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1  Introduction
With great political, military and economic value, hypersonic vehicles can greatly 
expand the battlefield space, and it has gradually become the main development direc-
tion of the global aerospace industry in the twenty-first century [1]. Meanwhile, it goes 
without saying that the corresponding key science and technology is assuredly crucial.

In the last decade, many hypersonic topics have been continuously discussed, includ-
ing the famous HIFiRE Project [2], in which 4 of 5 topics are closely related to the transi-
tion control of the hypersonic boundary layer, so the importance of transition control is 
obvious.

For half a century, through unremitting efforts, great progress has been made in the 
study of hypersonic boundary layer transition [3–9]. Especially, a certain research sys-
tem has been formed in the research on hypersonic boundary layer transition develop-
ment process, influencing factors, transition mechanism, transition prediction method 
and model, thus making a theoretical foundation with a certain degree of consensus. 
Moreover, many excellent reviews have also emerged.
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Fedorov [10] reviewed new mechanisms of receptivity and instability; Schneider [11] 
mainly summarized the experimental results obtained in quiet wind tunnels in recent 
years; Lee and Jiang [12] presented the principle of aerodynamic heating of hyper-
sonic boundary layer, aiming to draw a simple and clear conclusion about the onset of 
turbulence.

Since 2017, Chen et al. [13] and other Chinese scholars [14, 15] introduced the latest 
detailed progress in process, mechanism and method from different aspects. According 
to the development process of the natural transition of the boundary layer (the bound-
ary layer transition process and path recognized by academic circles are shown in Fig. 1 
[16]), Lee and Chen [17] reviewed recent developments, research facilities and experi-
mental techniques of hypersonic boundary layer transition as well. Moreover, Wu et al. 
[18] reviewed the current situation of wind tunnel experimental research on the suscep-
tibility of the boundary layer and the linearization stage, respectively.

The research on transition serves transition control, followed by wind tunnel experi-
mental research and flight test verification [13], and transition control also belongs to 
the category of flow control. According to whether external energy injection is required, 
flow control methods can be divided into passive control and active control.

Fig. 1  Boundary layer transition process and path [16]
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Passive flow control mainly achieves the control purpose through preset physi-
cal shapes or additional devices, usually including vortex generators, wing knives, and 
bionic leading edges [19, 20]. On the contrary, in off-design conditions, these control 
methods are difficult to achieve the expected control effect, and they may also become 
the source of noise and vibration [21]. Therefore, development is subject to many restric-
tions, which prompts researchers to explore active flow control.

Active control methods require energy input, which is achieved by controlling energy 
input. The main methods include boundary layer blowing/suction, synthetic jets, plasma 
actuation and other emerging methods [22–24]. In recent years, some active flow con-
trol methods have provided suitable control strategies based on the real-time changes 
of the controlled flow field, and gradually become the frontier and mainstream of some 
research fields [25], including plasma actuation in the control of high angle of attack flow 
separation [26], and blowing and suction in the control of rotor stalls [27, 28].

In fact, in the study on transition control, few experts conducted detailed collation 
and review on this point. Roger L. Kimmel [29] noted in his review entitled “Aspects of 
Hypersonic Boundary-Layer Transition Control” that the control of hypersonic bound-
ary-layer transition was a potentially important topic for vehicle design, and a number 
of methods for hypersonic transition control have been developed at the basic research 
level. Passive porosity, blunt noses, and blunt 2D leading edges have the highest poten-
tial for integration onto vehicles. Finally, due to, perhaps, the lesser potential for prac-
tical application, he proposed that a number of other hypersonic transition control 
techniques have been developed. Further development of transition control for hyper-
sonic vehicles awaits a system. Interactions among various control concepts and optimi-
zation would appear to be fruitful areas for study.

Lee and Chen [17] reviewed a series of progress made in transition delay control com-
bined with mechanism exploration, especially the recent contributions at Peking Univer-
sity. Moreover, Chen et al. [13] only reviewed the research progress of passive control of 
hypersonic boundary layer transition.

There are insufficient reviews of hypersonic boundary layer transition control. They 
are all discussed from a certain angle or aspect, such as rough element [30, 31], and tran-
sition control means in inlet or air-breathing hypersonic vehicle application [32], mainly 
focusing on numerical simulation research. Recently, Liu et  al. [33] reviewed the pro-
gress in hypersonic boundary layer transition delaying control. Similarly, this article did 
not involve much on active control methods.

On the whole, previous reviews of hypersonic boundary layer transition control mainly 
focused on passive control methods, and the experimental research was not compre-
hensive. Compared with the vigorous development of active control, passive control and 
their combined control in low-speed flow control, the research on hypersonic transition 
control is not rich and diversified.

In recent years, with the development of hypersonic field, traditional transitional meas-
ures and methods no longer meet the increasingly stringent transition control require-
ments. Therefore, the strategies and methods of hypersonic boundary layer transition 
control should be systematically combed. In particular, the development status of con-
trol methods in existing experimental research should be summarized and the common 
mechanism and experience should be refined to provide guidance for emerging control 
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methods to achieve finer transition control requirements. Most importantly, whether active 
flow control can intervene the transition path and realize fine control under different flight 
conditions and different energy consumption requirements is a question that deserves to 
be pondered by researchers in this field.

2 � Practical scenarios and control requirements for hypersonic boundary layer 
transition

At present, the understanding of some transition mechanisms is still developing [30]. Con-
sidering about the uncertainty of the transition pathway, the idea of refined research should 
be established in the process of transition control research, and control scenarios and con-
trol requirements should also be investigated in advance. The most effective way is to start 
from hypersonic vehicles, and clarify the aerodynamic components, types and reasons 
of transition that are prone to transition in different types of vehicles, so as to make the 
research on transition control more targeted, thus realizing more effective and cost-effec-
tive control.

First, the demand for transition control should be clarified. It is generally supported that, 
the ratio of payload to total weight of aircraft in full laminar flow state is usually about twice 
of that in full turbulent flow state, because the thermal conductivity of turbulent flow is 
much higher than that of laminar flow [34]. Transition can lead to a peak heat flow of up to 
5 times than that in laminar flow state, which seriously affects the design of aerodynamic 
and thermal protection system [35], so transition should be suppressed. On the other hand, 
ensuring the turbulent state at the entrance of inlet can provide sufficient intake air flow for 
the propulsion system and promote the mixing of air and fuel in the combustion chamber, 
which requires the transition to occur as early as possible.

Consequently, promoting transition and delaying transition are the two dominant direc-
tions of transition control research [36, 37]. However, it’s not specific enough. Hypersonic 
vehicles have wide flight speed range, wide airspace range, and complicated transition prob-
lems. Due to different design objectives, application scenarios, technical schemes, timing 
and environment of boundary layer transition, the impacts and the specific problems to be 
solved are also different [38]. In this paper, combined with the classification of hypersonic 
vehicles, both the detailed hypersonic boundary layer transition control scene and control 
requirement were described.

Hypersonic vehicles are divided into three categories in this paper, namely ballistic reen-
try vehicles [39], gliding vehicles [40] and air-breathing cruise vehicles [41]. The three types 
of vehicles have their own distinct characteristics in terms of design requirements, flight 
trajectories and combat styles, as shown in Fig. 2.

2.1 � Ballistic reentry vehicles

The ballistic reentry category can be divided into small blunt cone ballistic reentry vehi-
cles represented by inertial warheads and large blunt ballistic reentry vehicles marked by 
return capsules and Mars landing vehicles.

The former theoretically flies near zero angle of attack, but the actual flying flow field 
is asymmetrical, thereby causing the asymmetrical transition of the missile body. There 
are great difficulties for the flight test of this kind of aircraft, dominantly because the 
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abnormal amplification and oscillation of the angle of attack appearing in the transition 
altitude interval will give rise to a large deviation in the landing point [42].

On the other hand, the latter must ensure that the overload caused by aerodynamic 
deceleration during the reentry flight is within the safe tolerance range of the astronauts, 
and it usually has a very large passivation half-cone angle in appearance. The main tran-
sition problems are as follows [43]: boundary layer transition caused by the ablation on 
the windward side of bluff body, mixed layer transition in the wake flow on the leeward 
side, and bypass transition phenomenon from the large disturbance of bluff body head.

This type of aircraft usually flies with an angle of attack, and transition control is more 
difficult. The heat protection design technology should be combined with a control 
method, which delays the transition to reduce the risk of the local burnout of this type of 
vehicle [44].

2.2 � Gliding vehicles

Gliding vehicles can be divided into orbit return type denoted by X-37B orbital maneu-
ver vehicle and long-range strike type represented by American HTV series vehicles 
[45]. Orbital return vehicles serve the space round-trip system, and generally adopt the 
design of large blunt head. This kind of aircraft generally adopts a gliding flight trajec-
tory with a high angle of attack to maximize the flight altitude and reduce the thermal 
load as well.

During flight, transition caused by asymmetry mainly exists [46], and boundary layer 
transition caused by gaps, bulges, and surface mass ejection will occur.

The function of the long-range strike aircraft is to achieve ballistic and flexible maneu-
vering penetration and the evasion of anti-missile weapon interception. This type of air-
craft generally adopts a small blunt slender body to obtain a larger lift-to-drag ratio. The 
main transition problems [47] are the transition caused by the horizontal loss on the 
front edge of the swept back, the transition caused by T-S waves near the centerline, and 
the entropic swallowing effects in the downstream of blunt head and during long flight. 
The surface material is ablated, thus causing bypass transition.

