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ABSTRACT
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CHAPTER 1
INTRODUCTION

Contained in with this chapter is the background of coal utilization in Thailand

and its consequence on air pollution. The objective of the research and the scope of

the thesis will be discussed. The outlines of the remaining chapters, which summarize

the information of the succeeding chapters, are given.

1.1 Background of coal utilization in Thailand

Fossil fuel has been long used as energy sources. Although today, the leading part

of the energy sources used all over the world consists of fossil fuel such as coal and

heavy oil. When any kind of the fossil fuel is converted into energy, it always

generates nitrogen oxide (NOy), dust and sulfur oxide (SOy), all of which cause air

pollution. Eiichi YUGETA [1] reports that the results of the three-year investigation

technology in Thailand found that the activities of coal are:

Coal utilization in the power industry, such as Mae Moh power station at
Lampang prc;vince where sulfur dioxide (SO,) pollution is caused by lignite
combustion.

Coal utilization in the cement industry the pulverized coal is applied to the
cement-burning kiln in order to reduce the fuel cost. The environmental
problem will not to be caused, if pulverized coal burning technology is used.
Coal utilization in the non-power industries such as coal used as fuel for
boilers in the paper and pulp industry, the chemical industry and the food
industry. However, it appears that coal will be replaced with kerosene or LPG
due to easy combustion control in the future.

Coal utilization in residential and commercial sectors, the majority of this
consists of firewood and charcoal. There are many investigations of wood fuel
but they have stopped because of unresolved problem on cost, smoke, odor

and other elements of quality.

The SO, pollution has been becoming big social issues. Thus, the establishment of

mathematical model for SO, adsorption is developed in this.



1.2 Purpose and scope of the thesis

Sulfur dioxide adsorption consists of the calcination and sulfation processes. The
purpose of this thesis is to develop the mathematical model for each process,
calcination and sulfation model. The equations and experimental results, which are
validated against these models, are based on the publications of Silcox [2] and
Borgwardt [3]. This mathematical model includes with the mathematical model of
sulfur oxide formation in pulverized coal combustion (FAFNIR) developed by
Charoensuk J. [4] and Daungvilailux P. [5]. The effects of inlet locations of calcium

oxide (CaO) particles and particle sizes are also discussed.

1.3 Outlines of the remaining chapters

This thesis consists of six chapters including this introduction. As mentioned
earlier, the objective of this thesis concerns about the derivation of the mathematical
model for SO, adsorption, the details of the derivation procedures are summarized in
the remaining chapters as follows:

Chapter 2 describes in general the flue gas desulfurization technologi"es and
extensive literatures for establishing of the mathematical model.

Chapter 3 describes the mathematical equations for coal combustion and sulfur
oxide formation involving the governing equation for gas phase, the boundary
equations, the devolatilezation, the conservation of momentum, including the sulfur
oxide formation model which are developed by Charoensuk J. [4] and Daungvilailux
P.[5]

Chapter 4 presents the adsorption model which consists of calcination model
and sulfation model. The equations and experimental results for establishment of the
mathematical model including the validation study are shown in this chapter.

Chapter 5 displays the calculations of SO, adsorption with 7 case studies of
different inlet locations of calcined CaO particles and their particle sizes.

Chapter 6 summarizes the consequence of the preceding chapters together
with the discussions of the further study.

Subsequently, the flowchart for the calculation procedures and figure of
ICSTM fumace are shown in the appendices.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

The development of computer hardware leads to an establishment of
numerical methods for the solutions of complex mathematical equations, such as
those governing flow, combustion and heat transfer. One of its applications is the
simulation of such processes in industrial combustors. The solution is obtained in
conjunction with an experimental assessment to help engineers and researchers
distinguishing the differences between theoretical assumptions and what actually
happen during combustion, which helps them gaining a better understanding on such
process. There have been extensive works on the model development in order to
improve many aspects of its predictive quality. Nevertheless, calculation of a
validated mathematical model is able to provide the likely results which would be
expected from the experiment. So this chapter will present the general descriptions of
flue gas desulferization technologies and the important informations from the

literatures which are significant for establishing the adsorption model.

2.2 General descriptions of flue gas desulfurization technologies

The first flue gas desulfurization system in the world was put into operation in
1930 in the Great Britain [6]. It was reported that this first equipment had failed to
continue a long-term operation due to scale trouble (solid deposit) on the equipment.

After that, the flue gas desulfurization system was improved in Japan and the
United States during 1970s to be manufactured as commercial system since then.

Today, various types of desulfurization systems are proposed so as to be
suitable for individual plant conditions. In general, there are three classifications of
desulfurization systems—wet type flue gas desulfurization, dry type flue gas
desulfurization and semi-dry type flue gas desulfurization. Furthermore, each type of
the system can be di'vided to different desulfurization methods by types of adsorbent
used.

Fig.2.1 shows the desulfurization system -classifications and their own

methods and characteristics descriptions.



Flue gas desulfurization

technology

(Type of system)

(Process)

Wet type flue gas
desulfurization

Limestone gypsum
process

Magnesium
hydroxide process

Soduim hydroxide
process

Ammonia process

Dry type flue gas
desulfurizatuion

Activated carbon
process

Furnace lime blowing]
process

Electronic beam
process

Semi-dry type flue

gas desulfurization

Spray dryer process

descriptions [6]

(Characteristics)

; Limestone used as absorbent is relatively
inexpensive. Gypsum generated as by-
product may be used as material of cement
or gypsum boards.

; Magnesium hydroxide used as absorbent is
more expensive than limestone. Magnesium
sulfate as reactant may be released to the
sea. The process is just simple.

; Sodium hydroxide used as absorbent is
more expensive than magnesium hydroxide.
Sodium sulfate as reactant may be released
to the sea. The process is just simple.

; Ammonia used as absorbent is most
expensive. However, this method generates
ammoniium sulfate of high purity as by-
product. This ammonium sulfate is high-
value added product that can be used as
fertilizer.

; No water is discharged. It is necessary to
add activated carbon, which is expensive.
Only a few track records can be found.

; Efficiency of desulfurization is as low as
about 50%. Limestone is used as absorbent.

High excess absorbent rate against

desulfurization level.

; Ammonia is used as absorbent.
Ammonium sulfate and ammonium nitride
generated as by-products include collected
dust. Could be used as compound fertilizer.

; Slaked lime, which is expensive, is used as
absorbent. Calcium sulfite content is left
behind. The spraying mechanism is likely to
wear out, needed careful maintenance and
management.

Fig.2.1 Various flue gas desulfurization systems and processes, with characteristic .



Most of the ﬂue gas desulfurization systems currently used in Japan as well as
overseas countries are wet type systems. Of those several wet type systems,
particularly the one using limestone as adsorbent for recovering gypsum is the most
popular type. In this study, however, the dry type is investigated for achieving the
objective that is presented in chapter 1. Despite of low adsorption efficiency, the
operating costs involved in dry type flue gas desulferization is the lowest. It is
therefore interesting to fine out what can be done to improve its efficiency. Thus, the

mathematical model of dry type flue gas desulferization must be developed.

2.3 Important researches for establishing adsorption model

Coal is the cheapest and most abundant fossil fuel compared to gas and oil. It
is regarded as the major energy resource of the future, at least for the first half of the
new century. However, due to environmental impacts of coal combustion, it is
necessary to find a clean and efficient way of extracting the energy from it. In recent
years, mathematical simulation has played active roles in the development of coal
combustion [7 — 13] Recent work by Romo-Millares [11] has incorporated global
mechanisms for NO formation and reduction [14] into the model for simulation of
combustion heat transfer and NO emission of ICSTM furnace. However, both SO,
formation and reduction mechanisms have not been incorporated into the combustion
model. This study is, therefore, aimed at developing a simplified and reasonably
accurate model, which simulates both the formation and reduction of sulfur oxides.

Kinetic studies of sulfur oxides formation reveal that the reaction rate is of the
same order of that of combustion. In a non-premixed fiame, which typically occurs in
coal combustion, where the flame temperature is above 1000°C, kinetic rate is much
higher than mixing rate of reactants. Thus, turbulent mixing dominates the overall
reaction. Reduction of sulfur oxides, however, mostly takes place at relatively lower
temperature and longer residence time. A number of desulfurization techniques have
been established. One of them concerns treating of low-grade coal prior to feed into a
combustion chamber by blending it with those of higher grade, or separation of pyrite
by washing or gravitational method, etc. These techniques have proofed successful in
removing pyritic sulfur (FeS,) but unable to remove those chemically bound with
organic matters. Other alternative approaches are treatments during and after

combustion. An intermediate treatment involves dry injection of sorbent particles into



a furnace where su!fur oxides are adsorbed under optimum reacting environment.
Two types of sorbents are used, which are calcium carbonate, generally known as
limestone (CaCOj3), and calcium hydroxide. Post-flame treatments, for example, semi-
dry and wet scrubbing are achieved by spraying sulfur-oxide adsorbing solution into
exhaust gases. This requires an appropriate device to collect the product of the
reaction for disposal or for further use, leading to an increase in initial and operating
costs. A semi-dry process also needs careful maintenance due to wearing of the
spraying mechanism. Moreover, the cost of adsorbing agents is relatively high [6]. Of
these desulfurization techniques, the dry injection of sorbent is the cheapest, but
suffers from low adsorption efficiency. SO, reduction is reported to be as low as 50%
[6] due to short available residence time in a pulverized combustion furnace. Thus,
increasing the adsorption efficiency of calcined stone is one of the interesting topics
in desulfurization.

Limestone rapidly undergoes the calcination process and produces porous

calcined CaO particles and carbon dioxide as shown in the following equation [15].

