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1 Continuity at the Boundary

Let us consider the boundary between two fluids.

Continuity at the
Boundary
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1 Continuity at the Boundary

Let us consider the boundary between two fluids.
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1 Continuity at the Boundary

Let us consider the boundary between two fluids.

Continuity at the
Boundary

Fluid 1: p1,C1,K1,Zc1

Fluid 2: p2, C2, Kz, Ze2

A

Aalto University
School of Electrical
Engineering

ELEC-E5610 Acoustics and the Physics of Sound, Lecture 5 3/25
Georg Gotz 07/11/2023
Aalto DICE ELEC-E5610 Lecture 5



1 Continuity at the Boundary

Let us consider the boundary between two fluids.

i PU Ruidt g Kz

and po

create a
force F
Fluid 2: p2, C2, Kz, Zc2
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1 Continuity at the Boundary

Let us consider the boundary between two fluids.

inui B pressures py
p P Rt oz

and po

create a
force F
mEp=F/A=
[Fl =p1 = pe
Fluid 2: p2, C2, Kz, Zc2
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1 Continuity at the Boundary

Let us consider the boundary between two fluids.

i PU Ruidt g Kz

and po
create a
force F
mp=F/A=
IF| =p1 —p2
= boundary is Fluid 2: ps, Cs, Ko, Zeo
infinitely thin
= F must be

zero (why?)
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1 Continuity at the Boundary

Let us consider the boundary between two fluids.

Continuity at th | ] ressures 1
i PU Ruidt g Kz

and po
create a
force F
mp=F/A=
IF| =p1 —p2
= boundary is Fluid 2: ps, Cs, Ko, Zeo
infinitely thin
= F must be

zero (why?)
Because of infinitely small mass. Conclusion: pressure
must be continuous at the boundary!
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1 Continuity at the Boundary I

Also, the normal component of particle velocity (or
displacement) must be continuous at the boundary.
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1 Continuity at the Boundary I

Also, the normal component of particle velocity (or
displacement) must be continuous at the boundary.

m if it were not, there would either become a vacuum at
the boundary, or the fluids would overlap each other
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1 Continuity at the Boundary I

Also, the normal component of particle velocity (or
displacement) must be continuous at the boundary.

m if it were not, there would either become a vacuum at
the boundary, or the fluids would overlap each other

m = the normal component of the particle velocity must
be zero at the boundary between an infinitely rigid wall

and a fluid
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Perpendicular Reflection
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2 Perpendicular Reflection: Pressure

If the incident angle is 90° w.r.t boundary, a perpendicular

=TS reflection occurs

Particle Velocity

Fluid 1: y Fluid 2:
Relation between
Coefficients p1,C1, K1 s Zet p2,C2, K27 Zc2
Intensity
Example
Material Table
X
Sound Field in Front
of a Boundary
Impedance in front
of a Boundary
Reflection from
Multilayer Medium
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2 Perpendicular Reflection: Pressure

If the incident angle is 90° w.r.t boundary, a perpendicular

=TS reflection occurs

Particle Velocity B consider an incoming plane

Relation between wave p; (temporal term

Coefficients .
omitted)

Intensity

Example

Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium

Fluid 1:
p1, €1, K1,y Ze

pi = poe™ "%
-

y

Fluid 2:
p2,C2, K2, Zeo
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2 Perpendicular Reflection: Pressure

If the incident angle is 90° w.r.t boundary, a perpendicular

=TS reflection occurs

Particle Velocity H consider an incoming plane Fluid 1 y BN
ul . ul 0
i wave p; (temporal term
o petween a'tT l;l) (temporal te p1,C1, Kty Zen p2, C2, Kz, Ze2
omitte
Intensity
Example m sound pressure p; reflects .
. . - o —ikq
Material Table B R is the reflection coefficient Pi = po€
o for pressure — X
ey B sign of the exponential —
) changes (why?) pr = Rpoe™
Impedance in front
of a Boundary
Reflection from
Multilayer Medium
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2 Perpendicular Reflection: Pressure

If the incident angle is 90° w.r.t boundary, a perpendicular

" reflection occurs

Particle Velocity H consider an incoming plane . .
; wave p; (temporal term Fluid 1: v e 2
S /e pi (temp proonKiza |1 p2Go ke ze
omitted)
Intensity
Example m sound pressure p; reflects s s
Material Table B Ris the reflection coefficient pi = poe™ pt = Tpoe "
for pressure X
Sound Field in Front . .
of a Boundary B sign of the exponential ﬁ
? =
Impedance in front Changes (Why ’ ) pr ,Doe
ofa Boundary B pressure p, propagates into
Reflection from H
Multilayer Medium ﬂu'd 2
W T is the transmission
coefficient for pressure
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2 Perpendicular Reflection: Pressure

If the incident angle is 90° w.r.t boundary, a perpendicular

" reflection occurs

Particle Velocity H consider an incoming plane . .
i wave p; (temporal term Fluid 1: ¥y Fludz:
SR /e pi (temp prooi Kz | oo ke, ze
omitted)
Intensity
Example m sound pressure p, reflects . )
Matort B Ris the reflection coefficient pi = poe” "¥ oy = Tpoe™ "”
aterial Table
for pressure X
Sound Field in Front . .
of a Boundary W sign of the exponential ﬁ
? =
Impedance in front Changes (Why : ) pr ,Doe
ofa Boundary B pressure p, propagates into
Reflection f H
Maltiayer Medium fluid 2
B T is the transmission
coefficient for pressure
Note: k1 = = # =~ = kp (different fluids!)
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2 Perpendicular Reflection: Particle Velocity

cressue Particle velocities behave in a similar manner

.

