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Abstract: High-speed air intakes often exhibit intricate flow patterns, with a specific type of flow
instability known as ’buzz’, characterized by unsteady shock oscillations at the inlet. This paper
presents a comprehensive review of prior research, focused on unraveling the mechanisms that
trigger buzz and its implications for engine stability and performance. The literature survey delves
into studies concerning complex-shaped diffusers and isolators, offering a thorough examination
of flow aerodynamics in unstable environments. Furthermore, this paper provides an overview of
contemporary techniques for mitigating flow instability through both active and passive flow control
methods. These techniques encompass boundary layer bleeding, the application of vortex generators,
and strategies involving mass injection and energy deposition. The study concludes by discussing
future prospects in the domain of engine-intake aerodynamic compatibility. This work serves as a
valuable resource for researchers and engineers striving to address and understand the complexities
of high-speed air induction systems.

Keywords: high-speed intake; buzz; flow unstart; unsteady flow; flow distortion; boundary layer
control; intake-engine integration

1. Introduction

Air induction systems (AIS), also commonly known as intakes or inlets, are critical
parts in propulsion system integration and play a key role to an efficient engine operation.
Air intakes supply the required amount of airflow to the engine and ensure that the air
at the face of the compressor is uniformly distributed. Compatibility between the AIS
and the propulsion system across the required operating range of the air vehicle is a key
factor in ensuring a good engine performance and operability. The airflow reaching the
engine face must have optimum levels of pressure, temperature, and velocity to ensure
good engine performance and stability. The mass flow requirement can vary across a flight
envelope, so the intake must adapt to the engine’s needs and have the flexibility to operate
in different flight speed regimes, aircraft thrust requirements, and onset flow characteristics.
For example, subsonic transport spends most of its flying time at a specific altitude and
cruising speed at subsonic speed, making the intake-engine matching relatively more simple
compared to aircraft with multi-mission capabilities [1]. The latter requires a more complex
air induction system with a wider operating range compared to the subsonic transport.

The intake must decelerate the incoming flow to a subsonic speed prior to delivering it
to the engine. This compression occurs either through a normal shock or a series of oblique
shocks. Supersonic intakes are divided into three categories depending on the location of
supersonic diffusion (see Figure 1). In external compression intakes, the diffusion occurs
with a series of oblique shock waves followed by a normal shock external to the duct.
In internal compression intakes, the diffusion occurs through a series of oblique shock
waves followed by a normal shock, within the duct, while in a mixed compression intake,
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the diffusion occurs partly within the duct. Details about these three distinct types of
intakes have been previously provided in numerous past works; the reader is referred
to [2–4].

(a) External compression intake

(b) Internal compression intake

(c) Mixed compression intake

Figure 1. Schematic of a supersonic flow pattern in (a) external, (b) internal, and (c) mixed compres-
sion intakes.

As flight conditions vary, the intake should be able to deliver the required flow
uniformity conditions at the engine face. For the design Mach number, the intake is said to
operate at a critical condition when the normal shock is very near or attached to the cowl lip.
The flow ratio, A∞/Ac, in this case, is at or near its maximum value of (A∞/Ac)max = 1.0.
In this case, the engine utilizes the ingested captured mass flow. For the case where the
normal shock is drawn within the diffuser, this region of operation is termed supercritical.
In this operating condition, the pressure recovery reduces without increasing the absolute
airflow rate above the critical value. If the freestream flow area A∞ is less than the intake
captured area Ac, the normal shock lies upstream of the cowl lip. This is known as the
subcritical operation. The different modes of operation are graphically shown in Figure 2,
which summarizes the operating conditions of an external compression intake across the
range of flow ratios. This is where the intake-engine matching is of critical importance
since the intake must be able to provide sufficient pressure recovery and flow uniformity at
supersonic off-design conditions, keeping losses to a minimum.
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Figure 2. Operating range of a supersonic, external compression intake. (OS: oblique shock, NS: nor-
mal shock, Ac: capture flow area, A∞: freestream flow area).

When the intake operates under extremely subcritical conditions outside its established
operational boundaries, there is a significant degradation in flow quality, which poses chal-
lenges to the overall intake operation. The quality of the flow at an engine face is generally
characterized by the uniformity of the total pressure profile and the angularity of the velocity
field expressed as the distribution of the swirl angle across the plane [5–8]. External compres-
sion supersonic intakes typically show acceptable performance near and around the critical
point but may exhibit various instabilities when operating under subcritical conditions. When
the mass flow ratio is significantly reduced, the intake is choked, and the shock system is
expelled out along with flow spillage, causing the intake to operate in the so-called “unstart
mode”. An intake can unstart for several reasons, for example, due to the over-contraction
of the captured stream tube, off-design angle of attack, back pressure variation, and pertur-
bations in the combustor. Intake unstarting has been investigated in the past by numerous
researchers [9–15]. The intake starting ability is typically evaluated using the Kantrowitz and
isentropic limits, both of which indicate that it depends on the internal contraction ratio [16,17].
Timofeev et al. [10] summarized various starting techniques in high-contraction high-speed
intakes involving overboard spillage and wall perforations, and proposed new approaches
using unsteady effects. Instabilities can potentially occur in the form of a self-sustained oscilla-
tion of the shock system attached at the supersonic entry of the intake. The shock system is
alternately swallowed and expelled by the inlet. At a critically low mass flow ratio, strong,
unsteady shock oscillations may develop. These oscillations have the potential to deteriorate
the pressure recovery and induce significant flow distortion at the engine face, which can
prove detrimental to the engine’s performance. This phenomenon is commonly known as
“buzz” and was first observed and analytically described by Oswattisch [18] in the 1940s.

Flow unsteadiness and distortion present in an intake can penalize the propulsion
system efficiency, operability, and stability margins of the engine. Flow distortion refers to
the non-uniformity of the flow upstream an aero-engine and typically arises from the design
of the airframe and propulsion systems, or during flight maneuvers, crosswind, and flight
at high angles of attack. High-speed intakes operating at off-design conditions may face
shock-induced separation, lip separation, and secondary internal flows contributing to
flow distortion. This promotes fluctuations in the total pressure, temperature, and velocity,
which can adversely affect the engine, potentially leading to compressor stall or, in more
severe cases, engine surge [19,20]. Total pressure fluctuations generated in supersonic
intakes could also limit its compatibility with a turbo-engine of a propulsion system.
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Therefore, it is of paramount importance to study and characterize the complex unsteady
distorted patterns produced at the aerodynamic interface plane (AIP), that is the interface
between the incoming airflow and the engine face. Flow distortion can be classified into
three categories: total pressure, total temperature, and swirl distortion [6–8]. Previous work
related to the flow behavior in subsonic convoluted diffusers during unsteady operations
demonstrate that the engine’s performance and stability are significantly impacted by the
distorted flow [21–24]. The total pressure distortion descriptors were once considered
an acceptable representation of the flow field, but evidently, even with a benign total
pressure distortion profile, the swirl composition of the flow field could show significant
asymmetries [25]. Depending on the distribution of the swirl angle and the swirl pattern
portrayed, the effect on the turbo-machinery aerodynamics may differ [26].

Conventional assessments of supersonic intakes typically considered two types of swirl
distortion: paired swirl and bulk swirl [8]. The intake geometry greatly influences the swirl
distortion levels, as highly-offset convoluted intakes typically exhibit greater distortions
than low-offset ducts [27]. The study of intake swirl is of paramount importance due to
its role as a significant disturbance parameter, which can potentially lead to substantial
challenges in ensuring compatibility between the engine and the intake system. This
compatibility issue becomes especially critical when considering the intricacies of engine
fan operation, where the effects of intake swirl can have pronounced repercussions on
the overall performance and efficiency. This phenomenon has been evident in several
historical case studies involving a range of aircraft turbine engine applications. An example
case involved the Tornado twin-engine aircraft, where during the early intake-model
testing, while the full-scale tests did not show evidence of intake-engine compatibility
issues, the prototype flight testing resulted in engine surges at subsonic and supersonic
flight speeds [8]. The compatibility between the intake and the propulsion system is,
therefore, vital when dealing with such a wide range of operating conditions. Therefore,
a comprehensive understanding of intake swirl is essential in addressing and mitigating
the potential issues that may arise during engine fan operation within the broader context
of propulsion system optimization and reliability.

The significance of compatibility considerations becomes increasingly pronounced
when delving into the realm of cutting-edge designs for the future. This is particularly
evident in scenarios where the propulsion system is integrated into the airframe (Figure 3).
The seamless integration of these essential components not only marks a departure from
conventional aircraft configurations but also introduces a set of challenges, with a focal
point on the inter-relationship between the propulsion system and the airframe. The core of
the matter lies in the fact that this airframe/engine coupling complicates significantly the
characteristics of the incoming airflow, and in turn, promotes the development of inlet flow
distortion. Flow distortion occurs when the air entering the propulsion system encounters
disruptions due to the complex geometries and interactions within the integrated design.
These disruptions can manifest as variations in pressure, temperature, and velocity across
different regions of the airflow. Understanding and managing flow distortion is paramount
as it directly influences the efficiency and performance of the propulsion system. Distorted
airflow can lead to uneven pressure distributions, affecting the engine’s combustion process
and subsequently impacting thrust generation. The intricate coupling of the propulsion
system with the airframe demands a holistic approach to design and engineering to ensure
both components function synergistically without compromising safety or performance.
The delicate balance between propulsion integration and flow dynamics becomes a critical
aspect of the overall design philosophy. Addressing these challenges is pivotal, for the
successful realization of aircraft designs.
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Figure 3. NASA concepts of future supersonic airliners. Source: Images from the internet https:
//www.nasa.gov/image-article/an-iconic-idea/ (accessed on 1 September 2023). https://www.
nasa.gov/centers-and-facilities/armstrong/nasa-marks-continued-progress-on-x-59/ (accessed on 1
September 2023).

This paper offers a holistic perspective on the challenges posed by aerodynamic in-
stabilities associated with off-design conditions in high-speed intakes, covering a wide
range of relevant topics. The discussion encompasses a detailed exploration of supersonic
and hypersonic intake buzz, with an extensive review of relevant literature. Addition-
ally, the paper delves into the study of flow unsteadiness in isolators and the dynamic
distortion experienced in convoluted intakes to draw information on the flow topology
and behavior downstream of the shock system oscillations, and similarly, on how dynamic
distortion can affect the engine’s operability. Furthermore, the paper addresses the impact
of operating conditions on intake buzz and explores strategies for mitigating the unsteady
flow operation. The last part of the paper concludes with recommendations for future
research endeavors aimed at advancing our understanding of unsteady high-speed intake
flow behavior. More specifically, it focuses on the role of small-scale experimental test rigs
that have been previously shown as an effort to characterize these instabilities. Small-scale
testing, at an early stage of the intake-engine integration process, was found able to provide
insights into engine-intake compatibility in a more cost-effective way than full-scale wind-
tunnel campaigns. A few of these test rigs have previously been reported; however, none of
these fulfilled their initial design intent due to operational complexities that limited either
the achievable operating range of the test model or the representativeness of the model’s

https://www.nasa.gov/image-article/an-iconic-idea/
https://www.nasa.gov/image-article/an-iconic-idea/
https://www.nasa.gov/centers-and-facilities/armstrong/nasa-marks-continued-progress-on-x-59/
https://www.nasa.gov/centers-and-facilities/armstrong/nasa-marks-continued-progress-on-x-59/
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aerodynamics due to working section wall interference [28–30]. As such, a bespoke capa-
bility is still required to reproduce and characterize as faithfully as possible the unsteady
distortions in supersonic intakes, the interactions with the diffuser flow upstream of the
propulsion system, and to establish methods to aid the design and integration of future
propulsion systems.

2. Flow Instabilities in Air Induction Systems
2.1. Physics and Characterization of Intake Buzz

Intake buzz became a topic of interest for the scientific community in the 1950s,
mostly in relation to applications on ramjets with axisymmetric and conical center bodies.
Over time, the research on the supersonic buzz phenomenon has focused on three different
(but highly linked) areas: (a) detection of the trigger mechanisms, (b) analysis of pertinent
unsteady flow characteristics, and (c) investigation into several approaches to suppress
or prevent its detrimental influence to engine stability and performance. However, there
is very little work shown in the area of linking buzz-related unsteadiness to the dynamic
distortions encountered at the engine face. Hence, the previously described requirement of
small-scale testing focused on characterizing the nature of a buzzing air intake in relation
to unsteady inlet flow distortion at the engine face.

Initially, the main point of interest was understanding the triggering mechanism of
buzz and its origin. The two main types of shock instability were observed by Ferri and
Nucci [31] and Dailey [32]. Ferri and Nucci [31] performed a series of experimental tests
to obtain the optimum pressure recovery for low-drag inlets in the range of onset Mach
numbers between 2.45 and 3.30. They concluded that frontal shock fluctuations and internal
mass flow variations occur in the presence of vortex shedding moving to the lower cowl lip
surface. This phenomenon stems from the collision between the reflected oblique shock
and the normal shock. Also, these oscillations happen only when the internal flow is fully
subsonic, and disturbances are transmitted upstream. This occurrence is now commonly
referred to as the Ferri criterion [31]. Later on, Fisher [33] studied the Ferri criterion and
elaborated further on the connection between the shock unsteadiness and the severity of
the shear zone, in terms of the total pressure gradient across the zone. According to Fisher,
a change in total pressure across the shear zone may cause instability if the ratio between
the total pressure differential across the shear zone to the freestream total pressure is at least
7%. The Dailey criterion was first introduced in 1954 [32], and as Ferri suggested, buzz also
begins when the steady subcritical operation is interrupted by the choking of the inlet. Only
the trigger of buzz is now related to the flow separation over the compression surface due
to the interaction between the normal shock and the boundary layer. Figure 4 depicts the
two known triggering mechanisms of buzz, the Ferri and Dailey criterion, as represented
in the later work by Jungclaus [34] and Fisher and Neale [33].

(a) Ferri criterion (b) Dailey criterion

Figure 4. Shock system and associated flow topologies at buzz as described by (a) Ferri and (b) Dailey
criteria. (OS: oblique shock, TP: triple point, BS: bow shock, SS: separation shock, SBLI: shock
boundary layer interaction).

Orlin and Dunsworth [35] focused on the relationship between the variation in intake
static pressure and mass flow ratio. Their study revealed that shock unsteadiness resulted
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when the slope of the static pressure characteristic at the intake entrance changed from
negative to positive with a reduction in flow ratio. This phenomenon is commonly referred
to as the pressure slope criterion. In other words, the flow remains stable when the static
pressure slope remains positive, regardless of the ingestion of the vortex sheet, otherwise, a
negative static pressure slope implies the risk of instability below a certain mass flow rate.

Currently, it is generally accepted that two types of intake buzz exist, known as “little
buzz” and “big buzz”. Little buzz is typically described by the Ferri criterion, while big buzz
is typically described by the Dailey criterion. With a gradual reduction in mass flow, low
amplitude oscillation, the so-called little buzz, occurs. Little buzz involves a shear zone
formed due to the intersection of the lambda foot of the normal shock, having a steep total
pressure gradient across its width. When in contact with or close to the cowl lip, this can
cause flow instability. With further reduction of the mass flow, larger amplitude oscillations
occur, the so-called big buzz [33]. This phenomenon is characterized by a wider range of
shock movement, a shock expulsion at the entrance of the intake and repositioning of the
shock system, followed by swallowing of the shock in the intake, as the flow attempts to
restore the initial shock system by adjusting the pressure field. Isolated cycle oscillations
are encountered during the big buzz. In the study of Soltani et al. [36], the position of
the shock system over the duration of a full big buzz cycle was shown upstream of an
axisymmetric supersonic intake via a sequence of Schlieren images.

