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Abstract 

Hypersonic boundary-layer (BL) transition generates a significant increase in viscous drag and heat flux, 
which leads to severe restrictions on the performance and thermal protection systems of hypersonic 
vehicles. Among various passive/active transition control strategies, acoustic metasurfaces demonstrate 
minimal effects on the mean flow but significantly suppress the Mack second mode. Therefore, it can 
be considered one of the most promising transition control technologies. Acoustic metasurfaces are 
planar metamaterial structures that comprise monolayer or multilayer stacks of subwavelength 
microstructures, which affect unstable modes via acoustic wave manipulations. This paper presents a 
review of the research progress made on acoustic metasurfaces for hypersonic BL stabilization over the 
past two decades. Acoustic characteristics and their corresponding stabilization effects on the first and 
second modes are compared and discussed. Recent improvements in the mathematical modeling of 
acoustic metasurfaces have been highlighted. An outline of the theoretical, numerical, and experimental 
investigations is then provided. Finally, a future research potential, especially for broadband design 
strategies and full direct numerical simulations, is prospected. 
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Nomenclature 

A = Metasurface admittance 

Ar = Cavity aspect ratio, 2b/H 

b = Cavity half-width 

H = Pore depth 

facs = Normalized acoustic frequency, f H/aw

R = Reflection coefficient 

r = Pore radius 

T = Temperature 

Z = Metasurface impedance, 1/A 

t = Time 

x, y, z = Streamwise, normal and spanwise directions 

St = Stanton number 

Greek 

ω = Angular frequency 

ϕ = Porosity, 2b/s 

ρ = Density 

β =  Absorptive coefficient 

δ =  Boundary-layer thickness 

Subscripts 

e =      Parameters at the boundary-layer edge 

i =      Incident waves 

r =      Diffracted waves 

w =      Parameters at the wall 

∞ =      Free stream 

1. Introduction

1.1. Background 

The laminar-to-turbulent boundary layer (BL) transition has been one of the most important frontier problems in 
fluid mechanics for a long time. From a theoretical perspective, the transition is a transformation from a stable layered 
flow to a complex chaotic turbulent state; it is a multifold process that evolves in many different routes depending on 
numerous parameters of mean flow and disturbances [1-8]. On the other hand, the prediction and control of BL 
transition has wide applications in the aeronautic and aerospace industries. The BL transition generates a significant 
increase in viscous drag and heat flux, which leads to severe restrictions on the performance and thermal protection 
systems of hypersonic vehicles. The estimates for the National Aerospace Plane (NASP) indicate that the payload-to-
gross-weight ratio would nearly double if the vehicle BL is fully laminar when compared to that for the fully turbulent 
scenario [9]. Further, early transition causes higher heating, which requires an increased performance of the thermal 
protection system (TPS), active cooling, or trajectory modification, and this can lead to higher costs and weights of 
hypersonic vehicles. In addition, an additional peak heat transfer occurs in the transition region, which is slightly 
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higher than that in the turbulent region [10-12]. Extensive studies have focused on transition mechanisms to control 
the BL transition and maintain the laminar flow as long as possible [13-15]. It reveals that even for relatively simple 
two-dimensional (2D) or axisymmetric boundary layers on a flat plate or a sharp cone at zero angle of attack, there 
are several paths for transition [16]. If freestream disturbances are small, the transition to turbulence along a smooth 
vehicle surface occurs because of the amplification of the unstable BL mode (path A in [16]) [17]; this path is typical 
for axisymmetric missiles or cruise vehicles with predominantly 2D leading edges flighting at high altitudes in a low-
disturbance environment [8, 18]. Small environmental disturbances enter the BL and excite the first and Mack second 
modes through the receptivity process. Subsequently, unstable modes develop linearly, and they can be predicted 
using the stability theory [13]. Finally, unstable modes reach certain amplitudes, and nonlinear and three-dimensional 
(3D) effects begin to dominate, which leads to the final transition [16]. The first-mode instability is eliminated by 
natural cooling because the temperature of a hypersonic vehicle surface is relatively low (less than 0.2 of the adiabatic 
wall temperature); however, the second mode remains unstable and may trigger an early transition [19]. Thus, the 
study of natural transition suppression of hypersonic vehicles focuses on developing a more effective method to 
suppress the second mode in the BL. 

Kimmel [20] identified the following categories of transition control techniques that can suppress or attenuate the 
Mack second mode: (1) passives, such as global or local shaping [21, 22], acoustic metasurfaces, such as porous 
coatings [10], and (2) actives, such as retuned blow-suction [23], CO2 injection [24,25], and plasma actuators [26]. A 
comprehensive survey of different types of transition control techniques have been reported in a recent review by 
Fedorov [27]. Because of the severe heat fluxes and high temperatures around the hypersonic vehicle surface, it renders 
the active control techniques difficult to be implemented. Therefore, passive techniques are of primary interest. Since 
the acoustic metasurface concept has been demonstrated with little effect on the mean flow but greatly suppresses the 
Mack second mode, it could be considered as one of the most promising control technologies. Absorptive porous 
coating, as a particular type of acoustic metasurface, was issued to Boeing as a patent in 1999 (US patent number 
588471). After decades of development, the US Navy advocated a seed fund in 2019, with the aim of designing, 
fabricating, characterizing, and testing absorptive porous aeroshell materials that successfully damp the Mack second 
mode instability to delay BL transition on hypersonic boost-glide weapons during pull-up and glide phases [28]. The 
program includes three phases (Phases I, II, and III). Phase I focuses on determining the desired porosity characteristics 
that correspond to BL transition delays in flight regimes of interest. Following the success of the Phase I program 
objectives, the Phase II plan will refine and validate this new technique. The ability of the materials to delay BL 
transition while remaining thermally and structurally viable for hypersonic flight will be verified using wind tunnel 
and arcjet testing. A successful Phase II program will increase the technology readiness level (TRL) from 4 to 6, which 
will help prepare this technology for a flight test in its operational environment (TRL 7) in Phase III. 

1.2. Stabilization mechanisms 

It is generally recognized that the Mack second mode behaves like a trapped acoustic mode propagating in a 
waveguide between the wall and the sonic line; however, with a phase velocity higher than the speed of sound, as 
illustrated in Fig. 1. The disturbances travel subsonically above the sonic line and outside the BL, and the subsonic 
wave diminishes exponentially [31]. Each time an acoustic wave is reflected at the sonic line, it changes from a 
compression wave to an expansion wave, and vice versa. The longitudinal wavelength of the Mack second mode is 
approximately twice the BL thickness, and its frequency reaches hundreds of kilohertz, corresponding to the ultrasonic 
band [32, 33]. The Mack second mode exhibits acoustic-wavelike behavior, and therefore, Malmuth et al. [34] 
proposed a passive porous coating designed to dissipate acoustic energy through the viscous BL inside narrow 
micropores. In addition to absorptive mechanisms, further studies indicated that the second-mode instability can be 
stabilized by acoustic manipulations such as phase cancelation [30] and reflection control [35]. 
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Fig. 1 Acoustic modes trapped in a relative supersonic region where the convective Mach number Mac >1 is 
stationary in this frame of reference (adapted from Morkovin Ref. [29]). Here, u(y)and c(y) denote the local 

speed of flow and sound, respectively, and a denotes the disturbance phase speed [30].  

In the natural BL transition, the first mode always coexists with the Mack second mode. The first mode is observed 
to be slightly destabilized by the presence of a porous coating [19, 36]. Therefore, the first mode may now be more 
significant in the transition process. The first mode is an extension of the high speeds of the Tollmien–Schlichiting 
(TS) waves, which represent viscous instability at low Mach numbers. The inviscid nature of the first mode dominates 
when the Mach number increases; this is because compressible BL profiles contain a generalized inflection point in 
the BL mean profile where ( / ) / 0u y yρ∂ ∂ ∂ ∂ = . Here, ρ and u denote the density and streamwise velocity, respectively, 
and y denotes the axis normal to the wall [19]. This mode is strongly stabilized by wall cooling, suction, and a favorable 
pressure gradient [20]. Carpenter and Porter [37] proposed a thin perforated sheet stretched over a plenum chamber to 
stabilize TS waves. The blowing suction caused by the wall fluctuating pressure of the TS mode diminished the 
Reynolds stress in the near-wall region; then, it stabilized the TS waves along the perforated sheet. Further, they 
studied the effect of the admittance phase of a perforated sheet on TS waves using the linear stability theory (LST). 
The growth rate of the TS mode was significantly decreased when the phase approached π/2. Although this work was 
conducted in a low-speed incompressible flow, it provides a direction in which the phase of the porous material can 
possibly affect the first mode. Wang and Zhong [38] studied the stabilization effect of the admittance phase of a porous 
coating on the first mode in hypersonic BL flows. They found that the destabilization effect in the first mode can be 
relieved by decreasing the admittance phase of the coating. Tian et al. [39] found that the growth rate of the first mode 
increased as the admittance phase θ of the coating varied from 0.5π to π; however, the second mode was amplified 
when θ tended to 0.5π and damped if θ ≥ 0.75π. Further, the stabilization of the Mack second mode, destabilization 
of the first mode, frequency band broadening, and frequency shifting were promoted by large admittance magnitudes. 
Based on this principle, Tian et al. [39] theoretically designed a broadband coating that stabilizes the second mode in 
a wide frequency range with the first mode marginally amplified. Further, Zhao et al. [40] designed a metasurface that 
decreases the growth rate of the first mode in a Mach 4 flat-plate BL flow. In contrast to the acoustic manipulation 
mechanisms for the Mack second mode, the reason for the destabilization or stabilization effect of the porous coating 
phase on the first mode remains unclear.  

