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Highlights

1. Shock/Boundary-Layer Interactions (SBLIs) and their consequences in high-speed
aircraft are reviewed.

2. Various active and passive control strategies that have been used to mitigate the
effects of SBLI are addressed.

3. The efficacy of Porous Cavity and Micro-Vortex Generators in controlling SBLI is
described in detail.
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1 Introduction

The interaction of a shock wave with the boundary layer is a kind of fluid dynamic phe-
nomenon that exists in all supersonic, hypersonic, and even transonic vehicles. The pres-
ence of SBLIs can be referred to several practical flow situations that include airfoils, the
tip of the turbo-machinery blades in transonic flow, supersonic and hypersonic intakes.
However, the undesired consequences of SBLIs severely affect engine performance. The
shock wave offers high wave drag into the supersonic flow, and the interaction of the
shock wave with the boundary layer often results in flow separation, eventually leading
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to viscous drag. Also, the unsteadiness in the flow field associated with the flow separa-
tion causes high fluctuating pressure loads, which often results in the buffeting of wing
or intake buzz. Due to the unsteady nature, the regions of the SBLIs are the region of
fluctuating high thermal load. The combinations of these phenomena are very much
responsible for the degraded engine performance of a high-speed aircraft. The detri-
mental impacts of SBLIs are even more severe due to the viscous and the vorticity inter-
actions, and high temperature in the shear layer. Because of this, SBLIs have been the
subject of special attention, which has motivated several researchers in the last few dec-
ades. Nevertheless, it should be noted that, despite having several decades of research
and the incredible development of theoretical, computational, and experimental fluid
dynamics, the complete flow physics of SBLIs and their controlling mechanisms are still
unclear due to inherent complexities. Hence, it is necessary to understand the physical
mechanism of SBLIs to control the undesired consequences.

This interaction is often called Shock/Boundary-Layer Interaction (SBLI). As the pres-
sure changes abruptly across the shock wave, the boundary layer thickens at the shock
impingement location. Subsequently, the transmission of the pressure signal from the
downstream side through the subsonic portion of the boundary layer results in retarda-
tion or thickening/separation of the boundary layer upstream of the shock location. Sub-
sequently, the boundary layer thickening/separation deflects the flow towards the bulk
flow, which results in a series of compression waves. These waves merge to form the
separation shock outside the boundary layer. Similarly, a reattachment shock will be cre-
ated when the separated flow re-attaches the body again. Besides, the impinging shock
is reflected as the expansion waves from the sonic line of the boundary layer. The conse-
quences of SBLIs are total pressure loss, flow separation, increased drag, unsteady shock
oscillations, etc., which sometimes may lead to engine failure. Further, SBLI enhances
turbulent intensity, which leads to considerable viscous dissipation.

The interaction pattern of a shock wave with the boundary layer in a two-dimensional
domain is shown in Fig. 1, where the impinging shock is relatively weak. Inside the
boundary layer, the shock gradually curls as the local flow speed decreases towards the
inner part of the boundary layer. Besides, the strength of the impinging shock diminishes
gradually as it penetrates the boundary layer and eventually ceases at the sonic line. In
the subsonic part of the boundary layer, the shock-induced pressure rise can be felt both
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Fig. 1 Schematic diagram of a typical SBLI over a flat surface due to a weak impinging shock
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Fig. 2 Wall static pressure distribution for a weak SBLI
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Fig. 3 Schematic diagram of a typical SBLI over a flat surface due to a strong impinging shock

in upstream and downstream directions, as seen in Fig. 2. The figure reveals the smooth
pressure rise in both the upstream and the downstream directions. Thus, the subsonic
part of the boundary layer is thickened over a finite region. Moreover, the deflection of
outer supersonic flow results in a series of compression waves. Outside the boundary,
these compression waves coalesce to form a reflected shock. This interaction process is
termed the weak interaction as the physical phenomena involved in this process are not
very different from the inviscid flow situation.

In a different flow situation, where the impinging shock is strong, the adverse pressure
gradient is sufficient enough to cause the flow reversal in the subsonic part of the bound-
ary layer. As shown in Fig. 3, the incident shock S1 impinges over the subsonic part of
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the boundary layer, leading to its separation. The compression waves are formed at the
onset of the distorted thick boundary layer, whose feet fall at the sonic line. These com-
pression waves merge together outside the boundary layer to form the separation shock.
Further, the impinging shock S1 slightly changes its direction while interacting with the
separation shock and gets reflected from the separated layer as expansion waves. This
causes a deflection of the separated layer which subsequently reattaches after a certain
downstream distance due to strong mixing action between the fluid inside and outside
the separated shear layer. This reattachment process is accomplished by the generation
of a series of compression waves that further merge together above the boundary layer
to form the reattachment shock. This type of interaction process is termed as the ‘strong
viscous-inviscid interaction’ as the strong viscous effects dominate the interaction pro-
cess. The flow phenomena, in this case, are markedly different from the pure inviscid
flow situation.

The rise in wall static pressure due to the strong SBLIs is shown in Fig. 4. Notice
that, unlike the weak interaction process, in the strong SBLIs, the wall static pressure
increases in two different stages, separated by a pressure plateau. The first and second
peaks in pressure are primarily associated with the separation and the reattachment
process. Essentially, the rise in pressure at the separation point is dependent on the
upstream flow properties and the viscous-inviscid interaction process.

For a complex geometry like intake, the shock waves generated from the compression
ramp and cowl lip interact with the boundary layer, resulting in SBLIs. The degraded
boundary layer due to these interactions is susceptible to boundary layer separation,
which may lead to a reduced mass flow rate through the intake [1]. The flow separation
causes a drastic change in the overall flow and shock pattern. Most often, the separated
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Fig. 4 Wall static pressure distribution for a strong SBLI



Jana and Kaushik Advances in Aerodynamics (2022) 4:27 Page 5 of 30

flow is the source of the entire flow field unsteadiness and high thermal load, which
thereby results in the “engine-unstart” and worst-case engine failure [2, 3]. Also, the
unsteadiness in the flow field is the origin of highly fluctuating pressure load. In some
cases, the frequency of the pressure fluctuations is nearly the same as the resonant fre-
quencies of the vehicle structures. This situation may lead to a large fluctuating pressure
load [4]. These interactions are frequently observed in several aerospace applications,
particularly in internal aerodynamics. Essentially, the intake geometries of a high-speed
aircraft are such types of configurations that are directly affected by SBLIs. The air-
breathing engine efficiency of a supersonic or hypersonic aircraft is greatly dependent
on the effectiveness of the intake. Therefore, to improve engine performance, a thorough
understanding of the SBLIs phenomena in the supersonic and hypersonic intake and
their control is necessary. Though the computation power has been increased substan-
tially in recent times, the inadequacy in the turbulent models, particularly, in the sepa-
rated flow region makes them less effective in accurately predicting the SBLIs. Moreover,
for complex geometries like aircraft intakes, the computation techniques are inadequate
in capturing the interaction and their control mechanisms. On the other hand, the
experimentally obtained values are the most reliable and widely accepted. Therefore, it
is essential to carry out an experimental observation to have a proper understanding of
the flow physics behind the SBLI inside the uncontrolled and controlled intakes. So far,
significant advancements have been made in experimental investigations such as in-wall
pressure measurements, particle image velocimetry measurements, etc. to analyze the
laminar and turbulent interactions [5-7]. These methods help in identifying some of the
key parameters that influence the interactions.

As the interactions are very severe and detrimental, the control techniques are
employed to make a substantial change in the flow or/and the shock structure so that
the shock/boundary-layer interactions can be manipulated. This may lead to reduced
shock strength, suppressed separation bubble, stable flow field, reduced thermal load,
etc., which essentially improves the overall engine performance. Most often, passive or
active means of control are utilized by several researchers in the last few decades. The
main objective of this study is to provide an overview of the various passive control tech-
niques and their advantages in controlling SBLIs, especially in high-speed intakes. Since
different control techniques have different purposes in interaction control, the follow-
ing reviews also characterize different shock and boundary layer controls depending on
their specific advantages in controlling the interactions.

2 SBLIs and their consequences

2.1 Boundary-layer thickening and/or separation

More than 70 years of research have been dedicated to the fascinating field of shock/
boundary-layer interactions due to their inherent complexities and pervasiveness in
high-speed flow regimes. In aviation, the most common situations where the shock/
boundary-layer interactions have been encountered are the flow over the transonic air-
foils or flow in the supersonic or hypersonic intakes. Since the mid-1940s, several works
have been carried out to understand the basic physical mechanism of the SBLIs in tran-
sonic and supersonic flows over curved or flat surfaces [8—14]. Generally, the interac-
tions for both cases, where the boundary layer is attached or separated, have been talked
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about. It was mentioned that the nature of the incoming boundary layer greatly influ-
ences the SBLI characteristics. Besides, the upstream influence of the interactions was
found to be dependent on the laminar or the turbulent nature of the boundary layer.
More importantly, the boundary layer often stays attached for a normal shock having
strength up to 1.3. In these investigations, some were conducted over the curved surfaces
in transonic flow [9, 10]. However, in such situations, the supersonic flow is established
over a small region in the flow domain. Also, the curvature of a surface inevitably yields
a streamwise pressure gradient. To eliminate these complexities, special attention has
been given to producing the shock wave externally over the flat plate or the compression
corner. The work of Barry et al. (1951) and Liepmann et al. (1951) can be referred to in
that respect. Essentially, the investigations are conducted for both laminar and turbulent
SBLIs [12, 13]. The nature of laminar interaction was exclusively described by Ackeret
et al. (1947), where a near-normal shock formed over a convex corner terminates the
locally obtained supersonic flow region [10]. They found that the laminar interactions
at Mach 1.23 cause the flow separation and give rise to the lambda-shock structure.
The investigations further extended at Mach 1.1 and 1.3, where similar flow and shock
structures have been observed. Liepmann et al. (1951) have investigated SBLIs with both
the laminar and turbulent boundary layer over a flat plate [12]. It was observed that the
upstream influence length is substantially lesser for the turbulent boundary layer than
the laminar one. The separation region, formed at the near upstream location of the
shock wave, is due to the presence of an adverse pressure gradient. The frequent separa-
tion was observed in the case of a laminar boundary layer compared to the turbulent
boundary layer. The laminar separation process was investigated in detail by Messiter
[15]. They concluded that the minimum pressure jump of 10% is necessary to separate
the laminar boundary layer for the Reynolds number of 10°> and more. The separation
process was initiated with the formation of the leading edge of the lambda-shock. It was
confirmed that the lambda-shock structure for a turbulent interaction is smaller than
that in the laminar case. Since the subsonic part of the boundary layer is thicker for lam-
inar interactions, the separation is more susceptible to causing the secondary lambda-
shock [16]. However, in both laminar and turbulent interactions, the extent of the
lambda structure was found to be larger than the thickness of the boundary layer [17].
So far, the studies were limited to the nature of SBLIs and their response to the incom-
ing boundary layer. However, there are other factors, such as, Reynolds number, Mach
number, and shock strength that directly impact the SBLIs [18-21]. Donaldson and
Lange (1952) have provided an empirical relation for a rough estimation of the pressure
rise across the shock [22]. In their experiments over a flat plate at Mach 3.03, it was con-
cluded that the critical pressure rise is inversely proportional to the square root of the
Reynolds number for a laminar flow, whereas, it is inversely proportional to the fifth root
for a turbulent flow. They suggested that, due to the formation of the shock waves, the
pressure rise results in separation and is proportional to the skin friction. Chapman et al.
(1958), while introducing the concept of “Free interaction’, described that the interac-
tions near the separation zone are influenced by the incoming Mach number of the flow
as well as the boundary layer characteristics [23]. Later, the experimental studies of Sed-
don (1960), Kooi (1975) described the detailed mechanism of interactions, when a nor-
mal shock interacts with the boundary layer [24, 25]. It was observed that the transonic
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SBLIs have some distinct features than that occurring at supersonic speeds. Seddon [24]
explained many important aspects of the separated flows induced by a normal shock. It
was observed that, due to flow separation, a strong normal shock is smeared to lambda-
shock near the wall. The leading shock is dependent on the nature of the interaction of
the boundary layer with the external inviscid flow. The flow is locally supersonic behind
the rear shock up to a certain downstream distance. The wall pressure increased gradu-
ally across the interaction region. The nature of the wall pressure distribution was deter-
mined by the interaction between the viscous and the inviscid flows.

