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ABSTRACT

The applications of horizontal and slant wells in the oil industry have increased rapidly for the last
decade after successful improvements in horizontal drilling technology. Compared with
conventional vertical wells, horizontal or slant wells can significantly improve the per-well
productivity because of the longer contact length of the well with the reservoir and a smaller
pressure gradient. Horizontal wells are also more effective in controlling problems such as gas or
water coning and solids production. Horizontal wells have also been found more effective in phase
dispiacement in cold or hot injection assisted production.

Productivity from a horizontal or slant well is a function of many factors such as well length,
orientation and elevation, reservoir thickness, anisotropy, porosity, compressibility, and boundary
conditions, both lateral and vertical. To find the relationship between these factors and the
productivity of a well is an important task in choosing the proper well pattern in reservoir
exploitation. For this purpose, the focus of this thesis is on the analysis of fluid flow to horizontal
and slant wells. A new more general solution is developed in this thesis for evaluating per-well
productivity of a horizontal or slant well. Compared with the solutions available in the literature,
the new solution considers an arbitrarily oriented slant well in a three dimensional anisotropic
reservoir. By using the new solution, the direction along which a well obtains the optimum
production can be determined.

As we know, reservoir parameters are the most important factors in well productivity prediction.
There are several methods (transient solutions) available in the literature for reservoir parameter
estimation. However, the parameters estimated from these solutions can deviate from the real field
parameters because of poor assumptions, particularly in highly anisotropic reservoirs. A new
transient solution is developed considering an arbitrarily oriented well in an anisotropic reservoir,
which is not considered in the solutions available. In the new solution, we have presented detailed
analysis on the two characteristic times, the upper and lower impermeable boundary effect time t,
and the well length effect time t., from a horizontal well. We found these two parameters to be as
important as the others such as permeability and storativity in characterizing a well-reservoir
interaction model.

Wellbore storage and formation alteration are another two important aspects in a horizontal well
test and productivity analysis. A brief analysis of the wellbore storage effect on horizontal well
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test interpretation is discussed. The storage effect on a horizontal well test is similar to that of a
vertical well test, but can mask one or more flow regimes which can destroy possibilities to
estimate the parameters which are characterized only by these regimes, such as the vertical
permeability characterized in the early time flow regime.

Formation alteration effect has often been simulated by a skin term for both vertical and horizontal
well tests. However, the skin term does not always work, particularly when a large size of the
formation is altered (improved or damaged). In order to simulate the alteration effect in such
situations, a new model is developed in this thesis. The new model considers a more realistic
permeability variation model in the altered zone, a continuous variation model. The permeability in
the new model is assumed to satisfy a power relationship with radial distance from the well.
Experiments indicate that this power permeability model can more closely model the field alteration
than the step permeability model widely discussed in the literature. By using the new model, the
alteration characteristics such as alteration degree and alteration size can be evaluated.

Because of the more general and detailed analysis on fluid flow to a horizontal or slant well, we
believe the conclusions derived from this research will be beneficial to the further applications of
horizontal and slant wells in the petroleum and other industries.
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Chapter One
Introduction

1.1 About Horizontal Wells

Vertical wells have been the main tool used for the purpose of natural underground fluid resource
exploration and exploitation [Butler, 1989 et al., 1989; Freeze and Cherry, 1979]. A vertical well,
however, has its disadvantages in terms of well productivity. The productivity of a well is mainly
controlied by two factors, the conducting force, i.e. the pressure gradient, and the resisting torce,
quantified through appropriate use of parameters such as permeability, viscosity, and saturation.
Permeability is a porous medium related lumped parameter expressing the macroscopic effect of
microtexture, assuming a representative elementary volume. The larger the permeability, as in the case
of a gravel or vuggy limestone, the less resistance force the medium can exert to flow, and the more
production can be achieved. The resistant force factors associated with the fluid phase are viscosity
and saturation. Issues such as relative permeability arise when there are more than one fluid phase (oil,
water, gas), and this relative permeability incorporates both porous medium factors and fluid properties
[Dullien, 1979].

To improve well productivity, the basic ideas are to improve the "conducting-factors” and to reduce
the "resisting-factors”. Reduction of resisting factors involves directly increasing the formation
permeability, a highly successful approach to reservoir treatment in the oil industry which includes
methods such as hydraulic fracturing, formation acidizing, sand production and so on. Other methods
of reducing the resisting factors are related to reduction of viscosity by heating, solvent injection
(including soluble gas), or by changing or affecting the surface tension and the fluid samrations.
Methods to increase (or maintain) conducting factors include water flood and gas injection to maintain
pressure gradient. Other aspects relating to conducting factor improvement had not been successtul
until the last decade, when horizontal well drilling techniques were substantially improved. Slant and
horizontal wells can increase well productivity by reducing the conducting distance over which the
formation pressure must act, compared t0 a convergent vertical flow well. The geometrical
configuration of the fluid collector is therefore a basic factor which can change the exploitation strategy
of the pressure drive in a reservoir, and also change the pressure distribution of the reservoir. It can
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also give substantial advantages in implementation of gravity-dominated production processes.

All these factors are closely related in a full-scale field flow system. Under conditions of constant flow
rate, the pressure gradient is the result of the combined effects of permeability, viscosity, well
geometric configuration, and boundary conditions. To maintain a specific production rate in a medium
of lower permeability generally requires a higher pressure gradient. Similarly, in a high permeability
reservoir, a lower gradient can achieve a specific production rate. Changes of well orientation or
boundary conditions, on the other hand, will change the pressure distribution, and affect well flow rate.

Horizontal wells can reduce the resisting force because they can have a length as long as the
underground reservoir extent. Horizontal wells have been intensively adopted by the oil industry in
the last ten years because of advances in horizontal drilling techniques. The potential for horizontal
well application in underground fluid resource exploration and production comes from the natural
geological formations which are usually much longer horizontally than vertically. The conventional
vertical well exploitation scheme seriously iimits the optimum per-well productivities because of the
tremendous hydraulic gradient required around the well in order to move the resource stream from
great distance to the wellbore. A vertical well represents only a point sink in a horizontal reservoir;
this makes it very possible that the productivity potential of the well is impaired if a shale lens or a
low permeability blockage is located near the well. The natural layered characteristics of underground
formations imply that, if a well can be drilled along the horizontal extension of the layer, tremendous
energy can saved in the exploitation process. Horizontal wells, therefore, have become the preferred
choice for this purpose in many regions of the world.

However, because of the lack of advanced horizontal drilling techniques, horizontal wells were not
widely used until the late 1970’s, when horizontal drilling for the first time became feasible both
economically and technically. The current horizontal drilling cost has dropped almost to the same per-
meter level as vertical drilling. The advances in horizontal drilling technology have significantly
increased the possibilities for using horizontal wells in various underground engineering constructions,
as the applications of horizontal wells are not limited to the oil industry. In environmental engineering,
advantages in catching and blocking groundwater contaminants from contaminated aquifers make
horizontal wells much more effective than the conventional vertical wells. It is also obvious that
horizontal wells are usually the best choice in dewatering systems in slope stability improvement and
other similar applications.

Horizontal wells are more and more used in various industries. However, some basic characteristics
of horizontal wells in interacting with layered formations remain unsolved, which limits optimum
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design in real applications. These problems include horizontal well productivity evaluations, formation
parameter estimation from horizontal well tests, horizontal well test interpretation, parameter effects
on productivity, and pressure distribution analysis. This research was intended to address most of these
questions, and results will be outlined in the following Chapters.

1.2 Objectives of The Research

The objective of this research is to explore the advantages that horizontal wells offer in both
engineering and science applications by theoretical analysis. Thus it is hoped to answer some of the
questions arising in use of horizontal wells, including horizontal well productivity analysis, well test
interpretation, wellbore damage effects on production, and pressure distribution analysis. The etfects
of various parameters including formation parameters such as anisotropic permeabilities,
compressibility, porosity, and geometrical parameters such as well length, reservoir thickness, well
elevation and orientation, are important in understanding characteristics of fluid flow behaviour to a
horizontal well. The effect of individual parameters and combinations of these parameters should be
eenerally emphasized, and will be studied herein.

Another major goal of this research program is to analyze and solve fluid tflow problems commonly
encountered in reservoir engineering, ground water exploration and geotechnical engineering. Those
problems include formation alteration effects on production, as well as pressure distributions which
results from hydraulic fracturing, formation acidizing and reservoir sand production.

Fluid flow in post-treated formations can be simulated by assuming non-uniform permeability. More
cenerally, the fluid collector factor, i.e. horizontal wells, can also be simulated by the formution
permeability as "infinite-conductivity”, which might be expressed as follows in a "homogeneous
isotropic” reservoir:

&

Vi, + 8Cr-r')] Vp| = C_WE (1.2.1)
where k, is the homogeneous permeability of the porous medium, &r-r’) is the Delta function which
is infinite for r = r’ and is zero for r # r’, r is the coordinate and r’ is where the fluid collector is
located, p is fluid pressure (hydraulic head), ¢, is formation compressibility, ¢ is formation porosity,
W is fluid viscosity and t stands for time.
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Equation (1.2.1) usually can not be solved analytically for generally non-uniform permeabilitics.
However, the traditional transient flow solution to a bounded vertical well, achieved by assuming a
constant permeability, can not be used for cases when one or more of the above described productivity-
improvement treatment methods are used. Significant "calibration” or "correction factors™ (such as a
skin term) have to be introduced to permit use of these conventional equations in any predictive
capacity, and this means that the physics of the process is being mis-represented or overly simplified.
To give appropriate solutions for these problems, more physical and mathematical analysis is required
and this has become a fundamental objective of this research program.

1.3 Research Approaches

Theoretical analysis bas been the main approach for this research program. Several theoretical
solutions have been obtained related to applications of horizontal wells in engineering. In analyzing
fluid flows in an underground porous medium, Darcy’s law, describing fluid flow in porous media, and
the continuity equation, describing mass conservation, are the basic theoretical foundations. Because
of the different conventions in the expression of the goveming equations in oil and groundwater
industries, they are used alternatively in this research. The main difference between the two
conventions is that the gravity effect is neglected in the oil convention compared to the groundwater
convention. In the oil industry, fluid pressure is widely used instead of hydraulic head, which is the
sum of pressure and gravity effect commonly used in groundwater research. Other differences are in
the use of formation parameters, such as reservoir compressibility and porosity in the oil industry,
whereas specific storage is used in the groundwater area. Strictly, all the derivations in this thesis are
accurate for the groundwater convention; the oil convention is only acceptable when the gravity term
can be safely neglected. The relationships for these different expressions are simple and are listed in
the following sections.

1.3.1 Darcy’s Law

Darcy’s law describes fluid flow in a porous medium. It can be written as the following in terms of
hydraulic head and conductivity:
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g=k%Hy, gOH; 0Hp (13.1)

*ox T v dz

where q is flow rate, K,, K, and K, are the anisotropic hydraulic conductivities and H is hydraulic
head.

The hydraulic head and hydraulic conductivity can be expressed in terms of pressure and permeability
in the following way:

H=2"_ .12 b=k (1.3.2)

where Z is the elevation head.

If we assume that the fluid density is a constant, then by substituting H and k; of (1.3.2) into equation
(1.3.1), the following is obtained:

<y

I}, op. , dp- ap
= ke T+ Ko ]+ k(= (1.33)
N ;(azﬂ)g)]

where p is fluid density, g is the gravitational acceleration constant and k., k, and k, are orthogonal

anisotropic permeabilities of the porous medium.

[f the gravitational term pg can be neglected, then equation (1.3.3) becomes the same form as equation
(1.3.1) in terms of pressure and permeability viscosity ratio instead of hydraulic head and hydraulic
conductivity.

1.3.2 Continuity equation

The continuity equation of fluid flow in a porous medium can be written as:

divipq) = a_(gg (1.3.4)

where ¢ is the porosity of the porous medium, p is fluid density.
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If we substitute the expression of q in equation (1.3.1) into (1.3.4) and assume a slightly compressible
fluid, we obtain the following governing equation in terms of hydraulic head:

2 2 135
k2T, g IH | g _gH 139
ax* oyt . or
where:
S, = pgla+0B) (1.3.6)

is the storage coefficient (specific storage), B is the fluid compressibility and o is formation
compressibility which is defined as.

o= L (1.3.7)

vV dp

14

where V_ is the total volume of the porous medium.

In the oil industry the fluid compressibility is usually neglected, and instead of using formation
compressibility o, formation void compressibility ¢, is used which is defined as:

e - LV (1.3.8)
"V, dp

where V. is the pore volume.

From equation (1.3.7) and (1.3.8) we have:

aV V.
l L= 1 d vo_ Cn Vv =c ¢ (1.3_())
‘/' ap Vr ap V m

r

o=

therefore the governing equation (1.3.5) becomes the following form in terms of pressure:
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(1.3.10)

k.t allz . k“. alp‘ . k: ap - Cm¢ ap
Wox® Wy’ Wz ot

where the fluid is assumed incompressible (§ = 0).

Therefore, the governing equations of the two conventions also have the same form.

1.3.3 Boundary conditions

Two types of boundary conditions are usually used in fluid flow analyses: the first type condition
(known head or pressure) and the second type conditon (known flux). The first type boundary
condition is usually used in specifying a constant head in the wellbore and drainage boundary, which
for a horizontal well can be writien as the foliowing:

HEYD v = He (1.3.11)
P ('t '.‘"3) I wellbare = p w(z)
H (.l'.,_\',.‘.') 'drainage = He ( L.3.1 2)

p ('t'—‘"z) Idminage =P e(Z)

where Pyepipore(Z£) A0 Pyrinage(Z) are the pressure values along the wellbore and drainage boundaries and
are functions of the elevation because of the relationships in equation (1.3.2).

For the drainage boundary, if a constant head is maintained, the maximum and minimum pressures are
at the lower and upper boundaries of the formation i py,g.(lower boundary) = p. + pghv2 and
Paninage(UPPEr boundary) = p, - pgh/2, where p, is the pressure at the middle of the formation. Because
the drainage boundary pressure (far-field pressure) in most oil reservoirs is much larger than the terms
introduced by the gravity factor, it is usually neglected by only using p.. However, if the gravity term
can not be neglected, the hydraulic head is to be used.

For the same reason, the wellbore boundary condition is also usually approximated by the pressure
values along the axis of the well p,. The maximum and minimum pressures are at the bottom and top

sides of the well i.e P, .prc(bottom side) = p, + pgr,. and p.apeUpper side) = p,, - per..

The second boundary condition is usually specified at impermeable boundaries which are usually the
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layers above and below a oil reservoir. The specification of the second boundary condition in terms
of hydraulic head and pressure can be written as follows:

oH o
? boundaries ~
3 (1.3.13)
[a” = -pg
E anes

Because of the gravity term pg. the specifications are different between the 1wo conventions.
However, as discussed above, because it is very small compared to the average pressure gradient, the
gravity effect is usually neglected in the oil industry, which makes the two conventions identical in the
specification.

Obviously, at such boundaries, the hydraulic head instead of pressure should always be used.
However, because of the convention used in oil industry, we will still use the pressure terms tor
problems close to the oil industry in the following chapters, but obviously they can easily be converted
into groundwater conventions.

1.4 Thesis Organization

This thesis is divided into eight chapters. Chapter One introduces the objectives of this research and
the basic equations used in the research. There are two difterent conventions currently used by
engineers. Oil engineers prefer to use the conventions of the pressure equation, and hydrogeologists
prefer to use the hydraulic head equations. Chapter One also introduces the terminologies used for the
later chapters. The relationships between the two conventions are presented, because both conventions
are used alternately in the analysis in the following Chapters. By using these relationships, one
convention can be transferred to another. Chapter Two briefly introduces the development of
horizontal wells worldwide. We also discuss some of the advantages of horizontal wells in oil and
other industrial applications in this Chapter. Chapter Three discusses the productivity of a horizontal
or slant well, and a new solution is derived for this purpose. The new solution considers the effect of
three dimensional anisotropic permeability, as well as the orientation of the well, and is a more general
solution for an arbitrarily oriented slant well. In this Chapter, the traditional productivity ¢valuation
methods, as well as the solutions used in the evaluation, are also discussed and compared with the new
solution. A detailed parametric analysis is presented which gives a clear picture of the productivity
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of a slant or horizontal well under various parametric situations. Chapter Four focuses on a discussion
of well test interpretation. In this Chapter, a new method is introduced for test interpretation based on
a new transient flow solution derived in this Chapter. Compared with the solutions available in the
literature, the new solution is more convenient, general and easy to use. The new solution also
revealed several new characteristics of horizontal well tests which were not reported in the literature.
We will discuss the effect of wellbore storage on test interpretations in Chapter Five. Identification
of the effects of wellbore storage from a type curve and a derivative graph are discussed. In Chapter
Six, the effect of formation alteration on well tests is analyzed. The formation alteration analysis is
based on the assumptions that formation parameters are altered around a vertical well, but can be
extended to horizontal well applications because of the similarity at the early vertical radial flow
period. A brief summary and some general conclusions are presented in Chapter Seven. Further
research and analysis required in horizontal well applications are also summarized. Finally, all the
references can be found in Chapter Eight, where they are listed in alphabetic order.



Chapter Two

Horizontal Well Development And
Applications

2.1 History of Horizontal Well Applications

The introduction and utilization of horizontal wells is one of the most exciting recent technologies
developed in the petroleum and groundwater industries. Horizoatal wells are much more effective in
underground fluid resource exploitation than vertical wells. This is because the underground fluid
reservoirs are natural formations which extend horizontally much longer than vertically. because of the
flow limitations caused by layered barriers in the horizontal direction. The convergent flow geperated
by a vertical well requires a tremendously large potential gradient in order for the fluids to tlow rapidly
into the well. A horizontal well, on the other hand, does not need a huge gradient because of the
longer contact length of the well with the formation. Therefore, horizontal wells have been considered
as the preferred choice in oil production for some time, and are being widely used.

Before several stellar and risky experimental successes carried out by Elf Aquitaine in the Rospo Mare
field offshore [taly in the late 1970’s, horizontal wells were not considered by the industry because of
the lack of drilling techniques and the much higher per-foot drilling cost compared to a vertical well.
The Rospo Mare case showed that there were a number of advantages to be gained on the productivity
and sustainability side from horizontal wells, particularly where the high gradients necessary (o achieve
adequate production rates led o premature water coning or sand production. With the development
of new techniques to control the direction of advance of the drill bit, it has become not only possible
to place a horizontal well where desired, but it can also be done at a per-meter cost that is now at the
same level as a vertical well.

The number of horizontal wells drilled has been increasing steadily for the last ten years. Figure 2.1

shows the number of horizontal wells drilled in Canada starting with the first of the modern horizontal
wells drilled by Esso Resources Canada in its Cold Lake field in 1978. This was drilled to test Esso’s

10
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steam assisted gravity drainage process for the recovery of bitumen. This well has now produced more
than 52,000 m® of oil and its production is continuing. Starting in 1987, the number of horizontal
wells drilled each year in Canada increased rapidly. Many of these were in Saskatchewan, where it
was found that horizontal wells can produce Lloydminster-type , mobile heavy oil more economically
than conventional vertical wells [Butler, 1994].

The largest growth of the use of horizontal wells outside of Canada started in 1989 when horizontal
wells drilled by Oryx Energy Co. achieved very high production rates in the generally uneconomic
Pearsall reservoir in the Austin Chalk. Figure 2.2 shows data of horizontal-well completions in the
United States and Figure 2.3 shows the increase of horizontal well utilization worldwide.

2.2 Productivity Advantages of Horizontal Wells

2.2.1 Productivity of a vertical well

It is widely recognized that for a conventionai vertical well, most of the pressure decline occurs near
the wellbore because of the convergent flow, and all the swreamlines must pass through the limited
wellbore entry area to contribute to production. The requirement for two-dimensional convergent flow
is thought 1o be a drawback for thin, extensive, flat-lying reservoirs because most of the flow in these
cases must come from a considerabie horizontal distance, therefore limiting the production rate capacity
of a vertical well.

For reservoirs with great thickness, a vertical well might be the best choice because in such reservoirs
the drawdown cone wiil be limited in size. Therefore, more wells can be added outside of the
influence radius. The productivity of wells in such reservoirs may be able to reach a high per-well
capacity and a high total productivity.

Vertical well productivity also can become effective in reservoirs where horizontal permeability is
much larger than vertical permeability, for example, if intense horizontal fractures are present, or if
there are many thin horizontal beds. In such sitwations, the horizontal fractures act as horizontal
conduits which help to transport the fluid from the far field to the wellbore.

However, because most reservoirs have a relatively small thickness and can be made more conductive
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vertically because of artificial simulation, e.g., hydraulic fracturing, horizontal wells are suitable in most

cases.

2.2.2 Productivity of horizontal and slant wells

Most moderate thickness horizontal reservoirs with vertical wells can be approximated by two-
dimensional (radially symmetrical) flow to each well, so that once aguin the pressure drop 1s
concentrated in the near wellbore vicinity, particularly so if there is permeability impaininent n the
zone just around the wellbore. The requirement for two-dimensional convergent flow is thought to be
a particular drawback for thin, extensive, flat-lying reservoirs because most of the flow in these cases
must come from a considerable horizontal distance, therefore limiting the production rate capacity of
a vertical well.

Therefore, an efficient way to improve productivity in thin reservoirs is o reduce the average travel
distance of the fluid; use of a horizontal well is an effective way to do this. Economic studies
invariably show that quick profits are more valuable than delayed profits because of the possibility of
re-investment and the meeting of capital equipment costs. Therelore, the issue of production rate over
time is at least as important as the issue of resource recovery (total percent of original oil in place
produced). Both of these issues must be addressed in a general assessment of the economic viability
of vertical versus horizontal drilling.

Slant wells are also important in a general well productivity assessment process. Clearly, it is
impossible to drill precisely horizontal or precisely vertical wells because of drilling deviations (drift)
and measurement errors. The most common case is that wells are somewhat inclined and can be called
slant wells. However, the effect of a few degrees of inclination on production rate is negligible. [t
is important to decide the best choice of well types (horizontal, vertical or slant) and their geometric
lay out before developing a particular reservoir, in view of the economic constraints on the exploitation
strategy for a reservoir. For example, many slant wells are deliberately drilled because it is simply
easier (more economical) than vertical wells. A common example is in heavy oil operations in Alberta
and Saskatchewan reservoirs at depths of 300-700 m, where from 8 to 24 wells may be drilled from
a single pad. In these cases, horizontal well techniques are usually not used, and only the central wells
are approximately vertical. In offshore platform drilling, steeply inclined wells, “long-reach or
extended-reach horizontal wells, vertical access wells with short turning radius sections and several
horizontal drains, and other variations are all used for efficient reservoir access because it is far cheaper
to drill horizontal boreholes than it is to build new platforms.
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{n view of the need for quantitative evaluation, several questions arise: how will a slant well difter
from a horizonal well or a vertical well in terms of sustained production rate and how will the
directional permeabilities with respect to a particular well orientation and inclination affect the
production rate in those cases?

Multi-horizontal or slant well systems are major tools to increase the per well productivity in a field,
as one can exploit the reservoir pressure gradient more effectively and sooner than in the case of a
single horizontal well or a series of vertical wells. One such case was reported by Karakas et al.,
[1991]; however the productivity increase is not linearly proportional to the increase in the number of
wells drilled, therefore a optimization criterion must exist between the productivity increase and the
drilling cost increase. However, this is not the case if horizontal holes can be "self-produced” during
the process of oil production, such as has been suggested as an explanation lor the enhanced
productivity of wells experiencing cold production (vil production with continuvus solids co-
production). It has been suggested that piping channels are propagated as the result of an internal
erosion of sand, and these piping channels serve as (approximately) horizontal coliector tubes, bringing
in oil from distance to the vertical wellbore. If this is indeed the mechanism which dominates cold
production, we need to consider a case of many horizontal wells instead of one. There could
conceivably be so many such horizontal "worm holes” in a case of massive sand production (1000 m”
in three years for example for several cases in Alberta) that it becomes necessary (o consider that the
sanded area permeated by the horizontal drains has a general permeability increase. There is nced tor
solutions which can analyze these cases, permitting at least qualitative assessment ot the ettect ol a
small number of drain holes leading to a vertical well, versus a zone of large permeability chiange.
using either a continuous permeability change function, or a step-permeability model with several
zones.

2.3 Other Advantages of Horizontal Wells

2.3.1 Horizontal wells in water or gas coning reservoirs

Many reservoirs have a gas cap above the il body because of the natural geological history of
petroleum and gas migration. The gas cap sometimes can be the most important factor limiting the
production of oil from the reservoir. This is because when the reservoir pressure decreases the gas in
the gas cap begins to move vertically in the decreased pressure direction, which eventually reaches the
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production well as a gas cone. If a water body exists below the vil reservoir, a sinilar situation also
can happen to produce a water cone. Horizontal wells can have substantial advantages in a gas cap
drive reservoir. The conventional way of reducing the effect of coning is to complete the vertical well
over a limited vertical distance to maximize the standoff from the underlying water or overlying gas
cap, as the case may be. In this circumstance, the contact of the vertical well with the reservoir is
reduced even further than it would be for a full thickness completion. The effect of reservoir thickness
on the relative performance of a horizontal well is much smaller.

Because of its extended contact with the reservoir, a horizontal well usually has less pressure
drawdown for a given production rate than does a vertical well. This reduced drawdown lessens the
tendency for coning of water or gas with the produced oil. Thus, for example, horizontal wells may
be operated at the same rate as a conventional vertical well but with less, and sometimes much less
coning, i.e. with better water-oil ratios or gas-oil ratios or both. In some cases, production without
coning may be economic using horizontal wells, where it would be prohibitively slow with
conventional wells. In situations where the initial rate for production without free gus coning would
be impractical with vertical wells, it may be possible with horizontal wells to achieve economic
production by gravity drainage with only a small rate of gas injection (0 maintain gas cap pressure
through voidage replacement.

Even if operation below the critical rate for coning is impractical because of economics, there can stiil
be large advantages for horizontal wells. This situation is common when viscous, heavy oil deposits
such as those in Saskatchewan, are produced from above a water layer. Here, the high oil viscosity
and the low difference in density between the oil and water makes water coning, or more correctly
fingering, occur even at very low production rates. I[n these cases, the volume of oil that is produced
is approximately proportional to the volume swept by the water fingering. Horizontal wells have
advantages over vertical wells here because the fingers have much larger volume, and the large crest

simply displaces a much large volume of oil.

