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Abstract

The unsteady buzz characteristics of a dorsal supersonic bump inlet for a flying-wing
configuration are investigated using wind-tunnel tests and three-dimensional unsteady
numerical simulations. This study focuses on off-design operation at a freestream Mach
number of 1.8, with particular attention to the effects of angle of attack and downstream
throttling on shock motion, pressure oscillation, and inlet stability. Wind-tunnel measure-
ments show that the onset and development of buzz are highly sensitive to angle of attack.
At high angles of attack, pressure oscillations first appear near the inlet compression surface
and subsequently develop into large-amplitude fluctuations at the aerodynamic interface
plane. The dominant experimental buzz frequency is approximately 60-70 Hz, and the
numerical prediction of 71 Hz agrees well with the measured dominant frequency of 66 Hz.
The simulations further reveal a strongly three-dimensional buzz cycle in which asymmet-
ric separation over the bump, spanwise accumulation and discharge of low-energy flow,
and alternating inlet blockage and recovery govern the large-amplitude shock excursion.
The oscillatory flow field is dominated by shock—system expulsion and ingestion on the
spanwise side with stronger back-pressure tolerance, accompanied by the formation of
strong and weak shear layers during different stages of the cycle. These results provide
insight into the buzz mechanism of dorsal bump inlets and support the assessment of
starting performance and stable operating limits for supersonic inlets integrated with
flying-wing configurations.

Keywords: dorsal bump inlet; supersonic inlet buzz; shock oscillation; wind-tunnel test;
unsteady numerical simulation; inlet starting performance

1. Introduction

As the foremost aerodynamic component of supersonic/hypersonic propulsion sys-
tems, the supersonic inlet directly affects the total pressure recovery, mass-flow capture,
thrust output, and operating stability of the propulsion system [1,2]. Whether the inlet
can achieve stable starting is an important prerequisite for the vehicle to maintain normal
supersonic flight. When the freestream condition, throttling state, or downstream engine
operating condition changes, the inlet may transition from a supercritical or critical state
to a subcritical state, accompanied by phenomena such as upstream movement of the
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terminal shock, enhanced shock/boundary-layer interaction, inlet flow separation, reduced
captured mass-flow, and decreased total pressure recovery [34].

When the captured mass-flow of an inlet falls below a certain threshold, inlet buzz
may be triggered. Supersonic inlet buzz is typically characterized by periodic reciprocating
motion of the shock system at the inlet entrance and within the internal duct, accompanied
by large-amplitude unsteady fluctuations in pressure, mass-flow, and aerodynamic loads
inside the duct. In severe cases, it may lead to thrust degradation of the propulsion system,
intensified structural vibration, increased thermal loads, and even engine instability [5,6].
Existing studies generally classify inlet operating conditions into supercritical, critical,
and subcritical states, and regard flow instability and shock oscillation under subcritical
conditions as important foundations for the formation of buzz [7].

The phenomenon of supersonic inlet buzz can be traced back to the early work of Os-
watitsch on pressure recovery and shock diffusion in high-speed diffusers [8]. Subsequently,
Ferri and Nucci proposed a buzz-triggering mechanism associated with the interaction
among the conical shock, the normal shock expelled from the cowl lip, and the vortex
sheet, which is commonly known as the Ferri criterion [9]. Dailey argued that major buzz
primarily originates from separation and inlet blockage induced by the interaction between
the expelled shock and the boundary layer on the compression surface or center-body
cone, namely the Dailey criterion [10]. Fisher et al. further observed two types of unstable
oscillations, minor buzz and major buzz, in a variable-ramp inlet, and pointed out that they
exhibit significant differences in both oscillation amplitude and flow structure [11].

In subsequent experimental studies, Nagashima et al. controlled the throttling ratio
(T.R.) using a movable blockage body and investigated the buzz characteristics of an axisym-
metric supersonic inlet at Ma ~ 2. They found that minor buzz and major buzz exhibited
characteristic frequencies of approximately 120 Hz and 360 Hz, respectively [12]. Trapier
et al. conducted wind-tunnel experiments on a two-dimensional mixed-compression rectan-
gular inlet, obtaining schlieren images and wall-pressure oscillation data during minor- and
major buzz processes. They pointed out that minor buzz is characterized by high frequency
and low amplitude, whereas major buzz exhibits low-frequency and high-amplitude char-
acteristics [13]. Subsequently, they employed the DDES method to perform high-fidelity
numerical simulations of buzz in this type of inlet, revealing the coupling relationship
between the internal flow-field structure and pressure oscillations [14]. Lee et al. compared
the flow characteristics of small-scale rectangular and axisymmetric supersonic inlets and
indicated that inlet geometric scale and separation disturbances on the compression surface
affect the minor buzz frequency and oscillation characteristics [15]. Soltani et al. observed
a new buzz mode in an axisymmetric mixed-compression inlet that exhibited features of
both minor buzz and major buzz [16].

