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a b s t r a c t

The wet flue gas desulphurization has been the most widely used in the coal-fired power plants because
of high SO2 removal efficiency, reliability and low utility consumption. In this paper, laboratory studies on
the removal of SO2 from gas mixtures with a novel wet-type PCF device (Chinese LOGO) were reported,
CaCO3-in-water suspension used as absorbent. The main work included the influences of some process
parameters such as slurry pH, limestone concentration in feed stream, SO2 inlet concentration, liquid–gas
ratio and superficial gas velocity. Meanwhile, the desulphurization process in the PCF device was analyzed
using the two-film theory of gas–liquid mass-transfer. The results show that the PCF device has low
pressure drop, large specific capacity for flue gas treatment, high absorption rate and good dewatering
performance. Under moderate conditions, the concentration of SO2 in outlet flue gas can achieve a much
lower level than that of permitted. The reasonable operating conditions for the PCF device are as follows:
slurry pH value is 5.7 ± 0.1, limestone concentration in feed stream is 13 wt.%, SO2 inlet concentration is
less than 4.1 g/m3, liquid–gas ratio is 8.7–10.4 L/m3 and superficial gas velocity in preliminary treating
chamber is 2.0–2.5 m/s (3.4–4.3 m/s in inner cylinder). Furthermore, the results obtained from the two-
film theory show that the SO2 removal rate is controlled by the combination of both gas- and liquid-film
diffusions in the range of operating conditions tested.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Combustion of sulphur-containing fossil fuels such as coal
and oil results in sulphur dioxide (SO2) emission. SO2 is
known to have detrimental effects on human health and envi-
ronment, and as a consequence, receives more and more
attention [1]. Presently, there are several ways of reducing
SO2 emissions from coal utilization, such as fuel pretreatment,
concurrent burning and adsorption, and flue gas post treat-
ment, that is, flue gas desulphurization (FGD) [2,3]. Among
those schemes, FGD is the most reasonable one from both
technological and economic point of views, which leads it to
be the most practically applicable. Different categories of pro-
cesses, such as dry-, semidry- and wet-processes, have been
developed for FGD. Among them, wet-processes, especially
the limestone-gypsum process, have earned widespread use

∗ Corresponding author at: College of Environmental Science and Engineering,
Hunan University, Changsha 410082, PR China.
Tel.: +86 731 88649216; fax: +86 731 88822829.

E-mail addresses: ghliang007@163.com (H. Gao), ctli3@yahoo.com, ctli@hnu.cn
(C. Li).

due to high SO2 removal efficiency, reliability and low utility
consumption [4–6].

Since the goal of FGD is only for environmental protection and
there are no value-added products during the course, research
and development of the FGD technology has been focusing on
improving the removal efficiency, minimizing water and energy
consumptions [5]. The PCF device (Chinese LOGO) is newly devel-
oped for industrial application of wet FGD, having sleeve structure.
It is derived from the conventional granite water film dust collector
(GWFDC) by building an outer cylinder around the original GWFDC.
The outer cylinder is lower than inner cylinder (original GWFDC),
and between them is a preliminary treating chamber where gas and
liquid contact and are in coflows. Self-excitation channels lying in
the wall of the inner cylinder are employed to connect the prelim-
inary treating chamber and inner cylinder and to simultaneously
make the gas rotate into the inner cylinder. At the bottom of the
inner cylinder is a self-excitation chamber that has second purifi-
cation for the flue gas. The whole inner cylinder is used to remove
water from air. Compared with the original GWFDC, the novel wet-
type PCF device possesses the following virtues: (a) Dewatering
performance improves significantly, and an extra demister is out
of consideration. No demister means lower energy-consumption,

1383-5866/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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Nomenclature

a gas–liquid interface area (m2)
cCaCO3 concentration of limestone in liquid phase (mol/m3)
cin SO2 inlet concentration (g/m3)
cout SO2 outlet concentration (g/m3)
cSO2 concentration of SO2 in liquid phase (mol/m3)
c∗

