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Figure 1.1 Ventilator with heated humidifier
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Figure 1.2 Ventilator with heat and moisture exchanger with filter
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Table 1.2 Composition of dry air at water surface level in

JIS W2010-1990-01 (ISO 2533-1975)

I AR TREEE (%) E/VE R (kg/kmol)

ZEH (No) 78.084 28.01 4
fEsz (02) 20.947 6 31.998 8
T LT (Ar) 0.934 39.948
TR (COy) 0.0314%* 44.00 95
XA (Ne) 1.818x1072 20.183
~VU 7 (He) 524.0x107 4.06
707 kv (Kr) 114.0x10°¢ 83.8
Xt /v (Xe) 8.7x10° 131.3
KFE (Ha) 50.0x10°° 2.094
—(b%EFR (N,0) 50.0x107%* 44.01 8
A X (CHa) 0.2x1073 16.04 03
F (05) B 7.0x10°° F T* 47.99 2

£ 2.0x10° £ T* 47.99 2
ZFR{bRREE (SO2) 0.1x107° £ T* 64.06 8
i bESR (NOy) 2.0x10°° £ T* 46.00 5
£oF%F () 1.0x107¢ &= T* 253.8088
2L 100 28.964420%*

T AOFET, BATHANC L > TRESEIT L2 E0H D
**Z OEIE, FERTADENOR/IZEDTHD

_13_



EIEFR

1.4 XHIRDOBEM

1.1 8l ~7 K 912, Fiiiele ERE D BRI X 0 IFEFR T ITB 2N DR Z 1L o0,
I FE IEREREBLY; T, EURMERAEHET HERICIE, ATHRMNEREENThNS. Z0
L9 N TR EBROBSOIRFE - RO ik L LT, IMEIRIERE 2 AV 5 51k & iR
FEAZHAAR(HMEF) % W2 5iER S 5. MRS E 2 Vv 5 HiE T, WAIRE, WAIE
JE %, AMEEEEZ OV CEBICHEcCE 22 200, FIRR2ETRMICAVLR TV,
TR AR 1T, INETH Y, ETAAFEEN RN EnG, FIFRERZIT TR, Kx
BRGECTHWOLNTWS., THEIE, & ICKEMAR S THLRAERKRSG R ETHLHAVWLND
X9t >TETVA.

HMEF DRI #idsr & L COME EOFHEIE, PR &R R Uit 4 AR BATHiiL D 2
ETHD. WY A 7 NVERND —ROEFEGS, 7y NERY AT AOSEE, IR
TP 2 R S LD RURDS— F AN 57217 Th 5723, HMEF TiE, INEEREATTHI 5 A
R e T g W E IR & WRD R BICHND Z ENUAETHS. £, Ade LT,
BE O AHEEICRET 22 00, MIBERETHLIZENEEND. £, SFIF
REFRBG CREIEA SN Z LD, WERME CTHI L LEETHD.

ZDI=OIT, 74 NE—DOFM, WAKMEIZENTEL AL T A T N U L0
RERERY, SEIERTRARENTEE., TO X HRTHR, &FEiX, BBRNLRIIET
TN TEEOR—RNTHY, ZTOEHDOOE D2, HMEF 2/NMUT, NEBOIRIEDFEH
DR EICIVHALDICEINT IR 2 ENEZI LS.

Z ZTARMFIE T, WoKMEICER LIV T MCER L, 74—l by
LEGRIEZED, B\, KEJKOEEHONCT LI 2B ET S,

HEODERIZIET, £9°, MR, WA HMEF O RARE 2 R4 5 72912, HMEF |2
WEOR 2B Ul e e a4~ D 48 @E A Bkt L R 21T 9. Lo L7223 5, HMEF NEICKT 5
BRGOFEME RIS Z 3LV, 22T, EBRERA2 S &I, HMEF WNE Ok
RBRA IR T 2BIEET VEAER L, EOEMEETT V& AV CIRIEEE AZHAE G2 D FEAR K 4 1]
LT 5.

1.5 KX DIERK

ARSI T N2 5.

W EITFRTH Y, RO R, WEOROME, TR A O LR, AR
DHEBY, &L TR OMENRZBR~D.

52 mTIX, AMREOWIETFEEZ T . AR TIE, FERE —SOocEfMtr 21772, %
ZTC, 2.1 ICERIEES L OHEE, 22 I RTBIEMNTEZ IR 5.

