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Abstract

:

The starting process of the flow in the nozzle of the JF-14 shock tunnel (1.6 m in length, 500 mm in outlet diameter) in the State Key Laboratory of High Temperature Gas Dynamics is analyzed by calculation and experiment. Two key factors which directly affect the duration of the nozzle starting are the velocity of the expansion wave and the low-velocity zone generated by the interaction between the secondary shock wave and boundary layer on the wall surface. In the process of the nozzle starting, the flow field stabilizes at the center of the nozzle outlet first, and then gradually stabilizes along the radius direction, thus defining the central startup and complete startup of the nozzle. It is found that there is a critical initial pressure. When the initial pressure is lower than the critical pressure, the airflow can reach stability in the nozzle outlet center with the shortest time, otherwise, the time required is much longer. The time required for the airflow to stabilize in the whole outlet section is mainly affected by the size of the low-velocity zone. It is also found that only at a very low initial pressure can the airflow simultaneously reach stability at the entire outlet of the nozzle.
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1. Introduction


With an increase in the flight Mach number of an aircraft, the temperature of the gas near the stagnation point rises sharply. When flying at an altitude of 30 km at Mach number 10, the stagnation point temperature of the gas is about 4500 K. However, when the flight Mach number is increased to 20, the total temperature of the gas is as high as 10,000 K [1]. Vibrational excitation, dissociation, ionization and other phenomena are more intense in high-temperature air, making the air a complex medium for constant thermochemical reactions [2], which complicates the phenomenon of high-enthalpy flow. Due to the strong nonlinearity and complexity of the high-enthalpy flow, theoretical research is extremely difficult. The numerical calculation greatly simplifies the flow process, and the accuracy of the results needs to be experimentally verified, which makes the experimental study an indispensable means to study the high-enthalpy flow. The experimental study of this problem depends on flight tests and shock tunnel tests. A flight test reproduces the real flight environment and is the most accurate. However, due to its high cost, it is often used to verify the aircraft model after confirmation. Previous hypersonic flight experiments were conducted in shock tunnels.



A high-enthalpy shock tunnel is a type of pulse tunnel that produces high-enthalpy flow by compressed air with strong shock waves [3,4]. It is widely used in hypersonic fields, such as Earth reentry, planet entry, hypersonic aircraft, scramjet, etc. However, due to the excessive power of high-enthalpy shock tunnels [5], it is very difficult to develop continuously-running shock tunnels. At the same time, the effective test duration is far less than the theoretical value due to the interaction of tunnel waves, viscous boundary layer interference [6,7], diaphragm rupture, the nozzle starting process, and other factors [8,9]. Furthermore, with the increase of the total enthalpy of the gas, the test duration decreases further [10]. For example, the T4 high-enthalpy shock tunnel at the University of Queensland has a length of 26 m and an inner diameter of 229 mm [11]. When the total enthalpy of the test gas is 7.6 MJ/kg, there is 1 ms for conducting the test. However, when the total enthalpy exceeds 15 MJ/kg, the effective test duration is shortened to 0.5 ms [12,13,14,15]. It also takes some time to start up the model, which will further shorten the efficient test time [16,17]. The T5 high-enthalpy shock tunnel at GALCIT (Graduate Astronautics Laboratory, California Institute of Technology, Pasadena, CA, USA) [18] extended the duration by enlarging the equipment, but the effective test duration is still only 1 ms when it is running in high-enthalpy conditions (the total enthalpy is greater than 20 MJ/kg) [19,20]. Other well-known shock tunnels in the world, such as the HEG (High Enthalpy shock tunnel Göttingen) in Germany and HIEST (High-Enthalpy Shock Tunnel) in Japan, when operating under high-enthalpy conditions, the effective test duration is also around 1 ms [21,22,23,24]. There are various factors that restrict the effective test duration of a high-enthalpy shock tunnel, one of which is the nozzle starting process.



Nozzle starting refers to the process by which the test gas enters the nozzle to form a steady flow field at the nozzle outlet. Under the influence of the starting wave [25], the flow field in the starting process is unstable and the experimental data fluctuates greatly. In addition, since there is no obvious interface between the nozzle starting process flow field and the steady flow field, this part of the data is connected with effective data, and although they are close in some cases, they cannot reflect the real situation and therefore, must be accurately eliminated. In past years, the starting process of a supersonic nozzle driven by a shock tunnel has been investigated experimentally and numerically by many researchers. Smith experimentally investigated the supersonic nozzle starting process by using shadowgraph methods [25]. They found that there is a primary shock and a secondary shock that matches the pressures between the nozzle inlet and outlet. Amann studied the influence of many parameters on the starting process, such as nozzle inlet radius, throat width and nozzle half-angle [26,27]. Igra calculated the flow field of the wedge-like nozzle studied by Amann [28]. Saito used Navier–Stokes equations to numerically study the flow field in a two-dimensional nozzle and described the flow characteristics of the supersonic nozzle in detail [29]. They found it necessary to include viscous effects in the numerical analysis to simulate the details of the flow process, such as the interaction between shock waves and the boundary layer [30]. Candler and Perkins found that turbulent and vibrational non-equilibrium play a crucial role in nozzle flow [31,32]. They investigated the turbulent boundary layer on the nozzle wall using the Spalart–Allmaras turbulence model, and compared numerical results with the experimental data reported by the Arnold Engineering Development Center Tunnel 9 (White Oak, MD, USA) and Calspan-University at the Buffalo Research Center shock tunnel facilities (Buffalo, NY, USA), which show good agreement, qualitatively. However, the current research mainly focuses on the flow field structure and uniform area of the nozzle, and pays less attention to the startup duration. In the case of the high-enthalpy shock tunnel, whose effective test duration is quite short, the research on the startup duration of the nozzle is attracting increasing attention, especially the effects of the initial pressure and the reservoir region conditions on the starting process.



