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The unsteady respiratory airflow dynamics within the human tracheobronchial network
under resting condition, maximal exercise condition and high-frequency ventilation (HFV)
condition was investigated utilizing Computational Fluid Dynamics (CFD) technique based

on a finite volume method (FVM). For the resting condition, peak Reynolds number (Re)

number of 1.75X10° and Womersley number (Ol) of 2.37 were used, this corresponds to

the tidal volume (VT) and the breathing frequency (f) of 0.5L and 0.2Hz, respectively. The

Reynolds number of 4.66><104 and Womersley number of 4.47, corresponding to the tidal

volume of 3.33L and breathing frequency of 0.8Hz, were selected for the maximal exercise

condition. While the Reynolds number of 4.37><103, the tidal volume of 0.05L, the
Wormesley number of 11.87 and the breathing frequency of 5Hz were used as a condition
for HFV condition.

A three-dimensional single asymmetric bifurcation model of the upper airway based on
morphological model proposed by Horsfield et al. (1971) has been used. The simulation

results for both inspiration and expiration phases agreed with experimental results given by
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Nishida et al (1997). It was found that during the high-frequency ventilation (HFV) the flow
is dominated by the unsteadiness effect, while the respiratory flows at resting condition and
maximal exercise condition are dominated by the convective effect. It also was found that
the respiratory flow under the high-frequency ventilation behaves in the similar way as in

the straight tube. Hence the geometry effect becomes less important in such flow

condition.
Keywords: Oscillatory flow, Respiratory flow, CFD, Numerical, Asymmetric
(A%an) bifurcation
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s o

3 35AHWINBIVY

3.1 2aULYAITWIDY

1) @nsztupumslnasesemealuszuumadumslenauun  (Upper  Respiratory
Airway)

2) euuuuvasszuumaduwmglailddnmanduduwuuy 3 34

3) wasanemImiela 3 113z lewA Resting Condition, Maximal Exercise

Condition Lz High-Frequency Ventilation (HFV) Condition

3.2 NMIARWINUIVLNILATINIT

frTuNIEIARWI ldutInIdinenaanden 2 8% Aa NIIRINABLUUN
1 mesh model wasszuumatawinslanazlilunsdneluauiasih uaz mIRIRua

FNNEMI RaTIaIMAlASNITIRUATNIZANS

3.2.1 Msaeanuuvzasszuumadwme laia I lunrsaiwom

Lﬁadmﬂﬂnmmaai:uumaL(ﬁumUlwaogﬂaULL@iaxﬁﬂﬁmm@ﬁvlsjwhﬁ'uﬁuagjﬁ'u
WA 878§ waztinwin erlunsaiaduuuufiin mesh model VoITTUUMNILGH
mslaﬁl%’tumu%%'ﬂftazﬁwaagﬂmemzmm@mn (Horsefield et al., 1973) dsfaidlud
wanlaoly dsuaasluguil 2 wazeail 1 Sruguisuszamavassuumadumslefia
I#lusudspiiazidanvianodunislaiuann trachea uaz bronchus dvasdanmwaiiiuvio
woni ldauanay (asymmetric bifurcation) LUy 3 U@

FWSUMIENS mesh model vasrzuumatdumelafiasldlumnuisoasldlysunsy
aaufaainieiisonit CATIA Wumsslasssduuuy uazlsunsay GRIDGEN lu
MIENs mesh uar  mMwuaswmasvasduuuuiialtlumsdinannisnalulusunsy
cFD aalUdsaznanisnoazidoaluinge 3.2.2 Tagsiwin mesh cell fazlElumsdinio
mslnafidmiurianun 159,872 nodes Hafs1wan mesh cell Mdanldaonannlainsanmn
anulmessuIn mesh NNadamMIEIWIIEIGILE (mesh sensitivity study) UAZWLT

