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ABSTRACT

Performance of Fractured Vertical and Horizontal Wells. (May 1997)
Mauricio Eduardo Villegas, B.S., Pontificia Universidad Javeriana;
M.S., Texas A&M University

Chair of Advisory Committee: Dr. Robert A. Wattenbarger

This study is comprised of two parts as follows: (1) the problem of a rectangular
reservoir produced by a vertical well with a finite conductivity vertical fracture that
penetrates the formation width partially or fully, and (2) the transient pressure and rate
performance of a longitudinally fractured horizontal well in anisotropic, high-
permeability formations. The vertically fractured, vertical well problem has been
addressed by several authors. Most of this work had been focused on the transient
behavior of a fractured vertical well produced at constant rate. However, there has been
little work on the performance of fractured wells produced under constant flowing
pressure. The area of boundary dominated performance has been left aside. It is
important to know the effects of limited fracture conductivity and partial fracture length
for both constant rate and pressure production cases. It is also important to be able to
estimate the boundary dominated performance, where the most common boundary

condition is that of constant flowing pressure.

The first part addresses the problem of the closed, rectangular, reservoir
produced through a fractured vertical well using a combination of analytical and
numerical solutions. The known analytical solutions describe the behavior of the system
when the infinite conductivity fracture fully penetrates the formation width. These
analytical solutions are extended to handle finite conductivity fractures that partially

penetrate the width of the formation. This extension of the analytical solution is achieved
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through two pseudoskins. These pseudoskins are shown not to be additive and an
empirical expression is developed to estimate the combined effect of fracture partial
length and finite conductivity. The pseudoskins developed in this work are compared
against those existing in the literature.

The second part studies the transient behavior of a longitudinal fracture in a
horizontal well using numerical simulation. The study corroborates the semi-analytical
results recently published. The effects of vertical anisotropy are studied and it is shown
that this fracture configuration overcome vertical anisotropy. The effects of vertical-to-
horizontal anisotropy are investigated showing that the longitudinally fractured
horizontal well outperforms an unfractured, optimally oriented horizontal well in
isotropic formations but the benefits of fracturing reduced as the anisotropy increases
and the reservoir thickness decreases. Finally, this work presents a coordinate
transformation that allows for proper pressure and rate data analysis when permeability
anisotropy exists. Under permeability anisotropy, the effective system behaves as having
a fracture with a higher dimensionless fracture conductivity (i.e. shorter fracture).
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INTRODUCTION

The oil and gas industry has explored several ways of stimulating or improving the
performance of oil wells. One of the most successful and extensively used mechanism of
stimulation is that of hydraulic fracturing. Hydraulic fracturing consists of inducing a
tensile failure in the formation by injecting fluids at high pressure. This fracture can be
vertical, if the overburden stress is larger that the horizontal stresses, or horizontal, is the
horizontal stress components are larger that the overburden stress. Hydraulic fractures
tend to be horizontal in shallow formations, i.e. -2,000 ft and above, and vertical in
deeper formations. The horizontal or vertical propagation of a fracture depends on the
relative magnitude of the overburden or vertical stress to the horizontal stresses. This
work only investigates vertical hydraulic fractures.

The most common use for hydraulic fracturing is to bypass the near-wellbore
damage' induced during drilling and completion activities. Other objectives are (1) to
improve the productivity of a well by reducing the choke effect due to the convergence
of flowlines at the wellbore, and (2) to improve the vertical connectivity of layered

reservoirs (i.e. overcome vertical permeability anisotropy).

Hydraulic fracturing has been specially successful in low to moderate-
permeability environments. The width and length of a hydraulic fracture vary according
to the formation permeability. Hydraulic fractures should be short and wide' in moderate
or high-permeability formations, and they should be long and narrow in low-permeability
formations. Initially, this study addresses the behavior of hydraulic fractures in tight,
closed reservoirs where fractures are usually designed to be as long as economically
possible. We will first introduce the vertically fractured vertical well problem and the
objectives for this section of the study.

This dissertation follows the style and format of the Journal of Petroleum Technology.



Vertically Fractured Vertical Wells

The study considers a rectangular reservoir, produced by a vertical well in the center of
the rectangle. The well intersects a hydraulic fracture that has finite or infinite
conductivity. The fracture penetrates the width of the reservoir fully or partially but in all
cases the fracture height is the same as the reservoir height. This study was motivated by
the some findings while analyzing several tight gas reservoirs in South Texas. Production
data from these wells indicate linear flow behavior lasting over 20 years. However,
buildup analyses have shown that the same wells only present bilinear flow.

