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a b s t r a c t

A model of wet limestone flue gas desulfurization (WLFGD) system has been developed based on the use
of the number of transfer units (NTU) and height of transfer unit (HTU) focused to full-scale coal-fired
power plants. The model describes the process occurring in the absorber as the most important step in
the WLFGD system by establishing what increase in SO2 removal can be achieved as the higher levels
of nozzles come progressively into service when initially the first spray header is operating alone, and
keeping the other operating conditions under control. This relative improvement of the SO2 removal can
be obtained from only one datum: the number of mass transfer units when only the first spray level is on
esulfurization
odeling
ass transfer

pray tower
ull-scale plants
O2 removal
imestone

service (N1). The model computes the gains in both the volumetric overall mass transfer coefficient and
the number of transfer units. The model can be used to evaluate data or changes in an existing full-scale
system as well as to evaluate proposed system designs and even as a pre-design tool in relation to the
number of spray levels on service under controlled operating conditions. The model is tested on the basis
of some data taken from a power plant and from the literature. The model results agree well with the
real and published data.
ulfur dioxide

. Introduction

Nowadays, different desulfurization technologies are available
o control SO2 emission in coal-fired power stations. The most
idespread is wet limestone flue gas desulfurization (WLFGD),
hich has undergone considerable development over the past 30

ears in terms of SO2 removal, efficiency, reliability, and costs.
imestone is generally quite a bit cheaper than lime, making it more
opular for large FGD systems. Therefore, wet scrubbers, especially
et limestone desulfurization scrubbers, are the front-running FGD

echnologies [1,2].
In this process, the flue gas is treated with limestone (calcium

arbonate) slurry normally in a spray column. Limestone is mixed
ith water in a slurry supply tank. The fresh limestone slurry is

ed to the absorber sump. The limestone/gypsum slurry is pumped
rom the absorber sump (holding tank) up to the horizontal spray
eaders at different levels at the top of the scrubber. Normally, the
umber of spray levels varies from 4 to 6. The spray header pumps
perate in an on/off mode, i.e., there is no flow control on the head-

rs, which is the most usual operation mode in full-scale WLFGD
lants. Uniformity of spray, small drop size with high velocity and

ow energy of atomization are the desired criteria for the atomizer
3]. The main design parameters related to the spray header per-

∗ Tel.: +34 95 448 72 68; fax: +34 95 446 17 75.
E-mail addresses: fjgo@esi.us.es, frajagutor@us.es.

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.09.016
© 2010 Elsevier B.V. All rights reserved.

formance are the droplet size and velocity that are function of the
atomizing pressure and the liquid flow rate in the nozzles. As the
slurry falls down the tower, it meets the rising flue gas and reacts
with the SO2 in the flue gas. A large contact area between the slurry
and the flue gas is established and SO2 is absorbed. The removal of
SO2 occurs at temperatures between 45 and 60 ◦C. Then, the slurry
drops to the slurry tank after reacting with the flue gas. Calcium
sulfite and bisulfite (CaSO3 and Ca(HSO3)2) are formed in the chem-
ical reactions that occur in the scrubber. The absorber sump (liquor
or liquid phase) is agitated and aerated (forced-oxidation mode)
to produce gypsum or calcium sulfate dihydrate (CaSO4·2H2O)
salts that are removed as sludge. This sludge, extracted from the
absorber sump, is thickened, dewatered, and washed for subse-
quent storage before dispatch from the site (Fig. 1). Normally, the
byproduct gypsum can be sold rather than incurring a disposal
cost, which includes a landfill tax; this solution also lessens the
environmental impact. The final product is calcium sulfate dihy-
drate (gypsum), and the limestone content cannot exceed 3–4 wt%
limestone in solids, according to most worldwide standards, to be
saleable [4]. There are many important parameters affecting the
design and operation of a FGD scrubber although the most relevant
are the liquid-to-gas ratio, the reaction tank pH, the absorber gas

velocity, the reagent utilization and the oxidation fraction.

Even though the overall reaction is simple, the chemistry of
the process is quite complex. Many researchers have studied and
modeled these complex processes under typical desulfurization
conditions. The models include sub-models for the four rate-
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Nomenclature

E enhancement factor in chemical absorption (–)
fr reduction factor for ˛i-coefficients (–)
G superficial molar gas flow rate (kmol/(h m2))
L/G liquid-to-gas ratio (L/Nm3)
HTU height of a transfer unit (m)
(KGa) volumetric overall mass transfer coefficient

(kmol/(h m3 bar)) when only SL1 is on service
for the entire scrubber

(KGa)′ volumetric overall mass transfer coefficient
(kmol/(h m3 bar)) when SL1 and SL2 are on service
for the entire scrubber

(KGa)′′ volumetric overall mass transfer coefficient
(kmol/(h m3 bar)) when SL1, SL2 and SL3 are
on service for the entire scrubber

(KGa)′′′ volumetric overall mass transfer coefficient
(kmol/(h m3 bar)) when SL1, SL2, SL3 and SL4
are on service for the entire scrubber

(KGa)i volumetric overall mass transfer coefficient
(kmol/(h m3 bar)) for SLi when there are not
upper spray levels on service

(KGa)′
i volumetric overall mass transfer coefficient

(kmol/(h m3 bar)) for SLi zone when only the
just upper spray level is on service apart from that
all the lower ones

(KGa)′′
i volumetric overall mass transfer coefficient

(kmol/(h m3 bar)) for SLi zone when the just
two upper spray levels are on service apart from
that all the lower ones

(KGa)′′′
i volumetric overall mass transfer coefficient

(kmol/(h m3 bar)) for SLi zone when the three
upper spray levels are on service apart from that all
the lower ones

NTU number of mass transfer units (–)
N1 number of mass transfer units when only the first

spray level is on service (–)
P pressure inside the spray absorber (bar)
yi SO2 molar fraction after passing through the SLi

(mol/mol) and upper spray levels are off service
y′

i
SO2 molar fraction after passing through the SLi
(mol/mol) and only the just upper spray level is on
service, apart from all lower ones

y′′
i

SO2 molar fraction after passing through the SLi
(mol/mol) and the just two upper spray levels are
on service, apart from all lower ones

y′′′
i

SO2 molar fraction after passing through the SLi
(mol/mol) and the just three upper spray levels are
on service, apart from all lower ones

z physical/geometrical height (m)
ze effective height for mass transfer (m)

Greek symbols
˛i multiplier factor in which (KGa)1 increases in SL1

due to SLi when this spray level comes into service
(–)

�SLi desulfurization efficiency achieved in SLi (–)
�Ni NTU increase in SL1 due to the upper spray level SLi

(–)

Subscripts
in absorber inlet
out absorber outlet

0 relative to SO molar fraction if no increase in (K a)
2 G
is considered when more spray levels come into ser-
vice

influencing steps: absorption of sulfur dioxide, oxidation of SO3
2−,

dissolution of limestone, and crystallization of gypsum. Complex-
ity and level of detail of the models differ somewhat, but they all
estimate the overall SO2 removal efficiency [5].

