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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



Tygyavi TRG4580071

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

20
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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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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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i iy [ H & '
311 16 ANBWEAIIAAVDI mgmﬂmaavlﬁa‘lumwazmﬂsla L‘if’lﬁm’mﬁ'sqm (Re=4.66X10") iN19121

trachea msfléfama:mﬁmﬂslmmu maximal exercise condition
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4.2.2 99nIzn13vgloaan (Expiration phase)
lugredsrmzmimelasanmeldznizmamelavaceaniiaime  aelinsmnue
AN Daughter airways M9T8Uaza  lasanuisiinuaaziianwuiiu
. ) . Aa & A« el AL o ) . &
uniform velocity profile lagfvwevasnnau il uWasTunIunuaIena sinusoidal Wn
Th 8ANMNT MANLTARUaNMaTn daughter airways douazanazidusasin 45% uay

55% WadIanIINTIAAN trachea SUEIAL mmL%’Jgaq@hﬁaaﬁ'@mzﬂﬁmﬂlﬁlaaﬂﬁi'ﬂvl,@i”ﬁ

trachea 9z1##1 Reynolds number (Re) = 4.66X10° %w:ﬁ@hmﬁﬁ‘ummﬁagaqﬂluma
Famzmamoladh Samsimuadn numerical boundary condition 6149 aanaIaziMY
frunanlannuanzmamelanuudng

nnuafildnmadenzimslnsvesonmeadisldsunsa CFD azwuiiiadnislva
nnvamatdumsladionazen enmaaslnananunulurianan parent airway %ad31n
ﬁﬁmﬁwﬁumadmmﬂﬁvl,mmﬂ daughter airway ﬁy’\‘]aa\‘]ﬁ bifurcation 3LLAANNT MARIUVE
auN1AT8Y MA FaazvnlWiAa secondary flow 2 f}"ﬁ parent airway %ﬂLLﬁ@deﬂuEﬂﬂla\‘]L’m
masanasfintdadng g lu parent airway aouaaslu ;U 18 M3ifia secondary flow lu
parent airway iiesnanmsiasuiienienslnasgienseiwinaasenmed luainann
daughter airways %dﬁ]‘;ﬂi”}ﬂg secondary flow a&i’l\‘i“ﬁ'@nﬁm@lidﬁ]‘m bifurcation L8 secondary
flow az5umgldidanslwaiimanamdidiuriansives parent airway @sazdoinalaain
velocity profile ﬁ?@@hm‘m parent airway @ULWI R-L Iugﬂ‘ﬁ' 18 AWINANWIUVDY
velocity profile 2z11/88uain profile ﬁﬁﬁgmﬁraavlﬂmwmﬁg@ P4 (Ina bifurcation) luiTu
profile ﬁﬂﬁ'mmmiuﬁﬂﬁg@ P1 (522%19310 bifurcation aan ldaufianiansina)

Ui 19 szusasbiiAulugdueimslnavaseunmavasinaniuaaslu FoazFui
m&mmawaﬂmﬁaga@ﬁ'ﬂwﬁfaﬁmuanmm bifurcation ﬁ]zl,ﬁ@msm?z":Juﬁﬂmamﬂ‘ﬁ'q@ﬁﬁ
e secondary flow maamgmmlawaa"l,mﬁwﬁfaﬁmuaﬂmm bifurcation LL@iﬂﬁx‘lmﬂﬁ
aMe ek uYiaasIVas parent airway Lﬁaomn'ﬁﬂ'ﬁwamaaﬂ’nwﬁ@ﬁﬂﬁmﬂﬂﬁ‘wuﬂﬂg

fully developed wazyin b secondary flow %1 o'l
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{ o { o 1 { < 1 [
Eﬂﬁ 17 u,amanﬂmzmﬂwaﬁﬁﬁhmﬂma ‘]ﬁﬂ')’]ﬂti?g\ii{!ﬂ (Re = 4.66)(104) ‘l%ﬁ%\‘iﬁ]\‘i‘lﬂ’w‘ﬂ’]ﬂh

aan (Expiration cycle)
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non-dimensional diameter

b) Parent airway (R-L)

{ { o 1 ' a { [
Eﬂﬁ 18 LaAMY velocity profile ﬁ‘lﬂﬁ’](ﬂﬂ@l’]di%ﬂa“ﬂ’]d Lﬂ%“'\ﬂiaﬁ"\%ﬁqq (a) I,Laz‘fi”]ﬂ (b) ﬁﬂ’!’]adlﬁ']iﬁﬂ

galugdimzmamglasanmalagniiznmswialonuy maximal exercise condition (V. = 3.33

L, Re =4.66X10" and O = 4.747)
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i iy [ H & '
3N 19 AnsMEN13luazas mgmﬂwaavlwa‘lumwa:mﬂ‘la Lil’"lﬁm'mmqm (Re=4.66X10") iN19

aan trachea ﬂ’]iﬂé’fﬁﬂ’l’azﬂ’ﬁﬂ’lﬂimmu maximal exercise condition
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4.3 ﬂ’li‘n’lzﬂﬁ)ﬁﬂﬁﬂuﬁga High-Frequency Ventilation Condition (HFV)

gnazmamelanuy HFV condition azlendaudsans g Aldimuadnlunsdiwio
Gait
- Tidal volume (7,) =0.05 L
- Breathing frequency (f) = 5 Hz
- Time period (T) = 0.2 sec/cycle
- Time increment (At) = 0.02 sec

- Maximum mean velocity at trachea (U 3,906.25 mm/s

max ) =
- Reynolds number (Re) = 4.37><103

- Wormesley number (QL) = 11.87

- Large Eddy Simulation (LES) model

4.3.1 99n1zn13n1a 10127 (Inspiration phase)
ﬁ%ﬂ%%’ﬂé’ﬂwmzmaagﬂLmumﬂmmﬂﬁama: HFV 22U@N619391N resting condition
W&z maximal exercise condition faug19NN laBaINIU 20 azAWIN ANBAZVEI velocity
profile PasvaslnaniudazningaBuauangn parent airway 8IN1AREATIaNIILERANE]
U4 bifurcation ANBMAZUBY velocity profile AzdautaduzLuuL flat profile GovsRanmo
In&ifgar uniformed velocity profile AMARATINIGEN UaZANURIVES boundary layer fi
farwrwn i asuuas é’ﬂwm:mﬂ%mmuﬁﬁhL‘fluvlﬂlugﬂl,muLﬁmﬁ'ul,fiammﬂvlmmu
bifurcation "4 daughter airway ﬁy'\‘laaa I@U‘ﬁ velocity profile wAUINWULARE uniformed
velocity profile NdgaaiaaruNawluaas bifurcation GALRRURNAVSINIG]Y aauaadlugy
# 21 wananuudivlinging secondary flow WRatugadsnglu 2 nediiindauus
srganaiansaurms mazasamameldaniizmimelowuy HEV Gadunisine
WUU oscillatory mmlﬁmmﬁ'@iauﬁwga axfianwoues profile danutnsfiazsnmann
WAl at profile maamwL%’Jﬁﬁmu@maﬁmmm% parent airway LRzANMURWIVDY boundary
layer Aouinefiazasfimuiianislva uuaasinaninaiissanenuniiaesiinadonisina
doutatton wasifesananufivasmslnauuy  oscillatory ﬁauﬁwgaé’afumanmﬁmi
"Lﬁmzﬁ@umﬁﬂﬁagjinwlé’%w%wamaamm%ﬁ@ﬁdﬁﬁauifwﬁau o FuINENE LTINS
Tnafildnadsunsumyiesnedinnslnalunuidsed  azadoinauildanmsaneian

