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Abstract. 
Reservoir evaluation is a method for classifying reservoirs and the description of heterogeneity quantitatively. In this study, according to the characteristics of longitudinal physical properties of tight oil reservoirs, advanced experimental techniques such as nuclear magnetic resonance, high pressure mercury intrusion, and X-ray diffraction were adopted; the flow capacity, reservoir capacity, ability to build an effective displacement system, and the ability to resist damage in reservoir reconstruction were considered as evaluation indexes; average throat radius, percentage of movable fluid, start-up pressure gradient, and the content of clay minerals were taken as the evaluation parameters. On the above basis, a longitudinal evaluation technique for tight oil reservoirs was established. The reservoir was divided into four categories by using this method. The reservoirs with a depth 2306.54 m–2362.07 m were mainly type I and II reservoirs, and the reservoirs with a depth of 2362.07 m–2391.30 m were mainly reservoirs of type II and III. The most effective development was water injection in the upper section and gas injection in the lower section.



1. Introduction
China has large reserves of tight oil, and the tight oil reserves in the onshore basin are about 20.0 × 108 t, which are mainly distributed in the Ordos, Songliao, Junggar, and Sichuan basins [1–3]. At the end of the “12th Five-Year Plan,” the major oil fields have been explored for the large-scale development of tight oil reservoirs. During the “13th Five-Year Plan” period, the tight oil reservoirs will become an important substitute energy source in China [4]. The primary problem that constrains the effective development of tight oil was how to accurately describe the heterogeneity of tight oil reservoirs. The physical properties of tight oil reservoirs in different oil fields in China were significantly different, and the reservoir porosity and permeability were extremely low [5, 6]. In the evaluation of low-permeability and tight oil reservoirs, Chinese scholars have done a lot of research. Yang et al. and Zhang et al. used a five-parameter method to evaluate the low-permeability reservoirs [7, 8]. Xiao used a six-parameter method to evaluate the tight oil reservoirs [9]. Jia et al. put forward 10 geological parameters to evaluate the tight oil reservoirs [10]. Zou et al. presented the six-property method for the evaluation, considering the geological and engineering factors of the reservoir [11]. The above research studies mainly focused on the differences among reservoirs in different oil fields or blocks. The evaluation parameters are generally calculated based on the mean values of reservoir physical properties, without taking the physical property parameter variations of the tight reservoirs in the longitudinal section into consideration. Therefore, the accurate description of the tight reservoirs can hardly be obtained. In this study, the multiparameters that reflect the most significant longitudinal heterogeneity of the tight reservoirs were adopted to evaluate the tight reservoirs. The throat radius curve was plotted to describe the change of reservoir seepage capacity, the percentage curve of the movable fluid was plotted to show the change of fluid storage capacity, the pressure gradient curve was used to present the variation of reservoir displacement capacity, and the clay percentage curve was employed to explain the variation of difficulty in the reservoir energy supplement. Based on the comprehensive reservoir evaluation result, the development mode was determined, and the development “sweet spot” [12] areas in the tight reservoirs were preferred. Different types of reservoirs are suitable for different injection media. Hence, it is very important to study reservoir properties. For example, Jia et al. evaluated the effects of CO2, CH4, and N2 injection on shale oil recovery [13].
2. Materials and Methods
2.1. Rock Samples
