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Abstract:



The replacement of methane with carbon dioxide in natural gas hydrate-bearing sediments is considered a promising technology for simultaneously recovering natural gas and entrapping CO2. During the CH4-CO2 replacement process, the variations of geophysical property of the hydrate reservoir need to be adequately known. Since the acoustic wave velocity is an important geophysical property, in this work, the variations of P-wave velocity of hydrate-bearing sediments were measured during different CH4-CO2 replacement processes using pure gaseous CO2 and CO2/N2 gas mixtures. Our experimental results show that P-wave velocity continually decreased during all replacement processes. Compared with injecting pure gaseous CO2, injection of CO2/N2 mixture can promote the replacement process, however, it is found that the sediment experiences a loss of stiffness during the replacement process, especially when using CO2/N2 gas mixtures.
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1. Introduction


Natural gas hydrates have been found to occur naturally in large quantities on the deep ocean floor and in permafrost regions [1,2]. These natural gas hydrates are seen as a potentially vast energy resource, but an economical exploitation method has so far proven elusive [3]. Nowadays, replacement of CH4 with CO2 in natural gas hydrate-bearing sediments is recognized as a promising technology for the simultaneous recovery of natural gas and geological entrapment of CO2 in hydrate form [4,5,6].



Based on experimental measurements and theoretical calculations, many researchers have proved the feasibility of methane exploitation by CO2 injection [7,8,9,10,11]. For example, Ohgaki et al. [7] found the change in Gibbs free energy (ΔG) for the replacement process of CH4 in hydrates with CO2 was negative, which is the first theoretical evidence for the feasibility of CH4-CO2 replacement process. Based on the P-T phase diagrams of CH4 and CO2 hydrate [4,6,8,9,10], it can be seen that the equilibrium pressure of CO2 hydrate is lower than that of CH4 hydrate when the temperature is lower than 283 K. This indicates that under the same conditions CO2 hydrate is more stable than CH4 hydrate. Seo et al. [11] found for CH4/CO2 gas mixtures, when the molar fraction of CO2 is higher than 40%, the molar fraction of CO2 in hydrate phase will be more than 90%. With the decrease of pressure, the concentration of molar fraction of CO2 and the selectivity of CO2 to CH4 will increase. In addition to pure CO2, flue gas was also used for exploitation of methane. For example, Park et al. [12] found the final methane replacement efficiency was ranged from 71.3% to 83.4% with different CO2/N2 molar compositions. Recently, Koh et al. [13] investigated the replacement process in clay sediments. They found CO2/N2 gas mixtures worked better than pure CO2.



During the gas injection, CH4 replacement, and CH4 production processes, we need to know the variations of the geophysical properties of the hydrate reservoir to avoid production problems like geological disasters. It is known that the acoustic wave velocity is an important geophysical property. It can provide the information of the stiffness evolution of hydrate-bearing sediments, which is related to the stability of gas hydrate reservoirs [14]. For example, compressional wave velocity, i.e., P-wave velocity (Vp), could be related to elastic modulus (M) of the sediment by the following equation [15]:
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where ρ is the density of the sediment. In our previous work [16], we have described an apparatus for measuring Vp of the hydrate bearing sediment and a series of Vp datasets were obtained for different hydrate saturations. In this work, the stability of hydrate reservoirs during the replacement process of CH4 with CO2 is examined by measuring and analyzing the variation of Vp.




