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In the production development stages of volatile oil reservoirs and condensate gas reservoirs, especially in the early stages of production, the phenomenon of high gas–oil ratio often occurs. As a result, the prediction results of oil and gas are greatly deviated from the actual situation, which seriously affects the implementation of potential excavation and increases production operation for condensate gas reservoirs. Therefore, the accurate identification of condensate gas and volatile oil is the key to improve the development efficiency in condensate reservoirs. However, due to the similar geophysical logging response characteristics for condensate gas, volatile oil, and light oil reservoirs, the qualitative identification effect only based on conventional logging is not ideal. Therefore, we propose a method to calculate the gas–oil ratio by introducing gas logging information and use the gas–oil ratio quantitative calculation results to identify condensate gas and volatile oil layers. First, we establish a physical model of the formation components of the condensate gas reservoir. Based on this physical model, we establish the response equations of various logging tools and evaluate the correlation between the gas logging information and the production gas–oil ratio to establish the response equation of gas logging. Then, we comprehensively use the well logging and gas logging response equations to establish an optimization mathematical model, solve the optimization objective function, obtain the relative content of natural gas and movable oil in the formation to calculate the gas–oil ratio parameters, and finally use this calculation result of the gas–oil ratio to quantitatively identify the fluid type. The application results show that the gas–oil ratio quantitative calculation method that we proposed can calculate the gas–oil ratio parameter accurately, and the calculation results are consistent with the formation testing data, which provides technical support for the identification of complex fluid properties in condensate gas reservoirs.
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INTRODUCTION
Condensate gas reservoir is a special kind of reservoir between an oil reservoir and a gas reservoir. Under the condition of high temperature and pressure in deep formation, condensate gas reservoir exists in the form of a single gas phase. In the development process, with the continuous reduction of formation pressure and temperature, the heavy hydrocarbon components in the gas phase will change in phase state, precipitate from the gas phase and condense into liquid condensate to form gas–liquid two-phase (Orangi et al., 2011; Panja et al., 2019; Tang et al., 2021). By the end of 2020, the total recoverable resources of conventional condensate in the world were 534.9 × 108 t, and the cumulative output was 55.4 × 108 t, accounting for 10.4% and indicating that the discovered condensate oil and gas resources still have great development potential. The recoverable resources to be discovered are 241.8.9 × 108 t, accounting for 45.2% and indicating that the condensate oil and gas resources still have great exploration potential (Tong et al., 2014; Tong et al., 2018; Wang et al., 2021). The newly discovered condensate oil and gas fields in China are mainly located in the Tarim Basin and Bohai Bay Basin (Hu et al., 2020; Yang et al., 2020; He et al., 2021). There are many transition types of fluids in the condensate gas reservoir, which have the characteristics of complex phase behavior and hydrocarbon components. These reservoir characteristics lead to a large deviation between the prediction result and the actual situation in the condensate gas reservoir, which seriously affects the implementation of potential tapping and well stimulation. So, accurate identification of hydrocarbon types is the key issue to improve the development efficiency of the condensate gas reservoir. The main methods to identification condensate gas include phase behavior research methods such as oil and gas reservoir temperature–pressure phase diagram and empirical statistical methods based on the content of methane (C1), ethane (C2), propane (C3), butane (C4), and pentane (C5), formation fluid density, component average molecular weight, and production gas oil ratio Among them, the identification result of phase state research method is more accurate, but it needs a large number of field sampling and experimental data. Empirical statistical methods need less data, but the reliability of the identification results will be reduced. In recent years, some researchers have tried to use logging information to quantitatively distinguish complex hydrocarbon types; for example, Gao et al. (2003) proposed a quantitative calculation of the gas–oil ratio method using the logging information to identify condensate gas reservoirs. Zhao et al. (2006) introduced the genetic algorithm into optimization of logging data processing due to the characteristics of global optimization in genetic algorithm. On this basis, they calculated the surface gas–oil ratio and achieved the purpose of identifying condensate gas reservoirs. Feng et al. (2020) used the logging information to calculate the relative content of CO2 and apparent porosity to identify CO2 gas reservoirs comprehensively. These attempts provide the ideas and methods for simple, rapid, and accurate identification of complex hydrocarbon types in reservoirs.
