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Abstract

Fracture stimulation, or hydraulic fracturing, has been increasingly implemented to
extract and enhance oil and gas production from unconventional resources with very low
permeability. In this stimulation technique, fracturing fluid is injected at very high pressure
into the underground to initiate and propagate fractures at the target reservoir interval.
Proppants, such as coated sands and ceramic, are mixed within the fracturing fluid and
distributed inside the fractures to keep the fractures open and maintain the conductive pathways
for oil and gas flows. Therefore, fracturing fluids must have sufficient stability and viscosity
to suspend, transport and place proppants deep into the fracture system.

Liquid foam has been an attractive alternative to conventional water-based fracturing
fluids, especially in water-sensitive or under-pressured reservoirs. Implementing fracturing
foams offers several practical benefits, such as low water consumption, reduced formation
damage, low leak-off rate and high efficiency in transporting and distributing proppants in the
fractures. However, while surfactant agents are mainly used to generate and stabilize liquid
foams, they tend to degrade very quickly at high temperatures and high salinity, resulting in
reduced stability and poor performance of fracturing foams at reservoir conditions.

The main aim of this study is to develop an optimized foam-based fracturing fluid with
sufficient stability and adequate proppant transportation capacity under harsh reservoir
conditions. Furthermore, the stabilization effects of nanoparticles and surfactants on the
properties of liquid foams are investigated by a wide range of surface and bulk-scale
experiments and fracture simulation modelling.

The experimental results show that the synergy between surfactants and silica
nanoparticles (SNP) has massive impacts on the properties of fracturing foams. At ambient and
elevated temperatures, the combination of SNP and ionic surfactant leads to higher foam
stability and foamability, compared to that of SNP and non-ionic surfactant. At sufficient
surfactant concentrations, the electrostatic attraction between SNP and cationic surfactant
results in a higher half-life, higher apparent viscosity and greater proppant-carrying capacity
when compared with the electrostatic repulsion of the SNP-anionic surfactant system. The
aggregation behaviour of SNP is promoted by either interacting with the oppositely charged
surfactants or increasing the temperature and/or salinity. It is found that the SNP aggregates
can either have positive or negative influences on the foams' properties, depending on their size
and location of accumulation. The simulation results show that foams' stability, rheology and
proppant suspension capacity are directly proportional to the propped area, fracture
conductivity and well productivity. In the simulated tight gas reservoir models, the fracturing
performance of SNP-surfactant-stabilized foams is significantly greater than that of the
benchmark slickwater frac case.

The research presents remarkable insights into the synergistic interactions between
surfactants and nanoparticles. Furthermore, it provides practical guidelines for designing an
optimal nanoparticle-surfactant mixture to stabilize and enhance the properties of fracturing
foams at high-temperature and high salinity reservoir conditions.
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1. Contextual Statement

1.1. Research background

In recent decades, due to the depletion of conventional hydrocarbon resources, there
has been an increasing need for production from unconventional resources to satisfy the
growing energy demand. These unconventional resources are challenging to extract because of
their low permeability, usually less than 1 mD. Fracture stimulation, or hydraulic fracturing,
was first introduced in Texas, USA, in the late 1940s (Speight, 2016). Since then, hydraulic
fracturing has been a very effective stimulation technique, which injects fluids at high pressure
into the underground to generate fractures in a target reservoir. Proppants, such as coated sands
and ceramics, are mixed within the fracturing fluids to keep the fractures open after the
treatment, creating a network of highly conductive pathways and enhancing the well
productivity (Barati and Liang, 2014; Speight, 2016). Therefore, it is critically important that
fracturing fluids have sufficient stability and viscosity to effectively transport and distribute
proppants in the fracture system. With inadequate fluid viscosity or stability, proppant particles
tend to quickly accumulate in the near-wellbore region, which eventually reduces the propped
area in both vertical and horizontal directions and decreases the fracture conductivity.

Generally, conventional water-based fracturing fluids such as slickwater are the
simplest and most inexpensive options to fracture a reservoir. However, they possess several
practical limitations, such as high consumption of water, limited proppant transportation
capacity, low flowback recovery, and water blocking in tight formations (Gupta, 2009) and
especially, they cause clay swelling and permeability impairment when interacting with water-
sensitive formations such as shale (\Wang et al., 2016; Wanniarachchi et al., 2017; Yekeen et
al., 2018; Fu and Liu, 2019; Fu and Liu, 2021). Multiple alternative fracturing fluid solutions
have been developed and introduced to address these limitations, and foam-based fracturing
fluid has been widely considered the most effective and successful one.

Since initially introduced in the early 1980s, liquid foams have been applied to
stimulate some water-sensitive and depleted reservoirs (Harris et al., 1984). Throughout the
decades, the advantages of foam-based fracturing fluids have been commonly reported and
acknowledged. First, due to the dominant volume of gas in foams, the water consumption
required in foam fracturing technology is only 10 — 30% compared to that of the conventional
water-based fluids. In addition, the high apparent viscosity of liquid foams offers substantial
benefits not only to the transportation and placement of proppants, but also to the low leak-off
rate (Kongetal., 2016; Fei etal., 2018; Isah et al., 2021). These foams' properties are significant
to decrease the chemical additive consumption, prevent formation damage from clay swelling,
water blocking and reduce the environmental concerns on the fracturing operation (Yekeen et
al., 2018). Moreover, as foams naturally break down by gas expansion over time, they offer a
very effective and rapid fluid clean-up after the treatment. However, as fracturing foams must
be produced on site before injection, there are some associated technical and logistical
challenges to construct the facility and to transport and store the chemicals, gas and liquids
separately (Wanniarachchi et al., 2015). Besides that, high surface pumping pressure is usually
required due to the low density of the fracturing foam.



During fluid injection with high shear rates and fracturing closing with low shear rates,
fracturing fluids should have sufficient stability and viscosity to transport and distribute
proppants in the fracture system effectively. With inadequate fluid viscosity or stability,
proppant particles tend to quickly accumulate in the near-wellbore region, which eventually
reduces the propped area in both vertical and horizontal directions and decreases the fracture
conductivity. Therefore, it is critically important that fracturing foams maintain highly stable
and viscous under harsh reservoir conditions such as high temperature and high salinity.

Traditionally, surfactant has been mostly used as a foaming agent to improve liquid
foams' rheology and proppant suspension capacity. It has been observed that surfactant-
stabilized fracturing foams possess some superior properties in laboratory studies (Zhou et al.,
2020). However, they have two major limitations in the field application, which include the
adsorption of surfactants on the rock surface and, more severely, the degradation of surfactants
at reservoir conditions with high temperature and/or high salinity (Kapetas et al., 2016;
Faroughi et al., 2018; Abdelaal et al., 2021). This significantly reduces the stability and
viscosity of the fracturing foams, leading to limited proppant transportation and poor
performance of the stimulation treatment (Luo et al., 2014; Lv et al., 2015; Ahmed et al., 2018).
While several approaches have been studied to enhance the foam durability, the combination
of surfactant and nanotechnology has been widely accepted as the most viable and efficient
solution to tackle these issues.

Although some previous research works have been conducted to study the effects of
nanoparticles on liquid foams, the cooperative interaction between surfactants and
nanoparticles has not been fully understood. Moreover, the synergistic effects between
nanoparticles and surfactants on the properties of foam-based fracturing fluids have not been
investigated before, especially at reservoir conditions. Therefore, a comprehensive study
focusing on this topic is necessary to fill in the presented research gaps.



1.2. Research objectives

The properties of liquid foams are unfavourably affected by many external factors, such
as temperature and salinity. The main aim of this study is to develop an optimized foam system
which has high stability, high proppant transportation capacity and excellent effectiveness in
the hydraulic fracturing application at reservoir conditions. Specifically, the combinations of
nanoparticles, surfactants and polymers are considered to enhance the properties of foams. This
research's primary purpose is to establish general guidelines for the petroleum industry in
designing foam fracturing treatment. The following objectives are addressed in the study:

a) Develop a reproducible and reliable experimental technique to evaluate the properties
of fracturing foams stabilized by surfactants and nanoparticles.

b) Determine the effects of surfactant type and concentration on the surface characteristics
of nanoparticles.

c) Investigate the synergistic effects between surfactants and nanoparticles on the
foamability, stability, viscosity and proppant-carrying capacity of the foam-based
fracturing fluids.

d) Determine the interrelationship among the stability, rheological and proppant
suspension properties of fracturing foams in the presence of nanoparticles.

e) Investigate the influences of temperature and salinity on the properties of nanoparticle-
surfactant-stabilized fracturing foams.

f) Integrate experimental results with numerical modelling to simulate and assess the
fracturing performance of liquid foams at reservoir conditions.

1.3. Thesis structure

This is a PhD thesis by publication. Five journal papers are included in the thesis, four
of which have been published in peer-reviewed journals, while one is currently under review.
The PhD candidate is the first author in all the papers. Table 1 summarizes all the journal papers
included in this thesis.

Five Chapters form the thesis body. The first Chapter introduces the research
background, objectives and thesis structure and outlines the relationship and contribution of
the journal papers to the thesis. The second Chapter presents a detailed literature review
surrounding the works of this thesis, including discussions of the theoretical background,
application and enhancement practice of foam-based fracturing fluids. Chapters three, four,
five, six and seven are the novel research performed as part of this thesis.



Table 1: Chapter outlines

Chapter Title Status

Study of the synergistic effects between different surfactant
Chapter 3 | types and silica nanoparticles on the stability of liquid foams at | Published
elevated temperature

Effects of cationic and anionic surfactants on the stability,
Chapter 4 rheology and proppant suspension of nanoparticle-stabilized Published
fracturing foams at elevated temperature

Simulation study of foam rheology and the effects on hydraulic

Submitted
fracture proppant placement

Chapter 5

Experimental study of the effects of salinity on nanoparticle-

surfactant foams for fracture stimulation application Fublished

Chapter 6

Performance evaluation of synthetic and natural polymers in
Chapter 7 nitrogen foam-based fracturing fluids in the Cooper Basin, Published
South Australia

Chapter three presents the influences of three distinct surfactant groups on the surface
characteristics of nanoparticles. This chapter also provides the synergistic effects between
surfactants and nanoparticles (NP) on liquid foams' foaming capacity and drainage behaviour.
Chapter four investigates the impacts of surfactant type and concentration on the key properties
of NP-stabilized foams, including the foamability, foam stability, rheology and proppant
suspension capacity. Both ambient and elevated temperatures are included in the experimental
investigation. Chapter five incorporates the results of previous experiments and develops a 3-
D fracture simulation model to evaluate and compare the fracturing performance of NP-
surfactant-stabilized foams and slickwater on a tight gas reservoir. The key comparison metrics
include the proppant distribution, fracture dimension, fracture conductivity and the cumulative
gas production post-treatment. Chapter six studies the effects of salinity on the properties of
fracturing foams stabilized by anionic surfactant and NP at both ambient and high temperatures.
The influences of salt concentration on the surface characteristics of NP are included and
supported by the colloidal dispersion stability's theory. Chapter seven presents the impacts of
polymer as an alternative stabilizing agent on the rheological behaviour of liquid foams in
reservoir conditions. By incorporating the experimental results and industry field data, this
chapter provides a simulation study of the performance of fracturing foams on an actual gas
field in Australia. Chapter eight summarises the main findings of this research and presents
recommendations for future work.



1.4. How publications are related to the thesis

The paper "Study of the synergistic effects between different surfactant types and silica
nanoparticles on the stability of liquid foams at elevated temperature™ presents the influences
of different surfactant types and concentrations on the zeta potential, aggregate size and
wettability of silica nanoparticles (SNP). The interaction and adsorption mechanisms of
surfactant molecules on SNP surface are thoroughly discussed. The effects of different SNP-
surfactant mixtures on the drainage behaviour of foams are evaluated at both ambient and
elevated temperatures, which helps determine whether the electrostatic attraction or
electrostatic repulsion between SNP and surfactant molecules is more beneficial in stabilizing
foams. The particle detachment energy theory is used to justify the enhanced stability of the
SNP-surfactant foams. The study provides an insightful understanding of the synergistic
interaction between surfactants and SNP, which contributes to establishing formulation
guidelines to develop sustainable and optimal foam-based fluids used in hydraulic fracturing.

The next two papers entitled "Effects of cationic and anionic surfactants on the stability,
rheology and proppant suspension of nanoparticle-stabilized fracturing foams at elevated
temperature™ and "Simulation study of foam rheology and the effects on hydraulic fracture
proppant placement", an integrated approach is developed to investigate the impacts of cationic
and anionic surfactants on the properties and fracturing performance of the SNP-stabilized
foams. A comprehensive set of laboratory experiments is established to examine the foaming
capacity, half-life, apparent viscosity and proppant settlement velocity of foam-based
fracturing fluids at both ambient and elevated temperatures. The observed interrelationship
among foam stability, foam rheology and proppant suspension capacity are elaborated in the
study.

Besides that, a 3-D fracture simulation model on a tight gas reservoir is developed using
the well logs, mini-frac, perforation design and reservoir properties data. The experimental
viscosity results of SNP-cationic surfactant and SNP-anionic surfactant foams are
characterized by the Power Law model and imported into the simulator, which allows for
assessing and comparing the fracturing performance among the studied foams versus the
industry benchmark frac slickwater fluid. The key assessment metrics include the proppant
distribution, fracture dimension, fracture conductivity and the productivity of the stimulated
well. Both papers provide practical guidelines for selecting the optimal surfactant type and
concentration in the hydraulic fracturing application. The influences of SNP-surfactant
interaction on the performance of liquid foams have been experimentally studied and then
validated through simulation modelling. Clear linkages have been unveiled between the
fracturing foams’ properties and the reservoir productivity.

The paper "Experimental study of the effects of salinity on nanoparticle-surfactant
foams for fracture stimulation application™ presents a complete investigation of the influences
of NaCl salt concentration on the foamability, stability, viscosity and proppant-carrying
capacity of SNP-surfactant-stabilized fracturing foams at both ambient and elevated
temperatures. DLVO (Derjaguin, Landau, Verwey & Overbeek) theory, which describes the
electrostatic interaction between two substrates, is used to justify the impacts of salinity on the
SNP colloidal stability and the foams' properties. At high salinity, the accumulation of SNP
aggregates in the bulk dispersion is observed, causing a massive reduction in the properties of
fracturing foams. This study contributes to developing practical guidelines for designing foam-

5



based fracturing fluids under high salinity conditions and understanding the impact of increased
salinity conditions on the performance of a hydraulic fracture treatment.

In the final paper entitled "Performance evaluation of synthetic and natural polymers in
nitrogen foam-based fracturing fluids in the Cooper Basin, South Australia”, natural and
synthetic polymers are studied as alternative agents to stabilize nitrogen foams at high-pressure
high temperature (HPHT) conditions of 1000 psi and 110°C. Actual reservoir data, completion
design and field production history from a local petroleum company are collected to build a
fracture propagation model on a producing gas field in the Cooper Basin, Australia. The
simulation model is used to investigate the fracturing effectiveness of the studied foam systems.
Through simulation modelling, the paper emphasizes the significance of foam quality and
thermal stability on the performance of fracturing foams in HPHT environments. The findings
of the paper help formulate guidelines to develop the sustainable and optimal foam-based fluids
used in hydraulic fracturing applications.
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2. Literature Review

2.1. Hydraulic fracturing

Since first introduced in Texas, USA in the late 1940s, hydraulic fracturing has
remained a fundamental engineering tool for extracting oil and gas from unconventional
resources, which typically has low permeability of less than 1 milliDarcy (Smith and
Montgomery, 2015; Yekeen et al., 2019). Some examples of unconventional resources are
coalbed methane, shale gas, gas hydrates and tight gas reservoirs. A typical fracturing
stimulation consists of five main stages: pre-pad, pad, slurry, displacement and shut-in (Guo et
al., 2017). Each stage is illustrated in Figure 1, and is briefly described as follows:

1. Pre-pad: Involves injecting a small amount of fluid to initiate fractures and to obtain
information about the characteristics of the reservoirs.
2. Pad: Involves injecting a large amount of more viscous fluids to break the formation

and propagate the fracture network.
3. Slurry: In this stage, the proppant is mixed in with the fracturing fluid and pumped
downhole to maintain a conductive pathway.

4. Displacement: Involves pumping fresh water to flush out the proppant slurry, which
is left in the wellbore.

5. Shut-in: Involves shutting down the well to allow fractures to close on the proppant.
The injected fracturing fluid then flows back, enabling hydrocarbon to be produced
afterwards.

Prepad

Fracture width T‘::”

Pad

Fracture width I ))

Slurry

* @
Fracture width IF:.-'.'.'. % %e® e e’
® 80 , e o o o0 o
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Propped fracture | ‘

Hydraulic fracture

Figure 1: Fracture growth in width and length and proppant (black dots) placement (Guo et al., 2017)



2.1.1. Fracturing fluid

Fracturing fluids play a critical role in the success of the fracture treatment. Speight
(2016) summarizes the key features of an ideal fracturing fluid, which should have:

High viscosity to carry and place proppant into the fractures. As more proppants are
transported and settled in a long distance, conductive pathways are created for oil
and gas to flow.

Compatibility with formation rock, reservoir fluid and the designed additives and
proppant.

Ability to generate a wide fracture by creating high-pressure drop along the fracture.
Low viscosity after the main treatment to allow effective flowback.

Cost-effective and environmentally friendly.

In order to achieve the above features, the fracturing fluid is designed with three main
components: the base fluid, chemical additives and proppants. Base fluid accounts for the
largest proportion of the total volume of the fracturing fluid mixture, typically 95 — 99%
(Speight, 2016). Several types of base fluids have been introduced and applied throughout the
history of hydraulic fracturing. Each base fluid type has its distinct properties, advantages and
disadvantages. A summary of some common base fluid types is shown in Table 2.



Table 2: Comparisons of common types of fracturing fluids (\Wanniarachchi et al., 2017)

Properties at
Fluid type ambient Advantages Disadvantages
conditions
+ Reduced well damage - Poor proppant-carrying
+ Cost containment capacity
. : + Higher stimulated volume | - Large freshwater consumption
Slickwater p :1000 kg/m? + Better fracture containment | - Large wastewater generation
w=2cp - Environmental issues
- Cannot be used in water-
sensitive formations
+ Better proppant-carrying - Limited fracture network
capacity propagation
Cross-linked | p =950 kg/m?® + Reduced well damage - Large freshwater consumption
fluid u =550 cP + Cost containment - Large wastewater generation
+ Higher stimulated volume | - Environmental issues
+ Better fracture containment
+ Reduced water usage - Unnecessarily induced high
Oil-based p = 850 kg/m? + Reduced logistic work. viscosity due to gelling
fluid u=100cP + Higher recovery rates - Higher capital cost
+ Rapid well clean-up - High flammability risk
. _ s | + Reduced proppant usage - Economically not efficient
,fAI\lcj:ilg-based Z ; ;2(:(')30 kg/m + Reduced water usage - Cannot be used i_n high-
carbonate reservoirs
+ Reduced water usage and - Higher initial cost
reduced wastewater - Higher logistic requirements
generation - Stability and viscosity
+ Reduced formation damage | reduction in high temperatures
Foam-based | p =250 kg/m? :a;';g:}g proppant-carrying
fluid #=10cP + Recyclable and reusable
+ Reduced environmental
damage.
+ Suitable for water-sensitive
formations

2.1.2. Proppants

Proppants are small-sized round particles, which are typically made of natural sand or
synthetic ceramic material. During fracturing operation, proppants are pumped in the slurry
stage, preventing fracture closure from the downhole pressure. Therefore, the placement of
fractures is critically important to the success of any fracture stimulation. Generally, proppants
are characterized by their size and material. Guo et al. (2017) summarize some critical
properties of proppants in Table 3.
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Table 3: Common proppant properties (Guo et al., 2017)

Properties Common types
12/20-mesh, 16/30-mesh, 20/40-mesh, 30/50 mesh,
40/70-mesh, 70/140-mesh

Proppant sizes

Common materials Silica sands, artificial ceramics, resin-coated
Compressive strength 4000 — 12000 psi
Proppant porosity 0.35-0.43

For sand proppants: 2.62 — 2.65

Proppant specific gravity For ceramic proppants: 2.55 — 3.9

2.2. Foam-based fracturing fluids

Foam is a dispersion of gas bubbles in the liquid. The schematic of the foam structure
is demonstrated in Figure 2. The gas bubbles are separated by thin liquid films called lamella,
while the junction point of three lamella is called the Plateau border. The behaviour of foams
is heavily influenced by the foam quality, which is the ratio between gas volume and the total
foam volume (Equation 1):

V;]as _ V;]as (1)

Q Vfoam Vgas + Vliquid

where Q is the foam quality, V. is the gas volume, Vj;4,4 is the liquid volume, and Voqp, IS
the total foam volume. Liquid foams can be classified as wet foams with 52-74% quality, dry
foams with 74-96% quality, and mist foams with >96% quality (Yekeen et al., 2018b). The
optimal foam quality for hydraulic fracturing application has been suggested at between 70%
and 80% (Kohshour et al., 2016; Anandan et al., 2017).

Plateau Gas
Border

Foam

Bulk
Liquid

Liquid Thin Region
Film Region

Figure 2: Schematic of foam structure in bubble scale (Schramm, 2005)
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2.2.1. Surfactants

Surfactants, or surface-active agents, play an essential role in generating foams. The
addition of surfactant helps reduce the surface tension of the liquid phase, allowing gas bubbles
to be formed (Schramm, 1994). The increase in surfactant concentration gradually reduces the
surface tension until reaching the critical micelle concentration (CMC). Beyond the CMC,
surfactant molecules start to form organized aggregates called micelles, which have no further
impacts on the surface tension or the foamability. The effects of surfactant concentration on
the surface tension and the formation of surfactant micelles are illustrated in Figure 3.

A

TRV IR

cobbe o0 o000 boobe

surface tension

AR '\H\i\ TRENIN
6 bbb0 bbb oote o 0ot e
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Figure 3: Effects of surfactant concentration on the surface tension

Surfactant molecules are amphiphilic, which contain a hydrophilic head attached to a
long hydrophobic tail. Based on the different electric charges in the head groups, surfactants
can be classified into four main categories as cationic surfactants (positively charged), anionic
surfactants (negatively charged), non-ionic surfactants (uncharged) and zwitterionic
surfactants (containing both positive and negative charges) (Negin et al., 2017). Figure 4
demonstrates four common surfactant types and their corresponding charges in the head groups.

Anionic NN N O
Cationic NN N O
Non-ionic P L O

Zwitterionic A A Q@
- », ® > 9 @

Figure 4: Common surfactant types and their charged head groups (Guerrero-Hernandez et al., 2022)
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2.2.2. Foam stability

Foams are thermodynamically unstable due to three main destabilization mechanisms:
foam drainage, bubble coarsening and bubble coalescence (Schramm, 1994; Majeed et al.,
2020). Figure 5 shows the simplified schematic of three destabilization mechanisms in foams.
These phenomena are interdependent on each other. It is essential to understand these
mechanisms to control and enhance the foams' properties. Among three mechanisms, liquid
drainage has the greatest impacts on the foam instability due to the film thinning from reduced
liquid content (Langevin, 2000; Kruglyakov et al., 2008; Li et al., 2017; Li et al., 2019).
Therefore, foam drainage should be predominantly focused in the foam stabilization study.

Liquid drainage Ostwald ripening

O—-CO—( )
Bubble coalescence

Figure 5: Simplified schematic of three main destabilization mechanisms in foams
(Denkov et al., 2020)

2.2.2.1. Foam drainage

In the foam drainage process, liquid flows downward and through the Plateau borders
due to the combined gravitational and capillary forces (Sun et al., 2008). The drainage
behaviour of different surfactant-foams over time can be shown in Figure 6.
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Drained from Foam
(=) =)
- N

Time (sec)

Figure 6: Liquid drainage from different surfactant-foams as a function of time (Hinnant et al., 2017)
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The liquid drainage velocity of foams can be determined by Equation 2 (Yekeen et al.,
2018a) as:

dhf h?
Vdrainage = F = 3,ueR§

APy (2)

where Vrginage 1S the liquid drainage velocity, hy is the film/lamellae thickness, u, is the
effective viscosity of the aqueous phase, R, is the foam film radius, and APy is the film
pressure. The liquid drainage can be delayed by increasing the dispersion viscosity.

2.2.2.2. Bubble coarsening

During the bubble coarsening or 'Ostwald ripening’ process, gas diffuses from small
bubbles to the larger ones. The bubble coarsening is driven by the pressure difference in
bubbles, which is also known as the Laplace pressure. The Laplace pressure in a bubble (AP)
can be determined from the Young-Laplace equation as:

20
AP = Pinside - Poutside = Rgas N Pliquid N R_b (3)
20
Rgas = Pliquid + R_ (4)
b

where AP is the difference between the pressure inside the bubble (gas phase) and the pressure
outside bubble (liquid phase), o is the surface tension of the gas-liquid interface, and Ry, is
bubble radius.

It can be interpreted from Equation 4 that bubbles with smaller sizes have higher
inside/gas pressure and vice versa. As a result, gas in smaller bubbles continuously breaks
through the lamellae and diffuses to the larger bubbles, which can be demonstrated in Figure
1.

Liquid at
pressure P

Gas Flux

p=P+20/rg |

Figure 7: Schematic of the bubble growth caused by a driving force (Stevenson, 2010)

The foam drainage and bubble coarsening processes have simultaneous effects on each
other. As liquid drains through the Plateau border, the lamellae become thinner, allowing easier
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diffusion of gas between the bubbles. On the other hand, bubble coarsening accelerates the
liquid drainage rate due to gas expansion and increased bubble sizes (Hutzler et al., 2005).

2.2.2.3. Bubble coalescence

The influences of foam drainage and bubble coarsening cause film thinning and reduce
the film stability. As the processes continue, the liquid films become ruptured, which merges
small bubbles into the larger ones and eventually results in bubble collapse. This merging and
breakage phenomenon is the bubble coalescence in foams, which can be illustrated in Figure
8.

Squeezing &

film thinning Coalesce

Approaching  Contacting

Figure 8: Schematic diagram of two bubbles coalescing (Zhou et al., 2020)

The stability of foam-based fracturing fluids can be affected by the operating conditions.
The lifetime of foams is improved with increasing pressure. However, at higher operating
temperatures, the rates of foam drainage, coarsening and coalescence increase, leading to faster
foam decay (Faroughi et al., 2018).

2.2.3. Foam viscosity

The foam's viscosity is an essential property in the hydraulic fracturing application as
it governs the fracture propagation patter and controls the proppant-carrying capacity. The
foam viscosity depends on the foam texture, foam quality, dispersion viscosity and external
conditions such as temperature, pressure and shear rate (\WWanniarachchi et al., 2015). Foams
with finer textures and smaller bubbles have higher resistance to deformation, leading to higher
apparent viscosity (Fu and Liu, 2019). The relationship between foam viscosity and foam
quality features the "mountain-shaped” trend, in which the optimal foam viscosities have been
reported at between 60% and 80% (Pang, 2007; Mo et al., 2012; Worthen et al., 2013; Gu and
Mohanty, 2014; Zhu et al., 2017).

