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ABSTRACT 

Flow separation in overexpanded single expansion ramp nozzles (SERN) 

involves complex phenomena, such as shock waves, expansion waves, turbulent 

boundary layers, and shear layers. Computational fluid dynamics plays a crucial 

role in studying unsteady flow behaviour in supersonic nozzles, allowing for an 

investigation into the dynamic flow field characteristics. However, the 

application of OpenFOAM as a numerical tool for studying SERN in the field 

of compressible flows, particularly in the overexpansion state where the flow 

field characteristics are more complex, has received relatively less attention. In 

this study, the flow field characteristics of an overexpanded SERN under 

different turbulence models are investigated through a combination of 

experiments and numerical calculations. The qualitative and quantitative 

predictive performance of two compressible flow solvers in OpenFOAM, 

namely, rhoCentralFOAM and sonicFOAM, are compared in terms of flow 

separation pattern and separation pattern transitions within the overexpanded 

SERN. The ability of rhoCentralFOAM and sonicFOAM to accurately predict 

complex flow states is evaluated. Results indicate that the numerical simulations 

conducted using rhoCentralFOAM and sonicFOAM successfully capture flow 

separation, separated shock waves, separated bubbles and shear layers for two 

types of restricted shock separation patterns at the same nozzle pressure ratio 

(NPR), demonstrating agreement with experimental results. However, 

sonicFOAM initiates the transition in the separation pattern 0.0773 NPR earlier 

than rhoCentralFOAM during the whole separation pattern transition process of 

the SERN. The transition process in sonicFOAM lasts longer and exhibits a 

greater variation in NPR. SonicFOAM fails to accurately predict certain aspects, 

such as the pressure rise after the separation bubble, the reattachment shock 

wave, and tends to overestimat the length of the separation shock length. 

Consequently, sonicFOAM cannot be recommended as a suitable solver for 

accurately capturing the separation pattern of an overexpanded nozzle.  
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1.     INTRODUCTION 

The nozzle is a critical component of airbreathing 

hypersonic propulsion systems, directly influencing the 

flight performance of the entire system. Studies have 

revealed that the nozzle accounts for approximately 70% 

of the thrust when the flight Mach number (Ma) is 6 

(Edwards et al., 1975), and a 1% decrease in the nozzle 

thrust coefficient leads to a 4% loss in overall thrust 

(Lederer & Krueger, 1993). Given the high Mach numbers 

involved, the working nozzle pressure ratio is usually 

higher. The rear body of the vehicle is typically used as 

the expansion surface, forming a single expansion ramp 

nozzle (SERN) (Zhou & Wang, 2019), to facilitate 

integrated vehicle and nozzle installation. 

http://www.jafmonline.net/
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NOMENCLATURE 

At area of nozzle throat  Pw wall pressure 

Ae area of nozzle exit  X length of the nozzle 

Ht height of the throat  x x co-ordinate 

He height of the exit  y y co-ordinate 

Pb ambient pressure  θ angle of expansion ramp 

 

When the outlet pressure of the SERN falls below the 

ambient pressure, it operates in an overexpanded 

condition. To attain pressure equilibrium with the 

surrounding conditions, an oblique shock wave is 

produced inside the nozzle, leading to a flow field 

characterized by shock waves, expansion waves, turbulent 

boundary layers, and shear layers. This leads to 

considerable flow losses and deterioration in nozzle 

performance. The overexpansion state of the nozzle can 

profoundly affect the performance, service life of the 

nozzle (Hemmati & Namazian, 2021; Mirjalily, 2023) and 

the flight safety of the vehicle (Yu et al., 2014b). 

Computational Fluid Dynamics (CFD) serves as a 

crucial tool in investigating the dynamic flow 

characteristics of unsteady supersonic nozzles (Huang et 

al., 2022; Li et al., 2022; Rakhsha et al., 2023). 

Commercial simulation software, such as Fluent, has been 

widely used for SERN numerical calculations. To create a 

nozzle with optimal aerodynamic performance and 

seamless integration with the airframe, Yu et al. (2019) 

utilized the Method of Characteristics (MOC) for reverse 

design of the SERN. This reverse design methodology 

involves manipulating the nozzle exit to achieve the 

desired shape and flow parameters, followed by the 

application of the MOC technique to generate the nozzle 

contour in a reverse manner. The accuracy and validity of 

this method were verified using Fluent. Huang et al. 

(Huang et al., 2013) employed the Reynolds-Averaged 

Navier-Stokes (RANS) methodology, utilizing the 

Renormalization Group (RNG) k-ε turbulence model, for 

the purpose of resolving and examining the flow 

properties within SERN. They also utilized data mining 

techniques and combined them with experimental data to 

further investigate the flow characteristics. The research 

findings demonstrated that the employed model exhibited 

a favorable 2D structure, and the results were highly 

consistent with the experimental data. Yu et al. (2014a) 

employed Fluent to examine the separation characteristics 

in overexpanded SERNs and their impact on performance. 

