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Abstract

:

In order to study the flow characteristics of a nozzle with large expansion ratio and its influence on the force on the nozzle, ground cold flow test research and a fluid–structure coupling simulation analysis were carried out (maximum expansion ratio ε = 30.25). The variation and pulsation characteristics of the pressure near the measuring point area and the inlet pressure were obtained through experiments. Through the analysis of the peak-to-peak value and average value, it was found that the average pressure after separation increases by 90%, but the peak-to-peak value increases by about five times, indicating that the pressure fluctuation after separation is much larger than before separation. The separation flow field under cold flow conditions was simulated using the CFD commercial calculation software Fluent to verify the correctness of the numerical calculations. The fluid–structure coupling analysis was carried out on a large expansion ratio (maximum expansion ratio ε = 48) full-scale nozzle, and the structural deformation characteristics of the nozzle under the separation conditions were studied. The research results show that flow separation occurs in the nozzle with a large expansion ratio under ground conditions. Before the separation point, the pressure pulsation on the nozzle wall is small, and the turbulent pulsation effect is weak. After the separation point, the pressure pulsation increases, and the turbulent pulsation effect is enhanced. When the total pressure decreases, the separation area of the nozzle increases, and the separation flow field presents a strong asymmetry. Reducing the total inlet pressure by half resulted in approximately 50 times the lateral load. Under the combined influence of the ground conditions and low total pressure, the large lateral load caused by the asymmetry of the separation flow field will cause the deformation of the nozzle structure to increase by 5.5 times. This research provides an important reference for the design and experiment of nozzles with a large expansion ratio.
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1. Introduction


At present, the geometric size of nozzles is a major factor that determines whether solid rocket motors can obtain excellent thrust at a high altitude. The expansion ratio refers to the ratio of the maximum cross-sectional area to the minimum cross-sectional area of the nozzle, represented by ε. In the Laval nozzle, the nozzle is divided into contraction and expansion sections. The airflow flows in from the subsonic state. Through the contraction section, it will accelerate to supersonic speed and continue to expand and accelerate after entering the expansion section. This means that the expansion ratio plays an important role in the acceleration of the airflow. When the solid rocket runs at a high altitude, it needs the motor to provide strong thrust, which can be achieved by expanding the nozzle expansion ratio. At present, a nozzle with an expansion ratio (ε) greater than 20 is generally called a large expansion ratio nozzle.



When a nozzle with a large expansion ratio works at a high altitude, it can work well in a full flow state. However, a large expansion ratio nozzle will be affected by environmental pressure during a ground test, the low-altitude flight of the rocket, and the startup and shutdown of the motor, which will cause flow separation and serious lateral load, which will not only reduce the performance of the nozzle but also damage the nozzle and motor structure. Therefore, in order to ensure the stability of the thruster during operation, there is important theoretical significance and practical reference value in the study of the separation characteristics of high expansion ratio nozzles [1,2,3,4].



Stark [1] carried out an experimental study on the characteristics of ambient flow in order to study the effect of ambient density on flow separation in conventional nozzles. Li [2] and others analyzed the vibration response gap of the upper nozzle with a higher expansion ratio when working under ground and high-altitude conditions and found that the vibration response under ground conditions is much higher than that under high-altitude conditions, which is due to the flow separation in the nozzle. Jia [3] studied the effect of an FITH system response on the starting flow separation and lateral load of conical nozzles during flight using a numerical method. It was found that asymmetric classification may lead to a large continuous lateral disturbing force. Pei [4] et al. conducted a cold flow experiment on an engine nozzle with a high expansion ratio at sea level. The experiment revealed the influence of inlet pressure on the pressure of upstream and downstream test points at the separation location.



