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A novel wet-type flue gas desulphurization process were developed and tested in this study. The process
used a PCF device as the absorber where SO, was absorbed into slurry of reactive CaCOj3. A model of
external mass-transfer based on the two-film theory was proposed for estimation of the SO, absorption in
the PCF device, and the theoretical SO, removal efficiency was compared with the experimental data. The
results show that the SO, absorption rate in the spray zone is controlled by a combination of gas- and
liquid-film diffusions in the range of tested operating conditions. The increase of gas flow rate and droplet
size and decrease of liquid—gas ratio all can lead to a decrease in the SO, removal efficiency. Addition of
CI™ to the slurry (25 g/L) decreases the SO, removal efficiency from 83.87 to 70.75%. when comparing the
results of prediction and experiment, the data show good agreement. With droplet size equal to 2500 um,
when gas flow rate and liquid—gas ratio are changed, the relative errors of SO, removal efficiency between
the predicted and experimental data are below 3.40 and 8.67%, respectively. It demonstrates that the
model proposed in the present study is an effective model to evaluate and predict the desulphurization
performance of the novel type PCF device. Moreover, the theoretical model can be extended to apply in

other wet FGD technologies.

1. Introduction

Combustion of sulfur-containing fossil fuels such as coal
and oil results in sulfur dioxide (SO,) emission. SO, is known
to have detrimental effects on human health and the environ-
ment, and as a consequence receives more and more attention.!
Several processes have been developed for reducing SO,
emissions from coal utilization, such as fuel pretreatment,
concurrent burning and adsorption, and flue gas post treat-
ment, that is, flue gas desulphurization (FGD).>* Among
these schemes, the wet FGD processes, especially the lime/
limestone-gypsum process, have earned widespread use due
to high SO, removal efficiency and reliability and low utility
consumption.”

The PCF device is newly developed for industrial applica-
tion of wet FGD, having sleeve structure. Itis 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 preliminary treating chamber and inner cylinder and to
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simultaneously make the gas rotate into the inner cylinder. At
the bottom of the inner cylinder is a self-excitation chamber
that has second purification 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, cost, and main-
tenance. (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. (¢) 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 original GWFDC can be used in the novel PCF device,
reducing the investment cost of the PCF desulphurization
technology.

Some studies have been carried out to describe and predict
the wet FGD process such as notable those by Olausson et al.,’
Lancia et al.,’ Frandsen et al.,” and Kiil et al.® These models
are usually complicated and feature a detailed description of
the chemistry including SO, absorption and oxidation, lime-
stone dissolution, and gypsum precipitation. They also gave
the estimation of desulphurization efficiency and investigated
the influence of some operating parameters such as the
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Figure 1. Schematic diagram of the experimental setup: (1) bottled
SO,; (2) pressure reduction valve; (3) manometer; (4) rotameter;
(5) SO, analyzer; (6) absorber; (7) slurry tank; (8) slurry pump;
(9) valve; (10) pH meter; (11) volume damper; (12) exhaust fan.

liquid—gas ratio, slurry-droplet size, and concentration of HCI
or the effect of adding organic acids. Brogren and Karlsso’
developed a model based on the penetration theory to calcu-
late the dynamic absorption rate of SO, into the limestone
slurry droplet. The model elucidated various facets of reac-
tions with a finite rate. Muginstein et al.'® developed a model
relevant to spray towers for gas absorption into a large slurry
droplet, with the results indicating that internal circulation
enhanced the mass-transfer with respect to a stagnant droplet
for large droplets. Scala and D’ Ascenzo'' developed a model
for gas absorption via an instantaneous reaction in a droplet.
Wang et al.'* found that the spray water flow rate and the
droplet’s size had an obvious influence on the SO, removal
efficiency. Bandyopadhyay and Biswas'? predicted the removal
efficiency of a novel two-stage hybrid scrubber for flue gas
desulfurization. Dou and Hwang” proposed a simple predic-
tion of SO, removal with Ca(OH), slurry for semidry FGD
process used an electrostatic spraying absorber (ESA) as the
reactor. However, as far as the study on the novel type PCF
device is concerned, very little work has been reported on its
performance through a theoretical model. Therefore, the
objective of this work was to develop a theory model of SO,
absorption into limestone slurry droplets based on the two-
film mass-transfer theory and use the model to predict the SO,
removal efficiency and quantify the mass-transfer resistances
within the novel type PCF device. Meanwhile, some auxiliary
experiments were conducted to validate the predicted results.