M3Nasedfl Re gagazad Nishida et al (1997)
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{ o { o 1 { < 1 [
Eﬂﬁ 20 u,amamsmzmﬂwaﬁﬁﬁmﬂma ‘]ﬁﬂ')’]&lﬁﬁg\?i{!ﬂ (Re = 4.37)(103) ‘l%ﬁ%dﬁl\‘iﬁ’w‘lﬂﬂﬂiﬂlﬁ’]

(Inspiration cycle)
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{ { o ' a { [
Eﬂﬁ 21 @RS velocity profile ﬁ‘lﬂﬁ’](ﬂﬂ@l’]di%ﬂaﬂ’w Lﬂ%‘lﬂ’m‘lﬁ‘lﬁ’]%ﬁﬂ’] (a) Lazasg (b) ﬁﬂ’!’]&JL?’]‘g\‘i

galugrdamznsmgladnnelagnrizniswialowuy HFV condition (7, =0.05L, Re =4.37X

10’ and OL = 11.87)
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i iy [ H & ]
31N 22 AnsMEN13luazas mgmﬂwaavlwa‘lumwa:mﬂsla Lil’"lﬁm'mmqm (Re=4.37X10°) iN19121

trachea mﬂ‘lé’fama:mimﬂslmmu HFV condition
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4.3.2 99nIzn13vgloaan (Expiration phase)
anwazmynavesameanmelurassuumadumelanmeldznnie HFV lutiswes
mimglasanesiisnsnzedoiumamsladnmeldanizdoartn  iudanmslnaaslidu
agNuaNTWATaINNNNTA LL@iﬁ]:%ua%iﬁ'unml,m:é'ﬂwmwm entrance flow profile Waz31l
wuumsamufienisnisinaeslisnwasasony profile finadh ayuaasluglil 23 Faz
A1 entrance flow profile fanwmeidu uniformed velocity profile ﬁﬂ”}dl,“fl"l daughter
aiway fudhouszan wasanfionmewaruraniadusnesmizaas flow profile S9ned
AN USARIENL entrance flow profile aunsenasms marudnldasomain ez
WA profile mawaovl,mﬁaga@ﬁ'ﬂﬁmslmmdmiﬁw:ﬁﬂamﬁﬂgﬁumﬂﬂdﬂﬁmuaﬂ e
ﬁnﬂmmL%Tuaamgmﬂmawaa"lmﬁa@ﬁ'uNﬁfaﬁﬂulumaadauiﬁaﬁﬂawuﬁamﬂﬂd'}ﬁmuaﬂ
\odmslwaan daughter airway vameslnasnsaniudl bifurcation uazlnaidng
parent airway anitueay velocity profile a:ﬁé’ﬂwmuﬂuﬂa@éf@maﬁmmmﬁgaﬂ’hmoﬁm
F1g 189970 flow rate fiw197N daughter airway SIUTNUINNINNEIUTBURTAN BB
flow profile ﬁl,‘]:_’luf:vl,‘]_ll%aﬂﬂ ﬁmﬂs:ﬁ"aéuq@ﬁmaaaﬂ parent airway uaﬂﬁ]’mﬁ?u{favl,&iwu
secondary flow dwiumsmelameldaniie HFV wazfitasnandug Tudmzmemela

20N ANBHSUDINT MANAN AN BUSLAIINUALNATUNLNITIIG
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{ [ { o 1 { < 1 o
31 23 ugasanmazmslnafiniIaacs 9nanaSIgegn (Re = 4.37X10°) ludasdenrzmale

aan (Expiration cycle)
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A . . ~ Y 1 1 a U A [
317 24 uan velocity profile inuGnA1Iwnamadnmalen 1w (a) wazzie (b) ianasigs
galugdimznmglasanmalagniiznmswalonuy HFV condition (7, =0.05 L, Re =4.37X

10’ and OL = 11.87)
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i iy [ H & '
311 25 AnsMEN13luazas mgmﬂmaavlwa‘lumwa:mﬂ‘la Lil’"lﬁm'mmqm (Re=4.37X10°) fing

aan trachea nMalaan1izn1snwialanuu HFV condition
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5 UNII0k

nMTAnEIanEmen1T inavasantantsluszuunmadwnislaludinaes
. . 2] a & ' o ~ & | {
conducting airway DJ3LINGNLLA trachea LAY bronchus D8RSI Feazidusaiunazinmn
a v A" = v 1 v 1 d. a
luwises  lasazdnwneldanizmmislawuudsg  leud  mswslangnizdnd
(Resting condition) mImslanmeldannzniseaningeme (Maximal exercise condition)
uwaz mamolameldnamelanfiennuiigs (High-frequency ventilation, HFV) msdnmnlu
Nwidshazldldsunsumsienzins lnalBeaaias (Computational Fluid Dynamic, CFD)
fMuIuAnsINT WMazasanmanmealulasiginsvasszuuvemadumelauwy 3 36 Al
anwazduuuurausnf liananas (Asymmetric single bifurcation) %w:ﬁgﬂi'}ma:mm@
InfifariuvasaTaniniige (Horsefield et al, 1973) uazmisiwuaianlyvaimsinaluiu
ac & ° [y . A = AL o
Ipiardnesgluuurasmamsladiansivauuy Oscillatory flow Fadumslnanluny
nauazlnfldsanuansuzeimMImolanss  SeazdnnnwideangnunazdnsnT iva
gananmeldanie steady state luriamaduwmelatidureusnuuuananas (Zzhao and
Lieber, 1994a,b; Gatlin et al, 1995; Gatlin et al, 1997)
nnndanzduuseimsvasase maluszuuviamudunslauuy - asymmetric

single bifurcation I udufwudn auTusnznsnislanuudnd (V; =05L,f=0.2Hz,

3 o
Re =1.75X10) LLazﬁ.ﬂ']’JZﬂ’ﬁ%'TEll"ﬂ"llmf‘.faaﬂﬂ’]ﬂ@ﬂflﬂl (VT =3.33L,f=0.8 Hz, Re = 4.66X
4 [ @ % & f % v
10) EﬂLL‘]_I‘Llﬂ’]ivLﬁﬂ"lla\‘]aqﬂqﬂ'ﬂzﬁﬂﬂiﬂ'mzﬂﬂqﬁﬂ% ﬂﬂlu‘ﬁ'ﬂ@ﬁ]ﬂﬁﬁzﬂqﬁ‘ﬁqEllﬁ]L‘ll’]LLﬂz‘ﬁ’]Ellﬁ]

1 Qs v 1 e v A a A’
aan ’ﬂi(ﬂ’]\'iﬂul,gﬂ’%aUI%‘H’N’%GWQ&T’]’]?%’]SIQL’H’] PIFLWUNIILNA secondary flow WANAN 1 @

a
A

f carinal ridge (ﬁ;mwﬂéf’mmﬁwmﬂmﬁ bifurcation) lummzﬁgﬂLLuunﬁvLmﬁan’nzﬂﬂﬁa:
lsimy secondary flow #i carinal ridge weazWUTRT N wUenYay bifurcation Wik udasng
Isfanuiioamelnasuginfiin carinal ridge 'luan secondary flow #i carinal ridge 22
vy aswuLiiss secondary flow MAafiniIdunanas bifurcation wintiu dsaxiiulylu
3‘]_]LLUUL@U’Jﬁuﬁ’m%’UﬁGNE}dﬂSEﬁ asuaadlu 317 26 (a) uaz (c) mné‘ﬂwm:gﬂuuums‘lmﬁ
Aeduaziininmslnavasenmaluszuuriomadumelanslénmsmelauouunduazume
sanfasmeazdaninailosnanananiiasasedlneg Seesdanaldanenunmnaas
boundary layer ﬁl,ﬁu%umwﬁﬂmamﬂm WRZAN S USUD velocity profile ﬁwmmuﬁ'@um
dlWidugtuuy  parabolic  profile wdtitasanenuenluriamadumelalusdsssasasd

saunlureassniianuend isnnwenazyihlvueslnaiiamsnamad ldilu fully develop
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flow vi1l# entrance flow effect H9AIANAADEINITIARANTUAANIINIT AR NNNIANBN

