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ABSTRACT

An acoustic metasurface consisting of two layers of perforated plates is proposed for suppression of the Mack second mode in hypersonic
boundary-layer flow. The upper layer with very tiny holes is permeable to acoustic waves and hardly alters the background hypersonic
boundary-layer flow, offering rather low resistive and inductive components of surface acoustic impedance. The bottom layer with large and
sparse square holes is attached to a rigid wall surface and forms a periodic array of chambers, each covering multiple holes of the upper layer,
which can adjust the impedance phase by working as a capacitive component. Based on a linear stability analysis of hypersonic boundary-
layer instability, such an acoustic metasurface satisfying the required surface impedance is designed and numerically investigated. The results
show that the metasurface can efficiently suppress the Mack second mode over a relatively wide bandwidth. This work provides an alternative
strategy for the design of porous walls for hypersonic boundary-layer stabilization.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0096772

I. INTRODUCTION

The study of laminar–turbulent transition in hypersonic bound-
ary layers is pivotal to the development of hypersonic flight vehicles
owing to the pronounced differences in skin friction and heat transfer
between these two flow regimes. In a low-disturbance flight environ-
ment, the linear growth of perturbations within a hypersonic bound-
ary layer over a flat plate or an axisymmetric slender body at zero
angle of attack is dominated by the Mack second mode.1 Therefore,
the boundary-layer transition may be delayed by reducing the growth
rate of the second mode. Previous experimental results revealed that
the frequency of the second mode is commonly above 100 kHz.2–6

Given the acoustic nature of this unstable mode, Fedorov et al.7 pro-
posed that an ultrasonic absorptive coating (UAC) might be used to
stabilize the second mode by absorbing the perturbation energy. Later,
the stabilizing effect of porous coatings on hypersonic boundary layers
was validated by experimental4,8–10 and theoretical11 studies. Notably,
the surfaces of the thermal protection systems (TPS) of hypersonic

vehicles are compatible with porous coatings. Therefore, porous coat-
ings have been recognized as a promising approach to hypersonic
boundary-layer control.12

For the design of porous coatings, Brès et al.13 proposed guide-
lines to estimate the depth of the pore holes required to achieve the
minimum reflection coefficient for the most-unstable second mode,
namely, H=k ¼ ð2n� 1Þ=4, where H is the hole depth, k is the wave-
length of the incident wave, and n ¼ 1; 2; 3;…. Brès et al.14 further
found that a coating with relatively deep pores operates in an attenua-
tive regime for second-mode instability, while a coating with relatively
shallow pores operates in the cancelation or reinforcement regime,
which depends on the frequency of the second-mode waves. By con-
sidering the mutual coupling of acoustic waves among neighboring
cavities, Zhao et al.15 developed an improved model to describe the
acoustic characteristics of porous coatings. In essence, a porous coating
alters the boundary condition from a rigid wall to an impedance
boundary and consequently changes the behavior of the Mack second
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mode. In this regard, Zhao et al.16 revealed the role that surface acous-
tic impedance plays beyond energy absorption during second-mode
suppression and suggested that an impedance magnitude as low as
possible can lead to optimal performance. To realize near-zero surface
impedance, they also introduced the concept of acoustic metasurfaces,
a type of artificial structures with subwavelength thickness for uncon-
ventional acoustic wave manipulation,17 into the field of hypersonic
boundary-layer control. Tian et al.18 further showed that the admit-
tance phase, in addition to the reflection coefficient that was the focus
of most previous work, is significant for stabilization of the Mack sec-
ond mode by porous coatings.

In practice, it is difficult to implement near-zero impedance for
high-frequency acoustic waves, especially for broadband disturbances.
There is an intrinsic conflict between, on the one hand, the require-
ment of low impedance magnitude (larger cavities, generally) for
second-mode control and, on the other hand, the requirement that
surface structures should be as small as possible to guarantee negligible
disturbances to hypersonic flow fields.4,19 It remains challenging to
efficiently control the development of the second mode without inter-
fering with the flow field itself. Notably, the minimum-reflection type
of UAC is restricted by the excessive acoustic thermal–viscous losses
reflected in the real part of the overall surface impedance, which
becomes larger for narrower regions. Moreover, a large real part of the
surface impedance imposes limits on the parameter range of the
impedance phase, which may exclude the appropriate impedance
value and is unfavorable for the design of commonly seen UACs com-
posed of micro-holes or slits.18 To overcome the aforementioned con-
flict, we present here an acoustic metasurface that has negligible
influence on the hypersonic boundary-layer flow, but can still be
adjusted to achieve the surface impedance (or admittance) required by
second-mode control. This functionality is enabled by our newly pro-
posed double-layer design that offers additional flexibility in surface
impedance engineering. Specifically, the upper perforated layer has
thin and tiny openings only permeable to sound, providing acoustic
resistance and inductance, while the bottom layer forms an array of
relatively large cavities having an almost purely capacitive component
to facilitate tuning of the impedance phase. Although similar ideas can
be found in designs of sound-absorbing structures, their application to
hypersonic boundary layer control has not previously been reported.

