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Optimizing Gradient Structural Resonance Compliant 
Acoustic Liner for Duct-Flow Noise Mitigation 
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This study attempts to optimize the broadband low-frequency noise reduction using compliant 

acoustic liners in flow ducts. The analytical model for a single compliant unit is extended to 

multiple fluid-loaded compliant units acoustic liner mounted along a rigid duct wall in uniform 

duct flow. Each compliant unit is a tensioned elastic panel backed by a rigid cavity, and its 

fluid-loaded structural resonance is obtained by coupling the structural impedance of the panel 

with the acoustic impedance of the backing cavity. In the study, cavity depth and in-plane panel 

tension are treated as independent design variables that govern the location and bandwidth of 

transmission stopbands. A genetic algorithm is then employed to optimize the design variables 

over prescribed intervals, to maximize transmission loss over a target low-frequency band 

under geometric and structural constraints. The optimized liner designs show performance 

improvement in the location and width of the stopband.  Moreover, it also confirms that 

optimized distributions of cavity depth and panel tension can merge multiple narrow resonant 

peaks into a broad low-frequency region of elevated transmission loss. The transmission loss 

(TL) stopband, is effectively broadened from 0.043 ≤	 f ≤ 0.07  in uniform resonance 

distribution configuration to 0.02 ≤	f ≤ 0.07 in the optimized design, thus providing an overall 

85.0% increase in stopband bandwidth. The performance of the optimized design compliant 

liner is subsequently studied using a high-fidelity time-domain perturbation evolution method 

for exploring the underlying aeroacoustic structural interaction. 
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1. Introduction 

 Flow duct systems, such as ventilation and air‐conditioning duct networks, exhaust 

ducts, often transmit significant low-frequency noise to surrounding environments [1–3]. 

Generally, passive liners, based on bulk porous materials or cavity-backed perforated faces, 

reduce sound by viscous dissipation and periodic flow through small pores, but they are most 

effective where particle velocity is high and therefore demand a quarter-wavelength cavity 

depth for good performance. However, for the low-frequency regime, this constraint leads to 

bulky designs that are difficult to integrate, while the rough surfaces of fibrous absorbers 

introduce aerodynamic losses and may be incompatible with applications such as aero-engines, 

where hydrocarbon contamination is a concern. Micro-perforated panel (MPP) liners and 

slow-sound concepts have been proposed to alleviate some of these drawbacks and to push 

effective absorption to lower frequencies, but their performance still degrades in the presence 

of grazing flow, and their stopband bands are governed by fixed geometrical resonances [4,5]. 

In parallel with these passive acoustic liners, there has been a sustained effort to characterize 

and model the propagation of sound in lined ducts with reacting liners in the presence of mean 

flow [6–8]. Mode-matching and numerical eigenmode analyses have shown that uniform mean 

flow modifies axial wavenumbers and mode shapes in lined rectangular or annular ducts, and 

that the validity of the locally reacting approximation deteriorates for long or shallow cavities 

or for strongly dispersive liner materials [9,10]. Numerous studies have examined the 

aeroacoustic behaviour of micro-perforated, resonant, and metamaterial-type liners under 

grazing flows. Experiments on perforated pipes with grazing flow have revealed strong 

sensitivity of absorption to both flow components and to porosity, with distinct optimal 

open-area ratios emerging at low Mach and Strouhal numbers [11]. The numerical and 

experimental studies of Helmholtz-type or multi-cavity resonators have shown that geometry 

and flow conditions control resonance frequency, and that coupled resonators can broaden the 
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 3 

effective stopband but are susceptible to flow-induced detuning [12]. Zhang and Cheng [13] 

showed that grazing flow tends to shift 𝑇𝐿 peaks to higher frequencies, reduce peaks 𝑇𝐿, and 

broaden the effective bandwidth, and that cavity partitioning, perforation parameters, and panel 

length jointly control the balance between reflection-dominated and absorption-dominated 

noise mitigation [13]. These studies emphasize that both locally resonant and flow-aware 

impedance modelling are critical for achieving robust broadband low-frequency noise 

mitigation performance. 

 Motivated by aforementioned limitations, a tensioned elastic panel flush-mounted in a 

rigid duct as a vibrating wall can provide low-frequency noise mitigation by combining 

reflective and dissipative mechanisms [14–17]. In this concept, an incident plane wave excites 

flexural waves in the panel; energy is dissipated via structural damping, and a sudden change 

of wall compliance interacts with the acoustic waves above the liner, creating impedance 

mismatch, strong reflection, and stop/pass bands across the frequency range. Subsequent 

theoretical and experimental studies extended the analysis to cavity-backed configurations in 

which the panel is covered on its exterior side to prevent noise breakout, so that the panel and 

backing cavity form a coupled vibroacoustic system; the cavity then modifies panel dispersion, 

shifts fluid-loaded resonance frequencies, and introduces additional cavity modes that interact 

with the panel motion. It has been established that analytical models based on modal 

expansions and scattering models provide the net transmitted field by superposition of the 

incident wave and the scattered field generated by the panel [14–17]. 

 In recent studies, the detailed time-domain numerical studies of cavity-backed elastic 

panel (EP) liners under grazing flow were conducted. Fan et al.[18] employed a direct 

aeroacoustic simulation (DAS) framework based on the two-dimensional compressible 

Navier–Stokes equations solved by the Conservation Element and Solution Element (CESE) 

method, which was validated  against the benchmark experiments of Choy and Huang et al. 
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 4 

[17]. Their broadband analysis showed that the elastic panel liner exhibits several 

low-transmission bands in which reflection dominates at low frequencies and absorption 

gradually becomes more important at higher frequencies; the scattered wave generated by the 

panel was found to be a superposition of subsonic and supersonic flexural components whose 

phase relation with the incident wave controls the TL. When a subsonic boundary-layer flow is 

introduced, they observed that flow opposing the incident wave strongly enhances absorption 

and can even create additional low-transmission bands at higher frequencies, whereas flow 

aligned with the excitation mainly weakens reflection and narrows existing bands, with the 

overall liner performance remaining markedly better when the noise source radiates against the 

flow. Moreover, Lam et al. [19] performed a comprehensive parametric study of the effect of 

backing-cavity configuration on the performance of cavity-backed EP liners under low-Mach 

grazing. In this study, cavity depth, panel length, and cavity shape, and by introducing 

absorptive material inside the cavity, they showed that the backing cavity plays an important 

role in both reflective and absorptive mechanisms. For relatively deep rectangular cavities, 

multiple low-transmission bands arise in which TL peaks can exceed 30 dB; reflection 

dominates in the lower bands, and absorption peaks coincide with strong resonant panel 

vibration and higher-order cavity modes. As the cavity becomes very shallow, the air in the 

cavity behaves as a stiff spring, raising the critical frequency of the supersonic flexural branch 

and severely weakening panel response except at resonance; in this regime, TL peaks are 

closely aligned with resonant panel modes, and the noise mitigation mechanism is dominated 

by resonant radiation and fluid-loading losses rather than broadband interference. 

