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Abstract—A moderate temperature dry circulating fluidized bed flue gas desulfurization (CFB-FGD) process was
developed using rapidly hydrated sorbent. This technique has the advantages of low cost, no water consumption, and
a valuable dry product CaSO,. To keep the system operation stable, a mass balance model, based on cell model con-
sidering flow state, particle abrasion, particle residence time, particle segregation and desulfurization processes, was
built to predict the system state and optimize the operating condition. Experimental studies were conducted on a pilot-
scale CFB-FGD system with rapidly hydrated sorbent made from CFB circulating ash and lime (circulating ash sorbent)
or coal fly ash and lime (coal fly ash sorbent). Calculated results were compared with experimental results and the relative
error was less than 10%. The results indicated that feed sorbent mass, feed sorbent size, superficial gas velocity, particle
abrasion coefficient and cyclone efficiency had significant influence on the mass balance of CFB system. The circulating
ash sorbent was better than the coal fly ash sorbent, for providing higher desulfurization efficiency and being better

for the CFB-FGD system to achieve mass balance.
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INTRODUCTION

Removal of SO, from ue gases emitted during fossil fuel com-
bustion has been a worldwide concern since the 1970s. Various flue
gas desulfurization (FGD) technologies have been developed to re-
move SO, with Ca-based sorbents widely used because of their eco-
nomic advantages, such as wet FGD [1,2], semi-dry FGD [3,4] and
dry FGD [5]. A moderate temperature dry-FGD process developed
for CFB was developed using rapidly hydrated sorbent [6-8]. This
technique has the advantages of low cost, little water consumption,
and a valuable dry product CaSO,. Rapidly hydrated sorbent was
prepared by hydrating coal fly ash and lime at ambient temperature
for 2 hours with drying for 1.5 hours at 150 °C, providing an 83%
of desulfurization efficiency at a calcium and sulfur ratio (Ca/S) of
2.0 and a bed temperature of 750 °C [7,8]. Whereas, rapidly hydrated
sorbent particle abrasion caused by collisions in CFB decreased the
desulfurization efficiency and Ca conversion ratio [6]. Li [9] used
circulating ash from CFB boiler (circulating ash) instead of coal fly
ash to prepare rapidly hydrated sorbent, which had better anti-abra-
sion characteristic and better desulfurization effect on a thermo-gravi-
metric analyzer (TGA) test.

A mass balance is the basis of stable operation for a CFB reactor,
which is very important for a CFB-FGD system operating under
optimum condition and obtaining high desulfurization efficiency
[10,11]. Many factors, such as feed sorbent mass, superficial gas
velocity and cyclone efficiency, have influence on the mass balance
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of CFB reactor [10,11]. For rapidly hydrated sorbent, particle abra-
sion is also an important factor that should be considered. Thus, it is
meaningful to investigate the mass balance of dry CFB-FGD system.

Many mass balance models for CFB reactor have been pro-
posed [11-14], with the cell model one of the most commonly used
models [11,14]. In this investigation, experiments were conducted
on a pilot-scale CFB-FGD experimental system, using rapidly hy-
drated sorbent made from circulating ash and lime (circulating ash
sorbent) or coal fly ash and lime (coal fly ash sorbent). A mass bal-
ance model for the CFB reactor based on cell model was built to
predict the mass balance state of the CFB-FGD system and opti-
mize the operating condition. Flow state, particle abrasion, particle
residence time, particle segregation and desulfurization process were
considered in this model.

EXPERIMENT

The pilot-scale CFB reactor system is shown in Fig. 1. The main
subsystems were the sorbent preparation system, the ue gas gener-
ation system and the CFB reactor. The sorbent preparation sub-
system included a hydration mixer, a vacuum lter, and an infrared
dryer. The ue gas generation subsystem included a fan, an oil burner,
an SO, mixing chamber, and an air cooler. The CFB reactor included
the main bed, a distributor, a cyclone separator, a bed material cir-
culating facility, a bed material feeder and drain, a bag lter, and a
compressor. Flue gas generated by the oil burner was cooled with
the air cooler to produce 130 °C simulated ue gas. SO, was added
to the ue gas before the air cooler. The CFB reactor riser was 6 m
high with a 0.305 m diameter and a ue gas ow rate of 300 Nm’/h.
The ue gas passed through the CFB reactor and reacted with the
sorbent, then through the cyclone separator and bag lter before being
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Fig. 1. Pilot-scale CFB reactor experimental system diagram.

emitted from the stack. The sorbent particles collected in the cyclone
separator were fed back into the reactor for recirculation or drained
out of the system [6-8].

