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ABSTRACT OF DISSERTATION

An investigation was conducted to study the influences of
certain physical properties of the porous medium on the flow phenom-
ena. An equation, representing hydraulic gradient as a function of
bulk velocity, was developed by analyzing the Navier-Stokes equations.
During the development of the equaticn it was shown that energy losses
caused by turbulence being small could be neglected in comparison to
the energy represented by convective terms.

Two dimensionless parameters were developed from the flow
equation, and a unique relationship was shown to exist between them
for all porous media studied in this investigation.

The characteristic length of the flow was shown to have linear
relationships with particle diameter obtained from sieve analysis,
and pore and grain diameter obtained from cut-section data of porous

media.
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Civil Engineering Department
Coleorado State University
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June 1967
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Chapter I
INTRODUCTION

The relationship between flow rate and pressure gradient is
represented by Darcy's empirical formula for laminar flow through
porous media. For non-linear flow through porous media, the Navier-
Stokes equations can be solved for pressure gradient in terms of flow
velocity, fluid properties, and porous medium properties. The geo-
metric properties of porous medium are represented by the constant

c , which is related to the permeability k of porous medium as

c= 5 (1)

where d 1is a characteristic length of the flow.

Many investigations have been conducted toward evaluating the
relationship given by equation 1. Previous investigators (2, 3, 4, 5, 10,
11,17, 30)* have assumed that the characteristic length can be repre-
sented by the particle size. These investigators obtained excellent
relationships between particle size and permeability for their data.
However, the results obtained by one investigator cannot, in general,

be applied to those obtained by others. The discrepancy results from

* Numbers in parenthesis refer to the numbers in the bibliography.



the arbitrary definition of the particle size and theabsence of appropriate
experimental techniques for the evaluation of the constant c .

Sunada (35) has shown that the constant ¢ can be evaluated
from data of hydraulic gradient and flow velocities providing that the
effects of turbulence on the flow are relatively minor compared to the
effects of convective forces for non-linear flow. If the constant c
can be evaluated, then it should be possible to relate d to some
measurable length of the porous medium. The goals of the present
investigation are:

1. To establish the relative importance of turbulent and

convective losses.

2. To evaluate the product cd®, and the terms c¢ and d
from hydraulic measurements of the flow through porous
media.

3. To find mathematical and experimental correlation between
d from hydraulic measurements, d from statistical
analyses of cut sections, and sieve size analysis.

The experimental procedure for hydraulic measurements
consisted of measurements of gradient and bulk flow velocities for six
porous media for the present investigation. The measurement of the
microscopic velocities with an electro-kinetic probe proved unsuccess-
ful due to excessive noise generated by the various equipment in the

hydraulics laboratory and stray signals present in the atmosphere.



The signal generated by the flow itself (approximately five to ten per-
cent of the total signal), although detectable, could not be analyzed
because of inconsistencies in the signal output. A procedure is needed
whereby stray signals could be eliminated or suppressed.

Statistical analysis consisited of measuring pore diameter,
grain diameter, and porosity from cut sections of the porous medium
sample. A complete description of the experimental apparatus and
procedures is given in Appendix A. In this dissertation, the diameter
for sand particles obtained from sieve analysis is termed ''particle
diameter'' and is denoted by d, ; the diameter obtained from a cut-
section of a porous medium is termed ''grain diameter'' and is denoted

by d .
v %



Chapter II
LITERATURE REVIEW

Flow characteristics in a porous medium depend upon the fluid
and porous medium properties. The geometry of particles in a porous
medium is quite complex and is not amenable for exact mathematical
evaluation. Several investigations have been conducted to evaluate the
flow phenomena in terms of the geometry of particles. In this chapter
a review of different works is presented. Different flow regimes,
laminar and turbulent, coupled with transitional flow are critically
reviewed.

Henry Darcy (9) was among the first to investigate laminar
flow through beds of filter sands. He stated the empirical relationship
between flow rate and pressure gradient as ''the volume rate of flow is
directly proportional to the pressure drop and inversely proportional

to the thickness of the bed' or mathematically

AP
q= K= (2)

where
q = volume rate of flow through the filter bed or bulk velocity,

K= constant of proportionality, usually known as Darcy's

coefficient of permeability,

e TAv



AP

1

pressure drop across the filter bed, and

thickness of filter bed.

—
"

The volume rate of flow and pressure gradient are macroscopic
quantities which can be easily measured. The constant of proportion-
ality K 1is affected by the fluid and porous medium properties. The
properties of the fluid are density and dynamic viscosity. The pro-
perties of porous medium are geometric properties which, to date,
are not measurable. It is possible to distinguish the properties of
the fluid from those of porous medium and express K as a function

of both fluid and porous medium properties as

where

c = constant

d = characteristic length of flow

p = density of the fluid

g = acceleration of gravity

u = dynamic viscosity of the fluid,
The product cd? is termed permeability of porous medium and is
denoted by k .

Theoretically, laminar flow does not exist in porous media
because of convective accelerations of fluid particles due to the

continuous expansion and contraction of fluid channels. However,



when convective accelerations are small, they may be neglected and
laminar flow can be assumed without appreciable error. The Navier-
Stokes equations are used to describe the hydrodynamics of laminar
flow through porous media. In tensor notation they are:

du 9°%u
_i 1op w1
“jaxj o ax, | p o 0%, (4)

[

for steady, incompressible flow.

In the above equation,

u = instantaneous velocity

p = pressure at a point

x = coordinate distance

i = component, and i= 1, 2,3

j = repeated operator, and j=1,2,3

Since convective accelerations are small and can be neglected, the

ou,
terms uja—xl can be set equal to zero. Consequently, equation 4
i
becomes
9°%u
op i
odl A — 5
ox, M bx.ox, (5)
1 J )

Simple solutions of equation 5 can be found in literature (6).
For flow through straight circular tubes, the solution is given by the

Poiseuille equation,

Q.

2
I
8u dx (6)



where
V= mean velocity in the cross section
rt= radius of the tube,

Similarly, for flow over an infinite flat plate the equation is:

2
- e? dP
V-—3M = (7)

where
e = depth of flow over the plate.
By induction, an analogous equation applying to straight tubes of

uniform cross section other than a circular section is

= B? dP
- .2 9o 8
v Cu dx 8
where
B = a length parameter characterizing the size of the tube
¢ = a shape factor depending upon the cross section of the

tube.

Kozeny (18) made use of equation 8 but modified various terms
to include the effects of porosity and irregularity of flow channels.
For the length B he substituted the hydraulic radius which is defined
as the ratio of volume of fluid divided by the wetted surface in the flow
system. His equation of pressure gradient for flow through porous

media is




where

[
1]

the average tortuous length a fluid element actually

e
travels in a porous medium of thickness 1

€ = porosity

Ag = surface area of grains of porous media

Vg = volume of grains.,

In Kozeny's equation the number ''2'" represents the value of shape
factor ¢ for a circular cross section.

Fair and Hatch (11) developed an equation similar to equation
9 by using pipe flow formula and introducing appropriate changes in
different parameters. Carman (5) noted that Kozeny's shape factor
for various cross sections has a value between two and three. During
an experiment for flow through granular material he injected dye
and observed dye filaments making an angle of 45° with the macro-

scopic flow direction. He thus concluded that it was reasonable tc

1
take Te =V2 . He also noted that the average pore velocity would

be % and not g as Kozeny postulated. He gave his final

3

m|.Q

equation as

A

AP g (1-¢€)?
—_ = 1
1 L \ 3 (10)

€
g

Equation 10 is referred to as the Kozeny-Carman equation.
Sullivan (34) introduced an orientation factor 90 , defined as

the average value of the square of the size of the angle between a



normal to the walls forming the microscopic flow channel and the
macroscopic direction of flow. Thus, the Kozeny-Carman equation

would become

2

A 2
AP g (1-¢€)
T = PHa9, Vg e (11)

Equation 11 can be written in general terms as

2

AP el % (1-¢)?
U B o B ua (12)
where
v
£ = Kg_ is a length parameter and other terms are defined
g

as before. Though incomplete, all the factors inside the brackets
represent only the properties of porous media.

Burke and Plummer (4) developed a theory based upon spher-
ical particles and resistance to flow as encountered by each individual
particle, Their final expression for pressure gradient for laminar

flow is

where

rp = radius of the particle.

Franzini (14) experimentally verified that the relationship
between porosity and resistance coefficient was represented by the
Fair-Hatch expression fl‘_e_fﬁ_ as the porosity function for flow

in laminar regime.



10

Darcy's equation does not apply to non-linear and turbulent
flow. As a result, investigations were conducted toward evaluating
different parameters of porous media affecting the flow phenomena,
Forchheimer (13) was among the first who experimentally verified

the quadratic equation

B
—Al—- = a'q + b'g® (14)

where a' and b' are constants which depend upon fluid and porous
medium properties. Since then, expressions similar to equation 14
have been developed by many investigators. Ergun (10) has shown
that for non-linear flow, the pressure gradient may be represented by

AP (1-€)® wa , t-e pq”
= = 150 =t L & (15)

where D is the average diameter of the particles. Equation 15 can
be transformed into dimensionless parameters as

%p

1-¢€ (16)

f =150 + 1,75
v

where fV is the ratio of pressure gradient to viscous forces and RD

is the Reynolds number dependent upon particle diameter D . He

presented the results of 640 experiments in a graphical plot of fv
R

versus (1—_D€—) . Inspection of these curves shows that there is a

smooth transition from laminar to non-linear flow.
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Cornell and Katz (7) derived a similar expression for turbulent

flow using Kozeny's equation. Their final expression for compressible

flow is
32T 2pz RT.G 32 7 3/2 2z ,RT,G?
AP? o “HHTHy N o 170 (173
1 € t,D2 m e?e.D m
1 p 2°p
where
le )
TO =\T) tortuosity
§’1 = shape factor dependent upon pore structure
CZ = correction factor
Dp = effective diameter of pore structure
R = gas constant
z, = compressibility factor of a gas
T1 = absolute temperature
m = molecular weight of a gas
G = pg = mass rate of flow,

While studying flow of compressible fluids through consolidated porous

media, they showed that area available for flow is equal to the product

1
: ] e
of the total cross-sectional area, porosity, and T or
I
A= A € — (18)
t 1
where
A = available cross-sectional area
A = total cross-sectional area,
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An examination of their general equation for compressible flow shows
that factors §’1 and §2 have apparently been used as correction

factors to satisfy laminar and turbulent flow condition.

D _e
1 (1-¢€) 7

to represent flow through porous media. The first of

Blake (2) obtained two dimensionless groups, ?(;
and Dpq 5
u(l-e)
these groups is recognized as the modified friction factor and the
second as the modified Reynolds number. Ergun suggests, since both
of these groups contain porosity functions, pressure gradient is a
function of both the groups.