In order to accurately understand the starting characteristics of the nozzle, an experimental study on the nozzle starting process was conducted by using the JF-14 shock tunnel (the State Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences, Beijing, China), and the nozzle starting process was numerically calculated using the thermochemical non-equilibrium reaction model. The influences of the initial pressure and the reservoir region conditions on the starting process were emphatically analyzed.




2. Physical Process of the Nozzle Starting


When the test gas enters the nozzle, the nozzle starts, and an incident shock wave is then generated in the nozzle; that is, the starting shock wave as a result of the much higher reservoir region pressure than the initial pressure in the nozzle. The high-temperature and high-pressure gas in the reservoir region accelerates through expansion in the nozzle and produces a series of left-traveling expansion waves in the expansion section. As the cross-sectional area of the nozzle expansion section increases, the starting shock wave is continuously attenuated, resulting in the left-traveling compression waves. A series of compression waves then coalesce into a shock wave, forming the second shock wave. The second shock wave is a left-traveling wave, but due to the high velocity of the gas in the expansion section, it is carried to the nozzle outlet by the airflow [6]. The second shock wave interacts with the boundary layer, bending inward and forming a local low-velocity zone and oblique shock wave on the wall. Only when the low-velocity zone flows out of the nozzle can the flow field at the nozzle outlet be stable, as shown in Figure 1.



Since the flow in the center of the nozzle is not affected by the low-velocity zone, the flow field reaches stability first, which is called center startup. Then, as the low-velocity zone moves, the flow field gradually becomes stable from the nozzle center to the wall. When the flow field is stable at the entire nozzle outlet, it is called complete startup.



In the nozzle starting process, the starting shock wave first contacts the model, followed by the second shock wave, and eventually the left-traveling expansion waves. At the starting process, the flow field in the nozzle is not stable due to the influence of waves, and the test data changes sharply, which is greatly different from the design condition [33]. The period from the time when the gas enters the nozzle to the time when the flow field in the center of the outlet reaches stability is defined as the center startup duration, and the time interval between the starting shock wave and the steady flow flowing through the center of the nozzle outlet is defined as the center instability duration. This represents the time period when the model located at the center of the nozzle outlet is hit by the unstable airflow during the starting process, i.e., the period when the experimental data fluctuates violently. Moreso, according to the moment when the flow field reaches stability at the entire nozzle outlet section, the complete startup duration and the instability duration are correspondingly defined. The gas that can be used for the testing in the shock tunnel is the finite amount of gas in the driven section. The longer the nozzle startup duration, the shorter the effective test duration. Furthermore, the longer the duration of the instability of the starting process, the longer the time period of the impact on the experiment data. Therefore, a shorter duration of both startup and instability is beneficial to the experiment.




3. Research Methods


In order to start the nozzle as quickly as possible, prolong the effective test time, and reduce the influence of the starting process on the test data, the nozzle startup is studied numerically and experimentally.



3.1. Numerical Method


The two-dimensional axisymmetric viscous compressible N-S equations and a thermochemical non-equilibrium model are used to compute the nozzle starting process. The solving equation is as follows:


    ∂ Q   ∂ t   +  ∂  ∂ x   + (  F x  +  G x  ) +  ∂  ∂ r   (  F r  +  G r  ) = 0  



(1)







Among them:


  Q = r [ ρ , ρ  σ 1  , ρ  σ 2  , ⋅ ⋅ ⋅ ρ  σ 7  , ρ u , ρ v , e ]  



(2)






   F x  = r   [ ρ u , ρ u  σ 1  , ⋅ ⋅ ⋅ , ρ u  σ 7  , ρ  u 2  + p , ρ u v , u ( e + p ) ]  T   



(3)






   G x  = r   [ 0 , ρ D   ∂  σ 1   x  , ⋅ ⋅ ⋅ , ρ D   ∂  σ 7   x  , −  τ  x x   , −  τ  x r   ,   q ˙  x  − u  τ  x x   − v  τ  x r   ]  T   



