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1. Abstract:

In order to minimize the sound transmission due to exhaust gases, the most common and important part of the engine system is muffler. A back pressure on engine is always produced due to the use of the exhaust muffler. This back pressure represents the extra static pressure exerted by the muffler on the engine through the restriction in flow of exhaust gases. The back pressure mainly depends on the internal shape and overall design of the exhaust muffler. Design of muffler is a complex function that affects noise characteristics, emission and fuel efficiency of engine. In this study, a combined model of response surface methodology (RSM) and desirability analysis is used for optimizing the back pressure of a motorcycle reactive muffler, in order to improve the performance of the muffler. For this optimization process, the design variable parameters are size of perforation, number of perforation and partition chamber size. To measure the back pressure 3D CFD based CAE software has been used. Prediction of acoustics transmission loss virtually is an important analysis required for the development of muffler at an initial design stage. For this reason, for the optimized design virtual acoustics transmission loss analysis is conducted. It is found that after optimizing the design of the muffler, the back pressure is decreased and the acoustic transmission loss is increased that can ensure the improvement of the muffler efficiency.    
2. Introduction:
After the invention of internal combustion engine in the latter part of the nineteenth century, the noise created by it has been a constant source of problem to the environment. Significantly, the exhaust noise in terms of pressure is about 10 times all the other noises (structural noise) combined. So the problems of reducing engine noise consist, mainly in attenuating exhaust noise.

The design of mufflers has been a topic of great interest for many years and hence a great deal of understanding has been gained. Most of the advances in the theory of acoustic filters and exhaust mufflers have come about in the last four decades. As a result, good design of the muffler should give the best noise reduction and offer optimum backpressure for the engine. Moreover, for a given internal configuration mufflers have to work for a broad range of engine speed.

Usually when mufflers are designed by well-established numerical techniques like boundary element method or finite element method, the numerical model generation is time consuming often limiting the user to try various other possible design alternates. The process might be lengthy and laborious as it involves a more iteration with different prototypes. [1]
2.1. Historical development:
Mufflers have been developed over the last ninety years based on electro- acoustic analogies and experimental trial and error. Many years ago Stewart used electro – acoustic analogies in deriving the basic theory and design of acoustic filters [2]. Later Davis et al. published results of a systematic study on mufflers [3]. They used travelling wave solutions of the one-dimensional wave equation and the assumption that the acoustic pressure p and acoustic volume velocity v are continuous at changes in cross sectional area.

An important step forward in the analysis of the acoustical performance of mufflers is the application of two- port network theory with use of four –pole parameters. Igarashi and his colleagues calculated the transmission characteristics of mufflers using equivalent electrical circuits [4] [5]. Parrot later published results for the certain basic elements such as area expansions and contractions. Sreenath and Dr. Munjal gave expression for the attenuation of mufflers using the transfer matrix approach [6]. The expression they developed was based on the velocity ration concept. Later, Dr. Mujal modified this approach to include the convective effects due to flow [7].

Young and Crocker used the finite element method to predict four-pole parameters and then the transmission loss of complex shaped mufflers for the case of no flow [8].

Ying-change, Long-Jyi used optimized approach of maximal STL and muffler dimension under space constraints throughout the graphic analysis as well as computer aided numerical assessment [9]. Middlberg, J.M. and Barber T.J. present different configurations of simple expansion chamber mufflers, including extended inlet or outlet pipes and baffles have been modeled numerically using CFD in order to determine their acoustic response [10]. However, most of the research studies based on formulation of mathematical equation and trial and error method [11].
2.2. Basic Types of Mufflers:

There are two basic types of mufflers:

· Reflective (or reactive) mufflers - those that reflect acoustic waves by abrupt area expansions of changes of impedance.

· Dissipative mufflers - mufflers based on dissipation of acoustic energy into heat through viscous losses in fibrous materials or flow-related (resistive) losses in perforated pipes
Reflective mufflers are best suited for the low frequency range where only plane waves can propagate in the system, while dissipative mufflers with fibers are efficient in the mid-to-high frequency range. Dissipative mufflers based on flow losses, on the other hand, work also at low frequencies. A typical automotive exhaust system is a hybrid construction consisting of a combination of reflective and dissipative muffler elements.

The reflective parts are normally tuned to remove dominating low-frequency engine harmonics while the dissipative parts are designed to take care of higher-frequency noise. In the industry, exhaust systems are typically analyzed with nonlinear 1D gas-dynamics codes.

Such codes, however, do not capture 3D acoustic effects such as higher-order duct modes, and the modeling of fibrous materials is not satisfactory. In practice, there is therefore a need to use linear acoustic models of exhaust and intake systems to enable detailed modeling and optimization of the acoustic response, at the cost of neglecting nonlinear effects.

The expansion chamber muffler consists of one or more chambers or expansion volumes which act as resonators to provide an acoustic mismatch for the acoustic energy being transmitted along the main tube.

