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Abstract:

An improved mathematical model for a circulating fluidized bed (CFB) boiler based on the

model developed earlier by the authors was applied to simulate the operation of a 12 MW CFB boiler.
The influences of the excess air ratio, primary air ratio, coal particle size distribution, coal properties
(ash content and volatile content) and Ca/S ratio on the boiler operation were analyzed. The results
showed that the model simulation may be applied to the optimum design and economic operation of the

CFB boiler.
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INTRODUCTION

The CFDB represents an improvement over
traditional systems used for coal combustion
and is widely applied in industry. Because of
the complexity of the processes in the CFB
boiler, the influence of the operating control
parameters such as coal propertiess coal parti-
cle size distribution, excess air ratio, primary
air ratio and Ca/S ratio on the CFB boiler op-
eration are still not understood fully (Shelton,
1996; Seeber et al. » 1999). This is an obsta-
cle for realizing optimum design and economic
operation of the CFB boiler. A reasonable
way to develop a mathematical model describ-
ing the underlying physical and chemical pro-
cesses occurring in the CFB boiler is to simu-
late the boiler operation. Previous studies may
be found in references (Hannes et al.,» 1995;
Heinbockel et al., 1995; Huilin et al.,
2000; Park et al., 1997; Werner et al.,
1999). Although published models have simi-
lar structure, significant differences are found
in the sub-models.

In this paper, an overall mathematical
model for CFB boiler developed earlier by the
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authors is applied to simulate the operation of
a 12 MW CFB boiler and analyze the influ-
ences of the boiler operating control parame-
ters on the CFB boiler operation.

MODEL AND PREDICTION

The model for CFB boiler developed earli-
er by the authors includes the mathematical
description for the physical and chemical pro-
cesses occurring in the boiler and the empirical
models for poorly understood processes. De-
tailed information on the model are given in
Wang et al. (1999). The main characteristics
of the model are: (1) The furnace is charac-
terized by two flow regimes: a dense phase
turbulent fluidized bed flow regime at the bot-
tom, and a dilute phase core-annulus solids
flow structure above the solid entry or sec-
ondary air inlet. Particles travel upward in
the core and downward in the annulus; (2)
Because of the different solid particle and wide
size distribution, the particle population is de-
scribed by particle size and density; (30 The
hydrodynamic model takes into account the
axial and radial dispersion of gas in the core-
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annulus model of the dilute region and couples
the process of combustion and particle attri-
tion; (4) Different empirical models for the
attrition rate of the individual particle compo-
nents in the furnace are applied; (35
Volatile, CG,, O, COs Na» NH;, HCN,
NGO, N,O, SO, H,» H,O are considered to
be in the furnace; (60 A cluster renewal
mechanism is proposed for the calculation of
heat transfer coefficients in the furnace on the
basis of the special hydrodynamics of CFB;
(7) The combustion of char and combustible
gases due to rapid mixing of gas solids in the
cyclone are considered. The model was ap-
plied to the simulation of a 12 MW CFD boiler
for the model validation. The model predic-
tions agreed well with the measured results
(Wang, 1997; Wang et al. » 1999).

The model was improved for simulating
the operation of CFB boiler with changing
control parameters. Then the improved model
was applied to study the influence of the oper-
ating control parameters on the operating be-
havior of the 12MW CFB boiler. Fig. 1(see
next page) shows the scheme of this 12 MW
bituminous coal fired CFB boiler developed by
Zhejiang University. It is the first in China of

the type with an external heat exchanger
(EHE). The furnace was 21m high and had
a5.45X2.45m section in the water-wall re-
gion and a 5.45X1.5m refractory tile lined
section at the bottom. The upper section of
the furnace was water-cooled using standard
membrane wall construction. It was equipped
with two cyclones. Part of the solid particles
separated by two cyclones was cooled by the
EHE, and the rest was recycled into the fur-
nace by a pair of recycling devices. The flue
gas from the two cyclones flowed through the
superheater, economizer and air preheater in
the backpass. Three rows of secondary air in-
lets located in two sidewalls at 1.5m, 2.0m
and 2. Sm above the distributor respectively
(Wang, 1997; Wang et al. » 1999).

