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A near-zero suppression mechanism of aerodynamic acoustic pressure is revealed by adopting the ultra-
thin low-frequency broadband lotus-pods-neck Helmholtz resonator (LPNHR) metasurface presented in
this paper. The LPNHR is designed by changing the single neck of a Helmholtz resonator (HR) to a lotus-
pods multi-layer-hole neck and keeping the number and equivalent diameter of the holes in the upper
layer greater than that in the lower layer, and the bandwidth of LPNHR could be much widened than that
of HR since the reduced acoustic mass. During the incident fluid flow, compared with HR, greater pressure
difference formed at the interface of each hole of LPNHR generates stronger multi-vortexes inside its
neck. Larger multi-vortex areas with greater absorption area ratio significantly increase the average flow
velocity at the neck interface of LPNHR, resulting in decreased impedance. Moreover, the stronger multi-
vortexes weaken the influence of the main-flow on the fluid flow inside the neck, that is, the flow from
the external flow field into the LPNHR neck is enhanced under the action of the strong vortexes. The
impedance decreases further and the effective length of the neck and acoustic mass increase, the shift
of the flow-influenced sound attenuation to higher frequencies is suppressed and turned to lower fre-
quencies. When the impedance approaches zero, the incident and scattered acoustic pressure match in
phase and the acoustic pressure fluctuation at the wall will be fundamentally suppressed. Which is the
physical mechanism of LPNHR to achieve near-zero suppression of low-frequency aerodynamic acoustic
pressure. Furthermore, by adjusting the multiple parameters of LPNHR, the near-zero suppression of
lower-frequency and larger-bandwidth aerodynamic acoustic pressure at higher speed could be achieved.
Finally, an average reduction of sound pressure level by 3.71 dB (A) in the range of 550 Hz–4150 Hz on
the 1/4-scale Ahmed body surface at a speed of 50 m/s is experimentally verified through 26 mm thick
LPNHR metasurface with a basic unit composed of six parallel cells. The near-zero aerodynamic acoustic
pressure suppression mechanism with metasurface presented provides new approaches for low fre-
quency aerodynamic noise control, showing great potential in engineering applications.

� 2022 Published by Elsevier Ltd.
1. Introduction

With the continuous increase in operating speed, the dynamic
environment of the ground traffic has undergone qualitative
changes from the basis of the mechanical and electrical to that
dominated by aerodynamics [1]. The flow separation occurs at
the irregular surface forming complex vortexes as the object in
motion interacts with the air, which generates large fluctuating
pressure and in turn induces great aerodynamic noise [2–4]. Aero-
dynamic noise has become the main source of high-speed traffic
noise and the decisive factor to limit the further increase of the
speed [5]. The dipole noise is regarded as the main noise source
of the vehicle body and is usually described by the fluctuating
pressure on the body surface [2,6]. Obviously, suppressing the fluc-
tuating pressure around the skin surface is the basis for controlling
the aerodynamic noise. Driven by the rapid development of high-
speed transportation, remarkable achievements have been made
in the aerodynamics research. Numerous studies have shown that
the energy distribution of the aerodynamic noise on the vehicle
surface presents low-frequency and broadband characteristics
with no obvious main frequencies [3,4,7]. Acoustic metamaterials
with excellent low-frequency performance have developed rapidly
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in recent years and are usually designed to match the acoustic
impedance of the background medium to maximize the absorption
effect [8–12]. However, for the boundary conditions under incident
fluid flow [13–15], the acoustic impedance at the wall depends not
only on the characteristics of the wall material, but is more
affected by the characteristics of the mean flow and parameters
of the flow disturbance. Radavich et al. simulated the complex
interaction between the fluid flow and acoustic resonance at low
Mach numbers with the solution of the unsteady, turbulent and
compressible Navier-Stokes equations, which reproduced the
physical process of flow-acoustic coupling and predicted the cou-
pled flow-acoustic problems for a system with two coaxial side
branches [16]. Aiming at the problem that the acoustic perfor-
mance of the muffler element decreases with the increase of the
exhaust gas flow, Howard et al. tested the effect of fluid flow on
the acoustic attenuation of side branches with different geometries
on an adaptive quarter-wave tube and found that the side-branch
with a bell-mouth geometry resulted in greatest noise reduction
due to the smallest acoustic impedance and least affection by air-
flow [17]. Philips and Hersh observed in their experimental study
that the acoustic resistance increased linearly with the increase
of the mean flow velocity, which also explained the reduction in
transmission loss caused by the introduction of the mean flow
[18,19]. Meyer et al. studied the effect of the turbulent airflow on
the sound attenuation of different sound-absorbing materials
through experiments and found that the maximum attenuation
value decreased with increasing flow velocity and shifted to higher
frequencies [20]. Anderson also found that the basic resonant fre-
quency of the resonator increased with the increase of the flow
velocity by testing a single-sided branch Helmholtz resonator in
a circular pipe [21]. David et al. investigated the acoustic properties
and flow laws in rectangular lined channels with grazing jets and
found that the acoustic transmission coefficient was the smallest
at the resonant frequency of the resonator in the absence of fluid
flow, while the sound transmission near the resonance frequency
increased strongly with the increase of the Mach number of the
grazing flow [22]. Thus, under the weakening of the flow field on
the sound attenuation, the specific acoustic impedance of the
structure no longer matches that of the medium. According to
the definition, when the impedance at the boundary is close to
zero, the pressure perturbation in the flow field will no longer be
excited and the acoustic pressure could be fundamentally sup-
pressed. In the study of controlling the hypersonic boundary layer
with metasurfaces, Zhao et al. proved that the out-of-phase behav-
ior of the incident and reflected wave at the resonance frequency
minimized the near-wall acoustic pressure when the boundary
impedance changed from infinity to nearly zero, which largely
inhibited the growth of Mack’s second mode [23].

