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ABSTRACT

Effect of the acoustic metasurface on a broadband wave packet in a Mach 6 boundary layer is studied. Direct numerical simulations (DNSs)
with time-domain impedance boundary condition (TDIBC) and metasurface with microstructures are performed. It is shown that DNS with
TDIBC resolves the amplitude and phase information of the wave packet satisfactorily. The minor prediction discrepancy arises from the
modeling error in the acoustic impedance. The interesting finding of this paper is that the metasurface behaves as an equivalent unsteady
blowing-suction model to perturb the wall-normal velocity and then passively the pressure field. Although both pressure and wall-normal
velocity appear in the characteristic-wave variable, the pressure can be decoupled to be updated by the Neumann condition, as usually
employed in Navier-Stokes solvers. The dominant frequency scale that enables reproducing the stabilization effect of the metasurface is
found to be slightly smaller than the energetic frequency maximum of the wave packet. This observation indicates that the high-frequency
unsteadiness nature of the blowing-suction behavior is indispensable, which is induced by the interaction of the metasurface and the wave
packet. For the stabilization mechanism, energy analysis reveals that a dilatation-related work near the wall is significantly suppressed by the

metasurface, which agrees with the wall-normal location where the wave-packet fluctuation gets attenuated.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0168193

I. INTRODUCTION

Laminar to turbulent transition in hypersonic boundary layers is
intensively concerned due to its significance in the design of re-entry
or air-breathing vehicles."” Due to the light freestream turbulence
intensity in a flight environment, natural transition induced by a
small-amplitude eigenmode is the most possible scenario. For two-
dimensional (2D) configurations with minor or no curvature, the first-
mode oblique wave is linearly the most unstable one in supersonic
states below around Mach number 4, while the second-mode planar
wave of acoustic nature is dominant otherwise under hypersonic con-
ditions.” To delay the transition mostly caused by the second mode,
active™ or passive’ * control techniques have been proposed. The
active control is currently difficult to be applied due to severe aerody-
namic and aerothermal surface environment and high requirement for
energy input. Therefore, passive strategy seems more promising in
engineering applications, such as an acoustic metasurface imple-
mented by a porous coating.” '' The acoustically absorptive porous
wall was found to effectively stabilize the second mode,'” which was

confirmed experimentally.”” For the low-frequency first mode, how-
ever, the porous wall was found to marginally destabilize it,* and the
degree of destabilization was associated with the phase of the wall
acoustic admittance.'”'® In reality, in response to freestream turbu-
lence with continuous spectra, the boundary layer disturbances possess
a wide frequency range, covering components with and without the
acoustic property. How an acoustic metasurface interacts with a
broadband disturbance is of further interest in the present paper.

For pre-transitional flows mainly in the linear instability regime,
direct numerical simulation (DNS) requires evidently less computa-
tional cost than for fully developed turbulent flows and hardly intro-
duces modeling assumptions. With regard to a single-frequency
disturbance, the acoustic impedance boundary condition can be
straightforwardly transformed into the time domain and efficiently
coupled with a Navier—Stokes (N-S) solver. Thus, meshing the micro-
cavities in the metasurface is conveniently replaced by an embedded
boundary condition. A spatial DNS, which is preferred in the convec-
tive instability problem, can be simply performed in the time
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domain."” For broadband disturbances with a frequency-dependent
impedance, Fund and Ju'® established an elegant formulation of the
time-domain impedance boundary condition (TDIBC) to avoid
repeated Fourier transforms and save computational cost. In-depth
numerical considerations and discussions are included in Refs. 19-22.
These characteristic boundary conditions have been applied in high-
fidelity simulations of wall-bounded turbulent flows,””* flows in
thermoacoustic engines,”” and the stability of the second mode™*’
with the presence of porous walls.

