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Viscous and Diffusive Transport with Simultaneous Chemical
Reaction in Non-Isobaric Porous Catalyst Particles
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The effect of the pressure gradient produced by a nonequimolar chemical reaction
upon the effectiveness factor in a spherical catalyst pellet is analyzed. A binary
gaseous mixture under isothermal conditions is studied taking into account mass
transfer due to the following mechanisms: viscous flow, nonequimolar flow, bulk
diffusion and Knudsen diffusion. An irreversible, mth order reaction kinetics with
respect, to the gaseous reactant is assumed. Equations governing mass transfer with
chemical reaction in the porous medium are developed on the basis of the dusty
gas model. By numerical solution of these equations it is shown the nonisobaric
effectiveness factor is considerably different from the isobaric one for every flow
and diffusion regime. Besides, the Kramers-Kistemaker effect is observed when
plotting the maximum pressure difference in the ecatalyst pellet as a funetion of

the external pressure.

NONENCLATURE k

A,B  reaction components

Co permeability of the porous medium, f:;[
12

Das  bulk effective diffusivity, L?/T N

Dan® coefficient independent of pressure, "
DABO==DAB P,]lll/T’3 .

DX Knudsen effective diffusivity, L?/T P

D dimensionless parameter defined be- p
low Eq. (31) It

D% resultant  effective  diffusivity, It
]/DR = (Po/DABO) -+ (I/DAAK),Lz/T A

ho generalized Thiele modulus defined ¢
below Eq. (31)

H*  dimensionless parameter defined be- ,*
low Eq. (31)

! Research fellow of the Consejo Nacional de T
TInvestigaciones Cientificas y Técnicas, qunos y
Aires, Argentina. : ) n

* Member of Carrera del Investigador Cientifico
of the Consejo Nacional de Investigaciones
Cientificas y Técnicas, Buenos Aires, Argentina. n
Also at: Laboratorio de Ensayo de Materiales e ®
Investigaciones Tecnolégicas (LEMIT), La Plata,
Argentina. I

451

Copyright © 1973 by Academic Press, Inc.
All rights of reproduction in any form reserved.

specific constant of echemical reaction
rate

molecular weight, M /mol
reaction order

molar flux, mol/L2T
stoichiometric coefficient of
chemical reaction
dimensionless pressure, P* = P/P,
pressure, M /LT?

radius of the catalyst pellet, L

gas constant, ML?/T? mol 6
chemical reaction rate, mol/LsT
radial position in the catalyst pellet,
L

dimensionless radial position, r* =
r / Ro

absolute temperature, ¢

mole fraction

dimensionless mole fraction, y* =
Y/ Yo

effectiveness factor

coefficient defined by Eqgs. (16} and
(17)

viscosity, M /LT

the
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Subscripts

0 evaluated at the boundary of the
catalyst pellet

1 indicates a diffusive flux

2 indicates a viscous flux

m indicates gaseous mixture
INTRODUCTION

Let us consider the following gas-phase
reaction taking place in a porous catalytic
pellet,

A = nB). (1)

When the reaction given by Eq. (1)
takes place, composition gradients are de-
veloped inside the pellet and, if n=£1,
pressure gradients will also arise in the
system. Hence, mass can be transfered by
four mechanisms viscous and nonequimolar
flow, and Knudsen and bulk diffusion.

The influence of the volume change upon
the effectiveness factor of the reaction has
been studied (I, 2), considering an iso-
thermal isobaric system and bulk diffusion
regime.

In order to study the effect of pressure
gradients upon mass transfer in the porous
medium, appropriate equations must be ob-
tained. R. B. Evans III, G. M. Watson,
and E. A, Mason developed the dusty gas
model (3-5), which considers the porous
medium as an array of dusty particles held
fixed in space. Gas-surface interactions are
taken into account by assuming dust par-
ticles are giant molecules, thus capable of
being described by the equations of the
kinetic theory of gases. From this view-
point, equations governing the effects of
pressure, temperature and composition gra-
dients upon mass transfer in the porous
medium are derived.