This application is being developed enthuastically, particularly in Canada. For instance, it has been
reported that in Saskatchewan heavy oil fields, horizontal wells can produce about ten times the volume
of oil than can be produced by conventional wells [Butler, 1994]. In some Saskatchewan reservoirs,
it is economic to produce oil with horizontal wells but not with conventional vertical wells.
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2.3.2 Horizontal wells in fractured reservoirs

Many reservoirs consist of a fine-grained, low-permeability matrix penetrated by approximately parallel
natural vertical fractures. Connection of a production well with these fractures is important if higher
productivity is to be obtained. When the fractures are vertical or nearly vertical, their intersection by
vertical wells is difficult. On the other hand, the length of a horizontal well, particularly if it is drilled
at a right angle to the fracture planes, can provide contact with multiple fractures and greatly improve
productivity. A related field is in karstic reservoirs, which contain interconnecting solution cavities
and passages. Production from such reservoirs is dependent upon intersecting these flow systems. The
chances of doing this are much greater with a longer horizontal well.

In reservoirs where fractures do not occur naturally, it is sometimes possible to create vertical artiticial
fractures. Preferably, these should extend at right angles to the well, although in some cases, tor
example, with horizontal wells drilled like spokes of a wheel from an offshore platform in a uniform
stress field, this may not be practical. Success has been obtained in making muitiple fractures along
the length of a horizontal well so that each fracture contributes to the well's productivity . For
example, a well with five artificial, equally spaced fractures originating (rom it can have an uutial
productivity approximately five times that of a vertical well with a single artificial fracture in the same
reservoir.

2.3.3 Horizontal wells in heavy oil production

Probably the most promising area for using horizontal wells lies in the field of heavy oil recovery,
particularly thermal recovery using steam. There are enormous opportunities here. For example, the
bitumen deposits in Canada, which are impossible to recover economically by conventional vertical
wells, have a volume of oil in place approximately equal to that of all the known conventional crude
oil in the world. One approach used to recover these resources is open pit mining. However, this is
limited to the small fraction of the Athabasca reservoir that is close to the surface and the approach
involves handling vast quantities of material. In situ thermal recovery is more generally applicable,
cheaper and less damaging environmentally. Because the deposits are shallow ( < 700 m), wells are
economical and thermal effectiveness is high.

Thermal recovery normally requires close well spacing. Typical projects have a spacing of 1 to 2
hectares (2.5 to 5 acres) per well and, in many cases, these are later infilled to improve recovery.
Steamflood projects in California with spacing as low as 0.25 ha are being operated. In such
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circumstances, a single horizontal well can replace a row of as many as ten or more conventional
vertical wells. This may become one of the most important applications of horizontal wells. The
successful operation of field pilots in Cold Lake, the Lioydminster area and in Athabasca using
horizontal wells and steam - assisted gravity drainage (SAGD) are discussed by Buter [1994]. A
particularly important feature of the use of horizontal wells for steam recovery is that it is possible to
operate and obtain higher recoveries with little steam production, i.e. with little steam bypassing by
cresting. With horizontal wells, it is possible to produce economically below the critical rate for steam
bypass. With vertical wells, steam-flooding is impractical without the bypass of steam, except on very
close spacing.

2.3.4 Horizontal wells in sand production reservoirs

Solids production is another problem in both conventional and heavy oil reservoirs. Because of the
high viscosity of heavy oil, sand is usually co-produced with production of oil in uncemented
reservoirs. The amount of sand produced from a well also increases with increasing production rate
of oil. Several ways have been employed to lessen sand production; however, it is observed that
decreasing the amount of sand production, for instance by utilizing a gravel filter, will decrease the oil
production at the same time. Sand production has also been a serious problem for the environment
as it is required 1o be disposed of.

Massive sand production is a special case of solid production, which usually is introduced when the
pressure gradient becomes higher than the cohesive force of the solid. This partially explains why the
solids production increases with increasing oil production. Horizontal wells can lessen the amount of
sand production, and at the same time maintain or even increase the oil production. This is because
the pressure gradient around a horizontal well can be much smaller than a conventional vertical well,
therefore decreasing the sand production rate. Also, because of the much longer length of horizontal
wells compared with conventional vertical wells, a higher per well production rate can be maintained.

2.3.5 Horizontal wells in environmental applications

Groundwater resources are often contaminated by use of agricultural chemicals, spills of industrial
chemicals. leakage from waste disposal facilities, or leakage from underground storage tanks.
Contaminants can migrate hundreds of meters per year and reach groundwater discharge zones, water
supply wells, or cross property boundaries, leading to environmental or legal problems.
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Much research has been carried out to develop physical, chemical and biological methods to control
or remediate contaminated groundwater. One of the most common physical remediation methods is
the pump-and-treat (P&T) method. P&T systems have been widely used in groundwater remediation
programs for many years. These systems involve the installation of groundwater extraction wells
within a contaminated zone and removing contaminants with groundwater, followed by above-ground
treatment of the contaminated water. P&T is intended to capture and prevent further expansion of
contaminated plumes. The effectiveness of a P&T system will depend on the size of the capture zone
and the amount of contaminants captured per unit well length. The effectiveness can be influenced by
many factors, such as the well orientation, hydrogeological features, the nature of the contamination
and the pumping well design. Among those, the orientation and elevation of the well relative to the
contaminant plume is probably the most important.

Groundwater contaminants usuaily migrate from the contaminant source as a plume with higher
concentration around the centre of the plume and a gradual decrease outward. Depending on the
hydrogeological features of the aquifer and properties of the contaminants, the plume can be at difterent
elevation and with different sizes at different times. Obviously, it a well can be orented along the
longer axis of the cross section of the plume and placed at the elevation of the plume centre. the
optimum capture zone can be obtained. A horizontal well or a slunt well is the best choice for this

purpose.

2.4 Horizontal Drilling Development

The potential advantage of horizontal wells for draining reservoirs has been recognized for a long time.
As early as the 1930’s, Ranney [1939] indicated that horizontal wells could have particular advantages
if they could be drilled for a long distance in a thin reservoir [Ranney, 1939]. Although he drilied
some wells of this type, the idea did not become popular because of directional controt difficulties and
high cost.

With equipment advances and better drilling approaches, the horizontal well concept was successfully
established in recent years (based on pioneering work by EIf Aquitaine). As an example of the
technical level reached in the 1980’s, a case reported by MacDonaid [1985] was drilled with an open
horizontal length in the reservoir of over 1000 m, with the well bore staying within 2 m of the desired
elevation. Current practice is even better.

Wells having long horizontal sections are now regularly drilled using conventional deviated drilling
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methods; techniques which have contributed to the success of such projects are summarised by Butler
[1989] as follows:

1. The use of downhole mud motors with bent housings is necessary. If a hole is drilled with
such a motor, it tends to deviate in the direction of the bend, and can be steered by orienting
the drill pipe so that the bend from the "tool face” is in the desired direction. Relatively
straight holes can also be drilled by rotating the drill pipe as the hole is drilled. The use of
the bent sub assembly connected to a straight motor has been replaced in most recent practice
by the use of a motor with the bend in the motor housing itself.

(L8]

Heavy drill collars are commonly used in the more vertical part of the well during drilling so
as to exert a large compressive load on the bit. High drill-string weight in horizontal and near-
horizontal sections of the hole is undesirable as it contributes to friction. The obvious use of
light (aluminium) drill pipe has been considered for the near-horizontal portion of the hole, but
is not generally used for reasons of cost, durability and availability.

3. MWD (measurement while drilling) techniques are required to locate the bit position and
advance direction. These involve measurements of the direction of the earth’s gravity and
magnetic fields at the bit location, and non-magnetic metallic drill collars or steering tools are
used.

4. Swivel-drive (top-drive) rigs rather than conventional rotary table rigs are preferred, mainly o
allow mud circulation and drilistring rotation during trips. This tends to prevent sticking and
helps keep drill cuttings suspended rather than letting them settle in the bottom of the
horizontal sections of the hole.

Using these techniques, wells can be deviated with a radius of curvature of about 600 ft. To drill
shallow horizontal holes it may be necessary to employ an inclined drilling rig mast rather than a
conventional vertical one. With some modifications, such as the use of smaller diameter. compressive
service drill pipe and drill motors having two bends rather than one, holes can have a radwus ot
curvature of about 300 to 500 ft, and it is possible to drill several horizontal drains at the base of a
vertical well section.

2.5 Cost of Horizontal and Slant Wells

The costs of earlier horizontal wells were much higher than comparable vertical wells drilled in the
same reservoir. As in any new field of technology, early prototypes may be expected to be much more
costly than later, well-established operations because of additional precautions involved in experimental
projects, rig down time for periodic hole location, and the use of non-optimum equipment and methods.
It has been found by companies drilling horizontal wells that the costs decrease as experience is gained.
It was reported that the costs per foot of hotizontal drilling decreased from US$462 to US$282 as
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compared to US$233 for a conventional well [Butler, 1994]. This shows that with the acquisition of
corporate knowledge, unit length costs of long horizontal wells can be expected to be much less than
double the costs of a vertical well, and in some cases it can almost approach equality [Butler, 1989].
There are additional costs associated with geophysical logging and completing horizontal wells which
are not fully accounted for in this analysis, but the per foot cost ratios are probably similar. Workover
costs of horizontal wells are in general much more expensive than for vertical wells. Figure 2.4 shows
the decreases of cost in drilling a horizontal well with time. Given that the reservoir intersection length
of a horizontal well can be anywhere from several times to more than 20 times that of a vertical well,
and that production capacity will rise as some function of the intersection length, the economics of
horizontal wells are quite appealing, provided that the reservoir properties are appropriate. Clearly, to
assess the economics of horizontal wells properly, methods of estimating the potential productive
capacity of such wells are necessary.

The costs of slant wells are intermediate between those of horizontal and vertical wells. For heavy oil
development, it is common for 8-24 wells to be drilled from a single pad, saving on rig moving costs
and on the cost of surface production facilities. Typically, reservoir intersection angles will be trom
30° to 70° from vertical, so that the intersection length may be as much as three times the reservoir
thickness. As stated above, to optimise the investment rationally, the best possible predictive
approaches for reservoir productivity should be used. These predictions even include the possibility
of orienting horizontal sections in particular directions to take advantage of natural permeubility
anisotropy.
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Chapter Three
Productivity of A Horizontal Well

3. 1 Horizontal well productivity

One of the main purposes of horizontal and slant wells is to achieve higher per well fluid production
from oil, gas, and water reservoirs, as discussed in Chapter Two. This is particularly the case in off-
shore development where highly inclined and horizontal wells are necessary for economical field
development. Other advantages include reduced tendencies for premature water coning and solid
production. The advantages and production improvements offered by horizontal wells have been
discussed by various authors [Butler, 1989; Cinco et al., 1975; Joshi, 1988, 1987; Lee and Milliken,
1993]. For the same well length, the production improvement by a horizontal well is usually less than
10% compared with a vertical well, if the medium has isotropic permeability. This indicates that, in
addition to the longer well intersection length with reservoir, the anisotropic permeability is another
important factor in slant well analysis. This includes not only the permeability magnitude, but also its
principal directions relative to the well orientation.

Borisov reported a mathematical solution to predict steady-state horizontal well production with no
mention of anisotropic permeability [Borisov, 1984]. One augmentation solution for steady-staie tflow
to a horizontal well which mentioned the anisotropic permeability effect was derived by Joshi [1988]
where he considered only the transverse isotropic case, i.e., the horizontal permeabilitly differs from
the vertical, but with k, = k, = k,. The anisotropic permeability was incorporated by substituting
isotropic permeability with the square root of the product of the vertical and horizontal permeability,
which is a commonly employed transformation.

Lee [1989] reported some results of the effects of anisotropic permeability on slant well production,
but his results were based on numerical simulation.

A new analytical solution for fluid flow to a slant well in a medium with permeability anisotropy is
derived in this thesis. Three dimensional anisotropy is considered in this new solution, and the effect
of this anisotropy on fluid production is discussed.

22
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3.2 Productivity Evaluation Scheme

3.2.1 Vertical well productivity evaluation

The evaluation of well productivity is one of the most important tasks in the exploration for
underground resources. The productivity capacity of a well directly affects well pattern design. Well
productivity is a function of not only the well geometry but most importantly is also a reflection of the
reservoir characteristics.

Conventional vertical well productivity is evaluated by assuming radial flow and constant pressure
boundary conditions both at the wellbore and at the drainage radius. The productivity of a vertical well
under this condition is in the form of a very simple solution. Therefore, the conventional solution only
reflects the capacity of a well as well as the transmissivity of the reservoir. The various boundary
conditions are not considered in it. However, for simple boundary conditivns such as no tlow or linear
constant flow boundaries, the solution can be modified by superposition of the boundary effects.
However, the constant boundary conditions are not always satisfied, particularly in pressurized
(confined) reservoirs. The real pressure in such reservoirs decreases and the influence radius moves
outward with time during production. The distance from the well where the pressure is just beginning
to decrease at a given time is referred to as the influence radius of the wellbore at that time.
However, pseudo steady-state solutions which satisfy the constant boundary conditions can be
developed around the well after a period of production.

Other conventional vertical well productivity solutions and modifications developed over the years were
mostly based on the modelling of natural physical flow cases by considering various more complicated
boundary conditions, such as the aquitard models, free phreatic surfaces (water-table) models, or multi-
layered reservoir models.

3.2.2 Horizontal well productivity evaluation

It is widely recognized that a horizontal well can yield more fluid than a conventional vertical well,
in particular if the reservoir is thin and extensive. Some of the advantages and production
improvements offered by horizontal wells have been discussed in the previous chapter, and several
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approximate solutions for horizontal well productivity have been derived [ Borosov, 1984; Joshi, 1988,
1987]. For inclined (slant) wells, however, there seems to be no systematic analysis yet available except
for the numerical analysis reported by Lee [1989].

To best utilize the advantages provided by a horizontal well, the effect of various parameters such as
the true three-dimensional anisotropic permeability need to be evaluated.

Several productivity evaluation methods have been reported in the literature. Borisov [1984] reported
the following steady-state solution for predicting fluid flow 10 a horizontal well:
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where h is the reservoir thickness, L is the horizontal well length, r, is the drainage radius of the
reservoir, r,, is the well bore radius, Ap is the pressure difference between the well-bore and the
drainage boundary, k is the homogeneous isotropic permeability of the reservoir, and | is the tluid
viscosity.

Borisov's solution has a very simple form and is convenient in use, however, the solution is limited
in general analysis because of the isotropic assumption.

Another commonly used solution for horizontal well production is the augmentation solution derived
by Joshi [1988] in the following form:
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where B, is formation factor, B = /";.”‘ , and a is the maximum axis length of the drainage ¢llipse

of the well and has the following relationship with the drainage radius r,:
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with other parameters the same as in Borisov’s solution.

Joshi derived this solution by separating the three-dimensional problem into two two-dimensional ones,
relating to vertical and horizontal cross-sections. The solutions are combined using an electrical analog

concept.

Joshi modified his isotropic solution to account for horizontal well eccentricity by using Muskat's
method, initially developed for a vertical well located eccentric to a circular drainage boundary
[Muskat, 1937]. Finally, he arrived at the following result for the isotropic case:
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where the term & is the distance of the horizontal well from the midheight of the reservoir.

Joshi also compared horizontal and slant well productivities using some results provided by Cinco et
al., [1975] and Van Der Vlis et al., [1979] and presented some information on slant well productivity
for wells inclined in the range of zero to 75° from vertical.

However, Joshi has over-simplified the effect of anisotropic permeability in his solution (3.2.2), and
his solution has also some difficulty in analyzing both the eccentricity and the inclination effects
because of the singularity at 8 = h/2, where one cannot recover the original solution (3.2.2).

Lee [1989] provided a semi-numerical simulation of a slant well in a thin reservoir, obtained using by
analytically integrating around the boundaries and using numerical boundary integral methods in the
calculation. Because of the introduction of a numerical technique, the solution lost its analytical
characteristics, and it becomes inconvenient to use by engineers.

In this chapter we will present a new analytical solution which predict$ slant and horizontal well
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production in an 3-D anisotropic reservoir, and will show that the cases of vertical and horizontal wells
are the two limits for this new solution. A series of parametric analyses and comparisons of horizontal,
slant and vertical wells is also presented. To conclude, we will discuss the results and address the
anisotropic permeability effect implied by the new solution.

3.3 Flow Rate Changes Under Coordinate Transformations

Anisotropic permeability can usually be transformed to an equivalent isotropic permeability by
coordinate transformation in solving the governing equations. The primary variable, such as the tluid
pressure in the flow equation, will be an invariant with the transformation; however, other variables
such as the flow rate are not necessarily the same. This is particularly so when the transformation is
not conformal, so care must be taken in the transformation.

Assume a cartesian coordinate system is chosen with its axes being parallel to the principal anisotropic
permeability directions. Then, the steady-state flow equation under such a coordinate system cun be
written as (equation 1.3.10):

i[_k:il + _a_[f-‘_ﬂl + i[ﬁ.ai =0 3.3.1)
gx y dx dv W dy z U9z

where k;, k, and K, are the principal permeabilities and p is fluid pressure.

Suppose a new cartesian coordinate system (u,v,w) is related to the old system (x,y.z) by the following
relationship:

u=1x v=1Ily w=1Iz (3.3.2)

x y

and assuming the reservoir is homogeneous in permeability and viscosity, then equation (3.3.1) can be
written in the following form under the new system:

e 192, F L, Fl_, (3.33)
flowr v ow?

which becomes the three-dimensional Laplace equation with an equivalent isotropic permeability k,,
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which appears as an arbitrary constant ouly if the transformation factors satisfy the relationships:

EE

3.34)

It is obvious that the pressure p is indeed an invariant under this transformation if the relationships of

the two coordinate systems expressed in equation (3.3.2) are applied.

For the flow rate we can do the following analysis. Suppose the flow through a arbitrary surtace S is
Q in the (x,y,z) system and is Q" in the (u,v,w) system; then we have Q = Qi + Qj + Q.. Q" = Qi

+ Qj + QK and:

Q=__jk D gy ae Q-_fk_zbd- Qﬁ-&fﬁ%’:ﬂ:"-""-"

where:

ap dvdw _ 1 k. ap
= _|k tl dz = |kl __ = __ | ——__Zdvdw
Q. j : f “fdu LI uJ; LI1 du ven

and similarly we obtain:

- dudw Q. = L[ 2 %P gua
2, ufsluav"“ Q. WSTILow

3.3.6)

3.3.7)

3.3.8)

This equation indicates that if the coordinate transformation factors expressed in equation (3.3.2) are
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used, then the flow rate calculated from the (u,v,w) system is not the true flow rate, but needs to be
multiplied by the reciprocal product of the transformation factors.

For the two-dimensional vertical well flow case we have:

0 = Q' _ k 2mhAp _ k.k, 2mhAp

LI [ r r
Y =Y un(=L) uln( L)
r r

w W

3.39)

which shows that the isotropic equivalent permeability can be represented by the square root of the
product of the two principal permeabilities.

3.4 Mathematical Model of Flow to a Slant Well

3.4.1 Problem formulation

To obtain a solution for a slant well in an anisotropic reservoir, we will utilize the transformation
techniques outlined in section 3.3. Upper and lower boundaries will be simulated using the image
principle, and the results will be simplified using a Laplace transformation result.

To derive a productivity evaluation solution for a slant or horizontal well, we ailso assume that the
simple constant pressure boundary conditions are satisfied. The problem here is described as follows:
the reservoir has a constant thickness h, the horizontal dimension is much larger than the vertical
thickness, such that the horizontal boundary drainage condition can be assumed to be constant pressure,
very far away with respect to the well intersection length. The upper and lower reservoir boundaries
are parallel no-flow planes, corresponding to relatively impermeable strata. The well has a length L,
is inclined with an angle @ to the vertical upward direction (z axis in Figure 3.1), and one end of the
well is located in the reservoir at a distance b from the lower boundary, which is defined as z = 0, and
the well is orientated with an angle of o to the x axis. The anisotropic permeability values in the
principal directions, corresponding to the cartesian axes, are k;, k,, and k,. The governing equation for
the steady-state and incompressible fluid flow satisfies the Laplace equation (1.3.10):
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2 2 2 G40
kxap +kvalf +k_a{’ =0
ax’ ay* B
and the boundary conditions for the problem can be described as:
p (-l',}',z) | X: - r’ = ,.'x = p e ( 3.4.2)
d d
Fheo=0. Flu=0

the wellbore condition should be a constant pressure around the wellbore, which if written in
mathematical terms, satisfies the following:

(343
P(x,,\',z)l TatF ey = VP s (2 <P = r: = P,‘.
x-t/icos(@) « (¥ — ¥sina@) « (2 - PrmanfP) = 0

where x’, y’ and z’ are the coordinates of a point at the well axis where a sink is located, r, is the
drainage radius, r, is the well radius, p is fluid pressure, and p, and p,. are the pressures at r, and r,
respectively. We assume that the amount of fluid that flows into a well through the two ends of the
well is negligible; that is, we assume that L >> r,.

As noted in Chapter One, the above boundary conditions are only approximations in terms of pressure;
the exact conditions should consider the gravity effect which give the same form as above if hydraulic

head. is used.

[f ! is defined as a distance along the well, then x°, ¥y’ and z' can be written as:

x/ = lcos(a)sin(B) ,

v = Isin(o)sin(B) , 2/ = b + lcos(B) 3.44)

To simplify equation (3.4.1) the following coordinate transformation is applied:
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=1 =1[z

u=1Ix, Y., w
345
k k k, ( )
Ix = _‘ [' _: . [: = —
£ k, k.
where k; is the three dimensional equivalent isotropic permeability. If we let LLI, = 1, which makes
the productivity calculated from both systems identical, then we obtain the equivalent permeability k.’

= kKK,

v=1l

The governing equation (3.4.1) under this transformation becomes:

a:¢ . FE'S . 3:4) -0 (3.4.6)
ou’ av* aw*

and the boundary conditions (3.4.2) become:

Qv up vy, =0,

T T (3.4.7)
.a_¢.| = _a_@_ =0
a“: w=4 ’aur wah
the wellbore condition (3.4.3) becomes:
¢ v Sl ey T O (3.4.8)
tu-u’icoste ) v -y sin(a,) . o =whcrant ) =0
I [ r
where
o = AT Apk, (3.4.9)
m

is the pressure potential, u is fluid viscosity, o, and B, are the transformed angles, h, is the
transformed reservoir thickness under the (u,v,w) system and Ap = p, - p is the pressure drawdown
between the drainage boundary pressure and the wellbore pressure.
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Because the components in the x, y and z direction must satisfy the relationships of xI, = u, yl, = v

and zI, = w, if we take the point on the well axis of distance / from the origin as the study point, then
the relation between the two systems can be obtained:

[cos(oysin(B) [, = I cos(ar,)sin(B )

lsin(a)sin(B)ly = [ sin(a )sin(B ) (3.4.10)

fcos(B)L. = I ,cos(B,)
where [, is the distance corresponding to / in the (u, v, w) system.

From the relationships in (3.4.10) we obtain:

tan(oe ) = I-‘mn(a) tan ) = —_sin(a)l_‘[
T ' = sin(oc, ).

an(B) (3.4.11)

[t is casy to find the following relationships from equations (3.4.10) and (3.4.11):

sin(oe,) = I_‘,sm(a)

]

I cos(or)
., cos(o, )

1 II

I si 5 34.12
sinB,) = ‘“;KB) , cos(B,) = 221:(_'.3_). ( )

L=, L,=LL, h,=Ih b, =1Ib

and

I, = [Esin(o) + [}cos(oy) =
A (3.4.13)

Ledl

-

I, = |ISin'(B) + Lcos'(B) =

N"B

where k, is the horizontal permeability in the direction of the well projection, Ky is the directional
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permeability in the direction of the well and they have the following forms:

1 _ cosi(e) | sin¥(on) 1 _ cos’(B) , sin’(B) (3.4.14)
% k, & K ky

3.4.2 Solution of the problem

The problem described by equation (3.4.6) for a reservoir with infinite thickness and a sink point
located at (u’, v° w") can be described by the Green's function [Muskat 1937]:

((BY]]
do = 7)1, (3.4.15)

\/Elvl —WY v - )Y o w - w)

where u’, v’ and w’ are the sink locations, ¢'(/,) is the sink strength in the (u, v, w) system and 1s
Q/L,, if the total flow rate from the well is Q, dl, is the differential well segment which produces a
potential fraction d¢ at the point (u,v,w). This is the basic solution for our problem.

The two impermeable boundaries can be simulated by applying the image principle. Figure 3.2 shows
the image principle for the case of a horizontal well. The same approach can be used to solve for the
slant well.

By applying the superposition results presented in Figure 3.2, the effect of the two no-flow boundaries
can be simulated by the following infinite series:

b _ ¥ l {
q'(l,)dl B E.. 1s — v == - (3.4.16)
m n n= JI:S' + (W + Zl!mﬂ + W )' J[:s- + (W + thll - )

where s* = [(u-u’)? + (v-v')*}/I,%.

A closed form expression of this series is not available. There have been several methods used to
obtain an approximation of this series. Muskat {1937] used two series to approximate a vertical well
not totally penetrating the reservoir, which is only a special case of the problem here. One series arises
when u + v is very small, and the other when it is very large. This is possible because for a vertical
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well u + v can be taken as very small when the well bore boundary is considered, and u + v can be
taken as very large when the drainage boimdnry is considered. However this method becomes invalid
here because u + v for a horizontal well can never be considered a small quantity, either for the well
bore dimension or for those of the drainage boundary. Haitjema [1985] used anuther methud w
approximate the above series in which he only considered the first several terms, employing a "strip”
to simulate the effects of the rest of the terms. This approach works because the effects of the terms
decrease as n becomes larger; however, many terms still need to be considered it such accuracy is to
be achieved, particularly for the thin reservoirs common in stratified formations. This makes the
application of Haitjema’s solution inconvenient.

