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Abstract: Horizontal well drilling and multi-stage hydraulic fracturing are key technologies for the development of shale gas reservoirs. Instantaneous acquisition of hydraulic fracture parameters is crucial for evaluating fracturing effectiveness, optimizing processes, and predicting gas productivity. This paper establishes a transient flow model for shale gas wells based on the boundary element method, achieving the characterization of stimulated reservoir volume for a single stage. By integrating pressure monitoring data following the pumping shut-in period of hydraulic fracturing for well testing interpretation, a workflow for inverting fracture parameters of shale gas wells is established. This new method eliminates the need for prolonged production testing and can interpret parameters of individual hydraulic fracture segments, offering significant advantages over the conventional pressure transient analysis method. The practical application of this methodology was conducted on 10 shale gas wells within the Changning shale gas block of Sichuan, China. The results show a high correlation between the interpreted single-stage total length and surface area of hydraulic fractures and the outcomes of gas production profile tests. Additionally, significant correlations are observed between these parameters and cluster number, horizontal stress difference, and natural fracture density. This demonstrates the effectiveness of the proposed fracture parameter inversion method and the feasibility of field application. The findings of this study aim to provide solutions and references for the inversion of fracture parameters in shale gas wells.
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Nomenclature



	p
	Pressure, Pa



	xF
	Hydraulic fracture half-length, m



	wF
	Hydraulic fracture width, m



	h
	Reservoir thickness, m



	T
	Reservoir temperature, K



	q
	Production rate, m3/s



	k
	Permeability, m2



	ϕ
	Porosity, dimensionless



	c
	Composite compressibility coefficient, Pa−1



	μ
	Viscosity, Pa·s



	γ
	Permeability modulus of the fracture, Pa·s/Pa2



	C
	Well storage coefficient, m3·Pa



	α
	Matrix block shape factor, m−2



	s
	Laplace transform variable



	ω
	Storage ratio, dimensionless



	λ
	Transmissibility coefficient, dimensionless



	M
	Ratio of permeability between outer and inner regions



	η
	The ratio of transmissibility coefficient between outer and inner regions



	Wi
	Number of discrete hydraulic fractures in the i-th inner region



	Si, j
	Length of the j-th segment of hydraulic fracture in the i-th inner region



	q¯i,j
	The flow rate of the j-th segment of hydraulic fracture in the i-th inner region



	δ()
	Dirac function



	xi, j, yi, j
	The position of the j-th hydraulic fracture segment in the i-th internal zone



	n
	The normal vector of the boundary



	K0()
	The zeroth-order Bessel function



	ln
	The dimensionless length of the nth discretized boundary segment



	p¯FDi,j
	The dimensionless pressure of the j-th segment of hydraulic fractures in the i-th internal region



	τ
	The ratio of the outer region to the hydraulic fracture conductivity coefficient



	LDi, n
	The dimensionless distance from the horizontal well to the n-th segment of the hydraulic fracture in the i-th internal region



	Sk
	Skin factor, dimensionless





1  Introduction

Horizontal wells with segmented multi-cluster hydraulic fracturing is the key technique to achieving effective development of shale gas reservoirs [1,2]. As crucial parameters for assessing fracturing efficiency, acquiring hydraulic fracture parameters is indispensable for predicting the Estimated ultimate recovery (EUR) of gas wells and evaluating the primary controlling factors affecting gas well productivity.

Currently, methods for obtaining hydraulic fracture parameters primarily fall into two categories: direct monitoring methods (as shown in Table 1) and indirect methods (as shown in Table 2) [3]. Direct monitoring methods provide intuitive results and have high confidence levels [4–6]. However, direct monitoring methods are generally costly, and achieving measurements for each well of gas field can be challenging [7–10]. To achieve large-scale batch inversion of hydraulic fracture parameters, opting for reliable indirect monitoring methods is highly appealing.
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Indirect methods primarily rely on constructing numerical simulation models or transient seepage models. By adjusting model parameters, these methods aim to achieve a close fit between measured production data and calculated model data, ultimately obtaining fracture parameters. The indirect methods primarily include hydraulic fracturing simulation and inversion methods. Fracturing simulation relies heavily on accurate geological and geomechanical modeling [11–14], demanding many basic parameters. Moreover, the simulation process is time-consuming and may not meet the demand for rapid evaluation of fracturing effectiveness in the field [15,16]. Additionally, for shale gas reservoirs, the simulation results of hydraulic fractures are significantly influenced by the parameters of natural fractures. Obtaining these parameters accurately poses challenges, leading to uncertainties in the results of fracturing simulations.

Fracture parameters inversion methods include net pressure-G function analysis method [17], injection fall-off tests [18], and pressure drop/build-up well test analysis. The net pressure-G function analysis and injection fall-off tests assume that the hydraulic fracture is ideally a simple double-wing fracture shape, which cannot adequately characterize the complex fractures of shale gas wells. These two techniques are primarily applied in pre-fracturing experiments to predict breakdown pressure and closure pressure. The conventional well-testing analysis method involves pressure drop/build-up tests, utilizing analytical or semi-analytical well-testing models for typical curve fitting [19–23].

