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bstract

Superior environmental performance of CFB combustors is one of the prime motivations of its extensive use in industry. A well-designed
FB combustor can burn coal with high efficiency and within acceptable level of emission pollutants. The carbon monoxide, carbon dioxide,

ulphur dioxide, nitrogen oxide and char content in stack gases are the major emission pollutants in CFB combustors with respect to atmospheric
nvironmental conditions. This paper presents a modeling study of environmental pollutions resulting from coal combustion in a CFB combustor.
sing this model, the variations of these emissions along the combustor height with different operational conditions such as particle diameter, bed
perational velocity and excess air are investigated. The simulation results are compared with test results obtained from the 50 kW Gazi University

eat Power Laboratory pilot scale unit and good agreement is observed. The present study proves that CFB combustion allows clean and efficient

ombustion of coal which is demonstrated by the fact that both experimental data and model simulation results have low and acceptable level of
mission pollutants.

2006 Elsevier B.V. All rights reserved.
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. Introduction

As the combustion of fossil fuels today is the most impor-
ant cause of environmental problems, circulating fluidized
ed (CFB) combustors are environmental friendly applications,
hich can be directly reflected in better combustion condi-

ions. CFB combustors have the ability to burn a wide variety
f solid fuels with low pollutant emissions, high combustion
fficiency, having smaller combustor cross section, fewer feed
oints, good turndown and load capability. Operating either in
he fast fluidization regime or in the transported bed regime,
FB combustors have many advantages over the conventional
ubbling or turbulent fluidized bed combustors, such as high
as–solids contact efficiency, high gas and solids throughput,
educed axial dispersion of both gas and solids phases, and so on.

Because of containing complex gas–solid flow and gas-phase

eactions, modeling of CFB combustors is rather difficult. The
uid dynamics of this gas–solid two-phase flow is very com-
lex and strongly dominated by particle to particle interactions.

∗ Corresponding author. Tel.: +90 505 504 49 02; fax: +90 212 245 07 95.
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sions; SO2 emission

urthermore, the numerous homogeneous and heterogeneous
atalytic gas-phase reactions and their kinetics for the descrip-
ion of the combustion phenomena and the emission formation
nd destruction are not completely known. The main goal of
he modeling of CFB combustors is to constitute a system that

aximizes combustion efficiency, and minimizes operating and
nvestment costs and air pollutant emissions. It is also impor-
ant to determine the effects of operational parameters in CFB
ombustors via simulation study instead of expensive and time-
onsuming experimental studies.

The coal combustion modeling has been dealt with in a num-
er of efforts by either 1D, 1.5D, 2D or 3D approaches. Basu
1] presented a comprehensive review of combustion of coal in
FBs. In that study, coal combustion models can be grouped
nder three levels of details of sophistication. Level I—the sim-
lest model is 1D with plug flow reactor, where solids are
ack-mixed [2–4]. The 1D models do not consider the solid flow
n the annular region of the riser, where temperature, gas concen-
ration and velocity can differ from that in the core, in which an

p-flowing dilute region is considered. Level II—core-annulus,
.5D, with broad consideration of combustion and other related
rocesses [5–9]. Level III—3D model based on Navier Stokes
quation [10–12].

mailto:afsingungor@hotmail.com
dx.doi.org/10.1016/j.cej.2006.12.012
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Nomenclature

Aca interfacial area between core and annulus (m2)
Ar Archimedes number
cp,g heat capacity of gas (kJ/kmole K)
cp,s heat capacity of solids (kJ/kg K)
C gas concentration (kmole/m3)
dp particle diameter (m)
D bed diameter (m)
Db equivalent bubble diameter (m)
Dg diffusivity coefficient for oxygen in nitrogen

(m2/s)
EA excess air
fw solid mixing parameter, ratio of wake volume to

the bubble volume including the wakes
Gca solid flux from core to annulus (kg/m2s)
hi height above the distributor (m)
H enthalpy (kJ/kg)
Hb combustor height (m)
k rate constant (m/s)
ka attrition constant
kbe mass transfer coefficient (s−1)
kc char combustion reaction rate (kg/s)
kca solid dispersion constant from core to annulus

(m/s)
kcr kinetic rate (s−1)
kcd diffusion rate (s−1)
kg gas conduction heat transfer coefficient (W/m K)
kL reaction rate (s−1)
kvL volumetric reaction rate (kg/m2s)
m mass in cell (kg)
�ṁC carbon mass flow rate consumed from physi-

cal/chemical process (kg/s)
mcol total solid particle holdup (kg)
ṁ mass flow rate (kg/s)
ṁchar,burn burnt char mass flow rate (kg/s)
M molecular weight (kg/mole)
ṅ gas flow rate (kmole/s)
�ṅ gas flow rate consumed from chemical processes

(kmole/s)
P pressure (Pa)
PA/SA Primary to secondary air ratio
q isokinetic gas volume (m3)
Q̇ amount of heat transferred (kW)
r reaction rate (mole/s, mole/cm3s)
ri radius of the coal particle (m)
Ra particle attrition rate (kg/s)
Rc radius of the core region (m)
Re Reynolds number
Rg gas constant (kJ/mole K)
Ru Universal gas constant (kJ/mole K)
Sg specific surface area (m2/kg)
Sc Schmidt number
Sh Sherwood number
T bed temperature (K)
Tcore temperature of the core region (K)

Tann temperature of the annulus region (K)
Umf minimum fluidization velocity (m/s)
Ut particle terminal velocity (m/s)
U0 superficial velocity (m/s)
�V volume of the cell (m3)
Wb mass of particle (kg)
Xc weight fraction of the carbon in the coal (kg-

carbon/kg-coal)
Xk char mass fraction (kg-char/kg-bed material)
y mass fraction of gas species (kg-gas species/kg-

gas)