2. Experimental Section

A schematic diagram of the experimental setup is shown in
Figure 1, of which the essential element is the absorber (6) where
SO, removal occurs. The desired amount of SO, in air was
prepared by mixing bottled SO, (1) with air drafted by the exhaust
fan (12). Volumetric flow rates of SO, and air were adjusted by
the pressure reduction valve (2) and volume damper (11), respec-
tively. SO, was absorbed by limestone slurry. Limestone slurry
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Figure 2. PCF device as absorber: (1) inlet tube; (2) nozzle; (3) preli-
minary treating chamber; (4) self-excitation channel; (5) self-excitation
chamber; (6) inner cylinder.

was prepared by mixing CaCOj; of 25 um with tap water was
stored in a slurry tank (7). The circulating pump (8) was provided
for the recirculation of the limestone 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. A 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 for online measurement of SO, concentration in gas
phase by putting sensors at the test cross sections of the inlet tube
and the outlet tube simultaneously.

The absorber used in this study is a lab-scale PCF device, as
shown in Figure 2. It consists of a preliminary treating chamber
(3) and an inner cylinder (6). The air—SO, mixture first enters the
preliminary treating chamber through the inlet tube (1) at the
side-top of the absorber. The preliminary treating chamber is an
annular configuration with a width of 0.08 m and a height of
0.565 m. At the top of it, nozzles (2) are distributed and generate
atomization. When the gas passes through the preliminary treat-
ing chamber, SO, gets preliminary purification by reacting with
CaCOs in the absorbing liquid. Then, the gas goes through the
self-excitation channels (4) and enters the inner cylinder (6). The
inner cylinder is a cylinder with a diameter of 0.3 m and a height of
1.4 m. At the bottom of it, there is a conical self-excitation
chamber (5) 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.

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.
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Thus, SO, concentration in slurry did not increase significantly.
The addition of C1™ was added to the slurry tank in the form of
CaCl, (s) in the experiment.

3. Modeling

In the wet limestone desulphurization system, a complex
series of kinetic and equilibrium controlled by reactions occur
in the gas, liquid, and solid phases. The overall reaction can be
written as:

1
SO, (g) + CaCOs(s) + 3 0,(g) +2H,0(aq)

— CaS04-2H,0(s) + CO(g) (1)

Five steps are included in the above reaction: absorption,
neutralization, regeneration, oxidation and precipitation, all
of which occur simultaneously in the process.’

(1) Absorption

SO;(g) <> SO>(aq) (2)
SO,(aq) + HyO < HSO; ~ + H' (3)
HSO; ™ < S03°~ +H' (4)
(2) Neutralization
CO;>~ + H" < HCO;3~ (5)
HCO; ™ + H™ < COQ(aq) +H,0 (6)
CO,(aq) = COx(g) (7)
(3) Regeneration
CaCO;(s) < Ca*t 4 CO5*~ (8)
(4) Oxidation
1
HSO; ™ +502+»s042‘ +H" (9)
SO;2~ +%02«»so42— (10)
(5) Precipitation
Ca’" +S04°~ +2H,0 < CaS0,-2H,0(s)  (11)

As far as the novel type PCF device is concerned, SO, absorp-
tion mainly takes place in the preliminary treating chamber
(spray zone) and self-excitation chamber. As a consequence,
the theoretical model of SO, absorption for the PCF device
only considered these two aspects in present study. Some
simplified assumptions were given as follows:”'*~'® (1) The
Henry’s law is applicable for SO,; (2) The reactions between
two species are instantaneous and at equilibrium; (3) The
droplet is spherical; (4) There is no resistance at the gas—liquid
phase interface; (5) Reactions of regeneration, oxidation,
and precipitation only occur in the slurry tank; (6) Heats of
reaction and dissolution can be neglected, and the system is
isothermal.

