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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
single transport regime of either mo]ecular%%Q’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
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.



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,



Ny = -SZDOAB W Wp - ((CZD:AB L ) ¥ COP)RY$ v (1)
(C,0%g + P Kn)RgT 0% + P K "m g
where
Ky = c](RgT/MA)”2 (2)
0% = P Dpg (3)
Ko = YKy + YKo (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 Kg [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 D'Arcy-flow contribution.

The three constants Co, C], 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. CO is the viscous permeability constant, with dimensions of
length squared. C] is the Knudsen permeability constant, with dimen-
sions of length, and CZ is the geometric factor for diffusion, which

is dimensionless.



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

form:
p Ya
Na = -Qpp RyT Wy - (Qp * Qua) g7 VP (5)
g
where
Qpp = (€20°agKn)/(Cx0% g + K P) (6)
Qgp = (Kp(CaD%pg + PKg))/(Cy0°pg + PKG) (7)
Q= (€2 (8)

QDA and QSA are, respectively, the diffusion-flow and slip-flow
coefficients of component A, and the viscous flow coefficient is
Qa-

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



operating conditions as well as of the pore-size distribution. Thus,

the varying relative flux contribution of any particular size of

pores in a heteroporous mediuim 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-
1inear concentration gradients can be represented by the following
form [12] which is appropriate for many situations in practice,

T (T (RIV(R))

. _ R=0
avg © = (9)
£ V(R)
R=0

where T'(R) is the transport coefficient of pores with radius, R,
and V(R) is the volume percent of pores with radius, R.

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 Tévg will

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

for Tavg is given by,
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£ (T'(R)V(R)A(R))
R (10)
V91 (V(R)A(R))
R=0
where
AR) = 1/(<5(R)). (1)

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
A(R) is a continuous monotonically increasing function of the pore
radius. The function A(R) appears in the same form in both the
numerator and denominator of Equation (10) and we thus say that
A(R) reaches a normalized asymptotic value of unity as pore radius
increases.

The shape of A(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 A(R) and pore
size,

A(R) =1 - exp (-oR) (12)



which qualitatively satisfies the expected form. The shape of A(R)
is determined by the characteristic parameter o 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)A(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.



Then the diffusion and slip flow correction factors %pa> PpB>

¢SA and ¢SB have the following forms:

(( 2 Q' (RIVRIAR/( T V(RIA(R)))
by = dpp = Opg = —2 R0 (13)
D DA DB Q'DA(Rm)

(o]

(G Qg (RIRIARN/( 2 V(RIAR)))

bep = R=0
SA Q'SA(Rm) (14)

(2 Q' RVRIARI/( T V(RIAR)))
=0

R R=0

In Equations (13-15), the superscript (') indicates the cylindri-
cal pore and Rm is the effective volume mean pore radius given by the

expression,

The transport coefficients of cylindrical pores, Q'DA(R), and
Q'SA(R), have the following forms [2,17-19]
' 0
K A(R) D AB

'na(R) = 17
Q' pa(R) ) (17)
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(0% * K'(RIP)K' A (R)

Tsalk) 2 0% + PK'_(R) e
K'a(R) = % (%j—ii)”z (19)
K'g(R) = &R <i—§§>”2 (20)

K'n(R) = K'g(RIY, + K'y(R)Y, (21)

Q'DB(R) and Q'SB(R) are given by similar forms as those shown
in Equations (17-18) with appropriate interchanges of K'A(R) and
K'g(R) [19].

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

system of A and B is as follows:
p '
" = 00%a RT Ta - (05p Qsp * Wnlr T 7P (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 Co’ C], and C2 to characterize the porous structure
in addition to those effects.

The parameters CO, C], C2 and o 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,

(o]
=.-¢Dc20 ag KaP dv,

N
0
(C, D7pg + KPIRGT  dx

A

with the following boundary conditions:
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at x = 0, Y, Ya (24)

at x

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

0 1-6,Y, + C,0°%,./(PK,)
N_¢DCZDAB][ A'A T 27 a8 A]
A R TLE, ey 1 cad PK (26)
g a'a, T G ag/ (PKp)
where
N M
) B _ A1/2

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

from Equation (26) by setting ¢y = 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:

dpP B A
dx ~ T ab" + a'b (28)
dYA bNB - b'NA
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where
o} K.P
as D €20 agKa (30)
(C0%g * PRy Ry
0
) YA ¢SAKA(CZD AB + P KB) PCo
b-RT[ +11] (3])
g CZD AB + P Km m
0
,_ %pCoD ppPKy
a' = 5 (32)
RgT(CZD AB + PKm)
0
Yo 9saKp(CoD7pg + PKy)  PC
b —R-—T[ 5 + ] (33)
g C,0%p *+ PR Hm
The boundary conditions for Equations (28) and (29) are,
at x =0, P = Po’ YA = YAO (34)
at x = L, YA = YA , P = PL (35)

L
Dividing Equation (28) by Equation (29) a direct relationship between
P and YA is obtained,

gp _ aral (Ny/Ng)
dVy © T b - b (N /W) (36)

The boundary conditions for Equation (36) are given by Equations (34)
and (35). The unknown variables NA and NB 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 op> ¢SA’ and dgpg Vary along the path of
diffusion and flow, that is, between x = 0 and x = L.

The solution procedure is as follows:

1. The parameters Co’ C], C2 and o, 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 = YAO and P = P0 to YAL with

a guessed value of w = (NA/NB). The integration provides a computed

value of pressure, PLC’ at ¥y = YAL. This is an interative process

"8 Successive values of

and is determined when -——%————~—- <10
w are obtained by a simple bisection method [22].

3. By guessing N, to obtain Ng = Ny/w, Equations (26) and (29)
are integrated (with a sixth order Runge-Kutta method) simultaneously
from x = o, YA = YAO and P = P0 to z =L, giving a computed pressure,

PL , and a computed composition, YA at z = L. In this iterative
c Le
(PLC - PP

process, N, is determined when <1078,

4. The viscosity of the gaseous mixture, W is computed from

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

172 172
_HaYaMa T+ upYpMy
oy w2y 172 (37)
AMa sMg

Hm
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Detailed computer calculations [22] have shown that in Equation (21)
the arithmetic average values of YA and YB at x = 0 and x = L may be
used instead of the local values, with insignificant changes in the
values of ¢y, ¢gp> aNd ¢gp. 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 NB for the dusty-gas model can be obtained from
the procedure described above by setting op = dp = g T 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 VZ(R) provides
a more dispersed distribution relative to that obtained from V](R).
The dependence of A(R) on the characteristic parameter o is shown in
Figure 2. For small values of o the volume percentage of pores with
A(R) less than unity is significant, and thus the values of the
correcfion factors are influenced substantially by the dispersed
nature of A(R) at small values of a. For large values of o the volume
percentage of pores with A(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 V](R) and

VZ(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 Targer values of a(1.0 x
10_2, 2.0 x 10’4), the diffusion-flow correction factor of the porous
structure with the V](R) distribution deviates from unity more than
the correction factor of the porous medium whose distribution is
V2(R), while the opposite occurs for o = 1.0 x 10'8. The deviations
of the slip-flow correction factors from unity, Figure 4-5, decrease
as the value of o decreases. In Figure 5, the porous medium whose
pore-size distribution is given by VZ(R) reaches the molecular
regime at higher pressures, than that with the V](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 V](R) distribution, while the Knudsen
regime is reached at lower pressures by the porous medium with the
V](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)A(R)
instead of either V(R) or A(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 C] and C2 are charac-

teristic of industrial porous catalysts [11]. The values of NB and
MDG
g can be easily obtained by using the data in Table 2 and Equation
DG
(27). It is seen that for all values of o and for both porous struc-

N

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
0=1.0x10%and o« = 1.0 x 10']0, 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 o

in the range ]0'6 - 10']0, this is not the case for the larger values
of o in the usual operating pressure conditions in practice, as the
results indicate. The results in Table 2 show that the values of

C CZ’ and Co and o should be obtained simultaneously from permea-

1°
bility [12] and isobaric diffusion experiments, since in effect the
correction factors estimated through A(R) will eliminate the discre-
pancy between C] 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 Co and C] are obtained from permeability
experiments [11], while C1 and C2 are obtained from binary isobaric

diffusion experiments [5,11]. The value of C, 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 o, P, and C], 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 5_C2_5
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 o, P, and 02 were kept

