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Abstract

This study analyzes and improves the heat dissipation of an exhaust silencer by modifying the inner tube geometry and
evaluating the effects using simulation software. The exhaust system directs hot combustion gases away from the engine
and occupants while reducing noise. High-speed exhaust flow can cause resonance and potential fatigue failure if not
addressed in the design. Recent research has examined heat transfer in automotive exhaust piping to optimize
aftertreatment systems. In this study, the silencer is modeled with CAD software to assess current heat dissipation.
Modifications are then made to the inner tube length and perforation count. ANSYS simulations are used to analyze
temperature distribution and determine the most effective configuration.
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1. Introduction

An Automobile Silencer is a device used to reduce engine noise emissions, with its primary function being to minimize
noise produced by exhaust gases. Silencers are also found in many other engines and generators. Their size, shape, and
construction vary depending on the engine type and size. A reactive silencer typically features a series of resonating and
expansion chambers that lower sound pressure at certain frequencies, using offset, perforated tubes to disperse sound
pulses inside a chamber, which leads to destructive interference. An absorptive or dissipative silencer instead relies on
absorption to convert sound energy into heat within specific materials. Uniform heat distribution in both types is
beneficial. While research on exhaust silencers dates back over ten years, emphasis on heat transfer analysis in these
systems has only recently increased due to their significant role in exhaust after-treatment design, especially for
optimizing catalyst performance and managing thermal aging and cold-start operation of converters.

Oncoming automotive exhaust emissions standards focus on the minimization of cold start emissions for catalyst-
equipped diesel automobiles. In that context, all passive means of achieving Maximum possible catalyst efficiency must
be exhaustively examined. The complex geometry of the exhaust silencer and the special flow conditions complicate the
problem of accurately estimating several heat transfer parameters. The acquisition of useful data for the estimation of
heat transfer rates and their application in the optimized design of various exhaust configurations forms the subject of
the present work. Here, we take advantage of computer models to analyze the effect of the variation of various
parameters that govern the heat transfer in the silencer. Selected results are illustrated in the form of temperature, heat
transfer, and Thermal Analysis for the motorbike exhaust Silencer for ensuring reduction in Hot Spots through Design
Enhancement. Some suggestions for design improvements are therefore also presented.
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2. Literature review

The design and analysis of automotive exhaust systems constitute a sophisticated engineering domain where competing
objectives of noise suppression, engine performance, and thermal management must be optimized through an
integrated approach. Foundational research firmly established thermal analysis as a critical pillar of exhaust design,
with studies [5], [6] developing computational frameworks for steady-state and transient heat transfer, which are
essential for ensuring component durability, managing under hood temperatures, and optimizing the light-off behavior
of catalytic converters. Parallel to this, the core acoustic challenge maximizing transmission loss (TL) to meet noise
regulations while minimizing flow resistance (backpressure) to preserve engine efficiency has been extensively
explored. Analytical methods, such as the collocation approach for specific muffler geometries [8] and the advanced
transversal sub-structuring mode-matching technique for dissipative silencers [1], provide efficient tools for acoustic
prediction. However, the fidelity of such models, particularly for complex elements like perforated ducts, requires
rigorous experimental validation, as demonstrated by work [2] that identified critical failure modes in common discrete
models.

The advent of computational fluid dynamics (CFD) has revolutionized this space, enabling detailed multi-physics
investigations. Researchers employ 3D CFD to dissect the interplay between acoustic attenuation and pressure loss in
perforated tube silencers [14], use one-dimensional CFD for efficient tailpipe noise prediction validated against
experiments [9], and apply high-fidelity Large Eddy Simulation (LES) to resolve complex flow fields within mufflers
[22]. This evolution has progressed toward fully coupled Multiphysics simulation, where acoustics are integrated with
structural mechanics to predict vibroacoustic behaviour and shell vibrations that can compromise transmission loss
predictions and lead to fatigue failure. This advanced computational capability has directly enabled the field's most
significant trend: the shift from passive analysis to active, automated shape and parametric optimization. Sophisticated
algorithms, including Simulated Annealing (SA) for multi-chamber crossflow mufflers [3], genetic algorithms coupled
with neural networks for rapid assessment [13], and general parametric techniques [4], are now routinely used to
navigate high-dimensional design spaces and achieve superior acoustic performance under constraints. The frontier of
this optimization is now being pushed by data-driven co-optimization frameworks. Techniques such as parameter
fusion convolutional networks (PFCNs) coupled with support vector machines (SVMs) enable the rapid prediction of
complex multi-physics fields like spatial temperature distribution and the subsequent co-optimization of multiple
structural parameters with negligible computational cost, a method with clear transfer potential to exhaust system
design.

