
spikes. Those wake spikes which did occur in the twedimensional 
bed occurred in bubbles with diameters which were of the same 
order as the thickness of the bed, and they were not truly two di- 
mensional. Of the 5,773 bubbles observed, a total of 9.8% was 
double bubbles, and 0.47% exhibited the jet spray mechanism. 

These double-bubble frequency data agree well with the results 
of Rowe and Partridge (1965), who reported that 11% of the bub- 
bles observed in their three-dimensional bed was coalescing. 
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NOTATION 

d = particle diameter $ = mean particle diameter 
DFs 
U = superficial gas velocity 
Urn, 

= bubble diameter at free surface of bed 

= superficial gas velocity at minimum fluidization 
Xi = (U/Urnf) - 1 

emf 
ps = particle density 

= voidage at minimum fluidization 
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Distributed Pore-Size Model for Sulfation of 
Limestone 

A model is proposed to study the reaction between a porous solid and a reactant 
gas resulting in solid and gaseous products. The model describes the reacting solid 
as a sphere made up of a distribution of randomly oriented open pores. The evo- 
lution of the pore-size distribution is followed by use of a population balance, using 
a combination ol the independent variables of time and location first presented 
by Dudukovic (1976). The macroscopic properties of the solid are obtained by in- 
tegrating over the pore size distribution. The results of the population balance are 
used with a mass balance on the reacting gas to obtain rate and conversion 
data. 

The results of the model are compared to experimental data obtained for the 
sulfation of limestone (Ulerich et al., 1977). Both rate vs. conversion as well as 
conversion vs. time plots are presented, which serve as a more strenuous test of the 
model than either type of plot alone. 
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SCOPE 

The distributed pore model is the first attempt to characterize 
the solid structure, in a gas/solid reaction undergoing pore 
closure, with a distribution of pore sizes instead of an average 
grain or pore size. This model accounts for four resistances to 
the overall reaction. These resistances include mass transfer 
across a mass transfer boundary layer, through the porous me- 

dium and through the solid product as well as surface reaction 
kinetics. The relative importance of the resistances depends on 
both the initial pore size and the extent of conversion. One 
feature of most previous models based on an average pore or 
grain size was a sudden cut off of the reaction at the point of 
pore closure. The experimental data do not show this type of 
behavior but the rate tends to gradually decrease as the outer 
layer is plugged. Hartman and Coughlin (1976) overcame this 
problem with their grain model by noting that a certain amount 0001-1541-83-4655-a3118-$2 00 Q The Amencan Institute of Chemical Engineers, 1983 
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of residual porosity associated with the largest pores remained 
after the bulk of the outer shell was plugged. By using this re- 
sidual porosity as an adjustable parameter they obtained a 
smooth decrease in the reaction rate up to the ultimate con- 
version. 

In this paper the results of the distributed poresize model are 

compared to the data of Ulerich et al. (1977) for the sulfation of 
calcined limestone. The model predicts a gradual decrease in 
the rate as reaction proceeds, as observed from the data. This 
gradual decrease comes directly from the assumptions of the 
model which follows the behavior of pores of all sizes without 
resorting to an artificial residual porosity. 

CONCLUSIONS AND SIGNIFICANCE 

By considering the solid as a porous medium with a distri- 
bution of sizes, the distributed pore model is able to eliminate 
one of the weaknesses of previous pore closure models. The 
existence of a small porosity associated with only the largest 
pores, observed by Hartman and Coughlin (1978), is predicted 
as a natural consequence of the models initial assumptions. 

The major limitation of the model is associated with its ne- 
glect of the existence of pore intersections as reaction proceeds. 
This does not seem to be a serious factor for conversions of less 
than 50% as observed in the limestone-SOz system studied in 
this paper, but it would become much more important for sys- 
tems where the ultimate conversion approached 100%. The 

model would tend to overpredict the local reaction rate near 
complete conversion. 

The model predictions are in excellent agreement with ex- 
perimental data of Ulerich et al. (1977) for local conversions less 
than 50%. The significance of the pore size distribution is il- 
lustrated by a comparison of three experiments performed on 
calcined limestone with different pore size distributions. The 
model shows that the differences in the kinetic behavior of these 
calcined limestones can be attributed to the different pore 
structures. It further shows these pore structures affect macro- 
scopic behavior of the reacting pellets. 

