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Abstract

:

As environmental requirements become more stringent, the liquid carbon dioxide blasting system is one of the non-explosive blasting technologies that, with low tensile stress energy, will replace the chemical explosive blasting technology, and the impact pressure characteristic of high-pressure fluid is a crucial factor in the process of rock breaking. To further investigate the impact and pressure attenuation characteristics of high-pressure fluid during the phase transition of liquid carbon dioxide blasting system, the pressure curves of high-pressure fluid in liquid carbon dioxide blasting systems at different distances were measured in the laboratory. Based on the mechanism analysis of phase transition kinetics, the initial jet velocity of the four experiments was calculated, and the rationality of results was verified by the Bernoulli equation. The general expression of the positive phase pressure–time function was proposed, and the idealized impact pressure curve can be divided into five stages. The impact pressure field of the liquid carbon dioxide blasting system can be divided into three areas at different distances: the explosive jet impact zone, the jet edge zone and the shock wave action zone, and the pressure–contrast distance fitting equation of the liquid carbon dioxide blasting system were obtained.
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1. Introduction


In the process of rock excavation, although explosive blasting plays a dominant role, the requirements for effective rock breaking energy per unit and environmental safety are becoming more and more strict. The non-explosive blasting technology with low tensile stress energy will replace the chemical explosive blasting technology. The liquid carbon dioxide blasting system is one of the non-explosive blasting technologies. Liquid carbon dioxide is transformed into a gaseous state through a reusable special blasting tube, generating powerful expansion energy instantly. High-pressure fluid or gas releases quickly and generates a tensile stress field in the rock mass, so as to achieve the effect of pre-splitting or crushing rock mass.



Liquid carbon dioxide blasting technology can be traced back to the USA in the 1930s [1,2], and then it became extensively used during the early 1950s [3,4,5], when a liquid carbon dioxide phase transition device was invented by a British company called Cardox. Due to the rapid development of coal mining technologies and fully mechanized mining machines, the Cardox system is rarely used today in coal mining [6]. Over the past twenty years, with the coal mining safety concern and chemical explosives control, the advantages of the Cardox system is exposed again in some coal mines [7,8,9,10], urban construction projects [11], frozen soil blasting [12], rock breaking, and concrete demolition blasting under a special circumstances [13,14,15].



The Cardox system consists of a high-strength, reusable steel tube filled with liquid carbon dioxide, a chemical energizer/Cardox safety heater, and a rupture disc. When the Cardox tube is ignited, the carbon dioxide is almost instantaneously converted from liquid to supercritical carbon dioxide [6], which is released from the tube and expands through micro-cracks and fractures in the rock. Pressure released from the gaseous carbon dioxide can be regulated between 1200 and 2800 bar by using different rupture disks with varying thickness. The period of time for the pressure rise stage is about 0.026 to 0.086 s, and that, for the pressure release stage, is about 0.00018 to 0.00026 s [6]. Figure 1 shows a schematic diagram of the components that makes up the cartridge. The chemical energizer is activated by a small electrical charge which causes the blasting.



Compared with other rock breaking methods, the damage at lower tensile stress levels is more efficient in the utilization of energy, less vibration, pollution free, reduce the damage of the surrounding rock mass, and destruction of the environment. Of course, this technology has some limitations, such as high labor intensity and lower work efficiency, which are not suitable for large-scale mining and engineering construction. In addition, due to the easy gasification of carbon dioxide, it is less efficient to charge liquid carbon dioxide in high-temperature areas.



