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EFFECTS OF PORE STRUCTURE ON MIXING IN
STABLE, SINGLE-PHASE MISCIBLE DISPLACEMENTS

ABSTRACT

Phase compositions strongly influence the ability of
CO, to extract hydrocarbons during a CO, flood. Fluid
compositions which occur are the result of mixing of CO,,
0il and water as they flow through porous reservoir rock.
Mixing is influenced by diffusion and dispersion within pore
networks in the rocks. Quantifiable features of pore
structure which seem to influence mixing most are pore size
and pore connectivity. Pore shape, coordination number,
aspect ratio, flowpath tortuosity and permeability are also
factors which must influence displacement results, but do so
in less obvious and gquantifiable ways. To examine the
relationship between pore structure and mixing, four
carbonate and three sandstone cores were examined in thin
section and with electron microscopy. Complete petrographic
analysis was performed on each sample, including
determination of pore size distributions and connectivity
patterns. Stable, single-phase miscible displacements
performed in the cores were interpreted using a mixing model
proposed by Coats and Smith (1964). Pore structure data are
related to Coats-Smith parameters to determine the effects
of pore structure on mixing phenomena.  Average mixing
behavior on the scale of short laboratory cores is
qualitatively consistent with observations of pore structure
in thin section. Small-scale heterogeneity of pore
structure is responsible for mixing effects which result in
early breakthrough of the displacing fluid and a flowing
fraction less than one. A wide distribution of pore sizes
is necessary but not in itself sufficient to produce a low
flowing fraction. Also required are pore connections which
result in the generation of preferential flow paths.
Dispersion coefficients are significantly higher for the
carbonates than for the sandstones. Large dispersion
coefficients are associated with wide pore size
distributions.
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CHAPTER 1

BACKGROUND, PREVIOUS WORK AND PURPOSE

Phase compositions which occur in CO, displacements are
the result of mixing of CO,, oil and water as they flow
fthrough porous reservoir rock. Chemical engineers have
created a substantial body of literature which is concerned
with the phase behavior of fluids under a variety of
physical and chemical conditions. Likewise, geologists have
long been examining characteristics of pore structure, not
only for deftermining lévels of petroleum production from
established fields but also in developing predictive
exploration models for undiscovered resources. An
increasing number of workers are concentrating on bridging
the gap between the two disciplines, because it is apparent
that an understanding of how flulds move, mix and interact
within a reservoir requires such interdisciplinary study.

Displacement of o0il by CO, 1n reservoirs is a
complicated process both from the phase behavior and
reservoir pore structure points of view (Spence and Watkins,
1980, Gardner et al., 1981, Orr and Taber, 1984). Phase
compositions strongly influence the ability of CO, to
extract hydrocarbons in a CO, flood, and hence they
determine the efficiency of a flood. Fluid compositions
that occur are the result of mixing within the pore
structure of the reservoir; mixing is influenced by

diffusion and dispersion.



Though much work has been done: to describe flow
behavior in displacements, few studies have been undertaken
fo examine the effects of pore structzre on mixing in
natural porous media. Mathematical modeling of
displacements is a convenient method of predicting flow
behavior. Many investigators have attempted to model the
mixing that occurs as fluids flow. Taylor (1953) described
the mixing that occurs by simple radial diffusion across a
velocity profile in a capillary tube. Perkins and Johnston
(1963) wrote a comprehensive discussion of diffusion and
dispersion in porous media. They examined the model of a
porous medium as a network of flow chambers with random size
and flow conductivity, connected by openings of smaller
size; flow behavior in this uniform system could be modeled
by simple dispersion alone. Further, Perkins and Johnston
discussed factors affecting mixing such as particle size
distribution, particle shape and packing heterogeneities in
unconsolidated grain packs.

To describe flow in heterogeneocus pore systems, Deans
(1963) devised a two-parameter flow model which divides the
pore system into two components: the flowing stream in which
mixing does not occur, and stagnant pores in which fluids
are exchanged with those in the flowing stream by diffusion.
Coats and Smith (1964) refined Deans' model into a
three-parameter model which assumes dispersion in the
flowing stream and diffusion from the stagnant pore volume.

The Coats-Smith model is discussed further in Chapter 2; it



is this model of flow which is used for the determination of
the displacement results examined in this study. Yellig and
Baker (1980) considered the physical significance of the
Coats-Smith model and determined that the parameters ;o not
individually have physical significance. They suggested use
of an "effective dispersion coefficient" which encorporates
the three Coats-Smith parameters into one term. Yellig and
Baker further pondered the difficulty of scaling up
laboratory displacements to the reservoir level. They
showed that as system length increases, mixing in
heterogeneous media can be described by a simple dispersion
model which features the effective dispersion coefficient.

The present study is concerned with mixing behavior in
very complicated porous media, specifically, natural
reservoir rocks. Due to the complexity of rock pore
systems, it is desirable to begin with simple fluids and
develop an understanding of how they mix before advancing to
more complicated multiphase systems. To this end, this
thesis examines the composition and pore system character of
four carbonate and three sandstone cores. Data describing
pore structure are related to results of single-phase, unit-
mobility-ratio miscible displacements in the cores.

While a number of efforts have been made to examine
complex fluids in very simple porous media (Simon and
Kelsey, 1971, 1972, Morrow, 1979, Orr, Silva and Lien, 1983,
and others), very few workers have previously attempted to

relate mixing parameters to pore structure in reservoir
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cores. Spence and Watkins (1980) commented on the relation
between low flowing fractions and wide pore size
distributions.

Related geological studies of reservoir cores have
addressed the classification of porosity and permeability,
development and destruction of pores within strata, and
morpho’ogy of pore structure in rocks. For example, a
method of classifying pore space in carbonates, devised by
Archie (1952), is purely descriptive and is designed to
infer information on pore structures too small to be
observed under the petrographic microscope. Choquette and
Pray (1970) developed a morphogenic classification of pore
space for geologic facies interpretation. Lucia (1983)
classified pore space in carbonates according to size and
inter-connectivity.

“Murray (1960) discussed formation of porosity in
carbonate rocks due to both depositional and diagenetic
processes, specifically the formation of dolomite. /Longman
(1980) related climate to preservation of both primary and
secondary porosity in carbonates. /Pittman (1971) examined
the factors which influence microporosity development in
carbonate rocks. Donath et al. (1980) experimentally
produced secondary porosity in a limestone core by
pressuring the core while injecting an acidic¢ solution.
Cussey and Friedman (1977) related pressure solution to
porosity preservation in ooid reservoirs of France. Enos

and Sawatsky (1981) related porosity and permeability to



particle size and degree of cementation in carbonate
sediments. Wardlaw (1980) examined the effects of pore
structure on multiphase displacement efficiency, both in
rocks and in glass micromodels. No previous studies have
been done which relate mixing of even the simplest fluids to
pore structure in cores.
%

The program of research described here was designed to
investigate the following questions.

1. What is the nature of the relationship between pore

structure and fluid mixing?

2. Whieh characteristics of reservoir rocks affect
displacement efficiency?

3. Can the Coats-Smith model parameters be related to

pore structure in rocks?

Chapter 2 describes the principles which underlie
displacement theory, reviews the Coats~Smith model, examines
the petrophysical properties of pore systems and discusses
their influence on mixing. In Chapter 3, a description of
the methods used to analyze the sample cores 1s presented
along with an explanation of data manipulation. Chapter 1
discusses the geological processes responsible for pore
system development in the studied samples, and their
resulting pore structure. Idealized physical models of pore
systems and predicted flow behavior of flulids in them are
also discussed. A discussion of results is given in Chapter
5, which also includes comparison of displacement results
with pore structure of each studied sample. Conclusions of
this work are presented in Chapter 6. Petrographic and other

core data are found in Appendix A.



