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Abstract

The absorption of a gaseous species by a slurry droplet containing reactive and sparingly soluble microparticles is
numerically simulated. The problem studied is relevant to spray flue gas desulfurization systems and the objective of this
study was to elucidate the effect of the reactive solid particles on the parameters that determine the mass transfer
processes. Spherical droplets with internal circulation similar to Hill’s vortex flow were considered. Quasi-steady
conservation equations representing the absorbed and dissolved reactant species and equations representing the dis-
solution of particles were numerically solved using the droplet internal circulation streamline as a coordinate. Second-
order and instantaneous chemical reactions were both addressed. The results show that the reactant microparticles
enhance the absorption rate by increasing the gradient of the absorbed species beneath the droplet surface. The relative
effect of solid particles depends strongly on the droplet internal circulation and diminishes as stronger recirculation

occurs.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Flue gas desulfurization (FGD) is often achieved
using limestone slurry droplets in a spray or packed
tower [1]. In the former, water spray droplets saturated
with dissolved limestone and containing microparticles
of limestone, are sprayed into the flue gas. The presence
of the sparingly soluble limestone particles is believed to
enhance the absorption rate of sulfur dioxide. Most of
the published studies dealing with the basic FGD pro-
cesses have addressed gas absorption in bubbling slurry
reactors [2-9]. Furthermore, virtually all relevant models
are based on the Higbie’s penetration theory [1,2,10] or
Whitman’s film theory [11]. In these models, due to the
low diffusivity of the absorbed species and the fast
chemical reaction, the chemical reaction is believed to
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take place within a thin liquid film beneath the gas—
liquid interface (the reaction layer). The enhancement of
the absorption process by the reactant microparticles, it
has been argued [2,12], can be achieved when these
particles are much smaller in diameter than the thickness
of the aforementioned reaction film and occurs because
the dissolution of the particles distorts the concentration
profiles of the reacting species.

Published studies dealing with the spray FGD pro-
cess are relatively limited [10,11,13]. The chemistry of
the FGD in a droplet without internal circulation has
been studied in [13]. Mehra [10], also modeling a droplet
without internal circulation using Higbie’s penetration
theory, showed that the reactant particles in the reaction
film can undergo significant shrinkage and neglecting
this shrinkage can lead to over prediction of the ab-
sorption rate. Recognizing the significance of droplet
internal circulation, Muginstein et al. [11] recently
modeled a slurry droplet based on Whitman’s film the-
ory, assuming a uniform reaction film thickness and a
constant tangential liquid velocity equal to the droplet
surface velocity at its equator.
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Nomenclature

A Hill’s vortex strength (m~'s™!)

A absorbed species

Ap total solid particle surface area concentra-
tion (m™')

B solid (reactant) species

C reaction product species; concentration
(kmol/m?)

Cp drag coeflicient

D slurry droplet diameter (m)

D diffusivity (m?/s)

d, solid particle diameter (m)

h dimensionless coordinate scale factor

i mesh index for & coordinate

Jj mesh index for { coordinate

ky second-order reaction constant (m*/k mols)

koa second-order reaction constant for species A
(m3/kgs)

ko second-order reaction constant for species B
(m3/kgs)

K; mass transfer coefficient between solid par-
ticles and liquid (m/s)

M molecular mass number (kg/k mol)

Np particle number density in the slurry (m~3)

Pe Peclet number

R droplet radius (m)

r radial coordinate (m)

Reg droplet Reynolds number

s distance along particle path (m)

Sh Sherwood number

t time (s)

U dimensionless liquid velocity

u liquid velocity (m/s)

U surface velocity at droplet equator

Uem maximum surface velocity at droplet equa-
tor

u, reference velocity (= 2u,)

droplet’s terminal velocity (m/s)
volume fraction of solid particles
normalized mass fraction

mass fraction

mole fraction

coefficient in the chemical reaction

N ><€8=

Greek symbols

dimensionless parameter defined in Eq. (22)

parameter defined in Eq. (29)

thickness of the diffusion layer (m)

dimensionless parameter defined in Eq. (21)

dimensionless radial coordinate

thickness of the reaction layer (m)

dynamic viscosity (kg/ms)

kinematic viscosity (m?/s)

tangential coordinator in polar spherical

coordinates (R)

p density (kg/m?)

