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Abstract

:

With the notable achievements attained through the implementation of steam-assisted gravity drainage (SAGD), the vertical–horizontal steam drive (VHSD) emerges as a pivotal technological advancement aimed at significantly enhancing the efficiency of thin reservoir heavy oil recovery subsequent to steam cyclic stimulation. The inclusion of nitrogen assistance has proven effective in enhancing the efficacy of gravity drainage techniques in reservoir development. However, it is noteworthy that this method has only led to improvements in approximately 50% of the well groups within the observed field. The comprehensive evaluation index of VHSD was proposed, and as the objective function, it was determined that the greatest contribution to the VHSD technique lies in oil saturation, accounting for 40% of the overall evaluations. This differs from conventional SAGD operations, where reservoir thickness serves as the primary determinant. Building upon an enhanced physical simulation similarity criterion, two comparative injection scheme experiments were conducted to explore the impact of nitrogen injection on the performance of VHSD and the characteristics of the steam chamber. Nitrogen is distributed in the vicinity of the steam chamber, leading to the formation of a dual mechanism characterized by ‘top heat insulation and lateral traction’ on the steam chamber. The lateral traction accounts for approximately 25% of the team chamber volume. Additionally, the inducement of nitrogen causes a downward displacement of crude oil, resulting in its accumulation within the high-temperature region of the steam chamber. This, in turn, enhances the contact area between the high-temperature steam and the crude oil, ultimately leading to improvement in production efficiency. Further validation of the impact of nitrogen on steam lateral traction and interlayer steam drainage within the reservoir was confirmed using Xinjiang oilfield testing. The well temperature increased from 75 °C to 130 °C.
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1. Introduction


The commercial development of heavy oil resources has increasingly become a prevalent practice. Among the various techniques available for heavy oil recovery, Steam-Assisted Gravity Drainage (SAGD) [1] holds a prominent position. Since 2010, the Vertical Horizontal well Steam Drive (VHSD) technique has been gradually applied in the oilfield by energy enterprises [2]. The well pattern requires that the vertical wells as steam injection wells are located on both sides of the horizontal wells, the horizontal section is located at the bottom of the oil reservoir, and the perforation position of the vertical wells is 5 m higher than that of the horizontal section. The vertical well continues to inject steam into the reservoir, resulting in its upward movement and subsequent layering to form a steam chamber within the upper region of the reservoir. The crude oil heated by the latent heat of steam vaporization is percolated to the bottom horizontal well due to the combined effects of steam displacement and gravitational potential energy [3,4]. The conventional SAGD technology has excessive heat loss, and the overlapping steam creates a rapid development of the steam chamber in the upward region. Once the steam chamber reaches the uppermost section of the oil layer, the overburden becomes heated, leading to decreased heat utilization efficiency, reduced cumulative oil–steam ratio (cOSR), and a subsequent decrease in economic benefits. In order to address this issue, in [5], the non-condensate gas-assisted steam gravity drainage technology (SAGP) was proposed, with non-condensate gas being injected as an additional injection agent during the SAGD process. Due to the lower density of non-condensate gas compared to wet steam, the non-condensate gas tends to accumulate in the upper region of the steam chamber through gravity differentiation, resulting in the formation of a thermal insulation layer. This phenomenon effectively diminishes the vertical temperature gradient of the advancing steam front, thereby minimizing heat dissipation into the overburden formation. Consequently, the lateral migration and expansion of the steam chamber are significantly enhanced [6,7]. Zhang et al. [8] revealed, through the laboratory physical simulation experiments, that the non-condensing characteristics of non-condensing gas led to gas accumulation and oscillation during the migration of the non-condensing gas slug, resulting in gas pointing and thus accelerating the vertical growth of the steam chamber.



The performance of SAGD is influenced by numerous factors. According to Butler’s classical analytical model [9], reservoir properties constitute one of the primary influential factors. Additionally, production conditions exert a significant impact on the overall performance of SAGD operations. Dong et al. [10] conducted a detailed analysis of the factors impacting the performance of SAGD using production data from the Bohai oilfield. They proposed an empirical formula to predict the SAGD recovery and cOSR. Based on their findings, reservoir thickness, permeability, and pressure were identified as crucial parameters with a significant influence on the performance of SAGD operations. Gao et al. [11] employed a two-dimensional physical model to investigate SAGD production in thick and thin reservoirs within block D of the L oilfield. Their study revealed that, in comparison to thick reservoirs, the steam chamber in thin reservoirs primarily laterally and rapidly reaches the top, resulting in lower cOSR. Therefore, it is widely acknowledged that the thickness of the oil layer plays a critical role in determining the performance of SAGD operations. Water saturation exerts influence on both the reserves and the initial mobility of water. In the case of a certain irreducible water saturation, a higher initial mobile water saturation is associated with increased steam injection capacity, as well as a greater proportion of convective heat transfer in the heat exchange process. Baker et al. [12] conducted numerical simulations on a set of horizontal well pairs within the Athabasca reservoir in Canada. Their study findings indicate that a significantly higher mobile water saturation level compared to the irreducible water saturation has a substantial impact on the SAGD production process. In general, reservoirs with water saturation ranging from 0.2 to 0.25 are deemed more favorable for SAGD production. At the same time, when the water saturation at the bottom of the reservoir is too high, there is substantial heat loss, and the existence of water layer affects the growth height of the steam chamber. The spacing between injection and production wells plays a crucial role in determining both the preheating time and the sub-cool levels. The spacing between adjacent SAGD wells not only determines the individual well production performance, but also influences the duration of steam chamber interaction between adjacent wells. Siavashi et al. [13,14] employed various optimization methods to investigate the impact of different well spacings (9, 14, 20, 27 m) on oil production. The computational results indicated that larger well spacings resulted in higher ultimate oil recovery. Rajan G. Patel et al. [15] employed a non-linear SAGD predictive model, while Sasaki et al. [16] conducted a two-dimensional experimental study. Their research findings indicate that as the well spacing increases, the steam chamber rise rate and the oil production rate also increase. However, considering the combined influence of heavy oil fluid properties and thermal conductivity characteristics, the optimal spacing between well pairs was determined to be 100 m [17]. The amount of steam injection directly determines the magnitude of energy supplied to the reservoir. However, this does not imply that greater steam injection leads to better results, as excessive steam injection may result in steam breakthrough in production wells. Lei Tao et al. [18] discovered that increasing the steam injection rate can result in an increase in oil production rate and a decrease in the oil-to-steam ratio (OSR).



