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ABSTRACT

This thesis is a study of those characteristics of sedimentary
rocks, that determine their capability to function as cap rocks for
petroleum acoumulations,

The function of the cap rock is to prevent the oil from upward
migration, The active upward forces on the oil (or gas) are due to the
buoyancy of the oil (or gas) on water, The forces opposing upward
migration of the oil are due to the capillary retention of the water in
the cap rock. For any oil trap it is necessary that the capillary forces
in the eap rock are larger than the buoyancy of the accumulating oil on
the subsurface waters,

For a given combination of oil or gas and subsurface water,
the magnitude of the capillary retention forces on the water in the cap
rock is given by the displacement pressure of that rocke.

An outline is given of the theories, relating the displacement
pressure to the basic characteristics of the rock, such as permeability,
porogity, interstitial surface area and the Kozeny constant,

The displacement pressure for a given rock is direectly propore
tional to the interfacial tension between the water and the non-wetiing
phase., The buoyancy of the oil or gas on the water depends upon the
- density difference between the non-wetting phase and the water. The
variations of densities and interfacial tensions with temperature and
pressure are discussed and graphiecal relations are given between these
quentities and the depth of the accumulation in questions

Displacement pressures for various types of sandstones were
deternined from experimental studies of the capillary pressure versus
saturation relationships. From the experimentally determined



displacement pressures, permeagbilities and porosities, the interstitial
surface area and the Kozeny constants for the various rocks were
ecomputede

glt was found that the interstitial surface areas could be
correlated with the electrochemical formation coefficients of the
sediments in question, which were measured in the course of another
research projeet by this author, This correlation indicates the possi-
bility of a subsurface method for the determination of displacement
pressures, using the S. P. curves of electrologs.

Different types of stratigraphie traps are described and the
relative positions of the cap rocks ave considered for the various cases,

A schematic example is given of the location of a "permeability
pinche-out® type of stratigraphic trap by computation of the displacement
pressures from electrologs of drill holeg in the vieinity.
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ZNTRODUCTION

The purpose of this thesis is to investigate some of the inherent
characteristics of sediments which enable them to become caprocks, for
trapped accumulations of oil and gas.

We assume that in the geologic history of most commercialesize
oil pools the source rock, carrier bed, reservoir rock and trap relation-
ghip exists., However, regardless of whether the oil migrated as such or
whether organic fluids accumulated in the trap and the final stages of
conversion to oil, occurred in\the same places where the oil now is found,
the requirements for the eaprock to initially block the passage of oil or
to keep the oil in place after it was formed, will be essentially the same.

In structural oil traps the relations between reservoir rocks and
caprock are often relatively simple, Where structursl closure exists,
mostly a large thickness of beds has been involved in the formation of the
structure, In the vertical succession of beds, sooner or later a bed with
the necessary properties to act as caprock, will be present. This is
especially true for the anticlinal or dome shaped structures with quaquae-
versal dips, For fault traps, the problem of finding suitable caprocks on
all sides of the structure already is far more complicated, unless the
fault gauge zones are "tight" enough to retain the oil, Our analysis may
then be applied to the fault zone to find whether or not this is the case,

The most interesting application of analysis of sediments on
their suitability to serve as caprocks, is to the case of stratigraphie
traps, The types of stratigraphie traps (see later) vary from truncated
strats and depositional pinche-outs, where trapping of oil depends upon the
properties of the overlying or adjoining rocks, to the permeability



pincheout type where the oil is retained by changes in the reservoir rock
itself,

In classifying rocks as to their ability to serve as ecaprocks,
it is obvious that layers with absolutely no permeability will always
serve effectively to retain oil.

By and large the greatest number of caprocks, however, is of a
different type. These rocks will be permeable to water, although their
specific permeability may be low., In addition, they will be preferentially
water wetted and because of their capillary retention of water, they will
resist displacement of water by a non-wetting phase. Thus when 100% water
wetted they will block the passage of oil, until the pressure of the oil
overcomes the capillary forces retaining the water. Practically gll
sediments, even uneonsolidated sandstones, have such a "threshold
pressure,” or "displacement pressure.® In most cases, however, this
pressure is very low and is soon offset by the buoyaney of the oil, Only
rocks with a high enough displecement pressure to withstand the buoyaney
caused by columns of tenthie or hundreds of feet of oil will be effective
as caprocks for commercial accumulations of oll or gas,

In this thesis an outline is given of the theory of capillary
behavior of porous solids, relating the displacement pressures to some of
the basic characteristics of the porous rocks, and experimental attempts
are made to correlate some of these properties in order to enable us to

determine the displacement pressure by sube-surface geological methods,



In this work we will accept the general idea of a source rock -
carrier bed = trap relationship in the history of the formation of the
larger part of the commercial oil pools, ‘

The most likely source beds are dark shales or marls and in some
cases, bituminous limestones. This has been demonstrated both on grounds
of their organic content and their frequent relationghips to commercial
oil accumuletions, It is recognized, however, that not gll dark shales or

marls are actusl source beds (1).

From the shales the oil is driven into the more permeable
earrier beds Ly compaction, Beckstrom and van Tuyl (2) demonstrated con-
elusively that compaction is a completely effective means of removing oil
from shales, Actual migration of oil from shales into sandstones was
shown experimentally by E. T. Thomas (3), who also brought out the
following important conclusions: (a) O0il moves more readily into water
wetted, than into dry sand; (b) 0il moves fastest in the direction of
greatest pressure decline (this is, in most cases, upward)., The mechanism
of the migration of the oil from the source beds into the more permeable
sands is based on the differential compaction., While sandstones will
decrease only 2% in volume, due to a burial to a depth of 4000 feet, a
clay will lose close to 45% of its original volume for the same depth of
burial, A detailed deseription of shale compaction with depth of burial
was given by Athy (‘I.) o The squeezing out of oil by compaction pre-assumes
that the oil is formed as such before too great a depth of burial is

reached and the larger part of compaction has taken place,



An alternative hypotheses was formulated by Fash (5), namely,
that the formation of oil is not completed and only a preliminary product,
neokerogen, has been formed by the time squeezing by compaction has stopped.
This neokerogen reaches the porous media in a decomposed, partly gaseous
stage and disperses in all directions, “travelling as films on the surfaces
of the sedimentary particles and along erystal surfaces inside the
particles » « » « o « and accumulate in traps, where they are subjected to
the catalytic effect of the surfaces of the sediments, with which they ave
in contact.” In the trap the main transformation to petroleum occurs.

It is not clear what factors govern the accumulation of the
decomposition products in traps, in other words, what kind of traps would
be required to halt the migration of the films, on the surfaces and
through the erystal-lattices of the sedimentary particles.

We will therefore only work with the assumption that oil as
such, or a very similar product, reaches the porous media mainly in the
liquid state, after being squeezed out of the shales by compaction,

The reasons for assuming the oil to be mainly in the liquid
state were summarized by Russell (6) who compared rock pressures and
temperatures at depth with the vapour pressures of the various hydro-
carbon compounds usually present in oil., Russell showed that for the oil
fractions to ococur as vapours in appreciable quantities they must be
above their critical temperatures, and even then a large portion would

remain dissolved in the liquid, heavier fractions,
There is, however, no important qualitative difference between

the migration and accumulation of oil, and that of gas.
The migration of oil to its final place of asccumulation has been

the subject of many papers and discussions and also of considerable



experimentation, of which some of the most important ones will be referred
to later.

The most widely accepted idea of o0il migration is the hydraulic
theory as described most thoroughly by J. L. Rich (7,8).

This theory postulates moving underground water as the primary
cause of the migration of oil and gas. The migration may take place
either directly in the porous reservoir rock to the place where the oil is
trapped, or through so-called carrier beds, which are very permeable
horizons between the source and the place where the oil is found (9).

