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Hydraulic fracturs size inversion plays an important role on evaluating hydraulic fracturing efficiency. Fracture size can be calculated by microseism events or all the pressure data generated by hydraulic fracturing stimulations. These methods are time-consuming. However, the sudden shutoff of pumping can induce a special data known as the water hammer signal. The size of this data is much fewer than others so using it to calculate fracture size is efficient. This study proposes a method of using water hammer signal to work out the hydraulic fracture size. The numerical simulation model is proposed based on the transient flow model to describe the water hammer behavior. The impacts of fracture on water hammer behavior are represented by three parameters (R,C and I). Through these parameters, the fracture size can be calculated. The accuracy of this method is validated by comparing fracture size inversion results between different methods. The results show that the parameter C and R have obvious impacts on water hammer signal and they can cause the amplitude of water hammer signal alternate from 5 to 2 MPa. In addition, this method is accurate for fracture size calculation and the overall error between its results and ones from normal methods is about 6.28%. This method is more suitable for fractures away from horizontal well toe than ones near to well toe. The mean error of fractures away from well toe is only 3.49% but it is 12.75% for fracture near well toe. It is because that the fracture structure is complex near well toe. It indicates that the more accurate relationship between fracture size and parameters (R,C and I) is required for fracture with complex structure.
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1 INTRODUCTION
Shale gas plays an extremely important role as an energy resource and a source of some chemical products (Armor John, 2013). However, shale gas reservoirs are usually characterized by low porosity and ultra-low permeability. For example, Sichuan shale gas reservoir is a deep shale gas reservoir whose depth is about 5,000 m, and the reservoir is mainly free-phase gas (Qian et al., 2023). In order to improve gas production, hydraulic fracturing is a necessary stimulation method, and the hydraulic fracture size affects the production of shale gas. The appropriate hydraulic fracture size can form an effective fracture network, which decreases economic costs and enhances production recovery (Guo et al., 2022; Peng-Fei et al., 2023).
Since the hydraulic fracture size cannot be directly observed, many methods for calculating hydraulic fracture size have been proposed to evaluate the quality of hydraulic fracture. The common calculation methods are: G-function analysis, AVO (Amplitude Variation with Offset) inversion, thermal neutron detection technology and field direct logging or microseismic detection. Since the G-function method was proposed in 1987, the research on fracture size calculation methods by G-function had been widely studied (Castillo, 1987; Yuan et al., 2016; Recep et al., 2021; Tu et al., 2022; Jatykov and Bimuratkyzy, 2022). However, the traditional G-function model is difficult to estimate the shape of the multi-fracture network in each fracturing stage. In the latest study (Hou et al., 2022), a multi-fracture geometry calculation model based on the G-function graph of the pressure drop data after fracturing was proposed. It can obtain the fracture length and width by considering the proportional function of fracture length. However, its accuracy of the heterogeneous reservoir is usually low. The AVO inversion algorithm identifies fluids in different statements through the dispersion characteristics of fluids, thus determines the effectiveness of fractures (Minsley Burke et al., 2004; Gregg et al., 2009; Gabriel et al., 2009; Muhammad and Sun, 2020; Xiao et al., 2022). Traditional frequency-dependent AVO inversion algorithms cannot consider the azimuth of seismic data acquisition, and ignores the effect of seismic anisotropy dispersion in real media. Through considering the anisotropy of seismic data, a frequency-dependent AVOAz (Amplitude Versus offset/Angle and Azimuth) inversion method is proposed (Ajaz et al., 2021; Li et al., 2013). However, the shortcomings of seismic noise affecting inversion results and low resolution of inversion results are still required improvements. Thermal neutron detection technology is based on the high thermal neutron absorption capacity of gadolinium oxide labeled proppant, and the fracture parameters are determined by thermal neutron detection. Monte Carlo simulation method is used to analyze the spatial distributions of thermal neutrons before and after fracturing stimulations, and the relationship between thermal neutron number, gadolina content and proppant placement is built (Qian et al., 2020). On this basis, a mathematical relationship between the change of thermal neutron number and fracture parameters is established. Fracture height and width are quantitatively evaluated. However, thermal neutron detection technology has high economic cost and cannot maximize economic benefits. Seismic data such as seismic amplitude, azimuth and other parameters are usually used to invert fracture information in field tests (Davis et al., 2008; Cao and Sharma, 2022). The current methods are mainly used to obtain the elastic constant, anisotropy coefficient or fracture weakness, but they cannot directly obtain the fracture information. In order to improve their accuracy, scholars have proposed weighted calculation or improved inversion schemes based on seismic data (Guo et al., 2022; Huang et al., 2023). These improvements can accurately describe fracture information and the prediction of fracture trend. Their results are in good agreement with the results of tectonic stress field analysis.