%3 ETCIE, WEBRICET L ER, —UOtBUEMIT 2 T, TORRERL, B,
imaEIRD.

_14_



EIEER

%4 BECIE, EHIBSICET 5 ER, —UOtBUERIT 21T, TORRETRL, BLE,
FAEIRARD .

WSETIE, FEIFELF4FLEE R, TSR E IO AR IOV C— R el
fRMT 24T\, TORRERL, B, Emzds.

W6 T, EBREBUEFE OB S0 72 5 72 CaClL OFIHOIREE, 5 L X HMEF
W DZER, Hefoe s 72 & OZERIER T DWW TEUEMANT 21TV, ZOFRERITONTOEL, K
ERRD.

7RI, fimTh D,

_15_



B28 WRFE

F2E WREFZE

2.1 =B

211 RBREEHSIUAHE

AAFFETIE, BIERZE(F L OVEBELICET 2 EREIT - 7228, @b ER
[ZHW 22418 % Figure 2.1 (Rd. £72, EEOSNMBZ Figure2.2 (2777, Figure 2.1(a)lZif
HR AT, ZEEIRRIE A HLEE (HMEF) A28 & Bl 50572 5. HMEF A881%, K
$raA v Ta s T skt H— (JPC) IZBWTEHR & (Ohmuraetal. ), 7L IEDY ©D),
WK FPEFEICB O TRFEAIZL 5 b M ABRKRERD2 T 72 HMEF (Kitamura ©%) %
SE\CRES T, BRI, PERARTTIAF v/ TTETEY, REEEH~OFZEREN
HOREFZ AN OBETE L L9 12T 5. X, MRARE LT Airl 13, Z250EE
37°C, FHRHEEL 100% DOEAFZEATH Y, Wk A L7z Air2 1%, Z25UREE 26°C, FHXHE
0% DFERZE T D, Air1 1X, Air lin 2> b FEBRIEE TG S, HMEF A28 2 180, Air
lout nHHEHEND. F72, WREBHEE L7Z Air2 1T Air2 in 225G S, Air2 out 2254k
HERD. Air 1 & Air 2 DOV 21X, SV T OBBICE > TITo 72, @iEsE st
IR LDEBRTIE, Air 1 2 180 s ¥t L7, FHEI LT THRIEOUIV X, Air2 % 180 s it
L7z, T XRTORBET—X1%, 7—Fa i —7TCIE, £, fHlESAEOAEY —T—
RIZR O Ry 3 R, ST 21T - 72,

Air 1in T, KRRUTHSTEWIRE ORI/ EIND Z b, KRUBEIZE
WBEEICAEEENE U D, £72, Figure 20 RTIRE, BER LV —ICHBETHALH
L., WEE N —ICkERET A L, BE, BEZEMICHET A Z N TE R, &
BUZIEBFEM i A /xd. £ 2 C, Figure 2.1(a)lZ~9 X 9512, Air 1 in {AlFE# & HMEF 225
HIXPRIR 7 — ANICERE L, NEOMRBEOKRTEZBEE L, MERICHEEREZENE RN K
INPRIBE OB (35+£5°C) TV RBLEREIToT-.

Figure 2.1(b){Z HMEF &#3Urf5 % 3. HMEF BasNIZIE, ARV, by o hEaE
REVTEAR TV, TORBREFEATEICHKET LN TESH. ARV E LT,
RNY 7 LZ D AR Y (PUBOA, A /7 v 78 vz, AR ORER SR R 41T -
TWD DN TENRET D ATREME L 5. HMEF REOBECREBNAE UE, il
T2AKRIMAR L PEIZBE L TP &, ARV I TORMBEL OXBNRONRL 25120, 0
R E LT Air 1 NSH) 30 mm (242 A58 00 7=, EREICITFFERENRE R — (£
A A=, AFA Fy MR, BERNEICIEY— A K BES (—AEE ITmm) % H
W ZENENDORENLE % Figure 2.1(0b)IRd, HIEIEEOZEME, 212 HEH TR,

