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Introduction [ General problem: duct aeroacoustics

Duct aeroacoustics?

/ AN
Fluid: Flow:
kinematic velocity
viscosity v U
Reynolds Mach
number: number:
Re = UH/v M = Ul
€ Yy
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Introduction [ Moderate Reynolds numbers

Flow classification according to Reynolds number

// V\\

10°< Re < 10*

‘\\ 7/,

i

e.g.
- biological airflows
(respiration,
speech production...)

\\\

4
i ™ " r F A
// s
Ve N ¢
J// x\\

Low Mach numbers Gap in literature?

(M<0.3)

~— incompressible flows
AN 4

0

low Reynolds number high
>
laminar transition turbulent
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Introduction | Human upper airways & speech sounds

/// \\\

Human speech production:

CHOSS SECTION OF VOCAL FOLD

EFITHELILIM - .
o Sl Airflow — Re=0(10%) & M<0.3
5 Lakiirornn | SUPERFICIL —a Es Pl . . 5

{ i (from in-vivo observations)

[MIOLLE LAYERE « |NTERMEDIATE —&% A
| O VOEAL FOLD) - 2

MUSCLE — %

MASOPHARY X

Various speech sounds:

CROSS SECTION OF LARYNX
(FROM ABOVE)

POSTERIOR —— _
CRIGCARYTEMCID E y
MUSGLE (L K

TAANSVERSE AND ““'f‘ N
I'-\. "l

* Voiced sounds e¢.g. vowels —
vibration of vocal folds

CRDPHARYMA

\-‘.I ..
- ol 10}

QBLIIE .."I.F|'1"I'ENCIII:I

* Unvoiced (or voiceless)
sounds e.g. unv. stops, unv.
fricatives
- — no vibration of vocal folds
- — various sound sources

GLOTTIS -

CRICOD CARTILAGE —
WOGALIS MUSELE —

LARYNGOPHARYME

THYROID CARTILAGE ——

Upper airways, vocal tract [Sataloff 1992]

Yo FUJISO - PhD Defense - 14/02/14 4



Introduction ' Unvoiced fricative noise

Unvoiced fricative consonants:
/f/ (‘fanfare"), /s/ ('scie"), /J/ (‘chat")

Tongue Upper
incisor

System: upstream duct +

~ "o AERODYNAMIC
Mod>. \ | o s downstream obstacle

Reynolds nb. D A NOIEEW)
il \.},{ s Source: turbulent jet interacting
with surface/obstacle
[Nozaki et al 2008]  Turbulence

_— channel Approach:
S — — In-vitro
| i vl geometries

obstacle

[Shadle 1985-1991; Ramsay 2006]
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Introduction | Some previous works

Increasing
geometrical
Tongue & incisor complexity
[Van Hirtum et al 2011]
Incisor & free field
[Cisonni et al 2013 ]

Re=4000, uniform Human oral cavity

inlet velocity profile Tongue & incisor [Nozaki 2010]
[ Van Hirtum et al 2009]

m o

Grandchamp 2009

Lo sl A8 — Influence of initial conditions? (IC)
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Introduction | Objectives of this thesis

* Reynolds number Re = 4000 (exp.+sim.)
* Constriction degree (exp.+sim.)

Previous studies:
* Uniform inlet velocity profile (sim.)

This thesis

Flow initial

conditions?
Aeroacoustic
production numbers Re? * Experiments

* Simulations

Obstacle(s)
geometry?
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1.
II. Theory
- Jet
- Obstacle
- Noise
I11.
IV.
V.
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Theory | Duct aeroacoustics

~

FLOW

Rectangular jet
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Theory |Rectangular jets

Longitudinal direction x

] 1 center bulk 'Square' decay law
velocity 5
Uge \~ T [
! — P u
i Axisymetric region UC HC HC
> (3D) center /
: \ 25-30 < /H. bulk Strouhal number
' velocity S fH,
at x=0 L U e
Vortex shedding
Planar region ‘ = .
L o St~0.3 (typically)
7N . 4-5 < x/H_<25-30
H{b l: »"' Té?rzsc\;;ie Potential region Potential 1 th
. | 0<uH <45 otential core leng

ey Horizontal :Epc — T
d1recqt10n Uc :O o 95 U()

“

Nozzle
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Theory 'Hybrid' jet parameters (obstacle)

Obstacle Reynolds de.composmon
— for velocity field:
. w(t) SO a(t)
H Ayo.{ / x
y |--- Mean
0 velocity Fluctuating
r U velocity
Y Hc\r _OC> ¥

Turbulence intensity

uw < —— RMS velocity
TufE = (2" order
Bulk Reynolds number U moment)
Uah
Reyg = S, © (he{H;Hc}) :
v Wv Constriction degree Aspect ratio
T H, LW
Width of rect. duct H b FC
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Theory Flow-obstacle interaction

Conservation of momentum — Navier-Stokes equation
ou 3 _=
p(EJr(u-V)u) =—VP+V - T%f

TR CTRR RS

: : stress
unsteadiness convection pressure-
driven tensor
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Theory Large Eddy Simulation (LES)

ou;

ot

(uiuj) =

filtered velocity
Ui = Uj + Uy

Turbulent flow 3D modeling by LES

filtered pressure p = p + p

.

filtered

1 Op 0 (Emi aaj) 0T
- Ny L — — < Inomentum
po Oz drj \Ox;  Oxy 0z, equation
OUi _ g, j=1,2,3=  filtered
dx; continuity
equation

- resolvable

part

constant
o _ 1 (Ou; Ou,;
Ti; = Will; — Ul Sij:§<87i+a‘?>
. L Li Subgrid-scale eddy viscosity
Tijg — ngk(Sij — _QMtS’ij Ly = p(CSA)2 QSijgz'j

subgrid-scale (SGS) part — modeled

by dynamic Smagorinsky model
C,: Smagorinsky
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Theory Quadrupole noise source (1)

Lighthill's

Lighthill's equation

tensor
(1952):
82 5 82 Tij .
— — c“A 0= viscous -
ot? ox; 8xj stress tensor T tals)
'/ De Havilland Comet (1949): 1+
- o a2 B ="y turbojet civil aircraft
TZJ = PU;Uy + (p cp ) 5@.7 Tij — much louder than

propeller-aircrafts, WHY?

