

  energies-12-02859




energies-12-02859







Energies 2019, 12(15), 2859; doi:10.3390/en12152859




Article



A Method for Improving Permeability Accuracy of Tight Sandstone Gas Reservoirs Based on Core Data and NMR Logs



Liang Liu[image: Orcid], Heping Pan *, Chengxiang Deng and Guoshu Huang





Hubei Subsurface Multi-Scale Imaging Key Lab, Institute of Geophysics & Geomatics, China University of Geosciences, Wuhan 430074, China









*



Correspondence: panpinge@163.com







Received: 27 May 2019 / Accepted: 23 July 2019 / Published: 25 July 2019



Abstract

:

Accurate calculation of the permeability of tight sandstone gas reservoirs has been a challenge, due to the enhanced effect of pore structure. Reservoir permeability with the same porosity and different pore structure often varies greatly. The permeability estimated by the traditional core sample regression analysis method has low accuracy, and the nuclear magnetic resonance (NMR) logging method is affected by the hydrocarbon of the reservoir. In this paper, the defined parameter can effectively quantify the difference of pore structure. Based on regression analysis of core measurement data, the model with optimal factor parameters of permeability calculation is established. This method combines the advantages of empirical models and pore structure models in calculating permeability. The results show that the method can effectively improve the accuracy of permeability. It has been successfully applied to the tight sandstone gas reservoir of He3 member in Hangjinqi area, Ordos Basin, China. Compared with other permeability theoretical models, it provides a more accurate and practical method for calculating permeability.
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1. Introduction


Permeability is an important petrophysical property in reservoir evaluation [1]. It is not only related to porosity, but also to other factors such as pore structure. For homogeneous porous media, Kozeny proposed a formula based on capillary theory [2]. Later, Carman developed this formula [3], namely the Kozeny-Carman formula. Since the specific surface area cannot be directly obtained from logging data, the application of Kozeny-Carman formula is limited. Timur suggested that the permeability is controlled by the irreducible water saturation [4]. The irreducible water saturation can reflect the change of the pore structure to a certain extent, but the premise also needs to accurately calculate the irreducible water saturation. The effect of pore coordination number on permeability has attracted much attention. The pore connectivity is the main factor affecting permeability [5]. In order to predict reliable permeability, in addition to porosity, other parameters such as pore shape, pore size, and distribution must be considered [6].



The traditional method of estimating permeability is to obtain empirical formulas by regression analysis of core samples [7]. Permeability and porosity of high porosity reservoirs are often well correlated. However, for unconventional reservoirs with low permeability, the influence of pore structure becomes dominant [8,9]. Analysis of various pore sizes and their contribution to seepage capacity is an effective method for calculating permeability [10]. The reservoir quality index (RQI) and the flow zone indicator (FZI) [11] are the primary and important parameters of hydraulic flow unit theory used for pore structure evaluation and formation classification in the presence of strong heterogeneity. Nuclear magnetic resonance (NMR) measurement is an important method for studying the pore structures of reservoirs, as it is a fast method in estimating the porosity, permeability, fluid, and pore size distributions. The Timur-Coates and Schlumberger’s permeability calculation models (SDR) are two classical models for the calculation of permeability by NMR logs, both of which take the effects of pore structure into account. Therefore, the estimation accuracy is higher than conventional logs. However, in terms of application effect, reservoirs with high porosity and permeability are better than those with low porosity and permeability [12]. Some scholars have improved methods for calculating unconventional reservoir permeability by NMR, such as capillary pressure combined with NMR logs method [13], and calculating Pore-throat characteristic parameters based on NMR logging data [14]. These methods require a lot of mercury injection experiments. The principle of the artificial neural network is also applied to predict reservoir permeability [15,16]. Zhao et al. [17] calculated shale permeability by mineral content from geochemical logs.



In this paper, we use the core data for regression analysis to determine the variable parameters of the pore structure quality index and NMR logging parameters, and establish a workflow to accurately calculate the permeability. It is an effective and practical method to estimate permeability more accurately for tight sandstone gas production. In addition, the permeability results calculated by different equations were compared and analyzed to find the reasons for the differences, and the applicable conditions of the permeability estimation equation were also discussed.




