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Long-term conductivity data is essential to predict the production performance of the fractured well. It is necessary to know its long-term conductivity when choosing Tianxiang ceramic to prop hydraulic fractures in Northwest China. Its long-term conductivity was evaluated using DL-2000 equipment. Testing time at each closure stress point is more than 7 h, though the procedure used is similar to the recommended practice for short-term proppant conductivity. This test also investigates how factors such as proppant concentration and proppant size affected long-term conductivity. The results show these factors have a significant effect on long-term conductivity. Conductivity increases as proppant concentration rises, contributing to the increase of proppant volume and fracture height. Large proppants provide higher conductivity because large proppants have higher pore space and higher proppant pack height. High experimental temperature increases proppant conductivity due to dissolution and migration of minor fines and impurities. Besides, due to compaction, conductivity declines with the increase of testing time. Therefore, short-term conductivity is higher than long-term conductivity, while conductivity drops as testing time lasts. The results imply that Tianxiang ceramic performs as well as other ceramic proppants. It can offer proppant conductivity required by stimulation and qualifies to stimulate oil and gas wells in China. The achievements of this experiment will benefit hydraulic fracturing stimulation.
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INTRODUCTION
There are a tremendous amount of oil resources in Northwest China. Some of these oil reservoirs need to be treated by hydraulic fracturing, which will increase the production rate of a producing well and improve oilfield economic performance. After hydraulic fracturing treatment, the better the proppant placement, the higher the oil production (Li et al., 2017; Xiao et al., 2020; Jun et al., 2021a; Jun et al., 2021b; Li et al., 2021). Besides, the producer and technical service provider need to assess the production performance of a treated well and appraise the effect of the fracturing treatment. Basic parameters such as proppant conductivity need to be prepared when evaluating the production performance of the fractured well. Proppant conductivity is usually divided into short-term conductivity and long-term conductivity. Short-term conductivity refers to conductivity values in which testing time lasts shorter at each pressure point. Long-term conductivity refers to conductivity values in which testing time lasts longer than 7 h at each pressure point. Here the proppant conductivity refers to long-term conductivity. Long-term conductivity data are usually unavailable because they take a lot of money and time to obtain. However, long-term conductivity data are necessary to predict post-fracturing production performance. Tianxiang ceramic proppant is widely applied to stimulate oil reservoirs in Northwest China. Therefore, its long-term conductivity data should be offered. This paper will provide long-term conductivity data of Tianxiang ceramic which is applied to stimulate oil wells in Northwest China.
The petroleum industry and associated universities have made significant progress in the research area of long-term proppant conductivity (Mittal et al., 2018; Abhinav et al., 2020; Roman et al., 2021). Mingjun et al. developed a new apparatus to measure long-term proppant conductivity (Mingjun et al., 2010). This facility could simulate closure stress up to 100 MPa and keep closure stress constant for more than 300 h. Researchers tended to use long-term conductivity data to assess the performance of new proppants. Hongjun et al. developed a new ceramic proppant and presented its long-term conductivity data (Hongjun et al., 2011). Kaiquang also studied the long-term conductivity of a new proppant (Kaiqiang, 2017). The long-term conductivity of resin-coated proppant decreased sharply during the early 7 h and then decreased slightly (Wanglai et al., 2007).
Moreover, resin-coated proppant gave lower long-term conductivity values than short-term conductivity 7 h later. It was also found that the coating of coated proppant suffered severe damage. Shucai and Yi et al. published experimental results of long-term conductivity of typical proppants (Yi et al., 2004; Shucai, 2016). Shucai restricted proppant concentration to 10 kg/m2, which would not happen in most cases. Yi’s work showed how long-term conductivity of common proppants changed and suggested that long-term conductivity could be improved by using low crushing rate proppants, reducing the content of small particles and increasing proppant concentration (Yi et al., 2004). Some researchers investigated the effect of proppant embedment and combined proppant with different particle sizes on long-term conductivity. Lei et al.‘s work implied that there existed a maximum conductivity value when different-particle-size proppants were combined into composite proppant (Lei and Shicheng, 2005). He also found that small-size proppant harmed long-term conductivity of composite proppant. A scholar named Qingzhi concluded that embedded damage was related to closure stress, proppant concentration, and rock type (Qingzhi and Shicheng, 2005). As for proppant choice, Yanxue et al. proposed an optimization method that took into account stress sensitivity and long-term proppant conductivity (Yanxue and Yongli, 2004). Long-term conductivity is needed when post-fracturing performance is evaluated after a well is stimulated. However at the moment, long-term conductivity data about Tianxiang ceramic is not available. Published conductivity data were conducted with other ceramic proppants under conditions of certain pressure, specific temperature, and proppant concentration. Experimental work must be undertaken to assess proppant used in oilfields, Northwest China, because long-term conductivity data published were gained with specific proppants under specific conditions.
