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PUBLICATION THESIS OPTION 

This dissertation has been prepared in the style utilized by 

Chemical Engineering Science. Paper I, pages 1- 35, Paper II, 

pages 36- 64, and Paper III, pages 65- 81 have been submitted 

separately for publication in that journal. Appendices A, 8, C, 

D, E, and F have been added for purposes normal to thesis writing. 
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ABSTRACT 

A modified dusty-gas model which accounts for the effects the 

pore-size and tortuosity distributions have on the mass fluxes in 

heteroporous media is presented. The behavior of the dusty-gas model 

(homoporous model) can be obtained from the modified model when the 

pressure is either very low or very high as well as for intermediate 

pressures when the characteristic parameter of the introduced tor­

tuosity function has a very small value. When the pressure is very 

high or very low, all pores in the porous medium are almost in a 
oR 

single transport regime of either molecular ~Knudsen diffusion. 

Comparisons of the mass fluxes predicted by the two models for 

binary isobaric diffusion, simultaneous diffusion and flow, and for 

chemical reactions with mole changes in heteroporous media show that 

the percentage deviations between the mass fluxes and the effective­

ness factors calculated by the dusty-gas and the modified dusty-gas 

models can be significant. An analysis of the results indicates that 

the dusty-gas model could fail in predicting accurately the mass 

fluxes and effectiveness factors in porous systems with wide pore-size 

distributions, and it is suggested that the modified dusty-gas model, 

which incorporates the pore-size and tortuosity distributions in its 

constitutive equations, should be appropriate for use in the design and 

prediction of the performance of separation and reaction systems in­

volving porous media required to operate in the transition transport 

regime. 
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ABSTRACT 

The equations of the dusty-gas model (homoporous model) are 

modified through the use of correction factors which account for 

2 

the effects the pore-size and tortuosity distributions have on the 

mass fluxes in heteroporous media. When the correction factors 

approach unity, the modified dusty-gas model approaches the behavior 

of the dusty-gas equations; this occurs when the pressure of the 

system is either very low or very high because, at either extreme, 

almost all pores in a porous medium are in a single transport regime, 

that is either Knudsen or molecular diffusion. 

A comparison of the mass fluxes predicted by the modified dusty­

gas (heteroporous model) and the dusty-gas models for binary isobaric 

diffusion and simultaneous flow and diffusion, shows that the percen­

tage deviation between NiMDG and NiDG (i = species A or B) may be, 

in some cases, significant (up to 75% for the porous media studied in 

this work); this indicates that the dusty-gas model (homoporous model) 

could fail in predicting accurately the mass fluxes in porous media 

with wide pore-size distributions. The percentage deviation in the 

mass fluxes becomes smaller as the pressure increases above certain 

values at which the deviation of the correction factors from unity is 

small. 
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INTRODUCTION 

The dusty-gas model has been developed [1-5] to describe mass 

transfer in homoporous media and it has a firmer theoretical basis 

than other current models [6]. It takes into account pore geometry 

and also the transport regime, and correctly combines the simultaneous 

effects of ordinary molecular diffusion and Knudsen diffusion in the 

transition region and reduces to the correct asymptotic forms under 

conditions of very low and high pressures. A number of researchers 

[7-9] have used the dusty-gas model to describe reaction and simul­

taneous diffusion in porous media. 

Deviations between experimental fluxes and those computed through 

the use of the dusty-gas model have been observed [10-12] in bimodal 

structures. These deviations indicate that the nonuniformity of the 

porous structures may prohibit the application of the dusty-gas model 

to bimodal media. 

The work reported here, presents the theoretical results of a 

modified form of the dusty-gas model for heteroporous media, and 

compares these results with those obtained from the dusty-gas model 

which describes homoporous media. 

MATHEMATICAL MODELING 

The Dusty-Gas Model (Homoporous Media) 

The dusty-gas equation [2,3,5] for component A in a binary system 

of A and B has the form, 
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where 

KA = C (R T/M )112 
1 g A (2) 

0 
p 0AB (3) D AB = 

~ = YBKA + YAKB (4) 

The flux equation for component B has a form similar to that of 

species A with appropriate changes for the mole fraction, mole 

fraction gradient, and the numerators of the terms which involve KA 

and K8 [3,5]. 

The first term on the right-hand side of Equation (1) represents 

the diffusional contribution resulting from a concentration gradient 

whereas the last two terms represent the flux contribution due to a 

total pressure gradient. The first subgroup in the pressure gradient 

term represents the slip-flow contribution and the second one repre­

sents the o•Arcy-flow contribution. 

The three constants C
0

, c1, and c2 depend only upon the structure 

of the porous media and are independent of the type of experiment and 

of experimental conditions, and also independent of the flowing 

fluids. C
0 

is the viscous permeability constant, with dimensions of 

length squared. c1 is the Knudsen permeability constant, with dimen­

sions of length, and c2 is the geometric factor for diffusion, which 

is dimensionless. 



Equation (1) can be written for convenience in the following 

form: 

where 

QDA and QSA are, respectively, the diffusion-flow and slip-flow 

coefficients of component A, and the viscous flow coefficient is 

5 

(5) 

(6) 

(7) 

(8) 

The dusty-gas model [1-5] can only describe the transport 

behavior of homporous media in which the relative flux contribution of 

any pore is the same in all situations since all pores behave uni­

formly. The transport behavior of a homoporous medium is very much 

like that in a cylindrical pore with constant diameter [5,11]. The 

mass transfer mechanism shifts from the Knudsen regime to the transi­

tion region and finally to the molecular regime as the pressure 

increases. Thus, the transport coefficients are different for 

different operating conditions. For a heteroporous medium, however, 

the relative flux contribution from pores with a particular size is 

different at different operating conditions, and the transport 

coefficients and the mass transfer mechanisms are functions of the 
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operating conditions as well as of the pore-size distribution. Thus, 

the varying relative flux contribution of any particular size of 

pores in a tleteroporous medium is the principal cause [10-12] for 

deviations in applying the dusty-gas model to catalysts with a wide 

ranging pore-size distribution. 

The Modified Dusty-Gas Model (Heteroporous Media) 

An expression for the average transport coefficient of a set of 

parallel cylindrical pores, each having the same length but a 

different diameter, has been constructed by Wendt et al. [13]. 

Their expression for a system with identical pores and moderate non-

linear concentration gradients can be represented by the following 

form [12] which is appropriate for many situations in practice, 
00 

L (T'(R)V(R)) 
R=o 

T~vg = oo 

L V(R) 
R=o 

where T'(R) is the transport coefficient of pores with radius, R, 

and V(R) is the volume percent of pores with radius, R. 

(9) 

We use Equation (9) here, to describe the transport coefficient 

of a differential segment in one-dimensional heteroporous medium. 

The differential segment can be considered as a collection of noninter­

connected cylinders having a distribution of sizes. The pores in the 

real heterporous system [14-16] are not usually parallel and T~vg will 

also be a function of their tortuosity factors. Thus, a better form 

for T~vg is given by, 
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00 

2: (T'(R)V(R)Ll(R)) 
R=o 

T~vg = 00 

2: 

( 10) 

(V(R)Ll(R)) 
R=o 

where 

( 11 ) 

In a real porous structure, smaller pores are generally more tortuous 

than the larger ones [14-16], and this is related to the fact that 

the smaller pores generally have larger length to diameter ratios than 

the larger pores, implying that the average tortuosity factor of 

small pores is greater than that of large ones. 

There is no theory available or data regarding the correlation 

between tortuosity factor and pore size in a heteroporous medium. 

Using the experimental evidence [15,16] as a basis, it is assumed 

that the tortuosity factor decreases continuously and monotonically 

to an asymptotic value as the pore radius increases, implying that 

Ll(R) is a continuous monotonically increasing function of the pore 

radius. The function Ll(R) appears in the same form in both the 

numerator and denominator of Equation (10) and we thus say that 

Ll(R) reaches a normalized asymptotic value of unity as pore radius 

increases. 

The shape of Ll(R) is expected to be exponential [12,15,16] and 

should be different for different heteroporous media. The following 

expression is postulated as the relation between the Ll(R) and pore 

size, 

Ll(R) = 1 - exp (-aR) ( 12) 
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which qualitatively satisfies the expected form. The shape of ~(R) 

is determined by the characteristic parametera of the porous struc­

ture, which may be determined by fitting the theoretical predictions 

of the modified dusty-gas model to the experimental data obtained for 

the given heteroporous medium. It should be noted that Equation (10) 

implies that the transport coefficients of a porous system can be 

represented by the effective volume mean value of the transport 

coefficients for individual pores since (V(R)6(R)) can be considered 

as the effective volume for mass transfer. 

When the dusty-gas model is applied to systems which have a wide 

ranging pore-size distribution, it averages the experimental data in 

such a way as to represent a hypothetical homoporous system corres­

ponding to the real heteroporous system. Then the effective volume 

mean pore radius of a heteroporous system may represent the pore 

size of the hypothetical homoporous system. Thus the transport 

coefficients obtained by fitting the dusty-gas model to experimental 

data are equivalent [12] to the values for a homoporous system with 

the effective volume mean pore radius as the pore size. Since the 

actual coefficient should be equivalent to the effective volume mean 

coefficient for the pores in the heteroporous medium [11-13], correc­

tion factors of heteroporosity should multiply the transport coeffi­

cients in the dusty-gas model for systems with wide ranging pore­

size distributions. These correction coefficients may be defined as 

the ratio of the effective volume mean transport coefficients to the 

transport coefficients at volume mean pore radius. 
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Then the diffusion and slip flow correction factors ¢oA' ¢08 , 

¢sA and ¢58 have the following forms: 

00 00 

(( L q• 0A(R)V(R)6(R))/( L V(R)6(R))) 
R=o R=o 

¢o = ¢oA = ¢os = q•
0

A(Rm) (l 3) 

00 

((R=o Q'sA(R)V(R)~(R))/( ~ V(R)~{R))) 
¢sA = R=o 

Q'sA{Rm} (14) 

00 00 

(( L q• 58 (R)V(R)6(R))/( L V(R)6(R))) 
R=o R=o ¢ =----------~~~~----------$8 q•SB(Rm) ( 15) 

In Equations (13-15), the superscript (•) indicates the cylindri­

cal pore and Rm is the effective volume mean pore radius given by the 

expression, 
00 

L RV ( R)ll ( R) 
R=o R =-----m oo 

L V ( R )6 ( R) 
R=o 

The transport coefficients of cylindrical pores, q• 0A(R), and 

q• 5A(R), have the following forms [2,17-19] 

( 16) 

( 17) 



(D0AB + K1

8(R)P)K 1 A(R) 

DoAB + PK•m(R) 
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( 18) 

( 19) 

(20) 

( 21 ) 

Q• 08 (R) and Q• 58 (R) are given by similar forms as those shown 

in Equations (17-18) with appropriate interchanges of K1A(R) and 

K• 8(R) [19]. 

The modified dusty-gas equation for component A in a binary 

system of A and B is as follows: 

(22) 

There is no correction for the viscous flow coefficient since 

only one mechanism governs mass transfer of this type and thus, the 

relative viscous flow contribution from pores of a particular size 

is the same in all situations [19]. The heteroporosity correction 

factors in Equation (22) account for the pore-size and tortuosity 

distribution effects on mass flux but still the modified dusty-gas 
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model relies on C
0

, c1, and c2 to characterize the porous structure 

in addition to those effects. 

The parameters C
0

, c1, c2 and a in the modified dusty-gas model 

can be estimated from experimental data obtained from steady-state 

permeability and binary isobaric diffusion experiments, and fitted to 

the equations of the modified dusty-gas model. These experiments 

can be conducted relatively quickly [5,11,12]. 

The theoretical predictions of the dusty-gas model and of the 

modified dusty-gas model are compared for two systems of operating 

conditions, 

(a) Binary Isobaric Diffusion, and 

(b) Simultaneous Diffusion and Flow. 

The binary system consists of Nitrogen and Helium and Nitrogen is 

taken to be component A and Helium is component B. The data used in 

the calculations for this binary system are given in Table 1. In 

the next two sections the equations used in the calculations of 

binary isobaric diffusion, and simultaneous diffusion and flow, are 

presented. 

Binary Isobaric Diffusion 

Equation (22) for one-dimensional isobaric diffusion takes the 

form, 

(23) 

with the following boundary conditions: 
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(24) 

(25) 

The integrated form of Equation (23) for a constant flux system gives, 

(26) 

where 

(27) 

The flux equation for species A in the dusty-gas model, is obtained 

from Equation (26) by setting ¢0 = 1.0. 

Simultaneous Diffusion and Flow 

The pressure and concentration gradients for one dimensional 

simultaneous diffusion and flow can be written, using the procedure 

in [11], as follows: 

dP- aNB + a•NA 
dx - - ab• + a•b 

dYA bNB - b
1 NA 

~ =- ab 1 + a 1b 

(28) 

(29) 
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where 

(30) 

( 31 ) 

(32) 

(33) 

The boundary conditions for Equations (28) and (29) are, 

(34) 

(35) 

Dividing Equation (28) by Equation (29) a direct relationship between 

P and VA is obtained, 

(36) 

The boundary conditions for Equation (36) are given by Equations (34) 

and (35). The unknown variables NA and N8 are determined through the 

use of a procedure similar to that developed in [11] for the dusty-gas 
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model; it should be noted, though, that for the modified dusty-gas 

model the correction factors ¢0, ¢sA' and ¢ss vary along the path of 

diffusion and flow, that is, between x = o and x = L. 

The solution procedure is as follows: 

1. The parameters C
0

, c1, c2 and a, obtained from permeability 

and isobaric diffusion experiments, are used in Equations (28) - (36). 

2. Integration of Equation (36) is performed, using a sixth­

order Runge-Kutta method [22], from YA = YA and P = P
0 

to YA with 
o L 

a guessed value of w = (NA;N8). The integration provides a computed 

value of pressure, Plc' at YA = YAL. This is an interative process 

(PL - PL) 
and is determined when c < 10-8 • Successive values of 

PL 

ware obtained by a simple bisection method [22]. 

3. By guessing NA to obtain N8 = NA/w, Equations (28) and (29) 

are integrated (with a sixth order Runge-Kutta method) simultaneously 

from x = o, YA = YAo and P = P
0 

to z = L, giving a computed pressure, 

PL , and a computed composition, YA at z = L. In this iterative 
c Lc 

process, NA is determined when 

4. The viscosity of the gaseous mixture, ~m' is computed from 

viscosities of pure components [19], using the following expression, 

(37) 
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Detailed computer calculations [22] have shown that in Equation (21) 

the arithmetic average values of YA and v8 at x = o and x = L may be 

used,instead of the local values, with insignificant changes in the 

values of ~D' ~SA' and ~ss· The sums in Equations (13) - (16) were 

replaced by integrals, and the integrations were obtained by applying 

Simpson's rule of integration. 

The fluxes NA and N8 for the dusty-gas model can be obtained from 

the procedure described above by setting ¢D =~SA= ~SB = 1.0 in 

Equations (28) - (36). 

RESULTS AND DISCUSSION 

In Figure 1 the shape of the V(R) functions for two different 

porous catalysts [23] are shown, and it is seen that v2(R) provides 

a more dispersed distribution relative to that obtained from v1(R). 

The dependence of ~(R) on the characteristic parameter a is shown in 

Figure 2. For small values of a the volume percentage of pores with 

~(R) less than unity is significant, and thus the values of the 

correction factors are influenced substantially by the dispersed 

nature of ~(R) at small values of a. For large values of a the volume 

percentage of pores with ~(R) less than unity may be negligible and 

Equation (9) should be a good approximation in estimating average 

transport coefficients. 

Figures 3-6 show the diffusion and slip-flow correction factors 

as functions of pressure for both pore volume distributions v1(R) and 

v2(R). It is seen that the correction factors reach unity when the 
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pressure is either very low or very high because, at either extreme, 

almost all pores in a porous medium are in a single transport regime, 

that is either Knudsen or molecular diffusion. Thus, the dusty-gas 

model should be applicable, without correction, to any porous 

medium at either pressure extreme. 

In Figure 3, it is seen that for the larger values of a(l .0 x 

10-2, 2.0 x 10-4), the diffusion-flow correction factor of the porous 

structure with the v1(R) distribution deviates from unity more than 

the correction factor of the porous medium whose distribution is 

v2(R), while the opposite occurs for a= 1.0 x 10-8. The deviations 

of the slip-flow correction factors from unity, Figure 4-5, decrease 

as the value of a decreases. In Figure 5, the porous medium whose 

pore-size distribution is given by v2(R) reaches the molecular 

regime at higher pressures, than that with the v1(R) distribution. 

In the other case as it is shown in Figure 4, the porous structure 

with the v2(R) distribution reaches the molecular regime at lower 

pressures, than that with the V1(R) distribution, while the Knudsen 

regime is reached at lower pressures by the porous medium with the 

v1(R) distribution. It should be emphasized that these observations of 

the particular systems examined cannot be generalized since the 

evaluation of the correction factors depends on the product V(R)~(R) 

instead of either V(R) or ~(R), and therefore each given porous medium 

should have its own particular functional forms for its correction 

factors, except at very low and very high pressures, since then the 

correction factors for any porous medium are very close to unity. 
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In Table 2, the computed mass fluxes for component A by the 

modified dusty-gas and the dusty-gas models are shown for the case of 

binary isobaric diffusion; the values used for c1 and c2 are charac-

teristic of industrial porous catalysts [11]. The values of N8 and 
MDG 

N8 can be easily obtained by using the data in Table 2 and Equation 
DG 

(27). It is seen that for all values of a and for both porous struc-

tures, the percentage deviation in the fluxes decreases monotonically 

as the pressure increases, and this follows from the fact that at 

very large pressures the correction factors approach unity. The 

results in Table 2 also show that the percentage deviations for 

a= 1.0 x 10-8 and a= 1.0 x lo-10 , for both pore-size distributions, 

differ by insignificant amounts. It should be noted that while the 

percentage deviation in the fluxes is rather small for values of a 

in the range 10-6 - lo-10 , this is not the case for the larger values 

of a in the usual operating pressure conditions in practice, as the 

results indicate. The results in Table 2 show that the values of 

c1, c2, and C
0 

and a should be obtained simultaneously from permea­

bility [12] and isobaric diffusion experiments, since in effect the 

correction factors estimated through ~(R) will eliminate the discre­

pancy between c1 values from permeability and from isobaric diffusion 

experiments [12], which has been the case when the dusty-gas model 

is used [11 ,12]. It should be noted that when the dusty-gas model 

is used, its parameters C
0 

and c1 are obtained from permeability 

experiments [11], while c1 and c2 are obtained from binary isobaric 

diffusion experiments [5,11]. The value of c1 obtained from permea­

bility experiments is usually different than that obtained from 
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isobaric diffusion experiments [12], since all pores do not have 

the same length or have the same contribution to the transport flux. 

The correction factors of the modified dusty-gas model will eliminate 

this discrepancy. 

Extensive calculations for the case of binary isobaric diffusion 

have shown that for constant values of a, P, and c1, the percentage 

change of NA as c2 varies from 0.1 to 0.8, is approximately the same 

for both the dusty-gas and the modified dusty-gas models [22]. 

However, the magnitude of the change in NA over the range 0.1 ~ c2 ~ 

0.8, can differ by up to 50%-60% of the change in the value of NA 

in the modified dusty-gas model with respect to that in the dusty-gas 

model. Similar results were obtained when a, P, and c2 were kept 
-8 -8 constant and c1 varied from 50 x 10 to 2,000 x 10 [22]. 

In Table 3 the calculated mass fluxes of components A and B 

by the modified dusty-gas and the dusty-gas models are shown for the 

case of simultaneous diffusion and flow; the values of C
0

, c1, c2 and 

~Pare representative of porous media used in industry [11]. One can 

· h 1 o-6 1 o-1 0 observe that for values of a 1n t e range to and for both 

pore-size distributions, the percentage deviation in the fluxes is 

rather small; this is not the case for a= 1.0 x 10-2 and a= 2.0 x 

10-4 where percentage deviations up to approximately 75% are obtained. 

Again, the percentage deviation in the fluxes decreases as the pressure 

increases, since at higher pressures the correction factors ¢0, ¢sA' 

and ¢ss approach unity. The results shown in this table, indicate 

that for porous catalysts with wide pore-size distributions and whose 
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pores do not have the same length, the dusty-gas model will predict 

fluxes which are always larger than those of the modified dusty-gas 

model which accounts for the pore-size distribution and the varying 

lengths of the pores through its correction factors. 

Extensive computations [22] have shown that variations in 6P, 

C
0

, c1 and c2 have significant effects on the values of NA and N8 
for both the dusty-gas and the modified dusty-gas models. 

CONCLUSIONS AND REMARKS 

The correction factors defined in Equations (13) - (15) establish 

a modified dusty-gas model which should be applicable in predicting 

mass transfer in porous media with wide pore-size distributions. The 

correction factors reach unity when the pressure is either very low 

or very high, since at either extreme, essentially all pores in a 

porous medium are in a single transport regime, either Knudsen or 

molecular. Therefore, the dusty-gas model should be applicable 

without correction to any porous medium at either pressure extreme. 

For large values of a the function 6(R) has almost a constant value, 

equal to unity, and Equation (9) may be a good approximation for 

estimating average mass transport coefficients and the correction 

factors. The use of the function 6(R) is an attempt to incorporate 

in the mass flux equation, the fact [15,16] that in a real porous 

structure smaller pores are generally more tortuous than the larger 

ones, and therefore, all pores do not have the same contribution, 

based on the volume, to the transport flux. 
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A comparison of the fluxes predicted by the modified dusty-gas 

(heteroporous model) and the dusty-gas (homoporous model) models, 

for isobaric diffusion and simultaneous flow and diffusion, shows 

that the dusty-gas model always predicts larger fluxes than those 

estimated from the modified dusty-gas model. The percentage devia-

tion between N
1
• and N. (i = A,B) may be, in some cases, signifi-

MDG 1 DG 
cant (up to 75% for the porous media studied in this work); the 

results on the fluxes show that significant deviations between experi­

mental data of mass transport in heteroporous media and those 

predicted by the dusty-gas model may occur as indeed, it has been the 

case [10-12]. The percentage deviation in the mass fluxes becomes 

smaller as the pressure increases above certain values at which the 

deviation of the correction factors ¢0, ¢sA' and $SB from unity is 

small, and then the modified dusty-gas model approaches the behavior 

of the dusty-gas equations. The modified dusty-gas model transforms 

the dusty-gas equations into forms applicable for describing mass 

transport in heteroporous structures. 

It would be of interest to investigate the effect that such 

deviations in the mass fluxes, have on the rates of reactions which 

occur in porous catalysts with wide pore-size distributions. 
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NOTATION 

a, a' =defined by Equations (30) and (32}, respectively, 

g-mole/cm-sec 

b, b' =defined by Equations (31) and (33), respectively, 

g-mole-cm/dyn-sec 
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C0 = constant dependent only upon structure of porous medium 

and giving re 1 ati ve D 'Arcy flow permeabi.l i ty, cm2 

c1 = constant dependent only upon structure of porous medium 

and giving relative Knudsen flow permeability, em 

c2 = constant dependent only upon structure of porous medium 

and giving ratio of molecular diffusivity within the porous 

medium to the free gas diffusivity, dimensionless 

DAB = free gas mutual diffusivity in a binary mixture of A and 

B, cm2/sec 

KA = effective Knudsen diffusivity of A, cm2/sec 

KA(R) = Knudsen diffusivity of A in a cylindrical pore with 

radius, R, cm2;sec 

= effective Knudsen diffusivity of a gas mixture, cm2;sec 

= length of catalyst pellet, em 

= molecular weight of A, g/g-mole 

= molecular weight of B, g/g-mole 
2 =molar flux of A, g-mole/cm -sec 

= total pressure, dyn/cm 2 



R 

Rg 

T 

T'(R) 

T~vg 
V(R) 

w 

X 

~(R) 

= total pressure at X = o, dyn/cm 

= total pressure at X = L, dyn/cm 

=diffusion-flow coefficient of A 
2 with radius, R, em /sec 

0 

=pore radius, A 

2 

2 

in a cylindrical pore 

7 
= gas constant, 8.317 x 10 erg/g-mole-°K 

=absolute temperature, °K 

22 

= transport coefficient of pores with radius, R, cm
2
/sec 

=average transport coefficient of porous medium, cm2/sec 

=volume percent of pores with radius, R, dimensionless 

= flux ratio of A to B, dimensionless 

= mole fraction of A, dimensionless 

=mole fraction of B, dimensionless 

=distance in the direction of mass transfer, em 

GREEK LETTERS 

=characteristic parameter of function ~(R), A-l 

= effectiveness function of pores with radius, R, in porous 

medium, defined by Equation (12), dimensionless 

~A = viscosity of A, g/cm-sec 

T(R) · = tortuosity factor of pores with radius, R, in porous 

medium, dimensionless 

¢0 - diffusion-flow correction factor, dimensionless 

¢sA - slip-flow correction factor of A, dimensionless 
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SUBSCRIPTS 

A. - component A 

avg - avgerage 

B - component B 

c = calculated value 

D = diffusion-flow 

DG = dusty-gas model 

m = mixture, or volume mean value 

MDG = modified dusty-gas model 

s - slip flow 

1 - porous medium 1 

2 - porous medium 2 
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TABLE 1 

Data of the Binary System 

MA = 28.01, MB = 4.00, T = 299.3, L = 0.63, VA = 0.03, VA = 0.96 
o L 

~A= 0.14 X l0-6P + 177.80 X 10-6 

~B = 196.10 X 10-6 
Ref. [20] 

D0 AB = is calculated using the correlation in Ref. [21] 

Range of Values for C
0

, c1, c2 a, P
0

, and ~P Used in Calculations 

C
0 

= 25 X 10-12 - 1,000 X 10-12 

C
1 

= 50 X 10-8 - 2,000 X 10-8 

c2 = 0.1 - o.a 
a = 10-2 - 10-lO 

P
0 

= 1 - 10 (Atm) 

~p = P
0

- PL = 0.05- 0.13 (Atm) 
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TABLE 2 

Predicted Mass Fluxes for Component A by the Modified 
Dusty-Gas and the Dusty-Gas Models; Binary Isobaric Diffusion 

a 

-2 1.0 X 10 

2.0 X 10-4 

1.0 X 10-6 

-8 1.0 X 10 

1.0 X 10-10 

P(Atm) 

1 

6 

10 

14 

20 

6 

10 

14 

20 

6 

10 

14 

20 

6 

10 

14 
20 

6 

10 

14 

20 

V 1 ( R) 

0.34 66.46 

0.80 40.69 

0.93 

1 . 01 

1. 09 

0.75 

1 . 19 

1. 27 

1. 30 

1. 33 

0.98 

1. 33 

1 . 37 

1. 38 

1 .40 

0.99 

1. 33 

1. 37 

1. 39 

1. 40 

0.99 

1. 33 

1. 37 

1. 39 

1.40 

32.63 

27.56 

22.56 

26.10 

10.78 

7.84 

6.25 

4.85 

2.29 

0.82 
0.58 
0.46 

0.35 

1 .86 
0.66 

0.47 

0.37 

0.28 

1.86 

0.66 

0.47 

0.37 

0.28 

V2(R) 
---

NA x 10
5 

%DEV NA 
MDG 

0.81 20.02 

1.26 5.87 
1 . 32 

1. 35 

1. 37 

0.90 

1. 30 

1. 35 

1. 37 

1. 39 

0.98 

1. 33 

1. 37 
1. 39 

1 . 40 

0.99 

1. 33 

1. 37 
1. 39 

1 . 40 

0.99 

1. 33 

1. 37 

1. 39 

1. 40 

3.82 

2.83 

2.05 

10.70 

2.54 
1. 59 

1.16 

0.83 

2.47 

0.52 

0.32 

0.23 

0.16 

2.25 

0.47 
0.29 

0.21 

0.15 

2.25 

0.47 

0.29 

0.21 

0.15 

All of the above results were obtained with c1 = 2000 x 10-8 and 
NA - NA 

c2 = 0.5; %DEV NA = D~ MDG x 100 
ADG 



TABLE 3 

Predicted Mass Fluxes for Components A and B by the Modified Dusty-Gas and 
the Dusty-Gas Models; Simultaneous Diffusion and Flow 

a 

1.0 X 10-2 

2.0 X 10-4 

l.Oxlo-6 

1. Q X 10-8 

l.Ox10-10 

P (Atm) 
0 

1 
2 
5 

10 

1 
2 
~ 

10 

1 
2 
5 

10 

1 
2 
5 

10 

1 
2 
5 

10 

NA x 105 
MDG 

0.22 
0.36 
0.56 
0.66 

0.59 
0.78 
0.95 
0.98 

0.84 
1.00 
1.10 
1.09 

0.84 
l. 01 
l.ll 
1.09 

0.84 
1. 01 
1. 11 
1.09 

v1(R) 

NB X 105 
MDG 

1.18 
1.64 
2.37 
3.01 

2.17 
2.75 
3.42 
3.86 

2.83 
3.34 
3.83 
4.14 

2.84 
3.35 
3.83 
4.15 

2.84 
3.35 
3.83 
4.15 

%DEV NA 

74.78 
64.77 
50.36 
39.73 

32.49 
24.12 
15.40 
10.64 

3.84 
2.67 
1.59 
1.08 

3.39 
2.34 
1. 41 
0.93 

3.39 
2.34 
1.41 
0.93 

All of the above results were obtained with C
0 

= 25 x 

~p = P
0 

- PL = 0.053(Atm); %DEV N; 

%DEV N8 

59.53 
51.97 
38.75 
27.94 

25.76 
19.31 
11 .83 
7.46 

3.04 
2.13 
1.22 
0.75 

2.68 
1.87 
1.08 
0.65 

2.68 
1.87 
1.08 
0.65 

NA X 1 o5 
MDG 

0.67 
0.88 
1.03 
1.05 

0.76 
0.95 
1.08 
1.08 

0.85 
1.02 
1. 11 
1.10 

0.85 
1.02 
1.11 
1.10 

0.85 
1.02 
1.11 
1.10 

V2(R) 

NB X 105 
MDG 

2.38 
3.00 
3.64 
4.04 

2.62 
3.21 
3.77 
4.11 

2.85 
3.37 
3.85 
4.16 

2.85 
3.37 
3.85 
4.16 

2.85 
3.37 
3.85 
4.16 

%DEV NA 

23.07 
15.13 

7.96 
4. 71 

12.78 
7.63 
3.64 
2.04 

3.01 
1. 67 
0.76 
0.42 

2.77 
1.55 
0.70 
0.38 

2.77 
1.55 
0.70 
0.38 

lo- 12 , c, -8 = 2000 x 10 , c2 = 0.5, and 

N - N. . 1 

lOG MDG x 100 for 
N. = A, B 

1 DG 

%DEV N8 

18.30 
12. 11 
6.11 
3.30 

10.14 
6.11 
2.80 
1.43 

2.38 
1. 33 
0.58 
0.29 

2.20 
1.24 
0.54 
0.26 

2.20 
1.24 
0.54 
0.26 

N ......., 



FIGURE CAPTIONS 

Figure 1. Pore-Size Distributions of Porous Media 1 and 2. 

Figure 2. Dependence of the Effectiveness Function 6(R) on the 
Characteristic Parameter a. 
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Figure 3. The Effect of Pressure on the Diffusion-Flow Correction 
Factors. 

-2 1 =Pore-Size Distribution V1(R), a= 1.0 x 10 

2 =Pore-Size Distribution V2(R), a= 1.0 x 10-2 

3 = Pore-Size Distribution Vl(R), a= 2.0 X 10-4 

4 =Pore-Size Distribution v2(R), a= 2.0 x 10-4 

5 =Pore-Size Distribution Vl(R), a= 1.0 X lo-8 

6 =Pore-Size Distribution V2(R), a= 1.0 x 10-
8 

Figure 4. The Effect of Pressure on the Slip-Flow Correction 
Factors. 

1 = ¢SA for Pore-Size Distribution V1(R) 

2 = ¢SB for Pore-Size Distribution V1(R) 

3 = ¢sA for Pore-Size Distribution v2(R) 

4 = ¢ss for Pore-Size Distribution v2(R) 

Figure 5. The Effect of Pressure on the Slip-Flow Correction 
Factors. 

1 =¢sA for Pore-Size Distribution v1(R) 

2 = ¢sB for Pore-Size Distribution V1(R) 

3 = ¢sA for Pore-Size Distribution v2(R) 

4 = ¢ss for Pore-Size Distribution v2(R) 
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ABSTRACT 

The modified dusty-gas model [1] is used to describe the mass 

fluxes for zero and first order irreversible reactions with mole 

changes in heteroporous catalysts, and to estimate their effectiveness 

factors in the transition regime. It is shown that the effectiveness 

factors predicted by the dusty-gas model (homoporous model) are larger 

than those calculated by the modified dusty-gas model (heteroporous 

model), in some cases by about 30%. In the Knudsen and molecu1ar 

regimes, the correction factors of the modified dusty-gas model 

approach unity and the two models predict the same values for the 

effectiveness factors. 

Since many industrial catalysts are heteroporous and operate in 

the transition region of transport, the transport equations and 

calculational procedures presented in this work are relevant to 

reactor design. 
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INTRODUCTION 

Many industrial catalysts operate in the transition region of 

transport [2,3] and usually contain a random and tortuous arrangement 

of pores which may vary in size from several microns down to a few 

angstroms within the same particle. The effects of intraparticle 

transport on the kinetics of reaction in porous catalysts have been 

described in terms of the effectiveness factor concept [2,3]. Abed 

and Rinker [3] were the first to study the effectiveness factor 

behavior in the transition region of transport, and used in their 

studies the dusty-gas model to describe the transport for a zero­

order, irreversible reaction with mole changes. 

The dusty-gas model has been developed [4-6] to describe mass 

transfer in homoporous media and while it has a firmer theoretical 

basis than other current models [7], it fails to account for the 

effect of the nonuniformity of the porous structures of commercial 

catalysts. Deviations between experimental fluxes and those computed 

through the use of the dusty-gas model have been observed [8-10]. 

Klavetter, et al. [1] have modified the dusty-gas model through the 

use of correction factors which account for the effects the pore-size 

and tortuosity distributions have on the mass fluxes in heteroporous 

media. When the correction factors approach unity, the modified dusty­

gas model approaches the behavior of the dusty gas equations; this 

occurs when the pressure of the system is either very low or very high 

because, at either extreme, almost all pores in a porous medium are in 
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a single transport regime, that is either Knudsen or molecular diffu­

sion. In their study, a comparison of the mass fluxes predicted by 

the modified dusty-gas and the dusty-gas models in the transition 

region of transport shows that the percentage deviation for binary 

systems may be, in some cases, significant {up to 75% for the porous 

media of their studies). 

The work reported here presents the theoretical results for the 

effectiveness factors and mass fluxes of zero and first order irrever-

sible reactions with mole changes occurring in two different hetero­

porous media. The modified dusty-gas model developed by Klavetter 

et al. [1] is used to describe the transport processes within the 

heteroporous catalyst pellets. 

MATHEMATICAL FORMULATION 

The mass transport equations of the modified dusty-gas model [1] 

for the system shown in Figure 1, when one-dimensional diffusion and 

flow occur in the porous medium, have the following form: 

dyA dP 
NA = -a dz - b dz ( 1 ) 

-- - a' dyB b' dP 
NB dz - dz (2) 

where 

(3) 
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(4) 

(5) 

(6) 

A steady-state molar balance for an irreversible reaction of nth 

order occurring in the porous slab of Figure 1, gives: 

(7) 

dNB yAP n 
- = ek (R T) 
dz g 

(8) 

where the irreversible reaction has the form 

A -+ 88 

In equations (7-8) ideal gas behavior has been assumed since the 

pressure range considered in this work will not introduce significant 



41 

deviations from ideal behavior. For systems operating at fairly 

high pressures fugacities may be used. 