In this study, taking the tight sandstone of K1q4 of Jilin Oilfield in Songliao Basin as the research object, the rock cores were collected from the same layer of three adjacent wells (namely, No. 1 well, Qian262 Well; No. 2 well, Qian 246 Well; and No. 3 well, Qian21 Well), with the coring depth of 2,309 m, 2,321 m, and 2,371 m, respectively. Rock samples have a porosity of 13.14%–15.20% and a permeability of (0.39–1.86) × 10−3 μm2, which was typical for the tight reservoir.
2.2. Experimental Methodology
Scanning electron microscopy (SEM) was often used to capture high-resolution images that recognize rock structural features, mineral types, and reservoir spatial characteristics. It can not only observe the microscopic characteristics of rock samples under high magnification, but can also qualitatively and semiquantitatively analyze different components in the sample. A Zeissbeam-540 FIB scanning electron microscope (Zeiss, Germany) was employed to study the pore and mineral characteristics of tight rock samples, with a magnification of 100 times. Electron microscopy was used for visual observation of pores.
Pore distribution characteristics of tight rock samples were studied using an ASPE 730 rate-controlled mercury intrusion instrument manufactured by US Coretest. These tests were conducted with a mercury-injection pressure of 0–1000 psi (about 7 MPa), a mercury-penetration speed of 0.00005 mL/min, a contact angle of 140°, an interfacial tension factor of 485 dyn/cm, and a physical size of approximately 1.5 cm3. During rate-controlled mercury intrusion, mercury can be injected into pore volumes of rocks under extremely low mercury-penetration speed (0.00005 ml/min) without changing the surface tension or contact angle to ensure quasistatic mercury intrusion processes [14, 15]. In accordance with changes in mercury-penetration pressures, data related to pore structures could be acquired. With the distribution of pore throats and quantities of pores known directly, pore radius, pore throat radius, and other characteristic parameters of microscopic pore structures in rocks could be obtained. Rate-controlled mercury intrusion was used to quantitatively describe the size of the pores.
The fluid distribution of pores in tight rocks was studied using the RecCore 2500 NMR instrument independently developed by the Institute of Porous Flow and Fluid Mechanics, Chinese Academy of Sciences. These tests were conducted with a resonance frequency of 2.38 MHz, an echo time of 0.3 ms, a recovery time of 6000 ms, an echo number of 2048, and an experimental temperature of 25°C. Since the oil or water was rich in hydrogen nuclei and had a nuclear magnetic moment, the nuclear magnetic moment would generate energy-level splitting in the applied static magnetic field. If a specific radio frequency magnetic field was applied, the nuclear magnetic moment would undergo an absorption transition, resulting in a nuclear magnetic resonance phenomenon. NMR was used to retrieve pore structure information of tight reservoirs by testing T2 (transverse relaxation time) spectrum of saturated oil or water in rock cores. We used a paramagnetic substance dissolved in water to eliminate the water signal in NMR. This method could distinguish water and oil in tight reservoirs. NMR was used to describe the law of fluid occurrence in pores.
3. Results and Discussion
3.1. Development Characteristics and Evaluation Difficulties of Tight Reservoirs
Because tight oil reservoirs were characterized by source generation and source accumulation in situ and it had short-term migration, the heterogeneity of the pore distribution was relatively strong [5, 8, 16]. The results of the permeability test using different gases were significantly different [17]. In keeping with the conventional test method, in this paper, the permeability was tested using N2. According to the SEM images of tight rock cores (shown in Figure 1; the porosity and permeability were tested using industry standard methods), it was found that the lower the porosity of the core, the more microscopic pores the rock contains and the poorer the pore connectivity, and the cement was mainly composed of an illite-smectite mixed layer and was mixed with a small amount of chlorite. With the increase in permeability, the core structure loosened increasingly, large pores appeared gradually, the number of pores increased significantly, and the connectivity became better.