The O,, CO,, and SO, concentrations in the ue gas were meas-
ured online at the CFB reactor inlet and outlet using infrared method
with a PS3400 type flue gas analyzer (Chongqing Chuanyi ana-
lyzer CO., Ltd., SO, concentration ranges: 0-5,000 ppm). The des-
ulfurization efficiency was directly calculated by the inlet and outlet
SO, concentrations (Eq. (1)). Particle size distributions were meas-
ured by a laser diffraction instrument (Malvern Mastersizer 2000).
Mx 100% 6]

Csofm

The experimental conditions were as follows: calcium and sul-
fur ratio, Ca/S=2.0; superficial gas velocity, U;=2.5 m/s; bed tem-
perature, T,,=600-800 °C; bed pressure drop, AP=1,000 Pa; inlet
SO, concentration, Cy, ;,=1,500 ppm.

MASS BALANCE MODEL

A CFB reactor is a system including one inlet and two outlets.
The whole mass balance of CFB system is shown in Fig. 2, which
can be expressed by Eq. (2):

M, =M, M @

There are three assumptions for the CFB mass balance model.

1. The particles in CFB riser move up and down; the mass flow
rate of particles in radial direction can be neglected.

2. Particle abrasion and particle segregation are considered; the

N,

|
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Fig. 2. Sketch of mass balance of CFB system.

influence of other particle kinetic phenomena, such as particle frag-
mentation, particle reuniting can be neglected.

3. The bed temperature only has influence on the sulfur reaction.
Its influence on CFB flow state, particle abrasion can be neglected.
1. Cell Model

To calculate details about the mass balance of CFB reactor, a cell
model is introduced as the key part of the mass balance model. The
CFB reactor riser (height of 6 m and diameter of 0.305 m) is divided
into L cells, as shown in Fig. 3(a). In each cell, particles are divided
into M parts according to their diameter (k) and N parts according
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to their residence time (t) in the CFB reactor. For each cell, there is
a mass balance relationship for each part of particles shown in Fig.
3(b). The mass balance relationship can be expressed by Eq. (3).

My g+ Mo it ke = Mo ik e+ Meon i1k~ Mdown,i ke
+m, g+ Mg Mg o5 — M =0 3)

Where my,,,, is the mass flow rate of feed particles, m,,;,, is the
mass flow rate of up-particles, m,,,, ., is mass flow rate of down-
particles, m, ;;, is the mass flow rate of recycling particles, m,,;;. ., i
the mass flow rate of particles caused by particle abrasion, m,,_,_,,
—m,,,. is the mass flow rate of particles caused by time increasing.
2. Flow Submodel

In the cell model, mass flow rate of up-particles m,,,, can be
calculated by Eq. (4), recommended by [15].

1,14, = 10, (h)bed; &= A(1- e(h)) p(Uo/e(h) ~ U)bed, . & (4)

Void fraction at the bed height of h, &(h), is an unknown number in
Eq. (4). Thus, a flow submodel is introduced to calculate g(h). Usu-
ally, the CFB riser includes a dense section at the lower part of the
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bed and a fully developed section at higher part of the bed [16]. In
the dense section the void fraction is considered to be a constant, and
in the fully developed section the void fraction can be expressed

by Eq. (5) [17].
g/,(h) = Euk + ((91/6”,/, — &‘wyk)exp(— Otk(h — Hdg,,)) (5)

Where g(h) is the void fraction at the bed height of h when all the

particles are in diameter part k, &, is the void fraction above the

TDH when all the particles are in diameter part k, &, is the void

fraction of dense section when all the particles are in diameter part k.
In Eq. (5),can be calculated by Egs. (6)-(10) [18],
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Fra= 0.5|:U/,/¢ e ,OAU[J K/0.25|:U1,/¢ e pAUz,/;| Uy ©
= Uw
E.,= 23.7ng0exp(— 54 Uo) @)
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U= 3% Copy ®
24 0.687 0.42
=—(1+0.15Re, ") + —————— 9
P Re! &™) 1+4.25x 10'Re " ©
Re, = 2uluiss (10)
Y7
&un.x can be calculated by following Egs. (11)-(16) [17-19].
Etene= (1= &) E4+ En an
EE k= Enpk (12)
L _14 (13)
pEmfik
1
Epi= —-—-—-—-—-—-—-—-—-;; 14)
1+ —%—(u—umﬁ,{Y ’
£=[0.26+0.7exp(—3.3d,)][0.15+ (U —1,,)] > (15)
&u(p=p)
— e\~ Fg)
U, 16502 Re<20 (16)
Then, &(h) can be calculated by Eq. (17)
a(h)=1-Y (1- &(h)bed,) (17
1

