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Abstract

:

The separation of solution gas has great influence on the development of gas-bearing tight oil reservoirs. In this study, physical simulation and high-pressure mercury intrusion were used to establish a method for determining the porous flow resistance gradient of gas-bearing tight oil reservoirs. A mathematical model suitable for injection–production well networks is established based on the streamline integral method. The concept of pseudo-bubble point pressure is proposed. The experimental results show that as the back pressure decreases from above the bubble point pressure to below the bubble point pressure, the solution gas separates out. During this process, the porous flow resistance gradient is initially equal to the threshold pressure gradient of the oil single-phase fluid, then it becomes relatively small and stable, and finally it increases rapidly and exponentially. The lower the permeability, the higher the pseudo-bubble point pressure, and the higher the resistance gradient under the same back pressure. For tight reservoirs, the production pressure should be maintained above the pseudo-bubble point pressure when the permeability is lower than a certain value. When the permeability is higher than a certain value, the pressure can be reduced below the pseudo-bubble point pressure, and there is a reasonable range. The mathematical results show that after degassing, the oil production rate and the effective utilization coefficient of oil wells decline rapidly. These declines occur later and have a flat trend for high permeability formations, and the production well pressure can be reduced to a lower level. Fracturing can effectively increase the oil production rate after degassing. A formation that cannot be utilized before fracturing because of the blocked throats due to the separation of the solution gas can also be utilized after fracturing. When the production well pressure is lower than the bubble point pressure, which is not too large, the fracturing effect is better.
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1. Introduction


With the continuous growth of the global oil and gas demand and the continuous decline of conventional oil and gas production, unconventional oil and gas resources are increasingly being valued by various countries and oil companies. Unconventional oil and gas resources include heavy oil, tight oil, shale oil and gas, coalbed methane and natural gas hydrates. As a typical unconventional petroleum resource, tight oil is a research focus of exploration and development [1,2,3,4,5]. China has a wide distribution and diversity of tight oil, which is an important renewable resource. The recoverable tight oil reserves are predicted to be about (20–25) × 108 t [6,7,8,9]. Tight oil is light in quality, often bearing solution gas, and the original gas–oil ratio in some tight oil fields is high. In heavy oil reservoirs, asphaltene particles are very problematic. However, in light oil reservoirs, there is less of a risk of asphaltene deposition. Asphaltene deposition is one of the most serious problems in the industry at the moment and it significantly increases the expenses. Many scholars have carried out particle-scale modeling studies on the problem of asphaltene deposition [10,11,12]. The tight sandstone of the Yanchang Formation in the Ordos Basin and the tight sandstone and limestone of the Jurassic strata in central Sichuan are the most typical. Due to the narrow pore throats of tight formations, it is difficult to supplement the formation energy, so development is usually by natural depletion, which leads to a rapid decrease in the formation pressure. When the pressure drops to the bubble point pressure, the solution gas separates out, resulting in a sharp decline in production, which seriously affects the efficiency of tight oil development [13,14,15]. Therefore, it is of great importance to conduct research on porous flow resistance to effectively develop gas-bearing tight oil reservoirs. At present, few studies have been conducted on porous flow resistance in gas-bearing tight oil reservoirs in China and abroad [16,17], and more studies have focused on heavy oil and medium-high permeability reservoirs. For heavy oil reservoirs, Akin and Kovscek and other scholars have used the visualization method to study the influence of solution gas separation on heavy oil flow [18,19,20,21,22,23]. Cui and other scholars have studied the flow performance of heavy oil after the solution gas separates from the oil [24,25,26,27,28]. They have also analyzed the factors influencing the oil flow properties, such as the solution gas–oil ratio, the pressure depletion rate, and the pore throat size. These studies mainly focused on the microscopic porous flow mechanism, but they did not involve porous flow resistance. For medium-high permeability reservoirs, the porous flow resistance is low when a small amount of solution gas separates out because of the large pore throats, so the production pressure can be reduced to from 20% to 30% below the bubble point pressure [29,30,31,32]. However, whether the research results for medium-high permeability reservoirs can be applied to tight reservoirs requires further study. Many scholars have established empirical and theoretical models suitable for the two-phase flow of oil and gas in gas-bearing reservoirs and have calculated the formation pressure distribution, degassing radius, production rate, and minimum allowable pressure of oil wells [33,34,35,36,37,38], but the calculation process is mostly cumbersome. In this paper, a physical simulation experiment and the high-pressure mercury intrusion method were used to analyze the structural characteristics of micropores with different permeabilities. A test method for porous flow resistance in gas-bearing tight oil reservoirs was established. The effects of the different cores and gases on the production of gas-bearing tight oil reservoirs were studied. Based on the streamline integral method, equations for calculating the production rate and the effective utilization coefficient that are suitable for injection–production well networks were derived and the influencing factors were analyzed.