CaCO,(s)— CaO(s)+CO,(g) (endothermic)  (2.1)

The high heating rate due to immediate particle suspension in a hot, well-
dispersed furnace causes a rapid decomposition of CaCOs, leading to formation of
CaO whose specific area is reportedly as high as 90 m?/g [16]. The CaO further reacts
with SO, and oxygen molecules producing CaSO4 according to the following equation
[15].

CaO(s)+S0,(g)+10,(g) <> CaS0,(s) (exothermic)  (2.2)

Although the CaCOs-derived calcine is less effective in capturing SO, than the
Ca(OH),-derived stones [17], the former is more widely used because of its ease of
supply. One of the experimental studies, carried out in 1989 by Zarkanitis and
Sotirchos [18], revealed that the particle sorptive capacity for SO, removal was
closely linked to the pore size distribution and the intraparticle mass-transport
resistance. They . further concluded that the size distribution and the

interconnectedness of the pores were important factors rather than the particle



porosity for adsorption capability of calcined particles. The conversion-versus-time
curve was lowered with increasing particle sizes, decreasing calcination temperature
and increasing sulfation temperature. This is explained in terms of an increase iﬁ
diffusion limit due to external plugging. The studies were, however, carried out at the
temperature between 750-850°C which was lower than that in a near-flame zone of
typical pulverized coal combustors (above 1000°C).

The pore structure also changes while the sulfation reaction is taking place.
Newton [19] reported that there weré temperature dependent losses in the porosity of
calcium based sorbents, due to CO; - activated sintering, during high temperature
(900 - 1300 °C), short time SO, capture (< 1 s). In this process, occurring at
temperature around 970°C, many small crystals grew into fewer larger ones, leading
to a reduction in internal specific surface area and consequently a decrease in
sulfation rate. This r'esult was in good agreement with a study carried out earlier by
Borgwardt and Bruce in 1986 [17], which reported a relationship between specific
surface area and rate of CaSO4 formation. Borgwardt [3] also reported an exponential
decrease in sulfation rate with an increase in sulfation loading. Several semi-empirical
models described this plugging process in terms of diffusion of SO, through the
porous structure, which led to thicken in product layer in porous structure. [20 - 29]
Simons [30] and Simons and Garman [31] found that external or mouth plugging
occurred in large pores where reaction was controlled by diffusion. Uniform
deposition, however, took place in small pores due to kinetically controlled reaction.
Moreover, the SO, gas was adsorbed between the temperature range of 900°C and
1300°C, because the diffusion and kinetic rates limit the lower bound of reaction,
where the upper one was limited by the reaction stability {19]. Maximum conversion
was found to be between 1100°C and 1200°C. Among those investigators, Sotirchos
and Yu [32] developed random pore structural models incorporated with an
intraparticle and reaction model for simulation of gas-solid reaction. The simulation
on sulfation of limestone with SO, had been carried out at a reaction temperature of
850 °C with a SO, concentration of 0.3% v/v. It is interesting to note here that the
reaction temperature was lower than that recommended in an earlier literature that
reaction would occur at the temperature between 900 to 1300°C. Nevertheless, the
simulation result was in good agreement with an experimental investigation by
Hartman and Coughlin [22 — 23]. Latest study of Mahuli et al. [33] combin




existing calcination, sintering and sulfation models based on a grain-subgrain concept
with first-order calcination kinetics. Validation study carried out by the same
researchers against the previous experimental results, i.e., calcination conversion and

surface area loss, had been quite satisfactory.



CHAPTER 3
MATHEMATICAL MODEL

3.1 Introduction

This chapter présents a review of the mathematical equations governing
combustion in the furnace. A computational code, FAFNIR, is used to numerically
solve a number of mathematical equations in polar, two-dimensional co-ordinate
domain using structured algorithms [4].

It also briefly describes the governing equations for gas phase model,
numerical handling at boundaries, mathematical model of gas phase combustion,

particle phase, thermal radiation and sulfur dioxide formation [5].

3.2 The governing equations in polar co — ordinate forms for gas

phase model [4]

The FAFNIR code is utilized for calculation in an axi — symmetrical domain. A

set of governing equations, polar co — ordinate, are presented as follows:

3.2.1 Continuity
——(rpv)+—(pu) (3.1)

S, is the source term created from the transport from particulate phase during

combustion.

3.2.2 Momentum Conservation

Radial direction:
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and S, m,v is the momentum source term due to particulate phase in radial direction.

Axial direction:

= 10 v 0 o
h S, = — — 3.5
where u ’ ar( Jueﬁ' oz ) az(iueﬂ' ) ( )

and §m',, is the momentum source term due to the particulate phase in the axial

direction.

Tangential direction:

ow) 0 ow). = . =&
(rpvw)+—(pu ( Tlof Zr J a(#eﬂ' —a-;]-!- O 7w (3.6)
— v 0
where S, =—W(ﬂ+ﬂ%+lﬂ) 3.7
r r r or

and §,,,’w is the momentum source term due to the particulate phase in the angular

direction.

3.2.3 Turbulent transport

Turbulent kinetic energy:

10, 0 (—y\ 10 He Ok) O Hey Ok
= k)+ —(pik)=——| r 22— |+ +G+ pe 3.8
r6r(rpv ) 6z(pu ) rar(r Ok 6rj 62(0',( P 68

where
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Dissipation rate:

19, _ 2
;——é-r—(rpva)+§—z—(pu8)=li(r-&ﬁ—ra—kj-l-—@-[yeﬁ a—k)+C€1§-G+C€25fl;~

ror\ o, or) oz\ o, 0z k

(3.10)
3.2.4 Scalar transport

19 ( s\ 0(—n) 10 o) o D) =
- D+ —\puS|=——|rD, g — |+—| D, — |+ S 3.11
rar(rpv ) az(p“ ) rar(r 7 ar] az( o 6ZJ @ G40
Djy = D'+ £ (3.12)

0%,

3.3 Numerical handling at boundaries [4]

There are two assumptions to be made in the calculation of the momentum
conservation, turbulent kinetic energy and heat in the region closed to the wall
boundary, i.e.,

1) The shear stress in the fluid is equal(to the shear stress at the wall.

2) Convection and diffusion fluxes are considered to be small so that the

production rate of turbulence energy may be equated to its dissipation rate.

The transport of energy is calculated using the effective Prandtl number.

A non-dimensional parameter y™ is used to characterize the flow near the boundary

and is defined by

+_ PUY (3.13)

where y is a distance from the stationary wall and u, is a friction velocity defined as
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Tw (3.14)

u, = |-
yo,

where T, is the wall shear stress. The flow region is categorized into two zones:

1) 0<y*<11.63: laminar sub-layer where the molecular diffusion

dominates (1 >> 4, ), and Newtonian flow is assumed.

2) 11.63<y* <300: turbulent sub — layer where turbulent diffusion

dominates (g, >> y1;).

3.3.1 Momentum conservation near the wall
The calculation of the contribution of the shear stress to the
conservation of momentum closed to a stationary wall recognizes two regions:

1) Laminar sub — layer: The shear stress is the product of viscosity and the

gradient of the velocity component parallel to the wall (z’ =4 %ﬁ— = rw) .
Y

2) Turbulent sub — layer: the shear stress is given by 7= 4, % =7, , where

the eddy viscosity is: x4, = pxyu, and x is Von Karman constant. The

derived form of shear stress is given by

1 1 7
o p‘kécﬁ EK(‘;_*) (3.15)

3.3.2 Turbulent kinetic energy and its dissipation near the wall
Neglecting the convection and diffusion fluxes in the equation of kinetic
energy, the generation rate of turbulent kinetic energy is equal to its dissipation rate,

so that:

- pu'V'— = peg (3.16)

|3

Applying Boussinesq’s hypothesis to the flow at the boundary, we have:
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Tturb =—PUV (317)

}I;
@[

By considering the balance of shear stress at the wall and the fluid layer, the kinetic

energy and its dissipation rate at locations near the boundary are given by

_1
K=C)/2Tw (3.18)
H
P
ik
g=—t — (3.19)
Ky
3.3.3 The transport of energy

The assumption that the heat flux, ¢,, in the boundary layer is constant

and equal to that across the wall gives
: 7)Y
qp = I-‘e E & qw’reﬁ =T +rt (320)

where I',5is the effective thermal conductivity.

1) In the laminar sub — layer (0 <yt <11.63) = b/ where 07, is

Op dy
the molecular Prandtl number.
+ . M di{
2) In the turbulent sub — layer {11.63<y™ <300, ¢, =——— where
Ohy Ay

Op, is the turbulent Prandtl number. The heat flux may be written as:

,Bur(z+hw) (3.21)

9w =
g,
0'¢"

where
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3

Oy Gsﬁ
Pl—2 =929 £ +1 (3.22)

4.t Ot

3.4 Mathematical model of gas — phase combustion [4]

The model is a function of the concentration of oxygen, fuel and combustion

products. The reaction rate can be specified as:

€ ~ & %
R, = ACOM p—=min| D ., ,—= ,BCOM —EZ—| ... 3.23
! M pr [ Juel> g 1S ] (3.23)

st

st

where R, is the volumetric reaction rate of volatilizes, ACOM and BCOM are
model constants, @g.;, ¢, and @, are, respectively, the time averaged mass

fractions of volatilizes, oxygen and combustion products and S, is the stoichiometric

value of volatile gas.

