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Figure 4. Effective diffusivity vs. loading for n-heptane/5A;
(8), --- Equation (11).

Equotion

DISCUSSION OF RESULTS

Our diffusivities are defined as the jump rate per cage multi-
plied by the squared distance between cages. The model may be
interpreted as one in which cages of given occupation levels and
not individual adsorbate .molecules are moving downstream.
The “cage diffusivity” or jump-rate per cage is related to the
self-diffusivity of the adsorbate molecules, according to Equa-
tion (6). Jump rates increase with accupation level for toluene in
13X, so that adsorbate-adsorbate intermolecular_disturbances
are unimportant. The jump rate remains constant for n-heptane
in 13X, so that adsorbate-adsorbate interaction is rate limiting.
This agrees with the conception that adsorbed paraffin
molecules are in a coiled configuration which does not fit
through the window. The probability of a molecule stretching
could decrease with increased loading.

Allowing for experimental error, benzene and cyclohexane
behave as toluene at low loading levels, cage-molecule interac-
tion appearmg rate-limiting, whereas closer to saturation
mobility is limited by intermolecular disturbance, as with

n-heptane. Jump rates continue to increase in the toluene sys-

tem at higher loading rates than for benzene and cyclohexane,
indicating relatively stronger adsorbate-lattice interaction for
the alkylated ring compound.

Converting from cage diffusivities to self-diffusivities in the
NaX-zeolites according to Equation (6), the self-diffusivity of
toluene is independent of concentration, whereas that of
n-heptane decreases proportional to occupation level.

Further, in the 13X studies no rate contribution has been
found from jumps between cavities differing in occupation level
by more than one. There is no evident reason why the D;;_p;
should be negligible. However, the 6,6;_,, i> have been taken
as the probability that a cage holdingi molecules has a neighbor
holdingj—1 molecules; the 6; are equilibrium values. The prob-
ability might be negligible during the kinetic experiment, if
occupation levels were to advance in waves of cages holding one
more (or less) molecule than the preceding wave. The final stage
of the kinetic period would be internal rearrangement leading to
the equilibrium distribution of occupation levels. Internal rear-
rangement does not appear to be a factor among the small-
windowed 5A cages, since Equations (8) and (11) were applied
successfully.

In this manner, our model Equation (4), which includes Dar-
ken’s law (Equation 8) and the Ruthven model (Equation 11) as
special cases, may be used-to analyse adsorption rate behavior in
zeolites.

NOTATION

a = sorbate concentration, mol g™!
D, =diffusion coefficient, cm? s~*

D, = Fickian diffusion coefficient, cm? s™!
E; = energy of adsorption, ] mol™!

m = maximum no. of molecules per cage
N. = total number of cavities, mol g~*

P = gas pressure, Pa

P, = standard pressure, Pa

pi = probability of motion

R = gas constant, ] K™* mol !

Si = standard entropy, ] K~! mol™!

T = temperature, K

T, = standard temperature, K

0, = reduced sorbate concentration

0; = fraction of cavities holding i molecules
I = standard chemical potential, ] mol™*
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Approximate Formulae for the Dispersion Coefficients of

Layered Porous Media

Groundwater and petroleum reservoirs are composed of po-
rous rocks. Very often these rocks constitute a layered structure.
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Dispersion in porous media is very important in connection with
groundwater pollution (Fried 1975) and oil production by sec-
ondary recovery (Pfannkuch 1963, Fried & Combarnous 1971).

Dispersion in layered porous media, represented as anisotropic
in the macroscopic description, is determined by six dispersion
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Figure 1. Sketch of the model.

coeflicients (see Moranville et al. 1977 a, b). In this note approx-
imate, theoretical formulae for these dispersion coefficients are
derived. The Péclet number is assumed large.

MODEL

Here, we consider an unbounded porous medium composed
of two alternating layers (1) and (2), with constant thicknesses h;
and h,. Each layer is homogeneous and isotropic, and made up
by grains with average diameters d, and d,, respectively. The
interfaces between the layers are assumed plane (Figure 1).

A cartesian coordinate system is introduced, with the xy-
plane located at an interface between two layers, and the z-axis
normally to the layers. The region ~h; <z < 01is occupied by a
layer of type (1), and the region 0<z <h, is occupied by a layer of
ltype (2). The orientation of the x- and y-axes will be prescribed

ater.

