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Abstract

:

Supercritical CO2 phase change fracturing technology has been widely used in rock engineering, with the advantages of low disturbance and no pollution. However, the phase change shock wave inevitably affects the surrounding environment, and the influence range is still unclear. In this paper, we present a computational model for the symmetric generation, propagation, and attenuation of supercritical CO2 phase transition shock waves, with the center of the borehole as the origin, based on the C–J theory. The attenuation of the shock wave in the rock medium under the influence of the type of fracturing tube, the thickness of the shear sheet, and the rock performance parameters are further analyzed. The results show that the rock stress under the action of the phase change shock wave attenuates logarithmically with the propagation distance, which correlates with the magnitude of the incident rock stress at the borehole wall. The incident rock stress decreases with the increase in the initial density of CO2 in the fracturing tube, increases linearly with the thickness of the shear sheet, and correlates with the rock wave impedance.
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1. Introduction


Traditional explosive rock breaking technology has been gradually regulated or even banned due to its high risk and high pollution [1]. As an alternative rock breaking technology, supercritical CO2 phase change rock breaking has received more and more attention in the field of rock breaking due to its advantages of no sparks in the fracturing process and no pollution of the phase change products [2,3]. The technology was originated by the United Kingdom Cardox company, who developed a physical blasting device, mainly consisting of an inflatable head, heat pipe, liquid storage tube, sealing ring, shear blade energy release head, and six other major components, which are the main working media of liquid CO2 blasting equipment [4,5]. The principle is to heat the heating tube so that the liquid CO2 inside the fracturing tube rapidly realizes the phase change, and thus the volume of the instantaneous expansion of a strong pressure to achieve effective rock breaking, which conforms to the green and environmentally friendly method of rock breaking [6,7]. The technology was introduced to China by Guo Zhixing and Xu Ying, and has been gradually applied to the various fields of engineering and construction [8,9]. However, the blasting process is complex and short, the shock waves generated during rock breaking will inevitably affect the neighboring buildings and the surrounding environment [10], and the powerful shock disturbance can easily damage the neighboring building’s, structures, and even risk the safety of civilians [11]. Therefore, an in-depth understanding of the propagation and attenuation of supercritical CO2 phase change shock waves in the rock mass is essential.



Existing views are generally that the supercritical CO2 phase change rock breaking project concerning rock fragmentation is essentially the result of a shock wave and high-energy gases working together [12]. In the CO2 phase change blasting process, a shear blade rupture CO2 high-pressure gas shock wave is formed, and the initial peak shock pressure size and CO2 charge and shear blade thickness are highly correlated, of which the thickness of the shear blade is the main control variable [13,14]. After the high-pressure gas impacts the rock body, incident rock body stress is formed, which is greater than the rock body rupture pressure, and the rock body becomes damaged. Regarding the rupture pressure of CO2 phase change-impacted rock mass, the most widely used method is the TNT equivalent method, which considers the fact that the rupture pressure is related to the volume of the CO2 reservoir tube, the strength of the shear sheet, and the external pressure of the fracturing tube [15]. In addition, Sun [16] fitted the corresponding working conditions using Matlab, and combined the rock breaking pressure magnitude with the JWL equation; alternatively, Guo [17] performed an energy analysis on the root-mean-square (RMS) of vibration data to quantify the total energy of the rock breakage. Taken together, there are fewer studies using stress wave theory to analyze the rupture pressure of CO2 phase change-shocked rock. On the other hand, shock waves are characterized by short durations and fast decay rates, which are not easy to measure in practical engineering; thus, a large number of scholars have used the decay curves of the Plasma Point Vibration Velocity (PPV) to characterize the decay trend of the shock waves, based on which, they have carried out a large number of CO2 phase change blasting on-site vibration tests. Among them, Renyou Ruan [18] found that PPV decayed exponentially with distance through the foundation vibration test of step excavation, whereas Baolin Li [19] believed that its decay is in the form of a power function, and the steeper the slope, the faster the PPV decay. Shengtao Zhou [20] found that the crack growth rate after CO2 blasting also reduces spatial growth at any time. Shibing Cheng [21] found that PPV varied with the distance from the center of the blast as a logarithmic function during the excavation of the pit of a comprehensive pipeline corridor. It can be seen that the field test alone may not reveal the essential law of CO2 phase change blasting shock wave attenuation in the rock mass.



