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Development of numerical prediction method for indoor air quality distribution
and inhalation exposure concentration
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The importance of indoor air quality (l1AQ) has been increasing as people
spend more time indoors. Especially, inhaled air concentration of resident has direct impact on
health. Against this background, this study aimed to develop a comprehensive numerical human body
model (Computer Simulated Person: CSP), that would integrate respiratory tract models for indoor
environmental quality assessment, and to use the CSP to develop an integrated numerical simulation
procedure for airflow, temperature and contaminant transport by computational fluid dynamics (CFD).
The significant outcomes of this study included the development of a CSP that reproduced both human
body geometry and the respiratory tract from nasal and oral cavity to bronchial tubes in detail, the

numerical simulation method to calculate the non-uniform distributions of indoor contaminants, and
a method of evaluating inhalation exposure risk for a CSP with a respiratory tract model.



B X C—19. F—19—1, Z—109.

1. WFZEBAA Y Dy =

SN ZE I CTAR TR R 003 e Al 9B
HETIE, BE-ENEMOENEEOE
(QOL: Quality of Life)CHfEIc bz % B8
MIERTH D, R NRITE T W 72 B 2
TLF 5720, ENEXETAQ: Indoor Air
Quality) D il & & BT EEFH OREE Y 2 7
EZDHET, EFICEELRHETHS.
BNZEK BRI A R, BRIk S
B ORFERIRBEHRL R T 5 =i 5 5k R
O MED HALFEYERBUE IR S D%
BEOHEBHEARILEDIC X DR E R 2
BOME, hE - X=HOWMEWZHKT D
T VI ENHEICRE LS S EHANR
BIEMECTH S, FISFETHE, B nom 25
BEum ORRZAETHEMETT a v Lk
+(PM2.5 b E TN & B Ze KI5 Y RIE A BEAE
fELTEY, MREEREHD ETHEFED
TUNAX—IEREZFRETLERDE L LT
KIER RO SN TS, BRNZERREE D
DD, ENBRERIAFET H DN
2R =T a ARG E B kR L LT TR
WME7R B EE A0 T & D FRIGE B2 iC L
T I Ao SR O N BB TH 5.
£, HHEDRFEESE L 72 5 AR
KRHEBMRTIE, 1 v 7= FEOTRIERK
Yo FEEESORRIS 72 & OIRKZ Y X 2 e
BENSRSESN TS, 2 b0 —EBIT=EN
ZeR B RYRE LT ORKIERBEMETH
L0, BRNEKHP COMEIRS, TITIXFEL
W5 E TR Y A 1 = X LTI R
O RH %<, BRI, kT
FHIBLE S O ZE DO LB SR ST
W5,

AR A — 2t b LT R AGE 25
ZRE D MR B T O @G EE L O 7= D12,
NKFERDIZ AR S A0 2 R — 2 BE 53 A - R0
ZE B DO IEME RTINS, ANRIERZR R TO
RREZRBREFME CEHREG L THDS 2
EOHKDTHEHME 7 L— AN NETHD.
Hne T NER R — AMEEL R G — Kl (P
BRR)| Tk A LT B RIEORESL
NRDHENATWND.

2. WO HB

AAFFETIE, HRARZSWZZT o Y /LRo
TEYVE 25t L LT, SNBEREDIIERE S
DRI — PR BESATITIN %, PRI R AR
DI g RV A ENDERMEICL D
fEgE Y 27, Wb, MRAOEZRBEE 2 &
JECTREAT T 2 72 D O F Al T W€ 7 /L D BRI R
FHMETD.

HEWA % CFD o %#wiRE Lz
F COEMANRET NZ, NMRIERER %
RLUEBESEET VERAETH LT, &
EFHET VERIESE 5 &3, LA
CFD =— RIZHAIARFRER 7 4 —~ > k
THiE L CRA%E M AE WEB AR+ 5 Z L T,
AMFFE THIFE T 2 5l T M€ 7 L O %
X%.

CK—19 (Jtm)

BRI, () HKEXEET VO ER
T NV - 15 Y B IR 35 D iR AT B2 % e
SELZET, G) BT U AR EET L
DOYERR & AL R 21T 5 2 & TEAE AT
W OREEEZITH. 20 BT, (i) %l AE
TV EBMBEIE T T L ORA T1E OB %
L, &&HIZGv) CFD 2 X— X & L= Z%E
RE A RAT & S BN T L OE
THZ LT, TENBRE - AMAEOMER SR —
FOE(ER 2553) ) 2l - A L T2 T
EERRETD.

