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Abstract: Aircraft secondary flow systems are small-flow circulation devices that are used for
thermal and cold management, flow control, and energy generation on aircraft. The aerodynamic
characteristics of main-flow-based inlets have been widely studied, but the secondary-flow-based
small inlets, jets, and blowing and suction devices have seldom been studied. Two types of secondary
flow systems embedded in a supersonic aircraft wing, a ram-air intake and a submerged intake, are
researched here. Firstly, wind tunnel tests under subsonic, transonic, and supersonic conditions
are carried out to test the total pressure recovery and total pressure distortion. Secondly, numerical
simulations are used to analyze the flow characteristics in the secondary flow systems. The numerical
results are validated with experimental data. The calculating errors of the total pressure recovery on
the ram-air and submerged secondary flow systems are 8% and 10%, respectively. The simulation
results demonstrate that the total pressure distortion tends to grow while the total pressure recovery
drops with the increasing Mach number. As the Mach number increases from 0.4 to 2, the total
pressure recovery of the ram-air secondary flow system decreases by 68% and 71% for the submerged
system. Moreover, the total pressure distortion of the ram-air and submerged secondary flow systems
is increased by 19.7 times and 8.3 times, respectively. Thirdly, a detailed flow mechanism is studied
based on the simulation method. It is found that the flow separation at the front part of the tube is
induced by adverse pressure gradients, which primarily determine the total pressure recovery at the
outlet. The three-dimensional vortex in the tube is mainly caused by the change in cross-sectional
shape, which influences the total pressure distortion.

Keywords: secondary flow system; wind tunnel test; numerical simulation; total pressure distortion;
total pressure recovery; flow control

1. Introduction

For aircraft, air inlet systems play a critical role in capturing, compressing, and steering
airflow [1]. Air inlet systems are divided into main-flow-based type and secondary-flow-
based type depending on the mode of capturing flow. The main-flow-based inlet serves
as a crucial link between the propulsion system and the aircraft, which can significantly
influence the engine’s efficiency and flight performance [2–6]. For instance, a 1% total
pressure loss at the inlet of a turbofan engine can result in a 1.2 to 1.5% reduction in
thrust [7].

Considering electromagnetic stealth capabilities, the tube of intake is always designed
as an S-shape profile since the air inlet system is a prominent source of radar scattering [8].
Lots of wind tunnel tests were conducted on the design of S-shaped inlets [9–14]. However,
it is difficult and expensive to obtain the optimal inlet shape through wind tunnel tests.
Lee et al. [15] summarized analytical functions to describe the centerline shapes and area
distribution of the inlet. Subsequently, Yu [16] integrated parabolic and linear shapes to
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design an intake system for capturing airflow. Lee and Kim [17] proposed an optimization
method for subsonic S-shaped inlets based on aerodynamic sensitivity analysis.

As for the flow field characteristics of an S-shaped inlet, Mayer et al. [18] investigated
flow characteristics and highlighted the impact of the centerline curvature on total pressure
recovery and distortion. Anabtawi et al. [19] compared the flow characteristics of tubes with
various centerline offsets and lengths and discovered that the centerline offset influenced the
pressure gradient and boundary layer. Brear et al. [20] used both experiment and simulation
methods to study the separation flow in S-shaped inlets, which found the phenomenon of
owl-face flow patterns. The large eddy simulation (LES) method was implemented to study
the flow within S-shaped inlets by Ming [21]. They demonstrated that severe changes in
tube curvature led to larger total pressure distortion and more vortices.