The dependency of the recirculation zone owing to SBLIs, particularly in hypersonic
flow, is discussed by several researchers. Similar to supersonic flows, the separation
length in a hypersonic flow is found to be dependent on many factors. For a compres-
sion corner, the separation length is found to be bigger at higher compression angles
[26, 27]. Also, the separation length is always showing a growing trend with a decrease
in Mach number irrespective of the state of the boundary layer [28—30]. However, the
effect of Reynolds number on the separated length is not the same for laminar, turbu-
lent, and transitional regions. For a laminar flow, the separation length increases with
the increase in Reynolds number; however, for transitional flows, the trend is reversed
[31, 32]. Whereas, in a turbulent flow, the impacts of the Reynolds number on separation
length are still debatable. According to Coleman and Stollery (1972) and Holden (1972),
separation length increases with Reynolds number, whereas, the observation of Settles
and Bogdonoft (1982) and Roshko and Thomke (1976) concluded the opposite trend [21,
30, 33, 34]. Besides, it has been observed that the separation length increases with the
wall temperature. Particularly, in laminar flows, the influence of the wall temperature on
separation is higher than in turbulent flows [28, 30]. The direct impact of wall tempera-
ture on separation bubble size is also investigated by Zhu et al. (2017). They confirmed
through their numerical investigation that an increase in wall temperature increases
separation bubble size to a significant amount [35]. The aforementioned studies have
investigated the various aspects of SBLIs considering the gas to be perfect. However, in
the high-speed region, particularly, in the hypersonic flow regions, the situation may not
be the same due to the dominancy of the real-gas effects. It has been observed that, in a
hypersonic flow regime, the real-gas effects have a significant impact on the separation
bubble size [36].

Moreover, both the incident shocks and the wedge induced separation follow a similar
trend of skin friction, wall pressure, and heat transfer distributions over a separated flow
region, thus, from a qualitative understanding, the influence of the shock on the bound-
ary layer or the separated shear layer is not very much different [33].

To summarize the works carried out on SBLIs phenomena, several review articles
have been published. The excellent reviews of Green (1970), Delery (1985), and Viswa-
nath (1988) are only a few of the several studies [37-39]. They included the excellent
descriptions necessary for a good insight into the physical mechanism of attached and
separated SBLIs along with their upstream influence. Besides, the influences of the state
of the incoming boundary layer on SBLIs and their controls have been reviewed exclu-
sively. Later, Délery and Dussauge (2009) and Babinsky and Harvey (2011) beautifully
described the key features of the physical nature of SBLIs for a detailed understanding
of the interaction phenomena [40, 41]. Sriram et al. (2016) investigated the nature of
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the separation bubble formed over a flat plate in a hypersonic flow [42]. They concluded
that the separation bubble size is at the same length scale as the distance of the incident
shock from the leading edge.

The latest investigations in supersonic flows are carried out by Davidson and Babinsky
(2014, 2018) to find the impact of the incoming boundary layer on the normal shock/
boundary-layer interaction [43, 44]. They stated that the boundary layer profile in the far
downstream region is weakly dependent on the nature of the incoming boundary layer.
However, at the near downstream location, the interaction is greatly influenced by the
boundary layer properties. Interestingly, the turbulent nature of the incoming boundary
layer has a higher impact on the interaction.

From the aforementioned study on SBLIs in transonic, supersonic, and hypersonic
flows over different geometries, it is clear that the state of the incoming boundary layer
has a huge impact on the shock structure. Indeed, the response of the boundary layer
upon the shock impingement determines the structure of the interaction. Also, the
laminar and turbulent interactions have distinct features and consequences on the flow
structure. Therefore, it is necessary to have a good insight into the interaction to predict
and control their undesired consequences.

2.2 High thermal loads

One of the major problems associated with supersonic and hypersonic aircraft is the aer-
othermal effect, which imposes serious challenges in designing the aircraft. Therefore,
an efficient design with a better thermal protection system necessitates several inves-
tigations for an accurate prediction of the aerothermal effect, particularly at the inter-
action location of the hypersonic aircraft. Considering these aspects, Holloway et al.
(1965) conducted systematic experimental investigations on the impact of SBLIs on heat
transfer in all three regions of laminar, turbulent, and transitional flows [45]. They stated
that, for a pure laminar separated region, the local heating rate is higher than that in the
attached flow over a flat-plate, whereas, a reverse trend has been observed for a turbu-
lent separation. However, the situation with transitional separation has more practical
implications. Interestingly, for the case of transitional separation, within the transitional
region, the heat transfer values fall below the values associated with the attached flow
over a flat plate. Beyond this zone, the heat transfer values for separated flows rise rap-
idly compared to attached flows over the flat plate. In a subsequent investigation, Cole-
man and Stollery (1972) stated that, at the near downstream of the reattachment region,
the heat transfer value rises rapidly and attains its peak [33]. They have identified some
of the important features of turbulence and its effect on heat transfer distributions. The
distribution of the heat transfer rate is found to be in close agreement with the nature of
the pressure distribution.

It is seen that the interaction of the shock wave with the boundary layer is the source
of high viscous dissipation and some part of the kinetic energy of the fluid is lost due to
the dissipation. This lost energy reappears in the form of internal energy and thereby
increases the temperature of the fluid. For this reason, the supersonic flow passed
over the body increases the temperature of the body to a large extent. This situation is
even more severe in hypersonic flow due to the viscous and the vorticity interaction,
and high shear layer temperature [46—49]. This results in a tremendous amount of total
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pressure loss, increase in separation bubble size, flow unsteadiness, high thermal load,
etc. The most frequently observed aero-thermodynamic problems in hypersonic flows
are reviewed by Holden [50]. He has described that the viscous-inviscid interactions in
hypersonic laminar/turbulent flows are the source of the aerothermal problem. From
the design point of view, the accurate prediction of the location and the extent of aer-
othermal problems is essential to have improved performance of the hypersonic vehi-
cle. He stated that the interaction between the inviscid flow over the leading edge (or
over the intake wall) with the laminar boundary layer can determine the extent of the
aero-thermal effects. Besides, the viscous interaction has a great impact on the pressure
and heat transfer distributions. The gradient of pressure and temperature is found to be
higher near the separation and the reattachment locations, separated by a plateau which
essentially represents the recirculation zone. The maximum gradient in heat transfer
is obtained near the reattachment region. Besides, the estimation of the transition of a
boundary layer is the most important concern as the hypersonic intake or the swept-
wing experiences a tremendous amount of thermal load in turbulent flows. It is also
observed that, for complex geometries like intake or control surfaces, the transition may
occur in the region of adverse pressure gradients due to SBLIs. According to Scuderi
(1978), unlike the attached flow where the pressure and the heat transfer rate increase
gradually, in a separated flow, the rise in peak pressure and the heat transfer rate is sepa-
rated by a plateau region [51]. Dolling (2001) mentioned that two main aspects of an
SBLI induced aero-thermal heating are the location of its occurrence and the magni-
tude of the thermal load [52]. Also, in hypersonic flows, the peak heating due to shock/
boundary-layer interaction and the shock/shock interaction can be up to a hundred
times higher than the heating in the attached flows. The maximum heat transfer rate can
be greatly dependent on the flow condition at the reattachment location; higher separa-
tion length implies increased heating at the reattachment point [53]. A recent study on
Mach 5.8 flow over a flat plate confirmed the interaction of a shock with the boundary
layer, which was found to be responsible for the boundary layer transition. Also, the ini-
tiation of the transitional state of the boundary layer results in higher peak heating [54].

The above observations yield an understanding of the thermal load due to SBLIs and
their dependencies on the nature of the boundary layer, and the size of the separated
region. It was seen that the thermal load has a severely detrimental effect, particularly in
hypersonic flows, over different parts of an aircraft, such as intake, control surface, etc.
Therefore, an accurate assessment of SBLIs and the prediction of the thermal loads are
necessary to have an efficient engine design.