Nowadays, the research of liquid carbon dioxide blasting mainly focuses on coal seam anti-reflection, thermodynamic properties, energy calculation, pressure characteristic, mechanism of fracture, and its application. Lu et al. [2], Chen et al. [16], He et al. [17], Kang et al. [18], Wang et al. [19], Zhao [20], Huo [21], and Dong et al. [22] studied the permeability improvement of liquid carbon dioxide phase transition on the basis of foreign liquid carbon dioxide blasting systems, gave two energy calculation equations, and analyzed the trinitrotoluene (TNT) equivalent of liquid carbon dioxide phase change process and the mechanism of fracture. Based on the Span and Wagner carbon dioxide equation of state [23] and the thermodynamics of explosions, the influence of thermodynamic properties of liquid carbon dioxide and the explosion of energy during the phase transition was further investigated through experimental methods, the conclusion that the carbon dioxide in the blasting tube is supercritical before the rupture disc broken was obtained, and a more accurate method was proposed to calculate the energy of explosion of liquid carbon dioxide blasting systems [6]. Tests had been carried out using specially developed techniques to determine the gas pressures associated with the blast wave and the velocity with which the wave travels through the sandy shale [24]. In order to investigate the explosion pressure variation and rock breaking characteristics of liquid carbon dioxide blasting technology, the liquid carbon dioxide blasting experiment under free field condition and the liquid carbon dioxide rock breaking experiment were carried out [25]. The peridynamics model of rock fracturing under liquid carbon dioxide blasting was established, and the crack propagation in liquid carbon dioxide blasting and the influence of explosion pressure and numbers and radii of releasing holes on the liquid carbon dioxide blasting effects were analyzed [26]. A test study on the permeability enhancement of cross-measure boreholes using liquid carbon dioxide phase-transition blasting to identify an effective method for enhancing coalbed methane reservoir [27]. A newly designed experimental apparatus is developed to monitor shock-wave pressure of liquid CO2 blasting [28]. A mathematical model for blasting was established based on such three major parameter variables as initial peak impact pressure, effective radius of cracked circle, and diameter of blasting-split borehole under non-coupling split conditions for the study on the evolutionary characteristics of damage and destruction to gas-rich coal seam resulting from carbon dioxide phase-transition blasting [29]. Zhu et al. [30] established the damage mechanics model of rock fractured by high-pressure gas, and studied the mechanics of the crack generation and development at two-stages of stress wave and quasi-static. Then, the change law of gas drainage concentration under different surrounding rock stress condition is analyzed by means of numerical experiments. Sun et al. [31] simulated the generation of initial crack in supercritical carbon dioxide blasting coal with experimental methods. Gao et al. [32] combine theoretical and practical methods to analyze the mechanism by which high-pressure gas breaks rock at different stages.



Rock fracture is a complex dynamic process under the action of high-pressure carbon dioxide fluid, including the impact characteristics of high-pressure jet and positive phase pressure–time function, the formation and propagation of cracks, the scope of the disturbance, the equivalent of the blasting, and the stress–strain around the drilling hole. Moreover, the impact pressure of high-pressure fluid determines the crack geometrical form and propagation mode of the rock mass. However, the pressure of high-pressure fluid damage to the rock with three parameters: peak pressure, effect time of positive phase area, and impulse density. Therefore, the attenuation law of positive phase and the mathematical model are the keys to studying the impact characteristics of liquid carbon dioxide blasting. However, according to the above literature review, for the liquid carbon dioxide blasting system, the positive phase pressure function and pressure attenuation characteristic of a high-pressure jet are not clear.



In this work, we will measure the curves of high-pressure fluid in liquid carbon dioxide blasting system at different distances. The initial jet velocity of the high-pressure fluid was calculated, the general expression of the positive phase pressure–time function was obtained, and the impact pressure characteristics and attenuation characteristics at different distances were analyzed and discussed.




2. Experimental Methodology


In order to measure the pressure attenuation characteristics of high-pressure fluid during the phase transition of liquid carbon dioxide blasting system, pressure sensors were arranged on both sides of the air outlet of the blasting tube to measure the pressure characteristic curves of explosion fields at different distances, as shown in Figure 2. Sensor A was used to measure the pressure inside the blasting tube; sensor B on the left of the figure was used to compare the pressure at the air outlet of each test; and a sensor on the right was used to measure the pressure at different distances. The distance between sensors C to K and the blasting tube center was 0.23 m, 0.6 m, 0.9 m, 1.2 m, 1.5 m, 1.8 m, 2 m, 2.5 m and 3 m, respectively. The parameters of the all pressure sensors are shown in Table 1.



The primary equipment of the test system includes the following:



(1) The carbon dioxide filling system (Figure 2a) which includes one storage tank of liquid carbon dioxide, one filling machine, the carbon dioxide blasting tube, and the fixing device used for the filling of carbon dioxide. The liquid carbon dioxide storage tank is used to store liquid carbon dioxide. The filling machine consists of main switch, console, functional area, operating platform, and other components. The main switch controls the opening and closing of the whole liquid carbon dioxide filling system. The console can adjust the filling pressure of liquid carbon dioxide. The functional area can realize the functions of adjusting the filling speed, weighing filling quality, and so on. The operating platform mainly controls the filling operation of carbon dioxide. The fixture is used to fix the blasting tube and control its switch.



(2) The dynamic pressure measurement system (Figure 2b) includes the computer, the fixture, the TST6200 transient signal tester manufactured by Chengdu Test Electronic Information Co. Ltd. (Chengdu, China), and piezoelectric pressure sensors with different measuring ranges, and it can collect the internal pressure signals of the blasting tube in the whole process of the liquid carbon dioxide blasting.



All of the explosion tests were carried out in the air-raid shelter with an average temperature of 18 °C and an average humidity of 89%. First, the blasting tube was charged. Before filling, the entire filling system and the blasting tube were cooled down through 2–3 filling and exhaust cycles. The filling pressure was 9 MPa, and the dimensions of the blasting tube employed were 700 mm × Φ45 mm. The basting tube was then placed on the fixture in the testing system. The sampling frequency of dynamic acquisition apparatus was 50 KHz.