INTRODUCTION 

Early mathematical models to stimulate gas/solid, noncatalytic 
reactions involving solid products have included the sharp interface 
shrinking core models discussed in detail by Szekely et al. (1976). 
More advanced are the grain models presented by Szekely and 
Evans (1970,1971), Wen and Ishida (1973) and Calvelo and Smith 
(1971), and the pore models of Szekely and Evans (1970) and Chu 
(1972). These were the first models to incorporate structural 
properties of the solid as parameters of the model instead of in- 
corporating them into an empirical reaction rate constant. These 
models, however, do not incorporate changes in the structural 
properties with extent of reaction. Hartman and Coughlin (1976) 
noted that the porosity of limestone decreased with extent of re- 
action and incorporated this effect into a modified grain model. 
Georgakis, Chang, and Szekely (1979) extended this idea with their 
changing grain size model by noting that the loss of porosity must 
be due to increases in grain size with extent of reaction. Rama- 
chandran and Smith (1977a) and Chrostowski and Georgakis (1978) 
improved upon the single pore models by taking into account 
changes in the pore diameter with extent of reaction. Ramachan- 
dran and Smith (1977b) and Ranade and Harrison (1979) extended 
the grain model further to include the effects of sintering as reac- 
tion proceeds. Bhatia and Perlmutter (1980, 1981a, 1981b) have 
developed a random pore model which accounts for intersections 
among pores as well as changes in pore structure. 

All of the models mentioned above suffer from the drawback 
that they treat the solid structure as having an average grain or pore 
size. This is a limiting assumption in the models where the solid 
structure changes with extent of reaction. In general the evolution 
of an average pore or grain is not representative of the evolution 
of a distribution of pore or grain sizes. Reaction models that follow 
the evolution of a complete distribution of pore sizes with extent 
of reaction have been presented by Schechter and Gidley (1969), 
Hashimoto and Silveston (1973a, 1973b) and more recently by 
Simons and Finson (1979) and Simons (1979). These models are 
concerned with reactions such as coal gasification and limestone 
acidification where no solid product is deposited as the result of 
the reaction. Simons and Finson (1979) approximated the pore size 
distribution with a unimodal distribution to study gasification and 
Simons and Rawlins (1980) applied a similar technique to study 
initial rate data for the reactions of CaO(s) with H2S(g) and SOz(g). 

They did not, however, consider the effect of the solid product 
buildup on the surface of the pores. 

MODEL DESCRIPTION 

Consider the general irreversible reaction 

PiA(s) + P2C(g) + P3%) + PPk) 

and make the following assumptions. 
(1) The reacting solid A is a porous spherical pellet which 

maintains its structural integrity throughout the reaction; i.e., the 
outer radius of the pellet remains a constant. 

(2) The porous medium is made up of a distribution of open, 
interconnecting, cylindrical pores with a random distribution of 
orientations and locations. 

(3) The rate of reaction is slow enough that we may neglect any 
thermal gradients throughout the pellet. 

(4) The gas concentration depends only on time and radial po- 
sition in the pellet. 

(5) The net mass flux can be neglected, since the gas concen- 
tration is very small, or gases C and D are undergoing equimolar 
counter diffusion. 

(6) Changes in the solid structure occur slowly enough so that 
the pseudo steady state assumption for the gas concentration profile 
in the pellet is valid. 

The model considers four resistances to the overall chemical 
reaction rate: 

(1) Diffusion through a boundary layer surrounding the 
pellet. 

(2) Diffusion through the porous medium into the reacting 
spherical pellet. 

(3) Diffusion through the solid product layer deposited on the 
walls of the reacting pores. 

(4) First order surface reaction kinetics at the solid reactant/ 
product interface where the reacting gas contacts the solid reac- 
tant. 
The following discussion presents a mathematical deviation of the 
gas/solid noncatalytic reaction model considering the assumptions 
and resistances discussed above. Initially, we will be concerned with 
the structural changes that occur in a single cylindrical pore as 
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reaction proceeds. Then by use of a population balance on the 
entire pore-size distribution, the evolution of this distribution with 
respect to time and location in the pellet will be presented. Finally, 
by integrating over the pore-size distribution, the macroscopic 
properties necessary to obtain the pseudo steady state concentration 
profile in the pellet will be obtained, as well as other properties of 
interest. 

Chemical Reaction in a Single Pore 

Consider a single pore with initial radius r,. As reaction occurs, 
a product layer will form on the walls of the cylinder, creating new 
radii rl, at the solid-gas interface, and rz, at the solid-solid interface 
between reactant A and product B ,  as shown in Figure 1. Finally, 
assume that the total gas concentration c and pore radii do not vary 
significantly over the distance 1. 