In summary, it can be seen that, at present, the use of stress wave theory to study the supercritical CO2 phase transition shock waves under the action of the rock body rupture pressure calculation model is relatively limited, and the shock wave attenuation law needs more in-depth theoretical analysis. For this reason, this paper, according to the hydrodynamic burst theory, combined with the supercritical CO2 phase change-induced shock wave characteristics, presents the establishment of the supercritical CO2 phase change process of pressure, density, and rate of dynamic change of the kinetic model. On this basis, we further analyzed the thickness of the shear sheet, the rock performance parameters of the impact of the borehole wall of the incident rock stress, and finally, we consider the diffusion of the geometric wavefront as well as the influence of their material damping. In addition, we present the rock stress and vibration velocity decay equations under the action of the phase change shock wave.




2. Analysis of Characterization Value of Supercritical CO2 Shock Wave


2.1. Supercritical CO2 Phase Change Blast Gas State Parameter Analysis


	
Supercritical CO2 phase change blast shock wave generation principle






The principle of supercritical CO2 phase change fracturing is shown in Figure 1. After the heat pipe is excited and exothermic, the supercritical CO2 in the liquid storage pipe rapidly realizes the transition from the supercritical state to the gas state, which leads to a rapid expansion in CO2 volume, and the pressure inside the fracturing pauperizes rapidly. Similar to previous studies [22], when the pressure inside the pipe exceeds the ultimate shear strength of the shear sheet, the shear sheet ruptures, and the high-pressure CO2 gas is sprayed out of the relief holes. The phase change impact load is applied to the rock body with the center of the borehole as the origin, acting symmetrically on the wall of the borehole, and further attenuating to the surrounding area to realize the task of impact rock breaking.



After the rupture of the shear sheet, the high-energy CO2 gas rushes out rapidly, which generates a strong perturbation to the surrounding medium. Analogizing the perturbation process to the piston movement, the state parameters of the shock wave during the movement of the wavefront surface from the 1-1′ cross-section to the 2-2′ cross-section are shown in Figure 2. Under one-dimensional shock conditions, the CO2 phase transition shock velocity is denoted by D. The CO2 density, pressure, mass velocity, temperature, and specific thermodynamic energy in the initial state before the shock wave are denoted by    ρ 0   ,    p 0   ,    u 0   ,    T 0   , and    e 0   , respectively, and the corresponding state parameters of the shock wave blast gas are denoted by    ρ H   ,    p 0   ,    u H   ,    T H   , and    e H   , respectively.



	2.

	
Derivation of shock wave state parameters for supercritical CO2 phase change blasting







Unlike explosive blast waves, supercritical CO2 phase change shock waves do not carry chemical reactions, but still follow the three conservation laws of mass, momentum, and energy. Assuming that the initial mass velocity is    u 0  = 0   at the instant of shear sheet rupture, the following equation can be obtained according to the three conservation laws [23]:



Mass conservation relationship:


   ρ 0  D =  ρ H    D −  u H     



(1)







Conservation of momentum relationship:


   ρ 0  D  u H  =  p H  −  p 0   



(2)







Energy conservation relationship:


   ρ 0  D  e 0  +  1 2   ρ 0   D 3  +  p 0  D =  ρ H    D −  u H     e H  +  1 2   ρ H      D −  u H     3  +  p H    D −  u H     



(3)







The first term on the left side of the energy equation represents the internal energy of the substance, the second term represents the kinetic energy of the medium movement, and the third term represents the pressure potential energy. The right side of the equation represents the internal energy of the substance, the kinetic energy of the medium, and the pressure potential energy of the supercritical CO2 phase change explosion, in that order.



