Chap.4 Duct Acoustics

+* Duct Acoustics

® Plane wave
A sound propagation in pipes with different cross-sectional area

 If the wavelength of sound is large in comparison with the
diameter of the pipe the sound propagates as an one-dimensional
wave (A>>d — 1-d wave)

Area Al. / \ Area A,
A S S
\ Re
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———Fransmisaion & Reflection of Plane Waves

¢ Duct Acoustics
* The mass flux into the junction must equal the mass flux out

PoAU; = Py AU,
« The velocity must equal at both sides of the junction

A (|—R)=iT

PoC PoC
* Energy flux),, = Energy flux),,

Al PU, = Az P,U,
« The pressure of both sides of junction is continuous

| +R=T
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+* Duct Acoustics

« The amplitudes of other wave, R and T ,are can be solve from
above the relations

R:A-l_AZL T 2A

A+hA A+hA

 The transmission loss , L is symmetric in A, and A,

L ~10log,, incident power j

transmitted power

=10log,, Ailzzj =1OIogm£(A1+A2)2J
AT AR,
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+* Duct Acoustics

® A single expansion-chamber ‘silencer’

« The simple muffler that is a used in car ‘silencer’ consists of inlet
and outlet pipes with cross-sectional area A,, and expansion
chamber between them of cross-sectional area A, and length |

Area A,
\‘l I_>/
=
\ x<0
x=0
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¢ Duct Acoustics
 The first area change occurs at x=0 and the second occurs at x=lI.

pr d Ieia)(t—x/c) LR eico(t+x/c) in x <0
X Beia)(t—x/c) _|_Ceia)(t+x/c) in0< x<|

= Telelt-x/e) inl < x

« The condition of continuity of mass flux,

A(1-R)=A,(B-C) atx=0
Al-l-e—ia)l/c _ Az(Be—ia)I/c _Ce—ia)I/c) at x = |

 The condition of continuity of pressure

|l+R=B+C atx=0
Te—iwl/c — Be—ia)llc +Ce—iwl/c at X :I
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¢ Duct Acoustics
* The algebraic equation when solved for R and T
[Ai AZJllsm 5[l
R = o A ‘ T= :
Zcosa)llc+|£A1+A?jsm ZCOSa)I/CH[Al AZjsm
A A c A A C

» However, the simple ‘silencer’ does not reduce the total energy of
sound in the system. 5 5 )
R+ =1

« Reducing the acoustic energy of transmitted wave
— Increasing in the reflected wave
« Sound absorbing material

— reduce the acoustic energy by converting it into heat or vibration

- —
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«* Duct Acoustics 2
e The transmission loss, Lt IS L, =10log,, %]

=100, 13 A sm(ﬂﬂ
sA A e

* The effect of expansion ratio m= %

m Increase

(dB)

frequency
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+* Duct Acoustics

® Note
 “Tuning’ for dominant frequencies of noise

* Theory work for only 2.>d “Low frequency wave only”
« High frequency waves behave like 3-D

« Also, the geometrical shape of the duct is not important (provided
the area change occurs in a distance short in comparison with the

wavelength
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Ref. “Theoretical and experimental investigation of
C D A F mufflers with comments on engine-exhaust muffler
** Duct Acoustics design”, Davis et al. NACA 1192(1954)
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** Higher order modes

a—_
-~
[ I
a
"""" [' ainints? Juleinileeile e
K
z i
X3

 As an illustration, the sound of frequency  in a rigid walled duct
of square cross-section with sides of length a is considered

p'(X, t) = f (Xl)g (Xz )h(x?,)eiwt

« With substitution for p' into the wave equation,
f” gﬂ hn COZ )

—_—= =

f g h ¢
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** Higher order modes

 Since a wall boundary condition is applied, function f is derived
like this

a

j , for someinteger m

f(x)=A cos(

 Similarly function g is derived like this

o)~ A, oo ™2

j , for someinteger n

 Finally, function h is derived to the propagation form

2 2
—iKp X Ky X w T 2 2
h(Xs): Amne 3+ane 3 kmn =\/C—2—¥(m +N )

* The axial phase speed, ¢c,=w/k,, Is now a function of the mode
number and the propagation of a group of waves will cause them to
disperse.
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** Higher order modes
* The pressure perturbation in the (m,n) mode has the form

p,(X’ t) iy COS( i j COS( 2%, )[Aﬂne‘ikmnxs + aneikmnxs }aiwt

a a

* When k... is real, the pressure perturbation equation represents that
waves are propagating down the x, axis with phase speed.

* When k... IS purely imaginary, i.e. exceeds the cut-off frequency,
the strength of mode varies exponentially with distance along the
pipe. Such disturbances are evanescent
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* Pipes of varying cross-section

@ \Wave equation
A(X) \\‘l' > X

If the pipe diameter is small in comparison with both the acoustic
wavelength and the length scale over which the cross-sectional area
change, most particle motions are longitudinal.