CHAPTER 2

MIXING DURING SINGLE-PHASE MISCIBLE
DISPLACEMENTS IN RESERVOIR CORES

Single-Phase Displacements
b

The following discussion of single-phase displacements
is condensed from Orr and Taber (1984). In miscible
displacements, a transition zone develops between the
displaced and displacing fluids. As the displacement
progresses, the transition zone grows due to molecular
diffusion, to mixing caused by variable flow velocities
within individual pores {(Taylor, 1953) and to mixing which
results from non-uniform flowpath length caused by
pore-scale heterogeneities in the porous medium.

In miscible displacement experiments, the composition
profile cannot be easily measured at a fixed time. 1Instead,
the compositions of fluids passing a fixed point, the core
outlet, are measured. In a typical experiment, a core is
saturated with one fluid, then a pulse of a second
(displacing) fluid is injected. A plot of effluent
concentrations against time (Figure 2.1) for a displacement
in a homogeneous medium will be slightly asymmetric since
the transition zone continues to expand during the time
period in which it is produced.

A s3imple diffusion model is used to show the

symmetric expansion of the transition zone. The model uses
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one dimensionless parameter, the Peclet number (Pe). The
Peclet number is related to the flow velocity, dispersion
coefficient and length of the mixing chamber as defined in

Equation 2.1.

2
_B_C_ + E. - _]__ §_.<22. = 0
3T dk Pe 03¢
(2.1)
Pe = EDL

where: concentration in the flowing stream
dimensionless length scale

dimensionless time scale in pore volumes
Peclet number

velocity of intersitial flow

dispersion coefficient (core-scale)

or diffusion coefficient (pore-scale)

length of mixing chamber
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The higher the Peclet number, the lower the effect of
dispersion in the displacement process. The length of the
"mixing chamber" previously referred to is a critical factor
when considering Peclet values. When L is scaled to the
order of a pore diameter, a "microscopic" Peclet number
results, which describes the role of diffusion at the pore
level. When L is considered to be the length of the
displacement core, a "macroscopie" Peclet number which
describes dispersion over the length of the core results.

In many displacements, observed effluent composition
profiles are more asymmetric than can be explained by
transition zone growth alone. Deans (1963) and Coats and
Smithk(1964) proposed models to account for the asymmetry.

Both models hypothesized that some portion of the porous
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medium might be stagnant, so that fluid present in such
"dead-end pore volume"™ (DEPV) would be recovered only by
mass transfer into the flowing stream. Deans' model
considered mass transfer from DEPV by means of a "flowing
fraction”™ parameter and a mass transfer coefficient.
Flowing fraction (f) is defined by Deans (1963) as the
fraction of total pore volume in a porous medium which is

occupied by mobile fluid. Deans' model has the form

dc dc* dc
f 'g'? + (] f) ?[._— + 5—&.— = 0
(2.2)
{(1-f) %5;— = a(c-c*)

where: f* = flowing fraction
¢ = concentration in DEPV
a = dimensionless mass transfer coefficient
(Damkohler number, KL/u)
K = mass transfer coefficient (sec 1)

The model proposed by Coats and Smith, called the
differential capacitance model, accounted for mass transfer from

DEPV as well as longitudinal dispersion. Their model has the

form
R T L
ot Chs 3 Pe 3L
(2.3)
(1-7) 5 = a(c-e)

By using the flowing fraction (f), the Peclet number (Pe)
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and the mass transfer group (as to describe flow, the
Coats-Smith model attempts to represent small-scale
heterogeneity ¢f the porcus medium.

Unfortunately, there is no simple method to measure f
and a independently; rather, a "best fit" of displacement
parameters f, Pe and a is determined by parameter
estimation techniques applied to effluent composition data.

A comprehensive discussion of the precision of
Coats-Smith parameter measurements, parameter sensitivity,
and dependency of the parameters on flow velocity is given
by Orr and Taber (1984). The remainder of this thesis is an
attempt to relate observations of pore structure to the

values of £, Pe and a.

Mixing in Rocks

Mixing during displacements in a reservoir core must be
strongly influenced by the structure of the pore network.
The structure of the pore network, in turn, is determined by
the composition and distribution of constituent rock
components. Development of pore system structure in a rock,
then, is ultimately controlled by a combination of depositional
and diagenetic processes which occur over geologic time (see
Chapter U4).

Features of reservoir pore structure which influence
mixing occur in a wide range of sizes; at the interwell scale
facies changes, fractures and less common features such as

cavernous porosity affect displacement performance. On the
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microscopic level, mixing is affected by local
heterogeneities of pore structure. In the discussion that
follows, petrophysical factors which affect mixing at the
pore level are examined. Though large-scale reservoir
features are not considered here, this study represents a
first step toward relating flow behavior to reservoir
petrology.

In traditional petrophysical analysis of pore systens,
properties such as porosity, permeability, pore size and
shape, coordination number (the number of pores connected to
a reference pore) and aspect ratio (the ratio of pore body
size to pore throat size) are considered. While it is clear
that each of these properties exerts some influence on flow
phenomena, individually, none of them seems likely to
control mixing behavior. For instance, it 1s easy to
envision two rocks which have approximately equivalent
values of porosity and permeability but exhibit totally
different mixing behavior. Pore size alone also seems
unlikely to strongly influence mixing. Consider two
geometrically similar pore systems differing only in average
pore size. It is likely that miscible displacements in
these systems would produce similar effluent composition
profiles as long as the flow velocity was low enough to
allow diffusion to equalize concentrations within typical
pores (Orr and Taber, 1984). Pore shape and pore wall
roughness must play some role in fluid mixing, but if pores,

on average, are small enough, or flow is slow enough, that
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diffusion can equalize ooncentrations;within them, it is not
clear that convoluted, polyhedral por%s would produce‘
results very different from those of smooth, spherical
pores.

Aspect ratio and pore coordination number have been
shown to strongly affect fluid distribution when capillary
forces are important (Wardlaw, 1980, Chatzis et al., 1982),
but it is not clear how they influence mixing in
single-phase miscible displacements.

Carman (1939) reasoned that for a porous rock, the
average flowpath is U45° to the direction of displacement.
Flowpath tortuosity has an influence on transition zone
development during a displacement (Orr and Taber, 1984), It
is hypothesized, then, that a relation exists between the
dispersion coefficient (a reflection of the size of the
transition zone) and the mean flowpath orientation, as
determined by vector analysis of pore structure in thin
section., An inherent assumption here is that a mean
flowpath normal to the direction of displacement would
produce a higher dispersion coefficient than one resulting
from a mean flowpath parallel to the longest axis of the
core.,

One property which clearly does influence mixing is the
pore size distribution. Spence and Watkins (1980) found
that displacements in samples with wide pore size
distributions resulted in flowing fractions of less than

one. It is useful here to reconsider the definition of
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flowing fraction in order to better understand the
significance of the pore size distribution.

Flowing fraction (f) is defined by Coats and Smith
(1964) to be the fraction of total pore volume in a porous
medium which is occupied by mobile fluid. This idealization
implies that some of the pore volume contains immobile
fluid, but this is not-neoessarily the case. Spence and
Watkins (1980) argued that fluid need not be strictly
stagnant to be included in the nonflowing fraction.

Instead, it need only flow significantly more slowly than
fluid in other protions of the pore space. The distinction
to be made here is that fluids which comprise the "main
flowing stream" in a displacement are considered to be the
fluids which move at relatively high velocities through
large, well-connected pores and fractures. "Dead-end pore
volume" (Coats and Smith, 1964) is actually restricted pore
volume in which fluids move slower due £Lo smaller pore size,
greater flowpath tortuosity, and constrictions or
obstructions between pores.

