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ABSTRACT

A review of some of the existing theories for physi-
lcal modeling of unsteady drainage from unsaturated porous
media indicated the choice of Brooks and Corey's theory and
it was applied for one-dimensional unsteady drainage from
layered soils. Another necessary criterion was developed,
in addition to those offered by Brooks and Corey, for layered
soils. Some experiments were done and the results showed
that the developed criterion must be satisfied to enable

prediction of the prototype behavior from that of the model.
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CHAPTER I

INTRODUCTION

The relevant laws of nature and the geometrical re-
lations of the physical situation sometimes cannot be for—
mulated mathematically becaﬁse of the complexity of the
problem. There are many cases which can be fepresented as
functional equations, usually as differential equations.
However, it is not always possible to solve these equations
for different conditions because the mathematical difficul-
ties are too great.

This need not discourage investigators from finding
solutions for such problems. In both cases these problems
can be understood well by means of direct experimentation.
Many phenomena cannot be investigated directly because of
the great amount of time and money involved. Through proper
model design, systems of comparatively large size can be
reproduced in the laboratory in a smaller scale. The lab-
oratory resultsAcan faithfully duplicate the behavior in
the prototype, buﬁ on a miniature dimensional scale and in
a comparatively short span of time.

There are two methods of defining scalipg criteria.
One is the well-known dimensional analysis which is based

on Buckingham's = theorem. The other called "inspectional
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analysis" by Rurak (17) consists of transforming the equa-
tions of a problemidifferential or otherwise, so that all
the variables are dimensionless. Simple inspection then
shows how these dimensionless variables are related.

Many investigators, both petroleum and drainage
engineers, have proposed scaling laws. Brooks and Corey
(2) in 1964 developed a theory of similitude for nonsteady
drainage of unsaturated porous media by use of Richard's
egquation. Their theory wés tested for one-dimensional and
two-dimensional drainage for a single layer of soil by
Corey et al. (6) and Hedstrom et. al. (10) respectively in
1965 and 1971 with good results.

| The purpose of this study is to apply Brooks and
Corey's theory of similitude to one—dimensional drainage
for two or more layers of éoil and to find out the other
necessary similitude requirements if any. This study is
also a basis for the study of the two-dimensional case
Which is being completed by I.G. ﬁenderson,'a graduate

student at the University of Manitoba, as an M.Sc. thesis.




CHAPTER II

BACKGROUND AND THEORY

Studies of the problems of flow through porous media
have been done by many investigators in the petfoleum in-
dustry and water resource area. Petroleum engineers are
interested in two-phase liquid flow or the displacement of

0il by water or gas since most often raw petroleum occurs

in the porous mantle of the earth. Water resource engineers
in irrigation and drainage problems are faced with the liquid
phase in a water-air system in which water is the only phase
flowing.

some of the modeling studies which have been done
are merely qualitative and there has not been any effort
to apply the results to the prototype. However, in many
quantitative studies, in which the main purpose has been
to find out the prototype behavior by use of models, failure
occurred because of not considering the microscopic geometry
as well as the macroscopic geometry.

Some of the investigators in the petroleum industry

who have developed scaling criteria are Leverett (13),
Rapoport (15), Croes and Schwarz (8), Craig et. al (7),
Scheidegger (18) and Richardson (16).

Several other investigators have proposed scaling

3.
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theories for flow of one ligquid in unsaturated porous
materials. Stallman (19), Miller and Miller (14) and Brooks
and Corey (2) are in this group.

Because Richardson (16) has suggested additional
criteria for modeling layered soils and has done a few
qualitative experiments a few pages are devoted here to
explain the principles of his theory as well as the theory
of Miller and Miller (14) and the similarity of it with that
of Brooks and Corey (2).

The present author has taken advantage of using the
converted scaling criteria to similar units which has been
done by Corey et. al. (6) for ease of comparison.

Richardson (16) has scaled the differential equation
describing the displacement of oil from a porous medium by
water or gas. He has pointed out that the solution of
this equation satisfies both model and prototype if}the
following are true:

(1) The model and prototype are geometrically simi-

lar .
(2) The model and prototype have similar initial and
boundary conditions .

(3) The model and prototype have the same values for

£ - K A Hy
of (a) /KF . g Hw

the parameters , ’
qUOL quo Ho



~

with times given by gt/¢L where f£f(a) is merely
a dimensionless representation for the contact
angle and g 1s the volume flux. Other symbols
are 0 for interfacial tension, U for visco-
sity, K for absolute permeability, ¢ for
porosity and thé subscripts w and o refer

to water and oil respectively.

(4) The model and prototype have the same relative
permeability and dimensionlessvcapillary pressure-
saturation relations.

For stratified sands he proposed one more criterion

in addition to those mentioned above; model must have the
same relative distribution of permeabilities as prototype.

In other words

b - 1% K - |Kn

K KI ooooo K ——R———‘

&/ model ) prototype @ model @’ prototype
where subscripts a, b, .... m refer to different layers.

He performed some qualitative tests using this rela-
tion between layers and in his experiments he made gravi-
tational forces negligible by selecting a very small depth
of model and by allowing only flow parallel to the layers.

Miller and Miller (14) were the first to consider
the scaling laws which would be valid for any flow system

whether it be drainage or imbibition. They used inspectional
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analysis and gave attention to microscopic as well as mac-
roscopic scaling. They call two media "similar" when their
solid geometries differ only by a constant magnifyiﬁg fac-
tor. When the interface geometries are also "similar" they

describe the two media as being in "similar" states. To

. . Pcd - Ke
satisfy this, the values o 57 should be the same
o
in the two media where P, 1is the capillary pressure, Ke

the effective permeability and d 1is a characteristic
length of the media.

They developed the following scaled or "reduced"
variables (a dot subscript is used to denote each scaled
variable) .

Scaled Microscopic Interface Geometry

1 ' 1 .
- = 4 —— = mean film curvature
rm. rm‘ n
P = ._Pig.g'.
c. 7 23
a = a o = contact angle (radians)

Scaled Flow Properties of Medium

9]
1
4p]

S = degree of saturation



Scaled Macroscopic Variables

(. = macroscopic characteristic length)

r = % : r = position vector
_ Ld .
£f = — f f = body force per unit volume
. o
For gravity £ = pg
H
L
= —— g
4. = od
t = 0d2 t ' t = time
. L

Klute et. al. (11), Elrick et. al. (9) and Wilkinson
et. al. (20) tested the validity of Miller and Miller's
theory in different ways.

Klute et. al. (11l) prepared a series of "similar"
media consisting of different fractions of sand. They ob-
tained capillary pressure-saturation curves for both drain-
age and imbibition cycles. They also obtained capillary
pressure-permeability curves for each fraction. The "re-
duced" capillary pressure-saturation curves, as well as
"reduced" capillary pressure-permeability curves, coalesced
into one curve within the limits of experimental error.

Elrick et. al. (9) ran four different tests to ex-
amine Miller and Miller's theory. They ran hysteresis loop
experiments and unsaturated conductivity tests for a unique

medium but using different liquids. For the hysteresis loop




experiments the agreement with theory was good for clean
sand but deteriorated as the clay content increased.

They also ran infiltration and drainage tests for
systems constructed from various "similar" media; only one
liquid was used. The results were in excellent agreement
with the theory.