Reactive silencers consist typically of several pipe segments that interconnect a number of larger diameter chambers or rectangular cross section resonator chamber. These silencers reduce the radiated acoustical power primarily counting on to the impedance mismatch, that is, by allowing the acoustical impedance discontinuities to reflect sound back toward the source.

The noise from an exhaust system consists of three components: pulsation noise and flow generated noise coming from the orifice of the muffler outlet and shell noise coming from the shell of the muffler. Shell noise may be limited by using a stiffer or damped shell, while flow generated noise, such as turbulence and vortex shedding may be limited by minimizing geometrical discontinuities (edges, sharp bends etc).

The final selection is based on some trade-offs among the predicted acoustical performance, the mechanical performance, the volume/weight ratio, and the cost of the resulting system.

Most silencers are subject to volume/weight constraints, which also influence the silencer design process. In addition, the initial purchase/installation cost and the periodic maintenance cost are other important factors that influence the silencer selection process [12].

2.3. Problem Specification:

The existing model gave a high back pressure as a result to which the internal parts had a shorter life span. When the internal parts were damaged, the exhaust noise became high. 

Our job was to suggest a model where the back pressure would be moderate so that it is not too high to damage the internal parts nor too low that it would disrupt the flow of flue gases. In addition, it was also checked if the noise attenuation characteristics were good enough so that noise pollution was reduced.
2.4. Objectives:

· To find the problems in the existing model by CFD analysis

· To study the baffle position & porous effect by design optimization & CFD analysis

· To simulate the performance of the optimized design

· To make a real life prototype & validate the model
2.5. Possible Outcomes:
· Formulate optimum methodology to silencer design

· An effective and practical way of orifice positioning

· Lowering the draft force and sound pollution
3. Literature Review:
3.1. Back Pressure:

Back pressure refers to pressure opposed to the desired flow of a fluid in a confined place such as a pipe. It is often caused by obstructions or tight bends in the confinement vessel along which it is moving, such as piping or air vents.

Because it is really resistance, physically friction between molecules, the term back pressure is misleading as the pressure remains and causes flow in the same direction, but the flow is reduced due to resistance. For example, an automotive exhaust muffler with a particularly high number of twists, bends, turns and right angles could be described as having particularly high back pressure.

Back pressure caused by the exhaust system (consisting of the exhaust manifold, catalytic converter, muffler and connecting pipes) of an automotive four-stroke engine has a negative effect on engine efficiency resulting in a decrease of power output that must be compensated by increasing fuel consumption [11] [13] [14].

3.2. Theories considered for modification of muffler design:
ACOUSTIC FILTER THEORY

It has never been demonstrated formally that an exhaust silencer acts as an acoustic filter, but it can be argued qualitatively that it behaves this way. We are concerned with two basic types of silencer, the expansion chamber, and sets of resonators or acoustic filters, while both types may be used in combination. The acoustic theory proposed by Stewart is analogous to the theory of electrical filters [15] [16]. To calculate the characteristics of a silencer element it is often helpful to assume that the sound is always transmitted in the form of small amplitude plane waves. In consequence, at any junction where the tube area changes, a proportion of the incident sound is transmitted while a proportion is reflected back towards the source. This approach can be applied to the design of expansion chambers and resonators with long chambers.

Alternatively, the low frequency characteristics of a resonator can be calculated by the lumping of acoustic elements, a short column of air being regarded as a lumped mass and an enclosed volume being regarded as a capacity. It follows here that the length of each section and the dimension of each branch must be small compared with the wavelength of the sound so that phase changes across an element may be neglected. It is usual to neglect the dissipation of energy due to viscosity since the necks of resonators, where the flow velocities may be appreciable, are generally short. [17]
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Figure 3‑1: Acoustic tests on expansion chambers from reference 17
We can calculate the characteristics of an expansion chamber from the relations for continuity of pressure and mass flow at each junction where the area changes, remembering that both the transmitted and reflected waves must be included. Due account must also be taken of the time for the waves to travel between the junctions. Assuming that there are no reflections in the tail pipe one can then find the ratio of the incident to the transmitted pressure pulse, which is the attenuation. For a single expansion chamber, when there are no reflected waves in the tail pipe it can be shown that the attenuation is given by
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where m is the ratio of chamber to pipe cross-sectional areas, l the length of the chamber and k the wave number of the incident sound expressed as 2*pie*f/ c, f being the frequency and c the local acoustic velocity. This expression has been confirmed experimentally for incident sound waves by several observers. Some of the results obtained by Davis (4) are shown on Figure I, where the attenuation is expressed in decibels. Small changes of shape such as tapering the chamber ends have been investigated also, and were found to have little effect on the performance, which depends on the length and the area ratio only, to a first approximation. This conclusion is also in agreement with Stewart’s analysis for this modification.
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Figure 3‑2: Acoustic tests on multiple expansion chambers from reference 17
When sets of expansion chambers are connected in series the same methods of analysis apply but the expressions for the overall attenuation become rather complicated. Fair agreement can still be obtained between theoretical predictions and measurements as was shown by Davis (4) whose results are also reproduced on Figure 2.

