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SPOUTED AND SPOUT-FLUID BED COMBUSTORS 1: 
DEVOLATILIZATION AND COMBUSTION OF COAL VOLATILES 

S. TIA, S. C. BHATTACHARYA AND P. WIBULSWAS 
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1 SUMMARY 
The devolatilization and volatile combustion of a single coal particle in spouted and spout-fluid beds have been studied. 
The results showed that the flame extinction time increases with the particle diameter, and decreases with the bed 
temperature. When the bed temperature and the air flow rate were fixed, the operation modes (spouted or spout-fluid 
bed) showed less effect on the mean flame extinction time. A mathematical model orthe spouted bed mode for preignition 
and postignition periods has also been developed assuming the devolatilization rate to be controlled by heat transfer and 
multireaction pyrolysis kinetics based on volatile products. Ignition, heat transfer back from the volatile flame to the 
particle surface, variation in flame temperature, and the hydrodynamics of SB arc taken into account. The model 
predictions, with some adjusting paramctcrs, were in good agreement with cxperirncntal results. 
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1 INTRODUCTION 

Normally, low grade coals c o j i s t  of a substantial amount of volatiles which may produce up to 50% of the 
total heat released in the combustor. Knowledge of devolatilization and volatiles combustion rates as well as 
the location where the combustion takes place is, therefore, very important for the design and operation of 
the combustor. Experimental and theoretical studies on the devolatiliztltion and combustion of coal volatiles 
in fluidized bcds (FB) have bccn rcporlcd elscwherc (Atimtay, 1980; Stubington and Davidson, 1981; Pillai, 
1981; La Nauze, 1982; Agarwal et ul., 1984, 1987; Prins st al., 1989). Zecent studies on spouted bed (SB) and 
spout-fluid bed (SFB) combustion have been focused on char combuslion (Zhao st ul., 1987b) and 
combustion efficiency (Lim st ul., 1988), but [he dcvolatilization and volalilc combustion have received less 
attention. The work reported herc is a first step towards quantilative studies on the devolalilization and 
combustion of coal volatiles in SB and SFB. Since SB and SFB are alternatives of FB with similar overall 
properties, the background on volatile combustion in FB is therefore essential. 1 Experimental studies on coal volatile combustion in an FB have correlated the devolatilization time 
empirically by a power law as a function of the initial coal particle diameter at  various bed conditions (Pillai, 
1981). The bed temperature has recently been included in the corielation by Ekinci et al. (1988). The 
modelling of single coal particle devolatilization under oxidizing conditions in FB was carried out by Borghi 
et al. (1977), and Agarwal et al. (1986, 1987). The burning of volatiles, in both the models, was assumed to 
be in the form of an  enveloping diffusion flame, and the devolatilization rate was controlled by heat transfer 

I and pyrolysis kinetics (Anthony ot al., 1975). Agarwal et al. (1986, 1987) also included the effect of bed 

1 hydrodynamics by considering residence times of fuel particle in bubble and emulsion phases in their model. 
1 Park et al. (1981) proposed a plume model for volatile combustion in an industrial FB combustor with under- 

bed feeding. The presence of volatile plume has been experimentally verified in a 4 MW,,,FB combustor by 1 De Kok et al. (1985). Prins et al. (1989) reported from their two-dimensional FB experiment that above the 
1 bed surface and within the bubble interior coal volatiles burn with a yellow diffusion flame a t  the particle 

1 surface. A small blue, premixed, detached flame a t  the bed surface, above the coal particle situated a few 
centimetres below the bed surface in the emulsion phase, was also observed. Volatile flames have not been 
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observed in the dense phase of FB owing to the quenching effect of bed particles. They also found that the 
batch experiments gave longer flame extinction times than in the case of a single particle. As claimed by the 
authors, the results of a Batch of experiments are determined by the last flames ofjust those few coal particles 
whose devolatilization time period happens to be relatively long. Their observed flame extinction times for 
a single coal particle were much lower than the predicted results from Agarwal's model (1986). For SB 
and SFB, Zhao et al. (1987a) reported the volatile combustion as a diffusion flame in the spout, fountain, and 
bed surface. 

In this paper the model proposed by Agarwal et al. (1987) is applied for devolatilization and volatile 
combustion of a single c c ~ l  particle in SB. The analysis is divided into preignition and postignition periods, in 
which the coal volatiles evolution rate is assumed to be controlled by heat transfer and multireaction 
pyrolysis kinetics proposed by Suuberg et al. (1978). Ignition, heat transfer back from the volatile flame to the 
particle surface, variation in flame temperature, and the hydrodynamics of SB are taken into account. Results 
from the model prediction are compared with experimental results. 

