.4.2 Steady State SolutionThe steady state model equations are 
omprised of 17 non-linear �rst orderand 1 non-linear se
ond order ordinary di�erential equations (ODEs) to solvesimultaneously for the unknowns nj,b, nj,e, nj,f with j = 1, 2, . . . , 5 , Tf ,
W (r), Tdw and 3 non-linear algebrai
 equations to solve for Tc, Td and Tfw.The model has been implemented in a 
omputer 
ode written in FORTRAN90. The numeri
al solution of the di�erential equations has been 
arried outby using the ba
kward di�erentiation formula (BDF) method embedded in83



the ODE solver, namely, LSODES of the LSODE family [161℄. The sour
e
ode of LSODES and its dependen
ies 
an be obtained from the website,http://www.netlib.org/odepa
k/. Solution of the non-linear algebrai
 equationshas been performed by using a 
ode in whi
h bise
tion and the se
ant ruleare fused to produ
e an e�
ient 
omputational s
heme for �nding roots ofnonlinear equations of the form f(x) = 0 when f(x) is a 
ontinuous real fun
tionof a single variable x. The 
ode is named ZERO and 
an be found in thewebsite ftp://ftp.wiley.
om/publi
/
ollege/math/sap
odes/. Detailed des
riptionof ZERO 
an be found elsewhere [162℄. Numeri
al integrals appearing in themodel equations have been 
arried out by the 
ode INTLG2 whi
h utilizes 2ndorder Lagrange polynomial on odd numbered grid for numeri
al integration.4.2.1 Stru
ture of the CodeThe stru
ture of the 
ode for the solution of steady state model equations isgiven in Figures 4.1-4.5. The 
ode has been arranged as mu
h as possible in amodular fashion, with di�erent programs with di�erent tasks. Hen
e the numberof subprograms is fairly large. However, this feature aids in both understandingand, if ne
essary, modifying the 
ode.Subroutines of steady state predi
tion program 
an be 
ategorized as
• main driver routine whi
h exerts the overall 
ontrol of the 
ode: CFBCSIM,
• auxiliary routines for 
reation of log �les, reading of input data, 
he
kingthe 
oal analysis, 
al
ulation of 
har properties, 
al
ulation of 
omposi-tion of volatiles, allo
ation of arrays, generation of grid points, assump-tions and initial estimates and preliminary 
al
ulations and stoi
hiomet-ri
 
ombustion 
al
ulation: LOGFILES, READINPUT, CHECKANALY-SES, CHARPROP, VMCOMP, CREATEARRAYS, GRIDGEN, ASSUMP-TIONS, ESTIMATES, PRECALC and STOICHCOMB,
• routines for initialization of boundary 
onditions of ODEs: PSD_INITIAL,DENSE_INITIAL, DILUTE_INITIAL and WALL_DENSE_INITIAL,84



• driver routines for solution of ODEs and non-linear algebrai
 equations:PSD_SOLVE, DENSE_SOLVE, DILUTE_SOLVE, ENERGY_DENSE,WALL_DENSE_SOLVE, ENERGY_CHAR, ENERGY_DENSE_WALLand ENERGY_DILUTE_WALL,
• routines for 
al
ulation of derivatives: PSD_DERV, DENSE_DERV,DILUTE_DERV and WALL_DENSE_DERV,
• fun
tions for assemblage of non-linear algebrai
 equations: FCN_CHAR,FCN_DENSE, FCN_DENSE_WALL and FCN_DILUTE_WALL,
• fun
tion routines for 
omputation of spe
ies generation/depletion terms inemulsion and bubble phases, and in dilute zone: F_ERATE, F_BRATEand F_DRATE,
• fun
tions for 
al
ulation heat and mass transfer 
oe�
ients: F_KM,F_HBW, F_HP and F_HDW,
• fun
tions for property evaluation: F_AIRDEN, F_AIRVIS, F_AIRTC,F_AIRH, F_D and F_AIRCP,
• routines for printing results of ODE solver: PSD_PRINT, DENSE_PRINT,DILUTE_PRINT and WALL_DENSE_PRINT,
• routines for hydrodynami
s: HYDRODENSE and HYDRODILUTE,
• routines for numeri
al integration, ODE solution and root �nding: INTLG2,LSODES and ZERO,
• fun
tions for 
har 
ombustion kineti
s: F_RKC, F_KM and F_DRDT,
• routines for transferring dependent variables and their derivatives to 1Darray to be used by LSODE: PSD_TRANSFER, DENSE_TRANSFER,DILUTE_TRANSFER and WALL_DENSE_TRANSFER,
• routines for transferring dependent variables and their derivatives ba
kto real variables: PSD_BACKTRANSFER, DENSE_BACKTRANSFER,DILUTE_BACKTRANSFER and WALL_DENSE_BACKTRANSFER.85
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Figure 4.1: Organization of steady state model main routine CFBCSIM.
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4.2.2 Mode of OperationThe general algorithm of the solution of governing equations of steady state modelare depi
ted in Figures 4.6-4.13. The solution pro
edure starts with making initialguesses for dense zone temperature, Td, average emulsion phase O2 mole fra
tion,
yO2,e, dense zone 
har hold-up, Mc,d and dilute zone wall resistan
e, Rfw. This isfollowed by 
omputation of 
har parti
les temperatures, Tc(r), by using estimatedparameters. There are �ve loops of iterations to be 
onverged for Td, yO2,e, Mc,d,
T c and Rfw. For ea
h loop, a 
onvergen
e 
riterion is set as the absolute di�eren
ebetween 
al
ulated and estimated values of the parameters,

|Γcalc − Γest| < ǫ (4.1)The predi
tions reported in this study were obtained with ǫ values of 1.0 × 10−3

kg, 1.0 × 10−4, 1.0 K, 1.0 K and 5.0 × 10−1 J/m2 · s ·K for iterations on Mc,d,
yO2,e, T c, Tbed and Rfw, respe
tively.Spatial domains of dense zone, dilute zone, 
har parti
les radius, bed wallthi
kness were divided into (Nd − 1), (Nf − 1), (Np − 1) and (Ndw − 1) intervals,respe
tively, for regular printing of results and for numeri
al integration. Thepredi
tions reported in this study were obtained with Nd, Nf , Np and Nbw valuesof 31, 51, 101 and 21, respe
tively.4.3 Transient Solution4.3.1 Numeri
al Solution by the Method of LinesThe method of lines, 
onsists of 
onverting the system of PDEs into an ODEinitial value problem by dis
retizing all the equations in all but one independentvariable and integrating the resulting ODEs by using an ODE integrator. Theadvantage of MOL is that sophisti
ated pa
kages exist for the numeri
al solutionof ordinary di�erential equations [163℄ and these pa
kages when used for theintegration of resulting ODEs take the burden of time dis
retization and 
hoosethe time steps in su
h a way that maintain the a

