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Abstract

Among the several functions of the nasal cavity, temperature and humidity adjust-
ments are important for preserving the trachea and lungs. The functions of the
nasal cavity have been clarified in experiments investigating the condition in the
nasal cavity. However, the difficulties of noninvasive mesurements have rendered
nasal cavity simulations an attractive alternative. Data are readily obtained form
a simulated result.

In this study, airflow, temperature, and humidity transfer in the human nasal
cavity were investigated in nasal cavity wall model of temperature and humidity
transport. The nasal cavity wall model was examined by simple geometory such as
straigh pipe. The simulated result was verified by comparison with experimental
data. A resonable agreement was attained between experimental data and a model
incorporation the latent heat effect. The model simulates head and water exchange
in the nasal cavity.

The four inhalation cases (hot-dry, hot-humid, cold-dry, and cold-humid) was
simulated. In all cases, temperature and humidity of inhale air were adjusted to
suitable physiological values. Temperature and humidity gradients were highest
at the front of the nasal cavity. The influence of latent heat was clarified by
comparing simulation results with and without latent heat under several inhaled air
conditions. In the hot-humid inhaled air case, temperature in the Kiesselbach area
was increased by latent heat of condensation, and relative humidity declined. In
the other inhaled air cases, the tmperature in in the Kisselbach area was decreased
by latent heat of evaporation, while relative humidity incrased. Latent heat effect
was particularly influential in the dry inhaled air case.

The breath is a unsteady phenomena that consist of inhalation and exhalation.
The nasal cavity simulation under unsteady condition was examined. A little
unsteady chracteristic of nasal cavity flow was observed. However, the nasal cavity
simulation under steady condition is possible to examine flow, temperatue and
humidity in the nasal cavity.

Moreover, the several nasal cavities was simulated to examine individual char-



acteristic of nasal cavity. The difference flow, temperature, humidity distribution
was not observed between several nasal cavity.

The physiological function of paranasal sinus was examined by computational
fluid dynamics (CFD). In this examination, the maxillary sinus that have the
largest volume in the paranasal sinus was forcused. The flow, temperature and
humidity was examined by CFD. The difference of flow, temperature and humidity
in the nasal cavity was not observed. It is assumed that the maxillary sinus has

not supporting function for heat and humidity adjustment.

Keywords :  Nasal Cavity Simulation, Nasal Cavity Wall Model, Latent Heat,

Temperature, Humidity , CFD
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SPECIE, MieRE2RET 272010, WRF OB E2H) BR CERE, T
DimE R X OMEE 2 ol 72 RRE ISR 2 5KRE, B2 B ¥ LR E03dh 5.
SIPENEELR, SETER D Z2BREMETEDLDN TV 5, SRIENTIE, RRISFE
VPRI L > TEDLDILTW S [1][2]. MERKZESIL, SPREPCEREZ ML
TEIENDPSEN LHES N D,

SEDAHFICIE, HISPE L WEN 2 220035 5, BlRBAE, BN, g, -
SHIF, WD 4 5035 %, HlEPEo AR L, MIHINTE 5T, ki ki
WHEHF I X - CGiEam S LT 5 [4](3].

ANFEIDRIAVERE P CAEZ B 2R 2 5013, REOENIES X RED
PERREIC L 20D TH S, Lo T, AIEPRIGEEOAEZ BN 291, &
V¥ L CHETH 3.

SEDOREREZ fEIH T 2 72 01T, R4 B FEERIC X 2RI DMTh T 5 [5][7][8][9).
Doorly et al. % Spence et al. (¥, Computed Tomography (CT) i 5 ) a v
ZH o TEPIIRZ RS L, Particle Image Velocimetry (PIV) % F\» TEPEN
DIMNDOBE 2 E T %> T3 [5][7]. F£7, Kect et al. 1%, HEDOHPEE D S
IZe Y —%2fHAT S LT, BHENOIRECHMREDOIEZE Z42>Tw»5
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IhoTWw3 (9. EETIE, EEOT—FY 2B HENTEL LI H S, L
L, BPEREPEMETH 2720, U —DREIITL > TIHETE 2\
e Lol EZ T 5. £z, BVICEBREOBEICIE, SED 3 R F
DBHEVHITRAY Y b2H D,

fli 77, Computational Fluid Dynamics (CFD) f#ftrz H\C, SPEDFERE % #
HH$ 2 7 0 DG DYE T b T 5 [10][6][12][28]. CFD % AW 7 fi@ghrid, &t
BRER L D BN OERICEDICT 70 AT B2 ENTE S, L, [EfExs
FT= G501, BENOBHROMNIEIZY S 21—y a3y TELZETILD
WEEENEETH 5. Naftali et al. IFEE L NREZED RPN 2 E Z %o
72 [13][14]. £ 7z, Zachow et al. (%, WA 7 VICE T 2 BPENTOIREE L O
WEZ &GO MO 2179 2 & T, BPENORES X OMEOHRRIRDLICD
WTHIRTZ B o7 [15]. L L, 26 olaficB\nis, SRS %
FERELTOARY, BPENTIE, SPEREZEZ AL CREES X OKELRIZHmI NS
720, BV DE I Z &0 7T MU HETH %, Kumahata et al. 1%, S
BEFORE % E 2, MEOREI 250 TV EREL, BENORES X O
iz oW Tt 217572 [16]. L22L, Kumahata & ORI, HEEEE L T
E67, T, BEIEOIITHKRERDOKMEIT>T0D, FEEROBFENTIE,
BHEIRE THLNTw S0, HEOABKBmIN TS, £, LhAEHE
BRIGEWHEE Y 2 2L —y a v &IT) 720, KOBENER § 2 T8 ES
BB A BT 2080 H 5

BRI L, BRESR &S0 6 R 2 IEER OBIRTH 2. WICIE, KEiEPE v
WL CRE 72 ENTAT 9 Wl Ze &, BRA B3 H 5. Ishikawa et al. 1%, SPENORNL
%, LR O & Ao 2 B CRRISAT ) W C & 5 Sniffing DIfEIIEZ T,
JEE N 21T\, ZNZF NN DE NI E T B BPEN DTS D W TREHT
Vv, ZNFNOMRORHEZEHS I L7z [11]. Zofbicd, ERENIEER RIS
DULTHHMTON T 228, BIENOIFEFEEZHS IS 57012, &5
BAMHNEE IR BRERDH B, £, FHIEPEO AL 2 BT 5 7012,
iy 22 v —yavzHueimai»irbitTte 3 [27](29][30][26). L2 L, &
Ve AR HAEN 22 BERE 2 W & 222§ 2 - 121, BWED IR % RV 72— D f@hT
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1.2 WHROBM

St %2 CFD Z W TR T 31213, BFENOBSR%Z FiEcy 21—
PavELODOHRDETIEDPEETH 5. BPENDOIEE X VKA DR
ik, BRI Z AL TE I hbs, AUFETIE, X EECEENOHNE
YIial—vavrTaioll, BEREMEDOEIZERL, I 6 ICEPEEERL? S D
TREND ATl 7 S KDBENT K > THAET 2 ZAFIFBE X OB 2 & 0 TR
MiaAT ) 7O DEWERENE TV OREEZ B 2729, L L - sehiEmE 7V %
W, BPEN O, TR, WEB X BRI OWT, i DASEDD
LRI EE 2w, BPEOREE X OREOFHiEiEL X CEPENTOR DY
BUIZOWTHSIZT 5, MRIE, TR ETRD» SR 2IEEH R THS, L
7235 T, BEENORNDOIEERS I 2L —v 3 v 21T, SPENRAOIEE R
WEHO ST 5, 7, ABosBIE, Fin, W, Sk, b2REOM
fREZFEL VS LIS NG, 22T, Flh, MR, SK3E L 2880 8k
IR L, ABoEBOEEE I LW TEREZB L), 612, FHEAD
BRI B AAERZRIC OV TS, BIERAE Ay S 2 v —v a v OBlRD & B R
P BERE & R T 5.

