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Transmission loss (𝑇𝐿) of the muffler:
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Performance Measures Transmission Loss
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Performance Measures Insertion Loss

Muffler
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Performance Measures Noise Reduction
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𝐿௣ଵ
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Loudspeaker

Muffler
1 3 42

Load 1

1 3 42

Absorbing 
material

Open

Load 2

ASTM E2611

Transmission Loss Measurement
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𝐻: Transfer function

1   Load 𝑎: Absorption
Load 𝑏: Open

𝑠ଵ 𝑠ଶ
𝑙ଵ 𝑙ଶ

𝑃஺
𝑃஻

𝑃஼
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Transmission Loss Measurement
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Helmholtz Resonator 
(tuned to 96 Hz)

5

6 x 3.75

 1.875

10

Units: Inches

 1.875

Design 1 Helmholtz Resonator
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Design 2 Helmholtz Resonator + Side Branch

Helmholtz Resonator 
(tuned to 92 Hz)

5

6 x 3.75

 1.875

10

Units: Inches

 1.875

Side Branch 
(tuned to 98 Hz)

34

 1.875

7
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5

6 x 3.75

 1.875

10

Units: Inches

 1.875

22.8

 1.875

7

Design 3 Helmholtz Resonator + Side Branch

Helmholtz Resonator 
(tuned to 96 Hz)

Side Branch 
(tuned to 144 Hz)
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Transmission Loss Comparison
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𝐿௣ଵ

𝐼𝐿 ൌ 𝐿௣ଵ െ 𝐿௣ଶ    ሺdBሻ

Loudspeaker

Helmholtz Resonator
Side Branch

Microphone

𝐿௣ଶ

Insertion Loss Measurement
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Design 1 Changing Inlet Length

Helmholtz Resonator

Source

Length

Air Filter 
Termination



Vibro-Acoustics Consortium 16

Design 1 Changing Inlet Length
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Source

𝑝௦ 𝑝௅

Load

𝑧௦

𝑧௅
𝑝௦

𝑧௦ ൅ 𝑧௅
ൌ
𝑝௅
𝑧௅

Acoustic 
Source

Waves Leaving Source

Reflected from 
Attenuating Element

Attenuating 
Element 

(i.e. Load)

Reflected from Source

𝑢௅

Source Impedance
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𝑝ଵ 𝑝ଶ

𝑢ଵ ൌ 𝑢ଶ

ztr

𝑧௧௥ ൌ
𝑝ଵ െ 𝑝ଶ

𝑢

Incident Wave

Reflected Wave

Transmitted Wave

𝑝ଵ 𝑝ଶ

𝑢

Series (Transfer) Impedance
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Source

𝑝௦ 𝑝௅

Load
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Source Impedance
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Source Impedance Direct Measurement
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Measuring material sample :

Source

𝑥2

𝑥1

Sample

Stronger
> 20 dB 𝑥2

𝑥1

Measuring sound source:

𝑧

𝑧௦ Source of interest
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Loudspeaker Source Absorption
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𝑝𝑠

𝑧௦

𝑧𝐿𝑝𝐿

Source Strength ~ Voltage
Source Impedance ~ Internal resistor
Particle Velocity ~ Current

Unknowns: 𝑝𝑆 and 𝑧𝑆

Use 2 or more loads to solve source properties.

23

𝑝௦
𝑍௦ ൅ 𝑍௅

ൌ
𝑃௅
𝑍௅

Source Impedance Circuit Analogy
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𝑝ି

𝑝௦ା

𝑝1 𝑝2

Source-load interface

𝑝௦ା and 𝑅௦

Use 2 or more loads to solve source properties.

24

𝑥 ൌ 0

𝑝ି ⋅ 𝑅௦
𝑝ା ൌ 𝑝௦ା ൅ 𝑝ି ⋅ 𝑅௦ 

𝑝ଵା ൌ 𝑝௦ା ൅ 𝑝ଵି ⋅ 𝑅௦
𝑝ଶା ൌ 𝑝௦ା ൅ 𝑝ଶି ⋅ 𝑅௦

Source Impedance Wave Decomposition

𝑧௦ ൌ
1 ൅ 𝑅௦
1 െ 𝑅௦

𝑝௦ ൌ 𝑝௦ା
1 െ 𝑅௦

2
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Measurement Setup

Accelerometer

Flywheel

Tacho

Pressure
transducer

Acoustic loads

Use tachometer to detect the start of each rotation.