2.3 Unsteadiness associated with SBLIs

The interaction of a shock wave with the boundary layer often incurs large-scale
unsteadiness in the flow field, which is essentially responsible for the fluctuating pres-
sure and thermal loads [55]. Besides, it is seen that the fluctuating loads are amplified in
the region of a higher heat transfer rate in a supersonic or hypersonic aircraft. Pozefsky
et al. (1989) identified the regions in a hypersonic aircraft where the failure time is 1
min or sometimes even lesser than that [4]. These consequences are severe enough to
result in the total failure of an aircraft [52]. Therefore, it is an utmost necessity to inves-
tigate the nature of the unsteadiness. Essentially, two primary sources are found to be
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responsible for the fluctuations in SBLI. The first one is the interaction of shock waves
with the turbulent boundary layer. The second one is due to the instabilities at the shock
foot. The dominant frequencies are dependent on the characteristic dimensions and the
incoming boundary layer properties. For example, when the characteristic dimension
increases for a fixed boundary layer thickness, the dominant frequency decreases; on
the other hand, for a fixed characteristic dimension, the dominant frequency reduces
with an increase in the boundary layer thickness [56]. In the subsequent studies, Erengil
and Dolling (1991, 1993) provided a correlation between the fluctuating wall pressure
in the upstream boundary layer and the velocity of the separation-shock foot [57, 58].
The contraction or expansion of a separation bubble changes the shock location either
towards the upstream or towards the downstream sides. In the meantime, the passage
of the turbulent fluctuations changes the shock oscillation. The combined effects of
these phenomena result in “small-scale high-frequency” unsteadiness. Further, Brusniak
and Dolling (1994) suggested that the frequency of oscillations in the flow field, related
to the separation, is possibly dominated by the nature of the incoming flow [59]. They
inferred that, in the separated region, due to the turbulence the primary vortices are
highly unsteady. Since the leading edge of the primary vortex is essentially connected
to the foot of the separation shock, the motion of the shock foot can directly be related
to the expansion and contraction movement of the separation zone. The impact of this
phenomenon is reflected in global pressure distributions. They also suggested that, since
the low-frequency oscillation of the shock foot is very much affected by the primary vor-
tex, necessary controls should be deployed to manipulate the scale of the vortices. At
the same time, investigations were conducted to examine the upstream influence on the
unsteady phenomenon. McClure (1992) and Unalmis and Dolling (1994) concluded that
the large-scale shock motion is influenced by the incoming boundary layer thickness [60,
61]. Essentially, the low-frequency thinning and thickening motion of the boundary layer
is the driving mechanism for the shock unsteadiness. Later, Wu and Miles (2000) con-
firmed that the motion of a shock is directly related to the structure of the boundary
layer [62]. Beresh et al. (2002) and Hou et al. (2004) have observed that the velocity fluc-
tuations inside the incoming boundary layer result in shock oscillations [63, 64]. Later,
the governing mechanism of the unsteadiness in SBLIs, when formed over the compres-
sion corner, is described in detail by Ganapathisubramani et al. [65]. They concluded
that the unsteadiness has its origin in the long vertical structure inside the incoming
boundary layer. Nevertheless, it is a well-established fact that the shock oscillation is
directly related to the flow separation and the oscillation frequency is significantly lesser
than the frequency of the incoming boundary layer [66, 67]. Therefore, it can be said that
the flow separation is not only responsible for the viscous drag, but also it accounts for
the flow field unsteadiness.

Further, Clemens and Narayanaswamy (2014) extensively reviewed the investiga-
tions on low-frequency unsteadiness associated with a separated flow [68]. A debate
on the cause of low-frequency unsteadiness due to the upstream boundary layer or the
downstream instability is still prevalent among researchers. Nevertheless, not only the
upstream influence, but also the downstream forcing mechanism have a strong impact
on the interaction unsteadiness. However, the impact of the upstream boundary layer
fluctuation is lesser for larger separated flows. Subsequently, in a Hypersonic Shock Tube
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(HST) experiment, Sriram and Jagadeesh (2016) have investigated the flow field near the
leading edge of a flat plate. They visualized the evolution of the flow field using high
response sensors where the specific nature of unsteadiness of the separation bubble can
be observed [69]. Following these studies, the recent review work of Ligrani et al. (2020)
described the origin and the source of unsteadiness along with the impact of upstream
and downstream forcing mechanisms on the SBLI induced unsteadiness [70]. They con-
cluded that, depending on the size of the separated region, the relative importance of the
upstream and the downstream mechanisms may appear.

The above-mentioned literature provides a fairly good insight into the unsteady nature
of the interactions. Besides, the study of these characteristics inside the intake-isolator
is equally important due to their vast practical applications. In a hypersonic intake, the
behavior of shock-trains in the existence of background shock waves is studied by Tan
et al. [71]. They discovered that the dominant frequency of shock-train oscillations is
influenced by the upstream boundary layer’s behavior. Furthermore, background wave
interference with shock-trains increases the back-pressure ratio while reducing the
shock-train length.

From the above discussions, it is evident that, though some physical mechanisms of
mean properties of SBLIs are quite comprehensible; yet, the present understanding of
the unsteady nature of SBLIs is not very clear. Even, for an accurate prediction of critical
parameters of the mean properties of SBLIs, knowledge of the unsteady effect is essen-
tial. It is worth noting that, almost all the applications in high-speed aerodynamics are
dominated by the fluctuating nature of SBLIs. Also, in supersonic and hypersonic aer-
ospace vehicles, the severe heating associated with the inherent unsteadiness of SBLI
has a great impact on the vehicle structure. The boundary layer, the separation charac-
teristics, and the characteristic dimensions are the important parameters that affect the
unsteady behavior. These aspects can never be ignored while designing a supersonic or
hypersonic aircraft.

3 Computational studies

In the modern era, the advancement of space flights and aircrafts led to several new
situations that demand a comprehensive study of the various aspects of SBLIs both
experimentally and computationally. Along with the experimental investigations, the
development in the computational methods with an enormous increase in comput-
ing power has enabled researchers to investigate the shock/boundary-layer interaction
phenomena computationally. A validated computational code can effectively capture or
resolve the complex characteristics of the interaction, particularly, in unsteady or tran-
sient flow situations [52]. Considering this, various computational models have been
implemented in order to capture the interaction phenomenon. However, the DNS or
LES are essentially high-fidelity time-resolved simulations, which are computationally
expensive. Hence, the majority of studies have been conducted on RANS modeling. Gat-
ski and Erlebacher (2002) and Gerolymos et al. (2004) reviewed several RANS studies
to obtain a detailed insight into SBLIs characteristics [72, 73]. However, the vast major-
ity of the work considers the linear dependencies between the Reynolds stress compo-
nents and the strain rate tensor. This causes a large deviation in the computed values
from the experimental results. Even in the non-linear eddy viscosity-controlled RANS
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model, the unsteadiness in the flow field, the large fluctuating pressure, and the thermal
load distributions cannot be captured. In order to exclude these shortcomings in RANS
simulations, several computations have been carried out using LES and DNS simulation
for both the compression corner and incident shock-induced SBLIs [74—80]. The effi-
cacy of LES on predicting the SBLI characteristics was reviewed by Knight et al. [74].
Particularly, Loginov et al. (2006) and Teramoto (2005) perform the SBLIs studies over
compression corners and the incident oblique shock, respectively [75, 76]. It is seen that
these simulations are quite accurate in providing the intricate details of SBLIs. Li et al.
(2010) and Tong et al. (2017) exclusively described the detailed flow structure contain-
ing the SBLI using DNS [81, 82]. The studies are concentrated on the SBLI phenom-
enon over the compression ramp at Mach 2.9. It is observed that transition is triggered
for boundary layer suction and wall blowing [81]. Also, they claimed that the low-fre-
quency oscillation is basically due to the unsteadiness of the separation bubble; not due
to upstream turbulent disturbance. Tong et al. (2017) showed that the near-wall por-
tion of the incoming boundary layer is characterized by elongated streamwise vortex
formations [82]. The formations in the concave area, on the other hand, are dominated
by large-scale hairpin-like vortices in the outer part of the boundary layer. Besides, the
turbulent intensity is higher in the downstream side of the compression ramp. Recently,
Direct Numerical Simulation has been carried out to understand the impact of incoming
flow characteristics on SBLI. It was observed that the transitional boundary layer, which
has a thicker subsonic part, shows lesser resistance than the turbulent boundary layer.
As a result, the pressure jump due to shock exists over a smaller region, which thereby
results in higher rms wall pressure peak for the turbulent boundary layer [83].

4 SBLI control techniques

It is evident that the consequences associated with SBLIs are numerous and most often
severe for both internal and external aerodynamics. Since the repercussions are primar-
ily dependent on the shock strength, boundary layer, and separation characteristics, the
manipulation of the shock structure and the flow field by some suitable control tech-
niques are essential. In the course of our discussion so far, different types of geometries
are investigated. However, in the following sections, the discussions will be mostly ori-
ented to the SBLIs in aircraft intakes.

An intake is an essential part of an aircraft engine where the incoming flow is decel-
erated for an efficient combustion process. Specifically, in ramjets and scramjets, the
incoming flow is slowed by the intentionally generated series of shock waves [41, 84, 85].
However, due to the interaction of shock waves with the boundary layer, the detrimen-
tal consequences are evident. The repercussions are high viscous dissipation, enormous
pressure loss, unsteady shock oscillations, etc. [1, 86]. These undesired phenomena need
to be controlled to alleviate or reduce the colossal losses and to increase the stability of
the interaction. Considering these aspects into account, the control techniques address
and mitigate the issues related to wave drag and viscous losses. Normally, the control
techniques are employed to reduce either the wave drag or the viscous drag as the physi-
cal mechanisms involved with these control techniques (for reducing the wave drag or
the viscous drag) are different from each other.
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According to Delery (1985), control mechanisms can be classified into two groups
depending on the location of their deployment [38]. First, the control can be employed
to improve the nature of the incoming boundary layer (such as mass injectors, vortex
generators). Second, a control can be at the interaction region itself (such as boundary
layer bleed or deployment of the porous cavity).

The SBLI control techniques are classified as the shock controls (cavity covered with
porous surfaces, surface bumps, etc.) and the boundary layer controls (vortex genera-
tors). Essentially, the shock control splits or smears shock a strong shock into multiple
shocks to reduce the total pressure loss and the boundary layer control method reduces
the loss related to viscosity.

According to the energy requirement, the control technique may be classified into
active control or passive control. In an active control, an additional source of energy is
necessary, whereas, in a passive control, the control utilizes the energy from the main
flow itself.

4.1 Active control techniques

With the advancements of modern intricate techniques, the active controls nowadays
are gaining prominence for improving aerodynamic performance. From the percep-
tive of shock/boundary-layer interaction control in an intake, several works have been
conducted on the tangential blowing or suction, as witnessed in the extensive review
work of Delery [38] and Viswanath [39]. The tangential blowing inside the boundary
layer increases the kinetic energy of the boundary layer fluids. Depending on the deploy-
ment of the tangential blowing upstream or at the interaction point, U-type or D-type
mass injectors are utilized, respectively [87-89]. The deployment of an array of micro-
jets, located upstream of the interaction region, significantly reduces the mean pressure
across the separation and reduces the unsteadiness in the flow field [90, 91]. The reduc-
tions of separation bubble size with the increase in microjets pressure ratio are clearly
shown in the study conducted by Ali et al. (2012) in Mach 2 flow, as shown in Fig. 5 [91].
It can be seen that the separation shock moves upstream and reduces its intensity with
the increase in microjet strength. Besides, the air-jet vortex generator was also found to
be effective in decreasing the separation length [92]. The experiment was conducted at
flow Mach number 1.3. Essentially, the streamwise vortices generated by the air-jet vor-
tex exchange the energy between the low and high momentum fluid and thereby ener-
gizes the fluid inside the boundary layer.