SO2
equilibrium concentration of SO2 in liquid phase

(mol/m3)
dp average size of slurry droplets (m)
DCaCO3 calcium carbonate diffusion coefficient (m2/s)
DG diffusion coefficient of SO2 in gas phase (m2/s)
DL diffusion coefficient of SO2 in liquid phase (m2/s)
E mass-transfer enhancement factor (dimensionless)
HSO2 Henry’s constant of SO2 (mol/(m3 Pa))
k2 equilibrium constant of Eq. (9)
k3 equilibrium constant of Eq. (10)
kG gas-side mass-transfer coefficient (mol/(m2 s Pa))
kL liquid-side mass-transfer coefficient (m/s)
KG total mass-transfer coefficient (mol/(m2 s Pa))
MM molar mass of the liquid phase (g/mol)
mp mass of a droplet (kg)
NSO2 absorption rate of SO2 (mol/s)
P atmospheric pressure (Pa)
�p pressure drop (Pa)
PBm logarithmically averaged pressure of interface and

gas-phase of inert component (Pa)
pSO2 partial pressure of SO2 in gas phase (Pa)
pSO2,avg logarithmically averaged pressure of inlet and outlet

(Pa)
PT overall pressure (Pa)
pSO2,in partial pressure of SO2 in gas phase at inlet (Pa)
pSO2,out partial pressure of SO2 in gas phase at outlet (Pa)
�pSO2 absorption driving force (Pa)
R gas constant (Pa m3/(mol K))
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
�t residence time of gas (s)
T temperature (K)
uinner gas velocity in inner cylinder (m/s)
uG gas velocity (m/s)
up droplet velocity (m/s)
VG gas flow rate (m3/s)
VL slurry flow rate (m3/s)
VR reactor volume (m3)
vs superficial gas velocity)
wc residual limestone mass (kg)
wg gypsum mass (kg)
Wout water content in outlet flue gas (g/(kg dry-air))

Greek letters
�G gas density (kg/m3)
�L liquid phase density (kg/m3)
�G gas dynamics viscosity (kg/(m s))
� surface tension of liquid (N/m)
� molar ratio of SO2 to limestone reagent (mol/mol)
� SO2 removal efficiency

cost and maintenance. (b) There are co-flows of gas and liquid in
the preliminary treating chamber and no venturi structure in the
inlet tube, therefore the pressure drop of the device is much lower
than that of the original GWFDC. (c) The self-excitation chamber

has a second purification for the flue gas, which further improves
the collection efficiency of the device. (d) Draft fans of the orig-
inal GWFDC can be reused in the novel PCF device, reducing the
investment cost of the PCF technology.

Control of the optimum operating parameters is one of the most
effective ways to achieve a high removal efficiency of SO2 with the
minimum operation cost. Therefore, the major objective of present
study was to investigate the SO2 removal for PCF technology under
different operating conditions including slurry pH and limestone
content in feed stream, SO2 inlet concentration, liquid–gas ratio
and superficial gas velocity. Experimental studies were carried out
on a lab-scale PCF device, with the air–SO2 mixture as simulated
flue gas and CaCO3-in-water suspension as absorbent. Meanwhile,
the desulphurization process was to be analyzed using the two-film
mass-transfer theory.

