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Abstract: In order to effectively suppress the acoustic radiation of broadband noise, the paper designed a
cascade acoustic structure of porous material and Helmholtz resonance acoustic structure. The acoustic wave
passes through the porous material and then enters the low-frequency broadband acoustic absorbing metamate-
rial structures (SHRs), which will reduce the acoustic absorption effect of the structure. Then the corresponding
positions of the porous materials and the sound-absorbing holes of SHRs are perforated, which can enhance
the low-frequency sound-absorbing ability of the SHRs structure without affecting the high-frequency sound-
absorbing effect of the porous materials. Firstly, the sound absorption mechanism of SHR structure and the
influence of key parameters on the sound absorption performance were studied through theoretical analysis,
COMSOL numerical simulation and experimental test. The simulation and experimental results of the de-
signed low-frequency broadband sound absorption structure (thickness 60 mm) show that the sound absorption
value is greater than 0.9 in the frequency band of 120-160 Hz. Then the sound absorption structure of porous
material composite (thickness 260 mm) is designed, and the average sound absorption coefficient is 0.97 in the
frequency band of 100-10000 Hz, which provides a new solution for industrial noise reduction field.

Keywords: Spiral intubation; Porous material; Composite structure; Broadband absorption

2023-07-31 Y fr; 2023-10-14 E R
VEHZ R TRAREE (1991 ), B, WEGARMN N, Bk, BFF 5 : Tokiikl.
Ti#8{Z/F#E E-mail: 004586Qzzuit.edu.cn



$43% el

SRS R AMORIIR AR TE R S R RERT 7T 1237

0 3l

il

Wk 5 Y5 e TR AR ANTE o AR, Tl M 7 7 5
I RIX R R AR, a5 NS,
e 75 0, 15 PR PR AU 75 I U, 5 Rk, (LR AT 7
3% 770, ARMEREAT P AL B R e v AR (1
WS, B AL AR T X 22 LR % (Helmholtz
resonator, HR)\1/4 BB IRAS iz FLAR L BB 4
S P S A, 2 BT I 7 VS HR AR Ak 1) B 8 e
PORE B B e 7 O RE A 30, T 2 2 e FLAR R
W 7 45 44, Ruiz 25 -6 I 2 B s LIRS 2 2
[i] %) B B 5 S I ARG 75 o 0T Ve AR 7 2 A
e, Mei %5 17 38 508 B 485 by 5 2 s 2 ) FA) 7o AR A B
S HRAT R B 0 7 0 R o Yang %5 (8] AR
/AWK E I, Bt T A& K ERE 40, £
ANTE A P SEBT R SE SR . X HR &5
1), Stinson %5 O~ 3 75 ik 75 AN 7] 1% I i o 453 4R B
1] (K1 283047 R GE R o0 AT, S I X 22 AN A [ 45 g 2 78
(1) L0 ook A R 4%, B 2 S BIL T B AU 1) v T A
Bi £ (121 38 3o 2 18] K1) 43 R s 43 4 SR 398 i gl N5 7Y
2R 25 LG s IR IR P g, 7E 400~800 Hz Ay
PP A R BOA R T 0.8, 45 MR FE N 40 mm. Qu
S WSHRH T —Floir KSR & X I 25 R
B8, A AT i T AR v AR 0 194 5 5 75 U8, i I
filiE 7 HA Z ARG RS 0 55 R SR T, AR
700~1100 Hz A7 N 140 dB 2514 T “F 2 Il R 5L
KT 0.91 (a > 0.97 at 100 dB). Zhang 2% 1437 1
Tl EL A R R RN ST R 7S A4 T 0 5 I R AR A
SRy B AR AT 7 PRI 45 R, T I 1R R S 1 A A
o 5 R 1 55 290 11 e B FE AR, (15 45 M I R 75 I
BT FLUG A AT A RS 5 o