The following alternative method transforms the infinite series into an integral form by applying the
results of Laplace transformation. In fact equation (3.4.16) can be written as the following integral:

—dQ = ! | fv e 20w en] 1w« 2h_n-w'| . (3.4.17)
qdl_ z_: fe JIst)dr + fe J(Ist)dt]

[}

[t is obvious that for the problem depicted above, we always have positive values of w. w’ and h, and
also (w + w") < 2h,, for all possible values of (u, v, w) in the reservoir. This fact guarantees that the
following relationships is satisfied:

>

Ee-r[w o 2hon e W} = Ee-ﬂw « 2in e w!| - Ee-r[nv -2 e w|
[} 1

—ae

(3.4.18)
- e~ - w')[e-yi..f]" + e - w’)[e-ﬂl.f]"
> >
Now, the above series can be written as the following:

— ) . 2y ot

ze-ﬂw «hnew |= [ e ]e"“" . W) + [ e - 1]3"“ . w')

- e'.’h.r -1 e‘.’h_: -1
3.4.19)

- e""[COSh[l(W + “"I)] + et - W)
Sinhin_ 1]
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and for the same reason, the second series can be writien as:

=

Z e-l Iw o 21 - w'| - e—h"COSh[l(W - ‘V’)l . e_"“. - wh (3‘4.20)
3 SIn[_ 1]

and therefore equation (3.4.17) becomes:

__‘L = fe‘“"[e"“' + e™J(Isndt
(l’(lm)dlm 0 (34 ,l)
= —hﬂl 3 » - »

. ZJ'e cosh{t(ufu’)]cosh[t(w—n’)] I(Ls0d1
2 sinh(/1,.0) )

which leads to the following form:
™| cosh - I )] cosh(tw’
do  _ ZJ‘ (((w . B (ew’) (st (3.4.22)
q't)dl, 4 sinh(/1, 1) :

From equations (3.4.4) and (3.4.12) we know that u’, v’ and w’ satisty the following relationships:

w =1 cos(o)sin(B,) v/ =1 sin(ee)sin(B,) w' =0b_ + [ _cosB,) (3.4.23)

and therefore s can be written as:

II\J Lsin®) | usinG,) - voos@,) (3.4.24)

T 1, I

<

3

where parameter A’ is defined as:

A ucos(a, ) I+ vsin(at,) (3.4.25)
!
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If we substitute x, y, z and [ back to solution (3.4.22) we obtain:

y z- 1z
1 d¢ _ 2J‘ COSh[I:I( h)lCOSh( .f ) O(I_S[)d[ (3.4.26)
TIT. qoal ) SR :

where q(1,) dl, = q(1) dl and q(1) is the flow rate per unit well length in the (x, y, z) system, and s of
equation (3.4.24) in terms of x, y and z becomes :

I
5= T‘v/[sin(ﬁ ¥ -ATF+C (3.427)
where parameter A’ and C become :

b

5 1 - I [ = .
Al = ..li[xl;cos(a) + yI sin(o)] C = ut) [xsin(o) ~ vcos(a)]” (3.4.28)
1 1
If we define & = Lt then solution (3.4.26) becomes:
1 do 5 [cosh(E (z - m)coshEz) ], . (3.4.29)
—— = 2 d oo
17 qhdl ! [ SIOh(iE) {528

The flow rate distribution q(i) along the well bore can have several forms depending on the
assumptions. The assumption that q is a constant implies uniform flow. This assumption, however,
cannot generate a uniform pressure along the well. To meet this condition, i.e. for an uniform pressure
assumption, other distributions have to be used, such as a parabolic or a discrete function [Muskat.
1937, Haitjema, 1985]. Theoretically, q in equation (3.4.29) can be specified by any rational tunction
without too much difficulty; however, here we will maintain the uniform flow assumption to permit
comparison with published solutions. The fluid production will be approximately the same as that
calculated by a uniform pressure assumption if the well bore pressure is taken as the pressure that
exists three-quarters way along the well [Muskat, 1937] and, as explained later in this paper, by using
this assumption we can obtain good agreement with conventional vertical well production rates by
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letting B — 0°. Also, when B = 90°, it gives good agreement with Borisov's and Joshi’s solutions for
the isotropic case.

The solution for a slant well with length L and a uniform production rate q along the well can be

obtained by integrating equation (3.4.29) with respect to the sink length dl from O to L which gives
the following form:

o = LIqy (3.9.30)

where \ is the integral term, and if use 2z’ as defined in (3.4.4), it becomes:

=L
-2 cosh{E(z - M)]cosh[EWD + kos(BN] |, , . dld (3.4.31)
¥ ﬂ [ SIR(IE) As3)didh

To determine the production rate q, the drainage and wellbore boundary conditions of (3.4.2) and
(3.4.3) need to be used. When x° + y* becomes very large, the integral y tends to zero, and theretore
6. is the pressure potential at the drainage boundary, and ¢, is the pressure potential at the wellbore.
Therefore we obtain the following:

.= L1gw, . 0. = LLqw, 3.432)
where y, and , are the theoretical integral value obtained by equation (3.4.31).

Because usually r, >> L, we can neglect the effect of the well length and reservoir thickness effect in
approximating the drainage boundary, and take a representative point of r, distance away in the well
direction, which can be written as (rcos(ot), rsin(or), h/2). If we substitute this point into the
parameters A’, C and s in equation (3.4.28) and (3.4.27), we have:

k
Al = I_' =r,, C=0, s =B Usin@) -1 (3.4.33)
1
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and, by substituting A", C and s, into equation (3.4.31), we obtain the drainage boundary integral value:

-L
v, = 2ff cosh(E® + :‘g’s(ﬁ))f I Es)dEdl (3.4.34)
2% 25inh(_li..

where B, = kJ/K,,

The well bore boundary has to be determined from the following equation:

(I—_l"): + 0._},1): + (:_:I)Z = ri (3.4.35)
x-x)cos(a) + (v-V)sin(or) + (z-Nctan(B) = 0

The wellbore boundary condition also can be represented by choosing a representative point at the
elevation of well axis and distance 8L along the well, with § being the position parameter, which may
take a value between 0.75 and 0.866 [Muskat, 1937, Goode et al., 1987].

This representative point (X, Y.. Z.) therefore can be written as:
x, = dLsin(B)cos(ox) + r,sin(or) ,

v

- w

dLsin(B)sin(at) - rcos(ar) , (3.4.36)

>
“w

b + dLcos(B)

[f we substitute this point into the parameters A’ and C defined in 3.4.28, we obtain:

2
_ U rn (3437

rsinQol; - 1)
21

Al = dLsin(B) + = §Lsin(B) C

1

and the parameter s at the wellbore becomes:
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3.4.38
. = B;[sinkﬁ)(l - 8Ly + (.Bri)z (3438
h

where B, = kJ/k, = ,kxkv / k. and 1, is the permeability weighted wellbore radius [ Goode et al.,
1987].

Therefore the integral term y of (3.4.31) at the wellbore becomes:

v, =2

-j‘ [cosh[ﬁ(b + Icos(B) - hyJcosh(E(b + Icos(B))) ]-’o(s\,";) dIdE (3.4.39)
24 sinh(ii&)

Obviously, the well production q can be obtained by applying ., of (3.4.34) and y_ of(3.4.39} in
solution 3.4.32), which leads to the following:

1 0, -0,  4nyfkk, Ap

=

) LI (y,~-y,) ry,~y,) (3.4.40)
4 1/lc/c L
0= Lg = TyRE LA
Hiy, - v,)

Thus by using solution (3.4.40), the well productivity Q can be determined.

For a horizontal well § = 90°, then the drainage boundary integral term y, becomes:

YA
v, =2 f f:isﬁ[i("_)lfo(gsgdg dl (3.4.41)

00 2sinh(_;§_)

and . becomes:
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-l
= 2 ([ |coshl&b ~ Micosh(Bb ) |, < &)1y (3.4.42)
hy Jof [ SIh(iE) As Byt

where parameter s, and s, becomes:

-

s,=yB.U-1). s, B:[(I-SL)=+_IZ_‘E:1

h

(3.4.43)

]

If we further assume that the well is located at the middle of the reservoir, i.e. b = h/2 then y, and vy,
under this condition become:

=L -L
v, = [[1Es)comEnad v, = ([ 16,8)conEourdt (3.4.44)
Q0 d

Vo

if we define l, = ”B: L, = LB, ;then y,_ and y,, of (3.4.44) become:

”L'

J(&s )coth(E b)dE dl, v, = L f f Jy&s, ) conEb)dl, dE (3.4.45)

&
TR s

then the production rate (3.4.40) becomes:

4t Lafk k
0- o, 4P

(3.4.46)

]}J‘)@ s,)coth(Eb)d!,dE - jj'._] (Es, Jeoth(E b)di dE
00 2% ]

where
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(3.4.47)

=)
e

1,

s,=0, -yB.r,., s,= [ -38L) +

e ] z w

'm'
9

h

Equation (3.4.46) implies that the anisotropic permeability effect on horizontal well productivity can
be considered using the following modified well length, well radius and permeability as the isotropic
parameters and used in isotropic solutions such as Borisov’s or Joshi’s solution.

' k. ’ kk. ‘ k. (3.4.48
LI=L'Z’ rnlzrb a' rzlzre-k: )

3.4.3 Verification of the solution

To validate the solution developed in this chapter, we compared the two extreme cases of the new
solution with the ones available in the literature. Figure 3.3 shows the horizontal well production
curves of the new solution compared with Borisov’s and Joshi’s solutions under isotropic permeability
conditions. Figure 3.4 compares the new solution of f = 0° (vertical well) with the conventional
vertical solution. In all these figures, the vertical axes (y axis) are the relative production Q, which
is defined as Q = Quwrap with Q being the real production, g the fluid viscosity, and ap the pressure
difference between the well bore and drainage boundaries, maintained constant. From Figure 3.3 we
find that the new solution agrees very well with Borisov’s solution except for a small difference (< 5%)
when the well length becomes less than the reservoir thickness. However, a consistent difference
between Joshi’s solution is present, but still within the range of a good engineering approximation.
Joshi developed his solution by superposition of the vertical and horizontal flow, which might cause
this difference.

From Figure 3.4 we also found that the new solution agrees with the conventional vertical well solution
very well when f§ = 0 is used. This confirms the validity of our new solution because it replicates the
well formulated and accepted conventional vertical solution.
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3.5 Productivity of a slant well

Production rates in the following analysis are obtained by applying solution (3.4.40) with y, and y,
defined in (3.4.33) and (3.4.39), and are also expressed in the form of relative production Q, =
Qu/raP. To show the productivity of a slant well, the relative production Qq is plotted versus the
inclination angle f when various other parameters are varied. The two geomeltric parameters r, and
I, have been fixed in all the analyses and take the value of r, = 1000 m, which is four to five times
larger than the longest well length used in the analyses, and r, = 0.2 m, which is 20 times less than
the shortest well we have used in the analysis. Also if k, is the flow permeability in the direction o,
then the gradient permeability (usually used in flow analysis) can be written k., 7k, Therefore, if k,
is fixed, then increase k, is equivalent to increase the gradient permeability in the direction
perpendicular to the well. Therefore, in the following discussions we use k, whenever the gradient
permeability perpendicular to the o direction is considered.

3.5.1 The effect of well inclination

A large inclination toward the vertical direction (small value of B) is only possible in thick reservoirs
because thin reservoirs significantly limit the possible length of a slant well. Horizontal or slightly
inclined wells (B > 85°) are most likely to be used in thin reservoirs. Therefore, we will only discuss
thick reservoirs where the well length can be approximately the same or less than the reservoir
thickness. Figure 3.5 shows a case of an isotropic reservoir with thickness of h = SO0m. To compare
the production changes relative to the vertical well of the same length, the vertical axis in the figure
is expressed as the production ratio between the slant well and the vertical well (Q/Q,). It becomes
obvious that the production rate increases as the slant well becomes more horizontal, and also the
increase caused by inclination changes is larger for longer wells than short ones. However, generally
the production increase caused by the inclination change is insignificant (less than 8% from the figure).
We also note that the amount of production increase mostly happens when the slant angle is at 20° <
B < 80°. The production of a slant well with f§ > 80° is almost the same as a horizontal well, and
for B < 20° it is almost the same as for a vertical well. This agrees with the numerical simulation
results presented by Lee [1989].

In reality, horizontal and slant wells have longer intersection lengths in all practical cases, and therefore
have much higher sustainable production rates. This tells us that, for constant pressure boundary
conditions, the increased production of a horizontal well comes mostly from the longer contact length
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of the well with the reservoir, with only a small part from the inclination effect.

We may conclude that the horizontal well always has larger production compared with the vertical well
in an isotropic reservoir. The production advantages most come from the longer contact length of the
well with reservoir. but also from the inclination effect.

3.5.2 The effect of vertical permeability

The anisotropic permeability effect also plays an important part in the productivity evaluation. The
effect of vertical permeability is studied by fixing the horizontal and varying the vertical permeability.
The slant well production in such a situation is shown in Figure 3.6, where k, = k, = K, = 1 is used,
and different curves in the figure represent different values of the kJ/k, (k/k,) ratio.

The vertical permeability effect is best demonstrated in Figure 3.6 where even though the isotropic
production (k, /k; = 1) increases with increasing slant angle (become more horizontal), as discussed
above, the production for k/k, = 0.5 increases with 3 only when f < 20°. In other cases, however,
the production decreases with [, except when f§ becomes very large. As is expected, the production
for a vertical well (B = 0°) becomes identical and is independent of the vertical permeability values.

To more clearly observe the anisotropic permeability eftect by eliminating the inclination etfects. we
also plotted Q/Q, versus f3 in Figure 3.7, where Q/Q, stands for the ratio of anisotropic permeability
production Q to the isotropic production Q,. It is found that by decreasing the vertical permeability by
half, the horizontal well production decreases by about 8%; decreasing it by five times results in a
production decrease of about 21%. Also we found that the vertical permeability effects decrease if a
slant well becomes more vertical (Figure 3.7).

3.5.3 The effect of horizontal permeability

Figure 3.8 shows the well production changes while the permeability in the direction perpendicular to
the well is varied while maintaining k, and k,, as unit values. From Figure 3.8 we find that k, hus
approximately the same effect on all differently inclined wells. The production increases about 1.4
times if the magnitude of k, is doubled, and is about 2.2 to 2.4 times if we increase k, by live times.
This indicates that the effect of a permeability change perpendicular to the well is approximately the
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same for ail well inclinations.

Figure 3.9 shows the results when the k, and k, are fixed, i.e. k, = k, = 1, and the permeability in the
o (well projection) direction k, is increased. Compared with Figure 3.8, the production increase in
these cases is approximately the same only for vertical wells. For slant wells, the production increase
caused by an increase in k, is less than when Kk, is increased. The production increase for the
horizontal well is the least and shows a 14% to 30% difference, depending on the amount of
permeability increase, compared with the results in Figure 3.8. This indicates that a larger a-direction
permeability increases vertical well production more effectively than horizontal well production.

3.6 Productivity of a horizontal well

3.6.1 Reservoir thickness and well length effect

The well length and reservoir thickness have significant effects on horizontal well production because
most of the horizontal well advantages come from the longer contact length of the well with the
reservoir, as discussed above. Figures 3.10 and 3.11 show the production changes versus reservoir
thickness and well length. From Figure 3.10, we find that the production rate increases with increasing
thickness. However, the increase is not a linear function with h. The production increases rapidly with
h only for thin reservoirs. When h becomes very large, a quasi-steady state can be reached and under
this state, the production rate predicted is no longer affected significantly by reservoir thickness. Long
wells require a greater thickness value for reaching this quasi-steady state than short wells (Figure
3.11). This indicates, logically, that for exceptionally thick reservoirs, the optimum extraction method
may require several horizontal wells located at different pre-designed heights in the reservoir. Provided
that the drive mechanism is pressure-field dominated, this should increase both production efticiency
and total resource access.

Well production increases with well length, but again the relationship is not linear, as in the cuse of
a vertical well. The increase of production with well length is greater when the well is short. and
lesser when the well becomes long. A log-log relationship may approximately describe this variation
with L (Figure 3.10).

3.6.2 The effect of eccentric placement
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The location of a horizontal well in the producing stratum can affect well performance; intuitively, for
the solutions derived herein which have constant pressure boundary conditions at a large distance trom
the wellbore, one would expect that the best production rates would be found at the midpoint. The
parametric analysis results are shown in Figure 3.12 for different well lengths. The vertical axis in this
figure is the value of Q/Q,, where Q,, is the production when the well is located in the middie of the
reservoir (b = h/2), and Q stands for production of an off-midheight well. The horizontal axis of the
figure is the ratio between well location and reservoir thickness b/h. If b/h = 0, it means a horizontal
well is on the bottom boundary, b/h = 0.5 means it is at the midheight, and b/h = | means it is at the
top boundary.

The locations of the horizontal wells in the reservoir indeed affect the steady-state production rate. The
maximum production rate is given when the wells are at the middle of the reservoir, as would be
expected, and decreases 28% il the wells are shifted to the impervious boundaries for a well with b/l
= 0.5). This difference also would increase it /L > becomes larger than 0.5. Thus, we may conclude
that for long wells in a thin reservoir (/L < 0.1), deviation of the well location from the middle of the
reservoir does not significantly affect the sustainable production, but for short wells in a thick reservoir,
the effect is more pronounced.

3.6.3 Advantages of horizontal wells in production

We have discussed the effect of well length and reservoir thickness on horizontal well production, but
did not discuss the production of a vertical well in the same reservoir. To analyze the advantages of
horizontal wells in production relative to vertical wells, it is betier to obtain the ratio between the
horizontal and vertical well production under the same conditions.

Figure 3.13 shows the Q/Q, relationships under various values of well length and reservoir thickness
in an isotropic reservoir. Q is the horizontal well production and Q, is the production of a vertical well
which penetrates the reservoir. Figure 3.13 clearly shows that for an isotropic permeability reservoir,
horizontal wells are always better than vertical wells if the well length is larger than the reservoir
thickness. However, we also can see that even though production increases with well length, the
increase becomes insignificant when the well is quite long. For instance, for a 30 m thick reservoir,
an increase in production of about 2 times requires an increase in the horizontal well length of about
4-5 times. This may not economically viable if the drilling cost is also considered. Also, because of
the viscosity effect, the capability for transportation of fluid within the wellbore may also limit the
production if a well is too long. Therefore a optimum production design is required.
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The effect of vertical permeability on productivity of long horizontal wells largely depends on reservoir
thickness. Decreasing vertical permeability will decrease the horizontal well production, and this
decrease can be significant for thick reservoirs. Figure 3.14 shows the case of a 30 m reservoir, where
the horizontal well becomes worse than the vertical well when k/k, becomes less than 0.05 if B/L is
less than 0.2. This indicates that for thick reservoirs with a very small vertical permeability, vertical
wells are still the preferred choice. For thin reservoirs, horizontal wells are better and it dues nut
heavily depend on the permeability ratio.

Figure 3.15 shows the results when k, = k;, = | and the permeability in the well direction is increased.
Increasing k, can increase production more for a vertical well than for a horizontal well. This can be
seen from Figure 3.15, where if k, increases 20 times, the Q/Q, ratio decreases from 2.7 to [.8. This
indicates that larger axial permeability (parallel to the well axis) does not have a significant eftect on
the well production, even though, in general, horizontal wells are still much better than vertical wells.

The case of increasing k, is different from that of increasing k,. Increusing k;, does increase the Q/Q,
ratio. even though the increase is not great. Figure 3.16 shows the results where k, = k, = | and k,
is increased. The effect of k, on horizontal well production is less significant for short wells than for
long ones. This indicates that the effect of the permeability perpendicular to the well is almost the same
for both slant and vertical wells, as was discussed above.

We may conclude from this section that horizontal wells are always better than vertical wells it the WL
is not too large (< 0.2) and the vertical permeability is not too small ( > k/20). Generally speaking.,
increasing k, or k, and decreasing Kk, can permit us to exploit the advantages of a horizontal well, and
this can also be seen from Figure 3.17. We conclude that to best use the advantages of a horizontal
well, it is best to place the well along the minimum permeability direction, and perpendicular to the
maximum permeability direction in the horizontal plane. For very thick reservoirs, multilevel
horizontal wells at different heights are probably a good idea no matter what the vertical and horizontal
permeability ratios are.

3.7 Conclusions

A new analytical solution has been developed to analyze the sustainable (steady-state) production rates
from wells in an anisotropic reservoir with a constant inclination angle. This solution avoids some of
the assumptions that others have found necessary in order to achieve a useful approximation. Instead,
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a definite integration term is introduced which can be evaluated easily by numerical integration. We
show that for the well-known limiting case of a vertical well, our solution gives almost identical
results, and for horizontal wells, good agreement has been obtained compared with previous published
solutions, through our solution is more rigorous.

Using sustainable production rate as the comparison, and for the case of constant far-field pressure
boundary conditions, horizontal wells are always better than vertical wells if the well length is larger
than the reservoir thickness in an isotropic case, regardless of the reservoir thickness. However if the
horizontal well length is less than the reservoir thickness, the production becomes aimost the same for
wells of any angle. The production rate decrease for an inclined well is insignificant (o sustainable
production rates, particularly when o is less than 20°. A horizontal well located other than in the
midheight of the reservoir will decrease the production rate, but this effect is usually less than 25% and
the effect decreases with increasing well length and decreasing reservoir thickness. Because horizontal
or inclined wells always have longer intersection lengths in the reservoir, compared to vertical wells,
a proper economic comparison should be normalised to a unit length of intersection of the reservuir.
In general, the results herein confirm clearly that the longer the horizontal well, the greater the benefits,
leaving aside costs arising from other sources. However the increase of production is not proportional
to the increase of the well length.

We must be aware that all the conclusions obtained above are for steady-state flow. These conclusions
will not in general apply to transient cases directly, as will be discussed in Chapter 4. Anisotropic
permeability has been incorporated in the newly developed analytical solution to analyze the sustainable
(steady-state) production rates from a slant well at any angle. For the well-known limiting case of a
vertical well, our solution gives identical results, and for horizontal wells, if we take an isotropic
permeability, good agreement has been obtained with previous published solutions. A general
anisotropic analysis has never been done before in a analytical formulation, therefore, the new solution
presents advantages for analysis of anisotropy.

Anisotropic permeability has significant effects on the production rate of a horizontal or a slant well.
The permeability in the well direction has less effect on small angle wells than for large angle ones.
The permeability in the direction perpendicular to the well increases horizontal well production better
than for vertical ones, but the difference is insignificant. The anisotropic permeability effect may be
approximately simulated by using the reservoir anisotropy modified parameters defined in equation
(3.447) in a isotropic solution such as Borisov’s solution.

Generally speaking, vertical wells are most suitable for thick reservoirs or where there is very small
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vertical permeability, whereas horizontal wells are suitable for thin reservoirs, particularly when the
vertical permeability is larger.
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Figure 3.1 Configuration of a slant well in a three dimensional
anisotropic resenir.
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Figure 3.2 Image superposition to simulate the impervious upper and lower
boundaries (at y=0 and y = h) of a slant well.

49



50

-
-]

Qg(upper curve)

-l [y -t -
o N s o
: : 4 3
L 1 ¥ T

Relative production

oM s 0 o
t

—l
=

0 S0 100 150 200
Well iength

Figure 3.3 Comparisons between Borisov (1984), Joshi (1988) and the new
solutions for horizontal well productivity.

12

10+ Q, and Qy (almost identical)

Relative production

0 $ + -+ +
0 10 20 30 40 50

Weil length

Figure 3.4 Comparison of production between the new solution and the
conwentional vertical well solution.



51

11
1.08 {
“3 1.06 -

LS

&
L
QF

/

/

1024
T

]
/ T ] Zso

096 + L=20 =30 L=40 L

-

2
e
T

-

o
3
s
r

Relative production (YQ

092 +

09 —+ .
0 20 40 €0 80

Waell inclination angle (B), degrees

1&.
1

Figure 3.5 The effect of inclination of a slant well on well production with
different well lengths.

n
o

v
0
w i

h
b w

b
-
i

ky/ kn=0.3

ky =kh=1 k.,/kh=0.25 /
ky/ kn=0.2

Relative production (Q ,)

-
©
+

-y
.
@

.
B L ™

20 40 60 80
Well inclination angle (8 ), degress

o

Figure 3.6 The effect of vertical permeability on production of wells at different
degree of inclinations.



o

o

n
s

ky/ &y =0.5
kvl kh =°.3

o
&
+

Relative production (Q /Q))
(=]
[T+]

k,/ k, = 0.25
K,/ ky = 0.2 ~
08 Tk, = ky =kn=1
L=~h
0.7 4 + -t + $ + - $
0 10 20 30 40 50 60 70 80 90

Waell inclination angle (B), degrees

Figure 3.7 The effect of vertical permeability on slant well production compared
with normalized isotropic production.

n
N
+

k./ kp =02

N
o

K./ ky = 0.25

N

kz/ kn=0.3

—y
.
[+ -]
"
'

—
.

[ ]
"

T

kz/ kn = 0.5

Relative production (@ /Q)

-
>

-
L}

P

b i Y d
. 3 - v v

kz = k‘l =1
10 20 30 40 50 60 70
Well inclination angle (B), degrees

o
&1

90

Figure 3.8 The effect of horizontal permeability on slant well production compared
with nomalized isotropic production.

52



24 4+
gu kp/ ky =0.2 k. oki=1 L=h
5 » k,/ k, = 0.25
8
HRER k:/ ky = 0.3
a
é 1-6 T \
'g kz/ku=0.5
@ 14
1.2 + -+ +- -+ 4= + $ +
0 10 20 30 40 50 60 70 80 80

Well inclination angle (B), degrees

Figure 3.9 The effect of pemmeability in the ¢ direction on slant well production.

(4]
o

horizontal well (§ =90°)

n
(1]
4

n
o

Relative production (Q )
o

10 1
s 4
0 + + ¢
0 50 100 150 200
Waell length (L)

Figure 3.10 Effect of well length on horizontal well production with different

resenoir thicknesses.

53



W
o

N
1]

horizontal well (3 =90°)

n
(=]

15 +

104

Relative production (Q )

0 10 20 30 40
Reservoir thickness (h)

Figure 3.11 Effect of resenvoir thickness on horizontal well production with
different well lengths.

horizontal well (8 =90°)

Relative production (VQ )
o
()

=50 well lengthL= 100 m
08 +
0.75 ¥ 4 - -
0 0.2 04 0.6 08 1
bh

Figure 3.12 Eflect of eccentric placement on horizontal well production with
different reservoir thicknesses.

