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Abstract 11 

This study investigates the impact of internal muffler geometry on acoustic performance 12 

using steady-state Computational Fluid Dynamics (CFD) simulations. Four variants were 13 

analyzed: an empty tube, considered to be a baseline model, a three-chamber baffle sys- 14 

tem, a single spiral channel, and a complex multi-channel insert manufacturable only via 15 

advanced additive technologies. Simulations were conducted in SimScale using a com- 16 

pressible flow model with the k-ω SST turbulence formulation. Key outputs included 17 

static pressure distribution and turbulent kinetic energy (TKE), both of which are indirect 18 

indicators of acoustic attenuation. The results demonstrate that geometries incorporating 19 

spiral features significantly increase flow turbulence and pressure dissipation, suggesting 20 

enhanced damping potential. The study highlights how additive manufacturing enables 21 

the integration of acoustically favorable structures otherwise unattainable through con- 22 

ventional methods. By correlating pressure drop and TKE patterns with internal design 23 

features, the research offers a simulation-based framework for optimizing muffler perfor- 24 

mance in automotive exhaust systems. This approach provides an efficient alternative to 25 

experimental prototyping, supporting rapid evaluation and geometric refinement of 26 

sound-damping inserts 27 

 28 

 29 
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 33 

1. Introduction 34 

In recent years, significant progress has been made in the use of complex internal 35 

structures and porous media for acoustic attenuation in confined systems such as silencers 36 

and mufflers. While experimental studies have traditionally focused on the measurement 37 

of sound absorption, reflectivity, or the mechanical-acoustic behavior of materials, in- 38 

creasing attention is now being paid to predictive modeling of acoustic performance using 39 

numerical methods. Among these, Computational Fluid Dynamics (CFD) has emerged as 40 
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a robust tool for simulating compressible flows and sound propagation in intricate geom- 41 

etries, especially where direct experimentation is impractical or costly. 42 

The internal configuration of silencers plays a critical role in determining acoustic 43 

efficiency. Studies such as Giedraitis and Kilikevicius have demonstrated how design 44 

modifications, particularly the use of multi-chambered configurations and smoothly var- 45 

ying cross-sections, can enhance acoustic attenuation by promoting energy dissipation [1]. 46 

Their findings are highly relevant to the implementation of 3D-printed inserts, which offer 47 

high design flexibility and can be tailored to specific flow and acoustic requirements. 48 

Zeidan et al. explored the use of Tesla valves as passive flow control and damping 49 

elements. Their transient simulations showed that such geometries can effectively diffuse 50 

pressure spikes and redirect flow into vortical zones, thereby reducing the amplitude of 51 

pressure waves [2]. This confirms the potential of geometry-driven damping mechanisms, 52 

which can now be realized through additive manufacturing processes like SLM or DMLS. 53 

Complementary research by Wurzinger et al. highlighted the importance of model- 54 

ing not only acoustic pressure but also related properties such as impedance, wave speed, 55 

and resonance behavior in enclosed hydraulic systems prone to whistling or instability 56 

[3]. Their emphasis on time-domain resolution supports the idea that CFD-based acoustic 57 

analysis, especially under transient conditions, can provide deep insight into short-lived 58 

dynamic phenomena like shock waves or burst events. 59 

Several investigations into automotive mufflers further reinforce the connection be- 60 

tween internal baffle arrangement and overall system performance. Chandran demon- 61 

strated that the position and number of baffles significantly affect both sound suppression 62 

and pressure loss [4]. Rafique et al. examined extended chamber mufflers with micro-per- 63 

forated panels and noted marked improvements in attenuation within the 500-2000 Hz 64 

range, without a proportional increase in backpressure [5]. Similarly, Liu et al. utilized 65 

time-dependent CFD to evaluate dissipative silencers under real exhaust flow and con- 66 

firmed the predictive capability of such models in assessing both acoustic and aerody- 67 

namic performance [6]. 68 

These insights have been extended to 3D-printed muffler elements, including spiral 69 

chambers, periodic lattice structures, and multi-chambered designs. Simulation platforms 70 

like SimScale or COMSOL Multiphysics offer precise modeling of pressure fields, turbu- 71 

lence, and acoustic damping in real-world geometries. Notably, these tools allow compar- 72 

ative analysis of CNC-manufactured versus additively manufactured components, ena- 73 

