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Abstract

:

In gas cap reservoirs underlain by bottom water, the connection between the reservoir and the aquifer leads to an increasing invasion of bottom water as reservoir development progresses. The average formation pressure of the reservoir will change, and the separated phase recovery of the gas cap reservoir with bottom water will be affected by the change in the average formation pressure. The traditional average formation pressure calculation formulas do not consider the water influx, so the accurate calculation of separated recovery cannot be obtained by those calculation methods. The development of gas cap reservoirs with bottom water presents several challenges, including the simultaneous production of oil and gas, undetermined rates of bottom water influx, and uncertain formation pressure and gas-to-oil ratios. These factors contribute to substantial discrepancies between theoretical calculations and actual observations. A more accurate and comprehensive approach is required to address these issues and enable a precise determination of the phase separated recovery in gas cap reservoirs with bottom water. The volume-deficit method is integrated with the Fetkovich quasi-steady state method for water influx. The water-influx prediction is incorporated into the material balance equation, which is further refined by introducing the Fetkovich model to enhance the estimation of the average formation pressure. The average formation pressure, once determined, is utilized in conjunction with the established relationships among this pressure, surface oil production, gas production, and the dissolved gas–oil ratio. Through the application of mass conservation principles, the varying degree of phase recovery, as influenced by fluctuations in the average formation pressure, is calculated. The precision of this refined method has been validated by a comparison with outcomes generated by simulation software. The results reveal a commendable accuracy: an error in the average formation pressure calculation is found to be merely 2.61%, while the errors in recovery degrees for gas cap gas, dissolved gas, and oil-rim oil are recorded at 2.73%, 2.94%, and 1.28%, respectively. These minor discrepancies indicate a good level of consistency and affirm the reliability of this advanced methodology, as demonstrated by passive assessments. This paper provides a method to accurately calculate the phase recovery without some oil- and gas-production data, which provides accurate data support for the actual production evaluation and subsequent development measures.
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1. Introduction


The average formation pressure is a critical quantity for the dynamic analysis of oil and gas reservoirs, as well as the determination of the recovery since it serves as an important indicator of the production process of these reservoirs. Accurately determining the average formation pressure, which varies in real time, is very important. Numerous elements influence formation pressure, encompassing a range of geological variables such as sedimentary diversity and diagenetic heterogeneity observed within reservoirs. These variables include variations in bedding planes, disparities in porosity, intricate pore structures, mineralogical composition differences, and the heterogeneous physical properties of rocks. These disparities can lead to differences in pressure and permeability across the varied pore and fracture networks, significantly impacting the productivity and flow characteristics of the formation fluids. Consequently, these factors play a crucial role in shaping the distribution and evolution of formation pressure, as well as its distribution and evolution process [1]. There are many methods for analyzing and calculating the average formation pressure; measurement and calculation methods are commonly used to determine the average formation pressure [2,3,4]. Many scholars have proposed average formation pressure methods for the measured method, including Matthews et al.’s MBH method for reservoirs, the point pressure calculation method for gas wells, etc. Most of these methods calculate the average formation pressure of oil reservoirs and gas reservoirs by pressure-recovery test wells [5,6,7,8,9]. However, the actual measurement method requires a long time to shut down the well for formation pressure recovery. The test cycle is long, and as a result, the average formation pressure cannot be tracked in real time. It will also cause different degrees of economic losses to the normal production of the oil and gas reservoir [10,11]. The calculation method can determine the pressure in real time, and the commonly used basic methods are the material balance equation and the flowing-material balance method; the former requires gas wells to conduct the shut-in pressure recovery, it is difficult to obtain the critical point-formation pressure of gas wells in the proposed steady state with the latter, and there are certain limitations in both methods [12,13,14]. Therefore, it is very important to calculate the average formation pressure with no well shut-ins by using the production dynamic information, which is relatively easy to obtain, and then provide data support for the subsequent calculation of the fractional phase recovery of the reservoir.



Addressing the unique characteristics of these methodologies, the material balance equation, integrated with dynamic production data, has been utilized by researchers in recent years for estimating the average formation pressure. Varied investigations into different formation pressure-evaluation methods, tailored to specific oil and gas reservoirs, have been conducted.



In 2013, the reverse condensate process, influenced by porous media adsorption and capillary forces, was investigated by Wu et al. The water-vapor content of condensate gas under various pressures was tested, and a material balance equation for water-drive condensate gas reservoirs, incorporating the effects of porous media adsorption, capillary forces, and water vapor, was established based on material balance principles. This equation was then solved iteratively to determine the formation pressure at any particular time during production. During the development of condensate gas reservoirs, condensate oil begins to precipitate once the formation pressure falls below the bubble-point pressure. This precipitation is intensified by porous media adsorption and capillary pressure. Concurrently, the continuous evaporation of formation water increases water-vapor content within the condensate gas, thereby influencing the variation in formation pressure. Should local formation pressure persistently decline while the content of condensate and steam concurrently rises, the disparity between various calculated results will also expand. Notably, the formation pressure estimated through the specially established material balance equation, which considers the impacts of adsorption, capillary pressure, and steam, is more accurate, exhibiting a smaller comparative error with actual pressure measurements [15].



