
=cross angle of two laser beams at the measuring 

= nondimensional integral scale of transverse space 

= wave length 
= kinematic viscosity 
= density 
= laser beam diameter at  the focal point 
= length of the major axis of a scattering ellipsoid 
= length of the shorter axes of a scattering ellipsoid 
= wall shear stress 

point 

correlation in wall turbulence 
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Diffusion of Gases in Porous Solids: Monte 
Carlo Simulations in the Knudsen and 
Ordinary Diffusion Regimes 

Porous solids have been simulated in the computer as assemblages of spheres. 
When such assemblages contain spheres distributed in size and randomly arranged 
in space, the structure of the resulting solid resembles that of a real porous solid. 
Monte Carlo calculations of gas molecule trajectories through the assemblages 
were carried out for both the Knudsen and ordinary diffusion kgimes. Torttiosities 
calculated from the simulated diffusion “data” fell in the range obtained experi- 
mentally by other investigators. Correlations were obtained that enable the pre- 
diction of diffusion rates from measurement of the porosity, mean pore size, and 
standard deviation of the pore size. 
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SCOPE 

The diffusion of gases within a porous solid is a phenomenon 
of practical interest in chemical engineering and metallurgical 
engineering, as well as in other engineering fields such as the 
production of energy. The presently available means for pre- 
dicting rates of gaseous diffusion within porous solids are un- 
reliable, even in the case where the structure of the porous solid 
is well characterized. Frequently, use is made of a “tortuosity 

factor,” which cannot be predicted from first principles and can 
only be estimated with little precision, yielding diffusivities 
which are likely to be erroneous. 

The objective of the present investigation was to remedy this 
situation by performing a Monte Carlo simulation of the dif- 
fusion of gas molecules in porous solids. In this procedure a 
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porous solid is first simulated in the computer. The trajectory 
of a gas molecule diffusing through the solid is then calculated. 
Repetition of the trajectory calculation for a large number of 
molecules and use of the classical kinetic theory of gases then 

yields the diffusivity of the gas in the solid. The diffusivity (or 
parameters related to it) could then be correlated with the 
structure of the porous solid. The latter was obtained by com- 
puter-based techniques. 

CONCLUSIONS AND SIGNIFICANCE 

Simulations of porous solids have been carried out; while 
some of the simulations are idealizations of real solids, others 
present the visual appearance of actual porous solids. The tra- 
jectories of large numbers of gas molecules within each porous 
solid could be computed for each solid with reasonable expen- 
diture of computer time in both the Knudsen and ordinary dif- 
fusion kgimes. When combined with the kinetic theory of gases, 
the results of the trajectory calculations enable the determina- 
tion of an effective diffusivity for each solid. 

I t  was found that the diffusion “data” from the simulations 
could be correlated by 

U - _  ko - 0.0093 + 0.lf - 0.0181 = 
d d 

for the Knudsen rbgime, where ;i and u are the mean and stan- 
dard deviation of the pore size, E is the porosity, and k,, is the 

PREVIOUS INVESTIGATIONS 

BASIS OF THE SIMULATION 

length parameter giving the Knudsen diffusivity, DAK: 

where R is the gas constant, T temperature, and M molecular 
weight. 

For the ordinary diffusion regime, the “data” could be cor- 
related by 

(28) 

where 7 is the tortuosity factor relating the effective diffusivity, 
DAB~II,  to the ordinary diffusion coefficient, D A B ,  by the well- 
known equation: 

7 = I/€ + 1.196 U/a 

The diffusioh of gases within a porous solid is a phenomenon of 
significance in many industrial processes. Examples are the re- 
duction of iron ores to metal, the absorption of sulfur dioxide by 
lime (in proposed fluidized-bed coal combustors), and the many 
industrial reactions involving heterogeneous catalysis. Attempts 
to predict diffusion rates have hitherto yielded unsatisfactory results 
in that they have entailed a tortuoijity factor (or similar parameter) 
that is not readily predicted from first principles. The research 
described in this paper was aimed at overcoming this difficulty and 
providing a means for prediction of diffusion rates from mea- 
surements of simple solid properties such as can be achieved by 
mercury penetration porosimetry. 

Sandry and Stevenson (1970) have carried out a Monte Carlo 
simulation of the effusion of gasi:s through a cylindrical hole. A 
simulation of Knudsen diffusion within cylindrical, unisized, 
nonintersecting pores has been performed by Jacobson (1981) while 
Knudsen diffusion in different solids has been simulated by Evans 
et al. (1980). The last named work has been exploited in a model 
of radiative heat transport through porous solids and packed beds 
by Evans and Abbasi (1982). 