As the pressure increases, the viscosity of foams is slightly improved due to the
increased fluid density and fine foam texture (Gu and Mohanty, 2014; Gu and Mohanty, 2015).
On the other hand, the increasing temperature considerably decreases the foam viscosity
because of the gas expansion and reduced foam stability from surfactant degradation (Sun et
al., 2014; Verma et al., 2017; Anandan et al., 2017). Figure 9 shows the effects of temperature
and foam quality on the apparent viscosity of fracturing foams. The relationship between
temperature and the apparent viscosity of liquid foam can be demonstrated by the Arrhenius
law (Yekeen et al., 2018b), which is shown in Equation 5 as:
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Er
Hq = Ay €Xp (ﬁ) (5)

where p, is the apparent viscosity of foam, A, is an exponential constant, E is the activation
energy, R is the university gas constant, and T is the absolute temperature.
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Figure 9: Effects of temperature on foam effective viscosity at different foam qualities
(Luo et al., 2014)

Foam-based fracturing fluids have non-Newtonian rheological characteristics (Sun et
al., 2014, Du et al., 2020). Two common models have been used to characterize the foams'
rheological properties: the power law model (Equation 6) and the Hershel Bulkley model
(Equation 7). While many researchers prefer the power law model because its constants can be
easily obtained, the Hershel Bulkley model can provide precise rheological modelling with
sufficient experimental data.

Power law model.: T =ky" (6)
Hershel Bulkley model: 1t =15+ ky" (7)

where 7 is the shear stress, y is the shear rate, k is the flow consistency index, n is the flow
behavior index, and 7, is the yield stress, which is the stress required to start the flow (Beck et
al., 2017).

Moreover, fracturing foams exhibit shear-thinning behaviour, in which the foam
viscosity decreases with increasing shear rate. Figure 10 shows the typical shear-thinning
behaviour of fracturing foams at ambient and elevated temperatures. The shear-thinning
behaviour of foams is advantageous in the fracturing application. In the process of mixing and
pumping fracturing fluids downhole, constant flow circulation and high pressure are typically
required, leading to high shear rates. As foam has lower viscosity at a high shear rate, the
friction loss and pumping requirements are reduced, helping bring down stimulation costs (Gu
and Mohanty, 2015). On the other hand, low shear rates are usually observed in the porous
media and the fracture flows. By having high viscosity at low shear rates, fracturing foams
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have excellent capabilities of suspending and transporting proppants into the fractures, helping
enhance the fracture dimensions and conductivity.
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Figure 10: Effects of shear rates on foam viscosity at different temperatures (Verma et al., 2018)

2.2.4. Proppant suspension capacity

In addition to foam stability and foam rheology, the proppant-carrying capacity of
foams plays an essential role in the effectiveness of the fracture treatment. Foams with higher
proppant-carrying ability can transport and place more proppants from the near wellbore to the
targeted fracture surfaces, resulting in higher fracture conductivity. The proppant suspension
capacity of fracturing foams is mainly evaluated by the proppant settling velocity. Higher
proppant setting velocity indicates lower proppant-carrying capacity, and vice versa. The
classical Stokes' law model has been modified to capture the effects of the microstructure of
foams on the static proppant settling (Stokes, 1851; Fei et al., 2017; Yekeen et al., 2018b).

Figure 11 demonstrates the main forces exerted on the settling proppant in the bubble
scale. When settling through the foam structure, the proppant tends to squeeze or stretch the
foam films, generating pressure force (from the pressure inside bubbles) and network force
(from the lamellae) on the proppant (Tong et al., 2019). These two forces act as the drag forces
against gravity, helping delay the settlement of proppants in fracturing foams. The total drag
force (Fgyq4) of foam bubbles on a proppant can be described in Equation 8. While the pressure
force is difficult to be characterized or measured, the network force has been commonly
estimated by Equation 9 (Raufaste et al., 2007; Jing et al., 2016).

Fdrag:Fp+Fn (8)
o 0.516 ydp

- _ 9
(1 _ d)g)o' 5\/A_b

17



where FP is the pressure force, F™ is the network force, ¢, is the foam quality, y is the surface
tension, d,, is the proppant particle diameter, and A, is the bubble area.
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Figure 11: Schematic of forces exerting on the settling proppant (reproduced from Zhu et al., 2019)

As the proppant-carrying capacity of fracturing foams heavily depends on the foam
stability and foam viscosity, it is significantly influenced by the harsh reservoir conditions such
as temperature, pressure, salinity and shear rate. Therefore, several stabilization methods have
been introduced and implemented, and nanotechnology has been found to be one of the most
effective solutions (Lv et al., 2015; AlYousef et al., 2017; Zhou et al., 2020; Zhang et al., 2021;
Majeed et al., 2021).

2.2.5. Summary of foam-based fracturing fluids’ properties

The characteristics and performance of foam-based fracturing fluids are greatly
determined by four interconnected factors: foam quality, foam stability, foam viscosity and
proppant suspension capacity. Understanding the linkages among these elements is essential as
they collectively determine the success of hydraulic fracturing operations.

Foam quality represents the proportion of gas entrained within the fracturing fluid. The
foam quality depends on the volume and size distribution of gas bubbles dispersed in the liquid
phase. By achieving high-quality foam, fracture stimulation operations can generate fractures
more efficiently and result in wider fracture lengths, which directly helps maximize contact
area with the reservoir rock.

Proppant suspension capacity represents the fluid’s ability to keep proppants suspended
within the foam matrix during injection. The proppant suspension capacity of liquid foams is
closely connected with foam viscosity and foam stability. With sufficient foam viscosity, foam-
based fracturing fluids can effectively suspend and transport proppants into the fractures, and
minimize the early settlement of proppants at the near wellbore region. Consequently, the
generated fractures will have a uniform proppant distribution, effective propped area and
fracture width, ultimately resulting in highly conductive pathways to enhance oil and gas
production. However, foam viscosity tends to decrease over time due to the natural deformation
in the structural integrity of foams. Therefore, it is extremely important to achieve and maintain
high foam stability. Liquid foams with sufficient stability are less likely to break down
prematurely, helping prevent inefficient proppant placement and fracture conductivity
reduction.
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2.3. Nanoparticle-surfactant-stabilized fracturing foams

Liquid foams are traditionally stabilized by surfactants and polymers, which have some
practical limitations, such as surfactant adsorption on the rock surface, surfactant degradation
at reservoir conditions, and increased formation damage from polymer residue (Yekeen et al.,
2019; Emrani et al., 2017). As a result, nanoparticles (NP) have been studied and applied to
improve the stability, rheological properties and proppant suspension capacity of foam-based
fracturing fluids. The stabilization mechanisms and benefits of NP on liquid foams are
discussed below

2.3.1. Stabilization mechanisms of NP on fracturing foams

The combination of NP and surfactant generates stable and effective fracturing foams
in harsh environments. The adsorption of NP on the gas-liquid interface is fundamental to
maintaining long-term stability and enhancing liquid foams' properties (Zhou et al., 2020). As
NP adsorb on the bubble interface, they minimize the contact area between the fluids and
increase the film strength and film elasticity. This significantly helps reduce gas diffusion,
decrease liquid drainage, delay film thinning and directly improve the foam stability (Yekeen
et al., 2017; Majeed et al., 2020). Figure 12 demonstrates the difference in bubble images
between surfactant-foams and NP-surfactant-foams, on which smaller bubble sizes and
narrower size ranges are observed with the addition of NP.

a

Figure 12: Bubble images of foams using (a) surfactant only and (b) surfactant with nanoparticles
(Majeed et al., 2020)

The stabilization effects of NP on fracturing foams can be explained by three main
mechanisms as 1) particle detachment energy, 2) maximum capillary pressure of coalescence,
and 3) particle arrangement during film drainage (Zhou et al., 2020; Zhang et al., 2021; Rasid
et al., 2022). The first two mechanisms are the interaction between NP and liquid film, while
the last mechanism belongs to the particle-particle interaction among NP.

2.3.1.1.  Particle detachment energy

Particle detachment energy is the energy required to remove the adsorbed particles from
the gas-liquid interface (Hunter et al., 2008; Zhou et al., 2020). The detachment energy of a
spherical particle can be calculated by Equation 10 as:
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E = nR;y(1 — cos6)? (10)

where E is the particle detachment energy, R,, is the particle radius, y is the surface tension,
and @ is the contact angle of the particle at the interface.

The detachment energy of NP is of the order 10° KT, which is several times greater than
that of the surfactant molecule of the order 1 KT (Binks et al., 2008; Sun et al., 2014). As a
result, NP tend to have irreversible adsorption on the gas-liquid interface to stabilize foams,
while surfactant molecules can desorb easily after some time or under extreme conditions. In
addition, the detachment energy of NP increases with increasing hydrophobicity and reaches
the maximum at the contact angle of 90° (Zhang et al., 2016; Emrani et al., 2017).

2.3.1.2.  Maximum capillary pressure of coalescence

Maximum capillary pressure of coalescence (P/"**) is the pressure required to decrease
the gap between bubbles to zero, resulting in film rupture (Yekeen et al., 2018a; Rasid et al.,
2022). As the maximum capillary pressure increases, the bubble coalescence rate reduces,
causing higher foam stability. The relationship between P/™%* and its parameters were
developed by Kaptay (2006) and can be expressed in Equation 11 as:

2
pnax = @3 Yaw cos6 (11)
Rp
where g is the theoretical packing parameter, y,,, is the air-water interfacial tension, R,, is the
particle radius, and @ is the contact angle of the particle at the interface.

According to Equation 11, P7%* is greatly affected by the packing parameter at the
interface (B). The adsorption of NP tends to form a network of particle aggregates at the
interface, which increases the packing parameter to prevent bubble coalescence and enhance
the stability of foams. Besides that, NP with moderate hydrophobicity has been commonly
reported as the ideal for the maximum foam stability, while extremely hydrophobic or
hydrophilic NP can have very limited effects on enhancing the properties of foams (AlYousef
etal., 2017; AlYousef et al., 2018).

2.3.1.3.  Particle arrangement during film drainage

As NP adsorb and aggregate at the liquid film and Plateau border, they can form three
possible structures, which are a monolayer of bridging particles, a thick bilayer of close-packed
particles, and a network of particle aggregates (Fameau and Salonen, 2014). Figure 13 shows
the schematic of three structures of NP adsorption at the interface.
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Figure 13: Possible mechanisms of liquid film stabilization by: (a) a monolayer of bridging particles;
(b) a bilayer of close-packed particles, and (c) a network of particle aggregates (Horozov, 2008)

The structure of NP depends on the NP concentration and affects the foam stability
differently. While the single layer of NP generates a steric interfacial barrier to prevent foam
coarsening and coalescence, the bilayer of close-packed particles effectively reduces liquid
drainage in foams (Singh and Mohanty, 2015; Kumar and Mandal, 2017). Besides that, a
network of particle aggregates has been acknowledged as the most effective mechanism for
foam stabilization (Al'Yousef et al., 2017). The aggregate network at the gas-liquid interface
has several benefits, which help generate thick solid films to reduce gas diffusion, slow down
gravitational drainage, delay film thinning and prevent film rupture in liquid foams (Yekeen et
al., 2018a). However, suppose the aggregation of NP takes place in the bulk dispersion rather
than at the gas-liquid interface, they are very likely to result in negative impacts on the
properties of the NP-stabilized foams.

2.3.2. DLVO theory on the stability of NP colloidal dispersion

The properties of NP-stabilized foams greatly depend on the stability of the NP
dispersion. At low colloidal stability, NP aggregates tend to be formed in the dispersion, which
reduces the foam stabilization effects of NP. According to DLVO theory (Derjaguin and
Landau, 1941; Verwey and Overbeek, 1949), the stability of a colloidal system is determined
by the sum of the Van der Waals (VdW) attractive and the electric double layer (EDL) repulsive
forces exerted on the particles. The VdW attractive and EDL repulsive interaction energy
between two spherical particles of same radius can be simplified and expressed in Equations
12 & 13 (Adair et al., 2001). The combined interaction energy between two particles W (D) is
the total of the VAW interaction energy Wy ,,(D) and EDL interaction energy Wgp. (D)
(Equation 14).
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AR
Wyaw(D) = =155 (12)

where A is the Hamaker constant, R,, is the particle radius, and D is the separation distance.
WepL(D) = 27'5&90Rp1/’s2 exp(—«D) (13)

where ¢ is the relative dielectric constant of the liquid, ¢, is the permittivity of vacuum, R,, is
the particle radius, 1, is the Stern potential, k=1 is the Debye length, and D is the separation
distance.

WD) = Wyaw (D) + Wgp, (D) (14)

Figure 14 demonstrates the relationship between separation distance and the interaction
energy from VdW and EDL forces. While the Van der Waals attractive force is significant at a
very small separation distance, the effect of Electric Double Layer repulsive force is generally
stronger and in a wider range (Adair et al., 2001). At a considerable separation distance, the
EDL repulsion is the predominant force to prevent particles from approaching each other due
to the Brownian motion. Stern potential and zeta potential are used to explain the repulsion
mechanism between the particles. However, under extreme conditions such as high temperature
and high salinity, the attractive force on the particles may overcome the repulsion and result in
irreversible particle aggregation. At a significant level of aggregation, particle flocculates are
formed within the dispersions, which decreases the stability of the colloidal system (Freitas
and Muller, 1998).
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Figure 14: Schematic of repulsive and attractive energy on particles in dispersion
(Cardellini et al., 2016)
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2.4.Summary

In this chapter, the introduction of hydraulic fracturing and foam-based fracturing fluids
are first discussed. After that, the key properties of fracturing foams, including foam stability,
viscosity and proppant suspension capacity, and the three main destabilization mechanisms of
foams are reviewed. Furthermore, the literature on current research of NP-surfactant-stabilized
foams are presented. Finally, the stabilization mechanisms of NP on liquid foams are reviewed,
followed by the DLVO theory to explain and emphasize the importance of the NP colloidal
dispersion stability.
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3. Study of the synergistic effects between different surfactant
types and silica nanoparticles on the stability of liquid foams at
elevated temperature

Tran, T, Gonzalez Perdomo, ME, Haghighi, M & Amrouch, K 2022, 'Study of the synergistic
effects between different surfactant types and silica nanoparticles on the stability of liquid
foams at elevated temperature’, Fuel, vol. 315.

The application of foam-based fluids has gained increasing interests in the field of hydraulic
fracturing. A critical aspect of optimizing foam-based fluids for practical use lies in
understanding the interplay between nanoparticles (NP) and surfactants, particularly in the
context of elevated temperatures found in reservoir conditions. This paper investigates how
three types of surfactants, each at varying concentrations, impact both the properties of silica
nanoparticles (SNP) and the stability of nano-stabilized foams under different temperature
conditions. The research presents insightful findings, including the unique ability of cationic
surfactants to convert SNP surface charges, promote particle aggregation, and enhance
hydrophobicity. Furthermore, it highlights the distinct behaviours of NP in surfactant
dispersions at elevated temperatures, with significant implications for foam stability. These
insights deepen our understanding of surfactant-NP interactions and help develop more stable
foams in hydraulic fracturing and other applications, ultimately contributing to more effective
hydrocarbon recovery practices in reservoir conditions.
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ABSTRACT
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In recent years, there has been an increasing interest in the application of foam-based fluids in the field of hy-
drocarbon recovery. The combination of nanoparticles (NP) and surfactant has been intensively studied to
improve the thermal stability and optimize the performance of foams. However, the synergistic interactions
between NP and surfactants, and their impacts on foam stabilization at elevated temperature have yet to be
clearly understood. This paper studies the effects of three types of surfactants with varied concentrations on the
properties of silica nanoparticles (SNP) and on the stability of nano-stabilized foams at ambient and elevated
temperatures. The experiments involved the zeta potential, particle size and contact angle measurements of SNP
in surfactant solutions as well as the foamability and bulk static stability tests. The results showed that among
three surfactant types, cationic surfactant had some unique impacts on SNP such as converting the surface
charge, promoting particle aggregation and increasing the hydrophobicity of SNP. The aggregation behaviour
and hydrophobization of SNP were found to delay liquid drainage and affect the foam stability positively. At
elevated temperature, SNP in surfactant dispersions were observed to have lower magnitude of zeta potential and
larger particle sizes. In comparison with ionic surfactants, non-ionic surfactant demonstrated considerably
smaller effects on generating and stabilizing nano-foams. At sufficient surfactant concentration, the electrostatic
attraction between cationic surfactant and SNP promoted higher foam stability than the electrostatic repulsion
between anionic surfactant and SNP. This research provides a better insight into the synergistic interactions
between surfactants and SNP, and their influences on the stability of foams at reservoir temperature.

1. Introduction

implemented to stabilize liquid foams at elevated reservoir temperature
[7,9-19].The adsorption of nanoparticles (NP) on the gas-liquid inter-

In the past few years, foam fluids have been increasingly studied and
employed in the oil and gas industry for their applications in enhanced
oil recovery (EOR), drilling and fracture stimulation. Liquid foams are
dispersions of gas in liquid, which are typically generated and stabilized
by surface-active agents or surfactants. In general, foam fluids have
several advantages such as high mobility, excellent rheological proper-
ties, low water consumption and reduced formation damage [1-5].
However, foams are thermodynamically unstable due to their decay
mechanisms of liquid drainage, coarsening and bubble coalescence [6].
At elevated reservoir temperature, surfactant-stabilized foams are not
able to maintain their long-term stability, which eliminates the superior
benefits and negatively affects the performance of foams in petroleum
applications [7,8].

In order to address this limitation, nanotechnology has been recently
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E-mail address: tuan.tran@adelaide.edu.au (T. Tran).
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face acts as a steric barrier to enhance the film strength, improve the
interface viscoelasticity and increase the maximum capillary pressure,
leading to the reduced drainage rate and the prevention of gas diffusion
and bubble coalescence [20-22]. As a result, foams become more stable
and have higher thermal tolerance with the presence of NP.

The synergy between surfactants and NP plays a critical role in foam
stabilization. Every surfactant molecule has a hydrophobic tail and a
hydrophilic head, which contains either positive electric charge
(cationic surfactant), negative charge (anionic surfactant), or neutral
charge (non-ionic surfactant). When absorbing on NP surface, different
surfactant types tend to affect the properties of NP differently. In pre-
vious literature, Wang et al. (2005) investigated the influences of
cationic, anionic and non-ionic surfactants at low concentration on the
formation and surface properties of silica nanoparticles (SNP) at
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ambient conditions [23]. Recently, Yekeen et al. (2019) studied the
impacts of different surfactant types on the stability of various NP sys-
tems at room temperature. In their work, the surfactant concentration
was maintained fixed and above the critical micelle concentration
(CMC) [24]. While many insightful findings on the interaction between
surfactants and NP have been presented, very few to none research have
been conducted to study the effects of surfactants on the properties of NP
at elevated temperature and in varied surfactant concentrations.

Moreover, in the current literature, the relationship between the
surfactant-nanoparticle interaction and the stability of liquid foams re-
mains quite controversial and poorly understood especially at reservoir
temperature. Some researchers concluded that the electrostatic repul-
sion between oppositely charged NP and surfactant is most effective at
stabilizing foams since the repulsion can prevent particle aggregation
and increase the strength of the liquid films [20,25-28]. On the other
hand, some argued that the electrostatic attraction between the same
charged NP and surfactant promotes better foam stability due to the
modified surface properties and the increased surface activity of NP
[24,29-31].

Due to the presented research gaps, our paper studied the effects of
surfactant type and concentration on the stability and surface properties
of SNP at ambient and elevated temperature conditions. Three surfac-
tants namely SDBS (anionic), CTAB (cationic) and TX-100 (non-ionic)
were studied at below and above CMC. The impacts of different sur-
factant types on the foamability, drainage behaviour and stability of
nanoparticle-stabilized foams were investigated to clarify some contra-
dictory findings in the literature. The paper is expected to establish a
comprehensive study of the synergistic interactions between surfactants
and nanoparticles at ambient and elevated reservoir temperature, and to
enhance understanding of how those interactions influence the stability
of foams used in petroleum applications.

2. Experimental
2.1. Materials

Sodium dodecylbenzene  sulfonate (SDBS), hexadecyl-
trimethylammonium bromide (CTAB) and Triton X-100 (TX-100) were
used as anionic, cationic, and non-ionic surfactants, respectively. All
surfactants were obtained from Sigma Aldrich. Hydrophilic silica
nanoparticles (SNP) in colloidal form were purchased from Sigma
Aldrich with a concentration of 34 wt% suspension in HyO. The SNP has
an average diameter of 22 nm, a molecular weight of 60.08 g/mol and a
surface area of 110-150 mz/g4 All surfactants and SNP were used
without any modification. Deionized distilled water with the resistivity
of 18.2 mQ) was used as a base fluid in all experiments.

2.2. Nanoparticle-surfactant mixtures preparation

Firstly, a defined amount of surfactant was added into deionized
distilled water and stirred continuously for 2 h. SNP were then added
into the mixture and stirred for another 2 h. After that, the mixture was
sonicated at a frequency of 40 Hz for 30 min to reach adsorption equi-
librium. The dispersion appeared slightly hazy and was sealed for use in
experiments. All dispersions were prepared at ambient conditions with
the adjusted pH of 7. Several SNP concentrations were analyzed, and the
optimal point was found at 1.0 wt%. This SNP concentration has been
previously found optimal for foam stabilization and rheology improve-
ment in previous studies [32,33].

The critical micelle concentrations (CMC) of the surfactants were
provided by the supplier, which are 0.021 wt% for SDBS, 0.029 wt% for
CTAB and 0.014 wt% for TX-100 surfactants. Each surfactant was pre-
pared in three concentrations: 0.01 wt% (below CMC), 0.1 wt% (above
CMC) and 0.5 wt% (excessively high concentration).

Fuel 315 (2022) 122818
2.3. Zeta-potential & particle size measurement

There are two electrical layers associated with any particle exposed
in a charged fluid called electric double layer. The first layer (Stern
layer) contains strongly bounded ions due to the electrostatic interac-
tion, while the second layer (diffuse layer) contains loosely attached ions
(Fig. 1). Zeta potential is defined as the electrical potential at the
boundary of the diffuse layer [34], and it is an excellent correlation to
the surface potential of the particle as well as a direct indicator for the
stability of the colloidal dispersion.

The zeta potential and particle size of SNP in surfactant solutions
were measured at room temperature of 25° C and at an elevated tem-
perature of 65° C using a Zetasizer Nano Series (Malvern Instrument,
UK). The instrument is operated based on the dynamic light scattering
principle and is capable of measuring particles in the size range from
1 nm up to 6u m. Each experiment was repeated at least 3 times and
averaged to ensure the reliability and accuracy of the results. By
determining the zeta potential values and particle sizes, the electrostatic
interaction between SNP and surfactants, and the aggregation behavior
can be investigated and discussed.

2.4. Contact angle measurement

To study the effect of different surfactant types on the wettability of
SNP, contact angles of unmodified and modified SNP were measured by
the OCA 15EC device (Dataphysics Instrument, Germany). The instru-
ment applies the sessile drop method to measure the contact angle of the
particles. Firstly, the prepared dispersion was centrifuged at 4500 RPM
for 10 min using a Sigma 2-16P centrifuge. Solid SNP were then
collected, dried at room temperature, and pressed into a thin sheet on
the glass slide [35]. Finally, a drop of distilled water was slowly placed
onto the glass slide. The shape of the droplet was immediately recorded
by a digital camera with multiple-fold zoom lens. The droplet profile was
interpreted and analyzed by using SCA 20 - an integrated software from
Dataphysics Instrument to estimate the contact angle of the modified
SNP. All contact angle measurements were conducted at room temper-
ature. Each experiment was repeated at least 3 times and averaged to
ensure the reliability and accuracy of the results.

2.5. Foamability and bulk static stability tests

The prepared dispersion was stirred at 2000 RPM for 3 min to pro-
duce fine foams. After the foam was generated, the initial total foam
volume was immediately recorded as a measure for foamability. The
foam was then transferred into a glass cylinder, which was pre-heated
using a water bath system. The top of the cylinder was sealed to pre-
vent contamination and disturbance from the environment. During the
experiment, the drained ratio as a function of time was recorded by a
digital camera, and was used as a standard measure for foam stability.
The drained ratio is defined as the ratio between the total liquid drained
volume at time t and the initial suspension volume before foam is
generated. The drainage half-life is the time taken to separate 50% of the
initial liquid from the foam [11,36,37]. All stability measurements were
conducted at atmospheric pressure and the temperature of 25 °C and
90 °C.

3. Results and discussion
3.1. Zeta potential measurement

Fig. 2 shows the zeta potential values of the ten different SNP dis-
persions. Without the presence of surfactants, the zeta potential of SNP
was measured at —42.9 mV at room temperature, confirming the high
negative charge on the surface of SNP [23]. The effects of temperature,
surfactant types and surfactant concentrations on the zeta potentials of
SNP were observed and discussed below.

33



T. Tran et al

Fuel 315 (2022) 122818

Particle surface
(negatively charged)

Stern layer &

Diffuse layer

‘/ (Slipping plane)

Double layer thickness (k1)

Surface potential

Stern potential

{ (zeta) potential

Fig. 1. A schematic of two electrical layers and ion adsorption of a negatively charged particle.
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Fig. 2. Influence of surfactant type and concentration on the zeta potential of SNP dispersion at room temperature and at high temperature.

3.1.1. Effect of temperature on the zeta potential of silica nanoparticles

In general, the absolute zeta potential of SNP decreased with the
increasing temperature (Fig. 2). In other words, the SNP colloidal dis-
persions became less stable at elevated temperature. This observation
can be explained by the self-ionization reaction of water:

2H,0 = H,O" +OH

As water self-ionises, the hydronium ions (H;0") and hydroxide ions
(OH~) are generated and released in the solution. As SNP are negatively
charged, the H;0™ cations are strongly attracted to the particle surface,
forming an ion structure in the Stern and diffuse layers (Fig. 1). When
the temperature increases, water molecules vibrate faster and generate
more amount of H;0* and OH " ions at the same rate. Consequently, the
concentration of H;O cations in the electric double layer increases

significantly, which reduces the negativity of particle charge and de-
creases the absolute zeta potential. Al Mahrougi et al. (2016) presented a
similar observation when studying the zeta potential of natural car-
bonate samples at up to 120 “C [38]. Furthermore, the decrease in ab-
solute zeta potential of SNP might also be attributed by the increased
kinetic energy of surfactant molecules at high temperature, which re-
duces the adsorption density and results in degradation and precipita-
tion of surfactants [39,40].

3.1.2. Effect of surfactant type and concentration on the zeta potential of
silica nanoparticles

Due to the distinct characteristics, different surfactant types tend to
have different electrostatic interactions and adsorption mechanisms on
NPs. It was observed that the absolute value of SNP zeta potential
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reduced with the increasing concentration of TX-100 surfactant. This is
possibly because non-ionic surfactant molecules have zero electric
charge in their head groups, therefore, when attaching to the SNP sur-
face, they tend to neutralize and decrease the negative surface charge of
SNP. At higher surfactant concentration, a greater number of TX-100
molecules were attracted to the SNP surface and further decreased the
absolute surface charge of SNP.

On the other hand, cationic CTAB surfactant contains positive charge
in their head groups, which is opposite to the negative charge of SNP.
The significant charge difference results in a very strong electrostatic
attraction between the CTAB molecules and the SNP surface. By
increasing the CTAB concentration, more positively charged heads are
likely to attach to the surface of SNP, which reduces the negativity and
enhances the positivity of the SNP surface charge. Fig. 2 shows that at a
low CTAB concentration of 0.01 wt%, the surface charge of SNP was
slightly reduced, while at higher concentrations of 0.1 wt% and 0.5 wt%,
CTAB was capable of converting the SNP surface charge from negative to
highly positive. Similar phenomenon was reported in previous literature
[24,41].