The flow in the nozzle of a rocket motor has a thick boundary layer on the wall of the nozzle due to the viscous effect of the gas. When the shock wave generated outside the nozzle extends to the boundary of the nozzle tail, the shock wave interacts with the boundary layer on the nozzle wall to separate the boundary layer. The separated boundary layer is like a “sharp wedge” extending into the nozzle, so that an oblique shock wave will be generated at the apex of the “sharp wedge” before the supersonic airflow reaches the outlet. After the airflow passes through the oblique shock wave, the flow turns, which causes the flow boundary to be inconsistent with the direction of the nozzle wall and that creates a separation zone. The flow velocity in the separation zone is very low, and the airflow movement is connected to the external atmospheric flow, so the separation zone pressure is equal to the ambient pressure. Martelli [5] found that, in the case of excessive expansion of the nozzle, there is an obvious peak (~1 kHz) at the intermediate frequency of the wall pressure spectrum that continues to exist downstream of the separation impact. According to the analysis, this intermediate frequency peak is related to the generation of side load. Conejo et al. [6] observed that the optimal arrangement of the gas injection nozzle should depend on the gas flow rate and be related to the wall shear stress. Lee’s k for the low Reynolds numbers of Yang and Shih’s ε model, Mener’s SST k-ω model and Wilcox’s k-ω model [7]. Chaudhuri [8] conducted a large eddy simulation (LES) on the shock induced transient flow of a plane nozzle and found that the improper initialization of the flow field may lead to incorrect predictions regarding the flow characteristics. Studies have shown that two different separation phenomena occur in nozzles with a large expansion ratio: free shock separation and confined shock separation, as shown in Figure 1 [9]. Usually, the airflow separated from the wall takes the form of a free jet, and this flow state is called free shock separation, as shown in Figure 1a. In addition, under a certain pressure ratio, the pressure downstream of the separation point is irregular and higher than the ambient pressure, and the airflow after separation will re-attach. This separation mode is called confinement shock separation, as shown in Figure 1b.



The flow characteristics of a nozzle with a large expansion ratio in a solid rocket motor are studied in this paper, and we analyze two separation situations:




	(1)

	
The cold flow simulation test of a reduced-ratio nozzle was carried out to obtain the position of the separation point under different pressures and the pressure pulsation characteristics of the wall before and after the separation point. The numerical simulation of the separation flow field under cold flow conditions was carried out to obtain the parameter distribution of the flow field in the nozzle, and the calculation results were compared with the experimental results to verify the correctness of the numerical calculation.




	(2)

	
A fluid–structure coupling analysis was carried out on a full-scale nozzle with a large expansion ratio, and the difference in the flow field distribution under different working conditions (ground and high-altitude environments) was obtained. The structure of the nozzle deformation properties under the separation conditions was studied.










2. Study of Separated and Cold Flow Using Experiments


Verma [10] studied the change in airflow in the pipe of a parabolic nozzle under different conditions by means of a cold flow test. Wang [11] discussed the impact of regenerative cooling on the nozzle. In the present test using a solid rocket motor, due to the complex gas composition of the solid propellant and the short working time, the pressure adjustment and control are difficult to achieve; the ablation and thermal protection problems caused by the high temperatures and high-pressure two-phase flow make the test difficult, and the accuracy of the test and analysis are difficult to guarantee. The cold flow test is basically the same as the hot test in the air separation mechanism, and compared with the hot test, it has the advantages of simple working gas composition and low temperatures, and it is easy to control the test pressure and flow, in addition to ensuring a high test accuracy. In this paper, the cold flow test was used to study the separation flow in the nozzle [12,13,14].



The nozzle geometry used in the cold flow experiment is a thick-wall fixed nozzle; the nozzle shell material is metal, and the total nozzle length is 396 mm. The throat diameter is Φ 40 mm, the maximum expansion ratio is 30.25, the inner surface of the nozzle is conical, the convergence half angle is 40°, and the expansion half angle is 15°. The nozzle with a large expansion ratio is designed to work at full flow at a high altitude, and the Mach number in the nozzle is within its allowable range during the experiment.



The basic idea of the test is to use a compressed air supply system to generate high-pressure air, enter the gas-collecting device through the pipeline, adjust to the pressure required for the test, enter the nozzle, and then discharge from the nozzle outlet. During the test, the wall pressure sensor is used to measure the pressure at different positions on the nozzle wall. The main devices used in the test include a compressed air supply system, nozzle installation bench, test solid-wall nozzle, test bench measurement and control system, pressure sensor and PXI data acquisition system, as shown in Figure 2; the schematic diagram of the test point location is shown in Figure 3. The pressure sensor is a high-precision pressure sensor, and the gas inlet pressure source is controlled by a high-precision solenoid valve and pressure-reducing valve, resulting in very small error.



