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Abstract

Absorption of gaseous contaminants into liquid drops is a common method for pollution reduction from
waste gases. In several applications, the drops contain suspended solids, which dissolve and enhance gas
absorption. Most of the research published on this subject considers the absorption process by neglecting
the internal circulation inside the drop. The paper considers the effect of internal circulation on gas ab-
sorption in liquid drops. For this aim, a mathematical model based on the Whitman film theory, which also
accounts for solid dissolution, chemical reaction and molecular diffusion, is developed. The model indicates
that internal circulation cannot be neglected for Peclet numbers higher than 100. Under these conditions,
internal circulation enhances the mass transfer as compared to the stagnant drop model. The effect of
increasing the solids specific area and solubility becomes less important as the Peclet number increases.
Good agreement was found between the present model and experimental data from the literature. © 2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Gas absorption into drops containing soluble suspended solids has considerable importance in
different industrial applications. Spray towers are the most common devices for flue gas desul-
furization (FGD) applications in power stations. In this application, sulfur dioxide, SO,, and
other acidic components such as HCl and HF are absorbed into slurry drops containing limestone
(CaCO0s) particles. The limestone particles dissolve and provide alkaline species for neutralizing
the absorbed acidic components.

Ramachandran and Sharma (1969) formulated a mathematical model for gas absorption into
slurry containing soluble particles. In their work they defined the conditions under which the
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absorption and solid dissolution processes may be treated in parallel or series. The suggested
formulation considered instantaneous chemical reactions in the stagnant liquid phase. The results
show an enhancement in absorption rate when solids dissolution takes place together with dif-
fusion of the soluble components inside the slurry.

Bjerle et al. (1972) studied the influence of limestone dissolution on SO, absorption into
limestone slurry in a laminar-jet scrubber. The results were compared with calculations based on
the penetration theory (Danckwerts, 1970) of gas absorption into a quiescent liquid. They con-
cluded that limestone dissolution has no impact on the absorption rate. Those results may be
explained by the short contact time between the gas and the slurry in the laminar-jet scrubber.

Uchida et al. (1975) proposed to include the effect of limestone dissolution enhancement near
the gas-liquid interface into the Ramachandran and Sharma (1969) model. Their calculations
show an enhancement in the absorption rate as compared to that of the Ramachandran and
Sharma model.

Justification of this approach could be found in the work of Ukawa et al. (1993) on the dis-
solution process of limestone particles at different pH levels and particle sizes. Additional evidence
for the importance of solids dissolution near the gas-liquid interface can be found in the work of
Mehra (1996).

Sada et al. (1977), solved the mass balance equations assuming first-order reactions. Two so-
lutions were obtained, one for the case of constant dissolution rate, and the other for the enhanced
dissolution rate, in the gas-liquid interface discussed by Ramachandran and Sharma, and Uchida
et al. (19795), respectively. All the solutions were compared with experimental results of CO, and
SO, absorption in a well-stirred vessel containing slaked lime slurry, Ca(OH),. All the models
reported to date assumed that the liquid is stagnant, a fact that caused an underestimation of the
mass transfer rate from the gas into the liquid-phase.

In order to take into account the affect of liquid circulation inside the drop, one has to consider
the fluid dynamics of these phenomena. Hadamard (1911) and Rybczynski (1911) studied the
hydrodynamics of falling spherical drops in axisymmetric creeping flow (Re < 1). Happel and
Brenner (1965) summarized their basic assumptions and solutions.

A comprehensive numerical and experimental study was performed by LeClair et al. (1972) on
internal circulation inside pure water drops for Re < 1000. Their results show that the creeping
flow solution of Hadamard and Rybczynski underestimates the velocity of the liquid near the gas—
liquid interface, suggesting a lower internal circulation. Good agreement was found between their
numerical solution for drops with diameters below 1 mm and experimental results. The numerical
calculations show that when Re > 400 the liquid velocity near the gas-liquid interface approaches
a constant value.