It follows, then, that a flowing fraction of less than
one may indicate the existence of preferential flowpaths in
the rock. If true, then a wide distribution of pore sizes
may be associated, at least loosely, with preferential flow
channels. It seems 1likely, however, that a wide pore size
distribution does not guarantee a flowing fraction of less
than one. Figure 2.2 shows four idealized pore systems with

the same pore size distribution but very different flow
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behavior. 1In Figure 2.2a, the large and small pores are
randomly distributed. Flow in such a system would be
characterized by a flowing fraction of one and a dispersion
coefficient greater than that of a system of totally
homogenous pores, but still relatively low. Figure 2.2b
shows pores with the same size distribution, but a varied
spacial distribution. The large and small pores are
arranged in clusters, and the clusters themselves are
randomly distributed so that no preferential flow paths
eXxist for samples which are large compared to the scale of
the clusters. Such a pore system would also have a flowing
fraction of one, since local variations in flow would
average out over a large-enough flow distance. The
dispersion coefficient would be larger here compared to the
previous case, a reflection of greater mixing due to the
local flow variations.

In Figure 2.2c, another pore system containing clusters
of large and small pores is shown. In this case, the
distribution of clusters 1s not random. Preferential flow
paths exist, and slower-moving fluids in smaller, restricted
pores exchange by diffusion into these paths. Results of a
displacement performed in this pore system can be
characterized by a flowing fraction of less than one,
dispersion in the main flowing stream, and mass transfer
between restricted and flowing streams. The fourth
idealization (Fig. 2.2d) represents a variation of the

preceeding pore system. The pore structure contains



fractures, vugs, and matrix micropores. Again, this system
leads to very early breakthrough of the displacing fluid and
therefore a value of f which is much less than one. This
configuration most c¢losely approximates the pore structure
envisioned in the Coats-Smith model.

These idealized pore systems suggest that a wide pore
size distribution alone is not sufficient to produce low
flowing fractions. The pore space must also be connected in
ways which result in preferential flow paths on the scale of

the displacement.



CHAPTER 3

SAMPLE EXAMINATION METHODS

This chapter presents the methods of core examination
and data collection employed in this study. Seven core
samples were examined: three sandstones of various ages fr
Ohio, Wyoming andVWest Virginia, and four San Andres
Formation (Permian) dolomites from New Mexico and West
Texas. All of the samples were studied in hand sample,
thin section, and by X-ray diffraction. 1Insoluble residue
analysis was performed on the four carbonates; selected
samples were examined on the SEM. A number of techniques
were employed to study pore Structure and are described

below.

Whole Core Analysis

Core samples were examined with a hand lens to
determine presence of sedimentary structures, stylolites,
and the general character of the rock. Porosity and

permeability-to-air were reported by Orr and Taber (1984).

Thin Section Preparation

At least three thin sections of each sample were
examined under the petrographic microscope. Limited
availability of certain samples required such a minimum;

additional thin sections were cut from larger samples. On

om

e



thin section of each sample was cut normal to the assumed
bedding plane to establish the presence or absence of
sedimentary structures and vertical changes in grain-size
distribution. The other two thin sections were cut parallel
to the axis of the core used in the displacement experiment.
Displacement cores were horizontal plugs taken from
standard, vertical borehole cores. One of these sectionsm

was impregnated with colored epoxy to accentuate pore

structure under the microscope.

Thin Section Petrography

Thin section microscopy provided information on types
of constituent grains, cement and matrix, including
mineralogy, size, shape, habit (crystals) and packing
structure. The diagnostic stain Alizarin Red-S was used to
identify calcite in the samples. Three-hundred-point counts
were done on the slides; the results are tabulated in
Appendix A.

Data which characterize pore system structure were
obtained from photomicrographs of the samples and from
direct observation under the microscope. Pore size
distributions were determined by a previously undescribed
method of point counting, herein named the "Union Jack"
method. Using a very fine lead, a series of lines were
drawn across the face of a thin section, resulting in a
pattern resembling that of the British flag (Figure 3.1),

hence the name. During a traverse of these lines under the

.2
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"Union Jack" Configuration
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microscope, between three-hundred and five-hundred pores
were measured and catagorized by size. This method offerg
no distinet advantages over other point-counting methods;
it was adopted for convenience in lieu of an automated
microscope stage.

Pore size was defined to be the diameter of the
smallest circumscribing circle which can be drawn around a
pore. This definition was adopted for simplicity in view of
the number of measurements required per thin section. This
method of pore measurement exaggerates the diameter and
volume of the pore socmewhat, because it is based on the
longest dimension of the pore. Measurement of pore sizes in
thin section partly compensates for this exaggeration
because a random slice through a rock shows only a few pores
which have been cut through their longest dimension.

Further limitations lie in the failure to account for
convoluted pore geometries, the attempt to describe
3-dimensional pore structure with essentially 2-dimensional
thin sections, and in the subjectivity of the observer in
determining the bounds of each pore measured. Every effort
was made to measure pore sizes of each of the samples in a
consistent manner.

’ Pore size distribution histograms were constructed by
plotting the percent of total porosity contained in pores of
a given size against that pore size. The histograms were
constructed using the same scale of pore size for ease in

comparison of results between gamples. In the case of

A
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dolomite sample M1, an additional, larger—gcale histogram
was necessary due to the very wide distribution of pore
sizes in that sample.

Scanning Electron Microscopy (SEM)

and
Energy-Dispersive X-Ray Analysis (EDX)

The SEM was used to characterize the nature of pore-
throat structure and identify pore-lining clay minerals.
The EDX was employed to identify mineralogies of unknown
grains and crystals. Tiny (71.0 c¢cm) chips of sample were
glued onto disc-shaped steel mounts with epoxy. The samples
were coafed with silver to enhance electrical conductivity
and then run on the SEM at 20.0 kV over a variety of
magnifications. Due to operational problems with the SEM,
only half of the samples studied were examined with this

analytical tool.

X-Ray Diffraction of Clay Minerals

Identification of c¢lay minerals in the samples was
accomplished by use of X-ray diffraction. Clays occur in
all of the studied sandstones but in none of the carbonates.
A detailed treatment of the X-ray diffraction techniques
employed is found in Grim (1968). X-ray diffraction

data are found in Appendix A.

5
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Flowpath Vector Analysis

Some measure of the tortuosity of a pore network may be

determined by examining the average flowpath orientation

within the system. Mean flowpath orientation might be

6

related to dispersion coefficient, as discussed in Chapter 2.

The procedure for determining mean flowpath vectors is
identical for both sandstones and carbonates. Two 8" x 10U
photomicrographs of each sample were oriented with respect
to the direction of displacement (0°). Each sample was
photographed at a constant magnification to permit
comparison of results. After placing a photo on a table, a
brad was dropped onto the print to randomly determine which
pere was to be .examined. When the brad landed on a pore,
the path from the reference pore center to the center of a
connected, nearest-neighbor pore was described by means of a
series of vectors measured relative to the direction of
displacement. 1In cases where more than one pore was
connected to a reference pore, pores which connected
toward the displacement direction were measured (Fig. 3.2).

Fifty flowpath orientations were recorded from each
photograph, giving a total of one-hundred flowpath
orientations per rock sample. Mean flowpath orientations
(6) and vector strengths (Pf) are tabulated in Table 5.3.

One limitation of this method is that 2-dimensional
pore representations were used to infer 3-dimensional pore
structure in the rock samples. This probably causes a

significant amount of measurement error.
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Spatial Distribution of Pores

Photomicrographs described in the preceeding discussion
of vector analysis were re-examined in an effort to
determine if spatial pore distributions, that is, the manner
in which pores of a given size are connected to similarly-
or variably-sized pores, show trends which are useful in the
interpretation of miscible displacement results.

The procedure involves random selection of a reference
pore in the same manner as was done for the vector
measurements. A semicircle with diameter (base) equal to
three times the mean pore size of the sample was drawn on
the photo (Fig. 3.3). Table 3.1 contains the mean pore
sizes of the samples used in the construcg}on of the
semicircles. Three times the mean pore size was chosen as
the diameter of the semicircle with the hope that a
representative sample of proximal pores could be obtained.
The center of the base of the semicircle was passed through
the center of the reference pore; the base was drawn normal
to the direction of displacement, and the arc was oriented
in the displacement direction.

