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a b s t r a c t

This paper illustrates a computational fluid dynamic (CFD) model of a counter-current Open Spray Tower
desulphurisation reactor and its application in the simulation of a full-scale industrial equipment. The
raw flue gas flows upward while a suspension of water and limestone is sprayed downward from different
heights. Thereby sulfur dioxide is washed out of the gas.
eywords:
FD
esulphurisation
bsorption
uler–Lagrange

The two-phase gas–liquid flow inside the equipment has been simulated with an Euler–Lagrange
approach using a commercial CFD code, while a model for the SO2 absorption has been developed and
implemented in the software through dedicated modules. Physical absorption is modeled using dual-
film theory and appropriate empirical and semi-empirical correlations. The aqueous phase chemistry
accounts for the instantaneous equilibrium reactions of eight dissolved species into a slurry droplet. The
model is used to simulate an industrial plant at different operating conditions. The numerical results are

he m
in good agreement with t

. Introduction

Sulfur dioxide removal from flue gases has probably been
he subject of more research than any other gas purification
peration. Since the vast majority of SO2 emissions are from
ossil fuel-fired boilers at power stations, these sources have
een widely controlled. Among the different desulphurisation
quipments, Open Spray Towers (OST) are the most frequently
nstalled scrubber types for limestone Wet Flue Gas Desulphuri-
ation (WFGD) plants and they cover the major part of the market
oday.

The process consists in spraying a suspension of water and cal-
ium carbonate (CaCO3) in counter-current to the upward flowing
as. The liquid phase is injected through nozzles, in form of fine
roplets, located at different heights. The liquid is then collected in
he bottom of the reactor, the so-called reaction tank, and is sub-
equently pumped again to the spraying levels. The high interface
rea of the liquid particles and the intimate contact between the
wo phases promote the mass transfer of SO2 from the gas phase
o the liquid phase. Due to its importance, flue gas desulphurisa-
ion has been widely studied (Klingspor and Cope [1]) and several

athematical models describing the chemistry of the process are

vailable, e.g. Mehta [2], Olausson et al. [3], Agarwal and Rochelle
4], Brogren and Karlsson [5], Eden and Luckas [6], Kiil et al. [7],

arych and Szymanowski [8]. These previous works do not con-
ider the gas and liquid hydrodynamics inside the absorption tower
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easured values of pressure drop and sulphur removal efficiency.
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although there is experimental evidence of the importance of the
flow pattern in the desulphurisation process (Nygaard et al. [9]).

Gomez et al. [10] first simulated a full-scale FGD plant applying
an Euler–Euler approach for the multiphase flow in the combined
packed-and spray tower absorber, while Marocco et al. [11] simu-
lated an OST pilot plant with an Euler–Lagrange approach.

This paper extends the results of the latter work to a full-scale
FGD OST. The complex fluid dynamic and chemical processes occur-
ring during the absorption of sulphur dioxide can be properly
evaluated with the developed model, which computes the local and
global SO2 mass transfer between the phases.

ANSYS-FLUENT 6.3.26, completed with the developed modules
for the sulphur dioxide absorption, has been used to simulate a full-
scale industrial OST operating at different conditions, i.e. by varying
the amount of the injected slurry flow. The numerical results have
been compared with the measured data of pressure drop and SO2
removal efficiency.

2. Governing equations

The flow in the spray tower is actually a three-phase flow of
a gas, liquid and solid phase, the latter being the CaCO3 particles
inside the liquid droplets.

Aim of the developed CFD model is to analyze the spray
zone, where the main interaction is between the gas and liq-

uid phase. Only this part of the WFGD system is simulated. The
liquid–solid interaction is supposed, supported by experimental
evidence, to occur mainly in the reaction tank and is therefore
neglected in this study (see Fig. 1). The fluid dynamics inside an
OST, described as a two-phase flow consisting of a carrier gas

dx.doi.org/10.1016/j.cej.2010.05.033
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:luca.marocco@polimi.it
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Nomenclature

A area (m2)
CD drag coefficient
D droplet diameter (m)
DAB binary gas diffusion coefficient of A in B (m2/s)
DSO2–H2O,l binary liquid diffusion coefficient of SO2 in H2O