AR SRR P BTt 7R U 253
PR (Spiral Helmholtz resonance, SHR), 3K FH 12 i
()2 A2 TH 6 N E A RL 3 R AR K BE, AT A
FLR M VAR AT [ (IR S, T 038 18 1) - B2 A AL
FR N A2 AT DIOR AR R AT 1, f el i 9 AN LR I
KA A5 T SHRs, JFilid COMSOL {i AN
PUE M BRAE W 1 45 R 7R AR AR X S B AT R4 i IR
ROR . R RS 2 fUARL, B SE1E
100~10000 Hz £ A ) P20 75 R H0A 3 0.97

1 REREDH

BT O IR SR B, P I L IR AL
BEANZE NI 2R S G LU UL R, 7
SEIRBN, 75 AL 2 IR - 5 A B JRE 7 AR R A
RN, P RERE AL N IR BERE R . S NI A BOA B3
PRI, 25 fl 4 0 P T A AR A 2 51 2 R |
TRG K93 P B /N LAC IR B A 5= P i
Mo BRI, NSRBI G5 44 2R i 175 RE AR KRR L B
2 R BTV A (2181, i e s i B A7) 5 R A 4 v o
TR FRD AR P 50 AT R IR i A 5 JEE A D AR
GRS T LS B8 A OR

1% Gt 00 22 U 28 s A G5 K X T v A B A e
FA R B MSCRICR S AEX TR AU 75 1 R A 8OR
B s DR L R I s s 1) 25 B B 1 T A
B Ak 3 ORI Y S P ARG 7 R RE T K
JEEAR AR KRR PE RGN EE R 1) o5 P 2 1 A5 A R 2R
TP R PERI L, PRI I8 I 3 35 4l N IR A
PR R BE T DA T IR s B AR R SRR AR o $ N
FEAT PR 22 () BE I d 22 HRE BIA ARSI HR , R AT IR
Jig 2 N T DU RAER THE B KB, AT T+
RS 2R . SHR &5 H B s i 1R .

hi

(a) ML

(b) EME

(c) B

K1 SHR 4fHI0R A
Fig. 1 Schematic diagram of SHR structural unit



1238 /i ﬂ}%'?

2024 £ 11 A

SHR W 75 25 14 1R W 75 R 30 oo 2 eH S B BT Z o
sz 191,
Zs—1)?
m 9 (1)
X (1), Z, Jy SHR R M FE BH BT FE0SG I R R
B, WA E I Z, N

a=1-—

Zn =jwpol{.ﬂ [1 —X
Jwqo

SQOOUO zjw
1+ () = oo (4
+X¢+(3AU)UO vall @

o (2) BB, w NAIR, w = 21 f, f N
PR, pg NE[EE, po = 1.29 kg/m?, [ A3
AL v AR vo = po/ pos po NS
N, o = 1.81 x 1075 Pa-s, A NEVEASIE K,
A = \/[Bl00m0 [0 oo = LAESHIE, y = 1 A28
B o NESTEE, 0 = 32u0/d?, g0 NEEBIE
1B, qo = 32u0 /0, TRHENE R RHE LT Z), 3
B IETHA

4v/2p10y
d

3 (3) 1 y AR 5 FVEL TS L A
TRWEE, y = dv/pow/4pe, LLEAEd = 2, HHIN
BN ERRF IR DT Z.

ZC = —jZO cot (k‘o(slh) y (4)

Horb, Zo A SWRHE RS, Zo = pocos po 5 co 57
AT TEE S M, ko N UEE h A IEAR N
BEIREE ko = w/cor 01 = (Ve = Vo) Ve, Vo N
FEARFR 73 2 AR AR, Ve gl NS By B S AR,
Ve =5c(L—2t1), Ve = Se (le — t1), t1 NIEIKRESE,
le J9Hdi N B B S K BE , B IR 24 308 Jls R 1
AT

Zl =Zn+

+ 0.85djwpo, (3)

Zs = 62 (Z;z/qs"’_zc) /Z07 (5)

o, 6o N7 R Jlas A JE BB S5 - 3R 1D 75 PRSI 18
IEREL, 60 = Sa/Ser Sa NN IR, S. N
WER S BN, ¢ NFILE, ¢ = S./Ser Se N
NG, S SHRs SR TH BT Z,

Zy=nd- (i%) , (6)

i=1 "

