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Abstract: Deep condensate gas reservoirs exhibit highly complex and variable phase behaviors, making it crucial to understand the relationship between fluid phase states and flow patterns. This study conducts a comprehensive analysis of the actual production process of the deep condensate gas well A1 in a certain oilfield in China. Combining phase behavior analysis and CMG software simulations, the study systematically investigates phase transitions, viscosity, and density changes in the gas and liquid phases under different pressure conditions, with a reservoir temperature of 165°C. The research covers three crucial depletion stages of the reservoir: single-phase flow, two-phase transition, and two-phase flow. The findings indicate that retrograde condensation occurs when the pressure falls below the dew point pressure, reaching maximum condensate liquid production at around 25 MPa. As pressure decreases, gas phase density and viscosity gradually decrease, while liquid phase density and viscosity show an increasing trend. In the initial single-phase flow stage, maintaining a consistent gas-oil ratio is observed when both bottom-hole and reservoir pressures are higher than the dew point pressure. However, a sudden drop in bottom-hole pressure below the dew point triggers the production of condensate oil, significantly reducing subsequent gas and oil production. In the transitional two-phase flow stage, as the bottom-hole pressure further decreases, the reservoir exhibits a complex flow regime with coexisting areas of gas and liquid. In the subsequent two-phase flow stage, when both bottom-hole and reservoir pressures are below the dew point pressure, a significant increase in the gas-oil ratio is observed. The reservoir manifests a two-phase flow regime, devoid of single-phase gas flow areas. For low-pressure conditions in deep condensate gas reservoirs, considerations include gas injection, gas lift, and cyclic gas injection and production in surrounding wells. Additionally, techniques such as hot nitrogen or CO2 injection can be employed to mitigate retrograde condensation damage. The implications of this study are crucial for developing targeted development strategies and enhancing the overall development of deep condensate gas reservoirs.
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1  Introduction

Condensate gas reservoir is a unique type of gas reservoir with high economic value, characterized by properties of both oil and gas reservoirs. During its development, complex phase behavior persists, presenting significant challenges to efficient exploitation [1]. Especially in the later stages of development, as reservoir pressure declines, retrograde condensation damage becomes increasingly severe. Therefore, studying the phase behavior and productivity of condensate gas is a fundamental task in this field. By examining the phase behavior and flow patterns of reservoir fluids in condensate gas fields and applying these findings to field development, while also proposing measures to mitigate retrograde condensation damage, it is crucial for the effective exploitation of condensate gas fields [2]. This research is crucial for devising rational development approaches, continuously elevating the development proficiency of condensate gas fields, and enhancing overall development benefits.

Accurate Pressure-Volume-Temperature (PVT) evaluation of condensate gas is the foundation for the development of condensate gas reservoirs [3]. In response to this, scholars have conducted a comprehensive review of China’s condensate gas reservoirs, elucidating relevant phase behavior characteristics. They assert that acquiring initial samples of condensate oil and oil-gas mixtures, along with accurate PVT experimental data, is fundamental to establishing fluid phase models. Additionally, they propose that a cyclic gas injection scheme is a key factor in effectively developing condensate gas reservoirs [4]. Guo et al. determined the dew point pressure of the target block fluid based on samples obtained from the field through experimental methods, and evaluated the maximum condensate volume of the formation fluid due to pressure reduction. Additionally, they combined the equation of state with compositional characterization methods to establish a corresponding thermodynamic model for simulating the phase behavior of the target fluid [5]. Qi et al. believed that interfacial phenomena and reservoir deformation do not exist during the development process of this type of gas reservoir, and such effects may be negligible [6]. Sun et al. conducted PVT tests on the target fluid and clarified the variation patterns of phase parameters with temperature and pressure. They concluded that an increase in temperature leads to a decrease in both dew point pressure and fluid compressibility [7]. For condensate gas reservoirs, non-equilibrium effects may occur when pressure changes or flow rates are below phase change or mass transfer rates. Based on this issue, some scholars have utilized numerical methods to simulate the relevant characteristics of reservoir fluids under these conditions in constant composition expansion (CCE) experiments. They believe that increasing the production pressure drawdown can, to some extent, enhance condensate recovery, mitigate reservoir damage, and improve gas well production rates [8]. Research on the phase equilibrium behavior during cyclic water injection in condensate gas reservoirs and gas storage processes has also been conducted [9–11]. Excessively low pressure during depletion development leads to substantial condensate deposition. This phenomenon not only reduces condensate recovery but also adversely affects the production rate of condensate gas [12]. Subsequent researchers have analyzed the production dynamics and flow patterns extensively [13,14], proposing strategies to improve the recovery of condensate gas reservoirs. Janiga et al. utilized machine learning algorithms to consider the phase behavior changes during the development of condensate gas reservoirs. They assessed the potential for enhanced recovery in the target gas reservoir and provided optimization measures for the next steps [15]. Some scholars have proposed analytical models to analyze production data of condensate oil and condensate gas under different conditions, further evaluating current reservoir properties [16,17]. Mokhtari et al. conducted an analysis of the actual production performance of the target condensate gas well before initiating their research. They concluded that the deposition of condensate near the wellbore could lead to unstable productivity following the decline phase in gas wells [18,19]. In summary, the precipitation of condensate oil results in multiphase flow conditions within the reservoir, impacting gas well productivity to a certain extent [20–22]. Given this phenomenon, it is particularly important to clarify the seepage characteristics of oil, gas, and water phases in underground environments [23]. Gao et al. [24] evaluated the flow characteristics of a deep condensate gas reservoir under high-temperature and high-pressure conditions based on production performance data. Zhang et al. [25] examined the impact of natural fractures on deep condensate gas reservoirs, studying changes in gas condensate composition and reservoir seepage behavior using finite element numerical simulations. Long et al. [26] conducted experimental studies on fluid seepage characteristics during underground gas cycling injection processes in condensate oil reservoirs with oil rims. Their work primarily focused on assessing fluid performance, gas-oil recovery rates, and the stability of underground gas storage [27]. Scholars have proposed a series of measures to address this issue. Sheydaeemehr et al. discovered through their research that altering wettability can enhance gas reservoir recovery, especially in a neutrally wet state. This finding provides a new approach for improving condensate gas reservoir recovery. By injecting modified surfactants to address condensate oil contamination in the formation, the gas production rates of wells can be increased. This method leverages the principle that modifying the surface interaction between the reservoir rock and the condensate can improve fluid flow and extraction efficiency, offering a practical solution to the challenges faced in the later stages of condensate gas reservoir development [28]. Simultaneously, based on reservoir characteristics, another method to improve the oil and gas recovery of condensate gas reservoirs is water injection. Research results indicate that water injection has a positive effect on condensate oil recovery [29]. Water injection development is more economically beneficial than cyclic gas injection [30]. Additionally, injecting dry gas into retrograde gas condensate reservoirs is an effective method for increasing production [31–33]. Meng et al. suggested that, compared to gas drive, high-rate throughput development is more favorable for the production of condensate oil/gas [34].