Turning now to the resonator type filter element, these can either be sharply tuned or arranged to attenuate a wide band of frequencies. A Helmholtz resonator, for example, is generally too sharply tuned for silencer applications except to suppress a fixed frequency.
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Figure 3‑3: Acoustic tests on resonator chambers or acoustic filters from reference 18
When several resonators are employed in series the calculation is again much more complex, but has been investigated by Czarnecki and Davis. The performance of resonator chambers has also been investigated by Davis and some of the results are reproduced on Figure 3. It can be seen that the theory is again in fair agreement with the measurements obtained with acoustic excitation. Thus it can be seen that acoustic filter theory gives a good prediction of silencer acoustic characteristics. However, the agreement is not so good when the silencer is fitted to an engine and is excited by large pressure pulses as will be seen later. On the other hand many successful silencer designs are based on this theory even if it does not predict their true performance on an engine. The theory cannot be used to predict the back pressure when the silencer is attached to an engine but is not intended for this purpose [18] [17].
SINGLE PULSE THEORY:
In terms of single pulse theory, the flow through a silencer system consists of regions of steady and unsteady flow which exist simultaneously. The regions of unsteady flow are associated with the motion of compression and rarefaction waves in pipes of constant cross section, while the regions of steady flow exist at stations where the pipe area changes. The characteristics of the steady flow regions can be calculated from the relations for one dimensional compressible flow in convergent-divergent (Laval) nozzles, while the main features of unsteady flow can be illustrated by examining the one dimensional flow in a shock tube.

A shock tube consists of a pipe separated into two chambers by a diaphragm. These are initially charged with gas at different pressures. When the diaphragm is burst the higher pressure gas expands into the low pressure chamber giving rise to an unsteady flow. A short time interval after the flow starts the situation will be as sketched in Figure 4 which is a time displacement diagram, but includes an idealized pressure and temperature distribution in the pipe at the time ti. The diagram shows a shock wave 1-2 advancing into the low pressure gas I, which is at rest. This gas is compressed and accelerated almost instantaneously by the wave to a steady velocity and pressure which exist throughout region 2. The contact surface 2-3 in the division between the original low pressure gas which is compressed and heated and the original high pressure gas which is expanded and cooled. The pressure and particle velocity in region 3 are the same as those in region 2 so that only the temperature changes across the contact surface. Between regions 3 and 4 the gas expands through a set of expansion waves each of which is travelling at the local acoustic velocity. This also illustrates the behavior of finite pressure waves where compressions tend to combine to form a shock wave and rarefactions tend to spread out.
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Figure 3‑4: Unsteady flow in a shock tube from ref 17
DISSIPATION OF ENERGY:
In the acoustic theory the attenuation by silencers has been estimated on the assumptions of inviscid flow. The aim in the design is therefore to smooth out the fluctuating pressures in the exhaust system rather than dissipate the energy of the disturbances. It is well known that a resonator does dissipate energy and there is also energy dissipation associated with the non-linear impedance of orifices. It has been shown that this dissipation can be appreciable [19]. As a practical detail, it has been observed by Cave-Browne [20] that the noise reduction from pierced tube sections is much improved if the holes are stabbed like a nutmeg grater, rather than punched or drilled. The lipped holes so produced present a streamlined orifice to the outgoing gases and a greater restriction to the returning gases.

In the single pulse theory we assume that the disturbances resulting from each pulse must have decayed almost completely before the next one arrives. There are at least three sources of dissipation of energy in addition to those mentioned above. One of them is due to the entropy rise in the gas and may be calculated from the shock wave relations. It is however fairly small at the shock strengths present in an exhaust system. A second form of dissipation is associated with the interaction of shock waves travelling in different directions (IS). Both waves are weakened, even if their strengths differ, and again this can be calculated. The reduction in amplitude may in favorable instances be as much as 10 %. Finally an interaction will occur between a reflected shock wave and the steady flow through an area change [21] .This can reduce the strength of the wave substantially but it also creates noise, through the interaction of the shock wave with the eddies and turbulence usually present in the flow. .Although these mechanisms are known, the decay of the disturbances has not yet been investigated in detail.
3.3. Statistical methods:

Response surface methodology:

In statistics, response surface methodology (RSM) explores the relationships between several explanatory variables and one or more response variables. The method was introduced by G. E. P. Box and K. B. Wilson in 1951. The main idea of RSM is to use a sequence of designed experiments to obtain an optimal response. Box and Wilson suggest using a second-degree polynomial model to do this. They acknowledge that this model is only an approximation, but use it because such a model is easy to estimate and apply, even when little is known about the process. [22]
An easy way to estimate a first-degree polynomial model is to use a factorial experiment or a fractional factorial design. This is sufficient to determine which explanatory variables have an impact on the response variable(s) of interest. Once it is suspected that only significant explanatory variables are left, then a more complicated design, such as a central composite design can be implemented to estimate a second-degree polynomial model, which is still only an approximation at best. However, the second-degree model can be used to optimize (maximize, minimize, or attain a specific target for).