In 2014, Zhang et al. examined the joint development dynamics of the gas cap and oil rim in condensate gas reservoirs featuring an oil rim. It was identified that a continual decrease in the formation pressure triggered reverse condensation phenomena within the gas cap while simultaneously leading to the release of dissolved gas from the oil rim. This release was associated with several changes, including the evaporation of primary water, the expansion of rock fluids, and edge- and bottom-water encroachment. In light of these considerations, a prediction method for formation pressure, specifically for condensate gas reservoirs with an oil rim, rooted in the mass conservation principle of hydrocarbon fluids, was devised. The formation pressure estimated through this approach strongly agreed with actual shut-in pressure measurements, confirming its reliability. During modes of depleted production, it was observed that increased production rates from both the gas cap and oil rim could accelerate the drop in the formation pressure. Additionally, it was noted that when the pore volume of the gas cap surpasses that of the oil rim, an elevation in the gas-production rate more readily exacerbates the fall in the formation pressure. Consequently, it is recommended to maintain the gas-production rate at moderate levels to avert the premature exhaustion of formation energy [16].



Yang et al. developed a methodology that deduces the connection between bottom-hole flow pressure and formation pressure under specific assumptions: a closed boundary, no edge or bottom water, uniform reservoir thickness, and extraction solely based on elastic energy, which disregards pore volume and bound-water compressibility. This was achieved by integrating natural gas’s high-pressure physical property variations with pressure, the principle of material balance, and the gas reservoir’s seepage mechanism. The approach led to the formulation of a partial differential equation linking formation pressure with production data, allowing for the calculation of the average formation pressure directly from production figures without necessitating well shut-ins. The technique, applied under varying conditions of total gas extraction, stable production durations, and cumulative production times, demonstrated an error margin of less than 2% compared to numerical simulation outcomes, showcasing high precision. Nonetheless, due to its idealized foundational assumptions, this model is limited to specific reservoir conditions and is inapplicable to other types of reservoir-production scenarios [11].



Jiang et al. adopted the empirical formula of Standing–Katz fitted by the Beggs–Robinson–Wilson (BRW) state equation to determine the deviation coefficient (Z value) based on the pressure and temperature in a constant volume gas reservoir. They plotted the relationship curve between the bottom-hole flowing pressure (pwf) divided by Z and the cumulative gas production (GP), then determined the slope of the linear segment of this curve. Utilizing this slope alongside the initial formation pressure, they formulated the material balance equation specific to a closed, constant-volume gas reservoir. By applying this equation, they calculated the current formation pressure using the derived apparent formation pressure and cumulative production data. The methodology’s validity was confirmed by comparing the calculated values against actual measurements, revealing a marginal error of 3.8%, which attests to the reliability and feasibility of this approach for estimating formation pressures [17].



Tao et al. enhanced the principle of material balance by incorporating the dynamic shifts in high-pressure physical properties of rocks and fluids with varying formation pressures. They developed a real-time applicable formula for formation-pressure calculations that accommodates changes in both the rock-pore volume and the oil–water volume, effectively covering both the elastic-production and water-injection development stages. Following precise experimental determinations of the high-pressure physical parameters of rocks and fluids, the team could implement accurate formation-pressure calculations. The material balance method yielded an average formation pressure for the M reservoir at 40.5 MPa, displaying a minimal discrepancy of only 0.5 MPa from well test-interpretation results. Furthermore, the error margin between reductions in rock pore volume and fluid volume was noted to be 2%, underlining the reliability of the used physical parameters. This innovative material balance approach offers a fresh perspective for real-time and precise formation-pressure evaluations in closed or weak-edge and bottom-water reservoirs using production-performance data. However, this method exhibits limitations: it yields less accurate results for oil and gas reservoirs with strong edge and bottom-water drives, unknown volume, or those operating under dissolved gas-drive and saturation-pressure conditions [18].



Zhang et al. developed a material balance equation for gas reservoirs, which excludes the impact of edge- and bottom-water encroachment but includes the effects of rock-pore volume contraction and bound-water expansion. They established a mathematical model for gas percolation, deriving solutions for both constant and variable production scenarios in terms of pseudo pressure. In conditions where constant production reaches a quasi-steady state and variable production enters the stage of the boundary-controlled flow, the team formulated approximate conditions for quasi-steady state pressure and material balance, respectively. By integrating these two formulations, they provided a methodology for an iterative computation of the average formation pressure. The method demonstrated an average error of 8.6% when compared to actual measured formation pressures, thus satisfying the requirements for engineering applications. Nonetheless, this approach does not account for the influx of edge and bottom water and is, therefore, not applicable to gas reservoirs influenced by active aquifers [19].



Yin et al. embarked on a detailed study of single wells, segregating the immediate vicinity into two distinct zones: the supply boundary and the supply area. They employed the principle of mass conservation to devise a material balance equation that encapsulates various factors such as the well injection-production ratio, production rate, fluid volume coefficient, overall compressibility coefficient, porosity, and average formation pressure. Following the establishment of quasi-steady state conditions, radial-flow mathematical models for both the supply boundary and supply area were developed and integrated into the material balance equation, leading to distinct formation-pressure formulas for each zone. Comparing the formation pressures calculated through this methodology against those measured empirically showed a discrepancy of only 2.7%, underscoring the method’s practical reliability and applicability in real-world scenarios [20].