Qa, Qp dimensionless parameters defined in Egs.
(19) and (20)

TE=E NI NN

14 parameter defined in Eq. (24)
/2 stokes stream function (m?/s)
{ variable defined in Eq. (25)
Subscripts

A absorbed species

B reactive species

i gas-liquid interphase

L liquid

1 droplet lower hemisphere

P particle

] saturated with respect to dissolved species B
u droplet upper hemisphere
Superscript

* dimensionless

In this paper the gas absorption process in a spheri-
cal, non-oscillating slurry droplet that undergoes inter-
nal circulation is numerically simulated. The objective of
the reported study was to elucidate the details of the
mass transfer processes and examine the mechanism by
which the solid reactant particles may influence these
processes.

2. Physical system and assumptions

Although the chemistry of FGD is complicated
[13,14], it is often simplified by an instantaneous or
second-order chemical reaction between the absorbed

gas A and the dissolved, sparingly soluble reactive spe-
cies B according to [6,10,11]:

A + zB — Products ()

Fig. 1 is a schematic of a modeled droplet. Slurry
droplets are typically about 1 mm in diameter and
contain limestone particles typically a few um in dia-
meter. For such droplets undergoing free fall in flue gas,
Reg =~ 300-400. Droplets with sufficiently strong surface
tension remain approximately spherical and non-oscil-
lating within the latter range [15]. For spherical droplets
with creep flow (Reg < 1) the droplet internal circulation
follows the well-known Hadamart-Rybczinski solution
[16,17]. At higher Reg values, as long as the droplet re-
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Fig. 1. Schematic of the modeled system.

mains spherical and the internal circulation motion is
assumed inviscid [18], the following equation for Stokes’
stream function approximately applies to the droplet’s
inviscid core [18,19]:
1

Yo =547 (R —r*)sin’ 0 (2)
Eq. (2) is identical to the Hadamard-Rybczynski, if A is
found from:

Uso

A=—0 "
2R (/g + 1)

For Reg > 1 and in the absence of surface active con-
taminants, however [19]:

A=15u,R" 4)

3)

The droplet internal circulation configuration is quali-
tatively depicted in Fig. 1. The species concentration
profiles depicted represent infinitely fast reaction kinet-
ics and define the reaction and diffusion layers [2,12].
Absorption of species A takes place at the surface of the
droplet, while chemical reaction between A and B occurs
in the liquid phase. Species A and B evidently have to

diffuse in opposite directions, and for an infinitely fast
reaction the two species can not coexist anywhere. A
thin reaction layer and a wider diffusion layer thus form,
starting near the leading pole of the droplet and develop
along the droplet surface. The closed streamlines move
through the droplet internal wake after passing the vi-
cinity of the droplet rear pole. For the diffusion of a
single species without chemical reaction, based on di-
mensional analysis, an estimate of the diameter of the
droplet internal wake is RPe~'/# [20]. Mixing can be ex-
pected in the droplet interior wake and fresh liquid
would emerge at the vicinity of the droplet leading pole.
The droplet internal recirculation can thus lead to a
quasi-steady state process whereby the liquid in the
droplets near-surface streamlines undergo a cycle during
each circulation period. For an infinitely fast reactions
complete depletion of dissolved species B should occur
in the reaction layer. The small solid particles of species
B are expected to enhance the absorption process by
their slow dissolution, if they are small compared with
the thickness of the reaction layer, 4.

The following assumptions are made in accordance
with the above discussion:
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1. The slurry droplet is spherical and non-oscillating;
with an internal circulation similar to Hill’s vortex
flow.

2. Each solid particle in the droplet slurry moves along
the streamline of and with the same velocity as, its
surrounding liquid.

3. The gas-side mass transfer resistance associated with
the transfer of species A to the droplet is negligible in
comparison with the liquid-side resistance.