Performing a mass balance in cylindrical coordinates for the 
gaseous reactant with concentration c,  in the product layer, dif- 
fusing through the product layer in the radial direction, the fol- 
lowing differential equation is obtained. 

Assuming the pseudo steady state assumption holds, and applying 
the following boundary conditions. 

i) 6irZrl = c 

dd 
ii) k d ~ ~ = , ~  = -Ds - 

dr I r=ra 

Eq. 1 can be solved to obtain the gas concentration at the reacting 
surface ( r2) .  

As reaction occurs the location of rl  and r2 will change. From 
the dependence of E(r2) on rl and r2, we can see that it also will 
change as a function of time. To determine the functionality of 
d(r2) with respect to time, it is first necessary to express r1 and r2 
as functions of time. 

The rate of change of the outer radius r2 is merely the product 
of the chemical reaction rate (kC(rz)), the molar volume VA of 
reactant A and the ratio of the stoichiometric coefficients ( P I /  

P2) .  
Combining this relationship with Eq. 2, an expression for the rate 

of change of r2 as a function of the gas reactant concentration is 
obtained. 

From the reaction stoichiometry and definitions of rl and r2 it can 
be shown that the three characteristic radii of the pore are related 
by Eq. 4. 

ant  

Product B 
Figure 1. Geometric changes in a short cylindrical pore due to chemical re- 
action forming a product with a different molar volume than that of the 

product. 

(4) 

where: 

Alpha is the effective ratio of the molar volumes of the solid product 
and reactant. 

Taking the derivative of Eq. 4 and combining the resulting 
equation with Eq. 3 yields an expression for the rate of change of 
rl  with respect to time holding ro constant. 

Equation 5 shows that the rate of change of 71 depends on both 
of the characteristic radii, r l  and r2, and the concentration of the 
gas reactant. But the gas reactant concentration is a function of both 
time and the pore location in the pellet. Thus, Eq. 5 is coupled to 
an overall mass balance of the pellet which is required to obtain 
c(R,t), where R represents the location of the pore in the pellet. 
Furthermore, the mass balance over the pellet depends on the 
characteristics of all pores, of all sizes at every location in the 
pellet. 

Equation 5 can be decoupled from the rest of the system by 
defining a new parameter 7 such that 

where c, is the gas concentration at the surface of the pellet ( R  = 
R,). Thus, T has the same value as time for the reaction under ki- 
netic control. This is the same transformation first done by Du- 
dukovic (1976) and he calls 7 the cumulative gas concentration. 
Differentiating Eq. 6 with respect to time and applying the chain 
rule to Eq. 5 we obtain an expression for the rate of change of rl 
with respect to 7. 

In Eq. 7 time and location are combined into one variable 7. In 
contrast, in Eqs. 3 and 5 the characteristic radii depend on time 
explicitly and on time and location implicitly because of the de- 
pendence of c(R,t).  Equation 7 may now be integrated as a func- 
tion of 7 without considering the functionality of c(R,t). 

Since both rl and r2 depend on 7, Eq. 7 can be combined with 
Eq. 4 to yield an expression for [dr1/&],, that depends on 7 and 
rl  only. Integrating this equation while holding r, constant and 
noting that r l  = r, when 7 = 0 yields 7 explicitly as a function of 
r l  and ro.  

where 

(P1/P2)vAco(ff - 1) (9) 

Equation 8 is an analytical expression which relates to rl and ro. 
Thus if the gas concentration history in the vicinity of a pore of 
initial radius r, is known, the inner radius r l  can be obtained from 
Eq. 8 and the outer radius r2 can be obtained by using Eq. 4. This 
significantly reduces the numerical effort required to solve the 
model. 

The use of rl as the dependent variable is advantageous for all 
cases where a > 1 because it becomes zero when the pore is 
plugged and therefore nonreactive. However, this choice causes 
some problems when a! = 1. For that case rl  will not change with 
the extent of reaction and Eq. 9 yields indeterminate results. We 
feel, however, that the benefit of using rl as the dependent variable 
outweighs the disadvantage associated with the unique case where 
rl is not a function of conversion. 
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Evolution of Pore-Size Distribution 

In the spherical pellet, there exists a distribution of pores which 
intersect the surface of the shell located at R. The distribution is 
defined by a distribution function vl(r l ,R, t )drl ,  which is the 
number of pores with sizes between rl  and rl + drl intersecting 
a unit surface at R. It is assumed that the pores are randomly ori- 
ented in the porous matrix independent of size r l  and that the av- 
erage length (I) of the pores is small with respect to the radius of 
the pellet. 