Horb, n NEERAEL, Z 9 AR R T B

2 SHRZEHmEMEERFR

2.1 SHR BuiEssimE R o4

SHR M TS5 M EESHABNE N A2 r I6
NEHMEAR Ry FNE 5 B hy BT A R s
MR TE e N ERE RS 9 50 mm x 33 mm x
33 mm, THREE N 1.5 mm, JERKEE N 1.5 mm,
BE Y 48 BE R 18 1.2 mm. K A COMSOL 1)
JE ) 78 SRR AT A o B, N S R U S Rk
I BT SHR MRS, NG T 3% 8 N [ % b
FL, N1 Pa, B S0EORE IR s 02 K58
A A RBEEEPLIA R, s ZRBCRBEARN
Ab =1 — (Wout /Win ) » Wour FHHT 7 HZH, win, WA
SAEIIR,

NG AR 2 AR ST RS, BN T
TRAIFAANE MIRAKER K, &% R NEEME
12 mm. fEWIREAR R IANE SRR —
IO 5 4N B 5 Tt 2 MR 8 I 38 o P i 4
Eony MERREIEMIEE. K 2(a) METEEANE

260 1 1 a10

240 F
220 F 0.9
200 8?

= 180 | )

f? 160 | 0

T 0 b 0.4

0.3
120 H 0.2
100 H 0.1
80 I r T i v v 0
05 06 07 08 09 1.0
WEELRAL ny
(a) HNTREEAE M (ny = 0.5 )
260 F
240 |
220 |
200 |

= 180}

5 160

K w0l
120 |
100 |

80 L
2.0 2.5 3.0 3.5 4.0

HNEFNPFE ry/mm
(b) TN PRI (1 = 2 mm)

2 SHR a5 RN R b
Fig. 2 Analysis of influencing factors of SHR unit

structure



H43% e

SRS R AMORIIR AR TE R S R RERT 7T 1239

R N A BE X R 75 1 B (52, B 2(b) Al N2
A3 %o W P P R RIS

M 2 7T UE s BEE T3 2, 3N IRE
{1t B 38 T, R R R AT [ (AU S B, W
M7 e AR AR, (H LR AT R A o 7 1) W 7 (R 28, A
FH 178 Hz WA H) 140 Hz. £ ny = 0.5, JLiREIE
{EATZE N 178 Hz, BT 5 fE & 32 B4R TR 7R IR s 1A
PR Bl 8 N PN ARy BN, W 7 AT 1] e
RS 5, $R 114 Hz fmFs 2 238 Hz, W H#5 58
TR K, AE LR AR AR XTI (1 R 7 WP AT %
fEry = 20), FARIEEANZ N 114 Hz, S GE =
F B PR S PR I AR
2.2 SHRsKMBE G AN

MR 5 1 i P 56 R P AR 0 S i A,
TH T SHRs B F1) (1948 450 55 71 W 75 A4 R 25 7,
K 3(a) ATz, MORHEJEFE 60 mm. %454 9 il
PR R, S5 A0SR, B VE IR 104 N R FE A
—, FLYRITR AN, 388 3ok B A1) 2 A B T AT 7 45 o
SHRs & A3 58 i W 75 485 4 75 Bt 4 161 3(b) Fros, 78
120 ~ 160 Hz 5123 [ 4 i 75 BEEE T 1. S P
T OB, HEEPLS S HEPOHILE, R4k 43t
I, WL RV 7 B ) B i

N TR B g R TR R 0 U R AR, R
FH BELAE A 2 AR ) NSRS R 4, IR AR v S

(b) TR
B4 SHRs MRFE G A S200 0 B 45 SRxT b h 28

Fig. 4 Comparison curve between SHRs test sample and experimental simulation results

% (P 2B BT rh IR RS A ORI A BE Bt 0 = 5 2
o AR R B (GB/T 18696.2-2002) R4 K
K 3D AT EPH AR HIAE , R AR A1 4 100 mm 1)
Ji BB - COMSOL A7 5 A A 25 2R 4 & 4

(a) SHRsIRABEH I 4514 7~

— AL

~10 1 I 1
50 100 150 200 250

(b) H—fbRm R FHT

K3 SHRs RS 17 W 45 44 5 B R 18
Fig. 3 SHRs low frequency wideband sound ab-

sorption structure and impedance characteristics

(c) 3DITENFFMIAT: i

1.0
— PiFitH
0.8 —— SEERIA
H 0.6
N
E 0.4t
0.2
phiesn s cown s vwwy cousy
100 150 200 250

(d) sk e i 28 5 05 M He



1240 /é ﬂ}%'?