Secondary flow systems refer to low-energy inlets located in the wing, fuselage, engine,
and nozzle of aircraft. These systems are used for flow control, thermal management, and
energy generation. Taleghani et al. [22–24] enhanced the high-lift performance on a two-
dimensional supercritical airfoil using the modulated pulse jet of different generation
strategies. In addition, they studied the effects of parameters and installation locations
of the dielectric barrier discharge plasma actuator on the surface flow field of airfoils
and obtained some interesting conclusions [25–27]. Sheikholeslam et al. used the lattice
Boltzmann method to study the effects of different parameters such as acoustic wave
frequency, amplitude, and direction of the wave on the water removal [28,29]. Soheila
Abdolahipour used a pulsed jet at the chord-based Reynolds number of 1 × 106 on a cross-
section of airfoil by numerical simulation, revealing that utilizing a low actuation frequency
range maximizes lift, while a high frequency range minimizes drag [30]. Su et al. [31]
proposed a secondary flow circulation concept and demonstrated the possibility of adaptive
passive control through numerical methods. Harouni [32] applied an ejector-pump-based
system of fluidic actuators to manage the diffuser secondary flows directly. They proved
that secondary flow systems could reduce engine-face total pressure distortion. Kumar [33]
investigated the secondary flow characteristics and the associated vacuum generation
caused by an increase in the primary pressure ramping in zero-secondary flow ejectors.
They found that the secondary flow dynamics and the vacuum generation processes in
rectangular and round ejectors show a close resemblance. Zhang et al. [34], Abdollahzadeh
et al. [35], and Ma et al. [36] analyzed the effect of the secondary flow velocity on the
characteristics of the nozzle flow. They indicated that the secondary system has a certain
degree of influence on the main-flow field. Aiming at resolving the inlet’s decreasing mass
flow ratio and increasing spillage drag at low Mach numbers, Cheng et al. [37] introduced
a novel inlet featuring localized secondary flow recirculation, which could manage the
location of forebody shock waves effectively, enhancing inlet capture capability.

In summary, the design and the flow characteristic analysis of main-flow-based inlets
have been widely researched through simulation or experiments. However, studies on
secondary flow systems installed within the wing are very few. The airflow in the tube
of secondary flow systems drives the turbine to rotate and generate electricity, which
improves the flying distance. In addition to that, the circulation of airflow increases the
heat exchange of the airframe and reduces the internal temperature. Therefore, the analysis
of flow field characteristics and mechanisms under subsonic and supersonic conditions is
crucial for research into the secondary flow systems.

In this paper, ram-air and submerged secondary flow systems are researched using
wind tunnel experiments and numerical simulation methods. Flow field and vortex charac-
teristics in these two types of secondary flow systems under the conditions of subsonic,
transonic, and supersonic inflows are analyzed. In addition, two performance indicators,
the total pressure recovery and the total pressure distortion, are discussed.

The structure of this paper is organized as follows: Section 2 introduces the geometrical
models and performance indicator definitions of the secondary flow systems. Section 3
outlines the methods employed in this study. Section 4 presents the results and discussions.
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2. Geometrical Models and Performance Indicator Definitions

The secondary flow systems are mounted in a wing. Two secondary flow models are
designed: a ram-air system with an external intake cover and a submerged system. Key
design parameters of the secondary flow systems include the leading edge sweep angle,
the area distribution of the cross-section, and the curvature of the central line.

2.1. Geometrical Models

The wing uses the NACA0006 (National Advisory Committee for Aeronautics, Wash-
ington, DC, USA) profile and has a root-to-tip ratio of 3:2. Two sharp leading edges are
connected with a semi-circle of R = 3 mm, as depicted in Figure 1.

Aerospace 2024, 11, x FOR PEER REVIEW 3 of 21 
 

 

The structure of this paper is organized as follows: Section 2 introduces the 
geometrical models and performance indicator definitions of the secondary flow systems. 
Section 3 outlines the methods employed in this study. Section 4 presents the results and 
discussions. 

2. Geometrical Models and Performance Indicator Definitions 
The secondary flow systems are mounted in a wing. Two secondary flow models are 

designed: a ram-air system with an external intake cover and a submerged system. Key 
design parameters of the secondary flow systems include the leading edge sweep angle, 
the area distribution of the cross-section, and the curvature of the central line. 

2.1. Geometrical Models 
The wing uses the NACA0006（National Advisory Committee for Aeronautics, 

Washington, DC, USA） profile and has a root-to-tip ratio of 3:2. Two sharp leading edges 
are connected with a semi-circle of R = 3 mm, as depicted in Figure 1. 

 
Figure 1. Geometry of wing leading edge. 

The main structures of the secondary flow systems are shown in Figure 2: (a) the ram-
air secondary flow system, (b) the submerged secondary flow system. The ram-air 
secondary flow system is distinguished by additional lip covers at its intake and outlet, 
intended to maximize airflow capture and facilitate the discharge of internal airflow. 
However, the submerged secondary flow system is embedded inside the wing and does 
not have a lip cover. 

Figure 1. Geometry of wing leading edge.

