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Abstract

:

The majority of marine hydrates are buried in unconsolidated or poorly consolidated marine sediments with limited cementation and strength. As a result, hydrate decomposition during production may cause significant subsidence of the formation, necessitating a halt in production. The numerical model of unconsolidated hydrate formation, based on geomechanics, was established in order to elucidate the depressurization production process. The sensitive factors of unconsolidated hydrate production were determined by analyzing the influence of formation parameters and production parameters on gas production. Then, a safety formation subsidence was proposed in this paper, and the appropriate well type and parameters for the safe and efficient production of hydrates in unconsolidated formations of various saturations were determined. The sensitivity of gas production to the formation parameters was in the order of formation porosity, hydrate saturation, and buried depth, while the effects of the production parameters were BHP (bottom hole pressure), horizontal length, and heat injection, in descending order. For hydrate reservoirs in the South China Sea, when hydrate saturation is 20%, a horizontal well is necessary and the appropriate horizontal length should be less than 80 m. However, when hydrate saturation is more than 30%, a vertical well should be selected, and the appropriate bottom hole pressure should be no less than 3800 kPa and 4800 kPa for 30% and 40% saturation, respectively. Based on the simulation results, hydrate saturation was the key factor by which to select an appropriate production technique in advance and adjust the production parameters. The study has elucidated the depressurization production of marine unconsolidated hydrate formations at depth, which has numerous implications for field production.
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1. Introduction


Gas hydrate represents a new type of clean energy, with vast reserves and wide distribution, which is primarily buried in permafrost and deep-sea environments. It is a crystalline compound that is formed by natural gas and water at high pressure and low temperature [1]. In recent years, investigations into gas hydrates continue to rise. On the one hand, hydrates are of high energy density and heat value and will release methane gas after decomposition, which has lower carbon content compared with other fossil fuels, and, thus, can decrease the carbon footprint. On the other hand, a hydrate reservoir is an effective place to store carbon dioxide, which plays an important role in alleviating the effects of global climate change. The basic idea behind utilizing gas hydrate is to allow hydrates to decompose into free gas and water before extracting gas from the formation using traditional methods. Gas hydrates can be exploited in seven ways: depressurization, heat injection, CO2 replacement, N2 injection, chemical reagent injection, solid fluidization, and combined methods [2,3,4,5].



Marine hydrates are often buried in unconsolidated sediments that are less than 400 m beneath the seabed of the continental slope. Unlike conventional oil and gas reservoirs, hydrates serve as the formation’s cementation, which means that hydrate decomposition will decrease the physical and mechanical properties of the sediments, such as the shear strength and the bearing capacity. Besides this, the hydrates will release a substantial amount of gas after decomposition, causing a sudden increase in pore pressure and a decrease in the effective stress of the sediments [6]. Under the action of pore pressure and overburden pressure, the sediments will experience significant deformation during production, which may result in a series of problems, such as subsea landslides, formation subsidence, and wellbore instability [2,7]. Furthermore, secondary hydrates and the ice that is generated as a result of the temperature drop induced by the endothermic decomposition process would clog the fluid seepage channel, reducing the production efficiency [8]. More dangerously, the two-phase flow and the change in effective stress may cause the sediment particles to move, resulting in substantial sand production and damage to the production equipment [9].



At present, many production tests have been conducted by five countries around the world. The most successful example was the Messoyakha gas field production project in the former Soviet Union, in 1969 [10]. Pure gas hydrate production tests occurred in the Mackenzie Delta, Canada in 2002, 2007, and 2008 [11,12]. The Ingnik Sikumi gas hydrate field trial in the US realized the joint development of conventional gas and gas hydrate in 2012 [13]. Marine NGH production tests were initiated in the eastern Nankai Trough in Japan in 2013 and 2017 [14,15]. Two more successful ocean production tests were conducted in the Shenhu area in the South China Sea, in 2017 and 2020 [16,17,18].