Zhang et al. developed a productivity model for closed, elastic-driven gas reservoirs, starting from the material balance equation. This model, framed in terms of pseudo pressure, activates once the pressure wave contacts the boundary. It accounts for the variations in the deviation coefficient and bottom-hole flow pressure relative to the average formation pressure, and it delineates the relationship between these pressures when the formation pressure is above or below a reference pressure. By integrating the established average formation pressure and bottom-hole flow-pressure formulas into the material balance framework, the model facilitates an iterative calculation of the average formation pressure using production data. Validation of the method revealed that both the gas-production rate and the recovery significantly influence the model’s outcomes. An application example demonstrated that the method’s calculated results have a small relative error compared to those from pressure build-up well tests, with an error margin of 4.85%, which is acceptable within the parameters of engineering calculations [3].



Wu Nan et al. introduced a material balance-inversion method that leverages minimal pressure monitoring data, combined with mathematical inversion techniques, to assess the formation pressure in tight sandstone gas reservoirs. Initially, the method utilizes production data from gas wells under a quasi-stable flow state to fit a Blasingame chart, facilitating the calculation of the dynamic reserves. Subsequently, the dynamic reserves and a single pressure-measurement datum are inverted to formulate the material balance equation, into which the cumulative gas production is input to evaluate the formation pressure. This method was applied to a tight sandstone gas well in the Daning–Jixian block, resulting in the computation of formation pressure. The discrepancy between the calculated-average formation pressure and the actual measured formation pressure was 1.76%. The findings indicate that (1) the material balance-inversion method, requiring only a single-pressure measurement point, effectively evaluates changes in the formation pressure of gas wells; (2) the initial formation pressure in gas wells can exhibit significant variations, with individual wells demonstrating complex pressure behaviors and multiple pressure systems; (3) discrepancies among pressure systems correlate strongly with pronounced reservoir heterogeneity [21].



Table 1 shows the average formation pressure, measured formation pressure, and corresponding errors calculated by various methods in the investigated literature:



Phase recovery is the ratio of the cumulative production of each phase to the geological reserves of each phase in an oil and gas field over a period of time. It is a crucial comprehensive index for measuring the effectiveness and level of oilfield development. The commonly used methods for calculating the recovery include empirical formulae and analytical methods. In 1965,Eaton B A and Jacoby R H proposed an empirical formula for the recovery of condensate with a condensate content of 73–400 g/m3 and the use of depletion type extraction by studying the basic parameters of 27 condensate reservoirs in the U.S.A. [22]. In 2005, C.S. Kabir, for the cyclic injection of gas to extract the condensate reservoirs, introduced the reinjection ratio, which includes the injection and extraction of wells and gas by using the “C” method. The study also introduced parameters such as the reinjection ratio, injection and extraction well spacing, average permeability, and condensate content, which is the proposed empirical formula for condensate recovery [23]. In 2020, Xiong Yu et al. proposed an empirical formula for the condensate recovery by introducing parameters such as the reinjection ratio, injection and extraction well spacing, average permeability, and condensate content in the study of the Tarim–Yaha cyclic gas injection and condensate extraction reservoir [24]. Most of these methods are based on the empirical formula method, which is often derived based on oilfield production dynamic data, and whether the calculation result is reasonable and the matching degree between empirical formula and reservoir type and has the limitation of application. In the analytical method, in 2004, under the production mode of gas-injection development, Che Wenlong et al. used the material balance method to convert the produced condensate into gas, plus the produced dry gas, and deducted the injected dry-gas value as the cumulative gas production, but there was a big deviation between the calculation results of this method and the actual situation [25]. In 2014, Zhang Angang et al. established the formula of calculating the amount of change in the amount of hydrocarbon fluids in the formation equal to the amount of cumulative hydrocarbon fluids through the principle of conservation of hydrocarbon materials. The formula can calculate the cumulative yield of each phase to calculate the recovery of each phase, but it does not consider the unknown situation of the water influx [16].



It is a common method to establish the material balance equation to calculate the average formation pressure, which has good accuracy in calculating the average formation pressure of closed- or weak-water reservoirs but performs poorly in calculating comprehensive reservoirs with strong side-bottom water. The commonly used formulaic method of phase recovery depends on the match between the empirical formula and the reservoir type, and the analytical method has factors that are not considered or cannot calculate the phase recovery that varies with the pressure in real time. To address these problems, based on the previous research, it is proposed to combine the predicted water influx amount and material balance method to establish an expression formula about the average formation pressure. After obtaining the average formation pressure, the phase recovery was calculated using the law of conservation of mass after obtaining the average formation pressure.