The boundary layer transition of this kind of aircraft will also bring stability and ther-
mal protection risks. The leading edge boundary layer transition is the main reason for 
the aircraft to lose control. Similarly, the main transition control requirement of gliding 
vehicles is to suppress or delay transition.

2.3 � Air‑breathing cruise vehicles

The typical feature of air-breathing cruise vehicles is to maintain hypersonic cruise 
under the condition of high-performance ratio. The typical representatives are hyper-
sonic vehicles, including X-43 and X-51. In order to maximize the working efficiency of 
the engine, the front body of the engine adopts wave-rider and leading-edge sharpening 
design. The existing transition-related problems are concentrated in the engine, includ-
ing transition on the multi-stage compression or curved compression inlet. It is neces-
sary to apply the occurrence of transition in the combustion chamber to achieve better 
fuel mixing and turbulence enhancement [48]. These problems seriously restrict the 
thrust and drag characteristics of the whole aircraft. If the transition problem existing in 
the engine can be effectively controlled in real time, it will save a lot of operating costs.
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On the whole, from the perspective of engineering application and aircraft design, 
many problems caused by boundary layer transition cannot be completely solved from 
the design level and must be controlled [49]. Typical transition problems have been 
summarized in Fig. 2. Obviously, for air-breathing cruise aircraft, the control method to 
promote transition is the research focus, while for another two types of aircraft, effec-
tively inhibiting the occurrence or development of transition is the main contradiction.

After determining whether the transition needs to be delayed or promoted, the choice 
of control methods and strategies should also be accurately analyzed for different air-
craft. What’s more, whether the application of control methods could result in other 
negative effects still needs specific analysis.

The three types of aircrafts cover the future development direction of hypersonic tech-
nology and the repeated occurrence of transition problems will undoubtedly give birth 
to the development of new control methods and strategies.

3 � Experimental study Progress of hypersonic boundary layer transition
Hypersonic boundary layer transition control experiments should be sorted out from 
different perspectives. For example, from the perspective of measurement technology, 
it can be classified into qualitative measurement experimental research and quantita-
tive experimental research. According to the path of transition development, it can be 
classified into natural transition experimental research and bypass transition experimen-
tal research. Based on the control intention, it can be divided into promoting transition 
experimental research and delaying transition experimental research [3, 50]. However, 
these methods are not conducive to explaining the advantages, energy consumption, 
cost and feasibility of control methods, and the selection of control methods for different 
transition problems.

As mentioned in Introduction, the transition control problem is a flow control prob-
lem. Since the 1990s, flow control has flourished and gradually developed into two 
branches, namely passive control and active control. By comparison, the research on the 
active flow control technology is more active and gradually becomes the forefront and 
mainstream in the past 10 years of the entire flow control field, especially plasma actua-
tion, synthetic jet and other means [51–53].

On the contrary, due to the current development status of hypersonic vehicles and 
the technical complexity of active transition control, the research on hypersonic transi-
tion control mainly focuses on passive control methods [29]. Even since the twentieth 
century, the National Center for Hypersonic Laminar-Turbulent Transition Research in 
the United States has mainly investigated the passive transition control technology [5]. 
However, there are various active control methods emerging, while they are still in the 
embryonic stage.

This paper attempted to review the experimental studies on hypersonic boundary layer 
transition control, clarify the control mechanism of different transition control methods, 
guide the emerging methods and means with control advantages to optimize the layout 
of control devices (actuators), parameter selection, energy utilization and other issues, 
further develop hypersonic boundary layer transition control strategies, and provide 
technical support for aerodynamic optimal design.
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3.1 � Passive control

It is well known that there are lots of researches on passive control, and many experts 
and scholars have sorted out and analyzed them. Here, the typical results are just picked 
out to show the methods and the corresponding control mechanisms are pointed out.

Passive control methods mainly include rough element, cavity, corrugated wall, porous 
wall, micro channel, and so on [3]. In the following, four typical methods are introduced 
separately.

3.1.1 � Rough element

Rough element has been investigated in depth and certain results were achieved in engi-
neering application. There are many experiences that can be summarized.

The forced transition devices of X-43A, X-51A, Hyfly and other hypersonic vehicles 
were designed as rough element arrays, and corresponding experimental research has 
been carried out in the United States [54]. The forced transition devices of rough belt 
studied involve randomly distributed rough elements, discrete spheres, discrete dia-
mond bodies and slope transition devices. The flight tests conducted by X-43A, X-51A 
and Hyfly are all ramp-type transition devices, mainly due to the high transition effi-
ciency and low heat flow characteristics of the ramp-type transition devices. Figure 3(a) 
illustrates the rough belt installed on the X-43A. The slope rough belt successfully 
achieved a forced transition in the precursor during the flight test of the X-43A. Fig-
ure 3(b) demonstrates the forced transition device installed on the X-51A [54].

However, flight tests need the  support of a lot of ground wind tunnel experimental 
research. In the wind tunnel experiments, Schneider et al. [30] took the lead in carrying 
out a large number of experimental studies and summarized three modes of rough ele-
ment affecting transition, which provided an important reference for the development 
and analysis of the subsequent research on the influence law of parameters.

A great deal of subsequent research works [55–59] display that, among many param-
eters of rough element, the height of the rough element plays the most important role 
in the transition effects [60, 61], and evaluating whether the height can effectively pro-
mote transition (or lead to forced transition) by the local parameters of boundary layer 
has been recognized by academic circles. The corresponding empirical formula has also 
been summarized. The control effects of the rough element on the windward center-
line can be quantified by Eq. (1), where k/δ represents the rough element height versus 
the local boundary layer thickness, and Reθ/Me refers to the boundary layer momen-
tum thickness Reynolds number versus the outer edge Mach number. Later, a further 
research revealed that the empirical formula is also suitable for the rough elements in 
other positions on the windward side, and even suitable for cavities [62].

For most hypersonic vehicles (the first two types of vehicles mentioned in the second 
section of this article), the transition control measures are mainly to prevent the transi-
tion caused by rough elements. According to the wind tunnel data of the space shuttle, 
McGinley et al. [63] obtained that when k is the height of the surface roughness element, 
C = 27 is taken; if k is the depth of the cavity, C = 100 is taken; if the length of the cavity is 

(1)(Reθ /Me) · (k/δ) = C
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taken, C = 900 is taken. These values indicate that the rough element cannot cause tran-
sition and does not affect the maximum size of the transition position. This provides a 
criterion for whether gaps, bulges and ablated walls can cause boundary layer transition.

From the demand of promoting transition, another problem that needs to be paid 
more attention to is the minimum size of transition caused by rough element and its 
influence on transition position.

In response, Van Driest [61] proposed the concepts of “critical” and “effective”, which 
solves the measurement problem for the boundary of the control effects of promoting 
transition demand, and provides a reference for parameter selection for rough element 
transition control.

In recent years, the relational mechanism was explained by combining control effects. 
Wheaton et al. [64] systematically studied the influence of different heights of cylindri-
cal rough element in Boeing/AFOSR Mach 6 quiet wind tunnel of Purdue University. It 
was obvious that the change of the height of the rough element will inevitably lead to 
the change of the instability mechanism, but the root cause and influence law are still 
unclear.

Interestingly, even the effects of delaying transition appear with further research. In 
the Mach 6 quiet wind tunnel of Peking University, Tang et al. [65] captured the instan-
taneous velocity field and flow structure of the second mode unstable wave passing 
through the rough element for the first time. The results revealed that rough elements 
can not only be used to promote transition, but also play a role in delaying transition 
when the parameters are appropriate through refined flow field display. Here, it should 
be noted that, as early as the 1950s, Sterrett et al. [66] have discovered the phenomenon 
of rough elements delaying transition at Mach 6. Fujii et al. [67] and Fong et al. [68] also 
confirmed this point in subsequent studies, which attached the importance of parameter 
optimization and adjustment, and also showed the advantages and necessity of active 
control in hypersonic transition control research.

3.1.2 � Cavity

After the crash of the U.S. space shuttle Columbia in 2003, the wind tunnel tests were 
carried out by Everhart J et  al. [69, 70] on the space shuttle model and the flat plate 
model to study the influence of the cavity on the transition at Mach 6 and Mach 10.

Firstly, the flow physics of different cavity types was reviewed by Everhart J et al. The 
length-to-depth ratio L/H is typically used to distinguish and classify different cavity 
flow regimes, as depicted in Fig. 4. He specifically pointed out that transitional cavities 
(10 < L/H < 14) are avoided where possible in the present tests due to the complexity of 
the required instrumentation and test time necessary to address flow steadiness, which 
provides guidance for the subsequent experimental research.

The research work of NASA’s Langley Research Center revealed that the influence of 
the cavity on the transition depends on the length-depth ratio, the length-width ratio, 
and the ratio of depth to boundary layer thickness. The cavity with longer flow direction, 
wider span-wise and deeper depth is more likely to promote the downstream boundary 
layer transition.
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Lawson and Barakos [31] also come to a similar conclusion with that of NASA’s Lang-
ley Research Center: In three-dimensional cavity flow, the flow characteristics depend 
not only on the length-depth ratio, but also the width-depth ratio of the cavity.