Watada et al. (1970) and Wellek et al. (1970) obtained numerical solutions for mass transfer
with a first-order chemical reaction in spherical drops assuming the Hadamard and Rybczinski
creeping flow model. They concluded that the internal circulation does not affect gas absorption
for short contact times and high reaction rates.

Brogren and Karlsson (1997) developed a model based on penetration theory, to describe
absorption of SO, into falling drops containing CaCO; particles. The model includes both in-
stantaneous and finite rate chemical reactions. The liquid-side mass transfer coefficient was cor-
related with the degree of internal circulation, for different droplet locations in the spray tower.
Based on their calculations, it was concluded that solids dissolution enhances gas absorption only
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when the drop internal circulation and the slurry pH are low. Their results are similar to those of
Watada et al. (1970) and Wellek et al. (1970), showing that for high chemical reaction rates (high
limestone dissolution) internal circulation has a minor effect on absorption.

The majority of research published on gas absorption into drops containing solids assumes no
internal circulation, although, there is considerable evidence that internal circulation does exist.
This is especially true, during drop formation (Sherwood et al., 1975).

To study the effect of internal circulation on the absorption rate inside drops, we present a
mathematical model based on the Whitman film theory (Danckwerts, 1970), which takes into
account liquid flow near the gas-liquid interface, solid dissolution, chemical reaction and mo-
lecular diffusion.

Although the model was developed for drops, it can also be used to analyze absorption from
dispersed bubbles, due to the similarity of the physical conditions at the gas-liquid interface.

2. Mathematical model
2.1. Model description

The present model adds the effect of internal circulation inside the liquid drop to the stagnant
liquid model presented by Ramachandran and Sharma (1969). The circulation is accounted for
through the creeping flow solution of Hadamard and Rybczynski (Happel and Brenner, 1965).

The model which is based on the Whitman film theory (Danckwerts, 1970) is illustrated in
Fig. 1. In this model all the reactions between the dissolved species take place in a thin film on the
liquid side of the gas-liquid interface.
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Fig. 1. Mathematical model and boundary conditions.
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The figure also shows a magnification of the liquid film, which has a thickness 6. The con-
centration of the diffusing gas A at the gas-liquid interface — Cypq is constant. Inside the drop,
outside the liquid film the liquid is saturated with the dissolved solid B at a concentration Cgg. The
liquid film, in which the reaction takes place, contains suspended particles with diameters much
smaller than the thickness of the film.

The dissolved gaseous species A diffuses through the liquid film, and reacts with the dissolved
solid species B. The suspended solids in the film dissolve, providing a supply of B that reacts with
A, thus enhancing gas absorption and shifting the reaction plane towards the gas-liquid interface.

The problem is formulated under the following assumptions:

(a) The gas-side resistance to mass transfer is negligible, as compared to that of the liquid side.

(b) The chemical reaction in the liquid phase between the dissolved gas A and the dissolved sol-

id B is

A +B — Product (1)

(c) The reaction is instantaneous, resulting in a thin liquid layer of thickness J, which develops
near the gas-liquid interface. Hence, the problem may be formulated for this layer in a Carte-
sian system of coordinates.

(d) The solid particles are small and uniformly dispersed throughout the drop, including the
thin layer near the gas-liquid interface.

(e) The dissolution near the gas-liquid interface cannot be neglected. The condition for which
this assumption is valid is (Ramachandran and Sharma, 1969)

kA, D3
412 Dy

<1, 2)

where A4, 1s the specific solids area in the slurry, & the solids dissolution rate, k; the liquid mass
transfer coefficient in the absence of convection, chemical reaction or solid dissolution and D4 and
Dy are the molecular diffusivities of A and B, respectively.
(f) The reactant concentration in the liquid is low, and the viscosity, density and diffusion co-
efficients are constant.
(g) The velocity in the thin liquid layer near the gas—liquid interface was taken from the classical
creeping flow solution of Hadamard (1911) and Rybczynski (1911). For 1-2 mm spherical
drops the assumption of creeping flow, Re < 1, is not justified, and the solution of Hadamard
and Rybczynski underestimates the velocity of the liquid near the gas-liquid interface. On the
other hand, the solution of LeClair et al. (1972) overestimates the amount of circulation in our
case, because it does not accounts for the presence of suspended particles in the drop. The use
of the creeping flow solution assures results, which in our opinion are closer to reality.
(h) The velocity in the thin liquid layer near the gas-liquid interface is assumed constant at any
cross-section, see Levich (1962, pp. 404,405)

v, = const. = u. (3)

