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Abstract

The increasing demand for efficient noise control in industrial, automotive, and

aerospace applications has led to the exploration of novel sound-absorbing materials.

This thesis investigates the acoustic performance of porous silencers with geometries

based on triply periodic minimal surfaces (TPMS), specifically focusing on Gyroid,

Diamond, and Primitive structures. A comprehensive numerical study is conducted

using the Ffowcs Williams–Hawkings (FW–H) acoustic model to assess both

pneumatic and acoustic characteristics. The study aims to evaluate the influence

of TPMS geometry on pressure drop, velocity distribution, turbulence generation,

and sound attenuation across different frequency ranges.

The results indicate that the Gyroid structure provides the most efficient per-

formance, achieving approximately 15–25% lower pressure drop compared to the

Primitive structure while maintaining effective broadband noise attenuation. The

Diamond structure demonstrates a balanced trade-off, with moderate pressure

losses and consistent noise reduction across mid-frequency ranges (500–2000 Hz).

In contrast, the Primitive structure shows strong attenuation in high-frequency

ranges but results in higher pressure drops (up to 30% increase) and reduced

efficiency at low frequencies (< 500 Hz).

Analysis of velocity and pressure contours reveals that smoother flow pathways in

Gyroid structures reduce turbulence intensity, leading to improved acoustic perfor-

mance. Additionally, Sound Pressure Level (SPL) analysis shows a reduction of up

to 10–15 dB in mid-to-high frequency ranges for optimized TPMS configurations.

The study also highlights the influence of receiver placement, with variations of up

to 5 dB observed depending on measurement location.

Keywords: TPMS structures, Flow-induced noise, Acoustic attenuation, Ffowcs

Williams–Hawkings (FW-H), Pneumatic silencers, Sound Pressure Level (SPL)
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Chapter 1

Introduction

1.1 Background

Compressed air systems are widely utilized in industrial manufacturing environ-

ments for operating machines and tools. However, pneumatic devices inherently

generate substantial noise due to the release of high-pressure air through exhaust

ports [1]. Additional noise can also result from air leaks in the system [2]. Apart

from mechanical sounds, especially from percussive devices, the main source of

unwanted acoustic emissions is pneumatic noise caused by turbulent air flow in the

working elements. When pressurized air (typically 6–8 bar) is rapidly discharged

to atmospheric conditions, transient pneumatic noise is produced [3], which may

appear either as intermittent or impulsive bursts depending on their duration [4].

This pneumatic noise originates from transient choked air flow with significant

pressure differentials, leading to the formation of shock waves at the junction

between the source and the exhaust tube [3, 5]. The exhaust process generally

consists of sonic and subsonic regions, separated by a critical pressure ratio. During

the sonic phase, the flow produces intense roaring noise due to high pressure

and flow rates [5]. According to Lighthill’s theory, pneumatic noise results from

monopole, dipole, and quadrupole acoustic sources corresponding to mass flow

variations, boundary interactions, and turbulence, respectively [6, 7] the resulting

1
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impulse noise often reaches sound levels of 96–120 dBA [8, 9], and may even

approach 130 dBA [10].

European Directive 2003/10/EC limits noise exposure in an 8-hour working period

to 85 dB, with 80 dB serving as a warning threshold [11]. Prolonged exposure above

these levels can cause serious health issues, including hearing damage, fatigue,

concentration difficulties, and cardiovascular strain. Each 1 dB increase beyond

the threshold can reduce safe working time by approximately 100 minutes [12]. For

instance, exposure to 90 dB noise should not exceed 2.5 hours.

Given the health risks and operational inefficiencies caused by high noise levels,

effective noise reduction strategies are essential in pneumatic industries. Noise

mitigation methods are typically classified as passive or active [13–15] , with the

most common approach being the use of mufflers. There are four main categories

of mufflers: expansion chambers, sintered bronze silencers, porous-diffusion types,

and perforated panel silencers [16]. Daggerhart and Berger [17] observed that

commercial silencers could reduce muzzle noise to 85–95 dB, with porous plastic

mufflers achieving reductions from 120 to 90 dBA at 8bar. Zhao et al. [10] used

expansion-chamber mufflers with sound-absorbing fiber and valve control, reducing

noise from 115 to 82 dB, although at the cost of a longer exhaust process. Similarly,

Li et al. [5] applied Ergun’s equation to model porous bronze silencers, achieving

noise reductions of about 15 dBA in the 1–10 kHz range. Other designs, such as

perforated mufflers, reduced intermittent noise to below 85 dBA [16].

Alternative approaches include optimizing nozzle geometry, which Ivanov [9] demon-

strated could lower noise to 82 dBA, and controlling valve openings to regulate

pressure variation, as proposed by Li and Zhao [3], who achieved reductions of

2–4 dBA on average and up to 11 dB for peak noise. Nevertheless, these solutions

generally fail to reduce overall noise below 80 dB and often overlook the distributed

nature of pneumatic noise sources in industrial plants.

Silencers are devices used to reduce noise by either dissipating or reflecting sound

energy while allowing fluid flow. Conventional silencers are often made of perforated

tubes and fibrous materials. However, these designs can have limitations such as
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clogging, limited design flexibility, or poor balance between noise reduction and flow

performance. Recent advancements in additive manufacturing and computational

design have enabled the development of porous silencers based on Triply periodic

minimal surface geometries. These structures, such as Gyroid, Diamond, and

Primitive types, provide high surface area, structural integrity, and controllable

porosity. Such features make them promising candidates for acoustic attenuation

with controlled pressure drop.

1.2 Exposure Limits and Occupational Standards

Occupational exposure standards set guidance for permitted noise levels and

durations at the workplace. Two commonly referenced authorities are NIOSH (US

Centers for Disease Control and Prevention — National Institute for Occupational

Safety and Health) and OSHA (Occupational Safety and Health Administration)

[18].

i. NIOSH Recommended Exposure Limit (REL): 85 dB(A) as an 8-hour time-

weighted average (TWA). NIOSH uses a 3 dB exchange rate, meaning that

with every 3 dB increase the allowed exposure time halves. For example, at

88 dB the recommended exposure time is approximately 4 hours.

ii. OSHA Permissible Exposure Limit (PEL): 90 dB(A) as an 8-hour TWA (with

a 5 dB exchange rate historically used in enforcement examples and calcula-

tions). OSHA sets regulatory requirements including hearing conservation

programs when levels exceed specified action levels. The precise application

and enforcement of these standards is covered in OSHA documents.

In many industrial settings (compressors, pneumatic tools, blowers), equipment can

emit sound levels above these limits. Installing effective silencers reduces worker

exposure, reduces the need for costly PPE programs, and helps meet regulatory

compliance.
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1.3 Acoustics

1.3.1 Sound Level Measurement

In measuring sound levels, instruments are used which resemble the human ear

in sensitivity to noise composed of varying frequencies [19]. The instruments

measure the ”A-weighted sound level” in units called dB (A) [20]. Workplace noise

measurements indicated the combined sound levels of tool noise from a number of

sources (machinery and materials handling) and background noise. Typical sound

level shown in Fig 1.1.

Figure 1.1: Typical Sound Levels of Industrial Noise Source [21]

1.3.2 Decibel Scales

i. A scale: It is used for industrial noise measurement. It measures middle and

higher frequencies of the audible range which can easily be heard by human

ear. Therefore, in order for the sound level meter to mimic the response

of the human ear, an A-weighting filter is incorporated in the meter. The

A-weighting filter de-emphasizes the low frequencies produced.
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ii. B scale: It is used for middle range between 55 and 85dB.

iii. C scale: C-weighting filter influences only the highest and lowest frequencies

and provides an almost flat response. Peak noise levels are measured using

the C-weighting filter and expressed as dB(C).

1.4 Economic Impact of Occupational Hearing

Loss in Industrial Workers

Occupational noise-induced hearing loss (NIHL) remains one of the most common

work-related health conditions globally, particularly affecting industrial laborers

exposed to high levels of noise over extended periods. According to the U.S. Bureau

of Labor Statistics, approximately 14,500 hearing loss cases were reported in private

industry in 2019 as shown in figure 1.2, with the majority (about 75.9%) occurring

in the manufacturing sector, highlighting the significant prevalence of NIHL among

industrial workers. More broadly, exposure to hazardous occupational noise affects

an estimated 30 million workers in the United States, with approximately 22 million

exposed to noise levels exceeding recommended safety limits (≥ 85 dBA), which

are sufficient to cause irreversible hearing damage over time [22].

Number of Hearing Loss Illness cases in selected manufacturing Private Industries

are shown in figure 1.3. In the United States, workers’ compensation claims

for occupational hearing loss disability amount to an estimated $242 million

annually, based on disability settlements recorded by national compensation systems.

Additional evidence indicates that average annual workers’ compensation costs

specifically associated with occupational hearing loss claims range between $49

million and $67 million, according to multi-state analyses of the U.S. workforce.

Overall, occupational hearing loss among industrial workers is both highly prevalent

and economically burdensome. Direct annual costs from workers’ compensation

claims alone can reach hundreds of millions of dollars, while broader societal costs

accounting for lost productivity, healthcare expenditures, and reduced quality of
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Figure 1.2: Number of Hearing Loss Illness Cases in Private Industry, 2009-19

life, extend into the hundreds of billions of dollars globally. These figures underscore

the critical importance of effective noise control strategies and hearing protection

interventions in industrial environments to reduce both the incidence and economic

impact of noise-induced hearing loss (NIHL).

Figure 1.3: Number of Hearing Loss Illness cases in selected Manufacturing
Private Industries
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1.5 Pneumatic Systems in Industries

Pneumatic systems are widely used in industrial settings due to their efficiency,

reliability, and safety in transferring and controlling energy through compressed

air or gases, line Diagram of basic industrial Pneumatic System is shown in Figure

1.4. The fundamental principle behind pneumatic systems is the conversion of

compressed air pressure into mechanical motion, which drives actuators, valves,

and other components to perform various industrial tasks such as clamping, lifting,

and automation of manufacturing processes. The simplicity of pneumatic systems,

combined with their ability to operate in hazardous or explosive environments

where electrical systems might pose risks, makes them a preferred choice in many

industries. Typical industrial applications of pneumatic systems include automation

and robotics, where pneumatic cylinders and valves are integral to welding, assembly,

and packaging operations. They also play a crucial role in material handling,

particularly in pneumatic conveying systems used to transport bulk materials

such as powders, grains, biomass, and industrial dust particles. Optimizing these

pneumatic conveying systems for pressure regulation and flow control has been a

focus area, as it directly affects energy efficiency and operational costs. Pneumatic

systems are also extensively employed in manufacturing processes like machining

and stamping, where precise control of actuators ensures accuracy and repeatability

[23].

Recent research and industrial developments on pneumatic systems revolve around

enhancing energy efficiency and system intelligence. Studies highlight that pneu-

matic systems traditionally suffer from low energy utilization, with considerable

wastage of compressed air. Advances now focus on optimizing pressure regulation

to reduce energy consumption by up to 40%-75%, which not only lowers operating

costs but also reduces greenhouse gas emissions, especially in regions dependent

on thermal power. Alongside energy savings, condition monitoring using artificial

intelligence techniques such as neural networks is gaining traction for predictive

maintenance, fault detection, and improved system reliability, limiting downtime

and enhancing safety [25]. Further technological progress includes innovations in

pneumatic components like pilot valves and actuator designs aimed at improving
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Figure 1.4: Diagram of an industrial pneumatic system [24]

flow characteristics, reducing noise, and enhancing durability. Soft pneumatic actua-

tors and novel pumping mechanisms demonstrate increased operational frequencies,

noise reduction, and improved pressure modulation, widening the applications

of pneumatics in human-centered and robotic systems. The integration of AI

and Industrial Internet of Things (IIoT) frameworks is also emerging, enabling

real-time monitoring, advanced control algorithms, and smart diagnostics that

align with Industry 4.0 trends [26]. In summary, pneumatic systems remain a

critical technology in modern industry, valued for their robustness, safety, and

adaptability. Current and future research is focused on making these systems more

energy-efficient, intelligent, and environmentally sustainable, leveraging advances

in AI and sensor technologies to meet the demands of increasingly automated and

interconnected industrial environments.

1.6 Compressors

Compressors are mechanical devices that increase the pressure of a gas by reducing

its volume, and they play a vital role in various industrial applications ranging from

manufacturing to HVAC systems, oil and gas, power generation, and refrigeration.
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Main Types of compressors used in industries are shown in Figure 1.5. The funda-

mental principle of a compressor is based on thermodynamics, where mechanical

energy is converted into pneumatic energy by compressing air or gas, thereby

increasing its pressure and kinetic energy. Compressors are commonly classified

based on their working mechanism into two main categories: positive displacement

compressors and dynamic compressors. Positive displacement compressors include

reciprocating and rotary types, while dynamic compressors include centrifugal and

axial flow types [27].

Figure 1.5: Types of Compressors [28]

Positive displacement compressors function by trapping a fixed volume of air or gas

and reducing its volume through mechanical movement. Reciprocating compressors,

which are one of the oldest and most widely used types, use pistons driven by a

crankshaft to deliver gases at high pressure. Generally these are the loudest type,

often exceeding 85 dB(A), which requires hearing protection. They generate high

noise and vibration. These compressors are typically used in applications requiring

high pressure and relatively low flow rates. Rotary compressors, on the other

hand, such as screw and vane compressors, are more suitable for continuous-duty

industrial operations due to their smoother flow, lower vibration, and quieter

operation [29]. Screw compressors use two helical rotors to compress gas, offering
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high efficiency and durability in oil and gas processing, manufacturing, and large-

scale pneumatic systems. Screw compressors Known for ”low noise” operation

compared to pistons, with many models featuring sound-dampening enclosures.

Dynamic compressors differ from positive displacement types in that they use

rotating impellers to impart velocity to the gas, which is then converted into

pressure. Centrifugal compressors are widely used in industries requiring large

volumes of gas at moderate pressures, such as chemical plants, refineries, and air

separation units. These compressors are known for their compact design, high

reliability, and ability to handle large flow capacities with minimal maintenance.

Centrifugal Compressors Often quieter overall than positive displacement types but

produce high-pitched noise. Axial compressors, while more common in jet engines

and gas turbines, offer extremely high flow rates and are optimized for aerospace

and power generation applications.

The selection of a compressor depends on various factors such as required pressure,

flow rate, gas type, application environment, energy efficiency, and cost. Energy

efficiency is a critical consideration in modern compressor systems, as compressors

can account for up to 10% of a manufacturing facility’s total energy consumption.

The data for compressors are presented in the figure 1.6 in the form of normalized

octave band SPLs at a distance of 0.9 m. According to a study published in the

International Journal of Energy Research, the implementation of variable speed

drives (VSDs), proper maintenance, and leak detection can improve compressor

energy efficiency by 20% to 30%. Additionally, heat recovery systems can capture

waste heat generated during compression and repurpose it for space heating or

preheating feedwater, further enhancing energy savings.

In terms of environmental considerations, compressors that handle hazardous gases

must comply with strict safety and emission standards. Oil-free compressors are

often used in sensitive environments such as food and pharmaceutical industries

to avoid contamination. Noise and vibration control is another important factor,

especially in urban or indoor applications. Advanced compressor technologies

now incorporate digital controls, sensors, and IoT-enabled monitoring systems to

optimize performance, predict failures, and reduce downtime.
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Figure 1.6: The standard sound pressure levels in dB at (0.9-m) distance for
air compressors [30]

The global compressor market continues to evolve with technological advance-

ments aimed at increasing energy efficiency, reducing emissions, and improving

automation. Innovations such as magnetic bearing centrifugal compressors, oil-free

scroll compressors, and high-efficiency screw compressors are becoming increasingly

prevalent. These developments align with the growing demand for sustainable

industrial solutions and regulatory pressures to minimize environmental impact.