3.5 Particulate phase model [4]

The Lagrangian approach was adopted to describe the particulate phase of the
flow. It is assumed that the particles were spherical and of constant initial density.
Their distribution was defined by finite number of particle size ranges, each
represented by its average size. There is a finite number of locations where the
particles enter the computational domain. Particles are released at each location with
the same velocity and temperature as that of the surrounding gas. The conservation of
mass, momentum and energy between two phases are solved for each inlet location
and each particle size group in a Lagrangian framework for discrete time steps. The

following sub — section contains more details of the approach.
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Figure 3.1 Dissipation of particle passing a cell

3.5.1 Conservation of mass

Mass transfer from the particulate phase to the gas phase may be
expressed by

LY

dmp

=—R
dt &

(3.24)

where R, is the volumetric rate of mass efflux from the particulate phase to the

gaseous phase by devolatilization or char combustion. The negative value indicates
the mass loss in respect to the particulate phase.

3.5.1.1 The devolatilization model

The single reaction model devolatilization as a simplified

Arrhenius function coupled with a group of empirical parameters. The model may be
expressed by

Rm=d—V=k,,(V‘-V)

- (3.25)

15
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V is the cumulative amount of volatilizes release, and ¥~ is the original or total
amount of volatilizes in the coal. The rate constant k, may be expressed in

Arrhenius form below: .
\

R,T

u

ky=k, exp(— @J (3.26)

R, is the universal gas constant and T is the absolute temperature. k, and E,,, are

the pre — exponential factor and the activation energy for devolatilization,

respectively.

3.5.1.2 The char combustion model
The model assumes that the primary reaction takes place near
the surface of the particle to produce carbon monoxide. This product is assumed to
oxidize completely to carbon dioxide within the boundary layer surrounding the coal
particles. The overall rate of char combustion is controlled by two competitive rate
limiting processes, namely the kinetic reaction of coal char and diffusion rate of the
oxygen to the particle surface.

Char reaction due to chemical kinetics

The kinetic reaction rate between coal char and oxygen may be written as:

R, =K, {Po,).}’ (3.27)
where
K. =Kyexp| -2 | (3.28)
c = Ro€Xp RuT .

Po2 is the partial pressure of oxygen at the particle surface and X is the chemical

reaction rate coefficient of order n. K|, is the frequency factor for char reaction and

E is the effective activation energy of char reaction.
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Char reaction due to the diffusion of oxygen

R.x=Ky {(P 0 )oo ~(Po, )o (3.29)
where

K, = DeMcp (3.30)

51 Tp + Tg
2 2

and

1.75
P YT
D,= DO(??)(FE’) (3.31)

(Po2 )w is the partial pressure of oxygen in the surrounding gas and at the particle
surface, M, is the atémic mass of carbon, ¢ is the mechanism factor of char
reaction, defined as 1.0 for carbon monoxide formation, R, is the mean particle
diameter, 7, and T, are, respectively, the absolute temperature of the particle and the

gas. Dy, Fy and T, are the values of the binary diffusion, pressure and temperature
taken as 3.13x10* m%s, 1.013x10° Pa and 1500 K, respectively.

The overall rate coefficient for char combustion

The overall reaction rate is controlled by the diffusion rate of oxygen and it

may be given as:

K, = (3.32)
1 1
— + —
Kc Kd
The burning rate for a particle of diameter d may be expressed is:

% =K,7d,*PX,, (3.33)

RI99AR
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where P is the gas pressure. X 05 is the molar fraction of oxygen in the surrounding

gas.

3.5.2 Conservation of momentum
3.5.2.1 Mean motion of particle

The momentum balance of particle motion may be expressed as

r=3F (3:34)

The right hand side of the equation is the result of external forces
acting on the particle (the pressure gradient, Coriolis effect, Magnus effect, gravity
and the drag force created by the velocity difference between the particle and the
turbulent flow). In pulverized coal combustion, it is assumed, however, that the forces
due to the pressure gradient, gravity and the Magnus effect are negligible. Therefore,

the drag force may be gi.ven by the following expression:

Fy =CDpﬁ2’l(t7g -0, )0, -7, (3.35)
where
Cp =(1+0.15ReDE” )% (3.36)

U ¢ and U p are, respectively, the time — averaged velocities of gas and coal particle,
A, is the projected area of the particle, p is the local gas density, Cp is the drag

coefficient and Re, is the Reynolds number referred to the particle, defined as:

_ plﬁg—ﬁpldp
- H

Re

, (3.37)
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where u is the absolute viscosity of the gas and d pis the diameter of particle. The

equation for momentum balance may be written in three components of polar co —

ordinate system as follows:

A i, Y
Axial direction: — = (u —u )
av w2

Radial direction: B A— (V -y )+ £

. dt P &I,

P
L aw » L Vpw

Tangential direction: ——=—q (w -w )+

18uCp Re,,
24p,d

where ¢ =

3.5.2.2 Particle dispersion due to turbulence

and r, is the distance from the axis symmetry.

(3.38)

(3.39)

(3.40)

The dispersion velocity of the particle is assumed to be related

to the fluctuations of the gas velocity by the expression:

"2
Vdisp. = €24 (V
where the fluctuation in velocity can be written as:

u7=—cazﬂ(9“~)+-2-k
p\oz) 3

lﬁ = —cbZEL(@)+g—k
p\or) 3

(3.41)

(3.42)

(3.43)

(3.44)
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where C, and C, are constants also specified as unity. The dispersion velocity can

be expressed in term of the mean velocity gradient and kinetic energy as:

-~ A
Ugisp. =c1(—ca2ﬂ(ﬁ)+zk (3.45)
p 8z 3 Y,
VA
2
Vaisp. = €2 (— ¢y2 %(%) + %kw (3.46)
Thus we have:
du
—dt” =—ali, tug, ~i,) (3.47)
av 2
P _ 'y € w
7 =— (Vp + vdisp. — Vg )+ Z‘ (348)
aw v, w
4 ~ o~ p”p
— = - 4
- (@, - W, )+ » (3.49)

3.5.3 Conservation of energy
The change of thermal energy within the particle is the sum of the heat
transfer to the particle and the heat generation by char combustion, the heat removed
with the mass loss during char combustion and the heat of evaporation during the

devolatilization process. The thermodynamic balance equation becomes:

d(m c,T ) . dm dm
pCpip) _ p p
T—_me,—cpr(— ~ J—Lv — (3.50)
Where

Qlot = Qconvec. +Qrad. +Qcomb. (3'51)

L, - latent heat of devolatilization

¢, - specific heat of gas at constant pressure
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T, - absolute temperature of particle

The individual components of heat are evaluated as given by the following

expressions.
: 7d2 by \T, =T
Ocomvec. = —2 vy =T,) (3.52)
mp
: d?.
Orod = 70, Zrlrs-1}) (3.53)
Mp
£ H dm
Ocomb. = dai ["' p) (3.54)
m, at
Where, d, - the diameter of particle
m, - mass of particle

hy,., - the heat transfer coefficient

Nu - the Nusselt number

H - char calorific value

- the ratio of heat absorbed by the particle to heat released

o - Stefan — Boltzman constant
g, - particle emissivity
T; - temperature of i = g(gas), p(particle) and R (radiation)

3.6 Thermal radiation model
For the evaluation of the radiation temperature, “Non — equilibrium diffusional

Radiation model” is used along with “Truncated moment expansion simplification

technique” [34]. The model is given by,

v.(yl{ VT,?J = (K, +8,K, )T} - K T} ~ 5K, T, (3.55)
e
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with the boundary condition (assuming that the enclosing wall is a Grey Lambert
surface and is opaque to radiation (transitivity = 0), hence ¢, +r,, =1)

_ 1 aT}? =lh—:w Ig_gwﬁ} (3.56)
3K, on 2 t+7,) '

where, K, - gas absorption coefficient
K, - particle absorption coefficient
&, - particle emissivity, assuming the particles as opaque spheres
K, - equivalent absorption coefficient
g, - wall emissivity
f, - radiation reflectivity at the wall
T, - particle mean emission temperature

3.7 Sulfur oxides formation model

This model is investigated by Panya [5] who summarized that typical coals
comprise a substantial amount of carbon and hydrogen and small amounts of oxygen,
nitrogen, sulfur and solid matters constitute ash. Pulverized coal, when it enters the
hot environment of combustion zone, releases the volatile comprising carbon dixide,
water, combustible hydrocarbons, nitrogen and sulfur species. The oxidation of
volatile sulfur is assumed that only the SO, is occurred. The relationship between the

rate of SO, formation and volatile combustion can be written as:

RSOZ =xs 'Rvol (3.57)

where Rgp, is the rate of SO, formation, x; is the mass fraction of SO; and R, is

the volumetric reaction rate of volatilizes.



CHAPTER 4
ADSORPTION MODEL

4.1 Introduction

Adsorption is the process by which material accumulates at the interface
between two phases. Thése phases can be any of the following combinations: liquid —
liquid, gas — liquid and gas ~ solid. The adsorbing phase is called the adsorbent, and
any substance being adsorbed is termed as an adsorbate.

Adsorption onto solid adsorbents has great environmental significance, since it
can effectively remove pollutants from both aqueous and gaseous streams due to the
high degree of purification that can be achieved.

This chapter presents the reaction between SO»(g) and limestone or dolomitic
limestone (CaCOj(s)) that is assumed to occur in two steps. The first step is the
calcination, i.e. carbon dioxide is emitted from the carbonate. The second step is the
sulfation (pore model) that is a heterogeneous reaction between SO, and CaO. The

overall concept shows it Fig.4.1.

: Heat SO, @
@ Calcination Ca0 Sulfation
% % 0,

CO, .

