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ABSTRACT
Hydraulic fracturing has become a necessary practice in order to attain economical gas
flow rates from low permeability formations. During and immediately following the creation of a
fracture, high injection pressures cause fracturing fluid to leak off into the adjacent matrix. Such
an occurrence can have ramifications which counter the function of a fracture. This work focuses
on the effect of leak off in low permeability sandstones while quantifying subsequent impact on
gas flow. In particular, the effects of leakoff volume and the length of the shut-in period
following fracturing activities are investigated. Gas flow hindrance is then explored in terms of
permeability changes.
Sandstone outcrops were obtained and cored to 1.5-inch diameter and 7-inch length
cylindrical samples. Leak off was simulated by injecting distilled water into one face of a sample
designated as the ‘fracture face.’ Leakoff volumes were categorized into high and low leakoff
while shut-in times ranged between 24 hours and 312 hours. A series of base and regained
permeability tests were conducted prior to and after the simulation of a leak off to monitor any
improvements. X-ray computed tomography (CT) was used to visualize the speed and extent of
the imbibing front at various time intervals. Saturation profiles were developed from the resulting
images.
Gas flow hindrance caused by the leak off of water-based fracturing fluid is mitigated by
shut-in time in that it favors spontaneous redistribution of the fluid deeper into the formation.
Experimentally, it was observed that an increase in leakoff volume reduces effective permeability
to gas while an increase in shut-in time increases effective permeability to gas. Regained
permeability results suggest that the dominant of these competing forces is the leakoff volume. A
greater leak off is more damaging than a reduced shut-in time. This imbalance highlights the key
determining factor behind gas flow hindrance due to fracturing fluid leak off – fluid saturation in
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the neighborhood of the fracture. The saturation in question is a direct result of the fluid left
behind following spontaneous imbibition of fracturing fluid during the well's shut-in period, and
subsequent flowback procedures. Saturation in this context is a function of shut-in time and
leakoff volume. A decrease in saturation within the invaded zone is generally favorable as it
increases effective permeability to gas. Furthermore, lower formation permeability slows
improvements to gas flow due to lower mobility of the invading fluid despite expected higher
capillarity.
It was found that the properties of the formation play a significant role in determining
regained permeability. An increased shut-in period is typically advantageous but it does not
always favor regained permeability in formations with depressed relative permeability curves. In
these types of formations, shut-in time also allows spreading of the invading fluid which
improves effective permeability to gas in the invaded region. However, the improvement in
permeability is attenuated due to the depressed nature of the formation’s relative permeability
curve. As the invaded zone expands with time, the improvement in permeability within it
becomes inconsequential when compared to the extent of invasion. Hence, there is a point after
which further imbibition becomes detrimental.
Leakoff volume and shut-in time are variables that work differently to dictate saturation
distribution in the neighborhood of the fracture. Saturation within the invaded zone and
characteristics of the formation’s relative permeability curve may be the key determinants of gas
flow hindrance following hydraulic fracturing activities. Conditions of saturation distribution and
petrophysical properties vary between formations. This may explain the lack of correlation
between volume of flowback water and gas production in the field.
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Chapter 1
Introduction
Several players, including but not limited to the rise of the global population and the
depletion of conventional resources, have resulted in a steady increase in the demand for natural
gas. In particular, greater efforts are being directed towards ensuring optimal production of
natural gas from tight formations such as shale and tight sandstones. These formations hold large
volumes of hydrocarbons but typically require stimulation by way of hydraulic fracturing
‘fracking’ in order to be economically viable.
During fracking, large volumes of a water, proppant and chemical blend are injected into
the reservoir rock under very high pressures. A successful stimulation should establish a network
of highly conductive paths that will improve productivity by changing the flow pattern around the
well from radial to linear and then elliptical (Holditch et al., 2005). While fracking has changed
the outlook of hydrocarbons that were once thought to be inaccessible, a complete understanding
of its ‘side effects’ is underway.
Such things as fracture face damage, relative permeability reduction, phase trapping, and
fines migration are some of the undesirable side effects of fracking. These mechanisms which can
occur individually or in combinations can have negative impacts on gas production from tight
formations. Several studies have been conducted to understand the relationships between some of
these mechanisms and gas production; however, there is still uncertainty surrounding production
trends from the field.
During the fracking process, the high pressures employed often causes some fracturing
fluid to leak off into the adjacent matrix. This is followed by a shut-in period to allow the fracture
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close on the proppants (Sherman and Holditch, 1991). While the well is shut-in, the invading
fluid spontaneously imbibes further into the formation due to the strong capillary pressures in
tight formations. The depth of invasion of the fluid depends on factors including but not limited
to exposure time to the fracturing fluid, the volume that leaks off and properties of the adjacent
rock matrix (Friedel, 2004). The shut-in period is followed by the initiation of flowback to clean
up the fracture. During clean-up, some of the leakoff fluid may be recovered as part of the
flowback fluid. At this point, any unrecovered leakoff is trapped in the formation due to low
mobility and forms water blocks. These obstructions occupy pore spaces in the vicinity of the
fracture that would otherwise be available for gas flow. This often alters the petrophysical
properties in the invaded zone which may in turn hinder gas production. There is currently no
documented correlation between production data following fracking and the amount of flow back
water that is recovered. Operators have reported a myriad of combinations without any predictive
trends (Shaoul et al., 2011). There is a need to determine the missing link(s) in order to bridge the
gap of understanding.
The production of flowback water is often linked to the volume of leakoff and the length
of the shut-in period. A longer shut-in period will allow capillary forces to spread the leakoff
away from the fracture. This spontaneous imbibition reduces the fluid saturation in the
neighborhood of the fracture which can have positive implications for gas production (Sherman
and Holditch, 1991). The volume of leakoff during fracturing activities can be difficult to control
but a lower leakoff is always more favorable. Shut-in time and leakoff volume have opposing
effects though they may not carry the same weight. An increased leakoff volume has a negative
impact on gas production but an increase in shut-in time has a positive impact on productivity.
The work herein presents the results of an experiment designed to study the relationship between
these two factors and to understand some of the underlying determinant(s) of suboptimal gas
production. The concept behind this work can be visualized through Figure 1-1.
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Figure 1-1 Schematic top view of a fractured vertical well showing spontaneous imbibition of
fracturing fluid into adjacent rock matrix

Figure 1-1 is a diagram representing the region of interest for this work. The arrows
indicate the direction of leak off and its migration away from the fracture. The experimental
design adopted and procedures are based on this concept and will be discussed in detail in
Chapters 3 and 4. Following the simulation of a leak off into a core sample, spontaneous
imbibition spreads the invading fluid deeper into the sample and away from the fracture face.
Using X-ray CT, the progression of the imbibing front is both visualized and quantified.
Saturation profiles describing the redistribution of the leakoff over time are also developed. A
series of flowback experiments allow us to evaluate the extent to which fluid invasion can restrict
gas flow in terms of regained permeability. Furthermore, calculations based on modeled gas
relative permeability curves permit an extension of the knowledge gained from the experiments to
tighter rocks. This work contributes to the platform for meaningful discussions on the factors
affecting fluid retention near the fracture face and subsequent impact on gas flow.
The next chapter provides a background on the progress made in understanding the
effects of fluid retention near the fracture. Following that, the experimental design and
methodology are explained in chapters 3 and 4. Chapter 5 discusses how the X-ray CT images
were analyzed and interpreted leading to the results and discussion in chapter 6.
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Chapter 2
Background
Tight gas sandstones typically refer to low permeability, low porosity reservoirs
producing mainly dry gas. A common determining factor for a tight gas formation is one with a
permeability of 0.1 mD or less. The original source of this definition is political and somewhat
limiting because there are many variables that determine whether a formation is tight. In 2006,
Holditch provided a more encompassing description of tight formations. He defined a tight gas
reservoir ‘as a reservoir that cannot be produced at economic flow rates nor recover economic
volumes of natural gas unless the well is stimulated by a large hydraulic fracture treatment or
produced by horizontal wellbore or multilateral wellbores.’ Production stimulation by way of
hydraulic fracturing has a two-fold effect. On one hand, production is improved through the
creation of a highly permeable conduit from the formation to the wellbore. On the other hand, the
introduction of fracturing fluids may result in a reduction in fracture conductivity and/or an
alteration in formation properties through various damage mechanisms (Shaoul et al., 2011).
The effectiveness of a fracture is defined by its conductivity. A high conductivity fracture
is more favorable than a low conductivity fracture during cleanup of fracturing fluid and gas
production (Soliman and Hunt, 1985; Montgomery, 1990). Reduction in fracture conductivity is
typically proppant-related resulting from proppant embedment, proppant crushing, and plugging
of the fracture due to chemical and polymer residues amongst other things (Ding et. al., 2012).
Resources have been directed towards developing practices that will optimize fracture
conductivity. Various authors have also researched the effect of damage to the fracture in
comparison with distortion of the formation. In 1957, Van Poollen found that formation damage
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in the vicinity of the fracture has a minor effect on productivity while fracture conductivity has a
major effect. This was later supported by Tannich (1975) who found that ‘permanent productivity
damage is not likely if the fracture conductivity is high relative to the formation permeability.’
Ning et al. (1995) also found that fracture conductivity has more of an effect than fracture face
damage on gas productivity.
Recently, some studies have shown that formation damage mechanisms can have a
consequential impact on gas production. Bennion and Thomas (2005) established that there are
three categories of formation damage mechanisms which affect productivity in low permeability
gas formations. These include mechanical, chemical and biological formation damage
mechanisms. Mechanical damage mechanisms comprise of in-situ or external solid particle
intrusion into natural fractures, the formation matrix or the created fracture face (Bahrami et al.,
2011). An example of such a mechanism is fines migration. Chemical damage mechanisms
include the swelling or dispersion of clays, and precipitation while biological damage results from
the introduction of viable bacteria into the formation.
Of the various damage mechanisms, Bahrami et al. (2011) determined that mechanical
damage to formation rock, relative permeability reduction around the wellbore due to filtrate
invasion, liquid leakoff, and water blocking/liquid phase trapping are the key mechanisms in tight
gas reservoirs. The loss of water-based fracturing fluids associated with a low volume of
flowback water is due to liquid leak off into the formation. During fracturing activities, filtrate
invasion causes water saturation in the vicinity of the fracture to increase from an initial
saturation to some higher value. The cleanup process and subsequent production cause some of
this fluid to be produced back as flowback water and the saturation in the invaded zone to
decrease to irreducible levels. In tight rocks, however, the final saturation is often greater than the
initial saturation prior to leak off. This behavior occurs especially in water-wet formations i.e.
formations with sub-irreducible initial water saturation such as tight sandstones. This means that
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the initial water saturation is less than the irreducible water saturation expected for that formation
at that depth (Taylor et al., 2009, Bennion and Thomas, 2005). A permanent increase in water
saturation is established once leak off occurs and the presence of the additional, trapped water
forms blockages leading to a reduction in relative permeability to gas in the invaded zone
(Bahrami et al., 2011; Taylor et al., 2009).
Earlier, Sherman and Holditch (1991) conducted numerical studies on fracturing fluid
invasion and clean-up behavior. They found that low fracture conductivity, fracture face damage,
water distribution, post-stimulation operating procedures which trap fracturing fluids in the
formation, and relative permeability hysteresis effects in formations with low or immobile water
saturation curtail the recovery of fracturing fluid. The post-stimulation operating procedures in
question were production flow rates. High flow rates following hydraulic fracturing can cause
excessive closure stresses which will decrease fracture conductivity. In response to this, Sherman
and Holditch (1991) and Robinson et al. (1986) recommend a gradual increase choke sizes when
putting a fractured well on production. Relative permeability hysteresis is simply the ‘reduction in
the nonwetting-phase relative permeabilities that occur during an imbibition process’ like fracture
fluid invasion i.e. relative permeability reduction (Sherman and Holditch, 1991).
Other notable damage mechanisms include permeability jail, clay swelling, fines
migration, proppant embedment, non-darcy flow effects and solid precipitation amongst others
(Tannich, 1975; Holditch 1979; Bennion and Thomas, 2005; Shaoul et al., 2011). These
mechanisms have been researched by various authors and have been found to be of significance
but are not directly studied in this work.
Although the most important damage mechanism is yet to be determined, various authors
have conducted research to better understand how these mechanisms affect gas production
individually and in combinations (Shaoul et al., 2011). Holditch (1979) showed that in the
presence of mechanical formation damage, if drawdown does not overcome capillary pressures,
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the invaded zone acts like a ‘water pressure sink drawing water toward the damaged zone.’
Gdanski et al. (2005) later confirmed this by showing that fracture face damage such as clay
swelling can severely impact permeability in the vicinity of the fracture. This in turn increases
capillary pressure which ultimately leads to an increase in fluids trapped near the wellbore
(Bahrami et al., 2011). In the absence of fracture face damage, however, Gdanski et al. (2005)
noted that it is possible for fluid leak off to have minimal impact on gas production. This can
happen for two reasons: (1) the invading water is mobile enough to be imbibed further into the
formation, (2) if production drawdown is higher than the capillary forces holding the fluid within
the pore spaces. Holditch also came to the same conclusions in 1979.
Settari et al. (2002) conducted a study which determined the effects of water blocks,
formation

