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Abstract−A mathematical model of ammonia-based wet flue gas desulfurization process was developed based on
the double film theory. The calculated results of the desulfurization system for two 220 t·h−1 boilers per unit by this
model were compared to that of corresponding measured data. It was found that the calculated results agree well with
the measured data for the operating conditions of pH, liquid/gas ratio and SO2 concentration. This model can provide
predictions of the absorption performance of an ammonia-based wet flue gas desulfurization process and appears to
be helpful for designing scrubbers for SO2 absorption with ammonia absorbent.
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INTRODUCTION

Sulfur dioxide (SO2) in flue gas generated as a result of combus-
tion of fossil fuel in, e.g., thermal power plants, industrial boilers,
metallurgical furnaces and some chemical plants, is the main cause
of global environmental problems such as air pollution and acid
rain [1-3]. Many countries have therefore adopted strict regulations
regarding SO2 emissions. The world-wide concern about atmospheric
pollution by SO2 has led to the installation of flue gas desulfuriza-
tion scrubbers on those plants. The most widely practiced method
for sulfur dioxide control is based upon limestone or lime contact
with flue gases in the form of aqueous slurry [4-7]. Typically, the
by-product is either discarded in a landfill or converted into gyp-
sum for use in wallboard and cement manufacturing. Disposal in a
landfill requires a large initial capital investment as well as signifi-
cant resources to maintain the landfill throughout the life of the plant.
The value of the gypsum byproduct is low in China. Among the
various flue gas desulfurization processes, the wet-type techniques
using ammonia as an absorbent lead to efficient removal of SO2

[8-11]. The ammonia-based wet flue gas desulfurization process is
attractive as it results in the production of valuable ammonium sulfate
without generating any other polluting by-products, according to
the following reactions [3,11,12].

2NH3+SO2+H2O (NH4)2SO3 (1)

(NH4)2SO3+SO2+H2O 2NH4HSO3 (2)

NH4HSO3+NH3 (NH4)2SO3 (3)

2(NH4)2SO3+O2 2(NH4)2SO4 (4)

2NH4HSO3+O2 2NH4HSO4 (5)

Use of ammonia reagent to absorb sulfur dioxide is also well
known. Johnstone revealed the mechanism of ammonia-based wet
flue gas desulfurization [13]. Saleem proposed an ammonia-based
wet flue gas desulfurization process which was carried out in a single

vessel. The pilot plant experimental results show that the sulfur diox-
ide removal efficiency was very high and correlated with the liquid/
gas ratio and pH. However, the oxidation of the sulfite was not com-
plete [8]. In 1994, Saleem invented an ammonia-based wet flue gas
desulfurization process which was carried out by first passing flue
gas through a prescrubber, followed by passing the prescrubber gas
through an absorber. The pilot plant experimental results indicated
that the desulfurization efficiency was very high when the process
of the invention utilized ammonia. The desulfurization efficiency
varies with sulfur dioxide concentration and the ammonium sulfate
by-product isolated as crystals from the process had a purity greater
than 99.5% [9]. Borio proposed a process by which the flue gas
was scrubbed in a countercurrent spray tower absorber with a spray
of ammonium sulfate liquor. The ammonium sulfate liquor in the
absorber system is passed into a separate reaction tank where am-
monia and air are injected [10]. Using a stirred tank reactor, Gao
performed experiments to study the gas-liquid absorption reaction
between (NH4)2SO3 and SO2 for ammonia-based wet flue gas des-
ulfurization [11].

Analysis of the literature revealed that there are few studies on
the model of ammonia-based wet flue gas desulfurization and few
models available indicating the performance of the spray scrubber
of ammonia-based wet flue gas desulfurization systems. Therefore,
it is meaningful to develop a model according to an actual opera-
tion mode to study the optimization of design and performance of
ammonia-based wet flue gas desulfurization. In the present investi-
gation, a mathematical model was developed to describe the des-
ulfurization process of ammonia-based wet flue gas desulfurization
according to the double film theory. The proposed model takes into
consideration the pH value of the solution, liquid/gas ratio, flue gas
velocity and SO2 concentration.