However, only the Messoyakha gas field has achieved commercial development. Due to various factors, such as sand production and formation subsidence, the duration of the other production tests was short, with the longest trial production time being only 60 days [18]. As a result, it is crucial to figure out how to reduce risk while increasing gas production, in order to achieve the safe and efficient development of hydrate reservoirs. This is related to the production behavior and mechanical properties of the formation. Many hydrate experiments and numerical simulation investigations into these two issues have been carried out over the years.



Although many problems exist in marine gas hydrate production, numerical simulation is a useful approach to unraveling the key factors in the production of marine unconsolidated hydrate reservoirs. In terms of hydrate production behavior, Li utilized TOUGH + HYDRATE to simulate the effects of different heat-injection temperatures and rates on gas recovery performance, under the combined exploitation methods of heat injection and depressurization [19]. Merey et al., conducted depressurization simulations using HydrateResSim (the United States) at different depressurization pressures, and the gas production and distribution of pressure, temperature, and saturation were compared [20]. Chen et al., used TOUGH + HYDRATE to simulate hydrate production in the Shenhu area in China and found that fracturing could increase the permeability of the sediments and gas production rate; cumulative gas production was also improved [21]. The production behaviors of hydrate reservoirs adopting a horizontal well [22] and a multi-branch well were studied [23]. Jin et al., numerically simulated the production behavior of depressurization, using horizontal wells combined with thermal stimulation, and the results showed that horizontal wells could achieve greater gas production [24]. Feng et al., studied hydrate decomposition using a horizontal well system known as LRHW (left well for injection and right well for production). The simulation results showed that the gas production using this well placement was higher than that of ULHW (upper well for production and lower well for injection) [25]. Almost all the research ignored the influence of formation subsidence on gas production. However, most marine hydrate sediments are unconsolidated and formation subsidence will occur during production, which will decrease the porosity and permeability of the formation and further influence gas production.



As for the mechanical response of the formation during production, Gong et al., used FLAC3D (Itasca International Inc., Minneapolis, MI, USA) to simulate the seafloor subsidence caused by hydrate production in the Shenhu area of the South China Sea [26]. Wan et al., established a coupled mathematical model of thermo-fluid-solid-chemical fields, based on hydrate drilling data in the Shenhu area, and analyzed reservoir subsidence, stress distribution, and seabed stability [27]. Jin et al., simulated the depressurization production of hydrates using a horizontal well in the Shenhu area via TOUGH + HYDRATE (Lawrence Berkeley National Laboratory, Los Angeles, CA, USA) and found that formation subsidence in the early stages of production accounted for more than half of the overall subsidence [28]. Jin et al., reported that the elastic–plastic relationship of hydrate-bearing sediments was important when studying their geomechanical behavior during production [28]. Li investigated the influence of excess pore pressure caused by hydrate decomposition on the slope stability of submarine soil, using the finite element strength reduction method [29]. Lee et al., carried out a field-scale numerical simulation study using the cyclic depressurization method in the Ulleung Basin of the Korea East Sea; the vertical displacement during production was calculated via the Geomechanics module of CMG (Computational Modeling Group, Calgary, AB, Canada) [30]. Sun et al., established a coupling model of seepage field, temperature field, and deformation field in the process of gas hydrate depressurization exploitation and analyzed the law of seabed subsidence [31]. These studies focused on the change and distribution of stress–strain and formation subsidence caused by hydrate decomposition during production.



Although the previous research analyzed the production performance and mechanical response of hydrate reservoirs in detail by numerical simulation, there is no research that considers the interaction according to these two aspects and that tries to find how to maximize gas production and minimum formation subsidence at the same time, to achieve safe and efficient production.



In this paper, a production model for unconsolidated marine hydrate sediments was developed. The formation subsidence and the sensitivity of gas production to formation and production parameters were analyzed, and the optimal production methods and parameters aiming at the safe and efficient production of hydrate sediments with different saturations in the South China Sea were determined.




