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ABSTRACT 

Traditionally geothermal energy utilizes naturally occurring steam or hot water trapped in 

permeable rock formations through naturally occurring extraction wells or by implementing the 

hydraulic fracturing process by fracturing rock formations with water-based fracturing fluids. In 

contrast, in Enhanced Geothermal System (EGS) hydraulic fracturing process is utilized to create 

new or reopen existing fractures by injecting high-pressure fluid into deep Hot Dry Rocks (HDR) 

under carefully controlled conditions.  

Fracturing fluids are usually water-based that utilize an immense quantity of water. In EGS, 

they are essential for conducting hydraulic fracturing which bring the concern of technical 

approach and environmental impact. Thus, an alternative approach is to use waterless fracturing 

technologies, such as foam-based fracturing fluid. 

Foams are a complex mixture of the liquid and gaseous phases, where the liquid phase act as 

an ambient phase and gas is the dispersed phase. Foam fracturing fluids offer potential advantage 

over conventional water-based fracturing fluids, including reduced water consumption and 

environmental impact. Although foam-based fracturing has shown promising results in oil and gas 

industries, its feasibility has not been demonstrated in EGS conditions that usually involve high 

temperature and high pressures. One potential barrier to utilizing foam as fracturing fluid in EGS 

applications is that foams are thermodynamically unstable and will become more unstable with 

increasing temperature due to phenomena such as liquid drainage, bubble coarsening, and 

coalescence. Therefore, it is essential to stabilize foam fluids at high temperatures for EGS related 

applications such as fracking of HDRs. 
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This project aims to evaluate the thermodynamic behavior of foams at high temperature and 

high pressure conditions closely resembling the geothermal environment. In this research, foam 

behavior was categorized as foam stability based on its half-life, i.e., the time taken by the foam 

to decrease to 50% of its original height. A laboratory apparatus was constructed to evaluate the 

foam half-life for a temperature range of room temperature to 200°C and a pressure range of 

ambient pressure to > 1000 psi. Two types of dispersed/gaseous phases, nitrogen gas (N2) and 

carbon dioxide gas (CO2), were investigated. Four different types of commercial foaming 

agents/surfactants with various concentrations were tested, including alfa olefin sulfonate (AOS), 

sodium dodecyl sulfonate (SDS), TergitolTM (NP – 40), and cetyltrimethylammonium chloride 

(CTAC). Moreover, five stabilizing agents, guar gum, bentonite clay, crosslinker, silicon dioxide 

nanoparticles (SiO2), and graphene oxide dispersions (GO), were also added to the surfactants to 

enhance foam stability. 

Experimental results showed that N2 foams were more stable than CO2 foams. It was observed 

that foam half-life decreased with the increase in temperature. Among all the surfactants, AOS 

foams showed the most promising thermal stability at high temperatures. Moreover, with the 

addition of stabilizing agents, foam's half-life was enhanced. Stabilizing agents such as crosslinker 

and GO dispersion showed the most stable foams with half-life recorded at 20 min and 17 min, 

respectively, at 200°C and 1000 psi. Finally, pressure also showed a positive effect on foam 

stability; with increased pressure, foam half-life was increased. 

Based on the experimental data, analytical models for the effect of temperature and pressure 

were developed, considering foam degradation is a first-order kinetic reaction that linearly depends 

on the foam drainage mechanism. The effect of temperature on foam half-life was studied as an 

exponential decay model. In this model, foam half-life is a function of drainage rate constant (DA) 
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and activation energy (Ea) of the foam system. The effect of pressure on foam half-life was found 

to obey a power-law model where an increase in pressure showed an increase in foam half-life. 

Furthermore, a linear relation was studied for the effect of pressure on foam activation energy and 

drainage rate.  

Then the combined effects of temperature and pressure were studied, which yielded an 

analytical model to predict the foam stabilities in terms of half-life for different foam compositions. 

This research indicates that with an appropriate selection of surfactants and stabilizing agents, it is 

possible to obtain stable foams, which could replace conventional water fracturing fluid under 

EGS conditions.  
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CHAPTER 1: INTRODUCTION 

1.1 Enhanced Geothermal System (EGS) 

Geothermal energy is the thermal energy found in abundance in the earth’s crust. This heat 

energy can be found in the rocks and fluids beneath the earth’s crust as far down as the earth’s hot 

molten rock (magma). This heat is generated mainly by the radioactive decay of materials in the 

earth’s core. Geothermal energy is a clean, sustainable, and renewable energy source as heat is 

continuously produced inside the earth and is extensively considered a practical alternative energy 

resource. In recent years, installed geothermal capacity has increased considerably worldwide; 

since 2013, 28 GW of geothermal-based heating capacity were installed for direct heating, space 

heating, industrial purpose, and agricultural applications [1]. In 2050, with an estimated probability 

of 85%, there will be more than 70 GW of geothermal-based power plants [2]. 

Geothermal reservoirs are naturally occurring areas of hydrothermal resources. These 

reservoirs are underground and essentially undetectable above the ground and find their way to the 

earth’s surface as volcanos, hot springs, and geysers. Another way of extracting geothermal energy 

is through Hot Dry Rocks (HDR) that are present 5-6 miles underneath the earth's surface at an 

elevated temperature of around 200°C. An Enhanced Geothermal System (EGS) is created where 

there is HDR, but insufficient or less natural permeability. EGS are geothermal reservoirs enabled 

for economical utilization of low permeability conductive rocks by creating fluid connectivity in 

initially low-permeability rocks through hydraulic, thermal, or chemical stimulation. It could be 

the vital source of renewable energy. If it works, it could potentially supply an almost unlimited 

amount of energy, cheaper than conventional fuels, virtually anywhere in the world. 

 

https://www.sciencedirect.com/topics/engineering/geothermal-reservoir
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Figure 1.1 is a good representation of the different extraction technologies implemented for 

geothermal energy, including EGS. Most geothermal energy is from shallow depths and needs to 

be extracted or pumped up using a ground source heat pump. Another alternative is using hydro-

thermal resources to obtain electricity on a small or medium scale. However, with EGS that can 

generate electricity on a large scale, this energy must be searched at great depths where the 

temperature is significantly higher, and the potential for electricity generation is tremendous and 

more consistent over time. 

In recent years hydrofracking of HDR has become a growing interest in EGS. It is defined as 

extracting heat from the HDR by injection of high-pressure fracturing fluid under a carefully 

controlled condition and creating effective fracture networks that can be circulated and heated. 

Figure 1.2 shows a detailed schematic of an EGS system with an injection well that causes an 

enhanced fracture network susceptible to fluid flow. Once a permeable fracture network is 

established, the heated fluids are pumped back to the surface through a production well to generate 

electricity from a power plant. The first successful EGS project was carried out at Los Alamos 

Scientific Laboratory (LASL) in 1973, and after two decades of experiments, the thermal capacity 

of the system was around 10 MW. This project marked the start of a research practice that 

confirmed great potential in EGS and the possible use of comprehensive clean energy sources [3]. 

EGS could supply a significant fraction of the low-temperature thermal energy used because, 

although they constitute only a minority of the other geothermal systems that are more widespread 

and scattered worldwide, their capacity for generating electricity is more significant [4]. There is 

a range of heat energy in the subsurface with temperatures ranging from thousands of degrees to a 

few degrees above the ground surface temperature; only so much of this energy can be used for 

productive purposes. 
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Figure 1.1: Schematic representation of the difference between geothermal plant and enhanced 
geothermal system (EGS) [5]. 
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Figure 1.2: Detail schematic of Enhanced Geothermal System (EGS) [6]. 
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Figure 1.3 shows the geothermal energy distribution map of the United States, which ranges 

from 100°C to 250°C between the depths of 3 km and 8 km. It was estimated that if only 2% of 

the EGS resource is developed, the energy recovered would be equivalent to ~2500 times the 

annual consumption of the primary energy in the US [7]. Commercial electricity generation is 

generally economical from geothermal resources at temperatures above 150°C. Geothermal 

resource temperatures at a depth of 4 km are accessible with existing drilling technology. 

 

Figure 1.3: Geothermal Resources of United States [13] 

 

A typical EGS process initiates with the injection of high-pressure fluid known as fracturing 

fluid to create an artificial fracture in the reservoir or reopen pre-existing fracture. The fracturing 

fluid circulates in a loop between the injection and the production wells, is heated underground in 

a conduction process, and then releases energy at the surface. Fresh water is typically used to 

fracture the HDR. In some cases, especially fracturing in tight sediments, water with some 

chemical additives is also used to prevent undesirable liquid-rock interactions. Due to their 
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increased viscosity, polymer-based fluids are characterized by better carrier properties, which 

allows the addition of the proppant materials that prevent fracture closure after the operations[8], 

[9]. Remarkably water-based fracturing fluid tends to enter the reservoir formation and cause 

damage and potentially cause harm to the environment due to the high water usage volume, 

contaminating surface water resources by using additives. Thus, developing waterless fracturing 

fluid technologies is an essential component for EGS that concerns the technical approach and 

environmental impact.  

From Figure 1.4, it is estimated that water used in reservoir fracturing is about 2 million gallons 

per MW, with more than 50% of water usage for well stimulation. Accordingly, to achieve the 

goal of 70GW of EGS power generation in the year 2050, approximately 120 billion gallons of 

water will be needed in hydraulic fracturing [10]. It is also anticipated that the regulations have 

significantly increased for using water-based fracturing fluid. This leads to the development of 

waterless fracturing technologies that could help address these concerns, especially in regions 

where water resources are a challenge[11], [12]. 

 

Figure 1.4: Contribution to total water consumption by process [10]. 
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1.2 Waterless Fracturing Technologies 

The term hydraulic fracturing tends to be widely misunderstood as a process of fracturing rock 

formations with water-based fluid. However, in applied science and engineering, hydraulics is a 

topic dealing with the mechanical properties of liquids, not just water. As a matter of fact, using 

water as the base fluid for hydraulic fracturing is a recent development [14]. Historically, the first 

fracture treatments were initially performed in the early 1950s with gelled crude fracturing fluid 

(mixture of hydrocarbon) and later with gelled kerosene to fracture shale rock for oil and gas 

production. Water started to be used as a fracturing fluid in 1953, with the development of several 

gelling agents[15]. Later by the early 1970s, principal innovation in fracturing fluid had taken 

place for oil and gas industries, which utilized surfactants to minimize emulsion with formation 

fluid. Engineers responded by developing water-based clay stabilizers and metal-based 

crosslinking agents to enable water-based fracturing fluids in high-temperature shale wells. 

Aqueous fluids such as acid water and brines were used as base fluids for all fracturing treatments 

[16], [17]. For a couple of decades, hydraulic fracturing of oil and gas formations has been the 

most viable means of oil and gas production. However, it is often associated with formation 

damage, environmental impact, and immense water consumption, so other methods have been 

developed for waterless fracturing technologies[18], [19]. The successful implementation of 

waterless fracturing technology is a gateway to the advancement of EGS applications. 

Waterless fracturing technology has already been explored for more than 40 years in the oil 

and gas industries, covering a wide range of mechanical, electrical, and chemical fracturing 

methods. Various types of waterless fracturing methods have been adopted in oil and gas industries 

for shale fracturing, including foam-based fluid, oil-based fluid, acid-based fluid, alcohol-based 

fluids, liquid CO2 fracturing, and liquid N2 fracturing. Other waterless fracturing methods do not 
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use fluids but aim to fracture the reservoir rock by including a dynamic loading, such as explosive 

fracturing, electric fracturing, and pneumatic fracturing [15], [20]. Many new waterless fracturing 

technologies, such as liquefied petroleum gas fracturing [21], nitrogen foam fracturing [22], 

liquid/supercritical CO2 foam fracturing [22], [23], gas fracturing [24], and cryogenic fracturing 

using liquid N2 [25], have also been considered for waterless hydraulic fracturing[26]. Foam-based 

fracturing has gained a great interest among all the mentioned waterless fracturing techniques due 

to its unique attributes, including lower water and chemical usage, efficient and more accessible 

fluid flow back, higher proppant carrying capacity, and less environmental damage[27]–[29]. This 

work focused on the development of foam fracturing fluid and its consideration as a viable 

fracturing fluid for EGS. Some of the waterless fracturing technologies and their advantages are 

shown in Figure 1.5. 
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Figure 1.5: (A) Waterless fracturing technologies and (B) advantages of waterless fracturing. 
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1.2.1 Foam-Based Fracturing Fluid 

Oil and gas industries have already practiced foam fracturing to fracture low permeability 

reservoirs like shale. The first foam-based fluid fracturing application was conducted in 1975 at 

Devonian shale (Ohio), showing that foam-based fracturing was less expensive and more effective 

than water-based fracturing [11], [30]. They also showed that nitrogen/water-based foams 

consumed less water for well stimulation, and foam fracturing showed a faster well clean-up time 

than conventional water fracturing. Figure 1.6 illustrates the effectiveness of foam-based fracturing 

fluid over conventional water-based fracturing fluid. 

Another example is from a large-scale gas production at the lower Huron shale fairway 

(Appalachian Basin) using foam-based fracturing fluid. They showed that the performance and 

effectiveness of foam-based fracturing fluid could be significantly enhanced using ultra-high 

quality foams with 90% gas and 10% liquid (water) phases [31]. Foam-based fracturing was also 

reported in Western Siberia, and results showed increased gas production and high fracture 

conductivity compared to water-based fracture fluid due to foam rheology properties and high gas-

phase factors [32]. Several other studies have shown that foam base fracturing can enhance fracture 

effectiveness by increasing the size of fracture width and decreasing fracture length. It has also 

proven to increase proppant carrying capacity to transport proppant into the fracture leading to 

enhanced well performance, reduced formation damage, enhanced productivity, and life span of 

the fractured well compared to conventional water-based fracturing fluid [33]–[36]. 
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Figure 1.6: Graphical comparison between foam and water-based fracturing fluids parameters illustrated 
from literature [11]. 
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1.2.2 Foams As Potential Fracturing Fluid For EGS Application 

As already discussed, foam fracturing fluid has a tremendous advantage and potential over 

water-base fracturing fluid. However, the physical mechanism of foam stability as fracturing fluid 

remains poorly understood, its lack of understanding extends to other applications of compressible 

foams such as fire-fighting, energy storage, and enhanced oil recovery, and its limitation on lack 

of related knowledge when it comes to application in EGS is a significant drawback[35]. Although 

foam fracturing has been carried out in the oil and gas industries for many years, relatively less 

advancement is achieved in EGS applications. Foam fluids are potentially helpful for drilling and 

cleaning geothermal wells. 

Foam fracturing has been used in oil and gas fields dating back to the 1970s, primarily in low 

pressure and low permeability formations. However, it continues to be a subject of research 

investigation with additional technical challenges related to EGS implementation. EGS reservoir 

conditions and lithologies differ substantially from those of oil and gas. The earth stresses and 

temperature are generally higher, and prospective EGS reservoirs are typically composed of rocks 

such as granite which has higher strength and orders of magnitude less permeability than the 

typical sedimentary rocks in deep conventional oil and gas reservoirs. The stability and stimulation 

effectiveness of foam fluids for these conditions is an open question along with additional concerns 

related to mitigation of induced seismicity. 

Most of the EGS reservoirs reside in granite, stronger than sedimental rocks. Several studies 

of conventional foam fracturing have been conducted at the wellbore and ambient conditions. In 

contrast, understanding the foam fracturing fluid's rheological properties under reservoir 

conditions is needed for the ultimate field test. Foams' field application is confronted by foam 
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instability, lower hydrostatic head provided by foams, pressure and temperature alterations at 

downhole conditions, and high friction pressure losses [37]. 

So far, foams fluids have been investigated and studied in laboratory experiments with a 

combination of numerical analysis as potential fracturing fluid for EGS applications. Finite 

element analysis on foam as fracturing fluid showed that foam fluid has stable viscosity, which 

allows opening of the fracture and transporting the proppant into the fracture, providing successful 

fracture openings and well productions [17]. Laboratory experiments on microscopic scale foam-

driven fracture were investigated against water as an injection fluid. The study showed that 

compressible foam had faster and more significant crack growth at the microscopic level compared 

to water as injection fluid (Figure 1.7). This study also proved that foam fracturing could be a 

suitable alternative technique for conventional hydraulic fracturing, which would reduce the water 

usage and wastewater treatment of conventional hydro fractures [38].  

Foam fluids were experimentally demonstrated at Oak Ridge National Laboratory (ORNL) by 

fracturing Charcoal Black granite samples with a blind hole that closely represents EGS rock 

conditions. Their results focused on the effect of fracturing fluids and injection modes on the 

granite material's breakdown pressure and failure responses. It was reported that a significant 

amount of water could be reduced by using foam as a fracturing fluid (Figure 1.8(A)). Also, foam-

based fracturing fluid recorded lower breakdown pressure for granite sample compared to water-

based fracturing fluid (Figure 1.8(B)) [39]. 
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Figure 1.7: (A) A microscopic view of the foam, whose constituents include water and hydrocarbon 

gases. The bubble radii range from 6 to 47 µm (polydisperse). The growth of a lensed-shaped crack 
driven by foam injection s observed from both (B) top and (C) side [38]. 
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Figure 1.8: (A) Water mass in foam fracturing was 50% less than in water fracturing, and (B) Reduction 
of breakdown pressure with foam fracturing fluid [39]. 
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1.3 Stability Of Aqueous Foams  

Foams are complex mixtures of liquids and gaseous phase, where the liquid phase act as an 

ambient phase and gas is the dispersed phase. The gaseous phase is dispersed in bubbles, whereas 

the liquid phase is the continuous phase that flows through a thin border between the dispersed 

phase (Figure 1.9). Figure 1.9 also describes the aqueous foam structure where the bubbles form a 

polyhedral cell (Figure 1.9(b)), with the liquid surface meeting in the lines and lines merging at 

vertices. The lines are called plateau borders, channel of finite width where the liquid is mainly 

found.   

