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Abstract

The S-duct intake has increasingly become a signature design feature of next-generation stealth fighter. As
high-value military targets, these aircraft primarily face threats from air-to-air and surface-to-air missiles in
combat environments. Blast shock waves generated by missile warheads are ingested into the S-duct and
undergo intense interactions with the boundary layer. This process frequently induces large-scale flow
separation and severe unsteady distortion at the Aerodynamic Interface Plane (AIP), leading to the
deterioration of intake performance and jeopardizing the safety of the propulsion system. Therefore, evaluating
the distortion characteristics of S-duct intakes under shock wave loading is critical for enhancing aircraft
survivability. This paper aims to investigate the evolution of dynamic distortion in an S-duct intake subjected
to shock-wave loading. The Pressurized Bubble Method (PBM) is employed to simulate blast shock-wave
loads at different scaled distances. A numerical model including the S-duct intake and the first-stage
compressor blade geometry is established, and a blade-resolved Multiple Reference Frame (MRF) simulation
is adopted to investigate the propagation and reflection of the shock wave after entering the S-duct intake, as
well as the induced dynamic distortion. The results show that after entering the intake, the shock wave
undergoes multiple reflections on the curved walls and forms an upstream-propagating reflected shock wave
in the blade region. Meanwhile, the interaction between the shock wave, boundary layer, and separated flow
leads to pronounced transient non-uniformity in the total pressure distribution at the AIP, causing a rapid
increase in the dynamic distortion level and strong unsteady fluctuations. The results provide a reference for
analyzing the dynamic distortion mechanism of S-duct intakes under shock-wave loading, anti-distortion intake
design, and propulsion system safety assessment.

Keywords: Shock wave; S-duct intake; Unsteady distortion; Blade-resolved MRF simulation

1. Introduction

The S-duct intake has become a signature design feature of next-generation stealth fighters because
it can effectively shield the engine face and reduce the radar cross section!'l. However, owing to its
curved duct and large-curvature configuration, internal boundary-layer separation and large-scale
secondary flows are readily induced, leading to significant total-pressure distortion at the
Aerodynamic Interface Plane (AIP) and threatening the stability of the engine. In combat
environments, stealth fighters, as high-value military targets, face severe threats from air-to-air and
surface-to-air missilesi?. Once a missile warhead detonates near the aircraft, the generated strong
shock wave may be ingested into the S-duct intake and interact intensely with the boundary layer
and separated flow inside the duct. This transient interaction can further induce thrust fluctuations,
reduce surge margin, and even cause compressor instability*-5. Therefore, investigating the exit flow
quality and dynamic distortion characteristics of S-duct intakes under shock-wave loading is a key
prerequisite for improving aircraft survivability and assessing propulsion system safety.

Extensive studies have been conducted on the evolution characteristics and damage effects of blast
shock waves. In early blast engineering, free-field scaling laws and empirical overpressure
correlations were commonly used as the primary tools for estimating the intensity of external shock
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waves/®8l. However, for blast problems involving complex confined spaces, empirical formulas are
often unable to accurately describe highly nonlinear transient processes, such as shock-wave
propagation, multiple reflections, and attenuation. With the rapid development of computational fluid
dynamics (CFD), numerical simulation has become an important approach for investigating shock-
wave dynamics in complex computational domains®'2. In CFD modeling of shock waves,
conventional detonation-product modeling methods usually employ the JWL equation of state to
describe the expansion process of detonation products, which can realistically simulate near-field
detonation-product driving and shock-wave formation. However, this approach imposes high
requirements on mesh resolution, time-step size, and computational resources!'3l. In contrast, the
Pressure Bubble Method (PBM)"'4l, as a simplified modeling approach that represents the energy
released by an explosion as the release of internal energy from a high-pressure bubble, can
efficiently and accurately simulate the shock-wave propagation profile and overpressure
characteristics in the flow field while avoiding complex detonation-reaction calculations.