2. Data


2.1. Study Area


The Ordos Basin is located in the central and western regions of China. The total area of the basin is about 330,000 km2, and the Ordos Basin contains abundant oil and gas resources [18]. Figure 1b shows the Hangjinqi research area located in the northwest of Ordos Basin [19].



The Permian Lower Shihezi Formation is the main gas-bearing formation in the Hangjinqi area, with a thickness of about 130 m. The Lower Shihezi Formation is mainly divided into He1, He2, and He3 members from bottom to top [20]. There is an unconventional tight sandstone gas reservoir in the middle of the He3 member. Its lithology is mainly glutenite. The reservoir has a variety of pore structures and low permeability. Since the He3 is the main -gas-producing member in the study area [21], this paper mainly discusses the permeability estimation method based on the data of the He3 member reservoir of Lower Shihezi Formation.




2.2. Well logs and Core Data


Well logs data can effectively evaluate various parameters of reservoir rock physics. The JX well is the latest borehole in the study area. It can be used to demonstrate the reliability of the permeability calculation formula obtained from the previous core and well logs data. From the study area, conventional logs data such as lithology logging (GR), resistivity logging (RT), natural potential (SP), and NMR logging etc. are collected. These data can effectively identify tight sandstone gas reservoirs.



The data of 200 core samples in the reservoir of the He3 member are collected. These data show that the porosity of the He3 member is from 3.93% to 18.87%, an average of 11.53%. The permeability is 0.12 mD to 4.495 mD, a mean of 0.955 mD. Therefore, the He3 member reservoir of the study area belongs to the tight sandstone reservoir [22]. These data appear in Figure 2a instead of in the table of this paper. 21 NMR core samples from the reservoir of the He3 member are collected and listed in Table 1. Table 2 lists the various types of equations obtained by regression analysis based on the data in Table 1. The data of 13 core samples from the He3 reservoir in the JX well are listed in Table 3.





3. Methodology


3.1. Regression Analysis


Figure 2a shows the regression analysis of core samples from the He3 member of Lower Shihezi Formation, and the empirical relationship between porosity and permeability is obtained.


K=0.1399e0.1463ϕ(R2=0.5602)



(1)







Equation (1) is exponential but the correlation is only 0.5602. In Figure 2a, this exponential line can be regarded as a mainstream empirical relationship trend that solves the permeability by porosity in the He3 member reservoir of the study area.



The D is the difference between core permeability and the prediction value by Equation (1) in Figure 2a. The reservoir of the He3 member is a tight sandstone gas reservoir without fracture. When the lithology of the reservoir is the same, the D value can be considered to be caused by the difference in the shape, size, and distribution of rock pore and throat. These factors can usually be defined as the pore structure [23]. We define D as the pore structure influence factor, which is closely related to reservoir quality index [24,25]. It is a key correction parameter for calculating accurate permeability.



The permeability in Figure 2b is obtained by using the core porosity data of Figure 2a as the independent variable calculated by Equation (1). As shown in Figure 2b, if the influencing factors of the reservoir quality index are eliminated, each depth point in the reservoir has the same pore structure, and the permeability can be accurately determined from the porosity. However, the reality is that porosity and reservoir quality index together determine permeability, especially in unconventional tight gas reservoirs. Therefore, more accurate permeability can be obtained from Equation (2) if the D value can be accurately calculated.