(4)






   F r  = r   [ ρ v , ρ v  σ 1  , ⋅ ⋅ ⋅ , ρ v  σ 7  , ρ v u , ρ  v 2  + p , v ( e + p ) ]  T   



(5)






   G r  = r   [ 0 , ρ D   ∂  σ 1   r  , ⋅ ⋅ ⋅ , ρ D   ∂  σ 7   r  , −  τ  r x   , −  τ  r r   ,   q ˙  r  − u  τ  r x   − v  τ  r r   ]  T   



(6)




where ρ, p, u, v are the density, pressure, flow velocity components in the x and r directions, respectively; σi is the mass fraction of component i; τ is the viscous stress tensor. G(x,r) is calculated from the shear stress relationship under the Stokes assumption of the N-S equations, Fourier’s law of heat conduction, and Fick’s law of mass diffusion.



The internal energy per unit mass, e, is defined as follows:


  e =  P  γ − 1   + ρ   (  u 2  +  v 2  )  2  +   ∑  i = 1  N   ρ  σ i  △ H  f i     



(7)







Each component of the mixture satisfies the ideal gas equation, and using Dalton’s law, we can write:


  P =   ∑  i = 1  7    P i  = ρ T  R 0     ∑     σ i     M i       



(8)




where Mi is the molecular weight of component i, and R0 is the universal gas constant.



These equations are discretized by the two-order precision finite volume method, using the TVD-minmod high-resolution shock capture format. The thermodynamic property parameters of the gas use the polynomials of McBride et al. [34]. The Sutherland–Wilke model is used for the viscosity and heat transfer coefficient. Seven components (O2, N2, O, N, NO, e−, NO+), two temperatures (translational temperature and vibration temperature) are used in the chemical reaction model, according to the Gupta model, which is described in detail in the literature [35], and the reaction temperature uses the Park’s dual temperature model [36,37,38].



The initial condition of the flow field is the air at room temperature (T = 300 K) at a given pressure, the wall boundary condition is the non-slip and non-catalytic wall, and the temperature of the wall is 300 K. The gas at the inlet boundary condition is the equilibrium gas component at the corresponding temperature and pressure.



The length of the nozzle is 2.6 m, and the outlet diameter is 510 mm. Considering that the nozzle is a rotating body, the calculated region is a 1/2 section, as shown in Figure 2a At a total temperature of 4119 K, a total pressure of 1.333 MPa, and an initial pressure of 50 Pa, the nozzle startup process is calculated by using 260 × 30, 520 × 50 and 1040 × 80 mesh node models, respectively. The results show that when the grid node number of 520 × 50 or 1040 × 50 is used, the startup duration is the same, and the temperature and pressure distributions are more similar, the difference is not more than 3%. In order to reduce the calculation time, the 520 × 50 grid node model is selected. The finite volume method is used to discretize the governing equations. Additionally, the four-stage Runge–Kutta method is employed for time integration. The CFL number is 0.8. The computational criteria are the flow field parameters, including temperature, pressure, velocity and mass fraction of each component converging to 1.0 × 10−6. The length of the nozzle is 2.6 m, and the outlet radius is 255 mm. Considering that the nozzle is a rotating body, the calculated region is a 1/2 section, as shown in Figure 2a. There are 520 grids in the length direction and 50 grids in the radius direction. The number of grids is 26,000. The height of the grid near the wall surface is 0.1mm and gradually increases with a growth rate of 1.05 in the process of approaching the nozzle center, as shown in Figure 2a’s the grid graph, and Figure 2b’s enlarged grid graph near the wall. However, the calculation of the heat flux has strict requirements on the mesh scale and orthogonality, and the Reynolds number of the wall grid must be less than 20. In this study, a denser grid is used to calculate the heat flux. Therefore, the mesh is encrypted (the height of the near-wall mesh is 1 × 10−5 m) and orthogonal in order to meet the requirements of the heat flux calculation.




3.2. Experimental Facility


The JF-14 shock tunnel—which is based on the backward-running detonation driving technique—structure and wave diagram is shown in Figure 3. It consists of a driving tube of 15 m in length, a driven tube of 11 m in length with an attached axisymmetric Laval nozzle, a vacuum tank, and a 3-m long damping section. The inner diameter of the driving and driven tubes reaches 224 mm. A premixed hydrogen-oxygen-nitrogen explosive gas is filled into the evacuated driving tube and ignited with a 520-V electric spark close to a 1-mm thick steel main diaphragm, which separates the driving and driven tubes. Then, after the test gas is filled into the evacuated driven tube and the pressure of the gas in the driving tube jumps across the detonation wave and causes a fast rupture of the main diaphragm, the high-pressure gas enters the driven tube and forms an incident shock wave. When the incident shock wave ruptures the second diaphragm, separating the driven section and nozzle, the shock wave is simultaneously reflected, which further compresses and stagnates the gas in the driven tube, thereby forming the high-temperature and high-pressure gas in the nozzle inlet. As the diaphragm ruptures, a quasi-steady nozzle flow is established after the start transient [39].