damage

and

shut-in

time

in

Bossier

wells.

Using

a

combined

reservoir/geomechanics/fracturing model they found that water blocking alone has a minor effect
on gas production compared to fracture face or near-fracture damage. In a two-phase model,
Friedel (2004) simulated a cleanup process. He found that hydraulic damage, a function of depth
of invasion, saturation in the invaded zone and relative permeability to gas in the invaded zone is
not a major influence on productivity. On the other hand, he found that severe reduction in
permeability near the fracture (near-fracture damage) would have an appreciable impact on
productivity. Cramer (2005) studied water blocking as a function of fracture half-length, damaged
zone width and the ratio of undamaged permeability to permeability in the damaged zone. He
found that water blocking can present an additional source of skin which could reduce well
productivity significantly. Bahrami et al. (2011) also cited water blocking as a major damage
mechanism in tight sand reservoirs due to relative permeability and capillary pressure effects. In
his study, cumulative gas production appeared to be affected. In 2012, Ding et al. found that the
effect of hydraulic damage can be significant when in combination with low fracture conductivity
and the presence of a permeability jail.
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Previous works suggest that one way water blocking may not pose a problem is if the
drawdown during production supersedes capillary pressures. However, drawdowns are often of
the same order of magnitude as capillary pressure in heterogeneous or depleted low-permeability
formations (Parekh and Sharma, 2004). This reduces the recovery of the invading fluid and may
dampen the performance of the well. If fracture-face or near-fracture damage is present, it reduces
absolute permeability in the vicinity of the fracture causing increased capillary pressures and
consequently exacerbating the retention of fluid near the fracture (Sherman and Holditch, 1991;
Parekh and Sharma, 2004; Ding et al., 2012). Strong capillary forces are the reason behind
spontaneous imbibition in tight formations. The characteristically small pore radii of these
formations greatly enhance capillary effects. However, Dutta et al. (2012) found that the low
permeability and heterogeneities in tight formations compete with the strong capillary forces.
That study showed that imbibition due to strong capillary forces in tight sands can be suppressed
by the low permeability of the formation. Earlier in 1979, Holditch also found that more time was
required for injected water to imbibe in low permeability reservoirs compared to high
permeability reservoirs.
Fracturing fluid in the vicinity of a fracture can also reduce gas productivity through
relative permeability hysteresis during fracturing fluid invasion. Holditch (1979) found that
relative permeability reduction alone will dampen gas production when there is difficulty in
expelling the injected fluid from the invaded zone. In addition to high drawdowns, imbibition of
the fracturing fluid away from the fracture reduces the impact of fluid leak off on gas production
by reducing the saturation in the vicinity of the fracture (Sherman and Holditch, 1991; Friedel,
2004; Gdanski, 2005). As the invading fluid imbibes away from the fracture, the invaded zone
expands but the saturation within the zone decreases. According to Sherman and Holditch (1991),
restoring saturation in the invaded zone to its original state can reverse the reduction in relative
permeability to gas. This statement holds true regardless of the means of reduction in saturation.
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In 1993, Liao and Lee conducted a study focused on formation damage and its combined effect
with leakoff. They found that in the presence of near-fracture formation damage, a formation that
experienced leak off may never yield the same results as a formation without leakoff. In the
absence of near-fracture formation damage, however, a formation with leakoff will eventually
yield the same results as the formation without leakoff. This finding is dependent on the forces of
capillarity to spread the water away from the fracture over time. Since low permeability
formations are often subnormally saturated, original saturation conditions may not be restored but
levels which pose minimal hindrance to gas flow may be attained.
A better understanding of the factors affecting fluid retention in the vicinity of the
fracture and subsequent impact on gas production is paramount. The aim of this study is to
determine how saturation distribution in the neighborhood of the fracture impacts gas flow
hindrance as a function of shut-in time and leakoff volume. The experiments conducted focus on
the invasion of fracturing fluid filtrate alone. The evolution of saturation distribution is of interest
and is monitored using X-ray CT techniques. The potential improvements in gas productivity are
quantified in terms of regained permeability. This is the ratio of the initial permeability that is
regained following a leak off and shut-in period.
Taylor et al. (2009) noted that regained permeability can be a function of leakoff volume
and exposure time or shut-in time. Parekh and Sharma (2004) listed volume of leakoff as one of
the factors that strongly affects the cleanup of water blocks. Increased leak off increases depth of
invasion which ultimately increases recovery times and makes it more challenging to produce
back the invading water resulting in lower water recovery (Parekh and Sharma, 2004; Bahrami et
al., 2011). According to Sherman and Holditch (1991), a longer shut-in time in an undamaged
reservoir would allow most of the invading fracture fluid to imbibe further away from the fracture
and gas production may not be significantly affected. The time required for the fluids to imbibe
far enough away from the fracture is dependent on effective permeability. They found that if it
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takes 10 days for a volume of fluid to imbibe a certain distance in a 1mD formation, it will take 1
day in a 10mD and 100 days in a 0.1mD formation. Lower permeability formations require longer
shut-in times for imbibition because fluid mobility is directly proportional to its effective
permeability. In fact, there could be cases of very low water mobility i.e. low permeability such
that imbibition takes a significant amount of time. On the other hand, Settari et al. (2002) found
that for a typical Bossier sandstone well, long shut-in times of up to 6 months have a negligible
effect on long term productivity but decrease water production significantly. It is unclear how to
determine the adequate shut-in period for a well. An understanding of the relationship between
the length of shut-in periods and regained permeability is important to ensure that revenue is
maximized.
The evolution of saturation distribution is visualized and quantified using X-ray CT
imaging. X-Ray CT imaging is a ‘radiological imaging technique that measures density and
atomic composition inside opaque objects’ (Wellington and Vinegar, 1987). It was first
developed in Great Britain in 1972 and has continued to evolve ever since. This technique is a
fast, nondestructive, quantitative way of generating internal 3-D depictions of objects. 3-D
images are developed by sequentially stacking 2-D cross-sectional slices taken along the length of
the sample. Typically, these cross-sectional images are generated by passing the object to be
scanned through the scanner as an X-ray tube revolves around it. A set of back-projection
algorithms then reconstruct the images from the data collected. X-ray CT imaging has many
petrophysical applications including but not limited to 3-D measurement of density and porosity
and rock mechanics studies and it provides an excellent platform to visualize the changing
distribution

of

water

within

a

core

sample

(Wellington

and

Vinegar,

1987).
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Chapter 3
Experimental Design
An experiment to facilitate a better understanding of the relationship between leakoff
volume, shut-in time, and gas production was designed using the concept illustrated in Figure 1-1.
This chapter describes the setup of the experiment and the various components which comprise
the setup.