Introducing the mass volume of the initial state before supercritical CO2 phase change blasting    V 0  = 1 /  ρ 0    and the mass volume of the blasting products    V H  = 1 /  ρ H   , the shock wave velocity can be obtained by substituting the following into Equations (1) and (2):


  D =  V 0    (  p H  −  p 0  ) / (  V 0  −  V H  )    



(4)







Equations (2) and (4) give the product velocity    u H    after shock wave perturbation as


   u H  =   (  p H  −  p 0  ) (  V 0  −  V H  )    



(5)







Considering the CO2 gas before and after the wavefront surface as an ideal gas, the ideal gas equation of state can be obtained:


   p H   V H  = R  T H  /  M H   



(6)




where R is the molar gas constant and    M H    is the molar mass of the blast gas product.



Using the equation of state for an ideal gas, the internal energy of an ideal gas can be expressed as


    e H  =    p H   V H    k − 1     ,  e 0  =    p 0   V 0    k − 1     



(7)




where k is the specific heat ratio of the blast product, generally taken as 1.29.



The steady propagation condition of the blast shock wave according to the C–J theory is obtained as follows:


   D H  =  C H  +  u H   



(8)




where    C H    is the speed of sound of the product on the blast wave front, m/s;    D H    is the propagation speed of the blast wave, m/s.



Using Equation (9) and the equation of state for the isentropic expansion process (  p  V k  = A   constant) results in


     p H     V 0  −  V H    =     −   d p   d V      S  =   k  p H     V H    →  V H  =  k  k + 1    V 0   



(9)







It can be obtained from Equations (4) and (9) that


  D =  V 0      k  p H     V H      →  ρ 0   D 2  = k  p H     V 0     V H    =   k + 1    p H  →  p H  =  1  k + 1    ρ 0   D 2   



(10)







By substituting Equations (9) and (10) into the ideal gas equation of state (Equation (6)), the following is obtained:


   T H  =    M H   R   k      k + 1    2     D 2   



(11)







At this point, all the state parameters of the supercritical CO2 phase change blast shock wave have been derived.




2.2. Supercritical CO2 Phase Transition Shock Test


As mentioned before, supercritical CO2 phase transition shock pressure and shock wave velocity are important parameters for shock wave characterization. If we want to obtain the shock wave velocity, we must obtain both the supercritical CO2 phase transition shock pressure and the gas volume after the explosion. However, the phase transition shock pressure is not easy to obtain, so the supercritical CO2 phase transition shock test is carried out to analyze the shock wave pressure law.



The test system is a supercritical CO2 phase change pulse pressure test system designed by Chongqing Jiaotong University [24,25], and includes a CO2 charging system, a phase change bursting system, and a data acquisition system, which can realize the functions of CO2 charging and the pressure and temperature control during the charging process, the bursting control of fracturing tubes, and the data acquisition, etc. The physical diagram is shown in Figure 3. Compared with the Cardox device developed in the UK, this device incorporates a computerized control system, which is able to accurately control the quality, design pressure, and temperature of the CO2 to be filled into the reservoir tube in liquid form. Compared with the original device, it is more precise and intelligent, safer, and more efficient.



The test was carried out using a 51-type fracturing tube with a length of 1 m, an inner diameter of 23 mm, a volume of 5.8 × 10−2 m, and a mass of 900 g of fillable CO2. The shear plate used in the test was made of Q235 steel, with a shear strength of 165 MPa, and the radius of the releasing hole was 11 mm. Eight groups of tests were carried out according to the quality of the activator, the thickness of the shear plate, and in combination with the principle of an orthogonal test. The test conditions were shown in Table 1.



At the end of the test, the shear piece ruptured along the prongs of the safety valve body, and the shock wave pressure was characterized by a triangular pulse, i.e., a rapid rise before the peak and a sharp fall after the peak, as shown in Figure 4.



Recent studies have shown that the shear sheet thickness is the main control variable for the impact pressure of supercritical CO2 phase change bursting. To verify this conclusion, the experimental results are compared with the shear sheet damage equation in Figure 5.



As can be seen from Figure 5, the experimental results are similar to those of previous studies [13,14], and the shear damage equation fits the experimental test shock wave peak pressure well. Therefore, the shear damage formula can replace the supercritical CO2 phase transition shock pressure in Equation (10) for calculation. The shear damage equation is as follows:


   P H  =   2  σ s  δ  R   



(12)




where    P H    is the supercritical CO2 blast pressure, MPa; R is the radius of the release hole, mm;    σ s    is the material shear strength, MPa;  δ  is the thickness of the shear sheet, mm.