T m We recall the relation between sound pressure and
Coticlets particle velocity: 9¢ = —1 7P

ensiy m fluid 1:

Example

m incident particle velocity u; = 2>~

Material Table

' Ay
Sound Field in Front m reflecting particle velocity u, = p° elix

of a Boundary m note: the signs of the exponential and the term itself

I d in front

of a Boundary change (why?)

Reflection from (animations: https://www.acs.psu.edu/drussell/Demos/

Multilayer Medium

phase-p-u/phase-p-u.html)
m fluid 2:
m transmitted particle velocity v = Z—i’z"e""”
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2 Perpendicular Reflection: Relation between
Coefficients

Pressure

Pressure continuity:

Particle Velocity

Intensity
Example
Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium
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2 Perpendicular Reflection: Relation between
Coefficients

Pressure Pressure ContinUity:

Particle Velocity

Intensity Continuity for the normal component of particle velocity:
Example
Material Table & — Rpo — E = 1 — H — l

Sound Field in Front ZC]. ZC]. ZC2 ZCl ZC2

of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium
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2 Perpendicular Reflection: Relation between

Coefficients

Pressure

Particle Velocity

Relation between
Coefficients

Pressure continuity:

po+Rop=Tpp=T=1+R

Intensity Continuity for the normal component of particle velocity:

Example

Material Table

of a Boundary

of a Boundary

Reflection from
Multilayer Medium

ko

R T 1-R T
Po _ 'Po _,

Sound Field in Front ZC]. ZC]. ZC2 ZCl ZC2
_ Thus,
Impedance in front
Zeg + Ze1
T _2%2 2)
Zeg + Zc1
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2 Perpendicular Reflection: Relation between

Coefficients

Pressure

Particle Velocity

Relation between
Coefficients

Pressure continuity:

po+Rop=Tpp=T=1+R

Intensity Continuity for the normal component of particle velocity:

Example

Material Table

of a Boundary

of a Boundary

Reflection from
Multilayer Medium

ko

R T 1-R T
Po _ 'Po _,

Sound Field in Front ZC]. ZC]. ZC2 ZCl ZC2
_ Thus,
Impedance in front
Zc2 — Zcl
R=—"——= (-1<R<1) (1)
Zeg + Ze1
2Zco
T=—"">=— (2)
Zeg + Zc1
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2 Perpendicular Reflection: Relation between

Coefficients

Pressure

Particle Velocity

Relation between
Coefficients

Pressure continuity:

po+Rop=Tpp=T=1+R

Intensity Continuity for the normal component of particle velocity:

Example

Material Table

of a Boundary

of a Boundary

Reflection from
Multilayer Medium

ko

R T 1-R T
Po _ 'Po _,

Sound Field in Front ZC]. ZC]. ZC2 ZCl ZC2
_ Thus,
Impedance in front
Ze9 — Zc1
R=22_"%L (_4<R<1) )
Zeg + Ze1
2z 9
T=_—_"% 0<T<L2 (2)
Zeg + Zc1
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2 Perpendicular Reflection: Relation between
Coefficients I

Pressure

I m Since T can be over unity, sound pressure can increase
when the wave passes through the boundary
Coefficients

Intensity
Example
Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium
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2 Perpendicular Reflection: Relation between
Coefficients I

Pressure

I m Since T can be over unity, sound pressure can increase
when the wave passes through the boundary

Coefficients . e "

“How can this be? Energy can't increase!

Intensity
Example
Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium
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2 Perpendicular Reflection: Relation between
Coefficients Il

Pressure

partcte Velooty m Since T can be over unity, sound pressure can increase
when the wave passes through the boundary

Coefficients ; e "

“How can this be? Energy can't increase!

Intensity

Example m Remember: the characteristic impedances are different:
Viaterial Table if the particle velocity decreases, sound pressure

o By increases

m| nce in fron . . y t

Lfgeg‘ju:;ry ont m of course, intensity can't increase

Reflection from In fact, also the characteristic impedance is continuous at

Multilayer Medium

the boundary (see this by comparing the pressures and
particle velocities on both sides)
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2 Perpendicular Reflection: Intensity

Pressure
Particle Velocity

Relation between
Coefficients

Intensity
Example
Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium

® Incoming intensity: , =
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2 Perpendicular Reflection: Intensity

Pressure . . . |pi |2
®m Incoming intensity: f = o
C.