2. Theoretical basis for SO2 absorption

In wet FGD processes, SO2 diffuses through the gas phase to a
liquid surface where it is dissolved and transferred by diffusion or
convective mixing into the liquid phase. The SO2 transferring rate
depends on a number of factors such as the solubility of SO2 in the
liquid and its displacement from equilibrium. Some models have
been proposed to describe this transfer across the phase bound-
ary [7,8]. A well-known mass-transfer theory, the two-film theory,
assumes that there are two thin stagnant films on either side of
the gas–liquid interface, and, all the resistance to mass-transfer is
contained in the two films. The absorption rate of SO2, NSO2 , can be
expressed as [9]

NSO2 = KGa�pSO2 (1)

where KG is the total mass-transfer coefficient, a is the gas–liquid
interface area, �pSO2 is the absorption driving force, determined
by the following equation [10]:

�pSO2 = pSO2,avg − cSO2

HSO2

(2)

where HSO2 is the Henry’s constant of SO2, cSO2 is the concentration
of SO2 in liquid phase and pSO2,avg is the logarithmically averaged
data measured for the variation of SO2 partial pressure in gas phase
before and after absorption [11].

pSO2, = pSO2,in − pSO2,out

ln(pSO2,in/pSO2,out)
(3)

Let VG and VR are the gas flow rate and reactor volume, the time
interval of gas–liquid contacting (or residence time of gas), �t, is
obtained by

�t = VR

VG
(4)

Consequently, the gas–liquid interface area, a, is defined as [12]:

a = 6VL�t

dp
(5)

where VL is the slurry flow rate and dp is the average size of slurry
droplets.

The total mass-transfer coefficient, KG, in Eq. (1) is calculated by

1
KG

=
(

1
kG

+ 1
EHSO2 kL

)
(6)

where kG is the gas-side mass-transfer coefficient, kL is the
liquid-side mass-transfer coefficient and E is the mass-transfer
enhancement factor. In limestone slurry, E can be calculated from
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Fig. 1. Flow diagram of experimental setup for absorption of SO2: (1) bottled SO2, (2) pressure reduction valve, (3) manometer, (4) rotameter, (5) SO2 analyzer, (6) PCF device
(absorber), (7) slurry tank, (8) slurry pump, (9) valve, (10) pH meter, (11) volume damper, (12) exhaust fan.

the following equation [13,14]:

E = 1 + �
DCaCO3 · cCaCO3

DL · c∗
SO2

(7)

where DCaCO3 is the diffusion coefficient of CaCO3 in liquid phase,
cCaCO3 is the concentration of CaCO3 in liquid phase, � is the molar
ratio of SO2 to limestone reagent, DL is the diffusion coefficient of
SO2 in liquid phase and c∗

SO2
is the equilibrium concentration of SO2

in liquid phase.
As described in the process, SO2 is initially absorbed into the liq-

uid and converted into H2SO3. A succession of equations between
the SO2 partial pressure in gas phase (PSO2 ) and sulphite concen-
tration in liquid phase can be considered [13–16]:

SO2 + H2O � H2SO3 HSO2 = [H2SO3]
PSO2

(8)

H2SO3 � HSO3
− + H+ K2 = [H+][HSO3

−]
[H2SO3]

(9)

HSO3
− � SO3

2− + H+ K3 = [H+][SO3
2−]

[HSO3
−]

(10)

Thus, the total concentration of SO2, c∗
SO2

, in the liquid phase is
equal to

c∗
SO2

= [H2SO3] + [HSO3
−] + [SO3

2−] (11)

Substitution of the concentrations of H2SO3, HSO3
− and SO3

2− in
Eq. (11) by the equilibrium constants for reactions (8)–(10) gives
the following relationship:

c∗
SO2

= HSO2 PSO2 + HSO2 PSO2 K2

[H+]
+ HSO2 PSO2 K2K3

[H+]2
(12)

3. Experimental

3.1. Experimental setup and analytical methods

Research on the SO2 removal from air was carried out in a spe-
cially designed system (Fig. 1), of which the essential element is
the absorber (6) where SO2 removal occurs. The desired amount of
SO2 in air was prepared by mixing bottled SO2 (1) with air drafted
by exhaust fan (12). Volumetric flow rates of SO2 and air were
adjusted by the pressure reduction valve (2) and volume damper
(11), respectively. SO2 was absorbed by limestone slurry. Limestone
slurry prepared by mixing CaCO3 of 25 �m with tap water was
stored in slurry tank (7). The circulating pump (8) was provided
for the recirculation of the slurry, and the quantity of the slurry
pumped into the absorber was adjusted by means of a valve (9).