 

Figure 1.9: (A) Foam observed under optical microscope low-quality foam and (B) Foam structure 
elements, plateau border, lamella, and node [40]. 
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A foam, in several cases, is a multiscale system, which means its structure is greatly influenced 

by the volume of gas added to the continuous phase. This concept is termed foam quality, defined 

as the volumetric ratio of the dispersed phase (gas) to total foam volume (liquid + gas). Figure 1.10 

represents foam quality as a mixture of gas and liquid phases. When the foam quality is between 

0 to 50%, gas bubbles do not contact each other and are spherical in the structure; this regime is 

called wet foams [41]. When the foam quality is between 50% to 70%, is the transition regime, the 

foam structure changes from spherical to polyhedral. When foam quality is between 70% to 96%, 

it is the dry foam regime where all the gas bubbles are in polyhedral shape. Finally, when foam 

quality exceeds 96%, the foam will degenerate into a mist. This phenomenon of changing foam 

quality due to change in gaseous phase volume contributes to different rheological properties, 

making aqueous foams extremely difficult to study as fracturing fluid [42]–[45]. 

 

Figure 1.10: Different foam quality with change in volume of a gas fraction [46]. 

Foam rheological properties are affected not only by foam quality but also by other factors, 

including type and concentration of the gaseous and liquid phases, surfactants, stabilizers, bubble 

texture, and flow rate, which all are critical for EGS hydrofracturing. For example, the viscosity 

of foam can be many times that of single phases like water or gas, depending on the quality of 

foam (volumetric gas fraction in a mixture). The tunable properties of foam have been shown to 
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be extremely attractive to EGS reservoir engineering. A review of rheological properties of foam 

fracturing fluid showed a significant reduction in water demand by calculating gas volume fraction 

and an increase in proppant carrying that can optimize fracture growth and enhance well 

production [47]–[49]. However, understanding of these complex fluids have not been fully 

integrated into the engineering practice of well simulation. It is crucial to discover an optimum 

foam fracturing fluid that can be adjusted to satisfy both sides of the simulation design spectrum 

for better fracturing and efficient well production. For EGS, the application performance of foam 

is hugely influenced by the downhole condition that involves high-temperature fracturing of rocks 

and high-pressure injection of fracturing fluids. 

Foam stability is one of the critical parameters of aqueous foams for making foam-based 

fracturing fluid a viable alternative. The stability of foams at high temperatures (> 150oC) is not 

well understood, partly because most existing applications, such as those used in the oil and gas 

industries, only involve services at relatively low temperatures (below 150oC). The stability of 

foam depends on slowing down three major phenomena in foam bubbles; these are described as 

coarsening, coalescence, and drainage. Coalescence occurs due to equilibrium liquid volume 

fraction, which causes rupture of bubble film separating the bubbles until they entirely disappear 

with respect to time. Coarsening has the exact origin of Oswald ripening, where gas diffuses occurs 

from smaller to larger bubbles due to pressure differences [50]. During the coarsening, bubbles 

move relative to each other, changing their topology and shape, while liquid moves within the 

border region, separating the bubbles [51]. Finally, foam drainage is an essential factor for foam 

stability which describes the downward flow of liquid in the foam through lamella borders due to 

gravity and capillary force [52]–[54]. All three phenomena are interrelated, where controlling 

drainage can influence coarsening and coalescence [46], [55], [56]. Figure 1.11 shows foam 
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images under a digital microscope representing all three foam stability phenomena: coarsening, 

coalescence, and drainage. Stable foams require surfactants (foaming agents) and stabilizing 

agents (additives) that can survive when in contact with HDR. On the other hand, different types 

of stabilizing agents function uniquely to enhance foam stability. Several works of literature were 

studied to investigate the effect of temperature on foam stability. For EGS application, thermal 

foam stability can be enhanced by influencing three major independent factors, surfactants, 

stabilizing agents, and high injection pressure [57]. 

Researchers have developed laboratory-scale experimental setups resembling geothermal 

environments to study foam rheological properties involving different gaseous phases, surfactants, 

and stabilizing agents to enhance foam stability at downhole conditions. One early study on foam 

stability evaluated ten different classes of surfactants using FoamScan® equipment to measure the 

foam half-life at a maximum temperature of 60°C [58]. They showed that the foams' half-life 

decreased with an increase in temperature. At higher temperatures, viscosity is believed to be the 

primary influence causing rapid liquid drainage. Anionic surfactants were found to be the best 

foaming agent in terms of foam stability compared to cationic and non-ionic surfactants. Later, the 

same group tested different surfactants depending on their hydrophilic-lipophilic balance (HLB) 

with CO2 as a gaseous phase at high pressure (3600 psi) and high temperature (160°C) [59]. 
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Figure 1.11: Stability of foam depends on three major phenomena, coarsening, coalescence, and 
drainage. 
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Another literature work investigated the effect of temperature on ovalbumin foams' foaming 

ability and foam stability. This study recorded that with an increase in surfactant concentration, 

the foaming ability increases; however, an optimum concentration value and a further increase in 

concentration showed no significant increase in foaming ability [60]. They also showed an 

apparent decrease in foam stability with increased temperature due to faster liquid drainage (Figure 

1.12). The experimental results showed that the HLB (hydrophilic-lipophilic balance) value of 

surfactants greatly influenced CO2 foams at high temperatures. There was an optimal HLB value 

corresponding to the most stable foam for the surfactant with a similar molecular structure at a 

specific temperature and pressure range. 

Lab scaled high-temperature thermal stability of aqueous foams was studied by monitoring the 

time-dependent foam height. A study for high quality foam-based fracturing fluid at high 

temperatures up to 120°C for CO2 water-based foams containing different ethoxylated amine 

surfactants and high salinity brine base solution up to 182g/L, showed stabilized foams at 120°C 

and 3,400 psi. They also reported that a decrease in alkyl tail for trimethylammonium cationic 

surfactant foams with the increase in temperature up to 120°C was unusually stabilized [61]. Over 

50 surfactants were exposed to 260°C downhole conditions to determine if foam could survive. 

Results show that alfa olefin sulfonates as a class appear to be the best surfactant available for 

geothermal application. Surfactant selection for a given application will depend on cost, 

anticipated chemical environment, compatibility with corrosion inhibitors, and stability of aqueous 

foams [62]. The effect of temperature on foam formation and stabilization is potentially significant 

but has received little attention. At elevated temperatures, the poor foam stability interferes with 

foam ability, i.e., foam stability is directly proportional to the timescale of foam formation. 
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Figure 1.12: Literature study showing the effect of temperature on (A) foaming ability for foams at 

15°C(□), 25°C (■), 45°C (■), 60°C (■) and (B) foam stability for foams with 0.5 gL-1 (♦)and 5 gL-1 

( ), and 50 gL-1 (♦) [60]. 
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1.3.1 Foam Stability With The Addition Of Gelling Agents 

One way to enhance the stability of liquid foams is by adding stabilizing agents, such as gelling 

agents, to the liquid phase. Adding the polymer-based gelling agents to the surfactant solution 

showed substantial improvement to the foam formation and structure and a significant influence 

on foam stability. Gelling agents are the gel-forming agents dissolved in the liquid solution as a 

colloidal mixture forming a weakly cohesive internal structure [63], [64]. Gelling agents enhance 

the viscosity of the liquid phase, which directly affects the foam stability; high viscosity will 

generate long-lasting foams. Various laboratory experiments were conducted to investigate the 

effect of stabilizing agents to enhance foam stability in  EGS environment [65].  

One of the essential early experiments for high temperature of 150°C (300°F) was carried out 

with N2-based foam rheological behavior and was investigated with the addition of gelling agent 

guar gum [66]. This study reported that adding gelling agent guar gum improved apparent foam 

viscosity; an increase in the concentration of gelling agent showed increased viscosity. Figure 1.13 

reported that foam stability tends to depend on gelling agent concentration, it was observed that 

foam viscosity increase with increase in gelling agent concentration, however a decrease in foam 

viscosity with increase in temperature was also seen. Furthermore, borate cross-linked fracturing 

fluid rheology for foam stability were also investigated. Borate ions form a complex cross-link 

pair with stabilizing agent guar gum giving an increase in viscosity of the base fluid [67]. The 

addition of a cross-linker increased fluid stability at high temperatures. Additives like gel-

stabilizer, polymer, and high pH crosslinked-fluid showed an increase in foam stability at high 

temperature range for fracturing fluids up to 300°F (Figure 1.14). A laboratory experiment was 

conducted by designing a circulating foam loop to evaluate foam rheological properties at 200°C 

and 3000 psi to evaluate foam stability with N2 and CO2 gaseous phase. They also reported that 
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N2 foams were more stable than CO2 foams even with increased temperature. It was also studied 

that additives (gelling agents) showed a positive effect on foam stability; with an increase in the 

concentration of additives, foam stability was increased at a given temperature [68]. 

 

 

Figure 1.13: (A) Apparent viscosity at 170 sec-1 for 0 to 60 lbm guar/1000 gal water foam to 70% 

quality, (B) Apparent viscosity at 170 sec-1 for 40 lbm guar/100 gal water foam from 0 to 80% quality 
[66]. 
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Figure 1.14: (a) Borate fluids with pH 12 at 300°F (b) effect of temperature of gelling agents [67]. 
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The surfactant-based stabilizing agent was also investigated for foam stability for viscoelastic 

surfactants. These are long-chained polymers with a high-temperature tolerance of up to 160°C 

due to the high bulk viscosity that led to lower drainage velocity in the foam film in the presence 

of gaseous phases. Experimental results showed that CO2-based viscoelastic surfactants were more 

stable than conventional surfactants due to worm-like micelles, increasing the viscosity of foam 

base solution, which appeared as gel-like foams [69]. Viscoelastic zwitterionic surfactants with 

ultralow water content (95% foam quality) were tested for foam stability. The comparison is 

favorable for the ultralow water content surfactants. They reported thermal stability of foams at a 

high temperature of 120°C with foam quality of 98%. Zwitterionic surfactants could produce 

highly viscous and stable foams over a wide range of salinity and pH due to their wormlike micelle 

structure and long unsaturated tail of hydrocarbons. The liquid-like viscoelastic systems allowed 

the generation and stabilization of a high apparent viscosity foam with ∼130 cP and at weight 

fractions of surfactants of only 2%. The viscoelastic lamellae films were stable [70]. This 

mechanism of improved foam stability by the gelling agent is due to the adsorption of a polymer 

layer of surfactant onto the gelling agent (guar/bentonite clay) particle surface, resulting in better 

stabilization of bubbles. 
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1.3.2 Foam Stability With The Addition Of Silicon dioxide (SiO2) Nanoparticles 

The development of hydraulic fracturing has created a massive demand for fracturing fluid 

with high performance in recent years. Foams stabilized with the addition of nanoparticles are 

extensively studied as a viable fracturing fluid. The thermal stability of foam with the addition of 

nanoparticles has also been investigated under downhole conditions. Several studies showed that 

the presence of nanoparticle aggregates stops the free drainage of foam by trafficking the plateau 

border of foam bubbles. The concentration of nanoparticles, salinity of solution, and their charges 

are all crucial parameters that affect the rheological behavior of these foam fracturing fluids. It is 

worth understanding the nanoparticle stability, which is essential for foam fracturing for EGS. 

Nanoparticles can help prevent the loss of foam bubbles formed by surfactants when subjected to 

high temperatures. The study also showed that nanoparticle-surfactant-stabilized foams are 

superior to surfactant-stabilized foams and cause lower core permeability damage than gel-

surfactant-stabilized foams that preserve HDR from being exploited [71][72]. The same group 

studied foam stability at high temperature with surface-treated hydrophilic silicon dioxide (SiO2) 

nanoparticles in the presence of an anionic surfactant, sodium dodecyl benzenesulfonate (SDBS). 

It was observed that the stability and thermal adaptability of the SDBS foam increased when SiO2 

nanoparticles were added to the base solution at high temperatures up to 90°C [71]. With the 

addition of nanoparticles, foam bubble size remained spherical for a long time compared to foam 

bubbles without nanoparticles (Figure 1.15). Smaller bubbles size avoids coalescence, which 

results in enhanced foam stability. They also reported proppant carrying capacity of SiO2/SDBS 

foams was slightly larger than SDBS foam and gel/SDBS foams which is essential for keeping the 

fracture open and enhancing well productivity.  
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Fracturing fluids incorporating nanoparticles were found to improve viscoelastic surfactant-

based fracturing fluids in terms of thermal stability, leak-off, and viscosity by using zinc oxide 

(ZnO) and magnesium oxide (MgO) nanoparticles. Experiments were performed to understand the 

optimal concentration of the surfactant and nanoparticles for CO2-based foam stability at high 

temperatures (212°F/100°C) and pressure (800 psi). Temperature and pressure showed opposite 

effects on foam stability when an anionic solution was used. However, nanoparticles improved the 

foam stability for nonionic surfactants, surfactants with guar gum, and viscoelastic surfactant [73]. 

Moreover, SiO2 nanoparticles functionalized with a crosslinking agent, like boric acid, were found 

to produce stable viscosity at pressure up to 20,000 psi, whereas conventional borate-crosslinked 

systems lost 89% of their viscosity [74]. 

Another literature study experimented a mixed system of surfactants was selected with addition 

of modified SiO2 nanoparticles, and the foamability and foam stability of nitrogen and methane 

were evaluated according to the improved jet method to analyze foam related parameters. Their 

results show that the amphoteric surfactant betaine has an excellent synergistic effect on the 

anionic surfactant SDS. The methane foam produced using the jet method has a larger initial 

volume than the nitrogen foam, but its stability is poor. The half-life of the nitrogen foam is about 

two times that of the methane foam. After adding 1.0 wt % SiO2 nanoparticles to the surfactant 

solution, the viscosity and stability of the formed foam improve. However, the maximum viscosity 

of the surfactant nanoparticle foam (surfactant-NP foam) is 53 mPa·s higher than that of the 

surfactant foam [75]. 
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Figure 1.15: Microscopic analysis of foams at 60°C (a) microstructure of foams as a function of time; (b) 
bubbles size statistic distribution curves as a function of time [71]. 
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The synergic effect of nanoparticle and surfactant polymer system with CO2 foam at high 

temperature and pressure was also investigated. It was observed that anionic surfactant yields 

higher apparent viscosity and foam stability than nano-silica [76]. The cationic, nonionic 

surfactants performed similarly and did not yield a significant improvement in apparent foam 

viscosity. Overall, the combination of nano-silica, surfactant, and polymer showed improved 

thermal stability of aqueous CO2 foams and enhanced the foam rheological property under high-

pressure, high-salinity, and high-temperature conditions. 

1.3.3 Foam Stability With The Addition Of Graphene Oxide Dispersion 

In addition to SiO2 nanoparticles, graphene oxide (GO) dispersion was considered a foam 

additive for enhanced oil recovery. GO is considered to adhere to lower interfacial energy, which 

acts as a surfactant. Research showed that GO could be used as a surfactant sheet to emulsify 

organic solvents with water and disperse insoluble materials in water. GO sheets could also 

stabilize the oil-water interface to form the particles-stabilized emulsions [77]. Figure 1.16 shows 

a schematic representation of GO as amphiphile sheets with hydrophilic edges and a more 

hydrophobic basal plane which is a single molecule as well as a colloidal particle; this duality 

makes it behave like a molecular and colloidal surfactant [78]. Experimental studies showed 

graphene oxide foam is more stable than nanographene and partially reduced graphene oxide. 

Literature and experimental results show that graphene oxide has good hydrophilicity and the 

highest interfacial activity that stabilizes CO2 foams [79].  

GO as stabilizing agent is new to this research, as not a lot of research is explored GO based 

surfactant for foam stability in EGS application. In this research GO’s ability will be explored to 

stabilize foams as potential stabilizing agent. 
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Figure 1.16: Interfacial Activity of GO, (a) GO can be enriched at the water surface by flotation, and (b) 

GO is also active at the oil-water interface, and (c) as the concentration of GO decreased the volume of 
emulsion phase decreased, while the size of bubble increased as it can stabilize emulsions in water [78]. 
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1.4 Objective Of This Study 

This project aims to explore thermal stability of aqueous foams as hydrofracking fluid for 

potential applications in the enhanced geothermal system (EGS). Throughout this project, 

significant effort was executed to collect relevant data on foam fracturing fluids based actual sites 

and laboratory experiments. The foam fracturing fluid properties included viscosity and stability 

in terms of half-life, while were influenced by the foam quality, shear rate, temperature, pressure, 

surfactants, and additives used in making the foam-based solutions. 