However, due to the extremely low permeability of the shale matrix, long-time pressure build-up tests are required. Furthermore, interpretation results provide average fracture parameters for each section of the entire well, which may not be conducive to interpreting volume hydraulic fractured shale gas wells, especially those with long horizontal sections.

For these issues, many scholars have explored alternative indirect methods for evaluating the effectiveness of hydraulic fracturing. In recent years, some researches have proposed the inversion of fracture parameters based on hydraulic fracturing curve analysis. Iriarte et al. [24] and Dung et al. [25] assessed fracture parameters through the analysis of the water hammer oscillation period and frequency during the pumping shut-in stage. However, the method offers only qualitative assessment and cannot quantitatively calculate the fracture parameters. Then, Liu et al. [26] developed an analytical formula based on the flow material balance theory to quantify the fracture surface area and the complexity of secondary fractures, which realized the quantitative interpretation of hydraulic fracture parameters of horizontal wells. However, this method necessitates the fracture height as an input parameter, making it impossible to determine both the fracture height and length simultaneously. Additionally, clear characteristics of the log-log curve of the pumping pressure-time are essential for their method, imposing relatively strict application conditions. Tompkins et al. [27] also present a new method for test design and analysis of diagnostic fracture-injection/falloff tests conducted in under pressured reservoirs. From these studies, we can glean an important insight: by utilizing pumping shut-in pressure-drop data in conjunction with well testing analysis, quantitative interpretation of single-stage fracture parameters can be achieved in hydraulically fractured wells. This approach offers the advantages of easy acquisition of basic data and high interpretation efficiency. However, existing studies have not fully developed a methodology for integrating shut-in pressure-drop data with well-testing analysis. To address this, the following issues need to be resolved: the well-testing model needs to accurately characterize the stimulated reservoir volume (SRV) for individual fracture stages, and effective measures are required to eliminate the challenge of generating well-testing type curve plots due to water hammer oscillations caused by rapid shut-in.

Based on this, this paper establishes a semi-analytical transient seepage model based on the multi-connected region boundary element method, which enables the characterization of irregular shapes in the SRV of single stage and the representation of heterogeneity in property parameters. Furthermore, by integrating pumping shut-in pressure drop data from single hydraulic fracturing stages of shale gas wells for well testing interpretation, and a corresponding workflow is constructed. Compared with existing fracture parameter inversion methods, the main contribution of this work is the inversion of single-stage fracture parameters in shale gas wells, rather than a general interpretation of the average fracture parameters for all stages of the well. Additionally, this method utilizes shut-in pressure decline data from fracturing operations, eliminating the need for additional production testing and thereby maximizing efficiency. The practical application of this methodology was conducted on 10 shale gas wells within the Changning shale gas block of Sichuan, China. The single stage hydraulic fracture parameters for each well are obtained, and conduct analysis of the correlations among productivity, stimulation parameters, geomechanically properties, and hydraulic fracture parameters. The finding of this study can serve as a valuable reference for the evaluation of hydraulic fracture parameters in shale gas wells.

2  Methodology

2.1 Pre-Processing Pump Shut-in Pressure Data

The method for inversion of fracture parameters based on the hydraulic fracturing curve has been proven to be an efficient method. It includes two stages, where Stage I denotes the progress of fracture network extension and Stage II indicates pumping shut-in and leak-off (Fig. 1). In this paper, we select the pressure data from Stage II for pressure-drop analysis, however, pre-processing of the data is necessary to fulfill the requirements of well testing interpretation.
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Figure 1: Fracturing curve and pressure-drop data of pumping shut-in stage

2.2 Bottom-Hole Pressure Conversion

During the initial period of pumping shut-in stage, fracturing fluid continues to flow within the wellbore, and friction occurs between the fracturing fluid and the wellbore. The equation for the bottom-hole pressure is [28]:

pB=ph+∫0Zwρfhgdh−∫0LwΔpfdl(1)

where pB is bottom-hole pressure, MPa; ph is pumping pressure, MPa; Zw is the vertical depth of fracturing segment, km; ρf is the density of the fracturing fluid, g/cm3; Lw is the well depth of fracturing segment, m; Δpf is the friction between the fracturing fluid and the wellbore (calculated by Reynolds number discrimination), MPa.

When the fracturing fluid within the wellbore reaches a state of complete stillness, the bottom-hole pressure equals the sum of the pumping pressure and the hydrostatic column pressure within the wellbore:

pB=ph+ρfgZw(2)

2.2.1 Pumping Shut-in Data Denoising

The sudden closure of the well triggers a water hammer effect between the wellhead and hydraulic fracture, leading to oscillations in pumping pressure. It led to oscillations in typical well test curves derived from pumping shut-in pressure data, making it difficult to identify characteristic stages (Fig. 2a). Therefore, we apply the Fourier transform method [29] Gaussian filtering [30], and interpolation polynomial fitting method [31] to denoise the pumping shut-in pressure-drop data during hydraulic fracturing. As depicted in Fig. 2b, the quality of the typical well-testing curve has been significantly enhanced after denoising. Additionally, the typical well-testing curve generated using Gaussian filtering and interpolation polynomial fitting denoising methods is greater regularity. Consequently, we chose the Gaussian filtering method to denoise the pumping shut-in pressure-drop data during hydraulic fracturing.
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Figure 2: Comparison of typical well testing curves of original data and the data after denoising during the pumping shut-in stage of hydraulic fracturing. (a) Original data, (b) after denoising