Incompressible [ Ty = Potil; ]
isentropic flow

No solid

. ] . L BN . boundaries!
Solution of Lighthill's equation in time domain:

Z,t) = ¢ . ————d7d
?( ) /// / j ayzayj G: Green

function

radiated jet-induced ,
acoustic pressure quadrupole noise source in free field
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Theory Quadrupole noise source (2)

Approximate solution in free field: d= ‘f _ 37|
1 02 1 /
. t) = _T’i' _’7t dy
M= i S AT poion e
of receiver £ irce
/ point point

volume of source region

After some mathematical manipulations, and by taking the Fourier
transform (F.T.) of T ;» one can obtain an approximate solution in

frequency domain:

ET. of T,
F.T. of y
ressurc —» _“"Jd '\ L
P s L el (= 47T62 T (y,w)dV

Yo FUJISO - PhD Defense - 14/02/14



Theory | Dipole noise source

Aeroacoustic analogy of Powell (1964): Vorticity
& =rot i

c2 Ot2

(_a_ ! v2> p=pV - (& x @)+ V> <—pa*2)
v / 2

Lamb vector

—

L=uXw

Estimation of dipole noise source:

cbp - / ds
surface of

source reglon

Lamb Vector divergence
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I1.

[1I. Method

- Experiments
- Simulations

IV.
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Method: experiments | n-vivo measurements (EVA)

EVA™ meas. station In-vivo experiments:

Gipsa-lab Stendhal Univ.
* Subjects: two healthy adult

1: oral airflowmeter males ("YF' & 'KN')
2: microphone
3: intra-oral pressure * Task: produced repeated
E?(:l):ctro p o sustained unvoiced /s/ & /f/
(EGG) glottograp utterances

“Evaluation Vocale Assistée * Three intensity levels:

; : : : : , ' 1. 2 (] !
—/s/ humain ‘medium’ (I) | sofi 5 medium ; loud
60 ---compresseur 24L/min (I1)
—/s/ maquette ‘medium’ (IIl)

50

/Obj ective:

L [dB SPL]

p

— Obtain some reference in-
vivo aerodyn. data & spectral
parameters

i 16 18 20

8 10 12
freq. [kHz]
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. experiments | Measurement of flow velocity

10< 0<300 L/min Hot film meas. setup
100 < Re <3000 | [a]
* " [a] compressor
. [b] pressure regulator
Variable Ml [c] valve
volume [d] flowmeter
flow rate QO [b] [e] divergent
[c] [f] settling chamber
~ @y lel £ [ghi P [g] rect. channel
Objective: -/ L (+ replica)
jecuve. — - S [h] hot film
: i i [i] positioning system
— Meas. of flow o
velocity field
1ssued from a
replica
—> Variation of { Variable
initial conditions i  initial

oooo
o
N o
. .
s .
...........
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Method: experiments | Measurement of flow noise

10 < © <300 L/min

Q Débit d'air
entrant Chambre d'isolation
acoustique (/=9.3m?)

940mm
-+ -
Ecoulement
Chambre de sortant _
condition™ " R > Q Microphone
aéroacoustique \
Maquette
étudiée
y L .
L’ Objective:
X

— Meas. of flow noise 1ssued
from a replica

— Variation of
initial conditions & geometry

. —Meas. of noise directivity

b ~

Van Hirtum, A., & Fujiso, Y. (2012). Insulation room for aero-acoustic experiments at moderate Reynolds and low Mach numbers. App. Acoustics, 73(1), 72-77.
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Method: experiments | Tooth-shaped obstacle replicas

'Single obstacle' replica

Rectangular
channel

Tooth-shaped obstacle

o[

H=25mm

10<AR<200
H /H: 2.4; 10; 30; 100%

'Dual obstacle' replica

'Symmetric' |
config. e

:H'\ 'Asymmetric'
. config.
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Method: experiments | Variation of exp. initial conditions

~
[ a
Inlet flow l \ Upstream Outlet
' ‘ flow flow
m) BN .
| B =2
g |
l 5 g .
flowrate Q, S | Constrictio
bulk variable aperture
| / (variabl ) GENERATED
velocity U, .\ ) NOISE
N

;

sudden contraction

I_

Inlet
conditions
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Method: experiments | Variation of exp. initial conditions

~
/ \
oy P
Inlet flow l Upstream 9 Outlet
‘ flow E flow
' | | @
-l -
Bl
flowrate Q, 31 | Constrictio
bulk | / (variable aper GENERATED
velocity U, .\ ) NOISE
A
2
- O | L
O =
=5 on |
= =2 sudden contraction | H
Q I
O

H

c

. _
o
H
A
]

) J
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Method: experiments | Other replicas

- 16 ou 24 3 G

21 e m— — —— kA — — A — — — = — — — -
e — —HE o —— S - — — = - — == — = e P e
- - 1 - -
- - " =g
- - - - I -

_ ]
. ]
: - 1
- ]

!

'offset’ replica%—>

16

1Tou24 3 30 ou 23
. e — — — — > o — — — — — — —— — — — ————— — =
T New RN s omop ot
k l ¥y X
: Lc' = 25 : : J'lﬂ—l | :
! 7 : Y »
- : I 125
25| 16% | ! 'y
: ; | : 4
: : 'he =12.5 (50%) '
1 L o (e _________§ L}
+ - ¥ ’;'E.r)
T w7 Bp e
D; =10
h
.
B A\
e ———————— . ' ' Sp—
S centred' replica:
DS = 6.7

elliptic (E) or circular (C) cross-section
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Method: simulations Numerical simulations

1D

(In)comp.
quasi-steady
1D mean flow

Flow simulations:

3 approaches considered

2D

Incomp.
inviscid
potential
2D flow
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(.