8 t0 2,000 x 1078 [22].

constant and C, varied from 50 x 107
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 CO, C], C, and

AP are representative of porous media used in industry [11]. One can

observe that for values of o in the range 1078 t0 10710 and for both
pore-size distributions, the percentage deviation in the fluxes is

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

1074

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 dps dgpo
and dsp 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 AP,
Co’ C] and C2 have significant effects on the values of NA and NB

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 o the function A(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 A(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].MDG and NiDG (i = A,B) may be, in some cases, signifi-
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 ops dops and dsp 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

defined by Equations (30) and (32), respectively,
g-mole/cm-sec

defined by Equations (31) and (33), respectively,
g-mole-cm/dyn-sec

constant dependent only upon structure of porous medium
and giving relative D'Arcy flow permeabiiity, cm2
constant dependent only upon structure of porous medium
and giving relative Knudsen flow permeability, cm
constant dependent only upon structure of porous medium
and giving ratio of molecular diffusivity within the porous
medium to the free gas diffusivity, dimensionless

free gas mutual diffusivity in a binary mixture of A and
B, cmz/sec

effective Knudsen diffusivity of A, cmz/sec

Knudsen d%ffusivity of A in a cylindrical pore with
radius, R, cm2/sec

effective Knudsen diffusivity of a gas mixture, cm2/sec
length of catalyst pellet, cm

molecular weight of A, g/g-mole

molecular weight of B, g/g-mole

molar flux of A, g-mo]e/cmz—sec

total pressure, dyn/cm2
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total pressure at x = o, dyn/cm2

total pressure at x = L, dyn/cm2

diffusion-flow coefficient of A in a cylindrical pore
with radius, R, cm2/sec

pore radius, R

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

absolute temperature, °K

transport coefficient of pores with radius, R, cmz/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, cm

GREEK LETTERS

characteristic parameter of function A(R), Al
effectiveness function of pores with radius, R, in porous
medium, defined by Equation (12), dimensionless
viscosity of A, g/cm-sec

tortuosity factor of pores with radius, R, in porous
medium, dimensionless

diffusion-flow correction factor, dimensionless

slip-flow correction factor of A, dimensionless
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SUBSCRIPTS

component A

avgerage

component B

calculated value .
diffusion-flow

dusty-gas model

mixture, or volume mean value
modified dusty-gas model

slip flow

porous medium 1

porous medium 2
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TABLE HEADINGS

Data of the Binary System

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

Predicted Mass Fluxes for Components A and B by
the Modified Dusty-Gas and the Dusty-Gas Models;
Simultaneous Diffusion and Flow.
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TABLE 1

Data of the Binary System

My = 28.01, My = 4.00, T = 299.3, L = 0.63, Y = 0.03, YAL = 0.96
_ -6 -6
by = 0.14 x 107% + 177.80 x 10
Ref. [20]
ug = 196.10 x 1078

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

Range of Values for CO, C], C2 ay, P, and AP Used in Calculations

0
C, = 25 x 10712 ~ 1,000 x 10712
¢, = 50 x 1078 - 2,000 x 1078
c, = 0.1-0.8
o =102 - 1010
p, = 1 - 10 (Atm)
4P = P - P = 0.05 - 0.13 (Atn)

L



TABLE 2

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

26

1

V, (R) V,(R)
Ny x 107 ADEV N, N, x10° 2DEV N,
o P(Atm) MDG Mvog

1.0 x 1072 1 0.34 66.46 0.81 20.02
6 0.80 40.69 1.26 5.87

10 0.93 32.63 1.32 3.82

14 1.01 27.56 1.35 2.83

20 1.09 22.56 1.37 2.05

2.0 x 107% 1 0.75 26.10 0.90 10.70
6 1.19 10.78 1.30 2.54

10 1.27 7.84 1.35 1.59

14 1.30 6.25 1.37 1.16

20 1.33 4.85 1.39 0.83

1.0 x 107° ] 0.98 2.29 0.98 2.47
6 1.33 0.82 1.33 0.52

10 1.37 0.58 1.37 0.32

14 1.38 0.46 1.39 0.23

20 1.40 0.35 1.40 0.16

1.0 x 1078 1 0.99 1.86 0.99 2.25
6 1.33 0.66 1.33 0.47

10 1.37 0.47 1.37 0.29

14 1.39 0.37 1.39 0.2]

20 1.40 0.28 1.40 0.15

.0 x 10710 1 0.99 1.86 0.99 2.25
6 1.33 0.66 1.33 0.47

10 1.37 0.47 1.37 0.29

14 1.39 0.37 1.39 0.21

20 1.40 0.28 1.40 0.15

A1l of the above results were obtained with Cy = 2000 x 10'8 and
"aos ™ Mg

C,

0.5; %DEV NA =

Na

DG

x 100




TABLE 3

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

V](R) V2(R)
5 5 , 5 5

N X]Ob N x 10 %DEV N %DEV N N x 10 N x 10 %DEV N %DEV N
Po(Atm) AMDG BMDG A B AMDG BMDG A B

.0 ]0-2 1 0.22 1.18 74.78 59.53 0.67 2.38 23.07 18.30
2 0.36 1.64 64.77 51.97 0.88 3.00 15.13 12.11

5 0.56 2.37 50.36 38.75 1.03 3.64 7.96 6.11

10 0.66 3.01 39.73 27.94 1.05 4.04 4.7 3.30

10-4 1 0.59 2.17 32.49 25.76 0.76 2.62 12.78 10.14
2 0.78 2.75 24.12 19.31 0.95 3.21 7.63 6.11

5 0.95 3.42 15.40 11.83 1.08 3.77 3.64 2.80

10 0.98 3.86 10.64 7.46 1.08 4.1 2.04 1.43

10-6 1 0.84 2.83 3.84 3.04 0.85 2.85 3.01 2.38
2 1.00 3.34 2.67 2.13 1.02 3.37 1.67 1.33

5 1.10 3.83 1.59 1.22 1.11 3.85 0.76 0.58

10 1.909 4.14 1.08 0.75 1.10 4.16 0.42 0.29

10-8 1 0.84 2.84 3.39 2.68 0.85 2.85 2.77 2.20
2 1.01 3.35 2.34 1.87 1.02 3.37 1.55 1.24

5 1.11 3.83 1.41 1.08 1.11 3.85 0.70 0.54

10 1.09 4.15 0.93 0.65 1.10 4.16 0.38 0.26

]0-10 1 0.84 2.84 3.39 2.68 0.85 2.85 2.77 2.20
2 1.01 3.35 2.34 1.87 1.02 3.37 1.55 1.24

5 1.11 3.83 1.41 1.08 1.11 3.85 0.70 0.54

10 1.09 4.15 0.93 0.65 1.10 4.16 0.38 0.26

A1l of the above results were obtained with Co =25 x 10']2, ¢, = 2000 x 10'8, C, = 0.5, and
' N, - N
P =P, - P_ = 0.053(Atm); ZDEV N, = 06 MG\ 100 for i = A, B

L2



Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.
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FIGURE CAPTIONS

Pore-Size Distributions of Porous Media 1 and 2.

Dependence of the Effectiveness Function A(R) on the
Characteristic Parameter a.

The Effect of Pressure on the Diffusion-Flow Correction
Factors.