4. The droplet interior is saturated with respect to dis-
solved species B.

5. The chemical reaction between A and B is either infi-
nitely fast, or is second order.

6. The mass transfer process is quasi-steady.

7. The solid particles are spherical and are made of pure
species B.

Justification for assumption 1 has been provided in
the aforementioned discussion. Assumption 2 is appro-
priate in view of the small size of the particles and the
typically short droplet recirculation period that renders
Brownian dispersion of particles negligible. Assump-
tions 3-5 are also all reasonable. The sixth assumption is
also reasonable since the droplet recirculation period is
of the order D/u. and is therefore much shorter than the
order of magnitude of the characteristic time associated
with a significant change in the slurry droplet’s make-up.
The last assumption is a simplifying idealization.

3. Mathematical model

The mass conservation equation for species A and B,
both sparingly can be written as:

pLii - Vxa = p V.(DaVxa) — kaaplxaxs (5)
ppii - Vxg = p V- (Dpxp) — szpixAxB

+ andépLKs (xps — xB) (6)
where, due to the low solubility of either species in the
liquid:
kaa = ko /My (7)
ko = ka/Ma (8)

The microparticles undergo slow dissolution ac-
cording to:

ppti - Vdp = —2p; Ki(xps — xp) 9)

The boundary conditions are as follows. At the droplet
surfaces (Vaxg) "N =0 and x = xa;; where xa; repre-
sents the solubility of species A in the liquid corre-
sponding to the system temperature and the partial
pressure of A in the surrounding gas and N represents a
unit normal vector; xo = 0 and xg = xpg at the leading

pole on the droplet surface; and xg = xps deep inside the
droplet. Due to the very small size of particles, molec-
ular diffusion is the primary mechanism for mass
transfer between the solid particles and the liquid,
therefore:

Sh, = K.d, /Dy =2 (10)

The above equations can be normalized assuming that

Dj and Dg are constants, using u, :%ue as reference

velocity, d,, as the reference particle diameter and R as
the reference length scale everywhere else, to get:
U-V'Xy = 2P V' Xy — QuXa X (11)

[7 . V*XB = ZPEIEIV*ZXB - QBXAXB + F(l —XB) (12)

U-V'd = —B(1 - Xp) (13)
where

XA = xXa/XAi (14)
Xp = xp/xps (15)
d; = dy/d,, (16)
Peax = 2u;R/Dy (17)
Peg = 2u,R/Dg (18)
Qp = 21:—]]3:)635 (19)
0, = B, (20)
I = nNpRd2K /u; (21)
B = 2pLRKxps/ (pyurd,,) (22)

Surface-active contaminants can significantly reduce the
droplet internal recirculation [15,17,21]. In the absence
of surface-active contaminants, however, the droplet
surface velocity at its equator is related to the droplet’s
terminal velocity according to (see Eq. (4)):

Ue = Uem = %uﬁo (23)

The aforementioned dimensionless equations are now
cast in the (&,{,¢) coordinates, where ¢ = const
represents a closed internal circulation streamline and
[22,23]:

E=4n*(1 — ?)sin’ 0 (24)
n* cos* 0
(= 2 — 1 (25)
h: = 8ysin v/ A4 (26)
2 2
2n* 1) (27)

T 4n cos’ /A
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hy =nsinf (28)
A=(1—n)cos* 0+ (2n* — 1)’ sin’ 0 (29)
n=r/R (30)

It can also be shown that [22]:
1 2
(-rer - ne-[pa - -3¢ =0 o

In writing the species conservation equations, symmetry
with respect to ¢ is assumed. The species conservation
equations can then be represented as:

U(é,C)GXAf( 1 )2 {6(@%%)

he 00— \hehchy ) Pea |0E\ he 0E
6 héh(p 6XA
(i) a2
p&0axs (1 2 [0 [ hhy Xy
h: L \ hehchy ) Pey | 3¢\ h: OF
6 héh(p 6XB
a_C (h—{ a—c)] _QBXAXB
+ (1 - Xz) (33)

The particle mass conservation equation, furthermore,
gives:

U(¢, ) ddy
e Al —p(1 — Xg) (34)

0.95

Leading Stagnation
Poi :

-0.95

sul 05
uriace &

(a)

Center of Internal
Circulation Vortex

The dimensionless fluid velocity resulting from Egs. (2)
and (4) is [15]:

U(n,0) = %{(1 — i) cos? 0+ (1 —2i72)2sin® 01 (35)

The boundary conditions for Egs. (32)-(34) are as fol-
lows: At { =1, in the leading hemisphere (see Fig. 1):
dp* =1, Xo =0 and Xz = 1. At £ =0, representing the
droplet surface: Xy =1, 0X3/0& = 0. Deep inside the
droplet, represented by 1 <£<0: X, =0 and Xg = 1.
Finally, at (=1 in the trailing hemisphere,
0X4 /0 = 0Xp/0( = 0 is assumed.