(m2/s)
ESO2 enhancement factor of SO2
Fi,k sum of the forces acting at the interface between the

phases (N)
g acceleration of gravity
HSO2 Henry’s coefficient of SO2 (Pa m3/mol)
k turbulent kinetic energy
kSO2,g SO2 gas-side mass transfer coefficient
kl liquid side mass transfer coefficient with chemical

reactions (m/s)
k0

SO2,l SO2 liquid-side mass transfer coefficient without
chemical reactions (m/s)

KX equilibrium constant of reaction X (mol/m3)
KSO2,tot global SO2 mass transfer coefficient
KW ionic product of water (mol/m3)2

mX concentration of species X in liquid bulk (mol/m3)
ṁ mass flow rate
M molecular mass
NSO2 SO2 molar flux
p gas pressure
PSO2 partial pressure of SO2 in gas bulk
� universal gas constant
Rer relative Reynolds number
SA,mass gas phase species source term (kg/m3 s)
Sk,mass droplet mass source (kg/s)
Sk,mom droplet momentum source (N)
Smass gas phase mass source (kg/m3 s)
Smom gas phase momentum source (N/m3)
Sc Schmidt number
Sh Sherwood number
t time
T temperature
TC total carbon concentration in slurry (mol/m3)
TS total sulphur concentration in slurry (mol/m3)
u gas velocity vector
v droplet velocity vector
V averaging/element volume (m3)
x position vector

Greek symbols
�± mean activity coefficient
ε turbulent kinetic energy dissipation
�SO2 Sulphur dioxide removal efficiency
� gas phase dynamic viscosity
�H2O water viscosity
� continuous phase density
� Continuous phase stress tensor
�R Reynolds stress tensor
ω mass fraction, kg/kg

Subscripts
A generic component A
d droplet
g gas
i i-th element
k k-th droplet
l liquid

(aq) aqueous phase

(g) gas phase
(s) solid phase

and a large number of dispersed liquid droplets, has been simu-
lated with an Euler–Lagrange approach (Lapin and Lübbert [12]).
The continuous gas phase is modeled in an Eulerian framework,
while the dispersed liquid phase with a Lagrangian approach by
tracking a large number of particles through the computational
domain. The Euler–Lagrange approach has been preferred over the
Euler–Euler approach because for a dispersed flow, like the one
in Open Spray Towers, particle-level phenomena can be modeled
rigorously, thus allowing to accommodate complicated forms of
interphase physical processes. Furthermore, droplet size distribu-
tion and droplet–wall interaction, both aspects very important in
spraying equipment, can be easily taken into account.

The final form of the gas- and dispersed phase conservation
equations is summarized in Table 1.

2.1. Carrier phase

According to Marocco et al. [11] the liquid volume fraction inside
an OST is everywhere lower than 5–8% except in a small por-
tion of the computational domain very close to the spray nozzles.
The continuous gas phase can then be regarded as a single-phase,
neglecting the influence of the small volume fraction occupied by
the dispersed liquid phase. Particle–particle interactions are also
negligible. Moreover the flue gas temperature is almost immedi-
ately cooled down to its saturation value after the gas enters the
tower. Therefore the present work considers the flue gas at scrubber
inlet already saturated with water. The temperature of both phases
is then the same all through the computational domain and equal
to the saturation temperature. This allows to neglect the energy
equation for both phases allowing a considerable computational
time saving for simulations with a very high number of elements.

Assuming droplets of spherical shape and according to Crowe

et al. [13] and Marocco et al. [11] the conservation equations of the
continuous phase assume the same formulation as the conservation
equations of a single-phase flow with the addition of source terms,
which represent mass (Smass and SA,mass) and momentum (Smom)

Fig. 1. Schematic picture of a WFGD scrubber along with the chemical reactions
occurring inside of it.
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Table 1
Conservation equations for the gas and dispersed phase. f = CdRer/24 is the drag factor, i.e. the ratio of the drag coefficient to Stokes drag, MSO2 is SO2 molecular weight.

