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ABSTRACT

Evaluation of the Relationship Between Fracture Conductivity, Fracture Fluid
Production, and Effective Fracture Length. (December 2004)
Elyezer P. Lolon, B.S., Bandung Institute of Technology, Indonesia
M.S., Texas A&M University
Chair of Advisory Committee: Dr. Duane A. McVay

Low-permeability gas wells often produce less than predicted after a fracture treatment. One of the reasons
for this is that fracture lengths calculated after stimulation are often less than designed lengths. While
actual fracture lengths may be shorter due to fracture growth out of zone, improper proppant settling, or
proppant flowback, short calculated fracture lengths can also result from incorrect analysis techniques. It is
known that fracturing fluid that remains in the fracture and formation after a hydraulic fracture treatment
can decrease the productivity of a gas well by reducing the relative permeability to gas in the region
invaded by this fluid. However, the relationships between fracture fluid cleanup, effective fracture length,

and well productivity are not fully understood.

In this work I used reservoir simulation to determine the relationship between fracture conductivity,
fracture fluid production, effective fracture length, and well productivity. I simulated water saturation and
pressure profiles around a propped fracture, tracked gas production along the length of the propped
fracture, and quantified the effective fracture length (i.e., the fracture length under single-phase flow
conditions that gives similar performance as for multiphase flow conditions), the "cleanup" fracture length
(i.e., the fracture length corresponding to 90% cumulative gas flow rate into the fracture), and the
"apparent" fracture length (i.e., the fracture length where the ratio of multiphase to single-phase gas entry

rate profiles is unity).

This study shows that the proppant pack is generally cleaned up and the cleanup lengths are close to
designed lengths in relatively short times. Although gas is entering along entire fracture, fracturing fluid
remains in the formation near the fracture. The water saturation distribution affects the gas entry rate
profile, which determines the effective fracture length. Subtle changes in the gas rate entry profile can
result in significant changes in effective fracture length. The results I derived from this work are consistent
with prior work, namely that greater fracture conductivity results in more effective well cleanup and longer
effective fracture lengths versus time. This study provides better explanation of mechanisms that affect

fracturing fluid cleanup, effective fracture length, and well productivity than previous work.
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CHAPTER1
INTRODUCTION

To develop low permeability gas reservoirs, wells normally require hydraulic fracturing. This method
usually involves pumping a large volume of fracturing fluid mixed with propping agents or proppants to
create a long and highly conductive fracture. Following this treatment, the well productivity typically
increases as reflected by increased gas flow rates and ultimate well recovery. In some cases, low-
permeability gas wells produce less than predicted after a fracture treatment. One of the reasons for less-
than-expected performance is that fracture lengths achieved are less than designed lengths. These short
apparent fracture lengths can result from excessive height growth, tip screen out, poor proppant transport,
proppant flowback, or a combination of these factors. However, they can also be attributable to insufficient
polymer degradation where the fracturing fluid cleans up very slowly. Unfortunately, the calculated
fracture lengths from pressure buildup tests or production data analysis may not represent the actual
propped lengths, as both techniques often use inappropriate reservoir/well models. That is to say, the
calculated fracture lengths from the these methods are often less than designed lengths, even after a large
amount of proppant has been injected or fracture treatment models indicate a longer propped fracture.

Thus, it is necessary to find the reasons and the factors responsible for short calculated propped lengths.

The use of water-based fluid pumped with proppant is widely accepted as an effective and economical
procedure in hydraulic fracture treatments, especially in tight gas reservoirs. This fracturing fluid leaks off
into the formation during the fracture treatment. After the treatment, some of this fluid is produced, and
some remains in the formation reducing the relative permeability to gas in the invaded zone. Field data
often show that the fracturing fluid cannot readily be removed from the proppant pack and the invaded
zone around the fracture within days or weeks. In severe cases, the fluid can cause damage to the
formation resulting in a significant reduction in formation permeability at the face of the fracture. In any
event, the presence of fracturing fluid in the proppant pack and formation can prevent propped fractures

from achieving optimal stimulation.

A review of over 150 fracture treatments in Moxa Arch Frontier formation wells in the Green River Basin,
southwestern Wyoming, was conducted in this work. Hydraulic fracture treatments in this formation
started in the late 1970’s." The initial stimulations in the late 1970’s consisted of water-based fluids and

20/40 mesh sand with sporadic use of other fluids (emulsions and oil based) and sintered bauxite.

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



While some wells were successful, the production history of other wells did not show the type of
production decline associated with stimulated tight gas sands. This unexpected production response was
later incorrectly attributed to formation clay swelling and damage caused by the water-based fracturing
fluids. This conclusion led to the use of CO, foam and Intermediate Strength Proppants (ISP) in the

fracture treatments in the late 1980’s.%?

Due to the poor performance of the CO, foam treatments, the
fracture treatments returned to water-based fluids and sand proppants in early 1992. The poor performance
of the CO, foam treatments was attributed to ineffective proppant placement, which resulted in wide and
short fractures.! In late 1992, the fracture treatments in the Frontier formation were re-evaluated. At this
time, the operator used cross-linked gels and ISP proppants. It was believed that even though the ISP
treatments (with CO, foam) had been tried prior to 1992, they were tried in such a way that significant
conductivity increases over sand was not achieved. As a result, the operator was more aggressive with gel
breakers and proppant concentration in an attempt to increase the in-situ fracture conductivity above the

historically achieved values. The cross-linked gel and ISP treatments after 1992 were considered

successful, resulting in significant increases in gas production from the Moxa Arch Frontier formation.

Fig. 1.1 shows the performance of the ISP versus sand treatments in the Moxa Arch Frontier formation
based on the fracture treatments conducted after 1992.>° The reservoir permeability was obtained from
production data analysis. The effective fracture length was calculated using the following equation: (L)
= wk/31.4k where wk; is the estimated proppant conductivity achieved. In Fig. 1.1, the portion of the
fracture that cleans up was assumed to have a dimensionless fracture conductivity (C,) of 10. The data in
Fig. 1.1 indicate that, for a given formation permeability, the effective fracture length for the ISP
treatments is longer than that for the sand treatments. Greater effective stimulation and improved well
productivity for the ISP treatments were attributed to the fact that the ISP treatments resulted in greater

fracture conductivities and, thus longer effective fracture lengths.

¢ ISP ® Sand

wkg, ma-ft

v

1,600

o
o

Lol

0.01

Reservoir Permeability (k), md
LELILJ Illll

L 1l

1 ] ] I I I 1% 1
0.001 LL L 1 L Ll 1 Ll 1.1 LA Al LA L.l LA bl L.l 1.l L. L 1 L. L 1 L. 1 1l
0 100 200 300 400 500 600 700 800 900 1000

Effective Fracture Half-Length ((Lgqs), ft

Fig. 1.1—A comparison of estimated effective fracture lengths for ISP versus sand treatments.



In this work I used reservoir simulation to study the effect of fracture conductivity on fracture fluid cleanup
and effective fracture length. I simulated the water saturation and pressure distribution around a propped
fracture, tracked the gas production along the length of the propped fracture, and quantified the effective
fracture lengths. There are various ways that the effective fracture length can be described. In this work,
the effective fracture length is described as (1) cleanup length, (2) effective length, and (3) apparent length.
For this study the "cleanup" fracture length is the fracture length corresponding to 90% cumulative gas
flow rate into the fracture. The "cleanup" length is what I determine by direct observation of our
simulation results. The "effective" fracture length is the fracture length under single-phase flow conditions
that gives similar performance as for multiphase flow conditions. The "effective" fracture length is what
engineers get from single-phase flow methods (e.g., pressure buildup tests, production data analysis, etc.).
And finally, I define the "apparent” length as the fracture length in which the ratio of the multiphase gas
rate profile to the single-phase gas rate profile becomes unity. The use of each terminology will be given

under the simulation results chapter.

In the remainder of this dissertation I summarize the previous studies pertinent to our work (Chapter II) and
then describe the methodology used (Chapter III). The results of this work are presented in Chapter IV.
Chapter V summarizes the accomplishments achieved in this work and presents explanations concerning
the results derived from this work. Finally, based on the results of this work, in Chapter VI, I present the
conclusions and recommendations which allow operators to better design optimal fracture treatments for

typical gas reservoirs.



CHAPTER II
LITERATURE REVIEW

In this chapter I present the prior literature upon which I have based my present work. This literature
review was necessary to summarize what has been done and, more importantly, what has not been done to
address the problem concerning fracture fluid cleanup and effective fracture length. At the end of this
chapter I discuss the need for this research and, present the objectives of this work. My literature review
focused on the following major topics:

o Fracture fluid cleanup

o Fracture fluid degradation

e Post-fracture treatment evaluation

2.1 Fracture Fluid Cleanup

The productivity of hydraulically fractured gas wells is often less than optimal because of the presence of
fracturing fluid in the fracture and formation around the fracture. This fluid reduces the relative
permeability to gas in the invaded zone around the fracture and, in some cases, may damage the formation
resulting in a significant reduction in formation permeability at the face of the fracture. The effect of
fracturing fluid on the productivity of a gas well was first studied by Tannich.* He suggested that gas
enters the fracture near the wellbore if the fracture conductivity is low and concluded that the effective
fracture length and well productivity will be decreased. Fig. 2.1 shows a schematic of cleanup model
presented by Tannich. The figure illustrates that flow is initiated near the wellbore first and, then the
fracturing fluid cleans up gradually out along the fracture as the production continues. Tannich concluded
that the productivity of a fractured well will increase with time as the fracturing fluid is removed because
the effective fracture length is increasing. His study showed that one-half of the fracturing fluid injected is
generally recovered within 2 to 6 days. As such, he concluded that if the relative conductivity of the
fracture is high, as in most tight gas reservoirs, damage from residual fracture fluid in the formation is not
critical and does not limit stimulation, primarily because the surface area of the fracture is large. He also
concluded that cleanup proceeded slower if the fracture fluid viscosity is high. His cleanup model,
however, does not take into account capillary forces in the reservoir, closure stress effects, and/or area of

possible damage around the fracture (i.e., due to clay swelling, fine migration, etc.).
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Fig. 2.1—Schematic of cleanup model after Tannich.*

Soliman and Hunt’ used numerical simulation to investigate the effects of fracture conductivity (whky),
fracture half-length (L), and capillary pressure (P.) on fracture fluid cleanup. Their study showed that the
gas breakthrough into the fracture occurs near the wellbore if the fracture conductivity is low and it occurs
at the tip of the fracture if the fracture conductivity is high. They concluded that fracture fluid cleanup is
directly related to fracture conductivity and proposed that the optimum fracture conductivity necessary to
clean up the invaded zone should be much higher than that necessary to produce the reservoir. These
authors proposed a dimensionless fracture conductivity (C,) value of 40 to recover the fracturing fluid
effectively. However, Soliman and Hunt did not consider non-Darcy flow effect, mobile reservoir water,

and damage around the fracture.

Montgomery®’ studied factors that affect fracture fluid cleanup in hydraulically fractured wells. In his
cleanup model, the fracture fluid leaked off as far as 7 ft into the reservoir. He investigated the effect of
dimensionless fracture conductivity (C,) values ranging from 0.001 to 100 on fracture fluid cleanup. He
found that when the fracture conductivity is extremely low, the well behaves more like a well producing
under radial flow conditions. However, when the fracture conductivity is high, the water and gas
production occurs along the propped length evenly. He concluded that the optimum C, value is 10 when
considering the cumulative gas and water production. According to this paper, a temporary water block to

gas flow into the fracture may occur after the fracture treatment, but only at early times.



Berthelot er al.*’

investigated the effects of post-fracture operating procedures on well productivity. Their
study showed that the depth of fracture fluid invasion is 3 to 7 ft around the created fracture. One of their
recommendations was the well should be placed on a smaller size choke (4/64" to 8/64") while the fracture
is cleaning up in order to reduce proppant crushing so that a maximum volume of fracturing fluid around
the fracture may be cleaned up prior to significant crushing of the proppant. Once the fracture has cleaned
up, the well may be placed on a larger choke and the gas may be produced without being blocked by water;

thus maximizing the effectiveness of the propped fracture.

Robinson et al.'®!"

presented two field cases where severe crushing and proppant flowback occurred as a
result of flowing the well at high rates in an attempt to produce more gas or oil after the fracture treatment.
They suggested that drastic reductions in fracture conductivity particularly near the wellbore often occur
during well cleanup. Their conclusion was even when the correct proppant is selected for a particular well,
severe damage can occur as a result of rapid increases in closure stress. As such, slow and controlled

flowback procedures will minimize proppant crushing and proppant flowback into the wellbore.

The effect of damage around the fracture associated with the leakoff fracturing fluid has been reported.'*"®
This type of damage is commonly referred to as fracture face damage. While the results of the previous
work are often contradictory; single-phase models showed that damage around the fracture up to 90% has
minor effect on well productivity unless the damage extends several inches deep and reduces the formation
permeability by a factor of a thousand or more. Holditch” studied the combined effects of damage,
relative gas permeability reduction, and capillary pressure increase in the damaged zone on gas
productivity. According to Holditch, the damage zone around the fracture can sometimes act like a water
sink that traps water and blocks gas flow. He found that no serious water block occurs if the absolute
reservoir permeability is not reduced and concluded that damage in the fracture is more important than
damage around the fracture. However, if the fracturing fluid does cause damage on the formation
permeability, severe reduction in gas production may occur particularly in low-pressure, water-sensitive
reservoirs when the degree of damage and the level of capillary pressure in the damaged zone increase

significantly.

Fox'* used a single-phase, 2D simulator to investigate the effect of damage in and around the fracture on
the long-term gas productivity. His study indicated that only minor effects on cumulative gas production
are experienced at the end of a fifteen-year production period. Adegbola and Boney'’ recently conducted a
study to determine the effect of fracture face damage on well productivity. They found that fracture face
damage up to 90% resulted in a skin value of less than 0.0005 for low permeability gas wells.
Accordingly, they concluded that damage around the fracture due to leakoff fluid has small effect on the
productivity of the low permeability gas wells. However, the work of Adegbola and Boney was based on
the assumption that damage through the fracture face is only caused by fluid saturation changes. They did

not consider the capillary pressure increases in the damaged zone.



Schubarth ef al.'® proposed that there is a direct relationship between fracture conductivity and fracture
fluid cleanup. Fig. 2.2 shows a schematic that illustrates an ineffective fracture fluid cleanup after
production.'® They suggested that the portion of the fracture that does clean up will have a dimensionless
fracture conductivity (C,) value of 10 when considering just the length that cleaned up. Using this
assumption, they used a simple relationship between fracture half-length, fracture conductivity, and
formation permeability to estimate the "effective" fracture half-length (Eq. 2.1 and Eq. 2.2). Eq. 2.2 shows
that the greater the fracture conductivity (wky), the longer the effective fracture length. While the fracture
fluid recovery increases with increasing fracture conductivity, this empirical solution (Eq. 2.2) may not
accurately predict the "true" effective fracture length. This is because the effective fracture length is also
affected by such factors as capillary phase trapping in the reservoir and viscosity of the leakoff fluid in the

invaded zone.

Lot o 2.1)

Assuming C, = 10,

(Lot = Wh/ BLA K oo (2.2)

| ¢ PROPPED FRACTURE LENGTH ——————»

EFFECTIVE
FRACTURE LENGTH

Fig. 2.2—Top view of ineffective fracture fluid cleanup,16 (Lpetr = wk/31.4k.

2.2 Fracture Fluid Degradation

During the fracture treatment, a large volume of fluid is injected into the reservoir. Its main functions are
to open the fracture and to transport the proppant along the length of the fracture. Therefore, the viscous
properties of the fluid are usually considered the most important. Successful fracture treatments require
that fracturing fluids should degrade rapidly after the treatment to allow the fluid to be easily removed from

the formation and to prevent plugging the proppant pack with high viscous fluids.'”