In order to study the impacts of the starting waves on the test data, and to verify the accuracy of the program, the experiment uses the half-sphere with a radius of 20 mm to measure the heat flux at the stagnation point and nearby, and uses the pitot rod to measure the pressure at the stagnation point. The hemispheres, shown in Figure 4 (left), are made of stainless steel. Five E-type coaxial thermocouple heat flux sensors are mounted on the surface of the sphere, with an interval of 15°. The three hemispheres are installed side by side on the horizontal direction of the pitot harrow, with a center distance of 100 mm and the leading edge of the spheres flush with the nozzle outlet, as shown in Figure 4 (right). The Pitot rod has a front radius of 8 mm and is equipped with a piezoresistive sensor.



The thermocouples are homemade type-E coaxial thermocouple heat flux sensors, as shown in Figure 5 (left). This has the advantages of strong erosion resistance, high-temperature resistance, and quick response. The measurement error is less than 8% after many experiments. More details are available in the literature [40,41,42,43,44,45,46]. The pressure gauges are NS-3 pressure sensors from the Shanghai Tianmu company, as shown in Figure 5 (right). The grade of accuracy is 0.2%, and the working temperature is −30 °C~+80 °C. The characteristics are high measurement accuracy and reliability.



During the experiment, the driving section is filled with a 2:1:2 hydrogen, oxygen and nitrogen mixture at a pressure of 0.33 MPa. The air pressure in the driven section is 2600 Pa, and the measured pressure of the reservoir region is 1.333 MPa. From the incident shock wave velocity and the initial components of the driven section, the temperature of the reservoir region is calculated to be 4120 K by assuming the region is in chemical equilibrium.



The numerical results and experimental data are shown in Figure 6a—heat flux; Figure 6b—pitot tube pressure. These results reveal that the heat flux has two obvious peaks corresponding to the starting shock wave and the second shock wave. The comparison between the numerical the experimental results reveals that there is a difference in the wave height, but the take-off time and the stable heat flux value are basically the same. For the stagnation point pressure, the calculation results show the same wave characteristics as those of the heat flux results, and there are also two peaks, but they fail to appear in the experimental results. There are two reasons for this. First, the airflow does not directly contact the pressure-sensitive element, but acts on the pressure guiding material through the cavity and indirectly acts on the pressure-sensitive material to generate signals to protect the pressure sensor. Thus, the small cavity structure has little effect on the pressure measurement, but it prolongs the response time. Second, the sensor itself has a certain response time. Thus, the piezoresistive sensor used in the experiment does not capture the two shock signals. However, when the flow field is stable, the pitot pressure is in good agreement with the numerical results.





4. Results and Discussions


4.1. The Influence of the Initial Pressure on Nozzle Startup


The movement of gas in the nozzle can be regarded as the movement of gas in the shock tube with a variable cross-section. For a given reservoir region pressure, it can be seen from theoretical relation Equation (9) that the Mach number of the moving shock wave can be increased by reducing the initial pressure (Pe).


   p  5 e   = [ 1 +   2  γ e     γ e  − 1   (  M s 2  − 1 ) ] ⋅  [ 1 −    γ 5  − 1    γ e  + 1    a  e 5   (  M s  −  1   M s    )   ]  −   2  γ 5     γ 5  − 1      



(9)







This indicates that the shock wave can be accelerated by reducing the initial pressure, so as to shorten the nozzle startup time.



In order to analyze the influence of the initial pressure on the nozzle startup, the duration of the nozzle starting process was calculated under the conditions of P5 = 1.333 MPa and T5 = 4120 K with different initial pressure. Through the analysis of the calculation results, it was found that the higher the initial pressure, the lower the velocity of the waves in the nozzle, including the starting shock wave, the second shock wave, and the left-traveling expansion wave. The velocity distribution of the nozzle axis (left) and Ma contour (right) in different initial pressures at the same moment is shown in Figure 7 and reveals that the increase of the initial pressure not only changes the wave velocity but also the shape of the waves, both of which have different levels of influence on the nozzle startup duration. Because the flow field in the center of the nozzle is not directly disturbed by the low-velocity zone, the central startup duration is related to the velocity of the waves, while the complete startup duration is more closely related to the shape of the waves.



The calculation results of the duration of the nozzle starting under different initial pressure show that the relationship between the nozzle center startup duration, instability duration and initial pressure is complex. As the initial pressure increases from a small value, the center startup duration does not change, but when the initial pressure exceeds a certain value, the center startup duration begins to increase. At the same time, the central instability duration decreases at first and then increases, and there is a critical pressure to minimize it, as shown in Figure 8.