Assuming the validity of the dusty gas
model equations, S. Otani, N. Wakao and
J. M. Smith (6, 7) studied the nonisobaric
effectiveness factor of porous media. By
analyzing the reaction given by Eq. (1),
and considering isothermal steady state
conditions and a first order irreversible
reaction, the following results were
obtained:

{a) The noniscbaric and isobaric effec-
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tiveness factors are identical for Knudsen
diffusion regime.

{b) For bulk diffusion or Poisecuilie flow
regime the nonisobaric effectiveness factor
1s lower than the isobaric one for n > 1,
and is higher for n < 1, in agreement with
the positive direction of the pressure gra-
dient which is developed in each case.
However, it is shown the deviations be-
tween both effectiveness factors are lower
than 10% in most actual conditions,

(¢) The pressure gradients in the cata-
lyst pellet reaches its maximum value when
mass transfer is produced by Knudsen
diffusion.

In a more recent study (8), E. A. Mason,
A. P. Malinauskas, and R. B. Evans TII
consolidate and extend the kinetic theory
foundations of the dusty gas model. The
total flux of one of the components of a
binary gasecus mixture under pressure gra-
dients is obtained by adding the diffusive
and viscous fluxes

Na = Na+ ya(Na + Np)s, (2)

where N, is the total flux of the component
A, and the subscripts 1 and 2 indicate dif-
fusive and viscous fluxes, respectively.
Here, the authors point out a mistake in
their previous developments (3-5), where
Na, was considered as the total flux of the
component A, even under pressure gra-
dients, provided the effects of pressure on
the bulk diffusion coefficient had been
taken into account.

As previous papers (6-7) dealing with
nonisobaric effectiveness factors assuvmed
in their developments the validity of the
incorrect equations developed in the orig-
inal dusty gas model, it is obvious the
necessity of rebuilding the whole problem.

Finally, R. D. Gunn and C. Judson King
(9) developed an equation for mass trans-
fer in porous media with pressure and
composition gradients, based on the dusty
gas model extended theory (8). However,
these authors did not consider the effect
of a chemical reaction. The theoretical re-
sults, which may be reduced to every
particular  case, were experimentally
checked in nonisobaric porous media.

The aim of the present paper is two-fold:
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(1) Determination of the effect of, the
different parameters of the system on the

pressure gradient established in the porous

catalvst nn"n+

VGuy SU prO1ilu.

(2) Calculatlon of the nonisobaric effec-
tiveness factor and comparison of it with
the isobaric one for every fiow and diffu-
sion regime, from Knudsen to Poiseuille.

FUNDAMENTALS

In order to reach our goal, the following
working hypotheses will be assumed:

(a) The chemical reaction rate is given
by:

ra = kyamPm (3)

{b) the catalyst pellet is spherical and
isothermal

(¢) the gaseous mixture is binary

(d) the system has reached the steady
state.

Taking into account the previous restric-

tions, the behaviour of the system may be
r]oqnmhpd by the following pmmfmnﬂ

LosLiivocuw vl 10L0WIAS UALIONS

the diffusive flux of A,
DasDsa® 1 dPy
(Das + DAAK) RT dr

n.
ﬁ:ﬁ@ (Na1 + Npy) (4)

Na = —

the viseous flux of A,

C[)PA (_i_?
wnRT dr

(6)
the total flux of A,
Nas=Nai+ Na:

inmcghing hetwean mnonle
ICNS8AIPS Oetween IMoie

()

fractions
behavior,

and pressures, assuming ideal
P, = y,P (8)
Pg = ypP 9)

ARQ
e 2 v

ya +ys =1 (10)

the relationship between total fluxes of
A and B,

NB = —nNA (11)
the continuity equation for A,
Ld ony) = kyamPr (12)

T2 dr

Equations (4), (5) and (7) are based on
the extended dusty gas model (8, 9). The
symbols used in the previous equations
indicate:

: radial molar flux

mole fraction
Y\T‘DQQ]IT‘ﬂ

: gas constant

: absolute temperature

r: radial coordinate in the catalyst pellet
Dag: bulk effective diffusivity

D¥: Knudsen effective diffusivity

¢,: permeability of the porous medium
um: gaseous mixture viscosity

ﬂwwsz

The subscripts 1 and 2 indicate diffusive
and viscous flux, respectively. The well-

e

nalatianahin
LULQUIUIIBIIIP.

