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Abstract

Superior environmental performance of CFB combustors is one of the prime motivations of its extensive use in industry. A well-designed
CFB combustor can burn coal with high efficiency and within acceptable level of emission pollutants. The carbon monoxide, carbon dioxide,
sulphur dioxide, nitrogen oxide and char content in stack gases are the major emission pollutants in CFB combustors with respect to atmospheric
environmental conditions. This paper presents a modeling study of environmental pollutions resulting from coal combustion in a CFB combustor.
Using this model, the variations of these emissions along the combustor height with different operational conditions such as particle diameter, bed
operational velocity and excess air are investigated. The simulation results are compared with test results obtained from the 50 kW Gazi University
Heat Power Laboratory pilot scale unit and good agreement is observed. The present study proves that CFB combustion allows clean and efficient
combustion of coal which is demonstrated by the fact that both experimental data and model simulation results have low and acceptable level of

emission pollutants.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

As the combustion of fossil fuels today is the most impor-
tant cause of environmental problems, circulating fluidized
bed (CFB) combustors are environmental friendly applications,
which can be directly reflected in better combustion condi-
tions. CFB combustors have the ability to burn a wide variety
of solid fuels with low pollutant emissions, high combustion
efficiency, having smaller combustor cross section, fewer feed
points, good turndown and load capability. Operating either in
the fast fluidization regime or in the transported bed regime,
CFB combustors have many advantages over the conventional
bubbling or turbulent fluidized bed combustors, such as high
gas—solids contact efficiency, high gas and solids throughput,
reduced axial dispersion of both gas and solids phases, and so on.

Because of containing complex gas—solid flow and gas-phase
reactions, modeling of CFB combustors is rather difficult. The
fluid dynamics of this gas—solid two-phase flow is very com-
plex and strongly dominated by particle to particle interactions.
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Furthermore, the numerous homogeneous and heterogeneous
catalytic gas-phase reactions and their kinetics for the descrip-
tion of the combustion phenomena and the emission formation
and destruction are not completely known. The main goal of
the modeling of CFB combustors is to constitute a system that
maximizes combustion efficiency, and minimizes operating and
investment costs and air pollutant emissions. It is also impor-
tant to determine the effects of operational parameters in CFB
combustors via simulation study instead of expensive and time-
consuming experimental studies.

The coal combustion modeling has been dealt with in a num-
ber of efforts by either 1D, 1.5D, 2D or 3D approaches. Basu
[1] presented a comprehensive review of combustion of coal in
CFBs. In that study, coal combustion models can be grouped
under three levels of details of sophistication. Level I—the sim-
plest model is 1D with plug flow reactor, where solids are
back-mixed [2—4]. The 1D models do not consider the solid flow
in the annular region of the riser, where temperature, gas concen-
tration and velocity can differ from that in the core, in which an
up-flowing dilute region is considered. Level II—core-annulus,
1.5D, with broad consideration of combustion and other related
processes [5—-9]. Level III—3D model based on Navier Stokes
equation [10-12].
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Nomenclature

Aca interfacial area between core and annulus (m?)

Ar Archimedes number

Cpg heat capacity of gas (kJ/kmole K)

Cpys heat capacity of solids (kJ/kg K)

C gas concentration (kmole/m?)

dp particle diameter (m)

D bed diameter (m)

Dy, equivalent bubble diameter (m)

D, 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

Gea solid flux from core to annulus (kg/mzs)

h; height above the distributor (m)

H enthalpy (kJ/kg)

Hy combustor height (m)

k rate constant (m/s)

ka attrition constant

kbe mass transfer coefficient (s 1)

ke char combustion reaction rate (kg/s)

kea solid dispersion constant from core to annulus
(m/s)

ker kinetic rate (s~1)

ked diffusion rate (s~1)

kg gas conduction heat transfer coefficient (W/m K)

kr, reaction rate (s~1)

kvl volumetric reaction rate (kg/mzs)

m mass in cell (kg)

Armic  carbon mass flow rate consumed from physi-
cal/chemical process (kg/s)

Meol total solid particle holdup (kg)

m mass flow rate (kg/s)

Tichar,burn Durnt char mass flow rate (kg/s)

M molecular weight (kg/mole)

n gas flow rate (kmole/s)

An gas flow rate consumed from chemical processes
(kmole/s)

P pressure (Pa)

PA/SA  Primary to secondary air ratio

q isokinetic gas volume (m3)

0 amount of heat transferred (kW)

r reaction rate (mole/s, mole/cm?>s)

ri radius of the coal particle (m)

R, particle attrition rate (kg/s)

R, radius of the core region (m)

Re Reynolds number

Ry gas constant (kJ/mole K)

Ry Universal gas constant (kJ/mole K)

Se specific surface area (m?/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)
Uns minimum fluidization velocity (m/s)
U, particle terminal velocity (m/s)

Uy superficial velocity (m/s)
AV volume of the cell (m?)
Wh mass of particle (kg)

X 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

1) thickness of the annulus (m)