25
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Example Diesel Engine

Layout 6 cylinder, 4 stroke
Fuel Diesel

Exhaust Diameter 4 inches

Exhaust Flow Rate 0.12 Mach

Test RPM 2400

Test Output Torque Around 500 N∙m

Pressure Sensors

26

Load number Exhaust configuration

Load 1 𝜙0.10 m × 9.5 m

Load 2
𝜙0.10 m × 3.5 m

𝜙0.25 m × 0.75 m SEC
𝜙0.10 m × 5 m

Load 3 𝜙0.10 m × 7.2 m

Load 4 𝜙0.10 m × 8.1 m

Load 5 𝜙0.10 m × 6.2 m

Load 1~4:
used to obtain source properties.

Load 5:
Used for validation.
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Diesel Engine Source Impedance

Real Part Imaginary Part

Callow and Peat, 1988Constant source impedance:
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Callow and Peat, 1988
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Wave decomposition
Callow and Peat, 1988

Mechanical working condition: 2400 RPM, throttle fully open

27

𝑧௦ ൌ
2

2 1 െ 1𝑖
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Circuit analogy

Wave decomposition

Directly measured SPL

Diesel Engine SPL in Exhaust

20 dB

p1 p2

For Load 5, SPL at p1 is predicted

28
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Insertion Loss Muffler A
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Difficulties of actual measurement:
• Extreme working conditions for pressure sensors 

(High temperature, turbulence…)
• Nonlinearity and time-variance of IC engines
• Choice of acoustic loads
• Cost

Source Impedance Measurement Difficulties
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Sensitivity Study Muffler Insertion Loss

With the transfer matrix and source and transfer impedances known:

A vector can be defined as

𝑆ூ௅ ൌ

𝑇ଵଵ
𝑍௦

൅ 𝑇ଵଶ
𝑍௧𝑍௦

൅ 𝑇ଶଵ ൅
𝑇ଶଶ
𝑍௧

𝐴ଵଵ
𝑍௦

൅ 𝐴ଵଶ
𝑍௧𝑍௦

൅ 𝐴ଶଵ ൅
𝐴ଶଶ
𝑍௧

𝐼𝐿 ൌ 20 logଵ଴

𝑇ଵଵ
𝑍௦

൅ 𝑇ଵଶ
𝑍௧𝑍௦

൅ 𝑇ଶଵ ൅
𝑇ଶଶ
𝑍௧

𝐴ଵଵ
𝑍௦

൅ 𝐴ଵଶ
𝑍௧𝑍௦

൅ 𝐴ଶଵ ൅
𝐴ଶଶ
𝑍௧



Vibro-Acoustics Consortium 32

Sensitivity Study Isolator Example

Zhang et al. (2018) showed that the boundary of the feasible range 
of 𝑧ௌ maps to the boundary of 𝑆ூ௅ which can significantly speed up 
calculation of the range.

Feasible range Mapped range
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Process Effect of Source Impedance

1. Measure source impedance for a typical case and condition.

2. Determine the 𝜇 and 𝜎 over all frequencies.

3. Suggest േ2𝜎 as a reasonable range.

4. Determine the range of insertion loss.
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Muffler A Muffler B

Example Muffler Designs

Condition RPM Load

Condition 1 2400 100% W.O.T.

Condition 2 2400 75% W.O.T.

Condition 3 2400 50% W.O.L.

Condition 4 2400 No Load
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Insertion Loss Range Muffler A
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Insertion Loss Range Muffler B
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Source 
𝑝௦, 𝑧௦

𝑝௧

FEM Modeling Source Impedance?