FERZAT O BRIZIE, Air LIEFEUSKIIST D 44 (37°C, HHXHREE 100% O EaFZ257), Air2
TSRS IS T D 5 (26°C, FHRHEEE 0% DORIERZER) ICRET D MENH D, INTINR A
179 BRI, Figure 2.3 (R 3E A2 Vo, HEESKRDN 37°CITR TN REr — AT A -
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TkY, WHLD, [T 37°CITKIRZ MR- IR IZRIE LT H 5 EVIRFER O #ifl
Bl 238 - CHaICERIRBIC e o e BR &2  KHP A D7 7 —|238 U T 3 2 Btk & 72
S>TW5. WEIFREZT 5 BRIZIX Figure 2.4 (R 3EEZ W TGRE L7, =50, &I
RO Y AT NVAVR M ZE> THRIZRE SN D, D%, 26°COEIRKME IR E
L Th DR\ IRFER OSEEE 4 38 > TH 0 IZHEIRIRAEIZ 72 - 72 225070° HMEF (2387 2 5%
HL7po>TND.

Air 2 out
Air 1 out

218.9 0 1506 263.9
HMEF: Heat and moisture exchanger with filter

(a) Flow system

F2 F3

MSI1 \ ‘ / MS2  TC2

335 ‘10

MS1, MS2: Moisture sensor
TC1, TC2: Thermocouple

(b) Details of HMEF

Figure 2.1 Experimental setup for transient motion
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(a) Whole view (b) Sensor location

Figure 2.2 Snapshot of Experimental setup

Humidifier |
o

Figure 2.3 Heating and humidifying unit

[CSRY

De-humidifier

Water cooler

Figure 2.4 Cooling and de-humidifying unit
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JAH S R A T 5 BRIV 2SS A Figure 2.5 (R, BHISERE 25 326
TUX, 4.1 HIZFEMICIR R 228, A% 25655, 64s, 165, 4s &2 LS 7-. @EMNZELTIL,
HIERFES Air 1, Air2 & H12180s THY, UIVEZXIT 1 EITH 72, Air 1 725 Air 2
~OUIYEZITA by TNV TEZHNTFH T A, 20K, G0 EIRMIZ3-48
ZWEE L LT, Figure 2.5 (IR 3 B IS B R 2 70 5 F2BRIC AV T 258 1T, iR E IS
FeMk 2 FH -~ 5 FEBRIZH 7 Figure 2.1 OFEFILE LR L DO TH L2, Air 1 & Air2 OV
Bz X 0EMTIT25591C, ANy PNV T2ERAROBBI SV TICEFTL, 7o
7o TInYyraryhun—7—ZCHAZA IV 72 L. 2O, ST OB
BEE, EEWNICHNENEDL RV E DI EFRAIXZ D IERITS 2 L2 AR E L TITo 72,
ZORER, WO BRZNCEST LRFMIZ1Is U T &5 ENTETL.

Air 2 out

—_—

Air 1 out

Solenoid valve| |

Air 1in__

218.9 0 150.6 263.9
HMEF: Heat and moisture exchanger with filter

(a) Flow system

F1 F2 I3

MS1 \,_L_/ MS2  TC2

f—ﬁ
il
H

33.5 10 64.5

MS1, MS2: Moisture censor
TC1, TC2: Thermocouple

(b) Details of HMEF

Figure 2.5 Experimental setup for a periodic motion
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21.2 AIEEE
(a) FReEZ BRI P e 2k S

Figure 2.6 (2, AL CHWZHERERREREEE (RRET=F— AT A T4
Aa—T (BRABIA Ry M) Ok Z T REEIL, U —, A A3 —T KK,
A/D iz = F (KV-AD40. ¥—x  2H), v ro~<~7rar hue—7 (KV-5500,
F—x A 1505 B OHIEEAS A a—TRKEIZELN, T ER
LLTHAEND. THaliZ 5 AD a2 "—% (F—x L R) TFIOH VT — XL
S, FurIvwr7Narbie—JZkbh, REAEY —IhFESND. BEPKT TS
L, RIRAEY —|ZRGF SN T — 21T SD I — RIZELIRLE, RE SN D, SD 1—RIZ
RESNET =21, TR0 —Y F L a s Ea—2IZTRFICHWSNS. B —E
%, EARMRE Y Y — LIREHEHO Y —I XA ZIT L ORI TV 5. Figure2.7 1,
U —HOFEMA T, B —EHIE, BERY—LREE T —DRREEINATVD.
g —& LTI ERBMRE e —, REE I —L LTI — I RAZPRES
N TW5. Figure2.81|Z, oV —fZmKICHxRE LTIk 2 R

ZOFARA—=FTIIREDMEDTZDITIRE L =B HNHIERRTL40CH R E 2
STWAHTZ, NOIREIZREOBENRE b —CHIEL TW5D. 40°CLL EToOREE
IENERCHME L THIE SN D 7o O R ERREEIT RV E SN TV 5.

