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Mass transfer and reaction process of the wet desulfurization reactor
with falling film by cross-flow scrubbing
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Abstract—In the present study, a series of wet flue gas desulfurization experiments have been carried out in com-
parison with different slurry feeding ways, i.e., by series connection and by parallel connection, by means of cross-
flow scrubbing with falling film. The experiment results show that there is optimal desulfurization performance for
the slurry feeding way by series connection. A liquid side mass transfer-reaction model and desulfurization mass trans-
fer by cross-flow scrubbing model have been developed. The pH values of the outlet slurry inside the reactor and the
ion concentration distributions of H,SO;, HSO; and SO3™ along the axial direction of the tubes were obtained by an-
alyzing and calculating the models. The calculation values agree well with the experimental values. It shows that the
models can predict well the ion concentration distributions along the axial direction of the tubes.
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INTRODUCTION

As installed capacities are increased with rapid pace of economic
development, the emission of sulfur dioxide (SO,) is increased [1].
Flue gas desulfurization (FGD) is one of the most effective ways of
controlling SO,, among which wet flue gas desulfurization (WFGD)
is the most widely used and developed FGD technology [2,3]. Two
gas-liquid contacting ways, countercurrent flow and cocurrent flow,
are applied in the conventional falling film reactors, while the con-
tacting way of the cross flow between falling film and flue gas, as
well as the liquid side mass transfer and reaction process has not
been studied [4-10].

This paper originally presents the WFGD reactor with falling
film by cross-flow scrubbing and studies the mass transfer and reac-
tion process. The finned tubes are used as the carrier of falling film
in the reactor to ensure uniformity, continuity, stabilization and unbro-
kenness.

EXPERIMENTAL PRINCIPLE AND METHOD

1. Experimental Principle

The operating principle of the flue gas crossing the finned-tube
bundles is shown in Fig. 1. Lime slurry is used in the experiments
as the absorbent. The slurry is distributed, by the slurry distributor,
onto the guiding tubes with orderly array. Therefore, the slurry falls
down along the outside surface of the tubes with the form of uni-
form falling film (as shown in Fig. 1 by the section plane parts).
The falling film on the finned tubes is scrubbed by the cross flue
gas with certain velocity, while the SO, is absorbed by the falling
film. Thus the aim of removing SO, is achieved.

The falling film can cover the surface of the whole tube and not
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Fig. 1. Schematic illustration of flue gas crossing the finned-tube
bundles.
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be broken easily by the flue gas because of the surface energy and
the attaching area, caused by the fins of the tubes. Therefore, the
entrained liquid drops can be lessened, and then the erosion prob-
lem of the back equipment can be alleviated.

The experiment was carried out on a test-rig. The finned-tube is
the core part of the experimental system. The outside diameter and
the effective length of the finned-tube are 16 mm and 500 mm, re-
spectively. The height of the fin is 5 mm. The inside diameter of
the orifice of the distributor is 18 mm. The range of the inlet flue
gas temperature is from 28 °C to 100 °C. The range of the inlet flue
gas velocity is from 2.4 m/s to 4.9 m/s. The range of the slurry flow
rate is from 6 m*/h to 8 m’/h. When the flue gas velocity and the
flue gas temperature at inlet are maintained at 3.2 m/s and 60 °C,
respectively, the experiments are conducted with the slurry rates of
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Fig. 2. Schematic illustration of the dual-loop wet FGD experimen-
tal system with the falling film.

6 m’h, 7m’/h and 8 m*/h.
2. Experimental Method

The desulfurization experimental system comprises four subsys-
tems: flue gas system, sturry-loop system, oxidation and blow-down
system, and lime slurry feeding system. This paper presents two
sturry feeding schemes as shown in Fig. 2, which are based on a
different slurry feeding process: slurry feeding ways by series con-
nection and by parallel connection. For the operating condition of
the slurry feeding way by series connection, the quantity of the feed-
ing shurry is half of that by parallel connection, that is, the liquid-
gas ratio by series connection is half of that by parallel connection
with the same flue gas flow rate.

