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a b s t r a c t

We used a dense phase tower as the reactor in a novel semi-dry flue gas desulfurization process to
achieve a high desulfurization efficiency of over 95% when the Ca/S molar ratio reaches 1.3. Pilot-scale
experiments were conducted for choosing the parameters of the full-scale reactor. Results show that with
an increase in the flue gas flow rate the rate of the pressure drop in the dense phase tower also increases,
however, the rate of the temperature drop decreases in the non-load hot gas. We chose a water flow rate
eywords:
lue gas desulfurization
ense phase tower
a/S molar ratio
ulfur dioxide

of 0.6 kg/min to minimize the approach to adiabatic saturation temperature difference and maximize the
desulfurization efficiency. To study the flue gas characteristics under different processing parameters,
we simulated the desulfurization process in the reactor. The simulated data matched very well with the
experimental data. We also found that with an increase in the Ca/S molar ratio, the differences between
the simulation and experimental data tend to decrease; conversely, an increase in the flue gas flow rate
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increases the difference; t
and fragmentation betwe

. Introduction

Acid rain has acquired considerable concern in past decades
ecause of the extent of its harm to the global environment. Sulfur
ioxide (SO2) waste released from fossil fuel combustion has been
ommonly accepted as the main cause of acid rain. Removal of SO2
rom the flue gas emitted during combustion of fossil fuels has been
he focus of research worldwide since the 1970s. SO2 poses a con-
iderable threat to ecosystems, building materials, agriculture, as
ell as human health. In particular, SO2 pollution is a very serious
roblem in large and mid-sized Chinese cities, where a cost efficient
nd highly effective desulfurization means is urgently needed [1].
epending on the involvement of water during the desulfurization
rocess, and how desulfurization products are dealt with, flue gas
esulfurization (FGD) technology can be divided into wet, semi-dry,
nd dry processes [2]. Among these, the wet FGD process is the main
echnology used for flue gas desulfurization, which has the advan-
ages of high desulfurization efficiency, high utilization rate of
esulfurization reagents, and a stable operating environment [3–5].
ajmohan et al. reported the removal of SO2, as well as particulate

ollutants, with an almost 99.99% efficiency [6–8]. Meikap et al.
chieved 100% SO2 removal efficiency when employing a modified
ulti-stage bubble column scrubber [9,10]. However, the main dis-

dvantage of the wet scrubber is the fact that it is only suitable

∗ Corresponding author. Tel.: +86 10 6233 3434; fax: +86 10 62333201.
E-mail address: guanqinchang@gmail.com (G. Chang).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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ay be associated with the surface reactions caused by collision, coalescence
e dispersed phases.

© 2011 Elsevier B.V. All rights reserved.

for flue gas desulfurization of large-scale coal-fired power plants.
Moreover, the wet process has many other disadvantages, such as,
the complexity of the system, which occupies a large area, high-
energy consumption, severe corrosion, and extensive wastewater
treatment, in addition to the large initial investment that is required
[5]. In contrast, the dry process requires no discharge, has minor
equipment corrosion, and is a simple structure easily maintained,
as well as having a low operating cost. However, the desulfurization
efficiency and utilization rate of the desulfurization reagent for the
dry process are very low, which dramatically limits the application
of the dry process [2].

Compared to the wet and dry process, semi-dry FGD combines
advantages of both dry and wet processes, for example, rapid
reaction speed, high desulfurization efficiency, and no discharge
[11,12]. However, there are problems associated with semi-dry FGD
technology, such as low utilization rate of desulfurization, choking
phenomenon and large consumption of desulfurizer and space. To
meet the standards of SO2 removal, great efforts have been made
to develop new FGD technologies with less/no waste, low cost and
high efficiency [13,14].

Spray-dryer and CFB-FGD processes are two traditional semi-
dry processes. Spray-dryer process has been extensively tested.
However, a great drawback of this method is its large space

consumption in order to maintain long flue gas residence time
(10–15 s) for desulfurization reaction and slurry droplet evapo-
ration, as well as to meet the requirement for the complicated
slurrying system [15]. Circulating fluidized bed is also widely used
for flue gas desulfurization, however, the choking phenomenon

dx.doi.org/10.1016/j.jhazmat.2011.02.009
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Fig. 1. Schematic diagram of the experimental setup: (1) Flue gas Inlet; (2) Humidifi-
cation Unit; (3) Humidification Water; (4) Bucket Elevator; (5) Internal Mechanical
G. Chang et al. / Journal of Haza

idely occurs due to unsteady flow in the bed resulting from the
act that flue gas and desulfurization reagent enter into the reactor
rom the bottom of the reactor, which seriously affect the efficiency
f desulfurization [14,16].

