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ABSTRACT

Resistivity measuréments were made on six synthetic
bead cores and one synthgtic sand core at varying conditions
of pressure and temperature: Properties of the cores were
"controlled" to provide a reasonably coﬁstant porosity in
conjunction with varying pore sizes. The influence of over-
bufden pressure was evaluated up to 10,000 psi; and the influ-
ence of temperature separately studied up to 320° F;

The resistivity increase accompanying a pressure in-
crease was found to be a function of the theoretically cal-
culated surface area of the core. The mechanisms influencing
this resistivity increase, other than porosity, were qualita-
tively described and their relationship with surface area
defined. The analysis indicates that an equation of the form

P
T =f (Surface Area)

will provide a suitaﬁle approach for predicting the effect of
pressure on the formation resistivity factor; |
A definite trend in the rate of change cof the relative
formation resistivity factor was noticed as an apparent func--
tion of the matrix character: This supports the contention

that rock resistivity changes under pressure should be



separately evaluated for specific group types such as sand-
stones, carbonates and shales; =

The temperature portion of the study indicates that
the initial rate of change in the relative formation resis-
tivity factor is a function of the surface area of the core,
although the total change appears to be a function of the
matrix materia1; Packing, also, appears to be an influencing
factor in these synthetic cores, presunably due to the.fact

that they are not at their minimum packing arrangement;

xi



THE EFFECT OF PORE CONFIGURATION, PRESSURE, AND
TEMPERATURE ON ROCK RESISTIVITY

CHAPTER I
INTRODUCTION

Application of a formation resistivity factor-porosity
relationship is one of the fundamental concepts of quantita-
tive log analysis. This relationship has been studied both
experimenﬁally and theoretically by numerous investigatorS
with the primary attention being focused on the behavior of
this relationship at some static conditibn. Up to the pres-
ent time, however, few studies have been-devoted to the
effect associated with this relationship due to'varying con-
cditions of pressure and temperature. And, of these studies,
fswer yet have attemptedva qpantitativé anal}sis of their
results; This study was, therefore, initiated in order to
provide a deeper insight into the observed rock behavior
associated particularly with formation resistivity under
varying pressures and temperatures.

The necessity for requiring a knowledge of the be-
havior of the formation resistivity variation with tempera-
ture and pressure can be readily demonstrated. As will be

1
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discussed in greater detail later, no one relationship has
been found to express the formation resistivity factor-~
porosity relationship over the complete range of porosities
encountered in natural rocks. Of these relationships, as
quoted from Pirson,3° "Only two, .both of which are empirical,
have survived the test of usefulness." Since they are empir-
ical, however, each requires a knowledge of the inherent pro-
portionality constants necessary to relate the formation

resistivity factor with porosity. One of these relationships

is the familiar Archie equation.

F=¢" » (1)

where: F formation resistivity factor

S
1

porosity

3
]

proportionality constant generally referred to as

the "cementation” factor;

Practical'application of this equation in any partic-
ular area is then accomplished by evaluating the cementation
factor using laboratory measured Qalues of the formation
resistivity factor and porosity. This surface measured value
.of cementation factor is then used in conjunction with either
of the two remaining parameters for determining the'other at
subsurface conditions. A problem is encountered when employing
this technique, however, since experimental observation indi-
cates that the change in formation resistivity factor with

pressure and temperature is more rapid than can be accounted
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for solely on the basis of porosity change. In fact, as

20 errors in the range of 80% might

pointed out by Hilchie,
possibly be encountered when using a laboratory evaluated-
cementation factor with subsurface resistivity data for po-
rosity determinations,

There are two primary reasons why the fbrmatiqn re-
sistivity of subsurface samples are measured af atmospheric
pressure and ambient temperafure in the laboratory. The
first is that resistivity measurements at increased pressure
and temperature conditions are father difficult and time
consuming. Secondly, until recently, wells were relatively
shallow and the effects of pressure and temperaturevdid not
appear to be so critical. This is probably true, to some
extent, since a greater change in the formation resistivity
factor is noted with an increase in pressure and temperature
and lower porosity rocks, all three. of which are generally
associated with deeper wells. The trend toward deeper wells
necessitates a consideration of the effects of pressure and
temperature on rock resistivity behavior.

Another important reason necessitating a knowledge of
formation resistivity behavior with pressure changes is due
to the stress distortion occurring in the formation surrounding
the wellbore. This wellbore stress distortion has been

1

theoretically discussed by Hubbert2 and its influence on

16

quantitative log analysis briefly considered by Glanville.

The analysis by Hubbert indicates that the horizontal stress
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around the wellbore may be substantially relieved with respect
to the stress actually existing in the formation. This dis-
tortion, however, may only exist a few hole diameters into

the formation., This could be an important‘factor if a tool
having a short depth of investigation, such as a microdevice,
is used in obtaining the basic resistivity data for a porosity
determination. A tool having a deeper depth of investigdtion
would probably see the formation in more or less its original
state, and this problem would be obviated. However, at this
time, micro and sonic devices, which have relatively shallow
depths of investigation, are considered basic porosity tools.
Here again, the trend toward deeper wells will tend to amplify
‘the problem.

These problems could obviously be relieved if all the
formation samples, from which formation resistivity.factor-
porosity data was required, would be studied at elevated
pressure and temperature; This analysis, howeVer, will
probably never become routine due to the difficulty and time
required in performihg this type .of measurement. The most
practical approach would be to continue the practice of per-
forming the formation resistivity measurements at atmospheric
pressure and ambient temperature, and then, in conjunction
with additional data, such as pore size distribution or sur-
face area information, correct the surface measured resis-
tivity values to existing formation conditions. At the

present time, however, the correlations available, such as
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those by Hilchie (one based on percent clay content .and the
other'one percent pore volume having a pore size below'0.5
microns), were developed on rather limited amount of data
and, therefore, statistically speaking, are not generally
applicable.

A second approach would be to study unde; elevated
pressure and temperature oniy those samples which would prob-
ably exhibit a fairly significant change in formation fe-
sistivity factor at these increased conditions. Even to do
this, it is necessary to have a reliable indicator available
to distinguish those samples where the variation in formation
resistivity at eievated pressure and temperature conditions
is significant.

The establishment of a reliable correlation requires
a thorough knowledge of rock behavior accompanying the ap-
plication of increased pressures and temperayures. This
behavior is not only confined to that exhibited by the solid
framework or matrix of-the rock, but also that behavior as-
sociated with the chapge in the conducting path within this
framework, as will be pointed out in this study. The be-
havior of any one particular natural rock, since it is a
function of a greatvmany different although interrelated
factors, providés a very diverse, complex model from which
to garner defiinitive information; The data which are col-
lected from this type of study with natural rocks can be

utilized for detecting trends or, if enobgh have been
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evaluated, to promote general relationships which may or may
not be applicable. However, confidence in the applicabilify
of these relationships observed in natural and complex systems
can only be establi;hed by an understanding of the mechanisms
inducing the observed behavior and the relationship of theSe
mechanisms to specific parameters associated with the rock.
Based on the trends observed by Hilchie in his work
on natural rock, it was decided to further investigate the
relationship of formation resistivity variation with pore
size. Synthetic-porous systems were chosén for this study
in order to circumvent the complexity associated with natural
rock systems. Utilization of synthetic cores greatly reduces
the number of influencing parameters and those remaining can,
for the most part, be controlled; From this study, then, a
more definite understahding of the operative mechaniSms and
thgir interrelationship with "controlled" parameters is

possible,.



CHAPTER II
LITERATURE REVIEW

The concept of formation resistivity factor, F, has
been the subject of much scientific endeavor during the past
three quarters of a century. However, the term formation
resistivity factor is a rather recent definition of the ini-
tial relationship of interest, namely the ratio of the re-
sistivity of a solution containing non-conductive solids to
the resistiQity of-that solution. This can be stated in

equation form as:

- Ro
F = =— 2
R (2)
where: F = formation resistivity factor
Ro = resistivity of a non-conducting medium,ioo% sat-

urated with a conducting solution, ohm-mciers
Rw = resistivity of the conducting solution, ohm-
meters |
Initial studies of this relationship were generally
associated with unconsolidated arrangements of various types
of solid particles. Probably the first such study was by
Maxwellzu who theoretically related this resistivity ratio

(formation resistivifty factor) with porosity for a dispersed

7
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sphere system. 'Numerous other relationships have subsequently
been theoretically and experimentally developed in this area
of unconsolidated systems. Notable among these we;e proposed

14 Salwinski,Bu and Dakhnov.8

by Rayleigh,->2 Fricke,

The relationships proposed for unconsolidatqd systems
do noé necessarily conform to the relationships existing in
natural rocks, except in possibly special cases. This is due
to the greater complexity of a naturally consolidated porous
media. Since natural rock systems essentially preclude a
mathematical treatment for the development of a definitive
relationship Between the forhation resistivity factor and
porosity, the only avenue of approach has been.the empirical
analysis of experimental.data; |

Two such empirical relationships have been proposed
and have received wide acceptance. One such relationship is
that proposed by Archieu as defined in Chapter I. The second
is a more generalized form of Archie's equation as determined
-experimentally by Winsauer, et al.37 This relationship can

be stated as follows:

F=§_v°7-=c¢'.“?' ©(3)

The constants C and m' are obtained from the best straight
line through the formation resistivity factor-porosity data
as plotted on logarithmic graph péper. A large number of
sample points are desirable for determining these constants’

although for general application Winsauer, et al.?f proposed
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the values of 0.62 and 2.15 for m' and C, respectively. For
completeness, a restatement of Archie's equation will be in-

cluded again;

F:%%:'-m (1)

The cementation factor; my, has been found to vary
.over a wide range of values from 1.3 to approximately 2.5,
The effect of the varying cementation factor values in the
Archie relationship is graphically illustrated in Figure 1.
As can be seen from this relationship, the greater the cemen-
tation factor, the higher the formation resistivity factor
for a particular porosity. An increase in cementation factor
also is associated with an increase in rock consolidation or
cementation.,

The reason forvthe observed variation in cementation
factor has been attributed to a number of different factors.
A listing of these would include the following:

(1) Degrée of cementationuB’ 19

(2) Shape, sorting and packing of the particulate

systemé' 43

(3) Type of pore system - intergranular, inter-

crystalline, vuggy; etc;37’ 7y 5

(L) Tortuosity of the pore system37' bh, L2, 28, 35

(5) Constrictions existing in porous system28’ 35

(6) Presence of "Conductive Solidsn10s 29, 38

(7) compaction due to overburden

pressurells 12 16, 18, 20, 27, 33, 39, Lo
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(8) Thermal expansion20
The complexity of natufal rocks is aptly indicated by
the general listing above: As implied by these factors, no
one concept or factor adequately describes the relative be-
havior of the formation resistivity factor with porosity.
This, of course, can be ascribed to the fact that no one
" parameter can adequately describe pore geometry primarily
because it is a_fupction of a number of interrelated factors.
These interrelated factors produce an essentially unlimited
number of possible pore geometries; The outcome of this is a
variation of pofe geometries in an essentially unlimited
number of possibilities; Any physical exﬁlanation of the
observed variation in cementation factor for natural rocks
must, thereture, be tied to a number of different factors
and their subsequent interrelationships:
The cementation factor is often related to tortu-
osity; This term has significant merit, however, since it

does attempt to define the pore passages in the medium. This
tortuosity coefficient as defined by Pirson30 is "a concep-
tual dimensionless number representing the departure of a
porous system from being made up by a bundle of straight-bore
capilliares;" It is,rtherefore, a measure of the. tortuous
path available for current flow with respect to the direct
path available in a conductive solution. Using this con-

cept alone to explain the effect of pore geometry upon
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the cementation factor implies that the differing resistance
noted for rocks having the same porosity is due to changes
in tortuousity; Henze, all formation factors could be ac-
counted for merely by changing the value of tortuosity.

The limitations associated with trying to ascribe the
higher formation resistivity factors solely to tortuosity
have been recognized: Two important theoretical contribu-
tions provide a greater insight into the influence of pcre

28 .nd Towleld utilized

geometry; These studies by Owen

synthetic pore models which could be considered mathemati-

cally. Although the systems were greatly oversimplified;
a significant concept evolved - pore constriction: This is
essentially the effect of the variations in cross-sectional
area of the conducting path on resistivity: A-porous system
employing both the concepts of tortuosity and pore constric-
tion are, as s?ated by Owen28 "as being more nearly analagous
to conditions within a natural porous body than is a uniform
diameter tube system which requires high tortuosity values
to explain large formation factors:"

The particular utility of these interrelated concepts
of tortuosity and pore constriction is not immediately ap-
parent except for the fact that a more logical explanation of

pore geometry effects orn formation resistivity is available.

As pointed out by Owen, an infinite number of combinations of
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tértuosity and constriction factors can be chosen to give a
particular porosity. Figure 3 has been included to indicate
how the-formation resistivity factor increases with an in-

crease in constriction factor at a constant value of tor-
tuosity. The usefulness of this concept cannot be fully
appreciated, however, until a logical explanation of the
variation of formation resiétivity under pressure is at-

tempted;

The application of these two concepts (tortuosity and
pore constriction) essentially incorporate all the factors
affecting pore geometry: Therefore, the effect on formation
resistivity ascribed to (1) degree of cementation, (2) shape,
sorting and packing of the particulate system and (3) type
of pore system can be accounted for by these two para-

meters.

The effect of "conductive solids" on the cementation
factor have been noted by Patnode. and Wylie,29 de Witte,lo
and Winsauer and McCardell.-38 The - term conductive solids is
essentially é misnomer since the effect is actually due to
double layer conductivity associated with- the highly charged
clay surfaces. The resultant effect of this conductivity
is to reduce the cementation factor as the conductivity of

the saturating solution decreases; This effect can be

essentially negated by increasing the conductivity of the
]
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saturating solution. If this conductivity becomes high
enough, a constant value of formation resistiyity factor will
be attained wifh the resultant value of the cementation
factor now being assumed to reflect the.true tortuosity and

constriction factor of tﬁe formation: ,Figuré ? graphically
illuétrates the influence of the *conductive solids"‘Bn
static formation resistivity factor measurements.

Up to this point, c&nsideration has been given to the
factors affecting the formation resistivity factor-porosity
relationship at a static condition of pressure and temperaturqa
In other words, we have been referring to the effect of tﬁe
geologic facto#s as applied to a particular state at which
the core exists: However pressure and temperature, have also
been found to affect this formation resistivity factor-porosity
relationship; Changes have been observed in the formation
resistivity factor when changing the pressure state from at-
mospheric conditions to a higher externai pressure condition.
It has also been found that this change in resistivity cannot
be accounted for simply by considering the pore volume change
alone.

For the most part, the studies related to the effects
of pressure have been of a qualitative nature with only two
investigators attempting quantitative interpretations of their

data. This can be attributed to the limited number of samples
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studied, the variation in technique making it difficult to
relate the results of the various studies and a lack of

understanding of the operative mechanisms associated with the
effect of pressure: The tabulated information in Table 1

indicates the limited data in this area:

" TABLE 1

PREVIOUS STUDIES OF ROCK RESISTIVITY UNDER
THE INFLUENCE OF PRESSURE

k- - - ]
Net External

Investigator . No. of Samples and Type Pressure Range
Studied
Fattl2 | 20 Sandstones 0-5000 Psi.
Wyble39,40 3 Sandstones 0-5000 Psi.
Glanvillel® 2 Sandstones 0-5000 Psi.
3 cCarbonates 0-5000 Psi.
Redmond>3 4 Sandstones 0-20,000 Psi.
Glumov and 1 Sandstone 0-350 Atmospﬁeres
Dobryninl8 1 Limestone . 0-350 "
Oorlov and 2 Carbonates 0-400 Atmospheres
Gimaev27 ‘
Dobryninll 2 Sandstones 0-5000 Psi.
HilchieZ2? 3 Sandstones 0-10,000 Psi.
1 Shale "
1 Limestone "
1 Artificial (Alundum) - "
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Some of the significant differences observed with
respect to technique, should be noted: It has been shown by
Hilchie and others that the time necessary for equilibrium
conditions to be attained ranges anywhere from one to over
100 hours; In fact, even aftef 100 hours, equilibrium was
pot attained on the carbonates studied by Orlov and Gimaev.
The experimental measurements of Glumov and Dobrynin were
made 15-20 minutes after each pressure increase, making it
unlikely that the samples had reached equilibrium:

Another area of concern is that associated with the
type of core mounting used; In the studies of both Fatt and
Dobrynin, the samples were mounted in Lucite which has struc-
fural strength and will tend to minimize some of the applied
force to the core: This is probably not too important at
high pressures, but its influence could become critical at
low pressures; The manner in which the external pressure is
applied to the core is also important: The technique employed
by Wyble, Redmond, and Glumov and Dobrynin, involved the
application of only a radial stress on the cores. It is
believed that rocks existing in the natural state are sub-
jected to stresses somewhere between the normally used‘three
equal stresses and that of a large vertical stress and small
rhorizontal stresses: Withstanding these differences, all
investigators who have contributed in this areé agree'that

the effect of pressure on the formation resistivity can be

quite large:
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Dobrynin presented the first relationship in which

the relative formation resistivity factor ratio was related
to the overhurden pressure, porosity and compressibility;
Hilchie, however, was not able to verify this correlation.
He felt this was due to the reliance of Dobrynin's correla-
tion on the low pressure data (which is subject to question
due to the use of Lucite mountings) and the idealization of
the pressure-compressibility relationship:

Hilchie developed two relationships that characterized
his data. The first relates the relative formation resis-
tivity factor with the percent shale contained in the shaly
sands:

E - 1,053 + 0.147 log C + 12.5 x 10-8 (P-1000)

: (&)
where: L. = Relative formation resistivity factor; ratio of
formation fesistivity factbr at pressure P to
the formation resistivity factor at atmospheric
pressure:

C = Percent clay in the sand

P = Net pressure in psi:
The second relates the relative formation resistivity factor
with the pore volume less than 0:5 microns exiséing in the
sample: | | |

6
(5)

P .- “ .
) %? = 0.868 + 0.225 log (PV<.5) + A (P-1000) 10
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where: PV<0.5 the percent of the pore volume having pores
with a radii less than 0.5 microns;

lithology constant of 12.5 for sands and 21

>
1}

for 1imestones:

The general applicability of these two empirical
equations is subject to conjecture because of the limited
number of samples used. The results of this study, however,
tend to lend credence to them; since the correlating parame-
ters of PV<0.5 clay content would seem to be indicative of
the effectiveness of the operative mechanisms, discussed
later in this study.

