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Compared to conventional fracturing techniques, foam fracturing has numerous advantages, including good shear resistance, strong sand carrying capacity, low fluid loss, low damage, and fast return rates. It is particularly suitable for stimulation in low pressure, low permeability, and water-sensitive formations. Specifically, CO2 foam fracturing is crucial in energy savings and emission reductions, controlling the expansion of reservoir clay minerals, reducing crude oil viscosity, and improving the production of water-locked reservoirs. In this paper, we investigate the foam fracturing fluid and evaluate its performance. We selected thickeners with good foaming stability and foaming agents with excellent performance at low dosage levels, based on experimental evaluation. We finally determined the formulation of the foam fracturing fluid by analyzing the experimental data, such as foam half-life, foam mass, and viscosity. We experimentally evaluated the viscosity, static sand settling properties, and rheological properties of the fluid. After being tested on the reservoir core, the foam fracturing fluid has a viscosity of 2 mPas. Moreover, the residue content is 1.1 mg/L, the surface tension is 24.5 mN/m, and the interfacial tension is 1.5 mN/m. The fluid-carrying sand experiment of 40–70 mesh ceramic particles, commonly used in shale gas fracking, was evaluated. The sand-to-liquid ratio was set at 40% for the static sand-carrying experiment. The flow of the fluid-carrying sand was good, and the settling property was satisfactory for 3 h. We used shale reservoir cores from well W-1 to assess the rate of foam fracture, which was less than 19%. Under the experimental conditions of a shear rate of 170 S−1 and a temperature of 90°C, the viscosity of fracturing fluid was measured to be greater than 50 mPas, 90 min after shear, demonstrating the excellent temperature and shear resistance of the foam fracturing fluid. Using CO2 foam fracturing fluid can significantly improve the reconstruction effect of low permeability hydrocarbon reservoirs (especially unconventional reservoirs) and solve problems related to water resources and environmental protection during the process of oil and gas reservoir development. It will be a major factor in improving construction impacts and addressing water and environmental concerns for low permeability hydrocarbon reservoirs, particularly unconventional ones that utilize CO2 foam fracturing fluids.
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1 INTRODUCTION
In recent years, with the rapid development of shale gas, the exploration and development of shale reservoirs have attracted more and more attention. The fracturing technology of shale reservoirs has become an important research area in the petroleum industry. China is rich in shale gas resources. The country’s shale gas geological reserves are estimated at 134.42 trillion cubic meters, with a recoverable resource potential of 25.08 trillion cubic meters. This is roughly equivalent to the United States’ technically recoverable reserves of 28 trillion cubic meters. Based on the US development experience, the key and core technology for efficient exploration and development of shale gas is horizontal well volume fracturing with slick water (Harris and Reidenbach, 1987; LIU et al., 2004; WANG et al., 2004; Yang et al., 2006; Tan et al., 2020; Tan et al., 2021; Huang et al., 2023). However, this development technique requires large amounts of water and can cause significant damage to the environment. According to the statistics of the US Environmental Protection Agency (EPA), a single shale gas well can consume approximately 0.76–2.39 ten thousand tons of water. While the United States is relatively water-rich and can roughly meet their development needs, China’s relative lack of water resources makes it challenging to meet the huge demand for clean water (Reidenbach, 1986; Cawiezel, 1987; Harris and Heath, 1996; Zheng et al., 2020). In addition, the clay mineral content is relatively high in shale gas reservoirs in China, with terrestrial shale gas reservoirs having a clay mineral content of more than 60%. When conventional water-based fracturing fluids are used in these reservoirs, the clay minerals expand in contact with the water and cause significant permeability damage in shale reservoirs. Shale gas reservoirs in China are generally low in pressure and this may cause conventional water-based fracturing fluids to consume large amounts of water, thus causing significant damage to reservoirs, as well as having a low rate of return. Therefore, rather than simply copying other technologies, it is urgent to develop advanced fracturing technologies that use less water (or no water), are environmentally friendly, and cause relatively little damage to the reservoir (TUDOR et al., 1994; MAZZA and QUID, 2383; Luo XiangRong et al., 2014).
