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Context

PhD about wind instruments
@ Accurate models
@ Stable and efficient numerical methods

@ Applications : instrument design, preservation of ancient instruments,
artistic creation. . .

— 1D models
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Models of acoustic propagation
U(¢) volume flow, p(¢) pressure

Z,(00(0) + (ﬁ)—O

vi(0yp(e) + Y
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Models of acoustic propagation
U(¢) volume flow, p(¢) pressure.

Z0o0+PLo=0 v+ 0=o
@ Lossless acoustics
iwpo _iwS(Y)
Z (E) (6)7 Yt(g) - pOCg )
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Models of acoustic propagation
U(¢) volume flow, p(¢) pressure.

dp dU

Z(O0W0+ O =0.  Ya0p)+ G

o Lossless acoustics

iwpo iwS(0)
Z,(¢ , Yi(l) = —5~,
D50 (0= "
@ Acoustics with viscous/thermal effects
1 iwpo /wS(E)
Z0) = —— EP0 ) = ~ DK :
O=1—gsty 0= 00K

with K., K: known for cylinders.
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Models of acoustic propagation
U(¢) volume flow, p(¢) pressure.

dp dU

Z(O0W0+ O =0.  Ya0p)+ G

o Lossless acoustics

iwpo iwS(¢)
Z g ) Y g = —>5
R0 0=
@ Acoustics with viscous/thermal effects
1 iwpo /wS(E)
Z,0) = —————~, Yi0)= — 1)K (¢ ,
O=1—gsty 0= 00K
with K., K: known for cylinders.
Does conicity influence boundary layer losses ? J
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@ Overview of viscothermal models
@ Base model
@ Approaches for modeling losses

© Low reduced frequency approach
@ Straight tubes (Stinson)
o Conical tubes

© Results

@ Causality and passivity of the immitances
@ Comparison with other models

@ Conclusion and prospects
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Base model (3D)

Linearized Navier-Stokes 2

iwp~+ poV -l =0, (1a)
poiwli = —VP + V2 + (C +z ) (1b)
poCpiwT = kV2T + iwP, (1c)

P 5 T
=4 1d
po  po To (1d)

A

Small variations of : density p, air speed d, pressure P, temperature 7.
Air at rest : (po, up = 0, po, To).
On the wall :

Gd=0 and T =0. (2)

2. bruneau2013fundamentals.
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= ot
Giordano 14
Navier Stokes (NS)

perfect + isothermal boundary
linearization

iwpov = (¢ + WV(V - v) + pdv — Vp,
iwpoCyT = AAT + iwp,

Joly 10
Kampinga 10

thermo-visco-acoustic eq

- .

V-ov—iw=—+iw—==0
Ty Po

/ — asymptotic approach
small /s boundary layers equation
iwpov = pAv — Vp, v for high s and small k/s

exact solution in the boundary layers
Vov—iw—+iw—=0
0

Ty - ’ \
approximate equation everywhere Cromer 48
. for small k Bossart 03
"":&',’B;"" , \ Jith 18
cross section  equation in squationin Berggren 19
cone
acoustic eq + equivalen
p cylln:or tpenecair
B.C.
Low k in cylinder CL B B Zwikker & Kosten
Kampinga 11 Stinson 91 Thibaut 21 2K49 quasi-spherical
S— R Chaigne 13 isobaric near
usion waves + —_—— boundary
non uniform Helmholtz eq
Helie 10
[ N R T Webster & Lokshin
i wpoCy
=)+ (= DW=V (BT9) =0

3

3. thibault2020viscothermal. o <
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© Low reduced frequency approach
@ Straight tubes (Stinson)
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Simplifying assumptions

(A1) Planar pressure waves

A

P(x) = p(2)

(A2) Longitudinal diffusion is
r Q r, neglected

A>0

(A3) Losses due to dilation are

Figure — Straight tube
neglected

‘(<+§) V(V-ﬁ)‘ < |Vh|.

4. stinson.
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Expressing v and T as functions of p
Solutions to a diffusion equation with oscillating source :

2
(o, x) + %ng(a,x) =1 inside the domain x € Q,

P(a,x) =0 on the wall x € X,
where V2 = V2 — 5 Laplacian on cross-section.
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Expressing v and T as functions of p
Solutions to a diffusion equation with oscillating source :

2
(o, x) + %ng(a,x) =1 inside the domain x € Q,

P(a,x) =0 on the wall x € X,

where V2 = V2 — 5 Laplacian on cross-section.
Viscous and thermal effects use respectively

poiw . Pole
ay = — —R?E= ay = —ig?s? = —R?E =P
12 K
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Expressing v and T as functions of p
Solutions to a diffusion equation with oscillating source :

2
(o, x) + %Viw(a,x) =1 inside the domain x € Q,
P(a,x) =0 on the wall x € X,

where V2 V2 — LapIaC|an on cross-section.
Viscous and thermal efFects use respectively

. ofw o/wC
a, = —is? = —RQL ar = —io%s® = RZp

I K

Separation of variables :

. 1 dp
V(X,y,Z) = 7p0i(d@(2) T/J(Oév,X,y),

7A'(X, y,z) =

)U(ae, x,y).
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Case of cylinders

In a .Cerl:IIar tube of radius R the Shape coefficient g in a cylinder, s = 10
solution is 100

0.75 4

_ 1 hVar/R)
w(a7 r) =1 JO(\/a) ' 50.25-

0.001
where o, = —js2 _R2P0/w/ﬂ 00 0z o4 05 08 1o
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Case of cylinders

In a circular tube of radius R the
solution is

Jo(v/ar/R)
Jo(va) -

= —R%poiw/p.

Y(a,r)y=1-—
where o, = —is?