During the test, a “frosting” phenomenon appeared on the upstream part of the outer wall of the nozzle, as shown in Figure 4. The reason for the analysis is that the high-pressure air expands and accelerates in the nozzle, and the gas temperature decreases; the temperature of the wall surface is reduced, causing the moisture in the outside air to condense and fog on the outer wall of the nozzle. However, there is no moisture condensation downstream of the nozzle, which is due to the gas flow separation in the nozzle. In the separation of the airflow, due to the effect of the separation shock wave, the airflow velocity decreases and the temperature rises after the separation point. At the same time, due to the low return velocity in the separation zone, the convective heat transfer effect between the airflow and the inner wall of the nozzle is weakened, and the temperature of the outer wall of the nozzle is close to the atmospheric environment. According to the test data, the variation law of the nozzle wall pressure with the axis can be obtained. Figure 5 shows the wall pressure distribution with the total inlet pressure of Pc = 4.34 MPa. The results in Figure 5 show that, along the axis of the nozzle from the measuring point P1 to the measuring point P5, the wall pressure gradually decreases, and the average pressure decreases from 487.67 to 36.65 kPa. At the measuring point P6, the average pressure rises rapidly to 68.90 kPa, indicating that the separation point is between P5 and P6. After P6, the average pressure at the measuring point further increased, but the pressure increase rate increase decreased and finally increased to close to the surrounding atmospheric pressure.



The statistics of the pressure changes at points P5 and P6 over time show that the peak-to-peak value of the data before the separation point (P5) is only 2.44 kPa, and the standard deviation of the data is 0.307. The peak-to-peak value of the data after the separation point (P6) is 12.26 kPa, and the standard deviation of the data is 1.533, which is much larger than the corresponding value before the separation point, which indicates that the pressure pulsation is significantly enhanced after the separation point. The specific values are shown in Table 1.



The above method was used to analyze the pressure data before and after the separation point under other total inlet pressure conditions, and the pressure results before and after the separation point were obtained as shown in Table 2 and Table 3. The same rule can be found; the pressure fluctuation after the separation point is much larger than before the separation point.




3. The Numerical Simulation of Separation Fluid Field


According to the pressure ratio and area ratio of the nozzle, stable symmetry, unstable symmetry and stable asymmetric separation occurred [15]. It was found that the impingement and split flow behavior in the nozzle are complex, but the gas separation is closely related to the expansion state of the gas [16]. We need to understand the behavior of the gas in the nozzle in detail. Due to the objective limitations of the test conditions, only the pressure data at a specific position on the nozzle wall can be measured in the test, and the law of the continuous distribution wall pressure cannot be obtained. Therefore, it is necessary to carry out a numerical simulation of the nozzle according to the test conditions to study the laws of the separation flow in the nozzle [17,18,19,20].



3.1. The Calculation Model and the Condition of Boundary


The calculation adopts a two-dimensional axisymmetric model, taking the inside of the nozzle and the external field as the calculation area. The axial distance of the external field is 10 times the outlet diameter, and the radial distance is 5 times the outlet diameter. The calculation area is shown in Figure 6, and the calculation grid is shown in Figure 7.



Structural meshing of the computational area was adopted. The actual meshing parameters are as follows: the axial grid of the flow field in the nozzle is evenly distributed, and the grid size is 2 mm. In order to capture the separation phenomenon, the grid at the wall is locally refined, and the grid transition near the wall is uniform. The outfield area has little influence on the calculation; the grid of the external field grows proportionally after the nozzle outlet, and the grid is sparser as it is farther away from the nozzle outlet. The grid transition between different partitions is uniform, the axial and radial grid lines are orthogonal, and the entire computational domain grid has high quality.



Next, we will explain the meaning of each named boundary in Figure 6:




	(1)

	
ab is the nozzle inlet. The pressure inlet boundary is taken, the flow direction is perpendicular to the inlet, and the total temperature, total pressure and turbulence parameters are given under the test conditions;




	(2)

	
bc is the axis of the calculation domain, and the axisymmetric boundary conditions are taken;




	(3)

	
ah and hg are the wall surfaces, and the adiabatic non-slip wall surface conditions are used;




	(4)

	
fg, ef and ed are the calculation far field, and the pressure far field boundary conditions are used, and the total temperature and total pressure are given under the condition of sea-level conditions;




	(5)

	
dc is the flow field outlet, taken as the pressure outlet boundary, which also gives the total temperature and total pressure of the environment under sea-level conditions.










