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ABSTRACT

The most commonly used secondary oil recovery technique is waterflooding.
Macroscopic (or common) rock-pore characteristics such as porosity, permeability and
irreducible water saturation and fluid properties such as viscosity have been shown by
previous investigators to influence the results of waterflooding and consequently ultimate oil
recovery. The objectives of this study are to consider the influence of microscopic (or
uncommon) rock-pore characteristics such as wettability, tortuosity, mercury intrusion
volume, pore surface area, specific surface area, average pore diameter, median pore-throat
diameter, pore length, apparent (skeletal) density and mercury recovery efficiency on
residual oil saturation and oil recovery realized in linear-core waterfloods. The results were
statistically analyzed to determine the quantitative relations between the various properties,
and empirical equations were developed for predicting waterflood performance. The

characteristics were analyzed and modeled at both breakthrough and floodout.

To accomplish the above stated objectives, radial-core flood and linear core-flood sets
of experimental studies were conducted. The radial core waterflood experiments were
conducted on 20 Berea sandstone and 20 Indiana limestone radial-cores. The dimensions of
the radial-cores used were 12.7 cm in diameter and 5.08 cm long. Eight core plugs were cut
from each waterflooded radial-core. Each of the 8 plugs was cut into 3 sub-plugs giving a
total of 24 core plugs for each waterflooded radial core. Altogether, there were a total of
480 sandstone core plugs and 480 limestone core plugs, extracted from the waterflooded
radial—Qores. The linear-core waterflood experiments were conducted on 21 Berea sandstone
and 16 Indiana limestone linear-cores. The sandstone linear-cores ranged from 7.3 to 52.1
cm in length and 3.8 to 3.9 cm in diameter. The limestone linear-cores ranged from 40.0 to

45.7 cm in length and from 3.8 to 3.9 cm in diameter. Six to fifty-four core plugs were
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extracted from each of the sandstone linear-cores for a total of 580 sandstone core plugs and
thirty-two core plugs were extracted from each of the limestone linear-cores for a total of

512 limestone core plugs.

The core plugs were analyzed by conducting wettability and mercury porosimetry
experiments. The wettability indices were determined using the Amott-Harvey method. For
a particular core, the sets of data from the core plugs were averaged and single values for
the wettability and mercury porosimetry properties were obtained. The sandstone and
limestone core samples investigated in this study were all water-wet. The analysis of the
results of thé mercury porosimetry experiments suggested that steep-convex and steep-
concave unimodal capillary pressure curves are characteristic of the investigated sandstone
core samples. By contrast, steep-convex unimodal, bimodal, polymodal, and gently-sloping
bimodal capillary pressure curves are characteristic of the investigated limestone core
samples. Using some of the mercury porosimetry properties, new empirical correlations to
aid in the estimations of mercury recovery efficiency and permeability are proposed, for

sandstones and limestones.

The results of the radial-core and linear-core flow investigations and the other
associated experimental analyses are presented and incorporated into empirical models to
improve the predictions of oil recovery resulting from waterflooding, for sandstone and
limestone reservoirs. For the radial-core case, the standardized regression model selected,
based on a subset of the variables, predicted oil recovery by waterflooding with a standard
deviation of 7%. For the linear-core case, separate models are developed using common,
uncommon and combination of both types of rock properties. It was observed that residual
oil saturation and oil recovery are better predicted with the inclusion of both common and

uncommon rock/fluid properties into the predictive models.
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Chapter 1

INTRODUCTION

Waterflooding is the most commonly used secondary oil recovery technique. One of
the requirements for understanding waterflood performance is a good knowledge of the
basic properties of the reservoir rocks.

This study is aimed at correlating rock-pore characteristics to oil recovery from
various reservoir rock types and incorporating these properties into empirical models for
predicting oil recovery. For that reason, this report deals with the analyses and interpretation
of experimental data collected from core floods and correlated against measurements of
absolute permeability, porosity, wettability index, mercury porosimetry properties and
irreducible water saturation.

An important component of reservoir characterization is the description of the pore
systems, which is one of the factors that control the production potential of the reservoir.
Pore systems are studied by a family of methods called petrophysical analysis; one of these
methods is mercury porosimetry (Kopaska-Merkel and Friedman, 1989a). In this method,
mercury is injected into the pore system of a sample under controlled conditions, to produce
capillary pressure curves. The properties of interest from the mercury porosimetry include
total mercury intrusion volume, pore surface area, specific surface area, average pore
diameter, skeletal density, apparent porosity, residual mercury saturation and mercury
recovery efficiency.

Empirical models based on data obtained from waterflood, wettability and mercury

porosimetry laboratory experiments were developed for the predictions of residual oil

saturation and oil recovery at both the breakthrough and floodout conditions. Furthermore,




the various models were developed for sandstones and limestones using unfired linear Berea
sandstone and Indiana limestone cores, respectively. The tasks for the investigations were of
two main parts. In the first part of the research studies, Boukadi (1991) conducted the
investigations using radial core-floods, and in the second part, Owolabi (1993) conducted

the investigations using linear core-floods.

1.1 Sandstones

Several quarried' sandstone and carbonate rocks are widely used in the petroleum
industry as standard porous media for laboratory study of fluid flow phenomena. Berea
sandstone which was first identified in the 1950’s as a standard porous media for research
on oil recovery and Indiana limestone are the most commonly used standard rocks
(Churcher et al., 1991; and Ma and Morrow, 1991). Both types of rocks are quarried in
Ambherst, Ohio by Cleveland Quarries Company. Cores cut from given batches of the
quarried rock usually have relatively consistent petrophysical properties, but batches cut
from different parts of the quarry provide cores of different permeabilities (Ma and Morrow,
1991).

Sandstones are typically composed of quartz and feldspars, with varying amount of
other components such as gamet, magnetite, zircon, apatite, rutile, micas, titanite,
tourmaline and corundum (Hurlbut, 1942). The physical characteristics of sandstones are
determined by grain composition, the size and shape of grains, cementing materials, and
secondary processes which are operative during the life of the rock (Boukadi, 1991). The
most important characteristic of sandstone texture is sorting. A well-sorted rock is
composed of particles of approximately the same size and a poorly sorted rock is composed
of particles with a wide range of sizes.

According to Coogan and Heath (1984), the Berea sandstone in Ohio, which outcrops

at the outskirts of Cleveland, is one of the better known rock formations. It is among the
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more productive formations in Ohio, where it yields gas, oil, or gas and oil at moderate to
very shallow depths, and has been a drilling target for hydrocarbons for more than a century
(Ciccarone and Warren, 198S). Stratigraphically, the Berea sandstone is part of the Waverly
group and it is underlain by the red and gray Bedford shale and overlain by the black
Sunbury shale member of the Cuyahoga formation, all of which are of Late Devonian or
Early Mississippian age (Hillebrand and Coogan, 1984).

Berea sandstone is fine-grained, well sorted, and massive to thinly laminated. It
consists primarily of detrital, subangular to subrounded, quartz grains with small amounts of
feldspar and rock fragments. The sandstone is poorly cemented with cement consisting of
overgrowths of secondary quartz and the matrix is clayey in nature (Shakoor and Bonelli,
1991).

1.2 Limestones

Limestones are defined as sedimentary rocks containing over 50% carbonate material,
although the proportion often exceeds 95% (Fookes and Hawkins, 1988). According to
Fookes and Hawkins, the principal component minerals are calcite (calcium carbonate,
CaCO,) and dolomite (calcium magnesium carbonate, CaMgCO;). Other less common
carbonate constituents include magnesite (MgCO;), rhodochrosite (MnCO,;) and siderite
(FeCO;). They also noted that all limestones have a similar basic chemistry, but the

processes by which they are formed vary. These processes include:

(a) Skeletal carbonate bodies, such as shells, coral reefs and similar organic material,
become cemented to form a rock of mainly biological origin.

(b) Particulate (clastic) material, such as fragments of older limestones, are transported

and then cemented to form a rock of mechanical origin.




(c) Material precipitated from water as a result of variation in the pressure, temperature,

and concentration of the solution forms a rock or cement of chemical origin.

Indiana limestone, also known as the Salem limestone, was formed in a shallow inland
sea during Mississippian time (Patton, 1953; Stevenson, 1979; and Churcher et al., 1991). It
has produced oil in Illinois since the late 1930’s (Stevenson, 1979). The quarried beds are
buff and gray, massive, granular, cross-laminated, high-calcium limestone and are composed
largely of small fossils and fossil fragments (Patton, 1953). According to Patton, in order
of abundance, the mineral constituents of Indiana limestones are calcite, dolomite, quartz,
chert, clay minerals, limonite, hematite, pyrite and leucoxene. Calcite is the principal
constituent but locally dolomite and chert are common to abundant. Most of the calcite and
some of the quartz were primary, while the remaining mineral contents are secondary and
were deposited by ground water and altered from primary grains of magnetite and ilmenite.

It is bioclastic in origin and shows a high degree of size-sorting. Deposition was
controlled by marine currents and wave action, and most of the fossil particles are
microcrystalline calcite (less than 0.01 mm), but some have recrystallized, so that each
fragment consists of a single crystal. Calcites and in some places dolomites, are the
cementing material. Calcite crystals in the cement commonly are as broad as the pore space,

but dolomite in the cement is microcrystalline (Patton, 1953).
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Chapter 2

LITERATURE REVIEW

Over the years, several attempts have been made to develop empirical correlations to
better predict ultimate oil recovery. Among these are the work of Craze and Buckley
(1945), Guthrie and Greenberger (1955), Carlile (1964), Amold and Crawford (1964),
Donaldson et al. (1969), and Wardlaw and Cassan (1979).

Craze and Buckley’s study was conducted in two separate phases. The first phase
dealt with gas-drive sandstone fields and the second phase considered water-drive sandstone
fields. They showed specific interest in isolating and identifying possible effects on well
spacing by measured and estimated values of properties of both the reservoirs and their
effluents. They concluded that no systematic variation of oil recovery with well spacing was

noticed in both type of drives.

Guthrie and Greenberger determined the effects of the parameters presented by Craze
and Buckley on water-drive recovery efficiency. They also made a presentation on the
theory of multiple correlation analyses for the interpretation of petroleum engineering data.
They reported a significant relationship between porosity and permeability. They further
indicated a strong effect of porosity on oil recovery, which was independent of its
relationship with permeability. The independent variables included in their final correlation
are: permeability, porosity, oil viscosity, net formation thickness and irreducible water
saturation.

Carlile developed correlations for recovery, recovery fraction, and residual oil
saturation for water-drive sandstone reservoirs. The independent variables used in his

correlations are absolute permeability, viscosity ratio, porosity, oil formation volume factor,




net formation thickness, bubble-point pressure, reservoir temperature, depth of horizon,
residual oil saturation and oil gravity. The data for his study were collected by the Special
Study Committee on Recovery Efficiencies under the auspices of the American Petroleum
Institute.

Empirical equations were developed by Amold and Crawford to show the analytical
relation between the fluid and rock properties and oil recovery by waterflooding. Their
laboratory studies made use of water-wet consolidated and unconsolidated porous media.
Among other properties, their predicting equation utilized an electric rock property,
formation resistivity factor.

Donaldson et al. studied the effect of wettability on oil recovery efficiency. They
noted that wettability when used as a parameter in designing linear mathematical models for
predicting recovery efficiency, is equal in significance to permeability, viscosity and fluid
saturations. Their developed correlations for recovery efficiency made use of USBM
wettability index, permeability, porosity, oil viscosity and interfacial tension.

Wardlaw and Cassan had as their major objective, the comparison of mercury
recovery cfﬁciéncy. measured by capiHary-prcsSure tests, to oil recovery efficiency obtained
from relative-permeability tests. They related the results of both types of tests to other
petrophysical data such as porosity and gas permeability, as well as to petrographic
observations and direct observations of pore structure made from resin casts. They
concluded that forv a diverse group of sandstone reservoir rocks, there is a statistically
significant correlation between mercury recovery efficiencies and oil recovery efficiencies.
Also, the rock-pore properties that were found to be significantly related to high recovery

efficiency, are high porosity, small pore-throat size ratio, small mean particle size and low

percentage of carbonate.




This present study relates rock/fluid properties from waterflood, wettability and
mercury porosimetry to waterflood oil recovery. For this reason, the remaining sections of
this chapter review the literature dealing with these properties.

2.1 Waterfiood and Petrophysical Properties

The objective of secondary recovery methods is to reduce the fraction of oil left in the

 reservoir. Currently, waterflooding is the dominant and most effective of these secondary

recovery methods. Although waterflooding as a secondary recovery method has been in
existence for many decades, there is still a great deal of current research interest in the

study of the mechanisms associated with this displacement method.

The residual oil remaining in the swept zone of a waterflood project is usually taken
as the target oil for tertiary recovery processes. Rathmell et al. (1973) conducted an
investigation of reservoir waterflood residual oil saturation from laboratory tests. They
proposed a technique for estimating waterflood residual oil saturations from core saturations
where the cores must be taken with water-base muds having a filtrate loss in excess of 5 cc
at the bottom-hole conditions. According to Kazemi (1977), the equation proposed by
Rathmell et al. must be corrected for waterflood displacement efficiency through
multiplication by the reciprocal of the conformance factor. The conformance factor may be
obtained from a reservoir simulator that accounts for reservoir heterogeneity, capillary
effects, and mobilities of oil and water. Chang et al. (1988) presented a brief review of
available residual oil saturation techniques. They summarized the advantages, limitations,
problems, and possible improvements of each technique. Furthermore, they presented
screening criteria for determining the best residual oil saturation technique under certain

wellbore or reservoir conditions.

The factors that determine the amount of residual oil and its microscopic distribution

have been studied in the recent years (Wardlaw, 1976; Wardlaw and Cassan, 1978;
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Wardlaw and Cassan, 1979; and Chatzis et al., 1983). Chatzis et al. conducted experimental
studies that demonstrated the effect of particle size, particle-size distribution, macroscopic
and microscopic heterogeneities, microscopic dimensions such as ratio of pore-body to
pore-throat size, and pore-to-pore coordination number on residual oil, under water-wet
conditions. Major conclusions from their study are:

(1) Residual saturations are independent of absolute pore size, in systems of similar pore

geometry.
(2) Well-mixed two-component aggregates of spheres gave virtually the same residual

saturations as random packings of equal sized spheres.

(3) Clusters of large pores accessible through small pores, will retain oil.

(4) High aspect ratios (ratio of the pore-body to pore-throat size) tend to cause entrapment
of oil as a large number of relatively small blobs, each held in single pores.

(5) The role of pore-to-pore coordination number is generally secondary; hence,
correlations that have been proposed between residual oil and coordination number are

unreliable.

In 1949 Breston and Hughes presented the results of their laboratory study to propose
a relation between pressure and recovery in long core waterfloods. Their experiments were
conducted with the aim of duplicating field conditions as closely as possible by using long
unextracted consolidated cores, a live crude, and natural brines for both flooding and
connate water content. They observed that floods on the long cores showed increased
recoveries and lower residual oil saturation with increased flood pressure gradients and flood
velocities. It has been documented in the literature that experimental results on flow
behavior from flood experiments in small reservoir cores are questionable because of severe
end effects resulting from the sudden discontinuity of the capillary forces at the core ends.
The significance of this disturbance on the flow pattern is a function of the core length, the
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flow velocity, the interfacial tension between the fluids, and the fluid characteristics (Graue
et al,, 1990). In order to prevent this problem, the laboratory experiments should be well
scaled. The required scaling coefficient and the other important waterflood and
petrophysical properties investigated are briefly reviewed in the remaining parts of this

section.

2.1.1 Scaling Coefficient

In the process of using laboratory experiments to measure the probable performance of
a reservoir, the problem of proper scaling arises. Rapoport and Leas (1953) recognized that
the flooding behavior is dependent upon the length of the system and the rate of injection.
At the same time, it has been determined that systems of different lengths yield the same
flooding behavior if the injection rates and/or the fluid viscosities are properly adjusted or
scaled (Kyte and Rapoport, 1958). In the discussion of the paper by Edmonson (1985),
Odeh and Cook emphasized the fact that it has been shown by Rapoport and Leas (1953)
that for linear waterflood to be in the stable region (no capillary end effect), it should
conform to the scaling coefficient as shown in Eq. 2.1. This condition was satisfied in each

of the corefloods investigated in this phase of the study:

Lu, iy, > 50 cm?.cp/min Q.1

where the length of core, L, is in cm, the velocity, u,, is in cm/min, and the water
viscosity, M, is in cp. The suggested scaling causes the capillary pressure gradient in the
direction of flow to be small compared to the imposed pressure gradient (Batycky et al.,

1980). Batycky et al. in their paper proposed that the scaling factor should be 2 1.0-5.0.




2.1.2 Capillary Number

Capillary forces often have a detrimental effect on residual oil saturation and oil
recovery, since they are responsible for the trapping of oil within the pores. In order to
assess the transition between a displacement process dominated by capillary forces and one
dominated by viscous forces, it is convenient to consider the dependence of the residual oil
saturation and oil recovery efficiency on a suitable dimensionless parameter, such as the

capillary number, which is defined as (Melrose and Brandner, 1974; and Willhite, 1986):

Uy K

N. =
% b0y

2.2)

Equation 2.2 is the capillary number based on interstitial velocity. In the capillary number
equations, the velocity, u,, is in cm/sec, the viscosity, i, is in cp, the porosity, ¢, is a
fraction, and the interfacial tension, G,,, is in dynes/cm. The capillary number based on
darcy velocity, is presented in Eq. 2.3 (Boon, 1984; Willhite, 1986; and Omoregie, 1988):

Uy Hy
GOW

N*a =¢ Nea = 2.3)

Some authors (Moore and Slobod, 1956; and Latil, 1980) alter the above expression by

including the cos 0 as follows:
Uy Ky
N* = "
ca oy C05 0 4)

To make Egs. 2.2 through 2.4 dimensionless, unit conversion (1 cp = 10™ 2 dyne.s/cm?) is
required in the equations.
The inclusion of the cos 6 term will not be used in this study, and the N*, will be as

defined by Eq. 2.3. Morrow (1970) observed that for a waterflood performed at a low
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capillary number, N*, < 1075, the residual non-wetting saturation is influenced by capillary

forces. For N*, < 1075 there is no mobilization of residual oil, but as N, > 1075 the

fraction of the residual oil mobilized increases sharply with increasing capiliary number
(Boon, 1984; and Willhite, 1986). It has been reported that the lower limit below which the
rate of injection has no effect on the nonwetting residual saturation is in the region of 10~*
to 1075 (Fulcher, 1982; and Henderson et al., 1991). According to Mohanty et al. (1987), as
the capillary number increases, the residual oil saturation decreases and the residual oil
blobs tend to be smaller. Also, as the pore size distribution becomes wider, the decrease of

residual oil saturation with capillary number becomes more apparent.

2.1.3 Tortuosity and Formation Resistivity Factor

Tortuosity is a concept that describes the complex nature of the interconnecting paths
through a rock sample (Winsauer et al.,, 1952; Wylliec and Spangler, 1952; Amyx et al.,
1960; and Given, 1986). As shown in Amyx et al., tortuosity is defined as:

2.5)

For the purpose of this study, Eq. 2.5 needs to be modified to a form that could easily be
measured in the laboratory. To do this, it should be recalled that:

u=¢v

where the Darcy or superficial velocity is defined as:

=L
=S lvX)

and the interstitial or frontal velocity, which is assumed to relate the actual total length of
the flooded system with the actual retention time is defined as:
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V= — 2.8)

Substituting Egs. 2.7 and 2.8 into Eq. 2.6 results in Eq. 2.9, which describes the length of
the actual flow path, L,, relative to the apparent length, L, across the porous medium.

L, 1 4
=31 .9)
Hence, substituting Eq. 2.9 into Eq. 2.5 yields:
2
1 &
T = [?T] (2.10)

As defined by Archie (1942), the formation resistivity factor, F, is the ratio of the
electrical resistivity of a rock, R,, of a porous medium saturated with water to the

resistivity, R,,, of the water in the pores.

F=— (2.11)

In terms of the Archie formation resistivity factor, tortuosity is given by (Amyx et al,,

1960):

T =F¢ (2.12)

Givens (1986) and Wyllie and Spangler’s (1952) definitions of tortuosity in terms of
porosity and formation resistivity factor are different from that given in Eq. 2.12. Givens
applied a square-root to the left-hand side of the equation containing the product of
formation resistivity factor and porosity, while Wyllie and Spangler squared the product of
these properties. These differences arise from the way the authors define tortuosity with

respect to the tortuous length as shown in Eq. 2.10. Since tortuosity is a relative measure,
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one should be consistent with whatever definition is chosen. Similar to the equation given
in Amyx et al. (1960) and Winsauer et al. (1952), the definition of formation resistivity
factor adopted in this study is:

F = (2.13)

2
¢
2.1.4 Absolute Permeability

The characteristic of a porous media to allow the flow of a fluid or fluids through it is
referred to as permeability. When only one phase is present and flowing through the
medium, the measured permeability is referred to as absolute permeability. Absolute
permeability is usually the type that is measured in routine core analysis (Guerrero, 1968).
The equation for absolute permeability is obtained from Darcy’s law (Amyx et al., 1960;
Guerrero, 1968; Dake, 1978; and Willhite, 1986).

Equation 2.14 is the steady-state expression for an incompressible fluid flow through a

porous medium. If the fluid fully saturates the medium, the permeability determined using

this expression is the absolute value. The expression is of the form:

= —HgLl
A(p-p2) 2.14)

Instead of the independent variables of Eq. 2.14, Chilingarian et al. (1990) used
multi-variable linear regression analysis to develop empirical correlations for permeability.
The correlations are in terms of porosity, specific surface area, and irreducible fluid
saturation, for carbonate reservoir rock areas in the former US.S.R. They were of the
opinion that porosity values do not reflect the number and width of fractures, nor do they
reflect the pore sizes or topological structure. Therefore, they advised that permeability
should be related simultaneously to porosity, specific surface area, irreducible water/oil
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saturation, grain size/pore size/throat size distribution, tortuosity and other petrophysical
properties. The coefficient of correlation, R, for their correlations varied from 0.981 to
0.997.

2.1.5 Porosity

Porosity is one of the essential attributes of a reservoir. Porosity is defined as the
ratio of the void space in a rock to the bulk volume of that rock (Amyx et al., 1960). It may
be categorized according to the mode of origin as original or induced (Amyx et al., 1960).

It is mathematically expressed as:

Pores are of three morphological types: catenary, cul-de-sac, and closed (Selley, 1985).
Catenary pores are those that communicate with others by more than one throat passage.
Cul-de-sac, or dead-end, pores have only one throat passage connecting with another pore.
Closed pores have no communication with other pores. Furthermore, catenary and cul-de-sac
pores constitute effective porosity, in that hydrocarbon can emerge from them (Selley,
1985). Most of the porosity found in sandstone reservoirs are preserved primary
intergranular porosity, but it is generally secondary porosity in the case of carbonate

reservoirs.

22 Wettability Properties

The term wettability refers to the ability of a fluid to wet a solid surface in the
presence of a second fluid (Jadhunandan and Morrow, 1991). Wettability alterations have
been known to affect waterflood behavior (Raza et al., 1968; Cuiec, 1987; Treiber et al.,
1972 and Wolcott et al., 1991). Generally, the quantification of wettability is dependent on

17




the method used in the evaluation. The most common methods are the contact angle
(Morrow, 1970), the spontaneous and forced displacements (Amott, 1959; Boneau and
Clampitt, 1977; and Cuiec, 1984) and the capillary pressure curves (Donaldson et al., 1969).
The capillary pressure curves method is also known as the USBM method and it employs
imbibition and drainage capillary pressure data as a function of water saturation in

determining wettability of a rock sample. Andersen et al. (1989) presented a new device for

quantitative determination of wetting preference of crude oil/brine/solid systems. It is known
as a dynamic Wilhelmy plate technique. The dynamic Wilhelmy test uses a thin solid plate
suspended from a balance that is moved through the crude oil/solid interface inside an
anacrobic vessel. The measured change in force as the plate passes through the oil/brine
interface relates directly to the adhesion tension at that interface. The apparatus is computer

controlled and monitored.

Huang and Holm (1988) presented methods of physically and chemically treating
Berea cores to alter the rock wettability. To prepare a strongly water-wet core, a dry Berea
core was first saturated with 2% brine. The core was flooded with several pore volumes of
brine and then flooded with refined oil (mixture of n-decane, n-tetradecane, and a mineral
oil). To prepare a preferentially water-wet core, the procedure was the same as the water-
wet core except that a crude-oil was used instead of refined oil. To create a mixed-
wettability core, the method used was the same as that for preparing a preferentially water-
wet core, except that the core was aged for three month with crude oil in place, before the
core was subjected to flooding. Finally, to create an oil-wet core, a dry Berea core was
saturated with a crude oil or an oil wetting material. The oil wetting material was an
asphaltene solution or 10% surfasil (a short-chain polymeric silicone fluid) dissolved in

hexane.

The influence of wettability on waterflood performance has been studied extensively




and the published literature supports the conflicting conclusions as to the optimum wetting
condition for recovery (Anderson, 1987, Rao et al, 1992). Jadhunandan and Morrow
(1991) reported the findings of their studies on the effect of wettability on waterflood
recovery for crude-oil/brine/rock systems and one of their conclusions was that waterflood is
optimum at close to neutral wettability. This was in agreement with the eardier findings of
Mormow (1990).

In a part of his extensive wettability surveys, Andersen (1987) examined the effects of
wettability on waterflooding and on the breakthrough and residual oil saturations. He
suggested that when a strong water-wet system is waterflooded, recovery at water
breakthrough is high, with little additional oil production after breakthrough. Moreover,
water breakthrough occurs much earlier in strongly oil-wet systems, with most of the oil

recovered during a long period of simultaneous oil and water production.

22.1 Wettability Index

The Amott (1959) wettability test, consists of two parts. The first part is spontaneous
imbibition in water followed by forced displacement by water. This is denoted as I, and
expressed below:

(Vo)

The second part is a test for spontaneous imbibition in oil at a residual oil saturation
followed by forced displacement by oil. It is expressed as:

= (Ve depontancous

(Ve hona

2.17)

The Amott-Harvey wettability index (WI) is commonly stated as the subtraction of

19




displacement-by-oil (I,) ratio from the displacement-by-water ratio (I,):

WI =1I,-1, 2.18)

This is a relative index and varies from +1.0 for complete water wetness to -1.0 for

complete oil wetness (Cuiec, 1984).

2.3 Mercury Porosimetry Properties

Mercury porosimetry analysis for the identification of petrophysical properties is a
comparatively rapid procedure (Ghosh and Friedman, 1989). Lowell and Shields (1981a)
noted that the experimental method of mercury porosimetry for the determination of porous
properties of solids is dependent on several variables such as wetting or contact angle
between mercury and the surface of the solid. Capillary pressure data from mercury
porosimetry are used to determine petrophysical characteristics such as total intrusion
volume, pore surface area, average pore diameter, porosity, residual mercury saturation and
mercury recovery efficiency. Such petrophysical information is important to all phases of
enhanced recovery, which depends on accurate predictions of the behavior of fluids in rock
(Kopaska-Merkel and Amthor, 1988).

According to Moscou and Lub (1981), it is often recommended that double or triple
distilled mercury has to be used for mercury porosimetry tests, because of the implication
that mercury impurities affects its contact angle and surface tension. They further stated that
in practice though, no influence of mercury impurities could be found, This was concluded
from the experiments they performed with chemically pure mercury and with mercury

which had been used many times already for penetration analysis of some oxides. Before

re-use, the mercury was purified from solid particles by filtration. Chemical analysis of the

original mercury and the used mercury showed that only minor pollution of the mercury
occurred.




23.1 Capillary Pressure

The size of the pore invaded by the mercury is related to the pressure necessary to
overcome capillary forces. This relationship is shown by Washburn (1921) as:

_4ocos0

P, = d

2.19)

Here, the capillary pressure, P,, is in dynes/cm? the interfacial tension, o, is in dynes/cm;
and the capillary tube diameter, d, is in cm. The equation assumes a cylindrical pore, but
pores are rarely cylindrical, hence Eq. 2.19 constitutes a special model. Such a model may
not best represent pores in actual materials, but its use is generally accepted as the practical
means for treating what otherwise would be a most complex problem.

The capillary pressure, P, is the minimum pressure required to displace a wetting
liquid (0 < 90°) from, or inject a non-wetting liquid (6 > 90°) into a capillary of diameter,
d, when the interfacial tension is 6 and the angle of contact which this interface forms with
the solid of the capillary is 6 (Leverett, 1941; Purcell, 1949; and Fatt, 1956). It is inversely
proportional to the diameter and hence may be used as a measure of capillary size (Purcell,
1949; Burdine et al., 1950; Orr, Jr., 1969/70; Moscou and Lub, 1981; Bell et al.,, 1981;
Mukaida, 1981; Etris et al., 1988; and Kopaska-Merkel and Amthor, 1988).

The surface tension of mercury varies with purity; its usually accepted value and the
value used in this study is 485 dynes/cm. The contact angle between mercury and the solid
containing the pores varies somewhat with solid composition. A value of 130° is used here,

in the absence of specific information to the contrary.

If d is measured in micrometers and P, in psia, then this equation reduces for the

purpose of routine analysis to:
P, = 180‘.1863 2.20)
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23.2 Pore Surface Area and Specific Surface Area

Pore surface area is calculated from the pressure-volume work expended in forcing
mercury into the pores. The work, dW, required to immerse an area, dA, of pore wall is
expressed by (Lowell and Shields, 1981c):

dW = 6cos0dA = -PdV (2.21)

The total pore area is then (Lowell and Shields, 1981c; and Van Brakel et al., 1981):

v-
1

= — \' 2.22

SA ocosev‘LPd, 222)

where V.., corresponds to the volume of mercury to first penetrate and fill the maximum
sized pores. V., is the volume of mercury which subsequently filled the minimum sized
pores. This surface area value reflects the pore space whose walls are wetted by mercury at
a specified pressure, and does not represent the total surface area of the pore space which
would be measured by the adsorption of gas molecules.

For pressure in psia, volume in cc, pore surface area in m%/g, 6 = 130°, and © = 485

dynes/cm, Eq. 2.22 becomes:

v-
SA = 00221 | Pav (2.23)
v,

Howard (1991) suggested that it is important to distinguish between the available surface
area of a pore and its total surface area. He referred to available pore surface area as the
portion of the pore space that contributes to the fluid flow paths. It is expected that any
measurement of available pore surface area would be less than the total surface area.

Some authors (Chilingarian and Yen, 1987; Chilingarian et al.,, 1990; Bomer and
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Schon, 1991; and Raffensperger and Ferrell, Jr., 1991) introduced the term specific surface

area in their studies. It is defined as:

S, = -2 (2.24)

In Eq. 2.24, the units of specific surface area, S,, are in terms of m%cm>. In order to convert

it to the units of cm¥cm?3, as used in this study, it is redefined as:

10* SA

S, = V.
int.

