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This study presents the numerical results for the aerodynamic and electromagnetic performances of an S-duct caret intake. Using
the multilevel fast multipole method (MLFMM) to solve Maxwell equations, the current on the intake surface is calculated, and
the radar cross-section (RCS) is analyzed. Moreover, the intake flow field is numerically investigated using the SST k–ω turbulence
model to solve the Reynolds-averaged Navier–Stokes equations. Compared to a straight intake, for an S-duct caret intake, the
average RCS is lower by 7.65 dB, and the maximum RCS difference value caused by the blade rotation is lower by 6.75 dB.
However, the flow capacity deteriorates when the total pressure recovery coefficient decreases by 0.004. Based on the analysis
of the aerodynamic and electromagnetic characteristics of different intakes, a double S-duct intake is designed. Compared to a
traditional S-duct intake, for the novel intake after model parameter modification, the average RCS is lower by 0.05 dB, and the
total pressure distortion (TPD) is lower by 0.18. The analysis of the effects of different boundary-layer bleed systems shows
that the symmetrical layout adversely affects the aerodynamic and electromagnetic performances of the S-duct intake, but the
unilateral partial layout is beneficial, whose TPD is lower by 0.04 and average RCS is higher by −2.17 dB compared to a
straight intake.

1. Introduction

An advanced fighter aircraft should have not only excellent
aerodynamic performance but also sufficient electromag-
netic performance to cope with the increasingly complex
electromagnetic detection environment. Due to the cavity
configuration, the intake significantly influences the forward
electromagnetic scattering characteristics of an aircraft [1].
Therefore, reducing the intensity of radar echo while ensur-
ing the aerodynamic performance of the intake is particu-
larly important when designing advanced fighter aircraft.
Owing to its applicable aerodynamic performance [2] and
electromagnetic performance, the caret intake has been
widely used in various advanced aircraft.

Early studies generally evaluated the performance of
intakes via experimentation [3–6]. With the development
of computing technology, the aerodynamic performance of
intakes is currently being efficiently analyzed using CFD
[7]. Chaussee and Pulliam [8] used the diagonal form of
the implicit approximate factor analysis algorithm to numer-
ically simulate a two-dimensional, supersonic mixed-
pressure intake with a Mach number of less than 2.0. To pre-
cisely investigate the complex viscous flow field with the sec-
ondary flow and flow separation, various turbulence models
have been employed for numerically simulating S-duct
intakes [9, 10]. Connolly et al. [11] applied the SST model
to numerically analyze the principle of flow-separation in
an S-duct intake. Furthermore, Gan and Zhang [12] used a

Hindawi
International Journal of Aerospace Engineering
Volume 2023, Article ID 1194655, 20 pages
https://doi.org/10.1155/2023/1194655

https://orcid.org/0000-0002-5981-9278
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/1194655


modified k–ω turbulence model to optimize the model
parameters of an S-duct diffuser, lowering the flow distor-
tion by 16%.

In research on electromagnetics, the radar cross-section
(RCS) value is usually used to measure the echo intensity of
an object with the radiation of the electromagnetic wave. To
precisely investigate the RCS value, various computational
electromagnetic methods (CEMs) have been presented for
calculating the surface current [13]. Umashankar et al.
[14] used the method of moment (MOM) to analyze the
RCS values of a simple cylinder composed of a low-
scattering material and verified the usability of this method.
Chung and Tuan [15] used the MLFMM to calculate and
compare the RCS values of the S-duct and the straight
intakes, showing that the S-bend diffuser could effectively
improve the intake radar stealth performance.

Due to the short-distance configuration of S-duct dif-
fusers, the secondary flow and boundary-layer separation
universally exist in an S-duct intake, which worsens the
aerodynamic performance [16, 17]. The boundary-layer
bleed system is an effective method for suppressing this phe-
nomenon and has been widely used in various intakes [18].
Furthermore, the interaction between the shock wave and
boundary layer is universally present in the throat of super-
sonic intakes [19]. Huang et al. [20–23] used the boundary-
layer bleed system to realize a secondary circulating jet for
effectively suppressing this phenomenon. To improve the
electromagnetic performance of an intake, two methods
are effective: coating the duct with low-scattering materials
[24] and connecting an S-duct diffuser to increase the
reflected number of electromagnetic waves inside [25].