Non-rectangular cavities, formed by varying the base length while keeping the opening fixed, 

were found to generate non-planar cavity modes and to decorrelate panel and cavity responses, 

leading to frequency-dependent enhancements or degradations in TL relative to the rectangular 

case but no uniformly superior configuration. Finally, by placing a highly absorptive treatment 
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 5 

at the downstream side of the cavity, Lam et al. [19] demonstrated that it is possible to relieve 

cavity acoustics, suppress radiation back into the duct, and significantly enhance broadband 

absorption while simultaneously reducing reflected levels, a promising concept for practical 

liners where strong backward radiation is undesirable.  

 Furthermore, Abdullah et al. [20] investigated the mitigation of broadband duct-flow 

noise using a liner with gradient surface resonant compliance, in which multiple cavity-backed 

elastic panel units are flush-mounted along the duct walls, and their fluid-loaded resonant 

frequencies are deliberately varied to create overlapping low-frequency stopbands. Using a 

reduced-order perturbation evolution method (PEM) embedded in a CESE-based direct 

aeroacoustic simulation framework, the study compared uniform, increasing, and decreasing 

resonance distributions along the streamwise direction, demonstrating that gradient designs can 

broaden the low-frequency stopband and increase overall transmission loss while keeping the 

drag penalty significantly below that of conventional acoustic liners. In practical systems, 

duct-length constraints and the need for robust broadband performance naturally favour 

multi-unit liners in which several panel–cavity cells with distinct resonance surface compliance 

are distributed along the flow direction, by spatially varying compliance properties.  

 The present study aims to address this gap by formulating a genetic parametric 

optimization framework that exploits the design insights from our earlier studies of multi-unit 

liner. In the first stage, the modal expansion-based analytical model for a single cavity-backed 

elastic panel is extended to a five-unit compliant liner analytical model using transfer matrix 

method, each unit characterised by its panel tension and cavity depth, and embedded in a 

low-Mach grazing flow, so that the influence of multi-unit resonance distributions on 

low-frequency TL can be systematically examined. A genetic algorithm is employed to more 

effectively search the panel-cavity parameter space under constraints on manufacturability, 

duct integration, and prescribed monotonic gradient trends along the flow direction [21]. The 
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 6 

baseline case with uniform resonance distribution (URD) serves as a reference. Unconstrained 

genetic runs explore the best achievable broadband performance without any constraint of 

monotonic gradient. Gradient-constrained optimization enforces either a linearly increasing or 

decreasing gradient, depending on TL performance. The analytically predicted TL spectra of 

selected designs are then re-evaluated in the presence of grazing flow, and a subset of optimal 

configurations is further validated using fully coupled CESE-PEM. By comparing the 

optimised multi-unit compliant liners against the TL performance of compliant liner from 

previous studies, we show that appropriately graded distributions of fluid-loaded panel 

resonances can deliver competitive or superior broadband low-frequency TL in ducts with 

grazing flow, while retaining the advantages of low flow-induced pressure loss and structural 

simplicity that motivated the original elastic-panel concept. 
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 7 

2. Methodology 

 This study combines an analytical model for a multi-unit compliant liner with a genetic 

algorithm (GA) for parametric optimization, followed by high-fidelity numerical study using a 

time-domain CESE–PEM solver monolithically coupled with the panel structural dynamics. 

The overall methodology consists of three steps: (i) extend the formulation of a single-unit 

analytical model to a multi-unit liner; (ii) use this analytical model as a solver inside a GA to 

optimize panel tension and cavity depth distributions; and (iii) validate the selected optimized 

designs with the high-fidelity numerical study using CESE framework [20]. 

2.1. Analytical model for a single cavity-backed elastic panel unit 

 The analytical model for a single compliant unit shown in Fig. 2.1 follows the 

membrane–cavity formulation of modal analysis of a drum-like silencer [15]. The 

configuration consists of a two-dimensional rigid duct of height ℎ∗, partially lined on the lower 

wall by a tensioned elastic panel of length 𝐿"∗ , backed by a rigid rectangular cavity of depth 𝐷#∗. 

The elastic panel is simply supported at 𝑥"∗ = ±
$!∗

%
, and is excited by a unit-amplitude plane 

wave grazing along the duct, 𝑝i
∗ = exp1𝑖(𝜔∗𝑡∗ − 𝑘&

∗𝑥∗)9, where 𝜔∗ = 2𝜋𝑓∗ and 𝑘&
∗ = '∗

##
∗ .  In 

order to include the uniform flow effects in the analytical model, a convective term is included 

in the equation wave number by using Mach number (𝑀(), thus giving an effective wave 

number (𝑘)** =
+#
∗

,±.$	
) [22]. All variables are normalized using ambient air density 𝜌&

∗, half-

duct width ℎ∗ 2⁄ , ambient acoustic speed 𝑐&
∗, and pressure by 𝜌&

∗𝑐&
∗%, where the quantities with 

asterisk (∗) are dimensional variables.  
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 8 

 In the duct regions upstream and downstream of the membrane section, only a plane-

wave is considered, so the total pressure is written as a superposition of incident, reflected, and 

transmitted waves plus the scattered field radiated by the membrane. Inside the backing cavity, 

the acoustic pressure on the cavity side of the membrane is expanded in the normal modes of 

the rigid-walled cavity. The elastic panel is treated as a thin, non-porous, tensioned panel, and 

its dynamics 𝑤" is solved using the one dimensional plate equation. 

𝐷
𝜕0𝑤"
𝜕𝑥0

−
𝑇"𝜕%𝑤"
𝜕𝑥%

+
𝜌"ℎ"𝜕%𝑤"

𝜕𝑡%
+
𝐶"1𝜕𝑤"9

𝜕𝑡
= 	 𝑝1 −	𝑝2		 (1) 

Its transverse displacement 𝑤𝑝(𝑥, 𝑡) is expanded in simply supported in-vacuo modes, 

𝑤"(𝑥, 𝑡) = H𝑤3

(

34,

(𝑡) 𝜙3(𝑥) 

where 𝜙3(𝑥) = sin M𝑛𝜋 O
5	1	$! %⁄ 	

$
PQ, and the modal amplitudes 𝑤3  satisfy coupled ordinary 

differential equations obtained by projecting the panel equation of motion onto 𝜙3. Introducing 

harmonic fluctuations, the panel vibration velocity 𝑉	 = 	𝑖𝜔𝑤" in Eq. 1 becomes; 

𝐷
𝑖𝜔

𝜕0𝑉
𝜕𝑥0

			− 	
𝑇"
𝑖𝜔

𝜕%𝑉
𝜕𝑥%

+ 	𝜌"ℎ"𝑖𝜔𝑉	+ 𝐶"𝑉	 = 	 (𝑝1 −	𝑝2)	 (2) 

Single panel-cavity configuration for analytical model 
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 9 

The standard Galerkin procedure is applied to solve Eq. 2. Therefore, the transverse velocity 𝑉 

for the elastic panel simply supported at the two ends can be expanded as a series of in vacuo 

modes with modal amplitude 𝑉7 using a dimensionless variable 𝜉	 = 	
5!
$!
	+ 	,

%
.  