Although numerous researchers have delved into the phenomenon of buzz, a compre-
hensive and satisfactory definition of the buzz flow characteristics over a complete buzz
cycle remains elusive. Instead, various studies have offered fragmented descriptions of the
flow behavior and shock movements observed in their respective investigations. Soltani
and Younsi [37] were the first to provide a thorough buzz cycle description observed at
M∞ = 1.8 for a mixed compression intake. As quoted in Soltani’s work: “The cycle begins
when the normal shock stands at its closest distance to the throat, with high-pressure flow within the
intake pushing the normal shock to move forward. The separation region and flow spillage around the
cowl lip increases when the normal shock moves upstream, while the intake mass flow rate and total
pressure decrease. As the normal shock is at its most upstream position, it coincides with the conical
shock which strengthens the shock. A large separation behind the shockwave that covers the entire
intake flow field appears for a short time and the intake mass flow rate is now at its minimum value.
The small mass flow rate and low static pressure inside the intake lead to swallowing of the separated
flow inside the intake causing the shock to move downstream. The normal shock is now weakened
and returns to its original position, while the intake mass flow rate and total pressure reach again
their maximum values”. Abedy et al. [38] recently described a slightly different buzz cycle,
which is shown in Figure 5. The cycle again begins with the normal shock being the closest
to the throat, and due to the high back pressure, the normal shock is pushed upstream
with a large separation inside the diffuser that effectively chokes the intake entrance area.
Due to the adverse pressure gradient, the shock system is now swallowed back inside the
intake, steering the intake into a supercritical operation. Compression waves are reflected
upstream, and when combined, they form a system of two oblique shocks and a terminal
normal shock. A similar shock structure now appears in the transonic throat too due to the
downstream low-pressure field. Finally, the two systems are merged downstream of the
throat and the shock system returns to its original subcritical position.

Most of the research studies on intake buzz were initially carried out experimentally,
with the first numerical study computed by Newsome [39] in 1984, who solved the unsteady
Reynolds-average Navier–Stokes equations and McCormack’s explicit finite difference
algorithm using an external compression axisymmetric intake. Buzz was numerically
computed only at the subcritical regime, with a throttle ratio equal to zero, which is the
ratio between the cross-sectional area at the diffuser exit station and the cross-sectional
area at the cowl lip. The calculated dominant frequency corresponded to the theoretical
fundamental mode predicted by a simple wave propagation model. However, when
compared to the experimental data, the dominant frequency obtained was almost three
times smaller.
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Figure 5. Flow field oscillations during a buzz cycle at M∞ = 2.0, obtained by Abedy et al. [38] Image
reproduced with permission by the Elsevier Masson SAS .

Lu and Jain [40] simulated the big buzz with inviscid and viscous wall boundary con-
ditions, but the inviscid case was unsuccessful, emphasizing the importance on viscosity in
the generation of such flow behavior. The frequency obtained from the viscous case was in
good agreement with the experimental data, with a difference of about 10%. The impor-
tance of viscous effects was also outlined by Fujimoto et al. [41], who used an Euler solution
to verify a mixed compression intake designed using the method of characteristics. While
the study did not focus on self-sustained oscillations, it revealed the limitations of Euler
analysis, where the flow pattern is significantly altered due to viscous effects. In detail,
the Euler solution agreed well with the method of characteristics; however, the viscous
solution showed a strong SBLI, causing the intake to ’unstart’ unless substantial boundary
layer bleed was implemented. Fujiwara et al. [42] performed unsteady 2D simulations
in an external compression intake with a transitioning duct, from a rectangular to circular
cross-section area, using Navier–Stokes equations and the k-ϵ turbulence model. The
authors successfully captured the shock oscillation and obtained a good frequency value
agreement of the time-averaged captured mass flow ratio with experimental data, with
about a 15% difference. Moreover, 2D inviscid simulations were also performed, and shock
oscillations were observed for the case of Mach = 2 with a contraction rate below 0.56.
Hong and Kim [43] also performed viscous and inviscid simulations to study intake buzz
characteristics, and while both cases captured the buzz phenomenon, the inviscid case
yielded about 4% lower frequency compared to the experimental data and about 6% lower
frequency than the viscous case. This was mainly because, in the viscous case, the vortex
at the outer cowl lip experienced a short movement, which triggered pressure waves that
were reflected downstream.
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Trapier et al. [44], conducted a numerical simulation of a 3D rectangular mixed com-
pression intake, using the delayed detached eddy simulation (DDES) method. The study
proves that the buzz prediction using DDES compared to URANS simulations is more accu-
rate, with URANS slightly underpredicting the spectra at high frequencies. The frequency
of little buzz in the DDES simulation is slightly lower at 17 Hz, compared to 18 Hz in the
experiment, while the amplitude of oscillations is higher in the DDES signal. Capturing
intake buzz accurately through numerical computation has always been challenging due to
the complex flow phenomena experienced by the intake. Numerical computations have
evolved over the years, and despite existing limitations, they emerge as a promising tool in
further investigating and understanding unsteady intakes.

The main aspects of high-performance intake design include its geometric configura-
tion, such as the size, shape, and design of the cowl lip, compression ramps, and boundary
layer control. These aspects can significantly impact the overall intake performance, and
flow behavior can vary depending on the intake’s characteristics. Several studies have
explored design optimization [45–47], while others have investigated how various intake
configurations perform at off-design conditions or how different flow control methods can
be used to prevent flow unsteadiness. These studies share a common goal: to widen the
operational range and increase the efficiency of high-speed intakes.

One of the early signs of flow unsteadiness observed during self-excited shock oscilla-
tions is the disturbance in the frequency and amplitude of the shock oscillations. Initially,
it was perceived that the origin or the triggering mechanism of the flow unsteadiness
determined the frequency and amplitude of the oscillation. For instance, it was observed
that little buzz generally had a lower amplitude than big buzz, and both were emitted at a
similar frequency [33]. However, it then became evident that the origin of the unsteadiness
was not the only factor affecting intake buzz characteristics. Buzz characteristics can be
influenced by various factors, including the intake geometry configuration, throttling ratio,
Mach number, and angle of attack. These factors seem to influence the behavior of the shock
system. This section reviews several research studies reporting the oscillating frequency of
an unsteady shock system observed in high-speed intakes.

Extensive experimental research has been conducted by Trapier et al. [48] on intake
buzz, using a mixed-compression intake with a rectangular entry. In contrast to Fisher [33],
Trapier reported that a buzz of higher frequency is triggered by the Ferri criterion, and it is
thought to relate to an acoustic resonance phenomenon, while a lower frequency buzz is
associated with the Dailey criterion. The frequency of little buzz for this particular case
was found to be in the range of 120–140 Hz, while the frequency range of big buzz is
between 12 and 20 Hz, depending on the freestream Mach number, which in this study
varied between 1.8 and 3. The work indicated that the freestream Mach number influences
the oscillation frequency. The effects of operating conditions will be discussed further
in Section 2.2.

Another study by Trapier [49], at an onset Mach number of 2, reported a high fre-
quency of 124 Hz with low amplitude for little buzz, and a low frequency of 18 Hz with
high-amplitude oscillations for big buzz. In contrast, Nagashima [50], reported little and big
buzz at low and high frequencies but similar amplitude oscillations for M∞ = 2. The first
obvious difference between these studies is the geometric configuration. Indeed, Dai-
ley [32] demonstrated that the geometrical specification of the intake can influence its
buzz characteristics and a correlation between the oscillation frequency and the diffuser
length was found. The author noted that longer diffusers have a lower frequency, and the
resonance frequency is influenced by the vortex shedding from the cowl lip. In agreement,
Nishizawa [51] noted that the high-frequency component disappears in the case of an
extended diffuser, illustrating that flow behavior may vary with different configurations
and flow conditions.

Another design component with a major influence on intake performance and control-
ling off-design spillage is the cowl lip, especially its deflection angle and bluntness. With
a small cowl deflection, the shock can be weakened, and the flow separation suppressed,
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possibly improving intake performance [52]. The design optimization of the cowl lip is
more commonly investigated in steady flows, and any alterations can notably influence
cowl drag, mass-capture, heat loads, and total pressure recovery [9,46,47,53–56]. While
Fisher [33] discussed various oscillation amplitudes with varying cowl lip positions dur-
ing intake buzz, Shi et al. [57] described the buzz evolution process influenced by the
translation of the cowl. This study was conducted with onset Mach numbers of 4.5 and 5.
According to the study, the oscillation frequencies are greatly influenced by the translation
velocity and direction of movement, while the migration of separation is very sensitive to
changes in the cowl lip position. It should be noted that at higher translating velocities, the
mass capture capability variation is more significant, yielding an increase in the peak fre-
quency, but the amplitude and range of the oscillation are reduced, enhancing the intake’s
stability. Interestingly, the study revealed the possibility of suppressing shock oscillation
and improving intake stability by finding the optimum translating cowl velocity.

Looking more closely at the shock intersection structure and location, Herrmann et al. [58]
studied the self-sustained shock oscillations for M∞ = 2.5, with the intersection of the two
shocks taking place over the cowl tip. No buzz associated with Ferris criterion was reported
for the 0◦ angle of attack. Similarly, Abedi et al. [38] conducted a numerical study on an
axisymmetric intake with L/D = 3.4, at M = 2 at EBR = 70%, where the exit blockage ratio
(EBR) was the ratio of the intake exit section height blocked by the plug to the total height of
the exit section. The λ-shock was further upstream, at a lower vertical height. Even though
there was a short pressure fluctuation and corresponding limited shock movement on the
ramp, there was no presence of the vortex sheet originating from the oblique–normal shock
intersection and, therefore, little buzz was not reported. Interestingly, some studies have
reported that little buzz is associated with oscillations confined to a narrow region of the ramp,
while big buzz involves more violent oscillations covering a larger area of the compression
surface [36,37]. Abedi et al. [38] noticed a narrow shock movement on the ramp but did not
categorize it as little buzz. They explained that the reduction in flow from the intake exit,
eliminates the need for reverse flow spillage from the cowl lip, thus limiting the shock wave
movement. More studies on hypersonic intakes have noted a narrow shock movement at the
ramp tip at low throttle ratios but also observed a certain non-oscillatory intermittence during
big buzz, despite its violent oscillatory feature [59,60].

In the experimental study [37] that was compared in Abedi’s study [38], the resulting
vortex sheet from the shock interaction was not present at EBR = 70%, but the study
suggested that the collision of the ramp separation shear layer region with the internal
surface of the cowl can trigger both Ferri and Dailey instabilities. This suggestion was
reiterated in a different study by the same author [61]. However, an experimental study [36]
on a similar axisymmetric intake with an L/D = 4.8 operating at M = 2.5 and a slightly lower
mass flow ratio of 62.9% shows the vortex sheet originating from the shock intersection.
The cause of this inconsistency remains uncertain; however, it is evident that there are
disparities in the mass flow ratio and Mach number between the two studies. These
differences have the potential to impact the flow characteristics.

It has been observed that little buzz usually exhibits a vortex sheet originating from
the interaction of the oblique and normal shock. However, a few recent studies suggest
that little buzz, of low-frequency perturbations, can also exist when the shear layer from
the separation at the compression surface is large enough to hit the inner cowl surface. This
is most common in high throttle ratios. Hong and Kim [43] replicated Nagashima’s [50]
results in a numerical computation and identified the presence of four types of vortices
generated in the throat, inner cowl, compression surface, and outer cowl that coexist at
TR = 1.14. This work suggests that little and big buzz can coexist in one buzz cycle.

Similarly, Soltani et al. [37] explained the sequence of one buzz cycle, illustrating that a
strong shockwave boundary layer interaction (SBLI) results in large flow separation where
the shear layer of the separation zone collides with the cowl lip’s inner surface and triggers
Ferri instabilities, suggesting that Ferri and Dailey instabilities can coexist (see Figure 6).
The coexistence of little and big buzz was previously noted by Soltani and Farahani [62],



Aerospace 2024, 11, 75 11 of 50

who noticed highly energetic oscillation at M∞ = 2.2 for a moderate mass flow, and named
it “added buzz”.

(a) t1

(b) t2

Figure 6. Shock system topology in relation to a supersonic entry at two different time instances
during a buzz cycle, at (a) t1: normal shock most downstream position and (b) t2: oblique shock most
upstream position, demonstrating the collision between the shear layer, resulting from substantial
separation, and the inner surface of the cowl.

This characteristic was also confirmed by Chen et al. [63], where the coexistence of
little and big buzz at a high TR in the range of 70–80% was also found; this phase was
named “mixed buzz”. The authors also illustrate that the shear layer related to little buzz
may have two possible origins, either from the ramp–normal shock interaction, or from the
separated–normal shock interaction. The little buzz shown in the current study, showing
similar behavior to previous studies [37,43], was found to be generated by the interaction
between the normal shock and the separated boundary layer on the compression surface,
with low-frequency fluctuations. However, the authors suggested that this phenomenon
relates to the Dailey and not the Ferri instability.

It appears that some studies distinguish between little and big buzz in terms of
amplification of frequency or amplitude, while others focus on the triggering mechanism.
Chen et al. [63] also suggested that little buzz should not be distinguished only by the
presence of the shear layer, since it has been observed that little and big buzz share a
common origin, but the differences lie in the amplification of the perturbations in frequency
and amplitude.

The following work by Chen et al [64] analyzed “mixed buzz” and suggested that
big buzz is not self-sustained at the beginning and transitions towards little buzz. This
transitioning process brings up several oscillation cycles with moderate amplitude, defined
as “medium buzz”. In contrast to big buzz, “medium buzz” is confined to a narrow region
near the ramp surface. A closer inspection indicates a blocking effect of the backflow,
causing the upper shear layer behind the bow shock to push downward, reduce the flow
area below, and restrain the expanding separation bubble. Therefore, “medium buzz”
is characterized by the terminal shock motion and the varying cowl-side backflow [65].
The authors conclude that the buzz flow diversity originates from the vertical division of
the shear layer originating from the SBLI and may potentially complicate the disturbance
feedback when buzz takes place.
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Fisher [33] suggested that little buzz is associated with lower amplitude oscillations
compared to big buzz, but both phenomena exhibit similar frequencies. However, recent
studies have demonstrated that little and big buzz have different couplings in terms of
frequency and amplitude. The diversities of the two trigger mechanisms of the buzz phe-
nomenon and the associated dominant frequencies are very clear in the existing literature.
Studies generally agree that the amplitude of little buzz is of smaller or similar magnitude
to big buzz, but the frequency shows a more diverse behavior.

The different explanations of the buzz cycle and oscillatory patterns observed during the
buzz phenomenon are equally important. While Soltani and Younsi [37] observe two phases
during the buzz cycle, the “subcritical” and “supercritical” operations, Trapier et al. [44]
refer to three phases, namely the “subcritical”, “secondary oscillation”, and “supercritical”.
Nakayama et al. [66], on the other hand, mentioned two phases, but classified them as
“supercritical” and “pseudo subcritical”. Lee and Jeung [67] referred to three phases during a
buzz cycle, namely “subcritical”, “reattachment”, and “restart”. The operation modes of buzz
were also recorded as “intermittent” and “continuous” buzz, while Fisher [33] distinguished
the oscillatory patterns into “little buzz” and “big buzz”. More recently, Chen et al. [63]
observed the so-called “mixed buzz”, while Soltani and Farahani [62] referred to the highly
energetic oscillatory pattern as “added buzz”. When the effect of the boundary layer bleed
was studied by Chen et al. [68], the authors reported a “mild buzz”. Further discussion on the
boundary layer bleed is found in Section 4.