2.3 Construction of the Transient Seepage Model Based on Multi-Connected Region Boundary Element Method

2.3.1 Physical Model

As shown in Fig. 3, Ω1 represents the outer region, Ω2 … Ωn + 1 represent SRV (Stimulated Reservoir Volume) regions, Γ1 represents the outer boundary of the outer region, Γ2 … Γn + 1 represents the boundary of the SRV regions. xm represents the width of the SRV region, and ym represents its length. Similarly, xe represents the width of the USRV (Unstimulated Reservoir Volume) region and ye represents its length. The basic assumptions of the model are as follows:
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Figure 3: The schematic diagram of the physical model

(1) The shale matrix is a dual-porosity medium model consisting of both pores and natural fractures. (2) Only the leakage of fracturing fluid from hydraulic fractures to natural fractures is considered, ignoring the imbibition of fracturing fluid in shale matrix pores. (3) The closure of fractures during the pumping shut-in stage is considered as the stress sensitivity effect, characterized by the exponential function relationship between fracture permeability and pressure (4) Ignoring migration of proppant particles during the pumping shut-in stage.

2.3.2 Mathematical Model

By utilizing the method of point source function, incorporating pseudo-pressure, dimensionless variables, and Laplace transformation, we derive the governing equations for both the inner and outer regions, along with the flux equation. The governing equation for fluid flow in the outer region is:

∂2p¯1fD∂xD2+∂2p¯1fD∂yD2=sω1p¯1fD+s(1−ω1)p¯1mD(3)

where p¯1fD is the dimensionless natural fracture pressure of the outer region in the Laplace domain, s is the Laplace factor, ω1 denotes the storage of the outer region, p¯1mD signifies the dimensionless pressure of the outer matrix in the Laplace domain.

The governing equation for fluid flow in the inner region is:

∂2p¯2fD∂xD2+∂2p¯2fD∂yD2=η[sω1p¯2fD+s(1−ω1)p¯2mD]−2πsM∑j=1Wi∫SDi,jq¯Di,jδ(x−xi,j,y−yi,j)dS(4)

where p¯2fD is the dimensionless natural fracture pressure of the inner region in the Laplace domain; SDi,j is the dimensionless length of the j-th segment of hydraulic fracture in the i-th inner region; q¯Di,j is the dimensionless flow rate of the j-th segment of hydraulic fracture in the i-th inner region in Laplace domain; δ is the Dirac function; ƞ is the ratio of transmissibility coefficient between outer and inner regions; M is the ratio of permeability between outer and inner regions.

The expression for the advection term can be written as:

λ1(p¯1mD−p¯1fD)+s(1−ω1)p¯1mD=0(5)

λ2(p¯2mD−p¯2fD)+sη(1−ω2)p¯2mD=0(6)

where λ is the transmissibility coefficient; p¯2mD denotes the dimensionless pressure of the inner matrix in the Laplace domain.

The initial conditions are specified as follows:

p¯1fD|tD=0=p¯1mD|tD=0=p¯2mD|tD=0=p¯2fD|tD=0=0(7)

The outer boundary condition is:

∂p¯1fD∂n=0(8)

The interface conditions between the internal and external regions are defined as follows:

∂p¯1fD∂n=−1M∂p¯2fD∂n  (xD,yD)∈Γ2(9)

p¯1fD=p¯2fD(xD,yD)∈Γ2(10)

The Laplace space fundamental solution for the implementation of the boundary element method is presented as:

E(P,Q,u)=K0(rD(P,Q)u)(11)

where P and Q denote arbitrary points either within the domain or on the boundary; K0() is second kind of modified Bessel function.

u={s[ω1+λ1(1−ω1)λ1+s(1−ω1)]The outer regionsη[ω2+λ2(1−ω2)λ2+ηs(1−ω2)]The SRV region(12)

The outer boundary Γ1 can be divided into N1 linear segments, whereas the inner boundaries Γ2 … Γn + 1 can be partitioned into N2 … Nn + 1 segments. The numbering scheme for boundary discretization and the integration order are illustrated as shown in Fig. 4.
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Figure 4: Schematic diagram of boundary discretization and integration sequence

By using the boundary element method, the boundary integral equation for the outer region boundary element in Laplace space can be expressed as:

θp¯1fD(Qk,s)=12π∑n=1N1+N2+⋯+Nn+1ln2∫−11[E(P′,Qk,u)(1−ξ2∂p¯1fDn∂n+1+ξ2∂p¯1fDn+1∂n)−(1−ξ2p¯1fDn+1+ξ2p¯1fDn+1)∂E(P′,Qk,u)∂n]dξ(13)

The boundary integral equation for the inner region boundary element is given by:

θp¯2fD(Qk,s)=12π∑n=1Niln2 ∫−11[E(P′,Qk,u)(1−ξ2∂p¯2fDn∂n+1+ξ2∂p¯2fDn+1∂n)−(1−ξ2p¯2fDn+1+ξ2p¯2fDn+1)∂E(P′,Qk,u)∂n]dξ+1s∑j=1Wi∫SDi,jq¯Di,jE(P′,Qk,u)i=2,3,4,⋯,n+1(14)

where the Qk represents k-th point; P’ denotes any point on the boundary node; θ is a constant coefficient associated with the geometric shape at the point Q.