Although the interaction between shock waves and complex structures has attracted considerable
attention in the aerospace field, existing studies on blast shock waves have mainly focused on the
dynamic response and damage assessment of aircraft structures subjected to external shock
loading!'®-'8l, In terms of internal aerodynamics, existing distortion studies have generally focused on
the intrinsic distortion induced by the geometric curvature of the intake itselfl'’-'8l. However, when an
external transient shock wave enters a complex serpentine duct, the complicated reflection
mechanism on the curved walls, its strong coupling with internal unsteady separated flow, and the
resulting severe dynamic distortion evolution at the AIP have not yet been systematically revealed.

To address the above research gap, this study aims to investigate the evolution characteristics and
physical mechanisms of dynamic distortion in an S-duct intake subjected to shock-wave loading. The
Pressure Bubble Method (PBM) is employed to equivalently simulate blast shock-wave loads at
different scaled distances, and a three-dimensional numerical model including the S-duct intake and
the realistic geometry of the first-stage compressor blades is established. In the numerical simulation,
the three-dimensional compressible Unsteady Reynolds-Averaged Navier—Stokes (URANS)
equations are solved, and a blade-resolved Multiple Reference Frame (MRF)-based unsteady
simulation method is adopted. This approach avoids the high computational cost associated with
sliding-mesh simulations while effectively capturing the propagation and reflection of the shock wave
in the curved duct, as well as its interaction with the first-stage blade region. By analyzing the
transient non-uniformity of the flow field after shock-wave ingestion and the strong fluctuations of
dynamic distortion at the AIP, this study reveals the influence of shock-wave intensity on the intake-
exit flow quality. The results provide theoretical support for understanding the dynamic distortion
mechanism of S-duct intakes under shock-wave loading and offer an important reference for anti-
distortion intake design and propulsion system safety assessment.

2. Numerical Method and Case Validation

This section mainly presents the numerical methods adopted in this study and their validation
procedures. First, the unsteady numerical simulation method for the S-duct intake is introduced,
including the governing equations, turbulence model, and discretization schemes. Its reliability is
then validated by comparing the numerical results of the M2129 intake case with experimental data.
Second, the basic setup of the Pressurized Bubble Method (PBM) is described, and its applicability
for simulating blast shock waves is verified by comparison with ideal detonation results.

2.1 Unsteady Numerical Simulation Method

The flow field was solved using the commercial CFD software STAR-CCM+['"®l. The governing
equations are the three-dimensional compressible URANS equations in a Cartesian coordinate
system, and their integral conservation form?°l can be written as:

%HJ.QdVJrﬂf-ndSzo (1)

where ¥ is the control volume, S is the surface area of the control volume, Q is the vector of
conserved variables, f represents the net flux vector—including both inviscid and viscous fluxes
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through surface S, and » denotes the unit outward normal vector to the surface.

An implicit unsteady scheme is used for time discretization, with a second-order temporal
discretization for the unsteady terms. A second-order upwind scheme is adopted for spatial
discretization. Considering the strong unsteady interactions among the shock wave, the boundary
layer, separated flow, and blade passages inside the intake, the k£ — @ SST turbulence model?'l is
employed. This model provides good near-wall accuracy while maintaining stability in the outer flow
region, and is suitable for complex internal flows involving adverse pressure gradients, flow
separation, and shock-wave/boundary-layer interactions.

To validate the reliability of the numerical simulation method described above, the M2129 S-duct
intake designed by the AGARD group is adoptedi??. Wind-tunnel experiments for this intake were
conducted with the support of NASA. As shown in Figure 1, the M2129 intake is shown in gray, while
the far-field boundary is shown in black. The far-field region consists of a hemispherical domain, with
a diameter 30 times that of the intake exit. The far-field boundary is defined as a freestream boundary
condition, the intake wall is defined as a no-slip wall boundary condition, and the intake exit is defined
as a pressure outlet boundary condition. The meshes on the far-field boundary, intake wall, and
symmetry plane of the computational domain are shown in Figure 2.