Apart from the mathematical models featured to chemical
aspects, now CFD code allows to deal with the gas and slurry flow
patterns, which normally have been assumed to be simplified ones
[6].

Despite intensive modeling work, industrial equipment is
mostly designed by scale-up of process data obtained in pilot
plants, thus illustrating the difficulty in the application of these
models to the full-scale plants. The complex chemistry and the
simultaneous mass and heat transfer involved in the wet lime-
stone desulfurization process is not an easy task, so solving the
set of equations is very time-consuming not only for a dynamic
model but also even for the steady-state case. Therefore, a simple
model based on easy global concept would be useful to chemi-
cal engineers for who to continuously solve the rigorous model
may be impractical; thus, it may be welcome to consider a real-
istic approach when dealing with a model of a WLFGD unit in a
full-scale plant.

This paper does not try to develop a detailed model but a simple
and directly applicable model to full-scale plants, and thus, the aim
of the present work is to describe a realistic model that can be used
as a tool for the analysis of the WLFGD spray-units in full-scale
coal-fired power plants.

2. General outline of the model

The most important process in the WLFGD system is the absorp-
tion of sulfur dioxide. Sulfur dioxide is absorbed in the spray
absorption zone by reacting with the limestone slurry drops, so
the chemical absorption in the absorber is the most complicated
and significant step in scrubber. In this modeling work, limestone
dissolution, crystallization of gypsum are under control by clos-
ing control loops that manipulate fresh limestone slurry, make-up
water flow rate, agitation and sludge flow rate controlling thus the
holding tank level and pH. Furthermore, sulfite oxidation, which is
of fundamental importance in WLFGD process, will be under con-
trolled conditions by manipulating the air flow rate entered to the
holding tank, and the sulfite oxidation rate has been assumed to be
a fixed rate independent of the sulfite concentration. Therefore, the
absorbent dissolution and oxidation and crystallization that occur
in the slurry zone will not be considered in the approach of this
work, and thus a model describing the process in the absorber is
the focus of this paper.

According to Brogren and Karlsson [7] and Yeh and Rochelle
[8], and by analyzing the SO2 removal process using the two-film
theory of mass-transfer, droplets exiting the spray nozzles lead
to a negligible mass transfer resistance on the liquid side, mak-
ing the limestone/gypsum slurry close to the nozzles along the
spray headers most effective in SO2 removal. This is due to the
sheet formed just in the nozzle outlet and the internal turbulence of
the liquid phase once sprayed, which decreases as the droplets fall

through the tower. As the exposure time or the partial pressure of
SO2 increases the gas-side resistance decreases. Therefore, far from
the spray nozzles the liquid-side resistance should be considered.
In any case, when more spray headers come into service the SO2
concentration tends to be lower and the gas-side resistance gains
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Fig. 1. Wet limestone desulfurizatio

mportance with regard to the liquid-side resistance, especially in
he top spray headers.

Pasiuk-Bronikowska et al. [9] reported that when the concentra-
ion of sulfur dioxide is less than 0.2% in volume and the absorbent
sed is alkaline, the main resistance to mass transfer occurs within
he gas phase. When the concentration of sulfur dioxide is greater
han 0.2% in volume, the liquid-side resistance to mass transfer
hould be taken into account. This corresponds to coal with a sulfur
ontent higher than 2.5 wt%.

In this paper, it is assumed that the effective contact takes place
ithin a small space under the spray levels and the highest mass-

ransfer rates occurs near the nozzles, so the residual capacity of
lurry to further SO2 removal is neglected against to that initial
n the zone between two consecutive spray levels but considered
gain when reaching the zone close to nozzle located in lower
pray headers. This is equivalent to use an overall gas-side resis-
ance where the driving force can be approached to the partial
ressure of SO2 in the gas side assuming a very low SO2 concen-
ration inside the sheet/droplet far from the liquid film, i.e., the
ressure corresponding to the liquid concentration in the bulk of

iquid considered as liquid concentration in equilibrium is much
ower than that corresponding to the liquid concentration in equi-
ibrium just in the interface, as given by Henry’s law. Therefore, the
umber of transfer units is obtained within a zone near the slurry
tomization in the nozzles. On the other hand, it is obvious that
or a given superficial molar gas flow-rate (kmol/(h m2)), a higher

lurry liquid-to-gas ratio or L/G ratio (litres of slurry/Nm3 of gas)
nvolves a higher superficial molar liquid flow-rate, so the contact
rea increases when more spray headers come into service.

The model assumes a steady state operation of the spray column.
ikewise, the gas phase concentration is uniformly distributed at
c diagram (forced-oxidation mode).

the inlet and outlet of the column and all droplets have the same
concentration when exiting the nozzles for all the spray headers.
The flow of gas and droplets is regarded as plug flow with negligi-
ble gas phase back-mixing. There are not significant differences in
the SO2 concentration as a function of distance to the wall, so an
average SO2 concentration will be used in each cross-section. Also,
heats of reaction and dissolution are neglected and the system is
isothermal. With regard to the nozzles and droplets, a good atom-
izer that produces a fairly uniform spray with droplet diameters
small enough to generate large interfacial area of contact but large
enough to prevent excessive entrainment is assumed. There is an
insignificant wall effect for the liquid phase, and internal circula-
tion and oscillation of the droplets are not considered, although
both of them increase the mass-transfer rate compared to diffu-
sion alone. Indeed, for a droplet size higher than 1 mm the mass
transfer is higher due probably to oscillation or turbulent circula-
tion.

