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NOMENCLATURE

Although a single letter hes, in some cases, several differ-

ent meanings, the context in which each appears will serve to avoid

confusion.

or

or

or

or

or

or

or

a

A

constant defined by Equations (23a), (23b), (23c)
cross-sectional area (cm?)

geometrical view factor (dimensionless)

constant defined by Equation (25)

constant defined by Equation (24)

constant defined by Equation (57)

constant defined by Equation (25)

error in numerical solution

flowing fraction (dimensionless), flow rate of one

phase divided by sum of all phase flow rates

the j-component error E defined by Equation (A-4)

9.66 x lO'h (atm cm®/gm), gravitational acceleration

the n-component of error E, defined by Equation (A-k4)
position or counting index

Leverett J-function (dimensionless); defined by Equation (6)
0.00365 (hours'l), radicactive decay constant

relative permeability (dimensionless)

constant defined by Equation (24d)

single phase permeability (darcys)

coefficient defined by Equation (21)



or

avg

0|

Sﬂ

9]

counting index

total number of zones as in section IVD

pressure (atm.)

capillary pressure (atm.)

flow rate (cc/sec.)

variable defined by Equation (18)

true activity (counts/minute)

measured activity (counts, minute)

activity of an infinitely thick solution (counts/minute)
liquid phase saturation (dimensionless)

residual wetting phase saturation (dimensionless)
residual non-wetting phase saturation (dimensionless),
measured in terms of wetting phase saturation

average liquid phase saturation

normalized saturation defined by Equation (54)

3S/dP., reciprocal slope of capillary pressure curve (atm™1)
time (seconds)

velocity (cm/sec)

bulk volume (cc)

pore volume (cc)

thickness of solution (inches)

constant defined by Equation (58)

vertical coordinate

y-direction dimension or increment

xi



Greek Letters

Q

Subscripts
1,2

avg.

angle of tilt from horizontal
interfacial tension (dynes;cm)
denotes difference

contact angle

constant defined by Equation (A-5)
viscosity (centipoise)

density (gm/cc)

porosity (dimensionless)

P + pgy, flow potential (atm)

denote particular phases
denotes average property
denotes gas phase

dummy index or position index
position index

denotes liquid phase

time index or counting index
denotes non-wetting phase
denotes total

denotes wetting phase

xii



ABSTRACT

The purpose of this study was to investigate the factors
influencing the rate of vertical, countercurrent gravity segregation
of two phases in porous media. This process is important in under-
ground gas storage operations in which the injected gas rises to dis-
place the water above it in the formation.

Experiments were performed using a closed vertical column
packed with glass beads. An initial distribution was established in
which the liquid phase was aobe the gas phase. As the two phases
exchanged places, their movement was followed using a quantitative
method based on measuring the gamma radiation from I131 tracer in
the liquid. The liquids used were water, a 45% by weight solution
of glycerin in water, and n-heptane. The gas phase was air. Use of
the various liquid phases allowed the determination of the effects of
viscosity, density difference, and interfacial tension on the rate of
the segregation process.

The length of time required for completion of the process
was found to increase with decreasing average liquid saturation. For
a constant average saturation the length of time was found to increase
for increasing values of u/y(Ap).

An attempt was made to simulate the experimental results by
numerically solving the equation describing the segregation process.
A fair degree of success was obtained using imbibition capillary pres-

sure data for the calculations but the principal conclusion was that

xiii



static capillary pressure data as ordinarily obtained can not be used
to describe a process in which both drainage and imbibition occur at
the same point at various times. In view of this fact, a method is
presented for obtaining and using the necessary data.

Numerical calculations were also performed using typical
reservoir properties in order to study the effect of permeability
variations on the rate of drainage of water from & column of porous
medie closed at the top but communicating with other porous media at
the bottom. This study showed that thin, low permeability layers can

greatly slow down the rate of drainage.
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I. INTRODUCTION

Underground storage of natural gas has grown steadily in
importance in recent years. It is an excellent answer to the problem
of maintaining reserves at a location near the market and it allows
more economical year round use of pipeline facilities.

It is natural therefore, that more and more research is
being done on problems concerning storage operations. A great deal
of the research on natural gas storage has been concerned with finding
ways of calculating injection-production schedules. This refers to
the case in which for a specified future production schedule it is
necessary to determine an economic injection schedule which will
provide the amounts and pressures required. Other work such as
determination of properties of the underground formation by core
analyses and surface tests has been done in order to gather the
information necessary for the calculations of field performance.

Most of the work described above has been based on the theory of
single phase flow in porous media, i.e., at any given point there
is either gas or water flowing but not both.

At the same time, research in the oil industry has been
concerned with applying the concepts of two-phase or multi-phase
flow in porous media to the many problems associated with the various
stages of o0il recovery. In many cases the problems of natural gas
storage and of oil recovery are analogous. As an example, the injec-
tion of water into an o0il bearing formation in order to force the oil

out is very similar to the injection of gas into a water filled reservoir.

«la
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Although there are differences caused by the properties of the fluids
involved, these operations should both conform to the theories of two-
phase flow in porous media.

With the above in mind, the work described in this disserta-
tion was performed in order to test the theory as applied to the case
of countercurrent gravity drainage in & gas storage reservoir. This
process in which injected gas rises to displace the water initially
occupying the formation, is one which includes both capillary and
gravity forces and thus provides a severe test of the cdncepts of

two-phase flow in porous media.



II. SCOPE OF THIS RESEARCH

The purpose of this research is to obtain some knowledge of
the variables which influence the rate of gravity segregation in a
vertical column of porous media. There is a practical aspect to the
problem in that the rate of gravity segregation can influence the
performance of gas storage reservoirs as well as oil reservoirs.

When gas storage is started in an aquifer (an underground
formation containing water but no gas initially) it has been found(uz)
that sometimes the injected gas will find a high permeability layer
and spread out in a pancake or disk having a thickness of perhaps
one or two feet and a radius of 600 to 70O feet. After the pancake
has formed, gas is present below a water saturated zone and it is to
be expected that the two phases will exchaﬁge places because of the

(25)

difference in densities. It has been observed that this exchange
does take place but very slowly (perhaps as long as 3 to 5 years).
It is desirable that the gas should rise to the top and displace the
water downward as quickly as possible so that a "bubble" will form
at the top of the structure and the storage operation can proceed by
enlarging the bubble by means of gas injection.

The work described here is divided into two parts. The first
consists of performing experiments which are similar to the gravity
drainage problem described above and which provide a severe test of

the mathematics of two phase flow in porous media. The experimental

work, as described in a later section, consists of measurements of
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saturation distributions as a function of time and position in a
vertical column of glass beads closed at both ends. At the start
of a run the gas phase is at the bottom of the column and the liquid
phase, containing a radioactive tracer, is in the upper part. As the
two phases exchange positions, measurement of radioactivity at differ-
ent points of the column allows liquid saturations to be determined.
This arrangement corresponds to the situation in a shut-in reservoir
where an amount of gas has been injected and then the wells are closed.
The second part of this research is concerned with mathemati-
cally predicting the results obtained experimentally and also with
carrying out calculations using physical parameters typical of actual
reservoirs. In contrast to most of the work previously reported in
the literature, the analysis to be used here will include both capillary
and gravity forces. The calculations using reservoir properties will
deal not only with the case of a shut-in reservoir but also with the
case of a reservoir where injection is continuous. The purpose of
these calculations is primarily to investigate the effect of permeability

variations on the rate of gravity drainage.



ITI. LITERATURE SURVEY

The literature concerning flow through porous media is
vast. For the purposes of this report the two topics of principle
concern are the various methods of measuring transient saturation
distributions and the mathematics of two phase or multiphase flow

in porous media.

A. Saturation Measurements

An essential part of the research described here is the
measurement of saturation distributions during unsteady state flow
in porous media using a radioactive tracer in the liquid phase. The
purpose of this section is to summarize some of the work on saturation
measurement which has been reported in the literature.

Methods for measuring saturations which have received con-
sideration include light transmission(36), magnetic susceptibility(52),
electrical resistivity, X-ray absorption, neutron diffraction, and

(2k)

radiocactive tracers. The resistivity method has use in the

determination of saturation profiles but needs checking by independent
means and is also not applicable to oil-gas systems. The X-ray method
has been used successfully, but requires elaborate equipment and cali-
bration. At present, gamma ray absorption is practical only for very

(18)

large cores. The neutron method does not appear adaptable to
measurement of saturation variation in short cores since it is a

scattering method.
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1. Use of Neutrons in Measuring Saturations

Neutrons are very penetrating and their scattering by sub-
stances containing hydrogen, such as oil, is qualitatively different
from that caused by other materials. A convenient source of neutrons
is an intimate mixture of radium and beryllium. The alpha particles
from the radium and its disintegration products cause the ejection of
neutrons from the nuclei of the beryllium atoms., Such a neutron source
also produces gamma radiation which may disturb the apparatus used to
detect the neutrons.

The number of slow neutrons emerging from an object irradiated
with fast neutrons gives a rough index of the quantity of hydrogen it
contains, This is the means used to determine saturations.

One way to measure neutrons is with an ionization chamber
lined with boron or lithium or filled with boron triflouride gas.

This is the most sensitive method although a high gamma background
can cause trouble. Another 1s to induce beta activity in a suitable
material such as silver, indium, or rhodium and use a Geiger-Muller
counter to measure the beta radiation.(s)

It should be noted that the neutron method is only good
for near steady-state measurements since quite a bit of time is
necessary for each reading. Also, the method can not easily distin-

guish water from oil.

29 X-RayS
In order to use x-rays to measure saturations, powerful

absorbers used to accentuate the effect of one component must be



available and soluble in that component alone. As an example,
cerium sulphate or cerium chloride make the detection of water
possible,

In using x-rays, two sets of data are usually taken(h’l2’28’33);
one for the sample being tested and the other for a standard core run at
the same time. This is because of the possibility of fluctuations in
beam intensity and also because the éxperimenters used white x-rays
rather than monochromatic x-rays and sometimes obtained non-linear cali-
bration curves. The reason for using white x-rays is that filtering
to obtain monochromatic rays cuts down the intensity of the beam.

The problem of fluctuations in voltage is covered by Morgan,
McDowell, and Doty(53), who explain that the output of an x-ray tube
varies in an approximately linear manner with the tube current, but
to the second or higher power of the anode voltage. To overcome this
a second beam can be taken off at a small angle to the main beam and
used as a control.

X-rays have been questioned as to the uniqueness of satura-

tion distributions obtained during cycling of flow.(ls’Bo)

3. External Gamma Ray Sources

There has not been much published about this technique be-
cause 1t generally requires that a thick column be used in order to

(22) and

get an appreciable absorption of gemma rays. Isbin et al.
Hwa and Beckmann(gl) describe experiments on liquid holdup in packed
beds (large particles as compared to porous media) in which 13 milli-

curies of H3205 were used to measure holdup (or saturation) in a 6 inch
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diameter column end Thulium-170 was used for a 12 inch tube. But,

once again, these diameters are fairly large, thus having more voild
space and therefore more liquid in & given volume than there would

be 1in a porous bed.

