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Abstract

The main goal of this thesis, A petrophysical evaluation of tidal heterolithic depos-
its: application of a near wellbore model for reconciliation of scale dependent well
data, is to give a better and less uncertain estimate of porosity and permeability in a
challenging reservoir type. This is accomplished through an integrated study that
takes into account both sedimentological and petrophysical well data, that are rec-
onciled in a near wellbore model on which critical factors as sedimentological het-
erogeneity, biased sampling and scale transitions are evaluated.

A 25 m interval of the lower part of the Tilje Formation in Heidrun Field, Halten
Terrace offshore mid Norway is parameterized with focus on factors affecting the
petrophysical properties in the near wellbore volume. In tidal deposits, the amount
and spatial distribution of low-permeable mud is a critical factor. A geostatistical
near wellbore model is then created of this interval. The modelling approach is pro-
cess-oriented and mimics the depositional process by displacement of mathematical
surfaces to simulate deposition and erosion. The volumes between the surfaces are
populated with petrophysical properties using a correlated Gaussian field approach.
This process-oriented modelling tool is critically reviewed and transformations are
proposed that are used to obtain input parameters from core observations such, as
the sand and mud laminaset thickness distribution. The porosity and permeability
values, that have to be specified at the lamina scale, are obtained from core plugs,
which represent an average of several lamina types, through an iterative procedure.
The result is a realistic representation of the sedimentological components and the
petrophysical distributions in the near wellbore volume on which petrophysical
parameters can be calculated on various scales.

In one of the lithofacies the vertical variation in sand laminaset thickness was anal-
ysed with time series analysis methods to quantify the degree of tidal influence.
Although the data set is noisy, a few periodic components are significant: namely
11-16 and 50-60 sand laminasets per cycle. Furthermore, the internal stratification
of the sand laminasets, the transition to the over- and underlying mud laminasets
and the mean thickness of the mud laminasets, suggest that the shortest period
recorded reflects a semi-annual tidal component. Incorporating vertical, periodic
variation in mud fraction is important since it influences the bulk petrophysical
properties.

Published flume tank studies are used to create a wide range of ripple-laminated,
realistic bedding types with different mud fractions and correlation lengths but with
constant petrophysical properties. These models are evaluated as a function of sam-
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ple volume. A large variation in porosity and permeability between realizations,
expressed as the Coefficient of Variation (Cy,), is observed when the sample vol-
ume is small. This indicates that the volume of investigation is not representative. A
representative elementary volume (REV) is here defined to correspond to the sam-
ple volume that gives a Cy, below 0.5. For permeability there is observed a relation

between the size of the REV and the bedding type (i.e. the correlation lengths of the
sedimentological components). This relation is different for vertical and horizontal
permeability. Porosity, being an additive property only dependent on the amount
and not the spatial distribution of the components, shows no such dependency.
From these experimental results, flow regimes and critical thresholds are identified
that highlight the uncertainty in scale transition issues in these deposits. The results
show that core plugs in general are inadequate to describe the effective permeabil-
ity at the bedding scale and that this will affect the integration of core and log data.

The model set used to study the dependency with sample volume is expanded and
evaluated with different porosity and permeability contrasts between the lithologi-
cal components at a representative scale. The critical threshold for onset of vertical
and horizontal flow is enhanced. The relation between the mud fraction and the
effective vertical and horizontal permeability is expressed with different function
types that are used to estimate a representative permeability value from a mud frac-
tion estimate. Incorporating physical parameters that can be evaluated indepen-
dently makes the relationship more generally applicable. The results can be used to
guide the focus in data collection in these deposits by quantifying the influence of
contrast between sand laminae or between the sand and the mud component in the
different flow regimes.

The results form a basis for giving a better estimate of porosity and permeability in
the selected interval. One method uses the near wellbore model, based on the
detailed study of the interval, and forward models the porosity and permeability
anisotropy at various scales. With this method individual lithofacies are studied and
biased sampling is evaluated. A continuous estimate along the model is compared
with existing estimates of horizontal permeability and porosity. A second method,
being more general, uses the equations describing the relation between mud frac-
tion and permeability. Using a wireline-based estimator of mud fraction, a continu-
ous estimate of permeability anisotropy is obtained that differs from the traditional
core-log method since the effective properties are calculated at a representative
scale.