2.25)

23.3 Average Pore Diameter

The pore entry diameter represents the equivalent circle diameters calculated from
capillary pressure measurements (Dullien and Dhawan, 1975). The average pore diameter is
therefore the equivalent diameter of all the effective pores and throats. The average pore
diameter in micrometers is estimated from the following equation (Lowell and Shields,
1981c):

—_ 4V,

A pore-throat is defined as the constriction of minimum cross-sectional area of a
conduit which connects one pore to another (Dullien, 1979). Etris et al. (1988) noted that
one of the factors controlling capillary pressure is pore-throat radius. Small pore-throats
require high pressure in the non-wetting phase for it to displace the wetting phase, while
larger pore-throats require lower pressures. He further stated that pore-throats are the
features that limit the amount of mercury saturations. At any given pressure, mercury will

invade all pores that are mutually connected by throats larger than a given value. Increased
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pressure permits the filling of pores connected by smaller throats and so on.

According to Orr, Jr. (1969/70), if pores were all either straight-walled or V-shaped
cracks, all the mercury forced into them under pressure would recede as the pressure was
diminished. Given the fact that this behavior is not often observed indicates that most
materials contain at least some so called "ink-well” pores. Ink-well pores are pores with
narrow throats opening into large cavities. The extent of this type of pore structure is
indicated by the hysteresis revealed by increasing pressure and decreasing pressure

determinations.

23.4 Permeability from Capillary Pressure Data

As reported in Amyx et al. (1960), Purcell (1949) and Burdine (1950) have both
provided equations for computing permeability from capillary pressure data which were
obtained by the mercury-penctration method. Purcell utilized the concept of pore-size
distribution without evaluating the distributions. Burdine provided pore-size distribution as

well as the results of the computation of permeability.

The equation presented by Purcell for the calculation of permeability in millidarcies,
from the pore properties of a rock is given as:

=1

d Sy
k = 1024 (ccos0)> oA s

.27

In Eq. 2.27, the lithology factor, A, is assumed to be constant for the porous medium.

The pemmeability (in millidarcies) equation developed by Burdine (1950) is based on
an analogy to a bundle of capillary tubes and it is given as:

mn ASyc T2
k = 1266x107¢ 3 — (2.28)
=1 Xi
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In Eq. 2.28, the subscript, i, represents a particular capillary tube in the bundle. x? is the
factor to account for more complex geometry of the system and it is termed dividing factor.
Empirically determined values of the dividing factor as a function of permeability are
presented by Burdine.

Bear (1972) provided an excellent review of the different models that have been used
to represent flow through porous media. The models cited by Bear are essentially classified
into four different categories: capillary tube models; fissure models; hydraulic radius
models; and resistance to flow models. The well known Kozeny-Carman model (Amyx et
al., 1960; Bear, 1972; and Raffensperger and Ferrell, Jr., 1991), which is based on a
theoretical analysis of fiuid flow through a bundle of capillary tubes, is one example of the

hydraulic radius models. The Kozeny-Carman equation may be given as:

‘= Co ¢’
T eSI(1-¢)

(2.29)

In Eq. 2.29, C, is a shape factor, porosity, ¢, is a fraction, specific surface area, S,, is
expressed in terms of cm%cm®, and permeability, k, is expressed in terms of cm> The
common unit for permeability is in terms of darcy; 1 darcy = 9.869 x 10~ cm?, and 1
millidarcy = 9.869 x 107'? cm®

23.5 Mercury Porosity

Porosity is calculated from the grain volume and bulk volume of the sample as (Amyx
et al,, 1960; and Dake, 1978):

_ Vp-Vs
0= 2= 2.30)

Mercury porosimetry measured porosity can also be estimated from the relationship given
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¢ty = Vi PB .31)

The definition given in Eq. 2.30 is for the absolute porosity and the one presented in Eq.
2.31 is for the effective porosity. It is expected that the porosity measured by the mercury
porosimetry would be less than the porosity measured by the routine methods because of

the limited intrusion pressure employed.

2.3.6 Mercury Recovery Efficiency

Recovery efficiency in mercury porosimetry is the fraction of the mercury intruded at
maximum pressure which is extruded during pressure reduction to final minimum pressure
(usually 14-15 psia, or atmospheric pressure) (Wardlaw, 1976, Wardlaw and McKellar,
1981; Melas and Friedman, 1992). From the capillary pressure curve data, it is calculated
using the equation given below:

Cum. Volume at P,,,, ~ Cum. Volume at P,

RE = Cum. Volume at P, @32)

and residual mercury saturation is:

S, =1-RE (2.33)
also, the mercury saturation at any pressure point can be estimated from the relationship

below:

s Cum. Volume at P;
H2 = ‘Cum. Volume at P,

(2.34)

According to Li and Wardlaw (1986), the effects of pore-throat size, shape,

26




connectivity, and arrangement (topology), in combination with the prevailing contact angle
for fluid interfaces, determine the mechanism of disconnection and the amount of location
of trapped fluid. They further noted that interface movements during imbibition are
influenced by the sizes, shapes and arrangement of both pores and throats with respect to
the direction of advancing displacement phase. Chatzis et al. (1983) observed a strong
relationship between trapping and aspect ratio, which is the ratio of the pore-body to pore-
throat size. As aspect ratio increases, the trapping mechanism goes through a transition from
bypassing to snap-off. At high aspect ratio, which is typical of Berea sandstones, the
recovery of oil is low and comes mostly from volume contributed by the pore throats.

23.7 Density

In many areas of petrophysical analyses the need to measure the rock volume or
density often arises. For example, rock-bed porosities in permeametry, volume specific
surface area, sample cell void volumes, as well as numerous other calculated values, all
require accurately measured rock densities or specific volumes. The volume occupied by
the solid plus the volume of voids when divided into the rock mass yields the bulk density.
The equation needed for the calculation of bulk density of a sample is:

f 1
pp = Wt. oviamge (.35)

When densities are determined by liquid displacement an apparent (skeletal) density is
obtained which can differ according to the liquid used, because of their different capabilities
of penetrating small pores (Lowell and Shields, 1981a).
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23.8 Capillary Pressure Curve Mode

Mode refers to the various forms of the capillary-pressure curves for each of the
samples. Unimodal form is "1", bimodal form is "2", trimodal form is "3", quadramodal
form is "4", and so on. Bimodal, trimodal, quadramodal and higher modes are sometime
referred to as "polymodal". The unimodal forms can exhibit "steep-convex”, "steep-
concave”, or "gentle sloping™ shapes (Amthor et al., 1988). The form of capillary-pressure
curves is controlled by a variety of factors, including the volume distribution of throats,
microscopic spatial heterogeneity of the pore system, connectivity, randomness of the spatial
distribution of throat sizes and intrusion rate (Wardlaw and Taylor, 1976).

Water-air capillary-pressures are about 1/5th of equivalent mercury-air capillary-
pressure (Purcell, 1949), whereas average conversion factors from gas-water and oil-water
systems to the mercury-air systems are 1/5th and 1/10th, respectively (Smith, 1966). These
numbers are highly sensitive to fluid densities, contact angles, and interfacial angles, and are

therefore rough approximations (Kopaska-Merkel and Amthor, 1988).

2.4 Thin-Section Analysis

Besides surface area and wettability, porosity origin permit a better assessment of oil
recovery. Porosity origin could be determined by the use of thin-section analysis. Thin-
section analysis is used to investigate the influence of small scale geological heterogeneities
on porosity and ultimately on fluid flow and non-wetting phase trapping. Hove et al. (1985)
investigated the presence of small scale heterogeneities that may influence fiuid movements,
trapping, movement of flood fronts, dispersion, viscous fingering, and other flow conditions
in cores.

Wellington and Vinegar (1987) measured porosity and fluid saturation during

multiphase flow and studied oil displacement mechanisms in homogeneous cores. Tomutsa
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et al. (1990) investigated the application of integrated pore-to-core image analysis for the
study of fluid distribution in reservoir rocks. They concluded that thin-section analysis along
with CT scanning provides supplemental information about the effect of heterogeneities on
microscopic fluid distribution and movement.

The consistency with which pore structure controls residual non-wetting phase
saturation was demonstrated by Kimbler and Caudle (1957). In a series of experiments
utilizing a photographic technique, they observed non-wetting phase distribution after water
drive. Results indicated that residual fluid distribution was not a random chance
phenomenon but rather was strictly controlled by the geometry of the pore continuum.
These authors indicated that changing the conditions of the experiment by altering the flow
rate or interfacial tension, or by substituting oil for gas as the non-wetting phase, resulted in
only very slight change in the configuration of the residual oil distribution.

One of the objectives of this study was to determine the geometrical and topological
characteristics of individual fluid phases at the microscale. As indicated by Dullien et al.
(1974), oil during the secondary oil recovery process is left behind as isolated blobs called
ganglia. This occurs at floodout and was attributed to the heterogeneity of the porous matrix
and the attendant non-wetting phase snap-off at the entry pores. Based on the theory of
capillary trapping and experimental observations, Jasti et al. (1990) suggested that these
ganglia may occupy a part of a single pore or may extend to several pores.

Ruzyla (1986) used thin sectional image analysis to quantify the microstructure of
porous media. To examine two-dimensional polished thin sections and to generate digitized
maps of the porous matrix, the optical microscope or scanning microscope was used. Simon

et al. (1977) indicated that thin-section anaiysis is a powerful tool in identifying rock types.
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They noted that the degree of fluid sensitivity is related to rock type, permeability and
especially porosity. Furthermore, Pathak et al. (1982) showed that residual oil saturation

was strongly dependent on the specific genus of the porous media.

2S5 Summary

The literature has been reviewed to understand the rock/fluid properties investigated in
this study. To assist with the optimal design of the laboratory experiments, the scaling
factor as initially proposed by Rapoport and Leas (1953) and the concept of capillary
number were introduced into the review.

The part of this study that deals with the linear-core experimental investigations
attempted to eliminate the problems associated with outlet end-effects, by having well
designed laboratory experiments. Furthermore, rock/fluid properties will be related to both
residual oil saturation and oil recovery. The relationships are to be developed at both

breakthrough and floodout.

To assist those who are interested in future work in this or similar areas, a detailed

multi-disciplinary list of related literature is provided in the bibliography.
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Chapter 3

PROBLEM STATEMENT

The overall objectives of this study are:

To develop a better understanding of some important but not really well investigated
rock/pore properties such as: wettability, tortuosity, pore size distribution, pore surface
area, specific surface area, pore diameter, pore length, apparent (skeletal) density, mer-
cury porosity, mercury recovery efficiency, and develop a better insight on capillary
pressure variation with respect to wettability and pore geometry of Berea sandstones
and Indiana limestones.

To improve the understanding of fluid flow in porous media under conditions of
secondary and tertiary recovery through the laboratory study of the performance of
secondary recovery methods such as waterflooding, using radial and linear-cores.

To develop empirical relationships between residual oil saturation and oil recovery at
breakthrough and the uncommon rock/pore properties for various types of porous
media. Develop correlations between residual oil saturation and ultimate oil recovery
at floodout and the uncommon rock/pore properties for various types of porous media.
Furthermore, variations of irreducible water saturation, porosity and absolute permea-
bility with respect to the rock/pore properties, residual oil saturation and oil recovery
will be investigated.
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Chapter 4

EXPERIMENTAL PROCEDURE

Figures 4.1 and 4.2 show schematics of the radial-core and linear-core experimental
procedures. As illustrated on Fig. 4.1 for the radial-cores, 8 core plugs were cut from each
waterfiooded core. The core plugs made an angle of 45° with each other. They were spaced
in such a way as to ensure coverage of all lithologies and better rock characterization. Each
of the 8 plugs was cut into 3 sub-plugs giving a total of 24 core plugs for each
waterflooded radial-core. The dimensions of the plugs are approximately 1.27 cm in
diameter and 1.69 cm long, and weighed approximately 2.50 g. As indicated in the Fig. 4.2
for the linear-cores, flow of the injected oil or brine was parallel to the bedding planes. Core
plugs were extracted from each of the waterflooded linear-cores. The core plugs were

cleaned and retained for utilization in the wettability and mercury porosimetry tests.

4.1 Waterflood Experiments

Waterflooding experiments were conducted using unfired Berea sandstone and Indiana
limestone cores. The experimental apparatus used for this investigation was a fully
automatic core-flooding station developed by Core Test Systems, Mountain View,
California. A schematic of the flow system is shown in Fig. 4.3. For this figure, the
description of the identification numbers is provided in Table 4.1. This system permitted the

simulation of both reservoir temperature and overburden pressure. Three fluid separators are

provided to hold the oil. Figure 4.4 shows a cut-away of one of the flow system separators.
The experimental oil was filled into the bladder with end-plugs fixed on both ends. The
annulus of the fluid separator was filled with hydraulic fluid to apply pressure on the
bladder and in tum to regulate the flow rate with the aid of the oil pump. Figure 4.5 shows
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Fig. 4.1: Schematic of the Radial-Core Experimental Procedure.
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Fig. 4.2: Schematic of the Linear-Core Experimental Procedure,
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Fig. 4.3: Schematic of Flow System (After Coretest Systems, Inc., 1988).
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Table 4.1: Index for Fig. 4.3

ITEM DESCRIPTION

Brine Pump Outlet

Oil Pump Inlet

Oil Pump Outlet

Separator Air Bleed Valves
Separator Pressure Valves
Separator Bleed Valves
Fluid Separator #1

Fluid Separator #2

Fluid Separator #3

Fluid Select Valve

Inlet Pressure Transducer
Inlet Bulk-Head Connector
Brine Pump Inlet

Fluid Direction Valve

Core Holder Pressure Vessel
Outlet Bulk-Head Connector
Differential Pressure Ports
Outlet Pressure Transducer
Back Pressure Regulator
Gas Pressure Control Valve
Pressure Gauge

Fractional Collector

AP Port Select Valve

AP Transducers and Isolate Valves
Overburden Fluid Pump
Prime/Purge Valve

Pump Isolate Valve
Accumulator Isolate Valve
Bleed Rate Valve
Vessel/Core Holder Isolate
Air Operated Bleed Valve
Accumulator

Pressure Relief Valve
Overburden Pressure Transducer
Core Holder Oven

N DD B ot et bt ot ok fod bt et et 12 \D 0O T O\ LN £ LD DD
SRLUEEERERGRENREEBExSIaGanhnsY!
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Fig. 44: Flow System Separator Cutaway (After Coretest Systems, Inc., 1988).
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Fig. 4.5: Radial-Core holder (After Coretest Systems, Inc., 1988).




a schematic of the radial flow core holder. The radial-core holder is manufactured from 304
stainless steel and Hastelloy C-276 (Micromeritics, 1987). The disk holder is rated for
operation at pressures to 2500 psi and at a temperature of 300°F. The base plate has a bore
into which the Hastelloy pressure plate rests. When pressure is introduced on the plate, the
rock is subjected to an overburden pressure. The base plate is a two part construction with a
Hastelloy seal plate and a 304 stainless steel base plate. Eight large socket head bolts are
uséd to hold the whole assembly together. Seven pressure taps are located on the top of the
vessel and two on the sides. Pressure lines for connecting to the inlet and outlet pore fluid
ports, differential pressure ports, overburden pressure ports, and thermocouple are provided
in the set-up of the radial-core holder. Several plugs are also provided for closing off un-
used holes. To apply overburden pressure on the linear-core, the annulus of the linear-core
holder, an example of which is shown in Fig. 4.6 was filled with light hydraulic fluid. The
linear-core was also loaded into a bladder. Both ends of the linear-core were fixed with
end-plugs. The long linear-core holder which was utilized in the linear flow studies can be
used to perform experiments on core samples 1 in. and 1.5 in. in diameter and up to 36 in.
long. The pressure vessel is designed to operate at pressure to 5000 psi and at temperatures
of up to 300°F. Several long thermocouples are also provided in the set-up of the long
linear-core holder.

For the radial core-floods, the cores used were 12.7 cm in diameter and 5.08 cm long.
Prior to mounting in a cylindrical core holder, an injection well located at the center was
drilled through the core. A 0.159 cm clearance between the core and the core holder around
the circumference was maintained. This clearance was necessary to permit the development
of radial flow behavior. To model a field situation where water advance is moderate,
displacement studies were conducted at injection rates equivalent to a field drainage rate of
1 foot/day for the waterflooding experiments. This was equivalent to an injection rate of
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Outlet Line
Overburden Inlet

Fig. 4.6: Standard Linear-Core holder (After Coretest Systems, Inc., 1988).




0.61 cc/min or 36.6 cc/hr.

For the case of the linear-core floods, 21 Berea sandstone and 16 Indiana limestone
core-floods were performed. The Berea sandstone and Indiana limestone cores were ordered
with the specification that they should be of varying permeability values, from Cleveland
Quarries Company, Amherst, Ohio. The Berea sandstone cores used in these experiments
ranged from 7.34 cm to 52.07 cm in length and from 3.79 cm to 3.88 cm in diameter. The
Indiana Limestone cores used ranged from 40.00 cm to 45.72 cm in length and from 3.76

cm to 3.89 cm in diameter.

The experimental procedure required that the core be evacuated to a pressure of
50-100 microns of mercury. After this requirement was satisfied, the core was then saturated
with brine. The pore volume was determined by measuring the amount of brine used to
completely saturate the core. After the core was saturated with brine, the absolute
permeability was determined. The core was then subjected to the drainage and imbibition
processes of flooding to determine properties such as irreducible water saturation, residual
oil saturation at breakthrough, cumulative oil recovery at breakthrough, residual oil
saturation at floodout, cumulative oil recovery at floodout (ultimate oil recovery), and the

rock tortuosity expressed as the wetting-phase retention time.

According to Chang et al. (1988), residual oil saturation is the oil saturation remaining
in the reservoir after extraction by conventional recovery methods, such as waterflooding.
Rathmell et al. (1973) made mention of residual oil saturation at breakthrough and at
floodout in their study. In the context used in this study, residual oil saturation at
breakthrough is the oil saturation remaining in the flooded core at breakthrough and the
residual oil saturation at floodout is the oil remaining in the flooded core after extraction by
waterflooding. Residual oil saturation is used not only to judge the waterflood performance,
but also to evaluate the potential for a tertiary recovery project. It is also used to calculate
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the sweep efficiency, which in turn leads to an estimation of the remaining reserves.

The brine used consisted of 1.5% by weight sodium chloride, 0.3% by weight
formalin (37% by volume formaldehyde), and 98.2% by weight distilled water. The
formalin was used to preserve the brine and prevent bacterial growth. The non-wetting
phase was a binary system containing 70% by volume Blandol and 30% by volume of
Soltrol 160. This combination was selected to yield a viscosity of 10.0 cp at 35°C. A
viscosity of 10.0 cp was selected to simulate the viscosity of common reservoir oil. Before
mixing and prior to each experimental run, the wetting and the non-wetting phases were
filtered through a 0.45 um Metricel filter. The physical properties of the fluids are shown in
Table 4.2. For the linear core-floods, the physical and petrophysical properties of the cores
are as shown in Tables 4.3 and 4.4 for Berea sandstone and Indiana limestone cores,
respectively.

The densities of the brine and oil are determined using Mettler KEM DA-300 Density
Meter® which gives a direct digital readout of density. The viscosities of the fluids are
measured using Cannon-Fenske Routine Viscometers®. The time required to flow a fixed
volume of liquid under gravity through a calibrated glass capillary tube is measured. The
kinematic viscosity is given by multiplication of the time by a calibration constant.
Multiplication of the kinematic viscosity by the fluid density gives the dynamic viscosity, .
The interfacial tension between the brine and oil is measured using the du Nouy type
Surface Tensiometer® which uses the principle of pulling a platinum-iridium ring through

the interface of two immiscible liquids and recording the force at which the distended

interface breaks. The scaling coefficient, Lu,},, was maintained at approximately 5.0 cm? .

cp/min, in order to prevent end-effects.

*Kyoto Electronic Manufacturing Company, Japan
bCannon Instrument Company, State College, Pennsylvania
Fisher Scientific Company, Pittsburgh, Pennsylvania

42




Table 4.2: Physical Properties of the Oil and Brine

Oil Density @ 35°C (gm/cc) | 0.83
Brine Density @ 35°C (gm/cc) | 1.01
Oil Viscosity @ 35°C (cp) | 10.00
Brine Viscosity @ 35°C (cp) | 1.00
Interfacial Tension (dynes/cm) | 26.33

Table 4.3: Physical and Petrophysical Properties of the

Berea Sandstone Linear-Cores
Core | Length | Dia. Inj. Scaling | Core Brine Absolute | Pore | H.C. Cep.
No. Rate Coeff., Pore | Porosity Perm. Vol. | Pore | Number,
Lu.p, Vol. Inj. | "Vol N+,
(cm) | (em) | (cc/min) |(emepmmin)l  (cc) (frac) (md) (cc) | (cc) | (E-OD)
—_— - |
1A 50.07 | 3.82 1.20 5.24 13546 | 0227 269.78 | 3.02 | 43.12 6.63
1B 734 | 381 7.80 5.03 17.17 | 0206 25137 | 556 | 4.95 4341
2A 50.80 | 3.79 1.20 541 124.81 0218 276.02 | 253 | 51.19 6.74
2B 3937 | 3.81 1.50 5.18 10049 | 0224 21134 | 287 | 41.15 833
3A 4509 | 3.82 1.30 5.11 6433 | 0.124 75.75 | 440 | 29.75 7.17
3B 4445 | 385 1.40 535 7070 | 0.137 78.03 | 3.01 | 33.10 7.62
4A 4334 | 3.82 1.40 529 82.86 | 0.167 81.85 | 450 | 35.55 172
4B 4457 | 382 1.30 5.04 90.70 | 0.177 85.03 | 253 | 41.00 7.16
5A 4524 | 3.86 1.30 5.01 75.14 | 0.142 8091 | 5.14 | 31.10 7.01
5B 4540 | 3.88 1.30 4.99 8091 0.151 8268 | 4.69 | 35.85 6.96
6A 4556 | 3.81 1.30 5.20 103.14 | 0.199 19589 | 6.06 | 46.10 7.23
6B 4477 | 3.81 1.30 -5.10 12031 0235 291.27 | 3.03 | 44.00 7.20
7A 3032 | 3.84 200 524 6493 | 0.185 119.18 | 3.14 | 44.71 10.93
7B 2953 | 3.84 2.00 5.11 7751 0227 24131 | 2.13 | 4841 10.96
c 2858 | 3.84 210 5.17 61.66 | 0.186 12063 | 452 | 49.09 11.45
8A 18.73 | 3.82 3.10 507 4150 | 0.194 272.11 | 5.04 | 3630 17.15
8B 1341 | 3.82 430 5.03 3128 | 0.203 203.71 | 7.45 | 26.85 23.75
8C 922 | 3.84 6.30 5.03 2387 | 0224 27643 | 697 | 21.33 34.50
8D 928 | 3.83 6.30 5.08 2217 | 0207 179.61 | 5.44 | 20.00 34.63
8E 734 | 3.83 7.90 5.04 1785 | 0211 24974 | 386 | 489 43.50
8F 804 | 383 7.20 5.03 2083 | 0225 32122 | 302 540 39.63
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Table 4.4: Physical and Petrophysical Properties of the
Indiana Limestone Linear-Cores

Inj. Scaling

Rate Coeff.,
Luy,

(cm?.cp/min)




After the completion of the watérﬁood experiments and in readiness for the wettability
and mercury porosimetry experiments, core plugs were extracted from the waterflooded
cores. For the linear cores, depending on the length of the waterflooded cores, 6 to 54 core
plugs were taken from each of the 21 Berea sandstone linear cores, for a total of 580 Berea
sandstone core plugs. In the case of the 16 Indiana limestone linear cores, 32 core plugs
were extracted from each of them, for a total of 512 Indiana limestone core plugs. The core
plugs were drilled perpendicular to the bedding planes on each of the sandstone and
limestone linear cores, using a diamond core bit with water as the coolant and lubricant.
Each core plug was identified by a sample number, using blue color wax-base pencil. On
the average, the extracted core plugs were 1.3 cm in diameter and 1.7 cm long. The core
plugs were cleaned prior to performing the wettability and mercury porosimetry tests by

using the method presented in the next section.

42 Samples Cleaning

The core plugs were cleaned by soaking for 48 hours in solution containing S0% by
volume acetone and 50% by volume isopropyl alcohol (IPA). This was followed by an
additional soaking for 24 hours in acetone solution only. Finally, the core plugs were dried
in a vacuum oven for 24 hours at a temperature of 60°C. This technique was developed by
Texaco Research Laboratory (Kopaska-Merkel and Amthor, 1988). Results derived from
samples cleaned in this way are as reliable as other more i'igorous methods of cleaning core

plugs which are presented in the paper by Ghosh and Friedman (1989).

43 Wettability Experiments

Wettability is a major factor controlling the location, flow and distribution of fluids in

a reservoir. The term is generally used to describe the ability of a fluid to wet a solid
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surface in the presence of the second fluid. Wettability changes have been shown to affect
waterflood behavior, irreducible water saturation and residual oil saturation (Raza et al,,
1968).

According to Morrow (1990), reservoir wettability is determined by complex interface
boundary conditions acting within the pore space of sedimentary rocks. These conditions
have a dominant effect on interface movement and associated oil displacement.

The Amott-Hawey (Trantham and Clampitt, 1977; and Boneau and Clampitt, 1977)
method was used to measure the average wettability of the core plugs which were extracted
from the waterflooded cores. This method, which is similar to the Amott (1959) wettability
measurement technique, is based on the fact that the wetting fluid will generally imbibe
spontaneously into the core, thereby displacing the non-wetting phase. The method
compares the tendency of a permeable plug at irreducible oil to imbibe oil with the
tendency of the same plug at irreducible water to imbibe water (Trantham and Clampitt,
1977). In determining the wettability index, the ratio of spontaneous imbibition to forced
imbibition is utilized to reduce the influence of other factors, such as relative permeability,
viscosity, and the initial saturation of the rock because only the surface forces are changed
(Anderson, 1986). A description of the experimental procedure (Boneau and Clampitt, 1977;
Cuiec et al., 1979; Cuiec, 1984; Anderson, 1986), is summarized as follows:

1.  Centrifuge core plug under brine.
2.  Centrifuge under reservoir crude.

Carefully weigh the core plug at the end of step 2.
3.  Submerge in brine for 20 hours and find "A".

The value of "A" is equal to the weight of the core plug at the end of step 3
less the weight of the core plug at the end step 2.
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4. Centrifuge under brine and find "B".

The value of "B" is equal to the weight of the core plug at the end of step 4
less the weight of the core plug at the end step 3.

5. Submerge in reservoir crude oil for 20 hours and find “C".

The value of "C" is equal to the weight of the core plug at the end of step 5
less the weight of the core plug at the end step 4.

6. Centrifuge under crude oil and find "D".

The value of "D" is equal to the weight of the core plug at the end of step 6
less the weight of the core plug at the end step §.

7. Determine relative displacement (wettability) index as:

A C
[A+B]—[C+D] @D

The samples are centrifuged for 1 hour with the speed control knob of the

centrifuge set at between one-half to full speed or at about 1500 RPM.

The centrifuge used for the forced imbibitions was supplied by International Equipment
Company (A division of Damon), Needham Heights, Massachuseltts.

Wetability is well established in the literature as a dominant variable in controlling
the performance of displacement of oil by water in the porous media and it is often
described with the terms "water-wet", "intermediate”, or "oil-wet" (Rathmell et al., 1973).
For the Amott-Harvey method, water-wet range is from +0.3 to +1.0, the intermediate range
is from 0.3 to +0.3 and the oil-wet range is from -0.3 to -1.0 (Cuiec, 1987). The
intermediates are further broken down to a range of +0.1 to +0.3 for slightly water-wet, -0.1
to +0.1 for neutral and -0.1 to -0.3 for slightly oil-wet.
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4.4 Mercury Porosimetry Experiments

The experiments were carried out on a mercury porosimeter (Pore Sizer Model
Autopore II 9220) supplied by Micromeritics, Norcross, Georgia. Figure 4.7 shows front
view of a mercury porosimetry Autopore II 9220. To embark on the tests, the samples were
weighed and installed in penetrometers individually. Figure 4.8 shows diagram of an
assembled and unassembled penetmmeter. Four samples in penetrometers were installed in
the low-pressure ports at a time and evacuated simultaneously in the low pressure ports
until a stabilized pressure of about 50 um was obtained. Mercury was then allowed to fill
the penetrometers and low-pressure tests were performed in discrete increments from 1.5
psia to 14 psia (about atmospheric pressure).

At the conclusion of the low pressure runs, the penetrometers containing mercury and
samples were weighed and two of them were installed in the high-pressure chambers at a
time. The high-pressure runs could be performed at specific values from 14 to 60,000 psia
(air-mercury) by raising the pressure incrementally and allowing equilibration at each
increment. With each increment of pressure, smaller pore throats were invaded by mercury.
For this study, the maximum pressure was limited to 11,000 psia, because the amount of
mercury intrusion above this pressure is negligible for the types of samples being
investigated. Kopaska-Merkel and Amthor (1988) pointed out that any capillary-pressure
study done to evaluate reservoir rock should at least cover the pressure range corresponding
to pressures which might be encountered in the subsurface (probably at least 10,000 psia) or
one runs the risk of under-estimating available porosity by up to 30% or more.

Pore size information are obtained from mercury intrusion (drainage) curves based on
the assumption of a cylindrical pore configuration. It is assumed that mercury is the non-
wetting phase which displaces completely the wetting phase (mercury vapor or air) in the

rock samples. The extrusion (imbibition) curves are obtained by releasing pressure and
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A = Low Pressure Chambers
B = High Pressure Chambers
C = Cylindrical Enclosures
E = Drying Chamber

F = Pump and Motor Drive
G = Mechanical Vacuum Pump
H = Mercury Reservoir

I = Vertical Slots

J = Sealing Components

K = Sealing Components

L = Ventilation Valve

N = Mercury Trap

Fig. 4.7: Front View of Mercury Porosimetry Autopore II 9220.

(After Micromeritics, 1987).
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Spacer for 3cc
Penetrometer
(Low Pressure Use Only)

Fig. 4.8: Mercury Porosimetry Penetrometer Assembly
(After Micromeritics, 1987).




recording equilibrated values and taking readings at successively lower pressures (Ghosh
and Friedman, 1989).

45 Thin-Section Analysis

To better interpret waterflooding, wettability and porosimetry data, 10 sandstone cores
were thin-sectioned and impregnated with blue epoxy. Approximately 400 points were

counted per section using an optical microscope at 10x power.
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Chapter §

RESULTS AND DISCUSSION

§.1 Sandstone Radial-Core Case

Twenty sets of waterflooding displacement tests were conducted in Berea sandstone
radial-cores of 12.7 cm diameter, 5.08 cm long, with 0.159 cm clearance between the core’s
circumference and the core holder. The containment pressure on the cores was maintained at
500 psig for the sandstone radial-cores. The pressure of 500 psig permitted water injection
without the inducement of fracture.

5.1.1 Waterflood Properties

As part of data collection and analysis, waterflood experimental results are used to
identify the mechanisms of fluid flow pertinent to this study. In addition, waterflood

experimental results are used to determine the functional relationships between oil recovery

and residual water and oil saturations and tortosity. Tortuosity which is expressed in terms
of the true rock retention time (in seconds) for the purpose of this study, was measured by
recoding the amount of time required for the injected brine to travel from the core inlet to

the outlet face.

