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Abstract—In the present study, fluid flow characteristics of a porous layer overlaid by a fluid
layer were investigated through experiments. The experimental results were analyzed in comparison
with theoretical results of a porous medium bounded by impermeable walls. With spheres, the slip
coefficient was found to be 0.0107 for Poiseuille flow over a porous layer. As the permeability decrea-
sed, the experimental results approached the values calculated by Darcy’s law and Forchheimer's
equation. In addition, the effects of the presence of a fluid layer over a porous medium were examined
in terms of the friction factor. The present experimental data placed in the range of the Darcy to
the non-Darcy region are shown to be in reasonable agreement with the proposed correlation.

INTRODUCTION

There is an increasing interest in flow through
fluid-saturated porous media because of the frequent
occurrence of such a system in natural and industrial
environments. A fluid flow in porous media can often
be encountered in crude oil recovery processes and
in underground water reservoirs. A fluid flow charac-
teristic in these systems largely depends on physical
properties and geometrical structure of a porous ma-
terial and its physical information may provide a use-
ful technique for an enhanced oil recovery and under-
ground water utilization system. In industrial equip-
ment, packed towers, geothermal operations, solar
ponds, and nuclear repositories can be treated as porous
media through which various fluids flow. In addition,
a separation process using membrane as well as soli-
dification of melted material can be included as such
a system. Also the blood flow or accumulation in a
pulmonary alveolar may cause instabilities that are
related to the pathological conditions and an intersti-
tial structure of lungs, and blood vessels can be ideali-
zed into porous media [1-3].

Experimental and theoretical studies on transport
phenomena in porous media have been performed in-
tensively since Darcy [4] reported Darcy’s law in
1856. Since then Darcy’s law has been modified by
incorporating the boundary and inertial effects into
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Darcy’s law. In 1901, Forchheimer [5] proposed an
equation that can be applied to high-speed flow. An
empirical equation using a hydraulic radius model was
proposed by Carman [6] in 1937. For flow through
a porous medium with a high permeability, Brinkman
[7] argued that a frictional term must be added to
Darcy’s law in order to represent the momentum bound-
ary layer adjacent to the rigid wall. In 1952, Ergun
(81 proposed a correlation that expands the Carman-
Kozeny’s hydraulic radius theory. In 1981, Vafai and
Tien [9] gave a semi-empirical equation that takes
into account both the boundary layer effect and the
non-Darcy effect. These equations show the deviation
from Darcy’s law at high velocities.

When a fluid-saturated porous medium is overlaid
by a fluid layer, the transport phenomenon of one la-
ver is influenced by that of the other layer and this
interaction is affected not only by the physical proper-
ties and the structure of each layer but also by the
condition of the interface between two layers. The
systematic study of flow through the coupled layer
of fluid and a porous medium constitutes rather a re-
cent development in fluid mechanics. A problem with
the boundary condition between different layers takes
place when the Navier-Stokes equation is used for
the flow in a fluid layer and Darcy’s law for the flow
in a porous medium. In 1967, Beavers and Joseph [10]
pointed out that the no-slip boundary condition is no
longer valid at the interface, and their new boundary
condition is called the BJ-slip condition. The BJ-slip
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condition has been justified to a certain degree [10-
12].

But limited experimental data on the coupled fluid
and porous layers are available since a few conditions
that are necessary for analyzing the system may hard-
ly be applied to experiments. For example, it is strict-
ly required to alleviate the pressure difference be-
tween the upper and the lower layers in order not
to cause vertical flows when horizontal parallel flows
are analyzed. As Saffman [13] notified, the transition
region and the precise definition of the nominal bound-
ary are required to describe the slip velocity to high-
er order in precision. In theoretical calculation, the
location of the nominal boundary surface will vary the
slip coefficient to a large extent. In general, center
line of particles of the upper top layer is taken as
the nominal boundary.

Nield [14] used the BJ-slip condition for analyzing
the onset of natural convection in a porous medium
and criticized the danger of using the Brinkman equa-
tion with the no-slip condition. On the other hand,
Vafai and Thiyagaraja [15] extended the Darcy’s law
with the continuity equation and no-slip condition to
analyze the heat transfer mechanism in coupled po-
rous and fluid layers.

