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Introduction and objectives | Problem

Nasal cavity

Pharyngeal opening of
< pharyngotympanic tube
PalateTg — ’ |
Tongue - Nasal part
: Oral part Pharynx
Epiglottis Laryngeal part

Larynx
Trachea

Right main
bronchus

L4

) Left main bronchus

1
I Pleural cavity

T

Right lung:

Left lung:
Superior lobe

Superior (upper) lobe
Middle lobe

Inferior (lower) lobe
Inferior lobe

Mediastinum

Diaphragm Costodiaphragmatic
recess

A. Anterior View

Human airway system

Ligamentum arteriosum
Ductus arteriosus

(obliterated ductus arferiosus)

patent foramen ovale
(white circle)

Ductus venosus

Ligamentum venosum
(obliterated
ductus venosus)

* Location of oval fossa
(closed foramen ovale)
(white asterisk)

Round ligament of
liver (obliterated

umbilical vein) —7 W Oxygenated blood
[ I Deoxygenated blood

Umbilical
arteries

B Oxygenated blood
Placenta M rartially oxygenated blood
B Deoxygenated blood

Medial umbilical ligaments
(obliterated umbilical arteries)

Heart and blood vessels: 4 Inferior vena cava 8 Pulmonary arteries 12 Right ventricle

1 Abdominal aorta 5 Leftatrium 9 Pulmonary trunk 13 Superior vena cava
2 Arch of aorta 6 Left ventricle 10 Pulmonary veins 14 Thoracic aorta

3 Ascending aorta 7 Portal vein 11 Right atrium

Blood circulation system
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Introduction and objectives | Problem

sinus
1 3 Left pul
Right pulmonary veins I ) 2ft pubmanary veing
£ \
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vk '-‘ d
- Posterior wall of
- oblique pericardial sinus
aaaaaaaaa yer of
serous pericardium
Pericardial sac
| o o ibrous.
Inferior vena ca va 2. 9 m
o
¥ i

Upper airways Heart

Problem: flow through highly varying cross section shape ??
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Introduction and objectives | Flow modeling

* 3D flow model

Navier — Stokes equation

unsteady convective pressure-driven  stress sensor  body force
+ : realistic

- . high computational cost

- . no parameterized general geometry
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Introduction and objectives | Flow modeling

diverging pari of replica

* 1D/2D models

' 1dP
1D model : _ -
p dx

convective  pressure-driven OG0 0051 o00s2 o00ss 00s 0055 00se

X, m

Anemometry
2D model : ’_|_ 1% —.
p dx -

convective viscosity

LR,

+ : area, flow separation, jet
formation, viscosity

- . NO cross section shape
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Introduction and objectives | Main objectives

viscosity

* Influence of the cross section shape on the
viscous contribution to the flow

> qualitatively

> quantitatively

» propose a simple flow model
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Introduction and objectives | Laminar pressure-driven channel flow

* Objectives
1D/2D model 3D model

— + : realistic <

+ . simple
+ . cross section shape

+ : fast .
. Quasi-3D - : computational cost
+ . parameterized

model - - geometry extraction

- . no cross section shape _ _
- . time consuming

* Analyze: model, IB method, experiment

« Applications: phonation, biological circulation systems
physical equations
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II. Model
I1I.
IV.

V.
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p (%{ + (u°V)u> = —VP + pAu —I—X

< L -
. . A A
o Flow acceleration => changing area R_ 0 \L/x)
flow ) iA _  Apin
. ) . —— ~ man c = T A,
* Viscosity => cross section shape / \
» Viscosity => length of constriction L_ Y./ stanosis ——
L2 x/D
dQ/dx=0 + cross section shape

Q?dA||1dP *u  O%u
— =l +
A3 dx | | p dx dy?  0z?
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Model 'Quasi-3D model

flow x/r -~ flow 7 -

X1 X9 .?C3: X4 X1 X2X3 X4

X3 < Xg < X4 Xg — X3

\ varying streamwise area /

« abrupt expansion: position of flow separation is fixed

e smooth expansion: position of flow separation depend on
the ad—hoc criterion
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Model 'Quasi-3D model

