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The gas and liquid hydrodynamics inside an Open Spray Tower has been simulated using a commercial
CFD code, while a model that treats the absorption process of SO2 has been developed and implemented
in the software through dedicated modules. Besides SO2 absorption also evaporation of slurry droplets
and droplet-wall interaction are considered, the latter modeled with an empirical correlation and imple-
mented in a sub-module.

The continuous gas phase has been 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. Physical absorption of SO2 has been modeled using dual-film theory and appropriate empirical
and semi-empirical correlations. The model for aqueous phase chemistry considers instantaneous equi-
librium reactions of eight dissolved species into a slurry droplet, namely: SO2;aq; CO2;aq; Hþ; OH� ,
HSO3

�; SO3
2�; HCO3

�; CO3
2�. The empirical droplet-wall interaction model handles impact, deposition

and splashing events occurring when a liquid particle hits an internal element of the scrubber. A pilot
plant OST has been simulated and the numerical results show good agreement with the experimental val-
ues of pressure drop, temperature and sulphur dioxide removal efficiency.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Sulfur dioxide removal from flue gases has probably been the
subject of more research than any other gas purification operation.
Since the vast majority of SO2 emissions are from fossil fuel-fired
boilers at power stations, these sources have been widely con-
trolled. The limestone forced oxidation system is the most exten-
sively used wet scrubbing process in the world today, comprising
roughly one third of the wet scrubbing systems and has been the
subject of numerous studies and publications (Klingspor and Cope,
1987). Among the available desulphurisation equipments, Open
Spray Towers (OST) are the most frequently installed scrubber
types for limestone Wet Flue Gas Desulphurization (WFGD) plants
and they cover the major part of the market today.

In the last decade and especially in Europe, the SO2 emissions
regulation has become more stringent necessitating very high
scrubbing performances, only achievable through optimization of
the WFGD equipment design. This is nowadays mainly based on
empirical and/or semi-empirical correlations between process
parameters that can be easily measured and controlled. Previous
CFD studies (Heiting et al., 2004; Hofelsauer et al., 2008) are lim-
ited to the analysis of the gas and liquid hydrodynamics inside
ll rights reserved.

o).
an OST. Sulphur dioxide removal efficiency is a complex function
of chemistry and fluid dynamics and can be properly evaluated
with the model developed in this work, which computes the local
and global SO2 mass transfer between the gas and liquid phase.

Different simulations of a pilot plant OST have been performed.
The CFD code ANSYS-FLUENT 6.3.26 has been used to simulate the
gas–liquid hydrodynamics, while the developed model has been
implemented in the software through dedicated modules. Further-
more, besides SO2 absorption, the model also simulates evaporation
of slurry droplets and droplet-wall interaction, the latter modeled
with an empirical correlation and implemented in a sub-module.

The numerical results obtained with three different grid discret-
izations have been analyzed and compared with the measured data.
2. Governing equations

The fluid dynamics inside an OST can be described as a two-
phase flow consisting of a carrier gas and a large number of
dispersed liquid droplets and has been modeled with an Euler–La-
grange approach (Lapin and Lübbert, 1994). The main advantage of
using a Lagrangian framework for dispersed phase flows is that
particle-level phenomena can be modeled rigorously, thus allow-
ing to accommodate complicated forms of interphase physical pro-
cesses. Furthermore, droplet size distribution and droplet-wall
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interaction, both aspects very important in spraying equipment,
can be easily taken into account.

2.1. Carrier phase

The flue gas motion in the spray tower is modeled in a fixed
frame of reference (Eulerian description).

The liquid volume fraction, ad, inside an OST is typically lower
than 8–10% everywhere, except very close to the spray nozzles. Be-
cause this region of high liquid volume fraction is limited to a small
portion of the computational domain the following fundamental
assumptions are justified:

a) The dispersed liquid phase occupies a low volume fraction
and its effects on the continuous phase are negligible, i.e.
ad ! 0 or ac ! 1, where ad and ac represent the liquid phase
and the gas phase volume fraction, respectively.

b) The dispersed phase is sufficiently dilute so that particle–
particle interactions are negligible.