1 = Pore-Size Distribution Vy(R), a = 1.0 x 10-2
2 = Pore-Size Distribution V5(R), a = 1.0 x 10_2
3 = Pore-Size Distribution V{(R), o = 2.0 x 10-4
4 = Pore-Size Distribution Vp(R), a = 2.0 x 10_4
5 = Pore-Size Distribution Vy(R), o = 1.0 x 1078
6 = Pore-Size Distribution V,(R), o = 1.0 x 107®

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

1 = ¢gp for Pore-Size Distribution Vy(R)
2 = ¢gg for Pore-Size Distribution V(R)
3 = ¢gp for Pore-Size Distribution V,(R)
4 = ¢gp for Pore-Size Distribution V,(R)

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

1

1

¢sp for Pore-Size Distribution V](R)

"t

2 = ¢gg for Pore-Size Distribution V](R)
3 = ¢gp for Pore-Size Distribution V2(R)

4 = ¢g 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 molecular
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 Tow 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:

dy
_ A dP
NA—-aH{—-b& (])
dy
_ v B . dP

Np=-a"g -0 @ (2)

where
6CoD% 1K,y P
a = D“2” AB"A (3)

- )
(C2D ag KmP)RgT
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o)
oo 0% asfeP )
0
(C30ag * KpPIRgT
0

o = (tsakalCl a * P o, ﬁAT (5)

0 m

€2 s * KiP L

0
i} [¢SBKB(CZD A Y KAP)+ CoP. Vg

bl
0 u RT
Pt kP g

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

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

dN y,p "
A _ A
@z -k R (7)
g
dN y.P "
B _ A
@ - %R (8)

where the irreversible reaction has the form
A -~ 6B

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,

d?‘yA dyA2 dy, dP
7ty lgg) * gt ag)(g) (g
(9)
el d oy
Foylg) tby - k(v)
2 2
d~y dyA dyA dP
a' a;gﬂ'+ goa (=) + (gay - o) () (g7)
(10)
w2 4% yuP "
- aG(EE) -b ;;f = ek(ﬁgf)
where
1/2
g = (TA) o =o@a o _%a o _23b
Mg 17 By, %2 TP 0 %3 T oy,
(11)
_3b -3t _3b'
% T 3P %5 oy, 6 3

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

6

at z=0,y,=1 and P =1.01 x10 (12)
dy
- A dpP _
at z = Zos dz 0 and iz 0 (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,

= (z/L)/(z /L) = Ij—— (14)

where X0 = zO/L, and the length Z, 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
azxr B..y T A..y
j=1 1 At e WA
N+2 N+2 N+2
+ (05 + 0‘3)( Z_‘ A]J‘yAJ)( 21 A P ) + 0‘-4[ Z] A. P ] (]5)
N+2 , 2 YpiPs n
+b I B..P. ) s i =2,3,..., N+
EIE "'
N+2 [N+2 ]2
a' T B..yp: t 90, r A..y
j=1 A s 1TA
N+2 N+2 N+2 2
+ (ga2 - us)(jz] 1Jyl_\‘])( Z] A. P ) - u6[ Z] A. P ] (16)
n
N+2 YasPs
- b' L B..P. sz ok ( A’T‘) o= 2,3, N4
j=1 19 9
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The external collocation points i=1 and i=N+2 are taken to corre-
spond at w=0 and W=1, and the following expressions for Yar P],

Ya N+2 and PN+2 are obtained through the use of the boundary condi-
tions, equations (12) and (13):

6
yp = 1» Py = 1.01 x 10 (17)
N+1
[Aig,1 ¥ i Ans2, 3951
YaN+2 © A ’
N+2 ,N+2
(18)
N+1
-[AN"'Zs] ' JEZ AN+2’ij]
Pre2 = A
N+2 ,N=2

By using equations (17) and (18) the variables Yare P1e YA ne2

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

N+2
collocation points (N=12) were used for the zero and first order reac-
tions considered in this work, since N=12 proved to be sufficient to
obtain differences in only the seventh digit in the predictions of
Y 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-1ike

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

n, is calculated as follows:
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Vp 1
- j rp(Cy)dV ]S—LJ rp(Ca)SLX dw

_ P Jo - 0 0

n = = B (19)
rA(CA)l _k(XA_)n
z=0 RT
g w=0
where
n yAP "
rA(CA) = -kCA = -k(ﬁgT) (20)
RESULTS

The dusty-gas model (¢D = ¢gp = dgp = 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 X0 and then find the rate constant k which makes

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

o

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 Xo 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

-10, C

values of the model parameters are: Co = 5.0 x 10 = 1.0 x 10'5,

1
C2 = 0.5, L =1.0, and T = 299.3°K. Two different pore-size distri-
butions, V](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
6 = 3 are presented. The largest deviations in the effectiveness
factors predicted by the dusty-gas and the modified dusty-gas models
occur when o = 10'2 for both pore-size distributions. The results
show that there is a substantial decline in the deviation as o changes

2

values from 1072 to 104 because the values of ¢p rapidly approach

unity at the smaller value of o at this operating pressure. The

8, and 10'10

values of ¢, for o = 107°°, 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 9% for the V](R) distribu-
tion were found to be greater than those of the distribution VZ(R)’
and this explains the differences in the deviations of the effective-
ness factors calculated for the two distributions. The effect of
dsp and $gg ON the observed deviations is very small, since their
values differ from unity by an insignificant amount even when o = 10_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

6 = 2 are presented, and in Tables 5 and 6 the values of n for o = 1/2



46

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 6 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 V](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 V](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 V](R) distribution. Similar results as those shown
in Figures 2-5 were obtained for 6 = 1/2 and 6 = 3 [13].

Detailed calculations [13] have shown that as 6 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

oy 3P

A
operators 7 and Ny

elements ofzthe discretization matrix of the differential
3°Yp 32p

operators 5 and >
Y4 9z

concentration of component A, g-mo]es/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, cm

constant dependent only upon structure of porous medium
and giving ratio of molecular diffusivity within the porous
medium to the free gas diffusivity, dimensionless

free gas mutual diffusivity in a binary mixture of A and

B, cm2/sec

DpgP

reaction constant

C(RyT/My) /2
Cq(R;T/Mg) /2
yAKB + ypKpo effective Knudsen diffusivity of the gas

, effective Knudsen diffusivity of A, cmz/sec

, effective Knudsen diffusivity of B, cmz/sec

. 2
mixture, cm-/sec

length of catalyst pellet, cm
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molecular weight of A, g/g-mole

molecular weight of B, g/g-mole

order of the reaction

number of internal collocation points

molar flux of A, g-moles/cmz-sec

molar flux of B, g—mo]es/cmz-sec

total pressure, dyn/cm2

reaction rate of component A

pore radius, K

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

volume of catalyst pellet, cm3

volume percent of pores with radius, R, in porous
medium 1, dimensionless

volume percent of pores with radius, R, in porous
medium 2, dimensionless

z/LXo, dimensionless length

zo/L, dimensionless length at which Yp = 0
mole fraction of component A, dimensionless
mole fraction of component B, dimensionless
distance in the direction of mass transfer, cm

distance in the pellet at which Yp = 0
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GREEK SYMBOLS

characteristic parameter of the function A(R) of
Reference [1], A
effectiveness factor defined by equation (19),
dimensionless

number of moles of B produced by one mole of A
viscosity of the mixture of species A and B, g/cm-sec
diffusion-flow correction factor (Reference [1]),
dimensionless

slip-flow correction factor (Reference [1]), dimensionless

s1ip-flow correction factor (Reference [1]), dimensionless

SUBSCRIPTS

dusty-gas model
modified dusty-gas model
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TABLE HEADINGS

Predicted Effectiveness Factors by the Dusty-Gas and
the Modified Dusty-Gas Models for the V](R) Pore-Size
Distribution and for 6=3.

Predicted Effectiveness Factors by the Dusty-Gas and
the Modified Dusty-Gas Models for the V2(R) Pore-Size
Distribution and for 6=3.

Predicted Effectiveness Factors by the Dusty-Gas and
the Modified Dusty-Gas Models for the V](R) Pore-Size
Distribution and for 6=2.

Predicted Effectiveness Factors by the Dusty-Gas and
the Modified Dusty-Gas Models for the V2(R) Pore-Size
Distribution and for 6=2.

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

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



TABLE 1

Predicted Effectiveness Factors by the Dusty-Gas -

and the Modified Dusty-Gas Models for the V
Pore-Size Distribution and for 6=3.

p = #5p = tgg = 10
(Dusty-Gas Model)

o= 1072
o« =107t
o« = 1076
o« =108
«=10"10

ZERO-ORDER REACTION

g moles)
cm3 sec "og

3.116 x 1078 0.90

6

3.116 x 107 0.90

3116 x 10°%  0.90
3.116 x 1078

3016 x 10°% 0.9

30116 x 10°° 0.9

"MDG

0.6389
0.8443
0.8921
0.8931

0.8931

% DEV k

6.2

0.9

0.8

0.8

sec”

.526

.526

.526

.526

.526

.526

J(R)

o6

0.1306
0.1306
0.1306
0.1306
0.1306

0.1306

FIRST-ORDER REACTION

"MDG

0.0926
0.1225
0.1294
0.1296

0.1296

52

% DEV

29.1

6.2

0.9

0.8

0.8

n -1
6 ___MBG yx 490

b6

% DEV =



TABLE 2

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

Pore-Size Distribution and for 6=3.