2. Methodology and Procedures


The numerical simulation approach is adopted to elucidate the depressurization production process. The reservoir simulator CMG STARS (v2015, Computational Modeling Group, Calgary, AB, Canada) was utilized to build the reservoir model and to perform all the scenarios discussed in this paper. The STARS (Steam Thermal and Advanced Process Reservoir Simulator) is a reservoir simulator developed by the Computational Modeling Group Ltd., primarily for modeling the flow of three phases in the form of multi-component fluids. It can be used to model compositional, seam, geomechanical, and dispersed components, and the in situ combustion process. SRATS uses a discretized wellbore model that improves the modeling by discretizing the wellbore and solving the resulting coupled wellbore and reservoir flow problem simultaneously. It can also handle the formation and decomposition of hydrates [32,33]. Therefore, CMG STARS is adopted in this paper to build a model of unconsolidated hydrate reservoirs in the South China Sea.



The model is simplified to be a cuboid, assuming that the overburdening and underlying rock layers are impermeable and that saturation, permeability, and porosity are considered homogeneous, which are different from the real and complicated reservoir. The simulation parameters were determined according to the production test conducted in the South China Sea [29] and are simplified to improve the calculation speed: the water depth is 1500 m, the buried depth is 120 m, and the underlying rock strata is 20 m. This model was 2280 m in length, 1600 m in width, and 200 m in thickness. There is a free gas layer under the hydrate-bearing layer. The non-consolidation is achieved through the Geomechanics module in STARS (Figure 1). Although hydrate decomposition temporarily increases the formation porosity, the overburdening rock layers will compact the sediments and decrease the porosity. Moreover, the formation strength will also decrease with hydrate decomposition by changing the cohesion value, which will lead to substantial formation subsidence. The Carmen–Kozeny formula was used to calculate permeability, according to porosity. The model is shown in Figure 2, with a vertical well in the center. The detailed parameters are listed in Table 1, below.



The model was verified by comparing it with the known data of trial production tests, and the distribution of formation subsidence after production was analyzed briefly.



Then, the numerical simulation approach can be divided into two steps, to determine the safe and efficient production methods for unconsolidated hydrate formations with various parameters.



Firstly, a series of scenarios were run in an attempt to analyze the sensitivity of gas production to different parameters, including formation parameters and production parameters. A vertical well was adopted for sensitivity analysis, except when considering the sensitivity regarding the horizontal length. All the scenarios in this paper were simulated for a production duration of 1100 days.



The formation parameters are defined once the target reservoir has been identified, and consist of buried depth, initial hydrate saturation, and formation porosity. The production parameters refer to the well type and the associated parameters that can be intentionally changed. There are two types of wells: vertical and horizontal. Bottom hole pressure is the most important parameter for vertical wells, while horizontal wells should be concerned with horizontal length. Moreover, heat injection can be used with depressurization to boost gas production to some extent in both well types.



In the sensitivity analysis, it was only the parameter to be analyzed that varied, while all the other parameters remained constant. Several groups of simulations were run for each parameter. The relationship curve between cumulative gas production and the parameter to be investigated was linearly fitted and the slopes of these lines were compared, to find out which parameters had the greatest influence on gas production.



Secondly, the appropriate well types and parameters were determined. According to exploration data in the South China Sea, the average porosity of hydrate reservoirs is approximately 40%, with hydrate saturation ranging from 10% to 40% [18,19]. However, hydrate sediments with 10% saturation are not considered promising targets for production [34] and are ignored in the subsequent simulations. A horizontal well and vertical well were adopted. Under various production parameters, cumulative gas production and formation subsidence were obtained. Finally, the appropriate methods and parameters for maximum cumulative gas production were selected, while not exceeding the safety subsidence for various hydrate reservoirs in the South China Sea, based on the various economic and safety concerns.