Brownell and Katz (3) demonstrated that the dimensionless
group postulated by Reynolds for conduits may be enlarged by including

other variables necessary to define flow through porous media. They

define the Reynolds number as

R - gD (19)

€ my
uo€

where m, is an exponent dependent upon the shape of the particles

and the bed porosity. They maintain that porcsity of a pipe is unity
and equation 19 applies to both porous media and pipes. They define
friction factor, taking into consideration the porous media properties,

as
y
2DAPEe€

_ 20
€ pqu ( )

where n, is an exponent dependent upon the shape of the particles and

the bed porosity. They state that the gradual transition from laminar
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to turbulent flow is due to a composite of a number of flow paths, some
in laminar regime and some in turbulent regime. However, they did
not obtain a unique representation of f€ vVersus Re for different
porous media.

Recently, Ward (37) has derived a pressure gradient equation

from dimensional analysis. The equation is given as

== & g + ——&OVE:; q® (21)
The constant 0.55, is stated to be a univeral constant, applicable to
all porous media. The discussions by Larsen, O'Neill and Parkin (22)
and Sunada (36) seem to indicate that the value 0.55 cannot apply to all
porous media. As a result, equation 21 appears to be invalid.

Irmay (17) has outlined a procedure to derive Darcy's equation
and Forchheimer's equation from the Navier-Stokes equations for the

case of viscous incompressible flow through a homogeneous, isotropic,

and saturated media. He developed Darcy's equation as

Tt (22)

and Forchheimer's equation as

AP 1 - ¢)? a(1-¢€
AF - & g + 255 e (23)

where o and B are numerical shape factors dependent upon the shape

of particles and the structure of porous medium.
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Rumer (30) has developed Darcy's equation considering Navier-
Stokes equations in dimensionless form for the laminar flow regime.
He has shown that there exists a characteristic grain length D50 for

porous media which is related to permeability as

k = ¢ D? (24)
50
where DSO is the 50% grain size of porous media.

Sunada (35), while developing functional relationship for
laminar and turbulent flow through porous media from Navier-Stokes
equations, has not only shown that the relationship k = cd?® exists but
also that the length d can be obtained from hydraulic measurements
of flow through porous media. His general equation for pressure

gradient of turbulent flow through porous media is

dp . kg —a"*ﬁri L2 | e - ri (25)
dx d 0X_ .0X . d rjox . rjox .
ry rj r) rj
where
5 = the time average pressure at a point
u = the time average microscopic velocity at a point
Gr = % = dimensionless time average microscopic velocity at
a point
r = a subscript, denoting a dimensionless variable
uiﬂ = dimensionless fluctuating microscopic velocity about the

mean at a point
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The terms within the square brackets were shown to be constant for a

given porous medium. The final equation in the simplified form is

AP

1

a'q + b'q® (26)

where

u
a'=— , and b'=
k c

El

Review of literature indicates that flow through porous media
is complex and there is no analytical treatment available which could
solve the geometrical problems of porous media. Efforts have been
made by various investigators to incorporate the geometric properties
into their respective flow equations developed for flow through porous
media, Reviews of such works have been presented by Romita (28),
Leva et al.(23), and Scheidegger (31). In general, there is no corre-
lation between the results of different investigations. For example,
different porosity functions, summarized by Sunada (35), have been
used, and all of them seem to have worked very well for the particular
medium studied. But no unique porosity function has been developed
which is applicable to all porous media.

Similarly, correction factors in the form of tortuosity, shape
factors, and other numerical constants have been introduced to make
the equation fit the experimental data. These correction factors are
not universal and need to be determined experimentally for each porous

medium under investigation. As a result, flow equations developed
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are restricted in their application to all porous media and the form

and magnitude of the correction factors need to be determined each
time. The average diameter of particles, the average diameter of
pore structure, hydraulic radius, and even the square root of perme-
ability have been used as a length parameter to characterize the flow.
No correlation has been shown between these length parameters., For
non-linear flow, equations of the quadratic type have been suggested
and verified experimentally provided correction factors are introduced.
Again these correction factors are not universal.

Hubbert (16 ) and Schneebeli (33) believe the initial departure
from linearity is due to the convective accelerations. Irmay (17)
points out the fact that the kinetic energy losses are not necessarily
due to turbulence but may be due to the emergence of inertia effects
in laminar flow.

Sunada's theoretical analysis has shown the separability of
hydrodynamical and geometrical effects on the pressure gradient for
flow through porous media. Individual geometrical factors have not
been elaborated because they cannot be expressed mathematically for
a unique relationship.,

Krumbein and Monk (21 ) made a systematic investigation for the
effects of grain-size distribution on the permeability. They conclude
that it is possible to change the permeability, keeping the mean dia-

meter constant, and changing only the standard deviation of the grain



17

size. Consequently, for this study, the porous medium was selected
from grain diameter of approximately the same size. Six samples

having different diameters were used. For details see Appendix A,
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Chapter III

THEORETICAL CONSIDERATIONS AND
PRESENTATION AND DISCUSSION OF DATA

The analysis presented in this chapter is divided into two
sections. Section 1 deals with the development of an equation relating
the hydraulic gradient to the macroscopic flow velocity by analyzing
the Navier-Stokes equations in dimensionless form. The analysis
takes into consideration the following assumptions.

1. The macroscopic properties of porous media are homo-

geneous and isotropic.

2. The fluid is incompressible and the media is fully saturated

with the fluid used in the experiment,

3. Thermodynamic and chemical effects are small.

Pressure gradient is shown to be represented by the hydro-
dynamics of flow and the geometric properties of porous media.
Relative importance of shear, convective, and turbulent stresses is
discussed in the pressure gradient equation. Also, it is shown that
energy dissipated by turbulence is small compared to the energy
represented by convection. Finally, the equation of flow developed
in this section is put in the form of two dimensionless parameters
representing flow behavior through all porous media. Their unique

relationship is verified experimentally.
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Section 2 describes a statistical procedure relating the charac-
teristic length d, and the average diameter dS of particles obtained
from a sieve analysis. This development is based upon uniform sized
porous media and the experimental correlation of d versus dS is
presented in a systematic manner,

Section 1. Development and Verification of an Equation Relating
Hydraulic Gradient and Bulk Velocity

The simplified form of Navier-Stokes equations for incompress-
ible fluids and steady state flow without body forces is (35)

ou 9%u
1 ap i
— = - — — + —
Y Bx, b Bx. 9% 0X. (4)
j i i

o |=

where all the terms in the above equation have been defined before.
Sunada has used Navier-Stokes equations in dimensionless form for
laminar and turbulent flow through porous media. He has replaced
instantaneous quantities of velocities and pressures by an average and

a fluctuating component, such as:
u=u + u', and p=5+ p'
The various terms in the Navier-Stokes equations can be made dimen-

sionless by

P
pq?

2 x = = and =
r q ' "r d Py

The Navier-Stokes equations may now be written in dimensionless

form as:
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o(u + u') . 9(p + p' 9%(u + u') .
(u” )n e (p+p )r . 49 ( )r,1 -
ox . d 9x . pd® | 0x . 0x .
ri ri rj

L

2

Ql.Q

u +u',
rj r

Taking the time average of all the terms and solving for g%
i

3

equation 27 becomes

85 v azuri pq2 — auri 8u£‘i
B AN, = + - -1!
0x, a—? 90X . 0X . d urj o0xX_. ur‘j ox_ . \28 )
i rj rj rj rj
The terms g—x- are the time average pressure gradients in
i

different directions at a point. At successive sections perpendicular

to the direction of macroscopic flow the sum of 58—5— has a definite
i

value in the direction of the macroscopic flow. In the other two

. . . 0 . .
corordinate directions 8% add up to zero because of the microscopic
i

and macroscopic boundary conditions. Thus, the volume integration

of —g% will have a definite value in the direction of macroscopic flow
i

but will have zero values in the other two directions. The volume

integral of the pressure gradient is
% 1, 2p
0x ! oy !

[ Srcn [0

(eV) i (eV)

: f'\gg—%(edv)?ﬁ ['U'g_g(EdV)TZ+ (L\g)'g_g(edV)E
€

(e (ev) %Y

(29)

where V = bulk volume of porous media and .I>1 5 T and _f3 are

2 3

unit vectors in x, y, and z directions, respectively.
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The space average pressure gradients in the three co-ordinate

directions are defined as

dP { f/] 9p
—_— S — (edV) (30)
dx eV (eV) ox
@ 1 o g 13
dP | [ﬂag _
e — (e dV) (32)
dz eV (eV) 0z
o dP _dP _ dP s
Next, it is shown that—-dy g E 0 and rr # 0 by evaluating the
volume integrals of %E:— for the three co-ordinate directions.
i
/f[g% (edV) =
(eV) 71
[ ©g 82_u—r'i pqa( E aari auiﬁi)
4 -~ + -u . - u'. (edV) =
(€V) d erj dxrj d rj axrj rj 8xrj
o 2 [rf u_. zﬂf
Mg ri _ P9 - ri _P9g
2 JJJ) 3% ew €dV) - 5 «J. U B (e9V) = 5y
(eV) ""rj Trj (eV) rj (eV)
duy
1
Loge (eav), (33)
r)

The veclume integration of each part on the right hand side of equation

33 can be evaluated separately. The first term on the right hand side

of equation 33 is
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= ffj%( ff[ eruri (e dV)
(eV) ""rj Trj
,Uf{ E.)—V.xv.xari}(edV)

V) ri rj rj
Now, Vrj ) Eri = 0 because the fluid is assumed to be incompressible.
Therefore,
o [ a2 [ :
P 5% 9% (e dV) ( i X u, (edV)
(eV) ""rj rj

Consider the body of porous medium shown in Figure 1. The surface
integration can be evaluated easily. The surface integration of S3
which comprises of macroscopic and microscopic surfaces is zero
because 1 x (Vrj % Eri) = 0 everywhere on S3 . However, for

surfaces 81 and S2 , N x (V. x Eri) does not vanish identically.

eV

Figure 1. Arbitrary body of a porous medium
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Take the surface 51 first and evaluate the integral on this surface,
For x-direction:

The vorticity vector Vrj X Eri is parallel to the surface S1 s
and when crossed with unit normal vector ® is transformed into a
new vorticity vector lying on the surface and still parallel to it. It
varies in magnitude in the direction of ® , or the macroscopic flow
direction x , and produces shear losses.

For y and z-directions:

The vorticity vector vrj X Eri is perpendicular to the surface
81 and, when crossed with unit normal vector ® , becomes identically
equal to zero and thus contributes nothing to shear losses.

Similarly, for the surface S.2 shear losses do occur in the
x-direction and there is no contribution in the y and z-directions.
Thus, when the volume is reduced to infinitely small thin layer, the
shear loss will produce pressure drop only in the x-direction. The
second term of equation 33 is

w5 w2 ean- st ]

J

) Pdii (é/;jl [Vrj ' {Erjari

But Vrj : Eri: 0 because of incompressibility. Therefore,

u. - V.|lu.(edV)
rj rj| ri

- urj(vrj ' Gri)] (edV)



24

£ ff o o o o) o

The surface integral on the right-hand side can now be interpreted as
follows. At the surface S3, its value is identically equal to zero
because there is no momentum transfer perpendicular to S3 . At the
surfaces S1 and S2 there is no projection of ® in y and z-direc-
tions and, hence, no momentum transfer in those directions. The
integral, however, does have a definite value in the x-direction because
of the momentum transfer.