1.3 G DR

1 BT, MEERICOVTIHHL, AMEOHNZBRS, 27 TIX, &P
DIGROMELE, BHTFIEIC OV TR S, 3T TIE, SPEHEOEREZ 55K L 7
Bk X KR DSHAD 72 D BERERIE T LIC DWW TR 5, 4 FE T, HH
BEXOHEEL 2GR Z T, 3EICTHEZ B 2 4> RV € 7
VO ZE ), 5ETIE, 2EITB W THAEEL 72 8EIRR 2 v TR
2B IRV, A BERE T ICE T 2 BENOWN, WE, MEC >V GERE B
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B IS, ki, 8T, INFTRBONLAMAEZ LD, SBROFEEIC
DTN 2,



B 28

T FE
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MRS L OB EICH VY U NICOWCEHE 249, £/, Kif%<T
RV EREHRICOWT, $HT 2 &3k, ERiR 5 SR 2 g T 2
FIRIZOVTHFHEZE 249,

2.1 EBEARNDOETIL

BWEN O IE, JEEMEMRNE LTy S aL—vaveElnok, £,
SN T O BPERER %2 A L 72 E R X R EOERRICOWTHEE L, HEE
X QKRG SSHAD 72 8 D BPERER E T IOV T, RETHBRS, WKIZE T
DERRKVA VAL, BRLV A 2 VR K DA E»izd, BT TIOVIZHG T,
JEi e LCiT 2 8 2 ko7,

ARy ab—yaviiiBlsXAENIZ, Navier — Stokes /i (2.1),
o (2.2), TFLX—HEo HER (2.3), KO RS FiED X (2.4) T
Hb, 2T, tuppu, KT OpF,ELODI%, KR, #E, HE), %E, ik
B, BMSEMRE, IR, HE, KOBEERDE, BLOVEEBHFHTH S, 2
Zho)iAlE, FHRAEENTY 7 FTH % FLUENT6.3.26(ANSYS,Inc.) IZ & -
TP (17). 2, Y Talb—vavicBwT, SFENICET 2IREE X 0K
RRDSHZLTH 1L, WMELHD 720 DBRFREM B X O/KERSIRD 7- H DB



Rz 2N ZFNGb T 20823 H 5. IREE X O/KEKKILD 72 8 DR
IZOWTIE, 3EICTCHHZE IS,

p{2;+(u-Vﬁ%::—vp+uV%1 (2.1)
V=0 (2.2)
mm{2§+%u-Vﬂ$::KV%“ (2.3)
QE+OLVHL:DV%‘ (2.4)

ot

2.2 ERERIROBREE

BENORNDY T 2L —vavEBIix) I3, SEMIROFMEELZE %
IMEENH B, AT, CTEBXUPMRIIC & > TSI N EERGRE b &
SRR TSR 2 B 2 e o7, RIETIE, RO FESEIC AV 72 R I
DWTHIHT % L, BPIPIROFREETFIZ R

2.2.1 EEERICOWT

CT £ X U'MRI Thi S L7z IR, Digital Imaging and COmmunications
in Medicine (DICOM) 7 # —< v MZ ko TidfgE N5, £2.112, KL TH W
7RG OER 2 ™. AZFRICE W TR L 22 BEElmERIE, CT X i3t
7oA DY 1 ER, MRIC XD S S @ik 3 flikcdh, Gitc4kico
WTDEBMEIRDOFEE 2 B ko, 22 TiE, CT Vol 18 XUMRI Vol 112
DWTOAFZE %), EBHENORNOBENITIX, MRIIHEANBHREED
B CT Vol 1 Z W Ciimz D 72, CT Vol 113, CT Hifi%, 50D HAN
BHDODL DT, 524D RA T4 AR X YRI5, HBRDOE 7 LA X3,
512 x 512 pixels TH D, HHRDRIELIL 0.234mm /pizel, HHRD A 7 A Ak,



0.3mm/slice T& %, MRI Vol 11, MRIHif&i%, 26D HAANBED S DT,
24MDA T4 AMRE DRI NS, HEROE 7 LY A X%, 512 x 512 pixels
TH Y, WERDOMRIER 0.375mm/pizel, BRD X F 4 ARIFEIE, 0.75mm/slice
T®H 5. MRI Vol 21, MRIHif§&I%, 28D HAABED S DT, 224 DA F A

HRE DRI NS, HEROE 7 LT A XL, 512 x 512 pixels TH H, MR
DIRBREENZ 0.375mm /pixel, HIRD A 5 4 ARfEIZ, 0.75mm/slice T&H %. MRI
Vol 3 1%, MRIHI&IZ, 29RO HARALED S DT, 224 DR 54 AWK LD
M ENS, HEROE 7 L34 XiE, 512 x 512 pixels TH D, HHROFRRIEIZ
0.375mm/pizel, HIRD A 7 A4 A, 0.75mm/slice TH 5.

2.112, A CT Wiz R~7, 2.1(a) 25 (f) £Tl%, Coronal Wi
TOHEHCT TH Y, S SWEE TCOWEZRL T3, £/, K2.1(g)
Sagital WIHI D CT W TH D, HFERIC L D Coronal Wili D AJFMLMEZ R L 72, X
Mt CT 1, MRIIZHARTERBITKFEIZ 2226 20238, HOIRE ORI S E % v
TWw3 L, XBORLKEIZ X >T, K2.1(d) D & I IclEGEESENE 7T—F 7 7
7 FI3FEAET B, F72, 2218, AROEE MRI 2R, X2.2(a) 225 (f) £TIE
Coronal Wi COUEH CT TH H, Eflr oW ToWmzr L Tw5, i,
4 2.2(g) 1Z, Sagital Wilio> MRIFEHRT®H D, KRk X D Coronal BiifI D A g{LAL
EZR L7, MRIIE, BOIGROBEOEE GEEMES) T7r—F 7727 22T
Fix w0, CT X DIRERHSE 5, ZOMICERBG T 2 R E) < LB
B A7 5 &0 ) REDH 5. FIENERR, 25Tl 3N T» 570,
CTELXUMRIEDHEDIV IR MTRENS, CT B L MRI DD S
HADHEHYHLICK D, L&l HhEuE, TEEIERINTW»SC &#%w
5. £, FADORANPS, REIIETREICKD o Tw» 553, WAL T
FADBERERL Twb, I510, BPEDEFHICI, KNDZEN?H 25 L
MR TE 2, 2o D2HIE, RIS WEEN 5, [lEbEcE, ArsE, fiaEm,

FHH, WO 400350, 2RFNOMIL, KBHEIC L > TEPEEErN-oT
Vw3,
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2.1: CT Image of Human Head
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2.2: MRI Image of Human head
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2.2.2 HIROBEBEICDOWT

R CHAA L 2 ERHIR 2 b L 12, BEROFMEL XX v > 2 ERE T
DFEZFHT 2. K231, SPICROFEHEETFIEL RS, FEI Avizo[19] % H
VT, BEREEIR D & BN, BEEREGOEEZ b iz, K7k
NTF =8 2Bl 5. X7V T—FZ2LMNT—FThHhsbSTLT—FICEWT 5,
STL 77— % OZFI A v > 213 Triangle I X D I NTw23, 22T, EMIN
LREA Y 2ld, /A XBEDYET, Xy aDEHEPLN, 7ARY b HHE
WIEZ: Triangle 22 X v ¥ aDSFEL T B 720, ZDOFEE TR, WAy advd
JRTEZ W, WA v & 2R TE S L HIT 57DIZ, Metrialize Magics[20]
ZHWT, RAIX v Y 2 DHIRPEBIER EDRESL A L—Y v 7 & O i
ftzE 7k, STLT—YORiE{bEE 249, mHEIC, ANSYS Gambit % FHu»
T, L3N STL T =D oWNEX vy > 2 2B KT 5.

FRARDBEEL LR v 1 DER

1. EFERIER D> & EREER O BEEEE 2 V¢, S 2L, KR
2N T =8 2R T 5. R 7L F—% DERIZIZ, FEI Avizo
W7

2. IR S HhiH L 28 ED R 7 v V7 — % % STL 7— % (if
Ay ¥ a) BT 5. FEI Avizo # VT, STL 7 — % IC 25k
L7

3. R A v > 2lE, Triangle X v ¥ 2 THEEINTWEL, K7 %
NT = POLEHL I RMA v alE, 7ARY b HpHEOELR
Triangle X v ¥ 2 DFHET 57280, AL—Y VTR AX v 2D
% - HIBR 2479 T, REX v > 2DmEbzIT). REA Y
D lIziE, Materialize Magics %2 H 7z,

4 RS NIRIHA v > 22 b eI, BIENDX Y > 2 DA%z
BIk)., Ay radAici, ANSYS Gambit Z 7z
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CT Wi & FHBE I N - Bk %2, 241087, K 24(a) 1%, k25 HA
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5 DZEEEIC KD, B EN->TH 5,
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2.4: Reconstructed Geometory of the Nasal Cavity including the Maxillary