Because the condensate gas reservoir exists in the form of a single gas phase under the conditions of formation temperature and pressure, its geophysical logging response characteristics are similar to the conventional gas reservoirs, which leads to the unreliable discrimination results of the condensate gas reservoirs through only conventional logging information. Compared with conventional logging data, gas logging can directly obtain the relative content of C1–C5 components of the hydrocarbon reservoir and can more intuitively reflect the characteristics of reservoir fluid properties. So, the gas logging information is also widely used in complex hydrocarbon discrimination. For example, Liu et al. (2017) used the interpretation chart of gas logging to qualitatively identify condensate gas reservoir and light oil reservoir. Xu et al. (2019) proposed a method for identifying buried-hill condensate gas reservoirs in BZ 19-6 structure based on the statistical analysis of the geochemical logging data. Wei and Li (2020) applied similar conventional logging and mud logging comprehensive identification technology to the western South China Sea and achieved good application results in the identification of condensate gas layers and volatile oil reservoirs. Taking advantage of the advantages of the gas logging information in complex hydrocarbon identification, and based on the above research, we propose a gas–oil ratio calculation method which introduces gas logging data and uses the quantitative calculation results of the gas–oil ratio to distinguish the condensate gas reservoir.
OPTIMIZATION MATHEMATICAL MODEL FOR QUANTITATIVE CALCULATION OF GAS–OIL RATIO
For the condensate gas reservoirs, the formation components mainly include immovable oil, movable oil, movable water, natural gas, shale, and various skeletal minerals of rocks (Gao et al., 1995; Li et al., 2020; Zhao et al., 2020). The relative contents of these components in the formation are defined as xor,xom,xfw,xgas,xsh,xma, and the formation component volume model of the condensate gas reservoirs is as shown in Eq. 1:
[image: image]
According to the formation component volume model, we can get the general response equation as Eq. 2 for various of logging instruments:
[image: image]
where Aij is the response value of the ith logging instrument to the jth component; m is the number of logging types, and B is the response value of the logging instruments to the formation.
The equation set of the model can be written as:
[image: image]
where c, xmaxj are both constants. In the formation component analysis program, c = 1,xmaxj is the maximum relative volume of the j-th component. By solving Eq. 3, which consists of m equations, the relative contents of all of components in the formation can be obtained.
According to the ideal gas state equation, the relationship between the adiabatic bulk modulus, density, temperature, and pressure, as well as compressibility coefficient of gases, can be derived (Batzle and Wang 1992; Li, 2006):
[image: image]
where p is the pressure, MPa; V is the molar volume, the value between 0 and 1; R is the gas constant, dimensionless; Ta is the absolute temperature, K; and Z is the gas compression factor.
The volume of the natural gas under the surface condition Vgs can be obtained from the volume of the natural gas under the formation condition Vgf from Eq. 4:
[image: image]
where Ts is the surface temperature, K; Pgf is the formation pressure, which is the pressure acting on the fluid in the rock pores, MPa; Tf is the formation temperature, which is converted from the surface temperature and the ground temperature gradient, K; Zf is the compression factor of the natural gas at the well bottom, zero dimension; and Pgs is the surface pressure, MPa.
ROG is the ratio of the normal gas volume (Vgs) and the movable oil volume (Vom) under ground conditions:
[image: image]
The volume of movable oil on the ground is approximately equal to that under the ground. Assuming that the rock volume is Vrock, then Vgf = xgasVrock, Vom = xomVrock. Bringing Eq. 5 into Eq. 6, we get the calculation formula of the gas–oil ratio as follows:
[image: image]
where xgas is the relative content of natural gas in the formation, and xom is the relative content of movable oil in the formation.
INTRODUCING GAS LOGGING INFORMATION INTO THE GAS–OIL RATIO CALCULATION PROCESS
Gas Logging and Logging Response Characteristics of Condensate Gas Reservoir
Figure 1 shows conventional logging and gas logging information at the depth of 2000–2025 m in well O-A1 of WZ oilfield in the western South China Sea. The production gas–oil ratio of the reservoir at 2007–2018.4 m is 5800 m3/m3. This layer is a condensate gas layer according to the value of the production gas–oil ratio. The fourth track in Figure 1 is the gas logging data, which displays the information of methane C1, ethane C2, propane C3, isobutane iC4, and total hydrocarbon TG. The gas logging response characteristics of the 2007–2018.4 m condensate gas layer are: the total hydrocarbon TG content is high and the C1 content is close to the total hydrocarbon TG, indicating that the hydrocarbon components in this interval are mainly light hydrocarbons, and the heavy hydrocarbon content is low. The content of light hydrocarbons in conventional oil layers or volatile oil layers is less than that in condensate gas layers, therefore, the C1 content in these two types of hydrocarbon reservoirs is significantly lower than that of the total hydrocarbons TG.
