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Abstract Dry scrubbing with lime slurry in a spray dryer [spray dryer absorber (SDA)] has been an important 
technology for flue gas desulfi~ization (FGD). Mathematical models based on the heat and mass balances are used 
to predict SO2 removal in the SDA as a function of ilfitial size distribution of slurry di-oplets. Since the existence 
of mois~re in the droplets appreciably enhances the SO~ removal, its removal efficiency depends on the rate of dry- 
ing as well as that of SO~ removal itself, both depending on droplet diameter. With the increase in the geometric 
standard deviation (GSD) of the initial droplet size distribution, the efficiency of SO 2 removal first increases and 
then decreases, showing a maximum at a certain value of GSD. Tiffs trend is altered by tile sorbent content of the 
droplets, expressed as stoichiometric ratio (SR). The decrease in SR makes the maximum move to higher GSD and re- 
duces the variation in the efficiency with respect to GSD. For SR<0.73, a minimum efficiency also appears, ahead of 
the maximum. Tile results are well ~,r by the spedfic rates of both drying and SO2 removal of the droplets. 
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INTRODUCTION 

In semi -@ FGD processes, the slurry droplets containing 
sorbent particles are sprayed to reactively absorb SO2 in flue 
gas while drying by sensible heat of the gas. Dry and spent 
sorbent particles are either disposed of or recovered. With- 
out a doubt, tile initial size distribution of tile droplets plays 
a very important role in the series of processes described above 
and consequently in SO2 removal [Kliugspor et al., 1983]. 

Although many types of spray have been developed, pro- 
ducing quite different size distribution of droplets, there have 
been very few studies on their size effect. Jozewicz and Ro- 
chelle [1984] calculated the time needed to evaporate 99 % of 
the polydisperse spray. They showed the time does not differ 
significantly from that needed for evaporating monodispel-se 
sprays for low values of standard deviation, but the time rises 
dramatically for a standard deviation (expressed in In o-a) larger 
than 1.0 (or o'a> 2.72). They also calculated SO2 removal as 
a fimction of the approach temperature to saturation for differ- 
ent lime stoictfiomeby, wtfich is defined as tile ratio of tile total 
moles of Ca(OH)2 to the moles of SO2 in the flue gas. All the 
results were obtained for the spray of a standard deviation (in 
o'a) of 1.56 (which can be converted to ~ 4.76, an uncom- 
monly large value) assuming an infinite rate of Ca(OH)2 disso- 
lution. At stoichiometry >1.5 the removal of S Q  was the same 
as predicted by a simple concurrent model without size distri- 
bution. At low stoichiometry and close approach to the satora- 
tion tenlperature, all of tile Ca(OH)2 was utilized. Their results 
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are, however, too qualitative and unrealistic to generalize and 
apply practically. 

In order to get a clear idea of the droplet size effect on the 
SDA performance, we quantitatively investigated the effect of 
polydispersity on the evaporation of water, removal efficiency 
of SO2, and thus sorbent utilization in SDA, modifying the pre- 
vious model [Jang et al., 1996]. 

FUNDAMENTAL EQUATIONS AND 
N U M E R I C A L  APP ROACH 
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In our model, tile sluily droplets containing Ca(OH)2 as sot- 
bent particles are sprayed in the top of the SDA and the flue 
gas consisting of nitrogen, water vapor and SO2 is introduced 
above tile spray. Since tile sprayed droplets injected radially 
lose their velocities in an extremely short period of time, the 
flow of both the gas and droplets is assumed concurrent and 
plug flow. We also assume there is neither circulation nor tem- 

pem~re distribution in a droplet and neglect heat loss across the 
SDA wall. Tile size disliibution funcgon of tile sprayed droplets, 
fide) is assumed lognormal, whose applicability has been proven: 

f (ln_ d~-ln_d~ l__!__exp (1) 
2(ln ff~): 

f(d~) 2J~-a (~ 

where fie is tile geometric standard deviation, ctd tile droplet 
diameter and cle tile geometric mean diameter of droplets. All 
tile assumptions above are tile same as those of Partridge, 
1987; Shih, 1989; Kolluri, 1991 and Yuan, 1990. 
1. Rate of SO: Removal 

