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Chapter 1: Introduction
1.1

Problem Statement
Organic-rich shale and tight sand formations have low to very low permeability,

which hinders a free flow of hydrocarbons in economic rates. In order to improve the
productivity of such formations, several enhanced and robust techniques are employed to
have an economically profitable production. The combination of long horizontally drilled
wells and hydraulic fracturing has overcome this issue of low productivity and allowed
access to hydrocarbons stored in very tight and low permeability shale formations (Vincent,
2004). Hydraulic fracturing is the process of pumping high viscosity water-based fluid along
with some additives and solid particles called proppants down the wellbore at a high injection
rates and pressure, creating fractures in the formation and allowing higher production rates to
be achieved and it has been practiced in oil and gas industry since 1940’s. (Clark, 1949; Sun,
Hu, Wong, Hall, and Schechter, 2014). Water along with the proppants composes up to
99.5% of the fracking fluid, whereas other special chemical additives like surfactants,
crosslinkers, viscosity modifiers, corrosion inhibitors, bacterial suppressants make up the rest
of the 0.5% (Palisch, Vincent, and Handren, 2010).
A major part of fracturing fluid is composed of proppants or propping agents. Tons of
proppants are pumped down the hole to improve the productivity of a low producing well
and improve the economics. These proppants not only improve the conductivity of a fracture
but also aid in keeping the fractures open.
There are different kinds of proppants with their type specific pros and cons, but the
proppant selection criteria have always revolved around the mechanical and morphological
properties of the proppants. Based on observations from nature and the advancements of
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superhydrophobic coatings in material engineering, this thesis attempts to demonstrate how
modification of proppant surface with superhydrophobic coating enhance flow in fractures.
Wettability of the proppant can drastically affect the flow behavior in a proppant pack. Even
though surfactants have been used as a fracture fluid additive which modifies the wettability
of the proppant surface. However, the use of surfactant results in wettability modification of
not only the proppant surface but also that of the rocks near the wellbore.
Recent studies and field applications have shown the use of hydrophobic and other
wettability modifiers on the proppant surface to alter their wettability which has resulted in a
positive change for fracture conductivity and aided in productive life of a fracture.
1.2 Motivation
Most of the work in research is to some extent inspired by nature. There are different
organisms and plants that show a property where they repel water and form drops of water
when they come in contact with the surface. One such example is Lotus plant. The lotus
leaves have been known to repel water from its surface even though the plant is water-based
as shown in Figure 1.1.

Figure 1.1: Water drops on a lotus leaf.
(Figure from motionelements.com)
The lotus leaves have a network of microscopic tower like structures which have
nano-scale wax crystalloids on them imparting hydrophobic properties to the lotus leaf and
2

giving it self-cleaning abilities (Ma and Hill, 2006). Previous studies have shown that due to
hydrophobic nature of the leaf, the water does not stick to the surface but rolls off of it
cleaning it in the process.
Lotus effect has been applicable for pipeline industry especially in deep sea pipelines.
The deep-sea pipelines undergo a lot of corrosive forces like salty waters, corrosive fluids
flowing, low temperature and high pressure. The combined effect of low temperature and
high pressure results in formation of gas hydrates in the pipeline rendering them blocked up
and unable to transmit any fluid. Engineers came up with a solution to this issue where the
insides of the pipes were coated with a superhydrophobic coating to prevent any deposition
of hydrates on the inside wall of the pipes (Modisette and Modisette, 2010; Shah, 1990). The
coating creates slip along pipe wall for the fluid flow allowing for a flow velocity along the
walls. Figure 1.2 shows a simulation result done with COMSOL, where water was flowing in
a 1.5 inch pipe for flow velocity.

Figure 1.2: Velocity profile in a pipe flow.
We could clearly observe that with the increase in slip length up to 5% of the pipe
diameter, the velocity along the walls show up to 50% increase in the velocity along the
3

walls. Additionally, the increase in slip not only provides higher velocity along the walls but
also requires smaller pressure gradient to flow the required length as shown in Figure 1.3.
This shows that the coating along inside of pipe will not only increases the rate of flow but
also improves the flow in the pipe. Due to this velocity along the walls, the hydrates do not
get the opportunity to settle down on pipe walls thus mitigating the issue of pipe blockage
due to hydrate formation (Brown et al., 2017).

Figure 1.3: Drop in pressure gradient with increasing slip length

1.3 Objective of Study
In this thesis work, partial wet sand proppants are developed using superhydrophobic
coating (i) to understand the modification of proppant from a water-wet state to a partial wet
state, and (ii) to investigate the variation of conductivity of fluids flow through a fracture
with superhydrophobic modified partial wet sand proppant used as the propping agent.

4

1.4 Significance of Study
•

The sand proppants modified with superhydrophobic coating can be a useful tool in
maximizing in low permeability and low productivity formations like tight sandstone
or shale formations. The proppant modified with a wettability modifying
superhydrophobic coating can not only improve the conductivity of the fracture
resulting in higher productivity from the well, but also improve the production time of
the well.

•

Additionally, the modified proppants can improve the mechanical properties of the
proppant, making it more resistant to mechanical and thermal stresses and also
improve the crush resistance of the proppant thus preventing flow migration and
improving the longevity of a fracture operation (Sun et al., 2014).

•

Hydrocarbon production from low permeability shale and tight formations has
experienced an extraordinary boom in the United States due to technological
advances like hydraulic fracturing. The natural gas production from shale plays had
accounted for only 1.6 percent of total US production in 2000, but saw an increase to
4.1 percent by 2005, and an astonishing 23.1 percent by 2010 (U.S. EPA, 2015). This
remarkable growth has been credited mostly to extensive use of high conductive
proppants in hydraulic fracturing (Sarver et al., 2005).

5

Chapter 2: Literature Survey
2.1 Hydraulic Fracturing
The first hydraulic fracturing treatment was performed by Halliburton in 1947 on a
gas well operated by Pan American Petroleum Corporation in the Hugoton field, Kelpper
Well No. 1, located in Grant County, Kansas (Veatch Jr and Moschovidis, 1986). Since the
first operation in 1947, hydraulic fracturing has now become a major treatment operation for
oil and gas wells, especially for tight rock formations.
Hydraulic fracturing is the process of pumping high viscosity fluid down the wellbore
at high injection rates and pressure that is greater than the formation pressure, causing it to
break and create fractures (Mokhtari and Tutuncu, 2018; Shrey et al., 2018). During the
injection process, the resistance to fluid flow in the formation increases with the length of the
wellbore and depth of the target zone, and the pressure in the wellbore increases to a point
called the fracture initiation pressure, which is the sum of the in-situ compressive stress and
the strength of the formation. Eventually, the formation rock fails under higher pressures, and
fractures are created and the injected fluid flows through it (Clark, 1949). The fracture
treatment is used to increase the productivity of a producing well or to improve the overall
achievable recovery from a formation. The productivity of any well is defined as the rate at
which oil or gas can be produced at a given pressure differential between the reservoir and
the wellbore (Engelder, Cathles, & Bryndzia, 2014). Apart from improving the productivity
of a well, hydraulic fracturing has several other benefits like (Vincent, 2002):
•

Improve the productivity of oil and/or gas from wells that have been damaged during
previous operations by improving the effect of Skin damage

•

Improves the formation permeability by connecting the natural fractures in the formation
6

•

Allows for a reduced pressure gradient required to produce a well and minimizes the flow
of fines to improve the productivity and longevity of a well (Raysoni and Weaver, 2012)

•

Improves the placement of gravel-packing sand particles in the formation

•

Reduces the pressure drop required to flow the well which reduces the probability of solid
deposits in the near wellbore region (Fredd, McConnell, Boney, and England, 2000)

•

Increases the volumetric area for drainage of the formation fluids into the wellbore
(Hubbert, 1956; Slattery, 1963; Tek, 1957)

•

Provides connectivity of the vertical extremes of the formation to the deviated or
horizontal wellbore. Thus, increasing the drainage radius of the well (Veatch Jr and
Moschovidis, 1986).

After the well’s target depth is drilled, cased and cemented, perforations are made
usually in the deviated section of the well. Through these perforations, a typical mixture of
water (90%), sand or proppant (9.5%) and several additives (0.5 percent) is pumped down the
hole at high pressure to creating fractures in the formation that are held open by the sand or
proppant grains. This combination of fluid, solid and additives is usually referred to as
fracturing fluid. The data released by EPA in March 2015 shows huge amounts of water being
used in a fracturing operation (Al-Muntasheri, 2014; U.S. EPA, 2015).