ﬁ]zwu’jflgﬂmeaams"l,mmaammﬂmﬂlﬁam’;:msmzﬂaﬁﬁm’mﬁga %38 HFV condition

3 v { 1 =)
(V, =005 L, f=5Hz Re = 437%x10") azlWnaniuandrsanmimslanuuinfuasume
sanaamuiluadnun lagaziduitazliifia secondary flow lumslwaaniizih uazgd
. J a U ] a [ A
bUUVBINTT flow profile ﬁ]:“nuﬂugﬂ‘i’m‘ﬂad entrance flow 8819LAE7 AILIAIIU gﬂn 26 (e)
wae () ztAnIMImanmalaan1iz HFV azdumsinauuy oscillatory flow neldainad
d' 1 L2 o KL A 1 o YV &
ms‘mzﬂ,ﬁmﬂawu’mgemmuL'Jmvl,uu'mwa‘Lumswwmgﬂuuwaam‘a"Lmlmﬂums"L%mmu
~ U =) a 1 U v v 1 &
fully develop AztAnINANNRItaLddnTwadans nadeudatasdansInawuy HFV S9as
% U g; o A 1 .:l' v =1
FINA LAINANMUAMIVEITH boundary layer fadien litdasuudasndunstnaazinisina
rwranadunialanans
nnyduuumitnazesemaluszuumadumelanianizmimalaunuengg aewy
iﬁﬁﬂi:lﬂmﬁ@iamsﬂmsmwmwiumLﬁwg"i:uumuaumﬂa HuAaWLINazaaItN G
uwazazanagluIImiiia secondary flow 13w lunsdimmslaunudn@azwudiiaiinng
Wuazaasuwdeuiunimmisladiazeassnazlinisazanag Aniadunanvasdiniiiu
bifurcation wdazliwunsazand carinal ridge wazdnIunsaimIrelaneldanizniinng
a v ) o Qs 1 J
welaedSunmemednldann g 1 ww nseaniaine TWuINazeaseninTaLaNIINTY
& o o . . { ) . = ' {
NININTIURBNVDI bifurcation Wazh carinal ridge TIzANGIINNNIWILLALLLANND
8984 (HFV) Nlidwy secondary flow ludmislwalasiuusasinladnisnuazasssdn’ly
AudaIm I aniulaznznsvislanu Ui AaNIIRNANUAIATA 0 ILIANNNIIY AN K
vnsfl,ﬁ]ffaamnﬁﬂﬁéﬁﬂ%mmmﬁﬁmﬁ'}vlﬂgj alveoli LﬁaﬁLﬁﬁg&ﬂi:umﬁa@ﬁﬂ‘%mmmﬂﬂ’h
e lanIzaInuuTnIdin
aa'”m"l,iﬁmumsﬁﬂmgﬂLLuums"L‘vaamaammﬂlmzuumaL@umﬂlﬂi@ﬁﬂﬂiﬁiﬂaao
milnazasemealunwispiidiidedriinagnansasluFoinmfason wazinuesniz
v & A A o [ A A a A
M3 lra muul,wam]:mlﬁ”l,@ﬂ'ﬁvlﬁmladmmﬂlm:uumamumﬂlﬁ]ﬂamsdmﬂwq@ o
@'TaaflmiﬁmimwL‘%awaagmmumaa entrance flow profile NANAGEANBIUZANT IAAVDI
A A \ \ ~ o . o a
amelalinmislwaniuvantly Senisezimuazduuuved entrance flow profile 1ianads
nlulllddanuteenn  wanIINBWULAINTINRINT IaNINIT arwiani g1 IR 08K
A & & ' A o ° A A A o A A A
laAaunTlwgIwNIzA AR TILasI NN am e urnglaasiiidan (mucus)
mﬁauagj 'é‘ﬂﬁ'al,ﬁal,ﬁamawiammﬁumﬂﬁ]ﬁﬁﬂﬁ;}ﬁ@%ﬂ;u LRTANTENELNANNTDUTZAING
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snmﬂﬂummﬂ‘nvl,‘ﬁanrmL*]Jumummaommwaﬁmma"hhwai%“lagﬂLLuumi"Lm“nau
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AMUARNIIZANT A IARNITINIANA LS a9tuar lUTunTunTItazims inadssnilunag
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(e) Inspiratory flow at peak flow rate under HFV condition

11.87)

4.37x10%, o

(Re

437x10°, a.=11.87)

(f) Expiratory flow at peak flow rate under HFV condition

(Re

4.747)

4.66x10%, o=

exercise condition (Re

4.66x10*, 0. =4.747)

(d) Expiratory flow at peak flow rate under maximum

exercise condition (Re
gnsmnglauuuang 9

(a) Inspiratory flow at peak flow rate under resting condition

1.75x10%, o

(Re

u

1.75x10%, a = 2.37)

(b) Expiratory flow at peak flow rate under resting condition
u

(Re
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\umerical simulation of respiratory airflow at high-frequency ventilation (HFV)
indition within the human upper airway

1. Kurgjareon', A E. Holdo®
Department of Mechanical Engineering, Ubonrathchathani University, Ubonratchathani,
THAILAND

(FD Research group, University of Hertfordshire, Hertfordshire, UK

hstract

Iis study represents numerical investigations of respiratory airflow (or oscillatory flow)
nechanism in a three-dimensional asymmetric single bifurcation model of the human
wnlral ainvay based on Horsfield's morphology data (Horsefield et al, 1971). Two

{ifferent breathing conditions, normal breathing condition and high-frequency ventilation
HFV) condition, were studied utilising a finite volume CFD code. Peak Reynolds

mmber (Re) of 1.75x10° and Womersley number (o) of 2.37 were used for the normal
neathing condition, this correspond to the tidal volume (VT) and the breathing frequency
1ol 0.5L and 0.2Hz, respectively. For the HFV condition, the peak Reynolds number of
137¢10" and Womersley number (a) of 11.87 were used and corresponding to the tidal
wiume (VT) and the breathing frequency (f) of 0.05L and 5Hz, respectively. The results
Sowed that secondary motions are negligible for the HFV condition while the secondary
motions are found very strong for the normal breathing condition. The respiratory flow
&ulis for the normal breathing condition are found strongly dependent on the convective
vt and the viscous effect with some contribution of the unsteadiness eflect. Whereas

Wi respiratory flow under the HFV condition is only influenced by the unsteadiness
tifect.

Intreduction

{he respiratory diseases such as asthma, emphysema and bronchitis are connected with
ur pollutions in the nowadays environment and the number of these diseases tends to
ncrease. The therapy of such diseases often uses pharmaceuticals, which are directly
siministered in the form of aerosols or dispersed particles to the respiratory system. The
dliicacy and the effect of those pharmaceuticals are dependent on particle transport, size
of particles and the deposition of particles in the lung. However, very little information
un the pattern of the particle deposition or the effectiveness of the aerosol treatments is
wailable, and this forms an effective area of clinical respiratory research. Knowledge of
lie airflow mechanism within the airways system is the first step in the understanding of

e movement of the particles and their deposition in the human respiratory airways
network.