Another type of widely used active control (can be active or passive, depending on the
energy requirement) is suction/surface bleed, where the low momentum fluid inside the
boundary layer is sucked to improve the state of the incoming boundary layer [93, 94].
The deployment of the suction geometry relative to the interaction location governed
the suction effectiveness. Fukuda et al. (1977) demonstrated that the suction location
upstream or downstream of the interaction region is more effective than the interaction
region itself at flow Mach number 2.5 [94]. However, this finding contradicts the assess-
ment of Seebaugh and Childs (1970), where the suction geometry placed at the interac-
tion location is found to be superior (at a freestream Mach number of 2.82 and 3.78).
The discrepancies in these results may be due to the differences in the suction geom-
etries [95]. Further, Weiss and Olivier (2014) investigated the influence of suction cavity
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pressure at Mach range 1.45 to 1.85 by introducing the normal suction slot on all four
walls of a rectangular nozzle [96]. It is interesting to observe that, when the suction slot
is not choked, barrier shock is generated at the suction slot’s downstream corner at a
cavity pressure level lesser than the static pressure upstream of the shock. However, the
cavity pressure cannot influence the interaction if the suction slot is choked. The efficacy
of suction and tangential blowing in reducing the recirculation bubble size was investi-
gated and compared by Sriram and Jagadeesh (2014) at Mach 5.96 [97]. They observed
that a suction or injection rate at one order lesser than the momentum deficit essentially
reduces the separation bubble size, with a maximum reduction of 20% for tangential
blowing. The physical mechanism behind the suction and the surface bleed techniques
are quite similar with only the exception that suction utilizes an external pump to draw
the low momentum fluids. Although the surface bleed techniques are quite simple (in
most cases, it does not require additional power to drain low momentum fluid), addi-
tional actuation techniques to control the incoming airflow rate and bleed rate (specif-
ically for active control) may require additional energy, which eventually makes them
more complex.

Recently, the importance of the plasma jet has gained much more attention due to its
superior effectiveness in stabilizing SBLIs. Normally, the plasma actuators are deployed
upstream of the interaction to excite the instability in the recirculated zone. Naraya-
naswamy et al. (2012) utilized an array of pulsed plasma jets at Mach 3 flow to reduce
the unsteadiness in the separated region [98]. Further, the localized arc filament plasma
actuators were used at Mach 2.3 by Webb et al. (2013), where they noticed that the
actuators are effective in reducing the low-frequency unsteadiness [99]. The actuators
essentially induce additional heat inside the boundary layer to modify its nature. Greene
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et al. (2015) demonstrated at Mach 3 flow condition that the implementation of the
pulsed plasma jet suppressed the separation, particularly, the recirculation length from
the separation point to the compression corner was reduced significantly [100]. Besides,
magnetically driven surface discharge can effectively manipulate the boundary layer in
controlling the SBLI at Mach 2.6 [101]. It was observed that the plasma actuation at a
low current (below 80mA) in the downstream side significantly alters the separation
bubble structure, whereas, plasma actuation at a higher current (above 80 mA) in the
downstream side significantly improves the separation bubble structure and wall pres-
sure profile. When magnetic field strengths of more than 1 Tesla are applied, increas-
ing the actuation current reduces the size and strength of the recirculation. Moreover,
separation might be completely eliminated with magnetic field intensities of 3 Tesla
and currents larger than 80 mA. The Magnetohydrodynamic (MHD) flow control tech-
nique also gained prominence in weakening the shock intensity by altering the boundary
layer profile over the ramp surface. Essentially, MHD flow control can result in signifi-
cant changes in flow behavior near the ramp, as well as there is a significant reduction in
total pressure loss across the oblique shock [102]. It is also interesting to observe that the
magnetic field causes the velocity of the plasma column to move at a much faster rate
than that in the absence of the magnetic field.

Since, active control techniques involve complex mechanisms that sometimes become
difficult to implement, particularly, in a hypersonic flight, where the temperature gener-
ated inside the intake is too high. This led the researchers to focus on passive control
techniques more extensively.

4.2 Passive control techniques

In high-speed aerodynamics, passive control techniques are widely used for their sim-
plicity and effectiveness. As already discussed, depending on the nature of the opera-
tion, the control techniques can be classified as shock control or boundary layer control.
A shock control extends the interaction regions to reduce the strength of the primary
shock; boundary layer control energizes the boundary layer to offer more resistance to
separation. Some of the well-established control methods used to manipulate the SBLIs
are boundary layer bleed, vortex generators, streamwise slots, porous cavity, surface
bump, splitter, etc. [103—111]. Boundary layer bleed is the widely used control technique
(can be active or passive, depending on the energy requirement), where the low momen-
tum fluids near the wall are bled and the high momentum fluids outside the boundary
occupy their location. The high momentum fluids eventually impose more resistance
to separation [103]. Schulte et al. (2001) investigated the efficacy of the boundary layer
bleed in hypersonic flow [104]. It was seen that the boundary layer bleed dramatically
reduces the separation bubble size up to 50%. Figure 6 describes a clear reduction in sep-
aration bubble size over the ramp controlled with surface bleed when compared with the
uncontrolled case. They have described the optimum location of the bleed system, where
the maximum pressure recovery can be achieved. It is seen that the streamwise slots are
responsible for the bigger lambda-shock structures, which essentially improve the total
pressure losses. Besides, the slots shed the streamwise vortices into the flow field, which
may be effective in delaying the separation [107, 112]. Later, it was shown that the use
of a surface bump on the ramp surface effectively controls the interaction by replacing a
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Fig. 6 Schlieren flow visualizations for the uncontrolled ramp surface (reference case) and controlled ramp
surface with surface bleed (bleed case) [104]

bigger separation bubble with two smaller bubbles [109, 113-115]. Further, the separa-
tion region induced by SBLI, at the Mach number range 4 to 6, was reduced with the
introduction of splitters in the internal convergent portion of the inlet, which degener-
ates a single strong interaction into multiple weak interactions [110]. The modification of
the cowl surface also has a prominent impact on SBLI. At Mach 4.03 flow, Senthilkumar
and Murganandam (2020) through their numerical investigation found that concavity
on the cowl surface significantly controls the SBLI [116]. Later, to lessen SBLI-induced
separation, the combined effects of boundary layer bleed and boundary layer suction
have recently been computationally explored. Essentially, a secondary recirculation jet is
computationally investigated in order to control the flow. To limit the size of the separa-
tion bubble, the suction slot was found to be best when deployed on the upstream side of
the flow separation zone in the supersonic flow [117].

Among the passive control techniques, few researchers have looked at the use of
a porous surface over a shallow cavity as a shock control system. The primary goal of
a passive cavity is to reduce the overall pressure loss caused by the extended interac-
tion area due to the smeared shock system. Raghunathan (1988) studied the effects of
SBLIs and their controls using passive control techniques at transonic flow [108]. The
research looked at the benefits of using a porous surface deployed over a cavity at the
shock impingement point for monitoring SBLIs. As a result, recirculation occurs spon-
taneously across the shock from the high-pressure zone (on the downstream side) to the
low-pressure zone (on the upstream side), as shown in Fig. 7. Consequently, the strong
shock is broken or smeared into lambda-shock. Later, a systematic analysis of passive
control with a perforated plate supports its effectiveness over supercritical airfoils [119].
Rallo et al. (1992) described that the deployment of a porous cavity is responsible for the
shock strength reduction which in turn weakens the strength of the interaction [120]. It
is important to note that the comment on SBLIs strength reduction can directly be made
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by observing a drop in the maximum wall static pressure at the interaction region. In
addition, their investigation on the influences of surface porosity (introduced on a flat
surface) on SBLIs at hypersonic flow indicated that the reattachment pressure decreases
considerably when the surface porosity increases. Following that, in the experimental
study, at Mach number range 1.56 to 1.65, McCormick [121] used both micro-vortex
generators (MVGs) and a shallow cavity to manipulate the SBLIs. Due to the influence of
a porous wall with a shallow cavity underneath (with evenly spaced pores) on a flat plate,
the generated lambda-shock greatly decreased the shock intensity, as shown in Fig. 8
[121]. However, on the upstream side of the shock, degradation of the boundary layer
(boundary layer thickening due to fluid injection) is observed.
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Hanna (1995) investigated SBLI control in a hypersonic flow using a porous sur-
face [122]. Because of upstream pressure transmission across the subsonic portion of
the boundary layer, the interaction area for viscous flow is larger than for inviscid flow,
according to the research. In addition, constant and variable porosity-controlled mod-
els were compared in the study. Surprisingly, the peak pressure comparably decreases
in both cases. Bur et al. (1997) explored the effect of a porous cavity on a transonic
airfoil when it is working in off-design conditions [123]. The porous cavity was shown
to break a single shock into a lambda-shock system. The results showed a substantial
decrease in wave drag; however, there was a significant increase in viscous drag. As a
result, the net drag reduction was negligible. Nonetheless, under ideal flow conditions,
a shallow cavity with a porous wall was proved to be very efficient in regulating SBLIs
over a plain surface at a supersonic level of maximum Mach number of 1.35 [124]. The
use of a porous surface effectively converts normal shock to lambda shock. As a result
of this, the overall pressure loss is reduced, which decreases the typical shock strength.
However, the boundary layer degrades downstream of the interaction region, as shown
in Fig. 9. Therefore, the ultimate result is a balance of higher viscous losses and lower
shock losses. The Schlieren view of the shock structure with and without the porous cav-
ity is presented in Fig. 10. This clearly shows that the porous cavity effectively reduces
the shock strength.