The parameters known to affect the degree of damage due to fracturing fluids include polymer type and
concentration, crosslinking, fluid loss additive concentration, breaker concentration, and reservoir
temperature.”*> Brannon and Pulsinelli** performed a laboratory study to investigate the proppant-pack
permeability damage due to fracturing fluids. The study showed that gelling agents used in hydraulic
fracture treatment are concentrated within the proppant-pack because the molecular sizes of the gelling
agents are too large to be able to penetrate into the matrix of the formations during fluid leakoff. These
gels reduce the in-situ permeability of the proppant packs. Their conclusion was that sufficient breaker

concentrations are needed in the fracture treatment to reduce the fluid viscosity effectively.

Davidson et al.* presented results of intense quality control operations on 54 hydraulic fracture treatments
in several geographic locations including Texas, Alabama, and Wyoming. They concluded that a low-
viscosity fluid system with poor proppant transport properties will allow proppant to settle into the bottom
of the fracture, reducing the amount of proppant placed across the pay interval, thus reducing fracture
length and fracture conductivity. A fracture fluid that is too viscous can create a wide fracture, reducing
the propped fracture length and, increase the amount of time for the fracture to clean up. They go on to say
that it is critical for the polymer and chemical additives to be blended in the proper ratio because this
mixing procedure will have impacts on the fracture geometry achieved. Even if the chemical additives are
blended in the proper ratios, problems can occur if the additives are contaminated. They also concluded
that fracture fluid viscosity measured in field could be a few thousand centipoises greater than the
published values. Accordingly, design engineers must be cautious when choosing a fluid and predicting

fracture geometry and proppant transport based on the published viscosity values.

Rahim er al.*® investigated the effect of viscosity degradation on the fracture geometry in hydraulically
fractured, low permeability reservoirs. They reported that designs with uncontaminated buffer result in
higher cumulative gas production than those with a buffer contaminated with a borate crosslinker
[Buffering agents are required in most fracture fluid systems to control gel hydration, crosslinking, and
overall fluid stability]. Their study showed that cumulative gas production, based on published viscosity
values, is too optimistic compared with the cumulative gas production based on measured viscosity data.
This is because the highly viscous fluid from the actual measurements creates a taller and wider fracture
and much of the proppant is carried to the non-productive intervals, whereas the design fluid based on

published viscosity values yields less fracture height growth and increases the propped length.

Voneiff et al.*® used a three-phase, 2D simulator to investigate the effects of unbroken fracture fluid on gas
well performance. Their model consisted of formation gas, formation water, and unbroken fracture fluid.
The fracture leakoff fluid was treated as the same phase as the formation water. The gel remaining in the
proppant pack after closure was assigned as the third phase. The reservoir was assumed to have only two
phases initially (gas and water) with the third phase (fracture fluid in the proppant pack) injected during the

fracture treatment. The viscosity of the unbroken gel was assumed to be constant (i.e., Newtonian fluid



properties), for example 1,000 cp, 10,000 cp, and 15,000 cp. They found that the effective fracture length
increases with time as the propped fracture cleans up. Their work also indicated that the unbroken fracture
fluid could delay fracture fluid cleanup by weeks or months and flatten the gas production. Fig. 2.3
portrays the performance of several hydraulic-fractured gas wells completed in the Frontier formation.'"
This type of production profile was attributed to the presence of unbroken fracture fluid in the proppant

pack.

2.0

Gas Rate, MMscfiD

0.0 1 1 1 1

0 50 100 150 200 250

Time, days

Fig. 2.3—Examples of production influenced by slow fracture fluid cleanup.'*°

A study by Cooke®' indicated that the rock permeability will be in a range such that the polymer residue
will be trapped in the fracture. Yet, some recent work suggested that polymer residue may leak off into the
formation and is trapped in the invaded zone around the fracture. Siddiqui et al.*’ reported that a
significant amount of polymer residue may come in contact with the reservoir rock during the fracture
treatment. Based on tests conducted on core samples, they found some of the gel residue is present in the
rock and cannot be displaced instantly by production; it degrades and is removed slowly. This residue
occupies the pore spaces of the rock and reduces the rock permeability. They concluded that the structure
and mineralogy of the formation rock play significant role in determining the amount of gel residue in the
formation. It was found that the core plug with consolidated morphology exhibited less gel damage,
whereas the core plug with lose and unconsolidated morphology showed higher degree of damage. Their
work indicated that a certain portion of the gel residue (as high as 25%) remains in the core plug and

cannot be recovered by cleanup process.

2.3 Post-Fracture Treatment Evaluation

To optimize the performance of hydraulically fractured, low permeability gas wells, reliable estimates of
fracture length and fracture conductivity achieved are essential. A number of methods to estimate these

parameters have been proposed in the literature.*>*” In this section, I briefly summarize the previous work
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and the current techniques used to determine the fracture and reservoir properties using the post-fracture

treatment data.

Johansen® used a radial grid system, two-phase, 2D model to investigate the effect of fracture fluid on
pressure transient data. In his model, the fracture was represented by an effective wellbore radius equal to
half of the fracture half-length. The fracture fluid leakoff was modeled by manually inputting a water-
saturated zone around the fracture. The well was produced for 1, 3, 6, and 12 months prior to fourteen and
sixty day pressure buildup tests. He found that the analysis of the pressure buildup test after one-month
cleanup resulted in calculated fracture lengths and conductivities that are significantly less than the actual
values because the fracture fluid has not cleaned up completely. He concluded that several months of
fracture fluid cleanup may be needed to ensure good estimates of fracture length, fracture conductivity, and

formation permeability.

Lee and Holditch® presented the results of pressure transient analysis from 13 hydraulic-fractured, low-
permeability gas wells. They discussed the major strengths and weaknesses of analysis methods including
Horner analysis, linear flow analysis, type curves, and finite difference reservoir simulator. Their study
showed that calculated fracture half-lengths average only 5% to 11% of the designed lengths, while
fracture lengths determined from reservoir simulation history matching average about 68% of the designed
lengths. Holditch et al.*® and Gist’® proposed an iterative technique to determine formation permeability,
fracture length, and fracture conductivity. They used a semi-log graph of the buildup data and a square
root of time graph of the buildup data. It was concluded that the iterative technique works best on high
conductivity fractures because the correct straight line on the square root of time graph is reached at early
times. For low conductivity fractures, the correct straight line is not obtained during the pressure buildup

tests. These authors**>®

advocated an independent measurement of formation permeability in order to
calculate the "correct" fracture length using pressure transient analysis in hydraulic-fractured, low

permeability wells.

The integration of available data such as well test, production data, fracturing data, well log, and core data
is necessary in evaluating the fractured wells. Elbel and Ayoub’ presented a variety of reasons for
apparent shorter fracture lengths. Insufficient shut-in time, cleanup effects, use of homogeneous model
when layers with high-permeability contrast exist, and non-Darcy flow effects are some of the reasons
identified causing an apparent shorter fracture. They concluded that incorrect estimates of fracture length
and fracture conductivity could lead to modifications of fracturing treatment designs that may or may not
result in improved well productivity. Therefore, a proper identification of the models or techniques used in

the evaluation of a fractured well is critical.

Barre et al.*® used different methods (e.g., pressure buildup, production analysis, and fracture treatment
evaluation) to determine effective fracture lengths from a low-pressure, tight-gas reservoir in the Rocky

Mountain Region. The discrepancy in the analysis results was attributed to non-Darcy and multiphase
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flow, and model applicability (i.e., infinite or finite fracture conductivity type curves). They proposed an
empirical method for predicting the effective fracture lengths from proppant conductivity data. The
procedure involved matching the observed bottomhole flowing pressure and gas flow rate history using the
proppant pack conductivity data after accounting for conductivity losses due to non-Darcy flow, filter-cake,
gel residue, multiphase flow, and tip plugging caused by insufficient pressure gradient to initiate cleanup.
In the example cases presented, the apparent fracture lengths under non-flowing conditions, accounting for
only static damage mechanisms such as width loss to filter-cake and spalling, are 12 to 20% of the designed
lengths. The apparent fracture lengths under flowing conditions, accounting for all of the conductivity
losses, are only 3% of the designed values. While this method was based on laboratory work performed at
StimLab, the calculated fracture lengths may not be representative of the "true" effective length. [In
Chapter IV, I will show that the entire propped length is generally effective within a reasonable amount of

time for typical low permeability gas wells.]

Several other authors®**#

reported that turbulence and fracture closure should be considered in the analysis
of pressure buildup or drawdown data. If substantial non-Darcy flow occurs in the fracture, the calculation
of fracture length using conventional techniques will result in values that are far too small. Hresko®
suggested that if the fracture conductivity is high (C, is greater than 1,000), non-Darcy flow has no effect
on pressure drawdown and buildup type curve shapes. However, if the C, value is less than 1,000, the
solutions with non-Darcy flow are different from the solutions considering only Darcy flow. Holditch*"*'
and Alvarez et al.* concluded that non-Darcy flow in the fracture is the cause of the calculated fracture
length that is significantly less than the designed length even after a long period of shut-in times. They
suggested that non-Darcy flow should be considered in the analysis of drawdown tests, pressure buildup

tests, and history matching of fractured gas wells. If substantial non-Darcy flow occurs in the fracture, the

calculated fracture lengths using conventional techniques are less than designed lengths.

2.4 Research Objectives

Uncertainty in calculation of effective fracture length still exists despite various analysis techniques for
fractured wells proposed in the literature. This dilemma often creates problems when trying to optimize a
fracturing treatment program. If we used the incorrect values of fracture lengths from the available
methods, the next fracture treatment designs will likely be incorrect. There has not been a single method
that provides consistently correct estimates of the effective fracture length. In addition, almost all of the

previous studies used single-phase models, which limit their applicability for multiphase flow.**"

The relationship between fracture conductivity, fracturing fluid production, and effective fracture length
has not been thoroughly discussed in the literature. The conventional wisdom in tight gas reservoirs is
often too general (not specific); for instance, increasing fracture conductivity will lead to increased gas
productivity because the fracture fluid recovery increases. A great number of studies have determined the

effective fracture lengths by analysis of pressure transient and production data. However, none has tried to
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model or simulate this problem and determine the effective fracture lengths by direct observation of the

simulation results.

My research was aimed to gain a better understanding of the relationship between fracture conductivity,
fracture fluid production, and effective fracture length. The state of the art when this study began was that
the performance of hydraulic fractured wells is often less than optimal because the effective fracture length
is less than designed values. This research is necessary to answer questions such as: Is there a better model
that can predict the effective fracture length? What are the factors that most affect the effective fracture
length? By knowing the factors that most affect the effective fracture length, we can design a better

treatment for typical gas reservoirs.

The overall objectives of this research were:
e Determine the effect of fracture conductivity on fracture fluid production and effective fracture length.
e Resolve discrepancies between effective fracture length from design, buildup, and production analyses.
e Simulate fracturing fluid cleanup behavior and determine the factors that most affect fracture fluid
production and gas productivity.
e Provide recommendations for future fracture treatments. A better understanding of the fluid
production behavior will lead to better design which will reduce costs resulting from poorly designed

fracture treatments.
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CHAPTER 111
METHODOLOGY

This chapter outlines the simulation technique used in this work. The reservoir and fracture properties used
in this study were chosen after reviewing fracture treatment data from over 150 wells in the Moxa Arch
Frontier formation, southwest Wyoming. This data set was provided by Norton Proppants Inc. and consists
of injected fluid and estimated leakoff volume, average fluid viscosity, fracture gradient, reservoir
permeability, pore pressure, and proppant concentration. In addition, I also used published data on tight
gas wells that have exhibited slow cleanup after fracture treatment. The latter data was primarily based on

previous studies®*>*"

conducted at Texas A&M University. The reservoir simulator used in this research
is capable of handling parameters such as non-Darcy and multiphase flow, closure stress effect, and

damage around the fracture.

3.1 Reservoir and Fracture Properties

The basic reservoir and fracture properties used in this study are presented in Table 3.1. The initial
reservoir pressures are 6,000 psia ("high" pressure cases) and 2,325 psia ("low" pressure cases). The
effective permeability to gas investigated varies from 0.005 to 0.1 md (tight gas reservoirs). The values of
fracture conductivity (wky) simulated range from 31.25 to 500 md-ft (i.e., 0.12 < C, < 159). Since I have no
relative permeability and capillary pressure data from the Moxa Arch Frontier formation, I used the
published relative permeability and capillary pressure data®® from an east Texas tight gas reservoir. Fig.
3.1 and Fig. 3.2 show the relative permeability data used for the fracture and reservoir, respectively. The
fracture relative permeability is represented by two 45° lines with the water relative permeability becoming

zero at a 5% water saturation. The irreducible water saturation is assumed to be 40% in the reservoir.

Table 3.1—Basic Reservoir and Fracture Parameters

Drainage area (4), acres 640
Formation depth (D), ft 10,000
Initial reservoir pressure (p;), psia 2,325 and 6,000
Reservoir net thickness (4), ft 100
Formation permeability (k), md 0.005-0.1
Reservoir porosity (¢), % 10
Reservoir temperature (7)), °F 150
Water saturation (S,,), % 40
Rock compressibility (), psi-1 4.0x10-6
Water compressibility (c,,), psi-1 3.26x10-6
Gas specific gravity (y,) 0.6
Fracture half-length (L)), ft 200, 500, 800
Fracture width (w)), ft 0.014

Fracture conductivity (wky), md-ft 31.25-500
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Fig. 3.1—Relative permeability curves for the fracture.*®
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Fig. 3.2—Relative permeability curves for the reservoir.®®

Fig. 3.3 shows the capillary pressure data used for the reservoir. This data was chosen after reviewing the
work of Holditch.”” The capillary forces in the fracture are assumed to be negligible. Fracture
permeability reduction versus closure pressure is simulated assuming 20/40 mesh InterProp proppant.
Changes in fracture permeability with closure pressure for this proppant type are shown in Fig. 3.4; where
kr is the permeability of the fracture at a given closure pressure and £, is the fracture permeability at zero

closure pressure.
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Fig. 3.3—Capillary pressure data for the reservoir."

10000

g

TITITT T[T T [TAT T AT IO T[T [ AT T g

9000
8000
7000
6000
5000
4000

Closure Pressure, psi

3000

2000

1000

0.2 0.4 0.6 0.8 1.0
kdk,

OO
o T

Fig. 3.4—Closure pressure versus change in fracture

permeability for 20/40 InterProp proppant.

3.2 Fractured Well Model

Fig. 3.5 shows a schematic of the fractured well model used in this study. In our modeling, the fracture
extends an equal distance on both sides of the wellbore and fully penetrates the vertical extent of the
formation. The width of the fracture is assumed to be constant (0.014 ft) from the wellbore to the tip, while
the porosity of the fracture is 30%. The model is single-layer, two-dimensional, and consists of two-phase
(gas/water) flow. The reservoir is assumed to be homogeneous, horizontal, and isotropic. Only one-fourth

of the square drainage area is modeled due to the symmetry of the system investigated.
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To accurately model bottomhole pressure response in the wellbore, a large well constant/index is used in
grid cell (1,1,1) such that the pressure in that cell represents the wellbore pressure. Table 3.2 shows typical
grid cell sizes used. Grid cell dimensions in the x-direction are varied such that the grids in the plane along
the fracture are very small at the wellbore, increase towards the middle of the propped fracture half-length,
decrease until the tip of the propped fracture, increase again towards the middle of the length between the
propped fracture tip and the created fracture tip, decrease again until the tip of the created fracture, and then
increase to the model boundary. In this study, the fracture length that is propagated during the fracture
treatment is referred to as the "created" fracture length. The length supported by proppant after the fracture
closes is defined as the "propped" fracture length. I assumed that the created fracture lengths are 50%

greater than the propped fracture lengths. The total grid cells are 7,500 (150x50x1).