3. WrgED Hik

AAFTENE, FH—BpEL LC, CFD figfrH ok
BETV, AHALEHIIHO Y 7 U VSGEE
TER, FE-FEBRO 2 SDOFEEGH
THZET, MRZERE - BRROEFRBERET
BRI A AIRE e BB R EE T V2 BT 5.
D%, BEFOBMEAEET NV EBESGE T
TIDORE, ENZER A r — L OZERE AR
FHIETF L EDHEEITD.

WFZERAERE (1 4E B) ICES0E &7 L DO VERR
& CFD IZ X AT o FhElchnz, 77
VNVBISGEET LV OIERL E PIVIC K Al
O FFALFHAZ FE5E U, BE TR0 E o 525k
HIRRREZAT 9. D%, BIEXGET T V& %f
G b LT K FRIG Y B IR A s, 727V
NWZEE T VXt GR L LT iSRRG R
% U T2 BB AR AT OO F DK FE B RIE & S it 5
5 LAz, BEAKET IV E DA TIE, =
WNERBEfENTET L & DM B FIELZHEETS.

4. WFIeE R

AW TORIZHE BNZLL NIRRT,

(1) EAET = E2HVIERE RIS
— & DFEA

oo —ZWiEREEC) ICE D A AED 3
Wt T — & 2 52, & opE» b KAE
S 4 Sl E TCOKGERMEIR 2 L, P
@ 3D-CAD TRt iAAFRIRE/R G T — &
(STL 74—~ b)) TEHEIT-7Z. BAA
O—{RE78 BML 22 FEEE DR A Bk DR AR
T — 2 &I RGEET VA ZERRT 5 &
iz, [FIFREO BMI OPEEANZ S & Lz %
A CT 7 — % Z#HWTHIEAEETT VB &
TER L7z=.

M1 b FEESKETET/L Model A and B)



(2) CFD fi##T F OEMESE T T /L DAERL
RNKD CT T —# & THERL L 7= il &
HET NV CEEAITERT — %) 2 WV CREE R
RI)F CADIC K DT ZFIREE T D A v a
NENEAT T2, OB EREEE B < f#ir
% LT, BRI OYEBOGFRNT, FRITREIE -
B~ DULAE RS & & O B TR+ 5729
U, BEMEUTEE O BE S R R N R o
A vy akl@ETO0NENRS L. ABFFE T,
FEPEEE NI ER DO 7Y LA v 2t T
SEIL, ZOMOKENNTZEMET N T A
vV allTHEIGTH 2 LT, CFD fi#TH 0%
HREET N (A v a25EET V) 2B
L7z

Xl 2 CFD fi#fTH & MEXGE
vaTHA s

BEETILDOA v

(3) HEXEET LVHNOWNG BB
JEE 55 D BB REAT
TERL L7z 2 OB RGEE T V&2 x5 & L
TEEZ & ONT DR 1 i 2 JE E 5 R
A ITNETNVERABERSFMELTHEZ, K
TEWNTRNG O 2 £l L7z, EBRER L
#2217 9 728, 5. 0L/min 2>5 30. OL/min D #i
A C & PP % RE L T2 3B O iV i T
HOFECENE L=, AIE O T RS D —f51
X %X 3 2R T.
ELET LOREN NG THIKEIZS 2
LRI B G DT, AL AL &
B DML & D O ELE & & i
FEE MR NS W FTRE R LR BT L
% SST k= T /v, FEPEEE N O EfE B 72 i
FUSBFRMT DS FIREZRK Re BB F L7 K, K
DOFLIRET W K DT 2 50k L, THIHS 5
DT> 7.