As anionic surfactants and SNP are both negatively charged, there
exists a significant electrostatic repulsive force to prevent direct sur-
factant attachment on the SNP surface. Therefore, the anionic surfactant
adsorption is promoted by another mechanism, which is via ion asso-
ciation with the H3O" cations existing on the surface of the SNP [42].
The addition of anionic surfactant molecules is likely to reduce the
neutralization effect of H30" cations (Fig. 1), therefore, increases the
negative charge of the SNP surface. This explains the increase in the
absolute zeta potential of SNP with increasing SDBS concentration at
room temperature (Fig. 2). However, an opposite observation was found
at elevated temperature where the magnitude of SNP zeta potential
decreased with increasing SDBS concentration. While the strong
degradation of SDBS molecules at elevated temperature is suspected to
be one of the possible reasons, future investigation should be conducted
to study the effect of temperature on the NP's surface properties in
anionic surfactant dispersions.

3.2. Particle size measurement

Besides zeta potential, the aggregation behaviour of NP plays an
important role in foam stabilisation. According to DLVO theory, the total
interaction energy between charged particles is a summation of the Van
der Waals attraction and the Electric Double Layer repulsion [43,44].
While the Van der Waals attractive force is significant at a very small
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separation distance, the effect of Electric Double Layer repulsive force is
generally stronger and in a wider range [45]. Aggregation is prevented
when the electrostatic repulsion between particles is dominant over the
Van der Waals attraction. In order to form aggregates, particles have to
closely approach each other at high velocity or with high kinetic energy
to overcome the barrier of electrostatic repulsion.

Fig. 3 shows the average sizes of SNP dispersed in distilled water and
in different surfactant fluids at room temperature and at elevated
temperature.

At room temperature, the measured size of SNP in distilled water was
20.3 nm, which is similar to the particle diameter data from the supplier.
At elevated temperature, the SNP in all studied dispersions became
larger in size. The increase in SNP size is mainly due to the surfactant
precipitates on SNP surface and/or the aggregation of SNP. While the
surfactant degradation and precipitation at reservoir temperature have
been observed and reported previously [40], the aggregation of SNP
largely depends on the stability of the colloidal dispersion. Fig. 2 shows
the reduction in the absolute zeta potential of SNP dispersions at
elevated temperature. With the decreased absolute zeta potential, the
electrostatic repulsion among SNP is weaker and the colloidal disper-
sions become less stable, which eventually promotes the aggregation of
NP [46].

At the same surfactant concentration, the SNP size in TX-100
dispersion were smaller than that in SDBS or CTAB dispersion due to
the low adsorption capability of non-ionic surfactant molecules on the
NP surface. It was previously reported that ionic surfactant molecules
had stronger electrostatic interaction with the SNP than non-ionic sur-
factants, leading to their easily adsorbing as a monolayer on the NP
surface [28].

Fig. 3 also shows that the SNP had larger size with increasing sur-
factant concentration. In TX-100 and SDBS dispersions, the increased
SNP size is mainly because of the increased adsorption of surfactant
molecules and surfactant micelles on the surface of each individual SNP,
forming a partial or full monolayer [47]. Due to the strong electrostatic
repulsion between SNP and the anionic surfactant molecules, the chance
of SNP aggregation in SDSB dispersions is relatively low [48].

On the other hand, CTAB cationic surfactant has a very strong
electrostatic attraction with the negatively charged SNP surface, which
can generate multilayer structure of surfactant molecules on the SNP
surface, As the CTAB concentration increased, the surface potential of
SNP became less negative and passed the isoelectric point of 0 mV
(Fig. 2). At around this point, the stability of the NP colloidal system is
extremely low with very weak repulsive force among the NP [37].
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Fig. 3. Influence of surfactant type and concentration on the measured particle/aggregate size of SNP dispersion at room temperature and high temperature.
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Consequently, SNP could aggregate easily in CTAB dispersions, resulting
in the large aggregate sizes of 132 nm at room temperature and 232 nm
at elevated temperature.

It is interesting to note from Fig. 3 that at both ambient and elevated
temperature conditions, the SNP aggregate size in 0.5 wt% CTAB
dispersion was smaller than that in 0.1 wt% CTAB dispersion. Exces-
sively high zeta potential is believed to be the main reason for this
phenomenon [41]. According to Fig. 2, as the CTAB concentration
increased from 0.1 wt% to 0.5 wt%, the zeta potential of SNP increased
from 34.1 mV to 50.2 mV at room temperature, and from 26.4 mV to
41.9 mV at elevated temperature. When the absolute zeta potential of
SNP is excessively high, the electrostatic repulsion among SNP becomes
significant to diminish the aggregation and reduce the SNP aggregate
size.

3.3. Contact angle measurement

The wettability of SNP was determined by measuring the particles’
contact angle at the water—air interface. Fig. 4 shows the measured
contact angle of 16.20° for unmodified SNP, confirming the hydrophilic
characteristic of SNP due to the presence of the silanol (SiOH ) groups
on their surface.

Fig. 5 shows the contact angles of the modified SNP mixed in
different surfactant dispersions. The measurements at 0.01 wt% sur-
factant concentration were not displayed as they had negligible influ-
ence on the contact angle results.

With the presence of surfactants, the contact angles of modified SNP
were higher than 16.20° of unmodified SNP. As mentioned previously,
every surfactant has a hydrophilic head containing an electric charge
and a hydrophobic tail. When interacting with SNP, the charged hy-
drophilic heads tend to attach to the SNP surface due to the electrostatic
interaction or ion bridging [42]. As a result, the hydrophobic tails will
expose outwards the environment, which increases the overall hydro-
phobicity of the SNP [49]. Highest contact angles of SNP were observed
in CTAB dispersions due to the strong electrostatic attraction and high
adsorption capability of CTAB molecules on the SNP surface. On the
other hand, SDBS has an electrostatic repulsion with SNP due to their
opposite charges. Therefore, it is expected that the adsorption capability
of SDBS heads on SNP surface is significantly lower than that of CTAB or
TX-100 surfactants. Fig. 5 shows that the contact angle of SNP increased
33-53% in TX-100 dispersions, but was barely improved in SDBS
dispersions.

When increasing the surfactant concentration, it is expected that the
contact angle of SNP increases due to the incremental exposure of hy-
drophobic tails from the increased adsorption of surfactant molecules.
‘While SNP in TX-100 and SDBS dispersions followed the expectation, the
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contact angle of SNP decreased from 40.65° to 27.93° when increasing
the CTAB concentration from 0.1 wt% to 0.5 wt%. This observation can
be explained by the formation of the second adsorption layer, which is
demonstrated in Fig. 6. At low concentration, few CTA™ ions adsorb on
SNP surface by electrostatic interaction between the opposite electric
charges (Fig. 6a). However, the zeta potential of SNP remains at high
negative values (Fig. 2), and particle aggregation is not likely to occur as
the electrostatic repulsion between SNP is still relatively strong. As the
CTAB concentration increases, the CTAB surfactant molecules start to
form a monolayer on the SNP surface (Fig. 6b), and the negative zeta
potential of SNP gradually increases to zero then to positive values. To a
certain point, the positive surface charge of SNP is similar to that of
CTAB surfactants, preventing the continued formation of the monolayer.
Beyond this point, CTAB molecules adsorb on SNP surface by the hy-
drophobic interaction and a second adsorption layer starts to be formed
[42]. In the hydrophobic interaction, the newly adsorbed CTAB are
oppositely orientated, where the hydrophobic tails attach to the NP
surface and the hydrophilic heads expose outwards the environment
(Fig. 6¢). Eventually, the exposure of the hydrophilic heads in the second
layer diminishes the hydrophobization effects of the first layer, reducing
the contact angle of SNP.

3.4. Foamability & foam stability

3.4.1. Foamability

Fig. 7 shows the foaming ability of SNP dispersions in different
surfactant systems. All foams were generated from a same dispersion
volume of 100 mL with the same SNP concentration of 1.0 wt%. Without
surfactant, SNP alone had a very low foamability of only 105 mL due to
its limited capability of reducing surface tension [50]. In contrast, sur-
factant molecules can greatly reduce the surface tension at the
gas-liquid interface and produce a large number of foam bubbles [51].
With the presence of surfactants, the foamability of SNP dispersions
increased significantly, and it was also directly proportional to the
surfactant concentration.

It is observed that foams generated from the SDBS/SNP mixtures had
the highest initial volume compared to other dispersion systems. The
outstanding foamability of SDBS foams can be attributed to the effects of
SNP on enhancing the surface activity and interfacial properties of the
anionic surfactant molecules [27]. It was found that the mixture of SNP
with non-ionic TX-100 surfactant had lower foamability than SNP with
ionic surfactants, and the difference became more obvious at higher
surfactant concentration. This is possibly because non-ionic surfactants
have lower interaction with SNP than ionic surfactants.

Pure water

Fig. 4. Measured contact angle of SNP mixed in pure water on the glass slide surface.
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Fig. 5. Influence of surfactant type and concentration on the contact angle of SNP on glass slide surface.

(a) (b)

“V® (CTAB surfactant molecule with a positively charged head

Silica nanoparticle with negatively charged surface

Fig. 6. A schematic of aggregation and CTAB adsorption on SNP surface at a) low CTAB concentration; b) medium CTAB concentration; ¢) excessively high CTAB

concentration.

3.4.2. Foam stability at below critical micelle concentration

Liquid foams must have a good foaming capacity but more impor-
tantly, they must remain stable at both ambient and reservoir condi-
tions. Foam stability has been widely considered the key factor
determining the performance of foams in EOR and fracturing treatment
[52]. Fig. 8 shows the stability of SNP-surfactant stabilized foams with
the surfactant concentration of 0.01 wt%, which is below the CMC.

As the temperature increased from 25 °C to 90 °C, the liquid drainage
in all foams occurred more rapidly, indicating a dramatic decline in the
foam stability. It is believed that as temperature increases, the kinetic
energy of the surfactant molecules increases, preventing them from
effectively adsorbing and accumulating at the gas-liquid interface [53].
Moreover, surfactant molecules are very likely to degrade at elevated
temperature, therefore, losing their superior properties of reducing
surface tension and stabilising foams [48,54]. In addition, the increase
in temperature can reduce the surface elasticity of the gas-liquid
interface and accelerate gas diffusion through lamellae [7,55]. This re-
sults in the significant increase in the liquid drainage and film thinning
rates, which eventually reduces the overall foam stability.

It was found that at below CMC, the stability of TX-100/SNP and
CTAB/SNP foams was extremely low. At room temperature, it took only
30 s for TX-100/SNP and 60 s for CTAB/SNP foams to drain 80% of their

original liquid volume. On the other hand, SDBS/SNP system was rela-
tively good at stabilising foams, where nearly 400 s was required to
reach the same drainage ratio at room temperature. The stability dif-
ference between the SDBS/SNP foam and the two other foams became
more significant at higher temperature of 90 °C. It is clear that at below
CMC, the electrostatic repulsion between surfactants and SNP results in
better foam stability than the electrostatic attraction at both ambient
and elevated temperature.

3.4.3. Foam stability at above critical micelle & high concentration

Fig. 9 and Fig. 10 show the stability of SNP-stabilized foams at 0.1 wt
% and 0.5 wt% surfactant concentration, respectively. At above CMC,
the effect of temperature on foam stability remained very significant.
The increase in temperature promoted higher rates of liquid drainage,
gas diffusion and film thinning, contributing to the foam destabilisation
[53]. At above CMC, the stability of CTAB/SNP and TX-100/SNP foams
were noticeably improved compared to their results at below CMC.

The results show that TX-100/SNP foams had lower stability than the
CTAB/SNP and SDBS/SNP foams at both temperature conditions. This
can be explained by the difference in electrostriction interaction be-
tween the surfactants and SNP. When NPs adsorb on the gas-liquid
interface, the electrostatic repulsion among the charged NPs generate a

37



T. Tran et al

750

I 600

E

- L

o

E sl

=]

> L

g300

[ 275

L

s L

= 170 175

£ 150+
105

0
SUJ:D o o

- T @ < S 0 m S ® m
3 x O F T @ < T @<
© = o O X O k= x O k=
2 e e w» F o O F ® O
o = = = X &R f &R
=] o e < < o o= n 0
o o o O o o o o o o

Fig. 7. Influence of surfactant type and concentration on the foamability of the
1.0 wt% SNP-stabilised foams.

4—0.01% TX-100 + 1.0% NP (at 25C)|

0.01% TX-100 + 1.0% NP (at 90C)
—— 0.01% CTAB + 1.0% NP (at 25C)
——0.01% CTAB + 1.0% NP (at 90C)
—+— 0.01% SDBS + 1.0% NP (at 25C)

——0.01% SDBS + 1.0% NP (at 90C) |

Drained ratio
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Time (seconds)

Fig. 8. Influence of surfactant type at 0.01 wt% concentration (below CMC) on
the stability of the 1.0 wt% SNP-stabilized foams at the temperature of 25 °C
and 90 °C.

repulsive force between the interface sides to separate the liquid films
and prevent foam decay [56.57]. As non-ionic surfactant has zero
electric charge on its head group, they tend to neutralize the absolute
surface potential and decrease the interaction energy of SNP (Fig. 2).
This lowers the repulsive force between SNP on each side of the liquid
film and lessens the SNP’s effects of reducing drainage and stabilising
foams. Kumar and Mandal (2017) also reported that the ionic surfac-
tants can stabilize NP-foams better than non-ionic surfactants due to the
high disjoining pressure among the foam bubbles [28]. White et al.
(2007) claimed that the mixtures of NP and non-ionic surfactant stabi-
lized foams mainly by steric stabilisation rather than electrostatic sta-
bilisation [58].

Between the ionic surfactants, CTAB was better than SDBS in
enhancing foam stability and reducing drainage rate. At 1.0 wt% sur-
factant concentration, the stability of CTAB foam was dominant over
that of the SDBS foam as the half-lives of CTAB and SDBS foams were
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1631 and 383 s at room temperature; and 484 and 272 s at 90 °C,
respectively. At 0.5 wt% concentration, higher foam stability was also
achieved in the CTAB foam but with a smaller difference. It can be
concluded that at above CMC, the electrostatic attraction between the
oppositely charged cationic surfactant and SNP promoted higher foam
stability than the electrostatic repulsion between like-charged anionic
surfactants and SNP. The dominance in the stability of CTAB/SNP foams
can be attributed to the in-situ hydrophobization and the aggregation
behavior of SNP.

3.4.3.1. Effect of hydrophobization of NP on foam stability. It is undeni-
able that the wettability of NP plays an important role in stabilising
foams. The relationship between the wettability of NP and foam stability
is linked to the particle detachment energy theory [59]. In definition,
particle detachment energy is the minimum energy required to remove
the adsorbed particles from the gas-liquid interface. With higher
detachment energy, the particle adsorbs stronger on the gas-liquid
interface and results in more stable foam films and bubbles. The foam
drainage behavior largely depends on the detachment energy. In com-
parison, the detachment energy of surfactant molecules on the
gas-liquid interface is much smaller than that of NP [16,60]. This ex-
plains why surfactant molecules are easy to detach from the interface
and attach to the reservoir rocks, while NP can adsorb firmly and irre-
versibly on the interface to provide robust foam stability. For NP, the
buoyancy and gravity effects are negligible due to their tiny size,
thereby, the detachment energy of NP can be expressed in Eq. (1) [59]:

E= I(RIY“ — costl)? (1)

where E is the detachment energy, R is the radius of the NP, y is the
interfacial tension and ¢ is the contact angle of the NP at the gas-liquid
interface. According to the Eq. (1), the particle detachment energy
reaches the maximum when the contact angle is close to 90°, referring to
the moderate hydrophobic NP. It was previously found that extremely
hydrophilic or extremely hydrophobic NP cannot stabilize foams due to
the increased film thinning and rupture [31,61]. At below 90°, a higher
contact angle indicates higher hydrophobicity of NP, resulting in a
decrease in the drainage rate and a more stable foam [11,62 641,

As discussed previously, the adsorption of CTAB surfactant mole-
cules was able to considerably increase the hydrophobicity of SNP; and
SNP in CTAB dispersions had the highest contact angles compared to
that in SDBS and TX-100 dispersions (Fig. 5). Therefore, SNP/CTAB is
expected to have the highest detachment energy and tend to adsorb
stronger on the gas-liquid interface. The significant accumulation of
SNP helps increase the film strength and reduce direct contact between
the fluids, leading to the observed delay in liquid drainage and the
highest stability in the CTAB foams.

3.4.3.2. Effect of particle aggregation on foam stability. Besides the high
detachment energy, one of the main advantages of NPs over chemical
surfactants in foam stabilisation is their multiple arrangements at the
bubble interface [52]. As NPs adsorb on the gas-liquid interface, they
increase the liquid film strength by three possible mechanisms: a
bridging monolayer, a bridging bilayer, and a network of particle ag-
gregates [61]. The aggregation network was found to be the most
effective mechanism in stabilising foams since the particle aggregates
act as a thick solid barrier on foam bubbles to reduce direct contact
between the fluids and keep the bubbles well separated. As a result, they
help increase the film viscosity, delay gravity drainage, reduce the gas
diffusion rate, and prevent bubble coalescence [51,65,66]. Therefore,
the aggregation behavior of SNP in CTAB dispersions is believed to be
the main factor contributing to the slow drainage and the high stability
of the CTAB foams.

According to the previous experimental results, larger NP aggregate
size tends to form more stable foams. The SNP had the largest aggregate
size in 0.1 wt% CTAB dispersion, followed by 0.5 wt% CTAB then
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Fig. 9. Influence of surfactant type at 0.1 wt% concentration on the stability of the 1.0 wt% SNP-stabilized foams at the temperature of 25 “C and 90 °C.

0.01 wt% CTAB dispersion (Fig. 3). Consequently, the 0.1 wt% CTAB
foam was most stable with the half-life of 1631 s at room temperature,
compared to 412 s of 0.5 wt% CTAB foam and around 60 s of 0.01 wt%
CTAB foam (Fig. 9). Similar observation was seen at higher temperature
of 90 °C (Fig. 10). However, the correlation only remains true when
comparing at the same temperature. As temperature increased, even
though the aggregate size increased, the foam stability decreased. This is
probably because the effects of temperature on destabilising and
increasing the decay rate of foams are much more significant than the
effect of particle aggregation on enhancing foam stability.

While the effect of the hydrophobicity of NP on foam stability is
widely acknowledged, there have been some opposite arguments on the
effect of the aggregate size. In theory, the foam generation energy should
exceed the particle detachment energy to efficiently place NP onto the
gas-liquid interface. According to Eq. (1), the detachment energy is
directly proportional to the square of the particle size, which means
larger NP require higher mixing energy to be placed on the liquid films.
In previous literature, some claimed that smaller NP can easily migrate

and adsorb on the interface to provide a barrier around the foam bubbles
[67-69], and particle aggregates and very large particles are not suitable
for foam stabilization as they can hardly move into the interface
[21.,48,49]. For large-sized particles in micron-scale or higher, the
mixing energy is unlikely to overcome the high detachment energy,
which causes particles to stay in the bulk solution and have no impact on
stabilising foams. However, since NP aggregates have the size of few
hundreds of nanometres, they can adsorb into the interface with inter-
mediate mixing energy to effectively stabilise foams. In this study, it was
proven that the stability of CTAB foams was successfully improved with
the NP aggregate size of up to 232 nm.

In addition, the foam generation method plays an important role in
the adsorption capability of NP. Mechanical stirring and gas injection
are the most popular methods to generate foams. As mechanical stirring
provides higher shear force and greater mixing energy than gas injec-
tion, it is expected to be more effective in placing NP and NP aggregates
onto the gas-liquid interface to stabilize foams. Future work requires
further investigation into the influence of different mixing methods on
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the foam stability, in which the impacts of the gas injection rate,
dispersion injection rate and stirring speed can be comprehensively
studied.

4. Conclusions

The purpose of this work is to study the effects of anionic, cationic
and non-ionic surfactants on the stability and surface properties of SNP,
and on the stability of surfactant-nanoparticle-stabilized foams at
ambient and elevated temperatures. Through the improved under-
standing, liquid foams can be better optimized with high stability to
work effectively in reservoir conditions for EOR, drilling and fracturing
applications. The key conclusions can be summarized as follows:

1. At above CMC, the cationic CTAB surfactant had some unique ca-
pabilities of converting the surface charge of SNP from negative to
positive, forming particle aggregates and significantly increasing the

w

hydrophobicity of SNP. Similar interactions were not observed by
either non-ionic TX-100 or anionic SDBS surfactants.

. At elevated temperature, SNP in surfactant dispersions had lower

absolute zeta potential and larger average size. The increased sizes of
SNP are resulted from the particle aggregation in the cationic CTAB
dispersion and due to the surfactant precipitation and layer adsorp-
tion in non-ionic TX-100 and anionic SDBS dispersions.

. At both ambient and elevated temperatures, the combination of SNP

and ionic surfactants resulted in higher foam stability and foam-
ability than that of SNP and non-ionic surfactants. It was found that
SNP had the best synergy with SDBS surfactant in producing the
highest initial volume of foams.

At below CMC, TX-100/SNP and CTAB/SNP foams were extremely
unstable while the stability of SDSB/SNP foam was relatively high.
At above CMC, the stability of TX-100/SNP foams was considerably
improved and the CTAB/SNP foams outperformed others with their
lowest drainage rate and highest foam stability. The dominant sta-
bility of CTAB foams was attributed to the hydrophobization and
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particle aggregation behavior of SNP, both of which were promoted
by the electrostatic attraction between the oppositely charged SNP
and CTAB surfactants.
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4. Effects of cationic and anionic surfactants on the stability,
rheology and proppant suspension of nanoparticle-stabilized
fracturing foams at elevated temperature

Tran, T, Gonzalez Perdomo, ME, Haghighi, M & Amrouch, K 2023, 'Effects of cationic and
anionic surfactants on the stability, rheology and proppant suspension of nanoparticle-
stabilized fracturing foams at elevated temperature', Journal of Geoenergy Science and
Engineering.

In recent years, the application of liquid foams in hydraulic fracturing has gained significant
attention due to their potential to reduce formation damage, offering a more environmentally
sustainable approach. While the combination of anionic surfactants and nanoparticles (NP) has
been extensively explored to enhance the properties of foam-based fracturing fluids, a critical
knowledge gap existed concerning the synergy between cationic surfactants and NP,
particularly at the elevated temperatures encountered in reservoirs. This paper addresses this
gap by investigating and comparing the effects of cationic and anionic surfactants in
combination with silica nanoparticles (SNP) on the stability, rheology, and proppant-carrying
capacity of fracturing foams under varying temperature conditions. The study highlights the
superior performance of foams stabilized by cationic surfactants and SNP, particularly at
medium cationic surfactant concentrations. This finding directly contributes to the
development of more effective and thermally stable foam systems, which helps advance
hydraulic fracturing practices to be both efficient and environmentally responsible.
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Much attention has been paid to applying liquid foams in hydraulic fracturing in the past few years due to their
significant benefits, including minimal formation damage. In the current literature, the combination of anionic
surfactants and nanoparticles (NP) has been thoroughly studied to improve foam-based fracturing fluids’ thermal
stability and viscosity. However, very little research has focused on the synergy between cationic surfactants and
NP, which results in a limited understanding of the effects of this mixture on enhancing the properties of frac-
turing foams, especially at reservoir temperature. This paper investigates and compares the synergy between
cationic/anionic surfactant and silica nanoparticles (SNP) in improving the fracturing foams’ stability, rheology
and proppant-carrying capacity under ambient and elevated temperature conditions. The experiments involved
foamability, bulk static stability, viscosity measurement and proppant settling tests at fixed NP concentration and
varied surfactant concentrations. The results showed that the foams’ properties were gradually enhanced with
increasing surfactant concentration until reaching a peak at around 0.05-0.1 wt%. At ambient and elevated
temperatures, the foams stabilized by SNP and cationic hexadecyltrimethylammonium bromide (CTAB) surfac-
tant had higher half-life, apparent viscosity, and better proppant-carrying ability than those stabilized by SNP
and anionic sodium dodecyl benzene sulfonate (SDBS) surfactant. The properties of CTAB/SNP foams were found
most outstanding at medium CTAB concentration; however, they declined dramatically at very low or very high
surfactant concentration. This study enhances our understanding of the influences of surfactant type and con-
centration on the stability, rheology and proppant suspension behaviour of nanoparticle-stabilized foams, which
directly contributes to developing an effective foam system for high-temperature fracturing application.

1. Introduction

Fracture stimulation has been widely acknowledged as the most
effective technique to extract hydrocarbon from tight and unconven-
tional reservoirs in the last few decades. The conventional water-based
fracturing fluid is safe and straightforward to use; however, it con-
sumes an enormous amount of water and can result in water blocking
and clay swelling when interacting with water-sensitive formations
(Wanniarachchi et al., 2017; Yekeen et al., 2018; Abdelaal et al., 2021).
Furthermore, clay swelling can lead to serious consequences such as
fracture conductivity decline, wellbore collapse and casing damage (Fu
and Liu, 2021). Therefore, fracturing fluids with low water content have
been introduced to reduce water consumption and prevent shale

* Corresponding author.
E-mail address: tuan.tran@adelaide.edu.au (T. Tran).

https://doi.org/10.1016/j.geoen.2023.212041

swelling, such as foam-based fluids (Wang et al., 2016).

Foams are gas dispersions in liquid, typically generated and stabi-
lized by surface-active agents or surfactants. Compared to conventional
water-based fracturing fluids, foams have several advantages: lower
water and chemical additives consumption, lower fluid loss, better
clean-up, and minimal formation damage (Yekeen et al., 2018; Wan-
niarachchi et al.,, 2015; Speight, 2016; Abdelaal et al., 2021). For any
foam-based fracturing fluid, foam's stability, rheology, and
proppant-carrying ability are essential properties that determine the
fracture treatment’s success. Generally, foams have relatively high vis-
cosity, making them very efficient in suspending, transporting and
uniformly placing proppants into the fractures (Isah et al., 2021). Pre-
vious simulation results have shown that foam fracturing can prevent
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the early settlement of proppants (Kong et al., 2016); and fractures
generated by foams have larger reservoir contact area, higher proppant
distribution and higher conductivity than those generated by slickwater
(Fei et al., 2018; Tran et al., 2020). However, foams are thermody-
namically unstable due to their decay mechanisms of liquid drainage,
coarsening and bubble coalescence (Schramm, 1994). Under
high-temperature conditions, surfactants are likely to degrade and lose
their desired functions (Kapetas et al., 2016; Abdelaal et al., 2021),
which negatively affects the long-term stability, rheological properties
and proppant-carrying ability of foams (Ahmed et al., 2018; Lv et al.,
2015; Luo et al., 2014). This thermal instability remains the major
limitation of foam fracturing fluids in field application.