2. Experimental Section


2.1. Experimental Apparatus


A schematic outline of the experimental apparatus for measuring P-wave velocity of hydrate-bearing sediment is shown in Figure 1 [16]. The main parts of the apparatus are a high-pressure reactor, an air bath, a gas filling system, and a data collection system. The reactor is made of stainless steel and the effective volume of it is 2.0 L (ϕ 130 × 150). Its designed maximum working pressure is 32 MPa. Two piezoelectric transducer detectors were placed at the bottom and in the middle of the reactor, respectively. The top one was connected with a hand lever, which can move the transducer upward or downward in the vertical direction to change the distance between the two acoustic detectors within the maximum distance of 60 mm. The two transducers were connected with a pulse sender/receiver machine (5077PR, Olympus NDT, Waltham, MA, USA). The ultrasonic P-wave signals were generated by one transducer with a frequency from 500 kHz to 1.0 MHz, passed through the sandy sediment in central axis, and received by another transducer. Then the received signal was sent back to the pulse sender/receiver machine, where it was amplified, digitized, and displayed on a digital oscilloscope (TBS2012B, Tektronix, Inc., Portland, OR, USA). A thermocouple, with a precision of ±0.1 K, was inserted into the sediment through the wall of the reactor to detect temperature variations. Pressure was monitored by an absolute pressure transducer with an accuracy of 0.5%, which was mounted on the top of the reactor. Generally, the uncertainty of the measured P-wave velocity is always within 0.5%.


Figure 1. Schematic diagram of experimental apparatus for measuring P-wave velocity during CH4-CO2 replacement process. 1: N2 cylinder; 2: CO2 cylinder; 3: CH4 cylinder; 4: Gas mass meter; 5–8 and 13: Valve; 9: Temperature transmitter; 10: Piston; 11 and 12: Pressure transmitter; 14: Piezoelectric transducers; 15: High-pressure reactor; 16: Air bath; 17: Ultrasonic pulse sender/receiver; 18: Digital oscilloscope; and 19: Gas recovery tank.
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Unconsolidated quartz sand was used to form hydrate-bearing samples, i.e., sandy sediment (shown as an orange color in Figure 1). Before being used, the raw sand was washed several times with water to eliminate any clay. Afterwards, it was dried in an oven at 393.2 K and then sieved into a series of sand samples with different particles size ranges.




2.2. Experimental Procedures


Firstly, the dry sand and the high-pressure reactor were pre-cooled to 268.2 K and the brine was cooled to 273.2 K. Then the cooled sand was homogeneously mixed with the cooled brine to have an initial saturation of brine solution of 30%. Promptly, the partially brine-saturated sandy sediment was loaded into the pre-cooled high-pressure reactor to rapidly freeze the sediment in the air bath at 268.2 K. During the mixing process, part of brine converted into ice because of low temperature of the sand. Additionally, most of water could be converted into ice in a short time during the following freezing process. By these ways, the gravity effect on the homogeneity of water could be eliminated. After 24 h, methane gas was injected from the CH4 cylinder to form hydrate-bearing sediment in the reactor and the temperature of air bath was adjusted to the hydrate formation temperature. Starting from the injection of methane, temperature, pressure, and P-wave signals were recorded every 10 min by the computer. When the system temperature, pressure, and P-wave velocity all became constant for a long time, the formation of methane hydrate was assumed to be finished.



After methane hydrate-bearing sample was prepared, a certain amount of methane gas was slowly released to reduce the pressure of free gas in the reactor; however, the pressure was still higher than the equilibrium pressure of methane hydrate at present temperature. When temperature and pressure did not change anymore, we closed the vent at the top of the reactor and maintained the system for another 24 h to make the formation of methane hydrate reach equilibrium again.



After 24 h, CO2 gas or CO2/N2 gas mixture was injected through pipeline at the bottom of the reactor to replace free methane gas in the pore space of the sediment. To keep the pressure of gas in the reactor being slightly higher than methane hydrate equilibrium pressure at present sediment temperature, mixed gas was released with the same injection rate of the flooding gas through the vent on the top of reactor. The released gas was analyzed by a HP7890 gas chromatograph (Agilent Technologies, Santa Clara, CA, USA) and stored in the recovery tank. When the molar fraction of CH4 in the released gas achieved lower than 2 mol %, gas injection process was stopped and the gas pressure in the reactor was rapidly adjusted to the desired replacement pressure by releasing gas from the top vent. Afterwards, all the valves connected to the reactor were shut off.