The substitution of equations (1) and (2) into equations (7) 

and (8) yields the following expressions, 

where 

M l/2 
g = (~) 

MB 

(9) 

( 10) 

( 11 ) 

The following boundary conditions are used for equations (9) and (10), 

at z = 0, yA = 1 and P = 1.01 x 106 ( 12) 

dyA dP 
at z = z - = 0 and - = 0 o' dz dz ( 13) 
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The above set of nonlinear ordinary differential equations is 

integrated through the use of the orthogonal collocation [11] method 

after making the space variable dimensionless by letting, 

w = (z/L)/(z
0
/L) = ~X 

L o 
( 14) 

where X
0 

= z
0
/L, and the length z

0 
is the position within the slab 

at which the concentration of component A is equal to zero. The 

application of orthogonal collocation yields the following set of 

nonlinear algebraic equations, 

N+2 N+2 2 
a L B . . y A . + a1 [ L A . · y A · ] 
j=l 1J J j=l 1J J 

N+2 N+2 N+2 2 + ( a
2 

+ a3 ) ( . L A . . y A . ) ( L A .. P . ) + a 4 [ L: A . . P . ] ( 1 5) 
J=l 1J J j=l 1J J j=l 1J J 

n N+2 2 2 YA.P. 
= L X k ( 1 1 

) . 2 3 N+l + b L B .. P. R T , 1 = , , ••• , 
j=l 1J J 0 g 

N+2 N+2 2 

a• L B .. yA. + ga1[.L AijyAj] 
j=l lJ J J=l 

N+2 N+2 N+2 2 

+ ( ga2 - a5) ( . L A .. yA.) ( L A. J. PJ.) - a6[ L A .. P . ] 
J=l 1J J j=l 1 j=l lJ J 

( 16) 

n 
N+2 2 2 yA.P. 

- b • L B . . P . = L x
0 

e k ( R 1 T 1 
) , i = 2 , 3 , ... , N+ 1 

j=l lJ J g 
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The external collocation points i=l and i=N+2 are taken to corre­

spond at w=O and W=l, and the following expressions for yAl' P1, 

YA,N+2 and PN+2 are obtained through the use of the boundary condi­

tions, equations (12) and (13): 

( 17) 

N+l 

YA,N+2 = 

-[AN+2,1 + .E AN+2 J·YAJ.] 
J=2 ' 

AN+2,N+2 
( 18) 

N+l 
-[AN+2 1 + .L AN+2 .PJ.] 

' J=2 ,J 
PN+2 = 

AN+2,N=2 

By using equations (17) and (18) the variables yAl' P1, YA,N+2 

and PN+
2 

are eliminated from equations (15) and (16). Twelve internal 

collocation points (N=l2) were used for the zero and first order reac­

tions considered in this work, since N=l2 proved to be sufficient to 

obtain differences in only the seventh digit in the predictions of 

yA and P as compared to the higher approximation. Jacobi orthogonal 

polynomials were used in all computations. 

The twenty four nonlinear algebraic equations were solved simul­

taneously through the use of a quadratically convergent Newton-like 

method based upon Gaussian elimination [12]. The effectiveness factor, 

n, is calculated as follows: 
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v 1 
1 tp rA(CA)dV ~L f rA(CA)SLX0 dw 

= vP n = 0 ( 19) 

rA(cA)Iz=o 
y p 

-k(_A_)n 
R T 
9 w=O 

where 

(20) 

RESULTS 

The dusty-gas model (¢0 =¢sA= ¢ss = 1.0) is used in determining 

through an iterative process, the length X at which y = 0 for a 

given rate constant k of a reaction rate. Another approach is to 

set the value of X
0 

and then find the rate constant k which makes 

YAI = 0, when the dusty-gas model is used. The latter procedure 
xo 

was used in the calculation of the results of the present work. 

Then, these values of the rate constants are used in the modified 

dusty-gas model and through an iterative process the value of X0 is 

obtained at which yA = 0. The effectiveness factors may now be 

estimated by the predictions of the two models and comparisons can 

be made. 
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Zero and first order reactions were examined in this study and the 

values of the model parameters are: c
0 

= 5.0 x lo-10 , c1 = 1.0 x lo- 5, 

c2 = 0.5, L = 1.0, and T = 299.3°K. Two different pore-size distri­

butions, v1(R) and v2(R) were used in the calculations, and their 

diagrams are given in Figure 1 of Reference [1]. 

In Tables 1 and 2, the values of the effectiveness factors for 

8 = 3 are presented. The largest deviations in the effectiveness 

factors predicted by the dusty-gas and the modified dusty-gas models 

occur when a= 10-2 for both pore-size distributions. The results 

show that there is a substantial decline in the deviation as a changes 

values from 10-2 to 10-4 because the values of ¢0 rapidly approach 

unity at the smaller value of a at this operating pressure. The 
-6 -8 -10 values of ¢0 for a = 10 , 10 , and 10 are very close to unity at 

the operating pressure, and thus, the deviation is small. Likewise, 

the deviations from unity of the values of ¢0 for the v1(R) distribu­

tion were found to be greater than those of the distribution v2(R), 

and this explains the differences in the deviations of the effective­

ness factors calculated for the two distributions. The effect of 

¢sA and ¢ss on the observed deviations is very small, since their 

values differ from unity by an insignificant amount even when a= lo-2. 

It should also be noted that while the magnitude of n is lower for the 

first order reaction, the percentage deviations in the effectiveness 

factors of the first and zero order reactions are approximately the 

same. 

In Tables 3 and 4 the values of the effectiveness factors for 

8 = 2 are presented, and in Tables 5 and 6 the values of n for 8 = l/2 
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are shown. The observations and comments made in the above paragraph 

are also appropriate for the data in Tables 3-6. It is seen from 

Tables 1-6, that changes in the value of e have only a minor effect 

on the deviations of the effectiveness factors. 

In Figures 2 and 3 the mass flux of component A versus the length 

z/L is plotted for the zero-order reaction and for both v1(R) and 

v2(R). It is clear that the dusty-gas model predicts larger fluxes 

and therefore effectiveness factors than those computed by the 

modified dusty-gas model, especially for the v1(R) distribution. 

The mass fluxes of component A shown in Figures 4 and 5 vary with 

respect to z/L in a nonlinear fashion, as should be the case for 

reaction orders n > 1. Also, for the first order reaction the modi­

fied dusty-gas model predicts fluxes of lower magnitude than those 

calculated by the dusty-gas model, and the difference is larger in 

the case of the v1(R) distribution. Similar results as those shown 

in Figures 2-5 were obtained for e = l/2 and e = 3 [13]. 

Detailed calculations [13] have shown that as e decreases the 

concentration profile of component A becomes less steep and the 

pressure gradient decreases, while the mass flux of A increases as does 

the reaction rate, rA. 

CONCLUSIONS AND REMARKS 

The results of this work show that the effectiveness factors in 

the transition region, estimated by the modified dusty-gas model are 

smaller (up to about 30% for the systems examined) than those predicted 
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by the dusty-gas model which does not account for the effects the 

pore-size and tortuosity distributions have on the mass fluxes in 

industrial heteroporous catalysts. In the Knudsen and molecular 

regimes, on each side of the transition region, the correction 

factors of the modified dusty-gas model approach unity and the two 

models predict the same values for the effectiveness factors. 

Since the modified dusty-gas model is applicable to heteroporous 

media, its use in describing mass transport in porous catalysts would 

allow the reactor designer to obtain correct effectiveness factors 

over the entire range of transport regimes. 
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NOTATION 

= elements of the discretization matrix of the differential 
3YA aP 

operators az and az 

= elements of2the discretization matrix of the differential 
a Y A a2P 

operators - 2- and - 2 az az 

= concentration of component A, g-moles/cm3 

= constant dependent only upon structure of porous medium 

and giving relative D'Arcy flow permeability, cm2 

= constant dependent only upon structure of porous medium 

and giving relative Knudsen flow permeability, em 

c2 = constant dependent only upon structure of porous medium 

and giving ratio of molecular diffusivity within the porous 

medium to the free gas diffusivity, dimensionless 

DAB = free gas mutual diffusivity in a binary mixture of A and 
2 8, em /sec 

= DABP 

= reaction constant 
- 1/2 2 = c1(RgT/MA) , effective Knudsen diffusivity of A, em /sec 
- l/2 2 = c1(RgT/M8) , effective Knudsen diffusivity of B, em /sec 

= yAKB + y8KA, effective Knudsen diffusivity of the gas 

mixture, cm2/sec 

L = length of catalyst pellet, em 



MA =molecular weight of A, g/g-mole 

M8 =molecular weight of B, g/g-mole 

n = order of the reaction 

N =number of internal collocation points 

NA =molar flux of A, g-moles/cm2-sec 

N8 =molar flux of B, g-moles/cm2-sec 

P = total pressure, dyn/cm2 

rA = reaction rate of component A 
0 

R = pore radius, A 

R9 = gas constant, 8.317 x 107 erg/g-mo1e-°K 

T 

Vp 

v1(R) 

-

-

-

-

absolute temperature, °K 

volume of catalyst pellet, cm3 

volume percent of pores with radius, R, 

medium 1, dimensionless 

volume percent of pores with radius, R, 

medium 2, dimensionless 

w - z/LX
0

, dimensionless length 

in 

in 

X0 - z
0
/L, dimensionless length at which yA = 0 

YA 

Ys 
z 

-

-

-

-

mole fraction of component A, dimensionless 

mole fraction of component B, dimensionless 

distance in the direction of mass transfer, 

distance in the pellet at which yA = 0 
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porous 

porous 

em 



GREEK SYMBOLS 

= characteristic parameter of the function ~(R) of 

Reference [1], A-l 

n =effectiveness factor defined by equation (19}, 

dimensionless 

e = number of moles of B produced by one mole of A 

~m = viscosity of the mixture of species A and B, g/cm-sec 

¢0 =diffusion-flow correction factor (Reference [1]), 

dimensionless 

50 

¢sA =slip-flow correction factor (Reference [1]}, dimensionless 

¢ss =slip-flow correction factor (Reference [1]}, dimensionless 

SUBSCRIPTS 

DG = dusty-gas model 

MDG = modified dusty-gas model 



TABLE HEADINGS 

Table 1. Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for the v1(R) Pore-Size 
Distribution and for 8=3. 

Table 2. Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for the v2(R) Pore-Size 
Distribution and for 8=3. 

Table 3. Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for the V1(R) Pore-Size 
Distribution and for 8=2. 

Table 4. Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for the v2(R) Pore-Size 
Distribution and for 8=2. 

Table 5. Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for the V1(R) Pore-Size 
Distribution and for 8=1/2. 

Table 6. Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for the v2(R) Pore-Size 
Distribution and for 8=1/2. 
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TABLE 1 

Predicted Effectiveness Factors by the Dusty-Gas 
and the Modified Dusty-Gas Models for the v1(R) 

Pore-Size Distribution and for 8=3. 

52 

ZERO-ORDER REACTION FIRST-ORDER REACTION 

g moles 
k(cm3 sec) noG nMDG % DEV k {sec -ll noG nMDG % DEY 

~D = ~SA = IPs B = l. O 

(Dusty-Gas Model) 3.116x10-6 0.90 1. 526 0.1306 

a = 10-2 3.116 X 10-6 0.90 0.6389 29.0 1. 526 0.1306 0.0926 29.1 

a = 10-4 3.116 X 10-6 0.90 0.8443 6.2 1.526 0.1306 0.1225 6.2 

a = 10-6 3.116 X 10-6 0.90 0.8921 0.9 1. 526 0.1306 0.1294 0.9 

a = 10-8 3.116 X 10-6 0.90 0.8931 0.8 1.526 0.1306 0.1296 0.8 

a= 10-10 3.116 x 1 o-6 0.90 0.8931 0.8 1. 526 0.1306 0.1296 0.8 
- --·---·----------

% DEV = noG - IIMDG X 100 
noG 



TABLE 2 

Predicted Effectiveness Factors by the Dusty-Gas 
and the Modified Dusty-Gas Models for the v2(R) 

Pore-Size Distribution and for 8=3. 

ZERO-ORDER REACTION FIRST-ORDER REACTION 

k(9 moles) 
k {sec-1) cm3 sec 11 DG 11MDG % DEV 11 DG 11 MDG 

~Po = 4>sA = <~>ss = 1. 0 3.116 X 10-6 0.90 1.526 0.1306 

{Dusty-Gas Model) 

a. = 10-2 3.116 X 10-6 Oo90 0.8573 4.7 1.526 0.1306 0.1243 

a. = 10-4 3.116 X 10-6 0.90 Oo8845 1.7 1.526 0.1306 0.1283 

a. = 10-6 3.116 X 10-6 0.90 0.8958 0.5 1.526 0.1306 0.1300 

a. = 10-8 3.116 X 10-6 0,90 0.8961 0.4 1.526 0.1306 0.1300 

a.= 10-10 3.116 X 10-6 0.90 0.8961 0.4 1.526 0.1306 0.1300 

11 - 11 
% DEV = DG MDG X 100 

DG 
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% DEV 

4.8 

1.8 

0.5 

0.5 

0.5 



TABLE 3 

Predicted Effectiveness Factors by the Dusty-Gas 
and the Modified Dusty-Gas Models for t0 ~_e2 _v 1 (R) 

Pore-Size Distribution and for 

ZERO-ORDER REACTION FIRST ORDER REACTION 

k(g Joles) 
11 DG 11MDG % DEV -1 11 DG 11MDG em sec k {sec ) 

~D =~SA= ~SB = l.O 4. 741 X 10-6 0.90 2.097 0.1421 

(Dusty-Gas Model) 

(l = 10-2 4. 741 X 10-6 0.90 0.6276 30.3 2.097 0.1421 0.0990 

(l = 10-4 4. 741 X 10-6 0.90 0.8399 6.7 2.097 0.1421 0.1327 

'1 = lo-6 4.741 X 10-6 0.90 0.8908 1.0 2.097 0.1421 0.1407 

a = 10-S 4.741 X 10-6 0.90 0.8919 0.9 2.097 0.1421 o. 1409 

a = 10-10 4.741 X 10-6 0.90 0.8919 0.9 2.097 0.1421 0.1409 

% DEV = 
11 DG - 11 MDG X 100 

noo 
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% DEV 

30.3 

6.6 

1.0 

0.8 

0.8 



TABLE 4 

Predicted Effectiveness Factors by the Dusty-Gas 
and the Modified Dusty-Gas Models for the v2(R) 

Pore-Size Distribution and for 8=2. 

ZERO-ORDER REACTION FIRST-ORDER REACTION 

k(g moles) 
cm3 sec 11 DG 11 MDG % DEV k (sec-1) 11 DG 11 MOG 

~D =~SA= ~SB = l.O 4.741 X 10-6 0.90 2.097 0.1421 
(Dusty-Gas Model) 

(l = 10-2 4.741 X 10-6 0.90 0.8527 5.3 2.097 0.1421 0.1347 

(l = 10-4 4.741 X 10-6 0.90 0.8823 2.0 2.097 0.1421 0.1394 

fl = 10-6 4. 741 X 10-6 0.90 0.8946 0.6 2.097 0.1421 0.1413 

(l = 10-8 4. 741 X 10-6 0.90 0.8950 0.6 2.097 0. 1421 0.1414 

(l = 10-10 4. 741 X 10-6 0.90 0.8950 0.6 2.097 0.1421 0.1414 

% OEV = noG - nMOG X 100 
11 DG 
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% DEV 

5.2 

1.9 

0.6 

0.5 

0.5 



TABLE 5 

Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for the v1(R) Pore-Size 

Distribution and for 8=1/2. 

ZERO-ORDER REACTION FIRST-ORDER REACTION 

k(g j1es) 
em sec nDG n MDG % DEV k {sec-1) nDG nMDG 

~D =~SA= ~SB = 1•0 9. 461 X 10-6 0.90 3.141 0.1817 

(Dusty-Gas Model) 

a = 10-2 9.461 X 10-6 0.90 0.6274 30.3 3.141 0.1817 0.1267 

a == 10-4 9.461 X 10-6 0.90 0.8403 6.6 3.141 0.1817 0.1697 

a == 10-6 9.461 X 10-6 0.90 0.8915 0.9 3.141 0.1817 0.1800 

a = 10-8 9.461 X 10-6 0.90 0.8925 0.8 3.141 0.1817 0.1802 

a= 10-10 9.461 X 10-6 0.90 0.8925 0.8 3.141 0.1817 0.1802 

% DEV = nDG - nMDG X 100 
nDG 
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% DEV 

30.3 

6.6 

0.9 

0.8 

0.8 



TABLE 6 

Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for the v2(R) Pore-Size 

Distribution and for 8=1/2. 

ZERO-ORDEB REACTION FIRST-ORDER REACTION 

k(g moles) 
cm3 sec noG n~IOG % DEV k (sec- 1 ~ nDG nMOG 

~0 =~SA= ~SB = l.O 

(Dusty-Gas Model) 9.461 X 10-6 0.90 3.141 0.1817 

Cl = 10-2 9.461 X 10-6 0.90 0.8352 5.2 3.141 0.1817 0.1722 

Cl = 10-4 9.461 X 10-6 0.90 0.8829 1.9 3.141 0.1817 0.1782 

Cl = 10-6 9,461 X 10-6 0.90 0.8953 0.5 3.141 0.1817 0.1807 

Cl = 10-8 9.461 X 10-6 0.90 0.8957 0.5 3.141 0.1817 0.1808 

Cl = 10-10 9.461 X 10-6 0.90 0.8957 0.5 3.141 0.1817 0.1808 

% OEV = noG - nMOG X 100 
noG 
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% OEV 

5.2 

1.9 

0.6 

0.5 

0.5 
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FIGURE CAPTIONS 

Figure 1. Mass Flux and Coordinate Directions in One-Dimensional 
Catalyst Pellet. 

Figure 2. Mass Flux of Component A versus Pellet Length for the 
Zero Order Reaction with 8=2 and Pore-Size Distribution 
v1(R). 

Figure 3. Mass Flux of Component A versus Pellet Length for the 
Zero Order Reaction with 8=2 and Pore-Size Distribution 
V2(R). 

Figure 4. Mass Flux of Component A versus Pellet Length for the 
First Order Reaction with 8=2 and Pore-Size Distribution 
v1(R). 

Figure 5. Mass Flux of Component A versus Pellet Length for the 
First Order Reaction with 8=2 and Pore-Size Distribution 
V2(R). 
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ABSTRACT 

The modified dusty-gas model is used to describe the mass fluxes 

and estimate the effectiveness factors in the transition regime of 

second order irreversible reactions with mole changes in heteroporous 

catalysts. A comparison with the dusty-gas model shows that the 

dusty-gas model (homoporous model) predicts effectiveness factors 

that are larger than those predicted by the modified dusty-gas model, 

in some cases by about 30%. In the Knudsen and molecular regimes, 

the correction factors of the modified dusty-gas model approach unity 

and the two models predict the same results. 

Since many industrial catalysts are heteroporous and operate in 

the transition region of transport, the transport equations used in 

this work are relevant to reactor design. 
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INTRODUCTION 

In Part I [1] of this work the modified dusty-gas model [2] 

was used to describe the mass fluxes for zero and first order 

irreversible reactions with mole changes in heteroporous catalysts, 

and to estimate their effectiveness factors in the transition regime 

of transport. It was shown [1] that the effectiveness factors pre­

dicted by the dusty-gas model {homoporous model) [2,3] are larger than 

those calculated by the modified dusty-gas model (heteroporous model) 

[2], in some cases by about 30%. 

In this note, the dusty-gas and the modified dusty-gas models are 

used to describe the mass fluxes and estimate the effectiveness factors 

in the transition regime, of second order irreversible reactions with 

mole changes in heteroporous catalysts. A comparison of the results 

obtained through the use of the above two models, is presented in 

this work. 

MATHEMATICAL FORMULATION 

The mass transport equations of the dusty-gas and modified dusty­

gas models for the system shown in Figure 1, when one-dimensional 

diffusion and flow occur in a reactive porous medium, are given in 

Reference [1]. 
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The effectiveness factor n is calculated as follows: 

1 
_1 J rA(CA)SLX dw 

= SL o 0 

y p I -k(_A_)n 
Rg T 'fJ=O 

( l) 

where 

(2) 

and n = 2 for a second order reaction. The solution procedure of the 

mathematical models and that of the determination of z0 at which 

yA = 0, are the same with those presented in [l]; the only difference 

is that n = 2 instead of 0 and 1 as it was the case in the study 

given in [1]. 

RESULTS 

Second order reactions were examined in this study and the values 
-10 -5 

of the model parameters are: C
0 

= 5.0 x 10 , c1 = 1.0 x 10 , 

c
2 

= 0.5, L = 1.0, and T = 299.3°K. Two different pore-size distri-

butions, v
1

(R) and v
2

(R) were used in the calculations, and their 

diagrams are given in Figure 1 of Reference [2]. 

In Tables l-3, the values of the effectiveness factors for 

e = 3,2,1/2 are presented. The largest deviations in the effective­

ness factors predicted by the dusty-gas and the modified 
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dusty-gas models occur when a= 10-2 for both pore-size distributions. 

The results show a substantial decline in the deviation as a changes 

values from 10-2 to 10-4. This happens because the values of the 

diffusion-flow correction factor [2], for a= 10-6, 10-8, and 10-10 

are very close to unity at the operating pressure, and thus the 

deviation is small. Likewise, the deviations from unity of the values 

of the diffusion-flow correction factor for the v1(R) distribution 

were found to be greater than those of the distribution v2(R), and 

this explains the differences in the deviations of the effectiveness 

factors calculated for the two distributions. The effect of the slip-

flow correction factors on the observed deviations is very small, 

since their values differ from unity by an insignificant amount [4] 

even when a= 10-2. It is also seen from Tables 1-3, that changes 

in the value of e have only a minor effect in the deviations of the 

effectiveness factors. 

In Figures 2 and 3 the mass flux of component A versus the length, 

z/L, is plotted, for v1(R) and v2(R), and fore= 2. It is clear that 

the dusty-gas model predicts larger fluxes and therefore effectiveness 

factors than those computed by the modified dusty-gas model, especially 

for the v1(R) distribution. Similar results were also obtained with 

e = l/2 and e = 3 [4]. 

The variation of the values of the parameters C
0

, c1, and c2 to 

the lower and higher values of their practical industrial ranges, has 

naturally an effect on the reaction rates and effectiveness factors, 
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but the percentage deviations between the predictions of the dusty-gas 

and the modified dusty-gas models, are similar to those given in 

Tables 1-3 [4]. 

CONCLUSION 

The results of this note show that the effectiveness factors in 

the transition transport region for a second order reaction, predicted 

by the dusty-gas model are larger (up to about 30% for the systems 

examined) than those estimated by the modified dusty-gas model which 

accounts for the effects the pore-size and tortuosity distributions 

have on the mass fluxes in industrial heteroporous catalysts. 
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NOTATION 

CA = concentration of component A, g-moles/cm3 

C
0 

= constant dependent only upon structure of porous medium 

and giving relative D'Arcy flow permeability, cm2 

c
1 

= constant dependent only upon structure of porous medium 

and giving relative Knudsen flow permeability, em 

c
2 

= constant dependent only upon structure of porous medium 

n 

rA 

R 

R g 

T 

v p 

and giving ratio of molecular diffusivity within the 

porous medium to the free gas diffusivity, dimensionless 

= reaction constant 

= length of catalyst pellet, em 

=molecular weight of A, g/g-mole 

=molecular weight of B, g/g-mole 

=order of the reaction 

=molar flux of A, g-moles/cm2-sec 

=molar flux of B, g-moles/cm2-sec 

= total pressure, dyn/cm2 

= reaction rate of component A 
0 

= pore radius, A 

= gas constant, 8.317 x 107 erg/g-mole-°K 

= absolute temperature, °K 

= volume of catalyst pellet, cm3 
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V1(R) = volume percent of pores with radius, R, in porous medium 

1 (Reference [2]), dimensionless 

V2(R) = volume percent of pores with radius, R, in porous medium 

2 (Reference [2]), dimensionless 

w = z/LX 0 , dimensionless length 

X0 = z0/L, dimensionless length at which YA = 0 

YA = mole fraction of component A, dimensionless 

z = distance in the direction of mass transfer, em 

z0 = distance in the pellet at which yA = 0 

GREEK SYMBOLS 

= characteristic parameter of the function ~(R) of 
o_l 

Reference [2], A 

n =effectiveness factor defined by equation (1), dimensionless 

8 = number of moles of B produced by one mole of A 

¢0 =diffusion-flow correction factor (Reference [2]), 

dimensionless 

¢sA =slip-flow correction factor (Reference [2]), dimensionless 

¢ss =slip-flow correction factor (Reference [2]), dimensionless 

SUBSCRIPTS 

DG = dusty-gas model 

MDG = modified dusty-gas model 



TABLE HEADINGS 

Table 1. Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for 8=3 and for a 
Second Order Reaction 

Table 2. Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for 8=2 and for a 
Second Order Reaction 

Table 3. Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for 8=1/2 and for a 
Second Order Reaction 
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TABLE 1 

Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for 8=3 and 

for a Second Order Reaction 

cm3 
v1(R) v2(R) 

k (g moles sec) noG nMDG %DEV nMDG 

~D =~SA= ~SB = l.O 10.56 X 106 0.005580 

( Dusty-Gas ~1ode 1 ) 

-2 6 0.005580 0.003953 29.2 0.005313 
a = 10 10.56 X 10 

a = 10 -4 10.56 X 106 0.005580 0.005231 6.3 0.005484 

a = 10 -6 10.56 X 106 0.005580 0.005531 0.9 0.005554 

a = 10 -8 10.56 X 106 0.005580 0.005537 0.8 0.005556 

a= 10-10 10.56 X 106 0.005580 0.005537 0.8 0.005556 

n - n 
%DEV = DG MDG x 100 

noG 

74 

%DEV 

4.8 

1.7 

0.5 

0.4 

0.4 
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TABLE 2 

Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for 8=2 and 

for a Second Order Reaction 

¢o =¢sA= ¢sB = 1·0 

(Dusty-Gas ~1ode 1) 

ex = 10-2 

a = 10-4 

n = 10-6 

Ct = 10-8 

Ct = 10- 10 

n - n 
% DEV = DG MDG x 100 

noG 

3 
k, em ) 

\g moles sec 

13.85 X 106 

6 13.85 X 10 
6 13.85 X 10 

6 1 j. 85 X 10 

13.85 X 106 

13.85 X 106 

noG 

0.006469 

V l ( R) 

nMo£i%DEV 

V2(R) 

nMDG~DEV 

0.006469 0.004506 30.3 0.006132 5.2 

0.006469 0.006040 6.6 0.006346 1.9 

0.006469 0.006408 0.9 0.006435 0.5 

0.006469 0.006415 0.8 0.006438 0.5 

0.006469 0.006415 0.8 0.006438 0.5 
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TABLE 3 

Predicted Effectiveness Factors by the Dusty-Gas and 
the Modified Dusty-Gas Models for O=l/2 and 

for a Second Order Reaction 

~D =~SA= ~SB = 1·0 

(Dusty-Gas ~1ode 1) 

a = 10- 2 

-4 
a = 10 

l't = lo-6 

a = 

-10 
l't = 10 

T) - T) 
%DEV = DG MDG x 100 

noG 

cm3 

k(g moles sec) 

17.31 X 106 

17.31 X 106 

17.31 X 106 

17.31 X 106 

17.31 X 106 

17.31 X 106 

nDG 

0.009285 

v
1

(R) 

nM00%DEV 

v
2

(R) 

nMD-G -%DEV 

0.009285 0.006484 30.2 0.008806 5.2 

0.009285 0.008674 6.6 0.009110 1.9 

0.009285 0.009199 0.9 0.009237 0.5 

0.009285 0.009209 0.8 0.009241 0.5 

0.009285 0.009209 0.8 0.009241 0.5 
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FIGURE CAPTIONS 

Figure 1. Mass Flux and Coordinate Directions in One-Dimensional 
Catalyst Pellet. 

Figure 2. Mass Flux of Component A versus Pellet Length for a 
Second Order Reaction with 8=2 and Pore-Size 
Distribution V1(R). 

Figure 3. Mass Flux of Component A versus Pellet Length for a 
Second Order Reaction with 8=2 and Pore-Size 
Distribution v2(R). 



<
( 

z 

(D
 

0 -X
 

-0 • 
-II 
0.. ,_ 

-...... 
---

II 

~
 

I I I I I I ...... 
~
·
 

0 II 
N

 

m
 

z 
CD 
<D 

t <
( 

0 II 

~
 

0 
N

 
II 
N

 

I I I 

..J 
II 
N

 

78 

. 
.--



.
-
-
-
-
-
-
,
-
-
-
-
-
-
~
-
-
-
-
-
-
-
r
-
-
-
-
-
-
~
-
-
-
-
~
q
 

Q
) 

"
0

 
0 
~
 

(/) 

"' 
c 

• 
I 

<
!) 

0 
I 

I 0 

l() 
0 

l() 
C\1 

q 
~
 

-
0 

( :>as 
3 w:> ) 

S
8

1
0

W
 W

5 

0 
It) 

~
 

C\1 
0 

0 

~01 
X

 VN
 

0 en 
0 0 ;e 0 0 0 CD 
0 0 a

t) 
~
 

0 0 0 rt) 
q 0 l() 
-q 0 0 

qo 
0 

79 

...J 

' N 
N

 (].) 
s.... 
~
 

O
'l 

l...L. 



r
-
-
-
-
-
-
,
-
-
-
-
-
-
-
r
-
-
-
-
-
-
~
-
-
-
-
-
-
~
-
-
-
-
~
9
 

CP 
-o 
0 
~
 

N
 

• 
I 

I 
0 

0 

l() 
0 

10 
C\J 

q 
~
 

-
-

0 

( 
:>es 

~w:> ) 
. 

S
8

1
0

W
 
w

l) 

f6 
lO

 
(.\J 

0 
0 

~01 X
 '~N 

en 
0 CD 
0 0 en 
q 0 10 
1'­
q 0 0 <D 
q 0 1

0
 

~
 

q 0 0 10 
q 0 l() 
-q 0 q 

o
o

 
0 

80 

..J 

' N 
(Y

) 

Q
J 

s.... 
::::l 
C

J) 
.,..... 
Ll.. 



81 

REFERENCES 

1. Klavetter, E.A., Liapis, A. I., Crosser, O.K., and Litchfield, R.J., 

11 Chemical Reactions with Mole Changes in Heteroporous Catalysts­

Part 111
, Chemical Engineering Science, 1982 (submitted for 

publication). 

2. Klavetter, E.A., Liapis, A. I., Crosser, O.K., and Litchfield, R.J., 

Chemical Engineering Science, 1982, lr' 997. 

3. Abed, R., and Rinker, R.G., A.I.Ch.E. J., 1973, ~' 618. 

4. Klavetter, E.A., Ph.D. Thesis, University of Missouri, Rolla, 

Missouri, 1982. 



82 

VITA 

Elmer Anthony Klavetter was born on March 9, 1959, in Minneapolis, 

Minnesota. He graduated from Park Hill High School in Kansas City, 

Missouri in May 1976. He entered the University of Missouri-Rolla 

in August, 1976, and received his Bachelor of Science degree in 

Chemical Engineering in 1980. Since June, 1980, he has been enrolled 

in the Graduate School of the University of Missouri-Rolla and has 

been the recipient of the Shell Foundation Fellowship. In 1981, he 

received a Master of Science degree in Chemical Engineering. 



APPENDIX A 

EXTENDED LITERATURE REVIEW 

83 



84 

Although the estimation of effective diffusion coefficients and 

the characterization of mass transport in catalysts and other porous 

materials has received a great deal of attention in chemical 

engineering literature, the complications of multicomponent diffusion 

over a broad range of pressures and the insufficiently characterized 

porous structures make a rigorous solution not practicable {Jackson (1); 

Froment and Bischoff {2)). Even for the simplifying assumption of a 

single infinitely-long cylinder, diffusion in the transition regime 

between the limits of Knudsen diffusion and bulk diffusion has not been 

rigorously treated {Jackson {1); Gunn and King {3); Gavalas and 

Kim (4)). 

In porous catalysts, membranes, and adsorbents, gas mixtures 

diffuse through a porous matrix composed of irregular channels of 

various sizes, ranging from pores of radii much smaller than the mean 

free path lengths of the gas molecules, to larger pores where the 

radii are much larger than the mean free path lengths. In order to 

model mass transfer in such porous structures, it is necessary to 

develop flux relations valid not only for the pores and operating 

conditions where the limiting cases of Knudsen diffusion and bulk 

diffusion occur, but also for the mass transport in the intermediate 

transition region. Although the theory of transport in porous media 

was advanced over a century ago by Maxwell (5), and the major funda­

mental physical phenomena of diffusion were studied by Graham {6-9) 

even earlier, it is only comparatively recently that detailed forms 
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for the flux relations have been proposed and thought was given to 

their use in describing the behavior of mass transport in various 

porous media {Jackson (1); Froment and Bischoff (2); Gavalas and 

Kim (4); Aris (10)). 

At the present time there exist no flux relations with a com­

pletely sound theoretical basis capable of describing transport 

behavior in porous materials over the whole range of pore geometries 

and operating conditions. The presently existing models tend to fall 

into two major classes: the first is where the porous structure 

itself is modelled, usually as a network of connected capillaries, 

while in the second class, the porous structure is represented as an 

assembly of stationary obstacles dispersed in the gas on a molecular 

scale. In the first approach, the porous media is visualized as a 

collection of cylindrical capillaries of various sizes, and flux 

relations for a single capillary are averaged with respect to the 

pore-size distribution to provide effective flux relations. These 

types of models have been developed by Johnson and Stewart (11), 

Feng and Stewart (12), Feng, Kostrov and Stewart {13), Gavalas and 

Kim {4), Satterfield and Cadle (14), Wheeler (16}, and Gavalas (15). 

In this type of model, where the pore structure is viewed as an 

assembly of interconnected capillaries, the flux vectors are formed 

by adding contributions from the individual channels. So to accurately 

predict the behavior in porous catalysts by these models, equations 

must exist which will predict the fluxes in a single channel throughout 

the range of very small to very large diameters. Classical Knudsen 
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theory gives equations for the fluxes in pores with very small dia­

meters or at very low pressures, and continuum theory gives the fluxes 

for pores with large diameters or at high pressures. However, for the 

intermediate cases in the transition region, where the mean free path 

lengths are comparable to the pore diameters, there exists no adequate 

theory to predict the mass transport behavior (Jackson {1); Gunn and 

King {3)). Since many industrial catalysts have pore sizes in this 

intermediate range (Jackson (1)), the capillary flux model may be 

inadequate. Also, in the capillary models, many assumptions must be 

made and parameters introduced into the equations regarding the 

orientations, pattern of connections, and size distributions of the 

porous systems, which cannot be estimated by independent experiments. 

The second type of model is more loosely related to the actual 

structure of the porous medium, but is more tractable theoretically 

and its predictions are in agreement with those of the capillary model 

approach. The main and most successful representative (Jackson {1)) 

is the dusty-gas model which was developed by Evans, Watson and Mason 

(17-19) and has gained considerable popularity because it does not 

make any assumptions about the pore geometry and involves only three 

physical parameters that characterize the porous media; Derjaguin 

and Bakanov {20) independently developed a similar model. The dusty­

gas model has a firmer theoretical basis than other current models 

(Youngquist (21)) but can theoretically only predict the mass trans­

port behavior of gases in homoporous, or unimodal, media. In the 

dusty-gas model, the porous medium is visualized as a collection of 
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large dust particles which are considered to be giant molecules in 

the transport equations. Thus, the desired transport equations for a 

binary gas mixture diffusing through a porous body can be deduced 

by considering the entire systerr. to be a ternary mixture composed of 

the binary gas components and the dust molecules. The dust molecules 

are constrained to be stationary in space and isotropic. Mason, 

Malinauskas and Evans (22) presented a generalized treatment of gas 

transport in porous media using the dusty-gas model by examining mass 

transport applicable to different operating conditions. 

Evans, Watson and Truitt (23,24) made experimental investigations 

of the interdiffusion behavior of gases in a low permeability gra­

phite and found that the dusty-gas model formed an excellent basis for 

correlating the results. Gunn and King (3) experimentally verified 

the ability of the dusty-gas model to predict mass transport behavior 

under combined gradients of composition and pressure in a fritted 

glass diaphragm. Abed and Rinker (25) made experimental studies of 

isobaric diffusion, permeability of pure gases, and simultaneous flow 

and binary diffusion in commercial catalytic pellets and attempted to 

correlate the data using the dusty-gas model. They found deviations 

in the experimental results and the predictions of the dusty-gas 

model due to the bimodal nature of the porous media used. Ornata and 

Brown (26) also applied the dusty-gas model to isobaric diffusion in 

bimodal structures and found deviations between the computed and 

experimental fluxes. Liapis and Litchfield (27,28) have also applied 
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the dusty-gas equations in modelling the freeze drying process. 