Gas phase conservation equations Source terms Liquid phase conservation equations

Continuity ∂
∂t

� + ∇ · (�u) = 0 Smass = 0 Same as species

Momentum ∂
∂t

�u + ∇ · (�u ⊗ u) = −∇p + ∇ · (� + �R) + �g + Smom Smom = − 1
V

∑
vkṁSO2,k − 3
�

V

∑
Dkfk(u − vk) md

dv
dt

= 3
�Df (u − v)
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Species ∂
∂t

(�ωSO2 ) + ∇ · (�ωSO2 u) = ∇ · (�DSO2–air∇ωSO2 ) + SSO2,mass SSO2

oupling between the phases:

∂

∂t
� + ∇ · (�u) = Smass (1)

∂

∂t
(�u) + ∇ · (�u ⊗ u) = −∇p + ∇ · (� + �R) + �g + Smom (2)

∂

∂t
(�ωA) + ∇ · (�ωAu) = ∇ · (�DAB∇ωA) + SA,mass (3)

Turbulence energy and dissipation rate can be affected by the
resence of dispersed particles. This effect is known as turbulence
odulation. Source terms should be added in the turbulence equa-

ions to account for it. Anyway, there is experimental evidence that
odulation is weak if the particle concentration is very low, as in

his work. Therefore the k–ε realizable model has been used in its
ormulation for single-phase flows (Shih et al. [14]) to simulate
urbulence in the continuous phase flow and the Reynolds stress
ensor has been related to the mean properties of the flow follow-
ng Boussinesq assumption. The physical presence of the particles
n the flow creates velocity disturbances which will contribute to
he Reynolds stress also in the absence of mean velocity gradi-
nts. Therefore the Boussinesq assumption is not appropriate and
better approach may be to use the Reynolds Stress Model which

ircumvents the need for it. Anyway, the boundary conditions for
his model are typically unknown for the case of WFGD systems.

The source terms are calculated by volume averaging the con-
ributions from all the individual droplets within the cell volume
Marocco and Inzoli [11]).

mass = − 1
V

∑
A,k

ṁA,k (4)

mom = − 1
V

∑
A,k

vkṁA,k − 1
V

∑
i,k

F i,k (5)

A,mass = − 1
V

∑
k

ṁA,k (6)

After evaluation of these source terms, the gas phase conser-
ation equations need to be solved again (two-way coupling). The
esulting flow and concentration fields are then used to calculate
pdated source terms and so on until convergence.

.2. Dispersed phase

Once the gas velocity field is known, the particles trajectories
an be computed. The dispersed liquid phase is calculated with a
agrangian approach by tracking a large number of particles, called
arcels, through the computational domain. It is assumed that the

arcel of particles moves through the computational domain with
he same properties (velocity, density, etc.) as a single physical
article. A parcel is commonly identified as a discrete element.

The continuity and momentum equations for a single non-
otating parcel take the following form (the subscript d indicates
k k

− 1
V

∑
k

ṁSO2,k
dmd

dt
= MSO2 AdKSO2,tot(PSO2 − HSO2 mSO2 )

that the quantity is referred to a droplet):

dx

dt
= v (7)

dmd

dt
= Sk,mass (8)

md
dv
dt

= Sk,mom + mdg (9)

Starting from injection conditions specified for each nozzle,
these ordinary differential equations are solved by stepwise inte-
gration over discrete time steps, using the continuous phase flow
properties at the current droplet position.

The evaluation of the particle’s source terms in Eqs. (8) and (9)
for a spherical non-rotating droplet, allows the determination of
the source terms in the gas phase flow equations.

2.2.1. Momentum source term
According to Eq. (5), momentum is exchanged between phases

through mass transfer and interphase forces.
The determination of the momentum source term associated

with mass exchange follows from the calculation of mass transfer
between phases.

The motion of an isolated particle inside the computational
domain can be described through the Basset–Boussinesq–Oseen
(BBO) equation. The momentum source term in Eq. (9) is the sum
of the forces acting at the interface of a particle, Fi,k.

According to Crowe et al. [13], Eq. (9) can be written as:

md
dv
dt

= 1
2

�CD |u − v| (u − v)Ad + mdg + O
(

�

�d

)
(10)

Therefore, in gas–liquid flows where the above density ratio is
low, the only two forces that significantly contribute to the par-
ticle’s linear momentum variation are the steady-state drag force
and the gravity force.

The drag coefficient is evaluated through the Morsi and Alexan-
der [15] correlation, that adjusts the value of CD for a spherical
particle over a wide range of relative Reynolds numbers, Rer =
�D |u − v| /�:

CD = a1 + a2

Rer
+ a3

Re2
r

(11)

In the above equation, the coefficients ai are functions of Rer.