In certain high-enthalpy wind tunnel experiments and real flight cases, the surface may be relatively cold, i.e., the 
wall-to-edge temperature ratio is 𝑇𝑇𝑤𝑤 𝑇𝑇𝑒𝑒⁄ < 1. Bitter and Stepher [41] found that a special supersonic mode emerged at 
the edge of the BL and traveled outside it. The supersonic mode was oscillatory outside the BL, similar to the 
“spontaneous radiation of sound” [41-45]. The supersonic mode was considered insignificant in the transition of the 
high-speed BL owing to the lower amplification rate of this mode compared with that of Mack’s subsonic second 
mode. However, Mortensen [46] recently reported that the rate of growth of the supersonic mode exceeds that of 
Mack’s subsonic second mode in a Mach 20 flow over highly blunt cones. Long et al. [47] proved that the metasurface 
suppressed the supersonic mode in a highly cooled Mach 6 flat-plate BL flow (Fig. 2). In their work, they applied 
Doak’s momentum potential theory (MPT) [48-52] to explain the stabilization mechanism of the supersonic mode. In 
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Doak’s approach, the momentum density field 𝒎𝒎(≡𝜌𝜌𝒖𝒖) is decomposed into the corresponding vortical, acoustic, and 
thermal components; an energy corollary for the total fluctuating enthalpy (TFE) is derived. This energy corollary 
helps define the generation and transport of the TFE in the flow field, which provides a causal interpretation of the 
development of the disturbances. Using MPT, Long et al. [47] found that the positive acoustic source and energy 
transferred from the vortical component were primary energy producers for acoustic fluxes. Further, the fluctuation 
energy was transported outward by the acoustic component that led to “sound radiation” in the supersonic mode. In 
the case of the metasurface, less vortical energy was transported to the critical layer, and therefore, less vortical energy 
was transformed into acoustic energy. The acoustic energy was exhausted eventually because of the energy loss in the 
outward transport of the fluctuation energy; the “sound radiation” disappeared from the metasurface. It is interesting 
to see further interpretations of the stabilization effect of different types of metasurfaces on different modes in the 
MPT framework because MPT helps reveal the role of different components in the generation and transport of the 
fluctuation energy and the way in which the fluctuation energy is transferred between components.  

(a) 

 

(b) 

 

Fig. 2 Instantaneous snapshots of p′ (Pa) in the cases of (a) solid wall and (b) a metasurface. 

2. Acoustic metasurface classifications 

Acoustic metasurfaces are planar metamaterial structures constructed with monolayer or multilayer stacks of 
subwavelength building blocks, which have significantly broadened the horizon of acoustic wave manipulation from 
wave-front modulation [53-58], to sound insulation, and absorption [59-61]. The recent emergence of the acoustic 
metasurface concept has provided more possibilities for controlling the propagation of the Mack second mode.  

2.1. Absorptive acoustic metasurface 

Compared to the definition of the acoustic metasurface, the aforementioned porous coating (of thickness ~0.1 of 
the wavelength of the Mack second mode) belongs to the category of an absorptive metasurface. It was first focused 
on a coating with regular micropores [34]. Fedorov et al. [10] deduced the surface impedance boundary condition to 
model the acoustic effect of realistic microstructures and applied the LST to investigate the stabilization effect of 
various inflow conditions and pore shape parameters (Fig. 3). Further, their theoretical finding was verified in the 
GALCIT T-5 shock tunnel [62] with a 5° half-angle sharp cone at a free-stream Mach number that ranges from 4.59–
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6.4. The BL on the half cone covered by the porous surface was mostly laminar, whereas a transition was observed 
halfway along the other half cone with an untreated solid surface. Given the motivation for a practical coating to be 
symbiotic with the actual materials of TPS, Fedorov et al. [19] experimentally and theoretically studied the effect of 
a felt-metal coating with random microstructures on hypersonic BL instabilities (Fig. 4); they showed that this type of 
porous coating strongly stabilized the second mode and marginally destabilized the first mode. Based on the promising 
results on porous surfaces with regular and random microstructures and the fact that a majority of TPS materials have 
random microstructures, the German Aerospace Center (DLR) pioneered the use of carbon–carbon (C/C) (Fig. 5)—
an intermediate state of C/C-SiC already employed in hypersonic vehicles [63]—to control the Mack second mode 
waves. Wind tunnel experiments at Mach 7.5 were conducted; the stabilization of the second mode and an increase in 
the laminar portion of the BL over the porous surface were observed [64-66]. Wagner et al. [67] optimized the 
manufacturing process of C/C-SiC to increase its porosity and enhance the stabilization effect on the hypersonic BL. 

Based on the abundant investigations of various absorptive acoustic metasurfaces, it is reasonable to suspect that 
most of porous materials with characteristic pore diameter less than 1mm could stabilize the Mack second mode and 
delay the hypersonic BL transition. Recently, Zhu et al. [68-70] investigated the stabilization effect of the permeable 
steel (Fig. 6) on the second mode in a Mach 6 BL flow. It showed this permeable material could effectively weaken 
the nonlinear interaction and delay the transition, although the second mode grew faster on the material surface.  They 
also found the permeable surface could reduce the pressure-dilatation-induced heat flux by approximately 28%, 
through the modification of surface sound admittance [12]. 

 

Fig. 3 Microphotograph of porous surface (Porosity ϕ = 0.09, pore diameter d = 0.06 mm, and pore depth h = 
0.5 mm) [10]. 

 

Fig. 4 Microphotograph of felt-metal coating (ϕ = 0.75, averaged d = 0.1 mm, and averaged h = 0.75 mm) [19] 
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Fig. 5 Microphotograph of the C/C surface (ϕ ≈ 0.15, dominant d = 0.028–0.03 mm, and dominant h = 5–17 
mm) [64] 

 

Fig. 6 Microphotograph of porous steel (Air volume ratio = 0.2–0.3 and average aggregate radius ≈ 0.14 mm) 
[12] 

2.2. Impedance-near-zero acoustic metasurface 

Matesurfaces could depict specific acoustic characteristics by carefully designing the microstructures. Zhao et al. 
[30] designed an impedance-near-zero metasurface and showed that even with little damping, the Mack second mode 
can be greatly suppressed by introducing the near-zero surface acoustic impedance.  Fig. 7 shows the acoustic 
characteristics of the designed impedance-near-zero metasurface without considering the fluid field. The impedance-
near-zero metasurface was designed as a rigid surface periodically corrugated with subwavelength slits (lower map in 
Fig. 7), which resemble the traditional absorptive porous coating [71, 72] (middle map in Fig. 7) but had comparatively 
shallower cavities. For the impedance-near-zero metasurface, the absolute acoustic pressure field generated by a near-
surface point source is extremely weak at the interface y = 0, as a result of the out-of-phase behavior between the 
incident and reflected waves. Sound waves are localized within the central cavity and hardly transmit to neighboring 
ones, corresponding to a band gap of the surface acoustic wave. This is in stark contrast to the sound field of the 
absorptive metasurface, wherein most incident waves are absorbed compared with the case of a rigid surface (upper 
map in Fig. 7), but the acoustic pressure oscillation at the interface remains strong. When the hypersonic BL flow 
passes the metasurfaces (Fig. 8), the typical two-cell Mack second mode structures [32, 33] at the rigid surface change 
differently for the two types of metasurfaces. For both types of metasurfaces, the upper cells join the lower part when 
moving through the metasurface region. The intensity is considerably weakened in the cavities because of the 
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dissipation effect of the absorptive one (middle map in Fig. 8), whereas the minimum intensity is observed at the 
surface because of the phase opposition effect for the impedance-near-zero one (lower map in Fig. 8). The impedance-
near-zero metasurface divides the mode structures in the cavity and above the surface (lower map in Fig. 8); this 
inhibits the amplification process of the Mack second mode. In addition, the shallow-cavity design is advantageous 
for manufacturing and maintenance. 