(2) IRES

(3) MBS
X3 KilETET VN TRV S F

it,ﬂLW%ﬁ%@ VARG IR 55 %

RE LT ECTRENIRESA O 217 -
t ZD LT, [IENO L RRBRER O
fRMT 2 M OB E U TR R A LT,
KRR ER L M & OBR A K 4 (2R,

L he [Win/K]
«+¥W-- Rat
P Dog
<-B - Monkey
20 k- se@»s Human A
<@ - Human B ’
15 i
R SR
o b .__..--:.:{’:-:-::..
[ L
L ..:';;: '
L it 4
L3
o L i . '
0 1 2 3
U/Uo

X 4 ZIENOR TG ER & P E (Y
) o B

4) 77 VNVISGEET VOIER
KOESTIIRT — & (STL) 2 JE1C, &ksE 3D
TV HEERWTT 7 U ARIERLDSIE T
FIOVEAERL LTz, Al B A AR A B % %)
Gl LIEREET VA ZSE LTERHO
3WITET N EAER LT,

5 77 UNRKGETT VOB

3D 7N Z TR TTRE 2R T 7 U VR IR OFE
JIFHIBRA D Y, L4 A LR BT
k 7‘;67125?) K OFEMTI AR 2 BeE L7



WL L CRERICTEREZEL, L—1
— SO & ) kST

TERR L7277 U VBIGGEE T VOB & X 5
(R

5) 77 U NBKETET VATV O RIAE
gl
AR VR EHR FLE FHRNE PIVICCT 7 U v
WREETT VN OTNGEHE &2 5 L7-. 18
FOPIVEHITIE, KUKICEBAISEZY—F
g TR R L —Y—— b2 HWTAR
L, BEED AT TR T 25 2 & Ty
fizths. BHERRAPIRTHIXEET L
WL—Y—%ME LgE, 727V VETE
—HF—JET L, EfER 2 Wookim & Ak
FHAT A Z EBRRAREE 725D, ZDTD, K
FgEClxZEkofRb i 7 U Vg O
Prg (RI) ERI—ERD LD ICREREL
RY B TAT BT MY U A KEREAE
iRl L THWA Z & T, Reynolds #—3%
AL LR ENTNE O R LR
Ehii L=, ZOFIETPIVOFERELE LTM
BIMES .

B 6 PIVIZX DA et

0.5 1
x/D

X 7 PIV |2 X BKIETT VTSR
B & BB RRATRE A & D b

(6) H ARG E 2 xt5 & LI iREG R
Mr FEOBHFE

SENRBEEZRRE LT ARIGLEME DR
ESSAAfENT 5, HFIZ Euler—-Euler R DT
TFIEEEP L C, IEETMIT 21T o7-. FRIZ
EP LW E 2 RIE Y T EE G E O
— DL ENTWVWERILVALAT LT E RigEH
L, S SRGEET AHNICHIA LIz dR L A
TOT B ROXGENIRE 540 % T L7-.
KOBE N D ARG YR B 53 AR % g AT 3
BHERTIE, SAH &R R AR O SR A

AR T 2L ERH Y, K[AREREE D DR
AR R A L7 BT, WEBS A
AT HIWEEZEERXEET LT D HLEN
HDH. HEREZ2Y o LIRET D Perfect
Sink 7 VO RREMEEZHRF L7 LT,

Partition Coefficient & FV 7z Henry &
FTOABIAMCER I TRY, o He]
REtEICRE L Ch Mgt 21T o 72

11

M 8 SENFRNLATIILTFE Mi%f“/\ﬁ‘ﬁﬁﬂ‘ﬁ
S

() =7 wuy VR E2xg e LZRESMR
M FIEDBAF
ENREZ SR E LT 0 Y VRO
FEESARRAT RIEZ & LT, MGk s
L%, K1 %DHCRTHITT 5 Euler—
Lagrange R DN FIELZ B LT, KD
Lagrange iIBEFET /L & LT, BrICELRIAE D
FH A A I (Random Walk &5 /L) & BNEEH T
DILAE T T VA RKAFIE (10nm 2> 5 100
m DFAFH) % B5 2L AA A CHERT 24T - 72
%@%5‘%, KON ORI oA & ILAE e
WZBI LT, in vivo EBERE LIEFIZERWN
F%‘%%ﬁt
FERO—HIZ K 9 IR

o
\\

N J .
et | Al el

| =0.17s
0 T T —
0.04 0.08 01z 0.16

Time (5)

(1) 10pum (2) Qin =4.6 L/'m
9 RKOE PRI SR O fRATRE

8) BEANKET NV EBEREETT VO
B FIEORF

NRDFEME TR & F- 81 L 7= CFD fi##t H o
BIEANERET NV ERIERGEE T VOHRE T
HE LT, BEHALT BENRET v
NENIZEE R IE T L D RMTEIR 2 522
BELT KOMIreEr 1 e Lizb0) L4k
EiE R (External Coupling F{EZ HWT,



s 78 - 1R BR O ) C oD X JRGE - ELAR AT R
BB IRE AT — & % Flux {RTF % RAE
U7z B CHlfigtT LI S5 FE) o 2 ff
FAEAER LTz,

