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The water sweep efficiency is an important parameter in oilfield development. The present method needs to fit the core relative permeability curve, which has the problem of low accuracy and poor practicability. Based on three kinds of calculation formulas of water saturation, the calculation method of limit water sweep efficiency is put forward, and the dynamic method of two parameters in the index relationship between oil-water relative permeability ratio and water saturation is established. On this basis, the dynamic calculation method of sweep efficiency, oil displacement efficiency and oil-water relative permeability curve is formed, which overcomes the dependence on core permeability curve. The XJ oilfield calculation shows that for the south china sea marine sandstone oil field with abundant side water, the oil production is mainly from the water flooding region expansion in the initial oilfield developed period and then change to enhance oil displacement efficiency as the water sweep efficiency is to be stable, so the development policy of this oilfield should be to perfect production patterns nets in the initial oilfield developed period, then be to installe larger pumps and increase liquid production in the middle-later developed period. The proposed method is featured with accessible date, convenient calculation, showing a broad application prospect in dynamic analysis and development effect evaluation of oilfield.
Keywords: water flooding reservoir, water saturation, water sweep efficiency, oil displacement efficiency, relative permeability curve
INTRODUCTION
The relative permeability of oil and water is a parameter to measure the ability of oil and water to flow in the pore’s media, which is a key parameter in oilfield development. The relative permeability is influenced by the reservoir’s pore structure, surface wettability, fluid composition, and physical properties.
The relative permeability of oil and water can be measured by core flooding experiments in laboratory, which can be divided into steady state method and unsteady state method (Barenblatt et al., 2003; Aryana and Kovscek, 2013). However, these two experimental methods have certain shortcomings. Steady-state methods usually consume a lot of time to obtain a set of data. Unsteady-state methods have certain limitations in data interpretation. In addition, due to the very high requirements on measurement accuracy, it is difficult to accurately obtain the relative permeability of oil and water under formation conditions with existing experimental techniques (Civan and Donaldson, 1989; Jahanbakhshi et al., 2015).
Therefore, based on experimental data and certain assumptions, many mathematical models have been proposed to predict relative permeability, which can assist the reservoir dynamic analysis and development prediction for the reservoirs without experimental data (Purcell, 1949; Guler et al., 2003). Among them, the linear model proposed by Craft et al. (Craft et al., 1959) in 1959 has received extensive attention. Through the analysis of a large number of experimental data, Craft et al. found that the oil-water relative permeability ratio kro/krw has a good linear relationship with water saturation in a semi-logarithmic plot. The model is simple and practical, and many methods are extended based on this model for the dynamic analysis of water-flooding reservoirs.
Based on the linear correlation between ln(kro/krw) and Sw, combined with the B-L equation (Buckley and Leverett, 1942) and the Welge equation (Welge, 1952), many different types of water flooding curves are proposed. Among these water flooding curves, Type-A and -B are the most commonly used. Type-A describes the linear relationship between cumulative oil production (Np) and cumulative water production (WP) on a semi-logarithmic scale, while Type-B curves describe the water-oil ratio (WOR) and Np on a semi-logarithmic scale The linear relationship in the graph. After practical verification in a large number of oil fields (Yu, 2000), Type-A and B have been recognized as industry standards.
The water flooding curve predicts the reservoir/single well dynamics based on the most conventional production data such as cumulative oil production and cumulative liquid production of the reservoir/single well. Compared with laboratory core experiments, logging data, and other tests, the water flooding curves reflect the actual flow dynamics of the reservoir more realistically. Water flooding curves have been widely used in oilfield development, such as the analysis of reservoir volume conformance efficiency and the calculation of reservoir relative permeability curve.