2. Experiments


2.1. Materials


The three tight sandstone cores used in the experiments were collected from the Yanchang Formation in the Ordos Basin. The parameters of the cores were presented in Table 1. The oil used in the experiments was degassed crude oil from the Yanchang Formation. The gas-bearing oil was compounded in a PVT apparatus set according to the main components of the gas associated with the on-site crude oil (Table 2).



The compound formation water used in the experiments was prepared according to the main components of the formation water of the Yanchang Formation (Table 3). The other parameters of the experiments were determined according to the reservoir parameters of the Yanchang Formation (Table 4). The bubble point pressure test of the compound gas-bearing oil was carried out before the experiment. The result is shown in Figure 1. The bubble point pressure of the gas-bearing oil was 10.72 MPa under the formation conditions.




2.2. Methods


2.2.1. Microscopic Structural Characteristics


The size and distribution of the pore throats are important factors affecting the porous flow capacity of tight sandstone reservoirs [39,40,41,42]. A high-pressure mercury intrusion porosimeter was used to analyze the microscopic structural characteristics of the pore throats.



The high-pressure mercury intrusion technique is based on the capillary model and uses a non-wetting phase to displace the wetting phase. The capillary pressure curve and pore throat distribution curve can be obtained by continuously changing the injection pressure. The minimum pore size that can be tested using a high-pressure mercury intrusion porosimeter is 2 nm [43].



A PoreMaster® 60/33 mercury intrusion porosimeter (Quantachrome Company, 1900 Corporate Drive, Boynton Beach, FL, USA) was used in the experiments. The samples tested were three small columnar cores. The oil in the cores was washed out before the mercury injection experiments, and the cores were dried at 105 °C to a constant weight. The mercury intrusion experiment included pressurizing mercury injection and depressurizing mercury withdrawal. The highest experimental pressure was 340 MPa.




2.2.2. Porous Flow Resistance Test


In tight oil reservoirs, when the production pressure is higher than the bubble point pressure, the solution gas in the crude oil was not separated out. This stage is in single-phase nonlinear porous flow, which mainly relies on the elastic energy of the oil, and the resistance gradient is mainly caused by the oil phase alone [44]. When the pressure is lower than the bubble point pressure, the solution gas separates out. The oil and gas two-phase porous flow first occurs near the bottom of the well, and then it expands further into the formation. Then, a resistance gradient forms as a result of the oil phase and the Jamin effect generated by the gas phase. The Jamin effect is the resistance generated when the gas passes through the throats (Figure 2). The smaller the radius of the throats, the greater the resistance.



In order to quantitatively characterize the porous flow resistance of the gas-bearing tight oil in the experiment, a coefficient was defined. The ratio of the pressure difference between the two ends of the core to the core’s length was defined as the resistance coefficient R:


  R =    p  i n   −  p  o u t    L   



(1)




where R is the resistance gradient; pin is the final stable pressure at the core inlet; pout is the back pressure at the core outlet; and L is the core’s length.