The main structures of the secondary flow systems are shown in Figure 2: (a) the
ram-air secondary flow system, (b) the submerged secondary flow system. The ram-
air secondary flow system is distinguished by additional lip covers at its intake and
outlet, intended to maximize airflow capture and facilitate the discharge of internal airflow.
However, the submerged secondary flow system is embedded inside the wing and does
not have a lip cover.
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Figure 2. Geometrical models of the secondary flow systems: (a) ram-air secondary flow system,
(b) submerged secondary flow system (length unit is mm).

2.2. Parameterization

An analytical function is used to represent area distributions which control the stream-
wise pressure gradient imposed upon the flow (and thereby the flow separation) whose
mathematical representations is as follows:

S
S1

=

(
S2

S1
− 1

)
∗
(

2
( x

L

)2
−

( x
L

)4
)
+ 1 (1)

where S1 = 8490 mm2 and S2 = 13, 483 mm2 are the areas of the diffuser entrance and exit,
and L = 1612 mm is the length of a flow tube, respectively. According to the literature [1],
the best performance of the flow tube is produced by the opposite change law between the
centerline and area distribution. Considering that the curvature change of the centerline
of the front side pipeline is greater than that of the rear side, we set the area distribution
change in the forward tube to be gentle. Therefore, the area distribution between #2 and #1
in Figure 3 of [15] is designed, as shown in Equation (1) and Figure 3.
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Bezier curves are used to design the centerline of the flow tube. The model coordinate
system is shown in Figure 4. The maximum offset of centerlines is set as Lz max = 189 mm
and Ly max = 110 mm, respectively, as shown in Figure 4.
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Figure 4. Parameters of the centerline.

The flow tube is connected to a cylindrical segment. The length of the cylindrical
segment (L2) is 2.5 times the section diameter (D). To accurately measure the total pressure
recovery coefficient within the secondary flow system, the monitoring surface is located
three-quarters of the way along the length of the cylindrical tube, which minimizes the
impact of the upstream and downstream on the total pressure distribution, as illustrated in
Figure 5.
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Performance indicators include the total pressure recovery (σ) and the total pressure
distortion coefficient (DPCP) as defined by Berrier et al. [38]. σ represents the degree
of total pressure recovery within the tube. At the same time, DPCP quantifies the total
pressure distribution in cross-sections. These two indicators at the monitoring surface
are used to measure the performance of the secondary flow system. DPCP is defined in
Equations (2) and (3). σ is defined in Equation (4).

DPCPi =
|Pt − Ptave,i|

Ptave,i
(2)

DPCP =
∑n

i=1 DPCPi

n
(3)

σ =
∑n

i=1 Ptave,i

Pt∞
(4)
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where Pt denotes the average total pressure on the monitoring surface. i is the total
measurement point number. Ptave,i is the pressure at measuring point i, and Pt∞ represents
the inflow’s total pressure.

3. Methods

Section 3.1 outlines the experimental methods, detailing the dimensions of the wind
tunnel test section, the support system, the total pressure rake specifications, and the wind
tunnel operating conditions. In Section 3.2, the computational simulation methods are
introduced, including the turbulence models, boundary conditions, and so on. Four meshes
with different cells were designed to validate the grid independence, and a suitable mesh
was obtained to carry out numerical simulation calculations.

3.1. Experiment

The experiments were carried out at the FL-2 wind tunnel of the AVIC Aerodynamics
Research Institute (Shenyang, China), in which the features rectangular test section mea-
sures 1.2 m × 1.2 m dimensions. The Reynolds numbers of the wind tunnel ranges from
5.85 × 105 and 1.75 × 106, in which the reference length is the width of the test section,
1.2 m. The wind tunnel model is a 50% scale model of the original model in Figure 2.
Detailed test conditions of the wind tunnel are provided in Table 1.

Table 1. Wind tunnel test conditions.

Experimental Conditions Mach Number Total Temperature/K Total Pressure/Pa

1 0.4 297.37 104,517
2 0.8 325.03 114,824
3 1.1 357.89 129,843
4 1.5 417.82 177,629
5 2.0 518.67 209,392

The test models of ram-air and submerged secondary flow systems in Figure 6a,b
are the wind tunnel models which were supported by a tail sting, referring to Taleghani
et al. [39,40], as depicted in Figure 6c. A total pressure rake was situated at the measuring
cross-section, which was overlapped with the monitoring surface, as illustrated in Figure 5.
This rake comprised eight array brackets. Each of them had five total pressure probes, as
demonstrated in Table 2 and Figure 7.