3D

Incomp.
Large Eddy
Simulation

(LES)

25



Method: simulations | 3D model (LES)

— Dynamic Smagorinsky model

s Simulated durations:
0.018s <T_ <0.54s

LES code:
FrontFlow Blue v6.1

'Single obstacle' mesh:

* Reynolds numbers:
Re =402; 1079; 2084 Postprocessing: ~7 millions hexahedral elements
ParaView
* Constriction degrees: 2.2*10°<Ax <6.7*¥10°m
- H/H=2.4;10;30% - 95%10° <Ay <2.7*10°m
G ” Supercomputer:

v NEC SX9 (Osaka Univ.)
" Boundary conditions:

* Variable inlet velocity profile —— »
* No-slip cond. on duct walls

* No backflow at outlet

_ * OPa-static pressure at free field bound.
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Method: simulations 3D model (LES): synthetic turbulence

0.025

002

0.015-

0.01 -

o005 7

0.02 0.04 0.06 0.08 0.1
— t[s]
-0.01 -0.005 0 0.005 0.01 0.015

- . . - b) Signal temporel de la vitesse longitudinale
/ METHOD N\ (a) Emplacement du point considéré (en rouge) ( )), s}gfl TPOTE EEMET
PAISVESELVITY, : regénérée au niveau du point

°3 —5=-0.01 ; K=2.99 _75
. 0.4
— Synthetic ol
turbulence 0gf 755
;_‘5025 =
. 2 oo 2 76
— Gaussian 0“1': X
regeneration of all o] 765
time steps using LES 005
mean & RMS vel. % 0 - By
\ ﬁelds | f;;lijIlCt'iorl (e *1~ de POLEEIER R For (d) Densité spectrale de puissance correspondante
\\\\\ ///
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Method: simulations | 3D model (LES): jet noise prediction

Noise source region used for acoustic predictions using
Lighthill's equation approx. solution in freq. domain

1cm-thick
'buffer' layer
around source
region:

— Smooth
transition

to surrounding
flow field

-0.05

-0.15

0.15

0.1

0.051

-0.11

-0.2

-0.1

0.1

0.2
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0.3

0.4

~ Combined use
of
LES mean &
RMS flow data
i +
synthetic
turbulence
time steps

Receiver
point
(virtual
microphone,
0.94m from
outlet)

05
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I1.

I11.

IV. Results

- Experiments
- Simulations

Outline

JET

\\
A
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NOISE
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Results: flow experiments | Effects of varying IC & Geo & Re

Single tooth-shaped obstacle replica

Shape of jet:
rectangular or x=0 X=X
' s exit
rather 'hybrid'? | y
|
£
Inlet flow Upstream 9
flow é
- - .
flowrate Q. Constrictio
bulk (variable aper H
: c
Velm(\JClty U, .
Influence of
IC
& i\
Geo
& ///
Re
on jet
development

/
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Results: flow experiments

(A) Upst. of obstacle (1): effect of IC & Re

4_
center mean
i e o]
velocities
9 at (09 Y 0) d
250 *
@ o
E 2
DO
1.5 é (@)
1 é (@)
)
0.5 % e
0 @ i 1 1 I ]
0 200 400 800 1000 1200

0

~ Comparison of initial conditions:

: no-duct
: 31cm-duct

X
%
¢: 31cm-duct + straws

0. 31cm-duct + honeycomb
n

O

- +: 62cm-duct
© 0: 62cm-duct + straws

GENERATED
\ NOISE

yyyyyy

Effect of IC
& Re
Tu, [%] = 100 x 0.16Re; "/®

17 (empirical law)
10

9,

o

7_

6 +

5 . ?
A m
ol in

i O center turb.
i & intensities
T e at (0, y, 0)
00 200 400 E%O 800 1000 1200

d
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Results: flow experiments (A) Upst. of obstacle (3): effect of IC & Re

| /
Kolmogorov spectra @&
. J | flow flow
SRy =)
0 flowrate Al § Constrictiol
10 ; = : : 'R _I_/LO=0 EffeCt Of IC tzll:cnyj, ,,,,, ‘ \ /I' e GE];ET?;ED
| 5 | | LL=1 vide & Re m
| o 5 L/L0=1 + nid d’abeilles
UL =1 + pailles \
.. UL =2 vide (duct lengths:
Ly=2 + pailles L,=3lcm; 2L, = 62cm)
- —Loi-5/3 (C_arb.)

 E: power spectral density of
center velocity

K: wave number [m'] B R e .
N=H=25mm . 10 i
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Results: flow experiments (B) Downst. of obst. (2): effect of Geo & Re

: /\\ -‘\IIIIIIIIIIIIIIIEIB"')"‘:
[ L * * * Inlet flow f \ Upstream Outlet E
Jet longitudinal decay: comparison with literature | B
| -l - = J)):
) ’ flowrate Q. ! § | C.onsmc(ion_. E
o P o
1 _- L "'IIIIIIIIIIIIIIIIIIII“
, 05 Re=0(10%) _
:o 1 u L ! L =
= o ARSE : Effect of Geo & Re
+ 60 10 /)]
0.2 1 Al :
N 120 A
plane [8l«t——Deo's PhD %,
2005 2
0.1 +- B E5)
1 10 100
x/h
Mi, J., Deo, R. C., & Nathan, G. J. (2005) :)O
- : : L
[+ AR=175, H/H =2.4%, Re =402 |
« AR=175, H/H =2.4%, Re ;=1079 ) *e, b,
. o B = - #
AR = aspect ratlo = \A’/HC . AR=175, H/Hc=2.4/o, Red_2084 . ****ﬁ
07l v AR=42, H/H =10%, Re =402 N
W | a AR=42, H/H =10%, Re ,=2084 = R
| o AR=14, HH =30%, Re =402 |
I /I | o AR=14, H/H =30%, Re =2084 = | |
G d - ; - . o
H g | 10° 10' 10°
" x/H,
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Results: flow experiments (B) Downst. of obst. (4): effect of Geo & Re