Moiscope analog output data

Moiscope sensor =
m
jJ 00
Moiscope _® o0
[ ;
Programmable A/D converter
controller

Figure 2.6 Capacitive humidity measurement system

»na
Humidity sensor

gFlow pipe /@\ Flow pipe Temperature sensor

Humidity sensor L

Temperature sensor

Figure 2.7 Capacitive humidity and thermistor sensor
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MS1 MS2

Figure 2.8 Installation of capacitive humidity and thermistor sensor

(b) L HIE AL

Figure 2.9 |[ZAWFZE T 7o BVERHE EHNELEE O 2~ . AR2EE L, BB (37—
A K BER (I —RAER 1mm), ADZE#ia=y N, FurI~7vartn—7n67%
5. AD o=y, TursI<7arybo—70%, BENCERECTCHWZLOLEFRT
LD ThD. BNEXOEENL ADEH o=y NIV T UH LT —2 L LTHRIREN, iR
EICE# S, YurI~7vary hrn—ZIZ58kS 415, Figure2.10 IZEX[EIRDLE, Figure
2,11 [ZfEH L2 2VEERT 2o g, BAEEXT O S IB e ONEMICHEM L v oL, A
2, PR DR ITENCKT U CHEMAIC R DAEICEE Lz, HIE ST — 2%, HERTE,
SD H—FEHWTarva—XIlBsh, irsns.

=T

000
[ lal E
Programmable A/D converter
controller

Figure 2.9 Thermistor measurement system
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TC1 TC2

-

Thermocouple

Figure 2.11 Sheath thermocouple

21.3 BE, BEtUY—OBMGEENE

ABFETIE, Air 1 BE W AIr 2 22110 180 s 69 2B 2 LIC B9 2 526k & Air 1
& AIr2 i 0 IR LIHET 2 M EICBET 2 ER AT o 72, OBIZFERIZER <5725, &
HIZEL DD - & BEWERITIE, Airl, Air2 22022/, T752bb Airl & Air2
neENnEZ 1 mfitia+ 22tz 1A ET5 L, 1EAMIZ4R TR EZ. 22T, 45 AM
DI RSB AT DI, IBEE P —ICOWTHEI Lz, LsLAaR S, I,
BERES 4s A (Air1 2 2s, Air2 % 2s) OEZHIEL THORIGEMNEHT 5 HESR
RO & U TLEMNICAFT L Z LIIREETH 5 & ofimicnWizo7z. 22T, i~
TR TIHISEREICENL TV D, BEARERRENEEERS L OEZR | mm O — AREGE
EHNDHZ L& Lz, WEREIMRENEEEE LT, B A/ %y MEOEA X
a—T7E MW, ZOEET, FRHEROEERESE TIIASHNLNTELLDOTHY, M
W gR O ERIE X —EDEF L EEMEEZ /R LTS (BEEN) . ABFZECHO 2 EE T,
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TR RFEZEICEB VT, Kitamura B X > Tk FAARBRICH AV STV A, KRFEBRIC
FERTDICHT=0, RFEERIEE CTHXHRE 0% O F2EZER & AHXHEE 100% O 1225 % I
G L CEREZITo TWND 2 &b, ZORK, R/IMELZ HICHER L THWZ. IRERNEIC
1L — AEEARIL 1 mm O > — AT K BVERHKTO-101000) % AW 2. JEREIC AW ZEA
A=A — I AFEEF LI T 5 TWER, ZoW— I A ZEEFHHXIRERE
EBR2Y 40°CTH Y, REBROGPHZ I R—T& 2o, 7—F L LTUIEHA Lo 7.
7272, WEEITREL Tk Y, WERREFHBEANTEEOT —& LR L TkY, WMHFICHE
FEIREWRET TN EEHER LN OHELIT T, RERICHWZEAS ZAa—T ¢
— ZRUENEE R O AK 2 Table 2.1 1Z7R 7.

