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Abstract 

To improve the performance and applicable Mach number of the submerged inlet, a novel submerged inlet 

combined with pre-compression forebody is designed based on forebody/inlet integration design concept. 

Composing different flow direction and spanwise geometric parameters of the forebody, multiple inlet models 

are built up. The performance and flow characteristic of different cases is obtained by numerical simulation. 

The effect of forebody geometric parameters on the inlet performance is further studied. The results indicate 

that spanwise compression has a major impact on the total pressure recovery and distortion coefficient of the 

inlet. For Ma=0.6, at the design condition, the total pressure recovery coefficient increases by 0.04 and reaches 

0.98, the applicable Mach number expands from 0.6 to 0.75 compared with the baseline case. Performance 

of the submerged inlet is improved by using the pre-compression of the forebody. 
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1. General Introduction 

The submerged inlet has no exposed structure protruding from the surface, which makes the aircraft 

more compact. It can effectively reduce the radar cross section (RCS) of the inlet, and has excellent 

stealth performance. At the same time, it can significantly reduce the wind drag resistance of the 

aircraft [1]. As early as the 1940s, Frick et al designed a NACA submerged inlet, and carried out a 

lot of design and experimental research on it [2-7]. Subsequently, it gradually developed from the 

initial auxiliary inlet to the main inlet and successfully applied to the AGM-129 cruise missile, Tacit 

Blue stealth technology verification aircraft and MQ-25 UAV. However, due to the lack of effective 

use of the inflow ram pressure, the submerged inlet has some technical difficulties, such as large 

distortion index and low total pressure recovery coefficient, and with the increase of Mach number, 

the performance of the inlet decreases more seriously [8]. 

In order to improve the performance of the inlet and expand the range of available Mach number, a 

new submerged inlet was designed based on the integrated design idea of inlet and fuselage. The 

influence of the front body surface parameters on the inlet performance was studied by numerical 

simulation method. 

2. Methodology 

2.1 Governing Equations 

The governing equations are three-dimensional compressible Navier-Strokes equations. 
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whereW denotes conservative variables, 
c
F represents the vector of the convective fluxes, Fv stands 

for the vector of viscous fluxes, Q is the source term,   denotes control volume, and dS  represents 

surface element. The conservative variables. 
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where , , , , Eu v w denote the density, the Cartesian velocity components and the total energy per unit 

mass, respectively. The vector of the convective fluxes
c
F on dynamic grids can be written as 
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whereV is the contravariant velocity, p denotes static pressure, and H is total enthalpy. 
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whereV is velocity vector, g represents the grid velocity, and , ,n n n
x y z denote the components of the 

outward facing unit normal vector of the surface  , respectively. Furthermore, 
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where  , , ; , ,i x y z j x y zij   represents viscous stress, fe  denotes the body force, 

, ,y ,e e ex z
f f f， ， are the 

three components of fe , qh is heat fluxes density [9]. 

The governing equations were solved by the cell-centered finite-volume method, where the 

convective terms were computed by the second-order upwind scheme and the viscous flux terms by 

a central-difference method. The least-squares gradient reconstruction method with the modified 

Venkatakrishnan gradient reconstruction limiter was used. 

2.2 SST k-ω method 

The turbulence model SST (Shear Stress transport) is based on two equations. This model manages 

calculations of both k-ω and k-ε thus tackling adverse pressure gradients and turbulence properties. 

The transport equation in transitional SST model is governed by the flowing equation [10-12]. 
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where y is the distance to the wall. 

 2min ,10k tP C k   S , 0.09C 
 

where  

2.3 Validation 

An S-duct case is considered here to evaluate the accuracy of our numerical method. Figure 2 gives 

the geometry of the S-duct inlet, where R  is the ratio of the center line. max  represents the angle of 

the arc,   is the central angle of the cross section and 1r / 2r  is the radius of the inlet and oulet of the 

intake. 

 

Figure 1 – Sketch of S-duct [13] 

The inflow Mach number is 0.6, and Reynolds number based on the inlet diameter. The flow 

characteristic of the inlet is simulated and Figure 2 gives the secondary flow sketch of the outlet 

cross section[14-16]. A pair of vortex structure caused by the cross pressure gradient is clearly 

shown in the picture. 

