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

[T ] — A11 AlZ]

01~ A21 A22
ey ™™™ ___-- o Ly
/T
1 Zt
T4 T12]
T =
T1=\r,, T,
______ o Ly
—_—_ -
Zs | Muffler
1 Zt
Ta Ty T, + Ty
IL = ZOlOglo AZS ZtZS jt
24y, +22
Zg ZtZg Zt
@,
Vibro-Acoustics Consortium 4 %E_f__:ff



Performance Measures Noise Reduction
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Transmission Loss Measurement

ASTM E2611
Muffler
/
Loudspeaker 1{( 2{( 7 3{(4{(
Load 1 Open
i ii
‘;':f ll::;s:": ?;l: ::$
Load 2 -+ L~ Absorbing
_x ¥ material
° - [ ° ’7
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Transmission Loss Measurement

1 2 3 4 Load a: Absorption
H [{ / Load b: Open

—_— P, : T11 T12] : Pt >
€ B L T2 T | P €&—
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H: Transfer function

s} =1t 722 s
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Design 1 Helmholtz Resonator

Units: Inches

6 x3.75

Helmholtz Resonator

/ (tuned to 96 Hz)

5
5
\

$1.875

Vibro-Acoustics Consortium ?

|
|

§$*-_,
I :

]

:\»i!!\’\\\\\\\;

|



Design 2 Helmholtz Resonator + Side Branch

Side Branch
(tuned to 98 Hz)

Helmholtz Resonator
(tuned to 92 Hz)

— 7 —

$1.875
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Design 3 Helmholtz Resonator + Side Branch

Side Branch
(tuned to 144 Hz)

Helmholtz Resonator
(tuned to 96 Hz)

— 7 —

$1.875
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Transmission Loss Comparison

70 1 1 .
—=—Design 1 - Helmholtz Resonator Only
60 Design 2 - Helmholtz Resonator + Side Branch - 98 Hz
—e—Design 3 - Helmholtz Resonator + Side Branch - 144 Hz
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Insertion Loss Measurement

Helmholtz Resonator_ ____

l

Side Branch

Loudspeaker .
o
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Insertion Loss Comparison

50
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30 |
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-20 Design 2: Helmholtz Resonator + Side Branch - 98 Hz

—Design 3: Helmholtz Resonator + Side Branch -144 Hz
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Design 1 Changing Inlet Length

Helmholtz Resonator

/

Air Filter
Termination

Length
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Design 1 Changing Inlet Length

50

40

Insertion Loss (dB)

M ;

o¥ia

— 41 Inch Inlet
— 61 Inch Inlet
Firing Frequencies
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Acoustic
Source

Reflected f:rom Source

Source <—0—> Load

Source Impedance

Attenuating
Waves Leaving Source Element
— - -
; (i.e. Load)
—_— E
..r* ‘-\-- :
\_J: / \I

Zs

UL

PL
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Reflected from
Attenuating Element

Ps

PL

Zs + 71
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Series (Transfer) Impedance

P1 D2

Incident Wav&\
—

- i

Uy = Uy \
Transmitted Wave

Reflected Wave
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Source Impedance

Source <—@— Load

Zg [—o—1—
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Ps = ULZs + DL

__bs — DL
Uy
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Source Impedance Direct Measurement

Measuring material sample :

X, —=—
- -

Source i>l Sample
Measuring sound source:

Stronger X; —=—

> 20 dB A‘
X, ——
Zs | \ Source of interest
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Loudspeaker Source Absorption

/\

0.4

Source Absorption Coefficieint

0.2

0 500 1000 1500
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Source Impedance Circuit Analogy

Ps

Vibro-Acoustics Consortium

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

Ps =PL
Zo+ 7, Z;

Unknowns: ps and zg

Use 2 or more loads to solve source properties.
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Source Impedance Wave Decomposition

~Source-load interface

— P | P,
—> Dot
R P+ = Ds+ T P- - R;
-k
4. ----------- p_

Use 2 or more loads to solve source properties.

1+ R,
= . ZS =
Pre =Pse TP Bs ) 4R — 1— R,
D2+ = Ps+ T P2 Rs 1— R,
Ps = Ds+ 2
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Measurement Setup

Accelerometer Pressure
transducer

A =N

Acoustic loads ]

Use tachometer to detect the start of each rotation.

Vibro-Acoustics Consortium 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

Vibro-Acoustics Consortium

26

Load number

Exhaust configuration

Load 1 $0.10 m x 9.5 m
$0.10mx 3.5 m

Load 2 $0.25 m x 0.75 m SEC
0. 10 mx5m
Load 3 $0.10m x 7.2 m
Load 4 $0.10m x 8.1 m
Load 5 $0.10m x 6.2 m

Load 1~4:

used to obtain source properties.