In summary, condensate gas reservoirs exhibit highly complex and variable phase behaviors. This complexity not only distinguishes them as a crucial type of reservoir different from others but also underscores the essential nature of studying these behaviors for the effective development of condensate gas reservoirs. Different from dry gas reservoirs, understanding the relationship between fluid phase behavior and mobility is crucial for accurate engineering calculations in condensate oil systems. For gas wells undergoing prolonged depletion, the trapped condensate oil in the formation, coupled with continuous pressure decline, results in unrecoverable losses. On the other hand, retrograde condensate can block some pore throats in the formation, reducing gas permeability, contaminating the formation, and decreasing gas well productivity. Therefore, this study employs numerical simulation methods, using fluid data from well A1 to construct a deep reservoir fluid phase and flow simulation model. First, the constructed phase model is used to analyze the variation patterns of fluid phase characteristics during depletion. Then, based on the actual development characteristics of condensate gas wells, the reservoir flow region is divided into a single-phase gas flow region, a gas-liquid coexistence transition zone, and a gas-liquid flow region, and the flow characteristics of each zone are analyzed. Finally, using the actual production data from different stages of well A1, the distribution patterns and flow characteristics of condensate and condensate gas in the reservoir were analyzed. This research provides a theoretical foundation for subsequent recovery enhancement measures for this well.

2  Phase Behavior Evolution in Deep Condensate Gas Reservoirs

The study of phase behavior in hydrocarbon gases has always been a crucial aspect of oil and gas field development. The composition and phase changes of condensate gas systems undergo constant alterations throughout the depletion process, making it imperative to unveil this complex permeation and flow phenomenon [35].

2.1 Establishment of Phase Behavior Model for Deep Condensate Gas

The Peng-Robinson (PR) equation of state is often used to describe the phase behavior of fluids within oil and gas reservoirs. Therefore, the theoretical foundation of the phase model in this study is based on the PR equation [36]. The selected deep condensate gas well A1 is located at a reservoir depth of 4300–4400 m. The reservoir temperature and pressure are 165°C and 42 MPa, respectively. Based on experiments and existing well fluid composition data (Table 1), as well as laboratory analysis data, suitable equations of state are chosen for hydrocarbon system phase equilibrium calculations. Methane and Cn heavy distillation components have significant impacts on phase equilibrium calculations. To improve calculation speed and accuracy, characterization of Cn is necessary to create an appropriate number of pseudo-components for the hydrocarbon system. Component splitting of C11+ is performed based on the well fluid composition data, as shown in Fig. 1. It is observed from Table 1 that unlike shallow condensate gas wells, the intermediate hydrocarbon components (C2–C6) in this deep condensate gas well account for 16.54 mol%, while the C7+ component constitutes 9.95 mol%, indicating higher concentrations of intermediate and heavy components. According to the research findings of Fang et al. [4], the fluid composition of this deep condensate gas well exhibits characteristics of near-critical state. Such fluids in the vicinity of the critical point are difficult to distinguish between gas and liquid phases in the single-phase region.
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Figure 1: Component composition after splitting

Utilizing the Peng-Robinson (PR) state equation and a single-variable method, this study systematically simulated the influence of CH4, C2–C5, C7+, and CO2 components on the phase behavior of fluids in a typical condensate gas reservoir. The investigation revealed that an increase in CH4 content within the condensate gas reservoir resulted in an augmentation of fluid saturation pressure, accompanied by a simultaneous reduction in critical temperature and pressure. Conversely, an increase in C2–C5 content demonstrated minimal impact on critical points but significantly lowered fluid saturation pressure, offering novel insights into enhancing recovery rates in condensate gas reservoirs. Elevated C7+ content led to a decrease in saturation pressure, accompanied by a substantial rise in critical temperature and pressure, presenting challenges to the efficient exploitation of condensate gas reservoirs. Furthermore, an increased CO2 content not only reduced saturation pressure but also effectively lowered critical temperature and pressure, emphasizing its pivotal role in the development of condensate gas reservoirs. As illustrated in Fig. 2, a decrease in pressure correlated with a slight increase in C1 content in the condensate gas, reflecting retrograde condensation phenomena in the reservoir. In the later stages, lighter hydrocarbon components re-evaporated from the condensate oil, causing a gradual decline followed by an increase in C2–C5 molar fractions.
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Figure 2: The molar fraction of condensate gas in the gas phase varies with pressure

