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SUMMARY

A batch combustion model of carbon particles in a spouted bed has been developed based on the concept of carbon
residence time in each region of the spouted bed (annulus, spout and fountain). Both isothermal and nonisothermal
particles are considered, with the assumption of no temperature gradient inside the particle. Model predictions in terms
of carbon conversion and burnout time were in good agreement with cxperimental data obtained from a laboratory scale
spouted bed combustor. For comparison, an experimental study on a spout-fluid mode was also carried out.
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INTRODUCTION

Spouted beds (SB) and spout-fluid beds (SFB) can be used satisfactorily for burning coal (Lim et al., 1988).
The major advantages of an SB or an SFB over a fluidized bed (FB) are the possibility of handling larger and
stickier particles (Zhao et al., 1987a). However, the fundamental studies on coal combustion in SBs and SFBs
are still in the early stage. Khoe and Weve (1983) reported the modcs and flow regimes of SB gas combustion.
Recently, SFB flow regimes for the intermediate temperature range have been investigated and reported by
Zhao et al. (1987a). Kumpinsky and Amundson (1984) proposed a model for char combustion in an SB of
sand, ignoring combustion in the fountain. The modcl, which considers axial as well as radial variation of
rcactant concentration, constitutes the closcst description of the truc rcactor behaviour, They pointed out
that the lack of information on the solid circulation ratc in the bed led to the impossibility of generating
models which can follow a particle path from the instant it is injected into the reactor until the time it is burnt
out or elutriated. Zhao et al. (1987b) proposed a simple model for coal burnout time in an SB combustor. The
time required for heat-up and devolatilization of a coal particle, as wcll as the time spent by particles in the
spout and fountain regions, are ncglected. Assuming that the char temperature was 150 K higher than the
measured mean bed temperature, the prediction results were in good agreement with the measured values.
Moreover, the measured burnout time in the SB were somewhat shorter than those measured for an FB
under comparable conditions. This may be, as suggested by them, due to (i) the decrease in mass transfer
resistance because of the high interstitial gas velocities and the absence of bubble phase in the annulus, and
(ii) the shedding of ash layer by the energetic shear and collisions in the spout and fountain regions reducing
the ash diffusion resistance. Since the attrition rate in an SB is expected to be higher than in an FB, the carbon
loss should also be higher; this in turn would also tend to shorten the burnout time.

However, the ignorance of combustion in the spout and fountain regions in the Zhao et al. (1987b) model
can lcad to overprediction of coal burnout times [or the large coal particles because of the significant decrease
in particle residence time in the annulus (Tia, 1990); the residence times in the spout and fountain regions then
become longer, and combustion in these regions become more significant.

This paper describes a carbon combustion model for an SB combustor. Both constant and varied carbon
particle temperature during combustion are considered, with the assumption of no temperature gradient
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inside the particle. The model accourts for the combustion in both the spout and fountain regions by
considering particle residence times in these regions. The prediction results are compared with those of
experiments performed by burning small batcies of pyrolysed electrode carbon particles in a laboratory scale
sand spouted bed. Off-gas analysis is used to detect the degree of carbon conversion.

MODEL DEVELOPMENT
The development of the batch combustion model of carbon in an SB is based on the following assumptions:

(a) In an SB, a carbon particie undergoes a cyclical movement from the annulus to the spout and the
fountain, and then falls back again to the annulus (Tia, 1990). It is assumed that the mean cycle time
depends only on the diameter of the carbon particle.

(b) The bed is isothermal.

(¢) The oxygen concentration is equal throughout the bed owing to the small batch mass used in the
experiment. ' N

(d) The spout diameter is constant along the bed height.

(¢) The combustion mechanism of carbon is based on Model 2 reported by Ross (1979). This model assumes
that the carbon is oxidized to form CO at the particle surface, and this is followed by the rapid gas phase
combustion of CO near the surface. The overall reaction is effectively C + O, —» CO,. Moreover, the
intrinsic combustion reaction is assumed to be first-order.

(/) The shape of the carbon particles is spherical.

(g9) No temperature gradient exists inside a carbon particle. This assumption is supported by the theoretical
analysis of Luss and Amundson (1969) and the experiments on particle temperature measurement
(Tia, 1990). .

(h) Since the attrition in an SB is high, and the carbon used in the experiment has a low ash content, the
shrinking unreacted particle with constant density can be assumed during the combustion.