During the experiment, a digital pH meter (Model: HI 8424) (10)
was employed to measure the pH value of slurry by inserting a
pH probe into the liquid phase. Pitot tube (Model: Y25-150) was
used to measure the gas flow rate, and two micro-computer smoke
test instruments (Model: Leibo3020) (5) were employed to test SO2
concentration in gas phase and water content in flue gas by putting
sensors at the test cross sections of inlet tube and outlet tube simul-
taneously. Acid titration is the method to determine the amount of
residual limestone in gypsum sample (wc/wg).

3.2. Absorber characteristics

The absorber used in this study is a lab-scale PCF device, as
shown in Fig. 2. It consists of a preliminary treating chamber (4)
and an inner cylinder (7). The air–SO2 mixture first enters the pre-
liminary treating chamber through the inlet tube (1) at the side-top
of the absorber. The preliminary treating chamber is an annular
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Fig. 2. PCF device as absorber: (1) inlet tube, (2) nozzle, (3) guide plate, (4) prelim-
inary treating chamber, (5) self-excitation channel, (6) self-excitation chamber, (7)
inner cylinder.

configuration with a width of 0.08 m and a height of 0.565 m. On
the top of it, nozzles (2) are distributed and generate atomization.
Thanks to the existence of guide plates (3), the absorbing liquid
can form liquid film or curtain at or between the guide plates, and
the gas–liquid turbulent intensity increases. When the gas passes
through the preliminary treating chamber, SO2 gets preliminary
purification by reacting with CaCO3 in the absorbing liquid. Then,
the gas goes through the self-excitation channels (5) and enters the
inner cylinder (7). The inner cylinder is a cylinder with a diameter of
0.3 m and a height of 1.5 m. At the bottom of it, there is a conical self-
excitation chamber (6) where the rotary gas from self-excitation
channels can impinge the liquid in slurry tank, and consequently
lots of bubbles are produced, improving the secondary-purification
effect for the gas. As the gas swirls up, water is removed from the
air and the purified gas is released to the atmosphere through the
exhaust tube. The scrubbed liquid flows into the inner cylinder
along with self-excitation channels and returns to the recycle slurry
tank.

3.3. Experimental procedure and basic conditions

The experiments were carried out in a batch mode. Before each
run, the tank was refilled with fresh limestone slurry. The data were
collected during the first 3–4 min. Because the slurry volume was
about 450 L and the slurry pump capacity was equal to 100 L/min,
the slurry was recycled only almost one time during 3–4 min runs.
Thus SO2 concentration in slurry did not increase significantly.

Table 1 gives the basic experimental conditions for the desul-
phurization system. With neglecting the variation of gas volume
due to absorption, the SO2 removal efficiency (�) is defined as

� = cin − cout

cin
× 100% (13)

Table 1
Basic experimental conditions for the wet-type PCF desulphurization technology.

Parameter Value

Temperature of gas Atmosphere (25 ± 1 ◦C)
Operating pressure Atmosphere
Gas flow rate (m3/s) 0.2402
Liquid–gas ratio (L/m3) 10
Droplet size (mm) 2.5
Limestone content in feed stream (wt%) 10
Limestone slurry pH 5.7 ± 0.1
SO2 inlet concentration (g/m3) 2.5

Table 2
Calculated mass-transfer coefficients for different droplet sizes.

dp (�m) 1500 2000 2500 3000

kG (mol/m2 s Pa) 5.402 × 10−5 4.591 × 10−5 4.053 × 10−5 3.664 × 10−5

kL (m/s) 5.093 × 10−4 4.104 × 10−4 3.472 × 10−4 3.028 × 10−4

KG (mol/m2 s Pa) 8.231 × 10−6 6.686 × 10−6 5.691 × 10−6 4.988 × 10−6

where cin is the SO2 inlet concentration and cout is the SO2 outlet
concentration.