This paper aims to elaborate the underlying mechanism on the
interaction between the acoustic metasurface and the 2D broadband
wave packet through the convenient tool TDIBC. It has been known
that the stabilization effect of the acoustic metasurface can be well
modeled by the relation p(w)=-Z(w) v(w), where p and v are
Fourier transform of the wall fluctuations of pressure and wall-normal
velocity, and Z is the frequency-dependent specific impedance.
Currently, linear stability and sensitivity analyses can be used to pre-
dict the instability evolution and the response to the presence of wall
impedance.”® ** In this paper, we proceed from “predicting” or “calcu-
lating” toward “understanding” the effect of the metasurface by exam-
ining how the fluctuations p’ and v interplay to reduce the
fluctuations in a broadband wave packet. It merits investigations on to
what degree p’ and v/ can be decoupled and what the dominant fre-
quency band (or timescale) is in stabilizing the broadband wave
packet. In this study, we perform thought experiments based on DNS
with conventional and modified TDIBCs. If different TDIBC models
report similar performance, the modification or simplification of the
model can be furthered until the dominant physical effect is identified.
Details of the modified TDIBC (MTDIBC) will be introduced later.
Another point to be addressed is the effect of the metasurface on the
amplification of the wave packet from an energy perspective. Previous
similar studies concentrate on the single-frequency disturbances, "
whereas the investigation on the more realistic wave packet is in lack.
If the disturbance is in the form of wave packets, the analysis is
expected to approach the real-life instability or transition scenario bet-
ter than those initiated by single-frequency disturbances. The present
study may facilitate a deeper understanding of the role of the metasur-
face in the stability and transition control.

Before addressing the physical aspect, an identification of the ori-
gin of the prediction discrepancy between the TDIBC and the

‘|
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metasurface is needed first. It remains unclear whether and to what
degree the error arises from the numerical aspect in TDIBC imple-
mentation, the acoustic impedance modeling or the cavity-induced
base-flow distortion effect. Comparative studies are performed
between the TDIBC and an acoustic metasurface case with meshed
micro-cavities. The flow past and inside the microstructures of the
acoustic metasurface is fully resolved. The article is organized as fol-
lows. The considered physical problem, methodology, and computa-
tional setup are introduced in Sec. II. The analysis of the prediction
discrepancy is conducted first and the physical effects of the metasur-
face on the boundary layer disturbances are discussed then in Sec. III.
Concluding remarks are shown in Sec. IV.

Il. PROBLEM FORMULATION AND SIMULATION
STRATEGY

As shown by Fig. 1, a Mach 6 2D flat-plate boundary layer with a
sharp leading edge is directly simulated. Cartesian co-ordinates are
constructed with the origin at the leading edge, and x and y denote the
streamwise and wall-normal directions, respectively. The free-stream
conditions, identical to the wind tunnel ones by Bountin et al,” are
given as follows: Mach number Ma,, =6.0, static temperature
T* =43.18K, and unit Reynolds number Rei _=1.05x 10"m™’,
where the asterisk denotes the dimensional quantity. The wall is
assumed to be isothermal with a temperature of T} =293 K, where
the subscript “w” represents the quantity on the wall. In addition, a
no-slip velocity boundary condition is given on the wall boundary,
and a no-penetration condition is imposed expect for the blowing-
suction strip and impedance boundaries. A perfect gas assumption is
made with the specific heat ratio being y = 1.4. The Prandtl number is
assumed to be Pr=0.72, and the dynamic viscosity is computed by
the Sutherland’s law. The primitive variables are non-dimensionalized
by the corresponding freestream base-flow quantities, except that the
pressure p is by p, u? , where p and u are the density and streamwise
velocity, respectively. The reference length scale L} =0.2m is used
for non-dimensionalization. A single-frequency or Gaussian broad-
band disturbance is introduced through the wall blowing-suction tech-
nique between x; =0.0523 and x,=0.0773 in Fig. 1. The surface
wall-normal momentum density is disturbed, whose dimensionless
form is given by
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FIG. 1. Schematic drawing of the physical

meshed
metasurface
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X — X

esin [ 27 sin (wt),
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for single — frequency disturbance,

- —t, — [t/T]T)?
Xy — X1 20y,

for broadband disturbance.

(Pv)'w(x,t) =

1

Here, the amplitude e = 0.001 is given, and ¢ denotes time. For
the single-frequency case, the angular frequency is w =220.6 and
the dimensional frequency is f* = 138.74 kHz, which finally evolve
into a second mode in around x > 0.5.”® For the broadband distur-
bance case in Eq. (1), the parameters are given by x;, = (x; + x,)/2,
t,=0.0119, T=1.6, and ¢, =0.0016. Furthermore, the operator
“[-]” in Eq. (1) represents a floor function, i.e., the greatest integer
function. Thus, the broadband disturbance is generated in the
form of a pulse wavepacket with a period of T=1.6. The spectra of
the broadband mass-flow pulse in the blowing-suction strip and
the response of the pressure right downstream are shown in Fig. 2.
Throughout this paper, fast Fourier transform (FFT) is performed
to obtain spectra of signals after taking sampling every 100 time
steps during a period of the broadband pulse, which corresponds
to a dimensional sampling frequency of 1.98 MHz.