7

Table 2.1: State-specific information on the disclosures with a fracture date between January
1, 2011, and February 28, 2013; total water volumes reported per disclosure; and the number
of unique additive ingredients reported per disclosure (U.S. EPA, 2015).

STATE

WATER VOLUME
(GALLONS)

NUMBER OF
ADDITIVE
INGREDIENTS

COLORADO

463,659

13

LOUISIANA

5,148,696

10

MISSISSIPPI

9,173,624

14

NEW MEXICO

172,452

21

NORTH
DAKOTA

2,019,513

15

TEXAS

1,413,287

15

Additives play several roles, including helping to reduce friction (thereby reducing
the amount of pumping pressure from diesel-powered sources, which reduces air emissions)
and prevent pipe corrosion, which in turn help protect the environment and boost well
efficiency.
A fracturing fluid has certain requirements for it to be called an ideal fluid for
fracturing operation like (Howard and Fast, 1957; Liang, Sayed, Al-Muntasheri, Chang, and
Li, 2016):
•

It should transport the propping agent to the very ends of the fracture

•

It should be compatible with the formation rock and reservoir fluids without degrading the
hydrocarbon fluid
8

•

It should generate enough pressure gradient across the fracture to create the desired width
of the fracture

•

It should not too viscous and should be able to minimize friction pressure losses during
pumping process

•

It should be formulated using chemical additives which are approved by the
environmental agency regulations.

•

The combination of fluid, solids and additives need to be cost-effective.

2.2 Role of Proppants in Hydraulic Fracturing
Ever since proppants were discovered, they have been most importantly used to
provide a high conductive path for fluids to flow from the formation to the wellbore,
irrespective of their other applications. The selection of proppant has been limited for a long
time to the understanding of proppant performance in downhole conditions (Palisch,
Duenckel, Bazan, Heidt, and Turk, 2007), performance prediction from various other options
and selection of proppants that suits the economic requirements of the well the best
(Saldungaray, Palisch, Leasure, and Ceramics, 2015). However, recently, it has been
observed that proppants can do a lot more than just provide conductivity to the well. Apart
from providing conductivity, the proppants can potentially be used (Saldungaray et al.,
2015):
a) To assure longer productions from a well by developing chemical inhibitors
with the proppants that can be released at later times.
b) To increase the productivity by modifying the surface of grains of proppant.
c) To provide diagnostics of the fracture and production by using smart
proppants.
9

2.3 Proppants and Their Properties
Proppants, or sometimes called propping agents, are required to keep the fractures
open after the surface pumps are shut down, and the fracture starts to close under the
influence of fracture closure stresses. An ideal proppant is a strong granulated solid which is
resistant to crushing under stress, resistant to corrosive environments, has a low density, is
readily available at low cost (Tandon et al. 2012; Blackwood et al. 2011) and should mitigate
the effects of productivity decline over time (Saldungaray et al., 2015). Some of the
important properties quantifying a proppant are as follows:
2.3.1

Proppant size and shape. Proppants come in different sizes by their grain

diameter which is very important for hydraulic fracture operation. Proppant size generally
varies between 8 and 140 mesh (105 µm and 2.38 mm). The mesh size is defined as the
number of openings across one inch of screen used for the grain sieve analysis, where a sieve
analysis is the standard method to measure the size of proppants. While describing the
proppant grain size, the proppant is often referred to as the sieve cut which passes through
the given sieve. For example, 20/40 mesh is 420 µm - 841 mm; 30/50 mesh is 297 µm - 595
mm and 40/70 mesh is 210 µm - 420 mm. Usually, the larger sized proppants have been
observed to provide higher fracture conductivity irrespective of the rock formation around
the fracture. The traditional fracture treatment usually start pumping the fluid with smaller
particle size proppant and which are tailored with larger particle size proppant in order to
maximize the near wellbore conductivity (Liang et al., 2016).
Apart from proppant grain size, proppant grain shape and proppant morphology is
one of the most important factor that affects the selection of any proppant for a fracture
operation (Zheng et al., 2017). Morphology is the structural property of the proppant that
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defines the sphericity and roundness of a proppant grain. Sphericity is defined as the factor
that determines how the proppant is to a perfect spherical shape. Whereas, roundness
determines the smoothness of a proppant grain which determines the sharpness of a proppant
grain (Liang et al., 2016). Figure 2.1 shows a plot of roundness versus sphericity where if the
values of both the properties is unity the proppant is a perfect sphere with a uniform smooth
surface.

Figure 2.1: Inspection chart for visual inspection of proppant sphericity and roundness
(Liang et al., 2016).
2.3.2

Transport of proppants. The proppants are carried down into a fracture with

the fracturing fluid. This makes the suspension of proppant grains in the fracturing fluid a
very important factor. The conventional methods of fracturing design are still dominant in the
oil and gas industry. As per which, the viscosity of a fracturing fluid is one of the major
factors that defines the selection criteria for a fracturing fluid design (Hill, Sun, and Hill,
2013). Viscosity is usually measured and defined for a constant shear rate by a viscometer for
the given time and temperature conditions. Though there are different studies for fluid
viscosity but the classic Stokes law states that the sedimentation velocity is inversely
proportional to the medium viscosity (Al-Muntasheri, 2014). The Stokes law model has been
used in the industry not only to design the natural guar-based fracturing fluids or cellulose11

based fracturing fluids but also for the synthetic polyacrylamide polymer based fracturing
fluids. The new developments and further researches have shown that apart from fluid
viscosity, fluid elasticity is another important parameter that controls proppant suspension
and the transport properties (Fredd et al., 2000; Veatch Jr and Moschovidis, 1986; Veatch,
1983).
Recently an increase in hydrocarbon production from tighter shale formations is with
the help of hydraulic fracturing. A fracturing operation for shale is specifically called slick
water fracturing which is a method of hydraulic fracturing by adding different additives to
the fracturing fluid to increase the fluid flow with a different proppant transport mechanism
from the conventional method. The concentration of polymers in slickwater is lower than the
conventional methods; the fracturing fluid does not have high viscosity or elasticity which is
necessary to keep the proppant in suspension (Palisch et al., 2010). Due to this low viscosity
and elasticity, the proppant grains settle at much faster rates, and proppant transport could
possibly be dominated by the movement of the proppant grains itself rather than depending
on the proppant carrying capacity of the fluid (Liang et al., 2016; Ouyang, Zhu, and Hill,
2013).
2.3.3

Proppant types. Ever since the start of fracturing operation, different

materials have been used as proppants that not only aid in improving the conductivity but
also to improve mechanical properties of fracture. The first well was fractured with using
silica sand as the propping agent (Al-Muntasheri, 2014). Since then several natural and
engineered materials have been used including natural sand, walnut shells, glass, engineered
ceramics or modified sand proppants (Vincent, 2002). Even though after several advances in
proppant technologies sand and ceramics are the two most commonly used types of

12

proppants which are used for fracturing operation. But based on their conductivity, the
proppants can be divided into three major groups as shown in Figure 2.2.

Figure 2.2: The conductivity triangle showing different types of proppants and their basic
properties (Blackwood et al., 2011).
Additionally, these are different types of proppants that meet all the required
characteristics for a fracture design can be classified in four major types:
a.

Silica or Natural Sand proppant. Natural sand was the first proppant to be

used in 1947. This sand was obtained from the sediments of Arkansas river which is
composed mostly of quartz sand made up of mostly silica which was processed. Since that
time sand has been a major proppant most importantly due to its economic advantages over
other proppants. The natural sand proppant is usually technically referred to as Frac sand or
sand proppant. The sand which is used as proppant must undergo several processed to
maximize their performance. These optimization processes include processes like cleaning,
mineral extraction and sieve analysis for grain size distribution (Duenckel et al., 2017). The
most commonly used sand is the Silica White and which has a high percentage of silica and
very less impurities, giving it a better mechanical strength and better resistance to crushing
under stress. The other kind is the US Brown sand with lower silica percentage and higher
13

impurities, reducing its mechanical strength drastically (Duenckel et al., 2017; World Oil,
2014).
b.