MODEL FORMULATION 

The combustion behaviour of coal particles in a spouted bed has been reported by Tia (1990). The 
experimental result showed that when a single coal particle was dropped into the bed the heterogeneous 
ignition of fine particles resulting from abrasion between itself and inert sand particles was clearly observed. 
After 2-4 s, volatile combustion starts in the form of a dimusion flame surrounding the particle as it travels 
from the spout to fountain region and then falls back to the bed surface in the annulus region. It moves 
downwards illto the annulus wilh thc incrt sand and is cntraincd again to the spout region to complete thc 
cyclic movement. Inside the annulus regions, where observation is dificult, the volatile flame envelope is 
expected to be extingui,hed owing to the high heat loss rate from flame front to the surrounding sand 
particles. Fragmentation of coal particles during the combustion of volatiles is also observed. 

Considering the combustion behaviour described above, the theoretical model for devolatilization and 
volatile combustion or a single coal particle in SB is devcloped based on the following assumptions: 

(a) In an SB, a coal particle cyclically moves from the annulus to the spout and the fountain, and then falls 
back again to the annulus. It is assumed that the mean cycle time of a given coal particle size is constant and 
equal for each circulation. 

(b) The process of devolatilization, which has been assumed to be thermally neutral (Agarwal et al., 1984; 
Devanathan and Saxena, 1986), takes place at constant volume with spherical symmetry and no secondary 
reaction. The devolatilization rate is assumed to be controlled by the devolatilization kinetics and heat 
transfer (both to and through the particle) during both preignition and postignition stages. 

(c) Quasisteady state exists in the gas phase, and the transport processes and chemical reactions take place 
within the gas film, whose thickness is a function of the ambient gas velocity and temperature. 

(d) The gas-phase oxidation of the volatiles can be represented by an overall kinetic expression that is 
assumed to be a one-step irreversible chemical reaction, subject to second-order Arrhenius kinetics. In 
addition, the effects of chemical changes and energy release in the gas phase, prior to ignition, on both the gas 
and solid phases are negligible. 

(e) Owing to the quenching effect of sand particles in the annulus, the ignition of volatiles can occur only in 
the spout and the fountain after the ignition criterion is satisfied. After that (postignition period), the burning 
of coal volatiles, which takes place within the gas-film boundary 1ayer.a~ an enveloping diffusion flame with 
flame sheet approximation, occurs in both the spout and the fountain regions; while in the annulus region the 
flame is assumed to be extinguished. 

( f )  The volntile flame radius is approximately equal to the sum of the coal particle radius and the 
halfwidth of the oxygen mass-transfer boundary layer thickness (Agarwal, 1986). 

(8) The volatile surface flux at which the volatile flame is extinguished, estimated from a single particle 
model of coal devolatilization in'the hot oxidizing gas stream (Tia, 1990), is used as the flame extinction 
criterion. This criterion was suggested by Essenhigh et al. (1989) for coal ignition. 
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(h) The heterogeneous rcaclion between coal and oxygen is neglected during the preignition stage owing 
to the low surface temperature. In addition a coal particle, prior to ignition, is assumed to be a nonporous 
solid. 

(i) The effects of volatile flame on radiative heat transfer between the particle and ambient are ignored. 
( j )  Thermophysical propertics of air and flue gas are used for the gas phase in the preignition and 

postignition stages, respectively. . 
(9 Preignition period 

A coal particle, after being droppcd into the bed from the top, sta[ts to travel from the upper surface of the 
annulus downwards, and then gets entrained into the spout and the fountain, the residence times in the thrce 
regions being t,, t, and tf, rcspcctivcly. During circulation, it is heated up and the volatiles begin to evolve. 

Annulus region 

The temperature profiles insidc the coal particle can be written as 

with the following boundary conditions: 

T,=T,; O < r < R ,  t = O  

where p = density, C, = specific heat, k = thermal conductivity, r = radial position, R = particle radius, 
t = time, T = temperature, tl = number of circulations (1,2, 3,. . .), and h,, h,,, and h, are the total heat 
transfer coefficient, the combined conduction and convection heat'transfer coefficient between bed and coal 
particle, and the radiation hcat transfer coefficient, respectively. Subscripts 0, b, and p refer to the initial 
condition, the bed, and thc coal particle, respectively. 