The volume conformance efficiency of water-flooding reservoirs is an important indicator to evaluate the development of water-flooding oilfields. It can provide a reference for further reservoir development strategies. In order to accurately evaluate the volume conformance efficiency of water-flooding reservoirs, various methods have been proposed including numerical simulation method (Zhu et al., 1998), image recognition method (Wang et al., 2006), and water flooding curve method. Among them, the water flooding curve method is widely used because the data is directly collected from the field. Also, the water flooding curve can more objectively evaluate the macroscopic performance of the entire reservoir, when compared with the other methods. A method to calculate water flooding volume conformance efficiency has been proposed by considering the oil displacement efficiency of the water sweep area as a fixed value (Chen and Guo, 2007). From the macroscope, the oil displacement efficiency is changing with the oilfield development. Thus, by assuming the water saturation at the outlet end as the same as the average water saturation in the oil-water two-phase region (Hu, 2013), the quantitative relationship between oil displacement efficiency and volume conformance efficiency is established based on the water flooding curve.
Similarly, by regarding the water saturation at the outlet end as the same as the average water saturation in the oil-water two-phase zone, a method to calculate the oil-water phase permeability curve has been proposed based on the water flooding curve (Liang et al., 2005; Wang et al., 2005; Lv et al., 2009; Yang et al., 2010; Du et al., 2013; Jin, 2015; Yuan et al., 2018). With this method, the inversion of the oil-water relative permeability curve from production data is realized.
In fact, the water saturation at the outlet end and the average water saturation in the oil-water two-phase zone can only be approximately equal in the ultra-high water-cut period, and the two are not equal in most oilfield development stages. Simply assuming the water saturation at the outlet end is equivalent to oil-water The average water saturation in the two-phase region will bring a large error in the calculation.
Therefore, a method to calculate the water flooding volume conformance efficiency combining the core experimental relative permeability curve and the water flooding curve recently (Xun et al., 2018; Zhu et al., 2018; Yang et al., 2019). This method needs to obtain the oil-water relative permeability curve from the laboratory first. However, due to the heterogeneity of the reservoir, the core relative permeability curve cannot fully reflect the oil-water two-phase flow in the complex reservoirs, which restricts the promotion of this method.
In this study, based on three different water saturation calculation formulas, a method to calculate the ultimate water flooding volume conformance efficiency and establish a method to dynamically solve the oil-water relative permeability ratio and the water saturation with their exponential relationship. On this basis, a dynamic calculation method for the sweep efficiency, oil displacement efficiency, and relative permeability curve of water-flooding reservoirs is formed, which overcomes the dependence of existing methods on experimental data. Tests based on actual field production data show that the new method is feasible and has the advantages of convenient operation and more reliable results.
The following sections firstly introduce the quantitative relationship between the average water saturation in the reservoir, the average water saturation in the oil-water two-phase zone, and the water saturation at the outlet. Then a method to calculate the parameters a and b in the oil-water phase permeability exponential relationship is proposed. The third part discusses the calculation methods of water flooding volume conformance efficiency, oil displacement efficiency, and oil-water relative permeability curve. Further, the feasibility and reliability of the new method are verified based on the field production data. Finally, our conclusion is formed.
THEORETICAL BASIS
Calculation of the Water Saturation

(1) The water saturation at the outlet
The water saturation at the outlet is the average water saturation at the wellbore. According to the definition of the partial flow equation and the relative permeability curve, the water cut on each flow section in the two-phase zone corresponds to the water saturation (Zhang et al., 2005). Therefore, the water saturation at the outlet can be obtained based on the water cut at the outlet.
Without considering the gravity and capillary force, the partial flow equation can be expressed as (Zhang et al., 2005):
[image: image]
The oil-water two-phase relative permeability ratio and water saturation have the following relationship (Qin et al., 1989; Craft and Hawkins, 1991):
[image: image]
Substitute Eq. 2 into Eq. 1 to get:
[image: image]
(2) The average water saturation in the oil-water two-phase zone
The average water saturation in the oil-water two-phase zone can be expressed by the Welge equation (Welge, 1952):
[image: image]
Substitute Eq. 2 into Eq. 1 and obtain the derivative of Eq. 1. Then, substitute the derivative into Eq. 4 to get:
[image: image]
It can be seen from the above formula that the gap between the average water saturation in the oil-water two-phase zone and the water saturation at the outlet decreases with the increase of water cut, and the two are not equal, and the water saturation at the outlet is always smaller than the average water saturation in the oil-water two-phase zone.