MATHEMATICAL MODEL

An absorber that consists of absorption zone and slurry zone is
the key component in wet flue gas desulfurization system. The sulfur
dioxide is absorbed in the spray absorption zone by reacting with
the ammoniacal scrubbing solution. The physical and chemical pro-
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cesses in the absorber include many complex factors such as size
distribution of drops, velocity of drops, collision and coalescence be-
tween drops and heat exchange. It is difficult to describe all the pro-
cesses in the absorber accurately by mathematical models. Accord-
ingly, some assumptions were made as below:
• Flue gas is an ideal gas. In the falling process, the drops are

considered to be a rigid ball in shape and a vertical line in trace.
•The radial concentration of SO2 is constant in the spray scrub-

ber, and the axial concentration varies with the height of the spray
scrubber.
•The charge balance, chemical equilibrium and the ionic equi-

librium in liquid drops are treated as instantaneous processes.
•The absorbed SO2 gas undergoes a fast reaction with the ab-

sorbent, which is complete within the liquid film. The oxidation of
total sulfite in the absorption zone is neglected and all absorbed SO2

is present as sulfite species.
•The system is isothermal and the heat exchange between the

slurry and gas in the absorber is neglected.
1. Model Equations

In the absorption solution, there are nine different species, i.e.,
HSO3

−, SO3
2−, SO4

2−, OH−, H+, NH4
+, NH3·H2O, NH3 and SO2, among

which the following chemical equilibriums take place:

SO2+H2O SO2·H2O (6)

SO2·H2O H++HSO3
− (7)

HSO3
− H++SO3

2− (8)

NH3+H2O NH3·H2O (9)

NH3·H2O NH4
++OH− (10)

H2O H++OH− (11)

By dividing the spray scrubber into small height incremental vol-
umes (Fig. 1(a)), in each element, the variation of SO2 concentra-
tion can be calculated according to steady-state mass balance equa-
tions [2]:

(12)

Where:

(13)

Boundary condition: y(ZT)=y1.
The contact area a can be determined by Eq. (12):

(14)

The Sauter mean diameter of drops can be calculated by Eq. (16)
[14]:

dp=133.0λWe−0.74 (15)

Where:

(16)

Mass transfer coefficient in gas phase ky is acquired by correlating
Eqs. (17)-(20) [7,15-17].

(17)

(18)

(19)

(20)

The movement of falling drops in the absorption zone can be de-
termined as Eqs. (21)-(22) [7,17,18]:

(21)

(22)

Moreover, the drag coefficient is achieved by Eq. (23) [7,17,18]:

(23)

It can be seen from Eqs (12)-(13) that the variation of y along
the height of the spray scrubber can be calculated if p*

SO2 along the
height of the spray scrubber is known.

p*
SO2 can be calculated according to vapor-liquid equilibrium equa-

tions. The charge balance of the solution can be written as:

[H+]+[NH4
+]=[OH−]+[HSO3

−]+2[SO3
2−]+2[SO4

2−] (24)

According to Eqs. (6)-(11), Eq. (24) can be transferred into:

(25)

Kha

Ka1

Ka2

KhC

KC

KW

d
dZ
------ y

1− y
----------⎝ ⎠
⎛ ⎞  = 

kya y − yi( )
G 1− y1( )

-----------------------

yi = 
pSO2

*

p
--------

a = 
1

3600
------------ L

π
6
---dp

3
-------- πdp

2 dZ
up
------⋅ ⋅ ⋅

We = 
ρpup

0λ
σ

-------------

sh = 
kydp

DSO2
Hp

----------------- = 2 + 0.552Re1/2Sc1/3

Re = 
dp up − ugρg

µg
--------------------------

Sc = 
µg

ρgDSO2

--------------

DSO2
 = 

9.86 10−3T1.75 1
Mair
--------- + 

1
MSO2

----------⎝ ⎠
⎛ ⎞

0.5

×

p Vair
1/3

 + VSO2

1/3( )2
---------------------------------------------------------------------

dup

dt
------- = g ρp − ρg

ρp
---------------⎝ ⎠
⎛ ⎞  − 

3
4
--- ρg up − ug( )2Cdrag

ρpdp
------------------------------------⎝ ⎠
⎛ ⎞

updt = dZ
0

tz

∫

Cdrag = 
24
Re
------ 1+ 0.125R0.72( )