Notice that, these studies concentrated the SBLIs over a flat plate using the exter-
nally generated shock wave alone. However, in hypersonic intakes, the influence of
expansion waves created at the convex corner of the ramp on the SBLIs cannot be
neglected. Thus, Mahapatra and Jagadeesh (2008) investigated cowl and ram-induced
multiple shocks inside a generic scramjet intake (Mach 8), where typical features of
the shock structure at different contraction ratios were observed [125]. To numeri-
cally investigate the impact of throat area and incoming Mach number fluctua-
tions, James and Kim [126] considered a hypersonic mixed compression intake at
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Fig. 9 Control of Shock/Boundary-Layer Interaction using porous cavity [124]
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Fig. 10 Schlieren flow visualization (a) without and (b) with the porous cavity [124]

freestream Mach number 2, 3, and 5. They showed that an increase in the area ratio
leads to a possible decrement in the mass flow rate. Besides, at higher Mach num-
bers, total pressure recovery is less [126]. Zhang et al. (2014) used a computational
model to analyze the influence of expansion waves on SBLIs in a hypersonic intake
with an upstream Mach number of 3.5 [127]. Expansion waves have both positive and
negative effects. The shock-shock-expansion waves and shock-expansion wave-shock
interactions are particularly beneficial in controlling the SBLI when the cowl shock
occurs near the convex corner of the ramp. As a result, the separation bubble size
is decreased. Recently, the influence of a porous cavity on SBLIs, mounted inside a
Mach 2.2 supersonic intake, has been studied for various intake contraction ratios by
Gunasekaran et al. [128]. The study revealed that the performance of a porous sur-
face with a cavity is strongly dependent on the contraction ratio of a supersonic inlet.
However, when the porous cavity is introduced, the boundary layer worsens, and the
shape factor downstream of the interactions increases, as compared to the boundary
layer in uncontrolled intake [121]. Therefore, to overcome the shortcomings of the
shock control methods, the boundary layer control methods such as the micro-vortex
generators (MVGs) were extensively studied.

The use of micro-vortex generators (MVGs) to reduce shock-induced separation
has gained popularity in recent years due to their interesting result [105]. Further-
more, vortices of mixed size shed in a streamwise manner can effectively control
the size of the recirculation field, according to the findings. These vortices can be
shed by inserting traditional or sub-boundary layer vortex generators into the flow
[129]. Through their research in transonic flow, Inger and Siebersma (1989) showed
that placing vortex generators upstream of the contact point energizes the incoming
boundary layer wave [130]. As a result, the pressure gradient around the contact zone
rises, ultimately creating a strong shock. To suppress or delay the separation of the
boundary layer, traditional vortex generators (VGs) of a height equal to the thickness
of the undisturbed boundary layer have been used [131, 132]. However, sub-boundary
layer vortex generators (SBVGs) with a height less than the undisturbed boundary
layer thickness are more efficient in separation control than traditional vortex genera-
tors because they have less drag [133, 134]. MVGs are indeed very effective instru-
ments for separation control; however, lowering the MVG’s height below 10% of the

boundary layer thickness is not effective in managing shear layer separation [135].
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It was concluded that, micro-vortex generators (MVGs) shed adequate strength vor-
tices in reducing separation time, unlike their conventional counterparts, where the
vortex strength is too high and disrupts the flow [136]. MVGs’ distribution, in addi-
tion to their height, plays an important role in flow management. Due to their capac-
ity to inhibit shock-induced separation, the array of MVGs has recently received a
lot of research motivation [137, 138]. The flow control performance of the array of
MVGs is also affected by their deployment position. The ability of the array of MVGs
to monitor flow is also affected by the location where they are deployed. As the MVGs
are deployed at or upstream of the interaction field, the boundary layer regains its
momentum due to the augmented mixing, slowing the onset of flow separation and
reducing the size of the separation bubble [138, 139]. It is easy to observe that, each
control strategy has its advantages and disadvantages. For example, the favorable
and adverse effects of two major passive control techniques, namely, shock control
(using porous cavity) and boundary layer control (using MVGs) are shown in Fig. 11.
Besides, the key technologies in regulating the SBLI with their benefits and drawbacks
are summarized in Table 1.

Essentially, the SBLIs can be regulated by the shedding of the two counter-rotating
vortices that originate from the MVGs, as shown in Fig. 12 for Mach 2.5 flow. These
mixing-promoting vortices (Fig. 12) are extremely successful at transferring momentum
between near-wall and outer boundary layer fluids, resulting in a better boundary layer
[140]. Essentially, the low momentum region behind the vortex generator moves upward
due to the vortex-induced upwash motion. At the same time, the higher momentum
region is entrained towards the near-wall lower momentum region (Fig. 13). In this way,
the transfer of momentum is happening between the high-speed freestream and the
low-speed near-wall region fluid by the vortex-induced streamwise vortices.

The ramp-type MVGs are superior in the reduction of the recirculation region size
since they generate counter-rotating micro-vortices with considerably higher intensity
in the near-wall region [141]. Furthermore, highly swept micro ramps are very effective

Passive controls

] |
Porous cavity MVGs
Exhibits favorable effect Exhibits adverse effect
due to energized incoming due to drag associated to
boundary layer the height of MVGs
Exhibits favorable effect Exhibits adverse effect due to
due to shock splitting injection of fluid upstream which
phenomenon leads to degraded boundary layer

Fig. 11 Benefits and drawbacks associated with major passive control techniques
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Table 1 Key technologies in controlling SBLI with their benefits and drawbacks

Control Techniques

Benefits

Drawbacks

Porous cavity
(Passive control)
[118-122,124,128]

MVGs
(Passive control)
[105, 121, 129-144]

Surface bump
(Passive control)
[109, 113-115]

Slots and grooves
(Passive control)
[107,112]

Splitter plate
(Passive control)
[110]

Boundary-layer bleed/suction
(Passive/Active control)
[38,39,93-97, 103, 104]

Tangential blowing
(Active control)
[38, 39,87-89, 97]

Micro jets
(Active control)
[90, 91]

Air-Jet Vortex Generator
(Active control)
[92]

Plasma jets
(Active control)
[98-102]

Very effective in splitting a single
strong shock into several weaker
shocks by recirculation of higher
pressure fluid towards the lower
pressure region through the cavity.

Very efficient in suppressing the
separated shear layer by energiz-
ing the incoming boundary layer
through vortices.

Effectively suppress boundary layer
separation by introducing a bump
over a surface, where the separation
region was observed for the uncon-
trolled case.

Improve the total pressure recovery
by smearing the strong shock into
lambda shock.

Effectively reduce the shock intensity
and the boundary layer separation
by splitting a single severe shock/
boundary-layer interaction into
several weaker smaller interaction
zones. Very efficient in a wide range
of Mach numbers.

Effectively suppress the boundary
layer by sucking the low momentum
fluid upstream of the interaction
region. The level of actuation can be
controlled according to the demand.

Very effective in reducing the separa-
tion bubble size by energizing the
boundary layer while injecting the
fluid of high velocity. The level of
actuation can be controlled accord-
ing to the demand.

Effective in reducing the intensity of
the shock wave since the compres-
sion is achieved gradually by micro
jets generated shocks and separation
shock. Besides, using micro jets,

the unsteadiness in the interaction
region can be suppressed.

As effective as a vortex generator
since the issuing jet, while interact-
ing with cross-flow, creates stream-
wise vortices. The air-jet vortex
generator is very efficient since it has
no parasitic drag.

Improve pressure recovery, and
suppress the separation since the
voltage through the electrodes cre-
ates a certain region of heated flow
that interacts with cross-flow, which
results in the generation of stream-
wise vortices. Besides, pulsed plasma
jets effectively reduce the unsteadi-
ness associated with SBLI.

Promotes SBLI due to the thickening
of the incoming boundary layer as

a result of the injection of the fluid
upstream of the shock.

Results additional drag due to the
height of the MVGs.

In off-design conditions, the shock
impingement point changes its loca-
tion. Thereby, for a wide range of Mach
numbers, the bump is not very effec-
tive in controlling the flow.

This leads to the thickening of the
boundary layer, which thereby results
in an additional viscous penalty.

It exhibits additional drag to the flow.

Due to lost mass through the bleed
hole, ingested mass flow to the engine
is reduced. In order to compensate for
the mass flow, the intake area must

be larger, which will increase drag and
engine weight.

The injection of jets consumes a sig-
nificant amount of pressurized air from
the engine itself, which essentially
decreases the efficiency of the engine.

An additional amount of energy is
required for the micro jet to work,
which essentially decreases the overall
engine efficiency.

Consumes extra energy, which thereby
decreases engine efficiency.

Difficult to implement high frequency
fully modulated pulsed jet in hyper-
sonic flow situation.
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Fig. 12 Flow visualization with the microramp of 4 mm height [140]
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as an SBLI control which induces the pre-compression via weak shock to escape swirl-
ing flow in the interaction location [142]. Although larger MVGs have higher control
performance than shorter MVGs, they encounter the largest momentum shortage and
much more drag. However, the separation delay can be overcome by putting smaller
MVGs near areas with unfavorable pressure gradients, which decreases the drag due to
viscosity [140—143]. Taking this into account, Saad et al. (2012) used MVGs to analyze



Jana and Kaushik Advances in Aerodynamics (2022) 4:27 Page 23 of 30

PIPO‘

y — Extent of Control
'50 -50  -30

H0 10 30 50 7
X (mm)

a) Shock front

—~ Extent of Control
50 30 10 10 30 50
X (mm)

b) Shock middle

Fig. 14 Schlieren flow visualizations, wall pressure measurements, and surface oil-flow visualizations for
Vane-type Sub-Boundary Layer Vortex Generator [143]

the detailed flow structure in a hypersonic flow on a flat plate (Mach 5) [145]. They
concluded that the MVGs induced mixed size vortices help to minimize the upstream
interaction region, which in turn suppresses SBLIs. In the recent studies carried out
by Kaushik [105] and Gunasekaran et al. [128], the efficacy of the MVGs as well as the
porous surface, deployed over a shallow cavity mounted in a Mach 2.2 mixed compres-
sion intake, have been investigated experimentally. Since the effects of passive controls
in a hypersonic intake may not be the same as in the supersonic intake, therefore, an
investigation into the hypersonic intake controlled with passive techniques is essential to
identify their effectiveness.

Huang et al. (2020) recently published a systematic review that demonstrated the
supremacy of MVGs in the reduction of shock-induced separation for both external and
internal flows [146]. Interestingly, the micro-vanes (Fig. 14) were found to be more effec-
tive at removing the separation bubble. Micro-vanes, on the other hand, are unstable at
high Mach numbers due to their slender design [143], while wedge-shaped micro-vortex
(Fig. 15) have a more stable configuration. Furthermore, smaller wedge and vane-shaped
MVGs are effective and vigorous in regulating the SBLIs. On the other hand, a trian-
gular-shaped micro-vortex generator can efficiently shed mixed-size vortices, which is
desirable from the perspective of improved mixing, according to the literature.