3. Model development

This section describes the model development of the absorber
using the transfer unit approach. The first step is to provide a
preliminary and extremely simple model where two additional
simplifications are considered:

• With any upper spray level coming into service the contacting

area linearly increases, in such a way that, e.g., three spray levels
lead to an available contact area three-times higher than when
only the lowest spray level is on service.

• Every spray level is only effective (i.e., the slurry is active) in the
space just below. Thus, the mass transfer occurs mainly within a
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Fig. 2. A scheme of the absorber to modeling the SO2 removal.

region close to nozzles and below of it the mass transfer almost
not happens.

The slurry is injected into the absorber over several spray levels,
ach one with an own recirculation pump. Each spray bank is pro-
ided with numerous spray nozzles for a proper atomization of the
lurry. The spray levels will be named as SL1, SL2, SL3 and SL4 and
o on from the bottom up. The model is based on the use of height
f mass transfer unit (HTU), which includes the volumetric overall
ass transfer coefficient (KGa), and the number of mass transfer

nits (NTU). Fig. 2 illustrates a scheme followed to modeling. As, it
s well-known, the total height is the product of HTU and NTU, i.e.:

e
T = HTU × NTU =

∑
i

HTUi × NTUi (1a)

TUi = G

(KGa)iP
∴ NTUi = ln

(
yi−1

yi

)
(1b)

e
T = ze

1 + ze
2 + ze

3 + ze
4 = G

(KGa)1P
ln
(

yin

y1

)
+ G

(KGa)2P
ln
(

y1

y2

)
+ G

(KGa)3P
ln
(

y2

y3

)
+ G

(KGa)4P
ln
(

y3

yout

)

= G

(KGa)P

4∑
i=1

ln
(

yi−1

yi

)
ze

i < zi (2)

n Eqs. (1a) and (2) the partial heights (ze
i
) do not correspond to

eometrical or physical heights (zi), i.e., not all the physical space
etween spray headers is useful for mass transfer.

In this model, the volumetric overall mass transfer coefficient,
KGa), always keeps constant by assuming that each spray header
as the same number of nozzles and that every nozzle provides
he same slurry flow rate with the same droplet distribution size.
herefore, it is being assumed that droplets leaving the nozzles in
given spray header are ineffective in the zone corresponding to

he lower spray levels.
As shown Gerbec et al. [10], Warych et al. [11,12] and Zhong

t al. [13], by their models and experimental results, when the
ue gas flow rate is that of the design value, desulfurization effi-

iency increases exponentially with the increase of L/G ratio. Thus,
KGa) experimentally increases with L/G ratio but the simple model
bove described assumes the same value of (KGa) through the
ower. Therefore, the model could be improved if a fraction of slurry
roplets falling from the upper headers also contributes to the SO2
ing Journal 165 (2010) 426–439 429

removal when passing through the lower headers. Then, in Eq. (2):

(KGa)1 > (KGa)2 > (KGa)3 > (KGa)4

Thus, (KGa)4 is equivalent to the previous value of (KGa) in Eq. (2).
When a new spray level comes into service the height and the con-
tact area become higher. Between the upper spray header (SL4) and
the immediately inferior one (SL3) the contacting area will be lower
than below this, because the total area is now increased with the
area of the droplets from the upper header. However, not all the
droplets (and hence, the relative contact area) can be considered
as effective since they arrive to the just inferior partially saturated
of absorbed SO2. Furthermore, the enhancement factor of chemi-
cal absorption will be also lower, as explained later. Therefore, the
volumetric overall mass transfer coefficient’s increase will not be
twice from SL4 and SL3 but less.

Then, for each spray level the following equations can be
obtained (the derivation of these relationships is described in
Appendix A):

Spray level 1:

HTU × NTU = H1 × N1 = G

(KGa)1P
× ln

(
yin

y1

)
(3)

Spray level 2:

G

(KGa)′P
× ln

(
yin

y2

)
= GN1

(KGa)1P
×
(

1 + 1
˛1

)
+ G

(KGa)1P
×
(

�N2

˛1

)
(4)

Spray level 3:

G

(KGa)′′P
× ln

(
yin

y3

)
= GN1

(KGa)1P
×
(

1 + 1
˛1

+ 1
˛1˛2

)
+ G

(KGa)1P

×
(

�N2 + �N3

˛1˛2
+ �N2

˛1

)
(5)

Spray level 4:

G

(KGa)′′′P
× ln

(
yin

yout

)
= GN1

(KGa)1P
×
(

1 + 1
˛1

+ 1
˛1˛2

+ 1
˛1˛2˛3

)
+ G

(KGa)1P

×
(

�N2 + �N3 + �N4

˛1˛2˛3
+ �N2 + �N3

˛1˛2
+ �N2

˛1

)
(6)

Thus, it can be obtained the differential contribution of each
spray level with respect to the just inferior one:

SL1 (reference) :
GN1

(KGa)1P

SL2 − SL1 :
GN1

(KGa)1P
× 1

˛1
+ G

(KGa)1P
×
(

�N2

˛1

)

SL3 − SL2 :
GN1

(KGa)1P
× 1

˛1˛2
+ G

(KGa)1P
×
(

�N2 + �N3

˛1˛2

)

SL4 − SL3 :
GN1

(KGa)1P
× 1

˛1˛2˛3
+ G

(KGa)1P( )

× �N2 + �N3 + �N4

˛1˛2˛3

Two terms characterize these relationships, relative to the SL1
contribution (and lower spray levels if this is the case):
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1st term N1 value (number of mass transfer obtained in the first
spray level, when there are not other nozzles on ser-
vice), and (KGa) that increases in such a way that, when
spray level 2 comes into service then (KGa)′

1 = ˛1(KGa)1,
thus decreasing HTU (height of a transfer unit when the
first spray level is only on service). This is extrapolated
to the other cases: (KGa)′′

1 = ˛1˛2(KGa)1 and (KGa)′′′
1 =

˛1˛2˛3(KGa)1, relative to the just inferior spray level.
nd term (KGa)1 is kept constant as well as HTU, and the num-

ber of mass transfer units is increased as �N2/˛1,
(�N2 + �N3)/˛1˛2 and (�N2 + �N3 + �N4)/˛1˛2˛3, rel-
ative to the just inferior spray level, as SL2, SL3 and SL4
come progressively into service.