3. Results and Discussion


3.1. Velocity Attenuation Characteristic


(1) Initial velocity



The conclusion that the carbon dioxide in the blasting tube is supercritical before the energy release plate broke was obtained [6]. Supercritical carbon dioxide is a material state with special fluid characteristics. Its gas phase and liquid phase tend to be similar in nature. It can also be said that supercritical carbon dioxide is a homogeneous phase fluid, which not only has the compressibility and outflow of gas, but also has the fluidity of liquid. In the initial stage of boiling liquid expanding vapor explosion (BLEVE), after the destruction of energy release tablets, supercritical carbon dioxide two-phase flow spews out rapidly from the air outlet, and the rapid release of fluid belonged to the sonic or supersonic flow. In the outlet area, carbon dioxide vaporized rapidly, and the time was very short, where      P a     P g    ≤    (   2  1 + γ    )     γ  γ − 1      ; it was the critical flow, and the mass flow rate of the fluid was [33]


    m ˙  g  = −   d  m g    d t   =  C d  A  P g      γ M k   R T     ,  



(1)




where      P a     P g    >    (   2  1 + γ    )     γ  γ − 1      ; it was subcritical flow, and the mass flow rate of the fluid was [33]


    m ˙  g  = −   d  m g    d t   = Y  C d  A  P g      γ M k   R T     ,  



(2)




where Pa was atmospheric pressure, Pa; Pg was the pressure inside the blasting tube, Pa;     m ˙  g    was the quality flow rate of the gas phase component, kg/s;    m g    was gas mass, kg; t was time, s; Y was the expansion factor of gas; Cd was the gas leakage coefficient, Cd = 1 when the crack was round, Cd = 0.95 when the crack was triangular or diamond, and Cd = 0.90 when the crack was rectangular. A was the crack area, m2;  γ  was the adiabatic index of gas; M was the molecular mass of the gas, kg/mol;   k =    (    γ + 1  γ   )     2  1 + γ      ; R was the general gas constant, 8.314 J/ (mol ∙K); T was fluid temperature, K.



The initial average velocity of discharge    u 0    was [34]:


   u 0  =     m ˙  g     ρ g  A   ,  



(3)




where    ρ g    denoted the density of gas in the air outlet (kg/m3).



The density of the air outlet fluid was the density of carbon dioxide in the blasting tube. Through Equations (2) and (3), the initial release velocity of the jet in the four tests was 469.93 m/s, 338.87 m/s, 496.32 m/s, and 419.81 m/s.



In order to verify the correctness of the calculation process, we simplified the model and estimated the liquid carbon dioxide jet velocity based on the Bernoulli equation. Within a very short time after the rupture of the energy release sheet, high-pressure carbon dioxide after gasification flowed out of the release hole to form high-pressure gas jet at high speed. The schematic diagram of high-pressure carbon dioxide jet was shown in Figure 3.



In the process of high-pressure carbon dioxide movement, the energy loss caused by blasting tube, directional shear fragment resistance, turbulence, eddy flow, gravitational field and other conditions were not considered, and no energy loss occurred during high-speed carbon dioxide motion at the moment of fracture of the directional shear sheet until the release hole. In this case, the Bernoulli equation of the ideal fluid was used to estimate the jet velocity v1 of carbon dioxide fluid at the release hole, which was:


   P 1  +  1 2   ρ 1   ν 1 2  =  P 2  +  1 2   ρ 2   ν 2 2  ,  



(4)




where    P 1    was the pressure of carbon dioxide inside the blasting tube at the moment before the explosion,    ρ 1    was the density of carbon dioxide inside the blasting tube at the moment before the explosion,    ν 1    was the velocity of carbon dioxide inside the blasting tube at the moment before the explosion,    P 2    was the pressure of high-speed carbon dioxide fluid released from the air outlet,    ρ 2    was the density of high-speed carbon dioxide fluid released from the release hole, and    ν 2    was the velocity of high-speed carbon dioxide fluid released from the air outlet.



At the breaking moment of the energy release plate, it was considered that the carbon dioxide of blasting was in a static state, and the pressure was the maximum pressure before the breaking of the energy release plate. When the high-speed carbon dioxide fluid started to release from the air outlet, the gas carbon dioxide just started to contact the external atmosphere, so the pressure was atmospheric pressure at this time, while the density of carbon dioxide was relatively stable at the moment of release. The density measured by four experiments of liquid carbon dioxide under laboratory conditions was 0.103 MPa. By substituting the above data into Equation (4), the instantaneous velocity of carbon dioxide released from the release hole was 410.78 m/s, 343.14 m/s, 428.76 m/s, and 390.27 m/s.