W% mesh MFaNAINEIIEMIUABLULN Tz T WI1I% mesh ﬁﬁaaﬁq@ﬁﬁ'ﬂﬁwami
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(2
(%

fwrnndaiaiaiudaszdasiuin mesh cell wananitansmeas mesh cell fiazldlums
dwrmmazlansmzidu structured grid asuaaluzui 4

inaftazas multi-block ldpninanlElunsudisduuuulAiduofandrsg dodanis
8519 mesh Bnrdvtiadszndanalumdiwain esenlysunsy CFD Aldmunsniies
wtismsdnmimms s luudazufenlufinenfiuaesiedasing luns@iinndendueos

ABURAABTNANY GLATBITNENK LazdnILNWIdshiwinudannlslvinny 84 uian

pareni airway

| Py
|.“-.-'

ivi

ﬂa Ri
</ N

RN
right dawghter "™\ ':/ /
dairway \

leff danehter airway

7
/D‘:’:lll

/

Eﬂﬁ 2 u,amwmﬂmaas:uumaLﬁumﬂ‘lamaunufﬂmﬁanmwn Trachea LLaz Bronchus

Right

311 3 UAAIIZULNTTIINTD bronchial tree 11 Horsefield et al. (1973)
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o

i

Branching angle (°)

Flow (% of trachea)

R/d

Length (mm)

Diameter (mm)

Branch

100.00

0

100.00
50.00
16.00
11.00
22.00

16.0

0 (trachea)

1 (left)

45.0342

4.5

73
48

12.0
7.5
8.0

18.9193

3.5

2 (upper left)

26.1149
54.9658

6.3
3.0

44

6 (lower left)
10 (right)

35
6

1.1
7.3
8.9
52
6.4

18.9193
36.0456
9.9316

1.7
2.3

3
5

15.60
26.00

11 (upper right)
13 (right)

8.0
5.9

1

15

21.00
8.00

14 (middle right)

26.1149

15 (lower right)

11 Horsefield et al. (1973)

°

1 AN UAAIYWIAVDITZULNIILA I ﬂi%@lﬂ%ﬂ%ﬂﬁ‘l’i%ﬂ

'
=

AN

Parent airway

s
e
2y
7
s
i
i

v
5y

=
i

Left daughter

b

<
R

TR
PR

e

T
s

EEE

R e
SN

Right daughter

%
S
o oows
2

1‘]&6%8\‘16’]?’]’](‘1

°

ANRATWBNIT

31%1%1’]']3

lofio

LULNIILAWBHNEY

u

519 4 51uanI mesh model o935

U
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3.2.2 nsiuwaan1zms luazgasarmeaniia 19 w1360
Aouflazinsdmasuasiiansinisinazesaimersdasiinmyiwuasniizns
lnavasenmarien  legldinmsmnuadudsdn giisnzisudulusdasUszinnuans
wishdiuaadlumned 2 dmSuisitusesmmnelafiesinnuafimadhaasmadunan
(parent airway) afinwualuianTuseIanuERIRIUNRM v () duldauanugunus

284 sinusoidal function AILIAIIAENNNT (3)

V)y=U_, sinwt

(3)

= = = = >
I@EI‘YI Umax = mmmLaaﬂgoq@madmmﬂﬂmum trachea

@ = anualummela

28 7™\, HEV condition
% 56 ] / \ /N -/ \ / \
2 25 Aavvaanasdanananandaanananan i
g 24 Vo o/ v/
] ./ \J/ N/

[

b

.
[
oy
-

(=]

-

b

-

$i

' < e <
517 5 uanslaizuuas Lung volume Miilw sinusoidal Werizuaasn1snizalonuy Resting condition

waz HFV condition Nagldlwn1sninwaanisanlavauiuauasnisainio

12
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midnmazimualasinaflfiduomefddanunuwuiu (p) iy 1.225
kgm® enanunitaraseannie (L) widu 1.79X107 Pas losdguaudfiduvaslng
Newtonian Waztdanldan1zmsmawuuuisey (Laminar flow) &wsuan1izmImsla
LuuUnG (Resting condition) wa mslnasuuduin (Turbulent flow) WUU Large eddy

simulation (LES) fnIumImelanuy Maximal exercise kaz HFV

Resting Condition Maximal Exercise HFV
Tidal Volume, V(L) 0.5 3.33 0.05
Breathing frequency, f (Hz) 0.2 0.8 5
Maximum mean velocity at the 1,562.5 41,625 3,906.25
trachea, U, (mm/s)
Reynolds number, Re 1.75X10° 4.66X10" 4.37%x10°
Womersley number, O 2.37 4.747 11.87
Stroke length parameter, L/a 310.85 2070.25 31.08