In April 2022, one block in the Xinjiang oilfield initiated a targeted remediation of low-efficiency SAGD well pairs. On 30 July 2022, nitrogen-assisted measures were implemented. The production indicators from the demonstration area, as illustrated in Figure 1, demonstrate a 37.0% increase in the cOSR, rising from 0.180 to 0.247. Additionally, there was a decrease in the water cut, an improvement in oil production levels, and significant savings in steam consumption, amounting to 50,000 metric tons. The cost savings amounted to RMB 420,000. However, the effectiveness of nitrogen-assisted measures in the extension area was found to be inadequate (Figure 2). The cOSR and the production-to-injection ratio exhibited a decline, while the oil production level remained relatively stable. Only a slight downward trend in the water cut was observed after nitrogen injection. The overall production outcome did not meet the expectations set forth in the project plan.



This study aims to identify the key factors influencing VHSD and determine the contribution of each factor to the development effectiveness of VHSD through theoretical analysis. A comprehensive evaluation index for the comprehensive assessment of VHSD was proposed to evaluate the reservoir and fluid characteristics as well as production conditions influence on VHSD development. Furthermore, introducing a mobility correction factor into the original classical SAGD physical simulation time equivalent model, it aims to elucidate the mechanism of nitrogen-assisted VHSD through physical simulations, providing theoretical guidance for optimizing nitrogen-assisted VHSD.




2. Factors Influencing VHSD and Contribution Analysis


Factors such as reservoir thickness, oil saturation, injection temperature, steam quality, and production–injection ratio have significant impacts on performance during steam-assisted gravity drainage development. Investigating the contribution of these factors to the production capacity of VHSD holds practical significance. The comprehensive evaluation index was proposed, denoted as M, as the dependent variable, with reservoir thickness, oil saturation, production-to-injection ratio, injection temperature, and steam quality as independent variables. A comprehensive evaluation method is established to assess the aforementioned factors’ contributions to VHSD.



2.1. Evaluation Indicator


In steam-assisted gravity drainage (SAGD) oil recovery, the cumulative oil-to-steam ratio (cOSR) is commonly used as an economic evaluation indicator, while the cumulative oil production (Co) serves as a technical evaluation indicator. Thus, in designing a comprehensive evaluation index, it is essential to ensure that the index holds both economic and technical significance. Assuming the existence of a comprehensive evaluation index denoted as M, it can be defined as the product of the cOSR and Co at the steam breakthrough:


    M   p   =   c O S R   p   ×   C   o p   ,  



(1)




where   c O S R   is the cumulative oil-to-steam ratio at the steam breakthrough, m3/m3,     C   o     is the cumulative oil production at the steam breakthrough, m3, and p is the evaluation parameters, namely reservoir thickness, oil saturation, production–injection ratio, injection temperature, and steam quality.



As shown in Table 1, different levels of each influencing factor are selected. Using numerical simulation methods, the cumulative oil-to-steam ratio and cumulative oil production at the steam breakthrough for each level are calculated. Then, the comprehensive evaluation index is calculated using Equation (1). To compare the impacts of different influencing factors on production performance, the comprehensive evaluation index at different levels is normalized. The unit compound evaluation index, denoted as     N   p    , is defined. The calculation formula is as follows:


    N   p   =    ∑      M   n   −   M   n − 1     Δ p       n − 1   ,    



(2)




where     N   p     is the unit compound index for factor p, n is the number of different levels for each influencing factor,   Δ p   is the difference between adjacent levels of each factor, and     M   n    ,     M   n − 1     are comprehensive evaluation index corresponding to adjacent levels of each factor.



The cumulative oil-to-steam ratio and cumulative oil production forecast results with the operating parameters, including production-to-injection ratio (PIR), steam injection temperature, and steam quality, under different reservoir conditions of oil layer thickness and oil saturation are calculated using Equation (1) to obtain the comprehensive evaluation index. The unit compound evaluation index is then calculated using Equation (2). The results are shown in Table 1.



Based on the comparison of unit compound index for each factor in Figure 3, the contribution degrees of each factor are determined as follows: oil saturation > production-to-injection ratio > steam quality > oil layer thickness > steam injection temperature. A detailed analysis is provided in Section 2.3.




2.2. Validation of the Relationships between Influencing Factors


The relationships of the above influencing factors were validated using the standardized regression coefficient method. A five-factor four-level orthogonal experiment was designed within the ranges of 12–22 m for oil layer thickness, 0.5–0.8 for oil saturation, 1.02–1.3 for production-to-injection ratio, 220–300 °C for steam injection temperature, and 0.6–0.8 for steam quality. As shown in Table 2, a total of 25 sets of experimental models were obtained, with the comprehensive evaluation indicators labeled as M1–25. In addition, the breakthrough timing of steam was determined at the end of each simulation for further analysis of the impact level of breakthrough timing on VHSD recovery performance.



The mathematical relationship for obtaining the comprehensive evaluation index through multiple linear regression is as follows:


    ∑  i = 1   i = 25      M   i     =   b   0   +   ∑  j = 1   j = 5        b   j   × p   j     ,    



(3)




where     M   i     is the unit compound index for each orthogonal experiment group,     b   0     is the constant term in the equation,     b   j     is the standardized regression coefficients for each influencing factor, and     p   j     is the evaluation parameters.



Using the SPSS data analysis software, standardized regression coefficients for each factor were obtained using the method of standardized regression coefficients, indicating the contribution degree of influence of each factor. As shown in Figure 4, compared to Figure 3, the relationship of influence contribution degree among factors is consistent: oil saturation > production-to-injection ratio > steam quality > oil layer thickness > steam injection temperature. This demonstrates that using a unit compound evaluation index can effectively determine the contribution of each factor’s influence.