The hydraulic theory, although clogely fitting the field
evidence in many cases, is liable to convey a physical misconception,
namely, that the moving water is carrying the oil or forecing it ahead of
it. 4 more correct picture is that the oil and gas, as well as the water,
are all moving under the same pressure gradient. This pressure gradient
may be due to differences in hydrostatic head of the underground water or
to lateral differences in compaction or any other cause, Once a pressure
gradient is established, all fluids will move at velocities corresponding
to the relative permeabilities, to the different fluids, which again
depend on their partial saturations,

The relationships of relative permeabilities to saturation for
liquidegas mixtures were established by Wyckoff and Botset (10), and for
oilswater mixtures by Leverett (11) for the case of unconsolidated sands,
Leverett and Lewis (12) worked out the relations for gas-oilewater
mixtures also for unconsolidated sands, while Botset (13) found that for
gas=liquid mixtures the flow through consolidated sand gave very nearly
the same charscteristics,

Fige 1 gives the saturation = relative permeability relationship
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for an oilewater mixture in unconsolidated sands as tasken from Leverett's
paper (14),

In the above cited papers it was shown that for small saturations
of a particular component of the mixture its relative permeability goes to
Zero, ‘or in other words, the component will no longer move, The satura-
tion at which for practical purposes this zerc relative permeability is
reached depends upon the pressure gradient and the characteristics of the
sand, For larger saturations the relative permeabilities increase, and,
of eourse, they equal the specific permeability at 100% saturation for any
particular component,

With these characteristies in mind we can explain many features
of the migration of mixtures of oil, water and/or gas as observed in the
field or in the laboratory. We must remember, however, that the above
relationships are only valid for steady flow of homogenous mixtures and
cannot serve to evaluate the phenomena that oecur when a water saturated
medium ig invaded by one of the mixtures in question,

Through a carrier bed with constant permeability the flow will
continue unobstructedly as long as the pressure gradient continues to
exist. If, however, the permeable bed pinches out either by truncation,
successive overlapping or by a change in facles, we must consider a
different medium being invaded by a fluid mixture. The question arises
hers, whether all components of the mixture are capable of penetrating
the new medium or whether one or more of the components will be ¥screened

out”? at the boundary. For a continuous facies change we actually have to
congider an infinite succession of such boundaries. If screening out
oceurs, the oil and/or gas will accumulate at the boundary and we have a

so=called stratigraphie trap.



Before analyzing the factors involved in the sereening out of
oil and the formation of a stratigraphic trap, we want to consider one
question regarding the migration of the fluid mixtures through the carrier
beds, which hag caused some confusion in the past,

As shown in fig. 1 the relative permesgbility to oil becomes zere

when the oil saturation becomes smaller than approximately 20% in uncon-
solidated sands, while in consolidated sandstones this value will

generally be even higher, However, in many beds that are considered to
be carrier beds between the source rocks and the place of accumulation of
oil we do not find any trace, of the migrating oil, left., By what
mechanism was this oil removed?

In this case the diagrams of the articles cited before are of
little or no help, as the oill is removed by very minute quantities, at a
rate too low to be measured by the apparatus employed for the construce
tion of the relative permeabllity graphs. Where oil is flushed completely
from a carrier bed 1t is almost certain that free gas was present with the
moving water for a considerable period of time. The oil will collect at
the interface between the gas and the walter and move as a thin film
coating the gas bubbles., There is no steady flow of oil, the minute oil
particles moving corresponding to a fraction of the total amount of gas
bubbles that 'migrates per unit time., This process may go on till the last
cil is removed, The gas may be removed by solution after it stops being
supplied from a source,

This influence of gas on removal of oil restants was already
aceurately deseribed by Dodd (15) in 1922, who termed the secondary
migration of trapped oil under the influence of gas, "rejuvenated
migration.® He also states that by this rejuvenated migration, in the



course of time most, if not all, of the oil would be removed. This is

the only case in which the term "carrying” of the oil by another fluid can
be properly applied. As long as there is enough oil present to form con-
tinuous flow in a fine network of channels, it will move under any pressure
gradient at a rate corresponding to its relative permeability. After being
trangported through the carrier bed, accumulation of the oil may be
affected by screening out, where the flow of water continues, or where the
waterflow is slowed down or stopped, oil may accumulate in the higher part
of the strueture under the effect of gravity. In both cases tl;a character=
istics of the overlying rock must be such that oil is prevented from
migration into them, under the existing pressure differentials,



The problem of infiltration of a water saturated porous medium
by an oil-water mixture is rather complicated. Basically, however, the
mechanism is much the same as that in the case of pure oil infiltrating a
medium one hundred per cent saturated with water, as the flow of the water
does not change the phase relations and merely defines part of the
pressure gradient, We will, therefore, concentrate upon the invasion of
a 100% water saturated porous medium by a nonswetting fluid, assuming that
the porous solid is preferentially water wetted.

Water in a saturated porous medium exhibits a capillary
pressure, The magnitude of this pressure is equal to the pressure at the
base of a column of water, of a height equal to the height to which the
water would rise in the eapillary interstices against the force of gravity
above an adjacent free water level, Or, in other words, in the equile
ibrium position the gravitational pressure of the water column just
balances the capillary pressure under which the watere-air interface tends
to advance, To penetrate a water saturated porous medium, one has to over=-
come this same capillary pressure. One has to drive back the water against
its tendeney to advance in the capillary interstices. The minimum pressure
that is necessary to cause a continuous penetration into the water
saturated porous medium, is called the displacement pressure.

Ag capillary pressure is caused by interfacial tension, dise
placement pressure must always be defined for a given combination of

fluids, In our case displacement pressure will always be used to indicate
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the pressure of displacement of water, by oil, unless otherwise indicated,

In order to relate the displacement pressures to other
characteristics of a sand, we will have to analyze more fully the capillary
behavior of porous media, The first thorough analysis of capillary
behavior in porous media was made by M. C, Leverett (16). At several
points in the following discussion we will use some of Leverett's derivae
tions and conclusions.

We will first discuss the overesimplified case, where the porous
medium is represented by a bundle of straight eylindriecal capillary tubes.

This assumption gives a rather close approximation for an
extremely well=-sorted sand consisting of wellerounded grains., Such a
sand would have a distribution 6! pores of equal size which latteral
dimensions might be represented by an equivalent eircular section,

This representation was used by Bartell and Osterhof (17), who
used measurements of displacement pressures for the computation of intere
facial céntact angles and adsorption tensions, The material used by them
consisted of finely ground pure silica, smaller than 350 mesh, and
compacted into a porous membrane, #s displacement pressure, they measured
the minimum pressure necessary to prevent water from advancing in the
capillary pores of the membrans, the pores of the membrane being filled
with air. This arrangement measures a displacement pressure corresponding
to an ¥advancing contact angle,® which means that the pressure is measured
which just prevents the liquid, which wets the solid material prefer=
entially, from advancing., (The contact angle is defined as the angle made
between the interface of the wetlting and the nonewetting fluid, and the
solid walls.,) As was pointed out by the same authors later (18), there is

a distinet difference between advaneing and receding contact angle in many



cases., The receding contaet angle is established when the porous medium
is first saturated with the liquid that wets it preferentially and then
pressure is applied to displace this liquid from the interstices against
its capillary tendency, to retain its advanced position in the interstices.
The receding contact angle method of determining displacement pressures
was used later by Bartell and Whitney (19) for determination of adhesion
tensions and seemed to give more consistent results., 4s will be shown
later, there is a definite relationship between the interfacizl contact
angle and the displacement pressure, The distinetion between receding and
advaneing contact angles mskes, therefore, that the displacement pressure
is not uniquely defined. In the case of infiltration of a watersand by
0il, however, we always desl with a receding conteet angle, and unless
otherwise defined, our displacement pressures will elweys refer to receding
contact angles,

To facilitate better understanding of the factors involved in
capillary phen&mana, we want to summarize, at this point, some of the basie
relationships.

211 eapillary phenomens are directly related to surface and
adhesion tensions, and the tendency alwsys prevails to reach a condition
of minimum free surface energy.

One of the most important theorems on capillary behavior is the
followings The excess of pressure on one side of a film of constand
interfacial tension, over that on the other side, is egual to
8 (1/R; & 1/R,) where S is the interfaciel tension and Ry, R, are the
prineipal radii of curvature of the film at the point in question (20).
The positive or negative sign allotted to the curvatures depends upon

whether the center of curvature lies on one side of the film or on the
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other, and is mostly established by convention.

This theorem relates the pressure across an interface to the
interfacial tension and the curvature of the interface, In the case of
two fluids within a porous medium, the pressure across the interface is
termed the "eapillary pressure." When the capillary pressure is gero,
the curvature is zero and the interface is a plane., Such interface is
often referred to as a "free liquid surface."

