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Abstract 

In this paper, a three-dimensional high-offset supersonic inlet is designed, and the terminal 

shock wave/boundary layer interaction of this inlet in critical and subcritical conditions is 

numerically investigated. The results show that in the critical state, a “λ” shock wave and a 

separation zone are generated near the lip, and the low-energy fluids at the first bend of the 

diffuser section flow, affected by the pressure gradient, will accumulate on the lower wall, thus 

forming a larger recirculation zone. In the subcritical state, there will be a backflow 

phenomenon at the symmetry plane adjacent to the entrance of the diffuser section, and the 

separation zone caused by interaction is smaller on both sides and larger in the middle.  

Keywords: Three-dimensional High-offset Supersonic Inlet, Terminal Shock Wave/Boundary 

Layer Interaction 

1 Introduction  

The three-dimensional high-offset supersonic inlet is a kind of inlet type proposed to meet 

the stealth demands of new generation fighters. Near the entrance of the inlet, the three-

dimensional curved terminal shock wave inevitably interacts with the turbulent boundary layer, 

thus forming a highly complex flow filed. Besides, the subsonic flow is driven by the pressure 

gradient and accumulate in the S-shaped diffuser section, which would affect the boundary 

layer flow near the terminal shock wave. Undoubtedly, these unique flow phenonmena would 

directly affect the aerodynamic performance and operating envelope of the inlet and even the 

engine. 

Since the 21st century, scholars have carried out numerous studies on the design of the Bump 

inlet. The results of these research0-0 all indicate that the Bump inlet can effectively displace 

the boundary layer developed from the fuselage, and has better aerodynamic performance. 

Wang 0 and Liu 0 successively carried out numerical analysis on the characteristics of the 

terminal shock wave of the small offset bump inlet. Wang Jiao found that the terminal shock 

wave is affected by sweep shock wave of the side wall, and present different three-dimensional 

shapes under different working conditions. From the perspective of the flow-field structure, Liu 
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proposed that the separation caused by the interaction is co-dominated by the quasi-two-

dimensional interaction near the symmetry plane and the backflow formed by the local inverse 

pressure gradient adjacent to the sidewall, and the closer to the side, the larger the separation 

zone is. 

In addition, the simulation results in0 show that the boundary layer displacement effect would 

suppress the formation of vortices. However, the effect of the interaction between the 

supersonic shock wave and the boundary layer is not considered in this study. Xie et al.0 

conducted a preliminary study on the flow characteristics of an abdominal Bump inlet through 

CFD and experimental methods, but mainly focuses on the transonic condition. 

Based on the above research, this paper designs a complete three-dimensional high-offset 

bump inlet model on the basis of the Bump compression surface from single cone, and studies 

the flow-field structure of this model in critical and subcritical conditions numerically to obtain 

the basic flow-field structure caused by the terminal shock wave/boundary layer interaction, 

thus providing some theoretical basis for the engineering design of this type of inlet.  

2 Numerical Method and Physical Model  

2.1 Physical model 

The bump used in this paper is generated by the streamline tracing method in a reference 

flow field with a design Mach number Md=2 and a half cone angle α=28°, where the height of 

the bump base profile h0=10mm, and the boundary layer thickness of the incoming flow 

δ0=3mm. The generated bump compression surface geometry is shown in Figure 1, where the 

distance L from the leading edge to the highest point on the bump symmetry plane along the x 

direction is 40mm, the half width W is 50mm, and the height H is 18mm . 

Table 1 lists the main geometric parameters of the designed model, including internal 

contraction ratio ICR, inlet half-width Win, cowl lip sweepback angle SBA, internal duct area 

expansion ratio DR, throat area At, the offset of the diffuser section yoff and so on. Among them, 

as shown in Figure 2, the cowl lip sweepback angle SBA is defined as the angle between the 

front edge of the cowl lip sidewall and the line parallel to the y-axis on the plane parallel to yOz. 

 

Table 1 Main geometry parameter of the inlet 
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Figure 1 Bump compression surface 

  
lateral view Three-dimensional view 

Figure 2 Schematic diagram of the designed model 
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2.2 Numerical method and calculation parameters 

In this paper, the two-equation model k-ω SST in FLUENT is selected as the turbulence 

model, and the flow control equation is discretized in the second-order Upwind Scheme. Since 

the incoming flow Mach number is low, it is assumed that the working fluid is the ideal gas 

with a constant specific heat, and the Sutherland formula is utilized to fit the viscosity 

coefficient. 

Considering the geometrical symmetry of the inlet, only half of the internal and external flow 

domain is accounted for simulation. The main boundary conditions used in this paper include 

pressure far field, velocity inlet, pressure outlet, symmetry plane and adiabatic non-slip wall. 

Among them, the incoming Mach number M0=2.0, the incoming total pressure p0
*=207354.5Pa, 

the incoming total temperature T0
*=401.9K, the flying height H0=10km, the boundary layer 

thickness of the incoming flow δ0=3mm. In the simulation calculation, the residual of each 

physical quantity, the mass flow and the Mach number of the weighted average of the outlet is 

monitored in real-time. 