4. Results and discussion

4.1. Interpretation of mass-transfer coefficient

The mass-transfer between gas and liquid phases mainly takes
place in the preliminary treating chamber of the PCF device,
and as a consequence, the mass-transfer coefficients of this zone
are interpreted in present study. Generally, the gas- and liquid-
side mass-transfer coefficients can be measured by experiments.
However, some correlations have been found to estimate the mass-
transfer coefficients by means of the theory of diffusion with
various conditions. In this study, the gas-side mass-transfer coeffi-
cient, kG, was calculated from the Frossling correlation [17]:

Sh = kGdpRTPBm

DGPT
= 2 + 0.6Re1/2Sc1/3 (14)

where PBm is logarithmically averaged pressure of interface and
gas-phase of inert component, PT is the overall pressure, DG is
the diffusion coefficient of SO2 in gas phase, Sh, Re and Sc are the
Sherwood number, Reynolds number and Schmidt number, respec-
tively; Re is calculated by Eq. (15) and Sc is calculated by Eq. (16).

Re = �Gdp|uG − up|
�G

(15)

Sc = �G

�GDG
(16)

where �G, uG and �G are the gas density, velocity and dynamics
viscosity, respectively; up is the average velocity of slurry droplets.

The liquid-side mass-transfer coefficient, kL, is estimated by
[17]:

kL = 0.88

√√
8�

3�mp
DL (17)

where � is the surface tension of liquid and mp is the mass of a
droplet.

Table 2 shows the effect of droplet size on the mass-transfer
coefficients of SO2 in preliminary treating chamber, with both the
gas- and liquid-side mass-transfer coefficients gradually decreas-
ing with increasing droplet size. Provided that the gas- and
liquid-side mass-transfer resistances are defined as 1/kG and
1/(HSO2 EkL), respectively, the estimation of which phase controls
the mass-transfer can be ascribed to the ratio of gas-side resis-
tance to the total mass-transfer resistance, (1/kG)/(1/KG). If 1/kG
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Fig. 3. Relationship of �, wc/wg and slurry pH.

is nearly equal to 1/KG, the mass-transfer is gas phase control and
a ratio of (1/kG)/(1/KG) ≤ 0.1 is the criterion for liquid phase con-
trol [13]. According to Table 2, it can be calculated that the ratios of
(1/kG)/(1/KG) are 0.1524, 0.1457, 0.1404 and 0.1362 for droplet sizes
of 1500, 2000, 2500 and 3000 �m, respectively, indicating that both
gas- and liquid-side resistances are important, with the absorption
rate likely to be controlled by a combination of gas- and liquid-
film diffusion controls. The reduction in either side resistance can
result in an increasing of SO2 removal. On the other hand, the cal-
culations show that the ratio of (1/kG)/(1/KG) is slightly bigger than
0.1, which also can be concluded that the absorption of SO2 into
the limestone slurry to a large extent is liquid-side controlled. The
conclusion agrees with that of Brogren and Karlsson [6].

4.2. Influence of slurry pH and limestone concentration

Apart from the SO2 removal efficiency, another essential param-
eter in the operation of a wet FGD plant based on limestone-gypsum
is the amount of residual limestone in the gypsum because of a good
utilization of limestone and a saleable gypsum product of less than
3 wt.% residual limestone [13]. And hence, an experiment was first
carried out to test the influence of slurry pH on SO2 removal effi-
ciency (�) and residual limestone content in the gypsum (wc/wg).
The results are shown in Fig. 3.