Fig.4.1 Overall concepts for adsorption

4.2 Calcination model [2]

The following steps are included in the model: decomposition of CaCOs at the
CaO - CaCO; interface, diffusion of CO, through the CaO to the particle surface,
diffusion of CO; from the particle surface to the bulk gas and loss of continuous
surface area for all calcined material. The overall concept for the model is shown in
Fig.4.2. The particle is assumed to be isothermal. As suggested by Fig.4.2, a CO,

concentration gradient exists across the CaO layers. The calcination process is
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allowed to occur in steps leading to a layered CaO zone. Each layer is homogeneous,
and the physical properties within a given layer are constant. Physical properties are
allowed to vary from layer to layer with the most recently formed layer of CaO
possessing the highest surface areal The rate of surface area loss is a function of

temperature, surface area and CO, concentration.

Paorous

Fig.4.2 Schematic diagram of the calcination model [2]

The equations governing the movement of the calcination front are:

. ar M
—=__R 4.1
g te 4.1)
and at 1 =0, r=r
where
Rp =kp(P, - Py) (4.2)
kp =0.00122exp(~4026/T) (4.3)

P, =exp(17.74-0.001087 +0.3321n T ~ 22020/7) (4.4)
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and r is the radius (m) of the shrinking core of CaCO; , ¢ is time (s) , M is the
molecular weight of CaCO; (kg), o is the density (kg m>), Ry is the rate of
decomposition (kmol m? s™), ro is the initial particle radius, which is assumed
constant, k, is a rate constant for decomposition of CaCO; (kmol m? s atm™), P, is

the equilibrium dissociation pressure of CO, (atm), P is the CO, partial pressure at the
CaO — CaCOs interface, and T is the absolute temperature (K). The diffusion

coefficient, which controls transport mechanism for CO, in porous lime, is estimated

as.

p=(pg' + Db )" s  (@4.5)
where

Dy =0.00881T725;1 . m?sy  (4.6)
and

D 5 =0.000139(7/273)"" P! m>s’) @7

Finally, the effective diffusivity for the porous material is estimated by

D, = D&? (4.8)
where £=0.5, that is the porosity of the calcined particles. D is the diffusion
coefficient for the pore? Dy is Knudsen diffusion coefficient, D ,pis the molecular
diffusion coefficient for CO; in the air, T is absolute temperature (K), Sger is the BET
surface area (m’ kg™, and P, is the total pressure (atm).

The BET surface area, Sggr, can be described by the equation

dS;ET = _k(SBET ~Sgs )2 (4.9)
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where ¢ is time (s), S, 5 m%/g, is the asymptotic surface area and & (km™ s™) is the

rate constant may be written as:

(4.10)

_ _ -0.111
k=2866xp( 14500 - 3280P )

T

The differential equation governing the diffusion of CO, through the porous lime is

o’P (2, 104D,
oLz oP 1 4P @.11)
or r D o Jor D o
Two boundary conditions are:
atr=r
oP
-D, —a—_kf(P P) (4.12)
atr=r
D, oP
= —=kp(P, - P 4.13
R,,Tar D(e ) ( )

where r (m) is the radial position within the calcined layer, & r(m s”) is the mass —

transfer coefficient for sphere may be written as :

k= % (.0+49DY2)x102 (4.14)
p

where D, (cm) is the diameter of calcined particle and D is 2.16x107° T2 (cm?

s, By, is the CO;, partial pressure in the bulk gas, and R, is the gas constant.

Applying the pseudo — steady — state approximation for gas — solid reactions and each

shell of calcined particle is assumed to be homogeneous, D, constant. Equation 4.11

can be simplified to
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2
a’p 24P _, (4.15)
ar® rar

This equation applies to each shell of calcined particles. The shells or nodes are
numbered as illustrated in Fig.4.2. There is a CO, generation term at the CaCO; —
CaO interface (Equation 4.13) and a convective boundary condition at the outer

surface (Equation 4.12) ';he solutions to Equation 4.12, 4.13 and 4.15 are:

for node 1

2
B=p+ MR (p _p ) (4.16)
n kf
for node 2 through N-1
i [l— 1 ] (4.17)
4 (De ),-_1 {i h=t
where
F =4miky(P, - Py) (4.18)
for node N
F, +BF,
el b 4.19
N 1+B (+.19)
where
=2 (4.20)
47ZT'NkD
2
4 =4 @4.21)

R, T

u
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N-1
——1——=r12 ! [—l-—i]+-l— (4.22)

The number of nodes increases by one with each step in time. The layers of CaO are
allowed to sinter at each time step, which lead to change in their transport properties.
The rate of sintering is also a function of CO, partial pressure.

From the above equations, the Gauss — Seidel method and the improvement of
convergence using relaxation are used to predict the pressure for each shell. This type

of modifacation known as underrelaxaton, 0 < @ <1, and shown as follows [35]:
Pinew = })‘Old + APinew (4.23)

As the first step of calculation, the pressures for each shell are initialized as
total pressure of gas phase. Eventually, the calcination rate is predicted by replacing

the Py in Equation 4.2 with a convergent pressure at node N . This rate is a

parameter for calculation the sulfation process.

4.3 Sulfation model

The chemical reaction between calcined limestone and sulfur dioxide is

Ca0 + 80, + 70, <> CaSO, (4.24)

SO, + -%02

Pore of CaO

Fig.4.3 Model of sulfation process on porous CaO particle
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Due to Borgwardt [3], the reaction rate is defined as

pet B My o (4.25)
w, dt  p

The rate is in mole per unit gram of calcined particle per second. wp is the weight of
solid particles, »’ is the amount of sulfate in solid particle in mole. ¢ and m are

concentration of SO, and order of reaction respectively. k, is a rate constant which is

a function of temperature in the Arrhenius
k, = Ae EIRT (4.26)

Experimental values of k, are summarized in Table 4.1, along with those of E and
A. p is the density and 7 is an effectiveness factor-indicating a decrease in

adsorption rate due to sulfate loading. This parameter is related to sulfate loading,

z by the following equation:

Wp

AR08 (AL (R, 4.27)
p RT 5

p is an empirical parameter obtained by fitting the experimental data. ry is the

reaction rate at zero sulfation, defined as

m
o = 17 0C_ g~ EIRT (4.28)
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Table 4.1. Summary of activation energy, reaction rates and frequency factors of
dolomites, Borgwardt, 1970 [3]

) Activation energy, Reaction rate Frequency
Dolomites .
E, cal/mol constant, ky, s factor, A, s™
1337 ~ 10,000 4.8x10° 2.4x10°
1351 18,100 7.2x10° 9.0x10°
1343 14,200 4.0x10° 1.1x10°
1360 8,100 2.3x10° 5.5x10*

From the Equations 4.27 and 4.28, the frequency factor may be expressed as

r

n

-8
A= P 4o vp (4.29)
" Po

Ay from Equation.4.28 js substituted into Equation 4.29. Combining with Equations
4.25 and 4.26, it yields the following relationship:

’

n

E/RT =B
y = _Q_e_r &?__@e Wp e—E/RTcm (4.30)

0
PPy mpe” 7

thus,

’

n

_ﬂw
g (4.31)

’
’ n
As will be shown below, a simple relationship between 7,7y, fand — can
w
p
be derived from the above Equation (4.31) showing that the reaction rate is a function
of only a few parameters which is not the case observed from Borgwardt’s experiment
[3]. The data at 1x10” mol/g sulfate loading of the same investigator shows a linear

correlation between log (r) and 1/T (K™"), thus the reaction rate should be modified to

account for this temperature effect as:
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_ﬂw :§+co
r=rye P oRT (4.32)
where
Co = E (4.33)
RTref

where 7, is the reference temperature which is 1143.15 K (870°C). The above

relationship reduces to Equation 4.31 at reference temperature. Moreover, the rate

also increases with increasing SO,. Thus, an additional term is proposed as follows:

n'

—ﬂ;;e(_E/RT)»f(E/R”-ef) "

ry = roe
m
cref

(4.34)

where c,,, is the SO, concentration which is 2.9x10™® mol/cc (wet basis). The value

ro for each type of dolomite is obtained by linear interpolation, knowing the reaction

rate at 1x10™ sulfation and the correlation of log (r) with linear —— :

W

Inrg=Inr . 5— ,3(1x1 0-3) (4.35)

f may be obtained by the following expression, knowing the reaction rates at 1x107

and 2x10™ from the experiment [3] which are summarized in Tables 4.2 and 4.3

_Inry e TI07 08

0 (4.36)
2x1073 ~1x10~
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Table 4.2. Effect of particle sizes on reaction rate at the sulfate loading of 2x107

mol/g, 870°C [3]
) Reaction rate (mol/g s) x 10°’
Dolomites
D, 0.0096 cm. D, 0.025 cm. D, 0.13 cm.
1337 42 32 1.4
1351 3.2 2.1 1.3
1343 2.1 1.4 0.7
1360 2.5 1.8 1.1

Table 4.3. Empirical values of reaction rate at 870°C, sulfate loading of lx‘IO'3 mol/g
of 150/170-mesh particle size (0.0096 cm) [3]

Dolomites Reaction rate (mol/g s) x 10°
1337 6.4
1351 5.9
1343 3.6
1360 31

The above relationships for the case of dolomite 1337, for instance, may be

graphically presented in Fig.4.4. The values of r, and 8 for other types of particles

may be obtained in a similar manner, which are summarized in Table 4.4.