Furthermore, the following assumption is valid all through the
present work:

c) The dispersed liquid phase consists of spherical droplets.

Following the work of Crowe et al. (1998), and considering the
assumptions above, the conservation equations of the continuous
phase assume then 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, momentum, Smom, and en-
ergy, Sen, coupling between the phases:

@

@t
qþr � ðquÞ ¼ Smass ð1Þ

@

@t
ðquÞ þ r � ðqu� uÞ ¼ �rpþr � ðsþ sRÞ þ qgþ Smom ð2Þ

@

@t
ðqiÞ þ r � ðquiÞ ¼ �pr � uþr � ðkcrTÞ þ qugþ Sen ð3Þ

@

@t
ðqxAÞ þ r � ðqxAuÞ ¼ r � ðqDABrxAÞ þ SA;mass ð4Þ

The above equations are valid for spherical, non-rotating drop-
lets; q is the flue gas density, p the flue gas pressure, g the acceler-
ation of gravity vector, u and v the flue gas and droplet velocity
vector, respectively, T the flue gas temperature, s and sR are the
shear stress and Reynolds stress tensor, respectively, i is the inter-
nal energy per unit mass, xA is the mass fraction of component A,
DAB is the binary diffusion coefficient of species A in B and kc is the
continuous phase thermal conductivity.

Turbulence energy and dissipation rate can be affected by the
presence of dispersed particles. This effect is known as turbulence
modulation. Source terms should be added in the equations of k
and e to account for turbulence modulation. Anyway, there is
experimental evidence that modulation is weak if the particle con-
centration is very low, i.e. if ad ! 0. Therefore, the k–e realizable
model has been used in its formulation for single-phase flows
(Launder and Spalding, 1972; Shih et al., 1995).

The source terms Smass; Smom; Sen and SA;mass are calculated by
volume averaging the contributions from all the individual drop-
lets within the cell volume (Crowe et al., 1998).

Smass ¼ �
1
V

X
k

_mk ð5Þ

Smom ¼ �
1
V

X
k

vk _mk �
1
V

X
i;k

Fi;k ð6Þ
Sen ¼ �
1
V

X
i;k

Fi;kvk �
1
V

X
k

_mkhlv;A þ
1
V

X
k

_Qk ð7Þ

SA;mass ¼ �
1
V

X
k

_mA;k ð8Þ

where the subscript k refers to the kth droplet, v is the droplet’s
velocity vector, Fi,k is the sum of the forces acting at the interface
between the phases, hlv,A is the latent heat of vaporization of com-
ponent A and _Q k is the convective heat transfer between phases.

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

2.2. Dispersed phase

Once the gas velocity field is known, the particles’ trajectories
can be computed. The dispersed liquid phase is calculated with a
Lagrangian approach by tracking a large number of particles, called
parcels, through the computational domain. The equations of mo-
tion of a single parcel take the following form:

dx
dt
¼ v ð9Þ

dmd

dt
¼ Sk;mass ð10Þ

md
dv
dt
¼ Sk;mom þmdg ð11Þ

mdcd
dTd

dt
¼ Sk;en ð12Þ

The subscript d indicates that the quantity is referred to a drop-
let and c is the droplet’s specific heat.

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.

3. Source terms

The evaluation of the particle’s source terms in Eqs. (10)–(12),
for a spherical non-rotating droplet, allows the determination of
the source terms in the gas phase flow equations.

3.1. Momentum source term

According to Eq. (6), 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 do-
main can be described through the Basset–Boussinesq–Oseen
(BBO) equation. The momentum source term in Eq. (11) is the
sum of the forces acting on a particle.

According to Crowe et al. (1998), Eq. (11) can be written as:

md
dv
dt
¼ 1

2
qCDju� vjðu� vÞAd þmdgþ O

q
qd

� �
ð13Þ

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



Table 1
Summary of the differential form of the conservation equations for the carrier gas phase of a dispersed two-phase gas–liquid flow.