ZERO-ORDER REACTION

FIRST-ORDER REACTION

53

k(g g»o]es) } i
e’ sec "nG "MDG % DEV  k (sec "n& "MDG % DEV
- - - -6
bp = 9gp = 95g = 1.0 3.116 x 10 0.90 - - 1.526 0.1306 - -
(Dusty-Gas Model)
o« = 1072 3.116 x 1078 0.90 0.8573 4.7 1.526 0.1306  0.1243 4.8
«=10"4 3.116 x 1070 0.90 0.8845 1.7 1.526 0.1306 0.1283 1.8
a = 1070 3.116 x 107° 0.90 0.8958 0.5 1.526 0.1306 0.1300 0.5
o =108 3.116 x 1078 0.90 0.8961 0.4 1.526 0.1306 0.1300 0.5
a=10710 3.116 x 1078 0.90 0.8961 0.4 1.526 0.1306 0.1300 0.5
n = n
g DEv = 28 M0G y g9

DG



¢p =

bsp =

TABLE 3

Predicted Effectiveness Factors by the Dusty-Gas
and the Modified Dusty-Gas Models for the V](R)
Pore -Size Distribution and for 6=2.

ZERO-ORDER REACTION

k(g moles)

(Dusty-Gas Model)

cm”_sec "6
e = 1.0 4.741 x 107° 0.90
w1 X .
-6

4.781 x 10 0.90

4.7 x 1078 0.90

4.781 x 10°° 0.90

4.741 x 107 0.90

4.7 x 1078 0.90

"MDG

0.6276
0.8399
0.8908
0.8919

0.8919

30.3

6.7

0.9

0.9

k [sec'])

2.097

2.097
2.097
2.097
2.097

2.097

FIRST ORDER REACTION

Tos

0.1421

0.1421
0.1421
0.1421
0.1421

0.1421

"MDG

0.0990
0.1327
0.1407
0.1409

0.1409

54

% DEV

0.8

0.8

n - n
%DEv=—’?-Gn—l‘—D§ X 100



TABLE 4

Predicted Effectiveness Factors by the Dusty-Gas

and the Modified Dusty-Gas Models for the V

Pore-Size Distribution and for 6=2.

ZERO-ORDER REACTION

2(R)

55

FIRST-ORDER REACTION

k(geles) A

em® sec 06 "MDG % DEV Kk (sec”’) b6 " MDG % DEV
p = osa = ¢gp = 1-0 4.781 x 1078 0.90 - y 2.097 0.1421 - -
(Dusty-Gas Model)
« =102 4.741 x 1078 0.90 0.8527 5.3 2.097 0.1421 0.1347 5.2
a=107t 4.781 x 107 0.90 0.8823 2.0 2.097 0.1421 0.1394 1.9
a = 1070 4.781 x 1078 0.90 0.8946 0.6 2.097 0.1421 0.1413 0.6
a =108 4.781 x 1078 0.90 0.8950 0.6 2.097 0.1421 0.1414 0.5
a = 10710 4.781 x 1078 0.90 0.8950 0.6 2.097 0.1421 0.1414 0.5

% DEV = n—DG—n-l'iD—‘i X 100

DG



TABLE 5

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

ZERQO-ORDER REACTION

FIRST-ORDER REACTION

56

k( mo]es) n n -1 n n

cm”_sec b6 'MDG % DEV  k {sec”') _DbG6 _MDG % DEV
by = bsp = dgp = 1.0 9.461 x 10°° 0.0 - - 3.141 0.1817 - .
(Dusty-Gas Model)
a=1072 9.461 x 107° 0.90 0.6274 30.3 3.4 0.1817 0.1267  30.3
«=10" 9.461 x 10°°  0.90 0.8403 6.6 3.4 0.1817 0.1697 6.6
a=10"° 9.461 x 10°°  0.90 0.8915 0.9 3.141 0.1817 0.1800 0.9
o« =108 9.461 x 1078 0.90 0.8925 0.8 3.4 0.1817 - 0.1802 0.8
a=10"10 9.461 x 10°°  0.90 0.8925 0.8 3.141 0.1817 0.1802 0.8

% DEv = 06~ MDG 109

oG



TABLE 6

Predicted Effectiveness Factors by the Dusty-Gas and
the Modified Dusty-Gas Models for the VZ(R) Pore-Size
Distribution and for 6=1/2°7

57

ZERO-ORDER_REACTION FIRST-ORDER REACTION
k(3-Moles)

cm” sec "6 "MDG %DEV Kk (sec! 06 "MDG % DEV
p = b5p = 05 = 1.0
(Dusty-Gas Model) 9.461 x 1076 0.90 - - 3.141 0.1817 . -
o« =102 9.461 x 1070 0.90 0.8352 5.2 314 0.1817  0.1722 5.2
o« =107 9.461 x 1070 0.90 0.8829 1.9 3.4 0.1817  0.1782 1.9
o« =108 9.461 x 1070 0.90 0.8953 0.5 3.181 0.1817  0.1807 0.6
a=108 9.461 x 1076 0.90 0.8957 0.5 3141 0.1817  0.1808 0.5
a=10"10 9.461 x 1076 0.90 0.8957 0.5 3.141 0.1817  0.1808 0.5

% DEV = D6~ MDG 44,

o6
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FIGURE CAPTIONS

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

Mass Flux of Component A versus Pellet Length for the
7ero Order Reaction with 8=2 and Pore-Size Distribution

V](R).

Mass Flux of Component A versus Pellet Length for the
Zero Order Reaction with 6=2 and Pore-Size Distribution

V,(R).

Mass Flux of Component A versus Pellet Length for the
First Order Reaction with 6=2 and Pore-Size Distribution

V](R).

Mass Flux of Component A versus Pellet Length for the
First Order Reaction with 6=2 and Pore-Size Distribution

V,(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:

v 1
1 p
v, Jo r(C,)dv ;_L_JO rp(C,)SLX dw
n = = (1)
rA(CA) yAP
B KGR
g w=0
where
.YAP
ra(Cy) = -kCp = -kfﬁ?)" (2)

and n = 2 for a second order reaction. The solution procedure of the
mathematical models and that of the determination of z  at which
Yp = 0, are the same with those presented in [1]; 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
of the model parameters are: Co = 5.0 x 10'10, C] = 1.0 x 10'5,
C2 = 0.5, L = 1.0, and T = 299.3°K. Two different pore-size distri-
butions, V](R) and V2(R) were used in the calculations, and their
diagrams are given in Figure 1 of Reference [2].

In Tables 1-3, the values of the effectiveness factors for

6 = 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 o = 1072 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 o = 10'6, 10'8, and 10710
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 V](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 o = ]0'2. It is also seen from Tables 1-3, that changes
in the value of 8 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 VZ(R)’ and for g = 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 V](R) distribution. Similar results were also obtained with
8 = 1/2 and 6 = 3 [4].