Sinus
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SEEMmETILICOWVWT

SPEDOILEE £ X VR EEFEIREE (X, EEICENTE D, Bfld 5K L 72225
i, WHEEICET 2 0, BREEE, PRI (34 °C)E< 2T, W, MRHEEETT 100
T FTHEEEI NG, BIENICEB ) 2IREE X KKK OsKHIL, SR %
LCitbird, L7dd->7T, BENOREE L BELEEICS I 2L —vay
T5720121F, SPEEEHICE T 2IEE X OKASSHBE TV HEEL R 5, &
PEEEIR I, MPERSECEONTE D, BPMROES IIEMIc k> TRLZ S, &
Z L iR X ORI D 7= 0 D BPERERIE 7TV IE, X DKEEIC T 2L —
S avEITI OIS, BPREEB L ABERHOB I 2 EET S L EbIC, B
JTRBRICOWTHERL TS, Ziuc kD, SR D S OMEZ T
%, RIWERERID & D/KEROBE) THE ) KT EE X RIS EVE B L 72>
Sal—vaVvPuaRgL kD, EROEFIHKIOEVEEND Y T2 —va v
DBTEL. ARETIE, BERNBEOMEZBRRZ L b, RBELLRES X UK
ARRSHAD 1= 8 D BEREHIE T IOV THIHT %,

3.1 ZEEmOETIVE

SPENOBERNZ, SATER T 2R E, BB TELN T2, R I,
F§Ic &> TEbNTE D, BBWEZATHS,

3.112, HPEOREORER X VRO € TN 273, BROREEIL, RhK
FJZ (Membrane Epithelia), £ (Nasal Glands), i (Blood Vessel), G4
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(Capillary Blood Vessel) 7 E TR I 11T\ %, EPENORIEOE X 1%, S
P AMOTEERILTHRA Y, BB LZ 03~5 mm BETH Y, KIS0 T
A (1], B & VKRG, A% © Ol & B 4L, SIREIEAE Ar LT
BEN DL EAREI LD,

X 3.1(b) IR T k)i, BPEEERIDOE T NWLE B I %o/, SPEBEEE TV,
Organ-side Layer ¥ & O Membrane Layer ® 2 J& X DK 3415, Organ-side Layer
1%, IME % EDMMZIREL TED, Bk X OKEL[RDUEI L % 5. Membrane
Layer |%, Organ-side Layer & D G X 415 Bk L OUk&RSRZE, RBPENDZELRANE
{RiEd %,

FITBRT72 K 91T, BPRIRDE S 1L, BEADOEMIC X D Re>Tw503, B
WIERD &, SPERIR OIS Z EMEIC it 92 2 & 13, RO MRREES I E O
BIRCTHEECTH 2. L7ed> T, RFRICE VT, SPEEEE XS 5T, Kl
DEIF—ETH 2 LAEL, MEE X OKERKZHD 7 D BIPEREN € 7L %2
ML 7.

PRE L 7 BIPEREE 7V, WS X 2B OBHZ2ER L HICL>T, £
YBNICREE R E TV E B> T 05, £, BYERROBEI2EEL2 LT, &
PENEEIC BT 2 REOME S FHELIS 2 2 LA TH Y, SPEEER ORI O
THWETT 22 LI TE S,
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Nasal 7%

Glands ~—— Membrane Epithelia

5

Capillary Blood
Vessel

Blood Vessel

=l /

(a)Mucus Membrane Structure

Membrane Layer
) (Nasal Glands and
Membrane Epithelia)

Organ-side Layer
(Vessel and Capillary

(b)Nasal Cavity Wall Model

3.1: Left panel: Mucus Membrane Structure; Right panel: Nasal Cavity Wall

Model:
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3.2 EEXBDOHDOESEERTETIV

TR SHAD 7= 8 D BIPEEEN € 7V 1%, Kumahata et al D FiE %z SE ITRIED JE
IBRE L 7FEE2 B o7 [16]. 25T 2 BIPERER€ 7 LT3, BREMC X 2B
DRI TIE 7, SUPEBEH D> & DK D RFE KRR D EEEICHE ) B EE G
T2 1T ) BT E 5,

3.208, MESHAD 7 & D RPEEERIE TV 2. BZ, HHH% (Organ-Side) il
6 BPEN D225 (Air-Side) 12, il (Mambrane-Side) Z47 L TIREI N5, Z
2T, Ty, Toy Kembs Omemp V&, T NZIURMRERITOMREE, MO, Ko
BAEMRE, MIHDE X TH 5, REFNICBWVTL, T, 13, MiEh 5 DBOMHE
12 & DR (34°C) THIC—E ERE L 72, T, 1%, BTSRRI NS LHTH D,
SUPRBETI D> & DBER Q emp E VBRI X 2 B Quutons DFTTH 5 IERDEE (Qyorar)
KD RESINS,

FHARI 2> & DEADEHE Qemp (KT DOARKHD) 1%, 3 (3.1) 1T X > TEDPNS, K
BRORMEE T, 23, iR T, X DIRVEGEER, Mk S BN 0225~ & #as
Wk S 4, =mPENOZERIL, RSN, s, FEORAME T, 23, #iR T,
LD EOEAE, SPENOZL T H O MR & BGDRE X, SN O 2250
wHIINS.

BT X 2B Quapens DBEENZ, X (3.2) ICkoTEME I NS, 22T, LI, &
B, Wyld, Koo OKOWHZR T, BB (L) 1, KRR OWE T, 12
Ko TEHET 57, Rogers et al DI (3.3) Z HWTEHHET % [18]. KOS,
Kl D 2> & BEN D LR NE D) & &, Quen FEUCTR D, RFEWE L
L, WHOEHAEZT 2. KOWHRDY, SFENOZZ D 6 R L9
EE, Quent FIEE D, BHEEHEAE LC@E. MROEHZT 5. EROBD
ki, X Ba)Ick-oTEEINS., oo, GRS LE L Gl ns.
72, 0o DFEEL, Fluent D User Define Function(UDF) % W CRlib L 7z,
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Organ-Side Membrane-Side Air-Side

Temperature  To Ts  Surface Temperature
(Constant) Thickness (unknown)

Water Flux
.
Heat Flux by Quuient —Elt Flux
Latent Heat
o ) o, et Fluxby
Nasal Function

3.2: Nasal Cavity Wall Model for Heat exchange

8memb

Ts - To
Qmemb = Kmembi

5memb

Qlatent = _LWbl

L = 2500.79 — 0.00000614342 x T? + 0.00158927 x T2 — 2.36418 x T,
T,—T,

Qtotal = Qmemb + Qlatent = Kmemb - LWbl

5memb

19
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3.3 KEK[IKBDIHDERETmTETIL

IKFRRAHAD 7= & D BJPERERIE 7L 1%, Kumahata et al. D iz S# | EE2
B 7o 7[16]. Fluent £\ > TiE, HEBIAD 7O DBFREMZ, T4 L7 V&M,
TLOERTLIENTER, 22T, two-film theory % I\ 2 H T, iz
HICBI 2 KOBERTEEZEREZE 7% 9. two-film theory 1, WIAE X I&MA
MCOMIEE 2 E2R T 2DICHCENBHITH 5.

X 3.312, KEKIKZHADI-DDETNVZRT, Wy(FDORA X, BEHRE»S D
KOWHTH D, H(35)ICk>TEEINS, Wy lZ, Hifii col (3.2) BEDE
BUICHO SN, Woems 13, #HERM (Organ-Side) 20 5 D/KDIRKTH D, 3 (3.6)
LKk TEEINDG, 22T, FEBXWE, F,, 0y, Omens 1, ZT0EN, BiFE
ICBT 2AROERESE, MEREICE T 2 KOERSE, MBI 2Kk0H
B, BHEORES, MIRDOEI 2R, 7, Dy BED Dyey 13, BEFUEIC
BT 2 KOILHAREE & RIS B 2 KDISHRECTH 5. KOFHIZE, HHk
2 5K DJE & X OB E 238 0, Milaficint I n s,

JlTi 7 k91T, WH, Fluent TlX, T4 L 27 LEMATL2ERZEETE R
VW, LEDIoT, Fg%, TICke 2 2 Lick ), SHEREHICE ) 2 KELADK
T2, £9, ABH BIUPA(B6) 2 FHIck>T, F,zkdsb, 22
T, two-file theory 2 & D Wi 1E, Woems 125 L\, User Define Function (UDF)
ERHOWTEREMFE LTE 2BET 5L 91, Fluent ICHEET L LICk>T,
SRR 2 N L 7o KZKR D SSHAZ FIRE & L 72 [17]. KRR SEHAD 72 9 D B PEREH €
TV, SPEREIEERE T OKRDERITH (F) BEPEND 22RO KD EERE (F)
L /AU, BMENOZRELEHhOKDEG L, SENOELRERET 5. £,
MilEE I COKDERTH (F,) DEVENOKOEERSH (F) L H RKETUL, &
PEREIE D> 5K D32656 L, SN DAL Z IS 5.
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Organ-Side Membrane-Side Boundary | Air-Side

Layer
Fo FS
Water Fraction: Tk Water Fraction:
Constant S Calculated
'memb
Water Flux Water Flux at
! Boundary Layer
Water Flux ter Flux at

cus Membrane

3.3: Nasal Cavity Wall Model for Humidity exchange

F — F;
Wy = Dbl5—
bl
F,—F,
Wmemb = Dmemb
5memb

F _ 5memb 6bl
s Dmemb D
( 6memb ) + (#)