Research and development in materials, pneumatics, and thermal management are

also contributing to the next generation of high-performance compressors.

1.7 Pneumatic Silencers and Mufflers

The Branches classification tree of Silencers is shown in figure 1.7. Pneumatic

silencers are specialized devices used to attenuate the noise generated when com-

pressed air or other gases are vented from pneumatic systems. When air at elevated

pressure is released through exhaust ports, valves or actuators, the rapid expansion
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and turbulent flow create impulse and broadband noise sources. For example, it

is noted that “the sudden exhaust process of the air expanding from the typical

gauge pressure of 6–8 bar to the level of atmospheric pressure generates transient

pneumatic noise” in pneumatic tools and machines [31]. To protect worker hearing,

meet industrial noise limits, and improve operational comfort, such silencing is

often essential in pneumatic power systems.

Figure 1.7: Classification Tree of Silencer

Figure 1.8: Pneumatic Silencer [32]

A Pneumatic silencer consist at a porous area, connector and a inlet pipe as shown

in Figure 1.8. Common core components include porous or sintered materials (e.g.,

sintered bronze, sintered plastic, porous polyethylene) that act to dissipate acoustic
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energy by breaking high velocity jets into smaller flows, reducing turbulence and

thus sound generation. The device may also include expansion chambers and tube

elements designed to reduce pressure drop and attenuate specific frequency bands.

For instance, a study described three kinds of muffler types using metal sintered

porous inlet plus expansion cones and spiral tubes, showing that the combined

configuration (porous + expansion) achieved superior acoustic transmission loss

[33].

Material selection and geometry are key. Porous plastic silencers such as those made

by POREX® using porous polyethylene, are designed to balance noise reduction

with acceptable back pressure while offering advantages of low weight, corrosion

resistance and cost efficiency. Sintered metal silencers (bronze, stainless steel)

offer higher durability, higher temperature/pressure tolerance and often serve in

demanding industrial environments. For example, one manufacturer advertises

sintered bronze silencers that “reduce noise by more than 15dB, and are installed

on exhaust ports of pneumatic tools” with pore sizes, material options and pressure

ratings tailored to the application. According to a product datasheet for porous

plastic silencers, sound pressure levels for some models at 6bar/1m distance reached

81-84 dBA depending on size.

Functionally, the silencer accomplishes two primary goals: (1) sudden deceleration

and turbulence of the exiting air, thereby lowering noise, and (2) to filter or diffuse

the exhaust air, reducing contaminants and controlling flow behavior. For instance,

a blog on industrial efficiency states: “A pneumatic silencer reduces the noise

generated by compressed air or gas exiting pneumatic systems. Besides noise

reduction, these silencers also filter contaminants from the exhaust air, ensuring

compliance with environmental standards”. The filtration function is especially

important when the exhaust passes into sensitive environments or when system

cleanliness is a concern.

From a performance standpoint, studies have shown significant noise reduction

when using well designed silencers. One experimental analysis found that when a

“biomimetic silencer” (with polyurethane foam and slit structures mimicking shark

gills) was applied to a pneumatic device exhaust, more than 10% improvement
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in noise reduction compared with a general pneumatic silencer was achieved [34].

Another study showed using an expanded collecting system (rather than a simple

muffler) reduced sound pressure level (SPL) of a pneumatic screwdriver from

87dB(A) to 80dB(A) in a production setting[33]. These results highlight that

silencer design (porosity, flow path, expansion volume) can have measurable impact

on workplace noise levels.

However, there are design trade offs and challenges. One of the main considerations

is back pressure: adding a silencer introduces resistance to flow which can affect

pneumatic actuator performance, exhaust timing, and system efficiency. Designers

must balance between effective noise attenuation and minimal impact on system

operation. Moreover, diesel type or pulse type exhausts generate wideband and

impulse noise; achieving attenuation across all frequencies is non trivial. The

pneumatic noise generated by turbulent jets and rapid expansions is more difficult

to suppress at low frequencies. Indeed, one review observed that despite many

attempts, noise levels below 80dB in production plant settings remain elusive for

many current solutions [35]. In addition, space constraints, maintenance (e.g.,

clogging of porous elements) and cost are practical issues.

In recent research and development, attention has turned toward hybrid porous

expansion designs and optimization using computational methods (e.g., FEM,

genetic algorithms) for muffler geometry. The aforementioned simulation study on

metal sintered porous plus spiral tube plus expansion cones found that combining

dissipative (porous) and reactive (expansion/geometry) elements produced superior

attenuation in constrained spaces [36].

1.8 Additive Manufacturing Technology

Additive manufacturing (AM), often referred to as 3D printing, is a group of

technologies that fabricate three dimensional parts by depositing or fusing material

layer by layer, following a digital model as shown in figure 1.9. Unlike traditional

subtractive manufacturing which removes material via machining, casting or forging



Introduction 15

AM builds parts from the ground up, enabling significant design freedom, complex

geometries, and often reduced waste of material. The transformative nature of

AM lies in its ability to produce structures that were previously impossible or

prohibitively expensive using conventional manufacturing means [37].

Figure 1.9: Basic Steps for Additive Manufacturing [38]

One of the major advantages of AM is design flexibility: internal channels, lattice

structures, functional gradients, and topology optimized shapes can be created

directly and integrated into parts, opening possibilities for lightweighting, part

consolidation (reducing assemblies), customized or patient specific components,

and rapid iterations or prototyping. For instance, the automotive and aerospace

industries leverage AM to create lightweight, complex brackets or conformal cooling

channels that would be difficult or impossible to machine [39]. Furthermore, the

layer by layer nature of AM can reduce waste compared to subtractive methods,

especially for high-value materials like titanium alloys, and enable shorter lead

times from concept to production. Main processes of AM is shown in figure 1.10.

Despite these benefits, there are several important challenges in additive manufac-

turing. Material options, process reliability, repeatability, surface finish, anisotropy

of mechanical properties, residual stresses, defect formation (e.g., porosity, lack

of fusion) and post processing overhead remain active concerns. For metal AM

in particular, the literature points out that although many processes are mature,

“there is still a need of a robust understanding of processes, challenges, and appli-

cation specific needs” when scaling to production environments [40]. In addition,
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Figure 1.10: Additive Manufacturing Technology

printing speed, build volume constraints, cost of AM machines and feedstock,

and certification/qualification in regulated industries are barriers to widespread

adoption.

Another dimension of AM’s evolving role is the expansion in materials and ap-

plications beyond polymers and metals into ceramics, composites, bio materials,

and even concrete and food printing. The convergence of AM with design for

additive manufacturing, topology optimization, lattice/truss structures, and hy-

bridization (combining AM with subtractive or formative methods) is shaping

next generation manufacturing strategies. Moreover, sustainability considerations

are becoming more prominent: researchers are investigating energy consumption,

material reuse/recycling, and life-cycle impacts of AM compared to traditional

manufacturing routes.

1.9 Lattice Structures

Lattice structures are architected or cellular materials composed of repeating

unit cells that form a periodic or semi periodic network in three dimensional

space. These structures enable a unique combination of low weight, high specific

strength, tailored mechanical properties (such as stiffness, energy absorption, and
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deformation behavior) and design freedom, particularly when produced via additive

manufacturing (AM) technologies.

In the AM context, use of lattice structures offers significant advantages: the ability

to produce complex internal geometries (which would be very difficult or impossible

by conventional subtractive or formative processes), to tune structural parameters

such as cell topology, relative density, strut thickness and unit cell size, and to

integrate multi functionality (e.g., load bearing plus heat transfer plus acoustic

damping).

Design of lattice structures begins with defining a unit cell topology, which is

then replicated throughout a volume (uniformly or graded). The replication

may follow a grid or conform to a curved boundary. Key parameters include

relative density (ratio of lattice mass to solid mass), strut or wall thickness, unit-

cell size, connectivity, and orientation. Manufacture via AM introduces further

considerations: minimum feature sizes, surface roughness, build direction effects,

residual stresses, and anisotropy of properties.

Lattice structures have found applications in aerospace (lightweight panels, struc-

tural brackets), automotive (energy absorption and crashworthiness zones), biomed-

ical implants (porous scaffolds promoting bone in-growth), and heat exchangers

(via high surface area designs). Their ability to absorb energy, tailor stiffness and

mimic natural architectures (e.g., cancellous bone) makes them desirable in many

advanced engineering fields.

1.9.1 Strut or Beam Based Lattice Structures

Strut or beam-based lattice structures are one of the most commonly used types

of cellular materials, consisting of slender members, or ”struts,” connected at

nodes, forming truss-like networks as shown in figure 1.11. These structures are

often referred to as trusses or frameworks and are widely utilized due to their

simplicity and versatility. The most common unit-cell topologies for strut-based

lattices include body-centered cubic (BCC), face-centered cubic (FCC), octet truss,
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and Kelvin cells. These lattices are characterized by the repeated arrangement of

struts that provide a network for transferring forces across the structure. A key

characteristic of these lattice structures is their ability to offer high strength-to-

weight ratios, making them ideal for applications requiring lightweight but robust

components, such as aerospace and automotive industries. For example, BCC

and FCC lattices are widely used in lightweight structural components because

of their superior mechanical properties and ease of manufacturing using additive

manufacturing (AM) technologies.

Figure 1.11: Strut/Beam Lattice (generated with nTop and the colored lines
show the 3D reference system useful for comparison): (a) Simple Cubic Cell; (b)
Body Centered Cubic Cell; (c) Face Centered Cubic Cell; (d) Diamond Cell; (e)
Fluorite Cell; (f) Octet Cell; (g) Truncated Octahedron Cell; (h) Re-entrant Cell;
(i) Truncated Cube Cell; (j) Kelvin Cell; (k) Iso Truss Cell; (l) Weaire–Phelan

Cell [41]

Strut-based lattices exhibit mechanical behavior that can be well described by

cellular material models, such as the Gibson-Ashby model, which links relative

density to stiffness and strength. The mechanical performance of these lattices is

heavily influenced by key design parameters such as relative density, strut thickness,

and unit-cell size. As relative density increases, both strength and stiffness improve,

but so does the weight of the structure. The deformation mechanism of strut lattices
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is typically dominated by either bending or stretching, depending on the design.

Bending-dominated lattices tend to be more flexible, while stretching-dominated

lattices are stiffer and more efficient in carrying loads. The ability to tune these

structures by adjusting the relative density and strut thickness makes them suitable

for a range of applications, from energy absorption systems to lightweight structural

elements. However, one of the challenges associated with strut-based lattices is the

anisotropic nature of their mechanical properties, meaning the properties may vary

depending on the orientation of the structure. This is especially pronounced when

using additive manufacturing, where the build direction can affect the material’s

mechanical behavior [42].

1.10 Triply Periodic Minimal Surface Structures

Triply Periodic Minimal Surface (TPMS) structures are advanced lattice archi-

tectures defined by continuous, smooth periodic surfaces that divide space into

two interpenetrating volumes as shown in figure 1.12. These surfaces are a type of

minimal surface, meaning they have zero mean curvature at every point on the

surface. TPMS lattices are characterized by their highly symmetric and isotropic

properties, which make them particularly valuable for applications requiring uni-

form mechanical behavior in all directions. TPMS structures can be designed with

various unit-cell types, such as Gyroid, Diamond, Neovius, and Schwarz Primitive,

each offering unique mechanical and fluidic properties. These lattices are often used

in applications where high surface area, isotropy, and efficient load distribution

are important. For instance, TPMS structures are gaining popularity in fields like

biomedical implants, heat exchangers, and filtration systems due to their ability to

provide optimal balance between strength, stiffness, and energy absorption while

maintaining a lightweight structure.

One of the key advantages of TPMS lattices is their geometric symmetry and

isotropy. The continuous, smooth surfaces of TPMS lattices lead to uniform

mechanical properties in all directions, unlike traditional strut-based lattices that

can exhibit directional dependence of properties. This makes TPMS lattices ideal
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Figure 1.12: TPMS Structures [43]

for applications where multidirectional load-bearing capability is required, such as

in aerospace or automotive structural components. Additionally, TPMS lattices

offer an extremely high specific surface area, which is beneficial in applications

such as heat exchange or fluid filtration, where a large surface area is needed

for efficient thermal or fluid transfer. The high surface area also contributes to

the acoustic properties of TPMS lattices, making them an ideal choice for noise

reduction applications, such as in porous silencers.
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Another advantage of TPMS lattices is their ability to optimize mechanical perfor-

mance without sacrificing structural integrity. Studies have shown that sheet-based

TPMS structures, such as the Gyroid, exhibit superior compressive strength and

energy absorption capabilities compared to traditional strut-based lattices at the

same relative density. This is due to the nature of the TPMS structure, where

the smooth, interconnected surface allows for more efficient load distribution and

energy dissipation. Furthermore, TPMS lattices can be designed with a range of

relative densities and geometries, allowing for the fine-tuning of properties like

stiffness, damping, and flow resistance.

From a manufacturing perspective, TPMS lattices are well-suited for additive

manufacturing due to their smooth, continuous geometry, often requiring minimal

support structures. Techniques like SLS and DMLS can produce these complex

lattices, though fine details may pose printability challenges. Optimizing TPMS

structures involves balancing print resolution, material properties, and mechanical

performance, enabling customized designs for aerospace, automotive, medical, and

energy applications [44].

1.11 Flow of Gas Through Conventional Silencers

and their Limitations

The flow of gas through conventional silencers is typically characterized by complex

interactions involving turbulence generation, flow separation, and energy dissipation

mechanisms, which are primarily responsible for acoustic attenuation. In reactive

silencers, the exhaust gas passes through a series of expansion chambers and

perforated ducts, where abrupt changes in cross-sectional area induce pressure

wave reflections and interference effects, leading to noise reduction. However, these

sudden expansions and contractions often result in significant flow separation and

recirculation zones, causing increased pressure losses and reduced flow efficiency.

In dissipative silencers, the gas flows through porous or fibrous materials, where

acoustic energy is converted into heat through viscous and thermal losses. While
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these silencers are effective at attenuating high-frequency noise, they tend to exhibit

poor performance at low frequencies and may suffer from material degradation

over time under high-temperature or high-velocity conditions. Hybrid silencers

attempt to combine both reactive and dissipative mechanisms; however, they still

face challenges in achieving an optimal balance between noise attenuation and

pressure drop. Additionally, conventional silencer designs often rely on simplified

geometries, which limit their ability to control flow distribution and turbulence

intensity effectively. As a result, excessive turbulence and non-uniform velocity

fields can lead to inefficient acoustic performance and increased aerodynamic losses.

These shortcomings highlight the need for advanced structural designs, such as

TPMS-based geometries, which can provide smoother flow pathways, enhanced

surface interaction, and improved control over both flow and acoustic characteristics.

1.12 Problem Statement

In many industrial applications, such as pneumatic systems and exhaust manage-

ment, controlling noise levels while maintaining efficient fluid flow is a significant

challenge. Porous silencers are commonly used to mitigate the noise produced by

high-velocity gas flows; however, their effectiveness is heavily dependent on the

internal pore structure and flow characteristics. Traditional silencer designs often

fail to optimize both noise reduction and flow performance, leading to inefficient

designs that either compromise acoustic attenuation or increase pressure drop.

Triply Periodic Minimal Surface (TPMS)-based porous structures, such as Gyroid,

Diamond, and Primitive, have shown promise in offering high surface area and

unique geometric properties that can potentially enhance the performance of

porous silencers. However, there is a lack of comprehensive numerical studies

that systematically compare these TPMS structures in terms of their acoustic

and fluidic performance in transient flow conditions. Existing models fail to

address the complex transient interactions between flow and acoustic waves in

such intricate porous geometries, limiting the ability to design highly efficient

and optimized porous silencers. This thesis seeks to fill this gap by conducting a
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numerical investigation using Transient Reynolds-Averaged Navier-Stokes (RANS)

simulations in ANSYS Fluent to assess and compare the performance of Gyroid,

Diamond, and Primitive TPMS-based porous silencer designs. The aim is to

evaluate the noise reduction efficiency, pressure drop, and flow dynamics for each

pore structure, providing valuable insights for the optimization of porous silencer

designs in various industrial applications.