3.1 Rock Samples
Large blocks of sandstone were obtained from the Mesaverde section, Colorado. Upon
receipt of these blocks, smaller experimental samples were cored in the Geomechanics
Laboratory at the Department of Energy and Mineral Engineering. These final samples shown in
Figure 3-1 are 7-in cylindrical blocks with diameters of 1.5 in. One face of an experimental
sample represents the fracture face into which water is injected to simulate a leak off. The other
end represents some distance into the formation.
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Figure 3-1 Picture of experimental sandstone samples

Three experimental samples A, B and C of identical dimensions were used. Although
similar, samples A, B and C exhibit different permeabilities. Sample B has the lowest base
permeability of 2.1 mD while samples A and C have base permeabilities of 4.8 mD and 5 mD
respectively. The average porosity of these samples was estimated to be 19%. This was an
independent measurement provided by Core Laboratories. This value for porosity was also
confirmed in-house using a Helium porosimeter PORG-200. Table 3-1 lists the pertinent
properties of the experimental samples. Further, Figure 3-2 displays the capillary pressure curves
associated with these samples as developed using equation 1 of Gdanski et al. (2005).
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Table 3-1 Tight gas sandstone properties
Value Units
177.8 mm
Length
38.1
mm
Diameter
19
%
Porosity
38.5
ml
Pore Volume
4.8
mD
Permeability (A)
2.1
mD
Permeability (B)
5
mD
Permeability (C)

1000

Capillary Pressure (psi)

Samples A & C
Sample B

100

10

1
0

0.2

0.4

0.6

0.8

1

Water Saturation

Figure 3-2 Capillary pressure curves associated with samples A, B and C

3.2 Experimental Apparatus and Setup
The core holder used for this experiment provides a means through which samples can be
tested under consistent conditions. Within it, an experimental sample can be mounted such that
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the appropriate fluids can be passed through its pore spaces while it is subjected to confining
stresses. The core holder was designed to accommodate 1.5-in diameter samples of various
lengths. Its shell was made of aluminum and carbon composite, materials which allow X-ray
imaging. Figure 3-3 is a schematic representation of its internal makeup when a sample is
mounted. The sample is first wrapped with Teflon tape and then placed in a Viton rubber jacket
which is mounted in the core holder. The use of Teflon tape ensures that the sample fits tightly
within the rubber jacket to avoid any bypass of leakoff or flowback fluid. Flow distributors are
then fixed to the two ends of the core holder. These flow distributors are a passage way for the
experimental fluids used during the course of the experiment. During the scanning process, the
stainless steel material of the flow distributors interferes with the X-rays, creating a fluorescent
effect. This distorts the images obtained from the region of the sample adjacent to the distributors.
To mitigate this effect, Teflon spacers with 0.5-in thickness were used to separate the sample
from the flow distributors at both ends of the core holder. Using this material significantly
reduces the fluorescence from the stainless steel. A rubber gasket was also used to ensure a sealed
connection between the spacers and the flow distributors.

Teflon spacers
Rubber gasket

Rubber gasket

Steel flow
distributor

Viton jacket

Rock sample wrapped in
Teflon tape

Figure 3-3 Schematic diagram showing a sample mounted in the core holder

Steel flow
distributor
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With the aid of one adjustable end, the core holder can be adapted to fit samples of
different lengths. This ensures that there are no gaps between the sample, the spacers, the gaskets,
and the flow distributors.

3.3 Fluid Systems
There are three needs for fluids during this experiment. They include the leakoff fluid, the
confining fluid and the fluid used to perform the permeability tests.
Distilled water is injected into the sample to represent the water-based fracturing fluid
filtrate that leaks off during and immediately following fracking. This choice of leakoff fluid was
based on wetting affinity to the rock and the need to reuse samples for various shut-in times.
Other fluids have the potential to leave deposits in the rocks or react unfavorably with some of
the materials within the rock matrix. After each test, the samples are dried in a Despatch bench
top industrial oven to restore them as close to their original conditions as possible. Heating can
vaporize the trapped, irreducible fluids to the gas phase (Bennion et al., 1996). Upon cooling, the
samples are ready for use in another test. The dryness of the sample can be seen as analogous to a
sub-irreducibly saturated formation. The volume of distilled water to be injected into the sample
is pumped at a constant flow rate over a period of 4 minutes using a Quizix CMD 5000A pump.
This volume includes the fluid that is expected to enter the sample as well as the dead volume
between the pump outlet and the face of the sample. Figure 3-4 is a diagrammatic representation
of this system.
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Distilled
water

Other face
exposed to
atmosphere

Quizix
pump

Figure 3-4 Schematic diagram showing set up during simulation of leak off

Prepurified Nitrogen gas is used to conduct the permeability tests. Due to its similarity in
mean kinetic molecular diameter with methane, it is a common fluid choice during permeability
tests (Metwally and Sondergeld, 2011, Sakhaee-Pour and Bryant, 2012). During this study,
permeability was determined using a form of the transient pulse decay method (Dicker and Smits,
1988). A schematic of this system can be seen in Figure 3-5. An initial equilibrium pressure is
established before a small pulse is imposed on the system from the upstream end. The rate of
decay of this pulse is an indicator of the permeability of the sample. During the regained
permeability test, the Nitrogen gas is humidified. This is done to minimize any mass transfer
between the leakoff fluid and the Nitrogen gas.
Distilled water is also used as the confining fluid for this experiment. Using a syringe
pump, it is pumped into the space surrounding the rubber jacket to create confining stresses. This
fluid does not come in contact with the sample, the leakoff fluid or the prepurified Nitrogen.

Distilled
water

Confining
Pressure
Pump

Downstream
Vessel

Figure 3-5 Fluid system during regained permeability test

Upstream
Vessel

Humidifier

Nitrogen
Source
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3.4 X-ray Imaging
In order to characterize the speed and extent of the imbibing front and to understand the
changing distribution of saturation within a sample, X-ray CT imaging techniques are employed.
At several points during a test, the section of the core holder containing the sample is scanned to
visualize the progression of the imbibing front with time. A custom built Varian Industrial
MicroCT scanner with a setting of 225 kV and voxel resolution of 0.04 mm x 0.04 mm x 0.05
mm is used. It consists of an X-ray source, a sample mount and a detector. The object to be
scanned is placed between the source and the detector. Once the scanner is turned on, X-rays are
generated. As they pass through the sample, they are attenuated to different degrees depending on
the density and atomic number of the material they pass through. The resulting image is received
at the detector and mathematically reconstructed using algorithms built into the scanning system.
Figure 3-6 is a schematic diagram of the above explanation. For this experiment, several image
slices of 0.05 mm thickness were taken along the length of the sample. If stacked sequentially,
they produce a 3-D image of the sample. Each image is subdivided into pixels, 1024 by 1024 in
number. Figure 3-7 is a picture of the core holder when mounted in the industrial scanner.
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1024 × 1024
pixels covering
entire 2-D image
slice
X-Ray
Source
(Stationary)

X-Ray
Detector
(Stationary)

Clamp supporting
Sample Holder
(Rotating)

0.04 mm
0.05 mm
0.04 mm
Voxel size

Figure 3-6 Schematic diagram showing details of X-ray CT imaging technique
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X-ray source
X-ray Detector

Core holder

Figure 3-7 Picture showing core holder mounted in X-ray microCT scanning unit
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3.5 Analogy to Field Conditions
This experiment was designed to quantify the gas flow hindrance caused by a leak off of
water-based fracturing fluid into the adjacent matrix through the fracture face. Figure 3-8 is a
diagram showing how the experimental rock samples fit into the region of interest. The samples
represent a portion of the rock matrix invaded by fracturing fluid. The cylindrical rock samples
are appropriate for this purpose because they have two faces. One end of each sample represents
the ‘fracture face’ i.e. the area of the formation which is exposed to the fracture. In this
experiment, it is the face into which water is injected to simulate a leak off. The opposite end of
the sample represents some distance into the formation. The leakoff volumes used were such that
the invading fluid never reached the end of the samples at any point during a test. However, they
were large enough to have an appreciable impact on the properties of the invaded zone.
Tight sand sample
Wellbore

Leak off of fracturing
fluid into the rock matrix

Dutta et al., 2012

Fracture containing
fracturing fluid

Figure 3-8 Schematic diagram showing how experimental samples fit into field conditions

While a well is shut-in in the field, capillary forces spread the leakoff further into the
formation. This scenario is reflected in a similar manner during this experiment. Upon injection
of water to simulate a leak off, neither face of the sample is placed under pressure to ensure that
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spontaneous imbibition is the only force acting on the fluid. Finally, flowback/cleanup takes place
as the well is gradually put on production. This happens in the reverse direction of fracturing fluid
leak off. Similarly, after a certain shut-in period has been exhausted, regained permeability tests
are conducted. The flow of humidified Nitrogen is also in the reverse direction of water injection.
In analyzing the results from the experiments conducted, work from Dutta et al. (2012)
will be referenced. Figure 3-9 shows the concept behind the experiment conducted in that work.
Thin, cylindrical, disk-shaped Berea and tight sand samples were artificially fractured to represent
the vicinity on both sides of a fracture. Using a leak-proof setup, distilled water was continuously
flowed through the artificial fracture at the rate of 4 ml/hr. This low flow rate ensured that
spontaneous imbibition was the only driving force of water into the sample. The main goal of this
experiment was to compare the rate and extent of imbibition in both samples. This was
accomplished through the use of X-ray CT imaging techniques. The Berea sample used had a
pore volume 18.51 mL and a permeability of 100 mD while the tight sand sample was reported to
have a pore volume of 4.73 ml and permeability between 5 mD and 50 mD. Both samples had the
same diameter of 102 mm and thickness of 10 mm, and were tested under the same conditions.

Spontaneous migration
of fracturing fluid into
the rock matrix
Fracturing fluid
present in the fracture

Dutta et al., 2012

Sample

Figure 3-9 Schematic view showing analogy to field conditions for work presented in Dutta et al.
(2012)
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Chapter 4
Methodology
The procedure for this experiment can be divided into 4 distinct stages as shown in
Figure 4-1 and as described below.

N2

N2

Leak off
fluid

Stage 1: Base permeability conditions.
Sample is at initial, dry conditions.
Dry scan is performed.

Stage 2: Leak off initiation.
Pulse of water is injected over 4 minutes.
Initial scan is performed.
Lo
Stage 3: Initial leakoff zone ‘Lo’ expands to
‘Lf ’ during the shut-in period by way of
spontaneous imbibition. Scheduled scans are
performed at specified intervals.

Lf
Humidified
N2

Humidified
N2

Stage 4: Regained permeability is determined.
Gas flow hindrance is quantified.
Flowback scan is performed.

Figure 4-1 Experimental procedure showing the four main stages of the experiment

4.1 Stage 1 – Base Permeability Measurement
Once a sample has been mounted in the core holder, its initial (base) permeability is
determined. As shown in stage 1 of Figure 4-1, Nitrogen gas is injected such that the fracture face
of the sample serves as the outlet for this gas. This mimics field activities as leak off happens in
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the reverse direction of flowback and production. During this stage, an initial (dry) scan is also
performed to serve as a standard against which other scans will be compared. A dry scan is
essential in identifying and quantifying any changes within the rock during the course of the
experiment.

