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The flow field characteristics of blast simulators with the explosive-driven method and compression-driven method have been extensively investigated; however, limited effort has been made to the flow field in blast simulators combined-driven by explosive charge and compressed gas. In this paper, the finite volume method governed by the Navier–Stokes equation based on an explosive detonation and k-omega SST turbulence equation was used to analyze the flow field characteristics of blast simulators with three kinds of drive methods, namely, explosive-driven method, compression-driven method, and combined-driven method. The results show that the numerical method could simulate the flow field characteristics of the blast simulators with the explosive-driven method and compression-driven method accurately by comparing to the experimental data. Also, the influence of air turbulence on the explosion flow field cannot be neglected in the case of long running time. It is obtained that the combined-driven method could increase the pressure peak value of shock waves and extends positive pressure duration effectively, owing to the interaction of the shock waves generated from the explosive detonation and the rarefaction wave formed by rupturing the diaphragm. The first overpressure peak value, the second overpressure peak value, and the positive pressure duration obtained by the combined-driven method of 5 kg TNT and 0.3 MPa compressed gas were 1.669 times, 2.172 times, and 2.308 times more than those obtained by the explosive-driven method of 5 kg TNT, respectively. The maximum overpressure and positive pressure duration obtained by the combined-driven method of 5 kg TNT and 0.3 MPa compressed gas were 2.56 times and 1.162 times more than those obtained by the compression-driven method of 0.3 MPa compressed gas, respectively. Moreover, various shock wave environments could be simulated by controlling the charge mass of explosive charge and the initial pressure of compressed gas.
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1 INTRODUCTION
At present, many important economic targets are threatened by typhoons and accidental explosions (Sun and Wang, 2019; Hua et al., 2020). Engineering structures are subject to strong impact loads when faced with such disasters (Li and Ma, 2018; He et al., 2022). A blast simulator is a shock tube that can be used to simulate shock waves on the ground and can perform dynamic impact tests on most ground engineering structures. It is of great significance for the anti-explosive impact protection of ground targets and evaluation of the destructive ability of natural disasters. There are three drive methods to obtain the shock wave for the test, namely, explosive-driven method, compression-driven method, and combined-driven method, by explosive charge and compressed gas (Ren et al., 2014).
Many studies have been carried out on the explosion flow field of explosive-driven blast simulators and similar devices. Li et al. (2019) and Kong et al. (2021) investigated the flow field evolution and the shell response of explosive vessels when subjected to the explosion of a central charge. Wang et al. (2021a) studied the propagation law of explosion waves in an explosion vessel under negative pressure and obtained the explosion wave parameters at different vacuum degrees. It was found that the lower the initial ambient pressure, the faster the propagation speed of the explosion wave. Yao et al. (2012) simulated the dynamic response process of the thick-walled driver tube subjected to internal cylindrical charge explosion with the finite element software ANSYS/LS-DYNA. The paper then investigated the explosion flow field in the tube and the dynamic response of the tube. Stewart (2019) designed a conical shock tube that can simulate a large free-field explosion with a small amount of explosives.
The flow field in compression-driven shock tubes also has been extensively investigated. Mukhambetiyar et al. (2017) numerically analyzed the effects of the initial pressure, tube diameter, viscous boundary, and wall boundary condition on the flow field of the micro shock tube. The thickness and material of the diaphragm also influence the flow characteristics of the shock tube (Schulz and Skews, 2020; Singh et al., 2020; Sardarzadeh and Zamani, 2021). Isaac and Jagadeesh (2020) conducted blast loading experiments on metal plates with a conical shock tube driven by compressed gas. The results showed that the device can be used as an alternate technique to safely carry out impulsive loading experiments. Whalley and Skews (2018) studied the flow field which results from an expansion wave entering a cavity from an upstream tube and the focusing effect which occurs. Luan et al. (2018) simulated the flow field of a shock tube with a small exit nozzle. Dey et al. (2018) used a shock tube to investigate the interaction between the shock wave and three objects, namely, cone, sphere, and circular disc. Barik et al. (2020) used a shock tube and studied the effect of bending pre-strain and pressure on the forming behavior of AA5052−H32 sheets. Gan et al. (2020) demonstrated the advanced blast simulator that could generate a far-field blast environment accurately and suit high-precision and repeatable explosion testing of various building components. Kochavi et al. (2020) designed a blast simulator that could simulate the damage to biological models from the blast environment generated by 3.5 kg of spherical TNT. Diao et al. (2020) investigated the effect of vibration on the dynamic calibration of pressure sensors based on a shock tube system.