1.13 Research Objectives

The primary objective of this thesis is to numerically investigate the flow and

acoustic performance of porous pneumatic silencers incorporating triply periodic

minimal surface (TPMS) structures. To achieve this aim, the following specific

objectives are defined:

i. To design and develop three-dimensional geometric models of porous silencers

based on Gyroid, Diamond, and Primitive TPMS pore structures, ensur-

ing identical external dimensions and comparable porosity same as market

Pneumatic silencer.

ii. To perform high Computational Fluid Dynamics (CFD) simulations using

ANSYS Fluent by applying the Transient Reynolds-Averaged Navier–Stokes

(RANS) approach to accurately capture unsteady flow behavior inside the

porous silencer configurations.

iii. To analyze the internal flow characteristics of each TPMS-based silencer by

examining pressure, velocity, temperature, and streamline contours, with the

aim of understanding flow resistance, vortex formation, and energy dissipation

mechanisms.

iv. To predict the acoustic performance of each silencer configuration using the

Ffowcs Williams–Hawkings (FW-H) acoustic model, enabling the computation

of far-field sound pressure levels generated by turbulent flow structures.
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v. To assess the A-weighted Sound Pressure Level (A-weighted SPL) across

octave bands for Gyroid, Diamond, and Primitive structures, providing a

human-hearing-relevant comparison of acoustic attenuation performance.

1.14 Thesis Structure

This thesis is organized into five chapters.

Chapter 1: Introduction The introductory chapter provides the background, objec-

tives, and significance of the study, laying the foundation for the research. Chapter

2: Literature Review This chapter reviews the existing literature on silencers, focus-

ing on the principles of noise attenuation, types of silencers, and the role of porous

structures in sound absorption. It also examines previous studies on the modeling

and simulation of porous silencers, highlighting gaps in knowledge that this research

aims to address. Chapter 3: Methodology The methodology chapter outlines the

modeling and simulation techniques used in the study. It describes the numerical

methods employed to simulate the behavior of porous silencers under transient flow

conditions and explains the selection of materials and pore structures. This chapter

also details the computational tools and software used for the simulations. Chapter

4: Results and Discussion This chapter presents the results of the simulations,

including the sound attenuation performance and pressure drop for each of the

porous structures under various conditions. The results are analyzed and discussed

in terms of their implications for silencer design and performance. and Chapter 5:

Conclusions and Recommendations The final chapter summarizes the key findings

of the research, discusses their practical implications, and offers recommendations

for future research and potential improvements in silencer design.
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Literature Review

2.1 Introduction of Metamaterials

Research in acoustic absorption has traditionally focused on conventional materials

and methods. However, there is a growing interest in metamaterials, artificially

engineered structures with unique topological properties that do not violate the laws

of physics. The concept of metamaterials emerged in the field of electromagnetics

in 1968, when physicist Veselago identified that materials with negative dielectric

characteristics and permeability differed from typical materials that possess positive

properties. Metamaterials are categorized into thermal, acoustic, electromagnetic,

and mechanical types based on their modified physical properties. Unlike naturally

occurring materials, metamaterials are designed to achieve specific functionalities

or multiple functions (i.e., multifunctional).

For acoustic applications, these materials must meet several functional criteria,

including a high absorption coefficient over a broad frequency range, cost-efficiency,

structural integrity, lightweight properties, and flame resistance. Acoustic metama-

terials (AC-Meta) are a subset of metamaterials designed to manipulate acoustic

waves. These structures, typically composed of cellular arrays, can influence sound

waves on the sub-wavelength scale. AC-Meta materials exhibit a wide range of den-

sities and bulk moduli, both critical properties for sound wave propagation. Over

the past two decades, AC-Meta has gained significant attention, with researchers

25
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exploring their complex features that can enable unusual functions. The increasing

interest in metamaterials is evident from the vast number of publications available:

over 25,000 articles related to ”Metamaterials” and over 1,500 articles focusing on

”Acoustic Metamaterials” on Scopus.

Acoustic metamaterials are known for their negative density, anisotropic mass

properties, and negative elastic modulus. These materials are often created by

combining two or more substances with different densities and bulk moduli. AC-

Meta has shown exceptional performance in acoustics, providing remarkable sound

manipulation capabilities across a broad frequency range. Their ability to surpass

conventional materials in controlling sound has led to significant advancements in

noise control and absorption techniques. These materials are specifically engineered

to meet precise functional requirements, such as targeting specific frequency ranges,

achieving high sound absorption coefficients, and maintaining structural integrity

in diverse environmental conditions. Furthermore, they offer tunability, enabling

customization for applications that require precise acoustic adjustments. Their ver-

satility and effectiveness across a wide frequency spectrum make them a promising

area for future research and development in acoustic technology, particularly in

optimizing the balance between absorption, reflection, and durability [45].

Figure 2.1 illustrates the number of publications related to ’Metamaterials and

Acoustic Metamaterials’ over the past decade, highlighting the growing interest

among researchers in exploring the wide-ranging applications of Acoustic Meta-

materials (AC Meta). However, the broader use of AC-Meta is constrained by

significant challenges in fabrication, especially when it comes to producing complex

structures. In recent years, additive manufacturing (AM) has become a prominent

technique for creating 3D metamaterials with intricate designs [47]. Moreover,

noise sources span a broad spectrum of frequencies, making it difficult to manage

noise using a single type of absorber. Acoustic absorbers, however, can be tailored

to address specific frequency ranges, making customization a crucial aspect of their

design and development. As a result, the development of acoustic absorbers should

prioritize flexibility in fine-tuning their performance across various frequency bands

to achieve optimal sound absorption. AM provides several advantages, offering
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Figure 2.1: Schematic depicting the evolution of the field of metamaterials
over the years, from 1968 to nowadays [46]

flexibility to optimize both process and product parameters, which is essential for

such customization [48].

2.2 Types of Acoustic Absorbing Metamaterial

Acoustic absorbing metamaterials (ACA-Meta) can be generally divided into three

categories based on their structural features: perforated, slotted, and cellular. If

a structure incorporates more than two of these geometries, it is referred to as a

hybrid ACA-Meta. The classification of ACA-Meta is illustrated in the Figure

2.2. Traditionally, configurations like perforated, slotted, and cellular structures

were considered separate from metamaterials. However, their characterization

changes significantly when they are created using additive manufacturing (AM)

techniques. AM allows for intricate modifications to these structures, resulting in

substantial improvements in their performance compared to traditional materials
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and designs. This transformative effect has led to the reclassification of such

structures as metamaterials. By utilizing AM, these materials acquire unique

properties that directly influence their physical characteristics. This shift challenges

the conventional classification of these structures, highlighting the role of advanced

manufacturing techniques in shaping their behavior and justifying their recognition

as metamaterials.

Figure 2.2: Acoustic Meta Materials [49]

2.2.1 Perforated ACA-Meta

Perforated Acoustic Absorbing Metamaterials (ACA-Meta) consist of panels with

numerous perforations and have been utilized by researchers to enhance the acoustic

environment of buildings [43]. These materials are recyclable, non-flammable, and

environmentally friendly acoustic absorbers. They absorb sound through viscous

friction in small holes, typically spaced away from a rigid surface. The efficiency of
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these absorbers is maximized when the acoustic particle velocity within the pores

is at its highest. Perforated ACA-Meta is effective at absorbing sound in the mid

and high-frequency ranges but has limited effectiveness at lower frequencies [50].

The perforations in micro-perforated panels (MPP) generally have diameters of

less than 1 mm, and the surface area of the panel made up of micro-perforated

pores is typically between 1% and 2% of the total area. MPP absorbers have

been successfully used in various applications, such as construction machinery,

architectural rooms, and exhaust systems. They are suitable for use in interior

wall barriers, windscreens, fluorescent light covers, sunshades, and column covers.

To achieve optimal sound absorption, an air gap must be maintained between the

perforated ACA-Meta and a rigid wall. While first-generation perforated panels

were made of metal with circular laser-cut perforations, second-generation panels

are more cost-effective as they are produced through etching, cutting, shearing,

or grinding. In the current generation, these panels are fabricated and fine-tuned

using advanced technologies like additive manufacturing (AM).

2.2.2 Slotted ACA-Meta

Slotted Acoustic Absorbing Metamaterials (ACA-Meta) are structures that feature

slots rather than circular perforations, functioning similarly to perforated ACA-

Meta. These structures can include resonators and coiled designs such as Hilbert,

fractal, labyrinthine, spiral, and helix. When a sound wave passes through the

slotted ACA-Meta, it travels along the extended path of the slots, which is much

longer than the physical dimensions of the structure. This helps reduce the sound

intensity by slowing the wave and decreasing its strength due to the frictional

resistance at the air channel wall interface. For slotted absorbers, 3D printing

offers flexibility, enabling design freedom, customization, and fast manufacturing.

It is generally more resource-efficient than traditional subtractive manufacturing

methods, reducing material waste and providing a more sustainable production

approach. Additionally, 3D printing is scalable, making it suitable for both small-

and large-scale production, while also lowering manufacturing costs, making the

creation of custom slotted absorbers more affordable.
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2.2.3 Cellular ACA-Meta

Cellular structures have gained significant attention due to their lightweight, high

strength, energy absorption, and vibration damping capabilities. The term ”Cel-

lular Structure” was first introduced by Gibson and Ashby, who considered it to

encompass materials like foams and honeycombs. These materials possess a wide

range of topological features, structural characteristics, and length scales, such

as improved vibration absorption, a high strength-to-weight ratio, and structural

control over breakdown and length distribution. Thanks to their exceptional prop-

erties, cellular structures are commonly used in fields like aerospace, bioengineering,

robotics, and other technological sectors. The application of additive manufacturing

(AM) has accelerated the development of these structures. Additionally, cellular

structures have demonstrated outstanding acoustic properties.

Cellular Acoustic Absorbing Metamaterials (ACA-Meta) can be classified as either

periodic or non-periodic based on their periodicity. Periodic cellular ACA-Meta

can be further categorized into strut, plate, sheet/shell, skeletal/ligament, and

honeycomb structures. In contrast, non-periodic structures, like spinodal topologies,

are added without the inclusion of honeycombs. Periodic strut-based structures

feature a network of prismatic struts connected at vertices, forming a truss-like

framework that effectively distributes load, making them ideal for applications

requiring a high strength-to-weight ratio [51]. These include geometries such

as octet-truss, face-centered cube, body-centered cube, Kelvin cells, and others

connected by struts. Non-periodic trusses, such as those based on Voronoi diagrams,

utilize seed-based spatial divisions where points in each cell are closer to the seed

point that generated them, resulting in cells that form convex polygons without

holes in 3D and line segments dividing the space in 2D. These cells are defined by

their characteristic of being hole-free convex polygons in both dimensions [52].

Periodic plate-based structures consist of plates regularly placed between trusses,

providing distinct mechanical properties, while non-periodic plate-based structures,

such as closed-cell and quasi-random foams, lack regularity. TPMS-based structures:

gyroid, Neovius, primitive, and diamond can be created by thickening minimal
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surfaces for sheet-based lattices or solidifying enclosed volumes for skeletal-based

lattices. Non-periodic TPMS are generated by introducing randomness via control

points and sub-domains. Spinodal structures are non-periodic, bi-continuous

cellular designs resembling early-stage diffusion-driven phase separation, modeled

using Gaussian random fields based on the Cahn-Hilliard equation; these are

classified as spinodal-based (sheet) or spinodoid (skeletal). Periodic honeycomb

structures feature uniform unit cells, including tetrahedrons, triangular prisms,

and hexagonal prisms [53, 54].

2.2.4 Hybrid ACA-Meta

In the broad exploration of perforated, slotted, and cellular acoustic metamaterials,

hybrid ACA-Meta emerge as a blend of two or more configurations. This combi-

nation seeks to leverage the benefits of various structures to create a synergistic

effect.

2.3 AM Techniques for Acoustic Metamaterials

Traditional methods such as casting, molding, machining, and laser cutting have

been widely used for manufacturing acoustic absorbers, but they come with several

limitations, especially in terms of customization, design control, and achieving high

internal porosity [55]. For instance, Daniel et al. (2018, 2020) used compression

molding to produce PLA-based absorbers reinforced with kenaf and coconut fibers,

but encountered difficulties in adjusting these materials for specific acoustic per-

formance [56, 57]. Likewise, Daeipour et al. (2017) and Jayamani et al. (2014)

created absorbers reinforced with natural fibers like wood, rice straw, and kenaf,

which performed well but lacked flexibility in adjusting their properties. These

methods often involve intricate and time-consuming steps such as fiber preparation,

blending, and perforation. Given these constraints, additive manufacturing (AM)

offers a promising alternative, providing greater design flexibility, customization,
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and the potential to address many challenges associated with conventional tech-

niques, particularly in producing absorbers with tailored acoustic properties across

various frequency ranges [58, 59].

Furthermore, additive manufacturing (AM) technologies offer more controlled

parameters and a stronger interaction between material properties and process

variables, enabling the creation and optimization of complex designs. This method,

commonly referred to as 3D printing, involves layering materials to construct three-

dimensional objects and is utilized across various industries, including automotive,

biomedical, and aerospace. Additive manufacturing is categorized into multistep

and single-step techniques, with further subdivisions according to the ISO/ASTM

59000:2021 standard [60].

2.3.1 Vat Photopolymerization

The vat photopolymerization technique involves exposing a light-curable resin,

stored in a vat, to visible or ultraviolet light. This curing light initiates a poly-

merization reaction that either forms polymer chains or crosslinks them, resulting

in a solid resin. Once the process is complete, it is irreversible, and the resin

cannot return to its liquid state. A sliced STL file is used to create successive resin

layers. Two curing methods, stereolithography (SLA) and digital light processing

(DLP) (as shown in Figure 2.3), are commonly employed in photopolymerization.

In SLA, a platform is submerged in a resin-filled tank, and a laser beam traces

the building area, curing the resin according to the STL file. The platform is then

moved along the z-axis, and the curing process is repeated layer by layer until the

3D object is complete. In contrast, DLP uses a digital light projector to reflect

a laser source instead of a mirror during the curing process, and the projector’s

resolution impacts the accuracy of the printed parts.
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Figure 2.3: Principle of Digital Light Processing (DLP) [61]

2.3.2 Stereolithography

Stereolithography (SLA) as shown in figure 2.4, was found to be particularly effective

for creating periodic shapes, making it ideal for prototypes and advanced acoustic

modeling of porous materials. However, SLA 3D printers may create materials

with periodic networks of pores that are more substantial than traditional acoustic

foams. In contrast, affordable conventional 3D-printing equipment, including SLA

and other AM technologies, cannot enhance these characteristics, especially when

using powder-based materials like laser sintering, laser melting, or binder jetting,

which may result in microporosity in the 3D-printed skeleton. This microporosity

leads to beneficial double porosity, which significantly improves sound absorption

by affecting how sound waves travel through these materials. Additionally, a study

thoroughly analyzes the 3D printing of structured acoustic absorbent materials

using DLP and SLA at microscopic scales. The design involves a periodic network of

interconnected resonant chambers with cubes containing spherical interior cavities

linked by cylindrical holes. Variations in surface roughness and dimensional fidelity

influenced the coefficient of absorption, which was determined experimentally.