[image: Figure 1]FIGURE 1 | Conventional logging and gas logging information of well O-A1 (2000–2025 m).
Figure 2 shows a histogram of the average value of Tg/C1 and (C1 + C2)/(C3 + C4 + C5) corresponding to conventional oil, volatile oil, and condensate gas layers in O oilfield, where well O-A1 is located. In this figure, the average value of Tg/C1 at the condensate gas reservoir is obviously lower than at the conventional oil reservoir and the volatile oil reservoir, while the average value of (C1 + C2)/(C3 + C4 + C5) at the condensate gas reservoir is higher than at the conventional oil reservoir and volatile oil reservoir. It shows that the light hydrocarbon content of the condensate gas reservoir is obviously higher than that of the conventional oil reservoir and volatile oil reservoir, and Tg/C1 can be used as a sensitive parameter for condensate gas reservoir identification.
[image: Figure 2]FIGURE 2 | The histogram of Tg/C1 and (C1 + C2)/(C3 + C4 + C5) corresponding to different hydrocarbon types in O oilfield.
Correlation Analysis of Production Gas–Oil Ratio and Gas Logging Parameters in Condensate Gas Reservoir
There are obvious differences in the response characteristics of the gas logging of condensate reservoir, conventional reservoir, and volatile oil reservoir in the O oilfield. The C1 content of the light hydrocarbons in the condensate gas reservoir is relatively high, which is close to the content of the total hydrocarbon Tg, so the Tg/C1 value in the condensate gas reservoir is small. We collected and sorted out the production gas–oil ratio data of condensate gas, conventional oil, and volatile oil layers in O oilfield and analyzed the correlation between the production gas–oil ratio of the layers of different hydrocarbon types and gas logging parameters. Figure 3 shows the correlation between the production gas–oil ratio and Tg/C1 of the layers with different hydrocarbon types in the O oilfield. We can see that the Tg/C1 of the condensate gas, the volatile oil, and the conventional oil layers increases monotonically with the decrease of production gas–oil ratio. There is a clear correlation between the production gas–oil ratio and Tg/C1.
[image: Figure 3]FIGURE 3 | Correlation between production gas-oil ratio and Tg/C1 of the layers of different hydrocarbon types in O oilfield.
To further highlight the difference between light and heavy hydrocarbon components in different fluid types of O oilfield reservoirs, we introduce two parameters, Hheavy and Hlight, which reflect the components of light and heavy hydrocarbons, and their expressions are as follows:
[image: image]
[image: image]
where C1, C2, C3, and C4 are the content values of methane, ethane, propane, and butane in gas logging, respectively.
We collected the production gas–oil ratio and gas logging data of different hydrocarbon types in O oilfield and calculated the Hheavy and Hlight parameters of the corresponding layers; the statistical data of this are given in Table 1.
TABLE 1 | Statistical table of production gas-oil ratio and gas logging data for different hydrocarbon types in O oilfield.
[image: Table 1]Using the statistical data in Table 1, we made the cross-plot between the production gas–oil ratio and Hheavy and Hlight parameters of the O oilfield reservoirs, respectively.
Figure 4 shows that with the increase of the Hheavy parameter, the production gas–oil ratio of the condensate gas reservoir, the volatile oil reservoir, and the conventional oil reservoir presents a monotonically decreasing function. Figure 5 shows that with the increase of the Hlight parameter, the production gas–oil ratio of condensate gas reservoir, volatile oil reservoir, and conventional oil reservoir presents a monotonically increasing function. The above analysis results provide a theoretical basis for the calculation of gas–oil ratio parameters by introducing gas logging information.
[image: Figure 4]FIGURE 4 | The cross-plot between production gas-oil ratio with Hheavy.
[image: Figure 5]FIGURE 5 | The cross-plot between production gas-oil ratio with Hlight.