T 8 R T8 LT R O T B R R A I E A 1 S L OV — AR S D RER R TEIZ DN T,
UTDE T EITo 7o, BEAEMEERNEEE I # v 7 CIImE RARE, A
40%72>5 100% F T 3s, FAXEE 100%2°5 90% F T 10min AN EGEENTWD. F7z, B
A, A AT—FOREEHEL LT, ZOHICHONT, 28 WVWHITF—ZERL TN,
K%Ef%%%ﬁot&*% ﬁﬁﬁﬁo%~m%&ﬁif%1sfﬂﬁbt F7o, FHXHE
FE 100%3 < IZ72 o 72356, IEME SRR 2725 Z LRI Zhix, '

— KON T T2 T 5 = k#f%t mu:ﬁmﬁﬁ%nm%,nm®@ﬁw
KThDHZ LMD, HMEF FZ D Air 1 HGMITIE, 29— 0 ThRFBICHIEENAD
iz, Ziuk, B, B —OREMNVKRIROREL =T, Airl X0 bR 25720, &
y%~,%ﬁﬁLf@ﬁﬁﬁﬁ1m%®mﬁw%fmﬁT#étwf%ék%zé EMNT
X5, 2T, BEOLZAIZERTWVA XL H1Z, Airl BHEM7Z 5 N ER &R | E
B L0 —2ARBES O o — T INREE A RE L, BEELEENRLONRWE D
IZL7e. ZORER, B —ICBIF 2BERERII S N TE . £72, Airl 726 Air2
B0 Bz, MHXHREMETT 58S, o —ICf@B L TR, LEiEEIZIZFRRE
EORM TR T4 28703 A 06Nz, 202 Ennh, AMEE T, HEA BRI EHEEE
DIBFET P —IIREEE 1 s REORBIGEME 2T D L 2RI N TE ., BE
SZBALTH, [AEROBEAAIT o7 R, FFEHIIA 45 s FRE LRI 2 Z L8 T& .

DK ) REERISENED ERFEIRIE, BER U —08A, B —~OKEROIEEHGE
JE, BAVEXTOLGAITIZZER 0 b > — ARE A B U CEVE X B A £ T BE§ 5 2UR
B, MAEEEICL D EEbD. 08D REEBRICE ) RSB RN, RIS
BARERDZENMOBNTEY, —KENRERET DI EITXD, HIERERIZ)E B EAH
BZ21T9 2N TE, RHISEENVRMEAZUGET 52 L3 TE S (Yoshidaeral 19) . Z DO
B fhik 1R

Z 2T, AWFETIE, RE, IREOUEMBICK LT, ZoORMSEENE —RKENRE
L CRERBNEEITo70. WEICE L TIERER 1s, BERNE CIIRERK 45s & L&
X ORFIGEBNOMIERE RO —FlE LT, Figure2.1(b)IZH\\T F1, F2 ICAKR Y, F3 I
CaCl, # 3= LI AR V& W55 OfER % Figure 2.12 1Z77 . Air 1 #5GBAMAR,  JIE
F—H L WET 2 BT S, Air 1 0D Air 2 ~OU) 0 B i SRR, RN ERT
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(AT % & 2 A TRATIICRRISEBAOMEIL LV ETOEER LN L0, ke L
T, ZUEREBRICHENTRESHTH Y, KRERB(ITA N, BLEORKRGHE R4
Fx, MEMRIE, BE, BEL BT 1s & L. 77, 5, WEOREIZREEZ TIT-7-.
WEY S —LREE P —DNENRR S TWDED, RO T, R &R
W =2l 5 & & ORI ZEITZ 03 s LFTh Y, HEE 1s Z&IZT-o T
HT I LTHEREEIILE Z W2, T ENOREMEZ FRRFZ OREME LT