The aforementioned studies have played a good role in promoting the study of the flow field of blast simulators. However, the experimental and numerical research projects are limited to the single drive method, and no turbulence model was added to consider the effect of air turbulence on the blast flow field. Ren et al. (2014) designed a large blast simulator and proposed that the blast simulator could accurately simulate various explosion environments with the multi-barrel explosive-driven method, multiple-diaphragm compression-driven method, and combined-driven method by explosive charge and compressed gas. It is believed that the blast simulator combined-driven by an explosive charge and compressed gas could control the positive pressure duration and pressure peak value to simulate the air shock wave generated from the explosion of various weapons by changing the initial pressure and charge mass. However, he did not investigate further the evolution of the flow field in combined-driven blast simulators. From the current research situation, the understanding of the flow field evolution mechanism of the combined-driven blast simulator is not deep enough, and there are few studies on the influence of air turbulence on the blast flow field. In this paper, the Navier–Stokes (NS) equation based on explosive detonation and k-omega SST turbulence equation was used to consider the effects of air turbulence. The flow fields of the blast simulator with three different drive methods were simulated separately by using the finite volume method. The accuracy of the numerical method in simulating the flow field of the blast simulator was verified. The unsteady flow field characteristics in the blast simulator with the three drive methods are analyzed. The influence mechanism of the charge mass and initial pressure of the driver section on the overpressure peak value and positive pressure duration was revealed.
2 COMPUTATIONAL MODEL AND NUMERICAL METHOD
2.1 Computational model
The schematic of the computational model and mesh of the blast simulator is depicted in Figure 1. The explosion chamber of the device is 20 m long and 3 m in diameter, the length of the transition section is 4.5 m, and the experiment section is 30 m long and 2.36 m in diameter. The explosives are arranged in the explosion chamber and then detonated to form a shock wave if using the explosive-driven method. If the compression-driven method is chosen, the explosion chamber and transition section are filled with compressed gas, and the shock wave can be formed by rupturing the diaphragm between the transition and the experiment section. The sum of the explosion chamber and the transition section can be regarded as the driver section. The combined-driven method can be achieved by combining both methods.
[image: Figure 1]FIGURE 1 | Schematic of a computational model and mesh. (A) Computational model. (B) Mesh.
The mesh discretization of the device’s interior and exit areas is carried out. The axis of the closed end of the explosion chamber was defined as the coordinate origin. The inner wall of the blast simulator is modeled as a no-slip boundary on which wall functions are activated for turbulent kinetic energy and specific dissipation rate. A continuous wall function based on Spalding’s law (Spalding, 1961) switching between low- and high-Reynolds numbers is implemented for the turbulent viscosity. The initial values for turbulent kinetic energy and specific dissipation rate in the computational domain are specified as small values approaching 0. The outlet is defined as a non-reflecting boundary. The initial values for pressure and temperature in the computational domain are set to 101,325 Pa and 288.15 K, respectively.
2.2 Numerical method
In this paper, the numerical simulations were performed using the blastFoam solver developed based on OpenFoam (Heylmun et al., 2019). BlastFoam could simulate the activation of energetic materials and support modeling multi-material detonation (Jiang et al., 2022). The N-S equation is composed of the continuity equation, the momentum equation, and the energy equation, which could be expressed by the following formulas:
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where ρ is the mixture density, V is the mixture velocity, z is the axial coordinate, r is the radial coordinate, w is the axial velocity, u is the radial velocity, E is the total energy, h is enthalpy, and p is the pressure. αA and ρA are the volume fraction and density of the air phase, respectively. αT and ρT are the volume fraction and density of the TNT phase, respectively. qr and qz are the respective radial and axial heat fluxes.
The TNT phase includes the solid TNT and detonation product of TNT. The solid TNT adopts the Birch–Murnaghan equation (Murnaghan, 1944), and the pressure of the solid TNT is
[image: image]
where pref is the reference pressure and ρref is the reference density. κ and κ0 are constants, i.e., κ=9.6e9 and κ0=6.6.
