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Abstract

:

The performance of a single expansion ramp nozzle (SERN) drastically declines on over-expanded conditions. A numerical code can accurately predict nozzle performance in the over-expanded state, which is crucial for the SERN configuration design. A Reynolds-averaged Navier–Stokes (RANS) simulation of the SERN jet in an over-expanded state was performed to verify the numerical performance of the well-established commercial CFD solver (ANSYS Fluent   TM   v202) and rhoCentralFoam solver in OpenFOAM. The wall pressure distributions and flow field characteristics including the shock structures and the width of the jet were studied in detail with an inlet nozzle pressure ratio (NPR) of 1.5, 3, 4, and 8. The SERN aerodynamic performance with an inlet NPR ranging from 1.5 to 9 was then calculated. The results showed that the Fluent 3D simulation could qualitatively predict the characteristics of the internal and external flow of the nozzle, because it overestimated the wall pressure and shock wave position. Two-dimensional (2D) simulations made it difficult to capture the external flow structure due to the 3D effects. The simulation results of rhoCentralFoam for over-expanded SERN flow were not ideal. The Fluent can produce physical solutions, and it achieved limited success. The existing errors were mainly caused by the inlet boundary setting.
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1. Introduction


A single expansion ramp nozzle (SERN) with an asymmetric configuration is usually applied as the exhaust component of scramjet engines. The SERN can achieve the requirement of airframe/propulsion integration by using the vehicle afterbody as part of its upper expansion ramp [1]. As one of the significant parts of the scramjet, the SERN should be adaptive to variations of a wide range of flight conditions [2,3]. The SERN operates at imperfectly expanded conditions, especially over-expanded conditions, resulting in the degradation of the SERN performance.



Many studies have attempted to achieve better performance of the SERN working in over-expanded conditions [2,4,5,6,7,8]. The results show that the SERN performance is greatly influenced by flow separation phenomena and shock motions. The main separation pattern is the restricted shock separation (RSS) and the free shock separation (FSS) in overexpanded SERN [4,5,6]. The shock train is also commonly found at over-expanded operations, including incident shock, reflected shock, Mach disc, etc. The complex flow field feature can deteriorate the performances of the SERN, especially the lift force. Moreover, the shock train and separation pattern travel along a different path during upstream and downstream movements at startup and shutdown processes, which leads to a hysteresis loop of the SERN performance [9,10].



From the preceding descriptions, there has been coherent effort to understand the SERN flow field for various pressure ratios and geometries or its effect on the performance parameters of the SERN. Numerical methods were applied to achieve a more detailed flow field for aiding design and measuring the performance of the SERN [11,12]. Scholars tend to use the robust, mature commercial Fluent solver [10,13] to understand the flow behavior of the SERN in a comprehensive manner. Recently, many studies focusing on the OpenFOAM toolkit have been published [14,15,16], which shows that OpenFOAM has superior accuracy and stability. Marcantoni et al. [17] found that rhoCentralFoam, a density-based compressible turbulence solver based on the central-upwind scheme of Kurganov and Tadmor, could capture normal and oblique shock waves in supersonic flows at 5 Ma. Zang et al. [18] used rhoCentralFoam to simulate round supersonic free jets under various working conditions. Their results showed that rhoCentralFoam has certain advantages over commercial software in solving such problems.



However, most efforts have only attained limited success. Actually, there are many difficulties associated with validating numerical methods of the SERN at an over-expanded state [6,19]: (1) prediction of the separation point; (2) inlet conditions that are difficult to simulate; (3) experimental conditions that are difficult to simulate; (4) 3D and 2D effects; and (5) RANS models lack accuracy at high jet velocities. The purpose of this paper is to establish an accurate numerical simulation process to determine the aerodynamic performance of the SERN at over-expanded conditions. The verification process involves two solvers, which are ANSYS Fluent v202 and OpenFOAM v8. The rationality of the numerical method is verified by comparing the calculated data with the experimental data.