2| =
]
g

= (Ma/Mo)2 = i, (13)

41V Al

is contained in the previous equations (9).

Fluzes of A and B

By rearranging Eqgs. (4)-(10), and
letting
D = (ra/Me = it it results (9)
AA
—N.
_ DapP
{1+ (0 — L)ya}P + (Dap’/Das¥)
1 dyA + (y_A)
RT dr RT
% [ 10 D s s¥P 4 Dag®
{14+ (n°° — DyatP + (Dan®/Das¥)
wPldP .,
+ ——;J T’ (14)
where D,g® = D,gP is a coefficient in-

dependent of pressure.
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In deriving Eq. (14) it is not necessary
to consider the slip flow separately (9).
This is another difference with the develop-
ment of Reference (7), where the slip flow
is included as an independent contribution,
a traditional result for flow in capillaries
which is not valid for porous media.

It will be assumed that the gaseous
mixture viscosity um verifies Wilke's
empiric equation (10},

_ Yapa
Hm ys + (1 — ya)®Pas
(1 - yA)MB
+ (1 —ya) + yA‘i’BA’ (15)

where

®ap = (1/VS)(1 + n)~12

X AL 4+ (ua/pp)' 0122 (16)
®pa = (1/V8)(1 + 1/n)~12
X AL 4 (up/wa)V2t4y2 (17)

The pa/pe relationship may be calculated
as

uA/#B = (MA/MB)”2 = \/ﬁ

From Egs. (15-18),

(18)

pm = {14+ (41 — yal/ya) 811 + )71
+ n05((1 + [4ya/{1 — yail)
X 8{1 + 1/n})"1 Hus  (19)
Equation (19) enables us to express um
in Eq. (14) as a function of pa and ya.
Equation (14) contains two dependent
variables, P and y.. Hence, we need a
P = P(r) relationship or a P = P(ya)
function which may then be introduced in
Eq. (14). This latter relationship may be
obtained by the following procedure.
First, an analogous equation to Eq. (14)
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_NB
_ nO.ﬁDABOP
{14+ (n®% — DyalP 4+ (Das®/Daa¥)
1 dys | (1 — ya)
X®rar T RT

% [ n3(DaaEP 4+ Dag®)
{1+ (0" — Dya}P + (Das"/Das®)
P |dP
#mJ i 0
By dividing Eq. (14) by Eq. (20), with
the aid of Egs. (10) and (11), and after

some rearrangements, the following ex-
pression is obtained,

(n®® — n)dya
B nSD K Co
- [ DABO + ,uvaAAK
P | co(nd® — 1)PyAJ
,u'mDABD l"'m‘l)ABO dP
n [n‘“ + (1= n‘°‘5)yA] dP
(I/n) + 1 — 1/n)ya

» (1

So, by taking into account the pressure
P may be related to the mole fraction ya
through Eq. (21), Eq. (14) may be written
as,

—Na = fi(P,ya)(dya/dr)

where:
fl(P’UA)
= DABOP
{1+ (" — Dys}P + (Das’/Dar®)
1 0
X BT (23)
fo(Pyya) = 22

" RT
% [ n0SDAAKP + Dag®
{14 (n°% — DyatP 4+ (Das’/DasX)

is written for .the total flux of B in the coP 5
porous medium, tm 24
ar _ (n°% — n)
dya [nO-spMK ¢ ( DaaRP . (%% — 1)PyaDasX

1 n—1 - - 1 AA Yalas

4 = D T o F e\ T D T D

l ,n0.5 + (n —_ nO.ﬁ)yA -
+ P( T+ (n — Ljya )] (25)
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Equation (25) can be easily obtained from
Eq. (21). A convenient way of writing
Eq. (22) is,

—Na = fa(Pya)(dya/dr), (26)

where

Js(Pya) = filP,ya) + f2(P,ya)(dP/dya)
The Flux of A with Stmultaneous Chemical
Reaction

So far, an expression for the total flux
of A has been obtained. We may now
rearrange the continuity equation for A,
namely Eq. (12), which may be written as,

dNA

+ NA = —kysP (27)

