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SCOPE

The prediction of flow behavior of mixed gases in
porous media under small pressure gradients is important
in manufacturing processes and in transport processes in
soils, The motivation for the present research was the
necessity to predict migration patterns of methane and
carbon dioxide in soils around sanitary landfills.

The flow processes involved are very complex. The
problem would be simpler if the flow process were purely
diffusional or purely pressure flow. However, gas gen-
erated in landfills exhibits high concentrations and total
pressures just greater than atmospheric. Thus, small total

pressure gradients and high partial pressure gradients
exist. The use of the term combined flow implies that
diffusional and pressure flow become competitive, and
neither can be ignored.

The pore sizes encountered in soils (and many packed

beds) are of just such a size that gas flow at atmospheric
pressure is accompanied by molecule to molecule as well
as molecule to soil collisions. Thus, both Knudsen diffu-
sion and bulk diffusion are involved in the flow process,
as implied in the use of the term transition region flow.

CONCLUSIONS AND SIGNIFICANCE

It was concluded from the study that the mathematical
expressions derived to describe the flow process gave
reasonable predictions of gas concentration as a function
of time. Moreover, examination of the results of the ana-
lytical predictions verified that the experimental system
met the criteria for combined transition region flow.

The conclusions are significant in that they show that
physical/mathematical models that have been developed
for simple flow conditions can be combined to predict
flow in the much more complicated systems that are
encountered in practical applications.

Excellent reviews of the large body of literature de-
voted to developing expressions for the transport of
gases in porous media have been presented by Young-
quist (1970), Gunn and King (1969), and Satterfield
and Cadle (1968), among others.

The central issue which is currently being addressed
by researchers, not only in flow of gases in porous media
but in all disciplines involving multicomponent systems,
is the degree to which the experimentally determined
parameters can be decoupled. In a fully decoupled ap-
proach, certain parameters unique to each gas and others
unique to the porous medium must be experimentally
determined; however, there is no necessity to determine
experimental parameters unique to the particular gas-
porous medium combination.

Various arguments may be presented for the degree
to which a given problem should be decoupled. If a
narrow range of alternative solutions to a particular
application is sought, it may be easier to perform experi-
ments to determine one or two coupled parameters than
to perform experiments to obtain decoupled parameters.
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Furthermore, such experiments not only provide data for
determining the required parameters but also offer con-
firmation (in a somewhat self-serving manner) of the
applicability of the theory to the particular system of
interest. A disadvantage of this approach is that the
data obtained are valid only for the particular system
studied.

A fully decoupled approach is preferred if a wide
range of systems is being studied or if a high degree of
optimization of system variables is to be undertaken.

The following observations can be made with respect
to the present state-of-the-art for flow of gases in a
generalized porous medium:

1. Analytical expressions have been derived for isobaric
multicomponent diffusional flow and for single-component
pressure flow. Only decoupled experimental parameters
are required.

2. Rational expressions have been developed for com-
bined pressure and diffusional flow. However, it is not
clear whether decoupled transport coefficients can be
obtained.

The objective of this paper is to present the experi-
mental verification of a rational, fully decoupled expres-
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sion for combined pressure and diffusional transition
region flow of gases in porous media. This objective is
met by deriving analytical expressions for the process,
by presenting experimental results, by analytically pre-
dicting the experimental results using decoupled param-
eters, and by discussing the degree to which the theory
is substantiated by the experiments and the degree to
which the experimental systems employed met the cri-
teria for combined transition region flow.