3. Results and Discussion


3.1. Formation Subsidence of Unconsolidated Hydrate Reservoirs during Production


Unconsolidated hydrate sediments will experience great subsidence during production. Until now, only Japan and China have conducted marine hydrate production tests. According to the trial production test of marine hydrates around the world, the first production test in Japan in 2013 lasted 6 days and was halted due to serious sand production. The monitored seafloor subsidence was 0.1 m to 0.3 m after depressurization, which was combined with heat-injection production [35]. There were no reference data for the formation subsidence of the production test in the South China Sea. Figure 3 shows the subsidence distribution of the unconsolidated hydrate sediments after depressurization production. The largest subsidence of 0.123 m (the blue box in Figure 3) occurred around the wellbore, which was close to the trial test value for Japan, meaning that the model and CMG simulator were feasible for predicting the geomechanical response. The distribution of subsidence was axisymmetric with the production well because hydrates near the well-bore decomposed first and the decomposition area extended outward gradually.




3.2. Sensitivity to Formation Parameters


3.2.1. Effect of Buried Depth


As illustrated in Figure 4, at the beginning of production, the gas rate increased with the buried depth. The reason is that as the buried depth increases, the initial formation pressure rises, resulting in a larger production pressure differential. Thus, the hydrate decomposition rate would be higher. However, in the case of a deeply buried hydrate reservoir, the decomposition rate would decline dramatically over time, due to the rapid reduction of the residual hydrate, as shown by the yellow curve in Figure 4.



Figure 5 depicts the relationship between cumulative gas production and buried depth, which is roughly positive. The curve was linearly fitted, with a slope of 0.00794, indicating that the buried depth had a minor impact on gas production.




3.2.2. Effect of Hydrate Saturation


As shown in Figure 6, the gas production rate increases with the decrease in hydrate saturation (denoted by Sh below). As production progressed, the gas rate of the formation with a low Sh began to decline rapidly.



This is analogous to ice melting. The distribution of hydrate in the formation is dispersed in reservoirs with a low Sh. The hydrates will rapidly decompose and release methane once the formation pressure declines. Because there is not much hydrate remaining in the formation during the middle and late phases, the gas production rate will drop drastically. In the case of a reservoir with a high Sh, the distribution of hydrate in the formation is rather concentrated, the majority of it being massive. Only the outermost hydrate decomposes at a slow pace at the start of production. As time goes on, the hydrate progressively becomes more dispersed and gas production continues to rise, exceeding the rate of reservoirs with a low Sh.



Therefore, the influence of hydrate saturation on gas production varied, depending on the stages. Reservoirs with a low Sh could generate a large quantity of gas quickly, but the production duration was quite limited. While reservoirs with a high Sh had a long production duration, it required time to achieve significant gas production.



Figure 7 shows the relationship between cumulative gas production and Sh. The slope of the linearly fitted curve was 0.0989, indicating that Sh had a greater effect on gas production than buried depth.




3.2.3. Effect of Formation Porosity


The larger the porosity (denoted by  φ  below), the faster the fluid flowed in the formation, and so the pressure drop spread quickly. As a result, the decomposition rate of hydrate would be faster and more gas would be produced. That is, the rate of gas production was proportional to  φ , as shown in Figure 8.



The relationship between gas production and  φ  is seen in Figure 9. The slope of the curve was 0.1561, suggesting that  φ  had a greater impact on gas production than Sh.





3.3. Sensitivity to Production Parameters


3.3.1. Effect of Bottom Hole Pressure


As shown in Figure 10, the gas rate is inversely proportional to BHP, which implies that if the safety aspect of production is ignored, gas production will increase with the decrease in BHP.



Figure 11 depicts the connection between gas production and BHP. The curve was linearly fitted, and the slope was −0.6605, indicating that BHP had a significant impact on gas production.




3.3.2. Effect of Horizontal Length


As shown in Figure 12, gas production increases with the horizontal length (denoted by L, below) due to the faster pressure drop propagation induced by the increase in the exposed surface.