2. Methods


2.1. Analysis of the Oil and Gas Reservoirs


Gas-cap reservoirs with bottom water are a special class of oil reservoirs. They have both oil and gas fields, with gas zones in the upper part and oil zones in the lower part, and they are externally connected to a body of water. These fluids are in a state of kinetic-, thermodynamic-, and fluid-phase equilibrium during reservoir formation [26]. As a special kind of oil reservoir, gas-cap bottom-water reservoirs have been explored and practiced for many years, and different extraction effects have been obtained in different oil fields. In the development process of this kind of reservoir, the relative stability of the oil-water interface, as well as the gas-oil interface, should be considered to avoid unfavourable factors such as the sudden advance of bottom water and the cone of bottom water. Considering the change of water influx and ignoring the influence of water vapour in the water phase, the average formation pressure is determined by applying the Fetkovich model to the material balance equation. After obtaining the average formation pressure, it is proposed to calculate the phase recovery with the change of the average formation pressure by adopting the law of conservation of mass according to the surface oil and gas production and the dissolved gas–oil ratio.



During its development, the pressure of formation decreases, and the original equilibrium state of the reservoir is destroyed. The distribution of phase changes before and after development is shown in Figure 1: When the pressure is greater than the bubble-point pressure, there is no liquid in the gas cap, the bottom water advances, the water vapour of the water phase enters more into the gas cap, the bottom water intrudes into the oil zone, and the main driving energy of gas reservoir is gas-elastic performance [15,16]. When the formation pressure is less than the bubble-point pressure, the subsurface fluid produces phase changes, and the dissolved gas in the crude oil precipitates, the water vapour in the aqueous phase further escapes, the sideprime water further intrudes, and the elastic expansion of the rock and bound water occurs, and so on, in a series of phase transformations and energy exchanges [15,27,28,29,30,31].




2.2. Average Formation Pressure


With gas cap reservoir and bottom-water pressure drop, gas, water, the oil rim, and so on, will expand accordingly. The extracted gas, including the gas from the cap and the dissolved part, was precipitated in the oil rim. After the pressure drops to PMPA, the volume of crude oil includes the volume of produced oil, the reduction of pore volume, and the expansion of bound water volume., the formula is:


   V o  = N  B  o i   − ( N −  N p  )  B o  + N  B  o i     ( 1 + m )  c p  Δ p   1 −  s  w c     + N  B  o i     ( 1 + m )  c w   s  w c   Δ p   1 −  s  w c      



(1)







The remaining volume at the gas cap is the difference between the original free and dissolved gas, and the extracted gas and remaining dissolved gas, considering the expansion of the gas from the cap. Then, the formula is:


   V g  = m N  B  o i   −   (   m N  B  o i      B  g i     + N  R  s i   ) −  N p   R p  − ( N −  N p  )  R s     B  g i   + m N  B  o i   (    B g     B  g i     − 1 )  



(2)







The volume change of water body is the invasive water body minus the mining water body. Then, the added water body is calculated as:


   V w  =  W e  −  B w   W p   



(3)







After a certain volume of crude oil and gas is extracted from an oil reservoir, the formation pressure decreases, and the water at the bottom of the margin will intrude into the reservoir. According to the material balance relationship, the combined volume of oil and gas extracted should be equal to the increased volume of water, so the formula is obtained:


    N  B  o i   − ( N −  N p  )  B o  + N  B  o i     ( 1 + m )  c p  Δ p   1 −  s  w c     + N  B  o i     ( 1 + m )  c w   s  w c   Δ p   1 −  s  w c     + m N  B  o i   −       (   m N  B  o i      B  g i     + N  R  s i   ) −  N p   R p  − ( N −  N p  )  R s     B  g i   + m N  B  o i   (    B g     B  g i     − 1 ) =  W e  −  B w   W p     



(4)







Assuming    B  o i   =  B  t i    , as well as      B o  +    R  s i   −  R s     B g    =  B t   , further collation of the above equation is obtained:


    N    B t  −  B  t i   +   m  B  t i   (  B g  −  B  g i   )    B  g i       + ( 1 + m ) N  B  o i   △ p    c p  +  c w   s  w c     1 −  s  w c         + m N  B  o i   (    B g     B  g i     − 1 ) =  N p     B t  + (  R p  −  R  s i   )  B g    +  W p   B w  −  W e     



(5)







In the above equation, Np represents the cumulative oil production in units of m3. Bo represents the oil-volume factor in units of m3/m3. Rp represents the production gas–oil ratio in units of m3/m3. Rs represents the dissolved gas–oil ratio in units of m3/m3. Bg represents the gas-volume factor in units of m3/m3. Wp represents the cumulative water production in units of m3. Bw represents the water-volume factor in units of m3/m3. We represents cumulative water influx in units of m3. N represents the petroleum reserves in units of m3. Boi represents the original oil-volume factor in units of m3/m3. Rsi represents the original dissolved gas–oil ratio in units of m3/m3. m represents the ratio of the volume of gas-bearing zone to the volume of oil-bearing zone. Bgi represents the original gas-volume factor in units of m3/m3. Swc represents irreducible water saturation. cw represents the compression factor of formation water in units of MPa−1. cp represents the compression factor of rock-pore volume in units of MPa−1. pi represents the original formation pressure in units of MPa. p represents the formation pressure in units of MPa. Bt represents the crude-oil two-phase volume factor in units of m3/m3. Bti represents the original crude-oil two-phase volume factor in units of m3/m3.