 

Fig. 7 Simulated absolute acoustic pressure fields for different types of surfaces in the absence of hypersonic 
fluid flow. Upper: rigid surface; middle: absorptive metasurface with matched impedance; and lower: 

impedance-near-zero metasurface [30]. 

 

Fig. 8 Fluctuating pressure amplitude contours when a Mach 6 flow passes the metasurface. Upper: rigid 
surface, middle: absorptive metasurface, lower: impedance-near-zero metasurface (lower), with the 

corresponding zoom-in views shown in the right column [30]. 

2.3. Reflection-controlled acoustic metasurface 



9 

In addition to the impedance-near-zero metasurface, Zhao et al. [35] proposed a reflection-controlled metasurface 
for suppressing the Mack second mode by controlling the reflection directions of disturbance waves. The idea of 
reflection direction control is based on the generalized Snell’s law [73,74], i.e., the relationship between the reflection 
and incident angles in terms of the gradient of the reflection phase along the wall  

 d ( )sin sin
2 dr i

x
x

λθ θ
π

Φ
− =  (1) 

where θr is the reflection angle, θi is the incident angle, 𝜆𝜆 is the wavelength of the incident wave, and Φ(x) is the 
reflection phase, which is equal to the reflection coefficient phase when the phase of the incident wave is zero. For 
second-mode instability waves, a normal incidence can be hypothesized (i.e., θi = 0) [71], and therefore, the required 
θr can be achieved by designing the metasurface to produce a constant gradient Φ(x) along the streamwise direction. 
Thus, the reflection-controlled metasurfaces comprises periodic slit groups ( Fig. 9); each group has N slits with the 
same half-width b and unit-cell period s but different depths Hi (i =1–N). The reflection phase Φ(x) can be designed 
to change linearly from 0 to 2π in each group because of the varied Hi values.  

 

Fig. 9 Schematic of reflection-controlled metasurfaces with subwavelength slits [35] 

Zhao et al. [35] subsequently designed three metasurfaces with different reflection angles, namely θr = ±90° and 
θr = −45°. As can be seen in Fig. 10, the DNS results reveal that the typical “two-cell” structure is divided into several 
segments when moving through the designed metasurface, and this change is thought to break down the Mack second 
mode propagation pattern in the BL. It also found that the most effective way to suppress disturbance amplification is 
to tune reflection wave propagation downstream in the direction parallel to the surface (θr = 90°). However, there are 
too few reflection angles tested in their study to conclude θr = 90° is the optimum angle to stabilize the Mack second 
mode. 

 

(a) 

  

(b) 
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(c) 

  

(d) 

  

(e) 

  

Fig. 10 Fluctuating pressure contours for: a) rigid surface, b) optimized absorptive metasurface, and three 
reflection-controlled surfaces: c) Case 1: θr = 90°, d) Case 2: θr = −90°, and e) Case 3: θr = −45°. [35] 

Besides the long-proposed absorptive acoustic metasurface, the recent artificial impedance-near-zero and 
reflection-controlled metasurfaces provide two new alternatives for suppressing the Mack second mode. Further, it 
indicates that the type of porous surfaces with random microstructures such as felt-metal (Fig. 4) and C/C composite 
(Fig. 5) present not only the absorptive but also other acoustic characteristics when applied to stabilize the hypersonic 
BL. The manufacturing process can be further optimized to achieve a better stabilization effect. Indeed, the inherent 
abundant wave manipulation choices through interdisciplinary investigations of metasurfaces and BL flow can benefit 
the full control of hypersonic BL transition in the future. 

3. Mathematical modeling 

The stabilization effect of acoustic metasurfaces on hypersonic BL flow is caused by the interaction between their 
acoustic characteristics and instability waves. In addition to the use of direct numerical simulations of the flow field 
within microstructures, an acoustic impedance boundary condition of the vertical velocity at the wall (𝑣𝑣𝑤𝑤

′ = 𝑝𝑝w
′/𝑍𝑍) 

is adopted to model the metasurface. Here, v΄
w and p΄w denote the vertical velocity and pressure perturbations, 

respectively. Z denotes the surface impedance, which is a complex quantity that depends on the properties of the wall 
material, porosity parameters, mean flow characteristics on the wall surface, and flow perturbation parameters such 
as wave frequencies and wavelengths. This treatment saves computational resources for numerical simulations and 
assists in the LST analysis. The influence of the microstructure geometry parameters such as depth, diameter, and 
porosity can be systematically investigated using the impedance model. It should be noted the applications of the 
impedance model are independent of the nature of the BL disturbances, e.g., inviscid second mode or viscous TS 
waves [10]. Gaponov applied the impedance model to investigate the porosity effect on TS waves for subsonic [75,76] 
and moderate supersonic speeds [77]. 
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3.1. Acoustic metasurface with regular microstructures 

Fedorov et al. [10] were the first to develop a formulation of Z for equally spaced cylindrical blind pores by 
applying the theory of sound wave propagation in thin and long tubes [78-80]. It considered the pore radius and spacing 
to be much less than the disturbance wavelength, and in this case, the porosity was thought fine enough to avoid 
disturbing the laminar BL by other mechanisms associated with effective surface roughness. Boundary conditions 
representing the effect of acoustic metasurfaces are expressed as  

 
'

w w w w
' '

w w

0, , 0,u v Ap w
T Bp

= = =

=
 (2) 

where A (≡1/Z) and B represent the sound and thermal admittances, respectively. In Eq. (2),  

 
( ) ( ) ( )

0
2

2 0

( / ) tanh( )
1 /w t t

A Z h
B Ma T J k J k

φ

φ γ

= − Λ

= − −
 (3) 

where ϕ is porosity, h is the porous-layer thickness, Z0 is characteristic impedance, Λ is the propagation constant, J0 
and J2 are Bessel functions, and kt measures the ratio of the tube radius to the thermal BL thickness on the tube surface 
[10]. Z0 and Λ are calculated using the transmission line formalism [79, 80], and B can be assumed to be zero because 
the temperature perturbations on the metasurface weakly affect the disturbance growth rate after investigations [10]. 
The same analytical solution of Z0 and Λ can be obtained in terms of the complex dynamic density 𝜌𝜌�  and 
compressibility 𝐶̃𝐶  [81], which is more convenient for the analysis of acoustic disturbances in randomly porous 
materials and is widely applied in subsequent research. As indicated in Eq. (3), A and B are originally deduced for a 
single cylindrical pore and they neglect the interactions among neighboring pores. The integral acoustic characteristics 
of the metasurfaces are evaluated by multiplying ϕ. 

Under wind-tunnel conditions, the fluid density is relatively small, and the rarefaction effects inside the pores may 
be important. Maslov [82] stated that the rarefaction effect would make metasurfaces more transparent with respect 
to the disturbance, and this would lead to the stronger stabilization of the second mode. As the Knudsen number 
increased to Kn = 0.588, the growth ratio of the Mach second mode calculated by the LST decreased by 15–20% 
considering the rarefaction effect. Relatively comprehensive rarefaction models for regular metasurfaces of various 
cross-sectional microstructures (circle, rectangular, triangular, and slit) were proposed by Kozlov et al. [83]. All these 
models ignore the end effects associated with the scattering of incoming acoustic waves at the cavity/pore mouth. 
Further, there is no coupling between disturbances from neighboring cavities or pores, and this may not be true for 
closely spaced cavities. To consider the coupling between disturbances from neighboring cavities, Brès et al. [72] 
hypothesized a slip velocity at the wall with expressions such as 𝑢𝑢𝑤𝑤

′ = 𝑓𝑓(𝑣𝑣𝑤𝑤
′, 𝑝𝑝𝑤𝑤

′) for the LST analysis. Nevertheless, 
they indicated that this boundary condition should be further studied and refined because of the large number of fitting 
parameters. Zhao et al. [84] considered the high-order diffracted modes of plane ultrasonic acoustic waves impinging 
on metasurfaces with microslits (Fig. 11); they proposed a model that incorporated mutual coupling among 
neighboring cavities, which improves the accuracy of the predicated acoustic characteristics. The model is expressed 
as  
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where 𝑆𝑆𝑟𝑟 = (2𝑏𝑏)−1 ∫ 𝑒𝑒𝑗𝑗𝑘𝑘𝑥𝑥
(𝑛𝑛)𝑥𝑥𝑑𝑑𝑑𝑑 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑘𝑘𝑥𝑥

(𝑛𝑛)𝑏𝑏)𝑏𝑏
−𝑏𝑏  represents the overlap integral between the rth-order diffracted 

mode and the fundamental mode inside the cavity [84]. The proposed model shows an improvement in the accuracy 
of the predicted reflection frequency, and it successfully reproduces a coupling mode induced by interactions between 
waves scattered from adjacent cavities. Further, the limitation of the model was declared: the incident wavelength 
should be much larger than the cavity period λ>>s. When the designed period s increases to the same order as 
wavelength λ, the interaction of the scattered waves at the metasurface becomes strong, and this greatly decreases the 
absorption performance. In particular, if this model neglects all higher-order diffracted modes and let the porosity ϕ 
approach zero (the local oscillation inside each cavity is independent), Eq.(4) is reduced to the one proposed by Kozlov 
et al. [83]: 
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Fig. 11 Schematic of the reflection of acoustic waves from equally spaced two-dimensional cavities [84].  