This article first presents the conductivity experiment principle and then introduces the materials and equipment concisely. After that, we describe the experimental procedure in detail. Thirdly we show experimental results and analyze how proppant type, proppant concentration, proppant size, and testing time affect long-term conductivity. Finally, we compare our results with published data and suggest how to improve long-term conductivity of hydraulic fracturing proppant. The results imply that Tianxiang ceramic performs as well as other ceramic proppants. Therefore, it can offer proppant conductivity required by stimulation treatment and qualifies to stimulate oil and gas wells in China.
THEORY
When liquid flows through the proppant pack, it satisfies Darcy’s law. Taking into account the dimension of the cell, the conductivity value could be calculated using Eq. 1.
[image: image]
where Wfk is the proppant pack conductivity in μm2·cm, Wf is the length of the proppant pack in cm, k is the permeability of the proppant pack in μm2, Q is the flow rate through the pack in cm3/min, μ is the liquid viscosity in mPas, and Δp is the pressure differential through the pack in kPa.
When distilled water or deionized water flows through the proppant pack, the apparatus will record liquid flow rate, pressure differential, and experimental temperature. The viscosity of distilled water is known by checking the viscosity table of distilled water according to recorded temperature, and then conductivity value could be calculated using Eq. 1.
MATERIALS AND EQUIPMENT
The assessment used distilled water as the testing fluid. The proppant tested is called Tianxiang ceramic which is manufactured in central China (Figure 1). It included two sizes, namely 16/20 mesh and 20/40 mesh, respectively. They are gray, and they have good physical properties such as density, roundness, sphericity, acid solubility, and crush rate.
[image: Figure 1]FIGURE 1 | Tianxiang ceramic (left: 16/20 mesh, right: 20/40 mesh).
The apparatus used during the assessment was the DL-2000 fracture conductivity evaluation instrument (Figure 2). Its key part is a standard conductibility cell. The cell can be exerted axial load up to 150 MPa. The test fluid is supplied by a constant pressure and constant flow rate pump and flow rate can vary from 0.1 ml/min to 1,000 ml/min. When test fluid flows through the proppant pack, the differential pressure is recorded by a differential pressure transmitter for which maximum value is 10 kPa. This apparatus has the qualification to test short-term and long-term conductivity of hydraulic fracturing proppant. Its control system can keep closure stress constant for more than 300 h which satisfies the need to test long-term proppant conductivity. It can also perform proppant-flow back-test which will determine the critical production rate without sand production.
[image: Figure 2]FIGURE 2 | Experimental apparatus.
PROCEDURE
There is no petroleum industry standard for measuring long-term proppant conductivity in China though there is a latest industry standard for assessing short-term proppant conductivity which had been published in 2019 (SY/T 6302-2019). The recommended practice was just modified to evaluate long-term proppant conductivity.
When conducting a long-term conductivity test, the following experimental procedure was taken. Firstly, pressure gauges and the linear variable displacement transducer were calibrated and the curtain mass of proppant was prepared; secondly, the core holder, namely the API (American Petroleum Institute) cell, was assembled and the differential transducer was calibrated; thirdly, closure stress was elevated to 10 MPa, the cell was heated to target temperature, and the proppant pack was let stable for 45 min; next, distilled water flowed through the proppant pack and the differential pressure and the flow rate were recorded for 5 min with the flow rate of 2.5ml/min, 5.0ml/min, and 10 ml/min respectively; then the pack was continuously allowed to stabilize for 45 min and again the differential pressure and the flow rate were recorded for 5 min with the flow rate of 2.5ml/min, 5.0ml/min, and 10 ml/min respectively; this process lasted for 7 h before elevating closure stress to next value; after that, closure stress rose to next test point in increments of 10 MPa and the testing process was repeated till closure stress reached to 50 MPa; finally, the test ended and the data were processed.
RESULTS AND DISCUSSION
Figure 3 shows the relationship between long-term conductivity and proppant concentration at ambient temperature. Conductivity data was gained at ambient temperature if not specified. The long-term conductivity of 20/40 ceramic increases as proppant concentration rises. The 15 kg/m2 ceramic provides the highest conductivity, while the 5 kg/m2 ceramic has the lowest. Conductivity with 10 kg/m2 ceramic is higher than that with 5 kg/m2 ceramic and lower than that with 15 kg/m2 ceramic. At closure stress of 10 MPa, proppant conductivity at the concentration of 15 kg/m2 is 53% higher than that at the concentration of 10 kg/m2.
[image: Figure 3]FIGURE 3 | Relationship between conductivity and proppant concentration for 20/40 ceramic.
In contrast, proppant conductivity at the concentration of 5 kg/m2 is only 84.5% of that at the concentration of 10 kg/m2. This agrees with Qingzhi’s conclusions. Qingzhi concluded that proppant conductivity increased as proppant concentration rose (Qingzhi and Shicheng, 2005). When proppant concentration increases, proppant volume increases. Consequently, at the same cell area the pack’s height rises, which would lead to higher conductivity. Proppant pack of 15 kg/m2 ceramic has maximum proppant height, proppant pack of 15 kg/m2 ceramic has minimum proppant height, and proppant pack of 10 kg/m2 ceramic has medium proppant height which leads to the difference of testing results. From this point, a conclusion can be made that proppant concentration should be increased as high as possible during hydraulic fracturing treatment to increase the production rate of the fractured well substantially.