The value of hcc is estimated from Broughton and Howard (1983) 

h,, = 2k,/Dp + 0.016/& (W/cm2K) (6) 

where k, is the effective thermal conductivity of the packed bed, and Di and D, are the diameter of the inert 
sand and coal particles, rcspcctivcly. The value of k, can be estimated from Xavier and Davidson (1985) 

kE = k; + k(E (7) 

k2.J k, = (k,/ kg)"' (8) 

tn = 0.28 - 0.757 logs, - 0-057 log(k,/k,) (9) 

k',/ k, = 0.1 Re, Pr (10) 

where k: = effective thermal conductivity of packed bed with motionless fluid, ki = turbulent cddy conduc- 
tion, kg = gas thcrmal conductivity, RC, = coal-particle Reynolds number in the annulus, Pr = Prandtl 
numbcr, alld I:,, = aiinulus void;rgc. 

The value of h, is estimated fronI Baskakov (1985) 



where u = Stefan-Bohnann constant, llnd r p  and c, the emissivities of coal and inert sand particles, 
respectively. 

The devolatilization rate is C ~ ~ ~ ~ I I I I ( C ~  from tlIc muitireaction kinetics (Suuberg et a/., 1978) by 
considering the rates of the dlflerent SPceiej evolved i n  (he diflerent infinitesimal volume elements of the 
particle in the form of spherical shells, ilnd can be writ ton as 

- 
where = amount of volatile type i evolved, and V, becomes Y: when t approaches infinity. 
k 0  = frequency lactor, = CnCrgy, and R,, is the universal gas constant. 

Spout and fountain regions 

In [he spout and fountain regions, where tl& ignition of vnlatiles can occur, the solid phase (coal particle) is 
also governed by equations and ., . (12). Neglecting the , . l~~~t  of inert sand on the coal particles, the energy 
equation for the gas phase is . . 

andthe quasisteady mass transfer equatilh~s for the gas phase a n  

 he initial conditions for tk  spout and the fountain regions, respectively, are 

P = P P + r ) ;  0 < r < R, t = (n - l)tc + ta (16) 

P = P P r )  0 < r < R, t = (n - l)tt + rD + ts (17) 

The boundary conditions for both the SR\t\,,t and the foantain ngions are the same. These are as follows: 

q =  TR; r = R, t > O  
T, = T*; '= R + S , , .  t > O  

Yv = Y~,R: r I. R,  t > O  

Yv = 0; ' = R + S , *  t > O  

Yo= YO,,; r =  R +'so- t 2 O  - 

where D = mass diffusivity, 6 = boundary 'a:-, thicknak y, mass fraction, mu = volatile evolution rate, 
and subscripts m, g, rh, 0. R, and refer te =lsinstrem _- phase, thema\, oxygen, coal surf& and coal 
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volatiles, respectively. Note that heat conduction from.the i-imbient to the particle surface, k,aT,/ar in 
equation (19), can be estimated from the gas-phase temperature profiles obtained by solving equation (14) 
and differentiating with respect to r. However, no volatile is evolved at the beginning of the preignition 
period, and so this heat conduction term can be evaluated as for simple steady state heat conduction of 
a concentric sphere, which is equal to kg(Tb - TR)/{R(l - R/(R + a,,))}. 

The boundary layer thickness a,( j = th, o, v), is estimated from Sangiovanni (1978) 

I . 6,/R = 2/(Nui - 2); j = th, o, v, i = h, m (27) 

I where Nu, = Nusselt number which can be calculated from the correlation developed by Ranz and Marshall 
(1952) under force convection as follows: 

I Nu, = 2 + 0.69Re112Pr1f3 (2s) 

where Nu, = X h ,  kg, S u m  = 1Rk,,p,D,. Rc = Rqnoldr numkr. Pr = C,;:, 4 , .  S: = I:, klfD,. k, = RKS 

transfer coefficient, h = heat transfer coefficient, and p, = gas viscosity. For the present investigation, the gas 
phase properties are evaluated at the mean temperature of ambient and surface. 

Note that the particle Reynolds number in the annulus (Re,), the spout (Re,) and thc fountain (Re,) are, 
respectively. 

Re, = Dp(ua + va) 

"9 
(30a) 

Re, = Dp(u, - 0,) 

vg 

. . 
D ~ u ~  Re, = - 

vg 

where v, is the kinematic viscosity of air or gas. The mean interstitial gas velocities us, u, and u, in the spout, 
fountain and annulus regions, respectively, and the mean velocities o, and v, of fuel particles in the annulus 
and the spout, respectively, can be estimated from the hydrodynamic correlations of the spouted bed as 
shown in the following Section. 