The rate of SO: removal by di-oplets can be expressed as 
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[Kolluri, 1991]: 

m ~ -  1 1 t~d~Sa~ (2) 
- - +  q - -  

where Qc and Ca, are the concentrations of sorbent and SQ in 
liquid and gas phases, respectively, DI,, and Dz~ are the diffusion 
coefficients of SO2 and sorbent in the liquid phase, respective- 
ly ; H is the HerLry's law constant ; k ~, and k~, are the mass 
transfer coefficients of SO2 in liquid and gas phases, respective- 
ly ; S the hypothetical thickness of the liquid film sur-rounding 
the sorbent particle ; RL is the fraction of the sorbent ura-eact- 
ed in the sorbent particle and Np is the number of sorbent par- 
ticles in a droplet. Eq. (2) can be used only it" the moisture con- 
tent (X) of the droplet exceeds a certain value, X~, while for 
X < X~, the rate of SQ removal is calculated by gas-solid reac- 
tion, m, k,C~, where k~ is the constant of the gas-solid reac- 
tion. The threshold moisture content, X; is estimated by X~ = 
6.1*RH*X~ [Shih, 1989], where RH is the relative humidity of 
outlet flue gas and X~ is the equilibrium moisture content of the 
sorbent particle. 
2. Governing Equations 

The structure of the governing equations is almost unchang- 
ed compared with those appearing in our previous publica- 
tion [Jang et al., 1996]. The droplet-phase variables in the gas- 
phase balance equations are, however, expressed in the forms 
integrated with respect to the diameter of the droplets. 

The balance for the mass of  the sorbent Ca(OH)2 (m~) in 
a droplet with a diameter of de is : 

dr~(d~) .m0(d~) (3) 
dt i~ 

where i~ is the stoichiometric ratio of SO2 to Ca(OH)2 based 
on mass. 

The balance for the mass of  water (m~) in a droplet with 
a diameter of d e is : 

dm~(c!~) .m~(ctd) 
row(d9 (4) 

dt i~ 

where i~ is the stoichiometric ratio of SO2 to water based on 
mass, and nb is the &ying rate of water. The rate is expressed 
according to the types of drying-rate period~ respectively, as 
[Partridge, 1987] : 

m~(d~)=2~rC, d~D~ hll Y~w for constant drying-rate period(5) 
1-y,,~ 

m~(d~)=2~rC, d~D~ hl  y ~ X  X~ 
1-y,,~ X~.- X. 

for falling chying-rate period (6) 

where Ct is the total molar concentration of the gas phase, 
y ~  and y,,~ are the mole fractions of water vapor in bulk gas 
and at the surface of the droplet, respectively, and De~ is the 
diffi~sion coefficient of water vapor in the gas phase. The Wan- 

sition from the constant drying-rate period to the falling dry- 
ing-rate period occurs at the critical moisture content, Xc. 

The energy balance for a slurry droplet with a diameter of 
d~ consisting of sensible heat supply from the gas phase, latent 
and sensible heat consumption by water evaporation, and heat 
effect from dissolution of gaseous S Q  into the droplet, is : 

d[m~(d~) %'~(dDT~(d~)] m~.(d~)Ib +m~(d~)h= 
dt 

+~d~h,(G) [T~-TZG)] (7) 

where md, %d and Te are the mass, specific heat and teraper- 
ature of the droplet with a diameter of de, respectively, 1% and 
t~ are the specific enthalpies of water vapor and gas-phase 
SO2, respectively, ht the heat transfer coefficient in the gas 
phase, and T~ the gas temperature. 

The SO2 mass balance in the gas phase is: 

dxn~,~ dt N i c T i c ~  f(dd)ddd (8) 

where m~, is the mass flow rate of S Q  in the flue gas, N the 
total number flow rate of droplets (number of droplets/see) and 
the integral term represents the mean rate of SQ removal over 
the whole spectrum of droplet size. 