Traditional HRs have a wide range of applications in the low-
frequency sound absorption and noise reduction, while the short-
comings of narrow sound absorption band restrict its performance
[24–26]. Although the transition from the single-hole HR to micro-
perforated structure could reduce the acoustic mass and obtain
broadband control [27–29], it is not conducive to low-frequency
absorption. Whether it is HR or micro-perforated structure, the
low-frequency and broadband control are often contradictory.
Inspired by this, we present a near-zero suppression mechanism
of low-frequency broadband aerodynamic acoustic pressure with
a novel acoustic metasurface by changing the single neck of HR
to a lotus-pods multi-layer-hole neck with greater number and
equivalent diameter of holes in upper layer than that in lower
layer. When the number of holes in the lower layer is equal to that
in the upper layer, the structure is equivalent to the parallel con-
nection of micro-perforated HRs, and while the number of the
holes in the upper layer is equal to that in the lower layer and is
1, the structure degrades to the parallel connection of HRs. The
2

bandwidth of LPNHR could be broadened than HR due to the
decrease of the acoustic mass of the multi-holes in the upper lay-
ers, and low-frequency control could be achieved together by
adjusting the parameters of the holes in the lower layers. The
near-zero suppression mechanism of low-frequency aerodynamic
acoustic pressure under the action of incident flow is investigated,
and acoustic metasurfaces are designed to achieve effective reduc-
tion of the low-frequency and broadband aerodynamic noise at a
speed of 50 m/s.

This paper is organized as follows: in Section 2, the physical
model of the proposed metasurface is first introduced. The acoustic
impedance of LPNHR is then theoretically derived by using the
plane wave expansion method and broadband suppression mech-
anism of LPNHR is investigated; in Section 3, the fluid-acoustic
coupling simulation model of the 1/4-scale Ahmed body at differ-
ent speed is established and low-frequency aerodynamic acoustic
pressure suppression mechanism of LPNHR is then analyzed. More-
over, the investigations of the effects that the key parameters and
main-flow velocities on suppressing aerodynamic acoustic pres-
sure are carried out; in Section 4, a ultra-thin LPNHR metasurface
with low-frequency and broadband suppression for aerodynamic
noise at a speed of 50 m/s is realized, and the noise reduction effect
is detected by the wind tunnel test. Finally, several conclusions are
drawn in Section 5.

2. Broadband suppression mechanism of LPNHR

2.1. Structure of the LPNHR cell

The proposed LPNHR is established by changing the neck of HR
to a lotus-pods multi-layer-hole neck without changing other
dimensions, which consists of a rectangular cavity and a lotus-
pods neck. As shown in Fig. 1(a)-(c), the length, width and height
of the rectangular cavity i is respectively 2ai, 2bi and Hi, i = 1, 2,
3. . .N-1, N. The lotus-pods neck is composed of different numbers
of cylindrical holes connected by thin cavities, that is, the first-
layer holes i with a diameter of di and a length of hi are connected
by a thin cavity ii with a height of Hii to the second-layer holes ii
with a diameter and length of dii and hii, and so on. The number
and equivalent diameter of the cylindrical holes increase layer by
layer from bottom to top for a lotus-shaped distribution, that is,
nii > ni � 1 and niidii

> nidi, and the length and width of the thin cav-
ity ii are consistent with the rectangular cavity i. The correspond-
ing cell periods are li and wi, and the absorption area ratio is

defined as ui ¼ niipdii
2
= 4Sið Þ, and the incident area of the cell is

Si ¼ liwi. For better comparative study, the height of HR neck is h0-
= hi + Hii + hii. We start by presenting the suppression mechanism
of aerodynamic acoustic pressure of the second-order LPNHR with
geometrical parameters of 2a1 = 7 mm, n11 = 5, 2b1 = 2a1/
n11 = 1.4 mm, H1 = 22 mm, l1 = 7.5 mm, w1 = 1.9 mm, n1 = 1,
d1 = 0.9 mm, h1 = 5 mm, H11 = 0.5 mm, d11 = 1.2 mm and
h11 = 4 mm.

2.2. Theoretical calculation of the acoustic impedance

The plane wave transfer matrix method is first used to derive
the specific acoustic impedance of the second-order LPNHR, the
acoustic pressure Pnii and the mass velocity vnii at the interface of
the hole ii [30] can be written as

Pnii

vnii

� �
¼ TniiTciiTni

Pci

vci

� �
ð1Þ

where Tnii, Tcii and Tni are the impedance transfer matrix of the hole

ii, cavity ii and hole i, respectively, and Tnii ¼ 1 Znii

0 1

� �
,



Fig. 1. (a) 3D Schematic view of HR, (b) Cross section of LPNHR in the y-z plane and
(c) 3D Schematic view of LPNHR.