H+[ ] + 
KhCKCPNH3

* H+[ ]
KW

----------------------------------- = 
Kw

H+[ ]
---------- + 

KhaKa1PSO2

*

H+[ ]
------------------------

+ 
2KhaKa1Ka2PSO2

*

H+[ ]2
----------------------------------- + 2 SO4

2−[ ]
Fig. 1. Schematic diagram of mass balance.
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In Eq. (24), P*
NH2 is the equilibrium partial pressure of NH3 and it can

be calculated according to the research results proposed by Johnstone
[14]:

(26)

According to Eqs. (7)-(8), the distribution coefficient of each spe-
cies of total sulfite (H2SO3, HSO3

− and SO3
2−) can be described as

follows:

(27)

(28)

(29)

Taking the absorption of SO2 and the volatilization of NH3 into
account, the pH level is usually controlled in the range of 5.5-6.2.
Thus, the concentration of NH3·H2O can be neglected. It can be seen
from Fig. 2 that the distribution coefficient of H2SO3 is nearly zero
when pH is above 5.0, and the distribution coefficient of H2SO3 is
much lower than that of HSO3

− and SO3
2−. To simplify the calcula-

tion, the concentration of H2SO3 was neglected. Accordingly, Eq.
(26) can be transformed into:

(30)

Thus, according to Eqs. (6)-(11), a nonlinear equation for corre-
lation function between [H+] and P*

SO2 is acquired by correlating Eq.
(25) and Eq. (30):

(31)

The concentration of hydrogen ions [H+] along the height of the

spray scrubber should be calculated before the calculation of P*
SO2.

Between the bottom and any cross section of the absorption zone
(Fig. 1(b)), the mass balance of total sulfite can be written as follows:

Min, b+Min, Z=Mout, b+Mout, Z (32)

Where:

Min, b=G·y1 (33)

(34)

(35)

(36)

Combining Eqs. (32)-(36) yields:

(37)

Where:

(38)

A nonlinear equation for the correlation function between [H+]
and y is acquired by correlating Eq. (31) and Eq. (37):

(39)

Where:

(40)

E=y2/(1−y2) (41)

Combining Eq. (12) and Eq. (39) yields:

(42)

Eq. (42) can be transformed into:

(43)

The concentration of hydrogen ions along the height of the spray
scrubber can be calculated by Eq. (43) and the concentration of SO2

along the height of the spray scrubber can be calculated according
to Eq. (39).

pNH3

*
 = NC C − S( )

2S − C
--------------------

λ0  = 
H+[ ]2

H+[ ]2
 + Ka1 H+[ ] + Ka1Ka2

--------------------------------------------------------
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--------------------------------------------------------
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Ka1Ka2
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 + Ka1 H+[ ] + Ka1Ka2

--------------------------------------------------------

PNH3

*
 =133.322 N NH4

+[ ] NH4
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−[ ]( )⋅ ⋅

2 SO3
2−[ ] + HSO3
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+[ ]

----------------------------------------------------------------------------------------×

PSO2

*
 = 

H+[ ]3
 − 2 SO4
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 − KW H+[ ]

KhaKa1 H+[ ] + 2KhaKa1Ka2( ) 1−133.322NKa2KhCKC/KW( )
----------------------------------------------------------------------------------------------------------------------------------
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= L KhaPSO2
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2Ka1Ka2
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-------------------⎝ ⎠
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1− y2( )
------------------------- + L SO2 H2O⋅[ ]0 + SO3