In the present study, experimental data for various
conditions are reported. Many efforts were exerted
to measure an amount of flow of each channel with
almost no vertical flow, and gathering more data above
the Darcy regime. These data are compared with exist-
ing experimental data for packed columns and the
values calculated by Darcy’s law and the Forchheimer
equation, In addition, a correlation which can be ap-
plied to the range from the Darcy to the non-Darcy
regime, using modified Reynolds number and the fric-
tion factor, is suggested.

EXPERIMENTS

The experimental apparatus was designed similarly
to that of Beavers and Joseph [10]. Most parts of
the apparatus including the upstream and the down-
stream plenums were made of Plexiglas® and the
porous medium consisted of uniform spherical glass
beads which were randomly packed inside a rectangu-
lar wire mesh. Fig. 1 shows a schematic view of the
apparatus. A rectangular wire mesh which was ran-
domly packed with spherical glass beads was inserted
into the channel. The size of channel was 150X8X4
cm (length, width and height, respectively) and the
rectangular wire mesh used during the course of the
experiments were 8 cm wide and 20 cm long. Its po-
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Fig. 1. Schematic of experimental apparatus.

A: Upstream plenum B: Downstream plenum
D: Pump
F: Porous medium

C: Reservoir
E: Manometer taps

rous-layer height varied from 1.5 ¢cm to 3 cm.

The liquid (distilled water) levels of the upstream
and downstream plenums were controlled by bypass
valves for any desired height. Identical axial pressure
gradients were imposed on the channel and the po-
rous medium to give rise to parallel axial flows. Con-
stant heads of the upstream and the downstream ple-
nums and no pressure difference between the upper
fluid layer and the lower porous medium were main-
tained by adjusting bypass valves of the upstream and
the downstream plenum. At the downstream end of
the porous medium, a sharp-edged divider plate (0.1
cm thick) set to the same height as the top of the
porous layer was located and separated the efflux
from the channel from that through the porous layer.
The separated effluxes were guided to different ple-
nums, respectively. The volumetric flow rate for each
channel was measured separately by collecting flows
from the exit of each plenum through the efflux valve
for the constant time interval. The diameter of uni-
form particles which were used to fill in a rectangular
wire was 0.45, 0.83, 2.93 and 4.93 mm each. The size
of spherical particles constituting the porous medium
ranged from 0.45 mm to 4.93 mm so that the permea-
bility of the porous media ranged from 6.2X10 " to
3.7%X107% m® For example, the permeability of a po-
rous medium was 6.2X 107" m?* for 0.45-mm particles
and 3.7X10°% m? for 4.93-mm particles.

The required head was obtained by controlling the
efflux valves of the downstream plenum while main-
taining a uniform liquid level in the upstream plenum.
It took 5 to 30 minutes to reach a steady state of
the liquid height without fluctuation. Almost no dy-
namic pressure difference existed between the upper
fluid layer and the lower porous layer. Also, identical,
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Fig. 2. Interface region between porous and fluid layers.

uniform axial pressure gradients in the channel and
the porous medium were maintained. The manome-
ters connected to pressure taps were used to check
this pressure difference. Pressure taps were located
along the length of the upper and the lower plates
at 2 cm intervals. The pressure and flow rate were
measured 5 times for each run and average values
were used for the analysis.

THEORETICAL ASPECTS

1. Lower Porous Layer

The velocity profile in coupled porous and fluid la-
yers can be represented as shown in Fig. 2. The axial
and vertical coordinates are, respectively, x and y. The
vertical distance y is measured from the interface be-
tween a porous layer and a fluid layer. The charateris-
tic distance & is used to represent the boundary layer
of a porous medium and the order of magnitude of
§ is the diameter of a particle d. The pressure and
the velocity vary continuously in this boundary layer.
An analysis of this system can be conducted by ne-
glecting the velocity change in the boundary layer
with 8—0, in a macroscopic view. On the other hand,
a rapid change of the velocity in the boundary layer
can be taken into account.