Now, the ˛i-coefficients can be related with N1 and �Ni, as well
s with primed (KGa) to (KGa) ratio. In effect, Eqs. (3)–(6) suggest
he use of a graphical representation as that illustrated in Fig. 3 that
llows to interpret how the model works. From this figure, which
epicts the results of the two first spray level when the second one
omes into service, some other useful relationships can be obtained
their derivation is described in Appendix B):

e
1 = GN1

(KGa)1P
∴ ze′

1 = GN1

˛1(KGa)1P
⇒ z1

e′ = ze
1

˛1
(7)

N2 = ln
(

y1

y2

)
− N1 (8)

1 = ln(y1/y2)
N1

= 1 + �N2

N1
(9)

(KGa)′

(KGa)′
1

= 1 + ˛1

2˛1
(10)

The primed variable refers to a modified value regarding with
hat obtained by the initial model. The subscript ‘0’ for the SO2

olar fraction in the gas phase refers to a value obtained by using
hat initial model.

In case of using more spray headers, the following expressions

re achieved:

Spray levels on-service: 1 + 2 + 3:

N3 = ln
(

y2

y3

)
− ln

(
y1

y2

)
(11)
ing Journal 165 (2010) 426–439

˛2 = 1 + �N3

N1 + �N2
(12)

(KGa)′′

(KGa)′′
1

= 1 + ˛1 + ˛1˛2

3˛1˛2
(13)

Spray levels on-service: 1 + 2 + 3 +4:

�N4 = ln
(

y3

yout

)
− ln

(
y2

y3

)
(14)

˛3 = 1 + �N4

N1 + �N2 + �N3
(15)

(KGa)′′′

(KGa)′′′
1

= 1 + ˛1 + ˛1˛2 + ˛1˛2˛3

4˛1˛2˛3
(16)

It can be observed that from measurable values (SO2 concentra-
tions at the outlet of each spray level) the parameters ˛i, �Ni and
primed (KGa) to (KGa) ratio may be determined.

The derivation of these expressions is obtained in a similar way
that for SL1 and SL2 (Appendix B). Fig. 4 depicts the meaning of
the modeling in a graphical way for all spray headers, where it
is exhibited the contribution of each spray header zone as more
spray header pumps come into service. This plot provides an illus-
trative global description of the model. Solid lines link the natural
logarithm (LN) of SO2 inlet concentration to LN of SO2 outlet con-
centration when several levels are on service and dashed lines show
the LN of SO2 concentration at intermediate locations for each spray
header. It can be observed how the slope of lines is proportional to
(KGa) of each spray level as well as the increase in the number of
mass transfer units as more spray levels come into service. Like-
wise, according to the model, some lines are parallel each other as
illustrated by small marks drawn on lines.

Therefore, it can be observed that the model provides the rela-
tive improvement achievable when the spray headers over the first
one come progressively into service with respect to the SO2 removal
in the WFGD unit operating only with the first spray header. There-
fore, the reference of the model is the number of mass unit transfer
when only the first spray header is on service, N1. Some pilot plant
tests or even full-scale tests could be also carried out in order to
approximate the N1-value. Anyway, it must be noted that the aim
of this study is to obtain the relative enhancement aforementioned,
so this is the main novelty.

Thus, the next step is to estimate the value for the parameters of
the model, i.e., ˛i and �Ni (and, hence, primed (KGa) to (KGa) ratio)
only depending on N1, so no measured SO2 concentrations would
have to be previously obtained. When the second spray level (SL2)
comes into service, it behaves like SL1 operating alone, but the liq-
uid leaving SL2 is partially saturated of SO2 when reaching the lower
spray level, so the available calcium is now lower. Consequently, the
residual slurry can go on absorbing SO2 but its absorption capac-
ity is reduced. This reduction can be quantified taking a basis of
1 (for a given calcium-to-sulfur ratio and a slurry pH) for SL1 or
the upper spray level on service, as a reference value of usefulness.
Thus, the effectiveness of the slurry from SL2 in the SL1 zone close
to nozzles, that contributes as �N2, is reduced by the desulfuriza-
tion efficiency achieved in SL2 (�SL2 ), i.e., the relative value will not
be 1 but (1 − �SL2 ). Therefore:

�N2

N1
= (1 − �SL2 ) =

(
1 − yin − y1

yin

)
= y1

yin
= e−N1 ⇒ �N2 (17)
�N2 = N1e−N1

Thus, according to Eq. (9):

˛1 = 1 + (1 − �SL2 ) = 1 + e−N1 (18)
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arks).

And, likewise, from Eq. (10):

(KGa)′

(KGa)′
1

= 1 + ˛1

2˛1
= 2 + e−N1

2(1 + e−N1 )
(19)

The procedure can be extended to the other parameters regard-
ng with the upper spray headers, and for absorbers with various
pray levels, the following general expressions could be used
Appendix C):
Nk = �Nk−1 exp

(
−
(

N1 +
k−1∑
i=2

�Ni

))

= N1e−N1 exp

⎛
⎝−

k−1∑
j=2

(
N1 +

j∑
i=2

�Ni

)⎞⎠ (k ≥ 3) (20)
mall marks on lines denote parallel lines each other depending on the number of

˛k = 1 +

e−N1 exp

⎛
⎝−

k∑
j=2

(
N1 +

j∑
i=2

�Ni

)⎞⎠

1 + e−N1 +
k−1∑
z=2

e−N1 exp

⎛
⎝−

z∑
j=2

(
N1 +

j∑
i=2

�Ni

)⎞⎠
(k ≥ 3) (21)

In fact and as previously anticipated, the estimation obtained
for ˛1, and hence for the other ˛i-coefficients, must be still lower
because the liquid alkalinity’s decrease and the sulfite concentra-
tion’s increase in the liquid as SO2 is absorbed lead to a reduction
of the enhancement factor (E) relative to chemical absorption. The

spray tower operates with high E only close to the nozzle, but
decreases very quickly due to pH drop, and hence the major part of
the absorber operates with E-values of 4–8. Brogren and Karlsson
[7] estimated an E-value around 15 for the first spray level. Since the
main difference between overall resistance close to nozzles from
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Table 1
Process conditions in the Spanish WFGD unit.