In the literature, it is evident that the buzz phenomenon exhibits characteristics that
vary on a case-by-case basis. There could be several factors that could lead to these dis-
crepancies, one obvious factor being the geometry configuration design. Grossman and
Bruce [69,70] have shown that changing the aspect ratio (AR) in rectangular ducts can
influence the three-dimensionality of the flow field. In more detail, by increasing the AR,
the topology changes, which in turn leads to an increase in the extent of the shock-induced
boundary layer separation. The separation grows proportionally in the streamwise and
stream-normal directions. The geometry design can have a major impact on the flow
topology and overall SBLI behavior. This effect may become significant in an unsteady
environment when the shock-induced separation generates a shock oscillation. The interac-
tion of SBL can play a significant role in establishing the buzz fluctuation [37]. A different
cross-sectional shape can also affect the flow behavior as it determines the boundary layer
growth along the walls, which in turn influence the total pressure distribution. For instance,
a square-to-circular isolator is observed to have a smaller separation region influenced by
corner vortices compared to a square isolator. Additionally, the flow separation region
appears wider and shorter, even though both isolators exhibit the same total pressure recov-
ery [71]. Table 1 summarizes several studies investigating intake buzz, and it is observed
that rectangular intakes, having no corner curvature, exhibit low dominant frequency and
high-amplitude oscillations during big buzz. It is not suggested that the geometry config-
uration is the reason for the discrepancies but could potentially be a factor that requires
further investigation. Moreover, the recording of the peak frequency of the oscillation
is very sensitive with regard to its streamwise position, and comparing results between
studies is difficult, considering that the exact location of the frequency transducer signal
may differ. The Strouhal number of each case has been computed based on the available
data in each study.

Since it has been established that supersonic buzz is associated with the acoustic
resonance, we can introduce the Strouhal number when analyzing unsteady oscillating
flow phenomena, as it describes the flow oscillation mechanism. The Strouhal number
(fL/U∞), where L is the intake duct length, f is the peak frequency, and U∞ is the freestream
velocity, is known to be affected by the freestream Mach number, Reynolds Number,
turbulent intensity, angle of attack, radius of curvature in corners, and aspect ratio. Thus,
the frequency of the system may also indirectly be influenced by these factors.

It is important to mention that while the supersonic intake buzz frequency can be pre-
dicted using analytical solutions from the acoustic theory, this is not the case for hypersonic
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intakes [72]. The flow phenomena of a hypersonic intake are more complex and differ from
the supersonic intakes. This is attributed to the fact that the flow captured by the intake can
be primarily supersonic and a temporary supersonic region can exist in the intake throat,
which blocks the upstream propagation of the acoustic waves. As a result, the oscillation
frequency cannot be predicted using traditional acoustic theory, as previously done for
supersonic intakes [11,59,60]. The separation can act as a resonance source since it induces
other flow instabilities leading to intermittent supersonic flows that can travel downstream
of the intake. Tan et al. [73,74] reported multiple resonance frequency sources and proposed
a method to estimate the dominant frequencies incorporating these resonance sources.
Similarly, Sekar et al. [75] formulated a semi-empirical relationship to predict the buzzing
frequency for any given operating condition using existing experimental results in the
open literature. Due to other effects, such as aspect ratio, corner flow separation, and flow
leakage, the calculated frequency from the current two-dimensional numerical analysis
deviates slightly from the obtained semi-empirical equation.

As mentioned by Chang et al. [72], the flow behavior, the mechanisms of the buzz
phenomenon, the oscillatory patterns, and the overall flow behavior in a hypersonic intake
are different compared to a supersonic intake. A hypersonic intake may unstart due to
over-contraction [11], resulting from a large flow separation, intake design, the variation of
flight conditions [76], or high back pressure, which cannot be sustained by the intake [12].
During unstart, the oscillations are divided into three parts, (a) the mass filling up, (b) the
shock system disgorging and swallowing, and (c) the near-throat flow pattern establishing
and back pressure propagating [74]. A comprehensive review on the unstart operation
arising from flow choking in hypersonic intakes was presented by Im and Do [15] in 2018.

In an unstarted hypersonic intake, various oscillatory patterns exist, including, but not
limited to, little and big buzz. Wagner et al. [11] experimentally studied an intake at a Mach
number of 5 and identified three types of oscillations: a high-amplitude and frequency
oscillation, a low amplitude and frequency oscillation, and a non-oscillatory unstarted
flow characterized by low-pressure fluctuations. Chang et al. [60] observed two types of
oscillations, with one incorporating both little and big buzz, where strong oscillations are
followed by weak oscillations and then a non-oscillatory pattern.

Zhang et al. [77] evaluated a hypersonic intake at Mach 6 with side compression
and observed violent big buzz oscillations, accompanied by secondary high-frequency
oscillations during the low-pressure wave propagation stage. It is inferred that these
secondary oscillations result from acoustic resonance developed between the high-density
air and the isolator or duct exit.

More recently, Xu et al. [78] experimentally studied the starting hysteresis phenomenon
with varied angles of attack on an axisymmetric intake with an operating Mach number
of 5. During the restarting process, the angle of attack began to decrease from 12◦ to
0◦ while the intake was unstarted, and two kinds of fluctuation patterns were observed.
As AOA decreased from 3.2◦ to 1.0◦, the flow exhibited low-frequency fluctuations, with a
mixed oscillating pattern of high and low-amplitude oscillations. While high-amplitude
oscillations had equal durations, low-amplitude oscillations were random. Hence, this
oscillating pattern is named the intermittent high-amplitude oscillation. When AOA further
decreased from 1.0◦ to 0.3◦, the duct oscillations became periodic.

High-speed intakes have a risk of unstarting when the mass flow entering the intake
encounters a sudden reduction [12]. When the terminal shock appears at the throat,
the intake is said to operate at a critical condition and any further reduction to the mass
flow rate would shift the shock system upstream and force the intake to operate in a
subcritical condition. At this stage, the pressure recovery of the intake can be significantly
penalized and the rise in back pressure could cause the intake to choke, forming upstream
propagating disturbances, and leading to pressure fluctuations. This can lead to reduction
in the thrust as well as difficulties in combustion and mechanical integrity [58].
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Table 1. Experimental (E) and numerical (N) supersonic/hypersonic intake buzz studies.

Reference Method (E/N) Intake Geometry Compression
System Mach Buzz Type Definition Dominant

Frequency (Hz) Buzz Cycle (s) Strouhal No. St = fL/U∞

Trapier et al. [48] E 2D Mixed 1.8, 2, 3 Ferri (Low amplitude) 120–140 0.007–0.008 N/A
Dailey(High amplitude) 12–20 0.08–1

Nagashima et al. [50] E A/S ∗ External 2 Frequency-Based 100 0.01 N/A
(Similar amplitude) 360 0.0027

Fisher [33] E Rectangular (Build A) External 1.9 Ferri (Low amplitude) 45 N/A N/A
Dailey (High amplitude) 48

Chima [79] N A/S External 1.66 Dailey (High amplitude) 16.9 0.059 0.089

Herrmann et al. [58] E Rectangular External 2.5 Dailey (High amplitude) 43 N/A 0.085

Trapier et al. [44] N Rectangular Mixed 1.8 Dailey (High amplitude) 17 ≈0.057 0.064

Soltani and Younsi [37] E A/S Mixed 2 Dailey 96 0.01 N/A

Chang et al. [60] E 2D Mixed 5
Dailey

(Weak cycle = low
Strong cycle = high)

110 Weak = 0.011
Strong = 0.017 N/A

Nishizawa et al. [51] N 2D External 1.64 Dailey 640 N/A 0.078

Hong and Kim [43] N A/S External 2 Dailey 367 N/A 0.35

Soltani, Farahani [62] E A/S External 2.5 Ferri (Low amplitude) 125 0.0072 N/A
Dailey (High amplitude) 138 0.012

Chen et al. [63] E Rectangular External 2 Dailey 179.7 0.0056 0.094

Grenson and Benedine [80] E and N Rectangular External 1.8 Amplitude Based
(Low amplitude)

E = 107
N = 750 0.0016 0.09

(High amplitude) E = 83
N = 550 0.0018 0.069

Abedi et al. [38] N A/S Mixed 2 Dailey (High amplitude) 112.5 0.009 N/A

Zhu et al. [81] N A/S External 2 Frequency-based (High amplitude) 120 N/A 0.116
(Low amplitude) 360 0.35

∗ A/S: axisymmetric
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During intake buzz, depending on the trigger of the instability, the pressure experi-
ences low or high fluctuations. It is understood that low amplitude pressure fluctuations
relate to the Ferri instability or “little buzz” with a separation bubble on the inner cowl
wall shrinking and expanding periodically; Dailey-instability, known as “big buzz”, experi-
ences larger pressure fluctuations with the shock system being circularly destroyed and
re-established [82]. Trapier et al. [49] demonstrated the time history of the energy levels
experienced in the diffuser during little and big buzz at M∞ = 2. It was revealed that the
shock motion had a noticeably smaller amplitude during little buzz than big buzz. It is
evident that big buzz is progressively gaining energy until the energy switches from little to
big buzz, where the total energy remains constant. More importantly, it is revealed that big
buzz exists even during little buzz, but its presence, at that instance, is overshadowed by
little buzz. This can suggest that the big buzz mechanism may also be linked to acoustics.

As previously mentioned, the geometric configuration influences the unsteady flow
phenomena in the intake. Fisher [33] examined different cowl tip positions and reported
that with the cowl tip position reducing in vertical height, the amplitude of little buzz
reduces until it is fully mitigated. It is plausible that by lowering the cowl tip position,
the focal point of the intersection between the oblique and normal shock is no longer ahead
of the cowl lip. Consequently the induced flow separation is absent from the inner cowl
surface, as the resulting vortex sheet can no longer collide with the inner cowl surface.

Generally, studies record an increasing amplitude of pressure fluctuations with a
reduction of mass flow [33,83]. This is because, at higher throttle ratios, big buzz dominates
over little buzz. However, there are a few reported cases where the amplitude between
little and big buzz is of similar magnitude [43,50,68]. Table 1 includes details of pressure
fluctuation amplitude in several studies. It is difficult to directly compare the amplitude of
the fluctuations between the studies, given that the positions of the pressure transducer
signals may differ, and the amplitude recording can differ as they are interchangeably
expressed in terms of static pressure, non-dimensional total pressure, or power spectra
density (PSD). Furthermore, noise in the signal can complicate the detection of an increase
in the amplitude of the frequency [49]. Also, a detailed examination of each study’s error
and uncertainty in pressure recordings would be required for a fair comparison; however,
this is beyond the scope of this paper.

Whilst most studies record the pressure fluctuations at the buzz location, other studies
have recorded pressure readings across the entire length of an intake model. Lu et al. [40]
noticed that the pressure fluctuated in similar high intensities at different locations within
the center body region, while the pressure within the plenum chamber demonstrated a
declining trend. The pressure in the plenum chamber increased when the shock accelerated
back toward the cowl lip. Similarly, Yeom et al. [84] examined the effect of buzz on flame
oscillation, at M∞ = 2.1, using a ramjet engine model, extending from the leading edge of
the inlet to the exhaust nozzle. The authors recorded pressure readings throughout the
entire length of the model. The ramp surface experienced the largest pressure fluctuations,
and the amplitude gradually decreased through the flow path, due to the dissipation of
fluctuation, up until the combustor exit, where it suddenly increased. It was explained that
this was due to the vortex-induced acoustic oscillation at the contraction of the nozzle area.
It should be noted that the pressure immediately downstream of the terminal shock and
throughout the diffuser seemed to oscillate at the same frequency of 294 Hz. Kwak et al. [85]
also recorded pressure fluctuations across the entire length model. In contrast, the signals
near the inlet throat and the diffuser and plenum chamber exhibited the same frequency,
but the amplitude within the plenum chamber was higher. Also, the time histories of
pressure at the ramp exhibited more of a square wave periodic oscillation with intermittent
behaviors, while the oscillations within the diffuser and plenum chamber were periodic
complex waves. The behavior of the pressure fluctuations on the ramp can be justified
by the constant shock movement. In fact, there is a strong correlation between the shock
oscillation and pressure fluctuations, as demonstrated by Wang et al. [82], as the pressure
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transducers on the compression ramp experience a phase difference when the shock train
propagates upstream.

More recently, Grenson and Beneddine [80] showed that pressure varies periodically
across the duct, but the fluctuations are not in-phase between the fore and rear part of the
duct during little buzz, as it would be expected for the fundamental duct acoustic mode
(n = 0). While many studies show how the observed frequency of little buzz is closely
related to the fundamental frequency of the acoustic mode, Grenson and Benedine [86]
have observed little buzz frequency to be significantly lower. They associated the shock
oscillation of the terminal shock with an expansion wave propagating in the subsonic
diffuser at a higher velocity than the upstream propagating compression wave, resulting in
a longer cycle and lower buzz frequency. In a similar manner, Candon et al. [87] explained
the discrepancy between the observed and fundamental frequency to be due to the terminal
shock acting as an acoustic buffer for upstream traveling waves. It is possible for multiple
waves to exist within the diffuser, and only when they coalesce far upstream do they cause
a strong shock oscillation. This could also explain, in their case, the single, double, and
triple peaks of pressure events captured just upstream of the throat.

2.2. Effect of Operating Conditions on Intake Unsteadiness

While the initial focus was on understanding the origin and triggering mechanisms of
intake buzz, later investigations shifted to studying the influence of operating conditions on
the buzz phenomenon. During a typical flight profile, changes in upstream flow conditions
are expected, so the air intake should be capable of operating under a wide range of
flight regimes and angles of attack, as well as at both design and off-design conditions.
Several studies have investigated the variations in upstream flow conditions, such as the
Mach number and angle of attack, and their influence on intake buzz, both of which are
summarized in this section, respectively.

2.2.1. Effect of Mach Number

An important characteristic of supersonic and hypersonic intakes, as highlighted
by both experimental and numerical work, is that the flow field and the achievement of
efficient intake performance are considerably dependent on the freestream Mach num-
ber. The performance characteristics of an air intake at higher flow Mach numbers are
more crucial, as the stability of the intake is decreased [88]. To gain a better understand-
ing of the buzz instability, the research community investigated the effects of different
freestream conditions.

Soltani et al. [36] extensively investigated buzz instability under a range of freestream
conditions, M∞ = 1.8–2.5, using an axisymmetric external compression intake. The study
clearly shows that the Mach number affects the position of the normal shock, and depending
on the freestream Mach number, the buzz may occur at higher values of the mass flow
rate [89].

With an increase in the freestream Mach number, the normal shock is strengthened,
which promotes flow separation over the spike. Thus, the stability margin is affected since
the intake buzz phenomenon is initiated earlier at higher mass flow rates and, therefore, at
different operating conditions [36,37,62,90,91]. This is clearly depicted in Figure 7. With an
increase in the freestream Mach number, higher values of the exit blockage ratio are required
to expel the normal shock out of the intake. However, high EBR values have a negative
effect on the intake mass flow rate since more mass flow spillage occurs.

At low Mach numbers of 1.8–2.2, the variation in the shock movement amplitude is
subtle, while at M = 2.5, the flow exhibits a large shock movement amplitude with a larger
instability zone. The frequency of oscillation is fairly independent of the Mach number [62]
with a somewhat decreasing pattern [36,37,58].