The variation of the values of the parameters Co, C], 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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concentration of component A, g-mo1es/cm3

71

constant dependent only upon structure of porous medium

and giving relative D'Arcy flow permeability, cm

constant dependent only upon structure of porous medium

and giving relative Knudsen flow permeability, cm

constant dependent only upon structure of porous medium

and giving ratio of molecular diffusivity within the

porous medium to the free gas diffusivity, dimensionless

reaction constant

length of catalyst pellet, cm
molecular weight of A, g/g-mole
molecular weight of B, g/g-mole
order of the reaction

molar flux of A, g-mo]es/cmz—sec
molar flux of B, g-moles/cmz-sec
total pressure, dyn/cm2
reaction rate of component A

[
pore radius, A

gas constant, 8.317 X 107 erg/g-mole-"°K

absolute temperature, °K

volume of catalyst pellet, cm3



DG
MDG

14

1]

11

1l

h

72

volume percent of pores with radius, R, in porous medium
1 (Reference [2]), dimensionless

volume percent of pores with radius, R, in porous medium
2 (Reference [2]), dimensionless

z/LXys dimensionless length

Zo/L, dimensionless length at which yp = 0

mole fraction of component A, dimensionless

distance in the direction of mass transfer, cm

distance in the pellet at which yp = 0

GREEK SYMBOLS

characteristic parameter of the function A(R) of
Reference [2], A
effectiveness factor defined by equation (1), dimensionless
number of moles of B produced by one mole of A
diffusion-flow correction factor (Reference [2]),
dimensionless

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

s1ip-flow correction factor (Reference [2]), dimensionless

SUBSCRIPTS

dusty-gas model

modified dusty-gas model
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TABLE HEADINGS

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

Predicted Effectiveness Factors by the Dusty-Gas and
the Modified Dusty-Gas Models for 6=2 and for a
Second Order Reaction

Predicted Effectiveness Factors by the Dusty-Gas and
the Modified Dusty-Gas Models for 6=1/2 and for a
Second Order Reaction



; V,(R) Vy(R)
cm
k(G rmoTes sec) DG "wpg  “PEV  nypg  PDEV
op = bgp = g = 10 10.56 X 10 0.005580 — @— @— @ —
(Dusty-Gas Model)
« = 1072 1056 x 106 0.005580 0.003953 29.2 0.005313 4.8
w=10" 10.56 x 10°  0.005580 0.005231 6.3 0.005484 1.7
o =10° 10.56 x 106 0.005580 0.005531 0.9 0.005554 0.5
o« =108 10.56 x 10®  0.005580 0.005537 0.8 0.005556 0.4
«=1010 10.56 x 106 0.005580 0.005537 0.8 0.005556 0.4
"G~ DG

%DEV =

TABLE 1

Predicted Effectiveness Factors by the Dusty-Gas and

the Modified Dusty-Gas Models for 6=3 and

for a Second Order Reaction
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TABLE 2

Predicted Effectiveness Factors by the Dusty-Gas and
the Modified Dusty-Gas Models for 6=2 and
for a Second Order Reaction

3 v, (R) V, (R)

K(Trotessec) "os  Mos  EV wpg OV
0p = Gcp = b = 1.0 13.85 x 10°  0.006469
{Dusty-Gas Model)
o= 1072 13.85 x 10°  0.006469 0.004506 30.3 0.006132 5.2
o=10" 13.85 x 10°  0.006469 0.006040 6.6 0.006346 1.9 w;l
=107 13.85 x 10®  0.006469 0.006408 0.9 0.006435 0.5 }?:?
w=10"° 13.85 x 10°  0.006469 0.006415 0.8 0.006438 0.5 .
w=10"10 13.85 x 10°  0.006469 0.006415 0.8 0.006438 0.5

Mpg = N
%DEV=Mx

100
"nG
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TABLE 3

Predicted Effectiveness Factors by the Dusty-Gas and
the Modified Dusty-Gas Models for 6=1/2 and
for a Second Order Reaction

3 Vv, (R) V,(R)
| " 9DEV T YDEV
k(g moles sec) "ng "MDG "MDG )
bp = dsp = dsg = 1.0 17.31 x 10 0.009285
(Dusty-Gas Model)
= 1072 17.31 x 10®  0.009285 0.006484 30.2 0.008806 5.2
«=10" 17.31 x 10 0.009285 0.008674 6.6 0.009110 1.9
x =106 17.31 x 108 0.009285 0.009199 0.9 0.009237 0.5
«=108 17.31 x 10®  0.009285 0.009209 0.8 0.009241 0.5
«=1010 17.31 x 10 0.009285 0.009209 0.8 0.009241 0.5

n -n
gpEv = D6 MBG , 4q9
oG
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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 6=2 and Pore-Size
Distribution V](R).

Figure 3. Mass Flux of Component A versus Pellet Length for a
Second Order Reaction with 6=2 and Pore-Size
Distribution V2(R).



z=0 ---

N
"

Zo——"

z=L ---

--—ya=1, P=1.01x10®

=== YAG

Figure 1.

8L



1.25

1.00

Dusty —Gas Model
a=10"4%

a=10"2

050 |
0.25 |
0.0 i L 1 ]
00 0.015 0.030 0.045 0.060 0.075 0.090

z/L

Figure 2.

A

}H—
06 08

ql

6L



1.25

3

1.00

Dusty -Gas Model

0.75 a=10"%
a=10"2
050 |-
0.25 |
0.0 1 1 L _
0.0 0.015 0.030 0.045 0.060 0.075 0.090
' z/L

Figure 3.

j“ | |

08 09

}b—l—

1.0

08



81

REFERENCES

Klavetter, E.A., Liapis, A.I., Crosser, 0.K., and Litchfield, R.J.,
“"Chemical Reactions with Mole Changes in Heteroporous Catalysts-
Part I", Chemical Engineering Science, 1982 (submitted for
publication).

Klavetter, E.A., Liapis, A.I., Crosser, 0.K., and Litchfield, R.J.,
Chemical Engineering Science, 1982, 37, 997.

Abed, R., and Rinker, R.G., A.I.Ch.E. J., 1973, 19, 618.

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. 1In 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 1imits 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 transpoft
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 system 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. Omata 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 béing 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 Breslier (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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A. INTRODUCTION

The modified dusty-gas model contains four physical parameters,
CO, C], C2’ and a, which are characteristic only of the porous
medium. The parameter o 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
"Comparison of Mass Fluxes Predicted by the Dusty-Gas and a Modified
Dusty-Gas Model" (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 "Chemical Reactions with Mole Changes in Heteroporous
Catalysts - Part I" and "Chemical Reactions with Mole Changes in
Heteroporous Catalysts - Part II" (hereafter referred to as Paper II
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 o 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

6 and a = 1 x 10'10 for

remaining two tested values of a = 1 x 10~
both pore-size distributions are shown here in Figure B-1. For both
pore-size distributions, as o decreases, the correction factors
approach unity at all pressures. The slip-flow correction factors
fora=1x102and a=1x 108 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 o = 2 X 10'4.
At any particular pressure, there is no distinguishable difference
in the values of the slip-flow correction factors for a less than
1076,

The results presented in the body of this work emphasize the
effects that o, 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 o ranging from 1072 - 10710 and for two
pore-size distributions. These results were obtained with the two
physical parameters C1 and C2 constant at C1 = 2000 x 108 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

C] and Cz, since

N (1)

a6 - %oMa, D6

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 C] and CZ'

As 02 varies from 0.1 - 0.8, the relative change in NA (or NB)
is the same for both the modified dusty-gas model and the dusty-gas

model, since
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(Na) - (Ngy) (N - (N
Alt0.8 A C,=0.1 A)C2=0.8 ( A)c2=o.1
(W) - (W) (2)

C2=0.8 MDG C2=0.8 DG

The same result is true for the relative change in Np as Cqy varies
in its range of values of 50 x 1078 to 2000 x 1078 cm.

Although the relative change in the mass flux is the same for
both models over the range of values for Co» 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=0.1 and C2=0.8. Since the percentage deviation is the same
at both extremes of CZ’ 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 < €, < 0.8 differs by over 66%

2

(for @ = 107 P = 1 atm) of the change in the value of N, predicted

by the dusty-gas model for the cases tested.