A15191 2 Aausane guasanmamalaanzmsnalanaazuuy

3.2.3 n1sawImnisinazasarnaluszuunisiauniels
TumAarzdntivavasainadsalaaluszuumadwanglanagltluawise 2
° A a ' = a
181N TUNIIAI I WANT I aUaITad aN3und1 CBJ Code @dtiulisunsnmidaizw
mylnavasvednafviauuuinginvessndouitiBeaaauuuy  Finite Volume Method
(FVM) T2unU3T Concurrent block Jacobi (CBJ) taltlumsuddaymsuniinslnaves
TeuunItauniala
a A Y . A a 3
FUMINT MAaVaITTUUMILaunialaazifanltaun1s Navier Stoke G9Tuu LAY

qUMIIA (4)
0

V;,j,k _Ui,j,k +ZF;'§/ =0
ot 7

(4)

=)W

1 U, fadanuiiaffiwavesdinnnuiy U usz F, fadn approximated flux H1w

kg —

WWHL S, LLa:NasauagnwW l:(ii%,j,k), (i,ji%,k),(i,j,ki%)

@1 Numerical flux vector aansausdaantduzesdIn Ae convective part Was

diffusive part lasfiguuad convective part %Qﬂﬁ’muﬂiﬂﬂ high order extension Roe’s

13
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scheme lagdl limiter ﬁ%zgﬂﬁﬁqma&lﬁa total variation diminishing (TVD) (Hirsch, 1990)
fIuLNaNvay diffusive fluxes ﬁ]zgﬂﬁﬁuamiﬂﬂlﬁ%% interpolation Wa central differencing
28467413 conservative waziiavhlinisduwiniiaiafinsnin Implicit time stepping azn

° @ & . . o o v 1o = £
anld  uananuu  local time stepping  azgnlFlumsvhliniadgdaeuiiiin

14
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4 HaN1INA[DI

ﬁagaﬁ'"lﬁmnmimﬁmaomi"l:vsamaammﬂ’[m:uumaLaumﬂﬁ]ﬁm%%mimi
Az madsauavudads 3 snzmImela ldun Resting condition, Maximal
exercise condition Lz High-frequency ventilation (HFV)

ﬁﬁ%%‘uﬁagaﬁaﬂﬂummﬂ%wLﬁmJNamﬁLﬂﬁ:ﬁms"lmamaammﬂim:uumuau
winlafldanmisduam andudayareinnuiiivesaInIa ANNAUYEIINA LAzaYNA
209209 Wa lapazfenuSouifisuanzaadiuaadluzui 6

ﬁayaﬁvlﬁa’mNamsﬁnmmﬁmmaaamﬂu 2 gudmnsumamelandazlszinnie
#U8992999mzMIwelawdn (Inspiration phase) Waz T2939nIznIwnelaaan (Expiration

phase) augadlu 31 7

P (posterior)
Pl
R (right (left)
P2 A {aterior)
P3

{ o ] 1 { o [ §
3171 6 uansunkas g s lwnmsiiudayaie@neuazdSauiiey

15
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25
R N ~
t 1/ 0\ / 0\
g “5' ,/I"Sl’i’a'j““ \__ ___/I:qmamm\
£ \ /
.'-%i 0 H! z Il—a }'-_f!:f,'r "lj;r :\'Ij,f[ 7 i
£ \ /
= A 4

25

Time period (Rad)

sun7 ANUEAIBIINIZN1IWI8 a1 wazwnelaaan

4.1 anznsvglanuudnd Resting Condition

gnazmamglauuulnd (Resting condition) azlddaudsdne g Aldinwuadnlums
fwI et
- Tidal volume (V) =0.5L
- Breathing frequency (f) = 0.2 Hz
- Time period (T) = 5 sec/cycle
- Time increment (At) = 0.01 sec