After being dropped into the bed, a small batch of N particles of carbon having initial diameter D,,, and
density p,, starts to travel from the annulus surface downward, and then gets entrained into the spout and the
fountain. The average residence times spent by the carbon particle in the annulus, spout, and fountain regions
are t,, t,, and t, respectively. The overall oxygen balance, therefore, can be written as
D?dD

- an,,z—z-# = UACC,{ - UAC, 8}
where U is the superficial velocity of air through the combustor, C, and C, are the oxygen concentration at
combustor inlet and outlet, respectively, and A, is the cross-sectional area of combustor column. From
assumption (c), equation (1) becomes

2

D2dD
- an,z—“;# = UAC, - C,) = Q(C, — C,) 2

where Q is the inlet volumetric air flow rate, and C, is the bed oxygen concentration.

(i) Isothermal particle model

In this model each carbon particle is assumed to have uniform and constant température throughout the
burning period. The combustion rate of a carbon particie can therefore be expressed as

2 dD .
- npp%m”— =27D2k.Cy = 2nD,Sh,D)(Cy — Cg) = 27tD§KC,, 3
1 w iAD,
—_ == 4
K& TSmp, )
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where K = overall reaction rate constant, k, = reaction rate constant, C; = oxygen concentration at particle
surface, Sh, = mean Sherwood number in an SB, D, = diffusivity of oxygen gas, and w and 1 are constants
depending on the combustion mechanism, and in thlS case both are equal to 2 (assumption {d)), above.

Because of the cyclical movement of the carbon particle, thc mass transfer of oxygen to the carbon particle
surface per unit area during one cycle time is

Nopt. = Noata + Nogte + Ny sty )

where N,;, with i i= b, a, s, or f, represents the average oxygen mass transfer rate per unit carbon surface area
inside the bed, annulus, spout, and fountain regions, respectlvely It can be expressed in the form of the
Sherwood number as follows:

Sh,D, ¢;
Nyy=—2-(C;—~Cg), i=b,afs (6)
P
- Since it is assumed that the oxygen concentrations in all the regions of the SB are equal, from equations (5).
and (6) and the definition of probability of carbon particle defined in Part 1 of this paper (Tia et al., 1991b),
the mean Sherwood number in an SB is

Sh, = pSh, + p,Sh, + (1 — p, — p,)Sh, (7

The Sherwood number for a single particle in both the spout and the fountain regions, can, owing to their
high voidage, be approximated from the correlation of Ranz and Marshall (1952). So

Sh; = 2 + 0-69Re}/*Sc!?, i=s, f @®)

Since the annulus voidage is nearly the same as that of the emulsion phase of an FB, the Sherwood number
proposed by La Nauze and Jung (1982) is used:

Sh, = 2¢, + 0-69Re}/25cH3 ' ©)
Substituting equations (7)—(9) into equation (3), and then using equation (2), it can be shown after some
rearrangement that
_dD, [Nmp,D} P, - D, -1
= 10
s [ 240C, T 3aC,k. T AT BDIE (10
48D,C,
A=—""[pe, + p; + (1 —pa— p/)]

P

_ 16:56D,C,Sci ‘ .
0,V 1/2 i [ a(ua + va)l/z + pfu}lz + (l — Da— pf) (us - v:)uz]
p

Integration of equation (10) from ¢t =0 to ¢ = ¢ yields

) ,
t= —Dm[l (1 — X)) + Dp,(c - %)[1 —(1 =X)'B] + %D},{,’[l —(1 - X)V8]

3 Y201 _ 1/6
24 | [A+BD,,0(1 X) :|+DX (an

L YT
—_P»r
C"mgh
Nmp,D;e  m,
72QC,  120C,
where X = fractional conversion = | — (D,/D,,)*, and m, = batch mass of carbon charged.

In applying equation (11), not only the propertics of carbon and air but also the reaction rate constant as
well as the probabilitics of particle being in each region of the SB are necessary. The method for estimation of

D=
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these probabilities (p,, p;) has been illusirated in Part ! of this paper (Tia et al., 1991b). The combustion rate
constant can be estimated {rom the correlation reported in the literature, and will be discussed later.

(ii) Nonisothermal particle model

The carbon particle temperature in this model is considered to change during combustlon, and can be
estimated from the unsteady energy balance:

dT, _ D, \! , |
abély H » -
where subscript i represents the annulus, spout or fountain region, Q, = heat loss [rom burning particle, and
H, = heat of combustion of the reaction C + G, — CO,. The values of Sh; can be estimated {rom equations
(8) and (9). For the annulus, the heat loss can be estimated from

Ql.n = hl(Tp - Tb) (13)
and for the spout and fountain :

k
N;‘ LT, — Ty +o0e,(Ty —T3), i=sf (14)

P
The estimation of total heat transfer coefficient h, was illustrated in Part 1 (Tia et al., 1991b), and Nu, values
are evaluated from (Ranz and Marshall, 1952)

Nu; =2 + 0:69Re}?Pr'3, i=ys, f (15)

where Re, is the Reynolds number in each region of spouted bed, as already defined in Part 1 (Tia et al.,
1991b).