2.3. Analysis of Evaluation Results


The factors that influence VHSD performance can be divided into two categories. The first category includes reservoir and fluid properties, such as oil saturation and oil layer thickness. The oil layer thickness influences both the reserves and the shape of the steam chamber. A thicker oil layer facilitates a higher oil production rate, a more gradual decline in production, and a larger steam chamber height. When the oil saturation is significantly higher than the connate water saturation, it greatly affects the production process of SAGD [12]. The comprehensive evaluation index M is the product of cumulative oil production and cumulative oil-to-steam ratio at the steam breakthrough stage. Oil saturation influences both reserves and thermal efficiency. Therefore, oil saturation directly affects cumulative oil production and cumulative oil-to-steam ratio, making oil saturation the most significant contributing factor. Another category is production conditions, including the production–injection ratio, steam quality, and steam temperature. Production–injection reflects the balance of reservoir pressure. Field development dynamics have shown that maintaining a production–injection ratio between 1.0 and 1.1 can effectively sustain reservoir pressure and steam chamber expansion. Excessive or insufficient production-to-injection ratios can lead to flashing at the bottom of production wells, resulting in steam breakthrough and decreasing thermal efficiency and cumulative oil production. Steam quality refers to the percentage by mass of dry saturated steam in every kilogram of wet steam. A higher steam quality indicates a greater amount of dry steam per unit of steam, resulting in higher latent heat within the steam and greater thermal energy carried by the steam chamber, leading to a wider reach of the steam chamber. The higher the steam temperature, the greater the heat carried by the steam. However, superheated steam has limited latent heat, thus providing limited expansion effects on the steam chamber. Therefore, in terms of VHSD, steam temperature contributes less compared to the production-to-injection ratio and steam quality.



Breakthrough timing refers to the moment when injected steam reaches the production well. The impact of breakthrough timing on the comprehensive evaluation index is greater than that of production conditions and even greater than that of reservoir thickness. This conclusion indicates the critical importance of controlling sub-cool in the VHSD production process.





3. Two-Dimensional Physical Simulation Experiment of VHSD


3.1. Similarity Criteria Modification


Based on the physical simulation similarity criteria of SAGD, the reservoir prototype and the experimental model are interconnected through similarity theory, resulting in the approximation of the simulation results of the experimental model to that of the reservoir prototype. The prototype refers to the actual reservoir system, such as the fluid flow process or configuration within an oil reservoir, while the model represents a scaled-down system of the reservoir parameters in a laboratory setting. Similarity theory refers to the concept of proportionally transferring the geometric dimensions, physical conditions, boundary conditions, and other relevant aspects of the prototype onto a scaled-down indoor model, and then converting the experimental results of the model back to the oil field prototype using the same scaling ratio. This approach enables the conversion between the model and the prototype.



Professor Jiang [19] proposed the physical simulation similarity criteria for SAGD, including geometric similarity, time similarity, and material property similarity.



Geometric similarity:


        W   L       m   =       W   L       f    



(4)






        h   Z       m   =       h   Z       f    



(5)







Material property similarity:


  B =    k g Z   α Δ   S   0   μ   v   s       



(6)






      K   m       K   f     =         Z   α ϕ Δ   S   0   μ   v   s         f           Z   α ϕ Δ   S   0   μ   v   s         m      



(7)







Time similarity:


         α t     Z   2         m   =         α t     Z   2         f     



(8)






      t   m       t   f     =         Z   m       Z   f         2       α   f       α   m      



(9)







The original time equivalent model did not account for the changes in mobility due to the variation in permeability in the similarity criteria, leading to a significant underestimation of the model’s actual equivalent time. By introducing a mobility correction factor into the original time equivalent model, the similarity criteria are made more in line with the field actual conditions:


      t   m       t   f     =       k   f       μ   f           k   m       μ   m               Z   m       h   f         2       α   f       α   m      



(10)






    t   m   =   t   f       k   f       k   m             Z   m       h   f         2       α   f       α   m      



(11)







Nomenclature:



W—Distance between vertical and horizontal wells; prototype unit is m, model unit is cm;



L—Horizontal well length; prototype unit is m, model unit is cm;



Z—Reservoir thickness; prototype unit is m, model unit is cm;



t—Production time; prototype unit is year (a), model unit is min;



m—Representative experimental model;



f—Representative field prototype;



ρ—Reservoir fluid density, kg/m3;



B—Similarity number;



K—Permeability, 10−3 μm2;



μ—Oil viscosity, cp;



vs—Dynamic viscosity of oil at steam temperature, m2/s;



ΔS0—Mobile oil saturation;



  ϕ  —Porosity;



  α  —Thermal diffusion coefficient; reservoir value: 0.081 m2/d, model value: 0.035 m2/d.



The original model of 60 min is only equivalent to 0.17 years in the actual field condition, while the modified model of 60 min is equivalent to 4.21 years in the actual field condition. The experimental process typically lasts for 2–3 h, and based on the production data from the field blocks, 1 h should be equivalent to approximately 4 years of actual production time. The current model adjustment is thus closer to the actual production conditions (refer to Table 3).




3.2. Experimental Design


3.2.1. Experimental Instruments and Materials


The experiment utilized a two-dimensional SAGD scaled physical simulation system (Figure 5). The physical simulation system mainly consists of five components: (1) The injection system enables the injection of steam and non-condensable gas. (2) The model itself is a sand-filled model with external insulation. (3) Temperature and pressure data collectors monitor the temperature and pressure at different positions within the system. The temperature field map and pressure field map are visually presented via a computer. (4) The production fluid separation and measurement system are primarily composed of back pressure controllers, liquid collectors, etc. (5) Data acquisition and experimental data processing software. Based on the characteristics of the model, a computer grid model is established to convert analog signals into digital signals. Real-time acquisition and processing of temperature and pressure data during the experimental process are carried out using a computer.



The experimental oil selected for this study is dehydrated crude oil from the Xinjiang oilfield. The viscosity of the degassed crude oil at 50 °C is 9930 mPa·s, and the density is 984.1 kg/m3 at the same temperature. High-purity nitrogen gas is used as the non-condensable gas, and the model is filled with 20–40 mesh quartz sand.




3.2.2. Experimental Model


Figure 6 illustrates the schematic diagram of the two-dimensional physical model for a VHSD system. Two vertical wells are located above a horizontal well, with the distance from the lower boundary of the model to the top of the wells being 11.5 cm. The vertical separation between the injection well and the production well is 7.5 cm, and the production well is located 5.5 cm away from the lower boundary of the model. The length of the two-dimensional model is 50 cm, the height is 30 cm, and the thickness is 5 cm. The pore volume after filling the model with quartz sand and the volume of saturated oil after saturation are provided in Table 4.