3.1. Modeling of SO, Absorption in the Preliminary Treat-
ing Chamber. Flue gas is treated as the studied object. The

(14) Ramachandran, P. A.; Sharma, M. M. Chem. Eng. Sci. 1969, 24,
1681-1686.

(15) Liu, S.; Xiao, W. Chem. Eng. Technol. 2006, 29, 1167-1173.

(16) Warych, J.; Szymanowski, M. Ind. Eng. Chem. Res. 2001, 40,
2597-2605.
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Figure 3. Division scheme of the preliminary treating chamber into
layers.
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average residence time of gas in preliminary treating cham-
ber, ¢, is first determined by the following equation:

(12)

where Vg and Vg are the gas flow rate and preliminary
treating chamber volume, respectively; and ¢ is a correction
factor, illustrating the effect of reactor type on the residence
time of gas.

Then the residence time is averagely divided into m parts.
As a result, the preliminary treating chamber can be divided
into m layers in accordance with the time step size, as shown
in Figure 3. The time step size, At, is defined as

At = —
m

(13)

It is assumed that the composition of droplets and absorp-
tion rate of SO, remain unchanged in a time step size. Thus,
the gas—liquid mass-transfer in the preliminary treating
chamber can be studied in each layer. The detailed informa-
tion is illustrated in Figure 4.

The first step is to determine the concentrations of SO,(aq)
and CO»(aq) by analyzing the aqueous phase chemistry.
According to the assumptions, only reactions 2—7 are ana-
lyzed in the preliminary treating chamber. These equilibrium
reactions 3—6, together with water dissociation, electroneu-
trality, and mass balances of the carbon species and sulfur
species, form a system of nonlinear algebraic equations,
14—21. Chloride ion (Cl7), calcium ion (Ca”"), and eight dis-
solved species (H*, OH ™, SO»(aq), CO»(aq), HSO; , HCO; ™,

SO+>~, and CO;>7) are considered to define the liquid phase
composition.
_ [HSO; " J[HY]
5= 750, "
2=+
Ksy = % (15)
_ [HCO; |[H']
Ko = 7100, o
2=+
Kes = % (17)
Ko = [H'][OH "] (18)
[H']+2[Ca®"] = [OH ]+ [HSO; |+ [HCO; ]
+2[S05° 7] +2[COz* "]+ [C17] (19)
¢ = [COy(aq)] +[HCO; ™|+ [CO3* ] (20)
¢ = [SOx(aq)] + [HSO; ™| +[SO5° 7] (21)

The concentration of C1~ is an input parameter, [Ca”>*]ina
falling droplet is unchanged and is equal to the [Ca>"] in the
slurry tank because the limestone dissolution is neglected in
the preliminary treating chamber, and concentrations of eight
kinds of dissolved species are obtained at each time period by
solving the system of nonlinear algebraic eqs 14—21.

At the beginning of the calculation, the composition of
droplets into the preliminary treating chamber is identical to
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that of the fresh slurry. [SO»(aq)], [HSO5 ] and [SO5*] are
equal to 0;[H "] and [OH "] are determined by the given slurry
pH value depending on process and economical considera-
tions; and [Ca®"], [CO(aq)], [HCOs ], and [CO5*7] are
calculated by the system of chemical reactions 22—24 and
electroneutrality 25 in slurry tank.