Introducing Hheavy and Hlight Information Into the Optimization Mathematical Model for Calculating Gas–Oil Ratio
By fitting the produced gas–oil ratio and Hheavy and Hlight parameters of the layers of different fluid types in Table 1, we established the quantitative relationship between the production gas–oil ratio and the Hheavy and Hlight parameters of the O oilfield reservoir.
[image: image]
By bringing Eq. 7 into Eq. 10, we can get the correlation between the Hheavy, Hlight, and relative content of natural gas (xgas) and the movable oil (xom). This correlation can be expressed by the following equation:
[image: image]
where f(Hheavy, Hlight) is the response value of gas logging to the formation, which corresponds to “Bi” in Eq. 2; a and b are the response values of gas logging to xgas and xom, which correspond to “Aij” in Eq. 2.
Therefore, Eq. 11 can be derived as the form of Eq. 2, that is, the general response equation for various logging instruments.
According to the above steps, the gas logging information is introduced into the gas–oil ratio calculation process. Because the introduced gas logging information is related to the production gas–oil ratio, the reliability of the gas–oil ratio calculation result is guaranteed.
SOLVING OPTIMIZATION MATHEMATICAL MODEL
The solution of the optimization mathematical model is to obtain xgas and xom by solving Eq. 3 and then bring them into the gas–oil ratio calculation formula, namely Eq. 7. In this way, we can quantitatively calculate the gas–oil ratio parameters. The specific solving process is as follows:
Select a point [image: image] in R, then the linear approximation function of [image: image] at [image: image] is
[image: image]
In the above equation, [image: image]. Obviously, solving the optimal solution of linear programming problem [image: image] is equivalent to solving the optimal solution of linear programming problem [image: image]. Let [image: image] be the optimal solution of Eq. 12, [image: image]. It is known from the nature of linear programming that [image: image] must be a vertex of R, and therefore,
[image: image]
1) When [image: image], [image: image] is the solution of the linear programming problem, and the iteration stops.
2) When [image: image], the problem becomes an extremum problem:
[image: image]
For the optimal solution λ0, there must be [image: image].
Let [image: image], take [image: image] as [image: image], continue to linearly approximate the objective function [image: image] with the above method, and repeat the above steps until the accuracy is satisfied. Then, it is possible to obtain the solution of the linear overdetermined equation set with constraint in Eq. 3.
APPLICATION RESULTS AND DISCUSSION
Using the method proposed in this article, we quantitatively calculate the gas–oil ratio parameters of the target layer of well O-A2 in O oilfield and identify the different hydrocarbon types.
Figure 6 shows the logging interpretation results of the interval from 2005 to 2052 m in well O-A1. The production gas–oil ratios of the No. 2 interpretation layer (2010–2019 m) and No. 4 interpretation layer (2040–2049.5 m) in this well are 5800 m3/m3 and 35 m3/m3, respectively. According to the production data, they are identified as condensate gas reservoir and conventional oil reservoir. The sixth track in Figure 6 is the parameter curve of the gas–oil ratio, quantitatively calculated by using the optimization mathematical model. The calculated gas–oil ratio of No. 2 interpretation layer (2010–2019 m) and No. 4 interpretation layer (2040–2049.5 m) is 8921 m3/m3 and 89 m3/m3, respectively. The interpretation and identification results are condensate gas reservoir and conventional oil reservoir, respectively, which are consistent with the production situation of the reservoirs.
[image: Figure 6]FIGURE 6 | Diagram of the logging interpretation results of well O-A1 (2005–2052 m). GR means the natural gamma-ray logging curve, DT means the acoustic logging curve, RHOB means the density logging curve, TNPH means the neutron logging curve, P16H-P40H means the resistivity logging curve while drilling, C1 means methane, C2 means ethane, C3 means butane, iC4 means isobutane, TGAS means total hydrocarbon, and ROG means quantitatively calculated gas–oil ratio.
Figure 7 shows the logging interpretation results of 2090–2052 m in well O-A1, in which M2RX means deep investigation induction logging curve, other logging curves are the same as Figure 6. The Modular Formation Dynamics Test (MDT) was performed at this well, and the MDT sampling gas–oil ratio of 2105–2106 m is 3794.4 m3/m3. According to the formation testing results, this layer was identified to be a condensate gas reservoir. The sixth track in Figure 7 is the parameter curve of the calculated gas–oil ratio. The calculated gas–oil ratio of No. 2 interpretation layer (2100.3–2112 m) is 3788 m3/m3, which is close to the MDT testing gas–oil ratio. According to the calculation results of gas-oil ratio, this layer is determined as a condensate gas layer.