This material balance equation is obtained by Ralpgh. J. Schilthuis equation, Li Chuanliang’s integrated drive-reservoir material balance relationship combined with the study of reservoir block-derivation algorithm [32].



In general, the reservoir-production history and PVT characteristic parameters are known, while the water influx We is an unknown value, and the water influx at each pressure measurement point is calculated using the volume-deficit method.



Let the variable X denote the formation energy loss:


  X = (  B t  −  B  t i   ) +   m  B  o i   (  B g  −  B  g i   )    B  g i     +  B  o i   ( 1 + m )  c t  Δ p  



(6)







The deficit volume of a gas-cap reservoir without considering water influx is:


   V v  = N X  



(7)







The deficit volume of a gas-cap reservoir considering water influx is:


   V  v e   =  N p     B o  + (  R p  −  R s  )  B g    +  W p   B w   



(8)







By associating Equations (5)–(8), the water-influx volume is calculated as the difference between the deficit volume of the reservoir considering water influx and not considering water influx, which is calculated:


   W e  =  V  v e   −  V v   



(9)







The application of the volume-deficit method can only calculate the water influx at the pressure-measurement point, but the water influx at the non-pressure measurement point cannot be obtained. In order to address this problem, the whole average formation pressure that changes with the development of the oilfield is calculated by invoking Fetkovich’s proposed steady-state water-influx method in conjunction with the volume deficit method.



Using Fetkovich’s proposed steady-state water-influx method [33], the water-influx volume We was calculated:


   W e  =  W  e i     1 −  p   p i        1 − B    



(10)




where Wei represents the maximum water influx:


   W  e i   =  V w   c w   p i   



(11)







Water influx coefficient B:


  B =  e  − (   J  p i  t    W  e i     )    



(12)







In the above equations, Vw represents the volume of water body in units of 104 m3. J represents the water influx index in units of m3/d/MPa. t represents the time in units of day.



By constantly adjusting the maximum water-influx amount Wei and water-influx index J, the water-influx amount calculated by Fetkovich’s proposed steady-state water influx method at the pressure measurement point is the closest to the water influx amount calculated by the volumetric-deficit method. The water-influx amount We calculated in Fetkovich’s proposed steady-state water-influx method was brought into the material balance equation of the gas-cap reservoir and simplified to obtain:


     N p   B t  +  W p   B w  −    W  e i     1 −  p   p i        1 − B     2 − B   = N (  B t  −  B  t i   ) +   m N  B  o i   (  B g  −  B  g i   )    B  g i     +     N  B  o i   ( 1 + m )  c t  (  p i  − p )    



(13)







The average formation pressure at any particular time can be calculated using the Newton iteration method, which is:


    f ( p ) =  N p   B t  +  W p   B w  −    W  e i     1 −  p   p i        1 − B     2 − B   −     N (  B t  −  B  t i   ) −   m N  B  o i   (  B g  −  B  g i   )    B  g i     − N  B  o i   ( 1 + m )  c t  (  p i  − p )    



(14)






   p  n e w   =  p  o l d   −   f    p  o l d        f ′     p  o l d       .  



(15)







In the above equations, ct represents the total compressibility in units of MPa−1.



The average formation pressure obtained with the process of reservoir development can be used to conduct the calculation of the recovery of the sub-phase to provide data support.



The material balance equation and Formulas (7)–(9) for a gas-cap reservoir with water influx are derived by modifying Li Chuanliang’s comprehensive drive-reservoir material-balance relationship. This relationship calculates the entire reservoir as a whole and often does not consider the direction of fluid flow, making it a zero-dimensional model of reservoir fluid flow [32]. Newton’s iterative method is quoted from numerical analysis books [34].



Since this block is a reservoir with the presence of gas cap, during the production process, when the pressure drops below the saturation pressure, the dissolved gas is released, resulting in the cumulative production of gas Gp, which includes both gas-cap gas and dissolved gas. In solving the recovery of split-phase, using the phase-balance theory, material-balance theory, and the principle of equivalence of fugacity [33,35,36,37,38,39], based on the relationship between the dissolved gas–oil ratio and the average formation pressure, the daily gas production is categorized, and the daily oil-rim oil production, daily dissolved gas production, and daily gas-cap gas production are calculated, and the cumulative production of each split-phase is obtained by superposition, of which the phase recovery is calculated.