Substitute Eq. 3 into Eq. 5 to get:
[image: image]
(3) The average water saturation of the reservoir
The average water saturation of the reservoir refers to the average water saturation of the entire reservoir, which includes the water swept area and the unswept area (He, 2009). Assume that the effective pore volume of the reservoir is V, and the water flooding volume conformance efficiency is EA.
According to the definition of the average water saturation of the reservoir:
[image: image]
It can be seen from Eq. 7 that the difference between the average water saturation of the whole reservoir and the average water saturation of the oil-water two-phase zone mainly depends on the water flooding volume conformance efficiency. When the water flooding volume conformance efficiency tends to a fixed value, the two have a linear relationship. Only when the water flooding volume conformance efficiency is 1, the average water saturation of the whole reservoir is equal to the average water saturation of the oil-water two-phase area.
In addition, according to the mass balance equation, it can be known that:
[image: image]
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From Eqs 8, 9, it can be known that the average water saturation of the whole reservoir can be directly obtained according to the cumulative oil production of the oilfield.
Calculation of the Parameters a and b of Kro/Krw
The key of the three methods to calculate the water saturation is the parameters a and b, which can be easily obtained by directly using the laboratory permeability curve (Yang et al., 2010), but considering the limitations of the experimental relative permeability (Yuan et al., 2018; Zhu et al., 2018), this paper proposes a dynamic calculation method based on the production data. And on this basis, the dynamic calculation methods of sweep efficiency, oil displacement efficiency, and relative permeability curve of water flooding reservoir are established.
Simultaneous Eqs 6–8 can be obtained:
[image: image]
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The formula (10) is transformed into:
[image: image]
For a particular reservoir, B is a constant and A is a function of the water flooding sweep efficiency EA. When the reservoir enters stable water flooding, the water flooding sweep efficiency increases slowly, and it can be approximated that it tends to be a constant (Yang, 2008; Wang et al., 2021) (related to the physical properties of the reservoir fluid, well pattern, and well type). At this time, Y and X will Show a linear relationship, A and B can be obtained by linear regression fitting.
Taking the ratio of water-drive movable oil reserves to geological reserves as the ultimate water-drive recovery factor, we have:
[image: image]
The ultimate water flooding recovery factor can be expressed as:
[image: image]
The formula is defined according to the ultimate oil displacement efficiency:
[image: image]
Combining Eqs 12–14, the ultimate water flooding volume conformance efficiency can be obtained as:
[image: image]
The water drive movable oil reserves NR can be obtained by the water flooding curve (Zhang, 2012; Chen et al., 2016; Chen et al., 2017). Construct the linear relationship of NP2/WPq ∼ NP, and the intercept of the linear relationship is NR. The value of variable parameter q is usually between 0 and 2, which can be determined by trial calculation based on the uniformity between the production indexes such as WP and fW calculated by the linear relationship and the actual situation. Then the limit volume conformance efficiency can be obtained from formula (15), and then the efficiency a and b can be obtained by substituting it into A and B.
Water Flooding Volume Conformance Efficiency/Oil Displacement Efficiency/The Oil-Water Relative Permeability
The oil displacement efficiency of water flooding reservoir can be calculated by the following formula:
[image: image]
Substituting Eq. 6 into Eq. 16, the relationship between oil displacement efficiency and water cut can be obtained:
[image: image]
The recovery degree R of the reservoir in place with different water cuts can be expressed as:
[image: image]
From Eqs 17, 18, the relationship between water flooding volume conformance efficiency and water cut can be obtained:
[image: image]
The relationship between the recovery degree and the water cut can be obtained from the water flooding curve, and then the water drive volume conformance efficiency at different water cuts can be obtained from formula (19).