bling developers to test more complex configurations without the need for costly proto- 74 

types [7]. 75 

Additive manufacturing further enables the fabrication of structures with features 76 

unattainable by conventional methods such as spiral baffles, gradient porosity, or internal 77 

periodic resonators. Technologies like SLS and DMLS facilitate the production of high- 78 

precision metal parts with defined acoustic properties [8]. 79 

From a physical perspective, sound attenuation in confined flow systems primarily 80 

occurs through two mechanisms: viscous dissipation, caused by velocity gradients near 81 

solid boundaries converting kinetic energy into heat, and thermal dissipation, resulting 82 

from cyclic compression and expansion of the fluid during acoustic wave propagation. 83 

These processes are especially relevant in muffler structures, where they contribute to 84 

broadband attenuation via local flow resistance and heat exchange. The Johnson-Cham- 85 

poux-Allard-Lafarge (JCAL) model provides a theoretical framework linking microstruc- 86 

tural parameters, such as porosity, tortuosity, and characteristic lengths, to macroscopic 87 

acoustic performance and is widely used for modeling complex or additively manufac- 88 

tured porous media [9–12]. Structurally optimized materials with multiscale porosity ex- 89 

tend the effective acoustic path length, enhancing both dissipation mechanisms. Periodic 90 

architectures like gyroid lattices allow frequency-selective damping and can be tuned 91 
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through relative density, pore size, or wall thickness [13–16]. In spatially constrained en- 92 

vironments such as automotive systems, these geometries enable acoustic tuning without 93 

altering macroscopic dimensions [17]. 94 

Within CFD modeling, two primary approaches to simulating acoustic damping 95 

have been established: (1) simplified interface-based models focusing on pressure drop 96 

and turbulence at structural boundaries, and (2) detailed simulations of internal porous 97 

domains or lattice-filled cavities. While the latter offers more granular insight into energy 98 

dissipation mechanisms, the former presents a more computationally feasible pathway 99 

for practical engineering applications [18,19]. 100 

In the context of this study, a simplified yet physically meaningful approach has been 101 

adopted. CFD simulations based on steady-state compressible flow were used to investi- 102 

gate four muffler configurations: a baseline empty exhaust tube, a three-chamber system 103 

with baffles, a single spiral channel insert, and a complex multi-channel geometry only 104 

realizable through 3D printing. The pressure distribution and turbulent kinetic energy 105 

(TKE) across these variants were analyzed to assess their potential for sound attenuation. 106 

The aim is to evaluate how geometric manipulation enabled by additive manufacturing 107 

can influence acoustic behavior, with CFD serving as a non-invasive tool for performance 108 

prediction [18,19]. 109 

To understand the impact of internal geometry on acoustic performance, it is essen- 110 

tial to consider the mechanisms through which energy dissipation occurs in flow-acoustic 111 

systems. In particular, turbulent kinetic energy (TKE) and pressure distribution serve as 112 

important indicators of zones where acoustic energy may be converted into thermal en- 113 

ergy, particularly through vortex shedding and flow recirculation [18,19]. 114 

CFD simulations, including those run in environments such as SimScale or COMSOL 115 

Multiphysics, enable the detailed analysis of such mechanisms across both conventional 116 

and additively manufactured designs. While direct modeling of acoustic wave propaga- 117 

tion requires transient analysis or specific acoustic solvers, the pressure drop and TKE in 118 

steady-state compressible flows provide valuable insight into how structural design in- 119 

fluences sound attenuation [18–20]. 120 

In more advanced modeling approaches, the internal structure of muffler inserts, 121 

such as gyroid infill, lattice frameworks, or micro-perforations can be explicitly resolved. 122 

These methods, while computationally demanding, yield detailed maps of flow-structure 123 

interaction and pressure fields, allowing identification of so-called acoustically active 124 

zones [17]. However, for practical design evaluation and optimization, simplified models 125 

that use pressure and TKE as surrogate markers for attenuation efficiency are both feasible 126 

and informative. 127 

The choice between steady-state and transient analysis depends on the complexity of 128 

the acoustic phenomena under study. Steady-state models assume a temporally stabilized 129 

flow field and are typically employed for identifying pressure gradients, flow recircula- 130 

tion, and localized turbulence. Although they cannot resolve time-dependent wave phe- 131 

nomena, they are useful for comparative evaluation of muffler performance, particularly 132 

in early design stages [19]. 133 

In contrast, transient simulations are required to capture phenomena such as acoustic 134 

resonance, wave propagation, or short-duration pressure pulses. However, these simula- 135 

tions demand fine temporal resolution, stable numerical schemes, and significantly higher 136 

computational resources, especially for large or geometrically intricate domains [19]. 137 