In recent years, Chen et al. carried out experimental investigations of an external-
compression inlet under different throttling conditions and analyzed various oscillation
modes, including minor buzz, mixed buzz, and major buzz. They suggested that the form
of inlet buzz is closely related to terminal-shock motion, compression-surface separation,
inlet blockage, and acoustic feedback within the internal duct [17,18]. In terms of numer-
ical simulation, Newsome was among the first to simulate near-critical and subcritical
unsteady inlet flows using the Navier-Stokes equations and proposed an acoustic-feedback
expression for estimating the buzz frequency. Lu and Jain further modified the upstream
feedback mechanism based on the Dailey inlet model, arguing that the buzz cycle is as-
sociated with the coupling between inlet-entry instability and acoustic resonance in the
internal duct [19]. Hankey and Shang regarded inlet buzz as a flow-induced self-excited
oscillation phenomenon and proposed a relation for estimating the self-excited oscilla-
tion frequency [20]. The computational studies by Chima, Hong, Kim, and others also
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demonstrated that the buzz frequency and pressure-oscillation characteristics of inlets are
closely related to internal-duct acoustic resonance, mass-flow-rate hysteresis, and shock
motion [21].

In addition to traditional experiments and numerical simulations, mathematical mod-
eling, reduced-order models, and modal decomposition methods have also been employed
to interpret and predict inlet buzz. Chang et al. established a mathematical model and a
rapid identification method for hypersonic inlet buzz and further proposed a reduced-order
dynamic model for buzz in scramjet inlets [22,23]. Yamamoto et al. proposed a predic-
tion model for supersonic inlet buzz onset based on the concept of delayed feedback [24].
Luo et al. used the POD method to investigate the spatiotemporal structures and suppres-
sion mechanisms of supersonic inlet buzz, providing a reference for identifying dominant
oscillation modes and implementing flow control [25].

To extend the stable operating boundary of inlets, researchers have also investigated
various flow-control methods. For example, boundary-layer suction can be used to weaken
shock/boundary-layer interaction and delay flow separation [26]. Boundary-layer blowing
or jet control can improve the back-pressure tolerance of the isolator and regulate internal
pressure propagation [27]. Vortex generators, micro-vortex generators, plasma actuation,
and slot/cavity-based methods have also been applied to control shock/boundary-layer
interaction and unsteady separated flows [28-30]. Although extensive studies have been
conducted on supersonic inlet buzz, most previous investigations have focused on ax-
isymmetric or two-dimensional mixed-compression inlets. The unsteady characteristics
of three-dimensional dorsal bump inlets, especially the coupling mechanism among span-
wise flow redistribution, asymmetric separation evolution, and shock-system oscillation,
remain insufficiently understood. Unlike conventional axisymmetric inlets, the asymmetric
bump configuration introduces complex three-dimensional flow interactions, which may
significantly influence the initiation and development of buzz under off-design conditions.

Therefore, the objective of the present study is to investigate the unsteady buzz char-
acteristics and underlying flow mechanisms of a dorsal supersonic bump inlet integrated
with a flying-wing configuration. Wind-tunnel experiments and three-dimensional un-
steady numerical simulations are performed to analyze the effects of angle of attack and
downstream throttling on shock motion, pressure oscillation, and inlet stability. Particular
attention is paid to revealing the roles of spanwise separation development, shock-system
ingestion and expulsion, and flow-field recovery during a complete buzz cycle. The results
aim to provide deeper insight into the instability mechanism of three-dimensional bump
inlets and support the design of stable supersonic propulsion systems.

2. Materials and Methods
2.1. Geometric Model and Boundary Conditions

The research object of this study is a dorsal supersonic bump inlet for a flying-wing
configuration. It consists of the upper surface of the flying-wing forebody, the bump
compression surface, the cowl, the internal inlet duct, and a downstream throttling cone.
The design Mach number is Ma = 1.8. In the wind-tunnel tests, the throttling ratio was
adjusted by changing the streamwise position of the downstream throttling cone. In the
numerical simulations, the throttling effect was reproduced by imposing equivalent outlet
back-pressure conditions, rather than explicitly moving the throttling cone.

The simplified physical model of the inlet is shown in Figure 1. Boundaries ABCD,
ADEF, BCHG, and ABGEF are specified as supersonic far-field boundaries; EFGHI is spec-
ified as a supersonic far-field outlet; CDEI is specified as a symmetry boundary. The
downstream end of the throttling cone is connected to the far field. The lateral surface K of
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the truncated cone is set as a supersonic far-field boundary, while the cylindrical surface |
is specified as a pressure outlet. All other boundaries are treated as adiabatic no-slip walls.

Figure 1. Simplified physical model of the dorsal inlet.

