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Everyone does aeroacous+cs 
(even if you don't know it) …

Voice

Recorder flute

Wind effect on sound
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… and there are many industrial applica+ons
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Outline

Introduc+on to acous+c with flow

Propaga+on, convec+ve effects
• Diode
• Black holes

Gain produced by the flow
• Whistling
• Corrugated tubes
• PT-symmetry
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Convec+ve deriva+ve

x
<latexit sha1_base64="ASimaxWjU8MArxCxXEo9KZ3G67k="></latexit>

Fish density

g(~x, t)
<latexit sha1_base64="Q0+NUa7mF4j9agOMLFNlYfqstic="></latexit>

Joseph-Louis 
Lagrange

Leonhard 
Euler

~u
<latexit sha1_base64="eb74s0/8A34ETedD/7xAB2ZxIdo="></latexit>

Variables are in Eulerian descrip+on:

fixed point

Convec+ve (or total) deriva+ve: 
Dg

Dt
=

@g

@t
+ ~u.~rg

<latexit sha1_base64="oBRRX+csGYuftUnynj6BTfhkv7E="></latexit>
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General equa+ons

Non linear equations

Compressible
equa6ons for 
a perfect fluid 

Mass conservation

Euler’s equation

Isentropic flow

D�

Dt
= ��⇥r⇥u

�
D⇥u

Dt
= �⇥rp

D�

Dt
=

1

c20

Dp

Dt

D

Dt
=

�

�t
+ ⇥u ⇥r
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Lineariza+on without flow

Lineariza+on

Wave equa+on

⇤u = ⇤u0 + ⇥⇤u1

p = p0 + ⇥p1
� = �0 + ⇥�1

Mean values

Perturba+ons

" ⌧ 1
⇥u0 = ⇥0, p0, �0

D�

Dt
= ��⇥r⇥u

�
D⇥u

Dt
= �⇥rp

D�

Dt
=

1

c20

Dp

Dt

⇥�1
⇥t

= ��0⇤r ⇤u1

�0
⇥ ⇤u1

⇥t
= �⇤rp1

p1 = c20�1

1

c20

�2p1
�t2

�4p1 = 0
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Lineariza+on with incompressible 2D parallel flow

Lineariza+on

⇢
D~u

Dt
= �~rp

<latexit sha1_base64="6E6e9CWtUCnbdSK93GJTNvojkCs="></latexit>

1

c20

Dp

Dt
= �⇢~r.~u

<latexit sha1_base64="0epFl0gVp+3SmdG1A2oTNfPMJkQ="></latexit>

~u0
<latexit sha1_base64="jLVtFnpJBCZ+SXVxZS75bolR2Vs="></latexit>

~u1
<latexit sha1_base64="/uwirWycNJqQt16bZx7Otrs+NPY="></latexit>

U0(y)
<latexit sha1_base64="6HFPzBJKVEUr6kR2UxeouVNTKCI="></latexit>

x
<latexit sha1_base64="CV4hh0BReNtm1jiKqDRfu9V/H5c="></latexit>

y
<latexit sha1_base64="DZAnn+EThVwJCrsN6r6YI9sTNn0="></latexit>

Order 0
~u0 = U0(y)~x

<latexit sha1_base64="eTu5mTI79o0cAJGR2LeQWsNVlyQ="></latexit>

p0
<latexit sha1_base64="Ebh//TmX8kQdcBD6x9JWGfmDdV0="></latexit>

⇢0
<latexit sha1_base64="SuZDm/GoxMBtp4pPC5+9HnSJKbk="></latexit>

and constant

~u = U0(y)~x+ u1(x, y, t)~x+ v1(x, y, t)~y
<latexit sha1_base64="SCE9lVfIqGITInThdilvCHsvJKQ="></latexit>
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Lineariza+on with incompressible 2D parallel flow
1