2.2.2. Mass source terms
The present study considers only the absorption of SO2 from the

flue gas mixture into the slurry droplets. The source term in Eq. (8)
can then be written as:

Sk,mass = Sk,SO2
= ṁSO2 (12)
The mass flow rate of SO2 is very low compared to the total flue
gas mass flow rate. It is then assumed that its absorption does not
impact the gas phase continuity Eq. (1): Smass = 0.

Mass transfer of sulphur dioxide involves both gas side and
liquid side mass transfer resistances. For low dissolved gas con-
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ig. 2. Computational domain and location of the measuring probes. The highlighted
urface below the outlet cone indicates the mist eliminator.

entrations Henry’s law can be applied and the molar rate of SO2
ass transfer assumes the form:

SO2 = KSO2,tot(PSO2 − HSO2 mSO2 ) = ṁA,k

MSO2

(13)

The global SO2 mass transfer coefficient is expressed as:

1
KSO2,tot

= 1
kSO2,g

+ HSO2

ESO2 k0
SO2,l

(14)

The present work considers conditions far away from the noz-
les where the liquid side mass transfer coefficient in the absence
f chemical reactions can be expressed by (Perry and Green [16]):

0
SO2,l = 10

DSO2–H2O,l

D
(15)

The value of the binary liquid diffusion coefficient of SO2 in
queous solution, DSO2–H2O,l, at 25 ◦C (Perry and Green [16]) is
xtrapolated to the value corresponding to the droplet’s tempera-
ure, considered the same as the gas saturation temperature, using
he Stokes–Einstein equation:
DSO2−H2O,l�H2O

Td
= const (16)

The enhancement factor, ESO2 , accounts for a higher driving force
n the liquid film compared to an absorption without chemical reac-

ig. 3. Geometry discretization with finite volumes. Spray zone: tetrahedral cell;
utlet cone and duct: hexahedral cells.
Fig. 4. Droplets size distribution with Rosin–Rammler interpolation.

tions, which are here supposed to occur in the liquid bulk only.
The different empirical and semi-empirical algebraic correlations
listed in literature for the calculation of ESO2 are not accurate and
therefore it is not worth using them, while more sophisticated mod-
els allows to evaluate ESO2 at every droplet position by knowing
the interfacial concentrations of HSO3

−, SO3
2− and SO2, which are

determined by a balance on local charge and appropriate boundary
conditions (Kiil et al. [7]).

According to Brogren and Karlsson [5], the enhancement fac-
tor is a function of droplet pH, partial pressure of SO2 in the gas
phase and the ratio between k0

l and kg. The enhancement factor
has its highest values at the top of the absorber, where the par-
tial pressure of SO2 is low and the liquid pH is high. The spray
tower operates with high enhancement factors (>25) only very
close to the nozzles, while the major part of it operates with val-
ues in the range of 5–15. The constant value of 10 used in the
present work is only an estimation, even though reasonable, and
can be interpreted as an adjustable parameter to match the exper-
imental values. Anyway, the more realistic approach of calculating
it at every droplet position should be adopted and is presently
under development for an upgraded version of the present
model.

HSO2 has been evaluated at the saturation temperature using the

correlation proposed by Maurer [17]:

ln HSO2 = A

Td
+ B ln Td + CTd + D (17)

where A, B, C and D are species dependent coefficients.

Table 2
Finite volumes and injections data.

Finite volumes elements
Number of control volume cells 7,650,000
Spray zone up to cone inlet Tetrahedral
Cone and outlet duct Hexahedral

Injections
Number of injection points/nozzle 40
Number of diameter/injection point 10
Number of injected parcels/nozzle 400
Total number of injected parcels/injection 500,000
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The gas side mass transfer coefficient, kSO2,g, is evaluated with
he modified Ranz–Marshall equation [13]:

h = kSO2,gD�T

DSO2−air,g
= 2 + 0.69Re0.5

r Sc0.33 (18)

here T is the flue gas temperature.
The molecular diffusion coefficient of SO2 in the flue gas,

SO2–air,g, has been considered equal to the diffusivity of SO2 in air
nd has been calculated with the Füller–Schettler–Giddings equa-
ion (Perry and Green [16]).

The partial pressure of SO2 in the gas bulk is known from the
olution of the corresponding gas phase species equation, while
dedicated chemical model has been developed for the evalua-

ion of the dissolved sulphur dioxide concentration in the liquid
ulk.