Fig. 2. Comparison of the acoustic performance of HR and LPNHR when there is no
fluid flow.
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Tcii ¼ 1 jZciitankciiHii

jtankciiHiið Þ=Zcii 1

� �
, Tni ¼ 1 Zni

0 1

� �
, Pci and vci are

the acoustic pressure and mass velocity on the interface of cavity i.
The specific impedances Zni and Znii of the cylindrical hole i and

hole ii [31] are given by

Znx ¼ jxqxhx

ux
1�

2B1 vx

ffiffiffiffiffiffi
�j

p� �
vx

ffiffiffiffiffiffi
�j

p� �
B0 vx

ffiffiffiffiffiffi
�j

p� �
2
4

3
5

�1

þ
ffiffiffi
2

p
lvx

dxux

þ j
0:85xqxdx

ux
; x ¼ i; ii ð2Þ

where qx and cx are density of the air medium and speed of sound,

respectively, vx ¼ dx

ffiffiffiffiffiffiffiffi
xqx
4l

q
; x ¼ i; ii; is the perforation constant of

the neck, dynamic viscosity is l=1.8 � 10�5 Pa�s, B0 and B1 are the
zeroth and first order Bessel function of first kind, respectively.
The specific impedance of the thin cavity ii can be expressed as Zcii=p
qcii/Ccii according to the thermo-viscous acoustic theory, and qcii

and Ccii are the dynamic density and compressibility [32].
Assuming that any plane wave is incident on the surface of the

structure along the negative direction of the z axis and decomposed
into the incident plane wave and the scattered sound wave. The
periodicities li and wi are much smaller than the acoustic wave-
length, and the interface of the cavity i is at z = 0. The specific impe-
dance Zci of the cavity i and the normalized effective surface acoustic
impedance Zi of the second-order LPNHR can be expressed as

Zci ¼ 1
qxcx

Pci

vci
jz¼0 ¼ 1þ 1

j tan kciHið Þ 4aibi
liwi

qx
qci

� �
kci
k0

� �

�
Xr;s¼þ1

r;s¼�1

k0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20 � 2pr

li

� �2
� 2ps

wi

� �2r S2rs ð3Þ

Zi ¼ 1
qxcx

Pnii

vnii
jz¼hiþHiiþhii

¼ Zci þ Zni þ Zcii þ Znii ð4Þ

where qci is the dynamic density [13,33], kci and k0 ¼ x=cx are the
wavenumber inside the cavity and at the wall.

Srs ¼ sinc kx
ðrÞai

� �
sinc ky

ðsÞbi

� �
is the overlap integral among the

rth-order and sth-order diffracted mode and fundamental mode

inside the cavity, kx
ðrÞ ¼ kx þ 2pr=li, kyðsÞ ¼ ky þ 2ps=wi.

Based on the definition of the boundary conditions at the wall,
the specific impedance with fluid flow can be expressed as
3

Zi ¼ Pi þ Psð Þ=vz, in which Pi and Ps are the incident acoustic pres-
sure and scattered acoustic pressure including fluctuating acoustic
pressure at the wall, and vz is the normal flow velocity. The acous-
tic pressure fluctuation cannot be effectively suppressed through
impedance matching because of the continuous supply of energy
to the boundary layer by the flow field [23]. When the impedance
Zi is equal to zero, the total acoustic pressure Pi + Ps at the wall
could be theoretically equal to zero, which means that the incident
and scattered sound wave match in phase and the acoustic pres-
sure fluctuation at the wall will be fundamentally suppressed, thus
the aerodynamic noise could be minimized. Despite the consensus
of the non-zero impedance under the influence of the inherent vis-
cous heat losses, the study of near-zero acoustic pressure suppres-
sion is of great significance for the aerodynamic noise reduction.

2.3. Broadband suppression of LPNHR with no fluid flow

Fig. 2 compares the surface average acoustic impedance of HR
and LPNHR, the simulation results are basically consistent with
the theoretical analysis. The results show that the impedance peak
of HR at 890 Hz is close to 0.111, while the impedance peak of
LPNHR at 1110 Hz is about 0.141. Although the peak shifts from
890 Hz to 1110 Hz, the bandwidth corresponding to LPNHR
increases by 56.6 % from 106 Hz of HR to 166 Hz when the
impedance is 0.5. The broadband control mechanism of LPNHR
can be explained based on the relationship between the bandwidth
Dfi and the quality factor Qi of the resonance system, the quality
factor meets 1=Qi ¼ Df i=f i and Qi ¼ xmi=ri, the resonance
frequency is f i ¼ 1=2p

ffiffiffiffiffiffiffiffiffiffiffiffi
ki=mi

p
, ki is the equivalent stiffness, which

is ki ¼ cx2=Vci for the first-order system and ki ¼ kci þ kcii ¼
cx2=Vci þ cx2=Vcii for the second-order system. Then the band-
width can be simplified as Df i ¼ ri=2pmi, and mi and ri are the
acoustic mass and relative specific resistance of the structure.
The relative specific impedance of LPNHR calculated by electric-
acoustic analogy can be written as

Zi ¼ ri þ j xmi � 1=xcið Þ ð5Þ

ri ¼ rni þ rnii þ rci þ rcii ð6Þ

rnx ¼ 32lhx

qxcxuxdx
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þvx

2

32

r
þ

ffiffiffi
2

p

32
vxdx

hx

 !
; x ¼ i; ii ð7Þ
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rcx ¼ Re
Zcx

qxcx

� �
; x ¼ i; ii ð8Þ

mi ¼ mni þmnii þmci þmcii ð9Þ

mnx ¼ hx

cxux
1þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

9þvx
2=2

p þ0:85
dx

hx

 !
; x ¼ i; ii

ð10Þ

mcx ¼ qxVcx=3Scx
2; x ¼ i; ii ð11Þ

ci ¼ cci þ ccii ð12Þ

ccx ¼ Vcx=qxcx
2; x ¼ i; ii; ð13Þ

where j(xmi � 1/xci) is the relative specific reactance, ci represents
the relative specific capacitance, rni, rnii, rci and rcii are the resistance
of the hole i, hole ii, cavity i and thin cavity ii, mni, mnii, mci and mcii

are the acoustic mass of the hole i, hole ii, cavity i and thin cavity ii,
respectively, Vci and Vcii are the volume of cavity i and thin cavity ii,
Sci and Scii are the cross-sectional area of the cavity i and thin cavity
ii.