K=0.1399e0.1463ϕ+D



(2)








3.2. D Value Solution


Kozeny and Carman proposed a formula for calculating the permeability by capillary theory [3], which is expressed as:


K=ϕ3(1−ϕ)2·1Fsτ2Sgv2



(3)







The reservoir quality index parameter can be defined by deducing Equation (3) [7,26]:


RQI=0.0314Kϕ



(4)







To study the difference of the reservoir quality index, and to deduce a precise relationship between the reservoir quality index difference and D in the study area, the reservoir quality index parameter can be deduced as:


RQI=Kmϕn



(5)




where m and n denote permeability and porosity indices greater than zero, respectively. The two parameters can be changed independently. Thus, the formula for solving the D value can be expressed as:


ΔRQI=Kmϕn−Ksmϕn



(6)






D=f(ΔRQI)=f(Km−Ksmϕn)



(7)




where Ks is the permeability calculated by Equation (1). The key factor for the establishment of Equation (7) is to find the appropriate m and n values. It can be obtained by fitting analysis of ΔRQI and D.



In Equation (5), RQI represents the reservoir quality index and is positively correlated with the reservoir pore structure. NMR methods can effectively identify pore structure characteristics. A total of 21 NMR experimental samples were collected in Table 1 to study the relationship between the parameters of the NMR T2 distributions and the reservoir quality index. The NMR T2 distributions of sample No. 1 are shown in Figure 3a. After centrifugation, the peak of the T2 spectrum shifts to the left and the area decreases. The T2 cutoff value was obtained experimentally, which is the standard for distinguishing between irreducible fluids and mobile fluids [27,28,29,30,31]. Therefore, movable and irreducible porosity can be obtained in Figure 3b. Movable porosity and irreducible porosity can be understood as connected porosity and unconnected porosity or effective porosity and ineffective porosity, respectively. The ratio of movable porosity to irreducible porosity can be linked to the reservoir quality index to find a way to characterize the reservoir quality index using parameters obtained by NMR. An equation can be established between them, which can be expressed as:


RQI=Kmϕn=f(MFFIaBVIb)



(8)




where MFFI is movable porosity, BVI is irreducible porosity, and a and b represent the indices of MFFI and BVI, respectively.




3.3. Calculation Procedure


The method of estimating permeability from core and NMR data includes the following steps.




	(1)

	
An empirical equation similar to Equation (1) is obtained by fitting the core data.




	(2)

	
The value of D is obtained by subtracting the permeability by Equation (1) from the permeability of all core samples at the same porosity. The initial values of m and n are given arbitrarily, and the ΔRQI values are calculated by Equation (6).




	(3)

	
Regression analysis using ΔRQI and D values, with the m and n values changing, the optimum m and n values are determined when the correlation coefficient of polynomial function is the highest.




	(4)

	
Regression analysis using the independent and dependent variables of Equation (8), when the optimized m and n values remain constant. The initial values of a and b are given arbitrarily, with the a and b values changing, the optimum a and b values are determined when the correlation coefficient of the power function is the highest.




	(5)

	
When the optimum values of a, b, m, and n are determined, Equation (8) can be derived from Equation (7), D can be calculated from Equation (7), and more accurate permeability can be obtained from Equation (2).











4. Result and Discussion


4.1. Parameter Prediction and Model Establishment


Based on 200 core samples, all the D values are calculated with core porosity based on the principles shown in Figure 2. After setting the initial values of m and n (both set to 0.5 in this paper), the value of RQI is calculated by Equation (6). Polynomial regression analysis of the calculated ΔRQI and D values and observing the correlation coefficient as the m and n values change. The results of partial regression analysis are shown in Figure 4. Especially when m and n are both 0.5, the RQI equation shown by Equation (5) is similar to Equation (4). However, the correlation coefficient is 0.8447. The highest correlation coefficient is determined by the combination of m and n values, rather than monotonic change with increasing or decreasing m or n values. In this paper, when the correlation coefficient is the highest, the optimal value m is 1.02, and n is 0.03. As shown in Figure 5, the equation of Equation (7) can be expressed as:


D=−0.0055(K1.02−Ks1.02ϕ0.03)2+1.0572(K1.02−Ks1.02ϕ0.03)−0.0007(R2=1)



(9)







Keeping m at 1.02 and n at 0.03, regression analysis was carried out with the independent and dependent variables of Equation (8). The data involved in the regression analysis were derived from the helium porosity, helium permeability, movable pore volume, and irreducible pore volume in Table 1. Figure 6 shows the partial polynomial statistical results. When the highest correlation coefficient of polynomial regression analysis is 0.9236, the optimal value a is 1.82 and b is 0.9. As shown in Figure 7, the Equation (8) can be expressed as:


RQI=K1.02ϕ0.03=−0.0006(MFFI1.82BVI0.9)2+0.1629(MFFI1.82BVI0.9)−0.632(R2=0.9236)



(10)







It is noteworthy that the result calculated by Equation (10) may produce a negative number because it is polynomial regression analysis. However, it is impossible for the reservoir quality index to be negative, so we add other forms of regression analysis equations. Table 2 shows the highest correlation coefficients in various forms, and the associated a and b values. Since polynomial, linear, and logarithmic equations are likely to produce negative numbers after calculation, the power function equation is chosen as the supplementary calculation method of Equation (10), which can be expressed as:


RQI=K1.02ϕ0.03=0.0397(MFFI1.7BVI0.7)1.2803(R2=0.8169)



(11)







The correlation coefficient of Equation (11) is 0.8169. Although it is not higher than Equation (10), it can effectively avoid negative values. When Equation (10) calculates a negative value, supplement the calculation with Equation (11) and replace the negative value.




4.2. Results Evaluation and Analysis


The JX well is a newly drilled well in the study area. Its core data is not involved in the regression analysis in this paper. We could use this well to verify the validity of the method for calculating permeability. Table 3 lists the correlation coefficients between the core sample of the JX well and the calculated permeability of four models at the same depth. Figure 8 shows the results of the permeability calculation of the He3 member reservoir of the JX well. A depth interval of 3045–3057.4 m is a tight sandstone gas reservoir. The D value calculated by Equation (9) is listed in Track 9. Core permeability and the results of calculating the permeability using four equations are listed in Track 10.



In Figure 8, the blue curve is the permeability calculated by Equation (2). It is closest to the core sample values, whose correlation is 0.9419. The black curve is the permeability calculated by Equation (1). Its correlation is 0.4019 because there is no additional D value. The green curve is the permeability calculated by Timur-Coates model with NMR logs. Although the correlation coefficient is higher than Equation (1) with 0.8959, its permeability is generally lower than core measurements.



In the upper part of the reservoir at 3045–3051 m, the permeability value obtained from Equation (1) is larger than the lower part of the reservoir in Track 10, because the permeability calculated by Equation (1) varies with porosity, as it monotonically increases or decreases. The permeability values calculated by the NMR logs are lower than these core samples. There are two main factors; the first is that NMR logs can effectively identify pore structure. In Track 7, the upper part of the reservoir is high in total porosity but mainly due to the larger bulk volume irreducible, which affects the permeability of the reservoir [32,33,34,35]. The second is that the permeability obtained by NMR logs is affected by reservoir gas content [36,37,38], and the calculated permeability decreases with the increase of the gas content in the reservoir. The total hydrocarbon curve of gas logs is shown in Track 4. It is derived from mud logging data and represents the true gas content in the reservoir. The total hydrocarbon curve indicates that the gas content in the upper part of the reservoir is larger than that the lower part, and the maximum gas content is 38.5%. Therefore, the permeability value calculated by NMR logs in the upper part of the reservoir is more affected by the gas content than the lower part. The permeability calculated by Equation (2) is closer to the core sample, but it is reduced by the influence of reservoir gas bearing property.



In the lower part of the reservoir at 3051–3057.4 m, the permeability calculated by Equation (1) decreases as the porosity decreases. The calculated permeability is larger than the upper part of the reservoir by NMR logs, due to the fact that although the porosity is smaller than the upper part of the reservoir, the movable volume is larger. The permeability of core samples is the closest to that calculated by Equation (2), which proves the validity of the permeability estimation method in this paper.



The method for accurately calculating the permeability shown in this paper is applicable to gas well exploration and development areas with core physical property analysis data and NMR logs data. It is only applicable to the calculation of reservoir matrix permeability. In fractured formations such as shale, carbonate, and sandstone of various grain sizes with fractures, where the fractures change the flow characteristics of the formation fluid, the method in this paper cannot effectively predict the permeability. The premise of obtaining permeability by the method in this paper is to calculate the porosity. There are many methods to obtain porosity accurately, but there is not much discussion in this paper.