2.2. Numerical Method
2.2.1. Numerical Solver and Software Implementation

The numerical simulations were performed using the PMB3D solver, a computational
fluid dynamics code for three-dimensional compressible aerodynamic flows. The solver
adopts a finite-volume framework and is suitable for high-speed internal and external
flows involving shock waves and shock/boundary-layer interactions. In the present study,
the Reynolds- and Favre-averaged compressible URANS equations were solved, with the
Spalart-Allmaras one-equation model employed for turbulence closure.

For the unsteady inlet-buzz simulations, a dual-time-stepping strategy was adopted.
The physical time-step was used to resolve shock oscillation and pressure fluctuation,
while inner pseudo-time iterations were performed at each physical time level to obtain a
sufficiently converged solution.

The detailed numerical algorithms, software implementation, and previous validations
of the PMB3D solver have been reported in Ref. [31]; therefore, only the main numerical
settings relevant to the present inlet-buzz simulations are summarized here.

2.2.2. Governing Equations

The conservative form of the Reynolds- and Favre-averaged compressible URANS
equations in a Cartesian coordinate system can be written as follows:

dp dpu; __

ar + 5y =0
.

% + 5 (ouju; + pdij — ) = 0 @
E

BE + 2 [(0E + p)ui +q; — uzy] =0
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where p is the fluid density, 1; and u; are the velocity components in the Cartesian coordi-
nate directions, x; and X; denote the spatial coordinates, ¢ is time, p is the static pressure, E
is the total energy per unit mass, e is the internal energy, 517 is the Kronecker delta, Tjj is
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the viscous stress tensor, g; is the heat flux vector, T is the temperature, k is the effective
thermal conductivity, A is the ratio of specific heats, and y| and yr represent the laminar
and turbulent dynamic viscosities, respectively.

In Equations (1) and (2), the overbar and Favre-averaged symbols are omitted for
simplicity of notation. The flow variables should be understood as Reynolds- or Favre-
averaged quantities within the URANS framework. For a generic variable ¢, the Favre

average is defined as ; = p¢/p. Since the SA model is a one-equation eddy-viscosity
model, no separate transport equation for turbulent kinetic energy is solved. Therefore,
turbulent kinetic energy terms do not explicitly appear in the total energy equation. Instead,
turbulence effects are introduced through the turbulent eddy viscosity 1 and the turbulent
heat flux model.

The standard Spalart—Allmaras model [32] was adopted in the present study without
additional compressibility, transition, or rotation/curvature corrections. The turbulence
model is the most commonly used one-equation eddy-viscosity turbulence model. This
model is derived based on empiricism and dimensional analysis and is suitable for aero-
dynamic flows. Spalart and Allmaras proposed the complete formulation of this model
in 1992 [32]. The Spalart-Allmaras (SA) model solves a transport equation for a modified
eddy viscosity and is widely used for external aerodynamic flows because of its robustness
and relatively low computational cost. The SA model has low computational cost and
good convergence performance and is suitable for simulations of attached flows and mildly
separated flows. However, it has limitations in dealing with complex flow characteristics
such as vortex separation and turbulence anisotropy. Although the SA model has known
limitations in massively separated flows, it was adopted in this preliminary study because
the primary objective was to capture the dominant shock-motion frequency and global
buzz cycle. The numerical results were validated against wind-tunnel schlieren images and
pressure spectra. The modified turbulent-viscosity transport equation is given as:

Dv

20 = el — fol$5 + - [V(0+9)V9) + (VD] — [curfo — i [3]2 ©

turbulent eddy viscosity:
Ut = Ufp1 (4)

where the remaining functions are:
c — 0 — X
5=Q0+ kzziizfvz ’ fvz =1- T—xfo,

1+4cb 1/6
fao 23{ ws] 8 =T+cun(r®—7)

6
g6+czl)3

)

In Equations (3)—(5), v denotes the modified turbulent kinematic viscosity solved in

the SA model, v is the turbulent eddy viscosity, D/ Dt is the material derivative, S is the
magnitude of the vorticity-related strain-rate term, 4 is the distance from the nearest wall,
(1 is the vorticity magnitude, x, 7, §, fo1, fv2, and f, are auxiliary functions of the SA model,
and cp1, Cpo, Cwl1, Cu2, Cw3, 0, and k are empirical model constants.

The present numerical model is established based on the Reynolds- and Favre-
averaged compressible URANS equations with an ideal-gas assumption. Several sim-
plifications should be noted. First, all solid surfaces are treated as adiabatic no-slip walls,
which neglects heat transfer between the inlet wall and the airflow. This assumption may
influence the prediction of wall temperature and thermal loads; however, its effect on the
dominant shock oscillation and overall buzz characteristics is considered limited under
the present Mach number condition. Second, real-gas effects and chemical reactions are
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neglected. Since the freestream Mach number investigated in this study is 1.8, the flow
temperature level is insufficient to induce significant high-temperature chemical reactions,
and the ideal-gas assumption is therefore appropriate. In addition, although the SA tur-
bulence model provides good robustness and computational efficiency, it has limitations
in accurately describing highly separated and strongly anisotropic turbulent structures.
Therefore, the present simulations mainly aim to capture the dominant unsteady features
of inlet buzz, including shock motion, pressure oscillation, and global flow-field evolution,
rather than detailed turbulence characteristics. These limitations should be considered
when interpreting the numerical results.