SERNs display a prevailing separation pattern referred to 

as restricted shock separation (RSS), while free shock 

separation (FSS) can only be observed at specific nozzle 

pressure ratios (NPR). This behavior differs remarkably 

from that of axisymmetric rocket nozzles. The transition 

between these separation patterns has a notable impact on 

the performance of SERNs, especially in terms of lift. 

Mousavi et al. (Mousavi et al., 2018) utilized Fluent to 

investigate the effects of wall temperature discontinuity 

jump and changes in the length of the flap on the flow 

characteristics of overexpanded SERN. The findings 

indicate that modifications in flap length and wall 

temperature exert a notable influence on the interplay 

between shock waves and boundary layers, as well as on 

the structure, intensity, and spacing of λ shock waves. 

Free open-source software, such as OpenFOAM, 

offers advantages in terms of security, quality, flexibility 

and affordability compared with commercial simulation 

software. OpenFOAM, a popular open-source CFD tool, 

uses C++ as its programming language. Currently, 

OpenFOAM is primarily applied in the field of subsonic 

incompressible flows. Several scholarly reports have 

documented the utilization of OpenFOAM for researching 

subsonic compressible flows, including examinations of 

the wake generated by a circular cylinder (Bhattacharya & 

Ahmed, 2010; Joshi & Bhattacharya, 2019; Bhattacharya 

& Gregory, 2020) and the flow characteristics over a 

hemispherical turret mounted on a wall (Bhattacharya & 

Ahmed, 2020; Jia et al., 2021). However, research on 

compressible flows at supersonic speeds using 

OpenFOAM is relatively limited (Nair et al., 2022). 

Furthermore, most studies using OpenFOAM for 

supersonic nozzles have focused on under-expanded 

conditions, with limited research on overexpanded 

nozzles. Zang et al. (Zang et al., 2017) numerically studied 

an under-expanded supersonic nozzle at a Mach number 

of 1.45. The rhoCentralFoam solver in OpenFOAM was 

employed to conduct a flow simulation, and compared the 

results with Fluent. The velocity distribution at the jet 

outlet and the downstream structure formed exhibited 

noteworthy concurrence in both 2D and 3D unsteady 

RANS results, indicating a robust consistency between the 

two solvers. In addition, comprehensive 3D simulations 

using both solvers can generate reasonably realistic flow 

fields under the stated flow circumstances, as evidenced 

by qualitative and quantitative comparisons with other 

experimental results. Liu et al. (Liu et al., 2022) conducted 

3D numerical simulations of nozzle thrust using the 

OpenFOAM. The findings indicate that the average plume 

flow can be regarded as an axisymmetric underexpanded 

supersonic jet. 

The control equations for compressible flow 

problems are typically solved using methods based on 

pressure or density, both of which are widely employed in 

CFD (Shyji et al., 2017; John & Vivekkumar, 2020; Salimi 

et al., 2022). The pressure field in the pressure-based 

approach is determined by solving either the pressure 

equation or a pressure correction equation. The density-

based approach solves for density in the continuity 

equation and calculates the pressure using the state 

equation. When dealing with compressible flow problems, 

density-based methods have certain advantages. These 

methods directly employ the density variable in the 

solution process and consider the influence of density 

variations on the flow while solving the governing 

equations. Consequently, they are particularly suitable for 

situations involving high-speed flows and large pressure 

gradients, where significant density variations occur. 

Density-based methods offer greater accuracy in capturing 

complex phenomena,  such as shock waves and boundary  
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(a) Experimental wind tunnel structure schematic (b) Experimental wind tunnel photo 

Fig. 1 Experimental wind tunnel and related test equipment 

 

layer separation. In OpenFOAM, both approaches are 

implemented as solvers: the pressure-based approach is 

represented by the sonicFoam solver, and the density-

based approach is represented by the rhoCentralFoam 

solver. The rhoCentralFoam solver, based on the central 

upwind scheme is used for density compressible flow 

simulations (Kurganov et al., 2000; Kurganov & Tadmor, 

2000). 

In this study, the separation pattern and the transition 

of separation patterns in an overexpanded SERN were 

investigated using a combination of experimental and 

numerical simulations. A comparison between the two 

OpenFOAM solvers, rhoCentralFOAM and sonicFOAM, 

was performed to solve the flow field of the SERN. This 

provides a reference for experimental methods, boundary 

conditions, discretisation methods and solver selection for 

compressible flows in complex flow settings. 