Wilkinson et. al. (20) drained the initially satu-
rated columns of different ffactions of sand which were
"similar". The "reduced" outflow was plotted against
"reduced" time and the agreement was reasonable within ex-
perimental error except for the finest fraction. When the
tests were done for infiltration into dry columns the curve
for coarsest fraction showed some deviation from other curves.

Another scaling theory was proposed by Brooks and
Corey (2) in 1964 and this is the theory which has been
used by the author for vertical drainage ffom two horizon-
tal layers of sand. Before explaining their theory of sim-
ilitude it is better first to mention some of the properties
of porous media from Brooks and Corey (2).

In the two-fluid system discussed herein, the fluids
are assumed to be immiscible. They are referred to as non-
wetting and wetting phases. Even though the discussion is
confined to a gas-liquid system, the theory applies to any

two-fluid system in which the fluids are immiscible.




It is assumed that Darcy's equation applies to flow
of both the gas and liquid phases occupying a porous medium.
For this assumption to be valid, both phases must form con-
tinuous networks within the medium and any isolated bugbles
of gas must be regarded as part of the porous matrix.

When two immiscible fluids occupy the pores of a
porous matrix, the permeability to one fluid phase is called

"effective permeability", K Usually the effective per-

e *
meability will be smaller than K, the permeability when
only one fluid occupies the medium. The ratio Ke/K is
called "relative permeability" and varies from O to 1.0.

The fraction of the total pore space occupied by the
wetting phase is defined as saturation S. It is consid-
ered here as a quantity which can vary from point to point
within the medium.

In general; the functional relationship, Kg = £(9)
is not single-valued but is affected by hysteresis. Hy-
steresis affects both the liguid and the gas permeabilities.

Another assumption is that the liquid and gaseous
fluid phases are separated by curved interfaces, concave
with respect to the liquid. This assumption is valid at
relatively high liquid saturations in a medium containing

at least some pores large enough that the liquid permeability

is substantial. It is not always valid for saturation less
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than field capacity or for porous media having only extremely
small pores. The pressure differences across the interface

is called capillary pressure P,

- 1 11 -
Pe = O(f? + f;}_ Pgas Pliquid (1)
where o is the interfacial tension, r;, and r, are major

and minor radii of curvature at a point on the interface.
The liquid is a£ a pressure less than the gas and P, 1is
therefore, positive. Saturation is a function of P, and
Ko 1is also a function of Pc , both being affected by
hysteresis.

According to the analysis of Burdine (3), the rela-

tive permeability Ke/Kw .is approximated by the relation

os 2JSdS
. Pr P.2 )
Rew © [l—Sr] ©° ° (2)
fIdS
o Fc
where S is the residual saturation. The permeability is

r

assumed to approach zero at this finite saturation. Corey
called the quantity (S—Sr)/(l—sr) the effective saturation,
Se. By changing S to S, in the above equation it be-

comes

=
i

rw = Se)t S (3)

Se
0 Po?
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and for the non-wetting phase

' dse

2

K = (1-s )2 Sefc
mw e

Jl dSe

2
o Pq

Corey (4) approximated the ratio of integrals in
equations 3 and 4 by Sé and (l—Sé) respectively. Then
the two above equations become

Krw N S; (5)

~ _ 2(1_a2
K .~ (1-5¢) 2 (1-82) (6)

The equations given by Corey imply that effective

saturation, Se is a linear function of 57 i.e.
c
c)?
Se = {'P-;] for PC > C (7)

where ¢ 1is some constant.

If equation 7 is substituted into equation 5 the

result is
8
= 1.5
L (P ] (8)

but for media with relatively uniform pores the exponent in
equation 8 is much larger than 8 and theoretically could
increase without bound.

The theory developed by Brooks and Corey for proper-
ties of porous media is based on observations from a large

number of experimental data which indicate that
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for Pg > Py (9)

where A and Py, are characteristic constants of the
medium.

This equation was discovered by plotting S, as a
function of log P./y on the drainage éycle. The result
is a straight line with a negative slope X for P /v 2
P/ y. The parameter Pb/y is defined by the intercept
where the straight line meets the ordinate representing
Se = 1.0 and it is called the bubbling pressure of the
medium. The bubbling pressure, P, is a measure of the
maximum pore size forming a continuous network of flow
channels within the medium.

To describe Sy it is necessary to have capillary
pressure—desaturation data. Such curves can be seen in
Appendix A which have been completed for different frac-
tions of the sand used for the drainage test.

The negative of the slope of the curve of S, as a
function of Pc/y is designated as A, and it is called
the pore-size distribution index of the medium.

Substituting equation 9 into equation 3 and perform-

ing the integration gives




13.

2+3X
- A - £
Kow = (Se) = (Se) (10)
or
Py n
e for P, 2 Py (11)
c
where n=2+3 x and e = (24+3))/X
Similarly for the non-wetting phase
( 2+
K = (1-s)? |1-s* (12)
rnw e | e ‘
or
P Py, ) 2+A ‘
= [1-]2k ~|Zk .
e a5
J

for P, > Py -

Equations 9 to 13 present the theory of Brooks and
Corey for the properties of porous media.

Theoretically, A could have any positive value
greater than zero, being small for media having a wide
range of pore sizes and large for media with a relatively
uniform pore size. The theoretical lower limit of n 1is

2. Values of n for different fractions of sand used for

drainage test can be seen from the capillary pressure-
relative permeability data in Appendix A.

Having become familiar with Brooks and Corey's theory
for properties of porous media, it is more convenient to

discuss their theory for similitude reguirements.
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The assumption of Miller and Miller (14), that is,
isotropic porous systems containing two immiscible fluid
phases (air and water) in which the air pressure is con-
sidered to be constant but both air and water are contin-
uous phases, were accepted by Brooks and Corey (2).

Their analysis is in many respects the same as
Miller and Miller's, but it is restricted to the drainage
cycle in order to avoid the complication of hysteresis. In
addition, the theoretical functional relationships among

p K and K, . are used to simplify the result-

Cc1? Sel rw
ing expressions for the criteria of similitude.
They begin from the Richards equation which is ob-

tained from combining Darcy's equation and the continuity

equation. Darch's equation is

q = Yj v[.in + z} (14)

and the continuity equation

9S8

T (15)

div g = -¢

They substitute ¢ for ¢, the "effective poro-

sity", which is given by

b = (L = S,)0 (16)
and S, for S and it gives

YKe [P 98¢
d PR - = U 7
div Y V[Y + z] %o 5% (17)
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This equation is then written in a dimensionless
form by scaling the variables in the equation. They scale
the variables by choosing standard units of permeability,
length, pressure and time which are known to be sigﬁificant.
characteristics of the system. The standard units are de-

L

signated as K P and t, respectively. the

o’ or o

standard unit K, is the fully-saturated (maximum) per-
meability K of the medium.
Using the standard units as scaling factors, equa-

tion 17 becomes

toKoy : P zvl|l . 95e -
Tondg Ve |®r V. [ﬁg T B)| T 3E/ESY (18)

where the dots after the divergence and gradient operator
symbols indicate that the operations are performed with
respect to the scaled coordinate length.