Many new semi-dry process technologies have been invented
n an attempt to achieve high SO2 desulfurization efficiency at a
ow cost and small space consumption [17]. This paper presents
ata on the incorporation of a new type of semi-dry desulfurization
quipment, the dense phase tower (DPT). DPT is defined as a desul-
urization tower where flue gas and desulfurization reagent enter
nto DPT from the top of the reactor, which can prevent the choking
henomenon, thus ensuring high concentration of sorbent suspen-
ion. Moreover, flue gas superficial detention time was 5–12 s in the
PT, which dramatically reduce the size comparing to spray-dryer
rocess. Therefore, the DPT takes the advantage of application on
pace-limited plants.

Flue gas first entered the DPT from a side entrance located at
he top of the tower, then is mixed with the fresh desulfurization
eagent and desulfurization circulating ash from a bucket eleva-
or. The desulfurization ash is humidified as it passed through the
umidifier. Finally, desulfurization ash and flue gas are distributed
hrough a diversion plate, which is located right below the mechan-
cal rakings. Flue gas flows downward along the tower and reacts

ith active ingredients of desulfurization in an effective reaction
one. After desulfurization, the flue gas enters a bag-type dust col-
ector for dust removal and then purified flue gas is discharged from
he flue channel. Meanwhile, circulating ash is transferred back to
he reactor through the bucket elevator.

We used computational fluid dynamics (CFD) to simulate the
emperature and pressure drop, desulfurization efficiency, tem-
erature and pressure distribution, circulating ash concentration
istribution and circulating ash trajectory. CFD provides a method
o build and run models that can simulate gas dispersion in such
eometrically complex situations. Based on a CFD analysis, the
LUENT software solves the three-dimensional Reynolds averaged
quations for flow, pressure, turbulence parameters and concen-
ration distribution.

Pilot-scale experiments on actual flue gas from Shijiazhuang
ron and Steel Co., Ltd., were performed using the DPT process. We
tudied the Ca/S molar ratio influence on desulfurization efficiency,
ater addition and the influence of flue gas flow rate on decreases

n flue gas temperature and pressure. Pilot-data showed a good
atch with the theoretical simulation data. The experimental data

rovide the basis for the industrial scale operation of the factory.
he simulated and experimental results have provided guidelines
or the industrial applications of the DPT process in several power
nd sintering plants in China.

. Materials and methods

.1. Apparatus and procedure

The apparatus for the pilot DPT series of experiments is
escribed as follows (Fig. 1). The reactor (1.2 × 1.2 × 5.0 m) included

vertical rectangular tower containing humidification, dust
emoval, and cycle-ash transport system. Six parallel mechani-
al rakings, totally contained within three internal layers, were
nstalled at a position 3/4 of the way from the top of the DPT.
he mechanical rakings, as well as the diversion plate located
ight below them, were made from manganese alloy steel. The
umidification system consisted of a SJ5 bi-axial humidifier, water

anks, metering pumps, and other devices. Five to ten hollow water
prayers with a droplet size less than 40 �m were installed verti-
ally on the four sides of the humidifier. The dust removal system
ncluded 88 low pressure �130 × 2000 mm pulse-jet bags, a W-
.3/8-Pa air compressor, a 0.2 m3 gas tank, submerged-type pulse
Raking; (6) Internal Diversion Plate; (7) DPT Desulfurization Reactor; (8) Middle
Flue gas Channel; (9) Tower Bottom Conveyor Scraper; (10) New Desulfurization
reagent; (11) Circulating Ash Transport System; (12) Bag-type Dust Collector; (13)
Bag; (14) Flue gas Outlet; (15) Discharge Ash.

valve and an integrated pulse meter control box. The cycle-ash
transport system included a scraper conveyor in the lower part
of the tower, a bag-type dust collector, a DL160-30 m bucket ele-
vator and other devices for the removal of the desulfurization
by-product. There were openings for testing and sampling flow,
pressure, temperature, humidity, SO2 concentration, dust concen-
tration and other national standard parameters located on the
tower body and outlet and inlet of the flue gas channel. Insulation
materials (thickness: 50 mm) covered the outside of the tower. In
addition, electric heating devices were installed on the top of the
tower and part of the ash bucket. A schematic diagram of the test
equipment is shown in Fig. 1.