It can be seen from the literature that most of the studies are carried out over the
simplified model, i.e., over the flat plate or curved surfaces, where the combined
effect of multiple shocks and expansion waves is absent. Since their effects on the
boundary layer are non-linear, the investigation of their combined effects is essential
for a complete understanding. Considering this in mind, Jana et al. (2020) investi-
gated the effect of a porous cavity in a mixed compression double ramp hypersonic
intake (operating at Mach 5.7 and Mach 7.9 flow conditions) [118]. It is observed that
the shallow cavity deployed over a porous surface can reduce the shock strength; the
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Fig. 15 Schlieren flow visualizations, wall pressure measurements, and surface oil-flow visualizations for
Wedge-type Sub-Boundary Layer Vortex Generator [143]

shock strength is decreased with the increase in surface porosity. However, the sepa-
ration bubble size is decreased up to 17% surface porosity, and beyond that limit, the
bubble size starts increasing again. They concluded that the higher injection of fluid
into the incoming boundary layer promotes the SBLI to such an extent which cannot
be reduced by the favorable effect of shock strength reduction. In a subsequent study,
Jana et al. (2021) examined the effect of an array of Micro Vortex Generators (MVGs)
of varied heights separately deployed at two different locations at Mach 5.7 [144]. The
MVGs of height 0.7 mm deployed upstream of the interaction region are the most
effective in reducing the separation bubble size. However, shock strength reduction
is achieved when the MVGs of 1 mm are placed at the interaction region. They have
concluded that, though the passive control is very effective in reducing the SBLI,
there is an optimum limit of each passive control technique (porous cavity, MVGs),
beyond which the control may promote SBLI.

It is observed from the earlier discussions that SBLI has several detrimental con-
sequences in transonic, supersonic, and hypersonic flow regimes. In a transonic flow
situation, the subsonic flow behind the shock wave influences the intensity, shape,
and location of the shock and thereby, alters the upstream interaction significantly.
In these flow regimes, SBLI can be exclusively observed over transonic aircraft wings
and transonic turbine- and compressor-blade cascades. The major control strategies
in transonic flow, which can be effectively implemented, are cavity-covered porous
surface and surface bump deployed over the surface. In the supersonic regime, SBLI
is a common occurrence over supersonic aircraft and in the intake isolator section of
ramjet/scramjet engines. There are several passive and active control strategies, such
as boundary layer suction and blowing, air-jet vortex generators, micro jets, plasma
jet actuators, surface grooves, splitter plate, surface bump, porous cavity, MVGs to
improve the interactions, which are discussed in detail. Finally, the hypersonic flow
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region is characterized by severe interaction of shock wave with boundary layer which
leads to very high-temperature rise, higher total pressure loss, huge separation bub-
ble, flow unsteadiness, etc. In these flow situations, surface bumps, porous cavities,
splitter plates, and MVGs like passive control techniques are mainly implemented
in order to control SBLI in the scramjet inlet and isolator section. Boundary layer
bleed is also an important choice in controlling hypersonic interactions. Moreover,
the recent investigation on low wavelength wavy patches, placed in the interaction
region, has gained prominence in effectively controlling the SBLI in hypersonic flow
(Mach 8.5) [147].

5 Further development

Several investigations have been conducted in order to understand the physical mecha-
nism of SBLI. Besides, various control techniques are implemented to regulate the SBLI
while extracting the maximum favorable effect from the shock wave in compressing the
flow. Although significant progress has been achieved in SBLI research, numerous fea-
tures of SBLI in the hypersonic flow domain remain unknown. Estimation of the transi-
tion of a boundary layer in hypersonic flow is a vital aspect that needs to be investigated
further. It can be noted that most investigations on the influence of control strategies on
SBLI regulation are carried over a basic model. Further research should be conducted on
the complex geometries which are employed in actual scenarios. It can be seen that pas-
sive controls, such as porous cavities, and smaller wedge and vane-shaped MVGs have
a significant impact on controlling SBLI by decreasing shock intensity and suppressing
separation bubbles. Particularly, the impact of MVGs in controlling the separation bub-
ble for supersonic and hypersonic intake is superior. The configuration, size, and location
of MVGs with respect to the interaction region should be optimized as it has success-
fully proven its efficacy in several flow situations. Therefore, additional research on these
passive techniques should be carried out in controlling the supersonic and hypersonic
intakes to improve the combustion characteristics of ramjet/scramjet engines. Besides,
the recent investigation on low wavelength wavy patches placed in the interaction region
demands further research on the wavy patches in controlling the SBLI in hypersonic flow.
Most of the existing literature separately investigated the effects of different control strat-
egies. However, their effect on the boundary layer is non-linear. Therefore, investigations
need to be carried out to find their cumulative impact on the boundary layer. According
to Dolling (2001), in recent times, a validated computational code can efficiently capture
or resolve the complex nature of SBLIs, especially in unsteady or transient flow situa-
tions [52]. Considering this, Direct Numerical Simulation (DNS), Large Eddy Simulation
(LES), and even several Reynolds-averaged Navier-Stokes (RANS) models can be carried
out along with the experimental study in order to capture the interaction phenomenon in
detail. In addition, the hypersonic boundary layer transition control technique should be
carefully looked into in order to develop future hypersonic aircraft [148].

6 Conclusions

This review essentially presents an overview of the several important features of SBLIs
and the control techniques to effectively manipulate them. It is evident that the response
of the boundary layer upon the shock impingement determines the structure of the
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interaction. In addition, the laminar and turbulent interactions have distinct features
and consequences on the flow structure. Besides, the thermal loads are dependent on
the nature of the boundary layer, and the size of the separated region. Almost all the
applications in high-speed aerodynamics are dominated by the fluctuating nature of
SBLIs. Also, in supersonic and hypersonic aerospace vehicles, the severe heating associ-
ated with the inherent unsteadiness of SBLI has a great impact on the vehicle structure.
The boundary layer, the separation characteristics, and the characteristic dimensions are
the important parameters that affect unsteady behavior. Though the active control tech-
niques are utilized in regulating the interactions, they involve complex mechanisms that
sometimes become difficult to implement, particularly, in a hypersonic flight, where the
temperature generated inside the intake is too high. On the other hand, passive con-
trols such as the porous cavity, and micro-vortex generators are very efficient in control-
ling the SBLIs depending on the type of control requirement. As observed from the vast
quantity of literature, in the last eight decades, though remarkable achievements have
been made in SBLI research, several aspects of SBLI in the hypersonic flow domain are
yet to be revealed. As seen in the literature, most of the investigations are conducted
with oversimplified models. However, for a complete understanding, the investigations
should be conducted on complex models where the effect of multiple shock and expan-
sion waves is present. These issues are yet to be resolved for a proper understanding to
control them. This makes SBLIs a subject of current interest and there is nothing wrong
to say that it will continue to be a topic of research in the future as well.

Acknowledgements
The authors declare that they did not receive help from any person to carry out the present study. This study is per-
formed solely by both authors.

Authors’ contributions
TJ performed the literature survey and wrote the first draft. MK supervised the study and edited the manuscript. The
authors read and approved the final manuscript.

Funding
The authors declare that they did not receive any funding to carry out the present study.

Availability of data and materials
All the supporting data is included in the manuscript itself. No separate data file is required.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 11 April 2022 Accepted: 1 July 2022
Published online: 18 August 2022

References

1. Delery JM, Marvin JG (1986) Shock-wave boundary layer interactions. AGARDograph AGARD-AG-280

2. Zheltovodov AA (1996) Shock waves/turbulent boundary-layer interactions - fundamental studies and applica-
tions. Paper presented at the 27th fluid dynamics conference, AIAA 1996-1977, New Orleans, 17-20 June 1996

3. Zheltovodov AA (2006) Some advances in research of shock wave turbulent boundary layer interactions. Paper
presented at the 44th AIAA aerospace sciences meeting and exhibit, AIAA 2006-496, Reno, 9-12 January 2006

4. Pozefsky P, Blevins RD, Laganelli AL (1989). Thermo-vibro-acoustic loads and fatigue of hypersonic flight vehicle
structure. AFWAL TR-89-3014

5. Dupont P, Haddad C, Ardissone JP, Debiéve JF (2005) Space and time organisation of a shock wave/turbulent
boundary layer interaction. Aerosp Sci Technol 9(7):561-572

6. Dupont P, Piponniau S, Sidorenko AA, Debieve JF (2008) Investigation by particle image velocimetry measure-
ments of oblique shock reflection with separation. AIAA J 46(6):1365-1370



Jana and Kaushik Advances in Aerodynamics (2022) 4:27 Page 27 of 30

19.
20.

21
22.
23.
24.

25.
26.

27.

28.
29.

30.
31
32.
33
34.
35.
36.
37.
38.
39.

40.

4.
43,
44,
45,

46.
47.

Humble RA, Scarano F, van Oudheusden BW (2007) Particle image velocimetry measurements of a shock wave/
turbulent boundary layer interaction. Exp Fluids 43(2):173-183

Donaldson CD (1944) Effects of interaction between normal shock and boundary layer. NASA Tech Rep
NACA-CB-4A27

Liepmann HW (1946) The interaction between boundary layer and shock waves in transonic flow. J Aerosp Sci
13(12):623-637

Ackeret J, Feldmann F, Rott N (1947) Investigations of compression shocks and boundary layers in gases moving at
high speed. NACA Tech Memo NACA-TM-1113

Fage A, Sargent RF (1947) Shock-wave and boundary-layer phenomena near a flat surface. Proc R Soc Lond A
190(1020):1-20

Liepmann HW, Roshko A, Dhawan S (1951) On reflection of shock waves from boundary layers. NACA Tech Note
NACA-TN-2334

Barry FW, Shapiro AH, Neumann EP (1951) The interaction of shock waves with boundary layers on a flat surface. J
Aeronaut Sci 18(4):229-238

Bardsley O, Mair WA (1951) Ill. The interaction between an oblique shock-wave and a turbulent boundary-layer.
Lond Edinb Dublin Philos Mag J Sci 42(324):29-36

Messiter AF (1970) Boundary-layer flow near the trailing edge of flat plate. SIAM J Appl Math 18(1):241-257
Swoboda M, Nitsche W (1996) Shock boundary-layer interaction on transonic airfoils for laminar and turbulent
flow. J Aircr 33(1):100-108

Gadd GE (1961) Interactions between normal shock waves and turbulent boundary layers. ARC Tech Rep
ARC-RM-3262

Holder DW, Pearcey HH, Gadd GE (1955) The interaction between shock waves and boundary layers. ARC Tech
Rep ARC-CP-180

Katzer E (1989) On the lengthscales of laminar shock/boundary-layer interaction. J Fluid Mech 206:477-496

Gadd GE, Holder DW, Regan JD (1954) An experimental investigation of the interaction between shock waves and
boundary layers. Proc R Soc Lond A 226(1165):227-253