Jackson {1) favors the dusty-gas model as being more theoretically 

tractable than other flux models and it also provides the simplest 

effective method presently available for representing flow and 

diffusion throughout the intermediate region between the limits of 

Knudsen streaming and bulk diffusion with viscous flow, in homoporous 

media. It should be noted that heteroporous media possess pore-size 

and tortuosity distributions. 

Wendt, Mason and Bresler (29) describe the effects of hetero­

porosity on flux equations for membranes; Kocirik and Zikanova (30) 

analyze the adsorption kinetics in materials with polydisperse pore 

structures; and Wakeham and Mason {31) discuss diffusion through 

lamina with a distributed array of pores. Kaza and Jackson {32) have 

discussed diffusion and reaction of multicomponent gas mixtures in 

porous catalysts under isothermal conditions using the dusty-gas 

model. 

The dusty-gas model has been used as a basis for treating flux 

transport in porous membranes by Mason, Wendt and Bresler (33), 

Daneshpajooh, Mason, Bresler and Wendt (34), and Mehta, Morse, Mason 

and Daneshpajooh {35). Williams, Gonzalez and Laborde (36) have used 

the dusty-gas model to describe reaction in a catalytic pellet and 

examined the influence that the three physical geometric parameters 

have on the catalyst pellet effectiveness. Abed and Rinker (37) 

applied the dusty-gas model to reaction with mole changes in porous 

catalysts in the molecular, transition, and Knudsen regimes. 
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The deviations in the mass fluxes predicted by the dusty-gas 

model and the experimental mass fluxes where porous structures with 

bimodal pore-size distributions were used are not surprising since 

the dusty-gas model can theoretically predict mass transport be­

havior only in homoporous media (Jackson (1); Feng and Stewart (12); 

Scott and Dullien (38); Chen (39)). While there are capillary 

models that attempt to take into account the effects that a pore-size 

distribution has on the mass transport behavior in porous media, such 

as those developed by Feng and Stewart (12), those models still 

suffer the fundamental disadvantages previously described for the 

capillary approach. 

Thus, in this work a modeling procedure is presented which 

modifies the dusty-gas model (Wendt, Mason and Bresler (29); Chen (39); 

Chen and Rinker (41)) in order to account for the effects the pore­

size and tortuosity distributions have on the mass fluxes of hetero­

porous media, and also on the effectiveness factors of catalytic 

reactions which occur in permeable catalysts when Knudsen and molecular 

diffusion are present, as well as D'arcy flow. Comparisons for the 

mass fluxes and effectiveness factors for zero, first, and second 

order reactions as predicted by the dusty-gas and the modified dusty­

gas models under varying operating conditions are also presented. 
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APPENDIX B 

EXTENDED RESULTS AND DISCUSSION 
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A. INTRODUCTION 

The modified dusty-gas model contains four physical parameters, 

C0 , Cl, c2, and a, which are characteristic only of the porous 

medium. The parameter a is introduced into the dusty-gas model 

through the effectiveness function and thus through the diffusion and 

slip-flow correction factors. The publication in this work entitled 
11 Compari son of Mass Fluxes Predicted by the Dusty-Gas and a Modified 

Dusty-Gas Model 11 (hereafter referred to as Paper I) presents results 

showing how the parameter a, the pore-size distribution, and the 

pressure affect the mass fluxes predicted by the modified dusty-gas 

model relative to those of the dusty-gas model for binary isobaric 

diffusion and simultaneous diffusion and flow. The publications 

entitled 11 Chemical Reactions with Mole Changes in Heteroporous 

Catalysts - Part I 11 and 11 Chemical Reactions with Mole Changes in 

Heteroporous Catalysts - Part I I 11 (hereafter referred to as Paper I I 

and Paper III, respectively) present results showing how a, the 

pore-size distribution, reaction stoichiometry, and reaction order 

affect the modified dusty-gas model's predictions relative to those 

predicted by the dusty-gas model when an irreversible gaseous reaction 

in a heteroporous medium is considered. 

In Paper I, various values of the parameter a are tested with 

two different pore-size distributions. The diffusion correction 

factors as functions of pressure are presented for three values of 

a for both pore-size distributions in Figure 3 of Paper I. 
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The diffusion correction factors as functions of pressure for the 

remaining two tested values of a= 1 x 10-6 and a= 1 x 1o-10 for 

both pore-size distributions are shown here in Figure B-1. For both 

pore-size distributions, as a decreases, the correction factors 

approach unity at all pressures. The slip-flow correction factors 

for a = 1 x 10-2 and a = 1 x 10-8 are presented in Figures 4 and 5, 

respectively, of Paper I. The slip-flow correction factors as 

functions of pressure are presented in Figure B-2 for a = 2 x lo-4. 

At any particular pressure, there is no distinguishable difference 

in the values of the slip-flow correction factors for a less than 

lo-6. 

The results presented in the body of this work emphasize the 

effects that a, the pore-size distribution, and the pressure have on 

the mass fluxes. In this appendix, more extensive results are pre­

sented showing the effects that variations in the other physical 

parameters have on the mass fluxes for both the dusty-gas and the 

modified dusty-gas models for the following isothermal cases: 

(1) Binary isobaric diffusion 

(2) Simultaneous diffusion and flow 

(3) Irreversible chemical reactions with mole changes 
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B. BINARY ISOBARIC DIFFUSION 

The results given in Paper I for the case of binary isobaric 

diffusion show the deviation in the mass fluxes of component A pre­

dicted by the modified dusty-gas model relative to the mass fluxes 

predicted by the dusty-gas model for pressures ranging from 1-20 atm, 

for values of the parameter a ranging from lo-2 - 10-10 and for two 

pore-size distributions. These results were obtained with the two 

physical parameters c
1 

and c2 constant at c1 = 2000 x 10-8 and 

c2 = 0.5. Included in this appendix are results for other combinations 

of the physical parameters. 

The percentage deviation of the mass flux of component A (or 

component B) for the two models is independent of the values of 

cl and c2' since 

(1) 

Therefore, the deviation in the mass fluxes is proportional only 

to the deviation of the diffusion correction factor from unity, and 

so the modified dusty-gas model changes the magnitude of the flux 

as predicted by the dusty-gas model but does not alter how the flux 

changes with respect to the geometric parameters c1 and c2. 

As c
2 

varies from 0.1- 0.8, the relative change in NA (or N8) 

is the same for both the modified dusty-gas model and the dusty-gas 

model, since 
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= (2) 

MDG DG 

The same result is true for the relative change in NA as c1 varies 

in its range of values of 50 x 10-8 to 2000 x 10-8 em. 

Alth~ugh the relative change in the mass flux is the same for 

both models over the range of values for c2, the absolute magnitude 

of the change in NA,MDG can differ greatly as compared to the 

change in the absolute magnitude of NA,DG over the same range of 

values. This can be seen from the results shown in Table B-1, where 

the mass fluxes of component A are presented for the extreme values 

of c2=0.l and c2=0.8. Since the percentage deviation is the same 

at both extremes of c2, all other parameters being the same, the 

relative change in NA must be the same for both the modified dusty­

gas and the dusty-gas models for any value of c2. However, the 

absolute magnitude of the change in NA predicted by the modified 

dusty-gas model over the range 0.1 ~ c2 ~ 0.8 differs by over 66% 

(for a = 10-2; P = 1 atm) of the change in the value of NA predicted 

by the dusty-gas model for the cases tested. 

Similar results were obtained when c1 was varied from 50 x 10-8 

to 2000 x 10-B as shown by the results presented in Table B-2. 

Therefore, while the manner of the change in the flux is the same 

for both models as c1 or c2 is varied, the actual changes in the 

absolute magnitude of the mass fluxes could be significantly 

different. 
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TABLE B-1 

Binary Isobaric Diffusion; v1(R) and c1 = 2000 x 10 -8 

.~2 = 0. 1 c2 = o.8 

P(Atm) N 
\oG 

X 105 % Dev NA N 
AMDG 

X 105 
% Dev NA 

1 X 10-2 1 0.089 66.46 0.461 66.46 
6 0.168 40.69 1 . 221 40.69 

10 0.191 32.63 1. 446 32.63 
14 0.206 27.56 1.583 27.56 
20 0. 221 22.56 1 . 717 22.56 

2 X 10-4 1 0.195 26.10 1.015 26.10 
6 0.252 10.78 1. 837 10.78 

10 0.262 7.84 1.978 7.84 
14 0.267 6.25 2.049 6.25 
20 0.272 4.85 2.109 4.85 

1 X 10-6 1 0.258 2.29 1. 342 2.29 
6 0.280 0.82 2.042 0.82 

10 0.283 0.58 2.133 0.58 
14 0.284 0.46 2.176 0.46 
20 0.284 0.35 2.209 0.35 

1 X 10-8 1 0.259 1. 86 1. 348 1. 86 
6 0.281 0.66 2.045 0.66 

10 0. 283 0.47 2.136 0.47 
14 0.284 0.37 2.178 0.37 
20 0.285 0.29 2.210 0.29 

1 X 10-10 1 0.259 1. 86 1. 348 1. 86 
6 0. 281 0.66 2.045 0.66 

10 0.283 0.47 2.136 0.47 
14 0.284 0.37 2.178 0.37 
20 0.285 0.28 2.210 0.28 

% Dev NA = 
N N 

AoG - AMDG 
N X 100 

AoG 
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TABLE B-2 

Binary Isobaric Diffusion; V (R) 
1 and c2 = 0.5 

c, = so x 1o-8 c 
1 

= 2ooo x 1o-8 

a, P(Atm) N 
AMDG 

X 105 
% Dev NA N 

AMDG 
X 105 

% Dev NA 

-2 
1 X 10 1 0.028 66.46 0.338 66.46 

6 0.228 40.69 0.793 40.69 
10 0.364 32.63 0.926 32.63 
14 0.475 27.56 1. 007 27.56 
20 0.605 22.56 1. 086 22.56 

2 X 10-4 
1 0.062 26.10 0.745 26.10 
6 0.343 10.78 1 . 193 10.78 

10 0.498 7.84 1. 266 7.84 
14 0.615 6.25 1. 304 6.25 
20 0.743 4.85 1. 335 4.85 

1 X 10-6 
1 0.082 2.29 0.985 2.29 
6 0.381 0.82 1. 327 0.82 

10 0.538 0.58 1. 366 0.58 
14 0.653 0.46 1. 384 0.46 
20 0.779 0.35 1. 398 0.35 

1 X 10-8 
1 0.082 1. 86 0.989 1. 86 
6 0.382 0.66 1. 329 0.66 

10 0.538 0.47 1. 368 0.47 
14 0.654 0.37 1. 385 0.37 
20 0.779 0.29 1. 399 0.29 

1 X 10-10 1 0.082 1. 86 0.989 1. 86 
6 0.382 0.66 1. 329 0.66 

10 0.538 0.47 1. 368 0.47 
14 0.654 0.37 1. 385 0.37 
20 0.779 0.28 1. 399 0.28 

NA - NA 
% Dev N = DG MDG x 100 

A NA 
DG 
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Additional results of the effects that different combinations 

of values of the parameters c1, c2, P and a have on the mass fluxes 

and concentration profiles predicted by both the modified dusty-gas 

and the dusty-gas models for isothermal binary isobaric diffusion 

may be obtained through the Chemical Engineering Department at 

the University of Missouri-Rolla. 
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C. SIMULTANEOUS DIFFUSION AND FLOW 

In the case of simultaneous diffusion and flow, there is a 

contribution to the mass flux due to both a concentration and pres­

sure gradient. The addition of the flow phenomena due to a pressure 

gradient introduces the additional parameters C , the pressure drop 
0 

~P, and the slip-flow correction factors into the modified dusty-gas 

equations in addition to those parameters already present in the 

equations for binary isobaric diffusion. In addition to changing 

the pore-size distribution, the variation of the parameters C
0

, 

c1, c2, a, ~P and P
0 

affects the mass fluxes predicted by the modified 

dusty-gas and the dusty-gas models. Included here are results of 

the mass fluxes predicted by both models for various combinations of 

the above mentioned parameters as they are varied over their range of 

tested industrial values. 

Table 3 in Paper I shows predicted mass fluxes for both pore­

size distributions for a range of pressures and values of the para­

meter a. As the pressure increases to the high pressure region, 

the deviation in the mass fluxes predicted by the modified dusty-gas 

model with respect to those predicted by the dusty-gas model 

decreases. For the pore-size distributions tested, the deviation 

decreases since a greater fraction of molecules are forced into the 

limiting region of molecular diffusion as the pressure increases and 

thus the modified dusty-gas model predicts results closer to those 

of the dusty-gas model. This would also be the case if the pressure 

was low enough that the molecules would be in the limiting Knudsen 
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regime. As the parameter a decreases, the correction factors approach 

unity and the deviation in the mass fluxes predicted by the two 

models decreases for the whole pressure range considered. For the 

two pore-size distributions considered in this work, the largest 

deviation occurs at the highest value of a. 

The parameter C
0 

is a factor characteristic of the scale and 

geometry of the pore structure and is known as the permeability of 

the medium. In a porous structure, C
0 

is on the order of magnitude 

of the square of the pore radii. The value of C
0 

gives an indica­

tion of the degree of indirect transfer of momentum to the wall via 

a sequence of molecule-molecule collisions, terminating in a 

molecule-wall collision. Table B-3 shows mass fluxes predicted by 

the modified dusty-gas and dusty-gas models for two values of C
0 

near the limits of their industrial range of values. As C
0 

varies 

from 25 x lo-12 to 500 x 10-12 , the change in magnitude of the mass 

fluxes is approximately the same for both models. As the value of 

C
0 

increases, the magnitude of the mass flux of component A decreases 

and that of component B increases. Since the molecular weight of 

component B is much less than that of component A, the mean free 

path length of B is greater and increasing C
0 

increases the number 

of collisions involving component B and thus the mass flux of com­

ponent B increases. Since the mean free path length of component A 

·is already much shorter than that of component B, increasing C
0 

does 

not significantly increase the collisions of A and, in fact, the 

axial mass flux of A decreases since the collisions of B become 

dominant. 



TABLE B-3 

Predicted Mass Fluxes for Components A and B by the f.rlodi fied Dusty-Gas and the 
Dusty-Gas Models; Simultaneous Diffusion and Flow with C

0 
Varying 

v1(R) V2(R) 

co NA x 10
5 5 

%0EV NA %DEV NB NA X 10
5 NB x 10

5 %DEV r~A a NB x 10 
-

Dusty-Gas 25 X 10-12 0.900 2.726 -- -- 0.900 2.726 
Model 

500 X 10-l 2 (¢o=¢sA=¢ss=1) 0.604 3.287 -- -- 0.604 3.287 

2 X 10-4 25 X 10-12 0.624 1.994 30.7 26.9 0.792 2.438 12.1 

500 X 10-12 0.346 2.574 42.7 21 . 7 0.502 3.005 17.0 

1 x 1 o-8 25 X 10-12 0.872 2.650 3.2 2.8 0. 877 - 2.664 2.6 

500 X 10-12 0.577 3.212 4.5 2.3 0.587 3.226 3.7 

N. - N. 
1 1 

%DEV N. = OG MDG x 100 
1 N. 

1 DG 

-8 C1 = 1000 X 10 , c2 = o.8, ~P = P
0

- PL = 0.053 atm, P
0 

= 1 atm 

%DEV NB 

10.6 

8.6 

2.3 

1. 9 

--J 

0 
N 
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The percentage deviation of the predictions of the modified 

dusty-gas model with respect to those of the dusty-gas model are in 

the same magnitude range as C
0 

varies. Again, the deviation is less 

at lower values of a and less for v2(R). The deviation of component 

B is less than that of component A since the absolute magnitude of 

N8 is greater than that of NA. 

The geometric factor c1 is characteristic of the Knudsen permea­

bility and the mass flux of both components increases as c1 is 

increased over the range 50 x 10-8 ~ c1 ~ 2000 x 10-8. Predicted mass 
-8 -8 fluxes for c1 = 50 x 10 and c1 = 2000 x 10 for the modified dusty-

gas and the dusty-gas models are shown in Table B-4. Increasing c1 
characterizes a porous structure with a greater capability for 

diffusion in the pores and so the mass fluxes for both components 

increase. The results in Table B-4 are shown for the dusty-gas model 

and for the modified dusty-gas model for both pore-size distributions 

at two values of the parameter a. 

Similar results were obtained as c2 was varied in the range 

0.1 ~ c2 2 0.8, as shown in Table B-5. The magnitude of the fluxes 

of both components increases as c2 is increased from 0.1 to 0.8 and 

the deviation of the mass fluxes predicted by the two models as 

c2 is varied are similar. 

With both diffusion and flow, there is a pressure drop along the 

pellet length. Table B-6 shows the effects of changing the pressure 

drop from 0.053 atm to 0.132 atm (40 mm Hg to 100 mm Hg) for the 

dusty-gas and modified dusty-gas models at two values of a and for 

both pore-size distributions. Since component B diffuses in the 



TABLE B-4 

Predicted Mass Fluxes for Components A and B by the Modified Dusty-Gas and the 
Dusty-Gas Models; Simultaneous Diffusion and Flow with c1 Varying 

V l ( R) V
2

(R) 

a c1 NA x 10
5 

N8 x 10
5 

%DEV NA %DEV NB NA x 10
5 

NB x 10
5 

%DEV NA %DEV NB 

Dusty-Gas 50 X 10-8 0.061 0.249 -- -- 0.061 0.249 
Model 

2000 X 10-8 
( <f>o= q>sA= QSB = 1 ) 0.873 2.917 -- -- 0.873 2.917 

2 X 10-4 50 X 10-8 0.039 0.189 36.9 24.4 0.052 0.225 14.6 9.6 

2000 X 10-8 0.589 2.166 32.5 25.8 0.761 2.622 12.8 10.1 

1 x 1 o-8 50 X 10-8 0.059 0.243 3.9 2.5 0.059 0.244 3.2 2. 1 

2000 X 10-8 0.843 2.839 3.4 2.7 0.849 2.853 2.8 2.2 

N. - N. 
1 1 

~DEV N. = DG MDG x 100 
1 N. 

1 DG 

-12 C
0 

= 25 X 10 , c2 = o.s, 6P = P
0 

- PL = 0.053 atm, P
0 

= 1 atm 
__, 
0 
~ 



TABLE B-5 

Predicted Mass Fluxes for Components A and B by the Modified Dusty-Gas and the 
Dusty-Gas Models; Simultaneous Diffusion and Flow with c2 Varying 

v1 ( R) V2(R) 

c2 NA X 10
5 NB X 105 %DEV NA %DEV N8 

5 
NB x 10

5 %DEV NA a. NA X 10 

Dusty-Gas 0. 1 0.173 0.798 -- -- 0.173 0.798 
Model 
(<t>D=<t>sA=<t>ss=l) 0.8 0.900 2.726 -- -- 0.900 2.726 

2 X 10-4 0. 1 0.106 0.618 38.9 22.5 0.147 0.727 15.4 

0.8 0.624 1.994 30.7 26.9 0.792 2.438 12. 1 

1 x 1 o-8 0.1 0.166 0.779 4.1 2.4 0.168 0.783 3.3 

0.8 0.872 2.650 3.2 2.8 0.877 2.664 2.6 

N. - N. 
1 1 

%DEV N. = DG MDG x 100 
1 N. 

1 DG 

-12 C
0 

= 25 X 10 , Cl = 1000 X 10-8, 6P = P
0 

- PL = 0.053 atm, P
0 

= 1 atm 

%DEV N8 

8.9 

10.6 

1 . 9 

2.3 

~ 

0 
0'1 



TABLE B-6 

Predicted Mass Fluxes for Components A and B by the Modified Dusty-Gas and the 
Dusty-Gas Models; Simultaneous Diffusion and Flow with 6P Varying 

V1 ( R) V2(R) 

a 6P NA x 105 N8 x 105 
%DEV NA %DEV N8 NA x 10

5 N8 x 105 %DEV NA 

Dusty-Gas 0.053 0.700 2.196 -- -- 0.700 2.196 
Model 
(¢o=<f>sA=¢ss=1) 0.132 0.587 2.398 -- -- 0.587 2.398 

2 X 10-4 0.053 0.481 1. 614 31.3 26.5 0.614 1.967 12.3 

0.132 0.372 l. 825 36.7 23.9 0.501 2.169 14.7 

1 x 1 o-8 0.053 0.677 2.135 3.3 2.8 0.682 2.146 2.7 

0.132 0.564 2.338 3.9 2.5 0.568 2.348 3.2 

N. - N. 
1 1 

%DEV N. = DG MDG x 100 
1 N. 

1 DG 

C
0 

= 25 X 10-12 , Cl = 1000 X 10-8 , C2 = 0.5, P
0 

= 1 atm 

%DEV N8 

10.4 

9.6 

2.3 

2.1 

0 
m 
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same direction as the pressure drop, the mass flux of B increases as 

the pressure drop increases and the mass flux of A decreases. As 

before, the percentage deviation between the two models decreases as 

a decreases and is less for v2(R). 

Since the values of the mole fraction and pressure are set at 

both ends of the pellet by the boundary conditions, varying C
0

, 

c1, c2, P or a has relatively little effect on the shape of the 

concentration or pressure profiles. Additional results of the 

effects that different combinations of the values of the parameters 

C
0

, c1, c2, P, ~p and a have on the mass fluxes, concentration pro­

files, and pressure profiles predicted by both the modified dusty-gas 

and dusty-gas models for both pore-size distributions, for the case 

of isothermal simultaneous diffusion and flow, may be obtained 

through the Chemical Engineering Department at the University of 

Missouri-Rolla. 
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D. IRREVERSIBLE CHEMICAL REACTIONS WITH MOLE CHANGES 

The dusty-gas and modified dusty-gas models are used to predict 

the mass fluxes for zero, first and second-order isothermal, irre­

versible reactions with mole changes in heteroporous catalysts, and 

to estimate their effectiveness factors in the transition region 

where a majority of the pores exhibit transport behavior combining 

the simultaneous effects of ordinary molecular diffusion and Knudsen 

diffusion. The irreversible reactions have the form: 

A + 88 (3) 

Paper II shows predicted effectiveness factors by the dusty-gas and 

modified dusty-gas models for v1(R) and v2(R) for zero and first­

order reactions with 8 = ~' 2, and 3, and for various values of the 

parameter a. Paper III shows similar results for a second-order 

reaction. Median industrial values of the physical parameters C0 , 

c1, and c
2 

were used. An external pressure of one atmosphere was 

used in all calculations, as well as a pellet length of one centimeter. 

Papers II and III show that, as in the cases of binary isobaric 

diffusion and simultaneous diffusion and flow, when the value of a 

decreases, the percentage deviation of the effectiveness factors 

predicted by both models also decreases. As in the other cases, the 

deviation at any value of a is less for v2(R) than for v1(R). Although 

only one pressure value was tested, it would be expected that the 

deviation between the predictions of the two models would be 

small at either very high or very low pressures. 
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The value of e has only a minor effect on the percentage devia­

tion of the effectiveness factors predicted, although its value does 

affect the concentration and pressure profiles. The value of e is 

determined by the ratio of molecular weights of the two components 

in the reacting system. To achieve the tested values of e = J, 2, 

and 3, molecular weights of 16, 32, and 48 were used (e = ~ = ~~; 
32 48 e = 2 = li; e = 3 = 16). The physical properties used, corresponding 

to these molecular weights, are shown in Table B-7. The value of 

e has only a small effect on the shape of the concentration profile 

since the boundary conditions determine the values of the mole 

fractions at the ends of the pellet. Fore > 1, the internal pres-

sure in the porous structure increases since the number of moles of 

gas increase due to the reaction. Fore< 1, the internal pressure 

decreases as the reaction progresses. For any of the values of 8 

tested, however, there is less than a one percent change in the 

pressure and thus varying e does not cause a significant difference 

in the pressure values along the pellet length, assuming all other 

parameters are kept constant. 

The physical properties for the three compounds shown in Table 

B-7 were used to calculate the heteroporosity diffusion and slip­

flow correction factors for 8 = 1, 2, and 3 for both pore-size 

distributions. The correction factors for 8 = 3 for the various 

tested values of a. are shown in Table B-8 for both v1 (R) and v2(R). 

The correction factors shown are for P = 1 atm. Since there is only 

a small pressure gradient, there is only a minor variation in the 
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TABLE B-7 

Physical Properties of the Reacting Components 

Molecular Weight Tc PC ~(g/cm sec} 

16 190 60 140 X 10-6 

32 310 50 120 X 10-6 

48 380 45 110 X 10-6 
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TABLE B-8 

Heteroporosity Correction Factors For 
e = 3 and P = 1 Atm 

(M.W.A = 48, M.W. 8 = 16) 

v1(R) V2(R) 

<Po <~>sA <~>sa <Po <~>sA <Psa 

1 X 10-2 0.5037 1. 00321 0.99453 0.9070 1.00023 0.99960 

1 X 10-4 0.8797 1.00013 0.99978 0.9659 1.00005 0.99992 

1 X 10-6 0.9825 1. 00001 0.99999 0.9906 1.00000 0.99999 

1 X 10-8 0.9846 1.00000 0.99999 0.9914 1.00000 0.99999 

1 X 10-10 0.9846 1.00000 0.99999 0.9914 1 .00000 0.99999 
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values of the correction factors as the reaction progresses through 

the pellet. The correction factors fore = 2 are shown in Table 8-9, 

also at one atmosphere. The correction factors for e = 1 are the 

same as for e = 2 if the subscripts of A and 8 are switched for the 

slip-flow correction factors. 

The variation of the parameters C
0

, c1, and c2 in their range 

of values, shown in Table 1 of Paper I, has an effect on the mass 

fluxes of both components and on the values of the effectiveness 

factors, but has only a minor effect on the percentage deviation of 

these quantities as predicted by the dusty-gas and modified dusty-gas 

models. These results are shown in Table 8-10 when C
0 

is varied, in 

Table 8-11 when c1 is varied, and in Table 8-12 when c2 is varied. 

Two values of each of the three geometric parameters at the extremes 

of their range of values were tested for the dusty-gas model (¢0=¢sA= 
-2 ¢58=1) and for a= 10 for v1(R) and for a zero-order reaction. 

Although the mass fluxes and effectiveness factors change as the 

parameters change, the percentage deviation in the effectiveness 

factors with a = 10-2 remains at approximately 30%. As noted pre­

viously, changing the order of the reaction has a negligible effect 

on the percentage deviation between the predictions of the dusty-gas 

and of the modified dusty-gas models. 

Therefore, although changing C
0

, c1, c2, e, or the order of the 

reaction does produce changes in the magnitudes of the mass fluxes 

and effectiveness factors predicted by the dusty-gas and the 
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TABLE 8-9 

Heteroporosity Correction Factors for 
e = 2 and P = 1 Atm 

(M.W.A = 32, M.W. 8 = 16) 

v1 ( R) V2{R) 

a <Po <PsA <Psa <Po <PsA <Psa 

1 X 10-2 0.4862 1.00257 0.99640 0.8989 1 . 00019 0.99973 

1 X 10-4 0.8720 1.00010 0.99985 0.9624 1.00004 0.99994 

1 X 10-6 0.9813 1. 00000 0.99999 0.9896 1. 00000 0.99999 

1 X 10-8 0.9836 1.00000 0.99999 0.9904 1. 00000 1.00000 

1 X 10-10 0.9836 1. 00000 0.99999 0.9904 1. 00000 1.00000 



TABLE B-10 

Predicted Effectiveness Factors by the Dusty-Gas and the Modified 
Dusty-Gas Models for 8=2, v1(R), and a Zero Order Reaction; C

0 
Varies 

CO = 25 X 10-12 CO = 1000 X 10-12 

Dust~-Gas Model a = 10 -2 Dusty-Gas Model a = 10 -2 

k(g moles) 4.741 X 10-6 4.741 X 10-6 -6 4.741 X 10-6 
cm3 sec 

4.741 X 10 

NAI (9 ~oles) 4.23 X 10-6 2.94 X 10-6 4.15 X 10-6 2.89 X 10-6 
z=O em sec 

n 0.9010 0.6307 0.8997 0.6274 

% DEV 30.0 30.3 
n - n 

% DEV = DG MDG x 100 
noG 

-8 c1 = 1ooo x 10 , c2 = o.5, P = 1 atm 

__. 
__. 
_.:::. 



TABLE B-11 

Predicted Effectiveness Factors by the Dusty-Gas and the Modified 
Dusty-Gas Models for 8=2, v1(R), and for a Zero Order Reaction; c1 Varies 

Cl = 50 X 10-8 Cl = 2000 X 10-8 

k(g moles) 
cm3 sec 

N 
1 

(g moles) 
A z=O cm2 sec 

n 

% DEV 

Dusty-Gas Model 

4.741 X 10-6 

1.87xlo-6 

0. 4051 

n - n 
% DEV = DG MDG x 100 

noG 

a. = 10-2 Dusty-Gas Model a = 10-2 

4.741 X 10-6 4.741 X 10-6 4.741 X 10-6 

1.30 X 10-6 4.40 X 10-6 3.06 X 10-6 

0.2821 0.9502 0.6632 

30.4 30.2 

-12 C
0 

= 500 x 10 , c2 = 0.5, P = 1 atm 

__. 
__. 
(J"1 



TABLE B-12 

Predicted Effectiveness Factors by the Dusty-Gas and the Modified 
Dusty-Gas Models for 8=2, V1(R), and for a Zero Order Reaction; c

2 
Varies 

c2 = o. 1 c2 = o.8 

Dusty-Gas Model a = 10-2 Dusty-Gas Model* a = 10-2 

k(g moles) -6 4.741 X 10-6 4.741 X 10-6 4.741 X 10-6 4.741 X 10 
cm3 sec 

NAI (9 ~ales) 2.03 X 10-6 1.42 X 10-6 4.95 X 10-6 3.45 X 10-6 
z=O em sec 

n 0.4409 0. 3071 1.0729 0.7483 

% DEV 30.3 30.3 

n - n 
% DEV = DG MDG x 100 

nDG 
-12 -8 C0 = 500 x 10 , c1 = 1000 x 10 , P = 1 atm 

*Pellet Length= 1.1 em 

~ 

0'\ 
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modified dusty-gas models, the percentage deviation between the two 

models is about the same when any of these parameters are varied in 

both models. It is the value of a and the pore-size distribution 

which determines the magnitude of difference between the two models, 

as shown by the results here and in Paper II and Paper III. 

Additional numerical results giving the concentration and pres­

sure profiles for the cases presented in this work may te obtained 

through the Chemical Engineering Department of the University of 

Missouri-Rolla. 
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APPENDIX C 

COMPUTER PROGRAMS 
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A. INTRODUCTION 

This appendix describes the five computer programs used to cal­

culate the results given in this work. The programs were run on an 

AMDAHL 470/VS computer, using FORTRAN IV language. The FORTRAN IV 

code is given for each program, along with a sample input and out-

put data set. The first program, described in section A, shows the 

method used for computing the diffusion and slip-flow correction 

factors. The program described in Section B computes results 

predicted by the dusty-gas and modified dusty-gas models for binary 

isobaric diffusion. The program described in Section C computes the 

mass flux ratios, for a binary system of A and B, predicted by both 

models for simultaneous diffusion and flow. The program described 

in Section D uses these last results to compute the mass flux magni­

tudes for both components A and B for simultaneous diffusion and flow. 

The last program, described in Section E, computes results using 

both models for the case of chemical reactions with mole changes in 

a porous medium. 



120 

B. COMPUTER PROCEDURE FOR CORRECTION FACTOR DETERMINATION 

The program described in this section computes the diffusion and 

slip-flow correction factors for the modified dusty-gas model as 

defined by Eqs. (13)-(15) in Paper I. The effectiveness function, 

~(R), and the pore-size volume distribution V(R) are specified in 

subroutines in the program. The subroutine DELTAR provides the 

computer code which defines ~(R) as given by Eq. (12) in Paper I. 

The code for V(R) is given in two subroutines, VOFRl and VOFR2. 

Since one analytic function may not be adequate to describe the pore­

size volume distribution over the total range of pore radii, two 

subroutines are used to describe V(R), with the subroutine VOFRl 

providing the function which describes the volume distribution from 

R=O to R=NRl, and the subroutine VOFR2 describing the volume distri­

bution from R=NRl to some specified maximum radius, NR2. The code 

for the functions defining the two pore-size volume distributions 

tested in this work are given in the program code at the end of 

this section. 

The remaining subroutine in this program, PDIFF, provides a 

value for the pressure times the binary diffusivity, PDAB' which is 

calculated from the following analytic expression, given in the text 

entitled "Transport Phenomena", published by John Wiley & Sons and 

authored by Bird, Stewart, and Lightfoot, p. 505 (1970): 
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( 1 ) 

1 l 1/2 T 1.823 
X (r;r + M) (---) 

A B If T 
cA cB 

The parameters in Eqs. (13)-(15) in Paper I are evaluated over 

the range of pore sizes from R=O to R=NR2=Rmax' where NR2 is specified 

in the program input data. The summations are evaluated using 

Simpson's rule over the pore-size range. The diffusion and slip-

flow correction factors are calculated at all values of pressure 

specified in the input data at each value of the parameter a 

specified. 

The Fortran IV code for the program follows, along with a 

sample input data set and the resulting output. 



c 
c c c 
c 
c 
c c c c 
c 
c 
~ c 
~ c 
~ c 

~ 
c 
c 
c 
c 
c c 
c 
c c 
c c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

......................................................... 
• • * THIS PROGRAM CALCULATES THE DIFFUSION AND * * SLIP-FLOW CORRECTION FACTORS OVER A RANGE * 
* OF PRESSURES FOR A BINARY SYSTEM Of COMPONENTS * * A AND 8 FOR THE MODIFIED DUSTY-GAS MODEL. * * THE FUNCTIONS DEFINING THE PORE-SIZE DISTRI- * * BUTION AND THE EFFECTIVENESS FUNCTION ARE * * DESIGNATED IN THE SUBROUTINES. VARIOUS * 
• VALUES OF THE PARAMETER ALPHA MAY BE USED. * • • ......................................................... 

IDENTIFICATION Of VARIABLES AND ARRAYS 
YAO z 
VAL z 
WMA • 
WMB = 

T = 
TCA s 
TCB a 
PCA = 
PCB = 
NRl = 

NR2 = 
RM = 

MOLE FRACTION OF COMPONENT A AT Z=O 
MOLE FRACT ON OF COMPONENT A AT Z=L 
MOLECULAR WEIGHT Of A 
MOLECULAR WEIGHT OF 8 
TEMPERATURE OF THE SYSTEM CKI 
CRITICAL TEMP OF COMPONENT A 
CRITICAL TEMP OF COMPONENT 8 
CRITICAL PRESSURE OF COMPONENT A 
CRITICAL PRESSURE OF COMPONENT 8 
INTERMEDIATE PORE RADIUS WHERE VIRI CAN BE 
SEPARATED INTO TWO SEPARATE FUNCTION CANGSTROMSI 
MAXIMUM PORE RADIUS IANGSTROMSI 
THE VALUE Of THE MEAN RADIUS USING THE DEFINITION 
THAT EXCLUDES THE EFFECTIYNESS FUNCTION. 