~‘|IIIIIIIIIIIIIIIIIII',

'Square' decay law: e K 2\ 4 (B):
) now O\ ZE Gov  \E
— I s o= 5
K = decay rate coef. adl  BadiE - J)):
flowrate Q. 8 | Constrictiofia H
= b b b bulk \ / (variable apertire) GENERATED =
X,, = Jet virtual origin | 4
Constriction degree H /H=10%
it + R=0.97, Re =402 | /
ol « R=0.99, Re =2084 Ku: effect of Geo & Re
10f x x'x'x)‘“" 1
o 1+ AR=175,HJH=24% X
o 8 x_g,i‘x" +++ ] 0.9 s AR=175, H /H=2.4% i
= o 25 4 o x AR=175, H /H=2.4%
2 ' S L mRy 1 0.8/7AR=42, H /H=10% :
AAR=42, H H=10%
QR [JAR=14, H /H=30% )
0.6 (>AR=14, H /H=30% g |
: ‘ x~ 0.5¢ i
50 60 70 80
0.4- + q
> 03 K *
u
0.2- i
2 = A
Uge N T To1 0.1- v $ I
:‘ Ku | —|_ O 1 | 1 |
UC N HC HC 500 1000 Re 1500 2000 2500
y d
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Results: flow experiments (B) Downst. of obst. (5): effect of Geo & Re

Vortex shedding freq. St* (Strouhal numbers)

10° ' ' ’ ’ ’ 107"
1 $‘l,‘$ :‘1!‘»"‘
10‘3 oy N
g \ z —X/H =1
AR N 10
—4| = == —3
107 Ty
3 ;. = a5 —
SN PINE 6 210
10—5 : == H —7 ==
—8
| = _9
G\ S mn H 2
’ 0—6 v “' ) l« v “";v‘ Mot WAV Ve "w"';ﬁ*"h\"‘,"‘w‘,’v"q.‘u,w#.fw-‘-“""p.‘ 10
‘0™ ‘0 10 |
| AR=175; H /H=2.4% Re=1079
10° ' ' ' ' '
0.01 0.02 0,03 0.04 0.05 - i i i i
St=fH_/U 10
0.1 0. 0.3 0.4
i ! SYH /U
¢ dc
‘ literature — Etude Géométrie Re AR | St* |
Beavers et Wilson [BW70)] plane 500-3000 - 0.43
Effect of
Tsuchiya et al. [THTS89] rectangulaire 3500 5 0.40
Geo & Re Sato [Sat60] plane  1500-8000 10 4 67 0.23
/ Namer et Otiigen [NOSS8|  rectangulaire 1000-7000 26 0.27
Deo et al. [DMNO7b] plane 18000 = 024
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Results: acoustic experiments 'Single obstacle' replica: effect of Geo & Re

Influence of Geo & Re
%0 —HJH=2.4% -
257 ..H /H=10%
i Re =1079 __H /H=30%
20 c
H Flow
- N ) noise
o Wzl
< |
3
o 30 | | ' —H /H=2.4%
251 Re - 2084 ___HC/H=10°/o
._H /H=30%
20t i @
—-151- g 15 : : ,
0% 4 & 8_ 10 12 14 16 18 =20 7 'O
Freq. [kHz] 7] R
3 O ; |
e o W |
i 5
° ° = l"'"l,_g,';.
Constriction degree =
H /H =2.4; 10; 30%
i 5 4 6 8 ' 16 18 20
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Results: acoustic experiments | 'Single obstacle' replica: effect of IC & Re

30

—bords vif o .
25| bords adoucls) Outlet section edges:
20} Re=1079 1 sharp vs soft
15%l | $
—  10f : :
5 ) |
g S*M |
-~ o /}1 E
) ‘M"”hw 51», L l 30| | | ‘ | | | ~ [—bords vifs
& A e b W‘*"‘f“m e, 25/ bords adoucis
' | Re=2084
] 2 4 6 8_ 10 12 14 16 18 20 , ;- .
Freq. [kHz] _ -
a0} R | i
i) i E
| = M |
Constriction degree: 5 "‘%’"j’wm | J
H/H=2.4% ~10/ P Nty
-15¢ 1
20

2 4 6 8 10 12 14 16 18 20
Freq. [kHz]
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Results: acoustic experiments |'Single obstacle' replica: effect of Re

90°
‘i Noise directivity
o H /H = 2.4%
i,
Re = 2084
-10 -15 |
(dB] w90
e T
Re =402
" ka=0.3 (%); ka = 0.35 (0): .
ka = 0.40 (O); ka = 0.45 (©); , s .
(corresp. freq. 1622; 1893; 2163; o
2433 Hz) oh e
® xg R
-10 -15 -10

~ theoretical dipole directivity added [dB]
for comparison (*) ‘
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Results: acoustic experiments

'Offset' replica: effect of Geo & Re

PSD [dB]

0.08 0.1

/‘ HE

Re = 8300 & constriction
degrees 4; 9; 16; 34%

Helmholtz number Re = 8300; 11900
7 — /Dy, & constriction
e degrees 9; 34%

Yo FUJISO - PhD Defense - 14/02/14

~ Constriction-obstacle distance of 24mm

J6oudd 3 6 ___,
16 1
I Y e
v
-60

— 8300 9%
P . -4~ 8300 34%
T — 11900 9%

e’ —+— 11900 34%

0.08 01 0.2

H[-]

0.02 0.04 0.06
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Results: 3D flow simulations ['Single obstacle' mesh: visualizations (1)

Example: H/H = 2.4% & Re = 2084

|u(t) | [m/s]
40

‘HIIIHWHH‘

0 80

20 60
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Results: 3D flow simulations ['Single obstacle' mesh: visualizations (2)

Example case:

* Re =2084
*H/H=2.4%

* Uniform inlet vel. Profile
* Mean velocity field

. |u| [mys]

(c) S = 045

|u| [mis]
50

“fao
20
0 E

(g) e = 105

Other example:

* Re = 2084
*H/H = 30%

* Uniform inlet vel.
Profile

* TOP: mean vel.