The Hydraulic Fracturing Test Site (HFTS) program conducted in 2015 was a site-based hydraulic fracturing experiment in the West Texas Permian (Midland) basin and had successfully tested a new patented method of pumping hydraulic fracturing (Jordan and Iraj, 2017). This method rapidly changes the speed of fluid pump from a predetermined constant rate to a significantly low rate, and then rapidly increases to the maximum rate. Rapid changes in fluid velocity or rate pulses can temporarily produce pressure pulses of hundreds to thousands psi. They generate a water hammer phenomenon. The water hammer signal fracture inversion method uses the dynamic changing pressure signal as the input boundary condition. Substituting this condition into the fluid transient flow model can solve the water hammer response in the fracture through the MOC (Method of Characteristics) algorithm and finite difference method (Zaruba, 1993; Chen, 2005; Chen et al., 2006; Hou et al., 2021). Parameters that can represent the impact of fractures on pressure signal are added into the transient flow model. When the fitting pressure value satisfies with the real data of actual stimulation pressure curve, those parameters presenting fracture impacts can be set as the real fracture size (Qiu et al., 2022; Carey et al., 2015; Hwang et al., 2017; Iriarte et al., 2017).
In this paper, in order to test the applicability of water hammer signal fracture inversion method for horizontal wells, the finite element method is used to simulate the fracturing stimulation process in shale reservoirs to obtain hydraulic fracture size. Based on the transient flow model, the characteristics of water hammer signal are analyzed, and the fracture size is retrieved by the fracturing water hammer signal, and the feasibility of water hammer signal inversion is verified and its influencing factors are discussed.
2 FRACTURE SIZE CHARACTERISTICS OF SHALE GAS RESERVOIR IN SICHUAN BASIN, CHINA
The hydraulic fracture size characteristics are obtained by the finite element method in this section. Those solutions can be used to verify the accuracy of the water hammer signal fracture inversion method.
2.1 Geological reservoir model
2.1 1Geological characteristics of reservoir
The actual stimulation data used in this study is obtained from a shale gas reservoir in the south Sichuan Basin. The target reservoir is located at the Silurian reservoir with a buried depth about 4,000 m. It mainly contains gray and dark gray shale rocks in the upper layer, gray black-black interlayer shale rocks in the bottom layer, and its caprock is gray argillaceous limestone. The shale gas reservoir has good preservation conditions, and the measured pressure coefficient of single well is 1.8–2.4. The reservoir is developed by a well group, and the target well group (P4) contained 6 wells. According to the rock mechanical experiment and logging data, its reservoir mechanical properties are shown in Table 1. The range of difference between in-situ stresses in two directions is 2–17 MPa and the difference of Young’s modulus is greater than 10 GPa, indicating that the reservoir is highly heterogeneous.
TABLE 1 | Mechanical properties of Silurian reservoirs in P4 platform.
[image: Table 1]2.1.2 Geomechanical reservoir model
According to the reservoir mechanical properties in Table 1, the reservoir mechanical properties around a single well are set, and the mechanical properties of rocks in interwell reservoir areas are established using the interpolation function. The distributions of Young’s modulus and Poisson’s ratio are shown in Figures 1A, B, respectively. The mechanical boundary condition of the reservoir is set as uniaxial strain condition. The stress generated by the gravity of overlying rock is applied to the top boundary, and the remaining boundaries are set as the rolling support condition (no normal displacement). Through numerical simulation, the reservoir in-situ stress values are calculated. The distributions of the minimum horizontal stress and maximum horizontal stress are shown in Figures 2A, B, respectively. Compared with the in-situ stress values of each well in Table 1, it is found that the average error between the numerical simulation solution and the actual values is 5.3%. Therefore, the above geomechanical model is accurate and can improve the accuracy of subsequent hydraulic fracturing simulation.
