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Abstract

:

Recently, the Changning shale gas field has been one of the most outstanding shale plays in China for unconventional gas exploitation. Based on the more practical experience of hydraulic fracturing, the economic gas production from this field can be optimized and gradually improved. However, further optimization of the fracture design requires a deeper understanding of the effects of engineering parameters on simultaneous multiple fracture propagation. It can increase the effective fracture number and the well performance. In this paper, based on the Changning field data, a complex fracture propagation model was established. A series of case studies were investigated to analyze the effects of engineering parameters on simultaneous multiple fracture propagation. The fracture spacing, perforating number, injection rate, fluid viscosity and number of fractures within one stage were considered. The simulation results show that smaller fracture spacing implies stronger stress shadow effects, which significantly reduces the perforating efficiency. The perforating number is a critical parameter that has a big impact on the cluster efficiency. In addition, one cluster with a smaller perforating number can more easily generate a uniform fracture geometry. A higher injection rate is better for promoting uniform fluid volume distribution, with each cluster growing more evenly. An increasing fluid viscosity increases the variation of fluid distribution between perforation clusters, resulting in the increasing gap between the interior fracture and outer fractures. An increasing number of fractures within the stage increases the stress shadow among fractures, resulting in a larger total fracture length and a smaller average fracture width. This work provides key guidelines for improving the effectiveness of hydraulic fracture treatments.
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1. Introduction


The Changning shale gas field in Sichuan Basin is well known as the main shale gas production area in China, and has begun commercial production since 2012. With less than a decade of production, there is still much to learn about the most efficient way to produce shale gas. With the increasing practical experience of hydraulic fracturing, the economic shale gas production from this field is able to be optimized and gradually improved [1]. The production of single shale-gas wells has been continuously improved and the average daily production has increased from 11.1 × 104 m3 to 28 × 104 m3. However, the average well production rate and estimated ultimate recovery (EUR) are significantly lower than shale gas production in North America [2,3,4].



The technique of multi-stage hydraulic fracturing is the key to develop unconventional gas reservoirs [5,6,7,8]. The production in the Haynesville shale demonstrates that one of the most effective ways to increase production is to maximize the number of fracture initiation points along the lateral. Because of the limited drainage radius of the created fractures, the well production increases while the spacing between each perforated cluster interval decreases. The recent completions in the Haynesville shale show that many operators are completing wells with tighter cluster spacing than previously attempted, and this trend has continued [9]. However, when the completions for increasing the number of clusters in one stage are used in the Changning field, the well production is not significantly increased.



The complex fracture geometry is often generated and predicted in shale gas reservoirs rather than simple planar fractures through advanced fracture diagnostic and microseismic monitoring results [10]. One usually considers that increasing the perforation clusters in one stage can generate a similar number of fractures after hydraulic fracturing. However, production logging and tracer detection demonstrated that not all fractures along the horizontal wellbore can effectively propagate [11,12,13,14,15]. Fracturing fluids and proppants do not enter into each cluster evenly. Some clusters have a large proportion of the intended liquid and proppant and generate “super” fractures, resulting in other clusters accepting very little fluid to grow. As a result, the difference of shale gas production between different clusters along the lateral is very big. The data of the production logs from the wells of the Sichuan Basin with 4–5 perforation clusters in one stage indicated that some clusters may be ineffective and do not contribute to production. However, the further optimization of the fracture design requires a better understanding of the effects of engineering parameters on simultaneous multiple fracture propagation. The fracture propagation model has been widely used in unconventional reservoirs for the completion design, such as the Permian Basin and Eagle Ford Shale [16,17,18]. Through the modeling research, optimization strategies have been achieved, which support the improvement of single well production. The optimal fracture design can materially increase the effective fracture number and enhance the well productivity. However, the rock mechanics parameters used in the simulation are the actual data of Changning, which are significantly different from US fields. The minimum horizontal stress and the Young’s modulus are the different parameters used for this specific field. The minimum horizontal stress gradient of Changning is 0.0249 MPa/m, while the minimum horizontal stress gradient of US fields is 0.0199 MPa/m. The Young’s modulus is about twice as much as that in US fields. Consequently, the multistage fracturing completion of the Changing field should be optimized to achieve a high cluster efficiency and increase the opportunities to distribute fluid and proppant evenly across all targeted clusters. In this paper, based on the complex fracture propagation model (XFRAC) and the Changning field data, a series of case studies were performed to investigate the effects of multiple engineering parameters on multiple fracture propagation. The fracture spacing, perforating number, injection rate, fluid viscosity and number of fractures within one stage were studied. For a deeper understanding of the complex physics related to simultaneous multiple fracture propagation and evaluating the uniformity of the fracture length, three perforation clusters in a stage were simulated, and the deviation of the normalized fracture length was calculated. The description of the model is presented in the following section.