2.2. Experimental flue gas and desulfurization reagent

The experimental device was built beside the flue gas channel of
the #3 Sintering Machine Fan, which was located behind the elec-
trostatic precipitator that is the pre-treatment unit for the sintering
flue gas (in the Shijiazhuang Iron and Steel Co.). Test flue gas was
produced by a high temperature sintering process. The SO2 concen-
trate at the reactor entrance was the flue gas that came out of the
electrostatic precipitator located right after the sintering plant; the
SO2 concentrate at the outlet of the reactor was the clean gas that
came out of the bag-type dust collector. The desulfurization reagent
was a white lime powder with mesh size ∼100 and contained active
ingredients totaling 89%. Flue gas flow rate was 2000–5000 Nm3/h,
temperature at the system inlet was 100–140 ◦C, flue gas superfi-
cial detention time was 5–12 s, SO2 concentration in the flue gas
inlet was 800–2000 mg/Nm3, Ca/S molar ratio was 1.0–1.8, water
flow rate was 0–0.75 kg/min. The mass flow rate of the reagent
(lime) was 1.0–9.0 ton/h, and the recycle mass flow rate of ash was
5.0–50 kg/h.

3. Mathematical model
We used FLUENT to simulate the gas–solid flow in the DPT.
FLUENT is a software program used for the simulation and anal-
ysis of fluid flow, chemical reaction and heat transfer in a complex
geometry zone, after setting the boundary conditions.
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.1. Models and assumptions

.1.1. Chemical reaction model
The chemical reaction that occurs between the active ingredient

n desulfurization ash and SO2 among flue gas is surface reaction.
The following assumptions were made: (1) Desulfurization ash

articles are spherical particles and with the same size; (2) The only
hemical reaction is between SO2 and desulfurization ash particles;
3) The reaction is a first order reaction, instantaneous, and only in
he gas–solid phase;

The reaction model is set as following:

j,r = AphrYjpn
Rkin,rD0,r

Rkin,r + D0,r
(1)

here R̄j,r (kg/s) is the consumption rate of the desulfurization ash
article surface material; Ap (m2) is surface area of desulfurization
sh particles; Yj (j) is particle mass fraction of mass; �r is efficiency
actor; Rj,r (kg/m2 s) is reaction rate of surface particle mass in per
rea unit; pn (Pa) is partial pressure of gas phase substances; D0,r
s diffusion rate coefficient of reaction r; Rkin,r is the kinetic rate of
eaction r; and Nr is explicit series of reaction r.

.1.2. Gas turbulent flow model
Standard two-equation k − ε model was used for flue gas

urbulent flow. The following assumptions were made: (1) Gas tur-
ulence is a fully turbulence; (2) The impact of molecular viscosity

s omitted.
The k − ε model is:

Dk

Dt
= ∂

∂xi
[(� + �1

�k
)

∂k

∂xi
] + Gk + Gb − �ε − YM (2)

Dε

Dt
= ∂

∂xi
[(� + �1

�k
)

∂ε

∂xi
] + C1ε

ε

k
(Gk + C3εGb) − C2ε�

ε2

k
(3)

t = �C�
k2

ε
(4)

here �t is turbulence coefficient; Gb is turbulent kinetic energy
ue to buoyancy effects; Gk is turbulent kinetic energy due to
verage velocity gradient; YM is influence of expansion of the com-
ressible turbulent fluctuation to the total dissipation rate; C1ε,
2ε and C� are empirical constant; �k is Prandtl number corre-
ponding with turbulent kinetic energy k; �ε is Prandtl number
orresponding with dissipation rate �.