Figure 13 displays the correlation between gas production and L. The slope of the curve was 0.02196, demonstrating that L had a great influence on gas production, although not as much as BHP.




3.3.3. Effect of Injection Heat


As shown in Figure 14, injecting heat into the formation can boost the gas rate, albeit only slightly. When the injected heat surpassed a specific threshold (1 × 109 J/day), the gas rate would decrease compared with the rate when there is no heat injection. In other words, within a specific range, the gas rate was positively correlated with heat injection.



Figure 15 shows the relationship between gas production and Q. The curve was linearly fitted with a slope of 0.0021, indicating that Q had a negligible impact on gas production.



Overall, when all other parameters were assumed to be constant, the sensitivity of gas production to formation parameters was as follows: formation porosity > hydrate saturation > buried depth. The impact of the production parameters was: BHP > horizontal length > injected heat, as shown in Table 2.





3.4. Appropriate Well Types and Parameters


Figure 16 and Figure 17 illustrate the simulation results of hydrate reservoirs of different saturations in the South China Sea. The solid line denotes cumulative gas production, whereas the dotted line represents formation subsidence. The different colors represent different hydrate saturations. Among the simulations in this paper, gas production and formation subsidence using a horizontal well were all higher than that of a vertical well. However, what we expect is maximum gas production with minimum formation subsidence. In order to achieve this goal, it is necessary to choose an appropriate well type. In addition, gas production and formation subsidence both increased with the decrease in bottom hole pressure when a vertical well was adopted, and both increased with the increase in horizontal length when a horizontal well was adopted. Therefore, a balance between gas production and formation subsidence must be determined. That is, the appropriate parameters for the selected well type must be determined to achieve high gas production and low formation subsidence. A safety formation subsidence figure is proposed in this paper to achieve the above objectives. The safety formation subsidence was set at 0.1725 m (the average of the maximum and minimum subsidence figures in all the simulations), as shown by the dotted green line in Figure 16 and Figure 17.



At this point, the appropriate parameters for different reservoirs could be determined. Figure 16 depicts the appropriate BHP for hydrate reservoirs with various saturation values when a vertical well was used. The subsidence of hydrate reservoirs with different saturations was lower than the safety formation subsidence under a range of BHPs. When the hydrate saturation was 20%, the BHP should be at least 1060 kPa; when hydrate saturation was 30%, the BHP should be at least 3800 kPa; and when hydrate saturation is 40%, the BHP should be at least 4800 kPa.



Figure 17 shows the critical horizontal length found when a horizontal well was adopted. When the hydrate saturation was 20%, the horizontal length should not exceed 80 m. The subsidence of hydrate reservoirs with 30% and 40% saturation exceeded the safety value, whatever the horizontal length of the well, which means that a horizontal well was unsuitable for these two reservoir schemes.



Table 3 summarizes the well type and the parameters suitable for hydrate reservoirs with different saturations. For a hydrate reservoir with a saturation of 20%, gas production using a horizontal well was higher than when using a vertical well. For a hydrate reservoir with a saturation of 30% and 40%, a vertical well was suitable because the subsidence when using a horizontal well exceeded the safety value.



The method offered in this paper to determine the suitable production parameters for gas production is worth using as a reference, but the values still need to be adjusted, based on the consideration of drilling and operation costs in trial production projects.