One of the best known capillary phenomena is the capillary
rise of liquids, in eircular tubes of small diameters, above a free
liquid surface. The magnitude of this capillary rise can be related to
the interfacial tension for the combination of fluids under consideration,
the radius of the capillary tube and the interfacial contaet angle, made
with the walls of the tube (21),

The derivation of the relationship is based on the following
considerations: The interfacial tension exists throughout the interface
with én equal magnitude and tends to keep the interface as small as
possible at a given set of conditions. To maintain this tension at the
contaet line of the walls with the interface, the walls must exert a
force per unit length, on the interface which equals the interfacial
tension., (Compare, for instance, a rope under tension fastened to a
wall, The wall exerts the same force on the rope as the tension within
the rope.) For a eircular tube of radius r the total force exerted by
the walle on the liquid at the interface is 2 T r s, and the total
vertical force on the liquid column 2 T r s cos © if © is the
interfacial contact angle.

This force must equal the foree exerted by gravity on the

liquid column above the free liquid surface.



Equating the two forces leads directly to the expressions

5 . 2 gos ©
where r is the tube radius, d the density difference between the two
fluids, © the interfacisl contact angle with the solid material of the
walls of the tube, and H is the height above the free liquid surface, when
the fluid within the tube is in capillary equilibrium, (H refers to the
lowest point of the interface.) H d represents here the pressure
differential across the interface (in g/cm?) and is therefore identical
with the capillary pressure, Corresponding to this capillary pressure,
the interface has a fixed curvature, in the gbove equilibrium position.

Wle are now able to analyze more clearly the relation between the
displacement pressure and the capillary pressure, Assume again a porous
block completely saturated with water. At its boundary the curvature of
the liquid surface is zero and the capillary pressure is zero, Ve nbw
mount this block so that a pressure differential can be applied across it,
lengthwise, for instance by applying a pressure via a fluid (air or eoil)
above it, while keeping the pressure below it constant. A4s we increase
the pressure above the block, the pressure across the fluid interface at
the upper boundary increases and correspondingly the curvaturs of the
interface inereases. In this way we can increase the exterior pressure
differential and thereby the capillary pressure across the interface and_
the interface curvature, until the force exerted by the exterior pressure
equals the force due to the interfacial tension. Any inerease of pressure
above this point will cause the fluid to flows This eritical ecapillary
pressure is the displacement pressure corresponding to the receding inter-
facial contact angle. The curvature that is reached at this point 1s the
minimum interfacial curvature with which the two fluids can be contained



together within this particular porous medium,

If we can compare the porous medium to a bunch of vertical
capillary tubes, we see that the eritical capillary pressure, or the
displacement pressure, is equal to the gravitational pressure differential
in the equilibrium position of cépillaxy rise in a tube.

Bartell and Osterhof, using this analogy, used the formula
S « LHdg

2 cos 8
derived for the capillary tubes, in the case of the porous membrane,

substitubing the displacement pressure 77 for the gravitational pressure

H dg thus having:

8 LI
" 2 cos €

From this formula, r (the equivalent radius of the pores) can be calculated

if 8 is known, or vice versa,

We see that according to the above derivation 77 is inversely
preportional to r and that for a porous medium, strictly speaking, we can
only sharply define the displacement pressures if all pores have the same
equivalent radius. For a normal sandstone or other porous sediment, we
have a wide range of pore siszes and irregularly shaped pores. Fortunately
not all large pores are mutually interw-connected, and neither are the
small ones, Therefore, for a reasonably homogenous sandstone penetration
in & given direction will have to make use at least of part of the smaller
pores. The displacement pressure is the pressure at which continucus flow
will take place through the specimen, using the easiest continuous path in
a given direction, This makes that even for very badly sorted sandstones
the displacement pressures are still defined within & fairly narrow range
of values.

As pointed out by Leverett (16), the comparison of an average
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sandstone with a bundle of straight capillary tubes is over-simplified
end leads, in most cases, to erroneous results. In the case of sande
stones we certainly cannot gpeak any longer about any one equivalent
radius of the pores, and even assuming g fixed distribution of
equivalent radii does not give the complete picture, as it does not take
into account the irregular shapes and inter-connections of the poras,
Leverett therefore suggests to sbandon the representation by parallel
straight capillary tubes completely, and focused attention instead on the
relationships between capillary pressure, interfacial ecurvature and the
relative saturation of the different fluid components, The treatment of
these relationships by Leverett is of great importance in the theoretical
evaluétion of the displacement pressure, in terms of the basic character-
isties of the rocks in question. We will summarize in short, therefore,
the results of Levereti's work.

Part of the derivations are made for a vertical column of
porous solid, preferentially wetted by one fluid (forming zero contaet
angle with the solid) and partly saturated with a second fluid of smaller
density, The fluids may be taken as respectively, water and oil.

Use is made again of the relationship 5etween capillary pressure
end interfacial curvature:

Pc = 8 ( 14‘1’ 1/32)

An additional formula is derived for the vertical distribution of capillary
pressure, in the following manners

Consider a large porous mass, preferentially wetted by water

in which two fluids such as oil and water are distributed in the mammer

required for capillary equilibrium, Suppose a small volume of water A V



16

is transferred from the level h, tc the level h & dh., Since equilibrium
exists, the change in free energy due to the infinitesimal displacement
of V will be gero (dF « 0)., dF, however, consists of two parts, which
therefore must be equal and of opposite signs
a) The change in free energy of A V by the rise in the
gravitational field:
(¢, = density of water)
%%' = Qveal { g = acceleration of gravity)
b) The change of free energy of A V passing from a level h
where the pressure of the water is Py to a level (h # dh)
where the water pressure is (P ¢ dPy) LXF = AV

d Py
We have therefores

aF & (OF)dn+ (2 F )dPy & @, 8AVAh+ AVdPy & O
o h 0 Py -
or ‘dpw -3 ewgdh ooco(l)

A similar derivation may be made for the oil, which gives:

~dPy, & €,8dh v o0 e (2)
The capillary pressure P, across the water-oil interface is by definition
Pe = Po = Py , whence differentiating:

dPy 3 dPy=dPy e o0 (3)
Combination of expressions (1), (2) and (3) gives:

dP, = (a ¢ egdh o s o0 (4)
where A €,,1s the density difference between water and oil,

As shown before, there is a definite minimum wvalue for the

capillary pressure across the interface between the two fluids within the
porous medium, equal to the displacement pressure. For all larger values

of P, we find the relation between P, and h by integrating equation (4),
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so that we obtaint
Po s(ag eh = 8(L ¢+ 1) ....(5) forP, where
Ry B2
is the displacement pressure for water by oil for the particular
porous medium under consideration.

It should be emphasized that equation (5) was derived without
any assumptions regarding the fluids or the porous medium, except that
they are isothermal and in capillary equilibrium, A corollary of equation
(5) is that gll interfaces in icular fluid system

they are in capillary equilibrium,

Assuning a hypothetical level of zero curvature and zero
capillary pressure, which would coincide with a free liquid surface out-
side the porous medium, the zone of 100% water saturation will for a
given porous medium, always extend to the same elevation above the
hypothetical zero level., At the top of this sone of 100% water saturation
the capillary pressure will be equal to the displacement pressure, for
that particular two-fluid system.

After establishing the relationship between capillary pressure
(or curvature) and height, it remains to find the relation between
curvature and saturation in order to find the vertical distribution of
the fluids in the sand column,

Although we ave, in our case, not interested in any statie
fluid distribution, the relationship between curvature and saturation in
terms of normal characteristics of the sand in question, will fix auto-
matically the relation between the displacement pressure (which is just

one point on the curvature-saturation graph) and these sand characteristies.
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The curvature of the oil-water interface is apart from its

thermodynamic relation to capillary pressure and height, a geometrie
quantity determined by the dimensions of the interstices in which it

exists, the contact angle of the interface with the solid and the propor-
tions of the fluid phases present,
Work by ¥, O, Smith (22) and others has shown that the curvature

saturation function is not single valued over its entire range. There is
a considerable hysteresis loop in the function., The reasons for this

behavior are derivable from the geometry of the system as discussed in
detall by Smith.

Leverett determined the saturation « curvature relationship

experimentally for elean, unconsolidated sands. He used both imbibition
and drainage to obtain the saturation gradients., Corresponding to
imbibition (advanecing contact angle) one branch of the curves was obtained,
while drainage (receding contact angle) gave the other branch of the
hysteresis loop. The receding contact angle curve gives higher values of
capillary pressure for a given saturation than the advancing contact angle
curve.