Particle Velocity

elation between . . . 2 Rp: 2
Costicients m Reflecting intensity: f = 2 — 1A _ g2

Zcl Zcl

Example

Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium
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2 Perpendicular Reflection: Intensity

Pressure

. . . 3 2
®m Incoming intensity: f = %

Particle Velocity

elation between . . . 2 R~2
Costicients m Reflecting intensity: f = 2 — 1A _ g2

Zcl Zcl

Example

. . i 2 . |2
m Transmitted intensity: ; = lizﬂ = % = 21| T2k

Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium
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2 Perpendicular Reflection: Intensity

Pressure | b |

®m Incoming intensity: f =

Particle Velocity Ze1
. 2
Relation bet Rp;
Delation between m Reflecting intensity: /. = |prl | z‘;' = |R|?};
m Transmitted intensity: f = 2° = [T — TR
Example Zc2 Zc2
Material Table | Ii — = It (check the math to verify)
Sound Field in Front
of a Boundary
Impedance in front
of a Boundary
Reflection from
Multilayer Medium
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2 Perpendicular Reflection: Intensity

Pressure
Particle Velocity

Relation between
Coefficients

Intensity
Example
Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium

1
®m Incoming intensity: f = 7or

m Reflecting intensity: /. = % = |Rp1|2 = |R?4

m Transmitted intensity: ; = 38 |Tpi‘ = Z1|T|2};

Zc2 Zc2 Zc2
m /; — | = I (check the math to verify)

m Transmitted intensity can also be given as

h=h—k=(1—|Rk

(3)

m in other words, obtained using the incoming intensity

and characteristic impedances!

10/25
07/11/2023
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2 Perpendicular Reflection: Intensity Il

Pressure

The result in Eq. (3) holds for the active intensity also when
Zc9 is complex

Particle Velocity

Relation between

Coefficient: — [ —
ocfficients m denote zeo = + iXo, Ze1 = I
Intensity Zed—Zel
. — Z c

Example Remember Eq. (1): R = Z22%

Material Table

Sound Field in Front

of a Boundary

Impedance in front

of a Boundary

Reflection from

Multilayer Medium
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2 Perpendicular Reflection: Intensity Il

Pressure

The result in Eq. (3) holds for the active intensity also when

Relati.ol_1 between ZC2 IS Complex

coefficients m denote Zgg = 12 + iXo, Ze1 = 1

* o2
Remember Eq. (1): R = 2221 — |R|?2 = Ira+ixo—r1]

Particle Velocity

Example Zeo+2c1 - |r2+ix2+r1 |2
Material Table m the energy transfer coefficient becomes
. . . 2 . 2
Sound Feld nFron 1-|RE = o+ ixe +1|* — |2+ ixe — 1" aryra
Impedance in front |I’2 + iXo + rq |2 (f’1 + I’2)2 + X22
of a Boundary
Reflection from . .
Multilayer Medium m if also z.o is real, xo = 0 and we get
2 4I’1 ro
1—|RP= —2
(rn+r)
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2 Example: Sound from Air to Water

Let’s consider a case where a plane wave arrives
Fressure perpendicularly from air to water.

Particle Velocity

Relation between
Coefficients

Intensity
Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium
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2 Example: Sound from Air to Water

Let’s consider a case where a plane wave arrives
Fressure perpendicularly from air to water. What is the ratio between
Particle Velocity . . .

the transmitted and incoming

Relation between
Coefficients

Intensity u (a) Sound preSSUI’eS7
EES = (b) intensities?

Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium
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2 Example: Sound from Air to Water

Let’s consider a case where a plane wave arrives
Fressure perpendicularly from air to water. What is the ratio between
Particle Velocity . . .

the transmitted and incoming

Relation between
Coeffit.:ien(s - (a) Sound pressures? Pair = 1.2 kg/m3, Pwater = 1000 kg/m3,
Intensity Cair = 343 M/, Cyater = 1500 M/s.

TS = (b) intensities?
Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium
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2 Example: Sound from Air to Water

Let’s consider a case where a plane wave arrives
Fressure perpendicularly from air to water. What is the ratio between
Particle Velocity . . .

the transmitted and incoming

Relation between

Coefficients - (a) sound pressures? Pair = 1.2kg/m®, pyater = 1000 kg/m?®,
Intensity

=" = (b) intensities? Cair = 343 M/S, Cater = 1500 M/s.
Material Table Z¢ gir = PairCair = 412 Pas/m,

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium
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2 Example: Sound from Air to Water

Let’s consider a case where a plane wave arrives
Fressure perpendicularly from air to water. What is the ratio between
Particle Velocity . . .

the transmitted and incoming

Relation between

Coefficients - (a) Sound pressures? Pair = 1.2 kg/ms, Pwater = 1000 kg/m3,
Intensity

=" = (b) intensities? Cair = 343 M/S, Cater = 1500 M/s.
Material Table Z¢ gir = PairCair = 412 Pas/m,

Sound Field in Front

of a Boundary Zc,water = Pwater Cwater = 1.5 MPaS/m’

Impedance in front
of a Boundary

Reflection from
Multilayer Medium
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2 Example: Sound from Air to Water

Let’s consider a case where a plane wave arrives
Fressure perpendicularly from air to water. What is the ratio between
Particle Velocity . . .

the transmitted and incoming

Relation between
Coeffit.:ien(s - (a) Sound pressures? Pair = 1.2 kg/ms, Pwater = 1000 kg/m3,
Intensity Cair = 343 m/s, Cwater = 1500 m/s.

TS = (b) intensities?