Important RSM properties and features:

•
ORTHOGONALITY: The property that allows individual effects of the k-factors to be estimated independently without (or with minimal) confounding. Also orthogonality provides minimum variance estimates of the model coefficient so that they are uncorrelated.

•
ROTATABILITY: The property of rotating points of the design about the center of the factor space. The moments of the distribution of the design points are constant.

•
UNIFORMITY: A third property of CCD designs used to control the number of center points is uniform precision (or Uniformity).
Fit tests:

Fit test is a statistical model that describes how well it fits a set of observations. Measures of goodness of fit typically summarize the discrepancy between observed values and the values expected under the model in question. Such measures can be used in statistical hypothesis testing, e.g. to test for normality of residuals, to test whether two samples are drawn from identical distributions or whether outcome frequencies follow a specified distribution. In the analysis of variance, one of the components into which the variance is partitioned may be a lack-of-fit sum of squares [23].

Analysis of Variance:

Analysis of variance (ANOVA) is a collection of statistical models used to analyze the differences among group means and their associated procedures (such as "variation" among and between groups). In the ANOVA setting, the observed variance in a particular variable is partitioned into components attributable to different sources of variation. In its simplest form, ANOVA provides a statistical test of whether or not the means of several groups are equal, and therefore generalizes the t-test to more than two groups. As doing multiple two-sample t-tests would result in an increased chance of committing a statistical type I error, ANOVAs are useful for comparing (testing) three or more means (groups or variables) for statistical significance [24].
3.4. Transmission Loss:

Transmission loss (TL) in duct acoustics describes the acoustic performances of a muffler like system. Generally the higher transmission loss of a system it has, the better it will perform in terms of noise cancellation. Transmission loss is defined as the difference between the power incident on a duct acoustic device (muffler) and that transmitted downstream into an anechoic termination. Transmission loss is independent of the source and presumes (or requires) an anechoic termination at the downstream end. [25]
Transmission loss does not involve the source impedance and the radiation impedance inasmuch as it represents the difference between incident acoustic energy and that transmitted into an anechoic environment. Being made independent of the terminations, TL finds favor with researchers who are sometimes interested in finding the acoustic transmission behavior of an element or a set of elements in isolation of the terminations. But measurement of the incident wave in a standing wave acoustic field requires uses of impedance tube technology, may be quite laborious, unless one makes use of the two-microphone method with modern instrumentation.
By definition the TL on an acoustic component, for example a muffler, is described as:
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Figure 3‑5Transmission loss (duct acoustics) definition illustration.
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Where:

· [image: image10.png]L



 is the incident sound power in the inlet coming towards muffler;

· [image: image11.png]Lw o,



 is the transmitted sound power going downstream in the outlet out of the muffler;

· [image: image12.png]i, O,



 stand for the cross-sectional area of the inlet and outlet of muffler;

· [image: image13.png]it



 is the acoustic pressure of the incident wave in the inlet, towards muffler;

· [image: image14.png]Ho



 is the acoustic pressure of the transmitted wave in the outlet, away from muffler.

Note that [image: image15.png]it



 cannot be measured directly in isolation from the reflected wave pressure [image: image16.png]


 (in the inlet, away from muffler). One has to resort to impedance tube technology or two-microphone method with modern instrumentation. However at the downstream side of the muffler, [image: image17.png]


 in view of the anechoic termination, which ensures [image: image18.png]


.

And in most muffler applications, Si and So, the area of the exhaust pipe and tail pipe, are generally made equal, thus we have:
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Thus, TL equals 20 times the logarithm (to the base 10) of the ratio of the acoustic pressure associated with the incident wave (in the exhaust pipe) and that of the transmitted wave (in the tail pipe), with the two pipes having the same cross-sectional area and the tail pipe terminating anechoically.  However this anechoic condition is normally difficult to meet under practical industry environment, thus it is usually more convenient for the muffler manufacturers to measure insertions loss during their muffler performance tests under working conditions (mounted on an engine).

Also, since the transmitted sound power cannot possibly exceed the incident sound power (or [image: image20.png]


 is always larger than [image: image21.png]Dol



), it is known that TL will never be less than 0 dB.
Transmission matrix:
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Figure 3‑6Transmission loss (duct acoustics) definition illustration with transmission matrix.
The low-frequency approximation implies that each subsystem is an acoustic two-port (or four-pole system) with two (and only two) unknown parameters, the complex amplitudes of two interfering waves travelling in opposite directions. Such a system can be described by its transmission matrix (or four-pole matrix), as follows 
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 are the sound pressures and volume velocities at the input and at the output. A, B, C and D are complex numbers. With this representation it can be prove that the transmission loss (TL) of this subsystem can be calculated as,
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Where:
· is inlet and outlet cross-sectional area;
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 are media density and sound velocity.
4. Methodology:
4.1. Overview of the methodology: 
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Figure 4‑1: An overview of the processes followed
4.2.
Existing Design:
As described in the problem specification, due to high back pressure of flue gases, the internal parts of the existing model got damaged which in turn decreased the noise attenuation characteristics and led to a shorter product life. The damages are shown in the figure.
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Figure 4‑2: Damages due to excessively high back pressure in the existing model

The specifications of the existing model were provided.