THEORY

Diffusional Flow in a Capillary Tube

As a gas flows isobarically in a capillary tube, its
progress is impeded by collisions with other gas molecules
and with the capillary walls. If only collisions with the
walls (Knudsen diffusion) are involved, the molecules
behave independently of each other, and the diffusion
equation for component i is given by Knudsen (1909) as

1 ops

—— Nxi? = Dy 1
RT Ki Ki 9z ( )
where

Dgi = 9.7 X 10_5'1'-% = K;'r (2)

If only collisions with other molecules (bulk diffusion)
occur, then the collisions may be between like or unlike
species of gas, and the diffusion equation for a multi-
component gas is given by

1 ap; _ Nlij - NJDx,- (3)
RT oz - i=1 Dijo
ki
When both wall and intermolecular collisions occur (transi-
tion region diffusion), Rothfeld (1963) and Scott and
Dullien (1962) used a flux momentum balance in an
open system and expressed the diffusion by

1 apg NP C N;'ij - N;ng
- it —— 4
RT o0z Dg; + fgl Dy “
i
Equation (4) can be solved for N; to give
N NP -1
x. —_— xi .
1 > | FTERp
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1 op;
 — 5
RT 9z (5)

Remick and Geankoplis (1973) treated this case for
binary gases.

Pressure Flow in a Cepillary Tube

If a total pressure gradient exists in a capillary tube,
transport will occur by Poiseuille flow and by slip flow
along the capillary walls, This type of flow may be
treated analogously to flow of compressible fluids in
tubes. Scott and Dullien (1962) used modern kinetic
theory to derive the following expression for multicom-
ponent gases:

e [ L ] P 9P
B 8,‘Lmix Smix RT 9z

The viscosity of the mixture is given by Wilke (1950)
and Buddenburg and Wilke (1949) as

(6)
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The mean molecular velocity v; is given by
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Substituting (10) into (9), we get
n
M; \%
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Combined Pressure and Diffusional Flow in a Capillary Tube

If both partial and total pressure gradients are present,
a combination of diffusional and pressure flows will occur.
Evans, Watson, and Mason (1962) have shown that the
combined flow may be given by the sum of the individual
contributions from diffusion and pressure flow, provided
that the pressure dependancy of Dj; is taken into con-
sideration. For component 4, the combined flow is

Ni'r - N,',D + x,-F = N,',D + NiP (12)
Substituting Equations (5) and (6) into (12), we get
N.D -1
n x. — x. ._;7__
1 7 TUNP
NiT — . N, 1 3P¢
Kir i=1 D;p° RT oz
r2 oP
- [ +— ] i (13)
8pmix Shnix RT oz

Generalization to a Porous Medium

The equations derived above all apply to flow in a
capillary tube of radius r. In generalizing to a porous
medium, it is necessary to account for the reduced flow
area due to the solid phase, the variety of pore sizes
which may be present, and the probable circuitous path
followed by a given gas molecule in traversing the me-
dium. The parallel pore model has been used with some
success and is relatively easy to apply. The approach is
predicated upon representing the porous medium as an
aggregation of parallel tubes, each of constant radius,
which simulate the pore size distribution of the medium
as determined by mercury porosimetry and/or nitrogen
adsorption. The sum of the volume fractions of each pore
size equals the macroscopic porosity of the medium.
While the determination of the pore size distribution may
be tedious, the conceptual level of detail corresponds to
that involved in obtaining the required decoupled gas
parameters employed in the previous sections.

The circuitousness of travel of a given molecule is
usually accounted for by a tortuosity factor. While this
factor has been approached analytically by Wheeler
(1955) and Petersen (1958), it is also frequently used
by researchers as a parameter which is adjusted to
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achieve agreement with experimental data (fudge factor
approach). Alzaydi (1975) has organized data from the
literature which show that such experimentally deter-
mined tortuosities increase with decreasing mean pore
size. This suggests that tortuosity might best be taken
as a function of pore radius. If we take this approach,
Equation (13) can be generalized for porous media as

NT = — 1 Tmzu fo(r) 1
I RT Tmin 1’(1') Kir
NP 3 -1
i X — X ——
b2 T ops
i=1 Dijo ) 0z
r2 r ] aP
i 14
+[8ﬂm+smk_p. > (14)

The function r(r) can either be taken as a constant (as
it will be for the present work), or it could be empirically
determined by fitting a curve through accumulated data
as proposed by Alzaydi (1975).

