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ABSTRACT

South Africa s presently faced with the problem of an
immense under utilization of inferior quality coal types

An experimental program, empioying a specialiy designed
taboratary scale fluidized bed, has been undertaken to
determine the fluldized bed combustion characteristics of
two low grade Scuth African coals namely, Tavistack Duff and
Rietspruit Discard coals. The significance of these
particular coals, Is that they are to be used as the primary
foedstocks for the Mational fluidized bed combustion
demonstration boiler. The Rietspruit discard coal has a
considerably higher percentage ash content than the
Tavistock duff ccal, which 15 regarded as low grade only by

virtue of its poor stze distribution.

A laboratory scale flutdized bed, having an internal
diameter of 7émm, was constructed to facilitate the batch
wise combustion of the two coal types. The experimental
programme 1nuolved the burning of coal samples of Knowe
particle size and carboh mass under preset operating
ceonditions, The combustion experiments provided the bas)
for the development af relevant combustion models, as well
ae providing a greater in.ight into the combustion behaviour

of these tuwo types of coal,

The derived combustion mode 3 ars based on the two-phase
theory of fluidization and incorporate both film diffusional
and Kinetic resistances. The inuestigation has shown that
the combustton of Rietspruirt Discard follows the “shrinking

core” mode of reaction, while the combustion of Tavistock
Duf+f foliows the “shrinking particle" mode of reaction, The
mathematical models were found to satisfactorily represent
the combustion behaviour of the particular coals
investigated. The findings of thie research work will be
fncorporated Into the NFBC research programmme .

ot R T




a Qnun

Ja Yane st




ACKNOWLEUGEMENTS

1 am most grateful to the National Institute for Coal
Research, whose facilities made this project possible and to
Dr. C.M. Eleftheriades for his invaluable inspiration and
guidance throughout the duration of this investigation.
Furthermore, I wouid [ike to thank Prof. A. Bryson,

Prof., . R. Judd and Prof. D. Glasser for thelr assistance.

TN




LR S S L ~ el TR e

CONTENTS page

DECLARAT ION i
ABSTRACT it
ACKNOWLEDGEMENTS iv
CONTENTS v
L.IST OF FIGURES vii
LIST OF TABLES ix
L1ST OF 8YMBOLS S

INTRODUCTTON !

LITERATURE REVIEW ON ASPECTS OF THE FLUIDISED BED
COMBUSTION OF COAL

©

2.1 Combustion of volatiles
2.2 Combustion of char
2.2.1 char combust:on reattion resistances

2.2.2 char combustion reaction mechanism

® o 5 BN

2.%.3 char combustion models

THEORY 14

3.1 Two phase theory of fluidizaticon 15
F.2 Coal devolatilization 18
3.3 Combustion af char 19
3:3.1 shrinking particle combustion model 20
3.3.2 shrinking core combustion model 25

ASBUMPTIONS AND CALCULATIOM PROCEDURE 27

4.1 Calculation assumptlions 27

4.2 Regression algorithm to determine 38
the model parameters

4.3 Prediction of carbon dioxide in the flue gas 31




-y -
5. EXPERIMENTAL PROCEDURE 32
& ANALYSIS OF THE EXPERIMENTAL CDMBUSTIDNVRESULTS 34

4.1 Quatitative description 37

é.1.4 the effect 3f the fluidized bed operating 37
conditione on combustion
$.1.2 the effect of the coal characteristics 41
an cambustion
6.2 The mathematical description of the combustion 45

data

4.2.1 analysis of Tavistock duff coal 48

$.2.2 analysls of Rietspruit discard coal 48
7. EVALUATION OF THEORETICAL APPROACH &4
8. CaMCLUSION 75
7. REFERENDES 77
APPENDICES
APPENDIX A =~ Experimental burnout time data 74 i

18
APPENDIX B - Program MOD and TRACE 83 i
APPENMDIX € ~ Effect of var)ation of particie surface Bé
temperature on combustion behaviour.

APPENDIX D - Elutriation data for Tavistack coal 87
APPENDIX E ~ Bed temperature profile for a series af L

Tavistock coal combustion éxperiments
APPENDIX F - Dimensioned fluidized bed reactor drawings o8




Sedla e

- vii -
s
5
LIST QF FIGURES page
2.1 Two~film reaction mechanism, 8
2.2 Direct oxidation reaction mechanism. 8
3.1 Fluidized bed reactor according to the two phase theory 1é
3.1 Fluidized bed reactor system 33
4.1 Burnout time versus bed temperature. a8
8.2 Effect of temperature on the combustion of Tavistock Ouf#. 38
$.3 Tavistock burnout time versus ¥luidizing gas velocity, al
4.4 Burnout trme versus particle diameter. af
4.5 Burnout time versus particle diameter squared. a1
&.86 Effect of particle diameter on the combustion of 4z
Tavistock Duff. A
6.7 Compar:sion of carben dioxide traces of Rietspruit 4z k
Piscard and Tavistock Duff.
4.8 Tavistock burnout time versus mass of carbon charge St
Tp=?15 OCRy=4 T,=180, %
4.% Tavtstock burnout time wersus mass of carbon charge 51
Tp=715 OC Ry=6 T, =180 'S
&.1% Tavistock burnout time wepsus mass of carbon charge Sz
Te=715 OC Ry=8 T,=18D,-%
S.41 Tavistock burnout bime versus mags of carban charge S22
TE=715 0C Ry=d T,=8
4,12 Tavistock burnout time wersus mase of carbon charge 53
Tym715 00 Rymé T,=0
4.13 Tavistock burnout time versus mass of carbon charge 53
TE=715 OC Fy=8 T,=0
4,14 Tavistock burnout time wversud mase of arbon charge 54
Tp=848 °C Ry=4 T,=18D,' %
4.15 Tavistock burnout time wversus mass of carbon charge 54
T84 0C Ry=6 Ty=0
4.16 Comparision of model predictions T,=18D,+§ T=715 oC 55
4.17 Comparision of model predictions T, =@ Typ=71S oC S5
6.18 Tavistock carbon dioxide trace prediction Tp=715 oC 5& f
Ry=4 D;=1.0% ;
4.19 Tavistock carbon dioxide trace predicilon Tp=?15 oC 34