As standard units they chose bubbling pressure, Py
for Pg,. In this case, however, it is necessary to use
P,/y as the standard unit of length. Similarly the ap-
propriate standard unit of time is ¢, Pp u/Ky? . Scaled
variables are obtained by dividing the unscaled variables

by their respective standard units. Then, equation 18

becomes

3Se

div. KI' V, [P. +~"Z.) = 5{'—: (19)

where the dots designate scaled variables or operators

with respect to scaled variables.
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Equation 19 will yield identical particular solutions
in terms of scaled variables provided that

(1) geometric similitude exists

(2) the boundary and initial conditions in terms of
scaled variables afe identical

(3) the functional relationships among Ky, Sg and
P./Py, are identical for the both systems.

Scaled variables resulting from Brooks and Corey's
theory (from Corey et. al.(6)) are:

Microscopic geometry

P. = ﬁ% P Pressure of wetting phase
n. £ Pore size distribution index

Macroscopic variables

= P9
L. = By, L Length
2
t, = {eg) ~ K t Time

* " Pp M de

. = Flow volume flux
q 0g K g
Q. = g.t.= LI q t = LI o Flow volume
Pp de Pp ¢¢

The properties of the medium

K, = K, = e Permeability
K
S. = S, = S-Sy Degree of saturation

1-S,

©-
L
[l

be (1-5,)¢ Porosity
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In the approach of Brooks ahd Corey (2) the micro-
scopic variables are taken care of implicitly by using a
pore-size distribution index (X or n) and bubbling pressure,
Py, while Miller and Miller (14) have explicitly scaled
micorscopic variables.

Laliberte et. al. (12) who have examined some of the
problems associated with the theory of Brooks and Corey in=-
dicate that the pore-size distribution index is changed only
slightly over a wide range of porosities but permeability
and bubbling pressure may be changed'several fold over the
same range.

Corey et. al. (6) tested the validity of Brooks and
Corey's scaling criteria for one-dimensional unsteady flow
through a single layer of sand and obtained exceptional
results. They also found that the value of the parameter.

n does significantly affect the drainage process. Differ-
ences in n, however, are more pronounced with low values
than with high values of N . They comment that prototype
materials possessing high N-values (above 15) could undoubt-
edly be modeled with materials having n-values within 20
percent of the prototype media. However, media with low
values (3-8) should be modeled with media having n-values
within #5 percent of the true values.

Corey (5) offers the following criteria for simili-
tude for layered media:

Consider. m layers of media with the flow being

perpendicular to the layers. Individual layers between
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model and prototype are scaled if

L pg]' (L og] -

=PIl - =P n=1,2,3.....m (20)
(Pb Pp ),

t K(pg)'z]' [t K(pq)zJ _

t Klpg) |" _ |EK(pg)” =1, 2, 3 «uun. m 21
(Pb Hode )y Pp M be nn n (24
Mh = Np n=1,2,3 ..... m (22)

where the primed quantities refer to the model and the un-

primed to the prototype.
It is highly unlikely that layers of media in a
prototype would exhibit the same length and time scales.

In other words, in general

L L L
('ﬁg}l 7 (@‘g]z Ao 7 [ﬁg]m (23)

tK tK tK
— —_— e — 24
[Pb ¢e]1 ? {Pb ¢e]2 ? ? [Pb ¢eJm (24)

The fluid properties have been omitted since each
layer is assumed to contain the same fluid. Then, there
are unique length and time scales for each prototype layer.

These scales are linearly related or

Loy = apLe, = ash,s = ... a L. (25)

tnl = bzt b3t-3 = ... Db t. (26)

.2

where the a's and b's are constants dependent upon the

properties of the individual layers.
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In order to model such layers, the same ratio of
length and time scales must exist among the model layers,

or

I
o}
ad

Liy = azLl, = asL!; (27)

tll = bzt!z = b3t53 o o0 bmt: (28)

Should one be able to secure materials to effectively
neet these criteria, the different length and time scales
would still exist among the various model layers.

Egquations 20 and 28 according to Corey (5) are the
criteria necessary to model layered soils. There is the
further requirement that each layer must be treated separ-
ately since each has unique length and time scales.

Further it is suggested that because of the diffi-
culty in meeting the above criteria it is possible to use
prototype materials for the model and to effect the modeling
by using a different liquid in the model. The larger the
scale reduction desired the lower the surface tension of
liquid necessitated in the model.

In the previous pages some of the different criteria for
similitude were mentioned. As could be seen there are very
few discussions concerning layered media. Here, the author
would like to comment on the theory for layered soils sug-
gested by Corey (5) and to mention another criterion which
has not been pointed out for this case.

It is apparent if Brooks and Corey's scaling laws

are followed equations 25 and 27 proposed by Corey (5) will
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be satisfied. Considering scaled times, equations 21 and
26 and 28 theoreticaily are correct but in practice it is
almost impossible to apply different time scales to dif-
ferent layers. The author in dbing experiments for non-
steady drainage of two layers of sand has noticed that when
the top layer is still draining the second layer begins to
drain even when the coarser layer is over the finer layer.
In other words, at a period of time, which is not neces-
sarily short, both layers contribute simultaneously to the
flow. The reason for such behavior, probably, is that the
largest pores (which drain first) in the finer layer are
larger than the smallest pores in the coarser layer. It
would be possible to distinguish the time in which each
layer has contributed to the flow if the top layer is much
coarser than the bottom layer (or layers) which is a very
special case.

A very important characteristic in modeling is that
the distribution of scaled pressure is identical for model
and prototype. For the single-layer case Brooks and Corey's
criteria fully satisfy this requirement. For layered soils
another necessary condition must be satisfied to achieve this
as the following discussion shows.

Consider a prototype, in a one-dimensional case, in
which there are two layers of different materials with
length L, and L, and bubbling pressures Pb1 and sz .
Also consider a model with two layers of material different

1
from those of prototype with lengths L1 and L2 and
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bubbling pressures Pg and Pg . It must be pointed out
1 2
that Brooks and Corey's scaling laws have been applied to

them. In other words, the following relations exist:

L, L} . L, x Pp,/Y
s = or L, = = 29
Py /Y PR/Y 1 Py, /Y (29)
L Ll 2y
p = 12 o* L2 = Eﬁ—f—ﬁgéiﬁ (30)
b,/Y sz/Y . ' Py, /Y

where the primed quantities refer to the model and the un-
primed to the prototype.

Consider a section in the top layer of the prototype
and the similar section in the model. It can be any section
but for the sake of specificity sections A and A' , the
top of the prototype and model, are chosen (refer to diagram

below).

- —A
L, e Bt Py,
______ A'
L, e e P.
1 bl
L A I P
2 bz .
, “-—fm——--- P
L; b,

Prototype Model
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' L, + L
Scaled capillar ressure head at A = — 2 as time -
P Yy p -55—77* ap
proaches « ' (31)
L} + L,

) . . v .
Scaled capillary pressure head at A = _§ET7?_ as time ap
proaches (32)

These two quantities must be equal, or

1 ]
'Ll + L2 —_ Ll + LZ (33)
Pp Pp,
1 1
Yy = pg have been omitted because for both model and proto-

type it is the same provided the same liquid is used in both

model and prototype.
Substituting Ll and L; in equation 33 by their

respective equations 29 and 30 gives

1] 1
L1 XPb1 . L2 Xsz

L, + L, Pb, Pb2 (34)

1

Pb - Pb

1

or

T ]
Ll + L2 _ LlXPb1XPb2+L2XPb2XPb1

2N B . ‘ (35)
! P, xP, xP
b, b,;"" b,
Simplifying equation 35 gives
L, xP x P!
L.+ L, =1L 2 D1 b2
b, b,
or
) (37)
sz X Pbl
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Pp, Py, Pp, Py,
P = or P~ = 51— 38
sz sz Pbl sz ( X

Equation 38 is a very important condition which must
be satisfied if the modeling for layered soils is done by
using Brooks and Corey's theory. It will be shown later if
this condition does not'exist among the layers the model be-
havior is completely different from that of the prototype.