The sections of this paper are arranged as follows: First, the numerical methods adopted by the Fluent and rhoCentralFoam solvers and the geometric configuration of the SERN are briefly introduced. Subsequently, the boundary conditions and grid settings used in this study are described, and the grid independence analysis is discussed. The results analysis includes the following content: (a) the 2D and 3D wall pressure simulation results using Fluent and the 2D wall pressure simulation results using rhoCentralFoam are respectively compared; (b) the impact of 2D and 3D simulations of the Fluent solver on capturing the jet shock wave structure is qualitatively and quantitatively analyzed; (c) the influence of the 2D and 3D simulations on the mixing characteristics of shear layer development; and (d) the numerical and experimental results of aerodynamic performance parameters are compared. Finally, a summary is presented.




2. Numerical Method


This study first verified the capability of the commercial software, Ansys Fluent v202, to simulate the jet flow field and performance characteristics of the SERN. Later, we verified the capability of the rhoCentralFoam solver in the open-source CFD toolbox OpenFOAM v8 to simulate the above problems. References [18,20,21,22] were the main source for the setup of the computations performed in the present study. The OpenFOAM and Fluent solvers used in this study were not modified. Therefore, we only briefly introduced the numerical methods.



2.1. Reo-FDS Solver


The Fluent solver selected in this work is a steady-state density-based solver. The numerical method used was based on the finite volume method. The compressible RANS equation was used for modeling an SERN jet. Gravity and body forces were ignored. The working fluid was set as the ideal gas. The viscosity coefficient  μ  was calculated using the Sutherland transport model [21]. The   k − ω   SST model has demonstrated reliability in various numerical simulation studies of transonic and supersonic flow [23,24,25]. Therefore, in this study, the   k − ω   SST model was used to calculate the eddy viscosity coefficient   μ t  . The second-order upwind scheme was used to calculate the convection term, and Roe-averaged flux difference splitting (Roe-FDS) was used to calculate the flux [22]. We denoted the Fluent solver used in this study by ‘Roe-FDS’. An implicit algorithm was used to solve the time marching equation.




2.2. RhoCentralFoam Solver


rhoCentralFoam is an explicit density-based solver that supports polyhedral mesh. The unsteady Reynolds-averaged Navier–Stokes (URANS) equations, which include the mass, momentum, and energy conservation equations, are solved based on the finite volume approach. The physical property settings of the gas were similar to those in the Fluent cases. The working fluid was chosen as the ideal gas. The molecular viscosity coefficient  μ  is calculated using the Sutherland transport model, and the   k − ω   SST turbulence model was used to calculate the eddy viscosity coefficient   μ t  . Numerical flux at the grid interface was calculated based on the central-upwind schemes of Kurganov and Tadmor [26,27]. The total variation diminishing (TVD) scheme with the van Leer limiter was used to interpolate the state variables on the cell faces to suppress the non-physical oscillation near discontinuities in compressible flows and capture shockwaves relatively accurately. The physical time   Δ t   was set as   1 ×  10  − 9     s and limited such that the maximum Courant number did not exceed 0.5.





3. Numerical Setup


3.1. Description of the Target Experiment


The SERN configuration used in this study was obtained from the experimental study conducted by Yazhini and Kathiravan [28] in 2021. A working SERN model was mounted at the end of a settling chamber using a nozzle adapter, as shown in Figure 1. The flow exited into the atmosphere. Through qualitative and quantitative comparisons between the numerical simulation and experimental results, the accuracy and reliability of the Roe-FDS and rhoCentralfoam solvers were confirmed.



The SERN configuration is shown in Figure 2a. The coordinate origin   ( 0 , 0 , 0 )   was set at the center of the nozzle inlet. The inlet height was    H  i n   = 20  mm  , the throat height was    H t  = 18  mm  , and the outlet height was    H  o u t   = 30.31  mm  . The length of the constant area of the nozzle inlet was    L  c o n s t   = 15  mm  . The length of the convergent part of the ramp was    L  d i v   = 11  mm  , and the convergent angle of the ramp was    θ 1  =  10.3 ∘   . The length of the divergent part of the ramp was    L  c o n v   = 26.4  mm  , and the divergent angle of the ramp was    θ 2  =  25 ∘   . The lower surface of the nozzle remained horizontal. The cross-section of the nozzle was rectangular with a width of   W = 30  mm  ; see Figure 2b.