The effects of temperature on the formation resis-
tivity have been evaluated only by Hilchie to date: He found
that as the temperature increased (net pressure constant) tﬁé
formation resistivity factor went through a minimum after
which it increased. The magnitude of. this minimum and the
temperature at whicﬁ it occurred, as well as the magnitude
of the increase after the minimum occurred, varied with the
samples studied. He presented a method for-prgdicting the
effect of temperature, if. the percent pore volume consisting
of pores less than 0.5 microns, and the minimum temperature,

were known. This prediction method can be represented as

" follows:
T | 3 212 '
E_:G+[_.L§+'.I..-o=]A 6
F (100) (100 ) ( )
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where: %; = relative formation resistivity factor at tem-
perature T
T = temperature in OF:
« = a variable which locates the minimum with re-
spect to temperature
A = empirical value determining the magnitude of the
minimum
G = empirical constant that normalizes each curve at
the initial temperature
This relationship was not designed to be used as a
working correlation: ‘Its purpose was.simply to illustrate
the effect of the known parameters: Further work in this
area is required in order to properly evaluate this effect;
The combined effects of temperat@re and préssure were
also studied by Hilchie. In general it was found that the
additive results of the separate pressure and temperature data
were equal to the combined pressure and temperature data at
low and moderate temperatures: This would imply that pressure

and temperature may be considered as independent variables in

this range;



CHAPTER III

SYNTHETIC CORE DESIGN AND CONSOLIDATION

The use of éynthetic cores in evaluating the effect

of pore geometry on the formation resistivity factor under

varying conditions of pressure and temperature imposes a num-

ber of requirements on the samples to be used: The desired

aim of the study itself dictates that the pore size of the

artificial media be "controlled™ at least to the extent that

the separate cores produced will provide different pore size

distributions. The core should also:

1.

.u.

5.
6.

7-

Behave as a consolidated rock under high pressures
and temperatures; | |

Have essentially the samé porosity in ali the
separate cores.

Have otﬁer properties such as permeability and
compressibility éimilar to that of natural rocks.
Provide a non-conductive matrix:

Be inert to the éffect of salt water;

Be essentially homogeneous;

Contain the same specific volume of cementing

material in each sample.

21
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Unconsolidated Pack Design
Furnasl5 has developed a method for computing the

proportion of particles of various sizes needed to produce a
minimum porosity: He found it to be generally true that
minimum voids were obtained as the ratio between the particle
sizes increased and as the number of sizes increased: Al-
though these formulas are not rigorous, they have Been cor-
roborated for spheres in work reported by Wylie and (}regory.b""'3
Even though a samll discrepancy exists between the experi-
mental énd theoretical results, it was felt that this theo-
retical analysis provided.a reasonable basis for determining
the grain sizes to be used: Furnas has presented graphical
solutions of his theory whereby the size ratio and volume

proportion of the different beads to be used can be quickly

determined for any minimum, unconsolidated pack porosity

desired. One of these solutions is presented in Figure 4.

Since spherical beads were used, it was assumed that the

initial voids in a pack oi uniformly sized material would be
bo%k.

Based on this approach; it can be seen that, if two
different sizes of beads are uniformly mixed together in
volume percents, of 71:5 for the larger bead and 28:5 for the

smaller bead and, at the same time, the ratio of the smaller

to the larger size is 0:2, then the unconsolidated pack
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should have a porosity of 30%: By using combinations of
different bead sizes, each combination having the same size

ratio of 0:2 and mixed uniformly in the volume percents

dictated by the theory, unconsolidated packs can be produced
having the same porosity but differing pore sizes: These
concepts of Furnas therefore provided the guidelines for

the bead combinations used:

The choice of bead sizes also requires other c6nsid-
erations to be made: These include (a) similarity to natural
sandstones, (b).desirability of small pores, and (c).practical-
bead sizes: An understanding of grain size distributions in
natural sands is necessary in choosing bead‘sizes: One such
indicator is the screen analysis of 23 various sandé pre-
sented in Muskat:26 Using this tabulation, it can be seen
that the sands consist of grains having a mesh size greater
than ho; All the sands analyzed also contain some percentage
of grainsAhaving a mesh size over 270: Based on this informa-
tion, it was felt that no mesh sizes less than 30 to 40
shonld be used; especially if small pore sizes are desired;
Additionélly, at least a portion of the beads should be 200
mesh or: greater.

A set of six different bead combinations and one

sand combination were chosen: The basic data relative to the
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production of the unconsolidated packs for these combinations
is presented in Table 2: The first three combinations were
the initial mixtures uSed: Based on the data from these,
the other combinations were made: Combination 4 was chosen
primarily as a limiting case for small pores while combina-
tions 5 and 6 were intended to fill the intermediate area in
the data. Finally; combination ?; which uses the same mesh
sizes as combination 3; was made out of sand gfains rather
than beads; ’

The beads used in making the synthetic cores were
purchased from the Microbead Division of the Cataphote Cor-
poration and are manufactured from high grade optical crown

glass, soda lime type, with a silica content not less than

68 percept; - This compbsition is of a type to resist wear
and fracture: The beads are annealed in their spherical
shape to equalize internal stresses: The sized beads contain
not more than five percent irregularly shaped particles and
are, therefore, essentially free of sharp angular beads:
They are also reasonably free of particles showing surface
scoring and foreign matter: Since 90% of the beads were

also guaranteed to be in the size range ordered, no addi-
- " .

tional sieving was done before making the desired volumetric

combinations.



" TABLE 2

DATA RELATIVE TO PRODUCTION OF UNCONSOLIDATED PACKS

—_

Large Dia- Inter- Dia- Small Dia- "Ratio- of = Predicted

Combi- Mesh meter % . mediate meter % . Mesh meter % _ Smallest Uncon-
- mation Size in Vol. Mesh in Vol. Size in Vol. to Largest solidated
Inches Size Inches Inches Size Porosity

1 35 0165 71.5 - - - 200 .0029 28,5 .176 28.5

2 48 o117 71.5 - - - 270 ,0021 28,5 179 28.5

3 65 .0083 71.5 - - - 325 .0017 28.5 .205 ©30.0

L 200 .0029 71.5 - - - 325  .0017 28.5 .586 38.5

5 48  .0117 64.2 270 .0021 25.6 325 .0017 10.2 .145 34,5

6 65 .0083 64.2 270 .0021 25.6 325 .0017 10.2 .205 36.5

65 .0083 71.5 - - - 325  ,0017 28.5 .205 30.0

(sand)

9e
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Unconsolidated Pack Preparation
The ability to produce essentially tightly prepared,
homogeneous, unconsolidated packs was one of the most im-
portant féatures.in obtaining the désired syﬁthetic cores.
In order to accomplish this, it was neéessary to have a
standardized mechanical technique for preparing the unéon-
solidated packs; Since core samples having a-diametér of
1.5 inches and a length of two inches.Qere desired for. use
in the resistivity cell, it was Qecided to make the packs in
glass tubing having an inside diameter of 1:5 inches. There
were a number of advantages for using glass tubing which
included:
(a) smooth cores having the exact diameter desired'
could be obtained, .
(b) any length of pack desired could be made,
(c) the rigid tube and centered axis reduced the
difficulty in packing;
'(d) the progress of flooding the pack with the ce-
menting material could be gasily followed,
(e) the glass -could be easily removed from the core.
Packing of the beads in the tube was accomplished by

b In this method,

utilizing a technique described by Wygal:
a "particle distributor® was‘used: It could be prepared
simply and quickly, and appeared to produce uniform repro-

ducible packs: The purpose of the distributor was to maintain

the upper layers of beads in the pack in a continuous state
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of agitation and to keep'thesevlayers-perfectly level. Poorly
distributed particles do not keep the surface active and,
therefore, some of it may be buried in an unstable position;
A diagram of the packing apparatus is.shown in Figure 5;

The "particle distributor" was madé from 1.5 inch
I;D;.plastic tubing: The 12 inch long tube was cut perpen-
dicular to the axis five times and circular screens were
_epoxiéd into each cut: The screens were set one inch apart,
The distributor was then connected to the glass tube to be
packed by a rubber sleeve similar to that used for mounting
the coresg A rubber stopper, in which a small glass tube
was inserted, closed the lower end of the glass tube. A
cloth screen was cemented to the stopper to prevent the beads
from leaving the tube. A vacuum pump was connected to the
stoppered end of the glass tube in order that a vacuum could
be applied to the system during the packing process:. The
use of a vacuum was recomﬁended by Wygal for the packing of
particles smaller than 120 mesh: |

The lengtﬁ of the glass tube used in this process is
not restricted, and; therefore; any size of core desired can
be made: However, in this Study; a tube 10:5 inches long
was used, thereby providing»a core of approximately 9-9;5
inches. Allowing for end scrap, approximately three-two inch
cores and a short section to be used for mercury injection
were easily obtained: This tube was then attached by the

rubber sleeve to the particle distributor, stoppered, the



29

-~ Bead Reservoir

Tubing
Clamp

Stopper Containing Set
through Tube

::::1-; Screens with Approximately
ety 1/8" Openings Set in
F-=-~--11 1 1/2" I.D. Plastic Tubing
=<ZZ2Z2=

eIl Z2

@4— Rubber Sleeve

4— Glass Tube

#-Ring Stand

I Cloth Screen
l EUF Stopper with Glass Outlet

Vacuum
Pump

FIG. 5.--PACKING EQUIPMENT
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vacuum pump attached and a vacuum pulled on the system; The
clamp on the tubing above the particle distributor was closed
at this time. The pre-mixed bead combination to be packed
was then'placed in the bead reservoir: The clamp above the
"particle distributor" was then opened, allowing the beads to
fall through the distributor and pack in the glass tube. The
flow rate of the beads was controlled by adjusting the clamp.

The primary objective was fo.controi the flow rate while

maintaining a continuous flow.

Consolidating Materia

Finding a cementing material that met all the re-

quirements was the greatest single problem in developing the
desired artificial cores: in order to compare the behavior
of any one synthetic core to another it was necessary to ce-
ment each unconsblidated pack with the same volume and fype
of cementing material: In this way the effect of the cement-

ing material became a relative parameter: Secondly, a ce-
menting maferial was needed which could be placed in the
unconsblidated pack after it was produced: In addition, the
cementing material had to essentially coat all of the grains
in the same fashion; coat them uniformly and be reasonably
reproducible in the nature of its coating; It also had to
'.be reasonably flexibile in order that a brittle or incom-

pressible core, similar to various ceramics or alundum, did
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not result. Finally, it had to be able to withstand high
temperaturés and pressures, salt water effects and be elec-
trically non-conauctive:

These requirements were all met by an epoxy resin
formulation made available by the Dowell Division of The Dow
Chemical Company: It is similar to formulations used for
_consolidation of incompetent sand formations in oil Wells:
The important feature of this epoxy system is that solvents
initially mixed with the resin and curing agent can be
"sweated" out of the.synthetic coré once the epoxy has set.
During the hardening process the resin preferentially coats
the beads in the pack, thereby leaving the solvent in the
center of the pores: The epoxy aléo tends fo coat the Beads
with a.ynifcrm smooth coating:

This "sweating" process allows close control of the
amount of cementing material which is deposited; Tﬁe amount
deposited is simply a function of the amount of solvent in
the initial mixture: The amount of solvent used with the
epoxy material is somewhat arbitrary; A 50-50 volﬁmetric
ratio of epoxy material and solvent was chosen for this study;
Theoretically then, if one fills‘the entire pore space of the
unconsolidated pack with the epoxy-solvent mixture, the pore
volume of the unconsolidated pack should be reduced by 50

percent: At the same time; the pore geometry should still be



3z

primarily governed by the bead shape since the epoxy pre-
ferentially and uniformly coats the beads:

The solutions for consolidating the cores were pre-
pared from materials and procedures furnished by Mr. E; D.
Mullen of Dowell. Since the resin and hardener must finally
be mixed in a specified ratio by weight, specific gravity
measurements were used to determine the final volumetric
mixing proportions: This was found to be a ratio of 3:3 cc.
of resin solution for every 1:0 cc: of hardenef solution.
This will give a final mixture of approximately 47.5 percent

by volume epoxy resin and 52:5 percent by volume solvent.

Consolidating Procedure

The consolidating technique used for placing the ce-

menting material in the unconsolidated pack was nothing more
than a gravity type flooding approach; This technique is
highly desirable since it is very simple and the resultant

pack“is'stable; A dimgram of this method is shown in Figure

6.
With this technique, it can be seen that in order to

convert from the packing system to the flooding system only

a few things had to be done: First, the glass tube containing

the unconsolidated pack was removed from the sleeve connecting
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it to the "particle distributor." A rubber stopper containing
a glass tube and having a cloth screen cemented to it was
placed tightly in the oéen end: The two stoppers were then
wired together so they could not shift during the flooding
process; In this way, the unconsolidated pack was firmly
held in place; The tubing attached from the lower end to
the vacuum pump was thén éonnected to a funnel serving a;
the reservoir for the cementing material: One of the clamps
on the flexible tubing was then closed and the tubing and
resérvoir filled with the cementing’maferial: Once this
portion of the system was full, the clamp was opened and the
pack flooded with the cementing material: The air was dis-
-placed from the pack through the glass tubing in the upper
stopper: |

The flow propérties of the epoxy'resin mixture were
nearly ideal for this gravity type of flood. The rate of
progress of the flood front was not so slow that an excessive
length of time was required and it was not so fast as to
trap air to any extent: The flood progressed at a uniform
rate: It should be mentioned that the epoxy-solvent mixture
remains fluid for an extended reriod of time at room tem-
perature:

Once the core had been completely flooded, the two

clamps on the flexible tubing were closed and the tubing cut
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between the clamps; The glass tube containing the flooded
pack was then placed in an oven and cured: After an initiél
curing pericd, during which the epoxy hardened, the core was
removed from the glass‘tube by breaking the glass and pealing
it away from the core: It should be pointed out that the
epoxy forms a good bond with the glass and will make it nearly
impossible to remove the glass tube unless this bond is elim-
inated; This was overcome by applying a thin film of sili-
cone on the inside of the tube prior to packing it with the
beads; After the core has been removed from the glass tube,
it is again placed in an oven and heated, thereby .evaporating

out the solvent:_ This produces a dry, clean core;'

Sample Identification

The ;uréd core, approximately 10 inchés long, was
. then cut with a diamond saw into short samples in the fol-
lowing manner:

Scrap

Pore Size Distribution Sample

FIG. 7.--METHOD OF LARGE CORE SECTIONING
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Three cores were obtained (#1, A:-aﬁd 2) all of which
were approximately two inches long: A shorter section was
cut between samples #1 and #A to be used for mercury injec-
tion pore size distribution data. Samples #1 or #A were the
desirable samples to use in the resistivity cell since they
were cut adjacent to the sample used for the mercury injec-
tion data. Additional labelling wasvalso necessary to dis-
tinguish the different synthetic cores from each other: The
first identification number of each core is actually the mesh
number of the largest bead size used in that core: If the
cdre contained two bead components such as in combination
two#(Table 2), then it would be designated core number u8.
If the A sample was studied, then it was referred to as UB-A;
The only exception to this is when two components of sand
were used and then an "S" indicator was used to define the
sand sample, i;e; 65-S-A; For the cases where three bead
sizes were used and, at the same time the largest mesh size
was the same as in a two-component core, an additional iden-
tifier was used; As an example, consider combination number

6. The A sample would be labelled 65-3-A where the 3 indi-

cates a three-component sample:

Core Evaluation

The short samples and the pore size distribution
(PSD) plugs were all analyzed for porosity and since either

the Number 1 or A sample was to be used for obtaining the
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resistivity data, they were also analyzed for "Klinkenberg"
air permeability; This information is shown in Table 3; It
should be noted that the data for cores 48-3-1 and 2 is mis-
sing from the fable. This is because they were damaged prior
to making these measurements. Considering now the tabulated
porosity values, it can be seen that in all cases core Number
2 deviates from the general trend exhibited by the others. -
This deviation is high in some cases and low in others which
tends to eliminaté any explanation as to the cause;' A group
consideration of the porosities of the other samples (#1,

PSD and A) in each core indicate fairly good uniformity;v

The average Klinkenberg air permeability as de crmined
from cores 1 and A indicate a generally decreasing value as
the bead sizes making up the core decrease: This, of course,
is tc be expected, since mixtures of smaller and_sﬁaller
beads lead to smaller and smaller pores:

Based on the porosity and permeability measurements
on sampleé 1 and A, along with the PSD sample, it is felt
that the upper portion of the large cores display a reascn-
able uniformity; Since this portion of the core seems rea-
sonably uniform, the assumption that the pore size distribu-
tion data obtained from the small saﬁple is representative of
sample 1 or A appears valid.