During the replacement process, variations of temperature, pressure, and P-wave signals were automatically recorded every 10 min by the computer until the end of the experimental run. The composition of gas phase was analyzed by the HP7890 gas chromatograph every 72 h. When the gas phase composition remained unchanged, we stopped the replacement process and increased the temperature of the high-pressure reactor. With the increase of temperature, hydrate started to decompose. The decomposed gas was collected and its composition was then analyzed.




2.3. Data Processing


Based on the law of the conservation of mass, by combining the molar composition of gases in the reactor and the cylinder and the experimental conditions, we can obtain the mole number of methane retained in hydrate phase ([image: there is no content]) and that replaced ([image: there is no content]) at time t. They were calculated as follows:
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where [image: there is no content] is the total mole number of methane injected into the reactor; [image: there is no content] is the mole number of methane in free gas of the reactor during the replacement process; [image: there is no content] is the mole number of methane in free gas of the reactor before the replacement process; [image: there is no content] is the mole number of methane in the recovery tank; [image: there is no content] is the molar fraction of methane in recovery tank, and [image: there is no content] is the molar fraction of methane in free gas of the reactor during the replacement process. The total mole number of free gas, [image: there is no content], in the reactor during the replacement process were calculated by the following formula:
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where Preactor is the pressure of the reactor; [image: there is no content] is the volume of the free gas in the reactor; Treactor is temperature of the reactor; R is the universal gas constant; and Z is the compressibility factor corresponding to Treactor, Preactor, and gas phase composition. Z was calculated with BWR equation of state.



Like to [image: there is no content], the mole number of free gas in the reactor, [image: there is no content], at the beginning of the replacement process and that in the recovery tank, [image: there is no content], could also be calculated. At the beginning of the replacement process, it was assumed that the molar fraction of methane in gas mixture is 0.02.



To understand the kinetics of the replacement process better, in this work, the replacement rate was defined as:
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The efficiency of the replacement process, η, was defined as:
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where [image: there is no content] is the initial mole number of methane in hydrate phase. The data is summarized in Table 1.



Table 1. Experimental conditions for methane hydrate formation and CO2-CH4 replacement in different runs.







	
Run

	
Experimental conditions for methane hydrate formation

	
Experimental conditions for CO2-CH4 replacement process




	
Sw (%)

	
T1 (K)

	
P1 (MPa)

	
T2 (K)

	
P2 (MPa)

	
[image: there is no content] (mol)

	
Sh (%)




	
1

	
30

	
273.2

	
12.01

	
273.2

	
3.0

	
0.97

	
29.1




	
2

	
30

	
273.2

	
8.10

	
277.2

	
3.5

	
0.91

	
28.1




	
3

	
30

	
273.2

	
8.60

	
273.2

	
5.0

	
0.94

	
28.5




	
4

	
30

	
273.2

	
8.84

	
273.2

	
5.1

	
0.84

	
27.1














3. Results and Discussion


To investigate the influence of the type of injected gas on the efficiency of CH4-CO2 replacement, we prepared four hydrate bearing sediment samples using the same sand with a sand grain diameter range of 0.30 to 0.45 mm and a porosity of 37.8 vol %. Their properties such as the hydrate saturation are close to each other. The experimental conditions for methane hydrate formation and CH4-CO2 replacement processes as well as the properties of hydrate-bearing sediment samples were listed in Table 1. T1 and P1 are the initial temperature and pressure at which hydrate-bearing sediment was formed. T2 and P2 are temperature and the initial pressure at which the replacement experiment was carried out. Sw is the initial saturation of water in sediment before hydrate formation, which was defined as the fraction of pore volume occupied by water. Sh is the saturation of hydrate in the prepared hydrate bearing sediment, which was defined as the fraction of pore volume occupied by hydrate. [image: there is no content] is the initial mole number of methane in the hydrate phase before the replacement. As shown in Table 1, Sh is close to Sw in each experiment run, which indicates that most of water was converted into hydrate. As an example, the evolution of temperature and pressure in the formation of hydrate bearing sediment in experiment run 1 was shown in Figure 2. From it, one can see that gas pressure in reactor decreased with as hydrate formation proceeded. At the beginning stage of hydrate formation, the sediment temperature increased rapidly because the air bath temperature was higher than the initial temperature of the sediment. However, when it reaches the air bath temperature, the sediment temperature remains nearly constant during the long period of hydrate formation. This can be attributed to the reason that hydrate was formed from ice in this work and the heat released in the hydrate formation was much less than that released in the hydrate formation from liquid water.