Methods

Anasymmetric single bifurcation model of the central airway based on the morphological
2 “Model 1:zonel™ given by Horsfield et al (1971) was used in the present study to
smulate the respiratory airflow under HFV conditions. This model represents the central
upway including the trachea, right and left lobar bronchi as shown in Error! Reference
source not found.. The details of airway lengths, diameters, branching angle and the



ratio of curvature radius (R) to daughter airway diameter (d) together with the airflow
rate distributions in each branch are given in Table 1.
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Table | Geometric details and flow distribution in the central airway
Branch No. Diameter (mm) Length (mm)  Branching angle () Axial curvature {R) R/d Flow (% of rac
0 {parent branch) =16 100 - - . 100.00
| (left daughter hmiw.h) ;=12 0 73° 54 4.5 45.0342
10 (nght daughter branch)  dp=11.1 22 st 333 30 54.9658

Note: Dimenstons given here pertain to 75% TLC and each branch has wemification comesponding to that given by (Horstield et al.
1971)

Due to the airway geometrical complexity, technique of multi block method was applied
fo ease the geometry and mesh generation. The airway mesh model consists of 84 blocks
with structured hexahedral mesh cells of 159,872 node points. At the regions closed to
the airway walls and the carinal ridge, the mesh cells were refined with well mesh
grading ratio in order to capture high velocity gradients occurring near the airway walls
and the carinal ridge. The Navier-Stokes equations are solved using a CFD code with the
concurrent block Jacobi (CBJ) algorithm. The CBIJ code is based a finite volume method
with second order upwind scheme for convective numerical fluxes and central
differencing for the diffusive numerical fluxes. The implicit scheme is used within each
mterior domain. In the CFD context, second order accuracy is sufficient to give the
accurate results. The implicit method is also used for solution stability thus limitation of
fime increment can be avoided.

Results

For the HFV condition, the axial velocity profiles in the parent tube on expiration are
significantly different from the profiles found in the resting condition and maximal
exercise condition. The velocity profiles in the parent airway for the HFV condition are
rather flat in the core of the tube with higher velocity near the both side of the tube. When



the flow develops downstream, this higher peak velocity remains near the wall, but with
less amplitude. Secondary motions are not found during expiration for the HFV
condition. Also, the boundary layer thickness throughout the system is very thin and
consistent. It can be said that the viscous effect does not play a significant role on
respiratory flow patterns in the HFV condition, even at the low Reynolds number where
the viscous effect should be taken into account in considering the flow behavior.
Comparing to the resting condition and maximal exercise case, where the breathing
frequencies for both cases are small enough to allow the flow to adjust itself to develop, it
was found that the flow profiles are strongly dependent on the flow rate (Reynolds
number) rather than the breathing frequency (Womersley number). With the increasing
Reynolds number the boundary layer thickness for the resting condition decreases. The
boundary layer thickness for the maximal exercise condition is influenced by the
Reynolds number in the same manner. The boundary layer thickness for the resting
condition is thicker than in the maximal exercise condition. This indicates that the inertia
force becomes even greater than the viscous force for the maximal exercise case as
compared to the resting condition.

Conclusion

It can be conciuded that Reynolds number is the important parameter influencing the
respiratory flow as long as the breathing frequency is small enough to allow the flow to
adjust itself to develop. This also suggests that the flow in the low breathing frequency
range is affected by viscous effect, thus the geometry of the airway is of important. In
other words, the respiratory flow is dependent on the Dean number when the Womersley
number is small (small breathing frequency). However, the viscous effect becomes less
important when the breathing frequency becomes high, such as high-frequency
ventilation. Thus the geometry effect can be neglected for the HFV condition and only
the frequency parameter (Womersley number) plays a significant role on the respiratory
flow patterns.
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Wiract

A computational fluid dynamics (CFD) code based on finite

e method (FYM) was used lo study
weslory alflow dynamics within the human Jung. The three-
wsonal asymmelric singfe bifurcation modef of the centraf
wy besed on the morphological data given by Horslield et al
" mz used in the present study to simulate the osciilatory
wonitory flow. Numerical simulation was made for the resling or
il breathing condition. Peak Reynolds number (Re) number
rmm’ and Womersley number (CL) of 2.73 were used, this
smponds 1o the tidal velume (VT) and the breathing frequency
"0 0L and 0.8 Hz, respectively,

The simulation of respiratory flow within the single bifurcation
o land fo be sufficient to give a number of resuits which both
ilvely and quantitatively agres well with other published

eimental works ({1).°{3], [91, [10}, [11]. [12], {14] and [15]).
% Epiratory flow results were found strongly dependent on the
wclve effect and the viscous effect wilth some contribution of
e iieadiness effect. The secondary molions were observed al
W ader walls of the branching curve of two daughter airways

amyiepkation, el iny ef aekia. Alosaw, and npcent alnnay,

Aing expiration,

; Corresponding author

the unsteady

1. Introduction
Modeling of the airflow in the conducting airway in the
human lungs is important to predict the particle deposition of both
conlaminale and the pharmaceuticals. In order lo achieve gocd
predicfions of the deposition (he arfiow flas (o be modeied
correctly.

Because of the complexity of the bronchial tree structure, the
use of the small airway and highly asymmetric bifurcation
structure, in-vivo studies are difficult for obtaining the global
airways effect and the detail of the smaller airways downstream.
While the experimental studies are crucial to obtain a somewhat
satisfied detail by utilizing physiclogical scale-up model to study
the airfiow dynamics in the lungs. However those experimental
studies are limited up to the 3" generation of bifurcation and the
smaller airways are in accessible to the most experimental
technigue even in the scale-up model ([1], [3], [11] and [12]}.

Computational fluid dynamics (CFD) sludies through the
solulions of the Navier-Stroke equations seem io be a betler way
to access the smaller airways and easy to show a large numnber
of data in three dimensicnal physiologically realistic airway
geometries. Together with accurate computer modeiing it should

be possible to develop the insight to understand airflow pattern
and the paricle transport that can provide information which will

avoid inappropriate clinical rials and waste effort.



\lash Model and Construction

The asymmetric single bifurcation model of the central
My based on the morphological dala given by Horsfield et al
wes used in the present study to simulate the respiratory

“ow under resting condition.

P {Poglanor)
R {Right} L {Left)

A {Antarior)

“oan | Model of single bifurcation of central airway (trachea and

two main right and left brenchi).

Table 1 Medel descriplion of a single bifurcation model [1]

Auxial
(it ar
Sk e amnetar Lengih Branching Rkt -
(mm} () angle
(R)
f
D=18 100 - -
i branch)
1
Misoghier | =12 50 fE73® | 45 54
et
16
Wt gt | d=11.1 22 o=35" | 30 335
wsh)

S 2 Three-dimensional mesh model of an asymmelric singfe

biturcation of the central airway

Quz Io the airway geometrical complexity, technique of mulli

S5k maihod was applied lo ease the geometry and mesh

},__

generation. The airnwvay mesh model consists of 84 blocks with
structured hexahedral mesh cells of 159,872 node points. At the
regions closed {o the airway walls and the catinal ridge, the mesh
cells were refined with well mesh grading ratio in order to capture
high velocily gradients occurring near the airway walls and the
carinal ridge.

The airway gecmetry dimensions and mesh model are given

in Table 1, Figure 1 and Figure 2.