 Based on the literature review, there is very less information on the thermal stability of liquid 

foams at elevated temperatures (e.g., 150°C and above), which are typical in EGS environments. 

In this study effect of foam composition with different surfactants and stabilizing agents were 

investigated under the externally controlled condition of high temperature and high pressure. 

To study aqueous foam stability, a laboratory apparatus was constructed and tested for the 

foam half-life—an indication of foam's stability—in the temperature range of 100°C to 200°C and 

pressure range of 100 psi to 1000 psi. Two types of dispersed/gaseous phases, nitrogen gas (N2) 

and carbon dioxide gas (CO2), were investigated. Four different types of commercial foaming 

agents/surfactants with various concentrations were tested, including Alfa olefin sulfonate (AOS), 

Sodium dodecyl sulfonate (SDS), TergitolTM (NP – 40), and Cetyltrimethylammonium chloride 

(CTAC). Moreover, five stabilizing agents, guar gum, bentonite clay, crosslinker, silicon dioxide 

nanoparticles (SiO2), and graphene oxide dispersions (GO), were also added to the surfactant to 

analyze foam stability.  

The expected goal is to provide guidelines for the design of stable foams and predict the 

behavior of foams under a given temperature and pressure.  
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CHAPTER 2: EXPERIMENTAL METHODS 

2.1 Foam Generation 

A laboratory-based foam generator was designed and constructed to study foam stability under 

controlled conditions. Initially a low-pressure, low-temperature foam generator was designed to 

study foam stability which was called as the first-generation foam generator. The first-generation 

foam generator had a pressure range from 10 psi to 30 psi, and the temperature range from room 

temperature to 100°C. The updated foam generator or second-generation foam generator was 

updated with a pressure range from 100 psi to 400 psi, and the temperature range increased to 

200°C. Finally, the third-generation foam generator closely resembles the downhole geothermal 

condition of high pressure up to 4000 psi and a high temperature of 200°C. Detail on different 

foam generators is elaborated in the following three sections. 

 

Figure 2.1: Schematic representation of different foam generators with updated temperature and pressure 
systems. 
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2.1.1 First Generation Foam Generator 

A schematic of the first-generation foam generator is shown in Figure 2.2. The first-generation 

foam generator was the initial design to evaluate foam stability under the influence of temperature. 

It could be operated for a temperature range of room temperature to 100°C and with a maximum 

pressure rating of 30 psi. The foam was generated by mixing surfactant and N2/CO2 gas at the ¼” 

tube with stainless steel wire mesh which flowed into the heating cell for stability evaluation. The 

heating cell for this setup was a household oven (Home Lab Digital Countertop Convection Oven 

1500 Watts) which was modified with an inlet and outlet source for to foam flow through ¼” tubes. 

The oven also contains a copper coil where the foam initially enters before being captured in the 

view cell. The view was designed and manufactured on the CNC machine which was a stainless 

steel block of dimension 4” x 5.5” x 0.9” with a glass grooved in the front to observe captured 

foam. Inside of the view cell was also installed with a thermocouple to measure foam temperatures. 

Figure 2.3 shows the actual representation of the first-generation foam generator with the foam 

generator on the left side and the heating cell (oven and view cell) on the right side.  

This setup is the first step in understanding the technical challenges of successfully installing 

a high-temperature and high-pressure foam generator. The view cell could hold pressurized foam 

to a pressure of 30 psi at 100°C, where foam half-life was recorded only for a few seconds. Figure 

2.4 represents the foam half-life recorded with the first-generation foam generator. The drawback 

with this setup was low pressure, as the view cell could not hold any foam for the pressure of about 

30 psi, and the oven temperature was not accurate. Also, the oven took hours (more than three hrs.) 

to heat the view cell at the desired temperature; moreover, there were discrepancies between the 

temperature reading of oven temperature and view cell temperature. It was highly likely that a new 
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heating cell and view cell were needed to be installed that can withstand high pressure and high-

temperature conditions. 

 

Figure 2.2: Schematic of first-generation foam generator. 

 

Figure 2.3: First generation foam generator with 30 psi and 100°C pressure and temperature rating, 
respectively. 
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Figure 2.4: AOS foam half-life recorded for just a few seconds with first-generation foam generator at 
100°C. 
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2.1.2 Second Generation Foam Generator 

The second-generation foam generator included the following components, as shown in Figure 

2.5: a gas tank (CO2 or N2), the base solution container, a foam generator tube, a water bath, an oil 

bath, a view cell, and various flow meters, pressure gauges, and valves. The second-generation 

foam generator's temperature section was updated with a preheated water bath of 100°C  and a 

high-temperature oil bath. The pressure section was updated with a back pressure regulator with a 

pressure rating of 500 psi.  

The second-generation foam generator was also updated with a high-temperature silicone oil 

DPDM-400 used for the oil bath, which can be heated up to 250oC. Due to the high thermal inertia 

of the oil bath, no significant temperature drop in the view cell is observed when the foam is 

injected. The view cell was updated with a stainless steel cube of 4” with a view widow of 1” 

diameter made of sapphire glass. Figure 2.6 represents the laboratory setup of the second-

generation foam generator with an updated view cell immersed inside the oil bath. The temperature 

of the oil and water bath was controlled with temperature regulators. In addition to the temperature 

controller that measures and controls the oil bath temperature, an infrared camera was also used to 

monitor the temperature on the surface of the view window. 

The second-generation foam generator was limited with a pressure system where the pressure 

inside the view cell was restricted to 400 psi due to the pressure rating of the back pressure 

regulator and the bonding used in the view cell, which would break or destroy when exceeding the 

pressure above 400 psi. This led to developing a third-generation foam generator with an updated 

pressure and temperature. 
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Figure 2.5: Schematic of second-generation foam generator. 

 

Figure 2.6: Second generation foam generator with 500 psi and 200°C pressure and temperature rating, 
respectively. 
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2.1.3 Third Generation Foam Generator 

Figure 2.7 represents the schematic of the third-generation foam generator. The foam generator 

has two major systems, the high-pressure foam generator system, which is installed on an 18” x 

18” fixture plate (FP), and the high-temperature foam stability study system, which is enclosed in 

a fume hood (FH). The high-pressure system is rated to a maximum pressure of 4000 psi and 

consists of components such as a gas tank, air-driven pump (ADP, pressure ratio of 1:22), 

accumulator (AU), pressure regulator (PR), back pressure regulator (BPR), pressure relief valve 

(PRV), needle valve (NV), and pressure gauges (PG). A list of all the pressure components is in 

Table 2.1 with their pressure ratings. The high-temperature system components are a water bath 

(100°C), oil bath (200°C), and sealed stainless steel cube (4”) with a sapphire glass window called 

a view cell (SVC) with a pressure and temperature rating of 300 psi at 250°C. Table 2.2 represents 

the high-temperature components with the set/working range.  

 

Figure 2.7: Schematic of High-Pressure and High-Temperature foam stability study. 

 

 



 

56 

 

Table 2.1 List of components for the high-pressure system. 

Component Vendor Range Set/Working Range 

Air Driven Pressure Pump 

(ADP) 

Maximator Air Inlet: 0-145 psi 

Water outlet: 0-4000 psi 

Air Inlet: 25 – 30 psi 

Water Outlet: 1000 psi 

Air Filter/Regulator McMaster Max. 250 psi 0 – 100 psi 

High Pressure Needle Valve McMaster Max. 6000 psi @ 100°C  

Adjustable Pressure Relief 

Valve 

McMaster 0 – 2000 psi ~ 1100 psi 

Hydraulic Accumulator McMaster 0 – 3000 psi ~ 1000 psi 

Miniature Ultra-High-Pressure 

Regulating Valve 

McMaster 0 – 6000 psi ~ 1000 psi 

Water Check Valve McMaster Max. 3000 psi - 

N2 and CO2 Check Valve McMaster Max. 1500 psi - 

Back Pressure Regulating 

Valve 

GO Regulators 100 – 2000 psi ~1000 psi 

 

Table 2.2 List of components for the high-temperature system. 

Components Vendor Range Set/Working range 

Water bath Thermo-scientific 0 – 100°C 100°C 

Oil Bath Thermo-scientific 0 – 250°C 200°C 

Stainless steel cube 

window 

 

Pressure Vessel 

 

0 – 270°C @ 2700 psi 
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This high-pressure and high-temperature foam generator system is shown in Figure 2.8 and 

Figure 2.9, respectively. 

  

Figure 2.8: High-pressure foam generator showing 
all the components. 

Figure 2.9: High-temperature foam stability set 
up with an oil and water bath. 

2.1.4 Operating The High-Pressure & High-Temperature Foam Generator 

In a typical experiment, foam generation is initiated from a base solution which is usually a 

mixture of water and surfactant. The foam base solution is stored in a 6-liter stainless steel tank; 

from there, it is pumped to the liquid line through an air-driven pump. The pressurized base 

solution is controlled through the pressure regulator before passing the accumulator, which 

stabilizes the fluctuating pressure from the air-driven pump. Simultaneously, the gas tank is kept 

open, and gas pressure is controlled with a two-stage pressure regulator. The liquid flow and gas 

flow are controlled by a high-pressure-rated liquid flow meter and gas flow meter, respectively. 
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The flow meter helps control the foam quality, which is the ratio of gas volume to foam volume; 

in this research, foam is studied at ~90% quality (10 vol% of water in foams). 

After passing through their respective pressure regulators and flow meters, the high-pressure 

liquid line and gas line meet up at a TEE junction connecting to the foam generator (FG). The 

foam generator is a ¼” diameter and 6” long tube that contains a size 400 stainless steel wire mesh. 

The function of wire mesh is to vigorously mix gas and liquid phases, which creates differential 

pressure and produces a fine-textured foam. The other end of the foam generator is connected to 

the high-temperature system, where the generated foam is injected into the view cell before passing 

through a coiled copper tube submerged in water bath for preheating generated foam. The 

adjustable back pressure regulator controls the pressure inside the view cell. The view cell is 

wholly immersed inside the oil bath, and a mirror (M) is placed in front of the sapphire window 

for foam visibility inside the view cell (Figure 2.10). A digital camera observes the foam height 

through the window (Figure 2.10). The temperature of the water bath and oil bath was controlled 

with their built-in temperature regulators, respectively. With this setup, high-temperature foam 

stability tests were successfully conducted by controlling oil bath temperature from 100°C to 200° 

for foam-generated pressure of 100 psi to 1000 psi. Figure 2.11 shows how the foam is captured 

in the view cell at 1000 psi (reading on BPR) with pre-heated oil bath temperature at 200°C. The 

foam sample was placed in the reservoir and pressurized. Foam images and videos were taken 

through a digital camera and were seen on the computer screen. An infrared camera is also used 

to monitor the temperature inside the view cell when it is in equilibrium with the oil bath 

temperature (Figure 2.12). 
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Figure 2.10: A slant mirror is placed 

in front of the sapphire glass window 

to observe foam images through the 
digital camera. 

Figure 2.11: Foam seen through the sapphire glass window. 

 

 

Figure 2.12: An infrared image with a temperature reading of the sapphire window. 
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2.2 Foam Base Solution 

The foam-base solution is a mixture of deionized water (DI) with an optimum concentration 

of surfactants and stabilizing additives. Four different surfactants and five types of additives were 

investigated in this study. The surfactants studied were Alfa Olefin Sulfonate (AOS), Sodium 

Dodecyl Sulfate (SDS), TergitolTM (NP-40), and Cetyltrimethylammonium Chloride (CTAC), 

respectively [44], [80]–[83]. All the surfactants are differentiated based on their ionic groups. AOS 

and SDS are commonly used anionic surfactants with negative hydrophilic end, NP-40 is a non-

ionic polyoxymethylene surfactant (a long chain of alcohol), and CTAC is a cationic surfactant 

that comprises positively charged hydrophilic head. Various stabilizing agents studied based on 

literature were guar gum, bentonite clay, crosslinking agent (guar + borate salt), silicon dioxide 

nanoparticles (60-70 nm size), and graphene oxide dispersion [84]–[86]. These chemicals were 

purchased from commercial sources and diluted to a specific concentration to make the base 

solutions (Table 2.3). In the current study, all surfactants were tested at 1 wt.% concentration, a 

common value used in many literary work. It has been shown that when the concentration of the 

surfactant was above an optimal value, no significant increase in stability could be observed [87], 

[88]. 
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Table 2.3 Surfactants and stabilizing agents with their optimum concentrations. 

Chemical 

Name 

Vendor Type Concentration 

(wt.%) 

References 

AOS Sigma-Aldrich Surfactant 1 [80], [81], 

[89] 

SDS Sigma-Aldrich Surfactant 1 [82], [90] 

NP-40 Sigma-Aldrich Surfactant 1 [59], [91] 

CTAC Sigma-Aldrich Surfactant 1 [15], [91] 

Guar gum Sigma-Aldrich Gelling agent 0.36 [66], [67] 

Bentonite clay Sigma-Aldrich Gelling agent 0.36 [86] 

Borate salt + 

Guar Gum 

Sigma-Aldrich Cross-linker 0.1 [67] 

SiO2 US research 

nanomaterials, 

Inc 

Nanoparticle, 50-70 

nm 

0.1 [71], [76] 

Graphene oxide Graphenea Inc. Nanoparticle, 4-30 µm 

(lateral size) 

0.05 [77], [79] 

 

All the liquid phases were prepared in deionized (DI) water. Surfactants of appropriate 

amounts were added to 2500 ml of DI water, and the solution was mixed with a mechanical stirrer 

at 1100 rpm for 5 min while avoiding the formation of bubbles in the base solution. For the 

preparation of the guar/clay-containing solution, both were slowly added to the DI water, which 

was constantly stirred at 800 rpm until all the powder was homogeneously dispersed without 
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agglomeration. Then, surfactants were added to the guar suspension and mixed for about 5 min. 

Additional DI water was then added under constant stirring at 1100 rpm to avoid the formation of 

any foam. For the preparation of the crosslinked base solution, borate salt (crosslinker) was added 

into the guar-containing solution with constant stirring at 1100 rpm to avoid thickening of the base 

solution due to active cross-linking between guar polymer and borate ions. Then, the surfactant 

was added to the crosslinked solution and mixed for 10 mins. Additional DI water was added to 

complete the solution with the required concentration. For the preparation of the suspension 

containing the SiO2 nanoparticles, SiO2 powder was ultrasonicated in DI water for 2 hours. This 

homogenized nanoparticle suspension was then added to the required surfactant solution under 

constant stirring. Graphene oxide-based solution was prepared by adding the required amount of 

GO water dispersion to the DI water, followed by the addition of the surfactants, and stirring at 

800 rpm to ensure homogenous mixing of the solution. Additional DI water was added to adjust 

the GO concentration to 0.05 wt.%. Figure 2.13 represents samples of the foam base solutions 

prepared in this study. 

 

Figure 2.13: Picture showing samples of foam base solutions containing a) AOS, b) AOS + guar gum, c) 
AOS + clay, d) AOS + crosslinker, e) AOS + SiO2, and f) AOS + GO. 
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2.3 Foam Stability Measurement 

The foam life is measured inside the view cell at a given temperature and pressure condition 

to study the foam stability. Before the foam is injected, the view cell is first heated to reach the oil 

bath temperature, which is checked with an IR camera. The foam quality is controlled by adjusting 

the flow rates of gaseous and liquid phases. This phenomenon may represent a potential 

temperature drop in the HDR because of the injection of ambient-temperature fluid. This 

“quenching” effect in the view cell was partially mitigated by preheating the foam using the water 

bath. 

The foam is injected into the view cell and then monitored by a digital camera as shown in 

Figure 2.14(a). By measuring the foam height as a function of time, the half-life of the foam, i.e., 

the time needed to reduce to 50% of the original foam height, can be determined (Figure 2.14(b)). 

For each testing condition, three experiments were conducted, and the average values were 

reported. 

 

Figure 2.14: AOS + Crosslinker foam at 200°C and 1000 psi. The two images represent foam (a) after 
injection and (b) at 50% height. 
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Figure 2.15 shows some example data for N2 foams, where the normalized foam height as a 

function of time was plotted at various temperatures. The half-life of the foam was determined by 

finding the time corresponding to 50% of the initial foam height (see the red dotted line as an 

example). 

 

Figure 2.15: Foam height measurement as a function of time for AOS + Crosslinker foams at various 
temperatures. 
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CHAPTER 3: RESULTS 

In this section, experimental results and data for foam half-life are reported. Focus on the 

gaseous phase, surfactants, and stabilizing agents will be elaborated. The effect of temperature and 

pressure on foam stability will be investigated based on experimental data. 

3.1 Foam Stability Of N2 and CO2 Foams 

Foam stability for N2 and CO2 gaseous phase were tested with surfactants at room temperature 

and 100°C with foam generation pressure of 30 psi (first generation foam generator). These test 

results were significant for the future experiment considering the type of gaseous phase. Figure 

3.1 illustrates foam stability performance by comparing the half-life of different surfactants with 

N2 and CO2 as dispersed/gaseous phases at room temperature (23°C) and 100°C. 

