
bility”). In other words, Flower and Linnhoff’s equation counts 
a number of networks which contain both cycles and unmatched 
streams, as the authors recognize. Of course, when a problem has 
only one utility, as is frequently the case, no trees involving hot 
utility-cold utility matches are counted by Eq. 3. 
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INTRODUCTION 

Heterogeneous gas-solid reactions where the reactive solid sur- 
faces exist in micropores throughout solid pellets are commonplace 
to chemical engineers. A common observation i s  that the reactivity 
of an individual pellet varies with time. Indeed, at very high 
temperatures individual pellets internally melt and “deadburn, ” 
thereby totally eliminating internal microporous reactivity. This 
sintering phenomenon may also occur to lesser extents at lower 
reaction temperatures and would be expected to be most important 
for relatively high temperature reactions. One particular example 
of a high temperature reaction is sulfur dioxide capture by calcined 
calcium carbonate (limestone or dolomite) in fluidized bed com- 
bustion. 

This paper presents experimental measurements of effective 
diffusivity of inert gases through a reactive porous matrix as a 
function of time and temperature. An empirical correlation is 
obtained which should be of value in modeling heterogeneous 
chemical reactions and in understanding the mechanisms of the 
changes in internal micropore structure. Previous studies have 
measured effective diffusivity at a single time and, therefore, have 
neglected this sintering phenomenon. 

The system chosen is that of a natural calcium carbonate lime- 
stone which first decomposes, called calcination, giving off 44% 
of the CaC08 weight as C02 and yielding a reactive matrix of 
microporous calcium oxide with a porosity of about 0.45. Calci- 
nation dissociation proceeds gradually from the outside surface of 
the individual particle inward (Boynton, 1966). The developed 
mircoporous structure is reactive to acidic gas components such 
as SO2, H2S and COz. 

Other investigators have studied this system but all used reactive 
COz rather than an inert gas in their study, and none studied the 
system as a function of time. Campbell et al. (1970) fabricated 
individual particles from powdered CaC03 in a press. After cal- 
cination they found that the effective diffusivity of CO2 through 

porous CaO ranged from 0.08 to 0.28 cm2-s-1 for porosities of 
0.4-0.8 for temperatures between 870 and 950°C. They concluded 
that Knudsen diffusion predominated. Hills (1968) obtained the 
following empirical correlation for the effective diffusivity of CO, 
through porous CaO: 

De = a  + b(T - 1,103.15) (1) 

where a = 0.083 f 0.002 cm%-l, b = 0.000210 f O.oOo(H)3 
cm2.s-l-K-’, and T is the calcination temperature. Satterfield 
(1970) combined the Knudsen equation with the parallel pore 
model to obtain the following equation to estimate the effective 
diffusivity of gases through porous solids: 

EXPERIMENTAL METHOD 

A cylindrical pellet (typically 0.31cm thick by 2.1 cm diameter) was 
manufactured using a diamond coring drill bit and a carborundum saw 
The limestone used (Greer Limestone Co., Morgantown, WV) had an av. 
erage calcium carbonate content of 75%. This pellet was mounted in a 
specially designed high temperature diffusion cell (Bardakci, 1980. 
Bardakci and Gasner, 1981) using the Same principle as that of Wicke and 
Kallenbach (1941). The diffusion cell reactor was mounted in a tube furnact: 
which was controlled to a selected fixed temperature. Argon gas flowed 
radially across one face of the pellet while nitrogen gas flowed radiallv 
across the other face. The temperature was measured at each pellet face. 
The differential pressure between the two sides of the pellet was maintained 
at 0.00 k 0.03 cm. of water by computer control. The computer also mea- 
sured and controlled flow rates and absolute pressure of each stream. In 
addition, it automatically injected samples from each stream into a gas 
chromatograph, integrated the output, and calculated many things in- 
cluding the effective diffusivity of argon and nitrogen through the reactive 
microporous pellet. 
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RESULTS AND DISCUSSION 

Before calcination the pellet was nonporous in that no flux of 
either diffusing gas could be detected. Effective diffusivities of 
argon and nitrogen through the developing microporous calcining 
pellet was measured as a function of calcination time at different 
fixed temperatures. It was found that the effective diffusivity 
continued to increase after calcination was complete. This is at- 
tributed to a sintering type of microcrystal rearrangement within 
the constant dimension pellet which resulted in this increasing gas 
flux. This paper presents basic data and empirical correlation of 
this phenomenon. 

The effective diffusivity of argon as a function of calcination and 
sintering time at various temperatures is shown in Figure 1. The 
lowest temperature data show a sigmoidal shape not evident at 
higher temperatures. This is due to the extremely long time re- 
quired to calcine the pellet completely, 36.5 h, in contrast to the 
relatively short time required at higher temperatures. 

The data were fit to an empirical (2 constant) straight line 
mathematical form. The constants obtained are the slope, S, here 
called the sintering constant, and the extrapolated intercept, Do, 
which is a pseudoeffective diffusivity at zero hours of sintering. 
The general form of the equation is as follows: 

DF =Do i- SB (3)  

where D F  is the effective diffusivity for argon in cm2/s. Table 1 
shows the best fit equations for each several experimental runs at 
several temperatures. 

It was found that these constants varied with temperature ac- 
cording to an Arrhenius-type relationship as follows: 

*a *. ** *a ** so .I *. I* 

L.18 

Figure 3. Arrhenius plot of sintering constant. 