Freestream
N
P(;rt
h& ~— Outlet
Starboard
Figure 1 —Computational domain of M2129. Figure 2 —Mesh of the computational domain.

The computational condition is set as follows: the freestream conditions of the domain were given
as a 0.21 Mach number, total pressure P. =101146Pa , and total temperature 7, =292.78K . A

pressure P=95009.8Pa was applied to the outlet of the domain (AIP).
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Figure 3 — Static pressure ratio along the port and starboard sides.
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Figure 3 compares the calculated results (Cal) and wind-tunnel experimental data (Exp) of the static
pressure ratio (P/ P,,, ) on the port and starboard sides of the M2129 intake. It can be seen that the

calculated pressure distribution on the port side agrees well with the experimental data. For the
starboard side, the calculated values are slightly higher than the experimental data, but the
discrepancy remains small. Overall, the numerical results can reasonably predict the wall static
pressure distribution of the M2129 intake, thereby validating the reliability of the numerical simulation
method used in this study.

2.2 Pressurized Bubble Method

The Pressurized Bubble Method (PBM) is a simplified modeling approach in which the energy released
by an explosion is equivalently represented by the release of internal energy from a high-pressure air
bubble. Itis suitable for free-field shock-wave propagation, far-field overpressure estimation, and blast
load analysis. The PBM adopted in this study follows the constant-volume condition described by
Blanc et al?3l. The high-pressure bubble is assumed to be a sphere with a radius of r,, in which the

air density and specific internal energy are p, and e, , respectively. The density and specific internal
energy of the ambient air are p,and ¢,, respectively. Therefore, the effective releasable energy E,
of the bubble can be expressed as:

4
E, :gmf (pbeb _poeo) (2)

By equating the bubble energy to the TNT-equivalent energy, the energy-equivalence formula for the
PBM can be obtained:
P -P
57”"}3 ﬁ = ey Myyr (3)
The pressurized bubble resulting from an isochoric compression in which the specific energy is set to
that of TNT:

€, =€nr (4)

& (5)
(¥ =1)e,
The computational domain for the PBM is divided into two regions: the air region and the pressure
bubble, as shown in Figure 4. A high pressure and high temperature are imposed on the pressurized
gas region until the density inside the bubble reaches the value given by Equation (5). The
temperature inside the bubble is given by:

Py =

(7’ - l)eb
2 (6)

To validate the reliability of the PBM, a free-air explosion of 1 kg TNT is selected. The overpressure
variation at the scaled distance of Z=2 is monitored, and the overpressure predicted by the PBM is
compared with that obtained from a conventional ideal TNT detonation simulation using the JWL
equation of state. The scaled distance is defined as:
Rm

= W1/3 (7)
where R is the distance between the monitoring point and the explosion center in meters, and W is
the equivalent TNT charge mass in kilograms.

Tb:
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Figure 4 —Schematic diagram of the PBM. Figure 5 —Comparison of overpressure between

ideal detonation and the PBM.
Figure 5 shows the comparison of the overpressure time histories obtained using the ideal detonation
model and the PBM. It can be seen that the PBM can reasonably reproduce the overall characteristics
of the shock-wave overpressure profile, and the peak overpressure agrees well with the ideal
detonation result. Only a slight discrepancy is observed in the arrival time of the secondary shock
wave. Therefore, the PBM is capable of effectively simulating the propagation process of blast shock
waves.

3. Case Analysis of Dynamic Distortion in an S-Duct Intake Subjected to Shock Waves
3.1 Simulation Procedure

The schematic diagram and flowchart for simulating dynamic distortion in an S-duct intake under
shock-wave loading are shown in Figures 6 and 7, respectively. First, the Pressurized Bubble Method
(PBM) is used to equivalently simulate the blast shock-wave load. According to the prescribed TNT
equivalent and scaled distance, the initial pressure P, and initial temperature 7, of the pressurized

bubble region are calculated and imposed in the computational domain as the initial condition for the
blast shock wave. Through the rapid expansion of the high-pressure bubble, an outward-propagating
shock wave is generated in the free field, thereby representing the shock-wave load produced by the
explosion.