 

Figure 2 – Computed secondary flow in outlet cross section 

The pressure coefficient distribution of different circumferential angle 10 
。

, 90 
。

, 170 
。

 is 

obtained and compared with the experimental result as shown in Figure3. s represents the length of 

the centerline away from the inlet, d is the diameter of the inlet cross section. Close inspections 

reveals a good match among numerical simulation and experiments results, which demonstrates the 

reliability and the accuracy of the CFD method in predicting the flow characteristics of the inlet flow.  
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Figure 3 – Axial distribution of pressure coefficient 

3. Computational and Analysis 

3.1 The design and characteristics of baseline inlet  

 

In order to obtain the basic performance of submerged inlet, a submerged inlet is designed on a flat 

plate and some main design parameters are studied. Firstly, the influence of center lines are studied. 

The formula is as follows: 

𝑌 = A(
𝑥

𝐿
)
2

+ B(
𝑥

𝐿
)
3

+ C(
𝑥

𝐿
)
4

 

By changing the values of coefficients A, B, and C, different center line types can be obtained. Table 

1 shows the parameter values of 7 different center lines from front to back, and graphs of center 

lines are shown in Figure 4. 

Table 1 – Parameters of different center lines 

order A B C 

C1 -3 4 0 

C2 -2 2 1 

C3 -1 0 2 

C4 0 -2 3 

C5 1 -4 4 

C6 2 -6 5 

C7 3 -8 6 

 

Figure 4 – Graphs of different center lines 

According to the above center line, seven different 2-D submerged pressure inlets were established. 

Two dimensional CFD simulation was carried out to obtain the influence of different center lines. 

Their geometry and mesh are shown in Figure 5. 
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Figure 5 – The geometry and mesh of 2-D submerged inlet 

Figure 6 shows the flow field simulation results of seven center line schemes with Mach numbers of 

0.2, 0.4 and 0.6. It can be seen that with the increase of Mach number, the separation area in the 

inlet increases, and the flow field gradually deteriorates. For example 6 and 7, when the Mach 

number reaches 0.4 and above, the flow is separated throughout the whole pipe. Considering both 

high speed and low speed performances, C3 is chosen as the reference center line. 

 

Figure 6 – Velocity vector diagram of different baseline inlet under different Mach numbers 

Then the intake shape was studied. The lip shape of the submerged inlet is designed under irregular 

pentagonal shape and is parameterized by 9 variables. The lip shape is shown in Figure 7. Through 

parametric selection design, the geometry of intake shaped of the baseline inlet is obtained, as 
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shown in Figure 8. 

 

Figure 7 – Parametric shape of intake lip of submerged inlet 

 

 

Figure 8 – The 3-D shape of submerged inlet 

A numerical simulation method was used to evaluate the performance of the baseline inlet, and the 

inlet aerodynamic characteristics were simulated at Ma=0.2, 0.4 and 0.6. The intake flow 

characteristics were simulated by changing the outlet back pressure of the inlet. Figure 9 and Figure 

10 show the distribution of the surface and volume mesh. 

 

Figure 9 The surface mesh of the inlet 

 

Figure 10 The body mesh of the inlet 
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Figure 11 illustrates the comparisons of the total pressure recovery coefficient between the baseline 

submerged inlet and the conventional inlet under different Mach numbers. It can be seen that the 

submerged inlet has a very good performance at low speed, when the total pressure recovery 

coefficient is more than 5% higher than that of the conventional inlet, which is equivalent to about 7% 

increase in installation thrust. However, as the Mach number increases, the total pressure recovery 

coefficient decreases dramatically. This becomes even more severe for high angle of attack, as 

shown in Figure 12. Figure 13 gives the vector velocity of symmetric surface for Ma=0.6.To solve 

this problem, assistant control system should be used for high angle of attack and high Mach number 

in order to improve the high speed performances. 
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Figure 11 – The performances of different types of inlet under different Mach numbers 
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Figure 12 – The performances of different types of inlet under different angles of attack 

 

 

Figure 13 – Vector velocity of symmetric surface (Ma=0.6) 
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3.2 Design of New Inlet  

Based on the previous study, it was found that the shape of the fuselage has a significant effect on 

the performance of the submerged inlet. In order to clarify the influence of the forebody on inlet 

aerodynamic characteristics, a detailed study was carried out. The flow direction and spanwise 

parameters is considered as the key design parameters. Figure14 shows the different profiles of the 

parameter, which is represented by F0 to F4 and S0 to S4. 