3.2. Boundary Condition


Yazhini and Kathiravan [28] conducted their experiment for NPRs ranging from 1.5 to 9. The expression for NPR and its relation to jet Mach number   M  a j    are illustrated in Equation (1) [18].   P 0   was the total pressure at the nozzle inlet, and the ambient pressure was    P a  = 101,325   Pa. The specific heat ratio was   γ = 1.4  , the total temperature was    T 0  = 300   K, and the gas constant was   R = 287  kJ / ( kg · K )  . The design jet Mach number was   M  a d  = 2  , and the design NPR of the SERN was   N P  R d  = 7.82  .



For the Roe-FDS solver, the nozzle inlet condition was set as the pressure-inlet, as shown in Figure 3a. The total temperature and total pressure were as described previously. The free flow inflow surface as well as the lateral and downstream outflow surfaces were set as the pressure-far-field boundary condition. The inner and outer walls of the nozzle were set as the no-slip and adiabatic wall boundary conditions which means the local heat flux through the surface of the wall was taken as zero. For the rhoCentralFoam solver, the total temperature and total pressure [20] at the nozzle inlet were equal to those from the Roe-FDS solver. The adopted far-field boundary was the waveTransmissive boundary condition, which guarantees that fluid and sound waves will flow smoothly out of the domain through the boundary; this prevents the boundary reflections from affecting the solutions. The types of OpenFOAM boundary conditions are listed in Table 1.


     N P R =   P 0   P a   =   1 +   ( γ − 1 )  2  M  a  j  2    γ  γ − 1        



(1)








3.3. Mesh Topology


As shown in Figure 3, the grid topology of the SERN computational domain extended from the nozzle inlet along the streamwise direction, downstream for approximately   50  H t    (50 times the throat height); see Figure 3a. In the longitudinal and span-wise directions, the computational domain extended from the nozzle wall to the   20  H t    and   10  H t    far fields, respectively. The grid construction method was the one adopted by Zang et al. [18] and Yang et al. [29] in the studies of supersonic free jets. In Figure 3a, it is shown that the topology was divided into two different areas, a relatively coarse outer area and a dense core area. The shear layer in the dense core area was further refined to better capture the mixing characteristics of the jet shear layer. In addition, it was ensured that the grid growth factor in the whole computational domain did not exceed 1.2 to prevent unnecessary numerical instability due to abrupt changes in grid size between adjacent cells.





4. Results and Discussion


4.1. Mesh Independence Study


To evaluate the solver more comprehensively, the symmetry plane (2D) and full computational domain (3D) of the SERN were simulated in this study to exclude any possible 3D effects of the nozzle sidewall. A portion of the 2D mesh along the nozzle symmetry plane is shown in Figure 3c. The grid independence was studied to reduce the impact of grid resolution on the final simulation results. Grid independence analysis is conducted with the following node distributions:   6.9 ×  10 6    nodes (coarse),   9.6 ×  10 6    nodes (medium), and   1.5 ×  10 7    nodes (fine). Table 2 shows the specific parameters of grid settings. Regardless of whether the grid was refined, the height of the first grid layer on the nozzle wall was always set to   1.5 ×  10  − 6    m   to guarantee the    y +  ≈ 1   requirement of the   k − ω   SST turbulence model. The growth factor of the boundary layers was no more than 1.15, and more than 20 cells were allocated in the viscous sub-layer.



This study focused on steady-state (or fully developed) solutions. Furthermore, the implicit solver can use a large time step to obtain the convergence solution, which is efficient. Therefore, Roe-FDS was used to conduct the grid independence research. The working condition of   N P R = 5   was selected as the test case, and the supersonic jet flow was in a weak over-expanded state (  N P R d = 7.82  ). The convergence criteria were taken from studies by Zang et al. [18]. The jet convection from the nozzle outlet to the end of the computational domain, and the discrepancy in the mass flow rate between the inlet and outlet, was less than 0.1%. Consequently, the numerical results converged.