[image: Figure 1]FIGURE 1 | 3D distribution of reservoir mechanical properties. (A) illustration of Young’s modulus distribution; (B) illustration of Poisson’s ratio distribution.
[image: Figure 2]FIGURE 2 | 3D distribution of reservoir in-situ stress. (A) illustration of Minimum horizontal stress distribution; (B) illustration of Maximum horizontal stress distribution.
2.2 Hydraulic fracturing stimulation characteristics
Six Wells on the P4 platform are stimulated by multi-stages hydraulic fracturing method. Well W5 is stimulated by variable-viscosity slip water (viscosity range: 400–600 mPa·s), and the remaining five wells are stimulated by low-viscosity slip water. Each stage has 6 clusters and perforation density is 16 perforations/m, the stage distance is 15–25 m. The main stimulation parameters is shown in Table 2.
TABLE 2 | Stimulation parameters of six wells in P4 platform.
[image: Table 2]2.3 Fracture size characteristics
On the basis of the above geomechanical model, the fracturing stimulation scheme is input, and the hydraulic fracture propagation is simulated by Kinetx software. The software assumes the fracture as a vertical plane fracture and proposes an unconventional fracture model (UFM). This model can simulate the interaction between hydraulic fractures and natural fractures, consider the one-dimensional flow of fracturing fluid, the migration of proppant and the elastic deformation of fracture width. Due to the difficulty in obtaining natural fracture data and the increased difficulty in modeling, the geological model used in this study will generate natural fracture conditions based on empirical formulas. It can also fully consider the rock mechanical properties and irregular fracture morphology of the reservoir. This software is widely used in the numerical simulation of hydraulic fracturing stimulation for shale reservoirs.
In order to verify the accuracy of numerical simulation results, the numerical simulation results are compared with three types of field data. Firstly, the simulated fracture distribution results are compared with the microseismic data, as shown in Figure 3. Because the microseismic data itself is susceptible to interference, it cannot accurately reflect the fracture length and other characteristics, so only the microseismic data is used to verify the simulated fracture distribution characteristics. As shown in Figure 3, in the area with dense microseismic data points, the simulated fractures are also relatively dense. Therefore, the fracture distribution obtained by numerical simulation is basically consistent with that of microseismic data. Secondly, the simulated wellbore pressure curve is compared with the actual pressure curve. The comparisons of pressure between field data and numerical solution for the Well 2, Well 3 and Well 5 are shown in Figures 4A–C, respectively. As shown in Figure 4, the simulated pressure curve is in good agreement with the actual curve in terms of value and variation law. Finally, after fracturing simulation, the shale gas production is simulated, and the shale gas daily production simulation data is obtained, and compared with the actual production data. The comparisons of daily production rate between field data and numerical solution for the Well 2, Well 3 and Well 5 are shown in Figures 5A–C, respectively. As shown in Figure 5, the alternation behavior of the numerical simulation results is consistent with that of the actual production data, but the data is hard to be highly consistent with the actual ones. The actual stimulation is complicated, and there are operations such as well repairing. However, the overall agreement between the numerical simulation and the actual data reached 84%. Through the comparison of the above three types of data, it is clear that the fracture size obtained by numerical simulation is basically accurate.
[image: Figure 3]FIGURE 3 | Comparison of fracture morphology and micro-seismic data of Well2 and 6.
[image: Figure 4]FIGURE 4 | The comparison of pressure curve between numerical solution and field data. (A) comparison result of Well 2; (B) comparison result of Well 3; (C) comparison result of Well 5.
[image: Figure 5]FIGURE 5 | Comparison of daily production data between numerical solution and field data. (A) comparison result of Well 2; (B) comparison result of Well 3; (C) comparison result of Well 5.