Ref. [71] pointed out that it is the downstream shear layer flow caused by the cavity 
that leads to boundary layer transition. Ohmichi and Suzuki [72] carried out wind tun-
nel experiments on the flow of a flat plate with a three-dimensional rectangular cavity 
under the condition of Ma = 7. It was discovered that the cavity induces flow vortex 
structure inside and outside the cavity, thus enhancing the heating rate of the inner wall 
and downstream region of the cavity and promoting the transition process. The con-
clusion is consistent with that of Ref. [71], and the internal physical mechanism is pre-
liminarily revealed. The control mechanism can be described as that a shallow cavity 
generates longitudinal vortices inside and outside of the cavity and these vortices aug-
ment heating rates on the cavity floor, rear and side walls and the downstream region of 
the cavity. Figure 5 displays the experimental configuration and experimental results by 
Ohmichi and Suzuki. This figure first shows the schlieren results, and then the oil flow 
results of two configurations.

With the continuous development of flow field testing methods, the mechanism of 
using the cavity to control the transition of the hypersonic boundary layer has been 

Fig. 5  Experimental configuration and results by Ohmichi and Suzuki [72]
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further revealed. During the last 2 years, several hypersonic quiet wind tunnel tests were 
conducted on the flat-plate model with independent cavity on the surface under the con-
dition of Ma = 6.5 by Shuo Chen [73]. Figure 6 illustrates the boundary layer structure in 
the presence or absence of a cavity.

In Fig.  6(a), when the airflow passes through the cavity, the flow begins to become 
unstable. It is determined to be the first mode wave by the wavelength of the disturbance 
wave. While, in Fig. 6(c), when the flow passes through 200 mm, the boundary layer still 
maintains a stable laminar flow state. The first mode wave structure begins to appear at a 
further downstream position.

Through PCB pressure measurement, Shuo Chen also found that when a cavity was 
present, the second mode wave did not appear, then the secondary mode appeared, and 
gradually the amplitude remained at the same level as the flat-plate model. This indi-
cated that the cavity itself does not stimulate the secondary mode, which is consistent 
with Ref. [65]. Therefore, the cavity promotes the transition by increasing the growth of 
the first mode wave rather than the growth of the second mode wave [73].

3.1.3 � Porous Wall

Porous wall is considered as a passive method with high practical prospect, and its 
main function is to delay transition, which is of great significance to drag reduction 
and thermal protection of hypersonic vehicles. The instability of the second mode dis-
turbance wave is one of the main reasons and leads to the transition in hypersonic 
boundary layer. The second mode has acoustic mode characteristics, so the control 
mode capable of absorbing sound waves generally has the potential to inhibit the 
growth of the second mode. In 1998, Malmuth et  al. [74] was the first to discover 
that a porous coating capable of absorbing high-frequency sound waves can effec-
tively inhibit the growth of the second mode. Subsequently, as a potential passive 
control method to delay hypersonic boundary layer transition, this porous surface has 
attracted the attention of a large number of scholars.

Maslov [75] confirmed the attenuation effects of the porous wall on the distur-
bances with more in-depth analysis. In fact, the porous wall used by Maslov is an 
ultrasonically absorptive coating (UAC) with conventional porosity, and “UAC” 
reflects the nature of the acoustic disturbance generated by the porous wall. This 
method can delay the transition and has a certain relationship with the acoustic mode 
of the hypersonic boundary layer [10]. As shown in Fig.  7, the boundary layer can 
be regarded as an acoustic waveguide, and acoustic disturbances such as the second 
mode and its higher-order harmonics propagate forward between the wall and the 
sonic line.

Fedorov et  al. [76–80] found that the use of ultrasonic absorbing materials can 
inhibit the development of unstable waves of the second mode and higher frequency, 
and the porous wall can inhibit the transition of hypersonic boundary layer, thus 
increasing the Reynolds number of boundary layer transition by 50%.

Chokani et  al. [81] used bispectral analysis to compare the nonlinear interaction 
(subharmonic resonance) of the second mode in the boundary layer of conventional 
wall and porous surface, in which the harmonic resonance of the boundary layer of 
porous surface was almost completely eliminated.
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Maslov et al. [82] also carried out comparative experiments by adding braided materi-
als to the part of a sharp cone at Mach 6. The magnified sixty-fold image and distribution 
of porous materials on the model are shown in Fig. 8. The experimental results proved 
that this measure prolongs the laminar flow area by 15% – 66% or even longer. Based 
on their analysis, the porous surfaces absorb part of the energy increased by the second 
mode disturbance, thus weakening the development of the second mode disturbance. 
Therefore, the flow can still remain stable and the transition is delayed.

With the gradual deepening of the research on the influence of porous wall on bound-
ary layer instability, the mechanism of delayed transition of porous wall also develops.

During the last 2 years, combining wind tunnel experiments and theoretical analysis, 
Zhu et al. [83–85] found that the permeable wall can suppress the near-wall disturbances 
by changing the spatial distribution of perturbations in the fundamental resonance, 
which disrupted the phase-locked relationship and prevented the growth of fundamen-
tal oblique waves. Meanwhile, the research also indicated that the permeable surface 
greatly reduced the aerodynamic heating and delayed the transition. According to the 
effects of permeable wall on aerodynamic heating, he inferred that the behavior of the 
two-dimensional structure on the permeable wall was correlated with the suppression of 
the growth of three-dimensional waves. The distribution and surface microstructure of 
the permeable material are displayed in Fig. 9, and Fig. 10 shows the effects of the per-
meable wall on aerodynamic heating.

The inherent control mechanism of delaying the transition can be summarized in this 
way. Acoustic disturbances in the hypersonic boundary layer cause violent movement of 
the internal air after entering the porous material. Under the action of viscous dissipa-
tion, part of the mechanical energy of the acoustic disturbance is converted into heat 
energy. In addition, when the acoustic disturbance in the flow passes, it will produce 
changes in compression and expansion. The temperature gradient between the adjacent 
compression zone and expansion zone could cause heat transfer from the high tempera-
ture part to the low temperature part. What’s more, part of the mechanical energy of 

Fig. 7  Schematic diagram of acoustic modes in the hypersonic boundary layer [10]
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the acoustic disturbance will also be converted into thermal energy. Therefore, under 
the combined action of viscous dissipation and heat conduction, the mechanical energy 
of the second mode wave is converted into heat energy, and the second mode unstable 
wave is suppressed, thereby delaying the transition of the boundary layer [33].

However, Fedorov A also discovered that, although the porous surface could suppress 
the instability of the second mode, it also brings the phenomenon of low-frequency dis-
turbances [10], which may be a problem we expect to solve in active control.

3.1.4 � Wavy wall

Recently, with the emergence of various new measurement techniques, the experimental 
research on the stability of hypersonic boundary layer is more in-depth. Fujii studied 
the control effects of the wavy wall surface on the hypersonic boundary layer transition 
of a sharp cone with a 5° half cone angle under the condition of incoming flow Ma = 7.1 
[55]. By reasonably designing the wavelength of the corrugated rough band (about 2 
times the height of the boundary layer), the boundary layer transition was effectively 
delayed. According to Fujii’s experience, the control of transition of wavy wall surface 
to hypersonic boundary layer depends on the total temperature of incoming flow and 
the wavelength of wavy rough band to a great extent. Bountin et al. [86] also conducted 
experimental research on the stability of wavy walls in Mach 6 boundary layer. The plate 
model with wavy surface and locations of ICP and ALTP sensors and its section are 
exhibited in Fig. 11. The experimental results showed that the channels between wavy 
walls are prone to slight flow separation and reattachment, with certain interference to 
the flow field outside the boundary layer. However, the second mode instability wave 
along the wavy wall is effectively suppressed, and the laminar flow in the boundary layer 
is prolonged. In terms of the control mechanism, Bountin [86] agreed that the control 
effects of delaying transition produced by the wavy wall mainly are corrected with the 
basic flow, rather than directly acting on the second mode. However, in the process of 
his experiments, new unstable waves are noticed on the wavy wall, and the specific rea-
sons for them are still uncertain.

In 2019, Peking University made new progress in using wavy walls to delay the hyper-
sonic transition. Si et al. [87] attempted to weaken the local heating spot of aerodynamic 
heating by controlling the strength of the second-mode instability. The results provided 
the information that the wavy-wall can suppress the second-mode instability to a certain 
degree and eliminate the local heating spot before the transition is completed. Figure 12 
exhibits the model Si et al. used.

As shown in Fig. 13(a), the regular periodic structures are second-mode waves. In con-
trast, there is no significant second-mode structure in Fig. 13(b), which means that the 
second-mode wave is depressed by the wavy wall. For the wavy-wall case displayed in 
Fig. 14(b), the hot spots have been eliminated completely.

This simple passive control method has the potential to be used in hypersonic vehicles, 
but its effects at different Mach numbers and Reynolds numbers still need to be further 
verified.

To sum up, for the negative effects in the off-design state, almost all passive control 
methods cannot avoid it. Passive control methods have such limitations not only in the 



Page 20 of 54Yang et al. Advances in Aerodynamics            (2022) 4:18 

Fi
g.

 1
1 

W
av

y 
w

al
l m

od
el

 a
nd

 s
en

so
r d

is
tr

ib
ut

io
n 

by
 B

ou
nt

in
 e

t a
l. 