The pressure distributions on the ramp with different grids are shown in Figure 4. The measured wall static pressures p were non-dimensioned with the nozzle inlet   p 0   and plotted against the length along ramp x normalized by throat height   H t  . The results show that the differences between the 3D medium and fine grids are considerably small, and the maximum difference is within 1.0%. The pressure distributions of coarse grids on the SERN convergence section showed subtle differences from those of the other two 3D meshes. Therefore, the medium grids were used for numerical simulations as a reasonable compromise between the computational resource and calculation precision.



In addition, good agreements can be observed between the 2D and 3D simulation results, suggesting that there is not much change in pressure distributions due to three-dimensional effects, which was consistent with the results of Papamoschou et al. [30] and Tsunoda et al. [31]. However, the four meshes overestimated the static pressure on the converging section from the experimental results. It is clear that the source of the discrepancy in the data is not the solvers or the meshes themselves. The following sections will continue this discussion in depth. The test cases in the following sections are listed in Table 3.




4.2. Wall Pressure Distributions


From over-expanded to fully expanded flow, the SERN jet needs to go through four critical conditions, NPR = 1.5, 3.0, 4.0, and 8.0.



4.2.1. Reo-FDS Results


Figure 5 shows a comparison of the static pressures on the upper wall of the nozzle in the experiment and numerical simulation. In the experimental study of Yazhini et al. [28], wall static pressure distributions along the centerline of the SERN were measured. The first pressure measuring point was located 1 mm upstream of the convergence section. This position was defined as   x /  H t  = 0  . The throat was located at   x /  H t  = 0.722  . The pressure distribution data from the present simulations are taken in section z = 0. The location definition of the pressure calculation data is consistent with the location definition of the measurement points by Yazhini et al. [28]. The calculation made by the Roe-FDS solver similarly overestimated the wall pressure at the convergence section of the SERN at the four NPRs, particularly at NPR = 1.5, which resulted in the overestimation of the static pressure and shock wave strength downstream.



The overestimated pressure trend existed in all cases. It is possible that the experimental data contain errors or were incorrectly processed. Because the nozzle flow occurs at sufficiently high pressure levels, 1D isoentropic estimations can be applied here. Using area–Mach number relation [32] and the nozzle dimensions, it can be derived that at the nozzle inlet, the pressure ratio   p /  p 0    should be about 0.735, at least for NPR > 5. This value is close to the value obtained in the numerical simulation and differs significantly from the experimental value.



Another reason for the difference between the numerical and experimental data may be derived from the lack of rationality of the inlet boundary conditions settings. The total pressure inlet was chosen based on the assumption that the upstream of the nozzle inlet is a stable high-pressure air reservoir with zero flow rate. However, the nozzle adapter mounted between the SERN model and the settling chamber might have caused the total pressure loss, as shown in Figure 1. Using the gauge pressure measured in the settling chamber as the boundary condition of the SERN model may overestimate the inlet pressure. The numerical simulation included the upstream test device, and that probably improved the accuracy of the prediction of the flow behaviors inside the SERN. Unfortunately, Yazhini and Kathiravan [28] did not provide the geometric models of the settling chamber and nozzle adapter.



The 3D effects of the flow inside the SERN were weak. The existence of the side wall in 3D computations limited the lateral expansion of the flow in the nozzle. Hence, the flow field profile along the spanwise direction demonstrated almost the same, which reduced the 3D effects. The differences between the 2D and 3D simulations mainly resulted from the 3D vortical structures because the deviations mainly occurred in the separation area at the corner or after shocks, as shown in Figure 5a–c. Furthermore, the 2D results were in agreement with 3D results at NPR = 8 operating condition without the detached flow; see Figure 5d. Therefore, 2D CFDs are sufficient to predict wall static pressure data on the SERN wall.




