stratifications of the sandstone structure identified. It is evident
from this preliminary investigation that CAT scanning is an ef-
fective means of observing the mechanism involved in immiscible
displacement processes. Further studies are being undertaken to
differentiate the variables affecting the oil recovery processes.
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NOTATION

xy = oil fraction (volume fraction) of fluid mixture oc-
cupying the void space at element (i,f), 6

Dy = volume fraction of the void space at element (i,j),

g = X-ray attenuation coefficient of volume element (i,5),
cm™!

Moil 1 MK = X-ray attenuation coefficient of pure oil, 1 M KI so-
lution, respectively, cm—1

= X-ray attenuation coefficient of volume element (,)
of the porous material when completely filled with
oil, pure 1 M KI solution, respectively, cm~!

Hoil core
1 MKl core

Note: poit and i) core are different in that p,; is a physical property
of pure oil and 4] core €xpresses the combining X-ray attenuation
effect of both oil and the solid porous structure.
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Single-Pellet Reactor for Bidisperse Porous Catalysts

A single-pellet reactor has been shown to be an elegant method
for determining the intrinsic rate constant, effective diffusivity and
the effectiveness factor for monodisperse catalysts. In addition, by
measuring the center plane concentration with time for a deacti-
vating catalyst, information can be obtained on the mechanism and
kinetics of the poisoning process. The experimental and analytical
details of a single-pellet reactor have been discussed elsewhere
(Hegedus and Peterson, 1974).

Very often the catalyst is formed by pelletizing small micros-
pherical porous particles resuiting in a bidisperse porous catalyst.
Diffusion in both the macropores and the micropores affects the
overall effectiveness factor. Generally, the effectiveness factor for
the particles is assumed to be unity and, with this approximation,
the expressions for the effectiveness factor for mono- and bidisperse
catalysts become identical. However, if the reaction is fast, the
effectiveness factor for the particles can be less than unity and the
above approximation is no longer valid. Ors and Dogu (1979) dis-
cussed the effectiveness factor of bidisperse catalysts and the error
involved if this is approximated as monodisperse. A procedure for
incorporating the pore size distribution in the macro- and micro-
pores in calculating effectiveness factors is available (Mingle and
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Smith, 1961). Effectiveness factors for reversible reactions in bi-
disperse catalysts have also been presented (Carberry, 1962). Dy-
namic methods for determining macropore and micropore dif-
fusivities in bidisperse catalysts have been discussed earlier
(Hashimoto and Smith, 1974).

This note discusses the use of a single-pellet reactor for deter-
mining the diffusivities, effectiveness factor and the intrinsic rate
constant for bidisperse catalysts and the error involved in the de-
termination of the intrinsic rate constant if the bidisperse porous
catalyst is approximated as monodisperse.

‘THEORETICAL ANALYSIS

It will be assumed that the reaction is isothermal, irreversible
and first order, and the cylindrical pellet is made from spherical
particles. The dimensionless conservation equations presented
earlier for spherical pellets (Ors and Dogu, 1979) modified for a
cylindrical pellet exposed to the reactant on one plane surface
are

AIChE Journal (Vol. 30, No. 4)



Micropore Balance

de;
2 2 = () 1
5.2 d ¢ (f ) h2g, (n
The boundary conditions in the micropore region are
o de;
=0, Y=g
§=0, ac @)
? = 1) Vi = ¢Mm (3)
where h, the Thiele parameter for the micropores, is defined as
h =1, \/ (ﬂ!;sg_ki) (4)
Dei

Macropore Balance

The conservation balance for the reactant in a cylindrical pellet
can be written as

Pou _  fded |
a6 “(ds“}m“ )
where 2
wm = D12 ®
1)

The macropore boundary conditions for a single-pellet reactor,
assuming that the external gas film resistance is negligible, are:

0=0 (pM'—'l (7)
= Yem_
=1, 18 0 (8)

Solving Eq. 1, we obtain
o 1 sinh(h {)

oy ¢ sinh(h)
Solving Eq. 5 together with Egs. 7, 8 and 9, we obtain

9)

¢um = cos hmf — tan hm (sin hm#) (10)
where ‘
_ |[h — tanh(h)} ]1/2
m= ” i) “} )

In a single-pellet reactor, the concentration at = 1 is measured
experimentally. From Eq. 10

oull )———lm (12)

The overall effectiveness factor for a bidisperse catalyst can be
written as

DeMA (dCM)
= dx (13a)
77 AL = e31)p,S ks Coro
=_ 3 [(dem
= ha ( do ) (13b)
= Ez— tan hm (130)

Tt should be emphasized that use of this expression for the effec-
tiveness factor is restricted to the case where the reactants can enter
the catalyst only from one plane face of a cylindrical pellet. In a
real reactor, the reactants can diffuse into the pellet from all ex-
ternal surfaces and Eq. 13¢ will not be applicable.