Ry=4 0;{=3.08




Tavistock carbon dioxide trace prediction Tp=?15 oC
Ry=d D;=4.5

Tavistock carbon dioxide trace prediction T,=715 o¢
Ry=8 D;=1.8%

Tavistack carbon dioxide trace prediction Tu=715 oC
Ry=§ D;=3.83

Tavistock carbon dioxide trace prediction Typ=715 oC
Ry=8 D;=4.5

Rate constant wersus particle surface temperature,
Burnout time versus mass of carbon charge Tp=713 oC
Ry=d T,=5D; &2

Comparision of Rietspruit carbon dioxide trace predictions
Ty=718 o0 Ty=¢L, ¢2 D;=d.5

Rietzpruit carbon dioxide trace predichion Tp=715 °oC
Ry=é Dj=4.5

Rietspruit carbon dioxide trace o ions Tp=719 oC
Ry=4 D;=3.08

Qxygen fraction versus dimensionless rate constant
Dependence of cverail resistance to combustion on
partizie size. (Ross & Davidson (931)

Querall combustien resistance versus particle diameter.
Prediction of carben dioxide trace Tp=7(5 9C Ry=4,
Temperatuce profi's for a typical series of Tavistock
combustion trials.

Sectioned side view of fiuidized bed reactor,

Top view of distributor nlate.

Sectioned side view of distributor plate

57

57

88

59
43

43

44

44

45
S5

L4
74
@9

1
P2
?2




LIST OF TASLES page

4.1 WVatuee of the physical constants used in the 29

experimental data regression.

S.t Operating conditions. 34

Goal characteristics, 34
5.3 Coal particle diameters. 35

é.1 Linear regresslion of T versus Mg plots for a4é
TJavistock at 7iS oC,

4.2 Regression results for combustion of TYavistock Duff 47
at 715 oC.

4.3 Regression results for combustion of Tavistock Dutf 48
at 848 ©°C.

4.4 Regression results for combustion of Rietspruit 46
Discard at 715 oC,

7.1 The Sherwood number zad rate constant values evaluated 43
for Tavistock coal at 715 9C and with T,=12D; 5.

D.1 Elutriation data for the combustion of Tavistock Duff 87
coal at 7iS 9C and U =5.190lm s,




LIST OF

A

co,ct
c2,03
<
Cbh

TR TTeTEE T S g E Y - L

SYMBROLS

~ constant in devolatilzation Lime expression (s/mm )

« Jumped flowrate parameter (me/s)

- reactor cross-sectional area (m®2)

- constant defcning combustion mechanism

- combustion model coefficients (s

~ combustion madel coefficients (s)

~ concentration (Kmal/me>

~ ratio of inlet concentration to culiet concentration

- bubble phase oxrgen concentration at a height R from
the distributor (kmol/m3)

~ outlet axyrgen concentration (kmol/m3)

- inlet oxygen cencentration (kmol/m3)

=~ particulate phase oxygen concentration (kmol/m2)

- particle surface oxrgen concentration (kmol/me)

- particle diameter (m’

- «nitial particle diameter (m)

-~ ash ltayer diffusion coefficient (m2sg)

~ gas phass d1ffusion coefficient tm&/s)

~ warjation factor in eguation (E.7.1)

- fractton of fixed carben in coal

~ expanded fluidized bed height (m)

~ bed height st incipient flurdization tm)

- first order reaction rate constant (m/s)

- dimensicnless rate constant

- mass transfer coefficlent tm/s)

~ sufface reaction rate conatant (m/s)

- overatl rate constant (m/s)

- mass of coal sample (Kg)

- mass of carbon charge (ko)

- mass flowrate of intel alr fkgs/s)

'

~ pumber of char particles
¢lux of oxygen to a particle (Rmol/s)
volume flowrate In and out of bubbie (n%/e)

i

R

censtant th generalized burnout time-dlameter expression




x
'

reaction zone radius (m>

Re - carbon combustion rate (¥mois/s)

Ed
@
1

Reynolds number

Rg - unlversal gas constant (Kd/kmol .K)
Ry - {4E Rotameter float heioght t(cm)

s - sum of squared errors in regression algorithm
sc ~ Schmidt number

Sh - Sherwood number
t - time ()

te ~ time relevant to char combustion (&)

Ty - bed temperature (K

Ty ~ particle surface temperature (K>
U - gas velocity through reactor (m/s)
Up, - bubble velecity (mrs)

- minimum fluidizing velocity (m/s)
~ buble volume <m@)

- ¢ross-flow factor

- particle diameter ratio

Yo
U
v - constant in devolatii.:ation time expression
X
x
i3 - variable Sh mode! coefficient

z

- variable Sh mode! coeffrcrent

Bree¥ symbols

Pe -~ char density (kgs/m¥)

Tk - burncut time of coal sample (s)

Te - burnout time of char particles (s)

Tj = interphase oxygen transfer burnout time (s)
Tg = particle size dependent burpout time is)
Ty =~ devolatilization time (&)

©j - regression algarithm variable (s)
Vj ~ regression algor:thm variable (m)
£ - velocity ratic parameter

Y,x - reaction mechanism constants

ébbreviations

csTR - Continous Stirred Tank Reactor.

NFEC - National Fluidized Bed Combustion demonstration boiler.
SCM - Shrinking Core Model.
3P Shrinking Particle Model.




TR NRE R, iR E e LT ot

§. INTRODUCTLON

South Africa is presently faced with the problem of an
immense under utilization, and consequently a high rate of
accumulation, of inferior quality coal types. A nationa
research program has heen established and funded by the
government to investigate the combustion of these coal types

in a fluidized bed combustor.

In order to predict the performance of a fluldized bed
combustor it is essential to have an understanding
(preferably a mathematical model) of the coal’s cambustion
behaviour, To date limited research work has been done to
establish the fluidized bed combustior characteristics of
South African coate. For this reason an experimente}
program, employing a speciall» designed )aboratary scale
fluidized bed, has been undertaken to determine the
combustion characteristics of twos Jow grade Scuth African
¢oals namely, Tavistoch Duff and Rietsprutt Discard coals.
The sign:ficance of these particular coals, 1s that they are
te be used as the primary feedstocks for the Mational
Fluidized Bed Combustion «NFBC) demonstration botter. The
Rietspruit coa! has a considerably higher percentage ash
cantent than the Tavistock coal, which is regarded as low

grade only by virtue of its poor size distribution.