3.2. Numerical Methods


The finite volume method of time advancement, the N-S equation and the AUSM method with high discontinuous resolution were adopted to solve the problem. The shear stress transport SST k-ω two-equation model and the Wilcox k-ω mode at the near wall were adopted, and the k-ε mode at the edge of the boundary layer and the free shear layer, and transition between them through a mixed function. The SST k-ω two equation model can be more widely applied to the boundary layer problems under various pressure gradients, which limits the turbulent stress by limiting the turbulent viscosity. Relative to the k-ε model, it can better predict and capture the separation of the flow on the wall, making the calculated value more consistent with the actual situation. In this paper, the energy of gas flow is given by the initial pressure boundary, and the cold flow separation phenomenon that has occurred in the experiment is emphatically studied. Choosing to use the SST k- ω two equation model, the viscosity of the gas was given by the three-coefficient Sutherland law, and the formula is:


  μ =  μ 0    (  T   T 0    )    3 2       T 0  + S   T + S    



(1)




where:



T0—reference temperature;



S—equivalent temperature;



μ0—reference viscosity coefficient at T0.



At the beginning of the calculation, a suitable residual value is given to judge the convergence of the flow field calculation. The residual value is 10−6 to ensure sufficient accuracy and avoid truncation errors.



First, when Pc = 4.34 MPa, the flow field distribution of the nozzle under high-altitude (Pa = 10 kPa) and ground conditions (Pa = 94 kPa) was calculated, and its Mach number cloud map is shown in Figure 8.




3.3. Analysis of Calculation Results


It can be found in Figure 8 that under the same total inlet pressure, the ambient pressure is different, and the flow field shape in the nozzle is also different. Under high- altitude conditions, the flow field in the nozzle is in a state of full flow, and the gas expands further outside the nozzle outlet. Under ground conditions, significant flow separation occurs in the nozzle, and oblique shock waves are generated near the separation point. After the shock wave is separated, a recirculation zone is formed. The flow velocity in the recirculation zone is very low, and the flow direction near the wall is opposite to the main flow direction, as shown in Figure 9. When the total inlet pressure is the same, the air flows close to the wall under high-altitude conditions, and there is no recirculation zone. The Mach number streamline diagram is shown in Figure 10.



According to the calculation results, the temperature distribution and pressure distribution of the inner wall of the nozzle can be obtained. The temperature distribution and pressure distribution of the inner wall of the nozzle under high-altitude and ground conditions with Pc = 4.34 MPa are shown in Figure 11 and Figure 12, respectively.



Figure 11 shows that the increase in the axial distance; the temperature of the inner wall of the nozzle shows a decreasing trend under the high-altitude conditions and reaches the lowest at the outlet of the nozzle. Under ground conditions, the temperature of the inner wall of the nozzle first decreases; at ε = 11.7, it reaches the lowest point, then suddenly rises to around 300 K and remains basically unchanged after that. Similar to the changing trend in temperature, the pressure on the wall of the nozzle decreases with the increase in the axial distance under high-altitude conditions, and the pressure on the wall also shows a trend of first decreasing, then suddenly increasing and reaching a stable value close to the atmospheric pressure under ground conditions (Figure 12).



The reason for the above change trend is that, under high-altitude conditions, due to the low ambient pressure, the airflow in the nozzle is in an under-expanded state, and the airflow continues to expand and accelerate in the nozzle, resulting in a continuous decrease in temperature and pressure. Under ground conditions, due to the large ambient pressure, shock waves appear in the nozzle, and the flow in the boundary layer is subsonic, so the high pressure generated after the wave propagates upstream through the subsonic layer in the boundary layer, causing the pressure in the upstream boundary layer to increase, the velocity to decrease and boundary layer thickening, forcing the boundary line of the boundary layer to turn outward, resulting in an oblique shock wave. The reverse pressure gradient caused by the shock wave is very large, resulting in the separation of the boundary layer. The airflow will decelerate and pressurize after passing through the oblique shock wave, and the flow velocity in the separation zone behind the wave is very low, so the temperature and pressure remain basically unchanged. The location corresponding to the lowest point of temperature and pressure is the location of the separation point.