3. Particle Abrasion Submodel

Particle abrasion in CFB has significant influence on the mass
balance of the whole system [20-23]. A particle abrasion submodel
is introduced to calculate m,;,, in Eq. (3), mass flow rate of parti-
cles in part k, t caused by particle abrasion. The sketch of particle
abrasion model is shown in Fig. 4. Many researches on particle ab-
rasion in CFB have been done and some empirical formulae are
proposed [21-23]. In this investigation, it is assumed that a particle
in diameter part k would produce a particle in diameter park k—1
and several fine particles in diameter part 1 because of particle abra-
sion. Thus, m,;; ., can be calculated by Eq. (18).
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Fig. 4. Sketch of particle abrasion model and residence time model.
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mk+1—>k,:+zmuhr,k,f k=1
=

mshrﬁ,z,k,t: . . . (18)
My = My~ M, k=2,...N~=1

—My N1~ Mgpr n,e k=N

Where m,,,, is the mass flow rate of fine particles caused by
particle abrasion from part k, t, m,,,, is the mass flow rate of
particles from part k, t to part k—1, t.

M., can be calculated by Eq. (19) [21].

M =K (Ug— U,gm,,= k,(Us— U, )m g x Bed,, 19

Where k, is the abrasion coefficient obtained by abrasion experi-
ments [9,24].

k,=aexp(—t/t;)+b (20)
m,_,,, can be calculated by Eq. (21) [14].
#rﬁ
3(di—di)
4. Particle Residence Time Submodel

Particle residence time in CFB has significant influence on the
desulfurization efficiency and Ca conversion ratio [6,7]. If a parti-
cle in residence time part t stayed in CFB reactor to the next resi-
dence time part t+1, this particle would change into residence time

part t+1. Particle residence time submodel (shown in Fig. 4) is in-
troduced to calculate m, ;...

abr,k,t (2 ] )

My 1, =

) m;
m; g ism1= "&'t—,“ (22)

5. Particle Segregation Submodel

In Eq. (4), & is another unknown number called segregation co-
efficient, which reflects particle segregation trend with different size.
Particles in CFB reactor have a wide size distribution. Smaller parti-
cles have smaller terminal settling velocities and are easy to be blown
up to the top of CFB reactor. Larger particles have larger terminal
settling velocities and are easy to stay at the bottom of CFB reactor.

Thus, particle size distributions in different cells are not the same.
This phenomenon is called particle segregation. Particle segregation
submodel [25,26] is introduced to calculate segregation coefficient.

simt+ (&) (1-exp] - ) @)
0. 0206 1h,()=G, A

&=1.0+ U. —-—2--—----—GJ.A 24)
30

k=32-0; ©3)

6. Desulfurization Submodel

To calculate desulfurization efficiency, a proper desulfurization
submodel is needed. There are many desulfurization models for
hydrated sorbent, such as surface coverage model [27,28], non-ideal
surface adsorption model [29], shrinking core model, grain model
[30] and so on. A special desulfurization model for rapidly hydrated
sorbent in CFB proposed by Li [31] is used in this investigation.

KK
— o B .
Tcrp k+kyy a- fB-¢-Cgo, (26)
k=aexp(- =) @7
Ey
K= 2 exp(— R—",-lﬂz) [1+asexp(—ayt)] 28)
a=1-aexp(—ag) 29

Where k, is the superficial reaction velocity, ks the diffusion vel-
ocity through product layer, S is a correction factor reflected the
influence of the Ca/S ratio. ¢ is a correction factor reflected the in-
fluence of carbon.
7. Model Solution

When all of the submodels are introduced, bed, ;, and m,.; are
unknown numbers in the whole mass balance model. All the un-
known numbers are (M*N+1)*L=M*N*L+L. Each cell has M*N
mass balance equations and 1 equation for bed, ,, (30).

> Ybed,q, =1 (30)

k=1=1

Thus, there are (M*N+1)*L=M*N*L+L equations for the whole
mass balance model. Then mass balance model is solved by Com-
paq Visual Fortran with NEQNF method from IMSL library. In this
investigation, L, M, N are set to be 10.

RESULTS AND DISCUSSION

1. Experimental Results

Coal fly ash and circulating ash of CFB boiler were used as ad-
hesive particles to make rapidly hydrated sorbent. Their compo-
nents and particle size distributions were introduced by Li [9]. The
experimental desulfurization efficiencies are shown in Fig. 5. To vali-
date the model results, particle size distributions in CFB were meas-
ured and shown in Fig. 6.