2.2 Fitting and Validation of Deep Condensate Gas Phase Behavior Model

In this section, the deep condensate gas phase behavior model is fitted and validated through a comparison between simulated data from the phase behavior model and experimental data from constant-composition expansion and constant-volume depletion experiments. Additionally, it is crucial to assess the accuracy of simulating the Pressure-Temperature (P-T) phase diagram. The fitting results of constant-composition expansion and constant-volume depletion experiments are illustrated in Fig. 3. The small errors observed in the fitting between model simulation and experimental results indicate that the phase behavior model can effectively predict the volume of condensate gas and the quantity of condensate oil during the depletion development of deep condensate gas reservoirs. Furthermore, the accurate simulation of the P-T phase diagram adds significant value to the evaluation of the model’s predictive capabilities.
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Figure 3: The fitting results of the experiment: (a) the fitting results of the constant mass expansion experiment; (b) fitting results of constant volume depletion experiment

In the development of condensate gas reservoirs, the dew point is a critical parameter with significant implications for the study of phase transitions and the selection of exploitation processes. Therefore, it is essential to enhance the predictive accuracy of the established phase behavior model for the P-T phase diagram. Fig. 4 presents a comparison between the simulated phase diagram and the experimental phase diagram generated by the model, demonstrating favorable predictive performance. The red line in the graph represents the dew point, the blue line represents the bubble point, and Pc denotes the critical point. Under constant temperature conditions, as the pressure in the condensate gas reservoir decreases from the gas phase pressure A to the upper dew point pressure B, the amount of retrograde condensate is minimal, and there is no significant change in fluid composition. Continuing the descent to point C, the system enters a two-phase region, leading to a sharp increase in retrograde condensate, accompanied by a notable change in fluid composition [37]. When the temperature exceeds the critical condensation temperature (Tc), the pressure’s influence on the amount of retrograde condensate and fluid composition becomes negligible. Compared to shallow condensate gases with lower contents of heavy components, deep condensate gases typically exhibit higher concentrations of heavy components, often characterized as high-condensate or near-critical condensate gases. Through the above discussion, it is evident that the fluid from this gas well presents characteristics of near-critical condensate gas. Therefore, the phase behavior is mainly manifested by the isotherms of the reservoir being near the system’s critical temperature, the saturation pressure being close to the critical pressure, and the original formation pressure also being close to the system’s critical pressure, with a difference of only 5.1 MPa. The fluid exhibits a rich condensate gas anti-condensation characteristic, making it difficult to distinguish between underground gas and liquid phases, which poses significant challenges for development.
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Figure 4: P-T phase diagram fitting results

2.3 Phase Parameters Characteristics in Deep Condensate Gas Reservoirs

A flash vaporization experiment was conducted to simulate and analyze the characteristics of phase parameter variations under different pressure conditions at 165°C. The variation characteristics of gas-liquid phase mole fractions under different pressures are depicted in Fig. 5. At a temperature of 165°C, the dew point pressure for the target block is 35.5 MPa. It is observed that the reservoir pressure is initially higher than the dew point pressure of the target reservoir. As development progresses and pressure decreases below the dew point pressure, heavier components in the condensate gas begin to condense, resulting in an increase in liquid phase mole fraction and a corresponding decrease in gas phase mole fraction. The pressure at which the liquid fraction reaches its maximum is approximately 25 MPa, corresponding to the point where the liquid phase mole fraction increases by 18%, intersecting with the 18% liquid line on the P-T phase diagram. Continued pressure reduction causes some condensate to re-evaporate into the gas phase. At 5 MPa pressure, the liquid phase mole fraction decreases by 51.1% compared to its peak. This phenomenon is due to decreasing intermolecular forces with decreasing pressure, which reduces the constraints between light and heavy hydrocarbon molecules, allowing heavy hydrocarbons to easily separate from light hydrocarbons and form liquid droplet deposits. As pressure continues to decrease, intermolecular attractions diminish further, leading to increased condensate production. Therefore, the phase behavior of condensate gas during production is complex, where significant condensate oil production can reduce condensate gas yield. Increasing production pressure differentials appropriately can utilize the re-evaporation of condensate oil to reduce damage to the reservoir and decrease the permeability resistance of condensate gas near wellbore regions.
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Figure 5: The phase parameters change under different temperature and pressure conditions: (a) the mole fractions of gas and liquid phases vary with pressure; (b) P-T phase diagram at different liquid volumes

The changes in gas-liquid two-phase viscosity and density under various pressures at 165°C are depicted in Fig. 6. It can be observed that as the development progresses, reservoir pressure decreases from 42 to 5 MPa (a pressure drop of 37 MPa). During this process, the density of the gas phase decreases by 89.2%, and its viscosity decreases by 69.7%. On the other hand, the density of the liquid phase increases by 31.2%, and its viscosity increases by 1.63 times. Particularly noticeable is the significant increase in liquid phase viscosity, which increases by 1.04 times from 20 to 5 MPa. This is primarily due to the re-evaporation of light hydrocarbon components from the condensate oil as pressure drops, leading to an increase in the proportion of heavier hydrocarbons in the liquid phase.
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Figure 6: The variation of gas-liquid two-phase viscosity and density at different pressures: (a) gas-liquid two-phase viscosity; (b) gas-liquid two-phase density