According to this temperature change trend on the inner wall, the temperature in the area before the separation point is lower, which leads to a decrease in the saturated vapor pressure near the outer wall upstream of the nozzle (ε < 11.7), and the moisture in the air condenses on the outer wall. The phenomenon of the “frosting” upstream of the outer wall is consistent with the trend of the temperature change on the inner wall.



Comparing the calculated wall pressure with the experimental results, they are in good agreement as a whole, but the experimentally measured value at the same axial position before the separation point is higher than the numerical simulation value, as shown in Figure 13. This is because compressed air was used as the working medium, and the moisture contained in working gas will condense due to the decrease in temperature during the flow process. Due to the speed lag of the condensed phase components, the actual flow velocity in the nozzle is lower than the calculated value of the ideal gas in the simulation. Therefore, the static pressure at the measuring point is higher than the calculated value. After the separation point, as the flow velocity in the reflux zone is low, and the temperature is close to the atmospheric environment, there is no moisture condensation, so the static pressure at the measurement point is very close to the calculated value. The calculated results at other inlet total pressures are also in good agreement with the experimental measurements, as shown in Figure 14; the maximum error of the entire calculation is 7.9%.



Comparing the position of the separation point under different total inlet pressures, it was found that with the increase in the total inlet pressure, the separation point moves towards the nozzle outlet. According to the calculation results, the minimum value of the wall pressure and the separation pressure can be obtained. Figure 15 shows the calculated values of the separation pressure under different total inlet pressures.



It was found that the separation pressure varies with the total inlet pressures, and the separation pressure tends to decrease with the increase in the total inlet pressure. The main reason for this phenomenon is that the separation occurs when the kinetic energy of the air in the boundary layer is insufficient to overcome the reverse pressure gradient after the separation shock. As the total inlet pressure increases, the position of the separation point is closer to the nozzle’s downstream. The gas velocity before the separation point is also greater, and the external atmospheric pressure needs to overcome the larger airflow kinetic energy in the boundary layer to generate airflow separation. However, under ground conditions, the external atmospheric pressure is unchanged, so the closer the nozzle’s downstream is, the wall pressure at the separation point is also smaller.





4. Calculation of Nozzle Fluid Structure Interaction


4.1. Calculation Model and Condition Setting


Taking the full-scale motor nozzle as the analysis object, the physical model structure is shown in Figure 16. The total length of the nozzle is 1154 mm, the throat diameter is Φ 163 mm, and the maximum expansion ratio is 48. In the calculation, the flow field in the nozzle and a cylindrical external field are taken as the calculation area, and the size of the external field is Φ 2500 mm × 3000 mm. Similarly, the full-size engine nozzle is designed for full flow operation at a high altitude. The given pressure is within its set allowable value.



The specific meshing parameters are as follows: the axial grids are evenly distributed, the grid size is 4 mm, the thickness of the first layer of the boundary layer grid size is 0.02 mm, and the grid size growth ratio is 1.3, and when the grid in the outer field area is farther from the nozzle outlet, the sparser the division. As shown in Figure 17, the mapping of the grids in all calculation areas is good. The grids are arranged according to the flow direction, and the boundary is densified. The body fitting effect is good, meeting the flow field characteristics and the uniform transition of the grids at the connections of different regions. The circumferential grids are uniformly distributed, the number of nodes is 48, and the flow field mesh is shown in Figure 17.



The nozzle structure adopts an unstructured mesh, and the grid size is set to 10 mm, which is automatically generated by meshing. The mesh is shown in Figure 18.



The actual structure of the nozzle is composed of a variety of composite materials. The materials are anisotropic. The performance of the nozzle in all directions is related to the nozzle design and winding process. The interaction between different materials is very complex, so it is difficult to calculate in practice. In order to reflect the main problems, the structure of the nozzle was simplified in the calculation, and the nozzle was considered to be composed of a single isotropic composite material. The main parameters of the material are ρ = 1550 kg/m3, Poisson ratio γ = 0.2, and elastic modulus E = 1.5 × 104 MPa.