Conservation equation Source terms

Continuity @
@t qþr � ðquÞ ¼ Smass Smass ¼ � 1

V

P
k _mk

Momentum @
@t quþr � ðqu� uÞ ¼ �rpþr � ðsþ sRÞ þ qgþ Smom Smom ¼ � 1

V

P
kvk _mk � 3pl

V

P
kDkfkðu� vkÞ

Energy @
@t ðqiÞ þ r � ðquiÞ ¼ �pr � uþr � ðkcrTÞ þ Sen Sen ¼ � 1

V

P
k _mk;H2 O

hlv;H2 O
þ pkc

V

P
kðNukÞDkðTd;k � TÞ

Species @
@t ðqxAÞ þr � ðqxAuÞ ¼ r � ðqDABrxAÞ þ SA;mass SA;mass ¼ � 1

V

P
k _mA;k
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The drag coefficient, CD, is evaluated through the Morsi and
Alexander (1972) correlation, that adjusts the value of CD for a
spherical particle over a wide range of relative Reynolds numbers,
Rer ¼ qDju� vj=l:

CD ¼ a1 þ
a2

Rer
þ a3

Re2
r

ð14Þ

The coefficients ai are functions of Rer, D is the droplet’s diam-
eter and l is the flue gas dynamic viscosity.

3.2. Energy source term

Energy is exchanged between phases through mass transfer due
to evaporation, Sk;evap, and convective heat transfer, Sk;conv, while for
very dilute flows radiative heat transfer is negligible. The energy
source term due to evaporation of water from slurry droplets re-
quires the determination of the rate of mass exchange of water.

The largest droplets’ diameters inside an OST are of the order of
some millimeters so that droplet’s temperature can be considered
uniform in the volume. The energy equation (12) for a slurry parcel
assumes then the form:

mdcd
dTd

dt
¼ hðT � TdÞpD2 þ _md;H2Ohlv;H2O ð15Þ

The reaction enthalpy of the absorption of sulphur dioxide is
negligible compared to the other two energy transfer mechanisms
and does not compare in the droplet’s heat balance above.

The convective heat transfer coefficient, h, is evaluated with the
Ranz–Marshall (Ranz and Marshall, 1952) correlation:

Nu ¼ hD
kc
¼ 2þ 0:6Re0:5

r Pr0:33 ð16Þ

The final form of the gas phase conservation equations is sum-
marized in Table 1.

3.3. Mass source terms

The present study considers mass transfer of water, due to evap-
oration from the slurry droplets to the gas phase, and absorption of
SO2 from the flue gas mixture into the slurry droplets. Conditions
for water vapor condensation and sulphur dioxide desorption
hardly occur inside an OST and therefore they have not been con-
sidered here. The source term in Eq. (10) can then be written as:

Sk;mass ¼ Sk;H2O þ Sk;SO2 ¼ _mH2O þ _mSO2 ð17Þ
3.3.1. Evaporation of water
Even though the droplets are a mixture of water, dissolved spe-

cies and suspended solids, the concentration of water is predomi-
nant. The molar flux of water through the interface is then:

NH2O ¼ kH2O;gðPH2O;1 � PH2O;iÞ ð18Þ

PH2O;1 is the partial pressure of water in the bulk of the mixture,
PH2O;i is the partial pressure of water at droplet’s surface and kH2O;g

is the gas side mass transfer coefficient.
The partial pressure of water vapor in the gas bulk is known

from the solution of the corresponding gas phase species transport
equation. The partial pressure of water vapor at droplet’s surface is
assumed to be equal to the saturated vapor pressure at droplet’s
temperature and has been approximated with Antoine’s equation
(Poling et al., 2001). The gas side mass transfer coefficient is eval-
uated with the modified Ranz–Marshall equation (Rowe et al.,
1965):

Sh ¼ kH2O;gDRT
DH2O— air;g

¼ 2þ 0:69Re0:5
r Sc0:33 ð19Þ

In the equation above the binary diffusion coefficient of water
vapor in air, DH2O—air;g, is estimated with the Füller–Schettler–Gid-
dings equation (Perry and Green, 1998), R is the universal gas con-
stant and T is the flue gas temperature.