While the stability margin of the intake is adversely affected by the increase in the
flow Mach number, the intake flow distortion also increases (the reader is directed to
Figure 12 of Ref. [90]). The flow distortion is relatively low when the intake operates under
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subcritical conditions (EBR > 60–65%), but this is not the case in supercritical conditions.
This is due to the interaction between a strong, normal shock and the boundary layer,
generating significant flow separation, and leading to higher intake flow distortion. The
normal shock–boundary layer interactions are even stronger at higher Mach numbers,
resulting in greater flow distortion experienced by the intake. Consequently, the total
pressure recovery decreases.

Figure 7. Effect of the Mach number on the intake performance (Image re-adapted from Ref. [90]).

Evidently, the Mach number influences the duration of the buzz cycle, as noted by
Soltani et al. [62], who observed that, for a constant angle of attack of 6◦, increasing the Mach
number from 2 to 2.5 leads to a slightly longer buzz cycle period and growth to the asymme-
try of the shock system. Of course, the mass flow rate between the two cases differs for the
reasons explained before, so the M = 2.5 case is at a higher mass flow rate. James et al. [92]
investigated the flow characteristics of a 2D axisymmetric mixed-compression intake at
three different Mach numbers of 2.0, 3.0, and 5.0. The authors observed that with an
increasing Mach number, the number and size of separation zones increase as the flow
velocity through the duct is increased. The multiple separation zones are the reason why
the oscillation frequency is not related to the 1D acoustic theory. The dominant frequency
originates closer to the exit of the intake and decreases with the increasing Mach number.
The study shows that for a higher freestream Mach number, the upstream propagation
time of the separated zone is higher compared to the downstream movement. The study
similarly revealed that the period of the buzz cycle is extended with the increasing Mach
number, and this can be related to the frequency characteristics.

Studies relating to the effect of upstream flow conditions in hypersonic intakes have
mainly focused on the influence of the Mach number on the intake starting performance.
For a given intake with a fixed geometric configuration, there is a certain contraction ratio.
An intake is designed to operate on a range of Mach numbers, specified by the Kantrowitz
and isentropic limit [93]. If the intake operates on a lower Mach number, the intake will
unstart [94], and the total pressure recovery and the mass flow captured will be reduced [95].
At an operating Mach number higher than the design value, several studies [75,96–98]
have identified that a Mach reflection causes the forward shock propagation and a shock
detachment from the cowl lip, referred to as “local unstart”.
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2.2.2. Effect of Angle of Attack

When an aircraft undergoes a maneuver, the change in the angle of attack can have a
significant effect on the flow behavior in supersonic and hypersonic intakes. While studies
on supersonic intakes have investigated the effect of the angle of attack on buzz charac-
teristics, research on hypersonic intake studies has focused on the starting performance of
the intake.

Lee and Jeung [67] investigated the effect of angle of the attack at 2◦ and 4◦, on an
axisymmetric external compression intake with an inflow freestream Mach number of 2.5.
The study demonstrates that the location of the normal shock shifts upstream with an
increasing angle of attack, but the shock movement on the leeward side is larger, with
a greater separation size compared to the windward side, causing the buzz to become
asymmetric. In addition, the leeward and windward sides experience different shock
displacement and buzz frequency for non-zero angles of attack [89].

Soltani and Farahani [62,89,99] looked more closely into the effects of the angle of
attack on the buzz initiation and characteristics, and reported that for a constant Mach
number of 2, increasing the angle of attack decreases the intake performance and the
stability margin, causing an earlier initiation of the intake buzz. The combination of the
angle of attack and mass flow rate seemed important since different characteristics were
observed. While initial results indicated that at a low mass flow, the buzz frequency
experiences only minor changes with the angle of attack [62], further investigation revealed
that for low and moderate mass flow rates and an AOA < 6◦, the buzz frequency remains
nearly unchanged throughout the entire intake duct. However, at a low mass flow rate with
an AOA = 10◦, the front portion of the intake experiences a high-frequency buzz, and the
downstream portion of the diffuser has a buzz frequency equivalent to the one observed in
the lower angle of attack cases (Figure 13 of [99]). It is suggested that the diffuser damps
the high-frequency oscillation. It should be mentioned that the effect of the angle of attack
depends on the freestream Mach number. While at Mach numbers ranging from 1.8 to 2.2,
the buzz amplitude shows only small variations with changes in the angle of attack, at
Mach 2.5, the amplitude demonstrates different values for each angle of attack, and these
variations are distinct for different mass flow rates [62].

Similarly to the work of Soltani and Farahani [62], Namkoung et al. [100] noticed that
buzz frequency does not change dramatically with AOA for a constant throttle ratio of 0,
but the shock structure varies abruptly, in the sense that it becomes asymmetric. Looking at
the induced distortion from the asymmetry of the flow, the study shows that, as the angle
of attack increases from 3 to 10◦, the shock structure and flow physics appear asymmetric.
This causes an almost proportional increase to the averaged distortion coefficient, while
simultaneously displaying a large incremental variation in the maximum distortion coef-
ficient. Moreover, Boychev et al. [101] numerically examined the performances of three
intake configurations with a fore-body intake geometry at a freestream Mach number of
2. The study indicates that, at an incidence angle of 0◦, the square-shaped intake exhib-
ited the least distorted flow and total pressure recovery at the engine face, in contrast to
intake configurations resembling kidney shapes and rounded corners. However, at higher
incidence angles, the flow distortion and total pressure recovery are less sensitive to the
intake geometry.

As mentioned before, the effect of the angle of attack with a varying mass flow rate
exhibits different characteristics. More specifically, Farahani and Jaberi [89] observed that
for a Mach number M∞ = 2.0, within the AOA range of 0–3◦ and 6–10◦, the buzz frequency
displays a similar decreasing pattern. However, between the angles of 3◦ and 6◦, and at a
mass flow ratio of 0.26, strangely, the buzz frequency exhibits a large jump (see Figure 9 of
Ref. [89]). This behavior is not observed in other values of mass flow rate or other Mach
number cases. Moreover, for M∞ = 2.2, when the angle of attack increases from 3◦ to 6◦,
the period of the buzz cycle doubles.

Herrmann [58,102,103] extensively studied the intake performances at a design Mach
number of 3.0, with an angle of attack range of 0–30◦. While the captured mass flow
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decreases with an increasing angle of attack due to the reduced effective area seen by
the incident flow, the greatest mass flow loss occurs at AOA ≥ 18◦. This is due to the
formation of a shock system on the windward side of the cone blocking the inlet’s entrance,
causing flow spillage, and the formation of vortex systems from the apex of the cone at
the leeward side, which increases in complexity at higher angles as the vortices move
closer to the center of the leeward side. The flow field was visualized using the oil flow
method, and sharp lines appeared on the cone’s surface, for AOA = 25◦ and AOA = −18◦,
which could be an indication of embedded shocks or induced shocks from the vortices.
Further investigation revealed a subtle distinction of separation and reattachment lines
present on the leeward side, suggesting a complex vortex system. These flow effects
appeared to be interfering with the ramjet’s performance. In contrast to positive angles,
at negative angles of attack, the characteristics of the intake developed differently in the
sense that—with the increasing negative angle—the mass flow and pressure recovery faced
a continuous decrease. At higher negative angles, the vortices developed on the leeward
side and their intensity grew and shifted toward the center of the leeward side, exhibiting
high-pressure losses.

For hypersonic intakes, like the Mach number, the angle of attack can affect the starting
performance [94]. With a positive angle of attack, the flow has a stronger compression, while
the effective incoming Mach number decreases, thus the capabilities of the unstart/self-start
of the intake decline [104]. Liu and Zhang [76,105] numerically and experimentally inves-
tigated the starting characteristic with the angle of attack for a side-walled compression
intake and a 2D hypersonic intake. By comparing the steady-state and unsteady-state
cases, it is clear that the isolator is where the difference in pressure recovery occurs. The
results show that with an increasing oscillatory frequency, the unstart value of the AOA
increased, while the restarting value of the AOA decreased. In evaluating the intake’s
ability to restart, the intake restarted during the rise of AOA from 0◦ to −25◦. However,
the intake was unable to restart when the AOA decreased from 25◦ to 0◦, as the separation
bubble was unresponsive to the change in AOA in time. Similarly, a steady-state numerical
study on a wave-catcher intake showed that the intake experienced starting hysteresis,
where a start-unstart-restart process occurred with increasing negative AOA. But at positive
angles, the intake remained unstarted [106]. The range of AOA between the increasing
and decreasing processes was different, though. For instance, the AOA increased from 0 to
2◦, while for the decreasing process, the angles ranged from 0 to −8◦. Therefore, further
investigation with a larger range of positive angles is required to reach a fair conclusion.

A recent experimental study [78] analyzed the starting hysteresis caused by the angle
of attack on a hypersonic axisymmetric intake at a Mach number of 5.0. According to
the starting theory, there are three different regions of the intake state that appear, de-
pending on the AOA: (a) the start region (AOA < 0.3◦), (b) the double-solution region
(0.3◦ < AOA < 8.4◦), and (c) the unstart region (AOA > 8.4◦). When the intake is unstarted,
the flow across the duct exhibits unsteady behavior. An investigation into the frequency
characteristics—when the intake is at an AOA of 12◦—illustrates that the propagation of the
low-amplitude fluctuation is limited to the throat. During the restarting process, big buzz
emerges, and as AOA decreases from 3.2 to 0.3◦, the duct experiences pressure fluctuations
and a mixed oscillation pattern with high and low-amplitude oscillations.

It is obvious that under different flight profiles, the flow can become highly unsteady
and distorted, and while some effects can be reduced with considerate designs of the intake,
other means are required to eliminate or delay the undesired flow behavior and widen
the intake operability range. In recent years, the scientific community has focused more
on analyzing the flow behavior during intake buzz, and studying different approaches
to mitigate excessive flow unsteadiness associated with undesired instabilities of the air
induction and propulsion systems.
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2.3. Suppression of Intake Buzz and Unstart Mode

An essential part of the intake design process involves the suppression and elimination
of instabilities, such as intake buzz and unstart encountered at off-design conditions. To this
end, numerous techniques were developed to control flow separation, such as the passive
or active boundary layer bleed, vortex generators, mass injection, and energy deposition.
A comprehensive review article published by Younsi et al. [107] in 2018 summarizes the
development of boundary layer suction in high-speed air intakes and the effects of various
bleed parameters on intake performance and stability. To avoid repetition, studies focusing
on the suppression of buzz through the use of boundary layer bleed will be reviewed,
considering publications from 2018 onward. This section covers a review of all the potential
techniques mentioned above, aiming to suppress intake instabilities.

2.3.1. Boundary Layer Bleed

The performance of the intake is compromised by the boundary layer separation. If the
separation of the flow becomes significant enough to choke the intake and induce fluctua-
tions in the shock system, the resulting flow dynamics can diminish engine thrust, lead to
combustion shutdown, and potentially cause structural issues [62]. Boundary layer bleeding
is the most common method used to remove the low-momentum portion of the boundary
layer and prevent flow separation arising from the SBLI in supersonic intakes. There are two
types of bleed systems used: porous and slot. Generally, the slotted bleed is used when the
region of separation is known, and a large mass is required to be bled out, while the porous
bleed is used when the boundary layer separation can vary with time, or the exact region of
separation is unknown, and a small uniform air mass is required to be bled out [107].

It is evident that a slot boundary layer bleed can significantly improve the intake perfor-
mance and stability by preventing flow separation on the compression surface [58,91,108],
especially when the shock train is close to the slot region [61,109]. Sethuraman et al. [109]
managed to reduce the shock oscillation by 50% with suction control, and reduced the
oscillating frequency of the first shock by about 5 Hz, illustrating the effectiveness of the
suction control when the shock train appears closer to the slot region [110]. However,
with various back pressures, the location of the normal shock varies, and the slotted bleed
can be less effective. To overcome this, the porous bleed is introduced since it can be applied
across a larger surface area. Maadi and Younsi [111] conducted an experimental study
on a mixed-compression intake for M∞ = 1.8–2.2, to compare the performance of slot and
porous bleed systems. For the case of M∞ = 2.0, the porous bleed can cause higher total
pressure recoveries and lower flow distortion. The slotted bleed on the other hand is more
effective at delaying the onset of buzz with a smaller amplitude of oscillations since the slot
bleed allows for a larger mass flow to be expelled out. The porous bleed is more effective
in supercritical operating conditions since more oblique shockwaves are generated within
the diffuser before the terminal shock.

While the porous bleed method is quite simple, the design of such a method has
become a challenge in numerical simulations, since the complex geometry can be quite
computationally costly. Therefore, some researchers have followed a different approach,
one where a bleed model is applied as a boundary condition at the wall, eliminating
the meshing process of the bleed holes. Slater and Saunders [112] investigated a porous
bleed system on a supersonic intake and proposed a porous boundary condition for use
in steady-state numerical simulations [113] (see Table 2). Choe et al. [114] attempted
to improve the Slater boundary condition model by introducing the effect of local flow
expansion and incorporating porosity variation effects on the model, showing a more
accurate representation of the bleed rate. Giehler et al. [115] conducted a comparison study
of seven available porous bleed models based on a three-dimensional reference simulation.
The study revealed that all porous models were limited in defining the uniform blowing
and suction. As a result, the wall shear stress was significantly overestimated, leading to
a flow highly resistant to adverse pressure gradients induced by shock. In a recent study
conducted by Wang et al. [116], the authors developed a simplified method for modeling
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bleed holes in supersonic intakes, showing good agreement with experimental data. This
method first computes the location of the barrier shock within the bleed hole, considering
the static pressure and Mach number upstream of the bleed hole, as well as the plenum
pressure. Then, the shape of the hole is determined by identifying the grid points connected
to the bleed holes, followed by calculating the bleed mass flow rate in the same fashion, as
proposed by Slater [113].

While the type of bleed has some effect, the geometric parameters of the bleed system,
such as entrance area, position, slant angle, and bleed mass flow rate, can have a significant
impact on the flow characteristics. Soltani et al. [61,90,117] investigated the effect of the slot
bleed and its parameters on the intake performance across design and off-design conditions.
Younsi [107] experimentally investigated the effects of several bleed parameters, such as
slant angle, entrance area, and bleed position for both porous and slotted bleed systems.
Moving the bleed system forward at the tip of the cone is ineffective at improving the intake
stability margin, since the flow separation that triggers the shock oscillations is further
downstream. The bleed positioned in the middle of the spike is best for stabilizing the
intake at subcritical conditions. While it produces a buzz frequency that is almost nine times
the frequency of the no-bleed case, the amplitude of oscillations is much smaller compared
to the no-bleed case. The changes in slant angle and entrance area have negligible effects
on delaying the onset buzz. Apart from geometric parameters, the bleed mass flow rate can
alter the flow behavior and delay the unsteady phenomena. While it is difficult to eliminate
the flow unsteadiness completely, active and passive boundary layer bleed systems can
delay the intake unstart. However, the effectiveness of suction control, depends on the
suction rate and suction timing [118].