(36)

Recently, Nielsen has used an external source of visible
light with photo cells to detect the light transmitted through a
rectangular 1/2 inch thick model. An advantage to this method is

the absence of potentially dangerous radiocactive materials.

4. Gas Phase Tracers

In the work under consideration in this dissertation, it
would have been advantageous to have had a suitable gas phase tracer.
This 1s because the gas 1s the non-wetting phase, i.e., the gas does
not in general touch the solid material because the liquid phase is
preferentially adsorbed onto the surface and forms a covering film.
Thus the problem of adsorption of the tracer onto the porous media
would be greatly reduced.

A gas phase tracer must have a low solubility in the liquid
phase and must be a gamma emitter with a half-life long enough to
allow the experiments to be carried out. Kniebes, Burket, and Staats(27)

ave used argon-41 to measure natural gas flow in a pipe but the 109
minute half-life is a serious drawback. Clayton(9) also measured gas
flows in a pipe but used krypton-85. This isotope has a long halflife

but a very low gamma activity.

5. Liquid Phase Tracers

As mentioned above, a tracer in the liquid phase is prone to

adsorption onto the solid material. But, since there is a large number



of isotopes and compounds to choose from, much more work has been
done with the liquid phase than with gas tracers.
Watkins and Mardock(49) give a very useful list of the
characteristics which a water phase trancer should have:
a) low adsorption on solid material,
b) high solubility in water,
c) low or negligible solubility in oil or other phases,
d) a wide range of solubility of compounds that may be
formed by chemical reactions with ions present in
the solid material or water,
e) high detectibility in low concentrations by portable
apparatus,
f) general availability at low cost,

g) non-hazardous under ordinary working conditions.

Russell, Morgan, and Muskat(hl)

did experiments on the
’mobility of interstitial water, i.e., the movement of that water
which forms the irreducible satuvration and is not removed by flushing
with another phase. They used radioactive vanadium produced by bom-
barding titanium metal in a cyclotron with deuterons.

Two radioactive tracers were tested as a means of determining
core saturations in multiphase flow studies by Josendahl; Sandiford,
and Wilson.(gu) Cesium-13l4 chloride was tried as a water phase tracer,
but complications in its use in low permeability cores resulted from

adsorption of cesium by the core. TIodo-131 benzene proved very satis-

factory as an oil phase tracer.
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Hull(go) used cesium-134 chloride as a water phase tracer
but was not working with porous media but rather with flow through
pipes and therefore did not have the adsorption problems mentioned
above.

Iodine-131 has been used quite frequently for studies of

(46) used IlBl to study

the type under consideration here, Stanley
the effectiveness of sand filters in the removal of suspended particles
from water. For the particles, he used a suspension of ferric oxide.
The isotope was inserted by mutual coagulation between negatively
charged colloidal Agl and positively charged hydrous ferric oxide.
Counting at various depths was accomplished by the use of a geiger

tube having a high efficiency in gamma counting, mounted in a specially
designed shield. Unfortunately, no details are given concerning the
amounts of tracer used or the counting rates obtained.

Watkins and Mardock(h9) found that radioactive iodine is a
satisfactory tracer material because it has most of the characteristics
listed previously for an ideal water phase tracer, namely:

a) loss of iodine, as iodide, through adsorption

on solids in low compared to other potential
tracers,

b) iodide remains preferentially soluble in water

and insoluble in oil,

c) the possibility of an insoluble iodine compound

being formed and precipitated is low,

d) cost is low and I™OT is readily availsble.
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An extensive study of the application of radioactive
tracer techniques to flow through sands was carried out by Coomber

and Tiratsoo.(ll)

They followed the movement of oil and water through
a sand pack using first ethylene dibromide and £hen elemental iodine.
The dibromide was made radiocactive by irradiation but apparently there
was some molecular breakdown and recombination leaving free bromine-82
in the liquid. Since this caused the radioactivity to be distributed
in the oil and water phases and also since the bromine was easily
vaporized and inhaled, their attention turned to IT2L. With this
element there was no need for complicated syntheses of organic com-
pounds, because elemental iodine is considerably more soluble in
hydrocarbon oil than in water. For counting, a G.M. end window tube
was employed.

oh)

Josendal et gi.( object to the use of elemental iodine
because the presence of reducing substances such as hydrogen sulfide
in either the o0il or water, or the presence in the water of complex-

ing agents would greatly affect the distribution of activity in the

phases.

B. Mathematics of Multiphase Flow in Porous Media

Since one of the main purposes of the work reported here
is to find a way of mathematically describing gravity counterflow
segregation, the principal references cited relate to the mathematics
of two phase flow in porous media. In general, references to other
aspects of reservoir engineering are cited in the appropriate sections

of this dissertation.
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A mathematical description of immiscible two phase flow in
porous media consists of combining Darcy's Law, continuity equations,
capillary pressure relations, and if neceésary, an equation of state
for the phases., One example of an equation for one-dimensional, incom-
pressible flow is the "fractional flow equation" of Buckley and

Leverett(6:29) given here as Equations (1) and (2),
)

Kkgh 3P, O _
Ly [BS; o - e sin)

kgpz

1+

d d

Another example is Equation (19) of section IVB which is the
one used in this work. The above equations and various forms of them
have been solved by many investigators for various cases under study.
Before the advent of high speed computers, linearizing assumptions were
necessary in order to solve the equations., One of the most common

assumptions is that capillary and gravity forces are unimportant. This

allows Equation (1) to be written as:

1l
row —— (3)
kzp
1+ =8

kg“ﬂ
Equations (2) and (3) can be solved graphically but the result-
ing answers are triple-valued, i.e., at some points three different sat-

uration values are predicted to exist at the same time,(6) and it is
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necessary to be careful in choosing the correct values.<7’50) After
the use of cbmputers became wide spread, it was possible to include
either capillary or gravity forces or both in the solutions of the
equations.
Some of the investigators who solved the equations for vari-
ous flow situations and the assumptions made by them are discussed below.
Jones-Parra and Calhoun(25) solved the fractional flow equation
for a linear displacement without the effects of capillary or gravity

(8)

forces. Cardwell and Parsons neglected capillary effects and solved

the case of gravity drainage from a column open at both top and bottom.

(48

Terwilliger et al. ) also solved the drainage problem and achieved
excellent agreement with a concurrent experimental investigation. They
state that their work shows that static capillary pressure and relative
permeability data can be used to calculate transient behavior. West,

(51)

Garvin, and Sheldon treated horizontal linear and radial flow in
solution gas drive reservoirs neglecting capillary forces. Blair,
Douglas, and Wagner(5) solved the one-dimensional equations numerically
for linear two phase flow of incompressible and immiscible fluids in-
cluding capillary forces but neglecting gravity. Blair(g) also included
capillary forces to predict saturation and pressure distributions in
linear and radial systems open to water at one end (i.e., counter-
current water imbibition), McEWen(52) used the fractional flow equation
including capillary effects but no gravity forces to calculate the per-
formance of a water flood in a linear system. He found that at high
rates the solution approached that obtained by neglecting capillary

(19)

forces. Hovanessian and Fayers solved the one dimensional equation
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including gravity and capillary forces with injection and production.
They concluded that gravity has a pronounced effect on both saturation
and pressure distributions.

The effect of linearizing assumptions (neglecting capillary
and/or gravity forces) was studied by Fayers and Sheldon.(lh) They
conclude that the inclusion of the capillary term eliminates the
triple valued saturation behavior. They used a Lagrangian form (S is
an independent variable) of the equations which would allow triple
values to be computed but found them only at high flow rates and even
then could eliminate them by reducing the time step size. They also
point out some interesting compatibility relations which must be taken
into account.

Several authors have treated the problem under consideration
here, i.e., one-dimensional gravity segregation of incompressible,

(16)

immiscible fluids. Gilmour derives essentially the same equation

as that presented in section IVB but makes no attempt to solve it.

(31)

Martin neglects capillary forces and derives equations for closed
systems where the fluids are initially uniformly distributed in the
column or where the phases are completely separated with the heavy fluid
on top. He imposes the no-flow condition at the ends of the column by
requiring the saturations at these points to be such that the relative
permeability of one of the phases is zero, The author feels that rather
than setting saturations at the ends, it is better to reflect the flow
potentials across the boundary, thus leaving the saturations free.

Templeton(u7) did not attempt a complete solution of the

equations but did perform experiments very similar to those described
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in this report., Perhaps the main difference between his work and this
is that his initial distributions were nearly uniform with an average
liquid saturation of 50 to 60% whereas the experiments described here
had semi-segregated initial distributions and a wider range of average
saturations, As will be pointed out later, this author feels that
certain aspects of the problem show up more clearly in this work than
in Templeton's.

The discussion above has been limited to one dimensional
case and also immiscible fluids. It should be noted that Douglas,
Peaceman, and Rachford(lB) have published an excellent paper on two
dimensional flow including capillary and gravity effects. Their paper
also serves as an example of the application of the alternating direc-
tion implicit method of numerically solving two or three dimensional
equations. Nielsen(56) provides another example of the solution of a
two-dimensional problem along the same lines as Douglas et al.

Examples of solutions of the problem of miscible flow are
very few in number. An excellent one is that of Peaceman and

Rachfordo(58)



IV. MATHEMATICAL DEVELOPMENTS

The purpose of this section is to present the derivation
of the equation for countercurrent gravity drainage. Two cases are
considered; that of a column of porous material closed off at both
top and bottom and that of a column closed at the top but communicat-
ing with other porous media at the bottom. As an introduction the
basic concepts of two phase flow in porous media are presented.

Then follows the derivation, and finally the transformation of the

differential equation to a difference equation.

A. Flow Through Porous Media

The purpose of this section is to summarize briefly some of

the concepts used in describing two phase flow through porous media.

1. Darcy's Law
The equation relating potential difference to flow rate for

a single phase in porous media is Darcy's Law.¥

_e
@ - _K grad ¢ (4)
A K
where Q = flow rate (cm?/sec)
A = cross sectional area (cm?)
u = viscosity (centipoise)
® = flow potential (atm) = P + pgy

* Written for incompressible fluids

-16-
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It should be noted that in general:
= P+ pgy + pv2 + electrical forces, etc.

but, since in this work P and pgy are the only important forces, all
other terms have been dropped and thus ¢ is always taken to be P + pgy.
The constant of proportionality K is called the permeability and is a
function of the medium and not of the flowing fluid. The unit of
permeability is the darcy (d) or millidarcy (1 md = .001d) and is
defined as follows:

A cube of a porous medium 1 cm, on edge will have

a permeability of 1 darcy if water flows between

the front and back faces at a rate  of 1 cm’/sec.

under a pressure drop of 1 atm. at a temperature of

(26)

¢
68 F, where the viscosity is 1 centipoise.