TABLE 1. EFFECTIVE DIFFUSIVITY CORRELATION RESULTS 
Run No. Temp., K Best Fit Equation 

c1 1,116 
c 2  1,062 
c 3  1,239 
c 5  1,111 
C6 1,116 
c7 1,120 
C8 1,215 
c9 1,029 
c12 1,114 

D, = 0.091 + 0.000237 8 
D, = 0.072 + 0.000092 8 
D, = 0.182 + 0.001001 8 
D, = 0.098 + 0.000266 8 
D, = 0.089 + 0.000315 8 
D, = 0.075 + 0.000323 8 
D, = 0.131 + 0.000480 8 
D, = 0.043 + O.ooOo718 
D, = 0.078 + 0.000250 8 

and 

S = Ale-ES/RT ( 5 )  
Figures 2 and 3 show the values of Do and S from Table 1 on an 
Arrhenius plot. It can be seen that this form is approximately valid. 
The preexponential terms were found to be A, = 62.32 cms-I and 
A1 = 113.7 cm2-s-1-h-1, respectively. The activation energies were 
found to be E D  = 14,600 cal-gmol-1 and Es = 29,200 cal-gmol-I, 
respectively. The best empirical fit to all the data then becomes: 

0: = 62.32e-14,6W/AT + 113.7e-292W/AT. 0 (6) 

This equation can be used to estimate the effective diffusivity 
of reactive gases through the internal microporous reactive struc- 
tures of pellets from the particular source used. It would be ex- 
pected that pellets from other sources would yield individual 
constants that are somewhat different, yet this correlation should 
be useful in modeling heterogeneous chemical reactions of various 
types. It should be noted that the data agree with the results of 
Campbell et al. (1970) and of Hills (1968); however, this earlier 
work did not include measurements as a function of both time and 
temperature. Also, this correlation can be extended to other gases 
by multiplying by the reciprocal square root of the molecular 
weight ratio (Evans et al., 1961). A further observation is that both 
high values of activation energy observed are much higher than 
expected activation energies for gaseous diffusion alone, therefore, 
chemical reactions involving chemical bond breaking and chemical 
rearrangements within crystals are indicated. 

NOTATION 

U 

Ao 
A1 
b 
0:' 

E D  
Es 
M 
S 
s, 
T 

Do 

= constant in Eq. 1, crn2.s-I 
= constant in Eq. 4, cm2.s-l 
= constant in Eq. 5, cm2 * s - l -  hr-I 
= constant in Eq. 1, cm2 - s - l -  K-I 
= effective diffusivity of argon, cm2 - s-l 
= intercept in Eq. 3, cm2 - s-l 
= activation energy in Eq. 4, cal - gmol-1 
= activation energy in Eq. 5, cal - gmol-I 
= molecular weight, g - gmo1-l 
= sintering constant, cm2 - s-l. h-' 
= specific surface area, cm2 - g-1 
= calcination and sintering temperature, K 
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c =porosity 
p = density, g - cm-3 
7 = tortuosity factor 
0 = calcination and sintering time, h 
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In the practical application using a gas ..quid-solid fluidized bed 
for chemical or biochemical processing, a size distribution of the 
solid particles in the bed is commonly encountered. Particle 
stratification or segregation would occur in the bed, should ade- 
quate mixing among particles not be established. This note de- 
scribes the experimental efforts on the investigation of the solids 
mixing in a three-phase fluidized bed containing a binary mixture 
of particles. Qualitative analysis of the mixing states including 
complete segregation, partial intermixing, and complete inter- 
mixing is conducted. 

EXPERIMENTAL 

The schematic diagram of the experimental apparatus is shown 
in Figure 1. The vertical Plexiglas column in the figure has the 
dimension of 76.2 mm ID with a maximum height of 2.730 m. The 
column consists of three sections: the gas-liquid disengagement 
section, test section, and gas-liquid distsributor section. The gas- 
liquid distributor, which is located at the bottom of the test section, 
is designed in such a manner that uniform distributions of liquid 
and gas can be maintained in the column (Fan et al., 1982). 

Water and air were used as the liquid and gas phases in the ex- 
periment. The gas-liquid flow is cocurrent and upward. Calibrated 
rotameters were used for the measurement of the gas and the liquid 
flow rates. Pressure taps are evenly spaced at 51 mm intervals ax- 
ially on the wall of the test section. The pressure taps were con- 
nected to water manometers for the measurement of the static 
pressure gradient along the column. 

In each experiment, two sizes of glass particles were used. The 
small particles were colored with black paint (Dean and Barry, 
A-23, wrought iron-flat paint) while the large particles were colored 
with white paint (Krylon, flat paint). The colored particles were 
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well premixed before placing in the column. Two binary mixtures, 
including the mixture of 3 and 4 mm particles, and that of 3 and 
6 mm particles, are considered in this study. The weight ratio of 
each size of the particles in the mixture is 1:1. 

RESULTS AND DISCUSSION 

The qualitative analysis of the solids mixing based on visual 
observation is presented. Three states of solids mixing are classified 
in the experiment. These states are complete segregation, partial 
intermixing, and complete intermixing. It should be noted that 
although the classification of the states may be to some extent 

5 Pressure Gauge 1 Gar-Liquid Disengagement Sect ion 

2 Test Sect ion 

3 Gas-Liquid Distributor Section 

4 Ma.lsnorneters 

6 .7  Rotameters 

8 Liquid Reservoir 

9 Liquid Pump 

Figure 1. Schemailc diagram of the experimental apparatus for the study of 
solids mixing in a gas-liquid-solid fluidized bed contslning a binary mixture 

of particles. 
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