More recently, another passive bleed was examined; introducing the natural venti-
lation for passive bleeding of the boundary layer. This allows air to be bled along the
sides of the ramp and cowl by splitting the side plates and leaving vent gaps between
the ramp and the cowl, essentially ventilating the intake (see Figure 8). Implementing
small ventilation gaps along the intake, the internal viscous flow is bypassed to ambient
conditions, improving the air flowing toward the engine face. The present technique was
employed by Suryanarayana et al. [119,120] on a two-dimensional intake model with a
Mach number range of 1.8–3.0. Their study demonstrates the successful postponement
of the buzz phenomena under both design and off-design conditions, accompanied by a
substantial improvement in total pressure recovery. Even though it fails to eliminate the
intake buzz, the intensity can be lower compared to an unvented intake. The bleed gap
can also significantly alter the flow characteristics. The study shows that at critical and
subcritical operations, all bleed gaps (0.5 mm, 1 mm, 1.6 mm) produce a high-pressure
coefficient, as the bow wave at the cowl lip is alleviated. But a bleed gap larger than 1.6 mm
can lead to the loss of potential flow, thus degrading the intake performance. To investigate
the effect of the side wall gap on the intake starting ability, Ogura et al. [121] showed that
using a side gap only on the third ramp of a three-compression ramp intake can widen
the starting range since it slows down the terminal shock movement by reducing the back
pressure. Adding a positive angle of attack has a negligible difference to the starting range
compared to an AOA = 0◦.

Research studies have shown that a single bleed system alleviating the flow separation
alone is not effective at completely eliminating the intake buzz that operates across a range
of operating conditions. Apart from the change in location of the shock train on a range of
operating conditions that changes the boundary layer bleed’s effectiveness, another reason
is the mismatch of the air supply and demand that can trigger a global collapse of the
flow field by a fast pressure build-up [68]. To address the initial issue, the implementation
of the bleed system is recommended in conjunction with other flow control techniques,
strategically applied across various locations within the intake. This combined approach is
anticipated to yield enhanced effectiveness. Other studies have combined the bleed system
with other flow control methods, such as vortex generators [122], plasma injection [123],
mesoflap [124] and cavity [125]. For the second problem, recent studies [126–129] have
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examined a new bleed system design, mostly in steady-state conditions, consisting of
multiple parallel slots. With a multi-slotted bleed system located upstream of the intake
throat, sufficient flow spillage occurs that discharges the excessive captured airflow. Chen
et al. [68] numerically and experimentally investigated a multi-slot bleed system in unsteady
operating conditions for an external compression intake. The results show that with the
implementation of the bleed system, global instability was never triggered, and the intensity
of the buzz was considerably lower. Interestingly, the flow instability at a late subcritical
stage with the bleed system showed the formation of a mild buzz regime, which was
neither related to the Ferri nor the Dailey instability; in fact, the authors suggest that the
triggering mechanism of buzz may not be limited to only those two sources.

Figure 8. Illustration schematic of the boundary layer bleed through natural ventilation (Image
re-adapted from [119]).

2.3.2. Passive Vortex Generators

Vortex generators (VGs) have been widely used across the industry to delay or prevent
shock-induced separations, and the working principle is well understood. Traditional VGs
are usually placed ahead of a region experiencing an adverse pressure gradient, to create
a vortex that draws air into a low-momentum boundary layer, making it less susceptible
to separate. Micro-VGs are a more recent development; they have a similar overall shape
to traditional VGs but there is a big difference in size, which significantly reduces the
device drag, resulting in low-off design penalties [130,131]. Titchener and Babinsky [132]
conducted a review study on the use of VGs in mitigating shock-induced separation in
2015, but at the time, VGs were not widely used in the supersonic portion of the intake. It
is well understood that shock-induced separation is a necessity for the initiation of intake
buzz; therefore, this section will cover the application of VGs for the purposes of supersonic
and hypersonic intake flow control.

Vyas et al. [133] experimentally investigated the effects of upstream ramp-type micro-
VGs on stabilizing the terminal shock and on the intake performance, but the results did not
show significant effects on the stability margin. The addition of upstream micro-VGs caused
higher flow non-uniformity at the hub. In contrast, downstream VGs showed significant
improvement to the hub’s side boundary layer with a marginal decrease in the intake’s
total pressure recovery. Similarly, Herges et al. [134] evaluated the performance of several
VG configurations on a supersonic axisymmetric intake at Mach 1.7 and revealed that VGs
reduced the total pressure recovery and triggered the onset of buzz sooner compared to
the baseline case. Baydar et al. [135] compared the ability of vane and ramp-type VGs to
improve the performance of a 2D external compression supersonic intake for Mach 1.6.
The computations were performed only for steady-state critical and supercritical conditions.
The results showed that the vane-type VG positioned upstream of the SBLI performed better
in reducing radial and circumferential distortion at the engine face than the ramp-type VG.
However, the best-performing VGs in terms of overall intake performance improvement
were the downstream vanes. This study [136] demonstrates the VG design is an important
parameter in maintaining high-intake performance since the longer VGs resulted in an 8%
improvement in inlet recovery at an AOA of 0◦ and had lower levels of distortion compared
to the non-VG case at the operating point with the maximum mass capture.
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More recently, Gao et al. [137,138] numerically investigated the effects of diamond-
shaped VGs installed at the tip of the conical nose surface of an axisymmetric hypersonic
intake at a Mach of 6.5. Although the separated flow on the compression ramp appeared
more disordered than the non-VG case, increasing the separated shock angle produced
a stronger flow spillage, which promoted the release of back pressure and reduced the
scale of the external separation. This resulted in decreasing the period of oscillations and
increasing the time-averaged pressure magnitudes.

While VGs have some effect on unsteady unstarted supersonic/hypersonic flows,
it is not sufficient to mitigate the unstart operation mode; thus, it is suggested that the
combination of VGs with other flow control methods may be best to gain flow control [139].

2.3.3. Mass Injection and Energy Deposition

While boundary layer bleed/suction and other passive flow control devices can, to
some extent, improve the intake operability range, there are some aspects that limit the
effectiveness of each device. The downside of the passive flow control device is the fact
that the location must remain fixed, thus having no benefit at a wide range of operating
conditions unless multiple devices are used. Also, the main issue of the boundary layer
bleed/suction method is the high percentage of “lost” mass flow, which has a corresponding
effect on the intake performance. Another emerging active control method that aims to
resolve flow unsteadiness and ensure efficient operation of supersonic and hypersonic
intakes is conceptually similar to VGs. This method works by increasing the momentum
upstream of the boundary layer, making it less susceptible to adverse pressure gradients.
Recent techniques in this area include mass injection and energy deposition.

Traditional vortex generators have been attractive due to their simplicity since they
do not usually require any mass input or moving parts. While vortex generators exhibit
low complexity, one of the drawbacks is the ability to generate considerable drag. On the
other hand, vortex generator jets (VGJs) can overcome some of the problems of traditional
vortex generators and have demonstrated their ability to reduce or eliminate shock-induced
separation. VGJs are active control devices that create vortices by injecting air into the
main flow with the aim of energizing the boundary layers and preventing or mitigating
flow unsteadiness. Valdivia et al. [140] investigated the effects of vortex generator jets in
combination with wheeler doublets mounted on the side wall of a supersonic unstart intake.
VGJs alone induced a boundary layer mixing, which caused the boundary layer thickness
to increase and trigger an early unstart due to flow obstruction. When the VGJs were
used in combination with the wheel doublets, which appeared to reduce the flow blockage
caused by the VGJs alone, a thinner boundary layer was achieved along with higher back
pressure. However, once the intake unstarted, the VGJs were unable to restart the intake.
To the authors’ knowledge, VGJs have not been investigated further on the subject.

Another mass-injection method involves particles injected upstream of the shock
system, either to the freestream gas or from the intake ramp, with sufficient momentum
and energy creating a momentum transfer mechanism. Two parameters that control the
interactions between the particles and the shockwaves are the magnitude of transferred
momentum and the rate of the momentum transfer, both of which can be controlled
through mass loading and particle size. In combination with large mass loadings and
small particle sizes, the strength of the oblique shock in the freestream can be weakened
and the separation bubble at the wall can be suppressed [141]. Table 2 illustrates the three
different flow control methods (boundary layer porous bleed, VGs, and mass injection
using a plasma jet example) discussed in this section, implemented on shock-dominated
flows. Jagannathan et al. [142] numerically investigated the effect of boron particle injection
on a 2D rectangular–mixed compression intake at M∞ = 3.0. For simplification, the study
ignored shockwave–boundary layer–particle interactions and other viscous effects and
achieved about a 16% increase in the intake pressure recovery due to the momentum and
energy transfer effects of the nanoaerosol.
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Table 2. Some flow control methods for shock-induced separation mitigation. Boundary layer bleed obtained by Slater and Saunders [112] (Image reproduced with
permission by the authors), vortex generators obtained by Titchener [143] (Image reproduced with permission by the author), plasma jet injection obtained by
Narayanaswamy et al. [144] (Image reproduced with permission by AIP Publishing, https://doi.org/10.1063/1.4731292 (accessed on 1 September 2023)).

Description Boundary Layer Porous Bleed Vortex Generators Energy Deposition through Plasma Jet Injection

System
Implementation

Consists of perforated bleed holes on the surface through which
a fraction of the intake flow is extracted, mostly from the
low−momentum portion of the boundary layer. This action re-
sults in the remaining boundary layer having an increased average
momentum, thereby enhancing its capability to navigate adverse
pressure gradients associated with SBLIs.

Strategically placed in areas prone to shock−induced separation
to counteract its adverse effects. When the airflow encounters
a VG, it induces a rotational motion, introducing high−energy
vortices into the boundary layer, preventing or delaying sep-
aration. This energization helps maintain the attachment of
the boundary layer to the aerodynamic surface, reducing the
likelihood of flow separation.

Energy deposition in the form of plasma introduces a stream
of ionized gas or plasma into the airflow over specific regions
of the aerodynamic surface, which interacts with the bound-
ary layer leading to an energetic mixing. This mixing disrupts
the stagnant layer near the aerodynamic surface, preventing or
delaying separation.

System
Schematic

System
Illustration

https://doi.org/10.1063/1.4731292
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Following work of Jagannathan, Jagannathan and Johansen [145] investigated the ef-
fect of particle injection during intake buzz operation on a rectangular external compression
intake at a freestream Mach number of 2. The particles injected during intake buzz not only
failed to suppress the buzz but also worsened the intake stability. The particles resulted
in the formation of a secondary separation region termed “particle-induced separation”,
which possibly triggered the increase in buzz frequency. However, by increasing the expo-
sure in the area where the vortex sheet is separated, and by delaying the interphase transfer
of energy and momentum until after the flow encounters the normal shock, the intake buzz
was nearly eliminated. The study shows that the spatial location of the particle momentum
and energy exchange is key in controlling little buzz stability. However, further effort
is needed to optimize this mechanism by evaluating the optimum particle size, injection
location, and initial conditions.

Another active control method technique is the energy deposition, which operates
without mass transfer, using a plasma-based mechanism; involving the introduction of
a streamwise force generated through ionization in the presence of an electromagnetic
field. Different types of plasma actuators have been developed for flow control [146], some
of which include the plasma synthetic jet (PSJ), dielectric barrier discharge (DBD), and
localized arc filament plasma actuator (LAFPA). Grossman et al. [147,148] generated a
pulsed synthetic jet termed the “spark jet” and studied its performance in the context of
active supersonic flow control. Plasma-based actuators have proven effective in controlling
flow separation and SBLI in supersonic flows [149,150]. Narayanaswamy et al. [144]
investigated the interactions between a pulsed-plasma jet injection and the SBLI, and
showed methods to control the SBLI unsteadiness (see Table 2). The injection caused
the separation shock to lock in the pulsing frequency. The study also showed that the
injection caused significant changes to the separated flow dynamics when the injection
was located upstream of the separation shock and not inside the separation bubble. Webb
et al. [151] showed that the localized arc filament plasma actuator can move the reflected
shock upstream; however, the study concluded that the flow control mechanism does not
manipulate the instability, but is able to modify the characteristics of the incoming boundary
layer, which takes place through high-frequency heat addition. Leonov et al. [152,153]
used a transversal surface discharge and noticed an upstream movement of the oblique
shock; however, high-power discharge introduced a new strong shock wave, which caused
total pressure losses. This allowed Yan et al. [154] to use a low-power discharge, which
resulted in the weakening of the shock wave with considerably less total pressure losses. It
is obvious that the plasma power variation influences the flow characteristics. Falempin
et al. [155] evaluated the effect of plasma discharge on a 2D intake configuration designed
to operate at M∞ = 2.0 and illustrated that, at moderate power deposition and off-design
operating conditions, the plasma caused the air intake mass flow rate to increase. A further
increase to the discharge power and the MFR decreases as the angle of the shockwave
originating at the compression ramp increases, forcing the oblique shock to sit above the
cowl leading edge. More recently, Liu et al. [156] investigated the effects of steady and
pulsed discharge arcs on flow control, demonstrating that the steady streamwise arcs
reduced the oblique shock strength by about 4%, leading to the upstream movement of the
shock, while the pulsed discharge had little effect on the shock control. Zhao et al. [157]
used a high-frequency streamwise pulsed arc discharge array on a double compression
ramp and found that high-frequency injection is more effective at weakening the shock
intensity and the high-frequency motion of the unsteady shockwave. The plasma deposition
method may show promising results in controlling the flow at some transient regimes
encountered in off-design conditions, but the feasibility of practical implementation still
remains in question.

Alternatively, energy deposition can operate with the use of a high-energy laser beam
that generates a high-temperature low-density bubble, referred to as a “thermal bubble”.
This bubble interacts with the separated boundary layer and gradually “sweeps out” the
boundary layer separation and the separation shock wave. This is termed the “sweeping
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effect”. Low densities and high temperatures characterize the thermal bubble, whose acous-
tic impedance is lower than that behind the shock wave. The expansion fan propagates as a
reflected wave when the shock wave strikes the thermal bubble, reducing the inverse pres-
sure gradient that causes the boundary layer separation [144]. Pham et al. [158,159] applied
a single pulse laser energy deposition on a double and single cone model at M∞ = 1.92 and
successfully suppressed the flow separation on the compression surface; they suggested
that repetitive energy pulses of high-deposition frequency can maintain the separation
suppression. The effect of energy pulses in the critical mode showed that internal pressure
recovery can be enhanced, but it depends on the energy deposition frequency. The study
reported an optimal frequency of around 10 kHz. Similarly, Russell et al. [160] found
that a frequency of 10 kHz provided optimal results in maximizing the length of attached
flow on the centerbody without interfering with the laser pulses. However, the authors
believed that this is connected to the freestream velocity. At high energy deposition frequen-
cies, oscillations at the duct entrance were suppressed, but the energy deposition caused
additional resonant mode oscillations in the duct chamber due to the formation of blast
waves. In the subcritical mode, where a strong shock system oscillation is present without
energy deposition, applying low-frequency repetitive deposition intensified rather than
suppressing the pressure fluctuations. However, with high energy deposition frequency,
the pressure fluctuations and amplitude of oscillations were significantly reduced, as the
repetitive sweeping effect forced the separation shock foot to remain fixed. Similarly, Wang
et al. [161] identified that relatively low discharge frequencies of 10–20 kHz are most ef-
fective in controlling hypersonic boundary layer separation on a compressible ramp (see
Figure 9). At such discharge frequencies, the separation zone reduces as the shear layer
is manipulated by pulling high-energy fluid into the area through intermittent eddies
induced by the pulse discharge. Control effectiveness deteriorates at higher frequencies
due to the smaller-scale eddies that decay due to the trailing vortex of the shear layer
during propagation. Repetitive energy deposition does not have a significant effect in the
supercritical to critical modes, but in the subcritical mode, it can delay the onset of buzz
and thereby widen the subcritical regime [162]; however, its effect depends on the arrival
timing of the thermal bubble to the shock system [163].