The results of this study show that the half-life of N2 foams were more stable when compared 

to CO2 foams. In both gaseous phases, NP-40 foams are the most stable at room temperature and 

AOS foams were the most stable at 100°C. Similarly, foams with SDS and CTAC as surfactants 

showed the same half-life patterns in the N2 and CO2 gaseous phases. Interestingly, with increased 

temperature, it was observed that AOS foams were most stable with N2 foams, while with the CO2 

gas gaseous phase, all the surfactant-based foams showed a similar half-life. 

The half-life at room temperature with N2 foams was recorded at 50 min, 65 min, 75 min, and 

55 min, while with CO2 foams, the half-life wad at 8 min, 10 min, 13 min, 9 min, for AOS, SDS, 

NP-40, and CTAC respectively. Foams made with N2 had half-lives higher than 50 minutes at 

room temperature, while CO2 foams had half-lives around 10 minutes. Foams with only surfactant 

were stable with N2 as the gaseous phase. Moreover, with increased temperature, thermal stability 

drastically decreased for all the surfactants. Their half-life was recorded at 0.4 min, 0.2 min, 0.4 
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min, and 0.25 min for AOS, SDS, NP-40, and CTAC. At 100°C, AOS foams showed slightly better 

thermal stability compared to other surfactants with both gaseous phases N2 and CO2 at 100°C.  

Thus, the nature of the gaseous phase used for foam generation plays a vital role in determining 

its stability. A recent study on the effect of the gaseous phase on foam stability also investigated 

foam stability with CO2 and N2 gaseous phases. Their results confirmed that foam generated with 

N2 gas has better stability compared to CO2 foams [92]. CO2 foams were less stable than N2 foam, 

which may be explained by the higher solubility of CO2 that can lead to faster transport across the 

bubble films resulting in faster coarsening and drainage and thus shorter half-life [93], [94]. These 

results were significant for gaseous phase selection in the future analysis of foam stability at high 

pressure and temperature, considering the geothermal environment. Thus, further investigation on 

foam stability was recorded using N2 as a gaseous phase for different surfactants and stabilizing 

agents. 
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Figure 3.1: Thermal stability of Nitrogen (N2) and Carbon dioxide (CO2) foams at (a) 23°C and (b) 
100°C for different surfactants. 
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3.2 Effect Of Surfactant And Stabilizing Agents On N2 Foam Stability 

The stability of the N2-based foams was tested at high temperatures up to 200°C for different 

surfactants (AOS, SDS, NP-40, and CTAC), with the addition of stabilizing agents (guar gum, 

crosslinker, GO dispersions, bentonite clay, and SiO2 nanoparticles) pressure ranged from 100 psi 

to 400 psi. 

3.2.1 Foam Stability With Alfa Olefin Sulfonate (AOS) 

Alfa olefin sulfonate is an anionic surfactant commonly included in foam base fluids used by 

oil and gas industries. Figure 3.2 show the half-life of various foams stabilized with AOS at 

different temperatures and pressures. For all compositions, it is observed that foam half-life 

decreases with an increase in temperature. On the other hand, the half-life is increased with an 

increase in pressure. For example, at 100 psi, the half-life of AOS+Crosslinker foam decreased 

from 3600 sec (60 min) to 48 sec (0.8 min) when the temperature increased from 100°C to 200°C 

(Figure 3.2 A). Whereas at 200°C, with the increase in pressure from 100 psi (Figures 3.2 A) to 

200 psi (Figures 3.2 B), the half-life of AOS foam is observed to increase from 27 sec (0.45 min) 

to 60 sec (1 min). Adding other stabilizing agents further enhanced the thermal stability of AOS 

foams, which is more prominent at pressures above 200 psi. Crosslinking agents (borate salts) and 

graphene oxide nanoparticles generated the most stable AOS foams, which showed similar thermal 

stability at high temperature and pressure; their half-life was found to be around 540 sec (9 min) 

at 200°C and 400 psi (Figure 3.2 D). Gelling agent guar gum also enhanced thermal stability for 

AOS foams, recording stable foams for approximately 275 sec (4.5 min) at 200°C and 400 psi 

(Figure 3.2 D). At 400 psi and 200°C, the foam half-life was measured to be about180 sec (3 min) 

with the addition of bentonite clay (Figure 3.2 D), which among all the stabilizing agents was the 

least effective and showed similar thermal stability behavior to that of only AOS foams. 
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Figure 3.2: Half-life of AOS foams with different stabilizing agents at (A) 100 psi, (B) 200 psi, (C) 300 
psi, and (D) 400 psi. 
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3.2.2 Foam Stability With Sodium Dodecyl Sulfate (SDS) 

Sodium dodecyl sulfate is another anionic surfactant capable of generating long-lasting room 

temperature foams. As shown in Figure 3.3, the thermal stability of SDS foam decreased with an 

increase in temperature, and a drastic reduction in half-life is observed for temperatures above 

120°C. At 200°C, the half-life of SDS foam increased from ~8 sec at 100 psi (Figure 3.3 A) to ~25 

sec at 400 psi (Figure 3.3 D). On the other hand, at 400 psi, SDS foam’s half-life plunged by 33% 

with an increase in temperature from 100°C to 200°C (Figure 3.3 D). The addition of gelling agent 

guar gum showed enhanced thermal stability compared to only SDS foams at 100°C, which 

recorded a 23% increase at 100 psi (Figure 3.3 A) compared to a 16% increase at 400 psi (Figure 

3.3 D). SDS with the addition of guar gum foams showed the least thermal stability with a half-

life of only 30 sec at 200°C and 400 psi. SDS foam with the addition of graphene oxide showed 

the best stability at the temperature of 100°C under all pressure ranges. SDS+GO foam’s half-life 

at 100°C was recorded at 600 sec (Figure 3.3 A) and increased to 1380 sec with an increase in 

pressure from 100 psi (Figures 3.3 A) to 400 psi (Figures 3.3 D). GO foams recorded a half-life of 

50 sec at 200°C and 400psi (Figure 3.3 D). Bentonite clay was also seen to improve the thermal 

stability of SDS foams, which showed a half-life like GO foams (Figure 3.3 D). SDS foams with 

the addition of bentonite clay half-life were recorded at 45 sec for 400 psi and 200°C (Figure 3.3 

D). Crosslinking agent borate salt showed the least stable foams at 200°C for pressure up to 300 

psi (Figure 3.3 C). However, with an increase in pressure to 400 psi, this foam showed a similar 

half-life as GO and clay foams (Figure 3.3 D). 
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Figure 3.3: Half-life of SDS foams with different stabilizing agents at (A) 100 psi, (B) 200 psi, (C) 300 
psi, and (D) 400 psi. 
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3.2.3 Foam Stability With Tergitol (NP-40) 

TergitolTM is a commercially available which is an ethoxylated nonylphenol for non-ionic 

surfactant, which several researchers have studied as a foam fracturing fluid in enhanced oil 

recovery [59], [91]. Foams containing only NP-40 showed a radical decrease in thermal stability 

with an increase in temperature above 120°C. NP-40 foam showed an 83% increase in half-life 

with an increase in pressure at 100°C (Figure 3.4 A), while at 200°C, NP-40 foams recorded an 

85% increase with an increase in pressure from 100 psi (Figure 3.4 A) to 400 psi (Figure 3.4 D). 

NP-40 foams were observed to have a half-life of roughly 30 seconds at 100 psi (Figure 3.4 A). 

However, when the temperature was increased from 100°C to 200°C, the half-life decreased by 

57% but only slightly at 400 psi (Figure 3.4 D). All stabilizing agents showed a similar half-life at 

the pressure range of 100 psi and 200 psi. With the increase in pressure, NP-40 + GO generated 

the most stable foams. At 200oC, NP-40 + GO foam’s half-life was recorded at 30 sec, 36 sec, 108 

sec, and 168 sec (2.8 min) under 100 psi, 200 psi, 300 psi, and 400 psi, respectively (Figure 3.4). 

On the other hand, bentonite clay was the least effective stabilizing agent with an increase in 

pressure with a half-life of 46 sec and 90 sec at 200°C at 100psi (Figure 3.4 A) and 400 psi, 

respectively (Figure 3.4 D). The half-life of foams with guar and crosslinker stabilizing agent was 

recorded at 102 sec (1.7 min, Figure 3.4 A) and 120 sec (2 min, Figure 3.4 D) at 200°C and 400 

psi, respectively. 
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Figure 3.4: Half-life of NP-40 foams with different stabilizing agents at (A) 100 psi, (B) 200 psi, (C) 300 
psi, (D) 400 psi.  
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3.2.4 Foam Stability With Cetyltrimethylammonium Chloride (CTAC) 

CTAC is a cationic surfactant widely used in many fields, such as cosmetics, textile, and 

petrochemical industries [95]. Figure 3.5 shows the effect of the half-life of CTAC foam with 

different stabilizing agents with increasing in temperature at different injection pressure. A drastic 

decrease in half-life is observed with an increase in temperature above 120°C for all CTAC foams. 

Contrastingly, the half-life increased with an increase in pressure from 100 psi to 400 psi. 

Stabilizing agent guar gum can significantly stabilize CTAC foams at a temperature of 100°C and 

120°C but is observed to be the least stable at a higher temperature above 150°C. The crosslinker 

agent was the most effective stabilizing agent for all the pressure ranges. However, thermal 

stability rapidly decreased with an increase in temperature with a half-life of 2400 sec at 100°C 

(Figure 3.5 A), which was then reduced to 130 sec at 200°C at 400 psi (Figure 3.5 D). Graphene 

oxide enhanced thermal stability for CTAC foam at 200°C, with a half-life of 27 sec, 36 sec, 50 

sec, and 150 sec for 100 psi, 200 psi, 300 psi, and 400 psi, respectively (Figure 3.5). Also, 

stabilizing agent bentonite clay showed a drastic increase in stability at high temperatures and 

pressure. It was observed that the thermal stability of CTAC foam was significantly enhanced with 

the addition of clay and GO stabilizing agents showing an 80% increase in half-life at 200°C 

compared to CTAC-only foams. 
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Figure 3.5: Half-life of CTAC foams with different stabilizing agents at (A) 100 psi, (B) 200 psi (C) 300 
psi, and (D) 400 psi. 
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Thermal stability results of aqueous nitrogen foams in the temperature range between 100°C 

and 200°C indicated that foam half-life decreased sharply with an increase in temperature. On the 

other hand, foams became relatively more stable as pressure increased. Although the injection 

pressure is not close to what is needed during the foam fracturing process, these half-life results 

could help select potential surfactants and stabilize agents for further analysis. Figure 3.10 

compares foam stability for all surfactants with the increase in temperature to 200°C and constant 

injection pressure of 400 psi. At this pressure test, among all the surfactants, AOS foam showed 

the best overall stabilizing effect. 

 

Figure 3.6: Thermal stability of foams with different surfactants at 400 psi. 
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3.3 Stability Of AOS Foams At High Temperature And High Pressure 

Based on the results from previous section that it is observed that AOS foams are most stable 

compared to other surfactants. Thus, further experiments on foam stability at higher pressures up 

to 1000 psi and high temperature of 200°C, were conducted on AOS foams with different 

stabilizing agents. Half-life data of AOS foams were used to develop an analytical model to predict 

foam behavior at high temperature and pressure. 

3.3.1 AOS Foams 

Figure 3.11 shows the half-life of AOS foams at 100°C and 200°C. A general increasing trend 

was observed as the pressure increased from 100 psi to 1000 psi for both the temperature ranges. 

The half-life at 1000 psi reached 78 min, more than four times the increase over the value measured 

at 100 psi (Figure 3.11 a).  A monotonic increase in half-life as a function of pressure was also 

observed at 200°C (Figure 3.11 b), and the half-life of AOS foams increased from 0.5 min at 100 

psi to 10 min at 1000 psi (Figure 3.11 b). At 100°C, a rapid half-life increase occurred below 400 

psi (Figure 3.11 a), while the pressure-induced stability increase was relatively slow below 400 

psi at 200°C (Figure 3.11 b). As will be seen in the following sections, similar trends were observed 

in other foams. However, this difference is not clearly understood and requires further study. When 

comparing the data points taken at the same pressure, half-lives recorded at 200°C were shorter 

than those taken at 100°C, as expected. 
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Figure 3.7: Half-life of AOS foams as a function of pressure at (a) 100°C and (b) 200°C. 
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3.3.2 AOS + Guar Foams 

Gelling agent guar gum could enhance the thermal stability of AOS foams by increasing the 

viscosity of the foam base solution. Figure 3.12 compares the thermal stability of AOS + Guar 

foams at 100°C (a) and 200°C (b) for pressures ranging from 100 psi to 1000 psi. The half-life of 

guar foams at 100°C and 100 psi was recorded at 30 min, and with the increase in pressure to 1000 

psi, the half-life increased to 170 min (Figure 3.12 a), which are 66% and 120% higher than the 

AOS-only foams at 100 psi and 1000 psi (Figure 3.12 a), respectively. At 200°C, guar foams lasted 

only a few minutes under 100 psi (Figure 3.12 b). However, with the increase in pressure to 1000 

psi, its half-life was increased by 20 times to 15 min (Figure 3.12 b). When temperature increases 

from 100°C to 200°C, the half-life decreases by 90% at both pressure ranges of 100 and 1000 psi, 

respectively. 

3.3.3 AOS + Bentonite Clay Foams 

Bentonite clay has a higher thermal capacity than guar gum as a gelling agent. Clay as a 

stabilizing agent also showed an increase in AOS foam half-life. The half-life of clay foams at 

100°C increased by 450% from 20 min at 100 psi to 110 min at 1000 psi (Figure 3.13 a). At 100°C 

and 1000 psi, the half-life of clay foam was 40% longer than that of AOS-only foam (Figure 3.13 

a). At 200°C, the half-life was also observed to increase from ~ 1 min at 100 psi to nearly 15 min 

at 1000 psi (Figure 3.13 b). Compared to AOS-only foams, the half-life increased by 50% at 1000 

psi (Figure 3.13 b). Foam stability also decreased for clay foams with an increase in temperature 

from 100°C to 200°; at 100 psi and 1000 psi, the half-life of foams decreased drastically by 90% 

and 80%, respectively.  
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Figure 3.8: Half-life of AOS + Guar foams as a function of pressure at (a) 100°C and (b) 200°C. 
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Figure 3.9: Half-life of AOS + Clay foams as a function of pressure at (a) 100°C and (b) 200°C. 
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3.3.4 AOS + Crosslinker Foams 

The addition of crosslinker borate salt increased the base fluid’s viscosity compared to other 

gelling agents. The viscosity of crosslinker foams were observed as 110 cP at pH 6 and 244 cP at 

pH 14 using a viscometer. A steady increase in crosslinker foam’s half-life was observed with 

increased pressure at 100°C, as shown in Figure 3.14 a. The half-life at 100°C and 100 psi were 

recorded at 60 min and increased to 190 min at 1000 psi, representing a 200% increase. At 200°C 

with an increase in pressure from 100 psi to 1000 psi, crosslinker foam's half-life was recorded to 

increase from 0.8 min to 20 min (Figure 3.14 b), which is a 2000% increase in half-life. AOS + 

crosslinker foams showed enhanced foam stability performance compared to guar gum and 

bentonite clay at a temperature of 200°C. At 200°C and 1000 psi, crosslinker foam half-life 

increased by 150% compared to only AOS foams. However, crosslinker foams also showed 

decreasing foam stability with increasing temperature from 100°C to 200°C. Crosslinker foam 

half-life is observed to decrease by 98% and 90% at injection pressures of 100 psi and 1000 psi, 

respectively, with an increase in temperature to 200°C. 
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Figure 3.10: Half-life of AOS + crosslinker foams as a function of pressure at (a) 100°C and (b) 200°C. 
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3.3.5 AOS + SiO2 nanoparticles Foams 

Another stabilizing agent studied in this work was SiO2 nanoparticles. Literature studies 

showed that nanoparticles tend to block the foam lamella border, resulting in decreased drainage 

rate and increased foam stability [71], [85]. From Figure 3.15 a, at 100°C, the half-life recorded at 

1000 psi was at 150 min, which showed an increase of 150% when the pressure was 100 psi. At a 

high temperature of 200°C, SiO2 also showed promising performance where foam half-life reached 

17 min at 1000 psi, which was a 145% increase compared to 100 psi (Figure 3.15 b). Compared 

to AOS-only foams at 200°C and 1000 psi (Figure 3.15 b), the half-life was increased by 75% with 

the addition of SiO2 nanoparticles. However, half-life decreased with an increase in temperature. 

From Figure 3.15, it is observed that the half-life decreases with increasing temperature and 

pressure. As temperature increases from 100°C to 200°C and 100 psi to 1000 psi, the half-life 

decreases by 90% and 85%, respectively. 

3.3.6 AOS + Graphene Oxide Dispersion Foams 

GO as a stabilizing agent was recently studied for aqueous foams [79]. GO dispersion can act 

as a surfactant besides AOS in the base fluid. GO has shown a significant enhancement in the 

thermal stability of AOS foams. Figure 3.16 shows the half-life of GO foams at 100°C, and 100 

psi was recorded at 65 min, which increased to 190 min when the pressure increased to 1000 psi. 

