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Abstract: Ultra-low permeability reservoirs are characterized by small pore throats and poor physical properties, which are at the root of well-known problems related to injection and production. In this study, a gas injection flooding approach is analyzed in the framework of numerical simulations. In particular, the sequence and timing of fracture channeling and the related impact on production are considered for horizontal wells with different fracture morphologies. Useful data and information are provided about the regulation of gas channeling and possible strategies to delay gas channeling and optimize the gas injection volume and fracture parameters. It is shown that in order to mitigate gas channeling and ensure high production, fracture length on the sides can be controlled and longer fractures can be created in the middle by which full gas flooding is obtained at the fracture location in the middle of the horizontal well. A Differential Evolution (DE) algorithm is provided by which the gas injection volume and the fracture parameters of gas injection flooding can be optimized. It is shown that an improved oil recovery factor as high as 6% can be obtained.
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1  Introduction

Ultra-low permeability reservoirs are characterized by small pore throats and poor physical properties [1,2], which are at the root of well-known problems related to injection and production. Water injection development is commonly found to be ineffective, and water flooding often results in unsatisfactory development outcomes. Gas injection flooding, however, is has proven to be an effective method for such reservoirs [3,4], significantly improved recovery when combined with implementing horizontal well hydraulic fracturing [5]. As early as the late 1990s, CO2 flooding became the primary method of EOR in the United States [6,7], with output reaching 855 × 104 t, accounting for 23.6% of the total EOR output in the United States [8]. CO2 flooding experiments were carried out successively in Daqing and Dagang oilfields during the 1960s and 1970s [9], and more than 30 well groups were used for gas injection flooding in Jilin Oilfields, with a production capacity of over 200,000 tons [10]. Development examples of enhanced oil recovery through the injection of natural gas are shown in Table 1, demonstrating the effective enhancement of oil recovery and showcasing promising prospects for the application of natural gas injection in development.
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In terms of hydrocarbon gas injection and gas energy replenishment, Ding et al. conducted an experimental investigating the factors influencing the efficiency of hydrocarbon gas flooding. They found that the addition of propane could improve the efficiency of hydrocarbon gas flooding, while the timing of gas injection following water flooding exhibited minimal influence on the effectiveness of hydrocarbon gas flooding [12]. Furthermore, the incorporation of CO2 into hydrocarbon gas has been shown to substantially augment the displacement effect on oil [13,14]. On the other hand, the addition of N2, CH4, and flue gas has been observed to elevate the minimum miscible pressure required for hydrocarbon gas displacement of crude oil to varying extents [15,16]. Han et al. carried out experiments using both fine tubes and long cores to investigate the miscibility of various hydrocarbon gas/formation oil, analyze displacement characteristics, and elucidate the variation rule of compositional changes in the produced fluid. Their findings revealed that following gas injection breakthrough, the produced fluid exhibited a heightened presence of lighter components and a reduced amount of heavier components [17]. Drawing from laboratory experiments and numerical simulations, Li et al. pointed out that the higher the recombination fraction content of crude oil in deep fracture-vape reservoirs, the lower the ultimate recovery rate of hydrocarbon gas miscible flooding [18].

Regarding the optimization of fracture parameter, Enab et al., Aly et al. conducted simulation-based optimization of fracture parameters for the tight oil reservoir. They found that the number of fracture clusters and fracture conductivity had a significant effect on the repeated fracturing, while the fracture half-length had a limited effect on oil production levels [19,20]. Jiang et al. examined how fracture parameters in single-well fracturing within horizontal wells influence the production of depleted tight oil reservoirs. They devised a parameter optimization approach using a simulated annealing algorithm to enhance the efficiency of the optimization process [21]. Bhattacharya et al. undertook parameter optimization for fracture parameters aimed at enhancing the development of low-permeability reservoirs. They investigated the effects of fracture conductivity and fracture penetration ratio on single-well production post-fracturing as part of their study [22]. While previous studies have made progress in utilizing gas injection to improve recovery in low permeability reservoirs, it is important to note that reservoir modification becomes a prerequisite prior to implementing gas injection strategies in ultra-low permeability reservoirs. The Shun 98 block within the Changqing oilfield represents a characteristic example of a low-pressure, low-permeability reservoir characterized by pronounced interlayer inhomogeneity and insufficient natural energy supply. There is a lack of a joint optimization solution between gas injection and fracture parameters [23–25]. Therefore, this study proposes to investigate the fracture gas fracture pattern and oil drive mechanism under different fracturing technology modes in ultra-low permeability reservoirs with numerical simulation to establish a foundation for enhancing the efficacy of the gas injection development in ultra-low permeability reservoirs.