θ={ 1/2Smooth boundary α=πα/2πNon-smooth boundary1Internal domain problem α=2π(15)

where α represents the angle between the boundary tangent at point Q.

The boundary integral equation for the discretized center points of fracture segments within the internal domain can be written as:

p¯FDi,j=12π∑n=1Niln2 ∫−11[E(P′,QF,u)(1−ξ2∂p¯fDn∂n+1+ξ2∂p¯fDn+1∂n)−(1−ξ2p¯fDn+1+ξ2p¯fDn+1)∂E(P′,QF,u)∂n]dξ+1s∑j=1Wi∫SDi,jq¯Di,jE(P′,QF,u)(16)

where p¯FDi, j is the dimensionless pressure of the j-th segment of hydraulic fractures in the i-th region in the Laplace domain. QF represents the midpoint of the discretized segments within the hydraulic fracture.

Considering the stress sensitivity of the hydraulic fracture, we utilize an exponential form to depict the permeability variation. Then, the governing equation of hydraulic fracture can be obtained:

∂∂xD(e−γD(pFDi−pFD)∂pFD∂xD)+∂∂yD(e−γD(pFDi−pFD)∂pFD∂yD)=τ∂pFD∂tD(17)

where γ is the permeability modulus of the fracture, τ is the ratio of the outer region to the hydraulic fracture conductivity coefficient, pFDi is the dimensionless initial hydraulic fracture pressure, pFD is the dimensionless hydraulic fracture pressure.

Through the substitution of the Pedrosa variables and perturbation transformations, the Eq. (17) can be written as:

∇2ψ1D=τ∂ψ1D∂tD(18)

The equation satisfied by ψD is:

pD=−1γDln⁡(1−γDψD)(19)

After discretizing the fracture model in the Laplace space:

ψ¯wD−ψ¯FDi,j=2πRfD{∑n=1jLDi,nq¯Di,nΔSDi,n−[∑n=1j−1q¯Di,n(k−j)ΔSDi,n2+q¯Di,jΔSDi,j28]}(20)

where LDi,n is the dimensionless distance from the horizontal well to the n-th segment of the hydraulic fracture in the i-th internal region, RFD is the dimensionless conductivity of the hydraulic fractures.

The production condition for the horizontal well is expressed as:

∑i=1n∑j=1MiΔSDi,jqDi,j=1s(21)

By solving 2(N1+N2+…+Nn + 1)+2∑i=1nWi + 1 equation, the bottom-hole pressure solution can be obtained.

And bottom-hole pressure can be obtained with wellbore storage coefficient and skin factor.

ψ¯wD∗=sψ¯wD+Sks+CDs2(sψ¯wD+Sk)(22)

where CD is the dimensionless well storage coefficient, Sk is the skin factor.

Ultimately, employing the Stehfest numerical inversion algorithm [32], we derive the real-space ψwD. Then, based on Eq. (19), we compute the bottom-hole pseudo-pressure pwD.

2.4 Model Validation and Sensitivity Analysis

2.4.1 Model Validation

The semi-analytical model is validated by Saphir well-testing software. The simplified model is shown in Fig. 5, the reservoir is a closed system, and each SRV region is considered to be independent of one another. The basic parameters are shown in Table 3.
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Figure 5: Schematic diagram of simplified model
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Subsequently, we input the parameters shown in Table 3 into both models for computation and comparison of the results (As shown in Fig. 6). The results indicate that the Saphir numerical model and our semi-analytical model have a high degree of match, demonstrating the reliability of our model. Additionally, during the computation process, we found that the semi-analytical model has a significantly faster computation speed compared to the numerical model, which also highlights the advantage of our model. We also observed a slight difference in the calculation results of the two models at 5000 h. This discrepancy is due to the Saphir numerical model not refining the mesh at the boundary of the SRV region during the mesh discretization process, leading to errors in the Saphir model’s calculations for this area.
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Figure 6: Schematic diagram of model validation. (a) Grid system of Saphir model. (b) Fit results

2.4.2 Effect of SRV Region Size

In this section, the dimensionless pressure response for a fractured horizontal well in a shale gas reservoir is calculated and type curves are plotted based on the basic data given in Table 4. As shown in Fig. 7, five flow regimes are identified as follows:

[image: images]

[image: images]

Figure 7: Effect of SRV region size on type curves (Solid Line: Pressure Differential, Dashed Line: Derivative)

Stage I is the wellbore storage stage. The pressure and its derivative curve are straight lines with a unit slope. Stage II is the transient flow stage. The pressure derivative curve has the obvious form of rising and falling in this stage. Stage III is the bilinear flow stage with the slope of the pD′ – tD curve in the typical log-log plot equals 1/4. Stage IV is the linear flow stage. The curve of the dimensionless pressure derivate vs. dimensionless time in the typical curve has a 1/2 slope. Stage V is the transition stage between the inner region and the outer region, where the slope of the pressure derivative curve increases with the difference in permeability between the inner region and the outer region.