Compared to AOS-only foams (Figure 3.16 a), the half-life was observed to increase by 150% and 

220% at 100 psi and 1000 psi, respectively. At a high temperature of 200°C, the half-life increased 

from ~ 1 min to 17 min when pressure increased from 100 to 1000 psi (Figure 3.16 b).  Again, at 

200°C, when compared to only AOS foams, the half-life was increased by 80% and 150% at 100 

psi and 1000 psi, respectively. 
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Figure 3.11: Half-life of AOS + SiO2 foams as a function of pressure at (a) 100°C and (b) 200°C. 
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Figure 3.12: Half-life of AOS + GO foams as function of pressure at (a) 100°C and (b) 200°C. 
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To summarize, this research conducted laboratory experiments to analyze foam stability for 

different surfactants and stabilizing agents as a function of temperature and pressure. Foam 

stability was measured in terms of foam half-life, which was recorded between 100°C and 200°C,  

and 100 psi to 1000 psi. Initially, two gas phases were tested, between which N2 foams were more 

stable than CO2 foams; thus, foam stability was analyzed with N2 as the gaseous phase in the 

following experiments.  

Figure 3.17 represents a pseudo-3D plot of foam half-life as a function of temperature and 

pressure. More than 1000 data points of foam half-life were recorded for different surfactants and 

stabilizing agents. Based on the laboratory experiment results on foam stability, it was observed 

that foam half-life decreased with an increase in temperature. On the other hand, foam half-life 

increased with an increase in pressure. Moreover, stabilizing agents played a vital role in enhancing 

foam stability. Among all the surfactants, AOS foams showed good thermal stability performance 

at high temperatures; thus, AOS foams, along with different stabilizing agents, were considered a 

good candidate for the analytical analysis of foam stability. 
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Figure 3.13: Foam half-life as a function of temperature and pressure. 
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CHAPTER 4: ANALYTICAL MODELLING OF FOAM STABILITY 

In the past, very few research study have investigated the physical phenomena that affect foam 

stability under the confined conditions of temperature and pressure. Most of the literature research 

focused on foam half-life data is at temperatures below 150°C. Unfortunately, there is little 

research on the quantitative relationship between foam half-life with temperature and pressure that 

can predict foam behavior under conditions relevant to EGS. In contrast, this research investigates 

the foam half-life data with the combined effect of temperature (above 150°C) and pressure. The 

experimental data shows evidence of the influence of temperature; increasing temperature 

decreases foam half-life, while pressure positively affects foam half-life. In general, there is a 

strong relation between foam half-life with temperature and pressure that needs to be analyzed to 

provide guidelines for the design of stable foams to predict their behavior under given temperature 

and pressure that can be a baseline study for EGS foam fracturing technology. In this study, foam 

half-life was evaluated as a function of temperature with three assumptions of foam properties and 

structure. 

1. Assumption 1: Foam instability is mainly caused by liquid drainage through the lamella 

border. 

Foams are assumed as a colloidal system with gas as the dispersed phase and liquid as the 

continuous phase. Most liquid foams are not stable for a very long time. Usually, they collapse by 

the rupture of exposed films. Many other factors can also be identified for this, singly or in 

combination. Evaporation may reduce the film thickness, the surfactant concentration may be 

inadequate, dust may impact the films, or impurities of additives may promote their instability. 

Moreover, three significant phenomena that lead to foam instability are coarsening, coalescence, 

and drainage. Coarsening is the process of gas diffusion between foam bubbles through the thin 
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film separating them. Coalescence is the rupture of bubble films. The downward flow of liquid 

through lamella borders is also known as drainage. The phenomena of coarsening and coalescence 

can be controlled by liquid foam drainage. Thus, among all three phenomena, liquid drainage is 

an essential factor in considering foam stability, which is a large subject of great practical 

importance. Foam drainage is observed under gravity through plateau borders and lamella of liquid 

foams. Under this assumption, most foam drainage occurs through the plateau border, where the 

liquid is confined to flow down through the network of uniform and straight concave channels, 

also known as lamella borders. Almost no water is present at the surface of the gas bubbles of the 

foam structure, where foam drainage is negligible. Thus, it is assumed that foam instability is 

affected due to liquid drainage through the lamella border. 

2. Assumption 2: Foam drainage is homogeneous throughout the foam volume. 

These foam drainage reactions are related to the gaseous phase, surfactants in the liquid film 

of the foams, internal pressure of foam bubbles, surface tension between foam bubbles, foam film 

elasticity, and foam viscosity. All these reactions ultimately result in foam drainage. Foam 

drainage is one of the primary reactions which irreversibly evolve. Foams drain, coarsen, and 

finally collapse as the film between bubble ruptures due to interfacial forces involved in foam 

drainage and stability. Interfacial forces that arise in foam films confined between gas bubbles are 

critical to better understanding drainage properties and stability. Numerous theoretical and 

experimental data indicate that the thermodynamics and kinetic properties of liquid in thin films 

differ significantly from the properties of the bulk phase of the same foam solution [96] [97]. The 

complexity of fluid flow and bubble geometry has been observed in many experiments. 

Conceptually, the macroscopic observation of liquid drainage of foam is most simple. 

Experimentally, the volume or height of the liquid drained with time can be measured, but this 
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requires a steady and reproducible initial state [98]. Thus, a foam system must be uniform with a 

constant liquid fraction all along with its height. Such conditions are not easy to produce, especially 

for a high liquid fraction. For this study, foam drainage is assumed to be a uniform phenomenon 

that occurs throughout the volume of the foam system. 

3. Assumption 3: Foam drainage follows first-order kinetics:  

A first-order reaction is a reaction that proceeds at a rate that depends linearly on only one 

reactant concentration. Assuming foam drainage follows first-order kinetic reaction, under this 

assumption, the rate of reaction (R) is interpreted as drainage rate, which is reciprocally 

proportional to foam half-life (𝑡1/2). First-order kinetics of foam drainage can be further 

understood as the rate of foam volume decay at a given time is proportional to the existing foam 

volume for a given concentration of surfactant/stabilizing agent or foam rheological properties. 

Mathematically, a first-order reaction can be expressed as shown in Eq. 1, where R is the 

reaction rate, A is the reaction concentration, and k is the rate constant which expresses the 

relationship between the reaction rate (R) and concentration of that reactant (A). 

𝑅 = 𝑘[𝐴] (Eq. 1) 

 

Based on the assumption that foam drainage can be defined as a first-order kinetic reaction, 

the drainage rate can be expressed as shown in Eq. 2, where k is defined as the drainage rate, which 

is the ratio of change in volume concentration of liquid flowing through lamella border over a 

specific period. The concentration of reactant [A] is considered as volume concentration of liquid 

flowing through the lamella borders, i.e., the ratio of liquid present in the lamella border to total 

volume of liquid in the foams system.  
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𝑘 =
−∆[𝐴]

∆𝑡
 

(Eq. 2) 

 

Taking logarithm and integrate Eq. 2, we get; 

ln[𝐴]𝑡 = −𝑘𝑡 + ln[𝐴]0 (Eq. 3) 

Furthermore, Eq. 3 can be solved for k as; 

ln[𝐴]𝑡 − ln[𝐴]0 = −𝑘𝑡 (Eq. 4) 

ln
[𝐴]𝑡

[𝐴]0
= −𝑘𝑡 

 

[𝐴]𝑡

[𝐴]0
= 𝑒−𝑘𝑡 

 

[𝐴]𝑡 = [𝐴]0𝑒−𝑘𝑡 (Eq. 5) 

 

Here, when t = 0, initial concentration will be [𝐴]0 representing foam system when drainage 

does not occur. At t = ∞, [A]t = 0, which means that the foam will collapse and there is no drainage. 

Assume that at the half-life of the foam, t = t1/2, the reactant concentration is ½ [A]0, thus Eq. 5 

can be expressed in terms of foam half-life as; 

[𝐴]0

2
= [𝐴]0𝑒−𝑘𝑡1/2 

 

1

2
= 𝑒−𝑘𝑡1/2 

 

Taking logarithm on both the side we get; 

ln (
1

2
) = ln(𝑒−𝑘𝑡1/2) 
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ln (
1

2
) = −𝑘𝑡1/2 

 

Thus, 

𝒕𝟏/𝟐 =
𝟎. 𝟔𝟗𝟑

𝒌
 

(Eq. 6) 

The above derivations showed that the foam half-life is inversely proportional to the drainage rate. 

The following section will examine the effect of temperature on the drainage rate. 

4.1 Effect Of Temperature 

Good thermal stability is essential for foams to be utilized as a hydrofracturing fluid in EGS 

reservoir stimulation applications. However, from the above results for all the surfactants and 

stabilizing agents, temperature negatively affects foam stability; increasing temperature decreases 

foam stability. A study showed that temperature has a remarkable influence on microscopic 

structure of foam of the surfactant solution, which showed decreases in the surface tension and 

bubble size with increased temperature. Analysis of foam stability showed that a stable foam is 

observed at room temperature while unstable at a temperature above the foam base solution critical 

temperature due to increased coalescence rate at high temperature [99]. Macroscopic results 

showed that the dissipation of liquid flow only partially explains foam instability through a plateau 

border channel. Significant discrepancies can be explained by considering different dissipation 

processes related to the interface's properties and the liquid flows induced in adjoining films as 

liquid flows in the channel [100]. 

 It was also reported that a significant reduction in effective air mobility was observed with an 

increase in temperature, which increases the rate of change in bubble size at high temperatures 

leading to unstable foams [101]. The poor thermal stability is also due to accelerated liquid 
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drainage and gaseous phase diffusion. Reduced foam stability may also be due to lower viscosity 

of the liquid phase at a higher temperature, which results in more rapid liquid drainage and hence 

lower foam stability. Studies have shown that an increase in temperature produces unstable foams 

[93], [102]. Also, initial analytical models were developed, showing that foam stability decreases 

exponentially with an increase in temperature for different surfactants. However, that study is 

limited to low temperature (20-40°C) and low pressure [58]. Another literature study at a high 

temperature of 200°C and a high pressure of 1000 psi showed that liquid drainage from foam 

generally follows first-order kinetics. The half-life for foam volume decay declined dramatically 

with increasing temperature [103]. 

To date, no analytical model is available in the open literature that can be used to predict foam 

half-life as function of temperature. This study provides an analytical model of the effect of 

temperature on foam half-life by considering foam drainage following first-order kinetics. From 

Eq. 6, foam half-life is inversely proportional to the rate constant of foam drainage reaction. In 

other words, an increase in rate constant will decrease the foam half-life. i.e., the foam will have 

extended life when foam drainage occurs at a low rate of constant. It is assumed that the drainage 

rate (k) depends on temperature in the form of the Arrhenius equation. The rate (k) is expressed as 

a function of temperature as; 

𝑘 = 𝐷𝐴𝑒
−𝐸𝑎
𝑅𝑇  

(Eq. 7) 

here, 

𝐷𝐴 = 𝑝𝑟𝑒 − 𝑒𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑒𝑖𝑛𝑡 𝑜𝑟 𝑑𝑟𝑎𝑖𝑛𝑎𝑔𝑒 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝑚𝑖𝑛−1)  

𝐸𝑎 = 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝐸𝑛𝑒𝑟𝑔𝑦 (𝑘𝐽. 𝑚𝑜𝑙−1) 

𝑅 = 𝐼𝑑𝑒𝑎𝑙 𝑔𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 0.008314 𝑘𝐽. 𝐾−1𝑚𝑜𝑙−1 
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Substituting Eq. 7 to Eq. 6, we get foam half-life as a function of temperature corresponding 

to Arrhenius equations.  

𝒕𝟏/𝟐(𝑻) =
𝟎. 𝟔𝟗𝟑

𝑫𝑨
𝒆

𝑬𝒂
𝑹𝑻 

(Eq. 8) 

In Eq. 8, foam stability/half-life is inversely proportional to the drainage rate constant and 

exponentially depended on the activation energy. Figure 4.1 shows some examples of curve fitting 

results to Eq. 8, which illustrated the exponential decay of foam stability with increasing 

temperature.  

 

Figure 4.1: Exponential decay fitting curves show temperature's effect on foam half-life at 1000 psi. 
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As previously discussed, foam stability is dependent on three significant physical phenomena, 

coarsening, coalescence, and drainage, which leads to film rupture and decay of foam. It is studied 

that film rupture always occurs in the thinnest part of the lamella, where the released surface energy 

will be completely converted into kinetic energy of the liquid, i.e., initiation foam drainage [104], 

[105]. The activation energy (Ea) in Eq. 8 can be interpreted as the energy foam bubbles need to 

initiate drainage. In other words, the internal energy of liquid flow between the lamella borders is 

significantly related to the bubble film thickness and surface tension. One study verified this 

relation, which shows that smaller bubbles tend to produce long-lasting foam. This is because foam 

bubbles with a small diameter would have high surface tension, which needs a large amount of 

energy to break the barrier (surface tension) between foam bubbles, ultimately leading to foam 

collapse. The other fitting parameter in Eq. 8 is the pre-exponential coefficient which is defined as 

the drainage rate constant (DA) of foam. The fitting parameter is the rate at which the liquid flows 

downwards through the lamella borders of the foams due to gravity during foam collapse. It is 

dependent on the nature of the liquid/foam base solution, such as the type of surfactant, stabilizing 

agents, and rheological properties of foams, such as viscosity and bubble surface tension.  

These interpretations of foams activation energy (𝐸𝑎) and drainage rate constant (𝐷𝐴) are 

further evaluated by taking the natural logarithm of Eq. 8.  

ln 𝑡1/2 = ln
1

𝐷𝐴
− 0.366 +

𝐸𝑎

𝑅𝑇
 

(Eq. 9) 

Eq. 9 resembles a linear model, which is graphically expressed by plotting ln 𝑡1/2 with 1/T as 

shown in Figure 4.2. This linear model yields a straight line with a slope of  
−𝐸𝑎

𝑅
 and a y-intercept 
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of ln (
1

𝐷𝐴
) − 0.366. Figure 4.2 shows some examples of the linear dependence of the model to 

evaluate activation energy and drainage rate constant for AOS foam at different pressure ranges.  

 

 

Figure 4.2: Linear log model for AOS foams at different pressure range to evaluate activation energy. 
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From Figure 4.2, a negative slope is observed with negative activation energy, representing 

that with increase in temperature the rate of reaction will also increase, i.e., rapid foam drainage. 

Thus, the higher the Ea, the slower will be the foam drainage which is observed by an increase in 

foam half-life. The resulting Ea represents the energy required to initiate foam drainage at given 

temperature for that selected foam system. This activation energy of foam can be understood as an 

internal energy barrier that is controlled by its rheological properties such as foam density, 

viscosity, bubble diameter, bubble surface tension, and internal bubble pressure. When the foam 

overcomes the internal energy barrier (activation energy) due to external parameters such as 

temperature and pressure, the foam starts to collapse following liquid drainage. The activation 

energy (Ea) and drainage rate constant (DA) of AOS foams were calculated by using Eq. 9 and are 

listed in Table 4.1 for pressure range of 0.6 MPa, 1.3 MPa, 2 MPa, 3.5 MPa, 4 MPa, 5.5 MPa, and 

6.8 MPa. The negative values of the activation energies indicate that foam drainage will occur 

naturally due to gravity.  
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Table 4.1 Activation energy and drainage rate of AOS foams at 0.6 MPa, 1.3 MPa, and 2 MPa. 

Foam 

Composition 

0.6 MPa 1.3 MPa 2 MPa 

DA 

(min
-1

) 

E
a
 

(kJ/mol) 

R
2
 DA 

(min
-1

) 

E
a
 

(kJ/mol) 

R
2
 DA 

(min
-1

) 

E
a
 

(kJ/mol) 

R
2
 

AOS  1.0E+6 -50.63 0.96 6.8E+4 -44.50 0.90 4.9E+4 -45.03 0.95 

AOS+Guar  3.0E+5 -48.67 0.98 3.8E+4 -44.53 0.95 4.8E+4 -47.13 0.96 

AOS+Clay  6.0E+5 -50.95 0.97 5.0E+4 -44.55 0.98 2.3E+5 --45.05 0.99 

AOS+Crosslinker 8.2E+5 -53.67 0.90 2.6E+4 -44.38 0.92 2.6E+4 -45.71 0.95 

AOS+SiO2 2.0E+5 -48.71 0.92 1.0E+5 -48.75 0.93 3.7E+4 -46.41 0.97 

AOS+GO 4.5E+5 -52.34 0.92 3.0E+4 -45.35 0.93 1.1E+4 -43.21 0.92 

 

Foam 

Composition 

3.5 MPa 4 MPa 

DA 

(min
-1

) 

E
a
 

(kJ/mol) 

R
2
 DA 

(min
-1

) 

E
a
 

(kJ/mol) 

R
2
 

AOS  9.1E+3 -41.38 0.97 1.8E+3 -36.54 0.95 

AOS+Guar  2.5E+4 -46.40 0.88 9.9E+3 -44.25 0.99 

AOS+Clay  1.6E+3 -36.51 0.95 4.5E+2 -33.02 0.96 

AOS+Crosslinker 3.9E+3 -41.09 0.92 2.5E+3 -40.28 0.97 

AOS+SiO2 1.9E+3 -39.61 0.95 1.7E+3 -39.03 0.97 

AOS+GO 1.8E+3 -38.70 0.98 1.8E+3 -39.79 0.92 

 

Foam 

Composition 

5.5 MPa 6.8 MPa 

DA 

(min
-1

) 

E
a
 

(kJ/mol) 

R
2
 DA 

 (min
-1

) 

E
a
 

(kJ/mol) 

R
2
 

AOS  2.0E+2 -29.98 0.98 1.7E+2 -29.79 0.98 

AOS+Guar  1.7E+3 -39.25 0.97 3.3E+2 -34.64 0.96 

AOS+Clay  2.2E+2 -31.55 0.99 2.0E+2 -31.85 0.97 

AOS+Crosslinker 6.7E+2 -36.81 0.98 1.8E+2 -33.31 0.90 

AOS+SiO2 3.9E+2 -34.84 0.94 2.1E+2 -33.55 0.91 

AOS+GO 7.9E+2 -37.80 0.91 2.5E+2 -34.74 0.94 
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4.1.1 Effect Of Stabilizing Agents On Activation Energy (Ea) Drainage Rate Constant (DA) Of 

Foams 

It is crucial to analyze a pattern of activation energy and drainage rate concerning different 

stabilizing agents and at constant pressure. This can give further insight into how these parameters 

are affected by controlling pressure and stabilizing agents under the influence of temperature. This 

section focuses on the effect of different stabilizing agents 

Graphical plots were modeled representing the activation energy for AOS foams with different 

stabilizing agents for a pressure ranging from 0.6 MPa to 6.8 MPa as seen in Figure 4.3. From the 

modeled Eq. 9, the values of Ea for AOS foams with different stabilizing agents at different 

pressure ranges were calculated (Table 4.1), also graphically illustrated in Figure 4.3. It is noticed 

that addition of the stabilizing agents does not give a subsequential trend for Ea; however, AOS 

foams with addition of stabilizing have mean activation energy at each pressure range. For 

example, the Ea for AOS foams with stabilizing agents were -50.68 kJ/mol, -40.41 kJ/mol, and -

32.98 kJ/mol at 0.6 MPa, 3.5 MPa, and 6.8 MPa, respectively.  