Foam fracturing fluids are a major achievement in liquid technology. They are liquid formations that disperse nitrogen or carbon dioxide as bubbles in water, acid, methanol/water mixtures, or hydrocarbon liquids. These fluids usually consist of 70%–80% gas (nitrogen or carbon dioxide) and water-based polymer. They can be considered as emulsions of gas-coated liquid, providing high viscosity and excellent proppant carrying capacity. Due to their low damage to oil and gas reservoirs, strong flowback capacity, small filtration loss, high fluid utilization efficiency, appropriate viscosity, and strong sand carrying capacity, foam fracturing fluids hold a significant position in frac fluid systems. As the world focuses more on carbon emissions and the demand for natural gas increases, the utilization of CO2 will receive increased attention.
The properties of CO2 foam fracturing fluid also have an impact on hydraulic fracture propagation. Several authors have reported the high performance of CO2 foam due to its unique and favorable rheological characteristics (Barati and Liang, 2014; Sun et al., 2014; Li et al., 2015; Wanniarachchi et al., 2017; Ahmed et al., 2019; Ahmed S. et al., 2021). However, the flow behavior of foam, especially under operating conditions, is difficult to understand and model due to its complex nature. The versatility and uniqueness of foam can be attributed to its significantly higher viscosity compared to its base fluids, and the efficiency of foam fracturing is determined by its complex non-Newtonian behavior (Arezoo et al., 1858; Ahmed et al., 2017a; Jing et al., 2017; Verma et al., 2018; Wang et al., 2018; Ahmed Abdelaal et al., 2021). Numerous authors agree that foam rheology highly influences the design and overall performance of fracturing treatments (Luo X. et al., 2014; Edrisi and Kam, 2014; Gu and Mohanty, 2015; Ahmed et al., 2017b; Fei et al., 2017; Li et al., 2017; Verma et al., 2017; Kartini et al., 2021; Cong et al., 2022; Li et al., 2022; Wang et al., 2022; Gao et al., 2023). Currently, foam fracturing technology has reached a relatively mature stage in terms of indoor research, design, construction, and effectiveness assessment. From the development of foam fracturing fluid technology, it can be summarized into three processes. The first generation of foam fracturing fluids primarily consisted of water, brine, acid, alcohol, and crude oil as base fluids, and were prepared by mixing nitrogen and foaming agents with the base fluids. These fluids feature low filtration loss, strong sand carrying capacity, and fast flowback, but have low viscosity and short foam lifetime, making them only suitable for shallow wells and small-scale fracturing construction (Liu et al., 2020). The second generation of foam fracturing fluid is formed by adding linear glue, a foam stabilizer, to the first generation. In addition to the advantages of the first-generation fluids, the second-generation fluids have a longer foam lifetime, relatively higher viscosity, better sand carrying capacity, etc., making them suitable for frac construction in various wells (Feng et al., 2021). The third-generation foam fracturing fluid uses a delayed cross-linking gel as a foam stabilizer. It has a longer foam lifetime, higher viscosity, and stronger sand carrying capacity compared to the second-generation foam fracturing fluids.
The CO2 foam fracturing fluid not only increases the viscosity of the fracturing fluid but also effectively controls the filtration of the fluid. In water-sensitive reservoirs, such as shale reservoirs, stable foam quality, low damage, good sand carrying capacity and reliability should also be considered to reduce water consumption.
The purpose of this research is to optimize the carbon dioxide foam fracturing fluid and to improve its applicability to shale reservoirs, so as to improve the fracturing effect and reduce the damage to the reservoir. This paper analyses the characteristics and advantages of carbon dioxide foam fracturing fluid and its applicability to shale reservoirs, and summarizes the research progress in this field. Therefore, we conducted experiments to optimize the thickening agent and foaming agent, to achieve good foaming stability, foaming power, and foaming stability at low dosage levels. We also developed a formulation for foaming fracturing fluid and evaluated its performance in reservoir damage and recovery feasibility. In conclusion, the research and optimization of carbon dioxide foam fracturing fluid suitable for shale reservoir has great theoretical and practical significance for the development of shale gas. By improving the fracturing effect and reducing the damage to the reservoir, it can contribute to the sustainable development of the petroleum industry and the protection of the environment.