Substituting Equations (9) and (12) into Equation (10) yields (since    P 0  ≪  P H      P 0    is negligible) the following:


  D =       2  σ s  δ   k + 1     R  ρ 0        1 / 2    



(13)







It can be seen that the shock wave velocity is mainly related to the thickness of the shear sheet and the initial density of CO2 in the case of the same steel used for the fracturing tube and the same radius of the release hole.





3. Decay Law of Supercritical CO2 Phase Change Shock Wave


3.1. Modeling the Propagation of Supercritical CO2 Phase Change Shock Waves in Rocky Media


As shown in Figure 6, the supercritical CO2 phase change shock wave loads the rock by impacting the pore wall after a short propagation period in the air, and the process is accompanied by the transmission and reflection of the shock wave at the pore wall. Assuming that the impact of the shock wave on the borehole wall is positive, the transmission and reflection parameters in the rock can be solved according to the positive incidence. The incident wave parameters are the same as the previous parameters; the transmission wave parameters are    P 2   ,    ρ 2   , and    u 2   ; the wave speed is    D 2   ; and the initial parameters of the rock are    P m   ,    ρ m   , and    u m   .



According to the condition of stress continuity and displacement continuity at the stress wave interface, the incident wave, reflected wave, and transmitted wave satisfy the Snell theorem, and the expression for the incident rock stress at the borehole wall can be obtained as follows:


   p 2  =  p H    1 + N   1 + N  ρ 0  D /  ρ m   D 2     



(14)




where    p 2    is the hole wall incident rock stress, MPa;    p H    is the supercritical CO2 phase change impact pressure, MPa; N is the proportionality coefficient related to the nature of the medium, the metal, and rock media, the value of which is generally 1.1~1.2;    ρ 0  D   is the impact impedance of CO2;    ρ m   D 2    is the impact impedance of the rock, expressed as  Ω .



After the CO2 phase change shock wave is incident on the rock body, it will spread to the far domain and gradually decay. The pressure decay equation is as follows [26]:


   σ r  =  p 2     r −    − α    



(15)




where    r −    is the ratio distance,    r −  = r /  r b   ; r is the line distance between the calculation point and the center of the borehole, m;    r b    is the radius of the borehole, m;    σ r    is the peak radial stress, MPa;  α  is the compressive stress attenuation index. For the shock wave,   α ≈ 3  .



Combining Equations (12)–(15) then yields a computational model for the attenuation of supercritical CO2 phase change blasting shock waves in a rock medium, i.e.,


   σ r  =   2  σ s  δ    r −    − α     1 + N     R Ω + R N       2  σ s  δ   k + 1     R  V 0        1 / 2      



(16)







Assuming that the fracturing tubes are all made of Q235 steel and the radii of the release holes are all 11 mm, and substituting the relevant coefficients, such as N and k, the radial stress at the hole wall is calculated as follows:


   σ r  =   693 δ   0.011 Ω + 3.1715   δ  ρ 0       



(17)







It can be seen that the attenuation of supercritical CO2 phase change blasting shock wave in rock medium is mainly related to the type of fracturing tube, the thickness of the shear sheet, and the shock impedance of the rock, in addition to the distance.




3.2. Decay Law of Supercritical CO2 Phase Transition Shock Wave in the Rock Medium


As mentioned before, the CO2 phase change shock pressure is mainly controlled by the thickness of the shear sheet, the shock wave velocity is controlled by the thickness of the shear sheet and the type of fracturing tube, and the shock impedance of the rock is controlled by the rock type. Therefore, to analyze the attenuation law of the shock wave under different factors, the relationship between each parameter and the incident rock stress at the borehole wall was analyzed based on the supercritical CO2 phase change shock test by controlling the three variables of fracturing tube type, shear sheet thickness, and rock type, respectively. The specific analyzed working conditions are shown in Table 2.