A 3D CAD model was made based on those specifications.
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Figure 4‑3: Making the CAD model of the existing model
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Figure 4‑4: 3D rendered version of the existing model
The existing model was then imported to a CFD analysis software. 

The necessary parameters were defined accordingly.
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Figure 4‑5: Importing and specifying different components in a CFD analysis software

The pressure plates which got damaged were specified separately for further analysis.

The meshing operation was done in the next step

The default fine meshing was taken as the structure was large in size & it is very time consuming to define every geometric change in the structure. Further analysis showed that final results varied very little if the mesh was defined manually.
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Figure 4‑6: Meshing operation completed on the existing model

In the next step, the material of the silencer and input parameters of the flue gas was specified. The average value for density and mass flow rate for the needed 120cc motor was taken. The k-epsilon model for turbulent flow was selected. The other parameters were selected based on theories and existing literature.
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Figure 4‑7: Velocity Streamline of the existing model

4.3.
Design Modification:

The internal pipes were perforated based on literature review. In addition, chamber size was also changed to find a lower back pressure. 

Three parameters were selected and changed. Those are - 

· Chamber Size

· No. of perforation 

· Size of perforation

The chamber size in the original model was 102 mm and there were no perforations in any internal pipe. 

20 different models were made based on changing those 3 parameters.

The results are as follows – 
	S. No.
	Run
	Partition Size
(mm)
	No of Perforation
	Size of Perforation
(mm)
	Back Pressure
(Pa)

	1
	1
	83.10
	5
	5.50
	3332

	2
	17
	122.00
	5
	5.50
	3334

	3
	3
	83.10
	8
	5.50
	3271

	4
	11
	122.00
	8
	5.50
	3339

	5
	8
	83.10
	5
	7.60
	3294

	6
	2
	122.00
	5
	7.60
	3304

	7
	9
	83.10
	8
	7.60
	3250

	8
	10
	122.00
	8
	7.60
	3203

	9
	14
	75.04
	6
	6.55
	3241

	10
	18
	130.06
	6
	6.55
	3323

	11
	7
	102.55
	4
	6.55
	3394

	12
	20
	102.55
	8
	6.55
	3244

	13
	4
	102.55
	6
	5.07
	3420

	14
	5
	102.55
	6
	8.03
	3185

	15
	12
	102.55
	6
	6.55
	3260

	16
	6
	102.55
	6
	6.55
	3260

	17
	16
	102.55
	6
	6.55
	3260

	18
	13
	102.55
	6
	6.55
	3260

	19
	19
	102.55
	6
	6.55
	3260

	20
	15
	102.55
	6
	6.55
	3260


Table 4‑1Back pressure found by the CFD software by changing the three specified parameters
4.4.
Fit and Summary tests:

Based on the data found from the simulations, various statistical methods were employed.

Fit tests:

Fit test is a statistical model that describes how well it fits a set of observations. Measures of goodness of fit typically summarize the discrepancy between observed values and the values expected under the model in question. Such measures can be used in statistical hypothesis testing, e.g. to test for normality of residuals, to test whether two samples are drawn from identical distributions or whether outcome frequencies follow a specified distribution. In the analysis of variance, one of the components into which the variance is partitioned may be a lack-of-fit sum of squares.
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Figure 4‑8: Data imported to design analysis software

That allowed us to have a clear idea about the relations of different parameters with back pressure.
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Figure 4‑9: Relation of the two selected parameters with respect to the back pressure shown
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Figure 4‑10: Relation of size of perforation with respect to the back pressure shown
The necessary calculations were shown by the design analysis software.
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Figure 4‑11: Calculation done by the design analysis software

Based on necessary analysis, a linear model was suggested by the software.

[image: image47.jpg][B8] C\Users\sakib\Desktop\New folder\MyDesign 07_07_15.ci - Design-Expert 7.0.0

File Edit View Display Options Design Tools

D|=(d| & [m@(e] &2

Help

Notes for MyDesign 07_07

A Transtorm
3] Design (Actual) LABEE

t Summary f(x)  Model ]% anova, }LD“‘

Foedy I

|

]

]

|

L Graph Coumns
] Evaaton

8] Anaysis
) Back Pressure (A [
1] pte 1 analyzee) [—

Lack of Fit Tests

1 Pate2 gayzey || S
1) pate3 nayzeey || e
43 optmzaton M 25
1 Numerica | v
B craprical 0O cubic
%] pont Prediton FEiER

B2
Quadratic

cubie

Model Summary Statistics

and the “Predicted R-Squared

- Case(s) with leverage of 1.0000: PRESS statistc not defined

Sum of Mean F pavalue
Squares af Square Value  Prob>F
21516008 10 21s1E00¢ 108 0083
12788003 7 tese00s 0 0546
3.427E.008 4 ssesE00s 042 07811
0000 0
12306003 & 20805004
“Lack of Fit Tests" Wantthe selected modelto have insignificant lack-of-ft.
sta. Adiusted  Predicted
Dev. RSquared R-Squared  R-Squared PRESS
o015 ] 03268 00623 55926003
0014 08785, 02sse 0574 93926003
0013 07362 04988 02788 761SE003
o014 07937 LR .