Greek letters
δ thickness of the annulus (m)
ε void fraction
εb bubble volume fraction
λs reactivity of limestone
μ gas viscosity (kg/ms)
ρ particle density (kg/m3)
Φ mechanism factor

Subscripts
ann annulus
ash ash
b bubble
burn burn
c core
cell cell
core core
C carbon
e emission
g gas
mf minimum fluidization
p particle
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s solid
wall wall

Nitrogen oxides are a major environmental pollutant result-
ng from combustion. The reactions of nitric oxide with carbons
r chars are of current interest with regard to their possible role
n reducing NO emissions from combustion systems. They also
ffer new useful insights into the oxidation reactions of carbons,
enerally [13]. A large literature concerning these reactions
as developed, as evidenced in three reviews [14–16] and by
he recent publication of many papers in the area [17–25].
hese works have suggested considerable complexity in the
echanisms of NO reduction and a large variability in reported

inetics. There are two approaches to describe NOx emission in
FB [22]. The first approach involves overall reaction (15 reac-

ions considering catalytic activity of CaO and char). The overall
ate constants are measured preferably under CFB conditions

23]. The other approach is more thorough, and is based on
ctual chemical reactions whose rate constants can be taken from
iterature [24]. For CFB only 106 reactions with 28 species were
sed to model the NOx emission. However, a detailed review
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hows that all N-related reactions have not the same importance
25]. So instead of considering all N-related reactions, one
ould use only the important reactions for the development of
predictive procedure for the overall NO emission from a CFB
ombustor.

Circulating fluidized bed coal combustion with sorbent addi-
ion allows clean combustion of coals of different rank even
ith high sulphur and ash contents. Numerous experimental and

heoretical studies about the sulphur retention in CFB combus-
ors are present in the literature [18,26–28]. Some models have
lready been proposed for predicting the sulphur retention in
FB combustor, but there are important differences between

heir sub-models, especially as far as the CFB hydrodynamics
s considered [18,26–28].

Because coal combustion in a CFB combustor directly is
ffected by its hydrodynamic parameters, both hydrodynamic
nd combustion models are treated simultaneously to yield a
redictive model for the CFB combustor. It has been widely
ccepted that a CFB combustor may be characterized by two
ow regimes: a dense bed at the bottom and a dilute region
bove the secondary air inlet. There are great differences in the
ydrodynamics between the dense bed and the dilute region.
owever, most of the models in the literature do not completely

ake account of the performance of the dense bed, consider the
ense bed as well-mixed distributed flow with constant voidage,
nd use generally lumped formulation [1–4,6–9,10–28]. Exper-
mental evidence has been reported by Svensson et al. [29], and

erther and Wein [30] that, the fluid-dynamical behavior of the
ense bed is similar to that of bubbling fluidized beds. The results
f studies of Leckner et al. [31] and Montat et al. [32] imply that
he combustion of coal, particles mixing and heat transfer in
he dense bed dominate the performances of CFB. This implies
hat, dense bed should be modeled in detail as two-phase flow.
herefore in this study, dense bed is modeled as two-phase flow
hich constitutes a major difference from the previous studies

n the literature.
The objective of the present work is to develop a 1D model

hich simultaneously treats hydrodynamic and coal combus-
ion models in order to allow a detailed examination of how
ach operational parameter might influence the environmental
ollutions resulting from coal combustion.

In the modeling, the CFB riser is analyzed in two regions. The
ottom zone (dense bed) is considered as a bubbling fluidized
ed in turbulent fluidization regime and is modeled in detail as
wo-phase flow. The flow domain is subdivided into a solid-rare
ubble phase and a solid-laden emulsion phase. The upper zone
dilute region) is considered as core-annulus flow structure.

Developed model includes devolatilization, attrition and
ombustion of a char particle, respectively which also simultane-
usly predicts the carbon concentration, O2, CO, CO2, NO, SO2,
.M. (volatile matter) distributions, particle size distribution,
olid mass flux, and bed temperature values along the bed height.
nother advantage is that the model takes into account the NO
nd SO2 reduction which are major environmental pollutants.
he model which simultaneously predicts both hydrodynamic
nd combustion aspects has been validated against the data
rom the literature [33]. Additionally, this model investigates
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ffects of different operational parameters (particle diameter,
ed operational velocity and excess air) on environmental
ollutions.

. Modeling

Designing of the CFB combustor is very important because of
urning coal with high efficiency and within acceptable levels of
aseous emissions. A very good appreciation of the combustion
nd pollutant generating processes is needed for a reliable perfor-
ance prediction through modeling and can greatly avoid costly

psets. The present CFB combustor model can be divided into
hree major parts: a sub-model of the gas–solid flow structure;

reaction kinetic model for local combustion and a convec-
ion/dispersion model with reaction. The latter formulates the
ass balances for the gaseous species and the char at each con-

rol volume in the flow domain. Kinetic information for the
eactions is supplied by the reaction kinetic sub-model, which
ontains description of devolatilization and char combustion,
nd emission formation and destruction, respectively.

.1. Hydrodynamics structure

Hydrodynamics plays a crucial role in defining the perfor-
ance of CFBs. Combustor hydrodynamic is modeled taking

nto account previous work [34].
The flow structure of CFBs is known to exhibit axial nonuni-

ormities [35]. In order to characterize this behavior, the riser
s subdivided vertically into zones with different properties.
ccording to the axial solid volume concentration profile, the

iser is axially divided into two different zones: the bottom zone
nd the upper zone.