2024 £ 11 A

fios, LS5 HA R ML A5, £120 ~
160 Hz MBI HIW S R A KT 0.9, SEBE T 40 Hz
7 B ARSI o AT, AT DA S8R A b AT 4
P PR AT 8 7 e 7
2.3 SHRs 5ZILHRIEHESWELEWN

SHRs &5 F4 7EAR AT P9 (TR WAL R 77 sk, 1T 2 FL
AR LA Hp v AT 0 S R USCRCR T2 SHRs
5 2 FUAPRIAH 5 A R T IN BE A (IR S A R
w5 FiR. BT 2L kS SHRs 454 2 [A]1 £ 77
TEBRBTRFL I 8CR BRIk A3 #T 17 AS R 2 FLA R R
Xof Wl e g 2 S, I 6 2 LA R AT AL, A8
15 75 I B 45 5 Jl ok 22 PR HE N R Ml P 3, A
TR TF 546 (R B A 5 P RE . 18 5(a) v SHRs 4544,
K 5(b) NaFLIZ FLI LSS M, Z 5L RIRADN =
a1 5(c) ]y COMSOL A7 EAE R, % T
JZ RPN G X3k, B 5(d) A &I o0 s
SERE W R AL 414722 AN T

ZREHARN JCA BRI ZHNE 1 fis.

™

(a) SHRsW L5

(b) EEALINZFLFTEL () COMSOLfEA  (d) MRS RER

K5 SHRs M2 fLAMRHIRE
Fig. 5 SHRs and its porous material cascade

structure

#z1 =RERBICARER

Table 1 JCA model of melamine cotton

JCA il SRy FVERME AR

A (N-ssm~%) L g KEE/um KB /um

ZREE 6414 0.983 1.05 168.9 201.7

2.3.1 BILERIS KRS

TR ¥F SHRs 45 4 Fl = 5 5% JE FE (200 mm) A
A, W = REIERR AT 77 AL, U7 A5 R 6 s
XS T R & Z fUMRHR S T, B & 451 7E SHRs

W 75 AT PN PO SO R8 SR  SB  T o 4FLAR N O I, I
FE 2 520 SHRs 45 14 IR 1 e, 7E 120~160 Hz
Ay N E R 0.8 LA R . BEH FFFLEL R A8
i, A REGT SHRs 45 84 W 75 (1 5 A st bk /1N , W% i
LA UERFIFEHOMAEL mmi, THEL
FONEAARIIRTE, E 4 mm BN E 8 mm i, N T
120 Hz Sty 3 75 3 R A8 72, KT 120 Hz Sl
W 75 VERE 3G 0 . AR HE P RIS LG B, 7R BH T S
555235895 IR BT RE R I FERL S A6k, AL B 58 5E
AR T LR e R RE RS A6 Pk 2P A, 7S HT
SIS AN B 3 T DR BT 1 AT 0. BH BT ith 26t ] DA
F AR R T 100 Hz J6 IR AT E /R 1AL, At
FEARRELE 0 &b, BRI JE I 254 5 B PLIUC AL, 75
B RE S ARGt E N AR A S5 4 P98, RN e R 4 L
L, NI RETH B AR J LT 288, IEBH 7 SHRs
5 2 AL M R A G5 M

1.0
0 mm
0.8 1.0 ——2 mm
o0.sf ——4 mm
# 0.6 —e—6 mm
;‘NH:( 081 /1 ——8 mm
k>
= 04 s —— %1l
0.2/ brEt
0.2 0 . 2
100 150 200 250
0 . - . —
1020 1025 1030 1035 1040
Wi /Hz
(a) WFLERNE 00
2
1 t\AW
=
B Or '
= f/f“'
-1 — il
— JHit
—9 1 1 1
0 2 4 6 8 10