The ignition criterion sclectcd for this study depcnds on thc chcrnical rcaction rate between the volatiles 
and oxygen in the gas phasc as proposed by Kashiwagi and Surnrnerficld (1973). 

(31) 

where C* = critical value for gas-phase ignition, ko,,, = frequency factor (s-I), E, = activation energy for 
volatiles combustion, and the unit of p, is in grammes per cubic centimetre. This criterion is close to the 
experimental criterion of a minimum detectable light intensity seen by photomultipliers viewing the 
boundary layer (Kashiwagi and Surnmerfield, 1973). The values of T,(r), Y,(r), and Yo(r) can be estimated 
from equations (13H 15) with cquations (1  6)-(26) as boundary conditions. 

The model for this period can be rcprcsented schcrnatically as shown in Figure la. 

(6) Postignition period 

Suppose that thc ignition of volatilcs happcns at thc (n + 1)th circulation in cither the spout or the fountain. 
The analysis for each region is as follows: 

Spout and fountain regions 

In these regions, where volatiles burn as an enveloping diffusion flame, the tempcrature variation and 
devolatilization rate of coal particle are also governed by equations (1) and (12) with the following initial and 
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n" CIRCUWnON I S ~ W  I PDUNTAIN 

(n-l)te (n-l)te (n-l)tc 
+t. +t,+t. 

nt, 

GOvEwm' I Eqs.(l) and (12) E q 1 1 )  
EQUAnONS 1 (121415) 

1 Eq.(2) and (3) I EFf)  I CONDmONS 

(a) PREIGNITION PERIOD 

nA CIRCULATION (n*mJA ClRCUWllON ---- 
m m  I P S m W a M m M > (  . -  (< ANNULUSaSPOUT 

m&m 
tit (n+l)te (n+m)te 

For I Annulus 

I 
For sp0.t tr 
& fountun 

GOVERNMO Eqs. I) Eqs. 1) 4 I - -  I an& or EQUAnONS (12) 

BOUNDARY 

CONDlnONS I Eq.03) 1 -- - - -  1 ~ q . ( 4 )  or ~ q . 0 3 )  ( 
(b) POSTIGNITION PERIOD 

Figure 1. Schematic representation of the model: (a) preignition, and ( b )  postignition periods 

boundary conditions: 

P,, = pp(r), Tp = Tp(r); 0 < r < R, t = t,, (32) 

JT aq UE,,(T; - T i )  
kp2 = kg- + OE,(T; - T i )  + ar dr r = R, t > ti, (1 + ~p(RlR,v)~ - 1)) ' 

(33) 

where tig = ignition time delay, and TF and RF are the flame temperature and radius, respectively. Initial 
temperature and density in equation (32) can be calculated from preignition period with t = ti,. 

The heat conduction from flame front to the particle surface in equation (33) can be evaluated by solving 
equation (13) with R < r < RF, and differendating the result to yield: 

where /I,, =, mV/47cRp,a, and a, = thermal diffusivity. 
The flame radius R F  is calculated from Agarwal (1986), see assumption f above. 

RF = R + 6,/2 (36) 

and has different values in the spout and in the fountain owing to the difference in boundary layer thickness 
or the gas velocity. 

The flame temperature is estimated from the energy balance equation. A part of the heat released from 
gas-phase volatile combustion preheats the volatile fuel itself and combustion air, and the remainder is 
transferred to the particle and the ambient. It is assumed that the heat of combustion of volatiles is 
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/' 
&pendent of temperature, and that the specific heats of all gases are equal. Neglecting the thermal 

,,,ssociation effect, the energy balance can be written as 

I where H, = heat combustion of gaseous volatiles per unit mass; Q,,., and Q,,, arc the conduction heat losses 
1 from the flame to the particle and ,to ambient, respectively; and Q,,,, and Q,,,, are the radiation heat losses 
' from the flame to ambient and to the particle. Q,,,, is equal to the right-hand side of equation (35) multiplied 

by the particle surface area, and Q,.,,, Q ,,,, and Q,,,, are given by . 

where = muy/4x(R f Jth)p,a,Yo,a, and y = stoichiometric oxygen fuel weight ratio. 
Note that H,, y, and RF are time-dependent variables and depend on the zvolved volatile species which can 

be determined, for each species, by means of equation (12). 