4.2.2. rhoCentralfoam Results


To save computing resources, the rhoCentralFoam case only performs the 2D simulation. It cannot produce accurate solutions at low blowing rates (i.e., NPR = 1.5, 3 and 4). The solution at NPR = 1.5 was non-physical and not well-converged. Thus, the rhoCentralFoam results at NPR = 1.5 are not plotted in Figure 5a. The results for NPR = 3 and 4 were quite different from those in the experiment and the Reo-FDS simulation; see Figure 5b,c. However, the solution by rhoCentralFoam was highly consistent with that of the Reo-FDS at NPR = 8; see Figure 5d. The calculation made by the rhoCentralFoam also overestimated the inflow pressure for each case, further proving that the settings for the total pressure boundary were unreasonable.



When NPR was <4, low-speed detached flow was noted in the SERN. The inaccurate solutions derived by rhoCentralFoam at low blow rates may be because of its inability to solve flows at all speed regimes. The limitations of rhoCentralFoam are inherently tied to the flux scheme employed. Using a standard compressible code to calculate low-speed flows was not ideal, which was a finding also mentioned in the study by Liou [33]. Because the rhoCentralFoam simulation for the SERN wall pressure lacked numerical stability and accuracy, only Reo-FDS results were used for subsequent research.





4.3. Shock Wave Structure


Figure 6 shows a comparison between the experimental and numerical schlieren images. The processing method of numerical schlieren images can be found in references [34,35,36]. They show details of the shock wave structures with   N P R   = 3, 4, and 8. The poor solutions at NPR = 1.5 are not discussed in this section. Furthermore, we also drew the Mach contour-assisted wave pattern explainations in the jet, as shown in Figure 7.



The 2D simulation results accurately described the internal flow pattern of the SERN; however, the wave structure in the external supersonic jet core was quite different from that in the experimental schlieren image. The shock waves were marked with blue arrows, which were inconsistent with the experimental schlieren, as shown in Figure 6. The lateral expansion and interactions of the 3D shocks of the jet leaving the outlet of the SERN can be difficult to accurately account for when performing 2D CFD. Therefore, the 2D simulation results were not satisfactory.



The 3D simulation results accurately depict the flow pattern inside and even outside the SERN. Some wave systems that could not be easily identified in the experiment were also present in the 3D simulation (i.e., the Lambda shock wave at NPR = 4 and oblique shock at NPR = 8). We used the distance from the nozzle outlet to the intercepting point of the two shocks to represent the approximate length of the fist jet potential core in the 3D simulation; see Figure 6e–g. The distance is normalized by throat height   H t  . Simulations over-predict the first shock cell lengths regardless of the exit conditions by at least 9.1%. The consistent overestimation of the shock cell length in 3D numerical simulations can be attributed to the aforementioned unreasonable inlet boundary setting, leading to the wave system in the shock cell to be pushed farther downstream of the outlet.




4.4. Shear Layer Development


The mixing characteristics of the free jet shear layer can be accurately measured and investigated through flow quantities such as the turbulent kinetic energy (TKE) or Reynolds stress [18]. Fortunately, the   k − ω   SST model can directly evaluate the turbulent kinetic energy k and specify the output during the solving process. Owing to the constraints of the experimental technology, it was difficult to obtain a highly accurate turbulent kinetic energy in the experiment. The jet width is the distance between the shear layers on both sides of the jet axis, which can be used to measure the jet expansion rate or momentum flux distributions to verify the numerical results. The jet width can also be estimated from the numerical results of the turbulent kinetic energy.



The jet width was measured manually with an outlining criterion at 10% of the maximum TKE in the numerical schlieren. The nozzle throat height was set as the reference length. Two measuring points of the jet width were set for each calculation case, and they were located at   x /  H t    = 1 and 2 downstream from the tip of the ramp of the SERN, as shown in Figure 8. Table 4 and Table 5 show the comparison between the 2D and 3D jet width simulation and experimental results.



The 2D modeling had a difficulty in accurately predicting the jet width of the SERN; this was mainly owing to the difficulty in simulating the shock wave in the jet. Particularly when NPR = 4, the wave structure predicted by the 2D simulation was completely inconsistent with the experimental results, which resulted in a difference of nearly 30% in the prediction of the jet width. When NPR = 3, the 3D simulation prediction error of the jet width at 1Ht also reached 19.4%, which was caused by the inaccurate estimation of the shock wave position. In general, the 3D simulation outperformed the 2D simulation. Prior quantitative studies of shock wave structures did not deliver ideal results; thus, in this study, it was difficult to evaluate the Reo-FDS code’s capability to accurately simulate the shear layer development and mixing characteristics from the jet width. However, the prediction error of other Reo-FDS 3D cases in determining the jet width of the shear layer did not exceed 10%, and they were within an acceptable range.