Therefore, maintaining the production pressure slightly below the maximum retrograde condensation pressure point throughout the production process helps minimize the production of liquid phase, thereby increasing gas production to the maximum extent. Secondly, dynamic adjustment of production pressure differentials is essential. By controlling the pressure differential between the wellhead and the reservoir, the distribution of gas and liquid phases can be controlled to a certain extent. Increasing the production pressure differential can accelerate the re-evaporation process of the liquid phase, thereby reducing liquid saturation and increasing the relative gas production. Finally, a key measure is to establish a real-time monitoring system for reservoir state parameters. By monitoring parameters such as reservoir pressure, temperature, and production rate, production operations can be adjusted promptly to ensure that the production pressure remains in the optimal state. This also involves dynamic adjustments of parameters such as water/gas injection during the incremental production phase and the timing of energy supplementation.

3  Depletion Development and Reservoir Fluid Flow Patterns in Gas Condensate Reservoirs

3.1 Establishment and Validation of Deep Gas Condensate Reservoir Percolation Model

Building upon the previously established phase behavior model, a percolation model for single-well flow in deep gas condensate reservoirs is constructed using the CMG software’s GEM module. The phase behavior model is employed to regulate the deposition of condensate oil and the corresponding phase transformations during the percolation of gas condensate. In order to improve computational efficiency and convergence in numerical simulation, the components of the crude oil are merged into 9 pseudo-components. Having fewer components enhances computational efficiency. The merging principle is based on the similarity of component properties, and then the merged components are fitted using the aforementioned experiments. The characteristics and parameters of the final pseudo-components are presented in Table 2.
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The seepage characteristics of oil, gas, and water under underground conditions are primarily reflected through the relative permeability curves of the three phases. The initial seepage phase curves are obtained from laboratory measurements. However, due to significant differences between laboratory conditions and reservoir conditions, and changes in rock pore-throat structure due to pressure variations, the phase seepage curves measured in the laboratory may not fully represent the actual underground seepage conditions. Therefore, minor adjustments were made to the phase seepage curves during the model validation process, resulting in the final phase seepage curves as shown in Fig. 7. In the figure, krw and krow represent the relative permeability of water and oil phases in the oil-water phase seepage curve, respectively, while krg and krl represent the relative permeability of gas and liquid phases in the gas-liquid phase seepage curve, respectively. Additionally, this model is derived from the segmentation of the actual geological model on-site, making parameters such as permeability, porosity, and gas saturation non-uniformly distributed. Other reservoir parameters used in constructing the model are shown in Table 3. Among them, the block area, gas-water interface, reservoir pressure, and rock compressibility in the model are all derived from actual field survey data. The simulation method and simulation date are set according to the actual production method and production date of the well. The model was coarse-gridded based on the number of grid cells in the geological model, considering factors such as the distribution of artificial fractures and the area of the study block. Finally, the grid cell sizes in the I, J, and K directions were determined to be 10, 10, and 2 m, respectively.

[image: images]

Figure 7: Phase permeability curve: (a) oil-water phase permeability curve; (b) gas-liquid permeability curve
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Upon on-site core sampling, it was revealed that the average permeability around well A1 is 3.2 mD, with an average porosity of 6.7%. To achieve industrial production, hydraulic fracturing measures are deemed necessary for the target well. In this model, a locally refined grid is employed to depict the fractures and variations in pressure fields resulting from the fracturing process. In the I and K directions, the grid remains unrefined, while in the J direction, the number of grids is refined to 3, with a non-uniform distribution of grid spacings of 2.5, 5, and 2.5 m, respectively. A fracture model was established based on the actual fracture data of the target well, as shown in Fig. 8. The simulation parameters for the hydraulic fracturing are presented in Table 4. It is worth noting that the actual half-length of the fractures on-site is 116.8 m; however, for simplification purposes, the fracture half-length is set to 115 m. Therefore, the artificial fractures will span across 23 grids in the I direction.
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Figure 8: Establishment of fracturing model
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Based on actual production data from the field, the model is calibrated to predict gas production rates. A comparison between the modeled daily oil production and actual daily oil production is presented in Fig. 9.
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Figure 9: Model oil and gas production fitting diagram: (a) model validation results for daily oil production; (b) model validation results for daily gas production

Additionally, considering field information indicating a reservoir pressure drop to around 35 MPa when cumulative gas production reaches 6.5 million cubic meters, the model predicts a reservoir pressure of 33.8 MPa under the same gas production conditions, resulting in a discrepancy of 3.43%. The comparison of actual and modeled pressures at various time points is illustrated in Fig. 10.
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Figure 10: Comparison of model pressure and actual pressure measurement point

3.2 Reservoir Fluid Flow Patterns in Different Stages of Deep Condensate Gas Depletion

In the absence of mobile water in the reservoir, the development process of condensate gas can be roughly divided into three zones: the gas phase flow zone (Zone III), the transitional zone with coexistence of phases where only one phase flows (Zone II), and the gas-liquid two-phase flow zone (Zone I) [38]. In Zone III, the reservoir pressure is above the dew point pressure (Pd), and there is no condensate oil present; only gas flows. In Zone II, the reservoir pressure is slightly below Pd but still above the two-phase flow pressure (P*). Condensed condensate oil cannot flow yet, forming a transitional phase with coexistence of phases where only one phase flows. In Zone I, the reservoir pressure is below P*. Condensate oil can flow, and there is gas-liquid two-phase flow in the reservoir. Therefore, this section will analyze the permeability characteristics in these three stages. It is noteworthy that during the late stage of production, both the average reservoir pressure (Pr) and the bottom hole flowing pressure (Pwf) are below Pd, indicating severe condensation phenomena in the reservoir.