Description Values Units

Inlet SO2 concentration 1650 ppmv
◦

2.47 to 6.84 t/h.
Fig. 6 depicts the average SO2 concentration measured at the

absorber outlet (left ordinates axis) as well as the NTU (N1,
�N2, �N3 and �N4) values measured and calculated by model

Table 2
Results from one of the tests carried out in the Spanish WFGD unit.

Description Spray headers pumps on-service

1 1 + 2 1 + 2 + 3 1 + 2 + 3 + 4

Outlet SO2 concentration
(ppmv)

964 438 201 92
Fig. 5. Flow-

hat far enough from the header is just in the E-factor and besides
he gas-film resistance is quite low in the droplets zone just below
he first spray header [7], it is postulated a reduction factor (fr) to
pply to ˛i-coefficients of around 0.4 (6/15). On the other hand,
eVincentis [14] estimated the number of transfer units values of
–3 from full-scale data for SO2 absorption in limestone slurry, but
nly 0.5–1.0 of those transfer units are expected in a spray may be
ue to the spray itself [8]. Then, new limits of 0.5 and 0.3 for the
eduction factor are proposed for ˛i-coefficients, so the following
nterval can be used for ˛1:

1 + 0.3e−N1 , 1 + 0.5e−N1 ]

Anyway, the reduction factor for ˛i-coefficients has an empirical
ature so the proposed values for fr must be taken into account as
entative values.

Fig. 5 illustrates a simplified flow-chart where the input data
nd the output results of the model are shown.

. Model validation

The methodology suggested in this paper to carry out the tests
ecessary to verify the model in a power plant consists of keep-

ng constant the main operating parameters, except the number of
ecycle pumps, i.e., the inlet SO2 concentration as well as flue gas
ow-rate must be kept constant; the pH is set and controlled by
anipulating the limestone slurry flow-rate (once fixed limestone

oncentration or slurry density) and, thus, the limestone/gypsum
lurry flow-rate (and hence, the L/G ratio) is the variable manipu-
ated to achieve a wished SO2 removal. This operation mode may
e performed in any power plant, so the tests carried out may be
lanned as follows: first only the SL1 is on service and, by measuring
O2 concentrations at the inlet and outlet of the spray contactor,
1 is determined. Likewise, (KGa)1 may also be estimated by using
ass transfer correlations. Then, SL2 is on service so (KGa)′ can be

btained, and so on with the upper spray header, SL3 and SL4, thus
etermining (KGa)′′ and (KGa)′′′. All ˛i and �Ni are also obtained.
part from the SO2 concentration at the inlet and outlet of the unit,
ther data that should be recorded are the number of spray level
n service, the flue gas flow rate, the pH of the reaction/holding
ank, the temperature profile through the tower and the limestone
onsumption. Other parameters that usually are taken in a discon-
inuous way are the gypsum/limestone slurry density and fresh
imestone slurry density. The operating conditions during the test

ust have a steady behaviour through the time in which the test
s carried out, so it is necessary to close the control loops. This set
f tests should be mainly repeated for several pH set points and
ifferent boiler loads. Obviously, if the coal is changed the model
hould be re-calibrated.
Anyway, taking into account the relative characteristic of the
roposed model as referred to N1 and (KGa)1 when only SL1 is oper-
ting, the differences obtained operating under other values of pH,
oiler load and coal will not be likely too significant. The differences
ill be probably in N1 and (KGa)1 values for these cases.
Gas temperature at the absorber inlet 100 C
Holding tank pH 4.8 –
Flue gas flow rate 900000 Nm3/h
Limestone slurry density 1.28 kg/l

To validate the model of the spray absorber process, it is neces-
sary to have real data from operation of wet FGD unit. Experiments
can be performed in pilot plants but special care must be taken
since the scrubbers are narrower and the droplets after a very short
path may collide with the absorber wall beneath the nozzle. In full-
scale FGD scrubbers in coal-fired power plants only a small fraction
of the liquid feed collides with the wall. However, detailed infor-
mation about absorber design, flue gas flow rate and liquid-to-gas
ratio and other real operation parameters is lacking in many pub-
lications and real data from operation almost always are missing
thus making difficult to find enough data to validate modeling SO2
removal in full-scale WLFGD units. The model has been tested on
the basis of data taken from a full-scale WLFGD unit located in a
Spanish power station and from the literature.

In a power station located at the North of Spain, some tests have
been carried out in a spray column of 14.5 m of internal diameter
and almost 24 m of effective height. In this unit the liquid level
of the holding tank and the first spray level (SL1) are located at
9.5 and 15.8 m from the base, respectively. The other three nozzles
headers are spaced 1.35 m each other. The distance between the
gas entrance and SL1 is 3.5 m. The total number of nozzles is 464
distributed through four spray levels. Each nozzle has a capacity of
63.6 m3/h at 48.3 kPa, and the average drop diameter is 1.67 mm.

Table 1 shows the process conditions for one of the tests carried
out in the Spanish WFGD unit. Table 2 contains the results from
this test. It can be observed how by putting more spray headers
into service, the L/G ratio increase leads to higher desulfurization
efficiency. At the same time, the pressure drop increases from 27.3
to 56.7 mm w.c. and the limestone consumption also raises from
Pressure drop in the column
(mm w.c.)

27.3 35.9 46.7 56.7

Gas temperature at the
absorber outlet (◦C)

47.3 46.7 46.7 46.9

Limestone consumption (t/h) 2.47 3.75 4.91 6.84
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abscissas axis) by changing the gypsum/limestone slurry flow-
ate. It can be observed that, by selecting a reduction factor of
.5 for ˛i-coefficients, the modeled and full-scale data matches
ery well.

On the other hand, data from the 300-MWe power station in the

SA [15] have been used. In this plant, the SHU technology is tested,
here there is a first co-current section and a second counter-

urrent section. This latter consists of spray nozzles at three levels
o complete SO2 absorption, previously started in a co-current sec-
ion. This SHU configuration is not a problem for testing the model
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panish WFGD unit.

proposed in this paper since the two sections of the absorber are
disengaged with regard to the chemical absorption, and the same
configuration for the co-current section has been selected. In effect,
the data taken from this plant correspond to those obtained by
keeping constant the number of spray headers of the co-current
section on service as well as the other operating conditions. Dur-

ing the tests, the pH was 4.1 ± 0.1 despite changing SO2 removals
that occurred when test conditions were changed, thanks to the pH
control loop.