* MID: rms vel.

* BOT: vorticity

Yo FUJISO - PhD Defense - 14/02/14

|U] [m/s]

{a) Norme du champ de vitesse moyenne

[u'| [m/s]

{c) Norme du champ de vorticite




Results: 3D flow simulations | 'Single obstacle' mesh: transverse profiles

~ Comparison of transverse mean velocity profiles simulated at several
longitudinal positions downstream from the obstacle (H /H = 30%; Re = 2084)

| ) | | - x=0 (sohs la dent)
~ fluctuating turbulent | _x=+0.1H_

1.8% _ |

) inlet velocity profile  |ex=r02H
108 (Tu, =10%) o |oox=+03H_
1 4‘ 35 : : _e_X=+0.4HC

_e_X=+0.5HC
__X=+1 .47’HC (sortie)

XX XXXXXXXXXK X XN

| x x=+1.47H_(sortie, mes.)|

y/H

- A Y el

---------

~ Y

2 4 : , 1
0 0 0 . 0.6 0.8
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Results: 3D flow simulations | 'Single obstacle' mesh: dipole noise source

b L= X3
div(£) [s72] vector T

\H’?TS\ 1 (138 \O\ e BJT\S\ [
O

_1e+06 1e+06

velocity vorticity

/Longitudinal visualization of
Lamb vector divergence field
(H/H = 30%; Re =2084)

__10% ; Re =2084 (U)

..30% ; Re =2084 (Tu_=0%) .
(
(

Q.

0.8

(o)
(o)

...30% ; Re =2084 (Tu_=10%)
..30% ; Re =2084 (Tu_=30%)

[o}
[0)

0.6

cN
()

D/D

0.4

-

- Comparison of normalized Lamb | 0.2
vector divergences for different inlet
conditions & Reynolds numbers
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Results: 3D flow simulations ' Quadrupole noise prediction (1)

H/H=10%; Re =2084

—-200

without :
. Random Gaussian

turbulent fluctuations

—-2051

-210f

with

L [dB SPL]
R
o

p

-2201 )y

I 1 1 1 1 1 1 | ]
- 0.5 1 115! 2 25 3 815 4 45 5
freq. [kHz]

L [dB SPL]

p

Spectral parameters:

* dynamic amplitude A

%k ! '
speCtral Slopes Sl & SQ Y, ~ 015 1 115 2 2.5 3 355 4 415 é
freq. [kHz]
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Results: 3D flow simulations ' Quadrupole noise prediction (2)

70

% 10%
+10% Ta

601 AA10% Tu

0O10% TuTa

030% Ta

S01{»>30% TuTa

% 10% Re4000 TU30

| Spectral parameters: |

* dynamic amplitude A
* spectral slopes S ' & S’

g 40r
< 4l . | With turb.
fluctuations
20 -
b | ¥ No turb.
) . | ~ fluctuations
0 10 20 60 70

s?:p[dafk"k?z]

S, [dB/kHz]

P%: constriction degree

Tu: with Gaussian turbulent
fluctuations _
Ta: with buffer layer' ,

10% 10%Ta 10%Tu 10%TuTa 30%Ta 30%TuTa
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V. Conclusion
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Conclusion | Objectives of this thesis

* Reynolds number Re = 4000 (exp.+sim.)
* Constriction degree (exp.+sim.)

Previous studies:
* Uniform inlet velocity profile (sim.)

This thesis

Flow initial

conditions?
Aeroacoustic
production numbers Re? * Experiments

* Simulations

Obstacle(s)
geometry?
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Conclusion Influence of flow initial conditions

Unvoiced
fricative
production

* variation of initial
conditions

* contribution to dipole
& quadrupole noise
sources

. Flow initial |

conditions?

—'Memory' effect: strong influence on
flow development (exp.+LES) but

— LES vs exp.: discrepancies

—'Sharp edge' effect:
major noise source (exp.+LES)

Aeroacoustic
Analysis

* rect. jets (exp.):
spatial/temporal
velocity distribution

* flow-downstream

obstacle interaction
(LES)

* moderate Reynolds
number flows & noise
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Conclusion | Influence of Reynolds number

< Reynolds number?

. Aeroacoustic
UlfVOloced — Strong influence on jet properties analysis
fricative e.g. symmetry (exp.+LES)
production * 'Hybrid' jets (mixed

—Weak influence on noise spectral

properties (exp.) sl L)

* Noise level

% .
— Threshold to 'initiate' Vortex shedding

flow noise (exp.)
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Conclusion | Influence of obstacle geometry

Aeroacoustic
Unvoiced analysis
- 9
. . - I P
fricative Obstacle geometry |
Production : . : * Symmetry of velocity
—Strong influence on jet properties field
. s ) e.g. velocity decay rate, potential
Noise generation core length (exp.) * Vortex shedding

mechanism

Yo FUJISO - PhD Defense - 14/02/14 50




Conclusions and perspectives | Some perspectives

* Study of jet stability...

* Further development of turbulence simulation method, ¢.g.
taking into account large coherent structures...

* Further development of aeroacoustic prediction methods
(e.g. Ffowcs Williams & Hawkings analogy taking into account
solid boundaries)...