Statistical descriptions of the different waterflood experimental variables are listed in
Table 5.1. The variables include initial oil saturation, residual oil saturation, porosity,
permeability, tortuosity (expressed in terms of retention time), oil recovery at breakthrough,
and ultimate 0il recovery. Figure 5.1 shows a plot of residual oil saturation versus initial oil
saturation. The plot indicates that there is a tendency for residual oil to increase as the
initial oil saturation increases. This observation is in agreement with Pickell et al. (1966),

who indicated that residual oil saturation is dependent on initial oil content.
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Table 5.1: Statistical Description of Waterflood Experimental
Variables for Berea Sandstone Radial-Cores

UOR OR Soi Sor | Gorine | Guir Kyir T
@B.T.
(% IOIP) | (% 10IP) | (%) (%) (%) (%) | (md)

Mean 43.99 3225 5441 | 3041 19.55 18.51 302.7 | 6520
Median 43.62 32.69 5484 | 3107 | 2009 1896 | 3619 | 6669
Min. 39.86 20.05 4658 | 2446 | 1688 16.20 63.00 { 3471
Max. 5130 37.66 6193 | 3488 | 21.83 | 2034 | 5838 | 8970
Q 42.10 31.80 5094 | 28.07 17.79 16.64 73.40 | 5724
Q3 4497 34.60 5779 | 33.14 | 2148 | 2002 | 4838 | 743.7

St. Dev. 2928 2.400 3950 | 3234 1.893 1500 | 1882 | 139.1

B.T. = Breakthrough
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Fig. 5.1: Residual Oil Saturation vs. Initial Oil Saturation
for Berea Sandstone Radial-Cores.
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In this study, the ratio of capillary to viscous forces was calculation to be 1.859x10*,
corresponding to a capillary number, N, , of 1.344x10°7 < 1076 . Capillary forces here are

defined using interfacial tension only. A N, value of 1.344x10™ 7 indicates a capillary force

dominance. Therefore, the residual oil saturation resulting from the waterflooding was
influenced by capillary forces only.

5.1.2 Wettability Properties

Wettability indices were obtained from the results of wettability experiments. These
results were used to determine the average wettability index of the Berea sandstone radial-
cores. Furthermore, the results are used to determine functional relationships between oil

recovery and average wettability index.

Using the Amott-Harvey method, Berea sandstone radial-cores surface wettability
indices were determined and shown to vary from a minimum value of +0.45 to a maximum
value of +1.0. Wettability variations in the less permeable rocks were more pronounced.
This was attributed to the relative abundance of shaly streaks in the tighter cores and led to
the conclusion that with respect to the core plugs tested, the wettability is heterogeneous or
"dalmatian” with some parts of the surface area being water-wet and others being oil-wet.

The frequency distribution of the wettability indices was skewed to the left since the
median of the distribution is larger than the mean (Fig. 5.2). Figure 5.3 shows that the
average wettability index was found to be directly related to the initial water saturation.
However, Fig. 5.4 indicates that the residual oil saturation in Berea sandstone cores is
inversely related to the average wettability index. Figure 5.5 indicates that ultimate oil
recovery directly relates to the average wettability index in Berea sandstone radial-cores.
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Fig. 5.2: Frequency Distribution for Wettability Indices
for Berea Sandstone Radial-Cores.
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Fig. 5.3: Initial Water Saturation vs. Average Wettability Index
for Berea Sandstone Radial-Cores.
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Fig. 5.4: Residual Oil Saturation vs. Average Wettability Index
for Berea Sandstone Radial-Cores.
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Fig. 5§.5: Ultimate Oil Recovery vs. Average Wettability Index
for Berea Sandstone Radial-Cores.




§.1.3 Mercury Porosimetry Properties

In mercury porosimetry experiments, incremental and cumulative intrusion curves are
used to determine the non-wetting phase mechanisms of trapping in Berea sandstone radial-
cores investigated. Additionally, using mercury porosimetry, measurements of pore-throat
diameter, rock surface area and pore length are obtained. The data resulting from these
measurements are used to determine the functional relationships between oil recovery and

median pore-throat diameter, rock surface area and pore length.

Figure 5.6 which relates ultimate 0il recovery to average rock surface area indicates a
trend that is directly related. Hence, for water-wet rocks, ultimate oil recovery is higher, for
larger average rock surface area. Figure 5.7 contain a plot of the pore-throat size distribution
for permeable Berea sandstone core. The plot indicates that the distribution is centered
around a median pore-throat size of approximately 15 um. Figure 5.8 shows plots of the
extrusion and intrusion cycles. The location of the extrusion cycle above the intrusion cycle
indicates that the hysteresis loop does not close and suggests that some mercury is
entrapped in the pores. Similar intrusion-extrusion curves behavior was observed by Lowell
and Shields (1981). Orr (1969/70) suggested that intrusion-extrusion hysteresis is due
mainly to "ink-well" shaped pores. In pores of this type, intrusion cannot occur until
sufficient pressure is attained to force mercury into the narrow neck, whereupon the entire
pore will fill. However, upon extrusion, the wide-pore body can not empty until a lower
pressure is reached, leaving entrapped mercury in the wide inner portion.

Figure 5.9 is the plot relating the permeability of Berea sandstone cores to porosity.
According to Fig. 5.10, rock permeability and average rock surface area are inversely
proportional. Also, as indicated in Fig. 5.11, average surface area is correlatable to the
median pore-throat diameter. Since the Berea sandstone average rock surface area is
inversely related to its median pore-throat size, the rock surface area was found to be
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Fig. 5.6: Ultimate Oil Recovery vs. Average Surface Area
for Berea Sandstone Radial-Cores.
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Fig. 5.8: Steep-Convex Unimodal Capillary-Pressure Curve for
Permeable Berea Sandstone Radial-Cores.
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Fig. 5.9: Permeability vs. Porosity for Berea Sandstone Radial-Cores.
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Fig. 5.10: Permeability vs. Average Surface Area for Berea
Sandstone Radial-Cores.
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Fig. 5.11: Average Surface Area vs. Median Pore-Throat Diameter
for Berea Sandstone Radial-Cores.
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inversely related to rock permeability. As pointed out by Amthor et al. (1988), porosity
was found to be positively related to rock median-throat size. In this study, as indicated in
Fig. 5.12, rock porosity was found to be inversely proportional to average rock surface area.
Our findings appear to be in accordance with the conclusions of Amthor et al. since rock
surface area is an inverse function of the rock median pore-throat size.

Further analysis indicated that onc form of capillary pressure curves was
distinguishable. Similar to the plot shown in Fig. 5.8, all the curves from the 524 core plugs
tested show a steep-convex unimodal trend. Unimodal curves are strong indications of
unimodal throat-size distributions. Amthor et al. suggested that rocks are classified by their
capillary pressure curve forms which are strongly correlatable to recovery efficiencies.

Figure 5.13 indicates that median pore length and oil recovery are found to be directly
proportional. As shown in Fig. 5.14, ultimate oil recovery is inversely proportional to
median pore-throat diameter. Furthermore, Fig. 5.15 shows that tortuosity is related to the
median pore length. A longer flow pathway affects the rock retention time in such a way
that it retards the time of appearance of the first liquid droplet coming out of the porous

medium.

§.1.4 Thin-Section Analysis Properties

With the aid of thin-section analyses, the effects of clay matrix, carbonate cement and
quartz overgrowth on wettability, porosity, residual oil saturation, and rock surface area of
Berea sandstones were investigated. Mercury porosimetry and spectro-electromicroscopic
analyses indicated that carbonate and quartz overgrowth were the predominant types of

cement present in Berea sandstone rocks.

It was previously concluded that Berea sandstone wettability could be described as
"dalmatian" with some parts of the rock surface area being water-wet and others being oil-
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wet. Furthermore, wettability is "dalmatian” mainly because of the occurrence of shaly
streaks were more abundant in tighter cores. The mean wettability was found to be
functionally related to the amount of hydrophobic or hydrophilic surface area present in
each core sample. The impact of rock surface type, clay and cement contents on wettability
were examined. Higher amount of clays, as indicated in Fig. 5.16, reduce the wettability of
the rock surface area. Therefore, an inversely proportional relationship relates the cores
average wettability index to the clay content. Consequently, it was concluded that larger
amount of clays prevents the spreading of the wetting phase on the rock surface area.
Thin-section analysis supported the conclusion that wettability is "dalmatian”. As
shown in Fig. 5.16, average wettability index is slightly related to the amount of clay
present. Higher rock clay content reduces the affinity of the rock surface area to the wetting
phase. The relationship is weak with a R? of 6% and it is statistically not significant at o =
0.1 level. Since the coefficient of variance of the relationship is less than 1.0, it indicates

that no erratic data points are present.

In mercury porosimetry studies, high surface areas resulted from ink-well shaped pores
which are characterized by a narrow entrance and a comparatively wide inner body.
Intrusion into the wide inner body does not occur until a sufficiently high pressure is
applied to force mercury through the narrow throats into the pore body. As a result errors in
volume are associated with narrow pores which m#ult in a high calculated surface area. It
was observed that low surface areas were associated with more porous and permeable
formations. In these types of rocks, median pore-throat sizes were found to be larger than
the median pore-throat sizes associated with the less porous and less permeable formations.
These observations are in agreement with those of Amthor, Kopaska-Merkel and Friedman
(1988). These investigators indicated that low permeability was due to small median pore-

throat sizes. Moreover, higher surface areas were associated with core samples having
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smaller median pore-throat diameters. These types of samples were found in tighter cores
where shale streaks were abundant. Higher surface areas reflected the expansion of clay
minerals in the tighter formations. Therefore, as described in Fig. 5.17, rock surface area is
affected by the amount of clay minerals present in a core. Higher amount of clays results in
higher surface areas. As shown in Fig. 5.18, there is no defined trend for the relationship

between average surface area and the amount of cements in the core.

Further, using thin-section analysis technique, it was noted that the matrix of Berea
sandstone was made up of monocrystalline quartz, polycrystalline quartz, chert, plagioclase,
alkali feldspar, rock fragments, mica flakes and heavy minerals Tables 5.2, 5.3, and 54
show the point count results from thin sections of bedded and unbedded cores. As Table 5.2
shows, the dominant cement appears to be quartz overgrowths. Nearly all quartz grains had
at least a thin layer of overgrowth. Tables 5.3 and 5.4 show the point count results on
coarse and finer laminations in the bedded cores, respectively. On the other hand, the
unbedded cores could be described as well-sorted quartzose sandstone (Fig. 5.19).
Indications of bedding or laminations were not seen under the microscope or from the thin-
section analysis; therefore, these cores were referred to as unbedded. By contrast, the
bedded Berea sandstone cores could be described as moderately well-sorted quartzose
sandstone (Fig. 5.20). The bedding laminations in these cores were very distinct. These
laminations were differentiated mainly on the basis of grain size. The coarser laminations
were well-sorted within their own boundaries, while the finer laminations were moderately
well-sorted. Figs. 5.19 and 5.20 show that porosity connectivity was not homogeneous as
was true in the case of the thin sections from well-sorted, unbedded cores. However, the
thin sections obtained from the bedded cores indicate that the pores were better connected
slong the bedding planes. As indicated in Tables 5.3 and 5.4, there was no significant

differences apparent in the proportions of framework grains (i.e. monoquartz, polyquartz,
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Fig. 5.18: Average Surface Area vs. Total Amounts of Cements
for Berea Sandstone Radial-Cores.

Table 5.2: Point Count Results for Slide 8-2

No. %

Framework Minerals  Monocrystalline Quartz 257 45
Polycrystalline Quartz 46 80

Chert 6 10
Plagioclase 3s 6.0
Alkali Feldspar (k) 14 24
Rock anmﬂns" 5 09
Porosity Primary Porosity & 11.6
QOil (Interstitial) 69 119
Secondary Porosity 7 12
Matrix and Cement Clay Matrix 27 4.7
Quartz Overgrowths 33 8.7
Carbonate Cement 8 14
Clay Alteration Rim 5 09
Total: 578
%Framework Grains 62.8
%Porosity (Total) 24.7
%Matrix 4.7
%Cement 11
93

Count covered 14 traverses perpendicular to bedding
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Table 5.3: Point Count Resuilts for Slide 17-2 (Finer Laminations)

No. %
Framework Minerals Monocrystalline Quartz 154 483
Polycrystalline Quartz 27 85
Chert 1 03
Alkali Feldspar (k) 6 19
Rock Fragments 19 6.0
Mica Flakes 1 03
Porosity Primary Porosity 53 16.6
Oil (Interstitial) 27 85
Secondary Porosity 6 19
Matrix and Cement  Clay Matrix 14 44
Quartz Overgrowths 4 13
Carbonate Cement 7 22
Total: 319
%Framework Grains 653
%Porosity (Total) 270
%Matrix 44
%Cement 35
99.2

Table 5.4: Point Count Results for Slide 17-2 (Coarse Laminations)

No. %
Framework Minerals Monocrystalline Quartz 159 50.2
Polycrystalline Quartz 29 9.1
Chent 2 0.6
Alkali Feldspar (k) 5 1.6
Rock Fragments 16 5.0
Mica Flakes 1 03
Heavy Minerals 2 0.6
Porosity Primary Porosity 47 14.8
Oil (Interstitial) 16 5.0
Secondary Porosity 4 13
Matrix and Cement Clay Matrix 17 53
Quartz Overgrowths 5 1.6
Carbonate Cement 14 44
Total: 317
%Framework Grains 674
%Porosity (Total) 21.1
SMatrix 53
%Cement 6.0
99.8
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Fig. 5.19: SEM Photograph of Epoxy-Filled Unbedded Thin-Section
for Berea Sandstone Radial-Cores.

Fig. 5.20: SEM Photograph of Epoxy-Filled Bedded Thin-Section
for Berea Sandstone Radial-Cores.



feldspars and shale rock fragments) between laminations. Additionally, as Tables 5.3 and
5.4 show, there was a significant decrease in total porosity in the finer laminations (27-28%
coarse versus 20-22% fine) of the thin sections obtained from bedded cores. This decrease
resulted from both larger amount of clay matrix and carbonate in the finer laminations.

Quartz overgrowths were detected with greater frequency in the unbedded cores.
Figure 5.21 shows that as the total porosity decreases, amount of quartz overgrowth

increases. The relationship between total porosity and the amount of quartz overgrowth for
the bedded cores, is statistically not significant at a = 0.1 level. The total porosity decrease
seemed to be more pronounced in the unbedded cores. Moreover, the amount of quartz
overgrowth appears to have little influence on total porosity variation in the tight and less

permeable cores.

Additionally, patchy carbonate was present as a cement. Where present, it tended to
fill the entire pore and appeared to have been deposited at a time subsequent to the quarnz
overgrowth. Figure 5.22 indicates that presence of carbonate cements in Berea sandstone
cores lowers the total porosity. The amount of carbonate cements were higher in the thin
sections obtained from bedded cores than in those obtained from unbedded cores. In the
latter case, the presence of incipient secondary porosity was determined. Incipient secondary
porosity occurs where feldspar grains (plagioclase and alkali feldspars) and shale rock
fragments were partially dissolved (filled with epoxy). If the pore size was large enough and
is connected to the primary porosity, oil will be trapped in cul-de-sacs or dead ends. Figure
5.23 indicates that total and secondary porosity are related. A high total porosity is
associated with a high induced secondary porosity.

The matrix in Berea sandstone cores was predominantly clay. The clay matrix, on rare
instances, was replaced by a very patchy amount of silica. It was observed that large
amount of clay matrix reduces the total porosity (Fig. 5.24). Porosity, on the other hand, did

70




g »

ITIIIl_ll'lllllI|I1IITTTTI|7]II1IIIIIIl'llllmll]"'lilmi

b
. $=029.9-0.345AQ0
Re-0.976; R%W95.2%
0=0.843; C.V.=0.033
F=79.83; p-values0.001

i satisically signif
@ 0=0.00] level

"7
[ ]
[ ]

=5
$=29.7.4.56AQ0
i Re-0.508; R2=253%
O=3.014; C.V.«0.129
F=1.39; p-valne=0.304
o) is satictically pot significant
@ o=0.1 leve

E

llJllllJllllllllll'““illllll“l“LlllJ_Ullllll‘“l!“

Jota! Pogostty, %,

8 s

lll'[llllllI|'I’TTI]TTT“I'lllTIIlIIIll'l'l”llTTIlllTl'l
—

o

®
S
0

Amount of Quartz Overgrowth, %

Fig. 5.21: Total Porosity vs. Amounts of Quartz Overgrowth
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Fig. 5.24: Total Porosity vs. Amounts of Clay Matrix
for Berea Sandstone Radial-Cores.
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not seem to be related to the amount of framework grains in the bedded and unbedded cores
(Fig. 5.25). Furthermore, there do not appear to be any significant differences in the
proportions of framework grains in the thin sections obtained from bedded and unbedded

cores.

The extent of degree of primary porosity was higher in the thin sections obtained from
bedded cores. The total porosity was found to be directly proportional to the primary
porosity, as illustrated by Fig. 5.26. The relationship for the unbedded cores is statistically
not significant at a = 0.1 level. The two distinct curves support the fact that the contrast in
porosity was mainly due to two different primary porosity ranges.

When capillary forces dominate the fluid flow mechanisms, as is true in the case of a
strongly water-wet system, less porous formations are best suited for piston-like
displacement. Consequently, a low residual oil saturation is associated with tighter
formations because of a better sweep efficiency and a more uniform frontal displacement.
As indicated in Fig. 5.27, the residual non-wetting phase saturation increased with an
increase in total porosity. This result seems to support Watson and Boukadi's (1990)
conclusion that the ratio of pore body to pore throat diameters (the aspect ratio) affects the
residual non-wetting phase saturation in Berea sandstone cores. Figure 5.27 also seems to
suggest that a highly porous system permits by-passing and non-wetting phase snap-off
when capillary forces dominate the displacement process.

§.2 Limestone Radial-Core Case

Twenty sets of waterflooding displacement tests were conducted in Indiana limestone
radial-cores of 12.7 cm diameter, 5.08 cm long, with 0.159 cm clearance between the core’s
circumference and the core holder. The containment pressure on the cores was maintained at

200 psig for the limestone radial-cores. The containment pressure for limestone radial-core
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Table 5.5: Statistical Description of Waterflood Experimental
Variables for Less Porous Indiana Limestone
Radial-Cores
(10.099% < ¢ < 11.851%)

UOR OR Soi swi Sor 4)bnne
@B.T.
(% IOIP) | (RIOIP) | (%) (%) (%) (%)

Mean 4487 22.17 5153 | 4847 | 2842 | 1134
Median 43.74 20.79 51.73 | 4827 | 2932 | 1147
Min. 3933 18.05 46.T7 | 4492 | 23.49 | 1009
Max. 52.70 2741 5508 | 5328 | 31.55 11.85
Q1 4155 20.04 49.92 “.71 2562 | 11.15
Q3 4791 24.79 5329 | 5008 | 3088 11.66

St. Dev. 4.650 3130 2508 | 2508 | 2900 | 0.498

B.T. = Breakthrough

75




was 300 psig lower than that used for the sandstone radial-core. Experience indicated that
the limestone radial-cores failed at containment pressures equal to or greater than 300 psig.

§2.1 Waterflood Properties

Statistical descriptions of initial oil saturation, residual oil saturations, porosity, oil
recovery at breakthrough and ultimate oil recovery with respect to less porous and more
porous Indiana limestone cores are presented in Tables 5.5 and 5.6, respectively. For the
two porosity ranges combined, the description of the data is shown in Table 5.7. Correlation
matrices (Tables 5.8 and 5.9) were used to correlate the ultimate oil recovery to porosity,
initial water saturation and residual oil saturation for the two porosity ranges used. The
correlation indicated that the ultimate oil recovery was directly proportional to initial oil

saturation and inversely proportional to porosity and residual oil saturation.

Figures 5.28 and 5.29 are plots of residual oil saturation and initial water saturation
versus porosity, respectively. Figure 5.28 indicates that residual oil saturation is proportional
to porosity for the low porosity range cores and inversely proportional to porosity in the
high porosity range cores. Figure 5.29 indicates that initial water saturation is inversely
proportional to porosity for the low porosity range cores. In the high porosity range cores,

as the porosity increases, higher levels of initial water saturations are realized.

522 Wettability Properties

In determining the wettability indices of the Indiana limestone waterflooded cores, 480
core plugs were used to ensure a better lithology characterization and a better frequency

distribution of the wettability indices and hence a more accurate average rock wettability

index. A frequency polygon of the wettability indices is shown in Fig. 5.30. It was
observed that the wettability of Indiana limestone cores is slightly heterogeneous with

hydrophilic dominance. This heterogeneity is attributed to the fact that different amounts of
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Table 5.6: Statistical Description of Waterflood Experimental
Variables for More Porous Indiana Limestone
Radial-Cores
(14.437% < ¢ £ 17.047%)

UOR OR Soi S“ S“ %.me
@ B.T.
(% I01P) | (% IOIP) | (%) (%) (%) (%)

Mean 3872 2532 4154 | 5846 | 2549 | 16.12
Median 3848 25.79 4135 | 5865 | 24.63 1637
Min. 30.15 18.25 36.55 | 4937 | 21.35 1444
Max. 46.64 30.18 5062 | 6345 | 3159 | 17.05
Q1 37.19 21.97 3786 | 5625 | 22.65 15.60
Q3 40.83 28.84 4375 | 62.14 | 2794 16.66

St Dev. 4210 4.020 4150 | 4150 | 3450 | 03818

B.T. = Breakthrough

Table 5.7: Statistical Description of Waterflood Experimental
Variables for Indiana Limestone Radial-Cores

UOR soi Sor‘ ¢trine ¢air kair

(% I0IP) | (%) (%) (%) (%) (md)

Mean 41.79 4651 | 2696 | 13.73 16.44 4838
Median 41.09 4809 | 2689 | 13.14 | 16.36 30.7
Min. 30.15 3655 | 2135 1010 | 1112 1.60
Max. 52.70 5508 | 3159 1705 | 2080 | 1544
Q 3842 40.74 | 2364 | 1146 | 13.15 4.00
Q3 45.65 5224 | 3048 1639 19.63 89.7

St. Dev. 5340 6.100 | 3449 | 2535 | 3424 | 508
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Table 5.8: Correlation Matrix for More Porous
Indiana Limestone Radial-Cores

UOR So, Swi soi

Table 5.9: Correlation Matrix for Less Porous
Indiana Limestone Radial-Cores

UOR Scr S,,, Soi
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shale are present in the matrix of the cores.

Figure 5.31 shows that initial oil saturations in Indiana limestone cores were inversely
proportional to average wettability indices, for the less permeable cores. For the niore
permeable cores, average wettability index was found to be directly proportional to the
initial oil saturation as shown in Fig. 5.32. This observation indicates that more porous

Indiana limestone cores tend to be less water-wet than the less porous cores.

52.3 Mercury Porosimetry Properties

Conclusions regarding recovery efficiency relationships with respect to surface area
and median pore-throat size are identical to the conclusions reached for Berea sandstone.
Based on capillary pressure curves of pore-entry diameters and differential intrusion curves,
pore-size distribution of Indiana limestone can be unimodal, bimodal or polymodal, as
shown in Figs. 5.33 through 5.40. Unimodal and bimodal pore-size distributions are
characteristic of the more permeable and more porous Indiana limestone core plugs. By
contrast, the less porous and less permeable cores are associated with bimodal and
polymodal pore-size distributions. This indicates that the pore-size distributions in the less
porous and less permeable cores are not homogeneous. As indicated in Figs. 5.39 and 5.40,
mercury recovery resulting from a core plug where a polymodal distribution predominates,
is poor. However, as shown in Figs. 5.33 and 5.34, a unimodal pore-size distribution is
associated with the highest mercury recovery. Figures 541 and 5.42 indicate that unimodal
pore-size distributions which are associated with areas of discontinuity lead to lower
recovery. Domains of secondary porosity are penetrated at high pressures. Extrusion from
these domains is not complete which leads to the conclusion that areas of discontinuity are
associated with secondary porosity and not with primary porosity as is the case of Berea
sandstone rocks.
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§.3 Sandstone Linear-Core Case

Twenty-one sets of waterflooding displacement tests were conducted in Berea
sandstone linear-cores of varying lengths. Oil was displaced from the cores by brine at an
overburden pressure of 500 psig and at a fixed temperature of 35°C. Brine was injected at
rates varying from 1.2 to 7.9 cc/min, depending on the diameter and length of the core
being tested. The injection rate for each core was determined using Eq. 2.1. In this study,

the same numbered cores were taken from the same 3 ft. long core.

53.1 Introduction

Table 5.10 shows the waterflood properties of the Berea sandstone linear-cores. It also
contains data for the cores average wettability indices. From the development, the error in
porosity measurement is between 0.10 to 0.20%. The error in absolute permeability
measurement is about 12.0% and the error in saturation measurement is between 0.07 to

0.23%.

Most of the figures in this chapter are fitted with trend lines using regression methods
and the goodness of the correlations analyzed on the figures. The regressions were
performed using MINITAB statistical computer package (Ryan et al, 1985). Statistical
significance of the regressed equations were analyzed at significance levels, a, of 0.001,
0.005, 0.01, 0.05 and 0.1. These correspond to F-test statistic values of 17.27, 11.13, 8.90,
4.61 and 3.11, respectively (Neter et al., 1990). The plots of relationships that were found

not to be statistically significant were either not presented in this report or not fitted with

the tend lines. A brief discussion on various types of statistics used in these evaluations is

provided in Appendix A.
A detailed statistical description of the experimental variables are shown in Table

5.11. Table 5.12 presents the correlation matrix for the waterflood and wettability properties
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Table 5.10: Waterfiood and Wettability Properties of
the Berea Sandstone Linear-Cores

Core | Su | WI Se Ser OR UOR
No. @BT. |@F0. | @BT. | @FO.
(frac) (frac) | (frac) | (% IOIP) | (% IOIP)
—— — —

1A ] 0.682 | 0.569 | 0.113 0.102 64.40 67.89
1B | 0.712 | 0.749 | 0.228 0.108 20.81 62.63
2A | 0.598 | 0.569 | 0298 0.197 2743 51.96
2B | 0591 { 0.749 | 0.299 0.186 26.86 5148
3A | 0538 | 0.616 | 0347 0239 24.87 48.44
3B | 0532 | 0.712 | 0.263 0.171 43.79 63.44
4A | 0571 | 0423 | 0319 0.194 25.64 54.77
4B | 0.548 | 0.464 | 0.159 0.133 64.71 70.63
5A | 0.586 | 0.856 | 0324 0.173 21.74 56.23
SB | 0.557 | 0.592 | 0363 0.243 18.05 45.19
6A | 0553 | 0.514 | 0322 0.184 2197 58.89
6B | 0.634 | 0.390 | 0.181 0.142 50.58 6125
7A | 0311 | 0.633 | 0.241 0.228 64.99 66.88
7B | 0375 | 0.638 | 0.249 0.242 60.04 61.29
7C | 0.204 | 0.602 | 0321 0.301 59.66 62.15
8A | 0.125 | 0.642 | 0290 0.249 66.88 71.52
8B | 0.142 | 0519 | 0313 0.223 63.49 74.00
8C | 0.107 { 0.636 | 0279 0.204 68.82 77.22
8D | 0.098 | 0.562 | 0357 0.263 60.41 70.85
8E | 0.726 | 0.379 | 0.124 0.042 54.75 84.66
8F | 0.741 | 0391 | 0.114 0.060 5593 77.04

Table §.11: Statistical Description of the Waterflood and Wettability
Experimental Variables for Berea Sandstone Linear-Cores

OR UOR | S, Se o | x | W Lo, ] s | N
@BT | @Fo. |@BT. | @FoO.
(%10IP) | (RIOIP) | (fac) | (fmo) | (Bac) | (md) (rec) | E-07)

Mean 46.28 63.73 0.262 0.185 | 0.194 | 188.8 | 0581 | 5132 | 0473 | 1665
Median 5475 6263 0.290 0194 ] 0204 | 2037 { 0592 | 5.096 | 0.553 833
Min. 18.05 45.19 0.113 0042 | 0124 | 757 | 0379 | 4952 | 0.098 6.63
Mazx. 68.82 84.66 0.363 0301 | 0235 | 321.2 | 0856 | 5.410 | 0.741 | 4350
Q 26.25 55.50 0.204 0138 | 0172 | 839 | 0489 | 5.034 | 0258 716
Q3 63.95 7118 0.321 0241 10224 | 2709 | 0640 | S.221 | 0616 | 292

St. Dev. 1871 10.32 0.080 0015 10033 { 859 ] 0127 | 0118 | 0219 | 13.64
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Table 5.12: Correlation Matrix for the Waterflood and Wettability
Properties for Berea Sandstone Linear-Cores

) x W | Sei | Se | S« | OR
X 0.884
w1 0329 | -0.267
Su; ©.030 | 0059 | -0.176

S, @BT. | 0473 | -0493 | 0443 | -0496
S, @FO. | 029 | -0399 | 0350 | -0.755 | 0.826
OR@BT. 0436 | 0338 | -0.304 | -0.547 | -0.437 | -0.026

UOR®@ F.O. | 0447 | 0461 | -0377 | -0257 | -0.588 | -0.409 | 0.787
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n=21

450 E-  =257.142299.2¢
R=0.884; R%78.2%
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Fig. 5.43: Permeability vs. Porosity for Berea Sandstone Linear-Cores.
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for the Berea sandstone linear-cores. In this table, a positive value of correlation coefficient
in the matrix implies a direct relationship between two specified variables. A negative
value of correlation coefficient implies an inverse relationship between two specified

variables, in the correlation matrix.

§3.2 Petrophysical Properties

In this repor, the term petrophysical properties include porosity, and permeability data
determined from standard core analyses technique. For all the 21 Berea sandstone cores
combined, the porosities varied from 12.4 to 23.5%, and the absolute permeabilities varied
from 75.7 to 321.2 md. The core samples of the same numbered cores exhibited porosity
values that vary only slightly, but the variations in the absolute permeability values are

more pronounced.

The absolute permeability versus porosity for the 21 core samples are plotted in Fig.
§.43. As expected for Berea sandstones, permeability is directly related to porosity for
sandstones. The relationship of absolute permeability with porosity is strong with a R? of
about 78% and the relationship is statistically significant at o = 0.001 level. Since the
coefficient of variance of the ialationship is less than 1.0, it indicates that no emratic data
points are present. This form of trend between permeability and porosity is similar to
published trends in the literature (Archie, 1942; Wyllie and Gregory, 1953; Amyx et al,,
1960; and Lynch, 1962).