0 ~nnu lus  region 
i 
' For the annulus where no volatile flame was assumed, the governing equations and boundary conditions are 

the same as for the preignition period. 
The schematic representation of the model for the postignition period is shown in Figure lb. The number 

of particle circulations goes on from n + 1 to n + 2 .  . . . n + m until the volatile flux at the coal surface is 
lower than a critical value, at which point the volatile flame extinction occurs. This means that the extinction 
criterion can be achieved in any of the threc rcgions of thc SB. 

(c) Residence times of coal particle in different regions of spouted bed 

From Figure 2, the fuel particle has a cyclical movcment with the travelling length of Z from the bed surface. 
Assuming an isothermal bed and constant spout diameter along the bed height H, the mean particle cycle 

, ... 

.: ,' Fountain @ .  1 . -- Annulus sur+ace 
... 

. Spout 
0, I -- 

. . 
Annulus 

. . 

H Do 

1 Air 

Figure 2. Cyclical movement of coal particle with the travelling length of Z from the bed surface 
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time t ,  is defined as 
t, = t ,  + t, + t f  

and the ratio of mean particle residence time in annulus t ,  to annulus and spout t ,  + t,. is 

where t f  is the mean particle residence time in fountain, and v, and us are the average particle velocity in 
annulus and spout, respectively. 

In the spout region, Lim (1975) used the relation of voidage and velocity proposed by Richardson and Zaki 
(1954) to determine the particle velocity, which can be written as 

(us - v , ) /U ,  = & : - I  (43) 

log Ui = log U, - Dp/Ds (44) 

where us = average interstitial gas velocity in the spout, E, = mean spout voidage, Ui = terminal velocity 
of particle at ca = 1, U ,  = terminal free-falling velocity, Us = average superficial gas velocity in the spout, 
U = superficial gas velocity, U, = avcrage superficial gas velocity in the annulus, U,, = superficial 
gas velocity in the annulus at any hcight z, D, = coal particle diameter, D, = mean spout diameter, and 
n = a constant dependent on Dp/Ds  and the particle Reynolds number at U,. 

The mean interstitial gas velocity uf in the fountain region can be estimated from Grace and Mathur 
(1978): 

Assuming constant voidage c, in the annulus, the particle velocity in the annulus can be estimated from 
a solid mass balance between the spout and the annulus as follows: 

where D, is the column diameter. 
The approximate value of the mean particle residence time in the fountain region is (Grace and Mathur, 

1978) 

t f  = 2v,,1lg (50) 
and, from equation (43), 

v,, = Us/ taH - Ui E:; U 1 )  
where the subscript H denotcs the valce at the bed surface. 

Using the correlations and valves shown in Tables 1 and 2 with the air properties, the values of us, us, and 
v, can be estimated from equation (43)-(49). If t, is known, the particle residente times in each region can be 
determined from equations (41)-(42), (50), and (51). 

The mean probabilities of a particle being in the fountain (p,), the annulus (p,) ,  and the spout (p , )  during 
one circulation are 

Pf  = tfltC ( 5 2 4  
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Table 1. Hydrodynamic parameters of spouted bed 
- -- - 

Parameter Reference 

Superficial annulus gas velocity Piccinini et al. (1979) 

Minimum fluidization velocity Thonglimp (1981) 

Terminal free-falling velocity Kunii and Levenspiel (1969) 

D,; 0.4 < Re, < 5q0 

Minimum spouting velocity, cm/s Experiment 

Maximum spoutable bed height Epstein and Grace (1984) 

Mean spout diameter, cm Wu et al. (1987) 
D, = 4 7 0 ~ 0 ~ 4 3 3 3 ~ 0 . 5 8 3 2 ~ 0 . 1 3 3 4  

c ( P ~ P ~ B ) - ~ ' ~ ~ ~ ~  

n in equations (43) and (51) Richardson and Zaki (1954) 

n = (4.4 + 18D,/D,) Rc; O'03; 0.2 < Re,.< 1 
= (4.4 + 18~,/D,)Re; O'O1 ; 1 < Re, < 200 
= 4.4Re;O.l; 200 < Re, < 500 
= 2.4; Re, > 500 

Mean spout voidage 
Spout voidage at  bed surface 
Mean annulus voidage 
Mean fountain voidage 

-- 

In the above relations, p = gas viscosity, Ar = Archimedes number = gD:(p, - p,)p,/p2, Do = inlet 
orifice diameter, D, = inert particle diameter, G = mass velocity o i  gas, Re, = Reynold number at U,, p, 
= apparent coal density, p, = gas dcnsity, and pi, p, = apparent and bulk dcnsity o i  inert particle, 
respcctivel y. 