50



55

N
"

N

Relative production (VQ )
-~ L4}

©
wn

0 50 100 150 200
Weli length (L)

Figure 3.13 Adwantages of horizontal well production compared with a vertical
well in an isotropic reservoir.

25
k,/ ke =10

= 21
% 151 ky/ kg = 0.2
3 k,/k, = 0.05
2 | ik
[ 4
:
$ o5

Y + t +

0 50 100 150 200

Weli length (L)

Figure 3.14 The effect of vertical permeability on horizontal well production.



(A

)
o)

N
t

15 4+

Relative production (/Q )

kz/ka = 1-0
kl[ k(! = 0.5
Ko/ Ky = 0.1

kz/ kﬂ = 0.05 kZI ka = 0.2

3
~- ag

50 100 150 200
Well iength (L)

Figure 3.15 The effect of permeability in the well direction on horiozntal well

production.

w
n

W
"
A4

N
n

a’
3
2 2] ke/ kn = 0.05
g 151 K,/ kn=0.1
§ 4 Ko/ Kn = 0.2
K,/ kn = 0.5
051  K/kn=10 °
o + + -
0 50 100 150 200

Figure 3.16 The effect of permeability in the direction perpendicular to the well on

Well length (L)

horizontal weil production.

56



1 + + -+ $
0 02 0.4 0.6 0.8 1

ktlkn(kc )

Figure 3.17 Horizontal well production variations with anisotropic permeability
values.

57



Chapter Four

Horizontal Well Test Interpretation

4.1 Interpretation of Horizontal Well Test

4.1.1 Literature review

Interpretation of a horizontal well test is more difficult than for a vertical well test because of the 3D
geometrical nature and the evolution into different flow regimes. Horizontal well test results will not
only depend on the reservoir characteristics, but also on the well geometry and orientation. Even
though a number of well defined horizontal well pressure analyses have been reported in the literature
[Daviau et al., 1988; Goode et al., 1987; Kuchuk et al., 1988; Mattar and Santo, 1995] some of the
issues are still not clearly resolved. Well test behaviour in a highly anisotropic reservoir seems (o be
one of these issues which has not received enough attention. It has been observed that a complete
horizontal well test in an infinite acting reservoir can usually be segmented into three flow regimes
(neglecting the wellbore storage effect): the vertical radial flow regime, the linear flow regime and the
horizontal radial flow regime as shown in Figure 4.0 {Daviau et al., 1988; Goode.et al., 1987].
However, under certain conditions, such as when the vertical permeability is very small compared to
the horizontal one, linear flow could be absent, and instead, a spherical flow regime can develop.
However, the criteria for linear flow to be replaced by spherical flow and the corresponding test
behaviour during the spherical flow period have not, as far as we are aware, been discussed in the
literature.

Another example of a deficiency in many existing analyses is that most of the horizontal solutions were
developed by assuming the well was drilled along the k, direction, therefore leading to the conclusion
that by using the vertical radial flow regime the combined permeability [k/k,]'* can be determined.
This conclusion is only acceptable in a horizontally isotropic reservoir or if the well is truly drilled
along the k, direction; otherwise, errors are introduced, and the magnitude of these errors increases with
increasing anisotropy.

In this Chapter we present a interpretation method which considers a well in an anisotropic reservoir,
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oriented arbitrarily in the horizontal plane. By using the new solution, accurate test interpretation can
be obtained for all possible horizontal well orientations. Also, if two tests are carried out in wells of
two different orientations from the same reservoir, then the permeability anisotropy can be determined.

We will also try to outline some guidelines for flow regime identification based on our analysis. The
criteria for such identification differ in the literature [Daviau et al., 1988; Goode et al., 1987; Mattar,
and Santo, 1995] which makes it difficult and confusing to use in flow regime identification, which
is the foundation for using the segmental analysis method in interpreting test [(Zhang and Dusseault,
1996].

4.1.2 Limitations of traditional interpretation methods

Many analyses of transient horizontal well pressures have been reported in the literature, and several
test interpretation methods have also been developed based on these solutions. However, several
problems still exist in using the available solutions. As we have discussed above, most availuble
solutions assume the reservoir is isotropic horizontally, or if a horizontally anisotropic reservoir is
encountered, then the well is assumed to be parallel to the k, direction. These assumptions make it
difficuit to determine the true reservoir anisotropies from arbitrarily oriented horizontal wells.

Another limitation of the available solutions is that the characteristic times, such as the time when the
no flow boundaries take effect, or when the length of the well begins to take effect, are not used. In
fact, such times give important information on the characteristics of the reservoir and the well
configuration, and sometimes could be the only information available. We will in the following
sections develop a new set of solutions which takes advantage of all possible information and which
also provides important data concerning the reservoir and the well behaviour.

4.2 Horizontal Well Drawdown Test Interpretation

4.2.1 Theoretical derivation of the solution

The horizontal well problem discussed here is similar to that discussed by others [Daviau et al., 1988;
Goode et al., 1987] except that an arbitrary horizontal well is drilled at o degrees from the k, direction.
Other assumptions are as follows: 1) the reservoir is an infinite, horizontal reservoir with constant
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thickness h; 2) the reservoir has no-flow upper and lower boundaries; 3) the reservoir has primary
anisotropic permeabilities k,, k, and k, which coincide with the three axes of the coordinate system
and, 4) a well of length L is located at a distance b from the lower boundary (Figure 4.1). The
following equation is used to model this problem:

C¢3Ap _kdFap K Ap k. Fap
"odt H dx® M dy* MU 97’ (4.2.1)

= q(tNd(x-x’ y-V ,z-2' 1-1')

where k,, k,, k, are the primary permeabilities in the three-dimensional space, x’, y’, z° define the
position of the well, i is viscosity, ¢ is porosity, c, is compressibility, Ap = p, - p.. is defined as the
pressure drop between wellbore and far field, q is flow rate per unit well length, and t is time.

The boundary conditions for such a problem are:

Apey.z)|, ... =0 Ap(xyzn|,_,.=0
) aA 94 (4.2.2)
Ml o= 0 STl =0 SR =0

To solve the boundary valuc problem defined by (4.2.1) and (4.2.2), we define new

variables X, = X [k Jk, v ¥, = wk/k, > and z, = z, then equation (4.2.1) becomes:

OLdp  FAp  FAp  Fap
k.9 axd 3yl 3

(4.2.3)

- 9t
kﬁ

- -, . , - -,
5(14—.\4 ¥y Va 24—y v"‘ll)

where k, = /kxky is the horizontal average permeability.

The boundary conditions (4.2.2) become:
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Ap(Xp¥ pZpl) L‘xg .=0 Ap(x ‘4'*-4’[)[. ...=0

a dA 4.24)
Ap(X oy piph)], . = 0 —#I'zo'o -;-p-l =0
If we apply the following exponential transform:
G(o,00,,2,.0) = f jAp(xd,_\'d,zd.t)ei‘""" “Pdx dy, (4.2.5)

-m -

to equation (4.2.3) and boundary conditions (4.2.4) for x, and y,, we obtain:

M . leG . GéG _ 8'01 _ q(’,)up-i(u.—‘;*U;V.:)S(zd_zé't-ll) - (4.2.6)
k, ot 9z k,
and the transformed initial and boundary conditions become:
Glo, 02,01, ., = 0
3
aGl o BG[ o (4.2.7)
0z, =% 7 9z, nh
If we further apply the following Fourier transform :
Gloy, 0um1) = fG(al,otm,, (4.2.8)
to equation (4.2.6) and the boundary conditions (4.2.7) we have:
¢ 202 =
SOR3G | G, oG . TG
k, dar h?
4.29)
< QUM ias o ay)

";. cos( )5 ()
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Solving for G from equation (4.2.9) we obtain:

kx 'l"R'

| . k : 7
- kag(th ., .+ ~ee=@=ry o, eiai=) NI = -t 5
G = fl "a|-‘¢e [ e"“-;.'.e .o COS( )e 90 h (4.-.[0)
ke T

If o; and oy, in equation (4.2.10) are inverted back to x, and y,, we obtain the following point sink
solution:

L -gF o (y,-vor Ca'nt

-I <

= _ kgth I L Ny ot (4.2.11)
kic,® 4rC(1-1') I
which can be written as:
, e =ciF o (v, ~yD? - ’ Cnin?
- e AMZy -ttt
AP = q(tHu e _W-COS( e F (4.2.12)
4mk (1-t") h

where C, = kJ/(c, ¢ H).

If we invert n back to z,, then the point sink solution becomes:

- "‘:’x:)’ * (".ybl
Ap’ qU T
S b € R

- Cn'g? ’
= e £=47 nme nwz
l+2..zl:e A cos( - )cos( - 1)

Substituting the variables X, = xfk/k, > v, = wfksk, ,and zy = z back into solution (4.2.13), we

obtain the following:
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. - 1 ‘u__'l”l - 'y-_‘",:]
Ap' = qum e B
4k (-t

(4.2.14)

C n® x’(l-:')

[1 +2Z e Eos(Z

where s, =1/c,0U.

For a slant well defined in Figure 3.1, with ! being measured radially outward from the coordinate
center, the following relationships are satisfied:

X’ = Isin(8)cos(ar) ,

{sin(0)sin(ox) , 4.2.15)

-
<
n

2 = b + [cos(9)

If we substitute the relationships of (4.2.15) into (4.2.14) and let T =t - ', we obtain:

[ sm(@;cm(u)—xl {lsuue)sm(u)w]
J' J‘ Qu-1) 1'—! ]

41L' Ilk L
(4.2.16)

C.nize

1+ZE e ¥ cos( nr(b- i"os(e)) )cos( )Jul dt

nxl

where Q(t-t) = q(t-t)L is the total flow rate along the full length of welibore if wellbore storage is
neglected.

Solution (4.2.16) is the pressure drawdown solution for a slant well defined in Figure 3.1 in a layered
reservoir. Solution (4.2.16) has a exponential term and a series term included in the double integral;
each term reflects different geometric aspects of the problem. Because the double integral can not be
solved analytically, a numerical scheme must be applied to evaluate the solution.

For a horizontal well as defined in Figure 4.1, because 8 = 90°, the series term becomes independent
of /, and the exponential term becomes:
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[’C°5(‘z) -, [’Si“(i) =~ - lar - anp - At 4.2.17)
x y

where

k, k, Je

Al = 1 rxcos(m) . _vsin(oa)] (4.2.18)
ALk k

x 'y

4= \] cos*(c) . sin’(or) _ 1

C = .__l__[ycos(a) - xsin(o)}?

LAk k

£ 383

and k, is the permeability along the direction of well with o being defined as the angle between the
well and the x axis, which has the following form:

1 cos*(a) . sin*(ot) (4.2.19)
ku_ kx k.'

Equation (4.2.19) implies that the directional permeability in the horizontal plane forms an cllipse with / k.

and /k, as its major and minor axis respectively [Hantush, 1966]. The square root ol the
permeability in any direction therefore can be determined from the ellipse shown in Figure 4.2

If Q(t-7) is a constant Q, then by integrating / from O to L, solution (4.2.16) becomes:

! I _ca'l L -
Ap = ou —:,—l: A AL}

A'L
4k Ly \/—1:. fas T fast
* (4.2.20)

s ‘ nriCr
I e cos(i’ﬂ)cos(%)
=l

-
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We can introduce dimensionless pressure P, and dimensionless time t; as :

4rthk 4k t
P = T Mhpp q = @.2.21)
¢ nQ ¢ Lc,opn

and by applying P, and t, to solution (4.2.20) we have:

= fZ(u)du (4.2.22)
1}

where the function inside the integral Z(t,) is defined as:

Z(t) = X e‘{-r :j[.(A__ﬂ] + e:j[ ]
\1 41, A‘/_

- % LB,r,
[1 2 e & cos(.'_"f.?.)cos(_.....)}

=
”~~

N

fo

o

W
A

where B, = kJ/k,
Solution (4.2.22) can be used in evaluation of pressure at any point (X, y, z) as long as the parameters
A, A’ and C in equation (4.2.18) are used. This solution can also be used to determine reservoir

parameters by test data from an observation well (point).

For the pumping well, if we use the point (x,, Y., b) from the wellbore with :

x, = dLcos(w) + r,sin(or) (4.2.24
= § Lsin(o) ~ r,cos(or) )

where r, is the permeability weighted equivalent radius which considers the effect of the anisotropic
permeability and takes the form {Goode et al., 1987]:
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rl kk ! kk . <
- " x y\T T ey\T (4.2.25)
o LA

then the geometrical parameters A’ and C can be approximately written:

2 2
ry i

. (k_,—kx)rbsin(20t) « 54 C=—. - _ (4.2.26)
2AL L'A'kk, LB,

Al = 3A

where B, = k/k, and § is the location parameter which can take a value between 0.75-0.886 [Muskat,
1937; Goode et al., 1987].

Substituting A and A’ into Z(t,), equation (4.2.23) becomes:

-(.,i.l
2= | [edl—--—-—(l —3)) .+ e 2 l]

t
d t, [

(4.2.27)

. e,
--:4T_" 3 II‘ltb
1+ ZZe cos-(_.,_)
1

=l

The solution expressed in equations (4.2.22) with (4.2.27) and its derivative are usually used in well
test interpretation if the integrated method (curve matching) method is used. Figures 4.3 and 4.4 show
the type curves and their derivatives generated by this solution. The parameter HV in the figures is the
flow criterion from which the flow pattern can be determined, and this will be discussed in section
444

The skin term for a horizontal well can be obtained by analogy to a vertical well, and can be added
to the pressure drawdown term as:

k 2
ap = HQ1lp 2| e @228

anhk) ¢ LE

-

where S can be wrilten as (see the average permeability expression in the segmentation approximation
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section later in this Chapter):

kkk r (4.2.29)
s=|L|25% Ciny
k., ku r,

where k, is the skin permeability in the skin zone from r,, to r, around the well. The pseudoskin term
can also be added into (4.2.28) if it needs to be considered [Goode et al., 1987].

4.2.2 Type curves and curve matching method

The dimensionless solution given by (4.2.22) and (4.2.27) is the type curve generaior in estimating
reservoir parameters by the integrated method (curving matching) method. Generally, two parameters
must be provided to generate the horizontal well test type curves, one to describe the horizontal
anisotropy (,) and the other to describe the vertical anisotropy (B,). However, multi-parumeter
matching usually is difficult and time consuming because many parameters need to be aliered during
simulation in order to find a good match. One of the advantages of the solution given in (4.2.27) is
that only one parameter B, is significant in type curve generation, because the horizontal anisotropic
characteristics are separated from the solution to the dimensionless variables Py and t,. The appearance
of B, in the exponential term can be added into the permeability weighted well radius r,, which does
not have much effect on the results except at a very short early time period. The main effect caused
by horizontal anisotropy in this solution is represented in the definition of dimensionless pressure Py
and time (g

Therefore, the type curves generated with different 3, values such as those shown in Figure 4.3 and
the derivative curves in Figure 4.4 can be used to estimate reservoir parameters by log-log curve
matching.

If a matching point (P, t,°, Ap™, t*, B,”) has been determined for a horizontal well test data, then the
parameters can be determined by the following equations:

L? ' P,
K, = (o JTI k = B.:ka k, = no~P, (4.2.30)
4 - 4rhidp ™
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The dimensionless pressure P, defined in (4.2.21) is only related to the horizontal average permeability
k, and therefore, at late times of a test, the effect of 8, will become insignificant. This is evident as
all type curves with different B, fall into a curve single or very closely spaced ones. This can be
helpful in curve matching if a test curve can not be matched uniquely to the type curves in the early
separated sections. Obviously, this characteristic is only available when the horizontal radial flow
regime is present. However, if the horizontal radial flow regime is not present, a moditied
dimensionless pressure P,, can produce type curves which are independent of 8, in the early time
vertical radial flow regime.

[n fact, the type curves in the vertical radial flow regime will be independent of B, if the new
dimensionless pressure (P,,) and the type curve generator Z(t,) are redefined as:

kkk.
Po=Pfb. = 50| 200 =Bz “.231)

«

Because P, is related to the three dimensional average permeability, which is characterized by the carly
vertical radial flow regime, the type generator Z,(t) is therefore independent of 3, at early times.
Figures 4.5 and 4.6 show the type curves and their derivative generated by Z.(i,).

If a matching point (P,,”, t,", Ap™, t™, B,™) has been obtained, either from the type curve maltching or
from the derivative curve matching, then the parameters can be obtained by the following:

Lc,put HOP, K
k, = ——on8, & =1/k:k =Brk, . k.= _— 2 (4.2.32)
4" " ’ " T 4mhAp ™ kk,

Ambiguity has often been one of the difficulties encountered in the curve matching method. This
problem exists because the test data are often contaminated (affected by other unexpected processes
such as flow rate fluctuation, electricity voltage variation and so on). The direct effect of
contaminated test data is that it becomes difficult to identify (match) to a unique type curve in the main
flow regime. This difficulty can be partially eased by using the sectional curve maich methods
discussed above.
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Another advantage of solution (4.2.27) we want to highlight is that the well length effect time t,, is
a constant 1/x. Therefore, by determining the value of the well length effect time t, from a well test
which matches to a unique type curve can help to determine the parameters included in the definition
of t, such as well directional permeability k., formation compressibility ¢, and porosity.

4.2.3 Characteristic times for a horizontal well test

[t has been noted that three flow regimes can be recognized from a complete horizontal well test it
wellbore storage is neglected. However, the criteria for identification ot these regimes dilier n the
literature [Daviau et al., 1988; Goode et al., 1987; 1988; Mattar and Santo, 1995]. Becuuse tflow
regime identification is an essential part of segmental analysis, we would like to first discuss some
aspects of these criteria.

The logarithmic derivative of P, (dP/d(log(ty))) in equation (4.2.22) is Z(,)*t,. If wellbore storage is
neglected, Z(t,) is composed of three parts: the exponential term, the error function term, and the series
term. The square root term of ty will be combined into one of the above three parts in difterent times
to generate the required result. The exponential term is similar to the expression fur a vertical well
and accounts for the pressure drop with radial flow toward a well. The error function term accounts
for the well length and orientation effects in the horizontal plane. The series term accounts for the
effect of the upper and lower no-flow boundaries.

Two important time criteria are needed in the identification of flow regimes; the effect of the no-flow
boundary time t,, and the effect of well length time t,. Therefore, based on t, and t,, three tlow
regimes can be recognized. The early time vertical radial flow regime is maintained when t < min(t,,
t.) and the horizontal radial flow regime is maintained when t > max(t,, 1,). Between i, and (. the
middle transitional flow regime develops.

In the vertical flow regime, the exponential term is dominant; it varies exponentially at very early times
and becomes a constant when C/t, becomes greater than 0.01 [Muskat, 1937]. In the following
discussion, we always assume this criterion is satisfied. In fact, because ycos(a) - xsin(o) is the
distance from the observation point to the well, which is usually very small compared to the well
length L, this criterion is usually satisfied at relatively early times. Before the well length (error
function term) takes effect, the derivative of P, is dominated only by the series term.

If we define the series term f(B,*t,) as:
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- _mELBy,

fBet) =1 +2Y e & cos(

n=1

nrb Jeos( lmz) (4.2.33)
h h

then we find that f(B,*t,) gives a value of unity for large t,. For small t,, f(B,*t) varies linearly with
the square root of B,*t,, which can be expressed as:

I

fB_st) =
- Ljrip.

g(B :.ld)

4.2.34)

- _b-zelnh?¥ _(bezelnir
gBat) =Yle 7 e T

-ca

where g(B,*t,) gives a value of unity for smail ¢,

If we assume that the well is located in the middle of the reservoir, i.e. b = h/2, then we find there
exists a unique point below which g(f3,*ty) becomes unity, and above which f(B,*ty becomes unity
(Figure 4.7). Because the no-flow boundaries effect is only dependent on the series term, this point
clearly defines the no-flow boundary effects, and therefore gives (, as:

(= —afh (4.2.35)
ki L

-

The effect of the well length, on the other hand, can be obtained by applying ty, to equation (4.2.59)
by noting the fact that the slope of the linear flow straight line of the logarithmic derivative is 0.5 in
a log-log graph. It is easy to show that t,, has the following value:

(4.2.36)

1
t, = —
~ r

However, we should be aware that the effect of well length is a more complicated and lengthy process,
and takes a time of about one half to 2 cycles of logarithmic time. The ty, obtained above is
approximately in the middle of this process. By evaluating the error function term in equation (4.2.27),
we find that the error caused by segmentation approximation becomes only non-negligible (relative
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error larger than 0.1%) when t, is in the range of (Appendix 4.1):

0.14* _,  104° (4.2.37)
R b4

therefore error corrections are necessary in the segmentation approximation in this range around t,,.

In the derivative graph, tg is the intersection point between the early vertical flow horizontal line and
the middle transitional straight line (linear or spherical flow, see the discussion below), and t,,. is the
intersection between the middle transitional straight line and the late time horizontal radial flow line
(Figure 4.4).

If we write the error function term of Z(t,) in equation (4.2.27) as e(ty) :

et) = I4 et 278 e (4.2.38)
“l oAy, Aft,]

then, based on the derivation of ty, and ty,, we are led to the following approximate expressions for
the terms contained in Z(t,) :

k
fBet) =1 1,51, fB.=t,) = I « ¢ 4.239)

L

I
R

A
&N

-

et) =

g " > ldw e([d) - E_ Id < Idn- (4.2.40)

s
a
o~

Therefore, Z(t,) can be simplified as follows when t, > 100C :

) = lﬁ l_ L J—— ‘ a° (l <, qh) (4.2.41)
dlv

and
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9 4
) = .15. = ._l_. , <t, <t,) (4.2.42)
N L Lpala
k 3
) = i i - = _":. (,, <, <t,) 4.243)
L nks 0o
() = -tl- (t, >0, >1,) (4.2.49)

4

The segmentation solutions discussed below will be based on these relationships.

We have neglected the effect of wellbore storage in the discussion. Wellbore storage usually masks
parts or all of one or more flow regimes. If the criteria time t, or t, are masked by the storage cffect,
it then becomes impossible to identify flow regimes from a derivative graph. The wellbore storage
effect will be analyzed and discussed in Chapter 5.

4.2.4 Flow regimes and segmentation

4.2.4.1 Solutions in forms of dimensionless variables

Segmental approximation provides a convenient approach to well test interpretation. The approximate
solutions derived by Goode [Goode et al., 1987] do not use the characteristic times t, and (,, and
therefore are more complicated than the solutions we derive in the following. It is also difticult
obtain the geometric skin from Goode’s solution if the vertical radial flow regime is masked
[Domzalski and Yuer, 1992].

We will try to eliminate those requirements by integrating Z(t,) with each individual flow regime,
based on ty, and t,, values discussed above. Two situations can arise: either ty, < ty, Or tg > ty. If
L < te» Which occurs if LYW > k/k, (see equation (4.2.59) in the following), the common Vertical-
Linear-Horizontal flow pattern (VLH) is generated. If tg, > t,. which occurs if L*/h® < kJk,, the
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Vertical-Spherical-Horizontal flow pattern (VSH) is generated. We give the segmentation solutions
for both patterns.

The Vertical-Linear-Horizontal flow pattern

The vertical radial flow regime in the VLH flow pattern is maintained when t, < tg, and if t, > 160C.
Solution (4.2.22) then can be approximately expressed as:

1 § e
P, = _[f.".[ln(_é’.) -v] (4.2.45)
\‘ o _

The linear flow regime is observed when [y, < Iy < ty,.. The solution for P, and Ap in this regime can

where Y = 0.5772.
be obtained by integrating equation (4.2.22) using the time criterion (g:

t t 4
P, =212 + | 2lnL) - (v +2)] (4.2.46)
\l Iy \l r,,wl C

When t, becomes greater then ty,, the horizontal radial flow regime starts, und Py in this regime is
approximated as:

t 4 t ,
P,=In(2) +2 + E + | 2fIn(-2) - (Y+2) (4.2.47)
L L, C

where E, = - 0.93 is the error correction term for VLH flow pattern caused by the approximation of
t, (Appendix 4.1).

The Vertical-Spherical-Horizontal flow pattern

If ty, > ty,, Which occurs if L/h* < kJk, (see equation (4.2.59)), a Vertical-Spherical-Horizontal flow
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pattern (VSH) will be generated. The vertical radial flow regime is maintained for {y < t,, and
solutions for ty > 100C are the same as in (4.2.45).

The spherical flow regime starts when t, = t,, and ends when t, =ty The pressure P, in the spherical

flow regime is:
t t ! 49 .
P=-2|2 + | 2 - (v-2-E) (4.2.48)
l, L €

and E, = - 0.56 is the VSH pattern error correction term caused by the
approximation of ty, (Appendix 4.1).

The horizontal flow regime starts when ty > Uy, and the equations are:

t t t .
P,=In(-1) -2 + | 2lin(%) - (y-2-E) (4.2.49)
L, C ¥
4.2.4.2 Solutions in forms of oil field units(darcy, psi...)
[f the dimensionless pressure P, and time (4 are expressed in oil field units, they become:
p o kK, Ap kJ (4.2.50)

T [, =
¢~ 70.6uBQ Y 948L% ou
where B is the formation volume factor.

The boundary effect time t, and well length effect time t,. therefore become:

301.75h%c o 301.75L%c ¢u
o = - k. = k.

[ 2
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The Vertical-Linear-Horizontal flow pattern

The segmentation solution of the VLH flow pattern for the vertical radial flow regime (4.2.45)
becomes:

Ap = 162. GuBQ logw
Iq/k k,

the linear flow solution (4.2.46) becomes:

(_) + Q. 366] + F (4.2.52)

141.2uB0 | + _ f (4.2.53)

thk L

Ap:

and the horizontal radial flow solution (4.2.47) becomes:
ap = 1625180 log, (L) + 0463] + F (4.2.59)
fkk, v
where F is the VLH total skin term at t = t, which has the following form:

k t
F = 162.6BuQ Tb log, (__“" ) - 4084 + 0.8685] (4.2.55)

h‘/l-(k_ Zcmq; ue

The Vertical-Spherical-Horizontal flow pattern

For the VSH flow pattern we have the following form for the spherical flow regime solution (4.2.2§)

ap = - J4L2uBQ , b L (4.2.56)
ik, N

and the horizontal radial flow regime solution (4.2.49) :
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Ap = 162.6uBQ log, !y -o0s866{+ G (4.2.57)
h‘/k‘k, L

where G is the total skin term for the VSH pattern, given by:

G - 162.6uB0

h‘/ kxk_v

k i
_ )+ 0374 + 08685 (4.2.58)
- ¢ C

L4

Note that if we take the logarithmic derivative we find that all the coefficients of the solutions in
dimensionless forms become 2.3, and in oil field terms become 162.6BuQ/kh.