In order to address this limitation, nanotechnology has been recently
implemented to increase the stability and rheology of fracturing foams
at elevated temperatures (Faroughi et al., 2018; Li et al., 2017a; Fu and
Liu, 2020; Lv et al., 2015, 2017; Verma et al., 2018, 2019; Fei et al.,
2017, 2018). As solid nanoparticles (NP) absorb onto the gas-liquid
interface, they act as a steric barrier to enhance the film strength and
viscoelasticity, preventing gas diffusion and reducing the rates of
coarsening and coalescence (Ab Rasid et al., 2022; Lv et al., 2015; Zhang
et al.,, 2021). In addition, NP also increases the bulk viscosity of the
surfactant-NP dispersions, leading to higher foam viscosity and a slower
drainage process. Results from Lv et al. (2015) showed that with the
presence of silica nanoparticles (SNP), the proppant settling velocity of
SDBS foams could reduce by nearly ten times, indicating a significant
improvement in the proppant-carrying capacity.

The synergy between surfactant and NP plays a critical role in the
properties of foams. Among all types of nanoparticles, silica nano-
particles (SNP) have been most commonly applied for foam stabilization
due to their high availability and low costs (Yekeen et al., 2019b; Zhang
etal., 2021; Majeed et al., 2021). Conversely, a wide range of surfactants
has been used in foam studies. The most popular surfactant groups are
anionic surfactants (SDBS, SDS, AOS) and cationic surfactants (CTAB,
DTAB) (Yekeen et al., 2019a). In the field of EOR foam flooding, both
anionic and cationic surfactants have been commonly combined with
SNP to enhance the thermal tolerance and increase the oil displacement
efficiency of foams (Singh and Mohanty, 2015; Bayat et al., 2016; Harati
et al., 2020; Yekeen et al., 2019a, 2019b; Veyskarami and Ghazanfari,
2018; Li et al., 2017b; Sun et al., 2014a; Wu et al., 2018; Farhadi et al.,
2016; Kumar and Mandal, 2017). On the other hand, in the field of foam
fracturing, current literature mainly focuses on the synergy between NP
and anionic surfactants to improve thermal stability, reduce proppant
settling velocity (Lv et al., 2015; Verma et al., 2018), and increase the
viscosity of foams (Xiao et al., 2017; Li et al., 2017a; Fu and Liu, 2020).
The synergistic effects of NP and cationic surfactants on the properties of
fracturing foams, conversely, have yet to be covered or thoroughly
investigated. The influence of the SNP-cationic surfactant system on the
stability, rheology and proppant suspension of fracturing foams remains
ambiguous, especially at elevated reservoir temperatures. In addition, it
is still questionable whether the SNP/cationic surfactant system would
promote higher foam viscosity and better proppant suspension than the
SNP/anionic surfactant system for foam fracturing application or vice
versa.

Therefore, this paper aims to comprehensively study the synergy
between anionic/cationic surfactant and SNP in improving the stability,
rheology and proppant-carrying capacity of the fracturing foams under
ambient and elevated temperature conditions. The foam static stability,
viscosity measurement and proppant settling tests were conducted with
anionic SDBS and cationic CTAB surfactants in varied concentrations
and with SNP at fixed concentration. The research is expected to
improve our understanding of the surfactants’ effects on the behaviours
of NP-stabilized fracturing foams and provide reference guidelines for
selecting the suitable surfactant type and concentration for the foam
fracturing application.

Geoenergy Science and Engineering 228 (2023) 212041
2. Methodology
2.1. Materials

The anionic surfactant used in our experiments was sodium dode-
cylbenzene sulfonate (SDBS, >>99% purity), and the cationic surfactant
was hexadecyltrimethylammonium bromide (CTAB, >98% purity).
Both surfactants were obtained from Sigma Aldrich. The critical micelle
concentrations (CMC) of the surfactants were provided by the supplier,
which is 0.61 mM for SDBS and 0.92 mM for CTAB at 25 °C. In addition,
hydrophilic silica nanoparticles (SNP) in colloidal form were purchased
from Sigma Aldrich with a concentration of 34 wt% suspensions in
water. The SNP has an average diameter of 22 nm, a molecular weight of
60.08 g/mol and a surface area of 110-150 m*/g. Both surfactants and
SNP were used without any modification. Deionized distilled water with
a resistivity of 18.2 mQ was used as a base fluid in all experiments (Li
et al., 2017b).

2.2. Sample preparation

Firstly, a certain amount of surfactant (from 0.025 wt% to 0.5 wt%)
was added into distilled water and continuously stirred at a low speed of
50 RPM for 2 h without interruption. After that, 1.0 wt% SNP were
added to the mixture and stirred for another 2 h. The surfactant-
nanoparticle dispersion was then ultra-sonicated at a frequency of 40
Hz for 30 min to reach adsorption equilibrium. The dispersion appeared
slightly hazy and was sealed for use in experiments. Finally, the pre-
pared dispersion was stirred at 2000 RPM for 2 min to produce fine
foams.

2.3. Foam static stability measurement

After foam generation, the initial foam volume was immediately
recorded as a measure of foamability. The foam was then transferred
into a glass cylinder, which was pre-heated using a water bath system.
The top of the cylinder was sealed to prevent contamination and
disturbance from the environment. Foam half-life, the total time taken to
drain 50% of liquid from the foam (Verma et al., 2019; Li et al., 2019),
was recorded and used as a standard measure for foam stability. All
stability measurements were conducted at atmospheric pressure and
temperatures of 25 °C and 90 °C.

2.4. Apparent viscosity measurement

The apparent viscosity measurement of foams was conducted by a
SR5 Rheometer (Rheometric Scientific, USA) using a smooth-surfaced
cylindrical couette geometry (Fei et al., 2017; Verma et al., 2019).
The influence of surfactant type, concentration, and shear rate on the
foam viscosity was studied at 25 °C and 90 °C. Atmospheric pressure was
applied in this experiment to match the testing conditions of the foam
stability and proppant settling experiments.

In the future work, it is recommended to measure the foam viscosity
with a grooved coutee, instead of the smooth-surfaced one. It has been
shown that using a grooved couette significantly reduces macroscopic
shrinkage at the geometry walls, allowing higher measurement accu-
racy, especially at low shear rates (Abeli et al., 2021).

2.5. Static proppant settling measurement

In static proppant settling tests, 1 g of sand proppants (20/40 mesh
size) was evenly added to the foam column in the pre-heated glass cyl-
inder (Zhang et al., 2020), The proppant settling velocity was deter-
mined by measuring the height of the initial foam column and the time
taken for the proppants to settle on the bottom of the cylinder. The
proppant settling measurements were performed at atmospheric pres-
sure and temperatures of 25 °C and 90 °C. The diameter of the
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measuring cylinder was more than 25 times larger than that of the
proppants to minimize the effect of confining walls on the
proppant-settling velocity (Goel et al., 2002).

3. Results & discussions
3.1. Foamability

Surfactants have a prominent role in generating and stabilizing
foams. The adsorption of surfactant molecules on the gas-liquid inter-
face helps reduce surface tension and surface energy to create colloidal
structures (Langevin, 2000). Fig. 1 shows the foaming ability of different
surfactant systems with varied surfactant concentrations from 0.025 wt
% to 0.5 wt%. All foams were generated from the same dispersion vol-
ume of 100 mL. As surfactant concentration increased, the foamability
increased gradually until reaching a plateau point. The foamability of
CTAB and CTAB/SNP foams increased very slightly after reaching the
plateau point at 0.1 wt% CTAB. SDBS and SDBS/SNP foams’ initial
volumes increased steadily until starting to decrease beyond 0.25 wt%
SDBS.

The addition of SNP has a negative effect on foamability. The initial
volumes of CTAB and SDBS foams with SNP were 5-15% lower than
those without SNP. Previous studies have reported similar observations
(Verma et al., 2019; Hu et al., 2018; Binks et al., 2015; Sun et al., 2015).
In addition, as SNP is added to the solutions, the dispersion viscosity
increases, leading to increased interfacial tension on the gas-liquid
interface. Consequently, gas becomes more difficult to dissolve in the
dispersion, obstructing bubble formation and lowering foamability.

At the same concentration, SDBS surfactant has a much better
foaming ability than CTAB surfactant. Without SNP, the initial volumes
of SDBS foams were approximately 1.5 times higher than those of CTAB
foams, and the difference was nearly two times in the presence of SNP.
This behaviour can be explained by the foam texture difference. Fu and
Liu (2021) observed that both surfactants could generate fine foams;
however, CTAB foams tend to have thicker liquid films than SDBS foams,
which significantly reduces air entrainment and results in lower foam
quality and lower foamability of CTAB foams.

Additionally, the foaming capacity of foams largely depends on the
electrostatic interaction between surfactants and SNP. It is commonly
known that SNP has a high negative charge on its surface (Wang et al.,
2005; Tran et al., 2022). As anionic SDBS surfactants and SNP are both
negatively charged, the electrostatic repulsive force between the two
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elements reduces the attachment of SDBS molecules on the SNP surface
and promotes more adsorption of SDBS molecules on the gas-liquid
interface. As a result, the surfactant molecules adsorbed on the
gas-liquid interface are considered ‘active molecules’ (Fu and Liu,
2020), which help to further reduce the surface tension and increase the
foamability. On the other hand, as cationic CTAB surfactants contain
positive charges in their head groups, a strong electrostatic attraction
exists between CTAB molecules and the SNP surface due to the oppo-
sition of their electric charges. As a result, CTAB molecules are more
likely to adsorb on the SNP surface than on the gas-liquid interface
(Briceno-Ahumada et al., 2021). Eventually, the concentration of active
CTAB molecules is significantly reduced, leading to the low foamability
behaviour observed in Fig. 1.

By definition, foam quality (Q) is the ratio between the gas volume
(Vgas) and the total foam volume (Vyoqm) (Schramm, 1994). The equation
for foam quality can be expressed in Eq. (1). Using the foamability re-
sults and the fixed mixture volume of 100 mL, the quality of the studied
foams can be calculated and presented in Table 1:

Ves  Vioan — Viguaa

Q%) ==

" Vioan Vieam M

3.2. Foam stability

In foam fracturing application, foam stability is one of the critical
factors to the success of the treatment. Fig. 2 shows the drainage half-
lives of the studied foam systems with varied surfactant concentra-
tions at 25 °C and 90 °C. The effects of temperature, SNP, surfactant type
and concentration on foam stability are observed and discussed.

As the temperature increased from 25 °C to 90 °C, all foams became
less stable with lower drainage half-lives. The stability impairment is
mainly due to surfactant degradation at high temperatures. As temper-
ature increases, the kinetic energy of the surfactant molecules increases
rapidly, preventing their adsorption on the gas-liquid interface and
reducing their ability to stabilize foams (Verma et al., 2018; Hana-
mertani et al., 2018; Fu and Liu, 2020; Emrani et al., 2017). The rise in
temperature also reduces the surface elasticity of the gas-liquid interface
and promotes gas diffusion through lamellae (Yang et al., 2021).
Consequently, the drainage, coarsening, and coalescence rates are
accelerated with increasing temperature. This leads to an increase in
bubble size and a decrease in film thickness, resulting in early film
rupture (Lv et al., 2015).

According to Fig. 2, adding SNP considerably increased the stability
of both CTAB and SDBS foams. Naturally, when the distance between

800 two bubble surfaces gets closer, the van der Waals attractive force be-
tween the surfaces becomes significant in causing a disturbance and film
700 - rupture (Fei et al., 2018; Verma et al., 2019). As SNP is added, they
) adsorb on the gas-liquid interface to form monolayers, bilayers or a
E multi-layer network around the foam bubbles (Hunter et al., 2008; Zhou
"E’ 600 1 et al.,2020). These layers help enhance film strength, maintain film
] thickness, reduce the coarsening rate and significantly decrease the
§ 500 | probability of film rupture (Fei et al., 2017). Moreover, adding SNP
3 increases the viscosity of foam solutions and dispersions. This enhances
g 400 4 the foams’ ability to hold water content in the liquid films and de-
('S celerates the drainage rate (Hu et al., 2018; Fei et al., 2017).
® 300 In the absence of SNP, CTAB foams generally had higher stability
£ —=— SDBS
=« CTAB Table 1
200 —+— SDBS + 1.0% NP Foam quality results.
—=—CTAB + 1.0% NP Surfactant SDBS CTAB SDBS + 1.0%  CTAB + 1.0%
100 T T T T - ion (Wt%) foam foam NP foam NP foam
0.0 0.1 02 03 04 05 0.025 73.7%  68.8%  737% 37.5%
Surfactant Concentration (wt%) 0.05 82.1%  78.3%  81.5% 63.0%
0.10 85.1% 75.3% 83.9% 70.6%
Fig. 1. Influence of surfactant concentration on the foamability of foams with 025 85.9% 76.7% 85.0% 71.4%
0.50 85.3% 77.0% 84.4% 74.4%

and without 1.0 wt% SNP.
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Fig. 2. Influence of surfactant concentration on the stability

than SDBS foams at ambient temperature. The observation can be
attributed to the self-aggregation characteristics of CTAB molecules in
solutions. According to Yekeen et al. (2019¢), due to the self-aggregation
behaviour, a higher number of active CTAB molecules are generated and
quickly migrated from bulk solution into the gas-liquid interface to
better stabilize foams. However, at the higher temperature of 90 °C,
SDBS foams were more stable than CTAB foams. From the observed
stability difference, SDBS foams are believed to have higher thermal
resistance than CTAB foams.

The effects of surfactant concentration on foam stability are quite
different among the foam systems. For SDBS and SDBS/SNP foams, the
measured half-lives increased dramatically when SDBS concentration
increased from 0.025 wt% to 0.1 wt%, then improved very slightly after
0.1 wt%. The 0.1 wt% point is considered the critical value, beyond
which the foam stability is independent of the surfactant concentration
(Wang et al., 2018). Similarly, the stability of CTAB foams increased
consistently with CTAB concentration from 0.025 wt% to 0.25%.
However, after reaching a peak half-life at 0.25 wt%, the stability of
CTAB foams started to reduce considerably. This observation is possibly
related to the self-aggregation of CTAB molecules in solutions. At high
surfactant concentrations, the self-aggregation behaviour of CTAB can
become redundant and form excessively large CTAB aggregates. As a
result, these aggregates have minimal adsorption on the gas-liquid
interface, reducing their capability of stabilizing foams.

Last but not least, Fig. 2 shows very interesting results in the stability
of CTAB/SNP foams. At 0.025 wt% surfactant concentration, CTAB/SNP
foams had the lowest drainage half-life compared to the other foam
systems. It is believed that there is a minimum threshold of CTAB con-
centration, below which the synergy between SNP and CTAB is not
possible for foam stabilization. As CTAB concentration increased to 0.05
wt% and 0.1 wt%, the stability of CTAB/SNP foams increased sharply
and dominated other foams. At 0.1 wt% CTAB, the drainage half-lives of
CTAB/SNP foams were 800s at 25 °C and 620s at 90 °C, both of which
are 2.2-2.4 times higher than those of SDBS/SNP foams. However, as
CTAB concentration further increased to 0.25% and 0.5%, the stability
of CTAB/SNP foams dropped significantly by approximately 250% -
even lower than the SDBS/SNP foams. The same behaviours were
observed at both ambient and elevated temperatures.

3.2.1. Stability of CTAB/SNP foams at medium CTAB concentration
Two main mechanisms can explain the stability dominance of CTAB/
SNP foams at medium CTAB concentrations: 1) high detachment energy
of SNP and 2) cork formation at the bubble interface. Firstly, particle
detachment energy is the minimum energy required to remove adsorbed
particles from the gas-liquid interface. The detachment energy (E) of
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of foams at the temperature of (a) 25 °C and (b) 90 °C.

nanoparticles is shown in Eq. (2) (Binks, 2002):
E = aR%(1 — cos 0)* @)

Where R is the radius of the NP, y is the interfacial tension, and 8 is the
contact angle of the NP at the gas-liquid interface. The higher the
detachment energy is, the stronger particles adsorb on the gas-liquid
interface to stabilize foams. When interacting with SNP, cationic CTAB
molecules tend to attach to the SNP surface due to the electrostatic
attractive force between them. As the CTAB concentration increases
from low to medium, more CTAB molecules will adsorb on the SNP
surface, reducing the absolute zeta potential to the isoelectric point,
enhancing the hydrophobicity and promoting particle aggregation of the
SNP (Tran et al., 2022). This directly results in a higher contact angle
and larger aggregate size of SNP with increasing CTAB concentration.
According to Eq. (2), the detachment energy of NP largely depends on
the NP size and contact angle. Therefore, with increasing CTAB con-
centration from low to medium, SNP is expected to have higher
detachment energy, allowing them to adsorb stronger on the gas-liquid
interface and stabilize liquid films and foam bubbles more effectively.

The second stabilization mechanism is the cork formation in the
plateau border. As SNP interact with cationic surfactant molecules, they
are likely to generate SNP aggregates, which act as solid barriers on the
foam bubbles to constrain film thinning and maintain film thickness
(AlYousef et al., 2018; Zhou et al., 2020). In addition, SNP aggregates
are also very effective in delaying foam drainage. As SNP aggregates
collide with each other in short ranges, they form large accumulations
known as ’corks’ in the lamellae (Fei et al., 2017). Fig. 3 demonstrates
the formation of corks from surfactant-nanoparticle aggregates in the
plateau border. As the corks grow progressively, they block the liquid
flow and reduce the number of drainage channels (Fameau and Salonen,
2014; Carn et al., 2009). This results in particle jamming in the plateau
border, thereby decreasing the drainage rate and improving overall
foam stability.

Both stabilization mechanisms are only possible due to the interac-
tion between the oppositely charged SNP and cationic surfactants. The
unique synergistic effects explain why CTAB/SNP foams were much
more stable than anionic SDBS/SNP foams at 0.05 wt% and 0.1 wt%
surfactant concentration.

3.2.2. Stability of CTAB/SNP foams at high CTAB concentration

Even though CTAB/SNP foam had outstanding stability at medium
surfactant concentrations, its drainage half-life declined dramatically at
0.25 and 0.5 wt% CTAB (Fig. 2). The stability impairment is most likely
due to the negative effects of the excessive CTAB concentration on the
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Fig. 3. Schematic diagram of cork formation and particle jamming from SNP-surfactant aggregates in the plateau border (Carn et al., 2009).

behaviour of CTAB/SNP dispersions. At high concentrations, CTAB
molecules tend to attach to the SNP surface in bilayers, which results in
the increased hydrophilicity of the SNP and makes SNP more difficult to
adsorb on the gas-liquid interface (Liu et al., 2010; Hu et al., 2018; Tran
et al., 2022).

However, SNP aggregation and flocculation can stabilize foams only
when they are on a micro-scale (Wang et al., 2018). When mixing a high
concentration of CTAB surfactant in SNP dispersions, it was observed
that very large SNP aggregates and flocculates were formed; they have
white colour and are visible to the naked eye. Due to their large sizes,
these structures require very high mixing energy to be placed on the
gas-liquid interface. Therefore, they tend to settle and precipitate in bulk
solutions rather than adsorb on the plateau borders (Tran et al., 2022).

It can be concluded that at high CTAB concentration, the increased
hydrophilicity of SNP and the formation of large SNP flocculates result
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in the low adsorption of SNP and the destruction of the SNP network on
the lamellae (Wang et al., 2018; AlYousef et al., 2018). These behaviours
considerably reduce the film strength, decline the film elasticity, and
eventually decrease the stability of CTAB/SNP foams at high CTAB
concentrations (Fig. 2).

3.3. Foam rheology

The viscosity behaviour is crucial for any fracturing fluid as it de-
termines the proppant-carrying capacity and filtration property. Foam
viscosity generally is relatively high; however, it is susceptible to bubble
and lamellae deformation. Fig. 4 shows the apparent viscosity of the
studied foam systems at ambient and elevated temperatures. The vis-
cosity results were measured at the fixed shear rate of 10051,

According to Fig. 4, the foam viscosity decreased considerably when
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Fig. 4. Influence of surfactant concentration on the apparent viscosity of foams at (a) 25 °C and (b) 90 °C.
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the temperature increased from 25 °C to 90 °C. A similar observation has
been reported in previous studies. The foam viscosity reduction at a high
temperature can be attributed to the decreased viscosity of the surfac-
tant solutions and the NP-surfactant dispersions (Fu and Liu, 2020); the
increased film loss rate from the increased surfactant molecular activity
(Langevin, 2000); and the increased coarsening rate and film rupture
from the gas expansion (Lv et al., 2015). The inverse relationship be-
tween foam viscosity and temperature is related to the flow activation
energy by the Arrhenius’ law (Gidley et al., 1995; Pozrikidis, 2001),
which can be expressed in Eq. (3):

E
My = Ay exp (R—/T) ®)

where 7, is the foam’s apparent viscosity, A, is the exponential constant,
Ey is the activation energy, R is the university gas constant, and T is the
absolute temperature. During fracturing at reservoir temperature, foam
viscosity is expected to decline; however, the reduced viscosity should
be high enough to carry and transport proppants effectively.

CTAB foams had higher apparent viscosity at ambient and elevated
temperatures than SDBS foams. This observation is most likely because
of the foam quality of CTAB and SDBS foams. According to Table 1,
CTAB foams had 68-74% quality while the quality of SDBS foams was
relatively higher, around 82-85%. This is because SDBS foams have
higher gas volume and lower liquid content in the lamellae by having
higher foam quality. As a result, the liquid films in SDBS foams are
thinner and have less deformation resistance than those in CTAB foams.
This explains why SDBS foams had lower apparent viscosity than CTAB
foams at 25 °C and 90 °C. In some previous studies, the optimal foam
quality for peak viscosity was found to be between 70 and 75% (Fu and
Liu, 2021; Worthen et al., 2013; Zhu et al., 2017), which is very close to
the quality of CTAB foams in this study.

The effects of surfactant concentration on the foam viscosity can also
be observed in Fig. 4. With increasing surfactant concentration, the
apparent viscosity of CTAB and SDBS foams increased gradually, then
started to slow down after reaching the critical point at 0.1 wt% sur-
factants. Again, the foam morphology can explain this observation. As
the surfactant concentration increases, foams have a finer texture with
smaller bubble size, a higher number of bubbles and more stable
lamellae (Fu and Liu, 2021; Worthen et al., 2013; Gu and Mohanty,
2015). Due to the improved texture and increased lamellae stability,
foams have higher flow resistance. As a result, they are more difficult to
deform, which leads to improved foam viscosity at higher surfactant
concentrations.

In the presence of SNP, on the other hand, the relationship between
surfactant concentration and foam viscosity is much more complicated.
Generally, as SNP adsorb on the gas-liquid interface, they help to
improve the foam texture and enhance the viscoelasticity of the liquid
films (Lv et al., 2015; Georgieva et al., 2009; Fu and Liu, 2021).
Consequently, foams have higher interfacial strength and increased
structural integrity, which significantly reduces interactions among
foam bubbles, resists disturbances, and eventually increases the foam
viscosity (Georgieva et al., 2009). According to Fig. 4, the apparent
viscosity of CTAB and SDBS foams increased remarkably with the in-
clusion of 1.0 wt% SNP. Furthermore, CTAB/SNP foams had a higher
viscosity than SDBS/SNP foams at ambient and elevated temperatures.
This observation claims that the combination of SNP and cationic sur-
factants is more effective in enhancing foam viscosity than the SNP/a-
nionic surfactant mixtures.

Moreover, it is observed that the effects of SNP on the foam viscosity
could be reduced at high surfactant concentrations. For example, at low
CTAB concentrations between 0.025 wt% and 0.1 wt%, CTAB/SNP
foams had excellent rheological properties where the foam viscosity
could reach nearly 450 cP at ambient temperature and 160 cP at high
temperature. At higher CTAB concentrations, on the other hand, the
apparent viscosity of CTAB/SNP foams dropped massively. For instance,
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at 0.5 wt% CTAB, the viscosity of CTAB/SNP foams was not much
different or even lower than that of the CTAB and SDBS foams. Similar
behaviour was observed in the viscosity of SDBS/SNP foams.

Given that the optimal SDBS concentration was found at 0.05 wt%,
the foam viscosity started to decrease at higher surfactant concentra-
tions. While the decline rate was relatively slight at 25 °C, it became very
significant at a higher temperature. At 90 °C, the apparent viscosity of
SDBS/SNP foams at 0.5 wt% SDBS was only 42 cP - the lowest in the four
foam systems. Li et al. (2017a) claimed that the reduction of the
CTAB/SNP and SDBS/SNP foam viscosity at high surfactant concentra-
tions could be attributed to the decreased dispersion viscosity. As the
surfactant concentration is too high, the excessive amount of surfactant
molecules may form micelles in the solution and solubilize SNP, which
potentially reduces the flow resistance of the liquid phase and thereby
lowers the macroscopic viscosity of the dispersions (Lv et al., 2017).
Future work is strongly suggested further investigate and explain the
viscosity behaviour of NP-stabilized foams at high surfactant
concentrations.

Fig. 5 shows the effects of shear rate on the apparent viscosity of SNP-
stabilized foams at 0.1 wt% surfactant concentration. It can be observed
that the foam viscosity decreased when increasing shear rates from 50 to
1000 s~'. As shear rates increase, foam bubbles will likely organize
themselves in an ordered arrangement. Because of that, foams become
easier to flow and deform, leading to their reduced viscosity. Never-
theless, it has been found that the interaction between the gas-liquid
interfaces becomes weaker at a higher shear rate, which also results in
the foam viscosity decline (Sun et al., 2014b).

The observed relationship between the shear rate and apparent vis-
cosity confirms the non-Newtonian characteristics and the shear-
thinning behaviour of the foamed fluids. The shear-thinning behaviour
of foams has many advantages in the fracturing application. In the
process of mixing and pumping fracturing fluids downhole, constant
flow circulation and high pressure are typically required, leading to high
shear rates. Foam has lower viscosity at a high shear rate, so it helps
decrease friction loss and reduce the pumping requirements, bringing
down stimulation costs (Gu and Mohanty, 2015). On the other hand, low
shear rates are usually observed in the porous media, and the fracture
flows. By having high viscosity at low shear rates, fracturing foams have
excellent capabilities of suspending and transporting proppants into the
fractures (Gu and Mohanty, 2015). This benefit significantly helps
enhance the fracture dimensions and conductivity (Tran et al., 2020; Fei
et al,, 2018).
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Fig. 5. Influence of shear rate on the apparent viscosity of foams at the tem-
perature of 25 °C and 90 °C.
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As shown in Fig. 5, the negative impacts of elevated temperature on
the foam viscosity are quite clear. At the same 0.1 wt% surfactant con-
centration, CTAB/SNP foams had higher apparent viscosity than SDBS/
SNP foams, and the viscosity difference was more significant at ambient
temperature.

3.4. Proppant suspension of foams

Proppant-carrying ability plays an essential role in the performance
of the fracturing fluid, and settling velocity is the critical measure for the
proppant suspension. With lower settling velocity, fluids can transport
more proppants from the wellbore to fractures and effectively distribute
proppants into the main and small-sized fractures (Gu and Mohanty,
2015). Fig. 6 shows the proppant settling velocity of the studied foams at
the temperature of 25 °C and 90 °C.

Generally, foams have excellent proppant-carrying capacity with low
settling velocity compared to other fracturing fluid systems. The
exceptional proppant-carrying ability of foams is mainly due to the foam
structure. Zhu et al. (2019) illustrated the forces exerted on the settling
proppant in the bubble scale (Fig. 7). When settling through the foam,
the proppant tends to squeeze or stretch the foam films, generating
bubble pressure and network force on the proppant. These two forces in
the vertical direction act as drag forces against gravity, slowing down
the proppant settlement in the foam.