2.2.3. Wind-Tunnel Test and Experimental Model

The inlet test model adopts an airframe-integrated design concept and mainly consists
of the fuselage and the dorsal inlet. The model scale is 1:12.5, with an overall model length
of 830 mm, a measurement-section length of 200 mm, a transition-section length of 200 mm,
and an inlet-exit inner diameter of ®60 mm. Figure 2 shows the installation photo of the
inlet model in the 1.2 m transonic wind tunnel test section.

Figure 2. Photograph of the inlet model installed in the test section of the 1.2 m transonic wind tunnel.

At the outlet sections of the inlets on both sides, namely the engine inlet sections,
eight total-pressure rake arms are uniformly distributed in the circumferential direction.
Five steady total-pressure measurement points are arranged on each rake arm according
to the equal-area method (Figure 3), with one additional point located at the center. Thus,
41 measurement points are arranged on each side, giving a total of 82 points on both sides.
In addition, eight steady static-pressure measurement points are uniformly distributed
along the circumference on the pipe wall of each section, giving a total of 16 points on both
sides. Furthermore, four dynamic total-pressure measurement points are circumferentially
arranged inside the duct on each side of the inlet, giving a total of eight points on both
sides. Five dynamic wall static-pressure measurement points are arranged along the
streamwise direction on each side, giving a total of ten points on both sides. Miniature
dynamic pressure sensors with an outer diameter of 1.7 mm are installed at the dynamic
total-pressure measurement points. Before the test, each dynamic pressure sensor was
dynamically calibrated, and the calibration coefficient of each sensor was obtained.

https://doi.org/10.3390/aerospace13070631


https://doi.org/10.3390/aerospace13070631

Aerospace 2026, 13, 631 7 of 20

DB N =

Wawm

7 1200 00] ISESNCNCRSIE puk]

—\0 03

Figure 3. Pressure measurement points and numbering on one side of the inlet in the streamwise direction.

2.2.4. Validation of the Numerical Method

To verify the accuracy of the numerical method adopted in this study, the axisymmet-
ric supersonic inlet from the experiment of Nagashima [12] was selected for validation.
Figure 4 shows the computational domain and mesh used in the two-dimensional nu-
merical simulation. The mesh in the computational domain is fully structured, with local
refinement applied near the wall and the cowl to ensure that the dimensionless height
of the first near-wall grid cell satisfies y* < 10. In the figure, pressure far-field boundary
conditions are imposed on AB and BC, pressure outlet boundary conditions are imposed
on CD and EF, and Al and GH are set as symmetry axes. All the remaining boundaries are
treated as solid walls with adiabatic no-slip wall boundary conditions.

B C

D
A I H G

Figure 4. Computational domain and computational mesh.

Unsteady numerical simulations of major buzz and minor buzz are carried out based
on the steady flow fields at T.R. = 0.67 and T.R. = 0.97, respectively. The numerical simula-
tion conditions are consistent with those in the experiment [12], as shown in Tables 1 and 2.

Table 1. Numerical simulation parameters.

Parameters Value
Freestream Mach number Ma 2
Reynolds number Re 107
Characteristic length L, m 0.06
Stagnation speed of sound Cy, m/s 330.2

Table 2. Validation of simulated and experimental frequencies under typical buzz conditions (Hz).

T.R. CFD EXP Relative Deviation
Minor Buzz 0.97 120 109 10.09%
Major Buzz 0.67 350 360 2.78%
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The relative deviations between the simulated and experimental dominant frequencies
are 10.09% for minor buzz and 2.78% for major buzz, with a maximum relative deviation
of 10.09%. This indicates that the numerical method can reasonably predict the dominant
buzz frequency and capture the main unsteady characteristics of inlet buzz.

Figures 5a and 6a present comparisons between the numerical schlieren images and
experimental schlieren images at different instants under major buzz and minor buzz condi-
tions, respectively. Figures 5b and 6b show comparisons between the pressure oscillations
at measurement points P2, P3, P4, and P7 obtained from the experiments and numerical
simulations under major buzz and minor buzz conditions, respectively, where the pressure
values are nondimensionalized by the far-field static pressure pco. It can be seen from the
figures that the numerical simulation captures the reciprocating motion of the terminal
normal shock well, and the pressure-oscillation curves agree well with the experimental
data. The comparison results indicate that the numerical method adopted in this study is
capable of capturing the dominant features of inlet buzz.