In accordance with the similarity criteria, the experimental model parameters corresponding to the parameters of the VHSD reservoir were calculated (Table 5). The reservoir parameters including porosity, oil saturation, crude oil viscosity, crude oil density, and steam quality are equal to the experimental model parameters. The parameters for reservoir thickness, injection and production well spacing, vertical well spacing, and perforation thickness are converted using the principles of geometric similarity. Permeability is transformed using an equivalent permeability model. Time is transformed using a modified time-equivalent model, where 60 min in the experimental model represents a reservoir production time of 4.21 years. In the field, two vertical wells have a combined injection rate of 130 t/d, and the injection rate in the model is calculated as 34.0 mL/min based on steam quality and perforation thickness. The average steam absorption length in the horizontal section is calculated based on the interpretation report of the wellbore temperature profile test. The volume of injected nitrogen is obtained by proportional transformation based on the model volume.




3.2.3. Experimental Scheme


Pure steam VHSD experiment: The cyclic steam stimulation (CSS) stage consists of 2–3 cycles, with an injection rate of 35 mL/min (total for three steam injection wells), an injection time of 60 min, and a soaking period of 5–10 min. In the gravity drainage stage, the injection rate of the two vertical wells is maintained at 35 mL/min, with an injection time greater than 60 min and the back pressure of 2 MPa. While the actual number of CSS cycles is high, in order to prevent equipment pressure disturbances leading to leaks, the CSS design includes 2–3 cycles, transitioning to the gravity drainage stage after achieving a recovery around 25%. Based on the current declining production forecasts, the VHSD development time should be equal to or greater than the production time. Therefore, the design gravity drainage time is set at ≥60 min.



Nitrogen-assisted VHSD experiment: The CSS stage consists of 2–3 cycles, with an injection rate of 35 mL/min (for three steam injection wells), an injection time of 60 min, and a soaking period of 5–10 min. In the nitrogen-assisted gravity drainage stage, the injection rate is 35 mL/min (for two vertical wells). After the steam reaching the top of the steam chamber, two vertical wells switch to inject nitrogen 550 mL, taking 11 min (closing the production well when nitrogen injection). Subsequently, continuous steam injection is carried out for 60 min for two vertical wells, with a production well back pressure of 2 MPa.





3.3. Analysis of Experimental Results


The steam chamber development during the preheating phase of the CSS stage is illustrated in Figure 7. Upon the steam injection of the first CSS cycle, the steam chamber begins to radially expand from the three steam injection wells, forming a ‘V’-shaped steam chamber composed of three circular regions. By the end of the steam injection of the first CSS cycle, the steam chamber occupies approximately 24% of the experimental model volume, with thermal communication established between the wells, albeit at a lower temperature. At the end of the oil production of the first CSS cycle, the volume of the ‘V’-shaped steam chamber slightly decreases compared to the steam injection phase, with a temperature drop of 6–13 °C, resulting in a recovery of 13.2%. Following the completion of the steam injection of the second CSS cycle, the lower part of the steam chamber horizontally develops, transitioning the chamber shape from ‘V’-shaped to ‘heart’-shaped, increasing the chamber volume to 34% of the experimental reactor volume. The temperature in the middle of the steam chamber rises by 30–40 °C, resulting in a recovery rate of 24.6%, the inter-well temperatures exceeding 75 °C. After oil production ceases, the steam chamber volume slightly decreases, and the average temperature within the chamber drops by 10 °C.



During the gravity drainage phase, the lower horizontal well performs stopped steam injection, and the upper two vertical wells perform continuous steam injection. The steam chamber development is illustrated in Figure 8. With the increasing steam injection volume, the steam chamber expands upward along the injection wells, and upon reaching the top of the model, it begins to spread towards the center. However, the steam chamber struggles to reach the sides of the model. At 5 min of steam injection, due to the cessation of steam injection of the horizontal well, the lower part of the steam chamber loses heat continuously and experiences a gradual decrease in temperature. Consequently, the lower part of the steam chamber contracts towards the center, and overall steam chamber temperature also decreases compared to the CSS phase. The steam chamber volume decreases to approximately 25% of the experimental reactor volume. After 13 min of steam injection, the steam chamber gradually expands upwards, leading to an increase in its volume. Furthermore, there is a notable increase in the temperature of the steam chamber. After 19 min of steam injection, the volume of the steam chamber continues to increase as it further expands upward. Simultaneously, the temperature of the steam chamber continues to rise. At this point, the oil production rate reaches its peak, followed by a subsequent decline in production. At 25 min of steam injection, the steam chamber on the right side reaches the top, forming a right-high–left-low ‘camel hump’-shaped steam chamber. At this stage, the volume of the steam chamber noticeably increases, accounting for approximately 47% of the reactor volume. The temperature at the two injection well points reaches 220 °C. After 40 min of steam injection, the high-temperature areas are connected, resulting in an average temperature of 215 °C in the middle of the steam chamber. The steam chamber continues to expand primarily upwards, and the top area on the right side enlarges. After 55 min of steam injection, the left side of the steam chamber reaches the top, resulting in an ‘apple’-shaped steam chamber. The volume of the steam chamber at this time occupies approximately 62% of the experimental reactor volume. The high-temperature area in the middle of the steam chamber expands, forming a ‘W’ shape, which accounts for approximately 30% of the steam chamber volume.



The characteristics of the steam chamber during the nitrogen injection process are shown in Figure 9. Due to insufficient heat supply, the steam chamber temperature significantly decreases. As the nitrogen injection volume increases, at the 11th minute of nitrogen injection, the temperature further decreases, and the steam chamber area expands. Under the traction of nitrogen, the steam chamber noticeably expands towards the upper-right region. The upper part of the steam chamber expands horizontally. At this point, the volume of the steam chamber occupies approximately 74% of the experimental reactor volume. This indicates that nitrogen has an expanding effect on the steam chamber.



Following nitrogen injection, a second round of steam injection is started (steam chamber as shown in Figure 10). The temperature of the steam chamber rapidly increases. Due to the nitrogen injected in the previous round occupying the top space of the model, the steam chamber does not expand directly towards the top of the model but rather gradually expands to the left and right above the injection well. It is evident that nitrogen effectively delays the phenomenon of steam override, increases the steam chamber area while reducing heat loss, and consequently enhances oil recovery.