Resin Coated Sand proppant (RCS). The natural sand does not have very

high compressive strength which leads to sand being broken into fines when it is under stress
beyond its limits (Raysoni and Weaver, 2012). Even though the frack sands were economical
but had comparatively low conductivity so, Resin Coated Sands (RCS) were introduced that
provided better fracture conductivities. The RCS are produced by applying a coating of
natural resin polymer on the sand surface to improve their conductivity and mechanical
strength. The biggest advantage of using resin to coat proppant apart from better conductivity
is that the coating prevents breaking of sand grain within the coating, thus preventing flow of
fines and proppant flowback to wellbore (Bestaoui-spurr et al., 2017; Ivanova et al., 2010;
Raysoni and Weaver, 2012). The coating results in a small increase in size of the sand grains
which allows them to be used as a mechanism for sand control in unconsolidated zones.
Since, the RCS are made from natural sand coated with natural resin polymer, they tend to
have lower temperature tolerance. This makes them unsuitable to be used in deeper or
abnormally high temperature formations as they tend to show degradation under those high
temperatures (Duenckel et al., 2017; Liang et al., 2016; Vincent, 2004).
RCS proppants are prepared by either applying the coating with resin in a production
facility and then transported to the well site location or coated at the well site by using liquid
resin coating (LRC) systems (World Oil, 2014). The natural resin coat is of curable nature,
but the uncured resin coats have been observed to have poor mechanical properties. The
properties from the resin coat are obtained by the interaction of the polymer resin with sand
grain structure to form a three-dimensional crosslinked structures (Kumar, Dao, and
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Mohanty, 2005). This process of three-dimensional structure is commonly referred to as
curing.
There are different types of resins that are used as the coating on proppants, but the
most commonly used ones are Epoxy Resins, Furan Resin Polyesters, Vinyl Esters, and
Polyurethane. The types of common polymers with their properties are listed in Table 2.2
(modified from Liang et al.). Epoxy resin is the most common polymer which is used, the
reason being it has better mechanical strength, high heat resistance and inertness towards
most chemical reactions. Whereas, Furan has a great resistance towards heat and water.
However, furan does not provide the required mechanical strength. Polyurethane provides
great mechanical strength, good temperature and chemical resistance when the proppants are
used when the temperature is below 250 oF (Liang et al., 2016).

15

Table 2.2: Most common polymers and their properties (Liang et al., 2016).
Polymers

Application

Strength

Temperature

Heat

Chemical

Resistance

Resistance

Epoxy Resin

250 – 400

Good

Excellent

Good

Vinyl Ester

212 – 300

Fair

Fair

Moderate

Polyurethane

210 – 250

Good

Good

Moderate

Furan Resin

375

Poor

Moderate

Good

c.

Ceramic proppant. The growing demand for energy has driven the need to

access the hydrocarbon found at much greater depths. The sand proppants do not have
compressive strengths to withstand high closure stresses greater than 6000 psi. This led to
development and use of high strength ceramics to be used as proppants in a fracking
operation. Ceramic proppants are an engineered proppant which are manufactured using non
– organic chemicals like Sintered Bauxite, Kaolin, Magnesium Silicate with more
compounds of bauxite and kaolin. When compared to silica sand, ceramic proppant is
observed not only to have better mechanical strength and better crush resistant for stresses
exceeding 9,000 psi but also has better thermal and chemical resistance (Green, Dewendt,
Terracina, Abrams, and Harper, 2018; Liang et al., 2016; Tandon, Heidari, Aderibigbe, Shi,
and Fuss-Dezelic, 2018). Since the ceramic proppants are engineered and manufactured, they
have a uniformity in size and shape, and have better morphology i.e. sphericity and
roundness which results in a better flow capacities of proppant pack for a longer period. The
ceramic proppants are high performance engineered product making them cost much more
than the natural or resin coated sand.

16

d.

Light weight proppants. Most of the fracturing fluid is either water-based

(specific gravity of 1.0) or brine based solutions (specific gravity of approximately 1.2) and
the specific gravity of natural sand is approximately 2.65 and the ceramic proppants have a
specific gravity going up to 3.9. Both sand and ceramic proppants are comparatively heavier
than the water or brine solution which form the fracturing fluid to carry the proppant down
the wellbore. Due to their higher densities the conventional proppants have several
drawbacks. First, the high density of solid proppant material results in a smaller fracture
volume. Second, the high-density material means more solid material leading to higher cost.
Third and last, a high-density proppant will have faster settling which requires the use of high
viscosity fracturing fluids to keep the proppant material suspended in the liquid phase and
allow for creation of longer fractures (Al-Muntasheri, 2014). The proppant settling velocity is
given by Stoke’s law expressed as:
𝑉𝑉𝑠𝑠 =

2
�𝜌𝜌𝑝𝑝 −𝜌𝜌𝑓𝑓 �𝑔𝑔𝑑𝑑𝑃𝑃

18µ

2.1

where Vs in cm/s is the Stoke’s settling velocity of a particle, ρP in gm/cc and ρf in
gm/cc are the densities of the particle and the fluid suspending the proppant grains,
respectively, dP in cm is the grain size, µ in poise is the viscosity of the fluid and g is
acceleration due to gravity which is 980 cm/ sec2 (Al-Muntasheri, 2014)
.This led to development of light weight proppants. These special kinds of proppants
are preferred over the conventional proppants. These proppants have a reduced proppant
settling, requires lower viscosity fluids for transport and allows for longer propped fracture
lengths. Their specific application is in shale reservoirs. The shale formations are often
fractured with low viscosity fluid called slickwater to generates long fractures with the least
formation damage (Palisch et al. 2010; Liang et al. 2016). The fluid used in slickwater
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fracturing is a low viscosity fluid, with a low proppant carrying capacity for the conventional
high density proppants (Palisch et al. 2010). The use of high-density proppants require higher
pumping rates rather than higher viscous and elastic nature of fracture fluids. The use of low
density proppant is more efficient and useful in formations like shale which require for a
higher pumping rates or fracture fluids with low viscosities (Gnedenkov et al., 2016; Liang et
al., 2016).
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Chapter 3: Theory
3.1 Wettability
Wettability is defined as the property of a solid surface that describes the preference
of a solid to be in contact with a fluid over the other. The preference of the solid originates
from the surface and interfacial forces active in the solid and liquid phase. When a wetting
fluid comes in contact with the solid surface it starts to displace the non – wetting fluid and in
extreme conditions spreading over the entire surface. Whereas, if a non - wetting fluid is in
contact with the surface already originally covered by the wetting fluid, it takes up a
spherical structure or beads up, which minimizes its contact with the solid. A special
condition occurs when the surface is neither water wetting nor oil wetting, the interfacial and
surface forces being in equilibrium in the oil/water/solid system will result in a contact angle,
θ, which is between the fluids at the solid surface (Abdallah et al., 2007; Bestaoui-Spurr, et
al., 2017; Shrey et al., 2018) as shown in Figure 3.1.

Figure 3.1: Illustration of wetting and non-wetting behavior of the solid surface (BestaouiSpurr et al., 2017).
The quantification of wettability is majorly dependent on the interaction of solid and
the liquid phase and the surface and interfacial forces acting between the surface and the
fluid. This quantification is mathematically described Young’s Equation which is expressed
as
cos 𝜃𝜃𝑌𝑌 = �𝜎𝜎𝑠𝑠𝑠𝑠 − 𝜎𝜎𝑠𝑠𝑠𝑠 �/𝜎𝜎𝑙𝑙𝑙𝑙
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(3.1)

Where 𝜃𝜃𝑌𝑌 = Young’s static contact angle and σ is the surface tension. The equation is

applicable for an ideal case scenario of a solid (s) – liquid (l) and gas (g) contact line and the
force diagram for the solid liquid interaction is illustrated as

Figure 3.2: Force diagram for Young’s equation (Shrey et al., 2018).
Based on Young’s equation, if the value for contact angle θ𝑌𝑌 is less than 90o, the

surface is hydrophilic and is in a wetting state. Whereas, if the value for θ𝑌𝑌 is greater than

90o, the surface is hydrophobic and is in a non-wetting state. There is a special case where
the contact angle is over 120o is referred to as a ultra-hydrophobic state where there is
negligible interaction between the wetting fluid and the solid surface (Ma and Hill, 2006).
Young’s equation for surface energy and contact angle works with an assumption that
the surface is flat, smooth and homogenous. The surface is considered to be ideal and the
contact angle is a function of the surface tension of the liquid and surface energy of the
surface. Though in practical applications no surface is perfectly smooth or frictionless and
has roughness at least at microscopic scale. The surface roughness results in an apparent
contact angle different from contact angle given by Young’s equation. This results in an
apparent wetting state given by Wenzel State and Cassie-Baxter State depending on the
origin of apparent contact angle from either chemical or surface reasons, originating due to
the roughness at nano and microscopic scales.
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3.1.1

Wenzel state. The reason that leads to origin of apparent contact angle θ*, is

the surface roughness “r”, which is defined as the ratio of true surface area to apparent

surface area, where r is always greater than 1 as shown in Figure 3.3 This apparent contact
angle is a result of an increased surface area due to the roughness on the surface, amplifying
the original hydrophobic nature of the surface (Callies and Quéré, 2005; Nosonovsky and
Bhushan, 2009; Song, Daniello, and Rothstein, 2014). In other words, the apparent contact
angle is a result Young’s contact angle multiplied by the factor r, so the equation for Wenzel
state is:
cos 𝜃𝜃 ∗ = 𝑟𝑟. cos 𝜃𝜃

(3.2)

where θ is the Young’s contact angle, irrespective of the chemical natures of the solid,

liquid and vapor. Equation 3.2 suggests that the contact angle on a hydrophobic material (θ >
90o) will increase with the roughness (θ* > 90o). The Wenzel state suggests a relation to
superhydrophobic nature, that the rougher the material at nano-scale, the higher the contact
angle due to minimal interaction between fluid and the surface. However, contact angles are
lower than expected as the liquid drop spread on a large surface area, contrasting with
equation 3.2 which predicts a unique angle. This interval, often referred to as the contact
angle hysteresis, is responsible for the sticking of drops.