Kcaco, = [Ca®*][CO5*7] (22)
_ [HCO; " J[H"]
Kot = 166, @)
21t
Ko = % (24)
[H']+2[Ca’"] = [OH ]+ [HCO; ] +2[CO5* "] +[Cl 7]

(25)

After the concentrations of SO,(aq) and CO,(aq) are deter-
mined, the next step is to calculate the gas—liquid mass-
transfer rate. Equations 2 and 7 demonstrate the absorption
of SO, into liquid phase and desorption of CO, into gas
phase, respectively. To describe the process, the two-film
mass-transfer theory is employed in present study, and the
absorption rate of SO, and desorption rate of CO, in pre-
liminary treating chamber are expressed as'’

Nso, = Kso,,ca(Pso, — Hso,¢s0,) (26)

Nco, = Kco,,ca(Hco,cco, — Pco,) (27)
where Pso,and Pco, are the partial pressures of SO, and CO,
in gas phdse (Pa), cso, and cco,are the concentrations of SO,
and CO; in liquid phase (mol/m ), and, Kso, G and Kco, G

are the overall mass-transfer coefficients of SO, and COZ

(mol/m?-s-Pa), calculated by
1 1 Hso,
= 28
Kso,,6  kso,,c  Eso,kso0,,L (28)
1 1 Hco,
= 29
Kco,,c  kco,,c kco,,L ()

where kso,G and kco,c are the gds side mass-transfer
coefﬁ01ents of SO, and CO, (mol/m -s+Pa), kso,r and
kco,1 are the liquid-side mass-transfer coefficients of SO,
and CO, (m/s), Hso and Hco, are the Henry’s constants of
SO, and CO, (m -Pa/mol), and Eso, is the mass-transfer
enhancement factor of SO, for instantaneous chemical reac-
tion, given as'®!

£ Dcaco,ccaco,

1+
Dso,, 1.¢50,

Eso, = (30)

where Dcdco is the diffusion coefficient of CaCOs in liquid
phase (m°/s), Dso L 1s the diffusion coefficient of SO, in
liquid phase (m> /s) CCaCO is the concentration of CaCOj in
liquid phase (mol/m?), and & is the molar ratio of SO, to

(17) Gerbec, M.; Stergarsek, A.; Kocjancic, R. Comput. Chem. Eng.
1995, 19, s283-s286.

(18) Dou, B. L.; Pan, W. G.; Jin, Q.;
Convers. Manage. 2009, 50, 2547-2553.

(19) Lin, C.; Zhang, J. Y. Enhancement factor of gas absorption in gas-
liquid-solid three-phase reaction system accompanied by solid dissolution
[C1//Advances in Separation Science and Technology; China Environmen-
tal Science Press: Beijing, 1998; pp 606—610.

Wang, W. H.; Li, Y. Energ.
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limestone reagent (mol/mol). Actually, Eso, should be drawn
versus the spray height and compared with other numerical
or experimental works.® To simplify the calculation in pre-
sent study, the value of enhancement factor is replaced with
an average.’

The specific gas—liquid interface area, a, is defined as*

(1)

where d), is the average size of slurry droplets (m).

As there is no sulfur species at the injection of droplets, the
dissolved sulfur species in the falling droplets are produced
by the absorbed SO,. Their total concentration during the
corresponding layer is equal to the combination of a time
step size and accumulated absorption rate.

j—1

¢,j = Aty Nsoy,i
i=0

(32)

While the dissolved carbon species in falling droplets during
the corresponding layer is calculated by
j—1
Cc,j == cc,in - AIZ NCOZ,i
i=0

(33)

where ¢, is the dissolved carbon species in slurry tank (mol/m?).
By virtue of eqs 34 and 35, the SO, and CO, partial pressure
in gas phase can be obtained.

s Vi-R-T
Pso,,; = PSOz,in_% (34)
G
o —c. VVi-R-T
PCOE,A/' _ PCO;,in""( c,In c,_l) L (35)

Vo

where Pso, in and Pso, jare the SO, partial pressure in the gas
phase atinlet and a given layer inside the preliminary treating
chamber, respectively; Pco,in and Pco,; are the CO, partial
pressure in the gas phase at inlet and a given layer inside the
preliminary treating chamber, respectively; V7 is the slurry
flow rate (m>/s).