Al]l pores within the semicircular area were counted and
their diameters measured whether or not they appeared to be
directly connected to the reference pore. A mean size of
these neighboring pores was then determined. The above
procedure was repeated for fifteen randomly chosen reference

pores measured from photos of each sample. Fifteen was

8
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TABLE 3.1 Mean Pore Sizes Used

Sample

Bl
F2

R1

H1

SAD

Mean Pore

3.

10

in Construction of Spatial Pore Distributions

Size (W)

169.
108.
259.
343,
471,
440,

1131.

44

48

80

23

91

29

58

3x Mean Pore Size ()

508.

325.

779.

1029,

1415.

1320.

3394.

32

44

40

69

73

87

74



chosen as the number of reference pores to be examined
because it seemed sufficiently large to ;Eequately represent
the pore structure of the the samples while not requiring
excessive time for measurement. The reference pore sizes
were then plotted against the mean size of neighboring
pores. The results are presented in Chapter 4. If such
distributions are random (Fig. 3.4a), where pores of any
size are proximal to pores of many other sizes, than the
existence of preferential flowpaths in the core is unlikely,
since preferential flow is assumed to occur primarily in
large, well-connected pores, though some small pores may
participate also. If a trend exists in which small pores
are connected primarily to small pores and large pores to

other large pores (Fig 3.4b), preferential flow is a likely

possibility.

Single-Phase Displacements

Single-phase displacements reported by Orr and Taber
(1984) were performed at a nominal 10 ft/day rate in three
sandstone and four carbonate cores. Miscible fluids of
matched density and viscosity were used to minimize the
effects of variable fluid properties on the development of
the transition zZones within the cores. A detailed treatment
of the experimental procedure is given in Orr and Taber
(1984). Briefly summarized, a core of known pore volume is
initially saturated with a fluid. 1Injection of a slug of

displacing fluid is achieved using a Teflon sample loop of



4. RANDOM DISTRIBUTION OF PORE CONNECTIONS

MEAN SIZE OF
NER. PORES

MEAN SIZE OF
NBR. PORES

Fig. 3.4 Typical Spatial Pore Distributions

. CONNECTIONS BETYWEEN LIKE-SIZED PORES

REFERENCE PORE SRZE

REFERENCE PORE SIZE

.12



known volume. The displacing fluid differs from the
displaced fluid by the addition of a tracer, typically
sucrose. The effluent fluid mixture passes through an
on-line refractive index detector which produces a linear
response to sucrose concentration. The concentration of one
fluid with respect to the second fluid can be determined for
any point in time during the displacement. Data is plotted
as concentration vs. pore volumes injected; a typical curve
would be similar to that shown in Figure 2.1. Since the
pump (flow) rate is held constant during the experiment, the
"pore volumes injected" axis is equivalent to a "time" axis.
Results of these displacements are tabulated in Table 5.1.

)



CHAPTER 4

PETROLOGIC ELEMENTS RELATED TO
POROSITY AND PERMEABILITY DEVELOPMENT

The structure of pore systems in reservoir rocks 1is
related to the composition and structure of the rocks
themselves. Pore network development is controlled by a
complex interaction of physical and chemical processes which
operate over geologic time. This chapter discusses the
development of porosity types which occur in the sandstones
and carbonates studied.

Geologists 1dosely group reservoir porosity into two
types. Primary porosity refers to voids which are present
at the time of sediment deposition. Second;ry porosity

indicates voids which exist as the result of diagenetic

processes, such as fracturing and dissolution.

Pore Development in the Sandstone Samples

In sandstones, primary porosity occurs primarily as
intergranular voids, but also as micropores between detrital
clays, if they are present. The structure of intergranular
pores is dependent on the shape, size, sorting and packing
of the grains. Well-developed primary porosity (Fig. 4.1a),
if not destroyed during diagenesis, is often associated with
high permeability.

Diagenetic processes which reduce porosity and

permeability include compaction, pressure solution and

.



a. POINT CONTACTS

b. LINE CONTACTS

c. CONCAYO-CONYEX CONTACTS

Fig, 4.1 Grain Contacts in Sandstones
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cementation. Figure 4.1b is a’schematic sketch of the
combined effects of compaction and pressure solution on
intergranular porosity. Regular intergranular pore texture,
characterized by point contacts between grains, alters to a
texture with line and concavo-convex contacts, and lower
porosity and permeability.

Other diagenetic processes serve to enhance porosity.
These include dissolution of grains and cements, chemical
alteration of grains (i.e. feldspar altered to clay
minerals), and fracturing. Dissolution of detrital grains?
authigenic cements and replacement minerals (Figs. L.2a-c¢)
is common and individual sandstones often contain a
combination of dissolution-pore types (Pittman, 1979).

Micropores occur in sandstones among clay mineral
interstices or at pore-throat constrictions. Authigenic
¢lays may precipitate directly from pore fluids or as a
result of chemical destruction of in situ feldspar grains.

Fracturing (diagenetic or artificially induced)
provides additional permeable flow paths. In rocks with
well-developed primary porosity and permeability, the effect
of fractures on flow is small compared to rocks with lower

initial permeability (Fig. 4.2d).
Petrology and Pore Structure of the Sandstone Cores
The Berea sandstone (sample B1, Figure 4.3) is a

very-well-sorted sublitharenite of Mississippian age. The

mean grain size lies on the boundary between medium and fine

3
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DISSOLUTION OF SEDIMENTARY MATERIAL

Carbonate Quartz qrains Porosity
or sulfate

Matrix % Soluable replacement material

Fig. 4.2 Secondary Porosity in Sandstones

(after Schmidt and McDonald, 1979)
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Fig. 4.3 Photomicrograph of Bl

Pores are colored blue.
Magnification: 25x

h.5
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sand; the grains are subangular to subround and are
primarily in point-to-point contact (Fig. 4.1a). Both
primary intergranular and secondary dissolution pores are
present. Incomplete precipitation of dolomite followed by
its dissolution resulted in small patches of pore-filling
dolomite cement distributed sparsely and randomly throughout
the rock. Similarly, tiny crystals of pore-lining clay
minerals (illite and kaolinite) are sparsely distributed in
the sample.

The distribution of pore sizes for core B1 is shown in
Figure 4.4, Pore sizes are distributed in a single, narrow
mode, a function of the grain sorting and preservation of
primary intergranular porosity. Angular pore geometries
reflect the subround average grain shape. Pores less than
80 microns are mostly intergranular pore throats. Spatial
distribution of pores appears to be random (Fig. 4.5%),
indicating that existence of preferential flow paths is
unlikely.

The Frannie sand (sample F2, Figure 4.6) is a
poorly-sorted subarkose with grain sizes which range from
very fine (70%) to medium. As in the Berea, Frannie grains
are subangular to subround, but they show signs of grain
dissolution in line contacts (Fig. 4.1b) and enlarged pores.
About 10% of the grains contain fractures which, in thin
section, appear to be open.

Figure 4,7 shows the distribution of pore body sizes in

the Frannie. The small grains and poor sorting are
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Fig. 4.6 Photomicrograph of F2

Pores are colored blue.
Magnification: 250x
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reflected in the narrow distribution and small average pore
size. Pore space i1s a combination of well-connected
intergranular voids, secondary grain-dissolution pores and
fractures. The spatial distribution of pores in F2 is shown
is Figure 4.8. Like the data for B1, these data are

random, which suggests that no preferential flow is likely.

In contrast to the Berea and Frannie samples, the Rock
Creek sand (sample R1, Figure 4.9) contains a substantial
amount of matrix in the form of micaceous laths (10%) and
severely deformed feldspar (10%) embedded in masses of clay
minerals (20%), specifically illite, vermiculite and kaolinite.
The matrix is distributed as masses or "pods" around and
between the angular, fine-sand quartz grains.

Development of pore structure in the Rock Creek sample
is related to the dissolution and alteration of feldspar
grains. Solution-enlarged cavities up to about 640 microns
(Fig. 4.10) are distributed throughout the rock in a non-random
fashion, a result of complete dissolution of some pre-existing
grains and cements. The abundance of authigenic clays has
given rise to abundant small voids and micropores.