ura
y and stability of91
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Figure 4.10: Algorithm of the subroutine DENSE_SOLVE.96
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the evolving solution. The most important advantage of the MOL approa
his that it has not only the simpli
ity of the expli
it methods but also thesuperiority (stability advantage) of the impli
it ones unless a poor numeri
almethod for the solution of ODEs is employed. By using the MOL approa
h,it is possible to a
hieve higher-order approximations in the dis
retization ofspatial derivatives without signi�
ant in
reases in 
omputational 
omplexityand additional di�
ulties with boundary 
onditions, and 
omparable orders ofa

ura
y in the time integration without using extremely small time steps due tothe use of highly e�
ient and reliable initial value ODE solvers.4.3.2 Spatial Dis
retizationIn general, the large-s
ale s
ienti�
 and engineering problems like the one under
onsideration frequently end up with non-linear PDEs or system of ODEs andPDEs. Thus, the appli
ation of the MOL approa
h to the numeri
al solutionof PDEs results in nonlinear ODE problem as well. Unfortunately, a generalstability analysis of a system of nonlinear ODEs is not possible. Therefore, theideas for linear ODEs are applied to non-linear ones for investigating the stabilityproperties.A system of linear ODEs 
an be written 
onveniently in the general matrix formas
dȳ/dt = Āȳ (4.2)where Ā is a 
onstant square matrix, ȳ is the ve
tor of dependents. The generalsolution to Equation (4.2) is obtained as [164℄

y1 = C11e
λ1t + C12e

λ2t + · · ·+ C1ne
λnt

y2 = C21e
λ1t + C22e

λ2t + · · ·+ C2ne
λnt...

yn = Cn1e
λ1t + Cn2e

λ2t + · · ·+ Cnne
λnt (4.3)100



where C11 to Cnn are eigenve
tors and λ1 to λn are the eigenvalues. In order thatthe solution of Equation (4.2) to be stable, all eigenvalues must have negativereal parts. More generally, for a system of n linear, 
onstant 
oe�
ient ODEsto be stable, the n eigenvalues must be in the left half of the 
omplex plane.This is the stability of the ODE problem. If this 
ondition is not met for all ofthe eigenvalues, the asso
iated exponentials will then grow with time making thesystem unstable.The ODE problem stability 
an be satis�ed by 
hoosing the appropriate dire
tionof dis
retization of the 
onve
tive term in a

ordan
e with the sign of the
hara
teristi
 speed. The 
hara
teristi
 speeds for the equations derived inthis model are the speeds of di�erent systems. It was shown that [164℄, inorder to produ
e stable ODE systems, the 
onve
tive term in a PDE must bedis
retized by using upwind or downwind di�eren
ing s
hemes when 
hara
teristi
speed is positive or negative, respe
tively. Therefore in this thesis study, the
onve
tive term in a parti
ular PDE is dis
retized using upwind di�eren
ings
heme if the 
hara
teristi
 speed for this equation is positive, i.e. for Equations(3.122), (3.133), (3.166), (3.146), (3.194) and the di�eren
ing s
heme used forthe 
onve
tive term is downwind if the 
hara
teristi
 speed is negative, i.e. forEquation (3.105). Di�usive term in Equation (3.166) is dis
retized by using
entral di�eren
es.In this study the point 
ollo
ation �nite element method whi
h is a member of the
lass of methods of weighted residuals in whi
h the solution 
an be representedby approximating fun
tions, is used. The a

ura
y of the solution is ensured byusing a high (fourth) order dis
retization s
heme whi
h is based on the generalde�nition of �ve�point Lagrange interpolation polynomial
y =

5∑

i=1

5∏

j=1

i6=j

x− xj

xi − xj
yi (4.4)The details of the dis
retization s
heme used 
an be found in Oymak [165℄ andS
hiesser [166℄. Numeri
al derivative of a dependent variable is then 
omputedon one of the �ve�point grids illustrated in Table 4.1.101



Table 4.1: Types of dis
retization s
hemes.Type Dis
retization s
heme Grid points to be used1 Downwind i i+ 1 i+ 2 i+ 3 i+ 42 Biased-downwind i− 1 i i+ 1 i+ 2 i+ 33 Centered i− 2 i− 1 i i+ 1 i+ 24 Biased-upwind i− 3 i− 2 i− 1 i i+ 15 Upwind i− 4 i− 3 i− 2 i− 1 iFor type 1, the spatial derivative of a dependent variable at point i is obtained byinterpolating a �ve-point Lagrange interpolation polynomial that passes throughthe values of the 
on
erned dependent variable at the four nodes to the right of thepoint i. For type 2, one node to the left and three nodes to the right of the point
i, where the spatial derivative is 
omputed, are used. Type 3 
onsiders two nodesto the left and two nodes to the right of point i. Types 4 and 5 
an be handledsimilarly. Thus type 3 is a �ve-point 
entered approximation, types 2 and 4 are�ve-point biased-downwind and biased-upwind approximations respe
tively, andtypes 1 and 5 are �ve-point downwind and upwind approximations respe
tively.In this study, types 1 and 5 are used for boundary edges of spatial domains
on
erned and types 2 and 4 are used for interior nodes as re
ommended bySilebi and S
hiesser [167℄.4.3.3 Time IntegrationThe se
ond prin
ipal step in the MOL approa
h is the integration of the system ofthe initial value ODEs. Two points should be 
on
erned in this step; the a

ura
yand stability of the integration. The a

ura
y requirement is handled more or lessautomati
ally by any quality ODE integrator (e.g. LSODES [161℄, VODE [168℄,RADAU [163℄, ROWMAP [169℄), whi
h will adjust the integration step size tomeet the user spe
i�ed error toleran
e. Also, quality ODE integrators employhigher�order integration formulas to a
hieve the required a

ura
y. Therefore, it
an be assumed that the a

ura
y requirement is met, and one 
an 
on
entrateon the stability requirement.The ODE systems obtained by using MOL approa
h usually have wide spe
trum102



of eigenvalues, and hen
e, are typi
ally sti�. If this spe
trum 
an be made to�t inside the stable region of an ODE integrator's stability diagram, then thewhole MOL approa
h be
omes stable. There are basi
ally two methods for ODEintegration; expli
it and impli
it methods. Expli
it methods have poor stability
hara
teristi
s whi
h make them impra
ti
al for the integration of sti� ODEsystems [164℄. Hen
e, impli
it methods whi
h have larger stability regions areused in quality ODE solvers for the integration of sti� ODE systems. Thesemethods have high�orders to over
ome the limitation put over the step size bythe a

ura
y requested. Therefore, in this thesis study the ODE system evolvedis solved by using a high�order (fourth), semi-impli
it Runge-Kutta algorithmembedded in the ODE solver ROWMAP [169℄ whi
h 
an be obtained from thewebsite http://www.mathematik.uni-halle.de/institute/numerik/software/.4.3.4 Stru
ture of the CodeThe stru
ture of the 
ode for the solution of transient model equations is givenin Figure 4.14-4.15. The transient 
ode is also arranged in a modular fashion assteady state 
ode for ease of understanding and, if ne
essary, modi�
ation.Subroutines of the 
ode 
an be 
ategorized as
• main driver routine for overall 
ontrol of the 
ode: CFBCDYNSIM,
• reading of input data, 
al
ulation of 
har properties and 
omposition ofvolatiles, allo
ation of arrays, generation of grid points, assumptions, initial
onditions and preliminary 
al
ulations : READINPUT, CHARPROP,VMCOMP, CREATEARRAYS, GRIDGEN, ASSUMPTIONS, READERand PRECALC,
• routines for assemblage of di�erential equations: DERV,
• routine for printing results: PRINTER,
• routines for hydrodynami
s: HYDRODENSE and HYDRODILUTE,103