2. EXPERIMENTAL AND NUMERICAL METHODS 

2.1 Experimental Setup and Models 

The experimental setup for the wind tunnel has been 

previously described (Yu et al., 2015). The wind tunnel 

utilises an air source with both high and low-pressure 

capabilities. The air compressor supplies a high-pressure 

source ranging from 0.8 MPa to 0.9 MPa, and the vacuum 

pump provides a low-pressure environment of 3–5 kPa. 

The maximum achievable flow rate is 0.8 kg/s. The 

experimental equipment for the wind tunnel includes high 

speed camera, schlieren system and pressure acquisition 

equipment. The schlieren system features a ‘Z-shaped’ 

configuration with a mirror diameter of 200 mm. A Canon 

500D camera is used for schlieren photos and image 

recording, with a maximum resolution of 4752×3168 and 

a pixel size of approximately 22 μm2. The camera’s film 

shooting resolution is 1920×1080 at 20 frames per second. 

The IDT MotionPro Y5 high-speed camera has a 

maximum resolution of 2336×1728 and can shoot up to 

730 frames per second. The camera’s maximum shooting 

speed is 69,000 frames per second, corresponding to a 

resolution of 2336×16. The pressure acquisition system 

has an error of 0.05% of the full scale. The wind tunnel 

and related test equipment are shown in Fig. 1. 

In the experiment, a 2D SERN with a 25° expansion 

angle and a corresponding flap was employed. The throat 

area of the nozzle (At) was 1200 mm2, the expansion area 

ratio (Ae/At) was 2.896, and the width measured 60 mm. 

To enable convenient observation and documentation of 

the flow state and characteristics inside the nozzle, the side 

walls of the nozzle were fabricated using optical glass. The 

front of the nozzle features a 30 mm long circular-to-

rectangular transition section. The circular diameter in the 

transition section is 66 mm, and the rectangular portion 

measures 60 mm in length and 38.5 mm in width. The 

inner profile of the transition section is obtained using the 

ruled surface method. The nozzle geometry details are 

depicted in Fig. 2(a), while a photograph of the 

experimental nozzle is presented in Fig. 2(b). 

 
 

(a) Experimental nozzle geometry configuration (b) Photograph of experimental nozzle 

Fig. 2 SERN experimental model 
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Table 1 Pressure, velocity and temperature boundary conditions 

 Pressure (P) Velocity (U) Temperature (T) 

Inlet totalPressure zeroGradient totalTemperature 

Wall zeroGradient noSlip zeroGradient 

Far Field waveTransmissive waveTransmissive waveTransmissive 

Outlet waveTransmissive waveTransmissive waveTransmissive 

 

Table 2 Boundary conditions and parameters in Fluent 

Property Setting 

Materials Ideal-gas; compressible 

Dimensionality 2D 

Solver Density-Based 

Solve Method Implicit 

Turbulence Model k-epsilon RNG 

Near-Wall Treatment Standard wall functions 

Pressure Inlet Total Pressure = 93243.66 Pa; Temperature = 300 K 

Pressure Far Field Ma=0; Pressure = 31073.02 Pa; Temperature = 300 K 

Pressure Outlet Pressure = 31073.02 Pa; Temperature = 300 K 

Wall Adiabatic 

 

 
Fig. 3 Grid and boundary conditions of numerical simulation 

 

2.2 Numerical Method 

2.2.1 Boundary Conditions and Grids 

The boundary conditions are consistent with the 

experimental conditions, with a NPR of 3.0. The total 

pressure at the inlet is 93243.66 Pa, and the temperature is 

300 K. The Mach number at the far field is 0, with a 

pressure of 31073.02 Pa and a temperature of 300 K. The 

outlet is set with the same pressure and temperature 

values. The wall boundary is assigned with no-slip. Table 

1 shows the details of the boundary condition settings in 

OpenFOAM, and Table 2 provides the boundary condition 

parameters in Fluent. 

ICEM is used to structurally mesh the geometry of a 

straight-wall SERN. The grid and boundary conditions are 

named as illustrated in Fig. 3. The grid nodes for regions 

1, 2, and 3 are 80×120, 180×120, and 100×120 in the x and 

y axes, respectively. Regions 4 and 5 have a grid size of 

100×100, and regions 6 and 7 are set to 40×100. 

2.2.2 Governing Equations 

The 2D RANS equation is used to solve the flow 

(Yaravintelimath et al., 2016; Pathan et al., 2019; Gayathri 

et al., 2022). The governing equations are expressed as 

follows: 

Mass conservation equation 

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖
= 0  (1) 

Momentum conservation equation 

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑢𝑖)

𝜕𝑥𝑗
= −

𝜕𝜌

𝜕𝑥𝑖
+

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
  (2) 

Energy conservation equation 

𝜌
𝐷

𝐷𝑡
(𝑒 +

𝑉2

2
) = 𝜌�̇� +

𝜕

𝜕𝑥𝑖
(𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥𝑖
) −

𝜕(𝑢𝑖𝑝)

𝜕𝑥𝑖
+

𝜕𝑢𝑖𝜏𝑖𝑗

𝜕𝑥𝑗
  

(3) 
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(a) (b) 

Fig. 4 Pressure distribution on the expansion ramp under different turbulence models is compared with the 

experimental results of NPR = 3: (a) rhoCentralFOAM; (b) sonicFOAM 

 

where, 𝜌  represents density, 𝑢𝑖  denotes velocity 

components, 𝑝  stands for pressure, 𝜏𝑖𝑗  represents the 

stress tensor,  𝑘𝑒𝑓𝑓  represents effective thermal 

conductivity, and �̇�  represents volumetric heat addition 

per unit mass. 