Second, a three-dimensional numerical model including the S-duct intake and the first-stage
compressor blade region is established. For the first-stage compressor blade region, a blade-
resolved Multiple Reference Frame (MRF) method??4 is employed to represent the rotational effect
of the blades. In this method, the blade geometry is explicitly modeled, and the flow within the blade
passages is solved in a rotating reference frame and coupled with the stationary S-duct intake region.
This treatment accounts for the influence of blade rotation on the intake distortion response while
avoiding the high computational cost of a sliding-mesh approach. Thus, the unsteady interaction
between the shock wave entering the intake and the first-stage blade region can be simulated.

After the geometric model is established, the computational domain is meshed. Mesh refinement is
applied to key regions, including the curved intake walls, boundary-layer development regions, the
AIP section, and blade leading edges, to ensure the capability of capturing shock-wave propagation,
wall reflection, flow separation, and the AIP distortion distribution. The boundary conditions are then
specified, including the far-field freestream condition, no-slip wall condition for the intake walls,
pressure outlet condition for compressor exit, and parameters of the MRF rotating region.

Finally, three-dimensional unsteady simulations are performed. After the shock wave generated by

the PBM enters the S-duct intake, it propagates through the curved duct and interacts with the intake

walls, boundary layer, separated flow, and first-stage blade region. The unsteady calculation

provides the temporal evolution of the pressure, velocity, and density fields inside the intake under

shock-wave loading, allowing the propagation, reflection, and attenuation characteristics of the shock

wave within the intake to be analyzed. On this basis, the total pressure distribution and dynamic
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distortion parameters at the AIP are extracted to further evaluate the influence of shock-wave loading
on the exit flow quality and dynamic distortion characteristics of the S-duct intake.
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Figure 6 — Schematic diagram of the simulation.
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Figure 7 — Flowchart of the simulation.
3.2 Physical Model and Mesh Generation
The research object is a flying-wing aircraft with an S-duct intake. The model is symmetric about the
center plane. Its planform geometry is shown in Figure 8, and the geometries of the S-duct intake
and the first-stage compressor blades are shown in Figure 9. And the diameter of the intake exit is
0.9m.




2 0
Y/(m)
Figure 8 —Schematic diagram of the PBM. Figure 9 —Schematic diagram of the PBM.
A polyhedral unstructured mesh is adopted for the computational domain. To improve the resolution
of key flow structures, local mesh refinement is applied to the intake walls, the AIP section, and the
first-stage compressor blade region. In addition, 25 prism layers are generated near the walls, and
the height of the first near-wall cell satisfies Y <1. The total number of cells in the computational

domain is approximately 15 million. The meshes on the aircraft surface, intake walls, and first-stage
compressor blade region are shown in Figure 10.

Figure 10 — Flowchart of the simulation.
In the simulation, the freestream is set to Ma=0.6, B, =26500Pa, T, =223.25K . And the rotational

speed of the first-stage compressor blades is 6500 rpm . The TNT equivalent of the explosive is 10

kg, and the initial air pressure inside the pressurized bubble is set to 10’ Pa . According to Equation
(3), the radius of the pressurized bubble is calculated to be 0.766 m , and according to Equation (6),
the initial temperature of the pressurized bubble is calculated to be 6550 K. Numerical simulations
of dynamic distortion in the S-duct intake under shock-wave loading are then conducted for two
scaled-distance cases, Z=2 and Z=5.

In this study, the circumferential steady total-pressure distortion index DCg is adopted as the
evaluation parameter for intake-exit distortion. This index can effectively reflect both the
circumferential extent and the intensity of distortion at the intake exit. In addition, the mean dynamic
pressure of the flow field is introduced to account for the influence of velocity distribution on the
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distortion evaluation. A smaller value of this index indicates a more uniform circumferential
distribution of total pressure at the intake exit and a lower level of outlet flow distortion. The index is
defined as follows:

— pt,av _ptﬂ

DC, =PV /2 (8)

av

where p,, is the minimum circumferentially averaged total pressure in the 6-degree sector at the
intake exit, and ¢, is the average dynamic pressure at the intake-exit plane.