Downstream of the forcing region in Fig. 1, a TDIBC or an
acoustic metasurface beneath the boundary layer with subwavelength
grooves (2D cavities) is imposed between x; and x4, where x; =0.2
and x, = 1. Sponge zones are placed in the range x > 1 to minimize
the reflection of disturbances near the outflow boundary. In the sche-
matic drawing of the TDIBC, A* and A~ represent the up-traveling
reflection and down-traveling incident characteristic waves, respec-
tively, and R is the reflection coefficient to be modeled. With regard to
the metasurface case, the dimensionless half width b= 9.8 x 10~ the
unit-cell period s=2.6 x 10>, and depth H=8.21 x 10 are identi-
cal to those in Ref. 17, as shown in Fig. 1. The geometric setting corre-
sponds to a porosity of ¢ =2b/s~0.75. The model of the wall

15 T T T 2

Ip|x10°

LT | S —

—_— 0
0 200 400 600 800

/" (kHz)

FIG. 2. Spectra of the wall-normal mass flow rate at x=0.06 in the blowing-
suction strip and of the pressure at x= 0.1 downstream.
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admittance or impedance has recently been improved by the authors’”
to include the effect of high-order diffracted modes inside the micro-
structure. The dimensionless specific impedance Z=—p(w)/v(w) on
the bottom wall is calculated based on that model.

The 2D compressible N-S equation for DNS can be expressed in
the dimensionless conservative form in the Cartesian co-ordinate
system:

0 0

0
iUt g+ g, B0 )

where
T
U = (p, pu, pv,E) ",
F, = (P“a P“Z +P - O'xx/Reoov puv — Gx,v/Reow M(E +P)
— (UG + voyy — qx)/ReOO)T7 (3)
F, = (pv, puv — 0y /Res, pv: 4 p — 0yy/Rese, V(E + p)

—(uoyy + vo,, — q),)/Reoc)T.

Here, the Reynolds number based on the reference scale is calcu-
lated to be Re,, = 2.1 x 10° and the total energy per unit volume reads
P W+ 12

E= . 4
y_l+p 2 (4)

Under the Stoke’s hypothesis for the bulk viscosity, the compo-
nents of the stress tensor and heat flux are expressed by

e 2 N o
xx — .uax 3,11 Ox ay , xy = Oyx = | ay ox )’

ov 2 (Ou Ov
o=+ o) ©
_ u oT -~ u oT
== (y — 1)PrMa?_ dx’ b=- (y — 1)PrMa?, 8y

The Prandtl number is assumed to be Pr=0.72, and the dynamic
viscosity is computed by the Sutherland’s law p= T**(T?/T% +1)/
(T} /T% + T), where T} =110.4 K. Equation (2) is finally transformed
into the generalized curvilinear co-ordinate system and solved.

DNS is performed based on the high-order accurate finite differ-
ence method.”® For all the cases considered, the fifth-order upwind
compact scheme is used to discretize the inviscid term, and the sixth-
order central difference scheme is applied to discretize the viscous
term. The three-stage third-order total variation diminishing (TVD)
Runge—Kutta method is employed for time marching. Under the same
flow, geometric, and mesh conditions, previous studies of the authors
have fully validated the solver and convergence of the mesh resolution
and time step size.'”® Specifically, the computational mesh above
y =0 possesses 1607 x 200 nodes, clustering near the leading edge and
the wall boundary. Inside each cavity, 12 x 83 nodes are sufficient for
the convergence of the stationary flow.'” The time step size is set to
At=2x 10> which corresponds to a dimensional frequency of
Af* = 197.58 MHz. Dirichlet conditions are enforced for the stream-
wise velocity and temperature on the wall, i.e, u=0 and T=T,. In
terms of the wall-normal velocity and pressure, the boundary condi-
tions are introduced below.
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A. Direct coupling method for a constant impedance

For a single-frequency disturbance, the wall specific acoustic
impedance can be approximated as a constant Z, that does not vary
with the frequency. The fluctuations are also assumed to possess expo-
nential time dependence, i.e., proportional to e ', Consequently, the
impedance is straightforwardly coupled with the NS solver by taking
the real part of p(w)=-Z, ¥(w) on the bottom wall boundary as

follows:
B 1 1Y dp(t)

where Re(-) and Im(-) represent taking the real and imaginary parts,
respectively. The above-mentioned equation prescribes the boundary
condition for the wall-normal velocity, while the pressure on the wall
is obtained via the approximation dp/dy = 0. This approach has been
confirmed to be accurate by our previous work.'”