-~ }/ |
\

10k A EXP. o} A EXP.
Sensor: P2 CFD [ Sensor: P3 CFD

0.16
t(s)
L . N EXP.
10 | Sensor: P4 * CFD 10 [ Sensor: P7 * CFD
8 8
9-48
> 6 i A 6
4r A 4
2 C 1 1 1 1 L 1 1 1 1 1 L 1 1 2 o 1 1 1 L 1 1 1 1 L L 1 1 1
0.155 0.16 0.165 0.155 0.16 0.165
t(s) t(s)

(b)

Figure 5. Comparison between numerical simulation results and experimental results for ma-
jor buzz [12]; (a) comparison between numerical schlieren images (upper half) and experimental
schlieren images (lower half); (b) comparison between pressure oscillations obtained from numerical
simulation and experiment.
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Figure 6. Comparison between numerical simulation results and experimental results for minor
buzz [12]; (a) comparison between numerical schlieren images (upper half) and experimental
schlieren images (lower half); (b) comparison between pressure oscillations obtained from numerical
simulation and experiment.

2.2.5. Mesh and Boundary Conditions

A mesh was generated for the above half-model flying-wing bump inlet, as shown in
Figure 7. The three-dimensional computational domain was filled with structured grids,
and the mesh near the wall was refined to ensure that the dimensionless height of the
first near-wall grid cell within the boundary layer was approximately less than 1. The
total number of grid cells was approximately 8 million, with only about 0.002% of the cells
having a mesh quality lower than 0.3.

Figure 8 shows the computational domain used in this study. Three types of boundary
conditions were mainly adopted. The total pressure and total temperature of the freestream
were estimated based on the experimental conditions and specified as pressure far-field
boundary conditions. In the wind-tunnel tests, each throttling condition corresponded
to a prescribed streamwise position of the downstream throttling cone, whereas in the
simulations the same throttling effect was modeled using an equivalent outlet back-pressure
condition. The other regions in the computational domain, such as the forebody, bump,
and inlet surfaces, were treated as adiabatic no-slip wall boundary conditions.
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Figure 7. Surface mesh of the dorsal bump inlet.

Figure 8. Computational domain used in the simulation.

The compression surface of the bump inlet has large curvature and a complex topolog-
ical structure, which may pose significant challenges for the generation of the boundary-
layer mesh near the wall. If an unstructured mesh is used, matching problems between the
mesh and the surface model may occur. Therefore, a structured mesh was adopted in this
study to improve the accuracy and fidelity of the computation. Figure 8 shows the mesh
distribution of the combined bump inlet and forebody configuration. The mesh consists of
92 blocks, with approximately 8 x 10° nodes.

2.2.6. Unsteady Simulation and Spectral Analysis Settings

After convergence of the steady flow solution, unsteady simulations were carried out
to capture the self-excited buzz oscillation of the dorsal bump inlet. The physical time-step
was selected in the range of 2.0 x 107°-5.0 x 107> s, ensuring that each buzz cycle was
resolved by more than 250 physical time-steps. During the unsteady simulation, the CFL
number in the main shock-interaction and near-wall regions was maintained below 1.0. At
each physical time-step, inner pseudo-time iterations were performed until the residuals
decreased by at least three orders of magnitude.

The initial transient stage was discarded before the statistical analysis. Pressure
histories were then collected over at least 20 complete buzz cycles at the wall-pressure
taps and AIP monitoring locations. The sampling frequency was determined by the
physical time-step and the data-output interval. In the present study, the effective sampling
frequency was no lower than 20 kHz, which was sufficiently high to resolve the dominant
buzz frequency and its harmonics.

The pressure spectra were obtained using fast Fourier transform. The mean value
of each pressure signal was removed before spectral analysis, and a Hanning window
was applied to reduce spectral leakage. The frequency resolution was determined by
the analyzed sampling duration, (Af = 1/Tr.). For the present sampling records, the
frequency resolution was better than 3.5 Hz. The resulting power spectral density was used
to identify the dominant buzz frequency and to compare the numerical prediction with the
experimental pressure spectra.
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2.2.7. Grid-Independence Verification

To verity grid independence, three meshes with different resolutions were used in this
study. The total numbers of nodes for the coarse, medium, and fine meshes were 6 x 10°,
8 x 10°, and 1.6 x 107, respectively. For these three meshes, the entire computational
domain was refined except for the wall boundary-layer region. The fine mesh was used
as the reference simulation result to evaluate the convergence of the calculation. The
convergence of each calculation was determined based on the solution residuals. In this
study, the solution was considered converged when the L2 norm of the maximum residual
reached 10~%. For all meshes, the y* value of the first grid point off the wall was less
than 1. The total pressure distribution is important for evaluating the performance of the
bump inlet, because total pressure loss reduces engine performance and may significantly
shorten the service life of the aircraft. The grid-independence assessment was performed at
(Ma =0.8), (AOA =0°), and (pajp/p = 1.2). This condition was selected because a stable
flow field and corresponding experimental AIP performance data were available, allowing
the influence of spatial grid resolution on the integral inlet-performance prediction to be
evaluated without interference from the large-amplitude periodic fluctuations associated
with buzz. Therefore, the purpose of this grid assessment was to examine the convergence
of the basic spatial discretization and the AIP total-pressure recovery rather than to directly
establish grid independence of the detailed unsteady shock motion at (Ma = 1.8).