.  
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Figure 4.3: Effect of stabilizing agents on activation energy (Ea) for AOS foams. 
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From Table 4.1, it is observed that drainage rate (DA) drastically decreases with the addition of 

all stabilizing agents in comparison with only AOS as surfactants. This is explained in terms of a 

decrease in liquid drainage through the lamella border with the addition of stabilizing agents, as 

each stabilizing agent has a unique effect on the foam base fluid rheological properties, particularly 

its viscosity highly influences the foam drainage. 

It is known that increased viscosity will reduce foam drainage [88], [89] as it is challenging to 

drain the high viscous liquid through foam lamella borders. Other factors such as foam bubble 

surface tension also play a critical role in determining the DA, which is far more complex to 

illustrate as it will need to understand the pressure difference between foam bubbles. 

From Figure 4.3, it is comprehensible that with the addition of stabilizing agents, there is no 

significant trend observed but average activation energy. On the other hand, it is also observed that 

with an increase in pressure, the DA value decreases for AOS foams and AOS foams with 

stabilizing agents; this is the effect of pressure on drainage rate that is explored in detail in the next 

section.  
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4.1.2 Effect Of Pressure On Drainage Rate Constant (DA) And Activation Energy (Ea) Of Foams 

The drainage rate constant (DA) and activation energy (Ea) are highly influenced by pressure. 

Drainage rate is understood as the rate of liquid flowing through the lamella border of foam 

bubbles. Figure 4.4 illustrates a logarithm decrease of DA with an increase in pressure for all AOS 

foams with stabilizing agents. The DA is influenced by several rheological properties of foam 

bubbles, much likely by bubble surface tension, foam bubble size, and foam bubble internal 

pressure, which are all closely related to the injection pressure. Several works of literature 

explained that the stability of bubbles concerning elevated pressure leads to smaller bubble sizes 

and narrow bubble size distributions. Moreover, foam bubble stability at high pressure is 

significantly higher due to high gas inertia and low gas-liquid surface tension [106], [107]. This 

decrease in bubble size showed increased foam stability, which resulted in a slower drainage rate 

at high pressure.  

A semi-logarithmic plot is used to perceive a relationship between DA and pressure. Figure 4.4 

plot is useful to visualize large values of DA on y-axis as a log scale with pressure on x-axis as 

linear scale.  
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Figure 4.4: Effect of pressure on drainage rate constant (DA) of foams. 
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The pressure dependence of DA can be described as  

                                                                  Ln (DA) = mP + b                                                            Eq. 10 

where m and b are fitting parameters, which represent the slope and the y-intercept of the fitted 

curve, respectively. The values of the fitting parameters are listed Table 4.2.  

Table 4.2: Fitting parameters for Eq. 10, DA is logarithmically dependent on pressure. 

Foam Composition b (min-1) m (MPa-1) 

AOS 6.11 -0.55 

AOS+GUAR 5.80 -0.46 

AOS+CLAY 6.12 -0.62 

AOS+CROSSLINKER 5.86 -0.55 

AOS+SiO2 5.45 -0.49 

AOS+GO 5.41 -0.47 

 

From Figure 4.5, the trend observed for activation energy is that with increased pressure, the 

activation energy is increased for all the AOS foams with stabilizing agents. The activation energy 

of each foam with the stabilizing agent has its mean activation energy where the foam starts to 

drain beyond that energy barrier. This energy barrier increases with an increase in pressure. The 

decay of the AOS foam structure under the influence of external pressure will show increase in 

surface tension which take long time for coarsening. The activation energy is -50.63 kJ/mol at 0.6 

MPa and compared with that at 6.8 MPa, which is -29.79 kJ/mol here, so we can see that foams 

with higher activation energy takes more time to decompose. Moreover, it’s also observed that, a 

high activation energy is achieved with increase in pressure. Similarly, all the AOS foams with 

stabilizing agents showed the same positive effect for activation energy, where an increase in 

pressure showed an increase in activation energy and long-lasting foams. 
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Figure 4.5: Effect of pressure on activation energy (Ea) of foams. 
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A linear relationship between activation energy and pressure was observed, such that 

𝐸𝑎 = 𝑉𝑚𝑃 + 𝐸𝑎
′  Eq.11 

where, Vm is the molar volume and 𝐸𝑎
′  is the total energy. The physical meanings of these 

parameters will be discussed in the next section. It can be understood that higher Ea has a steeper 

slope which resembles sensitivity to change in pressure and low Ea is less sensitive to pressure 

change. Increase in pressure, a significant increase in activation energy is observed as linear 

relation. Figure 6 shows an example of linear fitting to Eq. 11. The fitting parameters are listed in 

Table 4.3.   

 

Figure 4.6: Strong linear relationship of pressure with activation energy (Ea) of foams. 

Table 4.3 Fitting parameters for liner fit model of effect of pressure on activation energy. 

Foam Composition Slope (m) 

(kJ/(mol. MPa) 

Intercept (c) 

(kJ/mol) 

AOS  3.27 -52.67 

AOS+Guar  2.18 -50.74 

AOS+Clay  2.75 -50.56 

AOS+Crosslinker 2.84 -52.40 

AOS+SiO2 2.78 -51.19 

AOS+GO 2.97 -50.03 
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4.2 Combined Effect Of Temperature And Pressure 

No literature study has evaluated the combined effect of temperature and pressure on foam 

stability. This research indicates that with an optimum selection of surfactants and stabilizing 

agents, it is viable to obtain stable foams as potential fracturing fluid at the downhole condition 

for EGS application that is high temperature fracturing of HDR and high-pressure injection of 

fracturing fluid. The combined effect of temperature and pressure develops a unified model for 

foam stability. The temperature negatively impacts foam half-life (increase in temperature foam 

half-life decreases); on the other hand, pressure appears to positively affect foam half-life (increase 

in pressure foam half-life increases). The temperature effect on foam half-life from Eq. 8 is 

modified to develop the unified foam stability model. 

Recall Eq. 8, 

𝒕𝟏
𝟐

(𝑻) =
𝟎. 𝟔𝟗𝟑

𝑫𝑨
𝒆

𝑬𝒂
𝑹𝑻 

 From Figure 4.6, a linear model was be examined as follows. Based on Eq. 11, it corresponds to 

a linear equation with fitting parameters 𝑉𝑚 and the slop and 𝐸𝑎
′  as the intercept of the fitting model. 

Furthermore, applying dimensionless analysis to Eq. 11, the slope, 𝑉𝑚 has unit of (
𝑘𝐽

𝑀𝑃𝑎.𝑚𝑜𝑙
) and 

intercept 𝐸𝑎
′  has a unit of kJ/mol, which is same as the activation energy of foams or total free 

energy of foams. The slope fitting parameter (Vm) 's base unit's physical significance is analyzed 

and tracked. From the dimensionless analysis of Eq. 11, it is known that the base unit of Vm is 

analyzed as (
𝑘𝐽

𝑀𝑃𝑎.𝑚𝑜𝑙
) which can also be simplified as, 
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𝑉𝑚 =
𝑘𝐽

𝑀𝑃𝑎. 𝑚𝑜𝑙
⟹

𝑘𝐽

𝑀𝑃𝑎
⟹

𝐽

𝑃𝑎
= 𝑚3 

Also, 

𝑉𝑚 =
𝑘𝐽

𝑀𝑃𝑎. 𝑚𝑜𝑙
=

103𝑘𝑔𝑚3

𝑠2

106𝑘𝑔
𝑚𝑠2. 𝑚𝑜𝑙

=
𝑚3

103 . 𝑚𝑜𝑙
=

10−3𝑚3

𝑚𝑜𝑙
=

𝑑𝑚3

𝑚𝑜𝑙
 

Thus, Vm has a typical unit of molar volume of gas. The molar volume of gas in foams can be 

interpreted as the volume of gas in the foam at a given temperature and pressure. It is also related 

to the internal energy in the pressurized foam gas bubbles that keeps the bubble from not bursting. 

The slope (Vm) will represent the molar volume of the gas phase, and the intercept (𝐸𝑎
′ ) is the free 

energy to initiate drainage in the foams when no pressure is applied to the system. 

substituting Ea to Eq. 8,  

(𝒕𝟏/𝟐)
𝒇

=
𝟎. 𝟔𝟗𝟑

𝑫𝑨
𝒆

(
𝑽𝒎𝑷−𝑬𝒂

′

𝑹𝑻
)
 

(Eq. 12) 

The above Eq. 12 can predict foam stability under the influence of external parameters, 

temperature, and pressure. Figure 4.9 – Figure 4.14 show 3D non-linear surface fitting to Eq. 12 

for AOS foams with different stabilizing agents. The fittings show an average goodness of fit (R2) 

of 0.91.  
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Figure 4.7: Surface fitting to Eq. 12 for AOS foams showing the combined effect of temperature and 
pressure on foam half-life. 

 

Figure 4.8: Surface fitting to Eq. 12 for AOS+Guar foams showing the combined effect of temperature 
and pressure on foam half-life.  
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Figure 4.9: Surface fitting to Eq. 12 for AOS+Clay foams showing the combined effect of temperature 
and pressure on foam half-life. 

 

Figure 4.10: Surface fitting to Eq. 12 for AOS+Crosslinker foams showing the combined effect of 
temperature and pressure on foam half-life. 
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Figure 4.11: Surface fitting to Eq. 12 for AOS+SiO2 nanoparticles foams showing the combined effect of 
temperature and pressure on foam half-life. 

 

Figure 4.12: Surface fitting to Eq. 12 for AOS+GO dispersion foams showing the combined effect of 
temperature and pressure on foam half-life. 
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It is worthwhile to make further discussion on several parameters to illustrate their influence on 

foam stability.  

Drainage Rate Constant, DA (min-1):  

It is the rate at which the liquid flows downwards through the lamella borders of the foams due 

to gravity [113]. DA is dependent on the nature of the liquid/foam base solution, such as the type 

of the surfactant, stabilizing agents, and the rheological properties of foams like viscosity, bubble 

surface tension, internal gas pressure, and bubble diameter [114], [115]. From Table 4.6, the DA is 

observed to decrease with the addition of stabilizing agents; DA of AOS foams is calculated as 

2706.87 min-1; however, with the addition of stabilizing agents such as GO dispersion, the drainage 

rate subsequently decreases to 147.54 min-1. Thus, it is observed that with the addition of GO 

dispersion, the liquid between the lamella border drainage is slower, producing long-lasting foams 

compared to only AOS foams.  

Also, from Eq. 11, DA is inversely proportional to foam half-life. The slower the drainage rate, 

the higher the foam's half-life, which will generate long-lasting foams. Drainage rate is a foam 

base fluid property verified by considering the inverse proportionality relation to foam half-life. 

Assuming DA → 0, t1/2 → ∞, that means the drainage is not initiated, and the system is in the liquid 

phase; vice versa, if DA → ∞, t1/2 → 0, that is the liquid from the foam system has completely 

drained out and there is not foam left. It is also observed that the DA is also strongly influenced by 

pressure, DA linearly decreases with increase in pressure (Figure 4.4). Since at high inject pressure, 

foam bubble size is relatively smaller and spherical, preventing slower gas transport between the 

bubbles and reducing coarsening [116]. For stabilizing agents, it is calculated that, on average, DA 

decreases by 95% with an increase in pressure from 100 to 1000 psi.  
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Free Energy, 𝐸𝑎
′  (kJ/mol):  

The relation of 𝐸𝑎
′  to foam, stability is encountered from the Arrhenius equation, where foam 

half-life is exponentially to 𝐸𝑎
′  (Eq. 10). This relation provides adequate knowledge on foam 

stability energy barrier related to its rheological properties. It is expressed as the total internal 

energy barrier of a foam system which is highly impacted by the external parameters such as 

temperature and pressure rather than foam composition. It is the energy needed by the foam to 

initiate drainage. In other words, the liquid's internal energy flows through the lamella border and 

completely drains out. From Table 4.6, the activation energy does not show significant variation, 

but minor variations can be observed with the addition of stabilizing agents such as the 𝐸𝑎
′  of AOS 

foam calculated at -36.15 kJ/mol, and with the addition of stabilizing agents such as SiO2 

nanoparticles and GO the 𝐸𝑎
′  is increased to -28.29 kJ/mol and -29.66 kJ/mol. Thus, with the 

addition of stabilizing agents, the foam's internal energy barrier increases (higher activation 

energy), indirectly increasing the foam's half-life as it would need higher energy from external 

parameters to initiate foam drainage to decay the foam. The negative value of activation energy 

indicates that the rate of reaction decrease with an increase in temperature, that is, the foam-half-

life is decreased with increase in temperature and higher the 𝐸𝑎
′  slower will be foam drainage [120], 

[121]. 𝐸𝑎
′  is slightly dependent on the foam composition as the mean 𝐸𝑎

′  for AOS foams with 

stabilizing agents is 32.43 kJ/mol. In contrast, the activation energy greatly varies with an external 

parameter of pressure due to the pressure effect on foam stability 𝐸𝑎
′  increases with increase in 

injection pressure generating long lasting foams observed in Figure 4.5. This model will predict 

the energy needed by foam composition to initiate drainage under the influence of temperature and 

pressure. 
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Molar Volume, VM (l/mol):  

Molar volume is another parameter related to foam stability under the influence of external 

parameters such as temperature and pressure. For ideal gases, the molar volume is defined by an 

ideal gas equation which can be rearranged to give an expression for the molar volume of an ideal 

gas 𝑉𝑚 =
𝑅𝑇

𝑃
. Hence for a given temperature and pressure, the molar volume is the same for all 

ideal gases and is related to the gas constant R [117]. The molar volume of a gas expresses the 

volume occupied by 1 mole of that respective gas under specific temperature and pressure 

conditions. The most common example is a gas's molar volume at STP (Standard Temperature and 

Pressure), which is equal to 22.4 L fir 1 mole of any ideal gas at a temperature of 273.15 K and a 

pressure of 1 atm [118].  

VM in terms of foam stability is defined as the volume of gas occupied in the foam bubble at a 

given temperature and pressure for a defined foam composition. The VM is strongly influenced by 

temperature and pressure; at a higher temperature, the VM will increase, and at high pressure, the 

VM will decrease. From Table 4.6, the VM of different foam compositions does not vary greatly but 

has an average VM ~ 0.5 dm3/mol. Furthermore, the VM of foams will also provide detailed insights 

on the pressure in the continuous liquid phase as it is known that pressure between the two gas 

phase and liquid phase of the bubble is defined by (𝑃𝑔𝑎𝑠 − 𝑃𝑙𝑖𝑞𝑢𝑖𝑑) =
2𝑇

𝑅
, where T is the surface 

tension of bubbles, and R is the gas constant [119]. The pressure difference between the inner gas 

phase and outer liquid phase is directly proportional to the surface tension and inversely 

proportional to the bubble's radius. The molar volume of the foam system is highly complex to 

analyze, related to measuring foam bubble internal pressure and surface tension. 
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In summary, a unified model for foam stability for temperature and pressure is developed based 

on the experimental half-life data recorded for a temperature range of 100°C to 200°C and a 

pressure range of 100 psi to 1000 psi. This model can predict foam stability behavior under high 

pressure and high temperature. Moreover, based on the unified model of foam stability, fitting 

parameters are defined, calculated, and analyzed. Foam stability for a particular foam composition 

can be predicted under the external factor of temperature and pressure by understanding foam's 

physical properties, drainage rate (DA), total energy (𝐸𝑎
′ ) and molar volume (VM) can be predicted 

based on Eq. 12. These factors are complex to analyze as they occur at the microscale and 

nanoscale levels. However, they are directly related to foam composition and its rheological 

properties.  