The spatial distribution of pores in R1 is shown in
Figure 4.,11. The data are aligned in a weak linear trend;
the coefficient of determination (r?) is 0.72. Like-sized
pores tend to be connected to each other, though sufficient
scatter exists in the data to suggest that while preferential
flowpaths may exist, they do not greatly influence

displacement results.
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Fig. 4.9 Photomicrograph of R1

Pores are colored blue.
Magnification: 25x

4.13
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Pore Development in the Carbonate Samples

Porosity and permeability development in the four San
Andres Formation carbonates studied is due to a combination
of depositional and diagenetic processes. 1In all four
samples, the original sediment was probably composed of
spherical ooild grains with primary intergranular porosity
similar to that of an unconsolidated pack of spheres.
Variable degrees of dolomitization and dissolution of
pore-filling cements account for the differing pore
structure among the samples.

Dolomitization of the San Andres was probably
accomplished in two stages. Syngenetic dolomitization,
similar to that desecribed by Friedman and Sanders (1967),
occurred under hypersaline conditicons resulting from
capillary concentration. Hypersalinity is indicated by the
presence of anhydrite and anhydrite-crystal molds in the
samples. Evaporitic sulfate precipitation increased the
Mg/Ca ratio in the interstitial brines and thus induced
dolomitization of the pre-existing calcium carbonate ooids,
as described by Murray and Pray (1965). In addition to vugs
formed from the leaching of anhydrite, the preservation of
the original ooid fabric is evidence for syngenetic
dolomitization having occurred.

A1l four samples iIn thin section show ooid fabrics
preserved to some degree. Reservoir samples H1, WW2 and M1

nave pervasive diagenetic dolomite which has all but



obliterated the primary fabric, leaving only ghost ooids
visible in thin section. OQutcrop sample SAO exhibits a
well-preserved ooid fabriec, and thus must not have
experienced the effects of the second dolomitization stage.
The relationship between micropore geometry and growth
of diagenetic dolomite has been discussed by Wardlaw (1976),
who concluded that progressive changes in pore geometry
ocecur as dolomite c¢rystals grow, and that inhibition of
crystal growth is of fundamental importance to the
preservation of pore spaces in dolomites. His model of pore
geometry development is that initial polyhedral pores are
reduced to tetrahedral pores, which in turn may be
eliminated to leave interboundary-sheet pores at the sites
of compromise crystal boundaries. The occurrence of solid
bitumen residues as intergrain sheets, and the relatively
large volume occupied by interboundary-sheet pores in some
dolomites, provides both direct and indirect evidence that
these pores actually exist in the subsurface and are not the

result of depressuring during core recovery (Wardlaw, 1976).

Petrology and Pore Structure of the Carbonate Cores

Pore structure in core WW2 (4.12) is more uniform than
in any other carbonate sample, both in terms of size (Fig.
4.13) and spatial distribution (Fig. Y4.14). As in the case
of R1, no distinct trend can be determined in the spatial
distribution data. These data appear to lie along a weak

trend; the r? value for a linear fit is only 0.50.



Fig. 4.12 Photomicrograph of WW2

Matrix pores are colored black;
large vug is completely filled with
multicolored anhydrite.
Magnification: 25x
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Dispersion of the data is sufficient to suggest that
preferential flow through large pores does not occur in WW2.
Pervasive diagenetic dolomite has nearly homogenized the
matrix composition, and accordingly, the pore system
structure. Some pore-filling anhydrite cement is randomly
distributed through the rock, but it appears to have
precipitated during a late diagenetic stage, since the
dolomitization produced unifofm, subhedral c¢rystals
throughout the rock.

Figure 4,15 shows the pore size distribution for
Seminole core H1. The distribution is wider than the one
characterizing WW2 (Fig. 4.13). This is due to the existence
of medium and large vugs among the matrix micropores. Vugs
are the result of replacement of aragonitic ocoids by
anhydrite during or preceeding dolouwitization, followed by
dissolution of the replacement mineral. In the case of H1,
not all of the anhydrite has been dissolved and removed.
Figure Y4.16 is a photomicrograph of H1 which shows two vugs.
The one on the left is completely devoid of the precipitate,
while the vug on the right is void except for the remnant
anhydrite at the lower pore boundary. It is clear that this
cement was in the process of removal since the crystal edges
are degraded and irregular. Sulfate-dissolving brines which
became saturated with sulfate lost their ability to dissolve
anhydrite, resulting in selective vugular pore development,
as shown in Figure 4.17. 1In this photo, the central vug is

void, while adjacent vugs on each side remain anhydrite-
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Fig. 4.16 Photomicrograph of HL

Pores are colored black; remnant
anhydrite crystal sits on the lower
edge of the vug at the right.
Magnification: 25x

Fig. 4.17 Photomicrograph of HIl

Pores are colored blue; white areas
are anhydrite plugs.
Magnification: 25x
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filled. Anhydrite is also present in micropores adjacent
to some vugs, reducing permeability locally.

Qualitative observations of permeability barriers and
related preferential flow paths in H1 is supported by
measurements of connectivity (Fig. 4.18). Smaller pores
tend to be connected to like-sized pores, and that trend
continues, if weakly, up through vugular pores.

Pore structure in core SAO (Figs. 4.19, 4.20) consists
of solution-enlarged intergranular vugs, intragranular voids
which occupy the centers of some ooids (Fig. 4.21), and a
microporous fabric which pervades most of the dolomitized
material. The solution cavities are the result of
dissolution of grain boundaries along pre-existing primary
flow paths combined with dissolution of ooid grains from the
center outward. The dissolution of ooid centers ("oomoldic
porosity") resulted from selective decay and removal of
unstable nuclei (organic matter, for example). Syngenetic
dolomitization c¢reated the intercrystalline micropore
network.

Each genetic pore type is of a different size class.
Intergranular channels are, on average, an order of
magnitude greater in size than oomoldic pores which are at
least an order of magnitude larger than the intercrystalline
micropores; hence, the wide pore size distribution.

The spatial distribution of pores (Fig. 4.22) reflects
the presence of oomoldic porosity. Voids in ooid centers

are isolated from large intergranular pores by a sphere of
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Fig. 4.19 Photomicrograph of SAOQ

Pores are colored white.
Magnification: 10x
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Fig. 4.21 Photomicrograph of SAO

Pores are colored white.
Magnification: 50x

4,28
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micropores which control fluid movement to and from the

center of the grain. The spatial pore distribution data

for SAO are weakly (r? = 0.69) correlated, which suggests

that preferential flow paths may exist. Reference pores up

to about 0.5 mm appear to be proximal primarily %o micropores.
Larger intergranular pores tend to be associated with pores

of like size; thus, they may act as preferential flow
conduits,

The arrangement of pores in sample SAQ is very similar
to the system idealized by the Coats-Smith model. A pore
system composed of large, solution-enhanced channels which
connect to isolated oomoldic pores only through
intercrystalline micropores may well be a physical
representation of DEPV.

The pore structure of core M1 (Figs. 4.23 - L4.27) is
the most heterogeneous of all of the samples. The rock is
composed of tightly woven euhedral to anhedral dolomite
crystals. Seventeen percent of the pore space consists of
intercrystalline pores of less than 25 microns. Large vugs
directly connected by fractures and stylolites (pressure
solution seams) dwarf the surrounding micropores (Fig.
4.27). These connected megapores may well function as
preferential flowpaths in miscible displacements. The
spatial distribution of pores shown in Figure 4.28 supports
this idea. There is essentially a linear relationship (rz =
0.95) between the sizes of reference pores and neighboring

pores. Micropores are connected primarily to each other,
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Fig. 4.23 Photomicrograph of Ml

Pores are colored pink/purple.
Magnification: 50x

Fig. 4.24 Photomicrograph of Ml

Pores are colored black.
Magnification: 50x
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Fig. 4.27 Photomicrograph of M1

Pores are colored black.
Magnification: 25x
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while larger vugs and solution-enhanced fractures are

connected to voids of similar size.
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CHAPTER 5

RELATION OF PORE STRUCTURE
OBSERVATIONS TO DISPLACEMENT RESULTS

In the discussion which follows, data gathered from
single-phase displacements in seven rock cores are related
to pore system structure. Results of the displacements are
summarized in Table 5.1. Properties of the studied
sandstone and carbonate core samples are summarized in

Appendix A, Table A.1.