[8
6]



Page 21 of 54Yang et al. Advances in Aerodynamics            (2022) 4:18 	

Fi
g.

 1
2 

W
av

y 
w

al
l m

od
el

 a
nd

 s
en

so
r d

is
tr

ib
ut

io
n 

by
 S

i e
t a

l. 
[8

7]



Page 22 of 54Yang et al. Advances in Aerodynamics            (2022) 4:18 

Fi
g.

 1
3 

Ra
yl

ei
gh

-s
ca

tt
er

in
g 

flo
w

 v
is

ua
liz

at
io

n 
at

 R
e u

ni
t =

 9
.3

 ×
 1

06  m
−

 1
. T

he
 fl

ow
 is

 fr
om

 le
ft

 to
 ri

gh
t. 

a 
Sm

oo
th

 w
al

l. 
b 

W
av

y 
w

al
l [

87
]



Page 23 of 54Yang et al. Advances in Aerodynamics            (2022) 4:18 	

Fi
g.

 1
4 

Co
nt

ou
rs

 o
f s

ur
fa

ce
 te

m
pe

ra
tu

re
 ri

se
 a

t f
ou

r d
iff

er
en

t u
ni

t R
ey

no
ld

s 
nu

m
be

rs
: R
e u

ni
t =

 9
.3

 ×
 1

06  m
−

 1



Page 24 of 54Yang et al. Advances in Aerodynamics            (2022) 4:18 

field of hypersonic boundary layer transition control, but also in the whole field of flow 
control, which also makes active transition control methods rise since the twenty-first 
century.

3.2 � Active control

Although passive control can meet the demand to a certain extent and some achieve-
ments have been formed in engineering applications, it is difficult to achieve good 
results in wide speed range and working conditions due to the fixed installation position 
and geometric profile. In addition, it cannot be controlled in real time and most passive 
transition control devices often produce additional resistance and other problems.

Besides, researchers also realized that the energy injection cost paid by active flow 
control methods is worthwhile compared with the benefits obtained by the hypersonic 
transition control. Therefore, in recent years, some active flow control methods have 
begun to rise [88, 89].

At present, there are many methods that have achieved some exciting results or 
showed great potential for hypersonic flow control, including active blowing control, 
CO2 injection active control technology, wall cooling/heating, local plasma discharge, 
and so on [90–92].

3.2.1 � Active blowing (suction) control

Since the beginning of the twenty-first century, the NASA Langley Research Center has 
used Hyper-X model to study the active blowing control method of hypersonic bound-
ary layer control in Mach 6 and Mach 10 wind tunnels [93]. The research objects involve 
a variety of opening models and blowing and sucking layouts, and different hypersonic 
transition control results have been obtained. The Hyper-X precursor blowing (sucking) 
model is displayed in Fig. 15 [94].

In the study on the active boundary layer control devices, the rough elements for pas-
sive control of the boundary layer are replaced by various blowing module assemblies. 
However, the experience gained from a large number of passive transition device control 
experiments still needs to be followed. Berry et  al. [94] designed 9 active control unit 
configurations, as shown in Fig. 15, corresponding to 4 blowing (suction) modes, namely 
straight groove blowing, straight groove belt suction blowing, sawtooth groove blowing 
and porous blowing. A total of 14 blowing configurations were screened, and the results 
revealed that all configurations were effective for generating transition starting posi-
tion movement. When the blowing pressure ratio is 5, the sound velocity jet condition 
at the nozzle can just be ensured. In order to move the transition start position near the 
boundary layer control device, a pressure ratio of 40 or higher is required so as to pro-
vide effective control. The sawtooth configuration requires the minimum blowing pres-
sure ratio to produce effective transition movement. The H4 configuration with a single 
row of larger holes is the best in the concept of circular holes. The experimental results 
suggested that the active boundary layer control method for hypersonic air-breathing 
vehicles is feasible. At the same time, a comparative study on the effects of active and 
passive control methods was carried out for the same controlled object under Ma10 
condition. Figure  16 displays the comparison of typical results of shock wave system. 
Compared with the control results of passive forced transition device, the active blowing 
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is accompanied by small jet shock wave and flow separation, and the single jet penetra-
tion height cannot be directly compared with the height of the passive control device. 
The research results suggested that magnifying the jet height by twice is more suitable 
to equate the active result with the passive result, which provides a better idea for the 
development of active control methods in the future.

In addition, the type of blowing gas will also affect the control effects. Pap-
pas and Okuno [95] studied the wall blowing effects of air, helium and freon-12 on 

Fig. 15  Hyper-X precursor active blowing (inhaling) model [94]
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boundary layer transition on a cone model with a half cone angle of 7.5° at NASA’s 
Ames Research  Center. The research results illustrated that, under the same mass 
flow condition, the low-density gas helium has the greatest influence on the transi-
tion, and the heavy-density gas freon-12 has the smallest influence. Increasing the 
mass flow makes the transition position move forward, but the transition does not 
develop to the jet region.

Demetriades et  al. [96] performed a study on the influence of different gas blowing 
effects on the transition of a cone boundary layer with a half cone angle of 5° in the Ma6 
wind tunnel, and the unstable second mode disturbance wave at the outer layer of the 
boundary layer was observed. With the increase of mass flow rate, the instability of 
boundary layer intensifies, which leads to the advance of boundary layer flow transition. 
In addition, they also found that even a small wall blowing flow can result in the ampli-
fication and development of unstable disturbance waves in the case of angle of attack, 
and finally induce boundary layer transition. Schneider [97, 98] investigated and summa-
rized the research on the influence of wall blowing effects on boundary layer transition. 
It was found that the blowing effects usually induce the transition to advance. The larger 
the mass flow rate or the lighter the composition is, the greater the transition advance 
caused by the gas is, and the closer the blowing effect is to the front end of the model, 
the greater the impacts are, as shown in Fig. 17. Therefore, the jet that appears near the 
tip has a very large influence on the transition of the boundary layer, which also provides 
a reference for the arrangement of other active flow control actuators.

The above reviews mainly focus on wall blowing, while wall suction mainly has the 
effects of delaying transition. Some studies displayed that this method can enhance 
the stability of boundary layer mainly by reducing boundary layer thickness and elim-
inating or weakening boundary layer velocity [99].

Fig. 17  Schlieren diagram of secondary modal instability of conical boundary layer at zero angle of 
attack [97]. a No blowing control. b With blowing control



Page 28 of 54Yang et al. Advances in Aerodynamics            (2022) 4:18 

For wall blowing and suction control, it is quite difficult to analyze the control mech-
anism of blowing and suction on the hypersonic boundary layer by experiment alone. 
Combined with the numerical simulation research, blowing and suction are mainly 
adjusted by modifying the velocity profile of the boundary layer, adjusting the shape of 
the boundary layer, and then adjusting the movement of the fluid in the boundary layer, 
which could achieve the effects of controlling the transition of the boundary layer [100].

Although this technology can achieve a relatively good control effect, it is difficult to 
control its impacts on the aircraft/model profile at high Mach numbers, and it is easy to 
produce shock waves and other disturbances that interfere with the control effects or 
affect the boundary layer flow.

3.2.2 � CO2 injection active flow control technology

The results of Clarke and McChesney [101] illustrated that the relaxation effects of 
chemical reaction can damp the sound waves whose frequency is near the reciprocal of 
relaxation time, which opens a new door for suppressing/delaying hypersonic boundary 
layer transition.

In the wind tunnel test, Adam et al. [102] accidentally discovered that, when the test 
gas is CO2, the transition position of the boundary layer is greatly delayed. At the same 
time, as the concentration of incoming CO2 increases, the transition delay becomes 
more significant under certain high temperature/high enthalpy conditions.

The internal mechanism can be explained as follows. Since the transition of the hyper-
sonic boundary layer is usually dominated by the second mode, and the second mode 
is an acoustic disturbance, the non-equilibrium effects on the flow can attenuate these 
acoustic disturbances [103].

Similarly, in the comparative study of blowing effects on different media gases in the 
boundary layer, researchers discovered the unique boundary layer transition control 
ability of CO2 gas based on the principle of chemical reaction.

Leyva et  al. [104–106] used shock wave wind tunnel system to study the effects of 
injecting CO2 into hypersonic boundary layer on transition. The results demonstrated 
that when injecting CO2 into boundary layer, the Reynolds number of boundary layer 
transition is higher than that of other injected media. The mechanism is that the vibra-
tion mode excited by CO2 interacts with the acoustic mode in the boundary layer, and 
the carbon dioxide vibration relaxation absorbs the energy of the acoustic mode distur-
bance wave, which attenuates the amplitude of the second mode instability wave, thus 
delaying the boundary layer transition. Leyva et al. [105] also found that the greater the 
CO2 injection rate in the boundary layer is, the more obvious the delay effects are.

John D. Schmisseur [107] summarized and prospected the active control technology 
research for CO2 gas to suppress hypersonic boundary layer transition in 2015, and he 
pointed out that CO2 injection active flow control technology has the advantages of suf-
ficient gas source, convenient access and adjustable flow rate.

Here, the novel findings of the numerical simulation work must be mentioned. 
When the temperature is high to a certain level, the three dissociation modes of CO2 
can be excited, and the effects of the delay transition are better at this time [108]. 
Combined with the experimental research details, the mechanism of CO2 injection 
control can be further clarified.
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The vibration and dissociation of CO2 molecules can absorb most of the energy 
near the second mode frequency, thus making the second mode wave grow slowly, 
and inhibiting the transition. Obviously, the higher the boundary layer temperature 
is, the better the control effects are. The threshold of temperature is the excitation 
temperature of CO2 vibration.