2 STUDY ON FORMULA OF FOAM FRACTURING FLUID
Carbon dioxide foam fracturing fluid has the advantages of high viscosity and good carrying capacity, which can effectively reduce the damage of shale reservoirs during fracturing operations, and improve the production performance of shale gas wells. The selection of surfactants, crosslinking agents, and other components in the fluid formulation is an important factor affecting its performance in the field. The thickeners and foaming agents for foam fracturing fluids were experimentally evaluated. A thickener with good foaming properties and a foaming agent with good foaming strength and stability were selected in small amounts. The foam fracturing fluid formulation was developed and the performance of the developed formulation was assessed.
2.1 Experimental methods
The Waring Blender method was used to evaluate the foaming ability and foaming stability of the foaming agent, taking into consideration the characteristics of the foaming fracturing fluid (Dong et al., 2021; Zhu and Zheng, 2021; Ju et al., 2022). The properties of the foaming agent were determined using a high-speed agitator.
To evaluate the foaming ability and foaming stability of the foaming agent, 100 mL of the foaming agent solution (foaming agent + thickening agent + water) was poured into the mud cup and stirred at a specified high speed (>10000 r/min) for 60 s. The foam volume V0 (in mL) when stirring is stopped represents the foaming capacity, while the time (in minutes) when half of the liquid (50 mL) separates the foam represents the foam stability, also known as foam half-life.
2.2 Optimization of thickener
In order to select a thickener that can form a sand washing liquid with good foam stability at a lower dosage, the foam stability performance of the collected thickeners, such as hydroxypropyl guar gum (CT1, CT1WⅠ), Instant solution carboxymethyl cellulose (CMC), carboxymethyl cellulose (CMC) and polyanionic cellulose (PAC), was evaluated and optimized. The evaluation process involved assessing the foam stability of each thickener, which can be seen in Table 1.
TABLE 1 | Bubble stability evaluation of thickener.
[image: Table 1]Firstly, the foam stability performance of hydroxypropyl guar gum (CT1, CT1WⅠ) was evaluated. Next, the foam stability of Instant solution carboxymethyl cellulose (CMC) was examined. Then, the foam stability of carboxymethyl cellulose (CMC) was tested. Finally, the foam stability of polyanionic cellulose (PAC) was assessed. The purpose of this evaluation was to identify a thickener with excellent foam stability properties when used at a lower dosage.
In conclusion, the chosen thickeners were subjected to a comprehensive evaluation and optimization process to determine their foam stability. Table 1 provides a summary of the results.
CT1 thickener was selected as the thickener for foam fracturing fluid due to its superior foam stabilization performance compared to other available options, as indicated in Table 1. The data presented in the table illustrate that CT1 outperforms other thickeners in terms of foam stability, providing a reliable solution for foam fracturing fluid.
2.3 Optimization of foaming agent
The foaming capacity and half-life of various foaming agents, namely, CT1B, CT1S, sodium dodecyl benzene sulfonate (ABS), alkyl betaine (DSB), and CT1C, were evaluated in the thickener solution of CT1WⅡ. Table 1 presents the results, where the foam quality is calculated using the formula (V0-100)/V0. After a comprehensive analysis of the foaming power and stability data provided in Table 2, CT1S was chosen as the ideal foaming agent due to its excellent foaming power and stability. Consequently, CT1S was selected for use in foaming fracturing fluids.
TABLE 2 | Evaluation of foaming power and foam stability of foaming agent.
[image: Table 2]2.4 Determination of dosage of thickening agent
2.4.1 Suspensibility of liquid with different thickening agent dosage
The settling rate of sand in the washing fluid with different dosage of thickening agent (0.2%, 0.3%, 0.4%, and 0.5%) was evaluated at temperatures ranging from 30°C to 90°C, and the results are presented in Table 3. As shown in Table 3, the settling velocity of sand in the liquid increases with increasing experimental temperature. When the dosage of thickening agent is 0.2% and the temperature is 90°C, the sustainability of the liquid is poor. When the dosage of thickening agent is increased to 0.3% or 0.4% and the temperature is 90°C, the sand settles at a rate of 1–10 mm/s. When the dose of the thickening agent was increased to 0.5%, the sand hardly sank.
TABLE 3 | Suspensibility of liquids at different temperatures (mm/s).
[image: Table 3]After foam formation, the apparent viscosity of the liquid increases, which substantially enhances its ability to suspend and carry solid particles. The laboratory evaluation of foam sustainability shows that the sand particles are almost stationary when the dosage of thickening agent is 0.5% at a temperature of 90°C.