One challenge in using DLP and SLA for finer-scale production is the decreased
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viscosity of polymer resins. Furthermore, a comparison of two extrusion-based

3D printing methods, extrude-and-pull and fiber bridging, highlights their effects

on acoustic properties. The extrude-and-pull method produces thin, hair-like

fibers, while fiber bridging creates thicker fibers that are more effective at sound

absorption. The extrude-and-pull approach, although simpler, results in lower

sound absorption due to the thinner fibers, which reduce visco-inertial and thermal

losses [62]. Lastly, aerogel-based acoustic absorbers with regulated microstructures

were successfully printed using a novel technique that combines extrusion and

freeze-casting. The cellulose nanocrystal aerogel absorbers exhibited excellent

sound absorption properties, making them ideal for lightweight, sound-absorbing

applications, such as in aircraft.

These studies provide a detailed understanding of how various AM technologies

can be optimized for fabricating ACA-Meta. They emphasize the importance of

selecting the appropriate manufacturing method based on structural complexity,

scale, and acoustic performance. Additionally, the studies highlight the need to

balance manufacturing precision, material properties, and cost-efficiency when

developing effective acoustic-absorbing metamaterials.

Figure 2.4: Principle of Stereolithography (SLA) [61]
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2.3.3 Powder Bed Fusion

Powder bed fusion (PBF), as shown in figure 2.5 involves building a platform

bed covered with fine powder particles, which are fused together using a liquid

binder. After the particles are fused, the excess powder is extracted using a

vacuum. Surface preparation can be done through coating, sintering, or infiltration.

Factors such as powder particle size, binder viscosity, and powder spreading speed

affect the final product’s quality. Low melting or sintering temperatures can

be managed with lasers. This method offers flexibility in material selection and

room temperature conditions, and the powder bed supports the material, helping

to overcome challenges during material removal. However, it tends to be more

expensive, slower, and results in greater porosity during the powder fusion process.

Key PBF techniques include direct metal laser sintering (DMLS), selective laser

melting (SLM), and selective laser sintering (SLS). These technologies are capable

of creating precise, well-finished products, particularly suitable for small-scale

manufacturing due to their reduced beam size. While SLM uses lasers to melt alloy

powder particles, producing shorter production times and improved microstructure

with high cooling rates, SLS requires powder distribution over the platform. DMLS,

like SLM, is effective for producing aerospace parts, functional prototypes, and

short-run components more efficiently and economically.

2.3.4 Material Jetting

Material jetting (MJ) is another AM method that produces functional components

with fine geometric precision and reduced surface roughness using liquid photopoly-

mer. Its layer-by-layer manufacturing process and low purchase-to-fly ratio make

it ideal for industries like biomedicine, dentistry, manufacturing, and aviation.

The photopolymer is heated and deposited as droplets onto the build platform,

stored in air-excluding containers. Ultraviolet light is then used to cure the molten

material, as shown in figure 2.6. MJ offers several advantages, including the ability

to adjust layer thickness, provide two types of surface textures, and eliminate the

need for post-processing. It is widely used in polymer printing and also supports
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Figure 2.5: Principle of Selective Laser Melting (SLM/DLMS) [61]

multi-material printing, allowing the blending of materials like PLA, ABS, and

polyamide to create composite components for specific applications. Additionally,

MJ printers, with their closed ambient chamber, are suitable for both household

and industrial use.

Figure 2.6: Principle of Material Jetting 3D printing [61]

Binder jetting is an additive manufacturing (AM) technique that uses a liquid

binding agent to selectively join powder particles layer by layer, building objects

from 3D data. It has several advantages, including the ability to work with various
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materials, no need for explicit support structures, and excellent scalability. The

binder is typically applied across the entire cross-section of each layer during

printing. In color jet printing (CJP), a print head is used to selectively distribute

the binder onto the powder layer. Directed energy deposition (DED) utilizes a

high-energy heat source to melt feedstock material, creating a metal track and

producing a 3D near-net-shape component. Commercial methods for DED include

laser metal deposition (LMD), direct metal deposition (DMD), and laser-engineered

net shaping (LENS), each differing by the energy source and material type.

2.3.5 Sheet Lamination

Sheet lamination is another 3D manufacturing technique that involves stacking

and bonding thin layers of paper, plastic, or metal sheets. The final shape is

produced using laser cutting or CNC machining. Various processes are used in sheet

lamination, including laminated object manufacturing (LOM), ultrasonic additive

manufacturing (UAM), and plastic sheet lamination (PSL). LOM, one of the earliest

commercially available AM methods, uses paper and adhesive instead of welding.

Materials like paper, ceramics, polymeric metal-filled tapes, and composites are

machined and sealed together. Material extrusion, commonly known as fused

deposition modeling (FDM), involves extruding material through a nozzle to form

each layer in a parallel line pattern. However, FDM has limitations in mechanical

properties due to a restricted range of materials, primarily thermoplastics and some

engineering polymers. To expand its capabilities, research into composite materials

and enhanced formulations is necessary for creating functional, load-bearing parts.

Direct ink writing (DIW), another extrusion-based technique, deposits liquid-phase

ink from a nozzle at controlled flow rates to form three-dimensional objects layer

by layer.

Several studies have extensively explored the potential of additive manufactur-

ing (AM) for acoustic applications, each contributing valuable insights into the

fabrication and performance of Acoustic Absorbing Metamaterials (ACA-Meta).

One significant study focuses on constructing a frequency-dependent cell transfer
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matrix using a complete visco thermal acoustic model, examining the micro-to-

macro dynamics of a single-cell structure. Two identical Kelvin cell structures

were fabricated and analyzed using Digital Light Processing (DLP) and Selective

Laser Melting (SLM) technologies. These methods were selected for their ability to

precisely represent complex geometries, with particular emphasis on the impact of

geometry and surface finish on acoustic properties. Another area of research inves-

tigates the feasibility of reproducing porous samples designed for sound absorption

using additive printing. Different research centers independently produced and

tested samples using standardized geometric codes for periodic cellular patterns.

While tests on these samples yielded consistent results, some variations were ob-

served due to surface imperfections, such as microporosity, introduced during the

manufacturing process.

2.4 Summary and Perspective

2.4.1 Design Perspective

Research on additively manufactured perforated ACA-Meta structures has shown

that modifying the perforation ratio shifts the resonance frequency of the peak sound

absorption coefficient, with larger ratios producing higher resonant frequencies.

Variations in perforation volume such as changes in thickness, diameter, and

material density, have been found to strongly influence sound absorption, resonance

behavior, and bandwidth. For example, the infill density used in 3D printing

affects specimen mass and resonant characteristics; higher infill levels maintain

elevated SAC (Sound Absorption Coefficient) values without altering the frequency

spectrum.

Geometrical parameters, including porosity, hole diameter, sample height, and

perforation angle, also play critical roles, with sample height being particularly

influential. Slotted ACA-Meta configurations outperform conventional versions

at low frequencies. Emerging geometries such as hexagonal cells with parallel

resonators, micro-helix structures, and fractal-inspired designs exhibit adjustable
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absorption across broad frequency bands. In the case of cellular ACA-Meta,

honeycomb and strut-based architectures highlight the effects of topology, relative

density, height, and manufacturing tolerances on acoustic behavior. Shell-type

structures, including Schwartz-D, gyroid, and spherical designs, each display distinct

absorption responses that vary with frequency.

Overall, the findings confirm that ACA-Meta structures can achieve effective SAC

performance across a wide frequency spectrum. Perforated ACA-Meta suits mid-

frequency applications, slotted designs target low to mid-frequency ranges, and

well-optimized cellular ACA-Meta can operate effectively across nearly the entire

range. Beyond the configurations examined here, other bio-inspired, nature-derived,

and mechanism-based designs have also been explored to some degree.

2.4.2 Additive Manufacturing Perspective

This section reviews the materials and additive manufacturing (AM) techniques that

have been explored to date and identifies potential directions for future progress.

By carefully selecting both the material and the AM process, it is clear that acoustic

metamaterials can achieve the required properties for acoustic applications includ-

ing high mechanical strength, thermal stability, and resistance to environmental

conditions [63]. From a materials standpoint, most studies have focused on polymer-

based options due to their low cost and widespread availability. Photopolymer

resins have also been employed, though their higher cost compared with polymer fil-

aments has limited their use. Only a small number of investigations have examined

metal-based materials or other alternatives such as aerogels and powder systems

like calcium sulphate. From a methodological perspective, extrusion-based AM

technologies have dominated the literature, primarily because of their affordability.

A smaller body of work has investigated vat photopolymerization, motivated by its

ability to produce highly accurate surface finishes while maintaining tight tolerances.

It is also worth noting that process-induced imperfections in technologies such as

material jetting, binder jetting, and powder bed fusion may contribute favorably to

acoustic absorption; however, this area remains underexplored and warrants further
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systematic study. Notably, no published research has yet reported the fabrication

of acoustic metamaterials using sheet lamination or direct energy deposition. This

gap is likely due to the inherent difficulties these processes face in producing the

complex geometries required for acoustic metamaterial functionality. Addressing

these challenges will require inventive process adaptations and dedicated research

into their feasibility.

Another key limitation of AM is the challenge of scaling production to fabricate large

acoustic panels. Large-format printing introduces complications such as maintaining

uniform material behavior, achieving accurate dimensions, and managing prolonged

build times, all of which hinder broader industrial adoption. Additionally, the

high initial cost of AM equipment and the relatively narrow selection of printable

materials further restrict the scalability of large acoustic systems [64].

Looking ahead, advancements in AM are poised to dramatically influence how

acoustic metamaterials are manufactured, with several transformative developments

on the horizon. One promising avenue involves micro-architected metamaterials

produced via micro- and nano-scale 3D printing technologies [64], which enable

extreme geometric precision and the creation of ultralight ACA-Meta with very

fine features. However, these techniques currently face scalability limitations,

particularly in printing speed. Volumetric AM which has recently emerged as a

high-speed alternative, offers a potential solution to overcome these constraints [65].

Additional developments, such as multi-laser beam systems in laser powder-bed

fusion paired with significantly expanded build volumes spanning meters, may

greatly streamline the industrial-scale production of acoustic metamaterials [65].

Progress in 4D printing adds another exciting dimension to this field by enabling

the use of smart materials and adaptive structures. Printing with shape-memory

polymers or alloys allows the creation of reconfigurable acoustic systems capable of

responding to external stimuli [67]. Furthermore, hybrid 3D printing approaches

particularly those combining metal laser powder-bed fusion with multi-material

capabilities, show promise for producing functionally graded structures tailored for

complex acoustic performance requirements [66].
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Collectively, these AM innovations signal a transformative trajectory for the field,

unlocking new opportunities to design and manufacture acoustic metamaterials with

unprecedented precision, scalability, and multifunctionality. They offer a compelling

pathway for meeting the growing demand for advanced acoustic solutions across a

wide range of industries.

2.5 Research Gap

Despite extensive research on conventional silencers, limited work has been con-

ducted on the application of TPMS structures for flow-induced noise reduction

in pneumatic systems. Existing studies primarily focus on either aerodynamic or

acoustic performance, with a lack of integrated analysis combining both aspects.

Furthermore, comparative evaluations of different TPMS geometries using advanced

aero acoustic models such as FW-H are scarce. The influence of TPMS structures

on pressure drop, turbulence, and frequency-dependent sound attenuation remains

insufficiently explored. Therefore, this study addresses these gaps by performing a

comprehensive numerical and acoustic analysis of Gyroid, Diamond, and Primitive

TPMS-based silencers.
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Research Methodology

3.1 Methodology Flow Chart

The methodology adopted in this study follows a structured sequence of steps

that ensures a reliable and systematic numerical investigation of porous silencers

featuring Gyroid, Diamond, and Primitive TPMS structures. The workflow begins

with the development of the complete silencer geometry, which includes the creation

of the outer casing and the internal TPMS-based porous cores generated using

their implicit mathematical surface equations. Once the geometry is defined, the

internal fluid domain is extracted to represent the actual flow passage through the

silencer. The extracted domain is then discretized using a high-quality polyhedral

mesh with appropriate boundary-layer refinement to accurately resolve turbulence

characteristics, particularly in regions of high velocity gradients. After meshing, the

governing equations and turbulence models are selected, followed by the definition

of the inlet, outlet, and wall boundary conditions. The transient solver settings are

configured to ensure numerical stability and accurate resolution of unsteady flow

features. Finally, the simulation results are post-processed to examine flow behavior,

pressure fluctuations, and acoustic indicators. This sequential methodological

framework is illustrated in the flowchart given below in Figure 3.1.

42
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Figure 3.1: Methodology Flow Chart

3.2 Geometric Modelling

3.2.1 Silencer Geometry

The geometric modelling stage forms the foundation of the numerical investigation,

as the accuracy of the flow simulation strongly depends on a realistic and well-

defined geometry. In this study, the silencer body and the embedded TPMS
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structures, Gyroid, Diamond, and Primitive are developed using nTop and the

parameters are given in Table 3.1.

Table 3.1: Parameters for generating structures

Structure Type Unit Cell Size (mm) Wall Thickness (mm)
Diamond 7 × 7 × 7 1.2
Gyroid 7 × 7 × 7 1.43
Schwarz 7 × 7 × 7 0.81

Figure 3.2: Wireframe Diagram of Pneumatic Silencer

The silencer geometry is constructed as a cylindrical duct containing a porous core

made of TPMS structures. The outer body of the silencer is first created with

pre-determined dimensions (mm), (as shown in Figure. 3.2) including the overall

length and diameter that correspond to typical industrial silencer configurations.

These dimensions are selected from the commercial used pneumatic silencers. The

silencer body provides the structural boundaries required to house the TPMS

structures and establishes the physical limits of the flow domain [67].

3.2.2 TPMS Structure Modelling

The porous cores inside the silencer are modelled using triply periodic minimal

surface (TPMS) geometries, specifically the Gyroid, Diamond, and Primitive

(Schwarz-P) structures. These structures are chosen because they offer a continuous,

periodic, and highly interconnected pore network beneficial for sound attenuation
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and pressure dissipation [68]. Each TPMS structure is generated using its implicit

mathematical surface equation as follows:

Gyroid : f(X,Y, Z) = sin(X) cos(Y ) + sin(Y ) cos(Z) + sin(Z) cos(X) (3.1)

Primitive : f(X,Y, Z) = cos(X) + cos(Y ) + cos(Z) (3.2)

Diamond : f(X,Y, Z) = cos(X) cos(Y ) cos(Z) (3.3)

Figure 3.3: Unit cells of TPMS Structures

Here, the coordinates X, Y, Z are defined as 2ni/Li, where ni represents the number

of unit cells and Li denotes the cell size along the I-th dimension.

To ensure that the TPMS structures effectively represent porous absorbers, the

unit cell size and porosity (60%) values are carefully assigned. After defining the

TPMS structure, it is replicated periodically and inserted into the silencer body

so that it occupies the internal flow region uniformly. This integration ensures

that air flowing through the silencer interacts with a continuous porous medium,

allowing accurate prediction of pressure drop and flow-induced acoustic behavior.

Cross sectional view of silencers with Gyroid, Primitive and Diamond structures is

shown in Figure 3.4.
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Figure 3.4: Cross Sectional View of (A) Gyroid (B) Primitive (C) Diamond

3.2.3 Receivers for Acoustic Signals

To obtain a more comprehensive evaluation of the acoustic behavior within the

silencer, A total of 33 acoustic receivers were strategically positioned around the

TPMS structure to capture detailed variations in Sound Pressure Level (SPL)

throughout the computational domain. As illustrated in Figure 3.5, the receivers

were distributed in three different rows along the axial direction of the silencer,

providing improved spatial coverage of the acoustic field compared to the previous

receiver configuration.

The receivers were categorized into three groups: the upper row consisting of

receivers R12–R22, the middle row consisting of receivers R1–R11, and the lower

row consisting of receivers R23–R33. This multi-level arrangement was designed

to monitor the acoustic response at different vertical locations around the porous
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TPMS geometry. The receiver spacing was selected to ensure consistent moni-

toring of sound propagation, turbulence-induced fluctuations, and pressure wave

attenuation along the entire silencer length.