3. Respiratory Flow

The respiratory flow can be assumed to be incompressible
laminar flow. The Navier-Slokes equations of the lime-dependent
incompressible flow are expressed by

Continuity equation:

V-¥=0 (1)
Momentum eguations:

x-component _‘jiﬁ_‘_ (V- =~ L(:g_ g (2-a)
it P ox

y-compaonent F:_" (V. Vv = L‘:j LAY (2-b)
cit 2oy

z-component ‘:ii +(V Dyw = _ iﬁ o A (2-¢)
ot p ooz

4. Numerical Boundary Condition and Solution

The Navier-Slokes equations are solved using a CFD ccde
based FVM with the concurrent block Jacobi algorithm. The
implicit scheme is used with the second order upwind scheme for
the convective numerical flux and the central differencing for the

diffusive numerical flux.
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Figure 3 Respiratory cycle at resling condition

The airway walls can be assumed solid wall, hence no-siip
boundary condiion can be applied to the airway walls. To
regulate oscillatory flow and control the flow rates in right and left
daughter airways, the velocity boundary condition was applied on

the inflow/outilow boundaries in the airway, The controlled flow



v n right and left daughter airways are 55% and 45% of the
W falz in the Wrachea, respectively. The uniformed velocity
andary conditions applied to the inflowfoutflow boundary vary

& ime as a sinusoidal time function as shown in Figure 3.

Peak Reynolds number (Re) number of 1,?5)-(1(.'!3 and
wmersley number {O1) of 2.73 were used, this corresponds to
4 ldal volume (VT} and the breathing frequency (f) of 0.5L and
! Mz, respectively. Numerical respiratory flow parameters are

nerin Table 2

Table 2 Numerical parameters used in the study

fmathing condition Normal breathing

VT iL) 0.5L
1) 0.2Hz
1 (s8¢ Ssec
i, . (mmis) 1,562.5
P 1.75%10"
Time steps /cycle 100
Tims Increment, Al 0.05sec
lmensionless lime al each lime

0.01

screment, =4 VAYD®

i Results and Discussions

5.1 The respiratory flow results

The resulls are presented as the velocily profiles normalized
% the maximum average local velocity in each branch. The
esults are taken from 8 cross-sections station throughout the
model. The oscillatory flow simulation resulls in a three-
dmensional asymmetric bifurcation model at resling condition
286 are given in two separate parts, inspiration and expiration.

5.1.1 Inspiratory flow

An overview of the flow features for the inspiration phase
mder the resting condition is (lfustrated in Figure 4. During
mspiration, uniferm inlet was applied at the parent airway. The
veloclly profile at station P1 is still uniform and it develops
downstream through a straight pipe passing station P2 and P3 of
e parent airway with thicker boundary fayer near the wall. When
Ihe flow has developed further downstream the peak velocity is
und just next to the boundary layer near the wall as shown in
Figure 4. The peak velocily near the wall is due to the diffusion of
momentum over the cross-section while the flow tends to adjust
iself during the oscillatory period. However this peak velocity is
55 noticeable further downsltream and the velocity profile
fsvelops lo the parabolic profile characteristic. When the flow

hom parent tube reaches the carinal ridge the flow has not yet

fully developed, although the airway lenglh is about 6.25 local
diameters, This is because the time increment that allowed the
velocity lo change in magnilude is not large enough to allow the

flow to adjust itself to be fully developed.

Figure 4 Inspiratory flow features at the maximum inspiration

under the resting condition (Re = 1.75X10", OL=2.37)
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Figure 5 Development of normalized axial velocity profiles in right

daughter airway al peak inspiration

At the carina the incompletely fully developed flow from the
parent airway is split into two daughler airways. When the flow
enters two daughter branches, the axial velocities in bought

daughter airways in the bifurcation plane (R-L)} are initially



wed fowards to the outer walls of the bifurcation (the inner
ol bend). The maximum velocity profiles are found next lo
yaner wall of the bifurcation as shown in Figure 5a and Figure
\While for the normal plane to the bifurcation (A-P), symmetric
wly profiles are found in both daughter airways as shown in
we Sb and Figure 6b. The profiles are initially parabolic and
v develop to the “M-shape” or “"bi-peak” velocily profiles. The
=iien of the axial velocity profiles in both right and left
wiler airways are due 1o the secondary motions occurring

i e flow undergoes the curved portions of the bifurcation.
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“uire 6 Development of normalized axial velocity profiles in left

daughter airway at peak inspiration

5.1.2 Expiratory flow

i ha expiration, the respiratory flow was regulated from the
W dsughter airways in which the uniform velocity profiles were
neosed at the inflow boundaries. The expiratory flow feature is
Suraled in Figure 7.

The rght daughter is construcled with a short pipe
Sinuing from the curved part at the bifurcation and the carinal
. When the fiow moves through the siraight pipe of right
Sghler alrway at R2 and R1 velocity profile is still flat with a
5 boundary layer. The flow has not yet fully developed when
Lufirs the bifurcation and the secondary effect was not found in

Wl daughter sirway during explration phase.

Figure 7 Expiratory flow features at the maximum Expiration

under the resting condition (Re = 1.75X 103, 1=2.37)
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Figure 8 Development of normalized axial velocily profiles in

parent airway at peak expiration

The left daughter ainvay was constructed with a long uniform
curved pipe. A uniform infet velocily in the bifurcation plane (R-L)
develops downstream and pronounces skewed axial velocity
profiles towards to the inner wall of the bifurcation {outer wall of
the bend} within approximately 3 diameters from the inflow
boundary before the flow reaches the bifurcalion. The distortion of
axial velecity profile in the left daughter airway during expiration
is purely affecled by the secondary flow caused by the curvature
portion.

When two flow streams from the both daughter airways
merge together in the bifurcation, two pairs of unequal vortices

are formed downsiream just above the carinal ridge in the parent



sway as shown in Figure 7. In the plane of bifurcation (R-L)
xak velocity profile is found near the right wall because the flow
ale regulated from the right daughter airway is greater than that
siven from the left daughter airway. While the axial velocity
yofile in the normal plane to the bifurcation (A-P) Is symmetric

faracteristic wilh incomplete fully developed profile.

5.3 Discussions on the oscillatory flow effects

The numerical results of inspiratory flow and expiratory flow
i peak flow rate under the resting condilion were compared to
Iz experimental results given by [1], [3], [9]. [11], [14) and [15]. It
wis found that the numerical resuits are sufficient lo give a
umber of resuits which beoth qualitatively and guantitatively agree
=l with the experimental works. The results show that velocity
wfiles during inspiration are strengly dependent on the airway
yomelry, meaning the convective and viscous effects play

spartant raole on the respiratory flow under the resting condition.

\ “"\

{a) (b)
~— Acceleration
-+ Deceleration
Figure 9 Axial velocity profiles in the bifurcation plane (R-L)
7y nspiration cycle at (a) station R2 in right daughter airway
24 [0) stalion L3 in left daughter airway

15 noted that, both inspiratory and expiratory flows results
#agreed with the previous experimental results when lhe flow
s the peak flow during respiratory cycle. However, al the
# low rales during the same respiratory cycle (bul between
Walgtion and deceleration) the velocity profiles oblained from

saeralion and deceleration are different as shown in Figure 9.

The flow separation at the near “zerc” flow was observed when

the flow changes direction at inspiration-to-expiration and
expiration-to-inspiration during acceleration. The velocity profiles
during acceleration are distorted at the low flow rate. The
distortion of the velocity profiles at the beginning of the inspiration
can be influenced by the flow separation effect at the reversal
flow when

the flow changes direclion from expiratery to

inspiratory flow.

6. Conclusions

It was found that the numerical results of the respiratory
flow, both inspiratoy and expiratory flows, in an asymmetric single
bifurcation of the central airway at peak flow rate are sufficient o
give a number of results which both qualitatively and
quantitatively agree well with the experimental results given by
[1]. [3]. {8} [11]. [14] and [15]). However, those experimental
investigations used only the steady flow assumption and were not
concemed the unsteadinessfoscillatory effect. The numerical
resuils in our study suggested that the unsteadiness/oscillatory
effect need 1o be taken inte account and the steady flow cannot
be assumed.