Thus, the SO, removal efficiency at a given layer inside the
preliminary treating chamber is defined as

_ Pso,,j
Pso,,in

npre,/' - (36)
By repeating the preceding steps, more SO, removal effi-
ciency results for all layers can be obtained.

As to the solution to the system of nonlinear algebraic
eqs 14—21 and 22—25, it was obtained with the globally con-
vergent Newton—Raphson method, as described by Dennis
and Schnabel.?® The criterion for stopping the calculation is
defined as 1.0 x 10~°. The whole process of calculation was
achieved by virtue of a computational program.

3.2. Modeling of SO, Absorption in the Self-Excitation
Chamber. The bubbles impinged by the rotary gas from the
self-excitation channels play an important role in SO, ab-
sorption in this zone. The gas—liquid mass-transfer was also
based on the two-film theory. The mass-transfer rate of SO,
is expressed as

Nso, = Kso,,6'd (Pso,,m — Hs0, * €30, m) (37)

(20) Dennis, J. E.; Schnabel, R. B. Numerical Methods for Uncon-
strained Optimization and Nonlinear Equations; Prentice-Hall: Englewood
Cliffs, NJ, 1983.
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Table 1. Parameters for the PCF Desulphurization System

parameter value

temperature of gas atmosphere (25 £+ 1 °C)

operating pressure atmosphere
limestone content in feed stream (wt %) 10

limestone slurry pH 5.7+0.1
volume fraction of CO; in the air (%) 0.03

SO, inlet concentration (g/m>) 2.5

slurry concentration of Cl~ (g/m?) 0

gas flow rate (m’/s) 0.24
liquid—gas ratio (L/m?) 10

droplet size (um) 2500

Decaco, (m’/s) 1.6 x 1077
Dso, G (m?/s) 1.4 x107°
Dso, 1 (m?/s) 1.8 x 1077
Dco, G (m?/s) 1.5459 x 1072
Dco..1 (m%/s) 22431 x 1073
Hyo, (m*-Pa/mol) 81.06

Hco, (m*-Pa/mol) 2851.81

o (N/m) 7.2 x 1072
uc (Pa-s) 1.7894 x 1073

where Kgo, g’ is the overall mass-transfer coefficient of SO,
in self-excitation chamber (mol/mz- s+ Pa), Pso,.m is the SO,
partial pressure in gas phase at the outlet of self-excitation
channels (Pa), and 50, m is the SO, concentration in slurry at
the surface of slurry tank (mol/m®). & is the effective
gas—liquid interface area of self-excitation chamber (m?),
calculated by

, 6

—
dy

a (38)
where d, is the average size of bubbles (m), measured by the
PIV experiment; V' is the volume of space stuff with bubbles
(m*); x, is the volume fraction of bubbles in the ¥ volume.
When Ny is introduced into the eq 39, the SO, partial
pressure in gas phase at outlet, Pso, oui, can be obtained.

(Pso,,m — Pso,,ou) Vo = Nso,RT (39)

Thus, the SO, removal efficiency in self-excitation chamber
is given as

PSOz, out

1 —
Pso,.m

Nselt = (40)

Combinning the purifications of preliminary treating cham-
ber and self-excitation chamber for the flue gas, the overall
SO, removal efficiency of the PCF device is defined as

Noverall = 1= (1 - 77pre)(1 - nself) (41)

4. Results and Discussion

The performance of a FGD system is related to a wide range
of variables including Pso, in, ¢caco,» Vi, V. PH, dp, liquid—
gas ratio (Vp/Vg), Vr, Cl7, etc. Considering a practical
process, Vg is first fixed as a design parameter, Pso, ;, and
ccaco, almost keep constant, and the pH is generally selected
as 5.7 £ 1. Thus, the variables of Vi, Ve, dp, V1/Vg, and CI™
may be important and hence are discussed in the following
sections. Table 1 presents the basic experimental and simula-
tive parameters for the PCF desulphurization system.

