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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 (Kong et al., 2016; Fei et al., 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. 
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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.   
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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.  
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Table 1: Chapter outlines 

Chapter Title Status 

Chapter 3 

Study of the synergistic effects between different surfactant 

types and silica nanoparticles on the stability of liquid foams at 

elevated temperature 

Published 

Chapter 4 

Effects of cationic and anionic surfactants on the stability, 

rheology and proppant suspension of nanoparticle-stabilized 

fracturing foams at elevated temperature 

Published 

Chapter 5 
Simulation study of foam rheology and the effects on hydraulic 

fracture proppant placement 
Submitted 

Chapter 6 
Experimental study of the effects of salinity on nanoparticle-

surfactant foams for fracture stimulation application 
Published 

Chapter 7 

Performance evaluation of synthetic and natural polymers in 

nitrogen foam-based fracturing fluids in the Cooper Basin, 

South Australia 

Published 

 

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.  
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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-
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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.  

 

Figure 1: Fracture growth in width and length and proppant (black dots) placement (Guo et al., 2017) 
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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. 
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Table 2: Comparisons of common types of fracturing fluids (Wanniarachchi et al., 2017) 

Fluid type 

Properties at 

ambient 

conditions 

Advantages Disadvantages 

Slickwater 

 

𝜌 =1000 kg/m3 

𝜇 = 2 cP  

+ Reduced well damage 

+ Cost containment 

+ Higher stimulated volume 

+ Better fracture containment 

- Poor proppant-carrying 

capacity 

- Large freshwater consumption 

- Large wastewater generation 

- Environmental issues 

- Cannot be used in water-

sensitive formations 

Cross-linked 

fluid 

𝜌 = 950 kg/m3 

𝜇 = 550 cP 

+ Better proppant-carrying 

capacity 

+ Reduced well damage 

+ Cost containment 

+ Higher stimulated volume 

+ Better fracture containment 

- Limited fracture network 

propagation 

- Large freshwater consumption 

- Large wastewater generation 

- Environmental issues 

Oil-based 

fluid 

𝜌 = 850 kg/m3 

𝜇 = 100 cP 

+ Reduced water usage 

+ Reduced logistic work. 

+ Higher recovery rates 

+ Rapid well clean-up 

- Unnecessarily induced high 

viscosity due to gelling 

- Higher capital cost 

- High flammability risk 

Acid-based 

fluid 

𝜌 = 1200 kg/m3 

𝜇 = 2 cP 

+ Reduced proppant usage 

+ Reduced water usage 

- Economically not efficient 

- Cannot be used in high-

carbonate reservoirs 

Foam-based 

fluid 

𝜌 = 250 kg/m3 

𝜇 = 150 cP 

+ Reduced water usage and 

reduced wastewater 

generation 

+ Reduced formation damage 

+ Higher proppant-carrying 

capacity 

+ Recyclable and reusable 

+ Reduced environmental 

damage.  

+ Suitable for water-sensitive 

formations 

- Higher initial cost 

- Higher logistic requirements 

- Stability and viscosity 

reduction in high temperatures  

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 

Proppant sizes 
12/20-mesh, 16/30-mesh, 20/40-mesh, 30/50 mesh, 

40/70-mesh, 70/140-mesh 

Common materials Silica sands, artificial ceramics, resin-coated  

Compressive strength  4000 – 12000 psi  

Proppant porosity 0.35 – 0.43 

Proppant specific gravity 
For sand proppants: 2.62 – 2.65 

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):   

𝑄 =
𝑉𝑔𝑎𝑠

𝑉𝑓𝑜𝑎𝑚
=  

𝑉𝑔𝑎𝑠

𝑉𝑔𝑎𝑠 + 𝑉𝑙𝑖𝑞𝑢𝑖𝑑
 (1) 

where 𝑄 is the foam quality, 𝑉𝑔𝑎𝑠 is the gas volume, 𝑉𝑙𝑖𝑞𝑢𝑖𝑑 is the liquid volume, and 𝑉𝑓𝑜𝑎𝑚 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). 

 

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.  

 

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.  

 

Figure 4: Common surfactant types and their charged head groups (Guerrero-Hernández 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.  

 

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.  

 

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: 

𝑉𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒 =
𝑑ℎ𝑓

𝑑𝑡 
=

ℎ𝑓
3

3𝜇𝑒𝑅𝑏
2 Δ𝑃𝑓 (2) 

where 𝑉𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒  is the liquid drainage velocity, ℎ𝑓  is the film/lamellae thickness, 𝜇𝑒  is the 

effective viscosity of the aqueous phase, 𝑅𝑏  is the foam film radius, and Δ𝑃𝑓  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 (Δ𝑃) 

can be determined from the Young-Laplace equation as: 

Δ𝑃 = 𝑃𝑖𝑛𝑠𝑖𝑑𝑒 − 𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒 = 𝑃𝑔𝑎𝑠 − 𝑃𝑙𝑖𝑞𝑢𝑖𝑑 =  
2𝜎

𝑅𝑏
 (3) 

𝑃𝑔𝑎𝑠 = 𝑃𝑙𝑖𝑞𝑢𝑖𝑑 +
2𝜎

𝑅𝑏 
 (4) 

where Δ𝑃 is the difference between the pressure inside the bubble (gas phase) and the pressure 

outside bubble (liquid phase), 𝜎 is the surface tension of the gas-liquid interface, and 𝑅𝑏 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 

7.  