However, from an engineering point of view, it is difficult to apply this measure 
under hypersonic conditions. A series of issues such as the introduction of air source 
and the installation of injection devices need to be considered. Similarly, the injec-
tion of CO2 gas will also bring disturbances that we do not want to see.

3.2.3 � Wall cooling/heating

In actual situations, the surface of the thermal protection system of hypersonic vehi-
cle has uneven heat flow distribution or sometimes local ablation occurs, which has 
brought attention to the wall cooling/heating control methods.

Experimental studies in the last century have confirmed that by reducing the wall 
temperature, the heat dissipation rate of the boundary layer can be suppressed, 
thereby inhibiting the occurrence of transition [102].

Wall cooling [29] can stabilize T-S wave, but it will make the second mode tend to 
be unstable. Cooling leads to the thinning of boundary layer, which makes it more 
sensitive to roughness.

The thermal protection system of hypersonic aircraft is usually composed of mate-
rials with different properties, thus resulting in uneven heat flow distribution on the 
surface. Therefore, local wall heating or cooling may achieve better results.

Soudakov et al. [109] placed a local heating/cooling unit on the surface of a cone, 
and it was found that local cooling would delay the transition at Ma6, and local heat-
ing would make the transition happen earlier. Fedorov et  al. [110] also maintained 
that local cooling can suppress the amplitude of the second mode and delay the 
occurrence of transition through wind tunnel test research, and local temperature 
distribution on the surface of the experimental model is shown in Fig. 18.

What’s more, the research made by Zhao et al. [111] revealed that wall cooling can 
delay boundary layer transition, but wall cooling has limited laminar flow control 
effects on the high-speed three-dimensional boundary layer, compared with two-
dimensional boundary layer.

For the control mechanism, wall heating or cooling is to cause changes of the 
boundary layer’s thickness and the  corresponding position of sound velocity line, 
which will lead to changes in velocity evolution of disturbance wave phase in bound-
ary layer and migration of synchronous points, thus achieving the purpose of con-
trolling transition.

However, this type of control method is difficult for experimental study, and 
requires high technical requirements for heat transfer and insulation in the control 
process, so it is also difficult for it to be used in engineering application.
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3.2.4 � Local plasma discharge

As early as the 1990s, the Institute of Theoretical and Applied Mechanics of the Sibe-
rian Branch of the Russian Academy of Sciences invented a method of glow discharge to 
control disturbance and study wave development in supersonic flow [112]. According to 
Kosinov et al. [113], the disturbance introduced by glow discharge into the mainstream 
has the essence of acoustic disturbance, which proved that glow discharge has the poten-
tial to induce transition.

In 2001, Maslov et  al. [114] applied the same disturbance method to hypersonic 
speed flow, and it was discovered that Tollmien-Schlichting wave excited by sound wave 
at the leading edge of a flat plate can affect the receptivity of hypersonic boundary layer, 
which indicated that glow discharge is possible to be applied as an active control method 
in hypersonic boundary layer transition research.

Heitmann et al. [115] used a non-intrusive pulsed YAG double-pulse laser to generate 
glow discharge plasma on the surface of the model, and it was further converted into 
acoustic disturbance in the hypersonic boundary layer. The artificial disturbance further 
excites the second mode unstable wave in the hypersonic boundary layer. By compar-
ing the disturbance growth amplitudes of natural transition, forced transition and linear 
theory, Heitmann et al. discovered that the disturbance growth rate of unstable waves 
obtained by experiments is not consistent with the theoretical prediction, which further 
reflected that plasma discharge can be used as an active controlled artificial disturbance 
to exert more flexible control on boundary layer transition.

Casper et al. [116] studied in detail the development process of pulsed glow discharge 
on the nozzle wall of Purdue University Ma6 quiet wind tunnel, and gave the change 
of pressure field. In Casper et al.’s experiments, controlled disturbances were created by 
pulsed-glow perturbations based on the electrical breakdown of air and a disturbance 
first grew into a second-mode instability wave packet that is concentrated near its own 

Fig. 18  Wall temperature distributions for the cases given in Ref. [110]
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centerline. Weaker disturbances spread from the center. The waves grow and become 
nonlinear before breaking down to turbulence. The breakdown begins in the core of the 
packets where the wave amplitudes are the largest. The second-mode waves are still evi-
dent in front of and behind the breakdown point and propagate in the span-wise direc-
tion. The turbulent core grows downstream, thus resulting in a spot with a classical 
arrowhead shape. Behind the spot, a low-pressure calm region develops. These can lay a 
foundation for the subsequent exploration of internal mechanism.

Recently, in the experiments carried out by Lee Cunbiao et  al. [117, 118] of Peking 
University, glow discharge was introduced as an artificial disturbance under the condi-
tion of Ma6. Firstly, an artificially introduced disturbance in the first-mode frequency 
range can excite a specific second-mode wave, one of the high-order harmonics of the 
added disturbance. A clear harmonic relationship between the first-mode and second-
mode waves was found, and the phase lock phenomenon between them was found for 
the first time.

Secondly, 105 kHz glow discharge in the second-mode frequency range was intro-
duced into the boundary layer of the flat plate, and the second mode wave was evidently 
excited. At the same time, the amplitude of the first mode has also been significantly 
enhanced, and the position of boundary layer transition has been significantly advanced, 
which proved that glow discharge has a broad prospect in the application of hypersonic 
boundary layer transition control, as a controllable active flow control method. Figure 19 
displays the glow discharge image created and power supply and Fig.  20 displays the 
results of promoting transition.

Combined with the experimental results of various test methods, the internal mecha-
nism can be explained. There are two reasons for making the transition happen earlier. 
On the one hand, the increase of the amplitude of the second mode significantly changes 
the effects of the average flow. On the other hand, the second mode instability interacts 
with the first mode via a phase-lock mechanism, which leads to the rapid amplification 
of the first mode [118].

4 � Prospect of hypersonic boundary layer transition controlled by plasma 
actuation

Plasma active flow control technology has the advantages of fast response, wide fre-
quency band (response time less than 0.1 ms, frequency band 0.01-100 kHz), simple 
structure, no moving parts, simple adjustment of actuation parameters, low energy con-
sumption and convenient realization of feedback control, which can solve the problems 
rapidly and accurately, such as plasma actuation in the control of high angle of attack 
flow separation [119], airfoil dynamic stall [51, 52], nacelle flow separation [120], and so 
on.

From the perspective of boundary layer disturbance and sensitivity, previous research-
ers have demonstrated the feasibility of applying glow discharge to transition control 
[117, 118]. However, glow plasma discharge is a weak discharge mode with very small 
current (generally 1-100 mA), which produces limited aerodynamic effects, while 
obtaining considerable control effects on hypersonic boundary layer control. At present, 
plasma aerodynamic actuation has been successfully applied to shock wave/boundary 
layer interference flow control in boundary layer control, and a breakthrough has been 
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made under the condition of higher Mach number [121], which was expected to make 
better control effects of hypersonic boundary layer transition.

In the following, in order to inspire researchers in this field, the authors will demon-
strate the feasibility and introduce work prospect on plasma flow control in hypersonic 
boundary layer transition combined with the actual situation of the author’s research 
team. There are three aspects, namely plasma aerodynamic actuation and its  control 
principle, feasibility analysis of hypersonic boundary layer transition control, and follow-
up key experimental research work.

4.1 � Plasma aerodynamic actuation and its control principle

According to different discharge principles, the common plasma aerodynamic actua-
tion methods can be divided into surface dielectric barrier discharge (DBD) actuation, 
surface arc discharge actuation and plasma synthetic jet actuation [122, 123]. The sur-
face dielectric barrier discharge actuation can generate near-wall jet and accelerate the 
flow of the boundary layer, and is mainly used for the suppression of flow separation 
and reduction of friction drag in subsonic flow control. The surface arc plasma actuation 
that is heated and flowed by arc discharge plasma is mainly used for changing local flow 
sound velocity and thermal resistance and weakening shock wave intensity in super-
sonic flow control. The plasma synthetic jet actuation rapidly heats the gas in the cavity 
through discharge to generate high-speed jet, which is suitable for subsonic and super-
sonic flow control to suppress separated flow and control shock wave/boundary layer 
interference. The typical flow evolution process of different plasma aerodynamic actua-
tion is shown in Fig. 21.

In 2006, the author’s research team put forward the physical basis of plasma flow con-
trol. The physical principle of plasma actuation to regulate flow was summarized into 
three aspects [124]. (1) “Dynamic effect”: Plasma formed or injected by ionization in the 
flow field moves directionally under the action of electromagnetic field, and neutral mol-
ecules are induced to move through the momentum transport between ions and neu-
tral molecules to form plasma actuation; (2) “Impact effect”: When some air or external 
gas in the flow field is ionized, local temperature rise and pressure rise are generated, 
and even shock waves are generated to form plasma actuation; (3)“Physical property 
change”: The plasma in the flow field changes the physical property, viscosity and heat 
conduction of the airflow, thus changing the flow field characteristics. Under traditional 
aviation conditions, the effects of physical property change are secondary, but under 
hypersonic flight conditions, this effect may be highlighted. Dynamic effects, impact 
effects and physical property changes are consistent with the connotations of accelera-
tion effects, heating effects and chemical effects.