When the initial pressure is less than 100 Pa, the center startup duration remains unchanged at about 1.6 ms. In this stage, the center instability duration decreases gradually with an increase in the initial pressure. However, when the initial pressure is greater than 100 Pa, the center startup duration and instability duration begin to increase. As can be seen in Figure 8, when the initial pressure is increased to 200 Pa, the center startup duration increases from 1.6 to 2.6 ms, and the center instability duration increases from the lowest 0.72 to 1.54 ms. In other words, when the initial pressure is about 100 Pa, the flow field in the center of the nozzle stabilizes quickly, and the starting wave has the shortest action time of the model.



The stability of the center flow field directly depends on the velocity of the left-traveling expansion waves. Under different initial pressure, the factors that affect the velocity of the left-traveling expansion waves are different, resulting in the existence of a critical initial pressure in the starting of the nozzle center. When the initial pressure is greater than the critical pressure, the starting shock wave, the secondary shock wave, and the left-traveling expansion waves all decelerate during the nozzle starting process. The deceleration of the left-traveling expansion waves directly increases the center startup duration. Moreover, the second shock wave and expansion wave decelerate faster, which lengthens the unstable region, resulting in an increase in the center instability duration. When the initial pressure is lower than the critical pressure, the starting shock wave and the second shock wave accelerate, but at this time, the velocity of the left-traveling expansion waves is no longer dependent on the initial pressure, which is related to the profile of the nozzle and the parameters of the reservoir region. As a result, the velocity of the left-traveling expansion waves remains unchanged, so the center startup duration remains unchanged. However, due to the acceleration of the starting shock wave and the second shock wave, the unstable region is prolonged, which leads to an increase in the center instability duration.



The second shock wave curves inward under the influence of the boundary layer during its movement, forming a low-velocity zone and an oblique shock wave on the wall surface, as shown in Figure 9. Only when all the low-velocity zone and oblique shock waves move outside the nozzle can the flow field be stabilized in the entire outlet section (complete startup). Under the conditions of P5 = 1.333 MPa, T5 = 4120 K, and Pe = 100 Pa, the pressure distribution at the nozzle outlet changes with time, as shown in Figure 10. At 1.8 ms, the flow field reaches stability at the center of the nozzle outlet, but it is not until 2.6 ms that the flow field reaches a stable state at the whole outlet. It takes 1.8 ms to start the nozzle from the center to the complete startup. It can be seen that the low-velocity zone significantly prolonged the startup duration of the nozzle and resulted in a huge loss to the effective test time.



Increasing the initial pressure changes not only the velocity of the waves in the nozzle but also the shape of the waves. When the initial pressure rises, the second shock wave contracts inward and the low-velocity zone expands, as shown in Figure 11. In the above-mentioned reservoir region conditions, when the initial pressure is 20 Pa, the second shock wave curves slightly inward and still occupies most of the exit area. However, when the initial pressure increases to 50 Pa, the degree of bending of the second shock wave increases significantly, and the second shock wave can only occupy about half of the exit section. When the backpressure continues to increase to 150 Pa, there is only an oblique shock wave at the nozzle exit. The curve of the complete startup duration with the initial pressure is shown in Figure 12.



Additionally, Figure 12 also compares the center startup and the complete startup duration of the nozzle under different initial pressures. For the complete startup, there is no critical pressure, and the startup duration increases linearly with an increase in the initial pressure. In addition, it can be seen from Figure 12 that, at a very low initial pressure (about 0.1 times the pressure at the outlet of the nozzle when the flow field is stable), the complete startup duration is equal to the center startup duration. In other words, the low-velocity zone is very small, and the flow field can be stable in the entire nozzle outlet at the same time.




4.2. The Influence of the Reservoir Region Condition on Nozzle Startup


In order to evaluate the influence of the reservoir region temperature and pressure on the nozzle starting parameters (startup time, instability time and critical initial pressure), the following two cases are studied:



Case 1: P5 = 15 MPa; T5 = 3000 K, 4500 K, 6000 K



Case 2: T5 = 6000 K; P5 = 5 MPa, 15 MPa, 25 MPa



A large number of numerical calculations are performed for the starting process under different initial pressure values. Both Case 1 and Case 2 used the above nozzle with a nominal Mach number of 8 and an outlet diameter of 510 mm. The reservoir region component of each case is the equilibrium gas.



In Case 1, when the total temperature is 3000, 4500, and 6000 K, the critical initial pressure of the nozzle is 1700, 1000, and 800 Pa, respectively, and the minimum center startup duration is 1.95, 1.5, and 1.25 ms, respectively. At the same time, the center instability duration also decreases slightly. In other words, with an increase in the total temperature, the critical initial pressure of the nozzle decreases, and the minimum center startup duration and instability duration also decrease. The minimum center startup duration is approximately proportional to −0.6 power of the total temperature, as shown in Figure 13—center startup duration. In addition, the curve of the center startup duration with the initial pressure also shows that when the initial pressure is greater than the critical pressure, the center startup and instability duration grow faster under the condition of high total temperature. In other words, the center startup and instability duration of the nozzle is more sensitive to the initial pressure when the nozzle is operated under the high total temperature.