* Transverse modes...

* Other (potential) applications:
- Oral/dental health care...
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Ducts with obstacle(s): in-vitro exp. | Inlet flow data: mean transverse profiles

L=31cm + nid
d'abeille

0.5~ T
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Ducts with obstacle(s): in-vitro exp. [Inlet flow data: turbulence intensity profiles
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Ducts with obstacle(s): num. simul. ' 2D simulations

D 21 208 083 0,2
x/H

215 22 225 23
x/H
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Ducts with obstacle(s): in-vitro exp. |Inlet flow data: Kolmogorov spectra

= 10
~-y=—0.4H
102 --y=+0.4H
0 _Loi-5/3 (C_arbitraire)
107
L
10°
1 0_8 *'*.""".,\-‘4.".4,-'..aap,.u-.\,\-',\-',o“',,\l.'.
107 10" 10° 107 10" 10°
B Kn
0.5 0.5 ‘
—S=0; K=1.79 —S5=-0.01;K=1.79
04 M 0.4 //\\\
=03 503
5 3
O
L pot wo2 / \
0.1 / k 0.1 / \
| 0 1

u [m/s] u [m/s]
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Ducts with obstacle(s): num. simul. 3D simul. (LES): geometry

e W
Wl
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In-vivo data & reconstr. oral cavity ' In-vivo EVA data: examples

L. -

10000 [ [ i [T T [ ] T T [l 1
i~ : [ I [l ‘ i
= 5000] m M m m M
B i I By | I 1 | J

S T O /6l subject "YF'

B N BRI N D
| 'medium’ level

—y

son [-]

|
-

=LA DL

10000

f [Hz]
3
o
o

‘:l I E ! ‘E'E “E.‘HI“‘EH: m.ilﬂ._ﬂ.ilh WEI-HI .E| [ 1L

MBS EAE VIR

5 6
Temps [s]

/s/ subject 'KN'
'medium’ level

N B [
o O O CDC)C)C)C) o
T T T

AP[Pa] Q[L/min]
S O RN R

4 o

Temps [s]

10
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In-vivo data & reconstr. oral cavity | Sibilant /s/ as potential biomarker?

— Production of sibilant /s/ severely affected by teeth!

— How to quantitatively assess this?

— In-vitro reconstruction of in-vivo geometry?
— Relevance of a dual approach? (in-vivo & in-vitro exp. data)

— A potential biomarker for dental/oral medical care?
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In-vivo data & reconstr. oral cavity ' In-vivo EVA data

4000 ‘
W P(f)
° /s/ (KN) .
3000 . It/ (YF) ............................. _ﬁa_ ............... ] Lp<f) =10 X lOglo (E)
g
SRS A0 = T T —
a¥
4
1000}
40
ID()

[dB SPL]

L

Freq. [kHz]
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In-vivo data & reconstr. oral cavity | Estimated constriction diameters

Without viscous |osses With viscous |osses

pQ? ( 1 1 )
AP = r
2c2 \ A2 AZ _ @ 0 Q? + 16mvQL

. Fiz Ay,
p \ p
lit. /t/ + % +

DC :2\/140/7'(' 7

lit. /s/ %
’ 1
? ¥
3 315 O/s/ (YF)
: : 0/s/ (KN) I
2 : :
- /s/ reconstruit (KN) O/t/ (YF) o
X avec pertes visq. |

1 L | - | L 1 1 |
0 10 20 30 40 50 60
Q [L/min]
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In-vivo data & reconstr. oral cavity |Reconstructed oral cavity

CT* scan during a 30s sustained sibilant /s/

- hard palate

constricted passage ]
lips

tongue

15 incisors

0 5 10 15 20 25 30 35
[mm]

*CT Computerized Tomography

) Plaster cast

45

Mechanical replica (upstr. duct + reconstr. oral cavity)
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In-vivo data & reconstr. oral cavity |Sibilant /s/ noise generators

Acoustic experiment: comparison of human & reconstructed sibilant /s/ noises

* Case (I): Q,,, a priori measured
(‘soft', 'medium’, 'loud’)
Human
speaker | »
Q Noise
oral
* Case (Il): Q_,,,, measured by volume flow meter
i Quasi-anechoic chamber
Artifical - Airflow (Q) (volume 9.3m?%)
air supply: Mechanical
e replica  ——» ‘
Comprel_ssor Airflow QP Noise Noise Noise Microphone B&K type 4192
settling comp i - i positioned 37° in (xz) plane
i generating
chamber . system: )
. case
* Case (Ill): Q,,..., @ priori measured (), ) or (1) |
(‘soft', 'medium’, 'loud')
Natural i Y
) v: Mechanical
airsupply- | .| replica | » z
human subject| Airflow Q Noise X
blowing g
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In-vivo data & reconstr. oral cavity 'Comparison of noise spectra (0-20kHz)

oo /57 numain mediurm’ () 7 Spectral parameters:
---compresseur 24L/min (I1) % spectral peakf
| m

—/s/ maquette ‘medium’ (l11)
50
* spectral slopes S, & S,

* dynamic amplitude 4,

1

o

0

o3

=,

_IEL

loud
60
-10 1 I !
2 4 6 8 10 12 16 18 20
freq. [kHZz]
medium
Y
a
»
@
i)
/, =
m
i SIS - . 8 L
d S S jiade < -
\ A ] o —/s/ humain ‘loud’ (1)
---compresseur 45L/min (I1)
—-/s/ maquette ‘loud’ (II)

i 12 14 16 18 20

8 10
freq. [kHZz]
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In-vivo data & reconstr. oral cavity |Estimated spectral parameters

4 : : :
% /s/ humain ‘medium’
<] /s/ humain ‘loud’
* compresseur 24L/min S, & S, spectral slopes
3.5 ,compresseur 45L/min
+ /s/ maquette ‘medium’
[ /s/ maquette ‘loud’
N &|d - §
z <
[oa)
o,
w 2.5¢ g -
O
& O
iy 8 9 T Eie PR 30!
f [kHz] @
<'C)
25¢
% /s/ humain ‘medium’
<] /s/ humain ‘loud’
spectral ‘ 20/ % compresseur 24L/min
peak dynamlc ¢, compresseur 45L/min
: +/s/ maquette ‘medium’
amphtude O /s/ maquette ‘loud’ ¥

Eass . e el "=

S, [dB/kHz]
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In-vivo data & reconstr. oral cavity |Reconstr. oral cavity: Flow visualizations

Transverse views [rajouter débits] Longitudinal view
[36L/min]

— Complicated flow (bifurcating...)!