The experimental process is shown in Figure 3. It consists of three systems: a gas-bearing oil blending system, a displacing system, and a back pressure controlling system. The gas-bearing oil blending system includes a TC-100D constant speed pressure pump, a PVT apparatus, and an intermediate container filled with kerosene. The displacing system includes a core holder, a confining pressure pump, inlet and outlet pressure sensors, a differential pressure transducer with an accuracy of 0.0015 MPa, a computer, and recording software. The back pressure controlling system includes a piston-equipped container and a nitrogen constant pressure pump. All cores were aged and saturated with compound formation water for three days before the experiment. The experiment was carried out in a constant temperature system.



The experimental steps are as follows. ① Connect the equipment according to Figure 3, and use the constant speed pressure pump to raise the pressure in the back pressure intermediate container to 16 MPa. ② Use kerosene to displace the fluid in the core holder and the pipeline without applying a confining pressure. Then, raise the pressure in the pipeline at both ends of the core holder to 17.5 MPa. ③ Apply a confining pressure of 20 MPa; open the valves between the core holder and the back pressure intermediate container; and use the prepared gas-bearing oil to displace the core under a constant pressure of 18 MPa. After displacing the pore volume 10 times, close the valves. ④ Open the valve of the differential pressure transducer and use the computer software to record the sensor reading every 1 min until the change in the pressure difference is less than 0.15% in an hour. ⑤ Reduce the pressure in the back pressure intermediate container regularly, and repeat step 4 to obtain a stable pressure difference between the core at the different back pressures. Calculate the resistance gradient coefficient R using Equation (1).





2.3. Results


2.3.1. Microscopic Structural Characteristics of the Pore Throats


The high-pressure mercury intrusion curves of the three cores are shown in Figure 4. Core 16-1B has the highest median pressure (5.7 MPa) and displacement pressure (3.1 MPa). Cores 11-4A and 97 have lower pressures of 2.8 MPa and 0.8 MPa and 2.3 MPa and 0.4 MPa, respectively (Table 5). This demonstrates that core 16-1B has relatively narrow throats, with a median radius of 0.1289 μm, while core 11-4A and core 97 have wider throats, with median radii of 0.2542 μm and 0.3067 μm, respectively.



According to the experimental results, the pore volume percentage and permeability contribution rate were calculated (Figure 5). The radii of the throats that mainly contribute to the permeability of core 16-1B mainly range from 0.05 to 0.30 μm, and the peak value of the permeability contribution curve is located at a throat radius of 0.18 μm. The radii of the throats that mainly contribute to the permeability of core 11-4A mainly range from 0.15 to 0.70 μm, and the peak value of the permeability contribution curve is located at a throat radius of 0.34 μm. The radii of the throats that mainly contribute to the permeability of core 97 mainly ranging from 0.15 to 0.80 μm, and the peak value of the permeability contribution curve is located at a throat radius of 0.39 μm. Thus, as the permeability increases, the number of wider throats increases, and the curves gradually move toward the right.




2.3.2. Porous Flow Resistance


The porous flow resistance gradient under different back pressures was calculated according to the equation that defines the resistance gradient. The relationship between the back pressure and the resistance gradient of the three cores is shown in Figure 6. As can be seen:



(1) When the back pressure is higher than the bubble point pressure, the solution gas in the crude oil did not separate out. At this time, the porous flow resistance was the threshold pressure gradient, and the curve was relatively smooth (section a). At a certain value below the bubble point pressure, the solution gas begins to separate out, and the porous flow resistance increases, so the curve rises gradually (section b). When the back pressure is decreased further, the solution gas forms a continuous gas phase, resulting in a rapid increase in the resistance gradient, and the curve grows exponentially (section c). Taking core 16-1B as an example, the exponential relationship is:


  R = 352642.05  p  − 6.28    



(2)