The fluxes must be determined within the constraints
of conservation of matter for each component:

1 opp  oN/T
RT ot 0z

(15)

Equations (14) and (15) constitute a system of simul-

taneous highly nonlinear parabolic partial differential equa-~

tions. Rai and Moore (1977) have discussed numerical

solutions for the general multicomponent and multidimen-

sional case. However, for the present work experimental

verification is limited to binary systems in one dimension.
For such systems, Equation (14) becomes

N = — 1 rmz'! fo(r) l( Dsp°Dga )
RT & = Dap® + PaDgp + PgDga
opa + ( DxaDxkp + 2
9z PaDks + pDra + Dap®  8pas
7 apP ]
16a
+ S )PA P (16a)
and Equation (13) becomes
1 9o N AT
Pa _ 274 (17a)
RT &t 9z

Analogous expressions for component B will not be
written but will be subsequently referred to as Equa-
tions (16b) and (17b).

Solution of the Binary Transport Equations
Egs. (16) and (17) can be written in more con-
cise notation:

1
NAT = (DAVPA + DpsAvP) (18(1)
RT
1
NgT = — —— (DpVpp + D,z VP) (18b)
RT
L = — N7 (19a)
RT T4~ 4 ¢
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w7 Pe = — VN&T (19b)
where
A _—
Tmin T DABO + PADKB + PBDKA
(20)
Tmax r D D
Dpsy = 2 fulr) ( xalDks
Tmin T PADKB + pBDKA + Dyg®
21
+ 8pan + Smix )Pa (21)

and similarly for component B.

( T)he solution is facilitated by rearranging Equations
19):

1
Ny =~ RT [(D4 + Dysa) Vpa + (Dpsa) Vpsl
(22a)
1
NpT = — AT [(Dg + Dys) Vpp + (Dypss) Vpal

(22b)

Equations (22) were solved using a finite-difference
predictor-corrector technique:

1. Predictor step. An explicit algorithm is used to solve
for pa and pp at the midtime interval. These values are
used to compute Dy, Dy, Dpsa, and Dysp.

2. Corrector step. A Crank-Nicolson (implicit) scheme
is used to compute ps and pp at the end of the time
interval

pa = VD,V + DpeaVps  (23)

( PattAt 4 pyt )
2

where the tilde denotes quantities estimated from the

predictor step. An analogous equation is solved for com-

ponent B. This approach is accurate and stable for pres-

sure differences of the order of 1 atm and only requires

the solution of three-banded matrices.

EXPERIMENTAL VERIFICATION PROGRAM

Apparatus

Experimental apparatus shown in Figure 1 was developed to
study the unsteady state combined E(I)lw of multicomponent
gases in packed columns. The glass sample tube, s, consists of
from one to four 0.91 m (3 ft) long sections. The tube has an
inside diameter of 0.0635 m (2.5 in.). Ports t are placed on
0.152 m (6 in.) centers along the tube to allow sampling of gas
and measurement of pressure.

The sampling tube is connected to a mixing chamber 1
which serves to mix the gases and control the inlet pressure.
Chamber pressure is measured by an electrical transducer k.
An electronic comparator circuit compares the actual pressure
with a reference voltage representing the desired pressure and
controls solenoid value i. When the solenoid valve is open, oil
flows from cylinders h to cylinder j, increasing the pressure in
the mixing chamber. When the reference pressure is reached,
the solenoid closes. A similar system is employed at the right
end of the sample tube. The detailed operating procedure is
given by Alzaydi (1975).

Tests Performed

The objective of the experimental program was to obtain
data for verifying equations (18) and (19) under conditions of
combined transition region flow. In order to accomplish this
objective, two packed powders were chosen. For uniform pores,
an Ottawa sawing sand (silica) was obtained from the Ottawa
silica company, Ottawa, Illinois. For distributed pore sizes, a
kaolinite clay was obtained in dry powdered form from
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Fig. 1. Experimental apparatus.
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R. T. Vanderbilt Company, New York. The pore size distribu-
tion curves for these materials as packed was determined by a
mercury injection method at the Gulf Research and Develop-
ment Company. The results are shown in Figure 2. The pore
size distribution for the Kaolinite clearly places the flow in the
transition region. For the sand, bulk diffusional flow probably
predominated.