Table 4.4. Reaction rate at zero sulfation and 8 for dolomites1337, 1351, 1343 and

1360 [3]
Dolomites | Inzg p
D, 0.009 cm. | D, 0.025 cm. | D, 0.13 cm.
1337 -9.24 -420 -550 -970
1351 -8.97 -690 -900 -1140
1343 -9.69 -540 -740 -1090
1360 -10.16 -220 -385 -630
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0-
] In(r
W me)
]
= B
1
———————————— (ol / g)
1x10°? 2x10? Wp

Fig.4.4 Graphical representation of 7, and g

Apparently from Equation 4.34, the reaction rate is independent of an effectiveness
factor. The experimental results, however, suggest that the amount of SO, adsorbed
per 30 mg of small particles is greater than that of the larger ones, as clearly observed
at the beginning of the reaction. This is due to pore diffusion resistance at zero

sulfation, which becomes more significant for the larger particle sizes, see Fig.4.5.

10 -
s 21 st
% 84 o x
.d‘é 7 J{ A A 5 . -
g 6+ ==
%0 5 4 A = u [} ®
Q 4 A gpa ° ®
g 3140 L°® a Avgdia. = 0.0096 cm.
S 21,"°° » Avgdia. = 0.025 cm.
0 114" e Avgdia. = 0.13 cm.
O T T T T T T 1
0 20 40 60 80 100 120 140
Time (s)

Fig.4.5 Sorption of sulfur dioxide for different particle sizes of dolomite 1351,
Borgwardt, 1970 [3]
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Equation 4.26 can be written as

lnq;nAc——£=—,8—n—+lnr0 (4.37)
p RT W),
yielding
m !
1n775+1n77Ac——£=—,B—-n—+lnr0 (4.38)
p RT w,
or
m !
T A SN L/ | NS (4.39)
w RT W), Mo

All terms, except the last one in the right-hand side of the equation is in the same form

as those of Equation 4.27. Thus, a linear relationship between In(r) and 1/T is
maintained. The value 775 represents the diffusion resistance at zero sulfation, which

differs from 7. This latter parameter represents the effectiveness of reaction

throughout the reaction period. The former is constant for a particular size of particle
whereas the latter decreases with increasing sulfate loading. Therefore, a more

general equation for # would be

In oo ln(:’?—}
0700 (4.40)

B =
2x1073

This parameter reflects the overall kinetic rate of reaction (4.24) without intraparticle

effects. The value is thus unique for each type of dolomite. The empirical values in

logarithmic form are previously given in Table 4.4. The graphical representation of

B is given in Fig.4.6.
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In(n,)
Ay=In(7;)
0
4
;e B
1
e i—(mol /g)
1x107 2x107 Yp

Fig.4.6 Graphical representation of ry and S with 775 modification

4.3.1 Validation -

Fig.4.7 shows the effect of diffusion resistance on sorption of sulfur
oxides with 778 varying from 1 (no resistance at zero sulfation) to 0.4 for different
types of dolomites. Experimental data are compared with the simulation results
obtained from Equation 4.34 with the activation energy from Table 4.1, ro from Table
4.4 and B from Equation 4.40. It is important to note here that the values of # given
in Table 4.4 are determined from Equation 4.36 assuming that the reaction rate at zero
sulfation is unique for certain type of dolomite regardless of the effect of particle size

variation. Thus, those values only represent the relationship of ln(r) and the sulfate

’

loading, at the a_bsence of initial diffusion resistance, 778. Generally, the

Yp
simulation underpredicts the experimental data. A change in diffusion resistance

generally affects the shape of sulfate accumulation with time. A decrease in reaction
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rate at zero sulfation leads to a decrease in the amount of sulfate adsorbed, which is
most notable at the early stage of reaction. At sulfate loading of 2x10 the reaction

rate equals the value given in Table 4.2. This is a break-even point of the reaction rate

where the values are the same for all 7. As the reaction rate decreases linearly with
increasing sulfate loadir_xg, a decrease in reaction rate, for the case of 778 <1, is less
than that of 775 =1. This leads to higher reaction rate at sulfate loading greater than
2x107. The sulfate accumulation for the case of 778 <1 is, therefore, greater than that
for the case of 778 =1 after a certain period of time.

Fig.4.8 suggests a similar trend of evolution with change in 778. The reaction

rate is generally lower than that for D, = 0.0096 cm., due to lower £. Att=0s, for

778 =1, both cases have the same reaction rate. As for t greater than 0 s, the reaction

rate of the 0.025-cm particles becomes less than that of the 0.0096-cm one, and the
gap becomes greater as the time increases. Its effect on the accumulative amount of

sulfate with time, thus, follows this trend. It appears, however, that the simulated
result for 778 =0.35 yields the best fit to the measurement, see Fig.4.9. The measured

data clearly shows that there is a significant diffusion resistance at zero sulfation.

mg sulfate / 30 mg calcined CaO

0 20 40 60 80 100 120 140
Time (s)

Fig.4.7 Effect of zero-sulfation diffusion resistance on sorption of sulfur oxides
against experimental data, dolomite 1351, Dy = 0.0096 cm.
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mg sulfate / 30 mg calcined CaO

0 T T T T T T T 1
0 20 40 60 80 I00 120 140
Time (s)

Fig.4.8 Effect of zero-sulfation diffusion resistance on sorption of sulfur oxides

against experimental data, dolomite 1351, D, = 0.025 cm.

mg sulfate / 30 mg calcined CaO

0 20 40 60 80 100 120 140
Time (s)

Fig.4.9 Comparison between mathematical simulation at 178= 0.35 and measurement

for dolomite 1351, D, = 0.025 cm.

As for the adsorption of 0.13-cm particle size, the value of 778 =0.09 yields the best

fit to the measured data, see Fig.4.10.
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mg sulfate / 30 mg calcined CaO

0 T T T T T T 1
0 20 40 60 80 100 120 140

Time (s)

Fig.4.10 Comparison between mathematical simulation at 775= 0.09 and the

measurement for dolomite 1351, D, = 0.13 cm.

At 775 = 0.05, the accumulation level increases almost linearly with time, suggesting

that the reaction rate is very much less influenced by the sulfate loading, see Fig.4.11.