The objectives of this resesrch work are to (nvestigate
experimentally the flurdized bed combustion behaviour of the
Rigtepruit Discard and Tavistock Duff coals and develop
relevant combustion models. The experimental cambustion
data will enable one to critically assess the validity of

the proposed models and their 2s¢ociated assumptions.

This thesis incorporates an overview of the relevan. theory,
a preserntation and analysie of the experimental combustion

results and finally a discussion of the applicabiltity of the

proposed combustion models.
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2. LITERATURE REVIEW ON ASPECTS OF THE FLUIDIZED BED
COMBUSTION OF COAL.

The fiuidized bed combustion of coal is a complex srocess
involving the Interaction of chemical reacticns with heat
and mass transfer effects as well as the hydrodynamic

characteristics of the fluidized bed.

Coal particles dropped into a hot fluidized bed will rapidly
tose their volatite compenents which burn as a diffusion
flame in the particle surroundings, During the
devolatitization process the coal particles are at a

temperature lower than the bed temperature and appear black

against the glowing inert bed material. The combustion of
the fixed carbon content of the residual material, ie char,
proceeds after the devolatilization process. The char

particles move freely throughout the bed and their surface
temperature possIbDly sxceeds the temperature of the bed
inert material, The char combustion continues until a
critical size ie reached, whersupon the particles are
carried into the freeboard region and eventyally cut of the

reactor.

Coal combuetion consists of two distinct processes, namely
the develatilization process and the char combustion
process. The present understanding of these two processes

's dicussed 1n depth below.

2.t COMBUSTION OF JOLATILES.

The major part of previous research work on coal combustion
has concentrated on the combustion of char particles. The
evolution of volatiles from coal particles 18 extremely
complex. The rate of release of volatiles aepends upon the
heat transfer characteristics and temperature of the
environment, the physical structure of the ctoal and the
nature of the volatile content of the coal. The process is




complicated further if the volatiles are considered to be
released into an oxidising atmosphere. The combustion of
the valatiles involves a series of homogenous and
heterogenous reactions. The numerous chemical reactions
vield quantities of the oxides of nitrogen, sulfur
hydrogen and carbon. The wolatile materials burn as a
diffusion flame which surrounds the coal particle. During
this period the coal particles are at a lower temperature
than the bed temperature, (Yates, 1983), since the coa
particles appear as black spots against the qlowing {aert
bed material,

The emission of volatiles from coal particles in a fluidized
bed has previously been assumed to occur instantaneousty
{Avedesian & Davidson <1P73)., Saxena & Turek (1988)). It is
generally accepted that the total duration of the
devolatilization process 1s only & emall fraction of ‘he
total burning time of the coal particle. The »orech work
of Pirllar, (1%81) showed that the duration o
devclatitization pro.2ss was significant and e
assumption of instantaneous release of volatiles was

incorrect,

Pillai, (17B1> measured the devalatilization times for
twelve different coal types (n s fluirdized bed combustor,
The investigation examined & range of particle sizes (258um
- Bum) . bed temperatures (775~1818 9C) and coal sample
masses (1-9g). The dewslatilization times weire measured
visually as the time from the establishment of the volatiles
combustion flame to the time at which this flame wae
extinguished. Pillal found that the coal batch size had
only a weak effect on the measured devolatilization times.
The foliowing power taw relationship was 'found to adeguately
describe the develatilization times of the twelve coal types
investigated :

. v
Ty = a0




2.2 COMBUSTION OF CHAR.

To date considerable research workK has been conducted to
establish the nature of char combustion in a fluidized bed,
Char combustion may be considered to comprise of two facets,
namely the prevailing reaction mechanism and the limiting
combustion resistantes. The combination of these two facets
provides the foundation for a combustion model. A review of

the present understanding is given below.

2.2.1 Char combystion reaction resistances,

The combustion of char in a fluidized bed 1s generally
thought to occur in & shrinking particle mode af reaction.
It is 2li1eved that the scouring action present tn a
¥lusdized bed removes any ash layer that s formed and thus
the fixed carbon is continously exposed ta the oxi(dising gas
environmenrt. Howewver, for high ash zont-nt coals, the
shrinking core mode of rexction 14 more appropriate 'Pillar,
1981), The ocuerall combustion resistance, which controls
the rate of the combustion of char, 18 the summation of &
number of resistances acting in series. The reecistances are
generally 1dentified as follows

1) & convestive mass transfer resistance which represents
the transfer of oxvgen from the bubbie phass to the
particulate phase 1n the fluidized bed.

2) & film diffusion resistance which represents the tramsfer
of oxvgen from the particulate phase to thr surface of
the char particle.

3

an ash layer diffusion resistance which typically appties
enly to high ash content coals and which represents the
diffusion of oxygen through the ash laver surrounding the
char particle and

P

a chemical reaction resistance which represents the

kinetic resistance of the surface comtustion reactions.
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The fluidized bed hydrodynam: . model‘, employed in the
description of the combustion process, accounts for the
convective mass transfer resistance. The two-phase theory
af fluidization has been successfully used to describe the
mass transfer between the bubble and particulate
phases{Avedesian & Davidson (1973}, Gibbe (1975), Ross &
Davidson (1981,

Ploneering research workK on the combustion of char accounted
only for the film diffusional resistance, since the chemica
reactions were considered to proceed relatively fast
(Avedesian & Davidson 1¥73, Chen & Saxena 1977, Basu
Broughton & Elliot 1§7S). The assumption that the chemical
kinetics have no effect on the combustion rate hes been
questioned (TomeczeK 1977, Pirllal 1986) and consequently &
fair amount of research has been conducted to establish the
importance of Lthe chémical Kinetics., Chakraborty & Howard
C1981) performed a series of batch-wise combustion
experiments in a fluidized bed reactor using the char of a
high volatile content bituminous coal. Their results
indicated that at a hed temperature of 1073 K the kinetic
resistance strongly influences the char combustion rate,
whereas at a bed temperature of 1173 K the transfer of
oxygen to the particle surface

became the 1imiting resistance.

Pitlal (19895 examined the combustion characteriztics of
sewveral different coal types and generally found that the
char types di1d not behawe identically under the same
conditions. A summary of the observed pecularities of some

selected coal types (s presented below.

