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Abstract: Well interference has become a common phenomenon with the increasing scale of horizontal well fracturing. Recent studies on well interference in horizontal wells do not properly reflect the physical model of the post-fracturing well groups and the realistic fracturing process of infill wells. Establishing the correspondence between well interference causative factors and manifestations is of great significance for infill well deployment and secondary oil recovery. In this work, we develop a numerical model that considers low velocity non-Darcy seepage in shale reservoirs to study the inter-well interference phenomenon that occurs in the Santanghu field, and construct an explicit hydraulic fracture and complex natural fracture network model with an embedded discrete fracture model, focusing on the effect of fracture network morphology on well interactions. The model also considers a multi-segment wellbore model to accommodate the effect of inter-well crossflow on wellbore tubular flow. The changes in formation pressure and water saturation during fracturing are performed by controlling the injection pressure and water injection rate. The result shows that the shape of the fracture network generated by the infill well with the old well determines the subsequent fluid and oil-increasing performance of the disturbed well. The synergistic production or competitive relationship formed by fractures with different connectivity between the two wells determines the positive and negative effects of the interference. The paper also investigates the adaptation study of water injection huff and puff schemes for well groups with different connectivity, and demonstrated a potential yield increase of up to 10.85% under adaptation injection. This method of identifying well interference based on the production dynamics of affected wells and the subsequent corresponding water injection method provides valuable references for the selection of secondary oil recovery measures.
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Nomenclature



	λ
	Threshold pressure gradient, Pa/m



	μ
	Dynamic viscosity, Pa·s



	k
	Permeability, m2



	kr
	Relative permeability



	kx
	Permeability on x-direction, m2



	D
	Well diameter, m



	L
	Well segment length, m



	l
	Cell segment length, m



	B
	Formation volume factor



	Bo,w
	Volume factor of oil and water



	A
	Cross-section area of cell units, m2



	Aw
	Cross-section area of well units, m2



	S
	Phase saturation



	Cf
	Unit converting factor



	f
	Friction factor



	vm
	Mixture and phase velocity at the outlet of segment, m/s



	ρ
	Mass density, kg/m3



	p
	Pressure, Pa



	pwell
	Pressure at the inlet of the segment, Pa



	WI
	Well index



	α
	Mobility of oil and water



	θ
	Wellbore inclination angle



	ϕ
	Matrix porosity





1  Introduction

With the application of volumetric fracturing technology in oilfield sites, shale oil and gas is becoming an important fossil energy component in the world [1–4]. The complex fracture network formed by hydraulic fracturing has effectively improved fluid seepage conditions in ultra-low permeability reservoirs, making commercial development of shale oil and gas possible [5–7]. However, with the continuous increase of well pattern density in the process of shale oil and gas development, the interaction between horizontal well groups caused by the deployment of infill wells has become an increasingly common phenomenon [8–11], which has a complex impact on the development of new and old wells. At present, there is no mature understanding of the inter-well interference in horizontal wells dominated by fractures. There is also not enough reasonable research on the adaptability of subsequent treatment methods for fracture channeling [12,13]. Summarizing the production dynamics and corresponding water injection methods of multi-well systems under different characteristic fracture networks is relevant for the deployment of infill wells in shale reservoirs [14].

The occurrence of well interference in horizontal wells has been reported in major shale oil producing regions around the world [15]. Compared with well interference in conventional reservoirs, which is simply caused by overlapping drainage areas, the dynamics of horizontal wells under interference have a more complex performance [16–19]. According to the field data, except for the well groups with negative effects caused by interference, there are still some well groups that have increased production from old wells after the occurrence of the interference [20–23]. It is suggested that this complex and specific dynamic can be attributed to the fact that the interaction of adjacent horizontal wells in shale reservoirs is not only influenced by the overlap of pressure drop during the production phase, but that the fracture system formed by the two wells during the child well fracturing process also plays an important role [24–27]. Gupta et al. [28] summarized the causes of well interference in hydraulic fracturing horizontal wells in their review on fracture hits and proposed three forms of communication between sub-wells and parent wells: (a) through the main hydraulic fracturing fractures (generally considered as fracture hit); (b) interference through thin matrix; (c) interconnected by a natural fracture network in stimulated reservoir volume (SRV). On the other hand, Pei et al. [29] and others have demonstrated by geo-mechanical methods that the pressure drop zones generated by old wells can lead to the offset of the fracture network from child wells, making it more likely to form a connected fracture network between wells, and this phenomenon becomes more significant with the decrease of well spacing. Marongiu-Porcu et al. [30] conducted a fracturing simulation based on an unstructured natural fracture network DFN model when studying the fracture propagation problem and obtained that the propagation mechanism of infill wells is affected by complex parameters, in which reservoir pressure, in-situ stress direction angle and natural fracture network distribution will greatly affect the final fracture network shape after fracturing. In summary, the completion of infill wells can lead to the formation of interconnected fracture networks between wells, which will further affect the production performance of infill wells.