 𝑉	 = 	 ∑ 𝑉7 	sin𝑗𝜋𝜉
(
74	,    where  𝑉7	 	= 	2	 ∫ 𝑉(9	,;)

,
&

sin(𝑗𝜋𝜉) d𝜉. 

Substituting 𝑉 in to  Eq. 2 leads to a system of linear equations as below; 

ℒ𝑉7 + 2X (𝑝1 −	𝑝2)	
,

&
sin(𝑗𝜋𝜉)𝑑𝜉	, (3) 

where ℒ is defined as the structural impedance of the elastic panel, 

ℒ	 = 	 =
>'
O7?
$
P
0
	+ @

>'
O7?
$
P
%
	+ 	𝜌"ℎ"𝑖𝜔	+ 𝐶". 

The fluid–structure coupling is due to the fluid-loading (𝑝1 −	𝑝2)  resulting from the net 

pressure difference across the panel. The (𝑝1 −	𝑝2) consists of the pressure radiation from the 

elastic panel into the duct side, i.e. 𝑝1ABC , and pressure radiation into the cavity  𝑝2ABC, while 

𝑝2A)* is the pressure fluctuation due to reflection in the cavity.  

(𝑝1 −	𝑝2) 	= 	 𝑝> + 𝑝1ABC 	+ 	𝑝2ABC + 𝑝2A)* 

The pressure radiation 𝑝1ABC in the duct can be estimated using the Doak's expression [23]. 

𝑝1ABC 	(𝑥,𝑦) = 	
𝐿"
2
H 𝑐A𝜓A(𝑦)

(

A4&

X
[𝐻(𝑥	 − 𝑥′)𝑒2>+#(5	2	5D) +	

𝐻(𝑥′ − 𝑥)(𝑒2>+#(5	2	5D)]𝜓A(𝑦)𝑉(𝑥′)𝑑𝜉	

,

&
 

Hence, the modal impedance 𝑍7E due to panel radiation in the duct can be estimated as follows. 

𝑍7E 	= 	 𝐿" ∑ 𝑐A(2−	𝛿&A)	𝐼%(𝑟, 𝑗, 𝑙)(
A4& 	 (4) 

Similarly, the cavity side radiation pressure (𝑝2ABC) is also given below, 
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 10 

𝑝2ABC(𝑥, 𝑥#) = 	
$%
%
∑ 𝑐A#𝜓A(𝑦#)∫ 𝜓A(𝑦#′)[−𝑉(𝑥#′)]

,
&

(
A4& 	 ∗ 	 [𝐻(𝑥# 	− 𝑥#′)𝑒2>+&%(5%	25%D) +

	𝐻(𝑥#′ − 𝑥#)(𝑒>+&%(5%	25%D)]𝑑𝜉																										 								(5)   

The modal impedance in the cavity 𝑍27E due to panel radiation 𝑝2ABC is estimated as follows, 

𝑍27E 	=	𝐿# 	∑ 𝑐A#(2	 − 𝛿&A)	𝐼%#(𝑟, 𝑗, 𝑙)(
A4& 		

where 𝐼% and 𝐼%# is the double integration. Similarly, the acoustic reflection in the cavity can 

be estimated by  

𝑑𝑝2A)* =
𝐿#
2
H 𝑐A#𝜓A(𝑦#)

(

A4&

𝜓A(𝑦#′) ∗ [𝐴𝑒2>+&%(5%	25%D)𝐵(𝑒>+&%(5%	25%D)][−𝑉(𝑥#′)]𝑑𝜉′									(6)			 

where, coefficients 𝐴 and 𝐵 are found by rigid wall boundary condition. 

𝜕(𝑝2ABC + 	𝑝2A)*)
𝜕𝑥#

l
|5%|4$% %⁄

= 	0 

Substituting in Eq. 6 we get  

𝑝2A)* = 	
𝐿#
2
H 𝑐A#𝜓A(𝑦#)X 𝜓3(𝑦#′)[−𝑉(𝑥#′)]

,

&

(

A4&

	

∗ 	
2

𝑒>+&%(%$%)
mcos𝑘A#(𝑥# 	− 𝑥#D) + 	 𝑒>+&%$%cos𝑘A#(𝑥# 	+ 𝑥#D)p𝑑𝜉	 (7)

 

Hence, we can now find the modal reflection 𝑍A7E. 

𝑍A7E 	= 	 𝐿# 	H 𝑐3#(2	 − 𝛿&A)	𝐼%A(𝑟, 𝑗, 𝑙)

(

A4&

 

The expressions for I , I  𝐼%A and the details of the above formulation can be found in the study 

[14–16]. The total modal impedance 𝑍; 	= 	 𝑍7E 	+ 	𝑍27E + 𝑍A7E includes the structural tension, 

membrane mass, and pressure radiation due to fluid-loading and cavity reflection. Therefore, 
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 11 

once the modal impedance of cavity and duct  regions along with the structural impedance of 

the elastic panel are determined, we may find the modal vibration amplitudes 𝑉7 as follows 

𝑉 = −	𝑍;
2,𝐼	

𝑉	 = 	

⎣
⎢
⎢
⎢
⎡
𝑉,
𝑉%
⋮
⋮
𝑉3⎦
⎥
⎥
⎥
⎤

,𝑍; = x
𝑍,, + ℒ	,, ⋯ 𝑍,G

⋮ ⋱ ⋮
𝑍G, ⋯ 𝑍GG + ℒ	GG

{ , 𝐼	 = 	

⎣
⎢
⎢
⎢
⎡
𝐼
𝐼%
⋮
⋮
𝐼3⎦
⎥
⎥
⎥
⎤

	

where, 𝐼 is the modal incident excitation matrix given as  

𝐼	 = 	2X 𝑝>
,

&
sin	(𝑗𝜋𝜉)	𝑑𝜉 

Therefore, with anechoic downstream termination, the complex pressure reflection and 

transmission coefficients 
"&'(
")

= ℛ, 
"&*+
")

	= 	𝒯 respectively, at the upstream and downstream 

junctions of the compliant unit are obtained using the vibrational amplitudes 𝑉7 as detailed in 

Ref. [15]. The transmission loss along the duct with an incident wave of unit amplitude, |𝑝>| 	=

	1, is defined as 𝑇𝐿 = -20*𝑙𝑜𝑔,&|	𝑝;/𝑝>| where 𝑝; = 	 𝑝ABC 	+ 	𝑝> 	.		 