- The combustion of Texas lignite, at both the bed
temperatures of 775 9C and 181% 9C, was found to
exhibit a shrinking particle mode of reactioh, which was
entirely controlled by the #{im diffusion resictance,

~ The combustion of Lohberg, a German bituminous coal, was
strongly influenced by the chemica) kinetic resistance

over the whole temperature range investigated.
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The combustion of Agrina, «n Irish high-ash coal af low
reactivity, exhiblted the shrinking core mode of
reaction. At 775 9C the combustion rate was strongly
contralled by the Kinetic resistance. The ash diffusion
resistance was found to be Jimiting at 1610 oC.

~ Blen Brook, an Ohio bituminous coal, displayed a shrinking
particle mode of reaction, The Kinetic resistance was
found to be limiting at 775 @C, At 1018 °C the

combustion was influenced by a combination of the film
diffusion and Kinetlc resistances, with the film diffusion

resistance been the dominant resistance.

The temperature dependance of the limiting resictances
foliow the generall» accepted trend (Levenspiel, (972}, fe.
at low temperatures the rate of combusticn 18 limited by the
chemical kinetics and as the temperature increases the film
diffusion resistance becomes increasingly dominant. It s
apparent from the abouve discussion that the relative roles
of the combustion resistances are strangly dependant on both
the reactor conditrons and the nature of the coal.

2.2.2 Chac combystion reaction mechapism,

The combustion of char otcurs via a series of surface and
Qas~phase meactions.The (mportant surface reactions are as
foliows (Field 19677

T+ 0, =CO,
C o+ KO,= CO

€ + CO, = 2C0 (Boudouard reaction}

The gas-phase reaction is the following

CO + %042 CO,

G T i
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The extent and location of these reactions depends upon the
coal type, particle diameters, particle temperatures, etc
Beveral combustion mechanisms, empioying the above mentioned
reactions, have been proposed. Two notable mechanisms are
reviewed below, viz., the two-flim reaction mechanism and

the direct oxidation reaction mechanism,

Hougen & Watson (1947) considered the char combustion to
proceed in the fo'lowing fashion. Initially oxygen d)ffuses
to the char surface and reacte with the fixed carbon to
produce CO. The CO diffuses towards the tnterstitial gas
stream where It reacts with the incoming oxygen to produce
carbon dioxide. One half of the carbon diexide diffuses
back to the char particle surface where 1t 1s reduced to CO,
The other half of the carbon dioxide diffuses into the main
Qas stream., This reaction mechanism ts known as the two~
film mode), i(see fiqure 2.1)., Auvedesran & Davidson (17737
adopted the aboue mechanmiesm in their pioneering research
work and considecsd the gas phase oxidation of carbon
monoride to eccur as & diffusien tlam rroa thin reaction
zone which surrounded the char particles. Their analvers of
the concentration prafiles which surround the char particles
showed that the reaction zone thrckness was hald the
diameter of the particle., This dimension :s based on the
assumption of a zerc particulate phase carbon diox)de
concentration., Campbell & Davidson t1975) considered the
case of a finite particulate phase carban diaxide
cancentration and dertved an expression for the reaction

zane radive (R), namely @
Ro= DCCo + Cpa/2C,  w=mmme- B, 2.2

According to squation (E,2.2), the reaclion zone radius will
become large for small concentrations of particulate phase
oxyoen, If this were to occur a Jarge amount of the
"reaction energy’ would be discapated by the lnect bed
material and consequently 1lttle energy would be avaiiable

to sustaln the epdothermic surface 'reaction. On this basis
Campbell & Davidgon (1%75) Inferred that the reaction zone
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CHAR
PARTICLE.

C+co,— 2C0

Figure 2.1 Two-film reaction mechanism.

CHAR
PARTICLE =

Flgure 2.2 Direct oxidation reaction mechanlsm.




radius s restricted by the heat transfer characteristics of
the combustion env onment. They assumed a generalized

expresslan for the radius of the reaction zone, viz:

R = b D2

The value of b may be seen as an indication of the location
of the CO combustion reaction. For b=1 the CO combustion
occurs at the surface of the particle which results in the
complete oxidation of carbon to carbon dioxide at the char
surface. For b=2, which is the case considered by Avedesian
& Davidson (1973, the CO vombustion occurs in a reaction
zone surrounding the particies.

The validity of the two-fiim reaction mechanism has been
questioned by several researchers (Basu. Broughten &
Elliott1973), Borghi., Sarcfim & Beer(1977), Ross &
Davidsant1981YY. It is fe)t that the Boudouard reaction
twhich is the surface reactron according to the two-film
mechariem) does nat occur to any appreciable extent under
the trpical #luicized bed cperating conditions viz, bed
temperature 1n the range 798-988 OC. The experimental
findings of Golovina & Khaustovich <1942) have shown that
the rate of the Boudouard reaction is too stow to account

for the obssrved combusktion rales.

Using experimentallv derived temperatures and dimensions
Basu et al performed an energy balance on & burning char
particle to establish the nature of the surface reaction.

Their calculations showed that there is 1itile possibility
of the endolhermic Boudousrd reaction occuring at the char
surface. Basu et al assymed a reaction mechadism which
taualizes the oxygen to diffuse to the char surface and
react directly with the fixed carbon of theé char to produce
otk carben dioxide and carbon monoxide. The carbon
moenoxide is subsequenkly burnt In a reaction zone which
surrounds the particle. This reaction mechanism has become
known as the direct oxlidation mechanism and |s depicted in
floure 2.2, The applicablility of the direct oxidation mode)
le supported further by the Kinetic data of Fleld (1947) and
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Arthur (1951 which shows that the Boudouard reaction is too
slow to compete with the oxidation of cartion by oxygen

Ross & Davidson (1981) analy~ * the combustion of char using
both the direct oxldation anu ine twe-filr. mechanisms.

Their experimental data showed that the reduction aof carbon
dioxide to carbon monoxide on the :har surface is
negiigible. In their Interpretatios of the direct oxidation
mechanism, they considered the char surface reaction to
produce only carbon monoxide., The oxidation of the carbon
monoxide was assumed to occur either rapidly or at a slow
rate, For the case of a rapid CO combustion reaction, the
CO is consumed very close to the char surface, which results
in an effective overall axidation of carbon to carbor
dioxide at the surface. For the case of relatively slow CO
oxidation rates. the C0 s consumed 1n the surroundings of
the burning particles. The aboue interpretation of the
direct oxidatian mechanism 18 very simitar to the modifted
two-f1im mechanism of Campbell & Cavidson (1975, In fazt
if the CU oxidation reaction 1s constdered to proceed
rapidly and the value of b in equation (E.2.3) is taken as
1, then tne two mechantsms are ider*ical. iz, the effective
direct oxrdabron ¢f carbon to carbon dioxide at the surface
of the char particles,

2.2.3 Char combuystion models,

The combustion model used by Fuedesian & Davidsen (1923) s
bazed on the two phase theorr of flurdization and the two
fiim reaction mechanism., The fi1im diffusion resistance was
considered to be the limiting resistance as the chemical
reactions were assumed to proceed rapidiy, The expression
they obtained for the char burnout time as a function of the
inftial particle diameter Is q@lven by equation (E.2.4).