§3.3 Waterflood Properties

Waterflood properties include irreducible water saturation, residual oil saturation and
oil recovery data. The residual oil saturation and the oil recovery are measured at

breakthrough and at floodout. Breakthrough occurs when water is first produced at the
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outlet and floodout occurs at infinite water to oil ratio (or at a water to oil ratio of about
400:1, for the purpose of this study). Plots of the cumulative oil recovery in percent of
initial oil-in-place as a function of cumulative brine injected in pore volume for the 21 core
samples tested are presented in Figs. 5.44 through 5.47. The results of all the same
numbered linear-core samples were similar, whereas those of the six core samples numbered
1, 3 and 4 varied widely, but are of the same trend. This might be due to the fact that these
six samples were slightly shaly. Visual inspection of the cores indicated the shaly nature of
the samples considered. Moreover, compared to the other Berea sandstone cores that were
greyish in color, these cores were reddish-orange in color with streaks of shaly minerals.
Berea sandstone cores similar to these were also studied by Churcher et al. (1991). They
referred to them as Orange Berea sandstones. These Orange Berea sandstones rest
unconformably in the lower unit of the underlying red Bedford and Chagrin shales in Ohio.
This type of Berea sandstone is characterized by its high angle cross-bedding and it is

coarser-grained and more poorly-sorted than the other types of Berea sandstones.

The production performance (producing water/oil ratio as a function of cumulative oil
recovery in percent initial oil-in-place) for each of the 21 core samples are shown in Figs.
5.48 through 5.51. In all the tests, the water breakthrough point occurred at less than 0.4
pore volume of injected brine. After breakthrough, increasing amounts of water and

decreasing amounts of oil are produced.

Furthermore, another observation from Table 5.10 and Figs. 5.44 through 5.51 is that
in strongly water-wet floods, breakthrough occurs relatively late and very little oil is
produced after water breakthrough, as shown for example in the plots of Core Sample Nos.
1A, 4B, 7A, 7B, and 7C. Also, the water/oil ratio in strongly water-wet floods rises rapidly.
However, in weakly water-wet floods, breakthrough occurs at an earlier time and the

water/oil ratio rises gradually, as shown for example in the plots of Core Sample Nos. 1B,
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Fig. 5.44 Cumulative Oil Recovery vs. Cumulative Brine Injected for Berea
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Fig. 5.45: Cumulative Oil Recovery vs. Cumulative Brine Injected for Berea
Sandstone Linear-Core Samples 4A, 4B, SA and 5B.
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Fig. 5.47: Cumulative Oil Recovery vs. Cumulative Brine Injected for Berea
Sandstone Linear-Core Samples 8A, 8B, 8C, 8D, 8E and 8F.
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2A, 2B, 3A, 3B, 4A, 5A, 5B, 6A, and 8E. More amount of water must be injected to
recover the same amount of oil in the weakly water-wet system. It is generally agreed that
the residual oil samration at floodout is lower in water-wet systems. That is, more oil is
produced in a uniformly water-wet system than would be produced in uniformly oil-wet
system with the same pore geometry (Anderson, 1987c).

According to Anderson (1987c), there are different oil saturations of interest in
waterflooding: breakthrough saturation, practical (or economical) saturation, and true
residual saturation. He noted that all the three saturations are essentially equal in a strongly
water-wet systems with a moderate oil/water viscosity ratio. The saturations can differ
greatly however, in intermediate and oil-wet systems or in water-wet systems with a large
oil/water viscosity ratio. The lower the oil saturation in the reservoir rock at breakthrough

(and the higher the oil recovery), the more economically attractive a waterflood will be.

For the purpose of this study, residual oil saturation at breakthrough and at fioodout,
correspond to Anderson’s (1987c) breakthrough saturation and practical (or economical)
saturation, respectively. The corresponding oil recovery values are oil recovery at
breakthrough and at floodout (or ultimate oil recovery). Figure 5.52 is the residual oil
saturation profiles at breakthrough and at floodout for sandstone cores. The oil recovery
profiles at breakthrough and at floodout is shown in Fig. 5.53. As presented in Table 5.11,
the residual oil saturation ranged from 0.113 to 0.363 at breakthrough and from 0.042 to
0.301 at floodout. At breakthrough the oil recovery values ranged from 18.1 to 68.8 %IOIP
and at floodout the ultimate oil recovery ranged from 45.2 t0 84.7 %IOIP. The irreducible
water saturation ranged from 0.098 to 0.741, with a value of 0.473. Chatzis et al. (1983)
observed that Berea sandstone usually retains a high residual oil saturation, approximately
0.350, following waterflooding.

The irreducible water saturation versus residual oil saturation at breakthrough and at
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floodout are plotted in Figs. 5.54 and 5.55. The imreducible water saturation is inversely
related to residual oil saturation at breakthrough and at floodout. The imreducible water
saturation versus oil recovery at breakthrough and at floodout are plotted in Figs. 5.56 and
5.57. The irreducible water saturation is inversely related to oil recovery at breakthrough.
This observation is in agreement with Pickell et al. (1966) who observed that residual oil
saturation is dependent on initial oil content. The relationship of irreducible water saturation
with ultimate oil recovery at floodout is not statistically significant. Figures 5.58 and 5.59
show the relationships between oil recovery and residual oil saturation at breakthrough and
floodout, respectively. The plots show that oil recovery is inversely related to residual oil
saturation, at o = 0.05 level for case at breakthrough, and at a = 0.1 for the case at

floodout.

§3.3.1 Relation Between Waterflood and Petrophysical Properties

The relationships of petrophysical properties such as porosity, and permeability on
residual oil saturation and oil recovery from waterflooding were also investigated. As shown
in Table 5.12, the relationships are weak in the case of porosity and permeability. From
inspection of Table 5.12, a tendency for oil recovery to increase as porosity and
permeability increased was observed. There is a tendency for residual non-wetting-phase
saturation to increase as porosity and permeability decreased.

5.3.32 Scaling Coefficient and Capillary Number

The experimental design. was properly scaled by keeping the scaling coefficient close
to a value of 5.0 cm?.cp/min. The values of the capillary number varied from 6.63*107 to
4.35%10°5, with a mean value of 1.67*107, as presented in Table 4.3. Core fioods having
capillary number values that are larger than 1075, such as core samples 1B, and 7A through
8F, were expected not to have their residual oil saturation values influenced by capillary
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forces.

It is expected that as the scaling coefficient increases, the oil recovery at breakthrough
increases. However, above the critical value of scaling factor, the oil recovery at
breakthrough should be constant and independent of rate, length, and water viscosity. By
controlling the values of the scaling coefficient, a better balance in the capillary forces and
the viscous forces will result, and less oil will be bypassed in the large pores. Theoretically,
a maximum in recovery would result if the viscous forces were increased sufficiently, for

water-wet systems.

§3.4 Wettability Properties

From each of the waterflooded cores, six to fifty-four core plugs were extracted from
along the flow path at about 2.0 cm intervals. The core plugs were perpendicular to the
flood plane. During the process of the extraction, the distance of each core plug relative to
the inlet face of the core was noted. For a given distance, two core plugs were obtained, one
from the top and the other from the bottom of the core, as earlier shown in Fig. 4.2. An
average value of the wettability index is obtained for the two core plugs from a given
distance. Distances are normalized by dividing the value of the measured distance relative
to the core inlet by the total leﬂgth of the core.

Figure 5.60 shows the distribution of the wettability index per number of sandstone
core plug samples. The core plugs wettability index values varied from 0.00 to 1.00, with a
mean of 0.59. Included in this and the other frequency distribution plots are simple
summaries of statistical data, which include number of samples, mean, median, minimum,
maximum, lower quartile, upper quartile, and standard deviation values.

The plots of the core plugs wettability indices versus the normalized distances for each
of the 21 cores are presented in Figs. 5.61 through 5.69. Except for core Nos. 1B and 8E,
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the trends are generally not constant. From the core plugs, an average value of wettability
index was obtained for each of the cores. The average wettability index for the'21 cores
ranged from 0.38 to 0.86, with a mean of 0.58. Based on these determinations, the

sandstone cores investigated in this study are classified as water-wet rocks.

53.4.1 Relation Between Wettability and Petrophysical Properties
The relationships of porosity, and permeability, with the average wettability index
were also investigated. At a = 0.1 level, this relationships failed the statistical tests, so they

were found not to be significant.

§3.4.2 Relation Between Wettability and Waterflood Properties

Figures 5.70 through 5.73 show the plots of residual oil saturation and oil recovery
versus average wettability index at both the breakthrough and floodout. Wettability of
sandstone cores govermns the residual oil saturation and oil recovery values. It affects
waterflooding by controlling the flow and spatial distribution of fluids in a porous medium.
Wardlaw (1983) noted that wettability may strongly affect residual oil saturation, the
fractional flow fluids for a given saturation and areal and volumetric sweep efficiency.
Wardlaw emphasized that changes in wertability can greatly change the arrangement of
water and oil within a pore system. He also indicated that for a given rock, the critical end-
point saturation may differ greatly for different conditions of wettability.

Figures 5.70 and 5.71 show the relationships of average wettability index on residual
oil saturation at breakthrough and at floodout, respectively. Average wettability index was
found to be directly related to the residual oil saturation at breakthrough, but the
relationship at floodout slightly failed the significance test. An explanation for this
occurrence is that residual oil saturation at floodout is less sensitive to wettability than is

residual oil saturation at breakthrough. Residual oil saturation appears to be slightly lower
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near neutral wettability, which corresponds to higher oil recovery. However, Fig. 5.73
indicates that the average wettability index in sandstone cores is inversely related to
ultimate oil recovery at floodout. The relationship with oil recovery at breakthrough slightly
failed the significance test at o = 0.1 level, as shown in Fig. 5.72. As a result of these
findings, one can deduce that for water-wet sandstone rocks, as the wettability index
increases, the residual oil saturation also increases and the oil recovery by waterfiood
decreases. These observation are in agreement with the findings of Morrow (1990) and
Jadhunandan and Morrow (1991), that systems with weakly imbibe water give higher oil

recovery by waterflooding than very strongly water-wet systems.

§3.5 Mercury Porosimetry Properties

A porous system may be modeled as a network of relatively large voids (pores)
connected by smaller constrictions (throats). According to Kopaska-Merkel and Friedman
(1989), mercury porosimetry is currently the only effective quantitative means of studying

pore throats, which control the movement of fluids into and out of reservoir rocks.

Intrusion of mercury into the system of vbids involves penetration of the throats. Once
the mercury attains the pressure required to enter a throat, it proceeds to fill the pore
connected to it. Only those throats connected to an empty pore at the time of their
penetration are actually measured by mercury porosimetry. Extrusion is controlled by the
size of the pores. During extmsion. some regions of filled pores become isolated from the
exterior and are on longer accessible. This isolation results in mercury retention within the
samples. Ideally, the fraction of retained mercury is characteristic of the type of porous
network geometry being measured. Further, the number of pores measured at a given radius
of the sample is less than the number of pores actually present in the network. This
phenomenon primarily affects the largest pores because they tend to be the last to extrude
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and are most likely to be stranded. If no volume of mercury is extruded from them, they are
not measured (Lane et al., 1985).

A total of 580 core plugs were extracted from along the flow path of the 21
waterflooded Berea sandstone linear-cores. These extracted plugs are the same that were
previously tested for wettability and later cleaned in readiness for the mercury porosimetry
tests. Afier the completion of low-pressure and high-pressure runs, the plugs were discarded

because they were contaminated with mercury and rendered unsuitable for future analyses.

Similar to the analysis of the wettability data, average values of mercury porosimetry
properties were obtained for each of the core samples from the core plugs. These values are
presented in Table 5.13 for the types of mode, pore intrusion volumcs,‘pore surface areas,
pore specific surface areas, average pore diameters, apparent densities, mercury porosities,
residual mercury saturations and mercury recovery efficiencies. Melas and Friedman (1992)
noted that mercury porosimetry characteristics determine the shape of the capillary-pressure
curve to which they correspond, and as such, an understanding of them is important for

various phases of reservoir production, especially secondary and tertiary recovery.

Table 5.14 shows the statistical description of the mercury porosimetry measured data
obtained. For all the core samples combined, intrusion volumes varied from 0.06 to 0.11
ml/g, with an average of 0.08 ml/g; the surface areas varied from 0.16 to 0.68 m?/g, with an
average of 0.29 m%/g; the specific surface area varied from 1.84*10* to 8.58%10* cm%/cm?,
with an average of 3.62%10* cm?/cm?; the average pore diameters varied from 1.32 to 13.79
pm, with an average of 5.24 um; the apparent (skeletal) densities varied from 2.46 to 2.61
g/ml, with an average of 2.53 g/ml; the porosities varied from 12.8 to 22.1%, with an
average of 17.0%; and the mercury recovery efficiencies varied from 6.6 to 18.5%, with an
average value of 11.2%.
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Table 5.13: Mercury Porosimetry Properties of the Berea

Sandstone Linear-Cores
Core | No. | Type | Vi SA S, o] P, ¢, | RE
Sample of of (mig) | (m¥g) | (cm*em®) | (um) | (g/ml) | (frac) | (frac)
No. Plugs | Mode (E+04)
S S L D S
1A 54 1 0.0787 | 0.675 8.577 | 13.793 | 2.567 | 0.159 | 0.071
1B 6 1 0.0753 | 0.608 8.074 8860 | 2553 | 0.161 | 0.142
2A 44 1 0.0783 | 0238 3.040 3819 | 2514 | 0.162 | 0.110
2B 32 1 0.0801 | 0.165 2.060 5472 | 2498 | 0.163 | 0.102
3A 38 1 0.0601 | 0213 3.544 9.442 | 2460 | 0.128 | 0.066
3B 38 1 0.0598 | 0.159 2.659 6.781 | 2.492 | 0.128 | 0.096
4A 38 1 0.0782 | 0224 2.864 5505 | 2524 | 0.164 | 0.092
4B 38 1 0.0756 | 0.198 2.619 5.850 | 2477 | 0.151 | 0.112
5A 38 1 0.0599 | 0.396 6.611 2.880 | 2556 | 0.132 | 0.159
5B 40 1 0.0639 | 0.346 5415 1316 | 2.564 | 0.140 | 0.185
6A 40 1 0.0851 | 0.280 3.290 2.707 | 2.583 | 0.177 | 0.131
6B 38 1 0.0848 | 0.246 2,901 2418 | 2542 | 0.170 | 0.131
TA 26 1 0.0948 | 0.236 2.489 5447 | 2582 | 0.196 | 0.100
7B 26 1 0.0865 | 0.257 2971 6251 | 2472 | 0.175 | 0.118
7C 24 1 0.0792 | 0.245 3.093 4262 | 2485 | 0.164 | 0.149
8A 18 1 0.0927 | 0394 4.250 1373 | 2510 | 0.188 | 0.143
8B 14 1 0.0998 | 0.236 2.365 4306 | 2592 | 0.203 | 0.101
8C 10 1 0.0985 | 0.243 2.467 3.597 | 2554 | 0.200 | 0.104
&D 10 1 0.0863 | 0.159 1.842 9336 | 2494 | 0.177 | 0.069
8E 6 1 0.1025 | 0226 2.205 5,076 | 2548 } 0.207 | 0.075
8F 8 1 0.1088 | 0.295 2.711 1.507 | 2.607 | 0.221 | 0.101

Table 5.14: Statistical Description of the Mercury Porosimetry Experimental
Variables for Berea Sandstone Linear-Cores

Ve SA S, b Ps ¢ | RE
(mVg) | (m%¥g) | (em¥ecc) | (um) | (g/ml) | (frac) | (frac)
(E+04)
——

Mean | 00823 | 0.288 3.621 5238 | 2531 | 0.170 | 0.112
Median | 0.0801 | 0.243 2901 5076 | 2542 | 0.164 | 0.104
Min. 0.0598 | 0.159 1.842 1316 | 2460 | 0.128 | 0.066
Max. 0.1088 | 0.675 8577 13.793 | 2.607 | 0221 | 0.185
Q1 0.0755 | 0.218 2478 2793 | 2493 | 0.155 | 0.094
Q3 0.0938 | 0320 3.897 6516 | 2565 | 0.192 | 0.137

St. Dev. | 0.0141 | 0.135 1.920 3.126 | 0.042 | 0.026 | 0.031
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In water-wet reservoir rocks, the non-wetting-phase is oil and in such a situation,
experimentally trapping of mercury is similar to trapping of oil in the subsurface. Hence,
these rocks with Jess than 25% mercury recovery efficiencies and good porosities, would not
perform well during primary oil recovery period, but they would be good candidates for
enhanced oil recovery methods (Kopaska-Merkel and Friedman, 1989).

Figures 5.74 through 5.80 show the distribution plots of the sandstone core plug
samples for total intrusion volume, surface area, specific surface area, average pore
diameter, apparent (skeletal) density, mercury porosity, and mercury recovery efficiency,
respectively. Due to the removal of all the bad mercury porosimetry experimentally
measured data, only 552 out of the original 580 core plugs were utilized for these analyses.
The bad mercury porosimetry experimentally measured data, were those with stem volume
below 25% or higher than 90% (Micromeritics, 1987). The plots of the plug’s mercury
porosities versus the normalized distances for each of the 21 linear-cores are presented in
Figs. 5.81 through 5.89. There is a strong similarity between the variability in these figures
and those presented in Figs. 5.61 to 5.69 for wettability indices. Similar to the case of the
wettability indices, except for core Nos. 1B and 8E, the exhibited trends are gencrally not

constant.

The correlation matrix shown in Table 5.15 confirms the trends of Figs. 5.90 through
5.93. Figure 5.90 shows a strong relationship between the total intrusion volume and the
mercury porosity, with a R? value of about 99% and high F-test statistic value. The
relationship has a strong statistical significance at a = 0.001 level. Figure 5.91 shows that
mercury recovery efficiency is inversely related to average pore diameter. The mercury
recovery efficiency versus average pore diameter relationship has a strong statistical
significance at o = 0.005 level. This is in agreement with the findings of Amthor et al.

(1988), that the larger the pore throat size, the poorer the mercury recovery efficiency for
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Fig. 5§.80: Distribution of Mercury Recovery Efficiency per Number
of Berea Sandstone Linear-Core Plug Samples.
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Table 5.15: Correlation Matrix for the Mercury Porosimetry
Properties for Berea Sandstone Linear-Cores

Vie SA S, D Ps L ™

S, | 0410 1 0945
D | 0263 | 0326 | 0348
ps | 0447 | 0399 | 0269 | -0.295

O, | 0994 | -0.091 | -0386 | -0.295 | 0504

RE | 0.261 | 0.251 | 0337 | -0.620 | 0.171 | 0221

°‘15 _I rvvi1vi7 ] rr v i1 110 l Trr i #8111 I Tt1 #1771 I_l

- =21 ]

o Vg,=—°.WSG7+0.53&H‘ .

[ R=0994; R%=98.8% i

"~ 0=0.0016; C.V.=0.019 3

0.125 - F=1544.9; p-value=0.000 T

: [ is statistically significant —

% - @ a=0.001 level .
P ]
S u ]
5 0.1 — .
§ - -
£ C .
é u ]
0.075 — -
- -

o-o%dlllIIl!lb.l15|ilIllllloliljlllllll.!!llllllll.s

Mercury Porc;slty, fraction

Fig. §.90: Total Intrusion volume vs. Mercury Porosity for
Berea Sandstone Linear-Cores.
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steep-concave unimodal systems. They suggested'that this is a consequence of three
controlling factors: accessibility ratio, hysteresis, and experimental procedure. Accessibility
ratio is a measure of the propensity for isolation of throats by snap-off and related
phenomena during extrusion (withdrawal), and it is inversely related to the throat size
(Wandlaw and Taylor, 1976). As evidenced in Fig. 5.92, the relationship between skeletal
density and surface area is direct and statistically significant at o = 0.1 level. Figure 5.93
shows a direct trend between the skeletal density and the total intrusion volume. The
relationship is statistically significant at oo = 0.05 level. The relationship between mercury
recovery efficiency and porosity was found not to be statistically significant, with low value

of correlation coefficient (R = -0.22), as shown in the correlation matrix of Table 5.15.

Another explanation for the inverse relationship between mercury recovery efficiency
and average pore diameter, can be deduced from the fact that the pore system in a porous
medium consists of the main open spaces (pores) and the smaller channels (pore throats)
connecting the pores. The smaller voids or throats, control access to the larger ones (pores)
because higher pressures are needed to force mercury into the smaller spaces. Further, the
pore throats are the bottle-necks in the pore systems and their critical capillary pressures
must be exceeded for mercury or other non-wetting fluids to enter the pores they surround
(Kopaska-Merkel and Friedman, 1989).

5.3.5.1 Mercury Recovery Efficiency Correlation

Adequate prediction of the field behavior during primary or enhanced recovery period
requires representative laboximry measurements. Using non-linear multiple regression
analysis, the correlation for estimating mercury recovery efficiency values for sandstones is
developed from 450 experimentally obtained mercury porosimetry data. It was initially

assumed that:
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RE = f( Vi ,SA,S,,D,p,. ) 6.1

After a series of analyses using the best subset algorithms, as outlined in the next chapter, it
was observed that specific surface area could be removed from the list of independent
variables in Eq. 5.1. The equation can then be re-written as:

RE = f(vimvSAoﬁopgv%‘) (5'2)

Again, with further modification, Eq. 5.2 is assumed to be of the general form:

SAE ¢f;

= — b 5.3
AVE DCpP ©3)

In Eq. 5.3, A, B, C, D, E, and F are coefficients of the correlation. By regressing the
available mercury porosimetry data obtained from 450 Berea sandstone core plug samples,
the values of the coefficients were obtained. After the substitution of the values of the
coefficients into Eq. 5.3, it results into the new correlation for estimating mercury recovery

efficiency for sandstones, as presented in Eq. 5.4:

- S A0.689 ¢Hg
26.9 V185 D242 50369

64

The units of mercury recovery efficiency, RE, mercury porosity, ¢y, and the other variables
in Eq. 5.4 are as defined in the nomenclature.

To test the quality of the correlation, a crossplot to compare the predicted mercury
recovery efficiency values using Eq. 5.4 with the measured values is shown in Fig. 5.94.
The solid 45° line in the figure represents a perfect correlation between the measured and
estimated mercury recovery efficiencies. Most of the plotted data points of this new
correlation fall close to the 45° line, indicating its good degree of correlation. It has a

standard deviation value of 0.0569, F-test statistic value of 232.0, and statistically
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significant with p-value of 0.000.

Furthermore, another method of evaluating the adequacy of the regressed correlation is
to examine a plot of the residuals, which are simply the differences between the individual
measured values of the dependent variable and the predicted values. This plot of residuals
versus measured mercury recovery efficiency for sandstones is shown in Fig. 5.95. The
behavior of the plot suggests that the independent variables in the correlation were enough
to define the dependent variable.

5.3.52 Relation Between Porosimetry and Petrophysical Properties

Correlation mauiceé for the full models (making use of data from waterflood,
wettability, and mercury porosimetry experiments) at breakthrough and at floodout for Berea
sandstones were investigated and presented in Tables 5.16 and 5.17, respectively. The
agreement between porosity values obtained using mercury porosimetry and those obtained
from the corefloods were not as good as expected, as shown in Fig. 5.96. It was observed
that if a 45° degree line is drawn on the plot, most of the data points lie above the line.
This indicates that the brine porosities were larger than the mercury porosities for these data
points. According to Howard (1991), it is expected that the porosity measured by mercury
porosimetry would be less than the porosity measured by routine methods because of the
limited intrusion pressures employed. He reiterated that experience with a wide range of
sandstones and carbonates indicates that all of the void spaces are not filled at the maximum
intrusion pressure of 60,000 psi. This results in porosities that are several percent less than

standard brine porosity measurements.

The relationship of brine permeability versus total intrusion volume is presented in
Fig. 5.97. Porosity and permeability were found to be directly related to total intrusion
volume. The relationships of porosity, and permeability with specific surface area, were both

found not to be statistically significant.
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Table 5.16: Correlation Matrix for the Full Model for
Berea Sandstone Linear-Cores at Breakthrough

¢ k wi Sei Ve SA S, ] Ps ¢ RE
brine Hg
4===———-—_ ====J===
k 0.884
w1 -0.329 | -0.267
Sui <003 { 0059 { -0.176
Ve 0720 | 0679 | -0.520 | -0.268
SA 0.145 | 0295 | 0246 | 0297 { -0.108
S, 0112 | 0039 | 0405 | 0364 | 0410 | 0.545
bs] <0009 | <0091 | 0358 | 0.109 | -0.263 | 0326 | 0.348
P, 0271 | 0343 | -0205 | 0219 | 0447 | 0399 | 0.265 | -0.295
sy, 0.682 | 0653 | -0489 | 0269 § 0994 | -0.091 | -0.386 | 0295 | 0.504
RE -0.159 | -0.118 | 0316 { <0013 | 0261 | 0251 | 0337 | <0.620 | 0171 | -0.221
See @ BT. | -0473 | 0493 | 0443 } 0496 § -0.421 | 0307 | -0.135 | -0.177 | -0.206 | -0.373 | 0288
OR@B.T. | 0436 | 0338 | -0.304 | 0547 | 0.637 | -0.090 | -0.306 | 0.079 | 0003 | 0585 | -0.314

@BT.

-0.437

B.T. = Breakthrough
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Table 5.17: Correlation Matrix for the Full Model for
Berea Sandstone Linear-Cores at Floodout

') k w1 Sei | Vi | SA s, b ' ¢ RE Se
brine Hg @ Fo.
— T ———
k 0.884
w1 2032 | 0267
Sei 0030 | 0059 { -0176
Vi 0720 | 0679 | -0520 | -0.268
SA 0.145 | 0295 | 0246 | 0297 | -0.108
s, <0112 | 0039 | 0405 | 0364 | 0410 | 0.945
o] -0.009 | -0.091 | 0158 | 0109 | -0.263 | 0326 | 0.348
?, 0271 | 0343 } 0205 | 0219 | 0447 | 0399 | 0269 | -0.295
" 0.682 | 0.653 | -0489 | 0260 | 0994 | 0.091 | -0.386 -oz§s 0.504
RE 0159 | -0118 | 0316 | 0013 | 0261 | 0251 | 0337 | 0620 | 0171 | -0221
S @ FO. | -0296 | 0399 | 0350 | 0.755 | -0.238 | 0324 | -0.235 | -0.108 | -0.441 | -0223 | 0242
OR@FO. | 0447 | 0461 | 0377 | 0257 | 0758 { 0010 | -0.223 | 0010 | 0286 | 0736 | -0357 | 0.409

F.0. = Floodout
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5.3.53 Relation Between Porosimetry and Waterflood Properties

The mercury porosimetry properties were individually related to the residual oil
saturation and oil recovery at breakthrough and at floodout, as shown in Tables 5.16 and
5.17. Except for the relationship between oil recovery (at breakthrough and at fioodout) with
total intrusion volume and with mercury porosity, the relationships were observed to be not
statistically significant at a = 0.1 level. The relatively low correlation coefficients resulting
from these relationships indicate that except for total intrusion volume and mercury
porosity, none of these mercury porosimetry properties dominantly controls waterflood
results. Instead, all of them together influence residual oil saturation and oil recovery in
reservoir rocks, as will be shown in next chapter (which deals with the development of the

empirical models).

§.3.5.4 Permeability Correlation

The permeability dictates the speed at which fluid flow through various layers of
reservoir rock (Pugh et al,, 1991). There is an increasing need for good, simple to use
correlation to estimate permeability. The estimation of reservoir rock permeability from
mercury porosimetry data is important when routine permeability measurements cannot be
performed, as in the case of very small core plugs or drill-cuttings. This estimate is also
important when there is a need to minimize core analysis cost or when measurements of
permeability are of questionable accuracy, as in the case of reservoir rocks with

microfractures.

Using non-linear multiple regression analysis, as in the case of mercury recovery
efficiency, a new correlation for estimating permeability values for sandstones using
coreflood or mercury porosimetry measured data has been developed. The development was
initiated using the 21 sandstone linear-cores waterflood and mercury porosimetry
experimentally obtained data. Here, it was initially assumed that:
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k = f($,Vy . .SA,S,,D,p,) (5.5)

The primary reason for using only the initial independent variables contained in Eq. 5.5,
was to develop a correlation to estimate permeability based on the rock properties
determined using mercury porosimetry.

In Eq. 5.5, the independent variable, ¢, can either be brine porosity or mercury
porosity, depending on whether the permeability is to be estimated from waterflood
experimental core data (brine permeability) or from mercury porosimetry experimental core
plug data (mercury permeability). After a series of analyses, it was observed that
permeability could be correlated with only porosity, surface area, and specific surface area
as the independent variables in Eq. 5.5. The equation can then be re-written as:

k=1(¢,5A,S,) (5.6

To further improve the correlation, Eq. 5.6 was modified by dividing the dependent variable
by (1-¢)?, which implies that:

k

m=f(¢‘SA’S') (5-7)

After applying multiple regression analysis methods on Eq. 5.7, the resulting developed

correlation for estimating permeability is given as:

346 (1 _ ¢ )2 SA0230
7.834 * 10° ¢s,°-$ 92 ¢)° SA (5.8)

k =

In Eq. 5.8, permeability, k, is expressed in millidarcy and porosity, ¢, is expressed in
fraction. The other variables in the equation are as defined in the nomenclature.

To show how good the correlation is, a crossplot to compare the predicted brine
permeability values using the new corelation, as presented in Eq. 5.8, with the measured
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values is shown in Fig. 5.98. Most of the plotted data points of this new correlation fall
close 1o the 45° line, indicating its a good correlation. It has a standard deviation of 0.0546,
F-test statistic value of 191.3, and statistically significant at oo = 0.001 level. The plotted
residuals versus measured brine permeability values for sandstones is shown in Fig. 5.99.
The behavior of the plot suggests that porosity, surface area, and specific surface area were

enough to develop a good correlation for permeability.

Equation 5.8 was also used to estimate mercury permeability of the core plug samples.
The resulting estimates of mercury permeability values for the 450 sandstone core plug
samples were plotted against the respective values of their measured mercury porosity
values, as shown in Fig. 5.100. The plotted data points fall very close to an exponential
trend as expected for the relationship of porosity with permeability. Finally, the estimated
average mercury permeability values were compared with the measured brine permeability
values as shown in Fig. 5.101. Similar to the observation in Fig. 5.96, which is the plot of

brine porosity versus mercury porosity, the comparison was not perfect.

Swanson (1981) developed permeability correlations for sandstones and carbonates
using parameters from capillary-pressure curves. His data base consists of 116 carbonates
and 203 sandstones from 74 formations. Thompson et al. (1987) used percolation theory to
develop theoretical models to predict permeability from mercury porosimetry data. They
proposed that the theory was valid for essentially all porous rocks. Other recent permeability
correlations include those of Pittman (1992) and Kamath (1992). The predictive strength of
the new correlation for sandstones is not compared with that of these correlations. This was
because the conductivity formation factor values for the rock samples needed to use
Thompson et al.’s model, were not measured in this study. Also, it is time consuming to
estimate the values of the maximum of the parameter, Sy /P, needed to be able to use the

various models developed by Swanson, Pittman, and Kamath
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53.5.5 Relation Between Porosimetry and Wettability Properties

The relationship of the average wettability index with the total intrusion volume is

presented in Fig. 5.102. The trend is inverse and statistically significant at a = 0.05 level.

Average wettability index relationships with the other mercury porosimetry properties are
shown in Tables 5.16 and 5.17. A direct relationship was observed with specific surface
area and an inverse relationship was observed with mercury porosity was inverse. The
relationships of average wettability index with all the other mercury porosimetry properties

were found not to be statistically significant.