2.3. Calculation of Phase Recovery


The daily gas production qg consists of dissolved gas qg1 and gas-cap gas qg2. The daily oil production qo consists of oil-rim oil qo1. The gas- and oil-production equations can be calculated separately by associating them:



The formulas for the daily oil-rim oil production qo1, the daily dissolved-gas production qg1, and the daily gas-cap gas production qg2, respectively, are as follows:


   q  o 1   =  q o   



(16)






   q  g 1   =  q  o 1    R s   



(17)






   q  g 2   =  q g  −  q  g 1    



(18)







Total dissolved gas reserves Gs:


   G s  = N  R  s i    



(19)







The phase recovery of oil-rim oil, dissolved gas, and gas-cap gas can be obtained by comparing the cumulative production of each component with the total reserves:


   r  o 1   =    ∑   q  o 1      N   



(20)






   r  g 1   =    ∑   q  g 1        G s     



(21)






   r  g 2   =    ∑   q  g 2        G 2     



(22)







In the above equations, qg represents the gas production in units of m3. qg1 represents the dissolved gas production in units of m3. qg2 represents the cap-gas production in units of m3. qo represents the oil production in units of m3. qo1 represents the oil-rim oil production in units of m3. Rs represents the dissolved gas–oil ratio in units of m3/m3. Gs represents the total dissolved gas reserves in units of m3. G2 represents the total cap-gas reserves in units of m3. ro1 represents the oil recovery from the oil rim. rg1 represents the dissolved gas recovery. rg2 represents the gas recovery from the gas cap.




2.4. Method Flowchart


The complete flowchart of the calculation method is shown in Figure 2.





3. Results


3.1. Model Establishment


Based on the actual production data of a mining plate in the CQ oilfield, using digital analog software tNavigator, a component model is used to simulate a bottom-water water-driven gas-cap reservoir production well, considering the expansion of bound water, rocks, and gas cap. The model is 325 m × 1300 m × 28 m, the crude-oil geological reserve is 2.33 × 105 m3, the gas reserve is 7.62 × 107 m3, the initial formation pressure is 19.7 MPa, the formation temperature is 389.3 K, the water-phase volume coefficient is 1, the crude-oil volume coefficient is 1.5, and the ratio of gas-cap volume-to-reservoir volume is 0.7. The original porosity is 0.2, the original gas saturation of the gas cap zone is 70%, and the radial permeability is 220 mD. The pressure of this gas-cap reservoir will be gradually reduced in the process of extraction, and the set extraction time is 6.78 years. According to the actual production data of the oilfield, the mechanism model of the gas-cap reservoir with bottom water is constructed, as shown in Figure 3, to simulate the whole development process.



The pressure p, crude-oil volume coefficient Bo, gas-deviation coefficient Z value, and dissolved gas–oil ratio Rs obtained by PVT, as well as experimental measurements, are shown in Table 2, and the regression relationships between pressure p and crude-oil volume coefficient Bo, gas-deviation coefficient Z value, and dissolved gas–oil ratio Rs are shown in Equations (23)–(25).




   P -  B o  :           y = − 0.0006  x 2  + 0.0305 x + 1.0948   



(23)






   P - Z :           y = 0.0004  x 2  − 0.0107 x + 1.0116   



(24)






   P -  R s  :           y = − 0.0171  x 2  + 6.5389 x − 1.0668   



(25)






3.2. Calculation Steps and Results


Oil- and gas-production data from the data-body model were incorporated into Equations (6)–(9) for the volumetric-deficit method and Equations (10)–(12) for Fetkovich’s steady-state water-influx method. The water-influx Index J was iteratively adjusted to align the water-influx volumes derived from both methods. The outcomes of these calculations are depicted in Figure 4, where the estimated error in water influx is identified as 5.9%. Production dynamics data, along with the amounts and coefficients of water influx, were applied to Equations (14) and (15) using Newton’s iterative method to calculate average formation pressure. The efficacy of this approach was corroborated by comparing the average formation-pressure results from the method introduced by Cai Jianqin with those obtained from this study. Figure 5 illustrates the comparison between the average formation pressures determined by the current method, those derived from Cai’s approach, and those calculated by the tNavigator numerical simulation software (tNavigator v21.1-1615-g08bcf3ac6cb).



The actual output of gas is split into two parts, which are the gas from the cap and dissolved gas; the output oil is oil-rim oil. According to the law of mass conservation, using the daily gas–oil production, the daily oil-rim oil production qo1, the daily dissolved gas production qg1, and the daily gas-cap gas production qg2 were calculated by combining Equation (16), Equation (17), and Equation (18), respectively, and the dissolved gas reserve Gs1 was calculated by utilizing Equation (19), and the daily production of sub-phases was totaled and calculated with the original reserves of each sub-phase by utilizing Equations (20)–(22) to obtain the extraction levels of gas-cap gas, oil-rim oil, and dissolved gas at different pressures, respectively. The recovery levels of gas cap, oil rim, and dissolved gas at different pressures were obtained. Simulation calculations were conducted by using tNavigator simulation software to simulate the mechanism model of gas-cap and bottom-water reservoirs, and some results of the calculations are shown in Table 3:



The accuracy of the proposed method is verified by comparing it with the results of the phase-recovery degree calculated by tNavigator numerical simulation software, which is used as a calculation control group for comparative judgment. The phase-recovery degree calculated by numerical modeling software, comparison method introduced and the phase-recovery degree calculated based on the average formation-pressure method, is displayed below. Group A represents the results of the phase-recovery degree calculated by numerical modeling software, Group B represents the degree of split-phase extraction calculated based on the average formation pressure approach, and Group C represents the further calculation of the phase-separation extraction degree based on the introduced method and the data provided in the article. The comparison curves are shown in Figure 6.