.1.1. Bottom zone (dense bed)
As mentioned above, most of the models in the literature do

ot completely take account of the performance of the dense
ed, consider the dense bed as well-mixed distributed flow
ith constant voidage, and use generally lumped formulation

1–4,6–9,10–28]. In this study, the bottom zone is considered as
bubbling fluidized bed in turbulent fluidization regime and is
odeled in detail as two-phase flow.
In the literature, both Leckner et al. [31] and Huilin et al.

36] claim that this zone could be explained by the presence of
ubble-like voids that characterizes the gas flow. Werther and
ein [30] described the expansion behavior of the turbulent
FB bottom zone by a model that is based on modified equa-

ions which were originally developed for conventional bubbling
uidized beds. These results lead to the conclusion that in the
ottom zone of CFB reactors another two-phase flow structure
s established with a solid-rare bubble phase and a solid-laden
mulsion phase. In the model, the flow domain is subdivided into
control volumes that each one has a solid-rare bubble phase and
solid-laden emulsion phase. The bubble rise velocity, the bub-

le size, the bubble volume fraction and the suspension porosity
s calculated by extrapolating the Eskin and Kılıç [37] bubbling-
ed model which has been validated against the experimental
ata as given in previous work [38] to the high gas velocities
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Fig. 1. The scheme

sed in the CFB. Fig. 1 shows a schematic diagram of the system
onsidered.

In CFB combustors, there is an internal material circulation
ithin the combustor. As the gases move upward in the com-
ustor, particles are transported upwards with the gas flow in
he bubble phase and in the core region. The particles are falling
ownwards, because the gas velocity is lower near to the walls
n the annulus region and in the emulsion phase and form inter-
al material circulation inside the combustor. In this study in the
ottom zone, this material circulation is modeled through the
ingle-phase back-flow cell model as shown in Fig. 2.

The overall material balance for the solids in the ith control
olume, in terms of the backmix flow in emulsion and bubble
hases, ṁe,i and ṁb,i is given by the following equation.

dm

dt

)
i

= ṁb,i−1 − ṁb,i + ṁe,i+1 − ṁe,i − ṁburn,i + ṁash,i

(1)

The material balance for the carbon in the ith control volume
s given as follows:

d (mXc)

dt

)
i

= ṁb,i−1Xc,i−1 − ṁb,iXc,i + ṁe,i+1Xc,i+1
− ṁe,iXc,i − ṁchar,burn,i (2)

here Xc,i is the weight fraction of carbon and ṁchar,burn,i is char
ass flow rate burnt in the control volume.

k

w
l

e CFB combustor.

A two-phase model is used for gas phase material balance.
he material balances are made for gases, O2, CO, CO2, SO2,
O, and for water vapor in the bubble and emulsion phases. The
aterial balance for the gas phase in the ith control volume for

mulsion and bubble phases, are given below, respectively.

dnk

dt

)
e,i

= ṅe,k,i−1 − ṅe,k,i − kbe�Viεb,i(Ce,k,i − Cb,k,i)

+Δṅe,k,i (3)

dnk

dt

)
b,i

= ṅb,k,i−1 − ṅb,k,i + kbe�Viεb,i(Ce,k,i − Cb,k,i)

+ �ṅb,k,i (4)

here ṅk indicates the gas flow rate of gas components (volatile
ases, O2, CO, CO2, SO2, NO, and water vapor in the emul-
ion phase and O2, CO2, SO2, and NO in the bubble phase,
espectively), Vi is the volume of the ith cell (control volume).
as exchange, between the bubble and the emulsion phases is a

unction of the bubble diameter and varies along the axis of the
iser and it is considered in the model as follows [39];
be,g = 11

Db
(5)

here Db is the bubble diameter predicted by a correlation estab-
ished by Mori and Wen [40].
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Fig. 2. (a) A single-phase back-flow cell model. (b) The

In the model, the minimum fluidization velocity is obtained
ccording to Wen and Yu [41]:

mf = μ

Cdp
[(33.72 + 0.0651Ar)

0.8 − 33.7] (6)

here C is the gas mixture concentration in the control volume,
p is the particle diameter, Ar is the Archimedes number. Min-
mum fluidization voidage (εmf) is taken as 0.5 in the model
alculations [38]. For the char at the bottom zone, complete ver-
ical mixing is assumed. Char is entering the bottom bed with
eed coal, but also from the solid return leg with the recycled
olids from the cyclone. The amount of and temperature of recy-
led solids from the cyclone are taken from experimental data.
or simulations with different rates, the cyclone efficiency of the
ilot plant is utilized [33].

.1.2. Upper zone (dilute region)
For the upper zone, core-annulus flow structure with a net

ispersion of solids from the core to the annulus is used. Within
he core and the annulus, there are no radial suspension density
radients, while the lateral dispersion between the core and the

nnulus is considered. It is also assumed that the char is flowing
p and downwards with the same velocity as the bed material
n the core and in the annulus, respectively. Thickness of the
nnulus, δ, varies according to the bed height and it is calculated

w
t
t

y balance of the ith control volume in the bottom zone.

s follows [30],

δ

D
= 0.55Re − 0.22

(
Hb

D

)0.21(
Hb − hi

Hb

)0.73

(7)

here Hb is the combustor height, hi the height above the dis-
ributor and D is the bed diameter. The overall material balance
or the solids in the ith control volume, in the core and in the
nnulus regions is given as follows, respectively.

dm

dt

)
core,i

= ṁcore,i−1 − ṁcore,i − Aca,iGca,i − ṁburn,core,i

+ṁash,core,i (8)

dm

dt

)
ann,i

= ṁann,i+1 − ṁann,i + Aca,iGca,i − ṁburn,ann,i

+ ṁash,ann,i (9)

here Gca is the solid flux from core to annulus and is obtained
ccording to Hua et al. [8].