The relative permeability of oil-water two-phase can be expressed by an exponential relationship (Craft and Hawkins, 1991):
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[image: image]
Divide Eq. 21 by Eq. 20 and take the logarithm to get:
[image: image]
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The formula (22) can be transformed into:
[image: image]
After the parameter a and b are obtained based on the production data, the corresponding Kro/Krw can be obtained by taking a series of different Swe values based on formula 2, so as to construct a series of discrete points of Kro/Krw∼Swe. These discrete points are substituted into formula 23, and the parameter such as no, nw, and W can be obtained by binary linear regression. Generally, the oil-water phase permeability curve is transformed into the normalized oil-water relative permeability curve based on the oil-phase effective permeability under irreducible water saturation as the benchmark permeability, that is, Kro(Swi) is 1, then the water-phase relative permeability Krw(Sor) to obtain the exponential expression of the relative permeability of oil-water phase.
FIELD APPLICATION
XJ Oilfield is a marine sandstone oilfield in the South China Sea. The reservoir is dominated by marine delta plain deposits, with good pore connectivity, with a porosity of 20.7–32.7% and a permeability of 436–3243 × 10−3 μm2. Oilfields rely on natural energy to develop, and the energy of edge water is sufficient (Figure 1). The formation crude oil viscosity is 2.7 mPa·s, the formation oil volume coefficient is 1.05, the formation water viscosity is 0.36 mPa·s, the formation water volume coefficient is 1.028, the irreducible water saturation is 0.253, and the residual oil saturation is 0.1582.
(1) Calculation of a and b
[image: Figure 1]FIGURE 1 | Dynamic production curve in XJ Oilfield.
According to the production data and parameters such as oil-water phase viscosity, volume coefficient, etc., the Y-R relationship curve is drawn from Eq. 11 (Figure 2).
[image: Figure 2]FIGURE 2 | The relation curve of Y∼R.
It can be seen from Figure 2 that after the recovery degree reaches 0.48, Y and R have a good linear relationship. A = 12.3901 and B = −5.2716 were obtained by linear regression. According to the dynamic fitting of the general applied water flooding curve (Figure 3), the water-drive movable oil reserve NR is 3060 × 104 m3. According to formula (15), the ultimate water drive sweep efficiency under the current well pattern is 0.94, which is substituted into Formula (10) obtains a = 10059.1515, b = 15.5913. From formulas (3), (6), (8), three types of the relationship between the water saturation and the water cut can be obtained (Figure 4).
[image: Figure 3]FIGURE 3 | Fitting renderings of the broad water drive curves.
[image: Figure 4]FIGURE 4 | The relation curve of three kinds of water saturation with water cut.
It can be seen from Figure 4 that the three kinds of water saturation are significantly different in the middle and low water cut stages, and the average water saturation in the oil-water two-phase zone is much higher than the average water saturation in the whole reservoir. With the increase of water cut, all three kinds of water saturation increase, and the difference between them gradually decreases. When the water cut reaches 81.0%, the difference between the average water saturation in the oil-water two-phase zone and the average water saturation in the entire reservoir drops to less than 10%, which can be approximately equal. When the water cut reaches 93.0%, the difference between the average water saturation in the oil-water two-phase zone and the water saturation at the outlet is reduced to within 10%, and the two can be approximately equal. It can be seen that only in the high water cut period, the three kinds of water saturation can be approximately equivalent.
(2) Oil displacement efficiency and volume conformance efficiency
According to Eqs 17–19, the water flooding volume conformance efficiency and oil displacement efficiency can be obtained with different recovery degrees of geological reserves (Figure 5).
[image: Figure 5]FIGURE 5 | The relation curve of sweep efficiency and oil displacement efficiency with the recovery of reservoir.
It can be seen from Figure 5 that XJ Oilfield performed differently at different development stages. In the early stage of development, the water flooding sweep efficiency increased, and the oil displacement efficiency increased slowly. After the water flooding sweep efficiency stabilized, the oil displacement efficiency was mainly improved. XJ Oilfield has low crude oil viscosity, good reservoir physical properties, and sufficient edge water energy. After the oilfield is put into production, the pressure wave expands, the edge water influx rapidly, and the water flooding swept area increases rapidly. After the well pattern control area is completely flooded, the water flooding swept efficiency tends to be stable, and after that, the production mainly focuses on improving the oil washing efficiency in the flooded area. This is consistent with production data. By analyzing the new wells’test data and the performance of production wells, it is considered that when the recovery degree is 30%, the field sweep efficiency is 0.66, when the recovery degree is 45%, the field sweep efficiency is 0.87, and when the recovery degree is 55%, the field sweep efficiency is 0.94. It can be seen from Figure 6 that the new method is in good agreement with the actual data, where Hu’s method and Chen’s method are in poor agreement.