When there are two or more fluids flowing through a porous
material, the above equation is modified to take into account the fact
that only a portion of the original cross-sectional area is available
for flow of a given phase., The modification consists of introducing
relative permeabilities into Darcy's Law. As an example, the following

equations can be written for a system in which there is two phase flow.

-
Kk
Q. K grad ¢y (5a)
Q Kk
A_2 = -2 grad o, (5v)
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The relative permeabilities must be determined experimentally
for the media and fluids in use although several methods have been pro-

posed for correlating them or deriving them from other properties of the

(35,54)

system. A typical set of relative permeability curves is shown in

(43,44,53)

Figure la. Several references support the contention that

relative permeabilities are a function of the saturation only. Although

(37)

it is known that the relative permeabilities are dependent to some
extent on which phase is driving the other, the curves used in this

studv are assumed to be without any hysteresils effect.

2. Capillary Pressure

Because of the minute size of the pores and channels in which
flow occurs, capillary forces can be a very important factor in the
flow of more than one phase through porous media. In the majority of
cases, one of the phases wets the solid more than the other, i.e., the
wetting phase forms a film over the solid and the second phase is kept
out of contact with the solid. Because of the curvature of the inter-
face between the two phases, there exists a pressure difference between

them. This pressure difference is defined as the capillary pressure P..

PC = P non-wetting - P wetting

The curves in Figure 1lb are typical.
Leverett(29) proposed a useful correlation for capillary
pressure curves in varicus unconsolidated porous materials. His

dimensionless "J" function is defined as:
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Figure la., Typical Relative Permeability Curves.
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Figure 1b., Typical Capillary Pressure Curves.
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5e) = —o (& (6)
Y cos@ ¢
where PC = capillary pressure
K = permeability
¢ = porosity
y = surface tension
© = contact angle

The contact angle is defined as the angle measured through
the wetting phase which the interface between the two fluids will assume
at the point of contact with a solid.

It has been found that even for a single porous material and
a given pair of fluids, there exists a difference between capillary
pressure curves obtained when the wetting phase saturation is increas-
ing (imbibition) and when the saturation is decreasing (drainage).
This hysteresis effect can have a great effect on the flow behavior

of a system as can be seen later in this report.

B. Mathematical Description of the Problem

The problem to be solved is that of two phase counter-current
flow in porous media. The flow takes place in a vertical column and is
considered to be one-dimensional. The fluids are assumed to be imcom-
pressible and immiscible and to have constant physical properties such
as viscosity and density. The porous media may be non-uniform with

respect to porosity and permeability.
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Darcy's law may be written as

- Ky 00y
Q = - ;; S (Ta)
> . kny O0ny ()
U i O

where the subscripts w and nw refer respectively to the wetting and non-
wetting phases.
A continuity or material balance equation may be written for

each phase as:

M - - ga B (8a)
dy ot
Qy, = -¢A Sy (8b)
Jy ot

Using the following definitions,

P, = Pow - Py (9)
o, = Bty (10)
v = Prw ¥ PrydY (11)

Pc can be written as

P, = 0, - 0, +Opgy (12)

Combining (7b) and (12) results in

- k )
Q, = - KA Eﬁ% S; (Pc + 0, - dogy) (13)

Since we are dealing with counter-current flow, it follows that:

— -

5; + Q= Qp =0 (14)
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and therefore (7a) and (13) may be added to produce:

ky Oy " kny /OPc . 00y - o
oy (5 ) - ()
or
k
aq) _ nw p
Co o ZEw (2 (p, - om)) (16)
Tk Y
My Hnw

Now, using Equations (7a), (8a), (10), and the definition:

S = 1-Sp; =5y

Equation (17) results.

o [ Kok o (P, - Apsy)J --¢S8 (17)
Oy Ly + Ky Y ot

For convenience, the variable R is defined as
R = 1/2 (P, - 2ogy) (18)

and Equation (17)becomes

S { Kok 95} g (& S—R (19)
oy Lkybny + Kpyyty OY % ot

Equation (19) is second order and thus requires two boundary
conditions and an initial condition. The initial condition is supplied
as the known saturation distribution at time zero. For the case of a
column closed at both ends, a reflection of the potentials at the ends

allows no flow across these boundaries. Thus:
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§9ﬁ> = §22#> = 0
dy /0,L dy /o,L

or

(an -9 =~ 0=

(P, - Logy), L =2 (aR\

3 ) S (p
dy vo,L dy ay/o L

@> -0
%/0,L

The difference equation used to represent the above equation

or

and boundary conditions is presented in the following section while a
description of the numerical procedure for obtaining solutions and an
analysis of the stability of the difference equation are given in
Appendices A and B.

For the field calculations discussed in section VII the
boundary condition at the bottom of the column must be such as to

maintain the saturation at a constant value. Therefore we may write:

C. Difference Equations

In order to lessen difficulties in stability and convergence,
an implicit difference form was chosen to represent the differential

equation under consideration. The equation is:

d [ Kkpyky BR} - gs R

9 oR = (19)
Oy Lkyny + Ky Oy ot

where S' = BS/BPC.
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Following the procedure of Douglas, Peaceman, and Rachford(l5)
the term Kk k ./l + oty ) 1s treated as an "interblock" coefficient

and evaluated between blocks. The difference form can be written as :

M M. 1 1

s+L,ned (Ryrdned = Byne1) = Mydoned (Ry nyg - Ry nen)

S

!

_ J,nts

= - =22 (Rj,n+l - Rj,n) (20)
ANV

where:
Kk -k Kkyk
Mipd ek 1 - {-[ W nz } N [k wKnw J } (21)
e 2(ay) Kyt + by J41 vty + Kby i n+d

Figure 2a shows where the variables are evaluated. Equation (20) may be

rearranged to yield:

¢S! 1
M. - M. n+l
Myl ned Rge1,ne1 (Mg, 3 ned =My dnel + —‘]"—3& ) Ry ne1
¢35 n+: 0
- 2 A
+ Mg-é,n+2 3-1,n+1 ~ Ry,n (22)

Thus a tri-diagonal matrix is generated. A typical equation may be written

as.:
23,3-1 Ry-1 % 85,5 By + 25,541 Rju1 = Ky (23)
where
85,5-1 = Myl n+d (2ka)
:
85,5 = Myedned - My lonel ¥ g:%%Eié (2kp)
&y, n+l = My%ﬂn% (2ke)
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Figure 2a. Difference Representation.

j=im

—— j+1

VERTICAL COLUMN—| =1—i*1/2
—.—.—.

..__]__j..|/2
—e— j-1

—— j=22$y=()

Figure 2b. Finite Difference Numbering Scheme for Columns.
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A simple technique for inverting a tri-diagonal matrix has
been given by Richtmeyeru(uo) The following presentation of the method
follows notes prepared by K. H. Coats(lo) for a coursé at the University
of Michigan.

It is assumed that there exists a relation of the form:

Rj-l = CjRJ +DJ° (25)

Insertion of Rj-l from (25) into (23) and rearrangement leads

to:
- Qs s Ks = a: s 1Ds
+1 -
Rj - Jsd Rj+l + J JyJ-1 g (26)
5,5+ 23,3-1% 83,3 ¥ 83,5-173
Comparison of (26) to (25) shows that
a. .
C. 1 = d.+] (27)
J+ a. . + a o
Jsd Jyd=1"J
k. - a. D
—_ ) ,]!j-l ,j
Dy = (28)

83,4 ¥ 23,3-15
Thus if any Cj, Dj can be found, all others may be calculated
using (27) and (28).
Tn the closed column, at the bottom (see numbering scheme in

Figure 2b), Ry = Rz since

6R> Rz - Ry
= = 0 = —F—— P
), . (29)

Thus Equation (23) may be writtn with j = 2 as

8y 1R) + 8y o By + 8y 5 By = ks (30)



or
(a2,l + a2,3) Rs + 8y oRp = Ky (31)

Solving for R2

k. a + a
Ry = —2— - 22 223 Ry = CsRy + Dy (32)
82,2 82,2
Thus
8p,1 * 82,3
c5 = -<__’___’_3.> (33)
a
2,2
D5 = k2/8.2’2 (51“)
and Cy ... Cyp, Dy ... Dy may be calculated using Equations (27) and (28).
At the top of the column, Equation (23) can be written with
J =Jm
ajm,,jm-l ij-l + %3m, jm ij + &3m, jm+l Rjm+l = kjm (35)

and since in the case of the closed column Ri,.q = ij-l’

J
(85m, gm-1 * 2m, jme) Bymel * ®ym, gm Bym = Ky (36)
also
Rim-1 = Csm By ¥ Dy (37)
Therefore

(ajm,jm-l ¥ ajm,jm+l)(cijjm * Djm) * 8m, jmiim = kjm_ (38)
or
R _ Kym - Djm[ajm,jm—l + a3m, jm+l] (39)
Jm
“im,dm * [Bgm, gm-1 * gm, me1 g
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Thus from the known values of Cj, DJ

s+ and the coefficients

83,3 and kj, ij can be found and then using Equation (25) all the

Rj can be calculated.

For the field calculations, the boundary condition at the

bottom of the column requires that Ry = X.

Thus Equation (23) is written with j = 3 as:

°3,282 + 83,385 + 83 1Ry = K3

_ 83,MBAL k3 - a3 oX
5 83,3 83,3

= C)R), + D)

Therefore
Cy = - as1/25 5

5 k3 - az oX
4 a
553

All other relations remain the same.



V. EXPERIMENTAL PROGRAM

The six sub-sections presented here are concerned with all
the factors involved in measuring transient saturation distributions
by means of a radioactive tracer in the liquid phase. The apparatus
is described and the equations for calculating saturations from radio-
activity measurements are derived in detail. All preliminary experi-
ments and results are presented except for capillary pressure curves
which are discussed in section VIA. The procedure followed in perform-
ing the experiments on countercurrent gravity drainage in a closed

column is given,

A, Systems Studied

In order to obtain some insight as to how various parameters
affect gravity segregation, several different fluid systems were investi-
gated. They wefe:

1. Water - air
2. b3% glycerin solution - air
3. Heptane - air.,

The glycerin solution provided an easy means of changing the
viscosity of thé liquid phase while leaving other properties such as
capillary forces and density essentially unchanged from those of water.
Heptane was employed as the liquid phase in one run in an attempt to

show the effects of a marked change in capillary forces.

-29-
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B. Choice of Isotope

In all of the systems studied, the radioactive isotope used
was T! as Nal in aqueous solutions or 12 in the run using heptane.
The choice of what isotope to use was simplified somewhat by results
previously reported in the literature. Having in mind the problems
mentioned by previous experimenters it seemed that the criterion to
- be met was a half-life of less than one month but longer than a day
since each run took up to a week. Also, the isotope had to give off
gamma rays and be soluble in some form in the liquid phase.

The half-life stipulation reduced the number of possible
isotopes to about twenty, ranging from Cadmium - 115 (53h.) to
Cerium-141 (32.5 d.). Setting an acceptable price at less than five

dollars per mc restricted the choices to the following:

cq L Re186
Al 131
Hgl97 Balho
Mo?? b0
5pl22 opol
AyL99 Celhl

Any of these isotopes would probably have been worth trying

but since good results have been reported with 1131 and since it is

readily available and cheap, the experiment was designed for IlBl.