) void fraction

&p bubble volume fraction

As reactivity of limestone

I gas viscosity (kg/ms)

0 particle density (kg/m>)

] 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

S solid

wall wall

Nitrogen oxides are a major environmental pollutant result-
ing from combustion. The reactions of nitric oxide with carbons
or chars are of current interest with regard to their possible role
in reducing NO emissions from combustion systems. They also
offer new useful insights into the oxidation reactions of carbons,
generally [13]. A large literature concerning these reactions
has developed, as evidenced in three reviews [14—16] and by
the recent publication of many papers in the area [17-25].
These works have suggested considerable complexity in the
mechanisms of NO reduction and a large variability in reported
kinetics. There are two approaches to describe NO, emission in
CFB [22]. The first approach involves overall reaction (15 reac-
tions considering catalytic activity of CaO and char). The overall
rate constants are measured preferably under CFB conditions
[23]. The other approach is more thorough, and is based on
actual chemical reactions whose rate constants can be taken from
literature [24]. For CFB only 106 reactions with 28 species were
used to model the NO, emission. However, a detailed review
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shows that all N-related reactions have not the same importance
[25]. So instead of considering all N-related reactions, one
could use only the important reactions for the development of
a predictive procedure for the overall NO emission from a CFB
combustor.

Circulating fluidized bed coal combustion with sorbent addi-
tion allows clean combustion of coals of different rank even
with high sulphur and ash contents. Numerous experimental and
theoretical studies about the sulphur retention in CFB combus-
tors are present in the literature [18,26-28]. Some models have
already been proposed for predicting the sulphur retention in
CFB combustor, but there are important differences between
their sub-models, especially as far as the CFB hydrodynamics
is considered [18,26-28].

Because coal combustion in a CFB combustor directly is
affected by its hydrodynamic parameters, both hydrodynamic
and combustion models are treated simultaneously to yield a
predictive model for the CFB combustor. It has been widely
accepted that a CFB combustor may be characterized by two
flow regimes: a dense bed at the bottom and a dilute region
above the secondary air inlet. There are great differences in the
hydrodynamics between the dense bed and the dilute region.
However, most of the models in the literature do not completely
take account of the performance of the dense bed, consider the
dense bed as well-mixed distributed flow with constant voidage,
and use generally lumped formulation [1-4,6-9,10-28]. Exper-
imental evidence has been reported by Svensson et al. [29], and
Werther and Wein [30] that, the fluid-dynamical behavior of the
dense bed is similar to that of bubbling fluidized beds. The results
of studies of Leckner et al. [31] and Montat et al. [32] imply that
the combustion of coal, particles mixing and heat transfer in
the dense bed dominate the performances of CFB. This implies
that, dense bed should be modeled in detail as two-phase flow.
Therefore in this study, dense bed is modeled as two-phase flow
which constitutes a major difference from the previous studies
in the literature.

The objective of the present work is to develop a 1D model
which simultaneously treats hydrodynamic and coal combus-
tion models in order to allow a detailed examination of how
each operational parameter might influence the environmental
pollutions resulting from coal combustion.

In the modeling, the CFB riser is analyzed in two regions. The
bottom zone (dense bed) is considered as a bubbling fluidized
bed in turbulent fluidization regime and is modeled in detail as
two-phase flow. The flow domain is subdivided into a solid-rare
bubble 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
combustion of a char particle, respectively which also simultane-
ously predicts the carbon concentration, O, CO, CO,, NO, SO»,
V.M. (volatile matter) distributions, particle size distribution,
solid mass flux, and bed temperature values along the bed height.
Another advantage is that the model takes into account the NO
and SO; reduction which are major environmental pollutants.
The model which simultaneously predicts both hydrodynamic
and combustion aspects has been validated against the data
from the literature [33]. Additionally, this model investigates

effects of different operational parameters (particle diameter,
bed operational velocity and excess air) on environmental
pollutions.

2. Modeling

Designing of the CFB combustor is very important because of
burning coal with high efficiency and within acceptable levels of
gaseous emissions. A very good appreciation of the combustion
and pollutant generating processes is needed for a reliable perfor-
mance prediction through modeling and can greatly avoid costly
upsets. The present CFB combustor model can be divided into
three major parts: a sub-model of the gas—solid flow structure;
a reaction kinetic model for local combustion and a convec-
tion/dispersion model with reaction. The latter formulates the
mass balances for the gaseous species and the char at each con-
trol volume in the flow domain. Kinetic information for the
reactions is supplied by the reaction kinetic sub-model, which
contains description of devolatilization and char combustion,
and emission formation and destruction, respectively.

2.1. Hydrodynamics structure

Hydrodynamics plays a crucial role in defining the perfor-
mance of CFBs. Combustor hydrodynamic is modeled taking
into account previous work [34].

The flow structure of CFBs is known to exhibit axial nonuni-
formities [35]. In order to characterize this behavior, the riser
is subdivided vertically into zones with different properties.
According to the axial solid volume concentration profile, the
riser is axially divided into two different zones: the bottom zone
and the upper zone.