~ Focus on simplified duct +
- obstacle(s) geometries...
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Ducts with obstacle(s): in-vitro exp.  Outlet flow: spanwise profiles

1 [ ‘(4;“"..“5}‘554,5"\"ous-.,.j;vj,-‘;—?“M}u,o,.‘.ﬁw;./,a 2SRERBIRIRId bl OUtlet
0975} i I » W
o section
o8 #
ol yYyvyvvyvvvyyvy Outlet
") flow
0.6/
DE z
2 05 % ;
0.4-
0.3
0.2- . . 25
Mean spanwise velocity . . _
0.1 Spanwise turb. intensity
Ok j 20+ :
-0.5 0 0.5
z/W
15
X
3 10+
- 5 % 2
— 2D flow hypothesis M&W % 2
o W
admitted! o FEE PR b o
-05 -04 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

z/W
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Ducts with obstacle(s): in-vitro exp. ' Potential core lengths

/H

pc

4|+ AR=175, H JH=2.4% i
C

s AR=175, H /H=2.4%
[of

3 % AR=175, H /H=2.4% O

AR=42, H /H=10%

AAR=42, H /H=10%

1l O AR=14, H /H=30% i

¢)AR=14, H /H=30% A

500 1000 1500 2000 2500

Red
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Ducts with obstacle(s): in-vitro exp. ' Dual obstacle replica: results

30 T T T T T T 5 o
—:cj:fb“f Influence of obstacle configuration
25r ...H/MH= % ) i
NS e e H.JH=30% & aperture degree H /H; Re = 2084
5
2 Asymmetric
g re
= configuration
I ] - = et —H /H=2.4%
i | 25f ___HC/H=1O°/o
-4 2 4 6 8 ‘ 14 16 18 20 “J;) - P N W H /H=30%

p

L [dB SPL]

Symmetric
configuration

12 14 16 18 20

-20

2 4 6 8 10
Freq. [kHz]
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Ducts with obstacle(s): in-vitro exp. |'Centred' replica: acoustic spectra

-a-24 E 14100 i — = =
~+17 E 14100 f| o z-m ] 10 i
——24 C 21200 T | i s
—17.C 21200 i ; i he = 12.5 (50%)
- = ‘ 777777777777777 fp . B B s
C == T \ .
S centred' replica
Fi Y .45
Re, = 6700 -a-24 E 18800
- e | _ _ _ =17 E 18800
002 004 006 008 01 012 014 0.16 S0 £ —-24 C 28300
HI-1 —17 C 28300

— Measured spectra as function of
constriction-obstacle distance (17 or 24mm);
cross-section shape (E or C); cross-section
Reynolds number Re_(14100; 21200; 18300;

28300)

Re, = 8900

fDC -70
h 002 004 006 008 01 012 0.14 0.16

H[]

Helmholtz number: H =

C
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Ducts with obstacle(s): in-vitro exp. | 'Offset' replica: variation of parameters

- 16 ou 24 3 (5}

-50 : : T =z
— 9%-24 / Lo i e
i |—— 16% - 24 | BT A . T i
55 Ek + a . ’ : ! : ' |
/ % 34% - 24 et
=0l TR e or _ I
-B0F & & 9% - 16
3 + 16% - 16
s % -0~ 34% - 16
& 6545 bk, R
= h
(] 6 Q +‘|-'|"|'\|. Ju-""- o o’ 2
%] q e :
o -70 v v 1 ff ' 1
N b ﬁ“"‘w oftset replica
75 N
! )aeftt¢1°?fffl:°°¢ 0
4 ] ~] i
_80--“- 2.4 el
_85 1
002 004 006 0.08 0.1 0.12 0.4  0.16

* Re_ = 11900

* aperture degrees 9; 16; 34%
* constriction-obstacle distance 16 or 24mm
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Introduction | Turbulent airflows & noises

- Various applications...

. - Various Reynolds &
4 - Mach numbers...
pa—— ﬁ ‘ ~—— UH
: N — . Re —S
— TGV: Re=0(107), 1%
Boeing 787: Re=0(10%), M<0.4 M = g
M<0.9 — 0

Wind turbine:

: 7
Re=0(10"), M<0.2 * U: characteristic velocity [m/s]

* H: characteristic length [m]

* c: speed of sound in air [=343m/s
at 293K]

* y: air kinematic viscosity
[=15*%10°m?/s at 293K]

Hurricane: Re=0(10°),

Volvo V60: M<0.3

Re=0(10°), M<0.2

— What about moderate Reynolds & low Mach numbers flows? i.e. Re=0(10%) & M<0.3
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of obstacle (2): effect of Re

Results: flow experiments ' (B) Downst.