The center startup and instability duration of the nozzle depends on the time when the left-traveling expansion waves leave the nozzle completely. Since these waves are left-traveling waves, they move with a velocity of u − a, and travel from the nozzle throat to the outlet in the following time:


  t =    ∫ 0 x     d x   u − a      =    ∫ 0 x     d x   a ( M − 1 )       



(10)




where t is the time for the left-traveling expansion waves to move from the throat to the nozzle outlet, x is the distance from the throat to the nozzle outlet along the nozzle axis, u is the local velocity, a is the local sound velocity, and M is the local Mach number. The parameters u, a, and M are all functions of x. When the reservoir region temperature rises, the temperature of the flow field in the nozzle increases, and the local sound velocity increases, and although M depends on the gas expansion ratio, it is only related to the nozzle profile. As can be seen from Equation (10), as the local sound velocity increases, the integral value decreases, and the movement time of the left-traveling expansion wave in the nozzle is reduced. Therefore, the reservoir region temperature is higher, and the nozzle can start more quickly. There is a premise that the initial pressure is less than the critical pressure; if the initial pressure is high, the nozzle center startup duration is also affected by the initial pressure.



In Case 2, the reservoir region temperature is 6000 K, and the pressure varies greatly (5~25 MPa), but the difference between the center startup and the instability duration is very small, especially when the initial pressure is less than the critical pressure. The critical initial pressure varies with the different reservoir region pressure, but it is the same as the ratio of the critical initial pressure to the flow pressure at the nozzle outlet when the flow field is stable, which is about 0.4 in this case. When the initial pressure is greater than the critical pressure, with an increase in the initial pressure, the center startup duration and the instability duration increase proportionately with the pressure ratio to the power of 0.5, but there is still a difference. When the residence pressure is low, the growth is slightly faster, as shown in Figure 14.



The low-velocity zone makes the complete startup of the nozzle lag behind the central startup, and the lag time depends on the size of the low-velocity zone. Generally speaking, the higher the initial pressure, the larger the low-velocity zone. The analysis of more calculation results shows that the complete startup duration and the instability duration of the nozzle starting process are approximately proportional to the pressure ratio of 0.5 power, and there is no critical pressure. Moreso, the higher the initial pressure, the longer the startup duration. Only at a very low initial pressure, the startup duration changes gently. When the reservoir region pressure increases, the velocity of the shock wave in the nozzle is accelerated, which is conducive to the rapid starting of the nozzle; however, the low-velocity zone has a greater impact on the starting, so the complete startup and the instability duration only decreases slightly. The influence of the total temperature on the complete starting is not significant in the calculation range. For the complete starting of the nozzle, the size of the low-velocity zone is the biggest influence factor, as shown in Figure 15a,b.





5. Conclusions


In this paper, the starting process of the nozzle in a shock tunnel is experimentally and numerically studied. First, the starting process of the nozzle is described, and the accuracy of the program is experimentally verified. Then, the effects of the initial pressure and reservoir region conditions on the nozzle startup and instability duration are analyzed.



The starting shock wave, the second shock wave, and the left-traveling expansion waves are generated during the nozzle starting process. As the second shock wave interacts with the boundary layer and curls inward, a low-velocity zone and an oblique shock wave are generated near the wall. The flow field at the outlet center reaches stability at first, and only when the low-velocity zone moves out of the nozzle completely can the flow field reach stability in the entire nozzle outlet.



It is found that the initial pressure has two effects on the starting process, namely the velocity of the left-traveling expansion wave and the size of the low-velocity zone. As the initial pressure increases from a small value, the expansion wave velocity at first remains constant and then gradually increases. The center startup duration is not affected by the low-velocity zone and only depends on the expansion wave velocity, so it is constant at first and then gradually increases. The central instability duration decreases at first and then increases. The increase in the initial pressure leads to the expansion of the low-velocity zone, and the complete startup and the instability duration of the nozzle are significantly extended.



For the center startup, the initial pressure corresponding to the shortest center instability duration is defined as the critical pressure. With an increase in the total temperature, the critical initial pressure gradually decreases, and the center startup and the minimum instability duration also decrease. The minimum center startup duration is approximately proportional to the total temperature to the power of −0.6. As the total pressure increases, the critical initial pressure increases, but the ratio of the critical initial pressure to the nozzle outlet pressure remains constant. The total pressure has little effect on the center startup and instability duration of the nozzle.



For a complete startup, there is no critical initial pressure. The complete startup and instability duration of the nozzle both increase with an increase in the initial pressure, which is approximately proportional to the 0.5 power of the pressure ratio. The size of the low-velocity zone is the most important factor affecting the complete starting, while the total temperature and pressure have little effect.
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Figure 1. Nozzle starting waves. 