The values of the characteristic parameters of the fracturing tube are shown in Table 3, and the elastic properties of the rock are shown in Table 4.



Combining Equations (12) and (13) and substituting all the above parameters into Equation (17), the peak radial stresses at the hole wall corresponding to each operating condition are obtained, as shown in Table 5.



Table 5 shows that compared with the CO2 shock pressure, there is an obvious expansion effect of the hole wall incident stress, and the expansion coefficient is between 1.29 and 1.60. Combined with the calculated data in Table 2 and Table 5, parameters such as fracturing tube type, shear sheet thickness, and rock type were controlled, while remaining unchanged, to analyze the changing rules of CO2 phase change shock wave velocity and hole wall incident rock stress under the influence of different parameters, as shown in Figure 7.



Figure 7 shows the effect curves of different initial densities of CO2 in the fracturing tube, the thickness of the shear sheet, and rock wave impedance on the shock wave velocity and the incident stress on the borehole wall under the condition that the rest of the variables are constant. From Figure 7b, it can be seen that the increase in shear sheet thickness increases the shock wave velocity and the incident rock stress of the borehole wall linearly; Figure 7c shows that the rock wave impedance has no effect on the shock wave velocity, but it is positively correlated with the incident rock stress of the borehole wall.



To further explore the attenuation law of the shock wave in the rock medium, the specific distance parameter is added to analyze the propagation distance of the shock wave in the rock medium under the influence of the above three variables. The radius of the borehole under the three variables is adopted as the outer diameter of the type 85 fracture tube, and the distance of shock wave propagation in the rock medium is calculated by applying Equation (10) to the process of radial stress decreasing from the peak to zero. The results of the calculation are shown in Figure 8.



As shown in Figure 8, all the attenuation curves are logarithmically decaying, and the initial attenuation stresses are all the incident rock stresses at the borehole wall. As shown in Figure 8a, the propagation distances of shock waves corresponding to type 100, 85, and 51 fracturing tubes are 1.04 m, 1.04 m, and 1.01 m, respectively. It can be seen that with the CO2-filled fracturing tubes, the fracturing tube type can affect the propagation distances of the supercritical CO2 shock waves in the rock medium, and the propagation distances decrease with the increase in the filling density of CO2. Similarly, Figure 8b,c also show that the shock wave propagation distance increases with the increase in shear sheet thickness and rock wave impedance.





4. Conclusions


In this paper, the generation process of the shock wave was analyzed according to the principle of supercritical CO2 phase transition, and the propagation and attenuation law of shock waves was analyzed by considering CO2 as an ideal gas. A supercritical CO2 phase transition shock test was carried out, and a model for calculating the speed of the shock wave was established. The influencing factors of the incident rock stress at the borehole wall were analyzed, a propagation model of supercritical CO2 phase transition shock wave in the rock medium was established, and the propagation distance under the influence of various factors was calculated. The supercritical CO2 phase change shock wave propagation model in the rock medium was established, and the propagation distance under the influence of various factors was calculated.



	(1)

	
Based on the C–J theory, the calculation model of CO2 phase transition shock pressure and other state parameters was established, and it was found that the supercritical CO2 phase transition shock wave pressure is closely related to the shock wave velocity. The supercritical CO2 phase transition shock test was carried out to analyze the shock pressure, and it was found that the shear damage formula can fit the test data very well, and the errors are all within 10%.




	(2)

	
Through Snell’s theorem, an expression for the stress in the incident rock after the shock wave impact on the hole wall is given. The effects of type 100, 85, and 51 fracturing tubes, the thicknesses of 1.9 mm, 2.6 mm, and 3.4 mm shear sheets, and the performance parameters of three types of rocks, namely, shale, marble, and granite, on the incident rock stress on the borehole wall were further analyzed. It was found that the incident rock stress decreases with the increase in the initial density of CO2 in the fracturing tube, increases linearly with the thickness of the shear sheet, and is positively correlated with the rock wave impedance. Moreover, there is an obvious expansion effect of the incident stress in the borehole wall compared with the CO2 impact pressure, with the expansion coefficients ranging from 1.29 to 1.60.