In the flow field calculation, the gas in the nozzle was treated as follows: the density was treated as an ideal gas; the constant pressure specific heat capacity and molecular weight were fixed values, respectively; the constant pressure specific heat Cp was equal to 4155 J/kg·K; the average molecular weight M was equal to 28.75 g/mol; and the viscosity coefficient followed Sutherland’s three-coefficient formula. The gas material parameters were set in Fluent, and the chemical reactions and two-phase flow were not considered in the calculation process.



For this large expansion ratio Laval nozzle, when the engine is working at a high altitude and in an accelerated state, the pressure in the nozzle decreases, the temperature decreases, and the gas expands and accelerates. In the accelerated state, the process of heat exchange between the wall and the external gas is instantaneous, so the wall can be regarded as an external adiabatic wall. As the research focus is to compare the influence of the airflow state in the nozzle and the nozzle structure under different pressure conditions, we believe that the environmental temperature and altitude have little influence on the experimental results, so the effects of their changes were not considered the influence caused by their changes.




4.2. Analysis of Flow Field Results


First, the flow field distribution in the nozzle under ground (Pa = 94 kPa) and high- altitude conditions (Pa = 10 kPa) were calculated when the total inlet pressure was Pc = 6 MPa. Taking the z = 0 symmetry plane of the nozzle as the parameter distribution surface, the Mach number distribution cloud map in the nozzle was obtained according to the calculation results, as shown in Figure 19.



Figure 19 shows that flow separation occurs in the nozzle under ground conditions, and the airflow is in a state of overexpansion. After separation, the airflow does not re-attach, showing free shock separation (FSS). From the shape of the separation flow field, the separation appears as a Mach disk shock mode, which is characterized by the shock wave at the nozzle axis showing a flat disk shape. After the oblique shock wave separated from the wall, it intersects with the normal shock wave of the Mach disk and reflects outward and then reflects on the downstream free boundary of the jet to form a series of alternating expansion–compression wave structures. Figure 19 shows, under high-altitude conditions, the flow in the nozzle is in a state of full flow; the airflow continues to expand after the nozzle exit, and the airflow in the nozzle is in a state of under-expansion.



In the post-processing of the CFD-post, the z = 0 section is intersected with the nozzle wall, resulting in two intersection lines called 0° and 180° intersections. According to the calculation results, the wall pressure distribution on the two intersection lines can be drawn, as shown in Figure 20.



The results in Figure 20 show that under the conditions of ground separation, the wall pressure distribution curves of the intersecting lines at different angles do not completely overlap. Before reaching the minimum pressure, the curves of the intersecting lines at different angles overlap well; after the minimum pressure, the curves begin to deviate, so it can be concluded that under the condition of flow separation, the flow is very uniform, and the flow symmetry is good before the separation point; but after flow separation, the uniformity of the flow field is destroyed and deviates from its symmetry.



Under the condition of high-altitude conditions, the wall pressure distribution curves of intersecting lines at different angles overlap well, which shows that flow separation is the reason for the asymmetry of the flow field. Moreover, from the wall pressure curve under high-altitude conditions, it can be found that the wall pressure at the nozzle outlet is 10 kPa higher than the ambient pressure, which is also the reason why the airflow continues to expand after its ejection from the nozzle outlet.



The lateral load in the nozzle can be obtained by integrating the wall pressure with the wall, as shown in Table 4.



It was found that no matter whether the inlet pressure is 3 or 6 MPa, the lateral load of the nozzle under ground conditions is greater than at a high altitude, especially under low pressure conditions (Pc = 3 MPa); the lateral load difference is 47.9 times. Under the separation conditions, when the inlet pressure is high (Pc = 6 MPa), the lateral load is also small (1 × 102 N order of magnitude) due to the uniform flow field distribution. When the inlet pressure is low (3 MPa), the degree of asymmetry increases the asymmetric pressure distribution of the separation section, and its nozzle’s downstream leads to a large lateral load (1 × 103 N order of magnitude).




4.3. Structure Analysis Result


The results of the flow field were input into the structural calculation of the nozzle as boundary conditions, and the structural analysis of the nozzle was carried out. The total deformation and von Mises stress results of the nozzle structure were obtained, as shown in the following figures (Figure 21, Figure 22, Figure 23 and Figure 24).