Many models have been proposed which purport to represent 
the diffusion of gases in porous solids. An example is the model of 
Johnson and Stewart (1965) which allowed for a distribution of pore 
sizes and assumed that each pore made its contribution to the dif- 
fusive flux independently of the others. The model of Wakao and 
Smith (1962) allowed for a bimodal distribution of pore sizes and 
is noteworthy in that it does not rnake use of a tortuosity factor or 
similar unknown. Cunningham and Geankoplis (1968) extended 
the model of Wakao and Smith to solids with a tridisperse pore-size 
distribution. Youngquist (1970) has reviewed the earlier models 
for pore diffusion of gases. 

Figure 1 depicts a porous plug separating a vacuum from a gas 
A at partial pressure. PA from a space free of A.  A molecule of A 
striking the left of the plug is either “transmitted” or “reflected” 
as shown in the figure. The flux (of A molecules is given by 

flux = fraction transmitted X number of moles 
impacting unit area per unit time 

where the rate of molecular impacts is obtained from the kinetic 
theory of gases. 

For the Knudsen diffusion of gas A, an alternative equation for 
the flux is 

flux = D A K  - 

and elimination of the flux between the equations yields 

(3) 

For the ordinary diffusion of gases A and B in a porous plug it 
is usual to write (for the case of equimolar counterdiffusion) 

(4) 

After again employing Eq. 1 to eliminate the flux, the following 
equation is obtained: 

Figure 1. Schematic representation of the possible trajectories of gas mole- 
cules impacting a porous plug. 
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Flgure 2. Computergenerated drawlng of a plane passing through one of the 
slmulated porous sollds. In thls case the spheres making up the solld are 

distributed In slze and arranged In Irregular posltlons. 

(5) 

The basis of the simulation is that “random” molecular trajec- 
tories through simulated solids can be computed for large numbers 
of molecules. This yields a statistically significant value for the 
fraction transmitted, f ~ ,  which when plotted against the reciprocal 
plug thickness yields a straight line. Diffusivities can be obtained 
from the slopes of these lines, using Eq. 4 or 5, for any temperature 
or molecular weight. 

It is noted in passing that the trajectory calculations bear some 
resemblance to a random walk, and one might therefore expect 
a plot of In f~ against L to yield a straight line. This was indeed 
found to be the case (Abbasi, 1981), and this latter approach is 
theoretically more satisfactory in that f~ - 1 as L - 0. The former 
approach yields fT -+ mas L --+ 0 because of the employment of 
Eq. 2 or 4 which (incorrectly) predict that the flux --+ as L - 0. 
In practical terms the former approach is more satisfactory in that 
it yields a well-established quantity of engineering interest (the 
diffusivity). The difference in the fit of the two approaches is 
negligible at the L values encountered in this paper and the former 
approach will be used in what follows. 

COMPUTATIONAL PROCEDURE 

The tasks entailed in the simulation are three: (a) simulation of 
a porous solid in a fashion readily acceptable to a computer; (b) 
characterization of the simulated solid (e.g. porosity determination); 
and (c) computation of molecular trajectories within the solid. 

The solids were described as assemblages of large numbers of 
spheres, a complete description of the solid therefore consisting of 
a list of the coordinates and radii of all spheres in the solid. In many 
cases distributions of sphere sizes were employed. In some instances 
the centers of the spheres were in regular arrays while in other 
instances the spheres were randomly arranged. Particularly useful 
in the development of the porous solids was the work of Horsfield 
(1934). Following this work, a solid was “constructed” in the 
computer containing three sizes of spheres. The largest spheres 
were arranged in an hexagonal close-packed array with the smaller 
spheres occupying the hexagonal and tetragonal voids between the 
largest spheres. This solid is henceforth referred to as the “Horsfield 
solid.” More realistic solids were obtained by perturbation of this 
solid. Such perturbations changed the radii of the spheres to various 
random distributions and, in some instances, moved the centers 
randomly. Figure 2 is a computer generated drawing of a plane 
drawn through the last kind of solid. In this case the radii of the 
spheres were all increased by an arbitrary amount (20%) following 
perturbation to reduce the porosity. It is suggested that the visual 
appearance of a real porous solid under the microscope is akin to 
that of Figure 2. The centers of the spheres were contained within 
the approximately cubical volume formed by six large spheres 
surrounding the assemblage. These “boundary spheres” were listed 
in the computer along with the spheres of the assemblage proper. 