Figure 3.3 Wenzel state of superhydrophilicity where the liquid drop follows the
contour of solid surface (Callies and Quéré, 2005).
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3.1.2

Cassie – Baxter state. The Cassie – Baxter state originates from a chemical

interaction on the surface of a solid. This state suggests that the liquid drop does not contact
the surface of but will stay on top of the asperities on a fraction which is denoted by ɸs. This
state suggests that only air is present between the solid surface and the liquid drop resulting
in contact angles approaching up to 180o as shown in Figure 3.4 This suggests that the
smaller the contact area fraction ɸs is the higher the extent of hydrophobicity will be (Callies
and Quéré, 2005; Song et al., 2014). The apparent contact angle θ* originating from Cassie –

Baxter state is an average of angles on the solid and air fraction of the surface yielding to a
weighted surface fraction of ɸs and 1- ɸs respectively. The expression for apparent contact
angle given by Cassie – Baxter state is expressed as
cos 𝜃𝜃 ∗ = ɸ𝑠𝑠 (cos 𝜃𝜃 + 1) − 1

(3.3)

The Cassie-Baxter state is an only repellent state since the state archives high contact angles
and a very low contact with the actual surface. For example, assuming the actual contact
angle of θ = 110o and a surface contact ɸs of 10%, the apparent contact angle θ* = 160o.

This suggests that 90% of drop is in contact with the air pockets rather than the actual
surface resulting in greater extent of non-wetting behavior.

Figure 3.4: Cassie-Baxter state of superhydrophobicity where the liquid drop stays on top of
the air pocket and surface asperities (Callies and Quéré, 2005).
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3.1.3

Superhydrophobicity and superhydrophobic coatings. The wetting

behavior depends a lot on the wetting fluid and the fluid properties. If the wetting fluid is
water, the surface is called hydrophilic, and hydrophobic if water is the non-wetting phase.
Different studies done in the past have confirmed that the combination system of
micrometer-scale and nanometer-scale roughness as seen on lotus leaf, along with a low
surface energy material leads to apparent water contact angles of up to 150°, imparting the
self-cleaning effect to the surface. Surfaces with these properties are called superhydrophobic
(Barati Darband, Aliofkhazraei, Khorsand, Sokhanvar, and Kaboli, 2018; Carré and Mittal,
2009; Ma and Hill, 2006; Nosonovsky and Bhushan, 2009).
The lotus leaf has microscopic structure on its surface and these microscopic tower
like structures have nano-scale wax crystalloids structures on them making their wettability
state switch to Cassie – Baxter state. These mutual structures increase the apparent surface
area of the lotus leaf but prevents any interaction of liquids to the surface of the leaves. This
imparts self – cleaning properties to the lotus leaves where the droplets and impurities do not
adhere to the surface but rolls away cleaning the surface (Ma and Hill, 2006; Nosonovsky
and Bhushan, 2009) as shown in Figure 3.5.

Figure 3.5: Illustration of self-cleaning property of lotus leaf.
(Image courtesy from PSG Institute of Advanced science)
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The superhydrophobic coating follows the Cassie – Baxter state and forms a thin film
on the surface preventing the interaction of wetting fluid with the solid surface. This
phenomenon mimics the property observed in lotus leaves, using which the coating modifies
the wettability of the sample to a superhydrophobic state.
Due to this ability, the coating has various other applications but are not restricted to
only proppant modification but to several other applications like
•

For energy conversion and conservation by using reversible superhydrophobicity,
which is the property of the surface to switch between wetting and non-wetting states
when activated using an energy source like temperature or electricity.

•

The superhydrophobic surfaces have the ability to retain air on their surface so they
are used on underwater vessels like submarines and ROVs to reduce the drag
generated due to water flow along the walls of the vessel.

3.2 Permeability
Permeability is defined as a property of any porous medium which is used to measure
the capacity and ability of the porous media to transmit a given fluids through the porous
space denoted by, ‘k’. Like any porous medium the rocks and proppants have a pore space in
their structure and their ability to transmit fluids is called rock permeability. This rock
characterization was first defined mathematically by Henry Darcy in 1856 and the equation
that defines permeability in terms of pressure and flow parameters is called Darcy’s Law
(Hubbert 1956; Das and Wu 1856; Slattery 1963).
Darcy developed a fluid flow equation which were published in his book Les
Fontaines Publiques de la Ville de Dijon, that is the standard mathematical correlation to
define the fluid flow through a porous medium.
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The law states that in a linear flow of an incompressible fluid through a core sample
of length L and a cross-section of area A, then the fluid flow equation is defined as
𝑘𝑘 𝑑𝑑𝑑𝑑

𝑣𝑣 = − µ 𝑑𝑑𝑑𝑑

(3.4)

Where, v is fluid flowing velocity (cm/sec), k = proportionality constant, or permeability of
the rock, Darcy, µ is the dynamic viscosity of the fluid, cp and dp/dL = pressure drop per unit
length, atm/cm. The negative sign in the equation is to compensate for the pressure drop in
the direction of fluid flow. The above correlation was developed with the assumption that the
pressure drop across the length of the flow channel is a constant factor (Slattery, 1963; Tek,
1957).
The fluid flowing velocity, v, in equation 3.1.1 is not the absolute velocity of the
flowing but is the apparent velocity governed by contact area between the fluid and the solid
along with dynamic fluid viscosity and is given by the ratio of flow rate to the cross-sectional
area across which fluid is flowing through. Substituting the velocity term with flow
relationship, q/A, and solving for q results to
𝑞𝑞 =

𝑘𝑘𝑘𝑘 𝑑𝑑𝑑𝑑

(3.5)

µ 𝑑𝑑𝑑𝑑

where q is the flow rate of the fluid through the porous medium, cc/sec, A is the crosssectional area across which the fluid is flowing, cm2.
The permeability of 1 D (1 Darcy) is the fluid transport capacity of a rock with a fluid
flowing at flow rate of one cubic centimeter per second across a cross sectional area of one
square centimeter with a fluid viscosity of one centipoise and under a pressure gradient of
one atmosphere per centimeter of length (Ahmed 2006; Amyx, Bass, and Whiting 1960).
Darcy’s law was originally formulated to apply in a porous medium which is fully
saturated (100% fluid saturation) with a homogeneous and a single-phase fluid. Whereas in a
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petroleum reservoir, the pore spaces are saturated with more than one fluid like oil, water and
gasses. This led to introduction of concept of Effective Permeability, which is the conductive
property of a porous media for a given fluid phase, when the pore space is saturated with
more than one fluid. The definition of effective permeability states that each respective fluid
phase is independent of any other fluid present in the pore space and fluids are immiscible
(Ahmed, 2006). This allows for the application of Darcy’s law to each fluid individually as,
𝑘𝑘

𝑑𝑑𝑑𝑑

𝑣𝑣𝑓𝑓 = − µ𝑓𝑓 � 𝑑𝑑𝑑𝑑𝑓𝑓 − 𝑔𝑔𝑔𝑔𝑓𝑓
𝑓𝑓

𝑑𝑑ℎ
𝑑𝑑𝑑𝑑

�

(3.6)

