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The effect of inaccessible porosity on the rate of gasifcation reactions is illustrated 
under conditions where intraparticle and extraparticle resistances to mass transfer 
are signifcant. The mathematical model developed here is based on a mass balance 
for the reactant fluid in the porous particle, coupled with an appropriate structural 
model developed for the kinetics-controlled case (Delikouras and Perlmutter, I991 1. 
It is demonstrated numerically that the effects of inaccessible porosity generally 
diminish with increased diffusional resistances. In agreement with the prior kinetics- 
controlled case, it is shown that the effects of inaccessible porosity are more pro- 
nounced at lower values of the structural parameter 9 and at greater levels of the 
inaccessible fraction. 

Introduction 
Since porous solids react with fluids at internal surface area, 

the existence of void space that is not initially accessible to the 
reactant fluids can have a significant effect on the reactivity 
of the solid. This is because this void space becomes progres- 
sively accessible in the course of reaction, due to coalescence 
with accessible porosity. To emphasize the fact that this void 
space is only temporarily inaccessible, the term hidden porosity 
is used interchangeably with inaccessible or isolated porosity. 
An earlier article (Delikouras and Perlmutter, 1991) addressed 
the role of inaccessible porosity in gasification reactions under 
conditions where chemical kinetics controlled the overall rate. 
The initial population of randomly overlapping pores was con- 
ceptually partitioned into two classes: one composed of only 
those pores that had reactive surfaces immediately accessible 
to the external gas and another class of inaccessible pores. A 
numerical study of the effects of these structural characteristics 
demonstrated that serious underestimations of conversion and 
reaction rate can occur, if existing hidden porosity is neglected. 
This latter porosity is reported in some instances (Kawahata 
and Walker, 1962; Turkdogan et al., 1970) to be as great as 
40% to 50% of the total porosity. 

The work presented here extends the prior analysis to include 
diffusional and mass-transport effects, for which the overall 
reaction rate is changed because reactant gases are limited in 
their ability to penetrate the pore structure. In gasification 
reactions significant resistances to mass transfer can be either 
external (from the bulk stream 'to the surface of the particle) 
or intraparticle (from the surface of the particle to its interior). 

When intraparticle resistance is important, reactant concen- 
tration is different at each position in the particle. This in turn 
produces a different local reaction rate and subsequently a 
change in the rate of reaction surface movement. Further along 
these lines, the reaction-stimulated discovery of previously hid- 
den pores creates a more accessible structure which usually 
translates into an enhanced diffusivity of the fluid reactants. 

A number of investigators have analyzed the influences of 
diffusional limitations on gasification reactions. Hashimoto 
and Silveston (1973) studied the effect of external and internal 
resistances on gasification behavior, by using a population 
balance approach that formulated the properties of interest as 
moments of the pore-size distribution. Bhatia and Perlmutter 
(1981) developed a generalized random pore model to study 
fluid-solid reactions in the presence of transport resistances. 
In a similar study, Gavalas (1981) added the effect of particle 
disintegration that can occur for large porosities. In none of 
these earlier treatments was any attempt made to account for 
the existence of hidden porosity. 

Models that did include hidden porosity in their conceptual 
framework have also been developed. Reyes and Jensen (1986) 
applied percolation concepts to the study of char gasification 
in the diffusion regime. Their approach allowed for the ex- 
istence of inaccessible porosity depending on the connectivity 
of the medium. Zygourakis and Sandmann (1988) used a dis- 
crete structural model that simulates a pore structure on a 
square lattice. This approach is especially promising in that it 
allows one to incorporate complex pore structures and dynamic 
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change in a realistic way. Neither study, however, provided 
any specific results for the effect of hidden porosity. 

Mathematical Model 
The reaction of a porous solid A with a surrounding gas B 

is considered to yield a gaseous product P, according to the 
following stoichiometry: 

It is assumed that the heat released from this irreversible re- 
action is negligible and the temperature of the solid particle 
remains constant during the reaction. The reaction takes place 
at the surface of the pores of the solid. The porous structure 
of the solid is represented by a population of randomly inter- 
secting cylinders of finite length. The volume fraction of those 
capillaries that are accessible to the reactant fluids is denoted 
by to and the volume fraction of those that are not by fo. 