To obtain steady pressure information, forty probes of the total pressure rake were
connected to the PSI 9000 Digital Multi-Channel Pressure Scanner Measurement System
produced by the PSI company (Olathe, KS, USA). The pressure scanner has ±0.03% FS
DTC system accuracy, and the sampling rate reach was set to 50,000 CH/s in the test.

Table 2. The relative positions of the measurement points.

Measurement Points Circle
Serial Number

Distance from Center of
Circle ri (mm)

Relative Distance from the
Center of Circle ri/R

1 10.033 0.316
2 17.399 0.548
3 22.447 0.707
4 26.575 0.837
5 30.131 0.949
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3.2. Numerical Simulation
3.2.1. Numerical Methods

Reynolds-averaged Navier–Stokes (RANS) equations are used to simulate the flow
field within the secondary flow systems of subsonic and supersonic conditions in a three-
dimensional compressible environment, and are then solved by the commercial CFD soft-
ware Fluent 2023 R1. The CFD simulation is executed by using the finite volume technique.
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Roe flux-difference splitting (Roe-FDS) is selected as the convective flux type. The flow
field simulations are carried out using the density-based solver. In spatial discretization
methods, the second-order upwind scheme is used for the flow term, turbulent kinetic
energy term, and specific dissipation rate term. The one-equation Spalart–Allmaras turbu-
lence model [41] is employed to model the turbulent velocity profile. It has been widely
used in engineering applications because it is less computationally expensive and more
robust than the multi-equation models [42]. The piecewise polynomial method is selected
to compute specific heat, whereas viscosity is solved using Sutherland’s formula. To obtain
accurate numerical results near the wall, the majority of the y+ values are approximately 1.
When the residuals reach their minimum values after falling by more than three orders of
magnitude, and the difference between the computed inflow and the outflow mass flux of
the flow tube is below 0.001 kg/s, the solutions are considered to have converged.

In the following numerical simulations, three-dimensional unstructured triangle
meshes of simulation calculation models were generated. The boundary conditions in-
cluded non-slip wall conditions at the wing and tube and far-field pressure, which are
given in Figure 8. The incoming flow Mach numbers were set as 0.4, 0.8, 1.1, 1.5, and 2.0,
and the angle of attack was fixed at 0◦.
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3.2.2. Grid Independence Verification

To decrease the numerical errors induced by the grids, a grid independence verification
was conducted before the actual application. Four meshes with cells of 0.9 million (grid 1),
1.8 million (grid 2), 3.6 million (grid 3), and 7.2 million (grid 4) were designed.

The simulated results of total pressure recovery (σ) and total pressure distortion
(DPCP) of four grids were compared, as shown in Table 3. Considering efficiency and
accuracy, grid 3 was selected for all the subsequent numerical simulations.

Table 3. Calculation results of four grids.

Mesh Cells (Million) σ DPCP

Grid 1 0.9 0.7043 0.054
Grid 2 1.8 0.6935 0.032
Grid 3 3.6 0.6924 0.033
Grid 4 7.2 0.6925 0.033
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4. Result and Discussion

This section examines the total pressure recovery and distortion coefficient results from
both wind tunnel experiments and numerical simulations. By comparison of the test results
with those from simulations, the reliability of both methods is validated. Following that, the
flow characteristics and mechanisms within two types of secondary flow systems, ranging
from subsonic to supersonic speeds, are analyzed using numerical simulation methods.

4.1. Analysis of Experimental Results

The total pressure recovery and total pressure distortion obtained from wind tunnel
tests are presented in Tables 4 and 5.

Table 4. Experimental results of the ram-air secondary flow system.

Mach Number σ DPCP

0.4 0.9254 0.0144
0.8 0.7368 0.0505
1.1 0.5733 0.0615
1.5 0.4553 0.1049
2.0 0.3104 0.1104

Table 5. Experimental results of the submerged secondary flow system.

Mach Number σ DPCP

0.4 0.9716 0.02653
0.8 0.7351 0.01861
1.1 0.5918 0.04352
1.5 0.416 0.02509
2.0 0.2853 0.11008

Table 5 demonstrates that, as the Mach number increases, the σ decreases, and
the DPCP increases for both types of secondary flow systems. Notably, the DPCP in
the submerged system decreases at Mach number 1.5 but rises again at Mach number 2.0,
which is attributed to the development of vortex flow and separated flow.

