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Perturbed Compressible Equations (PCE) - M<<1
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DNS - cylinder dipole tone (laminar)

DaNs e DNS (compressible NS)

0] Curle

e 6™M-order compact scheme
4th_order RK

' e Non-reflecting BC
> 00004 (ETA, Energy Transfer &

Annihilating) )

Re, = 200, M_,= 0.3 @ r=60D

e Aaldp 0 1UM_

o Large disparity between flow and acoustic scales.

e DNS becomes very costly.
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CFD / CAA Hybrid method

e Hydrodynamic-Acoustic splitting concept

- Hardin & Pope (1992, 71995)
- Shen & Sorenson (1999, 2001)
- Slimon et al. (1999, 2000)

u(x,t) = U(xt) + u’(xt)

/

Compressible

variables

. Flow &
Acoustics

!

Incompressible
. variables
I

Flow

T

I

Perturbed

variables

Acoustics

T

Unsteady Incompressible
Navier-Stokes Eqgs. (INS)

Perturbed Euler
Eqs. (PEE)
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Perturbed Euler Eqs. (PEE)

e LU pEg CNS— INS= PEE
|
neglecting the viscous terms
ap’ , P, 9P
® = U )=_2F1_
ot +ax, (pu +pU) =5V o
DL J L L d(pJi) d(pi)
o §(Pui+/7 UiHE[Ui(PUHP Ui)+(po+pUiu’j+p 5ij]= E—— ' _Ujle
Shen & Sorenson (1999) Slimon et al. (2000)
Dp, 1 DP
e p =0 L= =
& * Dt @D
o' _,9dp’ _ |dP Dp' , Dp’ y—1\Dp
9 _3 - o AP L] B Sl
S T (o * ot aDt_a(Z)Dt

@ Slip condition at the wall
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Validation - /NS + PEE Ap'=p—1Dp

e /NS: iterative fractional step method, 6t order for Mom. eq., 2" order for Poisson eq., RK-3.
¢ Same grid for hydro & acoustic calcs. for excluding any interpolation errors.

DNS Shen & Sorenson (PEE)
(ufuﬂc,, ' rﬁ"’me“’"‘v !;
00015 0.0015
0.001] 0001}
0.0005] 0.0005
L L
-0.0005F -0.0005
0.001] 0001F
'0-0018(;0‘ B v . R0 V00N 50 w0 700
time time

Ap” time history at r=60D and ® = 90°
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Derivation of Perturbed Compressible Eqs. (PCE)

e Seo & Moon (2003, AIAA paper 2003-3270)

“A Hybrid Method for Aeroacoustic Noise Prediction of Wall-bounded Shear Flows
at Low Mach Numbers”, will appear in AIAA J. 2005.

¢ Understandings from the false solution of PEE

acoustic fluctuations
@ far-field

,O(X,t) — IOO +,0,(X,t) ..............................................................
u, (x,t) =U. (x,t) +u, " (X,t)

pP(x,t) = P(x,t) + p’'(x,t)

coupling effects (e.g. flow-acoustic)
@ near-field

A 4

A coupling effect becomes important near the wall, when dealing with the noise

>

generated by wall-bounded shear flows, and it is associated with .
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Perturbed vorticity transport eq. (2D)

w= 2+ w’

Incompressible

% +(u-Viw=—w(V ) Compressible
- E’) X [igpj_l_? X FUS’S,C
D(w'/p) _ Perturbed
Dt
1= = = . > Production by
p (= v)2 + 2(V - u)] interaction between incompressible vorticity
1 — 1 . & perturbed velocities Q & U’
+ FV X F .+ F(V TXVs) (in near-field)

Diffusion by
perturbed viscous stresses (near field)

—}! — —
Ft-'s'.s: FU#SJG_Fﬂésjf

Production by
entropy & temperature gradients
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Source terms of perturbed vorticity

C) field convection

F by U
D(w'/p) _
Dt
~Li@-Vie + 0@ -0 —
1 -':;:::::::_‘_‘_'_'.'.'.'__E

viscous diffusion
of @’

In PEE, u’ is not zero at the wall, where £2
computed by INS is most intense. So full
interactions occur there, contributing to
produce @’ without proper diffusion.