In order to investigate the horizontal well interference appropriately, scholars have conducted some research through analytical methods and numerical methods and obtained some achievements. The semi-analytical model proposed by Thompson [31] used the superposition principle in the space-time dimension to study the production performance and pressure response of the parent well, and quantified the changes of flow characteristic parameters in well completion period caused by horizontal well interference. He et al. [32] developed a semi-analytical interference test model for a multi-stage horizontal well, analyzed the non-uniform flow in the wellbore under the interference of infill wells, and summarized the flow state changes and pressure response characteristics during the process. Chen et al. [33] constructed a two-well semi-analytical model with a complex fracture network, obtained the transient pressure solution through nodal analysis and Laplace transform, classified the flow states in different stages of well interference, and explained their corresponding pressure derivative curves. However, analytical and semi-analytical methods have their restriction on the expression of complex fracture networks. On the other side, Tang et al. [34] studied the pros and cons of well interference by numerical methods and analyzed the effect of reservoir geological factors such as formation pressure and porosity on horizontal well production rate. It shows that a pure pressure drop interaction will lead to a decrease in the production rate of the parent well, and the productivity of the parent well will be improved when hydraulic fractures of two wells have lap joints. Yu et al. [35] used a discrete fracture model(DFM) to construct the dynamic response of well pressure under complex fracture hits and studied the inducing mechanism of specific well interference. The influence of fracture properties on the well interference intensity was analyzed by changing the number of connecting fractures and fracture conductivity. In summary, the current research on inter-well interference in horizontal wells still ignores some key issues in the production process, such as the influence of pressure drop zones in the production of parent wells and the influence of water injection in the fracturing process that led to some of the study’s conclusions not being fully credible.

In this study, we used the production data of a shale oil horizontal well group in the Lucaogou Formation of the Santanghu Basin as a reference to study the development performance of horizontal wells with well interference under the influence of different forms of fracture networks. In this paper, the embedded discrete fracture model is used to explicitly characterize the complex fracture network existing in the stimulated zone, and to accurately describe the property differences and morphological differences of hydraulic fracturing main fractures, connected fractures between wells and complex natural fractures. A multi-segment wellbore model is also used to accommodate the complex cross-flow phenomenon in the fracture network system. We present the production characteristic curves of different types of interference affected wells, and provide an analysis of the adaptability of the well row water injection development scheme based on well connectivity, the effectiveness of water injection huff and puff in well row and single well injection was compared. This provides a valuable model reference for the design of fracture completion in infill child wells and the development of subsequent secondary oil recovery schemes.

2  Methodology

2.1 Low-Velocity Non-Linear Seepage Flow Model

Most of the known shale reservoirs have a seepage characteristic of medium-to-low porosity and ultra-low permeability, which is determined by the micro-nano scale of the pore throat structure in the matrix [36–38]. The Darcy equation based on ideal permeability needs to be revised to describe the low-velocity non-Darcy flow that occurs in this case.