It is widely believed the proppant suspension depends mainly on the
stability and viscosity of foams (Abdelaal et al., 2021; Yekeen et al.,
2018). Therefore, most proppant settling behaviours in foams can be
related and explained by the foam stability and rheology observations.
For example, in Fig. 6, the proppant settling velocity of all studied foams
increased by a magnitude when increasing temperature from 25 °C to
90 °C. This is because the foam becomes less stable with reduced vis-
cosity and increased liquid drainage and film rupture rates as the tem-
perature rises. These consequences heavily decrease the interactions
between the gas bubbles and the proppants, leading to the early prop-
pant settlement at elevated temperatures.

Under both temperature conditions, CTAB foams had lower proppant
settling velocity than SDBS foams. The observation is most likely
because of CTAB foams obsessing greater rheological properties (Fig. 4).
By having higher apparent viscosity, CTAB foams are better at holding
proppants and other particles in the bubbles. Moreover, as previously
presented, the liquid films in CTAB foams tend to be thicker with higher
liquid content than those in SDBS foams. This potentially increases the
vertical drag forces exerting on the proppants, thereby delaying the
proppant settlement.
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Fig. 6 shows that the proppant settling velocity of CTAB and SDBS
foams was further reduced with the addition of 1.0 wt% SNP. There are
three main reasons contributing to the positive effects of SNP on the
proppant settling behaviour. First, the foam half-lives with SNP were
significantly higher than those without SNP (Fig. 2). This directly allows
CTAB/SNP and SDBS/SNP foams much more time to support and delay
the settlement of proppants. Additionally, as CTAB and SDBS foams have
higher viscosity in the presence of SNP (Fig. 4), their bubbles tend to
have more resistance against the liquid flow and proppant settlement
(Lv et al., 2015). Lastly, as SNP adsorb on the gas-liquid interface, the
surfaces of the foam bubbles become rougher (Verma et al., 2018). This
considerably prevents proppants from easily slipping on the surface,
thereby lowering their settling velocity.

Overall, the proppant settling rate of foams decreased with
increasing surfactant concentration. However, CTAB/SNP foam is an
exceptional case where the effect of surfactant concentration is not
consistent. Between 0.025 wt% and 0.1 wt%, CTAB/SNP foams had the
lowest proppant settling velocity compared to other foam systems, and
these settling rates were observed to decrease with increasing surfactant
concentration. For example, at 0.1 wt% CTAB, the settling velocity of
proppants could reach down to 0.017 mm/s at ambient temperature and
0.23 mm/s at elevated temperature. On the other hand, when increasing
the CTAB concentration beyond 0.1 wt%, the proppant settling velocity
of CTAB/SNP foams increased sharply — even higher than that of CTAB
and SDBS foams without SNP. This behaviour can be attributed to the
reduced stability and viscosity of CTAB/SNP foams at high CTAB con-
centrations (Figs. 2 and 4) and the excessive SNP aggregation. At high
CTAB concentrations, SNP aggregates tend to form large-sized corks in
the gas-liquid interface. While corks are beneficial in blocking the liquid
channels and reducing gravitational drainage, they can cause negative
impacts on the proppant settlement. When interacting or colliding with
proppants in the plateau border, these large-sized corks are very likely to
result in additional gravity force on the proppants. Moreover, in that
case, the bubble pressure force and network force would exert not only
on the proppants but also on the corks. This directly decreases the ver-
tical drag force on the proppants, thereby accelerating the settlement of
proppants in the CTAB/SNP foams.

3.5. Advantages & limitations of CTAB/SNP foams

CTAB/SNP foams were observed to have the highest stability,
highest viscosity and lowest proppant settling velocity among the four
studied foam systems. With the mentioned advantages, CTAB/SNP foam
is expected to have a very high capacity for transporting and distributing
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Fig. 6. Influence of surfactant concentration on the proppant settling velocity of foams (a) 25 °C and (b) 90 °C.
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Fig. 7. Schematic diagram of the forces exerting on the settling proppant in the foam structure (Zhu et al., 2019).

proppants to the target reservoir area, preventing early proppant set-
tlement and enhancing the fracture dimensions and conductivity.

On the other hand, CTAB/SNP foams have a few limitations in the
fracturing application. First of all, the properties of CTAB/SNP foams are
susceptible to surfactant concentration. In this study’s optimal concen-
tration range, for example, 0.05 wt% and 0.1 wt% CTAB, we achieved
excellent stability, rheology, and outstanding proppant settling behav-
iour of CTAB/SNP foams at both ambient and elevated temperatures.
However, at too low or too high CTAB concentration, the properties of
CTAB/SNP foams are severely impacted, which may be even worse than
the foams without SNP. Secondly, at high CTAB concentrations, exces-
sive SNP-surfactant aggregates tend to form corks in the gas-liquid
interface and flocculate in the bulk solution. Due to the large sizes,
these structures might block pore throats and pore bodies, which
potentially causes formation damage and decreases fracture conduc-
tivity and well productivity. Lastly, cationic CTAB surfactant molecules
have high adsorption capacity on negatively-charged formation rocks
such as sandstone and clay with high quartz content. Therefore, the
presence of SNP could reduce the adsorption of CTAB on reservoir rocks
by up to 50% (Yekeen et al., 2019¢); however, the surfactant loss might
still be considerable for foam fracturing treatment.

Despite the presented drawbacks in field application, at the appro-
priate concentration, CTAB/SNP foams have several promising benefits
in foam fracturing at reservoir temperature. They are superior to the
SDBS/SNP foams used in recent foam studies. More studies are required
to investigate further the practical use of the CTAB/SNP fracturing
foams and address their limitations by chemical tuning and introducing
new additives to the dispersion mixtures. In addition, future work is
strongly encouraged to study the damage of the nanoparticle-surfactant
fracturing foam systems to the properties and performance of different
Teservoir types.

4. Conclusions

In this paper, the effects of anionic and cationic surfactants on the
properties of nanoparticle-stabilized fracturing foams were investigated
and compared. The foams’ foamability, stability, rheology and proppant
settling behaviour were studied in a wide range of surfactant concen-
trations at ambient and elevated temperatures. The study provides sig-
nificant insights into the influences of surfactant type and concentration
on the properties of nano-foams. This significantly contributes to
developing a stable, high-performance foam system that works effec-
tively at reservoir temperature. The key conclusions can be summarized
as follows.

1. As the surfactant concentration increased from 0.025 wt% to 0.5 wt
%, the properties of foams were enhanced enormously until reaching

a plateau/peak point. These critical points were mainly found be-
tween 0.05 wt% and 0.1 wt% of surfactant concentration.

2. Without SNP, CTAB foams had lower foamability, less thermal
resistance, higher apparent viscosity and better proppant-carrying
ability than SDBS foams. In the presence of 1.0 wt% SNP, the
adsorption of SNP on the gas-liquid interface noticeably delayed the
gravitational drainage and considerably improved the viscosity and
proppant suspension behaviour of both CTAB and SDBS foams.

3. At both ambient and elevated temperatures, the synergy between
cationic CTAB surfactant and SNP resulted in higher foam stability,
foam viscosity and lower proppant settling velocity than the anionic
SDBS surfactant and SNP.

4. CTAB/SNP foam is strongly considered a promising fracturing fluid
which can be applied under reservoir conditions. Their properties
were observed to depend massively on the surfactant concentration.
At medium CTAB concentrations such as 0.05 wt% and 0.1 wt%,
CTAB/SNP foams had superior features with the highest stability,
apparent viscosity and lowest proppant settling velocity compared to
other foams. However, these excellent features were significantly
diminished at higher CTAB concentrations. At redundant surfactant
concentration, the excessive amount of SNP-CTAB aggregates tend to
form large-sized corks in the gas-liquid interface and flocculates in
the bulk solution, both of which can cause negative impacts on the
properties of CTAB/SNP foams.

This study suggests further research focused on applying high pres-
sure conditions and/or other gas types, such as CO; and Nj to observe
the impacts of these external factors on the foams’ properties. In addi-
tion, microscopic experiments, including scanning electron microscope
(SEM) are recommended to visualise the size, shape, and distribution of
the bubbles and SNP aggregates at the bubble scale. Besides that,
oscillatory measurements of the yield stress, yield strain, storage moduli
and loss moduli should be incorporated to study the elastic properties of
liquid foams. All these measurements are believed to provide significant
insights to justify and support the discussions.
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5. Simulation study of foam rheology and the effects on hydraulic
fracture proppant placement

Tran, T, Nguyen, G, Gonzalez Perdomo, ME, Haghighi, M & Amrouch, K 2023, 'Laboratory
investigation and modelling of foam rheology and the effects on hydraulic fracture proppant
placement’, SPE Journal, submitted in August 2023.

In this chapter, the fracture simulation modelling is performed on GOHFER software. The
details of the software such as its application, advantages, limitations and step-by-step guide,
are included in Appendix 9.1 and 9.2.

This paper represents a significant contribution to the field of hydraulic fracturing by studying
the interplay between cationic and anionic surfactants in conjunction with silica nanoparticles
(SNP) and their impact on fracturing performance, specifically at the demanding conditions of
reservoir temperatures. The research explores critical aspects such as foam stability, rheology,
proppant-carrying capacity, and fracture modelling simulation. Remarkably, the results
demonstrate that cationic surfactants exhibit superior synergy with SNP, enhancing foam
properties and ultimately improving fracture conductivity and gas production. This work
underscores the interrelationship between fluid characteristics and fracture effectiveness and
emphasizes the significance of proppant placement, providing valuable insights that can
advance hydraulic fracturing practices in unconventional reservoirs.
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ABSTRACT

Hydraulic fracture stimulation is one of the most effective methods to recover oil and gas from
unconventional resources. In recent years, foam-based fracturing fluids have been increasingly
studied to address the limitations of conventional slickwater such as high water and chemical
consumption, environmental concerns, and high incompatibility with water-sensitive formations. Due
to the gradual breakdown of liquid foams at reservoir conditions, the combination of silica
nanoparticles (SNP) and surfactants has attracted a lot of attention to improve liquid foams'
characteristics, including their stability, rheology, and proppant-carrying capacity. This paper
investigates and compares the effects of cationic and anionic surfactants on the fracturing
performance of SNP-stabilized foams at the reservoir temperature of 90°C. The experimental results
of viscosity measurements were imported into a 3-D fracture propagation model to evaluate the
effectiveness of fracturing foams in transporting and distributing proppants in the fracture system. At
both ambient and elevated temperatures, cationic surfactant was experimentally found to have better
synergistic effects with SNP than anionic surfactant in improving the apparent viscosity and proppant-
carrying capacity of foams. The simulation results demonstrate that fracturing with cationic
surfactant-SNP foam delivers greater performance with larger propped area by 4%, higher fracture
conductivity by 9% and higher cumulative gas production by 13%, compared to the anionic surfactant-
SNP foam. This research work not only helps validate the interrelationship between fluid viscosity,
proppant settlement rate and fracture effectiveness, but also emphasizes the importance of proppant

placement in enhancing fracture conductivity and well productivity.
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1. INTRODUCTION

Liquid foams have been increasingly studied in multiple petroleum applications such as drilling,
enhanced oil recovery, carbon sequestration and fracture stimulation (Li et al., 2014; Sherif et al.,
2015; Farhadi et al., 2016; Verma et al., 2019; Wang and Elsworth, 2020; Fgyen et al., 2020; Wilk-
Zajdel et al., 2021; Lyu et al., 2021; Zhao et al., 2021; Du et al., 2022;). Since first introduced in the late
1970s (Fei et al,, 2017; Yekeen et al., 2018), foam-based fracturing fluids have brought in many
significant benefits, such as their low water and chemical consumption, fast clean-up, reduced
formation damage and high compatibility with water-sensitive formations including shale gas
reservoirs (Wanniarachchi et al.,, 2015; Wang et al., 2016; Verma et al., 2017; Tran et al., 2020;
Abdelaal et al., 2021; Fu and Liu, 2021).

In recent years, several research works have been conducted to combine surfactants with
nanoparticles (NP) as stabilising agents to enhance the stability and thermal resistance of foams (Singh
and Mohanty, 2015; Bayat et al., 2016; Wu et al., 2018; Li et al., 2019; Yekeen et al., 2019; Harati et
al., 2020). As NP adsorb on the bubble interface, they minimize the contact area between the fluids
and increase the film strength and film elasticity. This significantly helps reduce gas diffusion, decrease
liquid drainage, delay film thinning and directly improve the foam stability (Yekeen et al., 2017,
Majeed et al., 2020). In addition, the adsorption of surfactant molecules on the SNP surface reduces
the surface tension of the gas-liquid interface, which directly helps to generate and maintain stable
foam bubbles (Langevin, 2000; Karakashev and Mane, 2003; Bournival et al., 2014). It has been found
that ionic surfactants have greater synergy with silica nanoparticles (SNP) than non-ionic surfactants
in enhancing foams’ properties (Tran et al.,, 2022). Cationic and anionic surfactants have been
commonly used with silica nanoparticles (SNP) to improve the stability of both EOR and fracturing
foams (Cui et al., 2010; Maestro et al., 2012; Sun et al., 2014; Lv et al., 2015; Li et al., 2017; Xiao et al.,
2017; Vatanparast et al.,, 2017; Kumar and Mandal, 2017; Verma et al.,, 2018; Veyskarami and
Ghazanfari, 2018; Fu and Liu, 2020). Previous studies by Yekeen et al. (2019) and Tran et al. (2022)
compared the effects of cationic and anionic surfactants on the stability of SNP dispersions and SNP-
stabilized foams at high temperatures. As cationic surfactant molecules have an opposite electric
charge with the SNP, they can form multi-adsorption layers on the SNP surface, leading to increased
hydrophobization and aggregation among the SNP. As a result, the liquid foams stabilized by SNP and
cationic surfactants were found to have lower drainage rate, and higher half-life but lower foamability

than those stabilized by the SNP/anionic surfactant system (Tran et al., 2022).

Proppants, such as sand and ceramics, are mixed in fracturing fluids to maintain the fracture width

and fracture conductivity after the treatment (Mader, 1989; Fink, 2013). Besides stability, the
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rheological properties and proppant suspension capacity of fracturing fluids play essential roles in the
success of the stimulation treatment. Fracturing fluids with low viscosity tend to have limited
proppant-carrying capacity, which results in inadequate propped area and insufficient fracture
conductivity. It is, therefore, critically important for fracturing fluids to have sufficient viscosity to
effectively transport and place proppants in the fractures. The impacts of proppant distribution on the
fracture dimension can be demonstrated in Figure 1, in which the evenly distributed proppants result

in much greater fracture volume than the unevenly distributed ones.

(a) (b)

ractur

Pr&pped

Figure 1: Schematic of fracture dimension with (a) evenly distributed proppants; (b) unevenly distributed proppants

(reproduced from Fei et al., 2018)

In the current literature, although the stability and foamability of fracturing foams have received
much attention, very few studies have been conducted to investigate the effects of different
surfactant types on the rheological properties and proppant suspension capacity of SNP-stabilized
fracturing foams, especially at elevated temperatures. Moreover, there has been a significant gap in
the simulation of the performance of fracturing foams (Yekeen et al., 2018). The simulation outputs
are believed to be an excellent source to validate the experimental results and to evaluate and
compare the practical efficacy of the fracturing fluid systems. Due to the presented research gaps, this
paper aims to investigate and compare the effects of cationic and anionic surfactants on the fracturing
performance of SNP-stabilized foams at the reservoir temperature of 90°C. Two foam-based fracturing
fluid cases were considered: cationic CTAB/SNP foam, anionic SDBS/SNP foam; and slickwater case
was added as an industry benchmark for comparison. The fluid viscosity and proppant settling rate
were first measured. Then, a rheological model was applied to characterise the fracturing fluids,
followed by a 3-D fracture propagation simulation modelling. To evaluate and compare the fracturing
performance of the fluid systems, the simulation metrics include the proppant distribution, fracture

dimension, fracture conductivity and production prediction after the treatment.
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2. RHEOLOGY & PROPPANT SUSPENSION EXPERIMENTS

2.1 Materials

Two different surfactant types were used as foaming agents in the experiments. The cationic
surfactant was Hexadecyltrimethylammonium Bromide (CTAB, >98% purity) and the anionic
surfactant was Sodium Dodecylbenzene Sulfonate (SDBS, >99% purity); both were obtained from
Sigma Aldrich, Australia. The critical micelle concentrations (CMC) of the surfactants were provided
by the supplier, which are 0.61 mM for SDBS and 0.92 mM for CTAB at 25°C. In addition, hydrophilic
silica nanoparticles (SNP) in colloidal form were purchased from Sigma Aldrich with a concentration
of 34 wt% suspensions in water. The SNP have an average diameter of 22 nm, a molecular weight of
60.08 g/mol and a surface area of 110 - 150 m?/g. All the chemicals were used without further

purification. All experiments used deionised distilled water with a resistivity of 18.2 mQ as a base fluid.

2.2 Sample preparation

Deionized distilled water was first added with 0.05 wt% surfactant and stirred at a low speed
of 50 RPM for 2 hours without interruption. After that, 1.0 wt% SNP were added to the mixture and
stirred for another 2 hours. The surfactant-nanoparticle dispersion was then ultra-sonicated at a
frequency of 40 Hz for 30 minutes to reach adsorption equilibrium. The dispersion appeared slightly
hazy and was sealed for use in experiments. Finally, the prepared dispersion was stirred at 2000 RPM

for 2 minutes to produce fine foams.

2.3 Apparent viscosity measurement

The apparent viscosity of SDBS/SNP and CTAB/SNP foams was measured by a SR5 Rheometer
(Rheometric Scientific, USA). The measurements were conducted on a cup & bob geometry system
with shear rates varying from 10 to 1000 s*. The testing temperature inside the rheometer is
generated, measured and accurately controlled by an integrated heating system. The influence of
surfactant type on the foam viscosity was studied at the temperature of 25°C and 90°C and

atmospheric pressure.

2.4 Static proppant settling measurement

Sand proppants (20/40 mesh size) with a mass amount of 1 gram were evenly added to the
foam column in the glass cylinder. The proppant settling velocity was then calculated by measuring
the height of the initial foam column and the time taken for the proppants to settle on the bottom of
the cylinder. The diameter of the measuring cylinder was more than 25 times larger than that of the
proppants to minimize the effect of confining walls on the proppant-settling velocity (Goel et al.,

2002).
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2.5 Experimental results and discussions

2.5.1 Viscosity measurement

The rheology of the fracturing fluid plays an essential role in determining the success of the

fracture stimulation treatment. Figure 2 shows the studied fracturing fluids' apparent viscosity at

ambient and elevated temperatures. While the viscosity of the SDBS/SNP and CTAB/SNP foam were

obtained from the rheometer measurement, the slickwater viscosity data was extracted from the

related literature (Zhang & Chao, 2018). As observed in Figure 2, the fracturing foams had much higher

apparent viscosity than the slickwater, and the highest viscosity was recorded in the cationic

CTAB/SNP foam. In addition, the viscosity of foams and slickwater became lower at elevated

temperatures and decreased gradually as the shear rates increased.
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Figure 2: Apparent viscosity of foams and slickwater at (a) 25 °C and (b) 90 °C

Based on the log-log profile of apparent viscosity (Lapp) versus shear rate (y) and the power

law equation (Equation 1) (Barree, 1984), the rheological parameters of flow behavior index (n') and

fluid consistency index (K') for each fluid were calculated and summarized in Table 1.

Happ = 47879K"y("'~1)

Table 1: Rheological parameters of the fracturing fluids

®

Flow Behavior Index (n’)

Fluid Consistency Index (K’)

Parameter 1b.s
dimensionless (—)

ft2
Slickwater 0.8820 0.0044
SDBS/SNP foam (90 °C) 0.6305 0.0098
CTAB/SNP foam (90 °C) 0.5565 0.0216

64



Generally, foam fluids can be classified into 3 main groups based on the flow behaviour index
(n'). If0 < n'< 1, the fluid shows pseudo-plastic or shear thinning behaviour, in which the fluid viscosity
decreases with increasing shear rates. On the other hand, if n' > 1, the fluid shows dilatant or shear-
thickening behaviour, in which the fluid viscosity increases with increasing shear rates. Lastly, if n'=1,
the fluid has Newtonian behaviour, in which the fluid viscosity is independent of the shear rate change.
According to Figure 2 and Table 1, it can be confirmed that all three studied fracturing fluids have

shear-thinning behaviour.

The viscosity measurement data and the n'& K’ parameters at 90 °C were then imported into
the GOHFER database. More details of the rheological characterization process are presented in

Section 3.2,

2.5.2 Proppant suspension
The settlement rate of proppants in the fractures is critical to the fracture dimension and
conductivity. If the proppants settle too quickly, they tend to accumulate near the wellbore, resulting
in limited fracture dimension and even formation damage. Otherwise, at a low settling velocity,
proppants are more likely to be further transported and uniformly distributed inside the fractures,

helping enhance the fracture area and increase the overall conductivity.

Figure 3 shows the proppant suspension capacity in foams at 25 °C and 90 °C. At the ambient
condition, the 20/40-mesh proppants had a settling rate of 0.024 cm/s and 0.0685 mm/s in CTAB/SNP
and SDBS/SNP foams, respectively. The velocity difference can be explained by the Stokes' Law theory,
in which the settling velocity of proppants is greatly dependent and inversely proportional to the
viscosity of the medium fluid (Stokes, 1851). In other words, the fluids with higher viscosity tend to

have a better capability of suspending and transporting the proppants.

As the temperature increased to 90 °C, the proppants settled faster at above 0.09 cm/s in both
studied foams. The settling velocity of proppants in the anionic SDBS/SNP foam was much less
sensitive to the temperature change than the cationic CTAB/SNP foam. Related observation can be

seen in the viscosity results (Figure 2), indicating the high thermal resistance of the SDBS/SNP foam.

The proppant suspension capacity of slickwater was collected from previous literature for
comparison purposes. Similar experiments have been conducted by Zhang et al. (2016) to measure
the settling velocity of proppants in slickwater with several different proppant sizes. At the
comparable elevated temperature, the 20/40-mesh proppants in slickwater were found to have a
settling velocity of 1.8 - 3.0 mm/s, which is 20 — 30 times higher than the foam-based fracturing fluids

in our study. Because of this, slickwater is expected to have lower proppant suspension capacity and
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result in lower fracture performance than liquid foams. Simulation outputs, including the fracture
dimension, fracture conductivity and gas production, are compared among the three fluid systems

and presented in the next section to validate the prediction.
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Figure 3: Proppant settling velocity in foams at 25 °C and 90 °C

3. HYDRAULIC FRACTURING SIMULATION

Several simulations were performed on a numerical simulator (GOHFER) developed by Barree
(1983) to evaluate the practical performance of the fracturing fluids. The simulator can predict three-
dimensional fracture geometry during propagation as a function of time. In addition, the fluid and

solid transport models are fully coupled in the simulator.

The GOHFER simulator by Barree (1983) eliminates some simplified assumptions from previous
models and incorporates the calculation of the fracture width. Fracture width (w) is assumed to be
twice the fracture surface displacement (u), which is calculated from Poisson's ratio (v), Young

Modulus (E) (Equation 2).

w=2u=zﬂ(1;Evz)Pedes @)

Effective pressure (P,) is the distributed load at the radial deflection distance (S) and angle (V).
The fluid pressure determines the effective pressure in fracture (Py), the least principal earth stress

(o) and the pore pressure in rocks (Pp) (Equation 3). The fluid pressure in fracture (Py) is related to
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the apparent fluid viscosity and the volumetric flow rate in fracture, which is determined by the

material balance equation (Barree, 1984).
P.=Pr—0c—F 3)

3.1 Simulation inputs and outputs

The fracture simulations were carried out on a typical tight gas reservoir model. First, the well
logs, diagnostic fracture injection test (DFIT) results, reservoir properties and the perforation design
were imported into the simulator. The well log data includes the measures of depth, porosity, gamma
ray, bulk density, resistivity, sonic waves, and caliper logs. Figure 4 shows the DFIT results, which are
used to determine the geomechanical parameters such as the breakdown pressure, shut-in pressure,
and closure pressure, as well as the average permeability of the reservoir. After that, a single
perforation interval was added to the model. The details of the perforation design and reservoir

properties are included in Table 2.

Finally, the fracture treatment design was added to the simulator. Three different fracturing fluids
were investigated, which are the SDBS/SNP foam, CTAB/SNP foam and the slickwater. Table 3
demonstrates the treatment stages and parameters used in the study. The injection rate was set fixed
at 30 bbl/min. In order to assess the fracturing performance among the fluid systems, the key
comparison metrics used are the simulation outputs of the fracture dimension, fracture conductivity,

proppant distribution and the post-frac gas production forecast.
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Figure 4: Diagnostic Fracture Injection Test (DFIT) data
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Table 2: Input data for reservoir properties and perforation design

Parameters Value
Reservoir Properties

Reservoir depth 9,410 ft
Reservoir pressure 4,339 psi

Reservoir temperature
Average reservoir porosity
Gas saturation

Water saturation (%)

200 °F (93 °C)
11%
65%
35%

Perforation Design

Perforation interval

9,400 -9,420 ft

Number of shots 30
Perforation phasing 60°
Perforation diameter 0.4 inch
DFIT Analysis

Breakdown pressure 10,942 psi
Instantaneous shut-in pressure 8,726 psi
Fracture closure pressure 6,818 psi
Average reservoir permeability 0.06 mD

Table 3: Input data for fracturing treatment

Clean stage Proppant Injection
Stage Fluid Type Proppant type
volume (gal) | amount (Ib) rate (bbl/m)
1 Pad fluid 15,000 0 None 30
2 10,000 10,000 Ceramic Sand 20/40 30
SDBS/SNP foam,
3 8,000 24,000 Ceramic Sand 20/40 30
CTAB/SNP foam,
4 6,000 30,000 Ceramic Sand 20/40 30
Slickwater
5 4,000 28,000 Ceramic Sand 20/40 30
6 Flush fluid 3,000 0 None 30
Total 46,000 92,000
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3.2 Rheological characterization

Before performing the simulations, the experimental viscosity results of the studied foams
and slickwater were imported into the fluid database of GOHFER. A Carreau rheological model was
used to characterize the properties of the fluids (Equations 4 & 5). Four fluid parameters are required
in the Carreau model, which are the power law exponent (n’), fluid consistency index (K'), zero-shear
fluid viscosity (1) and the high-shear viscosity (1) (Halliburton, 2019). Most of these parameters can
be obtained from the laboratory plot of viscosity versus shear rate, which is demonstrated in Figure

2.

)
1-n' (4)

()

\G=r)
yl=(“°K> ' )

47879

Happ = Heo +

where s¢ is the sand factor, y is the shear rate, and y; is the low shear transition.

3.3 Simulation results and discussions

3.3.1 Proppant distribution and fracture dimension
Figure 5 shows the simulation results of the proppant distribution from the three fracturing
fluid cases: slickwater, SDBS/SNP foam, and CTAB/SNP foam. The simulation results show that the
fracture generated by slickwater stimulation has a much smaller propped area than those generated
by foam stimulation. Moreover, in the slickwater case, very high concentrations of proppants
accumulate at the bottom of the fracture, indicating limited transportation and ineffective placement
of proppants in the fracture. This behaviour is mainly due to the low viscosity and high leak-off rate of

slickwater, both of which promote early and rapid proppant settlement at the near-wellbore region.