The high porosity range exhibited by the sand core

resulted from the use of sand grains rather than beads in



38

TABLE 3

TABULATED DATA ON THE SYNTHETIC CORES

Avg; k, md.

Core No. Porosity, % Klinkenberg k, md.

35-1 12.82 149.0

PSD. Sample 13.00

35-A 13.32 107.5 128.2
35-2 12.07

PSD. Sample 13.90 6
L8-A 14.70 118.1 9.
ug-2 16.79

65-1 1k.90 60.1

PSD. Sample 13.50 -
65-A 16.140 99.0 79.6
65-2 12.00 -

PSD. Sample 15.90 _ :
48-3-A 16.70 55.5 555
65-3~1 12.35 24 .0 ,
PSD. Sample 13.25 - , .
65-3-A 13.69 6.0 35.0
6543-2 16.61

200-1 18.89 8.8

PSD. Sample 16.67 8.1
200-A 16012 70“’ *
200-2 13.52 3.h

65-5-1 22.81 25.0

PSD. Sample 22.20

65-5-A 21.35 25.5 25.2
65-5-2 20.06
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making the core. In this case, it is thought that'the angu-
larity and shape of the grains caused a large amount of

bridging of the grains to occur.



CHAPTER IV

EXPERIMENTAL APPARATUS AND PROCEDURE

Pressure Equipment
' The experimental equipment used in this study was the

20 with only a few modifications

same as that dsed by Hilchie
being incorporated; The only experimental change of any con-
sequence was in the internal pressure system which was re-
designed using a high pressure nitrogen supply to exert the
internal pressure on the core rather than the handpump method
used by Hilchie. This system was redesigned so that the pore
volume changes occurring during the temperature change phase
of the study might be estimated. A schemaéic diagram of both
the internal and external pressure systems is shown in

Figure 8.

The primary biece of equipment in this system is the
high pressure autoclave in which tﬁe core was mounted and
pressurized. The autoclave was designed by Hilchie to opér-
ate to a pressure of 15,000 psig. A schematic of this cell
and internally mounted core is shown in Figure 9: The cell
top isvremovable with the upper electrode being directly at-

tached to the top; A hole through the electrode and cell top

Lo
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connected the internal pressure system to the core.

The core was mounted in Hycar sleeves in both the
pressure and temperature experiments. The potential measuring
electrodes were placed parallel to the sleeve axis one inch
apart. These electrodes were stainless steel (2/56) bolts in
which the screw slots were silver soldered and then ground
flat to approximately the original head thickness. Thin
cadmium disks were placed between the core and the electrodes
in order to provide a good electrical contact. The cadmium
disks wefe fairly soft and malleable; thereby deforming to
fit the core and filling up the voids between the core and
the electrodeé. This prevented the sleeve from extruding be-
tween the electrode and the core. Once the sleeve was mounteﬁ
on the core and the cadmium disks were in place, the lower
electrode was slipped into the sleeve and the hose clamp,
holding the lower electrode in place, slightly tightened;

Hose clamps were used to secure the sleeves tightly around

the electrodes father than the wire wound method which re-
quired soldering; The use of hose ci#mp5¢aIIOWed the mounting
procedure to be déne by one person; With the lower electrode
in place, the whole assembly was then slippea onto the upper
electrode; In this position, both hose clamps were securely
tightened; The electrical connections were then made and
their continuity checked before the top assembly was placed

on the cell. |

The external pressure system as shown in Figure 8
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used a high pressure hand pump to pressurize the system. The
pressure was transmitted to the annular portion of the auto-
clave with a high flash point transformer o0il. The system
also included two pfessure gauges and a bleeder valve. A low
pressure, 2000 psig., Foxboro'gauge was used to measu;e the
external pressure up to 2000 psig. and a 10,000 psig. Ashcroft
gauge was used to measure the pressure from 2000 psig. to
10,000 psig. The gauges could be read to t 5 psig; and % 25
psig., respectively. Both gauges were calibrated with a dead
weight tester. The maximum deviation over the complete pres;
sure range of the Foxboro gauge was found to be less than
* 0.5%. The Ashcroft gauge was found to have an accuracy of
t 0.5% at 2000 psig. and ¥ 1.0% at 10,000 psig. The pressure
measurements were therefore considered to be accurate within
1%. The bleed-off valve was used to regulate the internal
pressure, primarily during the temperature phase of the-study;

The internal pressure system, also shown in Figure
8, utilized three different fluids for operation. A high
pressure nitrogen gas supply was used as the pressure source
for applying an internal pressure. The gas pressure was
transmitted to an o0il system which in turn transmitted the'
pressure to the saline water. O0il was used to transmit the
pressure to the saline water rather than .éhe gas so that
the water woﬁld not become contaminated by dissolved ni-
trogen. A faifly lérge "gas4cushion" stainless steel cell

approximately one-third full of o0il was used as an interface

cell for the nitrogen-oil. A sight gauge was used for the
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oil-water interface cell,

During the pressure experiments (varying external
pressure and atmospheric internal pressure) the entire inter-
nal pressure system wa§ closed off from the cell except for
the calibrated pipette used for measuring the pore volume
change. The pipette had a volume of 0;2 ml; and bore'volume:
changes of 0.0002 ml., could be read.

For the temperature phase of the study, this low
pressure pore volume measuring system .was closed off and-a
constant pressure of 1100 psig. was applied to the core. A
1500 psig. Crosby gauge was used to indicate this pressure.
The gauge could be read to ¥ 5 psig. and was calibrated with
a dead weight tester. The maximum deviation of this gauge
over the pressure range from 1000 to 15000 psig. was ¥ 0.7%.
| As mentioned previously, a high pressufe pore volume
change system was devised for measuring the pore volume change
occurring during the temperature study; The system is similar
to that used by Fatt13 in measuring pore volume compressibilf'
ities of rocks while also under internal pressure. The sys-
tem cbnsisted of sealing a pipette into a bushing which is
then screwed into the lower end of a sight gauge. A great
deal of difficulty was encountered in obtaining a seal of
this pipette in the bushing. Initially the pipette was
sealed with an epoxy (ndt the same epoxy used in consolidating
the cores) which, after three cores had been fun, was found

to have been leaking. This particular epoxy was slowly being
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attacked by the salt water and, as a result, some of the
water being expelled by the cores was collecting in the lower
portion of the sight gauge and, therefore, not being measured
in the pipette; The pipette was finally sealed securely in
the bushing by initially cementing it in place with a mixture
of litharge (Pb0) and glycerol and then applying a second
seal using the salt water resistant epoxy used for consoli-
dating the cores.

When the internal pressure system was to be placed
in operation, the high pressure pore volume measuring system
was initially shut off by closing the valves above and below
the sight gauge. A pressure of 1100 psig; was then applied
by using the regulator on the high pressure nitrogen bottle.
Once a pressuré of 1100 psig: was attained in the system, the
upper valve on the sight gauge was opened and the annular
fluid around the pipette allowed to come to equilibrium with
the system; Finally, the lower valve was opened and the
entire system allowed to cbme to equilibrium: Once an equi-
librium state was obtained, the valve above the gas cushion
cell and the valve between fhe oil-water interface cell and
core were closed. In this way, any volumetric change of the
water in the internal system would be observed in the pipettg:
At the same time, the volumetric change being observed would
actually displace the same amount of oil in the gas cushion
cell. Since this volumetric change was so small in comparison

to the volume of nitrogen in the cell, the system remained at
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a constant pressure of 1100 psig. The bleed-off valve in the
system was used to lower the water level in the pipette; A
0.2 ml., pipette was also used in this high pressure pore *

volume measuring system.

Temperature Equipment

Temperature control of the cell was achieved through
the manual operation of two wire wound heaters cemented to
the exterior of the cell: A 2500 watt, 220 volt, switch
operated, heater was used for the primary increase in cell
temperature; A 500 watt, }10 volt, Variac controlled, aux-
iliary heater was used primarily for fine temperature adjust-
ments. For the initial temperature increase degired both
heaters were used;

Temperature measurements were obtained with an iron-
constantan thermocouple system. The equilibrium temperature
recorded during the temperature phase of the study was meas-

‘ured with a thermocouple extending 1-1/2 inches below the
cell top. A second thermocouple was placed below the cell as
an aid in controlling the cell temperature; It was found by
trial and error that when both heaters were on the desired
temperature could be attained by shutting off the 2500 watt
heater when the external thermocouple measured a temperature
approximately 209 F. above the desired equilibrium tempera-
ture. At the same time, the 50C watt heater would be turned

down low with the internal temperature then coasting to the
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desired temperature;

Temperature measurements were performed with a Leeds
and Northrup potentiometer and a Rubicon galvanometer; Al1l
potential measurements were made in comparison to a cali-
brated Eppley 103 standard cell. The thermocouples were
calibrated against boiling point values of five different
liquids covering the complete range of interest: The ac-

curacy of the thermocouple measuring system was better than

t 0.59 F.

Electrical Measuring System

. The resistivity measuring system was of the same de-

sign as that used by Hilchie and is diagramatically shown in
Figure 10. The systém is a convertible two to four electrode
measuring system, alghough all resistivity measurements were
made using the four electrode sysfem. The four electrode
system eliminates the contact resistances associated with the
~current electrodes which are also the potential electrodes of
the two electrode system, Plaéement of the potentiai meas-~
uring electrodes away from the current electrodes allows the
current dénsity in the core to be essentially uniform;

The circuit consisted of a 0-110 volt Variac, 560 ohm
potentiometer, milliammeter, and precision resistor all in
series with the core. A variable voltage 60 cycle current
was passed through this circuit; The vacuum tube voltmeter

(VIVM) was adjusted for full scale meter deflection when
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placed across a precision resistor. When full scale deflec-

tion was obtained, the VTVM was placed across the core. With -

a constant current flow in the circuit, the resistance of the
core was determined by simply multiplying the percent de-
flecfion of the VIVM by the resistance of the precision re-
sistor. The precision resistors had an accuracy of T 1%;
Since a calibration was performed for each measurement,
changes in lead resistance (due to changes of temperature inn
the cell) did not affect the measurements.

The VTVM used in this study was a Hewlet-Packard
400-H. The internal resistance of this VTVM is 0.5 megohms

and, therefore, the current required for the instrument is

extremely low and, for all practical purposes, did not dist@rb

Ld

the current flow in the core.

Saline Water

The saline water used in saturating these cores was
prepared from distilled water and 99;9 pgrqent pure sddium
chloride crystals. The resistivity of the water was measured

2z It was

in a Jersey resistivity cell as described by Lynn:
found to have a resistivity of 0:0778 ohmmeters at 72° F. or

a salt concentration of approximately 97,000 PPM;

Saturating Procedure

It was found that the clean, dry, synthetic cores
would imbibe the saline water at atmospheric conditions al-

thugh the process was very siow., A saturating system was

*
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"built, as schematically shown in Figure 11. The core was
saturated under vacuum and subsequently pressured to 500 psig.
In operation, thé cleﬁn dry core to be saturated was placed
in the pressure cell and evacuated; Once a vacuum had been
pulled on the core, the valve to the vacuum pump was closed
and the valve below the sight gauge opened, allowing the
saline water to enter the cell and core; After the system
was full of water, a pressure of 500 psig. was applied over-
night to the cell.

The saturated core was then removed from the satu-
rating system and mounted in the autoclave: At this point
the core was not subjected to resistivity measurements but
only stressed up to an external pressure of 10,000 psig;
After the core was pre-stressed, it was again placed in the
pressure cell of the saturating equipment and the cell filled
with saline water. A pressure of 500 psig; was then applied
for a period of at least one hour after which it was allowed
to slowly bleed off. The core was then removed and placed
in a closed container filled with saline water; A period of
at least twelve hours was allowed after the pressurizing
process before any one of the cores was used in the resis-
tivity cell in order that equilibrium conditions in the core

would be assured;

-Auxiliary Core Measurements

Core porosities were measured in a Boyles Law porosi-

meter designed to handle large cores of this size: Al1l
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permeability values referred to in this study are "Klinken-
berg" air permeabilities and were measured in an air permea-
meter., For each core, at least five data points were obtained
in order that a "Klinkenberg" type plot could be made.

The mercury injection pore size distribution. data
were determined by the Pan American Research Laboratory in
Tulsa, Oklahoma. These measurements were made on small

samples taken from the large core as indicated in Chapter III.

Experimental Approach
The experimental portion of the study consisted of

twq phases. In the first phase, the sample resistivity was
measured at increasing increments of external pressure. The
changes in pore volume, occurring during Ehese pressure in- |
creases, were also recorded. The internal pressure of the

core was atmospheric while the temperature remained essen-
tially constant at room temperature. Dufing this phase, the
net pressure on the core was increased from 0 to 100, 200, 400,
800, 1200,2000, 3000, 4000, 6’000, 8000 and 10,000 psi. Initial net
pressure increments of less importance between 0 and 100 psi.
were also made; These steps were included due to the large in-
itial compressibility of the synthetic cores. With the synthe-
tic cores, the resistivity usually reached equilibrium within
30-minutes and the pore volume generally reached equilibrium.
between 30 minutes and one hour. This shorter leﬁgth of time

to reach equilibrium, as opposed to the time required by
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Hilchie20 when using natural cores, is probably due to the
simpler pore geometry and the type of core material used.

The second experimental phase consisted of measuring
the sample resistivity at increasing inﬁrements of tempéfa-
ture while at a constant net stress; The core was externally
pressured to 2100 psig:; while an internal pressure of 1100
psig; was being maintained; This net stress is the same as
that used by Hilchie:zo After an initial equilibrium was
reached at a net stress of 1000 psi:; the temperature was
raised at increments of approximately 4o® F: to a maximum of
about 320° F.

An attempt was also made to obtain pore'volume change
data during these temperature runs but numerous problems were

encountered and the data collected are not complete.



CHAPTER V
EXPERIMENTAL RESULTS AND ANALYSIS

Basic Core Data

Properties of the seven different cores_studied are
shown in Table 4. The porosities of the six bead coresiall
fall in a small range between 12.82 percent to 16;70 percent'
with the average being 14.82 ﬁercent. The ideal situation,
of course, would have been to have cores with exactly the
same porosity and different pore sizes. Oé the two cores
(either number 1 or A) which could have been used, these
particular cores were chosén due to their similar porosity
.with respect to that of the sample used for the PSD measure-
menﬁs. The one exception to this.is core number 48-A which
was not the original sample chosen: Coré number 48-1 was
origihallj intended for use but was ruined in the resistivity
cell; (The hose clamps were not tight enough and the core
was damaged by the transformer 0il.) |

The tabulated air permeability values shown for these
cores were obtained from Klinkenberg type permeability graphs.
The Klinkenberg graphs for these cores are presented in

Figure 28 in Appendix A.

55
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TABLE 4

TABULATED PROPERTIES OF THE SYNTHETIC
CORES STUDIED

Core No. ¢ k, md Calculated Surface Area,
om=1

35-1 © 12.82  149.0 10,987

48-A -iu.7o 118.1 7,693

65-1 14.90 60.1 9,565

48-3-A 16.70 55.5 16,011

65-3-A 13.69 46.0 11,214
200-2 13.52 s 22,206
200-A 16.12 7.4 26,484.,8

65-S-A 21.35 25,5 24,373.7
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Mercury injection data obtained from the small sampies
are presented in essentially three different forms: The orig-
inal data as determined by Pan American Research Laborato?y
are presented as a mercury injectién capillary pressure curve
in which the mercury injection pressure is plotted versus the
percent of pore volume saturated by mercury:

The capillary pressure data éah be readily converted
into pore size.distfibution data by using the capillary pres-

sure expression in terms of surface forces:30 This expression
which represents the minimum capillary pressure required to

inject a non-wetting fluid into a capillary tube_of radius,

r is given by

P, = 2L cos 8 (7)

where: P_ = capillary pressure, atm:

c
‘r = capillary tube rédius, microns
6~ = interfacial tension, dynes/cm

8 = contact angle
Purcell31 assumed the contact angle for mercury was
' 140° and the interfacial tension of mercury was 480 dynes/cm.
Using these values and converting capillary préssure.into

psia;, the equation reduces to:
r = 107 (8)
PC

The pore size distribution obtained using the above

equation is presented as bar graphs in Appendix A: These
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graphs show that in most cases the core will have one pre-
dominént pore size. This is not particularly true, however,
with cores 35-1 or 65-S-A; Core number 35-1 has pores cover-
ing the complete range with even a larger number of small
pores than most of the cores made of smaller beads. This
core was made of the largest bead size used and theoretically
should consist of the.fewest small sized pores;' Tﬁis indi-
cates that the larger pores, when completely filled with
epoxy-solvent solution, were of such volume that a secoﬁdafy
porosity was formed consisting of small blow holes in the
epoxy itself. Based on this, it appears that the pore size
is not strictly controli;d in this consolidating technique
until bead sizes are at least 48 mesh.

Core number 65-S;A also has pore sizes covering the
entire rangé.with no particular predominant pore size; It
also has a large number of small pores. Here again.it is
felt that this large number of small pores is due to the
secondary type porosity formed by small blow holes in the
epoxy filling the large pores formed by particle bridging.
One thing that can be deduced from these data and the air
permeability data is that the pores in this sand sample are
poorly interconnected. One would expect that, with the largé
number of larger pores, as compared with the other cores,
this sand core would have a high permeability. This is not
the case, however, since the permeability is 25.5 md. As can

be seen from Figure 28 in Appendix A, the slope of the
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Klinkenberg plot is also much greater than those of the other
cores. These factors, coupled with the fact that the m value
(cementation factor) is quite high, leads to the conclusion
that interconnection of the pores in the sand core is not
nearly as good as it is in the bead cores.