4.2 Stage 2 – Leak off Initiation
The focus of the second stage is the simulation of a leak off. Distilled water is injected
through the fracture face of the sample as a ‘pulse of water’ to simulate an invasion of waterbased fracturing fluid. Either a high leakoff of 6.6 ml or a low leakoff of 3.3 ml is injected into
the sample. The pore volume of the samples is approximately 38.5 ml. The injected volumes were
determined based on the estimated length of penetration of the initial leakoff while ensuring a
considerable length of dry sample for spontaneous imbibition to occur. All injections take place at
a constant rate over 4 minutes. To prevent an excessive buildup of pressure within the core, the
other face of the sample is exposed to the atmosphere during injection (Taylor et al., 2009). A
scan is performed once injection is complete to identify the location of the initial leakoff front,
‘Lo’. This scan is crucial as it serves as the initial saturation condition required for saturation
calculations.

4.3 Stage 3 – Spontaneous Imbibition of Leakoff
The third stage is analogous to the shut-in period whereby the well is neither injecting nor
producing but is closed for a period of time to allow the fracture to close on the proppants and for
imbibition to occur. During this period, the sample setup is only under confining stresses; neither
face of the sample is under pressure. This ensures that capillarity is the only force acting on the
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invading fluid as spontaneous imbibition causes the invaded zone to expand to ‘Lf’. This stage is
the longest of all four stages as the shut-in period ranges between 24 hours to 312 hours. To
ensure that the rate of imbibition is not influenced externally, the confining pressure is maintained
at 170 psi.
During this stage, X-ray images are obtained at pre-determined time intervals to track the
propagation of the imbibing front. These images make it possible to monitor the redistribution of
saturation with time while observing the speed and extent of the front. The time schedule for
scanning is initially geometric and later arithmetic as follows: 0hr (initial time; immediately
following leak off initiation), 1 hr, 3 hr, 6 hr, 12 hr, 24 hr, 48 hr, 72 hr, 96 hr and so forth. Each
term in the series represents the amount of time after water has been injected.

4.4 Stage 4 – Regained Permeability Determination
At the end of the allocated shut-in period, a final imbibition scan is performed and a
regained permeability measurement is obtained to quantify the changes that have occurred in the
invaded zone as a result of the leak off. Humidified Nitrogen gas is passed through the sample in
the reverse direction of water injection to expel any mobile water present. This is analogous to the
cleanup process in the field. Any mobile water within the sample is flushed out with the
humidified gas. When irreducible saturation has been reached, a regained permeability test is
conducted. The regained permeability is measured identically to the base permeability with one
difference – the Nitrogen gas used is humidified.
Relative to the simulation of a leak off in stage 2, and the shut-in period allocated in stage
3, stage 4 is analogous to the flowback/clean up stage whereby produced water is observed at the
well head alongside the produced gas. Nitrogen can be thought of as the produced gas while any
water expelled before the regain permeability test is conducted can be viewed as flowback water.
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Upon completion of the regained permeability test, the flowback scan is performed. This scan is
compared to the last imbibition scan to observe the impact of flowback on saturation distribution
within the sample.
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Chapter 5
Image Analysis and Data Processing
The process of analyzing and transforming the scanned images to meaningful data is
discussed in this chapter.

5.1 Data Refinement
The cross sectional image slices obtained during this experiment are automatically
divided into 1024 x 1024 grids boxes. Each grid box represents a very small section of the image
called a pixel. Since the sample is cylindrical, a small portion of each square-shaped image slice
is in fact air, as seen in Figure 5-1. Mathematically, this difference is made obvious by the CT
registration numbers assigned to each pixel. Based on density and atomic number distribution,
numerical values are allocated to each pixel during scanning. These values make it easy to
distinguish between air and the rock sample, and also between rock pore spaces saturated with
water versus pore spaces saturated with air.

Rock
Air

Figure 5-1 Diagram showing distinction between rock sample and air
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During scanning, the main goal was to track the propagation of the imbibing front with
time. Hence, there was a focus on the fluid saturation distribution along the length of the sample
i.e. in the z direction but not on fluid saturation distribution within each image slice i.e. in the x
and y directions within the cross sectional faces of the sample. To meet this objective, the sample
within each image was isolated and an average CT value for this area was determined using an
image processing program, ImageJ. This was necessary because the large difference in CT
registration between air and rock could obscure small variations in CT registration within the
sample. This process of isolation and averaging was performed identically on all slices along the
length of the sample.

At this point, each slice had been assigned a CT registration value

describing, on average, how saturated it was. Often times, the numerical representation of the
images was noisy. Smoothing techniques and mass balance calculations were employed to reduce
the influence of noise on the calculations (Appendix).

5.2 Saturation Calculations
Figure 5-2 is a plot showing the CT registration distribution of a high leakoff volume
along the length of sample C over a 72 hour shut-in period (H072C) following injection. The
overall increase in CT registration at both ends of the sample is a residual effect of the
fluorescence caused by the stainless steel distributors. There are 10 curves corresponding to the
distribution of water saturation in the sample at different times. The lowest curve corresponds to a
scan of the sample before water was injected i.e. when the sample was completely dry. This scan
serves as the reference to which all other scans will be compared. All other curves have higher
values towards the left side of the plot when compared to the dry curve. This indicates the
presence of water in the pore spaces of that region. The implication of the trends in Figure 5-2 is
more obvious when presented in terms of saturation. The equation used to determine saturation is
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shown in Equation 1 and Equation 2. Table 5-1 describes the variables that comprise this
equation. The saturation profiles developed from these equations will be explained in detail in
chapter 6.

0.12
Dry
0 hr
1 hr
3 hr
6 hr
12 hr
24 hr
48 hr

0.11

CT Registration

0.1
0.09
0.08
0.07
0.06
0.05
0

1000

2000

3000

4000

Image Slice Number

Figure 5-2 Plot showing average CT registration per image slice along the length of the sample
during test H072C

𝑆𝑤𝑎𝑣𝑔 =

CT𝑤𝑎𝑡𝑒𝑟 − CT𝑎𝑖𝑟

CT𝑖𝑚𝑏,𝑎𝑣𝑔 − CT𝑑𝑟𝑦,𝑎𝑣𝑔
∅𝑎𝑣𝑔 (CT𝑤𝑎𝑡𝑒𝑟 − CT𝑎𝑖𝑟 )

CT 𝑠𝑙𝑖𝑐𝑒1100% 𝑠𝑎𝑡 − CT 𝑠𝑙𝑖𝑐𝑒1100% 𝑑𝑟𝑦
=
∅𝑠𝑙𝑖𝑐𝑒1

Equation 1

Equation 2
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Table 5-1 List of variables in Equation 1 and Equation 2
𝑺𝒘𝒂𝒗𝒈
𝐂𝐓𝒊𝒎𝒃,𝒂𝒗𝒈
𝐂𝐓𝒅𝒓𝒚,𝒂𝒗𝒈
𝐂𝐓𝒘𝒂𝒕𝒆𝒓
𝐂𝐓𝒂𝒊𝒓

𝐂𝐓 𝒔𝒍𝒊𝒄𝒆𝟏 𝟏𝟎𝟎% 𝒔𝒂𝒕
𝐂𝐓 𝒔𝒍𝒊𝒄𝒆𝟏 𝟏𝟎𝟎% 𝒅𝒓𝒚
∅𝒔𝒍𝒊𝒄𝒆𝟏
∅𝒂𝒗𝒈

Name
Value
Average saturation per slice
Dependent Variable
Average CT value for slice in invaded zone
Varies
Average CT value for slice in dry zone
Varies
CT value for pure water
CT value for pure air
CT value of first slice in invaded zone
Varies
CT value of first slice when sample is dry
Varies
Porosity of first slice in invaded zone
19
Average sample porosity
19

Unit
%
unitless
unitless
unitless
unitless
unitless
unitless
%
%

5.3 Permeability Calculations
Permeability determination was based on a method presented by Dicker and Smits in
1988. A simplified depiction of the set up for this procedure is presented in Figure 5-3.

Valve
Nitrogen
Fill Valve

ΔP
P2

Valve
Upstream
Volume

Downstream
Volume

Sample
Confining
Pressure

Pc

Figure 5-3 Schematic depiction of setup for permeability test
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It is comprised of an upstream and downstream end separated by the sample. Initially,
pressure equilibrium is attained throughout the system followed by the initiation of a pressure
pulse at the upstream end. An equilibrium pressure between 85 psia and 87 psia was employed
and the pressure pulse ranged between 5 psia and 7 psia. The pressure pulse was not to be more
than 10% of the equilibrium pressure (Haskett et al., 1988). As a function of permeability, the
pulse passes through the sample from the upstream end to the downstream end and a new
equilibrium is established. High sample permeability will reduce the time it takes for the system
to equilibrate and vice versa. During each test, the change in pressure drop across the sample is
measured as a function of time and plotted. The slope is determined and Equation 3 is used to
calculate permeability. Table 5-2 lists the definition and values of each component of Equation 3,
Equation 4, Equation 5, and Equation 6.

cµøs𝐿2
𝑘=
f(𝑎, 𝑏)

Equation 3

1
𝑤ℎ𝑒𝑟𝑒: 𝑓(𝑎, 𝑏) = (𝑎 + 𝑏 + 𝑎𝑏) − (𝑎 + 𝑏 + 0.4132𝑎𝑏)2 + 0.0744(𝑎 + 𝑏 + 0.0578𝑎𝑏)3
3

Equation 4

𝑤ℎ𝑒𝑟𝑒: 𝑎 =
𝑤ℎ𝑒𝑟𝑒: 𝑏 =

𝑉𝑝
𝑉𝑢
𝑉𝑝
𝑉𝑑

Equation 5

Equation 6
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Table 5-2 List of variables in Equations 3, 4, 5 & 6
Name
Value
Unit
Permeability
Dependent Variable
m2
𝒌
Gas viscosity
1.75 x 10-5
Pa.s
µ
Sample length
0.1778
m
𝑳
-6
-1
Gas
compressibility
1.69
x
10
Pa
𝐜
Sample porosity
19
%
ø
Constant
0.02198
No Unit
𝒇(𝒂, 𝒃)
Slope
Varies
s-1
𝐬
Pore volume
38.5
ml
𝑽𝒑
Upstream volume
1068
ml
𝑽𝒖
Downstream volume
1068
ml
𝑽𝒅
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Chapter 6
Results and Discussion
A matrix of the combinations performed is presented in Table 6-1 for a total of 26 tests.
While base and regained permeability measurements were taken during most tests, only three
were scanned to visualize saturation changes within the sample. These include a 48- and a 72hour shut-in test on sample C under high leak off (H048C and H072C respectively). Additionally,
a 288-hour shut-in test was conducted on sample B under high leak off (H288B). For this test,
front propagation and saturation distribution were monitored through X-ray scans; however,
permeability measurements are unavailable.