4. Discussion


The average formation pressure is the basis for evaluating the productivity and analyzing the potential of oil and gas reservoirs. The average formation-pressure calculation of oil and gas reservoirs varies with the types of oil and gas reservoirs, geological parameters, fluid properties, development methods, and whether the means of production are complete. The gas-cap reservoir with bottom water discussed in this paper is a kind of reservoir with different storage forms. In the process of exploitation, the extraction of crude oil and natural gas will reduce the formation pressure and lead to the invasion of bottom water, which makes the variation law of formation pressure different from that of conventional oil and gas reservoirs, resulting in errors in the calculation of the phase recovery. Therefore, a new method is proposed to calculate the accurate average formation pressure by calculating the water influx so as to accurately calculate the phase recovery.



4.1. Average Formation Pressure


As the reservoir is developed, the pressure in the formation drops rapidly at first, and then the rate of decline is slower. This is because as oil and gas are produced, the rapid pressure drop leads to bottom-water influx, which rapidly fills the volume vacated by the produced oil and gas, and the pressure drop gradually decreases. The real-time water-influx volume can be calculated by this method, and the real-time average formation pressure can be calculated by combining it with the material balance equation. The maximum error between the calculated average formation pressure and the value calculated by tNavigator numerical simulation is 2.61%, which is a small error. The error between the average formation pressure calculated by the introduced method and the average formation pressure calculated by digital simulation is 2.7%, which is close to the error of the method introduced in this paper. It shows that the method introduced in this paper is feasible.




4.2. Phase Recovery


The comparison curve is shown in Figure 4 and analyzed in combination with Table 2. During the exploitation of gas-cap gas, with the decrease of average formation pressure, the water influx increases rapidly, and the recovery curves of gas-cap gas, dissolved gas, and oil-rim oil rise rapidly. Among them, the recovery curve of gas-cap gas rises fastest, indicating that the natural gas produced at this stage is mainly gas-cap gas. In the comparison curve, the recovery of gas cap calculated by the method proposed in this paper is slightly smaller, and the correlation curve of dissolved gas is intertwined, which is caused by the small error in the calculation of average formation pressure. At the beginning of the middle stage, a large amount of bottom water has invaded, and the rising rate of water influx has decreased compared with the previous stage, which gradually reduces the decline of pressure, and the recovery of gas cap gas tends to be gentle. The dissolved gas and oil-rim oil still maintain a large increase with the decline of average formation pressure in the production process. At this time, the calculated value in the comparison curve by the method proposed in this paper is slightly larger. The average errors of the recovery of gas-cap gas, dissolved gas, and oil-rim oil calculated by the two methods are 2.73%, 2.94%, and 1.28%, respectively. Comparing the phase recovery calculated by the quoted method, combined with the existing data with the phase recovery calculated by the mathematical model, the recovery errors of gas cap gas, dissolved gas, and oil rim oil are 1.4%, 3.9%, and 7.6%, respectively. The overall error is small. Compared with the method mentioned in this paper, the calculation error is smaller, which shows that the method proposed in this paper is feasible.





5. Conclusions


In this paper, a methodology is introduced that integrates water-influx prediction with the material balance equation for gas-cap reservoirs containing bottom water, establishing a functional equation for average formation pressure. The Newton iteration method is employed to resolve this equation, facilitating the determination of the average formation pressure at any point during the production lifecycle of oil and gas reservoirs. Utilizing the established relationship between average formation pressure and production-performance data, the phase recovery, as influenced by changes in average formation pressure, is deduced through the application of mass conservation principles. The average relative errors between the phase recovery, as determined by this method and those calculated by digital simulation software, are found to be 2.73%, 2.94%, and 1.28%, respectively. This approach enables the continuous calculation of the phase recovery throughout the extraction process, providing essential data support for real-time production assessment.



Our future work will involve applying field data from varied geological reservoir settings to validate the proposed method, aiming to minimize calculation errors and enhance the robustness and applicability of the model. Additionally, efforts will be made to adapt the methodology for use in heterogeneous and multiphase fluid reservoirs to extend its practical utility. Moreover, future research will explore the incorporation of machine-learning techniques to refine water-influx predictions, aiming to reduce computational complexity and enhance efficiency.
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Nomenclatures





	Np
	Cumulative oil production (m3)



	Bo
	Oil-volume factor (m3/m3)



	Rp
	Production gas–oil ratio (m3/m3)



	Rs
	Dissolved gas–oil ratio(m3/m3)



	Bg
	Gas-volume factor (m3/m3)



	Wp
	Cumulative water production (m3)



	Bw
	Water-volume factor (m3/m3)



	We
	Volume of cumulative intrusion of reservoir water (m3)



	N
	Petroleum resources (m3)



	Boi
	Original oil volume factor (m3/m3)



	Rsi
	Original dissolved gas–oil ratio (m3/m3)



	m
	Ratio of the volume of gas-bearing zone to the volume of oil-bearing zone



	Bgi
	Original gas-volume factor (m3/m3)