EXPERIMENTAL RESULTS AND DISCUSSION

First, dual-loop WFGD experiments with falling film were con-
ducted on the test rig with slurry feeding way by series connection
(as shown in Fig. 2a). Then a series of experiments were carried
out to compare the slurry feeding ways by series connection with
the one by parallel connection.

1. Effect of Flue Gas Temperature and Velocity at Inlet on
Desulfurization Efficiency

Fig. 3 indicates that the desulfurization efficiency increases first
as the increase of gas temperature at the inlet. When the tempera-
ture reaches to about 60 °C, the maximum efficiency is obtained.
Then the efficiency decreases with the increase of gas temperature.
On one hand, the slurry temperature increases with the increase of
flue gas temperature based on the gas-liquid balance principle. The
solubility of SO, and Ca(OH), decreases with the increase of slurry
temperature, which will cause a decrease of the efficiency. On the
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Fig. 3. Effect of the temperature of the inlet flue gas on the de-
sulfurization efficiency.

other hand, the diffusion coefficients of the ions in the liquid in-
crease with the increase of slurry temperature, and then the absorp-
tion of SO, is enhanced. Thus, it can be seen that the flue gas tem-
perature is not an independent factor. Generally, the range of the
inlet flue gas temperature is 59-60 °C [11].

The illustration also shows that there is a downward trend for
desulfurization efficiency as the increase of the flue gas velocity at
the inlet. On one hand, the gas-liquid mass transfer was enhanced
with the increase of the flue gas velocity. Turbulent flow was formed
on the falling film, which makes the flue gas and falling film mix
well. On the other hand, the staying time of the flue gas in the reac-
tor reduces with the increase of the flue gas, which reduces the effi-
ciency. For this case, the staying time of the flue gas is the dominant
factor.

2. Effect of SO, Concentration of Flue Gas at Inlet on Des-
ulfurization Efficiency

Fig. 4 shows that the desulfurization efficiency decreases with
the increase of the SO, concentration of flue gas at inlet. As the SO,
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Fig. 4. Effect of the inlet SO, concentration on the desulfurization
efficiency.
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Table 1. Effect of the inlet SO, concentration on the desulfuriza-
tion efficiency and the absorption rate

C,, (mg/Nm*) 2499.64 3472.04 4135.56
n 0.585 0.549 0.496
Vo, (mg/s) 421.40 549.00 590.38

partial pressure increases with the increase of the SO, concentra-
tion, the mass transfer resistance can be reduced and the chemical
absorption can be enhanced according to the mass transfer kinetics.
However, the absorption capacity can easily reach the maximum
value when the SO, concentration gets higher, which causes rela-
tively less total SO, absorption capacity.

The following equation can be obtained by regressing the curve
in Fig. 4:

n=0.45055+3.42251x107'C,,—2.15101x107'C;, o)

Then the absorption rate of the slurry for the different C,, can be
expressed as:

Vs0.=QCun1=V,AuCi1 )
That is,
Vi, =3.2%0.09%(0.45055C,,+3.42251
x107'C;,-2.15101x107°C;,) 3)

where, V,, is equal to 3.2 m/s, and A,, is equal to 0.09 m>,

The desulfurization efficiency 7 and the absorption rate of the
slurry Vg, can be obtained from Eq. (3). The results are listed in
Table 1.

It is shown that although the desulfurization efficiency 7 decreases
with the increase of SO, concentration at inlet, the absorption rate
V,,, increases with that. It can be explained by the following qualita-

tive analysis.
VSO;:NAin: K(C[n_ CO)Ain (4)

For qualitative analysis, it can be considered that C,=0. Therefore
Eq. (4) can be simplified as:

V.s‘r)zzNAfn:KCanm (5)
Eq. (6) can be obtained by substituting Eq. (2) into Eq. (5):
_(Q
K= ”(AT) ©)

When the experiment condition is fixed, (Q/A,,) is a constant. There-
fore, it can be approximately considered that K is proportional to
n, that is:

Koy U]

Based on Eq. (7), the change of 7 represents the change of K. It
can also be seen from Fig. 4 and Table 1 that if the partial pressure
of SO, increases with the increase of the SO, concentration at the
inlet, it causes the reaction surface to move from the gas-liquid phase
surface to the liquid-solid phase. Therefore, the total reaction rate
changes from the gas control to the liquid control, which leads to
the decrease of K and 7.