2−[ ]0 + HSO3
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G 1− y1( )y2
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H+[ ]0
2
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Fig. 2. Distribution coefficient of each species of total sulfite (Tem-
perature=323.15 K).
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2. Numerical Method and Calculation Process
The spray scrubber was divided into small incremental volumes

and computations were centered for each height incremental vol-
ume. In each volume, the pH value, the velocity of liquid drops,
and the concentration of SO2 and ions are all assumed to be of a
uniform distribution. The pressure-swirl atomizers were used in the
spray scrubber. The initial axial velocity of liquid drops was calcu-
lated to be 7.77 m/s according to equations proposed by Doumas
[19]. According to Wu’s investigation, the Sauter mean diameter
was calculated to be 1.0×10−3 m when the liquid flow is of the design
value [14]. Regarding the interaction effects among slurry drops,
1.8×10−3 m was taken as the diameter of the droplets. According to
the operating conditions in ammonia-based wet FGD plants, the
model input parameter of mass percent concentration of solution is
25% and the temperature is 323.15 K.

The calculation starts from the top of the spray scrubber. At the
beginning of the calculation, the initial pH value and SO2 outlet con-
centration y2 were input to the solution as the known values. The
concentration of [H+] along the height of the spray scrubber can be
calculated according to Eq. (43). Then, the concentration of SO2 y
along the height of the spray scrubber was obtained by Eq. (39).
The calculated value of SO2 inlet concentration was compared with
the given value of SO2 inlet concentration. Repeating the above cal-
culation steps, y2 was adjusted until the absolute error of the calcu-
lated value of SO2 inlet concentration was less than 0.001. Finally,
the SO2 removal efficiency can be expressed as: η=(y1−y2)/y1. In
particular, the model parameters are presented in Table 1.

EXPERIMENTAL

All the experimental data in this paper were taken from an am-
monia-based wet flue gas desulfurization system which is applied
in a petrochemical works in Northwest China. The ammonia-based
wet flue gas desulfurization system is similar to that proposed by
Saleem [9]. The desulfurization process is carried out by first pass-
ing hot flue gas through a prescrubber, followed by passing the pre-
scrubbed gas through the absorber. In the absorber, the flue gas flows
upward and makes contact with the liquid drops sprayed from the

nozzles positioned on horizontal spray banks. The slurry circulates
into the absorber over spray banks each of which has a dedicated
recirculation pump. The clean flue gas leaves the absorber through
the outlet duct after removing the entrained liquid drops.

In the desulfurization system, one spray scrubber is installed for
two 220 t·h−1 boilers per unit. There are three spray banks in the
absorber. Each spray bank is provided with forty spray nozzles. The
design values of the spray scrubber diameter, flue gas velocity, resi-
dence time and liquid flow per single spray bank are 7.0 m, 3.5 m·
s−1, 2 s and 480.0 m3/h, respectively. The coal consumption of the
two boilers is 43.75 t/h and the sulfur content of the coal is about
1.0%. The design value of desulfurization efficiency of this ammo-
nia-based wet flue gas desulfurization system is 95%.

The pH of the solution was monitored by automatic control sys-
tems. The inlet SO2 concentration and outlet SO2 concentration of
the spray scrubber were measured by continuous emission moni-
toring systems. The protocol used for determining the measurement
point in the duct is The Determination of Particulates and Sampling
Methods of Gaseous Pollutants Emitted Gas of Stationary Source
(Industry Standard DL/T467-2004).

RESULTS AND DISCUSSION

1. The Effect of pH
The effect of pH of scrubbing liquid on the SO2 removal effi-

ciency is shown in Fig. 3. It is obvious that the calculated values of
SO2 removal efficiency increase as the pH value increases. There
is a close correspondence observed between the measured values
(points) and the calculated ones (line). An examination of Fig. 3 also
shows that the SO2 removal efficiency increased quickly with the
pH up to 5.5, above which it increased slowly.