- Maximum mean velocity at trachea (U__ ) = 1562.5 mm/s

- Maximum Reynolds number at trachea (Re) = 1.75><103
- Wormesley number (QL) = 2.37

- Laminar flow model

4.1.1 99n2zn13%18 (912 (Inspiration phase)

dmdumamsladhiiannzdnd slraseanuiiiudaswindalduanslilu i s
%d%zLﬁ’J’i’l Velocity profile IMINAUIAIN uniformed velocity profile %dﬁmu@vﬁﬁma
19 11w parabolic profile udiilasanrianaduwnnslagiousn (trachea) Jvwialdsnine
Ferhlimislwalinsdawdaldiduguuy  parabolic  profile %w:é’uﬂ@ﬂﬁmﬂmmm

a X a { . . o
boundary layer FONUAULANTUMNAANIINT AR LWadInIIusn? bifurcation &1A1T WA

16
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va4a1meazgnuLsaanidu 2 mMInuvIIaYad bronchus lasdanaunsinadivians
W@umeladuanaziidyinny 55% wadaainnsinad trachea Uar 45% 2adaaIns man
trachea fnIuviamaduneladude
%é’amnﬁmmﬂgmmdaamﬂuaadd’muﬁf’s Ainausn (bifurcation) lTuaiunidusin

[% a £ ' = [ (% . {
Idsaziimylnazes secondary flow 1iadin 1 ¢ auuwd R-L Tazdainaldann flow profile 7
fanwauerindnnsalinuluvasainlds wladunanuad bifurcation) LAZANBMLEEAVD

. A o Ao \ o A o . i & X a
flow profile azgnidaslunsiaiidrunanvasdinlds (MIaduluaas bifurcation) Niikifiaan
A . A ° o A a ~ & A . A a
u3anvas fluid element AignvilwilAsuniane Saaziwimaidosnas flow profile fifia
Iuvia‘vmLﬁumﬂﬁlﬁmmﬁﬁaﬂﬂi’\sﬁﬁmﬁaamﬂquﬁm\uwﬂmamamaﬁmmwzﬁaﬂﬂ’h
mMasutne annssuiludiulas (curve portion) luriamaidumeladrudroaziisnnnin
td 1 1 v U { a 1 1
T AWINNT Mavada maluriansdudisazinnidfsufianisinnnituasinsniu
fulAaNuINNI1 G9%n fluid element 398usInTzyi bitAamsdosuuunnninvildiians
= = o . p= PRi o

Inauuy secondary flow Svazilluaingliuanvas flow profile inaifuseanldmadiuuan
vossrlidinlas nie neduluzes bifurcation asuaasluguil 8 uazilafasanluuwiniin
Qs 1 a J 1 { a
GA299EWLINN secondary flow tiadulasaziiunuanainatanuiwd AP lagsiuiiia
secondary flow 3zaglnanunilin19dUuuanas bifurcation (WIaduluzasduriales)

gﬂ‘ﬁ' 9 ULRAIAN Velocity profile NATNAAES ¢ aaLIga R-L (outer wall to inner wall

. . { { [ v 3 ¢
of bifurcation) e NuTINMTIMazase MagIngaludimizniimelad (Re =1.75X10° ) &9
zAwI velocity profile zilianwacngniinliidoadhgmanibsduluzas bifurcation (w3e
dunanvaddinlds) lag profile azfiinwnznlansan 2 9aNyalEuduianIuENTDI&
mylmanunnnviamadumelanan  nuwlaamalnaruasnngimadumalanuen
nnvienan wasiiesnndniwavasanuniia Mlinslralininauiallesann profile 7
' o A A a VA = @ . Aa A g P
deudvazlveanGuvudiisesganen luiludnwuzuas  profle  Ndansanfigaduuazdl
o & ) = A X o [
snwunduwgasaaidor uazluunizifoaniu boundary layer Aaziianaunuwinadn uazdwiy

anEUeMI aTasonManaInnusdwglussrasmamsladfzianwaenasnonn
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{ a { o ' { [ 1 [
3171 8 uansanEMzNTIMaInkIGAA JiaNaSIgega (Re = 1.75X10°) lugrwdenrzmaloidn