The detonation product of a TNT charge adopts the Jones–Wilkins–Lee (JWL) equation of state (Lee and Tarver, 1980), and the pressure of the detonation product is
[image: image]
where V0 is the specific volume; e is the initial specific internal energy; and A, B, R1, R2, and ωT are constants, i.e., A=527.28e9, B=6.3e9, R1=4.71, R2=1.07, and ωT =0.29.
The energy released during the reaction of solid TNT into TNT burst products could be expressed by the following formulas:
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where x is the coordinate of the grid center, xdet is the coordinate of the detonation point, and vdet is the detonation velocity.
The air adopts the ideal gas equation of state (Luccioni et al., 2009), and the pressure of the air is
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where γ is the ratio of the specific heat, and p and ρA are the pressure and density of air, respectively.
To simulate the viscous flow field of air, the k-omega SST turbulence model by Menter (1994) is used, which is expressed by the following formulas,
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where k is the turbulent kinetic energy, ω is the specific dissipation rate, μ is the molecular viscosity, μt is the turbulent viscosity, Pk is the generation of turbulent kinetic energy due to mean velocity gradients, and F1 is the blending functions. β1, β2, β*, σk1, σk2, σω1, and σω2 are constants, i.e., β1=0.075, β2=0.0828, β*=0.09, σk1=0.85, σk2=1, σω1=0.5, and σω2=0.856.
The first-order time derivative term adopts the second-order Runge–Kutta method by Spiteri and Ruuth (2002). The flux scheme is the Kurganov scheme by Kurganov and Tadmor (2000). The interpolation scheme from the cell center to the surface center is cubic interpolation. In addition, the gradient scheme is cellMDLimited leastSquares 1.0, the surface normal gradient scheme is corrected, and the Laplacian scheme is Gauss linear-corrected.
3 VERIFICATION OF THE NUMERICAL METHOD
3.1 Verification of the discretization schemes
The one-dimensional shock tube problem is selected to verify the accuracy of the discretization schemes. The JWL equation of state parameters for the detonation product are defined as A=8.545e11, B=2.05e10, ωT=0.25, R1=4.6, R2=1.35, and ρT=1840 kg/m3. The initial condition is
[image: image]
Figure 2 shows the pressure, density, and velocity in space at the moment of 0.012 ms. The numerical solutions agree well with the exact solutions. The results show that the discretization schemes have a good ability to capture the shock and discontinuity.
[image: Figure 2]FIGURE 2 | Comparison of numerical solutions and exact solutions. (A) Pressure. (B) Density. (C) Velocity.
3.2 Verification of the numerical model with an explosive-driven method
As shown in Figure 3, the experiment used the method of the combination of detonating cord and TNT charge. The total length of the detonating cord is 10 m. The mass of the TNT block is 0.2 kg, and the density is 1630 kg/m3. The total mass of the TNT charge is 5 kg. The TNT blocks were evenly arranged on the 5-m detonating cord. The detonation point was located on the left end of the TNT charge and 10 m from the closed end wall of the explosion chamber. The pressure sensor was arranged in the experiment section at 6.8 m from the exit of the transition section. The turbulence and wall boundary layer might affect the flow field of the explosive-driven blast simulator. Case 1 and Case 2 were calculated separately to study the flow field in the blast simulator using the inviscid model and the k-omega SST model under the same 5 kg charge mass.
[image: Figure 3]FIGURE 3 | Combination of the detonating cord and TNT charge.
The overpressure histories of the simulation and experiment are shown in Figure 4, and the overpressure peak value and relative error are listed in Table 1, specifically. The first overpressure peak value of case 1 and case 2 matches well with the experimental result, and the relative errors are 0.7% and 2.8%, respectively. However, compared with the experimental result, the second overpressure peak value is higher and the time for the second shock wave to reach the sensor is faster by case 1, and the relative error of the peak value is 35.5%. The second peak value by case 2 is in better agreement with the test results, and the relative error is just 4.3%, that means the turbulence of air has little effect on the shock wave intensity in a short time. Nonetheless, the air turbulence expends the energy of shock waves and airflow constantly with the increase of time. Therefore, the second overpressure peak value of case 1 is higher than the experimental result. It could be verified that the numerical method in this paper could simulate the flow field of the blast simulator with the explosive-driven method accurately and the addition of the k-omega SST model could effectively improve the accuracy of the calculation.
[image: Figure 4]FIGURE 4 | Overpressure history of the experiment and simulation.
TABLE 1 | Results of the experiment and simulation with the explosive-driven method.