	
		
			
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
			
			
			
			
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
		
		
		
		
		
		
		
	
	
		
			
			
				
			
			
				
			
		
	



Figure 1: Scanning electron microscope images of tight reservoirs.


The difference between reservoirs was relatively small in the horizontal plane in the same depth. Through comparison of the tight cores collected from different depths, the difference between reservoirs was significant in the longitudinal plane. As shown in Table 1, the variation of rock porosity ranges from 0.33% to 2.52%, with an average of 1.32%; the variation of permeability ranges from 7.14% to 27.96%, with an average of 16.39%. As shown in Table 2, the variation of rock porosity ranges from 11.20% to 13.27%, with an average of 12.19%; the variation of permeability ranges from 68.66% to 79.03%, with an average of 73.11%. The difference between tight reservoirs in the longitudinal direction was much larger than that in the horizontal direction; it was therefore inapplicable to evaluate the tight reservoir using porosity and permeability.
Table 1: Variation of porosity and permeability of tight reservoirs in the horizontal direction.
	

	Depth (m)	Horizontal porosity average (mD)	Horizontal porosity variation (%)	Horizontal permeability average (mD)	Horizontal permeability variation (%)
	

	2,309	13.33	2.52	0.40	7.14
	2,321	14.27	1.12	0.66	14.08
	2,371	15.18	0.33	1.54	27.96
	



Table 2: Variation of porosity and permeability of tight reservoirs in the longitudinal direction.
	

	Well no.	Longitudinal porosity average (%)	Longitudinal porosity variation (%)	Longitudinal permeability average (%)	Longitudinal permeability variation (%)
	

	1	14.16	13.27	0.80	68.66
	2	14.30	12.11	0.95	79.03
	3	14.32	11.20	0.84	71.63
	



In order to study the pore distribution of the tight reservoir, the core samples of Qian262 Well was continuously collected for mercury intrusion experiments. According to the mercury intrusion test results, the pore distribution curves at different scales were plotted, as shown in Figure 2(a), and the pore size was divided into five intervals using nuclear magnetic and centrifugal methods in the literature [18]. Namely, the first was nanopores with radius less than 25 nm, whose fluid cannot be developed; the second was nanopores with radius of 25–50 nm, whose fluid can be exploited by osmotic and displacement; the third was nanopores with radius of 50–100 nm, whose fluid can be mined by gas injection; the fourth was submicron pores with radius of 0.1–1 μm, whose fluid can be developed by a water injection-mixed surfactant; and the fifth was micropores with radius larger than 1 μm, whose fluid can be exploited by water injection. As seen from Figure 2(a), the pore distribution of the tight reservoir varies sharply; the third type of pores with radius of 50–100 nm has the largest variation, with the lowest content of 1.5% and the highest content of 44.6%; the content of the first type of pores with radius less than 25 nm accounts for 20%–40%; the reservoir also contains considerable amounts of the fourth type of pores with radius of 0.1–1 μm, and there was an extremely small amount of the fifth type of pores with radius larger than 1 μm.
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(b)
Figure 2: Pore distribution characteristics of tight reservoirs at different scales. (a) Pore distribution at different scales. (b) Fluid distribution in different pore spaces.


Nuclear magnetic resonance (NMR) tests were carried out to measure the fluid content in different sizes of the pores [19, 20]. The result is shown in Figure 2(b). It was observed that the difference in fluid distribution in the reservoir was also obvious. The fluid in the nanopores accounts for about 60%, and it is as high as 90% in some depths. In addition, about 10% of the fluid exists in the micropores and 30% fluid in the submicron pores. It can be seen from Figure 2 that it was difficult to describe accurately the distribution of pores and fluids in tight reservoirs by a simple number. Since the formation of tight reservoirs mainly depends on self-generation and self-storing or short-term migration [18], the physical properties of tight reservoirs were not as uniform as those of conventional sandstone reservoirs, causing dramatic changes in reservoir pores and fluid. Therefore, multiparameter evaluation of tight reservoirs with different depths was necessary.
3.2. Longitudinal Multiparameter Comprehensive Evaluation for Tight Oil Reservoirs
Four parameters were selected to characterize the longitudinal changes of reservoirs: (1) Average throat radius, whose distribution presents the change of reservoir seepage capacity [16]; (2) Percentage of movable fluid, whose distribution explains the change of occurrence characteristics of the reservoir fluid and determines the development potential of the reservoirs [21–23]. The movable fluid of the tight reservoir corresponds to the amount of fluid measured by nuclear magnetic resonance at a centrifugal force of 417 psi; (3) The start-up pressure gradient, whose distribution characterizes the difficulty degree in establishing an effective displacement system for the reservoir [24, 25]; and (4) The content of clay mineral, whose distribution shows the reservoir damage suffered from water injection [26–28]. In the reservoir evaluation in different blocks, some scholars introduced parameters such as brittleness index and pressure coefficient. However, for the same reservoir, these parameters have little change in the longitudinal direction and cannot well reflect the physical properties of the tight reservoir. Therefore, this study did not consider these evaluation parameters.
According to the test and analysis results of tight sandstone cores collected from K1q4 of the Songliao Basin, the classification evaluation intervals of each parameter were divided into four categories, as shown in Table 3. The conventional reservoir evaluation methods only obtain the evaluation results based on the single parameter, ignoring the comprehensive evaluation and the influence of various parameters on the comprehensive evaluation results. In this study, selecting the appropriate parameters [13] for evaluation the comprehensive evaluation results were divided into four categories accordingly, and a comprehensive evaluation grading calculation formula was formed as follows:where  was the comprehensive evaluation result;  was the average throat radius, μm;  was the evaluation limit of average throat radius, μm;  was the percentage of the movable fluid, %;  was the evaluation limit of the percentage of the movable fluid, %;  was the start-up pressure gradient, MPa/m;  was the evaluation limit of the start-up pressure gradient, MPa/m;  was the content of clay mineral, %;  was the evaluation limit of the content of clay mineral, %; and  was the reservoir influence factor.
Table 3: Longitudinal evaluation interval of tight reservoirs.
	