4.1. Interpretation of Mass-Transfer Coefficient. Consider-
ing that the mass-transfer theories of SO, and CO, are basi-
cally identical, only the mass-transfer coefficients of SO, are
interpreted in this section. According to the Frossling corre-
lation,'® the gas-side mass-transfer coefficient of SO», kso,.G.



number, and Schmidt number, respectively; Re is calculated
by eq 43, and Sc is calculated by eq 44.
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Table 2. Calculated Mass-Transfer Coefficients for Different Droplet Sizes
d,, (um) 1500 2000 2500 3000
kg (mol/m>-s-Pa) 5.402 x 1073 4591 x 1073 4.053 x 107° 3.664 x 1073
kr (m/s) 5.093 x 1074 4.104 x 107* 3472 x 1074 3.028 x 1074
Kg (mol/m?-s-Pa) 8.231 x 107° 6.686 x 107° 5.691 x 107¢ 4,988 x 107°
was obtained by (a) 35 —
L , J
k d.-RT —~ 3 Gas flow rate (m”/s)
Sh = 505# = 2+0.6Re'/?Sc!/3 (42) 2 o2 ///.
S0,,G E 25 018 A
where Dso, G is the diffusion coefficient of SO, in gas phase % 2l 4024 s
(m?/s); Sh, Re, and Sc are the Sherwood number, Reynolds g ~—4-030 g
B 15 ~v—0.36
o
&
©
ON
(%]

Re — PG apluc — up|

43
%] (43)
U
S¢c = ———— 44
pGDso,, G “4)

where pg is the gas density (kg/m?), ug is the gas velocity
(m/s), ug is the gas dynamics viscosity (kg/m-s), and uj, is the
average droplet’s velocity (m/s).

The liquid-side mass-transfer coefficient of SO,, kso, 1,
is estimated by'®

kso,,. = 0.88 (45)

where o is the surface tension of liquid (N/m), and m, is the
mass of a droplet (kg).

Table 2 shows the effect of droplet size on the mass-
transfer coefficients of SO, in spray zone (preliminary treating
chamber), with both the gas- and liquid-side mass-transfer
coefficients gradually decreasing with increasing droplet
size. Provided that the gas- and liquid-side mass-transfer
resistances are defined as 1/kso, g and Hso,/(Eso,kso,.1)s
respectively, the estimation of which phase controls the mass-
transfer can be ascribed to the ratio of gas-side resistance
to the total mass-transfer resistance, (1/kso,.G)/(1/Kso,G)-
If 1/kso,.c is nearly equal to 1/Kso, G, the mass-transfer is gas
phase control, and a ratio of (1/kso,.G)/(1/Kso, ) < 0.1is the
criterion for liquid phase control.'® According to Table 2, it
can be calculated that the ratios of (1/kso,6)/(1/Kso,.G) are
0.1524, 0.1457, 0.1404, and 0.1362 for droplet sizes of 1500,
2000, 2500, and 3000 um, 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 SO,
removal. On the other hand, the calculations show that the
ratio of (1/kso,)/(1/Kso,) is slightly bigger than 0.1,
which also can be concluded that the absorption of SO, into
the limestone slurry to a large extent is liquid-side controlled.
The conclusion agrees with that of Brogren and Karlsson.’

4.2. Predicted Results and Analysis. Provided that the
absorption driving force, Apso,, was defined as follows:®

Apso, = Pso, ~ Hso,¢s0, (46)

Figure 5 shows the relationship between absorption rate and
driving force at various gas flow rates (a), liquid—gas ratios (b),
and droplet sizes (c). As shown in the figures, the absorption
rate is in direct proportion to the driving force in the range of
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Figure 5. Relationship between absorption rate and absorption
driving force at various gas flow rates (a), liquid—gas ratios (b),
and droplet sizes (c).

tested operating conditions. The predicted points can be ap-
proximated by linear functions passing through the origin of
the coordinate system. The correlation coefficient for all
straight lines is close to one, R*> = 0.999, which testifies to a
very good correlation. The obtained linear relationships testify
to the fact that with the increase of the driving force of the
absorption process, the value of the mass-transfer coefficient
does not change with SO, partial pressure. These results agree
well with that of Bokotko and Hupka.?!' Furthermore, the

(21) Bokotko, R. P.; Hupka, J.; Miller, J. D. Environ. Sci. Technol.
2005, 39, 1184-1189.
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Figure 6. SO, removal efficiency at various height of the preliminary
treating chamber for different gas flow rates (a), liquid—gas ratios (b),
and droplet sizes (c).

increase of gas flow rate and liquid—gas ratio increase the SO,
absorption rate, while the increase of droplet size decreases it.