- Me .

12 Co AptU=CUsUgrexp(=X)) 96 Sh Dy Cq

D2, - CE.2.4)

The Initial diameter equared term in equation (E.2.4)
represzents the film diffusion resistance, The convective
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mass transfer resistance is represented by the LHS term in
equation (E.2.4), @ consideration of the Kinetic resistance
would produce an additional term in initial diameter. The
char burnout times, which were meagured visually, were
plotted against the square of the Initial particle diameter,
cf . equation (E.2.4)., Based on the straight tine plots

obtained they concluded that the combustion process was
indeed controlled by .the film diffusion resistance.

It has been pglnted out by Tomeczek C(i®79) that the twurnout
time data of Avedesian et al would also produce acceptable

straight Jine plots if plotted sgainst the initial particle
daimeter. Straight line plots of this nature would indicate

that the Kinetic resistance was Timiting.

f The research work of Ross & Davidson <1981 considered the
combugtion of char particles 1n the temperature range of
1183 ta 1173 K in order to establish the relative i(mportance
of #1im diffusion and reaction kinetics in Getermining the
rste of combustiaon., They derived three combustion models,
which were 21l basad on the twe phase theory of
fluidization. Furthermare, all the models rmcorporated both
the #11lm diffusion and ¥inetic resistances. The models
differed 1n their approach to the combustion reaction
mechanism, The mechanisms cansidered were the two f1im
reackion mechanlsm, the direcl oxidation reaction mechanism
assuming the CO reaction to proceed rapidly and the direct
oxtdation mechantsm assuming the CO reactian to procesd

slowly. The derived burnout time express(ons were similar
to equatioh (E.2.4), exceplk for an additronal Kinetic
resistance term which contained the surface reaction rate
constant. Thelr theoretical analysis resulted in the
following relation between the overall combustion resistance
C1/K) and the parameters of the Kinetic resistance

tKey and the f(1m diffusion resistance (8N,

L o —nme (B, 2.5)
K "k, 8hog

¥ and & aré tonstants whoze walues depend on which
reaction mechsnism i¢ assumed to oceur. The experiméntal
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mass transfer resistance is represented by the LHS term in
equation (E.2.4). A consideration of the kinetic resistance

would produce an additional term tn snitial diameter., The

char burnout times, which were measured visually, were
plotted agalnst the square of the initial particle diameter,
cf. equation (E.2.4). Based on the straight |ine plots
obtained they concluded that the combustion process was

indeed contro'led by the film diffusion resistance.

Tt has been pointed out by Tomeczek (1P79) that the burnout
time data of Avedesian et al would also produce acceptable
straight iine plots if plotted against the initial particle
daimeter. Straight line plots of this nature would indicate

that the Kinetic resistance was himiting,

The resesrch work of Ross & Davidson (19813 considered toe
combustion of char particles 1n the temperatire range of
1183 te 1173 K in order to establish the reiative importance
of f1im diffusicn and reaction kineties yn determining the
rate of combustion., They derived three combustion models,
which were all based on the two phase theory aof
fluidization. Furthermore, all the models rncorporated bath
the film diffusion and kinetrc reststances, The models
differed sin their approach to the combustion reaction
mechaniem, The mechanisms considered were the two f1im
reaction mechaniem, the direct oxidation reaction mechan:sm
assuming the LO reaclion to proceed rapidiy and the direct
oxidatioen mechan)sm assuming the CO reactiron to proceed
slowly., The derived burnout time expressions were similar

to equation (E.2.4), except for an add)tronal kinetic

resistance term which contained the surface reaction rate
constant. Their theoretical analysis resulted in the
following relation between ihe overall combustion resistance
€1/K) and the parameters of the Kinetic resistance

Ky and the film diffusion resistance (Sh).

A i (E,2.5)
kC

L
K ShDg

Y and o are constants whose values depend on which

reaclion mechanism 1s assumed to o¢cur. The experimental
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results of Ross & Davidson (1981) clearly showed that both
the reaction kinetics and the diffusion of oxrgen threugh
the gas film are important in determining the rate of
combustion. The values of the Kinetic (K¢) and #iim
diffusion (Sh) parameters were evaluated using the
experimental combustion rates and equation (E.2.5). The
values cbtained for the reaction rate constant indicated
that the occurence of the Boudourd react.op at the surface,
cf. two film mechanism, was not possible at the bed
temperatures employed. The rate constant values were
consistent with the surface reactron of the direct oxidation
reaction mechanism, viz. C + %0 -> CcO . The

results of Ross & Davidson <1981) suggested different
reaction mechanisms for large and small particies. For
large particles the CO was oxidised close to the surface
which resulted in particle temperaturesc in excess of the bed
temperature. For small particles the QO burnt in the
particle surroundings and the “reaction energy’ was
dissipated by the inert bed material. Consequently the
smatler particles exhibited a temperature close to that aof
the bed. Ross & Lavidson concluded tnat the combustion of
large particles is primariiy contrallied by the film
diffuston resistance whrle the combustion of small particles
ts largely controlied by the kinetics of the surface
reaction. The nature of the timiting resistance heen

attributable to the curface temperature of the particles.

Pillai ¢1?B1) experimentally determined the devolatilization
and char burnout times for the batch wise fluidised bed
combustion of twelve different co0al types. Pllilar (1981
considered the total burnout time of the coal particles
(Tp? to consist of & volatiles combustion

cemponent and a c¢har combustion component, viz ¢
Th = Ty + T ==w—-m-—- (E,2.4)

The char combustion time was visualised to cansist of a
further two components, namely an interphase oxygen transfer

time (T and & particle stze dependent time (Tgd. viz :




where T; = & M. and  Tgx p O

Co
Equation (E.2.7), which is similar in form to equation
{E.2.4), considers the hydrodynamic characteristics and the
combustion resistances as lumped parameters., 1e. & and p,
respectively, For m=1 the surface reaction kinetics are
limiting, while for m=2 the #ilm diffus)on resistance is
Timiting. Although the theoretical approach (s rather
empirical, the subsequent anal>$is of the evperimental
results was capable of broadly quantifing the retative roles
of the combustron resistances for the coal tvpes examined.
The conclusiens reached bv Pitla: (17811 are summarised

above in section 2.2,1.