(i) In the present model, the convection velocity, u, is the liquid velocity at the drop equator
obtained from the Hadamard and Rybczynski solution. This velocity of the liquid does not
change with x within the thin liquid layer. Therefore, from the continuity equation, the velocity
in y-direction is zero (LeClair et al., 1972).
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(j) For high Peclet numbers, the diffusion boundary layer is very thin compared to the axial di-
mension (see Levich, 1962, pp. 80,81). Moreover, because of the fast chemical reaction near the
gas-liquid interface, the layer that develops near the droplet surface is even thinner. As a result,
the diffusion in the x-direction is negligible, compared to that in the y-direction,

o*C __ 9*C

— > . 4

0y? > Ox? (4)

2.2. Mathematical analysis

Taking into account the above assumptions we write the mass balance equations. These
equations describe the gas absorption process as one governed by gas diffusion in the liquid on
one side, and solid dissolution on the other, in the presence of lateral convection within a thin
layer near the drop surface. The rate of reaction between the absorbed gas and the dissolved solid
is assumed to be instantaneous. The convection velocity, u, is the lateral liquid velocity at the drop
equator obtained from the Hadamard and Rybczynski solution. The mass balance equations and
boundary conditions for the absorbed gas A and the dissolved solid B are formulated, respec-
tively, as

DAa;%—ksApCBs—uaa%:O, O<y<i, x>0,

b.c: Cyh=Cs at y=0, (5)
Ca=0 at y=4,
Ca=0 at x=0,

DBa;%JrkSAP(CBS—CB)—uaa%:O, A<y<o, x>0,

b.c: Cp=0Cps at y=20, (6)

Cg=0 aty:i,
CB:CBS at x =0.

The location of the reaction plane is denoted by A. As the reaction between the absorbed gas
and the dissolved solid is instantaneous, hence, the absorbed gas is restricted to the region
0 < y < A, while the dissolved solid exists only in region 4 < y < 0.

Eq. (5) for the absorbed gas applies to the region 0 < y < A. The first term in that equation
represents the diffusion rate of the gas. The second term gives the rate of gas disappearance, due to
the reaction with the solid, which dissolves at a rate k4,Cgs. The third term accounts for the
convection of A.

Eq. (6) for the dissolved solid applies to the region 4 < y < ¢. The first term in that equation
represents the diffusion rate of the dissolved solid. The second term gives the rate of dissolution of
the solid. The third term accounts for convection.To simplify the analysis, the drop is divided into
two regions as illustrated in Fig. 2:
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Fig. 2. Regions close to the drop surface where convection is important (2) and where it is not (1).

1. Region 1, where the velocity, and as a result, the convection is negligible.
2. Region 2, where the convection is important. In this region, the liquid velocity is assumed con-

stant.

Egs. (5) and (6) apply for both regions. In region 2 the velocity u is taken as constant, while in
region 1, u = 0. The equations were solved independently for each region, without matching at the
region boundaries. As region 1 is much smaller than region 2, this simplification is justified (see

Appendix A).