ALPCNAJ 
PRCNP) 

RADMCNAI 

= VECTOR OF NA VALUES Of THE PARAMETER ALPHA 
: VECTOR OF NP VALUES OF THE PRESSURE = VECTOR OF THE VALUES OF THE MEAN PORE RADII 

CDA( NP,NA I 

CSA(NP,NAI 

AT THE 1 NA 1 VALUES OF THE PARAMETER ALPHA USING 
THE DEFINITION FOR THE MEAN RADIUS THAT INCLUDES 
THE EFFECTIVENESS FUNCTION. = ARRAY OF THE DIFFUSION CORRECTION FACTORS USING 

THE VALUES OF RAOMCNAJ FOR THE MEAN RADIUS AT THE 
NP VALUES OF PRESSURE AND NA VALUES OF ALPHA = ARRAY OF THE SLIP-FLOW CORRECTION FACTORS FOR 
COMPONENT A USING THE VAlUES OF RAONCNAJ FOR 
THE MEAN RADIUS AT THE NP VALUES OF PRESSURE _, 

"' "' 



C AND NA VALUES OF ALPHA. 
C CSBCNP,NAJ = ARRAY OF THE SLIP-FlOW CORRECTION FACTORS FOR 
C COMPONENT 8 USING THE VALUES Of RADMCNA) FOR 
C THE MEAN RADIUS AT THE NP VAlUES OF PRESSURE 
C AND NA VALUES OF ALPHA. 
C PDACNP,NA) = ARRAY OF THE DIFFUSION CORRECTION FACTORS USING 
C THE VALUE OF RH FOR THE MEAN RADIUS AT THE 
C NP VAlUES OF PRESSURE AND NA VAlUES OF AlPHA 
C PSAINP,NAI = ARRAY OF THE SLIP-FLOW CORRECTION FACTORS FOR 
C COMPONENT A USING THE VALUE OF RN FOR THE 
C MEAN RADIUS AT THE NP VALUES OF PRESSURE 
C AND NA VALUES Of ALPHA. 
C PSBCNP,NAt = ARRAY OF THE SliP-FlOW CORRECTION FACTORS FOR 
C COMPONENT 8 USING THE VALUE OF RN FOR THE 
C MEAN RADIUS AT THE NP VALUES Of PRESSURE 
C AND NA VALUES OF ALPHA. 
C DVC,OSA.DSB = THESE ARE ARRAYS WHICH CAlCUlATE THE DEVIATION 
C BETWEEN COA AND PDA, CSA AND PSA, AND CSB AND 
C PSB, RESPECTIVELY. c 
C THE REMAINING VECTORS ARE DUMMY VECTORS OR WORKING 
C VECTORS USED ONLY IN CALCULATING THE SUMMATIONS. 
c 
c 

c c c 
c 
c 

181 

182 

IMPLICIT REAl*8CA-H 0-ZJ 
DIMENSION RNUMlC20001tRNUM2C2000J{RDENlCZOOOJ,RDEN2C2000J 
DIMENSION CDA1(200t~C~A1(2001,CSB C2001 
DIMENSION RX(200J,Cu(200J,RAOMC71 
DIMENSION CDII200,1),CSAC200.7l,CSBC200,7) 
DIMENSION CDARC2000JJCSAR(20001tCS8RI2000t,COAR2C2000J 
DIMENSION CSAR212000 ,CSBR2(200oJ,ALPC1001 1 PRCZOOI 
DIMENSION RNUM3Cl500J,RNUM~C1500t,ROEN3(15oOJ,RDEN4(1500) 
DIMENSION POII200,6),PSA(200,6J,PSBC200,61 
DIMENSION DVOC200,6J,OSAC200,6J,DS8C200,61 

READ IN THE BINARY SYSTEM'S PHYSICAL CHARACTERISTICS 
AND ECHO CHECK THEM 

READC5.•JYAO•YAL,WMA,WMB,T,TCA,TCB,PCA,PC8,NR1,NR2 
WRITEC6,181JVAO,Y~ 
FORMATC/It20X, 1 YA01 ,30X,D1~.6,/•20X,•YAL't30X,Dl~.6J 
WRITEC6tl821WMA.WMB 
FORMAT(t,20X,•M.W. OF A1 t24X.Dl4.6,/20X.•M.W. OF 8 1 ,Z~X,Ol4.61 N 

w 



183 

184 

185 

186 c 
c 
c 
c c 
c 
c 

83 
1 c 

~ c 
c 

c 

WRITEC6,183JT 
FORMATC/20XJ'TEMP (KJ 1 ,25X,Ol4.6J 
WRITEC6wl84 TCA~TCB 
FORHATI/{20Xt'TLA 1

1 30X,Ol4.6,/,20X,•TC8',30X,Ol4.6J 
WRITEC6, 85JPCA,PCH 
FORMATC/{20Xr.'PCA 1

1 30X• 014.6, I, 20X, 'PCB• ,30X, 014.61 
WRITEC6, 86JftRl NRL 
FORMATC/20X, 1 NRI•,33X,17,/20X,'NR2 1 ,33X,I7J 

CAll THE SUBROUTINE PDIFF TO CALCULATE THE BINARY 
DIFFUSIVITV TIMES THE PRESSURE USING THE ANALYTICAL 
FORM GIVEN BY BIRDt STEWART, AND LIGHTFOOT, •TRANSPORT 
PHENOMENA"• 505 Cl960J. 

CALL PDIFFCTCA,TCB,PCA,PCB,WMA,WMB.T,POABJ 
WRITEC6,11 
WRITEC6,83IPOA8 
FORMAT(/40X 014.6//1 
FORMATC//,26X,'PRESSURE TIMES DIFFUSIYITY, ATM CM2/SEC 

READ IN THE PRESSURES AND VALUES OF THE PARAMETER 
ALPHA FOR WHICH THE CORRECTION FACTORS ARE TO BE 
CALCULATED 

READC5,*1NP 
READC5w*JCPRCit,l=l,NPJ 
READC5e*INA 
READC5,*JIALP(It,l=l,NAI 

:•J 

C CORRECTION FACTORS WILL BE CALCULATED FOR NA VALUES OF AlPHA c 

c 
c c 
c c c c 
c c 
c 

00 334 NNN:l.NA 
A l PHA=AL PC NNN I 

INTEGRATE THE EQUATIONS FOR THE HETEROPOROSITY 
CORRECTION FACTORS USING SIMPSON'S RULE. TWO 
INTERVALS ARE USED: FROM 0 - NRl, AND FROM 
NR1 - NA2. THE SAME FUNCTION OR DIFFERENT 
FUNCTIONS MAY BE USED. THE EFFECTIVE VOLUME-
MEAN RADIUS WILl BE CALCULATED AlONG WITH THE 
TRANSPORT COEFFICIENTS AND THE SUMMATIONS GIVEN IN 
THE DEFINITION OF THf CORRfCTION COEFFICIENTS. 

N 
~ 



c 
c 
~ c 
c c 
c c c 

c 
c c 
c c 

c c c 
c 
c 
c c c 
c 

c c c 

THE CORRECTION COEFFICIENTS WILL Be CAlCUlATED USING 
TWO DIFFERENT DEFINITIONS FOR THE MEAN RADIUS; BOTH 
WITH AND WITHOUT THE EFFECTIVENESS FUNCTION IN ITS 
OEFINTION. 

NRN=NR1•500 

SET THE INCREMENT FOR THE FIRST NUMERICAl. INTEGRATION 
OF SIMPSON'S RULE AT 50 ANGSTROMS. 

RNUMlClt=O.O 
RNUM2Cli=O.O 
RNUM3(1J:O.O 
RNUM4Clt=O.O 
RDENl(l~=O.O 
RDEN2Cli=O.O 
RDEN3Cli=O.O 
RDEN4Clt=O.O 
N=NRl/50 

BEGIN THE NUMERICAL INTEGRATION FOR THE FIRST FUNCTION, 
CALLING THE SUBROUTINES FOR V(RJ AND DELTACRJ. 

DO 2 IR=50,NR1.50 
NN=N+l 
J=IR/50 +l 

THE SUBROUTINE VOFRl SPECIFIES THE FUNCTIONAl FORM OF 
THE V(RJ; IT IS VALID UP TO A PORE SIZE OF NRl 

CAll VOFRlCIR,VRll 
THESE NEXT THREE lf1THEN STATEMENTS ARE USED TO CIRCUMVENT 
THE INABIL-.ITY OF THt COMPUTER TO HANDLE N~BERS WHOSE EXPONENTS 
EXCEED THE BOUNDS OF +78 OR -78. 

IFCALPHA.GE.O.OOlJOELR=l.O 
IFCALPHA.GE.O.OOl.AND.IR.LE.l50001CAll DELTARCDELR,ALPHA,IRJ 
IFCALPHA.GE.O.OOliGO TO 4 .. 4 

THE SUBROUTINE DElTAR CALCULATES THE VALUE OF THE 
EFFECTIVENESS FUNCTION FOR A SPECIFIED VALUE OF ALPHA ~ 

N 
0'1 



c 
c 

AT A PARTICULAR PORE RADIUS 1 IR 1 • 

~lt~lt 
CAll DELTARCDELR,ALPHA,IRJ 
CONTINUE 

c 

c 

c 
c c 
c 
c 

2 

RNUMlCJI=IR*VRl*OELR 
RDENlCJI=VRl•OELR 
IFINNN.EQ.ltRNUM3(JJ=IR*VRl 
IFCNNN.EQ.tt•DEN3C~I=VR1 
CONTINUE 

SNUMl=RNUMlClJ 
SDENl=RDEN1Clt 
SNUM3=RNUM3(1) 
SDEN3=RNUM3Clt 
DO 3 J:2,Nl2 
SNUMl=SNUM +lt*RNUMlCit 
SOEN1=SDEN1+4*RDEN1CIJ 
IFCNNN.EQ.l)SNUM3=SNUN3•~*RNUM311~ 
IFCNNN.EQ.lJSDEN3=SDEN3•~*RDEN3CIJ 

3 CONTINUE 
fi•N-1 
DO It 1=3,Ml2 
SNUMl=SNUM +2*RNUM1CII 
SDENl=SOEN1+2*RDEN1CII 
IFINNN.EQ.liSNUM3=SNUM3•2*RNUM3llt 
IFINNN.EQ.liSDEN3=SOEN3+2*RDEN3CIJ 

4 CONTINUE 
SNUMl=SNUMl+ANUMlCNNl 
SOfNl=SOENl+RDENliNNI 
IFCNNN.EQ.lJSNUM3=SNUM3+RNUH3CNNI 
IFCNNN.EQ.liSDEN3=SDEN3•RDEN3CNNt 
RMNUMl=C50./3.1*SNUMl 
RMDENl=C50./3.1*SDENl 
IFCNNN.EQ.liRMNUM3=C50./3.1*SNUM3 
IFCNNN.EQ.liRMOEN3=150./3.1*SDEN3 

THE COMPUTATIONS CONTINUE USING THE DEFINITION OF VIRI 
VALID FOR THE PORE RANGE NR1-NR2. THIS FUNCTION IS 
GIVEN IN THE SUBROUTINE VOFRl 

N2•CNR2-NRlt/500 
DO 5 IR=NRN.HR2.500 
NN2=N2+1 __. 

N 
m 



~45 

5 c 

c 

6 
c 
c 

7 
c c c 

c c c 

J=CIR-NRll/500 •1 
CALL VOFR2CIR,VR2J 
IFCALPHA.GE.O.OOlJDELR:l.O 
IFCALPHA.GE.O.OOl.AND.IR.LE.l5000JCALl DELTARCDELR,ALPHA,IR) 
IFCALPHA.GE.O.OOltGO TO ~445 
CALL DELTARCDELR.ALPHA,IRI 
CONTINUE 
RNUM2CJJ=IR*VR2*DELR 
RDEN2CJJ=YR2•DELR 
lf(NNN.EQ.ltRNUM4CJI=IR*VR2 
IFCNNN.EQ.liRDEN4CJI=VR2 
CONTINUE 
SNUM2=RNUM11NNI•RNUM2CNN21 
SDENZ=RDEN1CNNJ+ROEN2CNNZI 
IFCNNN.EQ.11SNUM4=RNUM3CNNI+RNUM~CNN2t 
IFCNNN.EQ.lJSDEN~=RDEN31NNt+RDfN~CNN2t 

DO 6 f:a2.NZ,2 
SNUM2=SNOII2+lt*RNUM2Cit 
SDEN2=SDEN2+4*RDENZCIJ 
IFJNNN.EQ.lJSNUM4=SNUM4+~*RNUM4111 
IF NNN.EQ.li5DEN4=SDEN~•4*RDEN4CII 
CONTINUE 
MZ=NZ-1 
DO 7 1=3,M2,2 
SNUM2=SNUM2+2*RNUM2CIJ 
SOEN2=SDEN2•Z*RDEN2CII 
IFCNNN.EQ.lJSNUM4=SNUM4+2*RNUM4ClJ 
IFCNNN.EQ.liSDEN~=SDEN4+2*ADEN4CIJ 
CONTINUE 

RMNUM2=C500.~3.J*SNUM2 
RMDEN2=C500.13.1*SDEN2 
IFCNNN.EQ.1JIMNUM4a(500./3.1*SNUM4 
IFCNNN.EQ.1JRMDEN4=1500./3.t*SOEN~ 

CALCULATE THE R MEAN VALUE 
RMNUMT=RMNUMl+RMNUM2 N 

""'"'-.! 



c c 
c c c c 
c 
c 
c c 

c c c 

c 
c c c c 

c 

c 
c 
c c 

RMOENT=RHDEN1+RMOEN2 
RMEAN=RMNUMT~RHDENT 
lf(NNN.EQ.li1MN=RMHUM3+RHNUM4 
IFCNNN.EQ.lJRMO=RMDEN3+RMDfN~ 
IFCNNN.EQ.lJAM=RHN/RMO 
RAOMCNNNJ=RMEAN 

BEGIN CALCULATIONS ON THE CORRECTION FACTORS FOR 
DIFFUSION AND SLIP flOW. 

CALCULATE THE KNUDSEN DIFFUSIVITIES 
OF COMPONENTS A AND 8 

YAVG=0.5*CYAO+YALJ 
PK=2.D-08/3.*C C 8.0*8.317007*T I 3.1415931**0 .51 
PKM•PK*CCl.-YAVGt/DSQRTCWMAlt •PK*YAVG/CDSQRT(WMBII 
PKA=PK/CWMA**0.5J 
PKB=PK/CVMB**0.5t 

CAlCUlATE THE CORRECTION FACTORS AT •NP 1 VALUES Of PRESSURE. 
DO 333 lll=l.NP 
P=PRCIIIt 

CALCULATE THE VALUES OF THE TRANSPORT COEFFICIENTS 
AT THE MEAN RADIUS CWHICH IS EVALUATED BOTH WITH AND 
WITHOUT THE EFFECTIVENESS FUNCTION IN ITS DEFINITIONJ. 

DARM=PDAB*PKA*RMEAN/(POAB+CPKM*RM£AN*PIJ 
DBRM=POAB*PKB*RMEAN/fPDAB+CPKM*RMEAN*PJJ 
SARM=RMEAN*CPDAB+PKB*RMEAN*PI*PKAI(PDAB+CPKM*RMEAN*PIJ 
SBRM=RMEAN*CPOAB•PKA*RMEAN*P)*PKB/CPDAB•CPKM*RMEAN*P)J 
DARN=PDAB*PKA*RH/CPDAB+CPKH*RM*PJ) 
DBRN=PDAB*PKB*RM/(POAB+IPKH*RM*P)) 
SARN=RM*CPDAB+PKB*RM*PI*PKA/CPDAB•IPKM*RM*P)I 
SBRN=RM*CPOAB•PKA*RM*PI*PKB/CPDAB+CPKM*RM*Pit 

BEGIN CALCULATIONS ON THE VOLUME-AVERAGED DIFFUSION 
N 
(X) 



C AND SllP-FLOW TRANSPORT COEFFICIENTS; I.E., CALCULATE 
C THE COEFFICIENTS AT EACH VAlUE OF R AND SUM THEM UP. c 
C AS BEFORE, NUMERICAL INTEGRATION ON TWO INTERVALS 
C WILL 8£ USED. CTHIS IS ONLY If THE CUMULATIVE VOLUME 
C CURVE NEEDS TO BE APPROXIMATED BY TWO CURVES.) 
C THE SAME TYPE OF COMPUTATIONS FOllOW AS ABOVE EXCEPT 
C THAT THE SUMMATIONS Of THE TRANSPORT COEFFICIENTS 
C ARE BEING CALCULATED INSTEAD Of THE MEAN RADIUS. 
c 

DO 10 IR=50,NR1,50 
J=IR/50 +1 
CAll VOFRl(IR,VRlt 
IFIALPHA.GE.O.OOl)DELR=l.O 
IFCALPHA.GE.O.OOl.ANO.IR.LE.lSOOOICAll OELTARCDELR,ALPHA,IRJ 
IFCALPHA.GE.O.OOliGO TO 4446 
CAll DEL TAR ( DELR, ALPHA, I R I 

4446 CONTINUE 
COARCJI=PDAB•PKA*IR/(PDAB+CPKM*IR*Pt)*VRl*DELR 
CSARCJt=PKA*IR*CPOAB•PKB*IR*PI/(POAB+CPKM*IR*PIJ*VR1*DELR 
CSBRCJI=PKB*IR*IPDAB+PKA*IR*PI/CPOAB+(PKM*IR*Pli*VRl*DELR 

c 

c 

c 

c 

c 
c 

10 CONTINUE 
SCDA=O.O 
SCSA=O.O 
SCSB=O.O 
DO 11 1=2,N,2 
SCDA=SCDA+~*CDARCII 
SCSA=SCSA+4*CSARCIJ 
SCSB=SCS8+4*CSBRCII 

11 CONTINUE 

12 

DO 12 1=3.M,2 
SCOA=SCOA+2*CDARCII 
SCSA=SCSA+2*CSARCII 
SCSB=SCS8+2*CSBR(IJ 
CONTINUE 
SCOA1=1SCDA+CDARINNII*50./3. 
SC SA 1=1 SCSA+CSAR INN J J *50./3. 
SCSBl=CSCSB*CSBRCNNJI*50.13. 

CALCUATIONS CONTINUE BUT SWITCH TO THE SECOND N 
\.0 



c c 

4447 

13 c 

c 

14 c 

DEFINING FORM FOR VCR). 

DO 13 IR=NRNtNR2,SOO 
J=CIR-NR11/5u0 + 1 
CALl VOFR2CIR,VR2t 
IFCALPHA.GE.O.OOltOELR=l.O 
IFIALPHA.GE.O.OOl.AND.IR.lE.l5000lCAll OELTAR(DELR,AlPHA.IRI 
IFCALPHA.GE.O.OOliGO TO 4447 
CALL DELTAR(DELR,ALPHA,IRJ 
CONTINUE 
CDAR2(Jt=POAB*PKA*IR/CPOA8+(PKM*IR*PJI*VR2*0ELR 
CSAR21JI=PKA*IR*CPDAB+PKB*IR*PI/IPDAB+(PKM*IR*PII*VR2*DELR 
CSBR21Jt=PKB*IR*CPDAB+PKA*IR*PI/CPDA8+CPKM*IR*Pit*YR2*DELR 
CONTINUE 

SCOA2=CDAR(NNI+CDAR21NN21 
SCSA2=CSARCNN +CSAR2CNN21 
SCSB2=CS8RCNNI+CSBR2CNN21 
DO lit 1=2.N2,2 
SCDA2=SCDA2+4*COAR2Cit 
SCSA2=SCSA2+4*CSAR211t 
SCSB2=SCS82+~*CSBR211t 
CONTINUE 

DO 15 1=31M2!.2 
SCOA2=SCD 2+l*COAR2(1t 
SCSA2=SCSA2+2*CSAR2CIJ 
SCS82=SCSB2+2*CSBR2(11 

15 CONTINUE c 

t 

t c 
c c c 

SCDA2=1500./3.J*SCOA2 
SCSA2=C500./3.1*SCSA2 
SCSB2=(500./3.t*SCS82 
SCOAT=SCDA1+SCDA2 
SCSAT=SCSAl+SCSA2 
SCSBT=SCSBl+SCS82 

CALCUlATE THE CORRECTION FACTORS AT THE •til' VALUE Of 
PRESSURE AND THE 1 NNN' VALUE OF ALPHA AND WRITE THEM OUT 
FOR BOTH DEFINITIONS OF THE MEAN RADIUS. 

CDACIII,NNNI=SCOAT/COARM*RMDENTI 
w 
0 



c 

c 
c 
c 
E 

333 
334 c 

~ c 
c 

1129 
688 

c 
c 
c c c 
c 

c 
c 
c c 
c 

1108 

I 

CSA(III,NNNJ=SCSAT/CSARM*RMOENTJ 
CSBCIII,NNNI•SCSBT/CSBRM*RMDENTt 

PDACIII,NNNJ=SCDAT/COARN•RMOENTJ 
PSACIII,NNNJ•SCSAT/CSARN*RMOENTJ 
PS811119NNNt•SCSBT/CS8RN*RMOENTI 

CALCULATE THE PERCENTAGE DEVIATION BETWEEN THE CORRECTION 
FACTORS EVALUATED AT THE TWO DIFFERENT VALUES OF THE 
MEAN RADIUS. 

DVCIIII,NNNJ•CPDACIII,NNNI-CDACIII,HNNJI/POACIII,NNNJ*lOO. 
DSACIII,NNNJ=CPSACIII,NNNJ-cSACIII,NNNJJ/PSACIII,NNNI*lOO. 
DSBCIIItNNNJa(PSBCIIJ,NNNI-tSBCIJI,NNNII/PSBCIII,NNNI*lOO. 
CONTINUt 
CONTINUE 

WRITE OUt THE VALUE OF ALPHA AND THE CORRESPONDING 
VALUES OF THE TWO DIFFERENT MEAN PORE RADII. SINCE 
ONE DEFINITION DOES NOT CONTAIN THE PARAMETER ALPHA, 
IT HAS ONLY ONE VALUE FOR ANY VALUE OF ALPHA. 

DO 688 121 NA 
WRITEC6tlll9JALPCII,RAOMCII RM 
FORMATC~X,'ALPHA',3X9Dl0.39lX,'RMDR 1 ,2X,Fl0.392X, 1 RM 1 ,2X,Fl0.31 
CONTINUE 
WRITEC6,1108J 
FORMATC///9X,'USING DELTACR) IN DEFINITION FOR RMEAN'I 

WRITE OUT THE CORRECTION COEFFICIENTS AT THE VALUES 
OF AlPHA AND PRESSURE SPECIFIED IN THE INPUT DATA. 
THESE USE THE DEFINITON Of THE MEAN RADIUS WHICH 
USES THE EFFECTIVENESS FUNCTION. 

WRITEC6,1110J 
DO 639 KK=l,NA 
DO 637 ll=lJNP 
WRITEC6.110 ALP(KKJ.PR(lli,CDAILL9KKJ,CSAClltKKJ, 

CSBCLL,KKt 
ONE MAY ALSO WRITE OUTPUT TO FILES •7• AND 1 8 1 If DESIRED 
BY REMOVING THE 1 C1 SPECIFYING THEM AS COMMENTS. 

WRITEC7,1101ALPIKKJ,PRCLL),CDAILL,KKJ,CSACLL9KKJ, 
w 
--J 



c 
c c c 

I CSBCLL,KKJ 
WRITEC8,110JALP(KKJ,PRCLLI,COACLL,KKJ,CSACLL,KKJ, 

I CSBill,KKI 

637 CONTINUE 
639 CONTINUE 

1110 FORMATC//I3X•'ALPHA't8XJ 1 PRESSURE 1 ,10X, 1 PHID1 , 
I 9Xw 1 PHISA ,sx,•PHISB ,/ 

FORMATClX,Ol0.3,2X,013.6•3X,Fll.7e2X,Fll.7,2X,Fl1.7) 110 c 
c c 
c 
c c c c 

1109 
c 

WRITE OUT THE CORRECTION COEFFICIENTS AT THE VALUES 
OF ALPHA AND PRESSURE SPECIFIED IN THE INPUT DATA. 
THESE USE THE DEFINITON OF THE MEAN RADIUS WHICH 
DOES NOT USE THE EfFECTIVENfSS FUNCJION, If DESIRED. 

WRITE(6,11091 
FORMATC/llOXJ'NOT USING DELTACRI IN RMEAN DEF 1 ,/) 
WRITEC6, 110 
DO 139 KK-=l,NA 

c c 
c 

DO 137 ll=l,NP 
WRITEC6,1101ALPCKKI.PRCLL),POACLL,KKJ,PSACLL,KKJ, 

I PSB(Ll,KKJ 

137 
139 

c c c 
c 
c 
c c 
Cll30 
C I 
c 

c 
1002 
978 
911 c 

CONTINUE 
CONTINUE 

WRITE OUT THE DEVIATIONS BETWEEN THE CORRECTION FACTORS 
CAlCULATED USING THE TWO DIFFERENT DEFINITIONS FOR THE 
MEAN PORE RADIUS AT THE DIFFERENT VALUES OF ALPHA 
AND PRESSURE, If DESIRED. 

WRITE(6,11301 
FORMATC//,4XI'ALPHA 1 ,5X, 1 PRESSURE 1 ,5X, 1 DEVC01 ,7X, 

1 DEVSA 1 ,6X, DEVSB',/1 
DO 977 l=l,NA 
00 978 J=}tNP 
WRITEC611ou21ALP(IJ 1 PRIJilDVCIJ,It DSACJ,ItlDSBCJ,II 
FORMATC x.Dl0.3,1X,ull.~, X,Fl0.6,{X,Fll.6, X,Fll.6J 
CONTINUE 
CONTINUE 
STOP w 

N 



c c c c c c c 
c 

c 

c 
E 
c 

c 
c 
c 

c 

c 
c 
c 
c 
c 

END 

••••••••••••••••••••• • SUBROUTINES * ••••••••••••••••••••• 
SUBROUTINE TO COMPUTE THE FUNCTION DELTACRJ 

SUBROUTINE OELTARCDELR 1 ALPHA 1 1RI 
IMPLICIT REAl*8CA-H,O-£) 

R•IR*l• 
DELR•l.-DEXP(-l.*ALPHA*RI 
RETURN 
END 

SUBROUTINE TO SPECIFY V(RJ; VALID UP TO A PORE SIZE OF NRl 
SUBROUTINE V~RlCIR,VRlJ 
IMPLICIT REAl*81A-H~0-l) 

A=0.3099861 
8= -1.3071t33 
C=IR*l• 
D=A*DlOGCCt •8 
Es -1.*0**2 
VR1=1.12838*0EXPCEJ*A/C 
RETURN 
END 
SUBROUTINE TO SPECIFY VCRJ FROM R=NRl TO R=NR2 

SUBROUTINE YOFR2CIR,YR21 
IMPLICIT REAL*8CA-H,O-ZI 
VR2=0.02361t/IR 
RETURN 
END 

THE SUBROUTINE POIFF CALCULATES THE BINARY 
OIFFUSIVITV TIMES THE PRESSURE USING THE ANALYTICAL 
FORM GIVEN BY BIRDt STEWART, AND liGHTFOOT, •TRANSPORT 
PHENOMENA•• 505 119601. w 

w 



c 

c 

c 
t 

c 
c 

c 

c 
c 
c 

SUBROUTINE PDIFFCTCA,TCB.PCAwPCB,WMA.WMS,T,POABJ 
IMPLICIT REAL*8CA-H,O-ll 
A=0.00027~5 
8:1.823 
Cl=CPCA*PCBJ**Cl./3.1 
C2=CTCA*TCBI**C5./12.t 
C3=0SQRTCC1./WMAJ + 11./WMB'I 
C~=T/CCTCA*TCBI**0.5J 
POA8=Cl*C2*C3*A*CC4**BI 
RETURN 
END 

............................................................ 
• • • * * THESE TWO FOLLOWING SUBROUTINES SPECIFY THE PORE-SIZE * * OISTRIBUTEON DESIGNATED AS V2CRt IN THE PUBLICATIONS, * * AND SHOULD BE SUBSTITUTED FOR SUBROUTINES VOFRl AND * * VOFR2 ABOVE WHEN THE CO~RECJION FACTORS FOR THIS * * PORE-SIZE DISTRIBUTION ARE DESIRED. * • • ............................................................ 

ROUTINE TO SPECIFY V(RI; VALID UP TO A PORE SIZE OF NRl 

SUBROUTINE VOFRl(IR,VRll 
IMPLICIT REAL*8fA-H,O-Z) 

C=IR*l• 
G=0.7*0LOG10CCJ -0.51 
Gl= -l.O*G 
S2= C2.0/CDEXPCG) + OEXPCG1JI)**2 
T=tDEXP(G)-DEXP(Glti/(DEXP(GJ+DEXPIGliJ 
JP:T**29 
VRl=C9.12*S2*TPt/C 
RETURN 
END 

ROUTINE TO SPECIFY VCRJ FROM R=NRl TO R=NR2 
SUBROUTINE VOFR2CIR.VR21 __, 

w 
~ 



c 
IMPLICIT REAL*8CA-H,G-Zt 

C=IR*l• 
G=0.7*DLOGlOCCt -0.51 
Gl= -l.O*G 
S2= (2.0/(DEXP(GJ + OEXPIG1JIJ**2 
T•CDEXPIGt-DEXP(Glii/(OEXP(GJ+DEXPCGl)) 
TP=T**29 
VR2=C9.12*S2•TPI/C 
RETURN 
END 

w 
0"1 
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ALPHA 
ALPHA 

YAO 
YAL 

............................ 
* SAMPLE OUTPUT RESULTS * ............................ 

M.W. OF A 
M.W. OF 8 

TEMP CKJ 

TCA 
TCB 

PCA 
PCB 

NR1 
NR2 

0.297900D-01 
0.9620500+00 

0.2801300.02 
0.4003000+01 

0.2992600+03 

0.1262000+03 
0.5190000+01 

0.3350000+02 
0.2240000+01 

8000 
600000 

PRESSURE TIMES DIFFUSIYITY. ATM CM2/SEC 
o. 8160650+00 

. .. 

0.1000-01 RMDR 13676.528 RM 
O.lOOO-o5 RMOR 272845.822 RM 

10179.593 
10179.593 

USING DELTAIRI IN DEFINITION FOR RMEAN 

ALPHA 
0.1000-01 
O.lOOD-01 
o.lgoo-ot 
O. OD-01 

PRESSURE 
0.1000000+01 
0.6000000+01 o. 1000000+02 
0.1400000+02 

PHIO 

0.31t39471 
0.5971293 
0.6770210 
0.7272186 

PHI SA 
1.0198979 
1.0021558 
1.0010419 
1.0006298 

PHISB 

0.9533158 
0.9944956 
0.9973197 
0.9983745 __, 

w ......, 



..of"O'rt'\"'CX)"" .... ~~ ..... oo 
-.QI.t\0000 
~00000 
000000 
000000 ooocoo 

t ••••• .......................... 

N .... 1111'4NNN ocoooo 
•+++++ oooooo 
000000 
000000 
QOOOOO oocooo 
0000o4'0 
N,....~..,.,....N 

• • • • • • 000000 

1111'4&1'\11\'l'lt\11\ 
000000 

666666 gggggg 
......................... 
• • • • • • 000000 
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C. COMPUTER PROCEDURE FOR BINARY ISOBARIC DIFFUSION 

This program computes the mass fluxes predicted by the dusty-gas 

and modified dusty-gas models using Eq. (26) and Eq. (27) in Paper I. 

As specified in the input data, the mass fluxes are computed at the 

designated combinations of c1, c2, pressure and a for a particular 

pore-size distribution. The deviation of the mass flux predicted by 

the modified dusty-gas model from the mass flux predicted by the 

dusty-gas model is calculated and the values of the fluxes are 

printed. 

With the value of the flux known for component A, the mole 

fraction of A can be calculated at a distance z along the pellet 

length from the following expression, obtained by rearranging Eq. 

(26) in Paper I and substituting z for the pellet length L: 

(2) 

The parameter eA is defined in Eq. (27) of Paper I. The mole fraction 

of A is calculated and printed at each of the NZ locations specified 

in the input data. 

The only subroutine in this program, PDIFF, is used to calculate 

the pressure times the binary diffusivity and is described in Section 

A of this appendix. The annotated program listing follows, along with 

a sample input data set and the resulting output. 



c c c c 
c 
~ c 
c c c c c c c 
c c c 
c 
c 
c c 
c 
c c c c 
c 
c c c 
c 
~ 
c c c 

c 
c c 

............................................ **************** 
• • * THIS PROGRAM CALCULATES THE MASS FLUXESf FOR A BINARY * * SYSTEM OF A AND Bw PREDICTED BY THE OUS Y-GAS AND THE * 
* MODIFIED DUSTY-GAS MODElS FOR THE CASE OF ISOTHERMAL * * BINARY ISOBARIC DIFFUSION. * 
• * ............. , .............................................. . 

IDENTIFICATION OF INPUT VARIABLES AND ARRAYS 

YAO = VALUE OF THE MOLE FRACTION Of A AT Z=O 
YAL = VAbUE OF THE MOLE FRACTION OF A AT Z=l 
WMA = ~ECULAR WEIGHT OF COMPONENT Aw GIGMOL 
WMB = MOLECULAR WEIGHT OF COMPONENT Bw G/GMOL 

T = TEMPERATURE OF SYSTEM~ K 
TCA = CRITICAL TEMPERATURE uf COMPONfNT A• K 
TCB = CRITICAL TEMPERATURE OF COMPONENT Bf K 
PCA = CRlTICAl PRESSURE OF COMPONENT A, A M 
PCB = CRJTICAL PRESSURE OF COMPOENT Bt ATM 

PLEN = PELLET LENGTH, CM 
NCl = NUMBER Of INPUT VALUES OF THE GEOMETRIC FACTOR Cl 
NC2 = NUMBER OF INPUT VALUES OF THE GEOMETRIC FACTOR C2 

NP = NUMBER OF INPUT PRESSURE VALUES 
NA = NUMBER Of INPUT VALUES Of THE PARAMETER 'ALPHA' 
NZ = NUMBER OF PEllET LENGTH INCRENENTS FOR INTEGRATION 

ClCNCll = VECTOR OF NCl VALUES OF THE PARAMETER Cl 
C2CNC21 = VECTOR OF NC2 VALUES OF THE PARAMETER C2 

lCNZI = VECTOR OF NZ VALUES OF THE LENGTH INCREMENTS 
ALPINAI = VECTOR OF NA VALUES Of THE PARAMETER 'ALPHA' 

PRCNPt = VECTOR Of NP VALUES OF THE PRESSURE 
CDCNA,NPJ = ARRAY OF THE DIFFUSION CORRECTION FACTORS AT NA 

VALUES OF 'ALPHA' AND NP VALUES OF THE PRESSURE 

IMPLICIT REAl*8CA-H 0-ZI 
DIMENSION C1C25t,t21251,PRC251.ALPC251,ZC25l,CDC25,25t,YAZC251 

THE COMPONENTS USED WERE NITROGEN AND HELIUM 

WRITEC6w796t ~ 
0 



796 

797 c c 
c 

c 

593 
499 c c c c 

c 
c 
c 

881 

882 

883 

884 

885 

890 

887 
888 c 

FORMATC//,9X,•COMPONENT A : 1 ,10X 1
1 NITROGEN 1 ) 

WRITE(6,7971 
FORMATC/,9X,•COMPOHENT 8 :',10X,•HELIUM1 1 

READ IN THE NECESSARY VALUES OF THE INPUT VARIABLES 
READC5,*JYAO.YAL,WMA,WMB,T,TCA,TCB,PCA,PC8 
REA0(5,•1PLEN 
REAO(S,*tNClyNC2,NP,NA,NZ 
REA0(5,*1CCltlt,l=l,NCll 
REA0(5,*11C2CIJII=l,NC2J 
REAOC5,•ttZI~t, =l,Nll 
DO ~99 KK=l,NA 
00 499 Ll=llNP 
READC5,593t tPIKKt,PRllli,CDlKK,LLI 
FORMATC1X,010.3,2X.Ol3.6,3X,F11.7J 
CONTINUE 

CALL THE SUBROUTINE 1 PDIFF• TO CALCULATE THE VALUE 
Of THE PRESSURE TIMES THE BINARY OIFFUSIVITY 

CAll POIFFfTCA,TCB,PCA,PCB,WMAwWMB,TwPOABJ 

WRITE OUT THE VAlUES OF THE INPUT VARIABLES TO ECHO CHECK 
WRITEC6r8811VAO VAL 
FORMATC//,9X,•Ylo• 1 30X,Ol4.6e/9Xe 1 YAL 1 t30X.Dl4.6J 
WRITEC6e882JWMA,WMH 
FORMATC/,9XJ'M.W. OF A 1 ,24X,Dl~.6,/9X,•M.W. Of B 1 ,24X,Dl~.61 
WRITEI6,883 T 
FORMATI/9X,•TEMP (Kt 1 .25X,Ol4.6) 
WRITEC6,8841lCA.TCB 
FORMATC/9X 1 1 TCA 1 ~30X,Dl4.6t/,9Xr 1 TCB 1 t30X,Ol4.6t 
WRITE(6,885JPCA PCB 
FORMATC/,9X1

1 PC1 1 ,30X,Ol4.6,/,9X,•PC8 1 ,30X,Dl4.6t 
WRITEC6,890JPLEN 
FORMATC/9XL'PELLET lENGTH 1 .20X,Ol~.6J 
WRITEC6,88J) 
WRITEC6,888JPDAB 
FORMATC//,9XI'PRESSURE TIMES DIFFUSIVITV, ATM CM2/SEC :•1 
FORMAT(/35XeD15.8J 

GA•l.-DSQRTCWMA/WMBI 
~ 
~ 



c 
SOl 

c c c 
c 

c 
~ 

c c c 
c 
c c 

c 

c 

c 
c 
c 
c 

c 
c 
c 
c 

GB=l.-DSQRTCWMB/WMAJ 

WRITEf6.5011GA GB 
FORMATf//9Xt.'G1C=l-SQRTCWMA/WMBJ 1 .25X,Ol5.7,/• 

I 9X.'GBI•l.S~RT(WMB/WMAI'.25X,Dl5.7J 

BEGIN CALCULATIONS OF THE MASS flUXES AT 
THE VARIOUS COMBINATIONS Of THE PARAMETERS 

00 30 L=l,NA 
DO 29 K=leNP 
DO 28 ~-l,NC2 
DO 27 l=l,NCl 

CALCULAIE THE KNUDSEN DIFFUSIYITIES 
PKA=ClCII*DSQRTI8.31700l*T/WMAJ 
PKB•C1CII*OSQRTI8.317007*T/WMBI 

THE CALCULATION OF THE MASS FLUX TERM IS 
DIVIDED INTO PARTS. THE ADDITION OF THE 
LETTER 'A' AT THE END OF A VARIABLE NAME 
SIGNIFIES A CALCULATION FOR COMPONENT A. 