The variation of 7 with h and « is shown in Figure 1. A similar
plot for spherical pellets completely surrounded by the reactant
has been presented earlier (Ors and Dogu, 1979).

The observed rate of reaction can then be written as

Roios = NAL(1 = €31)ppSgksCago (mol/s) (14a)
§mLhaﬂ}-’y—"—)AL(l = )y Seh Cato (mol/s) (140
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Figure 1. Variation of effectiveness factor with micropore Thiele parameter
and o.

Substituting for A2« from Eqs. 4 and 6, we get

Repe = m tanh(m) ‘2 DepCago (mol/s) (15)

DISCUSSION

In a single-pellet reactor, for each experiment (1), Robs and
Cu, are measured experimentally. Then, m can be obtained from
Eq. 12. Knowing m and the pellet dimensions, D, can be calcu-
lated using Eq. 15. However, in order to calculate h, o, 7 and k,
it is necessary that D,; be known. This can either be measured ex-
perimentally or estimated from available correlations. Since the
micropores are relatively narrow. Knudson diffusion would be
expected to predominate. Then,

E-
De, = Dk, -+ (16)

From the model proposed by Wakao and Smith (1962)
De« ~ 6f2DK( (17)

Knowing D,,, « can be calculated using Eq. 6. Since « and m are
now known, h can be obtained from Eq. 11 by a simple trial-and-
error or by using Figure 2 which shows a plot of m2/a vs. h.
Equations 13c and 4 then yield, n and k,, respectively. The above
analysis can be extended to nonlinear reactions; however, analytical
solutions will not be possible.

It is worthwhile to estimate the error involved in the determi-
nation of the intrinsic rate constant in a single pellet reactor if the
catalyst bidispersity is not accounted for. For a monodisperse
catalyst, from the available results (Hegedus and Peterson, 1974),
we have

eu(l)= ;5;;—(,2—) 18)

- tanz,(h’) (19)

T B AL 31 = ar)SgkiCuto (ol (20)

where W= [p'e(l - eM)Sgks]l/Z 1)
Dem
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Figure 2. Variatlon of m2/a with micropore Thiele parameter.
TABLE 1. VARIATION OF ks ;n/ks WITH MICROPORE THIELE
PARAMETER
h 0.1 0.5 1.0 2.0 5.0
ks.m/ks 0.99 0.98 0.94 0.81 0.48

For the same experiment, for the mono- and bidisperse catalyst
analysis, b’ will be equal to m and equating Eqs. 20 and 14b, we
obtain

kom _ 3m?
ks " h2a (22a)
_3 [h — tanh(h))
h?  tanh(h) (22b)

where k; ., is the intrinsic rate constant calculated assuming the
catalyst to be monodisperse. The variation of ks .,,/ks with h is
shown in Table 1. As can be seen from Table 1, the error in the
intrinsic rate constant is insignificant for h less than unity but for
higher values of h, k., can be significantly less than the actual
intrinsic rate constant.

In conclusion, if the effective micropore diffusivity is known,
a single-pellet reactor can be used to determine the effective ma-
cropore diffusivity, effectiveness factor, micropore Thiele pa-
rameter and the intrinsic rate constant for a bidisperse catalyst. For
h larger than unity, significant errors can result in the intrinsic rate
constant if the bidisperse catalyst is approximated as monodis-
perse.
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NOTATION
A = cross-sectional area of the pellet
C; = concentration of reactant in the micropores

Cy = concentration of reactant in the macropores
Cao = external surface concentration of reactant

D.; = effective diffusivity in the micropores

D,y = effective diffusivity in the macropores

Kk, = Knudsen diffusivity in the micropores

h = Thiele parameter for the micropores

h’ = Thiele parameter for a monodisperse catalyst

e
g
]

intrinsic reaction rate constant
L = length of cylindrical pellet
m = parameter defined in Eq. 11

r = radial coordinate of the particle

ro = radius of the particle

Sg = surface area per unit mass of catalyst
x = axial coordinate of the pellet

Greek Letters

« = parameter defined in Eq. 6

€; = micropore porosity

€y = macropore porosity

7 = effectiveness factor

] = dimensionless axial coordinate for the pellet, x/L

pp = pp(1 = €y) = pellet density

pp = particle density

7; = micropore tortuosity

¢ = dimensionless radial coordinate for the particle, r/r,

¢; = dimensionless concentration in the micropores, C;/Cy,

¢u = dimensionless concentration in the macropores,
Cum/Cmo
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