Figure 2. The evolvement of system pressure and temperature with the elapsed time during experiment Run 1. A–B, period of hydrate formation; B–C, depressurization above dissociation pressure of methane hydrate; C–D, flooding process of free CH4 with CO2; D–E, beginning stage of the replacement of CH4 with CO2; and E–F, long stable period of replacement.
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Gaseous CO2 was used as injected gas in the first two experimental runs, while CO2 + N2 gas mixtures were used in runs 3 and 4. The concentration of N2 in gas mixtures in runs 3 and 4 were 78 mol % and 96 mol %, respectively.



The replacment processes using pure gaseous CO2 were carried out at two different temperatures, 273.2 K and 277.2 K, respectively, in experimental runs 1 and 2. The corresponding experimental results were given in Figure 2, Figure 3, Figure 4 and Figure 5. Figure 2 shows the evolution of the system pressure and temperature with the elapsed time during experiment run 1. One can see there was a sudden decrease of temperature when the free gas pressure decreased (from point B to point C in Figure 2) because of the Joule-Thomson effect. However, it rebounded in a short time. On the other hand, there was a sudden increase of temperature during the flooding process of free CH4 with CO2. This could be attributed to the fact that the flooding CO2 temperature is higher than that of sediment. Correspondingly, the pressure also increased a little. At the beginning stage of replacement, there was a rapid decrease of pressure, which corresponds to a rapid increase of P-wave velocity as shown in the following Figure 3. This phenomenon indicates that part of water produced from the dissociation of methane hydrate in flooding process formed hydrate again with CO2. During the long period of the replacement process, there was no obvious change in temperature. This phenomenon demonstrates the heat released in the formation of CO2 hydrate is balanced by the heat absorbed in the dissociation of methane hydrate during the replacement process. However, the pressure in the reactor decreased very slowly during the replacement process. This phenomenon might be attributed to the fact that there was interstitial water in the hydrate and it might form hydrate because the pressure is higher than the equilibrium hydrate formation pressure of CO2.


Figure 3. Variation of P-wave velocity with elapsed time during methane hydrate formation and CH4-CO2 replacement processes. (a) Run1 at 273.2 K and (b) run 2 at 277.2 K.
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Figure 4. Variation of the replacement rate with elapsed time at different replacement temperatures.
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Figure 5. Replacement efficiency of CH4 with elapsed time during the replacement process at different replacement temperatures.
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Figure 3 shows the variations of P-wave velocity with elapsed time during methane hydrate formation and CH4-CO2 replacement processes in experimental runs 1 and 2. As can be seen from Figure 3, the variations of P-wave velocity have similar trends in the two experimental runs. In the methane hydrate formation stage, P-wave velocity firstly increased to a maximum value, then decreased slightly, and finally tended to be constant in both runs. During the depressurization and flooding process of free methane gas, i.e., injecting CO2 from the bottom and releasing gas mixture from the top of the reactor, the P-wave velocity decreased in both runs. This phenomenon demonstrates that the flooding process can lead to the dissociation of methane hydrate. As there was a heating process in run 2 in order to increase temperature of sediment from 273.2 to 277.2 K, more hydrate dissociated and a bigger drop of the P-wave velocity occurred. After the flooding process, i.e., when CO2 injection was stopped, the P-wave velocity rebounded slightly. This phenomenon suggests that part of water produced from the dissociation of methane hydrate formed hydrate again with CO2. For experiment run 1, almost all the loss of the P-wave velocity caused by flooding was recovered in this rebounding process. Although the rebounding strength is larger in run 2, only a small part of the P-wave velocity loss was recovered in run 2 because this loss is too large at higher temperature. In the following long standing CO2-CH4 replacement process, the P-wave velocity decreased slowly with elapsed time. This implies a reduction of elastic modulus of hydrate-bearing sediment during CH4-CO2 replacement because P-wave velocity (Vp) could be related to elastic modulus (M) of the sediment by Equation (1). The replacement rate and efficiency at different times for the experimental runs 1 and 2 were calculated using Equations (8) and (9) and are plotted in Figure 4 and Figure 5, respectively.