Performing a population balance over the pore size distribution 
generates the following partial differential equation. 

(10) 
where (a$/&) represents the net rate of the net fractional increase 
in the number of pores due to pore intersections. 

By employing the chain rule, we can transform Eq. 10 from an 
equation in time to an equation in the variable T .  

where 

El = ( h / b T )  (12) 

The use of the variable T generates the decoupled Eq. 11 from Eq. 
10 just as Eq. 7 was generated from Eq. 5. 

Only in a few cases can analytical solutions to this type of 
equation be obtained. Previous authors have succeeded in solving 
for the moments of the distribution ql as a function of time, and 
using these moments to calculate the required macroscopic prop- 
erties. This requires a fairly simple form for the reaction term El. 
As can be seen from Eq. 7 this term is not a simple function for the 
case under consideration. Therefore, a numerical solution is re- 
quired. 

There are no mechanisms by which two pores may interact to 
produce a new single pore in a reaction system where a solid 
product is formed. However, pores may be destroyed or partially 
destroyed via two possible mechanisms. When the inner radius of 
a pore ( r l )  reaches zero, a pore no longer exists. When two pores 
are close enough that their outer radii (r2) at the reaction front 
overlap, part of the surface available for reaction to both pores is 
eliminated. The former mechanism can be handled easily whereas 
the second mechanism requires a more extensive analysis. In this 
paper we will only consider the loss of pores due to plugging, and 
will not include the effect of intersections. 

A plugged pore contributes nothing to the diffusivity, reactivity, 
porosity, or any other macroscopic property of the porous medium. 
It makes no difference if these pores are counted or not. If all pores 
with radii of zero that initially had some finite radius r, are 
counted, then the total number of pores in this reaction process is 
conserved and b$ /d t  = 0. Thus we can say in the absence of pore 
intersections. 

This greatly simplifies solution of the population balance. The 
required initial and boundary conditions can be obtained from the 
initial pore size distribution. 

Chemical Reaction in Porous Medium 

By integrating over the properties of the individual pores mul- 
tiplied by the pore size distribution function q l ( r 1 , ~ )  the macro- 
scopic properties of the porous matrix can be determined. Thus the 
void area per unit area $ is 

\1/ = Am TG mdrl (14) 

Petersen (1957) and Schechter and Gidley (1969) have shown that 
for randomly oriented pores the void area per unit area is equal to 
the void volume per unit volume, and thus the porosity E is 

(15) 

This relationship is very important, and can be used in conjunction 
with mercury porosimetry to experimentally determine the initial 
form of 91. All other macroscopic properties that are required may 
be determined in a similar manner by integrating over the prop- 
erties of the individual pores. 

Performing a mass balance on reactant gas C undergoing dif- 
fusion and chemical reaction in a spherical porous pellet yields 

E = 1- H r f  vldrl 

R2D,- = K,c --[ R2 bR GI 
where 

A detailed derivation of this mass balance is presented by Christ- 
man (1981). Equation 17 is of the same form derived by Johnson 
and Stewart (1965) for diffusion in catalyst pellets. 

For systems involving diffusion and chemical reaction in a po- 
rous catalyst pellet it is assumed that the diffusivity is not a function 
of R, and it is combined with the reaction term to define a Thiele 
modulus. This generates a differential equation that can be solved 
analytically for the concentration profile. In Eq. 16, however, D, 
is a function of both time and location because it depends on the 
pore-size distribution v l ( R , t ) .  Similarly, K, depends on time and 
location through its dependence on vI(r , t ) .  Thus, Eq. 16 must be 
solved numerically for each time to determine the pseudo 
steady-state concentration profile. By applying the following 
boundary conditions, Eq. 16 can be solved to obtain the gas con- 
centration profile in the pellet. 

dc 
dR 

i ) R = O  - = O  

i i )  R = R, be 2) = kg(co - c) 

where kg = mass transfer coefficient. 
The first boundary condition exploits the symmetry of the model 

system. The second merely states that the rate of diffusion to the 
outer surface of the pellet is equal to the rate of diffusion into the 
pellet. 

The properties determined so far are sufficient to build a self- 
consistent numerical model of the reaction system of interest. There 
are, however, two other macroscopic properties that are of interest, 
the fractional conversion of reactant A to product B and the rate 
of reaction or rate of change of conversion. 