Where, the subscript f refers to the specific fluid, oil, water or gas, k is the effective
permeability, g is the acceleration due to gravity, 980.665 cm/sec2, ρf is the density of
respective fluid in gm/cc and h is the vertical coordinate with positive considered in
downward direction, cm (Hubbert, 1956; Neuman, 1977). This shows that the permeability is
not only the function of rock properties but also that of the prevailing fluid saturation in the
pore space, wetting properties of the rock, and geometry of the pore space (Hassanpoor,
Hayatdavoudi, and Boukadi, 2013; Neuman, 1977).
The multiple fluid system can have numerous combinations of fluid saturations for
the given pore space, so the permeability for a multi-phase system is relative to each fluid
and is called relative permeability. Relative Permeability is defined as the ratio of effective
permeability of a fluid at a given saturation to the effective permeability of the fluid at 100%
saturation (Amyx et al., 1960). The relative permeability is expressed as
𝑘𝑘𝑟𝑟𝑟𝑟 =

𝑘𝑘𝑓𝑓𝑓𝑓
𝑘𝑘

(3.7)

Where krf is the relative permeability to the fluid, kfs is the effective permeability at
the given fluid saturation and k is the effective permeability at 100% fluid saturation for the
given fluid.
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3.3 Fracture Conductivity
The development of an oil or gas field requires millions of dollars to get the
hydrocarbon to the surface. The development of a field included processes like drilling and
completion of wellbores, installing downhole isolation systems, installing surface production
and safety equipment. Studies have shown that that wells without proppant packs have little
conductivity for flow but the propped wells not only improves the conductivity but also
improves the stability (Palisch et al., 2010; Raysoni and Weaver, 2012). The fracture
conductivity originating after the hydraulic fracture treatment, is important without which the
well would suffer drastic production decline. Fracture conductivity (Cf) is a function of the
permeability of the fracture and the fracture width, and is represented by the following
equation:
𝐶𝐶𝑓𝑓 =

𝑘𝑘𝑓𝑓 𝑤𝑤𝑓𝑓

(3.8)

𝑘𝑘𝑋𝑋𝑓𝑓

Where kf is the permeability of the fracture from proppant pack and wf is the width of
the fracture, k is the permeability of the formation and Xf is the length of the fracture
generated from fracturing operation (Chapman and Palisch, 2014; Mora, Orogbemi, and
Karpyn, 2010; Veatch Jr and Moschovidis, 1986; Veatch, 1983).
Fracture conductivity dependent on various well parameters including fracture
roughness, closure stress acting on the fracture, proppant size, proppant concentration, and
geomechanical properties of the rock in the near wellbore region. Therefore, optimizing
conductivity of the fracture using fracturing treatment to near wellbore rock characteristics is
important not only for wellbore economic but also for safety and environmental reasons.
Apart from fracture stability the second most important function of proppant pack in a
fracture is to increase the conductivity to maximize the production. The permeability of most
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of the propping agents be sand, RCS, or ceramic proppants, can be over 100 Darcies when
there is no closure stress acting on the fracture filled with propping agent (Chapman and
Palisch, 2014; Clark, 1949; Palisch et al., 2007). Whereas in actual field conditions the
conductivity of the fracture will be reduced during the life of the well due to several reasons
like:
•

Increasing stress on the propping agents

•

Stress corrosion affecting the proppant strength

•

Proppant crushing and damage

•

Migration of fines

•

Proppant embedment into the formation

•

Skin damage resulting from gel residue or fluid-loss additives

3.4 Effect of Wettability Modification on Conductivity
As discussed in earlier the superhydrophobic coating prevents the interaction between
the wetting liquid and solid surface by modifying the nano/micro level topography of the
surface. This Change in the nano/microscopic level in the surface topography modifies their
mechanical and wetting properties. It has also been observed from previous studies that this
change in topography results in an increase in roughness at which results in decreased
adhesion of fluids to the surface (Mammen et al., 2012). This drop in liquid solid adhesion
leads to a drop in surface energy that keeps the wetting liquid adhered to the surface. Due to
this reduced adhesion, the fluid experience less drag in the flow thus a drop in frictional loss
is observed in the flow (Blachon et al., 2017; Padial-Molina et al., 2011).
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The proppants have a great significance for the conductivity of the fracture.
Especially, in the case of slickwater fracking proppant design plays an important role where a
low viscosity fluid is used. Proppant properties like proppant strength, concentration of
proppant and wettability of proppant control the conductivity that a fracture offers (Fredd et
al., 2000).
As seen in the previous chapters, a fracture without any proppant does provide some
conductivity for the fluid flow. However compared to the propped fractures the conductivity
of the unpropped fractures the conductivity is really low (Raysoni and Weaver, 2012).
Whereas when the proppants are modified using nano-roughness modifiers like Teflon, the
pressure gradient required for the flow is much lower compared to the conventional
proppants. This increase in conductivity of the fracture is attributed to the nano-roughness
modified proppants which show a drop in liquid adhesion causing a drop in drag towards the
fluids flowing into the reservoir from the well or vice-versa (Song et al., 2014).
Additional studies have suggested that the superhydrophobic coatings modify the
initially water-wet sample to an oil-wet or a partial oil-wet state. The coating reduces the
surface energy for water but in turn increases the surface adhesion towards organic fluids like
oil. Even though the oil, flowing on the surface experiences more drag when it comes to flow
through sand packs, the permeability is so that the drop in oil flow is not very prominent and
oil continues to flow at rates higher than those achievable from conventional unmodified
proppants (Crawford, C. W.; Plumb, 1986; Ivanova et al., 2010).
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Chapter 4: Experimental Procedure And Materials
4.1 Coating Description
The nanoroughness coating was received from Aculon industries. The coating is a
clear Ethanol base fluorosolvent liquid coating with a viscosity of 2 cP and a specific gravity
of 0.98. The coating is specified to achieve a maximum water contact angle of 124o and a
maximum oil contact angle of 84o.
4.2 Sandstone and Sand Proppants
Four different sandstone samples were received from Kocureck Industries for
preparation of base case for the whole study. The four different sandstones included Gray
Berea, Buff Berea, Bentheimer and Leopard sandstones. As per the industry specification the
sandstones have following composition as shown in Table 4.1.
Table 4.1: Composition of sandstone samples (courtesy Kocureck Industries).
Sandstones

Quartz

calcite

dolomite

barite

hematite

kaolinite

illite

smectite

Gray Berea
Buff Berea
Leopard
Bentheimer

87
91
93.9
94.4

2
0
0.1
0.5

0
0
0
0

0
0
0.1
0

0
0
0.1
0

6
3
2.5
-

2
0
0
-

0
1
0
-

Figure 4.1: Sandstone samples a. Gray Berea, b. Buff Berea, c. Bentheimer and
d. Leopard.
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total
clay
8
4
3.7
2.7

The sandstone samples were cut into 1inch diameter and 1.3 inch length core
samples, that have different petrophysical properties which enabled to create a range of
values for a comparative study, as described in Table 4.2
Table 4.2: Permeabilities and Porosities of sandstone samples
Absolute
Porosity

Sandstone
Permeability, mD
Gray Berea

41

21%

Buff Berea

217

25%

Bentheimer

240

16%

Leopard

430

17%

The frac sand of different mesh sizes, 20/40 mesh, 40/60 mesh and 50/70 mesh
samples were received from U.S. Silica which are northern white sand proppants with wholegrain α-quartz (monocrystalline silica) proppants with following properties

Table 4.3: Physical properties of frac sand samples.
Bulk
Mesh size

Crush
Specific

Particle size
Density
range (mm)

resistance
gravity

(g/cc)

(K-value)

20/40

0.85 – 0.35

1.48 – 1.60

2.65

6k

40/60

0.35 – 0.25

1.48 – 1.60

2.65

7k

50/70

0.30 – 0.21

1.48 – 1.60

2.65

9k
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The sand pack samples were prepared by encasing the sand grains in a 1.5 inch
diameter and 12 inch long schedule 40 PVC pipes as shown in Figure 4.2.