Figure 6 gives the SO, removal efficiency at various height
of the preliminary treating chamber for different gas flow
rates (a), liquid—gas ratios (b), and droplet sizes (¢). From
the figures, it can be seen that SO, gets removed as the flue
gas moves down in the preliminary treating chamber. The
gas flow rate, liquid—gas ratio and droplet size all affect, to
various extents, the degree of SO, removal. When the gas
flow rate is increased, the SO, removal efficiency decreases.
The possible reason is that the residence time of gas in the
preliminary treating chamber becomes shorter during the
course. But this does not mean the SO, absorption rate
decreases. On the contrary, the absorption rate is increased,
as seen in Figure 5a. The increase of the liquid—gas ratio
leads to an increase in the gas—liquid interface and thereby in
the degree of desulphurization. Furthermore, when the gas
flow rate and liquid—gas ratio are kept constant, both the
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Figure 7. Comparison of SO, removal efficiency for different gas
flow rates.

specific gas—liquid surface area defined by eq 31 and mass-
transfer coefficients increase with decreasing the droplet size,
and hence, the SO, removal efficiency is increased, as shown
in Figure 6c.

4.3. Experimental and Predicted Results Comparison and
Analysis. With 7 /Vg = 10 L/m’, the relationship between
the SO, removal efficiency and gas flow rate are presented in
Figure 7. The theoretical model established in this paper
predicts that SO, removal efficiency decreases with gas flow
rate increase. The curve shown in the diagram shows a good
agreement with the experimental data. As the gas flow rates are
in the range of 0.12—0.36 m>/s (superficial gas velocity in inner
cylinder is equal to 1.7—5.1 m/s), the predicted results of SO,
removal efficiency are 92.64—75.60%; and the experimental
points are 91.39, 87.21, 84.37, 77.68, and 73.12%, respectively.
By comparison with the results, the relative error is below 3.40%.

From the economic point of view, the liquid—gas ratio,
V1/Vgs, has been found to be one of the most important
criterions for reporting the absorber performance.* In prac-
tical FGD processes, the value of V1 /V can be calculated
according to its minimum value, expressed as:

Vi
(1.1~2.0) (V—G) .

For the PCF device, the value of (V1/VG)min Was calculated
as 7.0 L/m>. The studies were carried out at a fixed gas flow
rate and the liquid flow rate was controlled according to the
requested V1 /Vg. The relationship between SO, removal
efficiency and liquid—gas ratio is shown in Figure 8.

As shown in the figure that both the predicted and experi-
mental SO, removal efficiencies increase continuously with
V1/Vg increasing in the range of V/Vg < 11 L/m>. How-
ever, when V' /Vg is more than 11 L/m3, the experimental
points increase relaxed and are slower than those of prediction.
The reason can be explained as follows: With an increase in the
amount of V1 /Vg delivered to the absorber, the gas—liquid
interface area and total alkalinity for the absorption of SO,
increase when the gas flow rate is fixed. Consequently, the SO,
absorption rate increases, and removal efficiency of SO, is
enhanced. However, when V' /Vg is too large, the cohesion of
droplets will strengthen, and the effective gas—liquid interface
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(22) Hrastel, I.; Gerbec, M.; Stergarsek, A. Chem. Eng. Technol. 2007,
30, 220-233.
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area no longer increases but even decreases, resulting in smaller
volumetric mass-transfer coefficient.>> This moment, further
increase in Vi /Vg becomes meaningless, and the removal
efficiency of SO, increases relaxed. Because the theoretical
model calculates the specific gas—liquid surface area according
to eq 31 and cannot reflect the change in the effective
gas—liquid interface area, the SO, removal efficiency predicted
increases continuously and is higher than the experiment’s.
When the ¥ /Vg is controlled in the range of 8—14 L/m?, the
relative error is below 8.67%.