• routines for root �nding, numeri
al integration and ODE solution: ZERO,INTLG2 and ROWMAP,
• fun
tion for 
har 
ombustion kineti
s: F_RKC, F_KM and F_DRDT,
• routines for transferring dependent variables and their derivatives to 1Darray to be used by ROWMAP: TRANSFER,
• routines for transferring 1D array of dependent variables and derivativesba
k to real variables to be used by derivative routine: BACKTRANSFER,
• routines for spatial dis
retization: DLG4,
• fun
tion for 
omputation of spe
ies generation/depletion terms in emulsionand bubble phases, and in dilute zone: F_ERATE, F_BRATE andF_DRATE,
• fun
tion for 
al
ulation heat and mass transfer 
oe�
ients: F_HP,F_HBW, F_HDW and F_KM,
• fun
tion for property evaluation: F_AIRDEN, F_AIRVIS, F_AIRCP,F_AIRTC, F_AIRH and F_D.4.3.5 Mode of OperationThe general algorithm of the 
ode for the solution of transient model equations isdepi
ted in Figures 4.16-4.18. The overall 
ontrol of the solution is exerted by themain driver routine, CFBCDYNSIM whi
h 
alls READINPUT, CHARPROP,VMCOMP, CREATEARRAYS, GRIDGEN, ASSUMPTIONS, READER andPRECALC to spe
ify experiment pertinent data, to 
al
ulate 
har properties, to
al
ulate 
omposition of volatiles, to allo
ate arrays, to set assumptions, to readand set initial 
onditions and to make preliminary 
al
ulations, respe
tively. Thedriver routine for ODE solution, SOLVE_ROWMAP, 
alls DERV to assemble theODE system, ROWMAP to integrate the set of ODEs and PRINT to print thesolution at spe
i�ed time intervals. Spatial domains of dense zone, dilute zone,104
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Figure 4.14: Organization of unsteady state model main routine CFBCDYNSIM.
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ZX[[ ^wwctbd`mawWe poW XppiuhWfegp
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~Figure 4.16: Algorithm of the unsteady state 
ode (Part I).
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har parti
les radius and dense zone wall thi
kness were divided into (Nd − 1),(Nf − 1),(Np − 1) and (Ndw − 1) intervals, respe
tively, for regular printing ofresults, numeri
al integration and spatial dis
retization. The predi
tions reportedin this study were obtained with Nd, Nf , Np and Ndw values of 31, 51, 101 and 21,respe
tively. The solution of governing equations by using the MOL approa
h isbased on the evaluation of the derivative ve
tor by whi
h the solution is advan
edfrom one time step to the next. The evaluation of the derivative ve
tor 
an besummarized as follows.All dependent variables are known a priori at the beginning of ea
h 
y
le, either asa result of the previous 
y
le or from the pres
ribed initial 
onditions as 
omputedby the steady state 
ode. On
e the spatial derivatives appearing in the governingequations have been evaluated using the values of the present 
y
le, the ODEsystem has been assembled and sent to the ODE solver in the form of a 1D arrayto 
ompute the dependent variables at the advan
ed time level. This 
ompletesthe progression of the solution to the end of the new 
y
le having the new valuesof the dependents. This 
y
li
 pro
edure 
ontinues until the end of the run isrea
hed.
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CHAPTER 5RESULTS AND DISCUSSION5.1 GeneralThe assessment of the validity and predi
tive a

ura
y of the developed CFBCmodel was 
arried out by applying it to the predi
tion of steady state behavior ofTe
hni
al University of Nova S
otia (TUNS) 0.3 MWt Atmospheri
 Cir
ulatingFluidized Bed Combustor (CFBC) Test Rig under two di�erent operating
onditions.5.2 Test Case 1The predi
tive performan
e of CFBC model under steady state 
onditions was�rst tested by 
omparing its predi
tions with the experimental data reported byWu [170℄. Details of the 
ombustor, operating 
onditions and results of the modelvalidation are given below.5.2.1 Des
ription of CombustorThe experiment reported by Wu [170℄ was 
arried out in the 0.3 MWt TUNSCFBC Test Rig. A s
hemati
 drawing of the 
ombustor is given in Figure 5.1. The
ombustor is 6.3 m tall with a square 
ross se
tion of 0.2 m by 0.2 m. Combustor
onsists of riser, primary 
y
lone, impa
t separator, se
ondary 
y
lone, standpipeand L-valve. Primary air enters the riser through a stainless steel distributorplate lo
ated at the base of the riser. Se
ondary air enters the riser throughthe se
ondary air port at a height of 1.5 m above the distributor plate. Theprimary and se
ondary air are supplied by a 6 psi blower. Aeration air entersthe L-valve through a horizontal pipe with ori�
es along its length lo
ated inthe horizontal leg of the L-valve. Separation of entrained solids begins in the111



