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The Blasingame method is a valuable tool for analysing the diminishing production challenge in the presence of variable bottomhole pressure and diverse production conditions. It is essential to highlight that the Blasingame method views the closed reservoir as the outer boundary condition for its model. This paper introduces the concept of the equivalent well control radius and formulates the Blasingame method based on the fluid flow characteristics inherent in twin-well production, taking into account the influence of inter-well interference. This study provides an in-depth analysis of production variations in reservoirs with inter-well interference by examining Blasingame type-curve definitions of the dimensionless parameters. Additionally, it investigates key factors impacting production, including neighbouring wells’ production, distance, and opening time: variations in all three parameters lead to different levels of interference between wells, which manifests itself in the regularised production integral derivative curve with different lengths and heights of convexity. Numerical simulations employing orthogonality are conducted to validate the reliability of this method. The results of these simulations offer theoretical support for the precise evaluation of reservoirs facing similar challenges.
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1 INTRODUCTION
In reservoirs with strong inter-well connectivity, neighbouring well interference can significantly impact test well pressures during the declining development process (Yuan and Wang, 2013; Guo et al., 2022; Wang et al., 2023). It has been well-established that reservoir dynamic description techniques, centred on single-well test well analysis and modern declining production analysis techniques, are effectively applied in reservoirs characterised by small single-well control ranges and poor inter-well connectivity (Zhang, 2004). However, reservoirs with high permeability and good connectivity are often multi-well systems (Zhang et al., 2006; Lin and Yang, 2007; Li and Luo, 2009). Therefore, interpreting such reservoirs using a single-well dynamic description can be misleading (Pang et al., 2012; Gan et al., 2022; Wang et al., 2023). Currently, the industry typically employs the superposition principle method to study the dynamic information of test wells in a multi-well system with inter-well interference (Onur et al., 1991; Li et al., 1994; Zhou et al., 2022). Jiaen Lin, Qiguo Liu, and Yonglu Jia demonstrated the late ‘upward curvature’ of the pressure recovery derivative curve in test wells by using the well test analysis technique (Dong and Zhai, 1996; Lin et al., 1996; Liu et al., 2002; Lin and Yang, 2005b; Liu et al., 2006; Jia et al., 2008; Deng et al., 2015). Hedong Sun provided a theoretical proof of this phenomenon while establishing an analysis method for multi-well pressure recovery test wells under neighbouring well interference conditions (Sun, 2016; Alarji. H et al., 2022). With the deepening of research, many scholars have explored the multi-well production model under the influence of multiple factors. Zeng Yang established a model for interpreting well tests in injection wells that consider interference from neighbouring wells (Zeng Y et al., 2020; Zhao et al., 2022). Cao established a well test interpretation model for finite inflow fractured wells under multi-well interference (Wei et al., 2022b).
The analytical solution of the multi-well production model discussed in previous studies is primarily used for analysing test wells (Jiang et al., 2019; Chen, 2023). The model assumes an infinite reservoir as the outer boundary condition, which simplifies the analysis. This paper introduces a closed reservoir as the outer boundary condition, introduces the ‘normalisation factor’, and applies the model’s solution to the Blasingame-type curves (Chen et al., 2017; Xu et al., 2021).
Modern methods of diminishing yield analysis and well test analysis are based on the classical seepage basis, but the two methods use different accuracy of evaluation data in the analysis process (Sun, 2013; Spivey, 2016; Wei et al., 2022a). Modern methods of diminishing yield analysis require less precision in the data and are, therefore, less difficult and costly to obtain. Blasingame and others creatively introduced the proposed time of material equilibrium and regularised yields to establish a plate of decreasing curves called the Blasingame plate (Mccray, T.L, 1990; Palacio and Blasingame, 1993). It is epoch-making in the modern analysis of diminishing yield.
2 MODELLING AND SOLVING
Figure 1 shows a circular stratigraphic well deployment map.