2  The Regulation of Gas Channeling for Gas Injection Development in Ultra-Low Permeability Reservoirs

2.1 Seepage Mathematical Model of CO2 Injection

Based on the law of phase equilibrium and mass equilibrium, the traditional multi-phase and multi-component seepage model of CO2 injection is derived by using Darcy’s linear seepage law.

The basic assumptions of the model include:

a. Reservoir fluid is oil, gas and water;

b. Fluid flow in reservoir conforms to Darcy law;

c. Reservoir fluid is divided into Nc components, where i = 1 is CO2 component, i = 2, 3, 
⋯
, Nc is a hydrocarbon component;

d. The effect of gravity is not considered;

e. The whole seepage process is an isothermal process;

f. Formation oil and injected gas are the first contact miscible.

The mathematical model of oil, gas and water three-phase multi-component seepage is established. ni,o, ni,g, ni,w represent the molar fraction of the i components of oil, gas, and water, respectively.

The seepage continuity equation of CO2 component (i = 1):


∂∂t[φ(n1,oρoSo+n1,gρgSg+n1,wρwSw)]+div(n1,oρoSo+n1,gρgSg+n1,wρwSw)=q1
(1)

The seepage continuity equation of i component (i ≠ 1):


∂∂t[φ(ni,oρoSo+ni,gρgSg)]+div(ni,oρoSo+ni,gρgSg)=qi(i=2,3,⋯,Nc)
(2)

Eq. (1) has two more terms 
∂∂t(φn1,wρwSw)
and 
div(n1,wρwSw)
than Eq. (2) because the dissolution of CO2 in water is taken into account when CO2 injection.According to Darcy’s law, the effect of gravity is not considered. If 
Tl=KKrlμlρl, l=o,g,w
, the three-phase multi-component seepage mathematical model of CO2 injection can be obtained. Therefore, the seepage mathematical equation of CO2 component (i = 1) can also be expressed as:


∂∂t[φ(n1,oρoSo+n1,gρgSg+n1,wρwSw)]=∇(Ton1,o∇po+Tgn1,g∇pg+Twn1,w∇pw)+q1
(3)

Based on the law of phase balance and material balance, Darcy’s linear seepage law is used to deduce the traditional three-phase seepage model of multi-component oil, gas and water in CO2 injection, which lays a foundation for the numerical simulation of CO2 injection.

2.2 Reservoir Simulation Model

Ordos Basin is a low-pressure and low-permeability reservoir characterized by its low permeability, poor reservoir physical properties, strong inter-formation inhomogeneity and insufficient natural energy supply, etc. Crude oil cannot be recovered very effectively by water injection. At present, some progress has been made in the hydraulic fracturing of gas injection development in the ultra-low permeability reservoir development pilot area in Shun 98 area of Changqing oilfield. The hydrocarbon gas or CO2 gas injected into the well is dissolved in the oil under formation conditions, which reduces the viscosity of the oil and replenishes the energy of the formation, which is very beneficial for production, but it is easy to produce gas scrambling. Therefore, carrying out the study of hydrocarbon gas injection to enhance recovery in the long 8-layer section in this area will play a key role in the development of gas injection in ultra-low permeability reservoirs and improve economic efficiency.