According to the cloud map of structural deformation, no matter whether the total inlet pressure is high (6 MPa) or low (3 MPa) and whether it is under ground or high-altitude conditions, the overall deformation trend of the nozzle increases with the increase in the axial distance, and the maximum deformation occurs at the nozzle outlet. The isosurface of the nozzle deformation does not show a uniform circular shape. When the total inlet pressure is 6 MPa, the difference between the maximum deformation under high-altitude and ground conditions is small at 0.30 and 0.34 mm, respectively. When the total inlet pressure is reduced to 3 MPa, the maximum deformation under high-altitude conditions is reduced to 0.14 mm, and the maximum structural deformation under ground conditions is 1.86 mm. This shows that with the decrease in the total inlet pressure, the asymmetry of the flow field after the separation point increases, and the maximum structural deformation of the nozzle will increase accordingly.



The von Mises stress distribution results show that, under high-altitude conditions, the stress isosurface of the nozzle presents a regular annular distribution and a downward trend along the axis, which indicates that the distribution of the flow field is relating uniformly, and the pressure on the inner wall of the nozzle is monotonous in its decline along the axis. Under ground conditions, the overall stress distribution first decreases and then increases along the axis. The stress distribution is uniform when the inlet pressure is 6 MPa, and the stress distribution is obviously asymmetric when the inlet pressure is 3 MPa.



According to the above flow field calculation and structural calculation results, it can be concluded that, under ground conditions, due to the high ambient pressure, the flow in the nozzle will be separated. The lateral loads will then cause a significant deformation of the nozzle structure.





5. Conclusions


	(1)

	
A cold flow test under ground conditions was carried out. The flow separation phenomenon was observed in the test, and the pressure distribution on the nozzle wall was measured. The pressure data before and after the separation point were analyzed, and the difference in pressure pulsation characteristics before and after the separation point were obtained. Before the separation point, the pressure pulsation was small, and after the separation point, the pressure pulsation increased sharply, and the turbulent pulsation effect was significantly enhanced. A numerical simulation of the nozzle flow field under the test conditions was carried out, and the calculated results were compared with the experimental values. The results were in good agreement, which verified the accuracy of the numerical calculation.




	(2)

	
A three-dimensional model was established for the above nozzle, and a numerical simulation under steady conditions was carried out using Fluent software, and the three-dimensional flow field distribution of the nozzle was obtained. From the Mach number distribution diagram of the nozzle section and the wall pressure distribution, it can be found that the separation flow field presents a certain asymmetry, and the wall pressure at the same axial position after the separation point is different. The lateral load was obtained by integrating the pipe wall surface. Under different total inlet pressures, the lateral load was different; their magnitudes decreased with the increase in total inlet pressure, and the directions were randomly distributed.




	(3)

	
The one-way coupling method was used to analyze the fluid–structure coupling of the full-scale nozzle, and the flow field distribution and structural deformation of the nozzle under different total pressures, and ground and high-altitude conditions were calculated, respectively. The calculation results show that under the conditions of high altitude, when the flow in the nozzle is in a state of full flow, the flow symmetry is good; the stress at the nozzle wall shows a downward trend along the axis, and the structural deformation of the nozzle is small. When the flow separation occurs in the nozzle, the nozzle will be asymmetric. The stress on the nozzle wall first decreases and then increases along the axis, and the structural deformation of the nozzle is larger than under high-altitude conditions. As the total pressure decreases, the lateral load of the nozzle will increase under ground conditions, and the structural deformation of the nozzle will increase sharply.
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Figure 1. Two aerodynamic separation modes in nozzle. (a) Free shock separation. (b) Confined shock separation. 






Figure 1. Two aerodynamic separation modes in nozzle. (a) Free shock separation. (b) Confined shock separation.



[image: Aerospace 10 00004 g001]







[image: Aerospace 10 00004 g002 550] 





Figure 2. Schematic diagram of the test analysis system. 






Figure 2. Schematic diagram of the test analysis system.