COEFFA•PDAB/C82.057*T*GAJ 
COEFFB=POA8/(82.057*T*GBI 
FNUMA•l.O -CGA*YALI+C21Jl*PDA6/(PKA*PRlKtt 
FDENA=l.O -CGA*YAOI+C2CJI*POA8/(PKA*PRCKit 

FNUMB=l.O-IGB*Cl.-YALII+C2CJl*POAB/CPKB*PRCKJI 
FDENB=l.G-(G8*(1.-VAOII+C2CJI*POAB/CPKB*PRCKII 

COMPUTE THE MASS FLUXES PREDICTED BY THE 
MODIFIED DUSTY-GAS MODEL 

ONA=CD(L.Kt*C2CJI*COEFFA/PLEN*DLOGCFNUNA/FD£NA) 
ONB=COCL,KJ*C2CJt*COEFF8/PLEN*Dl0G(FNUM8/FDEN8t 

COMPUTE TH~ MASS FLUXES PREDICTED 
BY THE DUSTY-GAS MODEL 

ClNA=DNA/COCL.KI 
ClNB=DNB/COC lwKt ~ 

N 



c 
c c c c 

c 
c 
c 
c 
c 

300 c 
c 
c 

511 
I 

10 

180 

COMPUTE THE DEVIATION OF THE flUX USING THE 
CORRECT-ION COEFFICIENTS FROM THE FLUX WITHOUT 
THE CORRECTION FACTOR 

ERRA=lOO.*CClNA-ONAJ/ClNA 
ERR8=lOO.*CC1N8-0NBJ/ClH8 
GACALC=l.+ONB/DNA 

CAlCULATE THE VALUES OF JHE MOLE FRACTION 
OF COMPONENT A ALONG THE PELLET LENGTH 

DO 300 M=lt.NZ 
XlaONA/COEFFA*ZIMI/C2(JI/CDCL,KI 
X2=0EXPCXli*FOENA -l.O-CC2CJI*PDAB/CPKA*PRCKJJJ 
YAZIM)=-l.*X2/GA 
CONTINUE 

WRITE OUT THE RESULTS 
WRITEC6,5111 
FORMATC//3X1

1 ALPHA 1 ,2Xe 1 PRESSURE 1 t4Xe'CD 1 ,6X,'C2 1 t6Kw'Cl 1 t 
lOX 1 NA 1 l~X,•NB 1 1 

WRIT~(6110lALPCLt,PRCKIICDIL,K)tC2CJJ,ClCII,ONA,DN8 
FORMAT( XtD8.1,1X,F6.2.3X,F8.6,zX,F4.2,1X,D9.2,2X,Ol2.5,2X,Dl2.5J 
WRITEC6,180t 

181 c 

FORMAT(3Xl'NACCD=li 1 ,6XI'N8(C0=1) 1 ,7X, 1 GACALC' 1 
' ~X,'OEYC f 1 ,3X, 1 0EVCBI I 

WRITE(6{181JC1NA ClNB GACALCIERRA,ERRB 
FORMATC X,Dl2.5,iX,Dll.5.2X,~l0.7,1X,F7.2,2X,F7.2/J 

c c 511 
C I c ~ 
c 
C I c 10 
C I c 

333 

WRITEC6,5111 
FORMAT(//2X1 1 ALPHA'{2X.•PRESSURE 1 15X:•co•,6x,•t2't6X~ 1 Cl•, 
10XI'NA'tl~X1 •NB'• OXJ'NACC=lt•,~x, NBCC=lt 1 ,6Xw GA~AlC 1 , 
~X, DEYCA) 1 ,~X,•DtVIB ' /J 

WRITEI6 1 lOJALPilt,PRIK)•CDfL,KI,C2(~t,Cl(II,ONA,ONB,ClNA, 
ClNB,GA~ALC,ERRA,ERRB 
FORMAT(D8.lt2X~F6.2,2XlF9.712XLF4.ZtlX•09.2.2X,Ol2.5,2XtD12.5t 
2XtD12.5e2X,Dl~.5,2X,F 0.7, X,~7.2.LX,~7.21 

WRITEC6,3331CZCMI,M=lt61 
FORMATC2X 1 Z1 ,3X 1 13F9.5J 
WRITE(6,3!4tCYAZtMJ,M:l,6J 

+::. 
w 



c 
c 

c 
c c c 
c 
~ 

c 

334 

335 

336 
27 
28 
29 
30 

FORMATI1Xt 1 YA 1 ,3X,l3F9.5t 
WRITEC6,335JCZIMJJM=7,NZt 
FORMATC/6Xtl3F9.5 
WRITEI6,336JCYAZCMI,M=7,NZI 
FORMATC6X,13F9.51 
CONTINUE 
COMT INUE 
CONTINUE 
CONTINUE 

STOP 
END 

THIS SUBROUTINE POIFF TO CALCULATE THE BINARY 
DIFFUSIVITY TIMES THE PRESSURE USING THE ANALYTICAL 
FORM GIVEN BY BIRD~ STEWART, AND LIGHTFOOT, •TRANSPORT 
PHENOMENA•, 505 (19601. 

SUBROUTINE PDIFFCTCA,TCB,PCA,PCB,WMA,WMB,T,PDABl 
IMPLICIT REAL*8CA-H,O-ZI 
A•0.0002745 
8=1.823 
Cl•IPCA*PCBI**Cl./3.1 
C2:(TCA*TCBI**I5./12.1 
C3=DSQRT((l.JWMAt+Cl./WMBJI 
C4=T/CCTCA*TCBI**0•5J 
PDAB=Cl*C2*C3*A*(C4**BI 
RETURN 
E~ 

__, 
~ 
~ 



0.02979 
0.96205 

28.013 
4.003 

299.26 
126.2 

5.19 
33.5 

2.24 
0.635 

1 
1 
5 
2 

13 
lOOO.D-08 

0.8 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 
0.35 
0.40 
0.45 o.so 
0.55 
0.60 
0.635 
0.1000-01 
O.lOOD-01 
0.1000-01 
0.100D-Ol 
O.lOOD-01 
0.1000-05 
O.lOOD-05 
0.1000-05 
O.lOOD-05 
O.lOOD-05 

••••••••••••••••••••• * SAMPLE INPUT DATA * ••••••••••••••••••••• 

0.1000000+01 
0.6000000+01 
0.1080000+02 
0.1400000+02 
0.2000000+02 
0.1000000+01 
0.6000000+01 
0.1000000+02 
0.1400000+02 
O. 200000D+02 

0.3439471 
0.5971293 
0.6770210 
0.7272186 
0.7767~18 
0.9667983 
0.9878621 
0.9913471 
0.9931693 
0.9947480 

~ 
0'1 



••••••••••••••••••••••••• * SAMPLE OUTPUT RESULTS * ••••••••••••••••••••••••• 
COMPONENT A = 
COMPONENT 8 : 

YAO 
VAL 

M.W. OF A 
M.W. OF 8 
TEMP (KJ 

TCA 
TCB 

PCA 
PCB 

PELLET LENGTH 

NITROGEN 

HELIUM 

0.297900D-01 o. 9620500+00 

0.2801300+02 
O.lt003000+01 

0.2~92600+03 

0.1262000+03 
0.519000D+Ol 

0.3350000+02 o. 221t0000+01 

0.6350000+00 

PRESSURE TIMES DIFFUSIVITY. ATM CM2/SEC . . 

GAC=l-SQRTCWMA/WMBJ 
GBC=1.SQRT(WMB/WMAI 

0.816064980+00 

-0.16-\53740+01 
0.62198160+00 

ALPHA PRESSURE CD C2 Cl NA NB 
O.lD-01 1.00 0.343941 0.80 0.100-0it -0.339290-05 0.89754D-05 

NAICDalt NBCCO=l) GACALC DEVCAI DEV(8) 
-0.98645D-05 0.260950-04 -1.6453736 65.61 65.61 

l 0.05000 0.10000 0.15000 0.20000 0.25000 0.30000 
YA 0.09081 0.15372 0.21859 0.28546 0.35~41 0.42549 

~ 

~ 
0"1 



0.35000 0.+0000 0.45000 0.50000 0.55000 0.60000 0.63500 
0.49877 0.57433 0.65223 0.73255 0.81535 0.90072 0.96205 

ALPHA PRESSURE CD C2 Cl NA NB 
o.1o-o1 6.oo o.597129 o.eo o.1oo-o4 -O.lll63o-o~ o.295290-o4 

NACCD=lt NBCCD=ll GACALC DEVCAJ OEVCBJ 
-0.186940-04 0.49452D-O~ -1.6453736 40.29 40.29 

z 0.05000 0.10000 0.15000 0.20000 0.25000 0.30000 
YA 0.08097 0.13520 0.19266 0.25354 0.31804 0.38639 

o.35ooo o.~ooo o.4sooo o.soooo o.55ooo o.6oooo o.635oo 
0.45880 0.53553 0.61683 0.70297 0.79424 0.89095 0.96205 

ALPHA PRESSURE CD C2 Cl NA NB 
O.lD-01 10.00 0.677021 0.80 O.lOD-0~ -0.136590-04 0.361320-04 

NACCD=11 NBCCD=lJ GACALC DEVCAI DEVIBI 
-0.201740-04 0.533690-04 -1.6~53736 32.30 32.30 

l 0.05000 0.10000 0.15000 0.20000 0.25000 0.30000 
VA 0.07944 0.13228 0.18853 0.24840 0.31213 0.37996 

0.35000 0.40000 0.45000 0.50000 0.55000 0.60000 0.63500 
0.45216 0.52902 0.61082 0.69790 0.79058 0.88923 0.96205 

ALPHA PRESSURE CO C2 Cl NA NB 
0.10-01 14.00 0.727219 o.so 0.100-04 -0.151900-04 0.401830-04 

NACCD=lt NSICD=l) GACALC OEVIA) D£VC8t 
-0.20887D-04 0.552550-04 -1.6453736 27.28 27.28 

l 0.05000 0.10000 0.15000 0.20000 0.25000 0.30000 
VA 0.07871 0.13089 0.18656 0.24595 0.30930 0.37688 

0.35000 0.40000 0.~5000 0.50000 0.55000 0.60000 0.63500 
0.~4897 0.52588 0.60792 0.69544 0.78880 0.88840 0.96205 

ALPHA PRESSURE CD 
o.1o-01 2o.oo o.776742 

NACCD= 1) NBCCOa 1 I 
-0.21458D-04 0.56l65D-04 

C2 Cl NA 
0.80 O.lOD-G4 -O.l6668D-04 

GACALC DEVCAJ DEVCBI 
-1.6~53736 22.33 22.33 

NB 
O.ltoW)92D-04 

.,J:::a 
"""-~ 



l 0.05000 0.10000 0.15000 0.20000 0.25000 0.30000 
Yl 0.07813 0.}2979 0.18500 0.2~400 0.30704 0.37442 

0.35000 0.40000 0.~5000 o.soooo 0.55000 0.60000 0.63500 
0.4~642 0.52331 0.60560 0.69347 0.78738 0.88773 0.96205 

ALPHA PRESSURE CD C2 Cl NA N8 
0.1D-05 1.00 0.966198 0.80 O.lOD-04 -0.95370D-05 0.252290-04 

NACC0=1J NBICD=lJ GACALC DEVIAI DEVC8t 
-0.986450-05 0.260950-0~ -1.6453736 3.32 3.32 

l 0.05000 0.10000 0.15000 0.20000 0.25000 0.30000 
YA 0.09081 0.15372 0.21859 0.28546 0.35~1 0.42549 

0.35000 0.40000 0.45000 0.50000 0.55000 0.60000 0.63500 
0.49877 0.57433 0.65223 0.73255 0.81535 0.90072 0.96205 

ALPHA PRESSURE 
0.10-05 6.00 

CD C2 Cl NA NB 
o.987862 o.so o.too-o4 -O.l8467D-04 o.48852D-04 

NACCD=1 t 
-O.l8694D-04 

z 0.05000 
YA 0.08097 

0.35000 
0.45880 

NBICD=ll GACALC DEVCAI OEVCBJ 
0.494520-04 -1.6453736 1.21 1.21 

0.10000 0.15000 0.20000 0.25000 0.30000 
0.13520 0.19266 0.25354 0.31804 0.38639 

o.~ooo o.4sooo o.5oooo o.5sooo o.6oooo o.635oo 
0.53553 0.61683 0.70297 0.79~24 0.89095 0.96205 

ALPHA PRESSURE CO C2 Cl NA NB 
o.1o-os 1o.oo o.991347 o.eo o.too-o4 -o.2ooooo-o4 o.52907D-04 

NACCO=ll NBCCO=l) GACALC DEYCAJ DEVCBJ 
-0.20174D-O~ 0.533690-04 -1.~53736 0.87 0.87 

z 0.05000 0.10000 0.15000 o.zoooo 0.25000 0.30000 
VA 0.07944 0.13228 0.18853 0.24840 0.31213 0.37996 

0.35000 0.40000 0.45000 0.50000 0.55000 0.60000 0.63500 
o.~5216 o.52qoz o.61082 o.69790 o.79058 o.88923 o.96205 

~ 
co 



ALPHA PRESSURE CO C2 Cl NA NB 
O.lD-05 14.00 0.993169 0.80 O.lOD-04 -0.207450-04 0.548780-0it 

NACCD=1J NBCCD=1J GACALC DEVCAJ OfV(B) 
-0.208870-04 0.552550-04 -1.6453736 0.68 0.68 

l 0.05000 0.10000 0.15000 0.20000 0.25000 0.30000 
YA 0.07871 0.13089 0.18656 0.24595 0.30930 0.37688 

0.35000 0.40000 0.45000 0.50000 0.55000 0.60000 0.63500 
0.44897 0.52588 0.60792 0.6951t4 0.78880 0.88840 0.96205 

AlPHA PRESSURE CD C2 Cl NA NB 
0.10-05 20.00 0.994748 o.so 0.100-04 -0.213460-04 0.564670-04 

NACCD=ll NBACD=ll GACALC DEVCAJ DEY(B) 
-0.21458D-04 0.567650-04 -1.6453736 0.53 0.53 

z 0.05000 0.10000 0.15000 0.20000 0.25000 0.30000 
YA 0.07813 0.12979 0.18500 0.24400 0.30704 0.371t42 

0.35000 0.40000 0.45000 0.50000 0.55000 0.60000 0.63500 
0.4~642 0.52337 0.60560 0.69347 0.78738 0.88773 0.96205 

~ 
~ 



D. COMPUTER PROCEDURE FOR DETERMINING NA/NB FOR SIMULTANEOUS 
DIFFUSION AND FLOW 

150 

The flux ratio, NA/N8, is computed by the program described 

in this section for simultaneous diffusion and flow using Eq. (36) 

in Paper I and the subsequent procedure described there. The 

sixth-order Runge-Kutta integration routine utilized, DVERK, is an 

International Mathematical and Statistical Library, Inc. (IMSL) 

product, fully described and documented in the IMSL routine library, 

Edition 7, Version 8.1 (1979). 

The subroutine FCNl provides the Fortran IV code defining 

Eq. (36) in Paper I and is required by the integration routine 

DVERK. The remaining subroutine PLl is a linear interpolation rou­

tine which provides values of the correction factors at required 

pressure values, using the inputted vectors of the correction 

factors. 

The flux ratios are calculated at the designated combinations 

of C
0

, c1, c2, 6P, P
0

, and a as specified by the input data. The 

results are printed out, with the output data set of this program 

designed as the input data set of the program described in the next 

section with no changes in format. 

An annotated program listing, sample input data set and the 

resulting output follows. 



c 
c c c 
c c 
c 
c 
c 
c 
c 
c 
c c 
c c 
c 
c c 
c 
c 
c 
c c c c c c 
c c c 
c 
c 
c 
c 
c 
c 
c c c 
c c c 

............................................................... 
• • * THIS PROGRAM CALCULATES THE FLUX RATIO~ RAB=NA/NB, FOR * * THE CASE 0~ ISOTHERMAL SIMULTANEOUS DIFFUSION AND FLOW * 
* FOR A TWO-COMPONENT SYSTEM OF A AND B. IT IS USED IN * * CONJUNCTION WITH, AND PRfCEOING. ANOTHER PROGRA~ TO • 
* DETERMINE THE V~UES OF THE FLUXES NA AND NB, AS WELL * * AS THE CONCENTRATION AND PRESSURE PROFILES ALONG THE PEL- • * LET. RAB IS CALCULATED AT ONE VALUE OF ALPHA FOR VARIOUS * * COMBINATIONS OF CO,ClwC2, P, AND THE PRESSURE DROP. • • • ............................................................... 

IDENTIFICATION OF INPUT VARIABLES AND ARRAYS 
YAO a VALUE Of THE MOLE FRACTION OF A AT Z=O 
YAL = VAlUE OF THE HOLE FRACTION Of A AT Z=l 
WMA = MOlECULAR WEIGHT Of COMPONENT A, G/GHOL 
WMS = MOLECULAR WEIGHT OF COMPONENT 8, G/GMOL 

T = TEMPERATURE Of SYSTEM1 K 
ALPHA = VALUE OF THE PARAMETER IN THE EFFECTIVENESS FUNCTION 

POAB = VAlUE OF THE PRESSURE TIMES BINARY OIFFUSIVITY 
PLEN = PEllET LENGTH, CM 

NCO = NUMBER OF INPUT VALUES OF THE GEOMETRIC FACTOR CO 
NCl = NUMBER OF INPUT VALUES OF THE GEOMETRIC FACTOR Cl 
NC2 = NUMBER OF INPUT VALUES OF THE GEOMETRIC FACTOR C2 

NP = NUMBER OF INPUT PRESSURE VALUES 
NDP = NUMBER OF INPUT PRESSURE DROP VALUES 

CO(NCOI = YE£TOR OF NCO VALUES OF THE PARAMETER CO 
Cl(NClJ = VECTOR Of NCl VALUES OF THE PARAMETER Cl 
C2CNC2) = VECTOR Of NC2 VALUES Of THf PARAMETER C2 

PRCNPt = VE,TOR Of NP VALUES OF THE PRESSURE 
OELP(NOPt = VECTOR OF NOP VALUES Of THE PRESSURE DROP 

C0f(64t = VECTOR OF 64 VALUES OF THE DIFFUSION CORRECTION 
FACTORS ENCOMPASSING THE PRESSURE RANGE INPUTTED. 
VECTOR WILL BE USED IN THE INTERPOLATING SUBROUTINE. 

CAI6~) = VECTOR OF 6~ VALUES OF THE SLIP-FLOW CORRECTION 
FACTORS OF COMPONENT A ENCOMPASSING THE PRESSURE 
RANGE INPUTTED. VECTOR WILL BE USED IN THE 
INTERPOLATING SUBROUTINE. 

C8(64t = VECTOR OF 64 VALUES OF THE SLIP-FLOW CORRECTION 
FACTORS OF COHPONENT 8 ENCOMPASSING THE PRESSURE ...... 

0"1 ...... 



c c c c· 
c c 
c 
c c c c c c 
c c 
c c 
c 

c 
c c 

4-17 
c 
c c 
c 

22 

Yilt 
CC 241 

WC1,9) 
ZC50t 

YF(50t 
CONCC501 

RAB 
KOUNT 

PS 

RANGE INPUTTED. VECTOR Will 8E USED IN THE 
INTERPOlATING SUBROUTINE. 

IDENTIFICATION OF OTHER VARIABLES AND ARRAYS 

= INDEPENDENT VARIABLE IN DERIVATIVE. REQUIRED FOR 
INTEGRATION ROUTINE 

: VECTOR REQUIRED FOR INTEGRATION ROUTINE = WORKSPACE FOR INTEGRATION ROUTINE 
= VECTOR FOR VALUES OF l ALONG PELLET LENGTH = VECTOR FOR MOLE FRACTIONS 
= VECTOR OF MOLE FRACTION INCREMENTS USED IN 

INTEGRATION ROUTINE 
= DEFINES THE FLUX RATIO OF NA TO NB = NUMBER OF ITERATIONS TO FIND RAB = VAlUE OF RELATIVE NORM 

IMPLICIT RfAL*81A-H 0-11 
DIMENSION YCl)JCC2~J 1WC1,9J~CONC(lSI,PRClOJ.DELPC101 DIMENSION Z150 YFl5oJ PRSC~Ot 
COMMON COC15t,tlll5t,ClC1511oco,ocl,OC2,PDA8,T,PKA,PK8 
COMMON RAB!UA,UB MMA WMB,ON 1DN8 
COMMON Pll,OJ,C0,(156t,CAC15u),C8Cl501 
EXTERNAl FCNl 

READ IN INPUT VALUES; ECHO CHECK 
READC5,*1 ALPHA 
READC5w*IYAOIYAL 1 WMA.WMB.T 
REA0(5,*1PDAHwPLtN 
WRITEC6,417JALPHA,YAO,YALwWMA,WM8tT 
WRITEC6,417JPOABJPLEN 
FORMATClOX,Ollt.7 

SET UP A INCREMENT VECTOR Of MOLE FRACTION GRID POINTS 
AlONG WHICH TO INTEGRATE 

CONCClt=YAO 
DE=CYAl-YAOI110. 
00 22 J=2tll 
JJ=J-1 
CONCCJJ=CONCCJJI+OE 
CONTINUE 

01 
N 



c 
c 
c 

c c c 

c 
c 
c 

c 
c c 
c 

c 
c 

418 

431 
lt33 

CONTINUE TO READ INPUT VALUES; AGAIN ECHO CHECK 
READC5,*tNCO,NClfNC2.NP,NOP 
REAOC5,*JCCOCIJ. =leNCOJ 
READf5e*JCCl(IJ,I=l,NCll 
READC5e*lfC241J,fal,HC21 
READC5,*1CPRCIJ l=l,NPI 
READCS,*)IDELPflt.l:l,NOPt 
WAITEC6t4181NCO,HCl,NC2,NP,NDP 
FORMATC~X 15) 
WRITEC6,4l71CC0(1Jel=l,NCOt 
WRITE(6,417tfClllt,l=l,NC11 
WRITE(6,41JJCC211t,I=l,NC21 
WRITEC6,417JCPR(II l=l,NPJ 
WRITE(6,4171CDELPffJ,I=l,NOPI 

READ IN VALUES OF CORRECTION FACTORS INOT FREE FORMAT) 
00 ~33 ll=ll.64 
READC5,43l)P{Ili,CDFCilltCACILJJCBCill 
WRITEC6143ltPCILJ,COFf1LitCACIL ,C8Cill 
FORMATC 3X,Dl3.6,3X,F11.7e2X,F11.7,2X.Fl1.7J 
CONTINUE 

CALCULATE KNUDSEN DIFFUSIVITIES DIVIDED BY PARAMETER Cl 
PKA=DSQRTC8.317D07•TIWMAI 
PKB=OSQRT(8.317D07*T/WMBJ 

SET UP LOOPS TO CALCULATE RAB AT DIFFERENT 
COMBINATIONS Of THE VARIOUS PARAMETERS 

DO 32 IJ=l,NP 
DO 31 IK=l,NDP 
DO 30 fzl,NCO 
DO 29 J: l,NC 1 
DO 28 K=lwNC2 

PFIN=PRCIJI-DELP(IKt/760. 
RAB=+O.OOOl 
Xll=RAB 
KOUNT=O 

tn 
w 



F3=0.0 
X3=0.0 

200 CONTINUE 
c 
C NW,N,TOL.IND ARE VARIABLES FOR INTEGRATION ROUTINE 
c 

c 

c 

NW=l 
N=l 
TOL=0.0005 
INO•l 
X=YAO 
Ylli=PRIIJI 
KOUNT=KOUNT+l 
DCO=COC I I 
DCl=Cl(JJ 
DC2=C2CKJ 

C INTEGRATE OVER THE 11 GRID POINTS FROM YAO TO VAL 
C USING THE IMSL ROUTINE OVERK, AS DESCRIBED IN THE 
C IMSL LIBRARY, EDI~ION 7, VERSION 8.1 (19791. IT 
C IS A SIXJH-ORDER RUNGE-KUTTA INTEGRATION ROUTINE. c 

c 

DO 10 L•l 11 
XEND=CONCCLI 
CALL DVERKCN~FCNl,X~Y,XENO,TOL~IND,C,NW,W,IERJ 
IFIINO.LT.O.uR.IER.~T.OIGO TO zO 

33 FORMATC/5X,F10.4,10X,D15.7t 
10 CONTINUE 

C BEGIN ITERATION BY BISECTION METHOD TO CHECK 
C THE GUESSED VALUE OF RAB c 

c 

IFCKOUNT.EQ.l)RAB=-0.5 
IFCKOUNT.EQ.lJXRl=RAB 
IFIKOUNT.EQ.lJFll=YCli-PFIN 
IFIKOUNT.EQ.llGO TO 200 
IFIKOUNT.EQ.21~Rl=Yfli-PFIN 
IFIKOUNT.EQ.2JRA8=(Xll*fR1-XRl*fLlt/CFR1-Fllt 
IFCKOUNT.EQ.2tGO TO 200 
X3=RAB 
F3=Yili-PFIN 
PS=OABSCF3/PFINJ 

<.TI 
~ 



c 
c c 

c 

c c c 
c 

THE STOPPING CRITERIA ARE ~EETING THE REQUIRED NORM 
lEVEl GIVEN BY PS OR EXCEEDING THE 50 ITERATIONS 

IFCPS.LT.1.D-G7JGO TO 105 
IF(KOUNT.GE.50JGO TO 104 

8L3=Fll*F3 
8R3=FR1*F3 
IFCBl3.GT.OIXl1=X3 
IFIBL3.GT.OIFll=F3 
lf(BR3.GT.OIXRl=X3 
lfCBR3.GT.OlFRl=F3 

PROVIDE ANOTHER STOPPING CRITERIA IF APPEARS THERE IS 
NO SOLUTION IN GIVEN INTERVAL 

IFCBL3.GT.O.O.AND.BR3.GT.O.tGO TO 104 
BRL=FLl*fRl 
IFCBRL.GT.O.OIGO TO 104 
RAB=CXll*FRl-XRl*Flli/CFRl-FLll 
GO TO 200 c 

c 
c c c 
c 

105 CONTINUE 

419 c 
c 

104 
116 
28 
29 
30 
31 
32 

20 

WAITE OUT THE CORRECT VALUE OF THE FLUX RATIO THE NORMf 
THE NUMBER OF ITERATIONS REQUIREDt AND THE INiEGER COUN ER 
THE 1 00 LOOPS' WERE ON CINDICATINu VAlUE OF THE PARAMETERS) 

WRITEI6,4191AAB,PS,KOUNT,IJ.IKwlwJ,K 
FORMATI7X,Ol5.7,4X.D11.4,3X.'KOUNT•.2X,I5.13,13tl3.13,13) 
GO TO 28 

CONTINUE 
WRITEC6,ll6JAAB,KOUNT,IJw1KtlwJ1K 
FORMATC/,2X.Ol5.7 9 3Xw 1 KOUNT EXCtEDED 1 ti5,3Xwl3wl3tl3tl3tl3t/l 
CONTINUE 
CONTINUE 
CONTINUE 
CONTINUE 
CONTINUE 
STOP 
CONTINUE 
STOP __, 

U1 
U1 



c 
c 
c c c c 
c 

c 
c 

c c 
c 

c c c c c 
c c c 

c c c 

END 

SUBROUTINES 
THIS IS THE SUBROUTINE REQUIRED BY THE RUNGA-KUTTE 
SIXTH-ORDER INTERGRATION ROUTINE TO DESCRIBE THE 
DIFFERENTIAL EQUATION 

SUBROUTINE FCNl(N,x,Y,YPRIMEJ 
IMPLICIT REAl*8fA-H G-ZI 
DIMENSION YC11,CC24r,wtl{9t,YPRIME(N) 
COMMON COC1St,Clll5t,C2( 5t,OCO,OC19DC2,POAB,T,PKA,PKB 
COMMON RAB,UA,UB,WMA,WMB,ONA ON8 
COMMON PflSOt,CDFI150I,CAC150J,C81150l 

PI=YCll t 

VALUES OF THE KNUDSEN DIFFUSIVITIES 
CKA=DCl*PKA 
CKB=DCl*PKB 
PKM=X*CKB +(1.-X)*CKA 

CALCULATE VISCOSITY FOR THE MIXTURE 
UA=O.lltl8148D-06*YClt + 177.788D-06 
UB=l96.1D-06 
UMN=CUA*X*OSQRTCWMAt +UB*Cl.-XI*DSQRTCWMBJI 
UMD=X*DSQRTf~MAt+(l.-XI*DSQRTCWMBt 
UM=UMNIUMO 

FINO THE VALUE OF THE CORRECTION FACTORS AT THE 
REQUIRED VALUE OF THE PRESSURE BY INTERPOLATING 
BETWEEN THE VECTOR OF CORRECTION FACTOR VALUES 
USING THE SUBROUTINE Pll. ITO CALCULATE FOR THE 
DUSTY-GAS MODE~, MAKE ALL CORRECTION FACTORS UNITYt. 

CALL PllCPI,CDwCSA,CSBJ 
CD.sl.O 
CSA=l.O 
CSB=l.O 

DEFINE ~ERE THE DIFFERENTIAL EQUATION 

ADEN= DCZ*PDAB+PKM*Yill 
A= CO *DC2*PDAB*CKA*Yili/CADEN*82.057*TI 

(J1 

m 



c 

c 
c 
c 

c 

AP=CD *DC2*PDAB*CKB*YC1J/IADEN*82.057*TI 
Bl=CSA *CKA*CDC2*PDAB+CKB*Y(l)J/CAO£Nt 
B=CBl+DCO*YCll*l·Ol325006/UMI *X/C82.057*TI 

82=CS8*CK8*tDC2*PDAB+CKA*YClli/AOEN 
8P=(B2+DCO*YC11*1•01325006/UHI*Cl.O-XI/C82.057*fl 

YPRIHEil)= -l.*CA+AP*RA8t/18-8P*RABt 

RETURN 
END 

t THIS SUBROUTINE LINEARLY INTERPOLATES BETWEEN THE 
C INPUTTED VALUES OF THE CORRECTION FACTORS TO GIVE 
C VALUES AT ,JHE DESIRED PRESSURE, PI, AND RETURN THEM 
C TO THE INTEGRATION ROUTINE. 
c 

c 

c 

SUBROUTINE PL1CPI.CD~CSA,CS8) 
IMPLICIT REAl*BCA-Hju-ZJ 
COMMON COI15l ,c 1115 ,C2( 15 t, DCO,DCl,OC2,POAB, T .PKA, PKB 
COMMON RABtUA,UB~WMAIWMB,ONAtONB 
COMMON PCl50J,CD~Cl5oi,CA(15uJ,C8Cl50J 
lf(PI.GE.P(lJ.AND.PI.LE.P(l6JJGO TO 1 
IFCPI.GE.PC17t.AND.PI.LE.PC321tGO TO 2 
IFCPI.GE.PI33J.ANO.PI.LE.PC48JIGO TO 3 
IFCPI.GE.PC491.AND.PI.LE.PI6~)1GO TO~ 
CD=l.O 
CSA=l.O 
CSB=l.O 
GO TO 30 

1 CONTINUE 
00 11 J=l,l5 
JJ=J+l 
lf(PI.LE.PIJJJICD=CDF(JJ+(COF(JJJ-CDFCJJI*CPI-P(JIJ/~P(JJJ-P(J)) 
IFCPI.LE.PCJJ)JCSA=CAIJI+CCAtJJI-CAIJII*CPI-P(JJt/IPt~JI-PIJJI 
IFIPI.LE.PIJJ)JCSSzCB(JJ+CCBfJJI-CBCJII*CPI-P(JIJ/(P(JJJ-P(JJJ 
IFCPI.LE.PCJJtiGO TO 30 

11 CONTINUE 
2 CONTINUE 

DO 12 J=l7,31 
JJaJ+l 

0'1 ......, 



IFIPI.LE.PCJJIICD=COf(Jt•CCOf(JJt-CDFCJJI*CPI-PCJtJ/CPCJJJ-PCJJJ 
IFCPI.LE.PCJ~JJCSA=CAIJ)+ICACJJ)-CAIJIJ*CPI-P(JIJ/(PCJJJ-PCJJ) 
IFIPI.lE.PCJJitCS8=C8CJI+CC8(JJI-CBIJII*IPI-PCJl)/(PCJJJ-PCJJI 
IFCPI.LE.PCJJJ)GO TO 30 

12 CONTINUE 
3 CONTINUE 

DO 13 Ja33,47 
.JJ=J+l 
IFCPI.LE.PCJJIICO=CDFCJJ+CCOFCJJt-tDFIJtl*tPI-PCJIJ/(P(JJ)-PCJil 
IFCPI.LE.PCJJitCSA=CACJ)+(CACJJ}-CACJI)*(PI-PCJJ)/(P(JJJ-PCJII 
IFCPI.LE.PC~~IICSB=CBIJI+CCB(JJt-CBCJII*IPI-P(JJI/CPCJJ)-P(JII 
lf(PI.LE.PIJJJ)GO TO 30 

13 CONTINUE 
4 CONTINUE 

DO 14 J=49.63 
JJ=J+l 
IFIPI.lE.P(JJ)ICD=CDFCJI+CCDFtJJI-COFCJI)*IPI-PCJIJ/CP(JJJ-PtJIJ 
IFCPI.LE.PCJJJtCSA=CAlJI+CCA(JJt-CAIJII*IPI-PCJJ)/(PtJJI-P(JIJ 
IFI P l.LE.PCJJ) I CSB=CBCJJ +CCBl JJ 1-CBC.J I I*(PI-P C J)) I (PC JJJ-PC J)) 
IFCPI.LE.PC~JIJGO TO 30 

14J CONTINUE 
30 CONTINUE 

RETURN 
END 

(J"1 
(X) 



..................... 
• SAMPLE INPUT DATA • ..................... 

l.D-06 
0.02979,0.96205,28.013,4.003,299.26 
0.816065,0.635 
l.l,leltel 

25.D-12 
0.10000-0t\ 

O.ltS 
1. z. 
5. 