Relation 𝑧௦

𝑝௦ 𝑝௧

• Source impedance is modeled as a transfer impedance
• The source pressure is input as a pressure BC with a short duct 

length

𝑧௧
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FEM Transfer Relation

𝑣௡ଵ
𝑣௡ଶ ൌ

𝛼ଵ 𝛼ଶ
𝛼ସ 𝛼ହ

𝑝ଵ
𝑝ଶ ൅

𝛼ଷ
𝛼଺

or,

𝑣௡ଵ
𝑣௡ଶ ൌ 𝛽 െ𝛽

െ𝛽 𝛽
𝑝ଵ
𝑝ଶ ൅ 0

0 ,

where  is the transfer admittance:

𝛽 ൌ 1/𝑧௦

1st Face

2nd Face

1st Face 2nd Face
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FEM Sound Pressure at Termination
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Source impedance for engine intake is specified and baffled termination is assumed.
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Insertion Loss Modeling

Source Impedance 

𝑧௦ ൌ
2

2 1 െ 1𝑖 Free Space 
Termination

2”

24”

6”

12” 12”

1 Pa

𝑧௧

Relation 𝑧௦

𝑝௦

𝑝௧
A duct with same length is modeled similarly.
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FEM Contour Plots 494 Hz

Sound Pressure Particle Velocity
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Sound Pressure
Particle Velocity

FEM Contour Plots 606 Hz
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Transmission Loss Definition

Muffler

Define a complex ratio  between the two incident pressures: 

𝑝ଵ௜

𝛽 ൌ
𝑝ଶ௜
𝑝ଵ௜

𝑇𝐿 ൌ 10 logଵ଴
𝑊ଵ௜ ൅𝑊ଶ௜

𝑊ଷ
ൌ 10 logଵ଴

𝑝ଵ௜ ଶ𝑆ଵ ൅ 𝑝ଶ௜ ଶ𝑆ଶ
𝑝ଷ ଶ𝑆ଷ

Inlet 1

Inlet 2

Outlet
𝑝ଵ௥
𝑝ଶ௜
𝑝ଶ௥

𝑝ଷ
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𝑣ଵ ൌ 1

𝑝ଷ

𝑝ଵ௜

𝑧 ൌ 𝜌𝑐

Vibration Analogy

𝐹ଵ
𝑎ଵ

𝐹ଶ
𝑎ଶ

Why anechoic? Avoid input coupling.

𝐻ଵଷ ൌ
𝑝ଷ
𝑝௜ଵ

𝐹ଵ 𝐹ଶ
𝑎𝐻ଶଷ ൌ

𝑝ଷ
𝑝௜ଶ

𝑧 ൌ 𝜌𝑐

𝑣ଶ ൌ 1
𝑝ଶ௜

𝑧 ൌ 𝜌𝑐

𝑧 ൌ 𝜌𝑐

𝑝ଷ

Transmission Loss Superposition Method
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Transmission Loss Superposition Method

𝑇𝐿 ൌ 10 logଵ଴
𝑆ଵ ൅ 𝛽 ଶ𝑆ଶ

𝐻ଵଷ ൅ 𝛽𝐻ଶଷ ଶ𝑆ଷ

𝑇𝐿 ൌ 10 logଵ଴
𝑊ଵ௜ ൅𝑊ଶ௜

𝑊ଷ
ൌ 10 logଵ଴

𝑝ଵ௜ ଶ𝑆ଵ ൅ 𝑝ଶ௜ ଶ𝑆ଶ
𝑝ଷ ଶ𝑆ଷ

 𝛽 ൌ
𝑝ଶ௜
𝑝ଵ௜

𝐻ଵଷ ൌ
𝑝ଷ௜
𝑝ଵ௜

𝐻ଶଷ ൌ
𝑝ଷ௜
𝑝ଶ௜

Transfer Functions (with other source and termination anechoic)

Transmission Loss
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Results Phase Difference

S1 = 0.03 m2 S2 = 0.04 m2

S3 = 0.05 m2
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Results Phase Difference
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Multi-Inlet Muffler

𝛽௠ ൌ
𝑝௠௜
𝑝ଵ௜

Two-Inlet Muffler

What about TL for three and more inlet muffler?