For studying the influence of each control
parameter on the boiler operating behavior,
all operating parameters were kept unchanged
except the selected one. The influences on
furnace temperature, heat transfer> combus-
tion efficiency and emissions were considered
as the main topics. The model input data are
shown in Table 1, Table 2 and Table 3 show the
ultimate analysis, the proximate analysis and the
size distribution of the coal respectively.

Table 1 The model input data
Item Parameter Item Parameter
Rated capacity 75 t/h Feed water temperature 105 C
Main steam pressure 3.82 MPa Air temperature 25 C
Main steam temperature 450 C Combustion air {low rate 70500 Nm®*/h

Table 2 Analysis of the coal

Analysis of the coal, Air dry Value Analysis of the coal, Air dry Value
M, > Total moisture(wt % ) 5.72 S.e» SulfurCwt % > 0.85
C.q» Carbon(wt % ) 63.01 Agr Ash(wt %) 23.74
H,q» Hydrogen(wt% ) 3.59 M.,q> Moisture(wt % ) 1.43
O, Oxygen(wt %) 6.23 V., VolatileCwt % ) 24.035
N4> Nitrogen(wt % ) 1.15 Q.q» Heating value(M]J/kg) 24.45

Table 3

The coal particle size distribution

Diameter (mm)

0-0.1

0.1-0.3 0.3-0.5

1-1.5 1.5-2 2-3.5

3.5-5 5-6.5 6.5-8

Mass fraction (%) 0.5

2 6

9 10 13

18 12

13.5
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Fig.1 'The scheme of the 12 MW CFB boiler

RESULT AND DISCUSSION

Influence of excess air ratio o

In Fig. 2, although the average tempera-
ture in the furnace decreases with increasing
excess air ratio» the shape of the temperature
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Fig. 2 Effect of excess air ratio on the furnace

temperature profile

profiles along the furnace height is different.
Here H is the height of the furnace and A is
the height above the distributor. The average
furnace temperature at an excess air ratio of
1.1 is the highest but the furnace exit tem-
perature is low. The temperature in the low
part of the furnace at an excess air ratio of
1.2 is higher than that at an excess air ratio
of 1.15. However, the furnace temperature

at an excess air ratio of 1.3 is lower and more
uniform along the furnace height. The tem-
perature profiles in the furnace at different ex-
cess air ratio are explained in the following
sections.

As we know, the temperature along the
CFDB furnace height is determined by the heat
release fraction of fuel combustion, cooling
medium C(such as air) and heat transfer to the
heat surface when it was arranged. The fuel
combustion rate in the furnace is determined
by temperature, oxygen concentration and fu-
el concentration. With increasing excess air
ratio» the gas velocity in the furnace increases
and the entrainment of particles from the
dense bed increases. It means that the solid
particle concentration Cincluding the char par-
ticles) in the upper section increases with in-
creasing excess air ratic and that the solid
concentration profile is more uniform. The
heat release fraction will increase with in-
creasing char concentration. On the other
hand> the air as the cooling medium in the
furnace increases with the increase in excess
air ratio. It is easy to understand that the
temperature in the low section of the furnace
was higher at an excess air ratio of 1.1 for the
higher heat release fraction and less cooling
medium and that the furnace temperature
dropped rapidly in the upper section for less
combustible char and less oxygen. In con-
trast> the furnace temperature was lower and
more uniform at an excess air ratio of 1.3 for
the uniform heat release fraction distribution
along the furnace height and more cooling
medium. As seen in Fig.2, there exists a re-
versed temperature distribution in that the
temperature in the lower section at an excess
air ratio of 1.2 is higher than that at 1. 15.
This may be caused by the effect of the oxy-
gen concentration at different excess air ratio.
With increasing excess air ratio» the oxygen
concentration increases and the effect of the
cooling medium increases at the same time.
The effect of the oxygen concentration on the
combustion rate is in contrast with the effect
of the air as the cooling medium. There exists
a competition between the effect of the oxy-
gen concentration increase and the effect of
the cooling medium increases with increasing
excess air ratio. The oxygen concentration
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profiles are given in Fig.3. The oxygen con-
centration in the dense bed at a excess air ra-
tio of 1.2 was higher than that at 1. 15 but
the oxygen concentration in the section above
the dense bed was lower than that at 1.15. It
implies that the effect of the increasing oxy-
gen concentration on the combustion rate was
greater than the increasing effect of the cool-
ing medium with increasing excess air ratio
from 1.15 to 1.2. Because of the higher tem-
peratures the combustion rate in the section
above the dense bed was higher and more
oxygen was consumed. It induced a lower
oxygen concentration in this region. In the
upper part of the furnace, the temperature
dropped faster for less combustible char with