Dilatation rate effect

important to use a no-slip wall B.C
to bound @ production

important to include
perturbed viscous stresses

a6
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Perturbed Compressible £qs. (PCE)

goporp sl poPp CNS-INS= PCE
p including the perturbed viscous terms
° 9P’ +—(pu +p'U;)=0
ot
o T
° —(pu +pU)+ J [u(pu +p’U;)+ pUu’; +p5j]=—”,
oX; J X;

J

) 1 2 ) - -
where T = 2 d.U +0.U. __5i'akuk <«—| obtained by assuming 1= o for M< 1
1 0 j i 1) 3 J

op’ op’ du’;  DP aq,
o0 DR
* 5tV TP T DS

® No-slip condition at the
wall
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Validation - /NS + PCE Ap'=p—p

DNS Present (PCE) Shen & Sorenson (PEE)

00015 00015 00015
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\2‘ 0]\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/ \2‘ OAN\ANV\A/\A/\AAMAN \2‘ 0
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0001f 0001f 0001}
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time time time

Ap” time history at r=60D and ® = 90°
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Validation — pressure fluctuations Ap'=p—p

0.003- ——— DNS

— Curle

3 ——v—— Present
0'002; —+—— Shen
o.001fF
S S
-0.001F
0002} 4

[#! TR R N A N NN SN N NN TR IR N NI N N S |
-0.0035 20 40 80 80

vD
acoustic pressure wave at x=0 directivity of 4Ap’, . (r=60D)
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Validation — vorticity fields w= N+ w'

Present Q;
(PCE)

= 1 —

'S 'Eo Eeo

7
LSS i AR CUCRRL 1o | T ULORT ] |
- %6044 87 51 35 18 03 14 31 47 3 KD G4 1. Z0-18-18-1310-08-09-03 80 63 €4 07 0813 14 17 18 ez 20-18-15-13-19-08.04-01-00.03 04 07 09 12 14 17 18

Shen & )
Sorenson \*_1
(PEE)

4 L 4
2 ] 1 7
*

(between -2 and +2)
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Validation — near-field compressible flow fields (re-constructed)

Present (PCE)

p=P+p

2
x/D

p=pPotp

2 R
x/D x/D




Computational Issues of PCE
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Computational issues of PCE - efficiency

As approach to low Mach number limits,

- severe restriction on time step by numerical stability condition.

For the turbulent noise prediction,

- severe restriction on grid spacing by flow physics.

— Prefer to use different grid systems for flow and acoustic fields (grid-splitting).

Increase the minimum normal grid spacing near the wall, in order to allow

a larger time step.

AX ] AX

min, A

min,H

IM_

—>

At,,
]




Cylinder tone (laminar)

sstosiasign!
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Speed-up factor of PCE, Yy =

TDNS / TPCE

p
t
D — D — o
T T,
o : T,/ T, (D: devlp, P: periodic)
N : number of periods
n : number of iterations per period
t, : CPU time required per iteration
(based on a time step for INS)
1 1
Tone =— + —(@Nnt
DNS ~ '\ M ( I,DNS)

] o

1
TPCE(f) = I\/I— Nn (tI,INS+tI,PCE(f)) +aNn tI,INS

oo

TPCE(C) = Nn (tI,INS +tI,PCE(c)) +aNn tI,INS

50
i l\ ------------ lPPCEm
L “:‘i o p
%, FCE()
M lPPCE{c),Eim (K,=5)

T LI

03 ——

0 0.2 0.4 0.6
M,
P _ (@+D1 os
PCE(c)lim = ,

where k=min(l/M_, K

(M _ +1/Kk) t, ins T /K, JPCE(c)

Kmax=5

max) !
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Computational issues of PCE - accuracy

¢ VVortex (or turbulent eddy) scattering from the trailing-edge:
- transient transformation from quadruple to dipole

vortical disturbance 5 =26h
\’\ A —
\/I;(/\ s L=05h
]  § v V, =05U_
| Re, = 2000
) 10h ] M_=03

vortical disturbance

u, =V, (y- yo)eXp(M) where
2 BT
r=+/(x=%0)“+(y-y0)

v, =-V,(x— xo)eXp(%] (%0, Y0) = (=8h, h)
y
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Acoustic grids

grid coarseness factors

Rm‘ — AXmin,A R _ N(S,H

; AXmin,H i N5,A
NT N6 Rmin RS

Fine (Hydro) 251X201 26 1 1

Medium 171X161 17 2 1.5
Coarse 116><121 10 4 2.6
Very coarse 101X101 5 10 5.2
Extreme coarse 91X<81 3 20 8.6

A
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DP/Dt field projection

0.003
- —  fine
| — — — medium
— — — coarse
r---4 o —-—-— very coarse
L — — extremely coarse
0.002 —
"1, -5 0 5 10 -
x/h s
fine coarse S
D-I .
D -
0.001 —
I S N
L ‘\\\\f § Al
L NS
0 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
0 2 4 [ 8 10
d/h