The results also showed that the respiratory flow under
resting condition is strongly dependent on the convective and
viscous effects. Hence, the realistic geometry of the airway is
important to get the realistic resulls of the airflow patierns.

The secondary flow motions were observed in both daughter
airways during inspiration and in the parent airway during
expiration phase. The numerical flow information in the study s
usetful to track on the parficle deposilion during breathing cycle in
arder to investigate the efficacy of the pharmaceuwtical which most

are in the form of aeroscl particle.
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Abstract

The unsteady respiralory airfiow dynamics within the human
tracheobronchial network under high-frequency ventilation (HFV)
condition was invesligated wilizing Computational Fiuid Dynamics
{CFD} 1echnigue based on a finite volume method (FVM). Peak
Ra;mords number {Re) number of 437%10° and Womersley
number (OL) of 11.87 were used, this corresponds to the tidal
volume (VT) and the brealhing frequency (f) of 0.05L and SHz,
respeclively. A three-dimensional single bifurcalion medel of the
upper airway based on morphological model proposed by
Horsfleld e al. (1971) has been used. The simulalion resulls for
poth inspiration and expiralion phases agreed with experimental
resulls given by Nishida et al (1997). The resulls were compared
16 our previous sludies of the respiralory airflow simulations under
resting (Re = 1.75X10°, VT = 0.5 and f = 0.2Hz) and maximal
exercise (Re = 4 Gﬁxtc‘, VT = 3.33L and f = 0.8Hz) conditions
[Calay el al. (2001)). It was found that during the high-frequency
ventilation (HFV) the flow i1s dominaled by the unsteadiness
effect, while the respiratory flows at resting condition and maximai
sxarcise condiion are dominated by the convective effect. Il alse
was found lhal the respiratory flow under the high-frequency
ventilation behaves in Ihe similar way as in the straighl tube.
Hence |he geomaelry effect becomes less important in such flow
condition.

Keywords: Respiratery flow, HFV condition, Bifurcation

1. Introduction
The therapy of the respiralory diseases moslly uses ihe
pharmaceuticals which are always in the form of aerosol

delivered directly into the lungs. The efficiency and efficacy of the

therapy are dependent on (he transport and deposition of drug
particles and therr sizes. The knowledge of respiratory airflow
pallerns and itz mechanism is the first step in order lo achieve
the good undarstanding of the movement of the particles and
their deposition In the respiralory airway network. However, there
are very little investligations of the respratory airflow within
realistic respiratory alrway geomelry under realistic breathing
conditions.

Because of the complexity of the bronchial tree structure, the
useé of the small alrway and highly asymmelric bifurcation
structure, [n-vivo studies are difficuit for oblaining the global
airways effec! and the delail of the smaller airways downstream,
While the experimental studies are crucial to obtain a somewhat
satisfied detall by utllizing physiclogical scale-up mode! to study
the airflow dynamics in lhe lungs. However those experimental
studies are limited up to the 3" generation of bifurcation and the
smaller airways are in accessible lo the most experimental
technique even In the scale-up medal ([1), [7], [15], [16). [18) and
[19)).

Computational fluid dynamics (CFD) studies through the
solutions of the Navier-Siroke equations seem 1o be a better way
to access tha smaller airways and sasy lo show a large number
of data in three dimensional physiologically realislic airway
geomelries, Togethar with accurate computer modeling it shouwld
be possible lo develop the insight to understand airflow patlern
and Ihe parlicle transporl that can provide information which will
avold inappropriate clinical tnals and waste effort

There also have been number of respiratary airflow
dynamics studies using CFD lechnique in both two- and three-
dimensienal bifurcating tube modeis ({[3], [4], {5] and [17]).

However most respiralory airflow dynamics investigations are



tased on quasi-steady or time dependentfoscillatory flow
assumptions under normal breathing condiion. Our previous
nvestigation [2] of CFD simulations of respiratory flow under
resting condition and maximal exercise condilion showed that the
ditferent breathing conditions vyield different respiratory flow
patterns. For the norma! breathing condition and maximal
exercise condition, the breathing frequency is considerably low
(0.2 Hz). In order to investigate the effect of the higher breathing
frequency on the respiratory flow simulation the respiratory airflow
dynamics under high-frequency ventilation {HFV) condition was
sludied within a lhree-dimensional asymmelric single bifurcation

modal using CFD methed.

2. Mesh Mode! and Construction

The asymmetric single bifurcation mode!l of the central
airway based on the morphological data given by Horsfield et al
[6] was used in the present sludy to simulate the respiratory

airflow under resting condition,

P (Postenor)
R [Right) L (Lamy

A {Antenor)

Vs

Figure 1 Model of singte bifurcation of central airway (irachea and

bwvo main right and left bronchi).

Table 1 Model description of a2 single bifurcation model (6]

Axial
Diameter Length Branching
Branch Mo R curvalure
[mmj ) anghe
(R)
0
D=16 100 . &
[panant biranch)
{ 1
| foft daughiat d=12 50 [F13® 45 54
branch)
10
{right davghter | ¢,=11.1 22 (=35° | 3.0 335
branch)

Figure 2 Three-dimensional mesh model of an asymmetric single

bifurcation of the central airway

Due to the airway geometrical complexity, technique of multi
block method was applied 1o ease the geomelry and mesh
generation. The airway mesh model consists of 84 blocks with
structured hexahedral mesh cells of 159,872 node points. At the
regions closed 1o the airway walls and the carinal ridge, the mesh
cells were refined with well mesh grading ratio in order to capture
high vefocity gradients occurring near the airway walls and the
carinal ridge.

The airway geomelry dimensions and mesh model are given

in Table 1, Figure 1 and Figure 2.

3. Respiratory Flow
The respiralory flow can be assumed lo be incompressible
laminar flow. The Navier-Stokes eqguations of the ime-dependent
incompresstble flow are expressed by
Continuity equation:
Y.V=0 (1

Momentum equations:

x-component ‘2‘1 L (V-Viu = - |_":"£ 3 e (2-a)
at 2 ox

y-componant ‘;" + (V- Py = = _1‘._P AT {2-b)
ot D oy

z-companent i:i+(\r Vw = _lﬁl+ N {2-c)
of 2oz

4. Numerical Boundary Condition and Solution

The Navier-Stokes equations are solved using a CFD code
based FVM with the concurrent block Jacobi algorithm. The
implicit scheme is used with the second order upwind scheme for
the conveclive numerical flux and the centrai differencing for the

diffusive numerical flux.
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Figure 3 Respiratory cycle at resting condition

The airway walls can be assumed solid wall, hence no-slip
boundary condition can be applied to the airway walls. To
regulate oscillatory flow and control the flow rales in right and left
daughter airways, the vefocily boundary condition was applied on
ihe inflow/outflow boundaries in the airway. The controlled flow
rales in right and left daughter airways are 55% and 45% of the
flow rate in the trachea. respeclively. The uniformed velocity
boundary conditions applied to the inflow/outfiow boundary vary
with lime as a sinusoidal time function as shown in Figure 3.

Peak Reynolds number (Re) number of 1.]"5)-:‘]&'.)3 and
Womersley number (L) of 2.73 were used, this corresponds to
Ihe lidal volume (VT) and the breathing frequency (f) of 0.5L and
0.8 Hz,-respecliveiy. Numerical respiratory flow parameters are

givert in Table 2

Table 2 Numerical parameters used in the sludy

| Breathing condition Normal breathing

VT (L) 0.5L
f{Hz) 0.2Hz
T (sec) Ssec
\L _(mms) 1.562.5
| Re 1.75%10°
| Time sieps feycle 100
I| Time Increment, At 0.05sec
Dimensionless lime al each time
herement, F=4 VﬁﬂDz v

3. Results

The results are presented as the velocity profiles
normalized by the maximum average lccal wvelocity in each
tanch, The results are taken from 8 cross-sections stalion

roughout the model. The oscillatory flow simulation results in a

three-dimensional asymmelric bifurcation model at resting
condition case are given in two separate parts, inspiration and

axpiration

5.1 Inspiration

An overview of respiratory flow features of the inspiration
phase under the HFV condition is given in Figure 4. A uniform
inlet velocity profile was imposed at the infiow boundary at the
inlet parent airway. Flat velocity profiles with confined boundary
layer thickness were found throughoul the airway model and

there was no secondary motion observed during the inspiration.