4.5. Comparison of SERN Performance


This section presents an estimate of the aerodynamic performance of the nozzle based on the wall static pressure at the centerline of the SERN with an inlet NPR in the range of 1.5–9. The above analysis showed that there were almost no 3D effects in the SERN attached flow case. Research results of Hirschen et al. [37,38] and Thiagarajan et al. [39] also showed that there was not much change in performance from 2D calculations compared to 3D calculations. To save computing resources, the 2D data will be used to confirm the effectiveness of the force characteristics computing model. The method used to calculate the total thrust   F x  , lift   F y  , ideal thrust   F i   and moment coefficient   C m   was like that of Yazhini and Kathiravan [28].



Figure 9 presents a comparison of the changes in the   F x  /  F i   and   F y  /  F i   with increasing NPR between the experimental data and the present CFD results. The moment coefficient   C m   was mainly affected by the lift   F y  , which had the same change trend as   F y  /  F i   and the experimental test results, as shown in Figure 10. The main deviation occurred when NPR ranged from 3 to 4. At this time, the shock wave was pushed downstream in the SERN, and the shock wave train showed significantly unsteady characteristics. It was difficult for the solver to accurately capture the shock wave position. The deviation also occurred with   N P R < 3  . This was mainly caused by the error of the overestimated inlet static pressure propagating downstream before nozzle choking. However, the current numerical methods captured the changing trend in the force characteristics with the increase in NPR, which means the current numerical methods achieved limited success.





5. Conclusions


In this study, a RANS simulation of the SERN jet in an over-expanded state was conducted using the Reo-FDS and the rhoCentralFoam solvers in OpenFOAM. To evaluate the numerical stability and accuracy of the two solvers, the grid independence analysis is discussed. The wall pressure distributions and flow field characteristics were studied in detail with an inlet NPR of 1.5, 3, 4, and 8. The SERN aerodynamic performance with an inlet NPR ranging from 1.5 to 9 was then calculated.



Relative to the experimental results, Reo-FDS overestimated the wall pressure, shock wave strength, and shock wave position; this overestimation was mainly caused by the inappropriate setting of the inlet condition. The simulation capability of the 2D model for the pressure distributions on the SERN wall matched that of the 3D model, and the 3D effects were weak. The rhoCentralFoam solver failed to simulate the high subsonic performance and predict the shock separation phenomena. The rhoCentralFoam simulation results for over-expanded complex flow inside SERN were not ideal.



Subsequently, the width of the jet as well as the approximate length of the jet potential core were found on the near-field shock structures using the Reo-FDS. Comparing the flow field simulation results with the experimental schlieren, the Reo-FDS 3D can predict the flow behavior inside and outside the nozzle qualitatively because the 3D simulation results overestimated the distance length of the jet potential core due to the overestimation of the inlet pressure. The 2D modeling can accurately simulate the internal flow field of the nozzle but fails to predict the external flow structure due to the 3D effects.



For NPR = 1.5–9, the trend of the calculated SERN aerodynamic performance by Reo-FDS was consistent with the experimental results. The difference was mainly caused by the overestimation of the nozzle inlet pressure and the difficulty in capturing the separation position in the convergent section using the current calculation methods.