The fracture length obtained by this numerical simulation is shown in Figure 6. The total length of fractures in each well falls in the range of 100–350 m. The simulation results also show that the overall fracture height is about 40 m and the fracture width falls in the range of 5–15 mm. The fracture size difference of the same well is large, resulting from reservoir heterogeneity as shown in Figure 1 and Figure 2. For example, the minimum horizontal principal stress of each horizontal well is quite different and its difference is about 5 MPa. The similar flow rate and the upper limit pressure of the fracturing equipment, therefore, the fracture length is short at location where the in-situ stress is high, while, the fracture length is moderate at location where the in-situ stress is low. Although the fracture lengths for different multi-stages are quite different, the numerical solutions are basically accurate because that their distributions are consistent with micro-seismic data as shown in Figure 3, the pressure curves of numerical solutions are consistent with field data as shown in Figure 4 and the daily production data of numerical solutions are also consistent with field data as shown in Figure 5. These solutions of fracture lengths can be used to verify the ones obtained by the water hammer signal in the following section.
[image: Figure 6]FIGURE 6 | The corresponding fracture length of each well fracturing stage in P4 platform.
3 FRACTURE SIZE INVERSION METHOD BASED ON WATER HAMMER SIGNAL
3.1 Water hammer phenomenon
The pump or valve is closed at the end of hydraulic fracturing stimulation, inducing a pressure wave because of the fluid flow inertia. This phenomenon is known as the water hammer phenomenon. This pressure wave transports in the wellhole and is reflected when it reaches at the end of wellhole. During this process, the hydraulic fracture affects the pressure wave transport behavior, and pressure signal with some oscillations can be received at the wellhead. The characteristics of pressure signal (such as amplitude, frequency) dynamically change with time due to fluid flow friction and flowing into fractures, as shown in Figure 7. By simulating the water hammer pressure signal, the characteristics of the fracture can be inverted.
[image: Figure 7]FIGURE 7 | Illustration of pressure signal at wellhead caused by the water hammer phenomenon.
3.2 Numerical simulation model of water hammer phenomenon
Figure 8 shows the geometry model of wellbore-fracture structure. When the fracturing stimulation is stopped instantaneously, the pressure wave propagates through the fracturing fluid, reflects at the end of the wellbore, and is superimposed with other pressure waves. The overall pressure signal is monitored by the wellhead pressure sensor. Due to the existence of fractures, some amount of fluid flows into fractures, affecting the pressure signal at the wellhead The fracture size can be inverted based on the characteristics of pressure wave at the wellhead.
[image: Figure 8]FIGURE 8 | Illustration of fluid flow path in the wellbore-fracture structure.
The fluid flow of water hammer phenomenon in the wellbore can be regarded as a one-dimensional pipeline flow when establishing the numerical model. The momentum and mass conservation equation of fluid flow in a one-dimensional pipeline are shown in Eqs 1, 2 without considering the liquid compression (Chaudhury, 1987):
[image: image]
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where p is the pressure, V is the fluid flow velocity, f is the Darcy-Weisbach friction coefficient (Churchill, 1997), ρ is the fluid density, D is the equivalent diameter of the hydraulic fracture, a is the velocity of pressure wave. The value of some parameter and conversion relationship between them is shown in Eqs 3–7:
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
where e is the surface roughness of the main joint; μ is the fluid viscosity, A is the area of a fracture cross section, and S means the perimeter of the fracture cross section, H is the pressure measuring head, Q is the flow, z is reference depth, K is the fluid elastic modulus, which is 0.218 GPa.
By combining the above equations, the flow equations represented by H and Q in one-dimensional horizontal wellbore is obtained, as shown in Eqs 8, 9:
[image: image]
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To get the response of the water hammer signal with fractures, it is necessary to introduce parameters related to fractures into the equation. Three physical parameters, R, C, and I, is used to simulate the effect of fractures on the water hammer signal. The pressure inside fractures is different from the pressure inside wellbore (pBH). Their difference (Δpnwf) can be represented by those three parameters, as shown in Eq. 10 (Carey et al., 2015):
[image: image]
According to the wellbore flow Eqs 8–10, the response of the water hammer signal in the case of a single fracture can be simulated by adjusting the three parameters R, C, and I.
To simplify the calculation of fracture size, the following assumptions are made.