Fig. 7 shows the effects of the SRV region size on the type curve. From Fig. 7, it can be observed that the effect of the SRV region size is mainly on the linear flow stage (Stage IV) and the transition stage between the inner and outer regions (Stage V). As the SRV area increases, the transition stage between the inner and outer regions (Stage V) occurs later, extending the linear flow time in the SRV area.

2.4.3 Effect of Permeability of the SRV Region

Fig. 8 shows the effect of differences in properties within the SRV area on the type curve. Due to varying permeabilities across different SRV regions, significant differences exist in the type curves. As shown in Fig. 8, the effect of the SRV region permeability is mainly on the transition stage (Stage II), bilinear flow (Stage III), and linear flow stage (Stage IV). With increasing permeability, the transient flow stage and bilinear flow stage appear earlier.
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Figure 8: Effect of different permeability in SRV region on typical well test curves (Solid Line: Pressure Differential, Dashed Line: Derivative)

2.4.4 Effect of the Fracture Conductivity

The effect of hydraulic fracture conductivity on the type curve is illustrated in Fig. 9. The conductivity of hydraulic fractures primarily influences the transition stage (Stage II), bilinear flow (Stage III), and linear flow stage (Stage IV). The larger the value of the hydraulic fracture conductivity becomes, the lower the type curves of the transition stage are. Moreover, as the value of the hydraulic fracture conductivity increases, the bilinear flow stage becomes shorter while the linear flow stage becomes longer.
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Figure 9: Effect of different fracture conductivity on typical well test curves (Solid Line: Pressure Differential, Dashed Line: Derivative)

2.4.5 Effect of the Hydraulic Fracture Length

Fig. 10 shows the effect of the length of hydraulic fractures on the type curve. As the length of hydraulic fractures increases, the type curve is higher. The pressure derivative curve declines more rapidly during the transition flow stage (Stage II). The impact of varying hydraulic fracture length on the well test curve persists until the transition stage between the inner and outer zones (Stage V). Moreover, with an increase in the length of hydraulic fractures, the distance from the hydraulic fractures to the boundary of the SRV area decreases, which results in a shorter transition stage. Conversely, when there are short hydraulic fractures within the SRV area, a trend toward radial flow may appear. It indicates that the model is sensitive to hydraulic fracture length, making it reliable for inversion of the fracture parameters.
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Figure 10: Effect of hydraulic fractures length on typical well test curves (Solid Line: Pressure Differential, Dashed Line: Derivative)

2.4.6 Effect of Hydraulic Fracture Numbers

Fig. 11 shows the effect of the hydraulic fracture numbers on the type curve. The larger the number of hydraulic fractures is, the longer the transition flow stage (Stage II) is. Moreover, the pressure curve and the pressure derivative curve are lower. It indicates that the model is sensitive to hydraulic fracture numbers, making it reliable for inversion of the fracture parameters.
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Figure 11: Effect of different hydraulic numbers on typical well test curves (Solid Line: Pressure Differential, Dashed Line: Derivative)

2.5 Workflow of Hydraulic Fracture Parameters Inversion Based on Pumping Shut-in Pressure-Drop Data

This paper establishes a workflow for hydraulic fracture parameter inversion based on pumping shut-in pressure drop data. First, construction data is collected to convert pumping pressure to bottomhole pressure. And Gaussian filtering is then used to denoise the data, obtaining the data for well test analysis. And then, a transient flow model for shale gas wells based on the boundary element method is established. With the model parameters are adjusted to fit the pressure data as closely as possible, the single stage fracture parameters can be obtained. The work flow is shown in the Fig. 12.
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Figure 12: Workflow of fracture parameters inversion based on pressure-drop data of pumping shut-in stage

3  Model Application

The methodology proposed in this paper was put into practice with actual wells in the Changning shale gas well area, yielding parameters for individual fracture segments in shale reservoirs, including fracture half-length xF, total length of single-stage fractures LtF, average height of single-stage fractures hF, and fracture surface area StF.

Initially, we utilized actual gas production profile test data from the Changning HX-9 well to validate the rationality of the parameter interpretation results in this study. Fig. 13 illustrates the porosity, relative total organic carbon content (TOC), and gas production capability ratio of different fracturing stages at various stratigraphic positions in the HX-9 well.
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Figure 13: Reservoir physical property, gas production profile test results, and single segment SRV of well HX-9

From Fig. 13, it is evident that the proportion of gas production from each fracturing stage in the well is significantly correlated with its formation position. This correlation arises from differences in reservoir gas content, reservoir properties, and hydraulic fracturing effects across different formations. Therefore, to comprehensively analyze the influencing factors on shale gas well productivity, it is necessary to consider both engineering parameters and reservoir property parameters. The methodology proposed in this study serves as a systematic approach to address this requisite. The inversion results of single-stage fracture parameters in the HX-9 well are shown in Figs. 14 and 15.
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Figure 14: The curve fitting results of well HX-9
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Figure 15: Single-segment total fracture surface area of well HX-9 (Where the missing data is attributed to inadequate pumping shut-in time, rendering the method inapplicable)

Integrating the results of fracture surface area inversion, gas production profile test data, porosity, and TOC content data from well HX-9, we analyzed the factors contributing to variations in gas well productivity.