Material Table Z¢ gir = PairCair = 412 Pas/m,

Sound Field in Fron

of a Boundary ' Zc,water = Pwater Cwater = 1.5 MPaS/m=

Impedance in front Eq (2) T = m ~ 2

of a Boundary Zc,water""zc,air

Reflection from
Multilayer Medium
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2 Example: Sound from Air to Water

Let’s consider a case where a plane wave arrives
perpendicularly from air to water. What is the ratio between
the transmitted and incoming

Pressure
Particle Velocity
Relation between
Coefficients - (a) Sound pressuresl? Pair = 1.2 kg/m3, Pwater = 1000 kg/m3,
Intensity Cair = 343 m/s, Cwater = 1500 m/s.

TS = (b) intensities?

Material Table Z¢ gir = PairCair = 412 Pas/m,

Sound Field in Fron

of a Boundary ' Zc,water = Pwater Cwater = 1.5 MPaS/m=

Impedance in front Eq (2) T = m ~ 2

of a Boundary Zc,water""zc,air

Reflection from Eq (3) % — 1 — |R|2’

Multilayer Medium
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2 Example: Sound from Air to Water

Pressure
Particle Velocity

Relation between
Coefficients

Intensity
Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium

Let’s consider a case where a plane wave arrives
perpendicularly from air to water. What is the ratio between
the transmitted and incoming

— 3 — 3
m (a) sound pressures? Pair = 1.2kg/m”, pyater = 1000 kg/m”,

m (b) intensities? Cair = 343 M/S, Cyater = 1500 m/s.

Zc,air = PairCair = 412 Pas/m!
Z¢ water = PwaterCwater = 1.5 MPas/m,
Eq. (2): T = - 2Zewater

Ze water t+2Z¢,air

Eq. (3): ¢ =1 —[R2 Eq. (1): B = JoalerZealr

Ze, water +2¢,air
k' —1—|R? ~0.0011

h
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2 Example: Sound from Air to Water

Pressure
Particle Velocity

Relation between
Coefficients

Intensity
Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium

Let’s consider a case where a plane wave arrives
perpendicularly from air to water. What is the ratio between
the transmitted and incoming

— 3 — 3
m (a) sound pressures? Pair = 1.2kg/m”, pyater = 1000 kg/m”,

m (b) intensities? Cair = 343 M/S, Cyater = 1500 m/s.

Zc,air = PairCair = 412 Pas/m,

Zc,water = Pwater Cwater = 1.5 MPaS/ m,

Eq. (2): T = tome — ~

Eq. (3): § = 1—[R, Eq. (1): B = foerfoair
¥ =1—|R[>~0.0011 |

= large impedance mismatch, poor power transfer.
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2 Table: Sound from Air to Different Materials
Transmission loss in dB:

/
Pressure TL =—10 log1 OTt
i

Particle Velocity

Relation between
Coefficients

Table: Perpendicular reflection from air to different materials

Material z. [Pas/m] /b TL [dB]

Intensity

Example 7 -5
Matori steel 3.9-10 4-10 44
. .

Sound Field in Front Concrete 9 ) 1 O 1 8 ) 1 0 38

e Benay glass 1.4-10" [ 11-10°| 40

Impedance in front 5 —7

of a Boundary oak 28-10 6-10 32

Reflection fi 1

St yer Mo mineral wool 1000 0.83 1
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2 Table: Sound from Air to Different Materials

Pressure
Particle Velocity

Relation between
Coefficients

ey Material | z. [Pas/m] k/k TL [dB]
steel 3.9-107 | 4-105 | 44
Sound Field in Front concrete 9.10° 18-107° 38
. glass 1.4-107 [11-107°| 40

ot a Boundary oak 28-106 | 6-10% 32
Styer tomtom mineral wool 1000 0.83 1

Transmission loss in dB:
|}
i

Table: Perpendicular reflection from air to different materials

Note: TL gives here only the effect of a single boundary, not
dissipative losses (inside the material), etc.

A

Aalto University
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Engineering

13/25
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2 Plane-Wave Generated Sound Field in Front of
a Boundary

Fressure The sound field in front of the boundary consists of

Particle Velocity

Relation between
Coefficients

Intensity

Example

Material Table
Sound Field in Front
of a Boundary
Impedance in front
of a Boundary

Reflection from
Multilayer Medium
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2 Plane-Wave Generated Sound Field in Front of
a Boundary

Pressure

The sound field in front of the boundary consists of the
incoming wave

Particle Velocity

Relation between
Coefficients

Intensity

Example p — pl

Material Table

Sound Field in Front
of a Boundary
Impedance in front

of a Boundary

Reflection from
Multilayer Medium
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2 Plane-Wave Generated Sound Field in Front of
a Boundary

Pressure

The sound field in front of the boundary consists of the
incoming wave and the reflecting wave

Particle Velocity

Relation between
Coefficients

Intensity

Example p — pI'

Material Table

Sound Field in Front
of a Boundary
Impedance in front

of a Boundary

Reflection from
Multilayer Medium
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2 Plane-Wave Generated Sound Field in Front of
a Boundary

Pressure

The sound field in front of the boundary consists of the
incoming wave and the reflecting wave

Particle Velocity

Relation between
Coefficients

Intensity

Example p — pl +pr — po(e—ik1X + Refk1X)

