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hgJ, =0 .095 Re -0.12 Cpg Pg UQ (9) 

where Re is the Reynolds number and Cpg is the 
specific heat of the gas, so that: 

K = V "̂  hi (10) 

The temperature increase of the coal particle is 
computed by numerical integration of the energy 
balance which accounts for both radiative and 
convective heat transfer, by using a fourth-order 
Runge-Kutta scheme. The balance takes the form: 

m.Cp^ 
dt 

••A. (7e(T¿*-T;) + /i ,(T,-T„) (11) 

where Ap is the constant surface area of the 
particle, TUp is the mass of the particle, Cp^ is the 
specific heat capacity of the coal, Tp is the particle 
temperature, T^ is the bed temperature, £ is the 
emissivity of the coal particle and a is the Stefan-
Boltzman constant. 

From the devolatilization kinetics standpoint, a 
previous modeling approach"^^^^ has been used 
because it is capable of yielding the evolution rate 
for each volatile species and tar. In this kinetic 
approach, the coal is represented as an area with 
X- and Y-dimensions for modeling the two paths 
during thermal decomposition. Ŷ  represents the 
initial mass fraction of a particular component (e.g. 
carboxyl, aromatic hydrogen) and the sum of all Ŷ  
is 1. Hence the evolution of each gas component is 
represented by first-order diminishing of the Y¿ 
dimension : 

Yi=Y°exp (-íc¡t) (12) 

The volatiles evolution is initially divided into 
potential tar-forming {X°) and a non-tar-forming 
{I -X°) fractions, and is subsequently represented by 
first-order diminishing of the tar-forming X-domain, 

X = X^exp (-k^t) (13) 

The mass fraction W^har of the original particle 
that remains as char may be calculated from the 
X- and Y-dimension values at any time as: 

Wcw=Ía-^'')v,+¿«',=(i-x"+x)XY, (14) 

and the particle mass in equation (11) may then be 
related to its initial value as: 

mp =ml W^j^^ (15) 

The rate constants used in the model are listed 
in table I. In the absence of volatile analyses for the 
coals modeled here, the values of the coal 
parameters were taken as those given by Lee et al} ^ 
for a high-volatile Montana lignite (i.e. Y° ] = 0.10, 
Y° 2 = 0.032, Y° 3 = 0.060, Y° 4 = 0.156, Y° 5+5 = 
0.0106, Y° 7= 0.11, Y°8= 0.018, and X° =0.11 ). 

The weight percent Fy of the in-bed volatiles 
combustion (at stoichiometric conditions) is 
estimated by computing the ratio of the theoretical 
oxygen required for the combustion of 1 g of 
volatiles, which is evaluated from the mass 
fraction, W¿, of each volatile species remaining in 
the char (calculated as the ratio of Yj and the sum 
of the Yj), and the theoretical oxygen requirement 
for the combustion of 1 g of the parent coal : 

F ^16(Wco/28) +16(W,sjv/14) +32( WHV/4) +46.4( Wçi.s/l^-S) +^%- ( ] f.) 
'̂ 32( WC/12) +.32( WH/4) +16( W y H ) +W;-W„ ^ ' 

The weight percent, Fy]^, of air supplied to the 
volatiles release zone may be determined from the 
ratio of the areas of the volatiles evolution region 
and the horizontal cross-section of the bed 
(approximated by a circle of radius 0.1 m centered 
on the injector), as: 

\2 
Fy|^=(100 +XSA) 

R̂  

0.1 
(17) 

where XSA is the percentage excess air. 

Finally, the fraction, Fy^g, of the volatile 
material released and burnt in the bed region can 
be deduced from: 

Table I. Kinetic constants used in the present mode"^^ 

Toblo I. Constantes cinéticos usodos en el presente modelcf^^^ 

Functional group 
of product 

Kinetic rates (s'̂ ) 

Carboxyl 

Hydroxy I 

Ether loose 

Ether tight 

Nitrogen loose 

Nitrogen tight 

Light hydrocarbons 

Aromatic hydrogen 

Non-volatile carbon 

Tar and heavy hydrocarbons 

ki = 75 exp (-5800 / Tp) 

k2= 370 exp (-6900/Tp) 

ka = 87000 exp (-12000/Tp) 

k4 = 4 X 10^ exp (-35000/Tp) 

k5 = 200 exp (-7600/Tp) 

kg =290exp (-12700/Tp) 

k7 = 33000 exp (-12000/Tp) 

kg =3600exp (-12700/Tp) 

k9=0 

kx= 9300 exp (-9800/fp) 
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-VRFB • 

3. EXPERIMENTAL 

V^v J 
(18) 

The experimental work was carried out in a 0.2 m 
internal diameter mild steel combustor which was 
designed in a calorimetric mode. Ignition of the 
bed was attained via a special propane-delivery 
device attached to a distributor plate of the 
"standpipe type". The coal feeding system was 
underbed and pneumatic, having a coal particle 
size distribution between 0.71 and 4-75 mm. The 
bed material was made up of silica sand with an 
average particle size of 0.674 mm. and a static bed 
height of 0.2 m. Limestone was not added to the 
sand bed. Table II shows the chemical analysis of 
the coals employed in this work. The operating and 
fluidizing ranges used in the calorimetric 
combustor are summarized in table III. 