.1.3. Particle turbulence dissipation model
“Discrete Random Walk” model was used to determine desulfur-

zation ash turbulence dissipation. The following assumptions were
ade: (1) Fluid fluctuating velocity is piecewise constant functions

f time; (2) Omitting the impact of molecular viscosity.
The Discrete Random Walk model is:

cross = −	 ln(1 − Le

	
∣
∣u − up

∣
∣ ) (5)

here tcross (s) is the time of particle through the turbulent eddy;
(s) is the particle relaxation time; Le (m) is eddy length scale;

u − up
∣
∣ (m/s) is velocity difference between particles and fluid.

.1.4. Particle motion equation
The Lagrangian approach was used to determine gas and par-

icle flow field by tracking the trajectories of particles and gas. In

he DPT, the temperature difference between inlet and outlet is
bout 50 ◦C, and the temperature gradient is relatively small, so
hermophoresis force can be ignored. We also ignore the Brown-
an force and Saffman lift, since desulfurization ash particle size is
enerally greater than 10 �m. The force equation only considered
Materials 189 (2011) 134–140

gravity of desulfurization ash, gas drag force and rotating driving
force caused by internal components inside the DPT.

The following assumptions were made: (1) Gas and solid phase
occupied a different space; (2) Gas and solid phase are both
continuous. Gas phase is Newtonian fluid, and the two phases
are coexistence and mutual penetration with determined physi-
cal parameters; (3) Desulfurization ash particles are smooth rigid
spheres with the same size, and only considering the collision
between two spheres.

Motion equation of desulfurization ash in DPT reactor:

dux,p

dt
= 18�

�pd2
p

CDRe

24
(ux − ux,p) + gx(�p − �)

�p

+ (1 − �

�p
)˝2x + 2˝(uy,p − �

�p
uy) (6)

where � (kg/m3) is flue gas density; �p (kg/m3) is particle density;
dp (m) is particle diameter; CD is drag coefficient; Re is desulfuriza-
tion ash particle Reynolds number; 
 (rad/s) is angular velocity of
circular motion of desulfurization ash particles.

3.1.5. Heat transfer model
To simulate the complicated heat transfer process in DPT, the

following assumptions were made:
(1) Not consider the chemical reaction and ignore thermal radia-

tion; (2) Assume desulfurization ash particle is spherical shape and
ignore the interaction between desulfurization ash particles; (3)
The internal temperature of desulfurization ash particle is uniform
distribution, that is, the internal temperature gradient is ignored
and heat transfer only occurs between gas and solid phase.

When desulfurization ash particles temperature is lower than
its evaporation temperature, and no more water inside the particle,
the following laws are employed:

Tp < Tvap (7)

mp ≤ (1 − fv,0)mp,0 (8)

mpcp
dTp

dt
= Ap

{
−[h + εp�T3

p ]Tp + [hT∞ + εp��4
R]

}
(9)

where Tp (K) is particle temperature; Tvap (K) is particle evaporation
temperature; fv,0 is water ratio in the particle; mp,0 (kg) is particle
initial mass; mp (kg) is particle mass; cp (J/kg K) is specific heat
of the particle; Ap (m2) is the surface area of the particle; T∞ (K)
is the flue gas temperature; h (W/m2 K) is convective heat-transfer
coefficient; εp is radiance; � (W/m2 K4) is a Stephen Sun Boltzmann
constant; �R (K) is radiation temperature; dp (m) is the diameter of
desulfurization ash particle; k∞ is thermal conductivity of flue gas.

3.2. Boundary condition of DPT modeling

3.2.1. Turbulence quantity
In most turbulent flows, higher-level turbulence is derived from

the boundary layer rather than the zone where boundary flows
enter the basin, which results in a flow that is relatively insensi-
tive to the boundary value. When turbulence intensity is ≤1%, it
is called low intensity turbulence; conversely, turbulence inten-
sity >10%, is called high intensity turbulence. Measurement data
from outside the entrance of the border can accurately estimate

turbulence intensity. For internal flow, turbulence intensity at the
entrance depends entirely on the upstream flow. If the upstream
flow has not developed fully or has not been disturbed, we instead
use low turbulence intensity. If the upstream flow has developed
fully, turbulence intensity may reach several percent.