. Aqueous phase chemistry

In a wet limestone scrubbing system, a complex series of kinetic
nd equilibrium controlled reactions occur in the gas, liquid and
olid phases. They may be stated in an overall expression as:

O2(g)
+ CaCO3(s)

+ 1
2

O2(g)
+ 2H2O(aq) � CaSO4 · 2H2O(s) + CO2(g)

(19)

This reaction can be divided in mainly five different steps, all of
hich occur simultaneously in the scrubber: absorption, neutral-

zation, regeneration, oxidation and precipitation. The developed
hemical model considers only the reactions occurring in the spray
one, where the gas–liquid flow is analyzed. Therefore, regener-
tion, oxidation and precipitation processes are not considered
urther here because they mainly occur in the reaction tank, as
llustrated in Fig. 1.

It is experimentally recognized that the absorption and neutral-
zation reactions can be assumed to be at equilibrium. Together
ith water dissociation, with a mass balance for the sulphur
pecies, a mass balance for the carbon species and electroneutral-
ty, they form a system of eight non-linear algebraic equations in
he eight unknown dissolved species concentrations SO2aq, CO2aq,
+, OH−, HSO3

−, SO3
2−, HCO3

−, CO3
2, defining the droplet’s liquid

Fig. 5. Main geometrical and operat
Journal 162 (2010) 217–226 221

phase composition at each trajectory calculation step.

KH2O = (�±)2mH+ mOH−

KSO2,aq = (�±)2
mHSO−

3
mH+

mSO2,aq

KHSO−
3

= �±
mSO2−

3
mH+

mHSO−
3

KCO2,aq = (�±)2
mHCO−

3
mH+

mCO2,aq

KHCO−
3

= �±
mCO2−

3
mH+

mHCO−
3

TC = mCO2,aq + mHCO−
3

+ mCO2−
3

TS = mSO2,aq + mHSO−
3

+ mSO2−
3

2mCa2+ − mCl− + mH+ − mOH− − mHCO−
3

− 2mCO2−
3

− mHSO−
3

−2mSO2−
3

= 0

(20)

The equilibrium constants of the reactions are evaluated at the
droplets’ temperature, equal to the gas saturation temperature,
with the following correlation:

ln Ki = Ai

T
+ Bi ln T + CiT + Di (21)

The species dependent parameters, A, B, C and D, are taken from
the work of Maurer [17] with the exception of the calcite solubility,
KCaCO3 , which derives from the work of Gage and Rochelle [18].
The concentration of calcium ions and chloride ions is predomi-
nant in the aqueous phase. Therefore, the multicomponent solution
is assumed to be a single strong electrolyte solution of CaCl2 and the
modified form of the Debye–Hückel equation, proposed by Bromley
[19], is used to calculate the mean activity coefficient.

ing data of the simulated OST.
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e perp
Fig. 6. L/G distribution on a plan

The systems of Eq. (20) can be written as:

2mCa2+ − mCl− − KH2O

mOH−
+

(KSO2,aq /mH+ ) + 2(KSO2,aq KHSO−
3

/(mH+ )2)

−TS

1 + (KSO2,aq /mH+ ) + (KSO2,aq KHSO−
3

/(mH+ )2)

−TC
(KCO2,aq /mH+ ) + 2(KCO2,aq KHCO−

3
/(mH+ )2)

1 + (KCO2,aq /mH+ ) + (KCO2,aq KHCO−
3

/(mH+ )2)
= 0

(22)
endicular to gas entrance [l/m3].

where TC and TS are expressed as:

TC = mCO2,aq

(
1 +

KCO2,aq

mH+
+

KCO2,aq KHCO−
3

(mH+ )2

)
(23)

( )

TS = mSO2,aq 1 +

KSO2,aq

mH+
+

KSO2,aq KHSO−
3

(mH+ )2
(24)

Given TC, TS, mCa2+ and mCl− Eq. (22) is solved at every droplet
position for mH+ with a global Newton method. mSO2,aq is then cal-
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ig. 7. Pressure plot on the centreline of the scrubber; the discontinuities occur
hen crossing a spray bank.