The most important result of Levereti's work, as far as our
problem is concerned, is that regardless of the degree of sorting or the
character of the sands, the same curves were obtained for the curvature -
saturation relationship, when plotted in the dimensionless form

423 gh . ( ,_%)’/2 against 8y or ,_g_q_ L ( _é_)’/z against S, (both are
exactly equivalent according to equation (5)) Here K is the permeability
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and ¢ 1is the fractional porosity. K must be expressed in c.g.s. units,
consistent with the other variables of the groupe.

Fig. 2 gives the relationship as determined by Leverett (23) for
clean, unconsolidated sands. With clean sands are meant sands void of
clayey and amorphous materials,

The replacement pressure is the largest eapillary preassure found
for 100% water saturation and is determined from the largest value of

_fg.'i(.%%)%fbr 100% weter saturation on the receding contact angle

(drainage) curve, This maximum value is the same for all clean sands and
has a value of .3 in fig. 2. To find the displacement pressure for any
¢lean, unconsolidated sand, we may use, therefore, the following procedure:
Determine the porosity and permeability (one c.g.s. unit of permeability =

8

1.014 % 10° dareies); find the interfacial tension for the oil-brine

combination in question (approximately 35 dynes/cm) and apply the formulas
m e OOBS(K/?)-]‘/Z 0000(6)

If ¢layey or hydratable material is present, the water is held by other
than eapillary forces only. The tendency seems to be, a decrease of the
constant in formula (6), for increases in content of hydratable material,
The decrease of the constant does not mean, however, that 77 decreases
with inereasing amount of clayey material, as the latter deecreases the
permeability very strongly, while practically not changing the porosity.

The capillary behavior in porous media has been elaborated upon
in a recent paper by Rose and Bruce (24) who extended the principles

outlined earlier, to consolidated porous rocks and derived several new

relationships between the fundamental characteristics of those rocks and
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their capillary properties.

The following paragraph gives an outline of their analysis,
which they start with Leverett's equation for the capillary retention
relations

J(8y) = _gg_ ( __%_)’/‘ e o oo (7) where j (Sy;) is a dimensionless

function of the wetting phase saturation.

It can be shown from the Poisewille and Darcy equations for
permeability that the term (K/¢ ) 1/2 1g equal to the average pore radius
of the porous medium under consideration, Hence Leverett's equation
conforms with the basic expression for capillary rise in cirecular tubes,
in that it combines the same variables in a simple relationship.

Starting with the equation P, = dgh = _28  for capillary
rise in spherical tubes, Carman (25) showed that to evalzate capillary
rise in more complex systems, such as random-packed nonespherieal sand
grains, we can replace ti:e radive r, by twice the hydraulic radius.

The latter is defined as the ratio of porosity , ¢, to the surface area
of the grains ,4, in wits of bulk volume, This leads to the relation:

RPN IS W WP ()
8 s 17
The connection between equations (7) and (8) becomes evident by
considering the Kozeny equation (26, 27) which expresses the specifiec
surface area in terms of permeability and porosity.

Roge and Bruce rearranged this equation as follows:

A s ?{;_Kﬁ}l/z(l/k)l/z .

where k is the so=called "rock textural constant®., Equation (9) is the



expression for streamline motion through granular beds.,
Combining (9) and (8) we haves

Pooa (KIV2 (Y2 or P (k) V2 0 (1) Y2, .., (100)

S 7 k S ¥
Remembering that (8) is the expression for capillary rise and that for
circular tubes h is measured to the lowest point of the meniscus, above
the free liquid surface, while '13; is the pressure differential across the
interface (or meniscus) we see, that P—c is the capillary pressure,
. corresponding to the highest point of 100% water saturation, as in the
case of the eircular tube, In other words, P, in equation (10a) equals
the displacement pressure 77 .

Rewriting (10a) gives us:
Te) V2 o am V2 L., (1ov)
S

where the displacement pressure 7 = ¢ msw_*/Pq .

Equation (10b) shows that for consolidated systems the constant
of equation (6) which was found to be approximately equal to 0.3 for
unconsolidated clean sand, equals the square root of the reciprocal Kozeny
constant.

That is £ m j(5e) = (k) 12

Sw—/

The Kczeny constant is related to the specific surface area by equation
(9), which givess

k » ,_225_ or with Al A/?,
KA

k = 4 % % 5 CLL) where Al is the inter-
K (a*)

stitial surface area in ¢ m per C»° pore volume.



Equation (8) applied to porous media gives the direct relation between

the displacement pressure and the specific surface area per bulk-volume,
77 8&/;0 .Al ....(12)
S

Equation (10b) showed the relationship between the displacement pressure
and Kozeny's constant,

For clean unconsolidated sands the value of k is about 5.5 .

Roge and Bruce showed that k depends very strongly on the fine
. fraetion (=~ clay content) of the sands,

They found for a elay percentage of 5.9 a value of k # 31.2 and
for a clay percentage of 8.5 and 11.6 respectively, k « 155,0 and
k = 400.0 .

This indicates that the Kozeny constant k can be used as a
measure of the extent to which the sediment behaves as an argillaceous
rocke

This suggests that k may be related to the factors determining
the magnitude of the electrochemical potentials which are established
when solutions of different salinities are brought into contact with each
other within the interstices of the sediments,

These potentials are also dependent on the relative position of
the sediment in the sandstone shale series. The factor that identifies
this position is the electrochemical "formation coefficient.® This factor
is at a minimum for clean sands and at a maximum for purely argillaceous
shales,

A deseription of the characteristics of the above mentioned

electrochemical potentials and the precise definition of the formation
coefficient are given in another thesis by this author (28).
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The purpose of the experimental part of this thesis will be to
determine whether any of the constants related to the displacement pressure,
can be correlated with the electrochemical formation coefficients.

Such correlation, if established, will furnish a means of deter-
mining the displacement pressure by subsurface geological methods.

Before deseribing the experimental procedure and resulis, two
other fasctors governing the accumulation and final distribution of oil
and gas, in reservoir, have to be analyzed.

These factors are the interfacial tension, 8, and the density
difference between the wetting phase and the non-wetting phase, 4 ‘? .

The displacement pressure for any given rock and an water=oil
combination, is direectly proportional to the interfacial tension, 8,
while A © 4is the factor governing the buoyaney of the oil, which forms
the counterpart of the ecapillary forces.

| Both factors enter, as well, in the trapping of the oil and
gas, under a caprock as in the final distribution of the wetting and
non-wetting phases, in the porous reservoir rock,

If the force of buoyancy caused by the density difference
between the brine and the oil is larger than the displacement pressure of
the eaprock, the trap will leak, permitting oil to infiltrate the caprock.
During this infiltration buoyanscy must remain larger than the displacement
pressure, until a minimum oil saturation in the caprock is reached, at
which the relative permeability of the rock to oil is larger than zero,.
Until this point is reached no continuous flow of oil can occur, Once the
minimum saturation is established, however, the oil will flow under any



pressure gradient and it will migrate out of the trap,

It is of primary importance, therefore, to know the magnitude
of oil and gas densities and of the interfacial tensions, under reservoir
conditions,

A discussion of the variations of these gquantities with
temperature and pressures, which will enable us to estimate thelr magni-
tude at depth, is given in Part III of this thesis,



The variations with temperature and pressure of density differ=
ence and interfacial tension between oil or gas and oil field brines,
will be analyzed in the following paragraphs. They will be presented in
terms of variations with depth, assuming a constant temperature gradient
with depth and an average rock pressure.

The anal&aia will be carried out in the following order:

1. Density variations of natural gases with depth,.

2+ Surface tension of oil field brines against natural gas and
its variation with depth,. |

3¢ Density of crude oils and its variation with reservoir

temperatures and pressures,

Le Oilewater interfacial tension,

To facilitate analysis of the variation of densities and inter-
facial tensions with depth, we will assume an average temperature
gradient of 1° F per 60 feet of depth and an increase in rock pressure of

4 peBeles per 10 feet.
If reservoir pressures and temperaturves deviate considerably

from the eonditions resulting from the above assumptions, the relations
derived later have to be used step by step.
Fig. 3 shows the variation of temperatures and pressures with

depth, corresponding to the above assumptions,
| To f£ind the variation of gas densiby with depth we cannot

simply apply the gas law of Boyle, which holds true only for ideal gases.
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Deviations from Boyle's law are taken into account by applying an
experimentally determined correction factor to the value of the volume,
V, found for a given quantity of gas at elevated temperature and pressure.