We established a numerical simulation model for different fracturing technology modes, including straight well injection horizontal well extraction in a five-point well network. The dimensions of this model is 410 m × 760 m × 8 m, and the model baseline data are shown in Table 2.
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The five-point well network primarily comprises vertical-horizontal well in various geometrical shapes, such as rectangular, spindle, triangular and dumbbell shapes, as shown in Fig. 1. A numerical simulation model is established to investigate different fracturing technology modes in the five-point well network. This model allows for the analysis of fracture channeling patterns, their timing, and the corresponding effects on production enhancement based on different fracture morphologies.
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Figure 1: Schematic diagram of different fracturing technologies models for horizontal wells in: (a) rectangular shape, (b) spindle shape, (c) triangular shape, (d) dumbbell shape

2.3 The Regulation of Gas Channeling under Different Fracture Morphology

Using a consistent gas injection volume (19 × 106 m3) of associated gas injection and a bottom flow pressure of 8 MPa in the production well, the effect of gas channeling under different gas rate ranging from 1500 to 5000 m3/d in a single well was evaluated, as shown in Fig. 2. Gas channeling in the gas injection development is determined by the production gas-oil ratio, with a reservoir considered to be experiencing gas channeling when the production gas-oil ratio exceeds 600 m3/m3. The results indicate that as the gas rate increases, the time of gas channeling decreases in the five-point well network with the horizontal wells. Among the four fracture morphologies considered, the spindle fracture morphology demonstrates a significantly delayed gas channeling compared to the other three fracture morphologies. This delay can be attributed to the presence of short side fractures within the spindle morphology.

[image: images]

Figure 2: Time of gas channeling with different fracture morphologies

The injection rate of associated gas will remain constant at 3500 m3/d, while the bottom flow pressure of the production well will be maintained at 8 MPa. Fig. 3 compares the cumulative oil production from a single fracture with different fracture morphologies. Notably, the presence of side fractures in the spindle shape results in lower cumulative oil production compared to other fracture morphologies. However, the middle fracture can consistently demonstrates a high oil production effect due to the retardation of gas channeling. Therefore, to retard gas channeling and ensure optimal production, it is recommended to control the length of fractures on the sides while creating longer fractures in the middle. This strategy enables complete gas flooding at the middle fracture location within the horizontal well, thus ensuring that the gas drive effectively reaches this critical point.
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Figure 3: Cumulative oil production of each fractures with different fracture morphology

3  Seepage Mechanism with Different Fracture Morphologies

Compared to water injection development, gas injection development is more susceptible to gas flow along fractures. However, a clear understanding of gas flow characteristics in gas injection development with different fracture morphologies are lacking. Therefore, in order to investigate the seepage mechanism of gas injection development in horizontal wells with different fracture morphologies and establish a foundation for optimizing gas injection and fracture parameters, fracture seepage characteristics and fracture contribution analysis were conducted within the well group unit using the aforementioned model parameters. For the rectangular shape fracture morphology, the fracture half-length is set at 80 m. In the evolved two-stage fracture morphology, the combined fracture half-length is 100 and 140 m, while the three-stage fracture morphology features a combined fracture half-length of 80, 100 and 160 m, as shown in Fig. 4.
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Figure 4: Fracture morphology evolution

3.1 Seepage Mechanism Two-Stage Fracture Morphology Gas Injection Development

Based on the countermeasure of delaying gas channeling observed in the evolution of the rectangular shape network, a two-stage fracture morphology is proposed to explore the seepage mechanism of gas injection development with different fracture half-lengths. The study assumes a constant fracture conductivity of 200 mD·m and an injection rate of 3500 m3/d for a duration of 15 years.