Zi and ZHR at the resonance frequency are both pure and real
numbers and close to zero, that is, ri > rHR � 0. Under the condition
of keeping other parameters unchanged, the improvement from a
single neck to a lotus-pods neck with the same length makes the
acoustic mass satisfy mi < mHR, therefore, there is Df i > Df HR,
LPNHR has more advantages in realizing broadband control com-
pared with HR without introducing more detuned cells.

3. Low-frequency aerodynamic acoustic pressure suppression
mechanism of LPNHR with incident fluid flow

3.1. Simulation modeling

A flow-acoustics coupling simulation modeling of the 1/4-
scale Ahmed body at different speed is conducted by using the
commercial finite element software COMSOL MultiphysicsTM 5.4
based on the computational fluid dynamics (CFD) and acoustics
to predict the distribution of the aerodynamic noise on the
Fig. 3. (a) Simulation modeling and meshing of the 1/4-scale Ahmed body with LPNHR on
a speed of 50 m/s. (c) The velocity vector arrow of HR and LPNHR when U0 is 0 m/s and 50
magnitude of flow velocity. (d) Distribution of the pressure and streamline around the

4

Ahmed body surface and explore the physical mechanism of
LPNHR for the aerodynamic noise reduction. As shown in Fig. 3
(a), a k-e turbulence computational model is established first
to analyze the flow field characteristics around the Ahmed body
and the wall function is used to describe the near-wall region.
The 1/4-scale Ahmed body with length (L) of 261 mm, and width
(W) of 84.5 mm and height (H) of 97.25 mm is placed in the
computational domain with length, width and height of 8L, 2L
and 2L, respectively. Four cylindrical legs of 7.5 mm in diameter
are attached to the Ahmed bottom surface, and the LPNHR is
designed along the longitudinal centerline on the Ahmed upper
surface. The rear slant angle of the Ahmed body is 25�, and
the front end of the Ahmed body is 2L from the flow inlet sur-
face of the computational domain [34]. Air enters the computa-
tional domain at a speed of U0 = 50 m/s perpendicular to the
inlet surface, and the Reynolds number based on the length (L)
and the flow velocity (U0) is 8.93 � 105. The front face of the
computational domain is set as velocity inlet boundaryand the
rear face is set as pressure outlet boundary. The surface of the
Ahmed body and the lower surface of the computational domain
are set as wall functions and no-slip boundaries, and the remain-
ing surfaces of the computational domain are set as slip bound-
aries. The surface of the Ahmed body is meshed by triangular
and quadrilateral elements, and the meshing of the computa-
tional domain is mainly tetrahedrons. Six boundary-layer meshes
with a ratio of 1:1.2 are set near the wall, and the thickness of
the first boundary layer is 0.2 mm. Mesh control entities are
added behind the Ahmed body to more accurately analyze the
wake and will be removed after the complete meshing. The total
number of the computational meshes of the CFD model is
1072763.

Since the CFD analysis requires fine meshing and the acoustic
meshing has no significant effect on the results of acoustic analysis,
then the CFD and acoustic models are solved with the different
meshes. By solving the CFD model, the turbulent variables such
as pressure P0, velocity U0 and dynamic viscosity l0 could be
obtained. Then, the flow field variables P0, U0 and l0 are mapped
respectively to the corresponding variables Paco, Uaco, and lac0 in
the acoustic field by solving the weak form of the partial differen-
tial equations [32]. Finally, the mapped variables Paco, Uaco, and lac0

are input into the acoustic model to solve the acoustic problem,
the upper surface. (b) Comparison of the acoustic performance of HR and LPNHR at
m/s. The arrows indicate the direction of the fluid flow and the color represents the

neck of HR and LPNHR with a flow velocity of 50 m/s.
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thus the coupling of the flow field and the sound field is realized.
The flow-acoustic coupling modeling has been fully verified in pre-
vious works [32,34], which can realize the accurate prediction and
analysis of aerodynamic noise. Acoustics is solved by the Naiver-
Stokes equations, the background plane sound wave is introduced
downstream of the system (along the y axis) with average flow
velocity of U0 = 50 m/s and added as a background acoustic field
feature to a smaller orange region as shown in Fig. 3(a), and the
background acoustic pressure Pb, wave number k0, background
velocity Ub and background temperature Tb are respectively
defined as Pb ¼ P0 � e�ik0y, P0 ¼ 1 Pa, k0 ¼ x

cxþU0
, Ub ¼ � 1

ixqx
� @Pb

@y

and Tb ¼ aPT0
qxCp

Pb [32].

3.2. Low-frequency aerodynamic acoustic pressure suppression
mechanism

Compared with the acoustic performance of LPNHR and HR in
Fig. 2 and Fig. 3(b), the impedance peak of HR increases from
0.111 to 2 and the frequency of the peak shifts from 890 Hz to a
higher frequency of 910 Hz as U0 increases from 0 m/s to 50 m/s,
and the impedance peak of LPNHR increases from 0.141 to 0.663
and the frequeny of the peak shifts from 1110 Hz to a lower fre-
quency of 1100 Hz as U0 increases from 0 m/s to 50 m/s. Little
change in acoustic pressure and significant decrease in normal
acoustic velocity of HR at the impedance peak are the direct cause
of the rapid increase in impedance when U0 increases from 0m/s to
50 m/s. The acoustic velocity corresponding to the impedance peak
of LPNHR with U0 of 50 m/s is significantly larger than that of HR,
which explains well that the peak impedance of LPNHR at the same
speed is much smaller than HR as the acoustic pressure is not
much different.