c20

Dp

Dt
= �⇢~r.~u

<latexit sha1_base64="0epFl0gVp+3SmdG1A2oTNfPMJkQ="></latexit>

Order 1

1

c20

✓
@p1
@t

+ ~u0.~rp1 + ~u1.~rp0

◆
= �⇢0~r~u1 � ⇢1~r~u0

<latexit sha1_base64="XgAriEs/uF0bIPUi4xaiP0j6eqs="></latexit>

1

⇢0c20

✓
@p1
@t

+ U0
@p1
@x

◆
= �

✓
@u1

@x
+

@v1
@y

◆

<latexit sha1_base64="yEQB1aR++FLL9+MJqzxmpNSY+Vc="></latexit>

D0

Dt
p1

<latexit sha1_base64="sMvoCmiKT0krSVoDqfE9Go2bayA="></latexit>
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Lineariza+on with flow in 2D parallel flow

⇢1
D ~u0

Dt
+ ⇢0

D ~u1

Dt
= �~rp1

<latexit sha1_base64="xTXohiHYpvVSvOUknp7yR1sVTEI="></latexit>

⇢0

✓
@~u1

@t
+ ~u0.~r~u1 + ~u1.~r~u0

◆
= �~rp1

<latexit sha1_base64="Ej9n3j0sM2inkCNemun3bdv1oAM="></latexit>

⇢0

✓
@u1

@t
+ U0

@u1

@x
+ v1

dU0

dy

◆
= �@p1

@x
<latexit sha1_base64="dBnmKQmhJa3bUaxf9mxLtSjkE4w="></latexit>

⇢0

✓
@v1
@t

+ U0
@v1
@x

◆
= �@p1

@y
<latexit sha1_base64="5QsDP3kGAutmvHlPzfuxA2e4EIE="></latexit>

Order 1

⇢
D~u

Dt
= �~rp

<latexit sha1_base64="6E6e9CWtUCnbdSK93GJTNvojkCs="></latexit>

D0

Dt
u1

<latexit sha1_base64="3ecE2e1gpxruw7s4ZM3nDMa0JFw="></latexit>

D0

Dt
v1

<latexit sha1_base64="QUucS87vP/yMnV9VPuCQoxxNbQU="></latexit>
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Lineariza+on with flow in 2D parallel flow

For shear flow, there is no 
longer a propagation equation 

⇢0
D0

Dt
u1 + ⇢0

dU0

dy
v1 = �@p1

@x
<latexit sha1_base64="R50XOXEqYYUSW3E00SLJUXBj2NQ="></latexit>

⇢0
D0

Dt
v1 = �@p1

@y
<latexit sha1_base64="19Cfg9s/dyah+eUIyGY3pSgwYKs="></latexit>

1

⇢0c20

D0

Dt
p1 = �

✓
@u1

@x
+

@v1
@y

◆

<latexit sha1_base64="ksRQtirFIpx07TPBIw4uPxLZCOc="></latexit>

1

c20

D2
0

Dt2
p1 �r2p1 = 2⇢0

dU0

dy

@v1
@x

<latexit sha1_base64="gy6gGb8BJhzpRlRIEl5u5mnz2Wk="></latexit>

⇢0
D0

Dt
v1 = �@p1

@y
<latexit sha1_base64="19Cfg9s/dyah+eUIyGY3pSgwYKs="></latexit>

Linked to flow vorticity
~!0 = ~r⇥ ~u0

<latexit sha1_base64="5GEqulOdGDnBiRI64EOwsq1Wmqo="></latexit>

=
dU0

dy
~z

<latexit sha1_base64="CeWu+o8tzFQjkgpGBOCMTZUnehI="></latexit>
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Lineariza+on in an irrota+onal flow
Irrota+onal mean flow

Irrota+onal perturba+ons
(if the ini+al rota+on is 0) ⇥u1 = ⇥r�

D0

Dt

✓
1

c20

D0

Dt
⇥

◆
� 1

�0
⇤r
⇣
�0⇤r⇥

⌘
= 0

Distorted wave equa+on

Convec1ve effects:
Breaking of +me 

reversal symmetry

~!0 = ~r⇥ ~u0 = ~0
<latexit sha1_base64="3H6/gL7sAVFBpGSr0dAx4bj/xrQ="></latexit>
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The simplest example of an irrota+onal flow:

�x

1

c20

D2
0p

Dt2
��p = 0

p = p̂ e(�j�t+jkx)

�?p̂+ �2p̂ = 0

+ BC: �rp̂.�n = 0 at the wall

�2 =

✓
⇥

c0
� kM

◆2

� k2

p̂ uniform with � = 0 is always solution

�U0 uniform

Uniform flow 
in a straight duct
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The simplest example of an irrota+onal flow

�2 =

✓
⇥

c0
� kM

◆2

� k2 = 0

Plane wave solu+on:
k+ =

�

c0(1 +M)

k� = � �

c0(1�M)

Wave

No flow

�� =
c0 � U0

f

Wave Flow

Against flow

Wave Flow

With flow

�+ =
c0 + U0

f

� =
c0
f
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The simplest example of an irrota+onal flow
Plane wave solu+on:

p(x) = p+ e jk+x + p� e�jk�x

k+ =
k0

1 +M

k� =
k0

1�M

�0
Du

Dt
= �⇥p

⇥x
Using Euler Eq. 

u(x) =
1

�0c0

⇣
p+ e jk+x � p� e�jk�x

⌘
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Lineariza+on in a rota+onal flow
Irrota+onal
partFluctua+ng velocity 

Fluctua+ng displacement

Mean flow vor+city

~�1
~!0

Rota+onal 
part due to 
flow vor+city

D0

Dt

✓
1

c20

D0

Dt
⇤

◆
� 1

⇥0
⌅r
⇣
⇥0⌅r⇤

⌘
=

1

⇥0
⌅r
⇣
⇥0⌅�

⌘

With Could lead to strong coupling
Acous+c ⬌ Vor+city

⌅u1 = ⌅r⇥ + ⌅�1 ⇥ ⌅⇤0

~⇠ = ~�1 ⇥ ~!0

D0

Dt
⌅� = ⌅r⇥ ⇥ ⌅⇤0 � (⌅�⌅r) ⌅u0

�u1

Goldstein equa+ons
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Acous+c in rota+onal flows

Corrugated
pipes 

Whistling in a 
diaphragm in water

visualized by 
cavitation (EDF)

Could lead to strong coupling
Acous+c ⬌ Vor+city
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Acous+c in rota+onal flows
In general, very complex (need of numerical simula+on)
But could be very simple in some cases.

Jet Noise

Reflec+on by the constric+on 
at the end of the tube
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Acous+c in rota+onal flows
Reflec+on by the constric+on at the end of the tube

D d
p+

p�

U0

Mass conserva+on D2ut = d2uj

Bernoulli equa+on pt + ⇢0
u2
t

2
= pj + ⇢0

u2
j

2
= Patm + ⇢0

D4

d4
u2
t

2

pt � Patm = ⇢0

✓
D4

d4
� 1

◆
u2
t

2
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Acous+c in rota+onal flows
Reflec+on by the constric+on at the end of the tube

D d
p+

p�

U0

Lineariza+on

Can be used to make 
an anechoic termina+on

pt � Patm = ⇢0

✓
D4

d4
� 1

◆
u2
t

2
p0t = ⇢0

✓
D4

d4
� 1

◆
U0u

0
t

p+ + p� = ⇢0

✓
D4

d4
� 1

◆
U0

p+ � p�

⇢0c0

rE =
p�

p+
= �1� (D4/d4 � 1)M

1 + (D4/d4 � 1)M
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Acous+c in rota+onal flows
Reflec+on by the constric+on at the end of the tube

0 500 1000 1500 2000
Frequency (Hz)

0

0.5

1

1.5

2

|R
|

Without flow
With flow

Anechoic

Over reflec+on

|rE |
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