Figure 5.1: S
hemati
 diagram of 0.3 MWt TUNS CFBC Test Rig.
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primary 
y
lone. After the primary 
y
lone, the remaining gas/solid mixtureenters the impa
t separator and then the se
ondary 
y
lone. Solids 
aptured inthe primary 
y
lone are returned to the bed by the standpipe and L-valve. Thesolid 
ir
ulation rate is 
ontrolled by adjusting the aeration air in the L-valve.Flue gas and �nes es
aping from the 
y
lones and impa
t separator enter thebaghouse 
ontaining a heat ex
hanger to 
ool the gases and thereby prote
t thebag material. The bag �lters 
apture the remaining �ne parti
les in the gas,leaving the 
lean �ue gas to exhaust through the sta
k into the atmosphere.Solids removed in the baghouse are 
olle
ted in a hopper for disposal. The 
oalis fed to the 
ombustor by means of a s
rew feeder with a digital meter. Bedmaterial 
an be removed through a solids drain lo
ated at the bottom of the riserto maintain bed inventory.Pressure drop and temperature in the riser are measured at 15 pressure and 15temperature lo
ations. The pressure taps are 
onne
ted to U-tube manometers toallow measurement of pressure distribution throughout the riser. Nine Chromel-Alumel thermo
ouples, introdu
ed into the riser se
tion through temperaturemeasuring taps, are 
onne
ted to an 
omputer using a Keithley Metrabyte DAS1800 data a
quisition system.5.2.2 Operating ConditionsAnalysis of the 
oal used in the experiment reported by Wu is given in Table 5.1.As 
an be seen from the table, it is a high 
alori�
 value bituminous 
oal withlow ash and moisture 
ontents. The parti
le size distribution of the 
oal used inthe experiments is shown in Table 5.2. Coal has a wide size distribution typi
alfor �uidized bed 
ombustion and it has a d32 of 269 µm and d50 of 832 µm.Operation 
onditions of the experiment are presented in Table 5.3. Due to lowash 
ontent of the 
oal burned, experiment was 
arried out using sand with amean diameter of 350 µm as bed material.
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Table 5.1: Chara
teristi
s of 
oal used in Test Case 1.Proximate Analysis Ultimate Analysis(as-�red) (dry)Component Weight (%) Component Weight (%)Moisture 3.60 C 71.99Ash 13.15 H 5.00VM 30.30 O 4.43FC 52.95 N 1.24S 3.70HHV: 30.6 MJ/kg Ash 13.64Table 5.2: PSD of 
oal used in Test Case 1.Size (µm) Weight Per
ent0 - 53 5.1253 - 106 3.87106 - 212 6.46212 - 500 13.50500 - 1000 16.401000 - 1400 15.001400 - 2375 17.782375 - 3025 20.803025 - 5425 1.07Table 5.3: Operating 
onditions of Test Case 1.Parameter ValueCoal �ow rate, kg/s 7.77 × 10−3Primary air �ow rate, Nm3/s 49 × 10−3Se
ondary air �ow rate, Nm3/s 29 × 10−3PA/SA ratio, % 63/37Ex
ess air,% 35Super�
ial gas velo
ity, m/s 8Net solid 
ir
ulation rate, kg/m2.s 20Air temperature, K 308.15
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5.2.3 Validation of Steady-State ModelIn order to assess the validity and predi
tive a

ura
y of model, it was applied tothe predi
tion of the behavior of TUNS 0.3 MWt CFBC Test Rig while operatingunder steady state 
onditions and predi
tions were 
ompared with measurements.Figure 5.2 
ompares the predi
ted and measured 
on
entrations of O2 and CO,and predi
ted CO2 
on
entration along the 
ombustor. As 
an be seen fromthe �gure, O2 
on
entrations de
rease until the se
ondary air port whereas CO2
on
entrations display an opposite trend in the same region. As for the dilutezone, the de
rease in O2 and in
rease in CO2 
on
entrations keep on but with alower slope. CO measurements, on the other hand, show maxima in the densezone and de
rease gradually along the 
ombustor with a lower slope. As depi
tedin the Figure 5.2, favorable 
omparisons are obtained between the predi
ted andmeasured pro�les of O2 and CO. Predi
ted CO2 
on
entration pro�le, on theother hand, shows the physi
ally expe
ted trend.Figure 5.3 illustrates the 
omparison between the measured and predi
tedtemperatures along the 
ombustor for the experiment under 
onsideration. As
an be seen from the �gure, agreement between measurements and predi
tions isreasonably good.Figure 5.4 shows the 
omparison between the measured and predi
ted 
arbon
ontent. As 
an be seen from the �gure, measurements and predi
tions are infavorable agreement. The dis
repan
y between measurements and predi
tions inthe dilute zone may be attributed to the di�
ulty in representative solid samplingin highly non-homogeneous riser.Figure 5.5 depi
ts the 
omparison between the measured and predi
ted densezone and re
y
le size distributions. As 
an be seen from the �gure, predi
tionsshow the physi
ally expe
ted trend, i.e., �ner re
y
le and 
oarser dense zone.Furthermore, they are in good agreement with measured size distributions.
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5.3 Test Case 2The predi
tive performan
e CFBC model was also tested by 
omparing itspredi
tions with the experimental data reported by Park [171℄ under steady state
onditions.5.3.1 Des
ription of CombustorThe experiment reported by Park [171℄ was also 
arried out in the 0.3 MWtTUNS CFBC Test Rig. However, the test rig was modi�ed to enlarge its 
ross-se
tion and also to add water walls. A s
hemati
 drawing of the 
ombustor isgiven in Figure 5.6. Details of the modi�
ations 
an be found in [18℄.A blower supplies air to the 
ombustor in two streams 
alled primary air andse
ondary air. Some of the primary air may be diverted to a by-pass. When the�ow of PA and SA is too high, the by-pass releases the extra air to the atmosphererelieving the pressure on the blower. The primary air �rst enters a wind box andthen enters the bottom of the riser through a distributor plate. The se
ondaryair enters the riser at a height of 1.5 m. Valves 
ontrol the �ow of primary,se
ondary and by-pass air. The primary air and by-pass air �ow are measuredtogether using an ori�
e plate. By-pass air is measured by another ori�
e plate.Primary air �ow is then determined by the di�eren
e between these two readings.The se
ondary air is also measured by a separate ori�
e plate.The riser is 6.35 m tall with a square 
ross se
tion of 0.23 m by 0.23 m. The riseris made of two types of refra
tory as shown in Figure 5.7. The front side is madeof refra
tory 
asting and other three sides (ba
k, left and right sides) are madeof refra
tory bri
k. The distributor plate and the wind box are installed at thebottom of the riser. Thermo
ouple, pressure probe and gas and solid samplingprobe are installed in di�erent lo
ations in the front wall. The bed drain port isat the bottom se
tion of the riser and a ball valve is used to 
ontrol the bed drain.A water wall se
tion of height 3.127 m is installed at the two sides (front andrear sides) of the riser starting at a height of 4.826 m . The water wall se
tionserves two purposes: it 
an 
ontrol the temperature of the furna
e by absorbing120



Figure 5.6: S
hemati
 diagram of modi�ed 0.3 MWt TUNS CFBC Test Rig.121



Figure 5.7: Cross-se
tional view of 0.3 MWt TUNS CFBC Test Rig walls.122



heat; and it 
an be used for heat transfer tests. Feed sto
k enters the riser at aheight of 0.61 m.Solid from the return leg enters the riser at a height of 0.81 m. The solid
ir
ulation system in
ludes a primary 
y
lone, a down 
omer (return leg), anL-valve, an impa
t separator and a se
ondary 
y
lone. All of them are refra
tory-lined. The sand feeder in the return leg 
onsists of a hopper and a ball valve andserve two purposes. It is used for feeding sand to the system before start up andis used in the measurement of solid 
ir
ulation rate. Thermo
ouples and pressureprobes are installed in the return leg. Aeration is provided in two lo
ations ofthe L-valve in the verti
al se
tion at a height of 1.143 m and in the horizontalse
tion at a height of 0.635 m. Aeration in the horizontal se
tion is done by apurge (perforated) tube inserted from the return leg side. Aeration air supply tothe L-valve is measured by a rotameter and 
omes from the university air line ata pressure of 80 psi.Coal is fed to the furna
e from a hopper by a s
rew feeder whi
h is a pneumati
-assisted gravimetri
 system. The hopper, along with the s
rew feeder and motor,sits on top of a platform. A load 
ell senses the weight and sends the signal toa digital display unit. The hopper is kept at the same pressure throughout thetest time by 
onne
ting an air line from the university air supply at 80 psi. Thehopper is divided into two parts that 
an be isolated from ea
h other by a ballvalve for loading even during the operation of the furna
e.For start-up of the furna
e, a propane burner is installed at a height of 1.5 min the riser. The propane burner and the se
ondary air entry are 
oaxial. Theburner has a propane �ow 
ontrol devi
e with an automati
 safety shut-o� devi
e.The �ow of propane 
an be 
ontrolled by a �ow 
ontrol valve.The �ue gas produ
ed in the risers enters the primary 
y
lone where the solidsare partially separated. The �ue gas then enters an impa
t separator and thenthe se
ondary 
y
lone. A large portion of solids remaining with the �ue gas isseparated in the impa
t separator and the se
ondary 
y
lone and then enter the123