5 =5 5 10

0 0
x/h x/h

very coarse extremely coarse
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Acoustic pulse strength and 4p‘frms) directivity

0.0002

-0.0002

fine

medium
coarse

very coarse
extrem coarse

Ron R, Peak value of Ap',., Relative Dgff:i";? ot
Fine 1 1 3.67e-4 - 155.1°
Medium 2 1.5 3.63e-4 1.1% 156.4°
Coarse 4 2.6 3.60e-4 1.9% 157.3°
Very coarse 10 5.2 3.46e-4 5.7% 160.2°
Extreme coarse 20 8.6 3.32e-4 9.5% 162.6°
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Linearized Perturbed Compressible Equations (LPCE) — M <<<1
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Instability of perturbed vorticity (o)

Missing of physical diffusion

r

Q)

Strong coupling effects
near the wall

—

becomes unstable

At low Mach numbers,

Unresolved coarse acoustic

grid

Length scale :
comparable to the hydrodynamic

Inconsistent, grid-dependent
acoustic solution

the effect of perturbed vorticity is negligible for the noise generation.

Exclude the errors caused by perturbed vorticity
by suppressing the generation of perturbed vorticity !

}) Korea University CFD/A Lab.




Perturbed Compressible Eqs. (PCE)

° 9p +—(pu +p'U,)=0
ot
d ) : o , : , , 0T
° §(Pui+,0 Ui)*‘&[“i(ﬂui"'l) Uj)+pJiu’j+p 5ij:|: 5 x
op’ . Ip’ du’;  DP 99,
—+ + =—— 1 1 -
at e TP T D

where T = ﬂo(ajui, +aiu} 5 akuk)

® No-slip condition at the
wall
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Derivation of LPCE formulation

® Neglecting the second-order, non-linear terms

aéot’+(U-V)p’+po(V-U’):O

du’

11?,

ot Po po Dt

Mathematical identity

N V@ 0)+LVp'=— (©xa)—(@x0)-L-2Y

vis

Po

(U -V)i'+(@@" VU=V U)+(Qxi)+(@xVU)

DP

ot

a'O’+(L].V)p’+}/P(V-U’)+(U’°V)P=—ﬁJ“(V_l)(cb_v'q)
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Perturbed vorticity transport eq. (3D)

3[@} (&V)[Q]:E[(Q-V)G’+ (@ V)i |- (@ V)B+B(V 1) [+ (VpxVp) + = VF,,
at| p Pl p p p p

j————-———----"-\"- -« e — o P - - - -

aiw(u'-ﬁ)+in'fz—(§zxu)—(a3’><U)— +=f"
ot Po

Sources to the perturbed vorticity generation
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Linearized Perturbed Compressible Eqs. (LPCE) - M<<<l1

® Linearized to the base incompressible flow field

P (G-V)p+ py(V-0)=0

ot
dl +V(U’-U)+in’=O _______________________________________________________________________________________ , 0w =0
ot ol ot

aaF:’+(U-V)p’+7P(V-U’)+(U’-V)P:—Ft

Only explicit noise source at low Mach numbers
Goldstein(2003), Ewert & Schréoder (2003)
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Numerical test problems

1. Dipole tone noise form a circular cylinder at Re=150, M=0.1

- Basic validation by comparing with DNS

2. Quadruple noise generated by the Kirchhoff vortex

- Fundamental vortex sound problem, comparing with the exact solution

3. Sound radiated from a temporal mixing layer

- Model for turbulent noise prediction, practical vortex sound problem

A
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1. Tonal noise from a circular cylinder

® Tonal noise from a circular cylinder at M,,= 0.1, Re,=150 (Ap’)

DaNS PCE ~ LPCE

0.0001

o E B
[ L e 0.1 0.1
5E-05-

O

AP o

Pl PR
-2 0 2

-5E-05 =
x/D x/D

-0.0001 o

Perturbed vorticity (o’) field

Korea University CFD/A Lab.



2. Quadruple noise generated by the Kirchhoff vortex

I xu=0 b

Kirchhoff vortex

_ab
(a+b)?