4. Numerical solution method

Eqgs. (32)-(34) were numerically solved, using the fi-
nite-difference technique, in the pseudo-rectangle defined
by 0 < é < fmam 0 < C g Co,u and 0 < C < gotl’ where
Couw = 1lo1| =0.95 were assumed. The latter assumed
values correspond to 1.6°<6<178.4° on the droplet
surface. Based on scoping calculations, &, = 0.5 was
used and parametric calculations all indicated that the
latter value for &,,, was quite adequate. The computa-
tional domain is depicted in Fig. 2. A non-uniform mesh
size distribution was used and based on extensive con-
vergence tests, the number of mesh points were 1000 for
¢ and 1600 for { in all parametric calculations. Calcu-
lations showed that increasing the mesh numbers be-
yond the aforementioned values caused negligibly small
changes in the results. An outline of the nodalization

0.5

(b)

Fig. 2. Computation domain: (a) transformed (in &, { ) shape and (b) actual shape.
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scheme and the numerical solution method is provided
in the Appendix A.

5. Results and discussion

For parametric calculations the standard thermo-
physical and transport property values for CO,—
Ca(OH),, proposed and used by Mehra [10], were
applied. Accordingly, for all (default) parametric cal-
culations Cyx; =3 x 1072 kmol/m? and Cgs =9 x 1072
kmol/m® were assumed, leading to Xa; = 1.32 x 1073
and Xgs = 4.44 x 1073, Other default parameters were:
Do =D =2x 10" m?/s; k, =1 x 10> m3/kmols; and
pp = 1.5 x 10° kg/m?*. For the liquid, water properties at
300 K were used. The terminal velocity of the spray
droplet was calculated using the correlation of Lapple
[15] for drag coefficient:

1
> 3Cppg
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Cp = 24 [1 +0.125Re%"™] (37)
RQG

where Reg = u,D/vg and vg is the kinematic viscosity

of standard atmospheric air.

For a contaminant-free droplet unimpeded internal
circulation would lead to Eq. (23). Significantly reduced
droplet internal circulation may be expected in FGD
systems, however, and will be considered in the forth-
coming parametric calculations. The effect of the solid
reactant particles, furthermore, will be addressed by
parametrically varying w, the initial volume fraction of
particles in the slurry droplet.

Concentration profiles for a droplet 1 mm in dia-
meter, in free fall in gas and with internal circulation ten
times slower than that for a surface active-contaminant
free droplet (u. = ]—louc‘m), are displayed in Fig. 3, where a
second-order chemical reaction has been assumed. The
depicted concentration profiles in represent the radial
variations of the normalized mass fractions of species A
and B at azimuthal angles 0 = 45°, 90°, 135° and 178.4°,
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Fig. 3. Effect of solid particles on concentration profiles for the second-order reaction, with droplet recirculation 10 times slower than
that for an unimpeded recirculation: (a) 45°, (b) 90°, (c¢) 135° and (d) 178.4°.
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respectively (see Fig. 1). These figures also show the ef-
fect of the volume fraction of the solid particles (w) on
the concentration profiles. The solid particles were as-
sumed to be 2 um in diameter initially and uniformly
distributed in the liquid. The development of the reac-
tion layer (defined as the zone where X, > 0), and the
diffusion layer (defined as the zone where Xp < 1) along
the droplet surface and the influence of the reactant solid
particles on them, can be readily noticed. Due to the
finite reaction rate, the two reacting species coexist
virtually in the entire reaction layer thickness. The de-
velopment of the reaction and diffusion layers is
complicated due to the recirculation velocity. In the
droplet leading hemisphere, down to the droplet equa-
tor, these layers both grow in thickness as a result of the
diffusion process and more importantly due to the fa-
vorable circulation velocity effect which tends to expand
the streamlines (Fig. 3(a and b)). An opposite trend is
observed in the droplet southern hemisphere, however
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(Fig. 3(c and d)). These opposing circulation velocity
effects are due to the fact that the lateral distance be-
tween specific circulation streamline pairs increases as
the equator is approached and the opposite occurs when
the fluid moves away from the equator in the trailing
hemisphere.