Similar results were obtained when C; was varied from 50 x 10'8
to 2000 x 10_8 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 C] 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; V{(R) and C; = 2000 x 1078
£, = 0.1 C, = 0.8
o P(Atm) N X 105 % Dev Ny Ny X 105 % Dev Ny
Aibg MDG
x 1072 1 0.089 66.46 0.46] 66.46
6 0.168 20. 69 1.221 40.69
10 0.19] 32.63 1.446 32.63
14 0.206 27.56 1.583 27.56
20 0.221 22.56 1.717 22.56
x 1074 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
x 1078 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
x 1078 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
x 10010 0.259 1.86 1.348 1.86
6 0. 28] 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
N N
A - NA
Dev N, = Dﬁ MDG 100
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TABLE B-2

Binary Isobaric Diffusion; V](

R) and C, = 0.5

2

C, = 50 x 10-8 C, = 2000 x 10-8
5 5
a P(Atm) Np x 10° % Dev Ny N x 107 % Dev Ny
MDG MDG
2
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
X 10'4 ] 0.062 26.10 0.745 26.10
6 0.343 10.78 1.193 10.78
10 0.498 7.84 1.266 7.86
14 0.615 6.25 1.304 6.25
20 0.743 4.85 1.335 4.85
x 1070 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
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
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 -
DG MDG
Dev Ny = N x 100
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Additional results of the effects that different combinations
of values of the parameters C], CZ’ P and o 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 Co, the pressure drop
AP, 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 CO,

C], CZ’ o, AP and P0 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
1imiting 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 o 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 Co 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, Co is on the order of magnitude
of the square of the pore radii. The value of C0 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 C0
near the limits of their industrial range of values. As C0 varies

-12 -12

to 500 x 10 "=, the change in magnitude of the mass

from 25 x 10
fluxes is approximately the same for both models. As the value of

C0 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 CO 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 CO 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 Modified Dusty-Gas and the
Dusty-Gas Models; Simultaneous Diffusion and Flow with (:0 Varying

V1 (R) Vo (R)
o c N, x 10° N, x 10°  %DEV N, %DEV N. N, x 10° N, x 10°  %DEV N,  %DEV N
0 A B S S Y B T A B
au3t¥-6as 25 x 1072 0.900 2.726 - - 0.900 2.726 - -
ode
(6p=6cp=6cp=1) 500 x 10712 0.604  3.287 - - 0.604  3.287 -- --
2 x 1074 25 x 10712 0.624 1.994  30.7 26.9 0.792 2.438 12.1 10.6
500 x 102 0.346 2.574  42.7 21.7 0.502 3.005 17.0 8.6
1 x 1078 25 x 10712 0.872 2.650 3.2 2.8 0.877 .  2.664 2.6 2.3
500 x 10712 0.577 3.212 4.5 2.3 0.587 3.226 3.7 1.9
N, - N
#DEV N = Dﬁ' MDG , 100
'pG
¢, = 1000 x 1078, ¢, =0.8, 4P =P -P =0.053atn, P =1 atm

2ol
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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 CO 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
NB is greater than that of NA'

The geometric factor C] is characteristic of the Knudsen permea-
bility and the mass flux of both components increases as C] is

8 8

increased over the range 50 x 10~ < 2000 x 10°°. Predicted mass

8

E‘C]

fluxes for C; = 50 x 107 and C; = 2000 x 1078 for the modified dusty-
gas and the dusty-gas models are shown in Table B-4. Increasing C]
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 o.

Similar results were obtained as C2 was varied in the range
0.1 < C, <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
02 is varied are similar.

With both diffusion and flow, there is a pressure drop along the
pelliet 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 o 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 C] Varying

v, (R) V,(R)
a C N. x 10> N. x 10> %DEV N,  %DEV No N, x 10° N, x 10°  %DEV N,  %DEV N
1 A B eDEV Ny %DEV Np Ny B :DEV Ny %DEV Ny
Dusty-Gas 50 x 1078 0.061 0.249 _- - 0.061 0.249 - -
Mode] 5
(65= b= scg=1) 2000 x 1078 0.873 2.917 -- - 0.873 2.917 - -
2 x 1074 50 x 1078 0.039 0.189 36.9 24.4 0.052 0.225 14.6 9.6
2000 x 1078  0.589 2.166 32.5 25.8 0.761 2.622 12.8 10.1
1x 1078 50 x 1078 0.059 0.243 3.9 2.5 0.059 0.244 3.2 2.1
2000 x 1078  0.843 2.839 3.4 2.7 0.849 2.853 2.8 2.2
Ny - N
eV N, = —28 M8, g0
oG
- _12 = = - = =
C,=25x107%, ¢, =05, ap =P, -P =005 atn, P =1 atn

volL



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 C, Varying

v (R) | Vy(R)
o C. N, x10° No x10° %DEVN. ZDEV N, N, x 10° N. x 10° %DEV N,  %DEV N
2 A B p  #DEV Ng Ny B eDEV Ny B
Dusty-Gas 0.1 0.173 0.798 -- -- 0.173 0.798 -- -
Model
(6p=0sp=0cg=1) 0.8 0.900 2.726 -- -- 0.900 2.726 -- -
2 x 1074 0.1 0.106 0.618 38.9 22.5 0.147 0.727 15.4 8.9
0.8 0.624 1.994 30.7 26.9 0.792 2.438 12.1 10.6
1x 108 0.1 0.166 0.779 4.1 2.4 0.168 0.783 3.3 1.9
| 0.8 0.872 2.650 3.2 2.8 0.877 2.664 2.6 2.3
No - N
#DEV N, = Dg. MDG , o0
b6
C =25x1012, C, =1000x 108, AP =P -P =0.053atm, P_ =1 atm
0 i 1 ’ 0 L : ? 0

GolL



Predicted Mass Fluxes for Components A and B by the Modified Dusty-Gas and the

TABLE B-6

Dusty-Gas Models; Simultaneous Diffusion and Flow with AP Varying

V,(R) V,(R)
o AP N, x 10° N x 10°  YDEV N, %DEV N. N, x 10° N x 10°  %DEV N,  %DEV N
A B WDEV Ny %DEV Np Ny B p  *DEV Ng
Dusty-Gas 0.053  0.700 2.196 - - 0.700 2.196 - -
Model 4
(0p=0p=0cg=1) 0.132  0.587 2.398 - - 0.587 2.398 - -
2 x 107% 0.053  0.481 1.614  31.3 26.5 0.614 1.967  12.3 10.4
0.132  0.372 1.825  36.7 23.9 0.501 2.169  14.7 9.6
1 x 1078 0.053  0.677 2.135 3.3 2.8 0.682 2.146 2.7 2.3
0.132  0.564 2.338 3.9 2.5 0.568 2.348 3.2 2.1
N - N
#DEV N, = DGN MDG 100
fhle
C.=25x10"'%. ¢, =1000x 1078, ¢, =0.5, P =1 atm
0 1 > 2 T o

90L
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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
o 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 Co,
C], CZ’ 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
Co’ C], Cz, P, AP and o 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 > 6B (3)

Paper II shows predicted effectiveness factors by the dusty-gas and
modified dusty-gas models for V](R) and VZ(R) for zero and first-
order reactions with 6 = %3 2, and 3, and for various values of the
parameter o. Paper III shows similar results for a second-order
reaction. Median industrial values of the physical parameters CO,
C], and C2 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 o
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 VZ(R) than for V](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 6 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 ¢ is

determined by the ratio of molecular weights of the two components
1

in the reacting system. To achieve the tested values of g = e 2,
and 3, molecular weights of 16, 32, and 48 were used (6 = %—= %g;

6 =2-= 6 6 =3= 4%9. The physical properties used, corresponding
to these molecular weights, are shown in Table B-7. The value of
6 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. For 6 > 1, the internal pres-
sure in the porous structure increases since the number of moles of
gas increase due to the reaction. For 6 < 1, the internal pressure
decreases as the reaction progresses. For any of the values of 6
tested, however, there is less than a one percent change in the
pressure and thus varying 6 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 6 = %3 2, and 3 for both pore-size
distributions. The correction factors for 6 = 3 for the various
tested values of o are shown in Table B-8 for both V1(R) and VZ(R)'
The correction factors skown 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 Ig_ fg_. u(g/cm sec)
16 190 60 140 x 1070
32 310 50 120 x 107°

48 380 45 110 x 1070



Heteroporosity Correction Factors For
0 =3 and P =1 Atm

TABLE B-8

(M.w.A = 48, M.W.g = 16)

M

vV, (R) V,(R)
a %p osA s ) 23 %sp
1 x 1072 0.5037 1.00321 0.99453 0.9070 1.00023 0.99960
1x10°% 0.8797 1.00013 0.99978 0.9659 1.00005 0.99992
1x10°8 0.9825 1.00001 0.99999 0.9906 1.00000 0.99999
1x108 0.9846 1.00000 0.99999 0.9914 1.00000 0.99999
1x10'0 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 for 6 = 2 are shown in Table B-9,
also at one atmosphere. The correction factors for 6 = %—are the
same as for 8 = 2 if the subscripts of A and B are switched for the
slip-flow correction factors.