G. Chang et al. / Journal of Hazardous Materials 189 (2011) 134–140 137

ature

3

v
b
t
s

3

t
r
t
t
t

3

a
t
s
b
w
f

4

4

t
t
c
a
s
t
t
t
s
t
t
a
b
a
i

i
w
a
D
s
a

to an additional temperature drop, as leakages are inevitable. The
difference was more apparent when the outside temperature was
lower in the winter. When the flow rate was 3000 Nm3/h, the delta
temperature in the numerical simulation and the pilot-scale test
were 6.55 ◦C and 6.75 ◦C, respectively.
Fig. 2. Effect of water flow rate on flue gas temper

.2.2. Boundary condition for velocity entrance
The velocity boundary condition was used to define the flow

elocity and properties and other related scalar quantities. This
oundary condition is applicable to incompressible flow but not
o compressible flow, since compressible flow allows fluctuation
tagnation conditions that result in large errors.

.2.3. Boundary condition for pressure exit
The exit of the DPT connects with the entrance of the bag-

ype dust collector. The conditions for the exit boundary pressure
equire a specified static pressure at the exit boundary. The rela-
ive experimental static pressure was within −800 to −900 Pa at
he connection spot. In this paper, the value of static pressure in
he simulation was set to −850 Pa.

.2.4. Boundary conditions for the wall
The wall boundary is used to limit fluid and solid regions. In

viscous flow, the wall is the default non-slip boundary condi-
ion. The DPT body is a typical thermal boundary. In the numerical
imulation, we assumed that the wall was made of 5 mm thick car-
on steel. The value of the thermal boundary is 1000 W/m2 in the
inter, 600 W/m2 in the summer and 800 W/m2 in the spring and

all.

. Results and discussion

.1. Influence of water flow rate on flue gas temperature

Water spray is an important way to achieve high desulfuriza-
ion efficiency through activation of the desulfurization reagent in
he DPT. Yet, water spray can also reduce flue gas temperature and
ause corrosion in the DPT and bag-type dust collector. In addition,
n increasing in the moisture content will increase the chances of
caling. Choosing a suitable water flow rate is an important way
o guarantee the normal operation of the DPT. Fig. 2(A) shows
he relationship between water flow rate and the drop in flue gas
emperature drop (Delta temperature) in the DPT. The graph also
hows the relationship between water flow rate and the approach
o an adiabatic saturation temperature difference (AASTD), such
hat delta temperature increases in the DPT were associated with
n increase in water flow rate. Fig. 2(B) shows the relationship
etween water flow rate and desulfurization efficiency, such that
n increase in water flow rate was also associated with an increase
n desulfurization efficiency.

In an appropriate engineering design, AASTD should be >10 ◦C
n order to prevent corrosion and scaling. When water flow rates
ere 0.6 kg/min and 0.7 kg/min, the CSATD were 11 ◦C and 6.2 ◦C,
nd desulfurization efficiency reached 95.2% and 97% respectively.
espite that the improvement in desulfurization efficiency was not

o obvious, the decrease in AASTD was significant. When water
ddition was 0.6 kg/min, the AASTD was at its lowest value under
drop, ASSTD and desulfurization efficiency in DPT.

safe operating conditions. On this basis, we chose a water flow rate
value of 0.6 kg/min.

4.2. Influence of flue gas flow rate on pressure and temperature

Pressure and temperature were measured when flue gas vol-
umes were 2000 Nm3/h to 5000 Nm3/h.

Fig. 3 shows the relationship between flue gas flow rate vs. delta
pressure and delta temperature in the DPT, such that, there is a
decrease in the DPT negative pressure as the flue gas flow rate
increases. The delta pressure was around 600 Pa when the flue
gas flow rate was 3000 Nm3/h, and the delta pressure increased to
1500 Pa when flow rate reached 5000 Nm3/h. In the graph, the sim-
ulation values are slightly less than experimental ones, because the
geometry of the model was completely idealized in the simulation.
In this model, we assumed that the inside surface of the DPT was
uniformly rough. In fact, existing geometric deviations increased
the pressure drop in the DPT. The pressure changes in the numerical
simulation and pilot-scale tests were 576 and 590 Pa, respectively,
when the flow rate was 3000 Nm3/h.