The remainder of the paper is organized as follows. In Sec. II, we
describe the theoretical model and methods. In Sec. III, we analyze the
effect of wall impedance on the stability of the hypersonic boundary
layer and then apply the results to the metasurface design. In Sec. IV,

we examine the performance of the designed acoustic metasurface.
Finally, we present the conclusions of this study in Sec. V.

II. MODEL AND METHODS
A. Metasurface and impedance model

The proposed acoustic metasurface consists of two layers: the
upper layer that serves as the wall of the boundary-layer flow is a
micro-perforated thin plate only permeable to ultrasonic waves, while
the bottom layer is composed of relatively large square chambers to
alter the reactance and thereby adjust the admittance phase, as shown
in Fig. 1. Such a configuration allows for rather small structures that
interact directly with the boundary-layer flow while providing suffi-
ciently high admittance (low impedance) to control the second mode.
In addition, compared with porous walls composed of regular micro-
holes, this acoustic metasurface has greater flexibility in terms of
design, since the inductive component and the capacitive component
of the overall surface impedance are independently governed by the
two layers, as will be discussed below.

In the low-frequency approximation (with the structure size
much smaller than the wavelength), the specific impedance of the
upper layer normalized by the characteristic impedance of air, qc (q is
the density and c is the speed of sound), is given by Refs. 20–23 as

Z1 ¼ Z1r þ iZ1i (1)

with

Z1r ¼
32lh
/qcd2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ K2

32

r
þ 2aRs

/qc
; (2)

Z1i ¼
x hþ leð Þ

/c
1þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9þ 0:5K2
p

� �
; (3)

where K ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxq=lÞ

p
=2, le ¼ 8dWFok ð/Þ=ð3pÞ is the reactive end

length correction, WFokð/Þ is the Fok function,23 / ¼ npd2=ð4SÞ is
the porosity, d is the hole diameter, S is the cross-sectional area of a
unit cell, n is the number of holes in a unit cell, h is the layer thickness,
x is the angular frequency, and l is the viscosity coefficient. The sec-
ond term on the right-hand of Eq. (2) represents the resistive end
correction22 with Rs ¼ 0:5

ffiffiffiffiffiffiffiffiffiffiffiffi
2lqx
p

and a ¼ ð14:1h=d þ 117Þ=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x=ð2pÞ

p
. In the bottom layer, the chamber has a much larger cross-

sectional area than that of the perforations, and so its resistance can be
neglected.20 Thus, the cavity’s impedance is purely imaginary and
takes the form21

FIG. 1. Schematic of the double-layer
acoustic metasurface. The metasurface
consists of one upper micro-perforated
plate (thickness h) with n evenly spaced
holes (diameter d) in a unit cell (cross-
sectional area S ¼ a� a) and one lower
plate (thickness H) with relatively large
and sparse square holes (cross-sectional
area S0 ¼ a0 � a0). The inset shows one
unit cell.
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Z2 ¼ �i
S
S0
cot

xH
c

� �
; (4)

where H and S0 are, respectively, the depth and cross-sectional area of
the cavity. The total impedance of the whole system is the sum of these
two individual impedances, namely,

Z ¼ Z1 þ Z2: (5)

Note that Z1 contains only resistive [ReðZ1Þ > 0] and inductive
[ImðZ1Þ > 0] components, and Z2 contains only capacitive
[ImðZ2Þ < 0] component in the low-frequency regime. The two layers
form a periodic array of Helmholtz-like resonators embedded in the
surface. In this study, we assume that the temperature of the metasur-
face is uniform and identical to the wall temperature of the boundary-
layer flow, which is reasonable, since the flow in the microstructure is
quasistatic and the metasurface will be made of thin metal with high
thermal conductivity. Accordingly, the parameters q, c, and l are
approximated by the corresponding values at the wall, namely, qw, cw,
and lw, in which lw is calculated using Sutherland’s law.