mg sulfate / 30 mg calcined CaO

~~~—115 = 0.05
= 0.1
= 0.2
¥~ — a PBxpt
0 20 40 60 80 100 120 140
Tme (s)

Fig.4.11 Effect of zero-sulfation diffusion resistance on sorption of sulfur oxides

against experimental data, dolomite 1351, Dp = 0.13 cm.
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The effect of £ on SO, adsorption may be illustrated in Fig4.12. At a

constant value, 77; =1, a decrease in magnitude of B leads to an increase in the
reaction rate. The parameter # indicates that the rate of In(r) decreases with sulfate
loading, thus the greater the magnitude of B the lesser the rate of reaction.

Fig.4.12 shows an increase in accumulative sulfate loading against the same
corresponding time when decreasing the magnitude of £ to 90% and 85% of its
original (,B), respectively. The profile of sulfate loading, which is compared between

mathematical simulation and the measurement for dolomite 1351, has already been
given in Fig.4.13. For different types of dolomites, the mathematical model for SO,

adsorption may be obtained in a similar manner. However, the chemical and physical
structures of dolomite are different from one dolomite to another, thus specific 778 and

B values should be identified for different types of particles.

10 -
9_.
Q
3 "8
E 7
5O 6.5
(8]
e\ 73, -
o
o 4-
2
% N * B2=09B1
w 2 B2 = 0.85p1
£ 1
0 T T T T T T 1

0 20 40 60 80 100 120 140
Time (s)

Fig.4.12 Effect of B on sorption of sulfur oxides against experimental data, dolomite
1351, Dy = 0.0096 cm.



40

a Avgdia. =0.0096 cm.
= Avgdia. = 0.025 cm.

e Avgdia.=0.13 cm.

mg sulfate / 30 mg calcined CaO

0 20 40 60 80 100 120 140
Time (s)

Fig.4.13 Comparison between mathematical simulation and the measurement for
dolomite 1351

4.4 Integration of calcination and sulfation models into FAFNIR

The calcination and sulfation models are integrated in FAFNIR by inserting
sub-program for each model. The assumptions for these models are insimultaneous.
CaCO; particles were injected into the furnace by the conditions of inlet locations and
particle sizes. Sub-program, PARTIC, that determines the track of coal particle [4], is
modified for prediction of CaCQO; particle path. Algorithm of this sub-program shows
in Fig.4.14. The assumptions of particles are:
No collision and interaction particles
Gray system is assumed for radiation

Constant diameter is assumed but the density decreases with time

b=

Dispersion of particles in mean turbulent flow is achieved by injecting the
particle from different locations within the injection domain / port,
incorporated with turbulent dispersion velocity model (Section 3.5).

5. Mass, momentum and heat sources contribute to gas phase via particle-
source-in cell technique [4] as mentioned in Section 3.5. Since the mean
particle trajectories are different from one iteration to another. With
underrelaxation techniques [4] the above source terms are dispersed within

the turbulent 'gaseous stream.
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Loop on patricle size and on starting location
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Adsorption
Model

Test for particle
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l ¥icoms > COMBOUT
PACL T Final output

End of size and location loops

Underrelaxation of sources
Calculate Particle emissivity

l

Return

Fig.4.14 Flowchart for CaCO; particle tracking

o DIFVEL, this subroutine calculates the local gas velocity and diffusion velocity.
e SECLOC, this subroutine returns the new sector in which particle is giving its new

position.
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BOUNCE, this subroutine calculates the position and the velocity of particle after
it bounces a boundary.

BNDCRS, this subr(;utine determines the boundaries of the sector where a particle
crosses the grid during each time step.

Adsorption model consists of two models for calcination and sulfation processes.



CHAPTER 5
COMPUTATIONAL SIMULATION

5.1 Introduction

This chapter consists of the results and discussions in 9 cases. Those cases
discussed in section 5.3 — 5.6 are a study of the effects of inlet locations, particle sizes
and wall temperature on the amount of SO, adsorption. The mathematical model is
included in FAFNIR while the schematic diagram of the furnace and numerical set —

up are illustrated in the following section.

5.2 Numerical set - up for coal combustion in furnace
The detailed numerical set-up has been previously described by Charoensuk J.
[4] and Daungyvilailux P. [5]. The summary of them are as follows:

1. The furnace is a cylindrical symmetry. It has a diameter of 0.6 m. and a
total lenéth of 0.3 m. Fig.5.1 shows the schematic diagram of the top
segment of the ICSTM. furnace, which is used for simulation and the
overview of furnace shown in Fig.A-1 (in appendix A). Dimensions of
burner are illustrated in Fig.5.2.

2. The characteristics of bituminous coal given in Table 5.1. The furnace
operating conditions are summarized in Table 5.2 with the recommended
coal kinetic parameters in Table 5.3.

3. Uniform profiles of temperature and velocities at every component of
inlets are assumed. The wall is considered adiabatic from the burner exit
plane up to 1.5 meters along the axial distance.

4. In region'where the gradient of the velocity is large and suddenly changed
in shape of the boundary occurs (e.g., at corner, or at the burner inlet), the

cell should be small.
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Fig.5.1 Schematic diagram of the top segment of the ICSTM furnace

Fig.5.2 Schematic diagram of the burner
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Table 5.1 Characteristics of bituminous coal [36]

Proximate analysis: (wt %)
Volatiles 35.8
Fixed carbon 53.7
Moisture 6.3
Ultimate analysis: (wt %)
Carbon 72.60
Hydrogen 5.05
Nitrogen 15.31
Sulfur 1.29
Oxygen 1.55
Particle size distribution (um) (wt %)
0-10 15.0
10-25 25.0
-+ 95.40 20.0
40-75 i
>75 20.0
Gross calorific value, MJ/kg 29.29
Table 5.2 Furnace operating conditions
Central pipe: Air flow rate, kg/s 4.777x 107
Swirl number 0.0
’ Temperature, K 353
Coal feed rate, kg/s 0.39 x 10™
Primary: _ Air flow rate, kg/s 8.833x 10™
Swirl number 0.0
Temperature, K 353
Secondary:  Air flow rate, kg/s 3.344 x 10”
Swirl number 1.03
Temperature, K 573
Excess air (%) 15




Table 5.3 Kinetic parameters for coal combustion model

Kinetic parameters

Devolatilization

Char reaction

E (J/kmol)
7.4x% 107
1.02x 108

ko, Ky
836 x 10*s™
0.86 kg s Nm™

5.3 The simulation of coal combustion (base case)

46

The simulation of flow, heat transfer and coal combustion are performed as

well as formation of sulfur oxides. A contour plot of the temperature distribution in

Fig.5.3 describes the role of recirculation on the mechanism of flame stabilization.

The heat generated by volatile combustion is transported into the internal recirculation

zone and stored in a torroidal vortex closed to the center of the jet, near the burner

exit. Fig.5.4 shows the consequential coal particle trajectories. The reverse flow of

coal particles is evident at the distance between 0.05 — 0.18 m from the burner exit.

The sooner particle is entrained with the local gas velocity, the shorter particle

penetrates into the internal recirculation zone. From Fig.5.5, high SO, concentration is

observed at the distance between 0.03 — 0.18 m from the burner exit.
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Fig.5.3 Distribution of temperature (K) (a) entire furnace (b) in the near burner zone
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Fig.5.4 Coal particle trajectories (a) entire furnace (b) in the near burner zone
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02 03 04 05
Axial distance (m)

Fig.5.5 Concentration of sulfur oxides (in % Ms0, | Mpyixnre ) DEAT the burner zone

5.4 Computational simulation for adsorption

From the evidence given in Section 4.2 and 4.3, calcination and sulfation
processes are insimultaneous and the conversion is 90% before the sulfation process
occurs. Four cases are carried out to achieve the objective of this study. Two cases, as
will be discussed in Section 5.4.1 are case 1 and 2 for a study on the effect of particle
sizes. Case 1 and 3 will be discussed in Section 5.4.2 for a study on the effect of
starting location at side wall with different of 0.056 and 0.201 m from the furnace
axis. Case 1 and 4 will be discussed in Section 5.4.3 for a study on the effect of inlet
location at side wall and top wall. The numerical set - up are shown in Tables 5.4 —
5.7. Result of these cases will be discussed as follows. Fig.5.6 illustrates the
schematic diagram of the burner and additional CaCO; inlet that consists of side wall
and top wall inlets.



Table 5.4 Numcrical set — up for desulferization properties in case 1

Density of CaCO;  kg/m’ 2710
Density of CaO kg/m’ 1590
Particle size m 96x10™
Particle temperature K 1143
Top wall temperature K Insulation
Inlet location Side wall
Axial distance m 0.054
Radial distance m 0.056
Flow rate m’/s 0.006
Velocity m/s 5.3818

Table 5.5 Numerical set - up for desulferization properties in case 2

Density of CaCO3;  kg/m’ 2710
Density of CaO kg/m’ 1590
Particle size m 25x107
Particle temperature K 1143
Top wall temperature K Insulation
Inlet location Side wall
Axial distance m 0.054
Radial distance m 0.056
Flow rate m’/s 0.006
Velocity m/s 5.3818
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Table 5.6 Numerical set — up for desulferization properties in case 3

Density of CaCO;  kg/m’ 2710
Density of CaO kg/m’ 1590
Particle size m 96x10™
Particle temperature K 1143
Top wall temperature K Insulation
Inlet location Side wall
Axial distance m 0.054
Radial distance m 0.201
Flow rate m’/s 0.006
Velocity m/s 5.3818

Table 5.7 Numerical set — up for desulferization properties in case 4

Density of CaCO;  kg/m’ 2710
Density of CaO kg/m’ 1590
Particle size m 96x10™
Particle temperature K 1143
Top wall temperature K Insulation
Inlet location Top wall
Axial distance m 0.099
Radial distance m 0.292
Flow rate m’/s 0.005
Velocity m/s -3.3818
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\

Fig.5.6 Section of the burner and additional CaCOj inlets

5.4.1 Effect of particle sizes on the amount of SO, adsorption (case 1 and case 2)

The particle trajectories and the amount of SO, adsorption of small (0.0096
cm.) and large (0.025 cm.) CaCQj; particles are compared. In both cases, the particles
were injected from side wall at 0.056 m. from the furnace axis. In Fig.5.7, the
calcinatio{l process of particle size 0.0096 cm. is faster than that of particle 0.025 cm.,
(see Fig.5.8) because of the size of particles is smaller. After that, the sorption of