2.2.3 Discretisation 

SonicFOAM and rhoCentralFOAM both employ the 

Eulerian discretization scheme for the time term. These 

two solvers utilize the Gauss linear format for gradient 

calculations, while the discretization of the Laplacian term 

is done using the modified Gauss linear format. The 

former uses a linear scheme for the interpolation scheme, 

and the latter employs vanLeer interpolation for the 

reconstruction of T, U and rho. The turbulence terms for 

both solvers are discretised using the upwind format, and 

the surface normal gradient scheme utilizes the corrected 

scheme. The remaining terms in the sonicFOAM 

divergence scheme utilize a second-order scheme called 

Gauss limitedLinear 1. This scheme effectively limits 

upwind in zones with rapidly changing gradients. The ‘1’ 

indicates a strong limit. The divergence scheme of 

rhoCentralFOAM is Gauss linear. 

2.2.4 Solution and Control Schemes 

In sonicFOAM, the diagonal solver is utilized for 

solving rho, while the smoothSolver incorporates 

symGaussSeidel to handle other discretisation terms. The 

rhoCentralFOAM solver utilizes the diagonal solver to 

solve for the variable rho, while the turbulence term is 

addressed through the smoothSolver and Gauss-Seidel 

solver. The remaining terms are solved using the 

Geometric agglomerated Algebraic MultiGrid solver and 

Gauss-Seidel smoother. The time step is set at 1e−8 s with 

adaptive control, and the simulation concludes at 0.02 s, 

generating solution outputs every 1e−4 s. 

3.     RESULTS AND DISCUSSION 

3.1 Comparative Study of Different Turbulence 

Models 

Numerical calculations were performed on an over-

expanded SERN using various turbulence models in the 

rhoCentralFOAM and sonicFOAM solvers. The obtained 

results were compared with experimental data, as shown 

in Fig. 4, where the x and y parameters are non-

dimensional. X/Ht represents the ratio of nozzle length to 

throat height, and Pw/Pb represents the ratio of wall 

pressure to ambient pressure. In the results of 

rhoCentralFOAM, the predicted deviations at the 

separation point for different turbulence models are as 

follows: RNG k-ε model is 0.0806, SST k-ω model is 

0.1123, realizable k-ε model is 0.4962, standard k-ε model 

is 0.1581, and Spalart-Allmaras model is 0.0814, as shown 

in Fig. 4(a). Meanwhile, in the results obtained from 

sonicFOAM, the corresponding deviations are as follows: 

RNG k-ε model is 0.0914, SST k-ω model is 0.1744, 

realizable k-ε model is 0.1141, standard k-ε model is 

0.0361, and Spalart-Allmaras model is 0.0272, as shown 

in Fig. 4(b). Additionally, Fig. 4 reveals specific trends in 

the predicted pressure distributions. Both the SST k-ω and 

Spalart-Allmaras models underestimate the pressure 

ahead of the separation shock in rhoCentralFOAM and 

sonicFOAM. The standard k-ε model significantly 

overestimates the pressure in that region. Notably, in 

sonicFOAM, the realizable k-ε model severely 

overestimates the pressure at the nozzle trailing edge. 

Based on these observations, it can be concluded that the 

RNG k-ε model accurately predicts the flow separation 

location in the over-expanded SERN. Therefore, for 

further investigation, the RNG k-ε model is selected as the 

preferred turbulence model. 
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Fig. 5 RhoCentralFOAM solves three different 

resolution grids, and the computational results are 

compared with experiments to evaluate the accuracy 

of the simulations 

Fig. 6 SonicFOAM solves three different resolution 

grids, and the computational results are compared 

with experiments to evaluate the accuracy of the 

simulations 

 

  
Fig. 7 Experimental schlieren flow field of the SERN at NPR of 3, demonstrating the RSS (ramp) pattern 

separation: (a) experimental flow field visualisation; (b) labelled main shock wave structure 

 

The grid independence of the rhoCentralFOAM and 

sonicFOAM solvers is verified to validate their accuracy. 