The particle shrinkage rate at any time, therefore can be estimated by combining equations (2)—(4), and
changing Sh, to Sh; (i = a, s, f). The resultmg expression is

_dp, [an,,

Ql.i

s P D, ] l ‘ (16)
240C,  24C,k. ShD,
It is important to note that the implication of equation (16) is that all the N particles travel together from one
region to the other. However this is unlikely to cause significant error because the residence times used in the
model were based on the average values. :

The [ractional conversion X can be numerically estimated by starting from t =0, t; =0, D, = D,
C,=C,, and T, = T,,. The calculation steps are as follows:

dr

(a) Estimate the particle residence times t,, t,, and ¢, from the experimental value of ¢, as described in Part 1
(Tia et al.,, 1991b).

(b) Select the time step dt, and the time ¢, is increased to ¢; + dt.

(¢) Calculate the new particle temperature T, at time ¢ + dt from equation (12)~(15), and setting Sh; = Sh,
(equation (9)).

(d) Calculate the rate constant k, from the known correlation (see the following Section) using the new T,

(e) Estimate a new D, from equation (16) and a new C, from equations (3) and (4) in which Sh, and Sh, are
replaced by Sh, from equation (9). The fractlonal conversion X then can be calculated from the new D,
and D, .

) Check the time ¢, to see whether it is cqual to or greater than the residence time ¢, of the particle in the
annulus. If not, then repeat steps (b) to (/).

(g) If the time ¢, is equal to or greater thari t,, then repeat steps (b) to () with Sh; = Sh, (equation (8)) until the
time ¢, is equal to or greater than the particle residence time in the annulus and spout (¢, + t,), after which
go to the next step.

(h) Repeat steps (b) to () with Sh; = Sh (equation (8)) until the time ¢, is equal to or greater than the particle
cycle(t, = t, + t, + t;). At this time the particle completes one cycle. The time ¢, is set equal to zero again.
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(f) Calculate a new t, from the new particle diameter at the end of the cycle (see Part [, Tia et al., 19915), and

repeat steps (a) to (i) for the next cycle and so on; the calculation stops when X is equal to the specific
value selected.

(iit) Combustion kinetics

It is known that three regimes that have different controiling mechanisms can exist in char or carbon
combustion (Turnbuli et al., 1984), namely, the kinetically controlied regime (regime I) where the combustion
rate depends only on the intrinsic rates, the pore diffusion controlled regime (regime II) where the
intraparticle diffusion is important, and the external diffusion controlled regime (regime III) where the
process is controlled by oxygen diffusion from the surrounding gas phase. The important factors that
determine the controlling mechanism for a given situation are temperature, particle size, relative velocity of
the gas and particle, and pressure. In general, most researchers have tried to obtain data on the intrinsic
chemical reaction rate by minimizing the effect of diffusion. This can be achieved by using a low pressure
and/or low temperature, high velocity gas stream, and small particle size. However the analysis is still
complicated owing to (Essenhigh, 1981) (i) the change in pore structure as the reaction proceeds, (i) the
presence of impurities which can promote or inhibit combustion reaction, (iii) the difficulties associated with -
the interpretation of BET data, and (iv) the effcct of heat treatment on char reactivity. The experimentally
determined values of combustion rate constants are therefore found to vary considerably, as summarized by
Essenhigh (1981).

For first-order reaction, the rate constant based on cxtcmal surface area as reported by Field et al. (1967) is
used in this study :

k. = 59500T,cxp(—149227/R,T,) centimetres per second (1

where R, = 8:3143 J/gmole K.

At low temperature, regime II combustion can occur if porous particles are used. Turnbull et al. (1984)
showed that the combustion of a porous particle having a size generally greater than 1 mm, as found in an FB
combustor, occurs in a thin porous laycr near the particle surface for most of its life, and the first-order
combustion rate constant based on the external surface can.be expressed as

k. = (kDgSg)"* (18)

where Dy = effective diffusivity of oxygen in porous solid, S; = effective surface area for combustion,
and k, = intrinsic reaction rate constant based on pore surface area. The expression of k; reported by
Smith (1978) is

k; = 2100T,exp(—179400/R,T,) centimetres per second (19)

With these expressions of k., the fractional conversion X of carbon can be calculated from the model
presented in Scctions (i) and (ii) above.