(2) When the back pressure is lower than the bubble point pressure (10.72 MPa), the solution gas in the three cores has not separated out. Only when the pressure is lower than a certain value below the bubble point will the solution gas begin to separate out and cause resistance. In this study, the pressure at which the resistance gradient begins to form due to the separation of the solution gas is defined as the pseudo-bubble point pressure. The pseudo-bubble point pressures of cores 16-1B, 11-4A, and 97 are 9.75 MPa, 9.25 MPa, and 9.00 MPa, respectively, which are all lower than the bubble point pressure (10.72 MPa) measured using the PVT apparatus (Table 6). This result is consistent with the theoretical analysis results [45,46,47,48], that the PVT characteristic in the nanopores is different to that measured using the PVT apparatus. The lower the permeability, the higher the pseudo-bubble point pressure, and the higher the pressure at which the resistance caused by the solution gas occurs.



(3) For the same back pressure, the smaller the permeability, the greater the resistance gradient. As shown in Table 5, when the back pressure was 9.75 MPa, the resistance gradient of core 16-1B was 0.202 MPa/m, and those of cores, 11-4A and 97 were both 0.020 MPa/m. When the back pressure was 8 MPa, the resistance gradient of core 16-1B was 0.532 MPa/m, whilst that of core 11-4A was 0.115 MPa/m, and that of core 97 was 0.093 MPa/m. This is because bubble nucleation and growth occur when the back pressure is lower than the bubble point pressure. When the permeability is low, the newly formed tiny bubbles will produce porous flow resistance because the throats are narrow. When the permeability is high, the tiny bubbles will not produce a resistance gradient because the throats are wide. According to the Jamin effect, the resistance gradient is different when bubbles of the same size pass through throats of different sizes. The smaller the radii of the throats, the greater the resistance. Combined with the results of the high-pressure mercury intrusion experiments, cores 11-4A and 97 have wider throats and similar pore throat structures, while core 16-1B has relatively narrow throats. Thus, core 16-1B has the greatest resistance gradient, while those of the other two cores are smaller and are similar.



As can also be seen from the above discussion, if a core is tighter, the pseudo-bubble point pressure will be higher, and the resistance caused by the separation of the solution gas will be greater. Thus, in the development of gas-bearing tight oil reservoirs, the lower the permeability, the smaller the interval of the production pressure difference.



Solution gas separation can be divided into three stages: an elastic-driven stage without separated solution gas, a transition stage with a small amount of separated solution gas, and a blocking stage with a large amount of separated solution gas [23]. In the elastic driven stage, there is oil single-phase flow and the oil and gas are in a supersaturated state. In the transition stage, the solution gas begins to separate out, which is a dynamic equilibrium process in which bubbles break up and coalesce. In the blocking stage, the pressure continues to drop and a large amount of solution gas separates out. A large number of bubbles separate out and coalesce, forming oil and gas two-phase flow and blocking the porous flow passages. The stable part of the resistance gradient curve corresponds to the elastic-driven stage and the transition stage, in which the back pressure begins to decrease below the bubble point pressure. In this stage, the solution gas begins to separate out, but it does not yet form a continuous gas phase. The separated gas provides part of the elastic energy, which keeps the resistance gradient relatively stable. This stage is favorable for development and should be used to control the pressure in order to maintain the production capacity. According to the experimental results, the resistance of core 16-1B is still large in the stable part of the curve, and thus, it cannot be exploited under natural depletion conditions. While the resistances of cores 11-4A and 97 are not that large in the stable parts of the curves, and the production pressure can be reduced to 8 MPa (about 15% below the bubble point pressure). Thus, for tight oil reservoirs, when the permeability is less than a certain value (0.3 mD), the production pressure should be maintained above the pseudo-bubble point pressure (about 10% below the bubble point pressure). When the permeability is greater than a certain value (0.3 mD), the production pressure can be lowered to below the pseudo-bubble point pressure (about 15% below the bubble point pressure).