Zhao et al. [85] further extended the plane wave expansion method to derive impedance models for metasurfaces 
with 3D pores of circular and square cross sections, which are considered more practical for engineering applications. 
Sandham and Lüdeke [86] used the LST to reveal that the stabilization effects of metasurfaces with different slit or 
pore shapes that could be collapsed in good agreement for the same hydraulic diameter dh (dh = 4Ap∕C, where Ap 
represents the slit or pore area and C denotes the circumference). In line with this, Zhao et al. [85] confirmed the 
consistency of the acoustic characteristics provided they had the same dh, ϕ, and depth H (Fig. 12).  
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Fig. 12 Comparison of the reflection coefficient amplitude distributions for slits or pores with the same 
hydraulic diameter [85]. 

3.2. Acoustic metasurface with random microstructures 

Since the majority of TPS materials have random microstructures, many studies were performed to model the 
acoustic characteristics of this type of metasurface [19, 87-91]. The formations resemble those in Eq. (3). However, 
there is no rigorous theory to obtain the exact complex dynamic density 𝜌𝜌� and the complex dynamic compressibility 
𝐶̃𝐶. Delany and Bazley [92] provided empirical relationships for 𝜌𝜌� and 𝐶̃𝐶 for fibrous absorbent materials that are widely 
used in various applications such as sound attenuation in dust, room acoustics, and transmission loss through walls. 
Fedorov et al. [19, 87] derived semi-empirical relations for a felt-metal material (Fig. 4). Their model requires 
additional parameters because of their random nature, including tortuosity 𝑎𝑎∞, flow resistivity 𝜎𝜎, and characteristic 
pore size 𝑟𝑟𝑝𝑝. 𝑎𝑎∞ is equivalent to the structure-form factor [93] and it is coupled with the dynamic density 𝜌𝜌�(𝜔𝜔) as 
𝑎𝑎∞ = limω→0 𝜌𝜌�(𝜔𝜔); it adopts a value of unity. Further, 𝜎𝜎 should be measured and fitted in the laboratory, for example, 
in an impedance tube experiment; 𝜎𝜎 has a large measurement uncertainty of up to 12.6%, although this uncertainty 
weakly affects the second-mode amplification [19]. For isotropic porous materials, 𝑟𝑟𝑝𝑝  can be expressed as 𝑟𝑟𝑝𝑝 =

𝑠𝑠ℎ�8𝜇𝜇𝑎𝑎∞/𝜎𝜎𝜎𝜎 , where 𝑠𝑠ℎ denotes the dimensionless shape factor [94]. The felt-metal is highly anisotropic, and 

Fedorov et al. [19, 87] treated 𝑟𝑟𝑝𝑝  as a hydraulic radius. They considered an average statistical elementary cell 
simulating the topology of the felt metal microstructure (Fig. 13), and they represented 𝑟𝑟𝑝𝑝 as a function of the porosity 
ϕ and fiber diameter d, which can be measured experimentally. 
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Fig. 13 Elementary cell of the felt-metal microstructure; b × b × 2d parallelepiped including two adjoining 
sections of fibers with diameter d [19]. 

In contrast to the above analytical impedance models for metasurfaces with regular and felt-metal microstructures, 
the German DLR and Purdue University adopted the inverse Helmholtz solver (IHS) to estimate the C/C impedance. 
The IHS is a computational methodology that allows the evaluation of the spatial distribution of acoustic impedance 
at the open surface of an arbitrarily shaped cavity for a given frequency [89-91]. In the application, a high-resolution 
image of the C/C block (Fig. 14 (a)) auto-detects the edges of large surface cavities depending on the grayscale value 
(Fig. 14 (b)), makes an automatic approximation to a rectangular slot or a cylindrical pore based on the extent of the 
pores in each direction, and meshes their volumes to serve as an input geometry to the HIS (Fig. 14 (C)). Finally, the 
broadband impedance of each individual surface cavity is evaluated. These impedances are combined to yield the 
effective surface-averaged impedance for the C/C block. 

(a)  

 

(b)  

 

(c)  

 

Fig. 14 Inverse Helmholtz solver procedure used to calculate the impedance of cavities typical of blind-hole 
porous surfaces, (a) high-definition image of the C/C block, (b) detected large cavity edges, and (c) simplified 

two dimensional computational setup [90, 91]. 

Sousa et al. [95] compared analytical impedance models and the IHS method in the prediction of the acoustic 
characteristics of C/C materials at various base pressures. The analytical impedance models used the homogeneous 
absorber theory (HAT) [96] and the felt-metal model proposed by Fedorov et al. [ 19, 87]. Fig. 15 shows that the IHS 
can predict a consistent absorptive coefficient with the experiment by Wagner et al. [91], especially in an environment 
of lower base pressure. When the test base pressure increases or the incident wave frequency increases, the prediction 
accuracy of the IHS degrades significantly. The discrepancy in the IHS results was attributed to the underestimated 
volume porosity, given that only a limited selection of the largest visible pores in Fig. 14 (a) was used for the direct 
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impedance estimate [95]. Compared to the HAT model, the felt-metal model had a higher accuracy and showed a 
better tendency with the experiment.  

 

Fig. 15 Comparison of measured and predicted absorption coefficient β for the classical C/C vs. base pressure 
[95]. 

4. Research progress in the past two decades 

In the past two decades, many studies have been performed to study the stabilization effect of acoustic 
metasurfaces on hypersonic BL flows using LST, DNS, or wind tunnel experiments. With the acoustic impedance 
model implemented as the boundary condition, the LST can predict the growth ratio of any single mode affected by 
metasurfaces in the linear stage of the BL transition. In addition to the use of the impedance model to save 
computational resources, direct numerical simulations of the flow field within the microstructures can provide more 
information on the interaction mechanisms. The wind tunnel experiments can directly prove the stabilization effect on 
the unstable modes and help evaluate the delay performance by measuring the transition onset locations. Table 1 
reviews and summarizes the major achievements that have been conducted theoretically, numerically, and 
experimentally.  

Table 1 Summary of theoretical, numerical, and experimental progresses on the metasurface transition control 
technology  

Primary theoretical studies 

Ref. Metasurface type Model Method Main points 

Fedorov et al. [10] 
Wartemann et al. [98] 

Regular: Equally spaced 
cylindrical micropores 

Mach 6, flat-plate LST 
Parametric study on the effect of 
pore diameter, depth, and porosity  

Brès et al. [71, 72, 99] 
Regular: Equally spaced 
microslits  

Mach 6, flat-plate LST 
Report the 
cancellation/reinforcement working 
regime of metasurfaces 

Zhao et al. [30] 
Regular: Equally spaced 
micro-slits 

Mach 6, flat-plate  LST 
Report the impedance-near-zero 
metasurface 
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Zhao et al. [84] 
Regular: Equally spaced 
micro-slits 

Mach 6, flat-plate  
Propose the numerical optimization 
method for absorptive metasurfaces 

Fedorov et al. [19] 
Tritarelli et al. [100] 

Random: Felt-metal  Mach 6, sharp cone LST 
Report the stabilization of Mack 
second mode and destabilization of 
first mode 

Wartemann et al. [101] Random: C/C material 
Mach 7.5, sharp 
cone 

LST, eN 
Suggest the impedance model for 
the LST analysis of the C/C material 

Stephen and Michael 
[36] 

Regular: Equally spaced 
cylindrical micropores; 
Random: Mesh layers 
[102]; 
Random: felt-metal 

Mach 5.3, sharp 
cone 

LST 
Demonstrate the destabilization of 
the nonaxisymmetric first mode 

Tian et al. [39] 
Regular: Gradient micro-
slits 

Mach 4, flat-plate  LST  
Propose a metasurface to suppress 
the second mode without 
amplifying the first mode distinctly 

Zhao et al. [40] 
Regular: Gradient micro-
slits 

Mach 4, flat-plate LST 
Propose a metasurface to suppress 
the first mode  

Xu et al. [103] 
Regular: Equally spaced 
cylindrical micropores; 

Mach 4.5, flat-plate  SIT 
Investigate the stabilization on 
secondary instability 

Primary numerical studies 

Ref. Metasurface type Model Method Main points 

Egorov et al. [105] 
Regular: Equally spaced 
cylindrical blind 
micropores 

Mach 6, flat-plate, 
sharp cone; 
 Mach 5, 
compression corner 

DNS_BC 
Confirm robustness of the 
metasurface stabilization concept 

Wang and Zhong [106-
108] 

Random: Felt-metal  Mach 6, flat-plate DNS_BC 
Emphasize on the effect of 
metasurface location and the first-
mode destabilization 

Wang and Zhong 
[109] 

Regular: Equally spaced 
microslits; 
Random: Felt-metal 

Mach 6, flat-plate DNS_BC 
Compare the stabilization 
efficiencies between the regular one 
and the felt-metal one 

Sousa et al. [111] [115] Random: C/C material 
Mach 7.5, sharp 
cone 

DNS_TDIB
C 

Attempt to simulate the full 
transition along the metasurface 

Chen and Scalo [116] 
A single-pole Helmholtz 
oscillator  

Mach 1.5, 3.5, and 6: 
Channel 

DNS_TDIB
C 

Investigate the effect of a wall with 
complex impedance on the 
supersonic/hypersonic flows.  