When the slurry pH values increase from 5.0 to 6.25, the SO2
removal efficiency appears to increase almost linearly from 78.8% to
85.6%. This is because at higher pH values, the dissociation reaction
of SO2:

SO2 + H2O � H+ + HSO3
− (18)

is shifted to the right, leading to an increase in the enhancement
factor defined by Eq. (7) and thereby in the degree of desulphur-
ization [18]. But during the course, the prevailing sulfurous species
is sulphite ion (SO3

2−) as opposed to bisulphite (HSO3
−). SO3

2−

is more difficultly oxidized to SO4
2− than HSO3

− [19]. The CaSO3
easily crystallizes on the limestone surface, which prevents SO2 fur-
ther absorption and reaction with CaCO3. At the same time, higher
pH values hinder the dissolution of limestone. The fact that the
residual limestone content in the gypsum increases with slurry
pH increasing in Fig. 3 reflects those phenomena. And in addition,
the operation at lower pH ranges also has a smaller risk of scaling
and plugging [20]. Thus, it is advantageous to run a wet FGD plant
at lower value of pH from limestone utilization and gypsum pro-
duction point of views. However, SO2 removal efficiency decreases
at lower pH. Therefore, the normal operating condition should be
controlled at pH of about 5.7 for the process.

Fig. 4. Relationship of �, wc/wg and limestone concentration in feed stream.

Fig. 5. Average absorption rate for different absorption driving forces.

Fig. 4 illustrates the relationship of SO2 removal efficiency (�),
residual limestone content in the gypsum (wc/wg) and limestone
concentration in feed stream. The results show that SO2 removal
efficiency increases with limestone concentration increasing, and
it is 82.56% at the limestone concentration of 10 wt.% and increases
to 92.14% at the limestone concentration of 18 wt.%. The larger
molar Ca/S caused by higher limestone concentrations in slurry
accounts for this trend. As to the residual limestone content in
the gypsum, it also increases with limestone concentration in feed
stream increasing. And hence, the reasonable limestone concen-
tration determined should consider from those two aspects of �
and wc/wg. In present study, when the limestone concentration is
chosen as 13 wt.%, wc/wg is less than 3% and � can reach 85.5%, meet-
ing the requirements of utilization of limestone and environmental
protection.

4.3. Influence of SO2 concentration

Fig. 5 presents the relationship between the average absorption
rate and absorption driving force defined by Eq. (2) at different gas
flow rates. As shown in this figure that the experimental points, in
the range of gas flow rates from 0.12 to 0.30 m3/s, can be described
by a quadratic equation, and the average absorption rate decreases
with gas flow rate increasing. These results are somewhat different
from those of Bokotko et al. [11] and Wu et al. [12], who reported the
absorption rate was in direct portion to the driving force and could
be described by linear functions. Likely, this difference is resulted
from different operation conditions. In this study, the slurry flow
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Table 3
Comparison of absorption rate of PCF device, ASH [11] and impinge stream scrubber
[21].

Absorption driving
force (Pa)

Absorption rate (mol/s)

PCF device ASH Impinge stream
scrubber

24.72 0.029 0.094 × 10−3 0.012
51.76 0.048 0.188 × 10−3 0.019
68.40 0.056 0.263 × 10−3 0.024

rate is fixed. The increase in gas flow rate incites the decrease in gas-
side mass-transfer coefficient and liquid–gas ratio, reducing the
average absorption rate. Meanwhile, the variations in absorption
driving force are obtained by changing SO2 inlet concentrations.
These measures change the total mass-transfer coefficient, and con-
sequently nonlinear relationship of average absorption rate and
average absorption driving force is formed, in accordance with the
Eq. (1). Furthermore, the average absorption rate of the PCF device
is bigger than that of other absorbers described in [11,21] due to the
existence of guide plates and second-purification of self-excitation
chamber for the gas. The detailed comparison is shown in Table 3.