2.2. Extending single unit analytical to multi-unit Liner  

 In this section, the single-unit analytical model shown in Fig. 2.1 is used as the building 

block for the multi-unit analytical model. We compute the modal impedances, solve the 

coupled system, and tabulate the resulting single-unit TL. These unit-cell responses are then 

used by the transfer matrix method to predict the multi-unit liner response as shown by Choy 

et al. [24], and the subsequent parametric genetic optimization of the gradient surface resonant 

compliance is also performed. The acoustic coefficients 𝑝A and 𝑝; from each compliant unit 

solved above in Section 2.1 are used to construct the respective transfer matrix 𝑴. This 

transfer matrix relates the state variable 𝑆 at the upstream (𝑆H") location to the downstream 

(𝑆C3) location of each compliant unit as below 
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 12 

𝑆H" = 𝑀𝑆C3 

where, 𝑴	 = 	 „
𝑀,, 𝑀,%
𝑀%, 𝑀%%

… 

Therefore, we relate the incident, reflected, and transmitted acoustic coefficients as below 

†
𝑝> + 	𝑝A
𝑝> − 𝑝A

‡ = 𝑴 †
𝑝;
𝑝;
‡ 	 (8) 

†
𝑝;
𝑝;
‡ = 𝑴 †

𝑝> + 𝑝A 	
𝑝> − 𝑝A

‡ 	 (9) 

Rearranging Eqs. (8) & (9) solving for the transfer matrix 𝑀 gives 

„
𝑀,,
𝑀,%

… = †
𝑝; 𝑝;

𝑝> + 	𝑝A 	𝑝A − 𝑝>
‡
2,

 †
𝑝> + 	𝑝A
𝑝;

‡ 

„
𝑀,,
𝑀,%

… 	= 	 †
𝑝; 𝑝;

𝑝> + 	𝑝A 	𝑝A − 𝑝>
‡
2,
†
𝑝> −	𝑝A
−𝑝;

‡    

Therefore, the transfer matrix for a single compliant unit can be written as follows, 

𝑴	 = 	
1

2𝑝>𝑝;
Š
𝑝>
% −	𝑝A% + 𝑝;% (𝑝> + 𝑝A)% −	𝑝;%

(𝑝> − 𝑝A)% −	𝑝;% 𝑝>
% −	𝑝A% + 𝑝;%

‹ 

Therefore, a liner composed of 𝑁 compliant units and 𝑁 − 1 intermediate rigid segments, the 

transfer matrix for this rigid segment is given by 

𝑴𝑳𝒔 	= „
𝑐𝑜𝑠𝑘)**𝐿J 𝑖𝑠𝑖𝑛𝑘)**𝐿J
𝑠𝑖𝑛𝑘)**𝐿J 𝑐𝑜𝑠𝑘)**𝐿J

… 

 The overall transfer matrix 𝑀  relates the upstream and downstream state vectors, 𝑴𝒕𝒐𝒕 	=

	𝑴𝟏𝑴 𝒔
𝟏,𝟐𝑴𝟐⋯𝑴𝒔

𝑵2𝟏,𝑵𝑴𝑵. The details of the transfer matrix method can be found in the 

study [24]. The overall complex transmission coefficient 𝑝;,tot  of the multi-unit liner is 

obtained by solving the transfer-matrix system, 

†
𝑝> + 	𝑝A
𝑝> − 𝑝A

‡ 	= 	 „
𝑀,, 𝑀,%
𝑀%, 𝑀%%

… „
𝑝)5

𝑝)5𝑍)52,
… 	 (10) 

where 𝑝)5 is the pressure at the  exit of the duct. Solving Eq. 8 gives  

𝑝> + 𝑝A 	= 	 (𝑀,, +𝑀,%𝑍)52,)𝑝)5 	 (11) 

𝑝> − 𝑝A = 	 (𝑀%, +𝑀%%𝑍)52,)𝑝)5 	 (12) 
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 13 

By adding Eqs. (11) and (12) 

%")
"'-

	= 	𝑀,, + 	𝑀%, 	+ 	(𝑀,% + 	𝑀%%)𝑍)52,  

 In the presence of anechoic termination at the duct end 𝑍)5 	= 	1, therefore, the 𝑝)5 is equal 

to the total transmitted pressure 𝑝;,;Q;. Therefore, the total transmission loss of the multi-unit 

compliant liner can be estimated  as 

𝑇𝐿;Q; = -20*𝑙𝑜𝑔,&
|"(/,/1/)	|

")
 = -20*𝑙𝑜𝑔,&(𝒯) 

2.3. Genetic algorithm framework 

 A standard Genetic Algorithm (GA) is a heuristic search method inspired by Charles 

Darwin’s principles of natural selection and genetics. It simulates the evolution of candidate 

solutions across generations through selection, crossover, and mutation. The fundamental 

concept was pioneered by John Holland, who sought to understand adaptation in nature and 

import those mechanisms into computer systems. Holland et al. [25] formalized the framework 

of selection, crossover, and mutation. Later, David E. Goldberg [26] popularized GA by 

applying it to real-world problems, including gas pipeline control and other engineering 

challenges.  

 A GA begins by generating an initial population of individuals, each called 

a chromosome. Each chromosome represents a potential solution to the problem and is 

typically encoded as a string of parameters. Every chromosome is evaluated by an objective 

function, which quantifies how good the solution is via a calculated fitness score. 

Next, selection determines which chromosomes pass their genes to the next generation, giving 

higher-quality solutions a better chance of reproducing. Common selection methods include 

roulette wheel selection, tournament selection, and elitism [27]. After 

selection, crossover combines two parent chromosomes (numeric arrays) to create one or more 

offspring, using techniques such as single-point or uniform crossover. 
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 14 

Then, mutation introduces random changes to prevent premature convergence on a local 

optimum. Mutation maintains genetic diversity and allows the algorithm to explore entirely 

new regions of the search space. Finally, the offspring population replaces the old population, 

and the cycle repeats. The algorithm terminates when convergence is achieved - for instance, 

when the population becomes so similar that no further improvement is observed. GAs have 

been found highly useful and widely applied in the field of acoustic metamaterials, where many 

combinations with GA-based structural optimization can be found. Owing to their 

derivative-free nature and strong exploration capability, GAs are well suited for optimizing 

acoustic metamaterial geometries, where the objective landscape is typically non-convex, 

frequency-dependent, and governed by multiple coupled resonances. For example, GAs have 

been successfully used in designing chiral honeycomb membrane metamaterials for broadband 

noise suppression [28], metamaterial lenses for enhanced focusing effects [29], and achieving 

sophisticated acoustic cloaking . In this study, a chromosome consists of the values of the 

geometric design parameters to be optimized; specifically, the panel tension 𝑇",7 and the cavity 

depth 𝐷#,7. As a result, the chromosome length is twice the number of compliant units, since 

each unit contributes two parameters. 