Sandstone Cores

Results of typical, nominal 10 ft/day displacements in
samples B1, F2 and R1 are shown in Figures 5.1 - 5.3.
Values for Coats-Smith model parameters are shown on the
plots, along with other informaticn related to
displacements. Additional displacements in these sandstone
cores, not reported herein, were performed at varied flow
rates; differences of results between displacements were
minimal (Orr and Taber, 1984).

For cores B1 and F2, the effluent compeosition curves
are symmetric about one pore-volume-injected. Both
displacements are adequately modeled by a Peclet number
alone; mass transfer in F2 was almost immeasurable and in Bl
was non-existent. Core Bl contains a relatively uniform
pore system which is, at least qualitatively, similar to

~ that described in Figure 2.2b. Core F2 differs from B1

.



5.2

0T ¥ T°6 LTT"0 20T X T'1 S°9 129°0 vE"0 e-0T X 672 ™ e
¢-0T X 6°T S6E°0 ¢0T X 8°¢ L"T¢ 1£4°0 - ¢-0T X 6°C 0vs L€
¢ 0T X 276 26170 =0T X T°¢ 191 L8970 %0 0T X %°% TH A4
L 0T> 601> =0T X %71 8'1¢ £68°0 1670 ¢-0T ¥ 8°¢C MM Te
;01T X T°T 9.0°0 40l X C°¢ 9te 28670 £0s°0 ¢ 0T ¥ 5°¢ T8 0¢
0 ¢ 40T X £°¢ OvT 0°1 (470 -0T X 6°¢ cd LT
0 0 w01 X 67/ 87 0°T $'0 =0T X £°% Td 6
LR n 288/ o q 098 fwd
w Z — SPUNTOA
1A n uorioeig *oN
QUaTOTIFR0) 2104
JUITOTIJI=0) A3T20T2A 9109
Isjsuea] *oN *oN ‘
csEl P p—— uorsaedstqg 197094 SurnoTl 92TS TeTITSI9UT O
- 2sTng a3evasay y
(7861 ‘a2qe] pu®B 110 I933Fe) $3Tnsoy JuduPoe[dsSTq 9TqIOSIH JO Liewumg T c 9TV




NCRHALIZED CONCENTRATION

1.85

.95

5.3

+ Experiment

— History Match

B = 0.5 -
u=4.3x 107% cn/sec -
f=1.00 )
Pe = 78.0 D=7.5x% 107" cn?/sec
a =20 K =0
m -
No. points: 67 Total error 2.309 {
vV /V, = N/A
o} in 7
N
‘:" b
._.gs H | 1 1 } | 1 i ] |
.80 1.29 2.89 3.892 4,02 5.89
INJECTED PORE VOLUMES
Experiment No. 9 Core: Bl
Length: 13.6 cm 3 Diameter: 3.81 cm
Pore Volume: 28.6 cm Porosity: 18.2%

Air permeability: 180 md
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Fig. 5.1 Effluent Composition Curve for Bl
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primarily in grain size; F2 has smaller grains, and
therefore smaller pores than does B1. Also, the Berea
materlial contains more clay and carbonate precipitates than
the Frannie core, which may explain the larger dispersion
coefficient of B1 compared to that of F2. The Frannie,
then, appears to be similar to the idealized system in
Figure 2.2a. Both of these dispersion coefficients, along
with the value obtained for sample R1, are considered to be
low relative to those recorded for the carbonate rocks.
Spatial pore distribution data for B1 and F2 are very
similar, and by their randomness suggest that no
preferential flow is likely in those samples.

In contrast to the preceeding sandstones, results of a
displacement in the Rock Creek core (R1) produced a flowing
fraction of slightly less than one and a measurable mass
transfer coefficient. Table 5.2 gives a summary of pore
structure observations and displacement results. Sample R1
exhibits a wider distribution of pore sizes compared to the
other sandstone cores. Large (7500-640 microns), secondary
pores resulting from grain dissolution are non-uniformly
distributed in the core; these sparse pores may act as
preferential flow paths, if only in a minor way. Of the
three sandstone cores examined, only the Rock Creek sample
produced a measureable mass transfer coefficient. This

indication of restricted pore space is probably related to

the distribution of clay matrix in the rock. The restricted

pores may occur as medium-sized voids which are surrounded

6
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by clay pods, interstices in the c¢lay, or more likely, both.

Preferential flow may be the reason for the flowing
fraction value of less than one (0.982) for this core;
this i1s supported by the weak linear trend in the spatial
pore distribution data (Fig. 4.11). Another possible
explanation is error in the measurement of f. Small pump
rate deviations, for example, could affect the arrival time
of the fluid pulse, which would directly translate into
error in the flowing fraction value (Orr and Taber, 1984).
Though the effect of pore structure heterogeneity on flowing
fraction in core R1 is in question, the measurable mass
transfer coefficient suggests the existence of restricted
flow.

To summarize, the displacement results for the
sandstones are characterized by flowing fractions at or near
one and low or non-existent mass transfer coefficients.
Dispersion varies between samples, but, in general,
sandstones exhibit smaller transition mixing zones than do
the carbonates studied. High flowing fractions are
associated with narrow, uniform pore size distributions and

well-connected, relatively unrestricted flow paths.

Carbonate Cores

Results of'displacements in carbonate cores WW2, SAQ, H1
and M1 are presented in Figures 5.4 - 5.7. The carbonate cores
exhibited greater variation in both displacement results and

pere structure than did the sandstones.
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Figures 4.12 and 4.13 show a photomicrograph and the
pore size distribution, respectively, of sample WW2. The
distribution of pore sizes was not greatly different from
that of the Rock Creek core, as the average pore size and
standard deviation data in Table 5.2 indicate. Typical pore
geometry of the 200-400 micron-sized voids in WW2 is
spherical to ovate, a function of the diagenesis of the
rock. No clays were detected in this nor in any other of
the carbonate cores studied. A minor quantity of anhydrite
precipitate is present in pores greater than 200 microns in
size, and occurs as slender, interlocking crystals with
patchy distribution. By comparison, the anhydrite in WW2 is
distributed less uniformly and sparsely than is dolomite
precipitate in the Berea sand, but more so than cements in
carbonate samples H1 and M1.

Displacement results (Fig. 5.4) show a flowing
fraction lower than, but still comparable to, those of the
sandstones. The restricted pore volume (1-f, or 10.3%) is
probably related to the distribution of anhydrite cement in
the pores. The role of mass transfer is minimal in this
core, so it is unlikely that true preferential flow paths
exist; rather, the anhydrite probably forces the fluids to
seek somewhat less direct paths to the core outlet,
resulting in a broader transition zone. This idea is
supported by the dispersion coefficient (1.4 x 102
cm?/sec), which is an order of magnitude greater than that

recorded for any of the sandstones. The spatial



distribution of pores (Fig. 4.14) also supports this idea:
the data are weakly (r? = 0.59) if at all correlated, which
suggests that preferential flow does not occur.

The nature of pore coordination provides another
possible explanation for the elevated dispersion
coefficient. Qualitative observation of pore connectivity
in thin section suggests that micropores may occur in
sufficient quantity, in critical areas, to cause a greater
fluid residence time, and hence greater opportunity for
mixing. Since pores of all sizes appear to be
well-connected, no stagnant pore volume exists, so no mass
transfer occurs; the preponderance of micropores may simply
slow down the flow and allow more time to mix fluid
concentrations within pores.