ulated through Eq. (24) and is used for the evaluation of the SO2
ass transfer, Eq. (13), at the next droplet position.
The chloride concentration is a given constant that depends

n process and economical considerations (Marocco [20]). At each
roplet position inside the computational domain, TS is updated
sing Eq. (13). Because limestone dissolution and desorption of CO2

nto the gas phase are both neglected in the spray zone, mCa2+ and
C in a falling droplet are supposed to remain unchanged. (Desorp-
ion of CO2 in the flue gas would also contribute to the absorption of
O2 by increasing the alkalinity of the solution. Anyway, CO2 des-
rption in the spray zone has been considered small with respect
o the same occurring in the reaction tank, where the limestone
issolution contributes to increase the dissolved CO2 and therefore
he driving force for mass transfer. A revised model accounting for
O2 desorption in the spray zone is currently under development.)
heir evaluation at the injection of a droplet into the computational
omain requires the solution of the following auxiliary system of
hemical reactions (in the four unknown dissolved species CO2aq,
CO3

−, CO3
2−, Ca2+) occurring in the reaction tank.

KCaCO3 = (�±)2mCa2+ mCO3
2−

KCO2,aq = (�±)2 mHCO3
− mH+

mCO2,aq

KHCO3
− = (�±)

mCO3
2− mH+

mHCO3
−

2mCa2+ + mH+ − mCl− − mOH− − mHCO3
− − 2mCO3

2− = 0

(25)

The pH in the reaction tank is buffered to a constant value, and
hus also mH+ and mOH− , that depends on process and economical
onsiderations (Marocco [20]).

The above system of equations reduces to a second-order
on-linear equation in mCO2,aq . Its solution allows then the deter-
ination of TC and mCa2+ .

. Liquid–wall interaction

A considerable amount of the injected slurry impacts on the
crubber internals, like walls and spray banks. Therefore it is nec-
ssary to handle the droplets trajectory modification due to this

nteraction. Two different events can occur when a parcel hits a

all: splashing and deposition. Splashing occurs when the droplet
mpact energy exceeds an upper limit, which depends on the sur-
ace characteristics, i.e. roughness, curvature, wettability and film
hickness. Experimental and numerical investigations (Weiss and
Journal 162 (2010) 217–226 223

Wieltsch [21]; Marocco and Inzoli [11]) have shown that the pres-
sure drops in a pilot plant were best predicted by an ideal reflection
model, i.e. by the rebound of every droplet impacting onto the walls.
In order to evaluate the influence of the liquid–wall interaction on
the pressure drop and on the removal efficiency in a huge scrubber,
each simulation has been performed both with a complete rebound
of a droplet hitting an internal surface and with a total deposition on
it. Moreover it has been assumed that at each impact the tangential
component of the droplet’s rebound velocity remains unchanged
while the normal component is halved.

5. Computational domain and boundary conditions

The simulated full-scale OST is located in USA. Fig. 2 illus-
trates the computational domain, together with the location of the
measuring probes. Gas guiding means, called Wall Rings (patent
by ABB FLAKT [22]), are installed between each level to prevent
bypass of partially scrubbed flue gas at the perimeter walls of the
absorber, improving gas-slurry contact and thus increasing sulphur
dioxide removal (Brogren et al. [23], Hofelsauer et al. [24]). The bot-
tom plane of the reactor represents the free liquid surface of the
slurry collected in the reaction tank. The performance tests, in June
2007, highlighted a sulphur dioxide removal efficiency and pres-
sure drops much higher than estimated in the design phase. The
0D model, based on empirical correlations, failed in the prediction
of the equipment performances. An extensive measurement cam-
paign has been done by varying the scrubber operating conditions,
in terms of number of spray banks in operation and flue gas flow
rate, in order to understand the reasons of this discrepancy. The
present study simulates the gas and liquid hydrodynamics inside
the scrubber together with the chemisorption of SO2. Three differ-
ent operating conditions have been simulated, i.e. with five, four
and three spray levels in operation.

As previously discussed each simulation has been performed
with a complete rebound of a droplet hitting an internal surface
and with a total deposition on it.