2. Methodology


A complex fracture propagation model, developed by Wu [19], was used to simulate simultaneous multiple fracture propagation in shale gas formation. The rock deformation and fluid flow were iteratively coupled in the model. The rock deformation was modeled by a simplified 3D displacement discontinuity method [20]. The shear and normal displacement discontinuities were calculated for each fracture element. The normal displacement discontinuity is the opening of fractures, and the shear displacement discontinuity is used to predict the fracture propagation path at each time step. A non-planar fracture geometry will be induced if the shear displacement discontinuity is nonzero. To improve the computation efficiency, the simplified displacement discontinuity method eliminated the discretization in the vertical (fracture height) direction. The solution of the method can be made explicit as follows:


σsLi=∑j=1NAsL,sLijDsLj+∑j=1NAsL,nnijDnjσnni=∑j=1NAnn,sLijDsLj+∑j=1NAnn,nnijDnj



(1)




where i and j represents elements i and j, N is the total element number, Dnj is a normal displacement discontinuity on element j, and DsLj is a shear displacement discontinuity on element j. σsLi and σnni are given traction boundary conditions. The distribution of pressure along the fracture path can be computed by the fluid flow model, which can provide these tractions. The constitutive model is based on the assumption of the plane-strain and elastic deformation. Ann,sLij is the coefficient matrix that can give the normal stress at element i because of a shear displacement discontinuity at element j. Ann,nnij represents the normal stress at element i induced by an opening displacement discontinuity at element j. Analogous meanings can be attributed to AsL,sLij and AsL,nnij. The detailed derivation of the model can be found from the work by Wu [19].



The fluid flow in the shale gas wellbore and each fracture are fully coupled, similar to the electric circuit network. The flow rate of every fracture is similar to the current, and the pressure is analogous to the electric potential. We applied Kirchoff’s first and second laws to compute the flow rate distribution among every fracture within a stage. The total volumetric injection rate, QT, is given, and the injection rates into each fracture, Qi, are dynamically calculated by the model. The wellbore storage effect was ignored in the model. The sum of the injection rates of all the fractures is equal to the total injection rate,


QT=∑i=1NQi



(2)




Kirchoff’s second law described the continuousness of the pressure along the horizontal wellbore, considering the pressure drop of the wellbore friction and the perforation friction [21]. The sum of the pressure in the first element of a fracture branch, perforation friction pressure drop, and wellbore friction pressure drop together is equal to the pressure in the wellbore heel. The equation is given by:


po=ppf,i+pcf,i+pw,i



(3)




where po is the total pressure of the wellbore heel, pw,i is pressure of the first element of the fracture, ppf,i is the pressure loss of the perforation friction pressure loss, and pcf,i is the pressure loss of the horizontal wellbore. The identification number of the fracture branches is represented by ‘i’. The pressure drop of the perforation friction can be calculated by a function of the square of the flow rate and perforation friction. The lubrication theory was applied to describe the fluid flow in the fracture and the associated pressure drop. The model assumed that the fracture is a slot between parallel plates. Multiple fracture propagation has been simulated by the model and compared with a numerical model [22] to benchmark the accuracy of capturing the physical process of stress shadow effects.