Flgure 3. The geometry employed In calculatlng the trajectory of a gas mol- 
ecule (“LINE”) followlng Impact wlth a sphere surface at polnt E. 

The edge of the cube served to define the unit of length. Additional 
information concerning the construction of the porous solids may 
be found in a previous paper on this topic (Evans et al., 1980) or 
in the dissertation on which this publication is based (Abbasi, 
1981). 

Characterization of the simulated porous solids consisted of the 
determination of porosity, mean pore size, and standard deviation 
of pore size. The porosity was determined by generating ap- 
proximately 3,000 random numbers with uniform probability 
between zero and one. Taken in groups of three these numbers 
served to define positions within the cube and the fraction of such 
positions lying within the pores is the porosity. 

Two methods were available for obtaining the mean pore size 
of each solid. The first consisted of a computer-based version of a 
standard stereological technique wherein lines are cast randomly 
on a random plane through the solid (Fulman, 1953). The number 
of intercepts with the pore walls per unit length of line and the 
porosity can then be used to give a pore size. The second technique 
exploited the fact that during the Knudsen diffusion simulation 
the solid is traversed by random lines whose lengths can be con- 
veniently stored in the computer. The mean lengths of such lines 
and the mean pore size from the first method were found to differ 
by only a few percent in test cases and consequently the second 
technique was used to obtain the mean pore size referred to below. 
The standard deviation of the line segment lengths was assumed 
to equal the standard deviation of the pore size. 

For the Knudsen diffusion rkgime the molecular trajectories are 
made up of line segments from one sphere of the solid to another. 
A molecule originating at x,y,z and having direction cosines cos 
a’, cos p’, cos 7’ will intercept a sphere of radius r with center at 
xc,yc,zc at a point xf,yf,zf given by 

Xf  = p cos ff’ + x (6)  

y i = p c o s p ’ + y  (7) 
Zf = p cos y’ + 2 (8) 

p = - (xo cos ff’ + yo cos p’ + 20 cos 7’) 

where 

- [ ( x o  cos ff’ + yo cos p’ + 20 cos y’)2 

- ( x i  + y! + 2% - r 2 ) ] 1 / 2  (9) 
and 

x o = x - x ,  y o = y - y y c  z o = z - z c  

At any instant the line of the molecular trajectory will intersect 
many spheres; the intercept of physical interest is the closest one 
to the last gas molecules-sphere collision. On striking the sphere, 
the gas molecule is reflected from its surface at a random angle. 
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I 

Figure 4. A schematic comparlson of the diffusion of a gas molecule in: (a) 
the Knudsen r6gime; (b) the ordinary diffusion rdgime. In the latter case gas 

molecule-gas molecule collisions occur at P, S, etc. 

Point x,y,z in Figure 3 is the point of impact. “LINE” in this figure 
represents the molecular trajectory following the collision; the 
normal to the sphere surface appears in the figure, as do the di- 
rections of the coordinate axes. It can be shown (Sarin, 1978) that 
the direction cosines of the molecule are given by 

cos BEC = cos a cos 8 + sin a sin 8 cos 4 

cos FEC = [ 1 - COS’ BEC - COS’ HEC]’/’ 

(10) 

(12) 

cos HEC = cos 8 cos p + sin 8 sin p cos HAC (11) 

where 

HAC = 7r/2 + (sign cos a)(a/2 - 4) + (sign cos y) HAG 
(13) 

and cos a, cos 0, cos y are the direciion cosines of the normal, given 
by 

x - x, cos a = etc. (15) 
[(x - x,)2 + (y - yc)2 + ( z  - 2,)21”2 

The azimuthal angle 8 is chosen randomly by the computer with 
a cosine probability distribution, whereas 4 is chosen with a uni- 
form distribution. 

The computation of a molecular path therefore entails the al- 
ternate application of Eqs. 6 through 9 and Eqs. 10 through 15. The 
trajectory is started from a random position at the left of the plug 
and the progress of the molecule from sphere to sphere computed 
until the molecule impacted the boundary sphere at x = 0 (re- 
flection) or x = 1 (transmission). Impacts with the other four 
boundary spheres were treated in thle same manner as impacts with 
the spheres making up the solid. Typically the trajectories of two 
thousand gas molecules would be computed for each solid. 