The procedure for the evaluation of volume integral of the

second term shows that the third term

o [ oo I

I‘J Bx . e
]

d

vanishes in the y and z-directions but it does have a definite value

in the macroscopic flow direction.

Therefore,
dP
2= . 34
dy . (34)
dP
Tz = 0 (35)
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dP
- #0 (36)
and
2t I 2 con) (37)
(eV) i

Therefore, the space average pressure gradient becomes

f]f r1 Egz —_ a—ari aul'ﬂi
- = - ' . =
dx €V 5 5% ax * e % B wiBm | W

£ r) r)

(38)
The ratio term ur = % is constant at a point for all values of
q . Also, u has a different value at each of the points making it

ou 9% u

possible for the derivatives —L  and

r
—— to exi at all the ints.
8Xr axiﬂ 0 exist points

The characteristic length parameter d is constant for one porous

medium. Therefore, the mtegral o fff (edV) has
er 8x

a constant space average value for the entlre range of velocities and
reflects the effects of boundary conditions of the particles in the

porous medium. Similarly, the second integral

= s

also has a constant space average value for all values of q and reflects

ou' .
ri

r] ax ; urj ox

(edV)

rj

only the effects of boundary conditions of the particles in the porous



26

medium. These constants have only one value for one porous medium
but may have different values for others.
For small values of q (i.e., q>> q?), Darcy's equation 2

and equation 38 are identical and

ERPRRY I
dx _ d? eV ax (9% (edV)=¢ a
Since k= cd®, then
5%u
1 f[f ri 1
e —— (edV) =— : (39)
eV (€V) axrj erj c

The Reynolds number for flow through porous media is
_ pgd
N = r (40)

By definition, the Reynolds number is also

Inertia force

e Viscous force
or
g’ 1 ff _ duy o
_— = = ! € VA
d €V urj 0xX | urj b led¥)
N - (eV) rj r) (41)
r 0% .
pugq 1 j’ ri /
—— = dV)
2 5 \€
d© €V (eV) axrj er
Equations 40 and 41 are identical and therefore
1
0q? 1 fj:/' — Suri e Bum 9
pqd ) d €V (€V) rj axrj rj 8er
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or

or

sl L et

urj 9x . rj 0x_.
rj rj

The volumetric integral on the left-hand side of equation 42 is a function
of both convective forces and turbulent forces. These forces are a
result of two different flow phenomena and cannot, in general, be
combined into one constant unless the effects of one of the forces can
be neglected.

Writing the equation of pressure gradient in general form, the
relative contribution of different terms can be compared. From

equation 38 which is

- -

b ug 1t [ 2 eat 1 [ff] G P

dx d® eV 9x_.0x_. \© d eV Yrj 9x
(eV) r]erj (eV) r]

ou' .
, ri

rj 8er

(e dV) , (38)

it is apparent that pressure gradient is represented by three main
factors: shear, convection, and turbulence. It should be borne in
mind that energy is dissipated only through viscosity, but the above

three factors account for the pressure gradient. For extremely low
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velocities (q >> q?), the effects of both convection and turbulence are

small and can be neglected. Thus, the viscous force

2 €V fj’f ax 8);:. (edV)

is balanced by the pressure gradient causing the flow. The volume
integral in the viscous term has a constant value % and represents
average geometric effects of the porous medium on the flow, As the
flow velocity q is increased, the non-linear effects due to turbulence
and convection assume greater importance. For flow through porous
media, convective accelerations are always present whereas turbulence
is a random phenomena dependent upon time and space geometry.

Schlichting (32) has shown that for flow in a wind tunnel, the
maximum turbulence near the wall boundary, with reference to free
stream velocity is about six percent; and Liu et al,(25) show that for
flow in open channels the maximum turbulence, with reference to free
stream velocity, is about 14 percent. Taking the higher figure (14 per-
cent for the turbulence intensity) the convective and turbulent energies
per unit volume can be compared as

1 ‘2
3 x > Pu

e

= 3(0.14)%= 0.0588

Thus, it is seen that the energy dissipated by turbulence is very small

compared to the energy represented by convective terms. As a result,
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energy losses caused by turbulence for flow through porous media
can be safely ignored. Therefore, it may be assumed without appreci-

able error that

€V fff Ut axr; (edV) = 0 | (43)

and

ur‘ ox
(V) s

Substituting the values of the volume integrals in equation 38, the

equation of pressure gradient becomes

dP _ ug . pq®

dx cd? cd (45)
or
ax kit (46)

X
which is the eqution for space average pressure gradient applicable to

linear and non-linear flow through porous media. In terms of the

hydraulic gradient, the equation of pressure gradient becomes

1 "dP W 1 2
I e— _ - —_— +
¢ pg dx pgk 4 g-/ck @
or
$=aq + bqg?
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where

¢ = Hydraulic gradient

*" gk (48)
and

S o)

Equation 47, relating the hydraulic gradient to the bulk velocity, was
developed by analyzing the Navier-Stokes equations in dimensionless
form.

Table 1A presents a summary of the equation which describes
the relationship of ¢ and q shown in Figure 2. In addition, the
standard error of estimate, permeability and particle diameter are
also given. The largest value of the standard error of estimate of
6.5% shown in this table is within experimental error. This indicates
the quadratic equation obtained from the theoretical analysis describes
the data very well. Complete data are tabulated in Appendix D.

The equation of hydraulic gradient can also be written as

) M
cd~3 = —= + 1
8¢9y pad
or
1
H = N + 1 (50)
where

(51)

s

i

(4]

@]

Q.
.-QKJ@



TABLE

1A. LIST OF EQUATIONS OBTAINED FOR VARIOUS
UNCONSOLIDATED POROUS MEDIA

S K d
y s
Investigator Equation Medium o (coof em)
N. Ahmed ¢ = 7.39314q + 0. 74532q Sand 1.5 2.1 x 106 0.054
N. Ahmed ¢ = 3.80661q + O. 45379q Sand 1.7 3.96 x 10-6  0.0764
N. Ahmed ¢ = 2.299q + 0.30672q% Sand 1.0 6.91x 10-6  0.107
N. Ahmed ¢ = 1.49209q + 0. 244832q Sand 2.5 1.0 x 1072 0.1405
N. Ahmed ¢ = 0.93837q + 0.17931g¢ Sand 1.0 1.69x 10-2  0.1992
N. Ahmed ¢ = 0.69441q + 0. 1?5050q2 Sand 2.0 2.21 x 10" 0.258
H. V. Allen ¢ = 1.47q + 0.142q Grannular
absorbent 3.3 8.6 x 10-6 0.0855
F. C. Blake ¢ = 0.149q + 0.0623q% Glass beads 1.6 6.7 x 10-9 0.32
L. E. Brownell ¢ = 0.0647q + 0. 0183q Glass beads . 1.5 x 10-4 0.53
L. E. Brownell ¢ = 0.08903q + 0. 02188qg2 Nickel
saddles 5.0 1.12x 10°%  0.334
G. H. Fancher ¢ = 16.6q+ 7. 96q2 Ottawa sand 4.1 8.2 x 107 0.07
P. H. Forchheimer ¢ = 0.00408q + 0. 0005q2 Sand z,2 2.30x 10-3 0.5
P. H. Forchheimer ¢ = 0.01225q + 0.00092q% Sand 2.1 7.6 x 10-4 0.3
C. E. Kirkham ¢ = 0.0089463q + O. 01168oq Marble 4.1 1.197x10"3 1.6
E. Lindquist ¢ = 0.0674q + 0. 03683 Sand 3.0 1.38x 10-4  0.492
E. Lindquist ¢ =1.164q + 0. 2918q Sand 4.5 8 x 10-6 0.105
F. Mobasheri ¢ = 0.189q + 0.137q2 Sand 6.5 4.94 x 10 0.5
D. K. Sunada ¢ = 0.145q + 0.0648q2 Glass
spheres 4.4 6.45 x 10-9 0.3

Te
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and

A graphical representation of equation 50 should result in a
single curve for all porous media in which turbulence may be neglected.
The results of 18 tests are presented in Figure 3, which is a plot of
H versus N and shows that a single relationship between H versus
N exists. Non-linearity becomes predominant at an approximate
value of N= 0.02. As N becomes large, H approaches unity as
predicted by equation 50.

Section 2. Development and Verification of the Physical Characteristics
of Porous Media Affecting the Flow Phenomena

Previous investigators have attempted to relate the particle
diameter to the characteristic length d without much success.

Several investigators used D which is the average size (50% size)

50
of the particles as obtained from a sieve analysis. However, porous
medium, having the same 50% size, will have different pore sizes
depending on the distribution of sizes and amount of fine particles
present. The configuration and size of the pores depend upon grain
size and grain-size distribution. In this section, a statistical analysis
of cut-sections for grain size, grain-size distribution, pore size, and
pore-size distribution is presented. In addition, relationships be-

tween characteristic length d and pore diameter dp , pore diameter

dp and grain diameter dg , grain diameter dg and particle diameter
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dS , and characteristic length d and particle diameter ds are pre-
sented, The particle diameter dS is obtained from sieve analysis
whereas the grain diameter dg is obtained from statistical analysis
of cut-section of the porous medium.

There are several methods available for determining grain
diameter from cut-section of a porous medium. Krumbein (20)
developed a method that describes the frequency distribution of grain
diameters obtained from cut-sections providing the grains are spherical
in shape and uniform in size. He extended his development to apply to
a distribution function for grain populations of variable size. Greenman
(15) showed that Krumbein's method is equally applicable to non-
spherical grains provided these shapes are approximately ellipsoidal.
In making a cut-section analysis, Greenman measured the long diam-
eters of a sufficiently large number of grains and showed satisfactory
correlation between loose grain data and cut-section data.

Rosenfeld et al. (29) presented an empirical development for
the translation of cut-section distribution to sieve size distribution.
They analyzed their data by Greenman's method and gave their
concluding remarks that there was no constant relationship between
the two techniques which could be recognized.

Packham (27) developed two functions that determine the
volume and number frequencies of grain populations of cut-sections

and after the application of specific corrections outlined by his method
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he found excellent correlation between cut-section data and sieve
analysis.

Packham's statistical method for determining grain size from
cut sections was used for this study. The procedure is presented in
Appendix B. Table 1B presents the statistical results of the sieve
size, grain size, pore size along with the characteristic length d as
obtained by hydraulic measurements for the six porous media used in
this study.