The experiment compared conductivities of different proppant sizes. Figure 4 presents the results. It shows that large ceramic offers higher conductivity than a small one. In other words, 16/20 ceramic can provide a higher conductivity than a 20/40 one. Large proppants provide more pore space and higher proppant pack height than small ones. More pore space means higher permeability which would offer higher conductivity according to the definition of the conductivity. This suggests that hydraulic fracturing should try to choose a large proppant if fracture closure stress allows to do so.
[image: Figure 4]FIGURE 4 | Effect of proppant size on proppant conductivity at the concentration of 5 kg/m.2.
The effect of experimental temperature on long-term conductivity is shown in Figure 5. The higher the temperature, the higher the conductivity. The gap is remarkable at low closure stress, whereas it becomes smaller as closure stress rises. This disagrees with Wen’s work (Wen, 1998). Wen found that formation temperature would lower proppant conductivity. In this study, the proppants used in the measurement might contribute to the opposite result. They are not sieved and consisted of some fines and impurities. These substances will lower proppant conductivity under ambient temperature because they occupy some pore space. However, these substances may dissolve in experimental fluid and be removed under high temperature which certainly increases proppant conductivity. When closure stress elevates, the gap of proppant conductivity becomes smaller due to compaction. This result implies that formation temperature may sometimes positively affect proppant conductivity.
[image: Figure 5]FIGURE 5 | Effect of experimental temperature on conductivity with 5 kg/m2 20/40 ceramic.
The experimental results indicate that long-term conductivity is always lower than short-term conductivity regardless of proppant concentration (shown in Figure 6 and Figure 7). The difference between long-term conductivity and short-term conductivity is enormous at low closure stress, and it becomes smaller as closure stress increases. This agrees with published literature. They all concluded that long-term conductivity is more minor than short-term conductivity (Yi et al., 2004; Wanglai et al., 2007; Hongjun et al., 2011; Shucai, 2016; Kaiqiang, 2017). Closure stress will exert on the cell longer during the long-term conductivity measurement which would strengthen compaction effect. It is known that the compaction can reduce the height of the proppant pack and the pore volume of the proppant pack which undoubtedly leads to lower conductivity. This conclusion confirms that the production performance of the fractured well should be predicted using long-term conductivity data. Figure 6 is a typical comparison diagram between short-term conductivity and long-term conductivity and strengthened compaction contributes to this trend. For Figure 7, the movement is out of expectation. The conductivity gap is tiny at the medium closure stress range. Crush rate at high proppant concentration may rise rapidly and proppant pack produce many proppant fines which severely damage proppant conductivity. Those fines cause proppant conductivity to decline rapidly.
[image: Figure 6]FIGURE 6 | Comparison of long-term and short-term conductivity with 5 kg/m2 20/40 ceramic.
[image: Figure 7]FIGURE 7 | Comparison of long-term and short-term conductivity with 15 kg/m2 20/40 proppant.
Figure 8 and Figure 9 show the effect of testing time on ceramic conductivity. On the whole, the conductivity decreases as the testing time lasts. This agrees with Figure 6 and Figure 7. It also agrees with other researchers’ work. They concluded that long-term conductivity and short-term all declined as testing time lasted (Yi et al., 2004; Wanglai et al., 2007; Hongjun et al., 2011; Shucai, 2016; Kaiqiang, 2017). As testing time lasts, it becomes longer that stress closure exerts on the cell. The stress will compact the proppant pack further and lower proppant pack permeability and proppant pack height which leads to low conductivity. It is already speculated and confirmed that conductivity would decrease as testing time is prolonged. As for 16/20 mesh ceramic, the conductivity value is abnormal at 10 MPa. One possible reason is the introduction of fines and impurities. When the measure started, these substances moved and caused damage to the proppant pack. Therefore proppant should be qualified to satisfy the industry standard.
[image: Figure 8]FIGURE 8 | Effect of testing time on conductivity with 5 kg/m2 16/20 ceramic.
[image: Figure 9]FIGURE 9 | Effect of testing time on conductivity with 5 kg/m2 20/40 ceramic.
CONCLUSION
This article assessed long-term conductivity of Tianxiang ceramic and analyzed how these factors, such as proppant concentration, proppant size, etc., affected conductivity. Proppant concentration, proppant size, experimental temperature, and testing time significantly affect proppant conductivity. Conductivity increases sharply as proppant concentration rises. High proppant concentration means high height of the proppant pack, resulting in higher conductivity. It is suggested that proppant concentration should increase possibly during the treatment. Large proppants offer higher conductivity than small ones. Large proppants have more pore space, and therefore proppant pack provides higher permeability that indeed leads to higher conductivity. It suggests that operators try to choose large proppant if allowed. An opposite conclusion is made about the effect of temperature on conductivity. It is thought that the introduction of fines and impurities possibly causes this phenomenon. Conductivity will decline as testing time lasts. Compaction can contribute to this. It reduces the height of the proppant pack and the pore volume of the proppant and consequently results in lower conductivity. So some measures must be taken to assure proppant quality on the site.
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