As shown in Table 3, the predicted AIP total-pressure recovery varies only slightly
among the three grids, and the medium-grid result is close to both the fine-grid result and
the experimental value. These results indicate that the medium grid provides sufficient
spatial resolution for predicting the integral inlet-performance parameter considered in
the present grid assessment. The medium grid was therefore adopted for the subsequent
simulations as a compromise between computational cost and spatial resolution. It should
be noted that the present (Ma = 0.8) grid assessment alone does not constitute a dedicated
grid-convergence study of all unsteady separated-flow structures under the (Ma = 1.8)
buzz condition. Nevertheless, because the same grid topology and near-wall resolution
strategy were adopted for the Ma = 1.8 unsteady simulations, and the dominant buzz
frequency was further validated against wind-tunnel measurements, the adopted mesh is
considered adequate for the present purpose. The reliability of the unsteady prediction is
further assessed through comparison with the wind-tunnel results, including the principal
shock-system characteristics and the dominant buzz frequency.

Table 3. Inlet performance obtained at Ma = 0.8, AOA = 0°, pa1p/peo = 1.2 with different grids.

Data Source TAIP Error of oa1p
Experiment 0.968 —
Coarse grid 0.965336651 2.663 x 1073
Medium grid 0.965405772 2594 x 1073
Fine grid 0.965699324 2.301 x 1073
3. Results

3.1. Numerical Simulation of Throttling Characteristics of the Dorsal Inlet

The throttling characteristic curves of the inlet were obtained through simulations
under the boundary conditions of freestream Mach number and back-pressure ratio listed
in Table 4.
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Table 4. Freestream and back-pressure conditions for the simulation of inlet throttling characteristics.

Back Pressure Ratio
Freestream Mach

Supercritical Near-Critical Subcritical
1.6 2.8 3.0 3.2 3.4 3.6 3.8
1.8 35 4.0 43 45 4.8 5.0
2.0 5.0 5.2 5.5 5.8 6.1 6.3

The calculated characteristic curves of the inlet total pressure recovery and drag
coefficient are shown in Figures 9 and 10, respectively. It can be seen that the bump inlet
exhibits relatively high total pressure recovery at the design Mach number and at flight
conditions below the design Mach number, whereas the total pressure recovery decreases
considerably under conditions above the design Mach number. In addition, the curve in
the subcritical condition exhibits a relatively large positive slope, indicating that the inlet
system has limited recovery capability when affected by downstream engine disturbances.
As the mass-flow coefficient decreases, the spillage flow increases, resulting in an increase
in inlet drag. When the shock is initially expelled from the cowl lip, the inlet experiences
both supersonic additive drag and subsonic additive drag. As the mass-flow coefficient
decreases further, only subsonic additive drag remains, and, therefore, the rate of drag
increase becomes less pronounced. Figure 11 shows the relationship between the outlet
mass-flow function and the inlet flow coefficient.
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Figure 9. Inlet total pressure recovery versus inlet mass-flow coefficient (a) and outlet flow function (b).
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Figure 10. Inlet drag coefficient versus inlet mass-flow coefficient (a) and outlet flow function (b).
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Figure 11. Outlet flow function versus inlet mass-flow coefficient.

3.2. Analysis of Wind-Tunnel Test Results for Buzz Characteristics

Figure 12 presents the fluctuating-pressure monitoring results of the inlet at a Mach
number of 1.8 and angles of attack of 2°, 3°, and 4°. It is observed that at an angle of
attack of 4° and a throttling ratio of 0.4, significant pressure oscillations appear at the inlet,
whereas no obvious oscillations are detected at the outlet. As the throttling level increases,
severe pressure oscillations develop at the outlet. At an angle of attack of 3° and a throttling
ratio of 0.35, pressure oscillations begin to appear at the inlet. During the subsequent
throttling process over a wide range, the inlet continues to exhibit oscillations, while no
significant oscillation is observed at the outlet except for a relatively large amplitude at
T.R. = 0.2. Figure 13 shows schlieren images obtained at the maximum throttling condition
for angles of attack of 3° and 4° at Ma = 1.8. It can be seen that under the maximum
throttling condition, large shock oscillations near the inlet entrance are clearly captured in
both cases. These results indicate that the buzz margin is highly sensitive to variations in
angle of attack. Pressure oscillations occur earlier at the inlet than at the outlet, whereas the
oscillation amplitude at the outlet is considerably larger than that at the inlet.
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e b b b by b O_IlllllllllllllllllllllIlllIJI
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(@ (b)

Figure 12. Monitoring of pressure oscillations (M = 1.8, a = 2°~4°): (a) pressure signal at measurement
point P5 on the inlet bump compression surface; (b) pressure signal at measurement point P1 at the
outlet AIP.