The model was verified by back-calculating the input parameters using pressure transient analysis. For
validation I used single-phase models with Darcy flow only. I found that proper selection of time steps and
grid-cell sizes is key to validating the simulated reservoir and fracture properties with pressure transient

analysis.”

Propped Fracture

Wellbore

Fig. 3.5—Plan view of a hydraulically fractured reservoir model.

Table 3.2—Typical Grid Cell Sizes for A Case with L, of 800 ft and w = 0.014 ft

Ax: 0.001 0.002 0.004 0.008 0.016 0.032 0.064 0.128 0.256 0.489 1. 1.8 2.8 3.4 2*5. 2*10. 36%20. 2*10.
2%5. 34 2.8 1.8 1. 0.489 0.256 0.128 0.064 0.032 0.016 0.008 0.004 0.002 2*0.001 0.002 0.004 0.008
0.016 0.032 0.064 0.128 0.256 0.489 1. 1.8 2.8 3.4 2*5. 2*10. 16*20. 2*10. 2*5. 3.4 2.8 1.8 1. 0.489
0.256 0.128 0.064 0.032 0.016 0.008 0.004 0.002 2*0.001 0.002 0.004 0.008 0.016 0.032 0.064 0.128
0.256 0.489 1. 1.8 2.8 3.4 5. 10. 20. 40. 80. 160. 5*180. 215.

Ay: 0.007 0.01 0.015 0.02 0.025 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.2 0.4 0.8 1. 2. 3. 4. 5. 6. 7. 8.

9. 10. 12. 14. 16. 18. 20. 25. 30. 35. 40. 45. 50. 60. 70. 80. 90. 100. 120. 140. 160. 180. 200.
3%359.334
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3.3 Fracture Fluid Leakoff

Fracture fluid leakoff is simulated by injecting water at a constant pressure into cells representing the
created fracture, which initially have zero water saturation. The injection pressures are 8,500 psi ("high"
pressure cases) and 3,325 psi ("low" pressure cases). The fracture leakoff fluid is treated as the same phase
as the water formation (i.e., water-based fracturing fluids). The water is injected first into the cell
representing the wellbore, then the injection continues progressively outward until the tip of the created
fracture. This injection technique represents the fracture growth and leakoff versus time during the
hydraulic fracture treatment. The water is injected for 3 to 6 hours. The amount of water injected for given
formation permeabilities and propped fracture lengths is presented in Fig 3.6. This plot shows that a higher
permeability reservoir has a greater volume of water leaked off into the formation than a lower
permeability reservoir. Likewise, the amount of water leaked off into the formation for a long fracture is
greater than that for a short fracture. This leakoff volume is representative of the typical amount of the
fracturing fluid leaked off during the fracture treatments in the Moxa Arch Frontier formation. At the end
of the injection, I recorded the saturation and pressure distributions for use at the start of the succeeding
stage. I investigated the effects of fracture conductivity and fracture fluid viscosity on the effective fracture

length by varying the fracture permeability and water viscosity at the end of the injection.

100000 E T LI ) |||||I T LI ) |||||I T LI ) |||||_-
g L ft
- 10000 |- =
[ = =
E C * =
£ - 800 ]
o a ]
> L 500, -
s | J
g 200,
=]
g 1000 E_ _E
[ - -
100 L L1 |||||I L L1 |||||I L L_L L 111l
0.001 0.01 0.1 1

Reservoir Permeability (k), md

Fig. 3.6—Treatment volume as a function of fracture half-length

and reservoir permeability.

The effect of unbroken fracture fluid was simulated by assuming that the formation water is immobile at all
times. By varying the viscosity of the water namely 1, 50, 200, and 1,000 cp at the end of the injection, I
assumed that the fracture fluid viscosity is constant after the treatment (i.e., Newtonian fluid properties).
Except where noted, the well is producing at a constant gas rate of 1 MMscf/D and is subject to a minimum

bottomhole pressure of 1,000 psi.
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3.4 Non-Darcy Flow Modeling

In this work I considered non-Darcy flow effect in the fracture. At high fluid velocities, the pressure drop
in the proppant pack increases more than the proportional increase in velocity. Forchheimer’’ proposed

that the pressure gradient is the sum of the viscous forces (v/k) and the inertial forces (Spv?),
ADIAL = LUVIKF BV oo 3.1

where f is referred to as beta factor or non-Darcy coefficient which is essentially a measure of the
tortuosity of the flow path. For single-phase flow in the presence of irreducible water saturation,

Geertsma’® proposed the following equation for :
B =48511.34 (kg) "7 [P (1 = )] > oot (3.2)

where fis in 1/ft and £, is effective gas permeability in md.

For multiphase flow, Frederick and Graves’® proposed the following correlation for /3:

B=789% 10" (k) " [h (1 =S)] "% oo (3.3)

This correlation was derived from laboratory measurements on core samples with permeabilities ranging
from 0.00197 to 1,230 md. I used this correlation (Eq. 3.3) in modeling the non-Darcy flow in the fracture.

Again, f1is in 1/ft and &, is effective gas permeability in md.

3.5 Fracture Face Damage Modeling

I modeled damage around the fracture by reducing the absolute formation permeability at a variety of
degrees of damage near the created fracture face (Fig. 3.7). In this study, the capillary pressure in the
damaged zone is increased to model the impact of formation permeability reduction due to damage. Fig.

3.8 portrays the capillary pressure curves used for the fracture face damage investigations.
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Fig. 3.7—Simulation of damaged zone along the created fracture.
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CHAPTER IV
SIMULATION RESULTS

In this work, I have systematically investigated the effect of fracture conductivity on fracture fluid
production and effective fracture length. The results of this investigation are presented in this chapter. The
distribution of gas flow rate into the fracture and the percentages of the total gas being produced between
each point and the wellbore cell were plotted. 1 analyzed the water saturation, the reservoir pressure, and
the effective gas permeability profiles in the invaded zone after the fracture treatment and determined the

effective fracture lengths by direct observation of the simulation results.

While the focus of this study was to determine the effect of fracture conductivity on the effective fracture
length and gas productivity, I also investigated the effects of the following parameters on the fracture fluid
production and effective fracture length: 1) actual propped length, 2) fracture fluid viscosity, 3) fracture
closure effect, and 4) damage around the fracture. These factors can usually be controlled to some extent
during the fracture treatment. The reservoir conditions affecting the fracture fluid production and effective
fracture length are 1) formation permeability, 2) reservoir water mobility, 3) capillary forces, and 4)
non-Darcy flow. These are the variables that engineers cannot influence. In this chapter, I present the

results of our investigations for both single-phase and multiphase cases.

4.1 Single-Phase Simulation

4.1.1 Darcy Flow Cases

In this section, I present the profiles of cumulative gas flow rate into the fracture as a function of fracture
conductivity (wky), formation permeability (k), and actual fracture half-length ((Lp)acwa) for cases with
single-phase and Darcy flow only. Fig. 4.1 through Fig. 4.5 portray the profiles of cumulative gas flow
rate into the fracture versus distance along the fracture for cases with wk,of 500, 250, 125, 62.5, and 31.25
md-ft, respectively. For these runs, I assumed that the actual fracture half-length is 800 ft and the
formation permeability is 0.01 md. The production time varying from 1 day to 365 days is shown in these
graphs. Fig. 4.1 illustrates that when the wkyis 500 md-ft (C. = 19.89), 90% of the gas entering the fracture
will occur 713 ft from the wellbore at 1 day. In comparison, when the wk;is 31.25 md-ft (C, = 1.24), 90%
of the gas entering the fracture will occur 407 ft from the wellbore at 1 day (Fig. 4.5). Fig. 4.1 through Fig.
4.5 show that fracture conductivity affects the distribution of the gas flow rate along the propped fracture.
The entire propped fracture will be accessible for gas flow quicker when the fracture conductivity is high.
Note that the results presented in Figs. 4.1 to 4.5 are applicable for single-phase and Darcy flow only. I
conclude that the entire propped length will be effective within a few days for the single-phase and Darcy

flow cases. This is all due primarily to pressure transient effects.
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Fig. 4.1—Cumulative gas flow rate into the fracture versus distance along the fracture for

a single-phase case with wk,= 500 md-ft, L,= 800 ft, and k,= 0.01 md.
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Fig. 4.2—Cumulative gas flow rate into the fracture versus distance along the fracture for

a single-phase case with wk,= 250 md-ft, L,= 800 ft, and k,= 0.01 md.
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4.3—Cumulative gas flow rate into the fracture versus distance along the fracture for

a single-phase case with wk,= 125 md-ft, L= 800 ft, and k,= 0.01 md.
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4.4—Cumulative gas flow rate into the fracture versus distance along the fracture for

a single-phase case with wk,= 62.5 md-ft, L,= 800 ft, and k,= 0.01 md.
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Fig. 4.5—Cumulative gas flow rate into the fracture versus distance along the fracture for

a single-phase case with wk,= 31.25 md-ft, L,= 800 ft, and k,= 0.01 md.

An effort was made to quantify the effective fracture length in hydraulically fractured gas wells as a
function of time. Previous empirical model'® suggests that the effective fracture half-length is proportional

to wkrand 1/k

(Lf)effective = ka/ e e et et ettt e e te e e etaeete e e etaeereas (41)

Dividing Eq. 4.1 by (L/)acwua On both sides of the equation gives

(Lf)effective - ka 1
(Lf)actual k (Lf )actua]

Eq. 4.2 shows that the ratio of effective fracture half-length to actual fracture half-length is proportional to
wky and inversely proportional to &k and (Ly)acwal. There are various ways that effective fracture length can
be described. The effective fracture length is often described as the fracture length obtained from pressure
buildup tests or production data analysis. For this study the effective fracture length is described as (1)

cleanup length, (2) effective length, and (3) apparent length.

I define the "cleanup" length as the fracture length corresponding to 90% cumulative gas flow rate into the
fracture. For instance, the cleanup fracture half-length is 713 ft (89% of the actual fracture half-length) at 1
day for the case shown in Fig. 4.1 and 407 ft (51% of the actual fracture half-length) at 1 day for the case
shown in Fig. 4.5. In this work, the "effective" length is the equivalent fracture length under single-phase
flow conditions that gives similar performance as the actual propped fracture under multiphase conditions

(i.e., same wky. Later, I define the "apparent” length as the fracture length in which the ratio of the
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multiphase gas rate profile to the single-phase gas rate profile becomes unity. The use of the "effective"

and "apparent" lengths will be given under the multiphase simulation section.

Fig. 4.6 portrays the ratio of the cleanup fracture half-length to the actual fracture half-length,
(Lp)cteanup/(Lp)actual, versus time for the cases presented in Figs. 4.1 to 4.5. The (L/)cteanup/( Lp)actual approaches
unity as the invaded zone is cleaned up and the entire propped length becomes accessible for gas flow. Fig.
4.6 indicates that the ratio of the cleanup fracture half-length to the actual propped length is close to unity
at 1 day for the case with wky = 500 md-ft (C, = 19.89). However, the ratio of the cleanup fracture half-
length to the actual fracture half-length becomes unity after 100 days if the wk,= 31.25 (C, = 1.24). This
reduced and changing cleanup length for the single-phase cases is due to transient flow in the fracture and
reservoir. Transient flow effects are faster (i.e., cleanup length is greater), when fracture conductivity is
high. The cleanup length increases as the fracture conductivity (wky) increases. Note that I assumed there
is no damage in and/or around the fracture for these cases. Also, we have not considered multiphase flow.
The entire propped fracture is generally cleaned up within 365 days for all conductivities presented in Fig.

4.6; the difference is the time required.
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Fig. 4.6—Ratio of cleanup fracture half-length to actual fracture half-length for single-
phase and Darcy flow cases with L,= 800 ft and k,= 0.01 md.

Next, I present the effect of formation permeability on the cleanup length. Fig. 4.7 and Fig. 4.8 show the
ratio of the cleanup fracture half-length to the actual fracture half-length versus time for the cases where the
formation permeabilities are 0.05 and 0.1 md, respectively. Again, the (Ly)acwal is 800 ft for these cases.
Recall that when the wkyis 31.25 md-ft (C, = 1.24), the cleanup length is 51% of the actual propped length
at 1 day for the case shown in Fig. 4.6 (k= 0.01 md). For the same conductivity (wkyis 31.25 md-ft), the
cleanup length is 34% of the actual propped length at 1 day if the £ = 0.05 md (Fig. 4.7) and only 29% of
the actual propped length at 1 day if the k= 0.1 md (Fig. 4.8).



25

Assuming the fracture conductivity is constant, the resultant C, value is much lower when the formation
permeability is higher. For instance, if the wk;= 31.25 md-ft, L,= 800 ft, and £ = 0.01 md, the C, value is
1.24 and decreases to 0.25 and 0.12 if the formation permeabilities are 0.05 and 0.1 md. These results
suggest that the cleanup length is more a function of C, than formation permeability. Recall that C, is
nothing else but the ratio of the fluid flow capacity along the fracture relative to that delivered by the
reservoir. When the formation permeability is higher, the capacity of the reservoir to deliver fluid
increases, while the capacity of the fracture to handle the fluid is held constant. Fig. 4.8 shows that the
ratio of the cleanup fracture half-length to the actual fracture half-length may not reach unity after a long
time if the C, value is extremely low (e.g., C, = 0.12). Accordingly, the cleanup length is affected directly
by the wk;and is inversely proportional to 1/k. Greater wk; means greater C,, which results in better well

cleanup.
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Fig. 4.7—Ratio of cleanup fracture half-length to actual fracture half-length for single-
phase and Darcy flow cases with L,= 800 ft and k, = 0.05 md.
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Fig. 4.8—Ratio of cleanup fracture half-length to actual fracture half-length for single-
phase and Darcy flow cases with L,= 800 ft and k,= 0.1 md.

As noted previously (Eq. 4.2), the ratio of the cleanup fracture half-length to the actual fracture half-length
is inversely proportional the (L. The cleanup length is 29% of the actual propped length at 1 day for
the case shown in Fig. 4.8 if the wk,= 31.25 md-ft, L,= 800 ft, and £ = 0.1 md. For this case, the cleanup
length is 46% of the actual propped length at 1 day if the L, = 500 ft (Fig. 4.9) and 89% of the actual
fracture length at 1 day if the L,= 200 ft (Fig. 4.10). Therefore, the ratio of the cleanup fracture half-length

to the actual fracture half-length increases as the actual fracture half-length decreases.
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phase and Darcy flow cases with L= 500 ft and k,= 0.1 md.
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Fig. 4.10—Ratio of cleanup fracture half-length to actual fracture half-length for single-
phase and Darcy flow cases with L,= 200 ft and k,= 0.1 md.

Now, I have shown that there is a relationship between cleanup length, fracture conductivity, formation
permeability, and actual fracture length (Eq. 4.2). Our next question is: Are there other factors that affect
the cleanup length?

4.1.2 Non-Darcy Flow Cases

In this section, I present the effect of fracture non-Darcy flow on the cleanup length. The ratio of the
cleanup fracture half-length to the actual fracture half-length versus time for the single-phase and
non-Darcy flow cases is presented in Fig. 4.11. The cleanup fracture length is 38% of the actual propped
length at 1 day when the wk, = 31.25 md-ft (C, = 1.24) for the case shown in Fig. 4.11. This value is
slightly lower than that presented in Fig. 4.6 for the case with Darcy flow only in which the cleanup length
is up to 51% of the actual propped length at 1 day.

When the fracture non-Darcy flow is present, the pressure drop in the fracture increases. As a result, more
gas enters the fracture near the wellbore because the bottomhole flowing pressure is reduced to a minimum.
Fig. 4.11 shows that the cleanup length may be reduced significantly particularly at early times if the
non-Darcy flow effect in the fracture is significant. For instance, in Fig. 4.11, the ratio of the cleanup
fracture half-length to the actual fracture half-length becomes unity after 365 days if the wk,= 31.25 md-ft
(C,=1.24). This emphasizes the need for higher wk; values to reduce the impact of non-Darcy flow in the

fracture. Again, multiphase flow effects have not been included in these cases.
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Fig. 4.11—Ratio of cleanup fracture half-length to actual fracture half-length for single-
phase and non-Darcy flow cases with L,= 800 ft and k,= 0.01 md.