Oxygen congentration (%)
Carbon content in fly ash (%)

{ 9204 06  OF 1
Dimensionless furnace height (A/#H)

Fig.3 Profiles of the oxygen concentration in the

furnace with different excess air ratio

Apparently, there exists an optimal selec-
tion for excess air ratio. For the 12 MW CFB
boiler, excess air ratio of 1.2 may be a proper
selection.

Influence of air stage

As can be seen in Fig.5, the temperature
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Fig.5 Effect of primary air ratio on furnace tem-
perature profiles

similar heat transfer at an excess air ratio of
1.2.

Another important influence of excess air
ratio is on the fuel combustion efficiency.
Fig. 4 shows the effect of excess air ratio on
the carbon content in the fly ash does not vary
monotonously. The carbon content in the fly
ash was higher at an excess air ratic of 1.1 for
lower oxygen concentration in the furnace.
For an excess air ratio of 1.3, the effect of
lower furnace temperature and shorter resi-
dence time on the char combustion rate was
stronger than the effect of higher oxygen con-
centration. This was why the carbon content
in the fly ash was slightly high at an excess air
ratic of 1.3.

5.5

4.5

TS 12 TS5 T3 135 1.4

Excess air ratio

1.05

Fig.4 [Effect of excess air ratio on carbon content
in the fly ash

in the upper section of the furnace decreases
with increasing primary air ratio from 50% to
70% ; but the temperature in the lower sec-
tion at a primary air ratio of 60% is the low-
est. It may be explained as follows.

As mentioned in above, the air introduced
into the furnace supplied oxygen and cools the
furnace. As seen in Fig. 6, the increment of
the heat release fraction in the dense bed for
increasing primary air ratio from 60% to
70 % was much higher than that from 50 % to
60% . This was why the temperature in the
low part of the furnace at a primary air ratio
of 70% was higher than that at primary air
ratio of 60% . For primary air ratic of 50 % ,
less cooling medium caused a higher tempera-
ture in the dense bed and maintained the high
temperature above the dense bed for the high-
er heat release fraction and lower solid con-
centration which induced lower heat transfer.
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The solid concentration in the furnace in-
creased with increasing primary air ratio due
to increasing bed gas velocity (Fig. 7). In
contrast> the temperature in the upper part of
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Fig.6 Profiles of the heat release fraction along
the furnace height

Air staging is often used in CFB boilers as
the control technique for lower NO, emission.
The profiles of NO and N,O concentration a-
long the furnace height with different primary
air ratio are given in Fig. 8 and Fig. 9 showing
that NO, emission decreases obviously with
decreasing primary air ratioc and that N,O e-
mission decreases slightly with decreasing pri-
mary air ratio. This may be achieved by re-
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Fig.8 Effect of air staging on NO, emission