The pore size distribution and photomicrographs of the
San Andres Formation outcrop core (SAQ) are shown in Figures
4.19 - 4.21. Figures 4.15 - 4.17 give similar data and
photos of reservoir core H1. Both samples show much broader
distributions of pore sizes than the WW2 core or the
sandstones. Displacement results for outcerop sample SAQ
(Fig. 5.5) show a low flowing fraction (0.771), a high
dispersion coefficient and a measureable mass transfer
coefficient, all of which translate into an asymmetrical
effluent composition curve, early appearance of the 50%
effluent concentration point, and a tailing effect on the
curve due to the slow removal of fluids from restricted

pores.,



Such results are typical of the more heterogeneous
carbonate cores (SA0O, H1 and M1). The data (Figs. 5.5 -
5.7) indicate the existence of preferential flow paths
through which fluids move at higher velocities than in the
restricted pore fraction (1-f). Thin section observations
of pore structure in SAO support this interpretation.
Preservation of the primary granular fabric in the core,
coupled with extensive solution-enhancement of the
connectivity between interparticle pores has created a pore
structure which contains wide flow channels around the
spherical ocids. Oomoldic pores are present, and are
connected to the wide channels only by means of
low-permeability micropores. The micropores occur in
cryptocrystalline dolomite which has replaced the grain
walls. Presumably, fluid within oomoldiec pores was
exchanged with fluid in the preferential flow paths by
diffusion. Diffusive exchange was much slower than flow in
the wide cnhannels; thus, pore structure in core SAO is
similar to that of Figure 2.2c and closely approximates the
system idealized in the Coats-Smith model.

Outerop sample SAQ and reservoir core H1 showed similar
displacement behavior, but the structure of the pore systems
in these two rocks is vastly different. In H1, extensive
recrystallization occurred, resulting in obliteration of the
primary granular fabric and creation of a hypidiotopic
dolomite fabric primarily containing small pores, but also
medium- and large-sized voids (Fig. 4.15). The larger pores

appeared to be connected to each other by small zones of
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micropores. Thus, it is conceivable that preferential flow
paths could have existed. This is supported by the apparent
trend of the spatial pore distribution data in Figure 14,18,
These data indicate an association of like-sized pores in
close proximity to each other; hence, the possible existence
of preferential flowpaths. Dispersion in the flowing stream
was probably elevated by the presence of anhydrite cement in
selected pores greater than 200 microns in size and in
adjacent micropores. Flow in the plentiful micropores must
have been slower, especially when the effects of the
anhydrite are considered.

Thin sections of dolomite sample M1 exhibited the
Wwidest pore size distribution of the cores examined in this
study (Figs. 4.25 and 4.26). Pervasive dolomitization,
dissolution of pore-filling sulfates, pressure solution and
fracturing have combined to create large vugs which are
directly connected by open fractures and stylolites. These
vugs are surrounded by a multitude of low-permeability
micropores which appear to control the overall permeability
of the rock (permeability to air: 6 mD).

This pore system is similar to the idealization shown
in Figure 2.2d, and is nicely modeled by a low flowing
fraction, a high dispersion coefficient and a measureable
mass transfer coefficient.

The flowing fraction (0.621) in M1 is the lowest such
value recorded (Fig. 5.7) for all of the cores examined in

this study. This value correlates well with the extremely
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wide distribution of pore sizes in the sample, and with the
strong linear trend (r? = 0.95) in the spatial pore
distribution data (Fig. 4.28). Micropores are connected
primarily to each other, and large voids are well-connected
to like-sized pores. The vug-fracture system represents the
main flowing stream through which fluids move at high
velocities, while slower diffusive mixing occurs between

restricted micropores and the'flowing stream.

Summary of Results

Greater small-scale pore-structure heterogeneity
occurs 1in the carbonates than in the sandstones studied.
This heterogeneity, reflected in wide pore size
distributions, is responsible for development of
preferential flow paths with associated flowing fraction
values significantly less than one, except in the case of
the Wasson core. Dispersion coefficients are typically
nigher in the carbonates than in the sandstones. Mass
transfer is more prevalent in the dolomites probably due to
the preponderance of restricted pore volume in those
samples.

Throughout this discussion, two aspects of small-scale
heterogeneity have been considered. The first is the
distribution of pore sizes. If the distribution is broad,
early breakthrough of the displacing fluid may occur, but
only if the pores are connected in ways which generate

preferential flow paths. Fractures and solution pores
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1
through fine matrix porosity, and no doubt other pore types,

can generate such flow paths.

Discussion of Methodology

Qualitative observations of thin sections appear to be
consistent with flow behavior in stable, single-phase
miscible displacements in cores. Quantitative methods
employed in this study produced varied results. The method
used to determine pore size distributions produced
explainable, consistent and reasonable results. An
alternative method is to measure the area of a slice
of a pore in the plane of the thin section. This is
particularly useful when measuring pore sizes from a
photomicrograph. Since a thin section is typically about
30 microns thick, some difficulty may be encountered in
determining the bounds of a slice through a given pore.
Consistency in measurement is eritical, and it is
recommended that only pore boundaries directly adjacent to
the plane of the glass slide be measured.

The method used to determine spatial distributions of
pores produced data which were at least consistent with
qualitative observations of pore connectivity. A
complimentary method of determining pore connectivity
involves counting the actual number (coordination number)
of pores‘which appear to be connected to a reference pore.

The vector analysis data proved highly variable, and

could not be reasonably related to Coats-Smith model



parameters. It was hypothesized that a relation exists
between dispersion coefficient (a reflection of the size of
the transition zone) and mean flowpath orientation, as
determined by vector analysis of pore structure in thin
section. An inherent assumption here is that a mean
flowpath normal to the direction of displacement would
produce a higher dispersion coefficient than one resulting
from a mean flowpath parallel to the longest axis of the
core. Table 5.3 contains mean-flowpath-vector orientation
(8, relative to the displacement direction) and vector
strength (r.) data for all of the studied cores. Results
from the two data sets generated for each rock were
inconsistent in most cases; this made interpretation of the
data difficult. The inconsistency of the results created
uncertainty about the accuracy and utility of the method.
No relationship between mean flowpath vector strength in the
direction of displacement and eitﬁér dispersion coefficient
or flowing fraction could be determined from the data
plotted in Figures 5.8 and 5.9. There are aprong doubts
about the validity of the relationship betﬁeen mean flowpath
vectors and mixing behavior, so this method of pore space
analysis is not recommended.

The physical validity of the Coats-Smith model itself
needs to be examined. One of the problems in applying the
model to natural poroué media is the dependency of the model
parameters on each other. For example, Orr and Taber (1984)

report that flowing fractions near one result in insensitivity



Set 1

TABLE 5.3
Sample _51
Bl 79.93°
F2 43,86°
R1 88.01°
WW2 67.74°
H1 104.08°
SAQ 65.34°
M1 40.66°

RKey to symbols:

5 o=

r

f1

.06

.20

.01

.14

.08

.12

.05

71.

62

24,

77.

83.

14,

57.

94°

.17°

51°

98°

to displacement direction (0°)

strength of vector component in
the displacement direction

0.04

0.10

0.04

mean flowpath orientation relative

Summary of Flowpath Vector Analysis Data

Average of

Sets 1 & 2
Eé Efc
77.96° 0.05
54.82°  0.21
44.13° 0.29
74.13° 0.11
92.67° 0.06
49.75° 0.16
54.20° 0.09
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FLOWING FRACTION

Fig. 5.9 Relation Between Flowpatﬁ Vector Strength and Flowing Fraction
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of calculated effluent profile curve-fits to large variations
in the value of the mass transfer coefficient. Stalkup
(1970) and Batycky, et al. (1982), as cited by Orr
and Taber (1984), point out that the effluent composition
curves calculated for large mass transfer values are
very similar to those obtained for small mass transfer
values and large dispersion coefficients.