PO_Pd:APvisc_l'APber

viscosity N 1D ideal flow

1dP  0%*u  d%u _du L dP

Lz 02 022 Ydz ~  pdx
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Model 'Quasi-3D model

e Uniform channel

) L
Z‘ ‘ ;Aapma
: "r
/ 0
Y

» Academic cross section shape

S

Re =

V

* quasi—analytical solution

» General / arbitrary cross section shape

na

Cos(ng) sin(mTQ)

b

ngq —1/n1
r(0) = g(0) [ ] =g(0)- f(0), m>0

* pseudo—spectral method

* quasi—analytical solution
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Model 'Quasi-3D model

e Uniform channel

60
1 [m/s] 20 5
) 0.5 5 ~ -
L o = 530
-0.5 w® 20
5
: .\
-1 0 1 0 0 * * * v i + *
yla, 10" e 2 4 N [_]6 8 10
N
dP/dx=75Pa/m pseudo-spectral (M=72) quasi-analytical
| equilateral
0.1467 Approach circle  rectangle  ellipse
triangle
. 0.1467 —
014671 quasi-analytical |%)]
w* 0 0.393 1.44e-14 0.479
0.1467 (N > 6)
01467 X numerical [%]
0 0.046 0.046 4.09 10.69

pseudo-spectral (N=41)

(N > 40)
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Model 'Quasi-3D model

 Fixed width

1 \ P =75Pa
; A_ =0.79cm?
Amin/A =0.3
0.5 y 'D: Quasi-1D
&O b
A ; /' | a
0
. ellipse
1 \
-0. 55 — a+ ab

limacon
» 1D/BP overestimate, underestimate the results

» 80% variation due to cross section shape
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Model 'Quasi-3D model

e Some model considerations

» developed viscous flow I
* laminar incompressible flow Ao \Lcﬁx)
: flow A _ i
* cross section shape - Ao
o fluid Aﬁm\
L2 a::/D

« constriction ratio RC

- length of constriction L_
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Model 'Quasi-3D model

Ly

Ay \Lc Ax)

o R RC=3OOO

flow

Amin
Ao

-~
v____KO;k___
T2 x?D

_ | Prnin — P(22)]
‘szn - P(m2) BP

P,=75Pa
S~ e 0
Zliz= ::::I:Efff::fg amzzZfIlll g_ Amin=0'790m2

-
-
-

_ + : parameter set 1
____________ S ——— > : parameter set 2
O : fixed width

el

BP overestimates for parameter set 1 . : .
BP underestimates for parameter set 2: re,?,’cadaerf) Qg on configurations

Underestimation of BP reduces when decreasing constriction ratio R_
Underestimation of BP reduces when increasing length L_
Underestimation of BP reduces when increasing dynamics viscosity

Overestimation of BP is less sensitive to configurations for parameter set 1
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Model  Applications

1.Stability analysis of a physical phonation model

4 C-0.¢9 | | ng'
: ; el |
Q\ | OBP|
S | —
'E'Z S0 &\\\@ : A initial minimum area
g ©000.4 B, é
1- <?*$}:\&Mﬁ
20 60 70 80 90

constriction degree, ‘I-A10/AO [%]

* neglected for large constriction degree

« important for medium constriction degree
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Model  Applications

 Formulate physical equations for an arbitrary
iand 3D

shape on|2D

» Laplace equation

Helmholtz equation

» \Wave equation

for different boundary or/and initial conditions

|U-F(6)]

F(6)

erry =

errH

o = N W

1 ‘ I
0.5
E o
>
g
05 I_2
-3
-1L
-1 0 1
x [m]
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I1.
I11. Data
« Experimental data
 Numerical data
IV.
V.
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Data ' Experimental data

cl: circle sq: square el: ellipse re: rectangle
Press4feits

tr: equilateral ntr: isosceles scs: small :
triangle triangle clrcular sectm clrcntar sector

A =0.79cm? ---EI
Dimm) 1069 84 78 72 70 67 66

« fixed area
« fixed length
« sharp inlet and sharp outlet

—p position of jet formation, flow separation
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Data ' Experimental data

Pressure
HF/FV
P, 10 < Re < 25000]' P3‘
| q
flow development P, /P,
L 7.(2.35.100.cone) |
flow mixing lcross section shapp
ogp,tgph.tgps
0

H
Al

cone
 Pressure

» Velocity profiles downstream the constriction

 at the outlet (transverse)
 along the centerline (longitudinal)