We now put the mass balance equations in dimensionless form by defining the following
dimensionless quantities:

= kAy (%)527 Ry = ksAyp 5
Da D
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The mass balance equations now become

oC
A _Ra=0, 0<j<§
ox

Cy

— Peg——+ Ryl —Cp) =0, ¢<y<l,
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In these equations, three dimensionless numbers, the Peclet number, Pe, and the dimensionless
reaction rates R,, Rp characterize the phenomena.
The Peclet number represents the ratio between convection and diffusion and is defined as
ud
Pe = — 10
e="7 (10)
where ¢ is the thickness of the thin liquid film near the gas-liquid interface, and u, is the lateral
velocity of the liquid inside this film. The liquid film thickness J, has been estimated using the
Whitman stagnant film theory (Danckwerts, 1970) as

D
o= (11)
Here, k is the liquid-side mass transfer coefficient in the absence of convection, chemical reaction
and solids dissolution, and is used for estimating the liquid film thickness only. Although this
coefficient depends generally on the hydrodynamics of the system, its effect is rather small, and
may be neglected in the estimate of § (Handlos and Baron, 1957).
Egs. (8) and (9) are now solved using eigenfunction expansions (Wyllie, 1995) to yield the
dimensionless concentrations of A and B, respectively.

Ca(x,7) = 1—E+1RAy +ZD sm( >exp<—<%)2§e>7 (12)

where
D, = (n% [Ra2(1— (~ 1))~ (7).
sinh ( /Rg(1 — ¥) 0 . nm .
e ()
xexp[ <R3+<1n_né>2> ;e (13)

where
2nm(—1)"""
R(1 - &) + (nm)*

Egs. (12) and (13) provide, respectively, the spatial concentration distribution of species A and B
inside the liquid film. Comparing the present two-dimensional solution with that for the one-
dimensional model of Ramachandran and Sharma (1969) and Uchida et al. (1975), we note that
our solution adds to theirs the x-dependence in the last terms of the right-hand-sides of Egs. (12)
and (13). These two terms account for the circulation inside the drop, expressing the contribution
of convection to gas absorption. The effect of circulation becomes more significant for higher
Peclet numbers, as can be concluded by viewing the rightmost terms of Eqs. (12) and (13). These

n =
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terms approach asymptotically to zero as Peclet number is lowered. Hence, for Pe — 0 Egs. (12)
and (13) simplify to the stagnant film solution of Ramachandran and Sharma (1969),

1
CA.stagnant (SC; J/) 1 - E + 2 RAy( é) (14)

sinh (v/Rs(1 - 7))
CBAstagnam(;CaJ;) =1- inh .
sinh (vRgp(1 — &))

The location of the reaction plane, £(x), is found from the equality of molar fluxes on both sides of
the reaction plane.

ACa| 0Cy

y=2 y=2

(15)

Eq. (16) is simplified by noting that at low curvature of the reaction plane we may write

Dp— =—Dp—| . 17
A 6_)/ y=2 ’ ay y=a ( )

Substitution of the obtained concentrations of A and B into Eq. (17) yields an expression for the
dimensionless location &(x) of the reaction plane

! CBS " Ry coth (VRy(1 - &)

RAE — RpE+

00 2 00
= (=1)"(nm/&)D, exp ( (m;)/j) i) ZD)i %;(Z (— )" E,(nm/1 - &)

n=1 n=1

X exp ( —RB + (n;/l — é>25€>>.

Eq. (18) is solved numerically for each x location, yielding the loci of the reaction plane, &(x),
along the drop circumference.

3. Results

We now compare the results of the present study with those of the stagnant film model of
Ramachandran and Sharma (1969) and their conditions:

Da =Dy =107 cm?/s, Cx =1-3x107 gmol/cm’, Cgs =3 x 107 g mol/cm’,
ks =1-2x 10" em/s, k =2-5x107 cm/s, A, = 3000 cm?/cm’.

3.1. Location of the reaction plane
Typical drops in a spray absorber have diameter in the range of 1000-2000 um. The falling

velocity U of these drops is in the range of U = 5-10 m/s. Therefore, using the Hadamard and
Rybczynski solution, we obtain
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u 1

= (1 -2 =5-10 . 19
U 1+:“1/:“g< r) o om/s (19)

For these conditions, the Peclet number is in the range of 1000-5000.