To numerically validate the above impedance model of the actual
metasurface structure, an acoustic finite-element simulation in the
absence of a flow field is performed using the acoustics module of the
commercial software COMSOL Multiphysics, in which the linearized
acoustic wave equation is solved by the direct solver MUMPS (multi-
frontal massively parallel sparse direct solver). Specific to our simulation
model, one unit cell is connected to a straight virtual impedance tube
with cross section the same as the square lattice. The simulated reflec-
tion amplitude and phase (fundamental waveguide mode) for normal
incidence are then used to extract the effective surface impedance.24

B. Linear stability theory

Linear stability theory (LST) is predominantly utilized to calcu-
late the eigenmodes of boundary-layer flows over a flat plate or a cone
at zero angle of attack. In the LST approach, an assumption of locally
parallel flow is employed, which is reasonable for the second mode of
hypersonic boundary layers since the wave shape of the second mode
varies slowly.1 For second-mode instability, the most-unstable wave is
the two-dimensional (2D) wave,1 and 2D waves are therefore consid-
ered in this study. We adopt Cartesian coordinates (x; y), where x and
y denote the streamwise and wall-normal directions, respectively. The
second-mode wave is assumed to take the form

q0 x; y; tð Þ ¼ q̂ yð Þexp iax þ ixtð Þ; (6)

where q0 denotes a perturbation quantity, q̂ is the corresponding shape
function, t is the time, x is the angular frequency, and a is the stream-
wise wavenumber. We consider spatial instability in which x is a real
number and a is a complex number to be solved. Under the assump-
tion of locally parallel boundary-layer flow and neglecting high-order
perturbation terms, the small-disturbance governing equations are
reduced to ordinary differential equations25,26 in the form

dW
dy
¼ MW; W ¼ û;

dû
dy
; v̂; p̂; T̂ ;

dT̂
dy

" #tr
; (7)

where M is a 6� 6 matrix, û and v̂ are disturbance velocity compo-
nents, p̂ is the pressure perturbation, T̂ is the temperature

perturbation, and the superscript tr denotes the transpose. The non-
zero elements of M are given in Appendix A. The mean velocity and
temperature profiles utilized in LST are presented in Appendix B. The
wall boundary conditions are given by

y ¼ 0; û ¼ T̂ ¼ 0; v̂ ¼ � p̂
Z
;

y!1; û ¼ v̂ ¼ T̂ ¼ 0;
(8)

where Z is the specific acoustic impedance. We define the growth rate
of perturbations as

r ¼ 1
A
dA
dx
; (9)

where A is the perturbation amplitude. Then we have r ¼ �ImðaÞ.
Notably, in the LST calculations, the impedance Z in Eq. (8) is

normalized by the free-stream quantities, namely, q1U1, where U is
the streamwise velocity and the subscript1 denotes the free stream,
rather than by the characteristic specific acoustic impedance of static
air, qc. To straightforwardly correlate with the acoustic characteristics
of the metasurface, the impedance Z is normalized by the characteris-
tic specific acoustic impedance at the wall surface, qwcw, and has the
form Z ¼ Zj jexpðiuÞ, where jZj and u are the impedance magnitude
and phase, respectively. The scale conversion of the characteristic
impedance is q1U1=ðqwcwÞ ¼ M1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tw=T1

p
.

C. Direct numerical simulations

We also perform direct numerical simulations (DNS) to evaluate
the stabilization performance of the actual metasurface structure. A
zero-net-mass-flux actuator27 is placed near the leading edge of the flat
plate to generate the disturbances, and the metasurface is mounted flush
with the plate. The Navier–Stokes equations for a 2D compressible vis-
cous flow are solved by a homemade parallel multiblock code called
PHAROS, which has been successfully employed in hypersonic flow
simulations.28–30 In the numerical computation, a modified Warming
splitting approach is applied to the inviscid terms, and a second-order
central difference scheme is utilized to calculate the viscous flux. For the
time integration, the explicit three-order Runge–Kutta method is
adopted. More details of the simulation algorithm are given in Ref. 30.

The grid size in the double-layer structure is identical to the near-
wall grid size of the boundary-layer flow domain, which is fine enough
to capture the disturbances transmitted from the boundary-layer flow.
However, such a grid also results in an extensive consumption of com-
putational resources. In this study, the metasurface is located in a finite
zone where the second-mode waves grow manifestly to save computa-
tional resources. The computational configuration and the grid-
independent validation of this study are provided in Appendix C.