4.4. Effects of CI". The PCF process is a closed-loop
desulphurization process. Cl is released during the coal
combustion as HCI and can be subsequently absorbed in
the slurry. According to Eden and Luckas®* and Frandsen
et al.,” the steady-state slurry concentration of Cl~ should
not exceed 25—30 g/L. Hence, this interval of concentration was
studied in the present study. Figure 9 illustrates the results
of prediction and experiment. As shown in the figure, the
addition of Cl™ can strongly affect the desulphurization
process. When the CI™ concentration in slurry reaches 25
g/L, SO, removal efficiency decreases from 82.99%
(83.87%) down to 70.75% (70.75%). The main reason for
this effect is assumed to be a decrease in the dissolution rate

(23) Wu, Y.; Li, Q.; Li, F. Chem. Eng. Sci. 2007, 62, 1814-1824.

(24) Eden, D.; Luckas, M. Chem. Eng. Technol. 1998, 21 (1), 56-60.

(25) He, S.; Oddo, J. E.; Tomson, M. B. J. Colloid Interface Sci. 1994,
162 (3), 297-303.

4951

Gao et al.

of the limestone.? 2’ When the concentration of Cl~ is over
30 g/L, this variation trend become weak. Besides this effect,
the C1™ has many other side-effects on the desulphurization
system,® such as influencing the dehydration of the desul-
phurization gypsum, eroding equipments, and reducing the
degree of SO,> removal. So some measures must be taken to
get rid of the C1™ in the desulphurization process.

5. Conclusions

On the basis of the two-film theory, a theoretical model of
SO, absorption into the droplets of limestone slurry has been
developed within the novel wet-type PCF device. The model
synthetically considered the purifications of preliminary treat-
ing chamber and self-excitation chamber for the SO, absorp-
tion, and the theoretical SO, removal efficiency was compared
with the experimental data. The following items were concluded:

(1) Using the two-film theory of gas—liquid mass-transfer,
the desulphurization process was analyzed. The results show
that, in the ranges of tested operating conditions, the SO,
absorption rate in preliminary treating chamber (spray zone)
is controlled by a combination of gas- and liquid-film diffusions.

(2) Under different operating parameters including the gas
flow rate, liquid—gas ratio, and droplet size, the SO, absorption
rate was analyzed by the model established in this paper. These
data indicate that the absorption rate is in direct proportion to
the driving force in the range of study. The obtained linear
relationships testify to the fact that with the increase of driving
force of the absorption process, the value of mass-transfer
coefficient does not change with the SO, partial pressure.

(3) The gas flow rate, liquid—gas ratio and droplet size all
affect, to various extents, the degree of SO, removal. The
increase of gas flow rate and droplet size, and decrease of
liquid—gas ratio all can lead to a decrease of the SO, removal
efficiency. By comparing the results of prediction and experi-
ment, the data show a good agreement. With 4, = 2500 um,
the relative differences of the SO, removal efficiency between
the predicted and experimental data are below 3.40% and
8.67%, respectively. It demonstrates that the model proposed
in present study is an effective model to evaluate and predict
the desulphurization performance of the novel PCF device.
Moreover, the theoretical model can be extended to apply in
other wet FGD technologies.

(4) The addition of CI™ decreased the SO, removal effi-
ciency significantly. When the Cl™ concentration in slurry
reaches 25 g/L, the overall desulphurization efficiency de-
creased from 83.87 to 70.75%.

(5) Although there is no demister in the PCF device, no
water was observed in outlet flue gas during the experiments,
showing that the PCF device possesses a good dewatering
performance. Meanwhile, no demister means lower energy-
consumption, cost, and maintenance.
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