From Figure 4 we can see that replacement rate of methane decreased from 9.3 × 10−4 h−1 to 6.9 × 10−4 h−1 at 273.2 K, while it decreased from 1.15 × 10−3 h−1 to 7.7 × 10−4 h−1 at 277.2 K, indicating that the higher the temperature, the higher the rate of the methane replacement. This can be attributed to the fact that the dissociation rate of methane hydrate is higher at higher temperature. Bai et al. [17] demonstrated that the CH4-CO2 replacement process is composed of two sequential processes, i.e., the dissociation of methane hydrate and the formation of a CH4-CO2 double hydrate. Thus the higher dissociation rate results in a total higher replacement rate. This characteristic of the CH4-CO2 replacement process requires that the formed CH4-CO2 double hydrate be of enough porosity for dissociated CH4 molecules to escape and for CO2 molecules to diffuse into the interface of methane hydrate and CH4-CO2 double hydrate. Thus, as the replacement proceeds, the porosity of the hydrate- bearing sediment increased and led to the decrease of P-wave velocity as shown in Figure 3.



As shown in Figure 5, although the replacement rate is higher at higher temperature, the influence of temperature on the final replacement efficiency is not obvious. At 273.2 K, the highest efficiency is 17.4% and it is 17.6% at 277.2 K. This conclusion is consistent with that obtained by Qi et al. [18] Using a pure water system, they investigated the influence of temperature and pressure on the CO2 and CH4 replacement process. Their experimental results show that within a certain range, increasing the replacement temperature can promote the replacement process, but the influence on replacement efficiency is not obvious.



Figure 6, Figure 7 and Figure 8 show the comparisons between experimental results of run 1 and those of run 3. As denoted before, pure gaseous CO2 was used as injected gas in experimental run 1 and CO2 + N2 gas mixture with 78 mol % of N2 was used in run 3.


Figure 6. Variation of the replacement rate with elapsed time for different replacement gases.
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Figure 7. Variation of the replacement efficiency of CH4 with elapsed time for different replacement gases.
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Figure 8. Comparison of variation of P-wave velocity during methane hydrate formation and replacement process using (A) 22 mol % CO2 + 78 mol % N2 and (B) pure gaseous CO2.
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We can see from Figure 6 and Figure 7 that when we used a CO2 + N2 mixture for the replacement of methane, the replacement rate is much higher than that using pure gaseous CO2. The highest replacement efficiency reached 36.9% when we used a CO2 + N2 mixture, which is much higher than that using pure gaseous CO2 (17.4%). The reason for this might be that, compared with pure CO2, the hydrate formation pressure of CO2 + N2 gas mixture is much higher at the same temperature. Thus, in the beginning stage, the water produced from the dissociation of methane hydrate could not form hydrate again. Without the coating effect of the re-formed hydrate, the dissociation rate of methane hydrate remains at a high level until the molar fraction of methane in the gas mixture reaches a value at which gas mixture can form hydrate with water. This can be demonstrated by Figure 8.



Figure 8 shows a comparison of the variation laws of P-wave velocity in experimental runs 1 and 3. One can see that the decrease of the P-wave velocity is much bigger during the flooding period when using CO2 + N2 gas mixture, indicating more methane hydrate is dissociated in this case. Additionally, unlike the case using pure CO2, no rebound of P-wave velocity was observed when the flooding ended, indicating that CO2 + N2 gas mixture cannot form hydrate with the dissociated water during the beginning stage of the replacement process. The final P-wave velocity in run 3 is 1554 m/s, which is lower than the values obtained in experimental runs 1 and 2. All these results indicate that when we use CO2/N2 gas mixtures for replacing methane, although a higher replacement rate and efficiency could be achieved, the sediment stability decreases to some extent.