It is remarkable that the permeability value can also be calculated directly by Equations (10) and (11) when the reservoir parameters a and b are determined. In theory, when the reservoir contains no hydrocarbons, the permeability values calculated by the two methods should be almost the same. However, when the reservoir contains hydrocarbons, the accuracy of the calculations of Equations (10) and (11) should be reduced because the NMR logs are affected, and the degree of this reduction is unpredictable. Equation (2) consists of two parts; one is the empirical relationship of the core sample, and the other is the correction based on the pore structure factor. Therefore, Equation (2) can offset some of the error rates caused by hydrocarbons to some extent, to ensure the reliability of the calculated permeability. The results calculated by Equations (10) and (11) are shown in Track 10. Since Equations (10) and (11) are affected by NMR logs, the value at the low permeability is lower than the value calculated by Equation (2).



In fact, many scholars have already figured out the impact of hydrocarbons on NMR logs [39,40,41], but so far, there is no single very effective way to completely eliminate them. The direction we will study in the future is to find an effective way to minimize the impact of hydrocarbons on various geophysical logging methods. If this method is discovered, the accuracy of reservoir permeability will be further improved.



In addition, it should be noted that sedimentary characteristics determine the physical properties of the rock. Porosity, permeability, and pore structure vary from formation-to-formation. Therefore, if the method in this paper is to be applied to other formations, the a, b, m, and n values must be analyzed separately to ensure its accuracy.





5. Conclusions


In this paper, the prediction method for permeability of tight sandstone gas reservoirs was studied. This method calculates the permeability using equations with parameters m, n, a, and b, which combine the advantages of core samples and NMR logs. The empirical nature and applicability of these parameters are attributed to the regression analysis of a large number of core samples from the He3 member reservoir in the study area. The permeability calculation model with optimization m, n, a, and b is applied to the JX well. The results show that they can effectively improve the calculation accuracy of the permeability. The permeability results calculated by NMR logging were also compared and analyzed. The results show that the method in this paper improves the accuracy of permeability by reducing the influence of hydrocarbon in formation.
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Nomenclature