The observation of the effects of wettability on mercury porosimetry properties could
be explained by the postulation of Roof (1970). He said that because of the small size of
the pores in the reservoir rock or sand, capillary forces at the oil-water interface are of
considerable importance in determining the nature of the flow through the pores. He showed
that "snap-off" of oil in water-wet pores does not occur until the protrusion has grown to a

radius much larger than that of the throat of the constriction.

§3.5.6 Shape of Capillary Pressure Curve

The term capillary-pressure, as used in the reservoir analysis literature and in this
paper, refers to the injection pressure necessary to inject non-wetting fluids (such as
mercury) into the pore spaces of a rock. Capillary pressure curves and their hysteresis
depend on the geometry of the pore structure, the wetting properties of the individual pores
of a porous sample, and also on the accessibility of the pores from the surface of the sample
(Larson and Morrow, 1981; Amthor and Friedman, 1988; Kopaska-Merkel and Friedman,
1989).

Reservoir rocks are classified in terms of their capillary-pressure curve form. This is

because capillary-pressure curve form is controlled by various properties which can be
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measured, and because curve form is strongly correlated with recovery efficiency.
According to Larson and Morrow (1981), variations in capillary-pressure curve shape reflect
variation in pore structure. They further explained that geometrically similar porous media
will have capillary pressure curves which are identical in shape and can be correlated by a
factor which is equal or proportional 1o some microscopic length,

Figure 5.103 presents the capillary-pressure versus cumulative mercury
intrusion/extrusion curve for plug 11 of sample core 2A. This figure shows that less energy
is expended by the systems during extrusion than was gained during intrusion. Therefore,
the sample is at a higher energy level at the completion of the cycle than at the beginning.
The mode type of the curve is unimodal with steep-concave shape. This is further confirmed
in Fig. 5.104, which is the plot of capillary pressure versus incremental mercury

intrusion/extrusion curve for the same plug.

For most of the Berea sandstone core plugs investigated in this study, unimodal
steep-concave capillary-pressure curve shapes were common. Steep-concave curves for the
investigated samples correlate with low mercury recovery efficiencies (mean = 11%), high
porosities (mean = 17%), moderate to large average pore diameters (mean = 5.2 pum), and
low entry pressures. In the field, reservoir rocks exhibiting these types of behavior are not
expected to perform well during primary production processes, but they are good candidates
for undergoing enhanced recovery processes. The capillary-pressure versus cumulative pore
area curve for the plug is presented in Fig. 5.105. Only the mercury intrusion data were
used to plot Fig. 5.105.

Amthor et al. (1988) suggested that an ideal capillary-pressure curve (curve for an
ideal reservoir) would have a moderate entry pressure (intermediate median throat size) but
rapid intrusion over a small pressure range. Median throat size would be large enough so

that porosity would be high, and small enough so that recovery would be good.
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§.4 Limestone Linear-Core Case

Sixteen sets of waterflooding displacement tests were conducted in Indiana limestone
linear-core of varying lengths. Oil was displaced from the cores by brine at an overburden
pressure of 500 psig and at a fixed temperature of 35°C. Brine was injected at rates varying
from 1.23 to 1.48 cc/min, depending on the}diameter and length of the core being tested.
Similar to the sandstone case, the injection rate for each limestone core was determined

using Eq. 2.1.

5.4.1 Introduction

The waterflood and wettability properties of the 16 Indiana limestone linear-cores are
presented in Table 5.18. A detailed summary of the statistical description of the Indiana
limestone experimental variables is shown in Table 5.19. The correlation matrix for the
Indiana limestone waterflood properties is presented in Table 5.20. Regressed trend lines are
provided on each of the plots for easy visualization of the influence of the various variables

on one another.

5.4.2 Petrophysical Properties

The porosity, and permeability values measured using cores obtained from the same
number cores indicated small variation. For all the Indiana limestone cores combined, the
porosities varied from 14.1 to 16.2%, and the absolute permeabilities varied from 8.5 to
19.8 md. Compared to the sandstones data, the porosity and permeability data are lower for
the limestones investigated. Petrophysical relationships or trends of limestone are of the
same general type as observed for sandstones.

Figure 5.106 shows the plot of absolute permeability versus porosity for limestones. 1t
shows a trend that as porosity increases, permeability increases. Pore structure is indicated

in a qualitative way by the relation between porosity and permeability. As compared to
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Table 5.18: Waterflood and Wettability Properties of the

Indiana Limestone Linear-Cores
Core | S wI Se Se OR UOR
No. @BT. |@FO. | @BT. | @FO.
(frac.) (frac) | (frac) | (% IOIP) | (% IOIP)
B

9A | 0402 | 0654 | 0378 0.246 36.78 58.93

9B | 0454 | 0.650 | 0256 0.188 53.09 65.65
10A | 0.380 | 0.759 | 0340 0313 45.19 49.48
10B | 0.520 | 0.692 | 0270 0.243 43,75 49.42
11A | 0.421 | 0.833 | 0374 0302 3541 419
11B | 0.440 | 0.766 | 0355 0.296 36.63 47.18
12A | 0.482 | 0.606 | 0353 0.235 31.86 54.54
12B | 0451 | 0.712 | 0.289 0.238 47.39 56.54
13A | 0.545 | 0560 | 0.185 0.157 59.28 65.44
13B | 0391 | 0.788 | 0414 0316 32.00 48.21
14A | 0401 | 0.677 | 0.39%4 0.283 34.19 52.80
14B | 0432 | 0.715 | 0418 0.288 26.40 49.29
15A | 0.449 | 0494 | 0375 0.253 31.79 54,01
15B | 0371 | 0.669 | 0.409 0.330 34.98 47.60
16A | 0.480 | 0452 | 0.380 0.244 26.92 53.03
16B | 0.437 | 0.723 | 0.458 0278 18.64 50.61

Table 5.19: Statistical Description of the Waterflood and Wettability
Variables for Indiana Limestone Linear-Cores

OR UOR See Sor ¢ k WI JLlogi, | S | Noo
@BT. | @FO. | @BT. | @FO.
(% IOIP) | (BIOIP) | (fruc) | (fmc) | (frac) | Gmd) (frac) | (E-07)

Mean 37.14 53.16 0.353 0263 | 0151 | 1262 | 0672 | S5.015 | 0441 } 7.064
Median 35.20 SL 0375 0266 | 0.150 | 11.14 | 0684 | 5.020 | 0438 | 7.025
Min. 18.64 41.18 0.185 0.157 | 0141 | 847 | 0452 | 4960 | 0.371 | 6940
Max. 59.28 65.65 0.458 0330 | 0162 ] 1983 | 0333 | 5040 | 0545 | 7910
Q1 31.80 4848 0.30 0239 | 0147 § 10.19 | 0617 | 5.000 } 0401 | 6975

Q3 44.33 56.04 0.405 0301 | 0.155 | 1487 | 0.750 | 5.030 | 0473 | 7.040

St. Dev. 10.39 591 0.071 0047 | 0006 | 335 | 0103 | 0.020 | 0.049 | 0229

145




Table 5.20: Correlation Matrix for the Waterflood and Wettability
Properties for Indiana Limestone Linear-Cores

18

16

ll!lmd
ry

12

Permeabl!
°

@BT. | @FO. | @B.T.

j o= =
k 0.496
wI 0.188 | -0.188

£0.050 | 0.166 | -0.492
Se@BT. | 0271 | 0605 | 0219 | -0.678
S @FO. | 0094 | -0581 | 0575 | -0800 | 0.736
OR@ BT. 0351 | 0.681 | -0.023 | 0361 | 0928 { -0.579

UOR@F.O. | 0158 | 0724 | -0493 | 0474 | -0.707 | -0.677 0.628
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=16
k=-29.5+278.30
R=0.496; R%>24.6%
0=3.009; C.V.=0.238
F=4.58; p-value=0.052
is statistically significant .
@ o=0.1 level
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Fig. 5.106: Permeability vs. Porosity for Indiana Limestone Linear-Cores.
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other carbonate rocks, the Indiana limestone data investigated in this study have high
porosity and low permeability values. This type of reservoir rock suggests smaller pores and
generally higher imreducible water saturation, as confirmed in Table 4.4 and later in the
mercury porosimetry data analyses. The samples mean value for irreducible water saturation
is 0.44 and that of the average pore diameter is 0.30 um.,

According to Wang et al. (1991), the relationship between porosity and permeability is
only qualitative. For the same porosity, the permeability may differ by more than two
orders of magnitude. They were of the opinion that an exact relationship between porosity
and permeability is impossible to obtain for real rocks. They stated further that theoretically,
a high porosity rock may have very low permeability if the pores are not well connected,
and a low porosity rock may have high permeability if the pores are connected by fractures.

54.3 Waterflood Properties

Plots of the cumulative oil recovery in percent of initial oil-in-place versus cumulative
brine injected in pore volume for the 16 core samples tested are presented in Figs. 5.107
through 5.110. Similar to the case of Berea sandstone core, the same numbered cores were
taken from the same 3-ft. long core. The results of all the same numbered linear-core
samples appeared to be similar. The production performance (producing water/oil ratio
versus cumulative oil recovery in percent initial oil-in-place) for each of the 16 core
samples are shown in Figs. 5.111 through 5.114. In all the tests, the water breakthrough
point occurred at less than 0.3 pore volume of injected brine. As shown in Table 4.4,

floodout occurred at various pore volumes of injected brine.

Furthermore, similar to the case for sandstone waterfloods, it is observed from Table
5.18 and Figs. 5.107 through 5.114 that in strongly water-wet floods, breakthrough occurs
relatively late and very little oil is produced after water breakthrough, as shown for example
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Limestone Linear-Core Samples 9A, 9B, 10A and 10B.
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Limestone Linear-Core Samples 11A, 11B, 12A and 12B.
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Fig. 5.109: Cumulative Oil Recovery vs. Cumulative Brine Injected for Indiana
Limestone Linear-Core Samples 13A, 13B, 14A, 14B.
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Fig. 5.110: Cumulative Oil Recovery vs. Cumulative Brine Injected for Indiana
Limestone Linear-Core Samples 15A, 15B, 16A and 16B.
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Fig. 5.112: Produced Water-Oil Ratio vs. Cumulative Oil Recovery for Indiana
Limestone Linear-Core Samples 11A, 11B, 12A and 12B.
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Fig. 5.113: Produced Water-Oil Ratio vs. Cumulative Oil Recovery for Indiana
Limestone Linear-Core Samples 13A, 13B, 14A and 14B.
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in the plots of Core Sample Nos. 10A, and 10B. Also, the water/oil ratio in strongly water-
wet floods rises rapidly. However, in weakly water-wet floods, breakthrough occurs at an
carlier time and the water rises gradually, as shown for example in the plots of Core Sample
Nos. 14A through 16B.

Figure 5.115 shows residual oil saturation profiles at both the breakthrough and at
floodout. The profiles of oil recovery at breakthrough and at floodout, are shown in Fig.
5.116. At breakthrough the residual oil saturation ranged from 0.185 to 0.458 and from
0.157 to 0.330 at floodout. The oil recovery at breakthrough values ranged from 18.6 to
59.3% IOIP and at floodout the ultimate oil recovery values ranged from 47.2 o 65.6%
JIOIP. The irreducible water saturation values ranged from 0.371 to 0.545, with a mean
value of 0.441. The mean value for the irreducible water saturation of the investigated

Indiana limestone cores are comparable to that of the investigated Berea sandstone cores.

Residual oil saturation versus irreducible water saturation at breakthrough and at
floodout are plotted in Figs. 5.117 and 5.118, respectively. Oil recovery versus irreducible
water saturation at breakthrough and at floodout are plotted in Figs. 5.119 and 5.120,
respectively. These plots indicate that residual oil saturation is inversely related to
irreducible water saturation, whereas, ultimate oil recovery at floodout is directly related to
irreducible water saturation. The relationship of oil recovery at breakthrough with
irreducible water saturation failed the significance test. The relationships between oil
recovery and residual oil saturation at breakthrough and floodout are shown in Figs. 5.121
and 5.122, respectively. As expected, the plots show that oil recovery is inversely related to
residual oil saturation, with coefficients of determination of more than 80% and strongly

statistically significant at o = 0.001 level.
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Fig. 5.115; Residual Oil Saturation Profiles at Breakthrough and
Floodout for Indiana Limestone Linear-Cores.
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5.4.3.1 Relation Between Waterflood and Petrophysical Properties

The relationships of petrophysical properties such as porosity, and permeability on the
outcome of residual oil saturation and oil recovery from waterflooding were also
investigated for limestones. As shown in Table 5.20, at breakthrough and at floodout, the
relationships of permeability with residual oil saturation and oil recovery are statistically
significant, since they have high correlation coefficient values. Further, at breakthrough and
at floodout, the relationships of porosity with residual oil saturation and oil recovery, are

found to be not statistically significant.

Permeability is inversely related to residual oil saturation at both the breakthrough and
floodout. The permeability versus residual oil saturation relationship at breakthrough has a
R? value of 48.4% and a R? value of 33.7% at floodout. For the case of permeability
relationships with oil recovery at breakthrough and at floodout, they both showed directly
related trends. Here, the relationship at breakthrough has a R? value of 55.8% and a R?
value of 52.4% for ultimate oil recovery.

5.4.32 Scaling Coefficient and Capillary Number

The experimental design was pmperly scaled by keeping the scaling coefficient close
to a value of 5.0 as presented in Table 4.4 for Indiana limestone linear-cores. The table also
included the values of the capillary number which varied from 6.94*10°7 to 7.91*1077, with
a mean value of 7.06*10"". The variation of these capillary number values is not as much as
the variation of the values obtained for sandstone core samples. This was expected, since
the length of the limestone cores used for the waterflood experiments were essentially the
same, as shown in Table 4.4 for core sample Nos. 9A through 16A. Core sample No. 16B
has the largest value of capillary number, due to its having the smallest length as compared

to the other limestone core samples investigated.




§.4.4 Wettability Properties

From each of the waterflooded Indiana limestone linear-cores, 32 core plugs were
extracted from along the flow path at an average interval of about 2.5 cm. The core plugs
were perpendicular to the flood plane. Similar to the case of Berea sandstone core plug
samples, during the process of the extraction, the distance of each core plug relative to the
inlet face of the core was noted. For a given distance, two core plugs were obtained, one
from the top and the other from the bottom of the core. An average value of the wettability
index is obtained for a given distance. The distances are normalized by dividing the value
of the measured distance relative to the core inlet by the total length of the core.

Figure 5.123 shows the distribution of wettability index per number of the limestone
core plug samples. For all the 512 core plugs combined, wettability index varied from 0.30
to 1.00, with a mean value of 0.67. The plots of the wettability indices versus the
normalized distances for each of the 16 cores are presented in Figs. 5.124 through 5.131.
From the core plugs, an average value of wettability index was obtained for each of the
cores. The mean average wettability index for all the 16 limestone cores combined was
0.67. The minimum and maximum values determined were 0.45 and 0.83, respectively.
Based on these determinations, the limestone cores investigated in this study are classified

as water-wet rocks.

§.4.4.1 Relation Between Wettability and Petrophysical Properties

The relationships of average wettability index with porosity, and permeability can also
be established by the aid of the correlation coefficients earlier presented in Table 5.20. For
limestones, average wettability index relationships with porosity, and permeability are both

found to be not statistically significant at o = 0.1 level.
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Fig. 5.127: Wettability Index vs. Normalized Length for Indiana
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5.4.42 Relation Between Wettability and Waterflood Properties

Figure 5.132 shows that average wettability index is inversely related to irreducible
water saturation. The relationship is statistically significant at o. = 0.1 level. Figures 5.133
through 5.136 show the plots of residual oil saturation and oil recovery versus average
wettability index at both the breakthrough and floodout. No relationships exist between
residual oil saturation and oil recovery versus average wettability index at breakthrough, as
shown in Figs. 5.133 and 5.135, respectively. Fig. 5.134 shows that residual oil saturation at
floodout is directly related to average wettability index. As shown in Fig. 5.136 ultimate o0il
recovery at floodout is inversely related to average wettability index. Unlike the case of
sandstones, it appears that limestone residual oil saturation at breakthrough is less sensitive

to wettability than is residual oil saturation at floodout.

From these findings, one can deduce that for water-wet limestone rocks, as wettability
index increases, residual oil saturation at floodout also increases and ultimate 0il recovery at
floodout by waterflood decreases. These findings are in agreement with the observation of
Morrow (1990) and Jadhunandan and Morrow (1991), that oil recovery by waterflooding is

optimum close to neutral wettability for water-wet systems.

5.4.5 Mercury Porosimetry Properties

A total of 512 core plugs were extracted from along the flow path of the 16
waterflooded Indiana limestone linear-cores. These extracted plugs are the same that were
previously tested for wettability and later cleaned in readiness for the mercury porosimetry
tests. After the completion of low-pressure and high-pressure runs, the plugs were discarded

because of being contaminated with mercury.

Similar to the analysis on the wettability data, average values of mercury porosimetry
properties were obtained for each of the core samples from the core plugs. These values are
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presented in Table 5.21 for the types of mode, pore intrusion volumes, pore surface areas,
pore specific surface areas, average pore diameters, apparent densities, mercury porosities,

residual mercury saturations and mercury recovery efficiencies.

Table 5.22 shows the statistical description of the mercury porosimetry experimental

data obtained. For all the linear-core samples combined, intrusion volumes varied from 0.06
to 0.08 ml/g, with an average of 0.07 ml/g; the surface areas varied from 0.83 to 1.06 m¥g,
with an average of 0.93 mzlg; the specific surface area varied from 12.48*10* 10 16.45*10*
cm%cm3, with an average of 13.94*10* cm?cm3; the average pore diameters varied from
0.26 to 0.35 um, with an average of 0.30 um; the apparent (skeletal) densities varied from
2.55 to 2.65 g/ml, with an average of 2.60 g/ml; the porosities varied from 13.8 to 16.2%,
with an average of 14.6%; and the mercury recovery efficiencies varied from 33.9 t0 44.1%,

with an average value of 38.8%.

The limestone rocks investigated are considered to be very good reservoir rocks
because they have both high mercury recovery efficiency and porosity values. According to
Kopaska-Merkel and Friedman (1989), mercury recovery efficiency in mercury porosimetry
is analogous to primary recovery of petroleum from natural reservoirs because both
processes involve only simple pressure reduction. Hence, this type of rock with more than
25% mercury recovery efficiencies and fairly good porosities, would perform well during
primary oil recovery period.

Figures 5.137 through 5.143 show the distributions of the various mercury porosimetry
properties of the limestone core plug samples. The properties are total intrusion volume,
surface area, specific surface area, average pore diameter, apparent (skeletal) density,
mercury porosity, and mercury recovery efficiency, respectively. Figs. 5.137 and 5.142
show bimodal distributions for total intrusion volume and mercury porosity, respectively.

For the distributions and subsequent analyses, only 329 out of the original 512 limestone
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Table 5.21;: Mercury Porosimetry Properties of the Indiana
Limestone Linear-Cores

Core | No. | Type | Ve SA S, D [ &g RE
Sample of of (mlg) | (m¥g) | (cm¥*am® | (um) | (gml) | (frac) | (frac)
No. Plugs | Mode (E+04) i
M
SA 32 2 0.0688 | 0.987 14346 | 0279 | 2.625 | 0.153 | 0388
9B 32 2 00738 | 1.030 13957 | 0309 | 2.649 | 0.162 | 0375
10A 32 2 0.0644 | 0.830 12888 | 0313 | 2.622 | 0.144 | 0339
10B 32 2 0.0673 | 0936 13908 | 0291 | 2.606 | 0.144 | 0375
11A 32 2 0.0678 | 0.853 12581 | 0335 | 2.603 | 0.150 | 0.386
11B 32 2 0.0635 | 0.892 14047 | 0273 | 2588 | 0.141 | 0423
12A 32 2 0.0693 | 0.865 12482 | 0299 | 2551 | 0.138 | 0.379
12B 32 2 0.0668 | 0.860 12874 | 0312 | 2.619 | 0.149 | 0352
13A 32 2 0.0766 | 0.970 12663 | 0350 | 2.616 | 0.155 | 0339
13B 32 2 0.0691 | 0.958 13864 | 0289 | 2.622 | 0.145 | 0387
14A 32 2 0.0645 1.061 16.450 { 0260 | 2587 | 0.143 | 0424
148 32 2 0.0635 | 0.935 14724 | 0273 | 2589 | 0.141 | 0417
15A 32 2 0.0633 | 0914 14439 | 0279 | 2571 | 0.140 | 0382
15B 32 2 0.0660 | 0.834 12.636 | 0317 | 2.604 | 0.146 | 0.357
16A 32 2 0.0614 | 0953 15521 | 0299 | 2589 | 0.144 | 0437
168 2 2 0.0674 | 1.056 15668 | 0.263 | 2.593 | 0.149 | 0.441

Table 5.22: Statistical Description of the Mercury Porosimetry Experimental
Variables for Indiana Limestone Linear-Cores

Vie SA S, D [ e RE
(mlg) | (m¥g) | (em¥cc) | (um) | (g/ml) | (frac) | (frac)

Mean | 00671 | 0933 | 13940 | 0296 | 2.602 | 0.146 | 0388
Median | 0.0670 { 0935 | 13932 | 0295 | 2.604 | 0.145 | 0384
Min. 0.0614 | 0.830 | 12482 | 0260 | 2551 | 0.138 | 0.339
Max. 0.0766 | 1.061 16450 | 0350 | 2.649 | 0.162 | 0.441
Q1 0.0637 | 0.861 12716 | 0274 | 2588 | 0.142 | 0.362
Q3 0.0690 | 0.983 14653 | 0313 | 2.621 | 0.150 | 0.422

St. Dev. | 0.0040 | 0.075 1221 | 0025 | 0.024 | 0.006 | 0.033
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Fig. 5.137: Distribution of Total Intrusion Volume per Number of
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Fig. 5.141: Distribution of Apparent (Skeletal) Density per Number of
Indiana Limestone Linear-Cores Plugs.
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Fig. 5.143: Distribution of Mercury Recovery Efficiency per Number of
Indiana Limestone Linear-Cores Plugs.
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core plugs were utilized, because of the removal of all the bad mercury porosimetry
experimentally measured data.

The plots of the plugs mercury porosities versus the normalized distances for each of
the 16 cores are presented in Figs. 5.144 through 5.151. Similar to the case of the
wettability indices the exhibited trends are generally not constant. The reason for this is not
fully understood, but might be related to the amount of microporosity within the fossil and
oolite grains, andfor to the presence of clay fines in the core samples (Churcher et al.,
1991).

The correlation matrix shown in Table 5.23 confirms the trends of Figs. 5.152 through
5.154. Figure 5.152 shows a good relationship between total intrusion volume and mercury
porosity, with a R? value of about 52% and high F-test statistic value of 15.31. The
relationship is statistically significant at o = 0.005 level. Figure 5.153 shows that mercury
recovery efficiency have inverse relationship with the average pore diameter. The
relationship is strong and statistically significant at o = 0.001 level. This is in agreement
with the findings of Amthor et al. (1988), that for intermediate pore throat sizes, the
mercury recovery efficiency are moderate for gently sloping bimodal systems. The mean
values of this study’s average pore throat diameter (D = 0.3 pm) and mercury recovery
efficiency (RE = 0.4), are within the range referred to by Amthor et al., in their findings as
stated above.

Figure 5.154 shows that apparent (skeletal) density is directly related to total intrusion
volume. The relationship is statistically significant at @ = 0.1 level. The relationship

between mercury recovery efficiency and porosity was found not to be statistically

significant, since the relationship has a low correlation coefficient value (R = -0.29), as
shown in the correlation matrix of Table 5.23. Review of the literature also depicts that

apparently no one consistent set of relationships exists between mercury recovery efficiency
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Table 5.23: Correlation Matrix for the Mercury Porosimetry
Properties for Indiana Limestone Linear-Cores




0.1

o o o
5 8 S
ﬂIITT|||llllll|'|lllIlllllllllllllllllIIII

Total intrusion Volume, mlg

O
-
-8

TT—I_IIIIIIIIIIIIIIITTWITIIIT]—TITITIIlllllllllﬂl_

n=16

Vi =0.0011040.4511

R=0.723; R%*52.2%
=0.0028; C.V.=0.042

F=15.31; p-value=0.002

is statistically significant

@ a=0.005 level

IIIIIIIIlllIIIIIIIIILLL]!]IIIIIIIllll]IIllIllllj

14 K 2
Mercury Poroslty, fraction

Fig. 5.152: Total Intrusion volume vs. Mercury Porosity for

Indiana Limestone Linear-Cores.

-t IRAEREA ll’l]ﬂlll|IITITTIUIIIIIITIII'IIIllllf—lllfllml
n=16
RE=0.667-0.944D
0.475.
R=-0.734; R%=53.9%
©=0,0230; C.V.=0.059
€ 0.45 F=16.34; p-value=0.001
-§ ) . is statistically significant
.g_ ° @ a=0.001 level
£0.425 .
é .
Y 04
E LA ®
hd ®
0.375 °
E‘

0.325

0%.2

0.25 .4 0.5

Avonéo Pore Diameter, mlermotcr

Fig. 5.153: Recovery Efficiency vs. Mercury Porosity for
Indiana Limestone Linear-Cores.

179




LR LI ' IRBRRALEER ] IR ERRR l IRBAERRERI ] IRRRRRERA

~N
2

FTTTiTrrTT l TTTTTTTTY I TTrrrryTTy l TEVYT T TUrT

rent (Skeletal) Density, g/ml
»
o

n=16
P=2.408+2.887Vy,
R=0.482; R%233%
©6=0.0215; C.V.=0.008
F=4.24; p-value=0.059
is statistically significant
@ a=0.1 Jevel

lllllllld_k_é[llll!l
X . .1

Total |I:Itfuﬂ°n Volm'm, mlg

Appa

»
&

| IO T O I Y | I Liti 111t l t gttt | Lttt 141

Fig. 5.154: Skeletal Density vs. Total Intrusion Volume for
Indiana Limestone Linear-Cores.

lII?IIIIIIlIIIIIl1 FITTTTTTY lflf!llll{lIill!IIIlII[YIIIII'I!IIllIIl]Tll!II]]

LLRARAAAR®

hd
n

ry Efficiency, fraction
o ©
» &

Predicted geoove
w

llllllllIllllIllllllllljllllllllllllllllllllllllllllllllIlllllllllllllllllll

Illll]llllllIIlllllllllllllllllllll’lllllllll]!llllllllllllllllYllll,

. . .4 . .4 .
Measured Recovery Efficiency, fraction

Fig. 5.155: Comparison of Measured Mercury Recovery Efficiency Values for
Limestones with those Predicted by the New Correlation.

180




and porosity for carbonate rocks. An Inverse relationship was found by Amthor et al. (1988)
and Kopaska-Merkel and Friedman (1989). Contrary to these findings, Wardlaw (1976),
Ghosh and Friedman (1989), and Al-Fossail et al. (1991) found a direct relationship
between mercury recovery efficiency and porosity of carbonate rock samples.

5.4.5.1 Mercury Recovery Efficiency Correlation

Using non-linear multiple regression analysis, a new correlation for estimating
mercury recovery efficiency values for limestones is developed from 329 experimentally
obtained mercury porosimetry data. Similar to the development in the case of sandstones,

general form of the correlation for limestone is the same as earlier presented in Eq. §.3.

By regressing the available mercury porosimetry data obtained from the 329 Indiana
limestone core plug samples, the values of the coefficients were obtained. After the
substitution of the values of the coefficients into Eq. 5.3, it results into the new correlation

for estimating mercury recovery efficiency for limestones, as presented in Eq. 5.9:
0.188
SA™™ ¢y,

RKE = VP B ¢

The units of mercury recovery efficiency, RE, mercury porosity, ¢y,, and the other variables
in Eq. 5.9 are as defined in the nomenclature.

To test how good the correlation is, a crossplot to compare the predicted mercury
recovery efficiency values using Eq. 5.9 with the measured values is shown in Fig. 5.155.
Most of the ploited data points of this new correlation fall close to the 45° line, indicating
its good degree of correlation. This new correlation has a standard deviation of 0.052, F-test
statistic value of 375.0, and statistically significant with p-value of 0.000.

The plotted residuals versus measured mercury recovery efficiency for limestones is

shown in Fig. 5.156. The trend of the scatter data points shows a directly increasing
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relation. The behavior of the plot suggests the addition of another independent variable to
the correlation. One observation that can be drawn from this, is that an additional
contribution to the dependent variable, mercury recovery efficiency, may be made by some
property of the pore structure which was not measured in this study.

The predictive strength of the new correlation (Eq. 5.9) for estimating mercury
recovery efficiency of limestones was compared with the correlation presented by Al-Fossail
et al. (1991). The correlation by Al-Fossail et al. was developed using Saudi Arabian

carbonate reservoir rocks. The correlation is given in Eq. 5.10 below:

RE = 16.876 + 1.4075 ¢y, (5.10)

In Eq. 5.10, mercury recovery efficiency, RE, and mercury porosity, ¢y, are both expressed
as percentages.

The crossplot for comparing the predicted mercury recovery efficiency values using
Eq. 5.10 with the measured values is shown in Fig. 5.157. Unlike the case of the new
correlation, most of the plotted data points of Al-Fossail et al. correlation scatter widely
along both sides of the 45° line, indicating that this correlation is not as good as the new
correlation. This conclusion is further strengthened by the plot of Al-Fossail et al.
correlation’s residuals versus measured mercury recovery efficiency, which is shown in Fig.
5.158. The trend of the scatter data points is more directly related than that of Fig. 5.156.
The behavior of this plot suggests the addition of more independent variables to the Al-
Fossail et al. correlation, before its predictive capability could be improved.

5.4.52 Relation Between Porosimetry and Petrophysical Properties

Correlation matrices for the full models at breakthrough and fioodout for limestones
were investigated and presented in Tables 524 and 5.25, respectively. The agreement
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Table 5.24: Correlation Matrix for the Full Model for Indiana
Limestone Linear-Cores at Breakthrough
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Table 5.25: Correlation Matrix for the Full Model for Indiana
Limestone Linear-Cores at Floodout

] k w1 Sei | Vi | 8A s, b '8 . RE Se
brine Hg @FoO.
f—————————— —
k 049%
wi o188 | -0.is8

Sui 0050 | 0166 | -0492

Vim 0320 | 0546 1 0026 | 0388

SA <0.126 | 0155 ] -0.190 | 0.148 | 0.257

S, 0.350 { -0.230 | -0.221 | -0.096 | 0429 | 0.762

o} 0343 | 0308 | -0.037 | 0280 | 0.538 | 0472 | -0.786

P, 0548 | 0681 | 0307 | -0.164 | 0482 | 0.170 { -0.182 | 0.365

4y, 0527 | 0650 ] 0056 | 0.107 | 0723 | 0387 | -0.133 | 0436 | 0813

RE <0256 | -0572 | -0.040 | -0.081 | -0499 | 0515 | 0818 | -0.734 | -0.420 | -0.291
S @ FO. | -0094 | -0581 | 0575 | 0800 | -0.640 | -0.363 | 0.071 | 0323 | -0.177 | -0.507 | 0238
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between porosity values obtained using mercury porosimetry and those obtained from the
corefloods were not as good as was expected, as shown in Fig. 5.159. It was observed that
if a 45° degree line is drawn on the plot, 11 of the data points lie above the line and the
other five are close to the 45° line. This finding implies that the brine porosities are larger
than the mercury porosities. This is in agreement with what was observed for the case of
sandstone core samples.