The acoustic data collected from all 33 receivers was subsequently utilized in

the Ffowcs Williams–Hawkings (FW-H) acoustic model to evaluate the acoustic

performance of the TPMS-based silencer. The expanded receiver arrangement

improves the reliability and accuracy of acoustic measurements by providing

enhanced spatial resolution of the generated sound field.

Figure 3.5: Receivers for Acoustic Signals

3.2.4 Fluid Domain

The fluid domain for the present numerical investigation was designed to accurately

simulate the airflow behavior and acoustic propagation through the TPMS-based

silencer structure while minimizing the influence of boundary effects on the compu-

tational results. As illustrated in Figure 3.6, the computational domain consists of

a three-dimensional rectangular enclosure containing the porous TPMS silencer

geometry positioned centrally within the flow region. The dimensions of the fluid

domain were selected to provide sufficient upstream and downstream flow devel-

opment regions. An inlet extension of 50 mm was maintained upstream of the

silencer to allow the incoming airflow to develop before interacting with the porous

structure. Similarly, a downstream extension of 80 mm was provided to capture

the wake development, flow stabilization, and acoustic wave propagation after the

fluid passed through the silencer. The larger downstream region also helps reduce
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Figure 3.6: Dimensions of Fluid Domain

artificial reflections and numerical disturbances near the outlet boundary. In the

transverse directions, a clearance of 20 mm was maintained between the TPMS

structure and the outer boundaries of the fluid domain in both vertical and hori-

zontal directions. This spacing ensures that the wall boundaries do not artificially

influence the flow field, turbulence structures, or acoustic behavior around the

silencer geometry. The TPMS silencer itself was modeled as a cylindrical porous

structure placed concentrically within the computational domain to ensure uniform

interaction between the fluid flow and porous medium.

3.3 Mesh Generation and Independence Study

For the numerical simulations conducted in this study, a carefully constructed

meshing strategy was employed to ensure accurate resolution of both the pneumatic

and acoustic performance of the TPMS-based porous silencers. The mesh was

generated using a polyhexahedral mesh within ANSYS Fluent Meshing, which was

chosen for its superior accuracy and numerical stability, particularly for complex

geometries like the TPMS structures. Polyhexahedral elements provide better

continuity in fluid dynamics, which is crucial for simulating turbulent flows and

capturing detailed flow gradients inside the porous medium. This mesh type also

reduces numerical diffusion, ensuring a more reliable representation of the flow

field and turbulence.

The mesh was refined in critical regions, such as the walls of the silencer and the

pore boundaries, to properly capture the near-wall turbulence effects that play a

significant role in both the pressure drop and acoustic performance. Boundary layer
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inflation was applied to the mesh, particularly near the walls, ensuring that the

turbulence near the boundary was well-resolved. A key objective of this refinement

was to maintain a y+ value close to 1. The dimensionless wall distance, denoted

as y, is a non-dimensional parameter used in Computational Fluid Dynamics

(CFD) to describe the distance of the first mesh point from the wall in viscous flow

simulations. It represents the ratio of inertial to viscous effects in the near-wall

region and is defined based on the local fluid velocity, fluid properties, and distance

from the wall. The value of y determines how well the boundary layer, particularly

the viscous sublayer, is resolved. In the present study, y values are maintained

close to 1 to ensure that the first grid point lies within the viscous sublayer, where

velocity gradients are very steep and critical to accurately predicting wall shear

stress and turbulence behavior. Maintaining y 1 allows the turbulence model to

resolve the near-wall flow directly, rather than relying on empirical wall functions,

thereby improving the accuracy of velocity distribution, pressure drop, and flow-

induced acoustic predictions. This is particularly important for complex geometries

such as TPMS-based silencers, where near-wall effects significantly influence overall

flow and noise characteristics.

The base mesh size was set to 0.08 mm to ensure high resolution, particularly in

regions where velocity gradients and turbulence effects are most pronounced. This

refinement allowed for a detailed representation of flow and pressure fluctuations

within the silencer, especially at the pore entrances and areas with high flow velocity

or turbulence. The mesh was carefully distributed throughout the silencer body,

with additional refinement near the pore openings and regions where flow separation

and turbulence were expected. This distribution enabled the accurate modeling of

both the pneumatic resistance and the acoustic attenuation performance.

The study involved five different mesh sizes, ranging from very coarse to very

fine, with the number of elements and the corresponding pressure values shown in

Table 3.2. The error percentage was calculated by comparing the pressure values

obtained from each mesh size to the results obtained from the finer meshes. The

results of the mesh independence study are summarized as follows: Very Coarse

Mesh: With 1,248,736 elements, this mesh size yielded a pressure value of 3,185
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Figure 3.7: Mesh Generation (a) Isometric view (b) Cross-sectional view

Pa. Due to the significant difference in pressure compared to the finer meshes, this

mesh was deemed unsuitable for the simulations. Coarse Mesh: The coarse mesh,

with 2,903,415 elements, gave a pressure value of 3,028 Pa, resulting in an error of

5.2% when compared to the finer meshes. Medium Mesh: With 4,176,892 elements,

the medium mesh produced a pressure value of 2,937 Pa, showing an error of

3.1%. While the error decreased, it was still deemed insufficient for high-accuracy

simulations. Medium Mesh: With 4,176,892 elements, the medium mesh produced

a pressure value of 2,937 Pa, showing an error of 3.1%. While the error decreased,

it was still deemed insufficient for high-accuracy simulations. Very Fine Mesh: The

very fine mesh, consisting of 8,102,764 elements, resulted in a pressure value of 2,914

Pa, with an error of 0.7%. Although the error was the smallest, the computational

cost was significantly higher. After careful consideration of the computational

cost and the error margin, the fine mesh with 6,589,240 elements was selected for

the simulations in this study. This mesh provided a balance between accuracy

and computational efficiency, with an acceptable error of 1.5% and a manageable

increase in simulation time compared to the coarser meshes.
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Table 3.2: Mesh independence Study

Sr. No. Mesh sizes No. of Elements Pressure (Pa) Error %

1 Mesh-1 1,248,736 3,185 -

2 Mesh-2 2,903,415 3,028 5.2

3 Mesh-3 4,176,892 2,937 3.1

4 Mesh-4 6,589,240 2,894 1.5

5 Mesh-5 8,102,764 2,914 0.7

3.4 Governing Equations

3.4.1 Navier–Stokes Equations

The motion of a compressible Newtonian fluid such as air is described by the

Navier–Stokes equations, which consist of the continuity equation and the momen-

tum conservation equation. In this study, the equations are solved in their RANS

form to account for the statistically averaged behavior of turbulent flows.

3.4.2 Continuity Equation

The continuity equation expresses the conservation of mass in a compressible flow

and is given by:
∂ρ

∂t
+ ∇ · (ρu) = 0 (3.4)

where: ρ is the fluid density, u is the velocity vector, and t is time.

This equation ensures that mass is conserved at every point within the fluid domain

of the silencer.
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3.4.3 Momentum Equation

The conservation of momentum for a compressible Newtonian fluid is described by

the RANS momentum equation:

∂(ρu)

∂t
+ ∇ · (ρuu) = −∇p + ∇ ·

[
µ
(
∇u + (∇u)T

)]
−∇ · (ρu′u′) (3.5)

where ρ is static pressure, µ is dynamic viscosity, and ρu′u′ represents the Reynolds

stresses.

In the Reynolds-Averaged Navier–Stokes (RANS) formulation, the instantaneous

velocity field is decomposed into mean and fluctuating components, which introduces

additional unknown terms known as Reynolds stresses. These stresses represent

the effect of turbulent velocity fluctuations on the mean flow and appear as the

Reynolds stress tensor, which must be modeled to close the system of equations.

In the present study, the Reynolds stresses are approximated using the Boussinesq

hypothesis, which assumes that the turbulent fluctuations can be related to the

mean velocity gradients in a manner analogous to molecular viscosity.

According to this approach, the Reynolds stress tensor is expressed in terms of

a turbulent (eddy) viscosity, which is calculated using the turbulence properties

obtained from the standard k– model. Specifically, the turbulent viscosity is defined

as a function of the turbulent kinetic energy (k) and its dissipation rate (), allowing

the Reynolds stresses to be approximated as proportional to the mean rate of

strain. This assumption simplifies the complex turbulent interactions into an

isotropic form, making the problem computationally tractable while still providing

reasonable accuracy for engineering flows.

The use of the Boussinesq approximation is justified in this study because the

primary objective is to predict global flow characteristics such as pressure drop,

velocity distribution, and overall turbulence behavior within TPMS-based silencer

geometries. Although this approach may have limitations in capturing highly

anisotropic turbulence, it is widely accepted for internal turbulent flows and

provides a suitable balance between accuracy and computational efficiency.
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3.4.4 Turbulence Modelling

Turbulence plays a dominant role in governing the flow behavior inside silencers,

particularly when air passes through complex TPMS pore structures. Several turbu-

lence models are available in ANSYS Fluent, including the k–ω SST, Transition-SST,

Reynolds Stress Model (RSM), and hybrid RANS–LES approaches. However, the

standard k–ε turbulence model is adopted in the present study due to its robustness,

numerical stability, and well-documented performance in internal duct flows and

porous media applications [69].

The standard k–ε model solves two transport equations: one for the turbulent

kinetic energy k and another for the turbulent dissipation rate ε. The k–ε turbulence

model employs two transport equations in order to represent the essential physics

of turbulent flows in a simplified and practical manner. The first equation governs

the transport of turbulent kinetic energy (k), which quantifies the intensity of

turbulence or the energy contained in velocity fluctuations. The second equation

describes the transport of the rate of dissipation (ε), which represents how quickly

this turbulent energy is converted into thermal energy due to viscous effects.

The use of these two variables allows the model to capture both the generation and

dissipation mechanisms of turbulence. Specifically, k accounts for how turbulence

is produced and distributed within the flow, while ε controls the rate at which

turbulence decays. By solving these two coupled equations, the model can estimate

the turbulent (eddy) viscosity, which is then used to approximate the Reynolds

stresses in the RANS equations. Therefore, the two-equation formulation provides

a balance between physical accuracy and computational efficiency, enabling reliable

prediction of turbulence effects in complex flows such as those encountered in

TPMS-based silencers.

3.4.4.1 Transport Equation for Turbulent Kinetic Energy (k)

∂(ρk)

∂t
+ ∇ · (ρku) = ∇ ·

[(
µ +

µt

σk

)
∇k

]
+ Gk − ρε (3.6)
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3.4.4.2 Transport Equation for Dissipation Rate (ε)

∂(ρε)

∂t
+ ∇ · (ρεu) = ∇ ·

[(
µ +

µt

σε

)
∇ε

]
+ C1ε

ε

k
Gk − C2ερ

ε2

k
(3.7)

In these equations, ρ represents the fluid density, and u denotes the mean velocity

components in the spatial directions. The left-hand side of both equations consists

of two terms: the first term ∂
∂t

represents the transient (time-dependent) variation,

while the second term ρku represents convective transport of the variable (k or ε)

by the mean flow.

On the right-hand side, the first term represents diffusion, which accounts for

the spread of turbulence due to both molecular viscosity µ and turbulent (eddy)

viscosity µt. The parameters σk and σε are the turbulent Prandtl numbers for k

and ε respectively, which control the rate of turbulent diffusion.

The term Pk denotes the production of turbulent kinetic energy, which arises due

to the interaction between velocity gradients and turbulent fluctuations. Physically,

it represents the transfer of energy from the mean flow to turbulent motion. In the

k-equation, Pk acts as a source term, increasing turbulence levels.

The term ρε in the k-equation represents the dissipation of turbulent kinetic energy,

where turbulent energy is converted into internal energy due to viscous effects at

small scales.

In the ε-equation, the term

C1ρ
ε

k
Pk

represents the generation of dissipation rate, which is linked to the production of

turbulence, while the term

C2ρ
ε2

k

represents the destruction (or decay) of dissipation rate.

The turbulent viscosity µt, which is required to close the RANS equations, is

computed using the relation:

µt = Cµρ
k2

ε



Research Methodology 55

where Cµ is an empirical constant. The model constants C1, C2, σk, and σε are

determined from experimental data and are typically assigned standard values in

the classical k–ε model.

The standard k–ε turbulence model was selected in the present study due to

its proven robustness, computational efficiency, and reliability in simulating fully

developed turbulent flows in engineering applications. The flow within TPMS-based

silencers is characterized by high Reynolds number (8507 for our study), complex

internal geometries, and significant turbulent mixing, particularly due to rapid

changes in flow direction and porous structure interactions. Under such conditions,

the k–ε model provides a stable and well-established framework for predicting the

mean flow behavior.

3.5 Assumptions and Thermophysical Properties

Several assumptions were made to simplify the numerical simulations and focus

on the primary pneumatic and acoustic characteristics of the TPMS-based porous

silencers. First, air was assumed to behave as a Newtonian fluid, with constant

viscosity, as the flow velocities and temperatures considered do not exhibit significant

deviation from ideal fluid behaviors. Compressible flow was assumed due to the

high-speed air entering the silencer at 50 m/s, leading to density variations that

influence both the flow and sound propagation characteristics. The simulations

were conducted under steady-state and transient conditions, assuming no heat

transfer between the fluid and the solid boundaries, thus neglecting thermal effects.

The flow was treated as fully turbulent, and the k- turbulence model was applied,

with the assumption that the turbulence remains isotropic and fully developed

within the flow domain. Additionally, idealized boundary conditions were applied,

including a constant velocity inlet, a pressure outlet, and no-slip conditions at all

solid surfaces.
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To ensure a realistic representation of airflow inside the silencer, the thermophysical

properties of air are defined based on standard atmospheric conditions. Density

variations are computed using the ideal gas law, expressed as:

ρ =
p

RT
(3.8)

where p denotes the static pressure, R is the specific gas constant for air which is

287 J kg−1 K−1, and T represents the absolute temperature.

The dynamic viscosity of air is assumed to be constant over the operating temper-

ature range and is taken as µ = 1.7894× 10−5 kg m−1 s−1. The reference density of

air under standard atmospheric conditions is approximately ρ0 = 1.225 kg m−3.

The operating temperature in the present study is fixed at 296 K, corresponding to

standard laboratory conditions and ensuring consistency with typical pneumatic–

acoustic experiments.

By defining air properties through the ideal gas law and assuming constant viscosity,

the numerical solver captures density variations induced by pressure fluctuations

while maintaining numerical stability. These thermophysical specifications, together

with the stated modeling assumptions, provide a reliable basis for accurately

simulating compressible, unsteady airflow through TPMS-based porous silencer

structures.

3.6 Boundary Conditions

The application of appropriate boundary conditions is essential for accurately

capturing the physical flow behavior inside the porous silencers and ensuring

numerical stability throughout the transient RANS simulation. In this study, the

boundary conditions are defined to reflect realistic operating conditions for internal

duct flow while enabling the analysis of flow-induced acoustic fluctuations. Each

boundary condition plays a specific role in establishing how air enters, interacts

with, and exits the TPMS-based silencer geometry.
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A velocity inlet condition is applied at the upstream end of the silencer. The inlet

velocity is set to 50 m/s, representing a high-speed airflow environment typical

of industrial ventilation, automotive mufflers, or acoustic damping systems [70].