Figure 4.2: 1.5 inch x 12 inch sand pack samples
a. 20/40 mesh, b. 40/60 mesh and c. 50/70 mesh
These sand pack samples similar to the sandstone samples have different
petrophysical properties which enabled to create a range of values for a comparative study as
follows
Table 4.4: Petrophysical properties of sand pack samples.
Sand packs

Absolute

Porosity

Permeability, Darcy
20/40

30.98

35%

40/60

21.60

41%

50/70

20.86

46%
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4.3 Sample Preparation
The sandstone samples that were received from Kocureck industries were 1 inch in
diameter and 10 inch in length. Whereas the core holder available for tests can handle core
samples of 1 inch diameter and a maximum of 1.5 inch length. The required length of the
sandstone samples was achieved by cutting the samples using the core cutting machine. Since
the sandstones are mostly composed of quartz the sample were cut using water as a cooling
fluid for the cutter blade.
After the samples are cut in the required dimension the samples collect the cutting
dust onto the surface. Since the coating forms a thin film on the surface, presence of cutting
dust and impurities on the surface could drastically affect the performance and efficiency of
modification. The cutting dust is removed by washing the sample first with Toluene and then
later with deionized water.
The cleaning process makes the rock sample saturated with cleaning fluids. A
thorough wash with water leaves the sample saturated with water. For the modification to
form the film the rock sample needs to be dry and free of any immovable fluid in the pore
space. The samples are then put in a vacuum oven for 24 hours with the temperature set at
108 oC. The temperature was set over 100 oC to make sure all the water in the pore space gets
evaporated and the vacuum pump draws the remaining water or vapor out of the pore space
rendering the core sample completely dry.
The long hours of constant exposure can possibly render some changes in the
dimension of the core sample. After making sure that the core sample have cooled down, the
dimensions of the samples are measured to confirm that the core dimensions are same as that
before the drying process. Later, the sample weight were measured using an air tight
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weighing scale. After the weighing process we have the dry weight and the weight of the
core sample which was saturated with water. This allows to calculate the porosity of the core
sample using the given correlation
ɸ=

{(𝑊𝑊𝑊𝑊𝑊𝑊 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑑𝑑𝑑𝑑𝑑𝑑 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜𝑜𝑜ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)⁄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 }
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(4.3.1)

where the weights of the sample are in grams, density of the fluid in gm/cc making
the porosity to be unitless. The ratio of the difference in weights after and before saturation to
the density of saturating fluid gives the pore volume of the core sample.
The samples are later to be tested for their wettability state. Since all the sand and
sandstone sample are initially deposited in a water-based environment making them initially
water wet. So, the wetting sate is to be confirmed after the samples have been modified with
the superhydrophobic coating. To apply the coating, a liquid bath of the coating fluid is
created, and the samples are left submerged in the bath for 4 minutes. Since the coating has
an ethanol base it starts a surface reaction with the samples and forms covalent bonds along
the surface of the grains. This leads to formation of a layer of coating being applied on the
surface of samples. Later all the extra coating fluid stored in the pore space is extracted using
a vacuum pump for later use and samples are left overnight to dry naturally.
4.4 Wettability Tests
The wettability of the sandstone is dependent on various surface and fluid properties
but majorly on the surface and interfacial energies of the surface and fluid. Since all the sand
and sandstone samples are deposited in a water environment they have an intrinsic property
of being water wet in nature (Bestaoui-spurr et al., 2018, 2017; Bestaoui-Spurr et al., 2017).
There are different ways to quantify the wettability which include quantitative processes like
drop shape analysis, capillary pressure measurement and surface energy analysis,
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microscopic processes like atomic force microscopy and qualitative processes like visual
inspection.

a.

b.

Figure 4.3: Different methods of wettability analysis. a. Drop shape analysis and b.
visual inspection.
In this study qualitative visual analysis was used to decide the wettability state of the
sample. One drop of test fluid each both water and oil were dropped on the surface of sample
and observed the shape of the drop. If the drop formed a spherical structure the fluid is nonwetting and if the drop spreads over the surface the liquid is wetting in nature. The visual
inspection does not provide the actual contact angle but only provides the extent of test fluid
forming a sphere like structure based on the wetting behavior. If the fluid starts to spread out
on the surface, the fluid is the wetting phase and the more the fluid forms a spherical bead
like structure the fluid is more of a non-wetting phase.
4.5 Sandstone Permeability Tests
The flow capacity of a sandstone or a porous media is given by permeability of the
medium. The permeability as seen from the earlier chapter and previous studies, is not only
the property of the rock but also is dependent on the fluid that is flowing through the medium
and additionally the interaction between the fluid and the solid surface. To get the better
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analysis of the flow capacity of the sandstone samples and the change in flow capacity after
modification following methods were adopted as shown in Figure 4.4.

Figure 4.4: Flow schematic for absolute permeability tests
4.5.1

Water absolute permeability. The water permeability was measured with

deionized water. At first the sandstone samples were measured for their dimensions of the
core sample for their cross-sectional area and length. Then the sample was brought to 100%
water saturation using a vacuum liquid bath and was weighed to measure the porosity of the
sample. Then the core samples were placed in a Fancher type core holder and secured firmly
to prevent any fluid losses. With all the connections made and secured, the dual piston pump
was started to deliver at a low constant pressure drop and the flow was allowed to stabilize.
Then the pressure drops, and flow rates were recorded, and the process was repeated with
increasing the pressure gradient. Using the pressure, flow rate and core dimension data water
permeability was recorded.
Then the sample was dried up and was coated with superhydrophobic coating to be
rendered modified and the process of permeability measurement was repeated to get the
modified water permeability of the sample. The samples were weighed at each stage to
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record of any changes in porosity of the sample. After the samples were tested, they were
dried up and stored in storage boxes.
4.5.2

Permeability to oil. The oil permeability was measured with 42 oAPI oil with

the temperature being kept constant at 75 oF, keeping the temperature is important because
with an increase in temperature the oil tends to lose the gases dissolved in the liquid phase
decreasing the API and increasing the viscosity of the oil. At first the sandstone samples were
measured for their dimensions of the core sample for their cross-sectional area and length.
Then the sample was brought to 100% oil saturation using a vacuum liquid bath. Then the
core samples were placed in a Fancher type core holder and secured firmly to prevent any
fluid losses. With all the connections made and secured, the dual piston pump was started to
deliver at a low constant pressure drop and the flow could stabilize. Then the pressure drops,
and flow rates were recorded, and the process was repeated with increasing the pressure
gradient. Using the pressure, flow rate and core dimension data water permeability was
recorded.
Then the sample was dried up and the sample was flushed and cleaned with toluene to
displace any oil in the pore space and dried up. Then the sample was coated with
superhydrophobic coating to be rendered modified and the process of permeability
measurement was repeated to get the modified water permeability of the sample. The
samples were weighed at each stage to record of any changes in porosity of the sample. After
the samples were tested, they were dried up and stored in storage boxes.
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4.5.3

Relative permeability. The relative permeability test is the two-phase flow

test for flow of oil with respect to the water in the pore space. The test was performed
adopting the following flow schematic as shown in figure 4.5.

Figure 4.5: Flow schematic for relative permeability test courtesy Coretest systems
The relative permeability tests were performed using Coretest systems, TBP-804
bench top permeability system. First the core samples were saturated to a 100% saturation
with 10% by weight brine solution to determine their water permeability. Then the sample
was flushed with 42 oAPI oil to reduce the water saturation to irreducible water saturation
and the values were recorded. After the tubing lines were cleaned and dried the core sample
was loaded in the core holder unit. Then confining pressure of 300 psi was placed, with the
flow rate selected for the test, the pump was set to corresponding pressure gradient and the
pump was started. When there is no return of oil in the collection cups the pumps are stopped
and the core sample is placed in the Dean Stark distillation apparatus to measure the final
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saturation of the core sample. The test gives all the flow and saturation data using which the
relative permeabilities were calculated.
The samples were then flushed with toluene to clean out any residual fluids in the
sample and dried up. After the samples have been dried, the samples were coated, and the
test was repeated on the modified sandstone samples.
4.6 Sand Pack Permeability Tests
The sand pack permeability tests are a set of flooding experiments performed to study
the flow characteristics and parameters for fluid flow in the sand pack pore space. The sand
pack tests were performed first with water to simulate the process of hydraulic fracturing
where the proppant pack is flooded with frac fluid. Then the test was performed with oil to
simulate the initial production time with both oil and water in the proppant pack where oil
starts to move into the wellbore by displacing the water in proppant packs.
4.6.1

Water permeability. The water permeability of the sand pack is important to

allow for an efficient flow of water-based fracture fluids into the formation and back. It is
very important for the fracture fluid to flow back into the wellbore and up the surface
because it minimizes the skin damage to the formation.
The test starts with flooding the sand pack sample with deionized water and bringing
them to 100% water saturation and calculate the effective pore volume in place for the sand
pack. Then a slow and steady flow rate was established, and pressure gradients were recorded
for each increasing flow rates. The tests were performed by keeping the sand pack in a
vertical position as shown in Figure 4.6 to mitigate any effect of gravity that could cause
formation of fingers in the sand pack. Then with the flow data and sand pack dimensions,
water permeability of the sand pack is determined.
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Next the sand pack is opened, and the sand particles are dried up in vacuum oven
overnight and placed in a dehydrate chamber to get rid of any residual water saturation. After
this the sand grains are put in the coating liquid bath for 4 mins to coat the sand grains. After
the samples have dried up the sand pack is prepared, and the test is repeated with coated sand
grains.