 The minimum transmission coefficient 𝒯 equivalently, the maximum transmission loss 

TL is sought over the frequency interval [𝑓$, 𝑓R], evaluated with a 1 Hz resolution. The optimal 

geometric parameter set for the compliant units is obtained as the argument that maximizes the 

objective function 𝐹QS7, defined as 

𝐹QS7 = H 𝒯(𝑓)

*3

*4*4

. 

Note that 𝒯 and TL are related by 

𝑇𝐿 = −20𝑙𝑜𝑔,&(𝒯). 
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The optimization ranges for the design parameters are [0.02, 0.08] m for the cavity depth and 

[5, 10] N/m for the panel tension.  

The design variables are, for each unit 𝑗 = 1,… ,𝑁: 

Panel tension 𝑇",7 (controlling the fluid-loaded resonance of unit 𝑗). 

Cavity depth 𝐷#,7 (controlling the reactive stiffness and effective mass loading). 

In this study, 𝑁 = 5 is adopted, consistent with the configuration in earlier study [20]. The 

design vector is thus 

={𝑇 "5,…,𝑇"6,𝐷#5,…,𝐷#6} 

2.4. Objective function and constraints 

 The primary performance metric for optimization is to broaden the transmission loss 

spectrum over the excitation frequency regime i.e.,  0.0029 ≤ 	𝑓	 ≤ 	0.1 (50 Hz to 1700 Hz)  

below the duct cut-off frequency 𝑓#H;;2Q**= 0.5. 

The design is subject to the following constraints: 

Geometric realizability: 

consistent with material limits and manufacturable pre-tension levels. 

𝐷 #7
T>3 ≤ 𝐷#7 ≤ 𝐷#7

TB5 consistent with available duct wall thickness and cavity 

 fabrication constraints. 

Gradient constraints, either tension or cavity depth, vary linearly along the flow 

direction: 

Increasing gradient:  𝑇 "5 < 𝑇"8 < ⋯ < 𝑇"6 and 𝐷#5 < ⋯ < 𝐷#6. 

Decreasing gradient: 𝑇 "5 > ⋯ > 𝑇"6 and/or 𝐷#5 > ⋯ > 𝐷#6 . 
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These gradient constraints are motivated by findings of the study by Abdullah et al. [20] that 

demonstrated that increasing and decreasing resonance distributions (IRD/DRD) can widen 

the stopband and enhance TL. 

2.5. GA cases considered 

 In the current study, we selected two optimization strategies (OS and OS ) to 

investigate the ability of GA optimization to find the optimal design values for 𝑇",7 and 𝐷#,7 

for each compliant unit as shown in Fig 2.2. 

i. OS : all 𝑇",7, 𝐷#,7 are unconstrained, so no specific gradient constraints are defined; thus, 

the GA itself decides the values for each parameter for the compliant unit thus providing 

a combination of  𝑇",7, 𝐷#,7 that provides a broadband TL. 

ii. OS : In the gradient-constrained strategy the parameters 𝑇",7 and 𝐷#,7 are required to 

follow a monotonic progression along the flow direction; however, whether an 

increasing or decreasing gradient is adopted is determined by the GA itself, driven 

solely by the broadband TL objective. 

Figure 2.2: Problem schematics showing compliant duct and back-cavity and parametric 
optimization using GA.

D
ow

nl
oa

de
d 

by
 A

li 
A

bd
ul

la
h 

on
 Ju

ne
 1

6,
 2

02
6 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I: 
10

.2
51

4/
6.

20
26

-3
27

2 



 17 

The baseline case with uniform resonance distribution will also be provided for better 

comparison. The TL spectra, along with transmission 𝒯 , reflection ℛ  , and absorption 𝒜 

spectra, are compared to elucidate the impact of the distributed resonance surface compliance 

on the overall TL performance of the compliant liner. 
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3. Results and Discussions 

3.1. Baseline URD liner: relation between  and panel response 

 Figure 1 compares the transmission loss predicted by the analytical multi-unit model 

with the CESE–PEM simulation for the uniform-resonance multi-panel liner configuration. 

The analytical model reproduces the stopband between 𝑓 ≈ 0.04 and 0.07, including the two 

dominant TL peaks and the intervening troughs, with only moderate differences in peak 

magnitude relative to the CESE calculated TL spectra as shown in Fig. 3.1(a). The sufficient 

accuracy to capture the underlying dynamic behaviour of the compliant unit allows the 

analytical model to be used for the genetic optimization and parametric studies to achieve an 

efficient low-frequency broadband noise mitigation using that optimized flow liner. Figure 

3.1b shows the TL of the baseline uniform-resonance-distribution (URD) liner together with 

the overall panel velocity 𝑉rms as a function of frequency. The root mean square (RMS) quantity 

is defined as 𝑉U.V  = 1∑ 𝑉7
% 2⁄G

7	4, 9
, %⁄

, where 𝑉7  is the complex velocity amplitude of unit 

mode 𝑗.A key observation, consistent with Huang’s study, is that the major TL peaks and 

troughs do not coincide with local maxima or minima of 𝑉RMS. Over the low- to mid-frequency 

range, 𝑉RMS increases gradually as frequency rises, reflecting the increasing ease with which 

the incident plane wave excites the fundamental and higher modes of the compliant units, yet 

the TL curve exhibits alternating sharp peaks and dips superposed on this slow trend. In 

particular, strong TL peaks around the primary stopband coincide with frequencies 

where 𝑉rms  is elevated but not uniquely extreme, while several nearby frequencies with 

comparable or even higher 𝑉rms yield only moderate TL. This lack of one-to-one correlation 

implies that the effectiveness of compliant liner in reflecting sound is not determined solely by 

the magnitude of the induced panel motion. This behaviour is attributed to the interference of 

sound radiated by different membrane modes, high 𝑇𝐿  occurs when the radiated field is 
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strongly out-of-phase with the duct plane wave in the downstream direction, so that destructive 

interference there suppresses transmission. In contrast, 𝑇𝐿  troughs occur when the modal 

contributions do not produce such an out-of-phase condition, thereby reducing the net 

reflection and allowing more energy to pass downstream. 