3.3 Scaled Distance Z=2

To analyze the influence of strong shock waves at a smaller scaled distance on the dynamic
distortion characteristics of the S-duct intake, the case with a scaled distance of Z=2 is selected in
this section. The propagation and reflection of the shock wave after entering the intake, as well as
the distortion evolution at the AIP, are investigated. The simulation time step is setto 2.5x107s, and
the simulation stop time is 0.05s .
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Figure 11 —Average total pressure at the AlP. Figure 12 —DCsg at the AIP.

Figures 11 and 12 show the time histories of the average total pressure and DCgp at the AIP for the
scaled-distance case of Z=2, respectively. It can be seen that before the shock wave reaches the
intake, the average total pressure at the AIP remains nearly stable, and DCg is maintained at a
relatively low level, indicating that the intake-exit flow field is in a relatively stable state. When the
shock wave reaches the AIP at approximately t=0.01s, the average total pressure at the AIP
increases rapidly and reaches a peak within a short time, indicating that the shock wave induces a
significant transient compression effect after entering the intake. Subsequently, the average total
pressure decreases rapidly and exhibits fluctuations of a certain amplitude, suggesting that the
propagation and reflection of the shock wave inside the intake, together with its interaction with the
blade region, result in pronounced unsteady variations in the exit pressure field. Corresponding to
the variation in the average total pressure, DCego increases rapidly after the arrival of the shock wave
and reaches a second peak at t=0.01075s, indicating that strong circumferential non-uniformity of
the total pressure distribution is generated at the AIP under shock-wave loading. As the shock wave
continues to propagate and gradually attenuates, DCes shows an overall decreasing trend, but
obvious oscillations still exist. This indicates that the dynamic distortion at the intake exit does not
recover immediately, but continues to evolve under the combined effects of shock-wave reflection,
separated-flow development, and disturbances from the blade region.
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Figure 13 — Time=0.005s.
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Figure 14 — Time=0.01075s.
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Figure 15 — Time=0.0159s.
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Figure 16 — Time=0.02s.
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Figure 17 — Time=0.025s.

Figures 13-17 further present the numerical Schlieren images?d on the symmetry plane and the
total pressure distributions at the AIP at different time instants, which are used to analyze the
propagation process of the shock wave in the S-duct intake and the resulting dynamic distortion
characteristics. At t=0.005s, the shock wave has not yet entered the intake and propagates toward
the intake entrance along the direction indicated by the arrow. At this moment, the total pressure
distribution at the AIP remains relatively stable, mainly showing the total pressure non-uniformity
caused by the curved flow path and boundary-layer development in the S-duct intake itself, and the
dynamic distortion level is relatively low.

At t=0.01075s, the incident shock wave enters the intake and propagates downstream through the
curved duct, reaching the fan region. Owing to the large curvature of the S-duct intake, the shock
wave interacts with the intake walls and boundary layer during its propagation, resulting in the
formation of multiple shock structures. At this time, the total pressure distribution at the AIP changes
significantly. A distinct low-total-pressure region appears in the upper part of the section, while
relatively high total pressure is observed on both sides, indicating that the shock wave significantly
enhances the circumferential total-pressure distortion at the intake exit. This moment corresponds
to the rapid increase in the average total pressure and the sharp rise in DCeg in Figures 11-12.

At t=0.0159s, the shock wave interacts with the first-stage compressor blade region, producing
complex reflections. Part of the reflected shock wave starts to propagate upstream, as indicated by
the arrow in the figure. The total pressure distribution at the AIP still exhibits strong non-uniformity,
and the high- and low-total-pressure regions show a clearly asymmetric distribution. This is mainly
attributed to the non-uniform circumferential disturbances induced by the blade rotational effect. This
phenomenon indicates that the reflection effect of the blade region maintains the dynamic distortion
at a relatively high level. This moment corresponds to the second peak of DCgg in Figure 12.