2.1.1. Bottom zone (dense bed)

As mentioned above, most of the models in the literature do
not completely take account of the performance of the dense
bed, consider the dense bed as well-mixed distributed flow
with constant voidage, and use generally lumped formulation
[1-4,6-9,10-28]. In this study, the bottom zone is considered as
a bubbling fluidized bed in turbulent fluidization regime and is
modeled 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
bubble-like voids that characterizes the gas flow. Werther and
Wein [30] described the expansion behavior of the turbulent
CFB bottom zone by a model that is based on modified equa-
tions which were originally developed for conventional bubbling
fluidized beds. These results lead to the conclusion that in the
bottom zone of CFB reactors another two-phase flow structure
is established with a solid-rare bubble phase and a solid-laden
emulsion phase. In the model, the flow domain is subdivided into
n control volumes that each one has a solid-rare bubble phase and
a solid-laden emulsion phase. The bubble rise velocity, the bub-
ble size, the bubble volume fraction and the suspension porosity
is calculated by extrapolating the Eskin and Kili¢ [37] bubbling-
bed model which has been validated against the experimental
data as given in previous work [38] to the high gas velocities
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Fig. 1. The scheme of the CFB combustor.

used in the CFB. Fig. 1 shows a schematic diagram of the system
considered.

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

The overall material balance for the solids in the ith control
volume, in terms of the backmix flow in emulsion and bubble
phases, i1 ; and iy, ; is given by the following equation.

dm
(dt = My, j—1 — Wy, + Hle it1 — Wei — Mburn,i + Mlash,i
i
(1

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

(d(mXc)

ar ) = ritp,i—1Xc¢,i—1 — Wiy, Xc,i + ne i1 Xc,i+1
i
- me,ch,i - mchar,burn,i (2)

where X, ; is the weight fraction of carbon and ritchar, burn,; 18 char
mass flow rate burnt in the control volume.

A two-phase model is used for gas phase material balance.
The material balances are made for gases, Oy, CO, CO», SO,
NO, and for water vapor in the bubble and emulsion phases. The
material balance for the gas phase in the ith control volume for
emulsion and bubble phases, are given below, respectively.

dny ) .
(dt = Tl k,i—1 — Rek,i — Koe AVigp,i(Ce ki — Cok,i)
e,i

+Ahe ki 3)

dny . ,
<dt> = 1y k,i—1 — Mb,k,i + Koe A Vi i(Ce ki — Co.k,i)
b,i

+ Ay ki (€]

where 71, indicates the gas flow rate of gas components (volatile
gases, O,, CO, CO,, SO,, NO, and water vapor in the emul-
sion phase and Oy, CO,, SO, and NO in the bubble phase,
respectively), V; is the volume of the ith cell (control volume).
Gas exchange, between the bubble and the emulsion phases is a
function of the bubble diameter and varies along the axis of the
riser and it is considered in the model as follows [39];

11
kbe,g = Fb (5)

where Dy, is the bubble diameter predicted by a correlation estab-
lished by Mori and Wen [40].
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Fig. 2. (a) A single-phase back-flow cell model. (b) The energy balance of the ith control volume in the bottom zone.
In the model, the minimum fluidization velocity is obtained as follows [30],
according to Wen and Yu [41]: 021 073
) H, : Hy — h; :
M , 08 —~ = 0.55Re —0.22 =2 = %)
Unf = ;- [(33.7 400651 A1~ —33.7] © D D H,,
p

where C is the gas mixture concentration in the control volume,
dp is the particle diameter, Ar is the Archimedes number. Min-
imum fluidization voidage (enf) is taken as 0.5 in the model
calculations [38]. For the char at the bottom zone, complete ver-
tical mixing is assumed. Char is entering the bottom bed with
feed coal, but also from the solid return leg with the recycled
solids from the cyclone. The amount of and temperature of recy-
cled solids from the cyclone are taken from experimental data.
For simulations with different rates, the cyclone efficiency of the
pilot plant is utilized [33].

2.1.2. Upper zone (dilute region)

For the upper zone, core-annulus flow structure with a net
dispersion of solids from the core to the annulus is used. Within
the core and the annulus, there are no radial suspension density
gradients, while the lateral dispersion between the core and the
annulus is considered. It is also assumed that the char is flowing
up and downwards with the same velocity as the bed material
in the core and in the annulus, respectively. Thickness of the
annulus, §, varies according to the bed height and it is calculated

where Hy is the combustor height, #; the height above the dis-
tributor and D is the bed diameter. The overall material balance
for the solids in the ith control volume, in the core and in the
annulus regions is given as follows, respectively.

dm ‘ . ‘
d = Mcore,i—1 — Mcore,i — Aca,iGca,i — Mbpurn,core, i
t core,i
+mash,core,i (8)

dm

. = mann,i+1 - mann,i + Aca,iGca,i - mburn,ann,i
dt ann,i

+ mash,ann,i (9)

where G, is the solid flux from core to annulus and is obtained
according to Hua et al. [8].
dGea _zpkca[(l —&)— (1 —¢)]