Brès et al. [72, 118, 
120] 

Regular: Equally spaced 
microslits  

Mach 6, flat-plate TDNS 
Demonstrate the 
cancellation/reinforcement working 
regime of metasurfaces 

Sandham and Lüdeke 
[86] 
Fedorov [117] 

Regular: Equally spaced 
microslits, equally spaced 
rectangular micropores 

Mach 6, flat-plate TDNS 
Confirm the consistence with LST 
predications 

Tulio and Sandham 
[121] 

Regular: Equally spaced 
square micropores 

Mach 6, flat-plate TDNS 
Report the stabilization of primary 
and secondary instabilities, and 
destabilization of first mode 

Hader et al. [122, 123] 
Regular: Equally spaced 
square micropores 

Mach 6, flat-plate TDNS 
Focus on the effect of metasurfaces 
on the nonlinear regime of transition 

Zhu et al. [124] 
Regular: Equally spaced 
square micropores 

Mach 6, flat-plate SDNS 
Compare the stabilization effect of 
different pore distributions 

Zhao et al. [119] 
Regular: Equally spaced 
microslits  

Mach 6, flat-plate SDNS 
Systematically investigate the 
metasurface effect on the outflow 
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fields, accuracy of the theoretical 
model, and the location effect 

Zhao et al. [30, 35] Regular: Microslits  Mach 6, flat-plate SDNS 
Demonstrate the stabilization effect 
of the impedance-near-zero and 
reflection-controlled metasurfaces 

Guo et al. [125] 
Regular: Equally spaced 
slits  

Mach 6, flat-plate SDNS 
Investigate the stabilization effect of 
relatively large cavities 

Primary experimental studies 

Ref. Metasurface type Model Tunnel Main points 

Rasheed et al. [62] 
Regular: Equally spaced 
cylindrical micropores 

Mach 5, sharp cone 
GALCIT T-
5 shock 
tunnel 

Verify the metasurface transition 
control concept 

Fedorov et al. [126] 
Regular: Equally spaced 
cylindrical micropores 

Mach 6, sharp cone 

ITAM T-
326 
blowdown 
wind tunnel 

Compare the metasurface 
stabilization effect with LST 
predications  

Fedorov et al. [19] Random: Felt-metal Mach 6, sharp cone 

ITAM T-
326 
blowdown 
wind tunnel 

Compare the metasurface 
stabilization effect with LST 
predications 

Maslov et al. [127] Random: Felt-metal Mach 12, sharp cone 

ITAM AT-
303 high-
enthalpy 
wind tunnel  

Investigate the transition onset 
under varied inflow Reynolds 
numbers, and make comparisons 
with eN predications 

Lukashevich et al. 
[128, 129] 

Random: Three layers of a 
nylon mesh 

Mach 5.8, sharp 
cone 

Transit-M 
hypersonic 
short-
duration 
wind tunnel 

Systematically investigate the effect 
of the metasurface length and 
location 

Wagner et al. [64-67] Random: C/C material 
Mach 7.5, sharp 
cone 

High 
enthalpy 
shock tunnel 
Göttingen 

Report the stabilization effect and 
transition delay performance 

Chokani et al. [130] 
Bountin et al. [131] 

Regular: Equally spaced 
cylindrical micropores 

Mach 6, sharp cone 

ITAM T-
326 
blowdown 
wind tunnel 

Bispectral analysis of the 
metasurface effect on the nonlinear 
regime of transition 

Zhu et al. [68-70] 
Random: Permeable steel 
materials 

Mach 6, sharp cone 

Peking 
University 
hypersonic 
wind tunnel 

Clarify the stabilization 
mechanisms 

DNS_BC: DNS with the metasurface modeled as an impedance boundary condition for a single-frequency disturbance [Eq. (10)]; DNS_ TDIBC: DNS with 

the metasurface modeled as a time-domain impedance boundary condition for broadband disturbances [Eq. (11)], TDNS: temporal DNS, SDNS: spatial DNS. 

4.1. Theoretical analysis 

LST assumes that the flow variables [ , , , , ]Tq u v w eρ ρ ρ ρ=  can be decomposed into 'q q q= + , where q  denotes 
the mean flow and 'q   denotes the perturbation field. Then, the Navier–Stokes (N–S) equations are linearized by 
neglecting the high-order terms in 'q . With the assumption that the mean flow is parallel or quasi-parallel, the mean 
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flow velocity and temperature profiles are functions of y (normal distance from the wall), which is a wavelike 
perturbation solution that can be written as  

 ( ){ }ˆ'( , , ) Real ( ) expq x y t q y i x z tα β ω= + −    (7) 

where ˆˆ ˆ ˆ ˆ( )=[ , , , ]Tq y u v p T  is a complex amplitude function, α and β are the dimensionless wavenumbers in the x- and 
z-directions (streamwise and spanwise directions), and ω denotes the angular frequency. For the spatial stability 
problem in two-dimensional (2D) BL flows, the spanwise wavenumber β = 0 and angular frequency ω is real, whereas 
α denotes a complex eigenvalue, α = αr + iαi. If αi < 0, the flow is unstable with a spatial growth rate αi and streamwise 
wavenumber αr. The local phase velocity is defined as a = ω/αr [97]. The boundary conditions are given by  
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Fedorov et al. [10] conducted parametric studies on the stabilization effect of an acoustic metasurface with equally 
spaced cylindrical blind micropores. It was found that deep pores (pore depth is approximately five diameters) with a 
relatively small radius could stabilize the Mack second mode in a wide frequency band at various Reynolds numbers. 
The maximum growth rate gradually diminished as the porosity increased. As the depth increased, the growth rate 
decreased to a limit. Further, they also indicated that an optimal depth existed at which the disturbance waves reflected 
from the pore bottom were in counter phase with the BL disturbance, i.e., the pores became acoustic resonance. 
Wartemann et al. [98] confirmed that the maximum growth rate of the second Mack mode decreased to a limit as the 
depth became larger than approximately five pore diameters in the LST analysis of the Mach 6 BL flow. Further, an 
optimal depth was found, and it was considerably smaller than the limit pore depth (Fig. 16).  

-α
i 

 

Fig. 16 Growth rate -αi against pore depth H at various pore radius r in a Mach 6 BL flow. The dashed line 
shows the limit-pore depth that is about five times of the pore diameter [98].  

Brès et al. [71, 72, 99] considered metasurfaces operating in attenuative regimes where pores were relatively deep 
and cancellation/reinforcement regimes with alternating regions of local minima and maxima of the metasurface 
acoustic absorption depending on the disturbance frequency. As shown in Fig. 17, the stabilization effect is 
considerable when the metasurface operates in the cancelation regime. Further, in this best-case scenario, the pores 
are shallower with the added convenience of manufacturing and maintenance. With the hypothesis that the maximum 
absorption occurs when the reflection from the pore bottom and metasurface is in opposition to the phase, they 
presented a simple model to predict the frequencies of the minimum reflection coefficient [71, 99] 
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w

(2 1) / 4fH n
a

= −  (9) 

where f denotes the disturbance frequency, H represents the pore depth, aw denotes the sound velocity at the wall, and 
n denotes an integer with n = 1, 2, 3, which leads to specific frequencies of 0.25,0.75, and 1.25 that correspond to the 
local minima of the reflection coefficient [Fig. 17(a)].  