Loss coefficients K., K; are obtained
by averaging on a disk :

241 (vave)

Kyt =1— QAyt)) =
: ((av,e)) Ve o (yag)
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wlay,r)

IKu(s)]
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Shape coefficient g in a cylinder, s =10
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© Low reduced frequency approach

@ Conical tubes
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Generalization to cones

(A1) Spherical pressure waves
P(x) = B(r)

(A2) Longitudinal diffusion is

neglected
82
V- — &V
or?
Figure — Conical tube (A3) Losses due to dilation are
neglected

\(g+ %) (V- 6)| < |Vp|.
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Generalization to cones

(A1) Spherical pressure waves
P(x) = B(r)

(A2) Longitudinal diffusion is

neglected
62
V- — &V
or?
Figure — Conical tube (A3) Losses due to dilation are
neglected

\(<+ %) (V- a)\ < |Vp|.
Calculate 9 on a spherical cap, and average to obtain K, : =1 — (¢, ).
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Express v and T as functions of p.

The shape function is now defined on a spherical cap. For circular cones of
half-angle © :

RZ 9 (. oY(a,r,0)
- - R S A < f <
¢(a’r’8)+ar2sin980 (sm@ 50 ) 1 for0<9<O,
(o, r,©) =0.
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Express v and T as functions of p.

The shape function is now defined on a spherical cap. For circular cones of

half-angle © :
R2 0 (.  0v(a,r,0)
— 77 = <0<
¢(a’r’9)+ar2sin980 (sm@ 50 ) 1 for0<9<0O,
(o, r,©) =0.

Equation of spherical harmonics. The solution uses Legendre function P, of
complex order :

w(g) =1— PU(COS 9) . Shape coefficient ¢ in a cone, ® =mn/4, s=10
P, (cos ©) 1004
where 5 075
S 0.50
77v(77v + 1) = _ir2%7 s 0.254 — cone
----- cylinder
and ne(n: + 1) = —ir2&KJCP. o 00 02 04 06 08 10

6/0
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Complex coefficients for the cone
By averaging on the spherical cap we obtain :

sin2© Py, (cos©)
1—cos©ny (v, +1)Py, (cos©)’

Kv,t,@(eaw) = (5)
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Complex coefficients for the cone
By averaging on the spherical cap we obtain :
sin2© Py, (cos©)

Kv ea = 5
ro(lw) 1—cos©ny (Nt +1)Py, . (cos ©)

(5)

Stokes number
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Complex coefficients for the cone
By averaging on the spherical cap we obtain :
sin2© Py, (cos©)
1 —cos©ny (Nt +1)Py, . (cos©)’

Kv,t,@(ea w) =

Stokes number

s— R, |90

L
Usual choice : radius of the circle at distance ¢ from the apex.

Rcircle =/sin©
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Complex coefficients for the cone

By averaging on the spherical cap we obtain :
sin2© Py, (cos©)

1 —cos©ny (Nt +1)Py, . (cos©)’

Kv,t,@(ea w) =

Stokes number

s— R, |90

1

Usual choice : radius of the circle at distance ¢ from the apex.

Rcircle =/sin©
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10° - 2
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= @ ------ cylinder L,
0 H :
8 10 < o0 4
L B 30
° &
-n/4 =
1073
1072

10°
s

Thibault, Chabassier, Boutin, Hélie

—n/2

10° 10! 102
s

Conicity and acoustic losses

ICSV 2021

(5)

15/19



High frequency correction : hydraulic radius

|w| = 00 == losses depend on surface-to-volume ratio°.

5. allard2009propagation.
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High frequency correction

hydraulic radius

|w| = 00 == losses depend on surface-to-volume ratio°.
Using the hydraulic radius corrects this effect.

R 2 area 2(1 — cosO)
hydrau = - = -
4 perimeter sin®
Magnitude Phase Relative error
100 n2
— o=npR
\ -~ e=n/4
/4 —— e=m10| =
= @ ----- cylinder I@
0 < S
¥ 10m %4’ ° \\\_‘__ X /
< 51004/ RN
~n/a 4 = X -/ S
10744/ A
T T T =2 T T T T T T
10° 10t 102 10° 10! 102 10° 10! 102
s s s
5. allard2009propagation.
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Causality and passivity of the immitances

In the complex plane, with
Laplace parameter
5 = jw € C, operators Z,
and Y; are positive real :
e Re(Z,(s)) > 0 for
Re(s) > 0.
e Z,(5) = Z,(s)
— Causal and passive
operators.

Thibault, Chabassier, Boutin, Hélie

Cone, © =7/4

Magnitude |Z,(3
100 9 1Z2)]

50
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)
E 0
-50
-100 T T T
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Comparison with other models

Comparison on short, closed cone

Reference impedance (3D Kampinga)

(small Stokes number). g
S 25
Small cone N
5 501
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E & n2
1] 4
E 0.000 T ol
¢ 2
~0.005 4 © —n2- f + i T v
0 500 1000 1500 2000 2500
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@ Reference : 3D Kampinga®
Q Zwikker—Kosten7(with length
correction)

© Proposed model : K, ; of
spherical caps

6. kampinga2011efficient.

7. chaigne2016acoustics.
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Comparison with other models

Comparison on short, closed cone

(smaII Stokes number). Reference impedance (3D Kampinga)
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Conclusion and prospects

Does conicity influence acoustic losses ? J

Generalization of Zwikker—Kosten model to cones
Formula for K, K; parametrized by ©

Similar coefficients, especially when using hydraulic radius

Passive operators
@ Correction amplitude 10 to 100 times smaller than difference with 3D
Possible further research

@ More numerical comparisons

@ Influence of wall porosity/roughness
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