Fig. 5 demonstrates an important observation: as the length of the side fractures decreases, the duration of gas channeling increases, resulting in higher cumulative oil production in the two-stage fracture morphology. Additionally, the production contribution rate of the side fracture and the time duration of gas channeling gradually increase with longer central fractures, ultimately contributing up to 50% of the production from the horizontal well. The optimal fracture parameters are determined to be 80 m for side fractures and 120 m for central fractures. However, when comparing the results to the rectangular fracture morphology, it becomes evident that longer central fractures lead to premature gas channeling. Therefore, considering a three-stage fracture morphology might be a viable option.
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Figure 5: Time of gas channeling and production contribution rate in two-stage fracture morphology with different fracture morphologies

3.2 Seepage Mechanism of Three-Stage Fracture Morphology Gas Injection Development

Based on the insights gained from the two-stage fracture morphology, we propose a three-stage fracture morphology to further investigate the seepage mechanism of gas injection development with different fracture half-lengths. The study maintains a constant fracture conductivity of 200 mD·m and an injection rate of 3500 m3/d over a 15 years period.

Fig. 6 emphasizes the importance of controlling the half-length of the first two sections of the fracture in the three-stage fracture morphology. The production experiences a rapid increase, but it reaches a plateau when the half-length of the middle fracture exceeds 160 m. Interestingly, the cumulative oil production from the side and middle fractures remains fairly consistent despite variations in fracture half-length. However, in contrast to the two-stage morphology, the total production increases as the length of the middle fracture grows. Thus, the three-stage fracture morphology strategy focesus on optimizing the length of the first section of the fracture while maximizing the length of the middle fracture to enhance production.

[image: images]

Figure 6: Production contribution rate in three-stage fracture morphology with different fracture morphologies

Figs. 7 and 8 present the results the time of gas channeling and production contribution rate for different fracture morphologies. It is evident that the three-stage fracture morphology outperforms other configurations in both evaluation indexes. The findings highlight the susceptibility of side fractures to gas channeling. Short fractures prove beneficial in delaying gas channeling, while middle fractures exhibit greater resistance. Long fractures, on the other hand, facilitate the injection of gas waves and enhance lateral displacement of crude oil into the fractures. These findings provide valuable insights for selecting fracture morphologies, including fracture half-length and development parameters such as gas injection rate, for effective implementing of fracturing measures in the field.
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Figure 7: Time of gas channeling with different fracture morphologies
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Figure 8: Production contribution rate with different fracture morphologies

4  Optimization of Fracture Parameters Based on Differential Evolutionary Algorithm

4.1 Joint Optimization Workflow of Gas Injection Volume and Fracture Parameters

In the gas injection development of fractured horizontal wells in ultra-low-permeability reservoirs, optimizing fracture parameters is crucial for improving oil recovery and mitigating gas channeling. These parameters include fracture morphology, number of fractures, fracture half-length, fracture conductivity, and gas injection volume. To accomplish this optimization, the paper proposes to use the Differential Evolution (DE) algorithm to jointly optimize the gas injection volume and fracture parameters.

DE is an adaptive global optimization algorithm that operates based on the cooperative and competitive processes within population. By simulating these processes through random search and selection memory in the continuous domain space, DE solves optimization problems. The algorithm is characterized by its simplicity, requiring only a few control parameters, namely the crossover probability and scaling factor, and it is robust and easily implementable. In the DE algorithm, the population represents the evolving entity and comprises multiple groups of individuals. The algorithm involves four genetic operations, including population initialization, mutation, crossover, and selection. A generation of evolution is completed once all individuals within the population have undergone these four genetic operations.

In the scheme design, the optimization of fracture parameters for gas injection and fracture is conducted, considering two-stage and three-stage fracture morphology based on the rectangular fracture shape. By employing the Latin hypercube sampling method, different combinations of fracture parameters are generated to form a machine learning optimization sample set, consisting of a total of 2000 samples. As is shown on Fig. 9, the optimization process begins with parameter initialization, providing initial values for four input parameters: fracture morphologies, number of fractures, fracture half-length and fracture conductivity. And then the DE algorithm is utilized to update the variables, randomly updates within the specified range are performed while adhering to the constraints. The adaptation value of each individual in the population is calculated, and an iteration loop is initiated. The variation, crossover, and selection operations are sequentially carried out until the termination condition is met. The number of iterations is incremented, and the next iteration begins. The adaptation value of each individual is recalculated until the maximum number of iterations is reached, ultimately yielding the optimal solution obtained through automatic preference.