Fig. 16a shows the correlation curve between the product of TOC content rTOC, porosity ϕ and the gas production ratio Rgp of the HX-9 well. It can be observed that the Rgp of the Long-11 layer and Wufeng-Long-12 fracturing stages exhibit a relatively independent correlation with rTOC × ϕ, indicating a lower correlation. By constructing a combined parameter of porosity, TOC, and fracture surface area StF as rTOC × ϕ × StF, and comparing it with the gas well production ratio Rgp (as shown in Fig. 16b), it is evident that the combined parameter rTOC × ϕ × StF exhibits a significantly stronger correlation with Rgp. This reflects the accuracy of the parameter interpretation method proposed in this study, while also revealing that analyzing differences in gas production capability between well segments requires a comprehensive consideration of reservoir properties and single-segment fracture parameters.
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Figure 16: Correlation of single segment gas production ratio in HX-9 well. (a) rTOC × ϕ and gas production ratio, (b) StF × rTOC × ϕ and gas production ratio

Furthermore, utilizing the hydraulic fracture parameters inversion, we evaluated the relationship between fracturing effectiveness and engineering parameters, as well as reservoir property parameters.

Fig. 17 demonstrates a negative linear correlation between the cluster number and single-stage hydraulic fracture half-length, indicating that the fewer the cluster number is, the longer the single-stage fracture half-length is. Additionally, the correlation between the average fracture height and the single-segment cluster number shows a similar trend. It indicates that with fewer cluster numbers, the net fracture pressure decreases, making it more challenging for the fracture height to expand.

[image: images]

Figure 17: Correlation between fracture half-length, average fracture height and cluster number. (a) Cluster number and xF, (b) Cluster number and htF

Fig. 18 illustrates the correlation curve between the total hydraulic fracture length of the single segment with cluster number and spacing. Horizontal wells with a higher number of clusters and lower spacing tend to exhibit longer total fracture lengths of a single stage. Additionally, there is a notable negative linear correlation between the volume of fluid injection per stage per meter (Hf) and the total fracture length of a single segment, and a positive correlation with the fracture half-length of a single segment (as shown in Fig. 19). It indicates that the larger the volume of fluid injection per stage per meter is, the longer the fracture half-length of the single segment is. Conversely, a larger volume of fluid injected per stage per meter corresponds to a shorter total fracture length of a single segment. It indicates that merely increasing pump injection rates will not significantly enhance hydraulic fracture dimensions; instead, fracturing optimization requires the joint adjustment of cluster number and spacing.
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Figure 18: Correlation between cluster number and cluster spacing and total fracture length of single segment. (a) LtF and cluster number, (b) LtF and cluster spacing
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Figure 19: Correlation between total fracture length of single segment, fracture half-length and the volume of fluid injection of per stage per meter. (a) Hf and LtF, (b) Hf and xF

Fig. 20 shows a negative correlation between the horizontal stress difference Δσ and the total hydraulic fracture length of a single stage. As the horizontal stress difference increases, the extension of fractures becomes more challenging, leading to a relatively smaller total fracture length of a single segment. Despite the horizontal stress difference being similar between different stages of the same well, it still exhibits a negative linear correlation with the total fracture length of a single segment. This highlights the importance of the horizontal stress difference in controlling the total fracture length of a single segment.
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Figure 20: Correlation between horizontal stress difference and total fracture length of single segment. (a) the correlation between the Δσ among different wells and the average fracture length LaF of the entire well. (b) The correlation between the Δσ among different stage within the same well and the LtF

In addition to the variation in in-situ horizontal stress difference, natural fracture density is also a crucial factor influencing the hydraulic fracturing effectiveness of shale gas wells. By utilizing dimensionless natural fracture density logging interpretation data from the Changning HX platform area (as shown in Fig. 21), the impact of natural fracture density on hydraulic fracture parameters in the Changning shale gas well area was analyzed.
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Figure 21: Natural fracture intensity distribution

Fig. 22 shows the correlation between the intensity of natural fracture If and the total fracture length of a single segment. Fig. 22a shows the correlation curves between the single-stage total fracture length and the natural fracture intensity for each of the three wells. With an increase in the If, the total fracture length of a single stage shows a notable increase. However, beyond a threshold value of approximately 0.075, the total fracture length of a single stage begins to decrease with further increases in natural fracture mean intensity. This trend is consistent with the correlation between natural fracture mean intensity and total fracture length of a single stage (Fig. 22b). Thus, inversion results based on single-stage fracture parameters can provide effective evidence for analyzing the impact of natural fracture mean intensity on fracture parameters.

[image: images]

Figure 22: Correlation between the natural fractures mean intensity and total fracture length of single stage. (a) If and LtF (different colors represent different wells), (b) If and LaF

4  Conclusions

In this paper, the characteristics of the existing fracture parameters inversion and evaluation methods are systematically sorted out. A work flow of ‘pre-processing of pumping shut-in stage data–establishment of semi-analytical model–well testing interpretation’ of hydraulic fracture parameters inversion is established. The method is applied to the Changning shale gas well area. The main conclusions are as follows:

(1) The inversion of hydraulic fracture parameters based on pumping shut-in data does not require long-time well shut-in pressure testing. Simultaneously, it enables the inversion of fracture parameters of single segment.