2.4.2 Foam stability under different thickening agent dosage
The stability, or half-life, of CT1S foam with foaming agents at 0.3% and thickening agents at 0.2%, 0.3%, 0.4%, and 0.5% were evaluated at temperatures ranging from 15°C to 90°C. As Table 4 shows, the foam half-life decreased as temperature increased. At 90°C, when the thickening agent dosage was 0.2%, the foam half-life was only 0.2 h. But when the dosage was at 0.3%–0.4%, the foam half-life increased to 1.3–2.3 h. Finally, when the dosage reached 0.5% and the temperature remained at 90°C, the foam stability reached a high of 4.1 h. Through a comprehensive analysis of the experimental data on viscosity, foam stability, and half-life, the optimum concentration of thickening agent for the foamed fracturing fluid was found to be 0.5%.
TABLE 4 | Foam half-life at different temperatures.
[image: Table 4]2.5 Determination of foaming agent dosage
To determine the appropriate amount of foaming agent required, a CT1S foaming agent at 0.5%, 1.0%, and 1.5% dosage was tested at 30 °C, while the CT1WⅡ thickener was used at a dosage of 0.5%. The corresponding data obtained from the experiment is stated in Table 5.
TABLE 5 | Foam half-life with different amounts of CT1S.
[image: Table 5]According to Table 5, when the amount of CT1S foaming agent increases from 0.1% to 0.3% under the same experimental conditions, the foam half-life shows an increasing trend. Considering performance and cost factors, the amount of CT1S foaming agent was determined to be 0.3%.
2.6 Formula of foam fracturing fluid
To ensure the formulation of foam fracturing fluid meets the desired requirements, the experimental data on foam half-life, foam mass, and viscosity of individual agents, such as foaming and thickening agents, is analyzed. Subsequently, the formulation of the foam fracturing fluid is determined based on the analysis.
0.5% CT1 thickener +0.3% CT1S foaming agent +0.3% CT1D high temperature stabilizer +0.3% CT1U regulator.
3 PERFORMANCE OF FOAM FRACTURING FLUID FORMULATION
3.1 Preparation method of foam fracturing fluid
Preparation of the fracturing fluid base: Place the desired liquid mixture in a paddle mixer and adjust the mixer rotation speed until the mid-axis of the paddle blade is visible from the vortex. Next, add the regulator, temperature stabilizer, and potassium chloride to the water and stir until they are well mixed. Slowly pour in the thickener while stirring and stop once an even solution is formed. Pour the mixture into a beaker and let it swell for 4 hours to form the fracturing fluid base.
Preparation of the water-based fracturing fluid: Add the designed proportion of foaming agent to the fracturing fluid base and stir well to form water-based fracturing fluid without foaming. Preparation of the foaming fracturing fluid: Pour a certain volume of the base fluid of the fracturing fluid into a Waring blender, add the designed proportion of foaming fluid, and seal the blender. Inject CO2 slowly into the solution and set the blender speed to 700 r/min. Stir for 5 min and stop once the desired froth volume is achieved. The prepared CO2 foam fracturing fluid is shown in Figure 1, which was used to evaluate its performance in experiments.
[image: Figure 1]FIGURE 1 | Configured CO2 foam fracturing fluid.
3.2 Gel breaking performance of foam fracturing fluid
The residue content test of foam fracturing fluid is carried out according to the oil and gas industry standard SY/T5107-2005″Performance Evaluation Method of Water-based Fracturing Fluid”. Firstly, the prepared 1,000 mL foam fracturing fluid was evenly divided into two groups. Then, 600 ppm of the gel breaking agent was added to each group. The gel was broken at 90 °C. After thorough gel fragmentation, centrifugal separation was performed. The separated residue was dried and weighed at 105°C ± 1°C to determine the content of residue in the fracturing fluid. The results of the tests are given in Table 6. The residue content of the gel breakup liquid is calculated as follows.
[image: image]
[image: image] — Residue content in breaking liquid, mg/L. [image: image] — Residue quality, mg. [image: image] — Fracturing fluid volume, mL.
TABLE 6 | Gel breaking properties of foam fracturing fluid.