(2) Basic characteristics of the jet



When carbon dioxide jet exited from the orifice at u0, it formed turbulent jet flow with the surrounding air, resulting in discontinuity surface with discontinuous velocity. As shown in Figure 4, the jet flow was mainly composed of the initial segment, transition segment, and the main segment. The initial section included the shear layer or mixing layer extending from the orifice boundary to the inside and outside and the potential flow core whose central part was not affected and whose velocity u0 was maintained. The main section of the jet was the jet after the full development of turbulence. The transition section of the jet was a very short fluid between the initial section and the main section, which was generally not considered.



(3) Attenuation law of axial flow velocity



The momentum flux of each section of the jet was conserved and equal to the momentum of the exit section, i.e.,


  J = 2 π ρ   ∫  0 ∞   u 2  r d r = ρ  u 0 2  π  r 0 2  .  



(5)







In the equation, u0 and r0 are the flow velocity and radius of the exit section, respectively, as shown in Figure 5.



Considering the similarity of the flow velocity distribution of each section of the main body, namely:


   u   u m    = f  (   r b   )  = e x p  [  −    (   r b   )   2   ]  .  



(6)







Taking be as the characteristic half thickness, where r = be, u = um/e, substituting the above equation


    ∫  0 ∞   u 2  · 2 π r d r =  π 2   u m 2   b e 2  =  u 0 2    π  D 2   4  .  



(7)







Assuming that the jet thickness extends linearly, namely:


   b e  = c x .  



(8)







Then,


     u m     u 0    =  1   2  c    (   D x   )  .  



(9)







In the equation, c = 0.114, D is the diameter of the circular orifice, and the above equation became


     u m     u 0    = 6.2  D x  .  



(10)







This equation shows that the circular turbulent jet axis flow velocity varies with x−1.



Let um = u0, and the initial length of the circular turbulent jet can be obtained [27]:


   L 0  = 6.2 D .  



(11)







Here, D is the diameter of the blasting tube 22 mm; therefore, the initial length of the circular turbulent jet of the liquid carbon dioxide blasting system was 0.136 m, and the pressure was also approximately equal within this range. In engineering applications, if the difference between the radius of the blast hole and the radius of the blast tube was greater than this value, the damage capability would be greatly reduced.




3.2. Positive Phase Pressure Function


Figure 6 shows the pressure–time history curves of the same distance outside the blast tube in the four explosion tests. The curves of the four tests have the same variation.



It was assumed that, under ideal conditions, an ideal pressure sensor was assumed for a given fixed distance R, which did not hinder the flow of the jet after impacting the pressure front and was able to perfectly record all pressure changes, as shown in Figure 7. The ideal jet impact pressure–time history curve recorded by the instrument. At some time after the explosion of the liquid carbon dioxide blasting system, the instrument recorded the ambient pressure P0. At the arrival time t0, the pressure rises abruptly to a certain peak value Ps+. Then, during time t0+t1, the pressure first decayed to a certain level value Ps for a time t2, then decayed to P0 via time t3, then continued to fall to Ps−, and finally returns to P0 during the experiencing time t4. The pressure–time history curve of the pressure from the peak Ps+ to the ambient pressure P0 was called the positive phase. The pressure–time history curve of the pressure between the ambient pressures P0 and Ps− was a negative phase. The positive and negative phase impulses were defined by the following equation [35]:


   I +  =   ∫    t 0     t 0  +  T +     [  P  ( t )  −  P 0   ]  d t ,  



(12)






   I −  =   ∫    t 0  +  T +     t 0  +  T +  +  T −     [   P 0  − P  ( t )   ]  d t .  



(13)







The damage effect of the jet impact pressure on the target can be measured by three parameters: (1) peak pressure; (2) positive phase zone action time; and (3) impulse density I+. It can be seen from the above analysis that the decay law and mathematical model of the positive phase are the keys to study the impact pressure curve of the liquid carbon dioxide blasting jet.



For traditional ideal blast or shock waves, there was a large amount of research work based on experimental tests, according to theoretical analysis, the following pressure–time history function forms are recommended [35]:



(1) Linear attenuation function



This is the simplest form of function with two arguments. The shock wave pressure reaches a maximum at the beginning of the explosion, the form of the assumed linear decay of pressure when considering the blast wave load of the structure:


  P  ( t )  =  P 0  +  P s +   (  1 − t /  t +   )  ,  



(14)




where t+ is positive phase time (  0 < t ≤  t +   ). When fitting experimental data with this function, the actual value of    P s +    is usually reserved, and the positive phase duration t+ is adjusted to maintain the actual positive impulse I+. It is also possible to adjust the positive phase duration so that the initial decay rate of Equation (14) matches the initial decay rate of the test data. This will cause the positive impulse to be small which often used for response calculations.