It can be shown that the conversion can be expressed as a func- 
tion of the porosity, the initial porosity and alpha (a # 1) as 

Since E(R,t) can be determined directly from Eq. 15, Eq. 22 
serves as a convenient way to determine the conversion without 
integrating over the pore-size distribution. 

The rate of change of conversion with time can be obtained di- 
rectly from the equivalent reactivity Ke.  From the definition of 
K, in Eq. 31, it can be shown that the rate of consumption of gas 
C per unit volume of the porous medium is the equivalent reac- 
tivity times the gas concentration (K,c). From the stoichiometry 
of the reaction and the definition of conversion the rate of change 
of conversion for pure reactant A can be shown to be 
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(23) 
0.6 r 

E-0-19 

The fact that the conversion and the rate of change of conversion 
can be calculated independently of each other provides a check 
on the numerical methods used. 

In addition to determining values of local properties (at each grid 
point), the values of overall properties, which are more easily 
measured, are also determined. These values, such as the overall 
porosity, conversion, and overall reaction rate, are determined by 
a volume-weighted integration over the local property of in- 
terest. 

NUMERICAL SOLUTION TECHNIQUE 

The model, as described above can be solved numerically. This 
requires four basic steps. 

1. Solution of the evolution equation to determine how the pore 
size distribution varies as a function of T. 

2. Determination of the macroscopic properties (DerKere) as 
a function of 7. 

3. Solution of the mass balance to determine the pseudo- 
steady-state concentration profile of the reacting gas. 

4. Integration of the local macroscopic properties over the entire 
pellet to obtain the observed conversion and reaction rate for the 
pellet. 

The first step is accomplished by choosing specific values of ro 
and r1 and generating values of 7 from Eq. 8. This information may 
then be used in tabular form to determine rl  as a function of r, and 
T .  A cubic spline is used to interpolate values of 71 between values 
that are tabulated. This allows Eq. 13 to be solved to determine 
qI(r1,7), using the initial distribution qo(ro,O) determined from the 
measured pore-size distribution. 

The macroscopic properties (De,Ke ,e)  are determined by inte- 
grating Eqs. 17, 18 and 15, respectively, at various values of T 
where q(r1.7) is known. All of these integrations are carried out 
using Gauss-Lengendre quadrature. These values are then tabu- 
lated as a function of 7. A cubic spline is then fit through the tab- 
ulated values for purposes of interpolation. 

Equation 16 is solved to determine the pseudosteady-state gas 
concentration profile. This is done using a 50 point centered space 
finite differencing scheme and solving the resultant tridiagonal 
matrix. Initially it is assumed that the gas concentration c ( R )  is 
constant at each grid point over the small time step (At). Then A7 
is determined at each point from Eq. 6. Next the macroscopic 
properties are determined from their dependence on T. Then Eq. 
16 is solved again to determine the gas concentration at the end of 
the time step using the updated macroscopic properties. An 
updated value of AT is then determined by applying the trape- 
zoidal rule to Eq. 6. This procedure is continued until there is no 
significant change in the local reaction rate (Kec) at any grid point. 
This variable was chosen because it is sensitive to changes in both 
the concentration profile and the extent of conversion in the porous 
matrix. 

After each time step is completed, the overall conversion and 
overall change in conversion with time is determined by repeated 
use of Simpson's Integration formula. Then a new time step is in- 
itiated using the updated values of 7 and the macroscopic prop- 
erties. This implicit method is continued until the desired reaction 
time is reached. 

RESULTS 

Ulerich et al. (1977) have obtained data for the sulfation of cal- 
cined limestone in a thermogravimetric analyzer (TGA). The 
calcination was performed prior to the sulfation in a laboratory- 
scale fluidized bed. The sulfation reaction is shown below: 

CaOM + SOz(g) + '/z 02(g) - CaSOds) 

The sulfation experiments were carried out at 815°C on pre- 
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Figure :2. Pore-size distributions for calcined linestones. E-0-7, Loweilviile, 
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calcinated samples with known pore-size distributions. The sulfur 
dioxide concentration was maintained at a low level and the oxygen 
was kept in large excess. Under these conditions the sulfation can 
be easily described as a special case of the distributed pore-size 
model, where there is no product gas. 

Experiments E-0-7, E-0-14 and E-0-19 were chosen for com- 
parison with the predictions of the distributed pore-size model. The 
pore-size distributions of the calcined limestones measured by 
Ulerich et al. (1977) during these three experiments are presented 
in Figure 2. These distributions vary significantly over the three 
experiments. A comparison of E-0-7 and E-0-19 shows that the 
same limestone can produce a different pcre size distribution, 
depending on the calcination conditions. From mineral analysis 
it was determined that Lowellville is very high in calcium whereas 
Greer has a significant amount of silica as an impurity. 