Fig. 6 gives the results of SO2 removal efficiency (�) at various
gas flow rate for different SO2 inlet concentrations (cin). The curves
in diagram show that for constant gas flow rate an increase of cin
leads to a decrease in �. As the inlet concentration of SO2 varies
from 1.254 to 5.634 g/m3, each of � decreases about 13%. But this
does not imply decrease in SO2 absorption rate, and on the contrary,
the absorption rate is a simple increasing function of cin, as seen in
Fig. 5. The decreasing tendency of � is only due to faster increase
in the amount of SO2 than that needs to be absorbed [12]. And
hence in the case of very high cin, certain improvement of operat-
ing conditions, i.e., increasing liquid–gas ratio, is needed to achieve
higher desulphurization efficiency. On the other hand, for constant
SO2 inlet concentration, � decreases as the gas flow rate increases.
The possible reason is that the gas-side mass-transfer coefficient,
residence time of gas in the absorber and liquid–gas ratio become
shorter as the gas flow rate is enhanced, and meanwhile, larger gas
flow rate means smaller molar ratio of Ca/S.

4.4. Influence of gas–liquid ratio

From the economic point of view, the liquid–gas ratio, VL/VG, has
been found to be one of the most important criterions for report-
ing the absorber performance [22]. In practical FGD processes, the
VL/VG value can be calculated according to its minimum value,

Fig. 6. SO2 removal efficiency at various gas flow rate for different SO2 inlet con-
centrations.

Fig. 7. Relationship between � and liquid–gas ratio.

expressed as:

VL

VG
= (1.1–2.0)

(
VL

VG

)
min

(19)

where(
VL

VG

)
min

= (PSO2,in − PSO2,out)

(c∗
SO2

− cSO2 )
· �L

(P − PSO2,in)MM
(20)

where �L is the liquid phase density, P is the atmospheric pressure
and MM is the molar mass of the liquid phase.

For the PCF device, the value of (VL/VG)min was calculated
as 7.2 L/m3. The experiments were carried out at a fixed gas
flow rate and liquid flow rate was controlled according to the
requested VL/VG. The relationship between SO2 removal efficiency
and liquid–gas ratio is shown in Fig. 7.

From Fig. 7, it can be seen that the SO2 removal efficiency
increases continuously with VL/VG increasing in the range of
VL/VG < 11 L/m3. However, when VL/VG is more than 11 L/m3, the
curve in the diagram increases relaxed. The reason can be explained
as follows: With an increase in the amount of VL/VG delivered to
the absorber, the gas–liquid interface area defined by Eq. (5) and
total alkalinity for the absorption of SO2 increase when the gas flow
rate is fixed. Consequently, the SO2 absorption rate increases, and
removal efficiency of SO2 is enhanced. However, when VL/VG is too
large, the cohesion of droplets will strengthen, and the effective
gas–liquid interface area no longer increases but even decreases,
resulting in smaller mass-transfer coefficient [12]. This moment,
further increase in VL/VG becomes meaningless, and the average
absorption rate and removal efficiency of SO2 increase relaxed. In
present study, the SO2 outlet concentration obtained in the range
of VL/VG of 8.7–10.4 L/m3 is low enough from the point of meeting
the emission standard of air pollutants for coal-burning boiler [23].
And hence, this range can be considered to be optimal.

4.5. Influence of superficial gas velocity

Superficial gas velocity is an important operating parameter in
FGD process because it affects the removal of SO2 and H2O from air,
and the pressure drop (�p) in absorber. The relationship between
SO2 removal efficiency (�) and gas velocity has been studied in Sec-
tion 4.3, � decreasing with the gas velocity increase. The aim of this
section is to investigate the relationship between pressure drop
and superficial gas velocity. The results are given in Fig. 8. Here,
superficial gas velocity is the velocity of gas in preliminary treating
chamber, and the liquid–gas ratio is fixed.