 

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.   

 

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 (Wanniarachchi 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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𝜇𝑎 = 𝐴𝑣 exp (
𝐸𝑓

𝑅𝑇
) (5) 

where 𝜇𝑎 is the apparent viscosity of foam, 𝐴𝑣 is an exponential constant, 𝐸𝑓 is the activation 

energy, 𝑅 is the university gas constant, and 𝑇 is the absolute temperature.  

 

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:        𝜏 = 𝑘�̇�𝑛 (6) 

𝐻𝑒𝑟𝑠ℎ𝑒𝑙 𝐵𝑢𝑙𝑘𝑙𝑒𝑦 𝑚𝑜𝑑𝑒𝑙:      𝜏 = 𝜏0 + 𝑘�̇�𝑛 (7) 

where 𝜏 is the shear stress, �̇� is the shear rate, 𝑘 is the flow consistency index, 𝑛 is the flow 

behavior index, and 𝜏0 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.   

 

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 (𝐹𝑑𝑟𝑎𝑔) 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) 

𝐹𝑛 =
0.516

(1 − 𝜙𝑔)
0.25

𝛾𝑑𝑝

√𝐴𝑏

 (9) 
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where 𝐹𝑝 is the pressure force, 𝐹𝑛 is the network force, 𝜙𝑔 is the foam quality, 𝛾 is the surface 

tension, 𝑑𝑝 is the proppant particle diameter, and 𝐴𝑏 is the bubble area.  

 

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.  

 

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 = 𝜋𝑅𝑝
2𝛾(1 − 𝑐𝑜𝑠𝜃)2 (10) 

where 𝐸 is the particle detachment energy, 𝑅𝑝 is the particle radius, 𝛾 is the surface tension, 

and 𝜃 is the contact angle of the particle at the interface.  

The detachment energy of NP is of the order 103 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 (𝑃𝑐
𝑚𝑎𝑥) 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 𝑃𝑐
𝑚𝑎𝑥  and its parameters were 

developed by Kaptay (2006) and can be expressed in Equation 11 as:  

Pc
𝑚𝑎𝑥 = β

2γaw

𝑅𝑝
 cos𝜃 (11) 

where 𝛽 is the theoretical packing parameter, 𝛾𝑎𝑤 is the air-water interfacial tension, 𝑅𝑝 is the 

particle radius, and 𝜃 is the contact angle of the particle at the interface.  

According to Equation 11, 𝑃𝑐
𝑚𝑎𝑥 is greatly affected by the packing parameter at the 

interface (𝛽). 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 

et al., 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 (AlYousef 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 VdW interaction energy 𝑊𝑉𝑑𝑊(𝐷) and EDL interaction energy 𝑊𝐸𝐷𝐿(𝐷) 

(Equation 14).  
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𝑊𝑉𝑑𝑊(𝐷) = −
𝐴𝑅𝑝

12𝐷
 (12) 

where 𝐴 is the Hamaker constant, 𝑅𝑝 is the particle radius, and 𝐷 is the separation distance.  

𝑊𝐸𝐷𝐿(𝐷) = 2𝜋εε0𝑅𝑝𝜓𝑠
2  exp (−𝜅𝐷) (13) 

where ε is the relative dielectric constant of the liquid, ε0 is the permittivity of vacuum, 𝑅𝑝 is 

the particle radius,  𝜓𝑠
  is the Stern potential, 𝜅−1 is the Debye length, and 𝐷 is the separation 

distance.  

𝑊(𝐷) = 𝑊𝑉𝑑𝑊(𝐷) + 𝑊𝐸𝐷𝐿(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). 

 

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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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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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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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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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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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.  

 

2. 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.  

 

3. 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.  

 

4. 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.  

 

5.  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.  

 

7. 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 N2 and CO2, on the 

properties of foams in the experiments.  

 

2. 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.  

 

3. 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.  

 

4. 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.  

 

5. Conduct a comprehensive study of the damage of nanoparticle-surfactant-stabilized 

foams to different reservoir rock types.  

 

6. 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) 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. 

 

2) 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. 

 

3) 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. 

 

4) 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. 

 

5) 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) 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. 

 

2) 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. 

 

3) 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: 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. 

 

Step 2: 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. 

 

Step 3: 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. 

 

Step 4: 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. 

 

 

Step 5: 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: 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. 

 

 

Step 7: 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. 

 

Step 8: 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. 

 

Step 9: 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. 