[image: Table 1]3.3 Verification of a numerical model with the compression-driven method
To validate the applicability of the numerical method used to simulate the flow field of the compression-driven shock tube, the results of the simulations and experiments (Wang et al., 2021b) were compared. The shock tube is 2.1 m in length, and both ends are closed walls. The driver section was filled in high-pressure gas, and the driven section was filled in low-pressure gas. The shock wave could be formed by breaking the diaphragm. The initial pressure in the driver section and driven section of case 3 is 0.3595 MPa and 0.0895 MPa, respectively. The initial pressure in the driver section and driven section of case 4 is 0.5687 MPa and 0.0887 MPa, respectively. The initial temperature in the shock tube of case 3 and case 4 is 285 k and 282 k, respectively.
The speed of shock wave at 2.2 ms and 2 ms in case 3, case 4, and experiments are listed in Table 2. The relative error of the wave velocity of case 3 and case 4 is 0.49% and 2%, respectively. Therefore, the numerical method in this paper could simulate the flow field of the blast simulator with the compression-driven method accurately.
TABLE 2 | Results of the experiment and simulation with the compression-driven method.
[image: Table 2]In conclusion, the numerical method in this paper could not only simulate the explosion flow field in a blast simulator driven by explosives but also calculate the flow field in a blast simulator driven by compressed gas. Considering the effects of air turbulence by adding the k-omega SST model could improve the accuracy of the blast flow field effectively. Therefore, the numerical method could be used to simulate the flow field in a combined-driven blast simulator.
4 ANALYSIS OF A FLOW FIELD IN THE BLAST SIMULATOR WITH THREE DRIVE METHODS
As shown in Table 3, 15 cases have been simulated to study the flow field of the blast simulator under three drive methods by using the computational model and numerical method in this paper. The TNT charge was set to a continuous column, and the distance between the closed wall and the charge is 10 m. The diameter of the charge is 40 mm, and the charge could be changed by adjusting the length of the column. The detonation of the TNT charge and the rupture of the diaphragm at t=0 m are observed in cases 11–18. The gauging point 1 and gauging point 2 were arranged in the experiment section. Gauging point 1 is 6.8 m from the exit of the transition section, and gauging point 2 is 5 m from the exit of the experiment section.
TABLE 3 | Initial condition of simulated cases with three drive methods.
[image: Table 3]4.1 Explosive-driven method
Cases 5–7 simulated the flow field of the blast simulator with the explosive-driven method, and three conditions with the charge amount of 3 kg, 5 kg, and 7 kg were selected. Figure 5 shows the time evolutions of overpressure of case 6, Figure 6 shows the time history of the overpressure at the gauging point 1 and gauging point 2 of cases 5–7, respectively. It could be seen that the blast wave was reflected back and forth on the inner wall, and each reflection created a shock wave that propagated to each side. Because of the change in the cross area of the transition section, the left reflected shock wave was formed when the right blast wave reached the transition section. The left reflected shock wave generated a reflected shock wave when it reached the wall of the closed end, and the reflected wave reached the measuring point 1 at 159 ms. Therefore, the third peak appeared on the overpressure–time curve which represents the passage of this shock wave. A right strong shock wave was formed at 21 m after multiple right shock waves passed through the transition section. The strong right shock wave reached probe 1 at 35 ms and formed the first wave peak on the overpressure–time curve. Also, a right reflected shock wave was generated when the left blast wave reached the closed end of the explosion chamber at 18.5 ms. The second peak appeared on the overpressure history when the right reflected shock wave reached the gauging point at 82 ms. Then, a left rarefaction wave was formed after the right shock wave arrived and diffracted at the exit of the device at 89 ms, which caused the pressure inside the device to drop continuously. At last, two left shock waves were formed at the exit of the experiment section and moved toward the interior of the device when the pressure in the blast simulator was lower than the pressure of the external environment. It could be seen that two weak shock waves were propagating upstream at 215 ms, and the fourth and fifth peaks appeared on the overpressure–time curve at measuring point 1.
[image: Figure 5]FIGURE 5 | Time evolutions of case 6 (explosive-driven method). (A) 0.5 ms. (B) 1.5 ms. (C) 3 ms. (D) 8 ms. (E) 18.5 ms. (F) 21 ms. (G) 35 ms. (H) 82 ms. (I) 89 ms. (J) 215 ms.