Table 6-1 Table showing test combinations of leakoff volume and shut-in time
Shut-in Period (hours)

Sample A
Sample B
Sample C
a

24
L024A

48
L048A

72

120

168

Low leakoff
High leakoff

H024A

H048A

H072A

H120A

H168A

Low leakoff

L024B

L072B

L120B

High leakoff

H024B

H048B

H072B

H120B

Low leakoff

L024C

L048C

L072C

L120C

High leakoff

H024C

H048C

H072C

240

288

H240B

H288Ba

312

L168C
H168C

H312C

Permeability results are unavailable for this test

6.1 Saturation Profiles
Figure 6-1 through Figure 6-3 present the saturation profiles for the three scanned tests:
H288B, H072C and H048C respectively. They represent the evolution of saturation distribution
along the length of sample B over a 288-hour shut-in period, and of sample C over 72- and 48hour shut-in periods respectively. Each curve in Figure 6-1 through Figure 6-3 represents the
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distribution of water in the sample at a particular time following injection. Additionally, every
point along any curve is a function of the average CT registration of the sample in the
corresponding image slice. Note that the left side of each plot corresponds to the side of the
sample into which water was injected as seen in Figure 6-1. At 0hr, corresponding to the scan
performed immediately following the simulation of a leak off, approximately 25% of the sample
has been invaded. The saturated region at this time is the initial invaded zone ‘Lo’. Following the
introduction of water into the sample, capillary forces spread the leakoff away from the fracture
face based on permeability and porosity distribution. This extends the invaded region while
reducing the saturation within that zone. For example, when compared to the 0hr curve, the 3hr
curve has lower saturation values within the initial invaded zone ‘Lo’ but has higher saturation in
the pore spaces adjacent to zone ‘Lo’. At time 3hr, the total invaded zone has now extended
beyond zone ‘Lo’. This trend of decreasing saturation behind the front of the previous time step
and increasing saturations adjacent to it continues as time progresses.
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Figure 6-1 Water saturation distribution along the length of the sample during test H288B
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Figure 6-2 Water saturation distribution along the length of the sample during test H072C
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Figure 6-3 Water saturation distribution along the length of the sample during test H048C
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Figure 6-2 and Figure 6-3 follow the same trend as time progresses - saturation behind
the invaded zone during the previous time step reduces while saturation in the adjacent matrix
increases. The length of the invaded zone also increases with time. Average saturation behind the
imbibing front decreases with time as a direct result of the increased pore volume exposed to the
invading fluid as the invaded zone expands. Spreading of the invading fluid by way of
spontaneous imbibition reduces the water concentration in the pore spaces thus minimizing water
blocks. Figure 6-2 and Figure 6-3 also have flowback curves obtained after the regained
permeability tests were conducted. These curves show that the regained permeability tests did not
have a discernible impact on water saturation distribution within the invaded zone of these
samples. A power outage resulted in the loss of the flowback data for experiment H288B.
Data from these scans have been superimposed in Figure 6-4 to show how the imbibing
front advances with time. This is essentially a map of the front location for the tests H288B,
H072C and H048C at any given time. The initial front location, immediately following the
injection of water, falls around the same place for the three tests. As time progresses, the invading
fluid spreads similarly in all cases though the rate of spreading changes with time. The change in
rate is a direct result of the changing water saturation gradient which alters fluid mobility. The
48- and 72-hour curves end before there is evidence that the advancement of the front has come
to a stop. Notwithstanding, the 288-hour curve can be seen as an extension of these two curves.
For the next 144 hours following the 144th hour, the front only extends an additional 3%. It may
be safe to conclude that there will not be any significant movement of the imbibing front after the
288th hour. The driving force will continue to dampen and the curve will eventually plateau. The
reason for this plateau can be explained when the imbibing front and saturation are considered. At
initial time, distilled water is injected into the sample and it is scanned almost immediately. At
this point, there is a sharp imbibing front because spreading is yet to occur. With time,
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spontaneous imbibition spreads the injected fluid and a transition zone characterized by relatively
low saturation develops. The saturations are based on Equation 1 and Equation 2 which account
for the uneven distribution of water that occurs due to the development of a transition zone. The
location of the edge of the imbibing front, however, includes the transition zone in its entirety.
Consequently, the advancement of the front becomes dependent on the mobility of water within
the transition zone. The effective permeability to water within the transition zone eventually
reduces such that the imbibing front can no longer advance. Beyond this point, a plateau begins to
develop. Experiment H288B was not long enough for a plateau to fully develop; however, a cap
of 70% can be assumed for the final location of the imbibing front.
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Figure 6-4 Plot showing advancement of imbibing front during shut-in period for tests H048C,
H072C and H288B

Figure 6-5 is a plot of average saturation behind the imbibing front with time. This plot is
based on mean saturation calculations within the invaded region. There are some differences in
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average saturation between the tests at initial time, 0hr. This is probably due to slight variations in
water that actually penetrated the samples. However, regardless of the initial saturations values,
the three curves exhibit similar trends of rapid decrease in saturation at early time followed by
decay in the rate of decrease at later time. This behavior is in agreement with the trend in the front
propagation plot presented in Figure 6-4.
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Figure 6-5 Plot showing average saturation behind the imbibing front during shut-in period for
tests H048C, H072C and H288B

While the imbibing front only moved an additional 3% after the 144th hour, the saturation
behind the imbibing front decreased by an additional 7%. Figure 6-6 (A to C) illustrates this point
further by juxtaposing front position and saturation data on the same scale for the three scanned
tests. It becomes more evident through these plots that there is a slight difference in the rate of
front propagation and the rate of decrease in saturation behind the imbibing front, especially at
late time. At late time, water mobility in the transition zone begins to diminish and significantly
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reduces the rate of advancement of the imbibing front. However, a more even distribution of
saturation behind the imbibing front ensues as the transition zone of the sample shrinks. As a
result,
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Figure 6-6 Set of plots juxtaposing average saturation behind the imbibing front and front
position for tests H288B (A), H072C (B) and H048C (C)
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Figure 6-7 presents a plot of saturation within the invaded zone as a function of the
position of the imbibing front. Two saturation curves developed using different approaches are
presented. The points on the mean saturation calculation curve were determined in the same way
saturation was determined in Figure 6-5 and Figure 6-6. An average saturation was calculated
directly from the saturation profile in Figure 6-1 which was developed using equations that
account for the uneven distribution of saturation behind the imbibing front due to the
development of a transition zone. On the other hand, the data on the pore volume calculation
curve was determined using the definition of saturation as in shown Equation 7. This calculation
always assumes a uniform distribution of water behind the imbibing front. The values used to
develop this curve are listed in Table 6-2.

Figure 6-7 Saturation behind the imbibing front plotted as a function of front position for test
H288B
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𝑆𝑤 =

𝑉𝑖𝑛𝑗
𝑉𝑖𝑛𝑗
= 2
𝑃𝑉
𝜋𝑟 𝐿∅

Equation 7

Table 6-2 Table of variables used to develop pore volume calculation curve
Description
Value
Unit
Water saturation in invaded zone
Dependent variable %
𝑺𝒘
6.6
ml
𝑽𝒊𝒏𝒋 Volume of water injected during high leak off
Sample
pore
volume
38.5
ml
𝑷𝑽
Sample radius
19.05
mm
𝒓
Length of the invaded zone
Varies with time
mm
𝑳
Base porosity of sample
19
%
∅
The minimum water saturation is the average saturation if the imbibing front reached the
end of the sample. In theory, the end of the sample is the front position corresponding to the
minimum saturation possible. The minimum front position is the location of the front for which
the invaded zone is 100% saturated with water. It is the location corresponding to the volume of
the injected fluid. In order for the sample to fully accommodate the injected fluid, the front
position cannot be less than the minimum front location. The minimum water saturation and front
location are determined using Equation 7 thus, they do not account for the uneven distribution of
water within the invaded zone caused by the presence of a transition zone. Accordingly, they
represent the limits of the pore volume calculation curve. The end points of the two curves
overlap but there is some divergence in between. This divergence develops because the mean
saturation calculation accounts for the transition zone while the pore volume calculation does not
account for a transition zone but instead assumes an even water distribution behind the front. The
end points of the two curves overlap because at initial time, the front is relatively sharp and there
is no significant transition zone. Additionally, at late time, the propagation of the front has slowed
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and an even saturation distribution behind the front begins to develop thus shrinking the transition
zone.

6.2 Regained Permeability Tests
Figure 6-8 (A to C) presents the permeability results for all the tests listed in Table 6-1
except H288B. Each plot within the figure displays the results of both high and low leakoff
combinations carried out on one of the samples. The results are presented in terms of regained
permeability ratios and as a function of leakoff volume and shut-in time. A regained permeability
ratio is a dimensionless quantity representing the fraction of the base permeability that is regained
after a leak off has occurred and a shut-in period has been exhausted. It provides a good measure
of comparison between samples and also between tests. High and low leakoff results are plotted
on the same scale to ease interpretation. In these figures, higher regained permeability ratios are
achieved with a low leakoff compared to a high leakoff, for each sample. This is a direct
consequence of the ability of increasing volumes of invading fluids to reduce effective
permeability to gas after a certain shut-in period. This observation implies that higher saturations
in the vicinity of the fracture due to higher leakoff volumes will further decrease the effective
permeability to gas by augmenting water blocks. This is in agreement with earlier works (Parekh
and Sharma, 2004) and emphasizes the importance of managing the occurrence and volume of
leakoff.
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Figure 6-8 Regained permeability results for both high and low leakoff volume tests conducted on
sample A (A), sample B (B), and sample C (C)
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The plots in Figure 6-9 shed more light on the relationship between leakoff volume and
shut-in time and how they ultimately impact regained permeability ratios. Figure 6-9 presents the
results from the high leakoff volume tests and the low leakoff volume tests separately. The results
show that higher regained permeability ratios are attained with longer shut-in periods in all
samples. A longer shut-in time increases the opportunity for capillary forces to spread the
invading fluid along the length of the sample. This results in a decrease in saturation within the
invaded zone and consequently favors an increase in effective permeability to gas. This
observation further underscores the importance of minimizing saturation in the invaded zone
either through a lower leakoff volume or a longer shut-in period. These results are also in
agreement with earlier work (Sherman and Holditch, 1991; Taylor et al., 2005)
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Figure 6-9 Regained permeability results using high (B) and low (A) leakoff volumes for various
shut-in periods on samples A, B and C