On the other hand, the humidity (Y~) balance in the flue 
gas gives: 

dH 
m ~  = Ni~nb(de)f(dd)dd d (9) 

where ma is the mass flow rate of dry flue gas. The integral 
term again represents the mean rate of drying over the whole 
spec~ama of droplet size. 

The energy balance equation in the gas phase, cansistiig of 
sensible heat supply out of the flue gas, and latent and sensible 
heat effects arising from water evaporation, is: 

d(m % T ) 
~-~t '~ ~ =NI=  [m~(d~)H~ /rddl~(dd)[T~ Td(dD] 

m~(dDH=]f(dD ddd (10) 

where rn~ and %~ are the flow rate and constant-pressure spec- 
ific heat of total gas, respectively. The right-hand side term 
also contains an integral form over the whole size spectrum. 
3. Numerical Scheme 

The whole spectlxnn of droplet size approximately in the 
range of in d~+3 in G is divided equally in logarithmic scale 
into 11 classes. For Eqs. (3), (4) and (7), each class of size has 
corresponding expressions to yield a total of 3• ordinary dig 
ferential equations. For Eqs. (8), (9) and (10) for the flue gas, 
the integral tenns in the right-trand side are calculated numeri- 
cally. All the equations are rewritten in terms of vertical dis- 
tance instead of time by the following relationship : 

dz 
d t = - -  (11) 

Ud(dd) 

where Ue is the &oplet velocity. As proved in ora- previous 
study [Jang et al., 1996], the droplet velocity is assumed equal 
to the gas velocity U~, which is recalculated at each iteration. 
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Fig. 2. Variation in droplet size distribution with respect to di- 
mensionless axial length, Z (SR=I.0, o'F2.0 ). 

The axial distance is then normalized by the total SDA length. 
The thirty-six ordinary differential equations are then solved 

by LSODE package, one of  the initial-value ODE solvers. The 
sorbent particles in our study are monodisperse and their size 
is fixed, as shown in Table 1. Their number in each droplet 
is proportional to its volume (d~) for the given SR. 

The SDA data used in this study are Partridge's baseline con- 
ditions, which have been quoted by many authors [Partridge, 
1987; Shih, 1989; Yuan, 1990]. Partridge's apparatus has a di- 
ameter of  2.13 m, a length of  2.5 m. Table 1 shows the base- 
line condition set up by Partridge. 

The initial droplet diameter shown in Table 1 is used as the 
geometric mean diameter dg. The geometric standard devia- 
tions range from 1.00001 (close to monodispersity) to 2.0. The 
variables in Table 1 are all set to their baseline values except 
the stoichiometric ratio (SR) which is the most significant vari- 
able for the SO2 removal [Jang et al., 1996]. SR varies from 
0.6 to 2.0. 

R E S U L T S  AND D I S C U S S I O N  

Fig. 1 shows the initial size distributions of  droplets for three 
different values of  GSD (a~). The geometric mean diameter of 
the droplets fixed at 82• 6m is the same as the diameter of  
monodisperse droplets (a~-l.0). For a~-l.2, the droplet size 
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Table 1. Baseline condition 

~ % : 1 . 2  

1.0 

g 

as 4= 

(10 = * ,  . . 
105 104 103 

dd ,  m 

Fig. l. Variation in droplet size distribution with respect to di- 
mensionless axial length, Z (SR=I.0, o'g=1.35). 
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Fig. 3. Effect of initial geometric standard deviation of droplet 
size distribution, ag on exit flue-gas humidity. 

ranges from 50• 6 m to 140• 6m, for az-l.4, from 30• 6 
m to 250• 6m, and for az-2.0, from 10• 6 m to 650• 6 
m. Figs. 2 and 3 show the axial distributions of the fraction of 
sulfur removal in the flue gas, as a parameter of  GSD, for SR-  
1.0 and SR-0.6, respectively. For monodisperse droplets, the vari- 
ations in both cease very close to the inlet, but the increase in 
GSD spreads out their variations further towards the SDA out- 
let. The figures also show that the fraction for SR-1.0 and az- 
1.35 exceeds that for monodisperse droplets around the middle 
of  the SDA while the fraction for SR-0.6 and az-l .80 does 
near the outlet of the SDA. The reasons why will be explained 
later. 
1. The Effect of  Size Distribution of Slurry Droplets on 
Their Drying 