3. Case Study


3.1. Base Case


In this section, we demonstrate the phenomenon of uneven fracture growth and how to facilitate a more uniform fracture propagation. The base case has three fractures propagating simultaneously in a single stage (Figure 1), which has a uniform cluster spacing of 23.3 m. All parameters were selected from the Longmaxi formation of the Changning shale gas field in China and are listed in Table 1. We assume that one perforation cluster induces only one hydraulic fracture. Hence, the perforation-cluster spacing is the same as the initial-fracture spacing. The effects of the natural fractures and near-wellbore tortuosity are not taken into account. It is assumed that the reservoir is homogeneous in regard to slight differences of the in-situ stress state and rock mechanical properties. The final fracture geometry and flow volume distribution of the base case are shown in Figure 2 and Figure 3, respectively. Because of the strong stress shadow effects, the middle fracture is much shorter, while the two exterior fractures are much longer. The average percentage of the flow rate into every cluster is 33%. The middle fracture only received 19.6%, which is much less than the intended percentage, while the exterior fractures received about 40.2% of the total fluid. The stress shadow effects and the friction pressure drop along the wellbore result in the curves of the interior and exterior fractures diverging. Based on the base case, we modified the values of the fracture spacing, perforating number, injection rate, fluid viscosity and number of fractures within the stage to analyze how these factors affect the effectiveness in promoting a uniform fracture growth. These parameters were changed one at a time from the base case.




3.2. Effect of Fracture Spacing


With ultralow matrix permeability, one of the most effective ways to increase shale gas production is to optimize the number of fracture initiation points along the lateral. However, stress shadow effects can result from overly closely spaced fractures, resulting in an inefficient completion. Hence, we investigated three different fracture spacing effects on the fracture geometry and compared this with the base case. Each stage consists of three clusters, and the fracture spacings are 10 m, 15 m, 23.3 m, and 30 m (Figure 4), respectively. The simulation results show that the stress shadow effects increase with the decreasing fracture spacing, resulting in two longer outer fractures and a shorter middle fracture, as shown in Figure 5 and Table 2. The non-uniform fracture growth will significantly reduce the perforation efficiency. This is because larger stress shadow effects would increase the flow resistance of the middle fracture; less fluid enters into the middle fracture.




3.3. Effect of Perforating Number


Perforation friction is a function of perforation density. The base case has a uniform perforation design with 16 perforations for each cluster. In this subsection, three different cases were investigated: two of them increase to 20 and 24 perforations for each cluster respectively, and another case uses only 12 perforations for each cluster. Figure 6 and Table 3 illustrate that fractures grow more non-uniformly with the increasing perforation density for each cluster. The larger the perforation density, the shorter the middle fracture and the longer the two outer fractures. In addition, it can be found that 12 perforations per cluster for three clusters in one stage are the optimal design in the Changning shale gas field. While the perforation density for each cluster increases from 12 to 24, the length of the middle fracture is reduced by 150% and the width is reduced by 25%, which significantly decreases the cluster efficiency.




3.4. Effect of Injection Rate


The injection rate is another important factor for affecting hydraulic fracturing treatments. Additionally, we kept other parameters the same as the base case and investigated the effects of different injection rates on the fracture geometry (Figure 7 and Table 4). Four injection rates were considered: 10 m3/min, 12 m3/min, 14 m3/min and 16 m3/min. Since the injection time for all of the cases was the same, more fluid volume was injected for the larger injection rate. Figure 7 shows that a more uniform fracture geometry was achieved for the larger injection rate. The simulation results demonstrate that a higher injection rate is better for promoting a uniform fluid volume distribution and an even growth for each cluster in the Changning shale gas field. This is because that larger injection rate can mitigate stress shadow effects and generate a higher perforation friction pressure drop. Consequently, the injection rate of the Changning shale gas field should be increased to improve the cluster efficiency.