Three different grid scales are used: the medium grid 

(69,807 cells) described above, the fine grid (282,007 

cells) with twice as many grid nodes in both x and y 

directions; and the coarse grid (17,107 cells) with half as 

many grid nodes in both x and y directions. Fig. 5 shows 

the pressure distribution on the expansion ramp calculated 

by the rhoCentralFOAM for each grid. With the change in 

grid sparsity, the expansion ramp separation point location 

remains nearly identical, and the pressure distribution is 

comparable, with a divergence of less than 3%, which is 

within the acceptable range. The medium grid can be 

utilised to achieve acceptable calculation precision. Fig. 6 

shows the pressure distribution along the expansion ramp 

obtained through calculations performed by the 

sonicFOAM solver for each grid. With the change in grid 

sparsity, the separation point on the expansion ramp shifts 

slightly, and the pressure distribution undergoes 

remarkable shifts compared with rhoCentralFOAM. 

However, the overall change is within an acceptable range, 

and satisfactory calculation accuracy can be obtained by 

using a medium grid for the relevant calculations. In 

addition, the accuracy of Fluent has been confirmed in the 

literature (Yu, 2020). 

3.2 Study on Flow Separation Pattern of 

Overexpanded SERN 

Figure 7 shows the Mach stem formation that occurs 

when separated shock waves from the ramp and the flap 

intersect and reflect, along with the characteristic Mach 

reflection (MR) structure known as the "λ" shock wave 

pattern. After the flow separates at the expansion ramp of 

the SERN, it reattaches downstream, forming a closed 

separation bubble typical of the RSS (ramp) pattern 

separation flow field. In addition, when the separation 

shock wave of an ramp interacts with a Mach stem,  

a  reflected  shock  wave  is formed.  It  interacts  with  the  
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Fig. 8 Comparison of the expansion ramp pressure 

distribution calculated by rhoCentralFOAM, 

sonicFOAM and Fluent with experimental results at 

an NPR of 3 

Fig. 9 Comparison of the flap pressure distribution 

calculated by rhoCentralFOAM, sonicFOAM and 

Fluent with experimental results at an NPR of 3 

 

boundary of the separation bubble and reflects, thus 

forming an expansion wave. The expansion wave interacts 

with the subsonic flow boundary formed behind the Mach 

stem, reflecting again to form a compression wave, 

gradually propagating along the ramp and slip line. 

Compared to the separation shock wave and reflected 

shock wave formed by the ramp, the flow on the flap does 

not reattach. Therefore, the separation shock wave on the 

flap and the subsequent reflected shock wave interact with 

the aerodynamic boundary of the flow and are not 

influenced by the nozzle wall. 

Figure 8 presents a comparison of the pressure 

distribution on the expansion ramp calculated by 

rhoCentralFOAM, sonicFOAM and Fluent at NPR of 3, 

along with the experimental results. The wall pressure 

distributions obtained from rhoCentralFOAM, 

sonicFOAM, and Fluent exhibit satisfactory agreement 

with the experimental data. Nevertheless, variations are 

observed in the handling of intricate flow field aspects. 

Both rhoCentralFOAM and sonicFOAM overestimate the 

pressure of the expansion wave fan at the nozzle throat, 

with sonicFOAM exhibiting a greater overestimation. 

Fluent outperforms rhoCentralFOAM and sonicFOAM in 

accurately capturing the location of the expansion ramp 

separation point, as rhoCentralFOAM and sonicFOAM 

predict the separation point location approximately 0.077 

and 0.1 units in advance, respectively. The pressure at the 

separation point of the expansion ramp is comparable 

amongst rhoCentralFOAM, sonicFOAM and Fluent, but 

slightly lower than the experimental data. The platform 

pressure after the separation shock wave is lower for 

rhoCentralFOAM and sonicFOAM, whereas Fluent 

closely matches the experimental values, indicating that 

rhoCentralFOAM and sonicFOAM underestimate the 

intensity of the separation shock wave at the expansion 

ramp. Moreover, rhoCentralFOAM, sonicFOAM and 

Fluent accurately capture the reattachment location 

following the separation bubble. The expansion ramp 

pressure distribution increases rapidly after the separation 

bubble in rhoCentralFOAM and Fluent, whereas the 

pressure increase trend in sonicFOAM is relatively slow. 

The pressure drop observed in the sonicFOAM solver is 

due to presence of an expansion wave near the nozzle 

outlet resulting from to shock/shock or shock/slipstream 

interactions. 

Figure 9 presents a comparison of the pressure 

distribution on the flap, obtained from rhoCentralFOAM, 

sonicFOAM, Fluent, and experimental results, for an NPR 

of 3. Prior to the separation point, the pressure distribution 

agrees reasonably well with the experimental data for 

Fluent, whereas it appears relatively lower for 

rhoCentralFOAM and sonicFOAM. After the separation 

shock wave, the pressure distributions in 

rhoCentralFOAM, sonicFOAM and Fluent align well with 

the experimental data. 