dGca = −2ρkca[(1 − εc) − (1 − ε)]
(10)
dz Rc

here Rc is the radius of the core region (Rc = D/2 − δ), and kca is
he solid dispersion coefficient from core to annulus. To calculate
he flow rate of solids rising through the core and descending
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the diffusion coefficient for oxygen, Xk is the char weight frac-
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hrough the annulus, the Rhodes model was used [8]. In this
odel the flow rate of solids transferred from the core to the

nnulus is proportional to the solids concentration present in
he core and to the interface surface. The solids dispersion con-
tant was calculated using the following equation, determined
xperimentally:

ca = 0.14

U0 − Ut
(11)

here U0 is the superficial velocity and Ut is the particle ter-
inal velocity. The material balance for the gas phase in the

th control volume for core and annulus regions are given as
ollows, respectively.

dnk

dt

)
core,i

= ṅcore,k,i−1 − ṅcore,k,i

− kcaAca,i(Ccore,k,iεcore,i − Cann,k,iεann,i)

+ �ṅcore,k,i (12)

dnk

dt

)
ann,i

= ṅann,k,i−1 − ṅann,k,i

+ kcaAca,i(Ccore,k,iεcore,i − Cann,k,iεann,i)

+ �ṅann,k,i (13)

here ṅk indicates the gas flow rate of gas components (O2,
O, CO2, SO2, and NO in the core region and volatile gases,
2, CO, CO2, SO2, NO, and for water vapor in the annulus

egion, respectively). Gas exchange between core and annulus
s assumed to be the same with the solid dispersion coefficient
n the model.

.1.3. Attrition
The solids inventory in a CFB combustor consists of spent

nd reacting fuel and sorbent particles and inert bed materials.
har is entering the bottom zone with the feed coal but also from

he solid return leg with the recycled solids from the cyclone.
he particle size distribution of coal particles depend on attri-

ion and combustion in the model. The Sauter mean diameter is
dopted as average particle size. In the fluidized beds, particle
ttrition takes place by surface abrasion, i.e., particles of a much
maller break away from the original particle. The upper limit
ize of the fines produced is in the range 50–100 �m [35,42].
he attrition rate is influenced by many factors including parti-
le properties, solids concentration, particle size, residence time
nd superficial gas velocity. However, particle properties and
as velocity may have more great influences [43–45]. In the
odel, the attrition rate is assumed to be the same as for the

ottom zone and the upper zone and is calculated as follows
7,8,42];

a = ka(U0 − Umf)
Wb

dp
(14)
here Wb is the mass of particle, Umf is the minimum fluidization
elocity and ka is the attrition constant and is obtained varying in
he range (2–7) × 10−7 with a superficial gas velocity of 4–6 m/s
nd a circulating solids mass flux from 100 to 200 kg/m2s [7]. In

t
n
w
t

ring Journal 131 (2007) 301–317

he model, the attrition constant value is taken as 2 × 10−7 for
uncbilek lignite [46]. In this work, it is assumed that the particle
ize of limestone particles does not change during reaction; the
ttrition of limestone particles is not considered.

.2. Kinetic model

The char comprises mainly carbon, ash, nitrogen and sul-
hur. Combustion of coal is depending on oxygen presence in
he bed. Above 750 ◦C, char oxidizes to gaseous products; CO,
O2, SO2 and NO. The combustor model takes into account,

he devolatilization of coal, subsequent combustion of volatiles
ollowed by residual char.

A large part of the chemical energy in coal is released through
evolatilization. The combustion rate of char, which is left
fter devolatilization, is an order of magnitude less than the
evolatilization rate [48]. The degree of devolatilization and its
ate increase with increasing temperature [49]. However, a more
etailed work of Stenseng et al. [23] shows that volatiles may
ontinue to burn in the upper zone under certain conditions.

In the model, volatiles are entering the combustor with the
ed coal particles. It is assumed that the volatiles are released in
mulsion phase in the bottom zone of the CFB combustor at a rate
roportional to the solid mixing rate. The volatiles are assumed
o be released in two ways. A portion of volatiles proportional
f fw, the solid mixing coefficient (also the fraction of bubble
olume occupied by the wake), is released uniformly through-
ut the bed. The remaining portion of volatiles proportional to
1 − fw) is released near the coal feed point.

Volatile yield is estimated by the empirical correlations of
regory and Littlejohn [50] in the model. The composition of

he products of devolatilization in weight fractions is estimated
rom the correlations of Loison and Chauvin [51]. The amount
f nitrogen and sulphur increases as a function of bed temper-
ture and is estimated according to the study of Fine et al. [52].
he sulphur and the nitrogen in the residual char are released
s sulphur dioxide and NO during the combustion of the char.

The char particles resulting from the devolatilization process
onsist of the remaining carbon fraction (1 − Xc) and ash only.
hese particles are then burned to produce a mixture of CO and
O2 according to the reaction is given in Table 1. The size of
har reduces due to combustion as well as due to attrition. Coal
articles’ behavior during the gas–solid reaction is assumed to
e described in terms of shrinking core with attiring shell, i.e.,
he dual shrinking-core model. Therefore, the changes in particle
iameter are taken into consideration in the model. The rate at
hich particles of size ri shrink as follows [8,47]:

(ri) = −dri

dr
= 12CO2

ρXk(1/kc + dp/ShDg)
(15)

here CO2 is the oxygen concentration around the particle, Dg
ion, kc is the char combustion reaction rate and Sh is Sherwood
umber. After the combustion of char, ash is the residual product,
hich takes no part in the combustion reaction. Table 1 shows

he reactions and reaction rates used in the model.
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.2.1. Pollutants released during combustion
As the combustion of fossil fuels today is the most important

ause of environmental problems, CFB combustors are environ-
ental friendly applications which can be directly reflected in

etter combustion conditions. CFB combustors have the ability
o burn a wide variety of solid fuels with low pollutant emissions.
ulphur dioxide and nitric oxide are two major air pollutants
eleased from a fossil fuel fired combustor.