» Jet properties by flow visualization
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Data ' Experimental data

e Qverview

Label || L, Ly Pressure sensors'!)  Flow field??) Comment
Inlet condition: sharp edges (Fig. 5.9) — flow development
Ocm Py, Pi(Ps) free jet
A 2 :
e 15em Py, Pi(P), Ps confined jet
Ocm Py, Pi(Ps) free jet
B e . N
3ocm 15cm Py, Pi(P), Ps confined jet f
C Im U(_:m Py, Pi(Ps) HF, FV free _]et ‘ _g,
15cm Py, Py (), P confined jet || 2
Inlet condition: use of mixing element (Fig. 5.10) — flow mixing
Ocm P, Pi(P) HF free jet
= .
b 35cm (ogp) 15cm Py, P (P). Ps confined jet
_ Ocm ?0, ]_51 1 ]_jgl HT Tree et
E 35cm (tegpl :
cm (tgph) 15em Py, Pi(P), Ps confined jet
Ocm  Fo, Pi(P) HF free jet =
5 =
d 35cm (tgps) 15em Py, Pi(P), Ps confined jet || £
Inlet condition: no sharp edges (Fig. 5.8) — flow development %
Ocm Py, Pi(P) HF free jet =
G 35¢
/ cm (cone) 15em Py, Pi(P), Ps confined jet E
/ H Im (dlem) HF free jet
teady flow for 0 < () < /min or Re <

(2) Steady flow for 0 < ¢ < 100l/min or Re < 15000.
(3) In hot-film anemometry the upstream channel length yields 1m.
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Data ' Experimental data

 Experimental data: quantitatively

> Influence of cross section shape
» Influence of flow development
> Influence of flow mixing

> Influence of jet condition: free or confined
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Data Experimental data: pressure

 Influence of cross section shape

* ¢l
x el
+ re
0 sq

Atr ‘ Lu=35cm‘
O ntr

< scs _
> lcs free jet

 rectangle and ellipse have almost the same results

« complexity of flow dynamics
« 20% of variation between ellipse and isosceles triangle
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Data Experimental data: pressure

 Influence of cross section shape

AP /Py %] AP/ P) |%)
Ly=0cm | Ly=15cm | Ly = 0cm | Ly = 15cm
Overall impact of cross section shapes: Eq. (5.1) and Eq. (5.2)
. . 33%G) 25%(3)
A (L, =2cm) 21% 27%)
20% ) 27% 1)
18%(3) 27%3)
B (L, =35cm) 18%(1) 23% (1)
17%4) 21%4)
) 13%® 18%3)
C (L, =1m) 16%1 19%1) _ .
15% @) 19%4)
1% 11%!3)
D (ogp) 10%%) 0% %)
10%% 7%

(1) B, = 1500Pa for L; = Ocm and P, = 1300Pa for L, = 15cm.
(2) B, 2= 3400Pa for Ly = Ocm and P, = 3500Pa for Ly = 15cm.
(3 Re 22 3600 for Ly = Ocm and Ly = 15cm.

(1) Re 2= 17500 for Ly = Ocm and Ly = 15em.
» 20% of variation for all flow conditioning
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Data Experimental data: longitudinal velocity

 Influence of cross section shape

Gz £ ¢ «d
; 88 x
/O_gx - + 4 g o} ;r
Ll s ER o ‘ Lu=100cm‘
— 4
._.<>éo. **tt*z/ ':rs
07 +r*$ 8 b / I¢s
5 fLd . i ‘Q=35I/min
0.6 e
¥
1,%%8
0.5 i ¥
0) 20 49 60———80—
X [mm]

« Differences:
 cross section shape amplitude ==y 20%
- extent of potential cone ===y 1<X /D<7

 cross section shape decay rate
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Data Experimental data: longitudinal velocity

 Influence of flow mixing

|L,=100cm|
R * ¢l 6 0 * cl
X 8 o x el
ngo +(reeI eﬂagoo +re
+ . 0 sq
. 908 054 t.n 8.°, e
q 8 * 8 O ntr
* % % ¢ o l O ntr X % 2 o
Tx x4 (¢} d scs + x * o d scs
¥ * 2 8 lcs + % ¥ B o Ics
¥ 2 U * * x ¥ 4 [o]
*. 5 8 * < *§.oo
I * 3 $ 8 v, x*e 5 o
. * g 8 : fL Tt
4, ° 0.5 X
0.5/ l ‘ | i | ‘ ‘ +,
0 20 40 60 80 0 20 40 60 80
x [mm] x [mm]
Q=35I|/min ogp + Q=35|/min