Wi,
Table 2.1 Sensor characteristics (Catalog values)
’H:% S ° h— [l
B WEER |y q 7 | doriem | wE R
; EEE AR B 3 #(40—100%RH)
sy IR R 0~100%RH }+3° ~
EAAT— AL (H6100) g & 10 43 LAN(100—90%RH)
BROATA 2 M| -3 2 H
| - 0~40 °C +0.2°C |—
— (#48033)
- ; K s — 2
K B i -50~650 °C |— -
il e (KTO-10100C)
50 50
40 40
ha TMS1 (CaCl2) ha TMS2 (CaCl2)
?B 30 ® raw data 30 ® raw data
£ ® compensated ® compensated
S 20 20
-~
10 10 t ’—-—
0 & 0 L S
300 360 60 120 180 240 300 360
t s t s
(a) (b)
60 60
. - TTMS2 (CaCl2)
® raw data
20 TTMS1 (CaCl2) 40 ® compensated
. ® raw data .
& 30 ® compensated 5 30
e
20 20
10 10
0 1 1 1 1 O 1 1 1 1 1
120 180 240 300 360 60 120 180 240 300 360
t s t s
(c) (d)

Figure 2.12 Results of response delay compensation
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21.4 BIEAILIDHLERE

AWFFETIL, AL AT 7 A CaClh 2 &R LTIZ AR PE WS N, ZOERFEZLTIC
WD, BUIRTEI AL L7 AR DEEAE I VY T DOKIARICIRIE L, AR PNERICK
WRZRBESED. Z0H%, AR VHOKRGEHRFEIE, ARV EIZ05g Dby
U LENTH &7, Figure2.13 12, 7 VX VBASEE (F—x > A4 VHX-5000) (2 XD #RE
L7z CaCh &R LIZARY U LE VO AR Y DEHZ 7T, MY, R L X2, |
PEKY 80 um DALANFIEF—HRIZZENTE Y, ZOE DOV IZ CaCh BER STV D HEIRA -
TWHHEIRE LTHEREND. T7bb, CaChix, RNU 7 L& o 2IKIOEHICER ST
WHDIT TR, FIZHDOEDLVIZEFRINTNWAS Z &2 305, Figure2.13 (%, K5
I E L5 EICBIE LT DO TH L0, W L CEfiE L7- CaCL nE< Abhvd. 2o
Z X, CaCL RRH DK ZWAE, EEMEL, RFFLTVD ZEZRLTWVD.

F72, CaCly ITWRIEH - oA & L CESKFIHIN TV DIMETH Y, 3 LWVEIfEEZ £
ON, BENRT LI, AU U LZ S TR, WR L7 CaCl IXiREE 3 Lo JE U 1Tk
BEShTnaZ enbnsd.

CaCl» CaCl, CaCl,

Figure 2.13 Polyurethane sponge surface with CaCl..

215 RBT—AMBRIOa VT4 a=Vy

FER AT O BRI, OIS A2 B2 T 572012, RIEENOIREREZBG L%, it
BRT N TERIRE 26°COHLIRZE R & o7 I ZlR LTz, & DO, ’ERUS kST 2 225 (R 37°C,
FHRHEE 100% O EIF1Z25) % Air 1 & LCiiE 15 Limin (77— ANELHHE 109 cm/s ) %
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ML, XL, WhokmzEg &z, BRICHET 52485 (R 26°C, FAXHEE 0% D
r7e5) & Air2 & U CHER & RO 15 L/min (iEE 10.9em/s) Tt L7z, FEBO HAIC
JEUT, Air 1 & Air 2 23T & O R 2 B A ZE (LS. ERiTar 7Ly bt
fa L, it ¥ — (FD-AS0 F—= o X #8) T & A & L 72D b, Figure 2.3 35 J. U Figure
2.4 OREEICTRE - WEEZFIEL T, Air 1l HDHWITAIr 2 & U CEBREEICHG L.

2.1.6 EBY U TILOERK

AFEBRTI%, HMEF WIZ Figure 2.1(b), Figure 2.5(b)IZ R~ 3D~ V% —, F1,F2,F3 %
X L7z, Z O % Table 2.2 (27”79, Case 1 (£ HMEF BESINENZ 7212 H AR WZED Y
ATHD. Case2lE, EZ65mm DRV v LZ o BMOARY (PU) % Fl,F2, F3 IZa%E L
786 ThD. Case3 1L F1,F2,F3 12 Case2 ERIFRICARY v L X UBIRR L D EGHE LTz
2, F3ZIE CaCLhZ#FR LAY UL Z U BO AR Y (PUCaCL) #RXE LI A ThH
5.