3. Mathematical Model of Gas-Bearing Tight Oil


Injection wells are often used in oilfields to supplement the energy required for development. When the pressure of the production wells is lower than the bubble point pressure, the solution gas will separate out. When the gas passes through the throats, additional porous flow resistance will be generated due to the Jamin effect, which will affect the productivity. The current numerical simulation methods for the development of gas-bearing tight oil reservoirs are very cumbersome, so it is necessary to establish a set of simple and practical calculation methods.



3.1. Physical Model and Assumptions


The streamline integral method is a commonly used calculation method in the field of fluid mechanics. The streamline is the route that the fluid particles follow from the injection wells to the production wells. The area bordered by two streamlines is called the stream tube (Figure 7). Flow tubes have the following properties. Flow tubes cannot intersect; the shape and position of flow tubes do not change with time during steady state flow; and flow tubes cannot be broken off inside the flow field. The flow field is divided into infinite stream tubes with the streamline as the boundary. The flow of the fluid in the formation can be regarded as the flow of fluid from the injection wells to the production wells along these tiny stream tubes. The total output of the production well is equal to the sum of the productions of all of the stream tubes directed to the well [49].



Assumptions:




	
Oil and gas two-phase porous flow;



	
The threshold pressure gradient of the oil phase is considered;



	
The compressibility of the oil and gas is considered;



	
Gas can dissolve in or separate from the oil;



	
The compressibility of the rock is negligible, and the porosity is regarded as being constant;



	
The porous flow process is steady state and isothermal.









3.2. Mathematical Model


This paper takes a five-point well network as an example to derive the single well production rate and the effective utilization coefficient before and after fracturing (Figure 8).



Assuming that there are a series of stream tubes among the oil and water wells, based on Darcy’s law of oil and gas, two-phase stable porous flow and considering the threshold pressure gradient and the additional resistance gradient generated when the solution gas separates out, the rate of the flow at the cross-section is:


  Δ  q o  =   k  k  r o   A ( ε )    B o  ( p )  μ o  ( p ) ( 1 +  R  r e s i s   )    (    d p   d ε   − λ  )   



(3)







For an injection–production well unit, the radius of the well is rw; the distance between the wells is d; the centerline of the stream tube is composed of X11 and X12; the angle increments are ∆α and ∆β; and ω is the length coefficient.



Derived from elementary geometry:


   X 1  =   ω d sin β   sin  (  α + β  )     



(4)






   X 2  =   ω d sin α   sin  (  α + β  )     



(5)







Since Δα and Δβ are infinitely small, the cross-sectional area of the stream tube can be approximated as follows:


   A 1   ( ξ )   = 2  h  ξ 1  tg   Δ α  2   



(6)






   A 2   ( ξ )   = 2  h  ξ 2  tg   Δ β  2   



(7)






   r w  ≤  ξ 1  ≤  X 1  =   ω d sin β   sin  (  α + β  )     



(8)






   r w  ≤  ξ 2  ≤  X 2  =   ω d sin α   sin  (  α + β  )     



(9)







Based on the geometric relationship:


  Δ α = Δ β  



(10)







The yield equation can be obtained from the above equation:


  Δ  q o  =   k    ∫   p w     p e        k  r o   ( S )    B o  ( p )  μ o  ( p )  [  1 +  R  r e s i s   ( p )  ]       d p − λ ω d   sin α + sin β   sin ( α + β )        ∫   r w     X 1       d ε   2 h  ε 1  tan   Δ α  2    +    ∫   r w     X 2       d ε   2 h  ε 2  tan   Δ β  2             



(11)







The pressure function H can be defined as


  H =   ∫     k  r o   ( S )    B o  ( p )  μ o  ( p )  [  1 +  R  r e s i s   ( p )  ]    d p + C     



(12)







Rresis is the fitting result of the experimental curve of the porous flow resistance gradient (Figure 9).