After t=0.02s, the reflected shock wave continues to propagate upstream. Under the influence of the
curved walls and separated flow, the reflected shock structure is deformed and attenuated within the
duct. The corresponding total pressure distributions at the AIP show that, as the reflected shock
wave gradually moves away from the blade region, the exit total pressure distribution recovers to
some extent compared with the strong shock-wave interaction stage. However, obvious high- and
low-total-pressure non-uniformity still exists within the section, and the distortion pattern continues
to vary with time.

Overall, under the Z=2 condition, the shock wave is relatively strong. After entering the S-duct intake,
it not only causes severe transient variations in the average total pressure at the AIP, but also leads
to a rapid increase and sustained oscillation of the AIP dynamic distortion level through wall reflection,
blade-region reflection, and interaction with the separated flow. As a result, the flow quality at the
intake exit is significantly deteriorated.

3.4 Scaled Distance Z=5

To analyze the influence of strong shock waves at a moderate scaled distance on the dynamic
distortion characteristics of the S-duct intake, the case with a scaled distance of Z=5 is selected in
this section. The propagation and reflection of the shock wave after entering the intake, as well as
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the distortion evolution at the AIP, are investigated. The simulation time step is setto 2.5x107s, and
the simulation stop time is 0.05s .
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Figure 18 —Average total pressure at the AlP. Figure 19 —DCsg at the AIP.

Figures 18-19 show the time histories of the average total pressure and DCeo at the AIP for the
scaled-distance case of Z=5, respectively. It can be seen that before the shock wave reaches the
intake, the average total pressure at the AIP remains nearly stable, and DCg is maintained at a
relatively low level, indicating that the intake-exit flow field is in a relatively stable state. When the
shock wave reaches the vicinity of the AIP at approximately t=0.0224s, the average total pressure
at the AIP increases rapidly and reaches a peak within a short time, indicating that the shock wave
induces a noticeable transient compression effect after entering the intake. Subsequently, the
average total pressure gradually decreases and exhibits certain fluctuations, suggesting that the
propagation and reflection of the shock wave inside the intake, together with its interaction with the
blade region, result in unsteady variations in the exit pressure field. Corresponding to the variation
in the average total pressure, DCe fluctuates rapidly after the shock-wave impact and reaches peaks
at t=0.0224s and t=0.0277s, indicating that pronounced circumferential non-uniformity of the total
pressure distribution is generated at the AIP. Compared with the Z=2 case, both the peak average
total pressure and the peak DCeo at the AIP are significantly lower in the Z=5 case, indicating that
the shock-wave intensity decreases with increasing scaled distance, and its influence on the dynamic
distortion at the intake exit is relatively reduced.
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Figure 20 — Time=0.02s.
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Figure 21 — Time=0.0224s.
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Figure 22 — Time=0.0277s.
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Figure 23 — Time=0.03s.
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Figure 24 — Time=0.04s.

12



Figures 20—24 further present the numerical Schlieren images on the symmetry plane and the total
pressure distributions at the AIP at different time instants, which are used to analyze the propagation
and reflection processes of the shock wave in the S-duct intake under the Z=5 condition. At t=0.02s,
the shock wave has entered the S-duct intake but has not yet reached the AIP, and the dynamic
distortion has not been significantly enhanced.

At t=0.0224s, the shock wave approaches the blade region. During its propagation, the shock wave
interacts with the curved walls and boundary layer, enhancing the flow disturbance inside the intake.
At this time, the total pressure distribution at the AIP begins to change noticeably. A low-total-
pressure region appears in the upper part of the section, while relatively high total pressure is
observed on both sides, indicating that the shock-wave effect begins to intensify the circumferential
total-pressure distortion at the intake exit. This stage corresponds to the rapid increase in the
average total pressure at the AIP in Fig. 18 and the first peak of DCe¢ in Fig. 19.