Particular attention has been dedicated to the discretization of
the computational domain, Fig. 3, because of the different char-
acteristic lengths of the geometrical elements. The nozzles are
not geometrically modeled but they are treated as slurry injec-
tion points. This simplification is justified by the negligible impact
of their dimensions on the scrubber hydrodynamics compared to
the other geometrical entities. Their presence would only signifi-
cantly complicate the discretization of the domain. Locations, type
and operating parameters are specified for each nozzle. The liq-
uid emerges from the nozzle’s orifice as a thinning unstable sheet
that further away from the discharge surface breaks into ligaments
and finally droplets. The modeling of this disintegration process
requires a huge computational effort. Therefore, when dealing with
many injections and big computational domains, it is necessary to
simplify the droplets generation process. In this study the liquid
flow ejected from the nozzles is simulated as an ensemble of spher-
ical droplets. The droplet size distribution has been reproduced
by fitting the supplier’s data through the Rosin–Rammler expres-
sion, Fig. 4. The number of injected discrete elements (parcels) has
been gradually increased in order to obtain a numerical solution
independent from it. Table 2 summarizes the mesh and injections
characteristics.

As shown in Fig. 2 a mist elimination system is installed before
the absorber’s outlet cone in order to collect the liquid droplets,

thus avoiding to plug the gas path and to increase the particulate
emissions at the stack. The discretization of its geometry would
require a very high number of small control volumes. Therefore,
the mist eliminator is modeled as a porous block with a specified
pressure drop according to the manufacturer’s specifications. In the
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imulations the mist eliminator is considered as a perfect droplets
ollector. After the mist eliminator no liquid phase is dispersed into
he flue gas.

.1. Flue gas and slurry properties
The gas phase is considered a Newtonian mixture of sulphur
ioxide and inert air and it obeys the perfect gas law. The flue gas
ensity and viscosity are constant all through the computational
omain, while the SO2 mass diffusivity in air is calculated with the
üller–Schettler–Giddings correlation.
erpendicular to gas entrance.

The density and viscosity of the slurry droplets remain
unchanged all through the computational domain.

The main geometrical dimensions of the simulated OST,
together with the flue gas and slurry data, are summarized in Fig. 5.

5.2. CFD simulation and results
A steady-state flow has been considered for all the simulations
performed and the Simple algorithm has been used for the pres-
sure velocity coupling. To improve the convergence behavior, the
flow of the flue gas phase alone has been first computed. Upon
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emoval efficiency.

btaining the solution for the primary phase, the injection of the
ispersed liquid phase, and thus the source terms for continuous
hase, has been turned on. The problem presents a high discrete
hase mass loading, implying high source terms in the momentum
quation. Therefore a proper management of the under-relaxation
actor for the momentum source terms is required. This has been
ept very low (0.001) at the beginning of the simulation and has
een progressively increased (up to 0.1) in order to keep the numer-

cal solution stable and to speed up the convergence. Upon reaching
stable fluiddynamic solution of the coupled gas–liquid flow, the

O2 absorption (species equation) and the chemical model have
een activated and solved separately from the gas momentum and
ontinuity equations. This is justified by the small SO2 flow rate that
oes not influence the velocity field inside the reactor. The numer-

cal simulation has been run in parallel on a cluster of 8 processors
eon with 4 GB RAM each and every simulation took approximately
20 h (35,000 iterations of the continuous phase) to get a converged
olution.

Fig. 6 shows the L/G distribution, i.e. the local ratio between
he liquid and the gas flow occupying the cell volume, on a
ection perpendicular to the raw gas entrance for all the three
perating conditions analyzed. The simulations with and without
roplets’ rebounds show for each case pronounced differences,
specially close to the walls. This justifies the pressure drop dif-
erence between the two solutions, as shown in Fig. 7. The two
alculated values of pressure drop (“NoReb” and “Reb”) define then
he upper and lower limit for the specific case. Of course the L/G
istribution and the pressure drop vary by varying the number of

perating spray banks.

The SO2 distribution field on a section perpendicular to the raw
as entrance is shown in Fig. 8, where the sulphur dioxide removal
fficiency is defined as �SO2 = 1 − ωSO2 (x)/ωSO2,in

.

Fig. 10. Particle trajectories from a dual flow nozzle located on the 3rd spray bank,
colored by pH; ideal reflection on the walls.

Despite the differences in the L/G distribution, the SO2 distri-
bution is quite similar for the cases with five and four operating
levels, with both boundary conditions on the walls. Conversely, the
two solutions (wall rebound, wall deposition) with three operating
levels are rather different. The case with liquid deposition on the
walls shows an inhomogeneous distribution of SO2 and values of
removal efficiency much lower than the case with ideal reflection
of the impacting droplets. The reason is that a substantial fraction
of the injected slurry flow rate is lost on the walls, contributing only
partially to sulphur dioxide removal. This effect is strongly reduced
for the cases with five and four operating levels with wall deposi-
tion because the slurry flow rate is so high that the liquid fraction
deposited on the walls does not influence the resulting SO2 removal
efficiency.