Based on calorimetric principles, energy and 
material balances were performed on the bed region 
which was taken as the control volume. The 
conservation equations accounted for: a) the total 
heat released in the bed, Q^ ; b) the total heat 

Table II. Chemical analysis of the fuels used in the 

experiments 

Tablo II. Análisis químicos de los combustibles usados en 

los experimentos 

COAL TYPE 

Proximate Analysis 

(wt% air-dried): 

Fixed Carbon 

Volatile Matter 

Ash 

Moisture 

Ultimate Analysis 

(wt% air-dried): 

Carbon 

Hydrogen 

Nitrogen 

Sulfur 

Water 

Oxygen 

Ash 

Higher Heating Val 

(kJ/kg) 

CLIPSTONE-1 

(C/E-1) 

54.9 

33.7 

10.0 

1.4 

68.4 

5.2 

1.4 

1.7 

1.4 

11.8 

10.0 

j e 

30 492 

CALVERTON-1 

(CALV-1 ) 

53.4 

36.6 

5.1 

4.9 

72.9 

5.1 

1.3 

1.1 

4.9 

9.6 

5.1 

29 809 

CLIPSTONE-2 

(C/E-2) 

53.9 

31.1 

12.0 

3.0 

70.3 

5.1 

0.9 

2.0 

3.0 

6.7 

12.0 

28 957 

Table III. Operating and fluidizing conditions setup for the 

experimental runs 

Tabla III. Condiciones de operación y fluidización 

establecidas para las corridas experimentales 

Variable 

Bed temperature, 7^ 

Excess air,XSA 

Coal d¡ameter, de t 

Sand diameter, (̂5 

Static bed height, H5 

Superficial velocity, UQ 

Coal mass flowrate,Fc 

Value(s) 

800 - 900 

7-41 

0.71 -4.75 

0.674 

0.20 

0.52-1.35 

2.10-3.95 

Units 

°C 

% 
mm 

mm 

m 

m/s 

kg/h 

t One size level with a size distribution between 0.71 and 

4.75 mm. 

released in the freeboard, Qf̂  ; c) the heat losses in 
the solid and gas streams, Qigg ; and d) the heat 
losses to surroundings, Qig ̂  % as shown in figure 2, 

In addition, the total heat released in the bed 
comprised an individual measurement and/or 
calculation of : 1) the heat given off from gases, Qg; 
2) the sensible heat from carbon in the bed, Q^b; 
3) the heat removed by cooling probes, Q^; and 4) 
the heat radiated back to the bed, Q^ ^̂ l̂ The heat 
losses in solid and gas streams were estimated from: 
1) the heat released by carbon as sensible heat in 
the exit flue gases, Qg ĉ ; 2) the heat lost when 
carbon is burned to CO instead of CO2, Qco ; 3) the 
unburnt carbon carryover, Q^̂ , ; and 4) the enthalpy 
of water vapor in the combustion gases, Qwv2 • 
Therefore the energy fraction of the volatile 
component (V^) transferred into the freeboard and 
burnt there was deduced as a degree of freedom 
from the overall energy balance, as follows: 

^ v / = 
Qvf 

Qt+Q. 
(19) 

wvl J 

where, 

-(Q.hc+Qco+Que + Qcfb+Q.V, ) -Qis ^^°^ 

anc 

Q . = F HHV, (21) 

The total heat input, Q^, was accurately 
determined from the coal mass flow rate supplied to 
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Energy losses 
insoñdsandgas 
streams 
_^Qlsg 

Total enerçy 
released in the 
freebqard region 

Qfb 

• ,#^*-

Energy Ipjst to 
surroundings 

^Qls 
^ . Total 

Qb energy 
released in the bed 

Qt 
Input energy 

Q y^ Enthalpy of water 
vapour in air 

Figure 2. Heat flow diagram of the combustor. 