_ (a+b)o _01

Acoustic grid resolution

Fine Coarse

Kirchhoff vortex 100100 10X10
core
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2. Quadruple noise generated by the Kirchhoff vortex

no perturbed vorticity

generation

200

|

PCE LPCE
(fine) (fine) ™t
£ 0
%00 200
xla
200 ~ 200
PCE LPCE

(coarse) ™ (coarse) ™|

£ 0

-100

) 200 %900 B 200
xla

Pressure fluctuation (Ap’) fields

-5E-08

roo
AEQ

Instantaneous pressure fluctuation
along the y=0 line

1E-07 T
[ I o Exact solution
. PCE (fine)
————— PCE (coarse)
"y LPCE (fine)
5E-08 i Y T LPCE (coarse)

|

g
ST
-

i

|

I
@
@
e e— — - —
o &

¥a

Exact solution by Mtdiller (1998)

Acoustic solution is corrupted by
falsely resolved perturbed vorticity!
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2. Quadruple noise generated by the Kirchhoff vortex

Most dominant source for the perturbed vorticity (o) generation : (U"-V)Q

) PCE(fine) LPCE(fine)
-— 1 e-3 b ] 1 e‘5
! - 1e-3 ¢ = -1e-5
155 - 05 :nl"a 05 15 A5 o 05 x},a 05 1 15
PCE(coarse) LPCE(coarse)
= le-2 1e-5
-1e-2 -1e-b

Perturbed vorticity (w’) fields
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3. Sound radiated from a temporal mixing layer

708

Fine Coarse

Hydrodynamic domain| 200200 | 40X<40

2U
Acoustic M, = C°° =0.1
SN
RN Re, =10000
Uoo
N Hydrodynamic
)L
/ 5
e T
- UOO
S Acoustic grid resolution
NS
285
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3. Sound radiated from a temporal mixing layer

m  The evolution of vortical field (£2)

Korea University CFD/A Lab.




3. Sound radiated from a temporal mixing layer

Perturbed vorticity (o)

Hydrodynamic vorticity (£2)

PCE (fine)

PCE (coarse)
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3. Sound radiated from a temporal mixing layer

® Acoustic fields (Ap’)

100 1
X

PCE
(coarse)

LPCE
(coarse)
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3. Sound radiated from a temporal mixing layer

® Time histories of instantaneous pressure fluctuation (Ap’) at (O, 564)

PCE LPCE

L PCE (fine) L LPCE (fine)
AE-05 —-—"— PCE (coarse) AE-Q5F —-—"— LPCE (coarse)

2E-05 2E-05
Z of 30
-2E-05 -2E-05
-4E-05 -4E-05
Ca1 | | I | | I | ‘ I | | | | ‘ | I ‘ | C110 ‘ | I | | I | | I | | | I | | | I |
0 20 40 60 , 80 100 120 140 0 20 40 60 , 80 100 120 140
f 1

A
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Concluding Remarks

e The perturbed vorticity is not a major contributor in acoustic wave generation at
low Mach numbers.

e The perturbed vorticity could be a source of unwanted errors on the unresolved
grid.

e The “Linearized Perturbed Compressible Equations” in which the generation of
perturbed vorticity is suppressed, are proposed.

e The consistent, grid-independent acoustic solution is secured by the LPCE
formulation.

e The formulation may be useful for the turbulent noise prediction at low Mach
numbers.

A
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3D Flow past a Circular Cylinder at Re, =46000 & M=0.21
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3D Flow past a circular cylinder at Re,=46000 & M=0.21

e Re,=46000 : sub-critical regime (7,000< Re, < 200,000).

e A boundary layer remains laminar but the shear layer exhibits
immediate transition to turbulence.

e It produces a broadened tone at vortex shedding frequency as well
as broadband noise due to wake turbulences.

e Spanwise correlation length is about 2.7D (Szepessy, 1994).
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Incompressible LES

e Filtered incompressible Navier-Stokes equaions.

ou;
axj -
oU. d -~ oP o (oU  oU. )
—iip —(UU)=——+t L+ —L |- p,— M,
pO 8t pO an( i J) a)ﬂ luo axj(axj a)ﬂ ] pO an ij

e Smagorinsky sub-grid model with Van Driest wall damping function:
Smagorinsky constant Cs=0.065

M, =dU, -UU,
= —{(0.065)(1-exp(y" / 25)°)"*AY*|S §

Korea University CFD/A Lab.



Computational methods for /iLES

e Iterative fractional step method.

e A sixth-order compact finite difference scheme for spatial discretization.
e 3-stage Runge-Kutta method for time integration.

e Spanwise domain size, L ,=3D.

e Uniform inflow condition / Periodic spanwise boundary condition.

e O-grid with 181x181x31(=0.97x106) points.