[image: Table 6]3.3 Static sand settling performance of foam fracturing fluid
The foam fluid used for fracturing (with 65% Q value) was prepared using the liquid preparation method. Specifically, 200 mL of the foam fluid was added to a beaker, which was then placed in a water bath at a temperature of 90°C for 20 min. During the steady-state water bath, the volume of clear liquid precipitated from the upper layer was recorded at regular intervals, and the results of the liquid static sand settling experiment are shown in Figure 2. The experiments show that this property is uniformly dispersed within the foam after the formation of a stable foam in the fracturing fluid. Due to the interface between bubbles, the foam functions to wrap and support the sand particles used for propping open the induced fractures. As the temperature increases from room temperature to 90 °C, the sand mixture remains uniformly mixed for up to 3 h without showing any obvious delamination phenomena, indicating that the sand-carrying performance is good.
[image: Figure 2]FIGURE 2 | Evaluation of static sand settling performance of foam fracturing fluid.
Figure 3 illustrates the relationship between the settling speed of proppant particles (single particle and sand ratio of 10%) and temperature under different temperatures and foam mass fractions. The temperature range is 20°C–90°C, the volume fraction of CO2 is 45%–75%, and the pressure is 10 MPa. It can be inferred from the analysis of Figure 2 that the settling speed of proppant particles increases with temperature. This is attributed to the increased mobility of guar gum molecules, which consequently accelerates the thermal fracture of the hydrogen bond of linear guar gum in the liquid system, ultimately leading to the decrease of the effective viscosity of foam fracturing fluid. Meanwhile, the solution elasticity is also reduced to some extent, weakening the sand carrying performance. At the same experimental temperature, the settling velocity of the sand particles increases with the sand ratio. Moreover, the smaller the foam mass fraction is, the larger the particle settling speed is. This finding indicates that foam quality can suspend proppant and improve the sand carrying performance by increasing the foam mass fraction.
[image: Figure 3]FIGURE 3 | Comparison of proppant settling velocity under different temperatures and foam quality. (A) Single particle (B) Sand ratio of 10%.
3.4 Damage performance of foam fracturing fluid
3.4.1 Formation property characteristics of well 1
Figure 4 illustrates the results of a physical parameter analysis of the Longmaxi shale formation in Southwest China. The geological description of this particular section of the well is from 1963.0 to 1981.0 m. The shale is carbonaceous and locally calcareous with both dense and brittle characteristics. Additionally, there are localized pyrite deposits, with graptolites enriched in the section. The columnar bedding is horizontal and developed. Lastly, there are two total seams (both unfilled).
[image: Figure 4]FIGURE 4 | Experimental results of Well 1 reservoir physical properties.
In conclusion, it is necessary for the author to more clearly express the main idea of each section of their writing. Moreover, the use of concise sentence structures can help to create more advanced and targeted expressions. By employing these techniques, the author can write more effectively and help readers more easily comprehend their intended message.
3.4.2 Damage experiment of foam fracturing fluid
After using the shale reservoir core from Well W1, we conducted experiments to evaluate the fracture properties of the foam fracturing fluid. The results of these tests are presented in Table 7. As seen in Table 7, the foam fracturing fluid caused little damage to the shale (less than 19%). In particular, the damage which was caused to the shale by the CO2 foam fracturing fluid was weak.
TABLE 7 | Experimental results of damage performance of foam fracturing fluid on core.
[image: Table 7]3.5 Rheological property of foam fracturing fluid
Foam fracturing fluid rheological properties evaluation method can be obtained by following these steps: Firstly, take 70 mL of base foam fracturing fluid and adjust its pH value to 5.8 by adding 0.3% volume ratio of a regulator. Secondly, add the foaming agent to the mixture as per the design proportion and stir thoroughly. Then, transfer the mixture to the RS6000 high-temperature rheometer closed system and access a carbon dioxide air source. Pressurize the system to 10 bars to ensure that the foam fracturing fluid is saturated with carbon dioxide, and then test its performance against temperature resistance and shear resistance. The results of these tests are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Evaluation result of rheological property of foam fracturing fluid.
According to the experimental results, the foam fracturing fluid has an apparent viscosity greater than 50 mPas, indicating strong spatial structure. The different formulations of the foam fracturing fluid can still maintain their apparent viscosity of more than 50 mPas after long-term shearing at 90°C, indicating excellent thermal and shear resistance.