In order to further demonstrate the mechanism described above, we performed another experimental run (run 4) for the replacement of methane using a CO2 + N2 gas mixture containing only 6 mol % of CO2. The P-wave velocity profiles obtained in this run are given in Figure 9.


Figure 9. Variations of P-wave velocity as a function of elapsed time during methane hydrate formation and replacement process for run 4.
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From Figure 9 we can see a big drop of the P-wave velocity, indicating a remarkable dissociation of methane hydrate occurred during the flooding period. More significantly, Figure 9 shows that the P-wave velocity decreased rapidly during the replacement process. About 2.2 h later, the acoustic signal disappeared completely, indicating that most methane hydrate was dissociated and no hydrate reformed by the gas mixture of CO2, N2 and CH4 because of the high concentration of N2 in it. This is because the partial pressure of CO2 and CH4 in the gas phase is low. The dissociation of hydrate in sediment results in the rapid decrease of the sediment stiffness. The effect of the sediment stiffness on the attenuation of acoustic energy is obvious, so the P-wave velocity decreased quickly. Ultimately we are unable to collect the acoustic signal. The final replacement efficiency in this group of experiment is 67%, which is significantly higher than that in other experimental runs; however, from Figure 9 we can see that when the mole fraction of N2 in gas mixture is very high, so the stability of the sediment could not be guaranteed.



Based on the Chen-Guo hydrate model [19], the CO2 hydrate equilibrium pressures were calculated to be 1.21 MPa and 1.96 MPa at 273.2 K and 277.2 K, respectively. The initial formation pressures of CO2 + N2 double hydrate at 273.2 K were calculated to be 4.91 MPa and 14 MPa for the gas mixtures containing 78 mol % N2 and 96 mol % N2, respectively. Thus, it is possible for injected gases to form hydrate in experiment runs 1 to 3 because the replacement pressures, as listed in Table 1, are higher than their initial hydrate formation pressure. However, it is impossible for injected gas in experiment run 4 to form hydrate as its initial hydrate formation pressure is much higher than the specified replacement pressure of 5.1 MPa. In this case, the replacement process could not occur. What occurred was only the dissociation of methane hydrate because of the low partial pressure in the free gas phase caused by the injection of CO2 + N2 gas mixture. For experiment run 3, also part of the water from the dissociation of methane hydrate could also not form hydrate as the concentration of CO2 in the free gas phase decreased as the replacement proceeds and the initial hydrate formation pressure of the free gas might reach the replacement pressure. Thus, part of the replacement efficiency was contributed by the pure dissociation of methane hydrate in this run. In this case, the saturation of hydrate in the sediment would decrease. That is why the final P-wave velocity was smaller than in those cases (runs 1 and 2) using pure CO2 in. In order to increase the contribution of pure replacement and maintain the sediment stability, a higher replacement pressure should be adopted.




4. Conclusions


In this work, a series of experiments were carried out to measure the variation of P-wave velocity of methane hydrate-bearing sediments during the CH4-CO2 replacement process. The effects of different experimental conditions on rate and efficiency of the replacement process were systematically studied. Based on our results, we found both P-wave velocity and the elastic modulus of hydrate-bearing sediments decreased gradually during the CH4-CO2 replacement process. When the replacement process is finished, the sediment system can still maintain a certain stability. In the replacement process, the higher the temperature, the higher the rate of the replacement of methane; however, the influence of temperature on replacement efficiency is not obvious. In addition, we found both rate and efficiency of the replacement process can be improved significantly by injecting CO2 and N2 mixtures instead of injecting pure gaseous CO2. When the molar fraction ratio of N2 and CO2 is around 8:2, the methane replacement efficiency can be as high as 36.9% in 190 h. Though the elastic modulus of the sediment system decreased during the replacement process, the system can still maintain a certain stability. The knowledge obtained in this work could be useful for understanding and applying CH4-CO2 replacement technology for simultaneously recovering natural gas and entrapping CO2.
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