Ten minutes after steam injection, the temperatures at the two steam injection well points notably increase. By 20 min of steam injection, the high-temperature zones at the two injection well points connect, forming an ‘M’ shape in the steam chamber, which is in contrast to the CSS phase. After 30 min of steam injection, the high-temperature zones within the steam chamber gradually expand, showing a tendency of downward expansion from the central region, leading to a gradual overall temperature increase in the steam chamber. At 45 min of steam injection, the temperature in the upper-right area of the steam chamber increases faster than in other areas, indicating a trend of tilting towards the upper-right side. After 60 min of steam injection, the volume of the steam chamber reaches over 80% of the experimental reactor volume. The impacted volume of the steam chamber significantly increases compared to the CSS stage. A ‘tooth-shaped’ high-temperature region forms in the middle of the chamber, with an average temperature of 220 °C, occupying approximately 25% of the steam chamber’s volume.



Production characteristics are shown in Figure 11, Figure 12, Figure 13 and Figure 14. For pure steam and nitrogen-assisted injection, the final oil recovery rates are 55.42% and 58.68%, respectively. During the nitrogen injection stage, the production wells are shut in and the recovery rate remains unchanged. After nitrogen injection followed by steam injection, the water cut decreases to below 90%, leading to a slight 3.26% increase in oil recovery. The cumulative oil-to-steam ratios for pure steam and nitrogen-assisted injection are 0.095 and 0.114, respectively, with nitrogen assistance increasing the cumulative oil-to-steam ratio by 0.019. During the early stage of nitrogen injection, while utilizing the residual heat in the steam chamber, increasing the steam chamber pressure expands the steam chamber volume, therefore increasing the instantaneous oil-to-steam ratio and slowing down the decline in the cumulative oil-to-steam ratio.



Research on nitrogen density and saturated steam density (Figure 15) indicates that the density of nitrogen is lower than that of wet steam but higher than that of dry steam. Due to the lower temperature at the top of the steam chamber, wet steam is predominant; as the density of nitrogen is lower than that of wet steam, nitrogen is more likely to distribute in the upper part of the steam chamber. The thermal conductivity of nitrogen is lower than that of oil, water, and rock (nitrogen: 0.02 W/m·K; oil: 0.13 W/m·K; water: 0.6 W/m·K; rock: 2.75 W/m·K) [20,21]. Nitrogen accumulated at the top of the reservoir forms a thermal insulation layer, reducing the upward heat transfer rate to the overburden, minimizing heat loss, improving thermal efficiency, and consequently reducing the steam injection volume and increasing the cumulative oil-to-steam ratio. Two-dimensional experiments demonstrate that the injection of nitrogen forms an approximately 8 cm thick thermal insulation layer, accounting for 22.8% of the height of the steam chamber, with a temperature of around 100 °C, which is approximately 50 °C lower than the top layer without nitrogen (Figure 16a). Due to the higher density of nitrogen compared to dry steam and the higher steam quality in the central high-temperature area of the steam chamber (close to 1.0), part of the nitrogen is squeezed downward toward the side of the steam chamber, as indicated by the arrows in Figure 16b. The presence of nitrogen below the side of the steam chamber leads to concavity in the steam chamber after subsequent steam injection. Overall, the injection of nitrogen promotes a lateral expansion of the steam chamber by approximately 10 cm, accounting for 25% of the width of the steam chamber. The above phenomenon indicates that after injecting nitrogen into the steam chamber, nitrogen is mainly distributed at the top but also partially around the steam chamber, creating a dual effect of ‘top insulation and lateral traction’ on the steam chamber. Research results demonstrate (Figure 4) that the contribution of oil saturation to VHSD is the highest, reaching 40%. The upper thermal insulation layer and lateral expansion effect after nitrogen injection are conducive to enlarging the contact area between high-temperature steam and crude oil, thereby enhancing the effectiveness of the drive drainage combined development.



The compressibility and expansion factors of gases are both relatively large; therefore, the nitrogen distributed at the top and around the steam chamber can help maintain system pressure. The nitrogen located at the top of the steam chamber also plays a role in displacing crude oil downward, thereby enhancing the oil drainage capacity of the reservoir. Additionally, due to the similarity in viscosity between nitrogen and dry steam, as shown in Figure 17 [22], this characteristic can reduce the viscous fingering effect, stabilize the displacement front, and improve oil displacement efficiency.



Within the steam-swept region, the wettability of the reservoir rock changes from oil-wet to water-wet, and the residual oil at the top of steam chamber after gravity drainage is mainly distributed as ‘isolated droplets’ in the pore space [23]. Due to the gas being non-wetting relative to oil, injected gas tends to occupy the center of the pore space, leading to the mobilization and downward movement of residual oil. During this migration process, residual oil from initially different locations coalesces to form accumulation zones. Due to the gravity contrast between gas and liquid, these accumulation zones gradually migrate towards the center of the vapor chamber with the injected gas, resulting in the accumulation of the oil phase in the center of the steam chamber. Residual oil saturation formed by gravity drainage with non-condensable gas is very low, theoretically achieving 100% oil displacement efficiency [24,25]. The downward displacement of crude oil by nitrogen can allow upper zone crude oil to enter the lower high-temperature steam chamber, where the crude oil undergoes secondary heating by the high-temperature steam, resulting in lower viscosity and higher extraction efficiency.



In addition to providing top insulation and lateral traction effects, nitrogen also serves to penetrate low-permeability interlayers to enhance the efficiency of steam injection [26,27]. Nitrogen (N2) is an element, while water molecules (H2O) are compounds. Therefore, nitrogen has low permeation resistance, a large diffusion coefficient, and lower interfacial tension with heavy oil. It can easily penetrate low-permeability layers through the fingering mode, displacing the original heavy oil and significantly reducing the resistance for subsequent steam permeation into low-permeability layers. Steam enters the low-permeability interlayers through breakthrough points of nitrogen, engaging in convective heat exchange with the heavy oil to reduce its viscosity.



The partial pressure effect of non-condensable gases can lower the temperature of saturated steam (Figure 18) [28]. That is, after injecting nitrogen into the reservoir, even in areas with lower temperatures, high-quality steam can be formed. The latent heat carried by high-quality steam is beneficial for heating crude oil and formation, thereby increasing the steam’s spread scope.