[image: Figure 6]FIGURE 6 | Overpressure history with the explosive-driven method. (A) Gauging point 1. (B) Gauging point 2.
The positive pressure duration at the gauging point 1 is taken as the sum of the positive pressure duration of the first and second shock waves since the intensity of the third, fourth, and fifth shock waves is weak. It could be obtained that increasing the charge of TNT can improve the peak value and extend the positive pressure duration; however, the difference in the positive pressure duration between case 6 and case 7 is small. This is because the downward section of the first and second shock waves of cases 5–7 is approximate, and the second shock wave arrived at probe 1 when the pressure peak was decreasing to the negative pressure if the TNT charge exceeds 5 kg. Therefore, the positive pressure duration at probe 1 was increased due to improving the velocity magnitude of the first shock wave if the charge mass is higher than 5 kg. The contrast of Figures 6A, B shows that the farther the gauging point from the detonation point, the faster the rarefaction wave reaches the gauging point, the lower the overpressure peak value of the gauging point, and the shorter the positive pressure duration.
4.2 Compression-driven method
Cases 8–10 simulated the flow field of the blast simulator with the compression-driven method, and the initial pressure in the driver section was 0.2 MPa, 0.3 MPa, and 0.4 MPa. Figure 7 shows the time evolution of overpressure of case 9, and Figure 8 shows the overpressure history of cases 8–10 at the probe. It could be seen that the right shock wave and left rarefaction wave were generated by breaking the diaphragm. The overpressure increased rapidly when the right shock wave reached the probes. Then, the right compression wave reached the probes that were formed when the left rarefaction wave passed through the transition section. Therefore, there is a slow rising segment on the overpressure–time curve. A right reflected rarefaction wave was formed when the left rarefaction reached the closed end of the explosion chamber at 72 ms and propagated to the measuring point 1 at 145 ms. A left rarefaction wave reached probe 1 at 187 ms that was subsequently formed when the right shock wave propagated to the exit of the experiment section. Hence, the overpressure from the platform segment at probe 1 decreased constantly to the negative pressure.
[image: Figure 7]FIGURE 7 | Time evolutions of case 9 (compression-driven method). (A) 16 ms. (B) 72 ms. (C) 145 ms. (D) 187 ms.
[image: Figure 8]FIGURE 8 | Overpressure history with the compression-driven method. (A) Gauging point 1. (B) Gauging point 2.
It could be obtained that increasing the pressure of compressed gas could improve the overpressure of the flow field and extend the positive pressure duration in this blast simulator under the compression-driven method. The comparison with Figures 8A, B shows that the closer the location away to the exit of the blast simulator, the shorter the time of the platform segment of the overpressure-time curve, and the shorter the positive pressure duration. However, the overpressure of the platform segment at probe 1 and probe 2 has little change. Hence, it should control the suitable time of the platform segment and positive pressure duration by adjusting the location of the target in the experiment section to simulate the triangle waveform generated by explosion.
4.3 Combined-driven method
Cases 11–19 simulated the flow field of the blast simulator with the combined-driven method, where the charge is 3 kg, 5 kg, and 7 kg, and the initial pressure is 0.2 MPa, 0.3 MPa, and 0.4 MPa. Figure 9 shows the wave system contour on the axis of space-time of case 15, Figure 10 shows the time evolutions of the overpressure of case 15, and Figure 11 shows the overpressure–time curve of case 11–19. The right shock wave and right compression wave generated by breaking the diaphragm were the first to reach probe 1. The dashes in Figure 9 represent the velocity magnitude of the shock wave and reflected shock wave before they met the rarefaction wave. The intensity of the shock waves was improved after the shock waves met the rarefaction wave. The right blast wave reached probe 1 at 37.5 ms and generated the first peak on the overpressure–time curve. The reflected shock wave reached probe 1 at 87.5 ms and formed the second overpressure peak on the overpressure–time curve. At last, the right reflected rarefaction wave and the left rarefaction wave formed from the exit of the experiment section reached probe 1 in return, which caused the overpressure at probe 1 to decrease gradually to the negative pressure.
[image: Figure 9]FIGURE 9 | Wave system contour of space-time of case 15 (combined-driven method).
[image: Figure 10]FIGURE 10 | Time evolutions of case 15 (combined-driven method). (A) 1.5 ms. (B) 15 ms. (C) 37.5 ms. (D) 87.5 ms.