TABLE 1B. SOME PHYSICAL PROPERTIES OF THE SIX POROUS
MEDIA FOR THE PRESENT INVESTIGATION

Medium d x10 d x10 d x 10 dx10°
S
(cm) (cm) (cm) (cm)
| 0.54 0.54 0.269 1.54
2 0.764 0.762 0.38 1.763
3 1. 07 1.075 0.507 2.07
4 1.405 1.4 0.703 2.4
5 1.992 2.0 1.02 2. 97
6 2.58 2.58 1,33 3.58

Figure 4 presents a plot of characteristic length d versus
pore diameter dp for the six porous media used in this study. From
this figure, the empirical relationship

d=10"3 + 2 x 1072 dp (52)

can be obtained. Equation 52 is valid for d in the range between
P

0.0269cm to 0.133cm. The excellent relationship between d and
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dp suggests that the characteristic length is dependent upon pore
diameter. However, pore diameter is difficult to evaluate whereas
particle diameter from sieve analysis is relatively easy to determine.
Consequently, a relationship between pore diameter and particle
diameter would be desirable.

If one were to drop a long line on a cut-section, then the sum of
the length intercepted by the grains plus the sum of the length inter-
cepted by the pores would be equal to the total length and may be

expressed as

where lp would be the length intercepted by the pore, lg the length
intercepted by the grain, and 1t the total length of the line. The

average diameter dp of the pores would be

~1=
—
B

o
1
—_

(54)

o
Z

where Np is the total number of pores intercepted. Likewise, if N

is the total number of grains intercepted, then,

n
1 .
) e
i=1
d = ——— (55)
N
= g
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Equation 53 may now be written as

d N +d N =1
P P g g

t
or
I d N
d = Lt _ g8
P N N
p p
or
dp = ¢ toc, dg (56)
\ g
where ¢, = N—F;- and c, :—Np , and both c1 and c2 are

constants for a given homogeneous and isotropic media. Equation 56
would be applicable for porous media having about the same shape. In
this study, the diameter ofthe grain from the cut-section was taken as
the shorter axis (Appendix B) so that the above analysis would not be

strictly valid. However, equation 56 suggests an equation of the form

d = F(d) ) (57)

Figure 5 shows a plot of dp versus dg . From this plot it is evident
that

d = 0.5d ) (58)
o g

This relationship is valid only for uniform grain diameter and a diff-
erent relationship is to be expected for porous medium having a
variety of grain sizes.

The relationship between the grain diameter obtained from
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cut-sections and the particle diameter obtained from sieve analysis is
presented in Figure 6. Packham's analysis showed that a one-to-one
correspondence should exist between dg and dS . Inspection of
Figure 6 shows that this is true for grain diameter of uniform size.
From the correlations between d and dp s dp and dg , and
d and dS , one would conclude that a correlation between d and dS
would exist. Figure 7 presents this correlation for the six media used
in this study and for 12 media studied by other investigators. From

this figure the empirical relationship
d=10 + 10 " d (59)

can be obtained for dS larger than 0. 054 cm and smaller than 0. 258
cm. The spread of points about the line of correlation is explained by
the fact that the media used by Brownell, Fancher, Forchheimer and
Kirkham were probably not of uniform particle diameter. This indi-
cates that other factors such as pore size distribution must be con-
sidered in evaluating the relationship between the characteristic length

d and the particle diameter dS
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Chapter IV
SUMMARY AND CONCLUSIONS

An equation representing the hydraulic gradient as a function of
the bulk velocity was developed by analyzing the Navier-Stokes equa-
tions in dimensionless form. During the development of the equation
it was shown that initial departure from linearity is due to convective
accelerations and the effects of turbulence are small and can be
neglected.

A unique relationship between friction factor H and Reynolds
number N exists for all porous media studied in this investigation.
Deviation from Darcy's equation starts at an approximate value of
Reynolds number N = 0,02,

The characteristic length d, computed from the hydraulic
measurments, shows a linear relationship with particle diameter dS
obtained from sieve analysis for uniform grain diameter. It also
shows a linear variation with pore diameter dp and grain diameter
dg obtained from cut-section data of porous media.

The following points need further consideration:

1. To determine the effects upon the flow of variable grain-

size distribution.
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To evaluate the volume integrals,

ﬂf azari
—— (edV) , and
axrj 0xX .

(eV) r]
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by geometric probability theories.
To refine the electrokinetic probe technique in order to
compare the micro-velocities Ei and u{ to substantiate

the theoretical development that

= 1
2 2
u. Zpu
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APPENDIX A

1. EXPERIMENTAL APPARATUS AND MATERIALS

The flow diagram of the experimental apparatus used in this
study is shown in Figure 8. A brief description of apparatus and

materials used is given here.

Permeameter

The permeameter was constructed of plexiglass tubing with
wall thickness of 0.635 cm, and inside nominal diameter of 6. 35 cm.
Four pressure taps were fixed 12.7 cm apart from one another, and
the overall length of the permeameter was about 68 cm. The per-
meameter was provided with top and bottom flanges to be coupled
with inlet and outlet supply pipes. The top and bottom of the permea-
meter was fitted with a perforated steel plate that could be fixed in
place after packing the medium. The steel plate at the top was
designed to hold the medium in place throughout the entire testing
period. After the hydraulic tests were completed, the permeameter
could then be removed from the connecting pipes without rearrange-
ment of the particles in the medium. Figure 9 shows the general

features of construction of the permeameter.
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Flowmeters

Three flowmeters of Fischer & Porter Co., Hatboro, Penn-
sylvania, were fixed on the discharge end of the permeameter to
measure the flow rate. Their measurement accuracy was checked
before the start of the experiment. The range of the smallest
flowmeter was from 0 to 3.3 cc/sec., the medium sized from 3.0
cc/sec. to 37.8 cc/sec. and the largest one from 33 cc/sec. to 410

cc/sec.

Orifice Meters

Two orifice meters of sizes 2.54 cm and 5. 08 cm were
installed in conjunction with the flowmeters to measure higher flow
rates. They were calibrated before the start of the experiment.

Flow rates as high as 7000 cc/sec. could be measured.

Water Supply

Water was obtained directly from Horsetooth Reservoir at a
static pressure of about 75 psi. A centrifugal pump was used to
develop a total of 120 psi pressure at a flow rate of about 200, 000

cc/sec.

Material
Poudre River sand was used as porous medium. Sand was
obtained from the Sterling Sand & Gravel Co., Fort Collins, Colorado.

Table 2 shows the sieve separates used for the six porous media.
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TABLE 2

SIEVE SEPARATES FOR SIX POROUS MEDIA FOR
THE PRESENT INVESTIGATION

Porous Sieve # Sieve d
Medium (Tyler Series) Size o
(cm) (cm)
1 28 0. 0595 0.054
32 0.0489
2 20 0.0833 0.0764
24 0.0701
3 14 0.1168 0.107
16 0.0991
4 10 0.168 0.1405
14 0.1168
5 8 0.2362 0.1992
10 0.168
6 7 0.283 0.258
8 0.2362

2. EXPERIMENTAL PROCEDURE AND
EVALUATION OF DATA

The procedure followed in the experimental study and evaluation

of data is briefly outlined as follows.

Preparation of Sample

Each sand sample consisted of size separates as shown in
Table 2. The sample was thoroughly washed and packed into the
permeameter in layers of about 2 cm thickness. The pressure
difference between adjacent taps was measured for a given flow rate.

If the overall error of pressure difference was within 5% , the sample
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was accepted as being homogeneous. Otherwise, packing was

repeated until the error was within 5%.

Hydraulic Measurements

The measurements consisted of measuring the pressure drop
across two pressure taps, discharge measurement, and the temper-
ature of the liquid. The temperature was measured throughout the
run and it was found that it remained essentially constant. For larger
pressure differences, the mercury manometer was used and for

smaller pressure differences the water manometer was used.

Porous Media Sample for Cut-Sections

After the hydraulic measurements were completed, the
permeameter was removed without disturbing the medium. The
porous medium was then dried by passing air through the permeameter.
Epoxy resin was then poured in the middle of the section of permea-
meter from the top and was allowed to set. The consolidated porous
medium was then taken out, put into another small cardboard cylinder,
and saturated with more epoxy resin. At least twenty-four hours
setting time was given to each sample before cutting with a diamond
saw. Slides of the cut-sections were then taken for statistical
analysis. A photograph of the cut-section of porous medium No. 2

is shown in Figure 10.
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L

Figure 10, Typical cut-section of porous
medium No, 2
(Scale : One division = 1 mm)



Reduction of Data

The constants a and b were computed by the following

formulas given by Sunada (38):

i vﬁi/qi q i qli¢

i=1 i=1 i=1 i=1

=

= = = (60)
2 -
vy wt ) w
i=1 i=1
n n n
ni; ¢i-iZI ¢i/ql iZ:i K
b= : (61)
n n 2
2 -
n Z q1 Z qi)
i=1 i=1

After the computation of a and b , the percent standard error of

estimates Sy was calculated as

n
Z ¢l - aqi B bqiz
. ¢

i=1 i
_ 2
s, - | (62)

v
-

The values of k, ¢, and d were computed from the following

equations:
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APPENDIX B

STATISTICAL ANALYSIS

The procedure followed for statistical analysis of cut-sections
is briefly outlined in this appendix. Section 1 describes the method
for determining the average grain diameter from cut-sections of
porous media embedded in the epoxy, and Section 2 describes the
procedure for evaluating porosity, specific surface area, and the

average pore diameter,

Section 1

Average Grain Diameter

Several color slides were prepared from cut-sections of all
the porous media. The slides were projected on paper and outlines
of grain cross-sections were traced. An arbitrary coordinate axes
system was rotated around the grain cross-section until two perpen-
dicular dimensions, one being the minimum of all the grain dimensions,
were obtained. The minimum length dimension of the grain cross-
section was termed the shorter axis and was recorded in its respective
class-interval, Figure 11 shows the procedure for measuring the

shorter axis of the grain cross-sections. Table 3 shows the percent
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TABLE 3, FREQUENCY DISTRIBUTION OF GRAIN SIZE OF CUT-
SECTIONS OF POROUS MEDIUM NO. 5

Magnification = 16x

Class Interval Cut-Section % Frequency
(mm) Grain Diameter
dj (mm)

4.5 - 9.5 0 0

9.5 -14.5 1.2 3.0
14,5 - 19.5 17 9.4
19.5 - 24,5 22 23.6
24,5 - 29.5 27 31.6
29.5 - 34,5 32 18.4
34,5 - 39.5 37 8.8
39.5 - 44.5 42 5.2
44,5 - 49,5 47 0

shorter axis

Figure 11, Measurement of shorter axis of grain sections of a cut-
section
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frequency distribution for porous medium No. 5 with sieve diameter
(ds) of grains of 0.1992 cm.

Table 4 shows how the correction of Packham's method can be
applied to the cut-section data. A cumulative percent frequency curve
is drawn on semi-log paper, the grain diameter being plotted on the
log scale. Values of cumulated percentage frequency, from the
largest size down to twice the size for each grain size under con-
sideration, were read off the curve (Figure 12). Also, the percent-
ages between the ranges 2to 1.5, 1.5to01.25, 1.25to 1.1, and 1.1
to 1.0 times the size under consideration, were read off the curve.
Each of these values was multiplied with the appropriate constant
given in respective columns of Table 4. The values of these constants
have been taken from the original paper of Packham. The products
thus obtained were added to get the true distribution for each size.