 

Figure 3.1: a) Comparison of TL spectra for multi-unit compliant system using analytical model and CESE-
PEM calculation. b) Compliant system 9:; vs.  spectra comparison 
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 The 𝒜 -𝑽𝑹𝑴𝑺 plot in Fig. 3.2 shows that panel vibration is the primary mechanism 

associated with the absorption of the acoustic energy by the compliant system. The absorption 

coefficient is defined as 𝒜	 = 	1− 𝒯 − ℛ,	and the global panel velocity 𝑉rms exhibits nearly 

coincident peaks, with the most pronounced maxima occurring near 𝑓 ≈ 0.0325, 0.041, 0.051, 

and 0.061, and the largest peak at 𝑓 ≈ 0.049 . This close correspondence indicates that 

whenever the compliant units respond strongly at their fluid-loaded resonant frequencies, a 

substantial portion of the incoming acoustic power is converted into structural vibration and 

dissipated, rather than being transmitted or purely reflected. 

 

This behaviour is consistent with findings in the numerical studies [18,20] that demonstrate 

that absorption in the compliant liner is a direct consequence of aeroacoustic–structural 

interaction. The associated vibrational energy is subsequently removed through structural 

damping and viscous losses in the surrounding fluid. Table 3.1 summarizes the normalized 

panel tension and cavity depth used in the uniform resonance distribution configuration. 

Figure 3.2:Comparison of the average absorption coefficient  (—)and panel dynamics () 
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 Parametric configuration for uniform resonance distribution. 

Parameters CU  CU  CU  CU  CU  

Panel Tension 𝑇" 0.00180 0.00180 0.00180 0.00180 0.00180 

Cavity Depth 𝐷# 1.0 1.0 1.0 1.0 1.0 

 

3.2.   GA optimization 

 In the first stage, the compliant liner design space was explored using a non-gradient 

genetic algorithm, where all five compliant units were allowed to vary freely within the 

prescribed bounds of panel tension and cavity depth. The GA optimization was driven solely 

by the broadband transmission-loss objective, without enforcing any monotonic parametric 

gradient along the flow direction. The transmission loss provided by the random optimization 

in Fig. 3.3 shows a significantly higher number of resonant peaks clustered together, hence 

higher panel activity is generated. This higher activity of the compliant units and clustering of 

the resonant peaks produce overlapping stopbands, leading to a TL over a wider frequency 

spectrum. The TL bandwidth with a defined stopband criterion of 6.0 dB increases noticeably 

for the optimization case to 0.02 ≤ 	𝑓	 ≤ 	0.08 as compared to 0.045 ≤ 	𝑓	 ≤ 	0.082 for the 

uniform resonance distribution (URD) case with analytical prediction. 

Figure 3.3: Comparison of TL spectra for uniform resonance distribution (URD) (—) and OS GA optimization 
(···) in a compliant system. 6.0 dB criterion (- - -) 
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 It can also be observed that performance for the optimized case degrades slightly in the 

higher frequency in terms of peak TL magnitude but this reduction is compensated with higher 

and broader stopband in the desired low-frequency regime Therefore, the unconstrained GA 

solutions achieve substantial TL enhancement compared with the uniform-resonance baseline 

and stopband shifts to slightly lower frequencies, indicating that the GA successfully exploits 

combinations of units to push effective noise mitigation closer to the low-frequency regime. 

Figure 3.4 also presents the dynamical response of the compliant units for this optimized 

design. The 𝑉rms  traces of the five panels reveal intense panel activity, with many closely 

spaced resonant peaks that cluster in frequency, demonstrating that the liner resonates at a large 

number of frequencies and thereby produces overlapping unit stopbands and a more continuous 

high-TL region. In the very low‑frequency range, i.e., f ≤ 0.02, the panels already exhibit 

appreciable vibration, yet the transmission loss remains modest, which reinforces the 

conclusion drawn earlier that the magnitude of panel motion alone does not determine TL; the 

interference pattern between the scattered and incident fields, rather than absorption associated 

with large 𝑉rms, is the primary factor governing transmission reduction. 

Figure 3.4: Comparison of total TL spectra of compliant system with panel activity  contributed each of the 
compliant units, CU -CU for OS GA optimization. 

D
ow

nl
oa

de
d 

by
 A

li 
A

bd
ul

la
h 

on
 Ju

ne
 1

6,
 2

02
6 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I: 
10

.2
51

4/
6.

20
26

-3
27

2 



 23 

 To further elucidate the role of panel activity in the noise-mitigation process, Fig. 3.5 

plots, for each compliant unit, the absorption coefficient 𝒜ZR7together with the corresponding 

panel velocity 𝑉ATJ<37 . The curves exhibit an almost one-to-one correspondence so that every 

prominent peak in 𝑉ATJ<37  is accompanied by a peak in 𝒜ZR7as was already observed for the 

uniform-resonance distribution case. This confirms that, whenever a panel is strongly excited 

by the incident field, part of the acoustic energy extracted from the duct flow is converted into 

structural vibration and subsequently dissipated, so that panel vibration acts as an effective 

absorption mechanism in the optimized liner. Table 3.2 summarizes the optimized 𝑇" and 𝐷# 

values for the random GA optimization. 

 Parametric configuration of compliant units with OS  GA optimization. 

Parameters CU  CU  CU  CU  CU  

Panel Tension 𝑇" 0.0029 0.0030 0.0033 0.0028 0.0028 

Cavity Depth 𝐷# 2.0 1.5 4.0 3.0 1.0 

 

Figure 3.5:  coefficient (—) vs.  (···) comparison shows one-to-one correspondence for all five compliant 
units, i.e., CU  - CU , for OS  GA optimization. 
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3.3. GA Optimization 

 In the second stage, a gradient-distributed genetic algorithm is applied, in which the 

constraints are imposed to enforce a monotonic arithmetic progression of parameters along the 

liner. The panel tensions corresponding to fluid-loaded resonant frequencies of the five 

compliant units are allowed to either increase or decrease along the flow direction compared 

to their upstream neighbour, according to the chosen gradient direction. As a result, the GA 

explores those combinations that provide a monotonic gradient surface-resonance distribution, 

as shown in Table 3.3.The cavity depth 𝐷 # increases linearly downstream, whereas the panel 

tension 𝑇" is chosen near the upper limit of the admissible range and remains almost identical 

for all compliant units, with CU  being the only exception. Figure 3.6 shows that for the 

constrained GA optimization, the TL stopband is shifted to the higher frequency regime, i.e., 