[image: Figure 1]FIGURE 1 | Circular stratigraphic well deployment map.
From Figure 1, the middle point of a circular formation with supply radius re and closed outer boundary, there is a well P-1 producing at a constant yield qi, while at point B, there is another well P-2 producing at a yield q2, and the distance from point A to point B is L.
Other assumptions are as follows: the reservoir is homogeneous and isotropic, with impermeable boundaries above and below; the reservoir pores are filled with a single-phase, micro-compressible fluid, and the flow is in accordance with Darcy’s law; the effect of gravity is neglected; and the effects of the skin effect and the wellbore storage effect are not considered.
2.1 Equivalent well control radius
The pull-down spatial pressure solution for point A of the double-well production, Eq. 1, can be obtained according to the Duhamel superposition principle (Wang, 2015):
[image: image]
where [image: image] is the pressure solution at point A when both wells are producing, [image: image] is the pressure solution at point A when well P-1 is producing alone, and [image: image] is the pressure solution at point A when well P-2 is producing alone.
When L tends to 0, the pressure response of the unsteady seepage stage at point A is equivalent to the pressure response of well P-1 when it produces individually at a constant production rate [image: image], and the unsteady flow stage exhibits radial flow characteristics. When L is large, [image: image], and [image: image] > [image: image], the flow characteristics of the unstable seepage stage at point A are dominated by the flow characteristics of the unstable seepage stage at point A when well P-1 is producing alone.
Figure 2 shows a conceptual diagram of the reD2 solution. Overall, in Figure 2, the flow stage at point A, when the two wells are producing, can be simplified as the infinite radial flow stage, the proposed steady-state stage. In turn, the pressure solution at point A when well P-2 is producing alone can be simplified as the pressure solution for one well in the centre of a circular closed reservoir with constant production, while the simplified well control radius expression for well B is given in this paper.
[image: Figure 2]FIGURE 2 | Conceptual diagram of the reD2 solution.
The average of the distances from point B to the circular closure boundary at the simplified drain radius is as follows:
[image: image]
[image: image]
[image: image]
where [image: image] is the radius of the circular closed reservoir and [image: image] is the radius of the wellbore.
From Eqs 2–4, we can derive [image: image] (take the equal sign when L = 0), so the reservoir reaches the proposed steady-state flow stage later when P-2 is producing alone than when well P-1 is producing alone, which is in line with the actual flow condition.
Table 1 lists the equivalent well control radius error rating table. After obtaining the simplified well control radius using this method, the corresponding equivalent well control area is further calculated and compared with the actual well control area. It is found that the simplified well control area is more accurate at [image: image].
TABLE 1 | Equivalent well control radius error rating table.
[image: Table 1]2.2 Modelling
The fixed solution problem for p-1 wells can be described as follows:
[image: image]
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The fixed solution problem for p-2 wells can be described as follows:
[image: image]
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The dimensionless variables are defined as follows:
[image: image]
where [image: image] is the distance from any point to the well in mm, [image: image] is the wellbore radius in mm, [image: image] is the drain radius in mm, [image: image] is the reservoir permeability in µm2, [image: image] is the reservoir porosity with no causality, [image: image] is the total reservoir compression factor in MPa−1, [image: image] is the thickness of the reservoir in mm, [image: image] is the viscosity of the crude oil in MPa·s, B is a crude oil volume factor with no factorisation, q is the surface production of the well in m3/d, [image: image] is the original stratigraphic pressure in MPa, [image: image] is the formation pressure at a point in the reservoir at a given time in MPa, and [image: image] is production time in h.