The permeability in each layer, ko (a = 1, 2), is proportional to
the square of the characteristic grain diameter d,,. According to
Bear (1972, p. 134) a general formula for the permeability k of an
isotropic medium is

k = fils)Yfs(n)d® iy

where fi(s) is the shape factor, fz(n) the porosity factor and d the
mean diameter of the grains.

Now the porosity in each layer is assumed equal, and the
shape of the grains is assumed similar. Then the factor of propor-
tionality, ¢ = f(s)fz(n), is the same for each layer

ko = ¢ dia = 1,2) @

FLOW FIELD

A pressure-driven, uniform flow is considered. Strictly speak-
ing, the flow is uniform only within each layer. Velocity discon-
tinuities are usually present at the interfaces. Only the case of
flow aligned in z-direction is without velocity discontinuities.
The velocity v in each layer (a) is given by

@ = U,d + Wk (a=12) @)

The x-axis is thus directed along one projection of the velocity
vector (Figure 2). U;, U, W, and W, are constants. i, j and k
are unit vectors in x-, y- and z-direction, respectively.
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(2)

Figure 2. Uniform flow in a layered medium.

The fluid is assumed incompressible. The continuity equation
V-v = 0 implies

Wl = Wz =W (4)

when the porosity is constant. The angle between x-direction

and the velocity vector v in each layer is denoted by 8, (@ =
1,2). Bear (1972, p. 156) has shown that

cot 61 _ kl _ 12
oth ke & ®)
The layered porous medium can be regarded as anisotropic in

a macroscopic description (Bear 1972, p. 157). The horizontal
and vertical permeabilities, ky and ky respectively, are given by

k - k1h1 + kzhz — d]2h1 + d22h2 (6)
& hy + ks hy + hy
b by
k = kl kz =c hl + hZ (7)
v hy + hy b he
& &
An average velocity is introduced
5 - - 1 he
U—U1+Wk—m;j:hlodz (8)

From Egs. (5) and (8) it is easily shown that

~

h, + hy
2
hy + hy -Ziz
1
hy + hy ©)

2
hl%mz

U1=U

Y

U2=U

DISPERSION TENSORS

We will investigate the dispersion of a tracer with concentra-
tion C{x, y, z, t) which has no influence on the flow field. The

AICHE Journal (Vol. 26, No. 3)



tracer is thus assumed not to influence the fluid density. The
tracer distribution is governed by the dispersion equation
%C_+ “VC =V (@ VC) (10)
The dispersion tensor in each layer is given by
D@ = g@[5|€ + (& — o) % (11)
0

see Bear (1972, p. 612). € is the unit tensor. Bear (1969) has
shown that the dispersion coefficients a;, a; are proportional to
the average pore length, which is equal to the average grain
diameter in the present model

a® = Ad, a2 = A,da (12)

A;and Ay, are numbers characterizing longitudinal and lateral
dispersion, respectively.

Each layer is isotropic. Therefore the tortuosity (Bear, 1972,
p. 615) is assumed the same in both layers. Then the numbers 4,
and A,; are constants. The dispersion tensor in each layer may
then be written

D@ = (A”E;l%’ + (A, — Ay ﬁ*)du
v

(@=12) (13)

Pfannkuch (1963) determined experimentally A, = 1.8 = 0.4.
Bear (1969) proved A /A;; > 2. The very value of A, is uncertain,
but its order of magnitude is 107!, according to Fried and
Combarnous (1971).

The tensors given by Egs. (11) and (13) are valid only at large
Peclet numbers

P(l) > 1’ P@ >> 1 (14)
The Péclet numbers PV and P® are defined by
- Ua + W)id,

K

P@ (a=12) (15)
k is the molecular diffusivity of the tracer in the fluid.

According to Moranville et al. (1977 a) the dispersion tensor of
a transversely isotropic medium at large Péclet numbers is

— e w2
P = aolv]% + ay|olkk + a. 7
v
—r—a o0 - d >, w
kk +ag 2 + as(0k + kv)—
lv [v ‘O

&

+a

(16)

in the case of vertical symmetry axis. (w = v-%). Moranville et
al. (1977 a) showed that the coefficients are slightly velocity
dependent. In our approximate analysis, these coefficients are
treated as constants.