The temperature changes shown in Fig. 3 are non-loaded (i.e.
no water and desulfurization reagent were added) in the hot gas,
in which the change in the flue gas temperature decreases with
an increase in flow rate. When the flow rate was reduced to
2000 Nm3/h, the delta temperature of flue gas was about 7.3 ◦C,
whereas, when the flow rate increased up to 5000 Nm3/h, the delta
temperature of flue gas was about 5.8 ◦C. For the same reason as
stated previously, the simulation values were less than the experi-
mental values. Moreover, negative pressure inside the tower leads
Fig. 3. Effect of flue gas flow rate on pressure and temperature in the DPT.
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Fig. 4. Effect of Ca/S molar ratio on desulfurization efficiency.

.3. Ca/S molar ratio influence on desulfurization efficiency

The Ca/S molar ratio is one of the most important control factors
n the dense tower desulfurization process and it directly affects the
hemical reaction between the desulfurization reagent and SO2.
he KM900 tester (KANE Company, England) was used to test SO2
oncentration at the flue gas inlet and outlet. Results showed that
O2 concentration at flue gas entrance was 1200 mg/Nm3 when flue
as flow-rate was 3000 Nm3/h.

The graph of Ca/S molar ratio vs. desulfurization (Fig. 4) shows
hat values of the desulfurization efficiency in the pilot-scale exper-
ment and the simulation increase as the Ca/S molar ratio increases.

oreover, when the Ca/S molar ratio reached 1.0–1.3, the desulfu-
ization efficiency increased rapidly, and reached a plateau of over
5% at Ca/S molar ratios above 1.3. Therefore, we chose 1.3 as Ca/S
olar ratio in the full-scale FGD process to achieve relatively high

esulfurization efficiency.
The desulfurization efficiency value from the numerical sim-

lation was always less than 3.9% lower than the value in the

ilot-scale test. The main reason for this result is that in the numer-

cal calculation we only considered the surface reactions of the
esulfurization reagent, and neglected the new surface reactions
esulting from collision, coalescence and fragmentation between
he dispersed phases. New surface reactions become weaker with

Fig. 5. Schematic cross-section of the tower exit showing
Materials 189 (2011) 134–140

an increase in the Ca/S molar ratio, so that the differences between
the simulation and experimental data tend to decrease in this situa-
tion. Another possible reason was air leakage and dilution of flue gas
concentration. However, in those cases where a high desulfuriza-
tion ratio is required (e.g. desulfurization efficiency >95%, reported
by Rajmohan et al. [6–8] and Meikap et al. [9,10]), a wet scrubber
can be applied.

Fig. 5 indicates the SO2 concentration (A) and distribution of
Ca(OH)2 mass (B) when the Ca/S molar ratio was 1.0. The figures
show that SO2 reacts rapidly with Ca(OH)2 in the circulating ash
that enters the tower from the top of the equipment. The change in
SO2 concentration corresponds to the change in the gradient of the
Ca(OH)2 mass fraction. SO2 concentration was reduced by around
30%, and the Ca(OH)2 mass fraction was almost zero at the tower
exit, which indicates that it is hard to ensure high desulfurization
efficiency, but easy to achieve a high Ca(OH)2 utilization rate with
a lower Ca/S molar ratio.

4.4. Numerical simulation diagram

The numerical model was used to simulate the temperature and
pressure distribution, trajectory of circulating ash and circulating
ash concentration distribution inside the tower after the model was
validated because it is difficult to obtain the data experimentally.

4.4.1. Temperature distribution in DPT
Fig. 6 shows a cross-section of the temperature distribution

when using a water flow rate of 0.6 kg/min. The figure indicates
that the temperature at tower entrance and exit were 398.7 K and
348.9 K, respectively. A higher temperature gradient forms in the
area where hot flue gas makes contact with the desulfurization cir-
culating ash, in which water evaporates rapidly, resulting in a rapid
drop in flue gas temperature, and a dramatic flue gas adiabatic satu-
ration temperature increase. Small differences between the flue gas
temperature and flue gas adiabatic saturation temperature makes
it easy to form a water film on the circulating ash surface, which
is good for flue gas desulfurization. There was a zone near the top
of the tower wall where the flue gas temperature was lower than

the adiabatic saturation temperature, which resulted in circulating
ash easily sticking onto the wall. During equipment maintenance
in the pilot-scale test, this scaling and sticky phenomenon was
obvious at the top of the tower wall. The tower-body tempera-
ture drop in the numerical simulation and the test were 50 ◦C and

the distribution of (A) SO2 and (B) Ca(OH)2 mass.
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ig. 6. Schematic cross-section showing the temperature distribution using a water
ow rate of 0.6 kg/min.