To date, studies on the caret intake have mainly focused
on the design of the compression section, and studies con-
sidering an S-duct diffuser are relatively rare. Moreover,
some independent research results of the aerodynamic and
electromagnetic performances greatly limit the practical
application of intakes. For example, the boundary-layer
bleed system has been widely employed in intakes without
any stealth requirement to improve the aerodynamic perfor-
mance, but the effect of the system on the electromagnetic
scattering performance has not been investigated. Therefore,
during the research of S-duct caret intakes with a boundary-
layer bleed system, the performances need to be comprehen-

sively analyzed based on reliable CFD and computational
electromagnetic methods.

2. Computational Methodology

The research scheme of this study was divided into five
parts:

(1) The accuracies of the SST model for simulating the
supersonic airflow and the MLFMM for the RCS cal-
culation of cavity were verified via appropriate
modeling using the commercial software Fluent
2022 and Feko 2020, respectively

(2) Mesh independency was studied using an S-duct
caret intake with a Mach number of 2 and design
altitude of 15 km under plane radar wave radiation
of 3GHz

(3) The defects and benefits of the S-duct diffuser were
analyzed by comparing the performances of straight
and S-duct intakes

(4) A new S-duct diffuser configuration with satisfactory
performances was proposed by comparing the per-
formances of four different design schemes

(5) The aerodynamic and electromagnetic performances
of the intakes with different boundary-layer bleed
systems were investigated

2.1. Method Verification. For the viscous flow simulation of
an intake, a suitable turbulence model is essential for calcu-
lation accuracy [26]. Ou et al. [27] used multiple turbulence
models to calculate and compare the simulation results of an
S-duct intake and indicated that the SST model is the most
precise in dealing with such complex flows. Therefore, the
airflow of a mixed-compression intake was calculated using
the SST model to verify the calculation precision [28]; the
model and the parameters are shown in Figure 1.

The first-layer grid height was set as 0.0001mm to
ensure that y+ was less than 1. A standard no-slip adiabatic
wall was employed. Figure 2 presents the comparison
between the calculation and experimental results of the com-
pression and lip walls. In the figure, the y-axis is the ratio of
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Figure 1: Intake model and parameters.
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the wall static pressure to the total pressure. Owing to the
high consistency between the two results, the SST model
was employed to numerically investigate the intake aerody-
namic performance.

The RCS value of the cylindrical cavity was analyzed
using multiple CEMs to test the accuracy [29]. The cavity
model is shown in Figure 3. The methods included the phys-

ical optics (PO) method, ray launching-geometrical optics
(RL-GO) method, MOM, and MLFMM. The incident wave
was a plane electromagnetic wave with a frequency of
5GHz. The angle between the incidence and model normal
directions was varied from 0° and 50°, with intervals of 1°.
The maximum mesh size was set as 0.75mm. According to
the results shown in Figure 4, the results calculated using
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Figure 2: Wall pressure distribution.
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MOM and MLFMM were more accurate than those calcu-
lated using the PO and RL-GO methods. Since the required
memory of MLFMM is less than that of MOM, the MLFMM
was utilized to calculate the intake RCS values.

2.2. Models and Boundary Conditions. To ensure that the
engine was usable in the above described condition, an S-
duct caret intake with an ideal flow of 80.55 kg/s was

designed. The compression section parameters were calcu-
lated following the known design formula according to the
outlet area and flight condition. Based on the design con-
dition, an oblique shock wave at the inlet and a positive
shock wave at the throat formed at the compression sec-
tion of the caret intake. According to the gas parameter
formula around the oblique and positive shock waves,
the optimal oblique shock angle to achieve minimum total

Figure 3: Model of the cylindrical cavity.
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Figure 4: RCS results of the experiment and simulation with two polarizations.
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pressure loss was determined as 45.7°. The inlet area can be
determined using the flow formula according to the design
flow and far field gas conditions, and the inlet length is
usually determined using the aircraft parameters to match
the intake with the aircraft. For the front diffuser, the center
point of the diffuser inlet was taken as the origin of
coordinates.