When the rate of gasification is controlled by the intrinsic 
kinetics of the reaction, concentration is uniform throughout 
the particle. However, in cases where resistance to the transport 
of reactant fluids from the bulk to the interior of the particle 
is significant, variations in concentration from point to point 
arise. This affects the local rate of reaction interface movement 
( R ) ,  which depends on the local concentration C of the reac- 
tant gas B. For first-order kinetics (Bhatia and Perlmutter, 
1983): 

where h, is the length by which the reaction surface moves in 
the normal direction and k,  is the rate constant for surface 
reaction. The tacit assumption in the above equation is that 
local concentration C is a function of only radial position ( r )  
in the particle, an averaged value over all elements of different 
curvature of the reaction surface within the local differential 
volume. To account for the variations of concentration in a 
spherical particle, a mass balance for the reactant gas B is 
written: 

where cb is the concentration of B in the bulk stream outside 
the particle, k, the mass-transfer coefficient of B between the 
bulk stream and the surface of the particle, and rp the particle 
radius. To calculate the local reaction rate of consumption of 
the solid it is assumed that locally the rate is controlled by 
chemical kinetics. The structural model developed for the ki- 
netic case is solved simultaneously with the aforementioned 
mass balance for the entire particle. The main points of the 
structural model are outlined below. 

In the course of reaction, the pores that are initially accessible 
to gas B grow against the solid. In the process, they start 
coalescing with pores that were initially inaccessible, rendering 
them accessible. The volume fraction of discovered pores is 
denoted by V,. Once they become accessible, these initially 
inaccessible or hidden pores are assumed to start growing ac- 
cording to the same kinetics as the originally accessible pores, 
and in so doing they also contribute to the discovery of the 
remaining hidden pores. Letting V, and VG be the growth of 
the actual pore volume that is directly attributable to the re- 
action of the initially accessible and discovered pores, respec- 
tively, conversion X at any instant is (Delikouras and 
Perlmutter , 199 1): 

X =  1 - exp( - V, - V,, + VDX) 

where subscript x denotes the corresponding nonoverlapping 
volumes according to Avrami's relationship (Avrami, 1940). 
The rate at which hidden pores are discovered is given by the 
product of the rate at which total accessible porosity grows 
against the solid and the fractional expectation p that such a 
growth will uncover a hidden pore: 

(7) 

with initial condition: 

dC p (  1 - e0 - lo) dX By differentiating Eq. 6 with respect to time and using Eq. 7 - $$(..iz)= bM dt (3) the local reaction rate is: 

where M and p are the molecular weight and density of solid 
A,  respectively. 0, is the diffusion coefficient of gas B at a 
radial position r. The righthand side of Eq. 3 represents the 
consumption of gas B expressed via the stoichiometry of Eq. 
1 in terms of conversion X of solid A. By neglecting the tran- 
sient term of concentration in the mass balance, the pseudo- 
steady-state assumption has been invoked: it has been assumed 
that the porous structure changes very slowly compared to the 
time it takes the concentration of gas B to reach its steady- 
state value. Assuming radial symmetry at the center and equal- 
ity of fluxes at the surface of the particle, the boundary con- 
ditions become: 

-= dC o @ ~ = o  
dr 

(4) 

dX d l / ,  dVcX 
dt -exp(- VEX- VC,+ VDX) (1 - p )  -+- ( dt dt ) (9) 
_- 

Finally, relationships are needed for VEX, VGx. The same 
relationships as were developed for the kinetics limiting case 
apply again, but here the rate of reaction interface movement 
depends on local concentration. The growth of the originally 
accessible pores follows the analytical solution: 

where SEox and LEox are the starting surface area and length of 
the initially accessible pores, respectively. The growth of the 
reaction surface of the discovered pores is governed by the 
same equations as the growth of the originally accessible ones: 
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The mass balance inside the spherical particle gives: 

along with two boundary conditions: where SGx is the internal surface area of the discovered pores 
and LGx is the length of the discovered pores. To calculate the 
length of the discovered pores, information regarding the size 
distribution of the hidden pores is needed. Lacking experi- 
mentally based information at this time, it was assumed that 
the hidden pores have qualitatively the same size distribution 
as the accessible pores. The length of the discovered pores is 
considered to be proportional to the volume of the discovered 
pores and is given by: 

dC* -=o @ v = O  
drl 

De* dC* - = S h ( l - C * )  @ q = l  
drl 

where r$ is a modified Thiele modulus given by: 

and the corresponding initial conditions are: The structural model gives: 