On the other hand, it can be seen from Eq. (4) that with the in-
crease of SO, concentration at the inlet, the driving force (C,—C,)
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Fig. 5. Effect of the liquid-gas rate on the desulfurization efficiency.

increases. However, K decreases to a certain extent with the increase
of the SO, concentration at the inlet. According to Eq. (4), Vi, is
proportional to K and (C—C,). As a whole, therefore, the increase
of the driving force (C,,—C,) dominates the mass transfer process,
and Vg, increases with the increase of C,,, which can be demon-
strated by results listed in Table 1.
3. Effect of Gas-liquid Ratio on Desulfurization Efficiency

The experiment results are shown in Fig. 5. The desulfurization
efficiency increases with the increase of L/Q. The reasons are as
follows: the thickness of the falling film increases, which expands
the gas-liquid contacting area, with the increase of the slurry rate.
This causes an increase of the mass transfer rate. Meanwhile, the
temperature inside the tower reduces with the increase of the slurry
rate, which enhances the SO, dissolution and decreases the mass
transfer resistance in the liquid side.
4. Experimental Comparison of Slurry Feeding Ways by Series
Connection and Parallel Connection

The slurry feeding rate is 7 m*/h by series connection while that
is 14 m*/h by parallel connection (as shown in Fig. 2b). The exper-
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Fig. 6. Comparison of the two experimental schemes at a differ-
ent velocity of the inlet flue gas.
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Fig. 7. Comparison of the two experimental schemes at different
temperature of the inlet flue gas.

imental results are presented in Fig. 6. It can be seen from Fig. 6
that for the two ways the desulfurization efficiency decreases with
the increase of the flue gas velocity at the inlet. The difference be-
tween the two schemes is not obvious, which indicates that des-
ulfurization performance for the two ways is approximately the same.
It shows that not only can the slurry feeding way by series connec-
tion fulfill the demand of removing SO,, but also lower the gas-
liquid ratio, which reduces the cost of the investment and operating
cost.

Fig. 7 indicates that changing trends for the two connection ways
are basically the same, that is, with the increase of the flue gas tem-
perature at the inlet, the desulfurization efficiency increases to the
maximum at a temperature of 60 °C, then the desulfurization effi-
ciency decreases. The results agree well with those in Fig. 3. It can
also be seen from Fig. 7 that for the same flue gas temperature at
the inlet, the desulfurization efficiency with the slurry feeding by
series connection is a little higher than that by parallel connection.
The comparison of the two slurry feeding ways in Fig. 2 shows that
for the same flue gas rate, the gas-liquid rate by series connection
is half of that by parallel connection, but the slurry content holding
in the tower is the same. As the residence time of the feeding slurry
by parallel connection is half of that by series connection, most lime
fed to the system can hardly dissolve. Furthermore, it can be seen
from Fig, 2 that there is a stirrer in the middle circulating tank, which
helps to stir and oxidize the CaSO; produced from the upper tower
and enhance the mixture and reaction of the reactants and the prod-
ucts and increase the desulfurization efficiency. Therefore, there is
the possibility to reduce the gas-liquid ratio, and, as a result, the de-
sulfurization efficiency by series connection may be larger than that
by parallel connection, just as shown in Fig. 7.

STUDY ON LIQUID SIDE MASS TRANSFER
AND REACTION PROCESS

1. Setting up of Liquid Side Mass Transfer and Reaction Mod-
el

It is considered that the reaction that SO, reacts with Ca(OH),
slurry is irreversible and instant. The reaction between SO, and Ca
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Fig. 8. Schematic illustration of the concentration distribution for
the irreversible instantaneous reaction.