In summary, this study gives, as well as a contribution to scale transition issues in a
difficult tidal heterolithic reservoir type, a formalised basis for analysis of petro-
physical properties in a multi-scaled heterogeneous geological system.
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CHAPTER 1

Introduction

1.1 Background

Estimation of petrophysical properties, as porosity and permeability, has been and
is an important activity in the petroleum industry. Even after decades of research, it
is still little consensus of how to properly reconcile the available subsurface data in
order to estimate these parameters. In heterolithic deposits, the estimation of per-
meability is particularly difficult because there is no reliable direct measurement of
permeability in the subsurface, permeability is a non-additive, scale dependent
property of the rock and the resolution of the measurements used is generally inad-
equate to describe the small-scale variability that influence on the flow properties.

Sedimentary architecture causes heterogeneity at many scales, which can affect res-
ervoir performance (e.g. Haldorsen, 1986), and primary sedimentary structures at
the sub-meter scale have been shown to significantly influence on the flow proper-
ties (Weber, 1982; Hurst, 1993; Hartkamp-Bakker and Donselaar, 1993a). How-
ever, because of computational limitations, these heterogeneities cannot be
included explicitly in the reservoir simulator but have to be represented by a single
representative value. To give a best estimate of that value, all the available and rele-
vant data should be used. There are, however, some principal problems of integrat-
ing data representing different sample volumes (Haldorsen, 1986; Enderlin et al.,
1991; Worthington, 1994; 2003a; Corbett et al., 1998). This is especially the case in
tide-influenced deposits, which commonly show many scales of heterogeneities.
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Brandseter et al. (2001) showed that the ratio between vertical and horizontal per-
meability (k,/k;, ratio) was one of the most important parameters influencing oil
recovery in such deposits. At the lithofacies scale, thin mud layers intercalated with
sand have a strong influence on the flow properties. These millimetre to centimetre
scale heterogeneities are not well characterized by the core plugs or the wireline log
measurements. Core plugs measure at a volume scale at or below the characteristic
length scale of the heterogeneity and the wireline logs, measuring in general a
larger volume of rock, tend to average out the response from the different compo-
nents present. Integration between these two data sets is thus problematic. Heteroli-
thic tidal reservoirs form a significant part of many of the hydrocarbon fields on the
Halten Terrace, offshore mid Norway and are a reservoir type of growing economic
importance.

Many methods have been proposed to calculate the effective permeability (for a
review see Renard and Marsily, 1997). However, regardless of the upscaling tech-
nique, the question remains as to what scale the measurements should be rescaled
to. Bear (1972) introduced the concept of Representative Elementary Volume
(REV). At this volume, the parameter of interest is both homogeneous and station-
ary meaning that the value is insensitive to small changes in sample volume and
location. Even though this concept is simple and intuitive, only a limited number of
papers have been published on this issue, which can be related to the difficulty in
experimental verifying the existence of such a volume (Baveye and Sposito, 1984).

Koltermann and Gorelick (1996) reviewed different methods for generating numer-
ical models of sedimentary architecture. The majority of these focus on larger scale
heterogeneities while some considered the scale of primary sedimentary structures.

In this thesis, a process oriented stochastic modelling tool (SBED™, Wen et al.,
1998) is used to generate realistic near wellbore models of the reservoir. The near
wellbore model is defined here as a numerical representation of the sedimentologi-
cal components and petrophysical properties in a rectangular shaped volume along
the wellbore with a lateral dimension on the scale of the conventional wireline
tools. This geostatistical, near-wellbore, 3D model can be regarded as an earth
model common to the sedimentologist, the petrophysicist and the reservoir engineer
since it can contain information relevant to all these disciplines. Having this model
that spans geological length scales from the lamina scale to the bed set scale gives a
possibility to reconcile conflicting well data and form a basis for better integration
of static and dynamic data. This thesis will focus on a few of the possibilities this
shared earth model can provide to reconcile conflicting welldata.
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1.2 Problem definition and aim of work

Despite the acknowledgment of the principal problems with traditional integration
methods of core and wireline data for estimation of porosity and permeability, it has
been difficult to establish a consistent approach to this problem. For tide-influenced
deposits, it is commonly observed that even after an interval is divided into lithofa-
cies, the petrophysical variability, estimated from available well data, is large in
each lithofacies and that the contrast between lithofacies is low. This indicates that
the heterogeneity affecting these parameters is not well characterized with these
well data types. The main goal of this thesis is thus to give a better and less uncer-
tain estimate of porosity and permeability in such challenging reservoirs. This is a
wide and cross-disciplinary topic and the following sub-tasks have been chosen to
restrict this thesis:

* Focus on single-phase permeability anisotropy and porosity

* Evaluate the advantages and limitations of a shared earth model and develop
consistent workflows that create realistic near wellbore models of these deposits
giving an opportunity to rescale available data to the scale of interest.