III. METASURFACE DESIGN

We first evaluate the growth rate of the second mode based on
LST and determine the target surface impedance for the metasurface
design. We adopt the flow conditions from the experiments by Bountin
et al.,5 namely, free-stream Mach number M1 ¼ 6, unit Reynolds
number Re1 ¼ 10:5� 106 m�1, and temperature T1 ¼ 43:18K. The
wall temperature is constant, Tw ¼ 293K. The frequency of the most-
unstable second-mode instability experimentally measured by pressure
sensors in Ref. 5 is 138.74 kHz. We utilize LST to investigate the effect of
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the wall impedance on the growth rate of the second mode within a
relatively wide frequency band centered at 138.74 kHz. In addition,
the scale conversion of the wall impedance is q1U1=ðqwcwÞ
¼ M1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tw=T1

p
¼ 15:63.

According to our previous work,18 an impedance phase
u 2 ½�45�; 90�� is suggested in the design of porous coatings.
Essentially, for the scenario of u 2 ½�45�; 0��; the second mode is
mostly stabilized at u ¼ 0�. Figure 2 illustrates the distribution of the
growth rate of second-mode instability under different impedance
magnitudes with impedance phase u 2 ½0�; 90��. The baseline denotes
the smooth-wall case. It can be seen in the smooth-wall case that the
second mode is dominant in the region 0:075m � x � 0:17m
approximately, where r > 10m�1.

The calculation results in Figs. 2(a) and 2(b) reveal that with an
increase in the impedance phase from 0� to 90�, the peak growth rate

first decreases and then increases as u > 30�. For a fairly small imped-
ance magnitude, the peak of the growth rate shifts further down-
stream, as shown in Fig. 2(c). Figure 2 also shows that near the
leading edge of the flat plate, porous coatings with impedance phase u
2 ½0�; 90�� will destabilize the hypersonic boundary layer, especially at
u ¼ 0�, which indicates that a low-impedance boundary near the
leading edge is not helpful and may trigger early transition.

From the above results and analysis, it can be concluded that
boundaries with small impedance magnitude overall exhibit high effi-
ciency in stabilizing the second mode, except in some special cases. In
other words, both the real and imaginary parts of the surface imped-
ance should be small in the porous wall design. The imaginary part of
the surface impedance can be well controlled to approach zero by tun-
ing the surface structures to resonance. However, as mentioned above,
the real part is determined by the thermal–viscous losses residing in

FIG. 2. Distributions of the growth rate of the instability wave at 138.74 kHz for different surface impedance values: (a) jZj ¼ 15:63=4, (b) jZj ¼ 15:63=8, and (c)
jZj ¼ 15:63=16. The baseline denotes the smooth-wall case.
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narrow regions, and a relatively large structure is necessary to reduce
its value. This will inevitably affect the hypersonic flow field if conven-
tional porous coatings with large grooves or holes are employed. In
the following, we demonstrate how the proposed double-layer meta-
surface can help address this issue.

The growth-rate distribution shown in Fig. 2 indicates that the
impedance with magnitude Zj j ¼ 15:63=8 and phase u between 30�

and 45� is favorable to second-mode stabilization at f ¼ 138:74 kHz
and is therefore selected as the target impedance of the metasurface to
be designed. We start with the required resistance as given by Eq. (2).
In principle, small thickness and large hole diameter lead to a relatively
low resistance value. Accordingly, we set d ¼ 176 lm, h ¼ 50 lm,
and nine circular holes (n ¼ 9) in a unit cell (cross-sectional area
800� 800lm2). Then, the capacitive component of the impedance
(negative imaginary part) is proportional to the volume of the
back cavity, and so we set the cross-sectional area of the cavity as S0

¼ 760� 760lm2 and its depth as H ¼ 700 lm to adjust the overall
acoustic reactance.

FIG. 4. Comparison of the growth rate of the second mode between the metasurface case and the smooth-wall case using LST. (a) Growth-rate contour plot for the metasur-
face case. (b) Growth-rate contour plot for the smooth case. (c) Growth rate distribution at f ¼ 138:74 kHz (marked by the horizontal lines in the contour plots). (d) Growth
rate vs frequency at x ¼ 0:11 m (marked by the vertical lines in the contour plots).