0.05 ≤ 	𝑓	 ≤ 	0.1  as compared to the random GA optimization. The number of pronounced TL 

peaks within this stopband is also reduced, implying that the constraints imposed on the 

gradient of 𝑇" and 𝐷# limit the ability to cluster compliant unit resonances and to fully exploit 

multi-unit aeroacoustic-structural interaction. Figure 3.7 compares the total TL of the 

gradient-distributed liner with the combined rms response of all compliant units. The TL curve 

confirms that the main stopband of the gradient-constrained design is located in the 

higher-frequency range around 𝑓	 ≈ 	0.06−0.08, with peak attenuation levels comparable to 

those obtained previously but over a narrower band than in the freely distributed GA case.The 

superposed 𝑉rms traces show that the compliant panels still exhibit strong vibratory activity,  but 

the 𝑉rms peaks are shifted towards the higher frequency region; therefore, TL remains moderate 

in the region 0.02 ≤ 	𝑓	 ≤ 	0.05. It can also be observed that the 𝑉rms peak overlapping between 

the panels is also reduced as compared to the random or free GA optimization case. This 

behaviour reinforces the conclusion that, under gradient constraints, the GA cannot cluster the 

unit resonances as effectively as in the random optimization, so the multi-unit interference 
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pattern is less favourable for generating a wide low-frequency stopband. The panels continue 

to extract energy from the acoustic field and the grazing flow, as indicated by the elevated 𝑉rms, 

but only those frequencies at which their scattered fields combine coherently in reflection lead 

to high TL, while other frequencies with comparable panel motion yield only modest 

attenuation. Consequently, the gradient-distributed liner remains an effective broadband 

attenuator, but its performance is shifted toward higher frequencies and relies on fewer, more 

isolated resonance-assisted peaks than the freely distributed GA design. 

 The absorption–velocity plots in Fig. 3.8 show that the relationship between panel 

motion and local dissipation remains intact. For each compliant unit, the absorption 

coefficient 𝐴CU7 and the corresponding rms velocity 𝑉rms,CU7 exhibit almost coincident peaks 

over the whole band, indicating that whenever a unit is strongly excited, it effectively extracts 

acoustic energy from the grazing-flow field and converts it into structural vibration and 

subsequent dissipation. This one-to-one correspondence is consistent with the behaviour 

observed for the uniform-resonance and freely distributed cases and confirms that, even under 

gradient constraints, panel vibration still underpins the absorption mechanism of each 

Figure 3.6: Comparison of TL spectra obtained using analytical model for uniform resonance distribution (URD) 
(—) and OS resonance distribution (···) in a compliant system. 6.0 dB criterion (- - -). 

D
ow

nl
oa

de
d 

by
 A

li 
A

bd
ul

la
h 

on
 Ju

ne
 1

6,
 2

02
6 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I: 
10

.2
51

4/
6.

20
26

-3
27

2 



 26 

compliant cell. A similar trend of the shifting of the resonance behaviour of the compliant unit 

towards the higher frequency region is also exhibited in the 𝐴CU7 vs. 𝑉rms,CU7 plots as compared 

to the previous case of random optimization. 

 

  

Figure 3.8:  coefficient (—) vs.  (···) comparison shows once to one correspondence for all five compliant 
units, i.e., CU  - CU , OS GA optimization. 

Figure 3.7: Comparison of total TL spectra of compliant system with panel activity  contributed by each of 
the compliant units, CU -CU  for OS  GA optimization. 
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 Therefore, we may deduce due to the shift of resonant 𝑉rms,CU7 towards the higher frequency 

region and reduced overlapping of resonant behaviour in the spectrum 0.02 ≤ 	𝑓	 ≤ 	0.05, we 

see reduced TL performance in the low-frequency region for gradient constraint optimization. 

 Parametric configuration for OS GA optimized GA distribution.  

Parameters CU  CU  CU  CU  CU  

Panel Tension 𝑇" 0.00189 0.0035 0.0035 0.0034 0.0031 

Cavity Depth 𝐷# 0.6 0.8 1.0 1.20 1.40 

  

4. Time Domain Aeroacoustic Analysis 

 The perturbation evolution method (PEM) is employed as a reduced-order, 

time-domain alternative to full direct aeroacoustic simulation (DAS). Arif et al. (2023) 

demonstrated that PEM retains the essential nonlinear flow–acoustic interactions with accuracy 

comparable to DAS, but its greatly reduced cost, i.e., only 10% of the computational resources 

are required as compared to DAS. In this work, PEM is applied, for the first time, to 

low-frequency broadband acoustics in duct flows. The steady base flow is obtained by 

time-averaging a DAS solution; while the Navier–Stokes equations are linearized about it to 

evolve small perturbations in time. A carefully chosen source term 𝑺 keeps the base flow 

temporally steady in the absence of perturbations, so the resulting linear system governs the 

propagation of infinitesimal disturbances in a form that is mathematically equivalent to the 

homogeneous nonlinear equations. 

𝜕𝑼
𝜕𝑡

+
𝜕𝑭
𝜕𝑥

+
𝜕𝑮
𝜕𝑦

= 	𝑺.

Considering  as the small perturbation added to the base flow 𝑼 𝒃𝒂𝒔𝒆 the instantaneous 

variable can be written as  = 𝑼 𝒃𝒂𝒔𝒆. Substituting the  into Eq. (1) gives 
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⇒
𝜕(𝑼𝒃𝒂𝒔𝒆 + 	𝑼D)

𝜕𝑡
+ 	„

𝜕𝑭
𝜕𝑥

+
𝜕𝑮
𝜕𝑦
…
D

= 	0, 

where 𝜕𝑼𝒃𝒂𝒔𝒆/ 𝜕𝑡 = 	0 and 𝑺 is chosen to be the spatial gradient of the base flow. The above 

equation reduces to a reduced-order model of the full nonlinear N-S equations, representing 

linear propagation of the infinitesimal disturbance as below: 

𝜕𝑼D

𝜕𝑡
+ 	 „

𝜕𝑭
𝜕𝑥

+
𝜕𝑮
𝜕𝑦
…
D

= 	0. (13) 

The perturbation model represented above is solved with normalized one-dimensional 

nonlinear Von Karman’s plate equation representing the panel dynamics [30]. The CESE 

performs calculations in a strongly coupled manner; thus, the interactions among the flow field, 

acoustic field, and the structural dynamics of the elastic panels are simultaneously solved at 

each time step [20]. 