The third method of presenting the mercury injection
data is essentially an extension of the pore size distribu-
tion data. It consists of calculating a pseudo or theoreti-
cai surface area from the distribution data assuming that
all the porés are straight tubes. This concept can be simply

developed as follows:

Surface Area = 2 rxr L (9)
Pore Volume = PV =xr?2 L (10)
or: ’
L = BV (11)
2
xr

Substituting 11 into 9 we find:

Surface Area = 2{EV) : (12)
r

Naturally, the numerical values obtained are hypo-
thetical in nature but they do provide a guideline for com-
pﬁring cores, Essentially; what is being accomplished is
placing a numerical value on the entire pore size distribution
graph. The theoretically calculated surface areas for the

cores studied are shown in Appendix A.

Pressure Data

The resistivity data obtained, for all the synthetic
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cores studied, indicate a significant increase in resistivity
with an increase in net pressure: These basic data are
graphically presented in Figure 12 whére the relative forma-
tion resistivity factor is plotted versus net pressure; The
relative formation resistivity factor is the ratio of the
formation resistivity factor at a net pressure (FP) to the
formation resistivity factor at atmospheric pressure (F).

A high initial pore volume change was also observed
to occur, as indicated in the compressibilit& tables in Ap-
pendix A. The compressibility in these synthetic cores was
initially greater than observed in natural cores but after
" the first 200-400 psi: of net pressure they displayed a sub-
stanfial;y Similar range of compressibilities as that dis-
played by natural rocks: The variation in compressibility
with net pressure for these synthetic samples is shown in
Figure 13; In general, all the cores show a similar compres-
sibility-pressure curve with all the curves tending to lie
in the same range as shown by the cross-hatched area:

The relationship between relative formation resistivity
factor and compressibility is graphically shown in Figure lh:
These data, which confirm that for natural cores, do not in-
dicate any particular pattern of behavior: This is probably
due to the fact that compressibility in itself is a macro-
scopic parameter that does not necessarily reflect the
microscopic manner in which the media is being compressed:

AL .
In other words, it indicates that the media is being reduced
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in volume but it doéé not indicate in what manner this reduc-
tion is occurring. For example, it would be possible for two
porous materials having the same pore geometry and compres-
sibility to compress in a completely different manner on a
microscopic basis. 1In one, the pore volume change might be
bccurring primarily in the larger pores, whereas, with the
other, the bulk of the pore volume change could be in the
smaller peres. Thkis is indicated ir this study. All of the
cores were similar in materials used, porosity, and compres-
sibility and, yet, the change in relative formation resis-
tivity factor cannot be specifically related to compressibil-=
ity. Or, as taken from Hilchie®s papér, "as compressibilify
is a function of pore volume change and resistivity is more
than just that, the intercorrelation (between relative forma-
tion resistivity factor and compressibility) is not a logical
"place to start." The migrOScopic aspect of pore volume
change which is essentially "masked" in the compressibility
parameter is, therefore, felt to be a.necessary part of any
correlation concerning resistivity behavior in a porous media
under pressure,

As indicated by Figure 12, there is a rapid initial
change in resistivity which is due primarily to the large
initial compressibility of these synthetic cores. After the
high initial changes in resistivity and pore volume, the
rrate of change oécurring in these two parameters diminishes

considerably. It can also be seen that the rate of change



65
in relative formation resistivity factor above koo psi; are
to some extent different for the different cores. Based on
this figure, however, there appears to be no definite re-
iationship; )

A careful analysis of this data, on the other hand,
seems to indicate that the large initial changes in resis-
tivity and pore volume are tending to mask the overall pic-
ture. In order to eliminate this effect, it was decided to
- refer all of the resistivity data above QOO psi; to the- same
reference point. Elimination of the effect of pressure below
400 psi. is accomplished simply by subtracting the relative
formation resistivity factor at 400 psi; from the value ob-
served at net pressure P. The change in the relative forma-
tion resistivity factor occurring above 400 psi; for each
core can then be observed in relation to the change in this
property above 400 psi. for the other cores. Thg results

obtained from this analysis, shown in Figure 15; are rather

dramatic.

4

Surface Area Relationshig

A distinét relationship is apparent between the total
change and also the rate of change in the relative fdrmation
resistivity factor above 400 psi. and the surface area theo-
retically calculated for the core. Some relationship such
as this was, of course, anticipated from Hilchie's study

since he noticed a relationship eristing betwveen the relative
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formatiqn resistivity factor and the number of small pores
below 0;5 microns. In this study, however, a relationship-
between the total number of small pores below .5 microns did
not appear to be the answer in itself., This led to the use
of a more comprehensive correlating parameter, namely surface
area.,. In this way, rather than consider only the very small
pores, a more general parameter is used which will consider,
in essence, the relative effect of all the pores: The in-
'fluence of the small pores on this parameter is, however, the
‘most important single factor, although the contribution of
the whole pore range is included.

A uniform difference in the relative formation resis-
tivity factor with surface area is not apparent but this is
due to the inherent inaccuracy in determining the surface
area. For example, if a higher degree of accuracy were
available, the surface area of core 48-3-A might be found to
be 12,000 cmz/cmB, rather than the calculated value of 16,011
cm2/cm3; This analysis, therefdfe, precludes any quantitative
| analysis, but rather only permits a qualitative study; The
important factor which should be pointed out here is that the
theoretical surface area calculated for all of the synthetic
cores was calculated in exactly the same manner. Therefore,
the surface area values used, no matter as to how non-
representative.they might be, are at least relative; In this

way, it is felt that the relative relation of each core with
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respect to their actual surface area has been accomplished;

One interesting observation which can be made with
regard to the data presented in Figure 15 is the large in-
crease in relative formation resistivity factor which occurs
in the cores having a calculated surface area greater than
16,000 cm2/cm3: This indicates that there is possibly a
critical surface area above which the increase in relative
formation resistivity factor is magnified:'

The significance of sample 65-$-A should be pointed
out; This particularvsample was fabricated from sand rather
than the beads in order té provide an-insight into the effect
of a different material: It has a much higher porosity along
with a low perﬁeability: Also, the pofe size distribution
does not indicate a preferential pore size and yet, with all
these differences, the change occurring in the relative for-
mation resistivity factor yith pressure fits extremely well
the general relz:ionship observed with respect to surface
area: On the other hand, a distinct influence of material
on the change in relative formation resistivity factor due to
temperature was noted, as expected, and will be discussed
later.

Theoretical surface area calculations were made on

the five natural cores run by Hilchie: These calculations



69
are based on the pore size distribution curves presented for
these cores. The por; size distribution calculations which
were subsequently made from this data, are preseﬁted in
Appendix C. One difference in calculating these surface
areas with respect to those calculated for the synthetic
cores is to be noted; When calculating the surface area of
the synthetic cores, the same incremental radii were used in
all cases for the purpose of consistency. This was not pos-
sible, however, when using the pore size distribution curves
for the natural qores; For example, the pore size distribu-
tion for these cores was represented incrementally belbw 1.0
micron to varying degrees. Therefore, surface area calcula-
tions were made over different intervals below 1.0 micron,
depénding on the increments chosen by the author. The def—v
inition of very small increments as shown for theADean sand
and the Paradox limestone are, however, of critical impor-
tance since the bulk of their pores is in the pore size range
below 1;0 micron. Two minor discrepancies in this data were
noted when comparing these graphical results with respect to
the pore size information tabulated in Table ITI, page 52, of
Hilchie's work., The table indicates that the Briar Hill
sample has 18 percentrof its pofe volume 1é§s than'O;S microns
with a total volume of 23 percent below 1;0 micron. The pore
size distributibn curve, however, indicates 18 percent of the
. pore volume is below 1:0 micron; The tabulated values were

used in this case. It was also noted in the table that the
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Bandera sand should have 31 percent of its pore volume below
.5 microns, whereas the graph indicates 32 percent; The cap-
illary pressure curve would have been useful in relieving
?his difference. The graphical analysis of 32 percent was
used with all the pores below 0.3 microns being weighted the
same. As can be seen in Figure 16, ‘the relative formation
resistivity factor also increases with the calculated values
of surface area. It must be pointed out again that these are
not absolute values of surface areas but only "pseudo" values
as calculated from pore size distribution data. These calcu-
lations on the natural cores, although not as applicable as
to the simpler geometry of the synthetic cores, can still be
used as a guide. In any case, the utility of the surfacé
area concépt as a characterizing parameter is apparent even

though it is not an absolute value;

Influence cf Sample Character

A close examination of Figure 12 also reveals another

interesting aspect worthy of additional evaluation: As can
be seen, the.rates of change in the relative formation resis-
tivity factors of these cores are similar on a group basis.
In other words, at sﬁfficiently high pressures (approximately
3000 psi. for core 35-1) the slopes of the curves for 48-a,
65-1 and 35-1 are essentially the same while the slopes of
4LB8-3-A and 65-3-A are similar. This immediately recalls the

bead combination utilized in preparing the unconsolidated
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packs and suggests the influence of the matrix arrangemenf.
As previously discussed, the synthetic cores were made with
varying bead combinations and size ratios; The first three
cores mentioned here (48-A, 65-1 and 35-1) all consisted of
two bead sizes in which the ratio of the sizes was about 0.2.
Pack design of these three was almost exactly the same and,
therefore, can be considered for purposes of this discussion,
as Group I. The two cores (48-3-A and 65-3-A) are different
in pack design from those in Group I. These two contain
three different bead sizes and can be considered as Group IX
with Group III being the sample containing the two small
beads where the ratio between the two is high (number 200
cores); The similarity of slopes in each group indicates
that the character of the matrix is also an important para-
meter. This character appears to be the determining factor
as to how the structure reacts under pressure. Specifically,
how the grains are deformed and shift, how the pores are
decreased in size and closé, and where and how the grains are
in contact with other grains, to name a few; This has been
pointed out by Hilchie, who noted that the slopes of the
sands (Briar Hill, Berea And Bandera) were similar with the
limestone (Paradox) and shaly sand (Dean) being different.
These natural cores could then be labelled Groups I, II, and
III, respectively: A separation of natural rocks into one
of these three groups with respect to matrix character is,

therefore, deemed an essential step in evaluating the effects
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of pressurq'pn the relative formation resistivity féctof.

The similar relationship of the curves of the groups
formed with the'.synthetic cores and those groups comprising
the natural cores is striking: The greater magnitude of the
relative formation resistivity ratio in the synthetic cores
is probably associated with the larger total pore volume change
which in turn would emphasize the mechanisms influencing this
change; Both of these sets of data tend to support the gener-
ality that pocks with a similar matrix character (lithology)
would tend to have similar rates of change of relative forma-
tion resistivity factor with pressure, with the magnitude of

this change in each group being a function of the surface area.

Comparison of Similar Cores

Two of the number 200 cores were run under both
pressure and temperature influences: It was originally de-
cided to run core number 200;2 for these data since its low
permeability was felt indicative of what might be considered
a lower limit in the construction of a core having very
small pores; Due to the verylarge change in the relative
formation resistivity factor data it was deemed necessary
to validate the results obtained with this coré; Core
number 200-A was used for this verification and the same
general change was observed with the variation being slightly
less for sample 200-A. Good agreement was obtained |
with the results being presented in Figure 1?: A problem

arose as to the surface area of these cores.
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Since only one pore size distribution curve was available
for these number 200 cores, only one theoretical surface area
per unit pore volume value was calculated; Using this value
on each core would naturally result in a higher "pseudo" sur-
face areé being assigned to the higher porosity core. This
was'resolved by assuming that the original pore size distri-
butioﬁ data would be more nearly representative of core 206-A
than of 200-2, Actually, this éhoiéé wés not necessarily an
assumption but a rather necessary decision: As previously |
stated, the mercury injection plug was obtained from between
cores numbered l-and A and, thereforey the mercury injection
test was.performed on a sample having a greater proximity to
200-A than to 200-2. Also, as pointed out in Table 5, the
Aﬁ value between the mercury injection plug and core 200-2
is large with respect to that obtained with 200-A. in fact,
all the mercury injection samples represented the cores
studied very well, porosity wise. Therefore, the results
obtained with core 200-A are considered the basic data with
the results of core 200-2 being merely included as a 3

"verification-type run with no "pseudo" surface area value

being assigned to it.

Evaluation of Cementation Factor

A'knoﬁledge of the pore volume change and resistivity
;variation occurring at each incremental step in pressure also
allows an evaluation to be made of the variation in cementa-

tion factor, m, defined in Archie's equation, F = ¢-m; This
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TABLE 5

COMPARISON OF SAMPLE AND PORE SIZE DISTRIBUTION
" PLUG POROSITIES

Porosity of Plug

Core Number Core Used in Mercury Ad
Porosity Injection Test (Core ¢ - Plug ¢)
35-1 12.82 13.0 ' -0.18
48-A 14.70 13.9 +0.80
65-1 14.90 : 13.5 | +1.40
48-3-A 16.70 15.9 +0.80
65-3-A 13.69 13.25 +0 .. Ll
200-A ‘16.12 16.67 -0.55
65-5-A 21.35 22.20 -0.85

200-2 13.52 16.67 -3.12
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change in cementation factor is illustrated in Figure 18,
- A1l of the cores exhibit essentially the same behavior - an
initial, large decrease in Am after which Am is found to
increase. .Thisiincrease in Am is fbund to be systematic if
the initial pressure effects are eliminated by referring the
change of Am occurring in all the cores to a common reference
point at é higher net pressure: This was accomplished by
relating all the changes in cementation factor at a net pres-
sure of 1200 ﬁsi: This change in cementation factor above
1200 psi. (&m = mf - m1290) 35 shown in Figure 19. The
36era11 trend of this data indicates a generally increasing
change in Am with increasing surface area of the core; Core
number 65-1 appears to be an exception with an increase in
Am not being observed until the net pressure reached 3000 psi.

One interesting point about these data is that the
changes in cementation factor for the cores having low sur-
face areas was small; but as the surface area increased,
these changes becéme quite large. In fact, it appears that
fbr.a.synthetic core exhibiting a surface area of 16,000
cm2/cm3 or more, a significant change in cementation factor
above 1200 psi; could be expected; Once'again it appears
that a critical surface area is'reached beyond which the

change exhibited in this parameter, m, becomes quite large.

Relationship of Surface Area with Pore

Structure Change
20

It has been noted in previous worklz’ that the
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increase in formation resistivity factor due to pressure can-
not be totally accounted for by a consideration of the pore

volume change alone; This observation, as stated by Fatt,12

is:

"Here it is observed that the increase in formation

factor for a given core with decrease in porosity

during compression is more rapid than would be

expected from the average line of formation factors

versus porosity. This means that compression of the

rock causes a more radical change in pore structure

than does the change in porosity from sample to sample

caused by the geological processes that reduce po-

rosity."
One approach for explaining this rapid change in resistivity
due to compression pointed out by Fatt would be with respect
to the radical changes occurring in‘the pore structure itself.

The concept of constriction should be considered an

important influence on formation resistivity: The constric-
tion factor is an assessment of the variation in the cross-
sectional afea of the pore network: Owen's model indicates
that for the same rock porosity and‘tortuosity an increasing
constriction factor leads to increasing formation factors.
This concept can be related to the influence of pressure on
porous media., As pressure is applied to the media, an in-
crease in formation factor will be observed due to the re-
duction in total pore volume alone: At the same time,
however, if the constrictions are being closed at a greater
rate than the larger pores, the constriction factor, as com-

pared with the original constriction factor, will be increased,

producing an even larger increase in formation factor than



81

expectedf

From Figure 15, it can be seen that the relative for-
mation resi§tivity factor increases with respect to surface
area. However, surface area caﬁ easily be shown to be closely
asscciated with the constriction factor. It is known that
for two equal volumes of different sized particles the one
with the smaller particles will have the gréater surface area.
There will also be more of the smaller grains, more grain to
grain contacts and more relative changes in the sizes of the
pores formed by the smaller gr;ins; This can be descfiptively

illustrated as shown in Figure 20.

FIG. 20.--DESCRIPTIVE ILLUSTRATION OF GREATER NUMBER OF
CONSTRICTIONS ASSOCIATED WITH SMALLER GRAINS

From this, it can be deduced that a greater surface area
"normally will be accompanied by an increase in the number of
constrictions present in the pore channels formed. Therefore,
it can be seen that an explanation of the change in formation
resistivity factor on the basis of pore structure change
alone can be readily tied to surface area variation by using

the concept of the constriction factor.
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The models also indicate that an increase in “m*" with
pressure, which is indicative of an increase in constriction
. factor, implies that the small pores are closing at a faster
rate than the large pores: Conversely, a decrease in "m," as
noted initially with the synthetic cores, indicates a decrease
in the larger pores at a greater rate than the smaller pores.
This concept, therefore, provides a reasonable explanation of
the initial behavior displayed by these synthetic cores,
since the large initial compressibility is prbbablyhdue to a
rapid decrease in the large pofes; Once a more stable, or
less conipressible system is attained, however, the closing of
the small constrictive pores becomes greater with respect to
the closing of the larger pores:

Changes could also occur in tortuosity as well as
constriction; In fact, this might be attributed to the change
in "m" observed for core 65-S-A; The similar change in "m"%
of 65-S-A with respect to that of 200-A might be indicative
of a faster rate of tortuosity increase in 65-S-A; The in-
creases in tortuosity are due to the closing of passages
causing current flow channels to be diverted with a subsequent

increase in the average path length (tortuosity).