 

Figure 14 –  Flow direction and spanwise design parameters 

A variety of fusion schemes of precursor and submerged inlet were designed by changing the 

parameters of the flow direction and the span wise profile of the precursor, as shown in Figure15. 

Firstly, the separate effects of flow direction parameter and spanwise parameter are studied by 

simulation method. According to the results, some special combinations of the two parameters were 

further studied.  

 

Figure 15 – Sketch of the inlet models 

3.3 Simulation Result and Analysis 

The three dimensional Reynolds averaged Navier-Stokes equations and Menter SST turbulent 

model equations were solved to simulate the flow characteristics and performance of these inlets. 

3.3.1 Effect of Flow Direction Parameter 

The influence of different flow direction design parameters on the submerged inlet total pressure 

recovery coefficient is shown in Figure 16. It shows that with the increase of the flow direction shape 

curvature the total pressure recovery coefficient first rises and then falls, the inlet with flow direction 

parameter F2 gives the best performance and the total pressure recovery coefficient can reach 

σs=0.96.  
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Figure 17 shows the total pressure recovery coefficient distributions of inlet cross section for case 

F0_S0 and F2_S0, the position of the section is illustrated in Figure 18. As can be seen the low 

pressure recovery area is concentrated on the lower surface of the inlet. This is caused by the flow 

separation near the lower surface.  By changing the flow direction shape curvature of the fuselage, 

the low pressure recovery area is decreased which leads to the increase of the inlet performance. 
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Figure 16 – Total pressure recovery coefficient for different flow direction design parameters 

 

Figure 17 – Total pressure recovery coefficient counter of inlet cross section for different cases 

 

Figure 18 – Schematic diagram of section position 

3.3.2 Effect of Flow Direction Parameter 

The influence of span wise design parameters on submerged inlet total pressure recovery coefficient 

is illustrated in Figure 19. Similar to the influence of flow direction parameters, with the increase of 

spanwise shape curvature the total pressure recovery coefficient first rises and then falls. The inlet 

with spanwise parameter S1 gives the best performance and the total pressure recovery coefficient 

can nearly reach σs=0.97. 

The performance of the inlet which is obtained by changing the spanwise parameter is better than 

those inlets obtained by changing the flow direction parameter.  

F0_S0 F2_S0 
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Figure 19 – Total pressure recovery coefficient for different span wise design parameters 

Figure 20 shows the velocity vector distribution of inlet symmetrical plane for case F0_S0 and F0_S1. 

Compared with the baseline case F0_S0, changing the spanwise shape curvature of the fuselage 

can significantly decrease the separation area near the lower surface of the inlet and diminish the 

total pressure lose caused by flow separation.  

 

Figure 20 – Velocity vector distribution of inlet symmetrical plane for different cases (Ma=0.6) 

3.3.3 Result for the Combinations of the Two Parameters 

Figure 21 gives the total pressure recovery coefficient for different flow direction and span wise 

design parameter combinations. As can be seen the combination of different parameters can further 

increase the performance of the inlet, for the combination of F3 and S3, the total pressure recovery 

coefficient can nearly reach σs=0.98. 
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Figure 21 – Total pressure recovery coefficient for different parameter combinations 
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4. Conclusions  

To improve the performance of a submerged inlet, a novel submerged inlet is designed based on 

the integration design concept of fuselage and inlet. Composing different flow direction and spanwise 

geometric parameters of the forebody, multiple inlet models are built up and the performance is 

obtained by numerical simulation. The results indicate that changing shape curvature of the fuselage 

can decrease the separation near the lower surface in the duct and increase the performance of the 

inlet. 
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