Model Parameters 

In Table 1 the parameters which did not vary among the three 
experiments are presented. These include average radius of the 
pellet and the SOZ(g) concentration specified for the experiment. 
The molar volume of solids CaO(s) and CaSOl(s) were obtained 
from x-ray crystallographic data (Weast, 1971). The bulk diffu- 
sivity was estimated from an optimized Gilliland-type equation 
attributed to Fuller et al. (1966). 

The surface reaction rate constant was estimated from the initial 
rate data plotted in the form of rate vs. conversion. The value of 
1.9 x m/s for the rate constant is in reasonable agreement 
with the value of 2.3 X m/s estimated by Bhatia and Perl- 
mutter (198lb). It however should be realized that there is signif- 
icant variation in the values reported in the literature for this 
constant ranging from 6.6 X m/s reported by Hartman and 
Coughlin (1976) to 4.2 X m/s reported by Wen and Ishida 
(1973). 

The diffusivity through the product layer cannot be easily 
measured but must be estimated from kinetic data. Thus the value 
obtained depends on the choice of the model used to analyze the 
data and thus estimates vary widely. Reported values at 850°C 

TABLE 1. FIXED SIMULATION PARAMETERS 
Parameter 

Pellet Radius (m) 
Value 

6.0 x 10-4 
SO2 Concentration (kmol/m3) 
Rate Constant (m/s) 

5.6 x 10-5 
1.9 x 10-3 

Molar Volume (m3/kmol) 
CaO 1.68 X 
CaSO4 5.22 X 

Bulk Diffusivity (mZ/s) 1.25 x 10-4 
Product Layer Diffusivity (rnz/s) 4.0 x 
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Limestone). Sulfation conditions: 815OC, 4% 0 2 ,  and 0.5% SO?. 

TABLE 2. VARIABLE REACTION CONDITIONS AND SIMULATION 
PARAMETERS 

Calcination Conditions E-0-7 
Limestone Lowellville 
Calcination Temp. ("C) 815 
COs Partial Press. (kPa)** 15 
Calcination Time (min) 240 
Wt. Loss after Calcination (%) 40.95 
Simulation Parameter 
Initial Porosity 0.50 
Tortuosity ( 7 )  1.8 
Sherwood Number 0.43 

E-0-19* E-0-14 
Lowellville Greer 

900 815 
60/0.0 0.0 
90/150 240 

39.04 

0.43 0.48 
2.7 1.6 
0.34 0.60 

E-CL19 was calcined for 90 min under 60 kPa COX and an additional 150 min under 0.0 atm 

** The balance was Np(g); total pressure, 101 kPa. 
cox. 

include 6.0 X m2/s (Hartman and Coughlin, 1976); 7.6 X 
lO-'3 to 2.5 X lo-" m2/s (Bhatia and Perlmutter, 1981b); 8.0 X 

to 2.5 X 10-lo mz/s (Georgakis et al., 1979); and 7.5 X lo-" 
to 3.0 X 10-lo mz/s (Chrostowski and Georgakis, 1979). The value 
of 4.0 X 10-'2 mz/s reported in Table 1 is within this large range 
of reported values. 

There are three parameters that, as expected, varied among the 
three experiments. These are the tortuosity, the Sherwood Number 
and the initial porosity. The values of these parameters, and the 
different calcination conditions of the three experiments are pre- 
sented in Table 2. 

When the initial pore size distributions were obtained by mer- 
cury porosimetry, the mercury penetrated interstitial volume be- 
tween pellets as well as pore volume. To exclude the interstitial 
volume from consideration the pore size distributions shown in 
Figure 2 must be modified. This was done by picking a maximum 
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Figure 4a. Comparison of distributed pore model with experimental data 
(Loweliviiie Limestone). Sulfation conditions: 815'C, 4% OZr and 0.5 % 

sot. 
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Figure 4b. Comparison of distributed pore model with experimental data 
(Loweiiviiie Limestone). Sulfation conditions: 815OC, 4% 02, and 0.5 % 

so,. 

pore size that can be considered. All pore volume larger than the 
cut-off point is considered interstitial volume. The cut-off point 
used for the three experiments varied from 8.8 x lo-' m (E-0-7, 
E-0-14) to 6.4 X lo-' m (E-0-19). Assuming all the pore volume 
smaller than the cut-off point is due to actual pores, the initial 
porosities of the sample were calculated and reported in Table 
2. 