Double Layer Concegt

The electrical double layer is another potential factor
influencing the high rate of resistivity change; The double

layer describes the nature of the distribution of the ions
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in the electrolyte in the presence of a solid. A double layer
will be present to some extent anytime a solid and liquid
interface exists: As expressed by Adam,1 "At any phase bound-
ary there exists an electrical double layer, fhe positive and
negative charges (ions, electrons, sometimes the opposite
ends of dipoles in molecules near the surface) being distri-
buted so that, on the average, the positive charges are
nearer to one phase than the other:"
- Since all solids found in nature are assumed to have
an imbalance of electrostatic forces at their outer surface,
there '-will be an equalizing buildup of charges in the eleé-
trolyte at the solid surface; These charges, which form the
double layer, could either be positive or negative, depending
on the particular solid surface exposed. It is known, for
example, that natural colloidal shales and clays will absorb
more negative ions than positive ions from an ionic solution.38

The electrical double layer coﬁcept is described in a
number of sources including the works of Adam,1 Adamson,z‘and
Glasstone.'17 The double layer model as it is now generally
conceived was proposed by Stern: According to the Stern
theory, the double layer consists of a first rigidly bound or
fixed layer and a second, diffuse layef of less rigidly bound
ions, A diagfammatic sketch illustrating this concept is
shown in Figure 21,

The schematic system presented in Figure 21 shows a

negatively charged surface with a corresponding buildup of a



8L

o : -
=+ . + + -
et | = - %
-+ + + -
g e + =
Solid i b S 1~
—14 | + -
—_ + -
¥ | +
=+ + + -
el B + 1 i -
-:T T‘ ' = ' ar )
Stern Diffuse Unbound
Layer Layer Ions

FIG. 21.--ELECTRICAL DOUBLE LAYER CONCEPT
double layer containing positive charges: "The distance
through which the surface charge is operative, the thickness
of the double layer, is determined essentially by the concen-
tration and kind of ions in the solution in equilibrium with
the surface:"38 The Stern layer, however, has been found to
have an approximate thickness of a molecular diameter:17 The
mean thickness of the diffuse ionic double layer will be on
the order of 1079 to 10'6 cm. for aqueoué systemé;9 These
thicknesses ére of course only approximations, since the
'effectiveneﬁs of the double layer is dependent on the partic-

ular surface and electrolyte in question:

Double lLayer Influence at Static Conditions

First, consider a cross-section view of a single rock

pore as shown in Figure 22:
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Solid Phase

FIG. 22.--CROSS SECTION OF PORE INCLUDING DOUBLE LAYER
The presence of the double layer on the surface of the

pore represents an area in which the ions are either rigidly
or semi-rigidly bound to the charged solid surface. This,
then, indicates that essentially two different paths are
available for current.flow although the pore is completely
filled with only one electrolyte'phase: These two current
paths are depicted schematicaliy in Figure 23: A sharp bound-
ary between the diffuse layer and inner area is indicated in
both Figures 21 and 22, although in reality the diffuse layer

is a gradual transition from rigidly bound to non-bound

charges.,
[
: | € Resistivity of Double Layer
Solid iy
Phase Resistivity of Unbound Solution

AN

—_—

FIG. 23;——CROSS SECTION OF PORE INDICATING TWO
DIFFERENT RESISTIVITY PATHS

The presence of the electrical double layer essen-

tially produces a parallel circuit for current flow consisting
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of two concentric paths of different resistivity.

The thickness of the double layer in a pore is a
function of the properties of the particular-solid and 1liquid
in equilibrium: However, in order to obtain some concept as
to the relative size of the double layer with respect to the
pore itself, the assumption of a double layer thickness on

the order of 10"6

cm. appears feasibie; Using this assumption
the rafio of pore radius to double layer thickness in a pore
having a radius pf one micron would be 100:1 and for a pore
having a radius of 0.5‘microns, fhe fatio would be 50{1. From
theseifigures, the thickness of the double 1ayer>is becoming
increasingly large with respect to pore siie: By the same
reasoning, then, it can be said that as the pore size de-
creases, the relative importance of thé double layer path for
current flow becqmes increasingly important: A diagramatic
sketch showing the relationshipvjust.described is given in

Figure 24,
(a) ~ .(b) e)

r = .5 microns r = .25 microns r = ,1 microns

O o

FIG. 24.--SKETCH SHOWING RELATIVE IMPORTANCE OF
DOUBLE LAYER PATH WITH RESPECT ’
TO TOTAL PORE SIZE
From this, it can be deduced that as thé pore sizes in a

porous media become smaller and smaller, the overall influence
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of the double layer, with respect to the current flow within
the pore structure becomes increasingly important.

| The magnitude of the resistivities in each of these
paths with respect to one another has not been discussed up
to this point; However, in order to examine the relative
magnitude of these resistivities, it is necessary to under-
stand the factors influencing their current carrying capacity.
Considering the basic description of the double layer itself,
it can be seen that the ions in this double layer‘are either
totally or partially bound by the surface charge of the solid.
This means that the mobility of these ions will be reduced due
to this binding effect: If this were the only factor to be
considered, it would.be obvious that the ability of the ions
in the double layer to carry current would be reduced with
respect to the free ions in the inner portion of the pore.
It has been shown in work by Winsauer and McCardell38 that
the initial concentration of the saturating solution in the
porous media must be considered: Their work was conducted on
shaly sands (shales have a very effective double layer, prob-
ably much greater than that existing on other surfaces océur-
ring in natural rock): They found that shaly sands in the
presence of dilute solutions of electrolyte exhibited a greater
double layer conductivity than the conductivity of the double
layer free solution; This was explained as being due to the
excess ions present in the double layer required to satisfy

the surface charge: This action, in turn, reduced the
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concéﬁtration of the electrolyte in the inner portion of the
pore (double layer free area). The excess ions in the double
layer, even though they are bound by the surface charge, can
. produce a greater total current carrying capacity than the
inner portion which has been, correspondingly, reduced in
concentration: It was found, however, that as the concentra-
tion of the solution used in saturating the porous media was
increased, the conductivity of the inner portion increased
with respect to that of the double layer: In most cases, if
the concentration of the electrolyte is high enough, the
conductivity of the electrolyte solution in the double free
layer will become the larger of the two:

The previous analysis points out the reason for using
highly saline solutions when measuring formation resistivity
factors of natural rocks in the laboratory; It is the only
way a constant formation resistivity factor for many hatural
rocks can be determined; Once an electrolyte having a suf-
ficiently high ionic concentration is used, the conductivity
of the dduble layer is essentially obviated with respect to
the conductivity of the double layer free area. It can be
concluded from this thaf it is possible to have a double layer
with a resistivity 1less fhan; equal to, or greater than the
resistivity of the inner portion (double layer-free area) of
the pore, depending upon the particular surface and surface
charge and the solution within thg pore space: It would be

unlikely that any particular system would have paths providing
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equa; conductivity: The most probable case, when using a
fairly saline solution; is the one where the double layer free
aréa is more conductive than the double layer itself.

Considering, now, the effect of this double layer in
a porous media, the following hypothesis can be made: First,
assume that the double.layer resistivity is greater than the
resistivity in the double layer free area, which is the most
likely case: Next, consider a hypothetical situation where
two cores are available, each having exactly the same porosity
with one core having a smaller pore size than the other; For
example, with reference to Figure 24, one core would have
pores ;s indicatedrin (a) and one have pores as indicated' in
(c); A higher total resistivity would be measured for the
smaller pored core than for the large poredAcore due to the
influencé of the double layer itself {assuming that the tor-
tuosity and constriction factors of the two systems were
equal).- In other words, what is being suggested is essen-
tially an "ELECTRICAL CONSTRICTION FACTOR" arising from the
influence of the double layer:’ This electrical constriction
concept would; of course; operate (for more resistive double
layers) in the same manner as the geometric constriction
factors. There is one important difference, however: Whereas
the geometric constriction factér is due to the solid matfix,
this constriction is occurring in the pore space itself;
Therefore under certain conditions an erroneous formationr

factor could be measured in a completely saline water
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saturated system; If the condition were to arise where the
double layer influenced a relatively important portion of the
pore-space and it was the more resistive path, the results
could bg similar to those obtained when a non-conducting

liquid such as residual oil is present;

Double Layer Influence Associated with Compression

When considering the effect of pressure on the forma-
- tion resistivity factor the electrical constriction concept
could have a very definite influence: As external pressure
is applied to fhé core, the pore sizes will be reduced. If
a pore has a radius.of 0:5 microns at atmosﬁheric conditions
and- an external pressure is appl%ed with a corresponding re-
duction of this pore to a rgdiué of 0;1 micréns, then fhe
influence of the double layer path has been increased. This
is illustrated in Figure 2&; This, of course, assumes that
the double layer thickness will not be essentially éltered
during the compression process; During this compression |
process, water if forced out of the core and the system must
return to electrical equilibrium; If the double 1ayer»reforms
or equalizes with approximately the same thickness, then the
only change taking place is the decrease in size or area of
the more conductive path iﬁ the center of the pore;

This double layer ﬁechanism can now be seen to be a
potential factor on the change in formation>resistivity

factor with pressure: No matter what its relative resisfivity
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relationship with the double layer free area of the pore (un-
less the two are.equal) a change in ﬁhe proportional influ-
ence of these two paths occurs during compression; This will
be true even if the effects of the double layer are obviated
at atmospheric conditions by using a saline water as the
electrolyte: However, in view of the previous discussion,
its effect would probably be relatively small except in the
small pores: In other words, with a small decrease in a
large pore, the relative increase in the size of the double
layer with respect to the double layer free inner area would
be small. On the oth;r hand, its effect in small pores could
Abe quite large. Therefore, it is felt that the effect of the
double layer will be governed by the number of smallﬁpores.v
By the same token, it can be stated that the greater the num-
bér of small pores, the greater the surface area. This, then,
leads to the implication that surface area is alsc an indicator
of the magnitude of the double layer effeét:

Applying‘this concept to the changes occurring in the
cementation factor, m, a coordinated picture can be obtained.
The initial decrease in Am was felt to be due to the closing
of the larger pores: If %his is true, the influence of the
double layer will be low: However, when the small pores begin
to close at a faster rate, the influence of the double layer
will incfease, which; in turn, will be associated with an in-
crease in the fdrmation resistivity factor: These concepts

fit in very well with the observed changes of the cementation
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factors of both the natural cores of Hilchie and the synthetic
cores studied hére: One important aspect with respect to the
Am data of Hilchie as shown in Figure 25 can be explained
here; It was noted that the shale core (Dean) exhibited a
decrease in separation with_respect to the sandstone samples.
This could easily be explained by.the double layer concept.-
It is possible that for this particular sample the salinity
of the water used, although relatively high, was not high
enough to allow the double layer free area to have a higher
conductivity; In all respects, at atmospheric conditions,
this relatively saline solution probably did lessen the effect
of the double layer to‘a negligible extent. However, if the
double layer were still the more conductive, then an increase
in préssure would expand the effects of a more conductive
path; This, in turn, would tend to have a decreasing effect
on the formation resistivity factor. Thus, it would be
tending to oppose the effect of increasing the formation re-
sistivity factor being induced by the changing pore geometry
(geometfic constriction factor increasing):

The association of this double layer concept with
clay might also be used as a supporting point for the empir-
jcal relationship of formation resistivity factor with clay
content as propbséd bf Hilchie: It would be expected that
~ the influence of the double layer would have an increasing
influence on the formation resistivity factor under pressure

since clay has a very effective double layer. If, as in most
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cases, the double layer is more resistive than the double

.layer free area of the pore an increase in the percentage

clay should engender a corresponding increase in formation

resistivity factor;

Summary of Pressureﬁgffects

The “"cementation" factor proposed by Archie represents
the effect of all the numerous, interrelated parameters which
are characteristic of natural rocks; The variation in "cemen-
tation" factor required to correlate the formation resistivity
factor with porosity for consolidated media can, in turn, be
effectively ascribed to three parameters tortuosity (t), bore
constriction factor (PC) and electrical constriction factor

(EC)
m-=f (t, PC, EC) (13)

or .
F=rf (¢, t, PC, EC) (14)

It has also been pointed out that, in order to obtain a true
formation resistivity factor which is representative of the
pore volume, a highly saline saturating solution is generally
necessary in order to negate the effects of the "conductive
solids" (double layer);. If this is done, then the influence

of the electrical constriction is essentially nullified with
the relationship reducing to:
F=f(¢, t, PC) (15)
Subjecting a rock to pressure will, of course, reduce
the porosity, but the formation resistivity factor chénges at

a more rapid rate than can be accounted for solely by the

change in porosity. This . indicates that the other functional
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parameters {t, PC, EC) are also changing. A prediction of
porosity at another pressure condition, therefore, requires a
method of predicting the influence of these three parameters.

As indicated by this study, a definjte relationship
exists betwéen the theoretically calculated surface area and
the change in relative formation resistivity factor. The
surface area has also been qualitatively shown to be closely
associated with each of the three influencing parameters such
that

(t, PC, EC) = f (SA) (16)

It should be emphasized that the separate effects of these
thfee parameters, as associated with the microscopic mechan-
isms occurring during compression, cannot be disassociated
from e;Eh other: Nevertheless, it appears that their com-
bined effect can be.satisfactorily ascertained by the surface

area concept; This indicates that an equation of the form

P
L - ¢ (sa) (17)

will provide a suitable approach for predicting the effect
of pressure on the formation resistivity factor. The use of
a closely associated parameter such as PV<0;5 (used by
Hilchie) may, for all practical purposes, be adequate for
natural roéks, although surface area is a more encompassing
parameter; Development of relationships such as Equation 17
should, however, be done on a group basis with respect to

rock character (lithology):



96
Temperature Data

The effect of temperature on the synthetic samples at
a constant net stress is graphically illustrated in Figure
26: The results, in general, indicate initial increases in
the relative formation resistivity factor up to approximately
2400 F; This rate of increase appears to accelerate with the
surface area of the core. For the cores Qith a low surface
a;ea (48-A and 65-1), the initial change in the relative for-
mation resistivity factor aﬁﬁears to be almost nil, although,
as the surface area of the core inéreases, the increase occurs
sooner. The cohsistency of this variation in initial forma-
tion resistivity factor change with surface area of the core
is very pronounced: The very consistency of the data up to
240° F. indicates a definite influence df the small pores on
the initial change occurring in the relative formation re-
sistivity factor.

For all of the bead cores, another notable observa-
tion can be made. TIn the vicinity of 200-240° F., the rela-
tive formation resistivity factors seem to converge; Above
240° F. a single curve suffices. One exception to this is
noted in the strange behavior of core number 200-A. For this
particular core, an abrupt decrease in the relative formation
resistivity factor occurs above 240° F:, with the minimum
probably being in the vicinity of 280° F. After this sudden
decrease, an increase is again observed: The other bead cores

display a relatively stable situation existing between 2ho
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and 280° F., with a subsequent increase being noted above
280° F. '
One interesting aspect of this study is the difference
in trend noted with the sand sample: At the low temperatures,
up to approximately 140° F:; the sand core seemed to vary
similarly to the bead cores, although it-changed at a slightly
greater rate than would be expectéd from its surface area.
Thi§ rate of change continued, in almost a straight line re-
lationship, to approximately'Zhoo F: At this point, as with
all the bead cores except 200-A, a static ‘condition seemed-
pfevglent until the formation resistivity factor began to
increase again above 280° F.

The above behavior of these synthefic cores with re-
spect to the effect of temperature, can be divided into three
separate, distinct phases:"The first phase might be consid-
ered the behavior exhibited by the .cores up to a temperature
of 240° F. The second phase wéuld be from approximately 240-
280° F. Wifh the third phase occurring at temperatures above
280° F.

In the first phase, an essentially increasing relative
formation resistivity factor is noted which is indicative of
a generally increasing constriction factor (closing of the
smaller pores); It also appears that the rate of increase is
more rapid as the surface area of the coreAincreaseS. The
bead cores exhibit.a totai increase in relative formation

resistivity factor from 1.00 at 70° F. to a value of
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approximately 1.35 at 240° F. The sand core, on the other
hand, increases to about 1;72 at 240° F. With respect to this
phase, it might be stated that the total-change is a function
of composition although the rate at which this change occurs
is a function of surface area.