Assume:

Xn =
xn
x8

,
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The xn is the x-axis coordinate of the n-th section cen-
ter. The yn is the Y-coordinate of the n-th section center.
The 0th and 8th sections represent the inlet and outlet of
the front diffuser, respectively. Four conditions were deter-
mined to ensure the continuity of diffuser inlet and outlet
parameters: when X = 0, Y = 0, and _Y = 0 and when X = 1,
Y = 1, and _Y = 0.

Therefore, by using the quartic polynomial functions,
the variation of all model parameters could be expressed
as

Y = AX4 + BX3 + CX2 +DX + E, ð2Þ

substituting the four conditions into the following equa-
tion:

Y = AX4 − 2 + 2Að ÞX3 + 3 + Að ÞX2: ð3Þ

The value of parameter A ranges from −3 to 3. The
six-sectioned center coordinates of the rear diffuser were
determined by using the similar method, and the section
areas of the entire diffuser were also determined by using
a sixth-degree polynomial function after ensuring the con-
tinuity of the area around the middle section.

Table 1: Mesh type and performance parameters.

Aerodynamic performance Electromagnetic performance

Mesh type (A-
mesh-)

Mesh
number
(million)

Flow (kg/
s)

Average total pressure
(Pa)

Mesh type (E-
mesh-)

Mesh
size

Mesh number
(million)

RCS
(dBsm)

Inner Whole

A 0.54 0.83 80.133 76811.5 A λ/4 0.26 3.95

B 1.02 1.33 80.138 77088.2 B λ/6 0.71 3.37

C 1.98 2.41 80.145 77203.9 C λ/8 1.02 3.13

D 3.15 3.69 80.146 77228.8 D λ/10 1.59 3.11
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Figure 11: Surface current distribution of the blades and outlet.
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The model and parameters are shown in Figure 5, and all
the polynomial parameters were set as 0. To ensure that the
radar stealth characteristics of the aircraft and intake
matched, the inlet of the caret intake was designed as a par-
allelogram. The shape of the cross-section changed from a
parallelogram to a rectangle in the front diffuser and to a cir-
cle in the rear diffuser. The boundary conditions used for the
flow field calculation are shown in Figure 6.

The caret intake is usually installed inside the fuselage of
an aircraft. To accurately analyze and compare the RCS
values of different intakes, a uniform cavity was designed

to wrap each intake. To effectively suppress the echo inten-
sity, the walls of the cavity and intake were coated with a
low-scattering material whose relative magnetic permeability
μr = 1:29 – 0:57j and relative dielectric constant εr = 9:72 –
1:08j. The intake outlet was set as an ideal electrical conduc-
tor. A plane wave with a frequency of 3GHz was employed
as the electromagnetic wave. The XOY plane was defined
as the horizontal plane. The angle between the x-axis and
the incident direction was varied from 0° to 45° with inter-
vals of 1°, parallel to the horizontal plane.
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Figure 12: RCS values of the different intakes with two polarizations.

Table 2: Electromagnetic scattering and aerodynamic characteristics of the intakes.

Polarization RCS (dBsm)
Model A Model B

0° 12° 0° 12°

Vertical

Average 8.24 8.28 −0.70 −0.39
Maximum 23.24 23.31 7.65 7.80

Maximum difference 5.61 −3.42

Horizontal

Average 10.54 10.58 −1.34 −0.83
Maximum 25.14 25.23 10.67 10.78

Maximum difference 7.67 0.47

Outlet pressure (Pa) 60,000 65,000 60,000

Flow coefficient 0.9962 0.9959 0.9934

TPR coefficient 0.8349 0.8646 0.8310

Distortion index DC60 0.4515 0.4483 0.3621
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First, the electromagnetic and aerodynamic perfor-
mances of two intakes with different diffusers were evalu-
ated: model A (a straight intake) and model B (an S-duct
intake). To analyze the effect of blade rotation on the electro-
magnetic performance, the outlets of the two intakes were
connected to two compressors with different rotation angles
of the rotor blades, as shown in Figure 7. The rotation angle
of one rotor was set as 0°, while that of the other was set as
12°, which is half of the angle between the two blades. The
height and width of the blades were 0.3 and 0.15m, respec-
tively. The speed of the blade rotation was far less than that
of an electromagnetic wave, and the influence of the rotation
speed on the echo intensity was ignored. The materials of the
rotor blade and wheel were ideal electric conductors. The
surfaces of the guide vanes and fairing were coated with a
low-scattering material. The model outlet was set as an ideal
electric conductor. The boundary conditions for the electro-
magnetic scattering calculation were the same as those
described above.