“Mode! Summary Staistics". Focus on the model maxinizing the "Adjsted R-Squared”

Susgested

Alissed

Susgested

Alissed




Figure 4‑12: Linear relation suggested by the design analysis software

4.5.
Analysis of Variance:

Analysis of variance (ANOVA) is a collection of statistical models used to analyze the differences among group means and their associated procedures (such as "variation" among and between groups). In the ANOVA setting, the observed variance in a particular variable is partitioned into components attributable to different sources of variation. In its simplest form, ANOVA provides a statistical test of whether or not the means of several groups are equal, and therefore generalizes the t-test to more than two groups. As doing multiple two-sample t-tests would result in an increased chance of committing a statistical type I error, ANOVAs are useful for comparing (testing) three or more means (groups or variables) for statistical significance.

ANOVA provided with the significant and insignificant factors in the 20 observations.
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Figure 4‑13: Significant and insignificant factors analyzed by the design analysis software
4.6.
Fitness function:
Based on the fit test, summary test and ANOVA, a fitness function was suggested.
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Figure 4‑14: Fitness function suggested by the design analysis software

The function was given as – 

Ln(Back Pressure) = +8.15595  +  2 .15402E-004* Partition Size  +  1.05991E-003* No of Perforation - 0.013394 * Size of Perforation
4.7.
Adequacy of fitness function:
The fitness function was used to find out the backpressure in terms of specifications of the three parameters used in simulations to confirm if the found function was correct

The margin of error in the function was very small (comparison shown in results)

Formula for back pressure = EXP(8.15595 +0.000215402  *Partition Size +0.00105991  * No. of Perforation -0.013394  *Size of Perforation )
	S. No.
	Partition Size
	No of Perforation
	Size of Perforation
	Back Pressure (Pa)
	

	1
	83.10
	5
	5.50
	3312.579454
	

	2
	122.00
	5
	5.50
	3340.452627
	

	3
	83.10
	8
	5.50
	3323.129327
	

	4
	122.00
	8
	5.50
	3351.09127
	

	5
	83.10
	5
	7.60
	3220.703382
	

	6
	122.00
	5
	7.60
	3247.803478
	

	7
	83.10
	8
	7.60
	3230.960648
	

	8
	122.00
	8
	7.60
	3258.147053
	

	9
	75.04
	6
	6.55
	3264.1129
	

	10
	130.06
	6
	6.55
	3303.022262
	

	11
	102.55
	4
	6.55
	3276.556869
	

	12
	102.55
	8
	6.55
	3290.47778
	

	13
	102.55
	6
	5.07
	3349.469521
	

	14
	102.55
	6
	8.03
	3218.849286
	

	15
	102.55
	6
	6.55
	3283.509947
	

	16
	102.55
	6
	6.55
	3283.509947
	

	17
	102.55
	6
	6.55
	3283.509947
	

	18
	102.55
	6
	6.55
	3283.509947
	

	19
	102.55
	6
	6.55
	3283.509947
	

	20
	102.55
	6
	6.55
	3283.509947
	


Table 4‑2: Back pressure found by putting the different values of the three parameters in the fitness function
4.8.
Desirability Tests:
In the next step, the analyzed data was used in order to determine the optimum backpressure.

The upper and lower limits of the 3 parameters were set and a desired range of value for the back pressure given.
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Figure 4‑15: Defining the range of values for different parameters during desirability analysis
Based on these constraints, 3 optimal models were suggested.
The one with the lowest backpressure was selected.
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Figure 4‑16: Selection criteria procedure during desirability test
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Figure 4‑17: Results found from desirability test
Next the optimal model was made according to specifications found through desirability test in the 3D CAD software. The resultant optimum model was then simulated in the CFD analysis software.
The back pressure was found to be 3195 Pa, from CFD simulation.
The back pressure found through statistical methods was 3173 Pa.

The back pressure in the original model was 3353 Pa.

Thus the optimized model was selected for further analysis.

4.9.
Acoustic transmission loss analysis:

Transmission loss (TL) in duct acoustics describes the acoustic performances of a muffler like system. Generally the higher transmission loss of a system it has, the better it will perform in terms of noise cancellation. [26]
For TL analysis, the acoustics module of the CAE software was used. [27] [28]
The design was first imported and necessary meshing was done.
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Figure 4‑18: Importing and defining parameters in CAE transmission loss software

[image: image55.jpg]



Figure 4‑19: Meshing operation for transmission loss analysis

The necessary specifications for the mufflers were defined

The transmission loss was defined in terms of acoustic pressure
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where:

« Ly Is the incident sound power in the inlet coming towards muffier

« Ly, s the transmitied sound power going downstream in the outlet out of the mufflr:
« Sj, S, stand for the cross-sectional area of the inlet and outlet of muffler:

« Pi+ i the acoustic pressure of the incident wave in the inlet, towards muffler:

« Pos the acoustic pressure of the transmitted wave in the outlet, away from muffier.