10. 
40. o.1ggo-gs 
0.1 o- 5 
O.lDOD-05 
0.100D-05 
O.lOOD-05 
O.lOOD-05 
0.100D-05 
O.lOOD-05 
O.lOOD-05 
0.100D-05 
O.lOOD-05 
O.lOOD-05 
O.lOOD-05 
0.100D-05 
O.lOOD-05 
0.100D-05 
O.lOOD-05 
o.1ggo-gs 
0.1 o- s 
0.100D-05 
0.100D-05 
o.1ooo-g5 o.1ooo- 5 
0.1000-05 
O.lOOD-05 
O.lOOD-05 
O.lOOD-05 

o.a5ogggo•oo o. 860 0 (}+00 
0.8700000•00 
0.8800000+00 
0.8900000+00 
0.9000000+00 
0.9100000+00 
0.9200000+00 
0.9300000•00 
0.91t0000D+OO 
0.9500000+00 
0. 9600000 t-OO 
0.9700000•00 
0.9800000+00 
0. 9900000+00 
0.1000000+01 
0.1850000+01 
0.1860000+01 
0.1870000+01 
0.1880000+01 
0.1890000+01 
0.1900000+01 
0.1910000+01 
O.l92000D•Ol 
0.1930000+01 
0.19~0000•01 0.1950000+01 

0.9640858 
0.96~2859 
0.9641t829 
0.961t6770 o. 9648681 
0.9650565 
0.9652~20 
0.9654249 
0.9656051 
0.9657828 
0.9659580 
0.9661307 
0.9663010 
0.9664690 
0.9666348 o. CJ667983 o. 9757816 
0.9758516 
0.9759212 
Q.Cj759902 
0.9760587 
0.9761267 
O.Cj761CJit3 
0.9762613 
0.9763279 
0.9763939 
0.9764595 

1.0000685 
1.0000673 
1.0000662 
1.0000651 
l.OOOOMO 
1.0000630 
1.0000620 
1.0000610 
1.0000600 
1.0000591 
1.0000581 
1.0000572 
1.0000564 
1.0000555 
1.0000547 
1.0000539 
1.0000213 
1.0000211 
1.0000209 
1.0000208 
1.0000206 
1.0000204 
1.0000203 
1.0000201 
1.0000199 
1.0000198 
1.0000196 

0.9998229 
0.9998259 
0.9998288 
0.9998317 
0.9998345 
0.9998372 
0.9998398 
0.9998~23 
0.9998448 
0.9998473 
0.9998496 
0.9998519 
0.9998542 
0.9998564 
0.9998585 
0.9998606 
0.9999~48 
0.9999453 
0.9999457 
0.9999461 
0.9999466 
0.9999470 
0.9999474 
0.9999479 
0.9999483 
0.9999487 
0.9999491 __, 

01 
\0 



O.lOOD-05 0.1960000+01 0.9165247 
O.lOOD-05 0.1970000+01 0.9765894 
O.lOOD-05 0.1980880+01 0.9766S36 O.lOOD-05 0.1990 00+01 0.9767173 
0.100D-05 0.2000000+01 0.9767807 
O.fOOD-05 0.4850000+01 0.9861231 8• OOD-05 0.4860000+01 0.9861408 

.1000-05 0.4870000+01 0.9861584 O.lOOD-05 0.4880000+01 0.9861760 
O.lOOD-05 0.4890000+01 0.9861936 
0.1000-05 0.4900000+01 0.9862110 
0.1000-05 0.4910000+01 0.9862285 
0.1000-05 0.4920000+01 0.9862.59 
0.1000-05 0.4930000+01 0.9862632 
0.100D-05 0.4940000+01 0.9862805 O.lOOD-05 0.4950000+01 0.~862977 
0.100D-05 O.lt96000D+Ol 0.9863149 
0.1000-05 0.4970000+01 0.9863320 
o.1goo-o5 0.4~80000+01 0.9863491 
0.1 OD-05 0.4990000+01 0.9861661 O.lOOD-05 0.5000000+01 0.9863831 
O.lOOD-05 0.9850000+01 0.9912570 o.tggo-os 0.9860000+01 0.9912630 0.1 D-05 0.9870000+01 0.9912691 
O.lOOD-05 0.9880000•01 0.9912752 
O.lOOD-05 0.9890000+01 0.9912812 
O.lOOD-05 0.9900000+01 0.9912873 
0.1000-05 0.9910000+01 0.9912933 
O.lOOD-05 0.9920000+01 0.9912993 
O.lOOD-05 0.9930000+01 o. 9913053 
O.lOOD-05 0.9943800+01 0.9913113 
0.100D-05 0.995 00+01 0.9913173 
O.lOOD-05 0.9960000+01 0.9913233 
0.1000-05 0.9970000+01 0.9913293 
0.1000-05 o. 9980000+0 1 0.9913352 
0.100D-05 0.9990000+01 0.9913~12 
0.1000-05 0.1000000+02 0.9913471 

1.0000195 
1.0000193 
1.0000192 
1.0000190 
1.0000189 
1.0000047 
1.00000~6 
1.0000046 
1.0000046 
1.0000046 
1.0000046 
1.0000046 
1.0000045 
1.0000045 
1.0000045 
l.000001t5 
1.0000045 
1.0000045 
1.000004S 
l.000001t4 
1.00000.~ 
1.000001~ 
1.0000014 
1.0000014 
1.0000011t 
1.0000014 
1.0000014 
1.0000014 
l.OOOOOllt 
1.0000014 
1.0000014 
l.OOOOOllt 
1.0000014 
1.0000014 
1.0000014 
1.0000014 
1.0000014 

0.9999495 
0.9999499 
0.9999503 
0.9999506 
0.9999510 
0.9999879 
0.9999879 
0.9999880 
0.9999880 
0.9999881 
0.9999881 
0.9W9881 
0.9999882 
0.9999882 
0.9999883 
0.9999883 
0.9999883 
0.9999884 
0.9999884 
0.9999884 
0.9999885 
0.9999962 
0.9999962 
0.9999963 
0.9999963 
0.9999963 
0.9999963 
O.CJ999963 
0.9999963 
0.9999963 
0.9999963 
0.9999963 
0.9999963 
0.9999963 
0.9999963 
0.9999963 
0.9999963 

0'\ 
0 



1 
1 
1 
4 
1 

................ *········· * SAMPLE OUTPUT RESULTS * •••••••••••••••••••••••••• 
O.lOOOOOOD-05 
0.29790000-01 
0.96205000+00 
0.28013000+02 
0.40030000+01 
0.29926000+03 
0.81606500+00 
0.63500000+00 

o.2sooogao-1o 
0.10000 OD-04 
O.lt500000D+OO 
0.10000000+01 
0.20000000+01 
0.50000000+01 
0.10000000•02 
0.40000000+02 

0.8500000+00 
0.860000D+OO 
0.8700000+00 
0.8800000+00 
0.8900000+00 
0.9000000+00 
0.9100000+00 
0.9200000+00 
0.9300000+00 
0.91tOOOOD+OO 
0.9500000+00 
0.9600000+00 
0.9700000+00 
0.9800000+00 
0.9900000+00 
0.1000000+01 
0.1850000+01 
0.1860000+01 

0.9640858 
0.9642859 
0.9644829 
0.9646770 
0.9648681 
0.9650565 
0.9652lt-20 
0.9654249 
0.9656051 
0.9657828 
0.9659580 
0.9661307 
D.9663010 
0.9664690 
0.9666348 
0.9667983 
0.9757816 
0.9758516 

1.0000685 
1.0000673 
1.0000662 
1.0000651 
l.OOOOMO 
1.0000630 
1.0000620 
1.0000610 
1.0000600 
1.0000591 
1.0000581 
1.0000572 
1.0000564 
1.0000555 
1.0000547 
1.0000539 
1.0000213 
1.0000211 

0.9998229 
0.9998259 
0.9998288 
0.9998317 
0.9998345 
0.9998372 
0.9998398 
0.9998423 
0.99981tlt8 
0.9998473 
0.9998496 
0.9998519 
0.9998542 
0.9998564 
0.9998585 
0.9998606 
0.9999448 
0.9999453 

0"1 



0.1870000+01 0.9759212 1.0000209 0.9999457 0.1880000+01 0.9759902 1.0000208 0.9999461 0.1890000+01 0.9760587 1.0000206 0.99991t66 0.1900000+01 0.9761267 1.0000204 0.9999470 0.1910000+01 0.9761943 1.0000203 0.9999474 
0.1928800+01 0.9762613 1.0000201 0.9999479 0.1930 00+01 0.9763279 1.0000199 0.9999483 0.1940000+01 o. 9163939 1.0000198 0.9999487 0.1950000+01 0.9764595 1.0000196 0.9999491 0.1960000+01 0.9765247 1.0000195 0.9999495 0.1970000+01 0.9765894 1.0000193 0.9999499 0.1980000+01 0.9766536 1.0000192 0.9999503 0.1990000•01 0.9767173 1.0000190 0.9999506 
0.2000000•01 O.CJ767807 1.0000189 0.9999510 0.4850000+01 0.9861231 1.000004 7 0.9999879 0.4860000+01 0.9861408 l.OOOOO't6 0.9999879 0.4870000+01 0.986158~ 1.0000046 0.9999880 0.4880000+01 0.~861160 1.0000046 0.9999880 0.4890000+01 0.9861936 1.00000~6 0.9999881 0.4900000+01 0.9862110 1.0000046 0.9999881 0.4910000+01 0.9862285 1.0000046 0.9999881 
O.lt920000+01 0.98621t59 1.0000045 0.9999882 0.4930000+01 0.9862632 1.0000045 0.9999882 0.4940000+01 0.9862805 1.0000045 0.9999883 0.4950000+01 0.9862977 1.0000045 0.9999883 0.4960000+01 0.9863149 1.0000045 0.9999883 
0.497000D•01 0.9863320 1.0000045 0.9999884 0.4980000+01 0.986)491 1.0000045 0.9999884 
O.'t99000D•Ol 0.9863661 l.OOOOOit4 0.9999884 
0.5000000+01 0.9863831 1.00000't4 0.9999885 
0.9850000+01 0.9912570 1.0000014 0.9999962 0.9860000•01 0.9912630 1.0000014 0.9999962 
0.9870000+01 0.9912691 1.0000014 0.9999963 
0.9880000+01 0.9912752 1.0000014 0.9999963 
0.9890000+01 0.9912812 1.0000014 0.9999963 0.9900000+01 0.9912873 1.0000014 0.9999963 
0.9910000+01 0.9912933 1.0000014 0.9999963 
0.9920000•01 0.9912993 1.0000014 0.9999963 
0.9930000+01 0.9913053 1.0000014 0.9999963 
0.9940000+01 0.9913113 1.0000014 0.9999963 
0.9950000+01 0.9913173 1.0000014 0.9999963 
0.9960000+01 0.9913233 1.0000014 0.9999963 
0.9970000+01 0.9913293 1.0000014 0.~999963 
0.9980000+01 0.9913352 1.0000014 0.9999963 __, 

0'\ 
N 
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E. COMPUTER PROCEDURE FOR DETERMINING NA AND N8 FOR SIMULTANEOUS 
DIFFUSION AND FLOW 

Using the results from the preceding program, the mass fluxes, 

concentration profiles, and pressure profiles are calculated by the 

program described in this section for simultaneous diffusion and 

flow. Equations {28) and (29) in Paper I are numerically solved 

and described in the procedure following the equations. The proce­

dure is essentially the same as used in the preceding program, with 

two differential equations now being simultaneously solved to yield 

the values of the mass fluxes for components A and B. 

The subroutine FCN2 provides the code to describe the two 

differential equations to be solved. The subroutine Pll is the same 

linear interpolation routine described in the preceding section. 

The input data for this program are exactly the output data 

for the preceding program and the mass fluxes calculated are for the 

same combinations of the parameters C
0

, c1, c2, ~P, P
0

, and a 

designated in that program. The solution of the differential equa­

tions for the case of simultaneous diffusion and flow was split into 

two separate programs solely for computational convenience. 

The annotated program listing, along with the sample output 

set resulting from the input data provided by the preceding program, 

follow this section. 



c c c c 
c c c 
c 
c c 
c c c c c 
c c 
~ c 
c c c c 
c c 
c c 
c 
c c 
c c c 
c 
c 
c c c c 
c 
c c 

.............................................................. 
• * * THIS PROGRAM CALCULATES THE MAGNITUDE OF THE FLUXES * * NA AND NB• AlONG WITH THE CONCENTRATION AND PRESSURE * * PROFILES, FOR THE CASE OF ISOTHERMAL SIMUlTANEOUS * * DIFFUSION AND FLOW. IT USES THE RATIO Of THE FLUXES, * 
* NAINB~ AS DETERMINED BY A PRECEDING PROGRAM. THE INPUT * 
* DATA t-OR tHIS PROGRAM IS SIMPLY THE OUTPUT FILE RESULTING * * FROM THE PROGRAM WHICH CALCULATES THE VALUES OF THE FLUX * * RATIO RAB. THE TWO PROGRAMS MAY BE RUN CONSECUTIVELY * * WITHOUT ANY DATA SET MANIPULATIONS. THE FLUXES ARE * * CALCULATED FOR ONE VALUE OF THE PARAMETER 'ALPHA' CTHE * * PARAMETER IN THE EFFECTIVENESS FUNCTIONJ AND AT THE * * SAME COMBINATIONS OF THE PARAMETERS C02 Cl~C2, PRESSURE, * 
* AND THE PRESSURE DROP AS USED IN THE PKOGRAM WHICH * * CALCULATES THE FLUX RATIOS. * • • .............................................................. 

IOENliFICATION OF INPUT VARIABLES AND ARRAYS 
YAO = VAlUE OF THE MOLE FRACTION OF A AT l=O 
YAl = VAlUE OF THE MOlE FRACTION OF A AT Z=l 
WMA = MOLECULAR WEIGHT OF COMPONENT A, G/GMOL 
WMB = MOLECULAR WEIGHT OF COMPONENT 8, G/GMOL 

T = TEMPERATURE OF SYSTEM K 
ALPHA = VALUE OF THE PARAMETER IN THE EfFECTIVENESS FUNCTION 

POAB = VAlUE OF THE PRESSURE TIMES BINARY OIFFUSIVITY 
PLEN = PELLET LENGTH• CM 

NCO = NUMBER OF INPUT VALUES OF THE GEOMETRIC FACTOR CO 
NCl = NUMBER OF INPUT VALUES OF THE GEOMETRIC FACTOR Cl 
NC2 = NUMBER OF INPUT VALUES OF THE GEOMETRIC FACTOR C2 

NP = NUMBER OF INPUT PRESSURE VALUES 
NDP = NUMBER OF INPUT PRESSURE DROP VALUES 

COCNCOt 
ClC NCl I 
C21NC21 

PRCNPJ 
DELPINDPI 

PC61tl 
CDF C 61tl 

= VECTOR OF NCO VALUES Of THE PARAMETER CO 
= VECTOR Of NCl VALUES OF THE PARAMETER Cl 
a VECTOR OF NC2 VALUES Of THE PARAMETER C2 = VECTOR OF NP VALUES OF THE PRESSURE 
a VECTOR OF NDP VALUES OF THE PRESSURE DROP 
a VECTOR OF 64 VALUES OF PRESSURE AT WHICH THE 

CORRECTION FACTORS HAVE BEEN EVALUATED 
a VECTOR OF 61t VALUES OF THE DIFFUSION CORRECTION m 

(J'1 



c 
c c c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c c 
c 
c 
c c 
c 
c c 
c c c c 
c c 
c c 
c 
c 
c 

c 
c 
c 

fACTORS ENCOMPASSING THE PRESSURE RANGE INPUTTED. 
VECTOR Will BE USED IN THE INTERPOLATING SUBROUTINE. 

CAC64J = VECTOR OF 64 VALUES OF THE SLIP-FLOW CORRECTION 
FACTORS OF COMPONENT A ENCOMPASSING THE PRESSURE 
RANGE INPUTTED. VECTOR WILL BE USED IN THE 
INlERPOLATING SUBAOUTINE. 

CBC61t) : VECTOR OF 61t VALUES OF THE SLIP-Fl.OW CORRECTION 
FACTORS OF COMPONENT 8 ENCOMPASSING THE PRESSURE 
RANGE INPUTTED. VECTOR WILL BE USED IN THE 
INTERPOLATING SUBROUTINE. 

RAT IOC 5• 5• s. 5, 5) = ARRAY HOLDING THE VAlUES Of THE fLUX RATIOS.RAB, 
AT THE VARIOUS COMBINATIONS Of THE PARAMETERS P, 
PRESSURE DROP, CO,Cl. AHO C2. CIF MORE THAN 5 VALUES 
OF A SINGLE PARAMETER IS TESTED, REDIMENSION ARRAY). 

Y(2t 

CC24t 
WC2t91 

ZC!»O) 
YFI50J 

CONCC 501 

RAB 
KOUNT 

PS 

IDENTIFICATION OF OTHER VARIABlES AND ARRAYS 

= INDEPENDENT VARIABLES IN DERIVATIVES. REQUIRED 
INTEGRATION ROUTINE. = VECTOR REQUIRED FOR INTEGRATION ROUTINE = WORKSPACE FOR INTEGRATION ROUTINE = VECTOR FOR VALUES Of l ALONG PELLET LENGTH = VECTOR FOR MOLE FRACTIONS = VECTOR OF MOLE FRACTION INCREMENTS USED IN 
I~TEGRATION ROUTINE 

= DEFINES THE FLUX RATIO OF NA TO NB = NUMBER Of ITERATIONS TO FINO RAB = VALUE OF RELATIVE NORM 
DNA = MAGNITUDE OF THE FLUX FOR COMPONENT A 
DNB = MAGNITUDE OF THE FLUX FOR COMPONENT 8 

IMPLICIT REAL*8CA-H 0-ZJ 
DIMENSION YC2)tCI24J~WC2~91.Z(5QJ,PRC10t.Yf(50J 
DIMENSION DELP lOI,P~S(5uJ,RATI0(5,5,5,5,5t 
COMMON COC15J,ClC15t,C2Cl511DCOtDCl,OC2,PDAB,T.PKA,PKB 
COMMON RABtUA,UB WMA WM8 OK ONH 
COMMON PCl~OI,CDFt150t.cltl50I,CBC150J 
EXTERNAL FCN2 

READ IN INPUT VALUES 

FOR 

__, 
()) 
()) 



c 

c 
c 
c 
c 

22 
120 

c 
c c 

1330 
1329 

c 
c 
t c 

c c c 
314 
313 

READC5,*1ALPffA 
READC5~*1YA01YAL,WMA,WMB,T 
READC5e*tPDAH 
REA0(5,*)Pt.EN 

CONSTRUCT A SERIES Of GRID POINTS ALONG THE 
LENGTH OVER WHICH TO INTEGRATE NUMERICALLY 

Ztli=O.O 
OE=PLEN/20. 
DO 22 J=2,21 
JJ=J-1 
ZCJJ=ZCJJ)+DE 
CONTINUE 
FORM AT C lOX, F~. 5 I 

READ IN INPUT VALUES 

READ(5,*)NCOJNClfNC2,NPJNOP 
READC5,*1CCO IJ, =l,NCO 
READC5,*1 CC lC I J,l=l,NClJ 
REAOC5,•ttC2CI),I=l,NC2J 
READC5,*1CPRCIJJI=l,NPt 
READ(5e*ICDElPC J,l=l,NDPI 
DO 1329 ll=l1.64 
REA0(5 13301Pflll CDFCLit,CAillt,CBClll 
FORMATI13X,Ol0.3,lX,Fl0.6,2X,Fl1.7e2X,F10.6t 
CONTINUE 

SET UP LOOPS TO READ IN THE VARIOUS VALUES OF 
THE FLUX RATIO, RAB 

DO 313 ll=l,NP 
DO 313 J.J=1,NDP 
DO 313 fsl,NCO 
DO 313 J=l,NCl 
DO 313 K=ltNC2 

READ IN A VAlUE OF THE FLUX RATIO, RAB 

READC51314)RATIOCII,JJ.I,J,KJ 
FORMAT 7X,Ol5.71 
CONTINUE 

PELLET 

0) 
......... 



c 
c c 

c c 
c 
c 
c c 

c 
c 

200 
c c 
c c c 

c 

c 
c 
c 

CALCULATE THE KNUDSEN DIFFUSIYITIES DIVIDED BY Cl 
PKA=DSQRT(8.317007*T/WMAJ 
PKB=OSQRTt 8.311007*1 /WMBI 

SET UP LOOPS TO CALCULATE THf MASS FLUX 
MAG~ITUDES AT THE VARIOUS COMBINATIONS 
OF THE PARAMETERS: PRESSURE, PRESSURE DROP, 

DO 32 IJ=l,NP 
00 31 IK=lwNDP 
DO 30 l=l,.NCO 
00 29 J=l,NC 1 
00 28 K=l,NC2 
PFIN=PR(I~I-DELPIIK)/760. 

RAB=RATIOCIJ.IK,I,J,KJ 
DNA= -l.D-09 
Rl:DNA 
KOUNT=O 
CONTINUE 

TOlfNW.N, IND ARE PARAMETERS FOR THE INTEGRATION 
ROU INE OVERK. SET UP ALSO THE INITIAL BOUNDARY 
CONDITIONS HERE. 

X:O.O 
Y(l)=PRIIJJ 
Yf21aYAO 
TOl.=O.OOOl 
NW=2 
N=2 
INO=l 
KOUNT=KOUNT+l 

DCO=COII) 
DCl=ClC J t 
OC2=C2CKJ 

INTEGRATION PROCEDURE STARTS HERE OVER THE DESIGNATED 
BOUNDARY CONDITIONS AT A GIVEN VALUE OF THE FLUX RATIO, 

0'\ 
CX> 



c 
c 
c c c 
c 

c c c 
c 

c 
c c 
c 
c 

10 

RAB, AND AT A GUESSED VALUE OF THE MAGNITUDE OF THE 
FLUX NA. THE IMSL ROUTINE DVERK~ A SIXTH-ORDER RUNGE­
KUTTA -INTEGRATION ROUTINE, IS USED. OVERK IS OESCRIBED 
IN DETAil IN THE IHSL LIBRARY MANUALS, VERSION 8.1, 
EDITION 7 119791. 

DO 10 KK=l,21 
XEND=ZCKK) 
CAll OVERKINwfCN2,X,YwXENO,TOL,INDwC,NW,W.IERI 
IFCINO.LT.O.CR.IER.GT.OJGO TO 20 
PRSCKKI=YCll 
YFCKKt-=YI2t 
CONTINUE 

A BISECTION METHOD IS USED TO DETERMINE A NEW GUESS 
FOR THE FLUX NA 

IFCKOUNT.E~.llONA=-1.0-03 
IFIKOUNT.E .1JP1=YC11 
IFIKOUNT.E .lJGO TO 200 
IFCKOUNT.EQ.2JR2=DNA 
IFCKOUNT.EQ.2)P2=YC11 
IFCKOUNT.EQ.21DNA=0.5*1Rl+R21 
IFCKOUNT.EQ.2)G0 TO 200 
R3=DNA 
P3=YI 1 t 
Al=Pl-PFIN 
A2=P2-PFIN 
A3=P3-PFIN 
813=Al*A3 
823=A2*A3 
IFIB13.lT.OJONA=0.5*lRl+R3t 
IFC813.LT.OIR2=R3 
IFC813.LT.OJP2=P3 
IFI 823.LT .0 I'DNA.a0.5*CR2+R31 
IFC823.LT.OJRl=R3 
IFC823.LT.OJ9l=P3 
PS=DABSIA3/PFINI 
DN8=DNA/RAB 

STOPPING CRITERIA ARE PROVIDED HERE. IF THE NUMBER OF 
ITERATIONS EXCEED 509 STOP; IF THE RELATIVE NORM IS 
AT AN ACCEPTABLE VALUE, STOP; OR, If THERE DOESN'T 
APPEAR TO 8E A SOlUTION, STOP. 

~ 
~ 



c 

c 
c 
c 
c 
c 

105 

573 

574 

188 
189 

576 
575 c 

c 
28 
29 
30 
31 
32 

c 
c 
c 
c c c 

104 

116 
20 

IFCKOUNT.GE.SOJGO TO 104 
IFC813.GT.O.ANO.B23.GT.OJGO TO 104 
IFCB13.LT.O.ANO.B23.LT.OJGO TO 104 
IFCPS.LT.l.D-071 GO TO 105 
GO TO 200 

WRITE OUT THE VALUES Of THE PARAMETERS, THE flUX RATIO, 
THE flUX MAGNITUDES OF NA AND N81 AND THE CONCENTRATION 
AND PRESSURE PROFILES ALONG THE PELLET LENGTH. 

CONTINUE 
WRITEC6,5731 
FORMATC//3XJ'AlPHA't8X1 1 C0'1lOX,•C1't6X,'C2 1 ,9X,'NA',14X,•NB 1 J 
WRITE(6I574 ALPHAlOLO,uC1 1 DL2 1 DNA,ONH 
FORMATCul0.3,1X,O 0.3,2X,ul0.~,2X,F4.2t2X,Dl4.7,2X.Dl~.7) 
WRITE(6,189t 
WRITEC61188JRA8,DElPCIKI~ZClltPRSC11eYFCll 
FORMATCF10.6 1X,F5.1 2X ~7.5 1 zX,F9.6~2X~F8.6) FORMATC/5X, 1 RA8•,4x,lopl,7x, Z 1 ,6X,'PRE~SURE 1 ,5X,'YA 1 1 
DO 575 ~K=2 21 
WRITEC61576JZtJK),PRSCJKJ,Yf(JK) 
FORMAT( 8X,F7.5,ZX,F9.6,2X,F8.6J 
CONTINUE 

CONTINUE 
CONTINUE 
CONTINUE 
CONTINUE 
CONTINUE 
STOP 
CONTINUE 
WRITEC6,116tKOUNT 
FORMATC/5X.'KOUNT EXCEEDED'el51 
CONTINUE 
STOP 
END 

SUBROUTINES 

THE SUBROUTINE FCN2 DESCRIBES THE ORDINARY DIFFENTIAL 
EQUATIONS TO BE SOLVED AND IS REQUIRED BY THE __, 

'-J 
0 



c 
c 

c 
c c c 

c 
c c 

c 

INTEGRATION ROUTINE DVERK. 

SUBROUTINE FCNZIN.X,Y,YPRIME) 
IMPLICIT REAL•BCA-H 0-ZI 
DIMENSION YI2J 1 CI24J,wcz,9J,YPRIMEINI 
COMMON COC15t,~lll51,C2Cl5tlDCOtOCl,DC2,PDAB,T,PKA,PKB 
COMMON RABtUA,UB,WMAtWMB,DN ONs 
COMMON Pll~OI,CDFC15o),CAI150I,C8Cl501 
PI•YCll 

CALCULATE KNUDSEN OIFFUSIYITIES 

CKA=DCl*PKA 
CKB=DCl*PKB 
PKM=YC21*CK8 +Cl.-Y(21J*CKA 

CAlCULATE THE VISCOSITY Of THE MIXTURE 
UA•O.l418148D-06*YC1J + 177.788D-06 
U6al96.1D-06 
UMN•CUA*YC2t•DSQRTIWMAJ +UB*Cl.-YC21J*OSQRTIWM8tl 
UMOaYC2J*DSQRTCWMAI+Il.-YI21J*DSQRTCWMBI 
UMaUMN/UMD 

C CALl THE SUBROUTINE Pll TO DETERMINE V~UES OF THE 
C CORRECTION FACTORS AT THE REQUIRED VALUE Of PRESSURE. c 

CAll PLlCPI,CO,CSA,CSBJ 
c 
C DEFINE THE DIFFERENTIAL EQUATIONS. YCliiS PRESSURE AND 
C YC2t IS THE MOLE FRACTION OF A. 
c 

c 

c 
c 

ADEN• DC2*PD.B+PKM*Yilt 
A= CO •DC2•POAB*CKA*YClt/CADEN*82.051*Tt 
AP•CD *OC2*POAB*CKB*YC11/IADEN*82.057*TI 
Bl•CSA *CKA*tDC2*PDAB+CKB*Yilii/CAOENt 
B=C8l+DCO*Yflt•l.Ol325006/UHt *YI2t/C82.057*TI 
8Z•CSB*CKB*COC2*PDAB+CKA*YC11J/ADEN 
BP.C82+DCO*YClt•l.01325006/UMJ•Cl.-Y(2Jt/C82.057*TI 

DNB=DNA/RAB 
'.J 



c 

c 
c 
c 
c 
c 
c c 

c 

c 
1 

11 

2 

12 

3 

YPRIME(l)= -l.*CA*DNB+AP*ONAI/CA*BP+AP*BI 
YPRIME(2)= CB*DNB -BP*DNAI/(A*BP+AP*BI 

RETURN 
END 

GIVEN A VECTOR OF VALUES OF THE CORRECTION FACTORS 
AT GIVEN PRESSURES, SUBROUTINE PLl LINEARLY INTERPOLATES 
TO RETURN VALUES OF THE CORRECTION FACTORS TO THE 
INTEGRATION PROCEDURE AT THE REQUIRED VALUE OF THE 
PRESSURE. 

SUBROUTINE PllCPI.CO,CSAwCS8) 
IMPLICIT REAL*8lA-H D-ZJ 
COMMON COC15t,C1Cl5J,C2115t1oco 1 otl,OC2,POAB,T,PKA,PKB 
COMMON RAB UA.UB WMAIWM810N tDNH 
COMMON PClSOt.CDFC15ut,C ll5uJ,CBC1501 

IFIPI.GE.PtlJ.ANO.PI.LE.Pfl6)JGO TO 1 
IFCPI.GE.PC17t.AND.PI.LE.PC3211GO TO 2 
IFCPI.GE.PC33l.ANO.PI.LE.PC48JIGO TO 3 
IFIPI.GE.PC49t.ANO.PI.LE.PC6~IJGO TO ~ 
CD=l.O 
CSA= 1.0 
CSB=l.O 
GO TO 30 
CONTINUE 
DO 11 J=.l,l5 
JJ=J+l 
IFCPI.LE.PCJJJICD=CDFIJJ+CCDFIJJJ-CDFIJ))*CPI-PCJII/(P(JJI-PCJII 
CONTINUE 
CSA=CCACll + CAI1611*0.5 
CSB=(CBtll • C8(16))*0.5 
GO TO 30 
CONTINUE 
DO 12 J=17,31 
JJ=J+l 
lf(PI.LE.PIJJJ)CO=CDFCJI+CCDFtJJ)-CDFCJII*lPI-PCJJ)/tPCJJ)-P(J)I 
CONTINUE 
CSA=CCAI11J+ CAC32ti*0.5 
CS8=(C81171+ C8(32tl*0.5 
GO TO 30 
CONTINUE ......., 

N 



DO 13 J==33,1t7 
JJ=J+l 
IFCPI.LE.PIJJtJCD=COF(Jt+ICDFtJJt-CDFC.Jti*IPI-P(JJ)/IPIJJJ-PIJit 

13 CONTINUE 
CSA=CCAC33)+ CAI48tt•0.5 
CSB=CC8(33)+ CBI481t•0.5 
GO TO 30 

It CONTINUE 
DO 14 J•49,63 
JJ=J+l 
IFCPI.lE.PCJJJtCD=CDFI.tt+CCDFIJ.Jt-cOF(~)J*CPI-PIJII/IPfJJ)-PfJI) 

14 CONTINUE 
CSA=CCAC491+ CAC6411*0.5 
CSB=CCBC49t+ CBC64JI*0.5 
GO TO 30 

30 CONTINUE 
RETURN 
END 

__. 

""' w 



••••••••••••••••••••••••• * SAMPLE OUTPUT RESULTS * ......................... 
ALPHA co Cl C2 NA NB O.lOOD-05 0.250D-10 0.1000-04 0.45 -0.65607380-05 0.20783780-04 

RAB OP z PRESSURE YA -0.315666 40.0 o.ooooo 1.000000 0.029790 
0.03175 0.997122 0.0621t86 
0.06350 0.991t268 0.096372 
0.09525 0.991438 0.131490 
0.12700 0.988632 0.167881 
0.15875 0.985852 0.205586 
0.19050 0.983097 0.244651 
0.22225 0.980367 0.285119 
0.25400 0.977663 0.327038 
0.28575 0.974986 0.370~55 
0.31750 0.972336 0.4151t19 
0.34925 0.969712 O.lt6198l 
0.38100 0.967116 0.510192 
0.41275 0.964548 0.560108 
0.44450 0.962008 0.611781 
0.47625 0.959496 0.665271 
0.50800 0.957012 0.720634 
0.53975 0.954557 0.777931 
0.57150 0.952132 0.837223 
0.60325 0.91t9735 0.898576 
0.63500 0.947368 0.962053 

ALPHA co Cl C2 NA NB 0.1000-05 0.250D-l:O O.lOOD-04 0.45 -o. 8406021o-o5 o. 2642.300D-04 
RAB DP z PRESSURE YA 

-0.318133 40.0 o.ooooo 2.000000 0.029790 
0.03175 1.996946 g.o60it91 
0.06350 1.99393~ .092495 
0.09525 1. 990964 0.125855 
0.12700 1.988038 0.160626 
0.15815 1.9851~5 0.196863 
0.19050 1.982316 0.234626 
0.22225 1.979522 0.273975 -

""'-J 
~ 



0.25400 1.916772 0.314971t 
0.2857S 1.914068 0.357687 
0.31750 1. 97llt09 0.~02!83 0.34925 1.968796 0.448 32 
0.38100 1.966230 0.496806 
0.41215 1.963709 0.547083 0.44450 1.961235 0.599440 
0.47625 1.958807 0.653959 
0.50800 1.956426 0.710724 
0.53975 1.954092 0.769824 
0.571SO 1.951804 0.831350 
0.60325 1.9,9563 0.895395 
0.63SOO 1.947368 0.962059 

ALPHA co Cl C2 NA NB O.lOOD-05 0.2500-10 O.lOOD-04 0.45 -0.97701920-05 0.3222939D-04 
RA8 DP z PRESSURE VA -0.303145 40.0 o.ooooo 5.000000 0.029790 

0.03175 4.996654 0.057822 
0.06350 4.993383 0.087286 
0.09525 4.990189 0.118252 
0.12700 4.987072 O.lS0796 
0.15875 4.984031 0.184993 
0.19050 4.981067 0.220926 
0.22225 4.918179 0.258679 
0.25400 4.975368 0.29831tl 
0.28575 4. 972632 0.3.0005 
0.31150 4.969972 0.383769 
0.34925 4.967387 0.429735 
0.38100 4.96.1t871 0.478011 
0.41275 4.9624~0 0.528709 
0.44450 4.960076 0.581946 
0.47625 4.95778/t 0.63781t7 
0.50800 4.955563 0.6965~0 
0.53975 4.953412 o. 758161 
0.57150 ~.951330 0.822852 
0.60325 lt.91t9316 0.890763 
0.63500 4.947369 0.962050 

ALPHA co Cl C2 NA NB 0.1000-05 0.2500-10 0.1000-04 o.~t-5 -0.98050010-GS 0.35872540-04 
......... 
01 



RAB OP z 
-o.273329 40.0 o.ooooo 

0.03:175 
0.06350 
0.09525 
0.12700 
0.15875 
0.19050 
0.22225 
0.25400 
0.28575 
0.31750 
0.34925 
0.38100 
0.41275 
0.44450 
0.47625 
0.50800 
0.53975 
0.57150 
0.60325 
0.63500 

PRESSURE 
10.000000 

9.996452 
9.993005 
9.989658 
9.986413 
9.983267 
9.980222 
9.977275 
9.974~27 
9.971675 
9.969019 
9.966't58 
9.963989 
9.961612 
9.959324 
9.957124 
<}.955009 
9.952979 
9.951030 
9.949160 
9.947368 

YA 
0.029790 
0.055610 
0.082949 
0.11189't 
0.1~2537 
0.174973 
0.209306 
0.2'tS642 
0.284096 
0.321t788 
0.3678't5 
0.413402 
0.461599 
0.512586 
0.566S22 
0.623573 
0.683917 
0.747738 
0.815236 
0.886616 
0.962101 

__, 
-.....J 
0) 
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F. COMPUTER PROCEDURE FOR REACTIONS WITH MOLE CHANGES 

The program described in this section calculates the mass fluxes 

and effectiveness factors predicted by the dusty-gas and modified 

dusty-gas models for zero, first, and second-order irreversible 

reactions with mole changes in porous catalysts. The concentration 

and pressure profiles along the pellet length are calculated using 

Eqs. (9) and {10) in Paper II, with the boundary conditions given 

by Eqs. {12) and (13). 