SOLUTION PROCEDURE 

Thc calculation steps are shown in Figure 3. A time step of Qi3i s and 20 spherical shells werc used for solving 
the equations by explicit finite-difference methods. 

EXPERIMENTAL DETAILS 

The details of the experimcntal apparatus have been described elsewhere (Tia et al., 199 1). The combustor 
was made from stainless-steel pipe of 108 mm internal diameter and 800 mm high, heated externally by a 
resistance heater under automatic control (see Figure 4). 
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Table 2. Approximate analysis of lignite 
and properties of sand particle 

1-iynite 
Volatile, % 47.58 
Fixed carbon, % 47.03 
Ash, % 5.39 
Apparent density, g/cm3 1-27 

Sand 
Diameter, mm 2-2-39 
Bulk density, g/cm3 1.45 
True density, g/cm3 2.63 

( START. I = 0, f i  = 0 ) 

+ 
Calcularion of mean amcl nsldwce I . u o  I 

C c lati n f cie temperat e I d &v0&d&n rate rn annu& ' I 
b 

Vo aule suFfa e ux 
<lower &an fm+ . > vJue and> Y I I 

Figure 3. Calculation steps [or determinntion of volatile flame extinction time in spouted bed combustor 

t . . t 
~ncreasc time, I = I+L, ti = (,+dl L - --4 ~ncrcarie time. I = r+dt. I ,  = ti+dt ' 

A 
alculation f ' 

tern cm d &*tion 
r!$ undeaame con uon 

In spout 

4 
Calculation f 

tem rat an &=$tion 
S u n %  po i a m e  can uon 

In spout 
t 

Vo nle $ma e ux ( lower tkn +nuyfvgue r > anti p- Y 

N . 

b 

+ 
Volatile &ace flux Y 

lower than )-'- 
N + N 
+ I >  1, + 9) 
Y +  

A n c r e a s e  time. t = I+&, ti = li+dt ] 
4 

Calculation f parti le 
tem ra an 8evolarCIlzation 

r a r u n g n  %amp condruon 
m Pountvn - 

I Y 
I I ,  = o 

.(Ti%-)+ 
't- b,=o 1 -- - 
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(1) ~ ~ l ~ n d r t c a l  hea te r  

(2) Alr preheater  

(3) Rotameter 

(4) Valve 

(6) Thernocouple 

(7) Tenperature controller 

( 8 )  central'  orlflce . . 

(9) 1 nn hole 

(1.0) Dlstrlbutor p late  

(11) Auxlllary alr 

(12) Spoutlng alr 

(13) Combustor 

(15) Gas sanpllng tube 

(16) Filter 

(17) Gas anatyzer and vacuum pump 

0 0 

Figurc 4. Schcmalic diagram of cxpcrimcntal cquipmcnt 

Sand of size 2.19 mm was used as the inert bed material with a static bed height of 80 mm, and its 
properties are shown in Table 2. Lignitc samples were prcparcd by crushing lumps, and screening to different 
sizc fractions. All thc samplcs wcrc ovcn dricd for 24 h bcforc tcsting. Thc propcrtics of lignitc samplcs arc 
also shown in Tablc 2. 

The bed was preheated under the SFB mode to about 700 K, and then 2-3 g of 1-2 mm lignite particles 
were dropped batchwise into the bed from above to increase its temperature, while the operation was 
changed to the desired mode at the sclcctcd ratio of superficial vclocity to thc minimum superficial spouting 
velocity (U/U,, = 1.25). As soon as the desired bed temperature was achievcd and the inventory of lignite had 
burned out, a single lignite particle of known size was dropped into the bed from the top. The flame 
extinction time, defined as the time from the beginning to the time when the extinction of the volatile flame 
occurs, was measured by a stopwatch. Thc data for thc samplcs that brokc into fragments werc rcjected. 
Several readings were taken for each particle size in order to get reproducible results. The fluctuation of bed 
temperature during each experiment was within k 2 0  K. 

For comparison, batch experiments were performed with 2 g samples at the sclected bed condition. The 
effect of the air flow rate on the coal burnout time, which has been reported to be insignificant (Zhao el al., 
1987b), has not been studied. 