Korea University CFD/A Lab.



Turbulent flow field

Iso-surfaces of Q=0.5 Streamtraces

Highly three-dimensional wake structure and coherent Karman vortex street.

A
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Validation — iLES (Smagorinsky)

— Present computation

® Szeppesy & Bearman
(1992, JFM)

151
e W
Ul
[ C, :
05F !
of I
2
0.5 -
-1 _' S O T R S A i T N N N A R N S N I RN T RO [ A R
200 220 240 260 280 300 -3 a0 180 270 360
tU/D 0
Time histories of drag and lift coefficients Mean pressure coefficient at the wall

A
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Validation — Mean & Fluctuating data

Present LES Experiement
(Smagorinsky) (Szepessy & Bearman)
St 0.19 0.19
CD,an 1.15 1.35
Coiins 0.067 0.16
C, s 0.44 0.45-0.5

Korea University CFD/A Lab.



3D PCE

e Acoustic measurement(r=785D):
Boudet et al. (AIAA 2003-3217).

e Acoustic domain:
extended to r=200D.

e Spanwise domain:
same as LES (L,=3D).

e Wavelength(St~0.79):
about 25D.

e Very narrow domain:
L, /A= 0.12 and r/L ~ 66.

200t

1001

-1001

-200r1

Acoustic Measurement

Cylinder

acoustic domain
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Acoustic grid

e 121X181X11(= 0.24x1086) points.
e 1.5 times coarser in r-dir.

e minimal grid spacing at the wall:
5 times larger than the hydro-grid.

e acoustic calculation:
with same time step used for
incompressible LES,
5 times larger than DaNS.

D

XD

acoustic grid &
interpolated static pressure field

Korea University CFD/A Lab.



Explicit source term

emagnitude of the explicit source term,

Dﬁ/Dq

Re, = 200 (INS) Re, = 46000 (LES)

) Korea University CFD/A Lab.




Periodic BC v.s. Absorbing BC

® Spanwise boundary condition for 3D acoustic simulation of
cylindrical problems.

Unphysically correlated acoustic solution for a small span.

Simulating 3D noise radiation from a small span.

Does an absorbing boundary condition, however, work properly for

narrow domains (e.g. r/Ls>>1 ) ?

Korea University CFD/A Lab.



3D Acoustic Wave Propagation in a Narrow Domain

P(x,t) = P, +0.1sin(27At) exp(—

0.1A

4N

A 4

25

8\

A 4

Spherical source

.

/s

schematic of numerical exp.

x2+y2+zzJ

To verify the ETA BC, a numerical
experiment is set up.

A spherical harmonic acoustic
source .

Aspect ratio is about r/Ls = 80 in
yz-plane.

Acoustic grid: 41X81X11 points.

PCE is solved with a zero
convectional velocity.

e

Korea University CFD/A Lab.




Computational Results

4
0.012F . P
5 ’ \ 0.01f theory (~ 1)
0.008|
< 0 0.006}
S _
0.004
_2
2 o 0002 s s
e YA '
Contours & Iso-surfaces of pressure Acoustic wave strength along the y-axis

fluctuation; z-axis is magnified by 8 times
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Pressure fluctuation field

200

100

-100

-200

10%p

10°

S0 100 150 200
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Acoustic pressure signal & SPL spectrum

0.0002

0.0001

-0.0001

-0.0002

I I L L 1 L I 1 L1 1 I 1 L1
100 200 300 4
fa

00
/i

IR TR N N R RN A A
500 600 700

Sound Pressure Level (dB)

- r=30D
—  r=60D
— r=185D
—O— Measurement by Boudet et al.
120
110
100}
90}

-~
o

o0
o

VWNM

?

@ N
60 A

[ A O @
50E 0.’0 .‘6‘?0"‘0 l ‘
a0f Ml ian s

[ ] ! ! T NN N T N N B N B B B AR
e 0.2 §.4 0.6 0.8 1

t

Time history of fluctuating pressure
at r=30D directly above the cylinder

Frequency spectrum of acoustic pressure

Kato et al. (if a spanwise coherence length, L. < L)

L, = PL,+10log(L, /L,) (dB)

A
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Validation — iLES (Smagorinsky model)

— Present computation

® Szeppesy & Bearman
(1992, JFM)

151
e W
Ul
[ C, :
05F !
of I
2
0.5 -
-1 _' S O T R S A i T N N N A R N S N I RN T RO [ A R
200 220 240 260 280 300 -3 a0 180 270 360
tU/D 0
Time histories of drag and lift coefficients Mean pressure coefficient at the wall