sulfur oxides for the smaller diameter, 0.0096 cm., is more than that of 0.025-cm
particles, see Figs.5.7 and 5.8. Figs.5.9 and 5.10 illustrate the trajectories of particle
sizes of 0.0096 cm. and 0.025 cm., respectively. In the near burner zone ( < 0.5 m.
from the exit plane), the particles catched up with the gas velocity, which was the
same as coal particles, see Fig.5.4. The particles moved into the location near the top
wall at which the axial location was about 0.45 m. and moved to the low temperature
zone, see Figs.5.11 and 5.12. This result is a decrease in the rate of sorption as
illustrated in Figs.5.7 and 5.8. When the residence time is higher than 1.5 s., the
slopes of the graphs decrease.
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5.4.2 Effect of inlet location at side wall with different of 0.056 and 0.201 m on the
amount of SO, adsorption (case 1 and case 3)

Fig.5.13a and b illustrate trajectories of 0.0096-cm particles which were
injected into the furnace at side wall and 0.2 m. from the furnace axis. Particles were
entrained by the flow of the external recirculation and moved to the top wall at the
axial location of 0.45 m. After leaving the top wall, particles moved into the low
temperature zone and exited the furnace, see Fig.5.13 and 5.14. Therefore, the kinetic
rate of sorption (between 0 — 0.2 s.) is higher than the case of which the particles were
injected at 0.056 m. from the furnace symmetry axis, see Fig.5.7 and 5.15. This is due
to the longer residence time of moving particles in high temperature zone, see
Figs.5.13 and 5.14.

5.4.3 Effect of inlet location at side wall and top wall (case 1 and case 4)

In case 4, the 0.0096-cm particles were injected at the top wall of the furnace
located axially at 0.1 m. from the coal inlet, see Fig.5.16. The particle moved down to
the center of the furnace. After that, it moved to the top wall again due to the gas flow
at 0.45 m., therefore the kinetic rate of sorption between 0 — 2 s., in Fig.5.17 and 5.7,
is higher than that of case 1 because the particles moved through the higher
temperature zone in external recirculation zone (ERZ), see Fig.5.16 and 5.18. Finally,
the particles move through the low temperature zone, and exited the furnace at the
outlet. Then, the low kinetic rate of sorption is seen in Fig.5.17

Moreover, concentration of SO, from the casesl, 2, 3 and 4 can be illustrated in
Figs.5.19, 5.20, 5.21 and 5.22.
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Fig.5.9 CaCO; particle trajectories in case 1 (a) entire furnace (b) in the near burner

zone
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5.5 Modified boundary for coal combustion (base case)

The simulated results displayed in the series of above figures show that the
inlet locations and particle sizes have relationships with the SO, adsorption. The high
reaction rate of SO, adsorption occurs when the CaCOj; particles move in a high
temperature zone and within a long residence time. The sizes of particles have less
effect on SO, adsorption when compared to effect of the temperature distribution. In
section 5.4, the furnace wall was insulated thus the distribution of temperature near
the burner was high. The following section will discuss on the results under the
conditions which the wall temperature was reduced in order to keep the temperature
distribution in the near burner region at about 1000 K. The reason for that is due to
the suggestions given by the previous researchers for the maximum allowable
adsorption temperature that should not be greater than 1300 K [19]. To achieve such
requirement, the temperature of 500 K was applied at the top wall. Fig.5.23 shows a
contour plot of the temperature distribution in the furnace under such conditions.
Coal particle trajectories are illustrated in Fig.5.24 and sulfur oxide concentration in
Fig.5.25. CaCOjs particles are not yet injected into the furnace. The result serves as a

base case for the comparison in the next section.
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5.6 Modified simulation for adsorption

Cases 5,6 and 7 will be discussed in this section for a study on the effect of
wall temperature on SO, adsorption. The operating conditions are given from Table
5.8105.10. The wall temperature profile near the burner was kept constant at 500 K.
The diameter of CaCOs3 is 0.0096 cm. In case 5, the particles were injected from side
wall, whereas in cases 6 and 7 the particles were injected from top wall but different

in inlet locations. The results of these cases are discussed as follow:

Fig.5.26 shows a 0.0096 cm. particle trajectory of case 5. It is found that the.
particles generally have a longer residence time in the external recirculation zone than
that of the case performed under insulated wall, given in Fig.5.13. This effect leads to
an increase in time for SO, adsorption (see Figs.5.32 and 5.15). However, lower rate

of sorption occurs because the particle moves in the lower temperature zone, see
Figs.5.29 and 5.14.

Figs.5.27 and 5.28 show the particle trajectories, Figs.5.30 and 5.31 show
temperature distributions of cases 6 and 7,respectively. Figs.5.32, 5.33 and 5.34 show
the sorption of SO, of cases 5, 6 and 7, respectively. Both cases have low sorption
levels in common with case 5 due to comparatively low temperature levels throughout
the furnace. Moreover, concentration of SO, from the cases 5, 6 and 7 can be
illustrated in Figs.5.35, 5.36 and 5.37.

Table 5.8 Numerical set — up for desulferization properties in case 5

Density of CaCO; _ kg/m®® 2710
Density of CaO kg/m’ 1590
Particle size m 96x10™
Particle temperature K 1143
Top wall temperature K 500
Inlet location Side wall
Axial distance m 0.054
Radial distance m 0.201
Flow rate m’/s 0.006
Velocity m/s 5.3818




Table 5.9 Numerical set — up for desulferization properties in case 6

Density of CaCO3  kg/m’ 2710
Density of CaO kg/m’ 1590
Particle size m 96x10™
Particle temperature K 1143
Top wall temperature K 500
Inlet location Top wall
Axial distance m 0.099
Radial distance m 0.292
Flow rate m’/s 0.005
Velocity m/s -3.3818

Table 5.10 Numerical set — up for desulferization properties in case 7

Density of CaCOs  kg/m’ 2710
Density of CaO kg/m’ 1590
Particle size m 96x107*
Particle temperature K 1143
Top wall temperatuge K 500
Inlet location Top wall
Axial distance m 0.304
Radial distance m 0.292
Flow rate m’/s 0.005
Velocity m/s -3.3818
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5.7 Summary

There are 9 case studies performed in this thesis including two base cases.

Parametric studies have been carried out involving changing in inlet locations, particle

sizes and decreasing in wall temperatures. The results may be concluded as follows:

L.

Calcination process rapidly takes place when the particles move through the high
temperature zone. The calcination time is not observable in the case of insulated
wall where gas temperature is high. In the case under temperature-controlled
boundary condition, however, it occupies a time span of 0.5 and up to 1.3 seconds
under of gas terﬁperature about 1000 K.

The kinetic of sorption is high when the small particles move through the high
temperature zone. This is related to the rate constant, which proportionally varies
with temperature. However, this mathematical model does not render the effect of
chemical instability of SO, sorption at temperature above 1300 °C [19], the
sorption rate under such condition is therefore higher than the value observed at
lower temperatur.e. To overcome unrealistic representation of this model the gas

temperature in the furnace is kept under 1300 °C.

. Apart from the sorption rate, the particle residence time also play an important

role on the total amount of SO, adsorption. However, the particles no longer
adsorb SO after a certain period due to insufficiently low temperature in the far
burner region, despite the particles are yet to saturate. The maximum residence
time of 8 seconds is observed in case 6 where the particles are injected from top
wall, and the accumulative amount is 0.45 mg/mg particles, whereas this figure
could be as high as 9 mg/mg particles within 120 second in a bench-top
experiment [3].

Generally, from-Figs. 5.19 — 5.22 and 5.35 — 5.37, less emissions are observed
when introducing calcium carbonate particles, but this improvement is
insignificant. Moreover, the effects of inlet locations and particle sizes on
emission level are also negligible. From these results and the statement given in
the above paragraph, reduction of SO, emissions rather has strong relationships
with the particle residence time and temperature. Changing in inlet locations and
particle sizes do not significantly alter such primary factors. It can be concluded

that the configuration for pulverized coal combustor and furnace used in this study
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yields the unfavorable environment for in-situ dry-type desulferization. More

study on furnace configuration in order to lengthen the residence time is required

in order to improve the adsorption efficiency.

The effect of decreasing temperature at top wall has caused a decrease in gas
density in the internal recirculation zone. Such change causes the significant

effect in momentum transfer between the gaseous phase and the CaCOj; particles.

As the temperature decreases, CaCOj3 particles seem to have better penetration

into the central part of the external recirculation zone, resulting in longer

residence time therein. However, due to lower temperature, lower adsorption rate

is observed. Such effect has already been discussed above.



CHAPTER 6
CONCLUSIONS AND DISCUSSIONS

Synopses of this thesis and discussions of the further studies are included in

this chapter.

6.1 Summary of the preceding chapters

Chapter 1 describes coal utilization in Thailand and objective of this thesis
which is an establishment of mathematical model for simulation of SO, adsorption by
CaCOs particles. This model consists of calcination and sulfation processes, which
generally included with mathematical model for sulfur oxide formation. A number of
terms have been added into the original model to render the effects of temperature,
concentration of sulfur dioxide in the surrounding gas, particle sizes and trajectories
of particles.

Chapter 2 ‘reviews the desulfurization technologies and the suggestion of
previous researchers for establishment of mathematical model, especially Silcox [2]
and Borgwardt, [3] which are the main contributors for model of calcination and
sulfation processes, respectively.

Chapter 3, the numerical formulations for the simulation of flow