2.3 Computational mesh 

The computational model grid is subdivided into structures. In order to accurately capture 

the flow field near the terminal shock wave, the grids near the terminal shock wave and the 

region near the Bump wall are all encrypted. Figure 3 shows the mesh distribution of the bump 

compression surface, symmetry surface and internal duct of the designed inlet. The number of 

total flow field grid cells is about 2 million 

 
Figure 3 Computational model meshing 

3 Terminal shock wave/boundary layer interaction characteristics in 

critical conditions 

3.1 Three-dimensional shock wave system structure 

Figure 4 shows the flow diagram on different spanwise cross-sections of the model. It can 

be seen that due to the interaction of shock wave and boundary layer, a "λ" wave structure is 

formed at the end of the terminal shock wave on each spanwise cross-section. Besides, due to 

the uneven distribution of flow parameters after the conical shock wave, the tail of the terminal 

normal shock wave at the symmetry plane will lean back slightly. As the cross section moves 
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towards the sidewall, the "λ" wave system formed by interaction continues to grow, the trident 

point gradually moves up, the separation area between the two wave feet increases, the normal 

shock wave moves forward slightly, and the degree of tilt is also reduced to a certain extent, 

owing to the increase of the wavefront Mach number and the effect of sidewall stagnation. 

However, due to a certain degree of contraction of the sidewall surface of the designed diffuser 

section in the extension direction, the flow passage there presents a trend of decreasing area, 

which would produce an acceleration effect on the strongly compressed subsonic flow, thus 

inhibiting the flow separation. Therefore, behind the interaction flow field, the separation 

bubbles near the sidewall are smaller than those on the symmetry plane.

   

(a) z=0Win (b) z=0.5Win (c) z=0.93Win 

Figure 4 Mach number contour of different spanwise sections in critical 

condition 

3.2 Near-wall flow topology 

Figure 5(a) is the distribution diagram of the skin friction lines near the terminal shock wave 

of the model in the critical state. The critical point theory points out that the skin friction lines 

are in the same direction as the limiting streamline, and its convergence and divergence 

correspond to the separation and reattachment of the flow. It can be seen from the shape of the 

skin friction lines in Figure 5(a) that the flow structure induced here is highly complex due to 

the interaction between the three-dimensional curved terminal shock wave and turbulent 

boundary layer near the entrance of the internal duct and the presence of secondary flows in the 

high-offset diffuser. Among them, owing to the stagnation effect of the sidewall, there is a high-

pressure node NP2 at the bottom of the front edge. The low-energy flow upstream flows out of 

the duct forming a local backflow area. The other part of the flow continues to go downstream, 

which forms the horseshoe vortex, and meets the local reflow at the beginning of the S-shaped 

diffuser to form the separation line S2. The local recirculation zone is generated by the 

accumulation of low-energy flow toward the lower wall due to the balance of pressure gradient 

and centrifugal force in the boundary layer. Drive by the residual lateral pressure gradient, the 

skin friction line distributed in a vortex shape centered on the point FP1, and its rotation direction 

is basically parallel to the lower wall surface. In addition, the reflux streamline extending 

upstream from the node NP2 collides with the streamline extending downstream from the node 
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NP1 after the conical shock wave, generating a separation line S3 which extends upstream to 

both sides of the bump, and forming the reattachment line R2 from the reattachment saddle point 

SP2 in its downstream area. On the symmetry plane, due to the terminal shock wave/ boundary 

layer interaction, a short separation line S4 and reattachment line R3 are formed near the entrance, 

where S4 is emitted from the separation saddle point SP3, and R3 is emitted from the reattachment 

saddle point SP4. When the air continues to flow into the duct and enters the diffuser, its structure 

is similar with the flow near the sidewall, and it also collides with the local backflow, forming 

a separation line S2 across the flow passage. Figure 5(b) shows the flow surface distribution of 

the model where the streamwise velocity Vx=0, which more intuitively reflects the distribution 

law of the near-wall recirculation zone. It can be seen that the recirculation zone in the critical 

state mainly includes the backflow formed by the flow around the sidewall, the separation 

caused by the interaction on the symmetry plane, and the reflux generated by the pressure 

gradient at the entrance of the high-offset diffuser, which basically confirms the above analysis 

of the skin friction line. 

3.3 Pressure distribution law on the lower wall 

Figure 5(c) shows the pressure increase law of the lower wall at different spanwise position 

in the critical state, from which it can be clearly seen that there are certain differences in static 

pressure distribution among Z=0.5Win, Z=0.93Win and Z=0Win. Among them, there are four 

pressure plateau areas on the symmetry plane. The first pressure plateau area is generated owing 

to the separation cause by the conical shock wave (CSW)/boundary layer interaction. The 

second pressure platform area is due to the isentropic compression after the CSW with no 

sudden pressure increase. The third pressure plateau area is formed because there is a certain 

degree of internal contraction ratio (ICR) between the terminal shock wave near the entrance 

and the throat, where the flow is again isentropically compressed. However, as the ICR is only 

about 1.08, the plateau area is not obvious. The fourth pressure plateau area is generated from 

separation caused by the accumulation of low energy flow at the beginning of the diffuser 