The calculated drainage rate, activation energy, and molar volume are based on AOS foams. It 

is expected that the general model (Eq. 12) can be used on other aqueous foams. However, further 

investigation is needed to test this hypothesis via testing the thermal stability of foams containing 

other surfactants  such as SDS, CATC, and NP-40. Changes in foam composition could give 

different values to the fitting parameters. 
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CHAPTER 5: CONCLUSIONS 

This project aims to explore thermally stable foams as hydrofracking fluid media for potential 

applications in the enhanced geothermal system (EGS). Throughout this project, significant effort 

was executed to collect data relevant to foam fracturing. More than 40 articles/reports were found 

in the open literature that reported the properties of aqueous foams under various testing 

conditions. The foam properties included viscosity and stability in terms of half-life, while were 

influenced by the foam quality, shear rate, temperature, pressure, surfactants, and additives used 

in making the foam-based solutions. As a result, more than 1100 data points for foam half-life, 

including the experimental data from this research, were collected, organized, and uploaded to 

Geothermal Data Repository (GDR) at https://gdr.openei.org/submissions/all. The GDR is the 

submission point for all data collected from researchers funded by the U.S. Department of Energy's 

Geothermal Technologies Office. Moreover, a webpage is designed using Python codes hosted on 

a public GitHub server at https://surfactant-dashboard.herokuapp.com, which is available to the 

public and shows the comparison between current experimental data with literature data. The 

online database helps study foam behavior, such as shear rate, half-life, and viscosity as a function 

of foam quality, injection pressure, and temperature, see Appendix A. 

This dissertation aims to evaluate the thermodynamic behavior of foams at high temperature 

and high-pressure conditions closely resembling the geothermal environment. In this study, foam 

behavior was categorized as foam stability based on its half-life, i.e., the time taken by the foam 

to decrease by 50% of its original height. The Laboratory apparatus measures the foam half-life 

for a temperature range of 100°C to 200°C and a pressure range of 100psi to 1000psi. Two types 

of dispersed/gaseous phases were investigated: nitrogen gas (N2) and carbon dioxide gas (CO2). 

Four different types of commercial foaming agents/surfactants with various concentrations were 

https://tuprd-my.sharepoint.com/personal/tuj85388_temple_edu/Documents/RESEARCH/PhD%20Dissertation%202022/PhD%20Dissertation/Draft%20Dissertation/PhD%20Thesis/%20https:/gdr.openei.org/submissions/all
https://surfactant-dashboard.herokuapp.com/
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tested, including Alfa olefin sulfonate (AOS), Sodium dodecyl sulfonate (SDS), TergitolTM (NP – 

40), and Cetyltrimethylammonium chloride (CTAC). Moreover, five stabilizing agents, guar gum, 

bentonite clay, crosslinker, silicon dioxide nanoparticles (SiO2), and graphene oxide dispersions 

(GO), were also added to the surfactant to analyze foam stability. 

Initial results showed that N2 foams were more stable compared to CO2 foams. It was observed 

that foam life was decreased with an increase in temperature. Among all the surfactants, AOS 

foams showed the most promising results in thermal stability at high temperatures. Moreover, with 

the addition of stabilizing agents, foam's half-life was enhanced. Stabilizing agents such as 

crosslinker and GO dispersion showed the most stable foams with half-life recorded at 20 min and 

17 min, respectively, at 200°C and 1000 psi. Temperature showed a negative effect on foam 

stability which was with an increase in temperature, foam stability decreased, and pressure also 

showed a positive effect on foam stability; with an increase in pressure, foam half-life was 

increased. Finally, pressure also showed a positive effect on foam stability; with increased 

pressure, foam half-life was increased. The experimental data, including foam images and videos, 

are also uploaded to the online GDR at https://gdr.openei.org/submissions/all. In addition, 

Appendix B gives data on the foam half-life from all the experiments.Based on the experimental 

data, analytical models were developed to evaluate foam stability/half-life under the influence of 

external parameters of temperature and pressure, respectively. Relations between foam half-life 

and different fitting parameters were analyzed and discussed. The effect of temperature on foam 

stability was studied as an exponential decay model, which was explained in terms of the Arrhenius 

equation and activation energy. A linear relation was developed for the effect of pressure with 

foam activation energy which showed that an increase in pressure would increase activation energy 

resulting in long lasting foams. Also, with increase in pressure drainage rate decrease linearly, 

https://gdr.openei.org/submissions/all
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which resembled slower liquid movement through lamella border with increase in pressure Foam 

stability and drainage rates were strongly dependent on temperature, pressure, and gas 

composition.  

The present study attempted to address these issues by proposing a unified non-linear surface 

curve fitting model for predicting foam stability/half-life. Finally, a non-linear surface curve fitting 

model was developed to predict foam half-life from its drainage rate, total activation energy, and 

molar volume when under the influence of temperature and pressure 

In this work, foam properties were explored under high temperature and pressure conditions, 

and developed an analytical model that can be used to predict foam stability as a function of 

temperature and pressure. This research can provide valuable information on foam stability which 

is critical for foam-based hydraulic fracturing. The results indicate that with an appropriate 

selection of surfactants and stabilizing agents, it is possible to obtain stable foams, which could 

replace conventional water fracturing fluid in EGS applications. 
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APPENDICES 

APPENDIX A: ONLINE FOAM STABILITY DATABASE 

The online foam stability database was updated with more than 1000 data points. The webpage 

is designed using Python codes and is hosted on a public GitHub server at https://surfactant-

dashboard.herokuapp.com, which is available to the public. A screenshot of the webpage is shown 

in Figure A-1, comparing current experimental data with literature data. The online database helps 

study foam behavior such as shear rate, half-life, and viscosity as a function of foam quality, 

injection pressure, and temperature. 

 

Figure A- 1: Screenshot of the foam database, which plots half-life data of several selected sources, 
including the current study. 

All the literature is labeled with the first author's name and publication year, whose detailed 

bibliographic information can be retrieved from the database. For example, Figure A-2 shows 

https://surfactant-dashboard.herokuapp.com/
https://surfactant-dashboard.herokuapp.com/
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different literature studies recorded with data points on the effect of shear rate and pressure on 

foam viscosity. The database also enables the user to upload their data (upon approval of the 

webmaster) to allow comparison with existing literature data. 

 

Figure A- 2: Example of different literature studies for different foam rheological properties, shear rate, 
and viscosity. 

The database was migrated from Google sheets to a local CSV file. Currently, this local CSV 

is loaded into a GitHub repository. This GitHub repository is tied to a Heroku account, which 

implements continuous deployment. Any time new changes are committed to the associated 

GitHub repository, the Heroku website is automatically updated using the new GitHub filesystem. 

This allows anybody with access to the GitHub repository to update the data, effectively allowing 

for collaboration like the original Google sheets format. 
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Moreover, the GitHub account will also track the number of contributors who had access to 

the CSV file and made changes. Now that this data is readily available to Heroku, the server on 

Heroku is calibrated to work with Python. This allows for code to be written on the server, which 

can interface directly with the GitHub filesystem and data. The result is a Python application, 

which manipulates and visualizes the data on the Heroku server. 

This database helps study the effect of internal (e.g., liquid phase composition) and external 

parameters (e.g., temperature and pressure) on the behavior of aqueous foams, such as their 

density, apparent viscosity, and thermal stability. There are seven menu options, including 

literature study, type of gas, surfactants, surfactant concentration, additives, additive 

concentration, and liquid phase used. A detailed list of the options is shown in Figure A-3. 

 

Figure A- 3: Detail menu option in the database. 
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This online database has three different data visualization methods, i.e., 3D plots (Figure A-

4(b)), 2D plots (Figure A-4(c)), and tabulated data (Figure A-4(d)). Users can select required foam 

rheological properties from the properties menu (Figure A-4(a)) and later add visualization 

techniques to analyze data in different ways by simply clicking on the top of the visualization 

tools. Figure A-4 shows an illustrative image of three different visualization tools.  

Another feature added to the database displays two charts for side-by-side comparison with 

independently selected studies. As previously mentioned, comparison studies can be visualized 

with all the different visualization tools. Users can select “compare” to activate comparison mode 

with two independent foam rheological properties to compare different studies. An illustration of 

the comparison tool is shown in Figure A-5, which compares foam viscosity for different literature 

studies. Figure A-5 (a) plots the data for the effect of pressure and temperature on foam viscosity 

reported by Ahmed 2017, Ahmed 2018, Harris 1987, and Thakore 2020, while Figure A-5 (b) plots 

the effect of foam quality and temperature on foam viscosity reported by Alzobaidi 2017, Chen Y, 

2016, and Harris 1987. 
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Figure A- 4: Screenshot of online database webpage showing different visualization modes. 

 

Figure A- 5: Screenshot of the database webpage comparing selected studies on (a) the effect of pressure 
and temperature on foam viscosity and (b) the effect of foam quality and temperature on foam viscosity. 
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In addition, other features were added to the website, including hover interactivity and legend 

interactivity, as shown in Figure A-6. Hover interactivity displays all the information relevant to 

that point upon hovering the mouse cursor over the data point. Legend interactivity temporarily 

removes the study by clicking on it or adding it back by double-clicking on the respective legend.  

 

Figure A- 6: Screenshot of other features like hover and legend interactivity. 
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Furthermore, data formatting can be used to edit plots based on study requirements, such as 

averaging and normalizing X, Y, or Z axes, as shown in Figure A-7. In addition, data fitting can 

be done on the webpage, including linear-fit, poly-fit (3 degrees), log-fit, exponential-fit, and 

power-law fit. 

 

Figure A- 7: Menu option for configuring foam data points by data formatting and fitting. 

Figure 31 shows another example of the plotting feature of the database, which compares the 

current study with selected literature data in a wide range of pressure. From the data formatting 

tool, Y-axis with half-life data is averaged, scatter plot is selected with a power fitting trend line. 

A comparison of different data sets showed a general trend that increasing pressure would result 

in increased foam half-life. These tools could be used to plot trends for literature data and compare 

users’ experimental data with curve fitting. 
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Figure A- 8: Screenshot showing an example of curve fitting on several foam data sets with AOS as 
surfactant. 
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APPENDIX B: EXPERIMENTALLY RECORDED FOAM HALF-LIFE 

The experimental data obtained in this project is the thermal stability data of various foams 

measured using laboratory apparatus. This project aims to explore thermally stable foams as 

hydrofracking fluid media for potential applications in the enhanced geothermal system (EGS). 

Data generated from this project will allow researchers to explore foam as a potential fracturing 

fluid.  More than 800+ data points on the half-life of foams are recorded, including the half-life of 

foams with N2/CO2 foams, different surfactants, and stabilizing agents.  

The first test results are summarized in Table B-1, including the foam composition, quality, 

pressure, and temperature operating the first-generation foam study setup. 

In the second test, foams containing CO2 as the gaseous phase used surfactants and stabilizing 

agents. Testing was conducted at room temperature, high temperature from 90°C to 180°C, and 

pressure was maintained at 10 psi. As shown in Table B-2, in foams containing only surfactants 

(AOS, SDS, NP40, CTAC), no foam could be observed above 100oC.  

A foam stability study was conducted above 100oC for various N2 foams. Specifically, data 

points were collected at 100oC, 120oC, 150oC, and 180oC. Since foams became very unstable at 

high temperatures, no data was obtained above 180oC. All four types of surfactants, i.e., AOS, 

SDS, NP40, and CTAC, along with other additives, showed little effect on generating stable foams 

at elevated temperatures. The half-life data of N2 foams at low pressure are summarized in Table 

B-3. 

All the other foam half-life data at high temperature and high pressure are summarized in 

Tables B-14 to B-24. 
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Table B- 1: First foam drainage data (half-life) obtained in the current study using first generation foam 
study setup. 

Liquid Phase Composition  

(weight percentage in DI water) 

Foam 

Quality 

Pressure 

(psi) 

Nominal 

Testing 

Temperature 

(°C) 

Half Life 

(min) 

1Wt% AOS 96 ambient RT 52.5 

1Wt% AOS + 0.36Wt% Guar 90 ambient RT 60 

1Wt% SDS + 0.36Wt% Guar 86 ambient RT 45.5 

1Wt% SDS + 0.5Wt% SiO2 96 ambient RT 126 

1Wt% AOS + 0.5Wt% SiO2 85 ambient RT 100 

1Wt% AOS 90 6 85 24 

1Wt% AOS + 0.36Wt% Guar 85 10 85 25.5 

1Wt% SDS + 0.5Wt% SiO2 90 7 85 1.7 

1Wt% AOS + 0.5Wt% SiO2 85 8 85 6 

1Wt% NP-40 + 0.36Wt% Guar 85 8 85 8.25 

1Wt% SDS + 0.5Wt% SiO2 90 5 90 0.87 

1Wt% AOS 95 8 95 3 

1Wt% AOS + 0.5Wt% SiO2 85 12 95 0.95 

1Wt% NP-40 + 0.36Wt% Guar 85 8 95 3.98 

1Wt% NP-40 + 0.36Wt% Guar + 

0.5Wt% CTAC 

90 10 95 1.35 

1Wt% SDS 96 8 100 0.27 

1Wt% SDS + 0.36Wt% Guar 90 5 100 0.22 

1Wt% SDS + 0.5Wt% SiO2 86 9 100 0.5 

1Wt% AOS + 0.5Wt% SiO2 85 10 100 0.2 

1Wt% AOS + 0.36Wt% Guar 

+0.1Wt% SiO2 

90 12 100 0.65 

1Wt% AOS + 0.36Wt% Guar 90 13 120 0.75 

1Wt% AOS + 0.36Wt% Guar 

+0.1Wt% SiO2 

96 12 120 0.375 

1Wt% NP-40 + 0.36Wt% Guar + 

0.5Wt% CTAC 

90 12 120 0.585 
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Table B- 2: Half-life data of CO2 foams containing various stabilizing agents under low-pressure 
conditions (~ 10 psi). 

 

Foam Base Solution 

 

 

 

Half-life (second) 

 

Temperature (°C) 

 

90oC 100oC 120oC 150oC 180oC 

AOS 35 ±2 12 ±1 N/A N/A N/A 

SDS 16 ±2 6 ±2  N/A N/A N/A 

NP40 22 ±1 11 ±3 N/A N/A N/A 

CTAC 27 ±2 5 ±1  N/A N/A N/A 

AOS+Guar 34 ±5 22 ±2 15 ±3 3 ±1 2 ±0.5 

SDS+Guar 29 ±2 16 ±5 6 ±3 2 ±1 3 ±2 

NP40+Guar 61 ±2 42 ±2 7 ±1 4 ±1 1 

CTAC+Guar 53 ±4 16 ±1 10 ±2 6 ±3 1 

AOS+Clay 78 ±3 40 ±2 18 ±3 5 ±3 2 

SDS+Clay 45 ±1 27 ±2 13 ±5 7 ±4 4 ± 2 

NP40+Clay 49 ±8 22 ±5 10 ±2 4 ±3 3 ± 1 

CTAC+Clay 43 ±1 24 ±3 11 ±5 6 ±5 5 ± 1.5 

AOS+ Crosslinker 120 ±2 52 ±2 14 ±4 5 ±3 4 ±1 

SDS+ Crosslinker 21 ±2 14 ±3 6 ±1 4 ±0.5 1 

NP40+ Crosslinker 84 ±2 48 ±5 15 ±4 5 ±4 2 ±1 

CTAC+ Crosslinker 96 ±3 36± 2 12 ±6 5 ±2.5 4 ±2 

AOS+SiO2 17 ±4 13 ±2 9 ±3 4 ±8 2 ±0.5 

SDS+SiO2 13 ±2 9 ±2 6 ±1 3 ±5 2 ±1 

NP40+SiO2 15 ±2 10 ±1 7 ±2 3 ±6 3 ±0.5 

CTAC+SiO2 16 ±3 12 ±2 6 ±3 3 ±5 2 ±1 

AOS+GO 21 ±2 13 ±6 9 ±2 4 ±3 3 ±2 

SDS+GO 28 ±1 9 ±2 7 ±3 3 ±2 2 ± 0.5 

NP40+GO 12 ±2 11 ±2 7 ±1 4 ±1 3 ±1 

CTAC+GO 30 ±1 18 ±3 13 ±2 4 ±1 3 ±2 
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Table B- 3: Half-life data of N2 foams containing various stabilizing agents under low-pressure 
conditions (~ 10 psi). 