(2) Exponential decay function


  P  ( t )  =  P 0  +  P s +   e  − c t   ,  



(15)




where   c   is attenuation index, and the function form is a commonly used function expression in the pressure decay law; many experimental data results indicate that the expression will accurately fit the records of many instruments on most positive phases. If someone gets relevant experimental results, he can obtain related pending parameters to perform regression analysis by using the functional expressions (14) and (15).



(3) Three parameter function


  P  ( t )  =  P 0  +  P s +   (  1 − t /  t +   )   e  − c t /  t +    .  



(16)







This function expression is often referred to as the “modified Friedlander’s equation [35]”, which can describe the details of pressure changes well in many cases.



(4) Four parameter function



Many scholars have noticed that the data of the exponential decay rate decrease with time in the experiment, who put forward a four-parameter function expression that allows for more degrees of freedom:


  P  ( t )  =  P 0  +  P s +   (  1 − t /  t +   )   e  − c  (  1 − m t /  t +   )  t /  t +    .  



(17)







The characteristics of Ps+、t+、I+ and exponential decay rate can be fitted and analyzed by use according to the equation.



(5) Five parameter function



According to the computing theory that shock wave generated by blasting point, Broad has put forward a function expression consisting of a five-parameter model to match the time history of positive phase pressure:


  P  ( t )  =  P 0  +  P s +   (  1 − t /  t +   )   e  − c  [  1 + g /  (  1 + h t /  t +   )   ]    ,  



(18)




where g and h are constant. Up to now, the most complex expression for fitting positive phase time history data has also been proposed by Broad, which also contains five parameters:


  P  ( t )  =  P 0  +  P s +   (  1 − t /  t +   )   [  a  e  − b t /  t +    + ( 1 − a )  e  − s t /  t +     ]  ,  



(19)




where a, b, and s are constant. This equation can fit with test data very well.



All of the above equations are empirical expressions. Equations (14) and (15) are simple, but the equations are quite different from the properties of some observed ideal waveforms. Equation (14) for linear attenuation is inaccurate, and Equation (15) cannot return to ambient pressure and is also inaccurate. Equation (16) is still simple and can match the observed parameters more precisely. Equations (17) through (19) are more and more complex, but they can be adjusted to approximate experimental or theoretical values. The author thinks that scholars should adopt the simplest form that is compatible with the accuracy required for any given analysis. The best solution might adopt Equation (16) of “modified Friedlander’s equation [35]”. Because it allows adjustment to meet the most important blast wave properties, but not too complicated.



According to the above analysis and discussion, the regression analysis of the experimental data shows that the general function expression of the pressure–time history is (20). Table 2 gives the fourth test pressure–time history parameter tables. Figure 8 is a graph of the pressure–time history curve of four trials:


  P ( t ) = {      P 0  +  P s +   (     t 0  − t    t 0     )                  0 < t ≤  t 0         P 0  +  P s +   (     t 1  − t    t 1  −  t 0     )                 t 0  < t ≤  t 1         P s                 t 1  < t ≤  t 2         P 0  +  P s   (     t 3  − t    t 3  −  t 2     )   e  − c  (     t 3  − t    t 3  −  t 2     )                   t 2  < t ≤  t 3       



(20)







It can be seen from Figure 8 and Table 2 that the peak pressure of the impact pressure curve shows the same regularity as the peak pressure in the blasting tube in the four tests, and the pressure function model (20) fits well with the pressure curve obtained by the tests, indicating that the pressure function model can be used to express the phase change jet impact pressure curve of a liquid carbon dioxide blasting system. The time from    P 0    to    P 0  +  P s +    was 0.008894 s, 0.00668 s, 0.00673 s and 0.00816 s, respectively. The rate of pressure rise directly reflects the rate of high-pressure fluids working on the outside world. The pressure increase rates at 0.23 m in the four tests was 1.07 GPa/s, 0.82 GPa/s, 1.38 GPa/s, and 1.12 GPa/s, respectively. For    P s    in the pressure curve, it can be smaller than the increasing peak pressure    P s +   , or equal to    P s +   , which is related to the thermodynamic characteristics and phase transition process in the blast tube. It can be seen from Figure 8 that the pressure of    P s    is longer, which is 0.021 s, 0.009 s, 0.013 s and 0.016 s, respectively. This process can be regarded as a stable loading process of jet impact, which represents that the phase changed jet impact of the liquid carbon dioxide blasting system. In the pressure quasi-static process, the impulse    I +    of the jet represents the energy of the jet impact and has the same regularity as the energy in the burst.



From the above analysis, the process of phase change of liquid carbon dioxide blasting system includes two main processes: dynamic loading process and quasi-static loading process.