21



B 48

SEEEmTTILORGE

HIEICE VT, R & KRR HLD 72 D BIEEEH € 7L DREE X OFEEZE
BIhot, HEEL SR € TV OMGEED 72 iz, Bk Th 21EME L
PRI {5 2> & PG L 72 BEIR 2 FH W T, EE X OHRHEE IC D WOt %
BIkotk, £, BMEEEMNE 7 IOVICH 72 ISHAAA ZTFBOE 2 MRt § % /-
DIz, HREICBWT, BAZEEL GRERNETV2Hnir oL —va
Ve, BEEBBL TORLEEERE T LTOY 2L —varviBIlkotk,
EMEDY T2 —YavitB0 T, MAT 22RO MNREZ 2SI
BDWEDWE IOV 2B I o, 612, FEEEERY S L 28
Wik 2 FIVC, WA L 72 BVRBEm & 7V 28 L 2 SN oy S 2L —v 3
YERITV, YT alb—Ya ViR %E Keck et al. DEBTOBPENOIRE S X O
FEDRIEREH (8] 8 & O Lindemann et al O FPEEERNIC B 1 2 IR OHERER (9] &
Wil 2479 T, WL SRR T TV OMGEEE § 5.,

4.1 EBEHEZHW:=&E
4.1.1 FEZH

X 411289 X912, BT THWZEMEOIRIE, FEE550.005 m T, 234 7
DEIN02m TH 5. BHTICOWTIE, BRORRBIEZ I o5 k)i, EE
L & AR DMEDF-—127% 5 X 912, 34 °CICERE L. F7-, @i,
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FRHREEDS, 25 %, 75 %, 100%D 37 —AICDWTE Zhot, BIREME, i
AN, BHEALE LTREL, WHAKCB T, —KkA2EEL252Tw5, £
7z, MRHEEIX, 0lm/s & L, TORDOLA VAL, 342 TH B, T4, &
PENICB T B LA VABERNETSH 5. BERIZOWTIE, no-slip &% @ H
L7, 7, T,cBL T, 34°CTELL, F, % 34°CIZB 2 HENRE
100 %DIRFDKDERTHETH 5 3.34% & L7z, MO BURELREL Koy 1E, 0.6
W/mK & LT, FiEDIES 6oy 1, 0.3 mm & L7z, 72, KilEICE T 52KDHE
BB Doy 13, 2.6 x 1077 m?/s & L7z [21]. BEREIC B 2 KDOILEUREL Dy
1%, 3.0x 107> m?/s & L 7.
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Geometry; Straight Pipe
* Radius: 0.005 [m]

* Length: 0.2 [m] Outlet: Velocity = 0.1 [m/s]

Wall: no-slip
Wall Condition

+  Temperature = 34 °C
‘ + Relative Humidity = 100 %
Inlet: Pressure = 0 [Pa]
Inhalation Air Condition

* Temperature = 34 degree C
* Relative Humidity =25, 75, 100 %

4.1: Geometory of the Straight pipe

24



4.1.2 FHEHER

X 4.2z, EMNEORMICET 2MENMEZR LA 7 —avy—KERT. K
4.2(a) 1%, WEZEZEL CORVEBEEHE T VEZHWTE S aL—va v LH
BT b, £z, K42b),(c),(d) 1, ZNFN, RELLBEEEE L R
HETNVEZHOTY 2L =y avi2B8lhokERTHD,. 25 ROHIHEED
R DY, 75 NDOMNREDWSRDYE, 100 %DAHTEE DA DE& DIE
MERIACTOMMETMZRL T 5,

X 4.2(a) ICRT LT, HEAEEZEL COEVETVEAWALY I 2L — 3
VEERTIE, WMAZROMMREZ 2SI TY, EIENORIE DI IE—E
ThhH, ZUIFHEREINLr > T,

WD TR DS 25 %D B, ZRFBRIC XD, WA DL OENE O FEIH
DIREDME T LT3 2 LR TE S, WMABEZD LE RS, WEOMK T
PREL, THRITIEE, REOKRTWNS S %5, Hoichig S iz Tish
T, BRI X 2EOELIX, ZEA LRI N D5k,

WD DS 75 % D56, ZFEENC XD, WAL DEME DL O
TEMETLTW3 2 EDMHERTE 2 7, WADHIHRED 25 %DGE L F U
£ 912, MABEZO LS RS, REOKTIRE L, PRI IEE, RED
RNOVNS K 2%, g Sz T <k, WEIC X 2iIREDOZX, (13
EAETERI NI Do Tz,

WD MHRHREE DY 100 % D56, R X 2 Bz frbhk o, EH
BICB T 2IREOEIZ, RSN R o7, WADWMEIVNS CIFE, HEUC
L BMEDETHPEEF IR D, WROMENRELS k2L, BRI 2HEDE
BIZ/ANE %2 2 LRSI, Leddo T, WS L 2 SRk € 7L, BE
7> 6 DKOBENER T 2EC L 2B OBE 2 HET LI LN TEL LEZ
H5iL5,
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Flow Direction

‘l

(a)Not Including Latent Heat Effect [Inlet Condition: All Cases]

(b)Including Latent Heat Effect [Inlet Condition: 25% of Relative Humidity]

‘

(c)Including Latent Heat Effect [Inlet Condition: 75% of Relative Humidity]

(d)Including Latent Heat Effect [Inlet Condition: 100% of Relative Humidity]

335 00000 I 34[C]

4.2: Temperature Distribution on the Straight pipe surface



4.1.3 &

REEE L 7R & OKZKSASSHAD 72 & D BPERETRE 7V 2 A M IS B W TRET L 7.
MR L 72T WL, BEVEBIR L 23R E2 T2 2 HE2 MR L 72, WK DRI
DVNZ WAL, AR X 2B O T 2BEE CHER S N, £, WA
FRHEEEDS 100 DAL, BEMC X 2IREDZM I, Ronkd o7, L7ds->
T, WL 7 RPERERE 7OV I%, BEHID & OKOBEICHER T 2B L 28D
BEIZ2HET2 L8 TELEELIOND. £, BEICX2REOEIZ, K
EhlIAHATICREMRAINTED, SPENTOIRED ML SO E %
KIETEHEZLNS,

4.2 BERIRZEAWTIERST
4.2.1 FEZH

SPERETE, SEERS ZERE, SR cCEbNTY S, ML AREKIL, &
Pekifsiz it LT, BENADZERANLEEXRI NG, L L, BEIERTIZOWT
IF, REESEE L TR nd, KEKIZEXINT, BDADZMIE kb
N3, INoZ2EEBLEBEOHFEEFVEBEL, BENOHNDOY I 2L —
vaveBIkol,

4312, ¥ alb—vavIilB 38R ZR . Wall-1(FEOHE) 1,
SHIEOERTH V), REOADZHE B %9, BREDHEE T, SWREE
DRI OMREE T, 1, i (34 °C) TETH 5. TOFIKTIE, KEK D
o\, Wall-2(AR D) 1%, SPERIEOBINTH D, W & KR D
BRI, RPERIBE O T, R ORI ORI T, 1, i (34 °C)
TETH Y, MBI T 2 KOEREREF,1Z, 3.34 %(34 °C BT 2
100 %) TH 5. £z, SR BMEELREL Kpemp 1, 0.6 W/ mK TH 5. S
FERE D K DIEHAREL Dyerny V&5 2.6 x 1075 m? /s, BiFEDIKDILEAREL Dy 12,
30x107° m?/s THH, HHAEOEZ X, 0.3 mm & L7z, EFEDKDOILHLR
B Dy 12, SUPEREIRIC 81T 2 K DILEURIL Doy & 1, RERMEZERL 72,
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WASACIE, HHEE Z BRI LT, WA 7 = —XITE ) 3 BRI g %
5.7 7=, WHEHIC 81 2 I[EPEEE I, — Bk (500 ml), FERO YA 7L (12
breath/min) & & OCMHIEWTIERE (253 mm?) 2> 6RHHE 34, 0.791 m/s TH S, D
Ko, BB LOWEICE T2 L4 2 VA%, ZHZFN536 & 486 TH 5. WHIH
ICB BIEE X OHHRE I, Ik ko ons, BALOBREMAZ, Hif
MALE L, MAZELRDOIES X OKOERIILEZERT 5. BPEENIE, no-slip
M2 T 5.