Table 5 shows the average grain diameter and standard
deviation that was obtained by taking first and second moments of
each frequency distribution about the center of gravity of the total
frequency distribution. The actual diameter and standard deviation
were obtained by dividing the respective values of the two quantities
by the magnification magnitude. A cut-section containing about one

hundred grains was found satisfactory for the purpose of analysis.



TABLE 4. APPLICATION OF CORRECTION OF PACKHAM'S METHOD TO UNCORRECTED
CUT-SECTION DATA
d; Cummulative| Cummulative [Percentage Percentage Percentage Percentage Reconstructed
(mm) %o % from the between 2 to [petween 1.5 |between 1.25 |between 1.1 |cummulative
Frequency |largest size [1.5 times the [to 1.25 times |to 1.1 times [to 1.0 times |% frequency
to twice the |[size under the size under |the size under |the size under
size under consideration;|consideration;|consideration; |consideration;
consideration;
constant = constant = constant = constant = constant =
1.000 1.060 1.164 1.407 3.009
12 100 = - = = = 100
17 97.0 23.8 51.9 20.5 7.3 6.6 100
22 87.6 3.5 24.8 39.6 25.3 25.9 100
27 64.0 0.0 7.4 19.8 34,6 46. 3 100
32 32.4 0.0 1.6 gd 15.5 40.9 65.3
37 14.0 0.0 0.0 2.4 6.3 22,3 31.0
42 5.2 0.0 0.0 0.0 3.0 9.3 12,3
47 0.0 0.0 0.0 0.0 0.1 5.4 5.5




Percentage Frequency

Cumulative
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T T 1 T T T |
@® Uncorrected Grain Size Frequency Distribution
- @ Corrected Grain Size Frequency Distribution =
100 r "
80+ .
60 ]
40 f
20} o
I
I00 80 10

Grain Diameter, d; (mm)

Figure 12, Graphical representation of uncorrected and
corrected grain size frequency distributions



TABLE 5, DETERMINATION OF AVERAGE GRAIN DIAMETER
OF CUT-SECTION OF POROUS MEDIUM NO. 5

‘ dj f fdj dl';i_ (dl‘#_l-)d f(dl_ﬁ)z
| (mm) %  (mm) (mm) (mm)? (mm )?
‘ 27 34.7| 936.9 -5.7 32.5 1127.8
32 34,31 1097.6 -0.7 0.5 17.7
| 37 18.7 691.9 4.3 18.5 346, 0
42 6.8 285.6 9.3 86.5 588. 2
47 5.5 258.5 14.3 204. 5 1124.8
Y 100 |3270.5 3204.5
Average diameter p = 32.705 mm
Standard deviation o _= i\/ Jele. B + 5.7 mm
g 99
m

Actual average diameter of grains = d_ = - .
: g Magnification

Actual standard deviation = + 0. 356 mm
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Section 2

a. Specific Surface and Porosity

To find the specific surface and porosity of any porous medium,
a needle with a length of about twice the size of the average grain
diameter was dropped at random on the cut-sections, The data for

porous medium No. 5 was recorded in Table 6.

TABLE 6. DETERMINATION OF SPECIFIC SURFACE
AND POROSITY

No. of No. of No. of No. of SV i ec
Throws Cuts Hits Misses (ecm™ ") %o
51 236 61 41 33.9 40. 2

A cut is defined when the needle crosses the boundary of a
grain cross-section. If one or both ends of the needle fall within
a grain cross-section, one or two hits are registered respectively.
Similarly, misses would be recorded when the needle ends are found
in the pore space. Figure 13 shows the way to determine the above
mentioned terms. About fifty throws were found adequate to get
satisfactory results. The specific surface and the porosity were

found by equations 63 and 64 respectively.

4 E(c) M

v™ "1 _E(h)

(63)
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and
_ E(p)
€. F () (64)
where
S, = Specific surface of grains
E(c) = Expected number of cuts

E (h) = Expected number of hits

1 = Length of the needle

€ = Porosity of a cut-section

E(p) = Expected hits in pores

E(t) = Total hits in pores and grain sections
M = Magnification,

Specific surface and porosity have been determined for the sake of

=

completion of basic data.

Figure 13. Measurement of specific surface and porosity
Throw # I, 2 cuts and 2 hits

Throw # II, 2 cuts and 2 misses

Throw # III, 1 cut, 1 hit and1 miss




b. Average Pore Diameter

Lines were dropped at random on the cut-sections and pore
lengths were recorded as shown in Figure 14. Frequency distribution
of pore lengths with arbitrary class intervals was computed and was
recorded in Table 7. The average pore diameter and standard
deviation were computed by taking first and second moments of
individual frequency distributions about the center of gravity of total
frequency distribution. Values of pore diameter and standard devi-
ation thus obtained were divided by the magnification of the cut-section
to get the actual pore diameter and standard deviation. About one

hundred pore lengths were found adequate to get satisfactory results.

Figure 14. Typical random lines and pore lengths (11, ...)ofa
cut-section



TABLE 7. DETERMINATION OF AVERAGE PORE

DIAMETER
d i fd d up  (doi - )2 £ (dpi -
i 1 1 & Pl P Pl
(m%n) %o (mrpn) mm (mm)? (mm)
2 11.9 23.8 -14.3 204.5 2433, 6
7 15.2 | 106.4 = 9.3 86.5 1314.8
12 17.9 | 214.8 - 4.3 18.5 331.2
17 24.5 | 416.5 0.7 0.5 12.2
22 11.3 | 248.6 5.7 32.5 367.3
A 7.9 | 213.3 10.7 114.5 904. 6
32 5.3 | 169.6 15.7 246.5 1306.5
37 3.3 | 122.1 20.7 428.5 14141
42 2.0 84.0 28. 7 660.5 1321.0
47 0.7 3.9 30.7 942.5 659. 8
100 |(1632.0 10065, 1
[Magnification 16x]
Average pore diameter = ——1160302 = 16.32 mm
o 10065. 1
Standard deviation = Q90 + 10. 09 mm
. 16. 32
Actual average pore diameter = dp T 1.02 mm

Standard deviation = crp =+ 0.63 mm




APPENDIX C

LIST OF SYMBOLS

Symbols along with their description and units are given here:

Symbol Description Units
A Available cross-sectional area L
Ag Surface area of grains Ty*
At Total cross-sectional area b=
a Constant T/L
a' Constant FT/L*%
B Length parameter characterizing the size
of a tube L
b Constant TR
b' Constant FT?/L°
c Constant % =
Cys c, Constants = 5
D Average or effective diameter of particles L
Dgy 50% grain size of porous media L
Dp Effective diameter of pore structure L
d Characteristic length of flow L
dg Average grain diameter from a cut-section L
d; Cut-section grain diameter under consider-

ation L
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LIST OF SYMBOLS - Cont'd.

Symbol Description Units
dp Average pore diameter from a cut-section L
dpi Pore diameter under consideration L
d Particle diameter from sieve analysis L
E(c) Expected number of cuts e
E(h) Expected hits in grain sections - -
E(p) Expected hits in pore area - -
E(t) Expected total hits - -

e Thickness of flow over a flat plate L

F Function of e

f Frequency -
f€ Friction factor dependent upon porosity = 7=
fV Ratio of pressure to viscous forces - -
G Mass rate of flow PT}12
g Acceleration of gravity L/ T#*
H Friction factor dependent upon d = =
? ,? ,_1, Unit vectors in x,y, and z directions,

S respectively Le

i Component, and i= 1, 2,3 - -

J Repeated operator, and j=1,2,3 = @
K Darcy's coefficient of permeability L/T

k Permeability L?
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LIST OF SYMBOLS - Cont'd.

Description
Leength of porous medium sample
Tortuous length
Leength intercepted by a grain
Length of a needle
Length intercepted by a pore
Length of a random line
Magnification
Molecular weight of a gas
Exponent
Reynolds number dependent upon d

Number of grains intercepted by a
random line

Number of pores intercepted by a
random line

Number of observations

Exponent

Unit normal vector to a surface
Space average pressure at a point
Pressure at a point

Time average pressure at a point

luctuations of pressure about the
average pressure at a point

Units

L6
F/L*
F/L?

FlL1.°2

7 L2



73

LIST OF SYMBOLS - Cont'd.

Description
Darcy's veloc;lty or bulk velocity
Gas constant
Reynolds number dependent upon D
Reynolds number dependent upon €

Ratio subscript denoting dimensionless
variable

Radius of a particle

Radius of a tube

Surfaces in a porous system

Specific surface

% estimate of standard error

Tortuosity

Absolute temperature

Microscopic velocity in the i-th direction

Time average microscopic velocity in
the i-th direction

Fluctuations in velocity about the mean
velocity at a point in the i-th direction

Bulk volume of a porous medium
Volume of grains in a porous medium
Average velocity in a cross-section

Compressibility factor of a gas

Units

L/T

L/T
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LIST OF SYMBOLS - Cont'd.

Description
Numerical shape factor
Numerical shape factor
Porosity (measured)
Porosity from cut-sections
Shape factor
Shape factor dependent upon pore structure
Correction factor
Angle
Dynamic viscosity

Average diameter of grains from a cut
section

Average diameter of pores from a cut
section

A ratio length parameter
Density

Standard deviation of grain size distribution
of a cut-section

Standard deviation of pore size distribution
of a cut-section

Hydraulic gradient

Units
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APPENDIX D
SUMMARY OF DATA
TABLE 8

Investigator: N. Ahmed

Properties of Media: Sand; d = 0.054 cm; k= 2.10 x 1078 cm?

€=41.3%; € = 40.7%; d = 0.054 cm;d =
c g -1 p
0.0269 cm; SV: 130.0 cm

Properties of Fluid: u = 0.01524146 % o= 1.0 ng;‘

Equation: ¢ = 7.39314q + 0.74532q?2 ;
S =1.5% ;c=0.89
y
d=1.54x 10> em

Equation valid for the range of velocities from 0. 00489 cm/sec to

8.70 cm/sec

) q H N x 104
unitless cm/sec unitless unitless
0.0362 0.00489 2036 4,941
0.0543 0.00733 1359 7.406
0.0827 0.0112 889 11,32
0.1016 0.0137 726 13.84
0.131 0.0176 568 17.78
0.146 0.0196 493 19.80
0.196 0.0264 378 26.67
0. 254 0.0342 292 34,56
0. 298 0.0401 249 40.52

gm = gram




¢

unitless

0
0
0
0
0
0
0
1
1
1
1
1
2
2
2
3
3
4
4
3]
5
6
6
7
7
8
8

9.
10
12
16.
22,
30.
37.
45.
53.
64.
74,

. 364
. 418
.909
.617
« BT
. 823
.906
.073
. 249
.394
.680
. 920
. 255
.978

983

.424
.878
.328
. 791
. 250
22
. 191
- BT
. 150
.631
.128
. 991

132

. 415
« 971

24
72
i1t
60
90
7%&;

AR

B7RA
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TABLE 8 - Cont'd.

q H
cm/sec unitless
0.0489 204.6
0.0562 177. 9
0.0684 146. 2
0.0826 121.5
0.0973 103.2
0.110 91, 41
0.121 83.18
0.143 70.50
0.166 60.94
0.185 54,75
0.222 45. 81
0. 253 40, 32
0. 296 34,59
0. 337 30.51
0. 388 26.63
0. 443 23. 45
0. 499 20,92
0.554 18.95
0.610 17, 31
0.665 15.95
0,721 14,80
0.776 13.82
0.832 12,95
0.887 12,21
0.942 11,56
0.998 10,97
1.05 10, 47
1.11 9.96
1.25 8.96
1.52 7.54
1.85 6.38
2. 4€ 5.04
3.10 4,21
3.70 3.69
4,32 3.30
4,94 2.96
5,58 2.78
6.20 2.61

N x 104
unitless

49,

56.