The typical low-velocity non-Darcy seepage curve is shown in Fig. 1, which can be divided into a non-linear zone and a linear zone, Point-a is the minimum threshold pressure gradient, and Point-c is the boundary point between the two regions. As there is no accurate description of the equation of motion for the non-linear stage, it is generally determined by empirical equations. In this paper, the pseudo-threshold pressure gradient model is adopted: Reversely lengthen the linear stage curve to Point b on the pressure gradient coordinate axis, which is then called the pseudo-threshold pressure, using the b-c segment function relationship to approximate fluid motion in low permeability media.
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Figure 1: Diagram of the characteristic motion curve of a low-velocity non-Darcy seepage

The equation of motion in three-dimensional space can be written as:

v={−kkrμ⋅∇p(1−λ∇p)|∇p|>|λ|0|∇p|≤|λ|(1)

where v is the seepage velocity; k is the permeability of the porous medium; kr is the relative permeability of the components; μ is the fluid viscosity; λ= (λx, λy, λz) is the pseudo-threshold pressure,The values of the three components are different in a heterogeneous medium. This expression can be given as:

q=−kkrAμ(Δp−λl)(2)

where A is the cross-section area of cell units; l is the cell segment length. Discrete oil-water two-phase flow model using the finite volume method, in which Ω is the set of all grids, v¯ is outer normal unit vector:

∫Ω¯i,j∂∂t(ϕSo,wBo,w)dΩ−∫Ω¯i,jkrkμo,wBo,w∇p(1−λ∇p)⋅v¯dΓ=∫Ω¯i,jqo,wwellzdΩ(3)

Expression (3) can be written as followed using dispersion theorem:

∂∂t(ϕSo,wBo,w)i,jVi,j−∫α¯i,jkrkμo,wBo,w∇p(1−λ∇p)⋅v¯dΓ=qo,wwell(4)

2.2 Embedded Discrete Fracture Model

The Embedded Discrete Fracture Model (EDFM), derived from the Discrete Fracture Model (DFM), simplifies the method of describing fractures by treating them as two-dimensional quadrilateral fracture slices while retaining the explicit representation of the geometry and orientation distribution of the formation fractures [39,40]. The fracture is treated as a two-dimensional quadrilateral sheet, and the matrix grid is still discretized by the structured grid, which simplifies the calculation while retaining the non-homogeneous inflow characteristics of the fracture and is suitable for the simulation of large-scale fracture network system [41]. The material exchange relationship between fracture and matrix is established by the Non-Neighboring Connection (NNC) as shown in Fig. 2. The calculation method is based on the form of the fracture-matrix contact, Chai et al. [42] gave the detailed calculation formula of the NNC in each case:
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Figure 2: 3 NNC types between matrix system and discrete fractures

where Type 1 represents the NNC between the crack and the matrix, Annc is the area of the fracture sheet in the grid, dnnc is the volume integration of distance from the grid to the fracture surface; Type 2 refers to the contact between two different cracks in the same matrix grid. The characteristic distance needs to be integrated into the fracture segment; Type 3 is the connection type after a fracture is divided by two matrix grids, Tnnc is the half value of the harmonic mean of the fracture conductivity Ti, and the flow model in the presence of the fractures can be constructed by the mass conservation term conductivity coefficient based on the type of NNCs (Table 1).
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2.3 Multi-Segment Wellbore Model

The multi-segment wellbore model is used to describe the influence of the flow through lapped fractures in this work. The wellbore is discretized according to the fracturing perforation section to reflect the contribution of different fracturing sections to the oil well production, and the flow characteristics inside the wellbore under the unequal production characteristics of the wellbore perforation grid are described (Fig. 3).
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Figure 3: Physical model and node diagram of a multi-segment wellbore

Considering the mass conservation of each component in each well section, the continuity equation for immiscibility between oil and water is:

∂m∂t=∇F+∑q(5)

The nodal mass change term m is equal to the flux term F with the source sink term q, which can be put out as the form followed:

(qowell)n+(voAw⋅αoρo¯Bo)n+1−(voAw⋅αoρo¯Bo)n=AwnLndt[(ρo¯Boαo)ni−AccmOni−1](6)

(qwwell)n−(vwαwρwAw)n+(vwαwρwAw)n+1=AwnLndt[(ρwαw)ni−(ρwαw)ni−1](7)

where A is the wellbore cross-sectional area; L is the length of the well segment, vw, vo are the velocities of the water phase, gas phase, and oil phase, respectively, AccmO is the quantity of oil per volume in well segment n in the last time step i-1. We assume a homogeneous flow inside the wellbore, indicating vo = vw. In this example, the gas component term is negligible as there is almost no gaseous hydrocarbon production. The wellbore tubular flow equation mainly involves the initial injection pressure, the kinetic energy conversion term, the frictional loss term and the potential energy conversion term, then according to the fluid Bernoulli equation the pressure loss from segment n and (n−1) can be written as:

(pwell)n−1−(pwell)n+ph,n+pf,n+pa,n=0(8)

where ph,n, pf,n and pa,n are terms representing gravity, friction and acceleration loss, respectively. pa,n can be given as:

pa,n={12Cfρ¯nvm,n2−12Cfρ¯n+1vm,n+12⋅min(1,Aw,n+12Aw,i2)(vm>0)12Cfρ¯n+1vm,n+12⋅max(1,Aw,n+12Aw,i2)−12Cfρ¯nvm,n2(vm<0)(9)

pf,n can be calculated by:

pf,n=ρ¯n(2Cffvm|vm|D)nLn(10)

and ph,n can be calculated by:

ph,n=ρ¯n,n−1Lncos⁡θn(11)

The expression for calculating the source sink term for the perforation wellbore section is as follows:

qowell=αo⋅WI⋅(kx)n(ρo¯kroBoμo)n(pwell−po,n)(12)

qwwell=αw⋅WI⋅(kx)n(ρwwellαwλT)(pwell−pw,n)(13)

3  Simulation and Results

3.1 Model Verification

The shale oil in the Santanghu Basin is mainly volcanic ash deposits, with a gentle structure and a wide range. The physical properties of the reservoir are poor with the permeability generally less than 0.5 mD, the porosity is 8.4% to 19.1% and there are developed fractures and micropores in the formation. It has the characteristics of a typical shale reservoir with high oil saturation, small pore and low permeability. The reservoir temperature is between 50°C and 70°C, which belongs to the low-medium temperature system. The formation pressure is 20.4 MPa, and the pressure coefficient is 0.8 to 1.013, which is a normal pressure system. The density of crude oil is 0.89 g/cm3~0.94 g/cm3, and the viscosity under formation conditions is 58 mPa·s~83 mPa·s which belongs to medium viscosity, high wax condensate reservoirs. Lithology is mainly gray, dark gray tuff, basalt. The oil reservoir has a high oil saturation, mainly between 50% and 90%. The study area is a volcanic shale oil reservoir with a burial depth of 2000 m–3000 m and a thickness of 20–40 m with no significant physical differences between layers. At present, the production of depleted development horizontal wells in the block is decreasing rapidly. In order to increase production and efficiency, the oilfield technical department has adopted measures such as infill drilling and water injection huff and puff, both of which have already carried out pilot tests in the field.

Firstly, a 3D numerical model of well group in the test block is constructed for the well interference phenomenon of infill wells. The model is verified by production history matching. The basic reservoir properties and fracture conductivity parameters used in the model are shown in Table 2. The typical horizontal well J-01 in the target block is selected for history matching. The horizontal section is 1705 m long, and the drilling encountering rate is 91.4%, with 30 stages of perforation, each having 3 clusters. The well model is set according to the above conditions.
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Fig. 4 shows the oil-water relative permeability curve used in the model. Due to the large difference in the oil-water seepage conditions in matrix shale and fractures, two sets of different relative permeability are used to two sets of relative permeability curves are used to reflect the difference in seepage characteristics between the matrix and fractures. The relative permeability curve of oil and water in the matrix refers to the experimental results of conventional hydrophilic shale, while the diagonal relative permeability curve is adopted in fractures. Capillary force curves are obtained from field experiments. The above model parameters are used to conduct the history matching of the typical horizontal well J-01 in the test field. The production history data is from November 2019 to November 2021. We set the liquid rate of the model according to the historical data and compare its daily oil production rate with the record. The comparison between the simulation results of the numerical model and the production data is shown in Fig. 5. It can be considered that the model adopted in this paper is in good agreement with the actual production, and the simulation results have reasonable reference values.