[image: Figure 11]FIGURE 11 | Overpressure history with the combined-driven method. (A) Gauging point 1 (Case 11–13). (B) Gauging point 2 (Case 11–13). (C) Gauging point 1 (Case 14–16). (D) Gauging point 2 (Case 14–16). (E) Gauging point 1 (Case 17–19). (F) Gauging point 2 (Case 17–19).
The comparison with the overpressure histories of measuring point 1 and measuring point 2 in Figure 11 shows that the closer the exit of the device, the lower the overpressure peak value, the shorter the positive pressure duration, and the shorter the slow rising segment. The blast wave had caught up with the shock wave generated by breaking the diaphragm before it reached probe 2 in case 17. Therefore, there is no slow-rising segment on the overpressure history of probe 2. It could be obtained that the pressure peak value is related to the charge mass and the initial pressure of the driver section, and the positive pressure duration could be improved primarily by increasing the initial pressure.
The overpressure and positive pressure duration of cases 5–19 are listed in Table 4 specifically. In contrast to the numerical results of cases 5–10, the explosive-driven method has a shorter positive pressure duration than the compression-driven method; however, it could get the triangle waveform to simulate weapon explosion. In contrast to case 6 and case 15, the combined-driven method increases the first and second peaks by 66.9% and 117.2%, respectively, and the duration of a positive pressure is prolonged by 130.8% under the same 5 kg charge. Comparing case 9 and case 15, the combined-driven method increases the maximum overpressure by 156%, and the duration of a positive pressure is prolonged by 16.2% under the same initial gas pressure of 0.3 MPa. It could be concluded that the combined-driven method can effectively improve the pressure peak value, solve the problem of the short positive pressure duration using the explosive-driven method, and can also make up for the defect of the platform section of the pressure waveform in the experiment section with the compression-driven method. Moreover, various pressure waveforms can be obtained by adjusting the charge and the initial pressure in the driver section to simulate different explosion environments.
TABLE 4 | Results of cases at gauging point 1 with three drive methods.
[image: Table 4]5 CONCLUSION
The present paper validated the effectiveness of the numerical method with the explosive-driven method and compression-driven method and studied the characteristics of the flow field in a blast simulator with three drive methods by using the finite volume method governed by the N-S equation based on the explosive detonation and k-omega SST turbulence equation. The results are as follows:
1) the numerical method and physical model could accurately simulate the flow field characteristics in the blast simulators with the explosive-driven method and compression-driven method. The calculated results are in good agreement with the experimental results. The results show that it is necessary to consider the influence of the air turbulence, owing to the fact that they can reduce the intensity of shock waves and the velocity magnitude of the jet stream constantly with the increase of experimental time in the blast simulator. Therefore, the numerical method can be used to simulate the flow field in a combined-driven blast simulator.
2) The explosive-driven method could improve the pressure peak value of the shock wave in the experiment section effectively by increasing the charge; however, the positive pressure duration is shorter than that of the compression-driven method. The overpressure of the whole waveband and positive pressure duration could be improved by increasing the initial pressure of the driver section with the compression-driven method, but there is a platform segment in the pressure waveform of the experiment section. It should control the suitable time of a platform segment and positive pressure duration by adjusting the location of the target in the experiment section to approximately simulate the triangle waveform generated by weapon explosion.
3) The intensity of the right blast waves was enhanced after they met the left rarefaction wave in the blast simulator with the combined-driven method. Therefore, the overpressure peak value was improved and the positive pressure duration was extended further. Also, the combined drive could make up for the shortages of the explosive-driven method and compression-driven method. The first overpressure peak value, the second overpressure peak value, and positive pressure duration obtained by the combined-driven method of 5 kg TNT and 0.3 MPa compressed gas were 1.669 times, 2.172 times, and 2.308 times more than those obtained by the explosive-driven method of 5 kg TNT, respectively. The maximum overpressure and positive pressure duration obtained by the combined-driven method of 5 kg TNT and 0.3 MPa compressed gas were 2.56 times and 1.162 times compared to those obtained by the compression-driven method of 0.3 MPa compressed gas, respectively. Moreover, the combined drive could simulate various blast environments by controlling the charge and initial pressure.
The current work systematically analyzed the unsteady flow field in the blast simulator with three drive methods, which could provide technical support for the design similar to a shock tube and disaster prevention of engineering structures.
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