By differentiating Eq. (26) with respect

to r,
dN A
d = f3(P7yA) dr2
+ fu(P,ya)(dya/dr)?, (28)
where

P dya Ya

By introducing Eqs. (26) and (28) in
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P* = P/P,

H* = ¢,P 02/ uaDag®
D* = D\XP o/ Dag’
gl(P*:yA‘:H*yD*’yAO)n)

=y f4(P »Ya ;H D onrn)
A (P ya” H' D" yaon)

g2(P*;yA*)H‘1D*)yAO;n)
= f3(P*;yA*}H*:D.;yA07n)
X (1 + 1/D*Y(RT/D4p®
fo - B[4 D HEDP ]
R 2 DR
1P, 1
DR Dup® ' Daa

The dimensionless groups H* and D* rep-
resent the ratio between the viscous flow
coefficient and Knudsen effective diffusivity
with respect to the bulk effective dif-
fusivity, respectively. The parameter h,
is the generalized Thiele modulus of the
system. The subscript 0 indicates in every
case the parameter or variable must be
evaluated at the boundary of the catalyst
pellet (r = Ry).

The ¢, and ¢, functions are developed

(32)

Eq. (27), in the Appendix.
d2y, |, 2dya |, fu(Pya) [dyAJ kyamPm The corresponding P* = P*(y,*) may
drz Vrdr T fH(Pya) | dr | /s(Pya) be obtained by solving Eq. (25) written
(30) in dimensionless form,
dP* 1
dya By ) (0D + [H/Ba(ya)l(1/D7) + (Bu(wa")PO] + (Bs(ya)/ P}

In order to integrate Eq. (30) it is con-
venient to write it in a dimensionless way,
d2yA*

d :
Poa 4+ ZUn 4 P D aom)

dyA
X (d—)
_ 18ho%ys*mP*m ,
- (m + 1)92(P*)yA‘7H¥:D‘)yAO)n)
where
= T/Ro
ya" = ya/yae

(81

where the B, to B, functions are indicated
in the Appendix.

Radial profiles of pressure and composi-
tion can be obtained by integrating Egs.
(31) and (32), with the following boundary
conditions:

=0 dys*/dr* =0
7'.l =1 yA‘ =1
=1 Pr=1 (33)

On the other hand, the effectiveness
factor of the catalyst pellet is defined as,
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By using Eq. (26) and the g, and h,
definitions, Eq. (34) turns out to

m= (mg‘ 1y (g2dyA;l/()§r*){r*=l (35)

Hence, the effectiveness factor #; takes
into account the influence of the radial
composition and pressure profiles upon the
chemical reaction rate.

By analyzing the radial composition
profiles developed by nonequimolarity in
chemical reaction, but considering that
pressure remains constant through the
catalyst pellet, another effectiveness factor,
namely »;, may be defined. Thus, by
taking dP/dr = 0 in Eq. (14) and follow-
ing the same steps leading to Eq. (31), it
results:

(34)

dgyA* 2 d.yA’.= £ Kk dyA*>2
T T T gsya" D"y aom) \ g+
_ 18 ho?ys™

(m + 1) g4(yA*7I)*;.7/A0>n)

The g; and g, functions are developed in
the Appendix. Hence, the effectiveness
factor #r; is defined as,

_(m A1) g - dya*/drt ]
mn: = 2
6 ho'

Finally, by considering the radial com-
position profiles developed by an equimolar
chemical reaction, the classical effective-
ness factor, namely 5, is easily obtained.
Thus, letting n = 1 in Eq. (36) (then g, =
0, and g, = 1), the corresponding differ-
ential equation results,

deya* | 2dya” 18k .
i T R VA

So, the effectiveness factor 4 is given by,

_(m 4+ 1) (dya"/dr) e
niiy = o
6 ho"

The fact that a resultant effective dif-
fusivity has been employed when defining
the generalized Thiele modulus ho, makes
the equimolar effectiveness factor nr in-
dependent of the diffusion regime (xi; does
not depend on the D* value).

(36)

(37)

(39)
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The previous definitions may be sum-
marized as follows: 7, is the nonisobarie,
nonequimolar effectiveness factor, #i 1is
the nonequimolar but isobaric effectiveness
factor, and #; is the equimolar and, thus,
isobaric effectiveness factor of the catalyst
pellet.