section. There are only two pressure plateau areas in the section Z=0.5Win, and the causes are 

consistent with that of the symmetry plane. Whereas, due to the stagnation effect of the side 

wall on the flow in these two sections, there will be a zone of favorable pressure gradient after 

the terminal shock wave, and the closer to the side wall, the greater the pressure gradient will 

be. At the entrance of the diffuser, the recirculation zone formed by the accumulation of low 

energy flow is smaller than that on the symmetry plane, thus there is no fourth pressure platform 

in the section Z=0.5Win. The pressure increase trends of section Z=0.93Win and section Z=0.5Win 

are similar inside the internal duct, but there is only one pressure platform formed by the 

separation of CSW in the former.  
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(a)skin friction lines diagram (b)diagram of Vx=0 surfaces (c)lower wall pressure increase 

Figure 5 Interaction flow-field charateristics diagram in critical condition 

4 Terminal shock wave/boundary layer interaction characteristics in subcritical 

conditions 

4.1 Three-dimensional shock wave system structure 

After a more detailed analysis of terminal shock wave/boundary layer interaction flow-field 

of the model in the critical state, this section will further study the terminal shock wave 

interaction characteristics in the subcritical state, where M0=2.0、pb=5.7p0. 

Figure 6 compares the Mach number contour in different spanwise cross-sections. It can be 

seen that, contrasted with the supercritical and critical states, the terminal shock waves of the 

three cross-sections in the subcritical state are all inclined to a certain extent. The whole shock 

wave shape is more curved, the scale of the "λ" wave system formed by interaction and the scale 

of the separation bubbles are larger, and the upward shift of the trident point is also more 

obvious. In addition, in the subcritical state, the separation zone near the symmetry plane is 

larger than that near the sidewall. This may due to the shock wave being pushed out of the cowl 

lip, and a large subsonic overflow occuring adjacent to the sidewall, which, to some extent, 

counteracts the sidewall stagnation effect. However, at the entrance of the diffuser, the 

separation zone near the sidewall is still smaller than that on the symmetry plane. 

   

(a) z=0Win (b) z=0.5Win (c) z=0.93Win 

Figure 6 Mach number contour of different spanwise sections in subcritical 

condition 
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4.2 Near-wall flow topology 

Figure 7 shows the near-wall flow structure and the distribution of the reverse flow zone in 

the subcritical state. Comparing with the critical states, it can be found that there is a big 

difference between the two. In the subcritical state, the skin friction line at the entrance of the 

diffuser on the symmetry plane is centered at point FP1, and its rotation direction is opposite to 

the critical state. Therefore, the flow goes upstream, and merges with the backflow generated 

by the high-pressure node NP2 near the sidewall to form a large-scale backflow across the entire 

flow passage, then collides with the streamlines from R1 further upstream, forming a separation 

saddle point SP3 and the separation line S2 that extends upstream to both sides of the bump. In 

addition, due to the change in flow direction, the separation line near the entrance is converted 

to a reattachment line R2. Owing to the strong lateral overflow at the sidewall, the boundary 

layer becomes thinner, and there is no obvious separation zone behind the throat. The flow 

surface distribution with streamwise velocity Vx=0 further confirms the above analysis of flow 

separation distribution. 

  

(a)skin friction lines diagram (b)diagram of Vx=0 surfaces 

Figure 7 Interaction flow-field charateristics diagram in 

subcritical condition 

5 Conclusion 

In this paper, the validated CFD method is utilized to conduct a more in-depth study on the 

terminal shock wave/boundary layer interaction of the designed three-dimensional high-offset 

supersonic inlet model in critical and subcritical states, and the main conclusions are as follows:  

1) Under the interaction between the terminal shock wave and the boundary layer, a "λ" wave 

system structure and a separation zone between the two legs are formed at each spanwise 

section near the entrance of the designed model in the critical state. Due to the flow 

stagnation effect at the sidewall, the scale of "λ" wave system and of separation zone 

gradually increase, and the terminal shock wave also moves forward slightly, as it 

approaches the sidewall. 

2) In addition, the low-energy flow at the first bend of the diffuser will accumulate on the 

lower wall driven by the pressure gradient, so that a large recirculation zone is generated 

here in both states, and a wall pressure platform on the symmetry plane would be formed in 

the recirculation zone when the model is in the critical state. 
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3) Since there is a certain degree of contraction of the sidewall surface of the designed diffuser 

section in the extension direction, the flow passage there presents a trend of decreasing area, 

which would produce an acceleration effect on the strongly compressed subsonic flow, thus 

inhibiting the flow separation. Therefore, behind the interaction flow field, the separation 

bubbles near the sidewall are smaller than those on the symmetry plane. 

4) When the inlet is in a non-critical state, its flow field has some characteristics different from 

the critical state. In the subcritical state of the intake duct, the separation formed by the 

terminal shock wave/boundary layer interaction shows a distribution pattern of "large in the 

middle and small on both sides", which is just the opposite of the critical state. Moreover, 

the rotation direction of streamline in the recirculation zone behind the throat has also 

changed, thus resulting in the backflow phenomenon near the symmetry plane. 
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