EXPERIMENTAL DETAILS

The details of the experimental apparatus have been described elsewhere (Tia ez al,, 19914). Carbon samples
were obtained from the carbon electrodes of dry cell batterics. They were first cut, and then ground to
a nearly spherical shape using sand paper. Their equivalent diameter was indirectly determined by using the
measured weight and deasity. To minimize the effect of small volatile content in the carbon samples, these
were pyrolysed in a nitrogen atmosphere at 1123 K for 30 min. All the samples were oven dried for 24 h
belore testing. The apparent density of pyrolysed electrode carbon was 1-68 g/cm?.

The bed was preheated under SFB modc to about 700 K, and then 2-3 g of 1-2 mm-diameter lignite
particles were dropped batchwise into the bed rom the top to increase its temperature, while the operation
was changed to the selected mode and ratio of superficial velocity to the minimum spouting velocity (U/U
= 1-25). The bed preheating was continued to the desired temperature. As soon as the inventory of lignite
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had burnt, a batch of monosize pyrolysed electrode carbon particles (8 g) was dropped into the bed and a
stopwatch was started simultaneously. A chart recorder connected to an infrared gas analyser for off-gas
measurement of carbon dioxide concentration was started just before the sample was dropped. The watch
was stopped when glowing carbon particles were observed no longer, and the visually observed burnout time
was obtained. Burnout times were also estimated from the off-gas. concentration record shown in Figure 1.
The burnout times obtained from these two methods differed by less than 10%. Carbon monoxide in off-gas
was also checked in a separate experiment, and the measured concentration was found to be nearly zero.
Therefore the complete combustion of carbon to CO, can be assumed.

A
4
3 -
~N
Q
© 2
B
1
tb from stop-
. t, from stopwatch = 488 s watch = 273 g
0 e e e e e R
e | -)1 < ‘ >
Q 200 400 600 0 100 200 300
.TIME (S)

Figure 1. Concentration of carbon dioxide at outlet of laboratory-scale spouted bed combustor using carbon of (@) 407 mm diameter
and (b) 2:37 mm diameter
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RESULTS AND DISCUSSION
(i) Experimental results

The typical histories of carbon dioxide concentration in the exhaust gas for two different sizes of pyrolysed
electrode carbon particle are shown in Figures la and b. The visually observed burnout times are also
indicated in these Figures. Changing the bed temperature and batch mass gave nearly the same shape of
curves with different burnout times and peak CO, concentration values. The time spent for the carbon
dioxide concentrations to reach the maximum value was about 30-50s. From visual observation, the
ignition time delay was found to be 5-20 s, after which glowing combustion took place. Instead of showing a
step increase in slope due to thermal ignition, the curves in Figure 1 show a gradual rise until the maximum.
This corresponds to the theoretical analysis reported by Siemons (1987) that the thermal ignition of char in
the FB combustors is a noncritical process, causing a gradual particle temperature rise without Semenov
jump, with a gradual increase in the combustion rate. A decrease in the carbon dioxide concentration after
the maximum can be attributed to the decrease in the surface arca of the shrinking particles. It is important to
note that, for the case of a large elcctrode carbon particle (4-17 mm or larger, Figure la), the curve in this
period shows some fluctuation when compared with the smaller size (2:37 mm, Figure 1b). Since a batch of
large particle size has fewer particles for a constant batch mass than the batch of particles of smaller size, it is
dispersed less uniformly over the different regions of the SB (annulus, spout, and fountain). If most of the
particles are in the annulus, in which the carbon particle temperature is low owing to the high rate of heat loss
to inert sand, the combustion rate is low and the carbon dioxide concentration will drop. The concentration
of carbon dioxide will increase if most of the particles are in the spout and fountain regions, in which the
carbon particle temperaturc is high owing to the high oxygen mass transfer rate (high gas velocity) and low

100
% - Conditions: Tb = 1063 K, UUms = 1.25, di = 2.18 mm, Hb = 80 mm
oo.-J O Dp = 7.06 mm
A Dp =417 mm
70 X Dp =237 mm
Isathermal Model, Field's Kinetics
(Tp = Th+200 K)
60"~ — — Isothermal Model, Field's Kinetics
F (Tp = Th+350 K)
% 50
=]
=]
40 -
30 —
20 -
10 ~
S~
a
0 1 T 1 1 1 T i L ]
Q 2 4 6 8 10
TIME (s) x 100

Figurc 2. Effect of particle sizc on weight retained. Points are from cxperiment and lines are from isothermal particle modcl using
Ficld et al. kinctics (regime I
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heat loss rate from the burning carbon particles. This behaviour is randomly repeated, so that the fluctuation
of CO, concentration is observed.