(OH), shurry only happens within the liquid film. Therefore, the total
reaction process shows that SO, reacts with Ca(OH), to form CaSO;
[12,13]. As shown in Fig. 8, the mass transfer rate from SO, gas to
liquid bulk, based on the two film theory, can be expressed as:

N=k(P,~P) ®
The phase equilibrium correlation is met at the phase interface:
C=HP, ©)]

The mass transfer rate from SO, gas to liquid bulk can be expressed
as by the liquid parameters:

N=k,C~Ek,C, 10)
The enhancement factor E can be expressed as:

bC;

E=1+ 1)

The mass transfer rate from SO, gas to liquid bulk is obtained by
eliminating the unknown variable according to Egs. (8)-(11):

Hp,+ o
b

N=e—___ O (12)
H 1
ke k;

Therefore, the mass transfer rate equation is set up while the irre-
versible and instant reaction happens between SO, gas and liquid
bulk.
2. Setting up of Desulfurization Mass Transfer Model with
Falling Film by Cross-flow Scrubbing

The desulfurization mass transfer model with falling film by cross-
flow scrubbing studied in this paper is shown in Fig. 9, where the
falling film is shown by the hatching and the fins are not shown in
the planform. In order to study the mass transfer process by cross-
flow scrubbing, it is assumed that:
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Fig. 9. Schematic illustration of the mass transfer model for the
desulfurization process.

(1) The gas phase and the liquid phase both are continuum phases.

(2) The flue gas can touch the falling film fully around the tube,
and the absorbing ability is the same for the falling film in each di-
rection.

(3) The falling film can be distributed uniformly along the axis of
the tube and not be broken.

(4) The mass transfer rate is invariable along the axial direction
of the tube.

(5) The pH value of the inlet slurry is held at 9 during the desulfur-
ization process.

The staying time of falling film along the tube is:

=L (13)

ug

Therefore, the total molar mass of SO, absorbed by falling film within
tis:

Q=NAt (14)
The slurry bulk for absorbing SO, within t is:
V=A'ut 15)

As a result, the molar concentration of absorbed SO, within t can

be expressed as:

M=Q_NAt_NA _ NQaAr+d)-4x00011L 4
Vo Aut Au g {A(r+6) -r']-4x0.001 x5}
The products from the reaction between SO, and Ca(OH), slurry
in the falling film exist mainly as three kinds of compounds of sulfur
with 4 valence, namely SO, HSO; and SO3". The total concen-
tration of products can be expressed as:

M=[S0x)]+[HSO;]+[SO5 ] an
The electroneutrality equation can be used for the shurry:
[H]+2[Ca’]o=[OH 1+ [HSO;]+2[SO5] (18)

It is assumed that the original pH value of Ca(OH), solution is pH,,
According to the ionization equilibrium of H,SO;, the absorbing
equation of Ca(OH), slurry and certain SO, is obtained:

MK; (2K, +[H'])
K Ks,+Kg[H'T+ [H+]2

The variable M can be separated from Eq. (18), Eq. (18) can be sim-
plified as:

M= {K( L1 ) L [H+]01KS.KS1+ Ks[H] * M1 59
[H [H] | K@K+ HT)

Therefore, the correlation of M=10° M can be obtained based
on the mass conservation. Attention: the purpose of multiplying
10? is to unify the molar unit.

According to above analysis, it is known that hydrogen ion con-
centration [H], namely pH value of the solution, can be solved by
SO, mass transfer rate.