69.

83

98.
111,
122,
144,
167.
186.
224,
255.
299,
340,
392,
447,
504,
959,
616.
671.
728.
784.
840,
896.
951,

1008
1061
1122
1263
1536
1869
2486
3132
3738
4365
4991
5638
6264

41
78
11
46
31

QDN\"-*U'ICOWOONCDOUW'—‘CDWQD\!U‘IKMH
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unitless

84. 66
96. 19
107. 94
120, 88

TABLE 8 - Cont'd.

q

cm/sec

6.79
7.43
8.05
8.70

H
unitless

2,47
2,34
2.24
2.15

N x 104
unitless

6861
7507
8134
8790
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TABLE 9

Investigator: N. Ahmed
Properties of Media: Sand; dS = 0.0764 cm; k= 3,96 x 10_6 cm?;
= 41, 4% ; €, = 40. 5% ; dg: 0.0762 cm ;
d = 0.038cm; S = 92.5 cm™ !
p v
Properties of Fluid: u = 0.01480482 9&5‘30 ; p=1,08%
cm cms
Equation: ¢ = 3,80661 q+ 0.45379 q® ; Sy= 1,7% ; e= 1,274 :
d=1.763x 10 °cm,

Equation valid for the range of velocities from 0. 00489 cm/sec to

11.14 cm/sec,

6 q H N x 104
unitless cm/sec unitless unitless
0.0189 0.00489 1742 5. 82
0.0283 0.00733 1161 8.73
0.0425 0.0112 749 13. 34
0.0528 0.0137 619 16. 31
0.0669 0.0176 475, 6 20. 96
0.0748 0.01956 429, 3 23.34
0.1008 0.0264 318.7 31. 44
0.131 0.0342 246, 8 40,73
0.154 0. 0401 211, 1 47,75
0.187 0. 0489 172. 3 58. 23
0.216 0. 0562 150, 7 66.92
0. 261 0.0684 122.9 81. 45
0.318 0.0826 102, 7 98. 36
0.376 0.0973 87.5 115, 87
0. 425 0,110 77.6 131, 0
0.468 0.121 70. 46 144, 1
0. 554 0. 143 59.70 170. 3
0. 646 0.166 51.66 197, 7
0.721 0.185 46. 43 220, 3
0.869 0.222 38.85 264, 4
0.994 0. 253 34,23 301, 3
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TABLE 9 - Cont'd,

é q H N x 104
unitless (nn/sec unitless unitless
1.169 0. 296 29, 40 352, 5
1.34 0. 337 26.01 401, 3
1.55 0. 388 24,15 462. 0
1.78 0. 443 19.99 527.5
2,02 0. 499 17.88 594, 2
2. 25 0. 554 16. 16 659. 7
2. 49 0.610 14,75 726. 4
2,74 0.665 13,65 792
2.99 0.721 12,68 859
3.23 0.776 11,82 924
3.49 0.832 14, 11 991
3.74 0.887 10, 47 1056
3.99 0.942 9.91 1122
4,26 0.998 9, 42 1188
4.50 1.05 9. 00 1250
4.79 1,11 8.57 1322
5,48 1,25 7.73 1489
6.84 1.52 6. 52 1810
8.61 1.85 5. 54 2203
12,31 2.46 4,42 2929
16.18 3.10 3.71 3692
20, 32 3.70 3,27 4406
24,94 4,32 2.94 5144
29,92 4,94 2.70 5883
35. 41 5.58 2,50 6645
41,09 6.20 2. 36 7383
46. 90 6.79 2,24 8086
53. 39 7.43 Z.13 8848
60.12 8.05 2.05 9586
67.54 8.70 1.97 10360
74.61 9.29 1.90 11063
82.12 9.89 1.85 11777
90.49 10.53 1.80 12539
98.82 11.14 1.75 13266
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TABLE 10

Investigator: N. Ahmed
Properties of Media: Sand ;ds = 0,107 cm; k= 6.91 x 10-6 cm“;
€= 42,6%; €, = 42.6% ; dg = 0.1075 cm;

d = 0.0507 cm; S = 69.5 cm ©
P A%

Properties of Fluid: u = 0.01559138 % :p= 1.0%

Equation: ¢ = 2,299 g+ 0.30672 q2; sy= 1,0% ;c= 1.60 ;
d= 2.07x10 "cm.
Equation valid for the range of velocities from 0. 00489 cm/sec to

14,96 cm/sec,

¢ q H N x 104
unitless cm/sec unitless unitless
0.01102 0, 00489 1498 6.49
0.01654 0.00733 1001 9,73
0.02598 0,0112 675, 2 14,87
0.03150 0.0137 544, 5 18.19
0.04094 0.0176 429, 2 23,37
0,04488 0.0196 379.8 26,0
0.05906 0.0264 275, 3 35.1
0.07874 0.0342 218.7 45, 4
0.09291 0. 0401 187.7 23,2
0.1134 0, 0489 154, 1 64,9
0.1307 0. 0562 134, 5 74,6
0.1591 0.0684 110.5 90.8
0.1921 0.0826 91.5 109.7
0, 2270 0.0973 77.9 129, 2
0. 257 0.110 69.0 146, 0
0,283 0,121 62,8 160.6
0. 336 0.143 53,4 189.9
0. 391 0.166 46, 1 220. 4
0.437 0.185 41,5 245, 6
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TABLE 10 - Cont'd,

é q H N x 104
unitless cm/sec unitless unitless
0.526 0,222 34,7 294.,7
0.602 0,253 30.6 335,9
0.709 0. 296 26,3 393.0
0.811 0. 337 23.2 447, 4
0.94 0. 388 20, 2 515, 1
1.08 0. 443 17.9 588. 2
1.23 0.499 16.1 662, 5
1,37 0.554 14,5 735,5
1.52 0.610 13.3 809, 9
1.67 0.665 12,3 882.9
1.82 0.721 11.4 957, 2
1,97 0.776 10.6 1030
2,13 0.832 10.0 1105
2,28 0.887 9.4 1178
2,44 0.942 8.93 1251
2.60 0.998 8. 48 1325
2.76 1.05 8.13 1394
2,93 1,11 7.73 1474
3.36 1.25 6.99 1660
4,21 1.582 5.92 2018
9,31 1.85 5. 04 2456
7.52 2.46 4,04 3266
10. 08 3.10 3. 41 4116
12,71 3.70 3.02 4912
15,67 4,32 2,73 5735
18.85 4,94 2,51 6559
22,39 5. 58 2,34 7408
26,05 6.20 2,20 8231
29,76 6.79 2.10 9015
34,02 7.43 2,00 9864
38. 39 8.05 1.92 10688
43, 22 8.70 1.86 11551
47.83 9. 29 1.80 12334
52.73 9. 89 1.75 13131
58. 21 10.53 1.71 13980
63.66 11,14 1.67 14790
70.10 11,83 1.63 15706
91,51 13,93 1.53 18494
103. 01 14, 96 1.49 19862
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TABLE 11

Investigator: N. Ahmed
Properties of Media: Sand; d_= 0.1405 cm; k= 1.0 x 10 2 cm? ;
€= 41.1%; g, = 40.8% ; dg = 0,140 cm;

d =0.0703cm; S = 50.0 crn_i,
p v

Properties of Fluid: u= 0.01464 Q% ; p=1.0 %

Equation: ¢ = 1.49209 q+ 0.244832 g2 ; Sy =2.5%; c=1,736;
d= 2.4x10 °cm.
Equation valid for the range of velocities from 0, 0112 cm/sec to

20.14 cm/sec,

¢ q H N x 103
unitless cm/sec unitless unitless
0.0165 0.0112 539, 51 1,836
0.0205 0.0137 445,51 2, 246
0.0268 0.0176 353, 35 2,885
0.0291 0.0196 309,72 3,213
0.0394 0,0264 231,06 4,328
0.0512 0.0342 178.86 5.607
0.0606 0. 0401 154, 14 6.574
0.0740 0.0489 126,50 8.016
0. 0850 0.0562 110,03 9,213
0.1031 0.0684 90. 05 11, 21
0,125 0. 0826 74,89 13,54
0.148 0.0973 63.88 15.95
0.167 0.110 56. 40 18.03
0.184 0.121 51,39 19. 84
0.219 0.143 43,78 23. 44
0. 255 0.166 37.83 27. 21
0. 285 0.185 34,11 30. 33
0. 344 0,222 28.54 36. 39
0.393 0.253 25,09 41, 48
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TABLE 11 - Cont'd.

) q H N x 103
unitless cm/sec unitless unitless
0.463 0. 296 21.60 48,52
0.531 0.337 19, 11 55, 25
0.616 0. 388 16.74 63.61
0.709 0.443 14,76 72,62
0.803 0.499 13,19 81.80
0. 906 0.554 12,07 90, 82
1.000 0.610 10,97 100.0
1.102 0.665 10. 17 109.0
1,197 0,721 9. 41 118, .2
1.300 0.776 8.54 127.2
1,409 0.832 8.32 136. 4
1,520 0.887 7.90 145, 4
1.622 0.942 7. 47 154, 4
1.732 0.998 | 163.6
1.843 1.05 6,83 172.1
1.961 1.11 6.50 182.0
2,252 1.25 5.89 204.9
2.827 1.52 5,00 249, 2
3.598 1.85 4,30 303.3
5.150 2.46 3.48 403, 3
6.984 3.10 2,97 508, 2
8.882 3.70 2,66 606, 6
11,02 4,32 2. 41 708, 2
13,35 4,94 2,24 809, 8
16.08 5.58 2,11 914, 8
18.67 6.20 1.99 1016
21,42 6.79 1.90 1113
24,61 7.43 1.82 1218
27.88 8.05 1.76 1320
31,52, 8.70 1.70 1426
35.00 9.29 1.66 1523
38.71 9.89 1.61 1621
42, 86 10.53 1.58 1726
51,92 11,83 1,52 1939
65, 42 13,58 1. 45 2226
80. 51 15, 34 1. 40 2515
96. 14 17.00 1. 36 2787

108. 98 18.29 1.33 2998
129, 45 20,14 1.30 3302
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TABLE 12

Investigator: N. Ahmed
Properties of Media: Sand; d_= 0.1992cm; k= 1.69 x 157 ey
€ = 40.4%; €. = 40, 2% ; dg = 0.20 cm;

d = 0.102cm; S = 33.9cm
P A%

Properties of Fluid: w = 0.01559138 w s p= 1,088
cm cm3

Equation: ¢ = 0.93837 g+ 0.17931q° ; sy= 1.0% ; c= 1,92 ;

d

2.97 x 10_3 cm |,
Equation valid for the range of velocities from 0.0112 cm/sec to

26.24 cm/sec.