return kg. The �ue gas with the remaining �y ash enters the bag house whi
h isdivided into two se
tions. The �rst se
tion 
ontains a water-
ooled heat ex
hangerthat extra
ts heat from the �ue gas whi
h then enters the se
ond se
tion of thebag house whi
h 
ontains �lter bags. Here the �ue gas is separated from the �yash, and then exits to the atmosphere. The �y ash 
an be drained from the baghouse periodi
ally.Sampling and measuring devi
es in
lude gas and solid sampling probes, tem-perature measuring devi
es (thermo
ouples) and pressure measurement devi
es(manometers). The gas 
oming out of the sampling probe �rst enters a �lter toseparate out the solids and then enters a 
ondenser to remove the moisture in thegas, whi
h passes through a water trap and then a desi

ator. A su
tion pump isused to draw the gas from the riser and then pass it through a gas analyzer. The
lean and dried gas splits into di�erent streams a

ording to the arrangement ofanalyzers. Solid samples are 
olle
ted in a water-
ooled 
ontainer after its exitfrom the probe. Solids leave the riser naturally, due to the higher pressure insidethe riser. Temperatures of the furna
e at di�erent elevations are measured 
ontin-uously using thermo
ouples using a data a
quisition system (DAS). Di�erentialpressures at di�erent lo
ations were measured using manometers.5.3.2 Operating ConditionsAnalysis of the 
oal used in the experiment reported by Park is given in Table 5.4.As 
an be seen from the table, it is a high 
alori�
 value bituminous 
oal withlow ash and moisture 
ontents. The parti
le size distribution of the 
oal used inthe experiments is shown in Table 5.5. Coal has a wide size distribution typi
alfor �uidized bed 
ombustion and it has a d32 of 245 µm and d50 of 773 µm.Operation 
onditions of the experiment is presented in Table 5.6. Due to low ash
ontent of the 
oal burned, experiment was 
arried out using sand with a meandiameter of 337 µm as bed material.
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Table 5.4: Chara
teristi
s of 
oal used in Test Case 2.Proximate Analysis Ultimate Analysis(as-�red) (dry)Component Weight (%) Component Weight (%)Moisture 1.23 C 72.44Ash 11.01 H 4.89VM 33.70 O 5.49FC 54.06 N 1.41S 4.62HHV: 30.6 MJ/kg Ash 11.15Table 5.5: PSD of 
oal used in Test Case 2.Size (µm) Weight Per
ent0 - 75 7.6675 - 106 4.17106 - 212 8.88212 - 417 13.07417 - 500 4.18500 - 710 9.95710 - 1000 9.651000 - 2000 27.172000 - 4000 15.27Table 5.6: Operating 
onditions of Test Case 2.Parameter ValueCoal �ow rate, kg/s 11.55 × 10−3Primary air �ow rate, Nm3/s 62.6 × 10−3Se
ondary air �ow rate, Nm3/s 35.3 × 10−3PA/SA ratio, % 67/33Ex
ess air,% 22.6Super�
ial gas velo
ity, m/s 8.2Net solid 
ir
ulation rate, kg/m2.s 32.5Air temperature, K 298.15
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5.3.3 Validation of Steady-State ModelIn order to further assess the validity and predi
tive a

ura
y of model, itwas applied to the predi
tion of the behavior of TUNS 0.3 MWt CFBC TestRig reported by Park [171℄ and predi
tions were 
ompared with availablemeasurements, i.e., temperature and voidage pro�le.Figure 5.8 shows the predi
ted 
on
entrations of O2, CO and CO2 
on
entrationalong the 
ombustor. As 
an be seen from the �gure, O2 
on
entrations de
reaseuntil the se
ondary air port whereas CO2 
on
entrations display an oppositetrend in the same region. As for the dilute zone, the de
rease in O2 and in
reasein CO2 
on
entrations keep on but with a lower slope. CO measurements, onthe other hand, show maxima in the dense zone and de
rease gradually alongthe 
ombustor with a lower slope. Higher amounts of CO in the dense zone isthe result of air staging leading to strong redu
ing 
onditions in the dense zone.As depi
ted in the Figure 5.2, predi
ted O2, CO and CO2 
on
entration pro�lesshows physi
ally expe
ted trend.Figure 5.9 illustrates the 
omparison between the measured and predi
tedtemperatures along the 
ombustor for the experiment under 
onsideration. As
an be seen from the �gure, temperature pro�le along the 
ombustor is highlyuniform and agreement between measurements and predi
tions is reasonablygood. The slight de
rease in temperature in the dilute zone between 3.127 mand 4.826 m is due to the presen
e of water walls.Figure 5.10 shows the 
omparison between the measured and predi
ted voidagealong the 
ombustor for the experiment under 
onsideration. As 
an be seenfrom the �gure, measurements and predi
tions are in favorable agreement.The dis
repan
y between measurements and predi
tions in the dense zone is
onsidered to be due to error in pressure measurement in the dense zone as su
hlow voidage (∼ 0.6) is pra
ti
ally impossible when operating at su
h a high gasvelo
ity. 126
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CHAPTER 6CONCLUSIONS6.1 GeneralA dynami
 mathemati
al model of a 
ontinuous atmospheri
 
ir
ulating �uidizedbed 
ombustor has been developed on the basis of �rst prin
iples and empiri
al
orrelations. The model a

ounts for dense and dilute zone hydrodynami
s,volatiles release and 
ombustion, 
har parti
les 
ombustion and their sizedistribution, and heat transfer from/to gas, parti
les, waterwalls and refra
tory.Inputs to the model in
lude 
on�guration and dimensions of the 
ombustor andits internals, air and 
oal �ows, 
oal analysis, all solid and gas properties, inlettemperatures of air, 
ooling water, and feed solids, size distribution of feed solids;outputs in
lude transient values of 
ombustor temperatures, gas 
on
entrations,
har and inert hold-ups and their size distributions.The solution pro
edure employs method of lines approa
h for the governing non-linear partial di�erential equations and 
ombined bise
tion and se
ant rule fornon-linear algebrai
 equations. The solution pro
edure needs the several sub-models to be solved simultaneously. The initial 
onditions required for ea
hsub-model are provided from the simultaneous solution of governing equations ofdynami
 model with all temporal derivatives set to zero.Assessment of predi
tive a

ura
y of the model was 
arried out by applying itto the predi
tion of the steady state behavior of Te
hni
al University of NovaS
otia 0.3 MWt CFBC Test Rig by setting all temporal derivatives to zero inthe dynami
 model and 
omparing its predi
tions with measurements availableon the same rig. 130