2.3 Solution of the mathematical model
A Laplace transformation of Eqs 5–15 yields
[image: image]
The boundary conditions within the P-1 well are expressed as
[image: image]
The boundary conditions within the P-2 well are expressed as
[image: image]
[image: image]
Substituting Eq. 16 and Eq. 17 into Eq. 19, we have Eq. 20
[image: image]
Substituting Eq.16 and Eq.18 into Eq. 19, we have Eq. 21
[image: image]
Eq. 22 can be obtained from the Duhamel superposition principle:
[image: image]
3 PLOTTING BLASINGAME-TYPE CURVES
Plots of the rate solution qD under a constant BHFP and the reciprocal of the pressure solution at a constant rate (1/pD) in the coordinate system are shown in Figure 3A. The figure indicates that the two curves almost overlap in the transient flow period and are dispersed in the boundary-dominated flow period. Palacio and Blasingame (1993) replaced dimensionless time tD with dimensionless material balance time tcD and plotted the above curves again. The result shows that the two curves overlap, as shown in Figure 3B. In other words, the solutions of variable flow rate and constant flow rate are equivalent due to the introduction of material balance time tcD. Therefore, the Blasingame method is applicable to the condition of a variable BHFP and also to the condition of a variable flow rate (Liu, 2010; Yu, 2020).
[image: Figure 3]FIGURE 3 | Comparison of fixed production pressure inverse, fixed production output, and fixed production material balance time output curves (A). qD, 1/pD vs. tD curve; (B). qD and 1/pD vs. tD, qD vs. tcD curve (Hedong Sun, 2015).
3.1 Blasingame-type curve definitions of the dimensionless parameters
Blasingame-type curve definitions of the dimensionless parameters are formed by introducing normalisation coefficients, [image: image], to the original definition of the dimensionless parameter.
Here, Blasingame-type curve definitions of the dimensionless parameters are as follows:
Define the dimensionless material balance time as Eq. 23
[image: image]
Define the dimensionless decline flow rate Eq. 24
[image: image]
Define the dimensionless cumulative production as Eq. 25
[image: image]
Define the dimensionless decline flow rate integral function as Eq. 26
[image: image]
Define the dimensionless decline flow rate integral derivative as Eq. 27
[image: image]
3.2 Blasingame-type curves and model validation
Figure 4 shows an unstable analysis curve of production from double straight wells in homogeneous reservoirs. From Figure 4, taking reD = 5,000 and qB = 4 as an example, the crude oil flow can be roughly divided into an early radial flow stage, a stage influenced by the interference of neighbouring wells, and a later stage when the influence of the interfering wells is weakened (unsteady flow stage). The following section addresses the effect of well spacing, neighbouring well production, and neighbouring well start time factors on the Blasingame curve.
[image: Figure 4]FIGURE 4 | Unstable analysis curve of production from double straight wells in homogeneous reservoirs.
3.2.1 Effect of well spacing
Figure 5 shows the effect of different distances between two wells on the Blasingame curve when two wells in a circular homogeneous confined reservoir are producing at the same rate with simultaneous fixed production. From Figure 5, the early unstable flow stage of typical curves is a set of curves corresponding to different dimensionless well spacings, [image: image]. In the case of simultaneous production with the same yield, [image: image] only affects the characteristics of the prior curve. When the pressure response from production from well P-2 has not yet reached point A, the curve is parallel to the curve when well p-1 is producing alone. When the pressure response from production in well P-2 reaches point A, inter-well interference occurs, and the regularised production curve begins to deviate downward. The larger the [image: image], the greater the time for the material to begin to deviate from equilibrium, and the smaller the degree of [image: image] deviation, eventually converging in the boundary control flow stage into a straight line with a slope of −1, which corresponds to the characteristics of the curve of the proposed steady-state flow of the p-1 well when it is producing alone at a constant production rate [image: image]. The variation in the integral curve with the regularised yield is similar to that of the regularised yield curve, which is grouped into a single curve at a later stage. For the regularised yield integral derivative curves, the inter-well disturbances during the unsteady seepage phase make them convex, and the larger [image: image] is, the later the convexity appears, the lower and narrower the convexity is, and the later it is reduced to a single curve.