[image: images]

Figure 4: Water-oil relative permeability curve in case model
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Figure 5: Comparison between simulation results and historical production data

3.2 Case Study: Well Interference Types

In order to determine the influence of different forms of fracture networks formed after infill well fracturing on well interference, 3 typical cases based on the actual operation data of the fracturing perforation section and the related fracture propagation research results are designed. In this study, each case consists of two horizontal wells in a simulated field of 800 m × 500 m, as shown in Fig. 6. Case 1 shows that the fracturing sections of two parallel horizontal wells are designed to be in the same lateral position, and the hydraulic fractures generated by the infill wells face the hydraulic fractures of the parent well directly and have lap joints. Case 2 shows that the design of the fracturing section of the infill well is staggered with the parent well and the two wells form a zipper well pattern, while there is no dominant seepage channel for the two wells to interact directly. Case 3 shows that during the construction of the staggered fracturing section, the new hydraulic fractures expand to the fracture network of the parent well due to the influence of the production pressure drop of it and activate the natural fracture network between wells. This simplified treatment of the activated fractures is shown in Fig. 7. The stimulated fracture system is regarded as a single fracture with a permeability slightly lower than that of the hydraulic fracture. Meanwhile, according to the field microseismic data, a group of natural fractures with an azimuth angle of about 60° are distributed in the ground. Therefore, 4000 random natural fractures with azimuth angles between 55° and 75° are randomly generated in the model by statistical methods. In the three cases, the original well PW (Parent Well) is produced at a constant bottom flow pressure of 5 MPa, and the infill well CW (Child Well) starts after 1000 days. The model adopts the initialization method of restart to simulate the high-pressure SRV area generated after the fracturing operation through constant pressure water injection and then starts production with the same system, where the total simulation time is 2000 d.

[image: images]

Figure 6: Map view of three cases demonstrating three fracture network morphologies between parent and daughter wells: (a) Aligned hydraulic fractures; (b) Staggered hydraulic fractures; (c) Staggered hydraulic fractures with joint laps
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Figure 7: Simplified treatment of fractures in the hydraulic fracturing stimulated zone

Fig. 9 shows the variation of formation pressure in the early stage of child well deployment. It can be observed from the figure that the two-well system after the formation of the facing fracture network will receive significant energy supplementation from the original well during the child well fracturing process. The oil pressure on the corresponding side of the PW hydraulic fracture increases significantly, and the low-pressure area near the parent well shrinks. When the formed hydraulic fracture network is staggered, the high-pressure zone generated by the child well fracturing has no obvious supplementary effect on the parent well, the downward trend of the oil component pressure in PW hydraulic fractures is less affected, indicating that the effect of pressure transmitted by the tight matrix alone is not sufficient. However, when the activated lap joints are generated, it can be seen from the pressure field map and the fracture oil pressure change curve that even if the hydraulic fractures are staggered, the fracturing energy of the child wells can still have a significant replenishment effect on the parent well (Fig. 8).
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Figure 8: Pressure-drop curve of the oil phase in the wellbore of three cases
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Figure 9: Comparison of the formation pressure distribution before and after the fracturing of infill wells

The production performance data of the parent well is an output from the simulator. According to the numerical simulation results, it can be concluded that there are great differences in the changes of dynamic indicators such as fluid production, oil production, and water cut in the parent wells corresponding to different types of generated fracture networks after the deployment of child wells. As shown in Fig. 10, for the two-well system facing the fracture network, the parent well has a significant liquid increase effect after the child well is put into production and the daily fluid production is increased by up to 17.2 m3. However, the increase in fluid production is mainly due to the increase in water content. In the 20 days after the child well fracturing, the water content in the fluid composition of the parent well production shows a steep increase to more than 90% and then decreases. In the subsequent period of time (1000–1170 days), the decreasing trend of oil production will slow down. The two-well system with staggered hydraulic fractures in Case 2 is not sensitive to the reaction of child well fracturing. During the fracturing process, the parent well has a 9.3% increase in fluid production, the water content variation range is also kept within 10%, and oil production remains basically the same value. For the well group forming networks with lap joints, the parent well also shows a significant increase in fluid production, with a peak daily fluid production of 9.51 m3, which is 7.42 m3 higher than that before the child well fracturing. 40 days after fracturing, the water cut in the parent well increased to 80.3%. However, the oil production rate of the parent well showed an obvious upward trend in this case, which is distinct from Case 1. The daily oil production of the parent well increased from 1.2 m3 before fracturing to the highest value of 3.2 m3 at day 1100 and then decreased.