According to Equations (11) and (12), the single well production rate of the injection–production unit is:


   q o  =    ∫ 0   α 0       k h  [   (   H e  −  H w   )  − λ ω d   sin α + sin β   sin  (  α + β  )     ]    ln   ω d sin β    r w  sin  (  α + β  )    +    α m     β m    ln   ω d sin α    r w  sin  (  α + β  )         d α  



(13)






   α m  =  β m  =  π 4   



(14)






  α = β  



(15)






  Δ α = Δ β  



(16)




where qo is the rate of flow; k is the permeability; h is the formation thickness; μ is the viscosity of the formation fluid; pe is the injection well pressure; pw is the production well pressure; λ is the threshold pressure gradient of the oil phase; d is the well spacing; α is the injection well angle; β is the production well angle; αm and βm are the angles of the calculation unit; and rw is the well radius.



Notice that He − Hw is the key to the problem. Bo(p) and μo(p) can be obtained from a high-pressure physical property experiment. kro should be obtained based on the assumption that the production gas–oil ratio R is a constant. Thus, we can obtain krg/kro and the saturation at any pressure, and the      k  r o      B o   μ o   [  1 +  R  r e s i s    ]    − p   curve can be drawn. According to the geometric meaning of the definite integral, He − Hw can be calculated. The denominator on the right side of Equation (13) is always greater than zero. When the numerator is zero, the single well production generated by the injection–production pressure difference was zero. Due to the existence of threshold pressure gradient and the solution gas resistance, not all of the area can be put to use under a certain injection–production pressure difference. The ratio of the area covered by the injection well to the area of the entire unit is the effective utilization coefficient, which is an important index for measuring the degree of reservoir utilization (Figure 10).



When the single well production is zero, the maximum available injection well and production well angles α0 and β0 can be obtained using the following equation:


   H e  −  H w  − λ ω d   sin α + sin β   sin ( α + β )   = 0  



(17)







It is considered that α0 ≤ αm, so the upper limit of the integral of Equation (14) is:


  α = min  {   α 0  ,  α m   }   



(18)







The single well output of the rectangular well network is:


   Q o  = 8  q o   



(19)







The effective utilization coefficient is:


  e f f = tan α  



(20)







The above is the calculation of the production rate and effective utilization coefficient without considering fracturing. When considering fracturing, first use a quarter of one well network for the partition calculation. The principle of the partition is to keep the partition unit consistent with the actual streamline situation. Based on this, a quarter of the well network is divided into three parts (Figure 11 and Figure 12).



For Zone 1 and Zone 2, the calculation method is the same as that before fracturing. For Zone 3, the equation for calculating the production rate is:


   q Ⅲ  =    ∫ 0 l     k h  (   H  w 2   −  H  w 1   − λ  d l   )      ln m   m − 1    d l    d l     



(21)







By substituting the required physical property parameter conditions (as shown in Figure 13), the production rate and effective utilization coefficient can be calculated.




3.3. Results and Discussion


Taking a rectangular well network as an example, when the permeabilities are 0.12 mD, 0.30 mD, and 0.53 mD; the distance between the injection and production wells is 150 m; the injection well pressure is 25 MPa; the bubble point pressure is 10.7 MPa; the reservoir thickness is 5 m; μ = 1.23 mPa∙s; the calculation results are as follows.



3.3.1. Influence of Production Well Pressure


As can be seen from Figure 14 and Figure 15, before degassing, the production rate of the oil wells basically increases linearly as the production well pressure decreases; and the higher the permeability, the greater the production rate. After degassing, the production rate decreases rapidly. The degassing process is relatively late, with a higher permeability; the decrease in the production rate is relatively gentle, and the production pressure can be reduced to a lower level. After fracturing, under the same conditions, the decrease in production after degassing is gentler than that before fracturing, and the production pressure can be reduced to a lower level.