Load 5:

Used for validation.
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Diesel Engine Source Impedance

Mechanical working condition: 2400 RPM, throttle fully open

V2
Constant source impedance: z; = 7(1 —1i) — Callow and Peat, 1988
Real Part Imaginary Part
o 5
) ) [ [ [ I I |
% 4 % 4 Circuit analogy
g 3 S 3 —— Wave decomposition
£ 2 e 2
< /\ l'i\ | A | % 1 — — Callow and Peat, 1988 )\ I
%@0 ,# \\/\\//f\ §§0 A\ A\ /\ I
38, 2 £ 0 M ZN - LA/ NIY TN\ _
o rou N S " T Y \
S -2 Circuit analogy 3 2
N " \/ N
c -3 Wave decomposition V] T -3
E 4 — —Callow and Peat, 1988 V E 4
Z -5 I I I I I I Z 5
o 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
Harmonics Harmonics
.
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Diesel Engine SPL in Exhaust

)}Pl )}Pz
-” \‘

\N_"7

For Load 5, SPL at p, is predicted

—Circuit analogy
—\Wave decomposition

——Directly measured SPL

AN

SPL in Exhaust Duct (dB)

N\~

N~
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Harmonics
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Insertion Loss Muffler A

254 cm

7.6cm

N
o

-
(6]

(&)

Insertion Loss (dB)
o

—Predicted

—Measured
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Source Impedance Measurement Difficulties

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

30
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Sensitivity Study Muffler Insertion Loss

With the transfer matrix and source and transfer impedances known:

Ty4 Ty, h
IL = 201 Zs +ZtZS+T21+ Zt
B | VP + A1z + A +@
Zs " IuZs " THL 7y
A vector can be defined as
Ty4 Ty, Ty,
-+ + T, + 4=
g, = s Lz T
A1 | App @
31
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Sensitivity Study Isolator Example

Feasible rang

o ~ Mapped range
- l “‘.
a5

-]

L=2]

[52]

Imaginary part of Z_

Imaginary part of 5,
i

[

()

-

-50 0 50 100 150 200 250
Real part onF

Zhang et al. (2018) showed that the boundary of the feasible range

of z¢ maps to the boundary of S;; which can significantly speed up
calculation of the range.

-~ (=
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Process Effect of Source Impedance

1. Measure source impedance for a typical case and condition.
2. Determine the u and o over all frequencies.
3. Suggest +2¢ as a reasonable range.

4. Determine the range of insertion loss.

Vibro-Acoustics Consortium 33
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Example Muffler Designs

Muffler A Muffler B
| 5.4 cm I‘ 45.7 cm ‘I
7.6cm
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
_
. . . 34 %:%/%
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Insertion Loss Range Muffler A

| 254 cm — —
| | = Condition 1 = Condition 2
Condition 3 Condition 4
7.6 cm Condition 1 (Measured)  e===Low
-] High
40
30

Insertion Loss (dB)
o o 3

L
o

R
o

0 200 400 600 800 1000 1200
Frequency (Hz)

A8

I
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Insertion Loss Range Muffler B

1 1
| | | ——Condition 1 ——Condition 2 Condition 3
J
| xidh. —"I = Condition 4 e==| ow High
" ‘/II ‘/II
* 120
L | |
100 /\
o LA L] o~
S 80 T \
?
o
-1 60
C
ie)
5 40
£
20
0
0 200 400 600 800 1000 1200
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FEM Modeling Source Impedance?
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FEM Transfer Relation

1st Face
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FEM Sound Pressure at Termination

Sound Pressure (dB)

100

90

80

70

60

50

40

J / VT~ V
\ST
\/ —Sidlab
' ——Acoustic FEM
| |
200 400 600 800 1000
Frequency (Hz)

Source impedance for engine intake is specified and baffled termination is assumed.
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Insertion Loss Modelin

Source Impedance
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A duct with same length is modeled similarly.