After more than 10 years of development, relatively considerable control effects have 
been achieved in stall separation control and anti-deicing of typical wings, shock wave/
boundary layer interference control and separation flow suppression of inlet and com-
pressor with plasma actuation. On the basis of flow control effects and multi-physical 
field coupling simulation model, the principle of plasma flow control was summed up 
[123]. The main connotation includes three aspects. “Impact actuation” uses short pulse 
discharge to increase the peak power of discharge, generate strong temperature rise and 
pressure rise, and form strong pulse disturbance or even shock wave; “vortex control” 
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generates vortex in the process of interaction with cross flow, and promotes the mixing 
of boundary layer and mainstream through the transport effect of vortex, thus improving 
the kinetic energy of near-wall flow and inhibiting flow separation; “frequency coupling” 
makes the pulse frequency of plasma actuation close to the characteristic frequency of 
flow field.

From the perspective of the nature of flow control, once the multi-physics coupling 
effects of plasma actuation and flow field were resolved, the flow control effect can be 
improved, and the power consumption can be reduced [125].

4.2 � Feasibility analysis of hypersonic boundary layer transition control by plasma 

actuation

The key scientific problem of regulating hypersonic boundary layer transition by plasma 
actuation is the unsteady coupling mechanism of plasma actuation and boundary layer 
flow. The core of this mechanism is how plasma actuation excites or suppresses the inter-
nal instability of flow, and then promotes transition and delays transition macroscopi-
cally, including how to suppress the unstable waves and cross-flow instability of different 
modes and delay flow transition by plasma actuation, how to induce unstable waves and 
cross-flow instability to produce vortex structure with sufficient scale to promote transi-
tion, how to directly induce bypass transition, and so on. Due to experimental cost and 
difficulty, the research on the unsteady coupling mechanism of plasma actuation and 
flow is a long-term process, and plasma flow control in boundary layer transition under 
hypersonic conditions will also face huge challenges.

Although the transition under hypersonic conditions is complex, the plasma actuator 
suitable for high-speed flow field developed vigorously in recent years, which is expected 
to realize effective experimental measurement, and get the desired transition control 
effects combined with detailed boundary layer measurement methods.

4.2.1 � Dielectric barrier discharge actuator

The most important disadvantages of dielectric barrier discharge (DBD) actuators in 
flow control applications are low induction speed and insufficient control capability.

The research results conducted by Post and Corke [126] indicated that the maximum 
velocity peak value of DBD plasma actuator is about 10 m/s [127, 128]. Higher voltage 
input will not increase the generated plasma kinetic energy, but cause gas and electrode 
surface heating. At the same time, it will also cause the transition from glow discharge to 
arc discharge and the breakdown of barrier medium.

But in recent years, the control ability of DBD actuator in hypersonic flow has been 
explored with the development of actuator technology.

In 2013, Corke et al. used the DBD array at Mach 3.5 on a sharp-tipped 14° right-circu-
lar cone to explore the possibility of delaying cross-current transition of DBD actuation, 
and it was expected that the subcritical wavenumber plasma roughness would produce a 
similar transition delay as the passive roughness [129].



Page 37 of 54Yang et al. Advances in Aerodynamics            (2022) 4:18 	

The advantage of the plasma roughness is that it can be designed to produce a range of 
azimuthal wavenumbers. Therefore, it is feasible to use DBD actuation to achieve delay-
ing transition under supersonic conditions.

Nishihara et al. [130] demonstrated the feasibility of hypersonic flow control by low-
temperature, repetitive nanosecond pulse discharges under Ma = 5 with the energy of 
7.3–7.8 mJ/pulse, which also reflected that a remarkable advantage of DBD actuator 
applied to active flow control of high-speed flow field is that it consumes less power.

Based on the research made by Corke et al.,[129] in 2018, Thomas J. Juliano et al. [131] 
conducted an experimental research on AC-DBD (Alternating current dielectric barrier 
discharge) plasma-actuated flow control of hypersonic crossflow-induced boundary-
layer transition in a Mach 6 quiet tunnel. A lift-off photolithography process was devel-
oped to create dielectric-barrier-discharge plasma actuators on Macor nose tips. Finally, 
the actuator with a wavenumber nearly equal to the most naturally amplified wavenum-
ber was observed to accelerate transition. The actuator designed to delay the transition 
did not demonstrate a clear effect. Figure 22 exhibits the discharge image of DBD actua-
tors to accelerate and delay the transition designed by Thomas J. Juliano et al.

Future tests will implement improved plasma actuators to ensure that roughness 
effects do not obscure the controller’s effect.

With the in-depth exploration of the plasma actuation characteristics, the internal 
control mechanism is expected to achieve a breakthrough. In 2020, Zhang et al. [132] 
discovered that an asymmetrical DBD plasma actuator that was powered by sinusoi-
dal AC waveforms with an AC voltage of Vp-p = 16 kV at a high voltage frequency of 
a few kHz can generate ultrasound in quiescent air, and the frequency of this induced 
ultrasound is approximately 100 kHz that is much higher than the sinusoidal high 
voltage frequency of a few kHz. The schlieren result is displayed in Fig. 23.

Further, the mechanism of how AC-DBD induces sound waves has been inferred 
and proposed. It is hypothesized that the streamer discharge in the positive-going 
cycle could generate some high amplitude current pulses, which can rapidly cause the 
heat generation [133] and the change of the gas density and pressure in the vicinity of 

Fig. 22  Circumferential DBD discharge image of cone tip [131]. a m = 32 tip to accelerate transition. b 
m = 48 tip to delay transition
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the surface of the AC-DBD plasma actuator. Then, acoustic waves are generated due 
to the pressure oscillation.

This provides conditions for the disturbance of the AC-DBD actuation injected into 
the flow field and the interaction of the second mode wave in the hypersonic bound-
ary layer, which will further promote the mechanism study on the DBD actuation to 
control the transition of the hypersonic boundary layer.

It is foreseeable that in the transition control of the hypersonic boundary layer, the 
dielectric barrier discharge plasma itself acts as an energy-controllable disturbance, and 
it is not difficult to achieve the effects of promoting the transition. As for the transi-
tion delaying control, the special actuator setting has a certain experimental basis and 
theoretical analysis basis, which is expected to be realized in future wind tunnel experi-
ments, while there is still a long way to go. After all, DBD actuation is a kind of small 
disturbance. The follow-up research mainly focuses on the interaction between the dis-
turbance and the hypersonic boundary layer and the excavation of the characteristics of 
acoustic disturbance caused by DBD actuation.

4.2.2 � Arc discharge actuator

The arc discharge actuator is mainly composed of high temperature resistant ablation 
electrodes arranged on the insulating plate. The difference is that the two electrodes 
are arranged on the same side of the insulating plate without dielectric barrier between 
them, compared with the DBD actuator. The actuator electrodes can be made into many 
different shapes, and the electrode pair and arrangement can be changed on the basis of 
the application needs.

At present, it is considered that the mechanism of arc discharge plasma actuator in 
high-speed flow control is the local density and sound velocity change caused by rapid 
gas heating effects. This will play a role in the transition control of the hypersonic 

Fig. 23  Acoustic waves induced by AC-DBD actuation [132]
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boundary layer, and local temperature changes will have important impacts on the sta-
bility of unstable waves.

The experiment made by Leonov et  al. [134] compared  the arc discharge and glow 
discharge, the results of which implied that  a weak shock wave will be formed at the 
arc discharge, but the pressure increase caused by the plasma discharge is not much 
more obvious than that caused by the glow discharge. Therefore, Shin et al. [135] and 
Menier et al. [136] held the view that electrostatic force also plays an important role in 
the flow control of plasma based on DC discharge besides gas heating effects. With the 
increase of input power, the control effects of plasma in dispersion discharge mode will 
be enhanced. When being transitioned to arc discharge, excessive power input will cause 
the separation of supersonic boundary layer, which showed that the arc discharge with 
large energy injection has the ability to induce transition advance.

The authors’ research group has used a single pulse energy of 70 mJ surface arc dis-
charge at Mach 3 to verify the forced transition capability of high-energy surface arc 
discharge. When the actuation frequency is 60 kHz, the flow directly transitions to tur-
bulence at the actuation position [137]. The flow display results of forced transition are 
illustrated in Fig. 24.

However, high energy will bring problems, such as high cost and low efficiency. In 
order to overcome the shortage of high power required by arc discharge, Tang et al. [138] 
proposed a method to control supersonic shock wave/boundary layer interference flow 
by exciting the shock wave induced by high frequency and small energy array arc actua-
tion. Through the relay action of array actuation, the original strong oblique shock wave 
is transformed into a flow weak compression wave front, which weakens the shock wave 
intensity and unsteady behavior. The significant control effects have been achieved in 
wind tunnel experiments at high Mach numbers and this method is expected to achieve 
efficient transition control effects under hypersonic conditions.

On this basis, a span-wise pulsed arc discharge array (SP-PSDA) was used by Tang 
et  al. The author’s research group controlled the transition of the flat plate boundary 
layer at Mach 3, and the microscopic flow structure was visualized by the nanoparti-
cle planar laser scattering (NPLS) technology. The results indicated that surface arc dis-
charge plasma actuation can make the transition position happen earlier [139]. Figure 25 
exhibits the effects of surface arc actuation on promoting the transition and the evolu-
tion of flow field structure.