In order to insure combined flow, relatively small pressure
differences (1.7 X 10% and 3.4 X 103 Pa) were imposed.
Combined flow was clearly present in the Kaolinite, whereas
in the sand, pressure flow probably predominated. In all tests,
the ambient pressure was 1.013 X 105 Pa. Additional data were
also obtainedP for pure isobaric diffusional flow.

The gases employed were nitrogen, methane, carbon
dioxide, oxygen, and air. The various experimental configura-
tions employed are summarized in Table 1.

ANALYTICAL PREDICTION OF EXPERIMENTAL RESULTS

The computer code previously described was used
to predict the experimental results, The input data re-
quired for the gases are summarized in Table 2.
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The properties of the porous media include tortuosity
and pore size distribution. For sand, » = 1.1, and for
Kaolinite, + = 1.5. The pore size distributions as in-
crementally approximated based on the curves of Figure
2 are given in Table 3.

The initial pressure within the sample tube was taken
as 1.0183 X 10° Pa, and the pressure at the invading gas
end was 1.013 X 105, 1.030 X 105, and 1.048 X 10° Pa.
The temperature was 298°K. In some cases, it was found
that the experimental apparatus was not capable of
maintaining the desired boundary condition at the in-
vading gas end of the sample tube. In these cases, the
boundary condition at the end was varied in the com-
puter program to match the actual measured boundary
condition.

Based on these input data, the computer program
predicted partial and total pressures as a function of
time and position along the sample tube. In the figures
to be presented subsequently, these predicted results are
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Fig. 2. Pore size distribution curves for soils used.

shown as solid lines which may be compared with the
experimental data.

Comparison of Experimental and Analytical Results

Forced flow of gases in sand (air-air, nitrogen-nitrogen,
oxygen-oxygen, carbon dioxide-carbon dioxide, methane-
methane): In all cases, a linear total pressure gradient
was achieved within 60 s. Therefore, the time dependent
behavior was not observed. However, the linear pressure
gradient at steady state is as predicted by the theory.

Forced flow of air in Kaolinite: As shown in Figure 3a,
the anticipated linear pressure gradient was reached within
1,000 s. In general, the experimental data lead the theo-
retical predicted values slightly.

Pure diffusional flow in sand (methane into nitrogen,
carbon dioxide into nitrogen): Figure 3b shows the pure
diffusional fHow for methane into nitrogen. At steady
state, a concave downward profile exists because the
molecular weight of methane is less than that of nitrogen.
However, the degree of concavity is slightly higher in
the experimental data than that predicted by theory.
Figure 3c presents the results for carbon dioxide into
nitrogen, At steady state, a concave upward profile de-
velops because the molecular weight of carbon dioxide
is higher than that of nitrogen. Again, the experimental
degree of concavity is greater than that predicted theo-
retically.

Diffusional and combined diffusional and forced flow
of methane into nitrogen in Kaolinite: Figures 4a through
c present the results of a sequence of tests designed to
investigate pure diffusional and combined pressure and
diffusional flow of methane into nitrogen in Kaolinite.
The pure diffusional flow data of Figure 4a show the
anticipated concave downward profile. When a small
total pressure gradient is introduced (Figures 4b and c),
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the steady state profile shows an accentuated concavity.
In general, the concavity of the experimental data is
somewhat less than that predicted analytically.

Diffusional and combined diffusional and forced flow
of carbon dioxide into nitrogen in Kaolinite: Figures 4d
through f show the results of a series of tests designed to
investigate pure diffusional and combined pressure and
diffusional flow of carbon dioxide into nitrogen in Kaolin-
ite. For the purely diffusional flow (Figure 4d), the
steady state profile shows a concavity upward as pre-
dicted by theory. However, as shown in Figures 4¢ and f,
a small imposed total pressure gradient reverses the
concavity so that both pressure flow curves are concave
downward.

Assessment of the Experimental Verification of the Theory

The agreement between the experimental data and
the analytical results is within the accuracy of the tech-
niques employed. In those instances where there are
noticeable discrepancies, there is no consistent trend
shown. Thus, it may be concluded that the theory ade-
quately represents the physical process manifested in
the experimental conditions.