Similarly, the decision between compressible and incompressible flow modeling 138 

hinges on the Mach number of the flow and the presence of significant density changes. 139 

In applications like exhaust silencers, where high-pressure gases and compressible flow 140 

behavior dominate, it is critical to model density variations to capture expansion, com- 141 

pression, and shock-related behavior accurately [21]. In such systems, only compressible 142 
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models can reliably simulate the interaction between flow structures and acoustic damp- 143 

ing effects. 144 

Contemporary studies in the automotive sector demonstrate that optimizing internal 145 

muffler geometry through the addition of baffles, perforated layers, or porous inserts can 146 

significantly improve acoustic attenuation without compromising engine backpressure or 147 

exhaust flow [6,22]. Additive manufacturing enables the realization of such complex ge- 148 

ometries, making it possible to integrate spiral channels, Helmholtz cavities, and structur- 149 

ally graded porosity into compact muffler units [8]. 150 

By combining CFD-based flow analysis with the geometric flexibility of 3D printing, 151 

this research contributes to a deeper understanding of how internal structure affects pres- 152 

sure fields and turbulence, and how these in turn relate to sound attenuation in confined 153 

exhaust systems. The ultimate goal is to support the design of more acoustically efficient, 154 

compact, and manufacturable muffler solutions using additive techniques. 155 

Although this study does not directly simulate acoustic wave propagation, it aligns 156 

with established approaches that use pressure gradients and turbulent kinetic energy as 157 

surrogate markers for acoustic attenuation. These parameters provide physically mean- 158 

ingful indicators of energy dissipation via vortex shedding and flow instabilities—mech- 159 

anisms that underpin effective sound damping in confined systems. By focusing on 160 

steady-state compressible CFD analysis, the present work offers a computationally effi- 161 

cient yet insightful method for evaluating how internal geometry influences acoustic be- 162 

havior in additively manufactured mufflers. 163 

2. Materials and Methods 164 

2.1. Simulation environment and approach 165 

The simulations were conducted using the cloud-based platform SimScale 166 

(https://www.simscale.com), applying a steady-state compressible flow model. This ap- 167 

proach was selected to evaluate pressure distribution and turbulent kinetic energy (TKE) 168 

within the muffler geometry, with the aim of identifying potential zones of acoustic dissi- 169 

pation while maintaining reasonable computational cost. 170 

The turbulence model applied was the k-ω SST (Shear Stress Transport), known for 171 

its ability to accurately predict near-wall behavior and separation under adverse pressure 172 

gradients. Although this method does not capture transient acoustic wave propagation, it 173 

provides relevant indicators such as pressure drop and TKE, which correlate with acoustic 174 

attenuation in internal flow systems [18,19]. 175 

 176 

2.2. Geometry and design variants 177 

Four muffler configurations were analyzed: 178 

Figure 1 presents the CAD models of the four muffler configurations evaluated in 179 

this study. These geometries were designed to isolate and compare the influence of inter- 180 

nal flow-guiding structures on pressure distribution and turbulent kinetic energy (TKE) 181 

within the muffler body. 182 

(A) Baseline (smooth pipe, no insert): The baseline model consists of a simple hollow 183 

cylindrical muffler with no internal structures or flow obstructions. It represents a 184 

straight-through exhaust design, providing an unimpeded flow path. This configuration 185 

serves as the control case for evaluating the impact of added geometrical complexity. 186 