FIG. 3. Broadband resistance and reactance of the acoustic metasurface.
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The complex impedances obtained from the theoretical model
[Eqs. (1)–(5)] and acoustic finite-element simulation in the frequency
range of 50–180 kHz are shown in Fig. 3. Overall, the theoretical result
is consistent with the simulation result. The discrepancies are due to a
simplified coupling effect among the perforations (end correction) in
the theoretical model. Clearly, the impedance value at f ¼ 138:74 kHz
can be easily tuned to meet the above target with relatively small perfo-
rations that will not affect the hypersonic flow. As a comparison,
Fedorov et al.9 used porous coatings composed of blind holes with
diameter about 50lm, depth 450 lm, and porosity 0.2 to stabilize the
second mode. The resistance reaches as high as 4 with the current wall
conditions at f ¼ 138:74 kHz. In another work,16 the resistance value
could be reduced to about 1 with the same wall conditions and fre-
quency, but the width, depth, and porosity of the structure became
392 lm, 1:6mm; and 0.76, respectively. This is already risky in terms
of the flow field, since the numerical simulations conducted by
Sandham and L€udeke31 showed that the flow becomes noisier when
the pore size is as large as one-quarter of the boundary-layer thickness.

It is worth mentioning that the impedance magnitude and phase
obtained from the simulation are in the ranges [15.63/10.2, 15.63/5.6]
and ½7:2�; 50:4��, respectively, for the frequency range of
100–180 kHz, which means that the acoustic metasurface is able to
work in a relatively broad band in terms of second-mode control
according to Fig. 2. With regard to a possible frequency shift of the
most-unstable second mode due to the introduction of the metasur-
face, Tian et al.18 and Zhu et al.32 showed that such a frequency shift
emerges when the admittance (or impedance) has an imaginary part
that is much larger than its real part, which is not the case for our pro-
posed acoustic metasurface. Practically, the first mode is also impor-
tant in the hypersonic boundary-layer transition, which is clearly
shown in the experimental results of Li et al.,33 where it was found
that a glow discharge with a frequency of 12–31 kHz could give rise to
a second-mode wave. Fedorov et al.4 found that a felt–metal coating
could stabilize the second mode but excite the first mode. Regarding
the proposed acoustic metasurface, the impedance phase indeed

departs greatly from u ¼ 0� for a frequency below 50 kHz, which
coincidentally is favorable to stabilization of the first mode.11,18

IV. BROADBAND PERFORMANCE

We now again conduct LST-based calculations, but this time
considering the frequency-dependent impedance obtained above
rather than a constant impedance value. In these calculations, the sur-
face impedance used in Eq. (8) is obtained from interpolation of the
acoustic simulation results given in Fig. 3. As shown in Figs. 4(a) and
4(b), the peak growth rate is significantly diminished in the frequency
band of 100–180 kHz compared with the smooth-wall case, indicating
that the metasurface can stabilize the Mack second mode in a wide fre-
quency band. Figures 4(c) and 4(b) demonstrate in detail the decrease
in the growth rate of the Mack second mode due to the metasurface in
the spatial and frequency domains, respectively. It can be seen that the
peak growth rate is decreased to nearly one-third of the smooth-wall
case by the metasurface in both domains, which represents a similar
performance to that reported in Ref. 16.

To further examine the performance of the actual metasurface
structure, 2D DNS were conducted with the metasurface consisting of
56 unit cells, located within the region of 0.08–0.125 m. The circular
holes of the upper layer were substituted by slits of width 102lm to
maintain the same impedance, with the other sizes of the 2D structure
being identical to those of a vertical cut of the 3D structure. Note that
the simplification from 3D to 2D here does not change the underlying
physics, as has been discussed by Wartemann et al.34 Figure 5(a) com-
pares the pressure fluctuations between the smooth wall and metasur-
face cases at f ¼ 140 kHz. It can be seen that the pressure perturbation
maintains its growth to the fore and aft of the metasurface region, while
in the metasurface region, the pressure fluctuations are clearly attenu-
ated, and the fluctuation intensity grows slowly along the wave propa-
gation direction after a rapid drop. Figure 5(b) presents the broadband
performance of the metasurface in stabilizing the Mack second mode.
These results confirm that the second-mode perturbations in the

FIG. 5. DNS of the stabilizing effect of the acoustic metasurface. (a) Pressure fluctuation fields for the smooth wall case (top) and the metasurface case (bottom) at
f ¼ 140 kHz. (b) Pressure fluctuation amplitudes above the smooth wall (solid lines) and the metasurface (lines with symbols) at f ¼ 120 kHz (blue lines), 140 kHz (red lines),
and 160 kHz (green lines). The pressure fluctuation amplitudes are extracted at y ¼ 0:1d, where d is the boundary-layer thickness.
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frequency band of 120–160 kHz are substantially suppressed by the
metasurface, which clearly validates our design.