At last, a conceptual model of the hairpin vortex generation process was proposed to 
preliminarily reveal the control mechanism of the forced boundary layer transition using 
SP-PSDA. Furthermore, the model was divided into three stages: production and lift-up 
of the high-vorticity region, the formation of Λ vortex, and the hairpin vortex evolution.

Also at Mach 6, the author’s research group also verified the transition promotion 
effects of surface arc discharge on a 7° half-angle cone. The control effects were mainly 
reflected in that the surface arc discharge promoted the growth of the second mode 
wave, and eliminated the characteristics of the second mode wave at a certain forward 
flow direction, thus making the flow become turbulent in advance. Figure 26 illustrates 
the power spectrum distribution at a certain flow direction position.

Above experimental studies have proved that the surface arc actuation may achieve 
better results in promoting the transition of the hypersonic boundary layer. In the 
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follow-up, attention should be paid to the study of parameter law, aiming to form a func-
tional relationship between the injected energy and the effects of promoting transition.

4.2.3 � Plasma synthetic jet actuator

Compared with the dielectric barrier discharge plasma actuator, surface arc plasma 
actuator and traditional synthetic jet actuator, the plasma synthetic jet actuator is the 
only new actuator that combines simple structure (electrode and cavity), high jet veloc-
ity (> 500 m/s) and wide working frequency band (> 5 kHz) [140], which has attracted 
much attention in the field of low speed and supersonic active flow control [141, 142].

The plasma synthetic jet actuation mainly controls the external flow through four 
major disturbance characteristics: shock wave, vortex ring, high-speed jet and weak suc-
tion, as displayed in Fig. 27.

In higher speed flow control applications, the experimental results of Ref. [135] 
showed that, in the supersonic flat plate flow with Ma = 3, plasma synthetic jet can cause 
local separation and the thickening of boundary layer. The “penetration” distance to the 
boundary layer can reach 6 mm. Based on the hypersonic boundary layer transition con-
trol effects corresponding to different rough element heights, this distance is enough to 
affect the stability of the boundary layer, and achieve considerable control effects, which 
makes the plasma synthetic jet a new active control method with the application pros-
pects for hypersonic boundary layer transition control.

Under the hypersonic flow conditions, the disturbance generated by the plasma 
synthetic jet actuator should be carefully analyzed. Within a certain range of injected 
energy, since the shock wave velocity is lower than the mainstream velocity, the shock 
wave can only propagate downstream. After the jet is ejected, the velocity ratio will 
be relatively low, and the penetrating ability will be weak. It is possible to basically 
remain attached to the wall. Therefore, the plasma synthetic jet actuator may only be 
equivalent to a virtual vortex generator, so as to produce an obvious contra-rotating 

Fig. 26  The distribution of power spectral density of modal wave in a certain flow direction
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vortex pair structure [145]. However, the up-washing and down-washing effects of 
these vortex structures may produce the same effect as wall blowing: To modify the 
velocity profile of the boundary layer, and ultimately achieve the effects of promoting 
transition. The weak suction effects of the plasma synthetic jet should be specially 
studied in the hypersonic boundary layer, because the suction effects may bring about 
the effects of delaying transition [146].

Besides, the working characteristics of the plasma synthetic jet actuator are affected 
by the size of the energy deposition, the size of the actuator cavity and the outlet. 
In addition, only relying on gas discharge heating limits the relative temperature rise 
that is generated by the actuator under high temperature conditions.

In view of these limitations, Luo et al. [147] created the self-sustained suction-blow-
ing synthetic dual jet actuator that was used to control the supersonic/hypersonic 
flow field. It can suck fluid from the high-pressure area of the high-speed airflow and 
discharge the gas from the low-pressure port to produce a self-sustaining circulating 
jet. Numerical simulation has verified its control effects of the hypersonic compress-
ible boundary layer flow separation in the inlet [148]. Subsequent development and 
research can focus on “plasma self-sustained blowing synthetic jet actuator”, which 
can absorb the advantages of low energy consumption and physical property changes 
for plasma actuation.

Therefore, using plasma synthetic jet actuation to control the hypersonic boundary 
layer transition is much promising. However, it should be noted that the plasma syn-
thetic jet itself is a cavity, so the impacts on the boundary layer should be considered, 
which may affect the subsequent engineering applications.

4.3 � Follow‑up key experimental research work

4.3.1 � Overall planning

Firstly, the effects of boundary layer transition control under hypersonic conditions were 
verified. To prove the control ability of various plasma actuation methods, the author’s 
team has carried out effect verification experiments at Mach 3 and Mach 6, and achieved 
a satisfactory transition promotion effect [137]. From the NPLS flow field display results, 
the transition mechanism under the condition of relatively large energy injection was 
similar to bypass transition, which needs further study. For the results of the supersonic 
boundary layer transition induced by high repetition frequency and low energy actua-
tion, how the plasma affects the unstable wave of the first mode is still unclear. From the 
unstable wave power spectrum measured in the hypersonic wind tunnel experiment, the 
plasma can interact with the unstable wave in the boundary layer at hypersonic speed.

Subsequently, from the perspective of promoting transition, investigating the influence 
law of parameters is the main research direction, especially the parameters of plasma 
actuation itself, such as actuation frequency, actuation voltage, and single-pulse injec-
tion energy. For example, being inspired by relevant works of Peking University, intro-
ducing frequency actuation of the same order of magnitude as characteristic unstable 
wave and trying different energy injection may be the key to obtain a more ideal control 
effect.

Compared with promoting, delaying transition is more challenging. First, for the natu-
ral transition of basic models such as cone and flat, trying the idea of small disturbance 
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mainly to innovate the layout of the DBD actuator and see if it can induce the growth 
of the first mode wave can interact with the second mode wave, thus achieving surpris-
ing control effects of suppressing transition, while it is quite difficult. For the cross-flow 
transition, the research can be continued on the basis of the research conducted by 
Thomas J. Juliano et al.

Secondly, excavating the acoustic disturbance phenomenon of plasma actuation in the 
flow field, including AC-DBD actuation, may be a breakthrough, and the mechanism of 
plasma acoustic disturbance and the second mode wave can be explored by adjusting the 
parameters.

Finally, the jet flow was tried to observe if the velocity perturbation can eliminate or 
weaken the inflection point of the boundary layer velocity profile, thus achieving the 
purpose of enhancing stability and delaying transition. Based on these gradual research, 
the effects of delaying the transition are expected to be obtained.

It can also start from the control mechanism of the passive transition control method 
that delays transition at present, aiming to investigate whether plasma actuation can 
replace the passive control method under certain parameter settings under a certain 
combination of fixed parameters. However, if there is a control effect in this way, the 
internal mechanism is difficult to explain.

According to the above work, the corresponding transition path was studied, through 
the accumulation of experimental parameter combinations. It was determined whether 
the plasma actuation parameters can be changed to achieve different transition paths 
for different kinds of actuation style (dielectric barrier discharge actuation, arc discharge 
actuation, plasma synthetic jet actuation). In addition, the theoretical analysis was com-
bined to summarize the effects of plasma aerodynamic actuation on boundary layer 
flow and related dimensionless law. The coupling mechanism between them can further 
reveal and enrich the intrinsic physical mechanism of hypersonic boundary layer transi-
tion. At the same time, the control method was optimized, and a universal wind tunnel 
experimental control scheme can be given to provide a data basis for subsequent flight 
tests.

4.3.2 � Outlook of experimental strategy

In terms of control strategy, in addition to the basic research and mechanism research 
discussed above, the research in combination with engineering background is also very 
important. Hypersonic vehicles often encounter physical damage or high temperature 
ablation in actual flight, thereby forming irregular bulges or depressions on their ther-
mal protection system [149], which is not easy to simulate in wind tunnel experiments, 
because once this irregular structure is formed during flight, it is impossible to change 
its own structure, and the experimental research for actual flight conditions is still insuf-
ficient. However, we can try active flow control methods in this situation to realize real-
time control under specific conditions, so as to affect the stability of the boundary layer 
before and after these irregular bulges or depressions. Additionally, it can also be consid-
ered to apply corresponding passive control in some transition scenes where hypersonic 
vehicles do not need special active parameter adjustment control, and apply plasma 
actuation in situations where flexible control is required, so as to develop active and pas-
sive combined control and realize the maximum utilization of resources.
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In terms of experimental technology, we should focus on solving the problem of low-
pressure discharge, namely discharge stability. The stability of gas discharge is very 
important to realize the regulation of plasma parameters and obtain stable plasma 
treatment effect, while there are many factors affecting the stability of discharge and 
the mechanism is complex. During the discharge, the stability of discharge is affected 
by current density, electrode structure and material, plasma-sheath interaction, external 
electromagnetic field, gas flow and mass and energy transport process of different kinds 
of charged particles in plasma. Especially in the field of hypersonic plasma flow control, 
the high gas velocity and low gas pressure pose great challenges to the stability of plasma 
discharge. In addition, minimizing the influence of the existence and arrangement of 
actuators on the stability of boundary layer is also a problem that should be considered 
at all times. On the basis of solving these problems, array actuation can be developed to 
improve the control effects. Of course, this will face great challenges.