Roshko A, Thomke GJ (1976) Flare-induced interaction lengths in supersonic, turbulent boundary layers. AIAA J
14(7).873-879

Donaldson CD, Lange RH (1952) Study of the pressure rise across shock waves required to separate laminar and
turbulent boundary layers. NACA Tech Note NACA-TN-2770

Chapman DR, Kuehn DM, Larson HK (1958) Investigation of separated flows in supersonic and subsonic streams
with emphasis on the effect of transition. NACA Tech Note NACA-TR-1356

Seddon J (1960) The flow produced by interaction of a turbulent boundary layer with a normal shock wave of
strength sufficient to cause separation. ARC Tech Rep ARC-RM-3502

Kooi JW (1975) Flow separation. AGARD-CP-168, paper no. 30

Bloy AW, Georgeff MP (1974) The hypersonic laminar boundary layer near sharp compression and expansion
corners. J Fluid Mech 63(3):431-447

Holden MS (1978) A study of flow separation in regions of shock wave-boundary layer interaction in hypersonic
flow. AIAA paper 1978-1169

Elfstrom GM (1972) Turbulent hypersonic flow at a wedge-compression corner. J Fluid Mech 53(1):113-127

Miller DS, Hijman R, Childs ME (1964) Mach 8 to 22 studies of flow separations due to deflected control surfaces.
AIAA J 2(2):312-321

Holden MS (1972) Shock wave-turbulent boundary layer interaction in hypersonic flow. AIAA paper 1972-74
Needham DA, Stollery JL (1966) Boundary layer separation in hypersonic flow. AIAA paper 1966-455

Johnson CB (1968) Pressure and flow-field study at Mach number 8 of flow separation on a flat plate with
deflected trailing-edge flap. NASA Tech Note NASA-TN-D-4308

Coleman GT, Stollery JL (1972) Heat transfer from hypersonic turbulent flow at a wedge compression corner. J
Fluid Mech 56(4):741-752

Settles GS, Bogdonoff SM (1982) Scaling of two- and three-dimensional shock/turbulent boundary-layer interac-
tions in compression corners. AIAA J 20(6):782-789

Zhu XK, Yu CP, Tong FL, Li XL (2017) Numerical study on wall temperature effects on shock wave/turbulent
boundary-layer interaction. AIAA J 55(1):131-140

Davis JP, Sturtevant B (2000) Separation length in high-enthalpy shock/boundary-layer interaction. Phys Fluids
12(10):2661

Green JE (1970) Interactions between shock waves and turbulent boundary layers. Prog Aerosp Sci 11:235-340
Delery JM (1985) Shock wave/turbulent boundary layer interaction and its control. Prog Aerosp Sci 22(4):209-280
Viswanath PR (1988) Shock-wave-turbulent-boundary-layer interaction and its control: a survey of recent develop-
ments. Sadhana 12:45-104

Délery J, Dussauge JP (2009) Some physical aspects of shock wave/boundary layer interactions. Shock Waves
19:453-468

Babinsky H, Harvey JK (2011) Shock wave-boundary-layer interactions. Cambridge University Press, Cambridge
Sriram R, Srinath L, Devaraj MKK, Jagadeesh G (2016) On the length scales of hypersonic shock-induced large
separation bubbles near leading edges. J Fluid Mech 806:304-355

Davidson TSC, Babinsky H (2014) An investigation of interactions between normal shocks and transitional bound-
ary layers. Paper presented at the 44th AIAA fluid dynamics conference, AIAA 2014-3334, Atlanta, 16-20 June 2014
Davidson TSC, Babinsky H (2018) Influence of boundary-layer state on development downstream of normal shock
interactions. AIAA J 56(6):2298-2307

Holloway PF, Sterrett JR, Creekmore HS (1965) An investigation of heat transfer within regions of separated flow at
a Mach number of 6.0. NASA Tech Note NASA-TN-D-3074

Anderson JD Jr (2006) Hypersonic and high-temperature gas dynamics, 2nd edn. AIAA, Reston

Anderson J (2017) Fundamental of aerodynamics, 6th edn. McGraw Hill, New York



Jana and Kaushik Advances in Aerodynamics (2022) 4:27 Page 28 of 30

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

Kaushik M (2019) Theoretical and experimental aerodynamics. Springer Nature, Singapore

Kaushik M (2022) Fundamentals of gas dynamics. Springer Nature, Singapore

Holden MS (1986) A review of aerothermal problems associated with hypersonic flight. AIAA paper 1986-267
Scuderi LF (1978) Expressions for predicting 3-D shock wave-turbulent boundary layer interaction pressures and
heating rates. AIAA paper 1978-162

Dolling DS (2001) Fifty years of shock-wave/boundary-layer interaction research: what next? AIAA J
39(8):1517-1531

Estruch-Samper D (2016) Reattachment heating upstream of short compression ramps in hypersonic flow. Exp
Fluids 57:92

Currao GMD, Choudhury R, Gai SL et al (2020) Hypersonic transitional shock-wave-boundary-layer interaction on
a flat plate. AIAA J 58(2):814-829

Brusniak L, Dolling DS (1996) Engineering estimation of fluctuating loads in shock wave/turbulent boundary-layer
interactions. AIAA J 34(12):2554-2561

Dolling DS, Smith DR (1989) Separation shock dynamics in Mach 5 turbulent interactions induced by cylinders.
AIAA J 27(12):1698-1706

Erengil ME, Dolling DS (1993) Physical causes of separation shock unsteadiness in shock wave/turbulent boundary
layer interactions. AIAA paper 1993-3134

Erengil ME, Dolling DS (1991) Unsteady wave structure near separation in a Mach 5 compression ramp interaction.
AIAA ] 29(5):728-735

Brusniak L, Dolling D (1994) Physics of unsteady blunt-fin-induced shock wave/turbulent boundary layer interac-
tions. J Fluid Mech 273:375-409

McClure WB (1992) An experimental study of the driving mechanism and control of the unsteady shock induced
turbulent separation in a Mach 5 compression corner flow. Dissertation, The University of Texas at Austin
Unalmis OH, Dolling DS (1994) Decay of wall pressure field and structure of a Mach 5 adiabatic turbulent bound-
ary layer. AIAA paper 1994-2363

Wu P, Miles RB (2000) MHz rate visualization of separation shock structure, AIAA paper 2000-647

Beresh SJ, Clemens NT, Dolling DS (2002) Relationship between upstream turbulent boundary-layer velocity
fluctuations and separation shock unsteadiness. AIAA J 40(12):2412-2422

Hou YX, Unalmis OH, Bueno PC et al (2004) Effects of boundary-layer velocity fluctuations on unsteadiness of
blunt-fin interactions. AIAA J 42(12):2615-2619

Ganapathisubramani B, Clemens NT, Dolling DS (2007) Effects of upstream boundary layer on the unsteadiness of
shock-induced separation. J Fluid Mech 585:369-394

Dussauge JP, Dupont P, Debiéve JF (2006) Unsteadiness in shock wave boundary layer interactions with separa-
tion. Aerosp Sci Technol 10:85-91

Hadjadj A, Dussauge JP (2009) Shock wave boundary layer interaction. Shock Waves 19:449-452

Clemens NT, Narayanaswamy V (2014) Low-frequency unsteadiness of shock wave/turbulent boundary layer
interactions. Annu Rev Fluid Mech 46:469-492

Sriram R, Jagadeesh G (2016) Shock-tunnel investigations on the evolution and morphology of shock-induced
large separation bubbles. Aeronautical J 120(1229):1123-1152

Ligrani PM, McNabb ES, Collopy H et al (2020) Recent investigations of shock wave effects and interactions. Adv
Aerodyn 2:4

Tan HJ, Sun S, Huang HX (2012) Behavior of shock trains in a hypersonic inlet/isolator model with complex back-
ground waves. Exp Fluids 53:1647-1661

Gatski TB, Erlebacher G (2002) Numerical simulation of a spatially evolving supersonic turbulent boundary layer.
NASA Tech Memo NASA/TM-2002-211934

Gerolymos GA, Sauret E, Vallet | (2004) Oblique-shock-wave/boundary-layer interaction using near-wall Reynolds
stress models. AIAA J 42(6):1089-1100

Knight D, Yan H, Panaras AG et al (2003) Advances in CFD prediction of shock wave turbulent boundary layer
interactions. Prog Aerosp Sci 39:121-184

Loginov MS, Adams NA, Zheltovodov AA (2006) Large-eddy simulation of shock-wave/turbulent-boundary-layer
interaction. J Fluid Mech 565:135-169

Teramoto S (2005) Large-eddy simulation of transitional boundary layer with impinging shock wave. AIAA J
43(11):2354-2363

Adams NA (2000) Direct simulation of the turbulent boundary layer along a compression ramp at M = 3 and
Reg=1685. J Fluid Mech 420:47-83

Wu M, Martin MP (2007) Direct numerical simulation of supersonic turbulent boundary layer over a compression
ramp. AIAA J 45(4):879-889

Pirozzoli S, Grasso F (2006) Direct numerical simulation of impinging shock wave/turbulent boundary layer inter-
action at M = 2.25. Phys Fluids 18(6):065113

Robinet J (2007) Bifurcations in shock-wave/laminar-boundary-layer interaction: global instability approach. J Fluid
Mech 579:85-112

Li X, Fu D, MaY et al (2010) Direct numerical simulation of shock/turbulent boundary layer interaction in a super-
sonic compression ramp. Sci China Phys Mech Astron 53:1651-1658

Tong F, Li X, DuanY et al (2017) Direct numerical simulation of supersonic turbulent boundary layer subjected to a
curved compression ramp. Phys Fluids 29(12):125101

Quadros R, Bernardini M (2018) Numerical investigation of transitional shock-wave/boundary-layer interaction in
supersonic regime. AIAA J 56(7):2712-2724

Seddon J, Goldsmith EL (1985) Intake aerodynamics. AIAA, New York

Goldsmith EL, Seddon J (1993) Practical intake aerodynamic design, 1st edn. AIAA, Washington DC

Smart M (2010) Scramjet inlets. NATO RTO-EN-AVT-185



Jana and Kaushik Advances in Aerodynamics (2022) 4:27

87.

88.

89.

90.

92.

93.

94,

95.

96.

97.

98.

99.

108.
109.

110.

111,
12.

113.
114.

115.

116.

117.

118.

119.

120.

122.