RESULTS AND DISCUSSION 

( a )  Experimental finding 

Because the devolatilization rate is controlled by the rate of hcat transfer to and within the particle, the mean 
flame extinction time for all the conditions studied hcre thcrcf~rc increased with the initial coal particle 
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3 5 7 

PARTICLE DIAMETER. Dp (mm) 

- 

- 

- 

- 

- 

- 

- 

Figure 5. Mean flame extinction times as a function of initial particle diameter 

Conditk : UNms - 125. d - 2.19 mm. tb - 80 mm 

0 Spouted bed. single parlide test, Tb - 973 K 

+ Spwtd bed, batch test (2 g), Tb - 973 K 

V Spwt-fluid bed, single parlicle test, Tb - 973 K. qQ - 0.2 

A Spouted bed. single parllde test. Tb - 1073 K 

-Regression 

I I I I I I I I 

diameter as shown in Figure 5. When the bed temperature and air Row rate are kept constant, the change in 
operation mode (SB to SFB) or from single particle to batch test (2 g mass) have little effect on the mean flame 
extinction time. But with an increase in bed temperature from 973 to 1073 K with other parameters fixed, for 
all particle sizes studicd, the mean flame extinction time decreased significantly. 

The empirical correlation between extinction time and particle diameter is of the form (Pillai, 1981) 

where t,, = flame extinction time in seconds, Dp0 = initial coal particle diameter in millimetres, and a and n 
are constants. Since in this case the mean flame extinction times for different operation modes, for a single 
particle, as well as for a batch test at 973 K bed temperature, were very close (Figure 5), and so all the data 
were combined for regression analysis. The analysis results gave values of n, and a as 1.26 and 2.29 for 973 K 
and 1.39 and 1.43 for 1073 K bed temperatures, respectively. Correlation results are shown in Figure 5 by the 
solid lines. The values of n are in line with those reported in the literature (Pillai, 1981; Ekinci et al., 1988). 

( b )  Model prediction 

Since the bed and operating condition in this study are the same as those used iq the study of the mean cycle 
times of coal and carbon particles in spouted and spout-fluid bed combustors performed by Tia (1990), the 
correlation of mean cycle time t, = 2.078 exp(4.138/Dp), in conjunctiori with the hydrodynamic correlations 
shown in Table 1 were therefore used for the estimation of coal particle residence time in each region of the 
spouted bed as described in the preceding Section. For the conditions under which the experiment was 
performed, only the constant in the spout diameter correlation proposed by Wu et al. (1987) was adjusted 
(Table 1) in order to get a reasonable velocity of coal particle in the spout. The details of calculation have 
been described elsewhere (Tia, 1990). 
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Multireaction kinetic parameters of lignite pyrolysis proposed by Suuberg et al. (1978) were used in this 
study with a modification of the ultimate yield of volatile species (Tia, 1990). 

Using the calculated particle residence time, pyrolysis kinetics, and the parameters shown in Tables 2 and 3 
with the critical volatile surface flux of 7.87 x and 8.73 x g/cm2s' for 973 K and 1073 K bed 
temperature, respectively (calculated from a single particle model of devolatilization and combustion of coal 
volatiles in a hot oxidizing gas stream proposed by Tia (1990), at the extinction time for a 5.5 mm particle 

PARTELL DIAMETER Dp (mm) 

W 4 Condtlon :Tb- 1073 K UNm8 - 1.25, dl. 2.19 mm. kb-  80 mn 

PARTELL D W E R .  Dp (mm) 

Figure 6. Comparison of mcan llamc cxtinction times rrom modcl prcdiction and experiment at bed temperature (0) 973 K* and 
(h) 1073 K 
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Table 3. Coal properties and kinetic parameters of volatile combustion used in the model 

Lignite thermal conductivity k,'") = 0.0025 W/cm K 
Apparent lignite density ppo = 1.27 g/cm3 
Critical reaction flux C* = 0.00 1 5 g/cm2 s 
Frequency factor of volatile combustion k,.,, x = 1.868 - 021Dp + 0.00904DpZ s-I 
Activation energy of volatile combustion E,'" = 66.88 'kJ/gmole 
Lignite specific heat C,,'") = 0.87 + 0.00255(T - 273) J/g K 
Lignite emissivity ep = 1 
Flame emissivity E, = 0.3 
Sand ernissivity E,  = 05  

(a)Ragland and Yang (1985); (h)Tia (1990); (c) Diswas and Essenhigh (1972), and Rybak et a/. (1987); (d) Bliek et 01. (1985). 

size, which is the mean size of the range used here), the model predictions are compared with experimental 
results in Figure 6. Good agreement is obtained for both the bed temperatures. Note that the value of C* was 
determined by adjustment until the ignition time obtained from the model was close to the experimental 
value for SB at T, = 973 K, D, = 8.76 mm, and was then fixed and used for the other conditions. However, 
the calculated flame extinction t h e  of 3.07 mm particle was slightly longer than that of the 3.76 mm particle. 
With the extinction criterion used here, this result is possible due to the relatively longer cycle time of the 
3.07 mm particle, and hence longer time spent in the annulus (Tia, 1990). Inside this region, the devolatiliz- 
ation rate is low compared with those of the spout or fountain regions where it is enhanced by the volatile 
flame, and the flame extinction time, as a result, can be longer. It is also found from experiment that, for the 
two smallest sizes, the flame extinction occi~rred within one circulation, and no volatile flame is observed if 
the particle spends a relatively long time in the annulus. Therefore, the estimation of mean extinction time 
from visual observation is not suitable for the small particles. 