(2) The length of hydraulic fracture and the number of hydraulic fracture exhibit high sensitivity to type curve, which indicates that our model is suitable for interpreting fracture parameters. Practical application shows that a shut-in time of around 15 min is needed for effective pressure decline analysis; otherwise, typical curves may not be plotted.

(3) The correlation between gas production profile test data from typical wells and hydraulic fracture parameters of single stage indicates that employing comprehensive parameters of reservoir properties and hydraulic fracture parameters provides a more accurate explanation of the difference in gas productivity across different fracturing segments.

(4) The accuracy of fracture parameter inversion results based on pumping shut-in pressure-drop data is high, offering significant advantages in evaluating fracturing effectiveness using single stage fracture parameters.

Although the current work has achieved satisfactory results, there are issues that need to be addressed in future research. For example, developing a flow model that considers gas-water two-phase unsteady flow and constructing a well test interpretation model that couples wellbore flow with reservoir flow. This would help solve the problem of fracture parameter inversion when there are depth differences between different fracturing stages in horizontal wells.
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Appendix A

The definitions of dimensionless variables are listed as follows:

Dimensionless distance:

xD=xxF, yD=yxF, rD=xD2+yD2, SDi,j=Si,jxF, LDi,j=Li,jxF

Dimensionless pressure, flow rate, time:

pD=πk1fhTscqscpscT(pi−p), qDi,j=xFqsci,jqsc, tD=k1fμgi(ϕ1fc1f+ϕ1mc1m)xF2t,

Dimensionless permeability modulus and fracture conductance:

γD=pscqscTπk1fhTscγ, RFD=kFwFk1fxF

Dimensionless wellbore storage coefficient:

γD=pscqscTπk1fhTscγ, RFD=kFwFk1fxF.

Other parameters definition:

ω1=ϕ1fc1fϕ1fc1f+ϕ1mc1m, ω2=ϕ2fc2fϕ2fc2f+ϕ2mc2m, τ=k1fϕFcFkF(ϕ1fc1f+ϕ1mc1m), λ1=αk1mk1fxF2

λ2=αk2mk2fxF2, M=k1fk2f, η=k1f[ϕ2fc2f+ϕ2mc2m]k2f[ϕ1fc1f+ϕ1mc1m]
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Table 3: Data used for comparison of the semi-analytical and numerical models

Parameter Value Parameter Value

Permeability of the outer region, k,/mD 0.01  Number of hydraulic fractures, 4
n/Dimensionless

Permeability of the SRV region, k,/mD 0.1 Hydraulic fracture width, wg/m 1 x 107

Porosity of the external region, 0.08  Hydraulic fracture conductivity, 50

¢./Fraction R,/ mD-m

The porosity of the SRV region, 0.1 Hydraulic fracture half-length, x./m 80

¢,/Fraction

Width of the external boundary, x./m 1000 Horizontal well length, L/m 360

Length of the external boundary, y./m 1000 Wellbore storage coefficient, C/m’-MPa~"' 1.0

Width of the SRV boundary, x,,/m 50 Skin factor, S,/Dimensionless 0.1

Length of the SRV boundary, y,./m 200
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Table 4: Data used for sensitivity analysis

Parameter Value Parameter Value

Matrix permeability, k,/mD 0.001 Shape factor, o/m~? 1 x10-°

SRV fracture permeability, k,/mD 0.1 Number of hydraulic fractures, 4
n/Dimensionless

Fracture permeability in the external 0.01 Hydraulic fracture width, wr/m 1 x107°

region, k,/mD

Matrix porosity, ¢../Fraction 0.05 Hydraulic fracture conductivity, 50
Ri/mD-m

Porosity of SRV fractures, ¢,/Fraction 0.05 Hydraulic fracture half-length, xz/m 80

Porosity of fractures in the external 0.01  Horizontal well length, L/m 360

region, ¢/Fraction

Width of the external boundary, x./m 5000 Wellbore storage coefficient, C/m*-MPa~' 1.0

Length of the external boundary, y./m 5000 Skin factor, S,/Dimensionless 0.1
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Table 1: Comparison of direct monitoring methods for obtaining fracture parameters and their
characteristics

Method Characteristics and advantages Disadvantages
Microseismic monitoring [4,5] e Obtaining the e The accuracy of fracture
three-dimensional parameters
distribution range of interpretation is poor.
fractures.

Surface/subsurface inclinometer [6] o Obtaining fracture height
and fracture volume.
e Identified the morphology of
the fracture network.
Wide field electromagnetic testing [7] e Monitoring the plane e Cannot explain fracture
expansion range of a height.
single-segment fracture
timely.
Tracer technology [8] e Can be used to assess the e Cannot obtain fracture
connectivity of fractures parameters.
between wells.
Distributed temperature sensing e Can be conducted to the
(DTS)/Distributed acoustic sensing effectiveness of fracture
(DAS) [9,10] diversion.
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Table 2: Indirect methods for characterization of fracture parameters and their characteristics (,// %
respectively indicates whether the parameter can be evaluated or not)

Type Fracture parameters inversion Fracture numerical simulation
Methods
Parameters  Net pressure-G Injection Pressure Perkins-kern- Unconventional
function falloff test drop/build-up  nordgren (PKN)/ fracture
analysis test Khristianovic- modeling
Geertsma-de Klerk  (UFM)
(KGD)
Advantages ® Obtain fracture pressure e Consider e Fast computation. e Consider
and closure pressure. complex e Consider heterogeneity
fractures. two-dimensional of fracture
fractures through extension.
geomechanical
parameters.