On the basis of 
omparisons between steady-state predi
tions of the model andmeasurements, the following 
on
lusions have been rea
hed:
• Model 
an predi
t 
on
entration pro�les of O2, CO and CO2 reasonablygood.
• Temperature pro�les predi
ted by the model are in good agreement withthe measurements.
• Model 
an reprodu
e 
har size distribution at the exit of 
ombustor fairlywell.
• Voidage pro�le predi
ted by model are in favorable agreement withmeasurements.The model presented in this study proves to be a useful tool in predi
ting steadystate performan
e of atmospheri
 
ir
ulating �uidized bed 
ombustors.6.2 Suggestions for Future WorkFor the improvement of the model the following re
ommendations for futureextension of the work are suggested:
• Validation of the transient model by 
omparing its predi
tions withunsteady state measurements obtained from a CFB 
ombustor.
• The fragmentation and attrition modelling of 
oal parti
les are requiredfor better representation of 
har parti
les size evolution and heterogeneousrea
tions.
• The pollutant formation and redu
tion modelling to predi
t NOx and
SO2 emissions are required 
onsidering the in
reased publi
 sensitivity onenvironment.
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• Elutriation and entrainment are modelled by using empiri
al 
orrelationsand 
onsidering the axial dire
tion only. In order to see the e�e
t of radialvariation, a dilute zone hydrodynami
 model based on 
ore-annulus �owstru
ture should be employed.
• A radiation model should be 
oupled to dilute zone heat transfer model tobetter simulate the a
tual physi
al phenomena in the dilute zone.
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APPENDICES ADERIVATION OF ROSIN-RAMMLER PSDFUNCTIONIn �uidized bed 
ombustion appli
ations, 
oal parti
les have a wide sizedistribution ranging from a mi
rons to 
entimeters. The size distribution of
oal parti
les is generally determined by use of a set of sieves and then resultingsize distribution is represented by mathemati
al fun
tions, i.e., normal and log-normal distribution, Rosin-Rammler et
. Parti
le size distributions in �uidizedbed 
ombustion appli
ations are generally represented by the Rosin-Rammler sizedistribution fun
tion as it is parti
ularly suited to representing parti
les generatedby grinding, milling and 
rushing operations. Rosin-Rammler size distributionfun
tion has the following form:
W (dp) = exp (−bdp

n) (A.1)where W (dp) is the fra
tional mass of parti
les with diameter dp. In terms ofradius, r, Rosin-Rammler size distribution fun
tion 
an be expressed as,
W (r) = exp (−b 2n rn) (A.2)In the derivation of 
har parti
les size distribution, the fra
tion of parti
les withradius between r and r + ∆r is represented by P0(r)∆r. Hen
e, the fra
tionalmass with radius between r and r + ∆r is
P0(r)∆r = −

dW (r)

dr
∆r (A.3)150



i.e.,
P0(r) = −

dW (r)

dr
(A.4)Then, 
har parti
les size distribution fun
tion P0(r) 
an be found by taking thederivative of Rosin-Rammler size distribution fun
tion with respe
t to r as givenbelow:

dW (r)

dr
= −b n 2n rn−1 exp (−b 2n rn) (A.5)Substituting Equation A.5 into Equation A.4 gives the 
har parti
les sizedistribution fun
tion utilized for representation of the parti
le size distributionof feed 
har parti
les,

P0(r) = b n 2n rn−1 exp (−b 2n rn) (A.6)Parameters required in Equation A.6, b and n, are found by non-linear 
urve�tting of parti
le size distribution obtained from sieve analysis.
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APPENDICES BDERIVATION OF CARBON CONSUMPTIONRATECarbon 
onsumption rate 
an be expressed in verbal form as follows,






rate of
char

depletion






= ρc







number of
particles in the
interval ∆r













decrease of
particle volume
due to combustion






(B.1)or in symbols,







rate of
char

depletion






= ρc

Md Pd(r) dr

ρc
4

3
πr3

(
dV

dt

) (B.2)Repla
ing dV by 4πr2 and rearranging gives,






mass of
char

depleted






=

3Md Pd(r)ℜ(r) dr

r
(B.3)Considering the wide size distribution of 
har parti
les, the total 
har depletionrate 
an be found as follows,







mass of
char

depleted






=

∫ rmax

rmin

3Md Pd(r)ℜ(r)

r
dr (B.4)or







mass of
char

depleted






= 3Md

∫ rmax

rmin

Pd(r)ℜ(r)

r
dr (B.5)152



As 
an be seen in Equation B.5, the unit of 
har depletion rate is kg of char/s.To 
onvert it into mole of C/s basis, it should be multiplied with the ratio of�xed 
arbon to 
har 
ontent of 
oal and should be divided into mole
ular weightof 
arbon, i.e.,






mass of
carbon
depleted






= 3Md

xfc

xfc + xash

1

MC

∫ rmax

rmin

Pd(r)ℜ(r)

r
dr (B.6)Equation B.6 gives the solid 
arbon 
onsumption rate in the dense zone. As
har parti
les 
onsidered to take pla
e only in the emulsion phase, to �nd outthe 
arbon 
onsumption rate per unit volume of emulsion phase, Equation B.6should be divided into total volume of emulsion phase, i.e.,







mass of
carbon
depleted






=

3Md

Vd(1 − δ)εmf

xfc

xfc + xash

1

MC

∫ rmax

rmin

Pd(r)ℜ(r)

r
dr (B.7)or as shown in Equation 3.141,

nC,e =
3Md

Vd(1 − δ)εmf

xfc

xfc + xash

1

MC

∫ rmax

rmin

Pd(r)ℜ(r)

r
dr (B.8)
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APPENDICES CFORTRAN CODESC.1 Steady State Simulation Program: CFBCSIM!****************************************************************************!! Purpose:! --------! Simulate CFB boilers working at steady-state 
onditions.!! Main Assumptions:! -----------------! - Dense Zone : Bubble and Emulsion (Well-mixed solids, Plug flow of gas)! - Dilute Zone : Dilute Upward Flow (Plug flow of gas and solids)!! Re
ord of Revisions:! --------------------!! Date Programmer Des
ription of Change! -------- ---------------- ----------------------------------------------! 01/01/06 Y. Gogebakan Original 
ode!!****************************************************************************program 
fb
simuse globaluse 
onstants! Type de
larationsimpli
it none! Open simulation history files and write file headers
all logfiles! Read input data file
all readinput! Che
k 
oal analyses
all 
he
kanalyses 154