Manjunath AR (1973) Suppression of shock-induced separation using tangential fluid injection: part Il. M. E. Project
Report, Dept Aerosp Eng, Indian Inst Sci, Bangalore

Wong WF (1977) Application of boundary layer blowing to suppress strong shock induced separation in super-
sonic inlets. AIAA paper 1977-147

Viswanath PR, Sankaran L, Sagdeo PM et al (1983) Injection slot location for boundary-layer control in shock-
induced separation. J Aircr 20(8):726-732

Kumar R, Ali MY, Alvi FS et al (2011) Generation and control of oblique shocks using microjets. AIAA J
49(12):2751-2759

Ali MY, Alvi FS, Kumar R, Manisankar C et al (2012) Studies on the control of shock wave-boundary layer interaction
using steady microactuators. AIAA paper 2011-3425

Szwaba R (2011) Comparison of the influence of different air-jet vortex generators on the separation region.
Aerosp Sci Technol 15(1):45-52

Wong WF (1974) The application of boundary layer suction to suppress strong shock-induced separation in super-
sonic inlets. AIAA paper 1974-1063

Fukuda MK, Hingst WR, Reshotko E (1977) Bleed effects on shock/boundary-layer interactions in supersonic mixed
compression inlets. J Aircr 14(2):151-156

Seebaugh WR, Childs ME (1970) Conical shock-wave turbulent boundary-layer interaction including suction
effects. J Aircr 7(4):334-340

Weiss A, Olivier H (2014) Shock boundary layer interaction under the influence of a normal suction slot. Shock
Waves 24:11-19

Sriram R, Jagadeesh G (2014) Shock tunnel experiments on control of shock induced large separation bubble
using boundary layer bleed. Aerosp Sci Technol 36:87-93

Narayanaswamy V, Raja LL, Clemens NT (2012) Control of unsteadiness of a shock wave/turbulent boundary layer
interaction by using a pulsed-plasma-jet actuator. Phys Fluids 24(7):076101

Webb N, Clifford C, Samimy M (2013) Control of oblique shock wave/boundary layer interactions using plasma
actuators. Exp Fluids 54:1545

Greene BR, Clemens NT, Magari P et al (2015) Control of mean separation in shock boundary layer interaction
using pulsed plasma jets. Shock Waves 25:495-505

Kalra CS, Zaidi SH, Miles RB et al (2011) Shockwave-turbulent boundary layer interaction control using magneti-
cally driven surface discharges. Exp Fluids 50(3):547-559

Su G, LiY, Cheng B et al (2010) MHD flow control of oblique shock waves around ramps in low-temperature super-
sonic flows. Chin J Aeronaut 23(1):22-32

Schulte DA, Henckels A, Wepler U (1998) Reduction of shock induced boundary layer separation in hypersonic
inlets using bleed. Aerosp Sci Technol 2(4):231-239

Schulte D, Henckels A, Neubacher R (2001) Manipulation of shock/boundary-layer interactions in hypersonic
inlets. J Propuls Power 17(3):585-590

Kaushik M (2019) Experimental studies on micro-vortex generator controlled shock/boundary-layer interactions in
Mach 2.2 intake. Int J Aeronaut Space Sci 20(3):584-595

Titchener N, Babinsky H (2013) Shock wave/boundary-layer interaction control using a combination of vortex
generators and bleed. AIAA J 51(5):1221-1233

Holden HA, Babinsky H (2005) Separated shock-boundary-layer interaction control using streamwise slots. J Aircr
42(1):166-171

Raghunathan S (1988) Passive control of shock-boundary layer interaction. Prog Aerosp Sci 25:271-296

Zhang Y, Tan HJ, Sun S et al (2015) Control of cowl shock/boundary layer interaction in hypersonic inlets by bump.
AIAA J 53(11):3492-3496

Xie WZ, Wu ZM, Yu AY et al (2018) Control of severe shock-wave/boundary-layer interactions in hypersonic inlets. J
Propuls Power 34(3):614-623

Gaitonde DV (2015) Progress in shock wave/boundary layer interactions. Prog Aerosp Sci 72:80-99

Smith AN, Babinsky H, Fulker JL et al (2004) Shock wave/boundary-layer interaction control using streamwise slots
in transonic flows. J Aircr 41(3):540-546

Holden HA, Babinsky H (2003) Shock / boundary layer interaction control using 3D devices. AIAA paper 2003-447
Colliss SP, Babinsky H, Nubler K et al (2014) Joint experimental and numerical approach to three-dimensional
shock control bump research. AIAA J 52(2):436-446

Zhang Y, Tan HJ, Tian FC et al (2014) Control of incident shock/boundary-layer interaction by a two-dimensional
bump. AIAA J 52(4):767-776

Senthilkumar P, Muruganandam TM (2020) Numerical simulation of supersonic flow through scramjet intake with
concavity in cowl surface. J Appl Fluid Mech 13(5):1601-1610

Yan L, Wu H, Huang W et al (2020) Shock wave/turbulence boundary layer interaction control with the secondary
recirculation jet in a supersonic flow. Acta Astronaut 173:131-138

Jana T, Thillaikumar T, Kaushik M (2020) Assessment of cavity covered with porous surface in controlling shock/
boundary-layer interactions in hypersonic intake. Int J Aeronaut Space Sci 21(4):924-941

Stanewsky E, Délery J, Fulker J et al (1997) EUROSHOCK - drag reduction by passive shock control: results of the
project EUROSHOCK, AER2-CT92-0049 supported by the European Union, 1993-1995. Notes on numerical fluid
mechanics, Vieweg-+Teubner Verlag, Wiesbaden

Rallo R, Walsh M, van Leer B (1992) An investigation of passive control methods for shock-induced separation at
hypersonic speeds. AIAA paper 1992-2725

McCormick DC (1993) Shock/boundary-layer interaction control with vortex generators and passive cavity. AIAA J
31(1):91-96

Hanna RL (1995) Hypersonic shockwave/turbulent boundary layer interactions on a porous surface. AIAA paper
1995-5

Page 29 of 30



Jana and Kaushik Advances in Aerodynamics (2022) 4:27

123. BurR, Corbel B, Delery J (1997) Study of passive control in a transonic shock wave/boundary layer interaction.
AIAA paper 1997-217

124. Doerffer P, Szulc O (2007) Shock wave strength reduction by passive control using perforated plates. J Therm Sci
16(2):97-104

125. Mahapatra D, Jagadeesh G (2008) Shock tunnel studies on cowl/ramp shock interactions in a generic scramjet
inlet. Proc Inst Mech Eng G J Aerosp Eng 222(8):1183-1191

126. James JK, Kim HD (2022) Flow characteristics of a mixed compression hypersonic intake. J Appl Fluid Mech
15(3):633-644

127. Zhang Y, Tan HJ, Zhuang Y et al (2014) Influence of expansion waves on cowl shock/boundary layer interaction in
hypersonic inlets. J Propuls Power 30(5):1183-1191

128. Gunasekaran H, ThangarajT, Jana T et al (2020) Effects of wall ventilation on the shock-wave/viscous-layer interac-
tions in a Mach 2.2 intake. Processes 8(2):208

129. Lin JC (2002) Review of research on low-profile vortex generators to control boundary-layer separation. Prog
Aerosp Sci 38(4-5):389-420

130. Inger GR, Siebersma T (1989) Computational simulation of vortex generator effects on transonic shock/boundary-
layer interaction. J Aircr 26(8):697-698

131. Pearcey H (1961) Boundary layer control for aerofoils and wings. In: Lachmann GV (ed) Boundary layer and flow
control: its principles and application, vol 2. Pergamon Press, Oxford, pp 1261-1333

132. Brown AC, Nawrocki HF, Paley PN (1968) Subsonic diffusers designed integrally with vortex generators. J Aircr
5(3):221-229

133. Rao DM, Kariya TT (1988) Boundary-layer submerged vortex generators for separation control - an exploratory
study. AIAA paper 1988-3546

134.  Ashill P, Fulker J, Hackett K (2001) Research at DERA on sub boundary layer vortex generators (SBVGs). AIAA paper
2001-887

135. Lin JC, Howard FG, Bushnell DM et al (1990) Investigation of several passive and active methods for turbulent flow
separation control. AIAA paper 1990-1598

136. Lin JC (1999) Control of turbulent boundary-layer separation using micro-vortex generators. AIAA paper
1999-3404

137. LuFK, Li Q Liu C (2012) Microvortex generators in high-speed flow. Prog Aerosp Sci 53:30-45

138. Panaras AG, Lu FK (2015) Micro-vortex generators for shock wave/boundary layer interactions. Prog Aerosp Sci
74:16-47

139.  Giepman RHM, Schrijer FFJ, van Oudheusden BW (2014) Flow control of an oblique shock wave reflection with
micro-ramp vortex generators: effects of location and size. Phys Fluids 26(6):066101

140. Babinsky H, LiY, Pitt-Ford CW (2009) Microramp control of supersonic oblique shock-wave/boundary-layer interac-
tions. AIAA J 47(3):668-675

141, Anderson BH, Tinapple J, Surber L (2006) Optimal control of shock wave turbulent boundary layer interactions
using micro-array actuation. AIAA paper 2006-3197

142. Zhang, Tan HJ, Du MC et al (2015) Control of shock/boundary-layer interaction for hypersonic inlets by highly
swept microramps. J Propuls Power 31(1):133-143

143. Holden H, Babinsky H (2007) Effect of microvortex generators on separated normal shock/boundary layer interac-
tions. J Aircr 44(1):170-174

144. JanaT, Thillaikumar T, Kaushik M (2021) Micro-vortex generator controlled shock-boundary-layer interactions in
hypersonic intake. J Aerosp Eng 34(2):04020120

145. Saad MR, Zare-Behtash H, Che-Idris A et al (2012) Micro-ramps for hypersonic flow control. Micromachines
3(2):364-378

146. Huang W, Wu H, Yang YG et al (2020) Recent advances in the shock wave/boundary layer interaction and its
control in internal and external flows. Acta Astronaut 174:103-122

147. Chitharenjan A, Menezes V (2021) Hypersonic incident shock-boundary layer interaction control by wavy patches.
J Aerosp Eng 34(1):04020092

148. Yang H, Liang H, Guo S et al (2022) Research progress of hypersonic boundary layer transition control experi-
ments. Adv Aerodyn 4:18

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 30 of 30



	Survey of control techniques to alleviate repercussions of shock-wave and boundary-layer interactions
	Abstract 
	Highlights 
	1 Introduction
	2 SBLIs and their consequences
	2.1 Boundary-layer thickening andor separation
	2.2 High thermal loads
	2.3 Unsteadiness associated with SBLIs

	3 Computational studies
	4 SBLI control techniques
	4.1 Active control techniques
	4.2 Passive control techniques

	5 Further development
	6 Conclusions
	Acknowledgements
	References