Comphring the results occurring in this initial phase
with respect to the observations made by Hilchie on the nat-
ural cores; it can be seen that, in both cases, the initial |
behgyior seemed to be govérned by the smaller éores. However,
the results appear to be directly coﬁfradictory. In the nat-
‘ural cores studied by Hilchie, an initial decrease was ob-
served to some minimum value after whic¢h an increase was
apparent; The magnitude of this minimum relative formation
resistivity factor was apparently a function of the percent
of the.pore volume having a pore radii less than 0;5 microns.
The lowest minimum is associated with the core having the
greatest pore volume less than 0;5 microns. This was hypo-
thetically expléined by Hilchie as possibly being the result
of the thermal expansion of the rock grains causing the small
pores to open, thereby reducing the resistivity in somewhat
the reverse of what happens when the rock is subjected to
pressure. This explanation assumes, therefore, that the
expanding rock grains, working against each other, force the
rock to expand with a resulting increase in size of the pores.
Therefore, the more smail pores present, the greater will be

the resultant effect of their opening. The same type of
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hypotheses might be applied to the synthetic cores. The
initial increase in temperature would, of course, cause the
matrix material to'expand; However, as opposed to natural
rock, the expanding beads and sand do not work against each
other and open pores: This is probably the case, since the
packing of a natural matrix is essentially at a minimum,
whereas, the packing of the synthetic systems is, in all
probability, not the minimum arrangement possible; If this
'be the case, the increase in temperature and resuitant in-
crease in bead and saﬁd size would tend to produce a minimum
packing in which the grains, instead of working against each
other, would have a tendency to expand intolless stable,
unsupported areas;

The second phase might be indicative of that point
where the beads begin to wo;k against each other; If this
is the case, then the tendency would be for the relative
formation resistivity ratio to reduce or at least to offset
any further increase: In fact, the behavior of core 200-A
indicates that the pore passages are being opened; This is
very possible since in the ratio between the bead sizes used
was the greatest: In other words, the small beads were not
too much smaller than the large beads: In this case, then,
the "fitting"'of the smaller beads in between larger beads is
less likely. Therefore, on expansion, the beads in this par-
ticular pack would probably begin to work against each other

sooner, Therefore, it appears that the packing arrangement
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existing in the matrix itself governs the temperature effect
to some extent.

The third phase probably indicates the point at which
the epoxy cementing mgterial exhibits plastic deformation.

It is indicated that, at a temperature of about 280° F. and a
net pressure of 1000 psi., the plastic deformation of the
epoxy allows the rigid framework of the core to "breakdown"
with a resﬁlting decrease in overall pore sizes, closing of
the pores, and, in general, alteration of the grain-to-grain
matrix system; As can be seen, a more or less radical in-
crease in the relative formation resistivity factor above
280° F. occurs.

Resistivity measurements were made on all cores up to
320° F;, except for core 200-2, where sleeve failure occurred
in the vicinity of 240° F. The first core measured (L48-A)
was measured up to 380° F;; but the large increase in relative
formation resiétivity factor indicated that the core might be
failing; ‘Therefore, subsequent cores were only measured to
320° F.

The difficulty encountered with the high pressure pore
vﬁlume change system drastically reduced the amount of data
collected. 1In fact, reliable'A¢ data were obtained on only
three cores.b However, it is believed that the uncertainty
with respect to how the total volume of the system is being
affected by the increased temperature of the cell makeS these

data essentially unreliable., In order to account for the
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effect of thermal expansion of the water, it was necessary
to assume that only fhe core itself was affected by the tem-
perature change and consequently the water existing in the
line near the cell was assumed to be at ambient temperature.
Fﬁrthermore, the exact porosity of the stressed core is not
exactly known and it is believed that the presence of an in-
ternal pressure operating with an external pressure to form
the net stress of 1000 psi..éreatly affected these synthetic
cores. As has been shown, these cores aré somewhat senSitiie
to initial compression effects; It appears, based on the
formation. resistivity factor values obtained at the initial
stress, that the cores reacted in a manner that resuited in a
lower formation factor measurement than expected; These ob-
served formation resistivity factors, at ambient temperature .
and under a net stress resulting from both internal and ex-
ternal pressufe, were all lower than the value measured at
ambient temperature and atmospheric internal--1000 psi. ex-
ternal net streSs; This is also true of natural cores but
the effect observed is higher in the synthetic cores. There-
fore, the porosity that actually.exists in the core when it
is stressed internally and externally is uncertain. Thermal
expansion data for sodium chloride solutions are shown‘in
Figure 43 (Appendix B). These data are not available above
200° F; and it appears that at this point the brine and pure
water expansion data are beginning to dgviate; Therefore the

expansion of the saline solution can only be corrected
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reliably up to about 240° F. 1In spite of these problems an
attempt has been made to "approximate® the pore volume change
occurring in the cores during temperature increases to 240° F.
These data are shown in Figure 27. The pore volume change is
Plotted as percentages of the total change that seemingly
occurred to 240° F; This graphical analysis indicates that
for core 48-3-A, a largér percent of the change occurred in
the IOQQ-IQOO F. range than anywhere else. A fairly uniform
change is observed for core 65-S-A. These data are therefore
felt to be in agreement with the observed results and tend
.to indicate that the change observed iﬁ the relative formation
resistivity factor up to a temperature of 240° F; is a func-
tion of the decrease in por; volume due to thermal expansion

of the matrix material.



104

100 )4_
alin4
80 . AT
A A
Y
Y/

@ ’ 4
= :
3 ‘
o 60 v,
> 4 v =
(5] A
24 f y
o r.
QQ . > o y
m Lo v,
>
& -
P‘ A
3 ALy
E / / 4g-3-A
o A [ ] -l -

20 av4 A 200-A

: 9{, .¥ 65-S-A 4
-
0 -
60 100 1ko 180 220 260

TEMPERATURE, °F.

FIG. 27.--CUMULATIVE % PORE VOLUME CHANGE OCCURRING
TO0 240° F. VS. TEMPERATURE



CHAPTER VI

CONCLUSIONS

This study was originally promulgated on the basis
that characterization of the behavior of natural porous media
could best be achieved through the systematic investigation of
synthetic "rocks:" Such artificial media enable one to control
the variables in a manner that is impossible with natural
rocks. One of the significant contributions of this study has
beén the development of artificial cores that can be fabricated
to possess specific properites and still behave in the same
relative manner as natural rocks.

In this study £he emphasis has been on the effect of
pore size distribution (surface area) on the formation re-
sistivity factor, at varying pressures and Femperatures. The
use of synthetic cores made it possible to exclude the other 
parameters: For the cores in question it has been shown con-
clusively that relative formation resistivity factor may be
correlated versus pressure (at constant temperature) with
relative surface area as the third parameter: An equivalent
result was obtained with temperature gatﬁer than pressure as
éhe independent variable:

A relative or pseudo surface area was used rather than

105
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pore size distribution inasmuch as it is more readily identi-
fiable with those factors which are hypothesized to play a
role in the reported behavioral patterns; These are:

1. The increase in the length of the mean free path
for current flow (increased tortuosity) as pores
or censtrictions close completely:

2, The increase in the constriction factor due to a
more rapid relative decrease in the_smalier pores.

3. The effect of pore reduction on the double 1ayer
existing at the surface of the rock.

Although it is impossible at this point to quantita-
tivelf determine the relative role of each factor, a better
qualitative understanding haé been provided.

The effect of surface area on temperature behavior
is not as well defined because of greater experimental dif-
ficulty: However, it is clear that the same basic paramefers
are involved: It is likely that packing density and other

2
factors that are affected by thermal stresses must also

necessarily play a role;
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TABLE 6

SURFACE AREA CALCULATIONS

Core Number 35-1

r(microns) % PV 2(% PV) = , cm~ 1
25 2.07 b1k 165.60
23 .21 - Wh2 18.26
21 .62 : 1.24 59.05
19 .62 1.24 65.26
17 1.03 2,06 121.18
15 1.65 3.30 220.00
13 b.1k 8.28 636.92
11 9.82 19.64 1,785.45

9.5 h,65 9.30 978.95
8.5 8.27 16.54 1,945.88
7.5 9.31 18.62 _ 2,482.66
6.5 10.13 20.26 3,116.92
5.5 14.68 29.36 5,338.18
b.5 ’ 7.2 14,48 3,217.77
3.5 2.90 5.80 1,657.1k
2.5 3.10 6.20 2,480.00
1.5 ' 6.31 12.62 8,413.33
5 13.25 26.50 53,000.00

' ' 85,702.55

- Surface Area = 85,702.55 cm2/Unit Pore Volé
Pore Vol. in 35-1 = 7.8574 cml

Total Surface Area in 35-1 = 673,399;22'cm2‘

Total Surface Area/Unit Bulk Vol.=§ 172522 = 10,987.09cm"1
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TABLE 6--Continued
W
Core Number 48-A

2 PV

r(microns) % PV 2(% PV) = , om™1
25 2.0 4.0 160.00
23 .2 - 17.39
21 4 .8 38.10
19 L | .8 b2,11
17 1.0 2.0 117.65
15 1.0 2.0 133.33
13 2.0 4,0 307.69
11 28.0 56.0 5,090.91
9.5 9.0 18.0 1,894.73
8.5 11.0 | 22.0 2,588.23
7.5 7.5 15.0 | 2,000.00
6.5 8.0 16.0 2,461.53
5.5 9.0 18.0 3,272.27
b.5 b.s 9.0 2,000.00
3.5 1.4 2.8 800.00
2.5 4,6 9.2 3,680.00
1.5 b6 9.2 6,133.33
.5 5.4 10.8 21,600, 00

52,337.26
Surface Area = 52,337;26/Unit Pore Vol. '
Pore Vol. in 48-A = 9.0451 cm3

Total Surface Area in 48-A = 473,395.75 cm2

' Total Surface Area/Unit Bulk Vol = *Z3 l-gi 5 = 7,693.73 cm™!
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TABLE 6--Continued

Core Number 65-1

r (microns) % PV 2(% PV) 2 rPV . em-l
25 1.8 3.6 144,00
23 .2 A 17.39
21 .2 A 19.05
19 .2 4 21.05
17 .2 L 23.53
15 .3 .6 40.00
13 .2 L 30.77
11 .9 1.8 163.64

9.5 | 1.1 2.2 | 231.58
8.5 2.4 4.8 564.71
7.5 15.5 31.0 4,133.33
6.5 23.0 46.0 7,076.92
5.5 17.0 34.0 6,181.81
4.5 14.0 28,0 6,222,22
3.5 7.4 14.8 h,228.57
2.5 4.2 8.4 3,360.00
1.5 . 5.2 10.4 6,933.33
.5 6.2 12.4 2L,800.00

' 64,191.90

Surface Area = 64,191.90 cm?/Unit Pore Vol.

Pore Vol. in 65-1 = 7.3983 cm?
Total Surface Area in 65-1 = h74,910;93 cm?

Total Surface Area/Unit Bulk Vol. = “7“iglggﬂ3 = 9,565.17 cm”?!
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TABLE 6--Continued

Core Number U48-3

r(microns) % PV 2(% PV) 2 rPV , om-1

25 2,0 L.o 160.00
23 .2 AU 17.39
21 .2 N 19.05
19 - .2 L 21,05
17 A .8 b7.06
15 .3 .6 bo.oo
13 .6 ~1.é 92.31
11 .8 1.6 14.55
9.5 .3 .6 63.16
8.5 <3 .6 70.59
7.5 .5 1.0 133.33
6.5 .5 1.0 153.85
5.3 2.5 5.0 909.09
b.s 28.2 56.4 12,533.33
3.5 35.0 70.0 20,000.00

2,5 5.0 10.0 u,ooo;oo.
1.5 12.9 25.8 17,200.00
.5 10.1 20.2 " 140,400.00
95,874.76

Surface Area = 95,874.76 cmz/Unit Pore Vol. ..
Pore Vol. in 48-3-A = 10.2265 cm-
Total Surface Area in 48-3-A = 980,463.23'cm2'

Total Surface Area/Unit Bulk Vol. = Bg-gg 52 = 16,011.14 cm~l
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TABLE 6--Continued

Core Number 65-3
2 PV

r(microns) % PV 2(% PV) = , om=1
25 2.1 4.2 168.00
23 .1 .2 8.10
21 .2 b 19.04
19 .1 .2 10.53
17 .3 .6 35.29
15 .3 .6 40.00
13 .3 .6 46.15
11 .7 1.4 127.27
9.5 .5 1.0 105.30
8.5 .3 .6 705.88
7.5 D .8 1,066.67
6.5 1.9 3.8 584,62
5.5 5.5 11.0 2,000.00
b.5 53.8 107.6 23,911.10
3.5 11.0 22,0 6,285.71
2.5 6.5 13.0 5,206;00
1.5 6.9 13.8 9,200.00
.5 8.1 16.2 32,400.00
81,914,26

Surface Area = 81,914.26 cm?/Unit Pore Vol.
Pore Vol. in 65-3-A = 8.0243 cm3

Total Surface Area .in 65-3-A = 657,30&;60 cm?
Total Surface Area/Unit Bulk Vol:==6§8' gh560 = 11,214,110 cm~1
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TABLE 6--Continued

Core Number 200

r(microns) % PV 2(% PV) 2 rPV , om-l

25 1.5 3.0 120.00
23 .1 .2 8.70
21 '4 .1 .2 9.52
19 .1 .2 10.53
17 .1 .2 11.76
15 .9 1.8 120.00
13 ‘ 7.5 15.0 1,153.85
11 8.5 17.0 1,545.45
9.5 1.5 3.0 | 315.79
8.5 | 1.0 2.0 235,29
7.5 7 1L 186.66
6.5 .5 1.0 153.85
5.5 6 1.2 218.18
b5 .8 1.6 | 355.56
3.5 .6 1.2 342,86
2.5 3.7 7.4 2,960.00
1.5 ho.o 98.0 65,333.33
.5 22.8 b5.6 | 91,200.00
164,281.33

Surface Area = 164,281.33 cm?/Unit Pore Vol.
Pore Vol. in 200-A = 9.4128 cm3
Total Surface Area in 200-A = 1,546,347.30 cm?

Total Surface Area/Unit Bulk Vol.= 1 53638b1° 0=26,484.8 cm™?!
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TABLE 6--Continued

Core Number 65-S
2 PV

r(microns) % PV 2(% PV) = , om™1
25 4.8 9.6 384.00
23 N -8 34.78
21 1.8 3.6 171.43
19 2.3 b.6 242,11
17 3.7 7.4 L35.29
15 3.0 6.0 400.00
13 3.0 6.0 b61.54
11 5.5 11.0 1,000.00
9.5 b.o 8.0 8l4z2.11
8.5 . 6.0 12.0 1,411.76
7.5 11.0 22.0 2,933833

6.5 6.3 1206 1,938.46

5.5 L.s 9.0 ~1,636.36
b.5 3.9 7.8 1,733.33
3.5 h.o 8.0 2,285.71
2,5 5.3 10.6 b,240.00
1.5 10.5 21.0 , 14, 000,00
.5 20.0 40.0 80,000,00

114,150.21
Surface Area = 114,150.21 cm?/Unit Pore Vol.
Pore Vol. in 65-S-A = 12.7629 cm?

Total Surface Area in 65-S-A = 1,456,886.57 cm?

=11456,886:§Z=:2u,373;2 cm~ 1.

Total Surface Area/Unit Bulk Vol.
[uni 59.7728
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TABLE 7

RESISTIVITY CHANGES DUE TO PRESSURE

e

Core

Number 35-1
L = 5;15 cm
D= 3.92 cm
A .= 12,065 cm?
Net Pres- r,ohms T(°F) Rw;xl-m Total Percent Ro, 2 -m F gﬁ
sure, Psi Decrease in F
.................... Area, A
0 7.1 86.5 .0665 3.519 52.9293
100 123.0 83.8 .0685 2,874 5.6746 82.8408 1,5651
200 128,0  83.0 0690 b.215 5.8237 84,401l 1.5946
400 137.0 82.4 .0693 b,566 6.2104 89.6161 1.6931
800 142,0 82,1 0694 476k 6.4237 92,5605 1,7488
1,200 151,0 81.5 .0696 1.911 6.8203 197.9928  1.8514
1,900 162.0 81.2 . 0697 5,097 7.3208 104.7747 1.9795
3,000 185.0 80.9 .0698 5.358 8.3167 119.1504 2,2511
4,000 190.0 80.3 .0701 5.566 8.5227 121,5791 2.2970
6,000 210.0 80.0 o704 5.863 9.3902 133.3835 2,5200
8,000 230.0 79.8 .0708 6,124 10,2560 144,858  2.7358
10,000 248.0 79.3 0716 6.331 11,0342 154.108

2,9116
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TABLE 7-~Continued

Core Number 48-A

L= 5,08 cm
R = lgfgéscgmz
Net Pres- ryohms T(°F) Rw,n-m Total Percent Ro, fa-m F ol
sure, Psi Decrease in F
e e “Area, A
0 b, 1 73.5 077 , 2,0948 27.205
100 56.1 76.3 0Pl 3.9581 2.5593 34,399  1.2644
200 58.0 77.7 .0735 b.9773 2,6179 35.618  1.3092
400 58.8 . 78.0 .0731 5.3262 2.6442 36.172 1.3296
800 59.8 80.0 L0704 5.5954 2,6811 38,084  1.4000
1,200 61.0 . 80.1 .0702 5.7897 2.,7302 38.892  1.496
2,000 | 64.8 .  B80.1 ,0702 - 6.1088 2.8900 41.168 1.5133
3,000 69.9 80.0 0704 6. 422l 3.1070 44,134 1.6223
4,000 b8 79.7 .0709 ' 6.6572 3.3165 46.777  1.7194
6,000 839 79.3 .0716 7.0488 3.7043 51,736 1.9017
8,000 92.9 78.9 0721 7.3596 4. 0880 56.699  2.0841
10,000 101.0 78.7 © .072h 61.213  2.2501