Figure 4.6: Experimental setup of the sand pack permeability test

4.6.2

Two-phase permeability. The two-phase permeability test included test in

which oil is pumped in a water saturated sand pack to simulate the initial production phase of
an oil well where the oil starts to displace the water-based fracturing fluid in the proppant
pack and the water saturation is reduced to irreducible water saturation.
The test starts with flooding the sand pack sample with deionized water and bringing
them to 100% water saturation and calculate the effective pore volume in place for the sand
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pack. Then a slow and steady flow rate was established for the oil flowing through the water
saturated sand pack, and pressure gradients were recorded for each increasing flow rates. The
tests were performed by keeping the sand pack in a vertical position as shown in Figure 4.6
to mitigate any effect of gravity that could cause formation of fingers in the sand pack. Then
with the flow data and sand pack dimensions, relative permeability of the light oil to the
irreducible water saturation is calculated.
Next all the fluids including oil and water are displaced and flushed with toluene to
clean the sand pack. Then the sand pack is opened, and the sand particles are dried up in
vacuum oven overnight and placed in a dehydrate chamber to get rid of any residual water
saturation. After this the sand grains are put in the coating liquid bath for 4 mins to coat the
sand grains. After the samples have dried up the sand pack is prepared, and the test is
repeated with coated sand grains.
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Chapter 5: Results and Discussions
5.1 Wettability Modification
One of the main milestones of this work is to modify the test samples using
superhydrophobic coating and to verify the change in wetting state of the sample. When a
Berea sandstone sample was introduced to a drop of bubble as shown in Figure 5.1, it was
observed that the sample is hydrophilic i.e. the sample is water wet as the water drop
completely spreads out on the rock surface making a contact angle of almost 0o i.e. θ ≈ 0o.

This confirms the theory that all unmodified sandstone samples are water wet in nature due
to their marine deposition environment.
When the sandstone samples were modified, their wetting behavior is tested not only
with water but also with oil. It is known by convention that if a surface is hydrophobic or
water repellent, it is oleophilic i.e. non-repellent to oil. When a drop of oil and water were
introduced on the rock surfaces as shown in Figure 5.2, the sample shows a partial wetting
behavior. The water drop has a contact angle θ ≈ 90o whereas the drop of oil shows a contact
angle θ > 60o. The oil drop rather than spreading on the surface shows a partial spherical
surface, showing a partial wetting behavior towards both oil and water.

The wettability test with visual observation shows that after the core samples were
modified with superhydrophobic coating, the samples get modified to partial wetting state the
surface is neither oil wet nor water wet.
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Figure 5.1: Intrinsic water wet nature of Berea sandstone.

Figure 5.2: Coated sandstone samples showing partial wet state of samples.
a. Gray Berea, b. Buff Berea, c. Bentheimer and d. Leopard.
5.2 Sandstone Absolute Permeability with Water
The permeability test was performed to test the fluid flowing ability of the sandstone
core samples with water. The core samples were kept vertical in the test to mitigate the effect
of gravity and have a uniform flow along the core sample. The unmodified core samples
show a water permeability of 41.26 mD for Gray Berea, 217.71 mD for Buff Berea, 240.77
mD for Bentheimer, and 430.78 mD for Leopard sandstone. This shows that Leopard
sandstone sample is the sample with highest permeability.
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After the samples were modified, all the samples show an increase in their
permeabilities by 42% to 58.65 mD for Gray Berea, 48% to 323.05 mD for Buff Berea, 71%
to 412.07 mD for Bentheimer and 173% to 1176.29 mD for Leopard sandstone as shown in
Figure 5.3. The tests were done at constant pressure drops for both coated and uncoated
sandstone samples, so the increase in permeability is attributed to the modification allowing
for an increased flow rate due to slip along the surface for fluid flow.
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Figure 5.3: Semi-log plot for permeability with water for coated and uncoated sandstone
samples.
The test results lead to observation that the increase in permeability is directly
proportional to the initial permeability of the sandstone samples. This means the higher the
initial permeability the sandstone sample has, the greater the extent of increase in
permeability will be, after surface modification with superhydrophobic coating. The higher
permeability allows for the coating fluid to access more pore space area thus coating a
greater surface area of the pore space and modifying the wettability allowing for a higher
permeability after modification.
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5.3 Sandstone Permeability to Oil
The permeability test was performed with oil to test the fluid flowing ability of the
sandstone core samples for more viscous fluids. The core samples were kept vertical in the
test to mitigate the effect of gravity and have a uniform flow along the core sample similar to
that of earlier tests. The unmodified core samples show an oil permeability of 5.45 mD for
Gray Berea, 40.06 mD for Buff Berea, 44.56 mD for Bentheimer, and 181.68 mD for
Leopard sandstone. This shows that Leopard sandstone sample is the sample with highest
permeability not only with water but also with more viscous oil samples.
As we have seen in earlier chapters that permeability is not only dependent on the
rock properties but also on the fluid properties and the interaction of fluid to the solid
surface. Different studies have shown that the permeability of a porous media is not just a
rock property but also a function of fluid properties like surface tension with the pore space,
fluid density, effective area of contact between fluid and rock, the velocity at liquid – solid
interface and inter-molecular forces of the fluid (Deinert, Parlange, and Cady, 2005;
Hassanpoor et al., 2013; Pyrak-nolte, Nolte, Chen, and Giordano, 2008; Tek, 1957).
The oil is a lighter fluid compared to water, but the molecules of oil are much larger
than that of water which results in a higher inter-molecular forces between the molecules
(Lautrup, 2010), leading to a higher viscosity and much greater resistance towards flow.
The Darcy’s law was defined for a fluid flow in a straight line path (Slattery, 1963),
whereas flow in a porous media is not in a straight line path but goes around the grains
making up the pore space increasing the effective length of the flow media. These distortions
in the flow channel lead to an increased tortuosity towards flow increasing the pressure
gradient required to flow due to frictional losses and laminar losses leading to a drop in the
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overall permeability to oil (Berg, 2014) as seen above when compared to permeability to
water.
After the samples were modified, all the samples show an increase in their
permeabilities by 77% to 9.63 mD for Gray Berea, 81% to 72.39 mD for Buff Berea, 91% to
84.93 mD for Bentheimer and 98% to 360.31 mD for Leopard sandstone as shown in Figure
5.4. The tests were done at constant pressure drops for both coated and uncoated sandstone
samples like water permeability test, so the increase in permeability is observed due to the
modification allowing for an increased flow rate due to slip along the surface for fluid flow.
Similar to the water permeability tests, the oil permeability test results show that the
increase in permeability is directly proportional to the initial permeability of the sandstone
samples. This confirms the theory that higher the initial permeability the sandstone sample
has, the greater the extent of increase in permeability will be, after surface modification with
superhydrophobic coating. The higher permeability allows for the coating fluid to access
more pore space area thus coating a greater surface area of the pore space and modifying the
wettability allowing for a higher permeability after modification.
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Figure 5.4: Semi-log plot for permeability with oil for coated and uncoated sandstone
samples.
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5.4 Sandstone Relative Permeability
The relative permeability of the sandstone or any porous media is a measure of fluid
flow with the presence of another fluid. Typically, one of the fluids is non-wetting flowing
with the wetting fluid being close to the surface and flowing at much lower flow rates. In an
oil-water system which is flowing through a porous sandstone core sample, water is the
wetting phase allowing for flow of oil through the pore space at much higher rates than an oil
wet sample.
The relative permeability test of uncoated sample confirms results from wettability
test that the sandstone samples are water wet. The observation could be made because the
two uncoated relative permeability curves intersect at water saturations greater than or equal
to 0.5 or 50%. Whereas after the cores were modified, the coated permeability curves
intersect at much lower water saturations. This confirms that the samples were modified to a
partial wetting state and not to a strong oil wet state as shown in Figure 5.5. Additionally, a
drop in oil relative flow is observed which could be attributed to the fact that the samples
were modified to a partial wetting state which is more oil wet than water wet. Additionally,
since the samples are partially oil wet, this is due to the increased surface energy between oil
and rock surface producing drag for the oil to flow compared to flowing water, thus a drop in
oil relative flow is observed.
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Figure 5.5: Relative permeability curves for sandstone samples
a. Gray Berea, b. Buff Berea, c. Bentheimer and d. Leopard sandstones.