The initial porosities reported in Table 2 are very reasonable. 
If the starting material were pure nonporous CaCOs(s), complete 
calcination with no shrinkage of the original pellet would yield an 
expected porosity of 0.54. These samples were not pure and some 
shrinkage may be expected due to sintering. In fact, the sample 
calcined at the higher temperature (E-0-19) displays the lowest 
porosity, most likely due to a higher sintering rate at the higher 
temperature. 

The values reported in Table 2 for the Sherwood Number and 
the tortuosity were adjusted to obtain the best fit with the experi- 
mental data. The tortuosities are in the acceptable range for natural 
pore systems which generally are around 2.0. The Sherwood 
Number (Sh = 2kgR,/Ds) varied slightly between the Lowellville 
runs and the Greer run. This parameter would be a function of the 
sample holder geometry, superficial gas velocity, particle geometry, 
etc. The reported values are all less than 2 (expected for a particle 
in a stagnant gas) because many particles were packed to perform 
these experiments and they interfere with each other. 

Model Predictions 

In Figures 3 and 4, the predictions of the model are compared 
to experimental data taken by Ulerich et al. (1977). In these figures, 
conversion is plotted vs. time and the rate of reaction is plotted vs. 
conversion. Conversion vs. time plots are sensitive to differences 
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Figure 5. Change in dimensionless macroscopic properties with respect lo 
reaction parameter, T. 

in the reaction rate at intermediate and long times. These plots 
however are not sensitive to predictions of the initial reaction rate. 
Rate vs. conversion plots are not sensitive to errors at long times but 
serve as good tests of the model's predictions of initial and inter- 
mediate rates of reaction. The ability of a single simulation to 
predict both of these curves is a good test which has not been ap- 
plied to other models. 

There are two features of these figures that warrant attention. 
The model and the data are in good agreement over a very long 
reaction time (2.5 h), and the rate gradually falls off before all of 
the pores are plugged. The reaction time is much longer than that 
used by Borgwardt (1970) and Hartman and Coughlin (1976) who 
present data obtained over periods of 120 seconds and 60 minutes 
respectively. Other authors (e.g., Bhatia and Perlmutter, 1981b; 
Chrostowski and Georgakis, 1978) have chosen to compare their 
model predictions to only the first 30 minutes of Hartman and 
Coughlin's data, even though reaction also occurs in the last 30 
minutes. 

Many of the previous models predict a sudden stop in the reac- 
tion rate at the time of pore plugging. Hartman and Coughlin 
(1976) eliminated this feature from their grain model by noting 
that even after one hour there were large pores on the surface of 
the reacted pellet. They accounted for this phenomenon by adding 
an adjustable parameter, the residual porosity, to their model. In 
contrast, a gradual decrease in the reaction rate as different-sized 
pores are plugged is inherent in the distributed pore size model and 
does not require an additional parameter. 

Because of the excellent agreement between the experimental 
data and the model, we can treat the mechanistic predictions of 
the model with some confidence. In Figure 5 the ratio of the 
macroscopic properties of the porous media to their initial values 
are plotted as a function of the reaction parameter, 7, for experi- 
ment E-0-19. The dimensionless diffusivity (D), porosity ( P ) ,  and 
the reactivity (K) are plotted logarithmically. All three of the 
properties decrease dramatically as the reaction proceeds. The 
reactivity initially decreases most dramatically as the product layer 
builds up. Near the pore plugging point all the properties drop off 
very quickly toward zero. Completely different curves were ob- 
tained for the other two experiments because of the significant 
differences in the pore size distributions. 

The dimensionless diffusivity and porosity curves exhibit a rather 
interesting behavior. In all cases they exhibit three points of in- 
tersection. Initially they have a value of 1.0. As the reaction pro- 
ceeds the major loss in porosity is due to reaction in smaller pores 
which are in the Knudsen diffusion regime. Since the Knudsen 
diffusion rate is less than the bulk diffusion rate in the larger pores, 
the fractional loss in the diffusivity is less than the fractional loss 
of porosity. At  longer reaction times the larger pores shrink to the 
point where the bulk diffusion regime gives way to the Knudsen 
regime. When this phenomenon dominates, the diffusivity drops 
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Figure 6. Local reaction rate and converslon vs. dimensionless radius just 
before pore plugging. 
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Figure 7. Evolution of pore-size distribution as a funcllon of cumulalive gas 
concentration T (s). Pore volume (m3/kg) vs. pore radius (m). 

off faster than the porosity until the curves intersect. Then the 
porosity curve lies above the diffusivity curve. The two curves will 
then intersect again when the porosity falls to zero. This type of 
behavior can be accounted for only if the combination of bulk and 
Knudsen diffusivity is considered. 