* Evaluate, for some common tidal deposits, how porosity and permeability var-
ies with sample volume, the size of a representative volume (if it exists) and its
relation to the correlation lengths of the sedimentological components. Further-
more, evaluate the influence of varying the contrast between the lithological
components on the parameters of interest.

* Apply the results and workflows to a specific reservoir interval in the lower
part of the Tilje Formation, Heidrun Field on the Halten Terrace to give a better
and less uncertain estimate of porosity and permeability at various scales.

These subjects address issues that can be regarded as more of academic interest and
results that are directly applicable for the petroleum industry.

1.3 Organization of the thesis

This thesis consists of nine chapters in addition to appendices that contain neces-
sary modelling parameters to recreate the results presented (Appendix A), two
extended abstracts, one presented (Appendix B) and one accepted for presentation
(Appendix C), and a paper that is submitted for publication (Appendix D). The nine
chapters can be divided into five sections:
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1. Theoretical background (chapter 2 and 3). Chapter 2 gives a general introduc-
tion to some petrophysical conceptual models, sedimentary processes and the
implications on petrophysical properties, and different published methods for
estimation of porosity and permeability from well data. Chapter 3 gives a
review of tidal theory and the implications on the sedimentary record, which
then forms as a background for chapter 5. Because of the cross-disciplinary
aspect of this thesis, it is considered important to review these issues compre-
hensively. The result is that the reader may find some of the aspects reviewed
unnecessary detailed. However, many of the concepts, terminologies and
assumptions in the models in the different disciplines are often not well under-
stood by a person not from that particular discipline. For example, a petrophysi-
cist with a background in physics may find section 2.2 valuable both for
introduction of common terms but also to appreciate better the geological part
of the earth model. A sedimentologist, may however find that particular section
trivial, but are perhaps more unfamiliar with the issues treated in for example
section 2.3. Furthermore, these sections are then easy to use as reference in the
subsequent chapters.

2. Geomodeling tool. Chapter 4 gives a description of the modeling tool used in
this thesis and the results from a preliminary sensitivity study of the input and
output parameters. A workflow and transformations to be used for detailed
modelling of specific lithofacies, is given in the end of this chapter.

3. Detailed near wellbore model of a well interval. Chapter 5 gives a sedimento-
logical description of a selected interval of the Tilje Formation with focus on
aspects that influence the petrophysical properties in the near wellbore volume.
The results from chapter 4 are used to build a realistic sedimentological model
of this interval. Chapter 6 outlines a workflow that is used to populate the near
wellbore model with petrophysical properties from core plugs. The combined
result from these two chapters is a detailed near wellbore model that honours the
available well data and that are applicable for near wellbore modelling in depos-
its where similar aspects affect the petrophysical properties.

4. Evaluation of conceptual tidal bedding models. Chapter 7 gives a set of concep-
tual tidal bedding models which input parameters are based on published flume
tank studies. These models, representing a range of tidal bedding types with dif-
ferent mud fractions and correlation lengths, are then evaluated as a function of
sample volume. An extended model set is used in chapter 8 to evaluate the
influence of petrophysical contrast between the lithological components at a
representative scale.

5. Application of results to example well. Chapter 9 uses the results from previous
chapters to give a better estimate of porosity and permeability anisotropy in the
selected well interval. One method uses the detailed near wellbore model from
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chapter 5 and chapter 6, while another method uses the results from chapter 7
and chapter 8.
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CHAPTER 2

Petrophysics and sedimentary
processes

For a petroleum reservoir to be economical it is necessary that the reservoir rock
under consideration has the ability to store hydrocarbons and that the hydrocarbons
are allowed to flow through the rock. The first property is called porosity and the
second permeability. An important task in petrophysics is to estimate these two
parameters. This chapter will give the basic concepts regarding petrophysics and
the intimate relation to sedimentary processes. In the final section, published meth-
ods to estimate porosity and permeability from common well data in the near well-
bore region will be reviewed.

This thesis will focus on scale transition issues in tidal heterolithic reservoirs and
the implications for core-log integration for estimation of porosity and permeability
anisotropy. It will thus be essential to have a basic knowledge of the topics
reviewed here to appreciate the challenges that are involved. As mentioned in the
Introduction, some of the topics are reviewed on a rather detailed and basic level.
This is however done with intention since the issue itself is cross-disciplinary and it
is important that readers with different backgrounds are familiar with the terminol-
ogy and model assumptions of the other disciplines.