[image: images]

Figure 10: Production curves for parent wells under different well interference types

3.3 Case Study: Production of Well Group with Different Interference Types

Based on the above results, we further study the production performance of the horizontal well pattern in the presence of complex well interference. The physical model of the well group with different interference models is shown in Fig. 11. Well A and Well C are the parent wells under the original well spacing. The given production pressure difference is 10 MPa at the initial stage of production, and the oil pump is used to maintain the production pressure difference after the well loses its ability to stabilize production. Well B is the infill child well and starts production 1000 days after parent wells. We still use water injection to simulate the high-pressure areas after fracturing, the injection pressure is 60 MPa, and the cumulative injection volume is 7000 m3. The hydraulic fracturing perforation sections of the three wells are staggered. The lap joint connected to Well A is formed after the fracturing of Well B, and there is a group of conjugated natural fractures between Well B and Well C. The basic properties of the seam net are shown in Table 3. The model is used to study the effect of different forms of well interference on well pattern production after infill wells completion.

[image: images]

Figure 11: Physical model of horizontal well group with multiple types of fracture networks

[image: images]

Fig. 12 shows the pressure distribution in the fracture system at the initial stage of completion of Well B. The steep pressure drop gradient is concentrated in the lapped fractures section. The variation of formation pressure during the production process of the well group is shown in Fig. 13. The pressure drop zone extended along the Well B hydraulic fracture and some hydraulic fractures in Well B and C are connected to a certain extent through natural fractures 50 days after the child well opened; After 500 days, fluid drainage happened in the area between the hydraulic fractures. And after 1000 days, all three wells entered the development later stage with a low-level and stable production rate. At this time, the shape of the pressure drop zone did not change, and the matrix pressure near the fracture was further reduced.

[image: images]

Figure 12: Pressure distribution of reservoir fracture system at the initial stage of infill well opening

[image: images]

Figure 13: Pressure distribution for the well group after child well completion at different times

The daily oil production rate curve of each horizontal well in the well pattern output by the simulator is used as a reference index to analyze the dynamic production characteristics of the well group under well interference. As shown in the figure, due to the distribution of natural fracture systems around Well C, the stable production time of Well C was longer than that of Well A in the early stage and Well C has a slightly lower production decline rate than Well A. The production of wells A and C showed a sharp increase in a short period of time after the infill well B was opened. The oil production rate of Well A shows a significant increase, from 7.3 m3/d up to 21 m3/d, and the value can be maintained above the original production rate. The oil production rate of Well C decreased rapidly after the sudden increase, and dropped down that before the deployment of the child well after 30 days which remained producing at a rate lower than the original oil production rate in the later period. A control case consisting of only Well A and Well C is also constructed at the same time. The comparison of the simulation results for a 2000-day cumulative production of each well in the two cases is shown in Fig. 14. When the infill Well B exists, the cumulative production of Well A increases by 12.67% compared with the case of no infill, while the cumulative production of Well C decreases by 7.23% (Fig. 15).
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Figure 14: Oil production rate of each well in the model
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Figure 15: Cumulative production from each horizontal well in the model well group

3.4 Case Study: Water Injection in Well Groups with Different Connectivity

It is generally faced with the phenomenon of rapid production decline after fracturing and completion of the actual development process of shale reservoirs. Therefore, the water injection huff and puff adopted to stabilize production has an important impact on oilfield development in the middle and late stages. For well groups with different types of fracture networks after fracturing, the effectiveness of various water injection measures is also different. There are two types of water injection in the field at present: single well water injection and well pattern water injection. Based on the model case described in Section 3.2, two horizontal well pattern models with high connectivity and low connectivity are set up. In the high-connectivity well pattern (Fig. 16a), the child well fracturing forms connected lap joints and the parent wells on both sides. In the low-connectivity well pattern (Fig. 16b), Well B forms an indirect well interference relationship with the adjacent wells through two groups of natural fractures distributed around. The production conditions of the well group are still set according to the above case. The water injection huff and puff measures are carried out after Well B is opened for 500 days. During a single well water injection, the preset injection pressure of Well B is 50 MPa with an operation process of 20 days. The cumulative water injection volume is around 5000 m3, and the shut-in time is 20 days. As for the well pattern injection, the difference between the well rows for water injection is that three wells undergo water injection and are soaked at the same time. The injection engineering parameters of each well remain the same.