The density then is inversely proportional to the corrected
volume.

The correction factors as mentioned above were given by Sage
end Lacey (28) for pressures up to 3000 psi and temperatures ranging
from 70° F to 220° F,

These data were extended by Standing and Katz (29) to pressures
up to 10,000 psi and temperatures up to 300° F, The latter authors
furthermore found that many types of gases give smooth relationships
between their pseudo~eritical conditions and their gravity (compared to
air). All gases whose pseudo=critical temperatures and pressures fit a
certain set of gravity curves, have the same density for a given temper-
ature, pressure and gas gravity, independent of their composition. This
simplification makes it possible to construct charts giving gas density
as a function of temperature, pressure and gas gravity. (Gas gravity =
specific gravity of gas / specific gravity of air.)

Such charts were made up by Standing and Katz for hydrocarbon
gases containing more than 83% of combined methane, heptanes and heavier
fractions, This includes most of the natural gases.

From these charts fig. 4 has been prepared giving gas density
(in g/em3) as a funetion of depth, for gas gravities ranging from .6 to
1.0 . |

For gases containing more than 3% nitrogen and larger fractions

of ethane, propane and butanes, the densities deviate from the relation
presented in fig. 4 and have to be calculated with the use of the extended
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compressibility correction factor chart given hy Standing and Katz.

For our purposes, however, fig. 4 gives a good representation

of the magnitude of density variation with depth for most saturated

natural gases,.

2

The behavior of the surface tension of water against natural
gas at elevated temperatures and pressures was investigated by Hocott
(30).

Fig. 5 gives the results of these investigations for a gas
consisting mostly of methane, with some etbane and propane, as given by
Hocotte The curve for 225° F is extrapolated.

From the relations presented in figs. 3 and 5, curve (a) of
fig. 6 has been prepared giving the water-gas interfacilal (surface)
tension as a function of depth.

For studies of the equilibrium distribution of gas and water in

a gas reservoir~sand the ratio _2 S is one of the most important factors.
in this case is the densitysdifference between the brine

(¢ = 1 g/em3) and the natural gas. For a gas of 0.8 gravity A [

has been calculated from fig, 4 and _4 € is given in fig. 6, curve (b).

To make the latter relation applicablesin reservoir computations we have

to assume that the interfacial tension between water and a relatively dry

gas does not differ greatly from that between water and a "wel" gas,
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The variation of the density of crude oils with temperature

and pressure is very much complicated by the solution of gas in the oil,
Especially the lighter hydrocarbon gases, such as methane and ethane,
cause large changes in oil density, when they are dissolved in the oil
in sufficient quantities,

Therefore the densitjr of a given crude oil cah only be computed
if the methane and ethane content at the depth in question is known, The
computation may be carried out following a method outlined by Standing
and Katz (31). This method consists of first detemining a hypothetical
surface densily, which would represent the gravity of the oil under
surfaeé conditions, if all of the methane and ethane dissolved at depth
would remain in solution. This hypothetical density is then corrected
for the effects of temperature and pressure., The corrected value equals
the actual density at the depth under consideration.

The difficulty in obtaining a generalized relation between oil
densities and reservoir temperatures and pressures, is caused by the
fact that the erude oil at depth is not generally saturated with the
lighter hydrocarbon gases (methane and ethane).

If complete saturation did exist, the amounts of methane and
ethane in solution, at various temperatures and pressures, could be
caleulated from the experimental data assembled by Sage, Lacey and
co-workers (32, 33, 34), These data ineclude experimental determinations
of the amounts of methane and ethane dissolved in various oils at
reservoir temperatures and bubble-point pressures. With the aid of

these values, the oil densities could be easily computed following the
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method of Standing and Katz, for the case of complete saturation,

As the actual saturation varies from case to case, no general
rule can be laid down for the variation of crude oil density with depth,
In specific cases, however, the densities may be computed following the
above principles.

Fig., 7 shows two exsmples of such ecomputations. Curve (a)
represents a crude of 25,7° A,P.I. gravity which does not contain methane
nor ethane, Curve (b) shows the density variation fbr'a erude oil cone
taining 5% methane and 15% ethene at a depth larger than 7000 feet and
being saturated with methane closer to the surface,

Le Oilwe terfacial t .

The data on oill-water interfacial tensions are extremely
scarce, Livingston (32) found the following generalities for the intere
facial tension between reservoir brines and "dead-oil"s At 70° F oils
with viscosity higher than 7 centipoises gave an average of 21,3 dynes/em
interfacial tension, O0ils with a viscosity smaller than 4 centipoises
gave an average of 19 dynes/em. This indicates that changes with the
character of the crude oil are not too important, In general higher
viscosity erudes have higher interfacial tensions.

For the variation of interfacial tension with temperature,
Livingston gives an average decrease of 0,15 dynes/em per © F increase
in temperature,

The average value for all crudes tested at 70° F was found by
him as 20,4 dynes/em,

However, under reservoir conditions, the pressures are

generally above the saturation pressures for the prevailing temperatures
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and the oil is saturated with natural gas, so that conclusions reached
for dead oil do not apply.

Hoecott (30) found that variations in pressures above and below
the saturation pressure, at a given temperature, have relatively little
influence on the interfacial tension, Hocott's measurements were made
for olls in equilibrium saturation with natural gas, at various pressures,
for a given reservoir temperature, Unfortunately no measurements were made
for one given oil at various temperatures.

The curves obtained by Hocott are represented in fig. 8, On these
curves we have indicated points corresponding to the temperature for which
the curves were plotted and the pressure that would prevail at a depth at
which such temperature would occur according to the depth - temperature -
pressure relationship of fig. 3. The points are indicated by small
triahglc& 4

The gravity of the erudes used for the experiments from which
curves I, II and III of fig, 8 were obtained was respectively 33.5, 36.9
and 41.3° A.P.I,

This means they are essentially all high gravity oils, and neg-
lecting differences in the interfacial tensions due to the variations in
the character of these oils will cause relatively small errors, The posi=
tion of the three trianguler points shown in fig., 8 gives us therefore the
approximate trend of the relationship between pressure, depth or corres-
ponding temperature and th; interfacial tensions for crude oils completely
or nearly saturated with natural gas at elevated temperatures. In fig. &
this trend has been indicated by a straight line through the three points.

We note from fig. 8 that at low‘ pressures, the variations in
pressure or in the amounts of gas dissolved have a much greater influence
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on the interfacial tension. For pressures below 1200 p.s.i. (or at

depths below 3000 feet) the interfacial tension decreases rapidly for
decreasing amounts of gas dissolved, It is known that in the same range
of pressures the surface tension of crude oils decreases with increasing
amounts of gas dissolved, These two trends are in agreement with Antonow's
rule which states that for mutually saturated solutions the interfacial
tension approximately equals the difference between the two surface ten-
sions, It was shown, however, by Livingston (35) that for crude oil water
systems Antonow's rule cannot be applied to compute the oil-water inter-
facial tensions,

The decrease in interfacial tension with decreasing amounts of
gas dissolved in the range of low pressures wul explain in part the differ-
entes in absolute values of‘tha interfacial tensions as found by Livingston
and by Hosott. 4t atnéaphoric pressure and 130° F Hocott finds for a 41,3°
A.PuI. gravity oil, an interfacial tension of 31 dynes/om. For the same
temperature Livingston finds values of the interfacial tension of the order
of 12 dynes/om,

As Hoecott!'s experiments seem to represent more closely reservoir
conditions we will use the trend established by hias data to represent
roughly the variation of interfacial tension at depth. For the range of
lower pressures we have to taks into account the decrease of the interfacial
tension due to the decrease in amounts of gas dissolved., The overall varia-
tion of interfacial tension with depth following the above relations is
represented schematically in fig. 9

From £igs. 6 and 9 we note that at large depths (10,000 feet) the
interfacial tension water-oil and the interfacial tension water-natural gas,
approach each other very closely.
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The purpose of the experimental part of this thesis, is to
measure displacement pressures of porous rocks and compare them with
data compiled from research on gselfepotentials of similar rocks,.