(Inspiration cycle)

18



neogmalingd veloadty

a5 e ——
outer wall _I ) inner w_i]l

(a) Right daughter airway

normalisy dr slociy

dygyuavi TRG4580071

B

(b) Left daughter airway

{ { o 1 a { <
Eﬂﬁ 9 LLEAI Velocity profile ﬁ‘lﬁ‘ﬁ;’]@m@’]\ﬂ%’ﬂaﬂ’]dLﬂ%ﬁ’]ﬂ‘lﬁ]ﬁ’]%ﬂ’n (a) ILagag (b) ﬁﬁ']']“l:i’]g\‘]

galugndmznmamgladinglaganznmsmalosuuind (7, =0.5L, Re=1.75X10’and O =

2.37)
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d & [ H < '
311 10 anpazmsivavasanmavasinaludsnizmalanfianuniaign (Re=1.75x10") finneian

trachea nalaan1iznismis ey resting condition
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4.1.2 99nIzn13vgloaan (Expiration phase)
Tugr9anrznamelasenaziinisiirnuannusNnNadn Daughter airways Nagne
& Ao Ao & . i . Aa
waza  lesanusininuavziansmetdu  uniform  velocity profile  lasfiuuavad
& A« g AL o ) . & o A9 oo A @
AN T UNISTUNTUALIAOY  sinusoidal WIATH  8@31NNT MAan lEiRuaNn N9
daughter airways T8uazv M TURATIN 45% WRZ 55% VBIOATINT AN trachea dNY

fdu anudigagalursdaniznmaniulisaniiialdn trachea a:liidn Reynolds number

(Re) = 1.75%10° %oﬁ]:ﬁ@hwhﬁ'ummﬁagdﬁg@luﬁ’mﬁ‘am:ﬂ’ﬁmsﬂmiﬁ

dadnmslmannvamadumeslatiouszen  enmeeswadnansanulurianan
parent airway Mé’dﬁnﬂﬁﬁmﬁmﬁmaammﬂ‘ﬁvlmaﬁrm bronchus ‘Yﬁ;\‘iaa\‘i‘ﬁ bifurcation &
Hamslnaiuzasaymavedlng Faazvn e secondary flow 2 @J’ﬁvia%é'ﬂ s'fiaLLam”L’S’lugaJ
PaanaaianuSIinidadg g lu parent airway aaugaalu 3U# 11 msifia secondary
flow lw parent airway Witasunainmiasuianemslnasgranssiuiuassenmeai na
4131n daughter airways %Gﬁlzﬂi’mg secondary flow asha%’mﬁmmagﬂ bifurcation Lz
secondary flow azﬁua@auﬁams"lmaﬁmiﬁwmﬁammia@mmaa parent airway %G%
FILNQbFN velocity profile ﬁﬁ;@@m 9lu parent airway @1uuwd R-L lusuil 12 azdudn
AN HSYDY velocity profile ﬁ]zLﬂﬁ&luﬁ]’m profile ﬁﬁﬁ;@lﬁvaavlﬂmw’nﬁﬁ;@ P4 (sl,ﬂﬁff
bifurcation) lthilu profile ﬁﬂﬁwwwﬂuaﬂﬁﬁ;@ P1 (3282%19370 bifurcation aanlUaudie
NINT AR

nndnngmstiaduansszuaaslfaululvasmslnasasaymezaslnadsuaaslu

A [ o @

=S =3 ' { a . . [ '
sun 13 "'ﬁ\‘i"dzL‘Vlu’]’]ﬁi&ﬂ’]ﬂ‘ﬂﬂﬂﬂﬁdq%ﬂﬁaﬂ@]@ﬂﬂN%x‘i@l’]%%ﬂﬂ‘lla\‘] bifurcation (@]’]%1%‘1]6]\‘]&’]%