Material Table

Sound Field in Front
of a Boundary
Impedance in front

of a Boundary

Reflection from
Multilayer Medium
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2 Plane-Wave Generated Sound Field in Front of
a Boundary

Fressure The sound field in front of the boundary consists of the
incoming wave and the reflecting wave. Another

Particle Velocity

Relation between

Coefficients interpretation is a standing wave plus
Intensity
Example p=p; +pr — po(e—/k1x + Re’k‘x)

Material Table

Sound Field in Front 2R COS(k1 X)
of a Boundary 2IH sin(k1 X)
Impedance in front

of a Boundary

Reflection from
Multilayer Medium
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2 Plane-Wave Generated Sound Field in Front of
a Boundary

Fressure The sound field in front of the boundary consists of the
incoming wave and the reflecting wave. Another

Particle Velocity

Relation between

Coefficients interpretation is a standing wave plus a propagating wave
Intensity
Example p — pl + pr — po(e—ik1X + Refk1X)

Material Table

—ik1 X
Sound Field in Front (1 - R ) e
of a Boundary (1 + H) e—ik1 X
Impedance in front

of a Boundary

Reflection from
Multilayer Medium
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2 Plane-Wave Generated Sound Field in Front of
a Boundary

Fressure The sound field in front of the boundary consists of the
incoming wave and the reflecting wave. Another

Particle Velocity

Relation between

Coefficients interpretation is a standing wave plus a propagating wave
Intensity
Example p — pl + pr — po(e—ik1X + Ref/ﬁX)

Material Table

| po(2Rcos(kix)+ (1 — R)e_’ik“(), when R >0
SR 1 po(2iRsin(kix) 4+ (1 + R)e~ ), when R < 0
Impedance in front

of a Boundary

Reflection from
Multilayer Medium
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2 Plane-Wave Generated Sound Field in Front of
a Boundary

Fressure The sound field in front of the boundary consists of the
incoming wave and the reflecting wave. Another

Particle Velocity

Relation between

Coefficients interpretation is a standing wave plus a propagating wave
Intensity
Example p — pl + pr — po(efﬂﬁx + Ref/ﬁX)

_ [ po(2Recos(kix) + (1 — R)e~*), when R > 0
of a Boundary - po(2iFt'Siﬂ(k1X) + (1 + H)e*I/ﬁX), When R S 0

Impedance in front
of a Boundary

Reflection from Remember: a standing wave transmits no energy (active
Multilayer Medium |nten3|ty |S zero)
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2 Plane-Wave Generated Sound Field in Front of
a Boundary

Fressure The sound field in front of the boundary consists of the
incoming wave and the reflecting wave. Another

Particle Velocity

Relation between

Coefficients interpretation is a standing wave plus a propagating wave
Intensity
Example p — pl + pr — po(efﬂﬁx + Ref/ﬁX)

_ [ po(2Recos(kix) + (1 — R)e~*), when R > 0
of a Boundary - po(2iFt'Siﬂ(k1X) + (1 + H)e*I/ﬁX), When R S 0

Impedance in front
of a Boundary

Reflection from Remember: a standing wave transmits no energy (active
e intensity is zero). Similar equations can be derived for the
particle velocity.
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2 Impedance in front of a Boundary

Pressure

Specific acoustic impedance at the distance d = —x from
the boundary can be given as

Particle Velocity

Relation between
Coefficients

Intensity pX e—ik1X —+ Heik1X

Z2e = — = 21— - —
¢ Uy cl e—ikix _ Relkix

Example
Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary 4
Reflection from ( )

Multilayer Medium
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2 Impedance in front of a Boundary

Pressure

Specific acoustic impedance at the distance d = —x from
the boundary can be given as

Particle Velocity

Relation between
Coefficients

Intensity pX e—lk1X + Helk1 X
ZC = — = 1 0 = L. o
Example ¢ —
p! Uy e ikix _ Relk1 X
Material Table . .
Zep cos(kyd) + ize1 sin(kid)
Sound Field in Front f— C1 s
of a Boundary Zet cos(kid) + izez sin(ki1d)
Impedance in front
of a Boundary 4
Reflection from ( )
Multilayer Medium
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2 Impedance in front of a Boundary

Pressure

Specific acoustic impedance at the distance d = —x from
the boundary can be given as

Particle Velocity

Relation between
Coefficients

Intensity 7. = & -7 e_ik1x + Helk1x

Example ¢c— Uy = 4ct e—ikix _ Relkix

Material Tabl , .

S”"a o Zep cos(kid) + iz sin(kid)

ound Field in Front — ZC1 - . s

of a Boundary Ze1 cos(kyd) + izep sin(kid)

Impedance in front .
Zep + ize1 tan (ki d)

= Zc1 (4)

Reflection from
Multilayer Medium

Ze1 + izep tan(ki d)
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2 Reflection from Multilayer Medium

Consider a structure consisting of a multilayer medium.