To measure the displacement pressures, a cylindrical core of
approximately 2.8" diameter and 2" height is mounted in the bottom part
of the eylinder of a baroid wall building tester. The core is then
flushed with €0y gas to remove the air from the interstices, Thereupon
water 1s forced throughs All trapped COp gas will dissolve in the
water, This flushing is continued until the electrical resistivity of
the core (measured with a four electrode system) does no longer change.
A second check is made by comparison of the resistivity of the influent
and effluent water, When the latter are equal, no more COy is going
into solution, which means that no more COp 1s present in the core.

After the core is thus 100% saturated with water, the
permeability to water is measured and also the porosity (as the weight
difference between the wet and the dry core, divided by the bulk volume),

0i1 (30° A.P.I, gravity) is then poured in the upper part of
the cylinder to a height of approximately 1/2" and pressure is applied,
using a nitrogen bottle with regulating valves,

It was initially attempted to measure the displacement pressure
directly as the minimum pressure at which water would be effluent from
the core., It was found, however, that this point is difficult te
determine, as oil will enter some large pores first and displace some

water before complete infiltration takes place.
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To avoid this difficulty the apparatus was adjusted to measure
the capillary pressure - saturation relationship for each core, The
displacement pressure is then defined as 17 g //";:_9 ,Po

The baroid wall building tester was adapted for capillary
measurements in the following manner: (See fig., 10)

The holder (H) shown in fig. 10a was replaced by a holder (Hl)
which is shown schematically in fig. 10b.

In gddition an insert (I) was machined to fit with a sliding
£it inside B, resting with its flange on the inside shoulders of Hl and
just elearing the bottom of H! to allow fluid passage.

In the inseft I a high grade ecircular porous disc is fitted,
which has a controlled pore size of approximately 1 micron. The dise
is secured in place by casfolite casting resin and a circular groove is
cut in the resin, to hold an "0O"e-geal gasket, which fits against the
lower rim of the baroid cylinder., The castolite is a thermo-setting
resin, which is cured for approximately 35 minutes at 170° F. It makes
a very tight bond with the porous material, but a rather poor one with
the brass of the insert, The "0O"-geal gasket, however, prevents any
leakage between the resin and the brass, and the only passage for
effluent fluids is through the porous disec, The bottom of the insert is
perforated by symmetrically placed small holes (1/16"), Water passing
through these holes collects in the small clearing between HL and the
bottom of I and drains off through the little tube inserted in the center
of H.,

The porous plate (Coors #740 porecelain) when water wetted has
a displacement pressure of more than 40 psi. Thus by increasing the gas

pressure on the oil we may incresse the confining pressure on the oil
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to 40 psi, The water, on the other hand, can freely move through the
permeable porceiain._ In this way we can establish any differential
pressure between the oil and water up to 40 psi, the water remaining at
atmospheric pressure. The pressure differential across the oil-water
interface is in effect the capillary pressure. To any pressure thus
established corresponds a fixed water-saturation, which is measured by
subtracting the amount of effluent water from the amount originally
present, or by weighing,

To insure operation of this mechanism we must establish a
continuous water path between the core and the porcelain, Foreing the
core directly onto the porcelain might result in breakage of the latter,
Therefore a thin layer of powdered Coors porcelain was spread between
the core and the porcelain.': 4 small amount of cold water putty was
mixed in with the porcelain powder, to provide a better bond with the
sandstone and the porous disec. In this way a good continuous path for
the water was maintained, preventing formation of an oil sheet between
the core and the porcelain, while the compressibility of the intermediate
layer protected the porecelain from physical damage.

The samples used, were outcrop samples of the following forma-
tionss Pico sandstone (Lower Pliocene, Southern California)

Modello sheley sandstone (Upper Miocene; Southern California)

Saugus, landlaid sandstone (Pleistocene, Southern California)

Berea "clean® sandstone* (Lower Mississippian, Ohio)

Mezozoic dense sandstone (Jurassic ?, Redlands, California)

*¥Qbtained by courtesy of the production department of the Union 0il

Company, Whittier, California,
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Of the first four groups, sisw analysis were made using divisions between
16 and 250 mess/inch, In addition, thinseetions were prepared of these
samples and analyzed by the point counter method deseribed by Chayes (36).

The interfacial tension between the oil and water used in the
experiments was determined by measurements of the displacement pressure of
a fritted glass disc, The measurements were made by connecting the glass
tube of a fritted glass gas-disperser, via a pressure regulating valve to a
nitrogen bottle, Before pressure was applied the disperser was immersed in
water, which would imbibe the disc and partly fill the tube of the dis-
perser, Then pressure was applied and graduslly increased in very small
steps of the order of 0,05 p.s.i. The pressure was measured by a 0 = 15
PeSels gages The minimum pressure at which gas would escape through the
dise was registered as the displacement pressure for nitrogen gas, which for
all practical purposes is equivalent to the displacement pressure for air,
Mgewe After this measurement was made the dise was imbibed fully with
water againg and oil was injected into the partly water filled tube of the
disperser below the water-air interface, The 0il would collect at the
surface of the water and form a clean oile-water interface, free of gas
bubbles, The procedure was then repeated using the nitrogen pressure to
' forae the oil againat the water-saturated fritted glass disc and the dls-
placement pressure for oil, 7 ,.y, Was measured.

As the displacement preasures for porous membranes are directly
proportional to the interfaeial tension (see page 14) and the interfacial
tension alr-water is a known quantity (namely 72 dynes/em) we can easily
compute the oll-water interfacial tension, For the 30° A,P.I, gravity oil
the following results were obtaineds M, . = 3.86 psi Toew & L1e2 psi.
This gives for the interfacial tension: S = % x 72 = 22.4 dynes/em.



A. Berea sandgtone
Sample deseription:

Average porosity:

Sieve apalysis:
Mess/inch
Larger thans 16
L L
nooow 80
" " 120
* " 170
L ] 210
" n 250
Smaller thans 250

27.1%

Average permeability to waters

mm (opening)

«991
«420
177
o125
.088
070
061
<061

Classification
Quarta

Porespace

Caleite

fines (clay)
Mica (white)

Feldspar

Total

25, m, darcies

% by weight
1.13
«635
65,9
19.85
6.87
he22
662
«855

% of total volume
62,7
28,1
7.0
1.5
0.5

Qa2
100.0
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The porespace as determined with the point counter method
is 28,1% of the total volume, as compared to 27.1% found as
average porosity from determinations by imbibition with water.
The difference in this case is probably due to the closed, non-
effective pore space, which appears in the thinsections as open
space, but does not effect the imbibition by water,

The capillary pressure versus water saturation relations

are gilven for two samples in fig. 11,

We see that 77 g ,447ns P, s 0,6 psi

s /

The irreducible or bound water saturation is approximately

0,18 .

B.

2 (from outerop near Sunland, Caiifornia)
Sample deseription:

Average porosity: 37.6%

Average permeability to water: 354 m. darcies
Sieve gnalygig:
' Mess/inch mm (opening) % by weight

Larger than 16 <991 9.31
" " 420 37.54
" " 80 177 26.3
" . 120 125 7.91
L 170 .088 7.06
" \ 210 070 9.0
" " 250 2061 1.725

Smaller thans 250 061 1,485
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P ter thinsection analysis:

Clagsification % of total volume
Quartz 43.6
Porespace 38.6
Limonite 6.75

~ Peldspar 5¢46
Miea ' 2,58
Accessories 1.01

The capillgry pressure versus waler saturation relations
are shown for two samples of the Pico sandstone, in fig. 12 and
fige. 13.

We find for the displacement pressure the values of s 0.5
and z 044y respéétivelyy and for the bound water content 0,27
and 0,26 expressed, as a fraction of the total porespace.

It must be pointed out that of necessity, the sieve and thin=
section analyses are not made from the same specimen, for which
the ecapillary relations are established., For this case, however,
the displacement pressure for nitrogen gas was measured directly on
the specimen of which the thinseetion was made, We obtained a
value alr ° 1.25 psi. This gives for the displacement pressure
for oil, approximately'_%g. % 1e25 = 0,49 psi, which checks well
with the above results,

C. Saugus sandstone
Sample description:
Average porosity: 11.7%
Average permeability to waters 2,48 m. darcies
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gleve analygig:
Mess/inch mn (opening) % by weight
Larger thans 16 <991 20,1
" & +420 35.0
] . 80 177 28,1
* ¥ 115 o131 6.8
. " 170 .088 34
" . 210 «070 3.2
woow 250 .061 0.7

Smaller than: 250 061 2,7

Classification -~ % of total volume
Quarts 3442
Porespace 25.%
Caleite 19.8
Fines %6
Feldspar 6.9
Mica 3.6
Accessories 2292

Total 100.0

The capillary characteristics are given in fig. 14,
We find 7 & Aim Po = 3.8psi

The bound water content is approximately 60,2%.