[image: Figure 5]FIGURE 5 | Effect of different distances between two wells on the Blasingame curve when two wells in a circular homogeneous confined reservoir are producing at the same rate with simultaneous fixed production (A) Mixed plates; (B) Comparison of model solution at r1=1 with single well production model solution.
Let [image: image] be 1; the two wells overlap as one well on the model, and the Blasingame type-curves coincide exactly with that of the single-well model. The correctness of the above dimensionless pressure-fitting regularised yield solution is proved.
3.2.2 Effect of well spacing
Figure 6 shows the effect of Blasingame curves on P-2 delayed production from twin wells in circular homogeneous confined reservoirs producing at the same rate of constant production. Typical curves are a set of curves corresponding to the different dimensionless material balance time delays of P-2 wells (with fixed production rates, denoted as qi) during the opening of the well. For the same production rate and constant well spacing, the larger is [image: image], the greater the time for downward deviation of the regularised production curve, which eventually converges into a straight line with a slope of −1 at the boundary control flow stage, corresponding to the curve characteristic of the proposed steady-state flow of the P-1 well when it is producing alone at a constant production rate of [image: image]. For the regularised yield integral curve, the variation with [image: image] is similar to that of the regularised yield curve, but the larger [image: image], the later the curve is shifted upward in parallel. For the regularised yield integral derivative curves, inter-well disturbances during the unsteady seepage phase make them convex, and the larger [image: image] is, the later the convexity appears, the lower and narrower the convexity is, and the later curves are shifted upward in parallel.
[image: Figure 6]FIGURE 6 | Effect of Blasingame curves on P-2 delayed production from twin wells in circular homogeneous confined reservoirs producing at the same rate of constant production.
3.2.3 Effect of production size of neighbouring wells
Figure 7 shows the effect of Blasingame curves in circular homogeneous closed reservoirs with two wells producing P-2 at different rates at the same time. Figure 7 shows that the type curves are a set of curves corresponding to the production of P-2 wells of different unfactored times. Under the condition of simultaneous production with the same well spacing, the larger [image: image] is, the higher the regularised production curve is, the smaller the time of downward deviation is, the larger the degree of deviation is, and finally, a straight line with a slope of −1 converges at the stage of boundary control flow. For the regularised yield integral curve, the variation with [image: image] is similar to that of the regularised yield curve, but the larger [image: image], the later the curve is shifted downward in parallel. For the regularised production integral derivative curve, the inter-well interference during the unsteady seepage phase makes it convex, and the larger [image: image] is, the faster the propagation of the pressure due to the production of the P-2 well is, the earlier the curve convexity appears, and the higher the convexity is.
[image: Figure 7]FIGURE 7 | Effect of Blasingame curves in circular homogeneous closed reservoirs with two wells producing P-2 at different rates at the same time (A) Mixed plates; (B) Comparison of model solution at qB=0 with single well production model solution.
Let [image: image] Only well P-1 is producing in the model, and the Blasingame curve of its model solution coincides exactly with that of the single-well model, that is, the correctness of the above dimensionless fitted-pressure regularised production solution is proved again.
4 COMPARATIVE ANALYSIS OF NUMERICAL SIMULATIONS
Figures 8, 9 show the reservoir pressure map and plot of the bottomhole pressure, production, and cumulative production over time for the centre point wells.
[image: Figure 8]FIGURE 8 | Reservoir pressure map (A) 2023/11/21; (B) 2024/1/15.
[image: Figure 9]FIGURE 9 | Plot of bottomhole pressure, production, and cumulative production over time for centre-point wells (A). pw-t; (B). qo-t; (C). No-t.
From Figures 8, 9, tNavigator software was used to establish a 2000 m × 2000 m × 20 m reservoir 3-D model, with a grid step of 5 m, net-to-gross ratio of 0.1, porosity of 0.1, X-axis permeability of 100 mD, X-axis permeability of 100 mD, Z-axis permeability of 10 mD, an initial pressure of 80 MPa, a support depth of 110 m, a single-component model, a well at the centre point producing at a fixed rate, and another well at the grid coordinates (100, 100, 1) producing at the same rate, and two wells producing at the same time, and obtaining the data on the bottomhole pressure, the production rate, and the cumulative production rate of the wells at the centre point with the change of time.