(1) The water hammer simulation model only considers a single fracture in each a single fracturing stage. The corresponding impact of fracture on the water hammer is the equivalent result of all fractures in the single fracturing stage;
(2) During the whole process of water hammer occurrence, the fracture stop to propagating and its length is constant;
(3) The fracture leakage is ignored in the whole process of water hammer occurrence;
(4) The pressure drop induced by flow through perforation is ignored.
For the horizontal well, there are several fractures in one fracturing stage. The calculated fracture size is considered as the equivalent fracture size which is the sum of all these fractures’ geometry sizes. Shylapobersky et al. (1988) related net pressure to fracture dimensions with Eq. 11 below:
[image: image]
There are two cases: short crack (2Lf/hf < 1) or long crack (2Lf/hf > 1). Equations for fracture half-length, height, and width were derived from Eqs 12–14.
[image: image]
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where Lf is the seam length, hf is the seam height, w is the seam width, E′ is the plane strain elastic modulus, and E(m) is the complete elliptic integral of the second kind (Mondal, 2010).
3.3 Influence of fracture parameters on water hammer signal
In order to illustrate the impact of three parameters (R,C,I) on the water hammer signal, several simulation cases are conducted. The geometry model is as shown in Figure 8 and it is assumed that there is a fracture at the end of horizontal well. The impact of fracture on fluid flow is that there is an additional pressure at the location where the fracture exists. This additional pressure is represented by Eq. 10. The parameters used in these simulations are shown in Table 3.
TABLE 3 | Parameters used to illustrate the impacts of three key parameters on water hammer signal.
[image: Table 3]The impact of R on water hammer signal at wellhead is shown in Figure 9. It is clearly shown that R affects the amplitude of the simulated water hammer signal. The amplitude of water hammer signal decreases with the R value. When the R increases from 10 to 50, the initial amplitude of water hammer signal decreases from 5 to 3 MPa. After several periods of vibration, the amplitude also decreases. When the R increases from 10 to 50, the following amplitude of water hammer signal decreases from 3 to 1 MPa.
[image: Figure 9]FIGURE 9 | Pressure profiles for different R values.
The impact of C on water hammer signal at wellhead is shown in Figure 10. It is clearly shown that C affects the mean value of the simulated water hammer signal. The mean value of water hammer signal decreases with the C value. When the C increases from 0.2 to 1, the mean value of water hammer signal decreases from 74 to 69 MPa. Through these two figures, it is can be seen that water hammer signal is dependent with those parameters, so it is possible that the real water hammer signal could be matched by carefully selecting those parameters’ values.
[image: Figure 10]FIGURE 10 | Pressure profiles for different C values.
3.4 Calculation procedure
After the available parameters are found out through matching water hammer signal, the fracture size can be calculated by substituting those into Eqs 11–14. To work out the fracture size, the following steps are required.
(1) Obtaining the real water hammer signal from the pressure curve of fracturing stimulation, as shown in Figure 7.
(2) Obtaining the reasonable parameters (R, C, and I) through conducting the numerical simulation of water hammer signal, as shown in Eqs 8–10. The geometry model is shown in Figure 8 and the real well size is set based on the actual data. Optimizing The values of parameters (R, C, and I) are optimized until the minimum error between numerical solution and the real signal is obtained.
(3) Calculating the fracture size. The fracture size can be calculated by substituting the above reasonable values of R, C, and I into Eqs 11–14.
4 FEASIBILITY OF FRACTURE SIZE INVERSION METHOD BASED ON WATER HAMMER SIGNAL
4.1 Water hammer signal simulation
Since some wells do not observe water hammer signals, water hammer inversion cannot be carried out. In the fracturing data from the above 6 wells in section 2, it is found that 27 pressure curves of fracturing stimulations contain water hammer signals. Through the above diagnosis procedure in section 3.4, the suitable values of R, C, and I for these 27 cases are found out and shown in Table 4. The errors between simulation solutions and real water hammer signals are mainly less than 2% and the maximum error is 3.76%.
TABLE 4 | Parameters required for fitting water hammer signal.