Then, four different S-duct intakes with the outlet biased
in two directions were considered, as shown in Figure 8(a).
The parameters of each model were roughly identical, except
for the center Z-coordinates of the diffuser sections, as
shown in Figure 8(b). The coordinates of model C-1 were
varied in the front diffuser, and those of model C-2 were var-
ied in the rear diffuser, with the quartic polynomial param-
eters of 0. The coordinates of model C-3 were linearly

varied throughout the diffuser. The boundary conditions of
the numerical calculation were the same as those described
above, and the influence of the blade rotation was ignored.

As has been proven, the boundary-layer bleed system
can effectively improve the aerodynamic performance of
an intake, but its effect on the electromagnetic perfor-
mance is still unknown. After changing the polynomial
parameter of the sectional area to 1.5, a new intake named
model D with a small DC60 value was established. To
investigate the effect of the BL bleed system, three different
systems were installed in the middle section, as shown in
Figure 9: a symmetrical layout named model D-1, a unilat-
eral layout named model D-2, and a unilateral partial lay-
out named model D-3. The height of model D-3 was one-
third that of model D-2. All the surfaces of the systems
were ideal electric conductors.

2.3. Mesh Dependency Study. The mesh quantity and quality
play an important role on the flow and the current numeri-
cal investigation. To determine the most suitable mesh num-
ber, four kinds of meshes were generated during the mesh-
dependence study. MLFMM based on the sparse approxi-
mate inverse preconditioner was used to determine the
RCS values of the intake radiated by a vertically polarized
radar wave with an incident angle of 0°. The calculation
was stopped at the residuum of 0.01. Using the structured
mesh, the flow field was calculated by coupling the mass,
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Figure 13: Results of the intake flow field calculation with different conditions.
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momentum, and energy equations with the steady-density-
based formulation. The minimum height of the near-wall
grid was set as 0.02mm to ensure that the wall Y-plus was

between 0 and 10. The sum of all the flows at the inlets
and outlet was defined as the detection flow. The calculation
was stopped after the detection flow was stably less than
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Figure 14: Results of the flow field calculated by the transient method.
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0.01 kg/s, with the residuals of k and continuity of less than
0.001. Furthermore, to analyze the effect of the mesh num-
ber, the transient method was used to calculate the variation
of the mass flow rate based on the same turbulence model.
The calculation time was set as 1 s with a time step of
0.001 s, and each step was iterated 15 times. Figure 10
depicts the Y-plus of the intake inner wall and the results
of the flow field calculations. The number of each mesh
and multiple mesh parameters are presented in Table 1.
Comparison showed that the total pressure distribution of
the outlet and performance parameters significantly changed
when the total mesh number exceeded 2.4 million and the
inner mesh number exceeded 1.98 million. The same con-
clusion was observed when the outlet mass flow was varied
with time. The critical mesh number was set as 1.02 million
in the electromagnetic simulation. Therefore, the mesh
numbers for the two intakes were set as 2.4 million and
1.02 million.

3. Results and Discussion

3.1. Effect of S-Duct Diffuser. Figure 11 depicts the surface
current distributions of the blades and outlets of different
intakes irradiated by a horizontally polarized electromag-
netic wave with an incident angle of 0°. Due to the direct
radiation of the electromagnetic wave, the surface currents
on the right side were significantly greater than those on
the left side at the outlet of the straight intake. Due to
the shielding of the rectifier blades, the surface currents
of the rotor blades with the phase angle of 0° were signif-
icantly smaller than those of the model with the phase
angle of 12°. In addition, a partial electromagnetic wave
was reflected from the rotor blades with the phase angle
of 12° to the outlet, which significantly increased the area
of the large-current zone on the outlet surface. Due to
the absorption of the low-scattering material, the electro-
magnetic wave was repeatedly reflected between the walls
of the S-duct intake and became weak, before irradiating
the outlet, resulting in smaller surface currents and a less
significant effect of blade rotation compared to the straight
intake.