As shown in Fig. 5, the desulfurization efficiency of circulating
ash sorbent was 80-99% at the bed temperature of 650-750 °C, while
the desulfurization efficiency of coal fly ash sorbent was 67-83%
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at the bed temperature of 680-800 °C. Experimental results proved
that using circulating ash as adhesive particle can increase the desulfu-
rization effect of rapidly hydrated sorbent, the same with the con-
clusion given by Li [9].

2. Mass Balance Model Validation

To validate the mass balance model, calculated results were com-
pared with experimental results, including bed particle size distribu-
tions and desulfurization efficiency, which are shown in Fig. 6 and
Fig. 7.

Fig. 6 shows that bed particle size distributions obtained by exper-
iment and mass balance model are similar. The relative error of aver-
age diameter is 6.0% for coal fly sorbent and 1.8% for circulating
ash sorbent. Fig. 7 shows that calculated desulfurization efficiency
along the bed height increases rapidly under a bed height of 2 m and
then increases slowly above a bed height of 2 m. The final desulfur-
ization efficiency of coal fly ash sorbent is 66% at the bed tempera-
ture of 700 °C and that of circulating ash sorbent is 81%. Compared
with experimental results in Fig, 6, the desulfurization efficiency of
coal fly ash sorbent was 70% at the bed temperature of 700 °C and
that of circulating ash sorbent was 90%. The relative error is 5.7%
for coal fly ash sorbent and 10% for circulating ash sorbent. Over-
all, the relative error of calculated results is acceptable and the mass
balance model is appropriate.

3. Particle Residence Time

Particle residence time in a CFB reactor is an important parame-
ter for rapidly hydrated sorbent particles, especially for the fine cal-
cium-containing particles. Long residence time of fine calcium-con-
taining particles is good for increasing desulfurization efficiency and
calcium conversion ratio [6-8]. Calculated particle residence time
of the two sorbent is shown in Fig. 8.

Fig. 8 shows that fine particles (smaller than 10 pm) and the largest
particles (diameter part ten) in CFB reactor have shorter residence
time and the residence time of other particles is almost the same;
because fine particles are easy to be brought out to the bag filter,
lager particles are easy to be drained and other particles recycle in
CFB reactor for a longer time. Fig. 8 also shows that the residence
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time of fine calcium-containing particles (diameter part 1) of circu-
lating ash sorbent is almost twice of that of the coal fly ash sorbent,
proving why circulating ash sorbent has better desulfurization effi-
ciency.
4. Particle Segregation

Fig. 9 shows the calculated average diameter of particles in each
cell. It is clear that particles in lower cells are larger than those in
higher cells because of particle segregation. Segregation of coal fly
ash sorbent is not obvious. Its particle size range is much smaller
than that of circulating ash sorbent; the terminal settling velocity
difference between largest particles and fine particle is not so large
like that of circulating ash sorbent, so the influence of particle segre-
gation on coal fly ash sorbent is weaker.
5. Mass Balance Model Application

Many factors influence the mass balance of a CFB system, such
as feed sorbent mass, feed sorbent size distribution, abrasion coef-
ficient, cyclone separator efficiency and superficial gas velocity.
The calculated results of cases 1-7 in Table 1 show their influence
on the mass balance of CFB reactor.

Case 1 is the basic case. The fly ash ratio is 100% and no drain
ash, indicating that the CFB reactor just achieves mass balance. Com-
pared with case 7, the difference is that the feed sorbent was coal
fly ash sorbent and so the feed sorbent size distribution is different.
The calculated results of case 7 show that its fly ash ratio is 220%

Table 1. Calculated results of mass balance model
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Fig. 9. Calculated particle segregation along the bed height.

and drain ash ratio is —120%, which indicates that the CFB reactor
does not achieve mass balance under this condition. This is because
the coal fly ash sorbent particles are smaller than circulating ash
sorbent particles; more particles are brought out to the bag filter by
the cyclone separator. Thus, circulating ash sorbent is better than
coal fly ash sorbent for the CFB reactor to achieve mass balance.