Pressure
Particle Velocity

Relation between
Coefficients

Intensity

Example

Material Table
Sound Field in Front

of a Boundary

of a Boundary

Impedance in front Medium 1: Medium 2: Medium 3:
Reflection from
Multilayer Medium
X
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2 Reflection from Multilayer Medium

Consider a structure consisting of a multilayer medium. The
Pressure impedance to the rightat x =0

Particle Velocity

Relation between
Coefficients

Intensity
Example
Material Table

Sound Field in Front
of a Boundary y

Impedance in front Medium 1: Medium 2: Medium 3:

of a Boundary

Reflection from
Multilayer Medium

x =0 X
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2 Reflection from Multilayer Medium

Consider a structure consisting of a multilayer medium. The
Pressure impedance to the right at x = 0 depends on

Particle Velocity

Relation between
Coefficients

Intensity
Example
Material Table

Sound Field in Front
of a Boundary y

Impedance in front Medium 1: Medium 2: Medium 3:

of a Boundary

Reflection from
Multilayer Medium

=
Il
o

>
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2 Reflection from Multilayer Medium

Consider a structure consisting of a multilayer medium. The
Pressure impedance to the right at x = 0 depends on
Particle Velocity m properties of media 2 and 3

Relation between
Coefficients

Intensity
Example
Material Table

Sound Field in Front
of a Boundary

Impedance in front Medium 1:
of a Boundar
Y p1,Ci, Ki, Zet

Reflection from
Multilayer Medium

Medium 2: Medium 3:
P2, C2, Ko, Zeo 03, C3, K3, Zea

=
Il
o

x

Aalto University
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2 Reflection from Multilayer Medium

Consider a structure consisting of a multilayer medium. The

Pressure impedance to the right at x = 0 depends on
Particle Velocity m properties of media 2 and 3

Coetiiionte. m reflection at x = d

Intensity

Example

Material Table

Sound Field in Front
of a Boundary y

e Medium 1: Medium 2: Medium 3:
! p1, €1, Ki, Zet p2, C2, Ko, Zeo p3, C3, K3, Zea

Reflection from
Multilayer Medium

=
Il
o
>
Il
Q
x
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2 Reflection from Multilayer Medium

Consider a structure consisting of a multilayer medium. The
Pressure impedance to the right at x = 0 depends on
Particle Velocity m properties of media 2 and 3 ,
Ze3 + lizep tan(kad)

Relation between

Coefficients | reﬂect|0n at X = d ZO = ZC

2 ;
Intensity
Example
Material Table

Sound Field in Front
of a Boundary y

o e Medium 1: Medium 2: Medium 3:
! p1, €1, Ki, Zet p2, C2, Ko, Zeo p3, C3, K3, Zea

Reflection from
Multilayer Medium

=
Il
o
s+
Il
Q
x

Aalto University ELEC-E5610 Acoustics and the Physics of Sound, Lecture 5 16/25
School of Electrical Georg Gotz 07/11/2023
Engineering Aalto DICE ELEC-E5610 Lecture 5



2 Reflection from Multilayer Medium

Consider a structure consisting of a multilayer medium. The

Pressure impedance to the right at x = 0 depends on

Particle Velocity m properties of media 2 and 3 , fod
elation between . Z + 1Z, tan
Coetfcionts m reflection at x = d Zo = zgp B 22 (kd)
Intensity Ze2 + 1Zc3 tan(k2 d)
Example With multiple layers, one starts evaluating the boundary

e R impedances from right to left using the above equation

ot Boundary y

Ir?peélancs in front Medium 1: Medium 2: Medium 3:

oo mounean p1, C1, Ki, Zet p2, C2, Ko, Zeo 03, Cs, Ka, Zes

Reflection from
Multilayer Medium

=
Il
o
s+
Il
Q
>
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2 Reflection from Multilayer Medium II

Is it possible to select the material for medium 2 and

Pressure
Particle Velocity

Relation between
Coefficients

Intensity
Example
Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Reflection from
Multilayer Medium

|

thickness d so that there is no reflection back to medium 1?

Medium 1: Medium 2: Medium 3:
p1, C1, Kty Ze P2, C2, K2, Ze2 | p3, C3, K3, Zea
T
‘x =0 x=d %
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2 Reflection from Multilayer Medium II

Is it possible to select the material for medium 2 and
pressure thickness d so that there is no reflection back to medium 1?

Particle Velocity |. e. this would mean zy = z.1 for zg = ze.o

Relation between
Coefficients

Intensity
Example
Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

Ze3+izep tan(kod)
Zep+iZe3 tan(kgd) '

Reflection from y
Multilayer Medium . . . . . .
Medium 1: Medium 2: Medium 3:
p1,C1, Ki, Zet p2, C2, Ko, Zeo ] 03, C3, K3, Ze3
T
‘x =0 x=d %

Aalto University ELEC-E5610 Acoustics and the Physics of Sound, Lecture 5 17/25

School of Electrical Georg Gotz 07/11/2023

Engineering

Aalto DICE ELEC-E5610 Lecture 5



2 Reflection from Multilayer Medium II

Is it possible to select the material for medium 2 and
pressure thickness d so that there is no reflection back to medium 1?

raiceveocy 1. €. this would mean zg = zq for zg = zczizﬂgiim.
o™ Answer: Yes, there are three such cases (check the math):
Intensity

Example

Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

y
Multilayer Medium Medium 1: Medium 2: Medium 3:

,01,C1,K1,Zc1 pZ,OZ,K2,Z(:2 | p3303,K3yz(:3
T
‘x =0 x=d %
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2 Reflection from Multilayer Medium II