These solutions do not require calculation of the slope of a well test in interpretation, but employ some
degree of approximation around well-length time t,. Figure 4.8 shows the comparison between the
segmentation approximations with the system solution. From this figure we (ind that satistuctory
results are obtained from the segmentation solutions. However, non-negligible errors exist within the
two logarithmic cycle area around t,. [f all the test data fall into this area, then the segmentation
solutions derived in this thesis are not valid.

If we define the derivative ratio HV as the ratio between the horizontal radial flow derivative and the

vertical radial flow derivative :
= |= L& @.2.59)
t, Iy k,

then it becomes obvious that if HV > 1, the linear flow regime will be present and the larger HV, the
longer is the period. If HV < I, then the spherical flow regime will be present, and the smaller HV,
the longer is the period. Finally, if HV = 1, neither linear nor spherical flow regimes will be present.
In such situations, the vertical radial flow transfers to the horizontal radial flow directly and 1, becomes
identical to t,. It has therefore become clear that the derivative ratio is a measure of the duration of
the transitional flow period. A small value of HV either means a small vertical permeubility is
encountered or the effective well length is reduced. If a small effective well length is encountered in
a long horizontal well, this may mean that production is dominantly from the heel of the well. The
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VLH flow pattern is the most often encountered in field and Figure 4.9 shows one such example of
a horizontal well test from Mattar and Santo [1995]. However, we aiso frequently encounter the VSH
flow pattern is the field tests. Figure 4.10 is one VSH flow pattern well test reporied by Domizalski
and Yuer [1992].

4.2.5 Well eccentricity effect

The boundary effect time t, in (4.2.35) is obtained by assuming b = /2. If the well is not located in
the middle of the reservoir, two different time effects can sometimes be observed because of the eltects
of the two boundaries at different distances. From the derivative graph, this etfect is indicated by two
horizontal line sections in the vertical flow regime (Figure 4.11). The end of the first horizontal line
section indicates that the first boundary (the one closest to the well) is taking effect, and the second
section indicates that the second boundary is taking effect.

The time criterion for the first boundary effect can be obtained by substituting b for h (or h - b for h
if b > h/2) in equation (4.2.35), which gives {4, and t,, (in oil field units) :

po2 M(py o L07bT0n (4.2.60)
dbl Kk- L bt k_

The time criterion for the second boundary effect is approximately four times larger than t,, i.e.:

ak,(n'} 1207h%c, 61
Ly = ¥y = H{T] b, = —_— 4.2.61)

This indicates that the effect time of the second impermeable boundary presented in a derivative graph
is dependent only on the reservoir thickness, and the actual elevation of the well does not affect the
value of t,,. This conclusion may come from that fact that after the first boundary begins to take
effect, the pressure propagation speed is doubled, which results in approximately the same t, regardless
of the actual location of the first boundary.



Chapter 4 Horizontal Well Test Interpretation 78

As indicated by Kuchuk et al. [1990], if a horizontal well is located much closer to one boundary than
to the other, then a obvious two-line derivative could be obtained in the early vertical radial flow
regime (Figure 4.11). If this is the case, then the derivative value of the second line section is twice
as large as the one obtained by solution (4.2.45) and (4.2.56).

4.2.6 Observation Wells

Most of the approximate solutions discussed above are for the active pumping well. For observation
wells the measuring point (x, y, z) considered in the parameters A’ and C of equation (4.2.18) are
different from the wellbore, and therefore can not be simplified to equation (4.2.26).

However, the boundary effect time (, and well length effect time t, are still the same as in equation
(4.2.35) and (4.2.36) because their derivations are independent of the wellbore condition. From the
analyses of the series term (f,t,) and error function term €(ty) in equation (4.2.33) and (4.2.38) we also
find that the approximate solutions derived in section 4.2.4 are true for observation wells.

However, we note that the parameter C is proportional to the distance between the observation and the
pumping well, therefore the criterion for C/ty < 0.01 requires a longer time (o satisfy then lor the
wellbore case. One effect of this criterion change is that the boundary effect time t, may become un-
observable from the derivative graph due to the masking effect.

Figure 4.12 shows observation results of a point with a distance of 3L/8 from one end of the well
(origin) and at the height of zb = 0.2. Because this observation point is close to the lower
impermeabie boundary, the boundary effect time t, becomes difficult to identify.

Figure 4.13 also shows observation results of a point of 3L/8 from one end of the well (origin), but
at the height of /b = 0.8. Compared to the resuits of Figure 4.3.12, it is obvious that the boundary
effect ime ¢, in this case is identifiable.

Both figures also indicate that the well length effect time t, can be identified easily. However, if a
more remote observation point is considered, the well length effect time also can be masked, and in
such cases, both t, and ¢, can become difficult to identify.
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4.3 Horizontal Well Buildup Test

4.3.1 Interpretation methods from the literature

Pressure buildup tests usually can provide more smooth and noise-free test data for evaluation of reservoir
characteristics than pressure drawdown tests. However, some of the flow regimes presented in a drawdown
test can be masked by the effect of buildup superposition. The superposition of the various flow regimes
makes a horizontal buildup test much more difficult to interpret than a vertical well buildup test. The common
superposition results for a horizontal well buildup test shows that the late ime flow regimes are masked. If
the early time flow regime is also serious masked by wellbore storage, then the test interpretation becomes
almost impossible.

Analyses of horizontal well buildup tests in the literature are rare. Goode presented a set of segmentation
solutions for a horizontal well buildup test [Goode, et al., 1987). Those solutions requires that the shut-in
time , be larger than the well length effect time t., and, therefore that the effect of buildup superposition in
early time can be neglected. Under this assumption, a buildup test usually can be considered as equivalent to
a drawdown test for the recovery time periods t < 0.1 t,, and the interpretation using these periods becomes the
same as for a drawdown test. However, if these periods appear insufficient for interpreting the test, such as
when the early part is seriously masked by wellbore storage, the interpretation is unsuccessful.

Another problem in horizontal well buildup test interpretation is the identification of the test flow sequence
pattern, as presented in section 4.2. A horizontal well test can be a Vertical-Linear-Horizontal sequence
(VLH), or a Vertical-Spherical-Horizontal flow sequence (VSH) depending on the magnitude of the parameter
HV. The logarithmic derivative of pressure recovery for the VSH sequence will decrease with increased
recovery time t* in the spherical flow regime. This decrease can sometimes be difficult to distinguish from
decreases caused by the buildup superposition.

An alternative approach would be to decompose the pressure superposition effect from the horizontal buildup
test by restoring those flow regimes masked by the superposition effect, and obtain an equivalent drawdown
derivative curve. If this buildup restoration is successful, then the interpretation of a buildup test for late time
periods becomes identical to that of a drawdown test.
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Unfortunately, an accurate restoration equation for the masked horizontal buildup test periods is very unlikely
because of the complicated effect of various flow regimes. Instead, we want to develop an approximate
method in this section to restore the flow regimes masked by the buildup superposition, and hope that the
restoration can make the interpretation of a horizontal buildup test more practical and reliable.

4.3.2 Pressure buildup test analysis

4.3.2.1 Buildup test model

A transient well pressure solution for a horizontal well test with variable flow rate was obtained in
dimensionless variables in section 4.2 , with the following form

L -T
P, =£ Q,f(td )

T)dt 43.1)
) AT) (

where Z(ty) is expressed as:

L3 o & W7

] 5 - , b
Zts) = ‘/%e*f'[ew({/g) ]+ erﬂﬁ]][l + ZEIZe_‘ETL'COSZ(Eh—)] @32)

For a horizontal well buildup test, if we assume that the pressure shut-in time is ty, and neglect the wellbore
storage effect , the bottom-hole flow rate can be written as (the wellbore storage effect is discussed in Chapter
5):

Q-0 (t: < tg)

433)
0-Q (14 2 ts)
where ty, = 4K,t/(LC¢it ), and under this condition, the bottorn-hole flow rate Qu, becomes identical to the
well discharge Q, and therefore the dimensionless pressure P; becomes :

Qu(ta') = [

lo¥ty

Ps = £ /€1 )dr-lj( Z(t)dt 4.3.4)
0

where t4 is the pressure buildup time.
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If we define the dimensionless pressure recovery Py as Py = Py, - Py where Py, is the dimensionless pressure at
shut-in time ty, and Py is the dimensionless pressure after recovery time t,’, then we obtain:

ottty

Py = afl(f)df-[ | Z(t)dr - ;Z(f)d‘l‘] @35

[

the logarithmic derivative of Py, if expressed in field units Ap’, becomes:

162.6BuQ Z(t+1") 162.6uBQ
Ap' =—F——==2Z0")'[1 - = == Z(t')t' R 4.3.
P == Kk, ()’ Z@) ] ALK, (') @.3.6)
where Z(1') is defined as in (4.3.2).

Equation (4.3.6) is composed of two terms. The first term Z(t')t’ is equivalent to the derivative of a
drawdown test, and the second term R = 1 - Z(t, + ' VZ(t') is the effect of the buildup superposition. We can
call R the buildup reduction factor because the value of R is always less than 1, which therefore always
reduces the derivative value of a buildup test if it is compared with a drawdown test. Obviously, the
magnitude of the reduction factor will not only depend on the recovery time ty’, but most importantly, the
buildup shut-in time t, . If the magnitude of R is close to 1 then the derivative value as well as the flow
regimes presented by the buildup test will be similar to those of 2 drawdown test. However, if R << 1, then
the buildup test will be much different from the corresponding drawdown test.  Because the value of R is
usually close to 1 when €’ is less than 10% of the shut-in time t,, the flow regimes presented for early times are
not affected significantly by the reduction factor, and therefore can usually be identified easily. On the other
hand, if R decreases rapidly with increasing t;' beyond the time point of t* = t,, the flow regimes beyond this
time will not be identifiable from the buildup test. Figure 4.14 shows an example using the buildup test
reported by Sherrard et al., [1987).

To analyze the effect of the buildup reduction factor, we note that t, + t’ is the only parameter which affects
the value of R. In the following sections, we will give analysis for all the three possible cases for t, + t' > tu,,
L<L+U <t,andt, + ' <t and obtain the corresponding segmentation solutions. Based on the
segmentation solutions developed, an approximate method will be presented for restaration of the buildup flow
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regimes masked by the buildup superposition.
4.3.2.2 The VLH complete - drawdown buildup test

The three flow regimes for a VLH flow sequence are: the early time vertical flow regime, the middle time
linear flow regime and the late time horizontal radial flow regime. A complete drawdown-buildup test means
that all three flow regimes were present before buildup shut-in, i.e. the shut-in time t, > t,. In a complete
drawdown-buildup test, the derivative of Py at time t, + €' is Z(t, + t')t’, which if expressed in field units, can
be written as follows:

162.6uBQ '
Z(t, +1') = —— 43,
(¢, +1') nfkk, o7 @3.7

Therefore , the corresponding three segmentation solutions of the logarithmic derivatives can be obtained by
obtaining the derivative of P4 at time t’, and then combining with equation (4.3.7), which leads to the
following segmental solutions:

162.6
Ap, = “B Q |5 ro<t, @38)
rb t,,+t

Ap' = 1626480 |+ I —i"if; t, <t <t 4.39)
P = JeE, N Ter AR

162.6 uBQ t
' —— - [y 4.3.10
Pe hyk:k, [ t,,+t'] > L ( )

Observe that the expressions of the buildup reduction factor R in the derivative equation (4.3.8) and (4.3.10)
all decrease with increasing recovery time t’, even though the reduction factors vary with different flow
regimes. Numerical simulation shows that when the recovery time t’ is less than 10% of the shut-in time t,,
the reduction factors in all three equations become very close to 1. The derivative of the buildup test for t’ <
0.1¢, is therefore similar to that of a drawdown test, and the flow regimes before this time can be identified in
much the same way as a drawdown test. However, if the shut-in time t, becomes larger than t,,, the reduction
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factors will become smaller than 0.5, and will decrease further with increasing time t'. Flow regime
characteristics beyond this point therefore will be significantly affected. To restore the flow regimes affected
by these reduction factars, we write the horizontal radial flow reduction factor in equation (4.3.10) as :

“@3.11)

We can obtain R, modified derivatives by dividing the derivative solutions (4.3.8) - 4.3.100 by R, . It
becomes obvious that the R, modified derivatives for the horizontal radial flow regime become identical to
those of a drawdown test. On the other hand, the modification will also change the values of the derivatives in
the vertical and linear flow regimes. However, based on the analysis above we may assume that this change
will not significantly alter the flow regimes because both the reduction factors in the vertical and linear flow
regimes will be close to 1, which is also true for R, . The following inequalities in fact show that a consistent
value slightly less than 1 is maintained for the R, modifications.

For the VLH flow sequence, because t., > t,, if we carry out the division we find :

tw t' t'
[1-‘/- ,]+[1- ] <1 o<t @3.12)

[ -\‘"'}[ . ] <1 L, <t <t (43.13)

Equations (4.3.12) and (4.3.13) indicate that the R, modified derivatives are always less than the equivalent
drawdown test derivatives in the vertical and linear flow regimes. Therefore, the R, modified derivatives (R,
curve) can be considered as the minimum derivative value of the equivalent drawdown in the vertical and
linear flow regimes, and the identical equivalent drawdown derivative in the horizontal radial flow regime.

In the same way if we define the linear flow reduction factor R; as:
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4.3.19)

and obtain the R; modifications by dividing R; from equation (4.3.8) -(4.3.10), we have:

twt ' t' t'
I- 1- > 1 tt <t 4.3.1
[ dtb(tp+t')Jtp+t ]+[ r,+t'] ® @3.15)
1 L 2 +|1 4 >1 t <t < (4.3.16)
to+t' e, +1 tp+t > v )

t t
[ - 'J...[]- ] > ] v >t @.3.17)
t,+t Lo+t

which indicates that the R, modified derivatives give the maximum derivative values of the equivalent
drawdown in all three flow regimes. Clearly, if we can find some way to interpolate the equivalent derivative
from the two modified derivative curves, the buildup test interpretation will become identical to a drawdown
test interpretation. Because the two madified derivative curves are very close in the vertical and linear flow
regimes as discussed above, a visual interpolation is often sufficient. Figure 4.15 shows such a simulated
example for the case of t, > t,. From this figure we can see that the middle pattern between the two modified
derivative curves give a good approximation for the vertical and linear flow regimes. The symbols (circles)
are true drawdown derivatives which coincide with the R, modified derivative in the horizontal radial flow
regime. The B curve is the simulated buildup derivative curve.

4.3.2.3 The VLH non complete - drawdown buildup test

If the shut-in time ¢, is less than the well length effect time t,, then a non-complete drawdown-buildup test is
obtained. Two cases can be present in a non-complete drawdown-buildup test; t, <t +t' <t andt; + ¢’ <l

In the first case, when t, <, + t' <, , the superposition derivative becomes:
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162.6uBO 1 '
Z¢, +1'N = ————————— 43.1
G +e) h\[k,k, Jr. ,[t, +r @318
Two segmentation solutions can be generated under this condition :t’ <, andt, <t <t :
, 162.6uBQ |1, 1 r

. { w— I - T t' < t 43-]9
hk.k, t,[ J’g f——t,+t’] b ¢ )

162.6 r t
Apc.z-——#—BQ-—l- - t, < t <t, 4.3.20)

hk .k, Yt tp+t

If we generate the R, and R, maodifications to the derivatives of equations (4.3.19) and (4.3.20), we obtain the
following inequalities for their reduction factors:

For the R, modification:
[ tp+t' t t
1- -1+ 1- | < 1 U <t 4.3.21)
L, t,+t L+t
[~ tl t'
1- ,]-:—[1- } < I t, <t <t 43.22)
R tp+t t,+t

and for the R; modification:

t' t '
[1- —_ / ,]+[1- ] > 1 U <t 4.3.23)
dt,, t, +t d:,u
' t
[I-" ,]-c-l:I- ,:] =1 t, <t <t, 4.3.24)
t,+t o+t

The inequalities of (4.3.21) - (4.3.24) indicate that the R, modified derivatives also generate the minimum
value of the equivalent drawdown in both flow regimes in the non-complete drawdown situation. The R,
modified derivatives generate a maximum equivalent derivative curve in the vertical flow regime, and an
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identical equivalent drawdown in the linear flow regime. This also confirms the early definition of R, the
linear flow reduction factor. For the same reason as in the complete drawdown test situation, both R, and R,
modified derivative curves should be close to the equivalent drawdown in the early time vertical flow regime,
therefore the identification of flow regimes from the two modified curves becomes the same as in the complete
drawdown-buildup test discussed above. Figure 4.16 and 4.17 show such simulated examples for the case of
L<t<t,.

In the second case where t;, + t' < t, , the superposition term becomes:

T

162.6uBQ (1, ¢
hyk .k, Yt,t,+r

Z(t, +1') = 4.3.25)

There is only one possible segmentation solution for this case : t’ <t, . The buildup derivative for this case is :

162.6uBQ [t, '
Ap.,' = —=—[—|1] - 4.3.2
Pe hJkk, \zt, t,,+t'] (#4326

Obviously, the R, modified derivative for solution (4.26) also gives the identical derivative to the equivalent
drawdown test, and the R; modified derivative curve gives its maximum value. This indicates that the
drawdown derivative can be interpolated uniquely under any superposition effect, and this guarantees the
applicability of the R, - R, method. Figure 4.18 shows a simulated example for the case of t, < t,. From this
figure we can see good approximations of the R, - R; modification curves in various flow regimes, compared
with the true drawdown derivative curve (symbols).

The R, and R, modified derivatives provide an approximate means to restore the masked buildup derivatives
by the buildup reduction factors. In summary, if R, stands for the average derivative between R, and R,
(interpolated somehow between them), the following is the recommended procedures in interpreting a
horizontal buildup test using the R, and R, method:

1. Plot the logarithmic derivative of a buildup test on a log-log graph.
2. Calculate and plot the R, and R, curves by dividing the reduction factors R, and R, from the derivative



Chapter 4 Horizontal Well Test Interpretation 87

data.

From the three derivative curves, estimate t, and t,, and compare them with the shut-in time t,..
If t, < t,,: the equivalent drawdown derivative curve should be Ry - R; - Ry,

Ift, < t, <t,: the equivalent drawdown derivative curve should be R, - R; - R;,

If t, > t,,: the equivalent drawdown derivative curve shouldbe R, - R, - R; .

S

4.3.2.4 Solutions for the VSH flow sequence

The boundary effect time t, in the Vertical-Spherical-Horizontal (VSH) flow sequence becomes greater then
the well length effect time t.. Therefore, the order of the three flow regimes in the VSH sequence becomes :
the early time vertical radial flow regime when t’ < t,, , the middle transient spherical flow regime whent, <’
< 1, and, the late time horizontal radial flow regime whent’ > t, . The segmentation derivative of the pressure
recovery can also be obtained from equation (4.3.5).

First let us consider the case when t, +t’ > t, which means that a complete drawdown-buildup test is obtained.
The superposition term Z(t, + t')t’ in such a situation is exactly the same as in equation (4.3.7) for the VLH
sequence, which gives:

162.6uBQ '

Z(t, + ') = —p— 432
O = Tk, Ger @320

And the segmentation derivatives for the three flow regimes are :

Ap' = ]626"89 "’ t <t 43.28)
€ t,, t,+1r v

1626uBQ t ,
Ap, = nE.x, [ -J:t _H] t, <t <t 4.3.29)

162.6 t’
Ap, = 1626180, — t >t (4.3.30)
hyk:k, Lo+t
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We still can use R,, defined in equation (4.3.11) as the horizontal radial flow buildup reduction factor because
the derivative in this flow regime is the same as in the VLH sequence. However, the transient spherical flow
buildup reduction factor R, is different from R, because of the differences between the two middle transient
flow regimes. The spherical flow reduction factor has the following form:

—1_ '
R =1 ‘/[ P :'] @331

If we apply the R, and R, modifications to equations (4.3.28) - (4.3.30), the following inequalities are
generated:

for the Ry, modification we have:
,t.., t t'
[1- — ,]4-[1- ] > 1 U <t, 4332
I £, +1 tp+1t
1
¢ r t
[1- - ; +|: - ,} > 1 t, <t <t (4.333)
1, tp+ 1] tp+t
t i t'
[1- :|+ 1- ] =1 t >t 4.3.39)
tp+t | |ttt
and for the R, modification we have:

_t_': t' t. 3 +
[1 J:t’+t,]+[1 ] } <1 t <, 4335)
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ST :
,: ( J[t o ]4-[ - [t,,.+t' ]<1 t, <t <t (4.3.36)

t r
- 1- 3 ' >t 4
[ t,+t':|+[ [t,,+t'] ] <1 > b @337

These inequalities indicate that the maximum and minimum derivatives conditions are also satisfied for the R,
- R, modifications for VSH sequence. However, different from the VLH flow sequence, the R, modified
derivatives give the maximum derivative to the equivalent drawdown test instead of the minimum in the
vertical and spherical flow regimes. But, similar to the VLH sequence, the modified curve becomes identical
in the horizontal radial flow regime. The R, modified derivatives, on the other hand, give the minimum values
in all three flow regimes.

The non complete - drawdown buildup test of the VSH flow sequence can also be similarly obtained as

follows:

If t,<t+U <t then Z(t, + U)X is:

1626uBQ 1 t'

Zi, +t')M = ——m—m————
P h\/kxky ‘/(tp-i-t')s

(4.3.38)

The two derivative segmentations for this case are:

162. tt’
Ap.' = 1626480 1t I- Vi t <t 4.339)
hyk.k, ¥t. ;;(t,+t')3

Ap, = 1626”3 Q ] t, <t <t 4.3.40)
hyk.k, V | Jt +1t
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We obtain the following inequalities for the R, and R, modification of equation (4.3.39) and (4.3.40) :

for the R;, modification we have:
t, t t
1- - -|+|1- -1 > 1 ! <t @3.41)
t,+t't, +t t,+t
o r' ,
1- [ -]° |+ l-——] > I t, <tU <t “@.3.42)
tpo+t t,+t
and for R; modification we have:
t, t t' t'
I- - -+ 1- - -|< 1 t <t, 4.343)
t,+tr, +1 e+, +t
[t’ P |+|1 [t' Pl=1 t, <t <t 43.49)
t,+1 tp+ 1 o > )

Equations (4.3.41) - (4.3.44) indicate that the R, and R, modification also possess the maximum and
minimum derivative properties to the equivalent drawdown derivative. Besides, we find that the R, modified
derivative curve also generates the identical value to the equivalent drawdown derivative from equation
(4.444) , as expected. Figure 4.19 shows the simulated example of a complete drawdown-buildup test for
the VSH flow sequence and the modified derivatives compared with the true drawdown derivative.

For the case of t, +t' > t,, an identical derivative solution is obtained as equation (4.3.24) which means that
the R, moadified derivative also gives identical values to the equivalent derivative, and that the R, modified
derivatives give the minimum value. Therefore, the same strategy can be used for the VSH sequence in
buildup test interpretation. The following procedure is similar to the VLH sequence, and can be applied in a
horizontal buildup test interpretation for the vertical - spherical - horizontal flow sequence:
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1. Plot the logarithmic derivative of a buildup test on a log-log graph.

Calculate and plot the R, and R, curves by dividing the reduction factors R, and R, into the derivative
data.

3. From the three derivative curves, estimate t, and t,, and compare them with the shut-in time t,.

4. Ift, <ty the equivalent drawdown derivative curve should be R; - R, - Ry
5
6

N

Ift, < t, <1, the equivalent drawdown derivative curve should be R, - R, - R,
. Ift, > t,: the equivalent drawdown derivative curve shouldbe R, - R, - Ry .
TABLE 1 lists the various reduction factors in different flow regimes.

4.3.3 Field Examples of Buildup Test Interpretation

Example 1: Figure 4.20 shows the buildup test interpretation using the R, - R, modification method. This
buildup test is a multi-rate test, but the discussion we presented above is only for a single rate test. However,
for a multi-rate test, only some additional terms need to be added in the buildup superposition to account for
the muti-rate effect.

If a multi-rate test with Q, at (i - t;), Q- at (t; - ta)...., and Q, at (t,, - <), then dimensionless pressure drop Py

becomes:

n lq-fig

P. = £ [(Q-0. )Zt)dt (4.3.45)

=l ¢

where t, = 0 is the start time of the drawdown .
If the test is shut-in at time ¢, = t,;, then Q, =0, and the buildup recovery pressure Py becomes:

n-lletistle te-lit

Py = IQ..;Z(f)d‘C— .=21 b[ (Q:-0;,)Z(t)dt - £ (Q:-0.,)Zt)de 4.3.46)

The logarithmic derivative of equation (4.3.36) becomes:
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n-1

Z[Q, - Q.'J]Z(tp’ti-t"' t')

L t ot - =l
Ap' = Q. ,Z(t' )i'[1 0.Zr ] @347

Therefore, the only difference between the single rate and multi-rate tests is the reduction term.  If we still
apply the procedures discussed for the single rate test but use the reduction factor presented in solution
(4.3.37), the multi-rate test can also be interpreted by the same method.

Figure 4.20 is the interpretation result using the reduction factor in (4.3.37). The three flow regimes identified
by the R,, - R, modification method are shown in the figure by the segmentation lines.

Example 2: Figure 4.21 shows the field buildup test reported by Mattar and Santo [1995]. The authors
declared that the horizontal radial flow regime has just been reached at the end of the buildup. Obviously this
conclusion is based on the horizontal trend of the buildup derivative at the end. However, after we calculated
the R, and R; modified derivatives, it becomes clear that the horizontal trend of the buildup derivative curve
does not give any information about the horizontal radial flow regime, but is the result of the effect of the
buildup reduction.

Example 3: Figure 4.22 shows the buildup test example of figure 4.14 from Sherard et al., [1987]. The
special characteristics of the test make the test interpretation difficult, particularly the flow pattern
identifications, i.e the VLH or VSH. We applied all three modifications, R, R; and R,. All three modified
curves show more or less the dual pattern property, but a VLH flow sequence seems more likely to be present.
This is because, as discussed in the previous sections, the R, modified derivative gives the maximum and the
R, modified derivative gives the minimum derivative in the vertical flow regime, and the R, modified
derivative gives the identical value in this regime. If we observe the position of all these three modifications,
we may say that the HV = 1 case is present in this example, which means that the boundary effect time
becomes identical to the well length effect time.