Figure 4 Inspiratory flow fealures at peak flow rate under

HFV condition (VT = 0.05L, f = 5Hz, Re = 4.3?><103 and ¢ =
11.87)

The development of axial velocity profiles in the parent
airway during inspiration was shown in Figure 4. The velocity
profiles in the bifurcation plane {R-L) and normal plane lo the
bifurcalion {A-P) are flat prefiles with two-peak velocity profiles
near the boundary layer throughout a straight pipe section of the
parent airway. Note that, the boundary layer thickness in both
planes ts confined to be constant throughout the parent alrway
while the flow develops downstream.

When the fiow enters the bifurcation, it experiences a
change in flow direction and is split into two streams entering lthe
right and left daughter branches. After the flow from the parent
airway enters the right airway, the maximum axial velocily profiles
in the bifurcation plane (R-L) are found near the outer wall of the
bifurcation (not the inner wall as occurs under the resting
condition and maximal exercise condition) as shown in Figure 5a.
This can be explained that during the oscillatory cycle in HFV

condition, the flow does not have sufficient time lo become fully



developed. Therefore, the boundary layer thickness in this
breathing condition is found approximately constant. In the normal
plane [o the bifurcation (A-P) as shown in Figure &, axial velocity
profiles are symmeiric wilh deep flat profile at the centre of the
flow and two-peak velocily profile near the boundary layer. These
velocity profile patterns remain the same shape throughout the
nght daughter airway portion. Again, the boundary layer thickness
found in right daughter airway in both planes does not change
when the flow moves further downstream. Also, it was observed
that the boundary layer lhicknesses on both sides (inner wall and
outer wail of the bifurcation) of the right daughter airway wall are

equai,
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Figure 5 Development of axial velocity profiles through the
fight daughter airway during inspiration at peak flow rate under

HFV condition.

Similar flow mechanisms occur in the left daughter airway.
In the bifurcation plane (R-L), the axial velocily profiles are flat
profiles with a maximum velocily profile near the cuter wall of the
bifurcation (inner wall of the curvaturej as shown in Error!
Reference source not found.a. When the flow develops
downstream through the curved portion of the left daughter
airway, similar flow patterns occur with peak velocity profiles next
io the outer wall of the bifurcation. The boundary layer thickness
15 conslant throughout the left daughter airway. In the normal
plane lo bifurcation {A-P}, the velocity profiles are symmetric wilh
peak velocily near the wall and a deep fiat profile at the centre of
lhe fiow. The velocity profiles in this plane, again, retain the same

liow features throughout the curved portion of the left daughter

airway with constant boundary layer thickness as shown In Figure

6.
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Figure 6 Development of axial velocity profiles through |eft
daughter airway during inspiration at peak flow rate under HFV

condition.

Note that, the velocity gradients of the axial velocity profiles
throughout the airways during inspiration are confined to a narrow
boundary layer and remain conslant. It is found that secondary
motion does not exist in the left daughter airway during the
inspiration but very small secondary motion is observed at the
inner wall of the bifurcation in the right daughter airway. However,
the secondary velocity observed in the right daughter airway is
extremely small compared to lhe axial velocity, Thus, the axial
velocily profiles in the right daughter afrway during inspiration are
not distorted by the secondary motion. Therefore, lhe secondary

motion effect cbserved at this side can be neglected.

5.2 Expiration

An overview of the expiratory flow of the HFV condilion is
given in Figure 7. The flow features shown here are taken from
the peak expiratory flow rate during the respiratory cycle for the
HFV condition. For expiration, uniform inlet velocity profiles were
applied at the inflow boundaries in teft and right daughter airways
lo correspond to flow rates of 45% and 55% of the trachea in left

and right daughter airways.



When lhe flows in two daughler airways move downsiream,
ihe fiow profiles remain flat with peak velocity profiles at the outer
walls of the bifurcation. Figure 7 represents the development of
ihe axial velocity profiles in left daughter airway. In the bifurcation
plane {R-L), the axial fiat profite at the inflow boundary in the left
daughter airway develops further downstream along a curved
sortion of the left daughter airway with a prominent high peak
wlocity near the outer wall of the bifurcalion (inner side of the
turvature). This prominent velocity is more remarkable when the
flow reaches the carinal ridge at stalion L1. The high pesak
velocity profiles found at the ouler wall of the bifurcation in the
turved porlion of the left daughler airway is purely due o the
curvature effect. When a uniform vetocity profile enters a curved
section, the higher velocity profile is initially found at the inner
side of the curve tube. When the flow moves further downstream
it experiences a change in direction. If there is enough lime for
the fluid flow lo be fully developed, due to the centrifugal force
lhe faster-moving fluids al inside of the curvature (outer wall of
lne bifurcation) will move towards the outer wall of the curvature
{inner wall of the bilurcation) and then form secondary motions.
These secondary molions are then superimposed on the primary
mation (axial flow) and give rise in the distorlion of the axial flow
skewing towards the oulside of curvalure (inner wall of the
bifurcation). But for the HFV case, when the flow moves through
the left daughler airway the oscillatory lime period is too small lo
sliow the flow to adjust itself to be developed. Thus, lhe
maximum velocity is found at the outer wall of the bifurcalion
(inner wall of the curvature). Also, the boundary layer thickness of

the velocity profile in the left daughter airway does not increase

throughout the daughter airway portion.

Figure 7 Expiratory flow features at peak flow rate under
HFY condition (VT = 0.05L, f = 5Hz, Re = 4.37X10" and O =
11.87)

|
({]

]

pormalised wicely
7
neemitiied weloctly
=

ki

-

s
wo-dmenmond Gty

(=]
e
=
(-1
.

Figure 8 Development of axial wvelocity profiles through
through the parent airway during expiration al peak flow rate

under HFV condition.

In the normal plane to the bifurcation (A-P), the axia! velocity
profiles begin with a fiat profile. When the flow develops
downslream a deep fiat profile at the centre of the flow with a
higher velocity profile near the wall is observed. Again, the
boundary layer thickness dees not increase when the flow moves
along the curve section of the left daughter airway. The similar
flow features are observed in right daughter airway. The fiows
from two daughter airways merge together al the bifurcation and
then enter the parent airway at station P4. The asymmetric
velocity profiles are found in the bifurcation plane (R-L) at stalion
P4 (Figure 8). The velocity profile 2! this station has peak velocity
near the wall. When the flow develops through station P3 the flow
starts lo be symmetrical in shape with higher velocity close to the
wall and fiat profile at the cenfre. When the flow reaches station
P1 the velocity profile is completely symmetric with deep and flal
prefile at the cenlre and higher velocity peak near the wall. For
the normal plane to the bifurcation, the flow profile at each station
along the parenl airway is symmetric. The flow staris with a flat
profile at station P4 and then a profile with fiat profile at the core
of the flow and higher velocity near the wall at station P3, P2 and
P1. The boundary layer thickness of the velocity profiies in the

parent airway in both bifurcalion plane and the plane normal to



the bifurcation does not increase and remain the same thickness.
For the HFVY condition, no secondary mation is observed in

expiration throughout the airway.