The experimental results presented in this study confirm the role of nitrogen in lateral traction steam to expand the steam chamber volume and increase the contact area between steam and crude oil. Li et al. [25] experimentally demonstrated the role of nitrogen penetrating the interlayer to prompt steam penetration into undeveloped areas. Field tests with nitrogen-assisted VHSD in one block of the Xinjiang oilfield reservoir further corroborated the existence of this phenomenon. Observation well 98 A in the HW042 well group had a well temperature of only around 75 °C before nitrogen injection (Figure 19), preventing steam from reaching the well and preventing it from effective production. On 31 July 2022, 45,000 Nm3 of nitrogen was injected into the well group. The well temperature began to rise on 13 August 2022, and by 21 August 2022, the temperature increased to 130 °C. After the well was opened, the wellhead temperature was 85 °C, with a daily oil production of 11 m3 and a water cut of around 30% (see production curve in Figure 20). As of 15 February 2023, the wellhead temperature stabilized around 80 °C, with an average daily oil production of 7.5 m3. Apart from fluctuations in water cut in December 2022 due to wax removal operations in the well, the average water cut remained stable at 30%. The above phenomenon indicates that the injected nitrogen leads subsequent injected steam towards well 98 A, enabling the well to resume production. This confirms the role of nitrogen in the lateral traction steam and penetrating interlayers promoting steam flow, thereby expanding the contact area between steam and reservoir crude oil. This mechanism enhances recovery effectiveness.





4. Conclusions


A comprehensive evaluation index for a full assessment of the VHSD was proposed. The contribution analysis for VHSD was conducted on reservoir and fluid characteristics as well as production conditions that affect development effectiveness using numerical simulation and data statistical methods. The results showed that oil saturation had the highest contribution at 40%, which differs from conventional SAGD operations, where reservoir thickness serves as the primary determinant.



Introduction of a mobility correction factor into the classical SAGD physical simulation time equivalent model increased the time equivalence by 25 times, significantly improving the agreement with the actual field production time.



Nitrogen surrounds the steam chamber, forming a dual effect of ‘top thermal insulation and lateral traction’ on the steam chamber. This causes expansion of the contact area between high-temperature steam and crude oil of more than 25%. Additionally, the viscosity of nitrogen is similar to that of dry steam, which can weaken the fingering phenomena of nitrogen gravity drainage and efficiently displace crude oil downwards. This leads to the accumulation of crude oil in the high-temperature area of the steam chamber, thereby enhancing the effectiveness of the VHSD process.



The field verification of nitrogen-assisted VHSD in one block of the Xinjiang oilfield reservoir demonstrated the lateral traction of nitrogen on steam and its ability to penetrate and prompt steam through interlayers. As a result, the wellbore temperature of well 98 A, which was previously unable to produce effectively, increased from 75 °C to 115 °C, leading to a restoration of daily oil production to 11 m3 with a stable water cut of 30%.
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Figure 1. Development performance of nitrogen-assisted VHSD operations in the demonstration area with 4 well pairs. 
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Figure 2. Development performance of nitrogen-assisted VHSD operations in the extension area with 4 well pairs. 
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Figure 3. Comparison of unit compound evaluation indicators. 
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Figure 4. Comparison of the contribution degrees of influencing factors. 






Figure 4. Comparison of the contribution degrees of influencing factors.



[image: Processes 12 00754 g004]







[image: Processes 12 00754 g005] 





Figure 5. SAGD two-dimensional physical simulation system. 
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Figure 6. The schematic diagram of the two-dimensional VHSD model. 
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Figure 7. Characteristics of CSS stage for steam chamber development. (a) Completion of the steam injection for the first cycle of CSS (25 min); (b) Completion of the oil production for the first cycle of CSS (35 min); (c) Completion of the steam injection for the second cycle of CSS (55 min); (d) Completion of the oil production for the second cycle of CSS (65 min). 
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Figure 8. Characteristics of gravity drainage stage for steam chamber development. (a) 5 min of steam injection; (b) 13 min of steam injection; (c) 19 min of steam injection; (d) 25 min of steam injection; (e) 40 min of steam injection; (f) 55 min of steam injection. 
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Figure 9. Characteristics of nitrogen injection stage for steam chamber development. (a) 4 min of nitrogen injection; (b) 7 min of nitrogen injection; (c) 11 min of nitrogen injection. 
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Figure 10. Characteristics of the steam chamber during the second steam injection stage. (a) 10 min of steam injection; (b) 20 min of steam injection; (c) 30 min of steam injection; (d) 45 min of steam injection; (e) 60 min of steam injection. 
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Figure 11. Oil recovery comparison curves. 
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Figure 12. Water cut comparison curves. 






Figure 12. Water cut comparison curves.



[image: Processes 12 00754 g012]







[image: Processes 12 00754 g013] 





Figure 13. Cumulative oil-to-steam ratio comparison curves. 
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Figure 14. Instantaneous oil-to-steam ratio comparison curves. 
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Figure 15. Comparison curves of nitrogen density and saturated steam density at different steam qualities under different temperatures. 
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Figure 16. Steam chamber characteristics of pure steam VHSD versus nitrogen-assisted VHSD. (a) 55 min of pure steam injection; (b) 52 min of steam injection after nitrogen injected. 
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Figure 17. Comparison curves of steam and nitrogen viscosity at different temperatures. 
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Figure 18. Effect of nitrogen addition on steam saturation temperature. 
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Figure 19. Well temperature profile of well 98 A before and after nitrogen injection. 
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Figure 20. Production curve of well 98 A after nitrogen injection. 
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Table 1. Summary of the evaluation indicators for SAGD extraction.
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Influencing Factor

	
Levels

	
M

	
      N   p      






	
Oil layer thickness

(m)

	
12

	
4336.75

	
2940.744




	
14

	
7345.927




	
16

	
11,466.38




	
18

	
21,500.5




	
20

	
28,084.83




	
22

	
33,412.29




	
Oil saturation

	
0.5

	
11,934.07

	
84,764.93




	
0.55

	
13,841.56




	
0.6

	
16,234.32




	
0.65

	
21,146.2




	
0.7

	
27,188.67




	
0.75

	
31,841.42




	
0.8

	
37,363.55




	
PIR

	
1.05

	
14,709.18

	
46,897.25




	
1.1

	
17,031.85




	
1.2

	
21,360.27




	
1.3

	
26,455.69




	
Steam temperature (°C)

	
220

	
19,541.99

	
11.89169




	
240

	
20,086.57




	
260

	
19,917.1




	
280

	
19,934.05




	
300

	
20,493.33




	
Steam quality

	
0.6

	
52,003.7

	
14,331.39




	
0.7

	
47,440.8




	
0.8

	
45,470.5











 