9.8 ◦C, respectively, when the design flow rate was 3000 Nm3/h
nd humidification capacity was 0.6 kg/min.
.4.2. Pressure distribution
Similar to that found in other reactors, the DPT desulfurization

ystem also has a pressure drop. Fig. 7 shows the pressure distri-
ution when the flow rate was 2000 Nm3/h, and indicates that the

ig. 7. Schematic cross-section showing the pressure distribution for a flow rate of
000 Nm3/h.
Fig. 8. Schematic cross-section showing the trajectory of circulating ash in the DPT.

pressure drop was 80 Pa at the inlet and effective reaction zone
and was 300 Pa at the outlet. Therefore, the design optimization of
tower outlet is a key process in reducing the pressure drop.

4.4.3. Circulating ash trajectory
The drag force from flue gas drives circulating ash movement,

which directly affects the circulating ash mass distribution in the
ash bucket and bag-type dust collector. In addition, the number,
shape and location etc. of all internal elements have a significant
influence on the circulating ash trajectory, and all these factors
can affect its trajectory. Higher desulfurization efficiencies can be
achieved when the distribution of circulating ash becomes more
uniform. In engineering terms, the less circulating ash that goes
into the bag-type dust collector, the less power is consumed for
transporting and enhancing the circulating ash.

Fig. 8 shows the trajectory of the circulating ash when the flue
gas flow rate was 3000 Nm3/h. A C eddy formed by the flow of flue
gas apparently drives circulating ash, and the majority of the ash
forms a closed loop cycle in the tower. Most of the circulating ash
with a size greater than 600 �m was deposited directly into the
ash bucket, however, almost all the circulating ash <300 �m was
carried to bag-type dust collector by the flue gas.

In the numerical simulation, we did not consider collision, coa-
lescence and fragmentation between the dispersed phases. In a
full-scale reactor, larger flue gas flow rates applies greater drag
force on the circulating ash that results in more chances for col-
lision, coalescence and fragmentation between circulating ash.
Therefore, greater flue gas flow rates leads to larger differences
between the simulation and experimental data.

5. Conclusions
We reported on a novel semi-dry FGD process to be employed for
SO2 removal. The influence of water flow rate on the drop in flue gas
temperature was analyzed in order to optimize the desulfurization
efficiency. The ASSTD were 11 ◦C and 6.2 ◦C with water flow rates of
0.6 and 0.7 kg/min respectively. We chose a water flow rate value of



1 rdous

0
e

m
T
s
e

d
v
p
e
D
t

d
l
i
h
D
p
L

A

v
S

R

[

[

[

[

[

[

40 G. Chang et al. / Journal of Haza

.6 kg/min, since at this point AASTD is >10 and the desulfurization
fficiency was 95.2%.

Desulfurization efficiency increased with an increase in the Ca/S
olar ratio, reaching over 95% when Ca/S molar ratio was 1.3.

herefore, we chose 1.3 as the Ca/S molar ratio for use in the full-
cale FGD process in order to achieve relatively high desulfurization
fficiency and low amounts of spent desulfurization reagent.

As flue gas flow rate increases, there is an increasing pressure
rop in the DPT and a decreased temperature drop. The simulation
alues are slightly less than experimental ones, because of the com-
letely idealized geometry of the model in the simulation. In fact,
xisting geometric deviations increased the pressure drop in the
PT. flow rate was 3000 Nm3/h. Moreover, negative pressure inside

he tower leads to temperature drop, as leakages are inevitable.
We also simulated desulfurization efficiency, and found that the

ifference between the simulation and pilot-scale experiment was
ess than 3.9%. Pilot-scale data matched very well with the theoret-
cal simulation. The mathematical model and experimental results
ave been applied as guidelines for the industrial application of the
PT process in several power and sintering plant environmental
rocessing projects, for example, Shijiazhuang Iron and Steel Co.,
td. and Panzhihua Power Plant, which will be reported elsewhere.
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