The carbon conversion X at any time can be cvaluated from thc area under the carbon dioxide
concentration curve. Figures 2 and 3 show the percentage weight of carbon retained (100-X) at different
operating conditions. At a constant batch mass and bed temperature, the transient weight of small size

- carbon particles retained in the bed decreases more rapidly than the large ones (Figure 2). When the initial
size of carbon particle and batch mass are kept constant, the transient weight retained for the case of low bed
temperature decreases more slowly than at higher temperature (Figure 3).

Moreover, when the bed was operated under the spouting with aeration regime in SFB mode with the ratio
of air flow through annulus to the total air flow rate (q/Q) of 0-2, the carbon burned faster than in the SB at
the same condition (Figure 3). The result from this study is in contrast with that reported by Zhao et al.
(19875), who found that the burnout times of coal in an SFB operated under the jet-in-fluidized-bed regime is
slightly longer than in the SB mode. The diflerence in hydrodynamic regimes under which the experiments
were performed is presumed to compensate for the discrepancy. In this case the additional air flow in the
annulus of the SFB, as reported by Donadono and Massimilla (1978), will promote the particle to pass the
annulus-spout interface in the upper part of the bed. As a result, the probabilities of particles being in
the spout and fountain regions are higher than those for an SB; this results, as mentioned earlier, in a higher
combustion rate. For the same total gas flow rate, increasing the annulus gas velocity in the SFB also
enhanced the combustion rate. At a high rate of conversion, where the particle size is smali, the enhancement
is greater owing to the long residence time of particles in the annulus.

(ii) Isothermal particle model

Using the properties of pyrolysed electrode carbon (Table 1), air properties for the gas phase, and the SB
hydrodynamic correlations with inert sand properties as shown in Part 1 (Tia et al., 1991b), the prediction of

100
A
X
00 - A Conditions: Dp = 4.17 mm, UUms = 1.25,
x A di«2.19 mm, Hb = 80 mm
80 — A O Th=1063K,SB
A Th=1003 K, SB
70-J X Th=1003K, SFB
A © T —— isothermal Model, Field's Kinetics
0 - (Tp = Tb + 200 K)
S
g
40 -
30 -
»
10
0 T T T T

8 10

TIME (s) x 100

Figure 3. Effect of bed temperature and operation mode on weight retained. Points are from experiment and lines are {rom isothermal
particle model using Field et al. kinetics (regime I)
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Table 1. Thermal properties of pyrolysed electrode carbon and oxygen concentration used in
model calculation

Pyrolysed electrode carbon
Thermal conductivity, k,, W/cm K@ = 0-0025
Specific heat, C,,, J/g K® = 0702 for T< 349K

= 1-312for349 < T< 165K
1-618 for T > 1165K
08

Emissivity, €,

Standard heat of combustion, H,, J/gmole® - = 393,500

Apparent density, p,, g/cm® , =1-68

Oxygen

Oxygen concentration, C,, gmole/cm? = 2363 x 107¢ for T, = 1063 K
= 2504 x 107¢ for T, = 1003 K

(a) Ragland and Yang (1985), (b) Perry (1985), (c) Sharma and Mohan (1984)

100
%0 Conditions: Tb = 1063 K, UUms = 1.25, di = 2.19 mm, Hb = 80 mm
80 - 0 Dp = 7.06 mm
A Dp=4.17 mm
70 - X Dp=237mm
—— Isothermal Model, Smith's Kinetics
(Tp = Th+200 K)
60 — — — Isothermal Model, Smith's Kinetics
7 (Tp = Th+350 K)
% 50 ~
g
40 -
30 —~
20 —
10 —~
0 X & o~
T T T T T T I T T
0 2 4 6 8 10

TIME (8) x 100

Figure 4. Effect of particle size on weight rctained. Points are from e¢xperiment and lines are from isothermal particle model using
modified Smith kinetics (regime II)

transient weight retained of carbon particles from the isothermal particle model is presented.in Figures 2-3
and 4-5 for the Field et al. regime I and modified Smith’s Regime II kinetics, respectively. The particle
temperature was assumed to be 200 K higher than the bed temperature. Smith’s kinetics (Smith, 1978) were
modified by adjusting the pre-exponential factor to account for the uncertainties in the effective pore surface
area Sg and the pore diffusivity of oxygen gas D,. With the values of Sz = 1-28 cm?/cm? (Halder and Basu,
1987) and D = 0-5 cm?/s (Turnbull et al., 1984), the adjusted pre-exponential factor that showed a good fit to