[image: Aerospace 10 00004 g002]







[image: Aerospace 10 00004 g003 550] 





Figure 3. The distribution of the pressure test point. 
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Figure 4. Space face of the nozzle during the test of the nozzle. 
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Figure 5. Test-measured wall pressure, Pc = 4.34 MPa. 
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Figure 6. Schematic diagram of computing area. 
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Figure 7. Schematic diagram of the entire grid area. 
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Figure 8. Mach number of cloud map of flow field, Pc = 4.34 MPa. (a) High altitude full field. (b) Ground full field. (c) High altitude infield. (d) Ground infield. 
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Figure 9. The Mach number streamlines’ map under ground conditions, Pc = 4.34 MPa. 
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Figure 10. The Mach number streamlines’ map under high-altitude conditions, Pc = 4.34 MPa. 
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Figure 11. Temperature distribution, Pc = 4.34 MPa. 
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Figure 12. Pressure distribution, Pc = 4.34 MPa. 
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Figure 13. Comparison of numerical calculation and experimental wall pressures, Pc = 4.34 MPa. 
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Figure 14. Numerical calculation and experiment of other inlet total pressures. 
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Figure 15. The pressure at the separation point varies with the total inlet pressures. 
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Figure 16. Nozzle model. 






Figure 16. Nozzle model.



[image: Aerospace 10 00004 g016]







[image: Aerospace 10 00004 g017 550] 





Figure 17. Flow field grid. (a) Full field grid. (b) Nozzle outlet grid. 
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Figure 18. Nozzle structural grid. 
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Figure 19. Pc = 6 MPa. The cloud map of ground and high altitude. (a) Ground. (b) High altitude. 
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Figure 20. Pc = 6 MPa. The wall pressure distribution. (a) Ground. (b) High altitude. 
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Figure 21. Cloud map of ground nozzle properties. (Ground, 6 MPa.) (a) Structure deformation. (b) Stress distribution. 
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Figure 22. Cloud map of ground nozzle properties. (High altitude, 6 MPa.) (a) Structure Deformation. (b) Stress Distribution. 
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Figure 23. Cloud map of ground nozzle properties. (Ground, 3 MPa.) (a) Structure Deformation. (b) Stress Distribution. 
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Figure 24. Cloud map of ground nozzle properties. (High altitude, 3 MPa.) (a) Structure Deformation. (b) Stress Deformation. 






Figure 24. Cloud map of ground nozzle properties. (High altitude, 3 MPa.) (a) Structure Deformation. (b) Stress Deformation.



[image: Aerospace 10 00004 g024]







[image: Table] 





Table 1. Pc = 4.34 MPa. Data statistical analysis results.
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	Test Point
	Minimum Pressure (kPa)
	Maximum Pressure (kPa)
	Peak-to-Peak Value (kPa)
	Standard Deviation (kPa)





	P5
	35.27
	37.71
	2.44
	0.307



	P6
	63.66
	75.92
	12.26
	1.533
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Table 2. Pc = 2.57 MPa. Data statistical analysis results.






Table 2. Pc = 2.57 MPa. Data statistical analysis results.





	Test Point
	Minimum Pressure (kPa)
	Maximum Pressure (kPa)
	Peak-to-Peak Value (kPa)
	Standard Deviation (kPa)





	P3
	41.72
	45.03
	3.31
	0.435



	P4
	63.72
	86.55
	22.83
	3.308
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Table 3. Pc = 5.78 MPa. Data statistical analysis results.
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	Test Point
	Minimum Pressure (kPa)
	Maximum Pressure (kPa)
	Peak-to-Peak Value (kPa)
	Standard Deviation (kPa)





	P7
	27.45
	29.80
	2.35
	0.381



	P8
	46.81
	70.23
	23.42
	4.671
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Table 4. Lateral loads under different working conditions.






Table 4. Lateral loads under different working conditions.





	
Inlet Total Pressure

	
Condition

	
The Force of Y Axis (N)

	
The Force of Z Axis (N)

	
The Lateral Load (N)






	
3 MPa

	
High altitude

	
−17.39

	
−28.52

	
33.40




	
Ground

	
−1530.90

	
−467.17

	
1600.61




	
6 MPa

	
High altitude

	
7.24

	
−1.78

	
25.09




	
Ground

	
100.74

	
−52.46

	
113.58
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