4.1 Data processing
To regularise the resultant data from numerical model runs,
Calculate the material balance time by Eq. 28
[image: image]
Calculate the normalised rate by Eq. 29
[image: image]
Calculate the normalised rate integral by Eq. 30
[image: image]
Calculate the normalised rate integral derivative by Eq. 31
[image: image]
Table 2 is the numerical simulation data–production data regularisation table.
TABLE 2 | Numerical simulation data–production data regularisation table.
[image: Table 2]4.2 Data fitting
Figure 10 shows measured curve fitting results from plotting the three relational curves, qd-tc, qdi-tc, and qdid-tc, fitting the Blasingame yield instability analysis plate, and recording the fitted values, where the three relational curves can be used simultaneously or individually.
[image: Figure 10]FIGURE 10 | Measured curve fitting results (A) material balance curve of well production history; (B) fitted plot of measured data.
Using the theoretical fit points (8 × 10−3, 0.4), the actual fit points can be obtained (1, 0.7).
The dynamic reserve at the centre point can be calculated according to the following Eq 32:
[image: image]
as [image: image] m3, and the numerical model has a reserve of [image: image] m3.
Additionally, the flowing material balance method (FMB) is listed for comparison to verify the accuracy of the method used in this article.
Figure 11 shows the equilibrium curves for the flowing material balance.
[image: Figure 11]FIGURE 11 | Fluid substance balance analysis diagram.
FMB is a method similar to the traditional material balance equation. However, it differs from the traditional material balance equation in that it uses dynamic pressure data instead of static pressure data for storage evaluation. Additionally, it differs from the flow material balance method, which uses flow pressure for dynamic storage evaluation. Once the reservoir is producing and has achieved a steady-state flow, the following relationship can be established (Eq. 33):
[image: image]
The dynamic reserves N can be determined from the intercept results if the [image: image] curve is plotted.
From Figure 11, the dynamic reserves calculated for the P-1 well’s reservoir are [image: image] m3. Comparing the results of the two methods, it is found that the method in this paper is more accurate in its calculations.
5 CONCLUSION
In this paper, the dual-well model is solved analytically by the equivalent well control radius method, and the following conclusions are reached:
(1) Based on establishing a constant production model that takes into account the effect of the presence of inter-well interference, the method of equivalent well control radius is used to simplify the treatment of the external boundary conditions of neighbouring wells that are not at the centre point of a circular closed reservoir. The range of applicability of the method is verified by comparing the equivalent well control surface with the actual well control area, and it is found that the method is more accurate when [image: image].
(2) Based on the method of equivalent well control radius, a sensitivity analysis of the Blasingame curve for the dual-well model can be conducted with respect to the parameters of adjacent well production, well spacing, and adjacent well opening time: the Blasingame normalised dimensionless decline flow rate integral curve is shifted downward when inter-well interference occurs, returning to a straight line later in the season. The Blasingame normalised dimensionless decline flow rate integral curve is shifted downward in the early stage, and the shape of the curve in the later stage is determined by the parameters. The Blasingame normalised dimensionless decline flow rate integral derivative curve has convex bulges, and the higher the degree of interference between the wells, the higher the bulges are, and the earlier they appear.
(3) Using the double-well production Blasingame curve plate for decreasing production analysis, the interpreted dynamic reserve results are more accurate for reservoirs with inter-well interferences, and the method in this paper can provide technical support for the fine evaluation of such reservoirs.
(4) Shortcomings: At present, the method is only applicable to analytical solutions and is used under the condition that r1 (distance between wells) > reD (actual well control radius). This is somewhat inapplicable to more complex models, such as composite media models, and requires further investigation.
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