Is it possible to select the material for medium 2 and
pressure thickness d so that there is no reflection back to medium 1?

ie Veloci i = — 5, Zatizatan(ked)
Parite Velochy I. e. this would mean zy = 24 for zyp = Z.» Zo iz tan(ked)
o™ Answer: Yes, there are three such cases (check the math):
ntensity m Trivial case: z.1 = Zep = Ze3
Example

Material Table

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

y
Multilayer Medium Medium 1: Medium 2: Medium 3:

p1,C1, Ki, Zet p2, C2, K2, Zeo 1 p3, C3, K3, Ze3
T
‘x =0 x=d X
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2 Reflection from Multilayer Medium II

Is it possible to select the material for medium 2 and
pressure thickness d so that there is no reflection back to medium 1?

ie Veloci i — — 5, Zatizatan(ked)
Parite Velochy I. e. this would mean zy = 24 for zyp = Z.» Zo iz tan(ked)
o™ Answer: Yes, there are three such cases (check the math):
ntensity m Trivial case: z.1 = Zep = Ze3
Example
. nA
Mterial Table m Half-wave layer: z;1 = z3, d = 5%, n=1,2,3...

Sound Field in Front
of a Boundary

Impedance in front
of a Boundary

y
Multilayer Medium Medium 1: Medium 2: Medium 3:

P1»C17K1»zc1 pZaOZaKZaZCZ | pS,CS,KS,ZCS
T
‘x =0 x=d X
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2 Reflection from Multilayer Medium II

Is it possible to select the material for medium 2 and
pressure thickness d so that there is no reflection back to medium 1?

ie Veloci i — — 5, Zatizatan(ked)
Parite Velochy I. e. this would mean zy = 24 for zyp = Z.» Zo iz tan(ked)
o™ Answer: Yes, there are three such cases (check the math):
ntensity m Trivial case: z.1 = Zep = Ze3
Example

. ni
Moterial Table m Half-wave layer: z;1 = z3, d = 5%, n=1,2,3...
Sound Field in Front m Quarter-wave transformer:

of a Boundary 2n+1 ))\2
Impedance in front Zep = \V Ze1Zc3, d =1 y 2, 3...

of a Boundary

y
Multilayer Medium Medium 1: Medium 2: Medium 3:

p1,C1,K1,Zc1 pZ,OZ,KZ,ZCZ | p3303,K332(:3
T
‘x =0 x=d %
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3
Reflection with Arbitrary Angle
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3 Snell’s Law

Medium 1: Medium 2:

p1’C1’I(1’zC1 p27027K27z(:2
Impedance in front
of a Boundary

Total Reflection X

Snell’s Law in
Multilayer Media

Locally Reacting
Surface
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3 Snell’s Law

Medium 1: Medium 2:

p1’C1’I(1’zC1 p27027K27z(:2
Impedance in front
of a Boundary

Total Reflection X

Snell’s Law in 0i
Multilayer Media

Locally Reacting
Surface
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3 Snell’s Law

pF—— Medium 1: Medium 2:
p1,C1, K1, Zet P2, C2, Ko, Zc2
Impedance in front
of a Boundary
Total Reflection
O: X
Snell’s Law in 0i
Multilayer Media
Locally Reacting
Surface
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3 Snell’s Law

Medium 1:
p1,C1, Kty Zet

Snell’s Law

Impedance in front
of a Boundary

Total Reflection

Medium 2:
p2,Co, Ko, Zeo

Snell’s Law in
Multilayer Media

Locally Reacting
Surface

Generally,

Aalto University
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Engineering
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3 Snell’s Law

pF—— Medium 1: Medium 2:
p1,C1, Ki, Zea p2, C2, Kz, Zco
Impedance in front
of a Boundary
Total Reflection
ar at X
Snell’s Law in 0i
Multilayer Media
Locally Reacting
Surface
Generally,
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3 Snell’s Law

Snell’s Law Medium 1:
p1,C1, Ki, Zea

Impedance in front

of a Boundary

Total Reflection

Medium 2:
P2, Ce, K27 Zc2

Snell’s Law in
Multilayer Media

Locally Reacting
Surface

01- 91; X
0;
Generally,
m 0 # 0
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3 Snell’s Law

Medium 1: Medium 2:

p1’c1’l(1’201 p27027K27z<:2
Impedance in front
of a Boundary

Total Reflection ar 9t X

Snell’s Law in 0i
Multilayer Media

Locally Reacting

Surface
Generally,
m 0; # 0y = refraction happens!
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3 Snell’s Law

Snell’s Law Medium 1:
p1,C1, Ki s Zed

Impedance in front

of a Boundary

Total Reflection

Medium 2:
p2,Co, Ko, Zeo

Snell’s Law in
Multilayer Media

Locally Reacting
Surface

Generally,

m 0; # 0y = refraction happens!

c sin 6;
m furthermore, 2 = =i
Co sin 0y
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3 Impedance in front of a Boundary

For arbitrary angles, the impedance at distance d from the
Srels Law boundary can be given as (compare to Eq. (4))

of a Boundary
. Z
Total Reflection < 2c1 ) (cos 9t> _'_ I (Co§10i> tan(k1 d cos 01)
Snell’s Law in Z =
cos 0 ( o ) +i ( 22 ) tan(k1d cos 6;)