As shown in Eq. (2), SO2 was absorbed mainly by reacting with
(NH4)2SO3 in the solution. It can be seen from Fig. 2 that the dis-
tribution coefficient of SO3

2− increases as the pH increases. Accord-
ingly, the SO2 removal efficiency increases with the pH. The distri-
bution coefficient of SO3

2− is 2.17×10−2 at pH 5.7 and it drops from

Table 1. Values of model parameters

Parameters Value
H (kmol·m−3·Pa−1) 6.38×10−3

µg (Pa·s) 1.95×10−5

Mair (g·mol−1) 29
MSO2

 (g·mol−1) 64
Vair (cm3·mol−1) 20.1
VSO2

 (cm3·mol−1) 41.1
Khc 79.73
Kc 1.8×10−5

Kw 5.58×10−14

Kha 5.4×10−6

Ka1 7.94×10−3

Ka2 4.4×10−8

T (K) 323.15 K
p (Pa) 101325

Fig. 3. The effect of pH (G=456120.3 m3·h−1; CSO2=2072.24 mg·m−3;
L/G=3.0).
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1.38×10−2 to 4.41×10−3 when the pH drops from 5.5 to 5.0. The
distribution coefficient of SO3

2− is nearly zero when the pH is below
5.0. Thus, the SO2 removal efficiency drops drastically when the
pH is below 5.5.
2. The Effect of Liquid-gas Ratio

The liquid-gas ratio plays an important role in the desulfurization
process. The effect of liquid-gas ratio on SO2 removal efficiency is
shown in Fig. 4. Obviously, the calculated values agree well with
the measured values. The response to an increasing liquid-gas ratio
is obviously a higher SO2 removal efficiency. It can be seen from
the figure that the percentage removal of SO2 initially increased rap-
idly with the increase in liquid-gas ratio and thereafter reached an
almost constant value beyond a liquid-gas ratio of 3 L·m−3. The reason
for such observation may be explained as follows: with the increase
in the liquid-gas ratio, the liquid flow increased, and as the liquid
flow rate increased, the total droplet surface area was also increased.
Accordingly, the percentage of removal of SO2 increased with the
increase in liquid-gas ratio. The percentage removal of SO2 remained
almost constant beyond a liquid-gas ratio of 3 L·m−3, which could
mainly be due to the fact that SO2 concentration in the flue gas was
reaching its equilibrium value. It could also be due to the result that
the coalescence of the droplets increased with the liquid-gas ratio
up to 3 L·m−3, whereby the total droplet surface area might decrease
and the SO2 removal efficiency level off. A similar tendency has
also been observed by Huang and Amitava [20,21].
3. The Effect of Flue Gas Velocity

The model was used to simulate the process of SO2 absorption
at various flue gas velocities, and the calculated desulfurization effi-
ciency is plotted in Fig. 5. It is evident that the SO2 removal effi-
ciency is inversely proportional to the flue gas velocity. The calcu-
lated SO2 removal efficiency decreases from 96.77% to 94.06% when
the flue gas velocity increases from 3.6 m·s−1 to 4.0 m·s−1. A rise in
flue gas velocity results in a decreasing gas residence time. Accord-
ingly, the desulfurization efficiency decreases as the flue gas veloc-
ity increases. Moreover, the amount of the entrained liquid droplets
increases as the flue gas increases. It can be concluded that the spray

scrubber should not be operated at the high value of the flue gas
velocity.

The experiments were carried out with little change in flue gas
velocity when the boiler was in normal operation. Accordingly, the
calculated values for the operating conditions of flue gas velocity
have not been compared with the experimental values. Further re-
search is needed.
4. The Effect of SO2 Concentration

Fig. 6 illustrates the influence of the SO2 concentration on des-
ulfurization efficiency. Experimental results are presented together
with the calculated results. Obviously, the desulfurization efficiency
decreases with the increase of SO2 concentration and the agreement
is satisfactory.

An examination of Fig. 6 shows that when the SO2 concentra-
tion increases from 2,000 mg·m−3 to 4,000 mg·m−3, the calculated
desulfurization efficiency decreases from 99.98% to 62.27%. The

Fig. 5. The effect of flue gas velocity (CSO2=2072.24 mg·m−3; pH=
5.8; L/G=3.0).Fig. 4. The effect of liquid/gas ratio (G=456120.3 m3·h−1; CSO2=

2072.24 mg·m−3; pH=5.8).