.2.1.1. Sulphur oxides. Circulating fluidized bed coal com-
ustion with sorbent addition allows clean combustion of coals
f different rank even with high sulphur and ash contents. Dur-
ng the combustion of coal, the sulphur in it is oxidized to the
ollutant, SO2. Limestone (CaCO3) of the bed materials cal-
ine to CaO which reacts with SO2 producing CaSO4. Thus,
nstead of leaving the combustor as a gaseous pollutant, sulphur
s discharged as a solid residue. As mentioned above, numerous
xperimental and theoretical studies about the sulphur retention
n CFB combustors are present in the literature [18,26–28]. Some
odels have already been proposed for predicting the sulphur

etention in CFB combustor, but there are important differences
etween their sub-models, especially as far as the CFB hydro-
ynamics is considered [18,26–28]. In the model, different SO2
eneration rates, depending on the height in the bed, were con-
idered. These differences were due to differences in the char
ombustion rate because of the existence of axial oxygen con-
entration profiles. In CFB combustor the SO2 generation and
etention processes take place simultaneously in the bed. The
ulphur retention depends on many factors as gas velocity, Ca/S
olar ratio, sorbent particle properties, bed height, solid inven-

ory, etc. Forming calcium sulphate and the reaction rate of a
imestone particle considering in the model are given in Table 1.

.2.1.2. Nitric oxides. Nitrogen oxides are a major environ-
ental pollutant resulting from combustion. The reactions of

itric oxide with carbons or chars are of current interest with
egard to their possible role in reducing NO emissions from
ombustion systems. As mentioned above, large literature con-
erning these reactions has developed, as evidenced in three
eviews [14–16] and by the recent publication of many papers in
he area [17–25]. These works have suggested considerable com-
lexity in the mechanisms of NO reduction and a large variability
n reported kinetics.

In the model, nitric oxide is produced from the oxidation
f both volatile-bound nitrogen and char-bound nitrogen. The
roduction of NO from char-bound nitrogen is proportional to
he combustion rate of char [39]. The production of NO from
olatile-bound nitrogen is present in the literature [56]. A gen-
ral guide to the reaction path of NO formation is shown by
mand [48]. NO emissions are reduced by the char in the model

ccording to the reaction given in Table 1.
.3. The energy equations

In the bottom zone, the overall energy balance equation in the
th control volume can be expressed in terms of rate of change
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solid particle flux, the molar ratio of oxygen, nitrogen oxide
and sulphur dioxide emissions along the combustor height are
obtained for the pilot CFB combustor using the same test data
as the simulation program input (Figs. 5 and 6). Inputs for the

Table 2
Experimental conditions [33]

Operating parameters Values

Coal feed rate (range) (kg/h) 6–7.7
Operation velocity (range) (m/s) 3.60–9.23
Bed temperature (◦C) 860–900
Excess air 0.2–0.4
Primary to secondary air ratio 2/3
Ca/S molar ratio 0.5–2.5
Bed area (m2) 0.0122
Size of coal feed (range) (mm) 0.03–0.9
Mean size of sorbent feed (mm) 0.71

Table 3
Ultimate analysis of Tuncbilek lignite (weight basis)

Elements % Dry analysis

C 54.85 59.29
H 4.26 4.61
O 10.64 11.50
08 A. Gungor, N. Eskin / Chemical En

f energy as (Fig. 2):

dE

dt

)
i

= ṁb,i−1cp,sTi−1 − ṁb,icp,sTi

+ ṁe,i+1cp,sTi+1 − ṁe,icp,sTi

+ ṁash,i−1cp,sTi−1 − ṁash,icp,sTi

+ ṅg,i−1cp,gTi−1 − ṅg,icp,gTi

+ Q̇release,i − Q̇wall,i (16)

n the upper zone, the overall energy balance equation in the ith
ontrol volume can be expressed in terms of rate of change of
nergy for the core and the annulus regions respectively as:

dE

dt

)
core,i

= ṁcore,i−1cp,sTcore,i−1 − ṁcore,icp,sTcore,i

− Aca,iGca,icp,s(Tcore,i − Tann,i)

+ ṁash,core,i−1cp,sTcore,i−1

− ṁash,core,icp,sTcore,i + Q̇release,i

+ ṅg,core,i−1cp,gTcore,i−1 − ṅg,core,icp,gTcore,i

− kcaAca,icp,g(Ccore,iεcore,iTcore,i

− Cann,iεann,iTann,i) (17)

dE

dt

)
ann,i

= ṁcore,i−1cp,sTcore,i−1 − ṁcore,icp,sTcore,i

+ Aca,iGca,icp,s(Tcore,i − Tann,i)

+ ṁash,core,i−1cp,sTcore,i−1

− ṁash,core,icp,sTcore,i + Q̇release,i − Q̇wall,i

+ ṅg,core,i−1cp,gTcore,i−1 − ṅg,core,icp,gTcore,i

− kcaAca,icp,g(Ccore,iεcore,iTcore,i

− Cann,iεann,iTann,i) (18)

here Q̇released,i, the amount of heat released from combustion
f coal [53], carbon monoxide [54] and volatiles [54,57], and
˙ wall,i the amount of heat transferred to the wall.