Table 2.2 Filter arrangement of HMEF
F1(Filterl) | F2(Filter2) | F3(Filter3)

Casel | No filter equipped
Case2 | PU PU PU
Case3 | PU PU PU/CaCl,

2.2 —RITBUERT

221 R%E

HMEF OEEMT AT 2 I2H720, WEOWNGEN ED L IR o T HnERIEL 57
¥»IZ, Ansys/Fluent 16.2 Z VT, THAYR BRI R 21T > 72 (Okinaga et al. 1: 1§k 2).
ZDOFER, HMEF OWEBIZIZAR L PR EOZHEMENRE SN TND Z &R ENBRI
GHXIFIE—RCMIICIO D Z EMTE D Z EnmRa .

Z ZCAMIFETIL, HMEF WEIOZAMIZ—RITCHNZAEL D ERE L, T 5. 2250l
TE, BEBIONRBEKERLIE)NELTS. LT, ZOXEFEAL, EEREL,
I ERFR, =X R SO PR E 72 5. ARBSE CIME RS I3 4 U
WO TIEFREDOZEALIZ WD, ZERFEH OKAER (RIKDK) & AR DIZEERE L 7R
KaeZNENROWE EE 2, (LFREEGFNEZHANT, ZNEOEMNE(LZE T2 &
L7, LER-T, ZERMMITIE, KREKOMFHERFEXEL WS, £72, KiZ HMEF N
DARY, AR ICERESNHE V> & (CaCl) IZEEET 5. ATT LTI, 4
MELTZKIZAR S VBEBE LW EIRET D, Lien> T, AR VBOXE RN,
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AR VENIZEERME L TV B KDL FFERAF E = x VX — RGN D, 22T, Kin
T, R ERARGER, AR VR EERGER RS L T4,
b0 FEBERXEZERATHICHT- VLU FOEREERE AV,

cHBRIT oL E LTS ZENTES.
< i V) ZERDOYNEREILZ DRI D 96%Lh ENZER T o D 126D 22K DY Z VW % .
R —E L T 5.

2221BIE AN LI & B 5lE - KR

WAL V> T DY - ZRIEE T VIR, ED BNk BT Vb v NERED T U 7L
DEEHE « KBET NV EBEIC L. REFICHBWTHESE - BEOMELEIZ, Hibhrs
U AR AE LTV DK OB & & KR & 7 2 AR ZR 1 O 7K 7R R O T St ey, & 0 22
K OEEMMANEE y,, DEICENT 5 B2 5. T7hbb, ARBEwiEQ2)D X HIcES
ns.

w = Ky (tm — Xs) (2.2.1)
Z 2 TK T EmE S R e R T, £, pmld,
_ MHZO(gas) _ MHZO(gas) Mdryair + MHZO(gas)
" Mdryair Mdryair + MHZO(gas) Mdryair
(2.2.2)
_ YHzO(gaS)
Ydryair

Z 2 TMy,0(gasy Maryair (ZFALIAFEH 720 OKFRR LS EROEREZRX L T0D. £z, X
(2.2.10) DB D, RE1GD.
_ YHZO(gas) _ YHZO(gas) (2.2.3)

m
Yair 1- YHZO(gas)
U ERT LD, EEMPREITERESRICI>TRTIENTED.

WAL N> MIERFEERTH Y, KBERET SH L CaCl»H:0, CaCle:2H20, CaCls:
4H:20, CaClz*6H:20, &/KFMZ/eb, ZHLL BITEKE 725 . TR 20°C T 0.745 kg/L
Thn. EEOBGTIE, AR UOHE, HEOKTREICEY, EEILs T L0KRD
WAEENEDDLLOEEDbND N, RERTIE, by ARSI AR X0
EODARTOHRERNEZ LG, 2O D RIZOWTITERIICHRE 2N 5 2 &7
T&ERrolz. I CARMECIREL I V> 0 DR EHR ST AR ¥ ORI —E & RE
THZ eI D F, BUEEHRE T, @KL OE L FRAREHNTWD Z &b,
AR IO NWTIE, ARV bEREAE B R, ZONEEITER RN LT 5.
Z T, TOMIDARY VITHRENTIGALI N2 T DOME B2 Mcay,, Z ORI EEE
L TV D KDEREEZMy,o0iquid), < PHEIMDOEE Z Vigra &5 &, Z OO HALKFE S
720, kv NEACE ESH T D OKOEEE £,
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My, o0aiquid) _ Mu,00iquid) Viotal _ ™MH,0(3liquid)
B Mc‘ac?2 - Vtot: Mcac, B mCaCl @24