Fig. 6. The effect of SO2 concentration (G=456120.3 m3·h−1; pH=
5.8; L/G=3.0).
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reason may be that the absorbent in the solution cannot meet the
chemical equivalent when the SO2 concentration is 4,000 mg·m−3.
To meet the SO2 emission standard of flue gas in power plants, the
structure of the spray scrubber or the operating parameters (e.g.,
pH and liquid-gas ratio) should be adjusted when the SO2 concen-
tration is too high.

CONCLUSIONS

Based on double-film theory, a mathematical model of ammonia-
based wet flue gas desulfurization was developed to simulate the
desulfurization process in spray scrubbers. This developed model
includes the following operating parameters: pH, liquid-gas ratio,
flue gas velocity and SO2 concentration. The modeled results are
compared with the measured results of an ammonia-based wet flue
gas desulfurization system, which is used in a petrochemical works
in Northwest China. The calculated values for the operating condi-
tions of pH, liquid-gas ratio and SO2 concentration closely corre-
spond to the experimental values. The calculated results show that
the desulfurization efficiency decreases as the flue gas velocity in-
creases. In the present investigation, the experiments were carried
out with little change in flue gas velocity when the boiler was in
normal operation. Further experiments are needed for comparison
with the calculated desulfurization efficiency for the operating con-
dition flue gas velocity.
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NOMENCLATURE

u0 : initial Resultant velocity
a : contact area in a element [m2]
C : concentration of ammonium ion [mol/L]
Cdrag : drag coefficient
DSO2 : diffusion coefficient of SO2 [m2/h]
dp : diameter of liquid drop [m]
G : volumetric gas flow rate [kmol/h]
g : acceleration of gravity [m/s2]
Ka1 : chemical equilibrium constant
Ka2 : chemical equilibrium constant
KC : chemical equilibrium constant
Kha : chemical equilibrium constant
KhC : chemical equilibrium constant
KW : ion-product constant of water
ky : gas-phase mass transfer coefficient [kmol/(m2·h)]
L : liquid flow rate [m3/h]
M : molar flow rate of total sulfur [kmol/h]
Mair : molar mass of air [g/mol]
MSO2 : molar mass of SO2 [g/mol]
N : constant
p : total pressure of flue gas [Pa]
P*

SO2 : equilibrium partial pressure of SO2 [Pa]
P*

SO2, o : equilibrium partial pressure of SO2 at the top of absorption

zone [Pa]
P*

NH3 : equilibrium partial pressure of NH3 [Pa]
R : gas constant [8.31 J/(mol·K]
Re : Reynolds number
S : concentration of total sulfite [mol/L]
Sc : Schmidt number
Sh : Sherwood number
T : temperature [K]
t : time [min]
tz : the time of the liquid pass through the incremental volume

[m/s]
up

0 : initial velocity of droplets [m/s]
up : droplets velocity with respect to the scrubber wall [m/s]
ug : flue gas velocity with respect to the scrubber wall [m/s]
Vair : molecular volume of air [cm3/mol]
VSO2 : molecular volume of SO2 [cm3/mol]
y : mole fraction of SO2

y1 : inlet mole faction of SO2

y2 : outlet mole faction of SO2

yi : equilibrium mole faction of SO2

Z : the arbitrary height from the top of scrubber [m]
ZT : the height of the absorption zone [m]
[H+] : concentration of hydrogen ion [mol/L]
[H+]0 : initial hydrogen ion concentration at the top of scrubber [mol/

L]
[HH4

+] : concentration of bisulfate ion [mol/L]
[HSO3

−] : concentration of ammonium ion [mol/L]
[OH−] : concentration of hydroxide ion [mol/L]
[SO3

2−] : concentration of sulfite ion [mol/L]
[SO4

2−] : concentration of sulfate ion [mol/L]

Greek Letters
η : SO2 removal efficiency [%]
λ : turbulence length scale [m]
λ0 : distribution coefficient of H2SO3

λ1 : distribution coefficient of HSO3
−

λ2 : distribution coefficient of SO3
2−

µg : viscidity of flue gas [Pa·s]
ρg : density of gas [kg/m3]
ρp : the density of solution [kg/m3]

Subscript
b : the bottom of the absorption zone
in : flow into
out : flow out
Z : any cross section of the absorption zone
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