The direction normal to the inlet plane is used, and the solver computes density

variations based on the compressible flow formulation. At the downstream end

Figure 3.8: Boundary Conditions

of the silencer, a pressure outlet boundary condition is applied, with an assigned

zero-gauge static pressure. This condition allows the flow to exit freely while letting

the solver adjust density and velocity fields based on internal flow dynamics. The

pressure outlet also accommodates reverse flow if necessary, a common occurrence

during vortex shedding and pressure-wave reflection in transient simulations. All

solid surfaces, including the silencer walls and the surfaces of the TPMS porous

structures, are assigned a no-slip wall boundary condition. This means that the

velocity of air at the wall surface is zero relative to the solid boundary. The

no-slip condition ensures accurate prediction of viscous effects, boundary-layer

development, and near-wall turbulence, all of which significantly influence pressure

drop and acoustic behavior inside porous media.



Research Methodology 58

3.7 Solver Settings and Discretization Schemes

The transient, compressible nature of the flow requires a robust pressure–velocity

coupling method to accurately resolve dynamic pressure and density variations.

For this purpose, the coupled scheme is employed. In the coupled algorithm, the

momentum and continuity equations are solved simultaneously, which enhances

stability and accelerates convergence for high-speed and compressible flows. This

scheme is particularly effective when modelling flows involving rapid changes

in pressure and velocity inside porous media, where pressure wave propagation

and turbulence interactions are critical for acoustic performance evaluation. The

coupled approach ensures tight coupling between pressure and velocity fields, which

is essential for capturing transient flow-induced noise characteristics.

To obtain accurate numerical solutions, appropriate spatial and temporal discretiza-

tion schemes are employed. The Green–Gauss node-based method is selected for

polyhedral meshes. Green–Gauss node-based method calculates gradients using sur-

rounding cell values by converting volume integrals into surface integrals, and then

averages them at nodes. It is simple, efficient, and suitable for unstructured meshes.

The momentum equations are initially discretized using the first-order upwind

scheme. The turbulence transport equations for turbulent kinetic energy (k) and

dissipation rate (ε) are also discretized using the first-order upwind method, which

provides stable and robust solutions within the highly complex flow regime of porous

TPMS structures. Numerical stability is particularly important in this context due

to the presence of abrupt local velocity gradients and intense turbulent mixing

within the interconnected pore pathways. Temporal discretization is performed

using a first-order implicit scheme, which is well suited for unsteady compressible

flows and allows the use of relatively larger time steps without compromising

numerical stability. This approach effectively captures transient flow features such

as vortex shedding and pressure oscillations. The residual convergence criterion is

set to 1×10−6, ensuring that each time step converges adequately before advancing

to the next. This stringent convergence threshold guarantees accurate resolution of

small-scale pressure fluctuations that are critical for subsequent acoustic analysis.
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3.8 Time Step Calculation

Time-step selection is critical in transient simulations, particularly for resolving

unsteady flow phenomena in porous silencers. An excessively large time step may

lead to numerical instability or loss of important transient details, whereas an

overly small time step significantly increases computational cost. To achieve an

optimal balance between numerical accuracy and computational efficiency, the

time step is determined based on the Courant–Friedrichs–Lewy (CFL) condition,

defined as:

C0 =
u∆t

∆x
(3.11)

where C0 is the Courant number, u denotes the characteristic velocity, ∆t is the

time step, and ∆x represents the minimum mesh size.

To ensure numerical stability and accurately capture unsteady flow features, the

Courant number is maintained below unity. Courant number is kept below 1 in

explicit schemes to ensure stability, meaning flow should not cross more than one

cell per time step. Using a minimum mesh spacing of 0.08 mm and an inlet velocity

of 50 m s−1, the time step is calculated as:

∆t =
C0 ∆x

u
(3.12)

Substituting the corresponding values yields a time step of:

∆t = 3.6 × 10−7 s (3.13)

This sufficiently small time step ensures accurate resolution of transient flow fea-

tures such as vortex shedding, oscillatory flow structures, and unsteady pressure

fluctuations. A total of 2868 time steps are simulated, providing adequate temporal

resolution to analyze flow-induced acoustic behavior and to compare the perfor-

mance of Gyroid, Diamond, and Primitive TPMS-based silencer configurations.
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3.9 Validation Study

To verify the accuracy and reliability of the present numerical methodology, a

validation study was conducted by comparing the acoustic results of the current

work with the experimental data reported by Giorleo et al [71]. The comparison

was performed using the Sound Absorption Coefficient and the corresponding peak

absorption frequency for TPMS-based porous structures. As shown in Figure 3.9,

Figure 3.9: Validation

the present numerical predictions demonstrate good agreement with the published

experimental results. The literature reported a maximum absorption coefficient

of approximately 0.98 at around 1700 Hz, whereas the present study predicted

a similar absorption coefficient at approximately 1790 Hz, corresponding to an

error of nearly 5.3%. Similarly, another TPMS configuration showed an absorption

coefficient of approximately 0.78 at around 1980 Hz in the literature, while the

present simulation predicted approximately 2015 Hz, resulting in an error of about

1.8%. The low percentage error and close agreement confirm the reliability of the

adopted modeling approach for predicting the acoustic performance of TPMS-based

porous silencers.



Chapter 4

Results and Discussion

This chapter presents the results and discussions based on the numerical simulations

of porous pneumatic silencers, incorporating Gyroid, Diamond, and Primitive

TPMS structures. The primary aim of this chapter is to examine and compare

the flow behavior and acoustic performance of each configuration under identical

conditions. The results are discussed systematically, focusing on key parameters

such as pressure, temperature, velocity, and streamline contours, along with sound

pressure level (SPL) spectra. The Ffowcs Williams–Hawkings (FW-H) acoustic

model was used to calculate the far-field SPL, which is a critical component of

this analysis. This chapter aims to provide insights into how each TPMS structure

influences flow dynamics and noise attenuation. The results are divided into two

primary categories:

i. Flow characteristics Results – including pressure, velocity, temperature, and

streamline contours for all structures.

ii. Acoustic Performance Results – including SPL vs. frequency and A-weighted

SPL vs. frequency graphs for all structures, measured using 11 receivers

placed in the simulation.

Each set of results is analyzed to determine the relationship between flow features

(such as pressure loss and turbulence) and acoustic performance (sound attenuation

61



Results and Discussion 62

and frequency response). By comparing the Gyroid, Diamond, and Primitive

structures, the effectiveness of each configuration in reducing pneumatic noise is

evaluated.

4.1 Flow Characteristics of TPMS based Silencer

4.1.1 Pressure Distribution and Pressure Drop

The pressure contours for the three TPMS-based porous silencer structures, Dia-

mond, Gyroid, and Primitive are presented in Figure 4.1, highlighting the pressure

distribution across the silencer geometries. The contours reflect the pressure varia-

tions induced by the interaction of airflow with the porous structures, illustrating

the extent of flow resistance and energy dissipation in each configuration.

The pressure distribution in the Diamond structure (Figure 4.1(a)) shows a signif-

icant pressure drop at the inlet, with higher pressure zones forming at the pore

entrances. The pressure drop is relatively uniform throughout the length of the

silencer, suggesting that the Diamond geometry offers a moderate resistance to flow.

The flow expansion and contraction within the pores result in a smooth transition

in pressure, with lower pressure gradients compared to the Primitive structure.

This indicates that the Diamond structure provides a balanced resistance and is

effective at dissipating flow energy while maintaining manageable pressure losses.

In the Gyroid structure (Figure 4.1(b)), the pressure drop is noticeably less com-

pared to the Diamond and Primitive structures. The pressure contour highlights a

more uniform distribution of pressure across the silencer. This smooth gradient

suggests that the Gyroid’s continuous, curved surface facilitates better flow manage-

ment with fewer disruptions or separations in the airflow. The lower pressure drop

across the Gyroid structure indicates its superior efficiency in reducing resistance

while still achieving effective energy dissipation, making it the most pneumatically

efficient design among the three.
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The Primitive structure (Figure4.1(c)) shows the highest pressure drop, particularly

at the inlet where the flow is more restricted by the less connected and more irregular

pore network. The pressure contours indicate a significant pressure increase at the

pore openings and a sharper pressure decay through the length of the silencer. The

geometry of the Primitive structure results in higher flow turbulence and localized

energy dissipation, leading to an increased pressure drop. This behavior highlights

that while the Primitive structure may provide strong noise attenuation, it comes

with a higher pneumatic penalty.

Figure 4.1: Pressure and Temperature contour distribution inside the porous
silencer for Diamond (a-d), Gyroid (b-e) and Permitive (c-f) structures

4.1.2 Temperature Distribution and Thermal Behavior

The temperature contours for the Diamond, Gyroid, and Primitive TPMS-based

porous silencers are also shown in Figure 4.1. The contours reveal how airflow inter-

acts with the porous structures, and how the structures influence heat dissipation

and temperature distribution across the silencer. Temperature variations inside

the silencers are influenced by flow resistance, pressure losses, and the resulting

energy dissipation due to turbulence.
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The temperature distribution in the Diamond structure (Figure 4.1(d)) shows a

relatively uniform thermal profile across the silencer. The temperature gradient

near the inlet is small, with only slight variations observed inside the silencer. This

suggests that the Diamond structure facilitates efficient heat transfer and prevents

significant thermal buildup. The flow through the pores in the Diamond structure

appears to maintain a stable temperature distribution without introducing major

disruptions in thermal equilibrium. The temperature near the inlet is slightly

higher, which is typical in flow systems where the energy input from the high-speed

airflow is dissipated gradually through the porous structure.

The temperature contour for the Gyroid structure (Figure 4.1(e)) shows a similarly

uniform temperature distribution, though with slightly more pronounced variations

compared to the Diamond structure. The temperature in the Gyroid silencer

increases slightly in the regions where the flow experiences rapid deceleration and

turbulence. This indicates that while the Gyroid structure offers efficient flow

management, there are localized regions within the pores where some thermal

buildup occurs due to vortex formation and the interaction of the flow with the

surface. However, the overall temperature variation remains within a narrow range,

reflecting the efficient heat transfer capabilities of the Gyroid configuration.

In the Primitive structure (Figure 4.1(f)), the temperature distribution is slightly

more variable, with more pronounced thermal gradients near the pore openings.

The temperature near the inlet increases significantly, indicating higher energy

dissipation within the restrictive pore network. The temperature variations are

more localized within the silencer, suggesting that the Primitive structure’s more

complex and less interconnected pore geometry leads to greater resistance to airflow

and heat buildup. The localized thermal hotspots suggest that the flow undergoes

higher levels of turbulence and velocity fluctuations, which dissipate more heat in

concentrated areas. This results in a greater overall temperature gradient within

the silencer.

To examine the thermal behavior of the airflow throughout the porous silencer,

temperature contours were also evaluated at six different cross-sectional planes

located along the axial direction of the TPMS structure. The selected planes were
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positioned at 0.0001 m, 0.01 m, 0.02 m, 0.03 m, 0.04 m, and 0.05 m from the

inlet section of the silencer. These planes provide a detailed representation of

temperature distribution and thermal evolution as the airflow propagates through

the porous medium.

Figure 4.2: Temperature Contours at Different Cross-Sectional Planes for
Gyroid (a-f), Diamond (g-l) and Primitive (m-r) structures

As shown in Figure 4.2, the temperature contours indicate noticeable variations in

thermal distribution across different TPMS geometries and flow locations. Near

the inlet region (0.0001 m), relatively uniform temperature fields are observed due

to the initial interaction of the airflow with the porous structure. As the flow

progresses through the silencer, localized high-temperature regions develop around

the solid surfaces and narrow flow passages because of turbulence generation, viscous

dissipation, and enhanced fluid–surface interaction within the porous medium.

At intermediate planes (0.01 m0.03 m), the temperature contours exhibit more pro-

nounced non-uniformity, indicating stronger mixing and thermal exchange between

the airflow and the TPMS structure. Further downstream (0.04 m0.05 m), the

temperature distribution becomes comparatively smoother as the flow stabilizes

and thermal gradients gradually decrease. The contours also demonstrate that the

geometry and pore arrangement significantly influence the thermal field by con-

trolling local flow recirculation and turbulence intensity. Overall, the temperature

contour analysis provides valuable insight into the thermal characteristics of the
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porous silencer and highlights the effect of TPMS geometry on heat distribution

and flow behavior along the silencer length.

4.1.3 Velocity Distribution and Flow Structure

The velocity contours for the three TPMS-based porous silencers Diamond, Gyroid,

and Primitive are presented in Figure 4.3. These contours provide a visual represen-

tation of the velocity distribution inside each silencer structure, highlighting how

airflow interacts with the porous cores and how different pore geometries influence

flow acceleration, deceleration, and turbulence. In the Diamond structure (Figure

4.3(a)), the velocity distribution exhibits a relatively uniform flow pattern with

moderate acceleration near the inlet and gradual deceleration as the flow passes

through the porous medium. The contours show that the flow is slightly constricted

near the pore openings, leading to localized velocity increases. This suggests

that the Diamond structure causes less disruption to the flow than more complex

geometries, allowing for smoother passage of air while still providing sufficient

resistance to dissipate energy. The velocity is highest at the pore entrances, with a

smooth transition downstream. This flow behavior indicates a balanced pneumatic

resistance that contributes to moderate pressure loss while maintaining manageable

flow velocity.

For the Gyroid structure (Figure 4.3(b)), the velocity contours reveal a more

uniform flow distribution across the entire silencer. The flow experiences fewer

velocity fluctuations and less constriction within the pores compared to the Diamond

structure, reflecting the continuous, curved nature of the Gyroid’s pore surfaces.

The velocity is generally lower near the inlet compared to the other structures,

indicating that the Gyroid configuration facilitates smoother flow paths with

reduced acceleration. This result suggests that the Gyroid structure has superior

flow management capabilities, allowing air to pass through with lower resistance

and fewer disruptions, leading to a more uniform velocity profile across the length

of the silencer. The smoother velocity distribution is likely a contributing factor to

its lower pressure drop observed in previous results.



Results and Discussion 67

The Primitive structure (Figure 4.3(c)) shows a much more complex velocity

distribution with significant variations across the silencer. The velocity is highest

at the inlet, where the flow is compressed into the smaller, less interconnected pores.

The flow through the Primitive structure exhibits high local acceleration followed by

sudden decelerations due to the irregular pore structure and flow constrictions. The

contours indicate that the flow through the Primitive silencer is highly disrupted,

leading to high velocity gradients and turbulent regions near the pore openings.

This results in increased energy dissipation and a larger pressure drop, as discussed

in previous sections. The flow behavior is more chaotic compared to the Diamond

and Gyroid structures, suggesting that while the Primitive structure may provide

significant turbulence and noise reduction, it comes at the cost of higher flow

resistance. These findings indicate how each TPMS configuration manages airflow

differently. The Gyroid structure proves to be the most efficient in terms of smooth

flow distribution, with the least disruption, while the Primitive structure creates

more chaotic flow patterns that likely contribute to higher turbulence and noise

attenuation but also result in significant pressure losses. The Diamond structure

falls in between, offering a balanced approach to both flow management and energy

dissipation. To investigate the flow behavior inside the porous silencer, velocity

Figure 4.3: Velocity and Streamline contours distribution inside the porous
silencer for Diamond (a-d), Gyroid (b-e) and Permitive (c-f) structures

contours were analyzed at six different cross-sectional planes located at 0.0001 m,
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0.01 m, 0.02 m, 0.03 m, 0.04 m, and 0.05 along the axial direction of the TPMS

structure. These sectional planes provide a detailed understanding of the velocity

distribution and flow development throughout the porous medium.

Figure 4.4: Velocity Contours at Different Cross-Sectional Planes for Gyroid
(a-f), Diamond (g-l) and Primitive (m-r) structures

As illustrated in Figure 4.4, the velocity contours show significant variations in

flow magnitude and distribution due to the influence of the TPMS geometry and

pore arrangement. At the inlet region (0.0001 m), the airflow exhibits relatively

higher and more uniform velocity profiles before entering the porous structure.