3. Calculation Results and Analysis
3-1. Determination of Calculation Condition

The desulfurization test rig with falling film by cross-flow scrub-
bing was set up. The setting conditions are these: the effective height
of falling film is 0.5 m, the temperature of the inlet flue gas is 30 °C,
and the velocity of the inlet flue gas is 3.2 m/s. By the experimen-
tal measurement, the average SO, concentration at inlet C,, is 1,058
UL/L and the average SO, concentration at outlet C,,, is 583 pL/L,
the sturry temperature is 30 °C, and the original pH value of Ca(OH),

K,/[Ho—[Ho+[H]=K,/[H]+ (19

pH=9 pH=9

pH in pH ot
Fig. 10. The illustration of the model of the desulfurization reac-
tor:

Korean J. Chem. Eng.(Vol. 24, No. 3)
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slurry is 9.00. The reactor model is shown in Fig, 10. The pH values
of the first and the last row tubes inside the reactor are studied sep-
arately. The average values of the inlet value and the outlet value
along the tubes are used as the calculation values.
3-2. Calculation Results and Error Analysis

During the calculation process, the concentration of liquid bulk
of Ca(OH), is a variable parameter. The pH value of the inlet slurry
is held at 9, and the pH value of the outlet slurry is the required [H'].
Therefore, the C,, can be solved based on the ionization equilib-
rium equations of Ca(OH), and H,O:

_l4s5x10™

107°+[H']
The outlet pH values at the first and the last row tubes can be cal-
culated by solving Egs. (12), (20) and (21), based on the correla-
tion of M=10° M and the calculation using software of MATLAB
and EXCEL.

The pH value of the slurry bulk in the reactor can be calculated
by averaging the outlet pH values at the first and the last row tubes:

Cp (mol/L) 21)

pH=PHint pHoy _ 4.71+5.35
2 2

=5.03

The calculated pH value is a little lower than the measured one
(PH, 00:,=6-06). By analysis, the errors are caused by the following
reasons:

3-2-1. Measurement errors.

An acidimeter of PHS-2C type is used for monitoring the pH
value of the slurry during the experimental process. The acidimeter
is suitable for measuring the pH value of water with little solid sub-
stance. There are some solid substances (mainly the undissolved
Ca(OH),, the formed CaSO,, and the additive CaSQO,). The glass
ball of the electrode probe is liable to contaminating and plugging
and leads to the passivation of the probe and reducing sensitivity,
which causes the numerical reading inaccuracy. Therefore, the acid-
imeter must be calibrated before the experiment so as to reduce the
error from the numerical reading.

3-2-2. Idealization of the model assumption.

The practical situation is not like the No. 2 and 3 assumptions
for setting the mass transfer model. It is observed that the falling
film can expand and cover the fins and is broken, and there is a re-
versed-flow region at the leeward side of the tube, where the mass
transfer rate is little. It is shown by the experimental results that the
falling film shape can affect the desulfurization efficiency. There-
fore, the above will cause the SO, absorption rate to increase and
the outlet pH value of the shurry to reduce.

3-2-3. Determination of the bulk concentration of Ca(OH),.

In this paper the bulk concentration of Ca(OH), is obtained based
on the ionization equilibrium equations of Ca(OH), and H,O. But
the way for determining the bulk concentration of Ca(OH), is in-
accurate, and the bulk concentration of Ca(OH), changes with the
reaction carrying out. The No. 4 assumption of the mass transfer
model is also idealized, for the mass transfer rate changes with the
C,, changing along the height of the tube. This is one of the reasons
for causing the error.

3-2-4. Selection of the calculation formulae.

Some empirical equations and correlation formulae are used dur-

ing the calculation process. This is also one of the reasons for causing
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the error.

Furthermore, another operating condition was solved. The setting
conditions are these: the effective height of falling film is 1.0 m,
the temperature of the inlet flue gas is 30 °C, and the velocity of
the inlet flue gas is 3.2 m/s. By the experimental measurement, the
average SO, concentration at inlet C,, is 1058 pL/L and the aver-
age SO, concentration at outlet C,,, is 516 mL/L, the slurry temper-
ature is 30 °C, and the original pH value of Ca(OH), slurry is 9.02.