-
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A Conditions: Dp = 4.17 mm, U/Ums = 1.25,
A di=2,19 mm, Hb = 80 mm

80 — A 0O Tb=1063K, SB
A Tb«1003 K, SB
70 X Tb=1003K, SFB
A —— Isothermal Model, Smith's Kinetics

0 - : (Tp = Tb + 200 K}
g
> -
% 50
=]

w -
m -
10 —
o T Y T T T T T T T
0 2 4 6 8 10
TIME (s) x 100

Figure 5. Effect of bed temperature and operation mode on weight retained. Points are [rom experiment and lines are from isothermal
particle model using Smith kinetics (regime II)

the experimental data of D, = 417 mm and T, = 1063 K was | x 10% cm/s K. This value was then used for
the other conditions. The particle temperature in this study is assumed to be slightly higher than the typical
assumed values in FB combustors, in which fuel particle temperature is 100-275K above the bed
temperature (Basu, 1977; Ross, 1979; Chakraborty and Howard, 1978 and 1981). As explained earlier,
a higher [uel particle temperature is expected in an SB because of the high gas velocity and low heat loss rate
in the spout and fountain regions.

Figures 2-5 show good agreement between experiment and theory except [or large carbon particles and
low bed temperature. However for all the studied conditions, significant underprediction at the beginning
was observed. This can be attributed to the ignition time delay as well as the particle heating-up period,
which have been neglected in this model.

At a high bed temperature (1063 K), slight overprediction at high conversion for 4-17 and 2:37 mm
particles (Figures 2 and 4) was also observed. This may be due to the attrition effect, which is not considered
in the model. From these results, the assumption of surface reaction for both regimes I and II using the
kinetics of Field et al. and modified Smith, respectively, and isothermal particle temperature appears
reasonable, at least for this bed temperature. Note that the case of modified Field et al. kinetics for regime I1
combustion (Turnbull et al., 1984) was also calculated and gave nearly the same results as for regime I, and
are not shown here. The reason for overprediction in the case of D, = 7:06 mm (Figures 2 and 4) for both
Field et al. (regime I) and modified Smith (regime IT) kinetics is due to the observed segregation of most of the
large carbon particles at the bed surface near the annulus-spout interface. At this position, the particle
temperature will be high because ol the high oxygen transfer rate and the low heat loss from the burning
particles to inert sand, so that the combustion rate is high. Therefore the weight of carbon retained in the bed,
obtained from the experiment, is much lower than the prediction results. To check this postulate, the



assumed carbon particle temperature used in the model for this condition was increased up to 350 K
above the bed temperature. The prediction results using either the Field et al. (regime I) or modified Smith
(regime II) kinetics are in good agreement with experimental data; the combustion in this case approaches the
diffusion control regime (regime III).

At a low bed temperature (1003 K), the predictions from both Field et al (regime I) and modified Smith
(regime II) kinetics give fairly good agreement compared to the experimental results (Figures 3 and 5),
Significant underprediction was observed during the heating-up period (about 100-150s) for both the rate
expressions. The reason is that the particle temperature durmg this period is lower than the assumed value
used in the theory, and hence the actual combustion rate is low. The other possible effect is the chance of

. oxygen gas to penetrate the carbon pore structure owing to the low combustion rate at low particle
temperatures. Froberg and Essenhigh (1977) reported from their experiments using the ultrapure carbon that
the internal burning can occur at a low particle temperature (< 1000-K), and the penetration depth increases
when the carbon particle temperature decreases. Recently, Jung (1987) showed the occurrence of internal
burning of petroleum coke in the low temperature (973—-1073 K) FB combustor during the heating-up period.
The internal burning during the heating-up period will, therefore, invalidate the assumption of surface
combustion in the theory.

. Since the equation of mean particle cycle time as a function of particle diameter was fitted in the
exponential form (see Part 1, Tia et al., 1991b), its value will approach infinity at zero diameter. Therefore
equation (11), which gives the burnout time when the conversion is complete (X = 100%), cannot be applied
owing to the independence of constants A and B on the cycle time. The conversion of 98% is therefore used to
represent the carbon burnout time. Comparison of burnout times recorded by a stopwatch for various initial
particle diameters with the times for 98% conversion calculated from theory (Figure 6) showed good
agreement for the small particle sizes. The overprediction due to the particle segregation, as discussed
previously, is observed when the particle size is large. However, [or a 706 mm particle and 1063 K bed
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Figure 6. Comparison of experimental burnout times with isothermal particle model at various particle sizes
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temperature, the predicted burnout times are close to the experimental values as shown in Figure 6, when the
particle temperature is assumed to be 350 K higher than the bed temperature. Under the conditions studied,
the predictions from equation (11) show that the chemical reaction term, [DpC(1 — (1 — X)/*)], and the last
term, DX, contributed about 30-70% and 5-20% of the calculated burnout times, respectively. The rest is
contributed by the remaining terms related to mass transfer.