The test plan was designed to study the effect of recycle slurry
liquid-to-gas ratio (L/G) by varying the number of spray header
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ed depending upon which counter-current spray headers were in
se. Thus, Fig. 7 depicts a given case, where the plant was operat-

ng with the entire co-current absorption section on service. In this
gure, it can be observed the average SO2 outlet concentration as

ell as N1 and �Ni when header pumps on service are progres-
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very high. Values for a hypothetical new spray level just upper the
third one are extrapolated and given.

Gerbec et al. [10] verified their model using data from a
pilot plant located at Slovenian power plant, with a capacity of
17000 m3/h of flue gas, an absorber tower equipped with six levels

of nozzles, internal diameter of 1.3 m and useful height of 12 m. In
Figs. 8–10, a comparison of the model now proposed and the results
obtained by Gerbec et al at three pH values (5.0, 5.5 and 5.7) and
for the first four spray levels by changing the L/G ratio is shown,
including both the SO2 concentration and N1 and �Ni, under the
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of 0.3 for ˛i-coefficients, real data agrees well with the results from
the model. Note the small scale of the unit tested, so the model may
be also used for pilot plants.

From the available data, a possible error range of the model has
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fourth spray level is put on service the biggest model error is about
4 to 11% (from SL1 + SL2 + SL3 to SL1 + SL2 + SL3 + SL4). The biggest

"1+2+3" "1+2+3+4"

 on service

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

N
T

U
 (

N
1
,

N
2
,

N
3 

an
d

 
N

4
)

[SO2]_Model_reduction factor of 1.0 (no reduction)

[SO2]_Model_reduction factor of 0.3

[SO2]_Real Data

NTU_Model_Red Fact_1.0

NTU_Model_Red Fact_0.3

NTU_Real Data

Inlet SO2 concentration: 1000 ppm

N3 N4

uo et al. study [16].



4 gineer

t
t
3
t
m
i
c

5

b
a
o
u
i
t
c
g
e
l
t
o
I
H
i
e
s
c
o
t
p
S
m

l

z

I
w
i
f
e
e
p
l
r

d
i
t
t
fi
u
˛

H
t
c
a

36 F.J. Gutiérrez Ortiz / Chemical En

otal error for the SO2 removal efficiency from only SL1 on service
o all the four spray headers on service (SL1 + SL2 + SL3 + SL4) is about
–9%. If the best ˛1-value is taken from the cited ˛1-interval then
he error range is quite reduced and the upper range limit of the

odel error is about 6% although it is normally lower than 4%. Tak-
ng into account the simplicity of the model, these results may be
onsidered as reasonably good.

. Conclusions

A model of wet limestone flue gas desulfurization (WLFGD) has
een proposed to predict how much the SO2 removal increases
s more spray headers are on service in relation to the removal
btained when the unique spray level on service is the lowest one,
nder the same operating conditions: flue gas flow-rate, pH hold-

ng tank, inlet SO2 concentration, pressure and temperature inside
he absorber. Only the L/G ratio varies by manipulating the recy-
led slurry to the tower, and the control loops are closed. The model
ives a relationship between (KGa) and L/G ratio in such a way that
ach new upper spray header behaves as the just lower, and the
ower ones increase their partial efficiency, i.e., the number of mass
ransfer units. The model computes the gains in both the volumetric
verall mass transfer coefficient and the number of transfer units.
n order to explain the meaning of the model, the increase in both
TU and NTU is divided in two terms for each spray level that comes

nto service taking the just lower spray level contribution as a ref-
rence: the one that keeps constant the NTU value of the just lower
pray level and reduces HTU (increases KGa); the other one keeps
onstant HTU (and KGa) and increases NTU. Expressions have been
btained for each spray level, so multiplier factors, ˛i-coefficients,
he increase in NTU (�Ni) and primed (KGa) to (KGa) ratio are com-
uted. These parameters as well as the relative improvement of the
O2 removal can be obtained from only one datum: the number of
ass transfer units when only the first spray level is on service (N1).
The result is the following for a spray tower with four spray

evels:

e
T = ze

1 + ze
2 + ze

3 + ze
4 = G

P
× N1 × 1

(KGa)1

×
(

1 + 1
˛1

+ 1
˛1˛2

+ 1
˛1˛2˛3

)
+ G

(KGa)1P

×
(

�N2

˛1
+ �N2 + �N3

˛1˛2
+ �N2 + �N3 + �N4

˛1˛2˛3

)
n this equation, Ze

i
represents the zone effective for mass transfer,

hich is just the zone close to nozzle in each spray header. Thus, Ze
i

s lower than space between spray headers. Likewise, a reduction
actor for ˛i-coefficients that takes into account a decrease in the
nhancement factor is provided within an interval, but noting its
mpirical nature. It must be remarked the graphical chart (Fig. 4)
roposed that allows to summarize the contribution of each spray

evel and gives a realistic description of the model by plotting natu-
al logarithms of SO2 molar fraction versus spray levels on service.

To verify the model some full-scale data from power plants and
ata from the published literature have been used, by figures that

llustrate the SO2 concentration in the gas at the outlet of the spray
ower as well as the number of transfer units and its increase, versus
he spray levels on service (1, 1 + 2, 1 + 2 + 3, and 1 + 2 + 3 + 4). These
gures show that real data matches very well with modeled results,
sing different reduction factors within the provided interval for
i-coefficients.
It should be noted that one of the advantages of using NTU and
TU in modeling is that their values can be used to extrapolate

ests or operating data on a spray contactor to other systems or
onditions. The model can be used to evaluate data or changes in
n existing full-scale system as well as to evaluate proposed system
ing Journal 165 (2010) 426–439

designs and even as a pre-design tool in relation to the number of
spray levels on service under controlled operating conditions.

Appendix A.

In this annex, the derivations of the relationships obtained for
each spray header is described.