(3) The normalized oil-water relative permeability curve
[image: Figure 6]FIGURE 6 | The relation curve of oil displacement efficiency with the recovery of reservoir.
The Kro/Krw∼Swe relationship is obtained from Eq. 2, and the binary linear regression is performed according to Eq. 23 to obtain nw = 2.5496, no = 1.8660, and W = 0.0846. Combined with Eqs 20, 21, the relative permeability of oil-water phase can be obtained Exponential expression for the rate.
Figure 7 is a comparison diagram of the normalized relative permeability curve calculated theoretically and the normalized relative permeability curve measured experimentally. It can be seen from Figure 8 that the oil phase relative permeability curve has little difference, and the water phase relative permeability curve has an obvious difference. The XJ Oilfield has sufficient natural energy, and a high-speed development strategy is implemented. The strong water washing effect weakens the flow resistance of residual oil to the water phase.
[image: Figure 7]FIGURE 7 | The comparison of theoretical relative permeability curves and experiment relative permeability curves.
[image: Figure 8]FIGURE 8 | The comparison of oil field rising water-cut predicted by theoretical relative permeability curves or experiment relative permeability curves.
At the same time, it can be seen from Figure 8 that the relationship between the oilfield water cut and the recovery degree predicted by the theoretically calculated relative permeability curve is consistent with the actual production data, and is obviously better than the prediction result of the experimental relative permeability curve, which verifies the reliability of the calculation results in this paper.
CONCLUSION

(1) Based on the partial flow equation and Welge equation, the calculation method of the ultimate water flooding volume conformance efficiency is proposed, and the dynamic solution method of the two parameters in the relationship between the oil-water relative permeability ratio and the water saturation index is established.
(2) The dynamic calculation method of sweep efficiency and relative permeability curves that only needs daily production data such as cumulative oil production and cumulative liquid production is established, which overcomes the dependence of existing methods on core-laboratory permeability curves. The application in XJ oilfield proves the reliability of the new method.
(3) The new method has the advantages of simple data requirements, reliable results, and simple calculation. It can be used for production performance analysis, development effect evaluation, and potential measures at medium-high water cut reservoirs.
Symbol Annotations
fw——Water cut, dimensionless;
Krw——Relative permeability of water phase, dimensionless;
Kro——Relative permeability of oil phase, dimensionless;
μo——Formation oil viscosity, mPa•s;
μw——Formation water viscosity, mPa•s;
Bo——Formation oil volume coefficient, dimensionless;
Bw——Formation water volume coefficient, dimensionless;
Swe——The water saturation at the outlet, dimensionless;
a, b——Coefficient, dimensionless;
[image: image]——The average water saturation in the oil-water two-phase zone, dimensionless;
V——Effective pore volume of reservoir, m3;
EA——Water flooding volume conformance efficiency;
[image: image]——The average water saturation of the reservoir, dimensionless;
Swi——Irreducible water saturation of reservoir, dimensionless;
R——Recovery degree of geological reserves, dimensionless;
Np——Cumulative oil production, 104 m3;
N——Geological reserves, 104 m3;
Ve——Swept volume of water drive, m3;
Lp——Cumulative liquid production, 104 m3;
EV——Oil displacement efficiency, dimensionless;
NR——Water drive movable oil reserves, 104 m3;
Rf——Ultimate water drive recovery, dimensionless;
EVf——Ultimate oil displacement efficiency, dimensionless;
EAf——Ultimate water flooding volume conformance efficiency, dimensionless;
Sor——Residual oil saturation, dimensionless;
Krw(Sor)——Relative permeability of water phase at residual oil saturation, dimensionless;
Kro(Swi)——Relative permeability of oil phase at irreducible water saturation, dimensionless;
nw——Water phase index, dimensionless;
no——Oil phase index, dimensionless;
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