	GR
	Natural gamma-ray logging, API



	SP
	Spontaneous-potential logging, mv



	CAL
	Borehole diameter, cm



	RD
	Deep lateral resistivity, Ω.m



	RS
	Shallow lateral resistivity, Ω.m



	CNL
	Compensated neutron logging, %



	DT
	Acoustic transit time, μs/m



	DEN
	Density logs, g/cm3



	TG
	Total hydrocarbon content, %



	T2
	NMR transverse relaxation time, ms



	BVI
	Bulk volume irreducible, %



	MFFI
	Bulk volume moveable, %



	Φ
	Porosity, %



	POR_core
	Porosity obtained from core analysis, %



	Fs
	shape factor



	τ
	tortuosity



	Sgv
	surface area per unit grain volume, μm−1



	Fsτ2
	Kozeny constant



	K
	Permeability, mD



	K_core
	Permeability obtained from core analysis, mD



	K_NMR
	Permeability obtained by NMR logs, mD



	Swi
	Irreducible water saturation,%
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Figure 1. (a) Scope of Ordos Basin in China; (b) location of Hangjinqi area in Ordos Basin; (c) stratigraphic sequence; (d) glutenite in the He3 member of the JX well, depth 3047.65–3047.77 m; (e) glutenite in the He3 member of the JX well, depth 3053.42–3053.68 m. 
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Figure 2. The cross-plot with 200 core samples: (a) Core samples, and (b) samples that eliminate reservoir quality index differences using trend lines as a standard. 
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Figure 3. (a) The NMR T2 distributions for sample No. 1, and (b) movable (green area) and irreducible (yellow area) porosity of sample No. 1. 
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Figure 4. The partial statistical results of the correlation between the D value and the ΔRQI (reservoir quality index), as the m and n values change. 
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Figure 5. The cross-plot between D and ΔRQI. The highest polynomial correlation coefficient is 1 when m is 1.02 and n is 0.03. 
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Figure 6. The partial polynomial statistical results of the correlation between the ratio of movable porosity to irreducible porosity, and the RQI as the a and b values change when m is 1.02 and n is 0.03. 
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Figure 7. The cross-plot between the ratio of movable pore volume to irreducible pore volume and RQI. a = 1.82; b = 0.9; m = 1.02; n = 0.03. 
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Figure 8. The results of permeability calculation of the JX well. K_core represents core sample permeability; K_NMR represents permeability calculated by NMR logs; K_Equation (1) represents permeability calculated by Equation (1); K_Equation (2) represents permeability calculated by Equation (2); and K_Equations (10) and (11) represents permeability calculated by Equations (10) and (11)—that is, when the calculation results of both are positive, the calculation result of Equation (10) is selected, and when Equation (10) calculates a negative value, it is replaced by the result of Equation (11). 
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Table 1. Core physical property parameters obtained by nuclear magnetic resonance (NMR) experiments.
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No.

	
Φ-Helium

	
K-Helium

	
Φ-NMR

	
Swi

	
T2cutoff

	
MFFI

	
BVI




	
(%)

	
(mD)

	
(%)

	
(%)

	
(ms)

	
(%)

	
(%)






	
1

	
10.8

	
0.620

	
10.6

	
49.1

	
14.28

	
5.5

	
5.3




	
2

	
15.1

	
1.819

	
14.6

	
34.4

	
14.60

	
9.9

	
5.2




	
3

	
13.4

	
2.080

	
13.2

	
31.9

	
18.51

	
9.1

	
4.3




	
4

	
14.1

	
1.423

	
13.9

	
36.6

	
13.34

	
8.9

	
5.2




	
5

	
13.9

	
1.054

	
13.4

	
32.2

	
9.66

	
9.4

	
4.5




	
6

	
13.7

	
1.269

	
13.5

	
29.0

	
11.03

	
9.7

	
4.0




	
7

	
15.4

	
4.625

	
14.7

	
22.8

	
9.50

	
11.9

	
3.5




	
8

	
11.7

	
4.195

	
11.4

	
26.9

	
11.68

	
8.5

	
3.2




	
9

	
8.4

	
0.195

	
8.2

	
41.5

	
14.22

	
4.9

	
3.5




	
10

	
10.3

	
0.992

	
10.1

	
28.7

	
7.05

	
7.3

	
3.0




	
11

	
7.2

	
0.522

	
7.1

	
46.0

	
13.08

	
3.9

	
3.3




	
12

	
11.9

	
0.606

	
11.5

	
29.9

	
15.25

	
8.3

	
3.6




	
13

	
8.6

	
0.306

	
8.2

	
34.8

	
6.10

	
5.6

	
3.0




	
14

	
11.1

	
0.565

	
10.9

	
38.2

	
8.77

	
6.9

	
4.2




	
15

	
3.3

	
0.161

	
3.5

	
47.8

	
7.27

	
1.7

	
1.6




	
16

	
9.8

	
2.656

	
9.6

	
19.2

	
22.92

	
7.9

	
1.9




	
17

	
7.8

	
1.600

	
7.8

	
20.7

	
14.48

	
6.2

	
1.6




	
18

	
7.5

	
0.206

	
7.0

	
35.0

	
15.04

	
4.9

	
2.6




	
19

	
15.3

	
10.879

	
14.5

	
6.4

	
22.59

	
14.3

	
1.0




	
20

	
13.8

	
8.250

	
13.5

	
7.1

	
19.75

	
12.8

	
1.0




	
21

	
10.4

	
7.350

	
9.7

	
10.0

	
16.38

	
9.4

	
1.0








Swi = BVI/(MFFI + BVI). If the Swi value increases, it means that the volume of the non-flowable fluid increases in the rock, resulting in a decrease in permeability.
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