On the other hand, foam-based fracturing fluids result in larger propped areas with the
fracture length extension and the fracture height growth. In contrast to the slickwater, liquid foams
generate very uniform and homogenous proppant distributions, which can be attributed to the
superior rheological properties of the nanoparticle-surfactant-stabilized foams. As the SDBS/SNP and
CTAB/SNP foams have high viscosity characteristics and rigid bubble structures strengthened by
nanoparticle layers, they tend to effectively suspend proppants in their bubble networks, thereby
delaying the proppant settlement. According to Zhu et al. (2019), when settling through foams,
proppants are exerted by two uplift forces: the drag force from the bulk foam movement and the

elastic force from the foam compressibility and lamella movement. These forces are essential to
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counter the gravitational force and resist the downward trend of the proppants (Jing et al., 2016). As

a result, in the foam fracturing cases, proppants are effectively transported and uniformly placed
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The predicted fracture geometries of the SDBS/SNP and CTAB/SNP foams appear nearly
identical in Figure 5. A quantitative measure, therefore, is required to evaluate the fracturing
performance of the three fluid systems. Table 4 summarizes the fracture dimensions, average fracture

conductivity and cumulative fluid lost for each simulation scenario.

As expected from the proppant distribution results, the fracture created by slickwater has the
smallest dimensions out of the three simulation cases. While the anionic SDBS/SNP foam results in the
longest fracture half-length, the cationic CTAB/SNP foam achieves the largest propped area due to its
outstanding fracture height and average width. The estimated propped area of the CTAB/SNP case is
350,400 ft?, which is 87% higher than the slickwater case and 4% higher than the SDBS/SNP case.
Furthermore, the cumulative fluid loss is recorded as lowest in the CTAB/SNP stimulation and highest
in the slickwater fracturing. There seems to be a strong correlation between the fluid viscosity, its
leak-off rate, and the resulting fracture dimension. It is demonstrated that fracturing fluids with higher
viscosity tend to have a lower leak-off rate and produce greater height and openness for the fractures,

and vice versa.

Besides the fracture dimensions, fracture conductivity is another critical parameter to
evaluate fracturing performance. Based on the summary results in Table 4, the fracture conductivity
of the cationic CTAB/SNP case is 62.7 mD.ft, which is 9% higher than that of the anionic SDBS/SNP
case. On the other hand, slickwater has the highest average fracture conductivity of 109.3 mD.ft.
However, this high value is caused by the poor proppant transportation of the slickwater, leading to
the excessive accumulation of proppants at the bottom of the fracture. Consequently, an undesirable
fracture pathway with great length and very high conductivity is created, which acts as an outlier to
increase the conductivity average of the whole propped area. An analogous observation can be found
in Fei et al. (2017), in which the least stable foam generated the highest fracture conductivity due to
the high accumulation of proppants in the near wellbore area. Therefore, it is essential to note that
the interpretation of the fracture conductivity results alone might be misleading and not reflect the
situation accurately. Instead, a comprehensive evaluation of the fracture dimensions, fracture
conductivity and the leak-off behaviour is strongly required when evaluating the stimulation

performance of a fracturing fluid.
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Table 4: Simulation results of fracture dimension and conductivity

Parameter Unit Slickwater | SDBS/SNP foam | CTAB/SNP foam
Fracture height ft 70 105 120
Fracture length ft 670 800 730
Average fracture width inch 0.310 0.319 0.324
Propped area 2 187,600 336,000 336,000
Cumulative fluid loss gal 1198 997 961
Fracture conductivity mbD.ft 109.3 336,000 336,000

3.3.2 Gas production after treatment
To demonstrate the impacts of the resulting fracture dimension and conductivity on
productivity, simulations were conducted to predict production at the stimulated well. In GOHFER
software, the average proppant concentration over the net pay, the closure stress, pore pressure, and
reservoir properties are used to calculate the formation's effective conductivity and deliverability. A

transient production model is then applied to estimate the gas flow rate at a given time.

Figure 6 shows the cumulative gas production of the three studied cases over the first five
years after the treatments. The slickwater case has the lowest productivity, with a total gas production
of 136 MM scf. On the other hand, the CTAB/SNP foam achieves the highest cumulative gas production
of 238 MMscf, which is 13% higher than the SDBS/SNP foam case. Furthermore, Figure 7 shows the
total recoverable gas production before the economic limit is reached. Over the life span of the well,
the anionic SDBS/SNP and cationic CTAB/SNP foam stimulations can recover up to 2.05 and 2.24 Bscf

of gas volume, compared to only 0.84 Bscf from the slickwater fracturing.

It is evident that foam-based fracturing fluids can provide greater access and extract more gas
volume from the reservoir than slickwater. The excellent productivity results of the foam stimulation
are attributed to the large propped area and the uniform distribution of proppants in the fractures,
both of which are caused by the high viscosity and the effective proppant-carrying characteristics of
the liquid foams. Nevertheless, it is important to emphasise that the performance of the fracturing
fluid heavily depends on the reservoir properties. By generating significant fracture height growth and
having slow settlement of proppants, foam-based fracturing fluids have huge advantages to expand
the propped area and enhance the field productivity, especially on the studied reservoir with thick net
pay and low permeability. However, in some other cases, foam fracturing might not be a good
stimulation option as the excessive fracture height growth can cause negative consequences to the

structure confinement, seal rocks and the water aquifer. In addition, Fei et al. (2018) reported that
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foam stimulation does not prevent proppant settlement in a high permeability reservoir due to the

rapid closure of the fractures.
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4 CONCLUSIONS

This paper aims to investigate the relationship between the foams' rheological and proppant
suspension properties and their fracturing performance at elevated reservoir temperatures. Through
the experimental and simulation results, the effectiveness and practicality of the nanoparticle-
surfactant-stabilized fracturing foams have been highlighted. The key conclusions can be summarized

as follows:

1. At both ambient and elevated temperatures, SNP have stronger synergy with cationic CTAB
surfactant than anionic SDBS surfactant in enhancing liquid foams' rheological and proppant
suspension properties. Because of this, CTAB/SNP foam was observed to provide larger

propped area, lower leak-off rate, and higher fracture conductivity than the SDBS/SNP foam.

2. SNP-surfactant-stabilized foams have significantly higher apparent viscosity and proppant-
carrying capacity than the benchmark slickwater. Simulation results suggest the tremendous
impact of foam-based fracturing fluids on delaying proppant settlement and generating

uniform distributions of proppants in the fractures.

3. The productivity of the stimulated well is controlled by the combination of the fracture
dimension and the fracture conductivity. High fracture conductivity itself does not necessarily

guarantee high productivity.

4. In the given tight gas reservoir model, the highest gas production is achieved by fracturing

with CTAB/SNP foam, followed by SDBS/SNP foam, and then the slickwater.
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6. Experimental study of the effects of salinity on nanoparticle-
surfactant foams for fracture stimulation application

Tran, T, Gonzalez Perdomo, ME, Haghighi, M & Amrouch, K 2023, 'Experimental study of
the effects of salinity on nanoparticle-surfactant foams for fracture stimulation application’,
Journal of Gas Science and Engineering, vol. 115.

The application of foam-based fracturing fluids is considerably sensitive to salinity, a factor
that can greatly affect foam stability and efficiency. This paper investigates the relationship
between salinity and the properties of silica nanoparticle (SNP)-surfactant-stabilized foams,
crucial for hydraulic fracturing operations. The research provides critical insights into how
increased salt concentrations impact foam stability, rheology and proppant suspension. Notably,
the findings highlight the limitations of foams at high salinity levels, a critical consideration
when dealing with reservoir brines and recycled water as base fluids for foam generation. This
study enhances our understanding of foam behavior and compatibility and lays the foundation
for developing practical guidelines to fight off the challenges of high-salinity reservoir
conditions. As hydraulic fracturing continues to be a pivotal technology in the energy industry,
the knowledge gained from this research can significantly advance its practices under even the
harshest reservoir conditions.
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ARTICLE INFO ABSTRACT

Keywords: Liquid foams have been increasingly studied and used in hydraulic fracturing application to develop uncon-
Fracture stimulation ventional resources. In recent years, silica nanoparticles (SNP) have been commonly applied to improve foams’
Salinity . thermal stability and performance under reservoir conditions. While liquid foams are highly affected by salt
gi’;ﬁfymde concentration, the influences of salinity on the foams’ characteristics have yet to be clearly understood. This
Viscosity paper investigates the effects of salinity on the properties of SNP-surfactant-stabilized foams. The key experi-

ments included the zeta potential and particle size measurements of SNP in surfactant solutions and the foam-
ability, stability, rheology and proppant suspension tests on the studied foams. The results showed that the
increase in the NaCl salt concentration reduced the electrostatic repulsion and promoted the aggregation
behaviour among the SNP. At higher salinity, the SNP-surfactant-stabilized foams were found to have lower
initial volumes, shorter half-lives, reduced apparent viscosity and faster proppant settlement. Furthermore, it was
observed that all the studied foams became extremely unstable with very low foamability and had limited
proppant suspension capacity when the salinity was increased to 5%. This observation is critical to evaluate the
compatibility of fracturing foams when interacting with the formation brine and to improve the process of
recycling produced water as a base fluid to generate foams. The outcomes of this study enhance our under-
standing of the influences of salinity on the properties of liquid foams and contribute to developing a practical
guideline for the foam-fracturing application under harsh reservoir conditions.

Proppant suspension

known as surfactants. The surfactants are important in reducing inter-
facial tension so gas bubbles can form (Langevin, 2000). The key

1. Introduction

In the last 30 years, global energy consumption has increased grad-
ually by nearly 70%, from 8507 Mtoe to 14,221 Mtoe in 2021 (Enerdata,
2022). Due to the rising energy demand and the depletion of conven-
tional resources, there has been an increasing need to produce hydro-
carbon from unconventional resources. Throughout history, fracture
stimulation has been widely applied to recover oil and gas from un-
conventional resources. However, conventional water-based fracturing
fluids, including slickwater possess several significant field limitations,
such as inefficient flowback, and high water and chemical additives
consumption. More importantly, they can cause clay swelling when
interacting with water-sensitive formations (Wanniarachchi etal., 2017;
Abdelaal et al., 2021; Fu and Liu, 2021). Some alternative fracturing
systems have been introduced to address these limitations, and one of
the most effective ones is foam-based fluid.

Liquid foams are typically generated by using surface-active agents

* Corresponding author.
E-mail address: tuan.tran@adelaide.edu.au (T. Tran).
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properties of foams in the hydraulic fracturing application are their
stability, rheology, and proppant-carrying capability. In comparison,
foam-based fracturing fluids have several advantages over conventional
water-based fluids, such as low water consumption, high
proppant-carrying capacity, effective flowback, efficient clean-up,
minimal formation damage and improved fracture dimension (Yekeen
et al., 2018b; Speight, 2016; Isah et al., 2021; Tran et al., 2020; Fei et al.,
2018).

Despite having many substantial benefits, the biggest challenge of
fracturing foams in practice is their instability and reduced properties
under high-temperature reservoir conditions (Lv et al., 2015; Luo et al.,
2014; Yang et al., 2021). At elevated temperatures, the surfactants tend
to become degraded and, therefore, cannot provide durable foams
(Kapetas et al., 2016; Abdelaal et al., 2021). To address this challenge,
silica nanoparticles (SNP) have been studied and found to be very
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effective in improving the thermal stability of surfactant foams (Far-
oughi et al., 2018; Fei et al., 2017, 2018; Lv et al., 2015, 2017; Fu and
Liu, 2020; Verma et al., 2018). As NP absorb on the gas-liquid interface,
they act as a steric barrier to enhance the film strength, delay liquid
drainage, prevent gas diffusion, and improve foam viscosity (Lv et al.,
2015; Zhang et al., 2021; Ab Rasid et al., 2022). This, as a result, helps
increase the overall stability and improve the thermal resistance of the
liquid foams.

In addition to temperature, salinity also significantly affects the
foams’ performance. In the current literature, there are divided opinions
on the effects of salinity on the properties of liquid foams. On the one
hand, the addition of salts was observed to improve the foamability,
stability and viscosity of the surfactant foams (Wang et al., 2017; Yekeen
etal., 2017; Vatanparast et al., 2018; Majeed et al., 2020; Da et al., 2018;
Obisesan et al., 2021; Rudyk et al., 2021). In addition, NP was found to
have higher hydrophobicity with increasing salt concentration
(Worthen et al., 2013; San et al., 2017; Rahmani, 2018). This allows NP
to be easier adsorbed on the gas-liquid interface and to enhance the
foams’ properties. On the other hand, some researchers concluded that
liquid foams had reduced properties with lower foamability, half-life
and viscosity in the presence of salts (Wang et al., 2017; Tang et al.,
2020; Yang et al., 2021; Majeed et al., 2021; Ab Rasid et al., 2022). Due
to the existing literature contrast, more research is needed to validate
the findings and clarify the controversy.

Many previous studies have been conducted to evaluate the effects of
salt concentration on liquid foams. However, most of them focus on
EOR/water-flooding foams, which are stabilized by either surfactants or
nanoparticles (NP) but rarely by a combination of both. Thus, there has
been a very limited understanding of how salinity affects the properties
of NP-surfactant-stabilized foams, particularly for hydraulic fracturing
applications. Moreover, while the key properties of NP-stabilized foams
have a strong relationship with the colloidal stability, the influences of
salinity on the stability of the NP-surfactant dispersion have yet to be
clearly demonstrated.

Due to the presented research gaps, this paper aimed to investigate
the effects of salinity on the critical properties of NP-surfactant-
stabilized fracturing foams, including colloidal dispersion stability,
foamability, foam stability, and foam stability rheology, and proppant
suspension capacity. An anionic surfactant and SNP were used to
generate foams and were studied at varied NaCl salt concentrations. The
paper is expected to provide a comprehensive study of the influences of
salinity on the characteristics of the NP-surfactant-stabilized fracturing
foams and to enhance our understanding of the foam fracturing practice
under high salinity conditions.

2. Experimental section
2.1. Materials

An anionic surfactant, sodium dodecyl benzene sulfonate (SDBS,
>99% purity), has a molecular weight of 348.48 g/mol and a critical
micelle concentration (CMC) of 0.61 mM, which is equivalent to 0.021
wt% in water. The hydrophilic SNP in colloidal form were used in the
experiment with a concentration of 34 wt% suspensions in water. The
SNP has a molecular weight of 60.08 g/mol and a surface area of
110-150 m?/g. Both SDBS and SNP were obtained from Sigma Aldrich.
Sodium chloride NaCl (99.6% purity) was supplied by Rowe Scientific.
All chemical substances were of analytical grades and were used as
received without further modification. All experiments used deionised
distilled water with a resistivity of 18.2 mQ as a base fluid.

2.2. Experimental procedures
2.2.1. Sample preparation

Firstly, anionic SDBS surfactant was added to distilled water and
continuously stirred for 2 h without interruption. Different
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concentrations of SDBS at 0.01 wt%, 0.02 wt%, 0.05 wt% and 0.08 wt%
were prepared. NaCl salt was then mixed and dissolved in the solution.
After that, 1.0 wt% SNP were added to the mixture and stirred for
another 2 h. The SNP/SDBS dispersion was ultra-sonicated at a fre-
quency of 40 Hz for 30 min to reach adsorption equilibrium. The
dispersion appeared slightly hazy and was sealed for use in experiments.

2.2.2. Zeta-potential and aggregate size measurement

The zeta potential and particle size of SNP in the SDBS solutions were
measured at room temperature using a Zetasizer Nano Series (Malvern
Instrument, UK). The instrument is operated based on the dynamic light
scattering principle and can measure particles ranging from 1 nm up to
6 pm. Each experiment was repeated at least three times and averaged to
ensure the reliability and accuracy of the results. The electrostatic
interaction between SNP and surfactants and the aggregation behaviour
can be investigated and discussed by determining the zeta potential
values and particle sizes.

2.2.3. Foam static stability measurement

The prepared SNP/SDBS dispersion was stirred at 2000 RPM for 2
min to produce fine foams. Immediately after foam generation, the
initial foam volume was recorded as a measure of foamability. The foam
was then transferred into a glass cylinder. The top of the cylinder was
sealed to prevent environmental contamination and disturbance. Foam
half-life, which is the duration taken to drain 50% liquid from the foam
(Verma et al., 2018; Li et al., 2017; Li et al., 2019), was recorded and
used as a standard measure for foam stability. All stability measure-
ments were conducted under ambient conditions.

2.2.4. Apparent viscosity measurement

The apparent viscosities of SNP/SDBS foams at room temperature
were measured using a SR5 Rheometer (Rheometric Scientific, USA)
equipped with a cup & bob geometry. Power Law model was applied to
characterise the foam rheology (Equation (1)):

MW:E:KW”# W

where ., is the apparent viscosity, o is the measured shear stress, y is
the shear rate, K is the consistency index, and n is the flow behaviour
index of the fluid. The foam viscosity measurements were carried out at
varied NaCl salt and SDBS surfactant concentrations. Atmospheric
pressure and temperature were applied in this experiment to match the
testing conditions of the foam stability and proppant settling experi-
ments.

2.2.5. Static proppant settling measurement

In the static proppant suspension test, 2g of sand proppants (20/40
mesh size) was evenly added to the foam column in the glass cylinder.
The proppant settling velocity was determined by measuring the height
of the initial foam column and the time taken for the proppants to settle
at the bottom of the cylinder. The diameter of the measuring cylinder
was more than 25 times larger than that of the proppants to minimize
the effect of confining walls on the proppant-settling velocity (Goel
et al., 2002). The settling velocity of a spherical particle (V;) in a fluid
can be demonstrated by the classical Stokes’ Law as in Equation (2)
(Stokes, 1851):

_ 2, —p)dy

AL B 2
V. o, # 2)

where g is the gravitational acceleration, p;, is the particle density, p; is
the fluid density, d, is the particle diameter, and y; is the fluid viscosity.

It is evident that the proppant settling velocity is inversely proportional
to the fluid viscosity.
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3. Results & discussions
3.1. Stability of silica nanoparticles

It is well-accepted in the literature that the properties of NP-
surfactant-stabilized foams greatly depend on the stability of the NP
dispersions. According to DLVO theory (Derjaguin and Landau, 1941;
Verwey and Overbeek, 1948), the stability of a colloidal system is
determined by the sum of the van der Waals (VdW) attractive and the
electric double layer (EDL) repulsive forces exerted on the particles.

Fig. 1 demonstrates the relationship between separation distance and
the interaction energy from VAW and EDL forces (Cardellini et al.,
2016). At a considerable separation distance, the EDL repulsion is the
predominant force to prevent particles from approaching each other due
to the Brownian motion. However, under extreme conditions such as
high temperatures, the attractive force on the particles may overcome
the repulsion and result in irreversible particle aggregation. At a
considerable level of aggregation, particle flocculates are formed within
the dispersions, which decreases the stability of the colloidal system
(Freitas and Miiller, 1998).

3.1.1. Zeta potential

Zeta potential and aggregate size are the two key measures to assess
the stability of the SNP dispersion (Vatanparast et al., 2018). Fig. 2
shows the adsorption mechanism of ions on a SNP in distilled water. As
SNP are negatively charged, the hydronium cations (H30™) with posi-
tive charge tend to adsorb and form two layers on the SNP surface. The
inner layer (Stern layer) contains strongly bounded cations, while the
outer layer (diffuse layer) carries the loosely attached cations and an-
ions. Zeta potential (¢), by definition, is the electrical potential at the
boundary of the diffuse layer (Barhoum et al., 2018). According to the
DLVO theory, the repulsive potential energy (Vgp;,) acting on particles is
a function of squared zeta potential (Vep, = f(¢%). Therefore, high ab-
solute values of zeta potential indicate high repulsion between the
particles, resulting in increased stability of SNP dispersion and a low
likelihood of particle aggregation, and vice versa.

Fig. 3 shows the effects of salinity on the zeta potential of SNP in
SDBS solutions. Without NaCl salt, SNP had relatively high absolute zeta
potential between —34 mV and —43 mV. As the NaCl concentration
increased from 0% to 5%, the absolute zeta potential of SNP decreased
gradually towards the isoelectric point of 0 mV. This observation can be

\,
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\,
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\,
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.

Net Energy
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Fig. 1. Schematic of repulsive and attractive energy on particles in dispersion
(reproduced from Cardellini et al., 2016)).
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Fig. 3. Influence of salinity on the zeta potential of the SNP/SDBS dispersions.

explained by the ion adsorption mechanism of SNP in the saline envi-
ronment shown in Fig. 4. In the presence of NaCl salt, the sodium ions
(Na*) and chloride ions (CI") are released into the SNP/SDBS disper-
sions. As SNP is negatively charged, the Na™ cations tend to adsorb on
the SNP surface due to the electrical attraction. With increasing salinity,
a higher amount of Na* cations will adsorb and enter the Stern and
diffuse layers of the SNP. Consequently, the SNP surface charge becomes
less negative due to the increased concentration of cations within the
layers (Behera et al., 2014; Vatanparast et al., 2018), resulting in lower
absolute zeta potential as measured.

According to Fig. 3, as the SDBS concentration increased from 0.01%
to 0.08%, the absolute zeta potential of SNP increased considerably from
—33.9mV to —42.5 mV at 0% NaCl, and from —18.1 mV to —25.7 mV at
5% NaCl. Two possible reasons can explain this observation. Firstly,
with increasing surfactant concentration, more SDBS molecules can be
adsorbed on the SNP surface via the ion association mechanism (Liu
et al., 2020). In specific, the H30" cations available on the SNP surface
would serve as bridges to attract the negative head groups of SDBS and
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Fig. 4. Electrical layers and ion adsorption on a negatively charged SNP with
NacCl salts.

establish connections between SDBS molecules and the SNP surface. Asa
result, due to the increased adsorption of SDBS molecules, SNP tends to
have higher charge density at the surface and more negative zeta po-
tential values (Onaizi, 2022; Behera et al., 2014; Awan et al., 2022).

The second reason can be linked to the pH of the SNP/SDBS
dispersion. In our experiments, the unmodified silica nanofluid has a
neutral pH of 7, while the SDBS solution has a pH of 9. When adding
them together, the pH value of the SNP/SDBS mixture is undoubtedly
higher than 7 and increases with increasing SDBS concentration. As the
pH increases, more free hydroxyl anions (OH ) are released and become
available in the medium. Because of this, the silanol groups on the SNP
surface generate a greater number of negative sites based on Reaction 1
(Dehghan Monfared et al., 2015):

SiOH + OH = SiO™ 4+ H,0 # Reaction (1)

As a result, the negative charge on the SNP surface is promoted,
leading to a higher absolute zeta potential of the SNP at higher pH. Some
previous studies have observed similar behaviours (Cacua et al., 2019;
Zhao et al., 2018; Veyskarami and Ghazanfari, 2018; Eftekhari et al.,
2015).

3.1.2. Aggregate size

In addition to zeta potential, the measurement results of SNP size in
different salinities and surfactant concentrations are demonstrated in
Fig. 5. As the NaCl concentration increased from 0% to 5%, the average
size of SNP in SDBS solutions increased considerably. This observation is
mainly attributed to the aggregation of SNP under saline conditions.

As discussed previously, the DLVO theory suggests that the EDL
repulsive force plays an essential role in preventing particles from
approaching and aggregating with others. However, the addition of
NaCl salts was found to reduce the absolute zeta potential of SNP
considerably (Fig. 3). As a result, the magnitude of EDL repulsive force
on SNP is reduced, and SNP aggregates are formed due to the dominance
of the existing electrostatic attractive force. Moreover, the SNP aggre-
gates can interact with each other via silanol-silanol hydrogen bonding
to generate even larger structures such as flocculates and coagulates
(Russel et al., 1989). These structures might be visible by the naked eye
and are strong indicators of the instability of the SNP/SDBS dispersion.

Fig. 6 shows the photos of SNP/SDBS dispersion samples at varied
NaCl concentrations. The dispersions remained clear and transparent at
0% and 1% NacCl, indicating none or a minor aggregation of SNP. At 2%
NacCl, the dispersion became translucent, and several snowy tiny solids
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Fig. 5. Influence of salinity on the particle average size in the SNP/SDBS
dispersions.

can be seen in the medium. These solids are most likely SNP flocculates
formed by a substantial level of SNP aggregation. At 5% NaCl, the SNP/
SDBS dispersion appeared to be opaque and cloudy, possibly due to the
presence of SNP flocculates and undissolved salt particles at extreme
salinity. Fig. 6 provides excellent evidence to conclude the effects of
salinity on promoting aggregation and flocculation of SNP, leading to
the increased average SNP size and reduced stability of the SNP/SDBS
dispersions.

According to Fig. 5, the average SNP size in SDBS solutions increased
by 3-5 nm when increasing the SDBS concentration from 0.01% to
0.08%. In this case, particle aggregation is not a rational reason because
as SDBS concentration increases, SNP have higher absolute zeta poten-
tial, thus stronger electrostatic repulsion to secure the separation
(Fig. 3). Instead, the growth of SNP size is most likely due to the in-
cremental surfactant adsorption on the SNP surface. As the surfactant
concentration increases, a greater number of free SDBS molecules are
generated and SDBS micelles are formed when the concentration ex-
ceeds the CMC of 0.021 wt%. As a result, when silica nanofluid is added
to the mixture, these SDBS molecules and micelles tend to adsorb and
form a monolayer or even a double layer on the SNP surface (Wang et al.,
2007; Zhao et al., 2018). This consequently leads to an increment of the
hydraulic radius of the SNP, as shown in Fig. 5.

3.2. Foamability

Fig. 7 shows the foaming ability of SNP/SDBS dispersions in different
salinities and surfactant concentrations. It is evident that the initial
volume of foams increased with increasing SDBS concentration. As more
SDBS molecules are added to the dispersions, they migrate towards the
gas-liquid interface and further reduce the surface tension at the inter-
face, increasing the foamability (Bournival et al., 2014; Karakashev and
Manev, 2003). The same trends have been reported previously for other
surfactants (Simjoo et al., 2013; Xu et al., 2009).

On the other hand, adding NaCl salt had detrimental effects on the
foamability of SNP/SDBS foams. At all studied SDBS concentrations, the
initial volumes of foams had the highest values at 0% NaCl. As the
salinity increased, the foamability decreased gradually and reduced to
around 120-130 mL at 5% NacCl. The negative impacts of salinity on the
foamability are mainly due to the reduced solubility of surfactants under
brine conditions. In previous studies, the presence of electrolytes was
found to decrease the solubility of surfactants in dispersions (Zhou et al.,
2020; Xue et al., 2015). This directly hinders the surfactants’ ability to
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Fig. 7. Influence of salinity on the foamability of SNP/SDBS foams.

reduce the interfacial tension and eventually lowers their ability to
generate foams (Yang et al., 2021, Eftekhari et al., 2015).

Fig. 8 shows the photo of 0.08% SDBS +1.0% SNP foams in different
salinities. At low salinities, the gas volumes dominate the liquid vol-
umes, indicating the high quality of foams. However, at 5% NacCl, the
liquid is the main component, with very few foam bubbles on top,
demonstrating very low foam quality.