Using the same reasoning for any other section will
give the above result. However, it should be pointed out
when the analysis is done for the bottom layer there will not
be any such condition derived because the analysis is the
same as drainage from a single layer for which the newly de-
rived condition is superfluous. However, for two or more

layers the general condition must be satisfied, that is,

-——-LPb — sz —_ Pb3 e s 00068 — an (39)
1 = T T - —r
Pbl Pb, Phs an




CHAPTER III

EXPERIMENTAL PROCEDURE

The experiments were done for one-dimensional nonsteady
flow through two layers of material following Brooks and
Corey's (2) scaling laws.

All the tests, model and protbtype, were done with
columns of sand packeé into plastic tubes. The cross-
sectional area of columns were 11.40 cm? and underneath the
sand there was constructed a coarse filter to retain the sand
and leading to an outflow tube. The techniqué was to use a
filter coarse enough to reduce the head loss and fine enough
to hold the finest grains of the sand as well. These tests
were different from those by Corey et. al. (6) since air was
allowed to enter only from the top of the tube. Otherwise,
beside the fact that layered soils were used in this study,

the procedures were essentially the same.

Media and Liguid

Different fractions of Selkirk silica sand, a product
of the Winnipeg Supply and Fuel Company, Winnipeg, Manitoba,
were used as media. The sieve analysis of this sand is shown
in Table 1B, Appendix B. These data were supplied to the
author by Dr. K.M.Adam.

The liguid used was a hydrocarbon o0il, which is a

24,
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core test fluid referred to as soltrol "C". It has the ad-
vantage over water that the physical structure of the media
remains much more stable in its presence. Also it has a low
surface tension (22.9 dynes/cm) and facilitates experimental
work involving a mixture of ligquid and air. Moreover, the
model size can be reduced appreciably if this o0il is used
instead of water.

The dynamic viscosity, the density and the ratio of
dynamic viscosity to specific weight are tabﬁlated in Table

2B, Appendix B as reported by Laliberte et. al. (12).

Determining Media Properties

The properties of different fractions of sand were
determined before any decision for the modeling study was
being made. This was due especially to the fact that n
must be almost the same for corresponding layers in the
model and the prototype. The required data were mostly ob-
tained from the capillary pressure-relative permeébility and
capillary pressure-desaturation data. These relations for
six fractions of sand used in the drainage tests as well as
a brief discussion about how they were obtained are in Ap-
pendix A. The capillary pressure-relative permeability data
as well as particle densities, pgr Wwere supplied to the

author by Dr. K.M. Adam.
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Having chosen the combinations for prototypes and
models, the materials were packed in the tubes and were
vacuum-saturated. Before running the sample for the non-
steady drainage test the saturated permeability of the sample,
that is, the permeability of both layers, was measured by
the falling head permeability method. This was done because;
as mentioned before, assigning different time factors for
each layer is not possible and for the whole sampie there
must be one time factor as well as one discharge factor, that
is, a unique value of (pg) ’K and pg

(be PbU Py ‘be'
The effective porosity for each layer was calculated

respectively.

using the equation

be = (1 - S.) ¢
Pb
Ps

where ¢ = 1 - and pg 1s 2.65 since Selkirk silica

sand is 99.9 pefcent pure silica.

Testing the Theory - Details of Tests

Six differen£ fractions of Selkirk silica sand were
chosen for nonsteady drainage tests. In Tables 1 and 2
their values of Py/y and n and also the ratio of their
bubbling pressures has been.sﬁown.

The proper fractions for prototypes and models were
chosen and the length of each layer in the prototype was
selected arbitrarily. The length of the corresponding layers

in the model was then calculated using the relation
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Table 1

Pore-size Distribution Index and Bubbling
Pressure for Different Fractions of
Selkirk Silica Sand

Fraction* n PgéY
150-200 19.71 37.55
100-150 18.03 | 28.41

65-100 | 18.20 18.51
48-65 20.30 14.67
35-48 20.00 10.16
28-35 18.43 7.68

*Tyler standard.
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L L

PL/Y  PR/Y

where the primed quantities refer to the model and unprimed
to the prototype. The samples were vacuum-saturated and then
were allowed to drain. The instant that the sample began to
drain, time measurement was started and outflow measurement
versus time was observed. The measurements were continued

until the flow rate was very, very small. The data were then

properly scaled and the scaled discharge, Q, = Pbpg Q
e
. 2
was plotted versus scaled time, t = K(pg) t .
* Pp ¥ %

For the prototype the two fractions of Selkirk silica
sand chosen were 150-200 and.lOO—ISO. The ratio of the bub-=
bling pressure of the finer layer (150-200) to the coarser
layer (100-150) is 37.55/28.41 = 1.32. Two prototypes were
run, one with the 150-200 layer on the top and the 100-150
at the bottom and the other, the 100-150 layer on the top
and the 150-200 layer at the bottom. With each prototype
three models were run, one with the ratio of bubbling pres-
sure of the finer layer to that of the coarser layer exactly
the same as that of the prototype (35-48, 28-35). The second
one with the ratio slightly different and the third one with

the ratio appreciably different to prove the criterion that

9l o
7|
Il
)
U"L‘J"‘
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The details of diffefent arrangements and results are
shown in the next section.

Here, it should be pointed out that for the second
series of tests, that is, with the finer layer at the bottom,
suction equal to 0.6 times the bubbling pressure head of the
bottom layer was applied at the bottom of the samples, for

both model and prototype, and because this suction is scaled

it does not change the results. That is to say p, = gg
. b
To calculate Q. and t, the following parameters
were used in the equations Q_, = k] Q and t = Lﬁgliﬁ_ t
* Pp %e © Py de )

For Py, the value obtained from the capillary pressure-

relative permeability was used. For ¢ the effective por-

~
osity for each layer was weighted according to the lengths of
two layers and the average value was used. K was the satu-
réted permeability for the whole sample as was measured by
the falling head permeabiiity method. Furthermore, tempera-
tures were taken during the tests and the values of w/og

were read from Table 2B, Appendix B.

Because of the different ratios of bubbling pressures

. , P . .
when the criterion _gi = P?Z is not satisfied, for each
Pp, Py,
test two scaled discharges and scaled times, that is,
_ _pPg _ _(pg) %K
Q, = and t = —E21 = + were calculated, one
: Pp ¢e 0 : Pp ¢e ¥ ’

using the bubbling pressure of the finer layer and the other

the bubbling pressure of the coarser layer.
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The nonsteady drainage data for the prototypes and

models are shown in Appendix C.