At t=0.0277s, the shock wave interacts with the first-stage compressor blade region and produces
reflections. Part of the reflected shock wave starts to propagate upstream, as indicated by the arrow
in the figure. At this moment, the total pressure distribution at the AIP exhibits obvious non-uniformity.
This time instant corresponds to the second peak of DCg in Fig. 19.

After t=0.03s, the reflected shock wave continues to propagate upstream along the intake and
gradually deforms and attenuates within the curved duct. As the reflected shock wave gradually
moves away from the blade region, the total pressure distribution at the AIP recovers to some extent
compared with the strong shock-interaction stage. However, a certain degree of high- and low-total-
pressure non-uniformity still exists within the section, indicating that shock-wave reflection and its
interaction with the separated flow continue to disturb the exit flow field.

Overall, under the Z=5 condition, the shock wave also undergoes wall reflection, blade-region
reflection, and interactions with the boundary layer and separated flow after entering the S-duct
intake, resulting in unsteady variations in the average total pressure and DCg at the AIP. However,
owing to the larger scaled distance, the incident shock wave is relatively weaker. Therefore, the
induced total-pressure fluctuations and dynamic distortion at the AIP are significantly lower than
those under the Z=2 condition, and the influence on the intake-exit flow quality is relatively smaller.

4. Conclusion

This study addresses the dynamic distortion of an S-duct intake subjected to shock-wave loading. A
three-dimensional unsteady numerical simulation method based on the Pressurized Bubble Method
(PBM) and a blade-resolved MRF approach is established. The propagation and reflection of blast
shock waves entering the S-duct intake at different scaled distances, as well as the induced evolution
of dynamic distortion at the AIP, are investigated. The main conclusions are as follows:

1) By comparing the M2129 S-duct intake simulation with wind-tunnel experimental results, the
capability of the present unsteady numerical method to predict the wall pressure distribution in the
intake is validated. Meanwhile, the overpressure time history obtained using the PBM agrees well
with the ideal detonation result, indicating that the PBM can accurately capture the propagation
characteristics of blast shock waves and can be applied to the analysis of intake dynamic distortion
under shock-wave loading.

2) After entering the S-duct intake, the shock wave undergoes multiple reflections and deformation
under the combined effects of the curved walls, boundary layer, and separated flow. After interacting
with the first-stage compressor blade region, an upstream-propagating reflected shock wave is
formed. The propagation and reflection of the shock wave significantly alter the total pressure
distribution at the AIP, producing pronounced transient non-uniformity in the exit flow field and
causing a rapid increase in the dynamic distortion level accompanied by unsteady fluctuations.

3) For the scaled-distance case of Z=2, the incident shock wave is relatively strong. After the shock
wave reaches the AIP, it causes a rapid increase in the average total pressure and strong fluctuations
in DCso. The reflection from the blade region and the circumferentially non-uniform disturbance
induced by the blade rotational effect lead to an obvious asymmetric total pressure distribution at the
AIP. The dynamic distortion continues to oscillate after the shock-wave impact, indicating that blast
shock waves at small scaled distances can significantly deteriorate the flow quality at the intake exit.
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4) For the scaled-distance case of Z=5, the shock wave also undergoes wall reflection, blade-region
reflection, and interactions with the boundary layer and separated flow after entering the intake,
resulting in unsteady variations in the average total pressure and DCg at the AIP. However, owing
to the increased scaled distance, the incident shock wave is relatively weaker. Therefore, the induced
total pressure fluctuations and dynamic distortion at the AIP are significantly lower than those in the
Z=2 case, and the influence on the intake-exit flow quality is relatively smaller.

Overall, blast shock-wave loading can induce strong dynamic distortion at the exit of an S-duct intake
through shock-wave propagation, wall reflection, blade-region reflection, and interactions with
complex internal flow structures. The results of this study provide a reference for analyzing the
dynamic distortion mechanism of S-duct intakes under shock-wave loading, anti-distortion intake
design, and propulsion system safety assessment.
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