3.5. Effect of Fluid Viscosity


We studied the effects of different fluid viscosities on the fracture geometry, and the simulation results are shown in Figure 8. The other parameters are the same as those of the base case. The three different viscosities of the injection fluid are, respectively, 2.0 mPa·s, 10 mPa·s and 24 mPa·s. An injection fluid with a larger viscosity created a higher fluid pressure within the fracture and a wider fracture width (Figure 8 and Table 5). A higher fluid pressure generated stronger stress shadow effects, resulting in a larger variation of fluid distribution between perforation clusters. Figure 8 illustrates that the length of the middle fracture is reduced by 40.6%, and the width increases by 76%, when the fluid viscosity increases from 2.0 mPa·s to 24 mPa·s. For that reason, the viscosity of the injection fluid should be decreased to 2.0 mPa·s in the Changning shale gas field.




3.6. Effect of Number of Fractures Within the Stage


The number of fractures within the stage is an important factor of hydraulic fracturing treatments, which is the most effective way to increase production in the Haynesville [14]. Therefore, we studied the impacts of different cluster numbers on the fracture geometry in a single stage. Under the condition of the fixed stage length of 70 m, the cluster number of four cases is, respectively, 2, 3, 4 and 5, while the other parameters are the same as the base case. The simulation results are shown in Figure 9 and Table 6. They illustrate that as the cluster number within the stage increases, the cluster spacing decreases, and the stress shadow effects increase, leading to a longer total fracture length and shorter average fracture width. The optimal number of clusters in a single stage needs to be determined in combination with the production simulation and economic evaluation. However, according to the simulation results, if more than 4 clusters within the stage are used, one needs to utilize the intrastage diversion techniques [23,24] to enhance cluster efficiency in the Changning shale gas field.





4. Discussions


In order to evaluate the effects of the fracture spacing, perforating number, injection rate, fluid viscosity, and number of fractures within the stage on the fracture geometry in the Changning shale gas field, we defined a deviation of the normalized fracture length [25]. This sequence can indicate the main controlling factors for the effectiveness of fracture treatments. First, according to the basic input parameters, the average fracture length in the example is calculated. Then, we calculated the deviation of the three fractures. In the same way, we calculated the maximum and minimum deviation corresponding to the maximum and minimum values of each uncertain parameter. Finally, we sorted each uncertain parameter according to the maximum and minimum deviation values. Based on the sorting result and the deviation of the normalized fracture length, the Tornado plot (Figure 10) was obtained. The x-axis is the calculated deviation of the normalized fracture length and represents the effects of uncertain parameters on the uniformity of the fracture growth. The order of uncertain parameters in the y-axis was determined by the absolute difference between the maximum and minimum deviation of the normalized fracture length. The green bar represented a positive effect and the black bar represented a negative effect. The middle mark represented the deviation of the normalized fracture length of the base case. The Tornado plot shows that the number of fractures within the stage is the most important parameter for affecting the fracture geometry in the Changning shale gas field. A larger variation of fracture geometry will be created with either the increasing number of fractures, the decreasing flow rate, the increasing perforating number or the increasing fluid viscosity. The fracture spacing has a relatively smaller impact on the fracture geometry. It should be mentioned that the spatial variations of the stress state, natural fractures and near wellbore tortuosity are not considered in this study, but will be examined in our future work. Therefore, we should improve the number of fractures in the stage with the intrastage diversion techniques. In addition, 16 m3/min of flow rate, 12 perforations for each cluster and an injection fluid with 2.0 mPa·s are better for improving the effectiveness of the stimulation treatments in the Changning shale gas field.




5. Conclusions


We applied a complex fracture propagation model to simulate multiple fracture propagation in the Changning shale gas field. The effects of the fracture spacing, perforating number, injection rate, fluid viscosity, and number of fractures within the stage on the fracture geometry were investigated based on field data from the Longmaxi shale formation in the Changning shale gas reservoir. The following conclusions can be drawn from this study:

	(1)

	
The main factors for controlling the cluster efficiency in the Changning shale gas field are the cluster numbers, the perforation density, the injection rate, and the liquid viscosity.




	(2)

	
Hydraulic fracture treatments with more than four clusters per stage, a lower injection rate, larger perforating number, larger viscosity fluid, and closer fracture spacing can result in an increasing gap between the inner fracture and outer fractures, and they will likely exhibit a bad production performance.