4.1.3 Fracture Face Damage Cases

The effect of fracture face damage on the cleanup length was investigated by reducing the absolute
formation permeability 0.5 ft around the fracture. For these runs, the L,= 800 ft and £ = 0.01 md. Three
different scenarios, namely no damage, 50% damage, and 99% damage, were investigated. Fig. 4.12
shows the ratio of the cleanup fracture half-length to the actual fracture half-length for the cases without
fracture face damage (this plot is similar to Fig. 4.6, except that the x-axis scale is from 0.01 to 10 to enable
comparison between cases). Fig. 4.13 depicts the ratio of the cleanup fracture half-length to the actual
fracture half-length for cases where the absolute formation permeability is reduced by 50%. Such damage
could be caused by swelling clays, movement of fines, or chemical reactions between injected and
formation materials.'*"*> Comparing Fig. 4.12 and Fig. 4.13, note that the ratio of the cleanup fracture half-
length to the actual fracture half-length seems to be identical for both cases. Based on these results, I
conclude that absolute permeability damage around the fracture up to 50% does not affect the cleanup
length. Fig. 4.14 presents the ratio of the cleanup fracture half-length to the actual fracture half-length for
cases where the absolute formation permeability is reduced by 99%. For these cases, the ratio of the
cleanup fracture half-length to the actual fracture half-length becomes unity faster than that for the cases

without fracture face damage or with a reasonable degree of fracture face damage.
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Fig. 4.12—Ratio of cleanup fracture half-length to actual fracture half-length for single-

phase and Darcy flow cases without fracture face damage.
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Fig. 4.13—Ratio of cleanup fracture half-length to actual fracture half-length for single-

phase and Darcy flow cases with fracture face damage (ks/k, = 0.5).
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Fig. 4.14—Ratio of cleanup fracture half-length to actual fracture half-length for single-

phase and Darcy flow cases with fracture face damage (k./k, = 0.01).

Fig. 4.15 shows the pressure distribution in the reservoir at 1 day for the cases shown in Figs. 4.12 to 4.14.
In the direction perpendicular to the fracture, the area shown in Fig. 4.15 is 2 ft into the formation. Again,
the absolute reservoir permeability damage is assumed 0.5 ft around the fracture. In Fig. 4.15, I assumed
that the wk, = 500 md-ft. The pressure distribution in the reservoir for the undamaged case and 50%
damage case is identical. However, when the absolute reservoir permeability is reduced by 99%, the
transient flow in the formation along the fracture occurs quicker (i.e., the band of the light color along the
fracture in the bottom of Fig. 4.15 indicates lower pressures in the damaged zone). This explains why the
ratio of the cleanup fracture half-length to the actual fracture half-length achieves unity quicker when the
absolute reservoir permeability around the fracture is reduced by 99%. Cinco and Samaniego®’ concluded
that fracture face damage makes the flux distribution along the fracture more uniform. Thus, our results are
consistent with the work of Cinco and Samaniego namely that the gas entry rate along the propped fracture

is distributed evenly for the cases with fracture face damage.
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Fig. 4.15—Pressure distribution (psi) in the reservoir at 1 day for single-phase and

Darcy flow cases with wk,= 500 md-ft, L,= 800 ft, and k,= 0.01 md.

4.2 Multiphase Simulation

4.2.1 "High" Pressure Reservoirs

The entire propped length is practically accessible for gas flow within a relatively short period of time for
all conductivities for the single-phase cases. Fig. 4.16 through Fig. 4.20 show the percentages of the total
gas being produced along the fracture for cases with multiphase and non-Darcy flow. Again, I assumed
that the L, = 800 ft and £ = 0.01 md. For all cases presented in Figs. 4.16 to 4.20, the amount of water
injected is 2,923 bbls (see Fig. 3.6). The viscosity of the fluid injected is 1 cp. Fig. 4.16 indicates that,
when the wky is 500 md-ft (C, = 19.89), 90% of the gas entering the fracture will occur 299 ft from the
wellbore at 1 day (about 37% of the actual fracture half-length), compared to 93 ft from the wellbore at 1
day (about 12% of the actual fracture half-length) for the case with the wk, = 31.25 md-ft (C, = 1.24)
presented in Fig. 4.20.
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Fig. 4.16—Cumulative gas flow rate into the fracture versus distance along the fracture for

a multiphase case with wk,= 500 md-ft, L,= 800 ft, and k,= 0.01 md.
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Fig. 4.17—Cumulative gas flow rate into the fracture versus distance along the fracture for

a multiphase case with wky= 250 md-ft, L,= 800 ft, and k,= 0.01 md.
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Fig. 4.18— Cumulative gas flow rate into the fracture versus distance along the fracture for

a multiphase case with wk,= 125 md-ft, L,= 800 ft, and k,= 0.01 md.
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Fig. 4.19—Cumulative gas flow rate into the fracture versus distance along the fracture for

a multiphase case with wky= 62.5 md-ft, Ly= 800 ft, and k,= 0.01 md.
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Fig. 4.20—Cumulative gas flow rate into the fracture versus distance along the fracture for

a multiphase case with wk,= 31.25 md-ft, L,= 800 ft, and k,= 0.01 md.

Fig. 4.21 presents the ratio of the cleanup fracture half-length to the actual fracture half-length versus time
for the cases shown in Figs. 4.16 to 4.20. Recall that the ratio of the cleanup fracture half-length to the
actual fracture half-length versus time when plotted on a semilog plot exhibits a smooth increase versus
time for the single-phase cases (ignoring cleanup effects, Figs. 4.6 to 4.14). However, when the cleanup
effects are considered, the cleanup length increases rapidly at early times, then continues to increase
smoothly. This is because the resistance to gas flow is greatest at early times and decreases rapidly as the
fracturing fluid is removed. Returning to Fig. 4.21, the ratio of the cleanup fracture half-length to the
actual fracture half-length is 37% at 1 day and levels off after 4 to 5 days if the wk,= 500 md-ft. If the wk,
= 31.25 md-ft, the ratio of the cleanup fracture half-length to the actual fracture half-length is 12% at 1 day
and approaches unity after 365 days. Therefore, I conclude that, for a given propped length, greater
fracture conductivity results in longer cleanup lengths versus time and more effective stimulation of the

well.
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Fig. 4.21—Ratio of cleanup fracture half-length to actual fracture half-length for
multiphase and non-Darcy flow cases with L,= 800 ft and k,= 0.01 md.

Fig. 4.22 shows the pressure distribution in the reservoir at 365 days for the cases shown in Fig. 4.21. The
reservoir pressure is 6,000 psi (shown by the red color). The light color indicates low reservoir pressures.
The bottomhole flowing pressure has not reached the minimum bottomhole flowing pressure (1,000 psi) at
365 days. Fig. 4.22 shows that the pressure drops are distributed evenly along the fracture when the
fracture conductivity is high. As such, the fracture will drain the reservoir more effectively because the
pressure drop inside the fracture is reduced to a minimum. However, when the fracture conductivity is low,
the pressure drop inside the fracture is large.”® For the latter case, the greatest pressure drops in the
reservoir occur near the wellbore. Fig. 4.22 suggests that the "effective" fracture length is much different
depending on fracture conductivity when considering the pressure distribution around the fracture. If the
fracture conductivity is very low (e.g., C, < 1), the pressure drops in the reservoir will appear to be "radial"

even though the actual propped length is several hundred feet.
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Fig. 4.23 and Fig. 4.24 present the water saturation profiles around the fracture at 1 day and 365 days after
the treatment for the cases above. The water saturation in the invaded zone near the fracture is 100% at the
end of the injection (shown by the red color). The initial water saturation (prior to fracturing) is 40% and is
displayed by the light color. Fig. 4.23 compares the rate of fracture fluid cleanup for different
conductivities. The fracturing fluid cleans up faster if the fracture conductivity is high. Changing nothing
else but the fracture conductivity, the fracturing fluid in the invaded zone is "partially" cleaned up along
30% of the propped length at 1 day if the wk,= 500 md-ft (C, = 19.89) and only 10% of the propped length
at 1 day if the wk,= 31.25 md-ft (C, = 1.24). Fig. 4.24 shows that even though the gas enters the entire
propped fracture at a reasonable period of time (e.g., 365 days), the water saturation in the invaded zone
does not completely decrease to the initial water saturation. The water saturation near the fracture remains
60 to 70% at 365 days, whereas the initial water saturation is only 40%. Accordingly, multiphase effects
may still linger after fracture cleanup. If one performs pressure buildup tests or analyze production data at
365 days, the calculated fracture lengths will be 40 to 50% of the actual lengths.”® This is because both
conventional pressure transient analysis (PTA) and production data analysis (PDA) ignore the major factors
of non-Darcy and multiphase flow effects. 1 found that the cleanup length is generally longer than the
effective lengths (i.e., calculated lengths) determined from pressure buildup tests or production data

analysis.
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Fig. 4.24—Water saturation (fraction) in the reservoir at 365 days for multiphase and

non-Darcy flow cases with L,= 800 ft and k,= 0.01 md.

The productivity of hydraulically fractured gas wells is often not optimal because the relative permeability
to gas in the invaded zone around the fracture is reduced by the leakoff fluid. Fig. 4.25 shows the effective
gas permeability around the fracture at 365 days for the high and low fracture conductivities. The initial

gas permeability in the formation (prior to fracturing) is 0.01 md and is shown by the red color. Fig. 4.25
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shows that the reduction in the effective gas permeability occurs more uniformly along the fracture if the
fracture conductivity is high. However, the effective gas permeability in the invaded zone will be much
higher near the wellbore if the fracture conductivity is low. Greater fracture conductivity improves the
effectiveness of the propped fracture because the gas enters the entire portion of the propped fracture

between the wellbore and fracture tip more evenly.
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Fig. 4.25—Effective gas permeability map at 365 days for multiphase and non-Darcy flow
cases with L,= 800 ft and k,= 0.01 md.

The fracture fluid recovery versus production time for these cases is presented in Fig. 4.26. Recall that the
formation water is immobile; thus, the water produced is injected water. Fig. 4.26 shows that the fracture
fluid production rates begin to level off at 30 to 60 days. At 365 days, the fluid recovery is 46% for the
case with wky = 500 md-ft (C, = 19.89) and 21% for the case with wky = 31.25 md-ft (C, = 1.24). The
cumulative gas recovery versus production time for these cases is given in Fig. 4.27. The Initial Gas In
Place (IGIP) is 45,586 MMscf. The case with wk, = 500 md-ft yields a cumulative gas recovery that is
approximately twice as much as the case with wk, = 31.25 md-ft. The results presented in Figs. 4.26 and
4.27 are consistent with prior studies®™ that show that higher fracture conductivity promotes higher fracture

fluid recovery and cumulative gas recovery.



41

100

90

™~
-
[l

= 800 ft
0.01 md

Fluid Injected = 2,923 bbls

x
n

80
70
60 wkg, md-ft [C,, dim-less]

50

500 [19.89
250 [9.95]

Fracture Fluid Recovery, %

40 125 [4.97]
30 62.5 [2.43]
31.25 [1.24]

20

10 Start of Stabilization Period

0.01 0.1 1 10 100 1000
Time, day

Fig. 4.26—Fracture fluid recovery versus production time for multiphase and non-Darcy
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Fig. 4. 28 presents the performance of a multiphase case (considering cleanup effects) with L,= 800 ft and
corresponding single-phase cases (ignoring cleanup effects) with different fracture lengths, all with wk, =
500 md-ft. For the multiphase case, the effective fracture half-length appears to be 660 ft. This is the
equivalent fracture half-length under single-phase flow conditions that gives similar performance (i.e.,
cumulative gas recovery) as for multiphase flow conditions. The residual fracturing fluid in the formation
does not seem to affect the after cleanup production performance of the multiphase case significantly, since
the cumulative gas recoveries for the multiphase case (L, = 800 ft) and the single-phase case with (L)efrective

= 660 ft are practically parallel after an extended period of time. The difference in the ultimate gas
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recovery between the two cases is due to reduced gas production during fracture fluid cleanup (i.e., at early
times). However, if the fracture conductivity is low, the performance of the well can be affected
significantly by the residual fracturing fluid in the formation. Fig. 4.29 indicates that the performance of
this well (considering cleanup effects, wky= 31.25 md-ft) is equivalent to the performance of a well with a
shorter effective fracture length, (Lpettective = 220 ft when ignoring cleanup effects. The data in Fig. 4.29
indicate that the well is acting like a "single-phase" 220 ft long fracture.
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Fig. 4.28—Cumulative gas recovery versus production time for a multiphase case with wk;
= 500 md-ft (C, = 19.89), L= 800 ft, and k, = 0.01 md, and corresponding

single-phase cases with different fracture lengths.
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Fig. 4.29—Cumulative gas recovery versus production time for a multiphase case with wk;
= 31.25 md-ft, Ly = 800 ft, and k, = 0.01 md, and corresponding single-phase

cases with different fracture lengths.
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The problem is not the well, but the analysis technique. If the engineer analyzes this problem with 2P flow
models, the effective fracture half-length would have been close to 800 ft. Fig. 4.30 and Fig. 4.31 present
the ratio of the multiphase gas rate profile to the single-phase gas rate profile versus distance along the
propped fracture for cases given in Fig. 4.28 and Fig. 4.29, respectively. While not exact, the points where
the profiles intersect (i.e., the ratio of the multiphase to single-phase gas entry profile is unity) correlate
well with the effective single-phase fracture lengths presented in Figs. 4.28 and 4.29. The apparent fracture
half-lengths (i.e., the points where the curves intersect) are 600 ft for the case with the wk,= 500 md-ft and
180 ft for the case with the wk,= 31.25 md-ft.
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Fig. 4.30—Ratio of multiphase to single-phase gas entry profile for a case with wk,= 500
md-ft, L,= 800 ft, and k,= 0.01 md.
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4.2.2 "Low" Pressure Reservoirs

In low-permeability reservoirs, the fractures often take a long time to cleanup. In this section, I present the
simulation results for cases with low reservoir pressure. For these runs, the reservoir pressure is assumed
to be 2,325 psi. The capillary pressure used for the reservoir is presented in Fig. 4.32. To investigate the
relationship between pressure drawdown and capillary pressure, two bottomhole flowing pressures (p,,/'s)
were used in these runs namely 1,000 and 2,000 psi. The formation water saturation is at irreducible
condition (40%). When the bottomhole flowing pressure is 1,000 psi, the total pressure drawdown in the
reservoir is 1,325 psi and is greater than the capillary pressure at 40% water saturation. For the cases when
the bottomhole flowing pressure is 2,000 psi, the pressure drop in the reservoir is only 325 psi and is less
than the value of capillary pressure at 60% water saturation (345 psi). Therefore, when the bottomhole
flowing pressure is 2,000 psi, the water saturation in the formation near the fracture (i.e., 100% at the end
of the injection) will decrease to a minimum 60% water saturation after the treatment. For these cases, it is
impossible for the water to migrate toward the fracture if the water saturation is less than 60%. These
reservoir conditions were chosen after reviewing the example of the low-pressure reservoir cases presented
by Holditch" (i.e., the formation pressure is less than the reservoir pressure for the Moxa Arch Frontier
formation). The cumulative water injected is 2,930 bbls for these cases assuming that the injection

pressure is 3,325 psi.
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Fig. 4.32—Capillary pressure data for the low-pressure reservoir investigation."