The frequency range was taken between 50-2500 Hz with a 25 Hz interval.
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Figure 4‑20: Acoustic Pressure analysis using CAE software

The TL analysis was done only for the original and optimized design so as to make sure that noise attenuation characteristics have not decreased. The results were as follows –
	Frequency (Hz)
	Optimized
	Original

	50
	7.463963404
	7.351869647

	75
	11.4748469
	11.44716337

	100
	14.1743777
	14.39168402

	125
	15.15011064
	15.79757653

	150
	13.62015284
	14.7863086

	175
	4.7979999
	1.310293847

	200
	14.17997594
	29.92507747

	225
	23.47527255
	32.29933878

	250
	28.67803424
	24.94209471

	275
	30.81172249
	18.06348965

	300
	27.0867299
	14.99811445

	325
	8.161495129
	29.43779066

	350
	8.925545692
	21.46196429

	375
	14.4122496
	17.93894462

	400
	22.25290233
	22.07811352

	425
	25.73090699
	23.6553355

	450
	27.72871449
	24.38910033

	475
	29.71986068
	25.29441826

	500
	32.52778725
	26.95544351

	525
	35.91517427
	29.03056703

	550
	39.40377858
	30.87394068

	575
	42.9909414
	32.07162433

	600
	47.56065564
	32.27452357

	625
	64.52390861
	30.70946099

	650
	36.37274391
	23.35544097

	675
	35.13553185
	28.5188103

	700
	40.3397918
	40.73058667

	725
	42.19465804
	49.10969463

	750
	42.96351598
	57.85738665

	775
	43.0926998
	72.02505127

	800
	42.72659332
	83.10370377

	825
	41.92516744
	65.77868412

	850
	40.72941056
	49.414239

	875
	39.05307252
	35.91042565

	900
	39.83568408
	7.031021158

	925
	38.64531096
	25.50432447

	950
	38.90557285
	29.10602321

	975
	39.50384321
	30.69091775

	1000
	39.90180666
	31.23134042

	1025
	39.76729571
	30.78082638

	1050
	38.75297745
	29.1278494

	1075
	35.96884449
	25.54467689

	1100
	25.27567386
	16.42591028

	1125
	38.72412217
	17.55380745

	1150
	58.84557907
	26.56267634

	1175
	51.35541535
	30.52419286

	1200
	44.36333081
	32.66350801

	1225
	39.34575668
	33.65133476

	1250
	33.96238848
	33.61266451

	1275
	26.7823785
	32.26352481

	1300
	16.39059511
	28.84333098

	1325
	20.14834484
	35.27442929

	1350
	23.40332546
	53.32410688

	1375
	25.06038326
	84.05606832

	1400
	26.62167635
	47.02717522

	1425
	27.44065866
	35.78262705

	1450
	25.0431436
	25.0277664

	1475
	32.80216142
	18.86069841

	1500
	62.63763456
	25.78530991

	1525
	47.67357961
	28.25544761

	1550
	43.26348891
	28.89160694

	1575
	39.60984624
	28.34373589

	1600
	34.08052092
	26.70999855

	1625
	20.3050971
	23.74986341

	1650
	30.5804874
	18.62208914

	1675
	34.80195305
	10.69089444

	1700
	33.42979939
	15.88670321

	1725
	30.58071091
	19.87492907

	1750
	42.38201583
	21.70478102

	1775
	48.70621498
	21.88480571

	1800
	52.24527693
	20.66825764

	1825
	54.26103726
	17.37664045

	1850
	55.74358436
	2.986515102

	1875
	57.65052139
	24.43154805

	1900
	61.3191123
	49.30868917

	1925
	66.98851609
	38.36745341

	1950
	59.77400852
	34.3494889

	1975
	47.02916262
	32.67241255

	2000
	61.04791032
	26.69858934

	2025
	52.68828316
	27.62961822

	2050
	48.93435764
	23.57746686

	2075
	32.7819619
	15.26472419

	2100
	25.88590594
	10.85067502

	2125
	38.79806136
	20.35784764

	2150
	24.09391396
	22.27994693

	2175
	23.61820608
	36.19030346

	2200
	22.90363354
	29.82073035

	2225
	17.45407817
	28.88512916

	2250
	5.46365311
	27.75619368

	2275
	16.18326055
	26.4073411

	2300
	21.04708385
	28.09674998

	2325
	7.250831904
	3.403528879

	2350
	28.02254827
	20.67021261

	2375
	29.3706417
	30.40947532

	2400
	30.62814719
	37.65003384

	2425
	29.54010105
	23.46637757

	2450
	30.00946693
	44.43470196

	2475
	28.660326
	50.43781105

	2500
	21.67412891
	46.04618659


Table 4‑3: Transmission loss for the original and optimized design

It was found that the noise attenuation had actually improved compared to the original model as the transmission loss increased.
The results of these are discussed in details in the result section.
5. Results:
5.1. Comparison between back pressures found from simulation and statistical methods:
The procedure and details of backpressure simulations and statistical methods were discussed earlier. A comparison between them is given – 
	S. No.
	Partition Size
(mm)
	No of Perforation
	Size of Perforation
(mm)
	Back Pressure from simulation