3.3.2. SO2 absorption
Mass transfer of sulphur dioxide involves both gas side and li-

quid side mass transfer resistances. For low dissolved gas concen-
tration Henry’s law can be applied and the molar rate of mass
transfer of SO2, NSO2 , assumes the form:

NSO2 ¼ KSO2 ;totðPSO2 ;1 � HSO2 CSO2 ;1Þ ð20Þ

The global mass transfer coefficient, KSO2 ;tot is expressed as:

1
KSO2 ;tot

¼ 1
kSO2 ;g

þ HSO2

ESO2 k0
SO2 ;l

ð21Þ

The present work considers conditions far away from the noz-
zles, where the liquid side mass transfer coefficient in the absence
of chemical reactions can be expressed by (Perry and Green
(1998)):

k0
SO2 ;l
¼ 10

DSO2—H;2O;l

D
ð22Þ

The value of the binary liquid diffusion coefficient of SO2 in
aqueous solution, DSO2�H2O;l, at 25 �C (Perry and Green, 1998) is
extrapolated to the value corresponding to droplet’s temperature
using the Stokes–Einstein equation:

DSO2—H2O;llH2O

Td
¼ const ð23Þ

The enhancement factor, ESO2 , accounts for a higher driving
force in the liquid film compared to an absorption without reac-
tions, which are here supposed to occur in the liquid bulk only.
According to the work of Brogren and Karlsson (1997) a constant
value of the enhancement factor of 10 has been assumed in the
present work.

The temperature dependence of Henry’s coefficient, HSO2 , has
been expressed with a proper equation that fits the experimental
data (Maurer, 1980):

ln HSO2 ¼
A
Td
þ B ln Td þ CTd þ D ð24Þ

A, B, C and D are species dependent coefficients.
The gas side mass transfer coefficient, kSO2 ;g, is evaluated with

the modified Ranz–Marshall equation and the molecular diffusion
coefficient, DSO2 ;air is calculated with the Füller–Schettler–Giddings
equation.
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As for the evaporation of water, the partial pressure of SO2 in
the gas bulk is known from the solution of the corresponding gas
phase species equation, while a dedicated chemical model has
been developed for the evaluation of the dissolved sulphur dioxide
concentration in the liquid bulk, CSO2 ;1.
4. Aqueous phase chemistry

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

SO2ðgÞ þ CaCO3ðsÞ þ
1
2

O2ðgÞ þ 2H2OðaqÞ¢ CaSO4 � 2H2OðsÞ þ CO2ðgÞ

ð25Þ

This reaction can be divided in mainly five different steps, all of
which occur simultaneously in the scrubber: absorption, neutral-
ization, regeneration, oxidation and precipitation. The chemical
model includes the reactions occurring in the spray zone, where
the gas–liquid flow is analyzed. Therefore, regeneration, oxidation
and precipitation processes are not considered further here be-
cause they mainly occur in the reaction tank (Marocco, 2008), as
illustrated in Fig. 1.

The absorption and neutralization reactions can be assumed
to be at equilibrium while a slurry droplet is inside the
computational domain. These two equilibrium equations, to-
gether with water dissociation, a mass balance for the
sulphur species, a mass balance for the carbon species and elec-
troneutrality form a system of eight non-linear algebraic equa-
tions, in the eight unknown dissolved species concentrations
SO2,aq, CO2,aq, H+, OH�, HSO3

�, SO3
2�, HCO3

�, CO3
2�, defining

the droplet’s liquid phase composition at each trajectory calcula-
tion step.
Fig. 1. Schematic picture of a WFGD scrubber along w
KH2O ¼ ðc�Þ
2½Hþ�½OH��

KSO2;aq ¼ ðc�Þ
2 ½HSO3

��½Hþ�
½SO2;aq�

KHSO3
� ¼ c�

½SO3
2��½Hþ�

½HSO3
��

KCO2;aq ¼ ðc�Þ
2 ½HCO3

��½Hþ�
½CO2;aq�

ð26Þ

KHCO3
� ¼ c�

½CO3
2��½Hþ�

½HCO3
��

½C� ¼ ½CO2;aq� þ ½HCO3
�� þ ½CO3

2��
½S� ¼ ½SO2;aq� þ ½HSO3

�� þ ½SO3
2��

2½Ca2þ� � ½Cl�� ¼ ½Hþ� � ½OH�� � ½HCO3
��

� 2½CO3
2�� � ½HSO3

�� � 2½SO3
2��

The equilibrium constants of the reactions are evaluated with a
temperature fit equation:

ln Ki ¼
Ai

T
þ Bi ln T þ CiT þ Di ð27Þ

The species dependent parameters, A, B, C and D, are taken from
the work of Maurer (1980) except the ones of the calcite solubility,
KCaCO3 , that derive from the work of Gage and Rochelle (1992).

The concentration of Ca2+ and Cl� ions is predominant in the
aqueous phase. Therefore, the multicomponent solution is as-
sumed to be a single strong electrolyte solution of CaCl2 and the
modified form of the Debye–Hückel equation, proposed by Brom-
ley (1972), is used to calculate the mean activity coefficient, c�.

The mass of all dissolved sulphur and carbon species and the
concentration of calcium and chloride ions are all input parameters
that must be provided to solve the set of equations.

At each droplet position inside the computational domain, the
total dissolved sulphur species are calculated with Eq. (20), while
the chloride concentration depends on process and economical
ith the chemical reactions occurring inside of it.



Fig. 2. Main geometrical and operating data of the simulated pilot plant.
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considerations (Marocco, 2008). Because limestone dissolution and
desorption of CO2 into the gas phase are both neglected in the
spray zone, calcium ions and total dissolved carbon species in a
falling droplet are supposed to remain unchanged. Their evaluation
at the injection of a droplet into the computational domain re-
quires the solution of the following auxiliary system of chemical
reactions for the four unknown dissolved species (CO2,aq, HCO3

�,
CO3

2�, Ca2+) in the reaction tank, together with electroneutrality.

KCaCO3 ¼ ðc�Þ
2½Ca2þ�½CO3

2��

KCO2;aq ¼ ðc�Þ
2 ½HCO3

��½Hþ�
½CO2;aq�

ð28Þ

KHCO3
� ¼ ðc�Þ

½CO3
2��½Hþ�

½HCO3
��

½Hþ� � ½OH�� � ½Cl�� ¼ 2½Ca2þ� � ½HCO3
�� � 2½CO3

2��

Chlorides are specified following the same considerations previ-
ously made, while the pH in the reaction tank, and thus the hydro-
gen and hydroxide ions concentration, [H+] and [OH�], is kept at a
constant specified value that depends on process and economical
considerations, (Marocco, 2008).

The solution of the non-linear systems of algebraic equations is
obtained with a globally convergent Newton–Raphson method, as
described by Dennis and Schnabel (1983). The implemented algo-
rithm combines the rapid local convergence of a Newton’s method
with a globally convergent strategy that guarantees some progress
towards the solution at each iteration.

5. Liquid-wall interaction

At present the simulation of a single impact phenomenon, con-
sidering also the interactions between splashed and impinging
spray droplets, is very complex. Therefore, in a spray scrubber with
many injection points the droplet-wall interaction has to be simu-
lated through empirical correlations. The model here implemented
is based on the experimental and numerical works of Weiss (2005)
and Weiss and Wieltsch (2004), where they have studied coarse
sprays, typical of flue gas scrubbing systems.
The droplet’s rebound velocity, vreb, is related to the impact
velocity, vimp, and the impact angle, a:
jvrebj ¼ jvimpj � 0:04a ð29Þ

The droplet’s rebound angle, b, is related to the impact angle:

b ¼ 0:002a2 þ 0:06aþ 8:1 ð30Þ

In the equations above the velocities are expressed in [m/s] and
the angles in [deg].