Figure 1. Nozzle starting waves.
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Figure 2. Grid diagram (a) and enlarged grid diagram near the wall (b). 
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Figure 3. Schematic diagram of the high-enthalpy shock tunnel facility. 
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Figure 4. Sphere model (left) and installation diagram (right). 
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Figure 5. Type-E coaxial thermocouple heat flux sensor (left) and NS-3 pressure sensor (right). 
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Figure 6. Comparison of the CFD (computational fluid dynamics) results and experimental data. (a) Heat Flux. (b) Pitot pressure. 
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Figure 7. Velocity distribution of nozzle axis (left) and Ma contour (right) in different initial pressure at 0.5 ms. 
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Figure 8. Nozzle center startup and instability duration under different initial pressure. 
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Figure 9. Low velocity zone and oblique shock. 
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Figure 10. Pressure distribution at different moments of the nozzle outlet. 
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Figure 11. Schematic diagram of the low-velocity flow zone under different initial pressure values. (a) Pe = 20 Pa, (b) Pe = 50 Pa, (c) Pe = 100 Pa, (d) Pe = 150 Pa. 






Figure 11. Schematic diagram of the low-velocity flow zone under different initial pressure values. (a) Pe = 20 Pa, (b) Pe = 50 Pa, (c) Pe = 100 Pa, (d) Pe = 150 Pa.



[image: Applsci 12 02845 g011]







[image: Applsci 12 02845 g012 550] 





Figure 12. Center startup time and complete startup time. 
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Figure 13. The center startup time and instability time of the nozzle variation with the initial pressure (P5 = 15 MPa). 
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Figure 14. The center startup time and instability time of the nozzle variation with the dimensionless pressure (T5 = 6000 K) (The dimensionless pressure is equal to the ratio of the initial pressure to the pressure at the outlet of the nozzle when the flow field is stable). 
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Figure 15. Nozzle starting parameters for different chamber conditions. (a) T5 = 6000 K, (b) P5 = 15 MPa. 






Figure 15. Nozzle starting parameters for different chamber conditions. (a) T5 = 6000 K, (b) P5 = 15 MPa.



[image: Applsci 12 02845 g015]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 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 (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
(b)





media/file30.png
t (ms)

3.2

I ! | ! I ! | ! | ! | ! |
2.8 4 —®— center startup duration-P . =5MPa
1 —e— center startup duration-P =15MPa /
2.4 :
| —4— center startup duration-P =25MPa
2.0 - LB
o e = — -
1.6 - o=
. /69 - .- —A&
. - . A -
124 A G -
A L
08+ 4 - 5 Al g ;
e T T — B=— center fnstab?lfty duratfon-P5=5MPa
0.4 - — @—center instability duration-P.=15MPa
- — 4#— center instability duration-P =25MPa
. v T T T v T T T T T v T v T v
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

dimensionless pressure





media/file18.png
t (ms)

4.0

3.54

0.5

—s=— startup duration

—e— instability duration

|
100

|
150

initial pressure (Pa)

T
200

T
250

T
300






media/file21.jpg
P (Pa)

500

a0

300

005

010

R (m)

ols

020

025





media/file13.png
Heat Flux (MW/m2)

T y T ' T ' J ' J
—fl ——rf Exp No.I - Sphere No.1 /No.2 /No.3
— ExpN02 Sphere No.1 / No.2 / No.3

—iCFD

it

||l
m',. M i ':I' b '

| , i1y A7 " l .'l |" vyl jli |"’u i 9 "Iv,:'“‘ll‘ il ‘:‘_".:l ?‘,,l’“ Il I
!;.'1 ' I|| w.||' oy .M fh i 1’ i nllhl” u" r' Iili lH ll | iy
I T T ' T T T T T T T T
6.0 6.5 7.0 e 8.0 8.5 9.0
t (ms)





media/file26.png
—s— Complete startup duration
—=— (Center startup duration

J I ' ] I Ll ' L l
0 50 100 150 200 250

Pe (Pout=170Pa)

|
300






media/file27.jpg
t(ms)

30

25

10

05

00

—sa— center startup duration-T,=3000K

~—e— center startup duration-T,=4500K-
—a— center startup duration-T,=6000K_

— o~ center instability duration-
—é— center instability duration-T ~6000K.

a0 800 120 1600 200 2400 2800
initial pressure (Pa)

3200





media/file12.jpg
Pt(KPa)

30

28 ——/——/———ExpNo.I - Sensor No.1 / No.2/ No2
~ /I ExpNo2-SensorNo. /No.2/No.2
~/——/  ExpNo3-SensorNo.l/No2/No2






media/file3.jpg
(@

(b)





media/file22.png
P (Pa)