4.3.4 Discussions and Conclusion

We have discussed an approximate method in buildup test interpretation. This method can interpolate a
drawdown equivalent derivative from the R, - R{(R;, - R, for the VSH flow sequence) moaodifications of the



Chapter 4 Horizontal Well Test Interpretation 93

buildup derivative.

The R, - R, modification method can restore the altered flow regimes by the superposition effect . This
method is more useful for buildup tests which have longer recovery times than drawdown times. This also
implies the possibility that a short drawdown and longer buildup test can be used in reservoir characterization
if the method discussed in this paper is used.

The method is developed based on the inequalities derived from the theovetical analysis of the segmentation
solution for various flow regimes. Even though the drawdown equivalent derivative needs to be interpolated
from the two modified derivatives, both simulation and field examples indicate that the difference between
them is small and can be interpolated visually with good accuracy.



v6

_ NESIRY 1 “Yafy s
utes Jod 1| Danyzol HSA
o Yafy d+is REIK SAae] W T HIA
K] ogrn9 9l J 4| OgroTyl J a9 umés_
« N...a.»»‘r »«n«‘r&
~ y @%e.s_ HSA
“y Ay, .~+ku 7] “y Au\n«
- ~ — « «. —\ ILI.% - N .Ml. h.P
A 0grio g9l N ) Ogriozol HIA
J— HSA
d “ £y
AR ] W kTR HIA
4 1] 0119791

uonvyaadiang 3531 1M 1002010 ¢ 493dvYy D

saATeALIOp anssaxd oy ur s103oej uononpay | qel,



Chapter 4 Horizontal Well Test Interpretation 95

4.4 Reservoir Anisotropy Determination

4.4.1 Anisotropic permeability ellipse and ellipsoid

Segmentation solutions developed in the drawdown and buildup test sections have often been used in
well test interpretation. However, if we substitute t, and t, of equation (4.2.51) into these solutions,
it becomes apparent that, except for the horizontal radial flow regime (equation (4.2.54) and (4.3.57))

where the horizontal average permeability k, = /k ¢ is obtained , the permeability determined by

other regimes is orientation-dependent. For example, the permeability determined from the vertical
radial flow regime is /ku/k.tk_\'k: and from the transient flow regime (linear or spherical) is ’ku/krk_\ .

If all flow regimes are clearly identifiable in a test, then the permeabilities we can deterniine are well
direction permeability k,, the vertical permeability k, and the horizontal average permeability k,,, but
the true anisotropy of the reservoir can not be uniquely determined.

To determine the principal permeabilities and their directions, the permeability ellipse in the horizontal
plane must be determined. From Figure 4.2 we find that there are four possible directions in which
the permeability has the same magnitude. If two directional permeabilities k, and k, have been
determined from two horizontal wells in different location but separated by an angle of B degrees
measured counter-clockwise from k, to k,, then the permeability ellipse can be uniquely determined.
Therefore, two well test data sets from two differently orientated wells are required in order 1o
determine the permeability ellipse. Several methods can be used in determining the permeubility
ellipse, and we will discuss two of them in the following section.

4.4.2 A graphical method in anisotropy determination

If we rewrite the equation of directional permeability (4.2.19) in the following form :

b1 1 ,
T ==k + k) - 5(1(,: - k)cos(2o) (4.4.1)

N}
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and define variables P, = (k; + k))/2, Q,, = (k, - k,)/2 and the modified permeability k, = k,/k, then
equation (4.4.1) becomes:

k, =P, ~ Q,cos(2o)

(44.2)
Pr-0n=k

Two circles can be generated from the two equations in (4.4.2), the K, circle and the k_ circle. The
k, circle is a circle centred at (0, 0) and with radius k,. The k, circle is centred at (P,,, 0) with radius
Q,, (Figure 4.23). Two important properties can be generated from these two circles:

1) The centre of the k, circle is outside of the k, circle i.e. P >= k;;
2) The two circles have at least one intersection i.e P <= Q + k.

Both properties can be proved from the second equation of (4.4.2).

The modified directional permeability k; in any direction o can be determined by finding the point
on the Kk, circle which forms 2o + T degrees from the k. point, which is the right intersection of k,,
circle with the k; axis (Figure 4.23).

If two directional modified permeabilities k,; and k. are known, then the k,, circle must satisfv the
following conditions:

1) The angle from kg, to k. is 2;
2) At least one of the k, circle radial lines is tangential to the k, circle.

In order to determine these two properties, a measuring tool such as a compass net is required. The
net should be composed of concentric circles which can be used to identify the k,, circle, and radial
lines which can be used to find the tangential line to the k, circle. At the same time, it must permit
one to measure the angles between the two modified permeability points. Figure 4.24 shows an
example of such a net.

To determine the permeability ellipse by using the net of Figure 4.24, the following steps are
recommended:
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1 Obtain the two directional and horizontal average permeabilities k,;, k., and k, from two well
tests in different azimuths using curve matching or segmental methods. Transform k,, and k,,,
into the modified permeability k, and k_, by the following relationships:

2 2
K, = k=0 4.4.3)
ntl ku[ m2 kgg

and write down the orientation angle B measured from k, to K,.-

2 Draw the k;, circle with its centre at (0,0) and radius k, on a transparency. Make the positive
k; axis 3-4 times longer than k.

3 Mark out k,, and k,,, on the k -axis and draw vertical lines through these two points.
4 Put the paper on top of the compass net (Figure 4.24) and, move the transparency horizontally

with the k, axis coinciding with the (°-180° line of the net.

5 The k, circle is the one which intersects the k; circle and the two vertical lines of k,; and k..
The azimuth angle between the two intersection of k,, circle with k;,, and k,, is 23.

6 Now, k, and k, can be measured directly from the graph. We also can obtain the P, and Q,
values from the graph and the primary permeability k, is P, + Qg and k; is P, - Q,. The
angle measured from k, to k,, is 2 + &, where o is the direction of k, measured from the Kk,
direction.

4.4.3 Numerical method in anisotropy determination

If two directional permeabilities k,; and k., with directions o, and o, + § have been determined trom
two well tests, then from equation (4.4.1) we know that they satisfy the following (wo equations:
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2
k

=(k +k )-(k —k Jcos(20t) (4.4.4)

«l

i

-

2k,
k_"=(kx+k’) -(k,~k Jcos(20t+28) (4.4.5)

a2
where f is the angle from the first well (k,;) to the second (k,.) measured counter-clockwise.

An analytical solution for (4.4.4) and (4.4.5) has evaded us, therefore numerical techniques may be
required to solve for k, and k,. To make the numerical calculation easier, we would like to simplity
the two equations by first subtracting equation (4.4.5) from equation (4.4.4) to obtain:

2z (ky,—k, )

k -k = 4
* Yk, k [cosRa+2f)-cos(20)] (4.4.6)
and then if we substitute (4.4.6) into (4.4.4) we obtain:
Zk,,z[ku:cos(ZaQB )-k, cos(2er)]
k k= - 44.7)
k, k,.[cos(20u+2f3 )-cos(2a)]
If we add equation (4.4.6) 1o (4.4.7) we obtain an expression for kg:
¢ 2k;  k,,cosi(o+P) - k,cosi(ar)
* 7k k,, coso+2P) - cos(a) (4.4.8)

and if we subtract (4.4.7) from (4.4.6) we obtain another expression for k, by using the relationship

of k2 = kk,:

Lk = Kk cosQou+28) ~ cos(2or)
- 2k Sin(o) - k_sin(c+P) (4.4.9)

Equations (4.4.8) and (4.4.9) represent two independent relationships between k. and o The
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variations of k, with o (0° to 180°) for both equations can be drawn by any commercial spread-sheet
software, such as Excel or Qpro, and the intersections between the two curves give the k, and k, value.
However, one drawback for equations (4.4.8) and (4.4.9) is that four singular points can be present,
which complicates the identification of these intersections. To overcome this difficulty, it may be a
good idea to calculate the ratio R between the two equations which is:

| k., I ko .
4sin’(B) - k_“'. sin(2ot+2B)- .ki'. sin(2or) (4.4.10)
R - k: (138 al )

k, k lcos2a+2B)-cosRo)]*

If the k., values of equation (4.4.8) and the R values of (4.4.10) are plotted by varying o from 0° to
180°, then the four singular points are reduced to two which are located at ot = 90° - /2 and o = 180°
- B/2 respectively. Moreover, because the two curves share the same singularities, this makes their
identification obvious. Also, the point of R = 1 gives the o value which is the direction of k, relative
to the k,, direction. The k, value can be determined from the k, curve at the determined o value.

Sometmes the k; values may be much larger than [, which can make the two curves (R and k) very
incompatible in their magnitude from a same scale graph. It may be a good idea to multiply R with
a known constant of the same order of magnitude as permeability, such as k;, to make the two curves
compatible. The orientation of k_ under this condition can be obtained at the point of R = k,. Also, two
such points are obtained, one gives the k, value (the one with large value), and the other gives the k,
value (smaller one). Figure 4.28 shows an example of the numerical method in permeability ellipse
determination.

The two methods discussed above each have advantages and disadvantages. The numerical method is
more accurate than the graphical method but the equations need to be input to a program. Also, we
need to figure out and eliminate the singularities. The graphical method is easy to use but less accurate,
and a measuring net is required. In practical applications, if all three permeabilities k,;, k., and k, are
very close in their magnitude, then it is possible that the reservoir is an isotropic reservoir; if k,, and
ke, are close in magnitude but differ from k;, then the spread sheet method might be preferable; if
ke, and k,, differ significantly, then the graphical method is convenient.
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4.4.4 A field example

Figure 4.25 and 4.26 are two horizontal well tests reported by Karakas et al., (1991]. The wells were
drilled from a old vertical well in directions [95° apart in two adjacent layers with thickness 44 (t and
22 ft respectively. If we assume the primary permeability directions in both layers are the same (very
likely because of a similar deposition environment) and have similar magnitude, then the permeability
ellipse can be determined by the well tests conducted. From the two figures we find that only the
middle linear flow regimes are observable. However, if we utilize the horizontal average permeability
determined from the previous vertical well test, the horizontal permeability ellipse can be obtained.
Karakas et al., {1991] lists the permeabilities estimated by those well tests (including the vertical well).
[f we assume the permeabilities were estimated by the conventional method from Figure 4.25 and 4.26.
then the following permeability values are pertinent to the new solution:

k, = 134.1 md K, = 205.5 md k. = 242.4 md
B = 15° (195°

We now use both the graphical and numerical (spreadsheet) methods to determine the permeability
ellipse for this example.

The modified permeabilities for K, and k, are k,; = 87.5 md and k. = 74.18 md. The k, and k,
circles determined using the measuring net of Figure 4.24 for these values are shown in Figure 4.27.
The following values are obtained from the figure:

20+ 180 = 150, aa = - IS
k, = 240 md
k, = 74.0 md

The example is also evaluated numerically by drawing the R curve of equation 4.4.10 and the k_ curve
of equation (4.4.8). using Excel (Figure 4.28). The corresponding values for k,, k, und o obtained {rom
Figure 4.28 are:

a=-163
k, = 242.6 md
k, = 74.1 md

Comparing these two sets of results we find that if an accurate measuring net is used, the graphical
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method can be quite satisfactory. Figure 29 shows the permeability ellipse determined for this
example. From this figure we find that the minimum permeability direction in this arca is almost
perpendicular to the HD2 well. Therefore, we might obtain optimum productivity if wells are drilled
in the northwest direction, i.e along the minimum permeability direction.

4.5 Conclusions and Discussions

The effect of well orientation on horizontal well test interpretation has been analyzed in this paper.
For a horizontally isotropic reservoir, or if the horizontal well is in the primary permeability (k)
direction, then the new solutions for the VLH flow pattern are the same as those developed by Goode
et al.[1987]. However, the orientation effect can be significant in highly anisotropic reservoirs.

[n an anisotropic reservoir, the parameters estimated from the early vertical and middle transitional flow
regimes are orientation-dependent. We presented and discussed two methods to determine the
permeability ellipse, a graphical method and a numerical method. The graphical method is easy to use
but less accurate and a measuring net is required. The numerical (spreadshect) method usually gives
more accurate results, but is inconvenient to use because of the requirement of invalid solution
elimination.

[f the vertical permeability is very small compared with the well direction permeability, then the
commonly observed Vertical-Linear-Horizontal flow pattern (VLH) can be replaced by the Vertical-
Spherical-Horizontal flow pattern (VSH), but linear and spherical flow can not co-exist. The linear
flow regime is identified by a slope of 0.5 in the log-log derivative graph and the spherical flow is
identified by a negative slope of 0.5.

We also have attempted to eliminate the test-dependent features of the segmental sotutions derived by
Goode by identifying two critical time criteria, the boundary effect time t, and the well length eftect
time t, [Goode et al., 1987]. The segmentation approximation solutions are obtained by integration
using these criteria, which eliminates the requirement of measuring the test curve slope discussed by
Goode et al., [1987]. The relative error caused by using t, in the integration is less than 0.1%. Even
though slightly larger errors can be introduced by using t, without correction, if it is corrected the error
also becomes less than 0.1%, except in the range of two logarithmic cycles around t,. Even though
it is extremely rare, if most of the well test data fail into the two log-cycles around t,, then the
segmental solutions can not be used for test interpretation.
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Two field case examples are used to demonstrate the application of the methods introduced in this
paper. One shows the spherical flow regime and its derivative in a log-log graph, and the other
demonstrates the application of permeability ellipse determination. If the permeubility ellipse is
determined for a reservoir or part of a reservoir, then optimum productivity wells can be designed
along the minimum permeability (k,) direction [Zhang et al., 1994].
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Appendix 4.1

Error Analysis by t, Approximation

Because the error function term changes gradually, the criterion t,, used in determining the pressure
drops can lead to errors during and after the time of €.

The error caused by t, can be evaluated from comparing the true pressure drops obtained by (4.2.22)
and (4.2.27) with those obtained by (4.2.45)-(4.2.49) at the period around t,. We can assign the
integration range as (,/m < ty < mt,,, where m is a constant.

For the VLH flow system, the integral in this period can be approximated as:

mix J- 8
M, = ;‘ L ety 4 et Sy,
Hunz) J’[: J"; Id (AI)

v min ‘/—E
= f _Yz_[erj[(l-a)yl + enf[8y]|dy
v K~

and the segmentation solution gives:

M, = 2J£[1 - JL « (2L - i)
T n T T

If we evaluate the difference between (A1) and (A2) by increasing the value of m, we obtain the steady
value of E, :
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E =M -M =-093

For the VSH system the system integral is:

d

’ f _.[erj[(l-S )Y 1+erf Sy 1jdy

,/ xTm~

mix
N = f 2"L l [,1((1 D)y 4 e e,
1hme) ‘/-f_ J[:

and the segmentation solution is:

and evaluation of E, gives:

k
E, =N, -N, = -056 |«
le k.

104

(A3)

(Ad)

(AS5)

(A6)

In the evaluation we found that a value of m = 10 gives a good approximation of the segmentation

solution.
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Upper impermeabile layer

Figure 4.1 An arbitrarily oriented horizontal well in an anisotropic resenvoir.

Figure 4. 2 There are four directions in a permeability ellipse w here the
directional permeability k_ has the same magnitude.
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Figure 4.6 Horizontal well test derivative cures with different B, values (wellbore

storage not considered).
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Figure 4.9 A horizontal well test usually presents the Vertical-Linear-
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Figure 4.10 A horizontal well test can also present the Vertical-Spherical-
Horizontal (VSH) flow pattem (after Domzaiski and Yuer, 1992).
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Figure 4.13 Pressure derivatives from an observation well located close
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Figure 4.24 A measuring net to determine the anisctropic permeability ellipse

from two horizontal well tests.
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Figure 4.26 Rate Normalized Pressure (RNP) of the HD2 horizontal well test data
from Karakas et al., (1991).
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Figure 4.29 The permeability ellipse obtained from the well test
discussed by Karakas et al., (1991)



Chapter Five

Wellbore Storage Effect

S.1 Wellbore Storage Effect in a Drawdown Test

The horizontal well test solutions developed in Chapter 4 assume that wellbore storage can be
minimized to such a small value that no obvious effects can be observed from a well test. This is
possible through use of carefully chosen measuring tools such as a downhole pressure gauge or a flow
meter. However, sometimes the weilbore effect can be very large and becomes non-negligible. Insuch
situations, the wellbore storage must be considered in interpreting a well test.

Wellbore storage in a horizontal well can come from two sections, the vertical section and the
horizontal section. Obviously, the vertical section is more important than the horizontal section
because it contributes immediately after a test starts. The horizontal section only applies when the
pressure has declined to the elevation of the horizontal section. In such cases, the drawdown cone
usually has become very large, and the flow regimes could have reached the middle transient or the
horizontal radial flow regime. Because of the huge recharge area at this stage, the wellbore pressure
drawdown rate in such periods will be very small and, the percentage of wellbore discharge in the (otal
flow rate becomes very small. Therefore, it is most likely that the wellbore storage effect in such
stages of a test can be safely neglected. Because of this, we will only discuss the wellbore storage
effect of the vertical section in this chapter.

Wellbore storage comes into effect by contributing the fluid stored in the wellbore to the whole well
discharge rate. The solutions obtained in Chapter 4 assume that the discharge totally comes from the
reservoir through sand face flow (no storage) Q,(t). If the total well discharge rate is a constant Q,
then it is composed of two parts, the sand face discharge Q,(t), and the wellbore discharge Q,. The
sand face discharge satisfies the mass conservation equation:

120
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o 9. G.1.1)
0m=0-0m=0-C5

where Ap, is the pressure drawdown at the wellbore and C. is the wellbore storage coefficient which
is the volume of wellbore discharge per unit of pressure changes and can be approximately calculated
as C, = nr,.® for a vertical section with wellbore radius r.. If the wellbore is inclined with 6 degrees
from the vertical, then C, = rr.*/cos(8).

If we use the following dimensionless variables of ty and P, defined in Chapter 4 in equation (S.1.1):

P, = 41th‘/lcxk’ Ap [, = 4k 1 (5.1.2)
Ho Lc,ou
we have:
QCk, OdP, aP,, -
) =Q - — L= 0 - Cpmm (5.1.3)
0t = 0 xhLc ok, 9, o,
where
C. k
C. = - < Bh - _" (5.1.4)
1':[.-lx<:mq)[3,l k,

and C, is the dimensionless storage coefficient.

Take Laplace transforms of (5.1.3) with respect to t, to obtain:

0,5 = Q(-;. - C,sP,) (5.L5)

For a non-constant sandface flow rate Q,(t), the general horizontal solution of (4.2.22) of Chapter 4
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can be written as:

P, = j‘Qm(‘a "Dy (5.1.6)
1]

If we take Laplace transforms of solution (5.1.6) by applying the result of (5.1.5) we have:

3 o, = = (5.1.7)
P, =L f.‘%’.zmdr - Z(s)[.i_. - C,sP,)
0
Take the drawdown at the wellbore in equation (5.1.7) and solve for Py, :
P, =2 (5.18)
T sl + CsZ (9]
and if we substitute (5.1.8) into (5.1.7), we obtain:
P, = Zs) _ (5.1.9)
s[1 + C,;sZ (s)]
where the Laplace transform of Z(z) is:
2s) = fer Zaur (5.1.10)
[
The Laplace transformed logarithmic derivative of P, is:
Ll e | 23PN 2ICZS) - Z,(s)] (5.L11)
dllog,(t,)] ds [l + CsZ ()

where Z,.(s) is the derivative of Z.(s) with respect to s and which can be written as:
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Zs) = - [ zap, a1, (5.1.12)

0

Therefore by inverting solution (5.1.9), the dimensionless pressure under the storage effect can be
obtained. In the same manner, by inverting solution (5.1.11), the dimensionless pressure derivative can
also be obtained. Analytical inversions of solutions (5.1.9) and (5.1.11) are not realistic, therefore a
numerical scheme has to be applied.

5.2 Wellbore Storage Effect in a Buildup Test

The buildup test can be simulated by superposition of two sectional drawdown tests with different well
production rates. The sand face flow rate in such superpositions can be written as follows, with
consideration of the wellbore storage:

) - )
ol - C==1 <ty
0,u) = ‘

oP,,
- QCraT' (,21,)

d

where t,, = 4k,t/(Lc,0n) and Q is the well discharge.

By applying the Laplace transformation to both equations (5.1.1) and (5.2.1) in the same way as in the
last section, the pressure transient equation can be obtained in Laplace space as :

(1 - e™]Z(s)

P, = L
s{l + C,sZ (s)]

d

where Z(s) is the value of Z(s) at the wellbore.

As we can see when t, tends to infinity, solution (5.2.2) becomes identical to the solution (5.1.9)
developed above.
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If we denote the Laplace transformed dimensionless pressure drawdown Py, of equation (5.1.8) at
wellbore as P,.4(s), and its logarithmic derivative of equation (5.1.11) as P . (s) with :

P9 = — (52.3)
s[l + C,sZ.(s)]
and
P L) = 23(C2, ) - Z©) (5.2.4)

[l + CsZ (s

then the buildup dimensionless pressure of solution (5.2.2) at the wellbore can be written as:

W
(V)
tn
S’

Fdw = Puds) - e.“‘:Pdml(s) .

and the logarithmic derivative of the buildup solution (5.2.5) becomes:

P o B fs) - (230,07 5P, () + Py ()]
alogm( ) dwd ~2tdp dwd

_ (5.2.6)

231, e™"Z (s

= Po )1 - e™] - _u

1+CsZ (5)
or in the expanded form:

P, _ 2-e™CZUN-ZA) _ 2.31,Z(s)e™ (52.7)

dlog,(¢,) ) [1 + C,5Z (5)] 1 + CsZ (s)
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Therefore, the dimensionless pressure of a buildup test and its logarithmic derivatives including the
wellbore storage effect can also be obtained from solution (5.2.5) and (5.2.7).

5.3 The Effect of Wellbore Storage Masking

When solutions (5.1.9) or (5.1.11) are evaluated, we find that the effect of wellbore storage for a
horizontal well test is very similar to that of a vertical well test. At very early times the dimensionless
pressure and its logarithmic derivatives are masked by wellbore storage (Figure 5.1). Larger values
of storage (larger C,) generate proportionally longer times of masking.

From solution (5.1.9) for very small times we have :

A5l _aed 1|t (5.3.1)
CbRf [‘c?] "7

which shows that the dimensionless pressure and its derivative at very small dimensionless times has
a linear function with t, and C;:

P
Py = - P 4 (5.3.2)
C, dllogty)] C,

This is exactly the same as for the vertical well.

To determine the wellbore storage coefficient we can extend the straight line to intersect with the
vertical line at ty = 1.0, and the corresponding P, value gives for the coefficient C, in the following
relationship:

1

C, = —0
d P,

(5.33)

Solution (5.3.3) indicates that at the very beginning of a test, wellbore storage dominates the well
discharge and the reservoir discharge is negligible. With increasing time, the reservoir discharge



Chapter 5 Wellbore Storage Effect 126

gradually increases, and the wellbore storage dominance diminishes. When the reservoir discharge
becomes dominant, the wellbore storage effect vanishes. The end point of the wellbore storage period
can be considered as the point where the wellbore storage straight line intersects with the type curve
(Figure 5.1). This point is presented in the logarithmic derivative curve as the peak value at the end
of the log(ty/C,) straight line, as shown in Figure 5.2.

5.4 Wellbore Storage Effect Analysis

Figure 5.3 and Figure 5.4 show the wellbore storage effect on the type and logarithmic derivative
curves of an isotropic reservoir.  Because of the flow regimes in a horizontal well test, the storage
effect termination time varies not only with the storage coefficient C,, but also with well and reservoir
parameters such as reservoir thickness h and well length L. Depending on the magnitude ot C;, one
or more flow regimes of a horizontal well test can be masked.

In the anisotropic permeability situation, the wellbore storage effect termination time clearly depends
also on the degree of anisotropy. Figure 5.5 and Figure 5.6 are the type and derivative curves for
k/k, = 0.01. the situation where the vertical permeability is much less than the horizontal permeability.
Figure 5.7 and Figure 5.8 are for k/k, = 100, the sitwation where the vertical permeability is much
greater than the horizontal permeability.

Comparing the derivative curves of different anisotropy cases in Figures 5.4, 5.6 and 5.8, we tind that
the storage effect is more obvious in reservoirs with higher vertical permeability than in lower vertical
permeability situations.

The wellbore storage effect in a buildup test is very similar to the drawdown test, as can be seen from
Figures 5.9 and 5.10. If the storage effect becomes negligible at the shut-in ime, then the R, -R, (R)
reduction factor method is also effective. However, if the storage effect is non-negligible at the shut-in
time, then the R, -R, (R,) method will not work before the storage effect becomes very smail.

The wellbore storage effect on a VSH flow sequence is shown in Figure 5.11 and its derivative in
Figure 5.12. The same effect is also observed in the VSH flow sequence as in the VLH flow sequence.
The only difference is that the storage effect time will be longer for the VSH sequence than for the
VLH sequence under the same conditions because of the higher pressure (derivative) required in such
a flow sequence.
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Figure 5.3 Wellbore storage effect on a horizontal well tast in an isotropic
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Figure 5.4 Waellbore storage effect on a horizontal well test in an isotropic
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Figure 5.5 Wellbore storage effect of a horizontal well test in an anisotropic
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Figure 5.6 Logarithmic derivatives of the wellbore storage effect on a horizontal

well test in an anisotropic pemmeability resenoir with k; < k.

129



1.E+02
1.E+01 1
1.6+Q0 1
1.601 ¢
1.602 +
1.E6-03 1
1.604 ¢

Dimensioniess pressure

1.6-05 1

1606 - : . ‘
1608 1606 1.E04 1602  1.E0

1.E+04
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Chapter Six
Effect of Formation Alteration Around a Well

6.1 Formation Alteration

6.1.1 Artificial stimulation
6.1.1.1 Hydraulic fracturing

Hydraulic fracturing, a method for increasing well productivity by fracturing the producing formation
and thus increasing the formation permeability, was originally conceived and patented by R. F. Farris
[Howard and Fast,1970]. The effectiveness of hydraulically created fractures is governed by the
orientation, areal extent, and conductivity of the fracture system, and is evaluated by post-treatment
production rate tests, compared to pretreatment transient well testing.