3. THEORY

The combustion process of coal particles in a fluidized bed
may be visualized as comprising of two distinct phases,
namely, a devolatilization phase and a char combustion
phass. Thus the total combustion time of a giuen coal

sample may be written as :

Tp = Ty + T ~mmmmmmmmm N

The dewotatilization time UT) represents the

total time required for the release and combustion of the
velatile matter of the coat. A mathamat:ical consideration
of the time dependant characteristics of a devolatilizing
coal particle can prove to be extremely complex. The
wolatiles tombusiion process % moadelied by using the simple
correlation of Pillar (19812, which relates the
devolatilization time to the initial dirameter of the coal

particie.

i e

The expressions relating the char combustion time (T.)

to the experimental canditions are based on a

cottective consideration of the ¢iurdized bed bydrodynamics,

the char combustion resistances and the char reaction

mechantsms. The combustion of coal typically follows &

shrinking particle mode of reactron, however for high ash

content woals a shrinkKing core mode of reaction s

necestary. Both modes of react(on zre considered in the

theoretical analysis. The reactor hydrodrnamics are

described using the two-phase theory of Davidson & Harrigon
(1?63), The hydrodynamic expressions are used to describe
the transfer of oxygen from the bubble phase to the
particulate phase, which constltutes the convective mass
transfer resistance. The theoretical analysis considers the
overall combustion protess to be controiied by various
resistances In series such as the fitm diffusion of oxvgen,
the rate of the surfate reaction and, where appticable, the
diffusional resistance of the ash layer. The combustion of

carbon to carbon dioxide is described by the direct
oxidation mecharism as employed by Ross & Davidson (1981),



3.t IHE TWQ PHASE THEQRY OF FLUIDISATION,

The two phase theory of flytdisation, originaily introduced
by Davidson & Harrison ({943), considers a fluidized bed as
a two phase system, The two phase system consists of a
particulate phase and a bubble phase. The fiowrate of gas
through the particulate (or emulsion) phase is equated to
the incipient fluidization flowrate. The bubble phase
carries the additional fluidising gas. The hydradynamic
model used in this ipvestigation I1s based on the two phase
flyidisation theory and assumes the particulate phase to be

perfectly mixed and the bubble phase to be in plug flow,

The flue gas component cancentrations are obtained by
considering a matertal balance over the twe phase system.
The derivation of the relevant equations are given by
Davidso & Harrtson (i943) and the ¥lusrdized bed srstem i
shown in figure 3.0

The reactant concentrat:on in the bubble phase 1s obtarned
by cunsidering a mass balance on a single rising bubble.
The following relation between the reactant concentration
and the height above the distributor is obtained:

Cho= Cp + (Cp=Cprexpt=Q »/Up V) ==~-w=m (E.3.2)

where 1 @ = o + Ky §
Ly = reacgan‘; concentration in the bubble phase at
a height y above the distrrbutor,
Cp - reactant (ntet cencentration.
Cp ~ reactant concentration in the particulate
phase .
kg -~ the mass transfer coefficient between the
main bubble velume and the bubble wall.
qQ - the volume flowrate in and oul of the
bubbie.
= the bubble surface area.
Up - the bubble velocity
- the bubble velume.
y = the height above the distributor

9
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A mater:al balance over the particulate phase ¢
tne rvxctant to be consumed by a first-order re
resples in the following expression ¢

(BamBp) (U-(U-Ugdlexp(-X)) = K Hy Gp

where k is defined in the following equation as i

tatal rateé of oxygen consumption =k Cp
per unlt volume of particulate phase

nd-the cross flow factop X ls defined as
X = Q HUs'Y

An overall mass balance ovep the: peactor
tquation (E.3.4, viz §

U Ch o= (U-Ugd Cpp + o Gp
The fraction of reactant in the flue gas

combining eguations (E.3.2), (E.3.2%) and
Ffoltowing equation i

B = Cp o= £ oexp(-X) + (1P exp(=X) )%
Eo kP + 1 - # exp(-X)

wheee B = | - UgrU
RY = & HorU

Fheé patameter X represents the number of times the bubbils
uo!ym:g. ls swept out during its time in the reactor. The
]mpur&ance of the copveclive mass transfer reslstance 14
governéd by the magnitude of the parameter Xo If X 4o
which Implies véry good mixing betweéen the two phases,
equatioh (E.3.8) reduces to the standard mixed flow réactor
(BSTRY expresslion, viz C/=1/(K’+1), 1f the rate of thé
Kéactinn is uéry targe,; le K’ 39, then the fractlonal
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conversion is timited by the value of Fexp(-X), Complete
conversion of the reactant is only possible If perfect
mixing is attained, which eliminates by passing of the
reactant.

The rate af resctant ox»gen consumption [s glven by equation
{E.3.8).

rate of reactant = Ap (ComCpd (Um(UrUglexp(-X))  mrmmmo- CE.3.6)
consump t i on

The equations mentioned above incorporate the hydradynamic
characteristics of a fluidised bed in the form of mass
balance expressions which enable one to caleculate the
reactant exit concentrations fnr specified operating
conditions. To perform such calcutations one requires
further 1nformation with regards to the dimensionless
reaction rate constant (k'). The development of reaction
rate expressions relevant to the flurdised bed combustion of

coal particles are discussed (n sactions 3.2 and 3.3 below,

3.2 COAL DEVOLATILIZATION.

As previously mentioned the relezse and combustion of coa
volatiles is extremely complex. It was considered
appropriate, in terms of the objectives of this projest, to
consider only the total time required for the

devolatilization to occur,

The devolatilization time may be expressed as follows (this
formula was verified experimentally by PHIVal (19Bid)

¥
Ty = a b e (ELBL7)

The parameters a and v are dependent upon the nature af the
coal. The values of a and v used to destribe theé
devolatilization process of the Tavistock duff and
Rietspruit gdiscard coals are qluen in section §,2;




3.3 Combustion of char.

The theoretical aspects of coal combustion presented bel

are concerned with the derlvation of expressions which

relate the particle diameter and the flue gas oxygen

concentration to the combustion time. Two modes of

reaclt.on are considered. Typically the coal combustion

follcwws either a shrinking particlie mode of reaction or a

shrinking core mode of reaction for high ash content coals

The char combustion mechanism 1s assumed to follow the

direct oxidation sequence ie.