It is important to note that while leakoff volume and shut-in time impact regained
permeability, they do not carry the same weight. In Figure 6-8 (B), for example, the disadvantage
of a high leakoff volume can be seen even after 240 hours of shut-in time. For the same sample
under a low leakoff and a shut-in time of 24 hours, the regained permeability ratio is higher in
comparison. The leakoff volume only doubled but the time it took for spontaneous imbibition to
allow for similar results was more than ten-fold of the low leak off case. This suggests that
insufficient time for spreading of the leakoff volume has a negative impact on regained
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permeability. It also implies that leakoff volume is a stronger determinant of regained
permeability than shut-in time. A lower leakoff volume is more likely to improve regained
permeability than an extended shut-in time.
An increase in leakoff volume increases saturation within the invaded zone. This results
in a decrease in effective permeability to gas by way of water blocking and relative permeability
reduction. On the other hand, an increase in shut-in time decreases saturation in the invaded zone
through spontaneous imbibition yielding an increase in the effective permeability to gas.
Although leakoff volume and shut-in time have opposing effects, the leakoff volume has a greater
weight factor compared to shut-in time in these sandstones samples. The length of time required
to attain similar improvements in gas flow increases disproportionately with increase in leakoff
volume. B, the least permeable of the samples, experiences this effect to a greater extent as seen
in Figure 3-9 (B). This suggests that lower permeability formations may be more sensitive to the
negative impact of an increased leakoff volume despite higher capillary pressures. The difference
in importance of shut-in time and leakoff volume on regained permeability directs our focus to
the common denominator between them: saturation within the invaded zone. Regardless, of
which variable is more dominant, changes in shut-in time and leakoff volume ultimately control
the saturation behind the imbibing front. An understanding of saturation distribution under
various conditions will provide clearer insight on improvements in regained permeability.
Following leak off, shut-in and flowback, the experiments suggest that gas flow is less impeded
with lower water saturation.
Furthermore, differences in sample permeability are evident in these results. In Figure 6-9
(B), differences in permeability are obvious at early time i.e. under high saturation conditions but
are not as pronounced at later times i.e. under lower saturation conditions. Furthermore, sample
B, which has the lowest base permeability, generally has the lowest regained permeabilities. This
is followed by sample A which has a slightly lower base permeability than sample C. Comparing
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plots A and B of Figure 6-9 leads to the same observation. The regained permeability ratios from
the low leakoff tests i.e. low saturation conditions do not express much sensitivity to the
permeability differences of the samples. However, there is a significant difference in regained
permeability ratios for sample B compared to samples A and C from the high leakoff tests i.e.
under relatively high saturation conditions. This suggests that lower permeability formations may
be more sensitive to leakoff than higher permeability formations despite their stronger capillary
forces. Moreover, high saturation conditions exacerbate this behavior compared to low saturation
conditions. A broad implication of this observation is that the low permeability of a tighter
formation competes with its strong capillary forces especially under higher saturation. This
observation is in accord with work from experiment 1 of Dutta et al. (2012). Results from this
work showed that in comparison to higher permeability Berea, the low permeability of tight sand
strongly opposed spontaneous imbibition of brine despite expected higher capillary forces. Figure
6-10 summarizes the observations that led to this conclusion.
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Figure 6-10 Comparison of the saturation profiles of Berea and tight sand at similar time intervals
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6.3 Extension to Tighter Formations
The experimental results indicate that sample B is more sensitive to leak off compared to
samples A and C. This observation is attributed to the categorical difference in permeability
between sample B (2.1 mD) and samples A and C (4.8 mD and 5 mD respectively). This
behavior underscores the fact that properties of the rock in question also play a role in
determining the detriment of leak off to well productivity (Friedel, 2004). The petrophysical
properties of the rock dictate the strength of capillarity. This in turn determines the extent of
spontaneous imbibition during the shut-in period and ultimately, how much flowback water is
produced. Relative permeability is a feature of the formation that also determines gas flow
hindrance. The experimental results suggest that for these sandstones, as shut-in time progresses,
the invaded zone is extended, average saturation behind the imbibing front is reduced and gas
flow is enhanced appreciably. This may not be the case in a formation characterized by a different
type of gas relative permeability curve. In a formation with a depressed relative permeability
curve, for example, the presence of water will restrict gas flow more than it would in a formation
with a conventional, undepressed relative permeability curve. This is because the improvements
in relative permeability due to reduced saturation are suppressed as the invaded zone expands
during shut-in. Hence, under similar leak off conditions, shut-in periods may permit
inconsequential improvements in permeability in formations with depressed gas relative
permeability curves compared to formations with less depressed relative permeability curves.
To expatiate on the impact of depressed relative permeability curves, a simple exercise
was conducted. Figure 6-11 is a plot of gas relative permeability curves modeled to represent
increasingly tighter rocks with depressed relative permeability characteristics. The more
depressed the curve, the tighter the formation and the lower its porosity. These curves were
developed using a modified Corey equation shown in Equation 8 (Cluff and Byrnes, 2010). The
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variables that comprise this equation are described in Table 6-3. The aim of developing this
family of curves is to gain qualitative insight on how changes in the properties of the rock,
specifically relative permeability to gas, can affect regained permeability ratios following
fracturing fluid leak off. Relative permeability curves can be interpreted as the reaction of a
formation to saturation changes. A rock formation with a depressed relative permeability curve
does not react as favorably to a decrease in saturation compared to a formation with a
conventional curve. Hence, it will experience greater hindrance to gas flow under the same water
saturation conditions compared to other formations with less depressed relative permeability
curves.

𝐾𝑟𝑔 = �1 −

𝑆𝑤 − 𝑆𝑤𝑐
𝑆𝑤 − 𝑆𝑤𝑐 2
� �
� 1.3 �1 − �
1 − 𝑆𝑔𝑐 − 𝑆𝑤𝑐
1 − 𝑆𝑤𝑐

Table 6-3 Table of variables describing Equation 8
𝑲𝒓𝒈
𝑺𝒘
𝑺𝒘𝒄
𝑺𝒈𝒄

Description
Value
Unit
Gas relative permeability in invaded zone Dependent Variable unitless
Water saturation in invaded zone
Varies (10 to 90)
%
Critical water saturation
Varied
%
Critical gas saturation
10
%

Equation 8
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Figure 6-11 Plot of modeled gas relative permeability curves

The area of interest can be described using Figure 6-12, a rock sample with two distinct
regions. The invaded region is saturated with water while the uninvaded region is completely dry.
Each region has an average permeability corresponding to the permeability in the invaded zone
and the base permeability of the sample when dry. The line dividing these two regions can be
likened to the location of the imbibing front. As time progresses, the length of the invaded zone
extends. This reduces the saturation within that zone and increases the effective permeability to
gas in that zone. Depending on the rock type i.e. the characteristics of the gas relative
permeability curve, the decrease in saturation in the invaded zone may or may not lead to an
appreciable increase in relative permeability to gas.
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Figure 6-12 Sample model for permeability in series under 1-D flow

The length and effective permeability of the invaded zone are both functions of
saturation. Effective permeability in the invaded zone can be obtained from Figure 6-11 as a
function of saturation by multiply the appropriate relative permeability by the formation’s base
permeability. The length of the invaded zone can be estimated from the definition of saturation in
porous media (Equation 7). Figure 6-13 is a plot showing estimated lengths of invasion as
functions of saturation and porosity. Table 6-4 lists the values used to develop these curves.

Table 6-4 Table of variables used to develop Figure 6-13
Description
Value
Unit
Water saturation in invaded zone
Varies (10 to 90)
%
𝑺𝒘
6.6
ml
𝑽𝒊𝒏𝒋 Volume of water injected during high leak off
Sample radius
19.05
mm
𝒓
Length of the invaded zone
Dependent variable
mm
𝑳
Base porosity of sample
Varies by formation (6 to 19) %
∅
A higher porosity formation generally experiences shorter invaded lengths due to a higher
pore volume and vice versa. A lower saturation requires that the leakoff volume be further spread
out resulting in long invaded zones, especially in rock types with low porosities. The data plotted
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in Figure 6-7 (test H288B) is also plotted in Figure 6-13 for comparison. It is important to note
that the modeled curves in Figure 6-13 are scenarios that do not account for formation capillarity
or the presence of a transition zone or the uneven distribution of saturation within the invaded
zone. They are based on the definition of saturation as shown in Equation 7. This explains the
similarity between the modeled curve at 19% porosity and the pore volume calculation curve for
which sample porosity of 19% was used. Although capillarity has not been accounted for,
permeability has proven to be an important limiting factor during spontaneous imbibition
processes in low permeability formations even in the face of stronger capillary forces (Dutta et
al., 2012).
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Figure 6-13 Modeled saturation behind the imbibing front as a function of front position for
samples of different porosities

A permeability-in-series calculation for 1-D flow in porous media was employed to
determine the average, regained permeability for the entire sample. This 1-D concept is apt for
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the described model as saturation changes in the sample have only been tracked in one direction –
the direction along the length of the sample. Equation 9 describes this calculation and Table 6-5
describes the variables that comprise this equation. Using Equation 9, regained permeability
ratios are determined as a function of saturation in the invaded zone and rock type. The curves
developed represent composite regained permeability ratios for both the invaded and uninvaded
zones and are presented in Figure 6-14.