) q H N x 103
unitless cm/sec unitless unitless
0.0102 0.0112 454,81 2,133
0.0126 0.0137 373.54 2.610
0.0165 0.0176 296,69 3,353
0.0181 0.0196 262,74 3.734
0.0252 0.0264 201, 49 5.029
0.0323 0.0342 153,89 6.515
0.0378 0. 0401 131,04 7.639
0.0465 0.0489 108, 41 9.315
0.0535 0.0562 94.42 10. 71
0.0654 0. 0684 77.92 13,03
0.0787 0.0826 64,27 15.73
0.0929 0.0973 54,69 18.53
0.106 0.110 48,83 20, 95
0.117 0.121 44,53 23,05
0,138 0.143 . 37.61 27. 24
0,161 0.166 32,57 31,62
0,180 0.185 29, 31 35. 24
0,218 0. 222 24,65 42, 29
0. 250 0. 253 21.77 48,19



85

TABLE 12 - Cont'd.

¢ q H N x 103
unitless cm/sec unitless unitless
0.294 0. 296 18.71 56. 39
0.337 0. 337 16. 54 64. 20
0.391 0. 388 14, 47 73.91
0.452 0. 443 12. 84 84. 39
0.513 0. 499 11, 48 95. 05
0.576 0. 554 10. 46 105.5
0.638 0.610 9. 56 116.2
0.701 0.665 8.84 126.7
0.772 0.721 8.27 137.3
0.835 0.776 7.73 147.8
0.906 0.832 7.30 158.5
0.976 0.887 6.92 169.0
1.047 0.942 6.58 179. 4
1,118 0.998 6. 26 190.1
1.181 1.05 2.:97 200.0
1,260 1,11 5,70 211, 4
1,457 1.25 5,19 238.1
1.843 1.52 4,45 289.5
2,354 1.85 3.84 352, 4
3.402 2,46 3.14 468. 6
4,638 3.10 2.69 590. 5
5.929 3.70 2,41 704, 8
7.409 4,32 2,21 822.9
9.020 4,94 2,06 941.0
10.82 5.58 1.93 1063
12,72 6.20 1,85 1181
14,64 6.79 1.77 1293
16.88 7.43 1.70 1415
19.18 8.05 1.65 1533
21,74 8.70 1.60 1657
24,20 9.29 1.56 1770
26.82 9. 89 1.53 1884
29,77 10. 53 1.49 2006
36. 20 11.83 1.44 2253
47. 45 13.86 1. 38 2640
62.06 16.17 1,32 3080
71.76 17.56 1.30 3345
81.39 18.85 1.27 3591
96. 24 20.70 1.25 3943
111,42 22, 45 1,23 4276
125,98 24,02 1,21 4576
148,05 26, 24 1.20 4998
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TABLE 13

Investigator: N. Ahmed
Properties of Media: Sand; dS = 0,258cm; k= 2,21 x 10_5cm2;
€ = 40, 5% ; €, = 40.7% ; dg = 0,258 cm;

d =0,133¢cm; S = 26.4cm_1
p v

Properties of Fluid: u = 0.0150362 g%fic . p= 1.0%

Equation: ¢ = 0.69441 q + 0, 165050 q° ; sy= 2.0% ; c= 1,727 ;
d=3.58 x 10 ~cm .
Equation valid for the range of velocities from 0.0112 cm/sec to

25.50 cm/sec.

¢ q H N x 103
unitless cm/sec unitless unitless
0.0079 0.0112 383.32 2.667
0.0094 0,0137 303, 26 3.262
0.0118 0.0176 230.84 4,190
0.0134 0.0196 211.68 4,667
0.0181 0.0264 157.51 6. 286
0,.0236 0.0342 122,33 8.143
0,0283 0. 0401 106.75 9. 547
0.0346 0.0489 87.77 11,64
0.0394 0.0562 75.69 13,38
0.0480 0.0684 62.23 16. 29
0,.0583 0.0826 51.83 19. 67
0.0693 0.0973 44,40 23,17
0.0780 0.110 39.10 26.19
0. 0866 0.121 35.88 28. 81
0.1024 0.143 30. 38 34, 05
0.120 0.166 26, 41 39,52
0.134 0.185 23,75 44, 05
0.162 0.222 19.94 52,86
0.186 0. 253 17.62 60. 24
0.220 0. 296 15,23 70. 48
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q

cm/sec
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« 25
.92
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. 46
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.70
<32
.94
.08
+ 20
.79
.43
.05
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.29
.89
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.83
.08
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.00
.29
.14
.18
.02
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unitless
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N x
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unitless

80
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105.
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158.
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184.
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250,
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880.

1029
1176
1329
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4795
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TABLE 14

Investigator: H.V. Allen
Properties of Media: Granular Absorbents; ds = 0.0855cm;
_ -6 2
k=8.6x10 cm*“ .
Properties of Fluid: u = 0.0091 Q%% ; p= 0,78 gm/cm?(Naptha)
Equation: ¢= 1,47 + 0.142 q?‘ : Sy= 3.3% ; c=3.65; d= 1.53x10-3 cm,

Equation valid for the range of velocities from 0.156 cm/sec to 2. 21

cm/sec.
¢ q H N x 103
unitless cm/sec unitless unitless
0.233 0.156 53.1 20.5
0.482 0. 286 32,2 37.5
0.569 0.367 23,06 48. 1
0.628 0. 408 20. 60 53.5
0.934 0.619 13.32 81.2
1.080 0.687 12.5 90.1
1.34 0.856 10.02 112.3
1.52 0.972 8.81 127.5
1.75 1.09 8.07 142.9
1.90 1.22 6.99 160.0
2,13 1.33 6.59 174. 4
2,45 1.50 5,95 196.7
2.92 1.70 5,53 222.9
3,18 1.87 4,985 245, 2
3.71 2.04 4,88 267.5
4,09 2.21 4,59 289.8
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TABLE 15

Investigator: F. C. Blake

Properties of Media: Glass Beads; dS = 0,32 ¢m;

k = 6.7x 10"° cm? |

d -
Properties of Fluid: u = 0,01 Ls;ac ;0 p =1.0 12
cm cms3

Equation: ¢ = 0.149q + 0.0623 q2 ; sy = 1.6% ; ¢ = 4
d = 4.1 x 1077 cm )

Equation valid for the range of velocities from 0,814 cm/sec

to 7.18 cm/sec.

3

(0] q Hx 10 Nx 10
unitless cm/sec unitless unitless
0,163 0.814 3956 3.34
0.281 1,22 3037 5.00
0.463 1.76 2405 7.22
0.614 2.16 2117 8.86
0.849 2.71 1860 11,11
1.246 3.b2 1618 14 .43
2.176 4,81 1513 19.72
3,217 6.10 1391 25,01
4,312 7.18 1346 29 .44




TABLE 16

Investigator: L. E. Brownell

Properties of Media: Glass Beads; dS

k &

Properties of Fluid: u =

1.5 x 10'4

= 0.53cm

cm

2

0.00955 Jyne-sec
cm?

Equation: ¢ = 0.0647q + 0.0183 q?; sy

d = 2.7x10'3

.
2

€

1.0

C

41.2%

gm
.

cm

= 20.7

Equation valid for the range of velocities from 3.41 cm/sec to

12.3 cm/sec.

¢

unitless

.424
.942
« 105
«833
.04
.27
.60
.82
18
.70
.03
.93

W WwNND e e 0 0 O0O0

cm/sec

0~ O U DWW

q

.41
.93
.60
.15
.00
.82
.67
.46
9.
10.4
11 .2
12.3

44

unitless

O e e T e P S ST S )

H

.00
92
.83
s 02
.58
.50
.49
. 39
. 34
.37
.32
.28

Nx10
unitless

14

21

31

.64
11
13.
.06
16.
19.
.68
23,
26 .
29.
.66
34,

11
01

96
28

92
69
40

77

.
2
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TABLE 17

Investigator: L., E. Brownell

Properties of Media: Nickel Saddles; dS = 0.33em ; € = 93.1% §
i) 5
k = 1.12x10 " cm
Properties of Fluid: 4 = 0.00977 d¥me=sec . = gm
cm cm3

.
El

Equation: ¢ = 0.08903q + 0.02188 g2 ; sy = 5.0% ; ¢ = 19.3
d = 2.4x10 % cm .

Equation valid for the range of velocities from 5.85 cm/sec to

24.5 cm/sec.

¢ q H N
unitless cm/sec unitless unitless
1,09 5.85 1.45 i.44
1.30 6.66 1.33 i.64
2.06 8.22 1.39 2.02
2.93 9.93 1.35 2.44
4,56 13.8 1,09 3.39
6.46 i6.0 i.15 3.93
7.61 i7.9 1.08 4.40
8.94 19.7 1.05 4,84
13.0 24.5 0.98 6.02



92

TABLE 18

Investigator: G. H. Fancher

Properties of Media: 20-30 Ottawa Sand; dS = 0.07 cm (estimated)

€= 34.5% ; k = 8.2x 10 ' cm?
. d s ,
Properties of Fluid: u = 0,013 —Yo-5°C .  _ 4 o &M
cm cm3

b

Equation: ¢ = 16.6 q+ 7.96 q2; Sy = 4.1% ; ¢ = 0.02
d = 6.4x10 > cm .

Equation valid for the range of velocities from 0.069 cm/sec to

0.855 cm/sec.

3
[0 q H N x 10
unitless cm/sec unitless unitless
1,22 0.069 31.92 32,47
1.64 0.0896 25,74 42.16
2.74 0.166 12.47 78.12
6.32 0.331 7.24 155.76
9.76 0.48 5..32 225.9
i2.4 0.606 4,24 285,2
16.9 0.731 3.97 344 .0
20,2 0.855 3.47 402.4
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TABLE 19

Investigator: P, H. Forchheimer

Properties of Media: Sand; dS = 0.5ecm ; k = 2.30x 10=3cm2 ;
Properties of Fluid: u = 0,0091 w; p = 1.0 £m

cm cm3
Equation: ¢ = 0,00408 q+ 0.0005 g2 ; S, = 2.2% ; c = 1837

d = 1.1 x 10°3 cm

Equation valid for the range of velocities from 0.116 cm/sec to

10.8 cm/sec.