4 REUSABILITY OF FOAM FRACTURING FLUID
Flowback fluid retrieved from shale gas fracking sites is used in recovery experiments. As shown in Table 8; Figures 6, 7, the viscosity of the foaming fracturing fluid prepared with the flowback fluid is only 24 mPas, much lower than that prepared with clean water. Additionally, the foaming fracturing fluid prepared with the flowback fluid has a shorter half-life of 32 h. This is due to the presence of metallic ions and other components in the flowback fluid, which affect the viscosity, half-life, and other properties of the fracturing fluid.
TABLE 8 | Reusability of foam fracturing fluid.
[image: Table 8][image: Figure 6]FIGURE 6 | Comparison of flowback liquid and clear water.
[image: Figure 7]FIGURE 7 | Foam fracturing fluid base prepared by flowback fluid.
After hydraulic fracturing, the discharged flowback fluid from oil and gas wells must be replenished with liquid CO2, foam stabilizer, and foaming agent after surface treatment. Please refer to Figure 8 for specific treatment procedures. Firstly, the flowback fluid is treated on the surface. Then, liquid CO2, foam stabilizer, and foaming agent are added to replenish the fluid. Finally, the treated flowback fluid is ready to be reused. To improve the coherence of the article, more linking words and proper paragraph structures are necessary. It is also recommended to expand the vocabulary for smoother and more vivid expressions. Additionally, please double check for any grammar and syntax mistakes.
[image: Figure 8]FIGURE 8 | Recovery and treatment process of flowback CO2 foam fracturing fluid.
The process for treating and recovering backflow fluid from fracturing comprises several steps including solid-liquid separation, alkalization, chemical flocculation, oxidation, reverse osmosis, and biochemistry. These steps are aimed at removing different impurities found in the backflow fluid. In the final stage of treatment, dissolved total solids are removed using reverse osmosis membranes, while salts are recovered using methods such as evaporation and crystallization. In case of well sites with different situations, movable or fixed salt factories may be used. As a result of this full treatment process, the treated water is regarded as clean water, suitable for various construction purposes, hence achieving true zero discharge. In the process of application, the injection pressure, foam concentration, and foam quality are the main factors that affect the fracturing effect. Therefore, the performance optimization of carbon dioxide foam fracturing fluid should not only focus on component selection but also on technological innovation, supplemented by laboratory experiments and field trials.
5 CONCLUSION

(1) Through experimental evaluation and study on the performance of foam fracturing fluid, the formula of foam fracturing fluid which is suitable for shale gas reservoir fracturing has been developed. The formula includes 0.5% CT1 thickener, 0.3% CT1S foaming agent, 0.3% CT1D high-temperature stabilizer, and 0.3% CT1U regulator.
(2) The viscosity, static sand settling performance, and rheological properties of the foam fracturing fluid have been evaluated experimentally. The viscosity of the foam fracturing fluid is 2 mPa·s. The residue content is 1.1 mg/L, the surface tension is 24.5 mN/m, and the interfacial tension is 1.5 mN/m. Static sand settling experiments have been performed with 40–70 mesh ceramic particles which are commonly used in shale gas fracking. The sand-to-liquid ratio was set at 40% for the static sand-carrying experiment. The flow properties of the sand-carrying fluid were good, with no property settling within 3 h. Shale reservoir cores from well Wei-1 have been used to assess the rate of foam fracture, which was less than 19%. Under the experimental conditions of shear rate of 170 s-1 and temperature of 90°C, the viscosity of fracturing fluid was measured to be greater than 50 mPa·s, 90 min after shear, demonstrating the excellent temperature and shear resistance of the foam fracturing fluid.
(3) The fracturing flowback fluid retrieved from Changning H3 platform in Southwest China has been used for a recovery experiment. The viscosity of the fracturing fluid base prepared using the flowback fluid is only 24 mPas, which is much lower than the viscosity of the clean water preparation. At the same time, the foam fracturing fluid prepared with the flowback fluid has a shorter half-life of 32 h. The viscosity and half-life of foam fracturing fluids prepared with flowback fluid are worse than those prepared with clean water. The effluent needs to be treated until the treated water quality meets industry standards before it can be reused.
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