= 10
& R, 10)

where R, is the radius of the core region (R, = D/2 — §), and k¢, is
the solid dispersion coefficient from core to annulus. To calculate
the flow rate of solids rising through the core and descending
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through the annulus, the Rhodes model was used [8]. In this
model the flow rate of solids transferred from the core to the
annulus is proportional to the solids concentration present in
the core and to the interface surface. The solids dispersion con-
stant was calculated using the following equation, determined
experimentally:

0.14

kca = ———
ca Uo — U,

(11)

where Uy is the superficial velocity and U, is the particle ter-
minal velocity. The material balance for the gas phase in the
ith control volume for core and annulus regions are given as
follows, respectively.

dny . )
di = HNcore,k,i—1 — Mcore,k,i
t core,i

- kcaAca,i(Ccore,k,iscore,i -

+ Aficore ki (12)

(dnk > . .
— = Rann,k,i—1 — Pann,k,i
dr ann,i

+ keaAca,i(Ceore, k,i€core,i — Cann,k,i€ann,i)

+ Ailann,k,i (13)

Cann,k,igann,i)

where 74 indicates the gas flow rate of gas components (O,
CO, CO,, SOy, and NO in the core region and volatile gases,
0,3, CO, CO,, SO;, NO, and for water vapor in the annulus
region, respectively). Gas exchange between core and annulus
is assumed to be the same with the solid dispersion coefficient
in the model.

2.1.3. Attrition

The solids inventory in a CFB combustor consists of spent
and reacting fuel and sorbent particles and inert bed materials.
Char is entering the bottom zone with the feed coal but also from
the solid return leg with the recycled solids from the cyclone.
The particle size distribution of coal particles depend on attri-
tion and combustion in the model. The Sauter mean diameter is
adopted as average particle size. In the fluidized beds, particle
attrition takes place by surface abrasion, i.e., particles of a much
smaller break away from the original particle. The upper limit
size of the fines produced is in the range 50—100 pwm [35,42].
The attrition rate is influenced by many factors including parti-
cle properties, solids concentration, particle size, residence time
and superficial gas velocity. However, particle properties and
gas velocity may have more great influences [43—45]. In the
model, the attrition rate is assumed to be the same as for the
bottom zone and the upper zone and is calculated as follows
[7,8,42];

Ry = k(Uo = Un) 2> (14)
dp

where Wy, is the mass of particle, Uy is the minimum fluidization

velocity and k, is the attrition constant and is obtained varying in

the range (2-7) x 10~ with a superficial gas velocity of 46 m/s

and a circulating solids mass flux from 100 to 200 kg/m?s [7]. In

the model, the attrition constant value is taken as 2 x 10~ for
Tuncbilek lignite [46]. In this work, it is assumed that the particle
size of limestone particles does not change during reaction; the
attrition of limestone particles is not considered.

2.2. Kinetic model

The char comprises mainly carbon, ash, nitrogen and sul-
phur. Combustion of coal is depending on oxygen presence in
the bed. Above 750 °C, char oxidizes to gaseous products; CO,
CO», SO, and NO. The combustor model takes into account,
the devolatilization of coal, subsequent combustion of volatiles
followed by residual char.

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

In the model, volatiles are entering the combustor with the
fed coal particles. It is assumed that the volatiles are released in
emulsion phase in the bottom zone of the CFB combustor at arate
proportional to the solid mixing rate. The volatiles are assumed
to be released in two ways. A portion of volatiles proportional
of fy, the solid mixing coefficient (also the fraction of bubble
volume occupied by the wake), is released uniformly through-
out the bed. The remaining portion of volatiles proportional to
(1 — fi) is released near the coal feed point.

Volatile yield is estimated by the empirical correlations of
Gregory and Littlejohn [50] in the model. The composition of
the products of devolatilization in weight fractions is estimated
from the correlations of Loison and Chauvin [51]. The amount
of nitrogen and sulphur increases as a function of bed temper-
ature and is estimated according to the study of Fine et al. [52].
The sulphur and the nitrogen in the residual char are released
as sulphur dioxide and NO during the combustion of the char.

The char particles resulting from the devolatilization process
consist of the remaining carbon fraction (1 — X.) and ash only.
These particles are then burned to produce a mixture of CO and
CO, according to the reaction is given in Table 1. The size of
char reduces due to combustion as well as due to attrition. Coal
particles’ behavior during the gas—solid reaction is assumed to
be described in terms of shrinking core with attiring shell, i.e.,
the dual shrinking-core model. Therefore, the changes in particle
diameter are taken into consideration in the model. The rate at
which particles of size r; shrink as follows [8,47]:

dr,~ 12C02

"= T8 T X1/ ke + dy/ShDy) >

where Co, is the oxygen concentration around the particle, Dy
the diffusion coefficient for oxygen, Xy, is the char weight frac-
tion, k. is the char combustion reaction rate and S4 is Sherwood
number. After the combustion of char, ash is the residual product,
which takes no part in the combustion reaction. Table 1 shows
the reactions and reaction rates used in the model.