When the pressure of the production well drops below the bubble point pressure, the solution gas separates out, and the effective utilization coefficient initially decreases slowly and then decreases rapidly. The lower the permeability, the steeper the downward trend. Under the same pressure, the effective utilization coefficient is larger after fracturing than before fracturing; and the lower the permeability, the greater the increase (Figure 16 and Figure 17).




3.3.2. The Impact of Well Spacing


As can be seen from Figure 18, before degassing, as the production well pressure decreases, the well production increases; and the higher the permeability, the greater the increase. After degassing, the well production decreases with decreasing pressure. When the permeability is high, the decrease is smaller; and when the permeability is low, the decrease is greater. This indicates that a formation with a low permeability has narrower throats, and even tiny bubbles can cause a great deal of resistance, so degassing should be avoided during development.



After fracturing, the production rate under the same conditions increases significantly, and the suitable well spacing increases significantly. Fracturing can effectively increase the output after degassing. A formation that cannot be utilized before fracturing because the throats were blocked by the separated gas can also produce some output. When the production well pressure is not much lower than the bubble point pressure, the fracturing effect is better (Figure 19).



As the well spacing increases, the effective utilization coefficient initially remains steady and then gradually decreases. Before degassing, the lower the production well pressure, the later the effective utilization coefficient decreases, and the larger the suitable well spacing. After degassing, the effective utilization coefficient decreases earlier, and the suitable well spacing decreases. Under the same conditions, the effective utilization coefficient of the formation with the high permeability is larger, and it is less affected by the production well pressure after degassing (Figure 20).



After fracturing, as the well spacing increases, the effective utilization coefficient initially decreases slowly, and then it rapidly decreases after reaching a certain well spacing. To make the reservoir well produce, the well spacing should be selected before the inflection point, and it should be closer to the highest value. After fracturing, under the same conditions, the effective utilization coefficient is significantly increased compared with that before fracturing. A formation that could not be utilized because the throats were blocked by the separated gas can also be effectively utilized. When the production well pressure is lower than the bubble point pressure, which is not too large, the fracturing effect is better (Figure 21).




3.3.3. The Impact of Row Spacing


As can be seen from Figure 22 and Figure 23, after degassing, the production rate and the effective utilization coefficient decrease as the production well pressure decreases. When the permeability is high, the decrease is smaller; and when the permeability is low, the decrease is greater. After degassing, the effective utilization factor decreases earlier and the available row spacing decreases.






4. Conclusions


(1) In this study, a method for determining the porous flow resistance gradient of the gas-bearing tight oil reservoirs was established. The test result curves show that when back pressure is lower than the pseudo-bubble point pressure, the solution gas begins to separate out and there is a plateau in the curves with a relatively small resistance gradient. As the back pressure decreases further, a large amount of solution gas separates out and forms a continuous gas phase, causing the resistance gradient to increase rapidly and exponentially.



(2) The concept of the pseudo-bubble point pressure was proposed. The lower the permeability, the higher the pseudo-bubble point pressure. The lower the permeability, the greater the resistance gradient under the same back pressure.



(3) For tight reservoirs, when the permeability is less than 0.3 mD, the production pressure should be maintained above the pseudo-bubble point pressure (about 10% below the bubble point pressure). When the permeability is greater than 0.3 mD, the production pressure can be lowered to below the pseudo-bubble point pressure (about 15% below the bubble point pressure).



(4) A mathematical model of porous flow in a rectangular injection–production well network in a gas-bearing tight oil reservoir was established. The streamline integration method was used, and the threshold pressure gradient and the additional resistance generated by the separated gas were considered. The oil production rate and the effective utilization coefficient were calculated.



(5) After degassing, the oil production rate and the effective utilization coefficient of the oil wells decrease rapidly. The formation with the higher permeability decreases later and has a flat trend, and the production well pressure can be reduced to a lower level.