V. CONCLUSIONS

In summary, we have designed an acoustic metasurface that is
able to stabilize the Mack second mode in hypersonic boundary-layer
flow in a relatively wide frequency band. The acoustic metasurface is
composed of a perforated layer with micro-holes and a layer with rela-
tively large square cavities. The upper layer has small resistive and
inductive components, while the lower cavities work as a capacitive
reactance to tune the overall impedance phase. This structure can eas-
ily meet the required impedance phase with a minimal effect on the
background hypersonic flow field. The proposed acoustic metasurface
can be practically implemented by stacking two micro-perforated
plates (which are easily fabricated) and attaching them to a rigid wall
surface. This work could offer new possibilities for the design of
porous coatings for the stabilization of hypersonic boundary layers.
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APPENDIX A: ELEMENTS OF MATRIX M

The nonzero elements of the matrixM in Eq. (7) are

M12 ¼ M56 ¼ 1;

M21 ¼ a2 þ i aU þ xð ÞR
lT

;

M22 ¼ �
1
l
dl
dy
; M23 ¼ �ia

1
3T

dT
dy
þ 1

l
dl
dy

� �
þ R

lT
dU
dy

;

M24 ¼
iaR
l
� cM2

e a aU þ xð Þ
3

;

M25 ¼
a aU þ xð Þ

3T
� 1

l
d
dy

dl
dT

dU
dy

� �
; M26 ¼ �

1
l
dl
dy

dU
dy

;

M31 ¼ �ia; M33 ¼
1
T
dT
dy
; M34 ¼ �icM2

e aU þ xð Þ;

M35 ¼
i aU þ xð Þ

T
;

M41 ¼ �iva
4
3T

dT
dy
þ 2

l
dl
dy

� �
;

M42 ¼ �iav;

M43 ¼ �
4
3
ivcM2

e a
dU
dy
þ aU þ xð Þ 1

T
dT
dy
þ 1

l
dl
dy

� �� �
;

M45 ¼ iv a
4
3T
þ 1

l
dl
dT

� �
dU
dy
þ 4 aU þ xð Þ

3lT
dl
dy

" #
;

M46 ¼
4iv aU þ xð Þ

3T
;

M62 ¼ �2Pr c� 1ð ÞM2
e
dU
dy

;

M63 ¼
RPr
lT

dT
dy
� 2ia c� 1ð ÞM2

e Pr
dU
dy

;

M64 ¼ �
iRPr c� 1ð ÞM2

e aU þ xð Þ
l

;

M65 ¼ a2 þ iRPr aU þ xð Þ
lT

� c� 1ð ÞM2
e Pr

l
dl
dT

dU
dy

� �2

� 1
l
d2l
dy2

;

M66 ¼ �
2
l
dl
dy
;
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where v ¼ R=lþ 4icM2
e aU þ xð Þ=3

� ��1
; U and T are the mean

velocity and temperature, respectively; l is the dynamic viscosity
(which is temperature-dependent); c, R, and Pr are the specific heat
ratio, Reynolds number, and Prandtl number, respectively; and Me

is the Mach number at the boundary-layer edge. Here Stokes’s
hypothesis has been employed.

APPENDIX B: MEAN VELOCITY AND TEMPERATURE
PROFILES

The mean velocity and temperature profiles employed in the
LST are shown in Fig. 6.

APPENDIX C: COMPUTATIONAL CONFIGURATION
AND NUMERICAL VALIDATION

In this study, a hypersonic boundary layer over a flat plate is
numerically simulated. Figure 7 illustrates the computational con-
figuration. The disturbance actuator located near the leading edge is
described by

qvð Þw ¼ e qUð Þ1sin 2p
x � x1
x2 � x1

� �
sin 2pftð Þ; (C1)

where e ¼ 0:001, x1 ¼ 0:01m, and x2 ¼ 0:015m. The metasurface
is located from x ¼ 0:08m to x ¼ 0:125m.

DNS of second-mode propagation along a smooth flat plate
was discussed in detail in Ref. 30. Here we perform a grid-
independence verification to confirm the effectiveness of our simu-
lations. Two mesh sizes, a medium mesh (about 1.57 � 106 mesh
elements) and a refined mesh (about 2.5 � 106 mesh elements), are
considered in our verification. As shown in Fig. 8, the two mesh

sizes produce consistent results. The medium mesh is therefore
employed in this study to save computational resources.
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