. Numerical solution

The CFB combustor is divided into cells treated as control
olumes along gas and solid flow path for solving the model.
hese cells are homogenous, fully mixed sections. Each cell in

he bottom zone is divided into two parts: a solid-rare bubble
hase and a solid-laden emulsion phase at the bottom zone. A
ingle-phase back-flow cell model is used to represent the solid
ixing in the bottom zone. Each cell in the upper zone is divided

nto two parts: core and annulus, and each part treated as one

alance section. The simulated results are obtained by using
combined Relaxation Newton–Raphson method with a com-
uter code developed by the authors in FORTRAN language.
low chart of the numerical solution of the model is shown in
ig. 3.
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. Results and discussion

In order to verify the validity of the developed model, simu-
ation results are compared with the experimental data obtained
rom 50 kW pilot CFB combustor using lignite [33]. The overall
imensions are 1.80 m in height and it has a circular cross-
ection with a diameter of 0.125 m as shown in Fig. 4. A
ore detailed description of the experimental apparatus is given

lsewhere [58]. The combustion air is supplied through the dis-
ributor (primary air) and the secondary air inlets are located at
.36 m above the distributor. It is equipped with two cyclones.
ilica sand and ash were used as bed materials. The weighted
verage particle sizes in the experimental setup are determined
o be 0.56 mm for sand particles. In the experiments, in order
o measure the solid particle flux and the gas concentrations, an
sokinetic solid particle sampling system and a multi channel gas
ampling systems are used [33,58]. The parameters and compu-
ation conditions are given in Table 2, including data of Topal
33] which are used to validate the simulation. The design fuel
or the bed is a low-grade coal and the composition of coal is
hown in Table 3. In the experiments, the solid particle flux, the
olar ratio of oxygen, nitrogen oxide and sulphur dioxide emis-

ions were measured along the combustor height and averaged
ombustor temperature were given.

.1. Model validation

To test and validate the model presented in this paper, the
1.94 2.10
1.67 1.81

sh 19.14 20.60
oisture 7.5 0.0

u (kcal/kg) 5278
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Fig. 3. Flow chart of the numerical solution of the model.

Fig. 4. A schematic diagram of experimental setup: (1) main column (riser);
(2) air plenum; (3) fuel bunkers; (4) first cyclone; (5) second cyclone; (6) air
blower; (7) re-circulation bed; (8) fuel feeding system; (9) ash handling system
[33,58].

Fig. 5. Variation of solid mass flux along the combustor height. (EA: excess air;
PA: primary air; SA: secondary air).
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ig. 6. Comparison of the model and experimental results in respect of O2,
oncentration; (b) changes in the SO2 concentration; (c) changes in the NO con

odel are combustor dimensions and construction specifications
insulation thickness and materials, etc.), primary and secondary
ir flow rates, coal feed rate and particle size, coal properties,
a/S ratio, limestone particle size, inlet air pressure and tem-
erature, ambient temperature and the superficial velocity. In
he model, the cyclone is considered to have 98% collection
fficiency.

Fig. 5 shows the predictions and experimental results of the
olid particle flux in the dense and dilute phases along the
imensionless combustor height (hi/Hb). In the experiments, to
easure the solid particle flux, an isokinetic solid particle sam-

ling system is used and the solid particle flux in the annulus and
ore regions is obtained from the measured values as follows:

= mcol

q
U0 (19)

here mcol is the total solid particle holdup, q is the isokinetic
as volume. In the model, the dense phase is characterized by
he emulsion phase at the bottom zone and the annulus region at
he upper zone. The dilute phase is characterized by the bubble

hase at the bottom zone and the core region at the upper zone.
he particle flux in the dense phase both in the bottom region
nd the upper region is higher then the dilute phase. It decreases
long the combustor height, but the particle flux in the dense

m
t
s
B

and NO concentration changes along the bed height: (a) changes in the O2

tion.

hase increases slightly at the upper part of the riser due to back-
ixing at the exit and downward flow in the annulus region.
ig. 5 also shows the close agreement between the predicted
nd experimental results at three measurement points above the
econdary air inlet.

The model reasonably predicts oxygen mole ratio along
he combustor height in the dense phase as shown in Fig. 6a.
ince the experiments are run in a small-scale CFB combustors,

here have not been any major differences in O2 concentrations
etween the core and the annulus regions at the same bed height
n the experimental results [33]. Similar results are observed
n the model calculations. Figs. 6b and c present experimen-
al and modeling results for different values of excess air for
O2 and NO emissions, respectively. According to the model
alculations, SO2 and NO emissions increase with air stage-
ent. That is confirmed by the experimental results. However,

he maximum deviation is about 5% for SO2 and NO emissions
t the bed height of 36 cm, the secondary air inlet point. Both
he release and combustion of volatiles are influencing factors
or the production of NO and SO2 emissions [15,25,56]. In the

odel, it is assumed that a great amount of the volatile mat-

ers is released at the feed point in the combustor [1,5,8] and
ulphur and nitrogen are oxidized to SO2 and NO immediately.
ut, because of hydrodynamic behavior of CFB combustor, fast
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uidization in the bottom zone does not allow the volatile to
e oxidized to SO2 and NO. So it leads a minor discrepancy
etween the model results and experimental data at the bottom
one exit (Figs. 6b and c).

.2. Effects of operational parameters

Carbon monoxide, carbon dioxide, sulphur dioxide, nitrogen
xides and char content in stack gases are the major pollutants
rom a CFB combustors with respect to atmospheric environ-
ental conditions. In the present study, the variations of these

missions along the combustor height under different oper-
tional conditions such as particle diameter, bed operational
elocity and excess air are analyzed with the developed and
alidated one-dimensional model.