Outlet -

Jet longitudinal decay: H /H = 2.4% o S v\ B Y
\ c - - = i):
:Eg | =
flowrate Q. S Constrictiof& =
oty u,,‘,,\\ 1 ‘“‘“’“”‘“‘I;:” GE’L%‘??EEDE
. longitudinal center
t mean velocity
: x, H/2, 0
o [ (x, B2, 0) Effect of Re
2,060 )
3 HE
i 20
S .
' x 18,
: Ll T + . .
N e Bl "R TR L center turbulence intensity
: e x * +
E R EEEEEER i (x, H/2,0)
0} : ' x
0 50 XIH_ 100 150 go 12- i*
>° 1003
o x| X
/ N > gt *
Reynolds o R o
numbers: e L P + "
X X * I 4+
+: 402 : ! ok x i iR
-
x: 1079 +-I-++ 1 | I
0 50 H 100 150
C

*. 2084
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Method: simulations | 3D model (LES): inlet velocity profiles

U (0y,2)/U,(0,0,0)

v
s
.

/// 7, /¢

4,

I

U,(0.y.2)/U,(0,0,0)

25

20 il
12 50 >

10

00

Uniform inlet vel. profile 3D-parabolic inlet vel. R aticat i Lo
profile vel. profile

Dynamic turbulent inlet vel. profile:
* gaussian fluctuations

* injected inlet turbulence intensity
levels: Tu_ = 0; 105 30%
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Method: simulations ' 1D model

(In)comp. quasi-steady 1D mean flow through a semi-infinite pipe

Contraction ratios : channel hy/H and vena contracta jet V = h;/h1.

upstream jet region mixing downstream

" = v "

M : Mach number
Scattering matrix of pipe steady flow

v

() = (5B () p=(r-1)

@) st Y
0% = 24+ M, M, 2 Py 7
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Method: simulations 2D model

Potential (irrotational) incomp. 2D flow model = (u,v)
! 0 o .
Continuity & Laplace's equation: V75 stream
irrotational flow: 5 0% 9% function
Vi =—+—-——5=0
oY e Ox oy ®: velocity
s (‘)_y’ o Oz potential
[0 o) Geometries:
(] = T
ox’ oy’ T —
. ~ __:_____"}r ﬂ) L-j | f{[
I I o IO
: - y—
Cauchy-Riemann th = .0 /I
conditions: g - — e L
}! I T | :
o A2y (1)
op oY 09 O i
ox T 8y7 8y ™ ox AL? f{[ """;'“
S - T
= — Ve .
d o N a
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Results: flow experiments (A) Upst. of obstacle (1): effect of IC & Re

| Transverse mean velocity profiles at (0, y, 0) |

onstrictiol
| (varfable aperture) GENERATED
\ NOISE

—> y Effect of IC & Re

e &

......
.....

0.5

= 0 = 0
31cm-du
0 5l o B0 05
0 02 04 0
| Reynolds numbers:
120 (¥); 501 (0); 1167 (); 1350 (©)
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Results: flow experiments (B) Downst. of obstacle (1): effect of Re

0 ™
ul i ure)
velocity U, \* = NOISE
-

”,
‘e

Effect of Re

\

duct walls transverse regions

transverse mean
velocity (y, x_., 0)

% N +k X . A * ok
transverse turbulence
04, 08 038 1 intensity (y, X i 0)
" Reynolds
o B
. . . %

numbers: constriction

+: 402 transverse region

x: 1079 (below obstacle) | " y " 25
‘ k. 2084 ‘ ufU %]
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Results: 3D flow simulations ' 'Single obstacle' mesh: effect of IC & Re

Comparison of longitudinal mean center velocity profiles
for several inlet conditions & Reynolds numbers (aperture degree H /H = 30%)

1 i T T ——
—402, unif.
— 1079, unif.
- ——2084, unif.
0.9 11, ---402, parab.
'_" ---2084, parab.
0.8 + - - 2084, turb. (0%) ||
%& - =12084, turb. (10%)
+ 402, mes.
0.7r e x 2084, mes. f
= "sortie

2
o
1007 —2%02, unit ; ! ’ ’ ] ’ 3
—1079, unif. ¢ ]
90| —2084, unif. " '. E
===402, b. 5 5
---2084, pare : . turbulence
80| - - 2084, turb. (0%) : ' - . E
==2084, 5 % N 3
L . ' lntenSlty
70) * 2084, mes. : ' |
AN —XSortie ': -
OF ‘ ‘ ‘ | | | T = 60 ]
-10 -5 0 5 19 15 20 25 30 = : -
TS —° 50- |
o
> 40F *
x & +: measured data

Yo FUJISO - PhD Defense - 14/02/14 &2



	Diapo 1
	Diapo 2
	Diapo 3
	Diapo 4
	Diapo 5
	Diapo 6
	Diapo 7
	Diapo 8
	Diapo 9
	Diapo 10
	Diapo 11
	Diapo 12
	Diapo 13
	Diapo 14
	Diapo 15
	Diapo 16
	Diapo 17
	Diapo 18
	Diapo 19
	Diapo 20
	Diapo 21
	Diapo 22
	Diapo 23
	Diapo 24
	Diapo 25
	Diapo 26
	Diapo 27
	Diapo 28
	Diapo 29
	Diapo 30
	Diapo 31
	Diapo 32
	Diapo 33
	Diapo 34
	Diapo 35
	Diapo 36
	Diapo 37
	Diapo 38
	Diapo 39
	Diapo 40
	Diapo 41
	Diapo 42
	Diapo 43
	Diapo 44
	Diapo 45
	Diapo 46
	Diapo 47
	Diapo 48
	Diapo 49
	Diapo 50
	Diapo 51
	Diapo 52
	Diapo 53
	Diapo 54
	Diapo 55
	Diapo 56
	Diapo 57
	Diapo 58
	Diapo 59
	Diapo 60
	Diapo 61
	Diapo 62
	Diapo 63
	Diapo 64
	Diapo 65
	Diapo 66
	Diapo 67
	Diapo 68
	Diapo 69
	Diapo 70
	Diapo 71
	Diapo 72
	Diapo 73
	Diapo 74
	Diapo 75
	Diapo 76
	Diapo 77
	Diapo 78
	Diapo 79
	Diapo 80
	Diapo 81
	Diapo 82