Equation (16) is also valid for a layered porous medium,
represented by average description as anisotropic. Let & de-
note the dispersion tensor in this macroscopic description

= (U? + WHHa & + a,kK)
"
(U? + wai
ay
YT
as
YT

<

(a2€ + ask k)

U7 + WRXUT + WE)

WUTE + URT + 2Wkk) 17)

CALCULATING DISPERSION COEFFICIENTS

Our aim is to determine a; (i = 0,1,2,3,4,5), expressed by A,
Au, dy, dg, hy and h,. Here, we consider examples of flows and
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tracer distributions which are suited for this purpose.

i) Consider the case © = Wk, C = C(x,t). A characteristic
velocity for the dispersion of a concentration front in x-direction
is denoted by . By utilizing Eqs. (10} and (13) we estimate

C oC
Tax

¥ being different in each layer givesrise to atendency of creating
avertical gradient in C. This tendency may be significant only at
time scales of the order (h; + hy)/W or less. We restrict our
attention to cases satisfying

o= —AydW S (@=12) 18)

Y<< W

Then the time scale of dispersion is much larger than the amount
of time being spent by any particle in one layer. Thus the
assumption C = C(x,t} is consistent. From Eq. (17) we find the
relevant component of the average dispersion tensor

511 = (a0 + ax)W 19)

The average transport of tracer mass in x-direction may be
expressed in two ways

= aC 1 ¢
D - N
" T it kg [ IR et

hg
+ [ pe 3¢ dz] (20)
ox

0

From Eq. (13) we find

D(lul) = A”Wdu (a = 1,2) (21)
This yields the formula
dhy + d:h
Qy + as = A" _"—‘_lhz T Zz—z (22)

ii) Consider the case v = Wk, C =C {z,t). A concentration
front moves in z-direction with a characteristic velocity W + ¢,
where

aC

Y= —-Ad, W Fo

(@ =1,2) (23)

We restrict our attention to cases satisfying ¢ << W, which
means that a “cloud” of tracer moves relatively far with the mean
flow before dispersing out. Assume dC/dz being approximately
constant in a region of length L within the cloud, where L >>
Max(h,,hs). The average transport of tracer mass due to disper-
sion in this regjon is expressed in two ways

= dc _ 1

0 dc
e o
Du = w7 [ R

dz

hg
+ [ g dC dz] 24)
0 dz

By utilizing Eqgs. (13) and (17) we find

dihy + dah,

ap+ ay + ax + as + a4 + 2a; = A, P

(25)

iii) Consider the case v=U%,C= C(z,t). The velocities are

- different in each layer, per Eq. (9). All exchange of fluid and

tracer mass through the layer is represented by the dispersion.
A stationary problem is now considered, with a constant trans-
port of tracer mass (may be realized by “sources” and “sinks”).
This requires

() o)
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The average transport of tracer is expressed by
= dc _ 1 * ,,( dc )‘“
”dz—h,+h2[/_ DY dz dz
+ f pe(4) 2] en
0
where we have introduced the average gradient
dac _ 1 dc \ v dc )(2)]
e ME) ol

By combining Eqs. (26)-(28) and utilizing (9), (13) and (17), we
finally obtain

+ 2
ay + a, = A” A (’}:; hg)
(G + 25 )udth + dha
(29)
iv) Consider the case v = U, where we assume C = f{x) at the

instant + = 0. The tracer mass transport in x-direction due to
dispersion at this instant is given in two ways

— aC 1 o ac
D, — = — D“’ N
" Tax h, + h, [ ax d

h2
+[ DR == dz|  (0)

By utilizing Eqgs. (9), (13) and (17) we obtain the formula
dih, + dih,
d¢h, + d3h,
v) Consider the case b= U?, where it is assumed that C =

g(y) at the instant ¢ = 0. The tracer mass transport in y-direction
at this instant is given in two ways

Qo +a,= A[ (31)

B, o 1 [ 0 Dy €
dy hi+ hy LJ- dy
he
+ Dy ] (32)
1]
Egs. (9), (13) and (17) are utilized, and we obtain
3
dih, + dsh, (33)

= Au T dih,

The first dispersion coefficient in Eq. (16) is hereby deter-
mined. The second one is determined from Eq. (29)

- d3?
R T iy
(T + K)(d he + dihy)
(34)
From Egs. (22) and (31) we further determine
_ hihy(d, — dz)z(dx + dy)
Al oy + R + 23R )
3 3
6= (A — A) Py ¥ dihe (36)

dih, + dih,

To determine a3 and a5, we have only one equation (25). One
more relation is needed. A more refined analysis than the
present one must then be applied. A flow with both U and W
non-zero must be considered, and the velocity influence on the
coefficients a; must be taken into account. In order to get a
consistent theory, all the previous results would have to be
modified. This is left for future work.