The location of the reaction plane is presented in Fig. 3 in terms of the dimensionless reaction
plane location, as a function of the dimensionless distance along the drop circumference for
different Peclet numbers. The case of Pe = 0 solved by Ramachandran and Sharma (1969) is also
presented for comparison.

We note that for the stagnant film solution of Ramachandran and Sharma (1969), Pe = 0, the
location of the reaction plane is constant and independent of the position on the drop. In the
present solution the higher the Peclet number the larger the deviation from the stagnant film
solution. We may, therefore, conclude that the convection terms in the mass balance equations
cause a shift of the reaction plane towards the gas-liquid interface. This shift is more drastic as
internal circulation increases, i.e., at high Peclet numbers. In particular, for conditions of our
data, with Peclet number is in the range of 1000-5000 deviation from the stagnant flow solution is
very significant. On the other hand, at lower Peclet numbers, say Pe < 100, the reaction plane
locus approaches the stagnant film reaction plane already after a ‘short’ distance from the drop
pole. Therefore, for these conditions the problem may be treated using the stagnant film solution
of Ramachandran and Sharma.

3.2. Local mass transfer rate

From the solution for the reaction plane loci, the local mass transfer rate, N, is obtained in the
following way:

Ny — —p, 1| _ _DaCui0Ca
W |0 o 0y

, (20)

y=0

and substituting § from Eq. (11) we obtain.

0.14
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0.1 —

Pe=5000_|

- Pe=1000 /\ ya /
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x/ 8

Fig. 3. Reaction plane loci vs dimensionless distance from stagnation region for various Peclet numbers.
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. oC oC
NA = kICAia—A = Aa—~A (21)
The dimensionless mass transfer rate is defined as,
- Ny  0Cy N
A NA 6)7 » O(X)v ( )
where the Sherwood number may be rewritten with the help of Eq. (11) as
ko k
Shs = — = —. 23
"D Kk (23)

Here & and N, are respectively the liquid side mass transfer coefficient and local mass transfer
rate, both without solids dissolution, chemical reaction and liquid convection. The mass transfer
coefficient and local mass transfer rate that account for these phenomena are k and Ny, re-
spectively. Viewing Eqgs. (22) and (23) one notes that the dimensionless mass transfer rate rep-
resented by the Sherwood number denotes the local enhancement in mass transfer relative to that
without liquid convection, solids dissolution and chemical reaction.

Fig. 4 shows the dimensionless local mass transfer along the drop perimeter, calculated for
different Peclet numbers.

Here again, the convection inside the liquid film enhances the local mass transfer rate as
compared to that of the stagnant film model. By analyzing the local mass transfer results, it is
clear that internal circulation enhances gas absorption.

3.3. Overall mass transfer rate

The calculation scheme of the overall mass transfer begins with a specific drop diameter d,,, and
velocity U. The lateral velocity u inside the drop near the gas-liquid interface is determined using

1000 e
T"m%m

100

Sh -k oD

10

1
0.001 0.01 0.1 1 10 100
X/ 6

Fig. 4. Local mass transfer rate vs dimensionless distance from stagnation region for various Peclet numbers.
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Eq. (19). The Peclet number is defined by the characteristic velocity # and the characteristic length
0. The regions in which the stagnant film model can be applied, and the region in which the
present model has to be used is defined by means of Eq. (32) in Appendix A. The location of the
reaction plane in each region is found by solving numerically Eq. (18). This equation is solved by
trial and error for any given x along the drop surface, while the local mass transfer rate is obtained
from Eq. (20). In the final step the overall mass transfer rate is calculated by numerical integration
of the local mass transfer along the drop surface, using Eq. (24).

N M,

My = / Sh(x) ds = MA _ ¢ (24)
Ma

where M, is the overall mass transfer rate using the present model, and M, is the overall mass

transfer rate in the absence of chemical reaction, solid dissolution and convection. As a result, the

overall dimensionless mass transfer rate represents the absorption enhancement due to these

effects.For our two-region model, Eq. (24) is rewritten as

x1 x2 x3
MA:2</ NAdx+/ NAdx+/ NAdx>. (25)
0 xl1 x2

The local mass transfer in region 1, of Fig. 2, is calculated using the one-dimensional model of
Ramachandran and Sharma, Pe = 0, while that in region 2 is calculated by the present model,
which accounts for convection.