CHAPTER IV

DETAILS OF TESTS AND RESULTS
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SERIES NO. 1

Prototype No. 1

. L P,/ pg
Fraction o n om Sy o) be
150—200 30 19.71 37.55 0.127 0.378 0.330
100-150 60 18.03 28.41 0.101 0.357 0.318
P -
- 30X.§802§0X.3l8 ~ 0.322 b 150-200 = 1.32
¢ ave + Pb 100-150

K= 5.40 y?= 5.40x1078 cm? Suction = 0

Considering Py of the finer layer

Q = 0.08270 Q

°

0.4466 x 1 x 107% t

t. u/pg x 108

Considering Pp of the coarser layer

Q. = 0.1093 0

0.5903 x 1 x 1073 t

t. i/pg % 10°
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Model No. 1A

. L Pn/Pg
Fraction om n om Sy o) dbe

35-48 8.12 20.00 10.16 0.101 0.303 0.272

28-35 16.22 18.43  7.68  0.100  0.353 _ 0.318
bo aye = B:12X:272+16.22%.318 _ 09 "b 35-48 _ , .,
8.12+16.22 Pb 28-35

K= 73.09 u? = 73.09x10~ ®cm? Suction = 0

Considering P, of the finer layer
Q. = 0.3249 Q

t

°

11.31x107 %t (temperature the same during the test)

Considering Py, of the coarser layer

Q = 0.4297 Q

°

t 14.96x107 % ¢

°
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Model No. 1B

. L Ph/pg
Fraction om n o Sy ¢ R

65-100 14.79 18.20 18.51 0.112 0.332 0.295

48-65 30.98 20.30 14.67 0.100 0.334 0.301
14.79%.295+30.98x%.301 Pb 65-100
$ = = = 0,299 ————2"= = 1.26
e ave 14-.79:%,30.98 Pb 48-65
K= 19.59 p? = 19.59x10" ®cm? Suction = 0

Considering Py of the finer layer

1l

0] 0.1807 @

3.540 x 1 107° ¢

€. u/pg x 105 *

Considering Py, of the coarser layer

0

0.2280 @

1
4.467 x
. w/eg x 1

il

t R x 107°% ¢



Ol Ol ol

.mﬁ.oz Hu@os pue 1*oN @df3030xd woIig
s3surBIP fpeweszsun JO diysuoijsiad owyq-98IB8UOSTQ °t @InldtTd

T

LIEERIL

mumvaszF Ol S0l

_dﬂ__—— i I _-_____ 1 ___.___ 1 ] ____~_

m.b O
gz° j=seansssad Juplaqng Jo of3sy oomamw Topon °® o

Om.ﬂsoo.ﬂ QQ%&ODQ.HW (o]

2€° T=seanssalg 3urraang Jo 0138 ° ho.ncq

o ©O

I T SO S | 1 1 | S T T I | 1 | L T WO A S| ) H | O N S s 1 i ) I8 I

1

i

!

Q
o

[11!!

Q

S

0

GO/ W) D—%VHISIA

000l



39.

- *d1°ON Hmuoa pus ﬁeoz mmmuopupm WOIZ

a3suteap 4psogsun Jo dIysuoissied SW3=23IBYOSTP POTBOS °*°S aInljJd
1—3INL aTVOS . .
Ol 0000 000l ole] 00 9 o0
T TP % { i t _ L LR i i i _ L L | 1 ] _ L LR L T i | _ BRI
92° (=seanssaag Buiraang Jo 03wy ¢ owmmmw Tepoy ©
] = 051001 i
* =saanssarg 3u ‘ £
] et 1 d _ ﬂﬁpwzm mw 01388 * [o_og7 °d430301g o . ]
- [ -] .
o
i ° H
- ° ]
N ® ]
° o~
\ o m
i ° i ]
° )
- Py - g
- [o] .
| [} -
- o 1 .
2 0s00® " —001R

LI S B

xefer aouty Jo Qg Suisn

| O Y SN N A 2 1 —__._~_ 1 I ______. 1 1 L Lt 1t 1 i ______

| I |

000l



40.

000l

*ai*oN Tepou pus 1°oN 9dL3ojoxd wmoxly
adsugsap m@mmﬁmﬁﬁ Jo djysuogisied SuUT3-23IBYOSTP PATBOg °9 2InI[J

1—3NL @IS .
000l 0]0] _ {0

Illlll

[0 T T T I B 1

L i i t

OO.Au_ﬁ_vm,~__ T T [Trr T T T 1 T [rror T T ! preeea

59=8%
007=g9 L°POH @

s p= ¢« 051-001
2€ * I=seanssalg w:«prnm.mo 0138y 00Z=05 T ad4fq030xg ©

9Z° [=sexusseag Juitqang jo ojjey *

Iaker Jesxsoo Jo A3 Buisn

rs

________ 1 | __pph__L 1 _.______ L ______

| T -]

memxu

olo

"V—3NVHOSIA IVIS

O
Q

000l



41.

Model No. 1C

) L Pb/pg
Fraction om n om Sy ¢ b
65100 14.79 18.20 18.51 0.112 0.304 0.270
35-48 21.50 20.00 10.16 0.101 0.325 0.292
14.79%.270+21.50x.292 Py 65-100
0 = - b 6o-100
e ave . 14.79+21.50 0.283 Pb 35-48 1.82
K = 21.06 u? = 21.06x10" %cm? Suction = 0

Considering Py, of the finer layer

Q. = 0.1909 Q

Il

4.021 x L x 107°% t

t. u/pg x 105

Considering Py, of the coarser layer

Q = 0.3478 Q

e

L x 107°8

i

7.325 %

t. u/pg x 105

t
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SERIES NO. 2

Prototype No. 2

. L Pr/og :
Fraction om n om Sy ¢ be

100-150 30 18.03 28.41 0.110 0.369 0.328

150-200 45 19.71 37.55 0.127 0.389 0.340

30x.328+45%. P -
bo ave = 0Ox 3284§5x 340 _ 0.335 b _150-200 _ 1.3
30+ Pb 100-150
_ 2 - - 2 . — - cm
K= 5.72 y* = 5.72x107"cm® Suction .6 Py 150-200 22.53

Considering P of the finer layer
Q. = 0.07950 Q

0.4547 x 1 % 107° t

: uw/pg x 105

t

il

Considering Py of the coarser layer

I

Q 0.1051 @

°

0.6010 x 1 x 1073 ¢

t. n/pg x 10°
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Model No. 2A

. L Pb/pg
Fraction cm n om Sy ¢ de
28-35 8.11 18.43 7.68 0.100 0.332 0.299

35—48v 12.18 20.00 10.16 0.101 0.324 0.291

P
bo ave = 8.11x.299+12.18x.291 = 0.294 b 35-48 _ 1.32
8.11+12.18 Py 28-35 .