The recent progress in understanding the effects of mass injection and energy depo-
sition on addressing shock instabilities is reviewed and summarized in Table 3. While
laser energy deposition appears promising, there are still unknown parameters that require
further research to fully understand how the effects of laser energy deposition can vary.
Future research recommendations include, but are not limited to, extending the range
of freestream Mach numbers and angles of attack, exploring different intake geometries,
investigating the effects of energy pulse duration and trigger timing, and considering
the impact of downstream heat addition from the combustor to better understand this
technology’s impact on the engine [160].

Acknowledging the significance of boundary layer separation as a critical factor influ-
encing the performance and stability of high-speed intakes, it is noteworthy that various
methods have been documented aimed at mitigating these unsteady flow phenomena.
However, there remains a significant gap in our understanding regarding the effects of
flow control at the aerodynamic interface plane and, to a further extent, the propulsion
system. Moreover, the dynamics of unsteady aerodynamics and the dynamic distortion
of the engine face in supersonic intakes operating under low subcritical conditions are
currently areas of limited comprehension. Nevertheless, the importance of enhancing the
understanding of intake performance under these conditions has been consistently empha-
sized in the existing literature. While research into the off-design operation of supersonic
intakes has primarily focused on understanding the factors that initiate unsteadiness or
devising strategies to prevent it, as well as assessing its consequences on intake perfor-
mance, including mass flow and pressure ratios, it is imperative to adopt a comprehensive
perspective. To gain a holistic understanding of intake performance and, more significantly,
its impact on engine integration and stability, it is essential to consider the dynamic flow
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distortion component. This is crucial because a peak distortion event has the potential to
initiate engine stall, which has historically been documented alongside surge incidents [8].

Figure 9. Time-averaged schlieren images of flow separation controlled by energy discharge under
M∞ = 6.13 obtained by Wang et al. [161] (Image reproduced with permission of AIP Publishing,
https://doi.org/10.1063/5.0094186 (accessed on 1 September 2023)).

Considerable attention was previously given to convoluted diffusers, by investigating
unsteady flow distortion in S-shaped ducts through experimental and numerical works (see
Section 4). The main objective of these studies was to understand its effect on the engine
operability, but more importantly assess non-intrusive measuring techniques to obtain
flow-field distortion metrics that accurately predict the flow behavior [22,23,27,164–166].
A significant source of flow distortion can be attributed to the separated flow occurring
along the lower wall of the S-shaped ducts. Similarly, when a supersonic intake operates
under off-design conditions, it typically encounters substantial flow separation mostly
related to the unsteady shock–boundary layer interactions that typically occur at various
locations. This separation is commonly observed from the compression ramp extending
into the subsonic diffuser and then to the aerodynamic interface plane (AIP). During buzz,
as the shock train oscillates along the compression ramp, it is plausible to consider the
potential for a similar effect at the AIP, giving rise to streamwise velocity fluctuations, which
can be associated with a potential risk of engine stall. Currently, only limited research is
available on the flow patterns downstream of the shock oscillations in supersonic intakes.
Therefore, to explore this further, it is beneficial to draw insights into studies involving
isolators that undergo unsteady shock train oscillations.

https://doi.org/10.1063/5.0094186
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Table 3. Summary of key findings on the research of flow control in supersonic flow.

Reference Research Topic Method (E/N) Model Onset Mach Number Key findings

Jagannathan and Johansen [145] Effect of particle injection on Ferri
instability and unstart N (2D) External compression 2.0

Particles promoted the growth of
separation and increased buzz frequency,
demonstrating the importance of the
location where the particle momentum and
energy exchange occurs.

Webb et al. [151] Effect of LAFPA on controlling SBLI E Compression Ramp 2.33

LAFPA did not control the SBLI through
instability manipulation, but through the
interaction between the LAFPA and the
upstream boundary layer, which caused an
increase to the thickness of the boundary
layer displacement

Falempin et al. [155] Effect of plasma discharge on shock
configuration at off-design conditions E and N Two-dimensional mixed compression intake 2.0

At off-design conditions, the plasma
discharge can increase the air mass flow
rate with moderate deposition of power,
illustrating the importance on the power
deposition. With a further power increase,
the MFR decreases due to the shock angle
elevation increasing the boundary layer
thickness on the compression ramp.

Pham et al. [159]
Effect of repetitive laser energy deposition
on suppressing instabilities within intake at
off-design conditions

E Axisymmetric intake 1.92

Repetitive energy deposition can reduce the
separation length and suppress the shock
system oscillation at a deposition frequency
of 60 kHz.

Russell et al. [160]
Effect of laser energy deposition on
improving the intake performance at
off-design conditions

E Axisymmetric intake 1.92

Laser energy deposition with a deposition
frequency of 10 kHz is able to reduce the
flow separation and, in turn, improve the
intake pressure recovery. The laser
frequency is a determining factor in
maximizing the length of the attached flow.
At higher deposition frequencies, the
pressure recovery shows a decline.
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3. Unsteady Shock Trains in Isolators

Between the inlet and the combustion chamber lies the isolator, a nearly parallel duct,
designed to contain the shock wave structures and prevent the interaction of the flow at
the inlet with the combustion chamber [167]. The isolator helps to increase the combustion
heat release; if the pre-combustion shock is confined within the isolator, this would ensure
that high-pressure air is delivered to the combustion chamber, and in turn, a high engine
thrust can be achieved [168]. In an isolator duct, the flow deceleration from supersonic
(M∞ > 1.5) to subsonic speeds occurs in a complex gradual transition through a series of
oblique or lambda shock waves [169,170]. In a typical constant area duct, the SBLI creates a
local thickening of the boundary layer with a bifurcated shock present followed by one or
more shocks downstream, commonly referred to as a shock train or pseudo-shocks (see
Figure 10). With a further increase in the inflow Mach number (M∞ > 2.2), the lambda
shocks near the walls will grow and the shock structure will evolve toward an oblique
shock train [171]. These phenomena are complex in nature and not fully understood.
Nevertheless, there is an extensive body of research dedicated to better understanding
these phenomena; overviews of SBLIs and pseudo-shock waves in high-speed intakes were
published by Gaitonde [172] and Gnani et al. [173]. Another more recent publication by
Huang et al [174] describes the behaviour of shock trains in isolators, highlighting the
initiation of the unstable state when the shock train interacts with background waves. The
onset of this instability occurs when the interaction point aligns with the front section of the
background shock, coupled with the leading shock that shifts the separation point forward,
thereby altering the configuration of the shock train. The shock train absorbs a certain level
of turbulent kinetic energy, leading to its transition from a stable to an unstable state.

(a)

(b)
Figure 10. Schematic of: (a) normal SBLI for (b) oblique SBLI in a constant area duct (Image re-adapted
from [175] for illustration).

Similar to intake buzz, the characteristics of the shock train oscillations depend on
the trigger mechanism, but commonly, the back pressure is a key parameter on the un-
steadiness of the shock train [176,177]. It is well understood that SBLIs are affected by
fluctuations in the upstream boundary layer and the unsteady downstream separation
bubble. The frequency of fluctuations depends on the pressure ratio and the aspect ratio of
the duct, and during oscillations, a shock structure change is observed between symmetric
and asymmetric [178,179]. According to Ligrani et al. [180], correlations between different
flow phenomena show dependence upon the flow region location, frequency unsteadiness,
and Strouhal number. While interactions between the normal shock wave and boundary
layer separation zone can lie in the vicinity of St = 0.0013–0.0039 (f = 5–15 Hz), significant
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interactions between the normal shock wave occurring with respect to the downstream
boundary layer are associated with St numbers in the vicinity of 0.0091, 0.0104, and 0.026
(f = 35–100 Hz). Similarly, Pirozzoli et al. [181] associate the high-frequency mode with
turbulent structures in the upstream boundary layer, propagating to the interaction region.
Furthermore, Hou et al. [182] revealed that the St number for self-excited shock train oscil-
lation in a uniform flow lies between 0.01 and 0.03; however, the presence of background
waves can largely influence the shock train and the Strouhal number itself.

This section focuses on the unsteady shock trains in isolator ducts, which could
potentially complement our existing knowledge on unsteady high-speed intakes. More
specifically, since little information is available related to the flow behavior at the engine
face during the intake buzz, the interest here lies in the area of finding a link between
the upstream shock system oscillation and downstream disturbances in isolators. This
section will cover research related to the origin of the unsteady shock train in isolator
ducts (Section 3.1), the effect of back pressure (Section 3.2), and 3D flow field features
(Section 3.3).

3.1. Origin of Shock Train Oscillations

A shock train may exhibit unsteady behavior even during constant oncoming flow
and exit conditions. Self-excited shock train oscillations can cause fluctuations in the flow
parameters at the isolator exit, which could be detrimental to combustion stability. An
unsteady shock train oscillating back and forth inside the isolator duct produces distortion
in the flow arising from undesirable fluctuations in flow properties [176].

Initially, it was believed that oscillations in isolator ducts were caused by incoming
flow disturbances [183], while later it was proposed that pressure fluctuations downstream
of the shock train were causing the self-excited oscillations [184]. Sugiyama et al. [185] also
speculated that the oscillation mechanism of the shock train is caused by the thickening
of the boundary layer near the first shock wave of the shock train. The boundary layer
development on the isolator wall affects the location of the shock train, and depending
on the boundary layer thickness, the shockwave structure is susceptible to change [186].
The magnitude of boundary layer separation depends on the pressure gradient between
the wall and the centerline [187]. The wall pressure gradient caused by the background
waves affects the separation region of the first shock wave, which then influences the shock
train oscillation [182]. Interestingly, the severity of the separation bubble across the point
of SBL interaction is greater when the shock is moving in the upstream direction rather
than the downstream motion [188,189], while the leading shock tends to travel faster in the
downstream direction [190].

While the oscillation phenomenon of the shock train relates to the boundary layer, it
is also connected to the interaction of its leading shock, background shocks, and the local
boundary layer. Background shock waves exist in the isolator, causing large streamwise
and transverse flow non-uniformities upstream of the shock train. Background shocks can
significantly influence the shape and position of the shock train [191]. The interference of
background shock waves can increase the back pressure ratio and decrease the length of
the shock train [192]. However excessive strong background waves are undesirable as they
increase the total pressure loss across the duct flow and induce unsteady flow phenomena.

3.2. Effect of Back Pressure

Back pressure can significantly affect the shock train’s unsteadiness. A small down-
stream pressure disturbance will shift the shock train upstream, while at high back pres-
sures, the shock train will start oscillating [177]. In real operations, the back pressure
fluctuation is induced by a periodic pressure oscillation in the combustor, and if the
combustor-induced back pressure is high, it might lead to an intake unstart.

Recent studies have focused on back pressure isolators, where there is flow separation
over large or small areas within the duct. Hunt et al. [171] performed complex experimental
work in a rectangular duct with a nominal inflow Mach number of 2.0, to study the pressure
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fluctuations when the model was subjected to steady back pressure. They identified several
perturbations that contribute to the shock train inherent unsteadiness. The authors revealed
that the acoustic waves generated either by the separation bubble or inside the diffuser
propagate upstream through the subsonic portion of the boundary layer and directly
influence the leading shock. Meanwhile, the vortices generated by the shear layer of
the separation bubble travel downstream and have a direct influence on the motion of
the downstream shocks. Similarly, other studies [193–195] demonstrate that pressure
perturbations travel upstream to the leading-edge shock train through the subsonic flow
region near the wall, triggering shock fluctuations. Leonard and Narayanaswamy [196]
investigated the shock dynamics in a two-dimensional axisymmetric isolator with an
incoming Mach number of 3.0. The study suggests that the communication of perturbations
between the shock legs traveling downstream is primarily through the convection of the
boundary layer structure and this communication occurs over several boundary layer
thicknesses. The upstream propagation occurs through acoustic waves that extend over a
distance of one local boundary layer thickness.

The perturbations in the downstream pressure create a phase lag across several lo-
cations along the duct. Bur et al. [197] investigated experimentally and numerically the
response of a transonic channel flow when the shockwave is subjected to periodic motion,
using Schlieren visualizations and pressure measurements coupled with spectral analysis
and laser Doppler velocimetry (LDV). The study demonstrates a significant phase lag
downstream of the shock oscillation in the subsonic region between the measured velocities
in the boundary layer and the core flow. Fievet et al. [187] show that the motion of forced
shock train dynamics depends on the excitation frequency, and for high frequencies, a
phase lag appears between the shock train’s foot and tail. The shock strength is correlated
to their convective velocity relative to the flow stream, thus fewer shocks are present as the
shock train shifts downstream.

Xiong et al. [198] also found that under fluctuating back pressure conditions, the most
upstream position of the shock train leading edge was not located where the maximum
standard deviation occurred, but instead, it was found where the excitation frequency con-
tent disappeared or where the pressure oscillation amplitude decreased to approximately
zero. The mechanism leading to unsteady shock train motions was that the shock train
kept changing its moving speed to adjust the relative Mach number ahead of the shock
train to match the fluctuating back pressure conditions [188,199].

Deng et al. [193] revealed that a phase difference exists between the back pressure
fluctuation and the leading-edge shock train oscillation, which increases gradually with
increasing the excitation frequency. The leading-edge shock train oscillation amplitude
is reduced with an increase in the phase difference. Increasing the amplitude of the
downstream perturbation leads to a strong boundary layer separation, causing an increase
in the disturbance propagation speed. Additionally, Su and Zhang [177] demonstrate that
the back pressure affects the propagation speed of the unstart shock wave. For instance the
higher the back pressure, the greater the shock wave propagation speed, while increasing
the perturbation frequency decreases the downstream disturbance propagation speed
traveling upstream [109]. Koo and Raman [200] used LES computations to simulate a
shock system of an unstart inlet–isolator operating at Mach 4.9. They observed that the
unstart shock system interacted with the separated flow on both the top and bottom walls,
and the velocity magnitude inside the separation bubbles had an impact on the upstream
propagation speed of the shock structures.

Klomparens et al. [190] analyzed the effect of back pressure forcing on the response of
a shock train generated in a Mach 2 rectangular duct and identified that the shock speed is
decomposed into low and high-frequency components. The motion of the leading shock
is independent of the forced frequency and instead depends on the history of the back
pressure. Similarly, Xiong et al. [198] noticed a close relation between the shock train
motions and the pressure histories. Jiao et al. [201], numerically studied the characteristics
of a forced oscillating shock train under downstream back pressure perturbations for an
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incoming Mach of 7, and observed a phase lag between the shock train oscillation and
fluctuating back pressure. It was also noted that the flow separation on the top wall was of
greater magnitude and further upstream compared to the bottom wall.

Fan et al. [202] and Xiong et al. [198] experimentally studied the self-excited oscillation
of the shock train in a rectangular duct with an oncoming Mach number of 3. Both studies
observed two separation modes, top and bottom wall separation. Xiong et al. [198] studied
the switching of the separation modes and noted a great impact on the flow effects, while
Fan et al. [202] observed the self-excited shock train to oscillate at relatively low frequencies.

Additionally, Hou et al. [203] experimentally studied the forced oscillation of the shock
train in an isolator with background waves and found that with a small back pressure am-
plitude, a large separation zone is continually located on the top wall. While the deflection
direction of the oscillating shock train is unchanged, with an increase in amplitude, the
separation zone switches between the top and bottom wall of the isolator and the deflection
direction of the shock train changes with the shock train motion.