INTEGRATION OF THE DIFFERENTIAL
EquaTions

Differential Eqgs. (31), (32), (36), and
(38) were solved by applying the fourth
order Runge-Kutta numerical method
(11), and with the aid of an IBM/360
digital computer. When solving Eqs. (31),
(36), (38), the variables change suggested
by J. Wei, and analyzed in Reference (12),
was performed. In this way, the solution
could be obtained without using a trial an
error method for checking the boundary
conditions. In order to perform the solution
of Eq. (31) the P* = P*(y,*) relation-
ship obtained by solving Eq. (32) was
introduced in the computation program.
Besides, by combining both results, namely
P* = P*(y,¥*) and y.* =y.*(r*), radial
pressure profiles were obtained.

The computation program was verified
as:

(a) an increase in the number of radial
increments showed constancy of numerical
values of the solutions

(b) the classical 5 vs ho relationship
for first order reaction (m = 1) was ob-
tained when solving Eq. (38).

REsuLTs

The dimensionless parameters of the
system were selected in the following
range:

D*: 0.01-100, corresponding to a change
in the diffusion regime from Knudsen to
bulk mechanisms

H*: 0.01-100, corresponding to an in-
crease in the permeability of the porous
medium;

n: 0.1-10
Yao.: 0.1-0.9
m: 1; 0.5

Results are illustrated in Figs. 1-9.
Figure 1 shows radial composition and
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120 Y 100 o4
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Fra. 1. Radial total pressure and mole fraction profiles in the catalyst pellet for H* = 0.01.
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100 02 04 06 O

Fia. 2. Radial total pressure and mole fraction profiles in the catalyst pellet for H* = 1.0.
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0.05

H* = 1.0
m =10
1 =100
'A = 09

0 1

1 !

I
1 2

3 4

D*S

Fia. 3. Maximum dimensionless pressure difference in the catalyst pellet as a function of D*.

pressure profiles for low wvalues of the
porous solid permeability (H* = 0.01) and
every diffusion regime. The pressure gradi-
ent reaches a significant figure for Knudsen
and transition diffusion regimes, but is con-
siderably depressed in the bulk diffusion
one. Figure 2 shows the same radial pro-
files for greater values of the porous
medium permeability (H* = 1.0). Values
of the radial pressure gradient are lower
than those in the first case. When H¥ =
100, the pressure gradient is considerably
low though different than zero (this result
is not plotted).

It is interesting to emphasize the inver-
sion in the curves of P* = P*(r*) with

respeet to D* showed in Fig. 2. This effect
has been illustrated in Fig. 3 as a plot of
AP/P, vs D* AP being the pressure dif-
ference between the center and the bound-
ary of the catalyst pellet. The resulting
curve reaches the maximum at D¥ = 0.6.
For lower D* values, AP is considerably
depressed, thus leading to the inversion
showed in Fig. 2.

Figures 4-6 show the effectiveness
factor »; (v =1, II, III) as a function of
the Thiele modulus ke, for every diffusion
regime. It may be seen that the non-
isobaric effectiveness factor, », is consider-
ably different from the isobaric one, 7,
for all diffusion regimes. »ny is in turn dif-

10 10
n ‘j T 7, ] T
0 7 061 H™ =0.01;1.0,100 .
0¥ =001 n 0" =10
N =10
041 m :10 H*=0.01 ~{ 0.4+ T 10 L d
" =100 =1,100
Tha= 0.9 o= 08 7?|
0.2f ~ 0.2¢ -
0.1 1 S ! 1 ' 01 1 1 1 ) | I
0.2 04 05 08 1 2 1, 0.2 04 05 08 1 2,

Fia. 4. Effectiveness factor vs Thiele modulus for
Knudsen diffusion regime.

Fic. 5. Effectiveness factor vs Thiele modulus for
transition diffusion regime.
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i
0.6 : nlll
1.0;100

04 B* =100 n B

mn =10 "

n =10

=08’ h
0.2) -
01 — 1 } R 1 1

02 04 06 08 1 2 hy

Fic. 6. Effectiveness factor vs Thiele modulus for
bulk diffusion regime.

ferent from 4 except in Knudsen dif-
fusional regime. It is interesting to point out
the low incidence of the H* value upon the
nonisobaric effectiveness factor in every
diffusion regime.