Contemporary studies continue to refine these principles, focusing on practical backpressure optimization [16], novel
configurations like micro-perforated elements for motorcycles [21] and baffle plate-integrated chambers [19], and
comprehensive acoustic-fluid analysis of specific designs [12], [17], [23]. Furthermore, the literature shows emerging
interdisciplinary investigations, such as evaluating the coupled thermal-acoustic effects of material choices [15] and
designing hybrid mufflers that combine low-pass filter and Helmholtz resonator principles [18]. Review articles
systematically consolidate knowledge on reactive muffler performance [20], while applied case studies demonstrate
the translation of these principles to specific vehicle platforms, from automotive engines [10] to motorcycles [11]. In
synthesis, the body of work reveals a clear epistemological progression from foundational experimental and analytical
studies, through a phase dominated by high-fidelity multi-physics simulation, to the current frontier of simulation-
driven and data-driven optimization. Despite these advances, a discernible research gap remains in the fully coupled,
system-level co-optimization that simultaneously and dynamically accounts for transient thermal effects, nonlinear
acoustic behaviour, structural vibrations, and after-treatment chemical efficiency, pointing toward the next evolution
in exhaust system design methodology.

3. Methodology

Analytical solutions give the values of the unknowns at all points in the continuum and are appropriate only for simple
problems. For complex geometries, boundary conditions and numerical methods are best suited. These give only an
approximate solution. Finite element methods are some of the more versatile and numerical methods. In FEM, the
whole body is divided into smaller elements. These elements are interconnected at joints called nodes. The unknowns
are calculated only at these nodes. Increasing the number of nodes can increase the accuracy of the results. Finite
element methods are predominately used to perform computer-based analysis of the static, dynamic, and thermal
behaviour of physical systems, structures, and components. Finite Element Analysis (FEA) is a computer-based
numerical technique for calculating the strength and behaviour of structures. The computer is required for this analysis
because of the astronomical number of calculations needed to analyze a complex structure.
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In the finite element method, a structure is broken down into many small simple blocks or elements. The behavior of an
individual element can be described with a set of equations. Just as the set of elements would be joined together to build
the whole structure, the equations describing the behaviors of the individual elements are joined into an extremely large
set of equations that describe the individual elements.

3.1. Solver, Models and Schemes Used For CFD Analysis

The physical model of this test setup would be passing air at a fixed mass flow rate through the silencer and measuring
temperature across the silencer. The temperature is the same as the temperature acting on the engine through the
exhaust system. The time conditions implemented are steady state. The mass flow input is given as a constant number,
0.01 kg/s, so the flow is subsonic flow.

A flow becomes incompressible for low speed, that is, M<0.3 for air, and compressible for Mach number M=0.3,
depending on pressure and density changes relative to the local speed of sound. So, the computational schemes are
dictated by various physical conditions: viscosity, incompressibility, and compressibility of the flow.

The solver implemented was temperature-based, as it is used for incompressible flows, which may arise due to
difficulties in preserving incompressibility conditions or conservation of mass as the speed of sound becomes much
higher than convection velocity components.

In Fluent, solver variables are stored at the center of grid cells. To solve the transport equations, we need to know the
values of quantities at the faces of the control volume and the gradient of these quantities in the cell. The quantities are
namely momentum, turbulent kinetic energy, turbulent dissipation rate, and energy.

So, for interpolating the cell center data, various interpolating schemes are available in Fluent. This interpolation in
ANSYS-FLUENT is called upwind schemes. Upwinding means that the face value is derived from quantities in the cell
upstream, or “upwind,” relative to the direction of the normal velocity. Of the available schemes, the first-order upwind
method is used for interpolating the values of these quantities so as to reduce computation effort. Gradients are needed
not only for constructing values of a scalar at the cell faces but also for computing secondary diffusion terms and velocity
derivatives. The gradient of a given variable is used to discretize the convection and diffusion terms in the flow
conservation equations. Thus, to determine the gradient of these variables, the Green-Gauss node-based method is
implemented. This scheme reconstructs exact values of a linear function at a node from surrounding cell-centered
values on arbitrary unstructured meshes by solving a constrained minimization problem, preserving a second-order
spatial accuracy. The node-based gradient is more accurate than other gradient schemes, especially on (skewed and
distorted) unstructured meshes, at a higher computing power cost. For calculating the cell-face temperature, as a
temperature-based solver is implemented, a standard interpolation scheme is used.

Most of the engineering flows are turbulent. Turbulence occurs when velocity gradients are high, resulting in
disturbances in the flow domain as a function of space and time. Turbulent flow arises in contact with walls or in
between two neighbouring layers of different velocities. With the velocity gradient increasing, the flow becomes
rotational, leading to vigorous stretching of vortex lines, which can only be supported in three dimensions. So, turbulent
flows are always physically three-dimensional. In turbulent flows large and small scales of continuous energy spectrum,
which are proportional to the size of eddy motions, are mixed. Here, eddies are overlapping in spaces, with large ones
carrying the small ones. In this process the turbulent kinetic energy transfers from larger eddies to smaller ones, with
the smallest eddies eventually dissipating into heat through molecular viscosity.