Figure 10 shows the experimental schlieren and 

numerical schlieren images of rhoCentralFOAM, 

sonicFOAM and Fluent at NPR=3.0. The numerical 

schlieren represents the density gradient contour. The 

information in the flow field is modified because of the 

high-density gradient near the wall. In Fig. 10 (a), the 

separation pattern is RSS (ramp). The figure clearly shows 

the expansion fan at the throat and the MR formed by the 

separation shock wave. Figs. 10(b), 10(c) and 10(d) depict 

the numerical schlieren of rhoCentralFOAM, sonicFOAM 

and Fluent, respectively, showing that all three 

simulations capture the expansion wave fan at the throat, 

the separation bubble occurring on the ramp and its 

corresponding MR. The numerical schlieren of 

rhoCentralFOAM, sonicFOAM and Fluent shows that the 

flow field is dominated by the RSS pattern. The numerical 

simulation results obtained from rhoCentralFOAM, 

sonicFOAM, and Fluent all exhibit the presence of the 

RSS (ramp) pattern in the flow field, successfully 

capturing expansion waves, separation bubbles, and the 

MR phenomenon, as shown in Figs. 10(b), 10(c) and 

10(d). A comparison between the numerical schlieren of 

rhoCentralFOAM, sonicFOAM and Fluent with  

the experimental schlieren reveals that Fluent exhibits the.
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(a) (b) 

  

(c) (d) 

Fig. 10 Comparison of the flow fields calculated by rhoCentralFOAM, sonicFOAM, and Fluent with 

experimental results at an NPR of 3: (a) Experimental schlieren ; (b) rhoCentralFOAM numerical schlieren ; 

(c) sonicFOAM numerical schlieren ; (d) Fluent numerical schlieren 

 

  
(a) (b) 

Fig. 11 Experimental flow field schlieren of SERN when NPR is 2.3, and the separation pattern is RSS (flap) 

pattern: (a) experimental flow field; (b) labelled main shock wave structure 

 

highest degree of reduction in the SERN flow field 

structure, followed by rhoCentralFOAM. Both 

rhoCentralFOAM and sonicFOAM exhibit a tendency to 

overestimate the length of the separation shock wave on 

the expansion ramp and underestimate its intensity. 

Consequently, this gives rise to disparities in the MR 

formed by the separation shock wave. Specifically, the 

Mach stem is positioned at a greater distance from the 

expansion ramp and has a reduced length, leading to 

discrepancies in the configuration of the 'λ' shock and the 

spacing between the 'λ' shocks 

Figure 11 shows the RSS (flap) pattern experimental 

flow field schlieren at SERN. Figure 11(a) shows the flow  
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(a) (b) 

  
(c) (d) 

Fig. 12 Comparison of the flow fields calculated by rhoCentralFOAM, sonicFOAM, and Fluent with 

experimental results at an NPR of 2.3: (a) Experimental schlieren; (b) rhoCentralFOAM numerical schlieren; 

(c) sonicFOAM numerical schlieren; (d) Fluent numerical schlieren 

 

field image captured at an NPR of 2.3, while Fig.11(b) 

highlights the main shock wave structure. At this time, 

SERN is in a serious overexpansion state, and separation 

bubbles are forming on the flap. In the throat region, an 

expansion wave is generated, causing the flow direction to 

deflect upwards. When the expansion wave encounters the 

flap, it undergoes reflection and interacts with the 

aerodynamic boundary, resulting in a compression wave. 

The separation shock wave generated by the compression 

wave and the expansion ramp converges and reflects at the 

flap, creating a reflected shock wave, which leads to the 

formation of a separated bubble. The flow then reattaches 

to the flap, and the size of the separation bubble is 

extremely small. 

Figure 12 shows the experimental schlieren and 

numerical schlieren of rhoCentralFOAM, sonicFOAM 

and Fluent at NPR=2.3. The figures clearly demonstrate 

that both the experimental and numerical results exhibit a 

flow field structure dominated by the RSS (flap) pattern. 

At the throat of SERN, an expansion wave fan is 

generated, which is then reflected by the flap and interacts 

with the upper boundary layer, resulting in the formation 

of a compression wave. Separation shock waves generated 

at the ramp near the throat converge with the compression 

waves at the flap, leading to the generation of reflected 

shock waves and separation bubbles, ultimately forming 

an RSS (flap) pattern. A comparison between the 

numerical simulation results of rhoCentralFOAM and 

sonicFOAM reveals that sonicFOAM produces a longer 

separation shock wave and has a more aft separation point 

location on the ramp. 