	Classification interval	Throat radius (μm)	Movable fluids saturation (%)	Starting pressure gradient (MPa/m)	Clay minerals (%)	Comprehensive evaluation
	

	I	0.6–0.8	60–75	0–0.3	0–5.0	>5.0
	II	0.4–0.6	45–60	0.3–0.6	5.0–10.0	3.5–5.0
	III	0.2–0.4	30–45	0.6–0.9	10.0–15.0	1.5–3.5
	IV	0–0.2	15–30	0.9–1.2	15.0–20.0	0–1.5
	



In order to compare the changes of each parameter in the reservoir, the graded evaluation results of each parameter were normalized, as shown in formulas (2) and (3).
When the evaluation parameters were positively correlated with the comprehensive evaluation results,
When the evaluation parameters were negatively correlated with the comprehensive evaluation results,where  was the normalized evaluation result of single parameter;  was the single parameter value;  was the upper limit of single parameter evaluation; and  was the lower limit of single parameter evaluation.
The classification results of the evaluation parameters were placed in the same coordinate system to analyze the changes between the parameters. The sampling cores were collected from the tight sandstone of K1q4 of Jilin Oilfield in Songliao Basin, with a depth of 2,306.5–2,391.3 m, and mercury intrusion test, nuclear magnetic resonance test, percolation curve test, and X-ray diffraction measurement were carried out. The parameters that vary with reservoir depth were obtained, including the throat radius, the percentage of movable fluid, the start-up pressure gradient, and the content of clay mineral. Longitudinal subsection parameter evaluation results and comprehensive evaluation results of tight oil reservoirs were plotted according to formulas (1)–(3), as shown in Figure 3.
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Figure 3: Comprehensive evaluation results and longitudinal grading evaluation results of tight reservoirs.


It can be seen from Figure 3 that the throat radius values in the longitudinal direction of the tight reservoir were mainly categorized into type IV reservoir, and the fluctuation range was small, indicating that the reservoir was relatively tight, the pore throat was small, and the seepage capacity was poor. The percentage values of the movable fluid were mainly categorized into type III, type II, and type I reservoirs, and the fluctuation range crosses three intervals, indicating that the occurrence difference of the reservoir fluids was large. The start-up pressure gradient was dominated by type III, II, and I reservoirs, indicating the difficulty degree of reservoir development was relatively higher, and attention should be paid to water channeling and gas channeling when replenishing energy. Clay mineral content was mainly dominated by type III and type II reservoirs, and attention should be paid to reservoir damage during development. There were five reservoir types (I-IV) in the longitudinal comprehensive evaluation of the tight reservoir, and the fluctuation range was extremely large. In the development of tight reservoirs, a rational plan and the development modes should be made according to the longitudinal comprehensive evaluation curve of the reservoir.
3.3. Optimization of Development Modes Adopting Longitudinal Evaluation of Tight Oil Reservoirs
The longitudinal distribution of tight oil reservoirs varies a lot. The recovery of reservoirs with different evaluation results was also quite different using water injection or gas injection, as shown in Figure 4. Figure 4(a) shows the time-dependent recovery curve of four different types of reservoirs with water injection. The recovery of the four types of reservoirs increased rapidly in the early stage but remained stable in the later period. Type I reached the final recovery first, and type IV was the slowest. Figure 4(b) presents the time-dependent recovery curve of four different types of reservoirs with nitrogen injection. The evaluation results showed that the recovery degree of the reservoirs with better evaluation results increased rapidly in the early stage and then gradually slowed down after a certain period of development. In the later period of development, the recovery degree of poor reservoirs with poorer evaluation results was larger than that of the reservoirs with better evaluation results. The type IV reservoir had the highest recovery degree, the type I reservoir had the lowest recovery degree, and type II and III reservoirs were in the middle.
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(b)
Figure 4: Recovery curve of tight reservoirs with water injection/gas injection. (a) Time-dependent recovery curve of tight reservoirs with water injection. (b) Time-dependent recovery curve of tight reservoirs with nitrogen injection.