Vibro-Acoustics Consortium 41




30

- N
(@) (@) (@)

Insertion Loss (dB)

N
o

-20

Insertion Loss

N

A

NS

/

/

—FEM

—SIDLAB

\ A
\/

|

494 Hz

J

%
606 Hz

200

400

600

Frequency (Hz)

Vibro-Acoustics Consortium

42

800

1000

b

\

u:1

=

\

\\\;\\\

N
|
I

i

v



FEM Contour Plots 494 Hz

Model Mesh [0]
[CI: Fressure at 43,750 Hz (Amplitude)

Sound Pressure

Vibro-Acoustics Consortium

Fressure

342364000

298554000

257564000

2.148E+000
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FEM Contour Plots 606 Hz

Model Mesh [0]
[CI: Fressure at B06 250 Hz (Amplituce)

Sound Pressure
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Transmission Loss Definition

]
Inlet 1 .-
P1r Muffler — D3 Outlet
—1 P2i
Inlet 2 n — )
.00
P2i
Define a complex ratio a between the two incident pressures: p= P

Wi + Wy, Ip1:12S1 + |p2:il*S
TL =101 =101
o810 W3 o810 Ip312S3
@,
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Transmission Loss Superposition Method

Vibration Analogy

Pui [
vy=1 Z = pcC
°
zZ=pc P3 Hy; T
e — i
]
Z = pc Z = pcC
D2i °
vz - 1 z p3 H23 &
2
e —

Why anechoic? Avoid input coupling.

Vibro-Acoustics Consortium
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Transmission Loss Superposition Method

Ip1:12S1 + |p2il%S;
|P3|253

Wy + W,
lWB ' = 1010g10

TL =10 10g10

Transfer Functions (with other source and termination anechoic)

B oy = D2

Transmission Loss

Sl + |ﬁ|252 P2i
TL =101 « B=—
9810 |Hy3 + BH3|%S;3 P1i
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Results 0° Phase Difference

p=1
ézﬂﬂqm JI I
NARAREEN N
LT VL

0 500 1000 1500
Frequency (Hz)
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2000

2500

$,=0.03m? S,=0.04m?

S=0.3m?

S, =0.05 m?

0.5m
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Results 90° Phase Difference

B=]
50 |
— Impedance Matrix
= 40 — — - Superposition
S
8 30 ~
AN |
A ]
BRI RTTA IR ANAL
0
0 500 1000 1500 2000 2500
Frequency (Hz)
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S, =0.03 m?

S=0.3m?

S, =0.05 m?

S, = 0.04 m?
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Multi-Inlet Muffler

S1 + 1B1%S;

TL =10log,g |Hys + BHays |25, Two-Inlet Muffler

(% What about TL for three and more inlet muffler?

n-Inlet Muffler with QOutlet o

Pmi Incident wave strength of the mth inlet

S1 + 181128 +. .. +1Bn %Sy B =
& |Hio + B1Hzo+. .. +BnHnol?S, m P1i Incident wave strength of the 1st inlet

TL=101lo

b

|

i

i
il
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Insertion Loss

Ps1 Zs1
" - °
Lpl
Ps2 Zs2 " — -
Ps1 Zs1
(=
Muffler R
Ps2 Zs2 "
. |
IL =L, — Ly,
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Insertion Loss
p3’
Ps1Zs1 [ — o Z;
Ps2 Zs2 | e — © Zt
s2
4 B p3
C D
Ps1Zt s2 _ Ds2Zt
Ps Ayzy + By + Cy2527¢ + Dy 7,

B A1zy + By + C1zg124 + D1z

L, =20log;g <J(p§1)2 + (p5%)% + 2p

s1
P3

$1p5? cos 6)

.

i
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SPL with Muffler

Case 1 Case 2

Ps1 Zs1 ] ] -
P3

" «— p351 ZSl —
Muffler e Der Zsn Muffler e

A13 Bl3l A23 B23]
C13 D13 CZ3 D23
s1 __ Ps1Zt s2 __ Ps22t
P3 p3- = C D
A3z + Bys + Co32557 + Dy32zs,

" Ay37; + By + Ci32617; + Dy3zgy
Lyz = 201ogyo(|p5* + p52|/Pres)

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

(X
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Ul
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Experimental Validation

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

2. Measured transfer matrix for

muffler from each source to p;

with other source “audible”.

Measure termination.

Use measured data from prior

steps to predict the insertion loss.

W

N
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Insertion Loss

Two sources in phase.

@)
(@)

1
\

)]
o

N
o

—

—

Sound Pressure Level (dB)

20 —Superposition
—Directly Measured
0 \
0 1000 2000 3000 4000 5000
Frequency (Hz)
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Effect of Source Phase

N /\ —0 Deg

60 \ _ | —180 Deg
g u ‘ | h
Rl AL Ui W Wi ww Ll
% 20 m ' m ‘mh'“ﬁ‘v’” ‘“M’M'“h
E /

= 0 1000 2000 3000 4000

Frequency (Hz)
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