3.3 Study on Flow Separation pattern Transition of 

Overexpanded SERN 

Previous studies (Nave & Coffey, 1973) investigated 

separation patterns and transitions in rocket nozzles, 

which also exist in SERNs. However, the forces resulting 

from these transitions, known as lateral loads in rocket 

nozzles, act in the lift direction in SERN. Therefore, the 

transition of separation pattern poses a considerable 

challenge, affecting both its structural strength and control 

system, given the sudden changes in performance. During 

the transition of the separation pattern in the rocket nozzle, 

a large Mach number disc is formed, which affects only a 

limited region of the jet situated behind and in proximity 

to the separation shock wave boundary. In the case of 

SERN, the occurrence of normal shock waves is absent or 

extremely rare when operating in both FSS and RSS 

patterns. Consequently, notable modifications take place 

in the flow field during  the separation  pattern  transition,
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(a) t0 (b) t0+0.641 ms 

  
(c) t0+1.282 ms (d) t0+1.923 ms 

 
 

(e) t0+2.564 ms (f) t0+3.205 ms 

  
(g) t0+3.846 ms (h) t0+4.487 ms 

Fig. 13 Transition process from RSS (flap) to RSS (ramp) captured by high-speed camera during the 

experiment: (a) t0; (b) t0+0.641 ms; (c) t0+1.282 ms; (d) t0+1.923 ms; (e) t0+2.564 ms; (f) t0+3.205 ms; (g) 

t0+3.846 ms; (h) t0+4.487 ms 

 
leading to a shift in the direction of the SERN jet. These 

modifications exert a substantial influence on the 

performance of the SERN. 

Our team conducted experimental filming of the 

transition process of SERN, as depicted in Fig. 13 (Yu et 

al., 2015). Initially, the separation shock wave of the flap 
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became unstable and gradually moved towards the throat, 

resulting in an enlargement of the separation bubble. 

Subsequently, as the separation shock wave reached a 

critical position, the separation bubble opened, allowing 

ambient flow to enter and form a recirculation region. 

Under the influence of the separation shock wave, the flow 

diverted upwards. At this stage, the flow began to expand 

on the expansion ramp, leading to the formation of a new 

separation shock wave. The intersection and reflection of 

the two separation shock waves created two asymmetric 

"λ" waves. Afterwards, the flow field structure gradually 

stabilized, completing the transition within a duration of 

no more than 5 ms 

Numerical simulation plays a pivotal role in the 

investigation of the flow separation pattern transition 

process. The inherent rapidity of the transition poses 

difficulties in directly observing and documenting the 

flow field characteristics. Through the utilization of 

numerical simulation, we can effectively analyze the 

subtle alterations occurring within the flow field 

throughout the transition. In this section, the separation 

pattern transition of SERN was studied using the 

rhoCentralFOAM and sonicFOAM solvers to assess their 

predictive performance for the separation pattern 

transition of an overexpanded SERN. The 

codedFixedValue boundary condition was used to 

increment the NPR of the model by 0.2 per 0.01 s, with a 

time step is 1e−8 s. Although the NPR changes rapidly, 

previous research (Yu et al., 2014a) demonstrated that the 

separation transition is not solely caused by the rapid NPR 

variation but rather by an inherent instability phenomenon. 

The numerical simulation results in the later section 

indicate that the chosen NPR change rate yields a more 

accurate separation pattern transition outcome. 

Figure 14 shows the Mach contours during the 

transition from RSS (flap) to FSS and then to RSS (ramp) 

in separation pattern transition, as obtained from the 

rhoCentralFOAM numerical simulation. The simulation 

captures the changes in the SERN flow field during the 

transition, aligning with the experimental results. As the 

NPR of SERN is progressively increased, the transition 

process from the RSS (flap) pattern to the FSS pattern 

begins to occur. During this process, the main jet of the 

nozzle gradually deflects upward, and the separated 

bubble on the flap opens, allowing ambient air to enter the 

recirculation region. According to the numerical 

simulation results in Fig. 14, it is observed that the NPR at 

the start of this transition process is 2.4771, and it reaches 

2.4790 at the end. After the completion of this phase, the 

shift from the FSS (flap) configuration to the RSS (ramp) 

configuration commences. During this stage, the primary 

jet of the nozzle reconnects with the expansion ramp, 

leading to a rapid downstream movement of the separation 

point. The alteration in the trajectory of the main jet within  

 
 

(a) t0, NPR=2.4771 (b) t0+0.1 ms, NPR=2.4790 

  
(c) t0+1.9 ms, NPR=2.5137 (d) t0+3.5 ms, NPR=2.5446 

Fig. 14 Separation pattern transition from RSS (flap) to FSS to RSS (ramp) in rhoCentralFOAM simulation: 

(a) t0, NPR=2.4771; (b) t0+0.1 ms, NPR=2.4790; (c) t0+1.9 ms, NPR=2.5137; (d) t0+3.5 ms, NPR=2.5446 
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(a) t0, NPR=2.3998 (b) t0+0.1 ms, NPR=2.4017 