2.1 Properties of porous media

In the following, a review of the basic theory for flow of fluid in porous media is
given with emphasis on the assumptions of the petrophysical models. Most of the
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material presented can be found in textbooks covering dynamics in porous media
(Scheidegger, 1974; Bear, 1988; Bear & Bachmat, 1990; Dullien, 1992; Sahimi,
1995) and general fluid mechanics (Munson et al., 1994).

2.1.1 Description of porous media and the continuum approach

Simply stated, porosity is the capacity of a medium to store fluid and permeability
is the ease of which fluid can flow through the porous material. Even though we
may have an intuitive understanding of porosity, permeability and porous media, it
turns out that they are difficult to define exactly. Bear (1988) outlines some essen-
tial characteristics of such a medium. A porous medium should be a multiphase
matter, where at least one of the phases is not a solid. The solid phase is called the
solid matrix and the void space between is called the pore space. Scheidegger
(1974) used the term pore for void space of intermediate size between molecular
interstices and caverns, which imply an indefinite limit. In order to be characterized
as a porous medium, these ‘intermediate sized” pores should be frequently distrib-
uted in the solid and at least some of the pores should be interconnected, even
though the passages between them, the pore throats, often are narrow. Ideally, one
would like to define a geometrical quantity that would characterize the pore system.
However, the pore system of a natural porous body forms a very complex network,
which is extremely difficult to describe geometrically. As a first approach, one
would like to describe the pore with a diameter, and label this the pore-size. But
attaching a (single) diameter to an irregularly shaped object is not a trivial task. The
same problem is encountered when describing the grains. If the grains do not have a
simple shape, a geometrical description of the volume or surface will be difficult.
Scheidegger (1974) gives a good discussion of the difficulty of quantifying geomet-
rical quantities of the porous media.

The complexity of the pore geometry makes it intractable to describe with exact
mathematical formulations. Another approach, the continuum approach, ignore the
details of the media and uses the hypothesis that the porous matter is a hypothetical
substance that is continuous throughout the spatial domain it occupies. The matter
can then be described in that domain by a set of variables, which are continuous and
differentiable functions of the spatial coordinates and of time (Bear and Bachmat,
1990). The method of replacing a complex medium with a hypothetical homoge-
neous one has a long history and is often referred to as effective medium approxi-
mation (Bruggemann, 1935). Such an approach is appealing since measurements of
extensive properties (see section 2.1.4) also represent an average over a certain vol-
ume of the porous media. Essential to the treatment of the porous media as a contin-
uum is the concept of a particle that is associated with a certain volume. The size of
the particle should be so large that the effect of the micro-geometry is averaged out,
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but still so small that it is representative for the centroid of the particle. This suit-
able large volume is often labelled the Representative Elementary Volume (REV)
(Bear, 1972). The introduction of this volume is associated with a length scale. It is
thus important to evaluate the effect of various length scales at which the system
may be considered homogeneous, especially since the continuum approach breaks
down if the correlations in the system approach the linear size of the system
(Sahimi, 1995). This issue will be discussed in more detail in chapter 7.

Before proceeding, some aspects of the porous media need to be considered. In a
porous medium a property of interest may change as a function of the position in
the medium and a medium is said to be homogeneous with respect to a certain prop-
erty if that property is independent of position within the medium. Otherwise the
medium is said to be heterogeneous (Bear and Bachmat, 1990). The property may
also vary with the direction it is measured, and a medium is said to be isotropic
with respect to a certain property if that property is independent of direction within
the medium. If, at a point within the medium, a property of the medium varies with
direction, the medium is said to be anisotropic. Depending on the measurement
volume, most reservoirs are heterogeneous and anisotropic rather than homoge-
neous and isotropic.

Having described some of the characteristics of the porous media, the next step is to
evaluate how macroscopic properties, as porosity and permeability, are influenced
by the pore structure. A general useful approach when studying complex natural
phenomena that is too difficult, or impossible, to handle analytically, is to construct
a conceptual model that is amenable to mathematical treatment. Various parameters
of the conceptual model can then be related to parameters from the real phenomena.
In the following, published conceptual models that have been used to investigate
the relationship between pore structure and macroscopic properties will be briefly
reviewed.
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2.1.2 Porosity

A simple conceptual model for a porous medium will be a packing of equally sized
spheres (figure 2.1). Grafton and Fraser (1935) made an extensive analysis of pack-
ing of spheres and its relation to porosity and permeability.

FIGURE 2.1 Examples of different packing of equally sized spheres. Left: Cubic
packing, Right: Rhombohedral packing.