The program calculates discretization matrices of first and 

second order differential operators through the routines JCOBI and 

DISCRT. The application of these discretization matrices to the 

nonlinear ordinary differential equations through the procedure of 

orthogonal collocation yields the set of nonlinear algebraic equations 

specified in Eqs. (15) and (16) in Paper II. The orthogonal collo­

cation procedure and a detailed description of the routines JCOBI 

and DISCRT are given by Villadsen and Michelsen (39). 

The resulting set of algebraic equations are solved simultan­

eously using the International Mathematical and Statistical Library 

(IMSL) routine, ZSYSTM, described in detail in the IMSL manual, 

Edition 7, Version 8.1 (1979). The subroutine AUX defines the 

algebraic equations which are solved by the ZSYSTM routine, a 

Newton-like method based on Guassian elimination. 

With the set of algebraic equations solved to provide the con­

centration and pressure profiles, the results are then used to calcu­

late the values of the mass fluxes and reaction rates by using the 
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subroutine EFF. Using the returned results from the subroutine EFF, 

the effectiveness factor, defined by Eq. (19) in Paper II, is 

calculated, with the integral in that equation evaluated using the 

subroutine INTEGR. 

The dusty-gas model (¢0=¢sA=¢58=1 .0) is first used in deter­

mining, through an interative process, a rate constant which yields 

a value of YA~o for some specified length X (O<X <1). With this 
o-~ 

value of the rate constant, results for the modified dusty-gas model 

are calculated by determining the value of X , again through an 
0 

iterative process, which yields a value of yA~o. A value of X
0 

or 

the rate constant was assumed correct when a concentration profile 

resulted in which all boundary conditions were satisfied and the 

values of the mole fractions of A were less than 0.01 over approxi-

mately the last 25% of the pellet length. 

The iterative process consists of first calculating the concen­

tration and pressure profiles for values of the rate constant (or X0 ) 

to be tested, as specified in the input data, and then analyzing 

the profiles for convergence to the correct solution. If, throughout 

the range of values of the rate constant (or X
0

) tested, none of the 

resulting concentration profiles converges to a monotonically and 

continuously decreasing profile, a new range of input values should 

be tested. If there is a resulting concentration profile which 

decreases monotonically from a mole fraction of unity for component A 

to a value of yA greater than zero at the designated value of X0 , 

the corresponding value of the rate constant (or X0 ) should be 
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increased until a concentration profile and pressure profile results 

which satisfy the boundary conditions and the error criteria pre­

viously specified. Since the solution procedure for solving the 

set of equations appears to have areas of local divergence, for a 

tested area of values of the rate constant (or X
0

) there may be 

profiles which are divergent and convergent in the same range of 

values. If a monotonically decreasing concentration profile is found, 

the divergent profiles may be disregarded. It should be noted that 

the rapidity of convergence to the correct solution, as well as the 

area of convergence, depends to a large extent upon the accuracy of 

the initial estimates for the concentration and pressure profiles, 

which must be supplied for the ZSYSTM routine in the input data. 

This is especially true as the reaction order increases. When a 

correct solution is found, the program provides for calculating the 

corresponding mass fluxes, reaction rates, and the effectiveness 

factor. 

An annotated program listing, input data set, and the resulting 

output follow. 



c c ........................................................ c • • c • THIS PROGRAM CALCULATES MASS FlUXESS EFFECTIVENESS * c • FACTORS1 AND CONCENTRATION AND PRES URE PROFILES * c • FOR A G SEOUS CHEMICAL REACTION WITH MOLE CHANGES * 
~ • IN A HETEROPOROUS CATALYTIC PELLET0 USING BOTH THE * • DUSTY-GAS AND MODIFIED DUSTY-GAS M OELS. THE * c • METHOD OF ORTHOGONAL COLLOCATION TRANSFORMS THE • c • ORDINARY DIFFERENTIAL MATERIAL BAt.ANCE EQUATIONS • c • INTO A SYSTEM OF AlfEBRAIC EQUATIONSf WHICH ARE • c • SOLVED BY AN QUAORA ICALLY CONYERGEN NEWTON-liKE • c • METHOD BASED ON GAUSSIAN ELIMINATION • • c • • c ........................................................ c c 
c IDENTIFICATION OF VARIABLES ANO ARRAYS c c WMA = MOlECULAR WEIGHT OF COMPONENT Ae G/GMOL c WM8 = MOLECULAR WEIGHT OF COMPONENT Be GIGMOL c YAO = VALUE OF THE MOLE FRACTION OF A AT Z=O c PO = VAlUE OF THE PRESSURE AT Z=O c XO = VALUE OF THE PELLET LENGTH WHERE YA=O c T = TEMPERATURE OF SYSTEM, K 
c PDAB = VALUE OF THE PRESSURE TIMES BINARY DIFFUSIVITY c PLEN • PELLET LENGTH~ CM c CO = VALUE OF THf EOMETRIC FACTOR CO, CM2 c Cl = VALUE OF THE GEOMETRIC FACTOR Cl. CM c C2 = VALUE OF THE GEOMETRIC FACTOR C2 c RATEK • VALUE OF A RATE CONSTANT c THETA = STOCHIOMETRIC NUMBER IN IRREVERSIBLE REACTION c NC = NUMBER OF INTERNAL COLLOCATION POINTS c N = NUMBER OF EQUATIONS TO BE SOLVED c NORDER = ORDER OF REACTION c NINT = NUMBER OF CORRECTION FACTOR VALUES READ IN c EPS = NORM REQUIREMENT IN ROUTINE ZSYSTH c NSIG a NUMBER OF SIGNIFICANT DIGITS REQUIRED IN ZSYSTM c ITMAX = NUMBER OF ITERATIONS IN ZSYSTM c IFEFF = INPUT PARAMETER DETERMINING IN ONLY THE SOLUTION c CONCENTRATION AND PRESSURE PROFILES SHOULD BE c CAlCULATED C IFE,t=F=OI OF IF CALCut.AT ION OF MASS c FLUXES, REACTION RATES, AND EFFECTIVENESS FACTOR c CFOR THE LAST ITERATED COMBINATION OF RATE CONSTANT 

co 
0 



c 
c 
c c 
c 
c 
c 
c 
c 
c c c 
c 
c c c 
c c 
c 
c c c 
c 
c c 
c 
c c 
c 
c 
c 
c c 
c 

Btl-It 

X(501 

WAI30001 
PARClOOt 

YX( 501 
ALPC500t 
CDF(5001 

CAC500t 
CBC5001 

PC5001 

ZlC501 
XWC50J 

RXNUMI501 
DNAC501 
ONB( 501 

RATIOC50t 
DIF11501 
DIF2150J 
OIF3(501 
DIF1ti50J 
DIF5C501 
ROOTC50J 
AC 50,501 

Bt 50,501 

AND XOI SHOULD PROCEED C•IFEFF• IS NON-ZEROI. 
= THE VALUES OF THE FOUR BOUNDARY CONDITIONS 

= VECTOR CONTAINING THE PROFILE OF THE INDEPENDENT 
VARIABLES, YA AND P, AT THE COLLOCATION GRID POINTS. 

= WO~KSPACE VECTORFOR ZSYSTM ROUTINE = VECTOR PASSED IN ROUTINE ZSYSTM 
= VECTOR OF INITIAL PROFILES OF VA AND P = VECTOR OF THf VAlUE OF ALPHA ASSOCIATED WITH THE 

INPUTTED CORRECTION FACTORS 
a VECTOR OF INPUTTED DIFFUSION CORRECTION FACTORS = VECTOR OF INPUTTED SLIP-FLOW CORRECTION FACTORS FOR A 
= VECTOR OF INPUTTED DIFFUSION CORRECTION FACTORS FOR 8 
= VECTOR OF PRESSURES ASSOCIATED WITH THE CORRECTION 

FACTORS 
= VECTOR OF POINTS AlONG PELLET LENGTH = WORKSPACE VECTOR OF INDEPENDENT VARIABLES 
= VECTOR Of SCALED REACTION RATESALONG PELLET lENGTH 
= MASS FlUX VECTOR ALONG PELLET LENGTH FOR A 
a MASS FLUX VECTOR ALONG PEllET LENGTH FOR 8 = RATIO OF MASS FLUX OF A TO MASS flUX OF 8 
= WORKSPACE VECTOR FOR OTHOGONAL COLLOCATION ROUTINES = WORKSPACE VECTOR FOR OTHOGONAl COLLOCATION ROUTINES = WORKSPACE VECTOR FOR OTHOGONAL COllOCATION ROUTINES 
= WORKSPACE VECTOR FOR OTHOGONAl COLLOCATION ROUTINES = WORKSPACE VECTOR FOR OTHOGONAL COLLOCATION ROUTINES 
= VECTOR OF ORTHOGONAL COLLOCATION GRID POINTS = ORlHOGONAL COLLOCATION DISCRETIZATION ARRAY FOR 

THE FIRST DERIVATIVE 
= ORTHOGONAL COLLOCATION DISCRETIZATION ARRAY FOR 

THE SECOND DERIVATIVE 

IMPLICIT REAL*8CA-H,O-ZJ 
DIMENSION Xf50JIWA(3000t,PARC100t,YXCSO!.ALPC5001,ZLC50) 
01 MENS I ON XWC50 , RXNUMC 5o 1, DNA I 50 J,. DNB( ,g I ,RAT IOC 50 J 
DIMENSION DIFl C so· )\01 f2C 501 t.D IF3C 50I,DI fit( 501, OIF5 (50 t.ROOT ( 501 
DIMENSION XLENGTHC OOIIXCON~TClOOI 
COMMON /Q2/ AC50,50JfB 50.50J,PC500J,COFC500J 1CA(500J C8C500J 
COMMON /Q3/ ~MA,WMB, ,PO.XO,YAO,POAB.PLEN,CO,~l,C2,RAfEK 1 JHETA COMMON /Q3A/ YN2,PN2.8C3,BC4p.UAwUB 
COMMON /Q4/ NC,N,NORuER,NC2,NCl,NINT 
EXTERNAl AUX ...... 

<X> ...... 



c 
c 
~ c 

c c c c 
c 

1311 c 
c c c 

c 
c 
c c c 
c c c c 
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READ IN STOPPING CRITERIA FOR THE ROUTINE ZSYSTM 
WHICH SOLVES THE SYSTEM OF ALGEBRAIC EQUATIONS. 

READCS,•tEPS,NSIG,ITMAX 
CITMAX=ITMAX 

READ IN THE NUMBER OF INTERNAl COLLOCATION POINTS, 
NCr. AND THE INITIAL GUESSED CONCENTRATION AND 
PRtSSURE PROFILES. 

REA0(5,*1NC 
N=2*NC 
NCl=NC+l 
NC2=NC+2 
REAOCS.*IIXCKL),Kl=~~NCI 
READI5l*ICXCKli~KL=NLl,HJ 
DO 131 JJ=l,.N 
YXCJJJ=XCJJ) 
CONTINUE 

READ IN ALL Of THE VARIABLES DEFINING THE PHYSICAL 
CHARACTERISTICS OF THE SYSfEM 

READ(5,*tNOROER,IFEFF 
REA0(5,*1WMA,WM8,T,PLEN 
READC 5, *,YAOiPO 
REAOCS,•tCO,~l C2 
READ(5,*1TCA.TCB.PCA,PCBeUA,UB 

THETA=WMA/WMB 
CALL SUBROUTINE POIFF TO CALCULATE THE 
BINARY OIFFUSIVITY TIMES PRESSURE. 

CALL POIFFCTCA.TCB,PCA,PCB,WMA.WMB,T,PDABI 

WRITE OUT THE VALUES DEFINING THE PHYSICAL 
PARAMETERS Of THE SYSTEM. 

WRITEl6 6061NOROER 
FORMATC{~X1 1 0RDER OF REACTION:•,~X,I4/J 
WRITEC6,60ti.MAeWM8 --.J 

00 
N 



607 

c 
c c c c 
~ 

612 

614 

615 

616 

609 

610 

611 
608 

613 

617 

618 

619 

620 

621 

622 

c 
c 

FORMATC10Xw 1 MOLECULAR WEIGHT OF A •,.X,F7.3/,10X 9 I 'MOLECULAR W&IGHT OF B •,4X.F7.3/I 
IIRI TE C6t 612 J;JHETA 
FORMATC sx1• THETA~MOL WT A/MOL WT 8: 1 ,1tX,F7. 4/t 
WRITEC6,6 41 
FORMATC13Xt'THE GEOMETRIC PARAMETERS OF THE PELLET 1

9 /I WRITEC6{61,1 
FORMAT( 8Xw 1 C0 1 ~11X 1 1 tl•,llX,•C2 1 ,/J 
WRITEI6,6161CO,Ll,Cz 
FORMAT(l4Xt010.3,3X,D10.3 9 3X,Dl0.3/1 
WRITEC6,608IPDA8 
FORMAl(25X, 1 !NITIAl PROFILE't 
WRITEC6,609J 
WRITEC6,6101 
FORMAT(/20Xt'YA 1 20X,• P1

9 /) 
WRITEC6{6llJCXIKJ 1xiK+NCt,K=l,NC) 
FORMATC ~X,Ol3.6, OX 013.6) 
FORMATC5Xl'PRESSURE fiMES DIFFUSIVITY:•.~x.F9.6/) WRITEC6e6 31PLEN,T 
FORMATC//17Xw 1 PELLET LENGTH :•,~X,F7.1t/,15X, 1 TEMPERATURE 

I 4XIF7.2/I 
WR TEC6,6171TCA 
FORMATC6Xl'CRITICAL TEMPERATURE OF A: 1 ,1tX,F7.3t WRITEC6,6 81tC8 
FORMATC6Xl 1 CRITICAL TEMPERATURE OF 8: 1 ,~X,F7.3/J 
WRITEC6•6 91PCA 
FORMATC9Xl'CRITICAL PRESSURE Of A: 1 ,4X.F7.31 
WRITEC6t.6 8IKB 
FORMATC9X~ 1 CRITICAL PRESSURE Of 8: 1 ,4X,F7.3/J 
WRITEC6 6zliUA 
FORMATC9Xt 1 AVG VISCOSITY Of A: 1 t4X,Ol0.31 
WRITEC6.6zZtU8 
FO«MATC9X, 1 AVG VISCOSITY OF 8: •,4X,Ol0.3/l 

READ IN THE VALUES OF THE CORRECTION FACTORS 
AT THE INPUTTED VALUES OF PRESSURE FOR THE 
DESIGNATED VALUE OF THE PARAMETER 'ALPHA'. 
THESE VALUES Will BE USED TO SUPPLY THE CORRECT 
VALUE OF THE CORRECTION FACTORS AT THE DIFFERENT 
PRESSURES ALONG THE LENGTH OF JHE PELLET 8Y 
LINEAR INTERPOLATION WITH THESE VECTORS. 

READC5w*ININT 
WRITEC6t*ININT 

CKI :•, 

(X) 
w 



DO 1329 f:l NINT 
READC5!3131lALPCitJPCitJCDFCit}CA(IJ1catl) 
WRITE(b 3131tALPtl 1 PCI ,COFCI ,CAll •CBCIJ 

3131 FORMAT({X.Dl0.3.2Xwul3.6w3X.F11.7.2X,~ll.7,2X,Fll.71 
1329 CONTINUE 

c 
C READ IN THE RATE CONSTANTS AND PELLET LENGTHS 
C TO BE ITERATED OVER. 
c 

c 
c c 
c 
c 

c 
c 
c 
c 
c 

c c 
c c 
c 
c 
c c c 

115 

116 

READC5•*)NR 
DO 115 J=1 NR 
READC5,*1XCONSTCJt 
CONTINUE 
REAOCS,*INLEN 
DO 116 J=l,NlEN 
READC5w*IXLENGTHCJI 
CONTINUE 

RGl AND RG2 ARE VALUES OF THE UNIVERSAL GAS CONSTANT 
WITH UNITS OF ERG/IGMOL)(KJ AND CATMIICM3)/tGKOLICK), 
RESPECTIVELY. 

RG1=8.317007 
RG2=82.057 

THE VALUES IN THE VECTOR PAR ARE VALUES WHICH ARE USED 
MORE THAN ONCE IN THE PROGRAM AND ARE CALCUlATED HERE 
TO SIMPLIFY SUBSEQUENT CALCULATIONS. 

PAR C li=C2*PDAB 
PARC21=Cl*DSQRTCRGl*T/WMAI 
PARC31=Cl*DSQRTCRG1*T/WMBJ 
PARC41•RG2*T 
PAR(5J:DSQRTCWMA/WM8) 
PAR(6J=CO 

CALCULATE THE ORTHOGONAL COLLOCATIONS DISCRETIZATION 
MATRICES A AND 8~ USING THE SUBROUTINES JCOBI AND 
OISCRT CDESCRIBEu IN DETAIL IN •SOLUTION OF DIFFER­
ENTIAL EQUATION MODELS BY POLYNOMIAL APPROXIMATION•, 
BY VlllADSEN AND MICHELSEN9 19781. AI.. AND BE DESIGNATE 
THE TYPE OF POLYNOMIAL USED. NO INDICATES DIMENSION, 
10 INDICATES THE CALCULATION Of ONLY THE MATRICES A 
AND 89 FOR FIRST AND SECOND ORDER DERIVATIVES, AND 

(X) 
_.:::. 



c c 
c 

Alzl.O 
BE=l.O 
NO= 50 
NO= 1 
Nl= 1 
lOa 2 

NO=l AND Nl=l INDICATES THAT BOUNDARY CONDITIONS 
AT THE END POINTS ARE USED. 

CALL JCOBICND~N~~N0 1NllAL,BEtDIFllOIF2lDIF3lDIF~,OIF5~~00TI CAll DISCRTINo,~,No,N ,IO,DIFl.D F2,D F3,0 F~,OIF5,RouT, 
1 A,s,c,ot 

c 

c c 
c 
c 
c c 

53 

lltl6 

c 

1313 

c 
1606 

' c 
c c 
c 
c c c 

WRITEI6,531CPARCIJ~I=l~6t 
FORMAT(/25Xw 1 THE VtCTOK PAR 1 ,/,8(/24X,Dl4.71) 

SET UP lOOPS TO SOLVE THE SYSTEM OF N SIMULTANEOUS 
ALGEBRAIC EQUATIONS BY THE ROUTINE ZSYSTM AT THE 
SPECIFIED VALUES OF THE RATE CONSTANTS AND VALUES 
OF XO, THE GUESSED LENGTH AT WHICH YA=O. 

DO 1111 Jl=l NR 
RATEK=XCONSTIJIJ 
DO 9738 JX=l,NLEN 
XO=XLENGTHC~XI 
WRITEC6,1~161XO 
FORMAT(/,15X• 1 THE VALUE OF XO ~•.3X,f8.5J 
PAll( 1 J=PlEN•XO 

DO 1313 JL=l•N 
XC Jll =Y XC JL I 
CONTINUE 
ITMAX=CITMAX 

WRITEC6ll6061NORDER RATEK 
FORMATI 5X, 1 0RDER OF REACTION:•,~X,l4/,l5X,'RATE Of REACTION 
3X,012.5/I 

CALL THE ROUTINE ZSYSTH TO SOLVE THE SET OF N 
SIMULTAftEOUS ALGEBRAIC EQUATIONS. THE DIFFERENTIAl 
EQUATIONS DESCRIBING JHE MATERIAL BAl.ANCE FOR THIS 
CASE OF CHEMICAL REACTION IN A POROUS MATERIAL ARE 
TRANSFORMED INTO ALGEBRAIC £QUATIONS USING THE 
ORTHOGOftAl COLLOCATION DISCRETIZATION MATRICES 

:•, 0000000 
0000000 
0000000 

_.. 
00 
U'1 



c 
c 
c c 
c 
c c 
c 
c 
c c 

c 

351 
51 

c 
c 
c 

52 

1159 
1158 

c 
9738 
1111 

c c c 
c 
c 
c 
c 
c 
c 

PREVIOUSLY CALCULATED. THE SET OF EQUATIONS ARE 
DESCRIBED IN THE SUBROUTINE AUX WITH THE SET OF 
INOEPENIENT VARIABLES IN THE VE~TOR X. ZSYSTEM IS 
AN IMSL• INC. ROUTINE AND IS F~LY DOCUMENTED IN 
THE IMSl. LIBRARY, EDITION 71 VERSION 8.1 Cl979J. 
IER IS THE RETURN ERROR COO~ WITH 1 0 1 INDICATING 
SOLUTION AT THE SPECIFIED ERROR CRITERIA WAS 
ATTAINED. THE SOLUTION PROCEDURE IN A NEWTON-LIKE 
GAUSSIAN ELIMINATION WITH QUADRATIC CONVERGENCE. 

CALL ZSYSTMCAUX,EPS,NSIGwNwXwiTMAX,WA,PARwiERt 
WRITEC6w5lti1MAX.IER 
DO 351 Kl=l NC2 
ZLCKII=ROOTIKI)*PLEN*XO 
CONTINUE 
FORMATClOX,'ITMAX 1 ,16wlwl1Xt 1 1ER 1 wi6,/J 

OUTPUT CONCENTRATION AND PRESSURE PROFILE SOLUTIONS 
WRITEC6,521 
FORMATI/9Xt'Z 1 ,14X,•W IROOTJ 1

1 11X,• YA •wl2Xt 1 

WRITEI6,11~91ZlC1J,ROOT(lt,YAo,PO 
DO 11 58 K: 1 , NC 
KN=K+NC 
Kl=K+l 
WRITEt6,11591ZLCKl) ROOTCKl),XCKiwXIKNI 
FORMATC3X,Dl3.6,5X,613.6.~X,Ol3.6,4X,013.61 
CONTINUE 
WRITEC6,1159JZLCNC2t,ROOTCNC21,8C3,BC4 
CONTINUE 
CONTINUE 

p .. ,. 

IF THE CALCULATION OF THE EFFECTIVENESS FACTOR OR 
MASS FLUXES IS NOT DESIRED, A VALUE OF 0 WAS 
INPUTTED FOR IFEFF. WITH A NON-ZERO VALUE~ 
CAlCULATION OF THESE QUANTITIES WILL PROCEtD. 

IFIIFEFF.EQ.OtGO TO 199 
If LAST PART Of THE CONCENTRATION PROFILE IS NOT 
ENTIRELY MONOTONICALLY DECREASING. DUE JO NUMERICAL __, 

00 
0"1 



c 
~ 
c c 

SOLUTION ROUTINE, SIIOOTH PROFILE BY LINEARLY 
EXTRAPOLATING VALUES. COOING THIS HAS NEGLIGIBLE 
EFFECT ON ANY RESULTS Of THE MASS FLUXES OR 
EFFECTIVENESS FACTORS. 

NCM=NC-1 
DO 5887 MM= 1' NCM 
IFCXCMM-+lJ.G~.XCMMJtXCMM+lt=X(MMJ•IXCMMI-XtMM-lll•IROOTCMM+2) 

I -ROOTIMM+liiiCROOTIMM+11-ROOTIMMtJ 
5887 CONTINUE 

8C3=XCNCI-+tXCNCI-XCNCMII*CROOTCNC21-ROOTCNC2-111/tROOTCNC2-lt­
~ ROOTCNC2-2JI 

c 
c c c 
c 
c 

c 
c 
c c 
c 

7152 

CAll THE SUBROUTINE EFF TO CALCULATE REACTION RATES 
AND MASS flUX VALUES ALONG THE PELLET LENGTH FOR 
THE lAST COMPUTED VALUES OF THE RATE CONSTANT AND 
XO WITH THE SOLUTION PROFILES. 

CAll EFFCX~XW.ROOT.PAR.RXNUM,ONA.DN8) 
WRITEC6,7152a 
FORMATI//5X, 1 1l*XOI**2*RX 1 ,10X,•NA•.l6X,'N88 ,lOX,'flUX RATIO'//) 
DO 1113 LK•liNC2 
RATIOCLKt=DN llKI/DNACLKJ 

If REACTION RATES HAVE THE WRONG SIGN WHEN VERY 
ClOSE TO ZERO DUE TO NUM6ERICAL SOLUTION ERROR, 
CHANGE TO PROPER SIGN. 

DO 5889 LL=l.NCZ 
IFIRXNUMilli.LE.O.OtRXNUM(Lll=-l.*RXNUMClll 

5889 CONTINUE 
c 
c 
c 

7153 
1113 c 

c 
c c 
c 
c 

WRITE OUT RESULTS 
WRITf(6.71531RXNUMCLK),ONA(LKJ,DNBCLKJ IRATIO(LKJ 
FORMAJC3X.Dl4.7e~XeDl4.7.~X,Ol4.7,2X.Dl3.51 
CONTINUE 

CALCULATE THE INTEGRAL PORTION IN THE DEFINITION 
OF THE EFFECTIVENESS FACTOR WITH THE COMPUTED VECTOR 
OR REACTION RATES. WRITE OUT THE VALUE OF THE 
INTEGRAL IF DESIRED. 

CAll INTEGRCRXNUM,ROOT,SUMN.NC2t __, 
o:> 
'-J 



C WRITEC6,7125JSUMN 
C7125 'FORMATC//,15X.•INTEGRAL Of RX 1 .11X,Dl2.51 c 
C CALCULATE THE VALUE OF THE EFFECTIVENESS FACTOR c 

7127 c 
199 

'C 

c c c 
c c 
c 
c 
c 
c 

c 
c 
c 
c 
c c 
c c 

c 

RXATO= YAO*PO/PARC41 
DEN= (PlEN**2J*XO*RATEK*CRXATO**NORDERJ 
EFFAC= SUMN/DEN 
WRITEC6w7127tEFFAC 
FORMATC//15Xw•EFFECTIVENESS FACTOR:•,6X,Fl0.7J 
CONTINUE 

STOP 
END 

••••••••••••••••• * SUBROUTINES * 
··········**····· 

THE FUNCTION SUBROUTINE AUX DEFINES THe SlflllTANEOUS 
AlGEBRAIC EQUATIONS TO BE SOLVED BY THE ZSYSTM ROUTINE 

FUNCTION AUXIX,K,PARI 
IMPLICIT REAL*8(A-H10-ZI 
DIMENSION XC50J PAR 1001 
COMMON /Q2/ Al50,50t~BC50,50t,PC500I,COFC500J~CACSOOJ1C8C500J 
COMMON /Q3/ WMA,WMB,r,PO,XO,Y~.POAB,PLEN,CO,~l,C2,RATEK,THETA 
COMMON /Q3A/ YN2.PN2IBC3.BC4,UA,UB 
COMMON /Q4/ NC,N,NORoER,NC2.NC1,NINT 

If K = 1,.2, ••• N, CN IS THE NUMBER OF INTERNAL COLLOCATION 
POINTS AND HALF THE NUMBER Of EQUATIONS TO BE SOLYEDJ, 
THEN USE EQUATION Cll FOR 1=2.3, ••• N+1. WHEN K=N+l, 
N•2, ••• 2Nt USE EQ.I21 FOR 1=2•3••••H+1. 

NN=-NC+l 
NINTl=-NINT-1 

IFCK.LE.NCJGO TO 1 
IFCK.GT.NC GO TO 3 __, 

(X) 
(X) 



c 
c c 

E c c 
c 

c 

1 

551 

c 
5S4 
553 

c c c 

c c c 
c 

I 

I 

I 

I 

I 

I 

CONTINUE 
NK=NC+K 

DEFINE THE FIRST N EQUATIONS 

CALCULATE THE VALUES Of THE CORRECTION FACTORS 
AT THE PRESSURE SPECIFIED IN THE VECTOR X BY 
LINEAR INTERPOLATION Of THE TABULATED VALUES 

IFCXCNKI.GE.PClJ.ANO.XCNKI.LE.PCNINTitGO TO 551 
COa1.0 
CSA=l.O 
CSB=l.O 
GO TO 553 

CONTINUE 
DO 554 l=l,NINTl 
llsl+l 
IFCXCNKI.LE.PCllltCD=IXINKI-PCLII/CPCLLI-PCLIJ 
•CCDFILLJ-cDFCLII + COFIL) 

IFIXCNKI.LE.PCLLJICSA•CXCNKI-PlliJ/CPClli-PCltl 
*CCACllJ-CAILJI + CACLI 
IFCXCNKI.LE.P(LLIICSB•IXCNKI-PCLII/CPILL~-PCL)) 
•CCBCLlJ-tBCllt • CBCLt 

IFCXCNKI.LE.PCLLJIGO TO 553 

CONTINUE 
CONTINUE 

CALCULATE THE VISCOSITY OF THE MIXTURE 
UM=CUA*XCKI*DSQRTfWMAt+UB*Cl.-XCKII*DSQRTCWMBII/CXCKI•DSQRJCWMAI 

+Cl.Q-XIKJI*DSQRTIWM8tl 
CALCULATE THE COEFFICIENTS AT THE CURRENT VALUES OF YA AND P 
OF THE SUMMATIONS IN THE FIRST SET OF N EQUATIONS 

ADEN=PARClt+CXCKI*CPARI31-PARC2ti+PARC211*XCNKI 
SA•CD•PARClt•PARC21*XCNKI/CADEN*PARC4)1 
SB•CCSA*PARC2t*CPARCli•PARC3t•XINKI)/ADEN+PARC6)•XCNKt• 

1.01325006/UMI*KCKt/PARC41 
SBP•CCSB•PA~C3J•CPARCli+PARC21•XCNKti/ADEN+PARC61*XCNKI* 

1.01325006/UMI•Cl.-XCKII/PARC41 
(X) 
\0 



c 

c 

CONE=-l.O*CD*PARflJ*PARC2J*CXfNKI**21*1PARC3J-PARf2Jt/CPAR(4J 
I *ADEN*ADENI 
CTWO=CD*CPARC11**21*PARC2l/IPARC1t)*ADE~ADEN) 
CTHREE=CSA*p-ARC 2 t*(PARC 1 J+PARC 3 I*XC NKJ I*C PARC 1 )+PARC 21*XC NKJ I 

I /CPARC4I*ADEN*ADENI+PARI6I*XCNKJ*l•Ol325006/CUM*PARC4JJ 

CFOUR=CSA*PARC21*PARC31*XIKI/IAOEN*PAR(~tt-CSA*PARI21*XCKJ 
I *CPARlli+PARC31*XCNKII*fXCKI*(PARI3J-PARC21t+PARC21J/ 
I CPARC4t*ADEN*ADENJ+PAR(6)*X(Kt*l•Ol325006/(UM*PAR(4Jt 

C USING THE DISCRETIZATION MATRICES A AND 8 WITH THE 
C ORTHOGONAL COLLOCATION PROCEDURE. CALCULATE THE 
C VARIOUS SUMMATIONS IN THE EQUATIONS AT THE CURRENT 
C VALUE OF YA AND P 
c 

c 
c c 

c 
c 
c 

c 
c c c c 

c 
c 

10 

11 

Vl:O.O 
V2=0.0 
Y3=0.0 
V4=0.0 
V5=0.0 
V6=0.0 
I=K+l 

Vl= THE SUM OF BCI.JJYCJJ FOR ~=2•3•••••N•l 
DO 10 Jz2.NN 
Vl=BCI.JI*XCJ-11 +Vl 
CONTINUE 

V2= THE SUM OF A(N+2.JIYCJI FOR J=2.3 •••• ,N+l 
DO 11 J=2,NN 
V2=ACNC+2.JI•XCJ-lt •V2 
CONTINUE 

BCl=FIRST BOUNDARY CONDITION: MOLE FRAC AT W=O 
BC2=SECOND B.C.: PRESSURE AT W=O 
8C3=THIRO B.C.: OY/DW=O AT W•l 

BCl=YAO 
8C2=PO 
8C3=-CV2+AfNC+2.1)*8Cli/ACNt+2.NC+2J 

V3= THE SUM OF Ati,JIY(JI FOR J=2.3, ••• ,N+l \.0 
0 



c 

c 12 

~ 

c 13 
c 
c 

c 14 
c 
c 

c 15 
c c 
c c c 

c c c 

00 12 .J=Z.NN 
V3=ACI,Jl*XIJ-1J +V3 
CONTINUE 

V4= THE SUM OF A(I,JJPCJI FOR ~=2,3 •••• ,N+l 

DO 13 J=2,NN 
JJ=J-l+NC 
V~tsA(I,JI*XCJJI +V4 
CONTINUE 

V5= THE SUM Of A(N+2,JtP(JI FOR J=2,3, ••• ,N•l 

DO 1~ ~=2,NN 
JJ=J-l+NC 
V5=ACNC+2,JI*XCJJI+V5 
CONTINUE 

V6= THE SUM OF Bti,JIP(J) FOR J=2,3 •••• ,N+l 

DO 15 J=2,NN 
JJ=~-l+NC 
Y6=BII.Jl*XCJJI+V6 
CONTINUE 

BC4=FOURTH B.C.: DP/DW=O AT W=l 

BC'e-= -CV5+Aif4C+2,li*BC21/ACNC+2,NC+21 
DEFINE THE TERMS IN THE FIRST N EQUATIONS 

Tl•IVl+BCI,li*BC1+8CI,NC+21*8C31*SA 
T2=CV3+AIIlli*8Cl+A(t,NC+21*BC31 
T3=Y4•ACI} I*BC2+ACI NC+21*8C4 
T4=CY6+8C Ili*BC2+BI}.NC+21•BC41*SB 
lffNOROER.tQ.OtCRX=l. 
IFCNORDER.EQ.liCRX=XCNK)*X(KIIPARC4t 
IFINORDER.EQ.ZJCRX=CXCNKI*XCKIIPAR(4)J*XINKI*XCK)/PAR(~) 
T5=PARC71*PARC7t*RATEK *CRX 

DEFINE TME FIRST N EQUATIONS 
AUX=CTl+CONE*T2*T2+CCTWO+CTHREE)*T2*T3+CFOUR*T3*T3+T4-T5J 

\0 __, 



c 
c 

RETURN 

C DEFINE THE SECOND H EQUATIONS 
c 

3 CONTINUE 
c 

c 
c 
c 

c 
556 

c 
559 
558 

c 
c 
c 
c 

c 

I 

' I 

I 

I 

KP=K 
KY=K-NC 
I=K-NC+l 

DETERMINE THE CORRECTION FACTORS AS BEFORE 
lFCXCKPJ.GE.PCli.AND.XlKP).LE.PCNINTttGO TO 556 
CD=l.O 
CSA=l.O 
CSB=l.O 
GO TO 558 

CONTINUE 
DO 559 L=l.NINTl 
LL=l+l 
IFCXCKPt.LE.PCLLtJCD=IXIKPI-P(ltt/IPCllJ-PCLJI 
*ICDFCLLI-CDFCLJt + CDFCLI 

IFCXIKPI.LE.P(lltiCSA=IXIKPI-Pillt/CPClll-Pil)) 
*ICAClli-CAJLII + CA(LI 

IFCXCKPI.LE.PCLLIICSB=CXCKPI-PCLII/CP(lli-Piltl 
•CCBCLLI-CB(ltJ + CBCLJ 

IFIXCKPJ.lE.PCLLitGO TO 558 
CONTINUE 
CONTINUE 

CALCULATE THE COEFFICIENTS OF THE SUMMATION 
TERMS IN THE EQUATIONS, AS BEFORE 

UM=CUA*XCKYJ*DSQRTCWMAJ+UB*Il.-XCKYIJ*DSQRTIWMBJJ/(X(KYJ 
*DSQRTCWMAI•Cl.O-XCKYII•DSQRTCWMBII 

ADEN=PARCli+IXCKYI*CPAR131-PARI211•PARC2Jt*XCKPI 
SA=CD*PARCli*PARC21*XCKPI/CADEN*PARI411 
S8sCCSA*PARC2J*IPARClt•PARC31*XCKPII/ADEN•PARC6I*XCKP)* 

l.01325006/UMJ*XIKYJ/PARC41 
SBP=(CSB*PAR(31*fPARCl)+PARI21*XCKPit/AOEN+PARC6I*XCKPI* 

\.0 
N 



c 

c 

I 

I 

1.01325006/UMI*Cl.-XCKYJI/PARC41 
tONE=-l.O*Co-PARCli*PARI21*1XCKP1**21*CPARC31-PARI2tt/IPARI4J 

*ADEN*ADENI 
CTWO=CD*CPARClf**2J*PARI21/CPARC~I*ADEN*ADENI 

CFIVE=-l.O*CSB*PARl3t*IPARClJ+PARI21*XIKPif*IPARCli+PAR(31* 
~ XCKPII/CPARC4)*ADEN*ADENt-PARC6I•lCKPI*l•01325D06/CUM*PARC4J) 