(iii) Nonisothermal particle model

The comparison of nonisothermal model prediction using the information in Table |, and Part 1 (Tia et al.,
19908), and the Field et al. kinetics (regime 1) with the experiment is shown in Figures 7 and 8, and Figures 9
and 10 show the comparison for modified Smith kinetics (regime II). As expected, during heating-up period,
this model gave better results than the isothermal particle model.

At a high bed temperature (1063 K), the nonisothermal model with modified Smith kinetics showed good
prediction for the particle sizes of 417 and 2:37 mm. However, the model gave notable overprediction for
Field et al. kinetics, The explanation is that the rate derived from modified Smith kinetics (see equations (18)

“and (19) with a pre-exponential factor equal to 1 x 10° cm/s K) is more sensitive to temperature than the
rate obtained [rom Field et al. kinetics (equation (17)). During heating-up, therelore, the reaction rate, and
hence the particle temperature, remain low for a longer time in the model based on Field et al. kinetics
(Figures 11-12). This leads to overprediction of weight retained owing to the cumulative effect. Moreover the
internal burning during the heating-up pcriod will invalidate the surface combustion assumed in the theory.
Note that this overprediction was not observed in the isothermal model using Field et al. kinetics because of
the compensation from the assumed particle temperature. In addition, the slightly underprediction for
2:37 mm particles at high conversion was also observed for the modified Smith expressions (Figure 9). This is

100
% Conditions: Tb = 1063 K, U/Ums = 1.25, di « 2.19 mm, Ho = 80 mm
O Dpwm7.
80 - Dp = 7.06 mm
A Dp =417 mm
70 X Dp =2.37 mm
Nonisothermal Model,
Field's Kinetics
60 —
3
% 50
Q
(=]
7
30 -
20 -
10
1}

TIME (s) x 100

- Figure 7. Effect of particle size on weight retained. Points are {rom experiment and lines are from nonisothermal particle model using
Field et al. kinetics (regime I)
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modificd Smith kinctics (regime I1)
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Figure 10. Effect of bed temperature and operation mode on weight retained. Points are from the experiment and lines are from
nonisothermal particle model using modified Smith kinetics (regime II)
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Figure 11. Comparison of 2:37 mm carbon particle temperatures from isothermal and nonisothermal particle models
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Figure 12, Comparison of 417 mm carbon particle temperatures from isothermal and nonisothermal particle models

due to the assumption that all the heat produced by the C + O, — CO, rcaction is used to heat the particles,
leading to too high a particle temperature and combustion rate. This assumption is valid only for the
relatively large size of carbon particle, because the combustion of CO produced by surface oxidation occurs
in the gas phase close to the particle surface (Ross, 1979). The reaction radius of CO combustion, as derived
by Ross (1979), incrcases when the particle size decreases. At high conversion, the particle size is small,
therefore the heat of CO combustion may be dissipated by the inert sand rather than by raising the carbon
particle temperature; and hence a lower combustion rate is found, compared with the theory. This effect is
also presumed to compensate for the decrease in overprediction at high conversion of 2-37 and 4-17 mm
particles for the case of Field et al. kinetics (Figure 7). In the case of 7-06 mm particle size, the segregation of
carbon particles, as discussed earlier, causes significant overprediction for either rate expressions (Figures 7
and 9). Normally the segregation should be avoided in the SB combustor operation because it will create a
hot spot, which can lead to instability of the bed resulting from the agglomeratlon of coal particles as well as
to damage of the heat transfer area.

The variation of carbon particle temperature calculated from equation (12) is illustrated in Figures 11 and
12 for 2-:37 and 4-17 mm particles, respectively. The particle temperature assumed in the isothermal model is
also shown in these Figures as a reference (200 K higher than the bed temperature). For the 2:37 mm particle,
both the rate expressions gave relatively high particle temperatures, especially at high conversion, when
compared to the 4-17 mm particle or the isothermal case. This is due to the reason explained in the preceding
paragraph. Note that the fluctuation of particle temperature calculated from this model is due to the
difference in combustion rate in the different regions of the SB. The temperature of a 417 mm particle
caicuiated from the nonisothermal model agrees well with the assumed value used in the isothermal model
except near the beginning and the end of the burning period.
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At a low bed temperature (1003 K), the Field et al. expression (equation 17) gave serious overprediction of
the weight retained. This is due to the reason discussed above. Good agreement between the model
prediction and experiment at high coiversion was observed when the modified Smith expression was used
(Figure 10).