6. Discussion

The respiratory flow simulation of the HFY condition at
peak flow rate in this study was found to be sufficient agreed well
with the experimental results given by [14], The flow features
obtained from the rest of the respiratory cycle during acceleration
and deceleration are different from the flow fealures at the peak
flow rate. During inspiration, the flow profiles at the equivalent
flow rale belween acceleration and deceleration within the same
inspiration phase are significantly different.

It was found that during inspiration the distortion of axial
velocity profiles for the resting condition and maximal exercise
cases yielded similar flow patterns as shown in Figure 9.

In general, when the flow from the parent tube enters the
daughter airways, the axial flows in both daughter airways for
both cases are skewed lowards the inner walls of the bifurcation
(outer wall of the curvature}. This conforms to steady flow in
curved tube [16). When the flow enters a curved section, the
faster-moving fluid elemenls with maximum velocity profile are
initlally found at the inner wall of the curved {outer wall of the
bifurcation). These faster-moving fluids laterally are subjected to a
larger centrifugal force. These faster-moving fluids then move
towards the outer wall of the bend {inner wall of the bifurcation)
while the slower-moving fluids move towards the cenire of
curvature. This gives rise to superposition of the primary axial
flow by the secondary molions. The secondary motion has more
significant effect on the distortion of the axia! velocity when the
flow moves downstream from fhe carinal ridge due {o the fluids
being subjected to greater changes in direction.

Interestingly, for the maximal exercise breathing condition, at
the inner walls of the bifurcation close to the carinal ridge a
second pair of vortices is found in both daughler airways. For the
resting condition, these secondary vortices cannot be observed.
These secondary vortices are confined within a narrow boundary
layer region at the inner walls of the bifurcation close 1o the
carinal ridge. When the flow develops downstream these vortices
disappear and the only secondary motion caused by the
cenirifugal forces due to the curvature is apparent at the outer
wall of the bifurcation.

The occurrence of the secondary vortices near the carinal
iidge for the maximal exercise condition is likely to be due to the
escape of fluid parlicles from the main flow siream to a new

boundary layer region formed at the carinal ridge when the flow

from the parent tube is split into two fiow streams. When the
main flow stream in the parent airway is split into two fow
streams and subjected to a sudden change in flow direction, a
new separated region can occur at the splitling point (the carinal
ridge). Due lo the high velocity flow for the maximal exercise
case, when the flow in the parent airway is split at the carina 2
new separated region is formed on the inside walls of the
bifurcation near the carinal ridge Figure 8. Al the entrances of
both daughter airways, the faster-moving fluids near the outer
walls of the bifurcation experience much greater change due lo
the centrifugal force, then the fluids move away from the centre
of the curvature towards the carinal ridge. For the maximal
exercise condition, the faster-moving fluids from the outer walls of
the bifurcation must escape inta the separated region formed on
the inside walls near the carinal ridge to conserve the momentum
across the cross-section. Consequently, the additional vortices
are formed at the carina. However, when the flow develops
downstream these vortices disappear since the boundary layer at
the carina is confined into a smaller region by stronger inertial
effect of the axial flow.

In contrast, the respiratory flow patterns observed in the HFV
condition case are fotaily different from those observed in the
resting condition and maximal exercise condition. There is no
secondary motion found in the parent and the left daughter
airways during inspiration for the HFV condition. Only a less
noticeable secondary motion is observed in the right airway. But
this secondary metion has too small effect on the distortion of the
axial velocity profiles. The axial velocity profiles in the bifurcation
plane bath in right and left daughter airways are rather flat with
higher velocity near the outer walls of the bifurcaticn (not at the
inner walls of the bifurcation as found in resling condition and
maximal axercise condilion). Note thal, the boundary layer
thickness for the HFV condition does not increase when the flow
develops throughout the airway model. This suggests that the
viscous effect plays less significant role in the respiratory flow
under the HFV condition.

On expiration, due to the higher flow rate from the right
daughter airway, the higher axial velocity profile in the bifurcation
pitane in the parent airway just downstream from the bifurcation is
found near the right wall of the tube for the resting condition and
the maximal exercise condition. The velocily profiles for the
maxima! exercise case are more flat than those found for the
resling condilion. This asymmelric flat profile persists until the
flow reaches the oulflow boundary in the parent airway.

Secondary motions are found in the parent airway during

expiration for the resting condition case and maximal exercise



condition wilth double pairs of helical motions. The secondary
motion has a more significant effect on the distertion of axial
velocity profiles in the parent airway than the maximal exercise
candilion. This is indicated by the thicker boundary layer of the
resting condition case compared to the maximal exercise
condition,

For the HFY condition, lhe axial velocity profiles in the
parent tube on expiration are significantly different from the
profiles found in the resting condition and maximal exercise
condition. The velocity profiles in the parent alrway for the HFY
condition are rather flat in the core of the tube with higher velocity
near the both side of the tube. When the (ow develops
downstream, this higher peak velacity remains near the wall, but
with less amplitude. Again, secondary motions are not found
during expiration for the HFY condition. Alse, the boundary layer
thickness throughoul the system is very thin and consistent. It
can be said that the viscous effect does not play a significant role
on respiratory flow patterns in the HFV condition, even at the low
Reynolds number where the viscous effect should be faken into
account in considering the flow behaviar.

Comparing to the resting condition and maximal exercise
case, where the breathing frequencies for both cases are small
enough to allow the flow lo adjust itself to develop, it was found
that the flow profiles are sltrongly dependent on the flow rate
{Reynolds number) rather than the breathing frequency
{Womersley number). With the increasing Reynolds number the
boundary layer thickness for the resting conditicn decreases. The
boundary layer thickness for the maximal exercise condition is
influenced by the Reynolds number in the same manner. The
boundary layer thickness for the resting condilion is thicker than
in the maximal exercise cendition. This indicates that the inertia
force becomes even greater than the viscous force fer the
maximal exercise case as compared to the resting condition.

It can be concluded that Reynolds number is the important
parameter influencing the respiratory flow as long as the
breathing frequency is small enough to allow the flow to adjust
iiself o develop. This also suggests that the flow in the low
breathing frequency range is affected by viscous effect, thus the
geometry of the airway is of important. in other words, the
respiratory flow Is dependent on the Dean number when the
Womersley number is small (small breathing frequency).
However, the viscous effect becomes less important when the
breathing frequency becomes high, such as high-frequency
ventifation. Thus the geometry effect can be neglected for the
HFV condilion and only the frequency parameter (VWomersley

number) plays a significant role on the respiratory flow patterns.

7. Conclusions

It was found that the numerical resuits of the HFV
respiratory flow in an asymmelric singfe bifurcation of the central
airway at peak flow rate are sufficient to give a number of resuits
which both qualitalively and guantitatively agree well with the
experimental resuits given by [14].

The results alsa showed that the respiratory flow under HFV
condition are dependent only on the unsteadiness eflect, while
the respiratory flows at resting condition and maximal exercise
condition are dominated by the convective and viscous effects.
Hence, the realistic geometry of the airway is important to get the
realistic results of the airflow patterns for the resting condition
and exercise condition. While for the HFV condition, the geometry
effect becomes less important. It also was found that the
respiratory flow under the high-frequency ventilation behaves in
the similar way as in the straight tube.

The secondary flow motions were observed in both daughter
airways during inspiration and in the parent airway during
expiration phase under both resting and maximal exercise
conditions. Whereas the secondary flow under the HFV condition
was not oblained. The numerical flow information in the study is
useful te track on the particle deposition during breathing cycle in
order lo investigate the efficacy of the pharmaceutical which most

are in the form of aerosol paricle.
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