4.1. High-fidelity mechanism for the  liner 

 Figure 4.1(a) compares the transmission loss spectra for three cases. It can be observed 

that the uniform-resonance configuration has limited transmission (𝒯) mitigation in a narrow 

TL stopband. In contrast, the analytically optimized random design exhibits a much broader 

low-frequency stopband, extending from roughly 𝑓 ≈ 0.02 to 0.066 with multiple overlapping 

peaks of order 20–25 dB, confirming that non-graded parameter distributions can substantially 

enhance broadband performance. The CESE–PEM TL for the random GA configuration 

closely follows the shape and level of the analytical prediction over the main stopband, with 

only modest smoothing of the sharpest features, demonstrating good consistency between the 

reduced-order multi-unit model and the fully coupled flow–acoustic–structure simulation. 

Importantly, the red curve remains significantly above the blue reference across most of the 
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low-frequency range, indicating that the optimized liner retains its superior broadband 

attenuation once all flow effects and nonlinear couplings are resolved numerically. This 

agreement both validates the analytical Huang-based transfer-matrix framework used in the 

GA and confirms that the randomly distributed multi-panel design offers a clear improvement 

over the uniform-resonance baseline in a realistic duct-flow environment.  

 Similarly, acoustic coefficients 𝒯 − ℛ −𝒜  shown in Fig. 4.1(b) provide further 

insights into the mechanism of noise mitigation provided by the compliant liner system. The 

absorption coefficient 𝒜 is noticeably broadened, and the four (I-IV) absorption peaks are 

identified in Fig. 4.1(b), which can be attributed to the overlapping resonant responses of the

elastic panels over a wide range of frequencies. This clustering of the overlapping resonant 

frequencies of the compliant panels has been identified earlier in the 𝑉rms plot shown in Fig. 

3.4. Therefore, increased absorption along with the intrinsic reflection supports the 

interpretation that the randomly GA-optimized liner configuration enhances aeroacoustic–

structural interaction by distributing the surface compliance along the liner, thereby sustaining 

stronger absorption and improved broadband noise mitigation. 
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4.2.Panel Dynamics analysis for the liner

 The broadening of TL spectrum identified in the TL spectra comparison and 𝒯 − ℛ −

𝒜  coefficient analysis shown in Fig. 4.1(a) & (b) is further explained by the vibrational 

characteristics of the compliant panels in the liner system. The vibrational velocities 𝑤̇" of  all 

panels in the compliant system are shown in Fig. 4.2. It can be observed that in the low-

frequency regime, the compliant panels show higher vibrational velocity, thus suggesting that 

Figure 4.1: (a) Transmission loss spectra for three liner configurations: analytical OS  GA-optimized (—), 
numerical OS  (···), uniform resonance distribution (URD) (- - -) [20]. 

(b) Acoustic coefficients and  trends showing the overall noise mitigation mechanism. 

I 

II III IV 
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panels are effectively targeting these low frequencies. This further explains the widening of the 

absorption coefficient observed in the 𝒯 − ℛ −𝒜 plot shown in Fig. 4.1(a). The contour plot 

in Fig. 4.2 shows increased velocities across all the compliant panels, noticeably in the low-

frequency regime. i.e., 0.01	 ≤ 	𝑓	 ≤ 	0.04. It can be see that each panel is responding to a 

distinct frequency, thus all the five panel combined provides increased panel vibration is 

observed for a range of frequency 0.01	 ≤ 	𝑓	 ≤ 	0.04, thus forming an overlapping region of 

heighted panel activity which was mechanism identified earlier in the 𝑉rms  plot from the 

analytical solution shown in Fig. 3.4. Therefore, this numerical result further validates the idea 

of the randomly optimized distributed resonance leverages the aeroacoustic-structural 

resonances to provide a broadband noise reduction. It should also be noted that the reflection 

ℛ plays a significant in the overall 𝒯 loss and overtake 𝒜 for the higher frequency region. 

 

Figure 4.2: Panel dynamics showing the spectral distribution of vibrational velocity ( ) of all the compliant 
panel in the random GA optimized resonance distribution configuration. 
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 In Fig. 4.3, the panel dynamics are directly compared with the enhanced absorption 

region identified in Fig. 4.1(b), clearly illustrating the overlap of the resonant peaks of the 

compliant panels.  The first three compliant panel are the most active over a broad frequency 

range, with the first panel exhibiting the strongest response and acting as the dominant 

contributor to the system’s overall noise-mitigation performance, while the farthest 

downstream panels (P  and P ) appear to target the lower frequency region . This finding is 

consistent with the earlier study [20] on compliant liners with gradient surface resonance 

compliance. It is also worth noting that, given the dominant response of the first panel, 

increasing the panel length of this upstream unit could further enhance its effective compliance 

and potentially yield additional transmission‑loss improvement contributed by this panel.   

5. Conclusions 

 The present study has examined broadband noise mitigation in a flow duct using 

multiple cavity-backed elastic panels, where the surface compliance is distributed by using 

genetic optimization based on a robust analytical model. In the study, two GA strategies were 

I II III IV 

Figure 4.3: Panel dynamics showing the spectral distribution of vibrational velocity ( ) with highlighted 
increased  regions (I-IV). P (), P ( ), P ( ), P ( ) and P ( ) 
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considered, namely a freely distributed (random) parameterization and a gradient-constrained 

parametric distribution along the compliant. In order to validate the genetic optimization, 

high-fidelity time-domain CESE simulations were performed. The results demonstrate that, by 

appropriately distributing the fluid-loaded panel resonances using panel tension 𝑇" and cavity 

depth 𝐷#, stronger aeroacoustic–structural interactions can be exploited to achieve broadband 

transmission loss. The main findings and design implications are summarized below. 

The transfer‑matrix framework based on the analytical model accurately predicts the 

TL of multi‑unit cavity‑backed panel liners and agrees well with high‑fidelity CESE–

PEM simulations over the main stopband.  

Freely distributed GA optimization (random GA) produces clustered fluid-loaded 

resonances, leading to overlapping unit stopbands, a wider low-frequency TL band, and 

a lower stopband onset than the URD and gradient-constrained designs, while 

maintaining comparable peak TL. 

Gradient-distributed GA designs, in which cavity depth and panel tension follow a 

monotonic trend, remain effective but shift the stopband toward higher frequencies and 

reduce the number of strong TL peaks, because the constraints limit resonance 

clustering and weaken multi-unit interference. 

Analysis of unit-wise 𝑉rms and absorption shows an almost one-to-one correspondence 

between panel resonance and local absorption for all configurations, confirming that 

the panels extract energy from the flow and acoustic field, and that absorption is 

governed by aeroacoustic–structural interaction rather than by material losses alone. 

The most upstream panels, particularly CU1, consistently exhibit the strongest 

vibratory response and contribute disproportionately to broadband attenuation, 

suggesting that selectively increasing the length or compliance of the first unit could 

further enhance the liner’s low-frequency TL. 
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