No attempt has been made to develop a model for an SFB owing to the lack of hydrodynamic data. 
Note that, from calculated rcsults, the particle surfacc tcmpcrature incrcascs rapidly in all the three regions 

of the SB during the preignition period. However, for a short time after ignition, this temperature can be 
higher than the bed temperature when the particle is in the spout and fountain regions owing to high volatile 
flame temperature. Therefore, when it falls back to the annulus where the llame extinguishes, the surface 
temperature decreases owing to the heat loss from the particle to the inert sand. The event repeats until 
flame extinction occurs. 

CONCLUSIONS 

The devolatilization and volatile combustion of Thai lignite in an SB and an SFB have been studied. The 
flame extinction time increases with the particle diameter, and decreases when the bed temperature increases. 
This shows that heat transfer controls the devolatilization rate. In the present study, the difference in 
experimental techniques (batch or  single particle) and operation modes (SB or  SFB) showed less effect on the 
mean flame extinction time when the bed temperature and the air flow rate were fixed. The power-law 
correlation between the mean flame extinction time and the initial coal diameter gave the exponent values of 
1.26 and 1.39 for 973 K and 1073 K bed temperatures, respectively. The results from the model prediction are 
in good agreement with experimental data. . 

NOMENCLATURE 

A = cross-sectional area, 
a = constant 
b = constant 
Ar = Archimedes number 
C* = critical volatile evolution flux for gas phase ignition, g/scm2 
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= specific heat, J/g K 
= diameter or diffusivity, cm(mm) or cm2/s 
= activation energy, Jg/mole 
= mass velocity of gas, d s c m  
= acceleration of gravity, cm/s2 
= heat of combustion or bed height, J/g or cm 
= heat trgnsfer coefficient, W/cm2 K 
= chemical reaction rate constant or thermal conductivity, s-I or W/cm K 
= mass transfer coefficient, cm/s 
= frequency or pre-exponential factor, s-" 
= volatile evolution rate, g/s 
= Nusselt number 
= power index, or integer value 
= Prandtl number 
= probability 
= gas flow rate, cm3/s 
= conduction heat loss rate from flame front to particle, W 
= conduction heat loss ratc from flame front.to ambient, W 
= radiation heat loss rate from flame front to particle, W 
= radiation heat loss rate from Rame front to ambient, W 
= gas flow rate at annulus inlet, cm3/s 
= particle radius, cm (mm) 
= Reynolds number 
= universal gas constant, Jg/rnole K 
= radial dircction 
= Schmidt number 
= temperature, K 
= time, s - '  
= superficial gas velocity, cm/s 
= terminal velocity of particle at unity voidage, cm/s 

-= interstitial gas velocity, cm/s 
= coal volatiles, g 
= particle velocity, cm/s 
= average travelling length of coal or carbon particle from bed surface into the annulus, cm 
= Cartesian co-ordinate 
= density, g/cm3 
= Stefan-Boltzmann constant, J/K4 cm2 
= stoichiometric oxygen fuel weight ratio 
= kinematic viscosity, cm2/s 
= dynamic viscosity, g/cm s 
= thermal diffusivity, cm2/s 
= boundary layer thickness, cm 
= emissivity or void fraction 

Subscripts 

a = average value for annulus region 
b = bed 
c = cycle, or column 
cc = combined conduction and convection between bed and coal particle 
E = effective 
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= extinction 
= flame 
= average value for fountain region 
= gas phase 
= at bed surface 
= inert particle or ith component 
= ignition 
= maximum condition or number of spherical shell 
= minimum fluidizing condition 
= minimum spouting condition 
= oxygen, or bed inlet orifice 
= particle 
= particle surface 
= average value for spout region 
= terminal kee-falling condition 
= thermal 
= volatile 
= volatile combustion 
= at any bed height 
= initial condition 
= mainstream 

Superscripts 

0 = motionless fluid 
t = turbulent eddy 
* = ultimate yield 
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