The dimensionless overall mass transfer data, representing the overall enhancement factor,
are shown in Fig. 5, in terms of absorption enhancement relative to that without chemical
reaction and convection. From Fig. 5 we conclude that absorption enhancement exceeds that
in a stagnant drop when Pe > 100. At lower Peclet numbers, i.e., at lower circulating rates, the
reaction plane loci rapidly approach those calculated under the assumption of a stagnant
drop, as shown in Fig. 3. Hence, for this case the contribution of internal circulation may be
neglected.

20 /
ASS /
5 15
s Ramachandran & Sharma
g solution
g //

5 10
2
<
=
=
=
5
0.1 1 10 100 1000 10000

Peclet Number

Fig. 5. Overall enhancement factor vs Peclet number.
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3.4. Parametric investigation

The effect of particle specific area, 4, and its solubility, i.e., saturation concentration, Cgg, on
the absorption rate at different Peclet numbers were investigated.
Particle specific area, 4, is the surface area of the particles per unit volume of liquid, and is
given by
/4
Ap =—, (26)
pst
where W is the solids weight concentration in the slurry, p, their density and d; the particle average
diameter. For example, in absorption of acidic gas with a lime/limestone slurry

W =0.1-0.2 g solids/cm® slurry, d, =10"*-3x10* cm, p, =2 g/cm’,
and therefore,
4, = 1000-6000 cm*/cm’.

The solubility is also related to particle size, amount of turbulence in the liquid and chemical
composition of the liquid. In gas absorption systems, the solids solubility is ~10~> g mol/cm?. The
solubility may be drastically increased with addition of weak carbonic acids to the slurry. The
results of this investigation are shown in Figs. 6 and 7.

From these figures, we conclude that at high circulation rates, say Pe > 3000, increasing the
solid specific area or the solubility of the solids has little practical benefit.

4. Comparison with experimental data

The results of the present investigation were compared with the experimental results of Sada
et al. (1977), who studied SO, and CO, absorption into Ca(OH), slurry, using a well-stirred tank
as well as with the stagnant film model.

From the data in Sada et al. (1977), we estimate the average liquid velocity for a stirring at 100
rpm and tank radius of 5 cm as

18 : ,
< 16 4, =9000 cm %
5 1 .
< A,=6000 cm ///
<
£ 12 {——Stagnant-drop— —
= e o A,=3000 cm™ //,
£ 10 L
8
£ s == — 7/ |
=
=
A ¢ _ . <

4 | |

0.1 1 10 100 1000 10000

Peclet Number

Fig. 6. Overall enhancement factor vs Peclet number at different specific solids area.
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Fig. 7. Overall enhancement factor vs Peclet number for various solubility values of the solids.

"or2nrd 2 2 100
u_%_gwr—?nxﬁx&gﬂjcm/s, (27)

where w (s7!) is the stirring frequency, and r (cm) is the tank radius.

The Peclet number in the stirred tank was estimated using « in Eq. (27) as the characteristic
velocity, and ¢ in Eq. (11) as the characteristic length

_@_u 17.5

P -
=D Kk _ 0005

~ 3500. (28)
Fig. 8 shows the enhancement in absorption rate relative to that into a saturated liquid without
suspended solids and without convection, for the present model, that of the stagnant-film, and the
experiments of Sada. The enhancement factor is defined as

A~

M
:M’

where M’ is the overall mass transfer without solids dissolution and without convection.

¢’ (29)

3
2.5 Y

o 2
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215
E —
g 1 Lm— - .
é Ramachandran & 9 Experimental data
a 05 blarmamoﬂ%

0 |
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Fig. 8. Experimental and theoretical enhancement factors as a function of solids specific area.
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The figure shows that the stagnant-film model underestimates the actual absorption rate, while
the present model fits the experimental data quite well.