The variation of the parameters Co’ C1, and C, in their range
of values, shown in Table 1 of Paper I, has an effect on the mass
fluxes of both components and or 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 B-10 when Co is varied, in
Table B-11 when C] is varied, and in Table B-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 (¢D=¢SA=
¢SB=1) and for o = 10-2 for V](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 Co, Cqs Cy, 6, 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



Heteroporosity Correction Factors for
0 =2and P =1 Atm
(M.w.A = 32, M.w.B = 16)

TABLE B-9
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vy (R) V5 (R)

%D Psa *sp ) Psa bs
0.4862 1.00257 0.99640 0.8989 1.00019  0.99973
0.8720 1.00010 0.99985 0.9624 1.00004  0.99994
0.9813 1.00000 0.99999 0.9896 1.00000 0.99999
0.9836 1.00000 0.99999 0.9904 1.00000 1.00000
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 6=2, V](R), and a Zero Order Reaction; Co Varies

"bG

¢, = 1000 x 107"

_ 12
C, = 25 x 10
Dusty-Gas Model a = 10'2 Dusty-Gas Model
k(9—§919§) 4.741 x 107° 4.741 x 1070 4.741 x 10°°
cm  secC
Ny (9moles, 4.23 x 107° 2.94 x 10°° 4.15 x 107°°
z=0 cm" sec
" 0.9010 0.6307 0.8997
% DEV -- 30.0 --
n - N -
% DEV = 08 MDG . 449 ¢, = 1000 x 10 8

o = 10_2

4.741 x 107

2.89 x 107°

0.6274

30.3

s C2 = 0.5, P =1 atm

6

vlLl



TABLE B-11

Predicted Effectiveness Factors by the Dusty-Gas and the Modified
Dusty-Gas Models for 6=2, V](R), and for a Zero Order Reaction; C] Varies

k(9 mo]es)
cm™ sec

(g mo]es)

N
z=0 cm2 sec

A

% DEV

n
% DEV = —28

- MDG
"DG

¢

=50 x 10°

8

Dusty-Gas Model

4.741 x 10°°

1.87 x 1070

0.4051

x 100

a = 10_2

4.741 x 10~

1.30 x 107°

0.2821

30.4

CO =500 x 10 7, G,

6

¢, = 2000 x 107°
Dusty-Gas Model o = 1072
4.741 x 107° 4.761 x 10
4.40 x 107° 3.06 x 107°
0.9502 0.6632
- 30.2

12

0.5, P =1 atm

6

SlLL



TABLE B-12

Predicted Effectiveness Factors by the Dusty-Gas and the Modified

Dusty-Gas Models for 6=2, V](R), and for a Zero Order Reaction; C2 Varies

Dusty-Gas Model

% DEV

% DEV =

~ "MDG

4.741 x 10‘6

2.03 x 107°

0.4409

x 100

*Pellet Length = 1.1 cm

4.741 x 10

1.42 x 1076

0.3071

30.3

C, = 500 x 10712, ¢, = 1000

6

Dusty-Gas Model*

4.741 x 10°°

4.95 x 1078

1.0729

x 10 7,

o = 1072

4.741 x 107°

3.45 x 107°

0.7483

30.3

-8 P =1 atm

911
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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 o 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 Le 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‘qsed to cal-
culate the results given in this work. The programs were run on an
AMDAHL 470/V8 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.
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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,
A(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 A(R) as given by Eq. (12) in Paper I.
The code for V(R) is given in two subroutines, VOFR1 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 VOFR1
providing the function which describes the volume distribution from
R=0 to R=NR1, and the subroutine VOFR2 describing the volume distri-
bution from R=NR1 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):



121

) 1/3 5/12
PD,, = 0.0002745(P_P_ )'/°(T. T )
AB CA CB CA CB

)
B VICATCB

1.823
)

1
X(‘W‘*

Zl—-'

The parameters in Eqs. (13)-(15) in Paper I are evaluated over
the range of pore sizes from R=0 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 o
specified.

The Fortran IV code for the program follows, along with a

sample input data set and the resulting output.
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NR2

XOXOxOxO
BULELELEU

CALL PDIFF(TCA,TCByPCA,PCB,WMA,WMB, T,P0AB)
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DEFINING FORM FOR V(R).
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* SUBROUTINES *
EEEEEEEREE LA R0R R

SUBROUTINE TO COMPUTE THE FUNCTION DELTA(R)

SUBROUTINE DELTAR(DELR,ALPHA, IR)
IMPLICIT REAL*8(A-H,0-1)

R=[R*],
DELR=1.-DEXP(~-1.*ALPHA®R)
RETURN

END

SUBROUTINE TO SPECIFY V(R); VALID UP TO A PORE SIZE OF NR1

BROUTINE VOFRL{IR,VR1)
PLICIT REAL*B(A-H,0-1)

D2STETEL g
[ ]

Zm> W
ciianl

=it~ Pom

SUBROUTINE TQ SPECIFY VER) FROM R=NR1l TO R=MNR2

SUBROUTINE YOFR2( IRy YR2)
IMPLICIT REAL*8(A-H,0-2)

VR2=0.02364/ IR

RETURN

END
THE SUBROUTINE PDIFF CALCULATES THE BINARY
DIFFUSIVITY TIMES THE PRESSURE USING THE ANALYTICAL
FORM GIVEN BY BIRDy, STEWART, AND LIGHTFOOT, STRANSPORT
PHENOMENA®, 505 (1960).

eeL
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IMPLICIT REAL#*B(A-H,0-1)

(Gl)
XP(G)+DEXP(G1))

P(GLl) ) )*%2
EXP(G)

x0

10(C) -0.51
P(
XP
2%S2%TP) /C

%M ) il
x e Qb D
QW ||~ || N=)
et N HAOXWZ
WOV > LU
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* SAMPLE INPUT DATA =*

REXEBEREERE A KRR R T K REE
¥R AR EEE X EREE R SE B R XEX KR
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* SAMPLE OUTPUT RESULTS =
SEREEXFERREREERREKERE K EE R kK X

YAQ 0.297900D0-01
YAL 0.962050D+00
M.W. OF A 0.280130D0+02
M.W. OF B 0.4003000+01
TEMP (K) 0.2992600+03
TCA 0.1262000#03
TCB 0.5190000

PCA 0.3350000+02
PCB 0.2240000+01
NR1 8000

NR2 600000

PRESSURE TIMES DIFFUSIVITY, ATM CM2/SEC =

0.816065D0+00
ALPHA 0.1000-01 RMDR 13676.528 RM 10179.593
ALPHA 0.1000-05 RMDR 272845.822 RM 10179.593
USING DELTA(R) IN DEFINITION FOR RMEAN
ALPHA PRESSURE PHID PHI SA PHISB
0.1000-01 0.100000D+01 0.3439471 1.0198979 0.9533158
0.1000-01 0.6000000001 0.5971293 1.0021558 0.9944956
0.{800—0% - 100000D+02 0.6770210 1.0010419 0.9973197
«1000-0 0.1400000*02 0.7272186 1.0006298 0.9983745

el



0.9990650
0.9998606
0.9999914
0.9999963
0.9999979
09999989

"0 ®0 00

s 00 e
QQONOO

el Al Al alalal

L e P P
20000
OQO0000
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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 C], C2, pressure and o 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:

0
C,D N,R T6,2
-1 2~ AB A"g' °A
yalz) =5 (1 - 8pyp + g expl 5
A o A 65C,0° pp
(2)
0
C,D
1 2° AB
+o- (1 + )
0 KyP

The parameter 6p 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.
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OO

OO OO0

796
797

593
499

881
882
883
884
885
890

FORMAT(//,9Xy*COMPONENT A :%,10Xs *NITROGEN® )
WRITE(64 797)
FORMAT (7,9Xy *COMPONENT B 2%, 10Xy *HEL [UM® )

READ IN THE NECESSARY VALUES OF THE INPUT VARIABLES
READ(59%)YAQyYALy WMAsWMB o T, TCA,TCB, PCA,PCB
READ(S,®)PLEN &~ ot LA iLBeFLAs
READ( 59 *)NC1yNC2 NP ¢ NAyNZ
READ(5,*)(C14L 0y I=1oNC]

READ(5+%) (C2€1)30=12NC2)
READ(53#) (ZTD)o1=1,NZ)
DO 499 KK=1,NA
00 499 LL=1.NP
READ( 5,593 ) ALPUKK )o PR(LL )¢ COEKKoLL)
FORMAT(1X701043,2Xe01363Xe FLLo7)
CONT INUE
CALL THE SUBROUTINE *PDIFF' TO CALCULATE THE VALUE