B. Time-domain impedance boundary conditions
(TDIBC)

For problems with frequency-dependent impedance, classical
formulation of TDIBC by Fung and Ju'® is introduced in the pre-
sent paper. Given the renormalized pressure fluctuation
?'.=7/(p,aw), where a is the sound speed, the amplitude of the
up-traveling reflection and down-traveling incident characteristic
waves are given by

At =v+p, A=V, 7)

respectively. The two waves are causallyforrelated by the reflection
coefficient in the frequency domain as A (w) = R(w)A (). Based
on the specific impedance Z, = —p,(®)/¥(w) via the model in Ref. 37,
the reflection coefficient is computed by R(w) = (1 — Z,)/(1 + Z,).
The wall softness W is then obtained as W(w) =1+ R(w)=2/
(14 Z,). Accordingly, it yields

AT (w) = —A (o) + W(w)A (). (8)
Fung and Ju'® proposed to approximate the softness by a multi-
oscillator model:

ng i
W(w)%Z(iwﬁ_kpk+ B ) ©)

. T
k=1 o = py

where (px, fix) represent the pole and residue, the superscript " denotes
complex conjugate, and 7y is the total number of conjugate pairs. By
applying the Laplace transform and assuming Re(py) <0, Eq. (8) is
transformed into the time domain at the instant ¢ + At,

3
AT+ A) = A" (t+A) + > G (t+At) +cc, (10
k=1

where

Gy (t+At) = J e’ A (t + At — 1)dr, (11)
0

and c.c. denotes complex conjugate. The above-mentioned equation
naturally constitutes a recursive scheme due to

pubs.aip.org/aip/pof

At
Gy (t+ At) = 0:GL (1) + [ Bre’ AT (t + At — 1)dt; 0 = e,
Jo

(12)

Numerically, a second-order trapezoidal quadrature rule'® is applied
to evaluate Eq. (12). The incident wave A™ (t+ At) is given by the
first-order extrapolation at y = 0 suggested by Scalo et al.,”

A_(ya t+ At) = V,<y7 t+ At) 7p/a(yv t+ At)
=V (y+anAt,t) = pl (v + anAt, 1), (13)
which eventually gives rise to an iterative scheme of A,

vy, ) —p, (1)}
Oy

A (O, t+A) =V (y,t) = p'(y, 1) +aAt
N————

A1)
(14)

Given the incident wave amplitude A~ (t+ Af), the reflection
wave AT(t+AD) is obtained by Eq. (10). Subsequently, the wall-
normal velocity at the next time step is updated by

V(t+At) = (AT +A7)/2 =Re (i Gy (t+ At)), (15)

k=1

while p/ is calculated via Eq. (7),

P+ Ar) = {AT(t+At) — A= (t + At) }pan/2. (16)

Finally, the instantaneous wall-normal velocity and pressure on
the wall boundary are obtained by superimposition on the correspond-
ing base-flow variables.

C. Modified time-domain impedance boundary condi-
tion (MTDIBC)

As aforementioned in Sec. I, we are interested in revealing to
what degree the fluctuations p’ and v/ can be decoupled and how p’
and v/ interplay. In fact, the difference between a smooth wall and a
porous wall (acoustic metasurface) appears to be that mass and
momentum transfer occurs across the micro-cavities. We hereupon
raise two questions: (1) Can we approximate the acoustic metasurface
as an unsteady wall blowing-suction strip? (2) What is the role of
unsteadiness in stabilizing the broadband disturbance? For the latter
question, if unsteadiness is unimportant, the extreme state is that a
steady blowing suction behaves similarly to the original unsteady
blowing suction. If this state is not the fact, a critical timescale or fre-
quency may be found.

To answer the above-mentioned questions, we modify the con-
ventional TDIBC model to perform numerical experiments. First,
DNS with the conventional TDIBC is performed first. During the sim-
ulation, the wall-normal velocity dataset at y=0 in the metasurface
region is output at every time steps and stored on the hard disk. Using
this dataset of v/ as an unsteady wall boundary condition at each mesh
point, we perform another DNS. The updating procedure of wall pres-
sure, ie., Eq. (16), is replaced by Jp/0y=0, which is commonly
employed in N-S solvers. This Neumann condition gives the wall
pressure based on the known pressure of the nearest node in the wall-
normal direction, ie, a simple first-order approximation. This
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enforced condition, called modified TDIBC or “MTDIBC,” allows the
pressure on the wall boundary to be updated passively by the wall-
normal velocity fluctuation v'. Therefore, this MTDIBC resembles a
response problem to an unsteady wall blowing-suction strip.