3.2.1 Fluid Flow Patterns in the Early Stage (Pwf > Pd; Pr > Pd)

Based on the conclusions drawn from phase analysis, it is understood that at a temperature of 438.15 K, the dew point pressure is 35.5 MPa. Assuming a bottom hole flowing pressure (Pwf) of 38 MPa for production, the variations in gas production, oil production, and gas-oil ratio are illustrated in Fig. 11. Due to the reduction in reservoir energy during depletion development, the gas and oil production rates of the gas well show a declining trend. At this stage, Pwf is greater than Pd, the gas-oil ratio remains essentially unchanged, and no condensate phenomenon occurs. The oil equivalent at this point is 4063 tons.
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Figure 11: Dynamic data for depletion production with a bottom-hole flowing pressure of 38 MPa: (a) cumulative gas production and daily gas; (b) cumulative oil production and gas-oil ratio

During the initial stage of depletion production, with a bottom-hole flowing pressure exceeding the dew point pressure, the distribution of final reservoir pressure and oil saturation provides valuable insights. As illustrated in Fig. 12, the reservoir pressure exhibits a radial distribution, with higher pressures observed at greater distances from the production well. The permeability characteristics of deep condensate gas reservoirs are closely related to the distribution of reservoir pressure. In this stage, where the bottom-hole flowing pressure surpasses the dew point pressure, no condensate oil is precipitated, resulting in zero oil saturation across the grid. A longitudinal profile analysis, depicted in Fig. 13, further examines the vertical distribution of pressure and oil saturation at varying distances from the production well. The quantified data illustrates the pressure and condensate oil saturation within different lengths of the reservoir. It is evident that, during production with a bottom-hole flowing pressure exceeding the dew point pressure, the reservoir fluid remains within the single-phase gas flow region (Zone III). No condensate oil generation occurs, and the reservoir is devoid of two-phase flow.
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Figure 12: 38 MPa depletion development horizontal distribution of pressure and oil saturation: (a) pressure distribution; (b) oil saturation distribution
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Figure 13: Longitudinal distribution of pressure and oil saturation: (a) pressure distribution; (b) oil saturation distribution; (c) distribution of pressure and oil saturation at different distances from producing wells

3.2.2 Reservoir Flow Characteristics during the Intermediate Stage (Pwf < Pd; Pr > Pd)

During the intermediate stage of depletion in deep condensate gas reservoirs, the initial bottom-hole pressure is insufficient to sustain normal production from the production well. Consequently, a pressure reduction is required. Setting the bottom-hole pressure slightly below the dew point pressure and with the average reservoir pressure above the dew point pressure, this section considers a bottom-hole flowing pressure of 33 MPa for depletion development. The variation curves of gas production, oil production, and gas-oil ratio are depicted in Fig. 14. In this production stage, C5+ condensate oil components first precipitate from the gas phase around the production well. However, due to the limited amount of condensate oil precipitation, the minimum saturation for condensate liquid flow is not yet reached, resulting in the formation of a transitional region with single-phase gas flow coexisting with oil in the reservoir. Compared to the initial gas production, the oil and gas equivalent during this stage is 8837 tons.
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Figure 14: Dynamic data for depletion production with a bottom-hole flowing pressure of 33 MPa: (a) cumulative gas production and daily gas; (b) cumulative oil production and gas-oil ratio

During this process, the precipitation of condensate oil leads to a decrease in gas production. On the other hand, the deposited condensate oil may block the pore throats, causing a simultaneous decline in daily gas and oil production. Consequently, the gas-oil ratio exhibits a noticeable upward trend. This phenomenon is attributed to the partial precipitation of condensate oil in the reservoir, with the residual condensate oil remaining immobile in the pore throats, ultimately resulting in a gradual increase in the ratio of gas production to oil production over time.

In the intermediate stage of depletion, where the bottom-hole pressure is below the dew point pressure (Pd) and the average reservoir pressure (Pr) is above the dew point pressure, the distribution of reservoir pressure and condensate oil saturation is illustrated in Fig. 15. As the bottom-hole pressure drops below the dew point pressure during production, the reservoir pressure exhibits a radial decreasing distribution with proximity to the production well. Condensate oil precipitation initiates around the well, with higher oil saturation closer to the well, predominantly concentrated in the vicinity of the fractured area created by hydraulic fracturing. The pressure drop is more significant in the high-permeability zone of the hydraulic fractures, facilitating the flow of natural gas and condensate oil. However, this region may also become a condensate oil zone, impeding the flow of natural gas.
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Figure 15: 33MPa depletion development horizontal distribution of pressure and oil saturation: (a) pressure distribution; (b) oil saturation distribution

The distribution of reservoir pressure and condensate oil saturation at varying distances from the production well is depicted in Fig. 16. In cases where the bottom-hole pressure is lower than the dew point pressure, and the reservoir pressure is higher than the dew point pressure during production, the reservoir fluid exhibits a coexistence of three regions. Generally, closer proximity to the production well results in higher condensate oil saturation. However, the rate of increase in condensate oil saturation diminishes. The highest condensate oil saturation occurs approximately 25 m from the well, potentially forming a condensate oil zone in the near-well region, causing condensate oil blockage and higher condensate oil content in the vicinity of the well.
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Figure 16: Longitudinal distribution of pressure and oil saturation: (a) pressure distribution; (b) oil saturation distribution; (c) distribution of pressure and oil saturation at different distances from producing wells