In Figure 6 plots of conversion and reaction rate as a function 
of dimensionless radius near the end of the reaction are shown. It 
can be seen that the more open pore structure of the calcined 
limestone used for experiment E-0-19 (dashed line) allows for deep 
penetration into the pellet, whereas for experiment E-0-14 (solid 
line) we see a much sharper break in the level of the local conver- 
sion ,at a dimensionless radius of 0.7. The difference in pore 
structures manifests itself even more dramatically in the reaction 
rate curves. Experiment E-0-19 displays a broad peak because of 
the broad distribution of conversion due to the broader initial pore 
size distribution. Experiment E-0-14 however displays a much 
sharper peak because most of the pores are small. The smaller pores 
react more quickly than larger pores and set up a greater resistence 
to diffusion in the pellet. The peaks in reaction rate occur because 
of the combined effects of the gas concentration profile and the 
local conversion profile. These plots dramatically display the dif- 
ferences in behavior obtained from different pore-size distribu- 
tions. 

In Figure 7 the pore size distribution at various values of the 
cumulative gas concentration (7) is presented. In this plot we see 
how the distribution evolves with extent of reaction, which gives 
insight into the observed changes of the macroscopic properties 
of the pellet. At very low levels of conversion (7 = 2.5 s), most of 
the changes in the pore size and volume occur in the small pores 
(<lo-' m). This is expected because of the much larger surface to 
volume ratio in the small pores. At low levels of conversion these 
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small, high surface area pores are eliminated, resulting in a steep 
initial drop in the local reactivity (K,) of the porous medium. At 
larger levels of conversion (T = 250 s) most of the porosity is asso- 
ciated with the iarger (>lo-’ rn) pores which begin to experience 
significant changes in pore size and volume. It is these large pores 
near the outside of the pellet which control the rate of diffusion into 
the reacting pellet at the higher levels of conversion. The result is 
a gradual decrease in the reaction rate as observed in the experi- 
ments. This plot illustrates the difficulty of modeling the behavior 
of an evolving distribution with a single average pore or grain 
size. 

NOTATION 

C 
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K e  
K o  

k 
k, 
1 
P 
R 
R O  

r 
70 

rl 

r2 

Sh 
t 
V A , V B  

X 

Q! 

771 

712 

x 
El 
7 

$ 

= gas reactant concentration in porous matrix 
= gas reactant concentration in solid product layer 
= bulk gas reactant concentration outside reacting 

= dimensionless effective diffusivity @,/Do) 
= combined bulk and Knudsen diffusivity of reactant gas 

= bulk diffusivity of reactant gas 
= effective diffusivity of reactant gas through porous 

= Knudsen diffusivity of reactant gas 
= initial diffusivity of reactant gas through porous matrix 

= effective diffusivity of reactant gas through solid 

= dimensionless effective reactivity ( & / K O )  
= effective reactivity of porous matrix 
= initial reactivity of porous matrix before any reaction 

= surface reaction rate constant 
= mass transfer coefficient surrounding reacting pellet 
= length of a pore 
= porosity 
= radial position in spherical pellet 
= radius of spherical pellet 
= radial position of a cylindrical pore 
= initial radius of a cylindrical pore before reaction 
= radial position of gas/solid interface in a cylindrical 

= radial position of solid product/solid reactant interface 

= Sherwood Number (2kgR0/De) 
= time 
= molar volumes of solid reactant A and solid product 

B 
= local conversion of solid reactant A at a particular lo- 

cation in pellet 
= ratio of molar volumes of the solid product B to solid 

reactant A 
= stoichiometric coefficient of component i 
= void volume per unit volume (porosity) 
= initial porosity of porous matrix 
= tortuosity 
= number of pores intersecting a unit area per unit radius 

= number of pores intersecting a unit area per unit radius 

= dimensionless constant defined in Eq. 9 
= rate of change of 71 with respect to 7 

= conversion parameter defined in Eq. 6 
= net fraction of pores gained due to pore intersections 
= void area per unit area 

pellet 

in a particular pore 

matrix 

before any reaction occurs 

product layer 

occurs 

pore 

in a cylindrical pore 

(rl) of cylindrical pore 

(r2) of cylindrical pore 
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