Figure 12 presents the RCS values for the four intakes,
and the two performance parameters are illustrated in
Table 2. The flow coefficient is the ratio of the actual flow
rate at the outlet to the ideal flow rate, which was 80.55 kg/

s, and the total pressure recovery (TPR) coefficient is the
ratio of the average total pressure at the outlet to the outflow
total pressure, which was 93,893 Pa. The distortion index
DC60 was calculated using the following equation:

DC60 =
�P∗ − �P∗

min 60ð Þ
�q

, ð4Þ

where �P∗
minð60Þ is the minimum average total pressure of the

sector with an angle of 60° at the outlet and �q is the average
dynamic pressure of the outlet.

The results showed that the effect of the rotor blade rota-
tion was generally less pronounced in the S-duct intake than
in the straight intake. The RCS values of the S-duct intake
were considerably smaller than those of the straight intake
with an incident angle of 0°–3° and were steadily less than
0dB with an incident angle of 10°–45°. Therefore, the maxi-
mum and average RCS values of the S-duct intake were
lower than those of the straight intake after each polariza-
tion. In addition, the RCS differences of the S-duct intake
caused by the blade rotation were effectively stable below
0.5 dB. Thus, the calculation model can be simplified by
ignoring the influence of the blade rotation.

The flow field calculation results are shown in Figure 13.
As shown in the figure, the internal flow at the first section
of the straight intake comprises an obvious supersonic zone
with an outlet pressure of 60,000 Pa, which disappeared with
an outlet pressure of 65,000 Pa, meaning that the intake
remained subcritical until the outlet pressure reached
65,000Pa. In contrast, the S-duct intake was at the critical
state with the outlet pressure of 60,000 Pa due to its worse
actual flow capacity. In conclusion, the ability to withstand
the change in outlet pressure decreased after connecting
the S-duct diffuser.

In addition, only one low-speed zone was present
around the upper left of the diffuser in the straight intake
with an outlet pressure of 65,000 Pa, which stemmed from
the irregular change in the section shape. Naturally, a large
low-pressure area appeared at the upper left of the outlet
section. In contrast, the curved pipeline of the S-duct dif-
fuser led to a more complicated flow distribution. At one
side of the second section, the internal flow was pushed by
the wall, which accelerated it, forming a local supersonic
zone in the S-duct intake. Correspondingly, a low-speed
zone formed on the other side. The supersonic zone eventu-
ally formed a local shock wave in the middle section of the
diffuser. The interaction between the shock wave and the
boundary layer downstream resulted in a low-speed zone.
Finally, only a small high-pressure zone was present at the
outlet. Furthermore, due to the local shock wave and the
mixing of the low- and high-speed airflows in the S-duct
intake, the TPR coefficient decreased by approximately
0.357. However, the low-pressure zone in the outlet section
of the straight intake was more concentrated than that in
the S-duct intake, yielding a relatively higher DC60 coeffi-
cient of 0.1121.

Table 3: Outlet aerodynamic parameters of models C-2 and B.

Model
Mass flow rate

(kg/s)
Total pressure (Pa)

Average Maximum Minimum

C-
2

Average 80.0417 78,009.32 88,431.31 60,338.26

Point 1 80.0426 77,995.37 88,414.78 60,335.34

Point 4 79.9908 77,999.46 88,512.37 60,333.56

B

Average 80.0168 78,024.47 88,953.46 61,123.32

Point 1 80.0149 78,028.89 88,989.35 61,115.43

Point 4 80.1129 77,991.93 88,861.60 61,135.39
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3.2. Aerodynamic Characteristics of S-Duct Caret Intake.
Based on the above results, backflow may occur in the S-
bend diffuser, resulting in the instability of the outlet param-
eters during the calculation. To more comprehensively
investigate the aerodynamic characteristics, the transient
method was used for calculation based on the calculation
results of the steady method, with a time step size of
0.001 s and total time of 1 s. The variations of the mass flow
rate at the outlets of the four intakes are shown in
Figure 14(a). In contrast to models C-1 and C-3, the mass
flow rates of models C-2 and B greatly varied with the com-
putation time, signifying the occurrence of backflow. How-
ever, the parameters of model B varied more complexly
than those of model C-2; thus, more backflow zones were
present in model B than in model C-2. The outlet total pres-
sure distributions of the models C-2 and B at four respective
points marked in Figure 14(a) are shown in Figure 14(b).
Despite the different mass flow rates, the total outlet pressure
distributions of model C-2 at these four points were almost
the same, similar with model B.