Figura 2. Diagrama de flujo de calor del combustor 

the bed, F^ , and the higher heating value of the 
coal, HHVc ' adding the enthalpy of water vapor in 
the incoming air, Q^J^^y Therefore the volatile 
fraction released and burnt in the bed (V^^,) was 
obtained as 

V v b = : • V Vf (22) 

4. RESULTS AND DISCUSSION 

4.1. Combustion of coal volatiles in a FBC 

Figure 3 shows both the theoretical calculation and 
the experimental measurements of the fraction of 
fuel burnt in the bed by the volatile component as 
a function of the XSA level at various bed 
temperatures. The actual modeling approach 

TTieory, dc= 1mm 
Theory, dc= 3 mm 
C/E-1,Tb=900°C 
C/E-2, Tb= 900°C 
CALV-1,Tb=900°C 
C/E-1.Tb=850''C 
C/E-2, Tb= SSO-C 
CALV-1.Tb=850°C 
CALV-1,Tb=820°C 
C/E-2. Tb= 800°C 

EXCESS AIR, (%) 

Figure 3. Influence of excess air on the combustion of coal 
volatiles in the bed region: Tb= 800-900 °C, ds= 0.674 mm, 
H3= 0.2 mm, U^p 0.32 m/s. 

Figura 3. Influencia del exceso de aire sobre la combustión 
de volátiles de carbón en la región del lecho: Tb= 800-900 
°C, d,= 0.674 mm, H,= 0.2 mm, U^p 0.32 m/s 

indicates that the fraction of volatiles combusted 
in the hot bed is influenced by the mean radial 
dispersion coefficient, D ,̂ of the coal particle (see 
Eqs. 7 and 17). For each operating condition, a 
given value of D .̂ was inferred to give the best fit to 
the experimental data. The inferred values of D^ 
ranged, for the three coals examined, from 1.122 
X 10-4 Q̂ 5 828 X IQ-̂  mVs at T¡, = 800^900 °C, 
XSA = 10-40 %, 4 = 1-3 mm, d, = 0.674 mm and 
H^ = 0.2 m. Under these operating and fluidizing 
conditions, the extent of volatiles combustion in 
the bed region was computed to be between 61.11 
and 99.91 %. 

Fundamentally viewed, the coal volatiles are 
likely to be spatially released and burnt within the 
bed (as an evolution region) due to solid dispersion 
which, in turn, will be influenced by bubble 
growth. At this point, it is worth mentioning that 
the bubble formation was specifically correlated in 
the model calculations to match the present 
experimental distributor design of the "standpipe" 
type. In spite of the consistency of the theoretical 
and experimental data obtained here, conclusions 
with regard to the D^ values used in this 
investigation, when scaling-up to commercial 
units, should be drawn with caution. From the 
above theoretical assessment, the bubble to 
particulate phase mass transfer played an important 
role on the in-bed volatiles combustion. 

On the other hand, the assumptions regarding 
the isothermal behaviour of the coal particle sizes 
modeled in this work as well as the decrease in 
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particle density without significant shrinkage, 
described well the mechanistic pattern that coal 
volatiles undergo during pyrolysis in a hot sand 
bed. Further, the current kinetic approach applied 
in the model calculations, may be a good 
indication that the pyrolysis products were formed 
through multiple independent reactions. Hence it 
is suggested that the devolatilization process of 
such particle sizes, under typical FBC conditions, is 
likely to be kinetically controlled and that small 
Biot numbers (B¿=0.1-2) should be used for 
modeling volatiles combustion in FBC systems 
when a considerable proportion of the feed has a 
d^< 3 mm. As expected, the evolution and burning 
of the volatile material within the bed have also 
been shown to be fairly sensitive to particle 
temperature according to the numerical solution 
applied in equation (11). Presumably both 
convective (external resistance) and intraparticle 
(internal resistance) heat transfer of the coal particle 
were important, affecting the volatile release rate. 

4.2. Behaviour of alkali compounds in a FBC 

Figure 4 shows the predicted equilibrium 
conversion of alkali chlorides to sulfates for the flue 
gas composition given in table IV. From this 
illustration, up to 32 % of the potassium is 
predicted to remain as vapor chloride at Ty = 900 
°C; while 11 and 3 % of the potassium should 
remain in the vapor phase as chloride at T|, = 850 
and 800 °C respectively. For sodium, a lower 

760 780 800 820 840 860 900 920 940 960 

Theory, dc= 1 mm 
Theory, dc= 3 mm 
NaCI to Na SO 
KCI toKSO^ 

• vvb for the coal C/E-2 
O vvb for the coal CALV-1 

760 780 800 820 840 860 880 900 920 940 960 

BED TEMPERATURE, ( "C) 

Figure 4. Effect of bed temperature on both the combustion 
of coal volatiles and the conversion of alkali chlorides to 
sulfates in the bed region: XSA= 20 %, d,= 0.674 mm, Hs= 
0.2 mm, U^p 0.32 m/s. 