(a) 

R
|

 

(b) 

 
 

  

 

Fig. 17 Performance improvement for the metasurface in the cancellation regime: Ma∞ = 6, Reδ = 31300, 
cavity aspect ratio Ar = 0.12, and porosity ϕ = 0.2 (dashed line), ϕ = 0.48 (dotted line), and ϕ = 0.8 (dot-dashed 
line). (a) Reflection coefficient amplitude from theory. The grey shaded area corresponds to the frequencies of 

the unstable modes and the vertical thick line represents the frequency of the most unstable mode. (b) A 
linear growth rate from LST for the metasurfaces and the rigid flat plate (thick line) [72] 

Furthermore, Zhao et al. [30, 84] proposed a numerical solution  to obtain the minimum |R| by carefully selecting 
the geometrical parameters of the microslits in Eq. (4) to achieve |R| = 0 directly. The optimization was achieved by 
solving Eq. (3) with program loops in the following order: loop 1: 0.2 ≤ ϕ ≤ 0.8, loop 2: 0.06 ≤ Ar ≤ 1.5, and loop 
3: 0 < facs < min (ϕ/Ar, 2.0), where Ar = 2b/H was the aspect ratio and facs = fH/c was the normalized frequency. These 
parameters span the range of interest for practical applications [72] and ensure the accuracy of Eq. (4). With this 
method, the obtained |R| at a given frequency f can be optimized close to zero, and the second mode can be suppressed 
to the maximum extent using the sound absorptive mechanisms of the metasurfaces. The optimized “cancellation” 
design can only prominently suppress the Mack second mode at around the designed frequency; however, its 
performance quickly deteriorates compared to that of the conventional “deep-pores” design (Fig. 8). Equation (4) 
indicates that the metasurface impedance matches the background impedance when |R| = 0. Under this condition, the 
metasurface completely dissipates acoustic disturbances; however, it is not the only choice to stabilize the acoustic 
Mack second mode. Zhao et al. [30] showed that the growth rate continued to decrease as the impedance became 
smaller than the background impedance, i.e., the metasurface tended to become nondissipative, and yet, the Mack 
second mode was effectively suppressed in an even better manner. They attributed this phenomenon to the minimized 
acoustic pressure perturbation at the antinode of the Mack second mode and designed the impedance-near-zero 
metasurface as a practical realization.  
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Fig. 18 Comparison of reflection coefficient distributions in broadband frequencies (Ma∞ = 6; Re∞ = 10.5 × 106 
m−1; and the designed frequency for the optimized metasurface is 138.74 kHz) [84].  

In the LST analysis of the stabilization effect of the felt-metal microstructures [19, 100], the strong stabilization of 
second-mode disturbances and the minor destabilization of the first-mode disturbances were observed. The second 
mode was shifted to lower frequencies, which is in accordance with the results for metasurfaces with regular 
microstructures [10]. Wartemann et al. [101] compared the effectiveness of different impedance boundary conditions 
to model the stabilization effect of C/C materials, and they found that the LST based on the felt-metal model [19, 87] 
delivered the best agreement with the experiments. Stephen and Michael [36] theoretically considered the effect of 
various metasurfaces on the first mode of a hypersonic BL on a sharp slender cone; they found that the metasurface 
significantly destabilized nonaxisymmetric modes. Tian et al. [39] used the LST to investigate the stabilization effect 
of the metasurface admittance phase θ and magnitude |A| systematically for broadening the stabilization range of 
unstable modes; they found that the stabilization of the Mack modes was closely dependent on phase θ. Further, the 
corresponding stabilization or destabilization effect was intensified by an increase in the admittance magnitude |A|. 
The first mode is marginally stabilized if θ approaches 0.5π and is greatly destabilized near θ = π. In contrast, the 
second mode is restrained when θ ≥ 0.75π and amplified as θ approaches 0.5π. Following the theoretical analysis, 
they designed a metasurface with gradient microslits to suppress the second mode across a wide frequency band 
without amplifying the first mode distinctly in a Mach 4 flat-plate BL flow. Considering that the first mode is the 
dominant instability that induces a transition in the supersonic condition, Zhao et al. [40] further theoretically proposed 
a metasurface to suppress the first mode in a wide frequency band. Although the LST results prove that the acoustic 
metasurface can stabilize the first mode, the roughness effect is ignored in the LST analysis, and it can otherwise 
excite the first mode. Recently, Xu et al. [103] used the floquet-based secondary instability theory (SIT) [104] to 
investigate the stabilization effect of acoustic metasurfaces on the secondary instability. They found that there are no 
strongly preferred interaction modes dominating the secondary instability that corresponds to different amplitudes of 
the primary Mack mode disturbances affected by the porosity parameters. This finding is in contrast with that of the 
smooth wall. Further, they found that the suppression of the fundamental mode became more efficient with a larger 
pore size or porosity. 

4.2. Numerical simulations 

Generally, there are two numerical strategies to directly simulate the BL flow that interacts with the acoustic 
metasurfaces. One strategy adopts the impedance boundary condition, similar to the LST (𝑣𝑣𝑤𝑤

′ = 𝑝𝑝w
′/𝑍𝑍 ). The 

impedance Z(ω) is originally defined in the frequency domain and should be solved in the time domain to study the 
disturbance propagation over the acoustic metasurface. In the coupling with the (N–S) equations for a single 
disturbance frequency ω, this relationship is written as [105] 
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Egorov et al. [105] performed the DNS of the flows over a flat plate, sharp cone, and compression corner at freestream 
Mach numbers 5–6, which use the impedance model of the metasurface that comprises equally spaced cylindrical 
blind micropores [10]. In the flat-plate BL flow, they compared the fluctuating wall pressure with the LST and showed 
a consistent result. The coating end effects that are associated with the discontinuity of the boundary conditions at the 
juncture between the solid and the metasurface were found to be localized over 2–3 disturbance wavelengths and can 
be neglected. Further, the effect of the metasurface on receptivity to acoustic disturbances was studied. The 
metasurface weakly affected the acoustic disturbances and initial amplitudes of the BL modes, whereas it strongly 
suppressed the second-mode amplification. The compression corner flow showed that the metasurface weakly affected 
high-frequency disturbances in the separation region and strongly stabilized them in the reattached flow. Their 
numerical studies confirmed the robustness of the acoustic metasurface stabilization concept. Using the felt-metal 
impedance model [19], Wang and Zhong [106-108] studied the stabilization of a Mach 5.92 flat-plate BL using local 
sections of the metasurface with an emphasis on the effect of metasurface location and first-mode destabilization. 
They found that the disturbances were destabilized or stabilized when the metasurface was located upstream or 
downstream of the synchronization point. The synchronization point is the streamwise location where the phase speed 
of mode F synchronizes with that of mode S at a particular frequency of disturbance. In addition, they compared the 
stabilization efficiencies of two types of metasurface impedance models at approximately the same porosity, i.e., the 
regular model comprising the microslits and felt-metal one [109], and they concluded that the regular metasurface was 
less efficient in stabilizing the second mode and tended to destabilize the first mode to a smaller extent. 

As mentioned previously, Eq.(10) is applicable only to a single disturbance frequency. It can deal with the 
metasurface stabilization effect on the most unstable mode, but fails to simulate the response of the broadband 
disturbances in the real flight or most wind tunnel conditions. Mathematically, the time-domain equivalent of Z(ω) 
can be derived by taking its inverse Fourier transform. However, the inverse Fourier transform of the frequency-
domain impedance boundary condition leads to a convolution integral. The computation of the convolution integral is 
time-consuming, especially when coupling with DNS studies [110]. If the impedance can be represented by a sum of 
certain special functions, the evaluation of the convolution can be performed in a simple systematic manner. Therefore, 
the metasurface stabilization effect on the broadband instabilities, even in the full transition process and turbulence, 
can be evaluated. In 2019, Sousa et al. [111] conducted the DNS of a spatially developing hypersonic BL flow over a 
sharp cone at Mach 7.5. They developed the time-domain impedance boundary conditions (TDIBC) to model the 
acoustic response of a C/C metasurface to a broadband disturbance. The TDIBC application requires that the acoustic 
impedance be specified as a set of complex poles and residues representing a superposition of causal second-order 
oscillators [112-114]. These poles and residues were obtained by fitting the wall softness coefficient that corresponds 
to the evaluated broadband acoustic impedance from the IHS (Section 3.2). 
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where 𝑆̂𝑆 and 𝑅𝑅�  denote the respective softness and reflection coefficients, respectively; Z* denotes the nondimensional 
impedance; n0 denotes the number of oscillators; μk and pk represent the k-th residue and k-th pole of 𝑆̂𝑆, respectively; 
s = jω; and the superscript ∼ denotes the complex conjugate. The fitting residues and poles are provided to predict the 
next time (t+Δt) reflected wave from the metasurface, and the incident wave is evaluated by extrapolating the value 
of the incoming wave in time based on the truncated Taylor series expansion in space [114]. The fluctuating wall-
normal velocity at t+Δt is given by 
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where v+ denotes the incident wave and v- denotes the reflected wave. Using the TDIBC method, Sousa et al. [115] 
conducted a 3D DNS of transition to turbulence in a hypersonic sharp cone flow with a C/C metasurface. The 
simulation was started at the onset of transition; however, it collapsed after the appearance of shocklets inside turbulent 
spots during the transition owing to the low robustness of their numerical scheme. However, the effectiveness of the 
C/C metasurface in attenuating second-mode waves was demonstrated again. Further, the impedance boundary was 
reactive to the 3D overlying transitional turbulent flow, which resulted in an effective decrease in the wall heat flux 
(Fig. 19). In addition, they indicated that the impedance boundary may not be applicable for turbulence flow because 
turbulent structures exhibit smaller scales in the order of the metasurface microstructure. Recently, Chen and Scalo 
[116] investigated the effect of an isothermal wall with complex impedance on the compressible turbulent channel 
flow up to the bulk Mach number 6 via the TDIBC. The results indicated that the wall-shear stress was enhanced 
because of the new emerging streamwise-travelling waves which entail high–low alternating wall pressure patterns. 
The resonating frequency and resistance values applied in their research are not necessarily the case in real applications, 
and the revealed wave structures need to be confirmed via experiments. 