The outlet AIP pressure signal was used as the reference signal for identifying the
dominant buzz frequency. Figures 14 and 15 present the PSD of the pressure signals
measured at the inlet monitoring points under different angles of attack and the frequency
spectra at different throttling stages for the 4° angle-of-attack case, respectively. The results
show that the fundamental frequency of the buzz flow field is approximately 60-70 Hz. In
addition, multiple harmonic bands are observed at the inlet, whereas the outlet spectrum
is primarily dominated by the fundamental frequency. This indicates that the frequency
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components and underlying flow mechanisms at the inlet are more complex, while the
oscillation mode at the outlet is relatively simple.

(@) (b)

Figure 13. Experimental schlieren images at different angles of attack for Ma = 1.8: (a) maximum
throttling condition at an angle of attack of 3°; (b) maximum throttling condition at an angle of attack

of 4°.
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Figure 14. Power spectral density: (a) measurement point P5 on the inlet bump compression surface;
(b) measurement point P1 at the outlet AIP plane.
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Figure 15. Frequency spectra at different throttling stages under a 4° angle of attack: (a) inlet pressure
tap p5; (b) outlet pressure tap pl.
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3.3. Analysis of Buzz Characteristic Simulation Results

A typical buzz state of the dorsal bump inlet was observed at a freestream Mach
number of 1.8 and an angle of attack of 4°. Figure 16 presents a qualitative comparison
between experimental schlieren images and numerical flow fields. The predicted dominant
frequency of 71 Hz is close to the measured value of 66 Hz, indicating that the present
numerical method reasonably captures the dominant unsteady buzz behavior of the inlet.

Figure 16. Comparison of experimental schlieren images and numerical flow fields at the inlet
entrance under a 4° angle of attack.

A further analysis was conducted on the buzz state at a 4° angle of attack. Figure 17
presents the travel distance of the shock wave during one buzz cycle of the inlet. As shown
in the figure, the shock wave exhibits a significant travel distance during the flow field
oscillation process. When the shock wave moves away from the lip, a substantial reverse
flow appears at the entrance to release the high pressure accumulated downstream. At this
moment, air is expelled outward from both the inlet entrance and exit, which consequently
reduces the back-pressure at the rear of the internal duct to a relatively low trough. The
shock wave then retreats to a supercritical state, and the duct re-pressurizes, entering the
next oscillation cycle.

Figure 17. Time-resolved evolution of the shock-system excursion during one complete buzz cycle
of the inlet. The eight snapshots correspond to t/T = 0,1/8,2/8,3/8,1/2,5/8,6/8, and 7/8,
respectively, where T is the buzz period. The snapshots are arranged in chronological order from top
to bottom and from left to right.

https://doi.org/10.3390/aerospace13070631


https://doi.org/10.3390/aerospace13070631

Aerospace 2026, 13, 631

16 of 20

The compression
on the left side of the bump
is constantly covered by a
large separation zone

1/2T7

There is a significant
reverse flow at the left lip of
the bump inlet, with a
locally high Mach number

Figure 18 presents the spanwise slices of the inlet buzz flow field. Due to the asymmet-
ric configuration of the bump, significant differences are observed in the flow fields across
different spanwise slices. On the lower side of the asymmetric bump inlet in the spanwise
direction, owing to the accumulation of low-energy flow and weaker local back-pressure
tolerance, a large separation zone or reverse flow persistently exists on the bump surface of
the lower side throughout a buzz cycle. Consequently, the flow field oscillation is primarily
dominated by the periodic ingestion and expulsion of the shock system on the spanwise
side with stronger back-pressure tolerance. At time 0T, the flow field slice on the right side
of the bump indicates that the local flow is in a near-critical state. At 1/4T, the separation
zone on the lower side of the bump spreads toward the right side, gradually blocking
the entrance, and the right-side flow field enters a subcritical state. At 1/2T, a substantial
reverse flow exists at the left cowl lip of the bump inlet, with a relatively high local Mach
number. At 3/4T, the right-side flow field is the first to recover to a near-critical state.

surface The separation zone on the lest side

of the bump spreads to the right,
gradually blocking the inlet

Figure 18. Spanwise slices of the inlet buzz flow field.