The relationship of brine permeability versus total intrusion volume is presented in
Fig. 5.160. The relationship is direct with a standard deviation of 2.9 md, F-test statistic of
5.94, and statistically significant at o = 0.05 level. The relationship of brine porosity with
total intrusion volume failed the significance test, as show by its low correlation coefficient
value in the correlation matrices presented in Tables 5.24 and 5.25. These tables are further
employed to analyze the relationships of mercury porosimetry properties with brine porosity
and brine permeability. Their relationships with surface area, specific surface area and
average pore diameter, are not statistically significant. The specific surface area values of

the limestone core samples investigated in this study, are considerably higher than those

obtained for the sandstones (12.48*10* to 16.45*10* versus 1.84*10* to 8.58*10* cm?/cm?).

Brine porosity and brine permeability are directly related to apparent (skeletal) density.
Brine permeability has is inversely related to mercury recovery efficiency. The relationship

between brine porosity and mercury recovery efficiency is not statistically significant.

5.4.53 Relation Between Porosimetry and Waterflood Properties

The limestone’s mercury porosimetry properties were individually related to the
residual oil saturation and oil recovery at breakthrough and at floodout, as shown by their
correlation coefficients in the correlation matrices of Tables 5.24 and 5.25, respectively. At
breakthrough, unlike in the case of sandstones, all the relationships except those of surface

area with residual oil saturation and oil recovery, were observed to be statistically
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significant at o = 0.1 level. At floodout, apart from the relationships of total intrusion
volume and mercury porosity with residual oil saturation and oil recovery, the others failed

the significance tests.

At both the breakthrough and fioodout, the relationships of total intrusion volume with
residual oil Mﬁon are inverse and its relationships with 0il recovery are direct. Residual
oil saturation at breakthrough is directly related to specific surface area and mercury
recovery efficiency, but inversely related to average pore diameter, apparent (skeletal)
density, and mercury porosity. In the case of o0il recovery at breakthrough, it is inversely
related to specific surface area and mercury recovery efficiency, but directly related to

average pore diameter, apparent (skeletal) density, and mercury porosity.

5.4.5.4 Permeability Correlation

Again, using non-linear multiple regression analysis, as 'in the case of mercury
recovery efficiency, a new correlation for estimating permeability values for limestones
using coreflood or mercury porosimetry measured data is developed. The development was
initiated using the 16 limestone cores waterflood and mercury porosimetry experimentally
obtained data. Similar to the sandstone case, the general form of the correlating equation is

as earlier presented in Eq. 5.6.

To further improve the limestone permeability correlation, Eq. 5.6 was modified by
multiplying the dependent variable by (1-¢)%, which implies that:

k(1-9) = £(¢,5A,8,) (5.11)
After applying multiple regression analysis methods on Eq. 5.11, the resulting developed

correlation for estimating permeability is given as:

_ 3.146 * 10° ¢*%
SA0.0234 8.0'0185 (1-¢ )2
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In Eq. 5.12, permeability, k, is expressed in millidarcy and porosity, ¢, is expressed as
fraction. The other variables in the equation are as defined in the nomenclature,

To show how good the correlation is, a crossplot to compare the predicted brine
permeability values using the new correlation, as presented in Eq. 5.12, with the measured
values is shown in Fig. 5.161. The plotted data points deviate from the 45° line and not as
good as would have been expected. Part of the scatter in the crossplot between predicted
brine permeability and measured brine permeability may be artificial, caused by the
inclusion of measurements from plugs with induced fractures, which were not easily
noticeable by visual inspection of the plugs. The new correlation is statistically significant
at o = 0.001 level. The plotted residuals versus measured brine permeability values for
limestones is shown in Fig. 5.162. The behavior of the plot suggests that porosity, surface
area, and specific surface area were enough to develop a good correlation for permeability.

The predictive strength of the new correlation (Eq. 5.12) for estimating permeability of
limestones was compared with the correlation presented in the study by Wang et al. (1991).
The laboratory measured data obtained for this study were used for the comparison, due to
the non-availability of independently measured data sets. The correlation by Wang et al. was
developed using laboratory measured samples of 54 carbonates cores from 11 oil-producing

reservoirs. The correlation is given in Eq. 5.13 below:

Ink = 29.0585 ¢ — 1.6348 (5.13)
In Eq. 5.13, permeability, k, is in millidarcy and porosity, ¢, is expressed as fraction.

The crossplot to compare the predicted permeability values using Eq. 5.13 with the
measured values is shown in Fig. 5.163. Unlike the case of the new correlation, most of the
plotted data points of Wang et al. correlation scatter widely along the upper part of the 45°
line, indicating that this comrelation mostly over-predicts. This conclusion is further
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Fig. 5.163: Comparison of Measured Permeability Values for Limestones with
those Predicted by Wang et al. (1991) Correlation.
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strengthened by the plot of Wang et al. correlation’s residuals versus measured permeability,
which is shown in Fig. 5.164. The behavior of the scatter data points shows that it over-
predicts and not as good as the scatter plots of Fig. 5.162. The behavior of the plot suggests
the addition of more independent variables to the correlation of Wang et al., before its
predictive capability could be improved.

Equation 5.12 was also used to estimate mercury permeability of the core plug
samples. The resulting estimates of mercury permeability values for the 329 limestone core
plug samples were plotted against the respective values of their measured mercury porosity
values, as shown in Fig. 5.165. Again, similar to the sandstone case, the plotted data points
fall very close to an exponential trend as expected for the relationship of porosity with
permeability. Finally, the estimated average mercury permeability values were compared
with the measured brine permeability values as shown in Fig. 5.166. Similar to the
observation in Fig. 5.159, which is the plot of brine porosity versus mercury porosity, the

comparison was not perfect.

5.45.5 Relation Between Porosimetry and Wettability Properties

The relationships of average wettability index with the various mercury porosimetry
properties were investigated, as shown in the correlation matrices of Tables 5.24 and 5.25.
All of the mercury porosimetry properties show relationships that are not statistically
significant with average wettability index.

5.4.5.6 Shape of the Capillary Pressure Curve
Capillary-pressure curves reflect the capillary forces which govern the distribution of
fluids in the porous system and influence the flow of fluids. The shapes of the capillary-

pressure curves do not appear to be a unique function of either sandstones or limestones,
but mainly reflect the pore size distribution in the rock. Figure 5.167 presents the
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capillary-pressure versus cumulative mercury intrusion/extrusion curve for plug 28 of
linear-core sample 15B. Similar to most of the other Indiana limestone linear-core plug
samples investigated in this study, the mode type of the curve is bimodal with gently-
sloping shape. This is further confired in Fig. 5.168, which is the plot of capillary-

pressure versus incremental mercury intrusion/extrusion curve for the same plug.

The existence of multiple modes is significant because it affects the overall non-
wetting-phase recovery efficiency. For the investigated limestone samples, the gently
slopping bimodal curves correlate with high mercury recovery efficiency (mean = 39%),
high porosity (mean = 15%), intermediate average pore diameter (mean = 0.30 um), and
high entry pressures. The capillary-pressure versus cumulative pore area curve for the plug

is presented in Fig. 5.169. Only the mercury intrusion data were used to plot Fig. 5.169.

Churcher et al. (1991) also observed bimodal capillary-pressure curve shapes in their
studies using Indiana limestone core samples. They suggested that the bimodal pore throat
size distributions in Indiana limestone samples may result from the distribution of the fine
calcite crystals which line the pores and create microporosity. They were also of the opinion
that it may also arise from the intra-particle porosity noted in some fragments and oolites.

In the report of their studies on the reservoir characterization of deeply-buried
paleozoic carbonates from Oklahoma, Texas and New Mexico, Amthor et al. (1988) argued
that the shapes of capillary-pressure curves are useful components of a formal classification
of carbonate rocks. The simple empirical classification of capillary-pressure curves allows
evaluation of potential reservoir rocks at a glance in terms of their petrophysical properties.
They further postulated that steep-convex capillary-pressure curves indicate reservoir rocks
with high recovery efficiencies, but low porosities and small throats, so that the production
is likely to be economical only under high pressures (or thick oil columns) or from very

large hydrocarbon pools. Conversely, steep-concave curves indicate porous reservoir rocks
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with large throats but probably poor primary recovery efficiency. These reservoirs will be

economical even at low pressures and with short oil columns and small total reserves, but

will probably need enhanced recovery to produce a significant proportion of the reserves.
They suggested that gently-sloping curves correspond to samples with moderate recovery
efficiencies, intermediate median throat sizes, and variable porosities. Polymodal curves
result from polymodal throat-size distribution, and exhibit variable recovery efficiencies and

porosities.




Chapter 6

DEVELOPMENT OF THE EMPIRICAL MODELS

6.1 Introduction

Empirical models have been developed which relate residual oil saturation and oil
recovery with rock-pore characteristics. The models for residual oil saturation and oil
recovery are respectively given at two periods: at breakthrough and at floodout. Prior to the
development the models, correlation matrix for the full models at breakthrough and at
floodout were investigated and presented in the previous chapter. The tables also show the
inter-relationships among the independent variables. On the basis of these analyses, the
dependent variables, residual oil saturation and oil recovery at both the breakthrough and
floodout periods, could be best represented as a function of the independent variables in

linear terms or a minimum amount of interactions among the variables.

6.1.1 Building of the Regression Model

Multiple regression analysis is one of the most widely used of all statistical tools. The
general linear regression model with normal error terms, simply in terms of dependent

variable Y and X independent variables is defined as (Neter et al., 1990):

Y, = Bo+ B X + B2 Xip + oo
+Bpt Xip1 + & 6.1)

Bo» Biseecrvs Bpy are parameters

Xﬂ, ....... .Xi,P_l are known constants
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€; are the error term which should be normal and independent, with mean of 0 and

constant variance of 0%

A particular case of the general linear regression model (Eq. 6.1), is the polynomial
regression. Considering the case of polynomial regression model with one independent

variable:

Y, = Bo+By Xi+ B, X2 +¢ 62)

Interaction effects can also be incorporated into Eq. 6.1. Considering the regression in two

independent variables X, and X,, the interaction effect is given as:

Y; = Bo+ Py Xy + B2 Xip
+Bi XuXo+eg ©3)

The regression model with transformed variables Y’ and X', is called standardized

regression model and it is given as follows (Neter et al., 1990):

Y = B Xip + e + Bt Xip + & 64)

B = [%]Bﬁ (k=1,.p-1) 65

sy and s, are the respective standard deviations of the original and the standardized models.
Hence, the resulting new transformed regression coefficients B, and the original regression

coefficients B, are related by simple scaling factors involving ratios of standard deviations.
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Furthermore, in the process of trying to increase coefficient of correlations of the
models, apart from the general linear regression, polynomial regression, interaction effects
and transformation were applied on the independent variables before applying the designing
scheme employed in this study. With this, the correlation coefficient and coefficient of
determination were only slightly improved. For this reason, it was unnecessary to include
some of the resulting transformed and interacting independent variables in the models for
residual oil saturation and that of oil recovery. The interacting and transformed variables
that were included in the development of the linear-core models are: product of porosity and
irreducible water saturation (¢S,;), product of mercury porosity and specific surface area
(¢1,Sy). product of mercury porosity and mercury recovery efficiency (¢y,RE) and
logarithm to base 10 of permeability (log k).

6.1.2 Rg Criterion

The R? criterion calls for an examination of the coefficients of multiple determination,
R? for all possible models. The number of parameters in a regression model is shown as a
subscript of R% Therefore, R? indicates that there are p parameters, or p-1 predictor
variables in the regression function on which R? is based. The reason for using the R?
criterion is not to maximize R?, but the intent is rather to find the point where adding more
independent variables results in a very small increase in R:

6.13 G Criterion

This criterion is connected with the total mean squared error of the n fitted values for
each subset regression model. Neter, et al. (1990) indicated that squared error concept
involves a bias component and a random error component. The mean squared error pertains
to the fitted values Y"i for the regression model employed. The C, values for all possible

regression models are plotted against the number of parameters, p, models with little bias
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will tend to fall near the line, G, = p. Models with substantial bias will tend to fall

considerably above this line. C;, values below the line C, = p are intéxpmted as showing no

bias; that is, they are below the line due to sampling error. In using the G, criterion, one
secks to identify subsets of independent variables for which the C, value is small and for
which the C; value is near p. Sets of independent variables with small C, values have a
small total mean squared error, and when the C; value is also near p, the bias of the

regression model is small.

6.1.4 Best Subsets Algorithms

For the development of the linear-core models, best subsets algorithms "BREG",
which is available in MINITAB statistical computer software package (Ryan et al., 1985),
was utilized. They are time-saving algorithms and they allow the best subsets according to a
specified criteria to be identified, without requiring the fitting of all of the possible subset
regression models. The algorithms also provide a number of "good” subsets for each
possible number of independent variables in the model to give the investigator additional
helpful information in making the final selection of the subset of variables to be employed
in the regression model (Neter et al.,, 1990). It is worth noting that the best subsets
algorithms are not good when the independent variables are very large. Under this
condition, stepwise regression technique may need to be employed to assist in the selection
of the independent variables.

Apart from the coefficient of determinations and standard deviations, the other
selection criteria used are the C, criteria and the adjusted coefficient of multiple
determination (Adj. R-sq.). Cp criterion is concerned with the total mean squared error of
the fitted values for each subset regression model. When there is no bias in the regression
model with p-1 predictor variables, the expected value of C, is approximately p. The




adjusted coefficient of multiple determination adjusts the coefficient of multiple
determination R? by dividing each of the sum of the squares by its associated degree of
freedom. It is suggested as a criterion which takes the number of parameters in the model
into account through the degree of freedom (Neter et al, 1990; and Ryan et al.,, 1985).
Adjusted coefficient of determination increases if and only if the mean square error
increases.

To embark on the development of the linear-core models, the sets of data obtained for
the sandstone and limestone samples were separated into common and uncommon rock/fluid
properties. The common properties are porosity, absolute permeability, and irreducible water
saturation. The uncommon properties used are wettability index, total intrusion volume, pore
surface area, average pore diameter, apparent (skeletal) density, mercury porosity, and
mercury recovery efficiency. Residual oil saturation is also included in all the oil recovery
modeling building process. The models which are later presented in Egs. 6.11 through 6.22
for sandstones and Egs. 6.25 through 6.36 for limestones, are for common, uncommon and,

for combination of both common and uncommon rock/fluid properties.

6.2 Sandstone Radial-Core Case

Summary statistics of variables to be used in the model are shown in Tables 5.1 for
Berea sandstone radial-cores. The inter-correlations among the potential independent
variables are shown in Table 6.1 for Berea sandstone radial-cores. Moreover, a schematic

of the statistical data collection and design is presented in Fig. 6.1.

As indicated in Fig. 6.1, a data base was developed from waterflooding, wettability
and porosimetry experiments. This data base was used to determine the functional
relationships between ultimate oil recovery and rock properties investigated. These
functional relationships were then incorporated into generalized stochastic models for
predicting oil recovery by waterflooding. The developed stochastic models are used as
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Table 6.1: Correlation Matrix for the Full Model for
Berea Sandstone Radial-Cores
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Fig. 6.1: Schematic Drawing of Statistical Data Collection and Design.
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predictive tools in estimating oil recovery by waterflooding as a function of the rock
properties of Berea sandstone and Indiana limestone radial-cores.

A first-order regression model relating the sandstone ultimate 0il recovery, UOR, to all
independent variables was fitted to the experimental data and presented in the following

forms:

UOR = 0.362 - 0.000064 t + 0.000027 k
- 0.923 ¢ + 0.005 SA — 0.0263 d - 0.0183 L
+ 0.375 WI - 1.30 S, + 0.632 S4 (6.6)

Contrary to the specification in the nomenclature, the unit of ultimate oil recovery, UOR, in

the sandstone and limestone radial-cores model developments, are in fraction.

The multiple regression model rélating ultimate oil recovery to the independent
variables of surface area, median pore-throat diameter, tortuosity, porosity, permeability,
pore length, wettability index, residual and initial oil saturations, shows a good fit, with R?
= 944%. The standard deviation of the model was determined to be 0.96% and the
coefficient of correlation, R, between the ordered residuals and their respective values
under normality, is high (98.3%). The high coefficient of correlation validates the linearity
of the model and the assumption that, the error terms are normally distributed. Furthermore,
a high value (18.65) of the F-test statistic indicates that there is a statistically significant
regression of the independent variables on ultimate oil recovery, that is, the use of these

nine variables significantly improves the prediction of ultimate oil recovery.

The normal probability plot of the residuals for the full model is presented in Fig. 6.2.

Nomal probability plots are used to test the residuals normality or departure from
normality, identify outliers and test the model’s linearity. In addition to the normal

probability plot, the residual plot for this particular model is presented in Fig. 6.3. Residual
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plots test the possibility of error terms being correlated and also test the regression functions
linearity. They are also used to validate the regression model’s assumption that the error
terms variability is constant. The coefficients of correlation between the ordered residuals
and their respective values under normality are demoted by RZ. The values of these
coefficients for the different tested models are presented in Table 6.2. Table 6.3, which is
the table of alpha critical values, supports the conclusion that the error terms are normally
distributed in that R3 = 0.984 is greater than the coefficient of correlation at a probability
level & = 0.01, R3 = 0.929, for n = 20.

Tables 6.2 and 6.3 and Figs. 6.2 and 6.3, representing residual and normal residual
plots, indicate that most of the independent variables are linearly associated with the
dependent variable. The residual oil saturation, shows the highest degree of correlation and
tortuosity shows the lowest. Further, the correlation matrix on Table 6.1 shows the inter-
correlations among the potential independent variables. This table indicates that surface area
has a high pairwise correlation with pore-entry diameter and wettability index. On the basis
of these analyses, the dependent variables in linear terms only. Moreover, analyses indicated
that it was unnecessary to include the interaction terms since some of the independent
variables such as surface area, has a high pairwise correlation with respect to other
independent variables such as pore length and porosity. Table 6.4 shows the pairwise
comparison of the different independent variables used in the full sandstone radial-flow
model.

The R? values as a function of p, the number of parameters, are plotted in Fig. 64.
The maximum Rg value for the possible subsets of p-1 predictor variables, appears at the
top of the graph for each p. These points are connected by dashed lines to show the impact

of adding additional independent variables. Figure 6.4 indicates that little increase in

maximum Rg is realized after 6 variables are included in the model. In particular, the use of




Table 6.2: C§a and RN Values for the Investigated
egrossnon ndstone Radial-Core Models

Varisbies P & SSE, x, MSE, c Y]
S 2 18 o0uZ1 316 00006236 105604 0983
s. 2 18 00067%S2  S88  0.0003758 51296  o9m
w1 2 18 00150823 81 0000837 147405 0378
L 2 18 oosass 69 00008493 149636 OS5
K 2 18 00142500 132 00007917 138388 0930
¢ 2 18 0013872 203 00007271 125790 0841
t 2 1 oo 39 00008768 154987 0957
d 2 18 00141766 137 00007876 137593 0827
SA 2 18 00IMTH 191 O000TI6 121850 0941
Se- Sui 3 17 000834 WS 0000077 242600  0m3
% Sa 3 17 0006708 588 0.0003977 HU 09
. Su 3 17 00109S3 330 00006468 305126 0984
5, S 4 16 00098 8IS 00001865 20338 073
T WL S, 4 16 00064027 €10 00004002 s71368 0587
T, WL S, 4 16 00010540  3S§  O0O000SSS 102198 0950
WL, S.. Su 4 16 00035299 7S 0.0002206 624 0m3
1 WL S,, Sy S 1S 00026293 840 00001753 18486  OX%
SA.d. 1, WL S, 6 14 00071859  EO 00001990 2183 0567
SA. 4,1, W1, S, 6 14 00047629 MO 00003402 Q2 0981
SA. 4.1, 5., Sa 6 14 00020582 €15 00001470 14299 098
SA. d. W1 S, Su 6 14 00020506 847 00001790 1948 0943
SA. 1, WL, S, Su 6 14 00014184 914 00001013 7367 0988
d. % WL S.. Su 6 14 00014156 910 00001054 1987 0987
SA. 4.1, W1, S.. Sa 7 13 00011822 %28  0.0000909 6308 0984
SA. 4.1, L WLS, 7 13 0001549 879 00001835 15613 097
SA.d. %, L WL S, 7 13 00035260 788 00002712 32201 0983
SA. 4.1, L. Su. Su 7 13 00018647 885 00001434 14203 0961
SA.d, L WL S, Su 7 13 00019240 884 00001471 U9 o9
SA.T.L WLS,. S, 7 13 00014135 914 00001087 9314 0975
dt,L WLS.S, 7 13 00014753 910  0.000113S 9984 o547
SA.d. 1. L WLS,, S, 8 12 00010678 935  0.00008%0 1560 0993
SA.d.%.¢.K. L WIS, 9. 11 00014350 913 00001308 13541 0985
SA.d. 1. 0. K. L WL, S, 9 11 00028059 $29 00002551 2400 0970
SA 4t 8K LS.S, 9 11 00012183 926 00001108 1119 0965
SA.d.7. 6. K. WL S... S, 9 11 00010853 934  0.0000987 9758 0995
SA.4. 1.0, L, WL, . S, 9 11 00009537  $42  0.0000867 8333 052
SA.d.¢.K L WLS.S, 9 11 00013351 919  0O0OI24 12465 0984
SA.1, 8. K. L WL, S,. S, 9 11 00013160 920  0.0001196 1225¢ 0983
d Lo KLWS, S, 9 11 00009233 944  0.0000839 8000 0983
SA AT KLWLS.S, 10 10 00005231 944 00000923 10000 0983

Table 6.3: Table of Alpha Critical Values

a o

10 05 01 N X0 05 01
8951 8734 B318 30 9707 9639 9490
95033 8804 B320 40 9767 9IN5 9597
9347 9180 8804 S50 9807 9764 9664
9383 9110 60 9835 9799 9710
9600 9503 9290 75 9865 9835 9757
9662 9582 9408
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Table 6.4: Pairwise Comparison of the Different Independent Variables
Used in the Sandstone Radial-Core Models

Varisbles ) a SSE, r, MSE, (X
SA.d 2 1 0.0108006 3. 0.006000 101.016
T SA 2 18 03759490 o1 0.020886 .
td 2 18 03751920 03 0.020844 .
e 2 18 0.0043970 00 0.002443 31638
¢*.d 2 1’ 0.0029460 30 0.000163 15918
¢ SA 2 18 0.0005090 84 0.000028 -10.485
K 2 18 06711450 03 0.037286 .
kd 2 18 04953250 24 0.027518 .
K SA 2 18 0.1161550 827 0.006453 .
L.k 2 18 15626 ©s 0.0868 .
Le 2 18 14719 525 00818 .
Lt 2 18 3.0259 23 0.1681 .
Ld 2 18 12544 595 0.0897 .
L.SA 2 18 13385 68 0.0744 .
wLL 2 18 0011150 39 0.000619 104.802
SA, S.; 2 18 0025288 12 0501408 25797
4.5, 2 18 0025366 09 0.001409 258821
%, Su 2 18 0.025067 20 0.001393 255.582
¢ S. 2 18 0.025584 00 0001421 261.183
k. S. 2 18 0025542 02 0.001419 260.728
L Su 2 18 0025315 1] 0.001406 258.269
w1, S, 2 18 0.024986 23 0.001388 254.04
St Sa 2 18 0003146 7.7 0.000125 18.084
d.S. 2 18 0021791 00 0.001211 220.089
%S, 2 1 0020115 77 0.001117 201931
¢S, 2 18 0.021352 20 0001186 215333
k. S. 2 18 0.021517 13 0001195 217.120
LS. 2 18 0021328 21 0.001185 215072
SA. S. 2 18 0020717 T 0001151 208.453
WL, S, 2 18 0.020430 63 0.001135 205343
WI, SA 2 1 0.009056 175 0.000531 87646
Wi, d 2 18 0011520 07 0.000640 108.317
W, 1 2 18 0.005835 94 0.000324 216
W1, ¢ 2 18 0.010560 89 0.000587 98.407
W1, k 2 1 0.010212 19 0.000867 94.640
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the subset containing SA, d, 1, WI, S, and S in the regression model appears to be
reasonable according to the R criterion. Note that the variables ¢, and k, which correlate
most highly with the independent variables are not in this model. This indicates that SA, d,
1, W1, S, and S; contained much of the information presented by ¢ and k, since porosity

and permeability are highly correlated with these variables.

In Fig. 6.5, the C, values for the selected models are plotted as a function of p, the

number of parameters. As shown in Fig. 6.6, plotting C; values against R‘? values suggested
that the subset containing SA, d, T, W1, S, and S; is a better choice than the full model.
The model -selected has a C;, value of 6.808, which falls below the line, C, = p. Since the

value of G is then small, the model’s total mean square error is also small.

In an effort to reduce the number of independent variables involved in the model,
various forms of reduced models were statistically analyzed (Boukadi, 1991). One of the
reduced models is:

UOR = 0.0052 + 0.252 SA — 0.167 d — 0.454 <
+0.464 WI- 1.74 S, + 1.08 S 6.7)

The reduced model with six independent variables presented in Eq. (6.7) has a high
coefficient of determination, R?, value of 92.8%. The F-test statistic value of 27.92 indicates
that the mean square for regression is 27.92 times greater than the mean square for error.
The residual and normal residual plots for this particular model are presented in Figs. 6.7
and 6.8, respectively. Reference are made to Fig. 6.4, containing the plots of R,f versus the
number of parameters, Fig. 6.5, containing the plot of the G, values versus the number of
parameters, and Fig. 6.6, containing the plot of the CP values versus Rg values, respectively,
and to Table 6.2. These lead to the conclusion that this model is the preferred model. This

conclusion is predicated on the fact that this model uses essential variables, has a high
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coefficient of multiple determination, R? = 92.8%, uses fewer variables, has a low standard
deviation, ¢ = 0.0754, and its first-order classification stands since the error terms are
strongly normal, R3 = 98.4%. As shown in Table 6.2, reducing the selected model resulted
in higher values of C, which leads to the conclusion that the bias in these models is large.

Among the reduced models, the one below was selected:

UOR = 0.0034 + 0.451 SA - 0.166 d - 0.412 <
+0.631 WI - 0.636 S,, (6.8)

As shown in Table 6.2, R2, MSE,, C, and R{ for the investigated regression models,
the reduced model was selected based on the fact that it contains fewer variables, has a
higher coefficient of multiple correlation and lower standard deviation as compared to the
other reduced models. The residual and normal residual plots for this particular model are
presented in Figs. 6.9 and 6.10, respectively. Reduction of the chosen model resulted in a
higher standard error, 6 = 0.1116, a lower R? of 83.0%, and a larger C,, of 22.183. This
indicates a higher bias in the model. The residuals were less nomal, R} = 96.7%, which

leads to the conclusion that the first-order model classification is less powerful.

63 Limestone Radial-Core Case

Summary statistics of variables to be used in the model are shown in Tables 5.7 for
Indiana limestone radial-cores. The inter-correlations ainong the potential independent
variables are shown in Table 6.5 for Indiana limestone radial-cores. Residual plots for the
full and reduced models are presented in figs. 6.11 and 6.12, respectively. The examination
of these plots and the coefficients of correlations, R3, between the ordered residuals and
their respective values under normality as shown on Table 6.6, validate the assumption of
the regression model that the error terms variability is constant and that the error terms are

normally distributed.
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Table 6.5: Correlation Matrix for the Full Model for
Indiana Limestone Radial-Cores

¢ k Soi | Ser | W SA d | UOR

k | 089
Soi | 0.795 | -0.776
Sor | 0415 | 0355 | 0.740
WI | 0220 | 0188 | -0.165 | 0.035
SA | 0415 | 0337 | 0510 | 0384 | 0012
d | 0219 | 0428 | 0329 | -0.256 | -0.028 | -0.175

UOR | -0.567 | 0625 | 0409 | 0309 | -0.263 | -0.180 | -0.156 | 1.000
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Table 6.6: RZ, MSE,,, C;, and R{ Values for the Investigated
Regression Limestone Radial-Core Models

of SSE, R, MSE, TG,

18 0.045211 0.002512 755.519
18 0.049097 9.5 0.002728 821.833
18 0.050520 6.9 0.002807 846.116
18 0.036843 0.002047 612.720
18 0.052514 32 0.002917 880.144
18 0.052942 24 0.002941 887.447
18 0.041697 232 0.002317 697.550
18 0.020218 0.001123 329.017
17 0.000387 99.3 0.000023 -7.396
17 0.000864 984 0.000051 0.744
16 0.000810 98.5 0.000051 1.822
16 0.000839 98.5 0.000052 2317
16 0.000851 0.000053 2.522
15 0.000798 0.000053 3618
15 0.000827 0.000055 4.113
15 0.000793 0.000053 3.532
14 0.000782 0.000056 -0.655
13 0.000762 X 0.000059 6.998
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Fig. 6.13: R? Values vs. Number of Parameters for
the Indiana Limestone Radial-Core Case.
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Full model representation of the dependent variable, ultimate oil recovery, in terms of
the independent variables such as surface area, SA, median pore-throat diameter, d, rock
permeability, k, the product of the porosity and initial oil saturation, $S,; , wettability index,
WI, and the product of porosity and residual oil saturation, ¢S, , indicates that:

UOR = 0.350 — 0.000038 k + 0.0226 SA
—0.0010 d + 0.0467 WI- 13064 S,
+7.770 6 S (6.9)

The model in Eq. (6.9) shows a good fit with R? value of 98.6%. This high coefficient
of determination again validates the linearity of the model. Moreover, the F-test statistic

value of 152.21 indicates that the regression is statically significant.

A reduced model illustration of the dependent variable, UOR, as a function of the

initial and residual oil saturations results in:

UOR = 0.408-2.09 S, +1.24 S; (6.10)

In the case of limestone rocks investigated, the effect of rock properties on oil
recovery was ineffective as shown in Eq. (6.10). The reduced model shows a good fit with
R? value of 99.3%. The F-test statistic value of 1183.37 indicates that the regression of
UOR on S, and S, is highly significant.

Figure 6.13 contains a plot of R? values as a function of the number of parameters, p.
Reference to Table 6.6, and to Fig. 6.13, indicate that there is no increase in the values of
R,f after the incorporation of 2 independent variables in the model. Therefore, the use of
the subset containing S; and S in the regression model is the most suitable approach
according to the R? criterion.

Figure 6.14 contains a plot of C, values as a function of the number of parameter, p.
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Furthermore, Fig. 6.15 shows a plot of C, values against RZ. As was the case for the Berea
sandstone radial-core model, the C,, value of the model which was -7.396, falls below the
line, G, = p. This suggests that the selected model is associated with sampling error and
shows no bias. Examination of Figs. 6.14 and 6.15 implies that the reduced model with the

subset containing S; and S, is a better model.