Darcy’s law describing flow characteristics in a po-
rous medium is given by

V=——— 68
where, V represents the mean permeation velocity,
K the permeability and u the fluid viscosity. This mac-
roscopic representation of Darcy’s law, however, can
be applied to only a few simple structure since the
flow pass through the complex three-dimensional
space. The semiheuristic models as capillary models
and drag models [16] are being studied for a compli-
cated porous medium. K may be obtained from the
Carman-Kozeny equation based on the hydraulic ra-
dius model :

July, 1994

e’d?

K=Ts0a—er

@

where ¢ represents the porosity. Ergun [8] proposed

the following empirical equation which extends the

Eq. (1) with Eqgs. (2) and (7) to a high speed range :
B IRPNCE i S T
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Darcy’s law neglects the effect of inertial forces and
the flow near the wall or the interface between a fluid
and a porous medium. When the fluid velocity or the
porosity increases, discrepancy to Eq. (1) accumulates.
Brinkman’s equation is often used to explain the flow
in the boundary layer. Forchheimer [5] argued that
the inertial term be included and Vafai et al. [9, 15]
considered both the inertial force and the boundary
layer effect. The related equations are summarized
as follows :

(Forchheimer’s equation)

_dP_pg eB
x KKV @

(Brinkman’s equation)

__d.E Mg s dzv

= KMy ©)
(Vafai's equation)
_dP_pg By m &V

dx KV v g dy? ©)

where p represents the fluid density, B the Forchhei-
mer coefficient and p* the effective viscosity. B can
be written as

1.75d
B —_

T 150(1—¢) @

With Darcy’s law, the fluid velocity is assumed to
be proportional to the pressure difference in a porous
medium. But when the fluid velocity is so high, that
is, in the non-Darcy regime, most of experimental re-
sults deviate from linearity and show proportionality
to the square of the fluid velocity [17]:

dpP - -
——— =auV+bpVv?

o au bB 8
where a and b are constants which depend on the
characteristics of a porous medium. For very slow
flow, Eq. (8) reduces to Darcy’s law that the constant
a must equal 1/K. Upon changing Eq. (8), we get
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1 ( dP ) 1 pV
—_—_ ] :—+ —
uv dx K b n ©)
When (—dP/dx)/(uV) is plotted with pV/u, the per-
meability K can be determined from the vertical inter-
cept.
2. Upper Fluid Layer

The velocity profile in the upper channel obeys the
Navier-Stokes equation for laminar flow :

dP _ d%

x My (10)
The boundary condition for the upper fluid channel
are given by

u=0 at y=h; (11)
du _ «a T P
dy —W(us V) at y=0 (12)

where o is the slip coefficient. Eq. (12) is the well
known B-J condition [10] and u, is the slip velocity
at the interface. The solution of Eq. (10) subject to
Egs. (11) and (12) yields the velocity profile in the
upper channel as

sl ol (B o) oo

The average velocity u and the slip velocity u, are
obtained from the above equations :

1 ﬂ) Y
v 12u(dx hit+ (14

(15)

oo k(e

—711_ 1+ao dx

where c:hl/\/K
An accurate value of « is required because it plays

a vital role in analyzing a fluid flow and heat transfer

between a fluid layer and a porous medium. The volu-

metric flow rate Q for a channel of width W and height

h; is given by

1 AP U, }

Pt A4
p LM

Q:Whl{ (16)
where L is the length of the channel. The volumetric
flow rate of Poiseuille flow through a channel bounded
by impermeable walls is given by

_ WhAP

QO‘_ 12HL Fs (17)

where F, denotes the shape factor. The flow through
a channel bounded by solid walls can be written with

2 d=4.93 mm
( ny=0.03 m

Q L 1 ! |
0 5300 10000 15000 20000 25000

P V/u
Fig. 3. Experimental data plotted as a function of pV/p
and (—dP/dx)/(uV).

the flow bounded by a porous medium as

Q +1((54-20.)