(B) Three-chamber baffle system: This variant incorporates two internal baffles, di- 187 

viding the muffler into three chambers. The baffles are intended to partially redirect the 188 

flow and disrupt its coherence, thereby increasing turbulence levels and promoting en- 189 

ergy dissipation through simple geometrical intervention. 190 
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(C) Single spiral insert: The third configuration introduces a spiral-shaped internal 191 

structure embedded within the cylindrical muffler. The spiral guides the airflow along a 192 

curved path, increasing the flow length and introducing rotational components to en- 193 

hance turbulent mixing while preserving a centralized flow channel. 194 

(D) Multi-channel 3D-printed insert: The final geometry features a highly complex 195 

internal structure composed of six curved channels that twist around the central axis of 196 

the muffler. This design, enabled by additive manufacturing, extends the effective flow 197 

path by inducing a helical trajectory. The objective is to generate controlled turbulence 198 

and maximize acoustic damping through geometric intricacy. 199 

 200 

 201 

 202 

 203 

Figure 1. CAD models of for all four muffler configurations obtained from steady-state compressible CFD analysis. (A) Reference variant, (B) 204 

Three-chamber configuration with internal baffles, (C) Spiral insert, (D) Twisted multi-channel insert. 205 

All variants were housed within the same external muffler casing geometry based on 206 

a real automotive silencer design. 207 

 208 

2.3. Material modeling, boundary conditions and fluid parameters 209 

In all CFD simulations, the muffler walls and internal inserts were modeled as rigid, 210 

adiabatic, and non-deformable surfaces. No fluid-structure interaction or vibroacoustic 211 

coupling was included. The aim was to isolate the effects of internal geometry on pressure 212 

distribution and turbulent kinetic energy, under the assumption that all configurations 213 

are constructed from the same solid material with sufficiently high stiffness (e.g., stainless 214 

steel or aluminum alloy). While this approach neglects potential contributions of struc- 215 

tural damping or wall compliance to sound attenuation, it is commonly applied in steady- 216 

state flow-based acoustic analyses to maintain computational feasibility. Future work 217 

could extend the model to incorporate material-dependent boundary responses or multi- 218 

physics simulations involving structural dynamics. 219 
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The inlet boundary condition was defined as a pressure inlet of 0.14 MPa at 300 K, 220 

while the outlet was set to atmospheric pressure (0.101 MPa). Air was used as the working 221 

fluid, modeled as a compressible gas with ideal gas behavior. 222 

 Inlet: Total pressure = 0.14 MPa 223 

 Outlet: Static pressure = 0.101 MPa 224 

 Temperature: 300 K 225 

 Walls: No-slip boundary condition 226 

 227 

2.4. Mesh and Solver Settings 228 

Each geometry was discretized using automatically generated hexahedral-dominant 229 

meshes in SimScale with local refinement in zones of high expected velocity gradients 230 

(e.g., narrow channels and baffle regions). Mesh independence was verified by testing 231 

multiple refinement levels and confirming convergence of pressure drop and TKE results. 232 

The solver applied compressible Navier-Stokes equations under steady-state as- 233 

sumptions. Residual convergence criteria were set to 1×10⁻⁴ for continuity and momentum 234 

equations, and all simulations were run until stable residual behavior was achieved. 235 

 236 

2.5. Output Parameters 237 

Primary simulation outputs included: 238 

 Cross-sectional maps of pressure fields 239 

 Cross-sectional maps of turbulent kinetic energy 240 

 Line plots of pressure vs length for all four configurations 241 

 242 

These metrics were selected to evaluate the flow-induced mechanisms relevant to 243 

acoustic attenuation, particularly the energy dissipation associated with internal vortex 244 

structures. 245 

 246 

3. Results 247 

The following section presents the outcomes of the CFD simulations, focusing on the 248 

effects of internal muffler geometry on pressure distribution and turbulent kinetic energy 249 

(TKE) across the four design variants. 250 

 251 

3.1. Pressure Field Distribution 252 

Figure 2 presents the distribution of static pressure within all four muffler variants 253 

obtained from the CFD analysis. The color scale indicates static pressure in kilopascals, 254 

with red regions representing high-pressure zones and blue corresponding to low-pres- 255 

sure areas near the outlet. 256 

(A) Baseline geometry: 257 

The baseline configuration is a straight cylindrical muffler without internal struc- 258 

tures, exhibits an almost linear pressure decrease along its length. The main pressure drop 259 

occurs directly before the outlet, where the gas expands into the surrounding volume. The 260 

internal gradient is smooth and uniform, showing minimal energy losses or turbulence 261 

generation. This behavior confirms that a free, unobstructed flow path ensures low hy- 262 

draulic resistance but provides little potential for acoustic attenuation. 263 

(B) Three-chamber baffle system: 264 
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In contrast to the reference model, the baffles introduce a stepwise pressure reduction 265 