B /kHz
(b) ZRIRASHEBU G248
K6 i FLELAR oM S 20045 M BEATT 22
Fig. 6 Influence of the diameter of the through

hole and impedance curve of cascade structure

2.3.2 ZFLMRIEERIRNE K SR IIE

TR+F SHRs Z5FI AR 7 L ¥4 (6 mm) A4Z, 24
AR U P A R, W M A B T TR . AN TR
% fLA4 KL SHRs 25 44, & JE88 2Tt 1 120 Hz YA



5543 % 5 6 3]

SRS R AMORIIR AR TE R S R RERT 7T 1241

T A R, [EI 160 Hz DL _F 4 6 B 1 3F
W . o, EFEALPEAE 6 mm. WS AR
200 mm-SHRs %54 B 60 mm . 5L B 260 mm I,
£ 100~10000 Hz St 4 11730 75 24009 0.97, 78
100~200 Hz #itiis NP 250 S R 4009 0.91. X b 45
FIEATFTREINNGR, — SR Uk B SR B R 54 50 mum,
LU Z S, B EE N 200 mm, ff LFHINE
£ 6 mm IEFL, &5 —)Z R 60 mm £ E 1) SHRs
Sht . BB B 26 Y5 LN 64~3000 Hz,
ARRAE 3 kHz LA _E IR 6 B (W S REBEAR N 1, 7
64~3 kHz 5B 4 17 . 5 S 56 ith 2k W) A T R 22 7
0.1 2 8], PR HAIESE T %45 W 3T E I HERf 14

1.0
0.8
® 06 SHRs
W& —— 100 mm
S —e— 150 mm
= 04t —— 200 mm
—— 250 mm
—— 300 mm
0.2 3
0 . .
102:0 1025 1030 1035 1040
(a) ZFUBPRIE R 75 0 52100
1.0
0.8 — ViEs T
o SEBRIIA
B o6 SiLBPF SHRs
" L~y
X 04 /
]
0.2 [
0 — : : :
1020 1025 1030 1035 1040

(b) 58 S HEARA
B7  ZF AR LI R K S5 25 S IE
Fig. 7 Influence of thickness of porous material

and the experimental results verify
3 g

(1) 2T Z IR 2L LR G5 A0 R 75 B BT 1
SHR RN 75 2544y, IFRITTT T 4N E A A8 Rl N8
ST TR IEGS WP A RE AR LA , 8 N IR FEBOR, 4
NE AR AR AT RS o

(2) I LA A RIS A B IR BT T
BoE R R AR, BHLPUE S IR 5 R 5 COMSOL

B REAIE B T 45K 7E 120~160 Hz S (W
39153 0.9 PL k.

(3) AT H I AR, ¥ SHRs 5 =&
JE 5 AR AR 4G G s R 2 FLIPREEAT 28 FLAR TR T I
FEAEXT SHRs 2544 (I BHAS , 24 FL4808 6 mm [ 5 52
P B8 B £ B SR T E 100~10000 Hz Ay
T35 S R 2% 0.97,

2 £ X ®

[1] Olsson J, Linderholt A. Low-frequency impact sound
pressure fields in small rooms within lightweight timber
buildings- suggestions for simplified measurement proce-
dures[J]. Noise Control Engineering Journal, 2018, 66(4):
324-339.

Groby J P, Huang W, Lardeau A, et al. The use of slow
waves to design simple sound absorbing materials[J]. Jour-
nal of Applied Physics, 2015, 117(12): 124903.

Jimenez N, Huang W, Romero-Garcia V, et al. Ultra-thin

2

3

metamaterial for perfect and quasi-omnidirectional sound
absorption[J]. Applied Physics Letters, 2016, 109(12):
121902.

[4] Ruiz H, Cobo P, Jacobsen F. Optimization of multiple-

layer microperforated panels by simulated annealing[J].
Applied Acoustics, 2011, 72(10): 772-776.

BIRSHE, FOOC. HA FEIAN IR B i P 51 B B 5 LA
PRI A REE [J]. R R 2224 (HARBHEERR), 2017, 47(1):
177-183.

Min Hequn, Guo Wencheng.