	(3)

	
Based on the change rule of incident rock stress at the borehole wall, the attenuation distance of the shock wave in the rock medium under the influence of three variables was calculated separately, and the rock stress attenuation equation was established under the action of the phase change shock wave. It was found that the radial stress of the rock attenuates with the distance in a logarithmic manner, and with the increase in the distance, the propagation distance of the shock wave in the rock medium decreases with the elevation in the density of the filling of the CO2, and it increases with the thickness of the shear sheet and the increase in the wave impedance in the rock.
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Figure 1. Schematic diagram of supercritical CO2 phase transition fracturing. 
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Figure 2. Schematic diagram of shock wave generation. 
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Figure 3. Physical diagram of supercritical CO2 phase change impact test system. 
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Figure 4. Typical test pressure curve. 
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Figure 5. Comparison of peak pressure test value and calculated value. 
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Figure 6. Schematic diagram of shock wave transmission and reflection. 
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Figure 7. Variation curves of shock wave velocity and incident stress under the influence of different variables. 
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Figure 8. Decay curves of supercritical CO2 phase change blasting shock wave in rock medium. 
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Table 1. Experimental design conditions.






Table 1. Experimental design conditions.





	Serial Number
	Fracturing Tube Models
	Activator Mass/g
	Shear Thickness/mm





	1
	51
	70
	3.4



	2
	51
	70
	2.6



	3
	51
	90
	3.4



	4
	51
	90
	2.6



	5
	51
	90
	1.9



	6
	51
	120
	2.6



	7
	51
	120
	1.9



	8
	51
	120
	3.4










 





Table 2. Shock wave attenuation influencing factors used to analyze working conditions.






Table 2. Shock wave attenuation influencing factors used to analyze working conditions.





	Condition No.
	Fracturing Tube Types
	Shear Thickness/mm
	Rock Type





	1
	51
	3.4
	granite



	2
	85
	3.4
	granite



	3
	100
	3.4
	granite



	4
	85
	1.9
	marble



	5
	85
	2.6
	marble



	6
	85
	3.4
	marble



	7
	100
	2.6
	shale



	8
	100
	2.6
	marble



	9
	100
	2.6
	granite










 





Table 3. Characterization of different fracturing tubes.






Table 3. Characterization of different fracturing tubes.





	Type
	Outer Diameter/mm
	Volume/m3
	CO2 Filled Mass/kg
	Initial Density/kg·m−3





	Type 51
	51
	5.8 × 10−4
	0.9
	1.55 × 103



	Type 85
	83
	1.57 × 10−3
	1.4
	8.92 × 102



	Type 100
	95
	4.21 × 10−3
	3.5
	8.31 × 102










 





Table 4. Elastic properties of different rocks [27].






Table 4. Elastic properties of different rocks [27].





	Rock Name
	Density/kg·m−3
	Rock Wave Impedance/MPa





	Shale
	2.0
	0.68



	Marble
	2.7
	1.21



	Granite
	2.67
	1.35










 





Table 5. Calculation results of the peak radial stress for each working condition.
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	Serial Number
	CO2 Initial

Density/k·m−3
	CO2 Impact Pressure/MPa
	Rock Wave Impedance/MPa
	Shock Wave Velocity/m·s−1
	Incident Stress/MPa
	Expansion Factor





	1
	1.55 × 103
	101.69
	1.35
	387.61
	143.37
	1.41



	2
	8.92 × 102
	101.69
	1.35
	510.95
	155.72
	1.53



	3
	8.31 × 102
	101.69
	1.35
	529.37
	157.20
	1.55



	4
	8.92 × 102
	56.83
	1.21
	381.97
	91.12
	1.60



	5
	8.92 × 102
	77.76
	1.21
	446.80
	119.87
	1.54



	6
	8.92 × 102
	101.69
	1.21
	510.95
	150.99
	1.48



	7
	8.31 × 102
	77.76
	0.68
	462.91
	100.66
	1.29



	8
	8.31 × 102
	77.76
	1.21
	462.91
	120.99
	1.56



	9
	8.31 × 102
	77.76
	1.35
	462.91
	124.33
	1.60
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