131 was that Archibald(l) reports

tests made to determine contamination of glassware by IlBl. The results

Another reason for choosing I

showed that radioactive iodine does not contaminate glassware but does
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adsorb on metals - especially brass. Thus it was felt that adsorption

131

of T on the glass beads used in these experiments would be negligible.

C. Experimental Apparatus and Materials

The apparatus used in the experimental work consisted of the
column in which flow took place, the detection and counting system,
and auxiliary equipment for introducing fluids into the column.

Two separate columns were used, the first being discarded
after two experimental runs for the reasons given below. The dimen-

sions and properties of the columns are shown in Table I.

TABLE I

DIMENSIONS AND PROPERTIES OF EXPERIMENTAL COLUMNS

Column Length Diameter K(Darcys) ¢
1 34l /16" o 11.8k 0.389
2 297/8" 2" 11.79 0. %9k

The glass beads used were obtained from the Minnesota Mining
and Manufacturing Company and are designated by them as No. 996. They
are spherical with an average diameter of 113 microns-with 90% of the

beads within 15 microns of the average.

1. Preparation of Beads and Packing

The glass beads were treated by soaking them 1n a 1Up HUL
aqueous solution for several days and then washing with distilled water
and drying at about 200°C. for four or five days. This helped to insure
that the beads would be strongly water-wet. A lucite tube (2" I.D.

1/4" wall thickness) was fitted with end plates and tie rods and a
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piston with a nickel screen to retain the beads was inserted at one
end. The column was filled halfway with water and the beads were
slowly poured in the top while the column was vigorously tapped at
the pack-water interface. After the pack had risen to the desired
height, a piston was inserted into the top end and the bolts on the
tie rods were tightened until there was no further compaction of
the pack. The pistons were then sealed to the lucite tube with Duco
cement. The details of the column and pistons are shown in Figure 3.
One of the reasons for building two columns was that the first one
had pistons with 1/8" diameter bores and no grooves for distributing
the fluids and this caused great difficulty in filling and emptying
the column because of plugging in the screens and piston bores. The
second reason was that the column was too long and thus there were
over two inches at each end which were not covered by the traverse

of the detector.

2. Detection and Counting System

The detector employed in this study was a model DS5-2
scintillation detector purchased from the Nuclear - Chicago Corporation.
The detector utilized a 1" x 1" thallium activated sodium iodide crystal
and a 10 stage photomultiplier circuit to provide pulses to drive a
binary scaler. The scaler, manufactured by Nuclear - Chicago Corporation,
recorded the pulses and displayed the total by means of a mechanical
counter and interpolation lights.

The positioning of column and detecfor is shown in Figure 12.
The detector was always adjusted to be 1/2" from the face of the column

and facing the centerline. A total of ten three inch high zones could
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ENDPLATES (1/4"thick brass, 3 172" diameter)

W)

"?TIE RODS (1/4" diameter steel rods)

LUCITE COLUMN(2"1.D.,21/2"0.D.)

174" BOLTS
i STAINLESS STEEL TOGGLE VALVE

1/4"DIAMETER HOLE THREADED
FOR VALVE

—

FACE OF PISTON SHOWING
DISTRIBUTOR NETWORK

Figure 3. Sketch of Column and Pistons Used in Experiments.
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be covered by a traverse. Figure 4 shows the detailed geometry of

the shielding and crystal with respect to a 3" zone., This shielding
arrangement was decided on after experimenting with various schemes
such as a lead plug with 1/8" diameter holes to collimate the radiation
and/or various amounts of shielding around the detector. The shielding

used kept the "noise" level down to about 20% of the reading.

3. Radioactive Solutions

As mentioned previously, the tracer used in these experiments
was Il5l, The tracer was supplied as a virtually carrier free aqueous
solution of NaIl5l by the isotope unit of the University of Michigan
Hospital. In the water-air and glycerin solution-air runs, the liquid
was made radioactive by merely adding an appropriate amount of NaIl>l
solution. In the heptane-air system it was necessary to oxidize the
iodidé'to iodine using concentrated HN03 and then extract the heptane.
Because of serious adsorption problems it was also necessary to add a

large amount of carrier (inactive Nal) to the solution being oxidized

so that essentially all of the adsorbed iodine was inactive.

D. Measurement of Liquid Saturations

The purpose of this section is to derive the method used for
relating radicactivity measurements to saturations. The problem that
arises in the use of a radioactive tracer in experiments of this type
is that one is attempting to measure the activity of a small part of a
large radioactive mass. Thus there is interference or noise caused by

radiation from parts of the column other than the one being measured.
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This problem can be partially overcome by the use of heavy lead shield-
ing but a point is soon reached where a significant reduction in noise
requires such a large amount of shielding that the equipment becomes
too heavy and bulky for efficient operation.

It was found experimentally (section VE-6) that for a single

zone of the column the relation:
Ray = CSy (k)

is valid. When a number of zones are considered, the interference with
the reading at zone j is accounted for by assuming that the measured

radiation at point j (see Figure 5) can be represented as:

n n
\ \
Buy = /. AjRay = C /. AsSy (45)
i=1 i=1
Where ij = measured activity at point j (counts/minute)
Rai = actual activity at point i
Ay = coefficients or view factors depending on
distance from detector to point 1
(Aj =1, Ay = Aj+l’ etc. )
C = constant factor in Equation (Lk4)
Si = saturation at point i equals fraction of

void space in zone 1 filled by liquid.
It can be seen that since there are n zones, the above equa-
tion can be written n times resulting in a system of linear equations

in n unknowns, i.e.,



COLUMN —

i=) DETECTOR

Figure 5. Numbering Scheme for Determination
of View Factors, Aj.
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171 nn 1
CAQSl + CAlS2 + coeeeesesens eeee + CAn-lSn = ng

: . (46)
CAnSl + CAn_182+ T CAlSn = Rmn

Therefore, if Rms

39 A;, and C are known, S; can be determined

by solving the above system of equations thus resulting in saturation
measurements as & function of position and the time of the readings.
The determination of the A; is discussed in section E5. The
constant C was determined for each run by carefully taking reedings on
an unknown saturation distribution and solving for the n quantities Rey

or CS; in Equation (46). Use is then made of the relation

n n
ZRai = C ZSi = nCS,.,. (7)
i=1 N i=1
or ZE; Ra,
1
- — (48)
n S
avg.

51 has a half-life of

It should be mentioned that since Il
approximately 8 days, the decay during a run can be appreciable.

Therefore, the actual form of Equation (45) is

-kt
Rm. = CZ AS; e (49)

where k has been experimentally determined to be 0.00365 hours ™.
Table II indicates the accuracy of the method. It lists

calculated saturations versus height for a column filled almost com-

pletely with liquid. The low reading at the top is due to the imcom-

plete filling.
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TABLE II

ACCURACY OF THE METHOD FOR MEASURING SATURATIONS

Height (cm.) Saturation Per Cent Deviation

From 1.0

3,81 0.9963 - 0.3T%
11.43 1.0089 0.89
19.05 0.9963 - 0.37
26.67 1.0017 0.17
3kh.29 1.0036 0.36
L1,01 1.0168 1.68
k9,53 1.0382 3,82
5T7.15 0.9973 - 0.27
64, 77 1,01k7 1.47
72.39 0.9261 - 7.39

E. Preliminary Experiments and Calibrations

The series of experiments described below were cerried out to
obtain necessary dete on physical properties of the columns, the per-
formence of the counting and detectlon system, and the informetion

necessary to convert radiocectivity measurements to saturations.

1. Permeability

The permeabilities of the glass bead packs were measured by
evacuating the column and then filling with water. A Ruska constant
rate pump was then used to flow water through the packing at several
differeht rates., The pressure drop between taps near the ends of the

columns wes measured using manometers.
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The temperature of the effluent was measured so that the proper
water viscosity could>be used and the permeability was then calculated
by straight forward application of Darcy's law.

In order to test the homogeneity of the glass bead packs a
special column was prepared which had five pressure taps along its
length. Typical results on a pack gave the following resilts (listed
from one end of the pack to the other in order):

11.805, 12.23, 12.35, 11.53

with an overall measurement of 11.78 darcys.

2. Porosity
The measurement of porosity consisted of evacuating the column
and filling it volumetrically using the Ruska pump to measure the amount

of water injected. Knowing the pore volume, the porosity is calculated

as:
g = \;;-13 (50)
B
where VP = pore volume
VB = bulk volume of pack

3. Density of Glass Beads

A pyncnometer was weighed empty to establish the tare weight,
then weighed when full of distilled water to determine its volume.
It was then dried and filled with beads and weighed. Water was then
added with stirring to force any trapped air out until the water filled
the bottle to the same mark as before. The bottle was then weighed

again. From these weighings and the density of water at the temperatures
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of the weighings, the weight and volume and thus the density of the
beads were found. The value of the density was determined as 2.48

gn/cmd.

4k, Detector Plateau

The power which drives the scintillation detector comes from
an adjustible high voltage supply (O to 2500 V.) contained in the
scaler. The response of the detector to a given source of radio-
activity is not related linearly to the voltage supplied. Thus the
relationship of voltage to counting rate must be determined experi-
mentally. (The relationship is unique for a given isotope.) The
results of this calibration are shown in Figure 6. As can be seen,
the most stable counting region is the interval from 1330 volts to
1630 volts. The detector is always used in this range or plateau,

in this case at 1430 volts.

5. View Factors

As noted in section VD, there was a need for the values of
the view factors which account for the fact that radiation arrives
at the detector from several or all of the zones of the column and
not just from the one directly in front of the detector. The method
used to obtain these data is as follows:

a) Construct ten lucite cylinders 2" diameter, 3" high

and 1/4" wall thickness, fill them with glass beads
and various amounts of radiocactivity and seal the

ends with thin plastic caps. (When all ten blocks
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are mounted on top of one another, they represent
a complete column with a known saturation distri-
bution. )

b) Teke a reading on each block to determine the
relative strength (or saturation) of each one.

c) Teke readings on various combinations of blocks.

The view factors may then be calculated as:

n n-1
R" - R
Ay = (51)
Rn
where R% = reading for n blocks piled up
n-1 , .
R = reading for n-1l blocks
BRhn = reading for n™ block when placed directly in

front of detector.
Figure 7 shows the results of the experiment. At least six different
determinations were made for each view factor. The data are plotted
to show the range of values obtained and the average value for each
Ai. The large range at position 10 is due to the fact that as more
blocks are piled up, the value of Ai is found as the small difference

of large numbers and the values are difficult to determine precisely.