Fig. 3(c) shows the flow field characteristics in and around HR
and LPNHR within a cell period when U0 is 0 m/s and 50 m/s, the
color describes the magnitude of the flow velocity and the arrows
show the direction of the fluid flow. Fig. 3(d) shows the distribu-
tion of the pressure inside HR and LPNHR under the main flow of
U0 = 50 m/s, and both the maximum and minimum pressures
appear on the HR and LPNHR interfaces. When U0 is 0 m/s, the
external main-flow field is largely affected by the fluid flow inside
the neck of HR and a large amount of external fluid flows toward
the inlet of the neck, so that the effective length of the neck is
greater than its geometric length [35,36]. In this case, the occur-
rence of resonance inside the HR neck reaches the largest energy
dissipation, the acoustic velocity at the neck interface is much
greater than the acoustic pressure (as shown in Fig. 2) and the
impedance is close to zero. However, when U0 is 50 m/s, a maxi-
mum pressure difference of 125 Pa generated at the HR interface
produces a counterclockwise shear force, thus forming counter-
clockwise vortexes inside the HR neck and causing a slip velocity
at the neck interface consistent with the direction of the main flow.
The interaction between the neck and the main flow is obviously
weakened, resulting in significantly decreased normal acoustic
velocity at the HR interface and much increased impedance in
Fig. 3(b) compared to Fig. 2. The weakening of the external fluid
flow into the neck causes the decrease of effective length of the
HR neck and thereby the decrease of the acoustic mass, which is
the main reason that the impedance peak of HR moves to higher
frequencies with the increasing main flow and consistent with
the previous researches by Selamet and Anderson et al. on the
sound attenuation of HR influenced by the fluid flow [21,37]. When
the main flow with same velocity flows through the LPNHR inter-
face, a larger pressure difference of 156.6 Pa generates at the inter-
face of any one hole 11 and stronger multi-vortexes are formed
inside the LPNHR neck. On the one hand, greater multi-vortex
areas with larger absorption area ratio significantly increase the
5

average flow velocity at the LPNHR interface according to the the-
ory of the central vortex that the flow velocities of the vortex lines
are proportional to the distance from the center point [38], then
the acoustic impedance decreases. On the other hand, stronger
multi-vortexes weaken the influence of the main flow on the fluid
flow inside the neck, while the flow from the external flow field
into the LPNHR neck is enhanced under the action of the strong
vortexes. The impedance decreases further and the effective length
of the neck and acoustic mass increase, the shift of impedance peak
to higher frequency due to the decreased acoustic mass affected by
the increased main-flow velocity is suppressed and turned to lower
frequency. When the impedance is equal to zero, the amplitude of
the incident and scattered acoustic pressure at the LPNHR interface
are equal and the phase of them are opposite, the total acoustic
pressure could be effectively suppressed so as to control the exci-
tation of the dipole source aerodynamic noise caused by the pres-
sure fluctuation in the flow field. It can be concluded that LPNHR
could reduce the impact of the increasing flow on the acoustic
impedance and resist the sound attenuation from shifting to higher
frequency, which is the physical mechanism of LPNHR to realize
near-zero suppression of low-frequency aerodynamic acoustic
pressure.

3.3. Effects of parameters and main-flow velocities on the acoustic
pressure suppression

3.3.1. Parameters of neck with different main-flow velocities
In Fig. 4(a) and (b), the effects of the number and diameter of

hole11 with different main-flow velocities on the acoustic perfor-
mance of LPNHR are investigated in details. When U0 is 0 m/s, it
can be found that the magnitude of the impedance peak decreases
from 0.15 to 0.141 when the number n11 of hole11 increases from 1
to 5 and from 0.21 to 0.141 as the diameter d11 of hole11 increases
from 0.5 mm to 1.2 mm, and the frequency of the impedance peak
shifts from 985 Hz to 1110 Hz when n11 increases from 1 to 5 and
from 953 Hz to 1110 Hz when d11 increases from 0.5 mm to
1.2 mm. The decrease of impedance Z1 can be deduced from equa-
tions (1) � (4), and the shift of the impedance peak to the higher
frequencies is mainly due to the decrease of the acoustic mass
mn11 as n11 and d11 increase according to the resonance frequency
of LPNHR. In addition, the increase of n11 and d11 also lead to the
decreased acoustic resistance rn11 and the decrease of rn11 is smal-
ler than that of mn11 based on the equations (7) � (11), thus the
bandwidth Df1 at the impedance of 0.5 increases by 21.1 % from
131 Hz of n11 = 1 to 166 Hz of n11 = 5 and by 27.1 % from 121 Hz
of d11 = 0.5 mm to 166 Hz of d11 = 1.2 mm. When U0 increases from
0 m/s to 90 m/s, the impedance peak increases by 2.203 from 0.15
to 2.353 with n11 = 1 and d11 = 1.2 mm, and by 0.667 from 0.141 to
0.808 with n11 = 5 and d11 = 1.2 mm, and by 2.591 from 0.209 to 2.8
with n11 = 5 and d11 = 0.5 mm. The peak frequency of LPNHR shifts
by 11 Hz from 985 Hz to 974 Hz with n11 = 1 and d11 = 1.2 mm, and
by 21 Hz from 1110 Hz to 1089 Hz with n11 = 5 and d11 = 1.2 mm,
and by 3 Hz from 953 Hz to 950 Hz with n11 = 5 and d11 = 0.5 mm.
The influence of the number n1 and diameter d1 of hole1 on the
acoustic performance of LPNHR at different speeds in Fig. 4(c) is
similar to that of hole11 in Fig. 4(a) and (b). In general, increasing
the diameter and number of hole1 and hole11 could significantly
increase the bandwidth and decrease the increment and frequency
shift of the impedance peak caused by increasing main-flow veloc-
ities, but weaken the low-frequency control to a certain extent,
which is more conducive to achieve near-zero suppression of aero-
dynamic acoustic pressure with higher main-flow velocity.