Multilayer Media

Locally Reacting
Surface
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3 Impedance in front of a Boundary

For arbitrary angles, the impedance at distance d from the

Snells Law boundary can be given as (compare to Eq. (4))
of a Boundary
otal Reflection Ze2 j Zet 1
Total Reflect Ze1 (cos@t) —|—l<cosei)tan(k1dc0501)
Snell’s Law in Z = (5)
Multilayer Media COS 91

Zci [ Zc2

L) 4 tan(kqd cos 6;
Locally Reacting ( cos 6; ) ( cos 6 ) ( 1 1)
Surface

Reflection coefficient in this case is

Ze2  _ _Zet
R— cos 6 cos 6; (6)
T Ze + Zed
cos 0y cos 6;
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3 Total Reflection

snells taw If ¢1 < ¢, there is a critical angle

Impedance in front
of a Boundary

—sin! (2
Total Reflection Hcr = Sin ! ) (7)

Co

Snell’s Law in
Multilayer Media

Locally Reacting

Surface for which the wave in medium 2 propagates parallel to the
surface.
A Aalto University ELEC-E5610 Acoustics and the Physics of Sound, Lecture 5 21/25
School of Electrical Georg Gotz 07/11/2023
Engineering Aalto DICE ELEC-E5610 Lecture 5



3 Total Reflection

snells taw If ¢1 < ¢, there is a critical angle
Impedance in fron
ofz Boundary '

Oor = sin~" (“) , (7)

Co

Snell’s Law in
Multilayer Media

Locally Reacting

Surface for which the wave in medium 2 propagates parallel to the
surface. If 6; > 0., there is an inhomogeneous plane wave
propagating along the surface, and it decays exponentially
when moving to medium 2.
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m sound energy does not propagate into medium 2 =
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3 Snell’s Law in Multilayer or Gradually Changing
Media
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3 Snell’s Law in Multilayer or Gradually Changing
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Bending of sound due to temperature gradients!
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Bending of sound due to temperature gradients!
See also demo at http://www. falstad.com/ripple/
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3 Locally Reacting Surface

Generally, when a wave propagates from one medium to
Snell's Law another, it creates a surface wave that propagates along the
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3 Locally Reacting Surface

Generally, when a wave propagates from one medium to
Snells Law another, it creates a surface wave that propagates along the
mpedanceinont DOUNAary. It means that the particle velocity on any point on
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Snell's Law in m local sound pressure
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Generally, when a wave propagates from one medium to
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mpedanceinont DOUNAary. It means that the particle velocity on any point on
of a Boundary
ot etlection the surface depends both on the
Snell's Law in m local sound pressure
e m vibration caused by the surface wave
| |
Suitace Thus, evaluation of the surface impedance becomes

complicated.
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Impedance n rot boundary. It means that the particle velocity on any point on
o Fefioction the surface depends both on the
Snell's Law in m local sound pressure
m vibration caused by the surface wave
Elljacs Thus, evaluation of the surface impedance becomes
complicated. However, the surface wave may be neglected if
m the surface is anisotropic so that it is hard for the
surface wave to propagate
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3 Locally Reacting Surface

Generally, when a wave propagates from one medium to
Snell's Law another, it creates a surface wave that propagates along the
Impedance n rot boundary. It means that the particle velocity on any point on
o Fefioction the surface depends both on the
Snell's Law in m local sound pressure
m vibration caused by the surface wave
Elljacs Thus, evaluation of the surface impedance becomes
complicated. However, the surface wave may be neglected if
m the surface is anisotropic so that it is hard for the
surface wave to propagate
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3 Locally Reacting Surface

Generally, when a wave propagates from one medium to
Snell's Law another, it creates a surface wave that propagates along the
Impedance n rot boundary. It means that the particle velocity on any point on
o Fefioction the surface depends both on the
Snell's Law in m local sound pressure
m vibration caused by the surface wave
Elljacs Thus, evaluation of the surface impedance becomes
complicated. However, the surface wave may be neglected if
m the surface is anisotropic so that it is hard for the
surface wave to propagate
HC >0
m medium 2 is highly dissipative, so that the surface wave
attenuates quickly
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3 Locally Reacting Surface I

Snell’s Law

If some of these conditions hold, the surface is called locally
Impedance in front -
of a Boundary reactive.
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3 Locally Reacting Surface Il

srelle b If some of these conditions hold, the surface is called locally

Impedance in front

of a Boundary reactive. Properties of locally reactive surfaces:

foralRefiection m the particle velocity at any point on the surface depends

Snell’s Law in

Multiayer Media only on the local sound pressure

m the direction of an incoming plane wave becomes

irrelevant
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3 Locally Reacting Surface Il

snells taw If some of these conditions hold, the surface is called locally
oimenan | reactive. Properties of locally reactive surfaces:
foralRefiection m the particle velocity at any point on the surface depends
Mutayer Media only on the local sound pressure
m the direction of an incoming plane wave becomes
irrelevant
Examples of locally reacting media (when air is medium 1):
m most acoustic absorption materials, such as mineral
wools
m perforated materials
m soft soil
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3 Locally Reacting Surface Il

e Example of a locally reacting surface: perforated material.
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