(6) Fracturing can effectively increase the oil production rate after degassing. A formation that cannot be utilized before fracturing because of the throats are blocked by the separated solution gas can also produce some oil. When the production well pressure is lower than the bubble point pressure, which is not too large, the fracturing effect is better.
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Figure 1. Bubble point pressure test curve. 
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Figure 2. A sketch of the Jamin effect. 
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Figure 3. Flowchart of the resistance gradient experiment. 
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Figure 4. HPMI curves of the three cores. 
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Figure 5. Pore throat distribution frequencies and permeability contributions of the three cores. 
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Figure 6. Relationship between the back pressure and the porous flow resistance gradient. 
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Figure 7. Sketch of a stream tube. 
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Figure 8. Five-point well network. 
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Figure 9. Schematic diagram of fitting results. 
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Figure 10. Diagram of the effective utilization factor. 
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Figure 11. Rectangular well network after fracturing: (a) the entire well network; (b) the partition of a quarter of the well network. 
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Figure 12. Schematic diagram of the Zone 3 computation unit. 
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Figure 13. Some of the required physical property parameter conditions: (a) crude oil viscosity-pressure; (b) solution gas–oil ratio pressure. 
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Figure 14. The relationship between the production rate and the production well pressure before fracturing. 
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Figure 15. The relationship between the production rate and the production well pressure after fracturing. 
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Figure 16. The relationship between the effective utilization coefficient and the production well pressure before fracturing. 
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Figure 17. The relationship between the effective utilization coefficient and the production well pressure after fracturing. 
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Figure 18. The relationship between the production rate and the well spacing before fracturing. 
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Figure 19. The relationship between the production rate and the well spacing after fracturing. 
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Figure 20. The relationship between the effective utilization coefficient and the well spacing before fracturing. 
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Figure 21. The relationship between the effective utilization coefficient and the well spacing after fracturing. 
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Figure 22. The relationship between the production rate and the row spacing. 
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Figure 23. The relationship between the effective utilization coefficient and the row spacing. 
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Table 1. Parameters of the three cores.
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	Number
	Length (cm)
	Diameter (cm)
	Porosity (%)
	Gas Log Permeability (mD)





	16-1B
	4.29
	2.49
	11.25
	0.12



	11-4A
	4.16
	2.51
	10.48
	0.29



	97
	6.21
	2.50
	13.23
	0.53
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Table 2. Components of the gas associated with the crude oil.
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	Components
	Mole Fraction (%)





	CH4
	54.8



	C2H6
	37.0



	C3H8
	5.0



	N2
	3.2
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Table 3. Components of the compound formation water.






Table 3. Components of the compound formation water.





	Distilled Water (L)
	NaCl (g)
	CaCl2 (g)
	MgCl2 (g)





	1
	43.75
	3.75
	2.50
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Table 4. Parameters of the experiments.
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	Solution Gas–Oil Ratio

(m3/t)
	Viscosity of Degassed Oil

(mPa·s)
	Viscosity of Formation Oil

(mPa·s)
	Temperature

(°C)
	Formation Pressure

(MPa)
	Bubble Point Measured in PVT Apparatus Set

(MPa)





	80
	4.3
	1.23
	72
	18
	10.72
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Table 5. HPMI results for the three cores.
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	Number
	Median Radius

(μm)
	Median Pressure

(MPa)
	Displacement Pressure

(MPa)





	16-1B
	0.1289
	5.7
	3.1



	11-4A
	0.2542
	2.8
	0.8



	97
	0.3067
	2.3
	0.4
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Table 6. Pseudo-bubble point pressures and corresponding resistance gradients of the three cores.
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	Number
	Gas Log Permeability

(mD)
	Pseudo-Bubble Point Pressure

(MPa)
	Resistance Gradient Under Pseudo-Bubble Point Pressure

(MPa/m)





	16-1B
	0.12
	9.75
	0.482



	11-4A
	0.30
	9.25
	0.106



	97
	0.53
	9.00
	0.085
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