  
(c) t0+1.9 ms, NPR=2.4365 (d) t0+4.0 ms, NPR=2.4771 

Fig. 15 Separation pattern transition from RSS (flap) to FSS to RSS (ramp) in sonicFOAM simulation: (a) t0, 

NPR=2.3998; (b) t0+0.1 ms, NPR=2.4017; (c) t0+1.9 ms, NPR=2.4365; (d) t0+4.0 ms, NPR=2.4771 

 

the nozzle can significantly impact the performance of the 

SERN in the over-expanded state. Based on the outcomes 

of numerical simulations, the NPR at the initiation of this 

transition process is recorded as 2.4790, progressively 

reaching 2.5446 at the conclusion. The entire duration of 

the transition process, encompassing the shift from the 

RSS (flap) pattern to the RSS (ramp) pattern, spans 

approximately 3.5 ms, accompanied by a NPR variation of 

0.0675. 

Figure 15 shows the Mach contours captured during 

the transition of the separation pattern from the RSS (flap) 

pattern to the FSS pattern and subsequently to the RSS 

(ramp) pattern, as simulated using the sonicFOAM 

numerical method. Similarly, the transition process from 

the RSS (flap) pattern to the FSS pattern initiates with a 

gradual increase in the NPR at SERN. The results obtained 

from the numerical simulation depicted in Fig. 15 reveal 

that the transition of the separation pattern commences at 

an NPR value of 2.3998 and concludes at an NPR value of 

2.4017. Subsequently, the transition from the FSS pattern 

to the RSS (ramp) pattern takes place, commencing at an 

NPR of 2.4017 and concluding at an NPR of 2.4771. The 

entire transition process, encompassing the shift from the 

RSS (flap) pattern to the RSS (ramp) pattern, spans 

approximately 4.0 ms, with an NPR variation of 0.0773. 

Compared with rhoCentralFOAM, the sonicFOAM 

transition process lasts longer and exhibits a greater NPR 

variation. 

4.    CONCLUSION 

In this study, experimental studies and numerical 

simulations were conducted on over-expanded SERN. The 

separation patterns and transformation of the over-

expanded SERN were compared between numerical 

calculations and experimental results. The predictive 

performance of two compressible flow solvers, 

rhoCentralFOAM and sonicFOAM, in OpenFOAM, was 

evaluated for over-expanded SERN, and their ability to 

predict complex flow states are evaluated. 

Both rhoCentralFOAM and sonicFOAM accurately 

matched the experimental data for wall pressure 

distributions. However, both solvers predicted the location 

of the expansion ramp separation point slightly in 

advance, with rhoCentralFOAM being approximately 

0.077 off and sonicFOAM being approximately being 0.1 

off. Both the rhoCentralFOAM and sonicFOAM solvers 

exhibit relatively accurate numerical simulations for the 

flow separation problem in an overexpanded SERN. They 

successfully capture the characteristic RSS (ramp) pattern 

and the RSS (flap) pattern. Regarding the RSS (ramp) 

pattern, both solvers effectively predict the shock structure 
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across the entire flow field, encompassing the expansion 

wave at the throat, the separation bubble at the expansion 

ramp, and the 'λ' shock waves within the flow field. 

However, both models tend to overestimate the length and 

intensity of the separation shock wave occurring on the 

expansion ramp. The configuration of the 'λ' shock wave 

deviates from the experimental structure, and the spacing 

between 'λ' shock waves is shorter in sonicFOAM. In the 

RSS (flap) pattern, the separation point in the sonicFOAM 

results is further downstream, thereby exaggerating the 

length of the separation shock wave. 

Both rhoCentralFOAM and sonicFOAM solvers 

accurately predicted the separation pattern transition 

process for the overexpanded SERN. However, 

differences are observed in the starting and ending NPRs 

of the RSS (flap) pattern to FSS pattern to RSS (ramp) 

pattern transition. SonicFOAM predicted the transition to 

start 0.0773 NPR earlier and end 0.0675 NPR earlier than 

rhoCentralFOAM. In addition, the sonicFOAM transition 

process takes slightly longer and the NPR variation is 

greater. 

SonicFOAM cannot be recommended as a solver for 

the separation pattern of an overexpansion nozzle because 

it can not accurately predict the pressure rise after the 

separation bubble, reattachment shock wave, and 

exhibited an overestimation of the separation shock 

length. In future research, more accurate turbulence 

models that can better simulate turbulence behaviour and 

separation phenomena in compressible fluids should be 

considered. One potential approach to explore is the 

utilisation of large eddy simulation (LES) or a hybrid 

model that combines RANS with LES. Additionally, 

enhancing or developing new solvers for OpenFOAM are 

possible to improve numerical stability, computational 

efficiency, and convergence. 
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