28



To=34[°C]
Wall-2:Heat and humidity Kinerns=0.6[ W/mk]
exchange Fo=3.34[%]
6b1:03[mm]
»  Temperature=34[C] 83emy=0.3 to S[mm]
* Relative Humidity=100[%0] Dy,=3.0 X 10-5[m2/s]
Dyy=2.6 X 10-5[m2/s]

Wall-1:Heat exchange only
*  Temperature=34[C]
¢ Relative Humidity=N/A

s |

Inlet: Pressure Free Outlet:Velocity: 0.791[m/s]

4.3: Nasal Cavity Wall Model for Heat exchange
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4.2.2 Keck SDRERIER & DR

Keck et al. 1%, £ % —%fMAT 2 2 LT, HEEOWEREOWLIZE T 2 EFEN
DIRFEE X OHHEEEOME % 8 2 572 [8]. Keck 5 0 72 JIE N 8 % X 4.4
IR Y. Keck 51%, 8L 5 1.5, 2.5. 6.0 DALET, S X ORI 2 @
ZEI%o7, K44(0b) IR T X9, MERIZ, EFP (nasal-valve) fHT & Hig
BICREEZBIR>TW5, 7, ERICBWTUE, WKADEED 25 °C T,
MR X 35 B Th B, ¥ 2 alb— a VIEREZBGTT 2729012, Keck 5 DHIE
R LM 2B I ok, FAELEETHNOLDICY I 2L —vavitBnT
b, Keck 6 DFEE L FMOWSRSAM B X OHIE R Z Hvie,

SRR DR X 1%, 0.3 0.5 mm TEREENOEIIC L > TRLE S, £/, A%
ICBWTIE, SPENOREOREE 28 LIKE L7, MEOE X oM % B
279, AREHcB»TX, KEOEX230.3, 0.5, 0.7, 1.0, 3.0, 5.0 mm DA
DWW Z & Z o7, TE B o7 R, BPERFEE X% 1.0 mm DL EE
Lgaid, BRIk 2ERRE B R ok 2 s, HERINIC BIF ki
54720.3, 0.5, 0.7 mm 2D WTRT,

SHIES T DR DRKDIES 1L, PN ERLDIES TH % 0.2 mm 27z
[22]. 7z, BT OBDISELREIL, SPEREE & [F—DfEz v 7z,
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Point2

Pointl

(b) Measurement Points in the Plane

(a) Measurement Points

4.4: Mesurement Point of Keck’s Experiment
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35 —
— °\§ —+Latent 03mm
$ 33 = —+Latent 05Smm
) = ——
=) = Latent 07mm
b= E -o-Not Latent 03mm
229 o Not Latent 05mm
£ = Not Latent 07mm
0 27 —_—
= Qﬂé -a-Keck
25 T T T T T 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Distance[cm] Distance[cm]
(a)Temperature (b)Relative Humidity

4.5: Temperature and Relative Humidity probe for different thickness of the

mucus membrane

4.5, BPMEOEI ZZLITGAOEEY S 2L —va VERE LT
HEEFERZRT, M4.5(a) i, WECOWTOMBELZRT, MilZ, 8lr50
BREEcd D, ftlhx, BEEZRL TS, Keck & OHPEREIE, APUMATRLT
B0, BEHIPHZGATO S, BEE S F 2 ORITRERIE, Keck & DHIERF &
R, 2SR OIS 2R L2z, JPERST L DRER L, B OMIE R
TH 5 1.5, 2.5 cm THF ICHER I N/,

BE\EBE L S AOMITREER T, 0.3,0.5, 0.7 mm §TXTHS, HEREREOM
AEFIPICINE o7z, F72, 0.7 mm DEPERSEDOE X 2 w7608, REICO»
T, ROMERRIZ, EWETH > 72,

B 4.5(b) 12, HXREEIZOWTORERZRY, #lix, S000DHRETH D,
ek, MHANEEZRL TWwab, Keck & DHIERFIEZ, RUATRLTED, &
EHPZGEATO S, BHEEATOROIENRERTIZ, Keck & DMIER T & H
N, AR AR OEZ R L2, 72, IREORSSE &Rk, BEEHE
U 7 fERTRE I T, MOHEEE O, HDERS RO DRI E - 7. HHRHE
FEIZowWTE, 0.3, 0.5 mm DFGHRDR S FEIRIC X 2 HERFISEWEZ R L 7.

SIENOIE L X OMXRE X, SPEREOE S 08 %207, RPERRE
(pizon, WMED EARIINS K RD, HBED ERARIIREL ko7, K
Rz BT, HEEERE L BPEREmE 7V 2 F o e a8, FEEC X 23l
TERG I L DEDE S 17z,

32



TR A5
e L
e TSNETRN
SupE © R
NN

4.6: Mesurement Point of Lindemann’s Experiment

4.2.3 Lindemann 5 DRERFER & D LLBRE:

Lindemann 5 (%, SPENICL Yy —2fAT 2 LX), BROBEHE DK
LA BT 2 BERERIOWREDOMIEZ 8 2 %> 72, [9] Lindemann & D, HIERE%
4.6 12789, Lindemann & 1%, SWikE, 577, WAL, WAL T O SRR
DIMEDWEZE B T 7% > T\ %, Lindemann & DFEER & KT 2 7201, FHhe
FIZEDOMEMEE X OTAZZRE Wi, 7, B EEE L - BEmT TV

LiEBEBE L TR VLEPEEINE T LOM A ZHAWTY T 2L —y 3 V21T,
Lendemann & D FEERIC X 2 HIERGR & iR Z 179 & & b, BRI KIZ T
DWTHEkImT 5.

B 4.712, ZNZNOMENETORPEEMOIRIEZ 8 U7, fitlhix, SPeREm
DIETH Y, KiflE, WEMETH 5. HKadS Lindemann & DFEERIC X % HE
fERTH D AR 2 G, ROV EEZE L 2 RPEREHE T L TOY T 2L —
va VSR, EEMFEREEZEEL TORLEEEBRIE T L TOY I aL—Yvay
BRTH 2, BEEZEELTORWLY T 2L — a VEERTIE, SFERTTICE
HIMEDWHERIREDR T 2R T2 2 ENTERVY, BEEZE LY I
L— a VAR TIE, Lindemann & O & [AIARIC SPERT T EL T DIREE DAL T A3

ARINT, o, BEEEEBBLEZY I 21— 313, Lindemann © DFEERIC
K BHERGHR LI OFTRZG o N5 BRI N7,

X 4.8 1%, SWEBEHORIES %A 7 —a v ¥ THFMLL 2R Th 5. £
X, BEEEZEL vy Iab—ya VR, AR, BEEERLLZY 2
L—aviiRTh s, BHEEELTOARVY I 2L — a VERIE, BT
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LA
B 25 =¥ Latent {5mm
= 12
-
E' 3l == Not Latent 05mm
E 1 ==y periment
& ]

llj .

8T

27

Mazal Vestibule MNasal Valve Area Anterior Masopharynx
Area turhinate Area
Mesurement Area

4.7: Temperature of Nasal Cavity Wall Comparison: Comparison Including
Latent Heat, Excluding Latent Heat and Experimental Data

I

excluding Latent Heat

Including Latent Heat

3w  34[C]

4.8: Temperature of Nasal Cavity Wall: Comparison Including Latent Heat
and Excluding Latent Heat
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ICEWVTDH, HFEVIREOETIZEN, WHAEEZE LY I 2L —va ViR
1, BFAHEICE T, RECIMEMET LTV 2 HPMERTE S, £/, B
HIEIC BT, SR O S DS S 1E ) ESMERTE 5. g, &
FEENC X D BPERER OB ELN CGRIEME T L2 EEZ 6N 5.

424 F&oH

SRR O X1, BENOEAIC X > TEI RS 5. AERERICAIL 72
Salb—yarzir)icld, SENOEMICK> THIROBEIZEHE L7232
L—a V2T HEEE Ly, BEREG Y & BRI 2 IEfE it 5 2 &
%, WEECcH 2, LehoT, SPEERIOMBEORE S 28 ERE L T, SEBEm
EFNEREREL, BEHRICBVTY I 2L — a v OREZHE L 2, Sk
JEI 22— RELY T ab—ya VRERICBWTY, BEVE B8 L 7 SPEEE
ETNEHOGKLY T 2L =Y a VEERIX, Keck DFEBRICE T 2 BIENOIRE S X
CHXEEOHIER R E Mo —F 2B onsH2R L7z, 512, Lindemann
51T & o THIE S N7 BENEER OWEE & b IFBVE Z I8 L 7 SPEEE € 7V %
Wy Talb—vaViEREMRO—-KE R L7, Lo, WEEEEL -
T8 X OO 72 & O BPERET € 7V 1%, SPEN OIS X ORE 2 &K
L7y 3al—vavz{i)HNTELLERS,

35



g 5E
ERERNHENDOYIaL—Y3Y

ARETIE, B lo 285, B il 2225k, Whilko 722K, Wtk
CHABR L 7222582 W5 & LT ARG ADERICB T 2 8ENDY 2L —v 3
YaE Ik, BPENOFN, TSN, HMRESARIC O W TS 28 2% ).
£, ZNZTNDOWSRICE T 2 EDIRE /34T LM E A I RUF T BT DWW T
B Z2B %9,