𝐾𝑎𝑣𝑒 =

𝐿𝑇

𝐿𝑖𝑛𝑣 𝐿𝑏
+
𝐾𝑖𝑛𝑣 𝐾𝑏

Equation 9

Table 6-5 Table of variables describing Equation 9
𝑲𝒊𝒏𝒗
𝑲𝒃
𝑲𝒂𝒗𝒆
𝑳𝒊𝒏𝒗
𝑳𝒃
𝑳𝑻

Description
Permeability in invaded zone
Permeability in uninvaded zone
Average permeability for entire sample
Length of invaded zone
Length of uninvaded zone
Total sample length

Value
Unit
Varies by saturation (Figure 6-11) mD
Varies by formation (2 to 2x10-6) mD
Dependent Variable
mD
Varies by saturation (Figure 6-13) mm
Varies by saturation (LT − Linv ) mm
900
mm

55

Regained Permeability Ratio - Entire Sample

1
0.9

Por. = 19%
Por. = 16%
Por. = 12%
Por. = 8%
Por. = 6%
Maximum

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

20

40

60

Saturation behind Imbibing Front (%)

80

100

Figure 6-14 Modeled regained permeability ratios as a function of saturation and formation
properties

The most obvious observation in Figure 6-14 is the wide range in regained permeability
ratios at low saturations compared to those at high saturations. Regained permeability ratio here is
a function of the length of invasion and the relative permeability in the invaded zone. These two
variables are also related to saturation. At high saturations, gas relative permeability in the
invaded zone is very low regardless of formation type as seen in Figure 6-11. The blockage
caused by the presence of a large volume of water within the invaded zone results in very low gas
relative permeability. Eventually, the saturation becomes so high that relative permeability to gas
is completely diminished. This is reflected in the regained permeability ratios at high saturations
as shown in Figure 6-14. On the other hand, at low saturations, there is a wide range of regained
permeabilities. This is a direct result of the large variation in gas relative permeabilities and
lengths of invasion at low saturation as seen in Figure 6-11 and Figure 6-13 respectively.
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Moreover, the more depressed the curve, the less consequential the improvement in regained
permeability ratios as saturation decreases.
Furthermore, as the gas relative permeability curves become depressed, a maximum
regained permeability ratio emerges for each curve (Figure 6-14). At high saturations, the low
relative permeability in the invaded zone is the dominant factor. As saturation decreases with
time, the extent of invasion increases markedly (Figure 6-13) and becomes the dominant factor.
In a formation with a gas relative permeability curve that is not depressed, this increase in length
of invasion caused by spontaneous imbibition is favorable. The improvement in relative
permeability to gas is always substantial because the gas relative permeability curves are not
depressed. This explains the continuous increase in regained permeability ratio as saturation
decreases for the solid curve in Figure 6-14. This curve corresponds to a formation with a
conventional gas relative permeability curve. However, in formations with depressed gas relative
permeability curves, the increase in length of invasion does not always improve regained
permeability ratios. In these cases, the saturation behind the imbibing front decreases as the front
propagates but the response of the rock is not commensurate. Relative permeability to gas does
not improve at the same rate as the reduction in saturation. As a result, although the invaded
region continues to grow with time due to spontaneous imbibition, relative permeability
improvements in the invaded zone are suboptimal. Spreading of the leakoff away from the
fracture is now unfavorable because the invaded zone is expanding without improvement. The
maxima in Figure 6-14 provide evidence of the change in dominance between low gas relative
permeabilities at high saturations and large zones of reduced relative permeability to gas
established at low saturations. These results highlight the role of the fractured formation’s
properties on the improvement of regained permeability.
The permeability results from the experiments conducted do not exhibit this trend. The
long shut-in period of test H288B allows the invaded zone to expand to the point where saturation
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drops to 27% but the no maximum in regained permeability is observed. This suggests that the
formation from which the samples were obtained is not characterized by a depressed relative
permeability curve.
There is also a shift in the position of the maximum as the level of depression of the
relative permeability curves changes. The point of inversion, marked by a square in Figure 6-14,
occurs at higher saturations as the gas relative permeability curves become more depressed. The
shift in maximum implies that the expansion of the invaded zone accompanied by suboptimal
improvement in gas relative permeability increases in dominance as the formation gets tighter and
the relative permeability curve becomes more depressed. Approximate shut-in times
corresponding to the maximum regained permeability ratios were calculated using a heuristic
from Sherman and Holditch (1991). In order of depression from the highest curve to the lowest
curve, those times were determined to be 6 hours, 64 hours, 37 days and 13 years respectively.
This calculation is based on the differences in order of magnitude of the absolute formation
permeabilities 2 mD, 2x10-2 mD, 2x10-3 mD, 2x10-4 mD, and 2x10-6 mD respectively.
This extension to tighter rocks, inspired by the experimental permeability results obtained
from sample B, provides some insight into the response of tighter formations to leak off. Lower
permeability formations are generally more sensitive to leak off. Additionally, the suppressed
nature of relative permeability to gas in formations with depressed relative permeability
characteristics hampers fluid mobility in spite of high capillary forces. Despite the simplicity of
this model for tighter formations, it captures some important behaviors that may provide insight
on the lack of trends in the field. Strong capillary forces and long shut-in times may trap more
fracturing fluid in the reservoir matrix. However, the relative permeability characteristics of the
formation will determine how gas production is affected. These results, in addition to the
experimental results, provide a platform upon which more rigorous simulations can be developed
for tight formations.
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Porosity values were randomly assigned to the formations characterized by the relative
permeability curves in Figure 6-11. A sensitivity analysis was conducted to determine whether
varying porosity would alter the abovementioned conclusions. Figure 6-15 is a plot showing the
results of this analysis. A larger range of porosity values were distributed between the formation
types and the calculations performed to develop Figure 6-14 were repeated. Both sets of results
are plotted on the same graph for easy comparison. Data with similar symbols represent the same
formation with two different porosities assigned to it. Curves with solid lines connecting the
symbols represent the new calculations with a higher porosity while curves with dashed lines
connecting the symbols represent the original calculations. Figure 6-15 shows that the trends do
not change. However, an increase in porosity results in an increase in regained permeability ratio
due to a reduction of the length of the invaded zone. Permeability values from 2 mD to 2x10-6 mD
were also assigned to the formations. However, this does not result in any changes to Figure 6-14
since the final results are presented as fractions of the base permeability and capillarity is not
explicitly accounted for.
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Figure 6-15 Modeled regained permeability ratios as a function of saturation and formation type –
porosity values varied
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Chapter 7
Conclusions
Leakoff volume and shut-in time have been observed to control water saturation changes
in the neighborhood of the fracture. A higher leakoff volume increases saturation near the fracture
making it more detrimental to gas flow than a lower leakoff volume. Additionally, a longer shutin period allows capillary forces to spread the invading fluid further into the formation thus
reducing saturation and generally increasing regained permeability. Although leakoff volume and
shut-in time have opposing effects on saturation within the invaded zone, the work herein shows
that leakoff volume is the predominant controlling factor. The results also suggest that sensitivity
to increase in leakoff volume becomes more pronounced in tighter formations.
A reduction in saturation in the vicinity of the fracture is often desired as it minimizes
water blocks that could hinder gas flow and it increases effective permeability to gas. However,
the improvement in effective permeability to gas may not always be substantial depending on the
characteristics of the sample. A tight sample characterized by depressed gas relative
permeabilities benefits from the shut-in period up to a point. An extension of shut-in time after
this point simply allows the enlargement of the invaded zone without comparable improvements
in gas relative permeability within that zone. In such samples, there is a maximum regained
permeability ratio characterized by an optimum saturation behind the imbibing front. At
saturations higher than the optimum, relative permeability to gas within the invaded zone is the
key determinant of the regained permeability ratio. At saturations lower than the optimum, the
extent of invasion becomes the dominant factor. This may have important implications for very
tight formations characterized by depressed relative permeability curves during fracturing
activities. Meanwhile, extensive spreading of water will not have a negative impact on effective
permeability to gas in a formation with conventional gas relative permeability characteristics.
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This is because the improvement in gas relative permeability is appreciable even at very low
saturations when the invaded zone is enlarged. The key point here is that longer shut-in periods
may not always be beneficial following fracturing activities depending on formation properties.
Saturation is the common denominator responsible for the behavior of regained
permeability in response to leakoff volume and shut-in time. However, leakoff volume and shutin time do not control saturation equally. Hence, the key to predicting how gas production is
affected by leak off is in monitoring the saturation profile within the invaded zone. Furthermore,
an understanding of the rock properties, including how the formation responds to changes in
saturation is paramount. In particular, the gas relative permeability characteristics of the
stimulated formation will dictate the improvement in effective permeability to gas as a function of
saturation.
There is currently a lack of trends relating leakoff volume, flowback volume, shut-in
time, and gas production. This is because the interaction of leakoff volume, shut-in time and
formation properties differs between formations. Hence, shut-in time and leakoff volume may not
be the key determinants of gas flow hindrance. It may be more important to monitor saturation
and to have a good understanding of the properties of the reservoir when determining practices
that will optimize gas production during and following hydraulic fracturing activities.
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Appendix

A.1 Data Refinement and Saturation Calculations
%% Data Refinement and Saturation Calculations
%% By SIJUOLA ODUMABO, M.S. Candidate (2013)
%% Written in May 2012
%Goal: To determine saturation from digital radiographs
%Images are 'trimmed' to include rock sample only in ImageJ.
%Data: High leak-off, sample C, 72-hour shut-in
%Cut out info: width 4232, height 807, x coord 0, y coord 87
%Total number of slices: 4229; Slices of interest: 130 - 4140

%% INITIAL SATURATION CALCULATIONS
%Saturation curves are developed based on the imported data
clear all
%Importing partially processed raw data from an Excel sheet
[CTall] = xlsread('HL1C3-2-DRSeries.xlsx','Final'); %CT registrations
avepor = 19; %average sample porosity
%Determining 'CTwater - CTwair' constant as referred to in Equation 2
CT100 = CTall(130,3); %Slice 130 of 0hr scan represents 100% saturation
CT0 = CTall(130,2); %Slice 130 of dry scan represents 0% saturation
CTwa = (CT100 - CT0)/avepor; %Calculation of 'CTwater - CTwair'
constant
%Calculating average saturation per slice for all scans
%Imbibition at 0hr
Sw0 = 100*(CTall(130:4140,3) - CTall(130:4140,2))./(CTwa*avepor);
%Imbibition at 1hr
Sw1 = 100*(CTall(130:4140,4) - CTall(130:4140,2))./(CTwa*avepor);
%Imbibition at 3hr
Sw3 = 100*(CTall(130:4140,5) - CTall(130:4140,2))./(CTwa*avepor);
%Imbibition at 6hr
Sw6 = 100*(CTall(130:4140,6) - CTall(130:4140,2))./(CTwa*avepor);
%Imbibition at 12hr
Sw12 = 100*(CTall(130:4140,7) - CTall(130:4140,2))./(CTwa*avepor);
%Imbibition at 24hr
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Sw24 = 100*(CTall(130:4140,8) - CTall(130:4140,2))./(CTwa*avepor);
%Imbibition at 48hr
Sw48 = 100*(CTall(130:4140,9) - CTall(130:4140,2))./(CTwa*avepor);
%Imbibition at 72hr
Sw72 = 100*(CTall(130:4140,10) - CTall(130:4140,2))./(CTwa*avepor);
%Imbibition after flowback
Sw76 = 100*(CTall(130:4140,11) - CTall(130:4140,2))./(CTwa*avepor);
%Developing x axis for plots
n = 4140-130+1;
xaxis = zeros(n);
for i = 1:n
xaxis(i) = i;
end
%Writing saturations to excel sheet
AllData = [Sw0,Sw1,Sw3,Sw6,Sw12,Sw24,Sw48,Sw72,Sw76];
xlswrite('Saturations.xls',AllData,'Sw','B2');