To further assess the significance of unsteadiness, the stored time
series at each mesh point are temporally filtered by a tenth-order
Butterworth low-pass filter with a cutoff frequency f.*. The filtered
time series is shifted to minimize the time delay by checking the cross
correlation function. The high-frequency components above f.* are
removed, while those below f." are maintained. As f." is decreased,
wider band of frequency components are removed by the filter, and
the model becomes away from the original blowing-suction model
without filtering. Totally, a MTDIBC case without filtering and six
MTDIBC cases with different cutoff frequencies are simulated, includ-
ing f.* =400, 350, 300, 250, 200, and 150kHz. For example, if the
DNS case with f,* =400 kHz successfully reproduces the result of the
one without filtering, the frequency band above 400 kHz is regarded as
unimportant.

D. Multi-pole approximation of wall softness

The determination of the conjugate pairs of poles and residues in
Eq. (9) is not unique. Algorithms, such as the iterative least squares fit-
ting in Ref. 20, enable a satisfactory fitting to the discrete dataset pro-
vided by either experimental results or reliable impedance models.
When the frequency exceeds 300 kHz in the considered broadband
disturbance, these spectral components decay rapidly for both meta-
surface and TDIBC cases (shown later). Thus, we only concentrate on
the fitting of the acoustic wall softness below 300 kHz. Figure 3 shows
an excellent fitting agreement within the frequency range of interest.
Meanwhile, in the considered flat-plate boundary layer, Fig. 3 illus-
trates that the wall softness W(w) calculated based on the impedance
model” is entirely insensitive to the selection of the streamwise loca-
tion for base-flow quantities. Ten conjugate pairs of poles and residues
are applied in the final fitting function, where the information is
detailed in Table I.

2 T T T T

I I Irc:al part, baslc flow takcnlat x=0.85 I

i A imaginary part, base flow calculated at x = 0.85

o v real part, base flow taken at x = 0.35 1
- < imaginary part, base flow taken at x = 0.35 b
i real part (fitting) 1
L e imaginary part (fitting)

1.5

softness

IS EI R S SN B
0 50 100 150 200 250 300
f(kHz)

FIG. 3. Comparison of wall softness W(w) between the impedance model*” (sym-
bols) and the multi-pole fitting results (lines).
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TABLE I. Conjugate pairs of dimensionless poles and residues.

Pair number (k) Poles (py) Residues (f3;)

1 (~111.980, 595.313) (109.678, 20.631)
2 (~203.277, 3871.378) (269.167, 14.133)
3 (~48.977, —209.187) (32.931,-7.710)

4 (~10.673, -0.033) (0.798, —259.963)
5 (~17.116, —997.046) (146.984, —2.523)
6 (~1145.867, 297.759) (58.582, 225.439)
7 (~325.950, —2670.483) (204.960, —25.017)
8 (-329.014, 2729.641) (248.601, 29.965)
9 (~88.475, —360.592) (55.609, —13.644)
10 (-52.805, 28.276) (55.756, 104.123)

lll. RESULTS

A. Prediction discrepancy between TDIBC and
metasurface cases

Before focusing on the physics, the origin of the prediction dis-
crepancy between the TDIBC and the metasurface should be analyzed
first. This analysis is expected to reflect the comprehensive effect of the
metasurface with microstructures (rather than the impedance bound-
ary condition) on the broadband wave packet, which is hardly docu-
mented in the literature.

1. Single-frequency-disturbance case

Starting from a steady solution at =0, the propagating single-
frequency instability wave finally penetrates the metasurface region
0.2 <x < 1. Figure 4 shows that the TDIBC model is entirely consis-
tent with the direct coupling method for a constant wall impedance.
Compared to the metasurface case, these models slightly underesti-
mate the pressure fluctuation. It is also observed that the maximum
pressure fluctuation of the impedance models approaches the lower

10
I ———— metasurface
F-=-==- direct coupling
F————= direct coupling-DBF ,
sh--mmm TDIBC 4

L 138.74kHz
L =1.8

_5 I

RIS ENENEEI ENETEVENES SYENEErE SVAETET SYRVENATE SVAETETI SYRTENETE SR
0 01 02 03 04 05 06 07 08 09 1
X

FIG. 4. Comparison of the pressure fluctuation along y = 0 for the single-frequency
case att=1.8.
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v

ofF - -.