As shown in Fig. 8, �p increases proportionally with superficial
gas velocity increasing. Their relationship can be described with
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Fig. 8. Relationship between �p and superficial gas velocity.

a good approximation by quadratic functions (vs – superficial gas
velocity):

VL

VG
= 0, �p = 103.1v2

s − 54.83vs, R2 = 0.9931 (21)

VL

VG
= 10.4 L/m3, �p = 100.2v2

s − 36.07vs, R2 = 0.9900 (22)

Meanwhile, some other information can be observed from the fig-
ure: (a) The influence of liquid–gas ratio on �p is negligible, while
that of superficial gas velocity is quite heavy. When the liquid–gas
ratio increases from 0 to 10.4 L/m3, the average difference of �p is
only about 50 Pa. And superficial gas velocity increases from 0.92 to
3.96 m/s, �p increases about 1300 Pa. (b) Generally speaking, �p
over the PCF device is relative small by comparison with that of the
other absorbers reported previously [24–26]. When the superficial
gas velocity reaches 3.5 m/s (5.97 m/s in inner cylinder), the pres-
sure drop of the PCF device is only 1200 Pa around; while that of
other absorbers is high up to 1500 Pa and even higher. Low pressure
drop for the PCF device is due to co-flows in the preliminary treating
chamber and no venturi structure in the inlet tube. Certain statis-
tics indicated that the increase of �p in the absorber caused the
increase of energy consumption [27]. Thus, on the premise of the
same treatment volume, �p in the absorber should be minimized.
The results indicate that under the same pressure drop the PCF
device possesses a larger specific capacity for flue gas treatment.

4.6. Dewatering performance

It is well known that the flue gas scrubbed by the absorbent liq-
uid will contain some water. When the content of water in flue gas is
much higher, the water will cause the pipes to corrode and destroy
the draft fans. Therefore, the flue gas dewatering is an important
part of wet FGD. As for the spraying tower, the main influence fac-
tors on water content in flue gas are the liquid–gas ratio and gas
velocity. In this section, the relationship of water content in outlet
flue gas (Wout), liquid–gas ratio and gas velocity in inner cylinder
(uinner) was discussed for the PCF device, as shown in Fig. 9.

From Fig. 9(a), it can be seen that the water content in outlet flue
gas is almost kept a constant when the liquid–gas ratio is changed
from 4.09 to 12.8 L/m3, and the highest value of Wout is not more
than 22 g/(kg dry-air). When the liquid–gas ratio is fixed, as shown
in Fig. 9(b), the water content in outlet flue gas is decreased slightly.
The reason may be that the centrifugal force is increased as the gas
velocity in inner cylinder increases, which improves the dewater-
ing ability of inner cylinder. Combining the results of Fig. 9, it can
be concluded that the PCF device possesses a good dewatering per-
formance. The fact that no water was observed in outlet flue gas

Fig. 9. Relationship of water content in outlet flue gas, liquid–gas ratio and gas
velocity in inner cylinder.

during the experiments testifies this point once more. Therefore,
the demister is out of consideration in the PCF device, reducing the
energy-consumption, cost and maintenance.

5. Conclusions

The experimental investigation with a lab-scale PCF device ini-
tially developed for wet flue gas desulphurization show that the
device has low pressure drop, large specific capacity for flue gas
treatment, high absorption rate and good dewatering performance.
Under the moderate conditions employed, the concentration of SO2
in outlet flue gas can achieve a much lower level than that of permit-
ted. During the course, some reasonable operating parameters were
obtained including the pH value of 5.7 ± 0.1, the limestone concen-
tration in feed stream of 13 wt.%, SO2 inlet concentration of below
4.1 g/m3, liquid–gas ratio of 8.7–10.4 L/m3 and superficial gas veloc-
ity in preliminary treating chamber of 2.0–2.5 m/s (3.4–4.3 m/s in
inner cylinder). Meanwhile, the desulphurization process was ana-
lyzed using the two-film theory of gas–liquid, which indicated that
the SO2 removal rate was controlled by a combination of both gas-
and liquid-film diffusions in the range of operating tested condi-
tions. According to those results, it is believed that the PCF device
will exhibit a promising future in the field of wet FGD.
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