Fig. 8. Columns of 0.08% SDBS +1.0% SNP foams with (a) 0% NacCl, (b) 1%
NacCl, (c¢) 2% NacCl, and (d) 5% NaCl.
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3.3. Foam stability

Besides foamability, the stability and rheology of foams are critical
factors to the success of the foam fracturing application. The foam
destabilization is driven by three main mechanisms: liquid drainage, gas
diffusion, and bubble coalescence (Majeed et al., 2020). Among these
mechanisms, gravitational liquid drainage has the most impacts on the
stability of foams (Langevin, 2000; Li et al., 2017, 2019).

Fig. 9 shows the drainage half-lives of SNP-SDBS foams in varied
NaCl and surfactant concentrations. The foam half-life was found to
increase with increasing surfactant concentration. This is because as the
SDBS concentration increases, a higher number of active SDBS mole-
cules are attached on the SNP surface and adsorbed on the gas-liquid
interface. The incremental surfactant adsorption not only increases the
film strength and integrity but also improves the interfacial elasticity of
the lamellae (Firouzi and Nguyen, 2014). As a result, the liquid drainage
and bubble coalescence rates in foams are delayed, leading to an
increased foam half-life, as observed in Fig. 9.

However, the stability of foams decreased dramatically when adding
salts to the SNP/SDBS dispersions. The destabilization effects are more
severe with increasing salinity and more evident on foams with lower
SDBS concentrations. For example, as the salinity increased to 5%, all
studied foams became extremely unstable with drainage half-lives of less
than 5 s. The destructive impacts of salts on foam stability can be
attributed to two main reasons. Firstly, surfactants are very likely to
precipitate under brine conditions due to their interaction with mono-
valent or multi-valent cations (Wang et al., 2018). This leads to the
degradation of surfactants, thereby reducing their stabilization effects
on foams (Emrani et al., 2017).

The second reason is linked to the aggregation behaviour of NP.
According to Yekeen et al. (2018a), the aggregation of NP could enhance
or reduce foam stability depending on the location and extent of the
aggregation. If accumulating on the gas-liquid interface or Plateau
borders at a moderate extent, the NP aggregate network acts as a thick
solid barrier on foam bubbles to reduce direct contact between the fluids
and keep the bubbles separated (Tran et al., 2022). This network helps
delay liquid drainage, reduce gas diffusion rate and prevent bubble
coalescence, leading to more stable foams with longer half-lives (Yekeen
etal., 2018a; Carn et al., 2009; AlYousef et al., 2018). On the other hand,
if excessive NP aggregates accumulate in the continuous liquid phase or
bulk solution, these large-sized structures require very high energy to
migrate to the gas-liquid interface (Yang et al., 2017; Aktas et al., 2008).
Consequently, the amount of NP is insufficient to enhance the stability of
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Fig. 9. Influence of salinity on the stability of SNP/SDBS foams.
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foams, leading to lower foam half-life and viscosity.

In this study, it was previously found that adding NaCl salts promotes
particle aggregation due to the reduced electrostatic repulsion between
SNP and the reduced absolute zeta potential (Figs. 3 and 5). According to
Fig. 6, the majority of SNP aggregation is believed to occur in the
continuous liquid phase and appear as the visible snowy solids in the
medium. As these flocculates and aggregates are much larger than the
individual SNP, they are very difficult to be placed onto the gas-liquid
interface and, thereby, do not effectively stabilize foams.

3.4. Foam rheology

The viscosity behaviour is crucial for any fracturing fluid as it de-
termines the proppant-carrying capacity and filtration property. Fig. 10
shows the apparent viscosity of SNP/SDBS foams in different NaCl and
SDBS concentrations at a fixed shear rate of 100 s '. The viscosity of the
studied foams was found to increase with increasing surfactant con-
centration but decrease with increasing salinity.

According to the Young-Laplace equation (Equation (3)), the pres-
sure inside the bubble (Py,) is a function of the pressure outside the
bubble (P,,), surface tension (y), and the bubble radius (Ry) (Stevenson,
2010).

2y
Pin = Pou + Ry # 3)

Due to the pressure difference, gas is diffused from small bubbles to
larger ones, which eventually causes film rupture (Farajzadeh et al.,
2008). Furthermore, as the SDBS concentration increases, the incre-
mental adsorption of active surfactant molecules on the gas-liquid
interface results in higher foam quality, finer foam texture, thicker
lamellae and higher viscoelasticity to resist deformation of bubbles (Fu
and Liu, 2021; Worthen et al., 2013). Besides that, with increasing
surfactant concentration, foam bubbles tend to have a smaller size and,
thereby, have higher inner pressure to prevent gas diffusion (Yang et al.,
2021). This makes the deformation process much more difficult, and
eventually enhances the foam viscosity.

On the other hand, the addition of salts has devastating effects on the
foam viscosity. For example, as the NaCl concentration increased to 5%,
the 0.01% SDBS foam became liquid-like with a very low viscosity of 2
cP, while other foams had their viscosity reduced by 36-38%, compared
to the cases without salts. Similar to the previous discussion on foam
stability, the negative impacts of salts on the foam viscosity are mainly
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Fig. 10. Influence of salinity on the viscosity of SNP/SDBS foams at a shear rate
of 100 s
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attributed to surfactant degradation and the increased aggregation of
SNP.

At medium and high NaCl concentrations, the aggregation behaviour
of SNP was highly promoted due to the reduced electrostatic repulsion,
which produces SNP aggregates and flocculates in the foam system.
However, these aggregation structures were believed to assemble in the
bulk dispersion, reducing adsorption of active SNP on the gas-liquid
interface. Because of low adsorption, SNP has very limited capabilities
of improving the interfacial strength, enhancing the structural integrity
of foams, or resisting disturbances in foams. In addition, foam bubbles
tend to have larger sizes; therefore, they have lower inner pressure and
are more vulnerable to gas diffusion. As a result, these lower the flow
resistance and decrease the viscosity of foams with increasing salinity.

The aggregation of NP at high electrolyte concentration was also
reported in Kostakis et al. (2006), which caused the disproportionation
and insufficient adsorption of NP onto the interface to cover the foam
bubbles. The negative effects of salts on foam viscosity have been
observed in some previous studies (Xiao et al., 2017; Yang et al., 2021;
Tang et al., 2020).

3.5. Proppant suspension of foams

The placement of proppants at the fracture surfaces plays a critical
role in the success of the fracture stimulation process (Goel et al., 2002;
Harris and Reidenbach., 1987). If the proppants settle too quickly, they
will accumulate near the wellbore region and only affect a very limited
portion of the fracture. On the other hand, if the proppants settle slower,
they can be transported deeper towards the fracture tips to increase the
propped area and enhance the fracture conductivity (Tong et al., 2019).

The proppant suspension capacity of foam is best evaluated by the
proppant settling velocity (Yekeen et al., 2018b). In general, foams have
lower proppant settling velocity than water-based fracturing fluids due
to their high viscosity and the uplift force acting on the proppants
against gravity. This uplift force includes two components: a drag force
from the bulk movement of the foams and an elastic force due to foam
compressibility and lamella movement (Jing et al., 2016; Zhu et al.,
2019).

Fig. 11 shows the impacts of salinity and surfactant concentration on
the proppant suspension capacity of SNP/SDBS foams under ambient
conditions. As the SDBS concentration increased from 0.01% to 0.08%,
the settling velocity of proppants decreased noticeably. This observation
is mainly due to the dependent relationship between proppant settling
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Fig. 11. Influence of salinity on the proppant suspension behaviour of SNP/
SDBS foams.
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velocity and the rheology and stability of foams. As discussed previ-
ously, at higher surfactant concentrations, foams were found to have
higher half-life, lower drainage rate, finer texture, improved bubble
strength and higher flow resistance. These effects are very beneficial in
delaying the downward movement of proppants and, thereby, signifi-
cantly enhancing their suspension in the medium.

In addition, the settling velocities of proppants in SNP/SDBS foams
were found to increase gradually with increasing salinity. Among all
foam systems, the 0.01% SDBS + SNP foam was most sensitive to the
salinity change. At 5% NaCl, the proppant settling velocity in this foam
system became extremely high at around 40 mm/s due to the significant
drop in the foam viscosity. For other foams with higher SDBS concen-
trations, the proppant settling velocity also increased but for a maximum
of 3-5 times at 5% salinity.

The progressive settlement behaviour of proppants with increasing
salinity is mainly attributed to the effects of salts on reducing the foam
stability and viscosity. As foam becomes less viscous and less stable with
fragile bubbles, it tends to have lower capabilities of generating uplift
forces to counter the gravitational movement of proppants. Besides that,
the excessive aggregation of SNP at high salt concentrations is also
believed to contribute to the increased proppant settling velocity. The
adsorption of the large-sized aggregates on the gas-liquid interface
might have positive effects on blocking the liquid channels and reducing
gravitation drainage; however, these aggregates tend to interact with
proppants via attachment and possibly collision. This interaction, as a
result, exerts undesirable forces on proppants and makes them settle
faster in the liquid foams.

3.6. Practical recommendations

From the experimental results, the increase in salinity had negative
impacts on the stability of the SNP dispersions and the key properties of
the SNP-surfactant-stabilized fracturing foams. For example, as the
salinity increased to 5%, all the studied foams were found to become
extremely unstable with very low foamability and limited proppant
suspension capacity. Therefore, in the foam fracturing practice, SNP-
surfactant-stabilized foams should not be used to stimulate formations
with an excessive salt concentration in their brines — for instance, at 5%
salinity or higher. These formations are considered highly incompatible
with foam-based fluids.

In addition, it is a common practice that the produced water from the
underground is recycled, and then used as a base solution to generate
liquid foams. Therefore, it is suggested that this recycled water should
have as low salinity as possible to avoid any undesirable synergy with
the foam, NP or surfactants. Otherwise, if the produced water contains a
high salt concentration, it should be diluted to meet the salinity
requirement.

4, Conclusions

In this paper, the effects of salinity on the properties of SNP-
surfactant-stabilized fracturing foams have been thoroughly investi-
gated. The results and findings of the study help enhance understanding
of the characteristics of fracturing foams and their operating practice
under high salinity conditions. The increase of NaCl concentration was
found to lower the surface charge and promote the aggregation behav-
iour of SNP, which leads to the increased SNP average size and reduced
stability of the SNP/SDBS dispersion. At high salinity, surfactant mole-
cules become degraded while the SNP aggregates tend to accumulate in
the bulk solution, causing the insufficient adsorption of SNP and sur-
factants on the gas-liquid interface to stabilize foams. As a result, SNP/
SDBS foams had lower foamability, lower half-life, reduced apparent
viscosity and faster proppant settlement with increasing salinity. In
addition, the SNP/SDBS foams were observed to be extremely unstable
with very low foamability and limited proppant suspension at 5%
salinity. It is imperative to carefully evaluate the formation brine and
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monitor the recycled water to avoid reaching this salinity limit and
ensure the compatibility of the fracturing foams.

Future works are strongly required to further investigate the effects
of salinity on the properties and behaviours of liquid foams in the
fracturing application. In addition, other common salt types such as KCl,
MgCl,, CaCl, or a combination of them with/without NaCl, should be
studied intensively to compare and validate the results and findings
from this project. Finally, it is recommended to include laboratory ex-
periments to evaluate the hydrophobicity, wettability of NP, and the
interfacial tension of surfactants under the influence of salinity. This
would certainly add a lot of insightful discussions and explanations to
our observations.
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7. Performance evaluation of synthetic and natural polymers in
nitrogen foam-based fracturing fluids in the Cooper Basin,
South Australia

Tran, T, Gonzalez Perdomo, ME, Wilk, K, Kasza, P & Amrouch, K 2020, 'Performance
evaluation of synthetic and natural polymers in nitrogen foam-based fracturing fluids in the
Cooper Basin, South Australia’, Journal of the Australian Petroleum Production & Exploration
Association, vol. 60, no. 1.

In this chapter, the fracture simulation modelling is performed on GOHFER software. The
details of the software, such as its application, advantages, limitations and step-by-step guide,
are included in Appendix 9.1 and 9.2.

Traditional fracturing fluids like slickwater have their own limitations, including high water
consumption, clay swelling issues, and low flowback recovery. As the industry seeks more
efficient and environmentally friendly alternatives, foam-based fracturing fluids have emerged
as promising candidates. However, foam's inherent instability, especially in high-temperature
reservoirs, poses a significant challenge. This paper explores the impacts of natural and
synthetic polymers on the rheological properties of nitrogen foam-based fluids at high-
temperature conditions. The laboratory experiments are integrated with a 3D hydraulic fracture
propagation model, using real field data from the Toolachee Formation in the Cooper Basin.
The study presents the superiority of synthetic PAM polymers in stabilizing foam viscosity
under high temperatures, and the simulation results demonstrate the clear advantage of foam-
based fluids over slickwater in field application. The paper highlights the significance of
thermal stability and opens the door to further investigation into the role of crosslinkers in high-
temperature foam-based fracturing, offering a pathway for optimizing hydraulic fracturing
practices at reservoir conditions.
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Abstract. Hydraulic fracturing is a well-known stimulation technique for creating fractures in a subsurface formation
to achieve profitable production rates in low-permeability reservoirs. Slickwater has been widely used as a traditional
fracturing fluid. However, it has multiple disadvantages, such as high consumption of water, clay swelling and low
flowback recovery. Foam, as an alternative fracturing fluid, consumes less liquid and provides additional energy.
However, foam bubbles are typically unstable due to the degradation of surfactants, particularly in high temperature
reservoirs, which reduces their capabilities of carrying and placing proppants into fractures. The purpose of this study is
to provide general guidelines for an optimised application of polymers to improve the foam stability in high temperature
reservoirs while increasing the proppant placement and water usage efficiencies. In this paper, the effects of natural
hydroxypropyl guar (HPG) and synthetic polyacrylamide (PAM) polymers on the rheological properties of nitrogen
foam-based fluids were examined by laboratory experiments conducted using temperatures up to 110°C. Then, a 3D
hydraulic fracture propagation model was developed to study the fracturing performance of HPG-foamed and PAM-
foamed fluids in the Toolachee Formation, Cooper Basin. It was found that synthetic PAM polymers were more
effective than natural HPG polymers in stabilising foam viscosity under high temperature conditions. The simulation
results indicate that foam-based fluids totally outperform slickwater in the field case application. This paper emphasises
the significance of crosslinkers, foam quality and thermal stability on the performance of foams in high temperature
environments.
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the fluids to keep fractures open, thereby maintaining a
conductive path from the formation to wellbore. Besides
proppants, some other chemical additives are mixed in to
fracturing fluids: viscosifiers, friction reducers, pH control
agents, fluid loss control agents, breaker and clay stabilisers
(Gottardo et al. 2016). These additives adjust the fracturing
fluid’s properties to assist with fracture propagation and
minimise formation damage near to the fracturing area
(Harris 1988). According to Speight (2016), some of the
key features of an ideal fracturing fluid are:

Introduction

Unconventional hydrocarbon reservoirs, such as tight sands,
shales and coals, are becoming important resources for
existing and future oil and gas supply; however, because of
their low-permeable nature, they require hydraulic fracturing
treatment to be economically viable. Since first introduced in
the late 1940s, fracturing treatment has been performed in
more than 2.5 million wells and has become a fundamental
engineering tool to enhance hydrocarbon production from
low-permeable formations (Smith and Montgomery 2015).

In hydraulic fracturing operations, fracturing fluid is  * High apparent viscosity to carry and transport proppant into

pressurised and pumped downhole through perforations or
an open-hole interval to create fractures. Proppants, which
are normally small natural sands, are mixed and injected with

Journal compilation © APPEA 2020
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the fractures;
* Rapid break down to low-viscosity fluid for effective flowback
and quick recovery;
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e Compatibility with formation rock, reservoir fluid, the
chemical additives and proppants;

¢ Low-formation damage;

¢ Environmentally friendly; and

e Economical.

Water-based fluid is the most common type of fracturing
fluid and has been widely used for several decades. Generally,
water-based fluid is easy to handle and cost-effective if there is
high availability of water (Barati and Liang 2014). However,
in field applications, water-based fluid has numerous
limitations, such as formation damage, water blocking, clay
swelling, low flowback recovery, water disposal issues and
inefficient proppant transportation (Yekeen et al. 2018). Due
to these disadvantages, foams have become an alternative
fracturing fluid.

Foam as a fracturing fluid

Foams are stable mixtures of liquid and gas, where liquid
acts as the external phase and gas as the internal phase.
Foams can be defined by their stability and texture, but
they are best characterised by their quality (Schramm
1994). The mathematical equation for calculating foam
quality is simply described in Eqn 1:

_ Veas «

€71 0
where, Q is the foam quality in percentage, Vy,, is the gas
volume and V., is the foam volume, which is the total
volume of gas and liquid existing in the foam. Foam
quality usually ranges between 52% and 95%. A foam with
less than 52% quality is considered unstable, as no
bubble—bubble, interactions exist (Economides and Nolte
2000). In this case, the foam-based fluid can be considered
as ‘energised fluid’. On the other hand, in a foam with 95%
quality, gas is the dominant and continuous phase, which
makes foam become mist and unsuitable for fracturing
operation.

Foam-based fracturing fluid has been extensively studied
and implemented since late 1970s, as it has multiple benefits
over conventional fluids. First, by using foams, a significant
amount of water and chemical additives are reduced, thereby
lowering operating costs and preventing formation damage
and contamination issues. According to Economides and
Nolte (2000), foam-based fluid performs effectively in
water-sensitive formations where there is bentonite or
smectite, which causes clay swelling. Second, due to the
high apparent viscosity of foam-based fluid in porous
media, the capability of proppant transportation and
sedimentation are considerably improved (Speight 2016).
Wanniarachchi er al’s (2017) test concludes that foams
help increase the proppant-carrying capability and decrease
the proppant settling velocity by 85% when compared to
water-based fluid.

In foam-based fluids, liquid is commonly mixed with
compressed nitrogen gas, which is safe to use and compatible
with most of the formation fluids. As nitrogen is injected
underground, the interfacial tension in porous media is

lowered, thereby helping the hydrocarbon trapped in small
pores to flow more easily (Economides and Nolte 2000).
Moreover, as the compressed gas expands under downhole
conditions, pressure is released and more energy is added to
the reservoirs. Due to the increase in reservoir pressure and the
low density of foam, the well can achieve excellent flowback
with rapid clean-up of the fracturing fluid (Schramm 1994).
Finally, by using foam-based fluid, less water is required to be
recovered and disposed, which largely reduces the amount
of possible hazardous and radioactive materials at the surface.

Besides the significant benefits over conventional
fracturing fluids, there are some considerable limitations of
foam-based fluids in field applications. First, the hydrostatic
pressure of foams is relatively low due to its low density.
Therefore, higher surface treating pressure is required, leading
to an increase in the pumping costs. Additionally, nitrogen is
normally contained as liquid phase in pressurised tanks, with a
temperature of —196°C and a pressure of 30 kPa (Schramm
1994). Thus, the process of compressing, storing and
transporting nitrogen can sometimes be challenging. The
most critical challenge of foam-based fluid is the foam
stability at reservoir conditions, where high temperature and
pressures are encountered (Yekeen et al. 2018). Foam stability
is the key factor contributing to the fracturing performance of
foam-based fluid. With increasing temperature, gas bubbles
start to move together and coalescence, leading to the decrease
in foam’s apparent viscosity. As foam becomes less viscous,
the proppant settling velocity increases, resulting in the poor
and non-uniform distribution of proppant. Consequently, the
fracture dimensions decrease, and the foam’s performance is
negatively affected (Fei 2017). Several studies have been
conducted to improve foam stability (Wilk et al. 2019), and
one of the most effective solutions is to incorporate polymers
in the foam mixture (Economides and Nolte 2000).

Generally, polymers help to viscosify the liquid content of
the foam-based fluid. As liquid phase gets thicker, gas bubbles
are harder to break or coalesce, leading to an increase in foam
stability (Wendorff and Ainley 1981). Polymers have been
used in hydraulic fracturing operations for decades, but mainly
to viscosify the water-based fracturing fluids. Very limited
research has been done to study the application of polymers in
foam-based fracturing fluids. There are two main types of
polymers used in fracturing: natural polymer and synthetic
polymer. Natural polymers are a product of guar, which is a
naturally occurring material produced from beans. Guar-based
polymers are traditionally used in fracture stimulation due to
their desirable rheological properties and cost-effectiveness
(Al-Muntasheri 2014). Some of the popular examples of
natural polymers are hydroxypropyl guar (HPG) and
carboxymethyl hydroxypropyl guar (CMHPG) (Fink 2012).
On the other hand, synthetic polymer application is quite new
in hydraulic fracturing and is used as a friction reducer.
Synthetic polyacrylamide (PAM) has been reported to have
better thermal stability than natural polymers in water-based
fracturing fluids (Al-Muntasheri 2014).

In this paper, laboratory experiments were conducted to
examine the effects of HPG and PAM polymers on the
rheology of the nitrogen foam-based fluids with 50% and 70%
foam quality. The testing conditions were up to 110°C with three
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different shear rates of 40, 100 and 170 1/s. The experimental
results were then imported into the 3D fracture propagation
model, which was developed based on the log data, reservoir
properties from the well completion report, geomechanical
properties from diagnosed fracture injection test (DFIT)
results and the well production history. Finally, multiple
simulations were run to predict the generated fracture
geometry, conductivity and the proppant distribution of the
HPG- and PAM-foamed fluids in the Toolachee Formation,
Cooper Basin. The performances of these foam-based fluids
were compared with slickwater and the industry-based fluid
used in an actual fracture stimulation operation.

Geological background and hydraulic fracturing at the
Cooper Basin

The Cooper Basinis a Late Carboniferous—Middle Triassic, non-
marine sedimentary basin in eastern—central Australia that
produces oil and gas from fluvial, deltaic and shoreface
sandstones from eight formations (Algahtani 2015). The basin
is the largest hydrocarbon-producing province and the primary
onshore source for natural gas in Australia. It is estimated that
8.2 TCF of recoverable gas and 43.9 MMSTB of recoverable
oil have been found in the Cooper Basin (Alqahtani 2015). The
basin covers an area of ~130 000 km? with a total thickness of
2500 m (Hill and Gravestock 1995). Located on the border
between South Australian and Queensland, the Cooper Basin
underlies the Eromanga Basin and overlyies the Warburton
Basin (Fig. 1). The geological column of the Cooper Basin is
illustrated in Fig. 2. Since the 1960s, oil and gas have been
produced from the Cooper Basin and supplied for the domestic
and international markets, also as liquefied natural gas.
Fracture treatment has been implemented in the Cooper
Basin since the late 1960s to stimulate oil and gas production.

According to (Fei et al. 2016), as of 2013, more than 1500
fracture treatment stages were carried out on 700 wells in the
basin. The common fracture targets are the Tirrawarra,
Patchawarra and Toolachee formations. In this paper, we
mainly focus on the Toolachee Formation, as it is the
primary production zone of the study field. The Toolachee
Formation (Late Permian), which is widespread across the
entire Cooper Basin, consists of interbedded sandstone,
siltstone, clay and occasional coal seams. The Toolachee
Sand is one of the most productive reservoir rock types in
the basin with the permeability ranging from 0.5-50 mD
(Alqahtani 2015; Fei 2017).

The well used in this study was a vertical gas producing
well in a mature oil and gas field in the Cooper Basin. The field
has a large north-east-south-west anticline bounded on its
north-western edge by a dominant normal fault. In 2012,
the well was drilled and initially completed as a 4-1/2"
monobore completion, primarily targeting gas production
from the Toolachee Formation with a reservoir depth of
around 7300 ft. According the wireline log interpretation,
the Toolachee Formation was estimated to have a total net
pay of 34.8 ft, an average effective porosity of 10.1% and a
water saturation of 44% (Santos 2012a, 2012¢). One month
after drilling, the well was fracture stimulated at the Toolachee
intervals as part of the completion program. More details of
fracturing scope and operations will be discussed in the next
section.

Methodology

The methodology for this paper can be divided into two main
sections: experimental and simulation. The general workflow of
the integration is illustrated in Fig. 3.

Fig. 1. Locations of Cooper Basin, overlying Eromanga Basin and underlying Warburton Basin (Kulikowski ez al. 2016).
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Experiment Stage

Simulation Stage

Prepare fluid samples
(with natural HPG and synthetic PAM polymers)

Import well logging data

|

Establish pressure and t

lemperature in rheometer
(at 1000 psi and up to 110°C)

Import reservoir properties
from well completion report

|

Inject nitrogen and

control foam quality
(at 50% and 70%)

Import and analyse DFIT data
for geomechanical properties:

* Pressure (closure, ISIP, breakdown)
+ Closure gradient
* Fracture gradient

T

Conduct rheology

measurement tests

|

Set up grid and design perforation intervals

l

Obtain apparent viscosity, n' and K' parameters

Import actual production history data

Fig. 3.

Experimental stage
Sample preparation

|

Design ‘base case’ pumping schedule
and run simulation

Production
matching?

- -

Import experimental results and fit curves

l

Design pumping schedules with the experimental
fluids

l

Run simulation and compare results
* Proppant concentration
¢ Fracture dimension
* Fracture conductivity

Integrated workflow of methodology. ISIP = instantaneous shut-in pressure.

added into the samples. Hence, the samples

were simply

mixtures of tap water, foaming agents and polymer additives.

The foam-based fracturing fluids were prepared at

atmospheric pressure and at a temperature of 23°C. The
experiments did not involve any core testing on formation
rocks; therefore, clay control agent and biocide were not

At first, an anionic foaming agent P-1 was mixed with tap
water with an additive concentration of 4 mL/L. After that, two
types of samples were generated from different types of

polymers.
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e Sample A — Natural: The foamed fluid was mixed with
polymer W at a concentration of 1.2 g/L. Polymer W is an
HPG, which is a natural and fast hydrating guar gum. HPG
has been commonly used in hydraulic fracturing application
for decades as it helps thicken the fracturing fluid, thereby
increasing its viscosity. In this study, the used concentration
of HPG is low, and it is referred as a linear gel 10# (10 Ib/
1000 gal)

Sample B — Synthetic: Instead of adding polymer W, the
foamed fluid was mixed with polymer N at a concentration
of 0.5 mL/L. Polymer N is a synthetic PAM polymer. The
concentration of PAM polymer used is typical for slickwater
fracturing fluids. This low concentration in one-phase fluids
helps to reduce the friction pressure.

Rheological measurements

When the sample preparation stage was finished, a pipe
rheometer was used to measure the rheological properties of
the foamed fluids. First, after entering the pipe rheometer, the
fluid samples were circulated in a closed 1/8” tubing system
with a standard shear rate of 350 1/s. In the meantime, pressure
was introduced and maintained in the measurement system at
1000 psi. After that, nitrogen gas was injected into the system
while the samples were being stirred at 350 1/s. At the same
time, the base fluid was slowly removed from the system,
increasing the gas volume in the sample. The process of
liquid withdrawal continued until the desired foam quality
was reached. The foam quality was controlled and monitored
by a densimeter, which measures the density of fluid sample in
the system. For example, water has a density of 1.0 g/em®.
With a 70% foam quality, the water volume is 30% of the
total volume, resulting in a sample density of around
0.33-0.35 g/cm3. Each type of fluid sample was studied
with two foam qualities: 50% and 70%.