[image: images]

Figure 16: Map of well group models with different inter well connectivity: (a) High connectivity well group; (b) Low connectivity well group

The oil production rate curve and cumulative oil production of each horizontal well output by the simulator is presented in Figs. 17 and 18. Figs. 17a and 17b show the single well and well pattern water injection case of the high-connectivity well group and Figs. 17c and 17d show that in the low-connectivity well group. The comparison can reflect the adaptability of the two water injection schemes to different well patterns. The production of adjacent wells in the injection phase has an insignificant increase, which can be observed from the figure. This is the effect of energy supplementation from the infill well fracturing, and the oil production rate of adjacent wells decreases due to the competition after the water injection well is opened. The oil production rate of each horizontal well improves in the well pattern water injection scheme. The pattern injection can evidently improve the water injection effectiveness of a single well in a high-connectivity well group. The peak oil production of Well B increases from 14.85 m3/d to16.24 m3/d, with a rise of 10.85%. For the low-connectivity well pattern, the effectiveness of both water injection measures shows a relatively small difference. The two water injection schemes correspond to almost the same peak production at the infill well opening, which is 9.8 m3/d.
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Figure 17: Oil production curve of different water injection measures in well groups with varying connectivity
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Figure 18: Cumulative production curves of two well group models under different water injection schemes

4  Discussion

According to the model described in this paper, the positive and negative effects of the horizontal well interference on production are summarized and analyzed.

4.1 Positive and Negative Well Interference Effects

The summary of the well interference in this study is shown in Table 4 and the production curves of three typical horizontal wells are chosen for the corresponding type as shown in Fig. 19.
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Figure 19: Production dynamics data for typical wells with different types of well interference in the field

The beneficial well interference manifestations are generally the increase of the parent well’s liquid production during the fracturing process of the sub-well and the increase of the oil production after a certain lag. The cause can be considered that the secondary fracture network stimulated by sub-well fracturing overlaps with the parent well fracture network, which expands the area of the SRV area. Results in interactions between wells characterized by rapid water breakthrough and subsequent oil production rise. Such interference type has a positive effect on the production of low-yield old wells and may last for several months. The development curve of a typical well of the category J07 is shown in Fig. 19a.

According to the oilfield fracturing engineering data, the well groups with perforations aligned with each other account for 46% of the total. However, the research results show that the directly connected hydraulic fractures between two wells cannot increase the oil production of the parent well, although it shows a significant supplement of energy to the parent well. As shown in Fig. 19b, the production process of well J25-1 well reflects the dynamic characteristics of this type of interference.

Negative well interference accounts for most of the field reports in oilfields. It is mostly manifested as a sudden drop in the production of parent wells after infill well fracturing. Except for the extreme case where fracturing of infill wells directly damages the wellbore of the parent well, the negative well interference is mainly due to the competitive production relationship between the infill well and the parent well, which will be enlarged by the existence of the natural fracture network. The production process of well J19 (Fig. 19c) reflects the typical characteristics of this interaction in well pattern. The main manifestation is a decrease in the production rate of the parent well or a sudden increase in its production decline rate.

4.2 Sensitivity Analysis

In order to study the influence of reservoir physical properties on the significant degree of well interference and to determine its variation trend, we use the model described in Section 3.3 to conduct a sensitivity analysis on the reservoir parameter of matrix permeability and engineering parameter of the initial production pressure difference of the parent well.

4.2.1 Matrix Permeability

The reservoir matrix permeability plays an important role in controlling the spread range of pressure drop in the depletion development of horizontal wells. Four orders of magnitude of matrix permeability are set to analyze the impact of different types of well interference under the same production conditions.

As shown in Fig. 20a, the well interference under high connectivity fractures has a positive effect, and the parent well oil production increases after the infill well is deployed. The broken line reflects the response trend of the parent well to well interference, which decreases with the increase of matrix permeability. The production increase reaches 24.2% at 4 × 10−3 mD, while the increase is only 2.4% when the reservoir permeability rises to 0.4 mD. Due to the improvement of the reservoir permeability, the parent well has a larger EUR in the high permeability reservoir. As for the limited EUR area in the low permeability reservoir, there is a large unused reserve between the infill well and the parent well, which can be accessed by the stimulated fracture network. For the well interference in the low-connectivity well pattern, the two wells are in a competitive oil production relationship, making the reaction a negative factor for the parent well, as shown in Fig. 20b. The effect of this type of well interference is narrow, generally below 10%. Besides, the degree of well interference in this type will also decrease with the increase of matrix permeability. However in the case of extremely low permeability, the depletion pressure cannot spread around through the nearby natural fractures, and the influence of interference will decrease at this time.