! Cal
ulate properties of 
har
all 
harprop! Cal
ulate 
omposition of volatile matter
all vm
omp! Allo
ate arrays used in simulation
all 
reatearrays! Generate grid points
all gridgen! Set assumed values
all assumptions! Set initial estimates
all estimates! Perform preliminary 
al
ulations
all pre
al
! Perform stoi
hiometri
 
ombustion 
al
ulation
all stoi
h
omb! Cal
ulate dense zone hydrodynami
s1 
all hydrodense! Solve population balan
e2 
all psd! Che
k for the 
onvergen
e of population balan
ediff1 = dabs(m
hardense_
-m
hardense)write(log1,100) iter1,m
hardense,m
hardense_
,diff1m
hardense = m
hardense_
if (diff1.gt.1.0d-3) goto 2! Solve dense zone spe
ies balan
es
all spe
ies! Che
k for the 
onvergen
e of spe
ies balan
esdiff2 = dabs(avgdense_o2fr_
-avgdense_o2fr)write(log2,100) iter2,avgdense_o2fr,avgdense_o2fr_
,diff2155



avgdense_o2fr = avgdense_o2fr_
if (diff2.gt.1.0d-4) goto 2! Solve dilute zone spe
ies and energy balan
es3 
all dilute! Solve dense zone energy balan
es
all energy_dilute_wall! Che
k for the 
onvergen
e of energy balan
esdiff5 = dabs(avgdilutewalltemp_
-avgdilutewalltemp)write(log5,100) iter5,avgdilutewalltemp,avgdilutewalltemp_
,diff5avgdilutewalltemp = avgdilutewalltemp_
if (diff5.gt.1.0d0) goto 3! Solve dense zone energy balan
es
all energy! Che
k for the 
onvergen
e of energy balan
esdiff3 = dabs(avg
hartemp_
-avg
hartemp)write(log3,100) iter3,avg
hartemp,avg
hartemp_
,diff3avg
hartemp = avg
hartemp_
if (diff3.gt.1.0d0) goto 2diff4 = dabs(densetemp_
-densetemp)write(log4,100) iter4,densetemp,densetemp_
,diff4densetemp = densetemp_
if (diff4.gt.1.0d0) goto 1! Print results of simulation
all printer! Cal
ulate and print CPU time
all 
putime! Format statements100 format(1x,i4,3(4x,1pe14.7))! End of the programend program 
fb
sim!****************************************************************************
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C.2 Dynami
 Simulation Program: CFBCDYNSIM!****************************************************************************!! Purpose:! --------! Simulate CFB boilers working at dynami
 
onditions.!! Main Assumptions:! -----------------! - Dense Zone : Bubble and Emulsion (Well-mixed solids, Plug flow of gas)! - Dilute Zone : Dilute Upward Flow (Plug flow of gas and solids)!! Re
ord of Revisions:! --------------------!! Date Programmer Des
ription of Change! -------- ---------------- ----------------------------------------------! 01/09/06 Y. Gogebakan Original 
ode!!****************************************************************************program 
fb
dynsimuse global! Type de
larationsimpli
it none! Open simulation history filesopen(log0,file='Output\Simulation History - General.txt')! Read input data file
all readinput! Cal
ulate properties of 
har
all 
harprop! Cal
ulate 
omposition of volatile matter
all vm
omp! Allo
ate arrays used in simulation
all 
reatearrays! Generate grid points
all gridgen! Set assumed values 157




all assumptions! Read initial 
onditions
all reader! Perform preliminary 
al
ulations
all pre
al
! Cal
ulate hydrodynami
s
all hydrodense
all hydrodilute(1)! Transfer dependents and time derivatives to 1-d array
all transfer! Set type of grid points for the 
al
ulation of spatial derivatives
all setgridtype! Compute the initial derivativesn
 = 1
all dervn
 = 2! Solve ODEs
all solve_rowmap! Cal
ulate and print CPU time
all 
putime! End of the programend program 
fb
dynsim!****************************************************************************
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APPENDICES DINPUT DATA FILESD.1 Input Data File of Test Case 1!****************************************************************************!! Purpose:! --------! Input data of CFBCSIM!! Sour
e:! -------! PhD Thesis of Wu!! Re
ord of Revisions:! --------------------!! Date Programmer Des
ription of Change! -------- ---------------- ----------------------------------------------! 01/09/06 Y. Gogebakan Original 
ode!!****************************************************************************! Set number of 
ells and parti
le grid pointsndense = 31 ! Number of points in dense zonendilute = 51 ! Number of points in dilute zonenparti
le = 101 ! Number of points for parti
le sizenwall = 21 ! Number of points in the wall! Combustor spe
ifi
 parametersnorifi
e = 162 ! Number of orifi
es in the distributor platewhopper = 0.200d0 ! Width of hopper se
tion, mdhopper = 0.200d0 ! Depth of hopper se
tion, mhhopper = 1.500d0 ! Heigth of hopper se
tion, mwfurna
e = 0.200d0 ! Width of furna
e se
tion, mdfurna
e = 0.200d0 ! Depth of furna
e se
tion, mhfurna
e = 5.000d0 ! Heigth of furna
e se
tion, md
ut
y
lone = 60.0d-6 ! Cut size of 
y
lone, m! Physi
al properties of 
ombustor walls
pwall = 835.000d0 ! Heat 
apa
ity of wall material, j/kg.Kkwall = 1.300d0 ! Thermal 
ondu
tivity of wall material, W/m.Kdenwall = 1500.000d0 ! Density of wall material, kg/m^3159