Moranville et al. (1977 a) found these constraints for the
dispersion coefficients of layered media

ao+a,+az+aa+a4+2a5>0 (37)
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g+ a, >0 (38)
ag+a4,>0 39)

gy + a;, >0 (40)

a, > a, 41)

a,>0 (42)

a, + a3 + a4 + 2a;>0 (43)
a, +a; +a; +2a,<0 (44)

Our results are in perfect accordance with all cight constraints
(37)-(44). Thus the limitations of our approximations are con-
cealed.

CONCLUSIONS

Expressions for the dispersion coefficients of layered porous
media have been derived. The analysis is approximate, based on
the assumption that the velocity influence on these coefficients
may be neglected. We found agreement with eight constraints
derived by Moranville et al. (1977 a).

A general theory of dispersion in anisotropic media was de-
veloped by Bear (1969). A serious disadvantage is the central
role of tortuosity in his theory, which causes obscure relations to
observable quantities. Directly applicable theories in this field
are still lacking. Crude approximations, like the present one,
may be useful to provide preliminary information.

NOTATION

a; = dispersion coefficients of transversely isotropic
media ( = 0,1,2,3,4,5)
a; = A = longitudinal dispersion coeflicient of isotropic
porous medium
an = A;d = lateral dispersion coefficient of isotropic po-
rous medium
Ay, Ay = numbers characterizing longitudinal and lateral dis-
persion, respectively, in an isotropic medium
= fi(s)fs(n) = proportionality factor defined by Eq. (2)
= concentration of tracer
= average concentration of tracer
= average grain diameter of layer a (a = 1,2)
= component of average dispersion tracer; indicesi and
j taking values (1,2,3) corresponding to (x, y, z)-
directions
= dispersion tensor

=2DUH:,

=77 + 7_7 + kk =
shape factor
porosity factor
height of layer (1)
_, = height of layer (2)
= unit vectors inx, y, z-direction
permeability of layer (1)
permeability of layer (2)
average horizontal permeability
= average vertical permeability
(Ui + WHi d,/k, Peclet number in layer (1)
(U2 + W’)i d,/k, Péclet number in layer (2)
= Ui + Wk = average velocity
= Ult + W,k = velocity in layer 4}

Ut + Wk = velocity in layer (2)
cartesian coordinates

R

DI Q0 e

[

® Ol

unit tensor

R QRN Eak-atvigdeng)
- N - ?,‘?
] ~
o,

oo

=
b3 Taf g

el CJ,C l

x, Y, 3

Greek Letters

8, = angle between velocity vector in layer (1) and
x-direction

8, = angle between velocity vector in layer (2) and
x-direction
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x = molecular diffusivity of tracer in fluid

¢ = ky/kyv = ratio between average permeabilities

¥ = velocity for the dispersion of a concentration front
Superscripts

(1) = quantity related to layer (1)

2 = quantity related to layer (2)

LITERATURE CITED

Bear, J., “Hydrodynamic Dispersion,” in R. de Wiest (Ed.), Flow-
Through Porous Media, Academic Press, New York (1969).

Bear, J., Dynamics of Fluids in Porous Media, American Elsevier, New
York (1972).

Fried, J. ]J., and M. A. Combarnous, “Dispersion in Porous Media,”
Adv. Hydrosci., 7, 169 (1971).

Fried, ]. ]., Groundwater Pollution, Elsevier, Amsterdam (1975).

Moranville, M. B., D. P. Kessler, and R. A. Greenkorn, “Directional
Dispersion Coeflicients in Anisotropic Porous Media,” Ind. Eng.
Chem. Fundam., 16, 327 (1977a).

Moranville, M. B., D. P. Kessler, and R. A. Greenkorn, “Dispersion in
Layered Porous Media,” AIChE J.. 23, 786 (1977h).