DISCUSSION

Several important aspects of the flow process were
exhibited in the experiments. In order to present these
aspects in the clearest manner, some purely analytical
results will be examined. The purpose of this develop-
ment is to present qualitatively interesting aspects of
the combined pressure and diffusional flow process in
the transition region and to demonstrate that the experi-
mental systems employed yield data within this desired
region,
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Invading gas

Na

CH,

CO2z

Oz
Air

Na

1.048 (s)

1.013 (s, k)
1.030 (s, k)
1.048 (s, k)

1.013 (s, k)
1.030 (s, k)
1.048 (s, k)

TabLE 1. EXPERIMENTAL PROGRAM®

Ambient gas

CHy

1.048 (s)

COg

1.048 (s)

Air

1.048 (s, k)

® Numbers denote invading gas pressure in Pascals x 10-5, Ambient gas pressure is 1.013 X 105 Pa, Letters denote experiments in sand (s) and

Kaolinite (k).

TaBLE 2. DATA FOR GASES

Value
Parameter Ng CHy COq Oz Joint
M; (g/mole) 28.02 16.05 44.01 32.00 —
u; {Ns/m?) 1.8 X 10-3 1.1 x 10—3 1.5 x 105 2.0 x 105 1.8 x 10—5 —_—
2
Dag® ( Pam ) X X 1.57 x 10-5
$
X 2.22 x 10—5
TaBLE 3. Pore Srze DISTRIBUTION
B " (m) fo)
105k T o) tse
.:9 THEORETICAL Kaolinite: 7 X 10— 0.028
x 3 X 10— 0.056
S 1.04 1x 10— 0.084
E 4 x 10— 0.084
2 103 1.2 x 106 0.084
o 7% 10-7 0.084
x 4x 107 0.084
102 22 % 10—7 0.084
1.1 X 10—7 0.056
o1 3 x 108 0.056
1 ! Sum = 0.70 = porosity
o -30 40 90 Sand: 4 x 10— 0.306
DISTANCE (m) 3 X 10— 0.034
Fig. 3{(a). Pressure flow of gir into gir in kaolinite, Sum = 0.3 = porosity
L oag ny ! P
o ::.V:D.NG cas IPRESSUNE:OI.(;IJI‘Q’ el o INVADING GAS PRESSURE:1,013 x 10° Po)
£ el I B o' 2 ST L0 '
> 'IOOP TIME (MIN). 80 <07, 240 (A}, 1440 (D) 100 TIME (MNT- 80 zogumm,rz:mm
& o0 cocmmera 8 08 © prmmen
< 9 80
g g «
2 2
g O 40
4 2
a a
§ ‘2‘ 20
[s] [}
[) 30 .60 90 [ 30 .60 90

DISTANCE (m))

Fig. 3(b). Diffusional flow of methane into nitrogen in sand.
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Fig. 3(c). Diffusional flow of carbon dioxide into nitrogen in sand.
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INVADING GAS : CHy
INITIAL GAS: N,
INVADING GAS PRESSUREILOI3 x 10° Pg
IMTIAL GAS PRESSUAE:1.O13x10° P
SOIL TYPE: KAOLINITE
TIME (MiN}: 90 (O), 360 (A)
O A EXPERIMENTAL
THEORETICAL

100

@
o
1

INVADING GAS MOLE FRACTION (%)
o
[=]
o

&
40—
o 360
20— 0 A
a
o
a
0 i Q |
[+ .30 .60 90

DISTANCE (m)
Fig. 4(a). Diffusional flow of methane into nitrogen in kaolinite.
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Fig. 4(c). Combined flow of methane into nitrogen in kaolinite.

INVADING GAS: CDZ
INITIAL GAS: N,
INVADING GAS ‘PRESSURE:1.030x10° Pa
INITIAL GAS PRESSURE:1.O13X10°Pa
100 SOIL TYPE: KAGLINITE

TIME {MIN): 60(0), 180(3), 630 ()
O A D EXPERIMENTAL
THEORETICAL

®
z
Q
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wy Y
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Fig. 4(e). Combined flow of carbon dioxide into nitrogen in kaolinite.