across the three chambers. Each partition induces localized losses that slow the flow and 266 

redistribute static pressure, as evident from the more gradual color transition from red to 267 

green-blue hues. The resulting pressure dissipation supports the reduction of flow coher- 268 

ence and, consequently, the attenuation of pressure-wave amplitude, which is desirable 269 

for noise control. 270 

(C) Single spiral insert: 271 

The spiral geometry produces a controlled combination of resistance and guided 272 

flow. The pressure decreases smoothly along the helical path without sharp discontinui- 273 

ties or back-flow regions. The color gradient is evenly distributed, indicating a balanced 274 

pressure field and efficient flow stabilization. The outlet pressure approaches values 275 

slightly above atmospheric (≈ 102 kPa), confirming that the spiral structure enables grad- 276 

ual energy dissipation while maintaining uniform flow which is an advantageous feature 277 

for acoustic damping with minimal flow penalty. 278 

(D) Multi-channel 3D-printed insert: 279 

The most complex configuration, composed of six curved channels twisting around 280 

the central axis, achieves the most homogeneous pressure field among all variants. The 281 

inlet zone (left) shows a high-pressure region near 140 kPa, which gradually decreases 282 

along the length of the muffler. The color transition from red-orange to green-blue demon- 283 

strates a continuous and evenly distributed pressure drop without abrupt transitions. The 284 

mid-section reveals redistribution of the pressure field across multiple sub-channels, lead- 285 

ing to enhanced spatial uniformity both axially and radially. At the outlet (right), the pres- 286 

sure approaches 100-102 kPa, close to atmospheric levels, without noticeable gradients or 287 

reflection zones. This confirms that the additively manufactured multi-channel design en- 288 

ables highly efficient pressure management and flow homogenization, providing the best 289 

balance between flow continuity, controlled pressure reduction, and potential acoustic 290 

energy dissipation. 291 

 292 

 293 

 294 
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 295 

Figure 2. Static pressure distribution in kPa for all four muffler configurations obtained from steady-state compressible CFD analysis. (A) Base- 296 

line variant, (B) Three-chamber system with internal baffles, (C) Single spiral insert, (D) Multi-channel 3D insert. Note: Each image uses an 297 

individually scaled color bar to highlight internal pressure variations specific to the individual configuration. 298 

3.2. Turbulent Kinetic Energy Distribution 299 

Figure 3 shows the distribution of turbulent kinetic energy (TKE) within the four 300 

muffler configurations. The values, in units of m²/s², are visualized on a logarithmic color 301 

scale, highlighting localized turbulence intensity throughout each geometry. 302 

(A) Baseline: 303 

The TKE distribution in the baseline configuration is concentrated near the inlet and 304 

especially the outlet zones, where flow accelerates sharply and interacts with ambient 305 

conditions. The central volume of the muffler remains largely unaffected, with turbulence 306 

levels significantly lower across most of the domain. The maximum recorded value 307 

reaches approximately 1637 m²/s², confirming that in the absence of internal flow inter- 308 

ruptions, the flow remains mostly laminar. This low-turbulence profile suggests limited 309 

potential for acoustic attenuation and energy dissipation. 310 

(B) Three-chamber baffle system: 311 

Compared to the reference model, this configuration demonstrates clearly elevated 312 

turbulence levels. Notable TKE intensities are observed between the internal baffles, par- 313 

ticularly in the central region, with peak values approaching 1010 m²/s². These localized 314 

zones of enhanced turbulence result from flow redirection and separation caused by the 315 

baffles. This increased turbulence is beneficial for scattering acoustic energy and breaking 316 

up coherent waveforms, contributing to more effective attenuation. The results confirm 317 

that even relatively simple baffle geometries can induce meaningful changes in flow struc- 318 

ture, supporting their use in noise control applications. Furthermore, such designs are 319 

easily manufacturable using additive technologies. 320 

(C) Spiral insert: 321 

The TKE field in the spiral configuration reveals a more complex and spatially dis- 322 

tributed turbulence pattern. The highest concentrations occur near the outlet and in the 323 