Table 1

Reactions and reaction rates using in the model

Reaction rate

Reaction

ker (kg/(m2s kPa)) = 8710 exp (‘1‘4,9;“}““8) (58]

RuT/M.
T ke +1/ked

ke (kes)

re (mol/s) = md2k.Co,

0, (2-3)Cco+(%-1)co,

C+3

125hd Dy
dpReT

kea (kg/(m?s kPa))

1/2
Rep ) 2 sel/3 6.8)

=2+ 0.69(

kgdp

Sh =

o
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[54]

1.8

P
RuT

34y — 10 —6.699x107 | 05 17350, (
rco (mol/cm” s) = 3 x 10" exp ( R ) YCOVH10 TH2yey

N (mol/s) = md*knCno

0, — CO,

1
2

CO +

) 119]

T

—17111

Jox (m/s) = 1.3 x 10% exp (

IN; + 1CO,

C—

1
2

NO +

) 54
[55]

R,T
Sy = —384T, +5.6 x 10* T, > 1253K

—17, 500

kyr (kg/m? s) = 490 exp (

3k.Cso, (6]

di

i
6

kL (s™h

10, — Caso,

CaO + SOy +

35.9T, — 3.67 x 10* T, < 1253K

Sg =

2.2.1. Pollutants released during combustion

As the combustion of fossil fuels today is the most important
cause of environmental problems, CFB combustors are environ-
mental friendly applications which can be directly reflected in
better combustion conditions. CFB combustors have the ability
to burn a wide variety of solid fuels with low pollutant emissions.
Sulphur dioxide and nitric oxide are two major air pollutants
released from a fossil fuel fired combustor.

2.2.1.1. Sulphur oxides. Circulating fluidized bed coal com-
bustion with sorbent addition allows clean combustion of coals
of different rank even with high sulphur and ash contents. Dur-
ing the combustion of coal, the sulphur in it is oxidized to the
pollutant, SO,. Limestone (CaCO3) of the bed materials cal-
cine to CaO which reacts with SO, producing CaSO4. Thus,
instead of leaving the combustor as a gaseous pollutant, sulphur
is discharged as a solid residue. As mentioned above, numerous
experimental and theoretical studies about the sulphur retention
in CFB combustors are present in the literature [18,26-28]. Some
models have already been proposed for predicting the sulphur
retention in CFB combustor, but there are important differences
between their sub-models, especially as far as the CFB hydro-
dynamics is considered [18,26-28]. In the model, different SO,
generation rates, depending on the height in the bed, were con-
sidered. These differences were due to differences in the char
combustion rate because of the existence of axial oxygen con-
centration profiles. In CFB combustor the SO, generation and
retention processes take place simultaneously in the bed. The
sulphur retention depends on many factors as gas velocity, Ca/S
molar ratio, sorbent particle properties, bed height, solid inven-
tory, etc. Forming calcium sulphate and the reaction rate of a
limestone particle considering in the model are given in Table 1.

2.2.1.2. Nitric oxides. Nitrogen oxides are a major environ-
mental pollutant resulting from combustion. The reactions of
nitric oxide with carbons or chars are of current interest with
regard to their possible role in reducing NO emissions from
combustion systems. As mentioned above, large literature con-
cerning these reactions has developed, as evidenced in three
reviews [14—16] and by the recent publication of many papers in
the area [17-25]. These works have suggested considerable com-
plexity in the mechanisms of NO reduction and a large variability
in reported kinetics.

In the model, nitric oxide is produced from the oxidation
of both volatile-bound nitrogen and char-bound nitrogen. The
production of NO from char-bound nitrogen is proportional to
the combustion rate of char [39]. The production of NO from
volatile-bound nitrogen is present in the literature [56]. A gen-
eral guide to the reaction path of NO formation is shown by
Amand [48]. NO emissions are reduced by the char in the model
according to the reaction given in Table 1.

2.3. The energy equations

In the bottom zone, the overall energy balance equation in the
ith control volume can be expressed in terms of rate of change
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of energy as (Fig. 2):

dE ) )
- = mb,i—lcp,sTi—l - mb,icp,sTi
dr /;

+me,i+lcp,sTi+1 - me,icp,sTi

+mash,iflcp,sTi—1 - mash,icp,sTi

+rigi-16pgTi-1 —ngicpgTi

+ Qrelease,i - Qwall,i (16)

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

dE
( d = mcore,iflcp,sTcore,ifl - mcore,icp,sTcore,i
t core,i

Tann,i)

~+ Ml ash,core,i—1 Cp,sTcore,i—l

- Aca,i Gca,icp,s(Tcore,i -

- mash,core,icp,sTcore,i + Qrelease,i
+ flg,core,iflcp,chore,ifl - ’;lg,core,icp,chore,i

- kcaAca,iCp,g(Ccore,igcore,iTcore,i

- Cann,igann,iTann,i) (17)

dE . .
= mcore,iflcp,sTcore,ifl - mcore,icp,sTcore,i
dr ann,i

+ Aca,iGca,iCp,s(Tcore,i - Tann,i)
+mash,core,i—lcp,sTcore,i—l

- mash,core,icp,sTcore,i + Qrelease,i - Qwall,i
+ hg,core,i—lcp,chore,i—l - flg,core,icp,chore,i

- kcaAca,iCp,g(Ccore,igcore,i Tcore,i
- Cann,isann,iTann,i) (18)

where Qreleased, ;» the amount of heat released from combustion
of coal [53], carbon monoxide [54] and volatiles [54,57], and
'Qwau)i the amount of heat transferred to the wall.