The influence of particles is easily discernible in Fig.
3(a—d). The presence of solid particles evidently does not
cause a significant qualitative effect in the shapes of the
concentration profiles. The particles, however, tend to
reduce the thickness of both reaction and diffusion lay-
ers, leading to a steeper concentration gradient species
A, and hence an enhanced absorption rate. This effect of
the particles on the species A concentration gradient
grows in strength along the streamlines and is particu-
larly significant near the droplet trailing pole.

Concentration profiles and the effect of the solid
particle volume fraction on them, are depicted in Fig.
4(a—d) for an instantaneous chemical reaction (k, = o0).
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Fig. 4. Effect of solid particles on concentration profiles for an instantaneous reaction, with droplet recirculation 10 times slower than
that for an unimpeded recirculation: (a) 45°, (b) 90°, (¢) 135° and (d) 178.4°.
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Fig. 5. Effect of solid particles on concentration profiles for the second-order reaction, with unimpeded droplet recirculation: (a) 45 °,

(b) 90°, (c) 135° and (d) 178.4°.

The instantaneous chemical reaction renders the profiles
qualitatively different than those depicted in Fig. 3(a—d).
With k, — oo, the concentrations of both species vanish
at the edge of the reaction layer, as expected; the reac-
tion layer is everywhere significantly thinner than the
reaction layer with finite k; and hence significantly
higher concentration gradients of species A occur ev-
erywhere. The influence of the solid particles on the
concentration profiles and the reaction layer is similar to
those described for Fig. 3(a—d), however, and higher
volume fractions of the solid particle lead to thinner
reaction layer and higher species A concentration be-
neath the droplet surface.

The enhancing influence of particles on the absorp-
tion rate depends on the duration of the exposure time
of the liquid surface to the gas. A shorter exposure du-
ration would lead to smaller enhancement effect of the
solid particles and for extremely short exposure times
the effect of solid particles will be negligible [24]. Smaller
effects of solid particles on the concentration profiles

should thus be expected as stronger droplet internal
circulations are considered. Figs. 5 and 6 are similar to
Figs. 3 and 4, respectively, with the difference that the
droplet internal circulation in the simulations repre-
sented by Figs. 5 and 6 is assumed to be unimpeded,
whereby ue = tem = %uw Curves representing w = 0.01
are not displayed in the latter figures since they are
virtually indistinguishable from the curves representing
w =0.1. The concentration profiles are of course ev-
erywhere steeper in these figures than their counterparts
representing lower droplet recirculation, evidently as a
result of shorter exposure times in the former. The effect
of the reactant solid particles on the concentration
profiles and the reaction layer thickness, although
qualitatively similar to those discussed earlier (i.e.,
thinner reaction layers and steeper transferred species
concentration profiles due to solid particles), are small,
indicating that relatively insignificant absorption en-
hancement can be achieved by adding solid particles to
droplets with fast, unimpeded internal circulation.
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Fig. 6. Effect of solid particles on concentration profiles for an instantaneous reaction with unimpeded droplet recirculation: (a) 45°,

(b) 90°, (c) 135° and (d) 178.4°.

The dissolution of particles evidently leads to their
shrinkage. Mehra [10] has showed that, for a droplet
with no internal circulation, the solid particle size
change is important. Typical model-predicted particle
size variations are depicted in Fig. 7, where the varia-
tions of d,/dj, along the streamlines are shown, with d,,
representing the particle average diameter as it emerges
to the droplet surface near its leading pole. These results
indicate trends consistent with the concentration profiles
discussed earlier. The variations in particle diameter in a
single recirculation period are evidently very small,
however.

Using the numerical models described in this paper,
extensive parametric calculations have been performed
that examine the effect of various parameters, as well as
particle size variations, on droplet absorption rates. The
quasi-steady droplet mass transfer and reaction models
have also been utilized for the development of a tran-

sient model that accounts for the effect of time variation
of average solid particle diameter on the droplet ab-
sorption rates. These parametric results and the tran-
sient model are described in [25].