A
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Validation - iLES (no model)

1.5~

Time histories of drag and lift coefficients

1 I 1 1
150

1 1 | 1 1 1
200

tU/D

300

— Present computation

® Szeppesy & Bearman
(1992, JFM)

i L L L L I L L L L I L L L L I L L L L
_30 Q0 180 270 360

0

Mean pressure coefficient at the wall

A
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Validation — Mean & Fluctuating data (no model)

Present LES Experiement
(No model) (Szepessy & Bearman)
St 0.19 (0.19)* 0.19
Cp,avg 1.24 (1.15)* 1.35
Co'ns 0.1 (0.067)* 0.16
C, s 0.54 (0.44)* 0.45-0.5

Korea University CFD/A Lab.



Pressure fluctuation field (no model)
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V. Phonation Aeroacoustics in Vocal Tract
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Introduction

Review of Anatomy
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Mechanism of phonation

Vocal Folds Vocal Cords Sound
Trachea 7; EE Air
A B C
k Sound
[ E

Self-sustained oscillations of the vocal folds - sound
source
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Computational modeling (axi-symmetric)

" 8 86D 1
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Governing equations

Hydrodynamic: axi-symmetric, incompressible N-S equations (/A/S) in
moving coordinates,

V-U=0
a—U+(u VYU =—-L vp+ o (v20)
ot Po Po

Acoustic: axi-symmetric, perturbed compressible equations (PCE) in
moving coordinates,

0
ot
ou +(u V) + (- V)U+—£+ vp =t v. )
p Dt p J%
+(u V)P’ +yp(V- u)+(u V)P——%

Korea University CFD/A Lab.




Glottis transient profile during motions

— Time dependent glottal radius (Zhao et al, 2002)

(X t) = 20 P ‘4Dmin tanh(s) + 20 D
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e
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Moving grids for INS & PCE

ST

=

%

il

Moving acoustic grid (251x26)

Moving hydrodynamic grid (301x51)

e
£
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Hydrodynamic & pressure fluctuation fields

vorticity pressure fluctuation

Among Monopole, Dipole, & Quadruple, Dipole sound
dominates in vocal phonation by an (oscillating) piston effect.

A
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1. Validation AP=8.1cmH,0, f,=94Hz

Present
o Rothenberg’s clinical data

400

200

=
5o
-200
-400
Volume flow rate (//s) Acoustic pressure (Pa) at 10Dmax
downstream
: SPL=110dB

..................................
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2. Effect of fundamental frequency (male & female)

057 600

0.4} [
i 300

=
<]
-300|
-6004 05 1 15 2
vT
Volume flow rate (//s) through Acoustic pressure (Pa) at 10Dmax
the glottis downstream

Variation of fundamental frequency - change of Jet Reynolds No.
- change of Jet flow characteristics

High £, generates fluty sound, while low f, makes sound brassy

A
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Effect of fundamental frequency (male & female)

fo=94Hz (male) fo=200Hz (female)
Re

r<Re,
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3. Effect of rotational motion of Glottis

— w/ RM
——
N —
Closing = Opening Opening = Closing
— w/o RM
Closing = Opening Opening = Closing
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Effect of rotational motion fo=200Hz, AP =8.1cmH20

Glottal Resistance: R=A4P/Q (Van den Berg, 1957)

—— w/RM
—— w/o RM
0.4r 100
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031
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o 02} 2
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t/'T
| C || (0] |
Volume flow rate (//s) through Periodic variation of glottal impedance
the glottis (kPa-s/l)

A
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Effects of rotational motion

For a sound generator (glottis) to be , compression waves
should be generated with minimum glottal resistance at opening and rarefaction
waves with maximum glottal resistance at closure.

With rotational motion, R is clearly maximum at C-stage and minimum at O-stage,
which means that rofational motion of glottis is related to the effectiveness of
rarefaction & compression effects.

a6
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Conclusions and future work

» Understanding of sound generation mechanisms and characteristics.
= Computational results agree well with the inverse filtered data by Rothenberg.
» Fundamental frequency of glottis has effect on voice quality.

= Rotational motion of glottis is associated with the efficiency of vocal folds

motion via glottis impedance.

= |n the future, we hope to include the fluid-structure-interaction (FSI) to

replicate the self-sustained motions of glottis and then the acoustic coupling.

Korea University CFD/A Lab.



Questions & Answers.

Thank you for your attentions.

&) Korea University CFD/A Lab.