Table 2. Orthogonal experimental design and results.
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	Serial Number
	Oil Layer Thickness

(m)
	PIR
	Steam Quality
	Oil Saturation
	Steam Temperature

(°C)
	Breakthrough Time
	M





	1
	12
	1.2
	0.8
	0.8
	240
	18-Aug-2023
	47,130.56



	2
	18
	1.1
	0.6
	0.6
	240
	22-Jun-2028
	15,061.66



	3
	12
	1.2
	0.6
	0.7
	260
	24-Apr-2023
	5135.289



	4
	18
	1.02
	0.6
	0.8
	220
	25-Feb-2028
	14,164.88



	5
	12
	1.3
	0.7
	0.6
	220
	24-Jun-2023
	30,161.33



	6
	22
	1.02
	0.6
	0.5
	300
	2-Apr-2028
	8062.862



	7
	12
	1.3
	0.6
	0.7
	300
	27-Aug-2023
	32,198.33



	8
	12
	1.02
	0.7
	0.6
	260
	15-Jul-2023
	24,859.21



	9
	18
	1.02
	0.7
	0.7
	280
	18-May-2026
	17,168.36



	10
	16
	1.3
	0.6
	0.8
	280
	10-Jan-2025
	37,604.71



	11
	22
	1.2
	0.6
	0.6
	280
	11-Jun-2028
	21,435.23



	12
	16
	1.1
	0.6
	0.5
	260
	26-Jun-2023
	15,556.46



	13
	16
	1.02
	0.8
	0.6
	300
	17-Aug-2024
	13,015.4



	14
	16
	1.2
	0.7
	0.5
	220
	13-Aug-2024
	12,192.13



	15
	18
	1.2
	0.7
	0.5
	300
	3-May-2025
	12,285.01



	16
	22
	1.3
	0.7
	0.5
	240
	31-Oct-2026
	16,048.23



	17
	18
	1.3
	0.8
	0.5
	260
	29-Aug-2024
	14,685.22



	18
	22
	1.1
	0.8
	0.7
	220
	14-Sep-2027
	28,053.29



	19
	12
	1.1
	0.7
	0.5
	280
	14-Jul-2023
	17,964.59



	20
	12
	1.02
	0.8
	0.5
	280
	27-Jun-2023
	18,488.32



	21
	16
	1.02
	0.7
	0.7
	240
	7-Feb-2025
	16,867.82



	22
	22
	1.02
	0.7
	0.8
	260
	10-Jul-2028
	34,756.96



	23
	12
	1.02
	0.6
	0.5
	240
	10-Aug-2023
	15,033



	24
	12
	1.02
	0.6
	0.5
	220
	20-Aug-2023
	14,466.26



	25
	12
	1.1
	0.7
	0.8
	300
	6-Sep-2023
	41,338.7










 





Table 3. Comparison of equivalent times before and after model adjustment.
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After Adjustment

	
Before Adjustment




	
Model Time

/min

	
Actual Time

/a

	
Model Time

/min

	
Actual Time

/a






	
60

	
4.208

	
60

	
0.17











 





Table 4. The initial parameters of the physical VHSD model.
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	Experimental Scheme
	Pore Volume

(cm3)
	Saturated Oil

(mL)
	Oil Saturation

(%)





	Steam
	3259
	2300
	70.6



	Steam + N2 assistant
	3243
	2309
	71.2










 





Table 5. Comparison table of reservoir parameters and experimental model parameters.
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Physical Significance

	
Reservoir Parameter Values

	
Model Parameter Values

	
Comments






	
Reservoir thickness (m)

	
20.38

	
0.35

	
Geometric similarity criterion




	
Distance of injection and production well (m)

	
5

	
0.05




	
Vertical well separation (m)

	
70

	
0.07




	
Perforation thickness of vertical well (m)

	
10

	
0.01




	
Average porosity (%)

	
30.35

	
31.7

	
Equal




	
Average permeability (mD)

	
985

	
24783

	
Permeability similarity model




	
Oil saturation (%)

	
71

	
70

	
Equal




	
Viscosity of degassed crude oil at 50 °C (mPažs)

	
9930

	
9930




	
Oil density at 50 °C (kg/m3)

	
984.1

	
984.1




	
Steam injection rate (t/d, mL/min)

	
130

	
34.0

	
The model steam injection rate is calculated based on the steam quality, perforation thickness, and the vertical well injection rate of 130 t/d




	
Steam quality

	
0.8

	
0.8

	
Equal




	
Time (a, min)

	
4.21

	
60

	
Modified time similarity model




	
Volume of nitrogen injected during the first round (m3, Ncm3)

	
28,000–32,000

	
530–605

	
According to the proportional transformation of the model volume




	
Average horizon section length of the steam absorption (m)

	
200

	
0.025

	
Based on the interpretation report of the wellbore temperature profile test

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file26.jpg
Instantaneous OSR (m*/m*)

°
f

0.5

°
=
i

o
I

o
o

—o— Pure CSS + VHSD
—&—CSS + Nitrogen + VHSD

IS

a

j Ahw
%’%Mm

T T T T
20 25 30 35 40 45

Steam injection (PV)

T
5.0

55





media/file8.jpg
Checkuaes

Descetor

s ytncers

Stcuay vlves

205860 moce

15c0 pumps

Acquistionsstem

Buckpresar vtve

Uquid collectors





media/file27.png
Instantaneous OSR (m*/m?)

e
5
1

0.5

<
~
1

=
w
1

=]
(\S]
|

—o— Pure CSS + VHSD
—a— CSS + Nitrogen + VHSD

Steam injection (PV)





media/file34.jpg
Steam pressure (MPa)

Critical Point]

25 Molets Gas

50 Molets Gas
75 Mole Gas
e Water

Liquid Phase

Vapor Ph

150 200 250 300 350 400

Steam temperature (°C)





media/file13.png





media/file31.png





media/file39.png
Wellhead temperature (°C)
Water cut (%) Oil rate (m>/d)

Liquid rate (m>/d)

27-6-2022  31-7-2022  3-9-2022  7-10-2022 10-11-2022 14-12-2022 17-1-2023 20-2-2023  26-3-2023

—_

—_

W
|
]