Weiss and Wieltsch have tested their liquid-wall interaction
model in an experimental and numerical investigation of a pilot
scrubber very similar to the one considered in the present work.
They have found that the measured pressure drops were best pre-
dicted by an ideal reflection model, i.e. by the rebound of every
droplet impacting onto the walls.

Accordingly, the present study uses the ideal reflection model
for the numerical simulations of the pilot plant.

6. Pilot plant simulations

A pilot plant OST has been analyzed in CFD simulations and the
results have been compared with the available experimental data.

The nozzles have not been geometrically modeled but they have
been treated as slurry injection points. This simplification is justified
by the negligible impact of their dimensions on the scrubber hydro-
dynamics compared to the other geometrical entities. Their pres-
ence would only significantly complicate the discretization of the
domain. Locations, type and operating parameters are specified for
each nozzle. When dealing with many injections and big computa-
tional domains, it is necessary to simplify the droplets’ generation
process. Thus the liquid flow ejected from the nozzles has been sim-
ulated as an ensemble of spherical droplets. The droplet size distri-
bution has been reproduced by fitting the supplier’s data through
the Rosin–Rammler expression.

6.1. Flue gas properties

The flue gas flowing into the scrubber is a mixture of many spe-
cies but only few of them significantly change their mass flow rate



Fig. 3. Computational domain and location of the measuring probes.

Table 2
Finite volumes and injections data.

Finite volumes elements
Coarse grid
Number of control volume cells 700,000
Spray zone up to cone inlet Tetrahedral
Cone and outlet duct Hexahedral
Medium grid
Number of control volume cells 1,577,094
Spray zone up to cone inlet Tetrahedral
Cone and outlet duct Hexahedral
Fine grid
Number of control volume cells 3,392,167
Spray zone up to cone inlet Tetrahedral
Cone and outlet duct Hexahedral

Injections
Number of injection points/nozzle 300
Number of diameter/injection point 10
Number of injected parcels/nozzle 3000
Total number of injected parcels/injection 36,000
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across the tower. The gas phase is considered a Newtonian mixture of
water vapor, sulphur dioxide and inert air and it obeys the perfect gas
law.
Fig. 4. Calculated axial velocity profiles for single- and two-phase flow on a line passing
respectively, at z = 2.75 m, z = 4.5 m and z = 5.75 m.
The flue gas density and the heat capacity are functions of the
mixture’s temperature and composition. The thermal conductivity
and the viscosity are constant all through the computational do-
main, while the species mass diffusivities in air have been calculated
using the Füller–Schettler–Giddings correlation.

6.2. Slurry properties

The slurry droplets are considered a suspension of water, with
dissolved species inside, and solids.
through scrubber center and normal to gas entrance, at three different elevations,



Fig. 5. Liquid volume fraction on a plane perpendicular to gas entrance; fine grid.
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The density of a droplet can vary during the trajectory calcula-
tion due to evaporation. It is evaluated at every point in the domain
by providing the solids mass fraction and the slurry density in the
reaction tank, both related to process and economical consider-
ations. The droplet viscosity has been assumed to vary with temper-
ature as if it were water. The specific heat of a slurry droplet, cd, has
been assumed constant and equal to the specific heat of water at
droplet’s injection temperature.

6.3. Simulation results

The main geometrical dimensions of the pilot plant, together
with the flue gas and slurry data, are summarized in Fig. 2.

Fig. 3 illustrates the absorber 3D geometry considered in the
CFD simulation, together with the location of the measuring
probes. A fan, located upstream of the scrubber, forces the raw
gas to flow across the tower. The gas velocity is assumed to be
homogeneously distributed over the inflow cross section. Five
Fig. 6. Flue gas temperature and relative humidity on a plane perpendicular t
guide vanes are installed immediately downstream of the inlet
duct to avoid the formation of a big flow recirculation in the zone
opposite to the gas entrance.