5.5 Water Permeability of Sand Pack
Permeability tests were performed on sandstone samples to create a base case for the
experimental study on sand pack samples. The permeability test was performed to test the
fluid flowing ability of the sand pack samples with water. The sand packs as shown in Figure
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4.2 were kept vertical in the test to mitigate the effect of gravity which creates finger like
flow in high permeable sand packs and have a uniform flow along the length of the sand
pack. The unmodified sand packs show a water permeability of 30.98 Darcy for 20/40 mesh,
21.60 Darcy for 40/60 mesh and 20.86 Darcy for 50/70 mesh sand pack. This shows that
20/40 mesh sand pack have highest permeability. Since 20/40 mesh has the largest grain size,
which could be a reason for it being the most permeable sand pack.
After the samples were modified, all the samples show an increase in their
permeabilities by 23.16% to 38.16 D for 20/40 mesh, 22.79% to 26.52 D for 40/60 mesh, and
5.28% to 21.97 D for 50/70 sand pack samples. Figure 5.6 shows the flow behavior on a
pressure gradient versus flow rate plot. Since permeability is a function of pressure gradient
and flow rate, for the same flow rate if lower pressure gradient is observed, this means that
the fluid requires lower pressure gradient to flow the length thus higher permeability of the
sand pack. The tests were done at constant flow rates for both coated and uncoated sandstone
samples, so the increase in permeability is attributed to the modification allowing for an
increased flow rate due to slip along the surface for fluid flow.
Similar to the results from base case study with sandstone samples, the test results
lead to observation that the increase in permeability is directly proportional to the initial
permeability of the sand pack samples. The much higher initial permeability of sand packs
allows not only for fluids but also coating fluid to pass through the pore space which could
be a reason for the smaller change observed for sand pack permeability.
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c. Flow behavior of 50/70 mesh sand pack
Figure 5.6: Pressure versus flow rate plot for water permeability of sand pack samples.

5.6 Two-Phase Permeability of Sand Pack at Irreducible Water Saturation
When the well goes into production phase after fracturing operation, the oil starts to
displace water which could be stored in the pore space of the proppant pack. This stored
water uses up the pore space of the water wet sand grains. Thus, reducing the overall
permeability for the oil to flow leading to lower oil flow rates. The two-phase test was done
by allowing the oil to displace water from the water saturated sand pack, similar to fluid flow
in initial production phase of a well.
It was observed that the water saturation which could not be displaced by oil, also
referred to as irreducible water saturation (SWIRR) or connate water saturation. The 40/60
mesh had maximum SWIRR of 31%., whereas 20/40 mesh had 27% and 50/70 mesh had 30%
SWIRR. After the sand grains were modified with superhydrophobic coating the sand grains
show a drop in SWIRR for all sand samples. Where after modification the SWIRR for 20/40
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mesh was recorded to be 25%, for 40/60 mesh SWIRR was 24% and for 50/70 mesh it was
24% as shown in Figure 5.7. These drops are attributed to the modified partial wetting state
of sand grain allowing for water to flow more efficiently improving the overall conductivity
of the fracture. This mimics the flow back phase of the well where it is observed that the
modified sand proppants allow for a more efficient flowback of fracturing fluid resulting in a
better wellbore cleanup and reduced skin damage due to fracturing.
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Figure 5.7: Comparative plot for Irreducible water saturation of sand packs

After the water in pore space of sand packs were reduced to irreducible saturation, oil
was allowed to flow at steady rate simulating the initial production phase of the well. The
unmodified sand packs show the oil effective permeability of 13.82 Darcy for 20/40 mesh,
9.23 Darcy for 40/60 mesh and 9.31 Darcy for 50/70 mesh sand pack. This shows that 20/40
mesh sand pack have highest permeability or best conductivity for both water and oil to flow.
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After the samples were modified, all the samples show an increase in their
permeabilities by 53.40 % to 21.20 D for 20/40 mesh, 80.66 % to 16.68 D for 40/60 mesh,
and 39.55 % to 12.99 D for 50/70 sand pack sample as represented by the pressure versus
flow rate plot in Figure 5.8.
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Figure 5.8: Pressure versus flow rate plot for two-phase flow permeability of sand pack
samples at irreducible water saturation.
All the sand pack samples show a higher permeability during the initial flow times
confirming the theory that superhydrophobic coating helps in improving the conductivity of
flow through the sand pack. However, during the later phases of the tests, the uncoated
samples begin to show a better permeability to oil. This is seen by the crossover in the flow
behavior plot in Figure 5.8. There could be many possible reasons for this change, one of
which being wearing of coating due to drag caused by fluid flow. But the most prominent
reason that could cause this change is the wettability of the sand grains. As it was observed in
relative permeability test with sandstone samples, the coating yields the surface in a partial
wetting state where the samples exhibit a shift towards partially oil wet state. This could be
caused due to an increase in surface energy between oil and the sand grains providing
frictional drag in flow resulting in a drop in permeability of the sand pack.
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Chapter 6: Conclusions
The permeability of the sandstone samples is the measure of conductivity of the rock
sample. Absolute permeability with water indicated an increase of 42% for Gray Berea, 48%
for Buff Berea, 71% for Bentheimer and 173% Leopard sandstones when compared to their
original uncoated permeabilities making the coated sample more conductive to water.
Whereas, the increase in permeability to oil of 77% for Gray Berea, 81% for Buff Berea,
91% for Bentheimer and 98% for Leopard sandstones is observed compared to their original
permeabilities to oil. This shows that even though the coating material is superhydrophobic it
does not hinder the single-phase flow of oil. Additionally, relative permeability curves
confirm the intrinsic water wet nature of sandstone samples. But the coating being
superhydrophobic in nature, modifies the samples to a partial wet state which was also
observed from the wettability quantitative tests.
The sand packs exhibit an increase in absolute permeability of 23.16% for 20/40
mesh, 22.79% for 40/60 mesh and 5.28% for 50/70 mesh, compared to their initial uncoated
permeability. The change is greater for sand pack with higher initial permeability. This
higher initial permeability allows for a slip flow after modification was applied. The slip flow
aids in achieving the flow rate at smaller pressure gradients compared to non-coated samples.
The two-phase flow indicates a drop in pressure gradient required for the flow which
shows higher conductivity of the sand pack. The cross over in two-phase curves is observed
earliest for higher permeability (20/40) pack. This could be attributed to the intrinsic waterwet nature of the sand grains which come into action at higher flow rates for two-phase flow.
Though these results suggest the potential to improve fracture conductivities, but
further examination is required for fluid interactions and for downhole conditions.
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Chapter 7: Recommendations
The main scope of this work is to investigate the extent of fluids flow through a
fracture with nano-roughness modified partial wet sand proppant used as the propping agent.
The results of this study confirmed that the nano-roughness modified sand proppant has great
potential to improve the conductivity of fluid through the fracture but also improve the
longevity of a fracture. One of the most import part of the work is selection of coating fluid
for the time for preparation of modified sand proppant. The modified sand proppant should
adhere to the safety and engineering standards set. The results obtained from this study,
provided the fundamental understanding of wetting behavior and solid – liquid interactions
and how it affects fluid flow in porous media. However, the conditions such as high
temperature, high pressure and closure stresses can be considered to design the lab scale
fracture and perform a full-scale simulation. In addition to different parameters like presence
of gasses, capillary action, longevity of coating and frictional losses over longer lengths of
fracture need to be studied along with a full-scale field test, before recommending the nanoroughness modified sand proppant for commercial applications.
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Abstract
Superhydrophobic coating reduces the fluid/solid interaction leading to ultrahydrophobicity or the Lotus effect. The objective of this study is to determine how this
phenomenon can be applied in petroleum production systems to enhance fluid flow in
propped fractures using superhydrophobic coating on the surface of proppants. Permeability
and wettability of coated sandstone samples are compared with the non-coated ones to create
a base case for the study. Later sand packs are tested to determine the magnitude of
enhancement in fracture conductivity after the modification is applied on sand proppants.
The samples are measured for their absolute permeability and relative permeabilities to test
the changes in flow for both the single-phase and two-phase fluid flow. The test results show
a considerable increase of up to 98% for the single-phase flow and a 23% for the two-phase
flow for the sand pack samples. The wettability test confirms that the coating modifies the
samples from its initial water-wet state to a partial-wet state. Since the production rate of
tight and shale reservoirs is low especially in liquid-rich reservoirs, a significant amount of
water is injected for reservoir stimulation; enhancement in fracture conductivity as a result of
proppant surface modification can have a meaningful impact on the recovery of these
reservoirs. This study uses experimental techniques to show the effectiveness of
superhydrophobic coating on the reduction of friction which can lead to enhancement in
fracture conductivity.
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