».6223

b.4318
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TABLE 7--Continued

e et

S

Core Number 65-1

L - L4.80 cm
2-: lgrggB;mcmz
Net Pres- r,ohms T(°F) Rw,.Nn-m Total Percent Ro, 0. -m F s
sure, Psi Decrease in F
............. Area’ A
0 52,3 74,7 ,0758 2,459 32,268
100 68.0 75.1 0754 3.0709 3.0825 40.8819 1.2669
200 86.8 75.5 L0749 5.6252 3.8183 50.9786 1.5799
400  105.0 75.6 o748 6.7934 4.5769 61.1885 1.8963
800 111.0 75.8 L0747 6.9626 4.8296 64.6532 2,0036
1,200 113.0 76.0 L0745 7.1258 4.9081 65,8805 2.0417
2,000 118.0 76.0 L0745 - 7.3748 5.1115 68.6107 2.1263
3,000 12100 . 76.2 074l 7.6252 5.2273 70,2594 2.1774
4,000 128.0 76.2 074l 7.7692 5.5211 74,2083 2.2997
6,000 138.0 76.3 L 07b4 8.0258 5.9358 79.7822 2.4725
8,000 150,0 76.4 . 0743 B.2382 6.4372 86.6379 2.6849
10,000 163.0 76,4 . .0743 8.4210 6.9811 93.9582 2,9118

el
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TABLE 7--Continued

—

—

Core Number U48-3-A

L= 4,90 cm
2_: 13?337§mcm?
Net Pres- r,ohms T(°F) Rw,Nn-m Total Percent Ro, N -m F EE
sure, Psi Decrease in F
................ Area, A
0 40,2 26,2 0745 1.9779 26.5489
100 55.2 79.2 L0717 4,1302 2,6037 36.3138 1.3678
200 57.9 80.0 . 070 5.3166 12,6973 38.3139 1.4431
400 61,0 80.0 . 0704 5.7051 2,8301 40,2002 1.51b42
800 66.0 .  80.1 .0703 6.0892 3.0496 43.3798 1.6340
1,200 69.0 80,1 .07073 6.2824 3.1816 45,2574 11,7047
2,000 76.2 80.0 L0704 6.5851 3.5023 49.7485 1.8738
3,000 8l.5 80.0 Jo70k 6.8260 3.8737 55.0241 2.0726
4,000 91.1 80,0 0704 7.0350 4,1670 59.1903 2.2295
6,000 105.0 80.0 . 0704 7.3453 4.7867 67.9928 2.5610
8,000 118.0 80.0 L0704 7.6115 5.3639 76.1917 2.86%9
10,000 130.0 80.0 L0704 7.8509 5,8940 83.7215 3.1534

8€T



TABLE 7--Continued

4,96 cm

——

Core Number 65-3-A

; : 3.88 cm 2
A = 11.8174 cm’ .
Net Pres- ryohms T(°F) Rw,.n0-m Total Percent Ro, . -m F gﬂ
sure, Psi Decrease in F
......................... Area, A
0 72.2 76.7 o741 3.3591 45,3319
100 94.9 78.1 .0728 13,8091 h.2470 58.3379 1.2869
200 ©  103.0 78.2 . 0727 5.0351 4,5508 62,5969 1.3809
400 110.0 78,2 .0727 5.3562 . 8437 66.6258 1.4697
800 119.0 78.5 .0722 5.6155 5.2256 72.3767 1.5966
1,200 127.0 78.6 0721 5.7694 5.5478 77.2233  1.7035
2,000 138.0 78.6 0721 6.0LlL 6.0324 83.6671 1.8457
3,000 150.0 78.8 0719 6.3490 6.5357 90.8998 2.0052
4,000 160.0 78.9 .0718 6.6064 6.9522 96.8272 2.1360
6,000 181.0 79.1 L0717 ».0232 7.8296 109.1994 2.4089
8,000 210.0 79.0 0717 7.3332 9.0538 126.2733 2.7855
10,000 231.0 28,9 .0718 7.6070 9.9298 1198,2980 3.0508

6€1



TABLE ?--Continqed

|
|

)

'Core Number 200-2

L = 5.21 cm
A - 1g?ggsgmcm?V
Net Pres- r,ohms T(°F) Rw, N.-m Total Percent Ro, N -m F Ez
sure, Psi ' Decrease in F
...................... Area, 4
0 112 69.8 .0805 5.2378 65.0658
100 160 72.5 .0780 4.3799 7.1549 91.7294 1.4098
200 180 73.7 .0768 5.7163 7.9367 103.3424 1,5883
400 205 75.4 .0750 6.1573 8.9967 119.9560 1.8436
800 249 75.9 L0747 6.4651 10.8919 145.8085 2.2409
1,200 290 6.9 .07L0 6.6666 12.6580 171.0540 2.6289
2,000 360 77.0 . 0740 6.9318 15.6688 211.7405 3.2543
3,000 438 77.0 L0740 7.2178 19.0050 256.8243 3.9471
4,000 509 77.9 0732 7. 4896 22,0211 300,8346 U4.6235
6,000 621 78.7 .0720 7.8694 26,7563 371.6152 5.7114
8,000 730 78.9 .0719 8.1210 31.3668 436.2559 6.7048
10,000 8l1 78.9 0719 8.3650 36,0402 501.2545 7.7038

oft



TABLE 7--Continued

Core Number 200-A

L = U;89 cm
D = 3.90 cm 2
A = 11.9399 cm™
Net Pres- ry,ohms T(°F) Rw, A -m Total Percent Ro, N -m F gf
sure, Psi Decrease in F
Area, A
0 90.8 6.7 .0870 4.2683 49.0609
100 124.0 66.2 0850 5.3626 5.5163 64.8976 1.3228
200 150.0 67.3 . 0840 8.1689 - 6.4751 77.0845 1.5712
400 161.0 68.1 .0828 10.0031 6.8111 82.2597 1.6767
, 80O 186.0 68.8 0815 10.5863 ».8178 95.9239 1.9552
1,200 217.,0 69.2 ,0811 10,7414 9.1049 112.2676 2.2883
2,000 280.0 69.8 . 0805 10.9218 11,7246 145,6472 2,9687
3,000 351.0 69.8 .0805 11.0963 14,6688 182,2211 3.7142
4,000 411.0 69.9 ,0803 11,2410 17.1482 213.5516 U4.3528
6,000 505.0 0.9 11.4776 21.0141 263.9962 5.3810

.0796

nt



TABLE 7--Continued

Core Number 65-S-A

L= 4.96 cm
D = 3.88 cm
A = 11.8174 cm?
Net Pres- r,ohms T(°F) Rw,a-m Total Percent Ro,}x-m F EP
sure, Psi . Decrease in ‘ F
.............................. Area’ A
0 72,0 73.2 0773 3.3498 43.3350
100 109.0 75.6 . 0749 3.8702 4.8749 65.0854 1.5019
200 122,0 76.1 L0746 7.1625 5.2695 70.6367 1.6300
400 138.0 77.3 .0737 7.4770 5.9403 80.6011 1.8602
800 160.0 77.3 0737 7.8362 - 6.8607 93.0896 2.1481
1,200 176.0 77.1 .0739 8.0423 7.5299 101.8931 2.3513
2,000 209.0 76.3 Lo7ll 8.4212 8.9048 119.6882 2.7619
3,000 258,0 76.3 Lo7ll 8.8403" 10,9423 147.0739 3.3939
4,000 299,0 6.0 L0746 9.1535 12,6377 169.4061 3.9092
6,000 378.0 75.3 0751 9.6880 15.8826 211.4860 4.8803
8,000 b57.0 73.8 L0767 10.1745 19.0986 249.0039 5.7460

et
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TABLE 8

COMPRESSIBILITY DATA

. . .. -
Core Number 35-1

Net Pressure, Psi APV, cc PV, cc Cp x 106, Psi~1
0 7.8574
2.6188
200 . 5.2386 1666
4321 . .
1,200 - _ L4,.8065 : 82.48
.1158 , _
1,900 _ b,6907 34,42
.1625 . .
3,000 b,5282 : 31.49
.1290 . 3
4,000 , L.3992 z28.49
.1844 _ .
6,000 , . L,2148 20,96
.1620 _ o .
8,000 : - ~ L.,0528 ‘ 19.22
" .1291 _ ‘ o
10,000 3.9237 15.93
Core Number 48-A
Net Pressure, Psi APV, co PV, cc cp x 108, psi-l
0 9.0451
' 3.0506
200 5.9945 1686
4979
1,200 - 5.4966 83.06
2,000 5.3010 L4y 48
.1922
3,000 5.1088 36.26
.1439
4,000 . b,9649 ~ 28.17
.2Loo . _
6,000 _ 4.7249 2L, 17
.1905 : ,
8,000 L,5344 20.16

.1610 . :
10,000 b.370k - 17.75
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TABLE 8--Continued

—
S — — ——

Core Number 65-1

. Net Pressure, Psi APV, cc PV, cc Cp x 106, psi~l
0 , 7.3983
3.2069
200 L.,1914 2167
.8555
1,200 3.3359 204.1
.1420 , .
2,000 . 3.1939 53.21
’ .1427 ‘ .
3,000 . 3.0512 Ly , 68
4,000 : 2.9691 26.91
1463 4 .
6,000 , 2.8228 24,64
.1211 _ ,
8,000 o 2.7017 21.h5
1042 ‘
10,000 2.5975 20.06
Core Number 48-3-A
Net Pressure, Psi APV, cc - PV, cc Cp x 1069 psi~!
0 _ 10.2260
3.2557
200 6.9703 1592
+5914 : .
1,200 6.3789 8Lk.85
.1854 3 .
2,000 : 6.1935 36.33
. s1U475 ; ;
3,000 , 6.0460 : 23.82
.128¢ _ .
4,000 5.9180 - 21.17
.1900 ’ _ o
6,000 ‘ : 5.7280 16.05
.1630 . .
8,000 _ 5.5650 14.23
.1466

10,000 5.4184 : 13.17
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TABLE 8--Continued

e e e e e e e —
Core Number 65-3-A

Net Pressure, Psi APV, cc PV, cc Cp x 106, psi~1
0 : 8.0225
2.9513
200 5.0694 1839
L3004
1,200 Lb.6390 84.90
.1612
2,000 : 4, 4778 L3 L4
.1785 .
3,000 4.2993 39.86
- +1509 _ .
k,000 L,i1484 35.10
2443 _ 3
6,000 3.9041 29.45
.1817 . ~ .
8,000 , ‘ 3.7224 23,27
.1605 _ .
10,C00 ‘ 3.5619 21.56
Core Number 200-2
Net Pressure, Psi APV, cc PV, cc cp x 10°, psi~?
.0 . 8.3657
. 3.5377 ,
200 , L,.8280 2114
.5881 _ .
1,200 : _ 4.2399 121.81
‘ .1641 . .
2,000 _ L.o758 48.38
: 1770 A ' )
3,000 _ _ 3.8988 43.43
.1682 _ .
4,000 3.7306 k3,14
.2351 : : C
6,000 , 3.4955 31.51
1557 . _
8,000 , 3.3398 22,27
.1510

10,000 3.1888 22.60
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TABLE 8--Continued

Core Number 200-A

Net Pressure, Psi APV, cc PV, cc Cp x 106, psi~l
0 9.4128
200 Lb.6433 “ 2533
1.5020 :
1,200 3.1413 323.48
.1053 _
2,000 _ 3.0360 bi.g0
.1019 , ;
3,000 2,9341 33.56
.0845 _ L
4,000 L 2.8496 28.80
.1381 , .
6,000 2,7115 24,23

Core Number 65-S-A

Net Pressure, Psi - APV, cc PV, cc . Cp x 106, Psi~!
0 .. 12.7629
L,2812
200 _ o 8.4817 1677
.5259 .
1,200 ) 7.9558 62.00
.2265 '
2,000 7.7293 36.63
.2505 A
3,000 7.4788 33.49
.1872 o , )
4,000 7.2916 25.67
.3195 .
6,000 6.9721 22,91
.2908

8,000 6.6813. 21.76




TABLE 9

CHANGE IN m (F = ¢~™) WITH NET PRESSURE

b — —— — - -

Core Number 48-A

BV = 61.29 cc
P3 : lgfgﬁslv
NétuPres- BV PV $ log F log ¢ log ¢ m Am
sure, Psi
0 61.29 9.0451 14.70 1.43465 -1.16732  ,83268-2 1.7229 0
200 58,2394 5.9945 10.2929 1.55167 -1.01257 ;98743-2 1.5714 -.1515
1,200 57.7415 5,4966 - 9.5193 1.58986 -2,97860 1,02140-4 1.5565 -.1664
2,000 57.5459 5,3010 9.2118 1.61456 -2.96434 1.03566-4 1.5590 -.1639
3,000 57.3537 5.1088 8.9075 1.6L477  -2.94976 1,05024-4 1.5661 -,1568
4,000 57.2098 L4.9649  8.6784 1.67003 -2.,93844  1,06156-4 1.5732 -,1497
6,000  56.9698 L4.7249  B.2937 1.71379 -2,91875 1.08125-4 1.5850 -.1379
8,000 56.7793 L4.53404  7.9860 1.75357 -2.90233 1.09767-4 1.5975 -.1254
10,000 56.6183 L4.,3744 7.7261 -2,88796 1,11204-4 1.6068 -,1161

1.78684

it



TABLE 9--Continued

-

Core Number 35-1

=2 Sk,
PV = 7.8574 |
Net Pres- BV PV ¢ log F log ¢ log ¢ . Am
sure, Psi
6 62;13 7.8574 12,82 1.72369 -1.,10789 .89211-2 1.9321 0
200 59.5112 5.2386 8.8027 1.92635 -2.94462 1.05538-4 1.8253 -.1068
1,200 59,0791 4.8065 8.1357 1.99119 -z.91040 1.08960-4 1.8275. -.1046
1,900 58.9633 14.6907 7.9553 2,02025 -2,90066 1.09934-4 1.8377 -.09LL
3,000 58.8008 L4.5282 7.7009 1.8645 -2.88654 1,11346-4 1.8645 -.0676
4,000 58.6718 L4.3992  7.4980 2.08486 -2.87495 1.12505-4 1.8531 -.0790
6,000 58.4874 L4.2148  7.2063 2.12509 -2.85771  1.14229-4 1.8604 -,0717
8,000 58.3254 L4.0528 - 6.9486 2.16095 -2.84190 1.15810-4 1.8659 -.0662
10,000 58,1963 3.9237 6.7422 2,18783  -2,82880 1.17120-4 1.8680 -.0641

gnl



TABLE 9--Continued

Core Number 65-1

R
PV = 7.3983 cm-
Net Pres- BV PV ¢ log F log ¢ log ¢ m Am
sure, Psi
o . 57,01  7.3983 14.90  1,50867 -1.87319 .82681-2 11,8247 0
200 53,8031 4,1914  7.7903 1,70739 -2.89155 - 1,10845-4 1.5403 -.2884
1,200 52,9476 3.3359 6.3004 1.81875 -2.79937  1,20063-4 1.5148 -.3099
2,000 52.8056 3.1939 - 6.0484 1,83639 ' -2,78164 1,21836-4 1.5073 -.3174
3,000 52,6629 3.0512 5.7938 1.84671 -2.76296 1,23704-4 1.4928 -.3319
4,000  52.5808 2.9691 5.6467 1.87045 -2.75180 1.24820-4 1.4985 -.3262
6,000 52,4345 2,8228 5,3835 1.90190 -2.73107 1.26893-4 ~1.4988 -,3259
8,000  52.3134 2.,7017 5.1645 1.93771  -2.71303 1.28697-4 1.5056 -.3191
10,000  52.2092 2,5975 - 4.9752 1.97293  -2.69681 1.30319-4 1.5139 -.3108

641



TABLE 9--Continued

: .