𝑇𝐿 ൌ 10 log
𝑆ଵ ൅ 𝛽ଵ ଶ𝑆ଶ൅. . .൅ 𝛽௡ ଶ𝑆௡
𝐻ଵ௢ ൅ 𝛽ଵ𝐻ଶ௢൅. . .൅𝛽௡𝐻௡௢ ଶ𝑆௢

Incident wave strength of the mth inlet

Incident wave strength of the 1st inlet

𝑛-Inlet Muffler with Outlet 𝑜

𝑇𝐿 ൌ 10 logଵ଴
𝑆ଵ ൅ 𝛽 ଶ𝑆ଶ

𝐻ଵଷ ൅ 𝛽𝐻ଶଷ ଶ𝑆ଷ
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Insertion Loss

𝐿௣ଵ

𝐼𝐿 ൌ 𝐿௣ଵ െ 𝐿௣ଶ

𝑝௦ଵ 𝑧௦ଵ

𝑝௦ଶ 𝑧௦ଶ

Muffler
𝐿௣ଶ

𝑝௦ଵ 𝑧௦ଵ

𝑝௦ଶ 𝑧௦ଶ
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Insertion Loss

𝐴 𝐵
𝐶 𝐷

𝑝ଷ௦ଵ ൌ
𝑝௦ଵ𝑧௧

𝐴ଵ𝑧௧ ൅ 𝐵ଵ ൅ 𝐶ଵ𝑧௦ଵ𝑧௧ ൅ 𝐷ଵ𝑧௦ଵ

𝑝ଷ௦ଵ

𝑧௧

𝑝ଷ௦ଶ
𝑧௧

𝑝ଷ௦ଶ ൌ
𝑝௦ଶ𝑧௧

𝐴ଶ𝑧௧ ൅ 𝐵ଶ ൅ 𝐶ଶ𝑧௦ଶ𝑧௧ ൅ 𝐷ଶ𝑧௦ଶ

𝐿௣భ ൌ 20 logଵ଴ 𝑝ଷ௦ଵ ଶ ൅ 𝑝ଷ௦ଶ ଶ ൅ 2𝑝ଷ௦ଵ𝑝ଷ௦ଶ cos𝜃

𝑝௦ଵ 𝑧௦ଵ

𝑝௦ଶ 𝑧௦ଶ
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SPL with Muffler

Muffler

𝑝௦ଵ 𝑧௦ଵ

𝑧௦ଶ
Muffler

𝑧௦ଵ
𝑝௦ଶ 𝑧௦ଶ

𝐴ଵଷ 𝐵ଵଷ
𝐶ଵଷ 𝐷ଵଷ

𝐴ଶଷ 𝐵ଶଷ
𝐶ଶଷ 𝐷ଶଷ

𝑝ଷ௦ଵ 𝑝ଷ௦ଶ

𝑧௧ 𝑧௧

𝑝ଷ௦ଵ ൌ
𝑝௦ଵ𝑧௧

𝐴ଵଷ𝑧௧ ൅ 𝐵ଵଷ ൅ 𝐶ଵଷ𝑧௦ଵ𝑧௧ ൅ 𝐷ଵଷ𝑧௦ଵ
𝑝ଷ௦ଶ ൌ

𝑝௦ଶ𝑧௧
𝐴ଶଷ𝑧௧ ൅ 𝐵ଶଷ ൅ 𝐶ଶଷ𝑧௦ଶ𝑧௧ ൅ 𝐷ଶଷ𝑧௦ଶ

𝐿௣ଶ ൌ 20 logଵ଴ 𝑝ଷ௦ଵ ൅ 𝑝ଷ௦ଶ 𝑝௥௘௙ൗ

* The similar technique can be applied to n-inlet muffler.

Case 1 Case 2 
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Experimental Validation

Source 1

Source 2

Muffler

p3

32 in

36 in

1. Measured source impedance and 
source strength for each 
loudspeaker.

2. Measured transfer matrix for 
muffler from each source to 𝑝ଷ
with other source “audible”.

3. Measure termination.
4. Use measured data from prior 

steps to predict the insertion loss.
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Effect of Source Phase
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• Muffler Metrics

• Transmission and Insertion Loss

• Source Impedance

• Simulation of Source Impedance

• Multi-Inlet Mufflers
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