The values used in subsequent calculations are:

A} = 1.0, Ap =0.093, Az =0.00839, Ay...Aj5 =0.0

6. Self Absorption of Aqueous Solutions

In order to determine whether a linear relationship exists

between activity and saturation the self absorption of an aqueous
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solution of NaI151 was measured. This was done by placing solutions
of various thicknesses in front of the detector and taking readings.
As can be seen from Figure 8, self absorption is not a problem for
solution depths of less than one inch, and does not become appreciable
until the thickness reaches 2 inches or more. Since the effective
thickness of the aqueous phase can not exceed about one inch in the
column, it may be aésumed that the relation Ra; = CS5; is valid.

It may be of interest to note that the data can be correlated

by the equation:

R bl )
Fm _ 1 _.e 1502x (52)
R
(o]
where Rm/R00 = ratio of reading to that of an infinitely thick solution.
x = depth of solution (inches).

7. Halflife of I1o1

An experimental halflife for Il31 was determined by placing a
source in front of the detector and following its decay for almost one
halflife. The data are shown in Figure 9. The value determined for
the halflife was 190 hours as compared to a published value of 193

17)

hours.(

8. Absorption of Gamma Rays by Lucite

Figure 10 shows data determined for the absorption of gamma
rays by lucite. The method used was to place various thicknesses of

lucite between a source and the detector.
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9. Coincidence Losses

Coincidence losses are caused by the fact that there is a
minimum time interval between events which can be registered by a
counting system. The time, following an event in a detector, during
which the detector gives no pulse or can not give a response large
enough to be fegistered is called the resolving time.

The method used to ascertain the magnitude of coincidence
losses for the counting system used in these experiments was to place
a source which just barely jammed the mechanical counter in front of
the detector and then follow the decay of the source. After a few
days the source (IlBl) decayed to the point where the counting rates
were low enough that any coincidence loss was negligible. The data
were then extrapolated back to the high initial rates. Any coincidence
loss would then appear as an increasing deviation of the data from the
extrapolation line at high rates. Figure 1l shows the data which all
fall on the same line thus indicating no appreciable coincidence loss

at any rates up to the point of mechanical jamming of the scaler.

F. Experimental Procedure

The procedure followed during an experimental run varied some-
what but consisted essentially of three major steps:
1. Establish an initial distribution.
2., Invert column.
5. Take readings during movement of the phases.
The main differences between runs on any given liquid phase

were the method of reaching the initial distribution, the initial
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distribution, and the average liquid saturation. After recording
the background readings for all the zones, a measured amount of

the radioactive phase was allowed to flow into the column which

had previously been evacuated by means of an aspirator. In most
cases the column was then closed off and inverted and then opened

at the top. This insured that all portions of the pack contained

at least connate water or the residual liquid saturation. After
allowing the liquid phase to settle to the bottom and wet the column,
the system was closed, readings were taken to establish the initial
saturation distribution and the column was inverted to start the run.
In a few cases (runs 7 and 10) the column was filled with almost one
pore volume and then allowed to drain into a constant head device.
After the drainage had ceased, the amount that came out was measured
and readings were taken to determine the drainage capillary pressure
curve. This distribution was then used as the initial distribution
for these runs and the column was inverted.

The inversion of a column consisted of releasing it from its
stand, lifting it out, turning it, and replacing it on the stand.
The operation consumed about 1/2 minute and the time of turning was
noted and used as the starting point of the run.

The procedure for traversing the column and taking readings
was to start with the detector in the top notch (Figure 12) and, as
soon as possible after the inversion of the column, take a reading.
The detector was then moved down one notch and another reading was
taken. This procedure was repeated until the reading at the bottom

notch had been taken. Then, depending on how fast the fluids were
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Flgure 12, Photograph of Equipment,
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moving, readings were taken again starting at the top notch. Each
reading consisted of turning the scaler on and allowing counts to
accumulate for a definite period of time (usually 0.6 minutes or 1
minute). The total amount was recorded along with the time and
duration of the count. Thus a reading resulted in a certain number
of counts per minute (c.p.m.). The time required to move the detector
from one notch to the next and align it with the column was about 1/2
minute. Thus a series of ten 0.6 minute counts required about eleven
minutes while a series of 1 minute counts required about fifteen
minutes to complete.

After a run was completed, the column was flushed with dis-
tilled water and dried by passing air through it and evacuating with

an aspirator.



VI. EXPERIMENTAL RESULTS AND DISCUSSION

A great deal of data is tabulated in Appendix E. The results
presented here are shown graphically and for the sake of clarity, only
enough data are plotted to give a clear picture of the results and
support the discussion of them. The capillary pressure curves are

included here because of their particular relevance to the discussion.

A. Capillary Pressure and Relative Permeability Curves

The imbibition and drainage capillary pressure curves for the
water-air system in glass beads were measured several times. The method
used was to pack a column as described in section VC, perform a drainage
or imbibition and then remove the bottom piston and endplates and dig
out the packing. Each inch of packing was deposited in a weighed dish
and covered. The packing was weighed, dried, and weighed again. Then,
knowing the weight of packing, of water, and the porosity of the pack
and the density of the beads, the saturation of each section was com-

puted. The capillary pressure was then calculated for each sample as:

P, = Opgy (53)

where y 1is the vertical distance from the constant head inlet or outlet
to the midpoint of the segment. The data for water-air are shown in
Figure 13.

The capillary pressure curves for the other systems studied are

shown in Figures 14 and 15 and were obtained by performing an imbibition

~5ka
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or drainage using a radiloactive solution of the liquid phase and the
counting and calculation procedures described previously.

An imbibition capillary pressure curve for the heptane-air
system is not shown because the data obtained for it were considered
to be unreliable. The reason for this seems to be instability of the
radioactive heptane - iodine solution., The imbibition required
approximately one week to stablilize as compared to about two days
for the drainage. It appears that over a period of a week the solution
is unstable in contact with the glass beads. Visual observation showed
a definite lightening of the red color of the solution at the bottom of
the column where the saturation would be expected to be greatest. This
is thought to be due to the transformation of the iodine to some form
such as HI and subsequent movement of this compound in the liquid.

The capillary pressure curve used in the field calculations is
shown in Figure 16. It represents data from a core sample taken from
a gas storage reservoir.

Since calculations showed that the solution of Equation (19) is
relatively insensitive to errors in relative permeability as compared
to capillary pressure data, it was decided to use the correlation pro-
posed by Corey as given by Wyllie and Gardner.(5u) Thus the relative

permeability curves were calculated from the relationships

S = (5-5,)/(8.-5,.) (54)

]
—
l—l
1
n
~

Knw

Kk, =B (56)
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The curves are shown in Figures 17 and 18 for different Sc

and Sgr =1,

B, Transient Saturation Distributions

The experimental results are presented as values of liquid
phase saturation as a function of time and position. Although the
data actually consist of radiation measurements at various positions
and times, it was felt that the saturation values would be most useful
to the reader and that their tabulation would avoid the necessity of
performing the complicated data processing necessary to relate readings
to saturations.

A total of seven experimental runs were made. Runs 3, 4, 5,
and 6 are for the water-air system while runs 7 and 8 are for an
aqueous solution 43 per cent by weight glycerin. Run 10 is for the
system n-heptane-air. The non-consecutive numbering is due to the
fact that runs i, 2, and 9 were abandoned soon after their start
because of either errors in filling the column (runs 1 and 2) or
obvious adsorption problems (run 9 - no inactive carrier was added

151 sdsorbed onto the packing).

and thus the I
Figures 19, 20, 21, 22, 23, 24, and 25 show graphically several
of the saturation distributions obtained for each run. Many more of
the distributions are presented in tabular form in Appendix E. Table
IIT lists the values of the various system parameters.
The shapes of the distributions, which in some cases are

somewhat unusual, will be discussed in the following section., The

discussion contained here will be confined to the effect of the physical
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properties of the liquid phases on the speed with which the segrega-
tion process is completed.

The establishment of a criterion for measuring the rate of
countercurrent gravity segregation in a closed system is rather
difficult since a final equilibrium distribution can not be predicted
a priori with any degree of certitude. However, one can inspect the
data and find for each run a time at which the movement of the phases
is essentially finished. This time value is somewhat uncertain but
does indicate the relative speeds of the various runs. It is listed
in Table III for each run.

Figure 26 shows the variation of time for a run with the average
saturation. It should be noted that the initial distributions for the
runs were all at least similar, and if they had not been then this
correlation would not be as good as indicated.

The effect of fluid properties can be seen by comparing the
times for runs 5, 6, and 10 which all had an average saturation of
70%. The glycerin solution can be included in the comparison by read-

ing the time for a 70% S run from Figure 26, This indicates a

avg.
time of 13.hours.

The three physical properties which could be varied were the
liquid viscosity, the density difference between liquid and gas phase,
and the surface tension. The water-air‘ruﬁs (numbers 5 and 6) and the
glycerin solution-air system had essentially the same surface tension

and density difference but differed markedly in liquid phase viscosity.

As expected, the high viscosity of the glycerin solution results in the
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time for a run being much greater than the time for the water-air
runs. Run No. 10 differs from the other runs with respect to all
physical properties. Since it is reasonable to expect that the
time for a run increases with increasing &alues of viscosity and
decreases with decreasing values of the density difference, one
would éxpect that run No. 10 would be completed faster than runs
5 and 6 because the viscosity of heptane is lower than that of water
and while the density of heptane is lower than that of water the
difference is not so great as to slow the movement to the extent
shown by the data. Thus it seems that in run 10 the effect of
changing the surface tension is the dominant feature along with
the effect of the transition zone as described in the next section.

The effect of surface tension is not obvious since in the
experimental system under consideration here, capillary forces
should aid gravity in imbibing the liquid phase into the bottom
section of the column while acting against gravity in the top
section by retaining the liquid. As mentioned, run 10 was slower
than the water-air runs and thus it seems that the net effect of
lowering surface tension is to increase the time for a run. In
other words, the imbibition process in the bottom of the column
must be a controlling factor on the rate of segregation.

Some degree of correlation of physical properties is indi-

cated in Figure 27 which is a plot of y/y(Ap) versus time for a runm.

C. Comparison of Data and Theory and Discussion of Results

The use of existing theory to predict the experimentally

observed results has proven to be a difficult task. This section
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is devoted to a discussion of the discrepancies between observed
and calculated behavior.

The experimental data possess at least two notable features.
The first is that there is a zone comprised of approximately the
middle third of the column in which the liquid saturations both
increase snd decrease at various stages of the process. The second
feature, which is related to the first, is that the distributions
have an unexpected "bulge" in them. Examples of this can be seen
to various extents in the distributions of all the runs.

The method used to simulate mathematically the experimental
runs was to solve numerically the difference eéuation presented in
section IVC. It is obvious that the final distribution calculated
in this manner will conform to the capillary pressure curve used as
data in the calculations. This is because at steady state we have:

R constant

or

]

P, = Apgy + C (57)

which is precisely the equation of the capillary pressure curve.
With this in mind, it seems that because of the bulge which remains
in some of the final distributions, the major point of difficulty is
the problem of what to use as capillary pressure data.

Careful consideration of the process and the data shows that
a column can be described as a composite of three sections. In the
top zone, there is a continual decrease in liquid saturation, in the

middle the saturations increase and decrease at various times, and



~76-

TOP

BOTTOM

DRAINAGE

TRANSITION

IMBIBITION

Figure 28. Composite Column.