.2.1. Effects of operational parameters on CO and CO2

missions
Model predictions about the effects of operational parameters

n CO and CO2 mole ratios at the dilute and the dense phases are
iven in Figs. 7 and 8, respectively. During staged combustion,
nder the secondary air injection point, lack of adequate oxygen

resence in the bottom zone, leads to CO formation and carbon
onoxide concentration becomes very high along the bottom

one [1,5,6]. Oxygen in the riser increases while carbon monox-
de emission sharply decreases and results in an increase of CO2

d
d
o
i

ig. 7. Effects of operational parameters on CO and CO2 mole ratios at dilute phas
elocity; (c) effect of excess air.
ring Journal 131 (2007) 301–317 311

ole ratio caused by the secondary air supply at the 0.36 m bed
eight above the distributor plate as shown in Figs. 7 and 8. In
ddition to increment of oxygen mole ratio, the sharp decrement
n CO emissions after the secondary air point is caused by the
ombustion rate of char depending on the bed temperature and
oal particle diameter where the ratio of primary to secondary
ir is taken into account as 2/3 in the model (Figs. 7a and 8a).

The discrepancy between the CO mole ratio values in the
ense phase and the dilute phase is due to the higher char particle
oncentration and the lower oxygen presence in the dense phase
n comparison to the dilute phase in Figs. 7 and 8.

Because very rare char particles exist in the dilute phase main
ource of the CO2 concentration is due to the oxidation of the
O since an adequate amount of oxygen exist in this phase. This
auses a continuously increasing trend in CO2 emission values
Fig. 7a). At the same time due to higher numbers of char particle
resence in dense phase; CO and CO2 concentrations depend on
oth combustion of coal and CO reduction oxidation [1]. This
ituation results in higher CO2 concentrations with respect to
ilute phase (Fig. 8a).

As the operational velocity increases particle residence time
n the combustor, char combustion rate and bed temperature

ecrease which results in higher CO emission values in both
ilute and dense phases (Figs. 7b and 8b). With the increase
f temperature, the reaction rate constant of char combustion
ncreases, which leads to lower char and CO concentration in the

e along the bed height: (a) effect of coal particle size; (b) effect of superficial
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ig. 8. Effects of operational parameters on CO and CO2 mole ratios at dense
elocity; (c) effect of excess air.

ombustor (Figs.7b and Fig. 8b). When compared to the dilute
hase, it is clearly seen from Fig. 8b, the bed operational veloc-
ty plays an important role on CO2 emissions in dense phase
ue to decrease in particle residence time and lower combustion
ates.

Figs. 7c and 8c present simulation results for different
alues of the excess air. With the increase of excess air
evel the bed temperature decreases and generates a decrease
f the CO oxidation rate constant. As it is seen from the
gures, CO emissions noticeably increase when excess air

ncreases in the bottom zone whereas the concentration of CO2
ecreases as the excess air increases along the bed height. This
henomenon is also observed in the studies of Ducarne et al.
57]. Another explanation of decreasing CO2 emissions is the
as dilution caused by increasing excess air. As it is observed
rom Figs. 7 and 8, CO emissions sharply decrease while CO2
missions increase with air stagement at the dilute and the dense
hases. As a result of model predictions presented, CO and CO2
missions have been affected significantly by bed operational
elocity in the dense phase and by excess air in the dilute
hase.
.2.2. Effects of operational parameters on NO emissions
Nitrogen oxides are a major environmental pollutant resulting

rom combustion. The reactions of nitric oxide with carbons or
hars are of current interest with regard to their possible role

a
i
p
o

e along the bed height: (a) effect of coal particle size; (b) effect of superficial

n reducing NO emissions from combustion systems. They also
ffer new useful insights into the oxidation reactions of carbons,
enerally [13]. In the model, char reduces NO to N2 according
o the reaction given in Table 1.

The emission of NO depends on temperature because the NO
xidation changes significantly with temperatures [19]. It must
lso be noted that together with this, at the operating tempera-
ure of the CFB combustor (between the temperatures 800 and
50 ◦C), nitrogen in air does not take part in an oxidation reaction
o form NO.

Model predictions about the effects of operational parameters
n NO emissions at the dilute and the dense phases are given
n Fig. 9. The mass transfer between the dilute and the dense
hase due to the NO concentration differences causes a continu-
us increase in NO emissions in the dilute phase. The reduction
f NO to N2 by char particles in the model leads to a lower
oncentration of NO in the dilute phase when compared to the
ense phase caused by lack of enough char particles. The results
f Lin et al.’s [59] study verify this phenomenon. Moreover the
esults of Kilpinen et al.’s [19] study show that during char par-
icle combustion, the net conversion of char-N to NO increases
trongly when temperature is increased from 773 to 1073 K and

t temperatures 1073–1273 K a plateau is reached. Fig. 11 clearly
ndicates that after dimensionless bed height of 0.6, the bed tem-
erature is within the range of 1073–1273 K and from that point
n NO emission profiles form a plateau in dense phase (Fig. 9).
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ig. 9. Effects of operational parameters on NO mole ratio at dilute and dense
elocity; (c) effect of excess air.

In the dense phase, due to high char concentration especially
t the bottom zone fuel related NO formation is higher than the
ilute phase. A smaller mean size of char in the combustor will
esult in a lower emission of NO if other parameters are kept
nchanged [25] as clearly seen from Fig. 9a.

Fig. 9b illustrates the effect of bed operating velocity on NO
missions. The bed operational velocity in the combustor is one
f the basic design variables of the process. The reason is that
ith the increase of bed operating velocity the hydrodynamic

ondition of the combustor changes. Suspension density in the
ottom zone decreases with the increase of superficial velocity.
o, the contact time of NO with char particles decreases, thus
educing the rate of reduction of NO. Therefore, NO emissions
ncrease with increasing superficial velocity.