. 5 P
Conservation of mass A% =—p, < (uA)

ot OX
i . : i ou op’
e Linearized momentum equation 1S Po s =75
= : Aod’p 0 8p’j
o L -—|A
Modified wave equation e ax( ™
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* Pipes of varying cross-section
® Application to the ‘exponential horn’
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Evaluation of the case of ‘exponential horn” which cross-sectional
area defined as, A(X)=A e*

For such an area variation of wave equation simplifies to

2 A1 2 A1 '
109 _%p, o
c? a2 ox? OX

The pressure perturbation in sound waves of frequency o then has

the form | _
p'(X,t) _ e—ax/2 {Ael(a)t—kx) i Bel(wt+kx)}

Disturbance with @ > ac/2 propagates and the pressure but not the
energy flux attenuates during propagation, while lower frequency
modes are “‘cut-off’
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+* Normal transmission

® Physics at the interface

 When a sound wave crosses an interface between two different
fluids some of the acoustic energy is usually reflected.

Ieia)(t—x/co) g
- Teia)(t—X/Cl)

By R eia)(t+X/C0)

iRy

or-Fo interface (x = 0) P C

« There are two boundary conditions
The pressure on the two sides of the boundary must be equal
The particle velocities normal to the interface must be equal

f @ @ @
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** Normal transmission
* The pressure must be equal at the interface : I+R=T
The particle velocities normal to the interface must be equal
| R T
Py P PG
The result pressure coefficients, R and T, are determined with |

R:{Plcl_poco}l Tz{ 2p,Cy }I
PG+ PoCo P1Cy + PoCo

- Y 3 . . T/pcC 2,C
Velocity Transmission Coefficient : R
1/ poCy  p1Cy+ PoCq

The energy flux of the incident wave per unit cross sectional area is
equal to that of the reflected and transmitted waves

R® +T2 _ (:0101_/0000)2|2 + 4,012(312|2 _ N

PG PG (,0101 + PoCo )2 PoCo (10101 + PoCo )2 P PoCy
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** Normal transmission
® Reflection from a high and low impedance fluid

air

water

A typical exampie Is aerial souna waves Incident onto a water
surface. (p,c, < p4Cq)

R=1, T =21

. .. .. 20,C
 Velocity transmission coefficient LN
PG+ PyCy

so0, the transmission wave carries negligible energy
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** Normal transmission
® Reflection from a high and low impedance fluid

air

water

* In the opposite case, for sound in water incident onto a free surface
with air, the reflected and transmitted waves are

R=-1, T=0

» The acoustic energy is totally reflected
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** Sound propagation through walls

@ Effect of a wall in transmission

« A sound wave normally incident on a plane material layer
partitioning a fluid which has uniform acoustic properties, p,C,

« Some sound will be reflected from the layer and some will be
transmitted through the wall

iolt—xfcy )

L R efo{f—x/c.; )

Pas €y Incompressible Pas €y
material layer
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** Sound propagation through walls

» There are two boundary conditions that must be satisfied at all
times and points

The velocity of the wall must be equal to wave of each side

A pressure difference across the wall in order to provide the
force necessary to accelerate unit area of the surface of
material

» By continuity the velocity of wall,
) eia)t T

u=(1-R = '
PoCo  PuCo
« The pressure difference is the net force of mass per unit area of the
wall
p,=(l +R)e"“ | ou ioT
i ( e ) (I+R-Tl“ =m—=m—-¢™
p, =Te ot £oCo
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** Sound propagation through walls
* The result pressure coefficients, R and T, are determined with |

R Ia)m- I T - ZpOC(-) |
2,0,C, +1om 20,C, +1com

 Surface Impedance

P (1+R)  1+iem
u _'OOCO(I—R)_pOCOl—la)m
' | +R .

%:Poco( T ):poco""wm

 Energy transmitted

2 2.2 2
‘T‘ _ 4,C; I
- A 2.2 2,72
PoCo  4PoCo + @ M oGy
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** Sound propagation through walls
« The transmission loss is dependent on the frequency w.

-1
Apc?
L. =10lo 0-0
. g10(4pgcg + a)zmzj

 For high frequency(ewm >poco), the sound waves mostly reflected

» For low frequency(wm <poCo), the sound waves mostly travels
through the wall with very little attenuation

« “Low frequency waves get through a massive wall easily, while
high frequency waves are effectively stopped”
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** Sound propagation through walls
® Example) Attenuation by a wall

m

£o,C, =410

v

m? sec

ns |||2 4,02C2 -1
* Transmission loss L. =10log,, L. :lOIOQN( — j

TP 4pkct +w*m?
for f =10Hz L, ~12dB
for f =1kHz L, ~50dB
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