W x

*This value is not at all representative as because of the poor cementa-

tion of the sandstone, the thinsection was badly torn.
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D, HMode dgto
Sample description:
Porosity: 15.,04%
Permeability to water: 1.47 mn, darcies

Sleve analygiss
Hoss/lﬁoh mm (opening) % by weight

Larger thans 16 «991 1,12

woo +420 12,3

. K 80 177 417

" " 115 | JA31 19.33

“ " 170 .088 739

' . 210 «070 7406

" " 250 2061 7094
Smaller than: 250 +061 4e16

Classification volume %

Quartz L7,
Porespace 15.3
Feldspar 6,64
Mica (primary and secondary) 11,16
Fines 16,7
Accessories (including caleite) 3.3
Total 100.0

The capillary pressure versus water saturation relationship
is given in fig. 15,
I = //t'”'gw_’)z PO = 2.2 ij-

and the bound water content, Cy 3z .675.
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B, Finally fig, 16, curve (a), gives the same relations for a dense
Mesozoie (Jurassic?) sandstcné. We find 7 g 5.4 pPeSele and Gy » 45,
Fige 16, curve (b), shows the capillary pressure - saturation
graph for a licdello sandatone. Here we have
| 7 # 1425 pesele and Gy m 0u48 .
The Kozeny constants for these various rocks can be caleulated
from equation (10b) using the measured values of the displacement pressure
T 4 the permeability K, and the fractional porosity ¢.
From equation (12), the interstitial surface areas A' per unit
of porespace and A, per wnit of bulk volume are calculated, using the
measured values of 7 and ¢, In both equations (10b) and (12) the value

of 8 » 22,/ dynes/em as was determined in part IV (page 35) is substituted,
The rJasured and computed quantities are listed in Table A, Also

given are the electrochemical formation coefficients for the various sand-
stones which were measured in the course of another research project by
this author (28),

We notice from the data given in Table A, that a fairly good
correlation exists between the interstitial surface area per unit of bulk
volume and the electrochemical formation coefficient. Fige 17 represents
this correlaticn grephically,.

The seattering in the points as shown in fig., 17 is probably
pertly due to experimental inaccuracles, and partly caused by the faet
that the samples on which the eapillary measurements were made are not
exactly identical to the ones for which the electrochemical potentials
were measured,

The large differences in character, composition, age and origin
of the samples used, gives good assurance that the graph of fig, 17 repre=
gents a universal relationship for sediments of the shale sandétono geries.
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7 5_)5—
4 c
CeBeSe At A formation

wnits K on® om? coefficient

0=7 0.6 41,400 254 25 2,462 x 10710 0577 300 1850 470 0,142

Polm . Q.45 31,000  ,333 318 3.14x200 L1339 55,9 1380 460 0,81

Puib Qa5 31,000 284 390 3,85 1079 L1608 38,6 1380 393 0,126

_S-3h 380 262,400 0406 2,62 2,50xJ0-1l g8 90 11700 1241 0,64

“Meh 2.2 152,000 0350 147 1.45x10°11 0668 224 6790 1020 0,55

X=1 5.4 372,000 0,058 0,015 1,48 x10"13 L0265 3420 16600 964 0,477

0,202 35 3,46 20710 L1500 39,6 3840 777 0,410

NOTE: 1 pes.i. = 69,000 dynes/em?
1 darey = 9.8692 x 10°7 c.g.s. units of permeability
S & 22., dynes/em
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The large calcite content of the Saugus sandstone (see thine
gection analysis) may well 1ndicaté that the relation also holds true for
calcarecus sediments, |

" Rose and Bruce (24) have shown that a rough correlation exists
between the bound water content Gy and the interstitial surface area per
unit pore volumes

Table B gives the values for Cy, C and Al for the sandstones
that were inveshigateds

T4B1E B
Sauple e &
Berea ss 0=7 0.18 0,142 1850
Pico ss P=/g 0627 0,181 1380
Pico ss P=4b 0,255 0,126 1380
Saugus ss S«3h 0,63 0464 11700
Modello shaley ss N« 0,675 0,55 6790
llesozoic ss X=1 0e45 04477 16600
lodello ss ¥=9 048 0441 3840

We see that for these samples the correlation between Cy and 4L is not
very goods

There seems to be somn/ correlation between Gy and G, It appears
however, that the character of the rock minerals other than their surface
area per unit volume seems to have a larger effect on Gy than on C. In
general the presence of argillaceous materials will increase Cy more,
percentagewige, than they inecrease the interstitial surface area.

From the values of k, and C listed in Table A it is apparent
that no direct correlation exists between the Kozeny constant and the
electrochemical formation coefficient. This means that probably the
correlation found by Rose and Bruce, between the amount of elay in a
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sandstone and the Kozeny constants applies only to sandstones which differ
in clay content but do not vary to any important extent in other character
isties such as the overall composition of the non-argillaceous parts, the
sorting and the cementation, This explanation is supported by the data for
the Pico and Modello sandstones, Table A shows that within each group k is
larger for the sample with the higher formation coefficient, However,
comparison between the groups indlcates that no general correlation exists.

Table C shows a listing of the amount of fines as determined
from sieve analysis and the Kozeny constants of various samples. The fines
being taken as the material < 250 mesh,.

IABIE G
Sanple No, fines (weicht ) k.
Berea ss 0=7 1,63 300
Pico ss P=4by 2.59 38,6
Ssugus ss S=3h 2,69 30
Modello shaley ss He4 5.1 22/,

We see that for these widely varying speeimen no correlation is oblained
between the amount of fines and the Kozeny constant, It is realized,

however, that the weighl percentage of fines depends very strongly on
the meximum size taken as the limit of the fine fraetion. For instance
taking 200 mesh 2s the upper limit would result in very different
percentages.

For this reason it seems that the information obtained by
sieve analysis is not of great value in determining the charscteristies
of sediments with respeet to the behavieur of flulds contained in their
interstices, |
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As pointed out in the introduction to this thesis, the most
interesting application of displacement pressure determinations are as
an aid in the location of stratigraphic traps.

The stratigraphic traps may be divided into four
groupss

a) Depositional pincheouts, caused by gradual thinning

up=-dip of a1l members of the formation.

b) Truncated pinch-outs, where the beds of a formation

are truncated by an overlying serles of sediments.

¢) Overlap pinch~outs, occurring on regional unconform-

ities or at the base of marine overlap of a basement

complex,

d) Permeability pinch-outs, caused by a latteral change

in facies of a rock unit,

Fig. 18 gives an illustration of the mode of occurrence of these various
traps.

In all cases the traps are caused by "impermegble® rocks overe
lying or bordering the porous reservoir rocks, In cases a, b, ¢, there
is mostly a sharp contact between the two units, In the case of the
permeability pinch-out the facies change is gradual,

Whether or not the trap has the required properties to hold a

commercial accumulation of oll or gas depends upon the geometrie
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dimensions of the traps and the displacement pressure of the capping
formation,

In the course of geological and geophysical exploration for
ol reserveirs, unconformities and overlaps of the types a, b and ¢ can
be found by existing methods of exploration. The permeability pineh outs
cannot be detected so easily.

However, to determine whether or not the capping formation has
the right properties we have to use information from outerops or drill
holes, If ﬁha caprock outerops we can determine its properties directly,
If no outerops are present or the rocks change laterally in facies we
have tc rely upon dril) hole information and make extrapolations or
interpolations from the data assembled from the existing holes,

As eleetrologs are run in practieally gll exploratory holes,
they are the natural tool to be used for the required determinations.
The computation of the displacement pressures from the electrochemical
formation coefficients which in turn are determined from the self poten=-
tial curves of electrologs introduces a rapid means of obtaining the
necessary information.