3.3. Pressure Decay Characteristic


The damage of the liquid carbon dioxide blasting system to the target was mainly achieved by the jet impact pressure and the quasi-static action of the high-pressure gas under the sealed condition. The jet impact and impulse are the main factors. The pressure function and impulse variation of the jet have been discussed in the previous section. Combined with the TNT equivalent of the liquid carbon dioxide blasting system, the authors will discuss the impact pressure characteristics and attenuation characteristics at different distances.



TNT equivalent ratio is an important parameter to measure the power of explosives. It has important research significance for anti-explosive structure design, safety distance, and explosion accident. At present, through theoretical calculations and regression analysis of laboratory data, the peak pressure of TNT explosives’ shock wave with the attenuation law of propagation distance has the following analytical expression [36]:


   {      Δ P = 1.02  (     ω 3   r   )  + 3.99    (     ω 3   r   )   2  + 1.26    (     ω 3   r   )   3         R ¯  =  r   ω 3          ,  



(21)




where:   Δ P   is the peak pressure, MPa;    R ¯    is the contrast distance;  ω  is the TNT dose, kg; and  r  is the distance from the blast, m.



For the non-ideal explosion source of liquid carbon dioxide blasting system, a TNT equivalent can be used instead of TNT dose ω to calculate the peak pressure of different contrast distance   R ¯  . By comparing the actual data of the same contrast distance   R ¯   under laboratory conditions, the pressure decay characteristics of the liquid carbon dioxide blasting system were analyzed. Table 3 gives the average distribution of the incident peak pressures at different contrast distances for the above four tests. The explosive energies of the four tests were 142.233 kJ, 124.372 kJ, 147.723 kJ and 136.725 kJ, respectively. TNT equivalents were 30.85 g TNT, 26.98g TNT, 32.04 g TNT, and 29.66g TNT, with an average of 29.88g TNT. Figure 9 shows that the peak pressure test value fit curve and theoretical calculated value curve at different distances and contrast distances (since the liquid carbon dioxide blasting system is a symmetrical jet exit, the measured peak pressure is ideally 1/2 of the total pressure, so it corresponds to the peak pressure of TNT, which is also taken as 1/2 of the theoretical calculation).



It can be seen from Table 3 and Figure 9 that the peak pressure of the liquid carbon dioxide blasting system is significantly larger than the theoretical pressure peak of the TNT overpressure, which is due to the influence of the jet pressure at a certain distance after the explosion.



The peak pressure from 0.23 m to 0.6 m was reduced from 8.653 MPa to 1.515 MPa. This rapid decrease was due to the rapid decrease of the jet velocity of the high-pressure fluid, which caused the peak pressure to decrease. It can be seen from the analysis of the velocity decay law in Section 3.1. The initial length of the circular turbulent jet was 0.136 m, and the distance has the same jet velocity. The jet with a centering distance of 0.23–0.6m was in the transition section and the main section of the circular turbulent jet. When the jet exceeded the main section, the influence of the jet gradually decreased, and the speed decreasing trend tended to be gentle. However, the peak pressure was also affected by the explosion shock wave. Therefore, the core distance was 0.6 m to 2.5 m, and the peak pressure decreased. The error in theoretical calculations was reduced. When the distance exceeded 2.5 m, the jet had no effect on the pressure, and, at this time, only the overpressure generated by the shock wave action. Based on the above analysis, it can be considered that the impact pressure field of the liquid carbon dioxide blasting system can be divided into three regions, namely, the explosion jet impact zone, the jet edge zone, and the shock wave action zone.



In order to visually and qualitatively describe the attenuation characteristics of the impact pressure of liquid carbon dioxide blasting system, based on the TNT equivalent, the TNT reference equation function relationship was used to compare and evaluate the impact pressure attenuation relationship of the liquid carbon dioxide blasting system impact pressure reference function. According to the theory of explosion similarity, when TNT explodes in the air, it has the same peak pressure at the same contrast distance and satisfies a certain functional relationship [29]:


  Δ P = f  (     ω 3   r   )   



(22)




and let ∆P be the nth degree polynomial of ∛ω/r; then, it can be expanded to:


  Δ P =  a 0  +  a 1   (     ω 3   r   )  +  a 2     (     ω 3   r   )   2  +  a 3     (     ω 3   r   )   3  + ⋯ ,  



(23)




where    a 0  ,    a 1  ,    a 2  ,    a 3  ,   ⋯   are undetermined coefficients, and a0 = 0 is determined by the boundary condition, and the TNT explosive shock wave peak pressure equation.



Using the test peak pressure data values in Table 3, using the least-squares principle to fit the data, the pressure–contrast distance equations and curves of the liquid carbon dioxide blasting system were obtained, and the pressure–contrast distance equation curve of the theoretical calculation equation was obtained—for comparison, as shown in Figure 10.