Fig. 4.33 and Fig. 4.34 show the profiles of cumulative gas flow rate into the fracture versus distance along
the fracture for the high and low fracture conductivities when the initial reservoir pressure is 2,325 psi and
the bottomhole flowing pressure is 1,000 psi. For these runs, the Ly= 800 ft, £ = 0.01 md, and 24, = 1 cp.
The results presented in Figs. 4.33 and 4.34 suggest that the gas will eventually enter along the entire
propped fracture within 1 day to 10 days.
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Fig. 4.33—Cumulative gas flow rate into the fracture versus distance along the fracture for
the low-pressure reservoir investigation (p; = 2,325 psi, p,,,= 1,000 psi, and wk,

= 500 md-ft).
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The ratio of the cleanup fracture half-length to the actual fracture half-length versus time for these cases is
presented in Fig. 4.35. As before, greater fracture conductivity results in longer cleanup fracture lengths
versus time. The ratio of the cleanup fracture half-length to the actual fracture half-length generally

approaches unity within 365 days for all conductivities even when the reservoir pressure is low.
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Fig. 4.35—Ratio of cleanup fracture half-length to actual fracture half-length for the low-

pressure reservoir investigation (p; = 2,325 psi and p,,,= 1,000 psi).

Fig. 4.36 and Fig. 4.37 show the profiles of cumulative gas flow rate into the fracture versus distance along
the fracture for the cases above when the bottomhole pressure is 2,000 psi. At 365 days, 90% of the gas
entering the fracture will occur at 778 ft from the wellbore if the wk, = 500 md-ft (Fig. 4.36) and 757 ft
from the wellbore if the wk, = 31.25 md-ft (Fig. 4.37). Again, the entire propped length is generally
accessible for gas flow after a relatively short period of time (less than 10 days) even for the reservoirs
where the pressure drawdown is small. The ratio of the cleanup fracture half-length to the actual fracture
half-length versus time for the cases with the p,, = 2,000 psi is presented in Fig. 4.38. Note that the

cleanup length is also close to the actual propped length for these cases.
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the low-pressure reservoir investigation (p; = 2,325 psi, p,,» = 2,000 psi, and wk,

=31.25 md-ft).
0 100 200 300 400 500 600 700 800

110 g 110
= 100 100
[
§ 90 18 b 30 90
G 90
L 80 00— 365 80
[
£ 70 70
Q tp: day
E 60 60
[}
T 50 50
24
5 40 40
'S
o 30 wk; = 31.25 md-ft (C, = 1.24) 30
23
2 20 7 Ly =800 ft p; =2,325psi 20

k, =0.01md Py = 2,000 psi
g wf = &
3 10h 10
oh 0
0 100 200 300 400 500 600 700 800

Distance along the Fracture, ft
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Fig. 4.38—Ratio of cleanup fracture half-length to actual fracture half-length for the low-

pressure reservoir investigation (p; = 2,325 psi and p,,,= 2,000 psi).

Fig. 4.39 shows the pressure distribution in the reservoir at 365 days for the cases presented in Figs. 4.33 to
4.35. The reservoir pressure is 2,325 psi (shown by the red color). The bottomhole flowing pressure is
1,000 psi (shown by the light color). As before, the pressure drops in the reservoir are distributed more
equally along the fracture when the fracture conductivity is high. In comparison, if the fracture
conductivity is low, the reservoir pressures vary along the fracture and the largest pressure drops occurring

near the wellbore.

Fig. 4.40 and Fig. 4.41 show the water saturation profiles around the fracture at 1 day and 365 days for the
cases where the p,,,= 1,000 psi. The water saturation is 100% in the formation near the fracture at the end
of the injection (shown by the red color). The initial water saturation (prior to fracturing) is 40% and is
displayed by the light color. Fig. 4.40 indicates that the cleanup of fracture fluid is quicker if the fracture
conductivity is high. After the treatment, imbibition will begin to alter the fluid distribution in the
reservoir. Some of the fluid injected flow from the formation into the fracture and some imbibe deeper into
the formation. The depth of the invasion is approximately 1 ft at the end of the injection for these cases.
At 365 days, the injected fluid imbibes as far as 3 to 10 ft into the formation. Fig. 4.41 shows that the
water saturation in the invaded zone does not completely decrease to the initial water saturation. At 365
days, the average water saturations in the invaded zone near the fracture are 62% for the case with the wk,

of 500 md-ft (C, = 19.89) and 68% for the case with the wk,of 31.25 md-ft (C, = 1.24).
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Fig. 4.39—Pressure distribution (psi) in the reservoir at 365 days for the low-pressure

reservoir investigation (p; = 2,325 psi, p,,,= 1,000 psi, L,= 800 ft, and k,= 0.01

md).
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Fig. 4.40—Water saturation (fraction) in the reservoir at 1 day for the low-pressure
reservoir investigation (p; = 2,325 psi, p,,,= 1,000 psi, L,= 800 ft, and k,= 0.01
md).
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Fig. 4.41—Water saturation (fraction) in the reservoir at 365 days for the low-pressure
reservoir investigation (p; = 2,325 psi, p,,,= 1,000 psi, L,= 800 ft, and k,= 0.01
md).

Fig. 4.42 presents the effective gas permeability around the fracture at 365 days for the high and low
conductivity fractures presented in Figs. 4.39 to 4.41. The effective gas permeability displayed by the red
color represents a high value. The effective gas permeability shown by the dark blue color represents a low
value. In Fig. 4.42, the effective gas permeability in the formation (prior to fracturing) is 0.01 md. The
graphs show that the effective gas permeability decreases more uniformly along the fracture if the fracture
conductivity is high. However, if the fracture conductivity is low, the effective gas permeability is much
lower in the invaded zone between the wellbore and the fracture tip. Comparing Fig. 4.42 and Fig. 4.25,
we see that the area, where the effective gas permeability is reduced by the residual fracturing fluid, is
deeper into the formation for the "low" reservoir pressure cases than that for the "high" reservoir pressure

cases.
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Fig. 4.42—Effective gas permeability map at 365 days for the low-pressure reservoir

investigation (p; = 2,325 psi, p,,,= 1,000 psi, L,= 800 ft and k,= 0.01 md).

Fig. 4.43 shows the pressure distribution in the reservoir for the "low" reservoir pressure cases where the
Dwr = 2,000 psi. The pressure drops are distributed uniformly along the fracture for the high fracture
conductivity case and appear to be "radial" near the wellbore for the low fracture conductivity case. Fig.
4.44 and Fig. 4.45 illustrate the water saturation profiles around the fracture at 1 day and 365 days for the
cases presented in Fig. 4.43. Fig. 4.44 shows that the fracturing fluid cleans up more rapidly when the
fracture conductivity is high. At 365 days, the water saturation in the invaded zone does not decrease to the
initial water saturation. The depth of the imbibition is much deeper for these cases than that for the cases

with the p,of 1,000 psi (Fig. 4.41).
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Fig. 4.43—Pressure distribution (psi) in the reservoir at 365 days for the low-pressure

reservoir investigation (p; = 2,325 psi, p,,»= 2,000 psi, L,= 800 ft, and k,= 0.01

md).
! il ! .
i i | ]
wky= 500 md-ft (C, = 19.89)
Sy initial = 0.4 Propped Frac Half-Length = 800 ft
h | |

4 ft

whk;=31.25 md-ft (C, = 1.24)

BT T TTTTTTITT 11111
1.0 0.7 0.4

Fig. 4.44—Water saturation (fraction) in the reservoir at 1 day for the low-pressure
reservoir investigation (p; = 2,325 psi, p,,,= 2,000 psi, L,= 800 ft, and k,= 0.01
md).
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Fig. 4.45—Water saturation (fraction) in the reservoir at 365 days for the low-pressure
reservoir investigation (p; = 2,325 psi, p,,,= 2,000 psi, L,= 800 ft, and k,= 0.01
md).

Fig. 4.46 shows the effective gas permeability around the fracture at 365 days for the high and low
conductivity fractures where the p,, = 2,000 psi. Again, the red color shows high effective gas
permeabilities and the dark blue color indicates low effective gas permeabilities. The effective gas
permeability in the formation (prior to fracturing) is 0.01 md. The graphs show that the effective gas
permeability in the invaded zone is significantly lower than the initial value even after 365 days. 1
conclude that, when the pressure drawdown is small relative to the capillary forces in the reservoir, the
effective gas permeability in the invaded zone will be reduced severely and may limit the gas productivity

significantly.
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Fig. 4.46—Effective gas permeability map at 365 days for the low-pressure reservoir

investigation (p; = 2,325 psi, p,,r= 2,000 psi, L,= 800 ft, and k,= 0.01 md).

The fracture fluid recovery versus production time for the cases with the p,, of 1,000 psi is presented in
Fig. 4.47. Recall that the formation water is immobile; therefore, the water produced is injected water.
The fracture fluid production rates presented in Fig. 4.47 begin to level at 3 to 5 days. At 365 days, the
fluid recovery is 20% for the case with wk,= 500 md-ft (C, = 19.89) and only 6% for the case with wk,=
31.25 md-ft (C, = 1.24). Thus, greater fracture conductivity helps to improve the fracture fluid recovery.
The cumulative gas recovery versus production time for these cases is given in Fig. 4.48. For these cases,
the IGIP is 20,437 MMscf. At 365 days, the case with wky= 500 md-ft yields a cumulative gas recovery
that is approximately 100% higher than that for the case with wk,= 31.25 md-ft. For these results, I varied
the fracture conductivity only; other parameters including the amount of water injected and the minimum

flowing bottomhole pressure are the same.
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Fig. 4.47—Fracture fluid recovery versus production time for the low-pressure reservoir

investigation (p; = 2,325 psi, p,,= 1,000 psi, L,= 800 ft, and k,= 0.01 md).
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Fig. 4.48—Cumulative gas recovery versus production time for the low-pressure reservoir

investigation (p; = 2,325 psi, p,,,= 1,000 psi, L,= 800 ft, and k,= 0.01 md).

The fracture fluid recovery versus production time for the cases with the p,, of 2,000 psi is presented in
Fig. 4.49. For these cases, the fracture fluid production rates begin to level at 1 day to 2 days. Note that
the fracturing fluid will be produced only if the pressure drawdown in the invaded zone is large enough to
overcome the capillary forces in the reservoir. The results presented in Fig. 4.49 show that the fracture
fluid recovery is very low due to low-pressure drawdown. The fluid recovery is 6% for the case with wk,=
500 md-ft (C, = 19.89) and only 1.6% for the case with wk,= 31.25 md-ft (C, = 1.24)). This suggests that

more than 94% of the water injected is still present in the formation. Fig. 4.50 presents the cumulative gas



recovery versus production time for these cases.
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The cumulative gas recovery is less than 1% for all

conductivities simulated because the pressure drawdown is small. The case with the wk; of 500 md-ft yield

a cumulative gas recovery that is almost twice as much as that for the case with the wk;of 31.25 md-ft.
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Fig. 4.49—Fracture fluid recovery versus production time for the low-pressure reservoir

investigation (p; = 2,325 psi, p,,r= 2,000 psi, L,= 800 ft, and k,= 0.01 md).

1.0 -
o 0.9 L; = 800 ft p; =2325psi E
§ 0.8 kg = 0.01 md Pwr = 2,000 psi 3
X o7 Fluid Injected = 2,930 bbls E
g0 = ]
2 06 250 [9.9V 3
o 125 [4.97] E
& 500 [19.89] 3
. 03 62.5 [2.49] E
] -
O 04 31.25 [1.24] 3
w® 03 -
2 wky, md-ft [C,, dim-less] E
E 02 =
1) E

0.1 -

0.0 1 =

0 200 400 600 800 1000 1200
Time, day

Fig. 4.50—Cumulative gas recovery versus production time for the low-pressure reservoir

investigation (p; = 2,325 psi, p,,r= 2,000 psi, L,= 800 ft, and k,= 0.01 md).
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Fig. 4.51 and Fig. 4.52 present the cumulative gas recovery of the multiphase cases (considering cleanup
effects) with L,= 800 ft and the corresponding single-phase cases (ignoring cleanup effects) with different
fracture lengths for the cases where the p; = 2,325 psi and p,,= 1,000 psi. Fig. 4.47 indicates that more
than 80% of the injected water still remains in the formation at 365 days for these cases. However, Fig.
4.51 shows that the residual fracturing fluid in the invaded zone does not affect the after cleanup
production performance significantly once the fracture fluid production rates have leveled off. The reason
for this is probably because enough fracturing fluid has been produced and sufficient gas permeability in
the invaded zone has been achieved. The productivity is limited more by the pressure drawdown than by
the residual fluid in the formation. The difference in the cumulative gas recovery between the single-phase
and multiphase cases (Fig. 4.51) is caused by fracture fluid cleanup, which decreases the gas production
rates at early times. Fig. 4.51 suggests that the effective fracture length is close to the designed length if
the fracture conductivity is high. Recall that we define the "effective" fracture length as the fracture length
under single-phase flow conditions that gives similar performance as for multiphase flow conditions.
However, if the fracture conductivity is low, the residual fracturing fluid in the invaded zone has a
significant effect on the long-term gas production (Fig. 4.52). The cumulative gas recovery for the latter
case (Ly= 800 ft) is equivalent to that of a well with a shorter effective fracture half-length ((L)effective = 400
ft) when ignoring the cleanup effects. The cumulative gas recovery is 2.46% at 1,000 days for the case
with wk; = 500 md-ft when considering the cleanup effects (Fig. 4.51). However, the cumulative gas
recovery is only 1.31% at 1,000 days for the case with wk;= 31.25 md-ft when ignoring the cleanup effects
(Fig. 4.52). For these cases, the cumulative gas recovery is affected more by the fracture conductivity than

by the residual fracturing fluid in the formation.
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Fig. 4.51— Cumulative gas recovery versus production time for a multiphase, low-pressure
reservoir (p; = 2,325 psi and p,,r= 1,000 psi) with wk= 500 md-ft, Ly= 800 ft, and k, =

0.01 md and corresponding single-phase cases with different fracture lengths.
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Fig. 4.52— Cumulative gas recovery versus production time for a multiphase, low-pressure
reservoir (p; = 2,325 psi and p,,r= 1,000 psi) with wky= 31.25 md-ft, L,= 800 ft, and k,

= 0.01 md and corresponding single-phase cases with different fracture lengths.

Fig. 4.53 and Fig. 4.54 present the cumulative gas recovery of the multiphase cases (considering cleanup
effects) with L,= 800 ft and the corresponding single-phase cases (ignoring cleanup effects) with different
fracture lengths for the cases where the p; = 2,325 psi and p,,, = 2,000 psi. According to Fig. 4.49, the
fracture fluid recovery at 365 days is 6% for the case presented in Fig. 4.53 and 1.6% for the case presented
in Fig. 4.54. Comparing these plots to Figs. 4.51 and 4.52 (where the p,,= 1,000 psi), the cumulative gas
recovery is reduced significantly for both the single-phase and multiphase cases because the pressure
drawdown is not large enough to overcome the capillary forces in the formation. Fig. 4.53 indicates that, if
the fracture conductivity is high, the cumulative gas recovery for the single-phase and multiphase cases is
almost identical. This suggests that even if the fracture fluid recovery was much higher for these cases, the
cumulative gas recovery will not increase significantly unless the pressure drawdown was increased (i.e.,
by reducing the bottomhole flowing pressure). However, the residual fracturing fluid may affect the long-
term gas production significantly particularly if the fracture conductivity is low (Fig. 4.54). In summary,
greater pressure drawdown results in higher fracture fluid recovery and higher cumulative gas recovery.
These results are consistent with the work of Holditch;'* however I did not only determine the cumulative
gas recovery and fracture fluid recovery, but also show the water saturation and pressure distribution

profiles around the fracture versus time after the treatment.
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Fig. 4.53— Cumulative gas recovery versus production time for a multiphase, low-pressure
reservoir (p; = 2,325 psi and p,,r= 2,000 psi) with wk= 500 md-ft, Ly= 800 ft, and k, =

0.01 md and corresponding single-phase cases with different fracture lengths.