VGx( t = 0) = SGX(  t = 0) = 0 (14) dX dVfi dVcx - = e x p ( - V f i - V G x + V D x ) ( l - p )  -+- dr ( dr dr ) (23) 

d V b  dVfi dVGx - p  -+- 
--. dr ( d r  dr ) In cases where the porous structure changes with time as in 

gasification reactions, it is expected that the effective diffusion 
coefficient will vary with the extent of the reaction. One may 
determine the dependence of the effective diffusivity on the 
properties of the solid by using the following relationship (Sat- 
terfield, 1970): 

with initial conditions: 

where E is the total accessible porosity, D, is an averaged value 
of molecular and Knudsen diffusivity, and y is a tortuosity 
factor, accounting for topological features of the structure. 
Total accessible porosity consists of the initially accessible po- 
rosity augmented by the growth of both the initially accessible 
and the hidden pores. By using the definition of conversion 
one obtains: 

The following relationships are also used: 

According to the model of Wakao and Smith (1962) tortuosity 
is given by: De* = ( E * ) '  (30) 

1 y=- 
E 

Solution procedure 
The system of differential equations (Eqs. 19 and 23-26) 

describes the temporal evolution of the porous structure. For 
numerical solutions, orthogonal collocation was used to dis- 
cretize the spatial derivatives in Eq. 19, producing a system of 
ordinary differential equations that are integrated simultane- 
ously with Eqs. 23-26. Solution of these equations yields in- 
terior profiles of conversion in the particle. Average conversion 
is computed by integrating local conversion over the volume 
of the particle: 

Dimensionless form 

dimensionless quantities are defined: 
To dedimensionalize the modeling equations the following 
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Figure 1. Average conversion as a function of time for 
various levels of hidden porosity (9 = 1,d = 3, 
Sh = 00). 

and the overall rate of reaction is obtained by differentiating 
average conversion with respect to time. The model developed 
here has five parameters. The initial accessible structure of the 
porous medium is defined by e0 and 0, the two measures that 
are sufficient to describe the gasification behavior in the kinetic 
regime. The Thiele modulus (4) and the Sherwood number 
(Sh) that account for internal and external mass-transfer lim- 
itations, respectively, are needed in addition to the two struc- 
tural parameters to describe the gasification behavior in the 
diffusion regime. Typical values for these parameters are: 

These values are used throughout this article, unless otherwise 
noted. Since they had been used before by Bhatia and Perl- 
mutter (1981), they can also serve as a check for the model in 
the limiting case of a gasification reaction with no hidden 
porosity. The fifth parameter (to) is also structural and ac- 
counts for the initial fraction of hidden porosity. 

Results and Discussion 
Average conversions are presented in Figure 1 as a function 

of dimensionless time, for various levels of initial hidden po- 
rosity between {,=O and lO=O.3. The solid line corresponds 
to the solution of the random pore model for no hidden po- 
rosity (Bhatia and Perlmutter, 1981) and serves as a reference 
for comparison. The qualitative features of the conversion 
curve are similar to those found in the kinetics limited case; 

y0=0.2 
--- To=0.3 1 

p k 
L 

0.2 0.4 0.6 0.8 
Average Conversion 

Figure 2. Gasification rate vs. conversion for various 
levels of hidden porosity (9 = 1, 4 = 3, Sh = w). 

that is, conversion is overestimated initially, because it fails to 
account for the volume of the discovered pores that is not 
converted. Deviations increase with increasing values of initial 
hidden porosity. Maximum deviations observed in the con- 
version scale are 3.3%, 7%, and 11.3% for l O = O . l ,  0.2, and 
0.3, respectively. The corresponding relative errors are 7970, 
17.6%, and 32.1 To, respectively. For the same levels of hidden 
porosity the overall rate of conversion is displayed in Figure 
2 as a function of average conversion. A maximum in rate 
occurs in each curve, although since 0 < 2 monotonic behavior 
would have been found for lo = 0 under kinetic control. The 
location of the maximum rate is also shifted, moving towards 
higher conversions with increasing lo. The magnitude of this 
maximum depends on the level of hidden porosity. 

A more complete picture of this situation inside the particle 
is given in Figures 3 and 4. In the kinetics limiting case, con- 
centration and conversion are uniform throughout the particle 
and equal to their values at the external surface of the particle, 
but when resistance to intraparticle diffusion is significant, a 
concentration and thus a conversion profile are formed. The 
dashed lines are the model predictions in the absence of hidden 
porosity (to = 0), while the solid lines represent the predictions 
for 10=0.2. 