Three different domain discretizations have been simulated.
The number of discrete injected elements (parcels) has been grad-
ually increased, in order to achieve a numerical independent solu-
tion from it. Table 2 summarizes the mesh and injections
characteristics.

The velocity profile of the gas phase flowing alone across the
scrubber is strongly modified by the presence of the slurry, as
illustrated in Fig. 4. Hollow cone nozzles, with a wide opening an-
gle of 120�, direct a substantial part of the injected liquid flow di-
rectly against the perimeter walls. According to the droplet-wall
interaction model a liquid film forms so that the highest liquid
volume fractions are located close to the walls, as shown in
Fig. 5. The flue gas tends to by-pass this dense liquid region,
where the velocity can be also directed downward, and is forced
to move upward in the central part of the tower. This effect is
more evident at the lowest measurement level, Fig. 4(a), where
the liquid flow rate is higher, coming from all the three operating
spray banks.

The dispersed liquid phase volume fraction reaches a maximum
value of 5% inside the scrubber, as shown in Fig. 5. This justifies the
fundamental assumption made of very dilute flow, ad ¼ 0, for
which particle–particle interaction and the effect of the particle
volume fraction on the gas phase are negligible.

The flue gas flowing inside the scrubber cools down and in-
creases its water content by exchanging heat and mass with the
slurry droplets. It is known experimentally that saturation is
reached very soon after the gas enters the tower. The simulated
temperature and humidity fields agree with this observation, as
illustrated in Fig. 6.

The SO2 distribution field is shown in Fig. 7, where the sulphur
dioxide removal efficiency is defined as gSO2

¼ 1�xSO2 ðxÞ=xSO2;in ,
being xSO2;in

and xSO2 ðxÞ the SO2 mass concentration at scrubber
inlet and at a generic point inside the domain, respectively.

A convenient way of comparing the absorption rate for different
conditions is to normalize the actual flux with respect to the max-
imal flux, i.e. the flux related to an infinite liquid side mass transfer
coefficient. The gas film resistance, H, is defined as:

H ¼ 1=kg

1=kg þ H=Ek0
1

ð31Þ
o gas entrance; slurry droplets injection temperature is 52.1 �C; fine grid.



Fig. 7. SO2 removal efficiency distribution on a plane perpendicular to gas entrance and on three horizontal planes at z = 2.75 m, z = 4.5 m and z = 5.75 m; fine grid.
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For values of the gas film resistance close to unity, the absorp-
tion is ‘‘gas-film limited” and a further increase in the liquid side
mass transfer rate will not enhance the absorption. If the gas film
resistance is low the major part of the resistance to mass transfer
is located in the liquid (‘‘liquid-film limited”). Therefore, increasing
the turbulence and/or the chemical reactivity of the slurry can en-
hance the absorption rate. The calculated values of the gas film
resistance for a falling droplet, shown in Fig. 8, clearly indicate that
the absorption of SO2 within a spray scrubber is to a large extent
liquid side limited.

The parameters that have been measured at the positions illus-
trated in Fig. 3 are pressure, temperature and sulphur dioxide con-
centration. The numerical results, computed at the same locations
of the measuring probes, are in good agreement with the experi-
mental data for all the parameters under observation, as shown
in Fig. 9. The differences between the three domain discretizations
are minor. The uncertainties of grid convergence have been ana-
lyzed with the Grid Convergence Index (GCI) method, based on
Richardson extrapolation (Roache, 1994). The value of the GCI in-
Fig. 8. Gas-film resistance of a falling droplet.
dex represents a measure of the percentage difference between
the numerical and the exact solution of the continuum equations,
GCI / ðfnum � fexactÞ=fexact. The constraint for the applicability of
the GCI method is verified in this study, i.e. the Taylor series expan-
sion is valid asymptotically and the two grids are within the
asymptotic range (Marocco, 2008).