aerodynamics, combustion and heat transfer in pulverized fuel combustion systems in
the model and those describing the formation of SO, are presented.

Chapter 4 the calcination and sulfation models are validated in this chapter.
Parametric studies based on the modified equations show that good agreement with
the experimental data can be achieved via the adjustments of two empirical
parameters for the sulfation model.

Chapter 5 contains the results and discussions for the SO, adsorption. The
residence time and temperature surrounding CaCOs; particles are the primary
parameters for adsorption, whereas, the inlet locations and particle sizes of CaCOs

have less effect.
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6.2 Conclusions .

The objective of this thesis has been achieved. The adsorption model
comprising of calcination and sulfation models for pulverized coal combustion has
been established. The results of this model presented in chapter 5 are sensible. The
primary parameters for adsorption are residence time and temperature surrounding of
CaCOj3 particles. This study is an informative data for further study about the

reduction of sulfur dioxide emissions from the pulverized coal combustion.

6.3 Remarks for further studies

In order to confirm the precision and accuracy of the study, the furnace for
CaCO; injection should be constructed and experiments should be carried out.
Moreover, further st{xdy should be concentrated on extending the residence time of the

particles in the external recirculation zone.



[1]

[2]

(3]

[4]

(5]

[6]

[7]

(8]

(9]

[10]

[11]

85

REFERENCES

Eiichi Y. “Research Survey on Efficient and Environmentally Friendly Coal
Utilization Systems in Thailand.” Clean Coal Technology Seminar in Thailand.
Feb 1999. pp. 1-12.

Geoffrey D. Silcox. “Mathematical Model for the Flash Calcination of
Dispersed CaCOj3 and Ca(OH), Particles.” Ind. Eng. Chem. Res, vol. 28, 1999.
pp-155-160

Borgwardt, R.H., “Kinetics of the Reaction of SO, with Calcined Limestone.”
AIChE J, vol. 4, no. 1, Jan. 1970. pp. 59-64.

Charoensuk J. “The Application of Mathematical Model for Scaling Pulverised
Coal Combustors.” Ph.D.Thesis of University of London and the Diploma of
Membership of the Imperial College. 1996.

Daungyvilailux P. “Mathematical Model of Sulfur Oxide Formation in Pulversed
Coal Combustion.” Mater of Engineering in Mechanical Engineering School of
Graduate Studies King Mongkut’s Institute of Technology Ladkrabang. 2000.
Tetsuo K. “Flue.Gas Desulfurization Technology.” Clean Coal Technology
Seminar in Thailand. Feb 1999. pp. 26-36.

Magnussen B.F. and Hjertager B.H. “On Mathematical Modeling of Turbulent
Combustion with Special Emphasis on Soot Formation and Combustion.”
Sixteenth Symposium (Int.) on Combustion. The Combustion Institute. 1976. p.
719.

Salooja A.P. “Mathematical Modeling of and experimental Studies in Axi —
Symmetrical Combustors.” Ph.D.Thesis of University of London and the
Diploma of Membership of the Imperial College. 1979.

Lockwood F.C., Rizvi SM.A., Lee F,K. and Whalet K. “Coal Combustion
Model Validation Using Cylindrical Furnace Data.” Twentieth Symposium
(Int.) on Combusti'on. The Combustion Institute. 1994. p. 513.

Sloan D.F., Smith P.F., and Smoot L,D. “Modeling of Swirl in Turbulent Flow
System.” Progress in Energy Combustion Science, vol. 12, 1986. p. 163.
Romo — Millares C.A. “Mathematical Modeling of Fuel NO Emissions from PF
Burners.” Ph.D.Thesis of University of London and the Diploma of
Membership of the Imperial College. 1992.



[12]

[13]

[14]

[15]

(16]

[17]

[18]

[19]

(20]

[21]

[22]

[23]

86

Lockwood F.C. and Jones W.P. “The Mathematical Modeling of Combustion
Chambers.” Furnaces and Fires: Prediction of NO emissions from a staged
burner. Outline of Lecture notes. Post Experience Course Lectures. Department
of Mechanical Engineering. ICSTM. London. 1993.

Shen B. “The Application of Second — Moment Turbulence Closures to 2D
Pulverised —Coal Flames.” Ph.D.Thesis of University of London and the
Diploma of Membership of the Imperial College. 1994.

De Soete F.F. Fu;ldamentals of NO Formation and Destruction ( Gas phase ).
Course on combustion of solid fuels. IFRF, Noordwijkerhout, The Netherlands,
1988.

Alvfors, P. and Svedberg, G. “Modeling 6f the Sulphation of calcined
Limestone and Dolomite — A Gas — Solid Reaction with Structural Changes in
the Presence of Inert Solids® Chem. Engng. Sci, vol. 43, no. 5. pp. 1183-1193.
Borgwardt, R.H. “Calcination Kinetics and Surface Area of Dispersed
Limestone Particles.” AIChE J, vol. 31, no. 1, Jan. 1985. pp. 103-111.
Borgwardt, R.H., and Bruce, K.R. “Effect of Specific Surface Area on the
Reactivity of CaO with SO,.” AIChE J, vol. 32, no. 2, Feb. 1986. pp. 239-246.
Zarkanitis, S., and-Sotirchos, S. V. “Pore Structure and Particle Size Effects on
Limestone Capacity for SO, Removal.” AIChE J, vol. 35, no, 5, May 1989.
pp. 821-830.

Newton, G. H., Chen, S. L., and Kramlich, J.C. “Role of Porosity Loss in
Limiting SO, Capture by Calcium Based Sorbents.” AIChE J, vol. 35, no. 6,
Jun. 1989. pp. 988-994.

Georgakis, C., C.W. Chang, and J. Szekely. “A Changing GrainSize Model for
Gas — Solid Reactions.” Chem. Eng. Sci, vol. 34, 1979. p. 1072.

Lee, D.C., and C. Georgakis. “A Single — Particle Size Model for Sulfur
Retention in Fluidized Bed Coal Combustors.” AIChE J, vol. 27, 1981. p. 472.
Hartman, M., and R. W. Coughlin. “Reaction of Sulfur Dioxide with Limestone
and the Influence of Pore Structure.” Ind. Eng. Chem. Proc. Des. Dev, vol. 13,
1974. p. 248.

Hartman, M., and R. W. Coughlin. “Reaction of Sulfur Dioxide with Limestone
and the Grain Model.” AIChE J, vol. 22, 1976. p. 490.



[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32)

[33]

[34]

[35]

(36]

87

Hartman, M., and R. W. Coughlin. “Influence of Porosity of Calcium
Carbonates on Their Reactivity with Sulfur Dioxide.” Ind. Eng. Chem. Proc.
Des. Dev, vol. 17,1978. p. 411.

Bhatia, S.K., and D.D. Perlmutter. “The Effect of Pore Structure on Fluid —
Solid Reactions. I : Application to the SO, — lime Reaction.” AIChE J, vol. 27,
1981a. p. 226.

Christman, P.G., and T. F. Edgar. “Distributed Pore — Size Model for Sulfation
of Limestone.” AI.ChE J, vol. 29, 1983. p. 388.

Bardakci, T. “Diffusional Study of the Reaction of Sulfur Dioxide with
Reactive Porous Matrices.” Thermochimica Acta, vol. 76, 1985. p.287.
Marsh, D.W., and D. L. Ulrichson. “Rate and Diffusional Study of the Reaction
of Calcium Oxide with Sulfur Dioxide.” AIChE Ann. Meet., Los Angeles,
1982.

Ramachandran, P.A., and J. M. Smith. “A Single — Pore Model for Gas — Solid
Moncatalytic Reactions.” AIChE J, vol. 23, 1977. p. 353.

Simons, G. A. “The Pore Tree Structure of Pore Char.” 19th Int. Symp.
Comblistion, Combustion Institute, 1982.

Simons, G.a., and Garman, A.R. “Small Pore Closure and the Deactivation of
the Limestone Sulfation Reaction.” AIChE J, vol. 32, no. 9, Sept. 1986. pp.
1491-1499.

Sotirchos, S. V., and H. C. Yu. “Mathematical Modeling of Gas — Solid
Reactions with Solid Product.” Chem. Eng. Sci, vol. 40, no. 11, 1985. pp.
2039-2052.

Suhas K. Mahuli, Rajeev Agnihotri, Raja Jadhav, Shriniwas Chauk and L. S.
Fan. “Combined Calcination, Sintering and Sulfation Model for CaCO; — SO,
Reaction.” AIChE J, vol. 45, no. 2, Feb. 1999. pp. 367-382.

Rizvi S.M.A.. “Prediction of flow, Combustion and Heat Transfer in Pulverised
Coal Flames.” Ph.D.Thesis of University of London and the Diploma of
Membership of the Imperial College. 1985.

Steven C. and Raymond P. Canale. Numerical Methods for Engineers. 2nd
Ed. Singapore : McGraw-Hill. 1989.

Abbas T. “In — frame Measurement of N — Pollutant and Burnout in a
Pulverised — Coal — Fired Furnace.” Ph.D.Thesis of University of London and

the Diploma of Membership of the Imperial College. 1993.



APPENDICES

88



89

SRR

(NN

This material is reserved for educational use only, not allowed for commercial use.

Forbidden to modify the content, and cite the document when use.



90

' . burner gun

secondary air | | [T
distributor - variadle swirl
e
quarl generator
water jacket
; ;
ceramic fibre — 3
g \
—
heater
e e
refractory =~ =
—
T [~ ?
- b4 A - H
= [T secondary air
O L—a—1t1 - e
5 b -
- e J 5N X
[~ '.'_ I::‘,' - -
3 =315 &
°° I X W &3 <
£ -]
—6 F‘i - e \ .
3 2 Ao gl furnace window
———-]
| EEE— -
o ———
e
] . .
explosion
= / / vent
1
e
—— cooling water
water out e
exhaust gases
scrubber
|
1§ I

Fig.A-1 Schematic diagram of the ICSTM furnace



r‘{ INIT I

i

PROMOD

LISOLV

> PROPS

PROMOD

LISOLV

g PRINT

R

.
( Main Program)
SEED >  READ input file
~
INITIALIZATIONS
-Set variables to zero 4
Field Initialization
RRNIN _
% Read previous results (if IREAD)
Field temperature re-initialization (if INITT)
Inlet initialization
Calculate initial properties . 3! props
FAFOUT ¢ Initial output @ » PRINT
ITERATION LOOP
CALCINATION
SULFATION
< CALOX
» CALVOL
» CALSULF
» CALCPR
< CALCH
oS CALCRA
< » CALCU
¢ » CALCV
< » CALCP
»| CALCW
<t CALCTE
< » CALCED
4
FAFOUT e A Intermediate output
L , {
RRNOUT [ Intermediate backup
Termination
tests
{ FINAL OPERATIONS AND OUTPUT l
RRNOUT .
(¢ ——— Output of binary file for future runs

Heat balance calculations

FAFOUT

4

Output of heat balances

Fig.A-2 Flowchart for FAFNIR and additional calcination and sulfation processes

91



Appendix B

Publication

92



93

. - - a4 . & d
fnnimmaimnanaieanauialzimanonisn 13
23 unnu 2542 Tsausn sadandnbainein wWnenld weyd

o § o s a a
wpudasnaBamaaidmiumIgatumesaaslesanlydarsuanidon

sanloe

Mathematical Model for Sulfur Dioxide ( SO, ) Absorption by Calcine ( CaO ) Particle

NN 5, In ASRum
-~ - el -~ * I * v" - v v o
madrimnanaieans auddmnTumand smwnalulsiwszssuindudgunmsmaniaiy

n.aamn'gc L'l}ﬂﬁ'lﬂﬂ‘izﬁii n;qmw 10520
Tns 66(2)326-9987, In3m1766(2)326-9053, E-Mail: kswipoo@kmitl.ac.th

undnte
unanuilidussmMIAnsLandfuUIIeIe
adamaafdmivljnivgaduiadaieilnsonlodves
wnsiBpuoonted (Ca0)  @afnsnniTuendavssuand
miusn  wammaaUTnuiodaweilessnlodasuuuiiany
'rmnn‘mmam‘ﬁm“'\ﬁua:gnuamm?umﬁnuﬁuﬁngaﬁ‘lﬁ‘awn
mMInaRes  madeuansienryeImaAnunRsmwanaaFen
ponled (Ca0)  samigaduUTmiwdninatlasenlad
dwiunafianldudTomasIiiinnsiddasuusenans
Tanfoudsumssanmigaduihadamedlacenladiuiam

Abstract

This paper concerns about a formulation of the semi —
empirical mathematical model for sulfur dioxide (SO,) absorption
by Celcine (CaO) particle , dissociated from Calcium Carbonate.
Euler's method is utiized for the time—domain solution of the
absorption level. The model is able to predict the effect of particle
size on SO; absorption level. Eventually, the numerical results are

in good agreement with the experiments! data
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