Figure 3 shows the temporal evolution of the concentration 
profile inside the particle, for the case of no external mass- 
transfer resistance (infinite Sherwood number). As time goes 
on, concentrations increase as expected in a gasification re- 
action, because mass transfer of the reactant gases is facilitated 
by the opening of the porous structure. Eventually, the con- 
centration profile flattens out and approaches the concentra- 
tion of the gas in the bulk stream outside the particle. This 
behavior is expected regardless of the existence of hidden po- 
rosity; however, concentrations in the presence of hidden po- 
rosity are consistently higher than in its absence. The 
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Figure 3. Concentration as a function of position inside 
the particle, at various times (q=l ,  $=3, 
Sh = 00). 

explanation is that discovery of hidden pores results in a more 
open structure and correspondingly to a greater diffusion coef- 
ficient, according to Eq. 30. For the same reason, concentra- 
tion differences increase with distance from the external surface 
of the particle. The effect of hidden porosity diminishes with 
time and eventually disappears, be use its contribution to the 

gets discovered. 
Local conversion at various times is hown as a function of 

position in Figure 4. In agreement with t e earlier observations, 

no hidden porosity, but catches up and eventually surpasses 
it. This pattern of temporal evolution is consistent with ex- 
pectation, since the discovery of hidden pores does not nec- 
essarily immediately translate into conversion. On the other 
hand, conversion decreases from the surface to the center of 
the particle because concentration follows the same pattern. 

accessible network comes to an en T when all hidden porosity 

the local conversion initially lags behin 5 the result found for 

Effect of structural parameter * 
The effect of the structural parameter t on gasification 

behavior is examined in Figures 5 and 6. As previously, the 
dashed lines represent the model predictions without hidden 
porosity and the solid lines are computed for lo = 0.2. Figure 
5 shows that a larger value of 9 imposes a faster conversion, 
as also observed earlier in the kinetic regime, where the struc- 
tural parameter sufficed to fully describe the conversion 
behavior. The effect of hidden porosity is also demonstrated 
in the same figure, where the effect of hidden porosity decreases 
with increasing t. In the burnoff profile (Figure 6)  a shift in 
the position of the maximum may also be noted. The magnitude 
of the maximum is larger for t = 5  and 25, but smaller for 
t = 1. It is noticed that all three solid rate curves start from 
the same point. This is also true for the dashed lines and it can 
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Figure 4. Conversion as a function of position inside 
the particle, at various times (+=1, $=3,  
Sh 3: 00). 

be explained by the fact that the initial rate depends only on the 
initial amount of hidden porosity through probability p. 

Effect of intraparticle resistance 
To determine the effect of the intraparticle resistance, con- 

version and reaction rate profiles were studied by varying the 
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Figure 5. Effect of structural parameter * on average 
conversion as a function of time (4=3, 
Sh= w). 
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Figure 6. Burn-off profiles for various values of the 
structural parameter 9 (4 = 3, Sh = 00). 

Thiele modulus (4), a measure of the relative importance of 
intraparticle diffusion to chemical kinetics. In Figure 7, the 
line for 4 = 0 corresponds to the kinetically controlled case. 
Strong diffusional resistances begin to emerge for values of 
about 4= 10. This regime limits the reaction of a solid to its 
external surface, thus forcing it to react in a shrinking core 
fashion. It should be noted that the model developed here may 
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Figure 7. Effect of Thiele modulus on average conver- 
sion as a function of time (+=I, Sh= 4. 
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Figure 8. Burn-off profiles for various levels of Thiele 
modulus (+ = 1, Sh = 00). 

not be applicable under strong diffusional limitations, because 
it does not account for the change of particle radius with the 
extent of reaction. The conversion profile becomes steeper for 
lower values of Thiele modulus, because resistance to intra- 
particle diffusion shifts conversion closer to the surface of the 
particle and tends to delay gasification. In the same graph, it 
can be seen that the influence of hidden porosity becomes more 
pronounced with decreasing Thiele modulus. 

The corresponding burnoff profiles are shown in Figure 8. 
There is no maximum in the kinetic regime, because 9 < 2. In 
the diffusion controlled regime, maxima do occur and are 
shifted to higher conversions. The magnitude of those maxima 
is smaller compared to the maxima for no hidden porosity; 
however, this was not found to be universally true; for higher 
9 values the magnitude of these maxima is much larger than 
for the I ; ,=O case. Differences diminish with increasing 4, in 
agreement with what was observed in Figure 7. 

Effect of external resistance 
The dependence of the average conversion on the magnitude 

of the external resistance to mass transfer is demonstrated in 
Figure 9, where conversion is plotted as function of time for 
various Sherwood numbers (Sh = 2,5 ,00) .  Since the Sherwood 
number is a measure of the relative importance of internal to 
external mass-transfer resistances, conversion increases with 
increasing Sh: the lower the resistance to mass transfer, the 
faster the solid gasifies. The effects of hidden porosity increase 
with increasing Sh. 