Consider a molecule attaining a penetration of half way through 
the plug before finally passing out at the x = 0 plane. This would 
constitute a reflection. However, such a molecule would count as 
a transmission for a plug of half the original thickness. Conse- 
quently, the maximum penetration of each molecule was stored 
in the mmputer and a plot of fraction of molecules penetrating to 
a reciprocal distance 1/L is equivalent to a plot of fraction trans- 
mitted against reciprocal plug thickness. By this artifice much 
computer time was saved. 

The procedure used for the ordinary diffusion regime was based 
on an extension of that for the Knudsen regime. Consider Figure 
4 where the two regimes are depicted schematically. For the or- 
dinary rhgime the sphere to sphere trajectories are broken by gas 
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molecule-gas molecule collisions which are considered to ran- 
domize the direction of the gas molecule. For example, from point 
P the gas molecule proceeded towards Q. However, the distance 
PQ exceeded a free path length X and after reaching point S 
(distance X from P )  the trajectory was broken and a new random 
direction computed. The distance X was obtained from 

x = -Amin([) (16) 

where A, is the mean free path and .$ is a random number chosen 
with uniform probability between zero and one. Equation 16 ac- 
counts for the fact that free paths are distributed in length. 

Unfortunately the use of this simple extension of the Knudsen 
regime procedure into the ordinary regime results in excessive 
expenditure of computer time because much more computation 
is required for each traverse from sphere to sphere. This simple 
extension will henceforth be referred to as the “original simula- 
tion”; a more efficient procedure, referred to as the “pseudosim- 
ulation” will now be described. 

Consider a list of positions within the solid xl,yl,zl,x- 
z,yz,zz. . .xj,yj,zj . . . which represent the points of collision of a 
particular gas molecule with the spheres. The result of interest is 
the maximum value of x i ,  i.e., the maximum penetration of the 
molecule into the plug. We may define 

The original simulation can provide values of Axj. In fact much 
information on gas diffusion is garnered thereby; each gas molecule 
yields tens or hundreds of Axj values but only one maximum value 
of x j .  A technique exploiting the Axj values is therefore more ef- 
ficient than one using merely the maximum value of 4. The 
technique employed is to take the Axj values generated by a few 
gas molecules and fit them to a regression equation of the form 

where c j  is an error term. Correct determination of the function 
and fitting constants then yields a “pool” of c, values. Consequently, 
Eq. 18 can be applied to calculate x j  values from then + 1 values 
x j - l , x j - a . .  .xjPn-l and an c j  value selected randomly from the 
pool. This is a fast algorithm for moving the gas molecules through 
the solid, compared to the original simulation. The pseudosimu- 
lation could be extended to yield yj and z j  values but these are not 
required. Each gas molecule in the pseudosimulation generates a 
maximum penetration, L (maximum x j ) ,  which is stored by the 
computer. 

The precise form of Eq. 18 used in this investigation was 

This equation was obtained from a piecewise linear regression of 
the Axj values obtained from the original simulation, following 
a logarithmic transformation of Eq. 19. The Axi values were split 
into six classes (indicated by k = I$,. . .6) based on the value of 
lAx.-1 I and the fitting coefficients, c(k), /31(k), &(k) and error pool, 
t j c k j ,  stored for each class to be used in the subsequent pseudosi- 
mulation for this solid. During that simulation the appropriate class 
(k value) is selected, depending on the size of 1 Axj-11. Table 1 
contains values of the fitting parameters for the simple cubic 
solid. 

The rationale behind the particular choice of the form of Eq. 
19 is as follows. Multiplicativity was intended to capture the feature 

TABLE 1. EXAMPLE OF RESULTS OF FITTING EQ. 19 TO SET OF AT1 
VALUES. ATj VALUES DIVIDED INTO SIX SETS DEPENDING ON 

MAGNITUDE OF h - 1 .  SIMPLE CUBIC SOLlD 
Subset No. of Members 

- Pik) P k )  
0.29 

(k) of Subset CW) 

1 500 0.05 0.16 
2 1,000 0 16 0.38 0 23 
3 1 ,o@J 0.28 0 5  0 16 
4 1,000 0.020 zero zero 
5 1,00(J 0 016 zero zero 
6 500 0 012 zero zero 
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Porous Solid 