[image: Figure 7]FIGURE 7 | Diagram of the logging interpretation results of well O-A2 (2090–2120 m).
Because the gas logging–derived parameters, Hheavy and Hlight, show different response characteristics to the condensate gas reservoir, volatile oil reservoir, and conventional oil reservoir, the calculated gas–oil ratio can also discriminate the volatile oil reservoir effectively. There are some volatile oil layers in the W oilfield near the O oilfield, and we applied the quantitative calculation method of gas–oil ratio into the W oilfield. Figure 8 shows the logging interpretation results in the interval 2680–2713 m of well W-3-1. In this figure, AO20-AO90 means the array induction resistivity curve, other logging curves are the same as in Figure 6. The gas–oil ratio from the drill-stem test (DST) in the interval 2690–2701 m is 644 m3/m3. The conventional logging and gas logging response characteristics are between the condensate gas reservoir and the conventional oil reservoir. According to the DST testing results, this layer was identified to be a volatile oil reservoir. In the sixth track of Figure 8, the calculated gas–oil ratios of No. 1 interpretation layer (2690.2–2696.5 m) and No. 2 interpretation layer (2697.5–2703.4 m) are 605.3 m3/m3 and 676.58 m3/m3, respectively, which are close to the gas–oil ration from the DST. The interpretation and discrimination results are volatile oil reservoirs, which are consistent with the DST testing conclusions.
[image: Figure 8]FIGURE 8 | Diagram of the logging interpretation results of well W-3-1 (2680–2713 m).
CONCLUSION
In this article, we propose a method to identify condensate gas reservoirs using gas–oil ratio parameters calculated by the optimization mathematical model. Through the analysis of gas logging data, we found that gas logging response character of the light hydrocarbon and heavy hydrocarbon components have obvious differences in condensate gas, volatile oil, and conventional oil reservoirs, and there is a clear correlation between the production gas–oil ratio and Tg/C1. Based on this cognition, we convert the fitting relationship between the gas logging derived parameters, Hheavy and Hlight, and the production gas–oil ratio to the general form of the response equation of the logging instruments, then introduce it into the process for calculating the gas–oil ratio parameters. We apply the proposed theoretical method in the article to the condensate gas reservoirs in the O oilfield. The application results show that the quantitative calculation method of the gas–oil ratio can calculate the gas–oil ratio parameters more accurately, and the calculation results are consistent with the conclusions of the formation testing data. In addition, we also apply the above theoretical methods to the volatile oil reservoirs in the W oilfield and achieve good results in identifying the volatile oil reservoirs.
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O-A1 20112013 Production data Condensate gas layers 5800.00 0.24 3.10
O-A2 2067-2068 MDT Condensate gas layers 3058.20 033 203
0-A2 2105-2106 MDT Condensate gas layers 3794.40 0.26 282
O-S1 2066-2067 PVT Condensate gas layers 1121.78 0.35 182
O-s1 2210-2211 PVT Condensate gas layers 1145.19 0.31 2147
O-A1 2043-2045 Production data Conventional oil layers 35.00 0.44 126
O-A2 2324-2326 Production data Conventional ol layers 89.10 0.48 1.09
O-A3 2437-2439 Production data Conventional oil layers 155.00 0.32 214
O-Ad 2478-2481 Production data Conventional ol layers 1356.70 0.44 130
O-A6 2566-2558 Production data Conventional oil layers 75.00 0.51 096
O-A7 2146-2150 Production data Conventional ol layers 80.00 0.44 128
O-A8 4570-4572 Production data Conventional ol layers 16.20 0.47 113
O-A9 4346-4348 Production data Conventional oil layers 13.00 045 122
O-N1 1473-1476 MDT Conventional oil layers 23.30 037 168
O-S1 2299-2301 DST Conventional oil layers 320.25 0.33 206
O-S1 2231-2234 PVT Volatile oil layers 617.00 0.42 1.39

MDT. modular formation dynamics test: PVT, pressure-volume-temperature formation fluid samples: DST, drill-stem test.
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