For high supersonic and hypersonic intakes with a relatively benign pressure rise from
the combustion process, the shock train may occur with thin boundary layers. Therefore,
research related to the unsteady features of shock trains in compressible attached flows
recently gained attention. Wang et al. [204,205] investigated experimentally and numerically
the low-frequency unsteadiness with background waves and the propagation of the shock
train oscillation. It was also revealed that the low-frequency oscillation of the shock
train can travel upstream through the separated boundary layer but is not likely to travel
upstream through the attached boundary layer. The feedback mechanism of the shock
train oscillation was related to the propagation of acoustic waves, the duct volume effect,
and Kantrowitz limits. The oscillation type of St = 0.001–0.01 was dominated by the
acoustic wave propagation, while the oscillation type of St = 0.01–0.03 was dominated by
the Kantrowitz limits. These two feedback mechanisms are responsible for the interaction
between the shear layer and the shock motion [182]. The case differs for hypersonic
intakes/isolators since there is usually oblique shock and acoustic waves instead of a
normal shock, which cannot propagate upstream. Thus, hypersonic intakes experience a
different buzz mechanism compared to supersonic intakes. A summary of the key findings
covered in this section is shown in Table 4.

Table 4. Summary of the key findings on shock train unsteadiness within isolators.

Reference Research Topic Method (E/N) Model Onset Mach
Number Key Findings

Hunt and
Gamba [171]

Origin of shock
train’s unsteadiness E Isolator 2.0

Background waves affect the leading
shock. Vortices generated from the shear
layer affect the downstream shocks.

Xiong
et al. [198]

Characterization of
self-excited shock
train oscillations

E Rectangular duct 3.0

The shock train adjusts its moving speed
relative to the upstream Mach number to
compensate for the fluctuating back
pressure.

Wang
et al. [204]

Characterization of
low-frequency
unsteadiness

E and N Isolator 2.94

Three oscillation types were observed.
Feedback mechanism of the shock train
oscillation was related to the propagation
of acoustic waves (associated with
oscillation Type I), the duct volume effect,
and Kantrowitz limits (Type II). Type III
oscillation is an independent process
dominated by the shock motion.

Jiao et al. [201]
Response of the
shock train to forcing
back pressure

N 2D inlet- isolator 7.0

Phase difference between back pressure
fluctuation and shock train oscillation,
especially for high forcing frequencies,
where the phase of the shock train is
opposite to the fluctuating back pressure.
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3.3. Three-Dimensionality of Flow Field in Isolators

Investigating the three-dimensionality of SBLI is of great importance for understanding
flow dynamics in industry applications, as streamwise corner effects are an unavoidable
feature of many internal flows, creating a complex flow field that is not yet fully understood.

Based on high-speed Schlieren visualization, Wang et al. [195], analyzed the shock
train characteristics of a rectangular isolator under an incoming Mach of 1.85 and 2.70.
The study demonstrated that at a higher incoming Mach number, the flow experiences three-
dimensional effects, leading to different time evolution in the pressure fluctuations between
the primary region of the shock train and the corner region. At M∞ = 2.70, the leading-edge
shock propagates further downstream at the corner region, creating a larger high coherence
and in-phase pressure fluctuation region in the downstream separated flows, and a phase
lag is present between the downstream and leading-edge shock.

Experimental work by Babinsky et al. [206] proposed that shockwaves originating from
the flow displacement caused by the corner separation can affect the core flow and change
the adverse pressure gradient imposed elsewhere. Thus, the corner separation greatly
affects the three-dimensionality of the flow separation in other regions of the isolator.

Wang et al. [207] continued to uncover the 3D features of the SBLI flow field induced
by sidewall effects. Utilizing LES numerical computations, they identified that the pri-
mary contributor to the three-dimensionality observed in the main reflected SBLI is the
swept SBLI occurring on the sidewall. Moreover, the swept SBLI was found to have the
capability to substantially alter the structure of the incident shock. The aspect ratio of the
domain is also a contributing factor to the location of the separation and characteristics
of the flow, as a smaller aspect ratio produced a more severely distorted incident shock.
Similarly, Geerts et al. [208] support that the shape of the shock train changes with the
variation in the aspect ratio because of the strong coupling between the shock train and the
background shocks.

Huang et al. [209] investigated the corner vortex evolution characteristics under the
influence of background waves, in a hypersonic inlet/isolator model at a freestream Mach
number of 4.92. The study shows that the corner (tornado) vortex is formed from the
impinging interactions of the cowl shock and duct wall boundary layers, which drive the
secondary flow from the side-wall boundary layer that moves in the spanwise direction.
Two types of corner vortex development were identified. Type 1 is when the corner vortex
is situated in the adverse pressure gradient region, and cross-sectional streamlines spiral
inward, yielding to a one-cell vortex, while type 2 is in the favorable gradient pressure
region with the vortex spiraling outward, yielding to the two-celled vortex.

Furthermore, when the flow exhibits a large separation at the impingement point of
the cowl shock instead of a small separation region, larger distortions, and lower kinetic
energy exists, which cause a substantial decrease in the maximum sustainable back pres-
sure [210]. This large separation state may lead to the asymmetric oscillatory features of
the shock train [191].

Morajkar et al. [211] studied the relationship between three-dimensional vortex struc-
tures and flow separation zones generated by SBLI within a low aspect ratio duct using a
Stereoscopic Particle Image Velocimetry (S-PIV) technique. The flow field was shown to be
dominated by three vortex systems, one associated with the sidewall-swept SBLI, a vortex
pair induced on the bottom wall, and a vortex pair induced by the flow at the corner (see
Figure 11). All three vortex systems were coupled and exerted a strong velocity away from
the wall, promoting flow separation and producing a strongly distorted flow field.
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Figure 11. Schematic diagram of the 3D structure and distribution of the vortex systems [211] (Image
reproduced with permission by the authors).

While the literature illustrates that corner regions can promote flow separation and
distorted flows, a rectangular to circular geometrical configuration can be used to round off
the corners and potentially minimize the associated corner effects. Liu et al. [212] applied
this configuration to a sidewall compression intake with a design Mach number of 6, to
observe the flow mechanisms compared to a rectangular intake. While all configurations
have a pair of counter-rotating vortices near the bottom wall, the rectangular intake exhibits
a higher pressure distortion coefficient at the outlet section. Constrained by factors like the
need for seamless integration with the aircraft’s intake and engine, the isolator configuration
may deviate considerably from conventional shapes such as a rectangle or circle. The
interplay between the shock train and the ambient shock within the isolator, particularly
in the vicinity of complex geometric contours, can introduce additional intricacies to the
three-dimensional structure of the shock train. For instance, the presence of a geometrically
curved isolator would notably impact the flow structure of the shock train. This is due to
variations in the compression capability of the flow between the upper and lower walls of
the duct, leading to a deterioration in the isolator’s performance [213,214]. This complexity
is particularly evident near the side wall, where the airflow dynamics may be influenced by
a multi-shock system, potentially leading to lateral migration within the shock train [215].

The immediate common ground identified between high-speed intakes and isolator
ducts is the relation of the shock system unsteadiness to the boundary layer, SBLI, and
background acoustic waves. In both cases, the motion of the shock system has strong
coherence with changes in the downstream pressure field, and while the pressure can vary
periodically along the duct, a phase lag exists between the shock system oscillation and
the downstream duct. But what causes this phase lag and, more importantly, how it might
affect engine operation, remains unanswered. Literature from isolator duct studies indicates
that for oscillation types of St = 0.001–0.01, the upstream acoustic wave propagation of the
pressure perturbations hardly causes any phase differences, while for the oscillation type of
St = 0.01–0.03, the phase difference between the upstream shock train and the downstream
back pressure affected regions is due to the volume change of the supersonic core flow
regions before the shock train motion [205]. Also, it is now clear that the aspect ratio of the
geometry can influence the flow characteristics, as well as the oscillating frequency [178],
so it is safe to assume this should be applicable to intakes too. It can be anticipated that the
presence of corner vortices could exacerbate flow distortion across the isolator, potentially
having adverse effects on downstream combustion. However, further investigation is
required to fully comprehend the flow behavior under SBLI, shock-to-shock interactions,
and sidewall interactions, which may generate complex corner flows, separated zones, and
vortical systems, leading to complicated flow configurations. Further examination is needed
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in understanding how the generated separated flow structure affects the flow dynamics
and in turn the impact at the engine face. The dynamic component of distortion is shown
to have a major impact on engine stability, especially when associated with peak distortion
events, even though the mean levels can appear within acceptable limits [216]. Therefore,
it is necessary to closely examine the dynamic distortion parameter, to reliably evaluate
the engine/intake compatibility. To the authors’ knowledge, there is no information in
the literature regarding the relationship between the unsteady shock train oscillations and
the dynamic flow distortion exhibited downstream of the isolator, at the engine face; it
is a topic that requires attention to appreciate the actual impact of these unsteady flow
characteristics on engine performance.

In order to gain insights into the unsteady flow disturbances at the aerodynamic
interface plane, it was deemed essential to delve into a substantial body of research on con-
voluted intake systems. This was undertaken to grasp the underlying principles governing
the flow dynamics. A critical aspect of investigating flow distortions, especially through
experimental methods, pertains to the measurement techniques used. Current industry
practices for developing unsteady flow distortion have limitations in accurately predicting
the distortion tolerance of engines, due to the low spatial resolution and intrusiveness
of current flow measurement methods, which may not fully capture the complex spatial
variations of the incoming to the fan distorted flow. Doll et al. [217] provide a comprehen-
sive overview of intake flow distortion studied in integrated airframes and discuss the
necessity of novel, non-intrusive distortion measuring techniques. These techniques would
provide rich datasets in space and time to inform the engine design and integration process.
To avoid repetition, the following section focuses mostly on the flow physics phenomena
encountered in convoluted intakes and the effect on engine stability and performance.
Nonetheless, questions relating to the relationship of the unsteady flow characteristics still
remain unaddressed; therefore, an endeavor is being made to seek solutions and enhance
our comprehension of engine-intake compatibility for high-speed vehicles through the
development of a scaled-down experimental test rig discussed in the following section.

4. Current and Future Perspectives in Engine-Intake Aerodynamic Compatibility

Flow distortions are highly unsteady and complex in space, with the potential to
significantly impact the engine’s stability limits [218]. Maintaining stable intake conditions
may restrict certain operational ranges, i.e., the rate of engine throttling at high Mach num-
bers during supersonic descent [219]. An implicit need exists to broaden the operational
envelope of an intake system without compromising its overall performance. The dis-
ruption in the flow field at the throat is impacting the flow performance at the AIP. With
this non-uniformity in the flow field and pressure fluctuating across the entire length of
the duct, flow distortion will appear at the AIP. Isolated distortion regions could strongly
affect bleed loading, mechanical vibration, and fatigue life [22]; thus, it is of interest to
identify how the unsteady intake buzz characteristics would influence the flow distortion.
Knowledge in the area of unsteady flow distortion is of vast importance since an early
and accurate prediction of such unprecedented events could be crucial in cost savings
during the design and testing stages of aircraft development. This would apply in the case
of supersonic intake development and integration. Such a body of knowledge could be
transferred and further extended to match the requirements of supersonic intakes.

A convoluted intake would ideally deliver a uniform axial flow with evenly distributed
pressure fields at the engine face. However, due to the boundary layer development, in the
presence of adverse pressure gradients and the duct curvature, separation and secondary
flows appear, creating a complex flow field at the AIP, both spatially and temporally.
Typically, in a convoluted diffuser, the main loss region appears in the lower sector of
the AIP, where the total pressure distortion is heightened due to the growth of the low-
momentum boundary layer caused by secondary flows and other losses arising from the
flow separation [25]. Swirl distortion may develop when velocity discontinuity exists
along the flow. These flow features can appear in a steady-state or time-dependent form,
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although it is now evident that they are fundamentally unsteady. The magnitude of these
flow features depends on the intake/engine mass flow [220].

Several distortion descriptors were previously suggested to characterize patterns of
inlet total pressure distortion in industrial intake–engine integration test campaigns. As de-
fined by the S-16 committee in [7], the descriptor formulations were introduced to assess
total pressure variations radially and circumferentially across the AIP from pressure data
obtained from an intrusive pressure rake positioned at the aerodynamic interface plane
(AIP), the interface between the intake and the engine. Additionally, several descriptors
for swirl distortion were introduced to depict swirl patterns on the engine face. These
formulations encompass expressions to delineate sector swirl (SS), swirl intensity (SI),
swirl directivity (SD), and swirl pairs (SP) at the AIP. For more comprehensive illustra-
tions, including example calculations for representative cases, refer to the SAE Aerospace
Information Report AIR5686 [8].

It is well understood that steady distortion affects the engine’s stability, as the total
pressure loss can have a linear correlation to the reduction in surge margin [221]. More
commonly, intake flow distortion has been evaluated through time-averaged flow field
statistics at the AIP. While steady flow patterns of distortion can be sufficiently captured
using time-averaged properties, this is not the case for flow fields encompassing unsteady
distortion, as it is proven that conventional time-averaged measurement methods are
unable to accurately reflect the unsteady behavior of the flow [222,223]. The unsteady flow
field can substantially differ from the time-averaged flow [165]. It was soon recognized
that steady total pressure descriptors were deficient in time-dependent variations, giving
rise to dynamic distortion. In an unsteady operation, time-averaged properties can no
longer result in an accurate representation of the flow, as this method does not account
for the fluctuating property component, leading to different values when compared to
instantaneous flow features [216]. Also, the spatially averaged distortion descriptors can
obscure major local peak circumferential occurrences that can have a considerable impact
on the engine response [22].

Typically, several parameters would influence the intake flow structure and the dy-
namic distortion. According to Chiereghin et al. [224], intakes with small duct diameters
exhibit high swirl angles due to a high adverse pressure gradient, resulting in stronger
secondary flows. Additionally, the pressure fluctuation distribution at the AIP does not
show remarkable changes with AIP Mach variation. This agrees with work completed by
MacManus et al. [164], outlining that Mach and Reynolds number variations have little
effect on the unsteady distortion, with the most notable changes arising when the geometry
is changed to a higher offset duct. Similarly, the parametric study [224] shows that a
higher offset geometric configuration presents a greater low-pressure region at the AIP
with the pressure fluctuations concentrating on the central part of the plane. This is also in
agreement with unsteady total-pressure characteristics obtained by the experimental S-PIV
study by Zachos et al. [27]. In addition, even though low and high offset configurations
show common flow characteristics for a Mre f = 0.27, the low-offset configuration at a
Mre f = 0.6 represents a change in the flow field topology from a single swirl pair to a set
of two contra-rotating swirl pairs. The study further outlines that vortex switching and
single-sided swirl patterns are associated with extreme swirl distortion events. MacManus
et al. [164] further elaborate that for the S-shaped ducts simulated with different vertical
offset configurations (H/L = 50 and H/L = 0.27), the flow field of the main loss region
experienced a circumferential variation associated with secondary flows and a vertical
perturbation associated with the unsteadiness caused by the centerline separation. Indeed,
Gil-Prieto et al. [165] used S-PIV to measure the unsteady three-component velocity field
for two S-duct configurations. They found that for both configurations, the most energetic
flow mechanisms promote both streamwise and in-plane fluctuations. The study goes on
to identify the coherent structures where the vertical mode is associated with the unsteadi-
ness of the centerline shear layer, and the switching mode represents the circumferential
velocity variation. In fact, the switching mode is responsible for the Dean vortices becom-
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ing dominant, promoting high-intensity bulk swirl events. Figure 12 illustrates the half
and full cycles of the lateral and vertical oscillating mechanisms, respectively. The lateral
oscillating mechanism is characterized by a dominant swirling vortex that switches di-
rection throughout its cycle, promoting in-plane perturbations. Meanwhile, the vertical
oscillating mechanism is characterized by a twin swirl pattern promoting vertical and
streamwise fluctuations.