* Differences:
e cross section shape decay rate

e cross section shape amplitude w—p 10%
« extent of potential cone == 5 times difference
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Data Experimental data: transverse velocity

cl: circle sq: square el: ellipse re: rectangle

tr: equilateral ntr: isosceles scs: small

triangle triangle :
A =0.79cm?
* major axis: >
* minor axis: =--r=-- >
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Data Experimental data: transverse velocity

 Influence of cross section shape

T

X
o * cl
W}i : x e|
o : .
0.8/ ¢ | L ‘ Q= 5I/min
" L - | o tr
L 06_ *b ¢ R ..... O ntr | . |
S M ¢ | 4 scs 'minor' axis
E o 4 Ics
S 04
o
%pO
4
0.2/ -
*
ﬁzhhma;}gyynbl LS ‘ & e 7 B
_’| O 1

y/D [-]
» cross section shape —® boundary layer

development
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Data Experimental data: flow visualization

Q=5I/min

* Flow with free jet:

» observation: flow structures (vortices)
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Data Numerical data

* Immersed boundary method

p (2—?(}{, t) +u(x,t) - Vu(x, t)) = —VP(x,t) + pVu(x,t) + f(x, )

f(x,t) = /UF(s,t)cS(x — x(s,t))ds

* Incompressible laminar flow
 Rigid, no-moving structure
» Impose pressure gradient: inlet & outlet

* Impose P=0Pa for remainder boundary

t . >0.04s, quasi-steady: t>0.02s
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e Simulation characterization

Data Numerical data

XY¥Z <=

24 23T 225>

>

5cm

172.5¢C

Ly

Lc

15cm

aU

XYZ <-2.7 -2.7 0>,

1 A~

[ =

Y

Y [cm]

P

WH\

1.0
0.5
0.0k
-0.5
-1.0

TTTTTTTTT
%

/

H\H‘HHH

2

)
/
<

L7
2

N
[ \[

-1.0-0.50.0 0.5
X [cm]

%

1.0

i -
.
LR
PR
SRR
YAVYATAVAYAVAVAYavy

VATV,
e

i
VAVi%)

STV A VAT YAVAVAVAVAVATAVAY

: Mﬁ'g'%xﬂ;’
% ;
RAEEIERRESE
o

:
L

b
-1.0-0.50.0 0.5 1.0
X [cm]
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Data Numerical data

0.000 210.2 4204[cm/s]
e B E |

= 2.0
I am
— =1,0
N -2.0
5 10 15 20
Z [cm] ey o
P,=35Pa, P =0Pa + circular sector
Observations:

» flow development / vena contracta

 reattachment of jet
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I.

I1.

I1I.

I'V. Validation

« Experimental data

* Numerical data
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Validation | Pressure

~-BP —mod
0'3,< —Th2D 0.8 1B
----- ThAxi |
0.2 —cl mod 06 :
T —— re mod —_—
e / * cl exp = 04
o
= 3'13; / X re exp &O '
o 0 e — cone exp o o2
% * Wermmmmeen * O ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
£.1
‘ | -0.2- | ¥ ‘ ‘
__0___F00 1000 1500 -2 0 2 4 6
P, [Pa] Z/IL [-]
c
‘mod+exp‘ ‘mod+IB ‘

 can not capture flow dynamics . useless at downstream

« agreement between modeled
and measured when using cone

* 10% within constriction

« <5% for P,>300Pa
> 5% & <20% for P,< 300Pa
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Validation | Pressure

* Quantify the variation due to the cross section shape

10Pa 20Pa 35Pa 60Pa 80Pa 100Pa
~ S ~ ~ =~
10 IBME ME IBM “ME  ME |B|V|E
0 % %+ B : 1B method
% |
5
-20¢ E : experiment
» cl
30 - o
o ore |
- sCs
“4% 20 40 _ 60 80 100

P, [Pa]
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Validation | Velocity

-e-mod ---mod
- eXp *-@X
— x"*x‘“*x“*”"%xu*xx*x‘"*”x*"“"‘x
06 5 . ;
s o Rx AL N,
€ E of post X
2 04 ,# X,,*
0.2
‘ 3 ;
-0.5 0 0.5 -0.5
X [-]
rectangle ‘ mod + exp + IB circular sector

» 40% difference of maximum velocity

 match near the wall

« 20% better approximation: IB>mod
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I1.
[1I.
IV.