~17-

in the bottom section there is a continual increase in saturation.
Thus a column may be represented by three zones as in Figure 28.

On Figures 19, 20, 21, 22, 23, 24, and 25 which show some of
the saturation profiles obtained in the experimental runs, the three
zones have been marked off and labelled. The extent of the transi-
tion zone was found by looking through the data and finding the
points at which the saturation increased at some times and decreased
at other times. As an approximation, it appears that for the runs

with S, of 70% or less, the transition zone extended from

g.
0.38 (Y/L) to 0.65 (Y/L) vhile for the run having an average satura-
tion of 88% (run no. 8) the zone included most of the column and
extended from 0.15 (Y/L) to 0.85 (Y/L).

Since, as noted in the literature survey (section III), good
results have been obtained using static capillary pressure curves to
calculate transient behavior, it 1s reasonable that one would attempt
to do the same in this case. Three obvious alternatives are to use
the experimentally determined final distribution as the P, curve or,
if eilther drainage or imbibition is the controlling process, to use
the drainage or imbibition capillary pressure curve respectively, or,
finally, to attempt to use a drainage curve for the upper half of the
column and an imbibition curve for the bottom.

The choice that Templeton(k7) made in attempting to do calcu-
lations for a similar experiment was to use the final distribution.
However, he found, as we did, that this is inadequate for predicting

transient behavior although it naturally causes the correct final
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distribution to be computed. Also, if the final distribution is con-
sidered as a necessary part of the data for the calculations, then
they will have limited usefulness for predicting anything other than
the run which produced that distribution. It should be mentioned that
while Templeton ascribed the inadequacy of this method to either the
inability of static capillary pressure data to predict transient be-
havior or to errors in felative permeabilities, we found, as did Blair(g)
and Nielsen(56) that the calculatiéns are somewhat insensitive to
changes in relative perﬁeabilities while they are extremely dependent

on the capillary pressure curves used. This is due, in great part, to
the fact that Equation (19) contains the reciprocal slope of the Pc
curve as a coefficienf (3s/ap,).

The second choice is to use either the imbibition or the drainage
curve, As we pointed out in the preceding section, imbibition seems to
be the dominant process in these runs. Thus, by using the imbibition P,
curve, it may be possible to at least approximate the experimental data.
Figures 29, 30, 31, and 32 show the results of this method for runs 3,
4, 5, and 6 which were all water-air systems. As can be seen, the
results of these calculations do come close to the data but are still
a rough approximation. An undesirable feature in the use of the
imbibition curve is that it must be arbitrarily extended to S = 1 in
order to be used in runs where saturations greater than residual gas
occur. The curve for water-air in Figure 13 indicates the extension
used in the calculations, Also, it proved to be impossible to even
approximate the data for the glycerin solution runs or the heptane
run. (The numerical solution predicted faster saturation changes than

the data indicated).
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The use of two capillary pressure curves - drainage for the
top and imbibition for the bottom-introduces an artificial discontinuity
at the point in the column where the two sections meet and the results
calculated in this manner are erratic and not representative of the data.

Thus, while it is felt that the data are accurate and that the
measured distributions do represent those existing in the system, we
must conclude that capillary pressure data as conventionally measured
are not adequate for the task of predicting the distributions which
occur in a system undergoing successive imbibition and drainage.

In connection with the case of the closed column, it is interest-
ing to consider the case in which a very small amount of gas is present
at the bottom while above it the pores are completely saturated with
liquid. As indicated by the data presented here, as gas rises in the
column some of it is trapped and the liquid saturations below the rising
gas reach a maximum which 1s less than one. Thus if the amount of gas is
small enough, it will all be trapped before reaching the top of the
column and a final distribution as indicated in Figure 3% will be reached.

This unusual situation is resolved by the work of Leverett(29)
who found that after a long period of time, diffusion of the trapped
gas through the liquid will eventually allow it to rise to the top and

the liquid satirations in the lower part of the column increase to one.

D. The Need for More Complete Capillary Pressure Data

From the discussion above it is obvious that a more complete
understanding of capillary forces and their effects is necessary. A

typical set of PC curves is shown in Figure 3%a. The upper curve is
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produced by desaturating as porous medium originally at 100% saturation
and measuring the pressure required to produced the displacement.
Similarly, the lower curve is produced by saturating the medium
starting at the residual non-wetting phase saturation. As the arrows
indicate, each curve is valid only for saturation changes in one
direction,

The question raised by the results presented here is what
happens when saturation cycling occurs. If a saturation value at
some point in the column has been reached by a drainage process, it
can be represented by a point in the drainage curve. If the saturation
is then increased, an imbibition is occurring and the point can not move
along the drainage curve. Likewise, it can not move along the usual
imbibition curve since the only way to get from one curve to another
without a jump is to follow the arrow up the drainage curve and then back
down the the imbibition curve. Therefore, it will move along some inter-
mediate path. Figure 33b shows a hypothetical case of a point starting
on the drainage curve and successively imbibing and draining.

The principle to be inferred from the above is that the behavior
of ‘an element of porous material which is undergoing successive drainage
and imbibition is dependent on the past history of the element. (In view
of this dependence, a more complete history of the initial saturation
distribution is given in Appendix F.) It is also implied that in order
to predict transient behavior of a system which contains a transition
zone such as the one under consideration in this dissertation, a great
deal of experimental work must be done to determine the paths lying in

the region between the drainage and imbibition curves.
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A series of capillary pressure cells could be made and all
completely saturated with liquid. They then would all be desaturated
to various extents so that each represented a different point on the
drainage curve. Then an imbibition would be performed on each cell,
measuring the pressure after each saturation change. ‘This would
produce a family of imbibition curves. A similar préCedure could
then be followed starting at points on the various imbibition curves
and proceding by drainage to determine a family of drainage curves.

We suggest that the result would be a network of curves such as that
shown in Figure 34.

In order to use these data in calcilations it would be necessary
to formulate some parametrical representation of the network. One
possibility would be to define each imbibition curve by the point at
which it leaves the limiting (conventional) drainage curve. Similarly
each drainage curve could be characterized by the point at which it
crosses some chosen imbibition curve. Thus each point in the network
would be defined as the intersection of a drainage and an imbibition
curve,

For the actual calculations there are several possibilities as
to what could be done. Using the equation presented in this work
(section IVB), the saturation changes could be noted after each step
and then used to decide whéther an imbibition or drainage is occurring
at each point. Then for the succeeding time step, the appropriate
curve would be used in the calculations. Another possibility would
be to check the saturation changes after each iteration within the

time step. However this procedure would probably be the less stable
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of the two. A third choice would be to use the equation presented here
in conjunction with a similar equation for the flow potential distribu-
tion [for examples see Douglas et §£<13) or Nielsen(56)]. The advantage
here is that the potential distribution at the beginning of a time step
could be used as an accurate method of predicting the direction of
saturation change during the time step. The disadvantage is that in this
method it is necessary to solve two simultaneous partial differential
equations.

The question of how much of the past history of a system
under consideration it is necessary to know is a difficult one. In many
cases 1t is no problem. As an example, in a reservoir containing oil, gas,
and water, it is assumed that the initial distribution conforms to the
imbibition capillary pressure curve<29’ BA). In other cases where the
previous history has been one of continual increase or decrease in satura-
tion the assumption can be made that the principal or limiting P. curves
can be used to obtain capillary pressure values at the time of interest.
Probably the only case presenting serious difficulties is the one in which
a number of saturation cycles have occurred in the past. Here, there
would be guess work involved and the more known about the cycles the more
accurate the calculations.

On the basis of the mechanism postulated here it is possible to
give a reasonable explanation for the existence of a distribution such as
that observed as the final distribution of run no. 7. If the capillary
pressure curves for the glycerin solution-air system, as shown in Figure 1L

are converted to a plot of height versus saturation by use of the relation
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PC = Apgy + C they can then be superimposed on a plot of the final distri-
bution of run no. 7. This is done by matching one of the data points in the
top of the column to the PC value corresponding to the same saturation on
the drainage curve. The result is shown in Figure 35. The solid line is
made up of the drainage curve in the upper part and the imbibition curve

in the lower. This represents a situation which is at least semi stable

in that between any two points, y; , Yyp, the capillary pressure P, is
balanced by the gravitational force 2&pg(yo - y7). The fact that the P,
curves fall so close to the data indicates that the process was one of
drainage in the top part and imbibition at the bottom. It should also be
noted that there is still one point in the transition region between the
two P, curves.

The question as to whether this type of distribution will
remain stable over an extended period of time is open to conjecture,
Runs no. 10 (heptane-air) and no. 6 (water-air) which had average satura-
tions (70%) near that of run no. 7 (64.5%) exhibited the same type of
bulge for a while and then it disappeared. This may mean that over a
period of time, all the points will finally pass through the transition
zone and come to rest on the imbibition curve. Thus the effect of the
transition zone may be principally that of greatly increasing the time
required for the segregation process to be completed. This is borne out
by the fact that the numerical solutions using the imbibition curve for
runs 7 and 10 predicted a much shorter duration for each run than was

actually observed. The calculations indicate that the speed with which

saturations change depends on the slope of the P, curve. In other words,
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the amount by which a given saturation is changed during a time interval
is a function of the slope of the capillary pressure curve at that point.
If the slope is increased (this corresponds to a decrease in absolute

38

value of S' = 55; ) then the rate of saturation change is decreased.
Thus, if, as indicated in Figure 33b, the saturation of a point in the
transition zone follows a path leading from the drainage curve to the
imbibition curve or vice-versa, the slope of the path will be greater
than that of either the drainage of imbibition curves at the same
saturation, and the change in saturation with time will be smaller. This
argument would explain the presence of the bulges in the distributions
since the saturations in the transition zone change much more slowly than
those in the drainage or imbibiﬁion regions.

It should be mentioned that Templeton's data(u7) do not exhibit,
at least to any great extent, the bulges reported here. This can be
explained by the fact that he started his runs with an almost uniform
saturation distribution, e.g., 50% saturation everywhere in the column,
and thus does not seem to have produced transition zones anywhere near as
large as those found in this work.

A further observation based on the data is that the chance of
obtaining a "final'distribution exhibiting a large bulge, is greater for
higher average saturations and also is greater the more completely segre-

gated the phases are initially.

E. The Case of a Column Open at the Bottom

At this point it is instructive to consider the case of a

column closed at the top but open at the bottom. In this case, gas 1s
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supplied to the column while water drains out and is carried away. Also,
the average saturation continually decreases. This situation is indicated
in Figure 36.

This is more like the situation in a gas storage reservoir than
is the completely closed system. The rate at which gas is supplied to the
column would determine whether or not a transition zone could occur. If
gas were supplied at a high enough rate (or pressure), the water would not
accumulate within the column and thus the process would be one of drainage
alone and the saturation distributions during the displacement would be
expected to follow the sequence shown in Figure 37.