Figuro 4. Efecto de lo femperofuro del lecho sobre lo 
combustión de volátiles de carbón y la conversión de 
clorudos alcalinos a sulfatas en la región del lecho: XSA= 20 
%, ds= 0.674 mm, H,= 0.2 mm, U^F= 0.32 m/s. 

Table IV. Flue gas composition for a specific theoretical 

calculation 

Tabla IV. Comparación del flujo de gas para un cálculo 

teórico específico 

GAS MEASURED 

O2 

CO2 

SO2 

H2O 

N2 

CONCENTRATION 

3.2 % 

15.1 % 

420 ppm 

4.3 % 

Balance 

equilibrium conversion is predicted with the 
current theoretical calculation. Thus, maximum 
values of 3 and 13 % of sodium may be present as 
vapor chloride for the corresponding T|, = 850 and 
900 °C. However, sodium chloride apparently 
remains in the vapor phase with values less than 1 
% for T¡^ < 830 °C. These estimates are sensitive to 
gas composition, meaning that small traces of 
hydrogen chloride will displace the equilibrium in 
reactions (1) and (2) to the left. Therefore, the 
proportion of alkali chloride in the vapor phase 
will be increased. 

For shallow beds at T¡, < 840 °C and XSA < 20 
%, over one fourth of the volatile matter may be 
transferred and burnt in the freeboard region. 
Under these operating conditions, the coal 
volatiles released above the bed are likely to be 
accompanied by an important proportion of alkali 
chloride in the vapor phase, as described earlier. 
Also, an increase in gas temperature in this region 
(due to excessive volatiles combustion) would 
certainly affect the extent of corrosion in the 
hotter parts of the ash deposit which then migrates 
towards the metal surface. From these results, a low 
alloy steel, say T-22, subjected to a maximum metal 
surface temperature of 600 °C, may be suitable for 
heat exchange tubes in the freeboard region^^l 

On the other hand, at Tb > 890 °C and XSA > 
30 %, accelerated oxidation of in-bed tubes may be 
induced since a good proportion of the alkali 
sulfates are expected to be present predominantly 
as a condensed phase (see Fig. 4). However, 
accurate information has not been found for the 
various contributions leading to this mechanism of 
fireside corrosion, namely: mechanical disruption 
of the protective oxide by erosion; dissolution of 
the oxide by the salt; or transport of sulfur through 
the oxide. Likewise, at higher Tb and XSA < 10 %, 
internal sulfidation of the tubes may rapidly take 
place giving rise to hot corrosion problems. As 
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expected, reducing conditions would promote low REFERENCES 
local oxygen activity so that high sulfur partial 
pressures may be generated. Clearly, local reducing [1 
environments are likely to be formed when oxygen 
is entirely consumed during the combustion of [2 
volatile matter within the bed. The selection of 
coals with low volatile alkali content would [3 
certainly help to diminish this pattern of corrosion 
attack. These preliminary data may suggest that a [4 
Type 347H austenitic stainless steel, having a 
maximun metal surface temperature of 760 °C, [5 
would be the best candidate for in-bed tube 
materials in FBC^^ ""^ ^^l Although the use of these [6; 
high alloy steels means higher costs, the 
compromise has to be made, especially when the [7 
coals present high chlorine contents. 
Notwithstanding the encouraging results obtained [8̂  
in this investigation, it is recommended that 
further experimental work should be conducted to [9[ 
parametrically confirm the previous statement. 

[lo: 
5. CONCLUSIONS 

[11 

The modeling of the bed hydrodynamics and the 
kinetics of devolatilization, coupled with a [12 
calculation of the theoretical oxygen required for 
the volatiles within an evolution region in the bed, [13 
has satisfactorily predicted the combustion of coal 
volatiles for a fluidized bed combustor. For high- [14 
volatile coals with d^ < 5 mm, the evolution of 
volatiles in the bed is mechanistically controlled [15 
by both diffusion and chemical kinetics, while the [16̂  
mixing process of volatiles and oxygen in the bed 
region is the determining step for the gas-phase [17 
combustion. 

For the fluidizing conditions set up in this [18; 
investigation, a considerable proportion of alkali 
chlorides may be transferred into the freeboard [19 
region of such systems as a vapor phase, for T ,̂ < 
840 °C and XSA < 20 %. Under these operating 
conditions, a high alkali deposition may be [20̂  
expected to occur in heat exchange tubes located 
above the bed. Conversely, when the FBC operates [21 
at Tfe > 890 ° C and XSA > 30 %, a h igh ox ida t ion 
rate of t h e in-bed tubes may occur. Never the less , [22 
for these higher T|, values and XSA < 10 %, 
corrosion attack of metallic components, via [23 
sulfidation, would probably occur since the 
excessive gas-phase combustion within the bed 
induces a local oxygen depletion and, 
consequently, reducing microenvironments are 
likely to be formed. 
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