Fig. 4(d) shows the effects of the length of hole1 and hole11 on
the acoustic performance of LPNHR with different main-flow
velocities. When U0 is 0 m/s, with the increase of h1 + h11 from
5 mm to 18 mm, the impedance peak shifts from 1410 Hz to



Fig. 4. Effects of the (a) number and (b) diameter of the hole 11, the (c) number and
diameter of the hole 1, and the (d) total length of the hole 1 and hole11, and the (e)
side length and height of the cavity1 on the acoustic performance of LPNHR with
different main-flow velocities. (f) Simulated non-dimensional acoustic resistance
and reactance of LPNHR varying with absorption area ratio and main-flow velocity
at a frequency of 1100 Hz. u1 ¼ n11pd11

2
=4S1 represents the absorption area ratio,

where S1 is the incident surface area.
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860 Hz, and the bandwidth Df1 at the impedance of 0.5 decreases
by 59 % from 249 Hz to 102 Hz and the magnitude of the impe-
dance peak decreases from 0.156 to 0.114. The increased h1 + h11
also causes the acoustic massm1 to increase according to equations
(9)� (11), resulting in the shift of the impedance peak to lower fre-
quencies with unchanged cavity parameters, then the decreased
acoustic resistance and increased acoustic mass make the band-
width narrower. When U0 increases from 0 m/s to 90 m/s, the
impedance peak increases by 0.676 from 0.156 to 0.832 with
h1 + h11 = 5 mm and by 0.669 from 0.141 to 0.81 with
h1 + h11 = 9 mm, and by 0.604 from 0.114 to 0.718 with
h1 + h11 = 18 mm. The impedance peak shifts to lower frequency
by 41 Hz from 1410 Hz to 1369 Hz as h1 + h11 = 5 mm, and by
21 Hz from 1110 Hz to 1089 Hz as h1 + h11 = 9 mm, and by 3 Hz
from 860 Hz to 857 Hz as h1 + h11 = 18 mm. Increasing the length
of the hole could decrease the magnitude and frequency of the
impedance peak as well as the increment and frequency shift
caused by increasing main-flow velocity, thus achieving lower-
frequency aerodynamic acoustic pressure suppression at higher
speed, but is not conducive to broadband control.

3.3.2. Cavity parameters and main-flow velocities
Based on the above analysis of the neck parameters, the influ-

ences of the height H1 and side length 2a1 of the cavity with differ-
ent main-flow velocities on the acoustic performance of LPNHR are
investigated in Fig. 4(e), and 2a1 = 21 mm, 2b1 = 1.5 mm,
l1 = 21.5 mm, w1 = 2 mm, n1 = 5, n11 = 14, d1 = d11 = 1.4 mm,
h1 = h11 = 10 mm. When U0 is 0 m/s, the frequency of the impe-
dance peak shifts from 1778 Hz to 1309 Hz as 2a1 increases from
10.5 mm to 21 mm and from 1309 Hz to 793 Hz as H1 increases
from 20 mm to 50 mm. The magnitude of the impedance peak
decreases from 0.053 to 0.05 as 2a1 increases from 10.5 mm to
21 mm, and from 0.05 to 0.041 as H1 increases from 20 mm to
50 mm. The bandwidth Df1 at the impedance of 0.5 decreases by
5.5 % from 271 Hz to 256 Hz as 2a1 increases from 10.5 mm to
21 mm and decreases by 16.0 % from 256 Hz to 215 Hz as H1
6

increases from 20mm to 50 mm. The shifts of the impedance peaks
to lower frequencies are mainly due to the decreased equivalent
stiffness of the cavity caused by the increases of 2a1 and H1 and
the decreases of impedance peaks can be deduced from equations
(1) � (4), and the reduced acoustic resistance and weak effect of
the cavity parameters on the acoustic mass make the bandwidth
narrower with increased 2a1 and H1. When U0 increases from
0 m/s to 90 m/s, the magnitude of the impedance peak increases
by 0.5 from 0.053 to 0.553 as 2a1 and H1 are 10.5 mm and
20 mm, and by 0.514 from 0.05 to 0.564 as 2a1 and H1 are
21 mm and 20 mm, and by 0.49 from 0.041 to 0.533 as 2a1 and
H1 are 21 mm and 50 mm. The impedance peak shifts by 12 Hz
from 1778 Hz to 1766 Hz as 2a1 and H1 are 10.5 mm and
20 mm, and by 9 Hz from 1309 Hz to 1300 Hz as 2a1 and H1 are
21 mm and 20 mm, and by 7 Hz from 800 Hz to 793 Hz as 2a1
and H1 are 21 mm and 50 mm. In general, with optimized neck
parameters, the increment and frequency shift of impedance
caused by increased main-flow velocity is less affected by the
change of cavity parameters, increasing the side length and height
of the cavity is mainly beneficial to the low-frequency control and
could slightly decrease the impedance peak, thus achieving lower-
frequency aerodynamic acoustic pressure suppression at higher
speed.
3.3.3. Absorption area ratio and main-flow velocities
In Fig. 4 (f), the absolute magnitudes of both r1 and x1 at a fre-