The effect of fracturing on both short and long term well productivity has been studied by many
investigators, most of whom concluded that, regardless of the kind of weatment, four basic patterns of
production behaviour have been observed:

Type - A: Sustained increase in well production accompanied by a flatiening of the production
decline curve following the treatment.

Type - B: Sustained increase in production with the higher production rate of the well after
treatment declining essentially at the same rate which had been established before treatment.

Type - C: Transitory increase in production lasting from a few weeks to several months, after

which the well continues to follow the production decline trend that was observed prior o
treatment.
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Type - D: No increase in production after treatment, with the well continuing to follow its
established, normal production history.

As an example of the application of these concepts, Ghauri [1960] gave several well production
histories after hydraulic fracturing treatment and analyzed them in terms of the four "type cases’
outlined above.

The search for appropriate flow solutions for well evaluation after hydraulic fracturing has been
extensive. The goal is to be able to conduct a relatively short-term well test on a hydraulically
fractured well after clean-up, and to amalyze that information in such a way that the long-term
productivity (sustained-rate production) can be reliably predicted. One early approach to this goal was
to modify existing solutions by considering the hydraulic fracturing treatment as adding a negative skin
factor to the flow equation. However, this does not always work satisfactorily, particularly for short
times; one study clearly shows that a negative skin effect was not sufficient to define short time well
behaviour [Agarwal et al., 1970].

To consider the individual fracture as a boundary possessing infinite-conductivity or constant flow rate
is an alternative method to analyze this problem quantitatively. Several solutions have been developed
[Van Everdingen and Meyer, 1971; Russell and Truitt, 1964; Gringarten et al., 1974]. However, these
solutions are generally too complicated to be used systematically by field engineers evaluating actual
cases unless they are coded into a computer program, and there are always concerns about the
suitability of the assumptions in particular cases.

6.1.1.2 Formation acidizing

The Pure Oil Co. in cooperation with Dow Chemical Co. performed the first acidizing of a oil well
in 1932. By 1934 acidizing had become an accepted practice for well simulation in areas where the
producing formation was limestone. Acidizing increases the diameter of the flow channels (pore
throats, fracture apertures) in the limestone, and therefore increases the permeability in the near
wellbore environment. Conventionally, these enhancements have been analyzed in a manner similar
to hydraulic fractures, with modified flow equations incorporating a negative skin factor, or with a
radially symmetric step-permeability flow model. In some cases, particularly those in vuggy dolomites
or jointed limestones, the acidizing may have a more concentrated effect on channels, and instead of
opening up and helping to unblock pore throats generally, a network of flow-enhanced tubes is created.
These effects must be considered by the appropriate models, and it is not evident that a simple step-
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permeability radial flow model is applicable to these cases. [t would seem more appropriate to develop
tools which provide transient or steady-state flow analyses based on a physically more realistic
interpretation of the near-wellbore flow situation.

6.1.2 Non-artificial alteration

Formation improvement or damage refers to the process of changing formation parameters by other
operating processes, either deliberate or natural. For example, particularly in a reservoir dominated by
fissure flow, permeability may change because of stress redistribution after the well has been drilled,
and this is a "natural” effect. Depending on the magnitudes of the stress field and the nature of the
reservoir, the change of stress around a well can compress or dilate the formation and decrease or
increase formation flow parameters. A similar effect could occur during injection of hot or cold fluids,
which would cause fractures to close or open.

The formation also can be altered during the drilling operation. On the one hand, drill bit and drill
pipe action can break or damage the formation near the wellbore to increase the permeability through
microfissure generation or general shearing and extensional circumferential fracturing; on the other
hand, drilling muds can invade the formation through the wellbore and thereby clog pore throats,
change saturations, affect chemistry, and in general decrease the formation permeability. Other changes
which occur during the production phase include fine-grained material migration, solids co-production,
asphaltene or carbonate precipitation, all of which serve to contribute to the parameter alteration in the
wellbore region, or even for a large region around the wellbore in the case of wells which have
produced large amounts of sand.

6.2 Formation Alteration Analysis in the Literature

6.2.1 Alteration analysis around a horizontal well

Formation alteration around a horizontal well has been recognized as early as the horizontal well was
considered for use by hydrogeologists and petroleum engineers. Formation parameters may change with
radial distance from the wellbore because of stress redistribution, drilling damage, fine-grained material
migration, solids co-production, asphaltene or carbonate precipitation, drilling mud invasion or some
combination of these processes. The solutions for well test interpretation presented in Chapter 4, as
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well as all other solutions reported in the literature, do not consider the true effect of these alterations
on well test interpretation, but instead utilize the skin term concept in their development.

Some mechanisms in formation alteration around a horizontal are the same as in a vertical well
situation, such as drilling damage and solids co-production. However, others may be more complicated
than a vertical well, such as drilling mud infiltration. This is because a horizontal well is generally
much longer than a vertical well, and therefore the infiltration time is longer near the heel (start
section) than the toe (end section). This time difference can make the shape of the damaged zone like
a cone along the well. The shape and distribution of damage around a horizontal well would also
reflect the vertical-horizontal permeability anisotropy. During production, the large pressure gradient
near the vertical section would result in a similar shape of production induced damage. During driiling,
it is obvious that drilling mud penetration would generate a truncated cone with a large base near the
vertical section of the well. The base of this cone would be radial if the reservoir is isotropic, and
elliptical if it is anisotropic. If the vertical permeability is much smaller than the horizontal
permeability (typical anisotropy), then the cone will be elliptical with the large axis of the ellipse being
horizontal. In the case when the vertical permeability may be larger, then the large axis of the ellipse
will be vertical.

Frick and Economides [1993] established an analytical expression for the skin term: in such an elliptical
shape damage zone using the following form:

k 1 4 @l Qo (6.1.1)
s, = (—-1)In — 1
eq ( k‘ ( ([am.+ l) 3 ( r‘,i + rw + )

However, the actual size of the damage ellipse zone will depend on the magnitude of the permeability
around the well and the time of drilling. Generally, the size difference caused by fluid penetration will
not be very large, and taking the average size to make a cylindrical shape assumption will be sufficient.

Therefore, the vertical well solution in most cases will be applicable for a horizontal well, particularly
in the early vertical flow period. In the following sections we will develop a semi-analytical solution
to simulate a well test in an altered reservoir. Obviously, this solution can also be used in horizontal
well test interpretations.
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6.2.2 Alteration analysis around a vertical well

Pumping or injection tests performed in vertical wells have traditionally been the standard methods
used to evaluate the permeability and storage coefficient of aquifers for water supply purposes or in
oil reservoir evaluation. The Theis [1935] solution, which assumes a fully penetrating well in a
homogeneous, isotropic, infinite confined aquifer, is the most popular solution used by hydrogeologists,
and its modifications by Muskat are the basis of petroleum reservoir evaluation. Formation alteration
around a vertical well has also been recognized by hydrogeologists and petroleum engineers, but it is
not considered in the basic solutions. Formation parameters may change with radius for the same
reasons, as discussed above, around a horizontal well. To consider the infiuence of this altered
permeability on productivity and well behaviour, several models have been proposed in the literature.
One of the earliest models, which has also been adapted to the horizontal well solution, is the "skin
term” model [Hawkins, 1956], in which an small thin skin close to the well was assumed, and an
increase (or decrease) of permeability can cause a finite hydraulic head rise (drop) equivalent to the
effect of the aquifer improvement or damage resulting from this skin. This model has been repeatediy
used by petroleum engineers [Robert, 1977] and groundwater scientists [Moench, 1985]. The niodel
assumes a zero thickness and storativity for the skin, and the hydraulic head drop across the skin is
presumed to occur under steady flow conditions [Novakowski, 1989]. Because of the reality that the
skin region must be finite in nature and have some storativity, many composite models have also been
proposed [Olarewaju and Lee, 1987; Butler, 1988; Novakowski, 1989]. All these models assume a
axisymmetric two-annulus aquifer around the wellbore, with permeability being constant within each
zone, and an abrupt jump at the interface. Because permeability changes in the form of a step function
with radius in these models, we will refer to them as "step permeability” models. However, both
experiments and theoretical analysis show that most of the permeability changes because of formation
alterations are continuous, rather than abrupt [Bennion and Thomas, 1994].

The step permeability model is probably a good approximation only when the altered zone has a small
thickness. If the altered zone is very large, as arises in the case of massive sand production in a vil
well [Geilikman et al., 1994], the two-zone step permeability model will likely be invalid. To more
closely consider realistic cases, a multi-zonal composite model has been proposed (Kamal et al., 1992].
In this model, the altered zone is divided into many subzones with the average permeability in cach
subzone expressed as a constant. They also presented a relationship among the permeabilities which
is expressed as: k; = ak,,,” + d, where i stands for the i® subzone, and a,b,d are constants. In two
field examples to which the model was applied they found that d = 0 and b = 1, thus a linear
relationship was obtained. Two difficulties arise in this model: first, it is often difficult to find the
boundaries for many subzones; and second, the solution becomes more complicated with the increase
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of the number of subzones. To develop a more realistic composite model, a continuously varying
permeability which can be simply expressed and can also approximate the real permeability variation
is desired; ideally, this solution would be semi-analytic instead of numerical to allow more casy
inversions.

A new analytical solution has been developed for a two-zone composite model. The permeability in
the first zone is assumed to change continuously in a power relationship with radius, and the
permeability in the second zone is a constant and equals the original permeability. The permeability
can change smoothly at the interface, or jump in a discontinuous manner, depending on the parameters
considered most appropriate. The solution is obtained in the Laplace space, and numerical inversions
are needed to evaluate the solution and to generate type curves for general well test interpretations.

6.3 A New Model for Alteration Analysis

6.3.1 Parameter variation because of formation alteration

Several reservoir parameters can be altered because of formation alteration, such as tormation
permeability, porosity, compressibility, Young’s modulus and so on. Among those, the first three: the
permeability, formation compressibility and porosity, are the most important ones in flow analysis.
[n order to consider the true effect of these altered parameters on well test interpretation, instead of
using a simple skin term, the variation of the parameters with space and time are required.
Unfortunately, such quantitative relationships are extremely rare, particularly when they are required
in both the space and time domain. To simplify the problem, we would like only to consider the
situation where the formation has already experienced the alteration. This assumption is reasonable
in most practical problems because most of the formation alteration mechanisms are largely time
independent, such as drilling damage or stress redistribution because of drilling. Other mechanisms
can be time dependent, such as production induced alteration, sand production and fluid injection. We
deal only with the first category in this chapter. We also assume the compressibility and porosity
change because of formation alteration can be expressed by a step function; two constant values in both
the alteration and unaltered zones. The continuous permeability variation model will be discussed in
the following section.
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6.3.2 Post alteration variation model in permeability

Permeability in an aquifer can be increased or decreased because of formation alteration. It is called
formation improvement if the permeability is increased and formation damage if it is decreased.
Formation alteration can be caused by several factors. Drilling damage can induce mechanical
breakage of the wellbore (improvement) or mud invasion (damage). The former is of considerable
interest to borehole stability in shales [Dusseault, 1994]; the latter is commonly found in drilling
sandstone reservoirs and aquifers, and is usually deliberately cleaned up during completion to guarantee
go0d productivity. Stress-induced alterations involve the compaction or dilation of the aquifer because
of stress redistribution around the well, and effects may be expected to be the largest in those reservoirs
dominated by fracture flow, as fracture permeability is most susceptible to effective stress changes.
Large-scale solids production, usually found in uncemented heavy oil reservoirs, can alter the
permeability in zones that may approach several tens of meters, particularly if hundreds of cubic metres
of sand are produced over prolonged time periods [Geilikman et al,, 1994]. Accompanying the
permeability change in this case are large-scale porosity and compressibility alterations. In the case
of fine-grained material migration, the permeability can be massively altered as well, but for a smaller
zone, perhaps a meter or two, and the porosity and compressibility alterations are far more moderate
than in the case of massive solids production. In heavy oil production, asphalienes precipitating near
the wellbore can also impair permeability, and similar effects can be envisioned in cases of aquiter
production.

Exactly how the permeability is altered by these processes remains a challenging topic, exacerbated
by the lack of suitable models and the difficulty of careful sampling of the near-wellbore environment.
The relationship used by Kamal et al., [1992], for example, is one approximation available in the
literature for formation damage. An experiment concerning formation damage is presented by Bennion
and Thomas [1994], where continuous permeability-radius data were published. Real cases concerning
explicit measurements of permeability increases caused by solids production are rare. One theoreticul
derivation of the porosity-radius relationship in the altered zone was proposed by Geilikman et al.,
[1994]. The model suggests that the porosity increases caused by solids production are in a power
relationship with radius at any moment, and can be expressed as ¢ = ¢, - Mr®, where ¢, o are
constants and M is a function of formation properties, well radius, and time.

Relationships between porosity and permeability have been well tabulated in the literature; most of
these are linear or power-law approximations. The former includes the capillary tube model based on
the Hagen-Poisseuille law [Scheidegger, 1960], and the fissure model [Irmay, 1955]. The latter
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includes the hydraulic radius model and the resistance flow model [Rumer, 1969].

It therefore seems reasonable to express the permeability variation with radius as a power relationship
in the form k = k, + ks however, some difficulties arise in applying this relationship. First, it does
not show any "composite” properties, i.e. the permeability changes within a limited area around the
well and becomes the constant original permeability outside the altered zone. Second, it becomes
more complicated to solve the resulting boundary value problem analytically. To make it simple, a
two-part relationship is suggested: it is assumed that in the altered zone the permeability can be
expressed as k = kyf”, and outside the altered zone it is a constant k = k,. These relationships are
mathematically written as:

k(r) = kg r.Sr<r,
(6.3.1)

k(r) = k, rzr
where k,, ot and k, are constants, r, is the radius of the altered zone and r,. is the well radius.

Using the dimensionless variable r, = 1/r, instead of r, equation (6.3.1) can be written as:

k(r,) = k;ry l<r,<r, 632)

k(r‘l) = k: ry2r,

where k, = kgr,.“ is the permeability at the wellbore, k, is the original formation permeability in the
un-altered zone, and r, = r/r,. is the radius of the altered zone in dimensionless form.

Using equation (6.3.2), if o > O, then k increases with radius, and this represents formation damage
(i-e., reduced k near the wellbore, rising to the original k away from the wellbore). If a < 0, then k
decreases with radius to the virgin state, which represents formation improvement. [f o = 0, the
relationship may be used to represent the two-zone, single-step permeability model. Figure 6.1
graphically shows these relationships for various values of the power law parameters. The model is
therefore highly general compared to either the single-step or the multi-step permeability model.

It may be stated from observing the figure that if the permeability is maintained continuous across the
interface, oe may be interpreted as the "degree” of improvement or damage of the formation if the size
of the altered zone ry is fixed. Alternatively, it represents the "extent" of the alteration in the
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formation if the permeability at the wellbore k, is fixed. The boundary value problems solved here
are based on these permeability relationships and will be referred to as the "power permeability” model.

Figure 6.2 shows experimental data (symbols) on permeability variation reported by Marx and Rahman

[1987], and the lines are permeability variations simulated with the power permeability model (6.3.2).
The power permeability model simulation curves agree with the experimental data quite well.

6.3.3 Pressure analysis in an altered reservoir

The mathematical description of the composite model for a fully penetrating well with permeabilities
defined above can be described as:

[T rer .._] =5, ‘;l (r.<r<r) (6.3.3)
[T, ..._] = S,Ei (r=r) (6.3.4)
'FTr' at d

where, T, = k;hpg/it, T, = K.hpg/p are transmissivities with subscripts 1 and 2 denoting the altered
and unaltered regions, respectively, s is hydraulic head drawdown, S, and S, are storativities, r, is the
dimensionless radial distance from the well, and r, is the radius of the altered zone.

The initial condition is:

5{(rd)| o = Sr)f, =0 (6.3.5)

and the boundary conditions at the infinite far-field and welibore are:
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s(rnl,,.=0 (6.3.6)
ds as
ZKTI rw‘mf'lrv. - Cn"yllm. = —Q (6.3.7)

where C, is a constant describing wellbore storage capacity and is equal to mir.” for an open pumping
well with standpipe radius r..

The boundary conditions at the interface r, of the two regions must satisfy the continuity conditions:

s\(r, 1) = 5,(r,0) (6.3.8)
Tr 3i| - ,3‘134 (6.3.9)
$ ar rar, 2 ar rer_

If we define and substitute the following dimensionless variables:

T, 2T, T.
(= —=0 §,= —2y, B=_= (6.3.10)
S.r, 0 T,

into equations (6.3.3) and (6.3.4), then apply the Laplace transform (considering the initial condition
(6.3.5)) to equations (6.3.3) and (6.3.4), the following equations are obtained:

1 d, .[3341 1
< = A (6.3.11
r, ard‘r" ar, ] mar )
as 9e
L 9 22 < B3, (6.3.12)

r,ar, r,
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where A = /pBB . B_=p B =S/S,is the storativity ratio of the two zones, and p is the
Laplace transform variable.

The Laplace transformed boundary conditions of (6.3.6) and (6.3.7) are:

Sprgp), .. =0 (6.3.13)
a?a - 3]
- Os = | (6-3.[4)
-;;.:Ir,ﬁ a P 41|r,_1 7 |,,-l
where C, = C/(27r,’S,) and the internal boundary conditions (6.3.8) and (6.3.9) become:
?Ill(rdl'p) = }.Jj(rd_gvp) (6-3.15)
Fay 0% (6.3.16)
Tlr‘m‘n = a a [rssrn et e
Ty ry 9

The governing equation for the unaltered region (6.3.12) together with its far-field boundary condition
(6.3.13) can be solved in the Laplace space to produce an expression of the following form [Carslaw
and Jaeger,1959]:

3, = CK(B,r) (6.3.17)

where Ky(z) is the modified Bessel function of the second kind and order zero, and C is a constant
which is to be determined by the internal boundary conditions (6.3.15) and (6.3.16).

To solve the equation of the altered zone (6.3.11), we define a new variable & as:

r,=E", ie dr,=mE"'dE (6.3.18)
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and if we substitute the relationships of (6.3.18) into (6.3.11), we obtain:

ds +]1 05
a moe+1 954 - mzAiém(z-n;-IE‘"

" E o

Obviously if m is defined as:

mR-o) -2=0, ie m=_2_
2-a
where o # 2, then equation (6.3.19) can be simplified to:
05y | 2+001 &y = m’AS.u

% T E &

The wellbore boundary condition of (6.3.14) at & = r,"™ = 1 becomes:

an, - mo
-COmps,l.., = ——x
a& d d118=1 p

and the internal boundary conditions (6.3.15) and (6.3.16) at & = r, "™ become:

?dl(gs'p) = El:(rd,,P)

ds,, os
< =mOEI 2|
a§ §“u ar‘ &'a

where y=-o/(2-a) = 1 - m.
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(6.3.19)

(6.3.20)

(6.3.21)

(6.3.22)

(6.3.23)

(6.3.24)

Equation (6.3.21) can be further simplified by defining another new variable X as: s, = £ X, and by

applying its first and second order derivatives:
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95, X 2
= yEI-IX + E7 (6.3.25)
9%, aX X
= Y(y-1ET2X + 2yET-! + &7 (6.3.26)
i % : X

equation (6.3.21) becomes the standard modified Bessel partial differential equation :

and its solution has the following form:

X = AL(mAE) + BK,(mAE) (6.3.28)

Substituting s, back into (6.3.28), we obtain:

?.n = é?[A[-,(lé) + BK.,(}@)] (6.3.29)

where A = mA,, and, the two constants A and B are to be determined by the boundary conditions of
in (6.3.22), (6.3.23) and (6.3.24).

By using the derivative properties of modified Bessel’s functions (A3) of Appendix 6.1, the wellbore
boundary condition (6.3.22) can be written in terms of solution (6.3.29) as:

-0 AL - BK,_ )
p (6.3.30)

- Cdemp[AI,f(l) + BKT(A)]

If constant A is expressed as A = R, - B R, where:

0

R = (6.3.31)
' PIC,BpL Ny - AT _(M)]
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AK, ) + C,0pK D)

=, (6.3.32)
: CdBp17(k) - A,,,I,_l(l)
then solution (6.3.29) becomes:
Sy = & [RLQAE) + BIK,(AL) - RLAL)]] (6.3.33)

[f we apply the identical drawdown condition at the interface (6.3.23) to solutions (6.3.17) and (6.3.29)
we have:

CK,B,r,) - REIL(AE) = BEIK,(AE) - RJ,(AE)] (6.3.34)

and if we apply the identical cross flow condition (6.3.24) at the interface 10 solutions (6.3.17) and
(6.3.29) we have:

CmbB K (B r,) + lel7_[(k§‘) = kB[K,{_l(lé‘) + R:I_[_l(kgl)] (6.3.35)
Solve equations (6.3.34) and (6.3.35) simultaneously to obtain:

CK(B,r,) - REIL(GE) 9, (6.3.36)

CmBK(B,r,) + "R _(OE) O,

where:

¢, = &/ [K,(AE) - RI(AE)]
¢2 = l[K';—l(AE-':) + R‘llr-l(kgs)]

(6.3.37)

By applying the property (A3) of Appendix 6.1, we obtain the following relationship:
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R
REI(AE)O, + ARI,_(AE)D, = —~ (6.3.38)

Tas

and constant C is obtained from equations (6.3.36), (6.3.37) and (6.3.38):

R
C= : : (6.3.39)
rJAK(B 1 DK, (R J+Ro[, (AE)] - mOB ETK (B, 1 )K,OE)-R L (E )|
Constants B and A are thercfore obtained as:
B - CK(B,r,) - REIL(AL) 4o REIK (AE,) - R,CK(B,r,) (6.3.40)

ENK,(E) - RIAE)] ENK,(AE,) ~ R (AE)

If we substitute the constants A, B and C into solutions {6.3.29) and (6.3.17), we obtain the altered
zone solution:

- RIK (AREJLAE) - LAZK A  CK (B IK AS) - R (AY)]

Sy =&, : (6.3.41)
K,(&) - R (AE) ENK,(AE) - R (AE)]

and the unaltered zone solution :

S, = CK(B,r) (6.3.42)
6.3.4 Solution verification

Verification of the solutions (6.3.41) and (6.3.42) can be performed by comparing to existing solutions
for special cases that appear in the literature. Ifa=0and @ # I,thenm=1,y=0,and § =, The
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solutions lead directly to the solutions derived by Novakowski [1989].

If we assume o =0, 8 = | and B = 1, i.e. the permeability and storativity are the same in both zones,
then we have A, = B,. By using the properties of (A1) and (A3) (Appendix 6.1), the constant C of
(6.3.39) becomes:

R
C-= !
rabA mR‘Z[KO(Amrdc),l(Amrdr) + IO(Amris)Kl(Amrds) ]

(6.3.43)
= _R_‘ = l
R, plCpK(B,) + B K(B,)]

Constants B and A become:

_ R[K(B,r,} - RA(B,r,)] _
RI[KO(erds) - R’ZIO(erdJ)]

A= R(K(B,r,) - K(B,r,)] -
KO(erds) - Rzlo(er ,)|

(6.3.44)

and the solution simplifies to:

T =% = KT (6.3.45)
plC oK /p) + VP KWp)]

=

This is the well flow solution in an homogeneous isotropic aquifer considering the wellbore storage
effect given by Papadopulos and Cooper [1967].

If r,, = 1, which also means no altered zone exists, then & = | equations (6.3.41) and (6.3.42) also
give the identical solution to (6.3.45). Therefore, the new solution corresponds precisely to well-known
existing solutions in the limiting cases, giving confidence in the use of the new resuits for general
cases.
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6.3.5 Production analysis in an altered reservoir

The evaluation of well production in the transient flow period is usually obtained by evaluating the
production variation with time when the wellbore pressure (hydraulic head) is fixed as a constant. The
pressure solution obtained in the above section can not be used in production evaluation because a
constant flow rate is assumed as the wellbore condition.

To analyze the production in such an altered reservoir, the wellbore condition of (6.3.7) must be
changed into the following constant pressure (hydraulic head) condition:

s 0., =5, (6.3.46)
If we redefine the dimensionless pressure s, as:

5,2 — (6.3.47)

and maintain other dimensionless variables the same as defined in (6.3.10) then we obtain the same
governing equation as equations (6.3.11) and (6.3.12) for flow in the two zones. The boundary
condition of (6.3.14) becomes:

Sulres P, oy = (6.3.48)

1
p

and the interface boundary is still the same as in (6.3.15) and (6.3.16).

The procedure in solving the constant wellbore pressure condition is the same as in the constant
wellbore flow condition, and if we use the relationship of & =r to r,, = 1, we have &, = 1. The
constant wellbore pressure condition, however, gives the following relationship which corresponds to
equation (6.3.30) of the constant flow condition:
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f;' = ALQ) + BK,M) (6.3.49)

Therefore, parameters R, and R, in equations (6.3.31) and (6.3.32) change to:

i K@) <
R = —, R, =_1 (6.3.50)
oL T

Because other conditions are the same as in the constant wellbore flow analysis, the only difference
between them is the different R, and R, formulations in equation (6.3.50).

The wellbore production can be obtained by using Darcy’s law:
0 = - 2T 20 (63.51)
ar

where C,, is the wellbore storage coefficient.

[f we substitute the dimensional variables s;, t, and r, = &™ into equation (6.3.51) we obtain:

2rT,s, 9s,

mE? 9§

(6.3.52)

and the Laplace transformed Q becomes:

G- - 2rT,s, ds, (6.3.53)

m  dg

The derivative of sy, with respect to § can be obtained from solution (6.3.41), which gives:

ds, z
_a‘;i = A&T(AL,_(AL) - BK,_(A%)] (6.3.54)

and the well production rate in the Laplace space (6.3.53) becomes:
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Q = -2xTsAJAL_(A) - BK, (M)] (6.3.55)

If we define the dimensionless wellbore storage coefficient C, = C./(2xr,’S,), and the dimensionless
well production rate Q, = Q/(2xT.s,), the dimensionless production rate gives the following solution:

P Alll - -
0, = _§.[BK7_[(A) - AL_ ()] (6.3.56)

Obviously, the well production rate Q, must be inverted numerically.