The fact that the liquid drop constitutes in the present model the disperse phase, while in the
experimental data the disperse phase is comprised of gas bubbles has no effect on the validity of
the comparison. In both cases, the absorbed gas dissolves and diffuses into a thin liquid film,
where it reacts with the dissolved solids. Therefore, in both cases it is the flow inside the liquid film
near the gas-liquid interface that affects the absorption rate.

5. Discussion and conclusions

Comparing absorption rates of the present model, with the experimental data from the liter-
ature, and with those of the stagnant-film model, we conclude:

e The effect of convection in the liquid film is to cause a shift of the reaction plane towards the

gas-liquid interface, resulting in an increased local mass transfer rate.

The present model does not take into account the convection of suspended solids from the drop

core to the gas-liquid interface during absorption. For long absorption times, this may affect

the validity of the calculated results, which are based on the assumption of a constant amount
of suspended solids inside the liquid film. At long absorption times, this assumption is not valid
any more, due to solids depletion.

Figs. 4 and 5 indicates that the influence of internal circulation on the absorption rate cannot be

neglected when Pe > 100.

From Figs. 5-8 it is clear that the ‘stagnant-film’ model underestimates the absorption rate.

Hence, we may conclude that liquid circulation, which exists near the gas-liquid interface,

enhances the absorption rate.

Gas absorption may be enhanced by increasing the solids specific area by grinding or

increasing the solids concentration in the slurry, or by adding a weak organic acid that

buffers the pH and increases the alkalinity in the scrubbing liquid (Rochelle and King,

1977). These activities affect strongly the overall cost of the scrubbing system. Therefore,

it is essential to carefully assess the real benefit of such activities. From our analysis, see

Figs. 6-8, we note that at high Peclet numbers, say Pe > 3000, there is little benefit in

increasing either the particle specific area or the solubility. At high Peclet numbers, the con-

vection of the soluble gas near the gas-liquid interface is the dominant factor in absorption.

Wellek et al. (1970) and Brogren and Karlsson (1997) came to similar conclusions in their

works.

e More research is required in order to obtain an accurate estimate of the degree of circulation
inside a drop with suspended solids, and the changes in the circulation with time as the drop
travels along the scrubber.

e In the present model, only instantancous reactions were considered, although it is well
known that in flue gas desulfurization (FGD) processes based on limestone or lime, some
of the reaction rates may be finite. The present model may be modified to account for finite
rate reactions, such as those considered by Brogren and Karlsson (1997) and Bronnikowska
and Dudzinski (1991). By doing this, more accurate results may be obtained.
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Appendix A

We assume that the liquid velocity in regions 1 is small as compared to region 2. This
assumption holds when the velocity ratio f§ is
< 1. (30)

Vo r—a Ux y—0

Substitution of the velocities from the Hadamard and Rybczynski solution yields,

1 -7
ﬁ:mcote.

Substituting y =1 —r

p=

2y
= . 1
B, o 4y_1c0t0 (31)

Near the gas-liquid interface we substitute y =2 §, therefore the limits of the stagnant region are
obtained by solving the following inequality:

p=

2
45_1c0t9<<1. (32)

A.1. Numerical example

For Dy = Dg = 107° cm?/s, k; = 0.002 cm/s, the numerical value of ¢ is found from Eq. (11)
as 0 = 0.005 cm. For d, = 0.1 cm and f < 0.1 the stagnant region as calculated from Eq. (32) is
confined to 0 < 0 < 6°, 174° < 0 < 180°, the corresponding numerical values of the arc length X,
as shown in Fig. 2 are x; = 0.8, x, = 31.2, X3 = 32.

From this numerical example, we conclude that the stagnant region holds about 7% of the total
drop circumference. Hence, it is much shorter than the convection region.

Trying values of f§ between 0 and 0.2 it was found that the overall mass transfer rate is not
affected strongly by the choice of 5. The results here refer to f = 0.1.
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