FIG. 5. The cavity-induced distortion in the base flow streamwise velocity (left) and wall-normal velocity (right) at x = 0.8, which is at the three-quarter length of the cavity.

bound of the streamwise oscillating fluctuation of the metasurface
case. This is consistent with the observation in Ref. 17 under the same
condition (Fig. 7 in Ref. 17). The streamwise oscillation of p’ in the
metasurface case has also been reported in Ref. 17.

It is preliminarily deduced from Fig. 4 that the minor deviation
between the impedance models and the metasurface does not result
from the numerical error by the TDIBC procedures, such as the
extrapolation or convolution manipulation, since the direct coupling
method does not involve these effects. In addition, as shown in Fig. 5,
the micro-cavities of the metasurface can distort the near-wall base
flow profiles via mass transfer across the shear layer. To consider this
effect, the 2D base flow of the direct-coupling-method case, ie., the
flat-plate boundary layer, is replaced with that of the metasurface cor-
responding to the solid lines in Fig. 5. The wall boundary condition is

0.1
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adjusted to allow the velocity slip and penetration as is in the metasur-
face case. The corresponding result is given in Fig. 4 labeled as “direct
coupling-DBF” (i.e., distorted base flow), which nearly overlaps with
the counterpart of the original direct coupling method. Therefore, the
deviation between the TDIBC and the metasurface is not attributed to
the base-flow-distortion effect induced by micro-cavities. The respon-
sible effect is, thus, inferred to be the minor impedance modeling
error.

2. Broadband-disturbance case

Figure 6 further displays the 2D pressure and wall-normal veloc-
ity fluctuations between the metasurface (contour) and TDIBC
(dashed line) cases at two instants. The near-field wave packet as well
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FIG. 6. Contours of the pressure and wall-normal velocity fluctuations at t=0.4 (left) and t= 0.8 (right) for the metasurface (contour) and TDIBC (dashed line) broadband-

disturbance cases.
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FIG. 7. Comparison of the pressure fluctuation for the broadband-disturbance case at t = 0.4 (left) and t = 0.8 (right) along y = 0 between the metasurface and TDIBC.

as the far-field propagating wave interacting with the leading-edge
oblique shock wave is well captured. The peak and valley characteris-
tics are accurately given by TDIBC, particularly for the downstream
wave front region. Quantitatively, Fig. 7 compares the instanta-
neous pressure fluctuation along y=0 at t=0.4 and 0.8. The
amplitude and phase information is satisfactorily predicted by
TDIBC. The main discrepancy is observed in the tail region of the
wave packet. This discrepancy is inferred to be caused by the first-
mode band, since it has a lower phase speed than the second-mode
instability. Other potential effects, such as dissipation induced by
the micro-cavity flow, may also be responsible for this discrepancy.
Generally, it is found that the overall effect of the metasurface with
microstructures can be well modeled by TDIBC. The depicted
agreement enables several further DNS studies without meshing
the cavity flows and examining the aforementioned wall blowing-
suction approximation.

B. Physical effect of metasurface on broadband wave
packet

1. Wall blowing-suction approximation

In this section, the DNS results given by MTDIBC without
filtering and with different cutoff frequencies of the filter are dis-
cussed. Figure 8 shows the effect of the low-pass filter on the time
series of V. As f.* is decreased, the time series gradually deviates
from the one without filtering. This deviation appears not to be
significant when f.* exceeds around 300 kHz. Figure 9 compares
the maximum pressure fluctuation in history between the meta-
surface, the TDIBC, and the MTDIBC cases for broadband distur-
bances. Result of a smooth-wall boundary layer case without any
metasurface or impedance boundary is also shown. The metasur-
face region starting from x=0.2 effectively suppresses the peak
pressure fluctuation. Although streamwise oscillation occurs in
the metasurface case (also reported in Ref. 17), the curve of the
TDIBC case falls within the scattered one of the metasurface case.
Using the v dataset of the TDIBC case on the wall as an unsteady
input for the wall boundary condition, the MTDIBC case without

temporal filtering successfully reproduces the result of the con-
ventional TDIBC with minor bias. Similar reproduction by the
MTDIBC case without filtering is observed in Fig. 10, which
shows the wall distribution of p’ at t =0.4. The resemblance indi-
cates that the metasurface can be approximated by an unsteady
wall blowing-suction model. This model works in the following
procedure: (1) the wave packet propagates past the metasurface
region, (2) mass transfer occurs across the micro-cavities, (3)
wall-normal velocity fluctuation v/ increases, and (4) passive
response of p’ occurs accordingly where a Neumann boundary
condition dp/0Jy = 0 is imposed. Hereupon, it is of particular inter-
est to examine how the unsteadiness of the wall blowing-suction
model determines the response of p. This study may further the
understanding of the stabilization effect of the metasurface on the
wave packet, particularly on those second-mode components of
acoustic nature.