6. Concluding remarks

A numerical study aimed at the elucidation of the
effect of sparingly soluble reactant microparticles on the
absorption of a gaseous species by a slurry droplet un-
dergoing internal circulation was reported in this paper.
The problem studied is relevant to the spray FGD sys-
tems. Quasi-steady conservation equations governing
mass conservation of the absorbed and reactant species
and equations governing the shrinkage of solid particles
due to their partial dissolution, were numerically solved
using the coordinate system of Kronig and Brink [22].
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Fig. 7. Some calculated solid particle size variations over a
single droplet recirculation. The curves designated as inside
represent the streamline with & = 2.69 x 1073,

Calculations were performed for a droplet with unim-
peded internal circulation and a droplet for which the
internal recirculation was 10 times slower.

The simulation results indicated that a reaction layer
(where the absorbed species A is present, namely
Xa > 0) and a diffusion layer (where the reactant species
concentration is affected by the absorption process at
droplet surface, namely X < 1) are formed and devel-
oped along the droplet surface. The reactant solid par-
ticles enhance the absorption rate by reducing the
thickness of the reaction layer and increasing the con-
centration gradient of the transferred species beneath
the droplet surface. Stronger droplet internal circulation
reduces the effect of particles due to shorter droplet
surface exposure time, however.

Appendix A. Nodalization and numerical solution tech-
nique

The computational domain was divided into different
segments based on the concentration profiles and dif-
ferent mesh sizes were used in each segment. Along the
¢-direction, two thin strips were defined near the droplet
surface (typically defined according to 0< ¢ < 0.04167
and 0.04167 < € < 0.1, respectively), followed by a third
region represented by 0.1 < & < &,,. Structured meshes
were generated with uniform and very fine grids in the
two strips near the droplet surface. Typically 450 nodes
were used in the first (outermost) layer and 470 nodes
were used for the second layer. In the third thick region,
where concentration gradients are small, non-uniform
and gradually increasing grids toward the droplet inte-

rior were generated. Similarly, in the (-direction, the
northern hemisphere was divided into three zones, with
thinnest zone residing near the equator. Non-uniform in
(&,0), but roughly uniform meshes in (1, 0) coordinate
system, were generated in each of these regions, such
that the equatorial region had the finest grids. The
trailing hemisphere was the mirror image of the leading
one. The zones were typically defined as follows. The
first zone covered 0.95 = {;; <{ < 0.095 and had 133
grids. The second zone covered 0.095<{ < 5.0 x 1076
and had 333 nodes. The third zone covered
5.0 x 107°< ¢ < 0, and included 334 nodes. The sin-
gularity associated with the equator ({ = 0) was avoided
by putting the first node point nearest to the equator at a
very small distance from the equator (equal to 0.01 times
the distance between the next two consecutive nodes).
Very good numerical convergence was obtained by using
a total of 1000 grids in the ¢-direction and 1600 grids
(northern and southern hemispheres collectively) in the
{-direction.

The central-differencing technique was used and the
discretized equations were solved iteratively, using the
Line Gauss—Seidel (LGS) method. For a structured grid,
the coefficient matrix of the finite-difference equations is
banded and special line-by-line iterative techniques such
as LGS can be applied. LGS method involves solving
the equations representing all the nodes on a sweep line
simultaneously. The nodes on &= constant lines repre-
sented the sweep line for us. The finite-difference equa-
tions for each sweep line formed a tri-diagonal matrix
and were solved via a standard Tri-Diagonal Matrix
Algorithm (TDMA) solver. In the numerical solution,
starting from the leading edge of the solution domain
and marching along {, the equations in the sweep di-
rection (¢) were simultaneously solved for each { =
constant grid line, using values from the previous sweep
for the downwind nodes and values from the previous
iteration for the upwind nodes, until the trailing edge of
the solution domain was reached. The solution over the
entire solution domain would then be repeated and
continued until convergence was achieved. The criterion
for numerical convergence was a maximum change of
5x 1077 in the calculated concentrations. For the default
case, convergence was achieved with 236 iterations, al-
though for slower recirculation droplets it took more
than 1000 iterations.
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