In terms of specific experimental schemes and methods, from the perspective of 
energy injection, the focus is on nanosecond-pulsed plasma discharge. Nanosecond 
pulse actuation can produce rapid temperature rise and pressure rise locally in the flow 
field. In terms of the type of plasma disturbance, AC plasma actuation is the focus of 
research. The experiments have displayed that AC discharge can generate acoustic waves 
[132]. As for the experimental measurement technology, it is necessary to focus on the 
development of measurement methods that can reflect the time series flow field, such as 
high-precision flow display technology. In the selection of measurement technology, it is 
necessary to prevent the measured control effect from being “averaged”, because plasma 
actuation is not always constant actuation and some actuation methods are pulsed. 
What’s more, we should devote ourselves to the study of high-frequency actuation, espe-
cially introducing disturbances with similar frequencies to the first mode and the second 
mode waves. Here, radio frequency plasma actuation can be considered.

Being inspired by ablation, plasma synthetic jet relies on gas discharge heating to pro-
duce mass jet by gas-liquid mixing, so a new method of plasma mass injection for forced 
transition can be developed. Trying to combine CO2 injection with plasma synthetic jet 
to form plasma synthetic CO2 jet may be a good attempt.

Considering the ionization of boundary layer gas for the high temperature gas effects 
at high speed, Lorentz force effect produced by magnetic fluid control principle can 
adjust boundary layer velocity profile for ionized gas, and then exert influence on flow 
stability. The electron density and conductivity in the boundary layer of aircraft are low, 
the actual control effect may not be obvious, the engineering implementation is expen-
sive, and the cost performance and feasibility of magnetic fluid control can be reeval-
uated in the research above Ma = 10, because the ionization effects of gases below 
Ma = 10 are not obvious [29].

Theoretically, transition control should be combined with transition prediction 
research. Hypersonic wind tunnel experiments are expensive, so LST theoretical analy-
sis, direct numerical simulation and other means should be used to guide experiments 
to prevent unnecessary trial and error. Furthermore, it is necessary to study the non-
linear dynamics of plasma discharge and the nonlinear development of disturbance 
during transition. The nonlinear dynamic process in plasma system not only affects the 
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discharge mode and mode conversion mechanism of plasma, but also leads to physi-
cal phenomena such as chaos. In addition, the strong coupling effect between flow field 
and chemical reaction field (such as the interaction between plasma jet/shock wave and 
hypersonic boundary layer), large changes in local environmental pressure (such as the 
evolution of flow state from laminar flow to turbulent flow under different transition 
paths), strong electric field disturbances (such as high-voltage pulsed discharge plasma) 
and complex chemical reactions (such as relaxation effect) will also lead to the plasma 
system showing nonlinear dynamic behaviors related to these strong disturbances, due 
to the high-speed gas flow and temperature field that may accompany the gas discharge 
process [150]. These complex effects inspired us to study how the physical property 
changes caused by plasma aerodynamic actuation will affect the stability of hypersonic 
boundary layer, which may play a vital role in establishing the unsteady coupling mecha-
nism between plasma actuation and boundary layer flow.

To sum up, the coupling mechanism between plasma aerodynamic actuation and 
boundary layer flow is the theoretical treasure to be obtained finally. The future research 
direction is to investigate the interaction principle between plasma aerodynamic actua-
tion and various unstable disturbances in the boundary layer. To achieve it, hypersonic 
wind tunnel experiments with high reliability will be carried out, and numerical simu-
lation research and analysis also should be conducted to clarify the action principle of 
plasma aerodynamic actuation under the condition of hypersonic to broaden the appli-
cation boundary of plasma flow control.

Obviously, the development direction of plasma flow control will be oriented to hyper-
sonic speed in the future development trend. If plasma flow control technology achieves 
a breakthrough in hypersonic boundary layer transition control, it will achieve wide-
speed range active control from low velocity to hypersonic velocity, which may bring 
new things to the aerodynamic layout design of the aircraft.

5 � Summary and prospect for boundary layer transition control methods
The hypersonic boundary layer transition control technology greatly affects the devel-
opment of hypersonic aircraft. The research progress of ground experiments from the 
two categories of passive control methods and active control methods was mainly intro-
duced in this paper, the control effect was sorted out, and the control mechanism was 
summarized. Also, the advantages and disadvantages of different methods were analyzed 
as well.

Finally, combined with the actual engineering application, the development direction 
of these control methods and the focus of future research were prospected on the basis 
of existing research.

5.1 � Rough element

For rough elements, the future will mainly face the background of forced transition, and 
the matching of different types of rough elements with the intake of new hypersonic air-
craft needs to be continued. Besides, the study on irregular protrusions or depressions 
on the surface of the aircraft during actual flight caused by ablation, physical damage, 
joints, and the flow behind the rough element need to be focused on later.
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5.2 � Cavity

For the cavity structure, we must clearly realize that there are inevitable cavities, grooves 
and other structures on the surface of hypersonic vehicles. The situation that these struc-
tures trigger transition and make transition advance is inevitable. How to carry out the 
work from the control point of view is the direction of our efforts. Li et al. [151] carried 
out experimental research on the influence of spanwise cavity and discharge hole on the 
transition of hypersonic flat plate boundary layer. It was observed that the spanwise cav-
ity promotes the transition position at Mach 6. However, the combination of the groove 
and the discharge hole can delay the transition of the central symmetry plane, which 
provides ideas for subsequent research. From the control point of view, this combination 
can reduce the adverse disturbance of the cavity to the downstream without completely 
delaying the transition.

This interesting result provides a new idea for our choice of transition control method. 
The combination of different control methods may achieve unexpected control effects. 
Even in practical engineering applications, some measures can be taken to reduce the 
unfavorable disturbance for downstream caused by surface ablation and other reasons.

5.3 � Porous Wall

The control effects of porous surface will be affected by the opening rate, pore radius, 
depth, arrangement and cross-sectional shape of the surface. The porosity is one of the 
most important parameters. The experimental results [81] indicated that the inhibition 
of porous surface on the second mode increases with the increase of porosity. However, 
the research on parameter optimization is mainly numerical simulation, and focuses on 
the analysis of optimal opening rate and hole radius, which still needs experimental veri-
fication urgently, and also the center of future research for porous wall.

What’s more, the thermal protection material on the surface of hypersonic aircraft 
is usually braided structure, and its roughness height is generally millimeter or below. 
The braided material essentially introduces two effects, namely the roughness effect and 
the porous media effect. Therefore, porous wall technology can be combined with ther-
mal protection technology to realize the innovation of thermal protection materials in 
the future, thus making the effects of delaying transition better.

5.4 � Wavy wall

As a simple passive control method, wavy wall has the potential to be used in hypersonic 
vehicles, while its control effects at different Mach numbers and Reynolds numbers need 
to be further verified.

5.5 � Active blowing (suction) control

The impacts of active blowing (suction) control devices on the profile of aircraft at high 
Mach numbers are the focus of future research. If this problem can be better solved, 
this method is likely to be applied in engineering, because this method is one of the 
few control methods that can achieve both the promotion of transition and the delay of 
transition.
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5.6 � CO2 injection active flow control technology

For CO2 injection active flow control technology, on the one hand, the excitation of CO2 
vibrational energy is limited by temperature, and it is difficult to achieve a stable con-
trol effect, which should be started from the perspective of molecular science, and some 
measures should be taken to promote the vibration and dissociation of carbon dioxide 
molecules. On the other hand, a series of issues such as the introduction of air sources 
and the installation of injection devices also need to be considered. The miniaturization 
of air sources and injection devices will be the focus of future research.

5.7 � Wall cooling/heating

For wall cooling/heating control method, whether the heat transfer and heat insulation 
technology in the control process can adapt to the rapid changes of high-altitude physi-
cal parameters requires careful research. Besides, how to recycle heat may need to be 
emphatically considered to improve the cost-effectiveness of the control method.

5.8 � Plasma flow control

The current hypersonic boundary layer transition delay control technology is mostly 
facing to the second mode instability, and there are few studies on the lateral flow sta-
bility and the first mode instability, while the control requirements for these instability 
modes are very urgent [33]. Therefore, as the demand for transition control becomes 
more refined, exploring the possibility of transition control technology that can control 
multiple unstable modes will become the focus of research.

As a new type of active flow control method, plasma has certain advantages, with the 
potential to control a variety of unstable modes and the ability to obtain effects of pro-
moting transition and delaying transition control.

On the contrary, judging from the effects of hypersonic boundary layer flow control 
achieved by plasma actuation at present, it is still relatively gossamer. For hypersonic 
boundary layer transition control, passive control is still the mainstream, and some pas-
sive control methods are likely to achieve large-scale engineering applications, while 
combined control is a satisfactory path. The advantages of plasma can be combined to 
eliminate the negative effects of passive devices, or plasma actuation can be used for 
supplementary control. The author agreed that this is possible in the current develop-
ment stage of plasma flow control technology.

In summary, the development of multi-modal transition control technology, with wide 
speed range, low energy consumption and adjustable effects, is a long way to go. In the 
future, the accumulation of ground wind tunnel experiments, verification of numerical 
simulations, in-depth mining of mechanisms, and breakthrough in flight test obstacles 
are needed to support the thermal protection, aerodynamic characteristics and stability 
of the propulsion system of a new generation of hypersonic vehicle.
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