6.4 Sandstone Linear-Core Case

During the process of the building of the models, the results obtained using the linear
independent variables alone needed to be improved further, in the case of the sandstone
samples. For this reason, log k, ¢S,;. ¢S, and ¢RE terms were introduced into the models

as part of the independent variables.

6.4.1 With Common Rock/Fluid Properties

The output for the best subsets algorithms for the development of models for
predicting residual oil saturation and oil recovery at both breakthrough and floodout for
sandstones, using the common rock/fluid properties alone, are shown in Tables 6.7 through
6.10. In these and the other tables presented in this chapter, the asterisk on one of the
number of independent variables, shows the best subsets chosen, after taking the selection
criteria into consideration. The units for all the variables in the various models are defined
in the nomenclature. The developed models for sandstones using the common rock/fluid
properties alone, are presented in Egs. 6.11 through 6.14.

6.4.1.1 Residual Oil Saturation at Breakthrough

From Table 6.7, the final model developed for predicting residual oil saturation at
breakthrough for sandstones, using rock/fluid properties alone, is given as:
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Table 6.7: Best Subsets Regression for Residual Oil Saturation
at Breakthrough for Sandstone Linear-Cores

(Using Common Rock Properties)
Adj.
Vaz. Req Ry -4 ¢ k S, o5, logk

428 398 52 00623 x
M6 206 122 00715
511 457 40 00592
49.7 441 45 0.0600
5§23 438 55 00602 | x x
515 429 58 00607
606 507 43 00564
565 456 59 00592 | x
5 613 484 60 00577 | x

W O N N - e

»
(]

»n
M OoM MM M MM

MW Ho»
»
| B )

Table 6.8: Best Subsets Regression for Residual Oil Saturation
at Floodout for Sandstone Linear-Cores
(Using Common Rock Properties)

Adj.
Vin, Reg Rg G, o o k S, ¢S, logk

&3 645 01 0040 x
571 S48 48 00453
67 663 04 00391 x
689 655 07 00396
@9 646 22 0.0401
07 643 24 0.0402
02 627 41 00411
700 625 42 00412
704 605 60 00423

“‘&UUNQHH
M N N W M N NN
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Table 6.9: Best Subsets Regression for Oil Recovery at
Breakthrough for Sandstone Linear-Cores
(Using Common Rock Properties)

Viz. Req Reg C 4 ¢k S, ¢S, logk

1 29 262 114 116077 z

1 190 147 158 17279 | x

2 504 449 5.1 1389 x x

2 415 417 63 14291 | x x

3 527 444 61 1395 | x x

3 524 440 63 14010 x x
4+ 618 523 45 12924 x x
4 548 435 73 140683 x x
5 63.0 506 60 13151 |x x x x z

Table 6.10: Best Subsets Regression for Ultimate QOil Recovery
at Floodout for Sandstone Linear-Cores
(Using Common Rock Properties)

Van. Rsq Reg C, o ¢ k S, ¢S, Ilog

-

22 181 02 9342 x
212 171 00 9.39%
2* 293 214 03 914

284 205 05 9204

26 172 22 939
170 23 9406
304 130 40 9625
299 124 41 9660 | x
06 74 60 993

-

vae s wwN
]
p

MOoN oM oNoR
L T I T R
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“ M ouon
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Ser. . = —1.525-2.354 * 102k + 0.770 S,;

Ofgsr
~4316 ¢ S,; + 1.018 log k (6.11)

The R? for Eq. 6.11 is 60.6%, its adj.-R? is 50.7%, its C, criterion value is 4.3 and its
standard deviation is 0.056. Since the best subset chosen for this equation contains four
independent variables, the number of parameters, p, which is the number of independent
variables plus the constant term included in Eq. 6.11, is therefore equal to S. This implies
that the developed model is unbiased, since it has a C, criterion value less than p.

6.4.1.2 Residual Oil Saturation at Floodout

The output for the best subsets algorithms for the development of model for predicting
residual oil saturation at floodout for sandstones, using the common rock/fluid properties

alone, is shown in Table 6.8. The final model developed is given as:

Sor.. = 0.345-2.789 * 107 k - 0.227 S, (6.12)

Olgro

The R? for Eq. 6.12 is 69.7%, its adj.-R? is 66.3%, its C, criterion value is 0.4 and its
standard deviation is 0.039. The developed model contains two independent variables,
which implies that the model is unbiased.

6.4.13 Oil Recovery at Breakthrough

Table 6.9 shows the output for the best subsets algorithms for the development of
model for predicting oil recovery at breakthrough for sandstones, using the common
rock/fluid properties alone. The final model developed is given as:

ORggr = 550.6 + 0.557 k - 298.1 S,,;
+11474 ¢ S,; — 258.0 log k (6.13)

The R? for Eq. 6.13 is 61.8%, its adj.-R? is 52.3%, its C, criterion value is 4.5 and its
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standard deviation is 12.9. The developed model contains four independent variables,
which implies that the model is unbiased.

6.4.1.4 Ultimate Oil Recovery at Floodout
Table 6.10 shows the output for the best subsets algorithms for the development of
model for predicting ultimate oil recovery at floodout for sandstones, using the common

rock/fluid properties alone. The final model developed is given as:

UOR = 59.3-0.0573k - 134 S 6.14)

The R? for Eq. 6.14 is 29.3%, its adj.-R? is 21.4%, its C, criterion value is 0.3 and its
standard deviation is 9.15. The developed model contains two independent variables, which
implies that the model is unbiased.

6.4.2 With Uncommon Rock/Fluid Properties

The output for the best subsets algorithms for the development of models for
predicting residual oil saturation and oil recovery at both breakthrough and floodout for
sandstones, using the uncommon rock/fluid properties alone, are shown in Tables 6.11

through 6.14. The developed models are presented in Egs. 6.15 through 6.18.

6.4.2.1 Residual Oil Saturation at Breakthrough

From Table 6.11, the final model developed for predicting residual oil saturation at

breakthrough for sandstones, using uncommon rock/fluid properties alone, is given as:

Sorgyy = 2.397 — 5825 Vi, + 4.720 SA - 0.936 p,

+29.43D ~ 2367 * 107* ¢y S, + 4.593 ¢y, RE (6.15)

Ofe

The R? for Eq. 6.15 is 67.1%, its adj.-R? is 53.0%, its C, criterion value is 5.0 and its
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Table 6.11: Best Subsets Regression for Residual Oil Saturation
at Breakthrough for Sandstone Linear-Cores
(Using Uncommon Rock Properties)
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Table 6.12: Best Subsets Regression for Residual Oil Saturation
at Floodout for Sandstone Linear-Cores
(Using Uncommon Rock Properties)
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Table 6.13: Best Subsets Regression for Oil Recovery at
Breakthrough for Sandstone Linear-Cores
(Using Uncommon Rock Properties)

Adj.
Van. Req Re G o [WI V, SA S, D p, &y RE g &FE

1 406 375 &7 14380 x
1 342 307 92 1558
2 601 S56 09 1246 x
2 569 S21 22 1295 x x
3 630 S65 1.7 1235} 2 x x
3 619 552 22 1253 x z
4 657 S71 27 1226 | x x x
4 654 568 28 123 x = x
5 69.1 588 33 1201 z x x x
5 69.0 587 33 1202 x x x
6 734 621 3.6 1153 x zx x x x
6 731 616 3.7 1160 x x | S x x
7 745 607 52 1173 ] x x X X x x x
7 742 603 53 1180 | x x x x x x z
8 747 579 71 124 | x X x X X x x x
8 745 574 72 1221 | x x X X x x x
9 749 544 90 1264 | x x x oz x z x
9 747 541 91 1268 | x X X X x 4 x

10 749 498 110 1326 | x x x E S 3 x x x

Table 6.14: Best Subsets Regression for Ultimate Oil Recovery
at Floodout for Sandstone Linear-Cores
(Using Uncommon Rock Properties)

Ven. Reg Rig G © |WI V, 8A 8 D p, &, RE ¢y o RE

1 §75 553 -34 690 z
1 542 518 -24 17 x
2* 622 530 -29 66 x x
2 611 S68 26 679 x 4
3 636 572 -14 675 x x x
3 633 568 -13 678 x x x
4 67 511 00 676 x 3 X
4 656 570 -00 676 z x
H 675 566 14 630 3 x x z 3
5 672 562 1.5 633 x x z x
6 681 544 32 697 x x x x x x
6 677 538 a3 .01 3 x z x x
7 685 515 S1 719 ] x x z x x x x
7 682 %512 51 721 z x x E x z x
8 686 477 70 746 | 2 x z z 3 z x x
] 685 476 70 747 | =z x x x b 3 x x
9 686 430 9.0 779 x x x x x x 3 z
9 68.6 430 90 7791} x x x x x = x z
10 687 373 110 817 | x = x = z x x x 3
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standard deviation is 0.055. The developed model contains six independent variables,
which implies that the model is unbiased. Statistically, this model is essentially the same as
its counterpart that was previously developed using common rock/fluid properties alone,
considering their standard deviation values.

6.4.2.2 Residual Oil Saturation at Floodout

From Table 6.12, the final model developed for predicting residual oil saturation at

floodout for sandstones, using uncommon rock/fluid properties alone, is given as:

S

e = 2128 — 67.26 Vi, + 11.48 SA +2.607 * 107 S,

+1.813 % 102D - 1.117 p, + 35.79 ¢y, — 3.898 RE

—7.338 * 107 ¢y, S, + 43.19 ¢y, RE (6.16)
The R? for Eq. 6.16 is 85.1%, its adj.-R? is 72.8%, its C, criterion value is 9.2 and its
standard deviation is 0.035. The developed model contains nine independent variables,
which implies that the model is unbiased. Statistically, this model is as good as its
counterpart that was previously developed using common rock/fluid properties alone,

considering their standard deviation values.

6.4.23 Qil Recovery at Breakthrough

Table 6.13 shows the output for the best subsets algorithms for the development of the
model for predicting oil recovery at breakthrough for sandstones, using the uncommon
rock/fluid properties alone. The final model developed is given as:

ORggr = —138.5 + 1.515 * 10° SA +3.577* 10735, + 4.344 D
+ 740.8 dyyy — 9.794 * 1072 ¢y, S, +2.926 * 10° ¢y, RE (6.17)
The R? for Eq. 6.17 is 73.4%, its adj.-R? is 62.1%, its C,, criterion value is 3.6 and its

standard deviation is 11.5. The developed model contains six independent variables, which
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implies that the model is unbiased. Statistically, this model is slightly better than its
counterpart that was previously developed using common rock/fluid properties alone,

considering their standard deviation values.

6.4.2.4 Ultimate Oil Recovery At Floodout

From Table 6.14, the final model developed for predicting ultimate oil recovery at

floodout for sandstones, using uncommon rock/fluid properties alone, is given as:

UOR = 10.62 + 5979 V,,, +0.743D (6.18)

The R? for Eq. 6.18 is 62.2%, its adj.-R? is 58.0%, its G, criterion value is -2.9 and its
standard deviation is 6.69. The developed model contains two independent variables, which
implies that the model is unbiased. Statistically, this model is better than its counterpart that

was previously developed using common rock/fluid properties alone.

6.4.3 With Both Common and Uncommon Rock/Fluid Properties

The output for the best subsets algorithms for the development of models for
predicting residual oil saturation and oil recovery at both breakthrough and floodout for
sandstones, using both the common and uncommon rock/fluid properties, are shown in
Tables 6.15 through 6.18. The developed models are presented in Egs. 6.19 through 6.22.
Further, to avoid having both brine and mercury porosimetry measured porosities as
variables in the same model, mercury porosity terms were substituted with brine porosity

terms.

6.4.3.1 Residual Oil Saturation at Breakthrough

From Table 6.15, the final model developed for predicting residual oil saturation at

breakthrough for sandstones, using the combined rock/fluid properties is given as:
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Table 6.15: Best Subsets Regression for Residual QOil Saturation
at Breakthrough for Sandstone Linear-Cores
(Using Both Common and Uncommon Rock Properties)

Adj. ¢ g ¢ ¢
Vin. Req Reg G {e x w1 s, V,, SA 5, D p, RE 8, k S RE
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Table 6.16: Best Subsets Regression for Residual Oil Saturation
at Floodout for Sandstone Linear-Cores
(Using Both Common and Uncommon Rock Properties)

Adj. ¢ log ¢
Van. Rq Rnq G [ ¢ k WI S, V, SA § B p, RE S, k 8
1 663 645 D4 00401
1 571 S48 42 0.0454
2 780 755 431 00333 x
2 710 617 07 00383 x x
3 800 764 -31 0.0327 b 3 X x
3 796 760 30 00330 x x
4 826 783 24 00314 x x x
4 824 780 -23 00316 z x 3
5 844 792 13 0.0307 z x x x x
5 831 774 06 00320 x x x x
6 855 D3 0.1 0.0307 x x 3 3 x
6 851 789 04 0.0311 x x X x x x
7 859 14 19 0.0313 x x x x x
7 857 780 20 00316 x x x x x
8 864 714 37 00321 x x x S x x
8 863 712 37 00322 x x x x x x x
9 869 762 54 0.0329 x z x | S 3 2 x
9 868 76.1 55 0.0330 x x x x x x z T x
10 872 745 13 00340 | x x x x x x x x x X
10 871 742 74 00342 x x z x x x x X
1 828 722 92 0035 x x x 2 x x b 3 z X
11 875 721 92 00356 |x =x x x x x x z x x
12 876 6.1 111 00375 |x =x =x x z x x x | S §
12 876 60 111 00375 |fx x x x X x b x x X x
13 8§78 652 130 00397 {x x 1z x x x x x x S 4
13 877 648 131 00400 I x "z x x x x z = z X =
14 278 594 150 00429 |x x =z X x x x x T X X
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Table 6.17: Best Subsets Regression for Oil Recovery at
Breakthrough for Sandstone Linear-Cores
(Using Both Common and Uncommon Rock Properties)

Adj. ¢ g ¢
Vaz. Reg Req €, © |& k WI S, V, SA S5, D p, X8 S,; k S, RE
— e —

1 406 375 53 1480 3

1 29 262 93 1608

2 558 509 16 1311 x

2 530 477 273 1383 x z

3 632 567 08 1231 z x x

3 617 549 14 1256 x b 3 =

4 652 565 21 1235 : x x x 3

4 646 557 23 1245 z T X x

5 h6 595 24 1191 x x x x x

s BS 594 25 1193 x x x x x

6 T2 674 16 1069 x x z x x x

6 752 646 23 1114 x = x z x x

7 782 665 32 1083 |x =x x x 3 x x

7 780 661 33 1088 x x X x x x

8 789 648 49 110 }j=x = 2 x 2 2 3

8 789 648 49 1111 X x x x z X X

9 gl8 69 59 107lx x x % 3 x x x x

9 806 647 63 1112 z x x T x x x x
10 822 645 77 nAs {x x X 3 b3 3 1 3 3 X
10 822 644 77 1i6|x x x z x S 3 x x x
11 837 638 91 11261z =z z z x x x x x S
11 826 614 95 1163|x x x x z x T X x x X
12 839 598 110 118 |x =x x x x x x oz x x S
12 837 593 111 1% ix x x z x x x x x x =z
13 840 544 130 1264 [z = z x x x 3 x x E I
13 839 S41 130 1268 | x x x 3 x T x x X x x
14 840 468 150 1365 |x = x b 3 z X x 3 x x x X 2




Table 6.18: Best Subsets Regression for Ultimate Oil Recovery
at Floodout for Sandstone Linear-Cores
(Using Both Common and Uncommon Rock Properties)

Adj. ¢ g ¢ ¢
Van. Req Req G © [¢ k W S, V, SA 5§, D p, RE S,; k S RE
_____.____._—_j e

1 575 553 41 6950 x
1 22 181 66 934 x
2 628 587 37 664 x x
2 622 580 .35 669 b
3 666 607 -29 647 x x
3 68 597 -26 655 x x
4 686 607 15 649 x x x z
4 681 601 -13 652 z x X
5 717 623 04 634 |12 x x x x
5 710 614 02 642 x x oz T X
6 734 620 11 636 | x z x x x x
6 7.1 61S 12 640 x x X x
7 753 620 25 636 | x x x x x
7 748 613 26 642 X 3 x X
8+ 789 648 34 612)x x x z x z | S
8 T4 624 38 633 | x x x x x x x =z
9 2 622 53 634 iz x x x x x x S
9 2 622 83 635)zx x x x x x E S
10 7.7 595 71 657}|x x 1z x x 3 x x x =
10 Y7 593 72 658 1x x x X x x x x | S 3
11 79 553 91 690 |x x x z x x x = x x x
11 M8 552 91 691 )x =z x x x = x x x x
12 801 S04 1310 727}z =z z x x x 3 b 3 E T §
12 800 500 111 730|=x x x x x x z z 2 x X x
13 802 434 130 777 {x x x x z x 3 z z z X X
13 802 433 130 777 |{x x x x z x x z x S
14 802 340 150 838 |x x x z x 2 T x x X X x




Sorgyy = ~ 2389 =2.112% 10° k - 0.179 S,,; ~ 8.14 V;,, +0.966 SA

+0.626 p, + 1.015 log k - 4497 * 1075 ¢ S, (6.19)

The R? for Eq. 6.19 is 80.5%, its adj.-R? is 69.9%, its C, criterion value is 3.2 and its
standard deviation is 0.044. The developed model contains seven independent variables,
which implies that the model is unbiased. Statistically, this model is slightly better than its
other counterparts that were previously developed using the common rock/fluid properties

alone and the uncommon rock/fluid properties alone.

6.4.32 Residual Oil Saturation At Floodout

From Table 6.16, the final model developed for predicting residual oil saturation at

floodout for sandstones, using the combined rock/fluid properties is given as:

Sorg, = 0.808 — 1.930 * 10*k - 0.994 S,; - 5.5%4 V,,,

+ 1025 SA+35% ¢S, -4015%105¢ S, (6.20)

OTe

The R? for Eq. 6.20 is 85.5%, its adj.-R? is 79.3%, its G, criterion value is 0.1 and its
standard deviation is 0.0307. The developed model contains six independent variables,
which implies that the model is unbiased. Statistically, this model is as good as its other

previously developed counterparts, considering their standard deviation values.

6.4.33 Oil Recovery at Breakthrough

From Table 6.17, the final model developed for predicting oil recovery at
breakthrough for sandstones, using the combined rock/fluid properties is given as:

ORgpr = 5262 + 0.620 k — 221.3 S,; + 752.1 Vi, +2.014 D
+8109 ¢ S,; — 287.5 log k (6.21)

The R? for Eq. 6.21 is 77.2%, its adj.-R? is 67.4%, its G, criterion value is 1.6 and its
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standard deviation is 10.7. The developed model contains six independent variables, which
implies that the model is unbiased. Statistically, this mode! is slightly better than its other
previously developed counterparts, considering their standard deviation values.

6.4.3.4 Ultimate Oil Recovery At Floodout

From Table 6.18, the final model developed for predicting ultimate oil recovery at

floodout for sandstones, using the combined rock/fluid properties is given as:

UOR = 281.5 -611.7 ¢ + 0.0826 k + 22634 V., —484.3 SA - 116.7 p,
+ 5634 RE + 0.0182 ¢ S, - 2597.0 ¢ RE 6.22)
The R? for Eq. 6.2 is 78.9%, its adj.-R? is 64.8%, its C, criterion value is 3.4 and its
standard deviation is 6.12. The developed model contains eight independent variables,
which implies that the model is unbiased. Statistically, this model is the best compared to

its other previously developed counterparts.

6.4.4 Ranking of the Models

The statistical summary of the empirical models for Berea sandstone is shown in
Table 6.19. This table also include the F-test statistic and the p-value for each of the
developed sandstone models. Except for the ultimate oil recovery model at fioodout using
common rock/fluid properties, all the other oil recovery models are statistically significant at
o = 0.005 level. The common rock/fluid properties ultimate oil recovery model is
statistically significant at & = 0.05 level. For the residual oil saturation models, all of them
except the residual oil saturation at breakthrough model using uncommon rock/fluid
properties, are statistically significant at o = 0.005 level. The uncommon rock/fluid
properties residual oil saturation at breakthrough model is statistically significant at o =

0.01 level. The ranking of the models is presented in Table 6.20, where "1st" stands for the

233




Table 6.19: Statistical Summary of the Empirical Models
Developed for Sandstone Linear-Cores

Eqn.
No.

Table 6.20: Ranking of the Empirical Models Developed
for Sandstone Linear-Cores

Empirical
Models For




best model. If only one of the three types of models is to be chosen, the sandstone residual
oil saturation and oil recovery by waterflooding are better predicted by the inclusion of both

common and uncommon rock/fluid properties in the predictive models.

6.4.5 Validation of the Models

To test the validity of the sandstone models, crossplots to compare the predicted
residual oil saturation and oil recovery values using Egs. 6.19 through 6.22, with the
measured values are plotted. The solid 45° lines in the plots represent a perfect correlation
between the measured and predicted values. The plots of the residuals versus the measured
values are also presented. For the case of the residuals plots, the horizontal line drawn on
each of the plots represents the perfect correlation line. The crossplots and residuals plots
for these newly developed models are shown in Figs. 6.16 through 6.23. For the four new
sandstone models, most of the plotted data points fall close to the 45° line, mdlcatmg the
high degree of predictive accuracy of the models. The behavior of the residuals plots,
further suggest that the independent variables in the models were enough to define the

various dependent variables.

Further, the newly developed sandstone ultimate oil recovery model (Eq. 6.22) was
compared with three previously published models for predicting ultimate oil recovery that
were developed from laboratory measured data. The models are those developed by Arnold
and Crawford (1964), Donaldson et al. (1969), and Boukadi (1991), for sandstones. A
critical review of the literature did not provide any previously published model developed
from laboratory measured data to predict sandstone residual oil saturation at breakthrough or
at floodout or to predict oil recovery at breakthrough.

Amold and Crawford (1964) developed empirical models to show the analytical
relation between the fluid and rock properties and oil recovery by waterflooding. They
studied both consolidated and unconsolidated porous media. Their model for consolidated
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the New Correlation (Eq. 6.19).
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sands is given in Eq. 6.23 below:

1 1
The = 8.395+ 8454 (1) +0.9823 In 1, + 0.1006 O
-6.531(%)+2.651 (%)+o.75031=

+11.203 ( % J? - 0.1052 ( In p, )* — 0.006168 o2,

+1.425 ( -§‘- 3 = 1.135 ( % ) — 0.01184 F? (6.23)

In Eq. 6.23, ultimate oil recovery, UOR, is expressed as a fraction of the initial oil-in-place.
The other variables in the equation are in the same units as shown in the nomenclature. The
values of the formation resistivity factors can be estimated using the Humble (Lynch, 1962)

relationship for estimating formation resistivity factors of granular systems like sandstones.

Donaldson et al. (1969) used laboratory measured data from outcrop cores of Torpedo
sandstone, to develop models to predict ultimate oil recovery from waterflooding as a
function of wettability index, permeability, porosity, oil viscosity, initial oil saturation, and
interfacial tension. Among the four models they developed for sandstones, they

recommended the use of the one given in Eq. 6.24 below:

UOR = 0471 +0.170 WI + 0.130 k - 0.158 log ( i, ) (6.24)

In Eq. 6.24, ultimate oil recovery, UOR, and the other variables in the equation are in the
same units as shown in the nomenclature.

Boukadi (1991) models for sandstones were developed from laboratory measured
radial core-flood data. Similar to the present study, the models made use of variables from
wettability and mercury porosimetry properties. The model he recommended for predicting
ultimate oil recovery for sandstones was earlier presented in Eq. 6.6. One of the differences
between his models for predicting ultimate oil recovery and those proposed in this study, is
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that his models included both initial oil saturation and residual oil saturation as independent
variables. Oil recovery values can be routinely calculated with high degree of accuracy
when the values of both the initial and residual oil saturations are known. It can then be
argued that residual oil saturation should not be included as an independent variable in an
empirical model for predicting oil recovery.

Due to non-availability of independent data, the crossplots and residual plots were
developed using the experimentally measured data that were presented earlier. The
crossplots and residuals plots for comparing the predicted ultimate oil recovery values using
Egs. 6.23 and 6.24, with the measured values are shown in Figs. 6.24 through 6.27. Unlike
the case of the new model (Eq. 6.22), which is shown in Fig. 6.27, all of the plotted data
points of the crossplot of Amold and Crawford (1964) model, as shown in Fig. 6.24 and
that of Donaldson et al. (1969) model, as shown in Fig.' 6.26, scatter widely below the 45°
line. These indicate that the models under-predict. This conclusion is further supported by
the plot of the residuals of Amold and Crawford model and that of Donaldson et al. model,
versus the measured ultimate oil recovery values. These residual plots are shown in Figs,
6.23, 6.25, and 6.27, for the newly developed model, for Amold and Crawford model, and
for Donaldson et al. model, respectively. The plots of the scatter data points of Figs. 6.25
and 6.27, appear to follow a trend and that of Fig. 6.23 has no definite trend. The behavior
of Figs. 6.25 and 6.27 suggest the need to add more independent variables to Amold and
Crawford model and to Donaldson et al. model, before their predictive capability could be
enhanced.

The crossplot and residuals plot for Boukadi model are not shown, because it was
noted that the differences between the values predicted by his model and the measured
values of ultimate oil recovery for sandstones, occurred due to his definition of tortuosity.

He defined tortuosity in terms of retention time in seconds, whereas the definition of
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tortuosity as presented in the literature (Winsauer et al., 1952; Wyllie and Spangler, 1952;
Amyzx et al., 1960; and Giver, 1986) is different.

6.5 Limestone Case

The development of the limestone models was initially started by employing similar
independent variables as those used for the sandstone case. To further improve the models,
log k, ¢S,; and ¢RE terms were introduced into the models as part of the independent

variables.

6.5.1 With Common Rock/Fluid Properties

The output for the best subsets algorithms for the development of models for
predicting residual oil saturation and oil recovery at both breakthrough and floodout for
limestones, using the common rock/fluid properties alone, are shown in Tables 6.21 through

6.24. The developed models are presented in Egs. 6.25 through 6.28.

6.5.1.1 Residual Oil Saturation at Breakthrough

From Table 6.21, the final model developed for predicting residual oil saturation at

breakthrough for limestones, using the common rock/fluid properties alone, is given as:

S

orgry = 1:637 +0.0298 k ~ 5.578 ¢ S,; ~ 1.183 log k 6.25)

The R? for Eq. 6.25 is 74.3%, its adj.-R? is 67.9%, its C, critcrion value is 2.1 and its
standard deviation is 0.040. The developed model contains three independent variables,
which implies that the model is unbiased.
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Table 6.21: Best Subsets Regression for Residual Qil Saturation
at Breakthrough for Limestone Linear-Cores
(Using Common Rock Properties)

Adi.
Van. Reqg Req G © |46 k S, o5, logk

1 549 517 58 0049 b 3

1 460 421 93 0054

2 719 676 11 0040 x
2 717 674 12 0040 x x
3 743 679 21 0040 x x x
3 728 60 27 0041 | x x x
4 743 650 41 0042 x x
4 743 650 4.1 0042 x x
5 746 620 60 0044 | x X x

Table 6.22: Best Subsets Regression for Residual Oil Saturation
at Floodout for Limestone Linear-Cores
(Using Common Rock Properties)

Adj.
Vaz. Req Ryg C, c e k S, ¢, Ilogk

f———— —— ————————

1 640 615 238 0029 x

1 635 608 244 0.029 x

2 846 823 53 0020 T x

2 832 806 6.7 0021 x =z
3 860 825 60 0020 S x

3 859 824 60 0020(|x x =x

4* 90.0 863 40 0017 X =z x

4 899 863 40 0017 | S

5 900 849 60 0018 E S z
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Table 6.23: Best Subsets Regression for Oil Recovery at
Breakthrough for Limestone Linear-Cores
(Using Common Rock Properties)

Adj.
Van. Req Req G © [ ¢ Xk S, €5, logk

1 436 450 01 717N x
425 07 1788 x

2¢ §S.0 481 06 748 z
542 472 08 755 X
563 454 23 768 x

551 438 26 179
571 416 41 794
570 414 42 796 | x

577 365 60 828 {x x x

£

W b AW WM
)'Nﬂ.)')l’lﬂ

Table 6.24: Best Subsets Regression for Ultimate Oil Recovery
at Floodout for Limestone Linear-Cores
(Using Common Rock Properties)

Adj.
Vem. Req Rsg G, o o k S, ¢S, logk

— ———

1 525 491 80 42147 x

1 505 470 895 43004 x
2 653 600 46 37352 S

2 €27 570 57 38153 x x
3 687 609 352 36929 x x x

3 685 606 53 3753 |x x x

4 762 676 40 33641 X x x

4 760 673 41 33787 |z x x

5 763 644 60 35236 x x z
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6.5.12 Residual Oil Saturation at Floodout

From Table 6.22, the final model developed for predicting residual oil saturation at

floodout for limestones, using the common rock/fluid properties alone, is given as:

S

g, = 0.080 —3.694 * 102k - 1452 S,;

+4930 ¢ S,; + 0.884 log k (6.26)

The R? for Eq. 6.26 is 90.0%, its adj.-R? is 86.3%, its G criterion value is 4.0 and its
standard deviation is 0.017. The developed model contains four independent variables,
which implies that the model is unbiased.

6.5.13 Oil Recovery at Breakthrough

From Table 6.23, the final model developed for predicting oil recovery at

breakthrough for limestones, using the common rock/fluid properties alone, is given as:

ORggr = — 50.14 + 3609 ¢ S,; + 58.12 log k (6.27)

The R? for Eq. 6.27 is 55.0%, its adj.-R? is 48.1%, its G, criterion value is 0.6 and its
standard deviation is 7.48. The developed model contains two independent variables, which
implies that the model is unbiased.

6.5.14 Ultimate Oil Recovery at Floodout

From Table 6.24, the final model developed for predicting ultimate oil recovery at

floodout for limestones, using the common rock/fluid properties alone, is given as:

UOR = 1179 + 6475k + 184.1 S,;
-918.0 ¢ S,; ~ 1529 logk (6.28)

The R? for Eq. 6.28 is 76.2%, its adj.-R? is 67.6%, its G, criterion value is 4.0 and its
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standard deviation is 3.36. The developed model contains four independent variables,
which implies that the model is unbiased.

6.5.2 With Uncommon Rock/Fluid Properties

The output for the best subsets algorithms for the development of models for
predicting residual oil saturation and oil recovery at both breakthrough and floodout for
limestones, using the uncommon rock/fluid properties alone, are shown in Tables 6.25

through 6.28. The developed models are presented in Egs. 6.29 through 6.32.

6.5.2.1 Residual Qil Saturation at Breakthrough

From Table 6.25, the final model developed for predicting residual oil saturation at

breakthrough for limestones, using the uncommon rock/fluid properties alone, is given as:

Sorgy, = 13.99 = 96.31 ¢y, — 34.60 RE + 244.7 ¢y, RE (6.29)

oy

The R? for Eq. 6.29 is 70.7%, its adj.-R? is 63.3%, its C;, criterion value is -1.1 and its
standard deviation is 0.043. The developed model contains three independent variables,
which implies that the model is unbiased. Statistically, this model is as good as its
counterpart that was previously developed using common rock/fluid properties alone,

considering their standard deviation values.