Additional interesting features arise in the burnoff profiles 
shown in Figure 10. The existence of hidden porosity causes 
significant displacement of the rate maximum; it produces 
more shallow rate curves at low conversions than those ob- 
tained in the absence of hidden porosity (dashed lines). The 
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Figure 9. Effect of Sherwood number on average con- 
version as a function of time (+ = 1, 4 = 3). 

flatness of the curves increases, while the magnitude of the 
rate maximum decreases with decreasing Sherwood number. 
These last observations are true both in the presence and in 
the absence of hidden porosity. 

Model application 
In order to provide comparisons of model predictions and 

experimental data, one would need to know apriori the amount 
of hidden pores in a porous particle. Unfortunately, such in- 
formation is generally not available, because it is assumed that 
the solid skeleton of the particle is nonporous. In elaborating 
this point, it is not that the needed information is unattainable 
in principle, merely that it has not been generally measured, 
perhaps because the need was not as clear as it is now. A way 
to determine hidden porosity is by difference estimates among 
true solid volume, accessible pore volume and bulk volume. 
Accessible pore volume can be measured by mercury poro- 
simetry or nitrogen adsorption. The true volume of the solid, 
also referred to as skeletal volume, can be measured by X-ray 
diffractometry, and bulk volume can be determined by pyc- 
nometry. Since no complete application of the model is possible 
where no information on the initial volume fraction of the 
hidden pores exists, the results given here of a parametric 
investigation of the magnitude of error associated with ignoring 
hidden porosity provide a warning against the possible effects 
of such porosity on gasification behavior. 

Conclusions 
A detailed analysis was conducted of the effects of hidden 

porosity on the reactivity of gasifying solids, under conditions 
where intraparticle and external mass transport limitations are 
significant. Under constant diffusional resistances, deviations 

0.0 1 \ 
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Figure 10. Burn-off profiles for various Sherwood num- 
bers ( + = I ,  4=3). 

from predictions which neglect hidden porosity grow bigger 
with increasing levels of hidden porosity and decreasing values 
of the structural parameter 9, as for the kinetics-controlled 
case. The selective effects of hidden porosity generally diminish 
when resistance to intraparticle and extraparticle diffusion in- 
creases. As a consequence, the experimental effects of hidden 
porosity are expected to be diluted under conditions where 
diffusional limitations are significant. 

In comparison with earlier random pore models, the model 
developed here requires only one additional structural param- 
eter: the initial fraction of the total particle volume that is 
inaccessible to reacting fluids. This hidden porosity can be 
determined experimentally from the difference between bulk 
volume and the sum of pore volume and skeletal solid volume. 
The model has as limiting cases the results of Delikouras and 
Perlmutter (1991) for C#J = 0 and those of Bhatia and Perlmutter 
(1981) for l O = O .  
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Notation 
b = stoichiometric coefficient (moles of fluid B reacting with one 

C = local concentration of fluid B inside the porous particle 
C, = concentration of fluid B in the bulk stream outside the porous 

particle 
0, = effective diffusion coefficient of fluid B 

k, = external boundary layer mass-transfer coefficient 
k, = reaction rate constant 

LE = total length of initially accessible pores 
LG = total length of discovered pores 

mole of solid A )  

0,' = dimensionless effective diffusion coefficient = De/Deo 
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M = molecular weight of solid A 
p = probability of discovering a hidden pore 
r = radial position in the particle 

rp = particle radius 
R = rate of movement of reaction interface 

S, = surface area of initially accessible pores 
S ,  = surface area of discovered pores 

Sh = Sherwood number = k,,,r,/D, 

V, = volume growth of initially accessible porosity 
V, = volume growth of discovered porosity 
VD = volume of discovered porosity 
V,, = volume of hidden porosity 
V ,  = volume of total porosity 
X = local conversion 
8 = average conversion 

SGx* = dimensionless surface area of discovered pores = S,&L,, 

t = time 

Greek letters 
y = tortuosity factor 
E = total accessible porosity 

to = initially accessible porosity ro = initially inaccessible or hidden or isolated porosity 
r) = dimensionless position = r/rp 
p = density of solid A 
I = dimensionless time = RSEoxt 

* = structural parameter of the solid = ~ T L ~ ~ ~ / S ~ ~ ~  

Subscripts 
x = nonoverlapped quantities 
o = initial quantities 

Superscripts 
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