3. Numerical solution

The CFB combustor is divided into cells treated as control
volumes along gas and solid flow path for solving the model.
These cells are homogenous, fully mixed sections. Each cell in
the bottom zone is divided into two parts: a solid-rare bubble
phase and a solid-laden emulsion phase at the bottom zone. A
single-phase back-flow cell model is used to represent the solid
mixing in the bottom zone. Each cell in the upper zone is divided
into two parts: core and annulus, and each part treated as one
balance section. The simulated results are obtained by using
a combined Relaxation Newton—Raphson method with a com-
puter code developed by the authors in FORTRAN language.
Flow chart of the numerical solution of the model is shown in
Fig. 3.

4. Results and discussion

In order to verify the validity of the developed model, simu-
lation results are compared with the experimental data obtained
from 50 kW pilot CFB combustor using lignite [33]. The overall
dimensions are 1.80m in height and it has a circular cross-
section with a diameter of 0.125m as shown in Fig. 4. A
more detailed description of the experimental apparatus is given
elsewhere [58]. The combustion air is supplied through the dis-
tributor (primary air) and the secondary air inlets are located at
0.36 m above the distributor. It is equipped with two cyclones.
Silica sand and ash were used as bed materials. The weighted
average particle sizes in the experimental setup are determined
to be 0.56 mm for sand particles. In the experiments, in order
to measure the solid particle flux and the gas concentrations, an
isokinetic solid particle sampling system and a multi channel gas
sampling systems are used [33,58]. The parameters and compu-
tation conditions are given in Table 2, including data of Topal
[33] which are used to validate the simulation. The design fuel
for the bed is a low-grade coal and the composition of coal is
shown in Table 3. In the experiments, the solid particle flux, the
molar ratio of oxygen, nitrogen oxide and sulphur dioxide emis-
sions were measured along the combustor height and averaged
combustor temperature were given.

4.1. Model validation

To test and validate the model presented in this paper, the
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 (mz) 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
(e} 10.64 11.50
N 1.94 2.10
S 1.67 1.81
Ash 19.14 20.60
Moisture 7.5 0.0
H, (kcal/kg) 5278
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Fig. 3. Flow chart of the numerical solution of the model.
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Fig. 6. Comparison of the model and experimental results in respect of Oy, SO, and NO concentration changes along the bed height: (a) changes in the O,
concentration; (b) changes in the SO, concentration; (c) changes in the NO concentration.

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

Fig. 5 shows the predictions and experimental results of the
solid particle flux in the dense and dilute phases along the
dimensionless combustor height (h;/Hp). In the experiments, to
measure the solid particle flux, an isokinetic solid particle sam-
pling system is used and the solid particle flux in the annulus and
core regions is obtained from the measured values as follows:

Mol

G =

Uo 19)

where mo is the total solid particle holdup, ¢ is the isokinetic
gas volume. In the model, the dense phase is characterized by
the emulsion phase at the bottom zone and the annulus region at
the upper zone. The dilute phase is characterized by the bubble
phase at the bottom zone and the core region at the upper zone.
The particle flux in the dense phase both in the bottom region
and the upper region is higher then the dilute phase. It decreases
along the combustor height, but the particle flux in the dense

phase increases slightly at the upper part of the riser due to back-
mixing at the exit and downward flow in the annulus region.
Fig. 5 also shows the close agreement between the predicted
and experimental results at three measurement points above the
secondary air inlet.

The model reasonably predicts oxygen mole ratio along
the combustor height in the dense phase as shown in Fig. 6a.
Since the experiments are run in a small-scale CFB combustors,
there have not been any major differences in O, concentrations
between the core and the annulus regions at the same bed height
in the experimental results [33]. Similar results are observed
in the model calculations. Figs. 6b and c present experimen-
tal and modeling results for different values of excess air for
SO, and NO emissions, respectively. According to the model
calculations, SO, and NO emissions increase with air stage-
ment. That is confirmed by the experimental results. However,
the maximum deviation is about 5% for SO, and NO emissions
at the bed height of 36 cm, the secondary air inlet point. Both
the release and combustion of volatiles are influencing factors
for the production of NO and SO, emissions [15,25,56]. In the
model, it is assumed that a great amount of the volatile mat-
ters is released at the feed point in the combustor [1,5,8] and
sulphur and nitrogen are oxidized to SO, and NO immediately.
But, because of hydrodynamic behavior of CFB combustor, fast
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fluidization in the bottom zone does not allow the volatile to
be oxidized to SO, and NO. So it leads a minor discrepancy
between the model results and experimental data at the bottom
zone exit (Figs. 6b and c).