3.2.3 Reservoir Flow Characteristics during the Late Stage of Depletion (Pwf < Pd; Pr < Pd)

In the late stage of depletion, where the bottom-hole pressure (Pwf) is significantly lower than the dew point pressure (Pd), and the average reservoir pressure (Pr) has gradually fallen below the dew point pressure, the dynamic changes in gas production, oil production, and gas-oil ratio are depicted in Fig. 17. As both the reservoir pressure and bottom-hole pressure are below the dew point pressure, mixed fluid flow dominated by oil and gas coexists in the reservoir. During this production stage, as the reservoir pressure continues to decrease, a substantial amount of condensate oil precipitates. In comparison to the mid-term development, there is a notable increase in daily gas and oil production, leading to a sharp rise in the gas-oil ratio. At this stage, the oil and gas equivalent is 15,187 tons.
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Figure 17: Dynamic data for depletion production with a bottom-hole flowing pressure of 25 MPa: (a) cumulative gas production and daily gas; (b) cumulative oil production and gas-oil ratio

During this pressure stage, the daily gas and oil production increases compared to the mid-term development. This is attributed to the continuous precipitation and accumulation of retrograde condensate, overcoming the resistance of the condensate oil blockage (Jamin effect resistance). Additionally, as the amount of condensate oil precipitation reaches the critical flow saturation, condensate oil begins to flow toward the wellbore. Due to the low interfacial tension between condensate oil and gas, the condensate gas efficiently transports the condensate oil film, leading to enhanced flow efficiency.

The distribution of pressure and oil saturation during this production stage is illustrated in Fig. 18. As the bottom-hole pressure and reservoir pressure are both below the dew point pressure, the closer the distance to the production well, the lower the pressure, with a more pronounced pressure drop in high-permeability zones compared to low-permeability zones. In areas where the bottom-hole pressure and reservoir pressure are below the dew point pressure, the condensate oil content in the reservoir is higher, mainly distributed in high-permeability zones, and mostly constitutes movable condensate oil.
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Figure 18: 25 MPa depletion development horizontal distribution of pressure and oil saturation: (a) pressure distribution; (b) oil saturation distribution

The distribution of reservoir pressure and condensate oil saturation at different distances from the production well (Fig. 19) reveals that when both bottom-hole pressure and reservoir pressure are below the dew point pressure during production, the reservoir fluid is predominantly in Zones II and I, with little presence of Zone III single-phase gas flow. Generally, closer proximity to the well results in higher condensate oil saturation. However, due to the rapid pressure drop in the near-well zone, there is a phenomenon of delayed condensate oil precipitation caused by the non-equilibrium phase change in condensate gas, leading to a decrease in condensate oil saturation in the near-well zone. Additionally, the increased gas flow velocity of the condensate gas induces non-Darcy flow, contributing to a certain degree of condensate liquid saturation. Consequently, the actual condensate oil saturation exhibits a complex and irregular pattern with varying distances from the well.
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Figure 19: Longitudinal distribution of pressure and oil saturation: (a) pressure distribution; (b) oil saturation distribution; (c) distribution of pressure and oil saturation at different distances from producing wells

In summary, during the initial development of deep condensate gas reservoirs, the reservoir mainly remains in the gas flow region (Zone III). To maximize reservoir exploitation efficiency, it is necessary during production to adjust the choke size of gas wells or artificially increase production pressure to control the production rate of wells, ensuring it does not exceed the gas phase productivity of the reservoir to avoid liquid phase formation. Regular reservoir pressure testing should also be conducted to ensure that reservoir pressure remains above the dew point pressure. In the mid-term development phase, corresponding measures can be taken, such as water or high-pressure gas injection near gas wells [11,39], to delay the decline rate of reservoir pressure and mitigate condensation phenomena. The development mode of the Yaha Condensate Gas Field in China adopts a water injection followed by gas injection pattern. After 25 years of production, the ultimate condensate oil and natural gas recovery rates are estimated to be approximately 48.14% and 64.1%, respectively, representing a 25% increase compared to the depleted development method [40]. In the late-stage development phase, to counteract condensation phenomena and maintain stable production, increasing the bottom-hole flowing pressure of production wells can be considered to elevate reservoir pressure and delay condensation. Regular wellbore cleaning or artificial lifting operations should also be conducted to enhance productivity and prolong the effective production period of gas wells. The Ansell gas condensate field restored production from some gas wells through artificial lifting operations, resulting in a 50% increase in gas well production to 1.237 billion cubic feet [41]. Additionally, injecting appropriate chemicals into the wellbore can be employed to clean condensate deposits and restore well productivity.

4  Production Dynamics and Seepage Laws in Well A1

The well A1 is a deep condensate gas well in a certain oilfield in China. It was fully drilled in July 2001, with a reservoir depth ranging from 4316 to 4500 m. The average porosity is 6.7%, and the average permeability is 3.2 mD. The reservoir temperature at the middle part is 168°C, with a geothermal gradient of 3.58°C/100 m. The original reservoir pressure is 41.9 MPa, and the pressure coefficient is 1.03, representing a typical high-temperature and normal-pressure reservoir. The well began spontaneous production after hydraulic fracturing in November 2005. Initially, the oil nozzle size was 6 mm, with an oil pressure of 21 MPa, casing pressure of 6.6 MPa, daily gas production of 94,719 m3, daily oil production of 30 tons, and water content of 3.0%. With the passage of production time, the production rate declined rapidly. By May 2008, the oil pressure had decreased to 3.3 MPa, casing pressure to 4.8 MPa, daily gas production to 4101 m3, daily liquid production to 0.5 tons, and water content to 0.1%. During this period, the annual decrement rate of daily gas production was 35%, and that of daily oil production was 88%. Since 2009, the well has been in the shut-in phase for reservoir pressure restoration. Throughout the development process, well A1 underwent two shut-in periods for reservoir pressure restoration and foam injection stimulation, but the contribution to production was not significant. Therefore, analyzing the production history of this well and the reservoir fluid seepage characteristics at different development stages has significant reference value for implementing measures to increase oil recovery in the future.