Figure 5 presents analytical results for pure diffusional
flow of methane and of carbon dioxide into nitrogen in
Kaolinite. The time corresponds essentially to steady
state, and the curves for methane and carbon dioxide
are comparable to the high time curves for Figures 3b
and ¢, respectively. Superposition of the two curves shows
that at steady state, the carbon dioxide profile is concave
upward, while the methane profile is concave downward.
The curvature occurs because the Knudsen diffusion co-
efficient as given by Equation (2) for the invading gas
(methane or carbon dioxide) is different than that for
the initial gas (nitrogen). This difference arises because
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Fig. 4(b). Combined flow of methane into nitrogen in kaolinite.
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Fig. 4(d). Diffusional

flow of carbon dioxide into nitrogen in
kaolinite.
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Fig. 4(f). Combined flow of carbon dioxide into nitrogen in kaolinite.

of differences in the molecular weights of the gases, For
comparison, data for a hypothetical A labeled nitrogen
diffusing into an identical B labeled nitrogen is also
presented in Figure 5. Here, at steady state, the concen-
tration profile of A labeled nitrogen is linear. Reference
to Equation (4) written for components A and B shows
that Dg, differs from Dgp [see Equation (2)], whereas
Dsp is equal to Dgs. Thus, any nonlinearity in the
steady state isobaric concentration profile must be attrib-
utable to the presence of Knudsen flow. The fact that
such nonlinearity exists for methane and for carbon
dioxide in Figure 5 supports the conclusion that both
Knudsen and bulk diffusion processes were significant
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Fig. 6. Flow parameters for combined flow of carbon dioxide into
nitrogen,

for the experimental system employing Kaolinite.

In order to document that combined pressure and
diffusional flow were treated and to illustrate some
characteristics of such a flow system, analytical data
were obtained for carbon dioxide flowing into nitrogen
under a pressure difference of 3.4 X 10% Pa in Kaolinite.
This corresponds to the system shown in Figure 4f. The
data for ¢ = 7,200 s (nonsteady state) is shown in
Figure 6. The upper curve (Figurc 6a) shows the con-
centration profile of carbon dioxide on an arithmetic
scale. The S shape of the curve is an indication that both
pressure and diffusional processes are operative. Figure
6b substantiates this conclusion by presenting other per-
tinent data estracted from the computer solution and
referenced to Equation (18). The product D4 VP repre-
sents the pressure related flux of component A, while the
product DsVp, represents the diffusional flux of com-
ponent A. It may be seen that the pressure flux dominates
at the left end of the tube, whereas the diffusional flux
dominates at the right end. Thus, it may be concluded
that both Poiseuille and diffusional processes were sig-
nificant for the experimental system employing Kaolinite.

Two points of analytical interest are also shown in
Figure 6b. First the diffusion coefficients D, and, more
particularly, Dp,s are scen to vary considerably with
position. A similar variation was noted in time. Thus,
approximate approaches to analysis involving constant
diffusion coefficients could introduce considerable error.
Second, the ratio of the diffusional flux of component A
to the diffusional flux of component B is represented in
Figure 6b by —D,4Vpa/DpVpy. Much discussion is de-
voted in the literature to the value of this flux ratio. For
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isobaric diffusion, this ratio can be shown analytically to
be equal to \/Mp/M,, facilitating the solution of Equa-
tion (14). However, this is not the case for nonsteady
state pressure and diffusional flow. Nevertheless, the
flux ratio shown in Figure 6b varies from 0.811 to 0.846.
These values are not greatly different from the square
root molecular weight ratio (0.797). It is important to
note, however, that this would not likely be the case
for higher pressure differences.