Normal Distribution, Moved Centers 

GROWTH % POROSITY TRIALS 

2 030 
40 0.30 2057 
45 0.30 2070 
5 0  0.20 2050 
5s  0.23 2047 

0.14 

RECIPROCAL DEPTH OF PENETRATION, I/L 

Figure 5. A comparison of the results of three simulation algorithms for 
Knudsen diffusion In the simple cubic solid. These simulations were carried 

out as a test of the mixed algorithm. 

that the path segments would, for periods of time, be confined to 
particular cavities within the solid, the linear measure of which 
would govern the standard error of prediction by a proportion. Path 
behavior in a large pore would then be essentially a magnified 
version of that in a small one. Such physical behavior suggests a 
multiplicative scheme. As for the sign factor, that was incorporated 
so that, in conjunction with an asymmetry about zero in the pool 
of C’S (in their “bootstrap distribution” in statistical parlance), a 
presumed tendency for direction reversal to occur on gas mole- 
cule-solid collisions could be embodied. The piecewise breakdown 
of the predictor variables into a few regions took account of gross 
nonlinearities that might be present in the autoregression, and a 
cross-validatory check was adopted to guard against overfitting. 

The pseudosimulation is applicable to both the Knudsen and 
ordinary rCgimes and was tested on the Knudsen rCgime. In gen- 
erating the Axj values for fitting to Eq. 18, the method originally 
employed for the Knudsen regime was used except that the gas 
molecules were “started” inside the solid. Approximately 5,000 Axj 
values were employed. Figure 5 compares the predictions of the 
original and pseudosimulation for the Horsfield solid. Clearly the 
pseudosimulation is inadequate in that it fails to agree with the 
original simulation. The reason for the discrepancy is as follows. 
The fraction of gas molecules transmitted through a plug 

= probability of a gas 
molecule entering 
pore mouths 

X probability of molecule (having 
entered) travelling along pores to 
other side of solid 

Generation of the fitting parameters in Eq. 19 by starting gas 
molecules in the solid is equivalent to determining the second 
probability factor above and the pseudosimulation, by itself, makes 
no allowance for the first. 

The difficulty can be overcome by allowing the gas molecule 
to enter the solid under the original simulation procedure and 
switching to the pseudosimulation once the molecule had pene- 
trated beyond about one layer of spheres. The results of this “mixed 
simulation” are also included in Figure 5, and it is seen that this last 
procedure yields results close to the original simulation. In the case 
of ordinary diffusion it was found in preliminary trials that the 

0.12’ 

,!. 
d u 

0.10. - 
FJ 
E aoa. 
z a 

RECIPROCAL DEPTH OF PENETRATION, I/L 

Figure 6. Plot of lractlon iransmltied vs. reciprocal depth of penetration for 
the solid with a normal distribution of sphere sizes and randomly moved 
centers at various levels of sphere “growth.” Diffusivities are proportional 

to the slopes of the lines. Uppermost lines are hlgher poroslty. 

switch from the original to the pseudosimulation could be made 
after penetration to a depth of one-sphere radius without significant 
deviation from results calculated using the original simulation 
alone. 

RESULTS AND DISCUSSION 

Figure 6 depicts the result of simulations for the Knudsen dif- 
fusion regime. In this instance the spheres making up the solid have 
an approximately normal-size distribution. “Trials” is the number 
of gas molecules used in the simulation. The straight line rela- 
tionship between fraction transmitted and 1/L, expected from Eq. 
3, is observed. A suite of results comparable to those of Figure 6, 
but for other simulated solids, is to be found in the dissertation on 
which this paper is based (Abbasi, 1981). The slopes of these lines 
can yield a Knudsen diffusivity for this solid by exploiting Eq. 3. 
However, a more general approach is to be preferred. 

Mason et al. (1967) have provided the equation 
D , K = - ( - )  4 8RT U 2  ko  

3 T M  
based on the kinetic theory of gases. Elimination of various con- 
stants between Eqs. 3 and 20 yields 

n 

the quantity in parentheses being the slopes of lines such as those 
of Figure 6. In these equations k, has dimensions of length. The 
simulations are carried out in terms of an arbitrary length scale and 
it follows that k, should be proportional to any suitably chosen 
length scale such as the mean pore size of the solid, determined by 
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Figure 7. Plot indicating the precision of Eq. 22 whlch correlates the “data“ 

for the Knudsen diffuslon regime. 