The production dynamic data curve of well A1 is depicted in Fig. 20. In the initial stage of condensate gas production, oil and gas were co-produced, indicating a higher content of condensate oil in the reservoir. When the bottom-hole flowing pressure fell below the dew point pressure, retrograde condensation occurred, contaminating the near-wellbore zone and causing a decrease in gas and oil recovery efficiency, consistent with the results of phase analysis. Despite experiencing two shut-ins with a certain rise in reservoir pressure, rapid pressure decline and decreasing production rates were observed after re-opening the well.

[image: images]

Figure 20: Production performance curve of well A1

4.1 The Single-Phase Flow Stage of Well A1 (Pwf > Pd; Pr > Pd)

During the actual production process of well A1, when the cumulative gas production reaches 1.3 million cubic meters, both the bottom-hole pressure and reservoir pressure of the production well exceed the dew point pressure. The variations in gas production, bottom-hole pressure, and gas-to-oil ratio during this period are illustrated in Fig. 21. The pressure differential between the reservoir and dew point is small, being only 8.68 MPa, with the bottom-hole pressure dropping near the dew point pressure. When the bottom-hole pressure is higher than the dew point pressure, the gas-to-oil ratio remains relatively constant. However, due to excessively high initial gas production rates, when the daily gas production reaches 120,000 cubic meters, the bottom-hole pressure abruptly drops below the dew point pressure, leading to a significant increase in the production of condensate oil in the reservoir and subsequent substantial reductions in daily gas and oil production. Although certain well shut-in measures were implemented subsequently, maintaining reservoir pressure above the dew point, the deposition of condensate oil near the wellbore resulted in a prolonged decrease in the productivity of the condensate gas well.

[image: images]

Figure 21: Production dynamic data and distribution of pressure and oil saturation in single-phase flow stage of well A1: (a) daily gas and cumulative gas production; (b) bottom hole pressure; (c) gas-oil ratio; (d) formation pressure and oil saturation distribution

4.2 Two-Phase Flow Transition Stage in Well A1 (Pwf < Pd; Pr > Pd)

As the condensate gas well A1 continues its exploitation, the bottom-hole flowing pressure further decreases. When the bottom-hole flowing pressure of well A1 drops to around 28 MPa, with a cumulative gas production of 2.724 million cubic meters, the reservoir enters a transitional phase. During this period, the dynamic production data, pressure profiles, and oil saturation distribution of well A1 are depicted in Fig. 22. At a bottom-hole flowing pressure of approximately 28 MPa, pressures near the wellbore fall below the dew point pressure, leading to the onset of condensate oil precipitation. The permeation zone within the reservoir exhibits a coexistence of three zones. As the bottom-hole pressure approaches the dew point pressure, the gas-to-oil ratio gradually increases. When the bottom-hole pressure becomes lower than the dew point pressure, the condensate oil near the wellbore reaches its minimum flow saturation, allowing simultaneous flow of oil and gas.

[image: images]

Figure 22: Production dynamic data and distribution of pressure and oil saturation in two-phase flow transition stage of well A1: (a) daily gas and cumulative gas production; (b) bottom hole pressure; (c) gas-oil ratio; (d) formation pressure and oil saturation distribution

Upon reaching a cumulative gas production of 2.724 million cubic meters, a small region about 80 m away from the wellbore exhibits immobile condensate oil, indicating the prevalence of Type II flow behavior. The extent of Type III flow covers a range of 91 m from the wellbore. The presented figures illustrate the intricate dynamics of the transitional phase, highlighting the evolving behavior of pressure and oil saturation distribution in the reservoir.

4.3 Two-Phase Flow Stage in Well A1 (Pwf < Pd; Pr < Pd)

When the cumulative gas production reaches 15.01 million cubic meters, both the bottom-hole pressure and reservoir pressure in well A1 fall below the dew point pressure. During this period, the dynamic production data, pressure profiles, and condensate oil saturation distribution are illustrated in Fig. 23. As the bottom-hole pressure continues to decrease, the condensate oil precipitation region expands further. When the bottom-hole flowing pressure and reservoir pressure approach the dew point pressure, the gas-to-oil ratio experiences a sharp increase. Compared to the preceding two production stages, the increment in gas-to-oil ratio during this phase is notably larger. At this point, only Type II and Type I flow regions are present in the reservoir, with no occurrence of Type III flow areas.
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Figure 23: Production dynamic data and distribution of pressure and oil saturation in two-phase flow stage of well A1: (a) daily gas and cumulative gas production; (b) bottom hole pressure; (c) gas-oil ratio; (d) formation pressure and oil saturation distribution