4.2. Analysis of Simulation Results
4.2.1. Analysis of Total Pressure Recovery (σ)

Figure 9 shows the total pressure recovery (σ) as a function of incoming Mach numbers
for the two types of secondary flow systems. The comparison reveals the highest errors
between simulation and experimental results to be 8% for the ram-air system and 10%
for the submerged system, respectively. This demonstrates that the simulation method
can accurately predict the σ in secondary flow systems. From Mach numbers 0.4 to 2,
the σ of the ram-air system decreases by 68%, and the submerged system decreases by 71%,
highlighting a strong correlation between separated flow, swirling flow, and frictional loss
in the flow tube [43,44]. More detailed analyses of flow characteristics and mechanisms are
discussed in the subsequent segment.
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Figure 9. Comparison of experimental and simulation total pressure recovery: (a) ram-air secondary
flow system, (b) submerged secondary flow system.

4.2.2. Analysis of Total Pressure Distortion (DPCP)

Figure 10 illustrates the trends in total pressure distortion (DPCP) with varying incom-
ing Mach numbers for the two types of secondary flow systems. The simulated data exhibit
an increasing trend in DPCP with rising Mach numbers, which is consistent with the exper-
imental results. As the Mach number increases from 0.4 to 2, the DPCP of the ram-air and
submerged secondary flow systems is increased by 19.7 times and 8.3 times, respectively.
However, discrepancies arise in the predicted values for the ram-air system at supersonic
speeds, where the simulated values exceed the experimental ones. These relative errors
become more pronounced at Mach number 2. According to Equations (2) and (3), DPCP is
highly sensitive to local flow field pressure, which may explain the inaccuracies in the
simulation predictions. Similar studies on S-shaped inlets by Berens et al. [45] and Lima
et al. [46] have also reported analogous inaccuracies.
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4.3. Flow Characteristics Analysis in the Ram-Air Secondary Flow System
4.3.1. Flow Characteristics on the Wing

Figure 11 presents the pressure coefficient distributions across the ram-air secondary
flow systems at inflow Mach numbers ranging from 0.4 to 2.0. Predominantly, the leading
edge, the intake cowl lip, and the windward of the outlet cowl lip exhibit positive pressure,
while the negative pressure is observed on the leeward of intake and outlet cowls. The
pressure coefficient distributions remain relatively unchanged at subsonic inflow. However,
at transonic and supersonic speeds, the region of positive pressure expands along the flow
direction, while the extent of the negative pressure region shrinks.
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systems at (a) Mach number 0.4, (b) Mach number 0.8, (c) Mach number 1.1, (d) Mach number 1.5,
(e) Mach number 2.0.

4.3.2. Flow Characteristics at the Intake

Figure 12 illustrates the streamlines within the intake. Region A is positioned at the
intake cowl lip. When the incoming Mach number exceeds 1.0, the airflow in Region A
is compressed, forming shock waves that induce significant lateral and adverse pressure
gradients. Region B marks the intake’s concave area, where the air expands. The flow in
Region B is more prone to separate under the effects of pressure gradients in Regions A
and B.
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4.3.3. Flow Characteristics in the Tube

For a comprehensive analysis of flow characteristics and mechanisms within the ram-
air secondary flow system, the tube flow field was discretized. As shown in Figure 13, eight
equidistant slices were selected, with a distance of 2a between each slice. In addition, a
slice was added between the two slices with larger curvature on the tube surface, with a
distance of a.
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Figure 13. Schematic illustration of the analyzed cross-sections in the tube of the ram-air secondary
flow system (named Slice 1, Slice 2, etc.).

The total pressure recovery along the tube within the secondary flow systems is shown
in Figure 14. The change amplitude of the total pressure recovery within the forward
section (from Slices 1 to 3) of the tube is larger than the mid and aft section (from Slices 3 to
9), which is related to the separation regions at the intake of the tube.
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Figure 15 presents the streamlines inside the tube and the σ contours of the nine Slices,
as well as the transversal streamlines at each Slice separately. From Slices 1 to 3, the large
curvature of the tube surface easily induces flow separation, as shown in Table 6. The σ in
the separation region is significantly lower than those in other parts of the tube, primarily
due to wall friction resistance. The flow within the forward section (from Slices 1 to 3) of
the tube is characterized mainly by streamwise vortices, while the mid-tube (from Slices 3
to 6) flow exhibits three-dimensional vortices. The aft section (from Slices 6 to 8) displays
predominantly spanwise vortices. The three-dimensional vortices spiral downstream along
the streamline, which transitions airflow within the tube from the streamwise vortex to the
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spanwise vortex. As the Mach number increases, the separation position at the intake of
the ram-air secondary flow system changes insignificantly, as shown in Table 5, but the
spanwise area decreases distinctly.
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Figure 15. The streamlines inside the tube and the total pressure recovery distributions of nine flow
field Slices in the ram-air secondary flow tube at (a) Mach number 0.4, (b) Mach number 0.8, (c) Mach
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Table 6. The position of separation regions at the intake within the ram-air secondary flow system.