C o+ %0, » CO

Co + %0, » €O,

The derivation of the combustion models 15 kased an the

following strategy !

= an expression for the flux of oxygen to the carbon surface

is derived, considering the geometry of the char particle

and concentration profiles (n tts surroundings,

- the rate of carbkon consumption at the char surface is then

equated to the flus of oxygen. A factor b 15 incorporeted

to represent the reaction mechaniasm. The resulting

expression relateg the overall combustion resistance to

the individual resistances which act (n series,

[

the overall combustion resistance equation (s then related

to the dimenstoniess reaction constant (k’J) as gpecifred

in equation (E.3.4)

-~ the diameter~time relationgship is found by the

simultaneous selution of the equation for the total rate

of oxygen consumption and the eqguation for the total rate

of carbon consumption. The particutate phase oxrgen

concentratlion is eliminated to yield an expression of

the char particle diameter as a function of time.
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3.8.1 Shrinking particle combustion model.

The derived shrinking particie combustion model considers
both the film ditfusional and reaction Kinetic resistances
to be important.

Cansider & single spherical char particle which reacts
according to the direct oxidation mecharism. The oxygen
concentrations in the particulate phase and at the surface
of the char particle are denoted by Cp and Cq, respectively,
The flux of oxrgen through the gas film layer to the char
surface 15 thus qiven by i

no= D2 Ky (CumCy)  mmmmmmo CE.3.®)

A Sherwood number may be defined in terms of the mass
transter coefficient (k97 as 1

Combining equations (£.3.8) and (E.3.9) one obtains the
following ¢

L P I (E.3.10)

An overall rate constant (K) may he defined in terms of the

carbon combustion rate (Re) :

R, = 1 D2 K C,

where Re = "Pg 0 IO
Z4 gt

Similar)y, the surface reactlon rate constant may be defined ki

as ¢

Re =« D2 ke Cg

(E.3.12)




a0y T TARE v

The direct oxidation mechanism consists of two distinct
Tocation of the CO

The sequence representlng the complete

reaction sequences, depending on the
combustion reaction.
combustion of CO at the particie surface
The reaction sequence representing the

is denoted as

is denoted as

mechanism !.
combustion of CO in the particle surroundings

The relatlonship between the total rate of

mechanism 2.
carbon consumption at the surface of the particle and the
flux of oxrgen to the surface is fixed by the stoichiometry

of the effective surface roaction. A general equation may

be expressed as follows :

(E.3.13)

Remba  eeeemee
b= 1 for mechanism !

0 =2

where t
for mechanism 2

Substituting the equations (E.3.19), (E.3.11) and (£.3.12)

into squation (E.B.13) the following expression for the

overall rate constant (K) is obtained @

2

1 e -
K E78h o, (E.3.14)

The parameter 1/K 1s commonty referred to as the overall
combustion resistance.The dimensionless rate constant (K<)
of equation <(E.3.5) may be expressed 1n terms of the overall
rate constant of the singie patticle (tK) by considering the
rate of oxvgen cocnsumption for a batch of N char

the complete oxidation of carbon to carbon

total
particles, Faor

dioxide one may write ¢

total rate of oxrgen _ tota! rate af carbon
consump tion consump tioh
ie.
An U v Cp = N Re  =m=mme (E.3.15)

BB T i R

b
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Expressing the number of garticles in terms of the mass of
carbon charge (M) and substituting ¢E.3.11) inte

<E.3.15) one obtains the following expression for K’ :

| & Mo K D2
B e CE.3,14)
Pc Ap U D2
Equation (E.3.4), which relates the total rate of axrgen
consumption in terms of the reactor hxdrodynamics, may be
equated to the LHS of equation (E.3,15) to obtain an

expression for the particulate phase concentration in terms

ef K, viz,

Co A
Cpm B emeeee CE.3.17)
AT AN UK

. where 1 A= AL (UnW-Ugexps-X))

Substituting equation (E.3.17) into equation <E.3.01) one

obtains an expression for the diameter of the char particle

ag a function of time only, 1e @

- deD) 24 Cg A K
— = <E.3.18)
dt Pe <A+ Ap UKD

The Sherwoed number in equation (E.3.1¢) may be considered
either as a constant or as a function of the particle
diameter. Upon substitution of the expressions for K and
K’, equation (E.2.18) may be intergrated tr ~i1eld the
fallowing diameter time relatlonship (assuming the Sherwood
number to be a constant w.r.t. the particle diameter) :

tew CORCL=x8) + CLxC1-x2) + C2¥(1-x) - - (B, 3,190

chemical reaction

resistance i 4

__fiim diffusion
resistance

convective mass transfer

resietance




where: M
ce = e (E.3.20)
12 Cp Ap (U=CUmUigdexpt-X2)

Pe D2
s e P b=t oar 2 —meme (<E.3.21)
48 b Cq Sh Dg

E

g2 = ~H—lee— e (E.3.32)
24 Coq ke

I CE.F.23)
o

The value of b in equation (E.3.21) indicates the value of
the molar flowrate of oxygen to the char particle surface,

For b=! the overall combustion of carbon to carben dioxide

at the char surface is complete, wheress for b=2 the

production of carbon dioxide occurs at some distance from

the chapr surface.

When x=9, equation (E.3.1P) gives the char burnout time T,

as specified below.

Te=¢C8 + €L+ CR mmmmmmee CE.3.20)

If the rate of the surface reaction s wery fast then term

2 tends to zero and (f b=2, then equation +E,3.19) reduces

to the fr1m diffusion combustion model of Avedesian &

Davidsan (19732,

Further it ic possible to modify the film diffusion

resistance term (u equation (E.3.19) to account for the
varidtion of the Sherwood number with particle size. The
dependance of the Sherwood number on the particle « ameter
is given by eauation (E.3.25), whicnh is the Sherwood
correlation of Ranz & Marshall (1982).