Figure 7 indicates the effect of the
change in the number of moles of the
chemical reaction, n, upon the nonisobaric
effectiveness factor. This factor is greater
than the equimolar one (7)) when 5 < 1,
and lower when n > 1.

Figure 8 shows curves of u vs h, for
different values of D*. It is seen the higher
the value of D¥, the lower the correspond-
ing value of the nonisobaric effectiveness
factor.

In Fig. 9, curves of 5; vs hy are plotted
for various n and a different reaction order
(m = 0.5).

L&
06} = A
82
» .
H" =10 a2
04} 0" =10 4
m =10 10N 50
Y4,-09
02t 1
1 1 1 1 1 ] 1
02 04 06 08 1 2 h,

Fia. 7. Effect of the number of moles produced
in the chemical reaction upon the nonisobaric effec-
tiveness factor.
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1.0 T T T T T
) 4
06 -
H* =10 D*=
L m =10 0.01 N
04 a =100 %]8
Ta,709 10,100
0.2f i
0.4 . L 1 1 [ L
: 02 04 06 08 1 . 2 by

Fia. 8. Effect of D* on the nonisobaric effective-
ness factor.

DiscussioN or RESULTS

Radial Pressure Profiles in the Catalyst
Pellet

The radial pressure gradient is a func-
tion of the dimensionless parameters H*
and D*. An increase in the first one, re-
lated to a higher permeability of the
porous medium, diminishes the pressure
gradient. However, as can be seen in Fig.
3, the variation of AP with D* reaches a
maximum. Mathematically, the existence
of this maximum is easily justified by
analyzing Eq. (32). The corresponding
physical interpretation arises when Fig. 3
is regarded as a plot of AP vs P, (D¥
being proportional to P,, and H* constancy
requiring a continuous ' change either in
the permeability or in the viscosity). At
low working pressures (Knudsen diffusion
regime) AP is proportional to P, while at
greater working pressures (viscous flow

10

T T T “
71‘ [ \61 d
* =10 20 0 i
osr L Tho DT
m =05

0.4L Yao =03 .
0.2} N

01 1 1 1 i 1

- 0.2 04 065 08 1 2y,

Fie. 9. Nonisobaric effectiveness factor for reac-
tion order m = 0.5. : '
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regime), AP is proportional to P-!. The
maximum arises when both effects are com-
bined. It is convenient to point out that the
existence of the maximum in the AP vs P
function was theoretically predicted (8)
for a binary gaseous mixture in a closed
system without chemical reaction (Kram-
ers-Kistemaker effect).

Nonisobaric Effectiveness Factor

Results of Figs. 4-7 show that the non-
isobarie effectiveness factor is considerably
different from the isobaric one, even for
values of n = 0.5 and 2, and for every
mass transport regime. This indicates that
even in the cases in which pressure gra-
dient is almost negligible (high H* values)
the flow produced by this gradient is very
significant. That is to say, the pressure
gradient is almost negligible just because
the flux coefficient H* is high.

In fact, the system under analysis is a
semi-closed one. Then, the pressure gra-
dient can not be established at will by us
but it adjusts automatically in accordance
to the prevailing mass transport regime.
In this situation, a low value of the pres-
sure gradient does not involve that the
resultant flux is negligible.

As the nonequimolar flow is character-
istic of the bulk diffusion regime, it must
be verified that 5i; = mm in Knudsen dif-
fusion pattern. This is just the result
plotted in Fig. 4, which gives an extra
verification of the consistency of the
numerical calculations. However, even in
Knudsen diffusion regime, the non-isobaric
effectiveness factor is considerably differ-
ent from the isobaric one.