(a) 

 

(b) 

 

Fig. 19 Comparison between flow quantities in the transitional region between (a) the solid wall and (b) the 
C/C metasurface. From top to bottom: Q-criterion iso-surfaces colored by the Mach number in the azimuthal 

direction, instantaneous heat flux to the wall, pressure oscillations, and acoustic flux [115]. 

The other strategy involves directly resolving the detailed BL flow fields that include microstructures. This strategy 
includes both, a temporal direct numerical simulation (TDNS) and a spatial direct numerical simulation (SDNS). In 
the TDNS studies (Fig. 20(a)), the initial value problem was solved using the periodic boundary conditions in the x-
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and z-directions. The forcing terms are included on the right-hand side of the N–S equations to maintain the base flow 
independent of time. The DNS is initialized with an artificial disturbance of a small amplitude at t = 0; the eigenmode 
is allowed to develop from the initial field. After the transient process, the disturbance exponentially increases with 
time. The temporal growth rate is calculated as αi = d (lna)/dt, where a(t) denotes the disturbance amplitude at a fixed 
point (x, y, z) [117], and it is consistent with parallel flow approximations typically made in the LST. The TDNS can 
be considered a tractable DNS, i.e., its computational region only needs one wavelength of the Mack second mode. 
Although TDNS largely saves computational resources, the first-mode instability will not be captured (even if unstable) 
because its wavelength is longer than that permitted in the computational domain [72, 118]. In addition, the nonparallel 
velocity effect, believed to stabilize the Mack second mode and destabilize the first mode, was neglected [119]. The 
SDNS resolves instability waves that interact with metasurfaces along the streamwise direction; however, this requires 
abundant computational grids based on the metasurface length.  

Brès et al. [72, 118, 120] performed a TDNS of BL flows over a metasurface corrugated with subwavelength 
microslits. They indicated that metasurface stabilization was directly related to the acoustic absorptive capability of 
the surface and showed the presence of an unstable mode that appeared in the presence of high porosity with cavities 
of a moderate aspect ratio that can potentially decrease the overall performance of the metasurface. The stabilization 
performances of metasurfaces with relatively deep cavities operating in attenuative regimes and of shallow cavities 
operating in cancellation/reinforcement regimes with alternating regions of local minima and maxima of the acoustic 
absorption were compared. The numerical simulations confirmed the results of the linear instability theory, which 
employed impedance boundary conditions. Sandham and Lüdeke [86] conducted TDNS over metasurfaces comprising 
equally spaced microslits (2D case) and pores with a rectangular cross-section (3D case). They found that the 
stabilizing effect was stronger than predictions from the LST, with growth rates that are 10%–30% smaller, depending 
on porosity and pore depth. Fedorov [117] further demonstrated that the discrepancy was caused by the incorrect 
impedance boundary condition of LST, wherein 2D slits were modeled as cylindrical pores of the equivalent hydraulic 
radius [86]. For all cases considered in [117], including the 2D microslits and 3D pores of rectangular cross-sections, 
the LST results agreed well with the numerical solutions if the cross-sectional pore shapes were considered in the 
calculations of the metasurface impedance. Even in the case of one cavity per disturbance wavelength, the discrepancy 
between the theoretical and DNS growth rates was less than 1%. Tulio and Sandham [121] investigated turbulence 
breakdown and reported a reduction in the growth rate of primary and secondary instabilities caused by the presence 
of regular pores. Further, they found that the oblique first mode wave was destabilized by the metasurfaces, and once 
the oblique first mode was excited, the flow became turbulent because of the nonlinear interactions without the need 
for secondary instabilities. Hader et al. [122, 123] applied TDNS to a Mach 6 BL flow and focused on the effect of 
metasurfaces on the nonlinear regime of transition. A comparison of the amplitude evolution and phase speed locking 
indicated that the metasurface changed the nature of the nonlinear interaction between the modes and delayed the 
transition onset (Fig. 21). However, a higher resolution is required to simulate the breakdown regime. 

Inflow Outflow

Periodic Periodic

(a) 

(b) 
x

y

 

Fig. 20 Schematic of (a) the TDNS and (b) SDNS of the stabilization effect of acoustic metasurfaces 
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Fig. 21 Comparison of the evolution of averaged skin friction coefficient for smooth wall and metasurface 
[122]. 

Zhu et al. [124] used SDNS to investigate the metasurface stabilization effect in a Mach 6 flat-plate BL flow. Their 
metasurfaces were corrugated with square pores of sequential and interlaced distributions. The DNS results were 
compared to those of the LST. They found that the metasurface could effectively inhibit the growth rate of the Mack 
second mode, and the sequence-distributed pores stabilized the BL flow more effectively than the interlace-distributed 
pores. However, the streamwise computational region was only approximately 2.7δ, where δ denotes the inflow BL 
thickness. The narrow range neglected the nonparallel and edge effects. Zhao et al. [119] systematically simulated the 
spatial evolution of disturbances that interacted with the metasurface microstructure, and they emphasized the 
metasurface effect on the outflow fields, accuracy of the theoretical model, and effect of metasurface locations. In the 
steady calculation, cavity edges induced alternating expansion and compression waves, and recirculation zones were 
observed inside cavities. Streamlines were essentially straight near the metasurface (Fig. 22). The BL thickness δ 
decreased slightly at the metasurface region; however, it quickly recovered to its undisturbed condition on the rigid 
surface after a short relaxation distance of approximately 5–7δ from the junction. The effect of the metasurface on the 
mean flow field was sufficiently small to satisfy the “aerodynamically smooth” hypothesis. The impedance boundary 
could accurately model the metasurface stabilization effect by providing an average treatment of the acoustic 
characteristics of microcavities when comparing the fluctuating pressure in the metasurface region (Fig. 23). The 
Mack second mode was destabilized or stabilized when a metasurface was located upstream (Case 1 in Fig. 23 ) or 
downstream (Cases 2–3 in Fig. 23) of the synchronization point; this trend was slightly overpredicted by the theoretical 
mode. Further, they applied SDNS to investigate the BL stabilization effect of the impedance-near-zero metasurface 
and reflection-controlled one in a Mach 6 flat-plate BL flow [30, 35]. Guo et al. [125] investigated the effect of large 
cavities in the second mode. The cavity width was approximately 1/3 of the BL thickness δ; however, no new 
instability mode appeared in the spectrum of the sampling point. In addition, they found that large-sized cavities could 
help reduce the frictional drag; a reduction of over 40% in the total drag could be achieved when the porosity was 
60%. 
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Fig. 22 Local pressure contour around cavities [119]. 

 

Fig. 23 Comparison of pressure perturbation amplitude distributions predicated by DNS with impedance 
boundary condition and SDNS along the wall. Baseline is the smooth wall and cases 1–3 denote different 

metasurface locations [119].  