U

U
Mdurialds) anﬁ@msmﬁﬂuﬁﬂmomﬂﬁq@ﬁﬂﬁlﬁ@ secondary flow Va4auNIAVIVEY

Tnanuissunanaad bifurcation LARRIINNNAIMA IRANIUYIEATIVEY parent airway Liha3

nnanswarzasanunitarldmsluWawmllg fuly developed wazvihl# secondary flow
W b
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o

{ < { @ 1 { [ 1 [
gﬂﬁ 11 ULEAIAMANLSINURIA AR qﬁﬂﬂmsagoqm (Re = 1.75%10°) Iuznr999nrzualaaan

(Expiration phase)

22



normalised veloc ity

0.3

A T

o 03

non-dimensional diameter

a) Parent airway (A-P)

r—

normalised weloc ity

Tygyavi TRG4580071

frg]

E T

0 0.3

non-dimensional diameter

b) Parent airway (R-L)

311 12 usn9 Velocity profile ﬁmwﬁ'sgoqﬂﬁ trachea (Re = 1.75X10°) Tuz9dsnrznnzlanan

(expiration phase) melaaniie resting condition
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U1 13 uaasaunmazasinaiianausgean (Re = 1.75x10%) Tugasdsnazmzlanan (Expiration

phase)
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4.2 ﬂﬁi%ﬁﬂiﬁ)i%mmzaaﬂﬁﬂﬁdﬂ’lﬂ Maximal Exercise Condition

gnzmavnglaluumzaansnadinie (Maximal exercise condition) 3zAANAuLlS
99 Alainualumsdw uesit
- Tidal volume (V) =3.33 L
- Breathing frequency (f) = 0.8 Hz
- Time period (T) = 1.25 sec/cycle
- Time increment (At) = 0.00125 sec

- Maximum mean velocity at trachea (U

max )

41,625 mm/s
- Reynolds number (Re) = 4.66)(104

- Wormesley number (QL) = 4.747
- Large Eddy Simulation (LES) model

4.2.1 99n1zn13ua 10127 (Inspiration phase)
Fnsunsvglangnzameaaniiasnig gﬂmadmmL%aﬁl,wia:%ﬁwﬁ@vlﬁl,l,am
13w g'ﬂﬁ 14 BILAIN Velocity profile ININUWIA291N uniformed velocity profile GN)
o oA £y & . Aa A a X A
frua biAmatn Mol flat profile Aiianurwwes boundary layer ALANIUAINAANN
My lnasuilasnnandninavasanuniia (viscosity effect) wazluuwildaunaznamwida
vl parabolic profile udtiiasannvianmaianmalasisusn (trachea) fawa ligranadaninle
= o o | & . . A a ' Y
mﬂmwmiwwmmvluL@mgmwu parabolic profile GmfﬂxugﬂLmumaamﬂmlumauﬂm21
AunsalwasgAzmInielatng feuauan Re ﬁi%ﬁﬁﬂ%'uanﬁu:mm:aaﬂﬁﬁamm:ﬁmga
wazanuInfinsanlieglugrimsivanGuiimaudasuain Laminar g Turbulent figny
Wahinsuen?  bifurcation éwmirvl,mmaaa’m’mazgnu,maamﬂu 2 MIANTIA
2849 bronchus lagaaTawNT et vianaduwingladiuuinaziavinny 55% wa9aan
NYMAaN trachea WAz 45% VaIDAIINITIAAN trachea AwTUviaMILGuniIsladude nas
nnfemegnuiteaniduaasdiuugs Aivauan (bifurcation) ludrnfidusiuldsazins
a J 1 0 Qs U o > a
lava9 secondary flow LAeT% uwddnIUMTManuldan1zrMzeaniaINIBAzLAe
double secondary flow NUSLIMING bifurcation luviafusnaannItiouazwn lasaziia
secondary flow MNWIGIUUENVES bifurcation (duluvassiuiiiurialaslu  daughter
. Y . . A . i o Aa \ '
airways) Waz duluwad bifurcation A carinal ridge WARRIMNARNNTIAANUE daughter

airway nagadadlyl secondary flow Avianeuluwas bifurcation &AL carinal ridge 3¥1K18
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A o v o doe ag