The pressure–contrast distance fitting equation for the liquid carbon dioxide blasting system was shown in the following equation, with R2 being 0.96:


  Δ P = 0.71  (     ω 3   r   )  + 4.26    (     ω 3   r   )   2  − 0.027    (     ω 3   r   )   3      0.741 ≤  R ¯  =  r   ω 3    ≤ 9.668 .  



(24)







It can be seen from the above fitting equation that the jet impact pressure of the liquid carbon dioxide blasting system accords with the functional relationship.





4. Conclusions


In this paper, the characteristics of high-pressure fluid impingement pressure field in liquid carbon dioxide blasting system were measured. The phase transition jet velocity attenuation characteristics of liquid carbon dioxide blasting system were analyzed. The positive phase pressure response characteristics and pressure decay characteristics of blasting tube were discussed. The main conclusions obtained were:



(1) Based on the mechanism analysis of phase transition kinetics, the initial jet velocity of the four experiments was calculated to be 469.93 m/s, 338.87 m/s, 496.32 m/s, and 419.81 m/s; the rationality of results were verified by the Bernoulli equation.



(2) Simplifying and mathematically analyzing the test data for five stages of the ideal liquid carbon dioxide blasting system jet impact pressure curve, and obtaining the general expression of the positive phase pressure–time function, and four subtest pressure–time history function parameters were given.



(3) Analyzing and discussing the impact pressure characteristics and attenuation characteristics at different distances, the impact pressure field of the liquid carbon dioxide blasting system can be divided into three areas: the explosive jet impact zone, the jet edge zone and the shock wave action zone, and the pressure–contrast distance fitting equation of the liquid carbon dioxide blasting system were given.
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Figure 1. Schematic diagram of a Cardox system [6]. 
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Figure 2. The principle diagram of the test. 
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Figure 3. The schematic diagram of a high-pressure carbon dioxide jet. 
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Figure 4. The flow characteristics of free turbulence jet. 
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Figure 5. Axisymmetric free jet. 
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Figure 6. Pressure–time history curve at the same distance outside the blast tube in the four explosion tests. 
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Figure 7. Impact pressure–time history curve of the liquid carbon dioxide blasting system. 
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Figure 8. Pressure–time curve at a certain distance outside the blasting tube in four tests. 
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Figure 9. Peak pressure test value fit curve and theoretically calculated value curve at different distances. 
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Figure 10. Comparison of liquid carbon dioxide blasting system and TNT pressure–contrast distance curve. 
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Table 1. The parameters of pressure sensors.






Table 1. The parameters of pressure sensors.





	Serial Number
	Type
	Range/MPa





	A
	MYD-8432C
	250



	B(C)
	MYD-8432E
	40



	D
	MYD-8432F
	10



	E
	MYD-8432G
	5



	F
	MYD-8432H
	1



	G
	MYD-8432H
	1



	H
	MYD-8432H
	1



	I
	MYD-8432I
	0.5



	J
	MYD-8432J
	0.2



	K
	MYD-8432K
	0.1
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Table 2. Gives the fourth test pressure–time history parameter tables.
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	Number
	     P 0    / MPa    
	     P s +    / MPa    
	     P s    / MPa    
	Start/s
	       t 0  / s    
	     t 1  / s    
	     t 2  / s    
	     t 3  / s    
	   c   
	     I +         /  MPa  ·  s     
	R2





	1
	0.25
	9.60
	5.64
	0.00828
	0.01722
	0.01899
	0.03992
	0.06800
	0.076
	0.195
	0.867



	2
	0.36
	5.49
	3.72
	0.00622
	0.0129
	0.01644
	0.02524
	0.05028
	0.053
	0.104
	0.985



	3
	0.14
	9.32
	9.26
	0.00618
	0.01291
	0.01404
	0.02672
	0.04502
	0.039
	0.230
	0.922



	4
	0.30
	9.15
	5.7
	0.0046
	0.01276
	0.01835
	0.03420
	0.04294
	0.114
	0.189
	0.819
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Table 3. Peak pressure test values and theoretical calculation values at different distances and contrast distances.






Table 3. Peak pressure test values and theoretical calculation values at different distances and contrast distances.





	    Distances   r / m    
	    R ¯    
	Test Values /MPa
	Theoretical Calculation Values /MPa





	0.23
	0.741
	8.653
	5.866



	0.6
	1.934
	1.515
	0.884



	0.9
	2.900
	0.683
	0.439



	1.2
	3.867
	0.492
	0.276



	1.5
	4.834
	0.419
	0.196



	1.8
	5.801
	0.294
	0.150



	2
	6.445
	0.190
	0.129



	2.5
	8.057
	0.142
	0.095



	3
	9.668
	0.023
	0.075











© 2019 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 (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
=

. Refrigerated Liquid ;
Carbon Dioxide },;

Filling Machine

(a) Filling system





media/file8.jpg
Uy

‘The potenial flow core

| Transition
il spment | spnet | Mo smen

- |






media/file13.png
—eo— 1
—m— 2
—— 3
—4— 4

=&
= 1
L]