E 7, WRRIE, WAL S e 2 IRERINLBIRTH 5. Lo T, EW
DY T al—yarTE, BITEZVIEERENRRNDBRIAES 2 WRENE
D5, LoT, MRkZEL MASEM 25 2 ORERICE T 2 BN D >
Sal—varvzElhe, BENORNOIFEFEEIC DL TGEREZE I R). &
#®iz, ANEO&PIR, Fim, M, #i&Le ETiiEErH 2 2 Ld, FHINS,
L73>T, 4, HEAl, K% E038k% 5 BIEIR 2 BRREG © FEREEE L, 2
NZNDORPICE T 20, WETA, BESA % EICE T 2 MEEORE & 2
%9,

51 TERBAICLZIBEAYI21L—Y3Y

CTHifR kD, FHGEL MBI T, B BREADEETIcBLT, &
PENDWNDERINT % B 2 5ot FWRDFIHITE T 2 BN ORI, I
O, BT OV THEZ 8 2w, He 2REICE 1T 2 SIEORIES X O
IR A S 21T 5. S50, WAESEL A, WREEEL T
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BADFNFNUCOWT, ¥ Ial—TarvzBlhy, FRRAEMECEIT 3
B OB ZE 7).

5.1.1 EEZRE

B4 W SRSEIEIC X BB EVD S8 R X ORI DL & K O S ik RE 2 ]
LT BB, WRT 225 E L TED HakE L 725 (Temperature = 40
°C, Relative Humidity = 5 %), B> < #2725 (Temperature = 40 °C, Relative
Humidity = 90 %), #i7z < §2§ L 72 (Temperature = 5 °C, Relative Humidity
=10 %), W7z < f-> 725 (Temperature = 5 °C, Relative Humidity = 90 %) %
BAUICE G TRABRSEMFICREL, v Ialb—varz2Blhotk,

BEOBREME, 4TICBIT 2 8EOY S 2L —y 3 v L FARRICE RS2 A
WTED, M43, Wall-1(FHOOMHEEK) 13, SEEOHERTSH D, WHED A
DAMZ B T, BHIEOFETIE, SPEREE oMM O T, 1, ik (34
°C) C—ETH 5. TOWFEMTIE, KERDZHIITOAE N, Wall-2(AR D)
1%, SR OB TH O, ML L KKK DIM 2 B 275 ), SR O T
1%, ERPERER ORI O T, 1%, i (34 °C) T—ETH b, #HMIcET T 2
ROERIKF, 1%, 3.34 %(34 °CIT BT AL 100 %) TH 5. £/, SRS
WD BBIBAREL K ey 13, 0.6 W/mK Tdh 5. SR D K DILHLREL D ey 1,
2.6 x 1075 m?/s, BiAEDIKDILEAREL Dy 1, 3.0 x 1075 m2/s TH H, BifE
DIEXIE, 03 mm & L7z, 4FEDORPEDOFIBIRICK I 2HEEICK T, MEE X
OMHAREE DX TTT, FEERICE T 2 ER R & ITAEDR S N @PEREIR D JE X
0.5 mm ZHW T ZE Z %> 7.

5.1.2 BRXOZERZRI[ULEESOSHEER
ThicoW\WT

5112, BPENORNDOEM 2T E X OA 7 —a v & —Tr#l L 555 %
AT, WMEB X OA 7 —a3 v —DEIFEED Magnitude K L TE D, HWi
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EVEDNE C, HRITIE EVUHRE G, B0 SR A ICHE D A F TR DS, %
NS K 75 2 BSHANEIC, TREOEOGFIEDMERTE 5.

SBPENOWND T, FEBICHEEL, Mk P VDl TEETDH
5. F7z, PEREDOIMIREIZ, FHICHEIGEC HLnfinThdh, WL T3
M bMER I N, REEMTICE, G0z EBAT 28 Th2RER1H D, L
SIEOWAUL, FEBEICHNEWRNTH D, Gu2aRRE AT 2 DIcH&H
M7aifiducz > T s, WIAMNIT, SFREICX > Tod o T i dsE
DIMNDBIEIRT 2ETICEB T, AN ER I N, A DREDN
ZHB L CTH B L, HOEBEDMNDWLEDIFEZ D3, WERTE 20, ELD
SIEN DN ORI, ZEAEFETH S,

BEE B LA EBRZEBR L TR 0EADY S aL— a VIR TIE
AU DWW TOERIITEA LRI N d o T, ik,Wﬁ@hﬁﬁiU@E
BATrIal—rarvzBlhoskLtld, SHENOTRNANDEIIZIZH S D
DD, RELZABHER S N ot Lo T, KT 2EADMES LU
TEEDS, BPENOTIUC KT THER, LALLM EEZOoNS,
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(a) Left Nasal Cavity (b) Right Nasal Cavity

o NN T T 2[m/s]

5.1: Airflow in the Nasal Cavity (StreamLine)
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BEH S TREICDOWTORE
O <R U RS (Temperature = 40 °C Relative Humidity = 5 %)

X 5.212, WD SR 72252 WA L A DREIC DWW TOY T 2L —v 3
ViR E, A7 —avy -z THELL R 2R, M5.2(a),(b) &, 28
FOBBEEZEEL COROEAEDORHR LIBEREZR L 56O RTH 2. TR
DI, WIEHADEICERET 2 F I, HRIES FTHREIIN TS 2 LR
TE 5., £, WA, BFAMHETORBICHmEAISN TV 2 L3, R TE 5.
R EE L KR, BB BB L TORLRERICERT, BB X D, &
PR T ARSI N T b 2 28, MERTE %, ZoFMFicBwTE, B
B BRI R 2 0 2 L) BHIE 2 L T35,

X 5.2(c) 1&, WEEAZZIEL ZHREBRAEZEZE L TR WERORME DA%
A 7—avy—THHULL fERTH 5. BEIEDOTIITIX, KELRDLHE LT
blipwicd, B X 2IREDOZEIZ 2\, BPEHBEDSAET 288213 \v 5 &,
AW Lo T3 CRE, REMETLTWw2 I E2%bh s, GEOHTHEHT
BEDOWEDNIEETH Y, BT IFEERNC X 2B/ DI LW, T
WTES., X5.2(d) 1T, SRR S OBGEICE T 2RO G EZ R T, SEET
FHEC, SUPEEERI D S OIEROBOBENC B T 2 H &, 60% FRETHE &8

RTE S, RBPEHIGHCIE, BEK DBV X 2 20 B D73, XN TH
2EVHIEPLNL, Fih, WEICX 2EL, BIEONTTHO AT, ST
IZBWTIE, BEROEFEIE, LA EECEDHERTE 3,

X 5.312, WD Rz L 72 R2 WA L 758 DEIZ DWW THDY T ab—v 3
ViiRE, Ah7—arvy =T L R 2R K5.3(a),(b) 1, 28
ZFUBBEEZE L CORLEAORRELBREZE L B0 ETH L. T
NOFERITB LT, R, MHEMTICENET 3 £ Tig, MR T 100% ¥ <
FTIRIN TSI LB 5, £, Bildr o olAlx, BrfaE<T, 2
IR I N TS Z LD, HRTE S,

X 5.3(c) 1&, WEEAEEZEL KR LEER L TOROREROMMNRED 225 % 7
7—avy—TAGULL 7R CH 2. WEEZERL MR TIE, BHRE2EEL
TR ORISR, HMHBENE A 2o T2 EPMERTE 2. SR
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1%, 5% FREE, MRHEES R L TWw3 2 &N, MERTE 3,
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30 ] 40[OC]
(a)Not including Latent Heat (b)Including Latent Heat

_3 — O[C] 0 —— 0[%]
(c)Temperature Difference (d)Latent Heat Rate

5.2: Temperature Distribution in the Nasal Cavity [Hot-Dry case]

o e — 1 (00[%]
(a)Not including latent heat  (b)Including latent heat

(c)Relative Humldlty Difference

5.3: Temperature Distribution in the Nasal Cavity [Hot-Dry case]
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BH<iE-> RS (Temperature = 40 °C Relative Humidity = 90 %)

X 5.4 12, B2 -7z L G EaDiREIZOVwWTDY I aL—vay
fifkz, ho—avy—2HoTigb L7812 n 7. Kb5.4(a),b)1F, 20z
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TR EEL T35,