V. Conclusions and perspectives
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Conclusions and perspectives | Conclusions

Experiment

Quasi-3D model * influence of cross section shape
* influence of flow development
validated influence of geometry * influence of flow mixing
(cross section shape, L, A) « complex flow dynamics

 within the constriction (pressure)
« at the outlet (velocity)

not useful downstream the constriction
can not capture complex flow dynamics
no turbulence

1D / 2D models 3D model

« a small aperture  capture some of flow dynamics
) f"‘.‘St geometry

e simple

high computational cost
no variation of initial condition
no turbulence

* negative points
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Conclusions and perspectives | Perspectives

Stability of the flow patterns
Transition mechanism : laminar =g turbulent

Flow mode| =——=$ turbulent + unsteady + arbitrary/
varying CSS

Interactive boundary layer method

IB method =P full fluid-structure interaction

Refine applications, such as speech production, blood arteries,

geo-physical flows

Evolution of replicas, such as rounded corner, smooth inlet
—Pp- all cross section shapes
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Conclusions and perspectives | Perspectives

* Unsteady quasi-3D model
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Conclusions and perspectives | Perspectives

Rounded corner 3D print

free jet
0-4*\ * sharp “sharp 0-?\‘ “shap
x smooth 0.15 x smooth x smooth
0.2 01
o 0 R n® 0.1 &0 0 W*\H—*
- Vi —* ~ -
o o o
0.1
0.2 0.05 =
J ——, 02
05 1 15 2 25 ‘ 05 1 1.5 2
Re?) 5 5000 10000 15000 Re [ 2
(a) circle (b) ellipse (c) small circular sector

confined jet

)( * sharp -0.04 1 * sharp 0 * sharp
0'3\ * smooth | * smooth x smooth
0.2 % -0.08 S -0.05 =
= 0.1 — -0.08 o - 01 %\_L
) T, o R —
0 — * o
01 NP m 02 pg
bl T 0.14 0.25 e
03 |1 Y, ' wd T
0.5 1 1.5 2 25 5000 10000 15000 h 0.5 1 1.5 2
Re [] x 10* Re[] Re [] x 10*
(a) circle (b) ellipse (c) small circular sector
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Conclusions and perspectives | Perspectives

e Rounded corner

1

0.1 :szgac;p5mm P0=75Pa

0.8 005 “_ | . A’ ~0.790m?

—up &down | amin/a =0.3
006 O | 0X2
o e X
o 04 / S

1 _ °
02/ _______________________ _____________
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Conclusions and perspectives | Perspectives

e Rounded corner

Q
5 | * M sharp _ 2
0.3 | | x M rounded Anin0-730mM
| + |B
02 _________________________ ______________________ - fo) exp
i o | | confined jet
&O 0.1}
D_‘_ O Silekc :
%
-01 +
Iu o o © © ©
Li,f:;?;,..c: O ORI SRR SR SO
200 400 600 800 1000 1200

P, [Pa]
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Publications

« Journal articles (3 published)

1. Wu B,, Van Hirtum A., Luo X.Y., 2013. Pressure driven steady flow in constricted channels of different
cross section shapes. International Journal of Applied Mechanics

2. Wu B., Van Hirtum A., Pelorson X., Luo X.Y., 2013. The influence of glottal cross-section shape on
theoretical flow models. Journal of the Acoustical Society of America

3. Grandchamp X., Fujiso Y., Wu,B., Van Hirtum, A., 2012. Steady laminar axisymmetrical nozzle flow at
moderate Reynolds numbers: modelling and experiment. Journal of Fluids Engineering

 |nternational conference papers (4 published)

1. Wu B., Van Hirtum A., Luo X.Y., 2013. Influence of cross section shape on the outcome of a two-mass
model. 21st International Congress on Acoustics

2. Pelorson X., Van Hirtum A., Wu B., Silva F., 2013. Theoretical and experimental study of glottal
geometry in phonation. 21st International Congress on Acoustics

3. Wu B., Van Hirtum A., Luo X.Y., 2013. Influence of cross section shape on steady and unsteady flow
through a constricted channel. 10th International Workshop on computational system biology

4. Wu B., Van Hirtum A., Luo X.Y., 2012. Analytical solution for pressure driven viscid flow in ducts of
different shape: application to human upper airways. Acoustics 2012 Nantes
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Thanks for your attention!
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