The parameters that have been measured at the positions
illustrated in Fig. 2 are static pressure and sulphur dioxide concen-
tration. Fig. 9 illustrates the comparison between numerical results,
evaluated at the probes’ positions, and experimental data.

The numerical results from the CFD simulations are in very good
agreement with the measured values of SO2 removal efficiency,
while larger differences appear in the pressure drops. As already
found by Marocco et al. [11] and Weiss et al. [21], the pressure
drops with the ideal reflection model only slightly over-estimate
the experimental values while the calculated pressure drop with
total wall deposition under-estimate them. This stems from the
physical observation that a rebounding droplet can divide in sev-
eral droplets (splashing event) that increase the momentum source
terms compared to a single rebounding drop. Even though not every
impacting droplet rebounds, the ideal reflection model reproduces
the higher pressure drops generated from the increased number of
secondary splashed droplets, giving more realistic results.

It must be underlined that the numerical values of SO2 removal
efficiency are in very good agreement with measurement and they
do not vary significantly for the cases with five and four spray lev-
els in operation. The wall boundary effect is buffered by the very
high amount of slurry injected, which makes the chemical solution
almost independent from the droplet–wall interaction model. At

lower liquid flow rates the wall effect is more evident. The simula-
tion with three operating levels shows a big difference between the
removal efficiency with and without wall rebounds. The reasons for
this have been previously discussed.
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Fig. 10 shows the trajectories, colored by pH, of the particles
njected from a nozzle located on the third spray bank. It is remark-
ble that the pH does not vary when the droplets are close to
he nozzles. When reaching the third level, the flue gas is already
crubbed from SO2. There is neither further SO2 absorption nor sub-
equent dissociation of the dissolved SO2, which would produce
ydrogen ions and thus lower the pH. The scrubber could therefore
perate with less active spray levels achieving the same removal
fficiency.

. Conclusions

Today, the design of Open Spray Towers (OST) is essentially
ased on empirical and/or semi-empirical correlations that are only
alid for a limited range of the design parameters, while the opti-
ization of the fluid dynamics and chemistry of these equipments

s necessary to comply with the stringent SO2 emission require-
ents.
A model to calculate the absorption rate of sulphur dioxide into

he droplets of limestone slurry has been developed and imple-
ented into a commercial CFD code. The model has been used

o simulate a full-scale FGD unit for which the empirical corre-
ations failed to predict the performances in terms of pressure
rop and removal efficiency. The flue gas has been considered
lready saturated with water at the absorber inlet, thus saving com-
utational time. Three different operating conditions have been
imulated by varying the number of the operating spray levels.
he calculated value of sulphur dioxide removal efficiency does
ot vary significantly for the cases with five and four spray lev-
ls in operation, with and without droplet rebounds on the walls.
he simulation with three levels in operation shows rather dif-
erent results for the two droplet–wall interaction models. The
ase with liquid deposition on the walls shows an inhomoge-
eous distribution of SO2 and values of removal efficiency much

ower than the case with ideal reflection of the impacting droplets.
he reason is that a substantial fraction of the injected slurry
ow rate is lost on the walls contributing only partially to sul-
hur dioxide removal. This effect is not significant for the cases
ith five and four operating levels with wall deposition because

he slurry flow rate is so high that the liquid fraction deposited
n the walls does not influence the resulting SO2 removal effi-
iency.

The calculated numerical values of pressure drop and SO2
emoval efficiency agree well with the experimental data for the
ifferent operating conditions. Particularly, the calculated values
f SO2 removal efficiency are in very good agreement with mea-
urement.

It can be concluded that the developed model is a powerful
ool in the design and optimization of desulphurisation Open Spray
ower equipment, e.g. allowing to evaluate numerically (without
he need of a physical model) the best positioning of the spray-

ng nozzles, the distance between the spray levels, the size of the

all rings, the number of operating spray levels and other critical
arameters.

The main source of empiricism pertains to the empirical cor-
elations determining the mass transfer coefficients and the SO2

[

[
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enhancement factor, the latter considered constant. A more realis-
tic model accounting for the variation of it and the desorption of
CO2 is currently under development.
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