Pfannkuch, H. O., “Contribution a I'Etude des Déplacements de
F]uid;es Miscible dans un Milieu Poreux,” Rev. Inst. Fr. Pétr., 18,215
(1963).

Manuscript received May 23, and accepted July 23, 1979,

Kinetics of Parallel Dehydrogenation and Dehydration of
Cyclohexanol on NiO-Al,O; Catalyst Systems

Although several investigators (Emelyanov et al. 1972,
Rovskii et al. 1973, Ratnaswamy et al. 1970, Pillai and Kuloor
1974, Viswanathan and Yeddanapalli 1974) have studied of cy-
clohexanol decomposition, the reaction is more complex than
had been recognized (Athappan 1979). The decomposition of
cyclohexanol leading exclusively either to cyclohexene or to
cyclohexanone has frequently been used as a model reaction in
studying the mechanism of dehydration or dehydrogenation and
in testing corresponding catalysts (Morita et al. 1970, Kuriacose
#tal. 1968). A quantitative study of the kinetics and mechanisms
of the coupled systems, in general, where both reactions pro-
ceeded as parallel reactions has attracted little attention (Klis-
surskii et al. 1971, Jambor and Beranek 1975, Beranek 1975).

From the literature, it is evident that no systematic quantita-
tive analysis of the experimental data on decomposition of cy-
clohexanol over NiO-Al;O; system has been reported. Also,
values of the rate coefficients and adsorption coefficients are
unknown. Accuracy of the experimental data is of no guarantee
of successful kinetic analysis when the experimental program
suffers from lack of insight into the effect of different variables.
Froment (1975) discussed in detail the estimation of parameters
and emphasized the necessity of statistically testing the results.

In this investigation, increased emphasis is placed on model
discrimination and parameter estimation. The reaction was
studied at atmospheric pressure in the temperature range of
300-350°C where the homogeneous reaction was negligible. The
experimental results are analyzed on the basis of Langmuir-
Hinshelwood kinetics, with statistical interpretation to show the
real significance of mechanism determination with precise ex-
perimental data.

CATALYST PREPARATION AND CHARACTERIZATION

Alumina supported catalysts containing up to 20 wt. % NiO
were prepared by impregnating the alumina with an aqueous
solution of nickel nitrate hexahydrate and dried at 110°C for 2
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hours. The catalyst was then made into the cylindrical pellets,
activated at 450°C for 12 hours. The entire characterization of
the catalyst system by means of X-ray, i.r, d.t.a, t.g.a., electron
microscopy and B.E.T. Studies has been reported elsewhere
(Athappan 1979). The composition of the catalyst was chosen on
the basis of Athappan’s study, where it was established that the
activity passed through a maximum over a catalyst composition
of about 15% by weight of NiO on alumina calcined at 450°C for
12 hours. All runsin this study were performed exclusively with
the catalyst of this composition (surface area = 87 m%g). Cataly-
tic activity was defined as the number of moles of cyclohexanone
formed/unit time/unit weight of the catalyst under the following
conditions: feed liquid, pure cyclohexanol; W/F = 50
g/(gmole)(hr)™%; cyclindrical pellets (3 mm in diameter by 3 mm
in length).

APPARATUS AND PROCEDURE

The flow system with general experimental procedures and
method of analysis were described by Athappan (1979). To
establish the experimental conditions for which the reaction rate
was not influenced by external and internal diffusion, the
influence of space velocity, catalyst mass and particle size was
studied as in the usual manner (Ross and Walsh 1961). As aresult
of these preliminary studies, the kinetic measurements were
performed at flow rates from 0.57-5.7 moles hr=' (N.T.P.).

The cyclohexanol was fed by the calibrated metering pump
into a preheater, where it was mixed with diluent N, gas and
vaporized. The vapor was then led to the reactor containing the
catalyst bed. The temperature of the catalyst bed was measured
by an iron-constantan thermocouple located in a coaxial ther-
mowell. Temperature control was achieved by diluting the
catalyst bed with inert porcelain beads, .in the ratio of 1:5 by
volume. The main stream of the effluents from the reactor was
cooled by condenser. The liquid condensate was analyzed by
gas-chromatography and the gaseous products were metered.

A 254 mm long, 12 mm diameter, copper tube packed with
20% Carbowax 20M on Chromosorb. P. (30-100 mesh) was used
as an analyzing column in the chromatograph. Nitrogen was
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