[kPa] 
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mid-sections of the spiral, where curvature and directional changes amplify vortex for- 324 

mation. Transitional zones between spiral turns exhibit moderate turbulence levels due to 325 

flow turning and shear interactions. In contrast, the core flow within the spiral channel 326 

remains relatively stable, with blue to green color zones indicating lower turbulence. The 327 

maximum TKE reaches around 773 m²/s². This distribution suggests that the spiral insert 328 

offers a well-balanced combination of controlled turbulence which is important for acous- 329 

tic damping and smooth flow behavior that avoids excessive resistance or flow separation. 330 

(D) Multi-channel 3D-printed insert: 331 

The most geometrically complex design exhibits the lowest overall turbulence inten- 332 

sity among the four configurations. The TKE ranges from approximately 2×10⁻⁸ to 333 

548 m²/s², with most of the internal domain dominated by low-to-moderate values (blue 334 

and light blue zones). Higher turbulence appears only in the inlet and outlet transition 335 

regions, where the flow enters or exits the structured domain. Inside the central volume, 336 

the multiple curved channels effectively suppress vortex formation, allowing the flow to 337 

redistribute gradually across the domain. The absence of high TKE peaks confirms that 338 

this geometry promotes laminarization and minimizes dynamic load fluctuations. This 339 

flow behavior is ideal not only for reducing noise but also for limiting structural fatigue 340 

and flow resistance making this configuration highly attractive for advanced muffler ap- 341 

plications. 342 

 343 

 344 

 345 

Figure 3. Turbulent kinetic energy in m2s2 for all four muffler configurations obtained from steady-state compressible CFD analysis. (A) Base- 346 

line variant, (B) Three-chamber system with internal baffles, (C) Single spiral insert, (D) Multi-channel 3D insert. Note: Each image uses an 347 

individually scaled color bar to highlight internal pressure variations specific to the individual configuration. 348 

3.3. Pressure drop along the central axis 349 

Figure 4 presents the pressure distribution along the muffler length for all four design 350 

variants, as extracted from the CFD simulations. The pressure was evaluated at a central 351 

axis probe spanning the full axial length (0-375 mm). These profiles allow direct compar- 352 

ison of flow resistance and internal energy dissipation across the different geometries. 353 
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(A) Baseline geometry: 354 

The baseline configuration exhibits a gradual pressure decline from approximately 355 

131 kPa at the inlet to ~102 kPa at the outlet. The central segment (~50-200 mm) shows a 356 

relatively flat pressure plateau, indicating minimal flow resistance and lack of energy dis- 357 

sipation. The sharp drop near the outlet reflects expansion into the ambient environment. 358 

This profile corresponds to unmodulated flow and minimal acoustic or hydraulic re- 359 

sistance. 360 

(B) Three-chamber baffle system: 361 

The baffle-based design exhibits a more nonlinear pressure trend. An initial slow de- 362 

crease is followed by a steeper drop between 100-200 mm, associated with flow separation 363 

behind the internal partitions. This results in earlier and more distributed pressure loss. 364 

Peak inlet pressure reaches ~134 kPa, the highest of all cases, likely due to local compres- 365 

sion near the baffles. This configuration demonstrates stronger flow modulation and pres- 366 

sure redistribution than the reference. 367 

(C) Single spiral insert: 368 

The spiral-guided variant shows a smooth, continuous pressure decay from 369 

~134.4 kPa to ~102 kPa. The curved geometry creates a gradual pressure gradient with no 370 

sudden drops or stagnation points. The mid-section curve inflection indicates efficient 371 

control of velocity reduction and energy dissipation. This geometry balances resistance 372 

and flow continuity effectively, enhancing acoustic potential while minimizing backpres- 373 

sure peaks. 374 

(D) Multi-channel 3D-printed insert: 375 

The most complex design, featuring spatially twisted channels, achieves the smooth- 376 

est and most uniform pressure gradient. The inlet pressure (~134.4 kPa) decreases steadily 377 

to ~102.8 kPa at the outlet, with no sharp transitions. This profile reflects exceptional con- 378 

trol over flow dispersion and energy management, enabled by the additively manufac- 379 

tured domain. The curve suggests highly uniform energy dissipation and optimized 380 

acoustic behavior with minimal turbulence generation. 381 

Overall, the comparison highlights a clear trend: as internal geometry complexity in- 382 

creases, the pressure profile becomes smoother and more evenly distributed, suggesting 383 

improved flow control and greater potential for acoustic attenuation. While the outlet 384 

pressures converge across all designs, the rate and uniformity of pressure decline differ- 385 

entiate the configurations. The multi-channel 3D geometry demonstrates the most techni- 386 

cally desirable characteristics, combining smooth pressure decay with distributed re- 387 

sistance which are attributes critical for efficient, low-noise muffler performance. 388 