Q o(l+0o) (18)

This equation represents the increased portion of the
volumetric flow rate due to the presence of a porous
wall. Therefore, after the ratio Q/Qp is plotted as a
function of o, the slip coefficient « is obtained by using
the least square method.

RESULTS AND DISCUSSION

1. Permeability and Slip Coefficient

One of the most important parameters in the pre-
sent study is the permeability K. The permeability
may be obtained by experimental data with Darcy's
law, statistical models or hydraulic radius model theo-
ry. However, as the flow rate examined in the present
study exceeded the Darcy regime for most cases, Da-
rcy's law could not be simply applied. As was done
by Beavers and Sparrow [ 18], when the present ex-
perimental results are plotted by using pV/u as the
abscissa and (—dP/dx)/(uV) as the ordinate variable,
(—dP/dx)/(uV) is observed to be a linear function of
pV/u as is shown in Fig. 3. So, it is considered that
the approach of Muskat [17] and Beavers and Spar-
row [ 18] in which a porous medium is bound by four
solid walls can be applied to the present porous me-
dium, one of whose bounding walls is a fluid layer.
The permeabilities calculated by this method are lis-
ted in Table 1 in terms of the particle size and the
height of porous media. It is shown that the permeabi-
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Table 1. Estimated K values for different d and h,

d (mm) Ly
h, (m) Experimental data Ergun equation
493 0.030 3.93x107*% 240Xx10°8
0.020 3.70X10°8
0.015 3.70X 108
0.010 393x10°8
2.96 0.030 1.28X 10710 6.95X 10 °
0.020 1.40%10°1°
0.015 139Xx10°1©
0.010 1.40x10°1°
0.83 0.030 3.88X10° 1 3.88X107W
0.020 394X10° W
0.015 446X10° 1
0.010 443X10°"
045 0.030 6.24Xx10 1 6.20x10° 1
0.020 6641071
0.015 6.72X10° 1
0.010 7.26X 1071

lities obtained in the present experiment are larger
than those calculated from Carman-Kozeny Eq. (2) and
for a constant particle size, experimental values of per-
meabilities increase with the height of porous me-
dia.

The Beavers-Joseph method was applied to obtain
the slip coefficient a. Experimental data within the
laminar regime were used so that slip coefficients
could be obtained from Eq. (18). The determined val-
ues of a range from 0.0096 to 0.012. Considering the
argument of Taylor [12] that o depends only on the
structure of porous medium and it is almost indepen-
dent on the height of the layer except a small range
of the layer height (order of K?), its average value
0.0107 can be taken as the slip coefficient in the pre-
sent system. This value is close to that of Rajasekhara
[19], who obtained 0.01 for the value of a when using
sand as a porous medium.

2. Lower Porous Layer

Compared to accumulated data on fluid flow th-
rough a porous medium bounded by four solid walls,
only a few experimental data on fluid flow in a porous
medium overlaid by a fluid layer are available. In 1950,
Brownell et al. {20] performed experiments employ-
ing a circular tube packed with various particles and
presented a relationship between a modified friction
factor and a modified Reynolds number. In Figs. 4
to 7 the present data are compared with their experi-
mental data to show difference of existence of a po-
rous bounding wall, as well as Darcy’s law and For-
chheimer’s equation. It can be found that the fluid
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Fig. 4. Comparison of present experimental data with pre-
vious results for d=4.93 mm.
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Fig. 5. Comparison of present experimental data with pre-
vious results for d=2.96 mm.

velocity V decreases with a decrease in particle size
for a given AP. As the thickness of a porous layer
decreased and the permeability increased, the increa-
sed slip velocity and flow velocity in an upper fluid
layer affected the average velocity in a lower porous
layer more strongly. With a decrease in particle size
the present data followed Darcy’'s law, as shown in
the figures. But for a lager particle system the present
data were close to Brownell et al’s.

