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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].
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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« /A, in this case, is at or near its maximum value of (Ac/A¢)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 A., 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.



Aerospace 2024, 11,75

3 of 50

a Vi
5 La0S E
I A Ao :
[ Critical '
Subcritical ;
3 Supercritical © |
& ’ NS .
/. 1
. z :
I ] Me>17 M1y Mt '
.4-0s H
v.’ st .
AcAo H
A, 1

Ac

Figure 2. Operating range of a supersonic, external compression intake. (OS: oblique shock, NS: nor-
mal shock, A;: 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
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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].
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(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



Aerospace 2024, 11,75

7 of 50

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
Moo = 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
pressutre 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-e 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.



Aerospace 2024, 11,75

9 of 50

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 Ms, = 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 A-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],
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who noticed highly energetic oscillation at M, = 2.2 for a moderate mass flow, and named
it “added buzz”.
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Figure 6. Shock system topology in relation to a supersonic entry at two different time instances
during a buzz cycle, at (a) t;: normal shock most downstream position and (b) tp: 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/Uc), 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].



Aerospace 2024, 11,75

14 of 50

Table 1. Experimental (E) and numerical (N) supersonic/hypersonic intake buzz studies.

Reference Method (E/N) Intake Geometry COI;}?SI;ZS;:O“ Mach Buzz Type Definition Frezﬁlergg;?lt-lz) Buzz Cycle (s)  Strouhal No. St = fL/U,
Trapier et al. [48] E 2D Mixed 18,2,3 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
Dailey -
Chang et al. [60] E 2D Mixed 5 (Weak cycle = low 110 oveak = 0011 N/A
Strong cycle = high) rong =o.
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] Eand N Rectangular External 1.8 Amplitude Based E=107 0.0016 0.09
(Low amplitude) N =750 ’ ’
(High amplitude) N 0.0018 0.069
Abedi et al. [38] N A/S Mixed Dailey (High amplitude) 1125 0.009 N/A
Zhu et al. [81] N A/S External 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.
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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 My = 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 ata
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 Ms = 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 Mo, = 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
etal. [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.

Bleed flow

(a) Without vent (b) With vent

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. VG]Js 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