4.3. Wind tunnel experiments  

Wind tunnel experiments are the most effective approach for evaluating the BL transition control performance of 
acoustic metasurfaces. The stabilization effect can be checked by measuring the fluctuating flow quantities, and the 
transition onset point can be determined from the streamwise Stanton number or skin friction distributions. In addition 
to the general considerations for wind tunnel experiments of hypersonic BL transition, the acoustic metasurface should 
be carefully designed, manufactured, and installed. Rasheed et al. [62] verified the metasurface transition control 
concept in the GALCIT T-5 shock tunnel, California Institute of Technology, by testing a 5° half-angle sharp cone. 
The cone in these tests had one half of its surface solid, and the other half was covered by a porous sheet perforated 
with equally spaced blind cylindrical holes. Through the laser drilling process, the slightly conical holes were 
approximately 10–20 holes per disturbance wavelength and with a porosity of 28%. The two halves of the flat sheets 
(one perforated and one smooth) were rolled to form two longitudinal halves of a cone and then welded by laser fusion 
along the seams. It took advantage of the mismatch in the thermal expansion coefficients of the stainless-steel cone 
sheet and aluminum base cone by cooling both parts to 190 K in special freezers. This assembly technique resulted in 
the cone sheet being stretched tightly over the base cone, which provides blind micropores for the metasurface and 
eliminates any surface imperfections. Further, it eliminated the need for any mechanical fasteners that would disturb 
the BL and allow the cone sheet to be nondestructively removable (and thus reusable) by simply reversing the thermal 
interference fit process. Experiments were performed for ranges of the free-stream total enthalpy, 4.18≤ H0 ≤
13.34MJ kg−1, and the free-stream Mach number, 4.59≤ M∞ ≤6.4. For most of the runs, the laminar BL sustained 
up to the model base on the porous surface half, whereas the transition on the rigid surface was observed halfway 
along the cone (Fig. 24). Further, they observed that the metasurface could delay the transition under a broad range of 
inflow Reynolds numbers, whereas the inhibition efficiency decreased as the Reynolds number increased. The LST 
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comparison was not feasible because the stability characteristics of the BL disturbances were not measured in Ref. 
[62]; this motivated Fedorov et al. [126] to perform a series of stability experiments (Mach number 5.95) in the open-
jet test section of the Institute of Theoretical and Applied Mechanics (ITAM) T-326 hypersonic blowdown wind tunnel. 
The model was a 7° half-angle sharp with one half of the base part covered by a stainless-steel perforated sheet with 
equally spaced cylindrical pores of depth h = 450 μm with an approximate porosity of 20%. The perforated sheet was 
tightly stretched on the cone surface using a custom-built tension mechanism. In addition to the inflow natural 
disturbances, a 3D actuator was mounted near the cone tip to provide high-frequency artificial wave packets. Using 
the hot-wire measurement, the metasurface was found to stabilize the second mode and weakly excite the first mode 
in the natural disturbance case; the LST predictions agreed well with the measured amplitudes of the second-mode 
disturbances in the artificially excited wave packets. 

 In the same wind tunnel (ITAM, T-326), experiments were performed to evaluate the stabilization effect of the 
felt-metal materials [19]. The stainless-steel fibers of diameter d = 30 μm were hard-sintered randomly on a solid 
stainless-steel sheet and rolled to a porosity of 75%. This resulted in a total thickness of the felt metal sheet of 1 mm 
with a random pore depth of 0.75 mm. The average pore size was approximately 100 μm, which led to 20 pores per 
BL disturbance wavelength. After attachment to the basic cone, the felt-metal sheet was ground until the surface 
irregularity was reduced to 0.05 mm. Like their regular metasurface experiments, the experimental results indicated 
that the felt-metal strongly stabilized the second mode and marginally destabilized the first mode. Theoretical 
predictions by LST were in good quantitative agreement with the stability measurements for artificially excited wave 
packets associated with the second mode. Maslov et al. [127] performed transition experiments on a sharp cone with 
a felt-metal coating in the Mach 12 hypersonic high-enthalpy wind tunnel AT-303 of ITAM. The porous parameters 
were the same as those in Ref. [19]. Further, as shown in Fig. 25, the laminarization effect increases with the unit 
Reynolds number. This trend is unlike that reported in the literature [62], and it may be attributed to the large inflow 
Mach number under which the Mack second mode is more unstable. The laminar range on the metasurface was 
doubled that on the solid wall at Re ≈ 2.4×107/m. Further, they applied the eN method to predict the transition onset 
point and found that the location could agree satisfactorily with the experiment when the critical amplification factor 
N ≈ 5. Lukashevich et al. [128, 129] systematically investigated the effect of the metasurface length and location on 
disturbances in a Transit-M hypersonic short-duration wind tunnel under Mach number 5.8. The metasurface was 
composed of three layers of nylon mesh with a porosity of 44%. They concluded that the effective method to delay 
transition is to place the acoustic metasurface in a region of second-mode instability, which confirmed the numerical 
results of Wang and Zhong [107, 108].  
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Fig. 24 Resonantly enhanced shadowgraph (inflow total pressure P0 = 48.2 MPa and total enthalpy H0 = 9.8 
MJ/kg) [62]. 

 

 

 

Fig. 25 Points of transition beginning versus the freestream unit Reynolds number [127]. 

Wagner et al. [64-67] conducted a series of wind tunnel experiments to study the stabilization effect of C/C materials 
in a high-enthalpy shock tunnel in Göttingen of the German Aerospace Center. The C/C material represents an 
intermediate state of C/C-SiC that has been successfully used as TPS in hypersonic vehicles [63]. The final C/C-SiC 
can achieve high porosity without losing the advantages of siliconized ceramics (i.e., oxidation resistance and 
increased material strength) by optimizing the porous parameters of the C/C ceramic [67]. The free-stream Mach 
number was 7.5 with the unit Reynolds number varying over a range of Re = 1.5 × 106 m−1 to 6.4 × 106 m−1. The 
model is a 7° half-angle blunted cone with one-third of its surface covered by C/C. The results indicated that the 
second-mode instability significantly damped on the C/C surface; the transition onset location was obviously delayed, 
especially under a high inflow Reynolds number. On the C/C surface, the heat flux scatter around the predicted laminar 
and turbulent heat flux levels was higher than that of the smooth surface, and this was assumed to be caused by small 
transducer misalignments on the model surface (Fig. 26). 
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Fig. 26 Normalized heat flux distribution on smooth (upper map) and C/C surface (lower map) for different 
unit Reynolds numbers (transition Reynolds numbers marked by circles) [64]. 

Chokani et al. [130] and Bountin et al. [131] used bispectral analysis to study the effect of metasurfaces on the 
nonlinearity of the second mode. The wind tunnel, test model, and type of metasurface were the same as those in Ref. 
[126]. The bispectral measurements suggested that the subharmonic and harmonic resonances of the second mode 
were significantly modified on the metasurface. The harmonic resonance, which is known to be the primary nonlinear 
mechanism for the breakdown to turbulence in the hypersonic BL on solid surfaces, was completely absent on the 
metasurface. Further, they observed the subharmonic resonance of the first mode, which was not present on the solid 
surface. Zhu et al. [68-70] investigated the effect of permeable steel materials on the BL transition in a Mach 6 
hypersonic wind tunnel at Peking University. They found that the second mode grew faster in the linear stage and 
lasted over a longer distance along the flow direction on the permeable wall. However, the bispectral analysis showed 
that the permeable material disrupts the phase-locked relationship and prevents the growth of fundamental oblique 
waves, which results in a delayed transition.  

5. Prospects 

Hypersonic BL transition control is not only a research frontier in fluid mechanics, but also a key technology in the 
development of hypersonic vehicles, which has both important scientific and engineering significance. Among various 
transition control technologies, acoustic metasurfaces are emerging, and they can effectively suppress the second mode 
and delay the BL transition with minimal effects on the mean flow. Further, compared to active technologies, this 
passive technology is more feasible in practice because of its relatively easy processability and compatibility. Based 
on the interdisciplinary research generated by structure, acoustics, and fluid mechanics, the following aspects of the 
acoustic metasurface transition control technology could be further developed. 

(1) Mathematical impedance model of acoustic metasurfaces can be used to optimize the metasurface 
microstructure to obtain specific acoustic characteristics; it can be used as the boundary condition of LST and DNS. 
However, the current models do not consider flow effects. Influences of recirculation zone inside pores and shear 
layers at pore edges on the disturbance waves require further study. The roughness effect on the unstable modes, 
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especially on the first mode, should be considered in the model. Further, when the disturbance wavelength is close to 
or less than the microstructure width, the impedance model is partially or no longer valid. Under this condition, the 
influence of the metasurface on the unstable mode is prospected. 

(2) There is a lack of sufficient studies on the full hypersonic transition process on acoustic metasurfaces. 
Interaction mechanisms between nonlinear/turbulent structures and metasurface microstructures should be clarified. 
The skin friction and heat flux affected by the metasurface in the turbulent region should be evaluated before 
implementing this technology in applications. Similar to the prospects of impedance models, the range of applications 
of the TDIBC method should be qualified. 

(3) Currently, acoustic metasurfaces are mainly applied to suppress the second mode. However, the dominant 
mode of transition may change as the flight Mach number and attitude change. The suppression of transition over a 
wide frequency range by acoustic metasurfaces is an important research direction. Further, most hypersonic vehicles 
have 3D configurations wherein the crossflow mode may dominate the transition, and thus, the wave control ability 
of the metasurface needs to be further investigated. Joint active control technologies may be required; for example, 
the development of micro-blowing/metasurface joint control technology, to achieve a more effective and robust 
transition control capability. 
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