Attention will now be directed to the presentation
of the experimental data in terms of the dimensionless
groups Re, and f,. The modified Reynolds number and
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Fig. 6. Comparison of present experimental data with pre-
vious results for d=0.83 mm.
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Fig. 7. Comparison of present experimental data with pre-
vious results for d=0.45 mm.

modified friction factor by Beavers and Joseph [18]
are used here and they are defined as:

Re,, = “mu@' (19)
= (AP/LVK 20

Vp
Now, by using the above relations, Eq. (9) can be trans-
formed to

fb:—l +C 21)

r lower flow
10 * g¢ hz=0.03m

10°E
° L
S 102k
i q =1/Re,+0.729
10 _E_ b / b
E ) \"',A..
1 E .
b Darcy's eq.
10-‘ -t ~4 -3 -2 ‘
107 10 10 10 - 10~ 1 10

Reh
Fig. 8. Comparison of correlation (21) with experimental
data for h,=0.03 m.

0.80
0.75 O Present study
o C=0.7483/(140.12 hy/hy)
070
o
cC
T 0.65 o
it
%)
g o
060
o
0.55
0.50 - 1 L \
0 1 2 3 4
hy/ha
Fig. 9. Comparison of correlation (22) with experimental
data.

The value of C for each set of experimental data is
listed in the figures. The plot of Re, vs. f, for the
experimental data and Darcy’s equation are shown in
Fig. 8. Fig. 9 shows that the C value decreases as
the height of a porous medium decreases. It is as-
sumed that the C values contain the effect of the var-
iation of the ratio hi/h, as well as the effect of the
permeability change. The solid line in the figure can
be correlated by
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o= 0.7483h @2
1+0.12—+
h

where h, represents the fluid layer thickness and h,

porous layer thickness. Consequently the following re-
lationship is produced :

. R_1 . ().7483h 23
© (1+0.12h‘>

This correlation covers the present data well in the
range of Re<10 and 0.33<h,/h;<3 with h;+h,=4 cm.
Another type of correlation based on the Ergun equa-
tion was tested but data scattering became severe with
an increase in particle size.

As hy/h, approaches zero, which means the channel
is completely filled with spheres, the constant C in
the present system becomes 0.75 as a limiting case.
For a fluid flow through various porous media, Eq.
(21) with C=0.55 for particulate media was suggested
by Ward [21], while C=0.40 for glass spheres and
0.566 for lead shot were suggested by Brownell et
al. [20] and Lindquist [22], respectively. For a chan-
nel filled with metal fibers, Beavers et al. [18] pro-
posed C=0.074. Therefore it is stated that C is de-
pendent on the particulate shape and flow properties.

CONCLUSION

The factors affecting a volumetric flow rate in po-
rous media which was overlaid by fluid layer were
investigated. In the present system of spheres the B-
J slip coefficient was found to have the value of 0.0107.
A slight increase in volumetric flow rate in porous
media due to the presence of bounding fluid layer
was observed. The experimental data approached Da-
rcy’s law with a decrease in permeability and Reynolds
number.

A new correlation of the friction factor was derived
as a function of the Reynolds number and the ratio
of the fluid layer thickness to the porous one. This
correlation is in good agreement with the present ex-
perimental data.
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NOMENCLATURE
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d :particle diameter [m]

F, :shape factor [-]

f,  :modified friction factor defined by Eq. (20) [-]
h; :fluid layer thickness [m]

h, :porous layer thickness [m]

K :permeability [m?]

L :channel length [m]

P :pressure [N m %]

Q :volumetric flow rate [m* s ']

Re, :modified Reynolds number defined by Eq. (19)
(-]

u :channel flow velocity [m s']

u :average channel velocity [m s!]

V  :velocity in porous media [m s7!]

V  :average permeation velocity [m s']

W :channel width [m]

X, y : positions in cartesian coordinates [m]

Greek Letters

a :slip coefficient [-]

8  :Forchheimer coefficient [-]

&  :boundary layer depth [m]

€ :porosity [-]

AP :pressure difference [N m %]

6 :dimensionless length scale [-]
pu o :fluid viscosity [kg m™! s ]

u* :effective viscosity [kg m™! s71]
p :density [kg m™*]

Subscripts

s :slip velocity

0  :Poiseuille flow
1 :flud layer

2 :porous layer
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