[5

Absorption characteris-
tics of micro-perforated panel sound absorbers with array
of parallel-arranged sub-cavities with different depths[J].
Journal of Southeast University (Natural Science), 2017,
47(1): 177-183.

HEBE, ST 5 L3RG i 2 T U0 5 i W 75 LB ().
P 223838 K2 4), 2019, 53(12): 80-86.

Liu Chongrui, Wu Jiuhui. Low-frequency broadband

6

absorption mechanism of micro-perforyed lossy metasur-
face[J]. Journal of Xi’an Jiaotong University, 2019, 53(12):
80-86.

[7] Mei J, Ma G, Yang M, et al. Dark acoustic metamateri-

als as super absorbers for low-frequency sound[J]. Nature
Communications, 2012, 3(3): 756.

Yang M, Chen S Y, Fu C X, et al. Optimal sound-
absorbing structures[J]. Materials Horizons, 2017, 4(4):
673-680.

Stinson M R, Champoux Y. Propagation of sound and

8

9

the assignment of shape factors in model porous materi-
als having simple pore geometries[J]. The Journal of the
Acoustical Society of America, 1992, 91(2): 685—695.

[10] Farzad T, Majid A, Negin S, et al. Low-frequency meta-
material absorber using space-filling curve[J]. Journal of
Electronic Materials, 2019, 48(10): 6451-6459.



1242

PR 1

2024 £ 11 A

(11]

(12]

(13]

(14]

(15]

Zhou Z, Huang S, Li D, et al. Broadband impedance mod-
ulation via non-local acoustic metamaterials[J]. National
Science Review, 2022, 9(8): 171.

Bi S, Wang E, Shen X, et al. Enhancement of sound ab-
sorption performance of Helmholtz resonators by space di-
vision and chamber grouping[J]. Applied Acoustics, 2023,
207: 109352.

Qu R, Guo J, Fang Y, et al.

sound absorption by a metasurface with coupled res-

Broadband quasi-perfect

onators at both low-and high-amplitude excitations[J].
Mechanical Systems and Signal Processing, 2023, 204:
110782.

Zhang L, Zhang W, Xin F. Broadband low-frequency
sound absorption of honeycomb sandwich panels with
rough embedded necks[J]. Mechanical Systems and Sig-
nal Processing, 2023, 196: 110311.

Xie S H, Fang X S, Li P Q, et al. Tunable double-band
perfect absorbers via acoustic metasurfaces with nesting
helical tracks[J]. Chinese Physics Letters, 2020, 37(5):
76-80.

[16]

(17]

(18]

(19]

FAREE, BB, RO7 M, 5 BT SLIRAN G i R
525 G5 A AR AR B 7 W A [J). RE A AR, 2020, 65(15):
1420-1427.

Li Dongting, Huang Sibo, Mo Fangshuo, et al. Low-
frequency broadband absorbers based on coupling micro-
perforated panel and space-curling chamber[J]. Chinese
Science Bulletin, 2020, 65(15): 1420-1427.

Shao H B, He J C, Zhu J, et al. Low-frequency sound ab-
sorption of a tunable multilayer composite structure[J].
Journal of Vibration and Control, 2022, 28(17-18):
2279-2287.

Cui HY, Hu Z P, Hu H M. Research on the low-frequency
sound absorption characteristics of coiled Helmholtz cav-
ity acoustic metamaterials[J]. Advances in Mechanical En-
gineering, 2022, 14(8): 1-19.

Mahesh K, Mini R S. Theoretical investigation on the
acoustic performance of Helmholtz resonator integrated
microperforated panel absorber[J]. Applied Acoustics,
2021, 178(1): 108012.



	Abstract
	0引言
	1吸声原理分析
	Fig 1

	2SHR结构吸声性能研究
	2.1 SHR单元结构影响因素分析
	Fig 2

	2.2 SHRs低频宽带吸声结构
	Fig 3
	Fig 4

	2.3 SHRs与多孔材料级联复合吸声结构
	Fig 5
	2.3.1 通孔直径的影响及阻抗特性分析
	Fig 6
	2.3.2 多孔材料厚度的影响及实验验证
	Fig 7


	3结论