If we consider a unit cell of this model (inside the square to the left in figure 2.1),
the pore or void volume can be calculated as the difference between the total vol-
ume of the cube and the volume of the solid spheres. The total porosity ¢, a dimen-
sionless property, is defined as the ratio between the pore volume and the total
volume or the fraction of the total volume that is not solid:

V-V
b Vb

S

< |_0<

[2-1]

S
1

Where V,, Vj, and Vs is the volume of the pore space, bulk or total, and solid,
respectively. In the case of cubic packing, the total porosity is 0.476 while the
rhombohedral packing has a porosity of 0.26. It should be obvious from the discus-
sion above that porosity needs to be calculated on a volume of a certain size since
the porosity at an infinitesimal volume can take the value 0 or 1 depending on the
location.

Another geometrical quantity of the porous media is the specific surface area S.

This is defined as the ratio between the total internal surface area of the pores (Ag)
and the total volume:

s=2° [S] = [m™] [2-2]

10
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A variant of this quantity is the ratio between the specific surface area and the vol-
ume of the solid (Sg)

S AL A S=5.(1 2
S_VS_Vb(l_(P): - s( _(P) ['3]

From such conceptual models it is observed that porosity is independent of the
sphere size but dependent of the grain configuration (packing), while the specific
surface area is dependent of the sphere size and that the latter will increase with
decreasing radius (through the ratio between Ag and V). In natural sandstones

where the solid matrix forms a complex surface, the same equations can be used,
but the volume of the solid or the void space has to be found experimentally. In
addition, not all the pores in a sandstone have to be in connection with each other
and with respect to flow through a porous medium, only the interconnected pores
are of interest. A quantity, termed the effective porosity ¢, can be defined as the

ratio between the interconnected pore volume (V) and the total volume.

\

00 = V5 Voot Vone = Yy (24

where V|, qe is the non-interconnected pore volume.

2.1.3 Permeability

In order to incorporate fluid flowing through the porous media, with the end goal of
determining its permeability, details of the fluid dynamics are needed. In principal,
the Navier-Stokes equation can be written and solved at the microscopic level.
However, because of the complex surface bounding the fluid, the description and
solution at the pore level is impractical and probably impossible. As a result, the
continuum approach has been used where the phenomena is studied at a scale much
larger than the pores. However, in some simple cases, it is possible to solve the
equation exactly. For steady, laminar flow in a cylindrical tube the resulting solu-
tion is the Hagen-Poiseuille equation. In this case the flow rate through the tube,
which is equal to the velocity distribution from the Navier-Stokes equation multi-
plied with the area of the tube, can be expressed as

4
_ TR Ap i
Q= 8L [2-5]
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where R and L is the radius and length of the tube, respectively, and Ap is the pres-
sure drop that occurs over the tube.

The macroscopic description of a fluid flowing through a porous medium was early
experimentally investigated by a Henry Darcy in 1853 (Bear, 1972). Darcy used the
experimental setup in fig 2.2. An incompressible fluid was percolated through the
one dimensional sand filter and in open manometer tubes at the base and top of the
filter, the liquid rose to the heights h; and h,, respectively, above a defined datum
(Z2=0). From this experiment, Darcy concluded that the rate of flow (volume per
unit time) Q is a) proportional to the constant cross-sectional area A b) proportional
to (h,-h;) and c) inversely proportional to the length L. Combined, this gave the
Darcy law or formula:

: m [Q] = [m’/s] [2-6]
Darcy law is valid in the case of incompressible fluid flowing through a homoge-
neous medium at a low speed (i.e. at laminar flow were the viscous forces are pre-
dominant). With other conditions, this relationship is not valid. This one-
dimensional equation has later been extended and generalized to three-dimensional
differential equations (see e.g. Scheidegger, 1974; Sahimi, 1995).

The ratio between the flow rate Q and the cross-sectional area A is called the spe-
cific discharge g. The coefficient of proportionality K, appearing in the Darcy for-
mula is called the hydraulic conductivity. It expresses with which ease the fluid is
transported through the porous matrix and has the dimension m/s. This coefficient
depends on both the matrix and the fluid properties. Nutting (1930), proposed a
relationship that separates the effect of the grain configuration (the matrix) and the
fluid:

K= k& = k& =4 [2-7]

where g is the gravitation constant, v is the kinematic viscosity and v is the specific
weight of the fluid. The parameter “k” is called the specific permeability or intrin-

sic permeability and has the dimension m?. The specific permeability, denoted per-
meabilit