é q H N x 10°
unitless cm/sec unitless unitless
0.0005 0.116 73.42 i4.02
0.0010 0,243 33.60 29,37
0.0020 0.463 18.49 55.97
0.0040 0.891 9.99 i07.7
0.0060 1,300 7.04 i57.1
0.0080 1.64 5.90 198.2
0.010 2.00 4. .96 241 .8
0.015 Z2.75 3.93 332.4
0.020 3.47 3.29 419.5
0.030 4.63 2.77 559.5
0.050 6.48 z2.36 783.3
0.100 i0.80 1.70 1305.5

3
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TABLE 20

Investigator: P. H. Forchheimer

Properties of Media: Sand; dS = 0.3cm ; k

d -
Properties of Fluid: u = 0,0091 —=-=CC
Equation: ¢ = 0,01225 g + 0.,00092 q° ; sy =

d = 0.7 x 1073 cm |,

= 7.6x

2.1% ;

10”4

gm

sz

cm3

C =

1612

Equation valid for the range of velocities from 0.0405 cm/sec to

5.73 cm/sec.

¢ q H
unitless cm/sec unitless
0.0005 0.0405 33.75
0.001 0.0810 i6.87
0.002 0.162 8.45
0.004 0,312 4,55
0.006 0.475 2.94
0.008 0.625 2,27
0,010 0.775 i.84
0.0i5 i.13 i.30
0.020 1.47% 1.02
0.030 2,14 0.725
0.050 3,24 0.527
0.10 5:713 0. 337

N x

103

unitless

31

62.
i24.
240,
365.
480.
596.
869.

1130,

1646
2492
4408

.15
31

coNvNINCOR O™

2
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TABLE 21

Investigator: C. E. Kirkham

Properties of Media:

Marble ; ds

Properties of Fluid: wu =

Equation:

0.010494

= 1.6 cm ; k=1.197 x 10™° cm?:
Spue-see . . = 0,80857 S
cm cms3

¢ =0.0089463 q + 0.011685q” ; sy=4.1% -

c=8.36 1 d=158.7x10"°

cm

Equation valid for the range of velocities from 0.0610 cm/sec to

9.6317 cm/sec.

¢

unitless

- O 0O 0000 OO OO0 OO OO OOOO0Oo oo

.000496
.000615
.000711
.000851
.00105
.00138
.00202
.00355
.00540
.00995
.0140
.0173
.0224
.0297
.0438
.0726

. 146
.243
.502

. 741
.944

. 148

q

cm/sec

OC OO bk WP, P, P, OOO0OO0OO0OO0OO0OO0OO0OOoOOoOOo

.0610
.0762
.0872
.1006
.1219
.1524
.2033
.3048
.4054
.6096
.7620
L8717
.0058
.2192
.5240
.033

.048

.0538
.0960
.6200
L7173
L6317

H

unitless

s e R e R R R = = = NN WSO N O

.74
.05
.99
.19
.04
.08
17
.27
.81
+29
.06
.95
. 89
.71
.61
.50
.34
.26
.15
.09
.06
.06

N x 103

unitless

79
99

113.
131,
158.
198.
265.
397.
528.
794.
093,

1136
1311
1589
1987
2650
3973
5285
7947
9934
11364
12556

.52
.34
68
15
91
7

B 0w O

b

k]
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TABLE 22

Investigator: E. Lindquist

Properties of Media: Sand; ds =0.492cm ; € = 38% ;
-4 5
k=1.38x10 cm*“ .
d = S
Properties of Fluid: u = 0.00914 Lszec ; p=1.0 gm
cm cms3

Equation: ¢ = 0.0674 q + 0.0368 q° ; Sy = 3.0% ; ¢=5.57 ;
d=5x10-3 cm |

Equation valid for the range of velocities from 0.196 cm/sec to

4.60 cm/sec.

é q H N x 10°
unitless cm/sec unitless unitless
0.015 0.196 10.67 107.22
0.045 0.532 4,34 291.03
0.070 0.742 3.47 405.9
0,120 1.16 2.44 634.6
0.185 1.51 2,22 826.0
0.28 2,00 1.91 1094
0.41 2.55 1.72 1395
0.52 2.95 1.63 1614
0.63 3.30 1.58 1805
0.75 3.70 1.50 2024
0.90 4.06 1.49 2221
1.10 4.60 1.42 2516
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TABLE 23

Investigator: E. Lindquist
Properties of Media: Sand ; dS = 1.0 mm; €= 38% ;

k=8x10 °cm?

Properties of Fluid: = 0,00914 2YB€=Sec .y o gm
cm cm

Equation: ¢ = 1.164 q+ 0.2928 g% ; c=1.51; d= 2.3 x 10> cm;

S =4,5%.
y

Equation valid for the range of velocities from 0,042 cm/sec to

1.02 cm/sec.

¢ q H N x 103
unitless cm/sec unitless unitless
0. 045 0.042 87.11 10. 57
0.070 0.062 62.11 15.60
0.20 0.155 28.39 39.00
0.31 0.238 18.66 59. 89
0.61 0.462 9.739 116. 26
0.70 0.504 9.389 126.83
0.81 0.616 7.272 155, 01
0.94 0.700 6.536 176. 15
1.05 0.756 6.260 190, 2
1.35 0.952 5.075 239.6
1,48 1.02 4,846 256.7
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TABLE 24

Investigator: F. Mobasheri

Properties of Media: Sand; dS =0.5cm ; k = 4.94 x 10-5 cm?

dyne-sec 6 =1.0 gm

Properties of Fluid: u = 0.00914 3 ; 3
m cm

Equation: ¢ = 0,189 q+ 0.137 q®; c=1.1 ; d=6.6x10"" cm ;
S =6.5%
J

Equation valid for the range of velocities from 0.109 cm/sec to

5.53 cm/sec.

¢ q H N x 102
unitless cm/sec unitless unitless
0.022 0.109 13.17 7.87
0.022 0.117 11 .44 8.45
0.028 0.136 10.78 9.82
0.038 0.178 8.54 12.85
0.040 0.194 7.58 14 .01
0.046 0.218 6.90 15.74
0.056 0,287 4,84 20,72
0.058 0.300 4,59 21.66
0.074 0.350 4,30 25,27
0.088 0.408 3.76 29.46
0.108 0.458 3.73 33.07
0.130 0.518 3.45 37.40
0.146 0.559 3.66 40, 36
0.176 0.621 3.25 44, 84
0.186 0.646 3.17 46.65
0.212 0.722 2.90 52.14
0.244 0.777 2.88 56.11
0.280 0.877 2.59 63,33
0.330 1.00 2,35 72.21
0.430 1.182 2.19 85.35
0.544 1.37 2.18 98.93
0.786 1.69 1.96 122.0
1.14 2.15 1.76 155.3
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TABLE 24 - Cont'd.

é q H N x 10°

unitless cm/sec unitless unitless
1.58 2.68 1.57 193.5
1,83 2.97 1.48 214 .5
2.27 3.40 i.40 245 .5
3.20 4.19 i.30 302.6
3.69 4,57 1.26 330.0
4,24 4,96 1.23 358.2
4,68 5,27 i1.20 380.5
5.11 5.53 1.19 399.3
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TABLE 25

Investigator: D. K. Sunada

Properties of Media: Glass Spheres; clS = 0.300 + 0.005 cm

€=37.1% ; k=6.45x 10" ° cm?

3

Properties of Fluid: u = 0.0091 dyL.ieC ; p=1.0 gm
cm cm3

Equation: ¢ =0.145 g+ 0.0648 g?; sy=4.4% ; ¢=3.8 ;

d=4.1x1o'3cm .

Equation valid for the range of velocities from 0.01 cm/sec to

15 em/sec.
3
[0} q H Nx 10
unitless cm/sec unitless unitless
0.0015 0.011 189.5 4,956
0.00232 0.0175 114 .4 7.88
0.00400 0.0243 103.6 10.95
0.00440 0.0335 60.04 15.09
0.00575 0.0422 49,37 19.01
0.00716 0.0509 42 .25 22.93
0.00814 0.0596 35.05 26. 85
0.01070 0.0789 - 26 .25 35.55
0.0136 0.0944 23.33 42.53
0.0165 0.118 18.14 53.16
0.0192 0.135 16.12 60.82
0.0250 0.172 12,91 77.49
0.0275 0.187 12.00 84.25
0.0312 0.208 11.01 93.71
0.0350 0.228 10.29 102.7
0.0400 0.248 9.94 111.7
0.0460 0.288 8.48 129.8
0.0475 0.298 8.18 134.3
0.0500 0.308 8.05 138.8
0.0537 0.330 7.54 148.7
0.0600 0.368 6.77 165.8
0.0664 0.388 6.74 174 .8
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TABLE 25 = Cont'd.

¢ q H N x 10°
unitless cm/sec unitless unitless
0.0725 0.428 6.05 192.8
0.0537 0.330 7.54 148.7
0.0555 0.338 7.43 i52.3
0.0587 0. 356 7.08 160.4
0.0625 0.376 6.76 169.4
0.0700 0.408 6.43 183.8
0.0348 0.215 11.51 96.9
0.0406 0,251 9.85 113.1
0,0475 0.300 8.07 135.2
0.0614 0.365 7.06 164.5
0.0540 0.329 7.64 148.2
0.0689 0.408 6.34 183.8
0.0760 0.445 587 200.5
0.0843 0.485 5.48 218.5
0.0930 0.512 5.43 230.7
0.101 0.561 4.90 252.8
0.1095 0.600 4,65 270.3
0.114 0.640 4,25 288.4
0.1205 0.680 3.99 306.4
0.1525 0.758 4,05 341.5
0.167 0.838 3.64 377.6
0.190 0.918 3.48 413.6
0.210 0.995 3.24 448.3
0,232 1.09 2.98 491 .1
0,260 1.15 3.00 518.1
0.283 1.23 2.86 554, 2
0.313 1.30 2.83 585.7
0.340 1.38 2.73 621.8
0.363 1.46 2.60 657.8
0.373 1.54 2.40 693.8
0.461 1.720 2,38 774.9
0.525 1.890 2,25 851.5
0.595 2.03 2.21 9i4.6
0.674 2.19 2.15 986.7
0.756 2.35 2.09 1059
0.875 2.58 2.01 1162
1.00 2,82 1.92 i271
1.17 3.14 1.81 1415
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unitless

.44
.65
.08
43
.78
.90
.35
.56
.15
.00
. 89
.58
« 46
.60
.00
.10
14.6
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TABLE 25 - Cont'd.

q : i 8 H
cm/sec unitless
3.52 1.78
3.92 1.64
4.50 1.57
5.05 1.46
5.48 1.41
6.26 1,37
7.18 1.29
8.38 1.21
8. 80 1.21
9. 38 1.22
10.1 1.18
10.4 1,21
11.0 1.19
11.80 1.16
12.55 1.16
13.2 1.15
14.0 1.14

N x 103f‘
unitless -

1586
1766
2027
2275
2469
2820
3235
3776
3965
4226
4551
4686
4956
5316
5654
5947
6308
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