It can be seen from Table 4 that the recovery ratios of the different types of reservoirs adopting different development modes vary significantly. In the case of all reservoir types involved, type I reservoir was most suitable for water injection development, and type IV reservoir was most suitable for gas injection development. Taking the tight oil reservoir studied in this paper as an example, the reservoirs with a depth of 2,306.54–2,362.07 m were mainly dominated by type I and II reservoirs, and the reservoirs with a depth of 2,362.07–2,391.30 m were mainly dominated by type II and III reservoirs. Through comparison of water injection in the whole reservoir, gas injection in the whole reservoir, water injection in the upper reservoir and gas injection in the lower reservoir, and gas injection in the upper reservoir and water injection in the lower reservoir, the final recovery ratio of the tight oil reservoir under different development modes can be obtained according to formula (4), as shown in Table 5:where  was the recovery of the tight oil reservoir, %;  was the recovery corresponding to type I, type II, type III, and type IV reservoirs, %;  was the effective thickness corresponding to type I, type II, type III, and type IV reservoirs, m.
Table 4: Recovery of different types of reservoirs.
	

	Development mode	Type I (%)	Type II (%)	Type III (%)	Type IV (%)
	

	Water injection	69.23 	59.48	56.15	50.97
	Gas injection	45.43	67.17	80.72	86.16
	



Table 5: Recovery of reservoirs under different development modes.
	

	Different development mode	Water injection	Gas injection	Upper water/lower gas	Upper gas/lower water
	

	Recovery ratio (%)	63.98	59.62	70.66	52.94
	



In the case of all reservoir types involved, the highest recovery (70.66%) can be obtained under the development mode of water injection in the upper reservoir and gas injection in the lower reservoir; the recovery was 63.98% using the water injection method and the recovery using the gas injection mode or gas injection in the upper reservoir and water injection in the lower reservoir were both lower than those of the previous two modes.
4. Conclusions
Microscopic pore structure, fluid occurrence conditions, start-up pressure gradient, and the content of clay minerals in the longitudinal direction of tight reservoirs were analyzed in this study. Each parameter represented a physical property of the reservoir, and these parameters were independent of each other and did not affect each other, so the evaluation results obtained in this way were objective. The longitudinal evaluation method for tight reservoirs was proposed, and the optimal development mode was selected according to reservoir evaluation results. Three innovations of this study are summarized as follows:(1)The longitudinal variations of the microscopic pore structure were bigger than the horizontal variations. The longitudinal variations of porosity and permeability were 12.19% and 73.11%, respectively. The horizontal variations of porosity and permeability were 1.32% and 16.39%, respectively. In tight oil reservoirs, the nanopores dominate and control about 60% of the flow space, the submicron pores account for about 30% of the flow space, which is the main part in the development, and the micropores were few.(2)Four parameters, including average throat radius, the percentage of movable fluid, start-up pressure gradient, and the content of clay mineral, were applied to evaluate the reservoir. Seepage capacity, development potential of the reservoirs, the difficulty degree in development, and the reservoir damage suffered from water injection, and the four-parameter evaluation results were normalized to obtain the influence degree of different factors on the reservoir physical property. The depth-dependent comprehensive evaluation results and grading evaluation results were plotted.(3)The recovery of tight reservoirs under different development modes was compared. According to the longitudinal comprehensive evaluation curve and the recovery, the most appropriate development method for each type of reservoir would be chosen. It can be known that the highest recovery was obtained when the mode of water injection in the upper reservoir and gas injection reservoir was adopted.
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