6.5.2.2 Residual Oil Saturation at Floodout

From Table 6.26, the final model developed for predicting residual oil saturation at

floodout for limestones, using the uncommon rock/fluid properties alone, is given as:

Soge = 0.602 +0.268 WI —7.741 V;,, (6.30)

org

The R? for Eq. 6.30 is 75.9%, its adj.-R? is 72.2%, its G, criterion value is -0.7 and its
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Table 6.25: Best Subsets Regression for Residual Qil Saturation
at Breakthrough for Limestone Linear-Cores

(Using Uncommon Rock Properties)
Adj.

Var. R Ry G c WI V,, SA § D p, 4y RE O KE
1 400 357 21 0.0567 x
1 39.5 352 22 0.0569
2 53.0 458 1.0 0.0520 x
2 510 435 1.5 00531 x

.3 707 633 11 00428 x x x
3 59.1 489 1.6 00505 z x
4 723 623 05 00434 x x x
4 721 620 05 00436 x x x
5 739 608 21 00442 | x x x x
5 732 597 23 00448 x x x x
6 740 566 41 00465 | x [ T x x x
6 739 566 41 00465 | x x z x x
1 740 512 61 00494 | x z x 3 x X
? 740 512 61 00494 | x x z x 2 x
8 743 449 80 00524 | x x x x x x
8 74.0 443 81 00528 { x x x x x x
9 744 360 100 0055 x x x x x x x

Table 6.26: Best Subsets Regression for Residual Oil Saturation
at Floodout for Limestone Linear-Cores
(Using Uncommon Rock Properties)

Adj.
Vars. Req Reg G o WI V. SA 5 B p, #y, RE e RE
1 409 367 16 0.0373 z
1 33.0 282102 0.0397 x
2 59 722 20 00247 | =z 3
2 Q2 564 25 00309 | x
3 7.8 710 .03 00252 | =x x
3 7.8 710 .03 00252 | x x x
4 mna 69.0 1.5 00261 { = x x x
4 2 689 1§ 00261 | = x x
5 .1 69.6 27 00258 | x x x x x
5 79 669 33 00270 § x x z
6 815 6.1 41 00261 | x x X x = x
[ 805 615 A4S 00267 | = x x x x
ki 81.7 657 61 00274 § 1 x X z X x
7 81.7 65.7 61 00274 | x x x x x x x
8 81.8 61.0 80 00293 | = x x x X x x
8 81.8 61.0 80 00293 | z z E S X
9 81.9 547 100 00315 | a2 x x S 3 x 3
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Table 6.27: Best Subsets Regression for Oil Recovery at
Breakthrough for Limestone Linear-Cores
(Using Uncommon Rock Properties)
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Table 6.28: Best Subsets Regression for Ultimate Oil Recovery
at Floodout for Limestone Linear-Cores
(Using Uncommon Rock Properties)
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standard deviation is 0.025. The developed model contains two independent variables,
which implies that the model is unbiased. Statistically, this model is not as good as its

counterpart that was previously developed using common rock/fluid properties alone.

6.5.2.3 Oil Recovery at Breakthrough

From Table 6.27, the final model developed for predicting oil recovery at

breakthrough for limestones, using the uncommon rock/fluid properties alone, is given as:

ORgpr = — 1792.4 — 73.68 D + 1331 * 10° ¢y,
+4619.0 RE - 3.329 * 10* ¢3, RE (6.31)
The R? for Eq. 6.31 is 88.0%, its adj.-R? is 83.6%, its C, criterion value is 0.4 and its
standard deviation is 4.21. The developed model contains four independent variables,
which implies that the model is unbiased. This model is statistically better than its

counterpart that was previously developed using common rock/fluid properties alone.

6.5.2.4 Ultimate Oil Recovery at Floodout

From Table 6.28, the final model developed for predicting ultimate oil recovery at

fioodout for limestones, using the uncommon rock/fluid properties alone, is given as:

UOR = — 896.8 — 19.03 WI + 1.702 * 10* V,,, — 1242.6 SA
+7.877*1073S, - 299.3 D - 495.0 RE + 2882.8 ¢ug RE (6.32)
The R? for Eq. 6.32 is 92.6%, its adj.-R? is 86.1%, its G criterion value is 6.2 and its
standard deviation is 2.20. The developed model contains seven independent variables,
which implies that the model is unbiased. Statistically, this model is better than its

counterpart that was previously developed using common rock/fluid properties alone.
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6.5.3 With Both Common and Uncommon Rock/Fluid Properties

The output for the best subsets algorithms for the development of models for
predicting residual oil saturation and oil recovery at both breakthrough and floodout for
limestones, using both the common and uncommon rock/fluid properties, are shown in
Tables 6.29 through 6.32. The developed models are presented in Egs. 6.33 through 6.36.
Further, to avoid having both brine and mercury porosimetry measured porosities as
variables in the same model, mercury porosity terms were substituted with brine porosity

terms.

6.5.3.1 Residual Qil Saturation at Breakthrough

From Table 6.29, the final model developed for predicting residual oil saturation at
breakthrough for limestones, using both the common and uncommon rock/fluid properties,

is given as:

Sorgsy = = 11.21 + 67.84 ¢ — 0.117 k + 21.36 S,;
+5.974 V,, ~ 0963 D ~ 0497 p,

+ 1.661 RE - 1474 ¢ S,; + 3432 log k (6.33)
The R? for Eq. 6.33 is 97.1%, its adj.-R? is 92.7%, its C, criterion value is 6.4 and its
standard deviation is 0.019. The developed model contains nine independent variables,
which implies that the model is unbiased. This model is the best, compared to its other
previously developed counterparts,

6.5.3.2 Residual Oil Saturation at Floodout

From Table 6.30, the final model developed for predicting residual oil saturation at
floodout for limestones, using both the common and uncommon rock/fluid properties, is

given as:
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Table 6.29: Best Subsets Regression for Residual Oil Saturation
at Breakthrough for Limestone Linear-Cores
(Using Both Common and Uncommon Rock Properties)

Adj.
n-qn-qc,eokms,,vnus,bp,mzos,iukm

e —_——
1 549 517 243 00491 x
1 460 421 316 00538 x
2 823 796 43 00319 x 3
2 MS 764 65 00343 x
3 886 858 12 0.0266 x x x
3 883 854 14 0.0270 x x x
4 888 847 30 00276 x x x
4 887 B84.6 31 o027 x b
S 92 853 39 002N x x x x
5 894 842 45 00281 x x x z x
6 917 862 47 00263 x x z x x X
6 914 857 49 00268 | x =x z 3 x x
7 939 886 49 00239 jzx «x x x x b3 x
7 936 88.0 52 00245 [z =x x b x x x
8 965 925 48 00194 | x =x x x x x x x
H 963 921 50 0019 {x x X x x x x z
9 971 927 64 00191 [ x x x x x X x x x
9 970 925 64 001 {x =x x x X X x x
10 974 922 81 00197 {x x x x 3 x x x x
10 974 922 81 00197 jx x z x = x x x x
11 975 906 100 00216 |x =x x x X X X X x z z
11 975 9.5 100 00217 { x «x x x x X X = x x x
12 975 876 120 00249 | x =x x x x x X x x x x
12 975 876 120 00249 | x =z x x X x x x x x
13 975 814 140 00305 |x 3 x = z T X X X x x x
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Table 6.30: Best Subsets Regression for Residual Oil Saturation
at Floodout for Limestone Linear-Cores
(Using Both Common and Uncommon Rock Properties)

Adj.
Vas. Req R < [ ¢ k WI S, Vg SA S5 D p, RE ¢S, kgk ¢RE
e et
1 640 615 174 0.0291 x
1 635 608 178 0.0293 x
2 846 823 25 00197 x x
2 832 806 37 0.0206 x x
3 182 852 17 00180 x x x
3 £76 845 21 00184 x x x
4 917 886 08 00158 x oz z x
4 91.0 877 14 00165 x x 3 x
5 934 900 14 00148 E S 1 z x x
5 932 897 1.6 00150 S 4 x x x
6 952 920 19 00133 [x x x x x x
6 95.1 918 20 001 1x x =x x x x
7 955 916 36 001 [x z2 x x x 3 x
K 955 916 37 00136 [ x x x x x x x
8 9.1 916 52 00136 |x x «x x x x z x
8 958 910 5S4 00140 |x x x x x b x x
9 94 909 70 00141 jx x x x x x = x x
9 963 906 71 00143 jx x x x x x x x x
10 96.9 906 86 00144 {x x x x x x x = x x
10 966 89.8 88 001S0 [x =x x x T x x x z
11 973 898 102 00149 jx x x x x x x X z x
11 93 898 102 00150 {x x x x x X x x x x T
12 974 868 122 00170 | x x x x x x x x z x x
12 923 866 122 00172 | x x =z x x x x x x x
13 976 816 140 00201 |x x =z x x SIS S 1 x x x x
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Table 6.31: Best Subsets Regression for Oil Recovery at
Breakthrough for Limestone Linear-Cores
(Using Both Common and Uncommon Rock Properties)

Ad;. :
Vin. Req Req G o [0 k WI S, V, SA S, D p RE 65, logk ¢RE
]
1 586 556 203 692 x
1 486 450 280 777 x
2 707 662 128 604 x x
2 69.0 643 141 621 x
3 824 779 58 488 x z
3 819 773 61 495 x
4 828 765 74 503 x
4 828 765 74 504 x x x x
5 866 79.9 64 465 x x x x
s 349 T4 28 4N 2 x x z
6 887 812 68 451 z = x x x
6 884 806 71 458 x x z x x
7 91.8 847 64 407 {x = x x x x
7 915 841 66 414 | x =x x x x 3 x
8 95.2 89.7 57 33 |x =x z X % x x x
8 95.0 89.2 59 342 |x =z z x 3 x x 3
9 964 909 68 313|x «x x x x x x x x
9 963 907 69 317{x = x x | T x x x
10* 974 921 $1 292 |zx = x x x x x x x x
10 974 921 81 292}z x x x x x x x X
11 974 903 100 323 [{x =z x x X x =z x x x
11 974 903 100 324 |x =x = z x x x x x x x
12 974 872 120 372 |x x x 2 x z x x x x x
12 974 871 120 373 |x =x x x X x x x z x
13 974 808 140 456}z 2 2z x z x x z z x x
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Table 6.32: Best Subsets Regression for Ultimate Oil Recovery

at Floodout for Limestone Linear-Cores 7
(Using Both Common and Uncommon Rock Properties)

Adj.
Vir. Req Rg G o |¢ k W 5, V, 8A 8 D p RE #S,, logk ¢RE
1 525 491 80 421 x
1 505 470 88 43 x
2 756 718 03 314 x x
2 660 607 43 370 x
3 841 801 -13 263 X X x
3 830 787 09 272 x x x
4 862 812 02 256 x x x x
4 862 8.1 02 257 x % b3 x
- 904 85 00 2251z zx x x 2
L 88.3 824 09 247 |x x =x x x
6* 919 864 14 217§fx x =z x X X
6 913 855 16 225)1x z x x x x
7 926 861 31 220 |x x & x S 3 x
7 925 860 31 221 |x x x x E S 3 x
8 935 861 47 220}lx x =z x x x x
8 929 848 50 23 |x = x x x x
9 937 #2 67 235 |x zx x x x L S x x
] 936 840 67 236ix x x x x x x x x
10 946 339 83 237fx =x =x 1 x x x X x x
10 941 223 85 249 1x x 1z x T x x x x x
1 951 816 103 254 (x x x x x b T x x x
11 951 815 101 2854 ix x x z x b 3 E S ¥ x x 3
12 951 756 120 291 |x x x x x x x x x x
12 951 755 121 292 {x zx x x x 3 X X X x x
13 952 643 140 353 {x x x x 3 % x oz x x x z
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Soc = —0293+3.114 ¢ —3.057 * 1072k + 0.113 WI

- 3.185 V, — 3370 ¢ S,; + 0.766 log k (6.34)

Olero

The R? for Eq. 6.34 is 95.2%, its adj.-R? is 92.0%, its G, criterion value is 1.9 and its
standard deviation is 0.013. The developed model contains six independent variables,
}which implies that the model is unbiased. This model is as good as the model developed
using common rock/fluid properties alone and better than that developed using uncommon

rock/fluid properties alone.

6.5.3.3 Oil Recovery at Breakthrough

From Table 6.31, the final model developed for predicting oil recovery at
breakthrough for limestones, using both the common and uncommon rock/fluid properties,

is given as:

ORgpr = 857.7—9925.0 ¢ + 18.91 k — 3527.0 S,; + 1.045 * 10* v,
—-823.1 SA+5297%1073S,+ 1883 p,+2.374 * 10* ¢ S;
- 567.8 log k —2203.1 ¢ RE (6.35)
The R? for Eq. 6.35 is 97.4%, its adj.-R? is 92.1%, its C, criterion value is 8.1 and its
standard deviation is 2.92. The developed model contains ten independent variables, which
implies that the model is unbiased. This model is the best, compared to its other previously

developed counterparts.

6.5.3.4 Ultimate Oil Recovery at Floodout

From Table 6.32, the final model developed for predicting ultimate oil recovery at
floodout for limestones, using both the common and uncommon rock/fluid properties, is

given as:
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UOR = 1909 —~428.8 ¢ + 6.972 k - 21.81 WI
+ 568.7 V;, +46.86 D ~ 182.3 log k (6.36)
The R? for Eq. 6.36 is 91.9%, its adj.-R? is 86.4%, its C, criterion value is 1.4 and its
standard deviation is 2.17. The developed model contains six independent variables, which
implies that the model is unbiased. This mode! is as good as the model developed using
uncommon rock/fluid properties and better than the model developed using common
rock/fluid properties.

6.5.4 Ranking of the Models

For the Indiana limestones, the statistical summary of the developed models is shown
in Table 6.33. Except for the residual oil saturation at breakthrough model using uncommon
rock/fluid properties alone, that is statistically significant at a = 0.005 level, all the other
developed limestone residual oil saturation models are significant at o = 0.001 level. For the
case of the developed limestone oil recovery models, except for the oil recovery at
breakthrough model using common rock/fluid properties alone, that is statistically significant
at o = 0.01 level, all the other developed models are significant at o = 0.005 level
Furthermore, similar to the previous observation in the case of the sandstone models, the
ranking of the models as presented in Table 6.34 shows that the predictions of residual oil
saturation and oil recovery at both breakthrough and at floodout are best achieved with the

inclusion of both common and uncommon rock/fluid data into the limestone models.

6.5.5 Validation of the Models

To test the validity of the limestone models, crossplots to compare the predicted
residual oil saturation and oil recovery values using the best of the developed models as
presented in Tables 6.33 and 6.34, with the measured values are plotted. The solid 45° lines
in the plots represent perfect correlation between the measured and predicted values. The
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Table 6.33: Statistical Summary of the Empirical Models
Developed for Limestone Linear-Cores

Empirical
Model Eqn. | No. Adj. F P
For No. | Vanx Rs,q Rg CP .4 test  value
COMMON
S“QBT 625 3 743 619 21 0040 1156 0.001
S, 6.26 4 90 863 40 0017 2461 0000
@FO :
ORgpr &7 2 550 481 06 748 749 0.006
UORgro 628 4 726 616 40 336 881 0002
UNCOMMON
S’OBT 629 3 707 633 -1 0043 964 0002
s"'QFo 6.30 2 759 T2 20 0025 2043 0.000
ORgpr 631 4 880 836 04 4213 2007 0.000
UORgr 632 7 926 8.1 62 2200 1430 0001
BOTH
S“QBT 63 9 971 927 64 0019 2208 0001
S"GFO 6.34 6 952 920 19 0013 2958 0.000
ORgpr €35 | 10 974 921 81 2920 1850 0.002
UORgro 6.36 6 919 84 14 2174 1695 0000

Table 6.34: Ranking of the Empirical Models Developed
for Limestone Linear-Cores

Models For | COMMON | UNCOMMON | BOTH

Swqs 2nd 3 0
S«QPO 2nd 3nd ist
ORgpr 3 2nd I
UORgso 3 2nd 10
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plots of the residuals versus the measured values are also presented. For the case of the
residuals plots, the horizontal line drawn on each of the plots represents the perfect
correlation line. The crossplots and residual plots for these newly developed models are
shown in Figs. 6.28 through 6.35. For the four new limestone models, most of the plotted
data points fall very close to the 45° line, indicating the high degree of predictive accuracy
of the models. The behavior of the residual plots, further suggest that the independent

variables in the models were enough to define the various dependent variables.

Further, the best of the newly developed limestone ultimate oil recovery models (Eq.
6.36) was compared with Boukadi’s (1991) model for predicting limestone ultimate oil
recovery from laboratory measured data. The model Boukadi recommended for predicting
ultimate oil recovery of waterflooded limestones was earlier presented in Eq. 6.10. To use
Eq. 6.10, ultimate oil recovery, UOR, is expressed as fraction of initial oil-in-place. A critical
review of the literature did not provide any previously published model developed from
laboratory measured data to predict limestones residual oil saturation at breakthrough or at
floodout or to predict oil recovery at breakthrough.

The crossplot and residual plot for comparing the predicted ultimate oil recovery
values using Eq. 6.10,with the measured values are shown in Figs. 6.36 and 6.37. Unlike the
case of the new model (Eq. 6.36), which is shown in Fig. 6.34, most of the plotted data
points of the crossplot of Boukadi (1991) model, as shown in Fig. 6.36, scatter slightly
above the 45° line. This indicates that Boukadi model over-predicts and that its predictive
strength is good, but not as good as the newly developed model. The plots of the residuals
versus measured ultimate oil recovery for the newly developed model and that of Boukadi,
are shown in Figs. 6.35 and 6.37, respectively. Ignoring the data point above perfect
correlation line, the plot of the scatter data points of Fig. 6.37, appears to follow a trend.
The plot of the scatter data points of Fig. 6.35 has no definite trend. The behavior of Fig.

260




o
'Y

Predicted Residual Oil Saturation, fraction
ot o
N [~ ]

[~
-
b

IIllllllllIllllIIIIllllllllllllllllllllllllllllllllllllll

.1 ¥ X 4 X
Mesasured Residua! Oll Saturation, fraction

Fig. 6.28: Comparison of Measured Residual Oil Saturation at
Breakthrough Values for Limestones with those Predicted
by the New Correlation (Eq. 6.33).
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Fig. 6.29: Plotted Residuals Using the New Correlation (Eq. 6.33) vs. Measured
Residual Oil Saturation at Breakthrough Values for Limestones.
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Fig. 6.30: Comparison of Measured Residual Oil Saturation at Floodout Values for
Limestones with those Predicted by the New Correlation (Eq. 6.34).
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Fig. 631 Plotted Residuals Using the New Correlation (Eq. 6.34) vs. Measured
Residual Oil Saturation at Floodout Values for Limestones.
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Fig. 6.32: Comparison of Measured Oil Recovery at Breakthrough Values for
Limestones with those Predicted by the New Correlation (Eq. 6.35).
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Fig. 6.33: Plotted Residuals Using the New Correlation (Eq. 6.35) vs. Measured
Oil Recovery at Breakthrough Values for Limestones.
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Fig. 6.34: Comparison of Measured Ultimate Oil Recovery at Floodout Values for
Limestones with those Predicted by the New Correlation (Eq. 6.36).
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Fig. 6.35: Plotted Residuals Using the New Correlation (Eq. 6.36) vs. Measured
Ultimate Oil Recovery at Floodout Values for Limestones.
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Fig. 6.36: Comparison of Measured Ultimate Oil Recovery at Floodout
Values for Limestones with those Predicted by Boukadi (1991)
Correlation (Eq. 6.10).
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Fig. 6.37: Plotted Residuals Using Boukadi (1991) Correlation (Eq. 6.10) vs.
Measured Ultimate Oil Recovery at Floodout Values for Limestones.
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6.35 suggests the need to add more independent variables to Boukadi’s model in order to
further improve its predictive strength. Furthermore, as explained earlier, residual oil
saturation should not have been included in his empirically developed models.
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Chapter 7

SUMMARY AND CONCLUSIONS

The motivation for this study arose from the need to assist reservoir engineers,
explorationists, and other multi-phase flow in porous media practitioners, to find a better
and simple to use tool for estimating residual oil saturation and 0il recovery, during primary
or enhanced recovery period. To embark on this task, some important but not fully
investigated rock-pore properties of various types of oil bearing rocks were investigated.
These properties include: wettability, tortuosity, pore size distribution, pore surface area,
specific surface area, pore diameter, apparent (skeletal) density, mercury porosimetry

measured porosity, and mercury recovery efficiency.

To accomplish the above stated objective, radial and linear flow experimental
investigations were performed, using Berea sandstone and Indiana limestone cores. For the
radial flow cases, 20 sandstone radial-cores and 20 limestone radial-cores were utilized for
the waterflood experiments. The study also included wettability and mercury porosimetry
tests on 480 sandstone core plugs and 480 limestone core plugs, extracted from the
waterflooded radial-cores. For the linear flow cases, well stabilized laboratory waterflood
experiments were performed on 21 sandstone linear-cores and 16 limestone linear-cores. The
stabilized flooding conditions were achieved by performing the waterflooding tests under an
imposed scaling coefficient of approximately 5.0 cm2.cp/min, regardless of the core length.
For wettability and mercury porosimetry tests, 580 sandstone core plugs and 512 limestone
core plugs were extracted from the waterflooded linear-cores. The data obtained from the
different laboratory experiments were statistically analyzed and later-on compared to each
other, to investigate the inter-relationships among various properties of sandstone and

limestone reservoir rocks. Further, to assist in providing good initial estimates of reservoir
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descriptions used in reservoir simulators to predict primary and enhanced recovery
performance, new empirically derived mercury recovery efficiency and permeability
correlations were proposed for sandstones and limestones.

To aid in the predictions of residual oil saturations and oil recoveries at breakthrough
and at floodout, empirical models were developed for sandstones and limestones. In the case
of the linear flow investigations, for each reservoir rock type, 12 models were developed.
Separate models were developed using common rock/fluid properties, another sets were
developed using uncommon rock/fluid properties, and finally both types of rock/fluid

properties were combined to develop other sets of empirical models.

The following conclusions are deduced from this study:

Waterfloods in the investigated sandstone and limestone core samples, performed at
stabilized conditions, have confimned qualitatively the results of previous
investigations. The trends of the relationships depicted by the investigated cores

petrophysical and waterflood properties are similar to those in the literature.

The sandstone and limestone cores investigated were all found to be water-wet, with
ultimate oil recovery by waterflooding appearing to be optimum at average wettability

index values close to neutral wettability.

Pore-size distribution and median pore-throat size affect rock tortuosity expressed in

terms of the wetting phase retention time in a water-wet medium.

Average rock pore length has a minimal or no effect on oil recovery by waterflooding.

»This is mainly due to the fact that in such waterflooding experiments, like the radial-

core experiments, where capillary forces are the dominant forces, recovery is




controlled primarily by rock surface area and particularly median pore-throat diameter,
rather than pore length. Further, tortuosity appears to be affected by median pore
length.

The sandstone radial-cores investigated were characterized by steep-convex unimodal
capillary pressure curves with median pore-throat sizes varying from 10 pm to 25 pm.
Steep-convex unimodal, bimodal and polymodal capillary pressure and incremental

intrusion curves are characteristic of the limestone radial-cores.

The sandstone linear-cores investigated were all found to exhibit steep-concave
unimodal capillary-pressure curve shapes, while the limestone linear-cores exhibited
gently-sloping bimodal capillary-pressure curve shapes. Unlike the limestones, these
sandstones would not perform well during primary oil production period, but are good

candidates for enhanced oil recovery methods.

Framework grains as well as the induced secondary porosity had no apparent effect on

total porosity. Different proportions of framework grains did not affect the total

porosity.

The amounts of clay matrix in sandstone cores affect the rock total porosity. Higher

amounts of clay matrix lower the total porosity.

Due to the effect of high capillary forces in the sandstone cores, residual oil
saturations were affected by total porosity. A low porosity permits a piston-like
displacement and therefore lower levels of residual oil saturations. By contrast, higher

porosities will result in higher residual oil saturations. This phenomenon is due to high
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10.

11.

12.

13.

14.

aspect ratios (ratio of pore-body to pore-throat diameters) associated with the high

porosity systems.

High surface areas are associated with less porous systems. Tighter cores contain a
significant number of shale streaks. Higher surface areas reflect the expansion of clay
minerals in the tighter formations. Therefore, the abundance of shale content in the
sandstone matrix results in higher rock surface areas. The presence of large amounts of
cement, carbonate and quartz overgrowth increases the rock surface areas of the

sandstone rocks.

New empirical correlations that can be easily programmed for computer application
have been developed to estimate mercury recovery efficiency and permeability for
sandstones and limestones. The permeability correlations can also be employed as a

tool to estimate mercury porosimetry derived permeability values.

It was shown that besides porosity, total mercury intrusion volume, pore surface area,
average pore diameter and apparent (skeletal) density are important factors for mercury
recovery efficiency estimations. Further, besides porosity, pore surface area and

specific surface area are important factors for permeability estimations.

For the case of the radial flow investigations, the standardized regression model
selected, based on a subset of the variables, predicted oil recovery by waterflooding
with a standard deviation of 7%. The fact that in this model, C, is slightly lower than
p is the result of random variation in the C, estimate. The full model which involves

10 parameters predicted oil recovery with a standard deviation of 1%.

For the case of the linear flow investigations, new empirical models have been
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15.

16.

developed for sandstones and limestones, to predict residual oil saturation and oil
recovery at breakthrough and at floodout, using common, uncommon, and combination

of both the common and uncommon laboratory measured rock/fluid properties.

All the 24 new linear-core models for sandstones and limestones are strongly
statistically significant, but if only one sets of models are to be chosen, the ones
developed using the combination of both common and uncommon rock/fluid properties

are recommended.

Comparisons of measured laboratory ultimate oil recovery with the predicted values
from the Amold and Crawford (1964), Donaldson et al. (1969), Boukadi (1991), and
the newly developed ultimate oil recovery linear-core models, indicate that the new
models predict the most accurate results. However, the Boukadi’s model for predicting
limestones ultimate oil recovery has comparable accuracy, with the newly developed
ultimate oil recovery model for limestones. These are biased comparisons, because

they were based on data sets obtained from this study.
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Appendix A.

STATISTICS USED IN EVALUATIONS

Statistics used in evaluation purposes fall into three categories (Isaaks and Srivastava,

1989; and Neter et al.,, 1990): measures of location, measures of spread and measures of
shape. The statistics in the first group give information about where various parts of the
distribution lie. The mean, the median and the mode can give us some idea of where the
center of the distribution lies, while the location of other parts of the distribution are given
by various quartiles. The second group are used to describe the variability of the data
values. This group includes the variance, and the standard deviation. The shape of the
distribution is described by the coefficient of skewness and the coefficient of variation. The
coefficient of skewness provides information on the symmetry while the coefficient of

variation provides information on the length of the tail for certain types of distributions.

A.1 Measures of Location

Mean: The mean, X, is the arithmetic average result of the data values:

(A1)

Median: The median, M, is the midpoint of the observed values if they are arranged
in increasing order. Half of the data values are below the median and half of the values are
above the median. It can be calculated from one of the following equations:

X el

2 if nis odd
(x%+x_‘_2,,_+1 Y/2 if niseven
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Mode: The mode is the value that occurs most frequently. The class with the tallest

bar on the histogram gives a quick idea where the mode is.

Minimum and Maximum: The smallest value in the data set is the minimum.

Maximum is the largest value in the data set.

Lower and Upper Quartile: Similar to the manner in which the median splits the
data into halves, the quartiles split the data into quarters. If the data values are arranged in
increasing order, then a quarter of the data falls below the lower or first quartile, Q,, and a

quarter of the data falls above the upper or third quarter, Q.

A.2 Measures of Spread

Variance: The variance, 62, is the average squared difference of values from their
mean. It is sensitive 1o high erratic values (Isaaks and Srivastava, 1989), and given by:
i=n

¢ 1 F

i=]

Standard Deviation: The standard deviation, o, is simply the square root of the

variance (Isaaks and Srivastava, 1989; and Neter et al., 1990).

A.3 Measures of Shape

Coefficient of Skewness: The coefficient of skewness, C.S., is the most commonly

used statistic for summarizing the symmetry (Isaaks and Srivastava, 1989). It is defined as:

_l_i-n =3
= X(x-X)

im]
CS. = = (A4)

According to Isaaks and Srivastava (1989), the coefficient of skewness suffers even more
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than the mean and variance from a sensitivity to erratic high values.

Coefficient of Variation: A measure of relative dispersion is provided by the
coefficient of variation, C.V. It is a statistic that is often used as an alternative to skewness
to describe the shape of the distribution. It is defined as the standard deviation of a sample
divided by the mean of the sample (Isaaks and Srivastava, 1989; and Thomas and Pugh,
1989):

CV. = (A5)

A coefficient of variation greater than 1.0 indicates the presence of some erratic high sample

values that may have a strong impact on the final estimates.

A.4 Confidence Intervals and Limits

A confidence interval is kan estimate of the interval in which the true value lies. The
more commonly used term is confidence limit, C.I. or y, which has essentially the same
meaning as confidence interval. A confidence limit is a range of values within which a
sample observation can be expected to fall at a specified probability level. Usually, variation
around the mean is discussed as falling within certain confidence limits, for example 95%

(Neter et al., 1990).

These values help one to estimate the confidence interval for a given test. The

confidence limits around the mean is calculated using the equation (Neter, et al., 1990):

B=Xtz {% ] (A.6)

where z., depends on the particular level of confidence desired and can be read from

statistical tables (Neter et al., 1990). For example 95% and 99% confidence limits for
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estimation of the population mean, J, are given by Eqgs. E.7 and E.8 respectively.

— (o]
= %1196 AT
B \q;‘ (A7)
=%+258 | 2 (A.8)
b= "1 Va '

A.S Level of Significance:

In testing a given hypothesis, the maximum probability with which we would be
willing to risk a Type I error is called the level of significance and it is denoted by & (Neter
et al., 1990). Frequent use is made of 5% and 1% values of ¢, although other levels of
significance are also used. How much risk one wants to take in a given problem of rejecting
a true hypothesis determines the value of o that will be chosen. For example if a .05 or 5%
level of significance is chosen in designing a test of hypothesis, then there is approximately
a 5% chance that we would then reject the hypothesis when it should be accepted. That is,

we are 95% confident that we have made the right decision.

The p-value (also callgd significance level) indicatess how unusual the discrepancy in
an estimation is (Ryan et al., 1985). Assuming one is to test the null hypothesis Hy: p = 0
against the alternative hypothesis H;: jt # 0. If the p-value is less than «, Hy is rejected. If
it is greater than o, Hy is not rejected. For example, if we did a test using & = 0.01 and p-
value = 0.0053, we would reject H, since 0.0053 is less than 0.01. If we used a = 0.001,
we would accept Hy (Ryan et al., 1985).
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