After the foam quality was obtained and stabilised,
rheological measurements were conducted using the pipe
rheometer. For each foam quality, the total test duration was
430 min, in which the testing temperature started from
room temperature of 23°C, then increased to 90°C and finally
to 110°C. During the experiment duration, the rheological
properties were measured at three shear rates of 40, 100 and
170 1/s. Ateach measurement point, key rheological parameters,
such as n’, K’ and the dynamic apparent viscosity, were
recorded. In the rheology study, n” is the dimensionless flow
index and K’ is the consistency index

Simulation stage

The fracture propagation model was built and calibrated
using the grid-orientated hydraulic fracture extension
replicator (GOHFER) software. First, the wireline log data
was imported to generate the formation and rock data of the
well. After that, using the completion report of Well X, reservoir
properties were updated into the model, as described in Table 1.

The actual responses of DFIT was then imported into the
model (Fig. 4). The DFIT results were analysed to determine the
geomechanical parameters of the reservoir, which are shown in
Table 2.

Table 1. Reservoir properties of Well X (Santos 2012¢)

Parameter Value

Reservoir depth 7315 ft

Reservoir thickness 88.9 ft

Gas net pay 348 ft

Permeability 0.016 mD
Porosity 10.1-12.0 %

Reservoir temperature 122 €
Reservoir pressure 1913 psi
Gas saturation 56 %

Water saturation 44 %

Subsequently, two perforation intervals of the Toolachee
Formation were included, and perforation depths were
correlated using the log analysis report of Well X. The details
of the perforation intervals are shown in Table 3. According
to the post frac report, the well was fracture stimulated with an
energised fracturing fluid in 2012. The base fluid was a Hybor
fluid system, which uses an HPG gelling agent and delayed
borate-crosslinker as viscosifiers. The base fluid was mixed
with nitrogen gas at 50% foam quality for the main treatment.
The actual pumping schedule for Well X is summarised in
Table 4.

In GOHFER, a ‘base case’ simulation was set up with the
same fracturing fluid system to reproduce the actual pumping
schedule. The foam injection rate, surface proppant
concentration and the treating pressures of the base case
schedule are illustrated in Fig. 5. The actual production data
from Well X was then imported to assess the calibration and the
prediction ability of the model.

After the production history was matched, the results
from the experimental stage were imported into
GOHFER. The n’ and K’ parameters were then adjusted to
match the reference rheological curves, thereby establishing
the experimental fracturing fluids with HPG and PAM
polymers into the software database. Finally, the fracture
propagation simulator was run to evaluate the performance
of different types of fracturing fluids in the Cooper Basin. In
total, four fracturing fluid systems were simulated and
compared: slickwater, ‘base case’ fluid, HPG-foamed fluids
and PAM-foamed fluids. Key parameters obtained from the
simulator were the fracture dimension (half-length, height,
width), proppant concentration and fracture conductivity.
Finally, the gas production of each case was simulated and
compared. The total production period was selected as
800 days. Some assumptions were made in the production
simulation, such as a drainage ratio of 200 acres and a flowing
surface pressure of 200 psi.

Results and discussion

Experimental results

Rheological properties of the fracturing fluid are critically
important to the success of any fracture stimulation treatment.
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Fig. 4. DFIT response data (Santos 2012b).

Table 2. Geomechanical properties from analysed DFIT data
(Santos 2012b)

Parameter Value Unit
Closure pressure 4058 psi
Bottomhole ISIP (instantaneous shut-in pressure) 4903 psi
B hole breakdown p 5534 psi
Closure gradient 0.55 psi/ft
Fracture gradient 0.67 psi/ft
Table 3. Perforation intervals at the Toolachee Formation

(Santos 20125)

Interval Measured  Perf Number Perf Perf Perf
depth (ft) length of shots density phasing (*) diameter
(shots/ft) (inch)
1 7307-7319 14 85 6.0 60 0.3
2 7333-7343 10 61 6.0 60 0.3

The rheological properties determine the fluid’s capabilities
of transporting and placing proppants into fractures, and
therefore, strongly affect the proppant distribution as well
as the fracture dimensions and conductivity. In this study,
the viscosity of the foamed fluids was dependent on two
variables: the foam quality and the type of polymer. The
effects of each variable are shown and discussed below.

Table 4.  Actual pumping schedule for the main treatment of Well X
(Santos 2012b)
Stage Pad Slurry Flush
Duration (minutes) 15 24 9
Fluid type #40 HyborH  #40 HyborH Linear gel
N2 foam quality (%) 50 50 50
N2 injected volume (scf) 163000 187000 46000
N2 injection rate (scf/m) 11000 11000 11000
Slurry clean volume (gal) 13184 11559 3429
Average slurry rate (bpm) 20 20 20
Average foam rate (bpm) 29 27 26
Proppant type None 20/40 sand None
Proppant concentration (ppa) 0 0-7.11 0

First is the effect of foam quality on foam-based fluids.
Figs. 6 and 7 present the test results for foamed fracturing
fluids with the inclusion of natural HPG and synthetic PAM
polymers, respectively. For each fluid type, the viscosity at

50% and 70% foam quality were measured at the shear rates of

40, 100 and 170 1/s with increasing temperature.

It can be easily observed from both figures that higher foam
quality results in higher fluid viscosity for all the testing shear
rates. That is because as the gas content increases, more bubbles
are generated with a higher degree of bubble interaction and
collision, leading to arise in viscosity. In both cases, the viscosity
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Fig. 6. Viscosity of HPG-foamed fluids at 50% and 70% quality at different shear rates.

increased significantly by 3.1-3.3 times as the foam quality
increased from 50% to 70%. Moreover, the effects of
temperature and shear rates can also be seen from the figures.
With the increasing temperature or shear rate, the fluid viscosity
considerably decreased due to foam degradation. For a foam
quality of 70%, the viscosity of HPG-foamed and PAM-
foamed fluids were more sensitive to the changes in

temperature and shear rates, compared to those from the
50% quality cases.

Next, the effects of different polymer types on the
rheological property of foam-based fluids were taken into
consideration. Fig. 8 compares the test results between
HPG- and PAM-foamed fluid for a foam quality of 50%,
while Fig. 9 shows the difference for a 70% foam quality.
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For both cases, the viscosity measurement at a standard shear
rate of 170 1/s were selected to be displayed as the results from
other shear rates share very similar trend.

At both 50% and 70% foam quality, it is evident that
HPG polymer generated more viscous fluid than the PAM
polymer, which contradicts some previous research. A
reasonable explanation for this behaviour is the difference
in the polymer concentrations. When preparing the testing
samples, the HPG polymer was used at a concentration of
1.2 g/L in powder form, while the PAM polymer was
consumed at 0.5 mL/L concentration in liquid solution. As
the active substance content of PAM solution is unknown, it is
extremely challenging to compare the concentrations
between the two polymers. However, in this test, it is
believed that the concentration of PAM is less than that of
HPG, which results in lower viscosity, as observed. The

0 50 100 150 200 250 300 350 400 450
Time (minutes)

[-+=70% foam with HPG - 70% foam with PAM___—— ]

Fig. 9. Viscosity of HPG- and PAM-foamed at 70% foam quality.

importance of polymer concentration is highlighted and
requires further investigation in future studies.

In Fig. 8, PAM-foamed fluid has the initial viscosity of
12.5 ¢P, which is 37% lower than that of the HPG-foamed
fluid. In the first 100 min, as temperature increases from 23°C
t0 90°C, the viscosity of HPG-foamed fluid declines dramatically,
while a lower decline rate is observed in PAM-foamed fluid. In
the next 200 min, the temperature increases to and stabilises at
90°C. During this period, the foam-based fluid with HPG
polymer experiences a slight viscosity decline, whereas the
viscosity of PAM-foamed fluid remains stable at 8 cP. In the
last 130 min, as the testing temperature jumps to 110°C,
the viscosity of HPG-foamed fluid considerably decreases with
a steeper slope. In comparison, a very small change is observed
in the PAM-foamed fluid’s viscosity. Not much difference can
be seen compared to its viscosity at 90°C.
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In addition, similar behaviour can also be observed in the
70% foam quality case. According to Fig. 9, the viscosity of
HPG-foamed fluid is largely dependent on and very sensitive
to the testing temperature. As the temperature increases from
90°C to 110°C, the viscosity of HPG-foams decreases by
~18%. On the other hand, at above 90°C, the effects of
temperature become insignificant on the viscosity of PAM-
foamed fluid. The viscosity of PAM-foams remains unchanged
throughout the middle and late stages of the experiment.

Overall, it can be concluded that even though synthetic PAM
polymers result in lower initial viscosity due to low polymer
concentration, they are more effective than natural HPG
polymers in improving thermal stability and preventing
degradation of foams under higher temperature conditions.
PAM polymers have been tested to stabilise foamed fluid’s
viscosity at up to 110°C.

Simulation results

After running the ‘base case’ scenmario in GOHFER and
calibrating the model based in the geomechanical properties,
the production simulation was successfully matched with the
production history of well X. Fig. 10 shows the curve matching
in gas production rate, while Fig. 11 illustrates matching of the
cumulative gas production. Inboth figures, the red line represents
simulation results and the green crosses represent the actual
production data points. Therefore, the model is considered well-
calibrated and ready for prediction mode.

The experimental foam-based fracturing fluids were
successfully added into the software database with their
rheological curves fitted. Overall, there were a total of six
types of fracturing fluids to be studied and compared:

(1) Slickwater
(2) Base case fluid (nitrogen foam-based fluid at 50% quality,
added with HPG gelling agent, borate-crosslinker and buffer);

(3) HPG-foamed fluid at 50% quality;
(4) HPG-foamed fluid at 70% quality;
(5) PAM-foamed fluid at 50% quality; and
(6) PAM-foamed fluid at 50% quality.

In the fracture designs of these six fluid systems, the 20/40
proppants were equally consumed at the same total mass of
76 273 1bs with the same injecting concentration. However, in
terms of the total clean volume, the slickwater design used
~30 000 gallons, which is much higher than the 50% foam
quality case (20 800 gallons) and the 70% foam quality case
(15 700 gallons).

Fig. 12 displays the simulation of proppant distribution for
the six cases, with the proppant concentration ranging from 0
to 2.0 Ib/f>. Generally, the foam-based fracturing fluids
outperform slickwater in this field case simulation. Due to
the low viscosity of slickwater, proppants are not effectively
suspended and transported, leading to the short, narrow and
poorly propped fractures at the target intervals. By using
foams, better fracture dimensions are created with a
reduction of 30%-47% of total water consumption.

It can also be observed that the fractures generated by 70%
quality foams are shorter but greater in height and have higher
proppant concentration at the target intervals, compared to the
experimental 50% quality foams. This proves that foams with
higher quality are better at carrying and placing proppants into
the fractures due to their high viscosity.

When observing Fig. 12, the fracturing performance of
HPG-foams and PAM-foams at the same foam quality appear
relatively similar. Therefore, the numerical results of the
simulation stage were summarised to study and compare the
effects of the polymers. Table 5 provides a summary of the
fracture dimensions and average proppant concentrations, while
Fig. 13 demonstrates the simulation outputs of the fracture
conductivity.
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Fig. 10. Gas production rate matching.
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In slickwater fracturing, the highest proppant concentration
was observed at a value of 1.049 Ib/ft>. However, this high
value was due to the rapid settlement of proppants, which
causes over-accumulation at the near-wellbore area. Moreover,
by using slickwater, a large amount of proppants travelled
upwards and accumulated in the upper non-target fracture,
forming a very highly conductive, but unbeneficial, pathway.
Thus, the fracture conductivity in the slickwater case appears
as noise and is not taken into consideration in Fig. 13.

Tt is clear that the base case fluid outperformed the
experimental fluids in terms of the simulation outputs.
Specifically, the fracture generated by the base case fluid
has the largest width of 0.298 inch and the highest average
proppant concentration of 1.022 Ib/ft>. Even though the
fracture is short with a moderate height, it has the highest
conductivity of up to 4200 mD/ft at near wellbore and
2500 mD/ft within the 100 ft half-length. The reason for
this observation is mainly due to the effects of the borate-
crosslinker, which was not included in any of our experimental
fluids during the sample preparation. With the inclusion of
borate-crosslinker, the base case fluid’s viscosity as improved
and maintained at 100-200 cP with a standard shear rate of
170 1/s at the temperature of 120°C (Fig. 14). Therefore, the
importance of crosslinkers is demonstrated and highlighted in
this study. Further investigation into the incorporation of
crosslinkers in experimental foams is required.

From the experimental stage, PAM-foamed fluids have
lower viscosity than HPG-foamed fluids at both 50% and
70% quality due to the lower polymer concentration.
However, the simulation outputs show very surprising
results for the PAM-foamed fluids. At 50% foam quality,

despite having lower viscosity, PAM-foamed fluid achieved
very similar fracture geometry and average proppant
concentration as HPG-foamed fluid. The fracture
conductivity obtained from 50% quality PAM foam was
also very close to that of the HPG foam. In addition, the
performance of PAM foams was even better with higher foam
quality. At 70% foam quality, despite larger difference in
viscosity, PAM foam outperformed HPG foam in both
fracture conductivity and fracture geometry, including an
increase of 240 ft in the fracture half-length. Therefore, it
can be concluded that apart from the foam viscosity, the
thermal stability of foams also plays a very important role
in the success of the fracture stimulation operation. In this field
case, under reservoir temperature condition, a stable foam with
lower viscosity and lower polymer concentration can achieve
the similar or even better performance than a foamed fluid with
higher viscosity. Therefore, the polymer consumption and
polymer loading are considerably reduced, lessening their
impacts on the environment.

Finally, the production capabilities of the designed fracture
models were evaluated and compared. The simulated
cumulative gas production of the foam-based fluids and
slickwater over a period of 800 days is shown in Fig. 15.
After 800 days, the base case fluid had the highest cumulative
gas production (537 MMscf), while the lowest production
belongs to the slickwater system (345 MMscf). At 70%
foam quality, the PAM-foamed fluid had higher total gas
production than HPG-foamed fluid (509 MMscf and 468
MMscf, respectively). On the other hand, at 50% foam
quality, the HPG-foam resulted in a total of 423 MMscf
gas, which was 7% higher than that of the PAM-foam.
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Fig. 12. Results of proppant distribution versus depth and fracture half-length; black crosses represent the perforation locations.

According to the simulation results, it is evident that the Table 5.
recoverable gas production after fracture stimulation is
directly proportional to the fracture conductivity. As the
fracturing fluid is more viscous, proppants are transported id tyy R aae Average
more effectively and settle with higher concentrations. This e : i | PropRars
helps to increase the fracture dimensions (in length, height and S
width), which significantly induce the fracture conductivity,
and therefore, increase the hydrocarbon production.

y of the simulated fracture d
proppant concentrations

and average

(Ib,

Base case 820 95 1.022
Conclusions HPG 50% 1700 80 0.850
This paper studies the rheological properties and performance of ~ PAM 50% 1720 75 0.190 0.850
nitrogen foam-based fracturing fluids with the application of  HpG 70% 1480 110 0227 0.941
natural HPG and synthetic PAM polymers under high
temperature conditions. Actual field data from the Toolachee

PAM 70% 1720 115 0.237 0.944
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Fig. 13. Simulated fracture conductivity of the foam-based fracturing
fluids.
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Fig. 14. Viscosity of the base case fluid with a shear rate of 170 s™" at
120°C. (obtained from the GOHFER s fluid database).

Formation in the Cooper Basin was used to develop the
simulation model.

In the experimental stage, foam viscosity increased by
3.1-3.3 times as the foam quality increased from 50% to
70%. Despite generating less viscous fluids, PAM polymers
were much more effective than HPG polymers in improving
the thermal stability of foams under high temperature conditions.
PAM polymers successfully maintained foam viscosity at up to
110°C.

In the simulation, foam-based fluids totally outperformed
slickwater by having larger fracture geometry, better proppant
distribution, higher fracture conductivity and a water reduction
of 30%-47%. The simulation outputs show that there is a
strong correlation between the fracture conductivity and the
gas production after fracture treatment. At high temperature,
synthetic PAM polymers generated very stable foams, which
achieved similar or even better fracturing results than the

Cumulative gas production

Cumulative gas production (MMscf)

[ 100

200 300 400 500 600 700 80O
Time (days)
Base case — Slickwater — HPG 50% PAM 50% —HPG 70% —PAM 70%

Fig. 15. Simulation results of the cumulative gas production.

HPG-foamed fluids with higher viscosity. The importance of
thermal stability on the performance of foams is therefore
highlighted and emphasised. Finally, the industry foam used
in the actual operation performed much better than the
experimental foams due to the inclusion of crosslinker in the
mixture. More investigation on the effects of crosslinkers on
foam-based fluids in high temperature environment is
recommended for future studies.
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8. Conclusions and Recommendations

8.1. Conclusions

This thesis presents a comprehensive investigation of the properties and performance of foam-
based fracturing fluids stabilized by surfactants, silica nanoparticles (SNP) and polymers.
Laboratory experiments and simulation modelling of fracturing foams at reservoir conditions
allow drawing the following conclusions:

1.

The addition of SNP positively influences the stability, rheology and proppant
suspension capacity of surfactant foams at both ambient and elevated temperatures. The
improved properties are attributed to the formation of SNP adsorption layers and SNP
network on the gas-liquid interface. These SNP structures help increase liquid films'
strength, improve foam texture and enhance the interface viscoelasticity, which
eventually leads to the reduced drainage rate, higher half-life, higher apparent viscosity
and lower proppant settling velocity in foams.

The stability of SNP-surfactant colloidal dispersions significantly impacts the
properties and performance of fracturing foams. It has been concluded that the increase
in temperature and salinity lowers the surface charge and promotes extreme aggregation
behaviour of SNP. This, as a result, reduces the stability of the SNP-surfactant
dispersions and negatively affects the stability, viscosity and proppant suspension
capacity of liquid foams. The effects of temperature and salinity on the surface
characteristics of SNP are explained by the DLVO electrostatic interaction theory.

The presence of surfactants increases the hydrophobicity of SNP. The contact angle of
SNP depends heavily on the adsorption favourability of surfactants on the SNP surface.
The cationic surfactant was found to result in the highest increase in the SNP's contact
angle, followed by non-ionic surfactants and then anionic surfactants.

The synergy between surfactants and SNP plays a vital role in determining foams'
properties. At both ambient and elevated temperatures, the combination of SNP and
ionic surfactants produces higher foam stability and foamability than that of SNP and
non-ionic surfactants.

Cationic surfactant has greater synergistic effects with SNP than anionic surfactant in
enhancing liquid foams' stability, viscosity and proppant-carrying properties at
sufficient surfactant concentrations. This suggests that the electrostatic attraction
between cationic surfactant molecules and SNP is preferable in the fracturing foam
application, compared to the electrostatic repulsion in the anionic surfactant-SNP
system. However, when mixing very high concentrations of cationic surfactant with
SNP, careful consideration must be taken to monitor the formation of SNP flocculates
and corks in the dispersion, as these large-sized aggregation structures have a very high
tendency to destabilize and reduce the properties of foams.
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6.

Foams stabilized by synthetic polymers have lower viscosity but higher thermal
resistance than those stabilized by natural polymers. As the foam quality increases from
50% to 70%, the viscosity of polymer-stabilized foams was found to increase by 3.1 —
3.3 times.

Shear thinning and non-Newtonian behaviours are observed in the rheological
properties of both SNP-surfactant-stabilized and polymer-surfactant-stabilized foams.
The simulation modelling on two different tight gas reservoirs suggests that due to the
high apparent viscosity and high proppant suspension capacity, the studied foams can
achieve very uniform and effective distributions of proppants in the fracture system.
Consequently, the foam cases generated larger fracture dimensions, lower leak-off rate,
greater fracture conductivity and higher well productivity than the benchmark
slickwater case at reservoir conditions.

8.2. Recommendations

Based on the findings and understandings gained from this research study, the following
recommendations are suggested for future work:

1.

Conduct bulk-scale experiments with high-grade observation columns to investigate the
foamability, foam stability and proppant suspension capacity of fracturing foams at
high-pressure high-temperature conditions of up to 3000 psi and 200 °C. Furthermore,
it is suggested to study the effects of other gas types, such as N> and CO», on the
properties of foams in the experiments.

Include a wide range of nanoparticle types in the study, which could be either negatively
charged or positively charged, hydrophilic or hydrophobic, and with particle surface
modified or unmodified.

Include bubble and micro-scale visualization experiments to observe the changes in size,
shape and distribution of gas bubbles and particle aggregates in foams. These could be
achieved by a stereo microscope, a scanning electron microscope (SEM) and a foam
analyzer.

Perform experimental investigation of the adsorption behaviour of surfactants on
typical reservoir rocks (positively charged carbonate, negatively charged sandstones)
with and without the presence of nanoparticles. It is recommended that experiments be
conducted at high temperature and pressure to replicate actual reservoir conditions.

Conduct a comprehensive study of the damage of nanoparticle-surfactant-stabilized
foams to different reservoir rock types.

Undertake a comprehensive investigation to mitigate the effects of wall slippage on the
viscosity measurements at low shear rates. Grooved couette and crosshatched
geometries are recommended to replace the smooth surface one. Oscillation methods
are suggested to be implemented to identify and monitor the impacts of wall slippage.
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9. Appendix

9.1 GOHFER software — Application, advantages and limitations

Application of GOHFER:

GOHFER is a finite element-based reservoir simulator that specializes in modelling hydraulic
fracturing processes in unconventional reservoirs. This software is designed to simulate the
complex interactions that occur during hydraulic fracturing treatments. The application of
GOHFER primarily revolves around hydraulic fracturing simulations, specifically in
unconventional reservoirs such as shale formations. It allows engineers and researchers to
model the behavior of fluids, proppants, and rock formations during hydraulic fracturing
operations. Some of its key applications and capabilities include:

1) Fracture Propagation: GOHFER can model the initiation, growth, and propagation of
fractures within subsurface rock formations under the influence of hydraulic pressure.

2) Proppant Transport: It can simulate the transport and placement of proppant materials
within fractures to understand their distribution and effectiveness in keeping fractures
open.

3) Fluid Flow: The software can model the flow of hydraulic fracturing fluids within
fractures and porous media, helping to optimize fluid injection strategies.

4) Stress Analysis: GOHFER can analyze the stress distribution within the reservoir,
which is crucial for understanding how fractures interact with pre-existing natural
fractures and faults.

5) Wellbore Interactions: It considers interactions between fractures and wellbores,
helping to optimize well placement and completion designs.

6) Parametric Studies: Engineers can use GOHFER to conduct parametric studies,
assessing the impact of different factors such as fluid properties, injection rates, and
rock properties on fracture behavior.

Inherent model employed in GOHFER:

GOHFER employs a cohesive zone model (CZM) to simulate fracture propagation. The CZM
is a widely accepted approach in fracture mechanics. It divides fractures into cohesive elements
that can open and close based on stress conditions. This model considers the energy release
rate, fracture toughness, and the constitutive behavior of rocks and fluids. It accurately captures
the initiation, growth, and interaction of fractures in response to hydraulic fracturing operations.
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Advantages of GOHFER:

1)

2)

3)

4)

5)

Accurate fracture propagation modelling: GOHFER is renowned for its ability to
accurately model fracture propagation in various reservoir conditions. It employs a
cohesive zone model (CZM) to simulate the opening and closing of fractures, capturing
the complex behavior of fractures under stress.

Flexibility in fluid and proppant modelling: GOHFER allows for the modeling of
various fracturing fluids and proppants, providing a comprehensive understanding of
how different fluid and proppant properties influence fracture behavior. This flexibility
is crucial in optimizing hydraulic fracturing operations.

Realistic reservoir considerations: The software incorporates real reservoir data, such
as rock mechanics properties, stress profiles, and geological features, to create highly
realistic simulations. This ensures that the simulations closely match actual reservoir
conditions.

Sensitivity analysis: GOHFER enables sensitivity analysis, allowing users to
investigate the impact of different parameters on fracture behavior. This capability is
valuable for optimizing fracture design and well performance.

User-friendly interface: Despite its advanced capabilities, GOHFER offers a user-
friendly interface that makes it accessible to engineers and researchers with varying
levels of expertise. It simplifies the process of setting up and running simulations.

Limitations of GOHFER:

1)

2)

3)

Computational intensity: GOHFER's high level of accuracy comes at the cost of
computational intensity. Running simulations with fine grids and complex reservoir
models can be time-consuming and computationally demanding.

Data requirements: To achieve accurate results, GOHFER relies on detailed reservoir
data, including rock properties, stress profiles, and geological information. Obtaining
and inputting this data can be challenging and time-consuming.

Complexity: The software's complexity may pose a learning curve for new users.
Training and experience are necessary to fully harness its capabilities.
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9.2 GOHFER software — Step-by-step guide

Working with GOHFER involves several key steps to effectively set up and run simulations.
Below is a step-by-step guide to help you navigate the process:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Installation and setup:

Begin by installing the GOHFER software on your computer. Follow the installation
instructions provided by the software vendor.

Launch the software and ensure that you have all the necessary licenses and access to
required modules.

Import reservoir data:

Before running simulations, import the reservoir data, including geological information,
stress profiles, and rock properties, into GOHFER. This data is crucial for creating an
accurate reservoir model.

Ensure that your data is in the appropriate format and that units compatible with
GOHFER.

Define simulation parameters:

Set up your simulation parameters, including the fracture fluid properties (e.g.,
viscosity, density), wellbore information (e.g., well trajectory, completion design), and
fracture geometry (e.g., initial fracture dimensions).

Specify the time step size and duration for your simulation.

Fluid and proppant modelling:

Choose the fluid and proppant models that best represent your fracturing fluid and
proppant types. Input their respective properties, such as viscosity, density, and size
distribution.

GOHFER allows you to simulate various fracturing fluid and proppant combinations,
providing flexibility in your simulations.

Set boundary conditions:

Define the boundary conditions for your simulation, including the reservoir boundaries,
initial stress conditions, and any external forces or pressures.

Ensure that boundary conditions align with your reservoir data and real-world
conditions.
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Step 6:

Step 7:

Step 8:

Step 9:

Mesh generation:

Create a computational mesh that divides your reservoir into discrete elements. The
mesh's granularity affects the simulation's accuracy and computational demands.

Use mesh generation tools within GOHFER or import pre-generated meshes if
available.

Cohesive zone model (CZM):

GOHFER employs a Cohesive Zone Model (CZM) to simulate fracture propagation.
Define CZM parameters based on your reservoir and rock mechanics data, such as
fracture toughness and cohesive zone properties.

Simulation run:

Start the simulation and monitor its progress. Simulations may take varying amounts of
time depending on your chosen parameters and mesh complexity.

GOHFER provides visualization tools to track fracture propagation, fluid flow, and
other relevant parameters during the simulation.

Analyze results:

Once the simulation is complete, analyze the results to understand fracture behavior,
proppant placement, and other relevant performance metrics.

Utilize GOHFER's post-processing capabilities to extract valuable insights from the
simulation data.

Step 10: Optimization and reporting:

Optimize your hydraulic fracturing design based on the simulation results by adjusting
parameters such as fluid properties, well completion, or proppant selection.

Generate reports and visualizations to communicate your findings and
recommendations effectively.

Step 11: Iteration and validation:

If necessary, iterate through steps 3 to 10 to refine your fracture design further.
Validate your simulations by comparing the results with field data to ensure accuracy
and reliability.

By following these step-by-step instructions, you can effectively work with GOHFER
to simulate hydraulic fracturing operations, optimize designs, and gain valuable insights
into fracture behavior and well performance.
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