Another disadvantage of the model is that all forms
of small-scale heterogeneity are indiscriminately lumped
together and packaged as simple, finite parameters. Here,
then, lies the fundamental problem in linking exacting
mathematical flow models to highly variable core petrology
which is difficult to describe in a consistent, quantitative
fashion. 1In his conclusions concerning flow modeling,
Heller (1963) stated this point well:

One should remember that fluid displacement
includes some rather complex phenomena, and that
(no) analytical approaches...can claim

infallibility. 1In fact, in view of the

incompleteness of the knowledge about many of the

processes going on in porous media, it would

probably be wise to regard model flow systems and

numerical analysis as complementary rather than

competing techniques for the prediction of

reservoir displacement behavior.

Despite the inherent problems associated with modeling,

the Coats-Smith model is, at least, a useful tool with which

to describe displacement phenomena.

Questions of Scale

While questions remain about the physical validity of

the Coats-Smith model, it is the only one in current use



which attempts to account for the effects of core
heterogeneity on laboratory-scale displacements (Orr and
Taber, 1984). A number of uncertainties in flow behavior at
the reservoir scale have yet to be resolved. Questions
about the impact of restricted pore volume on reservoir
displacements have been addressed by Coats and Smith (1964),
who argued that the dimensionless mass transfer group (a),
which varies directly with pobous—medium length, would be
very large at the displacement length typical of reservoirs.
A large mass transfer coefficient would be related to
equalizations of fluid concentration between flowing and
restricted volumes over a period of ﬁime which is short
compared to the time required to flow an equivalent distance
through preferential flow paths. Eiperimental results of
long-core displacements by Stalkup (1970), Spence and
Watkins (1980), and Batycky, et al. (1982) supported the
conclusion that mass transfer rate limitations are less
significant on a field scale (Orr and Taber, 1984). An
assumption inherent in the reasoning of Coats and Smith
(1964) is that dispersion and mass transfer coefficients are
independent of displacement scale. This assumption is
unlikely to be accurate for natural porous media. Heller
(1963) pointed out that dispersion and mass transfer
coefficients measured in rocks inevitably include averaged
effects of small-scale heterogeneity; this idea is
consistent with the fact that dispersion coefficients

measured on field scales are often several orders of



magnitude greater than those measured on a laboratory scale
(Orr and Taber, 1984).

Spence and Watkins (1980) extrapolated the Coats-Smith
model parameters for a displacement in a heterogeneous,
carbonate core to fit the greater times and distances
associated with a reservoir flood. Their predicted effluent
composition curve assumed the symmetrical appearance
characteristic of a homogeneous pore system (Fig. 2.2a). A
reasonable conclusion one might draw from this work is the
expectation of an efficient displacement in a heterogeneous
core as long as the length scale of the displacement is
sufficiently great. The underlying assumption here is that,
over interwell distances, only heterogeneity on the
thin section scale is present in the reservoir. This is
highly unlikely. Large-scale heterogeneity is common in
petroleum-bearing formations, and includes lateral and
vertical facies changes, variation in pay zone thickness,
non-uniform reservoir geometries (i.e. coalescing shoestring
sands), faulting and fracturing. The distribution of
permeable zones may be non-random over the scale of the
reservoir, possibly resulting in creation of large
preferential flow paths through the field. Regional
permeability may be controlled by the distributions of
pore-filling cements, for example, or any other result of
depositional and diagenetic processes. Thus, it is not at
all clear what values of the Coats-Smith parameters might be

appropriate at field scale.



There are, then, unresolved questions concerning the
efficiency of field displacements, especially considering
the added complexity of multiple phase interactions.
Large-scale heterogeneity probably does influence reservoir
floods, and detailed reservoir analysis must be done on an
individual-field basis to assist in prediction of flood

efficiency.

Future Work

Observation of pore structure in thin section is a
useful means of examining the physical structure and
configuration of pores and their relationship to displacment
efficiency. One of the shortcomings of using real rocks in
displacement experiments, though, is their variability.
Virtually unlimited combinations of composition, shape,
size, sorting and alteration of grains and cements in
sandstones, for instance, can occur in reservoirs. The
difficulty inherent with such variability in laboratory
cores 1s the inability to isolate the effects of oné
petrophysical factor on mixing from those of others. It is
suggested that displacements be run in very similar cores,
Wwith only one or two differences between them, so that any
changes in displacement behavior may be associated with an
individual physical characteristic. A large population of
cores is recommended, as are multiple displacements in each
core at varied flow rates, to ensure statistical validity of

the results.
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There are a number of questions about the effects of
core handling procedures on pore structure which need to be
examined, with the objective of improving and standardizing
these procedures. Do the hydrocarbon extraction procedures
performed on the cores prior to flooding alter or even remove
constituents from rocks? What effects would such action
have on pore structure? What are the effects of
high-pressure flooding on delioate, authigenic clay minerals
in sandstones? How much residence time is required for a
sulfate-saturated brine to precipitate gypsum in a core?
"Before-and-after" thin section and SEM examination, as well
as permeability tests might give some indication of the
extent of alteration, if any, which results from core
handling procedures.

A simple experiment to investigate the effects of the
averaging of pore-structure heterogeneity on Coats-Smith
parameters could be conducted, by which cores of radically
different pore structure are butted together to form one
core. Coats-Smith parameters for separate displacements in
a homogeneous sandstone and a heterogeneocus carbonate, for
example, would be determined, then the cores would be Jjoined
and a third displacement run. Comparison of the resulting
parameters to those of the individual core floods might give
some indication of the sensitivity of the dispersion and

mass transfer coefficients to averaged pore structure.



CHAPTER 6

SUMMARY AND CONCLUSIONS

Results of seven single-phase miscible displacements

are presented and are interpreted using the Coats-Smith

model. Quantitative and qualitative observations of pore

structure in thin section lead to the following conclusions:

1.

The structure of pore systems in reservoir cores
fundamentally influences displacement efficiency.

Small-scale heterogeneity of pore structure is
responsible for mixing effects which result in early
breakthrough of the displacing fluid and a flowing
fraction less than one for displacements at the
laboratory core scale.

A wide distribution of pore sizes is necessary but not
in itself sufficient to produce a low flowing fraction.
Also required are pore connections which result in the
generation of preferential flow paths.

~Flowing fraction values for the three sandstone cores

were very close to one; pore structures in these rocks
Were much more homogeneous than those in most of the
carbonates. The Rock Creek sample exhibited more
heterogeneity, both in thin section and in flow behavior,
than did either of the other sandstone cores.

Three carbonate core samples (SAO0, H1 and M1) which
showed broad pore size distributions and preferential
flow paths in thin section also showed flowing fractions

.of significantly less than one. Core WW2 did not

exhibit such heterogeneity, and also showed no evidence
of mixing between restricted and flowing pore fluids.

Dispersion coefficients were significantly higher for the
carbonates than for the sandstones. Large dispersion

coefficients are associated with wide pore size distribu-
tions. :

Average mixing behavior on the scale of short laboratory
cores is qualitatively consistent with observations of
pore structure in thin section,

Care should be exercised to avoid uncritical acceptance
of mathematical models as representative of flow behavior
in natural porous media.
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TABLE A.2a

Category

Mean Grain Size ()

Sorting
(Friedman & Sanders, 1978)

Shape
(Powers, 1953)

Constituent Particles (100%)
% Quartz
% Feldspar
% Mica
% Lithic Fragments
% Opagque Minerals
% Authigenic Clays
%Z Cement
Majority of Grain Contacts
Induration

Classifization Namne
(Folk, 1980)

250

Very Well

Subround

80

5
Point

Well

Sublitharenite

180

Poor

Subround to
Subangular

70

20

Line
Very Poor

Subarkose

Petrographic Data for Sandstone Cores

325

Moderate

Angular

50

10

20
5
Concavo-convex
Poor

Lithic Arenite
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TABLE A.3 TIdentification of Clay Minerals by Xwray Diffraction

Core

Bl

F2

R1

H1

SAO

M1

=]
Basal Spacings (A)

Clay Mineral

7.16, 3.57

9.98, 4.96, 3,32

9.98, 4.96, 3.32

7.16, 3,57

k]

9.98, 4.96, 3.32

14,2

Kaolinite

I1llite

T1lite

Kaolinite

Illite

Vermiculite