K = 58.89 py? = 58.89x10 8cm? Suction = .6 P

Considering B of the finer layer

0.3348 Q

Q

e

]

t 9.287 x 107° t (temperature the same during test)

°

Considering P, of the coarser layer

Q = 0.4429 Q

°

t =12,28 x 10™% ¢
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Model No. 2B

L

Fraction n Pb/pg Sy ¢ be

cm
cm

35-48 10.73 20.00 10.16 0.101 0.349 0.314

48-65 17.58 20.30 14.67 0.100 0.351 0.316

e ave = 10.73+17.58 Pb 35-48

10.73x%.314+17.58%.316 _ ; 315

30.40 p® = 30.40x10"°cm® Suction = .6 Py 4g.g5 = 8.80°M

Considering Py of the finer layer

1l

0.2164 Q

1
H/pg x 10°

6.579 x x 107°% ¢

Considering Pp of the coarser layer

Il

il

0.3125 Q

1

-3
i/pg x 105 * 107 ¢

9.500 x
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Model No. 2C

. L
Fraction om n Po/pg Sr_ o) be
28-35 8.11 18.43 7.68 0.100 0.329 0.296

48-65 17.58 20.30 14.67 0.100 0.375 0.338

8.11x.296+17.58x.338 Pp 48-65 _

be ave = §.11+17.55 = 0.325 propo3s - 1O

K = 39.03 p? = 39.03x10-%cm®  Suction = .6 Py sg_g5 = 8.80°"
+

Considering P, of the finer layer

Q 0.2097 Q

t

4.064 t (temperature the same during test)

Considering Pp of the coarser layer

QO = 0.4006 Q

t 7.764 t



°*nZ*ON TOpowWw pus Z°ON @mhuoponm.SOHp
o3ButBIp Apesisun Jo diysuojlsIoX 2W[3-83IBYSISTA °91 axnidtd

.o_ 0! O (33S)1-aNL Ol 50! 0
LA 1 i i _______ _, | “_____._ | ] _~._____ | i _a____ .O i
16° 1=sexnssaxg Juiraqng Jo oyasy * mmumw TopOoN o
i .= « 002=0ST _4pn0n017 ° ]
i Nm,ﬁ wwnsmmohm Buriqang Jo oyysy 05 1=00T 8d£303014 o o
’ [+
i . i
2 E
Q [ ]
" ’ o ® i
- e .
. B . . ]
i o o o Co ® i
_ ° 3
. o —

L ot 2 H i [ T OO T S | 1 | _._____ I} |

SO0 TN G S I |

1

| I |

[e)
SO/ WD)D—3VHISIA

3
G

000l



*nz*oN Tepom pue g°oN @dfq030ad wmoxJ

oBsuywIp £Lpsvejsun Jo diysuoilsTax QW3 -23I8YOSTP POIBOS 4T 2an3id

- ) 1—3ANL aIVOS .

000! QQ0O0I 0[0]0]] 0[8) 0[0) 100 A

L L 1 I I _ L LA 4 T 1 __‘ IR I i ] I _ LI AL AL 1 i ¥ _ LR L 1 _Oo
. : _ °
16° T=s89xnssoxg Iujfaqng Jo ogasy ¢ mmumw TS9POK o
- e . 002=05T _ |
i 2€ * 1=ssanssaag Iulrqqug Jo oy3sy 05 1-001 ad£3030xg o |
- ° ]
. (o] -
o

. —

! . 1 3
) (o]

. o
Vo) . i =
o] o ® %

I o © . w
[ o j
i ® . |
= ., s "0 -1001L
[ [ ] @ L4 o °
o c .
" zafeT axeury jo g Bupsm ]
,r.___~__ 1 1 ____.L_ { | | P | 1 [ A I B ] ) IR A B | ”O0.0—



57.

-

*D2°ON 1epom puws gcopy edLfjojzoad Sme

93sutedp 4LApevsjisun Jo diysuoilslox SuwW[3-93I18YOSTP POTROS °gT oIuldtd
1—3NL @ITWOS . .
[e0]] 0QQ0O0I 0[010] 8]0) Qo ﬁoo_o.o
TT 01T 1 i 1 1 _ I _._ P I I ] i _ 177y ] I i 1 ~ I ._ T 17 I I 1 _ IR i 1 1 °
16° 1=seanssaag Bujlaqng Jo ojjey ¢ mmumw 1opOU ©
.Nm.aummhsmmmnm uyraqug Jo oggey ¢ wmmuwww ad£j3030xg ©

H o -

- . -010,,
©
‘ =
! . 1 B
° O
| 7 wn
n o ® 4 W
i o ° ] m
N . |
3 ° o Ho01P
o ®
o .
o © %o

) i

| xeLweT xesasoo jo A7 Buisn i

T_ | . | 4_ [} i ! _ L T O | ! 1 _ | T 1 H | — i1 1 I ] 1 _ | T T O | 1 7]

000l



CHAPTER .V

DISCUSSION OF THE RESULTS

The specifications of each prototype and model were
shown in the previous section with the results.of the tests
in the corresponding figures. The following is a brief
discussion of the results.

In prototype No. 1 the 150-200 fraction was on the
top and the 100-150 fraction at the bottom with the ratio of
the bubbling pressure of the finer layer to the coarser layer
equél to 1.32. With this prototype three models were run;
model No. 1A with the ratio of the bubbling pressure of the
layers the same as that of the prototype, that is 1.32; model
No. 1B with the ratio of 1.26, slightly different from the
prototype and model No. 1C with the ratio of 1.82, much dif-
ferent from the prototype. In all the cases the length of
each layer in the model was calculated according to Brooks

and Corey's theory, that is:

L _ L
Pp/Y — Pp/Y
or
LxP}
L'= LXPp/Y
PL/Y

where the primed quantities refer to the model and unprimed
to the prototype.

58.
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From the results of the first series of the tests which
are shown in Figures 1 to 9 it can be seen easily that the
agreement between prototype No. 1 and model No. 1A and model
No. 1B is very good, at least within experimental error,
while there is no agreement between prototype No. 1 and model
No. 1C. Remembering that the ratio of the bubbling pressures
among the layers of model No. 1A and model No. 1B are the
same and very near to that of the prototype No. 1, and that
the ratio for model No. 1C, for which there is no agreement
between the model and the prototype behavior, is far different
from that of the prototype No. 1, it is evident that the cri-

terion which was developed in this study is substantiated.

That is,
Pp 1 _ Pb 2 _ V Pbm
P""'_' — — P Y ™ o e e s o .. - W
b b, m

where subscripts 1, 2, ... m refer £o the layers in the
prototype and model.

It should be noted that for all the models the n
requirement was satisfied and the largest difference between
the n's was for the model No. 1B which was less than 13%
and smaller than 20% recommended by Corey et. al. (6).
Therefore, this is not likely to be a major factor in the
difference in the behaviors of the model No. 1C and the

prototype No.l and the reason is, in fact, that the bubbling
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pressure ratio criterion was not satisfied.

Before discussing the secoﬁd series of the tests it
should be pointed out, here, that for model No. 1A, with the
ratio of bubbling pressures of the layers exactiy the same
as the prototype, at large scaled times there is a small dif;
ference between the prototype ana model behavior while for
model No. 1B, with the ratio of the bubbling pressures of
the layers very slightly different from the prototype, the
larger scaled time data are in better agreement with the proto-
type. This can be attributed to the experimental error be-
cause there are ways in which error may occur. For instance,
calculating the bubbling pressure of the medium from the data
obtained in capillary pressure—felative permeability test
may involve a small percentage error. Likewise error may be
introduced in determining the effective porosity of the medium
which is calculated by using the residual saturation.

Also, during the unsteady drainage test the adjustment
of the outflow tube for the zero suction (or for any suction)
may involve a small error in the sense that the outflow tube
nmay be fixed a few millimeters too high or too low. This
involves two effects, one on drainage ratio and the other on
total drainage since an error in suction may cause the sample
to drain a few millimeters more or less than it should.