6.4 Well test interpretation in an altered formation

6.4.1 Pressure variation in an altered formation

Heterogeneity of aquifers directly affects hydraulic head distribution with space and time in the
transient period. The hydraulic head (drawdown) distributions under the proposed power permeability
models can be evaluated by numerically inverting the solutions obtained. Stehfest’s Laplace inversion
algorithm has been used in the evaluation in this paper [Stehfest, 1970].

Figure 6.3 shows hydraulic head (drawdown) variation with radial distance in an altered formation
obtained by this power permeability model. From this figure we find that the effect of permeability
alteration on pressure distribution is only observable in the altered zone. The drawdown-radius curves
of altered permeability fall into the homogeneous one (ot = Q) at a point within the altered zone. An
increment of the altered permeability (negative o) reduces the drawdown, and a decrease (formation
damage) of the altered permeabiiity increases the drawdown, compared to the homogeneous case (o
= 0).

The type curves of drawdown with time generated under this power permeability model show similur
properties, as shown in Figure 6.4. The magnitude of drawdown of these type curves increases with
increasing value of the power parameter o, because larger o values mean more damage to the aquiter.
Because of the difference in drawdown values presented from the type curves in Figure 6.4, the curve
matching method is a possible means to identify formation alterations by estimating the power
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parameter of a field well test.

The type curves generated in Figure 6.4 neglect the effect of wellbore storage. If this etfect is
considered, then typical type curves are shown in Figure 6.5, where the storage parameter C, = 1000
is used. The effect of wellbore storage on type curves of an altered formation is similar to the
homogeneous cases discussed in the literature. A linear relationship is presented in the early times
where wellbore storage is the dominant factor controlling the drawdown rate. After the storage
dominant period, the effect gradually vanishes. Type curves with different degrees of formation
alteration still possesses the differences caused by the magnitude of o in the wellbore storage situations
considered.

6.4.2 Logarithmic pressure derivatives in an altered formation

The effect of formation alteration can be more clearly observed in a logarithmic derivative graph as
shown in Figure 6.6, because the logarithmic derivative of pressure drawdown gives a hurizontal line
in a log-log graph after a very short period at the beginning of a test. The effect of difterent o values
is clearly presented in Figure 6.6. From Figure 6.6 we find that the type curves under formation
¢nhancement (negative o) are below the homogeneous formation type curve, and type curves under
formation damage are above the homogeneous one. Therefore, from this figure it is possible to
determine the degree of formation alteration if a test derivative curve is matched to the type curves
generated, such as in Figure 6.6.

The size of the altered zone can also be determined if a test curve is compared with the type curves
generated under different alteration radii, such as the one shown in Figure 6.7, where a formation
enhancement is assumed (o = -0.5). Different sizes of alteration are represented by approximately
parallel line segments at early times, and the segments intersect the late time horizontal line at difterent
times. Because these intersection times are independent of the alteration degree (Figure 6.6), therefore
they directly reflect the size of the alteration. For a damaged formation (positive ot), similar results
are obtained, as shown in Figure 6.8. From a theoretical analysis, we find that the alteration size has
the following approximate relationship with the dimensionless time:

1, =r, (6.4.1)

where n is a constant which takes values between 2 and 3.
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If the wellbore storage effect is considered, the derivative curves are as shown in Figure 6.9. Because
wellbore storage is the dominant factor in the early time period of a test, the alteration effect in this
time period is most likely to be masked by the wellbore storage. However, if the alteration effect time
is longer than the wellbore storage effect time, then it is still possible to identify the degree of
alteration from the unmasked part of the derivative curves (Figure 6.9). Figure 6.10 shows the
alteration size effects presented in derivative type curves considering the wellbore storage effect. One
obvious effect of the wellbore storage is that equation (6.4.1) may become invalid for small alteration
sizes, such as r,, = 50 in Figure 6.10.

6.4.3 Comparisons between the power and step permeability model

Figure 6.11 and Figure 6.12 compare the power permeability model (solid lines) with the step
permeability model (dotted lines). The case of o« = O corresponds to the homogeneous aquifer case
obtained from the power permeability model. The step permeability model also requires setting o =
0, but the constant altered permeability K, is a steady-sate equivalent average obtained by assuming the
same flow rate and pressure drawdown between the wellbore and altered boundary and which has the
following form:

‘< k.oln(r,)

@
rge — 1

(6.4.2)

The drawdown difference between the step permeability model and power permeability model is shown
in Figure 6.11 and 6.12. The step permeability by using the equivalent permeability k obtained form
(6.4.2) has a similar effect as decreasing the o value of the power permeability model ( Figure 6.11).
However, in Figure 6.12 we find that besides the magnitude difference of drawdown, the shape of the
type curves can be different between the step and power permeability models. This shape deviation
becomes more obvious for heavily improved aquifer (increased permeability) situations (Figure 6.12).

6.4.5 Production evaluation

Well productivity in the transient flow period can be evaluated by using the constant wellbore pressure
(hydraulic head) solution of (6.3.56). Under the constant wellbore pressure_condition, well production
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rate Q will vary with time. Figure 6.13 shows the production variation with time in an permeability
enhanced reservoir (negative o values). Generally, the production rate will decrease with time
regardless if the reservoir is altered or not, and the production increase caused by the improvement of
permeability near the well is only beneficial in the early production times. As the production time
becomes longer, the production rate gradually decreases to the non-alterted rate, as has been observed
in the field.

However, if the reservoir is damaged instead of improved, the production decreases not only at the
early production times, but also at late times. The damaged (positive o) reservoir production is shown
in Figure 6.14. This indicates that if a reservoir is damaged, then use of reservoir stimulation
approaches to overcome the damage can improve a production well significantly.

Figures 6.13 and 6.14 also imply that artificial reservoir stimulation, such as hydraulic fracturing or
reservoir acidizing are only beneficial economically for damaged reservoirs. For non-damaged
reservoir, such methods can only be beneficial at early times, provided that the production reservoir
is very large (laterally infinite condition). Because most of production patterns limit the production
area of each well to a finite size, an increase of the permeability near the well may not be beneticial
in the long term.

6.5 Model Application to Horizontal Wells

Formation alteration mechanisms for horizontal wells will yield similar characteristics as for the vertical
well discussed above. The mechanism of alteration for a horizontal well can also result in an increase
or decrease in permeability around the wellbore. If the alteration radius around the horizontal well is
less than the distance from the well to the upper or lower boundary, then it has exactly the same eftects
as the vertical well, because both vertical and horizontal wells have the permeability near the entry area
altered. However, horizontal wells are usually drilled in thin reservoirs with the well length much
larger than the reservoir thickness. It is quite possible that the alteration will reach the upper and lower
boundaries. If this is the case, then the early vertical radial flow period actually takes place in the
altered zone, and will obviously show the same behaviour as the vertical well. The early time
horizontal line of the logarithmic derivative, therefore, will have the same characteristics as those
presented in Figure 6.6 - Figure 6.10. The identification of such characteristics will also be the same,
as discussed in the last section. In such situations, the whole vertical flow regime may be aftected und
this makes the identification of the early flow regime difficult.
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It the alteration radius is greater than the upper and lower boundaries, then both the carly and middle
linear flow regimes will also be affected by the alteration effects. On the other hand, if the alteration
also appears beyond the well length, then the middle time spherical and the late time horizontal tflow
regimes will also be affected by the alteration. Such alterations will affect the appearance of the
straight lines of the middle, as well as of the late time segmental lines in a derivative graph. However,
identification of the size and degree of the alteration is still possible.
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APPENDIX 6.1 Some Properties of Modified Bessel Functions

1. Modified Bessel functions of negative order satisfy:

2sin(y )X _(2)
@ = [ + YOG
(Al)
K_ (2) =K (2
and if of integer order n, (Al) becomes:
[ =), K_(2) =K(2) (A2)
2. Derivatives of Modified Bessel functions
LB = B, Bz
=& 7 =B (B2
(A3)
—dg:-[z‘?K,(B:)] = -Bz7K,_(B2)
and if Y= 0 then
I = I, Ky = -K(2) (Ad)
3. Some relationships of Modified Bessel functions
LK, &) + K, @) = é
N (AS)

v | -

LK) - KK = -

&
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Figure 6.1 Permeability variations along radius using the power permeability
model with different power parameter values.
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Figure 6.2 Comparison between the power permeability model predicted
permeability variation with experimental data (after Claus, 1987).
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Figure 6.3 Hydraulic head (drawdown) variations along radius using different
power parameter values.
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Figure 6.4 Hydraulic head (drawdown) \ariations with time using different power
parameter values.
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Figure 6.6 Logarithmic derivatives of hydraulic head (drawdown) using
different power parameters values (neglect wellbore storage effect).
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Figure 6.7 Logarithmic derivatives of hydraulic head (drawdown) with different
size of alteration (neglect wellbore storage effect).
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Figure 6.9 Logarithmic derivatives of hydraulic head drawdown
using different power parameter values with wellbore storage

considered.
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between the step permeability and power permeability models.
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Figure 6.13 Well flow rate variations with time under constant well pressure
conditions (improved reservoir).
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Chapter Seven
Research Summary and Conclusions

7.1 Research Summary

Several detailed analyses on application aspects of horizontal wells have been discussed in this thesis.
Horizontal wells have become one of the most important tools in exploiting oil resources in the oil
industry. The applications of horizontal wells in other engineering area such as contaminated
groundwater cleanup is emerging. The traditional application of horizontal well in agriculture water
table levelling and geotechnical dewatering can be systematically designed by the analytical results in
this thesis. A horizontal well possesses many advantages compared to a conventional vertical well.
In terms of productivity, a horizontal well usually is much better than a vertical well because of its
longer contact length with the reservoir. Horizontal wells can lessen some of the conventional vertical
well problems, such as gas or water coning and sand production. Horizontal wells also can greatly
enhance gravity drainage processes because of the smaller pressure gradient required in production.

The productivity improvement from a horizontal well mainly comes from two parts; the longer contact
length and the anisotropic permeability. The productivity increase is proportional to the well length
for short wells (L < 2h), but the increase becomes a approximate logarithmic relationship when the well
length becomes longer (L. >> h). This indicates that, if the drilling cost is considered, increases ot well
length do not always mean an increase of production economically. The anisotropic permeability eftect
on well production can be approximately expressed as a relationship which is proportional to the
square-root of the permeability ratio between vertical permeability k, and well directional permeability

Kq.

A slant well also can lead to a gain in production because of the inclination, besides the length and
anisotropic permeability effects discussed above. Even though the productivity increase due to
inclination is very small compared to the other two factors, it is worthwhile to note that the optimum
productivity may come from a slant well rather than a horizontal well in thick and vertically less
permeable reservoirs.

164
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The reservoir parameters such as anisotropic permeability, formation compressibility and porosity are
important in the evaluation of well productivity. The accuracy of these parameters directly atfects the
prediction of productivity and the design of well patterns in reservoir exploitation. Horizontal well test
interpretation is one of the primary sources in obtaining these parameters. Therefore, it becomes
another major objective of this thesis. Because well productivity is directly related to the permeability
in the well direction, determination of k, becomes an important task in well test interpretation. The
new solutions derived in this thesis provide a way to determine the well directional permeability. The
analyses available in the literature have not considered this parameter.

We also present new forms of the segmental solutions in terms of characteristic times, which makes
the solutions simple, and convenient to use. The characteristic imes for the boundary effect time t,
and well length effect time t,. usually can be determined directly from a derivative curve of a well test.

The true reservoir anisotropy can be determined by two directional permeabilities trom the sume
reservoir using the relationship of (4.2.19). Two methods were discussed in the determination, a
graphical method and a numerical method.

Wellbore storage and formation alteration often mask one or more flow regimes of a horizontal well
test, which are the important data in the test interpretation. We discussed the effects of the storage un
the segmental characteristic lines of different flow regimes. We also discussed ways to determine the
end of the wellbore storage and formation alteration effects from both pressure and derivative curves.
The formation alteration effects on a well test are not always possible to simulate by a skin term. If
a large area is altered, such as in an sand producing reservoir, the alteration effect must be considered
using an alteration model such as derived in Chapter 6.

Both wellbore storage and formation alteration effects can be evaluated by the curve matching method.
However, to fully determine the anisotropic parameters of a reservoir, the wellbore storage eftect
should be minimized, such as by the use of a bottom-hole flow meter.

Even though horizontal weils have been the focus in this research, slant wells can be easily analyzed
using the results presented in this thesis. All the solutions derived in this thesis are for general slant
wells, the horizontal well solutions are only special situations of them. However, generally the slant
solutions are more complicated than the horizontal well solutions, and therefore more numerical
evaluation is required to use these solutions.
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7.2 Conclusions and Discussion

7.2.1 Horizontal well productivity

Since the successful completion of the first modern horizontal well in the early 1970s, horizontal well
applications have become extremely common and popular in the oil industry. Horizontal wells can
provide a much larger drainage area than vertical wells under the same magnitude of pressure gradient
because of a longer contact length with reservoirs. Horizontal wells also act as connecting conduits
between vertical or inclined fractures in a reservoir.

Productivity prediction usually provides information for well pattern design in reservoir development.
Productivity evaluation should therefore consider all important parameters such as 3-D anisotropic
permeability, well orientation and inclination, and lateral boundary conditions. Borisov developed a
productivity solution for horizontal wells in an isotropic reservoir which was modified later by Joshi
to consider the reservoir anisotropy effect. However, Joshi only considered a two dimensional
anisotropy by assuming k. = k,. This assumption makes his solution invalid in siwations where Kk,
differs significantly from k,. Neither solution considered the well inclination effect (slant well), which
may lead to false conclusions for an optimum production design in thick reservoirs of small vertical
permeability. To overcome these drawbacks, we presented a detailed analysis of the production
evaluation of a slant well arbitrarily located in an 3-D anisotropic reservoir.

For a horizontal well, we find that the anisotropic permeability effects on well production can be
approximately simulated by the following anisotropy-modified parameters:

k. k k.
L=L|%, r,=r,|—, r,=r ﬁ (7.1
3 ' 7RG by

From these parameters, we find that the modified well length L, is proportional to the inverse square-
root of the well direction permeability k,. This indicates that a horizontal well drilled along the
minimum permeability (k,) direction can improve the well production in the same way as an increase
in well length. Well radius has long been considered as sufficient by taking the permeability weighted
average at the cross section in the evaluation of well productivity. However, from equation (7.1) we
find that the additional terms such the axial permeability k, also play a role and should be considered
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in this weighting average. Considering the effect of k, on well radius, we find that it is beneficial to
the productivity if a well is drilled along the maximum (k,) direction. However, because well radius
has a very limited effect on well productivity, this anisotropy effect on the well radius may never be
able to overcome the productivity decrease caused simultaneously by decreasing the modified well
length L..

I[ncreasing the vertical permeability k,, by hydraulic fracturing for example, is equivalent to increase
well length or wellbore radius (not linearly). Therefore, increasing the vertical permeability can
improve productivity more than decreasing k,. From equations in (7.1), we also find that the etfect
of vertical permeability can also be considered by using the anisotropy-modified well length L, and
well radius, which are proportional to the square-root of K,.

7.2.2 Horizontal well test interpretation

Interpretation of a horizontal well test is more difficult than a vertical well test because of the many
possible interactions between the well (orientation, elevation, inclination...) and reservoir (boundary
condition, anisotropy...). The various flow regimes presented in a horizontal well test complicate the
interpretation further.

Many well pressure transient solutions have been reported in the literature. These solutions are the
basis of horizontal well test interpretation. However, there are several problems with those solutions.
As we know, all these solutions assume that the well is parallel to the K, direction which, however, is
not always true. One drawback of this assumption is that the estimated permeability by these solutions
is not the true reservoir anisotropy. A false anisotropy ellipse could lead a designed well to deviate
significantly from the optimum productivity direction. Another common problem of the solutions in
the literature is that the various characteristic times presented in a horizontal well test are not well
formulated and used. The characteristic times are important in a test interpretation because they control
the length of each flow regime as well as the test flow patterns identification (VLH or VSH).

A detailed horizontal well pressure analysis is given in Chapter 4. The solution is derived for a well
with arbitrary orientation and inclination, and located in a three dimensional anisotropic reservoir. We
discussed the horizontal well situation in much more detail than for the slant well because horizontal
well tests are more commion in the evaluation of reservoir characteristics, which is particularly true in
the development period of a reservoir. However, a slant well test can also be interpreted similarly as
a horizontal well test with the slant well solution developed in Chapter 4.
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The logarithmic detivative of a horizontal well test is more useful than its pressure curve in test
interpretation. This is because the derivative shows more distinguishable characteristics for each flow
regime. The segmental solutions expressed in terms of the characteristic times in Chapter 4 in fact can
lead to a simple and uniform solution form for the derivatives.

By simple derivation, we can find the following forms for the derivatives of the VLH flow pattern in
oil field units:

Apl - 162;’61(N-BQ l_‘:i (l < ‘b) (7.2)
h w

Ap'=.1.92'6_uBQ.|I_[ ,<t<t) (7.3)

hk,

Ap' = 162;6kuBQ ’ _il > 1) (7.4)
1 h w

and for the VSH flow pattern:

Ay’ = 162;3:130 ’ ;,. (<) (7.5)
h w
Ap' = 162;16:-BQ ' _'l_b 1 <t1<1) (7.6)
]
I z
h b

where Ap’ is the derivative and t, and t,, are the characteristic times which have the following forms:
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(7.8)

[n fact, the two characteristic times, t, and t,, themselves may be taken as two more representative and
comprehensive parameters in describing the combined effects of a well interaction with a reservoir.
First, the relative magnitudes of t, and t, determine the flow patterns, VLH or VSH; second, we note
that t, reflects the time at which the boundary effects are observed in the wellbore pressure, and t, is
the time at which the well length effect on the wellbore pressure transition becomes negligible. Also,
the effects of well effective length, formation compressibility and porosity are included in these
parameters, which are difficult to determine for the real test. Intuitively, if the productivity is to be
evaluated during the transient period, t, will be the time at which productivity shows a sudden decrease,
and t is the time when productivity begins to gradually stabilize towards the steady-state production
discussed in Chapter 3.

It is a simple task to estimate other reservoir parameters from (7.8) if t, and t, are obtained, except {or
k, and k,. The determination of horizontal anisotropic permeability k. and k, requires estimating of
the permeability ellipsoid of a reservoir. We have discussed a detailed procedure to determine the
horizontal anisotropic permeability ellipse from two horizontal wells in different orientations. Two
methods were introduced in Chapter 4 to determine the true reservoir anisotropy: a graphical method
and a numerical method. Each method has its advantages and disadvantages. The numerical method
is more accurate than the graphical method but we need to figure out and eliminate the invalid
intersections. The graphical method is easy to use but less accurate and a measuring net is required.
[n practical applications, if all three permeabilities k,,, k,; and k, are very close in magnitude, then
it is possible that the reservoir is an isotropic reservoir; if k,; and k,, are close in magnitude but differ
from k,, then the spreadsheet method might be preferable; if k;, and k,,, differ significantly, then the
graphical method is convenient.

The flow patterns are the results of the combined effects from both the well geometry and reservoir
characteristics. The flow pattern can be uniquely determined by the characteristic times t, and .
Two primary flow patterns can be present in a horizontal well test performed in a infinite reservoir;
the Vertical-Linear-Horizontal (VLH) flow pattern and the Vertical-Spherical-Horizontal (VSH) flow
pattern. The two patterns differ in their relative magnitude between the boundary effect time t, and
well length effect time t,. The segmental solutions simplified from the integrated solution become
different for the two flow patterns, and the appropriate solutions need to be used in a horizontal well
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test interpretation with a given flow pattern.

The solution expressions presented in Chapter 4 also provide a way to estimate the effective well
length if the horizontal permeability is approximately isotropic, or if the well is in the average
permeability direction i.e. k, = k,. Under these conditions, the horizontal permeability Kk, can be
estimated from the horizontal radial flow regime, which is independent of the well length, and the well
effective length can be determined from parameter ,, to obtain the following (in oil field units):

, . 053980,
he,94p;,

(7.9)

where L, is the effective well length and Ap’, is the pressure derivative at the horizontal radial tlow

regime.

The vertical permeability can be estimated from the early vertical radial regime or from t,,.

7.2.3 Wellbore storage and formation alteration effects

Wellbore storage effects on horizontal well tests are very similar to those of vertical well tests in terms
of both type curves and derivative curves. However, depending on the magnitude of the storage
coefficient, the early, middle, and even the late time flow regimes can be masked. Different from a
vertical well test, horizontal well test masking can seriously damage the characteristics the segmental
lines possess, which the test interpretation usually depends on. If this is the case, the interpretation
quality will be limited, and most likely, only the storage coefficient can be determined from the storage
masked segments. Therefore, if a large part of a test curve shows wellbore storage as dominant, the
anisotropic parameters may become impossible to estimate.

Formation alteration also distorts the original characteristics of horizontal well test type curves and
derivative curves. If the section of the type curve in which the alteration characteristics are present
is not masked by the wellbore storage, it can be used to estimate the formation alteration parameters,
such as alteration degree and alteration, by methods such as curve matching. The alteration size also
can be estimated by using solution (6.4.1) because different alteration sizes give different intersections
to the non-altered horizontal line in a derivative graph. However, if wellbore storage and formation
alteration are combined, usually the alteration characteristics will be masked by the wellbore storage.



Chapter 7 Research Summary and Conclusions 171

One thing we need to mention is that a improved formation sometimes can show a very similar effect
to that of wellbore storage on a pressure or derivative curve, particularly if the formation permeability
improvement is great (¢ < - 0.5). This similarity comes from the fact that both effects slow down the
wellbore pressure decline rate. If this is the case, the slope of the affected line segments should be
studied carefully to identify the cause of the dominant effect.

7.3 Future Research On Horizontal Well Analysis

We have focused on the analysis of productivity as well as parameter estimation for a horizontal well
test throughout this research. However, many important issues related to horizontal well applications
have been simplified, and sometimes over-simplified. Some other problems remain unsolved. The
most important ones include the determination of horizontal well effective length, reservoir
heterogeneity effects, moving boundaries, and productivity evaluation under multi-phase flow condition.

In the derivation of the solutions in Chapter 3 and 4 we assume that the flux entering the wellbore is
the same along the whole length of the wellbore. This has over-simplified the real situation. Because
of the viscosity effect, a certain amount of pressure gradient along the well axis is required in order
for the fluid entering the wellbore to be transported (o the well heel. The axial pressure gradieat along
the well also is not a constant; the gradient should be larger near the heel, and gradually decreases
toward the toe. However, the actual pressure distribution along the well is unknown because it will
be a function of the well length, orientation, total flow rate and reservoir characteristics. The reservoir
pressure decline will also decrease from the area near the well heel 1o the area near the well toe. For
a long horizontal well, it is very possible that the reservoir flux entering the wellbore is so small near
the well toe area that the surrounding reservoir pressure decline becomes very small compared to the
average. Under this condition, the effective well length which is receiving flux from reservoir will
become less than the actual well length, and a effective well length must be used.

The effective well length can affect the magnitude of parameters estimated from a well test.
Determination of well effective length is only possible from a well test if k, = k;,, as discussed above.
However, if this condition on the horizontal permeability can not be satisfied, it seems unlikely that
the effective well length can be determined from a well test. Two possible ways might be considered
in further research; the experimental method and numerical simulation.

The viscosity effect on the transportation of fluid within the wellbore disappears in a buildup test
because no real wellbore flow exist in such cases. Therefore, we expect that the well length in a
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buildup test should be approximately the same as the real well. This provides one possible way
estimate the effective well length by comparing the parameters estimated from both the drawdown and
buildup test. However, because the effective well length depends on individual well configurations,
the effect length obtained from a individual test may not be applicable to other wells in the same
reservoir.

Another possibility in determining the effective well length is through numerical simulation. Two
wellbore conditions may be used in such simulations. We may assume that the whole length of the
well is filled up with fluid, but with varying densities due to the pressure difference along the well.
The pressure and pressure gradient along the well can then be calculated easily. The calculated
pressure is then assigned as the wellbore pressure conditions in the reservoir transient simulation. [f
the numerical simulated pressure is compared with the analytical pressure solution developed in
Chapter 4, the effective well length can be estimated. Another possible way 1o simulate the effective
length related problem may employ the assumption that, instead of a well, a cylinder of highly
permeable material is located at the well location. Under this condition, only the pressure at the well
heel need be simulated numerically. The pressure at other parts of the well will be determined by the
tflow conditions. This assumption may be closer to reality because the wellbore pressure will be
determined automatically based on the simulation, which has the sume mechanism as the real situation.

Reservoir heterogeneity is ailso an important factor in horizontal well test interpretation. In some
situations, a horizontal well can be as long as 2000 to 3000 meters. In such a long section, it is almost
certain that the porous medium properties will vary along the well. A well test in a heterogenous
reservoir will reflect the combined characteristics along the whole effective length. This makes it
difficult to identify the productive sections from the impaired sections. However, there are no
obviously feasible methods which can address the problem. Observation points located along the
wellbore may help by providing pressure distribution data, but this requires a complicated completion
procedure or extra wells.

All the productivity and pressure analyses in this thesis assume that the reservoir is a layered reservoir
with upper and lower impermeable boundaries. The situation of a gas cap or aclive bottom walter
reservoir will be much different from this assumption. Strictly speaking, the flow in such reservoirs
will be multi-phase rather than single-phase flow. If the multi-phase character can be neglected, the
moving boundary problem must be considered because the boundaries between the two phases will
move toward the well during a well test or during production. This moving boundary problem is also
important in the prediction of water or gas coning. It might be interesting to explore the relationship
between the boundary effect time t, and the moving boundary initiating time. There should exist some
quantitative relationships because, intuitively, only after the boundary is detected by the pressure
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propagation can the particles beyond the boundary begin to move.

Other problems related to horizontal well application analysis and applications also need o be
addressed in future research. This may include a cost-optimized well productivity analysis by
considering the cost in well drilling, completion and so on. Horizontal well test interpretation in
fractured reservoirs also needs a more detailed study. Topics related to other engineering areas may
include pressure decline analysis in water-table aquiters, important in dewatering design; water pressure
distribution in a non-horizontally distributed initial pressure surface, a problem often encountered in
slope stability analysis; and other environmental and petroleum related problems.
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