	(3)

	
This study provides a better understanding of the way to appropriately optimize a hydraulic fracturing treatment design which can increase the effective fracture number and promote the shale gas well performance in Changning.
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Figure 1. Three transverse fractures with a uniform spacing of 23.3 m in a single stage. 
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Figure 2. Three transverse fractures propagating simultaneously in a single stage. 
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Figure 3. Percentage of total flow volume entering into each perforation cluster. 
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Figure 4. Different fracture spacings in a single stage: (a) 10 m; (b) 15 m; (c) 23.3 m; and (d) 30 m. 
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Figure 5. Effects of the different values of fracture spacing on the fracture geometry: (a) 10 m; (b) 15 m; (c) 23.3 m; and (d) 30 m. 
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Figure 6. Effects of different perforations per cluster on the fracture geometry: (a) 12; (b) 16; (c) 20; and (d) 24. 
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Figure 7. Effects of different injection rates on the fracture geometry: (a) 10 m3/min; (b) 12 m3/min; (c) 14 m3/min; and (d) 16 m3/min. 
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Figure 8. Effect of fluid viscosity on the fracture geometry: (a) 2 mPa·s; (b) 3.5 mPa·s; (c) 10 mPa·s; and (d) 24 mPa·s. 
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Figure 9. Effects of different numbers of fracture within the stage on the fracture geometry: (a) 2; (b) 3; (c) 4; and (d) 5. 
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Figure 10. Rank of five uncertain parameters on the deviation of the normalized fracture length. 
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Table 1. Input parameters for simulation cases in this study.
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	Properties
	Case 1
	Base Case
	Case 2
	Case 3
	Unit





	Fracture spacing
	10
	23.3
	15
	30
	m



	Perforation density/cluster
	12
	16
	20
	24
	-



	Injection rate
	10
	12
	14
	16
	m3/min



	Fluid viscosity
	2.0
	3.5
	10
	24
	mPa·s



	Number of fractures within the stage
	2
	3
	4
	5
	-
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Table 2. The results of fracture length affected by different cluster spacings.
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	Fracture Spacing, m
	15
	23.3
	10
	30





	The length of fracture 1, m
	490.1
	492.6
	495
	492.6



	The length of fracture 2, m
	320.3
	351.3
	312.6
	358.1



	The length of fracture 3, m
	488.3
	489
	494.1
	487.3
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Table 3. The results of fracture length affected by different perforating numbers.
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	Perforating Number
	12
	16
	20
	24





	The length of fracture 1, m
	463.3
	492.6
	541.3
	580.3



	The length of fracture 2, m
	410.1
	351.3
	246.5
	163.1



	The length of fracture 3, m
	460.9
	489
	536.6
	573.8
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Table 4. The results of fracture length affected by different injection rates.
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	Injection Rate, m3/min
	10
	12
	14
	16





	The length of fracture 1, m
	487.7
	492.6
	507.2
	526.7



	The length of fracture 2, m
	255.1
	351.3
	413.8
	460.4



	The length of fracture 3, m
	484
	489
	503.6
	523.3
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Table 5. The results of fracture length affected by different fluid viscosities.






Table 5. The results of fracture length affected by different fluid viscosities.





	Fluid Viscosity, mPa·s
	2.0
	3.5
	10
	24





	The length of fracture 1, m
	487.7
	492.6
	512.1
	531.6



	The length of fracture 2, m
	377.4
	351.3
	288.5
	224.3



	The length of fracture 3, m
	485.5
	489
	503.0
	511.7
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Table 6. The results of fracture length affected by different number of fractures within the stage.






Table 6. The results of fracture length affected by different number of fractures within the stage.












	Number of Fractures within the Stage
	2
	3
	4
	5





	The length of fracture 1, m
	643.7
	492.6
	463.3
	438.5



	The length of fracture 2, m
	641.7
	351.3
	226.5
	232.7



	The length of fracture 3, m
	
	489
	210.9
	39.4



	The length of fracture 4, m
	
	
	457.6
	220.9



	The length of fracture 5, m
	
	
	
	434.3
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