Table 3 presents the four aerodynamic parameters at the
outlets of models C-2 and B, including the average value of
all results and the transient results at the two points. The
sum of all the outlet mass flow rates was almost similar to

the sum of the inlet mass flow rates at point 1 and was the
most different from that at point 4. The differences of all
the parameters between the average value and the value at
point 1 were almost negligible, indicating that no overflow
occurred at the inlet during the calculations. Therefore, the
outlet parameter variations were only related to the back-
flow, with no effect on the shock wave at the inlet. Combined
with the above analysis of the outlet total pressure distribu-
tion, to some extent, the average performances can be
replaced by the transient performances of the intake at point
1.

The flow field calculation results for the different intakes
are shown in Figure 15, and the three aerodynamic parame-
ters are presented in Table 4. The results of models C-2 and
B are the calculation results at point 1. Notably, the change
of the diffuser centerline led to an increase of the low-
speed area and even boundary-layer separation in some
cases. Comparison showed that the change to this model
parameter had little influence on the airflow capacity in the
critical state but had a prominent influence on the outlet
total pressure distribution. Compared to the other models,
the parameters of model C-1 mainly changed in the front
diffuser, resulting in an uneven airflow distribution for the
low-speed and supersonic zones. However, the airflow could
be stably mixed in the rear diffuser, thus creating a regular
distribution at the outlet. Accordingly, the DC60 value of
model C-1 increased to 0.2899, and the TPR coefficient
decreased to 0.8204 as a cost.

3.3. Electromagnetic Characteristics of S-Duct Caret Intake.
In terms of the electromagnetic scattering characteristics, a
new index named “safety angle” (SA) was established; the
RCS value was less than 0dB at this incident angle. The
greater the SA, the more working conditions the intake can
be applied to. The RCS simulation results are shown in

Model C-1

Model C-2

Model C-3

Ma: 0 0.12 0.24 0.36 0.48 0.6 0.72 0.84 0.96 1.08 1.2 TP:

60000

64000

68000

72000

76000

80000

84000

88000

Figure 15: Flow field calculation results of the different intakes.

Table 4: Aerodynamic parameters of the four intakes.

Model C-
1

Model C-
2

Model C-
3

Model
B

Flow coefficient 0.9945 0.9937 0.9948 0.9934

TPR coefficient 0.8204 0.8307 0.8235 0.8310

Distortion index
DC60

0.2899 0.4591 0.3381 0.3621
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Figure 16, and the three electromagnetic parameters are pre-
sented in Table 5. Comparison showed that each index of the
three intakes with the outlet biased in two directions was
better than that of the traditional S-duct intake, proving that
the proposed design scheme can effectively improve the elec-

tromagnetic performance of the intake. As the bias direction
increased, the area of the outlet section directly exposed to
radiation decreased with minor incident angles. Therefore,
the RCS values of model B were significantly greater than
those of the other models with incident angles of 0°–10°.

15

10

5

0

–5

RC
S 

(d
bs

m
)

–10

–15

–20

–25
0 10 20

𝜃 (°)

30 40

Model C-1

Model C-2 Model B

Model C-3

(a) Vertical

15

10

5

0

–5

RC
S 

(d
bs

m
)

–10

–15

–20

–25
0 10 20

𝜃 (°)

30 40

Model C-1

Model C-2 Model B

Model C-3

(b) Horizontal

Figure 16: RCS values of the different intakes with two polarizations.

Table 5: Electromagnetic parameters of the four intakes.