X 5.4(c) 1%, WEEHZEL MR EBREZEIEL COROWERDIREIZOWTO
oy, A7 —avy—IlkoTHEUL L 7R TH 5. BHEGEMZ KD, 0405
CCRE, BEEZBEL LRSS, BEPERL VL LPMHRETE
2. Fi, K5.4(d) 1%, SWEEERD S OEROMRICE T 2BROHEAEEH 7 —
aVZ—ICE DAL L KR TH 5. B -7 RED Y T 2L — a Vi
BCIE, ELPEEERID S OIER DB IS B 1T BB EIAE, BED AR L Z2IRA
DEAEEID /NI, L L, SBEHTGEHTE, IEROBDOBEN B W OFED
HAZ, 20% BEE HDTWDE I EDERTE 3,

B 5.512, B Mo 722252 WA L 725G DMEICOnTHDyr S ab—ya v
%z, ho—avy—2MHoTaEL L 2#ER%27R 7. K5.5()(b) ik, ZnZ
WBEBEBIEL TR WEEORR LIFREZIE L 550 ETH 2. WKL,
WRSEHAHEICEE T 2 F ¢, MR T 100 %E < FTHEiShTws, HEz
ERE L AERE, BEEEZE L T LiERICHS, HRHBEOMEIMET L T
%, Fiz, MDY 100 %A HZ TV 25N, SRIEDIMTICALNDED,
UZZ DT, BHEPEI - Twi tEZI NS,

X 5.5(c) 1%, WHEVEHBRE L AR LR BE B L T LR, HHREICD
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BEZER L TORWRTERICHN, 5 NREOHDHREME T LT 5 Z & 23R
TE 5, HAMREDM ML, FHEGEHAMOMEICLD, WREHE L iR TIE, M
XN BPENDOIREDE oo 2 & T, HXHBEEBEF LA EELSNS,
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32 o 40[C]
(a)Not including Latent Heat ( b)Includlng Latent Heat

., ' B ‘\.\\
0 _1[ C] 0 o 60[%]
(c)Temperature Difference (d)Latent Heat Rate

5.4: Temperature Distribution in the Nasal Cavity [Hot-Humid case]

80 . 120[ %)

(a)Not including latent heat  (b)Including latent heat

}{ N\
! \,
-5 T 0[%]

(c)Relative Humidity Difference

5.5: Relative Humidity Distribution in the Nasal Cavity [Hot-Dry case]
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Bl EZR LIRS (Temperature = 5 °C Relative Humidity = 10 %)

X5.6 12, WL 252 WA L 7 Sa0iRED it h 7—avy—%2H
WTHRUL L 72K %E2 3R d. K5.6(a),(b) 1k, ZNZUEBZERL TR WEED
TR EBREZR L GAORETH 2, Bl oK SN 2ER0E, HEHIH
EY 2 ETIC, REMEETIRSNTW 2, BEORTET, 2kiiEs
BRI > TOLRHDPHERTE S, TOFMFITE TR, BEESBEADOZEL[ DN
RAEHREL, RERHGREZE TSI 22 EE%2 LT3, X5.6(c) X, HEH
ZERLUTAREBHELER L TR LEROBE L WTDOETE A 7 —a v
y—THUL L Z2K5RTH 5. WEBEEZER L TR uiERICHR, RAEBRES
ELZRERTIE, 3°CRE, ETLTWwa I EDMRTE S, K5.6(d) I, &P
BEMI 2> & DIEROBRICE VT 2B OE A EZ R T, IEROEICE T 2 HROH
Hix, B2 Lio7BR0BA XD ISITNI L RoTw250, BEOFTHEIC
BT, 200 BETH S LD, WERTE S, £/, BROIMEMNT 2#iHIE, I
DB 228 2R LS E LV > T w3,

X 5.712, Witz 2L 22K WA L e DRSS iz h 7 —a v ¥ —
ZRHOTHEE L 250 Z2 R T, X5.7(a),(b) 1, ZNZIUFEEZERE L Toizwn
LA ORGSR EWZ BB L G AOMATH 5. Bl 5K L 722510, RA
IR S TAT &, WIS ENE S % £ 0Ig, HRHREET 100 %iE < £ ThiRE N
7o, Fio, oy T aL— a VESROGE L FERRIC, SEERTTEO & REAT
AR SN T L2 HEBMERTE S, K5.7(c) 13, BEZHZRE L 7H5HE LIBE
ZEBL TCORWLEROMHMEEIC O OWTDESEH I —a vy —Ta#bL %=
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5 I — 34°C]
(a)Not including Latent Heat (b)Incll}ding Latent Heat

3 Nt i
N 4 / x\\ WV
- 3 E— 0['C] 0 o 60[%]
(c)Temperature Difference (d)Latent Heat Rate

5.6: Temperature Distribution in the Nasal Cavity [Cold-Dry case]

| 100[%]
(a)Not including latent heat  (b)Including latent heat

J—

“ ‘/.:"‘:’— TN \E\l\\
7 o ‘\\\

(c)Relative Humidity Difference

5.7: Relative Humidity Distribution in the Nasal Cavity [Cold-Dry case]
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Bl B> RS (Temperature = 5 °C Relative Humidity = 90 %)

X 5.812, W7 > 7Bz WA L G aDETfiEe A 7 —a vy —%2Hwv
THHUL L 2% 7R T. K 5.8(a),(b) 13, ZNFIUEEEZEE L Tk WGE DR
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TFTLTWBZEWbhd, ZOEMFITELTIE, BEUZEFEN DR DI %]
FL, REREGEREZET I 2RE@HE%2 L T3,

X 5.8(c) 1&, WBEAEZE L KR EBBAEZERL CTOROLHROIREICOWT
DAEGFEH T —ayd —THULL ZFERTH 5, BEVEERE L TWaniiRIc
R, ZEFBENE SR LR Tl 3°C R, L TW0»a 2 EMERTE 5.,
X 5.8(d) 12, EPEEEHID> 5 DIEROBEICE T 2B OE G Z R T, ShOBE
BT Y, EROBEICE T 2BEOEEGY, RO/NShot, EROEEIC
B 2WEDOEEGIE, Wi HBREELROGELD I 6INI L hoTwED, &
PEDHIAHICE T, 5% BRETH S Z L3, MR TE 5,

X15.912, W7o 7Bz Wk L 2Ga0MNBES itz h7—avy—%
FOTHAEME L 2855 2R T, K5.9(a),(b) 1, ZRZFNIEEEZER L Tk
BOMREBAEER L GEOMIETH 5, Bfld WA L 2225U0%, eI
SN TITE, WIEHICEET 3 £ Tlg, MHRHEET 100 %< £ TIg S Nz,
IE D& ERRRIC, BPERTTER O & i3 T /I S 11T 5 HHMERR C
&2, K59(c) %, BHEEBEL SR EREERL Toz0EERO T E
IZDWTDETEH T —ay ¥ =Tl L A5 R_TH 5. RIPEDFIGET, 5%
10 %R, MAHREOMEA ER L TW3EA, BHICB LTI, 12EA B
W EDHERTE S,
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; — 3]
(a)Not including Latent Heat  (b)Including Latent Heat

e

-3 I— O["C] 0 o 60[%]
(c)Temperature Difference (d)Latent Heat Rate

5.8: Temperature Distribution in the Nasal Cavity [Cold-Humid case]

| 100[%]
(a)Not including latent heat  (b)Including latent heat

(c)Relative Humidity Difference
5.9: Relative Humidity Distribution in the Nasal Cavity [Cold-Humid case]
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5.1.3 &

272>  HakE L 7225 6 7o { ko 72 225 £ TOR 4 D222 /A L 75412,
SPEN O, WA, MR A, RO EIC O a2 8 2 n o7,
WA DIEPMEDZAL L T H, SEENOTIUCELIE, 13LA ETHERS -
7o MNDZERZ WA L 72GAICB 0TS, WKADHEE R L OV (X REE 12 S
5 TICHREZRBICHE SN T, B (o Bz L 75613, B
MG BD B PR I N, ZNDAN DR 2 WK L Ifrid, ARGBIC X 58
EDPMER I NIz, W (M L 2 BR 2 WK L 7235608, R bIBOMENKE
{, RPEHTTECIE, IEWRDERIZE T 2RO G 60% BIETH > %, -,
mic K> e BRAZWA L 7256708, ROBEADLEN/NS (, BT TO
IEROEARICE T 2 EDEIAIE, 20% BRETH -7, BRI, BPENOIREZ
FPCREREE, MEICOWTH 10% BELZ LS L, Lo T, HEuIs
PN DIRE R X OMESMICRE (2 KIFL, BEHADY 2L —varz
79 ETEREITRSERTHE LEAON S,
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5.2 FFEEBAICLBIREAI2L—Y3Y

R, SR ETRDIEDIRL 6% 5EEF LR TH S, Ld>T, &
PENDOWMNDIEEF S T 2L —aryz2E Ik, Jdl, REDAME, HxEED
IOV TR Z B I o MBI OV TBRRS, $7, REENOHNDIEER
HlzonT, izt s ko,