 389 
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 390 

Figure 4. Pressure drop along the central axis of the muffler 391 

 392 

4. Discussion 393 

The results of the numerical simulations clearly demonstrate that the internal geom- 394 

etry of the muffler plays a critical role not only in shaping the static pressure distribution 395 

but also in influencing the flow behavior and turbulence intensity—factors that directly 396 

affect the acoustic performance of the device. 397 

The reference baseline configuration, featuring a smooth, unobstructed internal ge- 398 

ometry, exhibited the least interference with the flow field. The pressure drop occurred 399 

almost linearly along the muffler length, with the main pressure gradient appearing just 400 

before the outlet. Low turbulence levels within the muffler body indicated predominantly 401 

laminar flow, which, while beneficial for minimizing hydraulic resistance, resulted in lim- 402 

ited potential for acoustic attenuation. These findings align with established theory, which 403 

suggests that smooth flow without acoustic obstacles fails to effectively dissipate acoustic 404 

energy. 405 

The baffle-based three chamber configuration, comprising two partitions forming a 406 

three-chamber structure, marked a significant improvement in controlling flow-induced 407 

acoustic effects. The presence of internal partitions introduced localized pressure drops, 408 

particularly within the central chamber. The simulation of turbulent kinetic energy re- 409 

vealed the formation of targeted turbulence zones downstream of the baffles, which con- 410 

tributed to enhanced energy dissipation. This supports the theoretical understanding that 411 

even simple structural interventions can promote effective acoustic damping. 412 

A substantial shift in attenuation behavior was observed in the single spiral configu- 413 

ration, enabled by additive manufacturing. The spiral channel forced the flow along an 414 

extended path, resulting in a smoother and more evenly distributed pressure drop. The 415 

pressure gradient was more gradual, indicating improved flow control. Turbulence visu- 416 

alizations showed that the spiral effectively generated focused turbulence, especially near 417 
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the outlet and transitional zones, while maintaining relative stability in the central do- 418 

main. This hybrid profile is a stable core flow combined with localized turbulence which 419 

is advantageous for achieving acoustic damping without excessive backpressure. 420 

The most optimized flow and acoustic performance was achieved with the complex 421 

multi-spiral domain, fabricated exclusively through 3D printing. The intricate network of 422 

organically shaped channels enabled uniform pressure distribution and strategically 423 

placed turbulence. The pressure dropped smoothly across the entire structure, approach- 424 

ing atmospheric conditions at the outlet without abrupt changes. The TKE distribution 425 

showed that turbulence was concentrated only in critical transitional zones and effectively 426 

attenuated within the rest of the domain. The absence of high-turbulence pockets con- 427 

firmed this geometry’s ability to maintain uniform flow and minimize dynamic load— 428 

key factors for both acoustic and mechanical efficiency. 429 

A comparative evaluation of all configurations indicates a clear trend: increasing ge- 430 

ometric complexity leads to improved pressure control, redistribution of turbulent en- 431 

ergy, and consequently enhanced acoustic damping. While the smooth reference design 432 

offered optimal flow characteristics, it lacked acoustic effectiveness. In contrast, baffle- 433 

based and spiral designs demonstrated that even basic geometrical modifications can sig- 434 

nificantly influence flow behavior. However, the 3D-printed domain variant exhibited the 435 

greatest potential, fully leveraging additive manufacturing capabilities for internal geom- 436 

etry optimization. This approach enables the design of multidimensional flow paths that 437 

balance pressure and turbulence - crucial for developing the next generation of compact, 438 

quiet, and efficient exhaust mufflers. 439 

Future work may extend the current CFD-based approach by incorporating equiva- 440 

lent fluid models, such as the Johnson-Champoux-Allard-Lafarge framework, to simulate 441 

the acoustic behavior of porous or complex structures with reduced computational cost. 442 

This would enable direct calculation of transmission loss and acoustic impedance in con- 443 

junction with structural optimization. 444 

 445 
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