quency of f1 = 1100 Hz increase to varying degrees as U0 increases
from 0 m/s to 90 m/s, which proves that the simulation model in
this study could well describe the attenuation effect of the interac-
tion between the acoustic field and turbulence. The values of |r1|
and |x1| with the same main-flow velocity gradually increase as
the absorption area ratio u1 decreases from 0.397 to 0.099. More-
over, the greater the absorption area ratio is, the lower the growth
rate of |r1| and |x1| with increasing main-flow velocities is, that is,
the better the inhibition of the weakening effect on the sound field
control of LPNHR caused by increasing main-flow velocity is. The
higher the main-flow velocity, more conducive it is for the LPNHR
with larger absorption area ratio to achieve the near-zero
suppression of the aerodynamic acoustic pressure. In total, by ana-
lyzing the effects of key parameters on the acoustic performance of
LPNHR with different main-flow velocities and coordinating the
close relationship between them, a low-frequency broadband
LPNHR metasurface with near-zero suppression of aerodynamic
acoustic pressure could be finally realized based on the multi-cell
coupling.
4. Low-frequency broadband aerodynamic noise reduction and
experimental verification

To realize the low-frequency broadband suppression of the
aerodynamic noise on the 1/4-scale Ahmed body at a speed of
50 m/s, a multi-cell coupled LPNHR metasurface is constructed as
shown in Fig. 5(a). Which consists of six parallel LPNHR cells with
near-zero impedance at frequencies of 750 Hz (No. 1), 1100 Hz (No.
2), 1550 Hz (No. 3), 2300 Hz (No. 4), 2750 Hz (No. 5) and 3750 Hz
(No. 6) at a speed of 50 m/s respectively, and each color corre-
sponds to the same cell. Taking into account the influence of the
main-flow velocities and key parameters on the acoustic perfor-
mance of LPNHR and the limits of the processing accuracy of the
sample, the detailed size parameters of a LPNHR basic unit are
designed as shown in Table 1. Fig. 5(b) compares the mean acoustic
pressure on the Ahmed upper surface when it is smooth and with
LPNHR metasurface at a speed of 50 m/s within the range of
25 Hz � 6000 Hz. A continuous and ultra-broadband suppression
of the aerodynamic acoustic pressure in a range of



Fig. 5. (a) Schematic of the LPNHR basic unit composed of six parallel cells. (b)
Comparison of the mean acoustic pressure on the Ahmed surface with smooth and
LPNHR boundary at a speed of 50 m/s. The cloud diagram of acoustic pressure
suppression at different designed frequencies of (c) 750 Hz, (d) 1100 Hz, (e)
1550 Hz, (f) 2300 Hz, (g) 2750 Hz and (h) 3750 Hz in the presence of the incident
fluid flow with a velocity of 50 m/s.

Fig. 6. (a) Installation of the 1/4-scale Ahmed sample in the wind tunnel. (b) The 1/
4-scale Ahmed sample with LPNHR metasurface on the upper surface and
arrangements of the measuring positions and microphones. Comparison of the
simulated and tested values of the A-weighted one-third octave sound pressure
level at (c) P11, P12 and P13, and (d) P31, P32 and P33 on the 1/4-scale Ahmed surface
when it is smooth and with LPNHR metasurface at a speed of 50 m/s.
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550 Hz � 4150 Hz is realized by only six parallel LPNHR cells at a
speed of 50 m/s compared with the smooth boundary. The weak-
ening effect on the sound attenuation of the LPNHR metasurface
by the flow field and the limitation of sample processing accuracy
on the optimal design of the absorption area ratio make the aero-
dynamic acoustic pressure unable to be suppressed to zero. Ideally,
when the absorption area ratio is large enough and the acoustic
impedance is equal to zero, then the aerodynamic noise could be
completely controlled. Fig. 5(c)-(h) show the cloud diagram of
the acoustic pressure suppression at different frequencies of
750 Hz, 1100 Hz, 1550 Hz, 2300 Hz, 2750 Hz and 3750 Hz with a
main-flow velocity of 50 m/s, respectively. Strong resonance occurs
inside the corresponding cavities at the designed frequencies and
the acoustic pressure at the LPNHR interface is suppressed nearly
zero, which is in fully agreement with the theoretical analysis that
the near-zero-impedance LPNHR metasurface could force the
acoustic pressure at the wall approach zero, thereby suppressing
the excitation of the dipole aerodynamic noise caused by flow-
induced fluctuating pressure.

To verify the reliability of the above analysis results, 1/4-scale
Ahmed samples corresponding to the simulation models are pro-
Table 1
Detailed parameters of the LPNHR cells (unit: mm).

Unit 2ai 2bi li wi ni di

1 21 1.5 21.5 2 1 0.9
2 21 1.5 21.5 2 2 0.9
3 21 1.5 21.5 2 4 1
4 21 1.5 21.5 2 6 1.2
5 21 1.5 21.5 2 8 1.3
6 21 1.5 21.5 2 11 1.3
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duced and wind tunnel test is carried out in the ducted silencer
testing system at the Qingdao Branch, Institute of Acoustics, Chi-
nese Academy of Sciences. The length of the conventional test sec-
tion of this testing system is 6.9 m, and the closed loop control of
the wind velocity can be realized and the designed maximum
velocity can reach 60 m/s, and the average flow velocity at the test
section is stabilized at 50 m/s consistent with the simulation con-
ditions during the test. To reduce the influence of Ahmed body on
the upper boundary and both sides of the test section, a 5 mm thick
square-section duct is processed in the middle of the test section
with the length, width and height of 2.9 m, 0.9 m and 0.9 m, which
is 5 times greater than the width of the Ahmed body. The blockage
ratio of the test is close to 1 % and can be ignored, and the turbu-
lence intensity of the incoming flow is no more than 0.5 % and the
axial static pressure gradient of the test section is less than
0.005 Pa/m. Fig. 6(a) shows the installation position of the Ahmed
model in the wind tunnel, an 8L long and 20 mm thick grounding
plate extending between the two side walls in the width direction
is installed 100 mm above the bottom wall of the wind tunnel to
simulate the influence of the ground shear layer, which is also
designed with a rounded leading edge to prevent flow separation.
In Fig. 6(b), a 1/4-scale Ahmed sample with smooth surface and
another with LPNHR metasurface composed of 3�3 basic unit
arrays on the upper surface are made of photosensitive resin mate-
rial through additive manufacturing and fixed on the surface of the
grounding plate along the longitudinal centerline during the test.
The length, width and height of the 1/4-scale Ahmed model is L,
hi Hi Hii nii dii hii