4.2. Effects of operational parameters

Carbon monoxide, carbon dioxide, sulphur dioxide, nitrogen
oxides and char content in stack gases are the major pollutants
from a CFB combustors with respect to atmospheric environ-
mental conditions. In the present study, the variations of these
emissions along the combustor height under different oper-
ational conditions such as particle diameter, bed operational
velocity and excess air are analyzed with the developed and
validated one-dimensional model.

4.2.1. Effects of operational parameters on CO and CO>
emissions

Model predictions about the effects of operational parameters
on CO and CO; mole ratios at the dilute and the dense phases are
given in Figs. 7 and 8, respectively. During staged combustion,
under the secondary air injection point, lack of adequate oxygen
presence in the bottom zone, leads to CO formation and carbon
monoxide concentration becomes very high along the bottom
zone [1,5,6]. Oxygen in the riser increases while carbon monox-
ide emission sharply decreases and results in an increase of CO,
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mole ratio caused by the secondary air supply at the 0.36 m bed
height above the distributor plate as shown in Figs. 7 and 8. In
addition to increment of oxygen mole ratio, the sharp decrement
in CO emissions after the secondary air point is caused by the
combustion rate of char depending on the bed temperature and
coal particle diameter where the ratio of primary to secondary
air is taken into account as 2/3 in the model (Figs. 7a and 8a).

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

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

As the operational velocity increases particle residence time
in the combustor, char combustion rate and bed temperature
decrease which results in higher CO emission values in both
dilute and dense phases (Figs. 7b and 8b). With the increase
of temperature, the reaction rate constant of char combustion
increases, which leads to lower char and CO concentration in the
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Fig. 7. Effects of operational parameters on CO and CO, mole ratios at dilute phase along the bed height: (a) effect of coal particle size; (b) effect of superficial
velocity; (c) effect of excess air.
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combustor (Figs.7b and Fig. 8b). When compared to the dilute
phase, it is clearly seen from Fig. 8b, the bed operational veloc-
ity plays an important role on CO, emissions in dense phase
due to decrease in particle residence time and lower combustion
rates.

Figs. 7c and 8c present simulation results for different
values of the excess air. With the increase of excess air
level the bed temperature decreases and generates a decrease
of the CO oxidation rate constant. As it is seen from the
figures, CO emissions noticeably increase when excess air
increases in the bottom zone whereas the concentration of CO,
decreases as the excess air increases along the bed height. This
phenomenon is also observed in the studies of Ducarne et al.
[57]. Another explanation of decreasing CO, emissions is the
gas dilution caused by increasing excess air. As it is observed
from Figs. 7 and 8, CO emissions sharply decrease while CO,
emissions increase with air stagement at the dilute and the dense
phases. As aresult of model predictions presented, CO and CO,
emissions have been affected significantly by bed operational
velocity in the dense phase and by excess air in the dilute
phase.

4.2.2. Effects of operational parameters on NO emissions
Nitrogen oxides are a major environmental pollutant resulting

from combustion. The reactions of nitric oxide with carbons or

chars are of current interest with regard to their possible role

in reducing NO emissions from combustion systems. They also
offer new useful insights into the oxidation reactions of carbons,
generally [13]. In the model, char reduces NO to N; according
to the reaction given in Table 1.

The emission of NO depends on temperature because the NO
oxidation changes significantly with temperatures [19]. It must
also be noted that together with this, at the operating tempera-
ture of the CFB combustor (between the temperatures 800 and
950 °C), nitrogen in air does not take part in an oxidation reaction
to form NO.

Model predictions about the effects of operational parameters
on NO emissions at the dilute and the dense phases are given
in Fig. 9. The mass transfer between the dilute and the dense
phase due to the NO concentration differences causes a continu-
ous increase in NO emissions in the dilute phase. The reduction
of NO to Ny by char particles in the model leads to a lower
concentration of NO in the dilute phase when compared to the
dense phase caused by lack of enough char particles. The results
of Lin et al.’s [59] study verify this phenomenon. Moreover the
results of Kilpinen et al.’s [19] study show that during char par-
ticle combustion, the net conversion of char-N to NO increases
strongly when temperature is increased from 773 to 1073 K and
attemperatures 1073—1273 K a plateauisreached. Fig. 11 clearly
indicates that after dimensionless bed height of 0.6, the bed tem-
perature is within the range of 1073-1273 K and from that point
on NO emission profiles form a plateau in dense phase (Fig. 9).
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Fig. 9. Effects of operational parameters on NO mole ratio at dilute and dense phase along the bed height: (a) effect of coal particle size; (b) effect of superficial

velocity; (c) effect of excess air.