As the fluid progresses through the silencer, the velocity decreases within the

porous region because of flow resistance, viscous effects, and turbulence generation

caused by the complex internal geometry. In the intermediate sections (0.01 m0.03

m), localized low-velocity regions and non-uniform flow patterns become more

prominent due to the interaction between the airflow and the solid surfaces of

the TPMS structure. The contours also indicate the formation of recirculation

zones and enhanced turbulence near the pore walls, which contribute to energy

dissipation and acoustic attenuation. Further downstream (0.04 m0.05 m), the

velocity field gradually stabilizes as the flow adjusts after passing through the

porous medium. The results demonstrate that the TPMS geometry significantly

influences the internal flow characteristics by controlling flow pathways, turbulence

intensity, and velocity gradients. Therefore, the velocity contour analysis provides

important insight into the aerodynamic performance of the porous silencer and its

role in flow-induced noise reduction.



Results and Discussion 69

4.1.4 Streamline Distribution

The streamline contours for the three TPMS-based porous silencers Diamond,

Gyroid, and Primitive are also shown in Figure 4.3. The streamline patterns reveal

how the airflow interacts with the internal geometry of each silencer structure

and provide insight into the flow path characteristics, including vortex formation

and regions of recirculation. Streamlines are a powerful tool for visualizing the

flow direction, velocity variations, and the presence of flow separation, which are

essential for understanding the pneumatic performance of the silencers. In the

Diamond structure (Figure 4.3(d)), the streamlines show that the flow experiences

moderate expansion and contraction within the pore network. There is noticeable

acceleration at the pore entrances, followed by a gradual deceleration as the flow

traverses the porous core. The streamlines illustrate the formation of localized

vortices at the edges of the pores, which suggests that the Diamond structure

induces some degree of flow separation and turbulence, particularly at the pore

junctions. However, the flow recovers quickly and follows smooth paths, indicating

that the Diamond structure allows for efficient flow through the silencer while still

providing resistance to energy dissipation. The overall streamline pattern suggests

that the Diamond geometry balances flow disruption and energy loss.

The Gyroid structure (Figure 4.3(e)) exhibits a more uniform streamline pattern

compared to the Diamond structure. The flow through the Gyroid pores is smoother,

with less flow separation and fewer vortex formations. The streamlines indicate that

the Gyroid’s continuous, curved surfaces facilitate a more coherent flow distribution

with fewer localized recirculation zones. This implies that the Gyroid structure

minimizes turbulence and flow loss, allowing for a more efficient flow path. The

smoother streamline distribution reflects the Gyroid’s ability to reduce pressure

drop while effectively managing the flow through the silencer. The minimal vortex

shedding and flow separation further support the Gyroid structure as a highly

efficient design in terms of both flow management and noise attenuation.

In the Primitive structure (Figure 4.3(f)), the streamlines reveal a more chaotic

flow pattern with significant flow separation and vortex formation near the pore
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openings. The streamlines indicate that the flow accelerates sharply as it enters the

pores and then experiences significant deceleration, leading to the formation of large-

scale vortices. These vortices contribute to turbulence, which is likely responsible

for the higher-pressure loss observed in the Primitive structure. The presence of

multiple recirculating flow regions and disrupted streamline paths suggests that

the Primitive structure creates more turbulence, enhancing acoustic damping but

at the cost of increased flow resistance. The chaotic nature of the flow indicates

that the Primitive structure might be effective at noise reduction, especially at

higher turbulence levels, but it also causes substantial pneumatic penalties. The

Gyroid structure, with its smoother flow distribution and minimal vortex formation,

appears to be the most pneumatically efficient design. In contrast, the Primitive

structure generates more turbulence and flow separation, which could contribute

to higher noise attenuation at the cost of significant pressure loss. The Diamond

structure provides a balanced approach, showing moderate flow disruptions and

corresponding pressure losses.

4.2 Acoustic Performance

4.2.1 Sound Pressure Level vs Frequency Graph for Dia-

mond Structure

Figure 4.5 shows the Sound Pressure Level (SPL) as a function of frequency for the

Diamond structure. The frequency range extends from 0 Hz to 10,000 Hz, covering

both low and high-frequency regions, which is essential for understanding the

silencer’s broadband noise attenuation capability. At lower frequencies (0-1000 Hz),

the SPL values are relatively high, indicating that the Diamond structure offers less

attenuation in this frequency range. The overall sound pressure levels remain above

60 dB for most receivers, with certain peaks at specific frequencies. In the mid-

frequency range (1000 Hz to 5000 Hz), the SPL shows significant fluctuations. There

are prominent peaks and valleys, reflecting the silencer’s ability to reduce certain

frequencies while allowing others to pass through more easily. This is indicative of
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the complex interference patterns created by the porous Diamond structure, where

sound waves interact with the pore geometry. At higher frequencies (above 5000

Hz), the SPL decreases steadily for most receivers, indicating that the Diamond

structure is more effective at attenuating high-frequency noise. However, some

receivers still exhibit higher SPL levels around 6000 Hz, which could be linked to

specific resonance frequencies or flow interactions with the TPMS geometry. There

Figure 4.5: Sound Pressure Level (SPL) vs .frequency for the Diamond TPMS
structure

is noticeable variability in the SPL response between different receivers, particularly

at the low and mid-frequency ranges. Receivers R1 (green) and R11 (red) show

the highest SPL values, while others, such as R7 (yellow), R9 (orange), and R3

(blue), exhibit lower SPLs, indicating that sound pressure levels vary depending on

the position of the receiver within the silencer. This variability suggests that the

Diamond structure’s acoustic performance may be position-dependent, likely due

to flow disturbances or pressure gradients within the porous medium.
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4.2.2 Sound Pressure Level vs Frequency Graph for Gyroid

Structure

Figure 4.6 shows the Sound Pressure Level (SPL) as a function of frequency for the

Gyroid TPMS structure. The data is collected from 11 receivers (R1 to R11) placed

at different points. The SPL values at lower frequencies (0-1000 Hz) are consistently

high, with certain receivers showing significantly elevated SPL levels. This indicates

that the Gyroid structure does not effectively attenuate low-frequency noise, which

is typical for many porous silencer designs. The SPL values in this range are

generally above 70 dB for most receivers, with some peaks exceeding 80 dB. These

elevated SPLs suggest that the Gyroid structure might not be highly effective in

reducing low-frequency noise.

Figure 4.6: Sound Pressure Level (SPL) vs. frequency for the Gyroid TPMS
structure

As the frequency increases from 1000 Hz to 5000 Hz, there is a noticeable reduction

in SPL, indicating improved attenuation. The SPL for most receivers begins to

decrease steadily, particularly around the 2000-3000 Hz range. The mid-frequency

region (1000-5000 Hz) shows more uniform SPL values across the receivers, suggest-

ing that the Gyroid structure is more efficient in reducing mid-range frequencies.



Results and Discussion 73

The SPL decreases further at higher frequencies (above 5000 Hz), with values

generally stabilizing below 60 dB for most receivers. This indicates that the Gyroid

structure performs well in attenuating high-frequency noise, as the SPL values drop

significantly in the higher-frequency ranges. The overall SPL at frequencies above

5000 Hz is much lower compared to the low and mid-frequency regions, confirming

the Gyroid’s effective noise reduction at higher frequencies.

4.2.3 Sound Pressure Level vs Frequency Graph for Primi-

tive Structure

Figure 4.7 shows the Sound Pressure Level (SPL) as a function of frequency for the

Primitive TPMS structure. The data was collected from 11 receivers (R1 to R11)

placed at different points, providing a comprehensive evaluation of its acoustic

performance across different locations. The SPL values are measured in decibels

(dB) across the frequency range from 0 Hz to 10,000 Hz. At lower frequencies

(0-1000 Hz), the SPL values remain relatively high, consistently above 60 dB

across the receivers, with some peaks reaching up to 80 dB. These high SPL values

suggest that the Primitive structure is less effective at attenuating low-frequency

noise, which is common for many porous designs. However, certain regions within

the silencer (e.g., around R1 and R11) exhibit slightly higher levels of sound

pressure, indicating that low-frequency noise propagation remains prominent in

some locations. As the frequency increases from 1000 Hz to 5000 Hz, the SPL shows

a more pronounced decrease. There are several peaks and valleys along the SPL

curve, reflecting how the Primitive structure interacts with specific frequencies. The

SPL values generally stabilize in the range between 40-60 dB, suggesting some level

of noise reduction, particularly for mid-frequency components. The SPL variation

across the receivers becomes more evident at this stage, with certain receivers

(such as R3 and R5) showing better attenuation. At higher frequencies (above 5000

Hz), the SPL decreases sharply for most receivers, reaching levels below 50 dB.

The Primitive structure appears to be more effective at attenuating high-frequency

noise, with SPL values dropping significantly in this range. However, there is still

considerable variability in SPL across different receivers, especially around 7000 Hz,
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where the SPL remains higher for receivers like R1 and R2. This indicates that,

while the Primitive structure excels in high-frequency noise attenuation, there are

specific frequency bands where noise transmission is less effectively damped. As

observed from the diverse SPL responses across receivers, the acoustic performance

varies depending on the position within the silencer. For instance, receivers R1

and R11 show higher SPL values throughout the frequency spectrum, while others

like R6 and R9 exhibit lower SPLs, especially at higher frequencies. This suggests

that sound pressure levels are influenced by the placement of the receivers within

the flow field and the turbulence generated by the Primitive structure’s pore

configuration. Overall, the Primitive structure provides significant attenuation

Figure 4.7: Sound Pressure Level (SPL) versus frequency for the Primitive
TPMS Structure

at higher frequencies, though its performance is less effective at low frequencies.

The variability in receiver responses indicates that the silencer’s performance is

spatially dependent, likely due to localized flow disturbances and turbulence within

the porous media.
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4.2.4 Frequency versus Sound Pressure Level Analysis at

Vertical Receiver Planes

Figure 4.8: Frequency versus Sound Pressure Level (SPL) Analysis at Vertical
Receiver Planes for Gyroid (a-c), Diamond (d-f) and Primitive (g-i) structures

Figure 4.8 presents the variation of Sound Pressure Level (SPL) with frequency for

the three TPMS-based silencer structures at different receiver planes located along

the axial direction of the silencer. The SPL responses were evaluated at the inlet

plane (R12–R1–R23), center plane (R17–R6–R28), and outlet plane (R22–R11–R33)

to investigate the spatial evolution of acoustic attenuation throughout the porous

medium.

The graphs indicate that all structures exhibit frequency-dependent acoustic be-

havior, with SPL values generally increasing in the low-to-mid frequency range

before gradually decreasing at higher frequencies. At the inlet plane, significant

fluctuations in SPL are observed due to the strong interaction between the in-

coming airflow and the porous geometry, which generates turbulence and pressure
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disturbances. In the central plane, the SPL curves show comparatively higher

peak values and broader frequency distributions, indicating enhanced flow mixing

and acoustic activity within the porous structure. At the outlet plane, the SPL

values generally decrease and become smoother, demonstrating the attenuation

and stabilization of acoustic waves as the flow propagates through the silencer. The

results further show that the different TPMS geometries produce distinct acoustic

responses because of variations in pore arrangement and flow pathways. Some

structures exhibit sharper SPL peaks and stronger fluctuations, while others show

smoother attenuation behavior over a wider frequency range. In particular, the

reduction in SPL at higher frequencies indicates the effectiveness of the porous

structures in dissipating acoustic energy and reducing flow-induced noise.

4.2.5 A-Weighted Sound Pressure Level vs Frequency for

Diamond Structure

Figure 4.9 presents the A-weighted Sound Pressure Level (SPL) as a function of

frequency for the Diamond TPMS structure, The SPL values are shown in decibels

(dBA), with frequency ranging from 0 Hz to 8000 Hz. At lower frequencies (0-1000

Hz), the SPL values are relatively high, indicating that the Diamond structure is

less effective at attenuating low-frequency noise. The SPL values for most receivers

are above 60 dBA, with certain peaks reaching up to 80 dBA. This suggests

that the Diamond structure may not provide significant noise reduction at lower

frequencies, and further design optimization may be required for enhanced low-

frequency attenuation. As the frequency increases from 1000 Hz to approximately

4000 Hz, the SPL values exhibit a noticeable reduction, particularly in the R1

(purple) and R11 (red) receivers, which show the highest levels of SPL at lower

frequencies. This range of frequencies shows more pronounced noise attenuation,

with SPL values decreasing steadily, indicating that the Diamond structure starts

to reduce mid-frequency noise more effectively. Receivers such as R4 (green) and

R5 (yellow) show significant improvements in SPL reduction, confirming that the

Diamond structure offers better performance in this frequency range. At higher

frequencies (5000 Hz and above), the SPL values decrease more substantially, with
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Figure 4.9: A-Weighted Sound Pressure Level (SPL) versus frequency for the
Diamond TPMS Structure

all receivers showing lower SPL levels (around 40 dBA or below). This suggests that

the Diamond structure is effective at attenuating higher-frequency noise, which is

typically more challenging to suppress. The SPL for most receivers stabilizes below

50 dBA, reflecting the Diamond structure’s capability to reduce high-frequency

noise effectively. The graph shows significant variability in SPL across the 11

receivers, particularly at the low and mid-frequency ranges. For example, R1

(purple) and R11 (red) exhibit higher SPL values across most frequencies, while

R4 (green), R5 (yellow), and R9 (orange) show lower SPL values, indicating that

the noise attenuation is spatially dependent. This variability suggests that the

performance of the Diamond structure may be influenced by the location of the

receiver within the silencer, likely due to the complex flow and acoustic interaction

inside the porous medium. Overall, the Diamond structure provides effective noise

reduction at mid and high frequencies but demonstrates less efficiency at low

frequencies, which may require further optimization for low-frequency noise control

in practical applications.
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4.2.6 A-Weighted Sound Pressure Level vs Frequency for

Gyroid Structure

Figure 4.10 presents the A-weighted Sound Pressure Level (SPL) as a function of

frequency for the Gyroid TPMS structure, The SPL values are shown in decibels

(dBA), with frequency ranging from 0 Hz to 8000 Hz. At low frequencies (0-1000

Figure 4.10: A-Weighted Sound Pressure Level (SPL) versus frequency for the
Gyroid TPMS Structure

Hz), the SPL values are relatively high, particularly for R1 (purple) and R2 (blue),

where the SPL remains above 80 dBA. This suggests that the Gyroid structure is

less effective at attenuating low-frequency noise, as high SPL values indicate weak

attenuation. The SPL remains consistent across most of the low-frequency range,

with R11 (red) showing the lowest SPL, but still higher than mid and high-frequency

regions. As the frequency increases to the mid-range (1000 Hz to 4000 Hz), there

is a noticeable decrease in SPL for most receivers. For example, R5 (yellow) and

R7 (orange) show a significant drop in SPL, indicating that the Gyroid structure

begins to provide more effective attenuation in this frequency band. The SPL

values stabilize around 70-80 dBA in the mid-frequency range for the majority of

receivers, suggesting better noise reduction. At higher frequencies (above 4000 Hz),
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the SPL continues to decrease for all receivers, with values generally falling below

70 dBA, reflecting the Gyroid structure’s capability to attenuate high-frequency

noise effectively. However, the SPL reduction is not as sharp as seen in the

mid-frequency range, and the SPL values for R1 and R11 are still slightly higher

than for other receivers, particularly above 6000 Hz. A notable feature of the

graph is the variability in SPL across the 11 receivers. For instance, R1 (purple)

consistently shows higher SPL values across most frequencies, while R11 (red)

exhibits lower SPL, particularly in the higher-frequency range. This suggests that

the position of the receiver within the silencer affects its exposure to sound pressure,

likely influenced by flow characteristics and turbulence within the porous geometry.

Such variations indicate that while the Gyroid structure provides general noise

reduction, its performance is spatially dependent. Overall, the Gyroid structure

demonstrates significant attenuation of mid- and high-frequency noise, though it

shows limited effectiveness in reducing low-frequency sound. The variability in

SPL across receivers suggests that the acoustic performance is influenced by the

receiver’s position within the silencer, likely due to localized flow disturbances.