7.6 P -

3.8 | Nitrogen injecti¢n

0.0 I -
112 F =

98 I~ -

o L~ S N

108'. | ] | L 1 ] | ] I | L | ] | L I |

81 I -
o4 I m
27 - m

0 L | ] | L 1 ] | ] I | L | ] | L I |

12.9 F i
8.6:- \ II '
1.3 .

0.0 L 1 I 1 1 I L 1 I 1 1 I 1 L I L 1 I 1 1 I L L I
27-6-2022 31-7-2022 03-9-2022 07-10-2022 10-11-2022 14-12-2022 17-1-2023 20-2-2023  26-3-2023

Date






media/file12.jpg





media/file18.jpg
(@) (b)

() @

(e)





media/file9.png
Check valves
Six-way valves
2D SAGD model
Flowmeter I Steam
generators

=

Desiccator

@,

Backpressure valve

ISCO pumps

Gas cylinders

Acquisition system

Liquid collectors





media/file14.jpg





media/file35.png
Steam pressure (MPa)

25

Critical Point
25 Mole% Gas
50 Mole% Gas 4
20 75 Mole% Gas / / /
/ / Pure Water
Liquid Phase /
is / / /
10 / / / /
/ / Vapor:Phase
| /%/
0 %
100 150 200 250 300 350

Steam temp

erature (°C)

400





media/file20.jpg
60
55
50
45

= 00

Oil recovery (%

w
8

—o— Pure CSS + VHSD
—&—CSS + Nitrogen + VHSD

0.5

1.0

13

20 25 30 35 40 45
Steam injection (PV)

50

&5





media/file23.png
Water cut

—o— Pure CSS + VHSD
—&a— CSS + Nitrogen + VHSD

ANDAAA

00 000000,
fi A -
o
A

z — T T~ T T T T T - T T
1.0 15 20 25 30 35 40 45 50 55
Steam injection (PV)





media/file5.png
Unit compound index

100,000

10,000

1,000

100

10

Oil saturation Production-injection ratio Steam quality

J

Influencing factor

Thickness

Temperature





media/file40.png





media/file36.jpg
Measured temperature (°C)
60 70 80 90 100 110 120 130

54—l 4 v 4 v w1 o9 o ¢op e s
. PO
170 4 I Vol
| 1
- / 1
= 175 \ 1 \
s : K\\
3
B 1801 N
\ Y
s / /
185
[Fe—15-Jul-2022
|+ 21-hug-2022
1504 ‘(/ e 21 Jan 2023






media/file15.png





media/file19.png
30. 00






media/file28.jpg
Density(kg/m)

2104

1804

150

I~}
8
I

904

604

304

—=— Steam quality 60%
—o— Steam quality 70%
—4— Steam quality 100%

—+— Nitrogen

200 250

Temperature(“C)

0 50 100 150

300

350





media/file2.jpg
COSR
100 - Oil rate|

s s

80

60

40 -

20 | I

02
o
ol b o f
0:biny [ e o0
00

202202 202204 202206 202208 202210 202212 202302
DATE

cOSR(m*/m*)/Oil rate(m*/d)/WCT(%)






media/file32.jpg
0.030 4

—=—Nitrogen
—e— Dry satureted steam|

0.0274

0.024 4

e
8
L

Viscosity (mPa-s)
s
B
T

0.0124

T T T T T T T T 1
0 50 100 150 200 250 300 350 400

Temperature (°C)





nav.xhtml


  processes-12-00754


  
    		
      processes-12-00754
    


  




  





media/file11.png
30 cm

Injection-1

?

11.5 cm

Injection-2

50 cm






media/file6.jpg
Influencing factor contribution degree

005 000 045 020 025 030

0.00

Jo108y Supouanyyuy






media/file24.jpg
025

0204

0.054

0.00

—o— Pure CSS + VHSD
—&—CSS + Nitrogen + VHSD

20 25 30 35 40 45 50 55

Steam injection (PV)





media/file29.png
210

180

150

—_

[\

-
|

Density(kg/m?)
=
|

o)
e
|

30 4

1 |—>— Nitrogen

—e— Steam quality 70%
—a— Steam quality 100%

| |7=— Steam quality 60% .
J

| | T T T I
150 200 250 300 350

Temperature(°C)

|
0 50 100

1
400





media/file1.png
| | cOSR
[ ]0il1 rate I s
| | WCT 108

120

100

-
|

43 2 2.8

80 z
60 — 0.9 59 0.4

40 ==

cOSR (m*/m?) /0i1 rate (m®/d) /WCT (%)

0.0

202202 202204

202206

202208
DATE

202210

202212

202302





media/file37.png
Measured temperature (°C)

60 70 80 90 100 110 120 130
165 ] ] 1 ] " ] 1 ] 1 ] " ] 1 ]
[ [ |
170 - l \.
\. \.
= o/ \-
E 175 - \ \
5 o |
5 | \
o
3 / N\
% 180 - o\ \
§ , !
> { /
185 4 \
././;. —e— 15-Jul-2022
21-Aug-2022
1904 % —s— 21-Jan-2023






media/file10.jpg
30 cm

Injection-1

11.5cm

Injection-2

50 cm






media/file7.png
Influencing factor

Influencing factor contribution degree
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40






media/file33.png
0.030

0.027 -

0.024 -

0.021 -

Viscosity (mPa-s)
<
-
>
|

0.015

0.012 -

—u— Nitrogen
—e— Dry satureted steam m

T~ T 1 oo
300 350

| |
0 50 100 150 200 250
Temperature (°C)

|
400





media/file16.jpg
@

(©)

®)






media/file38.jpg
10-11-2022 14-

2022 17-1-2023

[Ty
Eruel A 9
g s [ Nt nbete ]

hieF =
wl ]
ik ]
ol ]
- b e BT
Bl ]
2ol ]

s . —, W

T oof

2 oo ]

3 aaf ]

£ 1L SR S S PR R

%, amm -






media/file3.png
cOSR(m*/m*)/0il rate(m®/d)/WCT(%)

1] cOSR
100 4 |[[__]Oil rate

{CJwcr o

| sS04 795 803 79 789 797 81
80 45 7133 [] - 764 945
60 —

40

40 S 35 34 31 31 34 34 3

{5 5 29 30) 30 2

o~

=

02
0.2 -
0.1
0.1 0.1 o1 0.1 0.1

o ‘ 0.0

0.1 i 0.0
00 0.0 0.0 0.0

0.0 - -

202202 202204 202206 202208 202210 202212 202302
DATE





media/