Reo-FDS had a physical solution when simulating the complex flow in the over-expanded state of the SERN and could be used to qualitatively study such problems using current numerical methods. The reason for the errors under different operations was the lack of rationality in the setting of the inlet boundary conditions. In the future, incorporating the test equipment upstream of the nozzle in the geometric model can be considered; it is expected that good simulation results will be achieved with this configuration.
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	RANS
	Reynolds-averaged Navier–Stokes
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	Nozzle pressure ratio
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	Computational fluid dynamics



	  k − ω   SST model
	  k − ω   shear stress transport turbulence model



	TKE
	Turbulent kinetic energy
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Figure 1. Schematic representation of the open jet facility [28]. 
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Figure 2. Sketch of the SERN. (a) Configuration of the SERN; (b) Injection section. 
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Figure 3. Three-dimensional mesh topology for the present SERN jet with (a) boundary conditions; (b) zoomed-in view on cross-stream grid. (c) zoomed-in view on streamwise grid. 
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Figure 4. Pressure distributions of different grids on the ramp centerline surface at NPR = 5. 
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Figure 5. Comparison of the pressure on the ramp between the numerical simulation and experimental measurements [28]. (a) NPR = 1.5, high subsonic separated pipe flow; (b) NPR = 3, flow attached to the starting point of the ramp wall; (c) NPR = 4, the jet is almost fully attached to the ramp wall; (d) NPR = 8, fully expanded jet. 
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Figure 6. Schlieren and numerical flow visualization images at NPR = 3, 4, and 8. (a–c) Experimental schlieren measurement; (d–f) Three-dimensional numerical Schlieren contours; (g–i) Two-dimensional numerical schlieren contours. ASL denotes the atmospheric shear layer, EF denotes the expansion fan, MD denotes the Mach disc, OS denotes the oblique shock, TP denotes the triple point, SSL denotes the separated shear layer, FSR denotes the flow-separated region, CS denotes the curved shock, RS denotes the reflected shock, SIS denotes the shock-induced separation, and LS denotes the lambda shock. 
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Figure 7. Near-field shock structures of the supersonic jet flows at NPR = 3, 4 and 8. 
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Figure 8. Jet widths at various NPR conditions. 
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Figure 9. Comparisons of axial thrust ratio and normal force ratio at various NPR conditions. 
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Figure 10. Comparisons of the coefficient of pitching moment at various NPR conditions. 
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Table 1. Boundary conditions for the numerical simulations of SERN jet flows using rhoCentralFoam.
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	Boundary Types
	SERN Inlet
	Far-Field
	Wall





	   p  kg / ( m ·  s 2  )    
	totalPressure
	waveTransmissive
	zeroGradient



	   U ( m / s )   
	zeroGradient
	waveTransmissive
	noSlip



	   T ( K )   
	totalTemperature
	zeroGradient
	zeroGradient
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Table 2. Grid settings of the computational models.
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	Case
	    N x    
	    N y    
	    N z    
	Cell Number





	3D coarse
	176
	244
	119
	   6.9 ×  10 6    



	3D middle
	216
	299
	146
	   9.3 ×  10 6    



	3D fine
	243
	345
	168
	   1.5 ×  10 7    



	2D middle
	216
	299
	-
	   6.4 ×  10 4    
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Table 3. A summary of the test cases.
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	Case
	Grid Independence Study
	Wall Pressure Distributions
	Shock Wave Structure
	Shear Layer Development
	SERN Performance





	NPR
	5
	1.5, 3, 4, 8
	3, 4, 8
	3, 4, 8
	1.5–9



	Roe-FDS
	2D, 3D
	2D, 3D
	2D, 3D
	2D, 3D
	2D



	rhoCentralfoam
	-
	2D
	-
	-
	-
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Table 4. Jet width at 1  H t   location from the exit of the ramp section.
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NPR

	
Jet Width




	
EXP

	
3D (Discrepancy)

	
2D (Discrepancy)






	
3

	
1.34

	
1.60 (19.4%)

	
1.41 (5.2%)




	
4

	
2.13

	
2.07 (−2.8%)

	
1.76 (−17.3%)




	
8

	
2.17

	
2.35 (8.3%)

	
2.40 (10.5%)
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Table 5. Jet width at 2  H t   location from exit of the ramp section.
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NPR

	
Jet Width




	
EXP

	
3D (Discrepancy)

	
2D (Discrepancy)






	
3

	
1.77

	
1.90 (7.3%)

	
1.74 (−1.7%)




	
4

	
2.50

	
2.63 (5.2%)

	
1.75 (−30.0%)




	
8

	
2.52

	
2.71 (7.5%)

	
2.65 (5.1%)
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