Fig. 4 shows the variation in droplet size distribution along 
the SDA axis for the initial a~-1.35. Since, as shown in Eqs. 
(5) and (6), the rate of  drying per unit droplet is proportional 
to d~, the corresponding specific rate (rate per mass of  drop- 
let) is inversely proportional to d~. Therefore, the smaller the drop- 
lets, the earlier they dry up. As a result, along the axis, the size 
distribution of  the droplets becomes, in turn, skewed with long 
head (Z-0.01), symmetrical (lognormal) but broader than the 
initial one (Z-0.05), and skewed with long tail (Z-0.1, 0.5). 
Finally the lognormal distribution with the initial broadness is 
recovered (Z-1.0), as all the droplets dry up. In Fig. 5 for the 
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Fig. 4. Effect of initial geometric standard deviation of droplet 
size distribution, % on exit flue-gas temperature. 
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Fig. 5. Effect of initial geometric standard deviation of droplet 
size distribution on sulfur removal efficiency as a param- 
eter of SR. 

distribution of a~-2.0, similar trends are observed. However, the 
large droplets in the broadened distribution do not dry com- 
pletely even at the outlet and the distribution ends up with a 
long tail. 

Fig. 6 shows the effect of  droplet size distribution on the 
flue gas humidity at the SDA outlet, as a parameter of  SR. 
The distribution effect is hardly observed for the systems with 
~<1.4, where most droplets dry up within SDA. However, 
for ~>1.4, the humidity decreases appreciably with ~ due to 

the incomplete drying, as described above. For the systems 
with narrower distribution (a~<l.4), the increase in the sorbent 
mass (SR) slightly decreases the humidity since the sorbent 
needs more equilibrium moisture which cannot eventually eva- 
porate from the droplets. It is suggested that the effect is ob- 
scured for the systems with broader distribution, due to the 
incomplete drying. The effect of  size distribution on the flue 
gas temperature, shown in Fig. 7, is reversed, since the gas 
humidity increases at the expense of the sensible heat of  the 
gas. 
2. The Effect of Size Distribution on SO2 Removal Efficiency 

Fig. 8 shows the conversion of sorbent particles in each class 
of  droplets along the SDA axis for the system with SR-1 
and the initial ~-1 .35 .  As shown in Eq. (2), the rate of  SO2 
removal per unit droplet is proportional to d~r when the third 
term in the denominator in right-hand side (sorbent dissolution 
term) is neglected. I f  the term is dominant, the SO2 removal 
is proportional to d,~, since Nj, is proportional to d~;. The corre- 
sponding specific rates (rates per mass of  droplet) are, there- 
fore, inversely proportional to d,~ (n_< 1). Due to higher size-de- 
pendence of  drying (inversely proportional to d,2~) than SO2 re- 
moval, the drying of smaller droplets occurs much faster than 
their SO2 removal (thus, their sorbent conversion) does. As 
described in a previous paper [Jang et al., 1996], the SO2 re- 
moval is appreciable only for the droplets having free tools- 
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Fig. 6. Variation in sorbent conversion of droplets with differ- 

ent sizes along SDA axis (SR=I.0, GF1.35 ). 
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Fig. 8. Variation in sorbent conversion of droplets with differ- 
ent sizes along SDA axis (SR=I.0, o'71.35 ). 
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Fig. lO. Effect of initial geometric standard deviation of drop- 
let size distribution on sulfur removal efficiency as a 
parameter of SR. 

ture. Therefore, the smaller droplets have higher conversion 
as far as the moisture is retained in them, but their conver- 
sion is almost frozen as soon as their drying ends up. On the 
other hand, larger droplets retain moisture much longer than 
smaller ones and have more opportunity to enhance their con- 
version by the reaction with SO> As shown in the figure, the 
droplet size showing maximum conversion, therefore, moves 
to the larger one along the SDA axis and, at the outlet, the 
largest droplet has the highest conversion, since it has almost 
dried up (Fig. 4). Fig. 9 shows the results for %-2.0. Com- 
pared to Fig. 8, the conversions for the droplets in the lower 
part of  the broadened distribution are frozen at lower val- 
ues due to their increased drying rates. On the other hand, 
since the droplets in the upper part of  the distribution are not 
completely dried (Fig. 5), their conversions decrease with the di- 
ameter of  the droplets, as described above. Therefore, the larg- 
est droplets do not have the highest conversion even at the exit 
of  the SDA. 