Core Numbgr 200=-2

BV = 61.8875 cm?
¢ = 13.52%
PV = 8.3657 cm]
Net Pres- BV PV ¢ log F log ¢ log ¢ - Am
§gre,-Psi
0 61,8875 8.3657 13.5176 1.81335 . ©1.13089  .86911 2,086k 0
200 58.3498 L4.8280 8.2742 2.01428 -2,91773  1.08227-L 1.8612 -.2252
1,200 59,9617 L4.2399  7.3403 2.23314  -2.86572 1.13428-4 1.9688 -.1176
2,000 57.5976 L,0758 7.0p63 2.32580 -2,84980 1,15020-4 2.0221 -.0643
3,000 57,4206 13.8988 6.7899 2,40963 -2.83186 1.16814-4 2,0628 -.0236
4,000 57.2524 3,7306 6.5160 2.47833 -2.81398  1.18602-4 ?:0896 +.0032
6,000 57.0173 3.4955 6.1306 2.57010 -2.78750  1.21250-4 2.1197 +.0333
8,000 56.8616 3.3398' 5.8736 2.63975 -2,76890 1.23110-4 2.1442 +.0578
10,000 56.7106 3.1888 5.6229 2,70006 -2,74996  1,25004-4 2.,1600 +.0736

0S1
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TABLE 9--Continued

Core Number 48-3-A

BV = 61.2363 cm>
¢ = 16.70%
PV = 10.2260 cm’
Net Pres- BV PV ¢ log F log ¢ log ¢ m Om
sure, Psi . '
0 61,2363 10,2260 16.70 1.42h04  -1,22272 .77728-2 1.8321 0
200 57.9806 6.9703 12,0218 1.58336 -1.07997 .92003-2 1,7210 -.1111
1,200 57.3892 6.3789 11.1152 1.65569 -1.04591 .95402-2 1.7355 -.0966
2,000 57.2038 6.1935 10.8271 1.69678  -1.03451 .96549-2  1,7574 -.0747 .
3;ooo 57.0563 6.0460 10.5966 1.74055 -1,02516 .9748L4-2 1,7855 -,0466
4,000 56.9283 5.9180 10.3955 1.77225 -1.01684 .98316-2 1.8026 ~-.0295
6,000 56.7383 5.7280 10.0955 1.83247  -1,00413 .99587-2 11,8401 +,0080
8,000 56.5753 5.5650 9.8364 1.88191 -2.99284 1,00716-4 1.8685 +.0364
10,000 56.4287 5.4184 9.6022 1.92284  -2.98237 1.01763-4 1.8895 +.0574

161



TABLE 9--Continued

Core Number 65-3-A

BV = 58,6143 cm3
$ = 13.6869%
PV = 8.0225 cm-
Net Pres- BV PV ¢ log F log ¢ log ¢ m Am
sure, Psi‘
0 58,6143 8,0225 13.6869 1.65641 -1.13637 .86363-2 1.9180 0
200  55.6630 5.0694 9.1073 1.79655 - -2.95939  1.04061-4 1.7264 -.1916
1,200  55.2326 L4.6390 8.3990 1,88775  -2,94423  1,07577-4 1.7548 -.1632
2,000 55,0714 L4.4p78  8.1309 1.92256 -2.91013 1.08987-4 1.7640 -.1540
3,000  54.8929 14,2993 7.8322 1.95856 -2.89388 1.10612-4 1.7707 -.1473
4,000 54,7420 L4,1484 7.5781 1.98600 -2.87956  1.12044-4 11,7725 -.1L455
6,000 54,4977 3.9041 7.1638 2.03822 -2.85515  1.14485-4 11,7803 -.1377
8,000 54,3160 3.7224 6.8532 2.10130 -2:63589 1.16411-4 1.8051 -.1129
10,000  54.1555 3.5619 6.5772 2.14082 1.18196-4 1,8112 -.1068

-2.81804

est
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TABLE 9--Continued

. Core Numbe)r 200-A

BV = 58.3861 cm’

¢ = 16.1216

PV = 9.4128

Net Pres- BV PV ¢ log F log ¢ log ¢ m Am

sure, Psi ‘

0 58,3861 9.4128 16,1216 1.69074  -1.207k2 .79258-2 2.1332 0
200  53.6166 L4.6433  8.6602 1.88697 -2.93753  1.06247-4% 1.7760 -.3:72

1,200 52,1146 3.1413  6.0277 2.05026 -2,78015 1.21985-4 11,6807 -.4525
2,000  52.0093 3.0360 5.8374 2.16330 -2.76622 1.23378-4 1.7534 -.3798
3,000 51.9074 2.9341  5.6526 2.26060 -2.75225 1.24775-4 1.8117 -.3215
4,000 51.8229 2.8496 5.4987 2.32950 -2,74026 1.25974-4 1.8492 -,2840
6,000 51.6848 2.7115 5.2h62 ~2.71985 1.28015-4 1.8916 -.2416

2.42159

€ST



TABLE 9--Continued
Wm

Core Number 65-S-A

BV = 59.7728
¢ = 21.3523
PV =~ 12,7629
Net Pres- BV PV ¢ ‘log F log § log ¢ m bm
sure, Psi_ .......... .
0 59,7728 12,7629 21,3523 1.63684  -1,32944 .67056-2 2.,4410 0
200  55.4916 8.4817 15,2847 1.84901  -1.18426  .B1574-2 2.2667 -.1743
1,200 54.9657 7.9558 14,4741 2,0081h -1.16059 ;839u1—2 2.3923 -,0487
2,000 54,7392 7.7293 14,1202 2.07805  -1.14984 .85016-2 2.4L443 +.0033
3,000 54,4887 7.4788 13,7254 2,16754 -1.13752 :862b8-2 2,5131 +.0721
4,000 54,3015 7.2916 13.4280 2.22893  -1.12801 .87199-2 2.5561 +.1151
6,000 53,9820 6.9721 12,9156 2.32528  -1.11111 .88889-2 2,6159 +.1749
8,000 53,6912 6:6813 12.4439 2.39621  -1.09502 .90498-2 2,6478 +.2068

...............

Het



TABLE 10

CHANGE IN m (Am = m! - m}290).WITH NET PRESSURE
NetﬂPres- Lg-aA 35-1 65-1 200-2 4g-3-A 65-3-A 200-A 65-5-A
sure, Psi ‘
1,200 0 0 0 0 0 0 0 0
2,000 +.0025  +.,0102  <,0075 +.0533  +.0219  +.0092  +.0727  +.0520
3,000 +.0096  +.0370 -.0220 +.0940  +.0500 +.0159 +.1310  +.1208
4,000 +.0167 +.0256 -.0163 +.1208  +.0671 +.0177 +.1685 +.1638
6,000 +.0285  +.0329 -.0160 +.1509 +.1046 +.0255 +.2109 +.2236
8,000 +.0410  +.0384  -.0092 +.1754  +.1330  +.0503 +.2555
10,000 +.0503  +.0405 -.0009 +.1912  +.15L40 +.0564

19 §
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TABLE 11

RESISTIVITY CHARGES DUE TO TEMPERATURE

Core Number 35-1

Net Pres~ T, °F r, Rw, i -m Re,f1l -m F EI
sure, Psi : F

2100-1ioo 73.7 95.7 .0768 L.5458 59.1901
106.1 70.2  .0545  3.3345 61.1834 1.03337
148.7  53.4  .0380  2.5365 66.7500 1.1277
198.7 42,2 .0269 2.0045 74,5167 1.2589
238.2 36.6  .0219 1.7385 79.3835 1.3412
277.4  30.6 .0181 1.4535 80.3038 1.3567
317.6  29.2  .01495 1.3870 92.7759 1.5674

Core Number 48-A

Net Pres- T, °F r, Rw,0 -m Re,0 -m F FL
sure, Psi ' . F
2100-1106 69.0 54.6° .0815 2.5835 11.822

124.6 30.9  .oL70 1L5ed 31,230 .9814

175.0 26,6  .0320 1 Foiy G 84 1.2008
223.1 22,0 .0240  1.0%3v 43,541  1.3683
272.9 17.4  .0183 .8265 U45.164 1.4193
320.0 15.8  .0149 .7505 50.369 1.5828
376.8 15.5  .0120 .73625 61.354  1.9280
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TABLE 11--Continued

Core Number 65-1

Net Pres- T, °F r, Rw, Nn-m Re,.n -m ¥ EI
sure, Psi F
2100-1100 ~ 70.9 68.7 0.0800  3.2129 40.i612
105.1 U47.9 0.0558  2.2401 L40.1451 0.9996
136.5 39.0 0.0420 1.8239 43.4261 1.0813
160.5 34,4 0.0347  1.6088 U46.3631 1.154b
197.5° 28.1 0.0271 1.3142 48,4944 1,.2075
239.7 24.8 0.0218 1.1598 53.2018 1.3247
274.9 21.0 0.0181 0.9821 54.2597 1.3510
311.7 20.3 0.0153  0.9494 62,0523 1.5451
Core Number 48-3A
Net Pres- T, °F r, Rw, n-m Re, q-m F EL
sure, Psi F
' 2100-1100 68.0  70.0 0.0830 3.404041 41,4951
104.2  50.2 0.0558 2,4699 Ub4,2634 1.0667
139.3  Lo.o 0.0b10 1.9681 48.0024 1.1568
174.3  33.0 0.0315 1.6236 51.5428 1.2h21
203.2 29.1 0.0264 1.4318 54.2348 1.3070
237.0 25.0 0,0220  1.2300 55.9090 1.3474
273.5 21.0 0.0183 1.0332 56.4590 1.3606
316.7 19.8 0.0150  0.9742 64.9467 1.5652
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TABLE 11~-Continued

Core Number 65-3-A

Net Pres- T, Of r, Rw, N -m Re,Q -m F EZ

sure, Psi ) F

2100-1100 71.9 88.6 0.0785  L4.,1221 52.5108
108.7 63.6 0.0538  2.9590 55.0000 1.047L
136.2  53.6 0.0421 2.4937  59.2327 1.1280
167.2 45,0 0.0332  2.0936 63.0602 1.2007
201.3 38.8 0.0265 1.8052 68.1207 1.2973
236.5 32.8 0.0220 1.5260 69.3636 - 1.3209
2744 27,7 0.0182 1.2887 70.8076A 1.3484
-319.2 27.1 0.0149 1.2608 8h.6174 1.6114

Core Number 200-A
Net Pres- T, °F r, Rw,1-m Re, N -m F EL
~—“sure, Psi : F

2100-1100 70 151.0 .0802  7.0981  88.5049
104  121.,0 .0560  5.6879 101.5696 ~1.1476
14l 97.9 .0390  4.6020 118.0000 1.3322
176.2 81.0 .0313  3.8076 121:6b85 1.3745
203.5 69.0 .0265  3.2435 122,3962 1.3829
237.0 55.0 .0218  2.,5854 118.5963 1.3400
279.5 33.0 .0180  1.5512 86.1777 0.9737
315.0 33.8 .0150  1.5889 105.9266 1.1968
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TABLE 11--Continued

Core Number 200-2

Net Pres- T, °F r, Rw, Q-m Re, N1-m F 2{

sure, Ps; F

2100-1100 72.0 239.0 0.0784 11.1771 142,565
104.1 191.0 0.0560 8.9323 159.505 1.1188
141.3 161.0 0.0410 7.5293 183.641 1.2812
172.5 139.0 . 0.0345 6.5005 188.420 1.3216
197.5 113.0 0.0271  5.2846 195.004 1.3678
241.1 89.0 0.0211 4.,1622 197.261 1.3837

Core Number 65-S-A

Net Pres- T, °F r, Rw, Nn-m Re,1-m F b

sure, Psi F

210041100 70.4 140.0 0.0800  6.5135 81.4187 -
108.8 110.0 0.0537  5.1178 95.3035 1.1705
140.1  92.1 0.0405 ~ 4.,2850 105.8024 1.2995
172.7 80.8 0,0320  3.7592 117.4750 1.4429
200.7 74.0 0.0269 3.4429 127.,9888 1.5720
236.2 66.8 0.0222 3.1079 139.9954 1.7195
272.8 55.8 0.0186  2.5961 139.5752 1.7143
311.0 . 55.0 0.0152 2.5589 168.3486 2.0677




TABLE 12

"APPROXIMATE" PORE VOLUME CHANGE DUE TO TEMPERATURE

e

Core Number 48-3-A

Avw, cc T, °F FVF{w) AFVF(w) Hp0 APV, cc PV, cc %AV .1
‘ ' Expansion, AVW-H,0
cc exp.
68.0 .9975 10.2260
.1213 .0065 .0665 .0548 17.89
104.2 1.0040 | 10.1712
.1930 : : ©.0085 .0845 .1065 34,77
’ 139.3 1.0125 10,0647
1740 , .0110 a1y .0633 20,67
174.3 1.0235 : 10.001L
.1670 .0115 .1150 .0520 16.98
203.2 1.0350 | 9.949lL
.1650 - .0136 " 1353 .0297 9.70

237.0 1.0486 : 9.9197

091



TABLE 12--Continued

Core Number 200-A

AVW, cc T, °F" FVF(w) AFVF(w) H,0

APV, cc PV, cc %AV
Expansion, ZVW—Hzo T
cc exp.

70 .9975 9.4128

.1228 . .0064 .0602 0.0626 14,52
104 1.0039 9.3502

.1985 | .0101 .09l 0.1041 24,15
140 1.0140 9.2461

.1837 ©.0102 .0943 0.0894 20,74
176.2 1.0242 | 9.1567

.1812 | .0108 ' .0987 0.0823 19.09
203.5 . 1.0350 | 9. 074k

.2161 0136 .1234 0.0927 21.50
237.0 1.0486 8.9969

191



" TABLE 12--Continued
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Core Number 65-S-A

AVw, cc T, °F FVF(w) AFVF(w) H,0 - APV, cc PV, cc %OV
: : : ) Expansion, " AVw-H,0
cc exp.

70,4 9975 12,7629

.1289 .0073 .0932 .0357 7.43
108.8 1.0048 | 12,727z

.2120 .0082 .1039 .1081 22,19
| 140,1 1.0130 : : 12.6191

.2398 . .0101 .1275 1123 23.36
172,7 1.0231 12.5068

2412 0105 .1313 .1099 22,86
200.7 1.0336 | 12,3969

.2920 o L0143 1773 L1147 23.86

236.2 1.0479 12.2826

291
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APPENDIX C

CALCULATED DATA ON NATURAL CORES

Studied by Hilchie<°
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TABLE 13

PORE SIZE DISTRIEBUTION DATA

(From Hilchie?0)

% PV
R(microns) Briar Hill Berea Bandera Dean Paradox
24 20,0 - - - -
22 10.0 - - -
20 10.0 - -
18 6.0 - - - -
16 b.o .5 - - -
14 k.o 1.5 - - -
12 3.0 6.5 - - -
10 2,0 23.0 - - -
9 2.0 10.0 - - -
-8 2.0 10.0 - - -
7 1.0 8.0 - - -
6 1.0 6.0 - - -
5 2.0 b,o .3 - -
L 2.0 2.5, 11.0 - -
3 2.0 2.0 27.5 .2 -
2 2.0 3.0 12,0 5 -
1 4.o 5.0 11.0 1.8 2,0
. .6 3.0 2.1 5
5 5.0 6.0
U
03 . 6.0 .
2 5.0 0.9 .
.1 7.5
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TABLE 14

SURFACE AREA CALCULATIONS

Briar Hill

. 2 (%PV) 1
r{microns) %PV 2(%PV) r , cm
25 20.0 ho.o 1,600.00
23 10.0 20.0 869.57
21 10.0 20.0 952,38
19 6.0 12.0 631.58
17 b.o 8.0 470.59
15 4.0 8.0 533.33
13 3.0 6.0 ' 461.54
11 2.0 4.0 363. 64
9.5 2,0 b.o 421.95
8.5 2.0 L4.0 470.59
7.5 1.0 2.0 266.67
6.5 1.0 2.0 307.69
5.5 2.0 L4.o , 927,27
4.5 2.0 4.0 888.88
3.5 2.0 L.o 1,142.86
2.5 2,0 L.o 1,600.00
1.5 4.0 8.0 5,333.33
.5 23.0 46.0 92,000, 00
) 109,040.97
Surface Area = 109,040.97 cm2/Unit Pore Vol. ' ~
Pore Vol. in Briar Hill "C" = 12,683 cm3
Total Surface Area in Briar Hill w»C" = 1,382,966;62 em?

Total Surface Area/Unit Bulk Vol.=:1'ggzggg6-62==23,192;0 em™1
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TABLE 14--Continued

Berea

_r(microns) %PV 2 (%PV) &L%gll, em~1
1?7 - o5 1.0 53.82
15 1.5 3.0 - 200,00
13 6.5 ’ 13.0 1,000,00
11 23,0 46.0 4,181,82
9.5 10.0 20.0 | 2,105.26
8.5 10.0 20,0 2,352.94 -
7.5 8.0 16.0 2,133.33
6.5 6.0 12.0 ' 1,846.62
5.5 4o ' 8.0 i,454,55
b5 2,5 5.0 : 1,111.11
3.5 2,0 4.0 1,142.86
2.5 3.0 6.0 2,400.00 -
1.5 | 5.0 10.0 6,666,67
.80 3.0 6.0 7,500,00
Lo 5.0 10.0 25,000,00
.10 ~10.0 20.0 200.000.00
259,153.98
Surface Area = 259,153.98 cm?/Unit Pore Vol.
Pore Vol. in Berea "A" = 11;219 cm3
Total Surface Area in Berea "A" = 2,907,448.50 cm?

Total Surface Area/Unit Bulk Vol.’=2’2373228‘50==h?,937;30 em™1
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TABLE 14--Continued

Bandera
r(microns) %PV 2(%PV) gi%?!L, em=-1
5.5 3 .6 109.09
L.s 11.2 z22.4 4,977.77
3.5 . 27.5 55.0 15,7il.28
2.5 12.0 24,0 9,600,.00
1.5 11.0 22.0 14,666.67
.75 6.0 12.0 ~ 16,000.00
4o 6.0 12.0 30,000.00
.15 26.0 52,0 %%%f%%%f%%

Surface Area = 437,734.61 cm?/Unit Pere Vol.
Pore Vol. in Bandera "A" = 13.498 cm-
Total Surface Area in Bandera "A" = 5,908,5&&;&7 em?

Total Surface Area/Unit Bulk Vol.= 5,908.5%&.&7.:97,58903 em~1
60.545
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TABLE 14--Continued

Dean
2(%pv)
r (microns) %PV 2 (%PV) r , cm
3.5 .2 n 114,29
2.5 .5 1.0 400.00
- 1.5 1.8 3.6 2,400,00
.75 2.1 b2 5,600.00
.35 0.9 1.8 5,142.85
10 94.5 189.0 1.890,000.00

1,903’657011"
Surface Area = 1,903,657.14 m?/Unit Pore Vol.
Pore Vol. in Dean "C" = 4.507 cm3

Total Surface Area in Dean "(" = 8,579,782.73 cm?

Total Surface Area/Unit Bulk Vo1.=8’232é;22-73 =141,059.1 cm~!

Paradox
r(microns) %PV 2(%PV) | 21%;!1; em=1
1.5 2.6 h.o 2,66¢.67
.75 .5 1.0 1,333.33
.30 7.5 15.0 50,000.00
.05 90.0 180.0 3,600,000,.00
3,654,000.00

Surface Area = 3,654,000;00 cm2/Unit Pore Vol.
Pore Vol. in Paradox "B" = 1.712 cm-

Total Surface Area in Paradox "B" = 6,255,648 cm?
Total Surface Area/Unit Bulk Vol.‘=§z§2%§%3§==102,828.0 em™1