Polarization RCS (dBsm) Model C-1 Model C-2 Model C-3 Model B

Vertical

Average −3.26 −2.45 −1.76 2.26

Maximum 3.95 5.49 6.36 11.29

Numbers of SA 41 39 39 34

Horizontal

Average −0.84 −0.76 −1.32 2.49

Maximum 8.79 11.72 9.12 12.71

Numbers of SA 39 38 36 35

(mA/m)

(a) Surface current distribution of the outlet (b) Surface current distribution of the front diffuser
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Figure 17: Surface current distribution of the outlet and front diffuser.
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When the incident angle was varied from 10° to 45°, the RCS
values of the four models remained stable at a low level and
met the design requirements.

Figure 17 shows the partial current distribution of two
intakes radiated by a vertically polarized wave with an inci-
dent angle of 0°. The outlet surface currents of model C-1
were obviously smaller than those of model C-2, indicating
that the variation of parameters such as in model C-3 made
the shielding of the wall more effective. However, a large-
current zone appeared in the front diffuser, which is obvi-
ously detrimental to the performance of model C-1. The cur-

rents in this zone exceeded those of the outlet, representing a
substantial change in the main electromagnetic scattering
sources of the intake.

In conclusion, by connecting a diffuser in a similar way
to that in model C-1, the electromagnetic scattering perfor-
mance and the outlet total pressure distribution of the intake
can be improved without affecting the flow rate. However,
this design inevitably leads to an increase in the total pres-
sure loss and the electromagnetic scattering sources of the
intake. Therefore, further modifications of the model param-
eters and relevant improvement measures are necessary.

Model D

Model D-1

Model D-2

Model D-3

(a) Mach number distribution in diffuser

(c) Total pressure distribution of the boundary-layer bleed system

(b) Total pressure distribution of outlet

Model D-1 Model D-2 Model D-3

Total pressure:

Ma: 0 0.12 0.24 0.36 0.48 0.6 0.72 0.84 0.96 1.08 1.2 TP:

60000

64000

68000

72000

76000

80000
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88000
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Figure 18: Flow field calculation results of the different intakes.
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3.4. Effect of Boundary-Layer Bleed System. The flow field
calculation results for different intakes are shown in
Figure 18, and the parameters for two kinds of performances
are presented in Table 6. Regardless of the installed BL bleed
system, the area of the low-pressure zone at the edge of the
outlet section effectively decreased. In addition, the positive
phenomenon where the low-pressure zone was mainly dis-
tributed in the center of the outlet still existed, which con-
formed to the theoretical law. Therefore, the DC60 values
of the three intakes were reduced by different degrees, but

the flow coefficients and TPR coefficients were reduced as
a cost. Comparison of the results of models D-1 and D-2
showed that the system at the concave side of the S-bend
plays a positive role in improving the aerodynamic perfor-
mance, while that on the other side plays a negative role,
with the high-pressure flow bleeding out from the main-
stream. The same conclusion can also be drawn from the
total pressure and mass flow of the outlet. Although the out-
let area of model D-1 was twice that of model D-2, the mass
flow of model D-1 was more than twice that of model D-2,

Table 6: Electromagnetic scattering and aerodynamic characteristics of the intakes.

Polarization RCS (dBsm) Model D Model D-1 Model D-2 Model D-3

Vertical

Average −1.33 −0.20 −0.33 −1.29
Maximum 5.88 4.83 6.03 5.41

Numbers of SA 37 31 33 36

Horizontal

Average −1.17 −0.85 −1.34 −1.45
Maximum 7.30 8.54 7.54 6.98

Numbers of SA 36 39 37 37

Flow coefficient 0.9942 0.9635 0.9819 0.9923

TPR coefficient 0.8185 0.8078 0.8126 0.8154

Distortion index DC60 0.1847 0.1714 0.1243 0.1461

Boundary-layer bleed system outlet
Mass flow (kg/s) 2.64 1.01 0.25

Average total pressure (Pa) 52,119 39,960 33,858
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Figure 19: RCS values of the different intakes with two polarizations.
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and the average total pressure values of the two models were
also obviously different, signifying that part of the main-
stream bled out from the outlet of model D-1. Therefore,
for the S-duct diffuser with an uneven flow field distribution,
the traditional symmetrical installation scheme of a
boundary-layer bleed system is inapplicable.