Furthermore, when the column containing two layers is under




6l.

vacuum for saturation at the junction of the two la&ers

there is a small zone where the two layers slightly mix

with each other. Althoﬁgh each layer is "modeled", one would
not expect this mixing process to be identical nor the re-
sulting mixed depth to be modeled. For this reason, mixing
of layers would be expected to account for some deviation be-
tween the scaled data of the model and prototype. Further,
where the fine material is placed on top (model No. 1lA) one
would expect the fines to enter the voids of the coarse more
@asily when aided by gravity. Also, where the fine material
was on the bottom (model No. 2A) it would be less probable
that for the coarse grains would enter the voids of the fine
material by gravity, and mixing would be at a minimum. Com-
parison of the scaled data of Figure 2 and 11 shows that model
No. 2A did in fact show less discrepancy than model No. lA.
It is impossible, of course, to verify if in fact the above
argument does account for the lesser discrepancy, however,

it is nevertheless a noteworthy point. Another point which
must be considered is that the prototype drains for a longer
time than the model and evaporation from the outflow tube

for the prototype is more than the model and this causes

that the scaled discharge-~-time relationship for the prototype,
at large values of scaled time, be lower than the model.

In the second series of the tests, for which the
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results are shown in Figures 10 to 18, the 100-150 fraction
(coarser layer) was placed at the top and the 150-200 frac-
tion at the bottom for the prototype No. 2. In these series
three models were run with prototype No. 2, namely, model
No. 2A with the ratio of the bubbling pressures of the layers
equal to 1.32, exactly the same as that of the prototype;
model No. 2B with the ratio of 1.44, slightly different from
the prototype, and model No. 2C with the ratio of 1.91, which
is much different from that of the prototype. The materials
in model No. 2A were the same as those in model No. 1A but
like prototype No. 2 the coarser layer was on the top and the
finer one at the bottom. The materials for model No. 2B were
not fhe same as those for model No. 1B and so the ratio of
the bubbling pressures of the layers was different than for
model No. 1B. The ratio of the bubbling pressures for model
No. 2B was 1.44, compared to 1.26 for model No. 1B. The dif-
ference of the prototype and model ratios was slightly greater
for series 2 than for series 1 and the agreement is slightly
worse, as one should expect. The behavior of model No. 2C
does not agree with that of prototype No. 2 because the ratio
of the bubbling pressures of the model layers, 1.92, is much
different from that of the prototype where the ratio was 1.32.
It should be pointed out that in the second series of

the tests the largest difference between n's was for model
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No. 2B which was less than 11 percent and it satisfies the
recommendatiohs by Corey et. al. (6). Therefore, the entire
difference in the behaviors of the model No. 2C and prototype
No. 2 cannot be attributed to the n-value and it would be
attributed to the difference in the ratios of the bubbling

pressures.




CHAPTER VI

CONCLUSION

When the ratio of the bubbling pressures among the
model layers is the same as or very near to that of the pro-
totype the scaled discharge-time relationships for the model
and the prototype are within the limits of experimental error.
This indicétes that the prototype behavior can be predicted
from the model, provided that all modeling criteria are ful-
filled. The larger the difference between the ratio of the
bubbling pressures of the layers, the larger will be the dif-
ference in behavior of the model and the prototype. This
statement exemplifies the importance of the additional model-
ing criterion required, as found in this study.

For practical purposes when the proper materials for
the model are not available to satisfy the pore-size dis-
tribution index requirement and also the ratios of bubbling
pressures of the prototype layers, then, materials with the
ratio of the bubbling pressures a small percentage different
from that of the prototype may be used.

Because of boundary effects between layers, it is re-
commended that some caution be exercised in choosing the
materials for the model such that extremely large model,
prototype scale:ratios do not result especially where rela-

tively thin prototype layers must be modeled. The reason

64.
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is that if the thickness of the model layers are too small
the experimental error will be reflected to such an extent

that the results may be seriously affected.




10.

11.

BIBLIOGRAPHY

Anat, A., H.R. Duke and A.T. Corey. Steady upward flow
from water tables. Colorado State University, Fort
Collins, Colorado. Hydrology Paper No. 7, June
1965.

Brooks, R.H. and A.T. Corey. Hydraulic properties of
porous media. Colorado State University, Fort
Collins, Colorado. Hydrology Paper No. 3, March
1964. :

Burdine, N.T. Relative permeability calculations from
pore-size distribution data. Petroleum Transactions,
AIME, 198:71-77, 1953. '

Corey, A.T. The interrelations between gas and oil re-
lative permeabilities. Producer's Monthly, 19(1):
38-41, November 1954.

Corey, G.L. Similitude for non-steady drainage of partially
saturated soils. Ph.D. dissertation. Colorado
State University, Fort Collins, Colorado. August
1965. :

Corey, G.L., A.T. Corey and R.H. Brooks. Similitude for
non-steady drainage of partially saturated soils.
Colorado State University, Fort Collins, Colorado.
Hydrology Paper No. 9, August 1965.

Craig, F.F., T.M. Geffen and R.A. Morse. O0il recovery
performance of pattern gas or water injection op-
erations from model tests. Petroleum Transactions,
AIME, 204:7-15, 1955.

Croes, G.A. and N. Schwarz. Dimensionally scaled experi-
ments and the theories on the water-drive process.
Petroleum Transactions, AIME, 204:35-48, 1955.

Elrick, D.E., J.H. Scandrett and E.E. Miller. Tests of
capillary flow scaling. Soil Science Society of
America Proceedings, 23(5):329-332, September-
October 1959,

Hedstrom, W.E., A.T. Corey and H.R. Duke. Models for
subsurface drainage. Colorado State University,
Fort Collins, Colorado. Hydrology Paper No. 48,
April 1971.

Klute, A. and G.E. Wilkinson. Some tests of the similar
media concept of capillary flow: I. Reduced cap-
illary conductivity and moisture characteristics
data. Soil Science Society of America Proceedings,
22:278-281, July-August 1958.

66.




67.

12, Laliberte, G.E., A.T. Corey and R.H. Brooks. Properties
of unsaturated porous media. Colorado State Uni-
versity, Fort Collins, Colorado. Hydrology Paper
No. 17, November 1966.

13. Leverett, M.C., W.B. Lewis and M.E. True. Dimensional-
model studies of oil-field behavior. Petroleum
Technology, T.P, 1413:175-193, January 1942.

14. Miller, E.E. and R.D. Miller. Physical theory for capil-
lary flow phenomena. Journal of Applied Physics,
27(4):324-332, April 1956.

15. Rapoport, L.A. Scaling laws for use in design and opera-
tion of water-oil flow models. Petroleum Transactions,
AIME, 204:143-150, 1955.

16. Richardson, J.G. Flow through porous media, Section 16,
Handbook of fluid dyanmics, edited by V.L. Streeter,
McGraw-Hill Book Company Inc., New York, 1961.

17 Rurak, R.E. Inspectional analysis: a method which supple-
ments dimensional analysis. Journal of Elisha
Mitchell Scientific Society, 51:127-133, 1935.

18. Scheidegger, A.E. The physics of flow through porous
media. University of Toronto Press, Toronto,
Canada, 313 pp., 1960.