NOTATION

A, B = substitutes for i and j in a binary gas system

D, = diffusion coefficient defined by Equation (18)

Dy° = bulk diffusion coefficient for gas combination i,
at 1 atm

Dyg; = Knudsen diffusion coefficient

Dysa = diffusion coefficient defined by Equation (19)

F = total pressure flow flux

fo(r) = volume fraction of sample composed of pores
having radius, r

i,§ = gas types

K; = Knudsen diffusivity

M; = molecular weight of component i

n = number of gas types in a multicomponent system

N; = diffusion flux of component

N = pressure flux of component i

N;T = total flux for component i

Nk; = Knudsen diffusional flux for component i

P = total pressure

P = 8P/at = time rate of change of total pressure

pi = partial pressure of component {

pi = 8pi/dt = time rate of change of partial pressure
of component i

R = gas constant

r = capillary or pore radius {m)

fmin = smallest pore radius

Tmax = largest pore radius

Smix = parameter for slip flow in mixed gas

T = temperature (°K)

t = time

©v; = mean thermal velocity of gas i

x; = mole fraction of gas i

2 = spatial coordinate

Greek Letters

At = time increment for numerical solution

V = operator 4/9z

wi = viscosity of gas i

pmix = Viscosity of mixed gases

®; = parameter for computing viscosity of mixed gases
T = tortuosity
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Collocation Solution of Creeping Newtonian
Flow Through Periodically Constricted Tubes
with Piecewise Continuous Wall Profile

MARIANO A. NEIRA

A collocation solution of creeping Newtonian flow through periodically and

constricted tubes is obtained. The profile of the wall of the type of tube
considered is piecewise continuous, composed of symmetric parabolic seg-
ments. A transformation of the domain of interest into a rectangular one is
obtained, which allows satisfaction of all boundary conditions. The colloca-
tion solution gives the stream function in terms of the new independent vari-
ables and can easily be converted to the original cylindrical coordinates.
Axial and radial velocity components are obtained in analytical form, and the
pressure drop is calculated from a volume integration of the viscous dissipa-
tion function as well as from line integration of the Navier-Stokes equation.
The results are compared with the finite-difference solution by Payatakes
et al. (1973b) and are found in good agreement. Differences between the
two solutions are attributed mainly to discretization error in the finite-differ-
ence solution. The analytical expressions obtained from the collocation solu-
tion can be used together with porous media models of the constricted unit
cell type for the modeling of processes taking place in granular porous media.

SCOPE

A. C. PAYATAKES

Chemical Engineering Department
University of Houston
Houston, Texas 77004

The problem of laminar flow through periodically con-
stricted tubes usually arises in connection with porous
media modeling. Petersen (1958) used this concept to de-
rive an expression for the effective diffusion coefficient in
porous pellets. Houpeurt (1959), independently, consid-
ered periodically constricted tubes as building elements in
his analysis of flow through porous media. These authors,
however, did not propose a method for the determination
of the geometry of the periodically constricted tubes from
experimental measurements, nor did they solve the asso-
ciated flow problem.

Payatakes, Tien, and Turian (19734) developed a model
for granular porous media which employs unit cells that
resemble segments of constricted tubes and the geometry
and size distribution of which are determined from simple
experimental measurements. They postulated that the flow
through a given unit cell is identical to that through a seg-
ment of the corresponding periodically constricted tube.

0001-1541/78/9195-0043/$01.35 © 1978, American Institute of
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The latter problem was solved in Payatakes, Tien, and
Turian (1973b) using a finite-difference method of the
stream function-vorticity type. That method can be ap-
plied to periodically constricted tubes with different types
of wall geometries, even with discontinuities (see also
Payatakes, Tien, and Turian, 1973c), and it retains the
nonlinear terms of the equation of motion. The porous
media model of Payatakes et al. (19734, b) was used as
basis for the modeling of liquid filtration in deep granular
beds with good results (Payatakes, Tien, and Turian,
1974a, b; Payatakes, Brown, and Tien, 1977; Rajagopalan
and Tien, 1976).

Payatakes and Neira (1977) developed a generalized ver-
sion of the Payatakes et al. (1973a) model by including the
random orientation of the unit cells and superimposing a
random network structure which accounts for the pore in-
terconnectivity.

Slattery (1974) and Oh and Slattery (1976) used peri-
odically constricted tubes in the analysis of the forces act-
ing on oil ganglia during tertiary oil recovery by flooding in
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