OF THE PRESSURE TIMES THE BINARY DIFFUSIVITY
CALL POIFF(TCA,TCByPCA9PCByWMAyWMB,ToPDAB)

8

-t

OYAU
kggéaox.ola. 9/9X s *YAL® ;30X D1 4.6)

P_(K)®o25XyD14.6)
38X'014.60179X0'IC8'930X0014.6’
9gOX.014.6'Ig9X,'PCB"BOX,DI4.6,
ET LENGTH® 920Xy D14.6)

anom
V> FMOPDIP>E
Dm® ~Ze

MELMNENMLINENENTINL
OQRBVOROROROROROD
70 v gt X e T3 0 ) ey ) 950 3 pet O e
b bl 2oF Tuk Tk Tk Tk 2l
rPMM>»MeMBEBEMBPM>PMePm D
o 000 o s o, S SR g SR e P anef ey S
AP
WG O O 0 Y ¢ @O
PR OR® DOVD®O®® ON\D
e GO0 3¢ DO M X P NK® @D
Oo=~s Qe e WXNO
Mww guwd @ aas Bard eI
YV VO *Vwujeimi=f s Xe
a0 MY Z
* Ve -
2" g)

ESSURE TIMES DIFFUSIVITY, ATM CM2/SEC
FORMAT (735X, 01548

GA=1.-DOSQRT(WMA/WMB)

ITE OUT THE VALUES OF THE INPUT VARIABLES TO ECHO CHECK

H.ﬂ. OF A'924X9D14.697/9Xy " McWe OF B"924X4D14.6)

bl



B)*925X¢D15.74/

15.7)

CALCULATE THE KNUDSEN DIFFUSIVITIES
057
0S57T*#T*GB)

COMPUTE THE MASS FLUXES PREDICTED BY THE
MODIFIED DUSTY-GAS MODEL

COEFFA=PDAB/(82.057%T%GA}
AB/ (82.05

GB=1.-DSQRT{NMB/WMA)
/
COEFFB=PDASB/

UXES PREDICTED

L
ODEL

% 4
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HE BINARY
TICAL
HTFOOT, ®“TRANSPORT
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6
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U
C

SUBROUTINE PDIFF(TCA,TCB+PCA,PCB,NMA,WMB,T,PDAB)
IMPLICIT
A=0.0002745

REAL#8{A-H,0-2)

(8
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XXX XX XK SR E R LR R SR XA K E R K

* SAMPLE OUTPUT RESULTS *
XXX R LA RS SRR R KGR XSS

COMPONENT A = NITROGEN
COMPONENT 8 = HEL I UM
YAQ 0.2979000-01
YAL 0.962050D+00
M.W. OF A 0.280130D+02
M.W. OF B 0.400300D+01
TEMP (K) 0.2992600+03
TICA 0.1262000+03
TCB 0.5190000+0
PCA 0.3350000+02
pCB 0.224000D+01
PELLEY LENGTH 0.6350000+00
PRESSURE TEMES DIFFUSIVITY, ATM CM2/SEC :
0.81606498D0+00
GA(=1-SQRT{(WMA/WMB) -0.1645374D¢01
GB{=1.SQRT (WMB/WMA) 0.62198160+00
ALPHA PRESSURE cD Cc2 Cl NA N
0.1D-01 1.00 0.343947 0.80 0.100-04_ -0.339290-05 0.89754D-05
NA{CD=1) NB(CD=1) GACALC DEV{A) DEV(B)
-0.98645D-05 0.26095D-04 -1.6453736 65.61 65.61
F4 0.05000 0.10000 0.15000 0.20000 0.25000 0.30000
YA 0.09081 0.15372 0.21859 0.28546 0.35441 0.42549

vl



NB
0.29529D0-04

SURE
6.00

ALPHA PRES

0

NB
0.36132D-04

N

NB
0.40183D-04

N8
0.440920-04

ALPHA PRESSURE

20.00

0.10-01
NA(C
e 2145
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500
205

63
88773 0.96

0.

g 0.60000 0.

0
3

NB
0.252290-04

(-1

c2
-10

cD
0.966798 0.80
NB{CD=1)
0.26095D-04

PRESSURE
1.00

NB
0.48852D0-04

6.00

N8
0.529070-04

10.00

PHA PRESSURE
0S

co=1)
174D-04

L
1
A
2

A
NA(
"0.0

0
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NB

14.00

NB
0.56467D0-04

00

c2

0.994748 0.80

CD
NBACD=1)

PRESSURE
0.567650-04

20.00

-0.214580-04

3500
6205

0.55000 0.60000 0.6

0.69347 0.78738 0.88773 0.9

0.50000
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D. COMPUTER PROCEDURE FOR DETERMINING NA/NB FOR SIMULTANEOQUS
DIFFUSION AND FLOW

The flux ratio, NA/NB’ 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 1ibrary,
Edition 7, Version 8.1 (1979).

The subroutine FCN1 provides the Fortran IV code defining
Eq. (36) in Paper I and is required by the integration routine
DVERK. The remaining subroutine PL1 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 CO, C], C2, AP, Po’ and o 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.
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RATION ROUTINE
NCREMENTS USED IN
NB

EG

ON ROUTINE

ago G PELLET LENGTH
I

IN DERIVATIVE.
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P od
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2 « an O
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LATING SUBROUTINE.
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IDENTIFICATION OF OTHER VARIABLES AND ARRAYS
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E. COMPUTER PROCEDURE FOR DETERMINING Ny AND Ng 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 PL1 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 ca1cu1ated are for the
same combinations of the parameters Co, C], C2, AP, Po’ and o
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.
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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-1ike 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 (¢D=¢SA=¢SB=1.O) is first used in deter-
mining, through an interative process, a rate constant which yields
a value of yp20 for some specified length X0(05X0§]). With this
value of the rate constant, results for the modified dusty-gas model
are calculated by determining the value of XO, again through an
iterative process, which yields a value of yAEO. A value of Xo 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 Xo)
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 Xo) 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 Xo’

the corresponding value of the rate constant (or Xo) 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 Xo) 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.
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V1= THE SUM OF B(1,J)Y(J) FOR J=1929eee9NC2
#+NC2
xXWi{J) +V1

V3= THE SUM OF A(I,J)Y{J) FOR J=1929.2e9NC2

DO 12 J=1,NC2
V3=A{L1,J)*XN{J) +V3

CONT INDE

V4= THE SUM OF A(I+JIP{J) FOR J=1929seeesNC2
DO 13 J=1,NC2
3J=J+NC
VA=Al L J)EXWIII) +V4
CONTIND

V6= THE SUM OF B(I1sJ)P(J) FOR J=lg2seeesNC2
DO 15 J=1,NC2
JJ=JeNC2
Vo=B( [+ J) EXNISJ)+V6
CONT INUE
Tl= V1%SA
2= V3
T3= va
Ta= V6*SB

DEFINE RXNUM(I), ONACI)s AND DNB{Id AT THE ITH POINT

R R R e LA RN Y
DL ) S A AR (2 ) Y e 2e L CTUGIC THREE 14T 28T 36C FOURSTI*T34T4 )
CONT INUE
RETURN
END
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CONCLUSIONS
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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, A(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 o in the function A(R) becomes very small, then A(R)
places uniform emphasis on all pore radii for a given pressure, and
thus, both models have similar behavior.

The effectiveness function A(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 A(R) indicates the
fraction of volume available for transport at the different pore
radii. The product A(R)V(R) provides the effective volume for trans-
port and the parameter o in A(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 o
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 o 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, 1ike the values of Co’ C], 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 Co’ C],
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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thesis are discussed below:
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.

The parameters Co’ C1, 02 and o 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.

An exponential expression was postulated for the effectiveness
function A(R) which qualitatively satisfies the expected form.
Other expressions for A(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 A(R). One

possible expression that might be examined is

a(R) = 20 (E-1)



214

(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 o based, perhaps, on the pore-size distribution and the geo-

metric information provided by the parameters C] and CZ’ The
Minimum Energy Principle may prove helpful in providing a

framework for a theoretical estimation of o.
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