In the event that a distribution with a bulge in it as in
Figure 22 happened to occur during the process, it would not be stable
since as the water leaves the bottom of the column the saturations below
and in the bulge would decrease and it would eventually disappear. This
sequence is indicated in Figure 38.

In this case, the final distribution would show no bulge since

at low saturations the imbibition and drainage curves merge into one.
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VII. RESULTS OF FIELD CALCULATIONS

The calculations using typical reservoir parameters were de-
signed to simulate a countercurrent gravity drainage in a vertical column
open at the bottom. The situation is sketched in Figure 36. Although it
is realized that the actual movement of gas injected into a reservoir is
a three dimensional problem and is much more complex than the case treated
here, we feel that some useful qualitative information can be gained by
treating a simplified version of the problem. Thus the flow of water and
gas is assumed to be one-dimensional - occurring only in the vertical
direction. The assumption is alsc made that at the bottom of the column
the water saturation has been decreased to some value (in this case
1.5 Sc) and that it remains at this value during the remainder of the

process. Thus, as noted in section IVC, the boundary condition at the

bottom is:

S, = 1.5 8,
or

P. = constant (58)
or

Ro = X

and with this taken into account, the calculations are carried out as
described in Appendix B.

The principal variation in the calculations was the permeability
distribution in the column. Four cases were run, three of them the same

except for permeabilities, and the fourth differing from the others in

-96-
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that it was a different height. The four cases are shown in Figure 39.

The initial saturation distribution in all cases 1is:

0<y<bhft, §=0.162

y>U4ft, S =1.0

The capillary pressure data for St. Peter Sandstone(25) in
Figure 15 were scaled to the various permeabilities by use of the

J-function (Equation (6)), which can be rewritten as:

K1 1
PCE = Pcl<K—2>? (59)

when y, © , and § are not variables.

The results of the calculations are shown in Figure 40 as a
plot of the average saturation in the column versus time. For the 30 ft
columns the initial average saturation was 0.919 while the 21 ft column
has an initial average saturation of 0.86. The most prominent feature
shown by this figure is the great effect of the permeability variations
on the length of time before any appreciable decrease in average saturation
occurs. This indicates that even a thin layer of low (but not zero)
permeability media can greatly affect the displacement process. Thus the
occurrence of a layer of this type in a reservoir may account for the
length of time necessary for a "bubble" to be formed at the top of the
structure.

Some of the calculated distributions are shown in Figures L1,
Lo, and 43 for cases I, II, and IV. The distributions for case III are
similar to case I but occur at later times. The calculations were not

carried out to completion of the drainage because of the amount of computer

time involved.
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VIII. SUMMARY AND CONCLUSIONS

Summary

1. A quantitative method has been developed for the use of
radioactive tracers in the measurements of saturations.

2. Saturation data have been experimentally obtained for the
countercurrent flow of two phases in a vertical, closed column of porous
material,

3. A mechanism has been postulated to account for the experi-
mental results and some success has resulted from the use of a single
capillary pressure curve as data for a numerical solution of the equation
governing the process.

L., Experiments have been proposed which would lead to a more
complete understanding of the role of capillary forces in processes
undergoing saturation cycling.

5. Calculations have been performed using reservoir properties
for the case of a column of porous media closed at the top but continually
supplied with gas at the bottom. The effect of permeability variations
has been studied to find their effect on the time required for the gas to

displace the water initially in place.

Conclusions

1. The use of a radiocactive liquid phase tracer is an accurate
method for measuring saturations in a one dimensional system, The method
presented here for taking into consideration the radioactivity in parts
of the system other than the one under consideration results in saturation

measurements at least as quantitative as any other method.

=103~
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2. The use of the ordinary drainage and imbibition capillary
pressure curves to calculate transient behavior in a system undergoing
both drainage and imbibition leads to erroneous results. Capillary
effects in such a system need further experimental work before a complete
solution of the problem is possible., Also, because of the great influence
of the capillary pressure data upon the solutions obtained to the equations
for flow in porous media, it is necessary to have very good data for any
calculations involving capillary forces.

3. A thin, low permeability layer can have a great effect on
the speed of countercurrent drainage. This may indicate one of the

principle reasons for the slow bubble growth observed in some gas storage

fields,
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APPENDIX A

STABILITY ANALYSIS* OF EQUATION (22)

For the purpose of stability analysis, the equation must be
considered to be linear since no adequate theory exists for the stability
of non-linear equations. The procedure commonly used is to assume all
coefficients to be constant and then when a criterion for stability is
established the coefficients are assigned their most adverse values.

This will usually insure that the stability criterion is valid.
Thus with M and S' constant, the difference equation can

be written as:

M _ s' o)
(Ax)2 (RJ+1, ntl ~ Ry onel * Ryo1, ntl) = - A (Rj,n+l - Rj,n)
(A-1)
or upon rearrangement
R -2+ R +R - - 1RO (A-2)
J+1l,n+l a’ “J,n+l j-l,n+¢1 = " g “j,n .
where
a = - _—m——t—-—
gs ' (ax)?
Let Rynxepre&mtthe exact solution of (A-2) and R. +E,
4 J,n J,n

here is due to

denote the actual or numerical solution. The error Ej n
J

round-off error and stability denotes the case where:

*
This analysis is based mainly on notes by K. H. Coats.(lo>
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E
_doml) o
Ej,n

that is, the error should decrease from one time step to the next. Since

both solutions R end RY _+ must satisfy Equation (A-2), the

Ry,n 5, ¥ Eyn

equation can be written twice (once for each solution) and subtraction

then yields

1 - -1 -
Ej+l,n+l - (2 + g) Ej;n+l + Ej’l;n+l - a Ej)n (A 3)
The substitution E, = f.g gives
J,n Jn
£ sl
En+1 [ %+l -0 . 1 + g l] -1 (A-4)
8n j a 3 a
or:
1l g f- i
-_-_°on L o é P e (A-5)
a gn+l fJ fJ
and
- 1 yn
&y = ( a )
The stability criterion is thus:
1
ol st (8-6)

The solution to the equation:

1]
O

1 .
fj+l - (2 + a‘ - }\,)fj + fj—l (A_?)
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which results from (A-5), is obtained by letting

2+=-1 = 2cos ¥y (A-8)

1
a
so that solutions involving sine and cosine will result. Therefore:

N o= 2+ % - 2cos y (A-9)

and (A-6) becomes

1+ 2a (i - cos 7) =1 (A-10)
since ¢y will take on only real values, cos y will be in the range
-=1<cosy<l1l.

Equation (A-10) is satisfied for any positive a and thus there
is no limit on the size of a as long as it is positive. Since s' is

always negative it follows that

-MAL
75’ (&)
is always positive.
The special case of y =0 or cos y =1 should be considered.

One of the eigenvalues 7y determined by the boundary conditions may be

zero., One of the eigenfunctionsin the Fourier expansion of Ej,n :

J,1

E. = % (axm)n fj,m

will then have a time dependence of (l)n and an error introduced at any

point neither grows nor decays with increasing time. This case is not
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serious if, as is usually the case, the round-off errors are random in
sign.

Thus, from the above analysis it is to be expected that the
difference form employed in this work will be stable and convergent
especially for judicious choices of Ax and At .

However, in practice it was found that the rate convergence
does depend on the choice of time step size, i.e., At must be kept
small in order to converge in a reasonable number of iterations. The
maximum At's which can be used can be found only by trial. It is
assumed that the non-linearity of the equations and computer round off

cause this.



APPENDIX B

DESCRIPTION OF NUMERICAL SOLUTION

A complete program was written in order to perform the calcula-
tions necessary to solve the algorithms derived in section IVC. The
program was used on I.B.M. 704, 709 and 7090 computers at the University
of Michigan Computing Center.

As can be seen from the equation and difference form, the
necessary input to the program consists of tables of capillary pressure
versus saturation, relative permeabilities versus saturation, porosity
and permeability as functions of position, the initial distribution, and
physical properties such as viscosities and densities.

Perhaps the most important part of the numerical solution is
the iterative procedure used to obtain convergence during a time step.
After experimentation with various ways of time centering the coefficients,
the scheme described here was evolved. The two coefficients involved in
the iteration are the term S' and the interblock coefficient M . For
s' , the procedure of Douglas Peaceman, and Rachford(lB) was used in which
the calculated value of R is averaged with the value at the beginning of
the time step and this average value is used to evaluate the coefficient.
The coefficient M was calculated using the saturation values at the
beginning of the time step and then again using the saturation resulting
from one iteration. These two values were then averaged and this average
value was then used for all successive iterations.

The iterative routine was considered to have converged when the
maximum per cent difference between values of R at any point on successive

iterations was less than some tolerance-between 0.1% and 0.001%.
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APPENDIX C

DATA PROCESSING METHODS

Table IV 1is a sample data sheet showing the various facts
recorded during two scans of the column. The processing of data from
a run follows the format outlined below, (All calculations were per-
formed by IBM 709 and 7090 computers.)

1. All readings are punched on cards in sets of 10 with an
average time assigned to each set.

2. The set comprising the readings on the initial distribu-
tion is used to calculate the constant C of Equations (L44) and (45)
and also the initial distributions by means of the method presented in
section VD.

3. Successive sets of readings are converted to net counts
Per minute and used to calculate the saturation distributions at each
average time value.

L. Using the output from the first data processing program
described above, the uncorrected readings expressed in counts per
minute are plotted versus time of reading for each of the ten points
covered by a scan. After connecting the data points with as little
smoothing as possible, the readings are interpolated at constant time
values.

>. The values obtained by interpolation are used along with
the constant C as input to the second data processing program which

converts the interpolated values to saturation distributions. The

=11k.
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TABLE IV

SAMPLE DATA SHEET

Experiment: Run No. 7 Date: 8/3/62
Scaler No. FPL - 2 Voltage: 1500
Base Time = 13:06 Temperature = 85°F
Position Time Time Total cpm Background Net cpm
of Count Count (cpm)
(min)

10 19:20:5 0.6 6168 10280 5144 5136
9 21.6 0.6 6326 10543 2190 8353
8 22.9 0.6 9523 15872 1495 14377,
7 2k,1 0.6 19168 31947 1185 30762
6 25.1 0.6 25612 42687 805 41882
5 26.4 0.6 21328 35547 703 348LL
in 27.6 0.6 19552 32587 1014 31573
3 28.75 0.6 22336 37227 773 36454
2 29.8 0.6 22543 37572 918 36654

1 30.9 0.6 19314 32190 2k2s 29765
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interpolation procedure is only used to cover periods of time when rapid
changes in saturations are taking place. For the periods when the phases
are moving very slowly, the distributions computed by the first data pro-
cessing program are considered to be valid since not much change occurs

between the first and last readings of a set.



APPENDIX D

PHYSICAL PROPERTIES OF MATERTALS

Data for the physical properties of the materials used in this
research were obtained either experimentally or from reliable sources.
Each material is listed below along with the source of the data, and the
figures on the following pages present some of the data graphically.