%% SATURATION CURVE SMOOTHING
%The developed saturation curves are smoothed to minimized the
%appearance of noise. This is done by using the average of 10
%sequential slices to represent one slice.
%Section by section smoothing
xnew = 1:10:n;
for iii = 1:1:9
if iii == 1
Sw = Sw0;
elseif iii == 2
Sw = Sw1;
elseif iii == 3
Sw = Sw3;
elseif iii == 4
Sw = Sw6;
elseif iii == 5
Sw = Sw12;
elseif iii == 6
Sw = Sw24;
elseif iii == 7
Sw = Sw48;
elseif iii == 8
Sw = Sw72;
else
Sw = Sw76;
end
for ii = 1:1:nnz(xnew)
xx(ii) = xnew(ii); %x axis counter
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yy(ii) = xx(ii) + 10; %y axis counter
if xx(ii) == xnew(nnz(xnew));
yy(ii) = n; %accounting for last value
end
ynew(ii) = mean(Sw(xx(ii):yy(ii))); %calculating mean
end
yfinal(:,iii) = ynew; %assigning each Sw set to a final Sw matrix
end
%Writing smoothed saturations to excel sheet
xlswrite('Saturations.xls',xnew','Sw_Sm','A2');
xlswrite('Saturations.xls',yfinal,'Sw_Sm','B2');
%% MATERIAL BALANCE CORRECTION USING AREA UNDER THE CURVE
%The area under each curve is calculated. Since water not being lost or
%gained during the experiment, the area under each curve should be
equal.
%Area is calculated as the sum of a series of very thin rectangles with
%varying heights.
%Calculating area under the curve
sumarea = zeros(9,1);
for v = 1:1:9
for vi = 1:1:nnz(xnew)
xxx(vi) = 10; %width of rectangle
yyy(vi) = yyfinal(vi,v); %height of rectangle
area(vi) = xxx(vi)*yyy(vi); %area of rectangle
end
sumarea(v) = sum(area);
end
%Plotting area under the curve for each time step
time = [0,1,3,6,12,24,48,72,76]';
w = plot(time, sumarea, '*');
grid on
xlabel('Shut-in time (hrs)'); ylabel('Area')
set (w,'LineWidth',2)
title('Area Under the Curve - HL, Sample C, 72 hours')
%% MATERIAL BALANCE CORRECTION USING MULTIPLIER
%There are sometimes slight variations in area under the curve between
%time steps due to noise from the scanned images. This is rectified by
%picking one curve to be the standard and determining a multiplier to
be %applied to all other curves.
multiplier = sumarea(4)./sumarea;
%multiplier for each time step
newarea = sumarea.*multiplier; %confirmation of correct application
for iix = 1:1:nnz(sumarea)
for iiix = 1:1:nnz(xnew)
newsat(iiix, iix) = yfinal(iiix, iix)*multiplier(iix);
%new saturation values after multiplier has been applied
end
end
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%Writing material balance corrected saturation data to excel sheet
xnew = xnew';
xlswrite('Saturations.xls',xnew','MBSw','A2');
xlswrite('Saturations.xls',newsat,'MBSw','B2');
ll = plot(xnew, newsat);
set(ll,'LineWidth',2)
title('MB-Corrected Saturation Curves - HL, Sample C, 3 days')
legend('0hr','1hr','3hrs','6hrs','12hrs','24hrs','48hrs','72hrs','76hrs
')

%% AVERAGE SATURATION BEHIND THE FRONT
%The front for each time step, the edge of the imbibing
%front is manually determined. Average saturation behind the
%Imbibition at 0hr
sw0 = newsat(1:97,1);
sw0n = sw0(sw0~=0);
sw0a = mean(sw0n);
%Imbibition at 1hr
sw1 = newsat(1:125,2);
sw1n = sw1(sw1~=0);
sw1a = mean(sw1n);
%Imbibition at 3hr
sw3 = newsat(1:134,3);
sw3n = sw3(sw3~=0);
sw3a = mean(sw3n);
%Imbibition at 6hr
sw6 = newsat(1:144,4);
sw6n = sw6(sw6~=0);
sw6a = mean(sw6n);
%Imbibition at 12hr
sw12 = newsat(1:163,5);
sw12n = sw12(sw12~=0);
sw12a = mean(sw12n);
%Imbibition at 24hr
sw24 = newsat(1:185,6);
sw24n = sw24(sw24~=0);
sw24a = mean(sw24n);
%Imbibition at 48hr
sw48 = newsat(1:206,7);
sw48n = sw48(sw48~=0);
sw48a = mean(sw48n);
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%Imbibition at 72hr
sw72 = newsat(1:219,8);
sw72n = sw72(sw72~=0);
sw72a = mean(sw72n);
%Imbibition after flowback
sw76 = newsat(1:219,9);
sw76n = sw76(sw76~=0);
sw76a = mean(sw76n);
%Plotting average saturation with time
avesw = [sw0a, sw1a, sw3a, sw6a, sw12a, sw24a, sw48a, sw72a, sw76a,]';
plot(time, avesw, '*')
xlabel('Shut-in time (hrs)'); ylabel('Saturation')
title('Average Saturation behind the front')

A.2 Permeability Calculations for Tighter Data Rocks
%% EXTENSION TO TIGHTER ROCKS
%% By SIJUOLA ODUMABO, M.S. Candidate (2013)
%% Written in February 2013
%% DEVELOPMENT OF GAS RELATIVE PERMEABILITY CURVES
%Hypothetical gas relative permeability curves are developed based on
%work by Cluff and Byrnes (2010).
clear all
%Constants
Sw = [0.1, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90, 1];
Swc = [0, -0.15, -0.35, -0.55, -0.85]; Sww = Sw*100;
Sgc = 0.1; p = 1.3; q = 2; krg = ones(11,5);
%Development of curves
for ii = 1:1:5 % Swc, m
for i = 1:1:nnz(Sw) % Sw, n
krg(i,ii) = ((1-(Sw(i)-Swc(ii))/(1-Sgc-Swc(ii)))^p)*(1-((Sw(i).../
Swc(ii))/(1-Swc(ii)))^q);
end
end
%Plotting modeled gas relative permeability curves
plot(Sww, krg(:,1), '-k',Sww, krg(:,2), '--k',Sww, krg(:,3), '.k',Sww,.../
krg(:,4), ':k',Sww, krg(:,5), '-k*')
hold on
xlim([0 100])
ylim([0 1])
set(gca,'Fontsize',10)
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title('Modeled Relative Permeability Curves','Fontsize',13)
xlabel('Water Saturation, %','Fontsize',11)
ylabel('Gas Relative Permeability','Fontsize',11)
legend('por.=19%', 'por.=16%', 'por.=12%', 'por.=8%', 'por.=6%')
hold off
%% REGAINED PERMEABILITY RATIO CALCULATIONS
clear all
%Constants
Sgc = 0.1; p = 1.3; q = 2; Lt = 900;
% Por = [0.45, 0.25, 0.15, 0.1, 0.07]; %porosity values used in
%sensitivity analysis
Por = [0.19, 0.16, 0.12, 0.08, 0.06];
Kb = [2, 0.02, 0.002, 0.00002, 0.0000002];
Sw = 0.11:0.005:0.9; Sww = Sw*100;
Swc = [0, -0.15, -0.35, -0.55, -0.85];
n = nnz(Sw); m = 5;
%Preallocation of variables
Linv = ones(n,m); Linvp = ones(n,m); krg = ones(n,m); Kave = ones(n,m);
Kreg = ones(n,m); keg = ones(n,m); slope = ones(n,m); %(i, ii)
for ii = 1:1:m % Swc, m
for i = 1:1:nnz(Sw) % Sw, n
%Development of relative permeability curves
krg(i,ii) = ((1-(Sw(i)-Swc(ii))/(1-Sgc-Swc(ii)))^p)*(1((Sw(i).../
-Swc(ii))/(1-Swc(ii)))^q);
%Effective permeability to gas
keg(i,ii) = Kb(ii)*krg(i,ii);
%Determining length of invasion based on pore volume
calculation
Linv(i,ii) = 6600*4./(3.1416*38.1*38.1*Sw(i)*Por(ii));
%Length of invasion as a percentage
Linvp(i,ii) = Linv(i,ii)*100/Lt;
%Determining sample regained peremability value
Kave(i,ii) = Lt/((Linv(i,ii)/keg(i,ii))+((LtLinv(i,ii))/Kb(ii)));
%Determining sample regained peremability ratio
Kreg(i,ii) = Kave(i,ii)/Kb(ii);
%Calculating slope to find maximum
if i == 1
slope(i,ii) = 1.2;
else
slope(i,ii) = (Kreg(i,ii) - Kreg(i-1,ii))/(Sw(1,i) Sw(1,i-1))
end
end
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end
point = [18, 27, 31, 34]; %Point of inversion
%Determining saturation and regained permeability at point of inversion
for ix = 1:1:m-1
Swp(ix) = Sww(point(ix));
Reg(ix) = Kreg(point(ix), ix+1);
end
%Plotting regained permeability ratio curves
plot(Sww, Kreg(:,1), '-k',Sww, Kreg(:,2), '--k',Sww, Kreg(:,3), '.k',.../
Sww, Kreg(:,4), ':k',Sww, Kreg(:,5), '-k*')
hold on
plot(Swp, Reg, 'ks')
xlim([0 100])
ylim([0 1])
set(gca,'Fontsize',10)
title('Modeled Regained Permeability Ratios (entire
Sample)','Fontsize',13)
xlabel('Saturation, %','Fontsize',11)
ylabel('Regained Permeability Ratio - Entire sample','Fontsize',11)
legend('por.=19%', 'por.=16%', 'por.=12%', 'por.=8%',
'por.=6%','maximum')
%Plotting length of invasion curves
Linve = 100*[40, 63, 76, 84, 92, 98, 107, 108, 109, 111, 112, 114]/Lt;
Swe = [77, 68, 55, 49, 44, 38, 35, 34, 37, 31, 29, 27];
plot(Linvp(:,1),Sww,'-k', Linvp(:,2),Sww,'--k', Linvp(:,3),Sww,'.k',.../
Linvp(:,4),Sww,':k', Linvp(:,5),Sww,'-k*')
hold on
plot(Linve, Swe, '.k')
ylim([0 100])
title('Saturated Length and Corresponding Saturation')
legend('por.=19%', 'por.=16%', 'por.=12%', 'por.=8%', 'por.=6%',.../
'Expt Data; por.=19%')
ylabel('Saturation (%)')
xlabel('Front Position (%)')