0.07

4
<

T ' 1
N o o O < N
h h

edIN / @inssaid

| ! I
S

Time /s





media/file12.jpg
—e1
—=2
-3
4

x

§ e ®o T o o gy
BdIN / Inssald

002 003 004 005 006 007
Time/s

0.01





media/file3.jpg
Transducer A

Firing Head
Chemical Energiser Computer
Blasting Tube
Fisture
Transient
Transducer A

Rupture Disc

=)
[

]

-0

=

D For_t [Dishise < 5 & ¥ G W
Discharge End Por
& 023m

(b) Testing system





media/file18.jpg
Pressure / MPa

—=—Test
—e— Theoretical calculating value

05

1.0

15 20 25 3.0
Distance/ m

35





media/file9.png
y A

Shear layer

u=u,,/2

Initial segment

| Transition
| segment I Main segment
<+t | —

ZIIH

g
?11713
T~—





media/file14.jpg
Pressure (P)

o

)
e






media/file20.jpg
Pressure / MPa

10

o Test
m Theoretical calculating value

~—— Test data fitting curve

—— Formula (21)

2 4 6 8
Conctrast distance / m

10





media/file5.png
Transducer A L

Firing Head
N Comput
Chemical Energiser ~ omputet
- Blasting Tube -
el 2 |isTozeosna i B RIRK
Fixture | | J
Transient ——
. -9
Signal Tester o
Transducer A ’.5. 5555 )
Rupture Disc ' e
o
/ -
—] - ‘éo ﬂl
Discharge Port |: | Dlscharge F
Discharge End Port
023m

(b) Testing system





media/file15.png
-

O
s}
<
) — <
O
2
M/
ol))
)
o Z.
s}
<
=} _
] @ _||-b3
2 R
= _
s}
2 _
~
Y L _ ]«
_
_
/ \ I N S
/ __ .
_
| A)
Al S

() 24nssa4J

Time (1)





media/file19.png
Pressure / MPa

—=— Test
—e— Theoretical calculating value

0.5

1.0

1.5 2.0 2.5 3.0
Distance/ m

3.5





media/file2.jpg
(@) Filling system





nav.xhtml


  energies-12-04134


  
    		
      energies-12-04134
    


  




  





media/file11.png
F
|V.\~A|
o
Y
/\ ,\ J
; \—
Hy N
S |
AN NN
N a /«





media/file6.jpg
Air direction

Air direction

Directional shears





media/file1.png
Firing Head )

Liquid Carbon Dioxide





media/file10.jpg





media/file7.png
B
2

YV

ﬁ Air direction

Air direction

Directional shears





media/file16.jpg
2 .t 2| -2
w K

g Prssanpa g

£, £ aowes

£, . rraTawea

H

i: i

. | oot

3 i — ab | 4
o2 et

S0 b a7 ot ot ok o a0 D T

Time /s Time /s,
a) by

“ “

f .3

wof P9I pgaours
£ g

g, I

£, R
&7 £

o o

4 2

S wor o wor ow o ase 0w [T T T T T

Time s Time /s

o d)





media/file17.png
Pressure / MPa

Pressure / MPa

14

12 o

10 P’=9.6MPa

8

_ P=5.64MPa

BF i,

4

2

0 L 4

i : f-i

ol fgi [

-Origin

4 ; ] ) ] ; ] ; ) ] ; ] )

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Time /s
a)

14

121 ) o3

10} Fs=932MPa  p =g 26MPa

8

6

4

2

O..

t . "3‘\

_2 ‘ .z

riginf——l‘aL

4 L ] ) ] ; ] ) ] ] ) ] )

000 001 002 003 004 005 006 0.07

Time/s

c)

Pressure / MPa

Pressure / MPa

RN RN RN
o N ELN
I ! I '

21

P=5.49MPa

P =3.72MPa

fo

[Origin

t

74

i3

-4
0.00

|
0.01

1 | 1
0.02

1 1 1 " " 1 1
0.03 0.04 0.05 0.06 0.07
Time/s

b)

14
12 |
10 |-

oL

Origi

P =9 15MPa

1]

o~

£ i3

-4
0.00

|
0.01

1 |
0.02

1 | 1 | 1 | A | A
003 004 005 0.06 0.07

Time/s

d)





media/file0.jpg
Firing Head
Discharge Port pe.jon gush

Vale Chemical EnergiserHeater| ooy pisc. Restaining Device
Liquid Carbon Dioxide





media/file21.png
Pressure / MPa

O Test

8 - B Theoretical calculating value
—— Test data fitting curve
— Formula (21)

6 -

4 -

2

04 - oa

0 2 4 6 8 10

Conctrast distance / m