Since the shock-system ingestion and expulsion on the higher side dominates the buzz
flow field, the second flow field slice from the right in the spanwise direction is extracted.
Based on the more refined numerical schlieren flow field structures, an analysis of the buzz
mechanism of the bump inlet is conducted. As shown in Figure 19, the buzz cycle begins
with the pressurization process within the duct. When the back-pressure is relatively low,
the cowl lip reflected shock wave is distinct, and shock wave reflection phenomena are
also observed inside the duct. As the downstream back-pressure increases, the terminal
shock wave is pushed upstream and gradually merges with the cowl lip shock wave into
a single shock wave. Separation begins to appear on the leeward side of the bump, and
the inlet is in a near-critical state at this stage. When the back-pressure continues to rise,
the separation zone on the leeward side and that spreading in the spanwise direction are
pushed to the bump crest. Simultaneously, a strong shear layer is generated, rolling up into
complex vortex structures. The gradual accumulation and elevation of the separation zone
lead to inlet blockage. When the downstream pressure accumulates to a peak value, the
excessive mass-flow within the duct is released upstream, manifested as a large reverse
flow that pushes open the separation zone on the lower surface and spills over from the

https://doi.org/10.3390/aerospace13070631


https://doi.org/10.3390/aerospace13070631

Aerospace 2026, 13, 631

17 of 20

inner wall of the upper cowl lip. As the inlet is blocked by the separation zone, the pressure
within the duct decreases due to the slow discharge of mass-flow from the exit, until
the pressure inside the duct falls below the pressure at the upstream inlet and gradually
reaches a pressure trough. Thereafter, the separation zone is swallowed downstream into
the duct, and the weak shear layer begins to descend from a position close to the inner
wall of the cowl lip and gradually moves away from the lip. The inlet is no longer blocked,
and a new round of pressurization begins at the exit. In the aforementioned process, the
establishment of the buzz cycle is closely related to the spanwise spreading, accumulation,
and scavenging of the bump separation zone. The processes of inlet blockage and recovery
are accompanied by the appearance of strong and weak shear layers.

Low backpressure, shock Increased backpressure pushed
wave retreats downstream Shock wave reflection the terminal shock unstream

Cowl shock wave

Terminal shock wave

The terminal shock

and cowl shock merge
into a single wave Strong shear layer flow field

Near critical state
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=)
Figure 19. Numerical schlieren images of flow field slices during one buzz cycle.

4. Conclusions

Three-dimensional unsteady simulations and wind-tunnel tests were conducted to
investigate the buzz evolution of a dorsal supersonic bump inlet for a flying-wing configu-
ration. The main conclusions are summarized as follows:

(1) The dorsal bump inlet exhibits relatively high total pressure recovery at the design
Mach number and under flight conditions below the design Mach number, whereas
the total pressure recovery decreases considerably under conditions exceeding the
design Mach number. Moreover, the curve in the subcritical state displays a significant
positive slope, indicating that the recovery capability of the inlet system is limited
when subjected to downstream engine disturbances. The dorsal bump inlet possesses
a relatively wide buzz margin at a 0° angle of attack; even under a considerable degree
of downstream throttling, the shock wave can remain stabilized on the bump surface,
and the disturbance exhibits an amplitude attenuation trend;
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(2) The buzz margin of the dorsal bump inlet decreases significantly at high angles of
attack. The flow field exhibits pronounced three-dimensional characteristics, and
the oscillatory flow field is dominated by the periodic shock-system ingestion and
expulsion on the side with higher spanwise back-pressure tolerance. The establish-
ment of the buzz cycle is closely related to the spanwise spreading, accumulation,
and scavenging of the bump separation zone. The processes of inlet blockage and
recovery are accompanied by the appearance of strong and weak shear layers. The
dominant buzz frequency predicted by the simulation is 71 Hz, which agrees well
with the experimentally measured dominant frequency of 66 Hz, demonstrating that
the present numerical method can capture the dominant unsteady oscillation of the
dorsal bump inlet.

The present findings have practical implications for the design and stability assessment
of supersonic inlet systems integrated with flying-wing configurations. The revealed
relationship among angle of attack, downstream throttling, shock-system motion, and
pressure oscillation can provide guidance for identifying safe operating boundaries and
avoiding buzz-induced inlet instability. In particular, the understanding of spanwise
separation development and shock-system ingestion/expulsion may be useful for the
design of three-dimensional bump inlets with improved back-pressure tolerance. The
results can also support the development of passive or active flow-control strategies, such
as boundary-layer bleed, local blowing, or geometric optimization of the bump and cowl
lip, to suppress large-amplitude buzz oscillations.

Future work will focus on extending the present study to a wider range of Mach
numbers, angles of attack, and throttling conditions, as well as considering more realistic
inlet-engine coupling effects. Higher-fidelity turbulence-resolving simulations and addi-
tional wind-tunnel measurements will also be carried out to further clarify the detailed
three-dimensional separated-flow structures during buzz. In addition, optimization and
control methods will be investigated to improve the stable operating margin of dorsal
bump inlets under off-design conditions.
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The following abbreviations are used in this manuscript:

PSD Power Spectral Density

NS Navier-Stokes

DDES Delayed Detached Eddy Simulation
POD Proper Orthogonal Decomposition
AIP Aerodynamic Interface Plane

TR. Throttling Ratio

SA Spalart-Allmaras

URANS  Unsteady Reynolds-Averaged Navier-Stokes
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