So, it is necessary to model the turbulence model appropriately. The Standard K-Epsilon model (SKE) is used as it
accurately represents engineering turbulence for industrial applications. Also, it is robust and reasonably accurate for
a wide range of applications. Also, it accurately represents low-speed incompressible flows in isotropic turbulence. The
standard K-Epsilon model is a two-equation turbulence model and allows the determination of both a turbulent length
and time scale by solving two separate transport equations. It is based on model transport equations for the turbulence
kinetic energy (K) and its dissipation rate (€). The model transport equation for K is derived from the exact equation,
while the model transport equation for € is obtained using physical reasoning. In the derivation of the K-& model, the
assumption is that the flow is fully turbulent, and the effects of molecular viscosity are negligible. The standard K-¢
model is therefore valid only for fully turbulent flows.
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4. Analysis

4.1. Creation of model of silencer

For our analysis we need 3 different models. Sketching, Extrude, and Revolve are examples of basic modeling tools
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used for geometry creation and detailing. Fig. 1 displays 3D model development with Revolve.

4.2. Meshing
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Figure 1 3-D model of silencer

Meshing is a crucial aspect for any finite element analysis. Here, meshing is done by the smart sizing option. One
problem encountered is that if the same element size is given to all the models, then the problem of uneven distribution
of meshes comes up, which would affect the result. Therefore, the meshes are selected really fine for bigger models,
and with a decrease in the thickness, the coarseness was increased at a rate of change in mesh for every 2 thickness

changes.
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Figure 2 Meshed model of silencer
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4.3. Boundary Conditions

The mass flow rate is assigned to air at the rated speed of the engine as 0.01 kg/s. The tests were taken at a constant
maximum inlet temperature of 400°C and an outlet temperature of 27°C. The outlet boundary condition is set to
pressure outlet with gauge pressure of 0 pa. The density of the air is set as 1.125 kg/m?, thermal conductivity is 0.0242
W/m-k, and the viscosity of the air is 1.7894x107° kg/(ms). Turbulent intensity is assumed to be 5%, and the turbulent
viscosity ratio is 10.

5. Result And Discussion

5.1. Effect of change in length and no. of perforations of inner tube of silencer
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Figure 3 CAD Model of silencer

5.1.1. Model 1: Inlet tube Diameter-24mm, Tube Length: 340 mm, No. of Perforations- 90 (9 x 10)
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Figure 4 Temperature contour of model 1
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Temperature is reduced in this model but high temp is observed which is not recommended. As diameter of tube
reduced and number of perforations increased, heat in uniformly distributed over the length. But high temperature is
there.

5.1.2. Model 2: Inlet tube Diameter- 26mm, Tube Length- 380 mm, No. of Perforations- 88 (8 x 11)
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Figure 5 Temperature contour of model 2

Temperature is reduced in this model but many high temperature spots are observed. Also temperature distribution is
not uniform. Here tube length increased in this case temperature is reduced and number of perforations is reduced.

5.1.3. Model 3: Inlet tube Diameter- 26mm, Tube Length- 320 mm ,No. of Perforations-96 (8 x 12)
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Figure 6 Temperature contour of model 3

Three different concepts were developed to achieve the target for the lowest possible hot spots. The third concept is
such that it has an optimum number of holes distributing hot air evenly in the silencer’s volume. This concept can be
further experimented with, as the flow of gases is also uniform. Pressure distribution is found to be adequately
distributed throughout the volume.
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6. Experimentation
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Figure 7 Schematic of Expt. Setup

Figure 7 shows the schematic diagram of the experimental setup for temperature measurement with a thermocouple.
The thermocouple used for temperature measurement is K-type with accuracy #10°C. The silencer used for the project
is a reactive-type silencer with specified dimensions. The automobile silencer under study belongs to a popular 2-
wheeler manufacturer in India with the rated HP of the engine up to 13.5 HP. The exhaust gases coming out from the
engine are at very high speed and temperature. The spots are located at a distance of 10 cm downstream of the silencer.
The location of temperature should be at such a location where the length between two spots is constant. Silencer tests
in the experiment have been performed for a fixed mass flow rate of 0.01 kg/s. All the solver conditions, turbulence

modeling, and boundary conditions have been kept the same as in the CFD analysis of the perforated inner pipe of the
silencer.
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7. Conclusion

The dimensions of the silencer were varied while keeping certain parameters constant, and the corresponding effects
on temperature were observed. It was found that temperature variation is nonlinear and cannot be accurately predicted
using any simple equation. Modifying the porosity of the inner tube of the silencer had a significant impact on
temperature, with higher porosity resulting in a substantial reduction. Similarly, an increase in the tube diameter led to
a marked decrease in temperature. Changes in the number of holes also had a pronounced effect, with even small
variations in pipe diameter causing sharp changes in temperature values.

Three silencer models were tested with different porosity levels. A sudden decrease in temperature was observed as
porosity increased. The computational fluid dynamics (CFD) results showed good agreement with the experimental
measurements, validating the numerical model.
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