F7-, KOBETAHNOBOKSBENRITHRS B4
NEEAE 7 71 (2-Node Model) D& ENEEHE
BLLTIUTNANEALA LT 4 — Ry 7 &%
LEPET VT AAZERR LT, NMEEVET

M X AR GIRHEIEORE L il LT, Ko
WAﬂ%%®%%%WﬁLﬁ%%K525
W2 EARER LT

SRR RN &

T1H

@)&E%ﬁﬁﬁ%@%ﬁ%%
X 10 BAENEET L & HIER
RIS & 2 B 2 THRL L RATT i SR

EET LD

(9) ENZELQE AR T L OB L
A CFD =2 — R ~DfH A A H
mmm&am:~P&LfAmmmwMTm
W REET VERA LI BEANMEET
NDT Y RTA4T 7)) Z¥ET 5 LIz
ANSYS/FLUENT @ Euler-Euler & D B 454 fif
MrFiE &, Euler-Lagrange 3 D 4545 T30
FIE L LTI o FEZEB L. 2
DO—HEDETIWNZLY, TARRE TR
ROBERME 2R L L BNEXE oA
THET VL L BEBEANMEE T L E R
Ak U CRENT T2 LA N LT-.
(10) FRAGE ZFE IR T 7= O DX FEEPEE
7 VB
SOBWNFE H OGRS L, BRE R LR kS
ARG - B ME R L VRS ND T2
Z DRI E A 3 WOTHIICEEL L, ﬁﬁwm
A LTS MBS oMENBE 28T

N2l 9 2 B T L o SRR AR 7”6
1To7z. K, ROBWMIRMERIC IS Lz

Z AR E DERANRILE TV & LT PBPK €5
)L (Physiologically Based Pharmaco—
Kinetic) IZ& H L, AN ~DWLIL - #4071
WEFLVAEBEHE L LT, BIZARLLAT LT
t R, OO NR=VRICFWEERIRE L
T, EFERT — X L0 =T VERIFEEZIT

7.

5.
(WFFEfREH . Hhoe

TR R A S

STRE o OSEEERTIEE 12

(=)

(MRS ) Gt 7 1)

1)

2)

3)

4)

5)

6)

7)

Sung-Jun Yoo and Kazuhide TIto.
Numerical  Prediction  of
Dosimetry in Respiratory Tract using
Computer Simulated Person integrated
with physiologically based
pharmacokinetic (PBPK)-computational
fluid dynamics (CFD) Hybrid Analysis
Indoor and Built Environment, 2017
Accepted (FEFiH)

(DOI: 10.1177/1420326X17694475)
Kazuki Kuga, Kazuhide Ito, Sung-Jun
Yoo, Wenhao Chen, Ping Wang, Jiawen
Liao, Jeff Fowles, Dennis Shusterman,
Kazukiyo Kumagai. First- and
second—hand smoke exposure assessment
from e—cigarettes using integrated
numerical analysis of CFD and a
computer—-simulated person with a
respiratory tract model, Indoor and
Built Environment, 2017, Accepted (£
HA)

(DOI: 10.1177/1420326X17694476)
Kazuhide Ito. Editorial, In silico
human model for fluid-initiated indoor
environmental design, Indoor and Built
Environment, 2017; 26 (3) pp 295-297

Haeh)
(DOI:10.1177/1420326X17697290)
Kazuhide Ito, Koki Mitsumune, Kazuki
Kuga, Nguyen Lu Phuong, Kenji Tani,
Kiao Inthavong. Prediction of
convective heat transfer coefficients
for the upper respiratory tracts of rat,
dog, monkey, and humans, Indoor and
Built Environment, 2017, Vol 26, Issue
6, pp. 828 - 840 (&HH)
(DOI: 10.1177/1420326X16662111)
Kazuhide Ito. Toward the development
of an in silico human model for indoor
environmental design, Proceedings of
the Japan Academy— Series B, Vol. 92
No.7, 2016, pp 185-203 (& FHiA)
(DOI: 10.2183/pjab. 92. 185)