Influence of coal particle size

As we know, char particles comprise the
main composition of the bed material in the
furnace when it is fired with coal of high ash
content. This means the size distribution of
bed material in the furnace is determined defi-
nitely by the coal particle size. Three differ-
ent coal particle sizes were used for studying
their influences on the boiler operation. As

the furnace above the dense bed at a primary
air ratio of 70% was lower due to the low
heat release fraction and the high solid con-
centration.
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Fig.7 Effect of primary air ratio on solid flow rate
at furnace exit

ducing the availability of oxygen in the lower
part of the furnace to control NO, and N,O
formation. In addition, Fig.8 shows that the
NQO, emission at a primary air ratio of 60 % is
only slightly higher than that at a primary air
ratio of 50% . It seemed that the decrement
of the NO, emission by the air staging is not
proportional to the decrement of the primary
air ratio.
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Fig.9 Effect of air staging on N,O emission

seen in Fig. 10, for finer coal particle size>
the temperature along the furnace height is
lower and more uniform, probably because
(1) The coarse char particles can’ t be eluted
into the upper furnace and burn in the lower
part of the furnace, where the heat release
fraction in the lower part of the furnace is
higher; (2) The higher solid concentration in
the furnace burning fine coal particles en-
hances the heat transfer to the membrane
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wall. As shown in Fig. 11, the heat transfer when fine coal particles were used because of
coefficient along the furnace height is higher the greater convective heat transfer.
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Fig. 18 Effect of size of feed coal particle on fur- Fig.11 Heat transfer coefficient for two different
nace temperature sizes of coal particle
Effect of coal properties The reasons for this may be explained as fol-

lows: The solid concentration in the furnace
increases with increasing ash content in the
coal. The higher solid concentration enhances
0, 0, o

temperature for 23% 'and ?’3 % ash content in the heat transfer to the wall membrane in the
the coal. As shown in Fig. 12, the furnace furnace

temperature with higher ash content is lower.

1. Effect of ash content in the coal
Fig. 12 shows the profiles of the furnace
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Fig. 12 Effect of ash content in the coal on the Fig. 13  Effect of volatile content in the coal on
profile of furnace temperature the profile of furnace temperature
2. Effect of volatile content of the furnace.

The profiles of the furnace temperature
for 23% and 33% volatile content in the coal i . ,
are given in Fig. 13. For higher volatile con- Fig. 14 shows _the SO, concentration pro-
tent in the coal, the furnace temperature was files for different Ca/S molar ratios. The SO,
higher in the lower part of the furnace and concentration along the gas flow with lime-
lower in the upper part of the furnace. It is stone addition was lower than that without
easy to understand that the heat release frac- limestone addition. Moreovers it decreased
tion for higher volatile content in the coal was Wwith increase in the Ca/S molar ratio. Be-
higher in the lower part of the furnace and cause our model assumed that all SO, released
lower in the upper part because the major part in the dense bed, the SO, concentration var-
of the volatile content burns in the lower part ied slightly along the furnace height above the

Influences of Ca/S ratio
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dense bed; 1i.e., the dilute zone, and in the
cyclone before limestone addition after it de-
creased rapidly in the secondary air inlet re-
gion (about 2 m) owing to the secondary air
injection. On the contrary, with limestone
addition> the SO, concentration decreased ob-
viously along the furnace height in the dilute
region and in the cyclone.

Because most of the sorbent particles were
in the size range of 0 — 1 mm after calcina-
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Fig.14 Effect of Ca/S ratio on SO, emission

CONCLUSIONS

An improved mathematical model for a
Circulating Fluidized Bed (CFB) boiler was
applied to simulate the operation of a 12 MW
CFB boiler with different operating control
parameters. The influences of the excess air
ratio, primary air ratio, coal particle size dis-
tribution, coal properties Cash content and
volatile content) and Ca/S ratio on the boiler
operation parameters such as furnace temper-
ature, combustion efficiency, heat transfer in
the furnace, emission were analyzed. The re-
sults showed the model simulation may be ap-
plied to optimum design and economic opera-

tion of CFB boilers.
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