4. Conclusions


A series of simulations were conducted utilizing CMG software to elucidate the depressurization production process of marine gas hydrates in unconsolidated sediments. The sensitivity analysis showed that porosity and hydrate saturation were the formation parameters that had the greatest impact on gas production and could be used to determine the type of reservoir, while bottom hole pressure and horizontal length were the production parameters that should be optimized for safe and efficient production. Based on economic and safety concerns, the appropriate production methods with the highest cumulative gas production and lowest subsidence for different hydrate reservoirs were determined. When hydrate saturation is 20%, a horizontal well is suitable, and the appropriate horizontal length is less than 80 m. When hydrate saturation is 30% or 40%, a vertical well is suitable, and the appropriate bottom hole pressure is no less than 3800 kPa and 4800 kPa for 30% and 40% saturation, respectively. However, the safety formation subsidence rate is determined merely according to the simulation results in this paper, which need to be adjusted considering other factors in the future, such as the tension on production equipment, the properties of seafloor soils, the operation costs, and so on.
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Figure 1. Flow chart of the iterative calculation of the coupled geomechanics module. 
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Figure 2. Diagram of the production model of unconsolidated hydrate-bearing strata in the deep-water basin. 
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Figure 3. The subsidence distribution of unconsolidated hydrate formation during depressurization. 
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Figure 4. Gas production rates of various buried depths. 
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Figure 5. Relationship between cumulative gas production and buried depth. 
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Figure 6. Gas production rates of various hydrate saturations. 
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Figure 7. Relationship between cumulative gas production and hydrate saturations. 
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Figure 8. Gas production rates of various formation porosities. 
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Figure 9. Relationship between cumulative gas production and the formation porosities. 
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Figure 10. Gas production rates at different bottom-hole pressures. 






Figure 10. Gas production rates at different bottom-hole pressures.



[image: Energies 15 04796 g010]







[image: Energies 15 04796 g011 550] 





Figure 11. Relationship between cumulative gas production and bottom hole pressures. 
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Figure 12. Gas production rates at different horizontal lengths. 
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Figure 13. The relationship between cumulative gas production and horizontal length. 
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Figure 14. Gas production rates under different heat injection specifications. 
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Figure 15. The relationship between cumulative gas production and injected heat. 
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Figure 16. Cumulative gas production and formation subsidence, using vertical wells. 
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Figure 17. Cumulative gas production and formation subsidence, using horizontal wells. 
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Table 1. Simulation parameters.
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Parameters

	
Value






	
Initial temperature, °C

	
20




	
Initial pressure, kPa

	
19,000




	
Thickness of hydrate, m

	
50




	
Thickness of underlying gas, m

	
10




	
Initial hydrate saturation

	
0.4




	
Initial water saturation

	
Hydrate layer = 0.6




	
Underlying gas layer = 0.5




	
Initial gas saturation

	
Hydrate layer = 0




	
Underlying gas layer = 0.1




	
Porosity

	
0.4




	
Permeability, Md

	
ki = kj = kk = 0.1




	
Gas composition

	
100% CH4




	
Thermal conductivity of the sediments, J/(m·day·C)

	
1.728 × 105 (constant)




	
Yield criterion

	
Mohr-Coulomb




	
Initial cohesion, kPa

	
850




	
Elasticity modulus, kPa

	
3.6 × 106




	
Poisson’s ration

	
0.35
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Table 2. Summary of sensitivity analysis.
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Parameters

	
The Slope

	
Gas Production Sensitivity to the Parameters






	
Formation parameters

	
Formation porosity

	
0.1561

	
Formation porosity > hydrate saturation > buried depth




	
Hydrate saturation

	
0.0989




	
Buried depth

	
0.00794




	
Production parameters

	
BHP

	
−0.6605

	
BHP > horizontal length > injected heat




	
Horizontal length

	
0.02196




	
Injected heat

	
0.0021
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Table 3. Methods and parameters that are suitable for various hydrate reservoirs.
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Porosity

	
Hydrate Saturation

	
Production Method

	
Production Parameters

	
Critical Gas Production






	
40%

	
20%

	
Horizontal well

	
L ≤ 80 m

	
7.7 × 108 m3/day




	
30%

	
Vertical well

	

	
7.92 × 108 m3/day




	
BHP ≥ 3800 kPa




	
40%

	
Vertical well

	

	
8.7 × 108 m3/day




	
BHP ≥ 4800 kPa
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