1.0

09 ® Multiphase Run (L;= 800 ft, C, = 1.24)

— Single-Phase Runs

wk; = 31.25 md-ft  p; =2,325 psi

kg = 0.01 md Pws = 2,000 psi

0.8
0.7
0.6
0.5
0.4
0.3
0.2

Cumulative Gas Recovery, % IGIP

(Lelerr, ft
0.1

0 200 400 600 800 1000 1200
Time, day

Fig. 4.54— Cumulative gas recovery versus production time for a multiphase, low-pressure
reservoir (p; = 2,325 psi and p,,r= 2,000 psi) with wkr= 31.25 md-ft, L= 800 ft, and k,

= 0.01 md and corresponding single-phase cases with different fracture lengths.

Fig. 4.55 through Fig. 4.58 present the ratio of the multiphase to single-phase gas entry profile for these
cases. Again, the points where the curves intersect (i.e., the ratio of the multiphase to single-phase gas
entry profile is unity) generally correlate well with the effective single-phase fracture lengths presented in
Figs. 4.51 to 4.54. The apparent fracture half-lengths (i.e., where the curves intersect) are 400 ft for the
case with the wk; of 500 md-ft (C, = 19.89) and 210 ft for the case with the wk,of 31.25 md-ft (C, = 1.24) if
the p,,,= 1,000 psi. When the p,,,= 2,000 psi, the apparent fracture half-lengths are 500 ft for the case with
the wkyof 500 md-ft and 250 ft for the case with the wkyof 31.25 md-ft.
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Fig. 4.55—Ratio of multiphase to single-phase gas entry profile for the low-pressure
reservoir investigation (p; = 2,325 psi, p,,r= 1,000 psi, wky= 500 md-ft, L= 800
ft, and k,= 0.01 md).
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Fig. 4.56—Ratio of multiphase to single-phase gas entry profile for the low-pressure
reservoir investigation (p; = 2,325 psi, p,,, = 1,000 psi, wky= 31.25 md-ft, L, =
800 ft, and k,= 0.01 md).
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Fig. 4.57—Ratio of multiphase to single-phase gas entry profile for the low-pressure
reservoir investigation (p; = 2,325 psi, p,,r= 2,000 psi, wky= 500 md-ft, L= 800
ft, and k,= 0.01 md)
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4.2.3 Viscous Fracturing Fluid

While the gas cumulative gas recovery and fracture fluid recovery are affected significantly by fracture
conductivity, the results presented so far indicate that the entire propped fracture is generally "effective" at
365 days for typical hydraulically fractured, low permeability reservoirs if the viscosity of the fluid in the
invaded zone is 1 cp or less (i.e., water-based fracturing fluids). Field data often show that cleanup will
proceed more slowly if the fluid to be displaced has a high viscosity. Thus, it is very important for the fluid
to break under reservoir conditions to give a fluid with low viscosity. The average viscosity of the fluid
used in the Moxa Arch Frontier formation is 30.6 cp (for the fracture treatments after 1992). I have no
information if this value is representative of the fluid in the tubulars, perforations, fracture, or formation.

In this section, I present the simulation results where the fracture fluid viscosity is greater than 1 cp.

Fig. 4.59 through Fig. 4.61 present the ratio of the cleanup fracture half-length to the actual fracture half-
length when the leakoff fluid viscosities are 50, 200, and 1,000 cp, respectively. For these runs, the actual
fracture half-length is 800 ft and the formation permeability is 0.01 md. Fig. 4.59 (&, = 50 cp) shows that
the cleanup length is 66% of the actual propped length at 30 days if the wk,= 500 md (C, = 19.89) and 16%
of the actual propped length at 30 days if the wk,= 31.25 md (C, = 1.24). The ratio of the cleanup fracture
half-length to the actual fracture half-length is close to unity within 2 months if the wk; = 500 md-ft
(assuming 1, = 50 cp). However, if the wky= 31.25 md-ft, this ratio is close to unity within approximately
one year. The results presented in Figs. 4.59 and 4.61 indicate that the cleanup length may be only a small
fraction of the actual propped lengths even after a long time when the viscosity of the fracture fluid is
greater than 50 cp. The greater the viscosity of the fracturing fluid to be displaced in the proppant pack and

invaded zone, the lower the cleanup length versus time.
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Fig. 4.59—Ratio of cleanup fracture half-length to actual fracture half-length for
multiphase and non-Darcy flow cases with L, = 800 ft, k,= 0.01 md, and z,, =
50 cp.
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Fig. 4.61—Ratio of cleanup fracture half-length to actual fracture half-length for

multiphase and non-Darcy flow cases with L= 800 ft, k, = 0.01 md, and g, =
1,000 cp.
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Fig. 4.62 through Fig. 4.64 show the pressure distribution in the reservoir at 365 days for the cases shown
in Figs. 4.59 to 4.61. As before, the pressure drops are greatest near the wellbore when the fracture
conductivity is low. These pressure profiles in the reservoir show that the "effective" fracture length is
reduced as the fracture fluid viscosity increases. In Fig. 4.64 (1, = 1,000 cp), the pressure drops are
greatest near the wellbore despite having a C, of 19.89. Note that the 50, 200, or 1,000 cp denotes the
viscosity of the fracture fluid that remains in the proppant pack and invaded zone after the treatment. Even
though prior work such as that by Voneiff, Robinson, and Holditch® reported that the viscosity of the
fracture fluid can be several thousand centipoises and the viscous fracturing fluid is present in the proppant
pack only, a recent published work®® based on laboratory tests indicated that a significant amount of
polymer residue may come in contact with the reservoir rock during the fracture treatment. The tests
conducted on core samples showed that some of the gel residue is present in the rock and cannot be
displaced instantly by production; it degrades and is removed slowly. This residue occupies the pore
spaces of the rock and thereby reduces the permeability. The simulation results presented in Fig. 4.59 (w,
= 50 cp) may be more likely than the ones portrayed in Figs.4.60 and 4.61 (,’s =200 and 1,000 cp). This
is because the gelling agents used in the fracture treatment will concentrate more within the proppant-pack
than in the formation (i.e., the molecular sizes of the gelling agents are often too large to be able to

penetrate into the matrix of the formations during fluid leakof¥).
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Fig. 4.62—Pressure distribution (psi) in the reservoir at 365 days for multiphase and

non-Darcy flow cases with L,= 800 ft, k,= 0.01 md, and z,, = 50 cp.
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Fig. 4.63—Pressure distribution (psi) in the reservoir at 365 days for multiphase and

non-Darcy flow cases with L,= 800 ft, k,= 0.01 md, and z,, = 200 cp.
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Fig. 4.64—Pressure distribution (psi) in the reservoir at 365 days for multiphase and

non-Darcy flow cases with L,= 800 ft, k,= 0.01 md, and , = 1,000 cp.
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Fig. 4.65 through Fig. 4.67 show the water saturation profiles at 365 days for the cases where the p,’s =
50, 200, and 1,000 cp, respectively. The graphs show that the invaded zone is not cleaned up even after
one year if the viscosity of the fluid to be displaced is a few hundred centipoises. The water saturation
profiles shown in Fig. 4.65 (u, = 50 cp) indicate that the water saturation remains 70 to 80% around the
fracture after 365 days if the wk; = 500 md-ft and 90% if the wk, = 31.25 md-ft. The injected water for
these cases does not imbibe deeper into the formation, but it is either produced or stationary in the invaded
zone for practical purposes. For the cases presented in Fig. 4.67 (1, = 1,000 cp), the gas enters the fracture
near the wellbore and, the cleanup length is more like 20 to 50 ft instead of 800 ft. Therefore, when the

viscous fracture fluid remains in the invaded zone, the cleanup length and gas productivity will be less than

optimal.
1 1 l ‘T 1 1 1 1 T T I 18] ‘T L l T
] ETATREEEERIE) (ETRREEAN TR !
wky= 500 md-ft (C, = 19.89)
Sw initiat = 0.4 Propped Frac Half-Length = 800 ft

4ft

why=31.25 md-ft (C, = 1.24)

T I TTTIT T TITT1T11]
1.0 0.7 04

Fig. 4.65—Water saturation (fraction) in the reservoir at 365 days for multiphase and

non-Darcy flow cases with L,= 800 ft, k,= 0.01 md, and z,, = 50 cp.
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Fig. 4.66—Water saturation (fraction) in the reservoir at 365 days for multiphase and

non-Darcy flow cases with L,= 800 ft, k,= 0.01 md, and z, = 200 cp.
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Fig. 4.67—Water saturation (fraction) in the reservoir at 365 days for multiphase and

non-Darcy flow cases with L,= 800 ft, k,= 0.01 md, and , = 1,000 cp.
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Fig. 4.68 through Fig. 4.70 show the effective gas permeability around the fracture at 365 days when the
fracturing fluid viscosities are 50, 200, and 1,000 cp, respectively. The initial gas permeability in the
formation (prior to fracturing) is 0.01 md (shown by the red color). All of these graphs indicate that the
effective gas permeability is reduced more uniformly along the fracture if the fracture conductivity is high.
However, if the fracture conductivity is low, the effective gas permeability is relatively higher near the

wellbore and lower in the invaded zone away from the wellbore.
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Fig. 4.68—Effective gas permeability map at 365 days for multiphase and non-Darcy flow
cases with L,= 800 ft, k,= 0.01 md, and z,, = 50 cp.
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Fig. 4.69—Effective gas permeability map at 365 days for multiphase and non-Darcy flow
cases with L,= 800 ft, k,= 0.01 md, and ,, = 200 cp.
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Fig. 4.70—Effective gas permeability map at 365 days for multiphase and non-Darcy flow
cases with L,= 800 ft, k,= 0.01 md, and z,, = 1,000 cp.

The fracture fluid recovery versus production time for these cases is presented in Fig. 4.71 through Fig.
4.73. When the viscosity of the fluid to be displaced in the proppant pack and invaded zone is 1 cp, Fig.
4.26 indicates that about one-half the fracturing fluid is recovered within 30 to 60 days if the wk;= 500 md-
ft (C,=19.89). However, according to Fig. 4.71, the fracture is still cleaning up at 365 days. For the cases
presented in Fig. 4.71, the fluid recovery at 365 days is 38% if the wk,= 500 md-ft (C, = 19.89) and 18% if
the wk; = 31.25 md-ft (C, = 1.24). I conclude that the fractures will take a longer time to clean up if the
fracturing fluid does not break properly. The fracture fluid production rates that require months or years to
level off may be an indicative of the presence of the viscous fracture fluid in the proppant pack and/or the

invaded zone around the fracture.



70

45
Ly = 800t
40 kg = 0.01 md
35 Ky = 50 cp ka, md-ft [Cn dim-|eSS]_>500[19.89]

Fluid Injected = 2,923 bbls 250 [9.95]
30

125 [4.97]
25

20 62.5[2.49]

15 31.25 [1.24]

Fracture Fluid Recovery, %

10
5
0 Ll IIIII L L Ll L1l
0.1 1 10 100 1000
Time, day

Fig. 4.71—Fracture fluid recovery versus production time for multiphase and non-Darcy

flow cases with L,= 800 ft, k,= 0.01 md, and 1, = 50 cp.
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Fig. 4.72—Fracture fluid recovery versus production time for multiphase and non-Darcy

flow cases with L,= 800 ft, k,=0.01 md, and 2, = 200 cp.
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Fig. 4.73—Fracture fluid recovery versus production time for multiphase and non-Darcy

flow cases with L,= 800 ft, k,= 0.01 md, and 1, = 1,000 cp.

Fig. 4.74 and Fig. 4.75 present the cumulative gas recovery and the gas flow rate for the cases with wk, =
500 md-ft. The cumulative gas recovery and gas flow rate for the cases with wk,= 31.25 md-ft are given in
Fig. 4.76 and Fig. 4.77. In Fig. 4.74 (wk;= 500 md-ft), the cumulative gas recovery at 1,000 days is 3.3%
for the case with the fluid viscosity of 1000 cp. In comparison, the cumulative gas recovery at 1,000 days
is 2.2% for the case presented in Fig. 4.76 if the wky= 31.25 md-ft for the fluid viscosity of 1 cp. Thus for
this case, the long-term gas production is affected more by fracture conductivity than by fluid viscosity.
According to Voneiff et al.,® the fracturing fluids must break to a viscosity of 50 cp to ensure that gas
flow rates are maximized. Figs. 4.74 and 4.75 indicate that the fracture fluid viscosity must be at least 50
cp if the fracture conductivity is high. However, if the fracture conductivity is low, the fracture fluid

viscosity as low as 1 ¢cp may be necessary to maximize the cumulative gas production (Figs. 4.76 and 4.77).
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Fig. 4.74—Cumulative gas recovery versus production time for multiphase and non-Darcy

flow cases with wk,= 500 md-ft L,= 800 ft, and k,= 0.01 md.
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Fig. 4.75—Gas flow rate versus production time for multiphase and non-Darcy flow cases

with wk,= 500 md-ft, Z,= 800 ft, and k;=0.01 md.



73

5.5
5.0

45 wky = 31.25md-ft (C,=1.24) p; = 6,000 psi

L, =800ft Pus = 1,000 psi
4.0 kg =0.01md Fluid Injected = 2,923 bbls

3.5
3.0
25
2.0
1.5

Cumulative Gas Recovery, % IGIP

1.0
0.5
0.0

0 200 400 600 800 1000 1200
Time, day

Fig. 4.76—Cumulative gas recovery versus production time for multiphase and non-Darcy

flow cases with wk,= 31.25 md-ft, L,= 800 ft, and k,= 0.01 md.
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Fig. 4.77—QGas flow rate versus production time for multiphase and non-Darcy flow cases

with wk,= 31.25 md-ft, L,= 800 ft, and k= 0.01 md.

Fig. 4. 78 portrays the cumulative gas recovery of the multiphase case (considering cleanup effects) with L,
= 800 ft and the corresponding single-phase cases (ignoring cleanup effects) with different fracture lengths
if the wky= 500 md-ft and 4, = 50 cp. The cumulative gas recovery between the multiphase and single-
phase cases do not match at early times. For the single-phase cases, a high gas rate is typically achieved
following the stimulation, however, when the viscous fluid is present in the proppant pack and/or invaded
zone, a slowly increasing gas production rate for several weeks or months typically occurs. The effective

fracture half-length ((Lp)ettective) 1S approximately 650 ft for the case presented in Fig. 4.78. However, if the
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wky=31.25 md-ft and x4, = 50 cp, Fig. 4.79 shows that the effective fracture half-length is 180 ft. Fig. 4.80
through Fig. 4.83 present the cumulative gas recovery versus production time for the cases where the z4,’s
=200 and 1,000 cp. The effective fracture half-lengths are 600 and 400 ft for the cases where the z,’s =
200 and 1,000 cp, respectively if the wk; = 500 md-ft. However, if the wk; = 31.25 md-ft, the effective
fracture half-lengths are 100 and 40 ft for the cases where the z,’s = 200 and 1,000 cp, respectively.
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Fig. 478—Cumulative gas recovery versus production time for a multiphase and
non-Darcy flow case with wk,= 500 md-ft, L,= 800 ft, k,= 0.01 md, and s, =

50 cp and corresponding single-phase cases with different fracture lengths.
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Fig. 479—Cumulative gas production versus production time for a multiphase and
non-Darcy flow case with wk,= 31.25 md-ft, L,= 800 ft, k,= 0.01 md, and g, =

50 cp and corresponding single-phase cases with different fracture lengths.
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Fig. 4.80—Cumulative gas recovery versus production time for a multiphase and
non-Darcy flow case with wk,= 500 md-ft, L,= 800 ft, k,= 0.01 md, and sz, =

200 cp and corresponding single-phase cases with different fracture lengths.
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Fig. 4.81—Cumulative gas recovery versus production time for a multiphase and
non-Darcy flow case with wky= 31.25 md-ft, Ly= 800 ft, k,= 0.01 md, and z, =

200 cp and corresponding single-phase cases with different fracture lengths.
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Fig. 4.82—Cumulative gas recovery versus production time for a multiphase and
non-Darcy flow case with wk,= 500 md-ft, L,= 800 ft, k,= 0.01 md, and sz, =

1,000 cp and corresponding single-phase cases with different fracture lengths.
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Fig. 4.83—Cumulative gas recovery versus production time for a multiphase and
non-Darcy flow case with wky= 31.25 md-ft, Ly= 800 ft, k,= 0.01 md, and z, =

1,000 cp and corresponding single-phase cases with different fracture lengths.