In order to show the low incidence of
the H* value upon the non-isobaric effec-
tiveness factor, let us rewrite Eq. (22) in
the following way:

g = FP) + 3Py @P/dyn)
+ f7o(Pya)(dP/dys), (40)
where:
fl‘l(vaA) =
Ya [ nOSDAARP 4 Dy’ ]
R'—T {1 + (750'5 - 1)?}A}P + (QABO/DAAK)
(41)
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v =2 () @
The three terms of the right-hand side
of Eq. (40) represent fluxes of A per unit
of its mole fraction gradient generated,
respectively, by mole fraction gradient
(diffusive flux), total pressure gradient
(diffusive flux) and total pressure gradient
(viscous flux).
The terms may be rearranged as:

Fo = Fa(Pya) ;‘Ti/fmp,yn (43)
” dP
Fyv=f 2(P,‘yA) @;/f)(fo)%)y (44)

where Fp, represents the ratio between the
diffusive flux generated by total pressure
gradients with respect to the diffusive flux
generated by mole fraction gradients; and
Fy corresponds to the ratio between viscous
flux and diffusive flux produced by mole
fraction gradients.

Figure 10 shows curves of Fp and Fy
as a function of H*. As may be seen from
the figure, the addition of both fluxes does
not depend on the H* value, which is the
cause of the low incidence of the H* value
upon the nonisobaric effectiveness factor.
Besides, Fig. 10 shows that for high H*
values, and consequently low values of the
pressure gradient, the resulting viscous
flow is very significant, and accounts for
the important deviations between »; and
i

The variation of the nonisobaric effec-
tiveness factor with D*, plotted in Fig. 8,
would lead to the rather misleading con-
clusion that the greater the tendency to
bulk diffusion regime, the lower the effec-
tiveness factor. In doing this statement one
must not forget that the Thiele modulus
has been defined in terms of a resultant
diffusivity which, in fact, is a function of
D*. 1f the Thiele modulus had been de-
fined with the bulk diffusivity, the curves
would have shown just an opposite varia-
tion with D*.

On the other hand, an increase in the
mole fraction of A at the boundary of the
catalyst pellet diminishes the nonisobaric
effectiveness factor when n > 1. However,
the decrease is negligible for 1 << n < 5,
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and is not important for higher values of
n. (These results are not plotted herewith.)

CONCLUSIONS

Results obtained by numerical integra-
tion of the proper differential equations
show that the nonisobaric effectiveness
factor is considerably different from the
isobaric one, even for small changes in the
number of moles during the chemical re-
action, and for every flow regime. This in
turn demonstrates that, in semi-closed
systems, small pressure gradients can not
be considered negligible because the re-
sulting flow (the product of a flux co-
efficient times a gradient) is quite
significant.

Besides, it has been shown that the pres-
sure difference between the center and the
boundary of the catalyst pellet reaches a
maximum value for a given working
pressure.

APPENDIX

The g¢; and B; (¢ = 1-4) functions used
in the present study, can be written as
follows:

g1 = Ai(As + Az + A+ Ay — Ag)  (45)

* yA*A8>
={04+1/DH{A = 46
g2 ( + / )( 7+A9A10 ( )

1 —_ n0.5
g = e (47)
L1111
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_ (1 +1/D"
g4+ = All (4:8)
B = A (49)
By = Air + Ass (50)
B it ol (e "O'B)Z/AoyA*] .
B, [ I+ (n — Dyaya” (52)
Bs = {1 4 yae(n®s — Lya™}, (53)

where:

‘Al

Az =

A;

Ay
A;

I

*A
1/(A7 + ?ZCA,:)

(1/{D"P})A7
AsAu

Ag?A?

= (1 — n°%)yaoAs?

As+ ya"{ (Ay(1 + n°*D°P)/P*) — AvAus}

As
Aq

As

AgAy
= yA*ASAIG/ (A9A10)2

Il

(1 + n05D*P*)A,/P"*

1/{1 4 (n°% — Dyaoya”

+ (1/D"P")}

+ (H'P")/(A1r + Aus)
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A, = Yyt (n = Dys A =
- (n%% — n) (1/yao — ya"yn=o3
(I/yao — ya®) + ya" 481 + 1/n)}~0?
— 0. * * * % .
Aw = n'*D" 4 {H (1./]) + P* A = Ay + A {H'P* (7" — 1)yao}
X AL 4 yao(n®® — Dya™})/ N
(A + A} S = ) .
H*{1/D" + P*(1 + yaofn®® — 1}ya")}
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