The pH value of the slurry bulk in the reactor can be calculated
as follows:

pH = PHut PHay _4.48+5.07
2 2

The calculated pH value is also a little lower than the measured one
(PHp 0 =5.52)

According to the above analysis, the calculating model is an effec-
tive way for studying the liquid side mass transfer and reaction pro-
cess of the falling film, though the calculated results are a little lower
than the measured ones. These results will offer the design and opti-
mization the theoretical supports for the reactor by cross-flow scrub-
bing,

3-3. Distributions of Ion Concentration Along the Height of the Tubes

The shurry pH values at the first and the last row tubes and the
ion concentration distributions of H,SO,, HSO; and SO; along
the height of the tubes can be obtained based on the above deduc-
tion and the ionization equilibrium equations of H,SO, when the
effective height of the falling film is 0.5 m, as shown in Fig, 11-14.

Fig. 11 shows that the pH value reduces with the increase of the
distance along the flowing direction of the falling film. The slurry
pH value at the inlet decreases sharply at the beginning, then tends
towards smoothly while L is larger than 0.25 m. The slurry pH value
at the outlet changes smoothly at the beginning, then decreases quick-
ly while L is larger than 0.15 m. The slurry can absorb SO, quickly
and the slurry pH value reaches to 5.2 at the position of 0.25 m be-
cause the SO, concentration at the inlet is higher and the mass trans-
fer rate is invariable along the axis of the tube. The mass transfer
process is controlled by the liquid side and thus the slurry pH value

=4.78
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Fig. 11. The change of the pH value along the height of the tube.
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Fig. 13. The change of HSOj; concentration along the height of the
tube.

changes smoothly. The slurry at the outlet can absorb more SO, for
the lower SO, concentration at the outlet. Therefore the slurry pH
value will decrease sharply at a position of 0.15 m.

Fig. 11 to 14 indicates in comparison with Fig, 15 that:

The ion concentration of H,SO,, and HSO; in the sturry increases
and the ion concentration of SO? increases then reduces with the
increase of the distance along the flowing direction of the falling
film at either the inlet or outlet.

For the inlet of the reactor, namely the first row tubes, the pH
value is larger than 6.26 with little formed H,SO; when L is less
than 0.2 m. The concentration of the formed H,SO; increases with
the decrease of the pH value. For HSO;, a little HSO; exists when
the reaction happens. The concentration of HSO; tends towards a
maximum when the pH value is under 5.21, namely L is larger than
0.3 m. For SO;", the pH value is larger than 8.07 when L is less
than 0.1 m. The concentration of SO3~ increases from zero to max-
imum (namely, the corresponding value when L is equal to 0.1 m)
quickly with the reaction process. The substance in the slurry is al-
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Fig. 14. The change of SO;™ concentration along the height of the
tube.
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Fig. 15. Effect of the slurry pH value on S” mole ratio (25 °C).

most SO;3". The concentration of SO; reduces to a minimum point
when L is equal to 0.25 m and the shurry pH value reduces to 5.22,
then tends towards smoothly with the decrease of pH value.

For the outlet of the reactor, namely the last row tubes, the pH
value is larger than 8.35 with little formed H,SO; when L is less
than 0.4 m. The concentration of the formed H,SO, increases little
with the sharp decrease of the pH value. For HSO;, a little HSO;
has existed when the reaction happens. The concentration of HSO;
tends towards the maximum when the pH value is under 5.35, name-
ly L is larger than 0.4 m. For SO3", the pH value is larger than 8.39
when L is less than 0.15 m. The concentration of SO3™ increases
from zero to maximum (namely the corresponding value when L
is equal to 0.2 m) quickly with the reaction process. The substance
in the slurry is almost SO3 . The concentration of SO;™ reduces to
minimum point quickly with the reduction of the slurry pH value.

It can be seen from the order of magnitude of the product in the
figure that the formed quantity of H,SO; is little. It shows that the
absorbed SO, reacts with Ca(OH), completely. At the position with
the same height, the concentrations of HSO; and SO; at the inlet
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are higher than at the outlet because of the higher inlet SO, con-
centration.