the technique described above. It is, therefore, expected that k,/d 
would be a function of dimensionless parameters such as the po- 
rosity, c, and the dimensionless standard deviation of the pore size, 
a/a. Figure 7 represents the results of a least squares fit of the re- 
sults of the correlation to the equation 

(22) 

It is suggested that Eq. 22, in conjunction with Eq. 20, provides an 
estimate of the Knudsen diffusivity of a gas, given the mean pore 

k o / a  = 0.0093 + 0.1 E - 0 . 0 1 8 1 ~ / ~  

0 SIMPLE CUBIC 
A FCC (SPHERE SHRINKAGE) 
V FCC (SPHERE REMOVAL) 
B HORSFIELD SOLII) 

+ PELLETIZED FROM POWDER (2) 
PELLETIZED FROM I 8 IRON POWDER (3) + HALDOR-WSOE &RCIAL CATALYST (4) 

A PELLETIZED e&/A1@3 CATALYST ( I )  

&-8.5% CO, Ca REMOVED BY LEACHING (5) 

0 

B + + 

A 

0 0.2 0.4 0.6 0.8 1.0 
POROSITY 

Figure 8. A comparison of tortuosities obtained experimentally by other in- 
vestlgators wlth those calculated using the Monte Carto slmutatlon in con- 

junction with the dusty gas model. 

1 = Scatterfleid and Saraf, 2 = Masamune and Smlth, 
3 = Hoogschagen, 4 = Satterfleld and Cadie, 

5 = Amberg and Echtgoya 
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Flgure 9. A comparison between experimental tortuosities and those obtained 
uslng the Monte Cario slmulatlon in conjunction wlth the cylindrical pore 

model. 

size and standard deviation of pore size, for the solid in question, 
by such techniques as mercury penetration porosimetry. A less 
accurate fit to the “data” is provided by 

5 = -0.0082 + 0.1 E (23) 

and requires only the determination of the mean pore size. 
A comparison of the results of the simulation with experimental 

data can be achieved by means of the “dusty gas model” of Mason 
and coworkers (1967) for the case where the spheres do not overlap. 
Such a comparison is presented in Figure 8 and is based on a rela- 
tionship, suggested by the aforementioned investigators, between 
tortuosity and k,. It is noted that the simulated results apply to the 
Knudsen regime while the experimental measurements apply to 
the ordinary regime. The well-known cylindrical pore model de- 
scribed, for example, in Satterfield’s book (1970), provides a means 
of comparison of computed and measured tortuosities for those 
simulated solids where the spheres overlap. Again the model pro- 
vides a relationship between tortuosity and k,. Figure 9 is a re- 
production of the points from Figure 8 with the addition of 
tortuosities calculated in this way. 

Figure 10 is a plot for the ordinary diffusion regime for a se- 
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TABLE 2. EXAMPLE OF TORTUOSITES FOR THE CYLINDRICAL PORE 
MODEL, PRESENT MODEL, AND DUSTY GAS MODEL FOR VARIOUS 

SOLIDS 
Tortuosity, 7 

Cylindrical Pore Present Dusty Gas 
Solid Model Model Model 

Figure 11. A plot of tortuosity vs. porosity from Monte Carlo simulations for 
various simulated solids. The broken line Is a frequently employed relationship 

between tortuosity and porosity. 

Simple Cubic 3.5 3.7 5.6 
Horsfield 3.7 5.8 6.9 
Normal Dist., Moved, 3 2.9 NA 

Normal Dist., Moved, 3.6 3.6 NA 

Normal Dist., Moved, 5.25 5 NA 

Uniform Dist., Moved, 3.5 3.2 NA 

Uniform Dist., Moved, 4.6 4.1 NA 

Skewed Dist., Fixed, 2.8 4.3 NA 

Skewed Dist., Moved, 4.2 5.8 NA 

30% G 
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lection of solids. Additional plots of this nature may be found 3 
the dissertation. The value of A, was set equal to one tenth of d. 
The linearity expected from Eq. 5 is observed and permits the 
calculation of an ordinary diffusivity for these solids. Again, 
however, a more general approach is possible using the equa- 
tion 

(24) 

which serves to define the tortuosity factor, 7. Equations available 
in the literature (Hirschfelder et al., 1956) for the diffusivity of a 
gas provide the relationship 

DAB = 8,478 A-m (25) 
where Am is in cm and T in K. Combining Eqs. 5, 24 and 25 
yields 

where again the slope of the straight line from the f T  vs. 1/L plot 
appears in parentheses. Figure 11 is a plot of tortuosity versus po- 
rosity, for various solids, calculated in this way. Also included in 
this plot is the line 