Fig. 4.84 through Fig. 4.89 show the ratio of the multiphase to single-phase gas entry profile for the cases
given in Figs. 4.78 to 4.83. The points where the curves intersect (i.e., the ratio of the multiphase to single-
phase gas entry profile is unity) is generally close to the effective single-phase fracture length presented in
Figs. 4.78 to 4.83. The apparent fracture half-lengths (i.e., where the curves intersect) are 600 ft for the
case with the wk,of 500 md-ft and 220 ft for the case with the wk; of 31.25 md-ft if the , = 50 cp. For the
cases where the p, = 200 cp, the apparent fracture half-lengths are 230 ft for the case with the wk, of 500
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md-ft and 210 ft for the case with the wk; of 31.25 md-ft. Similarly, for the cases where the x, = 1,000 cp,
the apparent fracture half-lengths are 340 ft for the case with the wk; of 500 md-ft and 120 ft for the case
with the wk;of 31.25 md-ft.
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Fig. 4.84—Ratio of multiphase to single-phase gas entry profile for cases with wk,= 500
md-ft, L= 800 ft, k,= 0.01 md, and g, = 50 cp.
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Fig. 4.86—Ratio of multiphase to single-phase gas entry profile for cases with wk, = 500
md-ft, L,= 800 ft, k£,= 0.01 md, and g, = 200 cp.
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Fig. 4.88—Ratio of multiphase to single-phase gas entry profile for cases with wk, = 500
md-ft, L,= 800 ft, k,= 0.01 md, and g, = 1,000 cp.
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4.2.4 Fracture Closure Effect

In this section, I present the effects of fracture permeability reduction due to closure pressure on the
effective fracture length and gas productivity. Closure pressure is the difference between the in-situ stress
and the pore pressure in the fracture. Excessive closure stress above the strength of the propping agent
causes severe crushing of the proppant and a subsequent reduction of fracture conductivity. In this work,
changes in fracture permeability with closure pressure for 20/40 mesh InterProp proppant are given in Fig.
3.4. Fig. 4.90 shows that the impact of closure pressure on the cleanup fracture length is small particularly
when the fracture conductivity is high. Fig. 4.91 and Fig. 4.92 present the gas flow rates for the multiphase
cases with and without closure pressure and the single-phase case (ignoring cleanup effects) when the wk;’s
= 500 md-ft and 31.25 md-ft, respectively. For these cases, the viscosity of the fluid injected is assumed to
be 1 cp. As shown, the single-phase case reaches a maximum gas flow rate immediately after the well is
put on production. When the fracturing fluid is considered and the fracture closure effect is ignored, the
well requires a few hours to attain a maximum gas production. The amount of time required to achieve the
peak gas production for the multiphase case with the closure pressure included is relatively the same as that
for the multiphase case without the closure pressure. However, the gas productivity is reduced if the
fracture closure effect is present. Note that the peak gas flow rate for the multiphase case with closure
pressure is 7.6 MMscf/D if the wk, = 500 md-ft (Fig. 4.91). However, the peak gas flow rate for the
multiphase case without closure pressure is 2.8 MMscf/D if the wk,= 31.25 md-ft (Fig. 4.92). Therefore,

the gas productivity is affected more by fracture conductivity than by fracture closure effect.
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Fig. 4.90—Effect of fracture permeability reduction with closure pressure on cleanup
fracture length for multiphase and non-Darcy flow cases with L= 800 ft and k,

=0.01 md.
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Fig. 4.91—Comparison of single-phase gas flow rate (ignoring cleanup effects) and
multiphase gas flow rates with and without closure pressure for cases with wk,

=500 md-ft, L,= 800 ft, and k,= 0.01 md.
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Fig. 4.92—Comparison of single-phase gas flow rate (ignoring cleanup effects) and
multiphase gas flow rates with and without closure pressure for cases with wk,

= 31.25 md-ft, L, = 800 ft, and k,= 0.01 md.

The fluid recovery for the cases with and without closure pressure for varying fracture conductivities is
presented in Fig. 4.93. The dashed lines are the fracture fluid recovery when the closure pressure is
ignored. The solid lines indicate the fracture fluid recovery when the closure pressure effect is present.
The fracture fluid production rates begin to level at about the same time for both the cases. However, the

fluid recovery is reduced by 10 to 20% when the closure pressure is included.
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The cumulative gas recovery for the cases with and without closure pressure is presented in Fig. 4.94.

Small arrows at 1,000 days indicate the cumulative gas recovery when the closure pressure is neglected.

The IGIP is 45,586 MMscf. For these cases, the cumulative gas recovery is reduced by 11 to 16% due to

fracture closure effect.
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Fig. 4. 95 and Fig. 4.96 compare the cumulative gas recovery of the multiphase cases with and without
closure pressure (L, = 800 ft) and the corresponding single-phase cases (ignoring cleanup effects) with
different fracture lengths. The effective fracture half-lengths are approximately 660 ft for the multiphase
case without closure pressure and 580 ft for the case with closure pressure if the wky = 500 md-ft (C, =
19.89). In comparison, the effective fracture half-lengths are 220 ft for the multiphase case without closure
pressure and 175 ft for the case with closure pressure if the wky= 31.25 md-ft (C, = 1.24). I conclude that
the effective fracture lengths decrease when the closure pressure is present. However, the cleanup lengths

indicate small difference between the cases with and without closure pressure.
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Fig. 4.95—Cumulative gas recovery versus production time for the multiphase cases with
and without closure pressure (wk; = 500 md-ft, L, = 800 ft, and k, = 0.01 md)

and the corresponding single-phase cases with different fracture lengths.



84

5.5 -

5.0 3
o ® Multiphase Run/With CP (Ls= 800 ft, C, = 1.24) 3
o 45 O Multiphase Run/No CP (L¢= 800 ft, C, = 1.24) 3
R 40 — Single-Phase Runs _E
§ s5F Wk =3125mdft p; = 6,000 psi o E
8 3.0 kg =0.01md Pur = 1,000 psi E
@ X =
o so—" 3
g 2.5 3
o QQQQ@ 3
2 2.0 o220 gy E
5 15 T =
£ 100’ E
3 1o A E

0.5 (Lesr ft. 3

0.0 3

0 200 400 600 800 1000 1200

Time, day

Fig. 4.96—Cumulative gas recovery versus production time for the multiphase cases with
and without closure pressure (wk,= 31.25 md-ft, L,= 800 ft, and k, = 0.01 md)

and the corresponding single-phase cases with different fracture lengths.

Fig. 4.97 and Fig. 4.98 show the ratio of multiphase to single-phase gas entry profile for these. The points,
where the curves intersect, correlate well with the effective single-phase fracture length presented in Figs.
4.95 and 4.96. The apparent fracture half-lengths (i.e., where the curves intersect) are 600 ft for the case
with the wkyof 500 md-ft and 120 ft for the case with the wk;of 31.25 md-ft.
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Fig. 4.97—Ratio of multiphase to single-phase gas entry profile for cases with and without
closure pressure (wk,= 500 md-ft, L,= 800 ft, and k,= 0.01 md).
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Fig. 4.98—Ratio of multiphase to single-phase gas entry profile for cases with and without
closure pressure (wky=31.25 md-ft, L,= 800 ft, and k,= 0.01 md).

4.2.5 Reservoir Water Mobility

All runs discussed so far were made using an initial water saturation (S,,) of 40%. At 40% water saturation,
the relative water permeability (k) is zero and the relative gas permeability (k) is 0.438 (Fig. 3.2). Thus,
the formation water is immobile at 40% water saturation. To investigate the effect of mobile reservoir
water on the effective fracture length and fracture fluid production, I made runs with an initial water
saturation of 55%. At this saturation, the ,,, = 0.001865 and k., = 0.239025. In this work the effective gas
permeability (kp) is 0.01 md at §,, = 40%. Thus, at S,, = 55%, the k, is 0.0055 md (i.e., the absolute
formation permeability, &, is constant). Fig. 4.99 portrays the ratio of the cleanup fracture half-length to
the actual fracture half-length versus time for the cases with mobile reservoir water (S,, = 55%) and
immobile reservoir water (S,, = 40%). This graph indicates that the reservoir water mobility is relatively

unimportant with respect to the cleanup length.



86

1 10 100 1000
1.1 T T T LELELEL) II T T T LELELIR) II T T T LI 1-1
125 [4.97] = Wk md-ft [C,, dim-less]
1.0 500 [19.89] 4571 f [Cr ] 1.0
250 [9.95]

c 0.9 62.5 [2.49] 0.9
2 08 31.25[1.24] 0.8
Z 0. .
m
= 07 0.7

E

2 0.6 0.6
=

-
= 05 e 5,=055 0.5

[-%

g O4g — 5,=0.40 04
2 03 L, =800 ft p; = 6,000 psi 03
=) k, = 0.01 md = 1,000 psi

0.2 9 Puwt P 0.2
Fluid Injected = 2,923 bbls
0.1 0.1
0-0 L L L L L L. L II L L L Ll L L II L L L Ll L Ll 0.0
1 10 100 1000

Production Time (tp), day

Fig. 4.99—Effect of mobile reservoir water on cleanup fracture length for multiphase and

non-Darcy flow cases with L,= 800 ft and k,= 0.01 md.

Fig. 4.100 shows the pressure distribution in the reservoir at 365 days for the cases with mobile reservoir
water. The reservoir pressure is 6,000 psi (shown by the red color). The bottomhole flowing pressure has
not reached the minimum bottomhole pressure (1,000 psi) at 365 days. The light color indicates low
reservoir pressures. Comparing Fig. 4.100 (mobile reservoir water) and Fig. 4.22 (immobile reservoir
water), the reservoir pressures are much lower around the fracture when the reservoir water is mobile. At
365 days, the average reservoir pressure around the fracture is 4,300 psi if the water saturation is 40%
(immobile) and 3,350 psi if the water saturation is 55% (mobile). Fig. 4.100 suggests that the "effective"
fracture length is much different depending on fracture conductivity when considering the pressure

distribution around the fracture.
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Fig. 4.100—Pressure distribution (psi) in the reservoir at 365 days for multiphase and
non-Darcy flow cases with L, = 800 ft, k, = 0.01 md, and S,, = 0.55 (S =
0.40).

Fig. 4.101 and Fig. 4.102 present the water saturation profiles around the fracture at 1 day and 365 days for
the cases presented in Fig. 4.100. The entire propped length becomes effective at 365 days for both the
high and low conductivity fractures. For these cases, the injected water imbibes much deeper into the
formation (~50 ft). At 365 days, the water saturation remains high near the fracture (70 to 80%) and it

decreases gradually as it moves away from the fracture.

Fig. 4.103 compares the effective gas permeability around the fracture at 365 days for the high and low
conductivity fractures given in Figs. 4.101 and 4.102. Note that the initial gas permeability in the
formation (prior to fracturing) is 0.0055 md. Changing nothing else but fracture conductivity, the effective
gas permeability around the fracture is greatest near the wellbore if the fracture conductivity is low. The
effective gas permeability is reduced more uniformly along the fracture when the fracture conductivity is

high.
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Fig. 4.101— Water saturation (fraction) in the reservoir at 1 day for multiphase and
non-Darcy flow cases with L, = 800 ft, k, = 0.01 md, and S, = 0.55 (S =
0.40).
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Fig. 4.102— Water saturation (fraction) in the reservoir at 365 days for multiphase and
non-Darcy flow cases with L, = 800 ft, k, = 0.01 md, and S, = 0.55 (S =
0.40).
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Fig. 4.103—Effective gas permeability map at 365 days for multiphase and non-Darcy flow
cases with L= 800 ft, k,= 0.01 md, and S,, = 0.55 (S, = 0.40).

Fig. 4.104 portrays the cumulative water production for the cases with S, = 55% and S, = 40%,
respectively. At 40% water saturation, the water produced is injected water. At 55% water saturation, the
water produced is the injected water and formation water. Computer runs were made for the cases with S,
= 55% without the injected water. To determine the amount of injected water recovery for the cases with
mobile reservoir water, the water produced from the cases with S,, = 55% without the injected water. (i.c.,
formation water) was subtracted from the cumulative water produced (i.e., formation and injected water)
obtained from Fig. 4.104. The fracture fluid recovery versus production time for the cases with S,, = 55%
and S,, = 40% is presented in Fig. 4.105. Fig. 4.105 portrays that the fracture fluid recovery increases when
the reservoir water is mobile. At 365 days, the fluid recovery is 46% if the S,, = 40% and 73% if the S,, =
55% when the wk, = 500 md-ft (C, = 19.89). As a conclusion, the reservoir water mobility helps to

increase the fracture fluid recovery.
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Fig. 4.104—Cumulative water production for multiphase and non-Darcy flow cases with

and without mobile reservoir water (L= 800 ft and k,= 0.01 md).
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Fig. 4.105—Effect of mobile reservoir water on fracture fluid recovery for multiphase and

non-Darcy flow cases with L,= 800 ft and k,= 0.01 md.

Fig. 4.106 shows the cumulative gas recovery versus production time for the cases with and without mobile
reservoir water. The cumulative gas recovery decreases when the water saturation increases. Even though
the fracture fluid recovery is high due to the reservoir water mobility, the cumulative gas recovery is
reduced. This is because the effective gas permeability decreases with increasing water saturation. Fig.
4.107 shows the cumulative gas recovery for the cases with and without injected fluid when the reservoir
water is mobile. Small arrows at 1,000 days indicate the cumulative gas recovery for the cases without the

injected water. The graph suggests that the effect of fracturing fluid on gas productivity may be small
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when the reservoir water is mobile. This is because the fluid recovery is large and the effective gas

permeability in the invaded zone has been high enough for these cases.
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Fig. 4.106—Effect of mobile reservoir water on cumulative gas recovery for multiphase and

non-Darcy flow cases with L,= 800 ft and k,= 0.01 md.
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Fig. 4.107—Effect of fracture fluid on cumulative gas recovery for multiphase and

non-Darcy flow cases with L,= 800 ft, k£,= 0.01 md, and S,, = 0.55.

Fig. 4. 108 compares the cumulative gas recovery of the multiphase cases with mobile and immobile
reservoir water (L, = 800 ft) and the corresponding single-phase cases (ignoring cleanup effects) with
different fracture lengths if the wk,= 500 md-ft. The effective fracture half-lengths are approximately 660

ft for the multiphase case with immobile reservoir water and 570 ft for the case with mobile reservoir
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water. Accordingly, the effective fracture lengths decrease when the mobile reservoir water is present even
though the cleanup lengths indicate small difference between the cases with and without mobile reservoir
water. The apparent fracture half-lengths are 220 ft for the multiphase cases with mobile reservoir water

and immobile reservoir water if the wk,= 31.25 md-ft (Fig. 4.109).
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Fig. 4.108—Cumulative gas recovery versus production time for the multiphase cases with
and without mobile reservoir water (wk,= 500 md-ft, L,= 800 ft, and k, = 0.01

md) and the corresponding single-phase cases with different fracture lengths.
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Fig. 4.110 and Fig. 4.111 show the ratio of the multiphase to single-phase gas entry profile for these cases.
The points, where the curves intersect, are generally close to the effective single-phase fracture lengths
presented in Figs. 4.108 and 4.109. I conclude that reservoir water mobility has a small effect on the ratio
of the multiphase to single-phase gas entry profile. The apparent fracture lengths are 600 ft if the wk,= 500
md-ft and 180 ft if the wk,= 31.25 md-ft for both cases with and without mobile reservoir water.
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Fig. 4.110—Ratio of multiphase to single-phase gas entry profile for cases with mobile
reservoir water (S,, = 55%) and immobile reservoir water (S,, = 40%), wky= 500

md-ft, L,= 800 ft, and k,= 0.01 md.
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CHAPTER V
DISCUSSION

In this chapter I discuss the accomplishments achieved in this work and provide explanations of the results
derived from this work. Several hundred computer runs were made and a variety of reservoir conditions

were investigated during this research project over a two-year period (February 2002 to August 2004).