CSIX=CS8*PARC31*Cl.O-XCKYtt*(PARC2t*ADEN-CPARClt+PARC2)*XIKPJt 
I *CXCKYI*IPAAC31-PARC211+PAR(21JI/IPARC~J*ADEN*ADENI+ 
I PARl6t*Cl.G-XtKYtt•l.Ol325006/(UM•PARI41t 

c 
C AGAIN CALCULATE THE SUMMATION VALUES AT THE CURRENT 
C VALUES OF YA AND P USING THE MATRICES A AND 8. 
c 

c c c 

20 
c 
c 
c 

21 c c 
c c c 

c 
c 

NN=NC+l 
Vl=O.O 
V2=0.0 
V3=0.0 
V4=0.0 
V5=0.0 
V6=0.0 

Vl= THE SUM OF BCI,~IYIJI FOR J=2,3, ••• ,N+l 

DO 20 J=2,NN 
Vl=BCI,JJ•XIJ-lJ+Vl 
CONTINUE 

Y2= THE SUM OF A(N+2 1 J)Y(J) FOR J~2,3, ••• ,N+l 

DO 21 J=2,NN 
V2=ACNC+2.JI*XIJ-li+V2 
CONTINUE 

BCl=FIRST BOUNDARY CONDITION: MOLE FRAC AT W=O 
8C22 SECOND B.C.: PRESSURE AT W=O 
BC3=THIRD B.C.: OY/OW=O AT W=l 

BCl=YAO 
BC2=PO 
8C3= -(V2+A(NC+2,lt*BClt/ACNC+2~NC+21 

V3= THE SUM OF Ali.JlYIJI FOR J=2,3, ••• ,N•l \0 
w 



c 

22 c c c 

c c 
c 

c 
c c 

c 
c 
c 
c c c 
c c 

c 
c 

23 

24 

25 

DO 22 J=2,NN 
V3=ACI,JI*XCJ-li+V3 
CONTINUE 

V~= THE SUM Of AlleJtPCJJ FOR J=2.3, ••• ,N+l 

DO 23 J=2.NN 
JJ=J-l+NC 
V4:ACI.JI*XCJJI+V4 
CONTINUE 

V5= THE SUM OF ACN+2.JtPl~t FOR J=2,3 ••••• N+l 

DO 24 .J=2,NN 
JJ=J-l+NC 
Y5=ACNC+2,~t•XC~Jt+V5 
CONTINUE 

V6= THE SUM Of BCI,.JIPCJJ FOR J=2,3 ••••• N+l 

00 25 .J=2.NN 
JJ=J-l+NC 
V6=BCI.JJ*XCJJJ+V6 
CONTINUE 

8C4=FOURTH B.C.: DP/OW=O AT W=l 

8C4= -CV5+AINC+2,li*BC21/ACNC+2,NC+21 

DEFINE T~E TERMS IN THE SECOND N EQUATIONS 

Tl=CV1+8CI.li*BC1+8CI,NC+21*BC3J*SA*PARC5t 
T2=CV3+A(I{lt*8Cl+ACI,NC+2)*8C31 
T3=V•+ACII I*BC2+ACI,NC+21*BC4 
Tlt=CY6+8( t.li*BC2+BC I,NC+2)*BC~I*SBP 
IFCNORDER.~Q.O)CRX=l. 
IFCNORDER.EQ.liCRX=XCKPI*XCKYI/PARC~t 
IFCNORDER.EQ.2JCRX=IXCKPI*XIKYI/PARC411*CXCKPJ*XCKYJ/PARC41t 
T5=PARC71*PARI71*THETA•RATEK * CRX 

DEFINE THE SECOND N EQUATIONS 
\0 
~ 



c 

c 

AUX=CTl•PARC51*CONE*TZ*T2+CPAR(5J*CTVD-CFIVEt*T2*T3-CSIX*T3*T3 
I -Tit-15) 

RETURN 
END 

C THE SUBROUliNE PDIFF CALCULATES THE BINARY 
C OIFFUSIYITY TIMES THE PRESSURE USING THE ANALYTICAL 
C FORM GIVEN BY BIRD, STEWART, AND LIGHTFOOT, •TRANSPORT 
C PHENOMENA•• 505 119601. c 

c 
c 

c c c c 
c 
c c 
c 

c 
c 
c c c 
c 
c c 

SUBROUTINE POIFFITCA.TCB,PCA,PCB,WMA,WM8,T 9 PDA8t 
IMPLICIT REAL*8(A-H,Q-lt 

A=0.0002745 
8:1.823 
Cl~CPCA*PC8t .. C1./3.1 
C2=CTCA*TCBI**C5.112.t 
C3=0SQRTtCl./WMAJ + 11./WMBJI 
C~T/CCJCA*TOBI**0.5t 
PDAB=Cl*C2*C3*A*CC4**81 
RETURN 
END 

SUBROUTINES JC081 AND OISCRT CALCUlATE THE ORTHOGONAl 
COLLOCATION GRID POINTS AND THE DISCRETIZATION MATRICES 
FOR ThE ORDINARY DERIVATIVES. THE SUBROUTINES 
ARE DESCRIBED IN DETAIL IN •SOLUTION OF DIFFER-
ENTIAL EQUATION MODELS BY POLYNOMIAl APPROXIMATION•, 
BY VlllADSEN AND MICHELSEN, 19781. 

SUBROUTINE JCOBICNOeN,NO.N1tAL,BE.DIFl,Oif2tDIF3,0IF~.DIF5,ROOTt 
IMPLICIT REAL*8 (A-H 0-Zt 
DIMENSION DlflCNDt,DlF2(NDt.OIF3CNOt,Oif4(NOJ,Oif5(NDI,ROOTCNDJ 

EVALUATION OF ROOTS AND DERIVATIVES OF JACOBI 
POLYNOMIALS PCNI IAL,8EJ; MACHINE ACCURACY 16 D. 
FIRST EVALUATION OF COEFFICIENTS IN RECURSIVE 
FORMUlAS. RECURSIVE COEFFICIENTS ARE STORED 
IN Dlfl AND DIF2. 

AB~AL•BE 
\0 
01 



c c 
c 
c 

AD= BE-At. 
AP=BE*Al 
OIF111J•CAD/C~B•21+11/2 
DIF2tli=O. 
IFIN.LT.2tGO TO 15 
00 10 1=2,N 
Zl=l-1 
Z=AB+2*Zl 
DIF1CII=IAB*AD/Z/IZ+21+11/2 
IFCI.NE.21GO TO 11 
DIF2CII=IAB+A.+Zlt/Z/Z/Cl+11 
GO TO 10 

11 l=Z*Z 
Y=Zl*(A8+lll 
Y=Y*IAP+YJ 
OIF2CII=Y/Z/CZ-ll 

10 CONTINUE 

15 X=O. 

ROOT DETERMINATION BY NEWTON METHOD WITH 
SUPRESSION OF PREVIOUSLY DETERMINED ROOTS 

DO 20 I= l.N 
25 X{r-:0. 

XN=l. 
XDl=O. 
XNl=O. 
DO 30 J=l.N 
XP=I Dl FlC JJ-X·I*XN-DIF2 ( J I*XD 
XPl•tOIFlCJt-XJ*XNl-DIF21Jt•XOl-XN 
XD=XN 
XDl=XNl 
XN=XP 

30 XNl=XPl 
ZC=l. 
Z=XN/XNl 
IFII.EQ.l)GO TO 21 
00 22 J=2, I 

22 ZC=ZC-Z/(X-ROOTCJ-lJJ 
21 Z•Z/ZC 

X=X-Z 
IFCDABSCZt.GT.l.D-qJGO TO 25 
ROOT( I J=X 
X=X+.OOOl 

__. 
'-0 
m 



c c c 
c 

c 
c c 

c c 
c 
c 
c 
c 

20 CONTINUE 

ADD EVENTUAl. INfERPOLATION POINTS AT X=O OR X=l 
NT=N+NO+Nl 
IFCNO.EQ.OJGO TO 35 
DO 31 l=l,N 
J=N+l-1 

31 ROOJ(J+li=ROOT(JJ 
ROOT I lJ=O 

3S IFCNl.EQ.lJROSTCNTt=l. 

NOW EVAlUATE DERIVATIVES OF POLYNOMIAl 
DO ~0 l=l,NT 
X=ROOTC I J 
OIFllll=l. 
DIF2CIJ=O. 
DIF3C I 1=0. 
DIF4Cit=O. 
OIF51J)a0. 
00 ~0 .1=1 NT 
IFCJ.EQ.IJGo JO 40 
Y-= X-ROOT ( J t 
OIF5CIJ = Y * OIFSCII + 5. * DIF4111 
DIF4Cit ~ Y * OIF4CII + 4. * OIF3CIJ 
OIF3CIJ=Y*DIF3Cit+3*DIF2CJJ 
Dlf2CII=Y*DIF2CII+2*DIF1(11 
DIFlfiJ=Y*DIFllll 

40 CONTINUE 
RETURN 
END 
SUBROUTINE DISCRTCND,N.NO.Nl,tD.DIFl,OIF2,0IF3,DIF4•DIF5,ROOT, 1 A,81C1DJ 
IMPLI~Ir REAL•s CA-H G-ll 
DIMENSION DIFlCNOt,ROOTCNOJ,OIF2CNOI,OIF3tNOt,OIF4CNDI,DIF5CNOI 
DIMENSION AINO,NOJ,BCNO,NDt,CfND,NDI,OCNO,NOI 

SUBROUTINE EVALUATES DISCRETIZATION MATRICES AND 
GAUSSIAN QUADRATURE WEIGHTS NORMALIZED TO SUM OF ONE. 
10=1 DISCRETIZATION MATRIX FOR LltltiXJI IN ACJwiJ 
10=2 DISCRETIZATION MATRIX FOR LIC2JCXJI IN BCJ.II 

AND Ll(li(XJJ IN ACJ,IJ __, 
\0 ....., 



c 
~ 
c c 
c 

c 
c 
~ 

10=3 DISCRETIZATION MATRIX fOR LI(31CXJJ IN CCJ,I) 
li(2JCXJJ IN BCJllll AND Ll(lJCXJJ IN A(J,IJ. 

10=~ DISCRETIZATION M TR X FOR LIC~JCXJJ IN OC~tiJ, 
liC3JIXJ) IN CC~.IJ, Llf2J(XJJ IN 8(J,IJ, AND 
LIClJCX~J IN ACJ.II. 

NT=N+NO+Nl 
00 20 J=l,NT 
DO 20 l=l.NT 
Y=ROOTCJI - RDOTCI) 
IFCI.EQ.JI ACJflt = DIF2CII/OIF111J/2. 
IFCI.EQ.JJ GO 0 20 
A(J,Il = OIFliJ)/DIFlCit/Y 

20 CONTINUE 
lf(ID.EQ.l) RETURN 
DO 30 J=l,NT 
00 30 l=l,NT 
Y=ROOTCJI - ROOTIIJ 
JFIJ.EQ.Jt B(Jflt = DIF3flt,Difl(ll,3. IFCI.EQ.JJ GO 0 30 
8C~1IJ = 2.*CA(J,IJ*A(J,JJ - ACJ.IJ/Yt 30 CONIINUE 
IFCID.EQ.2J RETURN 
DO 40 J=l,NT 
DO •o l=lwNT 
Y=ROOTCJt - ROOTCII 
IFCI.EQ.JJ CCJ1IJ= DIF4CIJ/DIF1CIJ/4. 
IFII.EQ.J) GO TO ~0 
C(J,IJ = 3.*CAfJ91t*BCJ,~t- BC~wii/YJ 

40 CONTINUE 
IFCID.EQ.3) RETURN 
DO 50 J•l,NT 
00 50 l=l,NT 
Y=ROOTCJJ - ROOTIIJ 
IFCI.EQ.J) DCJflt = DIF5CII/DIF1CIJ/5. 
lffi.EQ.Jt GO 0 50 
D(Jfll = 4.*CA(J,II*Cf~,JJ - CCJwiJJYJ 

50 CON INUE 
RETURN 
END 

SUBROUTINE EFF SUBSTITUTES THf SOLUTION VECTOR OF 
THE CONCENTRATION AND PRESSURE PROFILES ALONG THE 

~ 
CX> 



c c c c c c 
c 

c 
c 

c 

PELLET LENGTH AS DETERMINED BY THE IMSL ROUTINE 
ZSYSTfll INTO THE SET OF AlGEBRAIC EQUATIONS TO GIVE 
THE REACTION RATES AND MASS FLUXES ALONG THE 
PELLET LENGTH. THE EQUATIONS ARE ABOUT THE SAME AS 
DESCRIBED IN THE SUBROUTIM£ AUX BUT ARE NOW ONLY 
EVALUATED AT THE CORRECTED SOLUTION VECTOR. 

SUBROUTINE EFFcx1xw.ROOT.PAR.RXNUM,ONA,ONBt 
IMPLICIT REA~*SC -H1o-zt 
DIMENSION XC501JPAR 100I.ROOTI50t.RXNUMC501 
DIMENSION XWC50 ,DNAC501tDN8l50t 
COMMON /Q2/ Al50,501 1 815u.SOI,PC500I.CDFC500J,CAI500tfCB(5001 
COMMON /Q3/ WMA,WMB.T.PO.XO,YAO,POAB.PLEN,CO,Cl,C2,RA EK,THETA 
COMMON /Q3A/ YN2,PN2~BC3~8C41.UA.UB COMMON /Q4/ NC,N,NORuER,NC2tNCl,NINT 

NN=NC+l 
NINTl=NINT-1 
NC3=NC+3 
N4=2*NC2 

~ DEFINE THE BOUNDARY VALUES c 

c 

c 
c c 

XWllJ=YAO 
XWCNC2J=BC3 
XWCNC2+li=PO 
XWCN~I=BCit 
DO 80 IB=liNC 
XWCI8+li=X 181 
XWCIB+NC3t=XtiB+NCI 

80 CONTINUE 
DO 101 f:~l,NC2 
K=l 
NK-=K+NC2 

CALCULATE THE CORRECTION FACTORS 
IFIXWINKI.GE.PCl).AND.XWtNKl.LE.P(NINTJtGO TO 551 
CD=l.O 
CSA=l.O 
CSB= 1.0 

\.0 
\.0 



c 
551 

c 
554 
553 c c c c 

c 

c 

c 

I 

I 

I 

GO TO 553 

CONTINUE 
DO 554 l=l.NINTl 
ll=L+l 
IFCXWCNKJ.LE.Pil.l.fJCO=(XWCNKJ-P(llt/CPClLJ-Pill) 
*CCDFCLLI-COF(L)J + CDFILI 

IF(XWCNKJ.lE.PillJICSA=fXWCNKJ-PCLJJ/CPCLLJ-PILJJ 
*ICA(Llt-CACLJJ • CAlli 

IFIXWINKJ.LE.PCLliJCSB=CXW(NKJ-PILIJIIPCLLJ-PCLIJ *IC&Cllt-c&•LJI + CBCll 
IFCXW(NKJ.LE.PfLLIIGO TO 553 
CONTINUE 
CONTINUE 

CALCULATE THE TERMS IN THE ALGEBRAIC EQUATIONS 
AT TH~ VALUES IN THE SOLUTION VECTOR XW 

UM=IUA*XWCKt•DSQRTCWMAI+UB*Cl.-XWCKIJ*DSQRTCWMBJJ/CXWCKJ* 
I DSQRTIWMAJ+Cl.O-XWCKII*DSQRTIWMBII 

AOEN=PAR(l)+IXWCKI*(PARt3J-PARC21J+PARI2J)*XWfNKJ 
SA=CD*PAR(lt•PARI2t•XWCNKt/CADEN*PARI4J) 
SB:afCSA*PARC2J*(PAilllJ+PARC3J*XWCNKII/AOfN+PARI6)*XWCNK)* 

I 1.01325006/UMI*XWIKI/PARC4J 
SBP=CCSB*PARC31*CPARClJ•PARI2J*XWCNKtt,ADEN+PARC61*XWCNKI* 

' 1.01325006/UMl*Cl.-XWCK)J/PARC~I 
CONE=-l.O*Co-PARCl)*PARC21*CXW(NKI**21*1PAR(3t-PARf2tJ/(PARC~t I *ADEN*ADENI 
CTWO=CD*CPARC11**2l*PARI21/IPARC~I*AOfN*ADENJ 
CTHREE=CSA*PARC2J* PAR11J•PARI31*XWCNKit*CPARClt•PARC2l*XW(NKJ) 

I /CPAR(4)*AOEN*ADENJ•PARC6J*XWCNKt•l.Ol325006~CUH*PARC~JJ 
CFOUR=CSA*PARC21*PARC3J*XW(KJ/CAOEN*PARC4JJ-tSA*PARC21*XWCKJ 

I *CPAR(li•PARC31*XWCNKII*CXWtKI*CPARI3)-PARC21J+PARC2tJ/ 
I (PARI~ I*ADE·N*ADENJ+PARI61*XW CKJ•l.Ol325006'1 UH*PARC~. J 

Vl=O.O 
V2=o.o 
V3=o.o 
VltaO.O vs=o.o 
V6=0.o 

N 
0 
0 



c 
c 

10 c 
c c 
c 

12 c 
c c 

13 
c c c 

15 c c c 
c 

Vl= THE SUM OF BCI,JJYCJJ FOR J=l,z, ••• ,NC2 

00 10 J=l,NC2 
Vl=BCI,~t•XWIJJ +Vl 
CONTINUE 

V3= THE SUM OF ACI,JJYIJI FOR J=l,z, ••• ,NC2 

DO 12 J=l,NC2 
V3=ACI.JI*XWCJI +V3 
CONTINUE 

V4= THE SUM OF ACI,JJP(JI FOR ~=t,z, ••• ,NC2 

DO 13 J:l,NC2 
JJ=J+NCZ 
V4=ACI,JI*XW(~JJ +VIt 
CONTINUE 

V6= THf SUM OF BCI,~JPCJJ FOR J=l.z, ••• ,NCZ 
DO 15 J-=1 ,NC2 
JJ=J+NCZ 
V6=BCI,JJ*XWC~JI+V6 
CONTINUE 

Tl= Vl*SA 
T2= V3 
T3z V4 
T~= V6*SB c C DEFINE RXNUMCite DNACIJ, AND DNB(II AT THE ITH POINT 

c 

c 

ONAIIJ=C-SA*V3-SB*V~t/PARC71 
ONBCI)=(SA*PAR(51*Y3 - SBP*Y41/PARC7t 
RXNUM(I)=CTl•CONE*T2*12+tCTWO+CTHREEI*T2*T3.CFOUR*T3*T3+T4 J 

101 CONTINUE 
RETURN 
END 

N 
0 



c 
c 
c c c 
c 

c c 
c 
c 
c c c 
c c c c c c 
c 
c 
t 
c c c 

c 

SUBROUTINE INTEGR CALCULATES THE INTEGRAL PORTION 
CNUMERAIORI IN THE EFFECTIVENESS FACTOR DEFINITION 
USING THE CALCULATED VALUES Of THE REACTION RATES. 
SIMPSON•S RULE FOR UNEVENLY S~ACE POINTS IS USED 

SUBROUTINE INTEGR&RXNUMtROOT.SUMN.NC2) 
IMPLICIT REAL*81A-H,O-Zt 
DIMENSION XWI501eRXNUMC50l9ROOTC50t 

NC2= 8 

CALCUlATE THE INTEGRAL PORlfON OF THE EFFECTIVENESS 
FACTOR BY SUMMING THE REACT ON RATES ALONG THE 
PE~LET LENGTH USING SIMPON 1 S RULE FOR UNEVENLY 
SPACE BASED POINTS, WHICH ARE SPECIFIED BY ROOT. 
ONLY AN ODD NUMBER OF BASE POINTS ARE USED HERE. 
SINCE THE REACTION RATES ALONG THE PELLET LENGTH 
MAY BE CLOSE TO ZERO AFTER A CERTAIN LENGTH AS 
YA GOES TO ZERO, AND MAY FLUCTUATE POSITIVELY AND 
NEGATIVELY AROUND ZER01 YOU MAY CHOOSE TO USE ONLY 
A CERTAIN NUMBER OF PO NTS ALONG THE PELLET TO 
INTEGRATE WITH. NC2 IS THE NUMBER OF POINTS ALONG 
THE PELLET AT WHICH THE REACTION RATES ARE CALCULATED. 
THIS MAY BE SET SMALLER If DESIRED SO AS TO NOT 
INCLUDE flUCUATING REACTION RATES. THE ERROR IS 
GENERALLY NOT VERY LARGE IN EITHER CASE. 

ITERP= CNC2-lt•0.5 
ATERP= CNC2-li*0.5 
IT 2:= AT ERP +0.6 
IFCIT2.GT.ITERPJROOTlNC2+li=ROOTCNC2-ll 
1FtiT2.GT.ITERPIROOTCNC2-li=ROOTCNC2J 
IFCIT2.GT.ITERPJRXNUMCNC2+li=RXNUMINC2-lt 
IFCIT2.GT.ITERPtRXNUMCNC2-li=RXNUMCNC21 
SUMN=O.O 

DO 10 K=l, ITERP 
1•2•K-l 
Wll=ROOT (I I 
WI2=ROOTl 1+11 
Wf3sRQOTCI+2t 
Rl=RXNUM (II 
R2=RXNUM(I+lt N 

0 
N 



R3=RXNUMC 1+2t 
D02l:(R2-RltJCWI2-wlll 
0032=CR3-R211CWI3-WI21 
DD32l=CD032-D0211/IWI3-Wilt 
SUM= Rl*(WI3-Wilt • (CWI3*WI3-Wll*Wili*0•5- Wll*(Wl3-Wil)) 

$ *0021 + ICWI3*WI3*WI3-Wil*Wil*WilJ/3 - (Wil+WI21*CWI3*WI3 
S -Wil*Wili*0.5 + Wll*WI2*1WI3-Wlli)*DD321 

SUMN=SUMN+SUM 
10 CONTINUE c 

c 
lf(IT2.GT.ITERPJROOTINC2-lt=ROOTlNC2+lt 
IFCIT2.GT.ITERPIRXNUMINC2-1J=RXNUMCNC2+1J 
RETURN 
END 

N 
0 
w 



..................... 
* SAMPLE INPUT DATA * ..................... 

1.D-08,4,25 
12 

Oe86ll,0.6232w0.3975,0.2337,0.1310w0.072lw 
0.039l.0.0223,0.0l39,0.0l00.0.009090.0080 
1.0005.1.0015.1.0022.1.0031~1.0036,1.0041. 
l.0041tw l.OOit6w 1.00~, 1.00Lt6T., l.001t68,1. 001t68 

ltl 
32.0 
16.0 
299.26 
1.0 
1.0 
1.0 

soo.o-tz1o.tooo-o~t,o.so 
3lO.OwlY0.0.,50.0,60.0.,l20.D-06,140.0-G6 12 

O.lOOD-03 0.9950000+00 0.8717073 
0.100D-03 0.1000000+01 0.87201t52 
O.lOOD-03 0.1001000+01 0.8721126 
O.lOOD-03 0.1002000+01 0.8721798 
O.lOOD-03 0.1003000+01 0.8722469 
0.1000-03 0.1001t000+01 0.872311t0 
O.lOOD-03 0.1005000+01 0.8723810 
O.lOOD-03 0.100600D•Ol 0.872¥.78 
O.lOOD-03 0.1001000+01 0.8725146 
O.lOOD-G3 O.l00800D•Ol 0.8725813 o.1ogo-o3 o.1oo.aoo•o1 o.e726~79 
0.10 D-03 0.1019000+01 0.812711t5 

1 
2.0970+00 

A.a4o7 

1.0001053 
l.00014K5 
l.000101t3 
l.000101t2 
1.00010't0 
1.0001039 
1.000103 7 
1.0001036 
1.0001034 
1.0001032 
1.8001031 
1. 001029 

0.9998514 
0.9998525 
0.9998527 
0.9998530 
0.9998532 
0.999853,. 
0.9998536 
0.9998539 
0.99985,.1 
0.9998543 
0.999851t5 
0.99985,.7 

~ 
0 
~ 



......................... 
* SAM9l.E OUTPUT RESULTS * ......................... 
ORDER Of REACTION: 

MOlECULAR WEIGHT OF A 
MOLECULAR WEIGHT Of 8 

1 

32.000 
16.000 

THETA=MOl. WT A/MOl WT 8: 2.0000 

THE GEOMETRIC PARAMETERS OF THE PEllET 

CO Cl C2 
0.500D-09 0.100D-O~ 0.5000+00 

PRESSURE TIMES DIFFUSIVITY: 0.172581 

INITIAL PROFILE 

YA 

0.8611000+00 
0.6232000+00 
0.3975000+00 
o.Z33700D+Oo 
0.1310000+00 
0.7210000-01 
0.391000D-Ol 
0.2230000-01 
0.13.0000-Gl 
0.1000000-Ql 
0.9000000-02 
0.8000000-02 

PEllET LENGTH : 
TEMPERATURE CKI : 

CRITICAL TEMPERATURE OF A: 
CRITICAL TEMPERATURE OF 8: 

p 

0.1000500+01 
0.1001500+01 
0.1002200+01 
0.1003100+01 
0.1003600•01 
0.1004100+01 
0. 100440 D+O 1 
0.1004600+01 
O.l00460D+01 
0 .1004670+01 
0.1004680•01 
0.1004680+01 

1.0000 
299.26 

310.000 
190.000 

"-> 
0 
01 



CRITICAL PRESSURE OF A: 
CRITICAL TEMPERATURE OF 8: 

50.000 
60.000 

AVG 
AVG 

12 
O.lOOD-03 
0.1000-03 
0.100D-03 
0.1000-03 
O.lOOD-03 
O.lOOD-03 
0.1000-03 
0.1000-03 
O.lOOD-03 
O.lOOD-03 
O.lOOD-03 
0.1000-03 

VISCOSITY OF A: 
VISCOSITY OF 8: 

0.9950000+00 
0.1000000+01 
0.1001000+01 
0.1002000+01 
0.1003000+01 
0.1001t00D+01 
0.1005000+01 
0.1006000+01 
0.1007000+01 
0.1008000+01 
O.l00t;OOD+01 
0.101WOD+Ol 

0.120D-G3 
0.1400-03 

0.8717073 
0.8720452 
0.8721126 
0.8121798 
0.8722469 
0.81231-\.0 
0.8723810 
0.8724478 
0.8125146 
0.8125813 o. 8726419 
0.8727145 

THE VECTOR PAR 
0.86290500-01 
0.21888980+00 
0.39"0980+00 
0.24556380+05 
0.14142140+01 
0.50000000-09 

THE VALUE OF XO : 0.84070 

1.0001053 
1.000101t5 
1.0001M3 
1.0001042 
l.OOOl(K.O 
1.0001039 
1.0001037 
1.0001036 
1.0001034 
1.0001032 
1.0001831 
1.0001 29 

ORDER OF REACTION: 
RATE OF REACTION : 

1 
0.209700+01 

ITMAX 15 
IER 0 

z 
0.0000000+00 
o.168413D-01 
0.5556980-01 
0.1139700+00 

W CROOTJ 

0.0000000+00 
o. 2003250-01 
0.660995D-01 
0.1355660+00 

YA 

0.1000000+01 
0.8609350+00 
0.6227830+00 
0.3975580+00 

0.999851~ 
0.9998525 
0.9998527 
0.9998530 
0.9998532 
0.9998534 
0.9998536 
0.99985.39 
0.9998541 
0.99985~3 
0.9998545 
0.99985~7 

p 

0.1000000+01 
0.1000450+01 
0.1001340+01 
0.1002390+01 N 

0 
0'\ 



0.1888890+00 0.2246800+00 
0.2762860+00 0.3286380+00 
0.3114500+00 0.4418340*00 
0.4692500+00 0.5581660..00 
0.5M~lltD+OO 0.6713620+00 
0.6518110+00 0.7753200+00 
0.7267300+00 0.86Lt434D+OO 
0.7851300+00 0.9339010+00 
0.8238590+00 0.9799680+00 
0.8407000+00 0.1000000+01 

CL*XOI**2*RX NA 

0.59968020-04 0.11098400-04 
0.5198601D-Oit 0.9838350D-OS 
0.3763821t0-04 0.7500005D-05 
0.21t05269D-04 0.5054162D-05 
0.14153730-04 0.30987920-05 
0.79159270-05 0.17797270-05 
0.43177~60-05 0.98241520-06 
0.236~9470-05 o.5346318D-06 
0.134-63760-05 0.29178670-G6 
0.8.429720-06 0.15933810-06 
o. 59708410-06 o.M687030-o7 
o. 56036760-06 o. 3672241D-01 
o.1739923D-06 0.1856585D-07 
o.tlt09306o-o5 o. 35531920-07 

EFFECTIVENESS FACTOR: 

0.2337340+00 
0.1306240+00 
O. 712304D-O 1 
0.3898810-01 
0.222232D-01 
0.1386990-01 
O.CJ99995D-02 
0.847779D-02 
o. 806958D-02 
0.803247D-02 

NB 

-o. 2282575o-o~t 
-o. 20l5S63D-04 
-0.15261t39D-04 
-0.1022068D-04 
-0.62380360-05 
-o. 35722&zo-os 
-0.19689870-GS 
-O.l0706680-G5 
-0.5842251D-G6 
-0.31926980-G6 
-0.16946010-06 
-0.7476534D-07 
-0.3306597D-07 
-0.50249720-07 

0.1330283 

0.1003330+01 
0. 1001t0 lD+O 1 
O.l001t45D+Ol 
0.1004700+01 
0.100~840+01 
O.l00~90D+Ol 
0.1001t940+01 
0.1004950+01 
0.1004950+01 
0.1004950+01 

FLUX RATIO 

-0.205670+01 
-0.204870+01 
-0.203530•01 
-0.202220+01 
-0.201310+01 
-0.200720+01 
-0.200420+01 
-0.200260+01 
-0.200220+01 
-0.200370+01 
-0.200100+01 
-0.203600+01 
-0.178100+01 
-0.11tllt20+01 

N 
0 ......., 
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The modified dusty-gas model accounts for the effects that the 

pore-size and tortuosity distributions have on the mass fluxes of 

species in porous media, particularly in the transition transport 

regime. The behavior of the modified dusty-gas model is similar to 

that obtained from the dusty-gas equations when the system pressure 

is either very low or very high, as well as for intermediate pres­

sures when the characteristic parameter of the effectiveness func­

tion, ~(R), has a very small value. At either pressure extreme, 

essentially all pores in a porous medium are in a single transport 

regime, either Knudsen or molecular. At intermediate operation 

pressures, for a porous medium with a wide pore-size distribution, 

the relative mass flux contribution will vary with the pore radii 

since the transport mechanisms vary. But as the value of the 

parameter a in the function ~(R) becomes very small, then ~(R) 

places uniform emphasis on all pore radii for a given pressure, and 

thus, both models have similar behavior. 

The effectiveness function ~(R) is inversely related to the 

tortuosity distribution and is a weighting function for the volume 

pore-size distribution V(R). The modified dusty-gas model takes both 

the tortuosity and the pore-size distributions of the porous medium 

into account, while the dusty-gas model averages experimental data to 

represent a heteroporous system as a hypothetical homoporous system. 

The transport behavior of a homoporous system is very much like that 

in a cylindrical pore of constant diameter. A cylindrical pore has 

its entire volume available for axial transport along the pellet length 

but the available volume for axial transport is smaller for an actual 
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pore due to its tortuous path. The function ~(R) indicates the 

fraction of volume available for transport at the different pore 

radii. The product ~(R)V(R) provides the effective volume for trans­

port and the parameter a in ~(R) defines a shape for the effectiveness 

function that indicates the relative importance of the various pore 

radii to the total transport flux. 

A comparison of the fluxes predicted by the modified dusty-gas 

(heteroporous model) and the dusty-gas (homoporous model) models for 

the physical systems examined in this work shows that the dusty-gas 

model always predicts larger fluxes than those estimated by the 

modified dusty-gas model, since the effective volume for transport is 

generally less for a heteroporous medium when compared to a homoporous 

system. The results presented indicate that the dusty-gas model could 

fail in predicting accurately the mass transport behavior of gases in 

porous media with wide pore-size distributions. For the examined 

cases of binary isobaric diffusion, simultaneous diffusion and flow, 

and chemical reactions with mole changes, values of the parameter a 

were considered that showed significant deviations in the predictions 

of the mass fluxes and effectiveness factors by the modified dusty-gas 

model relative to the predictions of the dusty-gas model; over 74% 

for simultaneous diffusion and flow, over 66% for the case of binary 

isobaric diffusion, and over 30% for the case of chemical reactions 

with mole changes. However, it should be noted that, although a 

range of values for a was considered for the two pore-size distribu­

tions used, the value of a that is characteristic for each pore-size 

distribution is not known because comparisons with experimental data 
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were not made since such data were not available. The value of the 

parameter a, like the values of co' cl' and c2, should be determined 

from experimental data for each porous medium. A range of values of 

a was considered solely for purposes of comparing the behavior of the 

modified dusty-gas and the dusty-gas models. 

The results have also shown that varying the parameters C
0

, c1, 

or c2 can cause a significant change in the magnitudes of the mass 

fluxes for both components in the binary system. However, the 

results show that, in general, the percentage change in the fluxes 

predicted by the modified dusty-gas model with respect to the fluxes 

predicted by the dusty-gas model is approximately the same through­

out the range of values of the parameters. 

Since many adsorbents, membranes, and catalysts are heterporous 

and operate in the transition region of transport, it is suggested 

that the modified dusty-gas model should be used to describe mass 

transfer in the design equations of industrial separation and chemi­

cal reaction systems. 
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Possibilities for futher work arising out of the material of 

this thesis are discussed below: 

(1) The equations of the modified dusty-gas model were solved 

for the geometry of a one-dimensional slab. The equations 

should also be solved for cylindrical and spherical systems. 

(2) The parameters C
0

, c1, c2 and a in the modified dusty-gas 

model should be estimated from experimental data obtained from 

steady-state permeability and binary isobaric diffusion 

experiments, and fitted to the equations of the modified 

dusty-gas model for selected porous media with various pore­

size distributions. With these values, the predictions of 

the modified dusty-gas and the dusty-gas models should be 

compared with experimental results for various sets of operat­

ing conditions in the porous media considered in the experi­

mental study. 

(3) An exponential expression was postulated for the effectiveness 

function 6(R) which qualitatively satisfies the expected form. 

Other expressions for 6(R) are also possible which are quali­

tatively correct and could be tested to determine the sensi­

tivity of the correction factors to the form of 6(R). One 

possible expression that might be examined is 

( E-1) 
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(4) The model and solution approach for irreversible chemical 

reactions with mole changes should be extended to other types 

of reactions and reaction networks, and comparisons should be 

made between the effectiveness factors estimated by the modi­

fied dusty-gas and the dusty-gas models. Also, chemical 

reaction experiments with different porous catalysts should be 

carried out, and the predictions of the two models should be 

compared with the experimental data. 

(5) The effects of temperature could be added to the modified 

dusty-gas model to take into account thermal transpiration, 

thermal diffusion, and especially the thermal effects associa­

ted with the heat of reaction when a chemical reaction occurs 

in a porous medium. 

(6) An attempt should be made to extend the modified dusty-gas 

equations presented for a binary system to a system containing 

three or more components. Since the equations would be implicit 

in the mass fluxes, the solution procedure would be difficult 

for a number of components greater than two. The effect of the 

additional components on the constitutive forms of the diffusi­

vities would also have to be considered. 

(7) An attempt may also be made to determine a theoretical estimate 

for a based, perhaps, on the pore-size distribution and the geo­

metric information provided by the parameters c1 and c2. The 

Minimum Energy Principle may prove helpful in providing a 

framework for a theoretical estimation of a. 
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