	Swc
	Irreducible water saturation (f)



	cw
	Compression factor of formation water (MPa−1)



	cp
	Compression factor of rock-pore volume (MPa−1)



	pi
	Original formation pressure (MPa)



	p
	Formation pressure (MPa)



	Bt
	Crude-oil two-phase volume factor (m3/m3)



	Bti
	Original crude-oil two-phase volume factor (m3/m3)



	Vw
	Volume of water body (104 m3)



	J
	Water-influx index (m3/d/MPa)



	t
	Time (d)



	ct
	Total compressibility (MPa−1)



	qg
	Gas production (m3)



	qg1
	Dissolved gas production (m3)



	qg2
	Top gas production (m3)



	qo
	Oil production (m3)



	qo1
	Oil-rim oil production (m3)



	Gs
	Total dissolved gas reserves (m3)



	G2
	Total top gas reserves (m3)



	Z
	Compressibility factor (dless)



	ro1
	Oil recovery from the oil rim



	rg1
	Dissolved gas recovery



	rg2
	Gas recovery from the gas cap
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Figure 1. Schematic of fluid distribution before and after development of gas-cap bottom-water reservoirs. 
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Figure 2. Calculation flowchart. 
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Figure 3. Mechanism model of gas-cap reservoir with bottom water. 
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Figure 4. Comparison of calculation results of water encroachment. 
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Figure 5. Comparison of results of average formation pressure calculated by three different methods. 
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Figure 6. Comparison of the calculation results of the recovery of gas in gas cap, dissolved gas, and oil-rim oil phase. (a) Comparison of calculation results of gas recovery of gas cap; (b) comparison of calculation results of dissolved gas recovery; (c) comparison of calculation results of oil recovery of oil rim. 
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Table 1. Various methods and errors for calculating average formation pressure.






Table 1. Various methods and errors for calculating average formation pressure.





	Title of the Article
	Calculated Average Formation Pressure
	Measured Formation Pressure
	Error/%





	Calculation of average reservoir pressure by using modified flowing material balance
	16.90
	16.71
	1.14



	Feasibility analysis of calculating formation pressure with the production data in Daniudi gas field
	15.80
	15.20
	3.8



	Evaluation of formation pressure in M reservoir of Yaerxia oilfield by material balance method
	30.6
	31.1
	1.6



	Gas in place determination by material balance-quasipressure approximation condition method
	44.28
	40.74
	8.6



	Average formation-pressure calculation for the composite oil reservoir with multi-well system
	11.250
	11.565
	2.7



	A new method for tracking and calculating average formation pressure of gas reservoirs
	13.241
	13.916
	4.85



	Formation pressure calculation of tight sandstone gas reservoir based on material balance-inversion method
	4.54
	4.46
	1.76










 





Table 2. Pressure and fluid parameters.
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	P (MPa)
	Rs (m3/m3)
	Bo
	Z





	18.00
	111.1
	1.4494
	0.9367



	17.00
	105.2
	1.4399
	0.9332



	15.00
	93.0
	1.4064
	0.9341



	10.00
	60.8
	1.3526
	0.9450



	5
	30.4
	1.2525
	0.9688










 





Table 3. Table of numerical modeling results for gas-cap reservoirs with bottom water.
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	P
	Rs
	Bo
	Bg
	Bt
	Z
	qo
	qg (104)
	qo
	Gp (105)





	19.150
	117.884
	1.459
	0.008
	1.490
	0.953
	19.401
	17.778
	734.116
	42.344



	17.859
	110.259
	1.448
	0.008
	1.585
	0.948
	8.150
	4.703
	2021.839
	160.231



	16.765
	103.752
	1.437
	0.009
	1.693
	0.945
	4.132
	1.573
	3591.385
	231.510



	16.532
	102.362
	1.435
	0.009
	1.719
	0.944
	4.093
	1.220
	3952.333
	243.710



	16.165
	100.169
	1.431
	0.009
	1.762
	0.943
	3.478
	0.799
	4602.825
	261.279



	15.899
	98.573
	1.428
	0.009
	1.795
	0.943
	3.554
	0.523
	5236.246
	272.736



	15.688
	97.309
	1.426
	0.009
	1.822
	0.942
	3.521
	0.340
	5884.221
	281.016



	15.543
	96.439
	1.424
	0.009
	1.841
	0.942
	3.496
	0.223
	6495.854
	285.925



	15.426
	95.732
	1.423
	0.009
	1.857
	0.942
	3.214
	0.101
	7117.166
	289.023



	15.351
	95.283
	1.422
	0.009
	1.868
	0.942
	3.306
	0.097
	7625.719
	290.508



	15.286
	94.888
	1.421
	0.010
	1.877
	0.942
	3.627
	0.044
	8248.482
	291.765



	15.232
	94.563
	1.420
	0.010
	1.884
	0.941
	3.026
	0.033
	8825.444
	292.426



	15.183
	94.271
	1.420
	0.010
	1.891
	0.941
	2.742
	0.028
	9363.980
	293.012



	15.147
	94.057
	1.419
	0.010
	1.896
	0.941
	2.423
	0.024
	9810.439
	293.474
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