thi
kwall = 0.215d0 ! Thi
kness of wall, m! Properties of 
oalxvm = 30.30d-2 ! Fra
tion of volatile matter, -xf
 = 52.95d-2 ! Fra
tion of fixed 
arbon, -xash = 13.15d-2 ! Fra
tion of ash, -xh2o = 3.60d-2 ! Fra
tion of moisture, -x
 = 71.99d-2 ! Fra
tion of 
arbon, -xh = 5.00d-2 ! Fra
tion of hydrogen, -xn = 1.24d-2 ! Fra
tion of nitrogen, -xo = 4.43d-2 ! Fra
tion of oxygen, -xs
omb = 3.70d-2 ! Fra
tion of 
ombustible sulfur, -xashd = 13.64d-2 ! Fra
tion of ash, -den
oal = 1400.0d0 ! Density of 
oal, kg/m^3rmax
oal = 6.000d-3 ! Maximum radius of 
oal, mrmin
oal = 6.000d-6 ! Minimum radius of 
oal, msph
oal = 1.0d0 ! Spheri
ity of 
oal, -rb
oal = 1.139722d3 ! RR 
oeffi
ient b of 
oal, -rn
oal = 1.074742d0 ! RR 
oeffi
ient n of 
oal, -! Properties of inert bed materialdeninert = 2400.0d0 ! Density of inert bed material, kg/m^3avgdpinert = 0.350d-3 ! Average parti
le size of inerts, msphinert = 1.0d0 ! Spheri
ity of inert bed material, -kinert = 3.1d0 ! Thermal 
ondu
tivity of inert bed material,
pinert = 800.0d0 ! Heat 
apa
ity of inert bed material,! Operating parametersairrate1 = 49.00d-3 ! Primary air flow rate, Nm^3/sairrate2 = 29.00d-3 ! Se
ondary air flow rate, Nm^3/sairtemp = 308.15d0 ! Fluidizing air temperature, Kf
oal = 7.770d-3 ! Coal flow rate, kg/s!****************************************************************************
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D.2 Input Data File of Test Case 2!****************************************************************************!! Purpose:! --------! Input data of CFBCSIM!! Sour
e:! -------! PhD Thesis of Park!! Re
ord of Revisions:! --------------------!! Date Programmer Des
ription of Change! -------- ---------------- ----------------------------------------------! 01/09/06 Y. Gogebakan Original 
ode!!****************************************************************************! Set number of 
ells and parti
le grid pointsndense = 31 ! Number of points in dense zonendilute = 51 ! Number of points in dilute zonenparti
le = 101 ! Number of points for parti
le sizenwall = 21 ! Number of points in the wall! Combustor spe
ifi
 parametersnorifi
e = 162 ! Number of orifi
es in the distributor platewhopper = 0.230d0 ! Width of hopper se
tion, mdhopper = 0.230d0 ! Depth of hopper se
tion, mhhopper = 1.500d0 ! Heigth of hopper se
tion, mwfurna
e = 0.230d0 ! Width of furna
e se
tion, mdfurna
e = 0.230d0 ! Depth of furna
e se
tion, mhfurna
e = 4.850d0 ! Heigth of furna
e se
tion, md
ut
y
lone = 60.0d-6 ! Cut size of 
y
lone, m! Physi
al properties of 
ombustor walls
pwall = 800.000d0 ! Heat 
apa
ity of wall material, j/kg.Kkwall = 1.300d0 ! Thermal 
ondu
tivity of wall material, W/m.Kdenwall = 1500.000d0 ! Density of wall material, kg/m^3thi
kwall = 0.215d0 ! Thi
kness of wall, m! Properties of 
oalxvm = 33.700d-2 ! Fra
tion of volatile matter, -xf
 = 54.060d-2 ! Fra
tion of fixed 
arbon, -xash = 11.010d-2 ! Fra
tion of ash, -xh2o = 1.230d-2 ! Fra
tion of moisture, -x
 = 72.441d-2 ! Fra
tion of 
arbon, -xh = 4.890d-2 ! Fra
tion of hydrogen, -xn = 1.407d-2 ! Fra
tion of nitrogen, -xo = 5.498d-2 ! Fra
tion of oxygen, -161



xs
omb = 4.617d-2 ! Fra
tion of 
ombustible sulfur, -xashd = 11.147d-2 ! Fra
tion of ash, -den
oal = 1400.0d0 ! Density of 
oal, kg/m^3rmax
oal = 4.000d-3 ! Maximum radius of 
oal, mrmin
oal = 4.000d-6 ! Minimum radius of 
oal, msph
oal = 1.0d0 ! Spheri
ity of 
oal, -rb
oal = 656.7841d0 ! RR 
oeffi
ient b of 
oal, -rn
oal = 0.9503d0 ! RR 
oeffi
ient n of 
oal, -! Properties of inert bed materialdeninert = 2200.0d0 ! Density of inert bed material, kg/m^3avgdpinert = 0.337d-3 ! Average parti
le size of inerts, msphinert = 1.0d0 ! Spheri
ity of inert bed material, -kinert = 3.0d0 ! Thermal 
ondu
tivity of inert bed material,
pinert = 750.0d0 ! Heat 
apa
ity of inert bed material,! Operating parametersairrate1 = 62.64d-3 ! Primary air flow rate, Nm^3/sairrate2 = 35.32d-3 ! Se
ondary air flow rate, Nm^3/sairtemp = 298.15d0 ! Fluidizing air temperature, Kwatertemp = 293.15d0 ! Cooling water temperature, Kf
oal = 11.55d-3 ! Coal flow rate, kg/s!****************************************************************************
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APPENDICES ETHERMOPHYSICAL PROPERTIESE.1 Mole
ular WeightsSpe
ie MW (kg/mol)
C 12 × 10−3

H 1 × 10−3

O 16 × 10−3

N 14 × 10−3

S 32 × 10−3

H2 2 × 10−3

N2 28 × 10−3

O2 32 × 10−3

CO 28 × 10−3

CO2 44 × 10−3

H2O 18 × 10−3

SO2 64 × 10−3E.2 Standard Heats of Combustion and Vaporization
• Latent heat of 
ombustion of C to CO (J/mol) [172℄

∆HC→CO = 1.10524 × 105 (E.1)
• Latent heat of 
ombustion of CO to CO2 (J/mol) [172℄

∆HCO→CO2
= 2.82989 × 105 (E.2)

• Latent heat of 
ombustion of H to H2O (J/mol) [172℄
∆HH→H2O = 2.41827× 105 (E.3)163



• Latent heat of 
ombustion of S to SO2 (J/mol) [172℄
∆HS→SO2

= 2.96813 × 105 (E.4)
• Latent heat of vaporization of water (J/kg) [172℄

λo = 2.44230 × 106 (E.5)E.3 Physi
al Constants
• Gravitational a

eleration (m/s2)

g = 9.807 (E.6)
• Gas 
onstant (J/mol.K)

R = 8.314 (E.7)
• Stefan-Boltzmann 
onstant (W/m2.K4)

σ = 5.67 × 10−8 (E.8)E.4 Thermophysi
al Properties of Gases
• Gas density (kg/m3)

ρg = 323.76373 (T − 4.6996817)−0.99007228 (E.9)
• Gas vis
osity (kg/m.s)

µg = 2.9901393× 10−7 (T + 10.092613)0.71630135 (E.10)164



• Gas thermal 
ondu
tivity (J/m.s.K)
kg = 8.62496× 10−3 + 5.69351 × 10−5 T + 2.70155 × 10−9 T 2 (E.11)

• Spe
i�
 heat 
apa
ities (J/mol.K) [172℄
cp,g = a+ b T + c T 2 + d T 3 (E.12)

a b c d

Air 28.088 0.197 × 10−2 0.480 × 10−5 −1.965 × 10−9

N2 28.883 −0.157 × 10−2 0.808 × 10−5 −2.871 × 10−9

O2 25.460 1.519 × 10−2 −0.715 × 10−5 1.311 × 10−9

CO2 22.243 5.977 × 10−2 −3.499 × 10−5 7.464 × 10−9

CO 28.142 0.167 × 10−2 0.537 × 10−5 −2.221 × 10−9

SO2 25.762 5.791 × 10−2 −3.809 × 10−5 8.607 × 10−9

H2O 32.218 0.192 × 10−2 1.055 × 10−5 −3.593 × 10−9
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