Nguyen Lu Phuong, Masato Yamashita,
Sung—Jun Yoo, Kazuhide Ito. Prediction
of convective heat transfer
coefficient of human upper and lower
airway surfaces in steady and unsteady
breathing conditions, Building and
Environment, 100, 2016, ppl72-185 (&
HA)
(DOI:10. 1016/ j.buildenv. 2016. 02. 020)
Nguyen Lu Phuong and Kazuhide Ito.
Investigation of Flow Pattern in a

Tissue



Realistic Replica Model of Human
Respiratory Tract using PIV : Building
and Environment, 94, 2015, pp504-515
(EHA)
(DOI:10.1016/j. buildenv. 2015. 10. 002)

(Fa¥E) 10 1F)

1)

2)

3)

4)

5)

6)

7)

Kazuki Kuga, Sung—Jun Yoo, Kazuhide
Ito, Wenhao Chen, Ping Wang, Jeff
Fowles, Dennis Shusterman, Kazukiyo
Kumagai. Virtual Bronchiole Model
Based on the Numerical Respiratory
Tract Model for Comprehensive Exposure
Assessment to E-Cigarettes, Healthy
Buildings 2017 Asia, Taiwan, ppl22-125
Nguyen Lu Phuong and Kazuhide Ito.
Ventilation effectiveness in
mammalian upper airways -
computational fluid dynamics analysis
of in silico airway models for rats

dogs, monkeys, and humans, Healthy
Buildings 2017 Asia, Taiwan, pp
487-490

Sung—Jun
Transient

Yoo and Kazuhide TIto.
analysis of inhalation
exposure by using computer simulated
person integrated with PBPK-CFD hybrid
model, Healthy Buildings 2017 Asia

Taiwan, pp 135-138

Nguyen Lu Phuong and Kazuhide Ito.
Comparative computational modeling of
airflow and regional deposition of
inhaled particles in respiratory tract
of human and monkey, COBEE 2018

Melbourne, Australia, pp453-456

Sung-Jun Yoo and Kazuhide Ito.
Quantitative risk assessment of
transient inhalation exposure using

PBPK-CFD hybrid model with computer
simulated person, COBEE 2018,
Melbourne, Australia, pp417-419
Sung-Jun Yoo and Kazuhide TIto.
Numerical Prediction of Airway Tissue
Dosimetry using PBPK-CFD Hybrid Model
integrated into Computer Simulated
Person, Indoor Air 2016, The 14th
International Conference on Indoor Air
Quality and Climate, Belgium, Paper
I1D:697

Kazuki Kuga, Toshiki Matsuo, Sung—Jun
Yoo, Kazuhide Ito, Wenhao Chen, Ping
Wang, Jiawen Liao, Jeff Fowles, Dennis
Shusterman, Kazukiyo Kumagai.
Numerical Prediction of Contaminant
Distributions in Human Respiratory
Tract for Exposure Assessment to
E-Cigarettes, Indoor Air 2016, The
14th International
Indoor Air Quality
Belgium, Paper ID:748

Conference on
and Climate,

8)

9)

Koki Mitsumune, Kazuki Kuga, Sung—Jun
Yoo and Kazuhide Ito. Computational
modeling of airflows and gas—phase
contaminant dispersion in the
respiratory tracts of dog, monkey, and

humans, TAQVEC 2016, South Korea,
Paper ID:1274
Sung-Jun Yoo and Kazuhide TIto.

PBPK-CSP-CFD Hybrid Analysis for
Estimating Indoor Air Quality and
Airway Tissue Dosimetry, IAQVEC 2016,
South Korea, Paper ID:1313

10) Ji-Woong Kim, Kazuki Kuga, Shin-ichiro

Aramaki, Nguyen Lu Phuong, and
Kazuhide Ito. Flow Visualization in a
Realistic Replica a Model of Monkey
Respiratory Tract using Particle Image
Velocimetry, TAQVEC 2016, South Korea,
Paper ID:1484

(X&) GHofh)

(PESERA PEHE]

OiRdL Gt 0 1)

OBfFiRoL (Bt 0 1)

(Z Dt

R — L~— : (www.phe-kyudai.jp)
6. WFIEHLR

(1) WrgeREHE

g —3 (Ito Kazuhide)

TUNREE « REEFER S B T2 5ERE -

Hix

geEds 20329220

(2) Wrge sy

A4 A (Lim Eunsu)
HPERY: « BRLSRES - HEHIR
MEE%&ES: 50614624