Mach Number Start Position End Position

0.4 Slices 1 Slices 3
0.8 Slices 1 Slices 2
1.1 Slices 1 Slices 2
1.5 Slices 1 Slices 2
2.0 Slices 1 Slices 2

At Mach number 0.4, the internal flow field of the tube exhibits stability, as indicated
by smaller separation regions at Slices 1 and 2 and at the top of Slices 3 and 4. This stability
can be attributed to factors such as low internal airflow velocity, minimal flow compression,
and reduced adverse pressure gradients. As the Mach number increases to 0.8, the pressure
gradient amplifies, increasing the region of separation flow. At Mach number 1.1, the extent
of flow separation at the intake is similar to the field at Mach number 0.8. From Mach
numbers 0.9 and 1.1, the airflow accelerates from Slices 1 to 3, diminishing the adverse
pressure gradients and consequently reducing the separation regions. At Mach numbers
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1.5 and 2, complex incident and reflected shock waves occur at Slice 1, which contributes to
smaller total pressure recovery (σ).

4.4. Flow Characteristics Analysis in the Submerged Secondary Flow System
4.4.1. Flow Characteristics on the Wing

Figure 16 illustrates the pressure coefficient distributions within the submerged sec-
ondary flow systems. Positive pressure consistently appears near the leading edge, the
intake apex, and the upstream of the outlet, contrasting with negative pressure regions in
the concave section of the intake and the downstream of the outlet. The configuration and
extent of these pressure regions are predominantly shaped by the incoming flow parameters
and flow field dynamics. Notably, under the subsonic conditions, the shapes and extents
of the negative pressure areas exhibit minimal change. However, as the flow transitions
to transonic and supersonic speeds, the positive pressure regions elongate along the flow
direction while the negative pressure areas progressively contract, reflecting an increased
positive pressure on the wing surface alongside intensified air compression.
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4.4.2. Flow Characteristics at the Intake

Flow streamlines at the intake of the submerged secondary flow system are depicted in
Figure 17, highlighting the three-dimensional characteristics of airflow capture. In Region
C, an angle between the intake lip and incoming flow direction results in compression,
deceleration, and redirection of airflow at the top of the tube intake. Region D features a
concave cavity flow along the wing surface, and the negative pressure area at the intake
induces the entrainment and vortex formation to capture the inflow.
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4.4.3. Flow Characteristics in the Tube

For comprehensive analysis of flow characteristics and mechanisms within the sub-
merged secondary flow system, the tube flow field was discretized similarly to the ram-air
secondary flow system, as shown in Figure 18.
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Figure 18. Schematic illustration of the analyzed cross-sections in the tube of the submerged secondary
flow system (named Slice 1, Slice 2, etc.).

The total pressure recovery along the tube within the secondary flow systems is shown
in Figure 19. The change amplitude of the total pressure recovery within the forward
section (from Slices 1 to 4) of the tube is larger than in the mid and aft section (from Slices 4
to 9), which is related to the separation regions at the intake of the tube.
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The flow tube of the submerged secondary flow system is integrated into the wing
surface, with the intake and outlet edges tangent to the wing surface. Guided by the tube’s
curved surface and influenced by the pressure gradient, two distinct vortices form within
the tube: the streamwise vortex and the spanwise vortex (Figure 20). The streamlines
at the bottom of Slices 1 to 4 reveal the coexistence vortices in the separation regions, as
shown in Table 7. Predominantly, the streamwise and spanwise vortices merge under the
induction of the tube surface, forming three-dimensional vortices in the mid-tube (from
Slices 4 to 7). The three-dimensional vortices spiral downstream along the streamline, which
transitions airflow within the tube from the streamwise vortex to the spanwise vortex (from
Slices 4 to 7). Compared with the upstream field, these three-dimensional vortices tend
to improve the DPCP and mitigate cross-sectional pressure distortion. It is observed that
the internal pressure gradient, vortex characteristics, and values of σ and DPCP exhibit
different behaviors under varying Mach number conditions. As the Mach number increases,
the streamwise length of the intake separation region within the submerged secondary flow
system increases under the subsonic inflow conditions, then reaches its maximum in the
supersonic range. After that, it decreases under the supersonic speeds, as shown in Table 7.