7 = I /€  (27) 

which is frequently regarded as yielding an approximate tortuosity 
(eg., Wakao and Smith, 1962). Figure 11 should be compared with 
the experimental data of Figure 8. It was found that 7 could be 
better correlated by introdjcing the dimensionless standard de- 
viation of the pore size, a/d,  and Figure 12 is a plot based on the 
correlation 

(28) 

obtained from a least squares fit of the “data.” For the ordinary 
diffusion rkgime it is suggested that Eq. 28 in conjunction with Eq. 
24 would yield an estimate of the diffusivity for solids where 
porosimetry data are available. 

Table 2 provides a comparison of the tortuosities obtained from 
the dusty gas model, the cylindrical pore model and Eq. 28 for the 
various solids of this investigation. For the simple cubic solid the 
tortuosity of Eq. 28 is seen to be close to that of the cylindrical pore 
model. This is not unexpected in that in the simple cubic solid there 
are long, open pores traversing the width of the solid in the direc- 
tion of the concentration gradient. For the Horsfield solid with its 

r = l / c  + 1.196 cr@ 

0 Simple Cubic 
Normol dist., Moved, Growth 

0 Uniform dist.. Moved, Growth 

A Shewed dist., Moved, Grovth 

0.4 

/’ 
/ 

/ I I I I I 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

d .5  
Figure 12. A plot Indicating the precisian ot Eq. 28 which correlates the “data” 

for the ordinary dlffuslon regime. 

more “closed” structure the tortuosity is closer to that of the dusty 
gas model. For other solids in Table 2 the dusty gas model cannot 
be applied since these structures contain overlapping spheres. The 
tortuosities obtained for the Knudsen diffusion r6gime employing 
the cylindrical pore model are seen to be approximately those 
calculated for the ordinary diffusion r6gime in most cases. 

CONCLUDING REMARKS 

In this paper the procedure and results have been presented for 
a Monte Carlo simulation of the diffusion of gases in porous solids. 
The simulation covers both the Knudsen and ordinary diffusion 
r6gimes. Results of the simulation have been empirically correlated 
with readily measurable properties of the porous solid, namely the 
porosity, mean pore size and standard deviation of the pore size. 
While some of the simulated solids used in this investigation rep- 
resent idealizations of reality, it is encouraging that for such solids 
the results of the simulation fall close to those of more realistic solids 
(for example, Figure 12). The correlations arising from this work 
(Eq. 22 or 23 and Eq. 28), when combined with Eqs. 20 or 24, 
permit a prediction of pore diffusivities for any gas (of known or- 
dinary diffusivity) at any temperature or pressure. However, it 
should be recognized that the present simulation has been carried 
out using solids of unimodal pore size distribution. The extension 
of this work to solids with a bimodal pore size distribution, such as 
are frequently encountered in heterogeneous catalysis, is concep- 
tually straightforward (though requiring considerable computer 
time). 
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= set of k fitting parameters in pseudosimulation 

= Knudsen difhsivity of gas A 
= diffusivity of gas pair A-B 
= effective diffusivity of gas pair A-B 
= mean pore size 
= fraction of molecules transmitted to depth L 
= index in piecewise fit of Eq. 19 
= characteristic length parameter for Knudsen dif- 

= thickness of porous plug (or maximum depth of 

= molecular weight of gas, of gas component A 
= pressure 
= defined by Eq. 9 
= gas constant 
= radius of sphere 
= temperature 
= spacial coordinates, the first representing distance 

= coordinates of sphere center 
= coordinates of points of intersection of gas mole- 

= defined following Eq. 9 
= difference in x coordinate between successive gas 

(Eq. 19) 

fusion 

penetration of a molecule) 

from entry face of porous plug 

cule with sphere 

molecule-where collisions 
a,&y (or a’, = angles between gas molecule path and coordinate 

@{bk2;’ = fitting parameters in peudo-simulation (Eq. 19) 
E = porosity 
ti = “error” term in pseudo-simulation (Eqs. 18 and 

A, A, = distance between gas molecule-gas molecule 

4 = randomly chosen angle defining gas molecule path 

U = standard deviation of pore size 
8 = randomly chosen angle between normal to surface 

directions 

19) 

collisions, mean value 

following collision with sphere (Figure 3) 
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