Bh 2+ B.& Scl/2 Res mmmmmee——~m (EL3.235)
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The above Sherwood correlation may be used to replace the
Sherwood number in equation (E.8.14).

The intergration of
equation (E.3.18),

assuming a variable Sherwood number,
results in the following time-diameter relationship

te = CBRCI-x3) + C2%C1-x)4

. .

v
Uty ) =——m—e (E.3.24>

+2% yRC(I-x¥) - yEx(I-x) + y8%(1-x3/2) — In
2 3 Cityx¥)

b
where 1 Pe :
2= —————— e (E.3.27) b
24 CoDg ¥e %
¥ = 8.3 8c1/¢ Re#  —mmmmmee ¢E.3.28) :

The convective mass transfer tcrm (C8) and the chemica
reaction resistance term (C2) in equation (E.3.26) are
identical to those presented 'n equation (E.3.19) The fiim
diffusion resistance term is somewhat more complex 2s a
result of introducing the Sherwood correlation, which
incorporates the particle diameter
term.

in a Reynolds number

The shrinking particle combustion mode! may be represented
in various forms,

depending on the selected assumptions.

The above theoretical analysis identifies three basic forms

of the combustion model.These are as follows:

~ film diffusion and Kinetic resistances with a constant Sh
number .

- film diffusion and Kinetic resistances with a variabie Sh B
number,

~ fitm diffusion resistance only, ie,
Davidson model .

the Avedesian and




3.8.2 thrinking core combustion model.

The shrinking core combustion mode! presented below, is
obiained by selecting the diffusion of oxygen through the

ash layer and the Kinetics of the surface reaction as the

predominant combustion resistances. Furthermore the direct

oxidation reaction approach is also assumed to be

applicable.

The fiux of axygen diffusing through the ash laver to the

char surface is qiven by Levenspiel <1972) as :

ao= o= 20 02 D, dC mmeemee (E.3.29)
do

Equation (E.3.29) may be intergrated, using the following

boundary conditiens,

at D=0, c =gy

to yield the following expression for n ¢

- (E,3.38)

n o= 2L D, 1Cp-Cy DD
<0y

The overal] rate constant (K) ts defined 1a terms of the

rate of carbon consumption (based on the external surface

area of the char particled, wiz,

~~~~~~ CE.3.31)
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The definition of the surface reaction rate constant is the
same as for the shrinking particle model ie.(E.3.i2), An
expression for the overall combustion resistante (1/K) is
obtained by substituting equations (E.3.12), (E,3.30) and
(E.3.31) into equation (E.3,13), wiz:

. N .
o oDy DDy (E.3,32)
K Kc D2 2b DD

An expression for the dimensioniess rate constant (K7 s

obtained in a similar fashion Yo equation (E,3.i8), viz:

& Mg K
=28 5 e (E.3.83)
Fc ap U D,

The diameter time relationshsip 1% found by substituting
equation (E.3.17) rnto equation (E.3.31) to produce the

follawing

- gD 2402 Ca A K ____ €330
dt Fe DF 1A ¢ AL UKD

Equatiaon (E,3.39) mar be readily intergrated to yield the

following diameter-time expression

te = CORCImX3) + O350 1-3axzy28x%) + LBn(|=x) —-memes (E.3.3%
where Pe by2
3= —e—— e = (BB 360
288 vy T,

The burnout time expression 1% the seme as equation
(E.3,24y. The definitions of C8 and €2 are identical to
those listed in equations (E.3.20) and (E.3.22),
respectively,

TR LT




4. ASSUMPTIONS AMND CALCULAT {ON PROCEDURE,

The combustion theory pressnted in section 3 relates the
cost sample characterrstics (¢g. particle dizmeter and mass
of fixed carbon, and the reactor operating conditiane (ea.
gas velocity and bed tempecratures ko the burnout time and
the flue gas components concentration., The main objective
of this investigation is to measure experimentaily, the
burnout times and flue gas concentrations, for various
values of the combustion varlables, which are quoted 1n
parenthesis above. Following this an attempt is teo be made
Lo describe the combustion pracess both in qualitative and
mathamatical terme. The end result of this investigation is
to provide one with a method of predicting the events of a
combustion process, given & set of coal characteristics and

operating conditionsz.,

The mathamstical descripbion of the combustion process
involves the svaluation wf the upKnown mode! parameters by
reqgression of the plots of the burnout time versus mass of
zarbon charge. These svaluated parameters mar then be
substituted into the appropriate model equations to yield
the grediction of the flue gas carbon dioxide concentration
az & function of time. Comparison of the thecretical and
eaperimental carbon dioxide traces will enable one to
gstab'ish which coembustion mode! represents best the
combu :tion pracess undzr the conditions 1hruestigated, The
assumptions and procedures required to perfarm thege

calculations are sutlingd below,

4.1 CALCULATION ASIUMPTIONS .,

iy The elutriated bed material coptursd by the cyclane
during a single experiment haz & typical mass of
betwesn 2 and T grams and & carban content in the range
of 1.8~-4.8 %. If caleulating the mass of carbon
charged the mass of elutriated carbon is assumed to be

negllolble, <(See appendix D.)

o
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Ci11) The coal charged into the fluidized bed is assumed to
devolatilize completely and the remaining char consists
of only fixed carbon and inert ash, The propartions
of carbon and ash In the residual char s assumed to be

given by the proximate analysis of the coal.

€urthermore the charged coal is assumed to neither
swell nor fracture during the combustion process
Attrition of the coal particles |s assumed to be
negligible. :

CiEidThe dewolatilization process of coal particles ie
assumed to occup either instantanously ie.Ty=8 or

"
a small finite time as qiven by the expression of
Pillai <1981) ie. Ty=a D;¥. Furthermore it is
assumed that during the devolatitization of the

coal the extent of the fixed carbon combustion !¢
negliqible and that the particie diameter remains

constant.,

(1) The burnout time of the caal sample is assumed to be
given by the time from the beainning to the end of the
carbon dioxide trace. The burnout time of the char is
then given by the difference between the coal burnout

time and the assumed devolatilization time,

(v> During char combustion the flue gas (s assumed to
contain only nitrogen, oxygen and carbon dioxide. The
iniet air is assumed to be dry and have an oxvgen

concentration of 21.8%4 (mol basis).

(v1) The gas phase diffusion coefficient ie calcutated using
the Chapman-f£nskog equatiens a . Leonard-Jones