CONCLUSIONS

1. For the slurry feeding ways by series connection: the desulfu-
rization efficiency increases first with the increase of the tempera-
ture of the inlet flue gas. The desulfurization efficiency reaches a
maximum value when the temperature of the inlet flue gas reaches
60 °C. Then the desulfurization efficiency decreases with the increase
of the temperature of the inlet flue gas. The desulfurization efficiency
decreases with the increase of the velocity of the inlet flue gas. The
desulfurization efficiency decreases with the increase of the inlet
SO, concentration. The desulfurization efficiency increases with the
increase of the liquid-gas ratio.

2. A comparison of the experimental results of the two sturry feed-
ing ways shows that there is optimal desulfurization performance
for the slurry feeding way by series connection, characterized with
the high desulfurization efficiency and the low liquid-gas ratio, which
is lower than that of conventional WFGD equipment. This slurry
feeding way can reduce the investment and the operating cost of
the equipment.

3. A liquid side mass transfer-reaction model and desulfurization
mass transfer by cross-flow scrubbing model have been developed.
The pH value of the outlet shurry of the reactor at the effective height
of 0.5 m and 1.0 m, respectively, was obtained from the calculation
results. Though this value is a little lower than the experimental value,
the model is also an effective calculation way for the liquid side
mass transfer-reaction process. The causes of errors were analyzed.

4. The pH values of the outlet sturry inside the reactor and the
ion concentration distributions of H,SO,, HSO; and SO;™ along
the axial direction of the tubes were obtained by analyzing and cal-
culating the models. These results will offer theoretical support for
the design and optimization of the reactor by cross-flow scrubbing.

NOMENCLATURE

>

: effective surface area of liquid film for absorbing SO, gas
[m*]; species A

: cross-section area of reactor at inlet [m?]

: effective cross-section area of falling film [m?]

: species B

: stoichiometric coefficient

: ion concentration [mol/L]

: concentration of species A in liquid bulk [mol/m’]

: concentration of liquid bulk [mol/L]

: concentration of A at phase interface [mol/m’]

: average SO, concentration at inlet [uL/L]

: average SO, concentration at outlet [puL/L]

: enhancement factor

: solubility coefficient [mol/(m*-Pa)]

: convection mass transfer coefficient based on concentra-
tion difference of (C;,—C,) [m/s]

: first-order dissociation constant of H,SO; [mol/L]

: second-order dissociation constant of H,SO, [mol/L]

: dissociation constant of water [mol*/dm®]

: gas side mass transfer coefficient [mol/(m’-s-Pa)]

> >

S

oY oNoNoNoNo K-
=

S

Nz m

FRAE

May, 2007

k,  :liquid side physical mass transfer coefficient [m/s]

k, :liquid side chemical mass transfer coefficient [m/s]

L :effective height of finned tube [m]

M : molar concentration of sulfur element of +4 valence in solu-
tion [mol/L]

M’ :molar concentration of sulfur dioxide absorbed by falling
film [mol/m’]

N :absorption rate [mol/(m’-s)]

P; :partial pressure of species A in gas bulk [Pa]

P,  :partial pressure of species A at phase interface [Pa]

pH,, :pH value of inlet slurry at inlet of reactor

pH,.. : pH value of outlet slurry at outlet of reactor

Q  :molar mass of sulfur dioxide absorbed by falling film [mol]

r : radius of tube, m; diffusion coefficient ratio

t : staying time of falling film along tube [s]

u, :average flow velocity of falling film [m/s]
V' :slurry bulk for absorbing sulfur dioxide [m’]
V,, :flue gas velocity at inlet [m/s]
Greek Letters

0  :average thickness of falling film [m]

n  :desulfurization efficiency of reactor, dimensionless
Subscripts

BL :liquid bulk

G :gasphase

i : interface

in  :inlet of reactor

L :liquid bulk
out :outlet of reactor
R :reaction layer
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