In terms of electromagnetic scattering, the boundary-
layer bleed system had different effects on the performance
of the intake radiated by two different polarized waves due
to the different sizes. When the incident wave was vertically
polarized, the average RCS values of all the intakes increased
and SA decreased; i.e., the performance deteriorated. When
the incident wave was horizontally polarized, the outcome
was reversed, although the performance change was less sig-
nificant. The results of the electromagnetic scattering calcu-
lations are presented in Figure 19. Regardless of the installed
boundary-layer bleed system, the variation and the RCS
values exhibited no significant change when the incident
wave was horizontally polarized. When the incident wave
was vertically polarized, only the RCS variation of model
D-3 was consistent with that of model D. The RCS values
of models D-1 and D-2 were significantly different from
those of model D with incident angles of 30°–45°.

Figure 20 presents the partial section current distribu-
tion of different boundary-layer bleed systems. Figure 20(a)
shows the current distribution of model D-3 radiated by a
vertically polarized wave with an incident angle of 38°. The
currents of the system in model D-3 were at a low level, even

less than those of the nearby diffuser surface. Multiple large-
current zones appeared on the right and upper-left surfaces
of the systems in model D-1, as shown in Figure 20(b).
Therefore, the difference between the RCS values of models
D-1 and D was larger than that of models D-3 and D in this
condition. Moreover, the currents of the diffuser surface
near the system on the concave side of model D-1 were
smaller than those of model D-3, proving that the cavity
structure of the boundary-layer bleed system changed the
original path of the electromagnetic wave. This phenomenon
also played a positive role with some incident angles. Simi-
larly, multiple large-current zones appeared on the system
at the convex side of the diffuser irradiated by the horizon-
tally polarized wave with an incident angle of 5°, which
increased the RCS value.

In summary, when installing a boundary-layer bleed system
in the right position, the aerodynamic performance of an intake
can be improved while reducing the loss of electromagnetic
scattering performance. Furthermore, when determining the
appropriate structural parameters, the installation of the
boundary-layer bleed system plays a positive role on the aerody-
namic and electromagnetic performances of the intake.

4. Conclusions

(1) The phase angle change of the compressor rotor
blade can lead to obvious differences in the RCS
values of a caret intake with the same incidence angle

Surface current [mA/m]
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(a) Model D-3-V-38° (b) Model D-1-V-38°

(c) Model D-2-H-5° (d) Model D-1-H-5°

Figure 20: Surface current distribution of the different boundary-layer bleed systems.
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as the electromagnetic wave. Compared to a straight
intake, the S-duct diffuser can effectively suppress
this phenomenon in an S-duct intake, with an aver-
age RCS decrease of 7.65 dB and the decrease of the
maximum RCS difference caused by the blade rota-
tion of 6.75 dB. However, as a cost, the TPR coeffi-
cient of the S-duct intake decreases by 0.004, and
the flow coefficient decreases by 0.003 with the criti-
cal pressure decreasing to 60,000Pa

(2) Multiple boundary-layer separations and backflows
occur in the diffuser of a traditional S-duct caret
intake, resulting in the loss of the flow capacity. A
double S-duct intake can effectively suppress these
phenomena by changing the shape of the centerline.
Moreover, compared to a straight intake, a double S-
duct intake can more fully shield the outlet and
increase the consumption of the electromagnetic
wave in the cavity, resulting in the reduction of the
RCS value. Compared to a traditional S-duct intake,
for the proposed intake with suitable model parame-
ters, the average RCS value was lower by 0.05 dB, and
the TPD was lower by 0.18

(3) Due to the extremely uneven flow distribution in the
diffuser of a double S-duct intake, the traditional
symmetrical boundary-layer bleed system can easily
result in the outflow of the mainstream. In addition,
as a cavity, the boundary-layer bleed system leads to
the change of the surface current and increase of the
RCS value. To simultaneously resolve both these
issues, a unilateral partial bleed system was designed
that decreased the TPD by 0.04 and increased the
average RCS value by −2.17 dB, compared to an
intake without the bleed system

(4) Based on the above conclusions, the wall configura-
tion of an S-duct diffuser considerably influences
the aerodynamic and electromagnetic performances
of an intake. Therefore, an optimal diffuser design
could be an effective way for improving the aerody-
namic and electromagnetic performances. However,
considering the long length of time required for the
numerical calculation of each intake, a high-
precision proxy model needs to be established to
improve the optimization efficiency
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