Spray level 1:

HTU × NTU = H1 × N1 = G

(KGa)1P
× ln

(
yin

y1

)
;

N1 = ln
(

yin

y1

)
Spray level 2:

G

(KGa)′P
× ln

(
yin

y2

)
= G

(KGa)′
1P

× ln

(
yin

y′
1

)
+ G

(KGa)2P
× ln

(
y′

1
y2

)

= G

(KGa)′
1P

×
[

ln
(

yin

y1

)
+ ln

(
y1

y′
1

)]

+ G

(KGa)1P
× ln

(
y′

1
y2

)

(KGa)′
1 > (KGa)1 = (KGa)2 ⇒ (KGa)′

1 = ˛1(KGa)1 ∴ ˛1 > 1

y′
1

y2
= yin

y1
∴ yin

y′
1

>
yin

y1
(y′

1 < y1)

�N2 = ln

(
y1

y′
1

)
,

G

(KGa)′P
× ln

(
yin

y2

)
= G

˛1(KGa)1P
[N1 + �N2] + G

(KGa)1P
× N1

= GN1

(KGa)1P
×
(

1 + 1
˛1

)
+ G

(KGa)1P
×
(

�N2

˛1

)
For the third and fourth spray levels, the same procedure is fol-

lowed to obtain the positive contribution of each new spray level
with respect to the just inferior and express it by two terms.

Spray level 3:

G

(KGa)′′P
× ln

(
yin

y3

)
= G

(KGa)′′
1P

× ln

(
yin

y′′
1

)
+ G

(KGa)′
2P

× ln

(
y′′

1
y′

2

)
+ G

(KGa)3P
× ln

(
y′

2
y3

)

yin

y′′
1

= yin

y1
× y1

y′
1

× y′
1

y′′
1

⇒ ln

(
yin

y′′
1

)
= N1 + �N2 + �N3 (y′′

1 < y′
1 < y1)

�N3 = ln

(
y′

1
y′′

1

)

y′′
1

y′
2

= yin

y′
1

= yin

y1
× y1

y′
1

⇒ ln

(
y′′

1
y′

2

)
= N1 + �N2

y′
2

y3
= y′

1
y2

= yin

y1
(KGa)3 = (KGa)2 = (KGa)1

(KGa)′
2 = (KGa)′

1 = ˛1(KGa)1 ∴ ˛1 > 1

(KGa)′′
1 = ˛2(KGa)′

1 = ˛2˛1(KGa)1 ∴ ˛2 > 1
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G

(KGa)′′P
× ln

(
yin

y3

)
= G

˛2˛1(KGa)1P
× [N1 + �N2 + �N3]

+ G

˛1(KGa)1P
× [N1 + �N2] + G

(KGa)1P
× N1

= GN1

(KGa)1P
×
(

1 + 1
˛1

+ 1
˛1˛2

)
+ G

(KGa)1P

×
(

�N2 + �N3

˛1˛2
+ �N2

˛1

)

Spray level 4:

G

(KGa)′′′P
× ln

(
yin

y4

)
= G

(KGa)′′′
1P

× ln

(
yin

y′′′
1

)
+ G

(KGa)′′
2P

× ln

(
y′′′

1
y′′

2

)
+ G

(KGa)′
3P

× ln

(
y′′

2
y′

3

)

+ G

(KGa)4P
× ln

(
y′

3
yout

)

yin

y′′′
1

= yin

y1
× y1

y′
1

× y′
1

y′′
1

× y′′
1

y′′′
1

⇒ ln

(
yin

y′′′
1

)
= N1 + �N2 + �N3 + �N4 (y′′′

1 < y′′
1 < y′

1 < y1)

N4 = ln

(
y′′

1
y′′′

1

)

y′′′
1

y′′
2

= yin

y′′
1

= yin

y1
× y1

y′
1

× y′
1

y′′
1

⇒ ln

(
y′′′

1
y′′

2

)
= N1 + �N2 + �N3

y′′
2

y′
3

= y′′
1

y′
2

= yin

y′
1

= yin

y1
× y1

y′
1

⇒ ln

(
y′′

2
y′

3

)
= N1 + �N2

y′
3

yout
= yin

y1

(KGa)4 = (KGa)3 = (KGa)2 = (KGa)1

(KGa)′
3 = (KGa)′

2 = (KGa)′
1 = ˛1(KGa)1 ∴ ˛1 > 1

(KGa)′′
2 = (KGa)′′

1 = ˛2(KGa)′
1 = ˛2˛1(KGa)1 ∴ ˛2 > 1

(KGa)′′′
1 = ˛3(KGa)′′

1 = ˛3˛2(KGa)′
1 = ˛3˛2˛1(KGa)1 ∴ ˛3 > 1

G

(KGa)′′′P
× ln

(
yin

yout

)
= G

˛3˛2˛1(KGa)1P
× [N1 + �N2 + �N3 + �N4]

+ G

˛2˛1(KGa)1P
× [N1 + �N2 + �N3] + G

˛1(KGa)1P

× [N1 + �N2] + G

(KGa)1P
× N1

G
(

yin
)

GN1
(

1 1 1
)

(KGa)′′′P
× ln

yout
=

(KGa)1P
× 1 +

˛1
+

˛1˛2
+

˛1˛2˛3

+ G

(KGa)1P
×
(

�N2 + �N3 + �N4

˛1˛2˛3

+ �N2 + �N3

˛1˛2
+ �N2

˛1

)
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Appendix B.

In this annex, the derivations of the relationships obtained from
Fig. 3 are described.

Spray levels: 1 + 2:

N1 + �N2

˛1(KGa)1
= N1

(KGa)1
= ln(yin/y11)

(KGa)′ ⇒ �N2 = N1(˛1 − 1)

ln y11 = ln yin + ln y2

2
⇒ y11 =

√
yin × y2

y1

y′
1

=
(

y20

y2

)
;

y1

y20
= yin

y1

�N2 = ln

(
y1

y′
1

)
= ln

(
y20

y2

)
= ln

(
y2

1/yin

y2

)

= ln
(

y1

y2

)
− ln

(
yin

y1

)
⇒ �N2 = ln

(
y1

y2

)
− N1

G

(KGa)′P
× ln

(
yin

y2

)
= G

(KGa)′P
× [2N1 + �N2]

= G

˛1(KGa)1P
[N1 + �N2] + G

(KGa)1P
× N1

= GN1

(KGa)1P
×
(

1 + 1
˛1

)
+ G

(KGa)1P
×
(

�N2

˛1

)

[2N1 + �N2]
(KGa)′ = [N1 + �N2]

˛1(KGa)1
+ N1

(KGa)1

(KGa)′

(KGa)1
= 2N1 + �N2

N1 + �N2

˛1
+ N1

= 2N1 + �N2

2N1

(KGa)′

(KGa)1
= N1(1 + ˛1)

2N1
= 1 + ˛1

2

(KGa)′
1

(KGa)1
= ˛1

⎫⎪⎬
⎪⎭⇒ (KGa)′

(KGa)′
1

= 1 + ˛1

2˛1

From Fig. 4 similar relationships are obtained when more spray
headers comes into service.