The well has been in shut-in status since 2008, during which the reservoir pressure has partially recovered. However, the predicted current reservoir pressure remains below the dew point pressure. For the later reopening of the well, it is advisable to implement controlled-pressure production to optimize a reasonable production rate. Additionally, in the later stages of production, considering reservoir pressure depletion, measures such as gas injection or gas lift from surrounding wells can be employed. Another strategy could involve single-well cyclic gas injection and production in well A1. Due to the earlier depletion development, a substantial amount of condensate oil is present in the reservoir. For later-stage production, techniques like hot nitrogen or CO2 injection can be considered to alleviate retrograde condensation damage. Certainly, the initial investment required for implementing these measures is typically substantial. This includes the construction of surface injection facilities, corresponding facilities for injection fluid treatment, as well as monitoring and control systems. If CO2 injection is chosen, sufficient gas supply is necessary. Therefore, prior to adopting the aforementioned measures, a thorough study of the block’s potential recovery must be conducted to ensure that the expected natural gas production revenue exceeds the costs incurred. Additionally, reservoir characteristics such as permeability, porosity, fluid properties, and geological structures play a significant role in the successful implementation of enhanced recovery techniques. Hence, compatibility assessments of enhanced recovery technologies for the block should be conducted to ensure that the injection process is suitable for the specific reservoir conditions. On the other hand, if injected CO2 is not fully captured and stored within the reservoir, it may lead to greenhouse gas emissions. Moreover, the injection of fluids during the process may potentially impact surface water and groundwater. This includes the use of surface water resources during the injection process, as well as the risk of contaminating groundwater quality due to injected fluids. These highlight the necessity for comprehensive research and assessment prior to the implementation of measures to increase recovery rates on-site.

In summary, during the depletion development of condensate gas reservoirs, the main reason for the decrease in condensate oil and condensate gas production is the anti-condensation phenomenon in the reservoir. Due to the deeper burial depth, higher temperatures, and pressures of the gas reservoir, deep condensate gas reservoirs exhibit characteristics of high condensate oil content in fluid composition. The decline in production varies depending on the condensate oil content, with reservoirs containing higher condensate oil experiencing faster production declines compared to those with lower condensate oil content. Additionally, the abandonment pressure during the depletion development of condensate gas reservoirs is also related to the type and depth of the reservoir. Gas reservoirs with deeper burial depths face higher abandonment pressures. Under high-temperature and high-pressure conditions, hydrocarbon components in deep condensate gas reservoirs may exhibit more complex phase behaviors, making it difficult to distinguish between gas and liquid interfaces, thus complicating condensate production and separation. On the other hand, the development of deep condensate gas reservoirs requires production equipment that can withstand high-temperature and high-pressure conditions, as well as the adoption of production processes suitable for such conditions, to ensure process stability and safety. This may lead to increased development costs.

5  Conclusions

This study, based on data from the deep condensate gas well A1, provides a thorough analysis of the phase behavior and reservoir flow dynamics under different temperature and pressure conditions. The research offers critical insights into the behavior of deep condensate gas reservoirs at various development stages. The main conclusions drawn are as follows:

(1) The initial pressure of the condensate gas system is higher than the dew point pressure. Retrograde condensation occurs when the pressure falls below the dew point pressure. The maximum condensate liquid production is observed at pressures around 25 MPa.

(2) As pressure decreases, gas phase density and viscosity gradually decrease, while liquid phase density and viscosity tend to increase. The content of C1 in the condensate gas slightly increases, and heavier components decrease. In the later stages, light hydrocarbon components re-evaporate from the condensate oil, leading to a trend of gradual decline followed by an increase in C2–C5 molar fractions.

(3) When Pwf > Pd and Pr > Pd, the reservoir flow pattern is dominated by a single-phase gas flow area in Zone III. When Pwf < Pd and Pr > Pd, the reservoir fluid flow state exhibits a coexistence of three zones. When Pwf < Pd and Pr < Pd, the reservoir fluid is mostly in Zones II and I, with almost no Zone III single-phase gas flow.

(4) A sudden drop in bottom-hole pressure below the dew point pressure triggers the production of condensate oil, significantly reducing subsequent gas and oil production. Therefore, controlled-pressure production is recommended during the development of deep condensate gas.

(5) Currently, the reservoir pressure is relatively low. Consideration can be given to gas injection, gas lift, and cyclic gas injection and production in surrounding wells. Additionally, considering the substantial presence of condensate oil in the reservoir, late-stage production may involve hot nitrogen or CO2 injection to alleviate retrograde condensation damage.
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Table 3: Basic parameters of the model

Parameter Value Sources
Study block area/m? 340 x 340 x 70 Field
Grid number (I x J x K) 34 x 34 x 35 /
Grid interval (I x J x K)/m 10 x 10 x 2 /
Total grid number 42665 /
Air-water interface/m 4450 Field
Reference pressure/MPa 43.88 Field
Reference depth/m 4404.75 Field
Rock compressibility/MPa ™! 6 x 107° Field
Simulation start date 8 November 2005 Field
Development mode Depleted development Field
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Table 4: Basic parameters of the model

Parameter Fracture width/m Equivalent fracture Fracture half-length/m
permeability/mD

Value 5 9 115
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Table 1: Composition of deep gas condensate well

Well fluid

Component

Molar content (%0) Heavy component content (g/cm?)
CO, 1.51 /
C 71.99 /
G, 5.17 64.68
G, 3.87 70.89
iC, 1.10 26.52
nC, 1.98 47.82
1C; 1.22 36.68
nC; 1.03 31.00
Cs 2.17 77.72
G 1.63 68.07
Cs 2.00 95.11
G, 1.63 86.98
Ci 1.13 66.74
Ciy 3.56 321.43
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Table 2: Model condensate gas pseudo-component

Component Molar content (%)
CO, 1.5

CH, 76.5

C,H, ;H; 9.7

IC, to NC, 3.0

IC; to NC; 2.3
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FC; to FG, 1.1

FCy 14 0.8

C15726+ 2.9
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