20 . . ' '
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FIG. 8. Time history of the wall-normal velocity fluctuation at (x, y) = (0.3, 0) for
MTDIBC cases without filtering and with different cutoff frequencies f.".
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cies f,* (bottom).

As f" is decreased, wider high-frequency bands are removed in
the DNS with MTDIBC. It is observed that the case f." =300kHz
starts to fail to reproduce the stabilization effect of the impedance
boundary in Fig. 9 and the shape of the wave packet in Fig. 10. The
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FIG. 10. Comparison of the pressure fluctuation at t= 0.4 along y =0 between the
cases with the metasurface, TDIBC, and MTDIBC with different cutoff frequencies f,".
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case f,"=200kHz performs even worse, and the case f."=150kHz
nearly approaches the smooth-wall case in Fig. 9. Accordingly, the
case f," =300kHz can be roughly regarded as a critical point, above
which the difference between TDIBC and MTDIBC cases is non-
negligible. Figure 11 further shows the contours of p’ and v at t=0.4
for TDIBC and MTDIBC cases (top) and the smooth-wall case (bot-
tom). The p’ contour of the wave packet by the MTDIBC case without
filtering (solid line) agrees well with that by the TDIBC case, whereas
the MTDIBC case with f," = 200 kHz (dashed line) deviates from the
baseline TDIBC case. These observations confirm the success of the
unsteady wall blowing-suction model and the significance of the low-
frequency components below a critical frequency. In addition, com-
parison between the TDIBC and smooth-wall cases shows that the
near-wall region roughly in y < 0.002 reports the main suppression of
pressure fluctuations. The mechanism behind will be discussed by an
energy analysis later.

To locate the critical frequency in the broadband spectrum,
two selected probes at x=0.3 and at x=0.5 are chosen to present
the wall pressure and wall-normal velocity spectra, as shown in
Fig. 12. The pressure frequency band of around (100 and 300 kHz)
is considerably stabilized by the impedance wall boundary, while
lower-frequency band is marginally destabilized. The most unsta-
ble frequency is also reduced by the impedance boundary condi-
tion. These observations are consistent with previous experimental
findings by Fedorov et al."* To further check the filter effect, the
wall-normal velocity spectra are examined in Fig. 12. Only a small
proportion of energetic components are distributed above the criti-
cal frequency f.” =300 kHz. However, Figs. 9-11 have shown that
the pressure response is sensitive to the absence of these high-
frequency components above the critical value. It is, thus, concluded
that the high-frequency unsteadiness of the wall blowing-suction
behavior is indispensable to reproduce the stabilization effects on
the wave packet by the metasurface, although the carried energy
(Fig. 12) and distortion of v/ (Fig. 8) by these high-frequency com-
ponents are not major.

2. Energy analysis

Energy analysis is further employed to reveal the physical mecha-
nism of the overall stabilization effect of the metasurface. Although
similar approach has been applied in the single-frequency scenario,””
the effect on the broadband wave packet has hardly been discussed.
Note that the base flow above the cavity, i.e., y > 0, is not significantly
affected compared to the smooth-wall boundary layer and that the
TDIBC is observed to predict the propagation of the broadband dis-
turbance accurately. Consequently, the TDIBC case is used for the
energy analysis. For a comprehensive consideration, Chu’s energy
norm’” is used, which consists of the kinetic energy and a strictly posi-
tive definite fluctuating thermodynamic energy. The detailed defini-
tion of Chu’s energy density is given by

1| 2 /2 P 2 p 2
Eom(x,y) == [p?+v?) + £ o2+ —L 12| a7
=3 PPt p-1T

Following the derivation of Hao and Wen,” the budget equation of
the time-averaged Chu’s energy for small-amplitude disturbance is
written as follows:
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(18)

where i and j are Einstein notation indexes. The left-hand side denotes
the net energy variation arising from the right-hand-side source or
sink. The first right-hand-side work in the bracket is done by the
Reynolds stress fluctuation on the mean flow gradient. The second
one is done by the thermal stress fluctuation on the mean density and
temperature gradients. The third one is done by the dilatation-related
fluctuation induced by compressibility. The fourth one is done by the
viscous diffusion and dissipation fluctuations associated with molecu-
lar transport. The last one is done arising from the non-parallel-flow
effect, which is found to be ignorable and, thus, omitted in the present
paper.