Té {1lustrate the proposed usage of this method more specifi=-
cally, an example is given in fig., 19 of the logation of a permeability
pincheout trap, Wells 1 and 2 show a watersand at the depth of the
formation in which we are interested. The electrochemical formation
coefficient is larger in case 2 than in case one, showirg lateral
variation of the sand. Well three shows a tight shaley sand with a high
formation coefficient, Interpolation between wells 2 and 3 enables us
to determine at which point the displacement pressurs of the formation

bYecomes large encugh to screen out a commercial quantity of oil,
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At this point it remains to consider the quantitative relationship
between displacement pressures and the size of accumulations of oil or
gas that ecan be obtained,

If we have an oil density of 0,80 g/em3 and a brine density of
1.1 g/em? , the density difference between the water and the oil,

Owo ® Qa3 g/ona. Therefore the total upward force acting on 1 em

of oil will be 0.3g. This force is counteracted by the eapillary foreces
in the eaprock, |

A digplacement pressure of 1 p.s.i. is the equivalent of
70,31 g/em?, This means that a displacement pressure of 1 pesel, is
sufficient to prevent upwards migration of a ecolum of j%:%} s 3Lene
7.68 feet of oil,

Ingeneral H= 237 oo« (13)
where H is the height of aeemated 01l in feet and 77 is the displace=
ment pressure of the caprock.in p.s.i. and ¢y, is given in g/end,

| The same relation holds for accumulations of gas, with ¢ wgs
the density difference between the water and the gas substituted for
¢ wo®

To determine ¢ g, the approximate surface gravity and content
of light hydrocarbons of the oil must be estimated from data of produeing
fields in the region in question. If no such data are available, average
values have to be assumed. The estimate of the subsurface density of the
oil is then made using fig. 7 and/or the procedure outlined by Standing
and Katz (31).

If the electrochemical formation coefficient is found from
nlectrélogs, we obtain the interstitial surface area per unit bulk
volume, A, from fige. 17, The disp}aeement pressure, T, is then found



from the formula
L
5 Ty
where ¢ is the fractional porosity, which also may be found from
electrologs (37).

The interfacial tension, 8, is estimated from the relations
shown in figures 5 and 9, for the depth to the horiszon in question,

The possible oil -or gas aceunmulation is determined using
equation (13). Whether or not the possible accumilation is commereial
deMs amongst other factors, on the sige of the trap and the porosity
and connate water content of the reservoir rock, that is the total gmount
of oil that can be expected after the height of the acecumulation has been
determined,



1.

2e

3e

be

5

6o

Te

8e

%

10,

1,

49

REFERENCES

P, D, Trask and H, W, Patnode, Source Beds of Petroleum,

AJA PG, publication, (1942), Tulsa.

Rs C. Beckstrom and F. M, van Tuyls Compaction as a Cause of the
Migration of Petroleum. Bull, A.A.P.G. XII, (1928), 1049,

E. T. Thomas: The Effect of Pressure on the Migration of 0il.
Bull, A.A.PG. VIII, (1924), 527,

Le Po Athys Compaction and 0il1 Migration. Bull, A.A.P.G. XIV,
Part 1, (1930), 25.

Re He Faghs Theory of Origin and Acoumulation of Petroleum.
Bulle A.A.P.G. 28, Part 2, (1944), 1510,

We Lo Russell:s Is Geologic Distillation of Petroleum Possible?
Bull, A,A.P.G. XIII, (1929), 75,

John L, Richs Moving Underground Water as a Primary Cause of the
Migration and Aecumulation of Oil and Gas. Economic Geology, 16
No. 6 (1921), 347.

John L. Richs Further Notes on the Hydraulie Theory of 0il
Migration and Accumulation, Bull. A.A.P.G. VII, (1923), 213.
John L, Rich: Function of Carrier Beds in Long-distance Migration
of 011, Bull. A.A.P.G, XV, Part 2, (1931), 911,

Re D, Wyckoff and H, G. Botsets The Flow of Gas-Liquid Mixtures
through Unconsolidated Sands. Physies 7 (1936), 325,

M. Co Leverett:s Flow of Oii-ﬁater ‘ﬁiﬁrtnres through Uneonsolidated
Sands, A,I.M.E. Transactions 132 (1939), 149.



50

12, M, C. Leverett and W, B, Lewiss Steady Flow of Gas-0il-Water
Mixtures through Unconsolidated Sands. 4,I.M.E. Transactions 142
(2941), 107,

13, H. G. Botset: Flow of Gas~-Liquid Mixtures through Consolidated
Sands, A.I.M.E. Transactions 136 (1940), 91,

14, M, C. Leversett. op. cit. pg. 168, fig. 12,

15 He V. Dodd: Some Preliminary Experiments on the Migration of 04l
up Low-Angle Dips. Economie Geology, 17, No. 4 (1922), 274

16, M, C. Leverstts Capillary Behaviour in Porous Solids. A.I.M.E.
Trensactions 142 (1941), 152,

17, F. E, Bartell and H, J. Osterhof: The Work of Adhesion between
Solid and Liquid Phases. Zeitschrift fur Phys. Chemie 130 (1927),
15,

18, F. E. Bartell and H. J. Osterhofs Three Fundamental Types of
Wetting, A&hesion Tension as the Measure of Degree of Wetting,
Jn. Phys. Chems 34 (1930), 1399,

19, F. E. Bartell and Ch, E, Whitney: Adhesion Tension (a receding
contact angle, pressure of displacement method). Jn. Phys. Chem.
36 (1932), 3115,

20e Champion and Davy: Properties of Matter, 99 - 101, New York,
(1937) Prentice Halle

21, Champion and Davys ép. eit. pg. 113,

22, W, O, Smith: The Final Distribution of Retained Liquid in an Ideal
Uniform Soil. Physies 4 (1933), 425 ~ 438, See also other
references at the end of Leverett's paper (16).

23, M, C. Leverett: op. cite (16), Fig. 4, Pg. 161,



2he

25

26,

27

284

29

30e

31.

32,

33e

3he

51

We Rose and W, A, Bruces Evaluation of Capillary Charscter in
Petroleum Reservoir Rock, Pet. Teche May, 1949, (T.P. 2594) p. 127
P, G, Carmans Capillary Rise and Capillary Movement of Moisture in
Fine Sands, Soil Science 52 (1942), 1 = 14,

Js Kozenys Uber Kapillare Leltung des Wassers in Boden. Sitz-b.
Akad, Wiss, Wien, Mathenature. K.I., 136, (1927) 27 - 306,

Je Kozeny: Ground Water Movement, Wasserkraft und Wesserwirtschaft
(1927) 22, 67, 86,

B. Hs Sage and W, N. Lacey: Formation Volumes and Energy Character=
isties of the Gas Cap Material from Kettleman Hills Field, Drilling
and Production Prectice (1936), 158 « 170, Am, Petr, Inst.
Publicatione

M. B, Standing and D, L. Katz: Density of Netural Gases. A.I.M.E,
Transactions 146 (1942), 140,

C. R. Hocott: Interfacial Tension between VWater and Oil under
Reservoir Conditions. A.I.M.E. Transactions 132 (1939), 184,

M. B, Standing and D. L. Katz: Density of Crude 0Oils, Saturated
with Natural Gase A.I.M.E. Transactions 146 (1942), 159,

Bs H. Sagey De C. Webster and W, N. Lacey: Mixtures of Methane

and Crude 0il, Jn. of Industrial and Engineering Chemistry, 28
(1936) 5 984

B. He Sage, D. C. Webster and W, N, Lacey: Solubility of Methane
in Pour Light Hydrocarbons, Industrial and Eng. Chemistry, 28
(1936), 1045, |

B. He Sage, J. A. Davies, J. E. Sherborne and W, N, Laceys Ethane -
Crystal 0il System. Industrial and Eng, Chemistry 28 (1936), 1328,



35

36,

3.

38,

52

He K. Livingstons Surface and Interfacial Tensions of Oil-Water

Systems in Texas 0il Sands. Petroleum Technology, November, 1938,

P, Chayest A Simple Point Counter for Thinsection Analysis.
Ameriean Minerelogist, 34 (Jan, = Feb., 1949), Pg. 1.

L, de Witte: Infiltration of Drilling Fluids in Relation to
Quantitative Analysis of Electrologs. Thesis, California
Institvte of Technology, 1950,

Lo de Witte: BExperimental Studies on the Characteristies of

The

Electrochemicel Potentials in Drill Holes., Thesis., California

Institute of Technology, Pasadena, (1950).