1. Water

Distilled water from the engineering building supply was used
for runs involving water and also for flushing the columns. Data for
water and also for air were obtained from the Handbook of Chemistry and
Physics.(17)

2. Glycerin

Commercially pure glycerin was used to prepare the glycerin-
water solution. 'The specific gravity of the solution was measured with
a hydrometer as 1.105 gm/ml and the viscosity was determined with an
Ostwald viscometer calibrated with an oil supplied by the National Bureau
of Standards. The viscosity of the solution is plotted in Figure 46.

The surface tension of the solution (43% glycerin by weight) was measured
with a tensiometer and found to be approximately 90% that of water.

3. Todinel3l

The properties of I131 are taken from €59) and are as follows:

Half Life: 8.05 days

Radiations (MEV): Beta- 0.250 (2.8%), 0.335 (9.3%),

0.608 (87.2%), 0.815 (0.7%)
Gamma- 0.080 (2.2%), 0.163 (0.7%), 0.284(5.3%),
0.36k (80% ), 0.637 ( 9% ), 0.722(5%)
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Chemical form: Carrier free Nal in basic sodium sulfite solution
pH: 7 - 11
Concentration: greater than.l mc/ml

Total solids: less than 2 mg/me

Heavy metals: (as Pb) less than 2 micrograms/mc
Purity: greater than 99.9% (exclusive of I13J)
1152, less than 2%

L. Heptane

Physical data for n-heptane are shown in Figures L4, 45 and 46.

The data were taken from API Research Project 41, (85)
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TABLE VII

TIME INTERPOLATED SATURATION VALUES FROM RUN NO. 5

Height (am) Initial Distribution Saturation
3.81 .91 0.2028 0.8336
11.43 k9,53 0.2680 0.9056
19.05 57.15 0.4920 0.9787
26.67 6h. 7 0.6728 0.9854
34.29 T2.39 0.7733 0.8778
Time (min,)
Height (cm.) 2 & 6 8 10 13
3.81000 024309 T,27980 .31292 «34273 237936  .45114
11.43000 +32640 .38346 .43603 .47968 .54107 .57029
19.05000 .54987 .59874  .64112 .67361 .69571 . 70120
26.67000 .170528 .72518 .713621  .74063  .7135716  .73560
34.29060 . 16565 . 78202 .76933 .75888 15111  <14370
41.91000 .83723 .81823 79091 .78251 .77318  .18645
49.53000 <86491 80423 I80783 .80613  .80324  .80078
57.15000 294243 191829 .88454 J85591  .82933 .80411
64.77000 .88097 .86488 .83675 .81238 . 78569 . 75061
72.39000 .85538 .81645 L77515 J73780  .69423  .64156
Helght (cm.) 16 20 25 30 ¥ 50
3.81000 54826 «66610 .79551 .814C2 .82867  .8677C
11.43000 60065  .63811 .683171 .74908  .84069  .86242
19.05000 .70816 .71483 .71990 .73217 .75945  .82339
26.67000 . 73749 . 73606 .73918  .75161  .713G2 . 79133
34.29000 . 74078 .13443  .74230  .15844  .77582 LT71817
41.91000 < 75602 . 74825 . 74032 . 14246 . 15625 .76708
49.53000 .80420 . 79098 J76971  .75620 .78222  .79939
57.15000 . 78412 . 76049 J73108  .71435  .66598  .60551
T 64.77000 '.T1671  .66852 .60933 .56053 .44824  .37415

72.39000 .59975  .54341 247527  .42489  .36985  .33067
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TIME INTERPOLATED SATURATION VALUES FROM RUN NO. 8

Height (cm)

3.81 h.91

11,43 49,53

19.05 57.15

26.67 k.77

3k4.29 T2.39

Height (cm.) 10
3.81000 .58030
11.43000 «90685
19.05000 «93042
26.67000 «92427
34.29000 «93786
41.91000 «93196
49.53000 «92866
57.15000 .88688
64,77000 + 92634
72.39000 .87399
Height (cm.) 80

3.81000 . 74101
11.43000 «98432
19.05000 96146
26.67000 «95060
34.29000 «93706
41.91000 « 94316
49.53000 .89485
57.15000 . 86480
64.77000 +93642
72.39000 «60536
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TABLE X

Initial Distribution

Time (min.)
20 30
«66449 . 72930
.90036 .90384
«93443 .93726
+92659 .92766
.93589 93128
+92100 «91151
«90202 .88770
.87491 .87153
+92028 .91817
.85276 .81696
100 120
. 74362 « 74587
< 98204 +97654
.97059 < 97454
+95812 .95811
.93532 .93150
293426 293677
+90504 $91277
+86501 .86184
.93008 .93328
.59419 +58656

Saturation

0.8650 0.9

0.9409 0.9721

0.8833 0.9433

0.9126 0.9724

0.9230 0.14606

4o 50 60
.74185 + 74540 . 74235
192844 .95038 .97001
< 94482 +95668 +96929
.93341 «94196 < 94497
«93067 +92968 .93033
.90997 .92279 .93393
.88135 .88075 .83203
.87083 .86936 .86709
«92422 «93612 . 93869
. 76667 «69347 «64359

140 180 2ko

.T4766 . 75051 . 75401
+96953 < 96459 «96746
. 97844 +98132 .98345
.94786 +94338 +94540
+93048 «93391 «93740.
94405 +94220 .92827
.91813 .91865 +91520
.86217 .86145 .86137
.93558 .93948 < 94477
.58377 .58229 .58067



~129-

$G2€1° €89T1°  L146T° S9891° 95981° wLv2z® 65662° vv6e2ZH " 602L5" 9LYH9 . 0d0eg2e
15990° €9860° 968€T°  10622°  YEGEYH” 2L669° 111€8° 12988° 94506 86016°  0001L°%9
) 1868¢€° 4888€° 91429° 17828° €L618° 5$6868° 69898 ° GEB898° 944988 * Z6968° 00061°2LS
19968° 998T6° ¥6158° 99188° L21€6° LETL6" €2966° 96€2C°1 S68%0°1 €61G0°1 000ES°6Y
18106° L9yL8° »ocee* 28216° Z8€S6° 89996 ° L6SY6 " €1866° 2vZ96* 61L56" 00016° 1%
65916° sl1e88° 95€Y8 " 68628° 26518° L9118° 9G6L€8° »86€8° 50628° 56918° 00062°%€
 SY6L6®  12S96°  €2zySL°  €89%L° o129L° 2yt ss18L” 1109 Z2o%sL* €209L° 00029°92
_ ¥BZv6° 6L196°  9ezvlt _ 48ST19T  E€E9LY” 8508¢€ ° 280L2€° 0JL1€° Shile" 88LLE°  00050°61
280S6°  10196° €5988° 2562L°  1%6%S*° €LLTH " LY9LE" 1612€° OEBEE" 119T€° 000€%°11
_ SBLIBT  88YI8°  wPuwet  2viZ6°  E0TI8T  YSYILT €8T4G° BIVEE" L8YL1" 96€£01° 00018°€
_Lgoz 9L _oge 002 oLt oyt 02T 00T 08 oL (-w) susrem
o T1zees  €9008°°  €v198°  €006°  2TT16°  €L916° Lo1T6°" 72816°  6¥816° SSvE6” 0006€°2L
_LL116°  68806°  9€806°  89806°  1G606°  8E606"  61L06°  9€906° 63206°  6Zl1l6° 000LL*%9
““““ 18€T6°  L69%6°  8Y6L6°  61%66°  62000°T_  H€400°1 . 0L100°1 L6€10°1 9€ST0°T  gG%€0°1 000S1°LS
__9%290°1 _ 86290°1 20990°1  86€L0°1  02610°1 €9080°1 01180°1 S0€80°1 S0180°1  08960°1  000€S°6Y
__ 85696° LIBE6" ~ 00626°  S68£6° €ESHE " S1566° €06L6° L5€86°  89€10°1 €9220°1 00016°1%
____.60218°  15608°  25l187  851S8° 1v698° €z088° 62688° 16268° Lss68°  £90€6° . 00062°%¢
__BLE9L®  bSY9L®  18Z9L®  9609L°  12092° = 9229l = 6LE9IL® 8Ls9L°  1199L° 6LlYL9” 00019792
968L€ ° €618€" 2s8S€°  6%162°  8699Z°  1€822° €ETL61°  LG291° 2g9€1°  1z¥ZI* 000S0°61
. 99%%2°  ¥9891°  01901°  1ZS90° _ SS8¥0T 090507 = €5050° 911s0°  881S0° = €LY%SO° .. booevr 11
06280° ___€9140°  L1S90° __ €9990° _ %L690°  9T2L0°  66S10° $58L0° 696L0°  69180° 00018°€E
s o o€ & . % ST B ey e
A.nﬁﬁv swpg, . _ ' R
TgL6°0 4696°0 6¢ el 62 4<
- : 0568°0 8gaL-0 LL*%9 1992 : : mm—————
09T0°T 160°0 ST°LS 6061
e - - Llet T Mwmo.o €S 64 Tt -
o #T20°T T6g0°0 T6°TH 18°¢ o
uorjeIMIBg (wo) quIteH

- C e

TWOTINQTIISTA TSTITUI

OT °ON N WOMd SEIVA NOIIVMOLYVE CELVIOQNEINT EWLL

IX FI9VL



APPENDIX F

HISTORY OF INITIAL DISTRIBUTIONS

The fact that the saturation history of every point in the
column is important was not realized until after runs 3 and 4 were
completed. For this reason, all that can be said about them is that
the initial distribution was reached by imbibing the desired amount
of liquid into the evacuated column and then inverting it.

The initial distribution for run 5 was reached in the same
way as those of runs 3 and 4, but the following data was taken before

inverting the column.

TABLE XII

PRELIMINARY READINGS FOR RUN NO. 5

Position Height Reading
J Y (cm) ij(cpm)
1 3.81 125,666
2 11.43 135,873
5 19.05 138,735
L 26.67 134,573
> 3k4.29 134,507
6 41.91 135,133
7 49.53 127,276
8 57.15 139,941
9 64 .77 47,962

10 72.39 2,624

Note: C = 1k0,600; S84y, = 0.699.
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Using the procedure of section VD these data could be converted

to saturations, thus a complete history is provided for the initial distri-

bution.

Similarly, for run 6 the data listed below was taken.

be noted that in this case the column was not inverted since all portions

were wet during the filling operation

TABLE XIIT

PRELIMINARY READINGS FOR RUN 6

Position Height
- Y (cm)
1 3.81

2 11.43

5 19.05

b 26.67

5 34,29

6 41,901

7 49.53

8 27415

9 6L. 77

10 72.39

Note: C = L40,970; Save

The initial distributions for runs 7 and 10 were reached solely

by drainage while for various reasons, no data is available for the history

0.7.

Reading

ij(cpm)

40006
46325
L6077
45840
43565
41009
38194
59150
24815

11852

It should
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of run 8 although the initial distribution for this run was reached by

imbibing into a vacuum and inverting.

i