[image: images]

Figure 9: Optimization workflow of fracture parameters

4.2 Optimization Design of Fracture Parameters

Taking the three-stage fracture morphology as an example, Table 3 shows the statistical information of cumulative oil production and recovery degree before and after optimization. The optimized scheme outperforms the maximum value in the design scheme, resulting in higher oil production and recovery factor. This indicates that the optimized scheme yields the most favorable development effect with significantly increased cumulative oil production, surpassing the initial scheme by approximately 11.94%.

[image: images]

Fig. 10 displays the oil saturation distribution before and after optimization, demonstrating a substantial decrease in oil saturation within the central fracture area across the well group following the optimization process. Specifically, the optimization strategy effectively converts the previously localized high-efficiency residual oil repulsion at the side of the horizontal well into a uniform repulsion across the entire horizontal section. This transformation successfully delays gas channeling and reducing the inefficient circulation of injected gas. Consequently, it enhances the gas utilization rate and achieves an optimal development effect.

[image: images]

Figure 10: Comparison of oil saturation map in three-stage fracture morphology

Before optimization, the fracture parameters were as follows: a constant gas rate of 3500 m3/d, 10 fractures with a length of 150 m, and a fracture conductivity of 200 mD·m. Based on the DE algorithm, the optimal fracturing parameters for the two-stage fracture morphology were determined. These parameters consist of a gas rate of 3400 m3/d, 6 fractures on the side with a length of 80 m, 4 fractures in the middle with a length of 180 m, and a fracture conductivity of 180 mD·m. For the three-stage fracture morphology, the optimal parameters obtained through the DE algorithm were as follows: a gas rate of 3800 m3/d, 2 fractures on the side with a length of 80 m, 4 fractures in the second section with a length of 160 m, 4 fractures in the middle with a length of 160 m, and a fracture conductivity of 200 mD·m.

As can be seen from Fig. 11, comparing the oil saturation distribution under the two fracture morphologies. A distinct advantage of the three-stage fracture morphology is observed, wherein the presence of a short and fixed second fracture results in significant production during the gas channeling. Furthermore, increasing the fracture length in the middle has minimal influence on the dead zone between the gas injection wells. The oil recovery factor for the three-stage fracture morphology stands at approximately 32.18%, while the two-stage fracture morphology achieves around 28.94%. Therefore, considering the time of gas channeling and the fracture conductivity, it is evident that the three-stage fracture morphology is superior in terms of delaying gas channeling and increasing production.

[image: images]

Figure 11: Oil saturation distribution in 15 years of gas flooding with different fracture morphologies

5  Conclusion

1.    Among the four fracture morphologies of horizontal wells, an increase in gas injection reveals that the rectangular fracture morphology has better energy replenishment effect. However, it falls short in terms of both production increase and the time required for gas channeling when compared to the spindle shape. When considering the development characteristics of the four fracture morphologies, it is evident that the spindle pattern yields the best development effect.

2.    Compared with the rectangular fracture morphology, it is important to note that excessively long second section fractures under the two-stage fracture morphology can lead to earlier gas channeling. And the three-stage fracture morphology proves to be more effective in delaying gas channeling and increasing production, so as to achieve sufficient gas drive within the middle of the horizontal well. Therefore, considering practical field applications, the adoption of a three-stage fracture morphology for fracture placement can be considered as a viable approach to mitigate gas channeling occurrences.

3.    The fracture parameters were as follows: a constant gas rate of 3800 m3/d, 2 fractures in the side with a length of 80 m, 4 fractures in the second section with a length of 160 m, 4 fractures in the middle with a length of 160 m, and a fracture conductivity of 200 mD·m.
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Table 3: Comparison of statistical information in three-stage fracture morphology
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Table 2: Basic parameters of model

Parameter Value Parameter Value
Grid cell number (I X J X K) 41 x 76 x4  Permeability 0.25 mD
Reservoir model thickness 2m Well distance 400 m
Reservoir pressure 17.2 MPa Fracture conductivity 200 mD'm

Reservoir porosity 8.8%
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