Spray levels: 1 + 2 + 3:

N1 + �N2 + �N3

˛1˛2
= N1; �N2 = N1(˛1 − 1) ⇒ �N3 = ˛1N1(˛2 − 1)

ln
(

y30

y3

)
= ln

(
y20

y′
2

)
= �N2 + (�N2 + �N3)

= ln
(

y1

y3

)
− 2 ln

(
yin

y1

)
= (∗)

(
y20

y30

)
=
(

y1

y20

)
; y30 = y2

20
y1

; y20 = y2
1

yin
⇒ y30 = (y4

1/y2
in

)

y1
= y3

1

y2
in

Thus

(∗) = ln
(

y1

y3

)
− 2 ln

(
yin

y1

)
= ln

(
y2

y3

)
+ ln

(
y1

y2

)
− 2N1
= 2 ln
(

y1

y2

)
− 2N1 + �N3 = 2�N2 + �N3

�N3 = ln
(

y2

y3

)
− ln

(
y1

y2

)
; ˛2 = 1 + �N3

N1 + �N2
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G

(KGa)′′P
× ln

(
yin

y3

)
= G

(KGa)′′P
× [(N1 + �N2 + �N3) + (N1 + �N2) + N1]

= G

(KGa)1P

[
N1 + �N2 + �N3

˛1˛2
+ N1 + �N2

˛1
+ N1

]

(KGa)′′

(KGa)1
= 3N1 + 2 �N2 + �N3

((N1 + �N2 + �N3)/˛1˛2) + ((N1 + �N2)/˛1) + N1

= 3N1 + 2 �N2 + �N3

3N1
= N1(3 + 2(˛1 − 1) + ˛1(˛2 − 1))

3N1

(KGa)′′

(KGa)1
= 1 + ˛1 + ˛1˛2

3

(KGa)′′
1

(KGa)1
= ˛1˛2

⎫⎪⎬
⎪⎭⇒ (KGa)′′

(KGa)′′
1

= 1 + ˛1 + ˛1˛2

3˛1˛2

Spray levels: 1 + 2 + 3 + 4:

N1 + �N2 + �N3 + �N4

˛1˛2˛3
= N1;

N2 = (˛1 − 1)N1; �N3 = ˛1(˛2 − 1)N1 ⇒ �N4 = ˛1˛2(˛3 − 1)N

n
(

y40

y4

)
= �N2 + (�N2 + �N3) + (�N2 + �N3 + �N4)

= 3 �N2 + 2 �N3 + �N4 = ln
(
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y4

)
− 3N1
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y40

)
=
(

y20

y30

)
⇒ y40 = y2

30
y20
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1/y4
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y2
1/yin

= y4
1

y3
in

n
(

y1

y4

)
− 3N1 = ln

(
y3

y4

)
+ ln

(
y1

y3

)
− 3N1

= 3 ln
(

y1

y2

)
− 3N1 + 2 ln

(
y2

y3

)
− 2 ln

(
y1

y2

)
+ �N4

= 3 �N2 + 2 �N3 + �N4

N4 = ln
(

y3

y4

)
− ln

(
y2

y3

)
; ˛3 = 1 + �N4

N1 + �N2 + �N3

G

(KGa)′′′P
× ln

(
yin

y3

)
= G

(KGa)′′′P
× [(N1 + �N2 + �N3 + �N4) + (N1 + �N2 + �N3)

[

+ (N1 + �N2) + N1] = G

(KGa)1P

N1 + �N2 + �N3 + �N4

˛1˛2˛3

+ N1 + �N2 + �N3

˛1˛2
+ N1 + �N2

˛1
+ N1

]

(KGa)′′′

(KGa)1
= 4N1 + 3 �N2 + 2 �N3 + �N4

4N1

= N1(4 + 3(˛1 − 1) + 2˛1(˛2 − 1) + ˛1˛2(˛3 − 1))
4N1
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(KGa)′′′

(KGa)1
= 1 + ˛1 + ˛1˛2 + ˛1˛2˛3

4

(KGa)′′′
1

(KGa)1
= ˛1˛2˛3

⎫⎪⎬
⎪⎭⇒ (KGa)′′′

(KGa)′′′
1

= 1 + ˛1 + ˛1˛2 + ˛1˛2˛3

4˛1˛2˛3

Appendix C.

In this annex, the procedure applied to obtain Eqs. (17)–(19) is
extended to the other parameters regarding with the upper spray
headers. Thus, when SL3 comes into service, the liquid from this
spray level is still capable of absorbing SO2 in the SL1 zone but
less than liquid coming from SL2. In effect, liquid from SL3 is more
saturated of SO2 than that from SL2, and now the relative value to
be considered is the following: (1 − �SL3 ) (1 − �SL2 ). Hence:

�N3

N1
=
(

1 − �SL3

)(
1 − �SL2

)
=
(

1 − y′
2 − yout

y′
2

)(
1 − y′′

1 − y′
2

y′′
1

)

=
(

1 − yin − y1

yin

)(
1 − yin − y′

1
yin

)
= y1

yin
× y′

1
yin

= e−N1 × y′
1

y1
× y1

yin
= e−N1 e−(N1+�N2)

˛2 = 1 + �N3

N1 + �N2
= 1 + �N3/N1

1 + (�N2/N1)
= 1 + e−N1 e−(N1+�N2)

1 + e−N1

(KGa)′′

(KGa)′′
1

= 1 + ˛1 + ˛1˛2

3˛1˛2

For SL4 the relative value will be (1 − �SL4 ) (1 − �SL3 ) (1 − �SL2 )
and the following expressions are obtained:

�N4
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=
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)(
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)(
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=
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(
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)(
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1
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1
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For absorbers with various spray levels, the following general
xpressions could be used:
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