 

Foam Base Solution 

Half-life (second) 

Temperature (°C) 

90oC 100oC 120oC 150oC 180oC 

AOS 50 ±1 15 ±3 N/A N/A N/A 

SDS 18 ±2 10 ±2 N/A N/A N/A 

NP40 24 ±1 14 ±3 N/A N/A N/A 

CTAC 22 ±2 70 ±2 N/A N/A N/A 

AOS+Guar 72 ±3 57 ±2 45 ±6 9 ±4 3 ±1 

SDS+Guar 39 ±5 30 ±3 7 ±2 4 ±2 2 ±1 

NP40+Guar 187 ±2 63 ±6 15 ±6 4 ±2.2 2 ±1 

CTAC+Guar 86 ±4 48 ±2 21 ±5 8 ±3 3 ±2 

AOS+Clay 72 ±1 33 ±3 15 ±2 4 ±2 2 ±1.5 

SDS+Clay 21 ±2 14 ±5 6 ±2 4 ±1 1 

NP40+Clay 30 ±2 16 ±5 9 ±3 3 ±0.5 2 ±1 

CTAC+Clay 30 ±1 18 ±2 13 ±4 4 ±1.5 3 ±1 

AOS+ Crosslinker 150 ±1 117 ±3 21 ±2 6 ±1 4 ±0.8 

SDS+ Crosslinker 30 ±2 25 ±2 18 ±5 5 ±2 2 ±0.5 

NP40+ Crosslinker 120 ±1 102 ±3 24 ±2 5 ±0.4 3 ±1 

CTAC+ Crosslinker 144 ±2 108 ±2 30 ±5 6 ±2 3 ±0.5 

AOS+SiO2 39 ±2 19 ±5 10 ±2 6 ±3 2 ±0.5 

SDS+SiO2 30 ±3 12 ±3 9 ±2 4 ±2 3 ±2 

NP40+SiO2 33 ±2 15 ±5 10 ±4 6 ±3 3 ±1 

CTAC+SiO2 36 ±3 16 ±3 9 ±4 4 ±1 2 

AOS+GO 30 ±2 24 ±1 10 ±2 6 ±2 4 ±2 

SDS+GO 40 ±2  

22 ±3 

 

7 ±4 

 

5 ±2 

 

4 ±2 

NP40+GO 33 ±2 27 ±4 9 ±2 6 ±1 4 ±1 

CTAC+GO 60 ±3 52 ±1 18 ±4 7 ±5 5 ±2 
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AOS FOAMS 

Table B- 4: N2-based AOS foams half-life at high temperature and high pressure using third-generation foam study setup. 

 

 

 

Temperature 

(°C) 

 

1wt% AOS 

 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 500 psi 600 psi 800 psi 1000 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 15 17.5 22.5 30 40 52 60 67 70 73 78 

120 4 7.5 12.5 16.5 20 25 30 34 40 42 45 

150 1.5 3.2 4 4.8 5 5.6 6 10 12 17 20 

180 0.5 1 2 3.35 4 4.5 5 - - 11 - 

200 0.46 0.75 1 1.3 1.5 1.8 2 4 6 9.2 10 

 

Table B- 5: N2-based AOS+Guar foams half-life at high temperature and high pressure using third-generation foam study setup. 

 

 

 

Temperature 

(°C) 

 

1wt% AOS + 0.36wt% Guar 

 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 500 psi 600 psi 800 psi 1000 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 25 35 50 80 100 115 130 144 156 163 170 

120 8 12 16 22 30 34 45 63 76 85 - 

150 2.75 6 7 9 10 - 10 11 13 48 73 

180 1.5 2.5 4.5 5 6.5 7 6 - - - - 

200 0.7 1.15 1.6 2.25 3 4 4.5 6.5 7.5 10 15 
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Table B- 6: N2-based AOS+Clay foams half-life at high temperature and high pressure using third-generation foam study setup. 

 

 

 

Temperature 

(°C) 

 

1wt% AOS + 0.36wt% Clay 

 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 500 psi 600 psi 800 psi 1000 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 20 28 36 59 65 68 70 80 82 90 110 

120 6 10 13.6 18.8 24 31 36 40 55 62 - 

150 2 5.4 5.5 6.6 7 9.5 8 13 25 58 85 

180 1.1 1.9 3.1 4.2 3.2 5 5.6 - - - - 

200 0.5 1 1.3 1.7 1.8 2.7 3 6.6 9 11 15 

 

Table B- 7: N2-based AOS+Crosslinker foams half-life at high temperature and high pressure using third-generation foam study setup. 

 

 

 

Temperature 

(°C) 

 

1wt% AOS + 0.36wt% Guar + 0.1wt% Boric Acid (Crosslinker) 

 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 500 psi 600 psi 800 psi 1000 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 60 70 88 112 125 130 140 152 174 186 190 

120 10 14 18 27.4 34 48 65 73 86 96 - 

150 4 8 9.3 10 12 13.2 14 18 27.5 55 88 

180 3 3.8 5 6.2 7 7.4 8 - - - - 

200 0.8 2.5 3 3.6 4.5 6.6 9 9.5 11 13.5 20 
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Table B- 8: N2-based AOS+Graphene Oxide foams half-life at high temperature and high pressure using third-generation foam study setup. 

 

 

 

 

Temperature 

(°C) 

 

1wt% AOS + 0.05wt% Graphene Oxide 

 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 500 psi 600 psi 800 psi 1000 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 65 78 100 120 138 146 155 162 177 188 192 

120 12 18 23 29 37 59 68 80 90 120 - 

150 6 8.3 9.5 11 13 24 36 50 62 75 105 

180 3.4 4.2 5.8 7 8.4 10 13 - - - - 

200 1 2.8 3.3 4 6 7 9 9.4 10 13 17 

 

Table B- 9: N2-based AOS+Silicon dioxide nanoparticles foams half-life at high temperature and high pressure using third-generation foam study setup. 

 

 

 

Temperature 

(°C) 

 

1wt% AOS + 0.1wt% Silicon dioxide 

 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 500 psi 600 psi 800 psi 1000 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 50 63 86 90 94 100 115 120 140 150 160 

120 9 - - - - - - 70 80 100 125 

150 4.5 6 7 9 12 20 27.5 35 42 60 100 

180 2 - - - - 
 

- - - - - 

200 1.3 1.5 2 2.6 3 4 7 8 9 13 17 
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SDS FOAMS 

Table B- 10: N2-based SDS foams half-life at high temperature and high pressure using second-
generation foam study setup. 

 

 

Temperature 

(°C) 

1wt% SDS 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 6 8.4 9 10 10.5 11.6 15 

120 3.6 4 5 5.5 7 8.2 9 

150 1 1.5 1.8 2.2 2.4 3.8 4 

180 0.3 0.5 0.6 1.3 1.33 1.6 2 

200 0.13 0.22 0.29 0.34 0.42 0.5 0.44 

 

Table B- 11: N2-based SDS+Guar foams half-life at high temperature and high pressure using second-
generation foam study setup. 

 

 

Temperature 

(°C) 

1wt% SDS + 0.36wt% Guar 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

7.8 9 11 13 13 17 18 

100 4 5 8 5.7 10 11 12 

120 1.3 1 2 2.4 3 2.5 4.2 

150 0.8 0.9 1 1.2 1.6 2 2.3 

180 0.16 0.26 0.4 0.5 0.63 0.9 1.05 
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Table B- 12: N2-based SDS+Crosslinker foams half-life at high temperature and high pressure using 
second-generation foam study setup. 

 

 

 

Temperature 

(°C) 

1wt% SDS + 0.1wt% Crosslinker + 0.36wt% Guar 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 7 8 10 8 11.7 14 20 

120 3.8 3.3 5.5 5 8 5 13 

150 1 2.1 1.6 2.1 2.8 3.5 6 

180 0.3 0.4 0.66 0.6 1.4 0.8 2.8 

200 0.15 0.25 0.3 0.45 0.5 0.6 0.8 

 

Table B- 13: N2-based SDS+Graphene Oxide foams half-life at high temperature and high pressure using 
second-generation foam study setup. 

 

 

Temperature 

(°C) 

1wt% SDS + 0.05wt% GO 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 10 12 15 16 17 19 23 

120 4.8 6.5 9 10 12 16 15 

150 2 2.3 2.5 3.4 4 6 8 

180 1 1.5 1.8 1.9 2 2.8 3.3 

200 0.20 0.33 0.44 0.63 0.75 0.78 0.8 
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Table B- 14: N2-based SDS+Bentonite Clay foams half-life at high temperature and high pressure using 
second-generation foam study setup. 

 

 

Temperature 

(°C) 

1wt% SDS + 0.36wt% Bentonite Clay 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 8 11 13 14 15 17.5 22 

120 4.5 5.8 9.6 10.2 11.7 13 14 

150 1.8 2 2.2 3 3.5 5 7.5 

180 0.8 1 1.2 1.5 1.9 2.5 3 

200 0.18 0.3 0.42 0.55 0.69 0.75 0.78 
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NP-40 FOAMS 

Table B- 15: N2-based NP-40 foams half-life at high temperature and high pressure using second-
generation foam study setup. 

 

 

 

Temperature 

(°C) 

1wt% NP-40 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 10 13 20 28 30 56 60 

120 4 6.3 11 15 18 21 20 

150 1.2 2.5 2.6 3 3.2 4 5.5 

180 0.32 0.8 0.9 1.8 2.2 2.7 3 

200 0.17 0.3 0.33 0.5 0.6 1 1.2 

 

Table B- 16: N2-based NP-40+Guar foams half-life at high temperature and high pressure using second-
generation foam study setup. 

 

 

 

Temperature 

(°C) 

1wt% NP-40+Guar 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 13 15 28 15 40 18 90 

120 6 9.4 15 12.3 25 27 35 

150 1.5 2.7 4 4.2 4.5 5 8 

180 0.4 1 1.6 2 3 3 4 

200 0.30 0.36 0.5 0.66 1 1.4 1.7 
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Table B- 17: N2-based NP-40+Crosslinker foams half-life at high temperature and high pressure using 
second-generation foam study setup. 

 

 

 

Temperature 

(°C) 

1wt% NP-40+0.1wt% Crosslinker + 0.36wt% Guar 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 14 13 30 40 51 60 110 

120 10 11 18 23 28 17 58 

150 1.5 2.3 4 3.3 5 4.5 10 

180 0.5 0.6 1.8 0.77 3.8 1 5 

200 0.30 0.35 0.58 0.62 1.5 1.73 2 

 

Table B- 18: N2-based NP-40+Graphene Oxide foams half-life at high temperature and high pressure 
using second-generation foam study setup. 

 

 

 

Temperature 

(°C) 

1wt% NP-40+0.05wt% GO 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 18 25 50 60 67 80 100 

120 12 20 28 29 30 40 50 

150 3 5 7 7.5 8 10 12 

180 1 1.3 1.9 3 5 6 7 

200 0.50 0.55 0.6 1 1.8 2 2.8 
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Table B- 19: N2-based NP-40+Bentonite Clay foams at high temperature and high pressure using second-
generation foam study setup. 

 

 

 

Temperature 

(°C) 

1wt% NP-40+0.36wt% Bentonite Clay 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 11.2 15 25 30 35 55 70 

120 4.8 8.2 12 15 20 23 25 

150 1.8 2.2 3.3 3.6 4 5 8 

180 0.77 1.3 1.5 2.3 2.7 3.1 3.5 

200 0.4 0.46 0.5 0.66 0.74 0.9 1.6 
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CTAC FOAMS 

Table B- 20: N2-based CTAC foams half-life at high temperature and high pressure using second-
generation foam study setup. 

 

 

 

Temperature 

(°C) 

1wt% CTAC 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 4 5 6.9 8 9 9.8 25 

120 2.2 2.6 5 5.6 6 6.3 12 

150 0.8 1.5 1.9 2.3 2.5 3 4 

180 0.2 0.3 0.33 0.5 0.75 0.8 1 

200 0.10 0.2 0.26 0.28 0.33 0.37 0.6 

 

Table B- 21: N2-based CTAC+Guar foams half-life at high temperature and high pressure using second-
generation foam study setup. 

 

 

 

Temperature 

(°C) 

1wt% CTAC+ 0.36wt% Guar 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 13 12.5 14 16 20 33 35 

120 7 5 6.3 7.8 9 15 18 

150 0.8 1.6 2.2 2.8 3 3.4 4.5 

180 0.3 0.46 0.52 0.6 1 0.88 1 

200 0.35 0.4 0.44 0.5 0.55 0.71 1.1 
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Table B- 22: N2 based CTAC+Crosslinker foams half-life at high-temperature and high-pressure using 
second-generation foam study setup. 

 

 

 

Temperature 

(°C) 

1wt% CTAC + 0.1wt% Crosslinker + 0.36wt% Guar 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 14 13 16 18 25 35 40 

120 10 11 13 13.5 15 17 32 

150 1.5 2.3 3 3.3 4 4.5 8 

180 0.5 0.6 0.7 0.77 0.8 1 2 

200 0.40 0.48 0.5 0.65 0.7 0.83 2.3 

 

Table B- 23: N2-based CTAC+Graphene Oxide foams half-life at high temperature and high pressure 
using second-generation foam study setup. 

 

 

 

Temperature 

(°C) 

1wt% CTAC + 0.05wt% GO 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 15 15.3 15.8 20 24 34 38 

120 11 12 13 14 15 25 30 

150 1.8 3 4 4.6 5 8 10 

180 0.5 0.66 0.77 0.85 1 2 3 

200 0.45 0.52 0.6 0.77 0.8 1.5 2.5 
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Table B- 24: N2-based CTAC+Bentonite Clay foams half-life at high temperature and high pressure using 
second-generation foam study setup. 

 

 

 

Temperature 

(°C) 

1wt% CTAC + 0.36wt% Bentonite Clay 

Pressure 

100 psi 150 psi 200 psi 250 psi 300 psi 350 psi 400 psi 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

Half Life 

(min) 

100 12 12.5 13 16 22 25 32 

120 8 10 12 12.5 12 14 15 

150 1.2 2 4.8 5 5.5 7 9.5 

180 0.32 0.75 0.83 1 1.2 2 3 

200 0.5 0.56 0.65 0.7 0.8 1.2 2.5 
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APPENDIX C: EFFECT OF PRESSURE ON FOAM HALF-LIFE 

In contrast to the effect of temperature, pressure positively affects foam stability. The density 

of the dispersed phase (N2) and the viscosity of the foam base fluid play an important role in 

thermal stability. With increased pressure, the N2 density and fluid viscosity increased, leading to 

more stable foams at high pressures. Also, because of gas compressibility and varying pressure 

profiles in the foam generator, the influence of pressure on the foam structure reduced drainage 

time. Thermally stable foam at high pressure is well studied qualitatively in literature work [108], 

[109], which experiment showed that mean bubble size significantly decreases at high generation 

pressure. Also, low gas mobility between the bubbles causes the liquid to flow from areas with 

lower surface tension to areas of higher surface tension and stabilizes foam lamella border and 

reduces the drainage rate. This phenomenon is termed as Marangoni effect [110]–[112], which is 

accelerated under high pressure. Moreover, foam bubbles become smaller with increasing 

pressure, reducing coalescence, and enhancing foam stability. Thus, any judgment on foam 

stability must consider the effect of generation technique and pressure on foam structure.  

Experimental results of this research were helpful to illustrate the first-ever studied quantitative 

analysis of foam half-life under the influence of increasing pressure at various constant 

temperatures for AOS as surfactant with different stabilizing agents. The effect of pressure on 

foam half-life was modeled as power law which is described as shown in Eq. 10 with goodness fit 

(𝑅2̅̅̅̅ ) at 0.97, as seen in Figure C-1. 

 

𝒕 = 𝒑𝟎(𝟏 + 𝑷)𝒂′
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Figure C- 1: Power model fitting curves show pressure's effect on foam half-life at 200°C. 
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Table C- 1: Fitting results at 100°C, 150°C, and 200°C. 

 

Data set 

100°C 150°C 200°C 

P0 (min) a'  

(1/K) 
R

2

 P0  

(min) 

a'  

(1/K) 
R

2

 P0 

 (min) 

a'  

(1/K) 
R

2

 

AOS  1.86 0.55 0.90 3.9x10-6 2.33 0.97 8.49x10-5 4.77x10-5 0.99 

AOS+Guar  4.18 0.54 0.90 4.94x10-4 1.72 0.99 6.71x10-4 2.73x10-4 0.99 

AOS+Clay  2.13 0.57 0.95 5.34x10-7 2.72 0.97 1.46x10-4 4.1x10-5 0.99 

AOS+Crosslinker  9.79 0.43 0.94 2.34x10-4 1.84 0.99 0.022 0.016 0.97 

AOS+GO  13.99 0.38 0.90 0.0014 1.61 0.97 0.045 0.0159 0.99 

AOS+SiO
2 
 8.32 0.42 0.94 0.0013 1.62 0.97 0.006 0.004 0.97 

          

Here P is pressure in psi, 𝑝0, and a’ are fitting parameters. Figure 4.8 shows an example of 

curve fitting for the power model on foam half-life at 200°C. Curve fitting results to the power 

model are listed in Table C-1 for 100°C, 150°C, and 200°C. From Table 4.5, it is observed that 𝑝0 

significantly changes its value with an increase in temperature and slight change with different 

foam compositions. Fitting parameter 𝑝0 is seen to decrease with an increase in temperature and 

stable foam composition. Similarly, fitting parameter a’ is called growth rate for a given foam 

composition. The growth rate increases with the addition of stabilizing agents compared to only 

surfactants. On the other hand, a’ considerably drops with an increase in temperature to 200°C. 

This section on the effect of pressure on foam stability is a preliminary study on the unified effect 

of temperature and pressure on foam half-life. Further analysis of the fitting parameters from will 

be performed to define its physical meaning in foam stability. 
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