Figure 13 presents the burnout times from a stopwatch in comparison with those calculated from the
nonisothermal model using the Field et al. and modified Smith kinetics at 98% conversion. Because of the
particle segregation, the overprediction at large particle sizes is observed, but the prediction for small
particles shows good agreement with the experimental data. The slight underprediction observed for the case
of small particles using modified Smith kinetics, as discussed above, is caused by the uncertainty of how much
energy from CO combustion is transferred back to the particle.

(iv) Normalized weight/time history

In an SB combustor, the burnout time for batch experiment represents only the burnout of particles that
spend a relatively long time in the annulus. This is in contrast with the developed models which are based on
average values of particle cycle time. To overcome this problem, the experimentai ({rom the carbon dioxide
concentration curve) and theoretical values of the time required for 50% conversion have been used in the
normalized weight/time plot. The typical results are shown in Figure 14. Both isothermal and nonisothermal
models Showed underprediction from the start to about 30% conversion. At high conversion, good
prediction is obtained [rom the nonicothermal model using modified Smith kinetics. The discrepancies
between the theory and experiment have been discussed in the preceding two Sections.

1.8

17

16 Conditons: UUms = 1.25, di = 2.19 mm, Hb = 80 mm

15 O Th-1063K, S8
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Figure 13. Comparison of experimental burnout times with nonisothermal particle model at various particle sizes
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Figure {4. Normalized weight/time plot based on time at 50% conversion

CONCLUSIONS

Using the concept of residence times in the annulus, spout, and fountain, the batch combustion modeis of
carbon particles in an SB combustor, for both the isothermal and nonisothermal particle, have been
developed. , .

At a high bed temperature (1063 K), the prediction from both the models using the Field et al. (regime I)
and modified Smith (regime II) kinetics with the assumption of surface combustion are in good agreement
with the data taken from the laboratory-scale SB experiment. I the case of the isothermal particle model, the
burning carbon particle temperaturc was assumed to be 200 K higher than the bed temperature. When the
carbon particle used was large enough to cause the segregation, both models showed significant over-
prediction for either rate expression. ;

Internal burning during the heating-up period and at low bed temperatures has a significant effect on the
combustion kinetics used in the developed models. However, for low bed temperatures, the prediction from
the nonisothermal model using modified Smith kinetics (regime I1) with surface combustion is in good
agreement with the experimental data, especially at high conversion.

NOMENCLATURE

= cross-sectional area, cm?

= oxygen concentration, gmole/cm?

= specific heat, J/gK

= diameter or diffusivity, cm(mm) or cm?/s
= activation energy, J/gmole

= heat of combustion, J/g (J/gmole)

TZTEmo OO
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= heat transfer coefficient, W/cm2 K

= combined rate constant (equation (4)), s~}
= chemical reaction rate constant or thermal conductivity, s™! or W/em K
= mass transfer coefficient, cm/s

= frequency or pre-exponential factor, s ™!

= batch mass of carbon, g

= number of particle

= mass transfer flux of oxygen, gmole/s cm?

= Nusselt number

= Prandtl number

= probability

= gas flow rate, cm3/s

= heat loss rate from the burning particle, W
= gas flow rate at annulus inlet, cm?/s

= Reynolds number

= universal gas constant, J/gmoleK

= Schmidt number

= Sherwood number

= temperature, K

= time, s !

='superficial gas velocity, cm/s

= interstitial gas velocity, cm/s

= particle velocity, cm/s

== fractional carbon conversion

= density, g/cm?

= Stefan—~Boltzmann constant, J/K*cm?

= kinematic viscosity, cm?/s

= combustion mechanism factor (equation (4))
= combustion mechanism factor (equation (4))
= emissivity or void fraction

°?i'£§‘?i'>::‘

e

vZzz
:a

-

R ST R
i

w
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Subscripts

a = average value for annulus region

b = bed, or burnout condition

¢ = carbon, or cycle, or column

¢¢c = combined conduction and convection between bed and coal particle
E = effective

e = exit

S/ = average value for fountain region

g = gas phase

i = intrinsic

0 = bed inlet orifice or initial condmon

p particle

R carbon surface

s average value for spout region : y
t = total )
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