Table 7. The position of separation regions at the intake within the submerged secondary flow system.

Mach Number Start Position End Position

0.4 Slices 1 Slices 1
0.8 Slices 1 Slices 3
1.1 Slices 1 Slices 4
1.5 Slices 1 Slices 3
2.0 Slices 1 Slices 3

At Mach number 0.4, the flow velocity inside the tube is relatively low. The tube
induces the spanwise vortices from the bottom to the middle, and eventually to the apex.
Pressure distortion reaches its minimum when the spanwise vortex encompasses the entire
cross-section. At Mach numbers 0.8 and 1.1, the compressive effect of the transonic flow
become more pronounced compared to the subsonic flow, increasing the likelihood of flow
separation near Slices 1 to 3. The separation regions emerge at the tube’s intake, occupying
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considerable portions of the tube. The spanwise vortices at Mach 0.8 extend earlier (Slice 5),
explaining the reduced DPCP observed at this Mach number, as indicated in Table 5.
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(c) Mach number 1.1, (d) Mach number 1.5, (e) Mach number 2.0.

At Mach number 1.5, in addition to the separation regions at the bottom of Slices 1 to
3, smaller spanwise vortices appear at the top of Slices 3 to 4. The vortex pair comprises a
larger vortex induced by the tube’s intake and a smaller one induced by curvature, which
are led to a spanwise vortex due to the influence of three-dimensional vortices. At Mach
number 2, the top vortex is smaller, likely a result of the increased flow rate and lateral
pressure gradient within the tube. Mach 2 represents the peak velocity among the operating
conditions, resulting in the most significant flow compression effect and shock wave, which
intrinsically leads to the lowest total pressure recovery in the tube.

5. Conclusions

Two types of secondary flow systems, a ram-air system and a submerged system, were
designed. Wind tunnel tests were conducted under subsonic and supersonic conditions to
obtain the performance of the secondary flow system. In addition, numerical simulation
was used to analyze the secondary flow systems, which found that the incoming Mach
numbers and vortices within the tube have significant impacts on the performance of these
systems. The main conclusions are as follows:

(1) It demonstrates that the simulation method can accurately predict the total pressure
recoveries, contrasting with experimental results. The relative errors are 8% for the ram-
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air system and 10% for the submerged system between calculation and experimental
results, respectively.

(2) The experiment and simulation results indicate that the total pressure recovery de-
creases and the total pressure distortion increases with the increase in Mach numbers.
As the Mach number increases from 0.4 to 2, the total pressure recovery of the ram-air
secondary flow system decreases by 68% and 71% for the submerged system, respec-
tively. Moreover, the total pressure distortion of the ram-air and submerged secondary
flow systems is increased by 19.7 times and 8.3 times, respectively.

(3) There are two primary flow characteristics in the secondary flow system. Firstly, the
separations in the tube are primarily impacted by adverse pressure gradients. The
flow separation at the intake mainly affects the total pressure recovery. Secondly, the
three-dimensional vortices in the center of the tube are caused by the transition of
the cross-section shape. The strength of three-dimensional vortices modifies the total
pressure distribution over the cross-section and influences the total pressure distortion
at the outlet.

This work focuses on the internal flow characteristics within two types of secondary
flow systems and the influence of Mach numbers on these systems. It offers methods
for numerical simulation of and experiments on the secondary flow systems embedded
in a supersonic wing. The current work paves the way for the design and application
of secondary flow systems in aircraft. Future research can focus on the multi-objective
optimization of secondary flow systems.
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Nomenclature

Ly max the maximum centerline offset of the y–x plane
Lz max the maximum centerline offset of the z–x plane
L2 the length of the cylinder tube
i the monitor number
Ptave,i the average total pressure measured by the monitor
Pt∞ the total pressure of the inflow
DPCP total pressure distortion coefficient
σ total pressure recovery
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