4 17.5 0.5 14 0.9 4
3 16 0.5 14 0.9 3
2 21.2 0.5 14 1 2
2 15 0.5 14 1 2
2 14.6 0.5 14 1.1 2
1 13.9 0.5 14 1.3 1
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W and H, and the front face of the Ahmed sample is 2L from the
front ends of the grounding plate, and the clearance between the
bottom surface of the Ahmed body and the grounding plate is
12.5 mm. The acoustic pressure at six measuring points P11, P12,
P13 and P31, P32, P33 are measured sequentially and three repetitive
tests for each point are carried out to avoid random errors in data
collection. Siemens SCM202 multi-channel data acquisition instru-
ment and the GRAS 1/4-inch microphone and amplifier are used
during the test. A nose cone made by imitation of Danish B&K is
installed on the microphone to reduce the self-noise tones, and
the basic characteristics of this imitated nose cone are verified to
be comparable to B&K nose cone through performance test [39].
Fig. 6(c) and (d) show the A-weighted one-third octave sound pres-
sure level on the Ahmed body surface through simulation and wind
tunnel tests at a speed of 50 m/s. The tested sound energy on the
Ahmed upper surface is mainly low-mid frequency in a large
broadband, and the noise levels within 100 Hz - 6000 Hz are basi-
cally above 100 dB (A) and decrease rapidly when the frequency
exceeds 6000 Hz. The tested results below 800 Hz are greater than
the simulated values, the larger tested value is mainly due to the
low-frequency noise sources resulted from the structural vibration
of the air duct and the grounding plate, and the errors between the
simulation and test gradually decrease since the reduced
low-frequency noise source as the frequency increases, which also
confirms the process that the influence of low-frequency structural
vibrations is gradually weakened with the increasing frequency.
When the frequency exceeds 800 Hz, the simulation gradully
becomes larger than the test value. This can be attributed to the
fact that the ground is set as a solid wall in the simulation so that
the received noise can be fully reflected without attenuation, while
the floor absorbs a large amount of noise in the test. Despite the
differences between the simulation and testing, the average error
between the two curves is less than 3 % over the whole frequency
range and the trend of the tested aerodynamic noise is basically
consistent with the simulation results. Most importantly, both
the simulation and test achieve effective control of aerodynamic
noise in the designed frequency range at a speed of 50 m/s. Finally,
average reductions of sound pressure levels by 2.75 dB (A) and
3.71 dB (A) at P11 � P13 and P31 � P33 on the LPNHR boundary in
the range of 550 Hz - 4150 Hz are measured compared with the
smooth boundary, which well verifies the reliability of the flow-
acoustic coupling simulation and wind tunnel test in this study
and the effectiveness of LPNHR metasurface design for low-
frequency broadband aerodynamic noise reduction.
5. Conclusions

The near-zero aerodynamic acoustic pressure suppression
mechanism of an ultra-thin low-frequency and broadband LPNHR
metasurface with a basic unit composed of six parallel cells is pre-
sented, and an average sound pressure level reduction of 3.71 dB
(A) in the range of 550 Hz - 4150 Hz on the 1/4-scale Ahmed sur-
face at a speed of 50 m/s is experimentally verified based on the
larger bandwidth of LPNHR, near-zero suppression of low-
frequency aerodynamic acoustic pressure and coupling multi-
cavity resonance. This mechanism can be implemented through
changing the single neck of HR into a lotus-pods multi-layer-hole
neck and keeping the number and equivalent diameter of holes
in the upper layer greater than that in lower layer, so that the
bandwidth of LPNHR is wider than that of HR due to the decreased
acoustic mass. Under incident fluid flow, the near-zero suppression
of low-frequency aerodynamic pressure with LPNHR can be mainly
attributed to the formation of the greater counterclockwise pres-
sure difference in each hole generating stronger multi-vortexes
and larger multi-vortex areas, which result in the increased aver-
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age flow velocity at the neck interface and then the decreased
impedance. Moreover, the stronger multi-vortexes enhance the
flow from the external flow field into the LPNHR neck, causing fur-
ther reduction of the impedance and increase in effective length of
the neck and acoustic mass, the shift of the sound attenuation to
higher frequencies affected by fluid flow is suppressed and turned
to lower frequencies. When the impedance approaches zero, the
incident and scattered acoustic pressure match in phase and the
acoustic pressure fluctuation at the wall will be fundamentally
suppressed, which is the physical mechanism of LPNHR to achieve
near-zero suppression of low-frequency aerodynamic acoustic
pressure. Furthermore, by adjusting the neck parameters, cavity
parameters and absorption area ratio, the near-zero suppression
of lower-frequency and larger-bandwidth aerodynamic acoustic
pressure at higher speed could be achieved. This study sheds light
on the effectively control of the low-frequency aerodynamic noise
with acoustic metamaterials, showing great potential in engineer-
ing applications.
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