A DDES computational study [225], which is a continuation of the experimental
study [165], expands the understanding of the most-energetic coherent structures observed
in the S-duct flow field. The study reveals that the swirl-switching mechanism character-
ized by the alternating clockwise and anticlockwise streamwise vortex is shed from the
downstream separation region, at a frequency of St = 0.53, while the vertical perturba-
tion was a result of the spanwise vortex shed along the shear layer originating from the
separation region, at a dominant frequency of St = 1.06.

(a)

(b)

Figure 12. Swirl-switching mechanisms identified in S-shaped ducts [226], (a) Half-cycle of the lateral
oscillating mechanism at a dominant frequency of St = 0.54; (b) full cycle of the vertical oscillating
mechanism at a dominant frequency of St = 1.11. Vip represents the in-plane velocity modulus, w
represents the streamwise velocity component. (Image reproduced with permission by the author)

In contrast, experimental methods such as low-bandwidth S-PIV and distortion rakes
with low resolution are insufficient in delivering the necessary spatial and temporal resolu-
tion for measuring intricate flow fields, as noted in [165,227]. In addressing this limitation,
Gil-Prieto et al. [24] employed time-resolved PIV to analyze the spectral characteristics
of the velocity flow field in two s-ducts geometric configurations, (H/L = 0.27 and H/L
= 0.49) at Mre f =0.6. The study shows the main frequencies of the flow lie within the esti-
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mated critical frequency range and suggest the operability of a typical aero-engine could
be affected by the presented unsteadiness. On the one hand, the low offset duct exhibits
dominant frequencies in the range of St = 0.26–1.0, whereas the high offset duct is linked to
frequencies in the range of St = 0.6–1.0. The first vertical mode is identified as the factor
responsible for the out-of-phase streamwise velocity and in-phase velocity fluctuations
observed at the top edge of the main loss region. It was postulated that perturbations
associated with higher frequencies have a negligible effect on the fan stability [24,220,228].
McLelland et al. [23] demonstrate that the greatest contribution to flow field unsteadiness
lies in lower frequencies, in a spectral band range of St = 0.4 to 0.6.

Flow non-uniformity and unsteadiness are further intensified with the growth of the
diffusive separation in the duct. Studies revealed that flow distortion is associated with the
boundary layer thickness. A thicker incoming boundary layer generates high levels of total
pressure distortion [229] and swirl distortion, as it can generate early separation, leading
to the growth of the contra-rotating vortices at the AIP [230]. Along with the thickness of
the boundary layer, the orientation also plays a role; depending on the boundary layer
orientation, compatibility issues may arise between the intake and the compressor [230].
An asymmetric boundary layer can significantly change the spatial distributions of the
lateral swirl switching mode and the vertical oscillatory mode of the bulk swirl [23]. With an
asymmetric boundary layer profile around the intake centerline, the swirl distortion is
reduced, even though the maximum time-averaged swirl angle increased [231]. This section
provides a review and summary of recent advancements in the understanding of flow
distortion in S-ducts, with an overview presented in Table 5.

Table 5. Summary of the key findings on flow distortion in convoluted intakes.

Reference Method (E/N) Geometry MAIP Key Findings

Chiereghin et al. [224] N H/L = 0.49 0.39 Higher offset configuration gives rise to pressure fluctuations in the
central part of the AIP

Gil-Prieto et al. [225] N H/L = 0.49; 0.27 0.27; 0.60 Vertical swirl switching originates from the centerline shear layer.
Lateral swirl switching promotes bulk swirl events

Gil-Prieto et al. [24] E (SPIV) H/L = 0.49; 0.27 0.6 Vertical swirl switching promotes streamwise and in-plane velocity
fluctuations

McLelland et al. [23] E (TR-PIV) H/L = 0.49 0.27 Greatest contribution to flow unsteadiness in spectral band St = 0.4–0.6

Migliorini et al. [231] E (TR-PIV) H/Din = 2.44 0.27 Boundary layer orientation of 90◦ increases the probability of distortion
events giving rise to the probability of compatibility issues

It is evident that the frequency of the flow field unsteadiness, the swirl pattern, and
orientation presented at the engine face can have a significant effect on the engine per-
formance. Distortion in the intake flow of supersonic intake systems typically exhibits a
complex spatial nature, coupled with significant temporal variability. Currently, there is
a scarcity of research focused on total pressure distortion within unsteady supersonic in-
takes [90,108,232], clearly indicating that the AIP experiences a substantial increase in flow
distortion when buzz occurs. A more substantial knowledge gap is discerned concerning
the dynamic distortion experienced by unsteady supersonic intake systems. To date, there
is a limited understanding of the unsteady distortion levels in terms of spatial and temporal
distributions resulting from intake buzz. Consequently, significant further work is required,
especially considering future aircraft configurations where propulsion integration will be
critically important across the operating envelope.

Dynamic distortion can have a critical impact on the operability of gas turbine-based
propulsion systems. Future designs may incorporate highly three-dimensional intakes and
diffusers, adding complexity to their integration with the propulsion system. Weaknesses in
the design process could significantly affect development and certification timelines. This
underscores the necessity to establish experimental capabilities dedicated to simulating and
assessing unsteady distortions within supersonic intakes, encompassing their interactions
with the upstream diffuser flow, leading to the propulsion system. Establishing a model-
scale distortion simulation facility is essential to obtain high-fidelity data on how fans
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respond to distortion under conditions closely resembling those encountered in actual
flight. This will bolster confidence in the intake-engine compatibility assessment process
used in the early stages of development, as well as serve as a catalyst for comprehending
the fundamental flow mechanisms at play.

Several test rigs of this kind have been documented in prior reports, but none of them
effectively realized their initial design objectives, mainly due to operational complexities
that restricted either the attainable operational range of the test model when installed in
the test rig or the faithfulness of the model’s aerodynamics, primarily due to interference
from the working section walls [28–30]. In detail, Fisher and Ford [28] conducted an
experimental study to investigate internal boundary layer separation and viscous losses
across various intake configurations. The experimental setup involved integrating the
intake model with the wind tunnel diffuser, allowing the use of a significantly larger
model than typically feasible in a conventional tunnel of similar dimensions. However,
this setup came with some drawbacks, including restricted operational adaptability to
nominal conditions and the incapability to simulate the external flow around the model
beyond the capture plane. Additionally, access for Schlieren observation was confined to
the intake throat and cowl lip regions. Similarly, in the cases of Kimzey and Elis [29] as
well as Surber et al. [30], the shock structure around the intake entry was fully or partially
generated within a relatively confined onset flow passage. These rigs were designed to
represent the aerodynamics of the complete air induction stream tube directly, albeit for a
limited range of critical flight conditions, typically between nominal (critical) operation
and near-nominal subcritical points, without severe instabilities of the inlet shock train.
These test rigs provided a relatively simple way to explore the matching between subsonic
diffusers and supersonic entries. However, the results produced were not necessarily
representative of the test model’s behavior during larger-scale installed inlet test programs.
As a result, the requirement for a bespoke experimental test rig remains necessary to aid
the design of future, closely-coupled configurations.

The process of designing this small-scale facility was recently presented by Migliorini
et al. [233], with a particular focus on the working test section design to ensure an adequate
operational range and representative aerodynamic conditions for the test model. The study
provides a detailed account of the ongoing work, encompassing the conceptualization,
initial design, and sizing of the working section of the test rig, as well as the design of the
exhaust system and the integration of the test model. A key characteristic of this test rig is
the ability to integrate advanced instrumentation for both intrusive and, more crucially,
non-intrusive distortion measurements at the aerodynamic interface plane (AIP) of the
inlet (see Figure 13). Ensuring minimal interference of the test rig’s working section walls
with the inlet’s pre-entry flow across a wide range of mass flows is crucial for the rig’s
design. Additionally, preventing unstarting, a common issue with high-speed internal
flow test rigs, is another key consideration. Subsequent stages of this ongoing effort focus
on examining the design parameters that influence the quality of the flow delivered to
the working section. This includes assessing the integration of transition ducts and a
supersonic nozzle, as well as the design of the radial exhaust system implemented to enable
unobstructed optical access to a large part of the subsonic diffuser, enabling the integration
of a non-intrusive system for unsteady distortion measurements at the AIP. The objective
of this initiative is to establish an experimental framework capable of replicating and
thoroughly analyzing unsteady distortions within supersonic intakes. Additionally, it seeks
to explore the intricate dynamics of these distortions as they interact with the diffuser flow
situated upstream of the propulsion system. Furthermore, this effort aims to address the
fundamental gaps identified in this paper, with the ultimate goal of creating methodologies
that provide valuable insights for the development of future systems. In essence, this effort
aspires not only to simulate and characterize these aerodynamic phenomena but also to
contribute to a deeper understanding of their implications and to offer tools for enhancing
the design of future propulsion systems.
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Figure 13. Illustration of a distortion simulation test rig concept design [166] (Image reproduced with
permission by the authors).

5. Conclusions

The air induction system remains a major component of the aircraft propulsion system;
its sole purpose is to ensure uniform flow delivery to the engine with maximum pressure
recovery. However, a significant reduction in the captured air mass flow triggers complex
erratic flow features that jeopardize the flow quality in the intake. Flow separation is
necessary for the development of intake buzz, but the literature review indicates that the
buzz characteristics experienced in an intake can be very case-specific, with each test case
exhibiting different oscillation patterns. The diversities of the two trigger mechanisms of
the buzz phenomenon and the associated dominant frequencies are noticeably clear in the
existing literature. While it is observed that little buzz exhibits smaller or similar oscillation
amplitude to big buzz, comparing the frequency of oscillations is more complicated due
to its more diverse behavior. This is because the buzz frequency is influenced by several
factors, like the intake geometry configuration and the freestream operating conditions.
Nevertheless, it is evident that the buzz frequency of a supersonic intake can usually be
predicted using analytical solutions from the acoustic theory, in contrast to hypersonic
intakes, where this is less likely due to the different flow features existing in the intake throat
that blocks the upstream propagation of the acoustic waves. As a result, hypersonic intakes
experience different oscillating patterns. However, there are cases in supersonic intake
studies where the observed buzz frequency is not the same as the predicted fundamental
frequency and the fluctuations experienced in the diffuser are not as would be expected for
the fundamental duct acoustic mode. This raises concerns about how uniformly distributed
the flow is when delivered to the engine face during a buzz operation and demonstrates
the necessity of eliminating this phenomenon for efficient engine operation.

The common thread of flow unsteadiness present in convoluted intakes, high-speed
intakes, and isolators, lies in the low-momentum region of the flow. Understanding the
risks to engine operability associated with flow unsteadiness, it is important to explore
methods that would prevent or suppress such undesirable flow features. Boundary layer
bleed, slot, or porous bleed systems have been examined and have shown capabilities in
improving the intake operability range, but careful design optimization is required as their
geometric parameters and location can significantly impact the flow characteristics. In
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addition to this, it would be interesting to examine how the boundary layer bleed system
behaves in response to different angles of attack. While it is an effective method in delaying
instabilities, there is a considerable percentage of lost mass flow, which has a corresponding
effect on the intake performance, and a single bleed system is not sufficient to extend
the operating range of an intake. Recent emerging technologies have been introduced for
actively controlling the flow, consisting of mass injection and energy deposition taking place
upstream of the boundary layer, making it less susceptible to adverse pressure gradients.
While studies associated with such techniques have demonstrated positive results in
successfully suppressing shock oscillation and flow separation, these methods appear to
be at the initial stages of development, and the feasibility of practical implementation still
remains in question. Also, such methods are expected to be investigated across a range of
operating conditions and intake geometries, followed by the optimization of the duration
and trigger time of the energy or mass addition.

To gain a better understanding of the flow dynamics and flow topology downstream
of the intake buzz oscillations, the study seeks information from the research of unsteady
shock trains found in isolators since little relevant work has been conducted in high-
speed intakes. It was revealed that the oscillating shock train was not only related to the
boundary layer, but also to the interaction of its leading shock and background shock
waves. The background shock waves existing in the isolator can significantly influence
the shock train shape and positioning and can cause large streamwise and transverse flow
non-uniformities in the upstream flow since they are able to propagate upstream through
the subsonic portion of the boundary layer. The information becomes more relevant to
high-speed intakes when combined with the research outcome by Candon et al. [87], who
suggested that it is possible that multiple waves exist in the diffuser, and when they coalesce
far upstream, they cause a strong shock oscillation. Limited work has assessed the total
pressure distortion in unsteady supersonic intakes and has clearly illustrated the substantial
increase in steady-state distortion under such operating conditions. However, the steady-
state flow distortion computed in high-speed intakes experiencing shock unsteadiness often
neglects the dynamic component of flow distortion. This possibly underestimates the non-
uniformity of the flow and potentially creates a lack of understanding of the true impact of
these events on engine performance and stability. To date, there is limited understanding
of the unsteady distortion levels in terms of spatial and temporal distributions as a result
of intake buzz. Additionally, studies assessing the steady-state intake flow distortion in
high-speed intakes have mainly focused on total pressure distortion, without giving any
attention to swirl distortion. Swirl distortion is a significant component of distortion and
a determinant factor for intake-engine compatibility. The examination of total pressure
distortion alone is insufficient to determine the engine’s surge margin loss. Therefore, it is
encouraged for future work to take into consideration swirl distortion when evaluating
the stability of the engine. To capture the essence of dynamic distortion, the study has
conducted a literature review on the flow distortion assessed in convoluted intakes. The
research illustrates that a major component of flow distortion originates from the separated
flow in the lower wall of the S-shaped ducts. The flow field of the main loss region promotes
both streamwise and in-plane fluctuations. During extreme swirl distortion events, the
flow experiences vortex switching and single-sided vortex patterns. The circumferential
variation was associated with secondary flows, while the vertical perturbation was linked
to the unsteadiness caused by the centerline separation. The greatest contribution to
flow field unsteadiness lies in a spectral band range of St = 0.4 to 0.6, with respect to the
average out-of-plane velocity at the AIP. Based on the findings and acknowledging that
flow separation plays a significant role in the onset of intake buzz, it is plausible that high-
speed intakes, particularly those featuring a circular cross-section at the AIP, might display
comparable flow characteristics, such as streamwise and in-plane fluctuations observed
in convoluted intakes. However, due to the distinct geometric variations, it is probable
that the origin of these fluctuations in high-speed intakes differs from that in convoluted
intakes. Consequently, this remains a subject of ongoing research.
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Finally, it is recognized that flow instabilities within the air induction system can
exert a significant influence on the functionality of gas turbine-based propulsion systems.
Looking ahead, the future prospects for evaluating the compatibility between the air in-
duction and the propulsion system highlight the essential need to develop specialized
experimental capabilities for simulating and evaluating unsteady distortions within super-
sonic intakes, encompassing their interactions with the upstream diffuser flow leading to
the propulsion system.
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Abbreviations
AIP aerodynamic interface plane
AOA angle of attack
BS bow shockwave
DBD dielectric barrier discharge
DDES delayed detached eddy simulations
EBR exit blockage ratio
LAFPA localized arc filament plasma actuator
LDV laser Doppler velocimetry
LES large eddy simulations
NS normal shockwave
OS oblique shockwave
PSJ plasma synthetic jet
SS separation shockwave
SBLI shockwave boundary layer interaction
S-PIV stereo-particle image velocimetry
TP triple point
operators
⟨.⟩ time average
.̄ area average
Roman symbols
A area, m2

D diameter, m
F frequency, Hz
H height, m
L length, m
M Mach number
St Strouhal number
U velocity, m/s
Vip in-plane velocity modulus, m/s
w axial velocity, m/s
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sub/super-scripts
∞ quantity at freestream
ref reference quantity
max maximum quantity
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