(Pa)
	Back Pressure from fit function

(Pa)
	Differnce between simulation and fit function

(Pa)

	1
	83.10
	5
	5.50
	3332
	3313
	19

	2
	122.00
	5
	5.50
	3334
	3340
	-6

	3
	83.10
	8
	5.50
	3271
	3323
	-52

	4
	122.00
	8
	5.50
	3339
	3351
	-12

	5
	83.10
	5
	7.60
	3294
	3221
	73

	6
	122.00
	5
	7.60
	3304
	3248
	56

	7
	83.10
	8
	7.60
	3250
	3231
	19

	8
	122.00
	8
	7.60
	3203
	3258
	-55

	9
	75.04
	6
	6.55
	3241
	3264
	-23

	10
	130.06
	6
	6.55
	3323
	3303
	20

	11
	102.55
	4
	6.55
	3394
	3277
	117

	12
	102.55
	8
	6.55
	3244
	3290
	-46

	13
	102.55
	6
	5.07
	3420
	3349
	71

	14
	102.55
	6
	8.03
	3185
	3219
	-34

	15
	102.55
	6
	6.55
	3260
	3284
	-24

	16
	102.55
	6
	6.55
	3260
	3284
	-24

	17
	102.55
	6
	6.55
	3260
	3284
	-24

	18
	102.55
	6
	6.55
	3260
	3284
	-24

	19
	102.55
	6
	6.55
	3260
	3284
	-24

	20
	102.55
	6
	6.55
	3260
	3284
	-24


Table 5‑1: comparison of back pressure between results found from simulations and results from statistical methods

As it could be seen that the margin of error between the actual and imperial results are very small.
5.2. Back pressure comparison between the original and optimized model:

	
	Partition Size

(mm)
	No. of Perforation
	Size of Perforation

(mm)
	Back Pressure

(Pa)

	Original
	102
	0
	0
	3353

	Optimized
	75
	4
	8.5
	3173.2


Difference between the backpressure in original and optimized model =

179.8 Pa
5.3. Transmission loss comparison:
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Figure 5‑1: Comparison of transmission loss between the original and optimized model

In case of transmission loss, when compared to the original one, the optimized one gave better results.
5.4. Prototype manufacturing:
Based on results of back pressure and transmission loss the optimum design was thus selected.

A prototype based on the optimum design was made.
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Figure 5‑2: Prototype of the optimized model

5.5. Prototype validation:
The standard process for validating the optimized design was to use the lab facilities with a computer.

[image: image61.emf]
Figure 5‑3: Standard procedure for prototype validation
But due to lack of required facilities it was not possible. As a result, the prototype was mounted on a real motorcycle.
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Figure 5‑4: Prototype mounted on a real motorcycle
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Figure 5‑5: Prototype testing
The lifetime of the prototype would thus be tested on the running motorcycle.
There has been no signs of any problem up until now.
6. Conclusion and future scope:

New regulations and standards for noise emission set by the government increasingly compel the automotive manufacturers to make improvements about decreasing the exhaust noise. In addition, manufacturers also need to make sure that their product is long lasting. Considering the cost and the volume of the muffler, the aim is to develop smaller and more compact designs such that an optimum balance between the noise reduction characteristics and longer product life is found.

In this study, a reactive muffler was studied. The original design gave a high back pressure to the internal components as a result to which the muffler lost its effectiveness within a short period of time. Three parameters of the original design was changed, namely, size of the internal chamber and introducing perforations of different sizes in different numbers. By careful simulation, the back pressures found were analyzed and then by statistical methods, an optimal back pressure was found. The optimal model decreased the back pressure by almost 7% which would contribute to the longer life of internal components. In case of noise attenuation, the optimal model developed also gave a better result by increasing the transmission loss by almost 6-8% spread over a span of different running speeds of the engine. The prototype made also gave satisfactory results considering noise attenuation.

This study revolved around modifying the different parameters of the original model. Possible changes include - 
· Introducing two exhaust pipes instead of one

· Making two different chambers which would be mounted on both sides of the motorcycle
· Changing the direction of the outlet section 
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Figure 6‑1: Different design concepts for motorcycle mufflers
A possible change from the original design type was also studied.
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Figure 6‑2: Different design concept considered
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Figure 6‑3: Velocity streamline of the design concept found using CFD analysis software
But due to mounting problems and higher cost of manufacturing, that design was not pursued later.

In future it is hoped that these design concepts which present better results are studied. In addition, the manufacturing process could also be developed by the use of manufacturing algorithms. It is hoped that this study would provide a guideline for studying the performance of mufflers in the future.
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