Figure 13 displays the contours of possible source terms for
energy growth, including the Reynolds stress work, thermal stress
work, and dilatation related work. The thermal stress work is domi-
nant in the region approaching the boundary layer edge, which is
related to the inviscid instability mechanism near the critical layer.
However, the thermal work is not considerably changed by the meta-
surface. In contrast, the dilatation related work is evidently suppressed

by the metasurface just downstream of the starting position at x = 0.2.
The suppressed region falls within the wall-normal range y < 0.002 in
Fig. 11, where the wave packet gets attenuated. Since the near-wall
growth of the fluctuation is of primary interest, the concerned terms
are further plotted in Fig. 14 at x = 0.25. The role of the viscous related
work can be regarded as passively balancing the source terms, which
contributes to a small net energy change. Nevertheless, the notably
decreased dilatation eventually results in the sign of net energy change
varying from positive (smooth wall) to negative (TDIBC). Therefore,
the suppressed dilatation related work accounts for the initial attenua-
tion of the pressure fluctuation by the metasurface in the vicinity of
x=0.25 in Fig. 9. This finding also shares a similarity with Kuehl’s
thermoacoustic explanation’ that the dilatation-related divergence of
acoustic power V - (pV)' is dominant in the near-wall region for the
second-mode instability. Furthermore, the dilatation-dominated con-
clusion differs from that by our previous investigation™” on flows past
a large-scale shallow cavity. In that study, the mean velocity gradient
0 /Oy was reduced near the shear layer of the cavity flow, which ren-
dered the Reynolds shear stress work to be responsible for the suppres-
sion of the second mode. By contrast, the present metasurface
possesses micro-cavities with a longitudinal width smaller than the
second-mode wavelength. It can be understood from Fig. 5 that the
mean streamwise velocity gradient 0u /0y is nearly unaffected by
the micro-cavity flow and that the change in Reynolds stress work
does not account for the stabilization effect of the metasurface.

IV. CONCLUSION

TDIBC is coupled with an N-S solver to perform direct numeri-
cal simulations on a Mach 6 boundary layer. Through a careful com-
parative study with an acoustic metasurface with micro-cavities, the
conventional TDIBC model is shown to predict the propagation of
both single-frequency and broadband disturbances accurately. Based
on the case studies, the minor discrepancy in the wall fluctuation is
found to arise from the impedance modeling error rather than the
effects of numerical aspects or cavity-induced base flow distortion. For
a broadband pulse, the discrepancy between TDIBC and the
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FIG. 12. Wall pressure spectra for TDIBC and smooth-wall cases (left) and wall-normal velocity spectra for TDIBC cases (right) at x = 0.3 and 0.5.

metasurface is mainly observed in the tail of the wave packet.
Numerical experiments demonstrate that the metasurface can be
approximated as an equivalent unsteady blowing-suction model to
perturb the wall-normal velocity and then passively the pressure. The
pressure can be decoupled to be updated by the Neumann condition,
as usually employed in Navier-Stokes solvers. The dominant fre-
quency scale that enables reproducing the stabilization effect of the
metasurface is found to be slightly smaller than the energetic fre-
quency maximum of the wave packet. This finding indicates that the
high-frequency unsteadiness nature of the blowing-suction behavior is
indispensable. Physically, the stabilization mechanism of the acoustic
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metasurface from an energy consideration is that the near-wall
dilatation-related work due to compressibility is significantly
damped by the metasurface. Owing to this largely decreased source
term, the sign of the near-wall net change in Chu’s energy is altered
from positive to negative. This decreased region also agrees with
the wall-normal location, where the wave packet fluctuations are
suppressed by the metasurface. Thus, the initial reduction in the
maximum wall pressure fluctuation in the early metasurface region
can be understood.

The present work points out to what degree the TDIBC can be
applied in the study and design of the metasurface. The work sheds
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FIG. 13. Contours of the energy source terms in Eq. (18) for TDIBC and smooth wall cases. Solid line: location of the boundary layer thickness. Starting location of TDIBC:

x=02.
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light on the physical role of the metasurface in controlling broadband
disturbances based on both model approximation and energy analysis.
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