The broadening effect of  the droplet size distribution on the 
overall SO2 removal efficiency, therefore, appears somewhat 
complicated. It depends on whether the loss of  SO2 removal 
capacity in the smaller droplets can be recovered by its gain 
in the larger droplets or not. Fig. 10 shows the effect of  size 
distribution on SO2 removal efficiency as a parameter of  SR. 
For SR>0.73, the efficiency increases with GSD (%) up to a 
maximum and then greatly decreases to a much lower value 
than the monodisperse (c~z-1) efficiency. For SR>I.0, the SO2 
removal efficiency ranges from 50 to 70 %. It is suggested 
that the slight broadening of the size distribution increases the 
time of  water retention in larger droplets, which leads to a 
greater chance for SO2 removal as a whole, and makes the 
gain in larger-sized droplets exceed the loss in lower-sized 
ones more and more. However, with further increase in %, 
the overall removal efficiency declines since the gain is sub- 
stantially reduced and cannot recover the loss due to the re- 
duction in the rate of SO2 removal, as described before (inverse- 
ly proportional to d,~, where n<l). 

With the reduction of sorbent content (SR), the GSD show- 
ing the maximum efficiency (c~ ma,) moves to a higher value. 
It is suggested that the decrease in SR reduces the rate of  SO2 
removal, due to the decrease in both the number (Nj,) and liq- 

uid-phase concentrations (Qc) of  sorbent particles [Eq. (2)], 
and makes the removal rate more controlled by sorbent dis- 
solution. Therefore, SO2 removal depends less on the droplet 
diameter, since n decreases from unity in the size dependence 
of  its specific rate, d,r As a result, for lower SR the decline 
of  the efficiency begins at higher GSD. Further reduction in 
SR below 0.73 shows a minimum efficiency at a certain value 
of %<% ...... This implies that such a small increase in broad- 
ness is not sumcient for the positive effect on the SO2 removal 
in the upper part of  the distribution to exceed the negative 
effect in the lower part, due to much lowered rate of  SO2 re- 
moval. This and the lowered dependence on the diameter make 
the efficiency variation with respect to GSD appreciably reduc- 
ed. For example, for SR-0.6, the SO2 removal efficiency de- 
creases up to o-~-1.2, then increases to a maximum at %-1.8 and 
finally decreases afterwards, and the efficiency varies only be- 
tween 46 and 53 %. 

C O N C L U S I O N  

We have numerically investigated the effect of  the droplet 
size distribution on the SO2 removal efficiency of  the spray 
dryer absorber (SDA). In general, the size distribution affects 
the efficiency through the variation in both the moisture-reten- 
tion ability and SO2 removal rate of  the droplets. 

1. The size distribution of  droplets becomes distorted and 
broader until their drying is completed. 

2. High polydispersity makes the exit gas humidity fall and 
the exit gas temperature rise. 

3. The droplets, which are about to dry up, have the highest 
conversion. The size of  the droplets with maximum conver- 
sion becomes larger along the SDA axis. 

4. The effect of  size distribution on SO2 removal efficiency 
becomes significant with the stoichiometric ratio of  sorbent to 
SO> For SR>0.73, the slight broadening in the distribution en- 
hances the SO2 removal efficiency, while a further increase in 
% significantly lowers the efficiency. The maximum efficiency 
moves to higher % with the reduction in SR. 

5. For SR<0.73, the droplet size distribution affects the re- 
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moval efficiency less, though showing both the minimum and 
maximum efficiencies with respect to the standard geometric 
deviation of droplet size distribution. 
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