Disadvantages ® Cannot consider e Time- e Requires much e Time-
complex fracture consuming. basic data. consuming.
networks. e Cannot e Cannotconsider e Requires

explain the heterogeneity much
single-segment  of fracture basic data.
fracture horizontal

parameters. extension.






OEBPS/Images/EE_53622-fig-2.png
(a)
1.0E+1
1.0E+0 -
1.0E-1 -

1.0E+0

1.0E+1

T

T

1.0E+2
t/s

1.0E+3

1.0E+4

1.0OE+1 4
1.0E+0 - .
] e Fourier transform
. Gaussian filtering
e [nterpolation polynomial
1.0E-1 - L I I ! L !
1.0E+0 1.0E+1 1.0E+2 1.0E+3
t/s

1.0E+4





OEBPS/Images/EE_53622-fig-14.png
[1 Ap (pumping shut-in pressure drop data) [_] Ap'" ¢ (pumping shut-in pressure drop data) — Our model

e | Staged 121§ Stage7 e Staged 122 |Stagel0
= = © =
2 121 s A 2 D — % 1E1 / | E=m 2 —
< /// - < //__—-M 3 } /// - } // -
1E3 - 1E-3 —= 1E3 e 1E3 =
= = S = e 2 = = = e —r
- - - - "
LES 125 1E5 125
152 LE~0 1822 L5~ 152 1E~0 1522 1E~4 152 1520 1522 LE~ 152 1E~0 1522 1E~4
ts ts ts ts
121 | Stagell e | Stagel2 L | Stagel4 121 | Stagels
£ g g g g
E 1E-1 2 =v S el - =t S el < == S 1Bl 7w il
y 5 - ¥ 57 - ¥ ; - ¥ b -
:: 1E3 e -——-“——‘\" <1E3 S —_——— < 1E3 e e ——— = X < 1E3 ya ___‘3:—'4
3 o= = G = 7= = e =
1ES 1E5 1ES 1E$
1E2 LE=0 LE=2 LE=4 1E2 LE0 1E=2 LE=4 LE2 LE=0 1LE-2 LE=4 1E2 LE+0 1E=2 1LE=4
ts ts ts ts
121 Stagel6 121 { Stagel9 124 | Stage21 121 Stage24
= = = =
S 151 - S 11 - S 181 - S1E1 P -
27 - = % = 2 sl 2 =
k L - i 57 - ¥ 7 - i 7 z
=y —”
<1E3 o —: <1E3 7 il <13 4 __—a;‘_’ <123 oY =
é. 7/ ____,_—ﬁ—.‘ 2- 7/ _.=;_:___—_‘ 2. -~ __,—’ <§- 7/ _,,—’
LES LES 1E5 125
1E2 LE=0 1E=2 1LE~4 1E-2 1E-0 1522 1E-4 1E2 1E-0 1E=2 1E=4 1E2 LE~0 1E=2 1LE=4





OEBPS/Images/copy.png





OEBPS/Images/ee-logo.png
(8





OEBPS/Images/EE_53622-fig-18.png
Ly, m

1500

1100 A

700 A

300

| @

¥ =122.14x+234.23
R*=0.8392

Cluster number

10

1500

1100

L m

700

300

(b)

y =-52.686x + 1513.6

R?=0.8152
)
0 e
. ..
.
. .
o
10 15

Cluster spacing






OEBPS/Images/EE_53622-fig-22.png
1500

1200 4

900 4

Ly, m

600 -

300

... R?=10.9020
y =-44987x2 + 7556.9x + 570.89 o-

0.05

v =-32002x2+ 8058.9x + 747.94
~ R*=0.8032

3= -103024x2+ 21491x+ 208.8

R*=0.5561

T

0.1

0.2
If

0.25

1500
(b)
1200 -
g 900 A
%
~
600 -
e HY-5
300

0 0.02

o HZ-7

0.04

e HZ-6

T

0.06

y =-210844x2+ 24957x + 423.14
R*=0.6573

e HZ-5

e o HX-12 e HX-3 e HX-7 e HX-9 e HX-5

» HZ-8

If

0.08

0.1

0.12

0.14





OEBPS/Images/EE_53622-fig-7.png
50, ¥,=200

—m—— casel: x,;

80, y=250

—A— case2: xy

=300

100, vy

— o case3: xy

e Wiazzzz)

] ||

prezeieren) N\\\&\\\\\\\
2 §§\
ez 22
= V2727

o o
B

77

777,
2222
222

V2%

— )
Py P D
2 @ &
Q o o
.
o8
4,1
w {_,4
LR )
N
n
NI
\
ne
,1/
-
IIIII -—
"
.
\
[ ]
'
= *
= \
L ]
1
\
-
'
|
-
h

1E+1

1E+0

1E-2

1E

1E+5

1E-1 1E+0 1E+1 1E+2 1E+3 1E+4

E