Case No. 1 2 3 4 5 6 7
Variable Sorbent Circulating ash sorbent Coal fly ash sorbent
Feed sorbent mass 0.01 0.015 0.01 0.01 0.01 0.01 0.01
Abrasion coefficient a=0.00234, b=0.0001 a=0,b=0 a=0.00234, b=0.0001
Cyclone efficiency ds,=25 ds,=25 ds,=25 ds,=25  ds =20 ds,=25 ds,=25
dpe=125  dew=125 dpo=125 dey=125 dpy=85 dypp=125 dyy=125
Superficial gas velocity 2.5 2.5 0.5 3.5 2.5 2.5 2.5
Calculated  Fly ash ratio, % 100 91.56 32.33 127.59 94.68 69.48 220
results Drain ash ratio, % 0 8.44 67.67 -27.59 5.32 30.52 -120
Average diameter of 301 275 249 309 285 301 109

bed particle, pm

Korean J. Chem. Eng.(Vol. 28, No. 9)



1962 Y. Li and C. You

Case 2 increases the feed sorbent mass, which increases the drain
ash ratio because more large particles recycle in the CFB bed. Case
3 decreases superficial gas velocity. Compared with case 1, fly ash
ratio decreases and average diameter of bed particles decreases be-
cause fewer fine particles are blown out of CFB reactor at a slower
superficial gas velocity. Case 4 increases superficial gas velocity.
Thus, drain ash ratio decreases to —27.59%, which indicates that
the CFB system does not achieve mass balance under this condi-
tion. The CFB system should not operate under this condition, or
the bed material will be blown clear. Case 5 increases cyclone separa-
tor efficiency. Compared with case 1, fly ash ratio decreases because
more fine particles are recycled. Case 6 sets abrasion coefficient to
be zero. Fly ash ratio decreases because no fine particles are pro-
duced because of particle abrasion in the CFB reactor.

CONCLUSIONS

Experiments were conducted on a pilot-scale CFB-FGD system
using rapidly hydrated sorbent. At 650-800 °C, desulfurization effi-
ciency increased from 67-83% to 80-99%, for circulating ash being
used to prepare rapidly hydrated sorbent instead of coal fly ash.

A mass balance model of a CFB reactor was built. Compared
with experimental results, the relative error of calculated results is
smaller than 10%. Fine calcium-containing particles of circulating
sorbent has a longer residence time in a CFB reactor, proving why
circulating ash sorbent has better desulfurization efficiency.

Circulating ash sorbent is better for a CFB reactor to achieve mass
balance than coal fly ash sorbent. Feed sorbent mass, feed sorbent
size, superficial gas velocity, abrasion coefficient and cyclone sepa-
rator efficiency have significant influence on mass balance of CFB
reactor. The mass balance model of CFB reactor can be used to opti-
mize operating condition of CFB system to achieve a better mass
balance state.

ACKNOWLEDGEMENTS

This research was supported by the Special Funds for Major State
Basic Research Projects (No. 2006CB200305).

NOMENCLATURE
A :cross sectional area of the CFB reactor [m’]
bed, ;. , : mass ratio of particles in diameter part k and residence time
part tin cell i

C, :drag force coefficient [dimensionless]
Cgo,.i» - inlet SO, concentration [ppm]

Cso,-0u : OUtlet SO, concentration [ppm]

d : particle diameter [um]

H,, :heightof dense section [m]

h : height above flow distributor [m]

k,  :abrasion coefficient [1/min]
k,; : diftusion velocity through product layer [1/min]
k,  :superficial reaction velocity coefficient [ 1/min]

M,,.., : mass flow rate of drained particles [kg/s]

M,, :mass flow rate of feed particles [kg/s]

M,, :mass flow rate of particles flew out from cyclone [kg/s]
M, : mass flow rate of fine particles caused by abrasion from part
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k [kg/s]
Myoumis, - Mass flow rate of down-particles [kg/s]
my,,, : mass flow rate of feed particles [kg/s]
m; ., : mass flow rate of particles caused by time increasing [kg/s]
m,,, : mass flow rate of recycle particles [kg/s]
M4, : Mass flow rate of particles caused by particle abrasion [kg/s]
m,,«, : mass flow rate of up-particles [kg/s]
Re :Reynolds number [dimensionless]
e - sulfur reaction velocity [mol/min]
T, :bedtemperature [°C]
U, :bed superficial gas velocity [m/s]
U, :average terminal settling velocity of feed particles [m/s]
u,., :superficial gas velocity of Minimum fluidization state
[m/s]

Greek Letters

o, :attenuation index [1/m]

o :reaction area correction factor [dimensionless]

L :Ca/S correction factor [dimensionless]

g,  :void fraction above the TDH (transport disengagement height)
[dimensionless]

& : volume fraction of bubble in dense section [dimensionless]

&., - void fraction of dense section [dimensionless]

g(h) :void fraction at the bed height of h [dimensionless]

&yx : void fraction of Minimum fluidization state [dimensionless]

¢,  :particles sphericity [dimensionless]

@  :carbon correction factor [dimensionless]

s, : desulfurization efficiency of CFB-FGD system [%]

o, :particle apparent density [kg/m’]

& :segregation coefficient [dimensionless]

Subscripts

i : cell number

k : diameter part number

t : residence time part number
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