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

Fig. 9b illustrates the effect of bed operating velocity on NO
emissions. The bed operational velocity in the combustor is one
of the basic design variables of the process. The reason is that
with the increase of bed operating velocity the hydrodynamic
condition of the combustor changes. Suspension density in the
bottom zone decreases with the increase of superficial velocity.
So, the contact time of NO with char particles decreases, thus
reducing the rate of reduction of NO. Therefore, NO emissions
increase with increasing superficial velocity.

Oxygen concentration plays a major role in NO related reac-
tions. Fig. 9c shows that higher excess air level gives higher
emission levels of NO, because formation of NO increases with
the increase of oxygen concentration. At the bottom zone NO
concentration is higher when the excess air increases, although
there is more dilution. This can be explained by a strong O, con-
centration that induces NO formation from volatiles, but also by
a faster combustion which liberates the fixed nitrogen as NO.
With the increase of excess air level the combustion rate of
char increases which results in the reduction of char content in
the combustor, thus, the reduction rate of NO decreases. These

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

4.2.3. Effects of operational parameters on SO, emissions

Model predictions about the influence of the bed operational
parameters on SO; emissions are shown in Fig. 10 which plots
the variation of the SO, emissions along bed height for three dif-
ferent particle diameters, bed operational velocities and excess
air values.

In CFB combustor, the SO, generation and retention pro-
cesses take place simultaneously in the bed. As mentioned
above, the SO, generation rate from the char depends on its
combustion rate, which depends on the temperature, excess air,
O, concentration, etc. [59].

Fig. 10a illustrates the effect of particle diameter on SO»
emissions. Increase of the size of particle increases the SO»
concentration in both phases. The SO, emission values with par-
ticle diameter of 0.04 cm, which had a higher proportion of fine
particles, were lower than those obtained with particle diameter
of 0.0651 cm and of 0.079 cm. This was due to the effect of the
particle size distribution on solids circulation flow rate, which
increases when the mean particle size in the bed decreases.
Thus, the mean residence time of the fine sorbent particles in
the bed decreases and they are not completely recovered by the
cyclone.
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Fig. 10. Effects of operational parameters on SO, mole ratio at dilute and dense phase along the bed height: (a) effect of coal particle size; (b) effect of superficial

velocity; (c) effect of excess air.

To analyze the effect of the bed operational velocity on SO,
emission along the bed height, particle diameter 0.0651 cm is
used with three different bed operational velocity values. An
increase in air velocity decreases sulphur retention since it
increases the flow rates of circulating solids, and thus decreases
the mean residence time of limestone particles and their conver-
sion in the bed (Fig. 10b).

Fig. 10c plots the predicted SO, emissions as a function of
the dimensionless bed height at particle diameter 0.0651 cm,
at bed operational velocity 3.60m/s with excess air values
0.2, 0.4 and 0.6. The efficiency of desulphurization decreases
as the excess air ratio increases [59]. Figure shows that a
higher excess air level gives higher emission levels of SO,
because formation of SO increases with the increase of oxygen
concentration. At the bottom zone, increase of excess air leads
to higher concentrations of O, and this result causes SO»
formation from volatiles, but also by a faster combustion which
liberates the fixed sulphur as SO;. The results shown in Fig. 10c
are also verified by the experimental study of Adanez et al.
[60].

4.2.4. Effects of operational parameters on char content in
stack gases

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

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

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

The carbon content depends on temperature and the com-
bustion rate of char which could be determined from the
kinetic model of char combustion. As the particle diameter
increases, char combustion rate and in consequence bed
temperature decreases and this situation causes higher char
concentration in the combustor (Fig. 11a). The superficial
velocity affects the mean residence time of the char parti-
cle. Residence time decreases the combustion efficiency of
char and therefore gives higher carbon content as shown in
Fig. 11b.

As shown in Fig. 11c, higher excess air levels result in lower
carbon content, because the combustion rate of char increases
by amount of oxygen presence which is also verified by the
experimental study of Lin et al. [59].
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Fig. 11. Effects of operational parameters on carbon content and bed temperature along the bed height: (a) effect of coal particle size; (b) effect of superficial velocity;

(c) effect of excess air.

5. Conclusions

In this study, a 1D model for a CFB combustor has been
developed which integrates and simultaneously predicts the
hydrodynamics and combustion aspects. The model has been
validated against the data from the literature [33]. Using the
developed model, effects of operational parameters such as par-
ticle diameter, superficial velocity and excess air on carbon
monoxide, carbon dioxide, sulphur dioxide, nitrogen oxides
emissions and char content along the combustor height are inves-
tigated:

e CO and CO; emissions have been affected significantly by
bed operational velocity in the dense phase and by excess air
in the dilute phase.

e 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.

e Increase of the size of particle increases the SO, concen-
tration. An increase in superficial velocity decreases sulphur
retention. The higher excess air level gives higher emission
levels of SO,.

e Asthe particle diameter increases, char combustion efficiency
and in consequence bed temperature decreases and results in
higher char concentration. The increasing superficial veloc-

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