5.1 Cleanup Fracture Length

My work shows that the proppant pack is generally cleaned up and the cleanup lengths are close to
designed lengths in relatively short times. Calculated post-fracture /s are typically less than designed
because of the distribution of water saturation near the fracture. Although gas enters along entire fracture,
the water saturation distribution affects the gas entry rate profile, which determines the effective fracture
length. Subtle changes in the gas rate entry profile can result in significant changes in effective fracture

length.

The flow resistance in the fracture and the formation after fracture treating is a function of the viscosity of
the fracturing fluid and can be large relative to the resistance for single-phase gas flow. The cleanup length
may be only a small fraction of the actual length if the viscosity of the fluid to be displaced in the proppant

pack and invaded zone around the fracture is a few hundred centipoises.

Fracture conductivity affects the pressure distribution in the reservoir, resulting in different saturation
distributions, rate profiles, and effective fracture lengths. The pressure drops in the reservoir are
distributed more evenly along the fracture when the fracture conductivity is high. However, when the
fracture conductivity is low, the pressure drops are greatest near the wellbore. Therefore, with respect to
pressure distribution around the fracture, high conductivity fracture results in more effective well

stimulation than low conductivity fracture.

The cleanup of the fracturing fluid starts with the fluid in the proppant pack (Fig. 5.1). When the well is
put on production, the fluid in the proppant pack is removed rapidly because of the high fracture
conductivity. Once sufficient effective gas permeability is established in the proppant pack, the fracturing
fluid in the invaded zone begins to flow into the fracture. The fracturing fluid in the invaded zone will
continue to clean up gradually out along the fracture. The conductivity contrast between the fracture and
the formation is one of the driving forces affecting the rate of the fluid cleanup in the invaded zone. If the
relative flow capacity of the fracture is high (i.e., high fracture conductivity), the fluid in the invaded zone
cleans up rapidly and more uniformly along the fracture. If the relative flow capacity of the fracture is low
(i.e., low fracture conductivity), the fluid in the invaded zone cleans up slowly and may not readily be
displaced from the invaded zone even after a long time. In any cases, even though the entire propped

length is accessible for gas flow within a relatively short period of time (18 to 30 days), multiphase effects
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still linger because the water saturation in the invaded zone does not completely decrease to the initial

water saturation after the treatment.

[ 4¢——— PROPPED FRACTURE LENGTH ——————|

Hh>1

Fig. 5.1—Cleanup of fracture fluid in the invaded zone versus time (this work).

Table 5.1 compares the actual fracture half-length ((L)),), the cleanup fracture half-length ((L/)cieanup) at
365 days, and the effective fracture half-length ((L)).s) for the "high" reservoir pressure cases presented in
Chapter IV. Again, the cleanup length is the fracture length determined by direct observation of our
simulation results. In this work, the "cleanup" length is the fracture length corresponding to 90%
cumulative gas flow rate into the fracture. The effective fracture lengths are the equivalent lengths
obtained using the single-phase flow models. The multiphase results for the cases with (L), = 200 and 500
ft and the cases with k, = 0.05 and 0.1 md are presented in Appendix A and Appendix B, respectively.
Table 5.1 suggests that the effective lengths are affected directly by fracture conductivity, while the
cleanup lengths are generally close to the designed lengths at 365 days.
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Table 5.1—Comparison of the Actual, Cleanup, and Effective Fracture Lengths
(High-Reservoir Pressure Cases: p; = 6,000 psi and p,,,= 1,000 psi)

(Lp)eteanup () Fluid Recovery (%)
Case  whky(md-ft) ke (md)  (Lpa (ft) @ 365 days (Lpess (FO) @ 365 days
1 500 0.01 200 195 195 60.3
2 31.25 0.01 200 194 138 49.0
3 500 0.01 500 485 452 53.3
4 31.25 0.01 500 479 210 32.0
5 500 0.01 800 776 660 46.3
6 31.25 0.01 800 738 250 21.0
7 500 0.05 800 776 420 36.6
8 31.25 0.05 800 699 70 13.7
9 500 0.1 800 776 300 345
10 31.25 0.1 800 587 35 11.9

At this point, it is appropriate to summarize the results derived from this work:

"High" Pressure/Water-Based Fracture Fluid:

e The cleanup length is 37% of the actual fracture length at 1 day if the wk,is 500 md-ft (C, = 19.89) and
12% of the actual fracture length at 1 day if the wk,is 31.25 md-ft (C, = 1.24). The entire propped length
is accessible for gas flow within 4 to 5 days if the wk,is 500 md-ft (C, = 19.89) and 18 to 30 days if the
wkyis 31.25 md-ft (C, = 1.24).

o The effective fracture half-lengths are 660 ft if the wk,= 500 md-ft and 220 ft if the wk,= 31.25 md-ft.

o The fracture fluid recovery versus production time plot indicates that the fracture fluid production rates
begin to level off at 30 to 60 days. The fluid recovery is 46% at 365 days for the case with wky= 500
md-ft (C, = 19.89) and 21% for the case with wk,=31.25 md-ft (C, = 1.24).

¢ Changing nothing else except fracture conductivity (wky), the case with wk; = 500 md-ft results in a

cumulative gas recovery that is approximately twice as much as the case with 31.25 md-ft.

"Low" Pressure/Water-Based Fracture Fluid:

o The ratio of the cleanup fracture half-length to the actual fracture half-length generally approaches unity
at 365 days for all conductivities.

o The depth of the invasion is approximately 1 ft at the end of the injection. The injected fluid imbibes as
far as 3 to 10 ft into the formation at 365 days. The water saturation in the invaded zone does not
completely decrease to the initial water saturation.

o The fracture fluid production rates begin to level off at 2 to 5 days. Assuming p; = 2,325 psi and p,,, =
1,000 psi, the fluid recovery at 365 days is 20% for the case with wk,= 500 md-ft (C, = 19.89) and 6%
for the case with wk,= 31.25 md-ft (C, = 1.24). The effective fracture half-lengths are 740 ft if the wk,=
500 md-ft and 400 ft if the wk,= 31.25 md-ft.
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e The case with wky= 500 md-ft results in a cumulative gas recovery that is almost twice as much as that

for the case with wky=31.25 md-ft.

Viscous Fracture Fluid:

o The ratio of the cleanup fracture half-length to the actual fracture half-length is close to unity within 2
months if the wk, = 500 md-ft (assuming g, = 50 cp). However, if the wk; = 31.25 md-ft, this ratio is
close to unity within 1 year to 2 years.

o Assuming u,, = 50 cp, the effective fracture half-lengths are 650 ft if the wk,= 31.25 md-ft and 180 ft if
the wky=31.25 md-ft.

e The injected water for these cases does not imbibe further into the formation. It is either produced or
remains essentially stationary in the invaded zone.

e Assuming s, = 50 cp, the fluid recovery at 365 days is 38% if the wk,= 500 md-ft (C, = 19.89) and 18%
if the wk, = 31.25 md-ft (C, = 1.24). In general, the fracture is still cleaning up at 365 days when the
viscosity of the fluid is greater than 50 cp.

Fracture Closure Effect:

o The effect of fracture closure on the cleanup length is small, particularly when the fracture conductivity
is high.

e The effective fracture half-length for the multiphase case with closure pressure is approximately 580 ft if
the wky= 500 md-ft (C, = 19.89) and 180 if the wk,= 31.25 md-ft (C, = 1.24).

e The fluid recovery is reduced by 10 to 20% because of the fracture closure effect after the well has
reached the stabilization period.

e The fracture closure effect results in a cumulative gas recovery that is 11 to 16% lower than that without

fracture closure effect.

Reservoir Water Mobility:

e The fracture fluid production rates do not level off within 1 year to 3 years. Assuming S,, = 55% and
Syirr = 40%, the fluid recovery is 73% for the case with wky= 500 md-ft (C, = 19.89) and is 41% for the
case with wk,=31.25 md-ft (C, = 1.24).

e For these cases (S, = 55%, (Lpacwa = 800 ft), the effective fracture half-lengths (i.e., under single-phase
flow conditions/reservoir water is immobile) are approximately 570 ft if the wk,= 500 md-ft (C, = 19.89)
and 220 ft if the wk,= 500 md-ft (C, = 19.89).

e The injected water imbibes as far as 50 ft into the formation for these cases. At 365 days, the water
saturation is highest near the fracture (70 to 80%) and it decreases gradually as it moves away from the
fracture face.

e Even though the fracture fluid recovery is high due to the reservoir water mobility, the cumulative gas

recovery is reduced because the effective gas permeability decreases with increasing water saturation.
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5.2 Limitations of This Work

It is useful to highlight some of the limitations in our modeling:

— I did not consider damage to the proppant pack due to incomplete fracture fluid (polymer) degradation.
In reality, there is a variation in the sand concentration inside the fracture causing the conductivity to
be high in some parts of the fracture and low in other parts of the fracture.

— 1 did not take into account excessive height growth which may account for shorter propped fracture
lengths.

— The variation in the temperature inside the fracture that may cause variation in the fluid viscosity was
not considered.

— I did not consider problems associated with the improper use of the crosslinker and breaker systems.
Ref. 26 shows that if the gel is overcrosslinked or undercrosslinked, the fluid viscosity decreases, and
the created fracture dimensions and proppant transport characteristics are affected. If too much
breaker is added, the fluid viscosity decreases, once again adversely affecting both the created fracture
dimensions and proppant transport. If too little breaker is added, the fluid may never break or may

never clean up.
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This study provides better explanation of mechanisms that affect fracturing fluid cleanup, effective fracture
length, and well productivity than previous work. On the basis of the results of this research, I conclude

that

1. Fracture conductivity affects the distribution of gas production into the fracture. High fracture
conductivity increases the effectiveness of the propped fracture because the gas enters the fracture
more evenly. Greater dimensionless fracture conductivity results in higher fracture fluid recovery,

longer cleanup fracture lengths, and greater cumulative gas recovery.

2. The ratio of the cleanup fracture half-length to the actual fracture half-length increases with decreasing
actual propped length and formation permeability. The proppant pack is generally cleaned up and the
cleanup lengths are close to designed lengths in relatively short times even for low-pressure reservoirs

hydraulically fractured using water-based fracturing fluids.

3. When the fracture conductivity is high, the pressure drops in the reservoir are distributed more
uniformly along the fracture and, the fracture will drain the reservoir more effectively because the
pressure drop inside the fracture is reduced to a minimum. When the fracture conductivity is low (e.g.,
C, < 1), the pressure drop profile in the reservoir will appear to be "radial" even though the actual

fracture length is several hundred feet.
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The cleanup fracture lengths are reduced significantly when a viscous fracture fluid occupies the
invaded zone around the fracture. The cleanup length may be only a small fraction of the actual length
even after 365 days if the viscosity of the fracture fluid is greater than 50 cp. When the viscous fluid is
present in the proppant pack or invaded zone, a slowly increasing production rate for several weeks or

months typically occurs, resulting in shorter effective fracture lengths.

With respect to the effective fracture length, the fracture face damage, fracture closure effect, and
reservoir water mobility are relatively unimportant. Fracture face damage makes the flux distribution
along the fracture more uniform. The reservoir water mobility helps to increase the fracture fluid

recovery.

The cleanup length is reduced by turbulent flow in the fracture. This is because the pressure drop in
the fracture increases due to non-Darcy flow resulting in more gas entering the fracture near the
wellbore. To reduce the impact of non-Darcy flow in the fracture, achieving higher fracture

conductivity values becomes necessary.

This study shows that the cleanup fracture length is generally much longer than the effective fracture
lengths predicted from post-fracture pressure buildup tests or production data analysis. Accordingly,
one should use pressure buildup and production analysis results carefully because these incorrect

results could lead to designs that may or may not improve gas productivity.
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6.2 Recommendations for Future Work

Based on the results of this study, I suggest the following tasks for future work in the evaluation of well

performance behavior in hydraulic-fractured wells:

e Model the interference in fracture fluid production from condensate buildup around the fracture. This
requires a compositional modeling of condensate buildups as a wet gas approaches the propped

fracture because the pressure drops below the dew point.

e Generate a spreadsheet model using the results of this work to directly analyze fractured well
performance. This would involve applying the results generated in this work in designing optimal

fracture treatments for typical tight gas reservoirs.



NOMENCLATURE

Field Variables

Cw

Ap/AL

Drainage area, acres

Beta factor, 1/ft

Rock compressibility, 1/psi

Water compressibility, 1/psi
Formation depth, ft

Pressure gradient, psi/ft

Grid size in the x-direction, ft

Grid size in the y-direction, ft
Specific gas gravity, dimensionless
Reservoir net thickness, ft

Formation permeability, md
Formation permeability in damage zone, md
Fracture permeability, md
Effective gas permeability, md
Effective water permeability, md
Relative permeability, md
Relative permeability to gas, md
Relative permeability to water, md
Fracture half-length, ft

Porosity, percent

Capillary pressure, psi

Initial reservoir pressure, psi

Bottomhole flowing pressure, psi
Gas flow rate, Mscf/D

Gas saturation, fraction [percent]

Water saturation, fraction [percent]
Time, day

Production time, day

Temperature, °F

Viscosity, cp
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Ly
\%
w
Wa

wky

Water viscosity, cp
Velocity, ft/sec

Fracture width, in
Damaged-zone width, in [ft]

Fracture conductivity, md-ft

Dimensionless Variables

C, = Dimensionless fracture conductivity, (wky)/(7 L k)

Fcp = Dimensionless fracture conductivity, (wky)/(Lsk)
Constant

T = 3.1416
Special Subscripts

ac = actual

app = apparent

eff = effective
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APPENDIX A

MULTIPHASE RESULTS FOR SHORTER FRACTURES
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APPENDIX B

MULTIPHASE RESULTS FOR HIGHER RESERVOIR PERMEABILITIES
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Fig. B.6— Cumulative gas recovery versus production time for a multiphase case with wk;
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= 500 md-ft, L, = 800 ft, and k, = 0.05 md, and corresponding single-phase

cases with different fracture lengths.
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Fig. B.7— Cumulative gas recovery versus production time for a multiphase case with wk;
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Fig. B.8— Cumulative gas flow rate into the fracture versus distance along the fracture for

a multiphase case with wk,= 500 md-ft, L,= 800 ft, and k,= 0.1 md.
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Fig. B.9— Cumulative gas flow rate into the fracture versus distance along the fracture for

a multiphase case with wk,= 31.25 md-ft, L,= 800 ft, and k,= 0.1 md.
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Fig. B.10—Ratio of cleanup fracture half-length to actual fracture half-length for
multiphase and non-Darcy flow cases with Ly= 800 ft and k,= 0.1 md.
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Fig. B.11— Fracture fluid recovery versus production time for multiphase and non-Darcy

flow cases with L= 800 ft and k,= 0.1 md.
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Fig. B.12— Cumulative gas recovery versus production time for multiphase and non-Darcy

flow cases with L= 800 ft and k,= 0.1 md.
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Fig. B.13—Cumulative gas recovery versus production time for a multiphase case with wky
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Fig. B.14—Cumulative gas recovery versus production time for a multiphase case with wky

= 31.25 md-ft, L, = 800 ft, and k, = 0.1 md, and corresponding single-phase

cases with different fracture lengths.
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