Oxygen concentration plays a major role in NO related reac-
ions. Fig. 9c shows that higher excess air level gives higher
mission levels of NO, because formation of NO increases with
he increase of oxygen concentration. At the bottom zone NO
oncentration is higher when the excess air increases, although
here is more dilution. This can be explained by a strong O2 con-
entration that induces NO formation from volatiles, but also by

faster combustion which liberates the fixed nitrogen as NO.
ith the increase of excess air level the combustion rate of

har increases which results in the reduction of char content in
he combustor, thus, the reduction rate of NO decreases. These

i
T
t
c

e along the bed height: (a) effect of coal particle size; (b) effect of superficial

esults are verified by the experimental results from the literature
9,24,52,54].

.2.3. Effects of operational parameters on SO2 emissions
Model predictions about the influence of the bed operational

arameters on SO2 emissions are shown in Fig. 10 which plots
he variation of the SO2 emissions along bed height for three dif-
erent particle diameters, bed operational velocities and excess
ir values.

In CFB combustor, the SO2 generation and retention pro-
esses take place simultaneously in the bed. As mentioned
bove, the SO2 generation rate from the char depends on its
ombustion rate, which depends on the temperature, excess air,
2 concentration, etc. [59].
Fig. 10a illustrates the effect of particle diameter on SO2

missions. Increase of the size of particle increases the SO2
oncentration in both phases. The SO2 emission values with par-
icle diameter of 0.04 cm, which had a higher proportion of fine
articles, were lower than those obtained with particle diameter
f 0.0651 cm and of 0.079 cm. This was due to the effect of the
article size distribution on solids circulation flow rate, which

ncreases when the mean particle size in the bed decreases.
hus, the mean residence time of the fine sorbent particles in

he bed decreases and they are not completely recovered by the
yclone.
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ig. 10. Effects of operational parameters on SO2 mole ratio at dilute and dens
elocity; (c) effect of excess air.

To analyze the effect of the bed operational velocity on SO2
mission along the bed height, particle diameter 0.0651 cm is
sed with three different bed operational velocity values. An
ncrease in air velocity decreases sulphur retention since it
ncreases the flow rates of circulating solids, and thus decreases
he mean residence time of limestone particles and their conver-
ion in the bed (Fig. 10b).

Fig. 10c plots the predicted SO2 emissions as a function of
he dimensionless bed height at particle diameter 0.0651 cm,
t bed operational velocity 3.60 m/s with excess air values
.2, 0.4 and 0.6. The efficiency of desulphurization decreases
s the excess air ratio increases [59]. Figure shows that a
igher excess air level gives higher emission levels of SO2
ecause formation of SO2 increases with the increase of oxygen
oncentration. At the bottom zone, increase of excess air leads
o higher concentrations of O2 and this result causes SO2
ormation from volatiles, but also by a faster combustion which
iberates the fixed sulphur as SO2. The results shown in Fig. 10c
re also verified by the experimental study of Adanez et al.
60].

.2.4. Effects of operational parameters on char content in

tack gases

The char content in stack gases is one of the major emission
ollutants in atmospheric environmental conditions. Using the
olid separator and having the efficient combustion conditions,

c
b
e

se along the bed height: (a) effect of coal particle size; (b) effect of superficial

he char content in stack gases is reduced to minimum levels
n CFB combustors. In this study, the variations of this emis-
ion along the combustor height under different operational
onditions such as particle diameter, bed operational velocity
nd excess air are analyzed through the developed model
Fig. 11).

The temperature decrease generates a combustion efficiency
ecrease, and thus higher carbon content in the combustor which
s clearly seen in Fig. 11. With the increase of temperature,
he reaction rate constant of char combustion increases, which
eads to lower char concentration in the combustor and lower
O concentration (Fig. 7b and Fig. 11).

The carbon content depends on temperature and the com-
ustion rate of char which could be determined from the
inetic model of char combustion. As the particle diameter
ncreases, char combustion rate and in consequence bed
emperature decreases and this situation causes higher char
oncentration in the combustor (Fig. 11a). The superficial
elocity affects the mean residence time of the char parti-
le. Residence time decreases the combustion efficiency of
har and therefore gives higher carbon content as shown in
ig. 11b.
As shown in Fig. 11c, higher excess air levels result in lower
arbon content, because the combustion rate of char increases
y amount of oxygen presence which is also verified by the
xperimental study of Lin et al. [59].
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ig. 11. Effects of operational parameters on carbon content and bed temperatur
c) effect of excess air.

. Conclusions

In this study, a 1D model for a CFB combustor has been
eveloped which integrates and simultaneously predicts the
ydrodynamics and combustion aspects. The model has been
alidated against the data from the literature [33]. Using the
eveloped model, effects of operational parameters such as par-
icle diameter, superficial velocity and excess air on carbon

onoxide, carbon dioxide, sulphur dioxide, nitrogen oxides
missions and char content along the combustor height are inves-
igated:

CO and CO2 emissions have been affected significantly by
bed operational velocity in the dense phase and by excess air
in the dilute phase.
A smaller mean size of char in the combustor result in a lower
emission of NO if other parameters is kept unchanged. NO
emissions increase with the superficial velocity of the com-
bustor. The higher excess air levels give higher emission levels
of NO.
Increase of the size of particle increases the SO2 concen-
tration. An increase in superficial velocity decreases sulphur
retention. The higher excess air level gives higher emission

levels of SO2.
As the particle diameter increases, char combustion efficiency
and in consequence bed temperature decreases and results in
higher char concentration. The increasing superficial veloc-
g the bed height: (a) effect of coal particle size; (b) effect of superficial velocity;

ity decreases the combustion efficiency of char and therefore
gives higher carbon content. The higher excess air levels result
in lower carbon content.

The present study proves that CFB combustion allows clean
nd efficient combustion of coal which is demonstrated by the
act that both experimental data and model simulation results
ave low and acceptable level of emission pollutants.
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