1 ﬁnﬂgﬂﬁ' 14 AU flow profile NAanwazIdRTaRauluvasdiulas (WTaduuan

=

284 bifurcation) wazdnumzuanval flow profile azgnibusldmesalidunanvassiulds
A o X i & X a A . A o o A PN
(Wiaduluzas bifurcation) Matifinanusidasvad fluid element fignvlwiUasufiamg
{ [ = =4 ' { . { a ' Aa v
Wasnnussluuwdsaldl Fsazduinnmsadeosvas flow profile Afaluramadumealaduen
desnidaitesnnyunmanensasvienaduinasieenimedutie - annsduiidu
' (% . ' a [ LY ' = < '
#ulas  (curve portion) luriamadumsladiudioaziinannit Tezduinms mavas
amaluramsmudigasimadasuianmeunnninuasimsriudiulasnuinnit - aanu
fluid element 398ussnsevildifamadosuuunninyldiiansinauuy secondary flow
s & o . = A o o A o A
Trandusinglivenzas flow profile imadusaanlunsdunenvasimdaiulds wie
masuluaad bifurcation waziilafansanluiwintinadauansazwuing secondary flow LAq
‘&’ U { =3 1 U Qs L= U
Julasazfiunusuanainuumws A-P laoduiiia secondary flow azaglndnuniianisdu
uanvad bifurcation (Wiaduluvassiurialds) uazdmiunsifia secondary flow 8n 1 g7
carinal ridge “uanamuInatLeldiiasnnmaiamsuenalvasiimsinasdeTiasin
. . o v Aa ' = a & { . . { a
carinal ridge ml%m@gmaa secondary flow YVWALRNLAATUA carinal ridge Watianisuen
T18LINIIURUA carinal ridge vilRayn1avasasinaiionsifsuiianisatamasud
ldmusafiezngacuiimilnazaseymatnufosld vldifaguas secondary flow @9
N A
N&NAWA carinal ridge
3Uf 1537 9 usaIA Velocity profile Aintdasnig auuwIda R-L (outer wall to
inner wall of bifurcation) fiaMTI MIlnavasemeagingaludamizmimaladh (Re
4 = < ' . . A o A ° v A v o o
=4.66X10 ) T9aztAwd velocity profile azlianwmizigniinldidoadrgnsniaduluves
bifurcation (#3aduuanvassulas) las profile xiidnumzNidansan 2 9anyaEuduifia
MIuunVaIsIMT Inanannamadumeslanan nnvulaanmealnaEIuaIungInaan
melafuonannvieanan waziiesnndninavasanuniia mlinslrainnamaliadsann
. A ) a A A VA = @ . Aa A £
profile Ndaudsazlivaafioundfisasyavaa luiludnwmzuas profle Nilgauaangiu
uwazlanwuiuaasanifion wazrluumi@oriu boundary layer fazflanunwinadn uas
fMRSUANE M ezt nanaianusdnglutisaesmmmneladnfesianwmen

AR
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o

{ [ { a 1 { < 1 a
311 14 uaasanEazNs MaiInIIAAG19 9IA5I5980 (Re = 4.66X10°) Tuzrsdasnazwialowdn

(Inspiration cycle)
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a) Right daughter airway
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b) Left daughter airway

{ { o ' a { [
Eﬂﬁ 15 LAY velocity profile ﬁ%ﬁ’](ﬂﬂ@l’ldi%ﬂaﬂ’]d Lﬂ%ﬁ’]ﬂsla(}l/’l%’ﬂ')’] (a) Lagasg (b) ﬁﬂ'!’laJLi'!‘e:!\‘i

galugrdimzmamgladnnelasniznismalowuy maximal exercise condition (7, =3.33 L,

Re =4.66X10" and O = 4.747)
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trachea msfléfama:mﬁmﬂslmmu maximal exercise condition
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