5.2.1 EtEZEHE

51012, AT alb—vaviliF25RAEMZR . Wall-1(F G OHHEK)
1%, BEEOHEMTH D, MEDADZMwZ E %9, BHEOTINTIE, EE
BEM O AR OWEE T, 1%, R (34 °C) T—ETH 5. ZDFHTIE, KELRD
I TD R, Wall-2(R (A DFER) 13, SFERIROEIRTH b, HE & KFELD
Rz k9. BPERBEOMISCIX, SRR oMM O T, 13, 4 (34
°C) T—ETH Y, MMHICE T 2KOEREKF, 1, 3.34 %(34 °C BT 51
SHIEEE 100 %) TH 5. 7z, SPERIEOBYREREL Kems 13, 0.6 W/mK TH
D, BPEREDOIEE §ems 1%, 0.5 mm & L7z, SRR D K DIEEEREL Doerns 1
2.6 x 107° m?/s, BiRJEDKDILHUREL Dy 1, 3.0 x 107° m?/s TH Y, HifE
DIEXE, 0.3 mm & L7z, BREOKDILHIREL Dy 13, RWPERICE T 2 KD
PEEAREL Doy £ D, RERMEZEZR L 72, 10572 H D5 500 ml, FEIK[H]
#0112 breath/min & L, ZLEHRGFOMNERZRE L, IEKHIC X O P28 L 72,
F 7, WA EMSRDY) D b BB, 0.1 sec DEEHZERL T3 [10]. &5
I, BHREZ 3B 4 2T, HioMWlEDEZ LR LTwS, K511,
Ky alb—varvTHuRRBEEZRT, BREAL LT, HWEIZEWLT,
—BRBHEEE LTERL TS, Bld 6 DIAZERIE, Keck et al. DFEERDfE
22 L, WX, 25 °C, MR 35 % L aE L7 [8).
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Wall-2:Heat and humidity

exchange

Temperature=34[C]
Relative Humidity=100[%]

Wall-1:Heat exchange only
*  Temperature=34[C]

To=34[°C]
Kmemb:O 6 [W/ II].k]
Fo=3.34[%]
8,=0.3[mm]

Smemb:(]-s [I]JIII]
D,=3.0 X 10-5[m2/s]

Dy =2.6 X 10-5[m2/s]

memb

¢ Relative Humidity=0[%o] |

Inlet: Pressure = O[pa]

Qutlet:Velocity: Flow Profile

5.10: Boundary Condition for Unsteady Nasal Cavity Simulation

Velocity[m/s]

3 EE

0.5

-0.5

-1.5

N
Ny

Time[sec]

5.11: Flow Profile for Velocity of the Pharynx
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5.2.2 FHEEROR
mhicoOWT
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=D 5, i, MTREICOWTY, JEEHEWENT & RO TH 5. WA
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T, FEEH AR ORISR D ZRDHER S N, mamm,wﬁmgﬁ%%ﬁ
& DFERDPAFE T A 5 NI T D Sagital Wil 2 it & B D Magnitude
DAHT—aryyzBEEL TAELL 2R Z25R T, Ktk w» T, REaopufT
AL 7ER DY, WNDMRMICEZRN D > R TH 5.

FREDVUA (a) TR L 72 SERTH FIETIE, MOREIDBODHERTE 2. I
] (T=0.2 sec) DD H /NS <, WM (T=2.3 sec) DR H KREI VT & 43

WCE 5, EHETEOREIL, M & RGEI O R 2K E S O HMER T
E %, HEOPUf (b) TR LZREMETDH, WMOKRKE I CEMICERZHERT
:awv%%.M%%(hﬂawqwﬁﬁﬁ<,ﬁﬁ%(&ﬁswqﬁiﬂﬁ%ﬁ
FHORGRTIE, ME2MAT LI LDBTES,

X15.15 12, BPENOWNOIFEHMITICL 5> T 2L —v a VREROMS 7 = —
A%, WIS X DAL L 22852 n . PRIk »TiE, HEEER KO M EE
ICEW DD, FEGENOTIUIIEFEICH R DR TE S, RELEMEIC

BIREMMIEN 2002 BHT 28 E0H D, LRGEMHENDRNDI %0 2
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T, HoOMEHTITEDHV2EL#HVORZEEZoN S, £, RHNE
LT, WESH L TTE, T=3.85 sec TMRICB I B2 E—27 %A 5, A
DY T2l —¥avEREFERRIC, BWOBESMD, R cRcEk. K
51612, MRICBIF 2 EHBITICE T2 T aL—a VERZR T, AN
DEMIZOVTIE, EWBLOIEEH EOMICERIZIZEALHRTE 2\v», I
BABEICE VT, DT ORMICEV DAL S 115, LA IE W IR
ICBWWT, JEEH LER OIS D 2 EDHER X i,

51712, MRICET 2 EH & DIRNDORMHICERDIIE 1A S NIRRT
Sagital Wl IZ 1T 2 IikR & HE D Magnitude DA 7 —a v ¥ #8E L TAgkLL
TR E R T, KFICBWT, ROMA TR L EIDS, MOMMHICERN S -
7 TH 5. K517 hHOREDPUS (a) TR L ZZWREEMIE TROK E I LHE
CAEREWERT DI ENTE S, MEM (T=2.8) Ti%, WEEHMLTHIZEZTE
B, WoEH (T=4.9) 8 X OEFFIE T, WEHERTLILNTE S, R
WHC BT 20 L EHOMETOMIZ, FRROMEICHEEL T2 Z EPHERTE
%, ¥, WMOKRESIE, FEFIEICE T 2B O BRKE O LEDHEGRT
&5,
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-1.5

Time([sec]

o N 4 W I 3[m/s]

5.12: Flow on Unsteady Condition (Inhalation Phase)
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Velocity[m/s]

Steady-1048in Steady-1242in

Time([sec]

o S I 3[m/s]

5.13: Flow on Steady Condition (Inhalation Phase)
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T=0.2 sec T=2.3 sec

Time[sec]

o N A Tl 3[m/s)

Steady

5.14: Flow Comparison Unsteady with Steady (Inhalation Phase)
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Time[sec]|

0 I A O Il 3[m/s]

5.15: Flow on Unsteady Condition (Exhalation Phase)
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Steady-0308ex Steady-0598ex Steady-0621ex

Steady-1048ex Steady-1242ex 15

Time[sec]

0 T 3[m/s]

5.16: Flow on Steady Condition (Exhalation Phase)
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T=2.8 sec T=4.9 sec

Velocity[m/s]

Time[sec]

o A T Tl 3[m/s]

Steady

5.17: Flow Comparison Unsteady with Steady (exhalation Phase)
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52.3 F&H
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DU, WESM, BESMEZRNT IV, EFrial—rav
ICE D TaIcREAlECTH b L E AN S,

61



Velocity[m/s]

Time[sec]|

Rl - 34C

5.18: Temperature distribution on Unsteady Condition (Inhalation Phase)
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Velocity[m/s]

Time[sec]

200 S 0 O 100[%]

5.19: Relative Humidity on Unsteady Condition (Inhalation Phase)
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5.3 fEFIc &k BmNnDEL

Sx, MR, AR, AREZ &ECRERH B EEZSNS, KHTIE, 39
DIRFIZOWT, SN DG, REEME, ARSI O TR 2 8 27 -
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5.20: Various Nasal Cavity Geometory
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(b) MRI Vol.2 (¢) MRI Vol.3

0 M . 2[m/s]

5.21: Nasal Cavity Flow of Three Volunteers
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5.22: Nasal Cavity Flow of Three Volunteers (Transvers)
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5.23: Temperature distribution of Three Volunteers
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5.24: Temperature Comparison of Three Volunteers
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5.25: Relative Humidity distribution of Three Volunteers
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5.26: Relative Humidity Comparison of Three Volunteers
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5.27: Nasal Wall Temperature distribution of Three Volunteers
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5.28: Nasal Wall Temperature Comparison of Three Volunteers
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Including Maxillary Sinus

Front Left-side

6.1: Nasal Cavity Geometry (include Maxillary Sinus and excude Maxillary

Sinus)
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(a)Excluding Maxillary Sinus (b)Including Maxillary Sinus

0 N A W T 2[nv/s]

6.2: Flow in the Nasal Cavity (include Maxillary Sinus and excude Maxillary

Sinus)
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(a)Left Maxillary Sinus (b)Right Maxillary Sinus
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6.3: Flow in the Maxillary Sinus
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(a)Excluding Maxillary Sinus (b)Including Maxillary Sinus

25 I . 34[C]

6.4: Temperature Distribution (include Maxillary Sinus and excude Maxillary

Sinus)
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(a)Excluding Maxillary Sinus (b)Including Maxillary Sinus

200 NS 0 Il 100[%]

6.5: Relative Humidity Distribution (include Maxillary Sinus and excude Max-

illary Sinus)
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