4.2.7 A-Weighted Sound Pressure Level vs Frequency for

Primitive Structure

Figure 4.11 presents the A-weighted Sound Pressure Level (SPL) as a function of

frequency for the Primitive TPMS structure, The SPL values are represented in

decibels (dBA), with frequency ranging from 0 Hz to 8000 Hz. At low frequencies

(0-1000 Hz), the SPL values are relatively high for most receivers. R1 (purple) and

R11 (red) exhibit the highest SPL values, indicating that the Primitive structure

is less effective at attenuating low-frequency noise. SPL values in this range are

generally above 70 dBA, with certain peaks approaching 90 dBA, suggesting limited

attenuation in the low-frequency range. As the frequency increases (1000 Hz to

4000 Hz), there is a marked reduction in SPL. The SPL values begin to stabilize

around 60-70 dBA, particularly for receivers such as R2 (blue), R4 (green), and R6

(yellow). The SPL decrease suggests that the Primitive structure performs more

effectively in the mid-frequency range, with some variation in performance across
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Figure 4.11: A-weighted Sound Pressure Level (SPL) vs. frequency for the
Primitive TPMS structure

receivers. This indicates that the structure is more effective at damping noise in the

mid-range frequencies, but the performance still varies depending on the receiver’s

location within the silencer. At higher frequencies (5000 Hz and above), the SPL

values decrease further for all receivers, generally reaching levels below 60 dBA. The

SPL drops noticeably across the frequency spectrum, with R1 and R11 still showing

slightly higher SPL values compared to other receivers. This indicates that the

Primitive structure is effective in attenuating high-frequency noise, although there

remains some variability in SPL attenuation at the higher frequency end. There is

clear variability in SPL across the 11 receivers. Receivers such as R1 (purple) and

R11 (red) show the highest SPL values across the entire frequency range, while

R5 (green) and R9 (orange) exhibit lower SPL levels, particularly in the mid- to

high-frequency ranges. This variability suggests that the acoustic performance of

the Primitive structure is sensitive to receiver positioning within the silencer, likely

due to differences in the local flow and acoustic pressure fields generated within the

porous medium. Overall, the Primitive structure shows effective high-frequency

noise attenuation but has limited performance in reducing low-frequency noise. The
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mid-frequency range sees moderate attenuation, with significant variability between

receivers. This suggests that while the Primitive structure provides strong noise

reduction at higher frequencies, its overall performance may need to be improved

for more consistent low-frequency and mid-frequency noise suppression.

4.2.8 Frequency Versus A-Weighted SPL Analysis at Ver-

tical Receiver Planes

Figure 4.12: Frequency versus A-Weighted Analysis at Vertical Receiver Planes
for Gyroid (a-c), Diamond (d-f) and Primitive (g-i) structures

Figure 4.12 illustrates the variation of A-weighted Sound Pressure Level (SPL)

with octave band frequency for the three TPMS-based silencer structures at

different receiver planes located along the axial direction of the silencer. The

acoustic responses were evaluated at the inlet plane (R12–R1–R23), center plane

(R17–R6–R28), and outlet plane (R22–R11–R33) to investigate the frequency-

dependent attenuation characteristics throughout the porous structure.
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The graphs show that the A-weighted SPL generally increases from the low-

frequency region toward the mid-frequency range, reaches a peak value between

approximately 1500 Hz and 3150 Hz, and then gradually decreases at higher octave

bands. At the inlet plane, moderate SPL values are observed due to the initial

interaction between the airflow and the porous geometry. In the center plane, the

SPL values become comparatively higher, indicating increased turbulence intensity,

vortex interaction, and acoustic activity within the internal region of the TPMS

structure. At the outlet plane, the SPL values decrease and exhibit smoother

attenuation behavior, demonstrating the reduction of acoustic energy as the sound

waves propagate through the porous silencer. The results further indicate that

each TPMS geometry exhibits a distinct acoustic response due to differences in

pore distribution and internal flow pathways. Some configurations show relatively

higher peak SPL values in the mid-frequency range, while others demonstrate more

gradual attenuation across the octave bands.

4.2.9 Final Discussion

This study presented a detailed numerical investigation of porous pneumatic si-

lencers incorporating Gyroid, Diamond, and Primitive TPMS structures, using

Ffowcs Williams–Hawkings (FW-H) acoustic model for sound pressure level pre-

diction. The results, derived from 11 receivers placed within the silencer, provide

valuable insights into the flow behavior, noise attenuation capabilities, and the

spatial dependency of acoustic performance. The discussion is divided into two

primary parts: flow behaviour and acoustic performance.

The flow behavior within each silencer was evaluated based on pressure, velocity,

temperature, and streamline contours, as described in the previous sections. The

Gyroid structure consistently demonstrated the lowest pressure drop, followed by

the Diamond and Primitive structures, indicating its superior pneumatic efficiency.

The Diamond structure showed a moderate pressure loss, while the Primitive

structure exhibited the highest resistance to airflow, primarily due to its complex

and less interconnected pore geometry. This finding aligns with previous studies on
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TPMS-based porous materials, which suggested that more uniform and continuous

geometries, such as the Gyroid, allow for smoother airflow with reduced resistance

[72]. In terms of velocity distribution, the Gyroid structure facilitated the most

uniform flow, with minimal turbulence and velocity fluctuations. This is likely due

to its continuously curved surfaces, which promote smoother transitions of airflow.

In contrast, the Primitive structure exhibited significant flow disruptions, with

localized high-velocity regions and turbulent zones, resulting in increased energy

dissipation and pressure loss.

The acoustic performance of the three TPMS structures was evaluated using the

SPL vs. frequency and A-weighted SPL vs. frequency graphs, with data collected

from 11 receivers placed within the silencer. The SPL results showed that all

three structures provided effective noise attenuation at high frequencies, with

the Gyroid structure exhibiting the most consistent noise reduction across the

entire frequency spectrum. However, the Primitive structure was found to be less

effective at low frequencies, with higher SPL values observed at these frequencies.

This is consistent with previous work on porous materials, which highlighted the

challenges of attenuating low-frequency noise in porous structures, especially those

with complex pore geometries like the Primitive structure [73].

In terms of A-weighted SPL, the Gyroid structure demonstrated strong attenuation

at mid and high frequencies, with a noticeable drop in SPL beyond 4000 Hz.

The Diamond structure showed balanced performance across both mid and high

frequencies but exhibited less effectiveness at low frequencies. The Primitive

structure, while providing significant high-frequency noise reduction, struggled

to attenuate low-frequency noise effectively. This finding suggests that although

the Primitive structure excels in certain frequency bands, its overall acoustic

performance could benefit from optimization, such as modifying its pore network to

better manage low-frequency sound. While the study provides valuable insights into

the flow and acoustic performance of TPMS-based porous silencers, some limitations

remain. The simulations were conducted under idealized boundary conditions,

and the effects of manufacturing imperfections and material properties were not

included. Future studies should investigate the influence of these factors on the
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performance of TPMS-based silencers. Additionally, incorporating non-Newtonian

fluid models for more complex flow behaviour could enhance the accuracy of the

results, particularly for applications where fluid properties deviate from the ideal.

4.3 Comparative Analysis of Acoustic Perfor-

mance with Existing TPMS-Based Studies

The acoustic performance of the TPMS-based silencer investigated in this thesis

is compared with the TPMS honeycomb sound-absorbing structures reported by

Sysoev et al [74]. While both studies employ triply periodic minimal surface (TPMS)

geometries to enhance acoustic attenuation, the underlying mechanisms, modeling

approaches, and intended applications differ substantially, leading to distinct acous-

tic behaviors. In the work of Sysoev et al., TPMS structures (primitive, diamond,

FRD, and gyroid) were primarily designed as passive sound-absorbing materials.

Their acoustic performance was evaluated using the Johnson-Champoux-Allard-

Lafarge-Pride (JCALP) equivalent fluid model, which characterizes visco thermal

dissipation within rigid-frame porous media. The reported results demonstrated

that, by controlling porosity, unit cell size, and sample thickness, the average sound

absorption coefficient could be tuned within the range of approximately 0.2 to 0.8

over mid-to-high frequency bands (500–6400 Hz). The FRD topology exhibited the

highest absorption due to its low permeability and high tortuosity, while gyroid

and diamond structures showed comparable broadband absorption characteristics

[74].

In contrast, the present thesis focuses on a TPMS-based reactive–dissipative

silencer, where the TPMS geometry is integrated directly into an internal flow

domain. Rather than relying solely on equivalent fluid assumptions, the acoustic

performance is evaluated using a computational aeroacoustics framework based on

the Ffowcs Williams–Hawkings (FW-H) acoustic analogy, coupled with unsteady

flow simulations. This approach captures both flow-induced noise generation and its

subsequent attenuation, which is not addressed in the JCALP-based porous absorber
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model. Consequently, the silencer performance in this study is assessed in terms

of sound pressure level (SPL) reduction at discrete receiver locations rather than

only normal-incidence absorption coefficients. Another key distinction lies in the

operating frequency range and physical mechanism. The TPMS absorbers reported

by Sysoev et al. primarily target mid- and high-frequency sound absorption

governed by viscous and thermal losses within stationary air-filled pores. In

comparison, the TPMS silencer investigated in this thesis demonstrates effective

attenuation in lower and mid-frequency ranges, where wave interference, geometric

confinement, and interaction between the turbulent flow and TPMS surfaces play a

dominant role. This makes the proposed silencer more suitable for applications such

as exhaust or duct noise control, where flow-acoustic coupling is critical. Despite

these differences, a qualitative agreement is observed between both studies regarding

the influence of TPMS geometry on acoustic behavior. In particular, geometries

with higher tortuosity and more complex interconnected pathways such as diamond

or gyroid based structures consistently exhibit superior acoustic attenuation. This

consistency reinforces the conclusion that TPMS architectures provide a robust

and tunable design framework for advanced acoustic devices, whether employed

as porous absorbers or flow integrated silencers. Overall, compared to existing

TPMS acoustic materials reported in the literature, the present work extends

the application of TPMS structures from passive sound absorption to active flow-

acoustic noise mitigation, thereby broadening their practical relevance in engineering

noise control systems.



Chapter 5

Conclusion and Future

Recommendations

5.1 Conclusion

This thesis presented a numerical investigation of the acoustic performance of porous

pneumatic silencers based on Gyroid, Diamond, and Primitive Triply Periodic

Minimal Surface (TPMS) structures. The study employed Computational Fluid

Dynamics (CFD) coupled with the Ffowcs Williams–Hawkings (FW-H) acoustic

model to evaluate the influence of TPMS geometry on pressure drop, velocity

distribution, turbulence generation, temperature distribution, and Sound Pressure

Level (SPL) attenuation over a frequency range extending up to 100 kHz.

The numerical results demonstrated that the TPMS geometry significantly affects

both the aerodynamic and acoustic characteristics of the silencer. Among all inves-

tigated configurations, the Gyroid structure exhibited the best overall aerodynamic

performance, producing approximately 15–25% lower pressure drop compared to

the Primitive structure due to its continuous and smoothly connected pore net-

work. In contrast, the Primitive structure generated the highest flow resistance

and turbulence intensity because of its relatively complex internal pathways and

abrupt flow constrictions. The Diamond structure showed intermediate behavior,

86
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providing a balanced trade-off between flow resistance and acoustic attenuation.

Velocity contour analysis indicated that the airflow velocity decreased substantially

within the porous structures due to viscous effects and turbulence dissipation.

The Gyroid geometry maintained comparatively smoother flow distribution and

reduced recirculation regions, while the Primitive structure generated stronger

localized turbulence and flow separation. Temperature contour analysis further

revealed that thermal gradients became more pronounced in the intermediate flow

regions (0.01–0.03 m), where turbulence intensity and fluid–surface interaction

were strongest.

The acoustic analysis showed that all TPMS structures exhibited frequency-

dependent SPL attenuation behavior. The highest SPL values were generally

observed in the mid-frequency range between approximately 20 kHz, after which

the SPL gradually decreased toward higher frequencies. The Gyroid structure

demonstrated effective broadband noise attenuation with SPL reductions of ap-

proximately 10–15 dB in higher frequency regions. The Primitive structure showed

relatively stronger attenuation at high frequencies but exhibited larger SPL fluctu-

ations due to increased turbulence generation. The Diamond structure provided

moderate acoustic attenuation across a wider frequency range.

The A-weighted SPL analysis further confirmed that the acoustic response varied

with receiver location and octave band frequency. Peak A-weighted SPL values

were primarily observed between 1500 Hz, with maximum values approaching

approximately 90–120 dBA depending on the TPMS geometry and receiver plane.

The center receiver plane (R17–R6–R28) generally exhibited higher SPL values

due to stronger internal turbulence interaction and vortex formation within the

porous medium. In comparison, the outlet receiver plane showed comparatively

lower SPL levels, indicating progressive attenuation of acoustic energy along the

silencer length.

Additionally, the expanded receiver arrangement consisting of 33 receivers enabled

a more detailed spatial evaluation of sound propagation throughout the silencer.

The results confirmed that acoustic behavior is highly position-dependent, with
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receivers located near high turbulence regions recording comparatively higher SPL

values.

The Gyroid TPMS structure proved the most effective porous silencer, offering

low pressure drop, smooth flow, reduced turbulence, and superior broadband

noise attenuation. The Diamond structure balanced aerodynamic and acoustic

performance, while the Primitive structure excelled in high-frequency attenuation

but with higher aerodynamic resistance. Overall, TPMS-based porous silencers hold

strong potential for advanced pneumatic noise reduction, combining aerodynamic

efficiency with acoustic performance.

5.2 Future Recommendations

Although this study provides a comprehensive numerical analysis of TPMS-based

pneumatic silencers, several opportunities exist for further investigation to enhance

understanding and broaden applicability. The following recommendations are

proposed for future work.

5.2.1 Optimization of Low-Frequency Attenuation

The Primitive structure showed limited low-frequency noise attenuation. Future

research should optimize geometric features—pore size, shape, and connectivity

to enhance low-frequency performance. Investigating hybrid TPMS designs or

multi-material configurations could improve noise attenuation across both low and

high frequencies while maintaining pneumatic efficiency.

5.2.2 Experimental Validation

The present findings are based solely on numerical simulations. Experimental

validation through the fabrication of Gyroid, Diamond, and Primitive TPMS

structures using additive manufacturing techniques and subsequent testing in
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controlled acoustic environments would strengthen the reliability of the results and

provide practical performance benchmarks.

5.2.3 Incorporation of Non-Ideal Boundary Conditions

Future simulations should consider non-ideal boundary conditions, including vari-

able inlet velocities, non-uniform flow distributions, and thermal effects. Incorpo-

rating these factors would yield a more realistic representation of silencer behavior

under practical operating conditions.

5.2.4 Influence of Structural Imperfections

Manufacturing processes, particularly additive manufacturing, may introduce

geometric imperfections and material inconsistencies. Investigating the influence

of such imperfections on pneumatic and acoustic performance would improve the

robustness and real-world applicability of TPMS-based silencer designs.

5.2.5 Exploration of Hybrid Silencer Designs

Further research could examine hybrid silencer concepts that integrate TPMS struc-

tures with conventional sound-absorbing materials or alternative noise-damping

mechanisms. Such designs may enhance low-frequency noise reduction while re-

taining the advantages of TPMS geometries in high-frequency attenuation.

5.2.6 Study of Porosity Effects

Additional studies should investigate the effects of varying porosity and pore size

within TPMS structures. Understanding how these parameters influence both flow

dynamics and acoustic attenuation can facilitate the optimization of TPMS-based

silencers for specific applications, including industrial exhaust systems, automotive

mufflers, and HVAC installations.
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