[image: Table 4]Figure 11 shows the comparison of pressure between simulation solutions and water hammer signal from fracturing stimulations. The comparison results between field data and numerical solutions for 10 stages of Well 2, Well 3, Well 4 and Well 6 are shown in Figures 11A–J, respectively. The order of these figures is set by the accuracy values. The best comparison result is shown in Figure 11A and the worst comparison result is shown in Figure 11J. The main errors are less than 2%, indicating the availability of this numerical model. The accuracy of this model depends on the quantity of water hammer signal. If the water hammer signal has over 4 circles of vibration and the pressure amplitude is less than 1.5MPa, the error falls within 0.26%–0.70%, as shown in Figures 11A–I. Otherwise, the error increases to 1.64%–3.76%, as shown in Figures 11f–J. The reasons for this phenomenon are as follows.
(1) The friction model in the numerical simulation model of the water hammer (f in Eq. 5) may not be suitable for the actual friction behavior of fracturing fluid. When the amplitude of the water hammer signal is less than 1.5 MPa, it indicates that the friction is small, so the error is few.
(2) The method of using three parameters, R, C, and I to represent the effect of fractures on water hammer signals may not be suitable for horizontal wells with quite complex fracture network. The fracture morphology of some horizontal wells has the main fracture and the secondary fractures which are more complex than the normal bi-wing fracture morphology. The impact of such complex fracture on water hammer signal may be hard to be represented by the simple three parameters. If the relationship between these three parameters and fracture size or fracture network is known, this method can be used to evaluate more information of fracture morphology. The corresponding studies are required in the further.
[image: Figure 11]FIGURE 11 | Comparison between numerical simulation solutions and actual water hammer signals. (A) comparison result of Stage 20 in Well 2; (B) comparison result of Stage 16 in Well 2; (C) comparison result of Stage 28 in Well 3; (D) comparison result of Stage 2 in Well 4; (E) comparison result of Stage 6 in Well 4; (F) comparison result of Stage 2 in Well 3; (G) comparison result of Stage 2 in Well 2; (H) comparison result of Stage 12 in Well 6; (I) comparison result of Stage 5 in Well 4; (J) comparison result of Stage 4 in Well 4.
4.2 Inversion results of fracture size
After the reasonable values of R, C, and I are obtained, substituting them into Eqs 10–12 can get fracture size. The iteration process is implemented using EXCEL software, with 200 iteration steps. The relevant parameters are shown in Table 4. The fracture length obtained by the water hammer inversion method is compared with that simulated by hydraulic fracturing finite element software. The comparison results for the Well 2, Well 4 and Well 6 are shown in Figures 12A–C, respectively.
[image: Figure 12]FIGURE 12 | Comparison of water hammer inversion results and finite element inversion results. (A) comparison result of Well 2; (B) comparion result of Well 4; (C) comparison result of Well 6.
According to the comparison with the finite element results, the overall errors of this new method is 6.28%. These few errors magnitude indicate that this new method is quite accurate. This method of using water hammer signal to calculate fracture size is much simpler than the one of finite element method, therefore, this new method has more efficiency and can give timely feedback to engineers and ensures quick modification of fracturing stimulation. However, the errors of stages near to horizonal well toe (the number of fracture stage is less than 4) are one-time higher than the overall errors and their errors can be 15%. The fractures of these stages near to horizontal well toe are significantly affected by drilling stimulations so the fracture morphology may be more complex than the one of bi-wing fracture. The relationship of fracture size and water hammer parameters (R, C, and I) is far away from ones shown in Eq. (13) ∼ (15), indicating high errors.
5 CONCLUSION
In order to enhance fracture size inversion efficiency, this study proposes a method to obtain fracture size through water hammer signal. The fracture size is first evaluated by normal method. The corresponding method is then built and its results are compared with ones from normal method. The main conclusions are as follows.
(1) The special parameters (R,C and I) in this new method is used to represent impact of fracture on water hammer signal. The parameter C and R have obvious impacts on water hammer signal and they can cause the amplitude of water hammer signal alternate from 5 to 2 MPa.
(2) This new method is accurate for fracture size evaluation and the overall error between its results and the one from normal methods is about 6.28%.
(3) This new method is more suitable for fractures away from horizontal well toe than ones near to well toe. The mean error of fractures away from well toe is only 3.49% but it is 12.75% for fracture near well toe. It is because that the fracture structure is complex near well toe. It indicates that the more accurate relationship between fracture size and parameters (R,C and I) is required for fracture with complex structure.
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