[image: images]

Figure 20: Comparison of the cumulative production of parent wells in the presence of infill wells with two types of fracture morphologies

4.2.2 Production Pressure Difference

The production pressure difference of horizontal wells in low-permeability reservoirs can control the production state during the entire production process and reduce the decline rate of oil wells. We set 4 initial production pressure differences to analyze the well interference performance under the corresponding conditions (Fig. 21).

[image: images]

Figure 21: Oil production dynamics of parent wells at different production pressure differences

In the high-connectivity well group, the higher pre-production pressure difference will lead to a more significant production surge after the completion of infill wells. It is mainly because the higher formation pressure depletion will make the energy supplementation effect of the sub-well more prominent. Meanwhile a smaller production pressure difference in the early stage will lead to a faster production decline after the deployment of infill wells. The parent well is not significantly affected by the various production pressure differences in the low-connectivity well group, but the production decline rate of the parent well will also become more visible under the pressure-holding production.

5  Conclusions

In this paper, a series of oil-water two-phase multi-well numerical models with complex fracture networks are established to study the fracture-dominated well interference performance of different types and the optimal water injection scheme under corresponding conditions. The low-velocity non-Darcy seepage in ultra-low permeability reservoirs is considered in the numerical models. An embedded discrete fracture model is constructed to explicitly represent the hydraulic fractures, natural fracture network and stimulated secondary fractures. The multi-segment wellbore model used to reflect the complex cross flow between the wells is adopted. The numerical model is validated by history matching and shows good agreement with the actual development data.

The production performance characteristics are analyzed in the production model of well groups with aligned hydraulic fractures, staggered hydraulic fractures and overlapping staggered fractures. We also provide a suitable water injection scheme for well groups with different fracture network morphologies. The following conclusions are drawn based on the simulation results:

1.    The morphology of the fracture network formed by the infill well fracturing with parent wells is the decisive factor in determining the strength of the interaction between horizontal wells and the dynamic characteristics of subsequent development. In the numerical model, the widely distributed natural fracture network (2000 fractures in total) in the reservoir has no obvious effect on the material and energy exchange between horizontal wells. Only when the main hydraulic fractures of both wells are directly connected or a series of highly conductive activated fractures are formed, can obvious well interference occur between the infill well and the parent well.

2.    The formation of an aligned hydraulic fracture will result in a significant fluid increase in the parent well, but will not improve the oil production. When the hydraulic fractures in the two wells are staggered, the oil production capacity of the parent well declines due to competition between the two wells. However, when secondary laps are formed between the staggered hydraulic fractures, the parent well will also have an increase in fluid production, where the oil production grows with a time lag, which is beneficial.

3.    The dynamic characteristics of the parent well production during the fracturing of the infill well can be used as a reference to determine the type of fracture network formed. As the reservoir permeability increases, the effect of interference will decrease. Additionally, the pressure depletion around the parent well will affect the strength of the interference effect.

4.    For high-connectivity well groups, a single-well water injection huff and puff will cause a great disturbance to the adjacent wells during water injection and well soaking. Due to the existence of the connected fracture network, the injected fluid cannot affect the injection well, and the use of multi-well synchronous water injection can increase the water injection sweep range and improve the water injection huff and puff effect.

5.    For low-connectivity well groups, the improvement of each well in the group after applying the water injection huff and puff is not obvious compared with the single well water injection. The single-well water injection huff and puff has little effect on the adjacent well in this case, so low-yield horizontal wells can be selected alone to reduce the construction cost.
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Table 2: Reservoir parameters for the numerical model

Parameter Value Unit
Matrix permeability 0.04 mD
Matrix porosity 0.12 -
Initial reservoir pressure 20.4 MPa
Depth 2300 m
Reservoir thickness 20 m
Hydraulic fracture permeability 500 mD
Hydraulic fracture half-length 100 m
Hydraulic fracture width 0.03 m
Hydraulic fracture height 20 m

Threshold pressure gradient 0.2 MPa/m
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