Literature Review. Publications on fractured well performance have focused mainly on
the performance of a vertical well intersected by a vertical fracture and in a semi-infinite
reservoir being produced at constant rate. Three different concepts have been used to
describe the fluid flow behavior within the fracture. The first concept is that of infinite
conductivity where pressure drops due to fluid flow within the fracture are assumed
negligible and therefore streamlines near the fracture are perpendicular to the fracture
face. The second concept is that of uniform flux where the flux per unit length coming
into the fracture is constant along the fracture length. The third concept is that of finite
fracture conductivity where pressure drops due to fluid flow within the fracture are
considerable and distort the streamlines near the fracture face.

Prats?, in 1961, presented a solution to a cylindrical, homogeneous, isotropic
reservoir with a vertical well intercepted by a vertical fracture with finite fracture
conductivity. His work was based on the assumption of an incompressible fluid. This
work showed the pressure distribution inside the fracture and in the reservoir, it provided
tools to calculate productivity improvement due to a fracturing job and to analyze the
effects of fracture face damage. This work also showed that for a given fracture volume,
the optimal fracture conductivity has a value of 1.26. This work also introduced for the
first time the idea of modeling a fractured well with an unfractured well having a larger

equivalent wellbore radius. The effective wellbore radius was presented as a function of
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fracture length and relative fracture capacity. Relative fracture capacity is proportional to
the inverse of dimensionless fracture conductivity (i.e. &= 2/2/Fcp). It is shown that the
effective wellbore radius decreases as the fracture conductivity decreases. The effective
wellbore radius was shown to vary from a maximum of 0.5x; for an infinite conductivity
fracture to a minimum of 7., for a fracture conductivity equal to w/x

In 1962, Prats, Hazebroek, and Strickler * extended Prats work® to a
compressible fluid, depleted through constant pressure or constant rate production. This
work assumes an infinite conductivity vertical fracture that fully penetrates the formation
in the vertical direction. This work considers a maximum fracture penetration or partial
length of 50% of the radius of investigation. It was found here that both, the terminal
rate and terminal pressure cases can be modeled by an elliptical reservoir with a larger
“effective” wellbore radius.

In 1963, Scott' studied the transient behavior of a single vertical fracture
intersecting a vertical well by means of a heat flow analog. The results lie between the
cylindrical well and a line source for a cylindrical well having a wellbore radius of one
fourth the total fracture length, thus confirming previous findings®*.

In 1964, Russell, and Truitt’ solved numerically the case of a fractured vertical
well with an infinite conductivity fracture in a square reservoir. The reservoir was closed
and was depleted at constant production rate. The work shows that transient flow regime
is characterized by a region near the fracture where flow is linear and a region away from
the fracture where flow is pseudo-radial (elliptical). Wellbore pressure behavior during
the pseudo-radial regime was shown to depend greatly on fracture partial length or
penetration. The larger the fracture penetration, the nearer the performance approaches
that for pure linear flow. The effect of the infinite conductivity fracture during
pseudosteady state can be represented by an equivalent reservoir having a wellbore
radius of x/2. Additionally, this work numerically corroborates previous observations on



analogs and analytical solutions for linear flow. The work shows that infinite
conductivity fractured wells with small fracture penetration (i.e. <0.1) can be analyzed
with radial unfractured models within a 10% error.

In 1969, Wattenbarger and Ramey® extended the theory of fractured wells to
fractured gas well testing including wellbore storage and turbulence. The work uses
numerical methods similarly to Russell and Truitt,® and conformal mapping similarly to
Prats.? This work considered infinite conductivity fractures in an infinite reservoir. This
work gives a good explanation on treating turbulence, fracture face damage and fracture
length as pseudoskins.

In 1971, Morse and Von Gonten’ investigated the behavior of infinite
conductivity fractures prior to pseudosteady-state. This paper revisits the work by
Russell and Truitt’ and presents it in terms of productivity indices. The productivity
index ratio between fractured cases and unfractured pseudosteady-state cases shows a
decrease with time until stabilization. The productivity index ratio increases very rapidly
as the fracture partial length x/%, increases. A two dimensional numerical simulation is
run to constant pressure depletion. The results show again that the larger the x/x. the
larger the increase in the productivity index ratio. Additionally, the results show that the
recovery for short times 10-fold the unfractured recovery.

In 1973, Gringarten and Ramey® presented the use of green and source functions
to solve different fractured well problems. This work presents a library of functions that
facilitate the use of the technique.

In 1975, Gringarten, Ramey and Raghavan® reviewed the use of welltest
technology for the analysis of vertically and horizontally fractured wells with infinite
conductivity and uniform flux. The paper reviews the definitions of dimensionless time

for the fractured well as well as the dimensionless time to reach pseudosteady-state (i.e.











































































































































































































































