19. Stallman, Robert W. Multiphase fluids in porous media -
A review of theories pertinent to hydrologic studies.
Geological Survey Professional Paper 411-E, U.S.
Government Printing Office, Washington, D.C. 1964.

20. Wilkinson, G.E. and A. Klute. Some tests of the similar
media concept of capillary flow: II. Flow systems
data. Soil Science Society of America Proceedings,
23(6):434-437, November-December 1959.




APPENDIX A

CAPILLARY PRESSURE-DESATURATION MEASUREMENT AND DATA
AND '
CAPILLARY PRESSURE-RELATIVE PERMEABILITY MEASUREMENT AND DATA



CAPILLARY PRESSURE-SATURATION MEASUREMENT

This measurement was done by using the pressure con-
troller. The pressure controller consisted of an acrylic
tube, open at the top, approximately 5-cm inside diameter
and 2-cm height with a capillary barrier fixed inside (Figure
14) . The capillary barrier was made of special kind of cer-
amic which could hold a few feet of negative pressure with-
out bubbling. Sand was packed inside the pressure controller
and was covered with clear plastic wrap and was vacuum-saturated.
Then, it was connected to a reservoir by a flexible tube.
There were some tiny holes in the wrap to allow air to pass
in and out of the sample freely. The wrap remained around
the controller during the measurement to minimize the occur-
rence of hydraulic gradients in response to evaporation.

Capillary pressures were applied to the sample in
increments by changing the level of the reservoir. At each
capillary pressure, after equilibrium between the sand and
the measurement system had been achieved the weight of the
sample was determined and saturation was calculated.

To calculate the saturation and some other necessary
data the following weights must be known: 1) the weight of
the saturated controller; 2) the weight of the saturated

controller plus dry sample; 3) the weight of the saturated

68.
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controller plus dry sample plus plastic wrap, and 4) the
Weight of the whole controller after saturation.

From these four weights it is possible'to find out
- the bulk density, Py s which is used to calculate porosity,
o, '(assuming particle density, Pgr for the sample is known) .
Also the weight of the 0il in the sample is given by item
4 minus 3 which is used to determiné the saturation at each

capillary pressure.
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Figure 1A, Sketch of apparatus used to determine
capillary pressure-desaturation rela-
tionships. S




CAPILLARY PRESSURE-PERMEABILITY MEASUREMENT

This measurement was done by using apparatus shown in
Figure 2A. This apparatus consisted of an acrylic tube ap-
proximately 15-cm in length and 5-cm I.D. which was inserted
between two pressure controllers. The sample was packed in
the tube and pressure controllers and tensiometers were at-
tached to the tube. The inflow pressure controller was
connected to a supply bottle and the tensiometers to two
manometer tubes made of glass to measure capillary pressure
and hydraulic gradients.

Capillary pressures were applied to the sample in
increments by changing the elevations of the supply bottle,
the sample or outlet tube in order to create a unit hydraulic
gradient for which the saturation is uniform. After equil-
ibrium the rate of flow through the sample was measured at
each capillary pressure and the corresponding permeability
was calculated.

For further discussion about these two measurements
the reader is referred to papers by Anat et. al. (1), Corey

et. al. (6) and Laliberte et. al. (12).
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Capillary Pressure-Desaturation
Data for Selkirk Silica Sand (28-35 Fraction)
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Table 1A

pPo/09 s
cm
6.0 1.000
7.0 0.916
8.0 0.733
9.0 0.520
10.0 0.254
11.0 0.159
14.0 0.136
22.0 6.124
32.0 0.113
42,0 0.107
52.0 0.103
65.0 0.100
¢ = 0.352

Capillary Pressure-Desaturation
Data for Selkirk Silica Sand (35-48 Fraction)

Table 2A

pe/Pg S
cm
10.0 1.000
11.0 0.868
12.0 0.595
13.0 0.381
15.0 0.192
20.0 0.135
30.0 0.123
40.0 0.114
50.0 0.108
60.0 0.105
70.0 0.101
80.0 0.101
o = 0.360




Table 3A

Capillary Pressure-Desaturation
Data for Selkirk Silica Sand (48-65 Fraction)

po/Pg

S

cm
14.0 1.000
15.0 0.909
17.0 0.503
20.0 0.209
25.0 0.135
35.0 0.123
45.0 0.110
55.0 0.106
65.0 0.100
0.373

Table 4A

Capillary Pressure-Desaturation
Data for Selkirk Silica Sand (65-100 Fraction)

Po/pg s
cm

19.0 1.000
20.0 0.844
21.0 0.664
22.0 0.529
23.0 0.375
24.0 0.289
27.0 0.192
32.0 0.139
39.0 0.123
50.0 0.118
60.0 0.114
70.0 0.112

0.386




Table 5A

Capillary Pressure-Desaturation

Data for Selkirk Silica Sand (100-150 Fraction)

Table 6A

pc/pg g
cm )
25.0 1.000
26.0 0.914
27.0 0.764
28.0 0.631
30.0 0.407
32.0 0.273
35.0 0.192
40.0 0.145
50.0 0.111
60.0 0.110
70.0 0.110

0.379

Capillary Pressure-Desaturation

Data for Selkirk Silica Sand (150-200 Fraction)

po/09 s
cn

36.0 1.000
37.0 0.945
38.0 0.898
41.0 0.663
45.0 0.335
50.0 0.217
60.0 0.153
75.0 0.137
85.0 0.132
95.0 0.127

0.403
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Figure 5A, Capillary pressure-relative permeability
relationships for different fractions of
Selkirk Sl_lica Sand.A
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Figure 6A, Capillary pressure-relative permeabllity

relationships for different fractions of

Selkirk Silica Sand.
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APPENDIX B

SIEVE ANALYSIS OF SELKIRK SILICA SAND
AND
PROPERTIES OF SOLTROL "C"
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Table 1B

Sieve Analysis of Selkirk Silica Sand

Mesh* Opening Retained
mm on %
10 1.651 .6
20 0.833 1.2
28 0.589 4
35 0.417 10
48 0.295 16.6
65 0.208 27
100 0.147 29
150 0.104 9
200 0.074 1.8
PAN .2

*Tyler standard.
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Table 2B

Dynamic Viscosity and Density of Soltrol "C"
0il Used in Experiments

Temp. Viscosity, u Density, p 1/ pg
°c Centipoises grams/ml cm/seconds
20.0 1.589 0.7582 2.127
20.5 1.571 0.7579 2.108
21.0 1.555 0.7576 2.089
21.5 1.539 0.7573 2.070
22.0 1.524 0.7569 2.051
22.5 1.509 , 0.7566 2.032
23.0 1.494 0.7562 2.014
23.5 1.481 0.7559 1.996
24.0 1.468 0.7556 1.979
24.5 1.454 0.7553 1.962
25.0 1.440 0.7549 1.945
25.5 1.427 0.7546 1.927
26.0 1.414 0.7542 1.910
26.5 1.401 0.7539 1.893
27.0 1.388 0.75306 1.877
27.5 1.375 0.7533 1.861
28.0 1.362 0.7529 1.845
28.5 1.348 0.7526 1.829
29.0 1.337 0.7522 1.814
29.5 1.326 0.7519 1.799
30.0 1.315 0.7515 1.783
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UNSTEADY DRAINAGE DATA
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