800

700 -

600

500 -

400

300

200 =---

—<—1t=1.6ms
—o—t=1.8ms
—vy— t=2.0ms
—h—t=2.2ms
—eo—t=2.4ms
—8—t=2.6ms

| —=—t=2.8ms

100

0.00

R (m)






media/file19.jpg





media/file7.jpg





media/file28.png
3.0

2.5

2.0 4

0.5+

0.0

I 1 1 . | y | ’ I , I
—#— center startup duration-T =3000K
~—e— center startup duration-T _=4500K
—4A— center startup duration-T =6000K
& o
. . . P - ,.’ e
- : - /z o e - i -° -
* EE-:.__ . '.,.. '/,.:-""EE’
$..~ 'hm.‘EHABﬂ Eﬁ’.’EE
- =D w= - L . o
. - . :Z > — &= center instability duration-T =3000K
— &= center instability duration-T =4500K
- &»— center 1nstab111ty duratlon j 6000K
| I
0 400 800 1200 1600 2000 2400 2800

initial pressure (Pa)

3200





media/file10.png





media/file32.png
5 I L I ' I f 1 ¥ 1 L 1 3 1
1 —%— complete startup duration-P . =5MPa /.
44 ~—e— complete startup duration-P.=15MPa
| —aA— complete startup duration-P =25MPa @
3
.- e
L
.-
L~
2 <
1 & ,,ﬁ’ e 7 —=— instability duration-P,=5MPa
e —E — o— instability duration-P_=15MPa
; — 4= instability duration-P =25MPa
| : | : | y 1 £ 1 : 1 4 1
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4
sqrt(Pe/Pout)

(a)

t (ms)

4.5

|—=— complete startup d'uratioﬁ-T5=4b00K ' ' '
4.0 —o—complete startup duration-T .=6000K
55 _+ complete startup duration-T,=8000K
3.0 - T
g —= T
2.5 4 ‘5 e
2.0-
1.5 -
] e .- — &= instability duration-T ,=4000K
R o -E’ i — o— instability duration-T ,=6000K
os 1 # | | | | | -l$— in§tabili‘fy dura'tion-TI5=800(.)K
0.4 0.6 0.8 1.0 1.2 1.4

sqrt(Pe/Pout)

(b)

1.6





media/file14.png
Pt (KPa)

30

——/—/— Exp No.1l - Sensor No.1 / No.2 / No.2

25
—if e | Exp No.2 - Sensor No.1 / No.2 / No.2
—/7/7 ExpN03 Sensor No.1 /N02/N02
204 === CFD '
o0 TR NI RSNSOI NSO ST S R S S————
0 e L R N NN N e T N
5_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0
I I | | |
6 ) 8 9 10 11
t (ms)





media/file11.jpg
Heat Flux (MW/m2)

s

Exp No.1 - Sphere No.1 /No2/ No.3
——/———/ —— ExpNo.2 - Sphere No.I /No.2/No.3

77— ExpNo.3- Sphere No. /No2/No.3
——CFD

60 65 70 75 80 85 90
t(ms)

(a)





media/file6.png
Damping
section

Igniter__ﬂ

Nozzle

Driving tube )

Driven tube

Main diaphragm

/

Second diaphragm

L J

Vacuum
tank






media/file15.jpg
lili





nav.xhtml


  applsci-12-02845


  
    		
      applsci-12-02845
    


  




  





media/file16.png
U (m/s)

4000
3500 —
3000 —
2500 —
2000 —
1500 —
1000 —

500

——P=30Pa
——P =50Pa
—4—P =100Pa
—v—P.=150Pa
—&—P =200Pa
—<—P =300Pa

I " I ¥ 1 ¥ 1 " 1 y I y I

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

Axis-x (m)

Pe=20Pa

o =

Pe=50Pa

Pe=100Pa

= NWROO®D~ OO =

Pe=150Pa






media/file2.png
Nozzle
inlet

Left-
traveling | |
expansion | |
wave X

Nozzle expansion section

2oepR U]

-
—

Starting
Shock
Wave

Nozzle|
outlet






media/file20.png





media/file23.jpg
@ ®

© @





media/file5.jpg
tank

Vacuum

Nozzle

Igniter.

Driven tube

Driving tube

Damping,
section

Second diaphragm

Main diaphragm





media/file24.png
(b)

U: 100 500 900 1300 1700 2100 2500 2900 3300 U: 100 500 900 1300 1700 2100 2500 2900 3300

(c) (d)





media/file29.jpg
t(ms)

08

04

00

—=— center startup duration-P.~
—e— center startup duration-P,

—a— center startup duration-P,

‘“— center instability duration-P,

— o~ center instability duration-P,

— i~ center instability duration-P,

00

02

04

06 08 10

dimensionless pressure

L4






media/file1.jpg
Nozle
inlet

Nozzle expansion sction






media/file31.jpg





media/file25.jpg
t(ms)

6

—=— Complete startup duration
—e— Center startup duration

0 50 100 150

Pe (Pout=170Pa)

200

250

300






media/file9.jpg





media/file0.png





media/file8.png
il

il






media/file17.jpg
t(ms)

0

30

25

05

—=— startup duration
—e— instability duration

50 100 150 200

iitial pressure (Pa)

250

300