Table 3 summarizes the GCIs for the simulations of the pilot
plant with the different grid discretizations. The GCI values of
the fine and medium grid are acceptable for engineering purposes,
i.e. the numerical solution is close enough to the exact solution.
The only exceptions are the GCI values relative to the static pres-
sure at absorber inlet and spray zone inlet (probe-abs-in and
probe-nz-in of Fig. 3). This result is not amazing because both
probes are located just before a sharp 90� bend and immediately
after it, respectively. The high velocity gas flow coming from the
inlet duct is forced to rapidly turn and to decelerate, which results
in a high turbulence intensity in that region. To obtain a more
accurate solution the grid should be further refined in that zone.
7. Conclusions

Today, the design of Open Spray Towers (OST) is essentially
based on empirical and/or semi-empirical correlations that are
only valid for a limited range of the design parameters, while the
optimization of the fluid dynamics and chemistry of these equip-
ments is necessary to comply with the stringent SO2 emission
requirements.

A model to calculate the absorption rate of sulphur dioxide into
the droplets of limestone slurry has been developed and imple-
mented into a commercial CFD code. Furthermore, besides SO2

absorption, the model evaluates also the evaporation of slurry drop-
lets and the droplet-wall interaction. Numerical simulations of a pi-
lot plant have been performed on three different domain
discretizations and the results have been compared with measured
data. The uncertainties of grid convergence have been analyzed
with the GCI method, which shows that the results obtained with
the fine and medium grid are acceptable for engineering purposes.
The spray zone inlet, where the high velocity flue gas enters into the
OST, is the most critical to simulate. The discretization of this region
should be carefully analysed, in order to obtain accurate solutions.



Fig. 9. Comparison between calculated and measured values of pressure drop, temperature and SO2 removal efficiency. OST refers to the pressure difference between probe-
abs-in and probe-abs-out; spray zone refers to the pressure difference between probe-nz-in and probe-nz-out.

Table 3
Grid Convergence Index (GCI) medium, GCI23, and fine grid solutions, GCI12.

Coarse Medium Fine GCI12 GCI23

Static pressure [Pa]
Probe-abs-in 542.75 550.0 556.1 0.175 0.210
Probe-abs-out 39.245 41.381 40.77 0.0177 0.0615
Probe-nz-in 475.61 483.2 489.8 0.270 0.314
Probe-nz-out 203.16 205 205.2 0.00035 0.00328

Temperature [�C]
Probe-abs-out 51.15 51.28 51.36 0.00747 0.01217

SO2 removal efficiency
Probe-SO2 0.83 0.839 0.845 0.0426 0.0643
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The flue gas is forced to flow upward in the central region of the
OST where the liquid volume fractions are lower. This is more evi-
dent in the bottom part of the OST where the liquid flow rate is
higher, coming from all operating spray levels. The use of nozzles
with a wide spraying angle (120�) causes, accordingly to the drop-
let-wall interaction model applied, the highest liquid volume frac-
tions to be located close to the perimeter walls. These values are
anyway lower than 5%, which justify the fundamental assumption
made of very dilute liquid phase, for which both particle–particle
interaction and the effect of particle volume fraction on gas phase
are negligible. While flowing inside the scrubber the flue gas is
cooled and its relative humidity increases due to heat and mass
exchange with the slurry droplets. It is experimentally observed
that saturation is reached very soon after the gas enters the tower.
The simulated humidity (temperature) field reflects well this
observation.
The numerical values of pressure drop, flue gas temperature and
SO2 removal efficiency, calculated at the locations of the measuring
probes, are in good agreement with the corresponding experimen-
tal data. FGD suppliers can then use the developed model in the de-
sign phase of industrial full-scale OST and for the retrofit of
existing non-optimised equipments. Furthermore it allows consid-
erable cost and time savings when used as a research tool instead
of building a physical laboratory apparatus.

The model can also be extended to account for CO2 desorption
and natural oxidation of sulphite to sulphate due to the oxygen con-
tent in the flue gas. Furthermore the RSM may be a better approach
than the k–e model to turbulence simulation in gas–liquid flows.
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