L%, 22T, my,ogiquidylE, ML VT ABALIKRE S T2 VI EEE L IR DK O E &,
Meacl, [ FHRALETE Y 720 ORIV > T LOEREZRL TS,

Figure 2.14 |2, Hb /LoD NEAPE B EE 9 2 /K OE & &l Y 225 O HE EE D BE %

Zov9. CaCle DIAfREIX 0.745 kg/L TH DM, ZOfEIE, HAbh v T ABEAE BIZEHE
THKOEREE LTI 1.34 kg /kg-CaCl: £ 72 5. Figure 2.14 On0681 %2 2% &, = OfEITHH
AR 0.3 FEE L 725, Tiebbh, FAHREN 0.3 FLE £ CIIKIMEEWRAE LK & 7
D, FXHREE SIS &, ZoKF, WUAKFI, SOKFn & BERERZ AT 5. FERHEEE A

0.3 A% &, KIFMEWAE LR L 720, FHREEII 9 2 W08 Biic 2+ 5.

(66)

T noO chemical
® 5 . _(66)
3 —o— 10 physical
o —o—nlbyEq.(2.2.7)
=
o 4
z
[y
2
Y3t Physical
o= gbsorgtion
Chemical
2 '_J_absorption,;

CaCly . 6H20

' e——acl,-4H,0
== <+—— CaCl,"2H,0

0 0.5 1
o %

Figure 2.14 Condensed water mass at a unit mass of CaCl, vs. relative

humidity of moist air

inli%, LA FIZ/RT Zhang and Qiu 672 X 2 W5 SRR & R T

nl=1.01(— 1n(<p))-ﬁ (2.2.5)

AL, WA ORI Z L <R L TWD . ARFERAE OB W T Hf s LR
LTWA2, HHFEEE=0 © & X DEHEKOEREBa Lo T 57, CaCle-2H20 OfEfF
2o TWDH X9 liclbns.
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Figure2.14 \Z 774 L 912, ARMWIC 72 HAL2EWE OFERIC SV T, BRI T 5 kT 5
T L TEDN, AWIETH, Figure2.15 0L 5 ICHEFHEEKE L, 9 =0 DL Xiip=0 &
RHEITET ML, TORER, WLy T AEIE RS0 ICEHET D KOE R L
Y ZZROMEHREDBIRE FO &5 IZEF LS.

0<¢p=<0.15
n = 3.68¢ (2.2.6)
0.15< 9 < 1.0
1
n = 1.01(—=In(¢p)) 151 (2.2.7)
¥/, BEEMHEE Y & FRHEE e D # AU TR & FV -,
_ @Py
ZIT, Py 1 HERUKAEREERT.
FAFIKRZRLEP, X, Tetens DLV RDDH T ENTE 5.
7.5X(Tair=273.15) (2.9.9)

Pn [hPa] =6.11x 10 Tair—3585

FEEROFE T, FEEREICRAE LR IR O KICKI T & 72 5 25T OWREZRD 5 = &
IR B DT, R(2.2.6), RQ2NnEE%, BT AFIEE 5. Lo T, X(Q2.2.6)%
KQ2DDLEVMAENTRD THL BERH L. SEOEF LT, @= 015 [ZHIT 21
1%, n=0.768 £ 72 5.
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8
T =e--- nO chemical (69)
—o—n0 physical(ss}
6 —s—n1 byEq.(2.2.6)
~ —o0—n1byEq.(2.2.7)
® 5
Q
op
=
o 4
z
[y
2
23
o
2
1 -
0
0 0.5 1

o %

Figure 2.15 Model of Figure 2.14 for numerical simulation

2.2.3 BAX

HEEINLA~OBIRIRS, 2 KM DO AR VRIE AN LT, EBRITIEE 310 K OfRIE 7 — X
OHIZHMEF 3% 5. £ D7, 310 K& KURIRE OIRE 2 ICBRERK 20T 5 2 & THHY
T 5.

S, = Ky(T,, — 310) (2.2.10)

K ZEEEASNB A~ OB EIERE & Ui, ZOBMEKRIIE, —ROCBUEMTE T VITIETE ENR T
WD, KB WTEEELTELT, KK=0 L LT\5.

224 BHEETIL

Figure 2.16 (ZAHFZE TH = HMEF O— R TIIRET L &7, z i i 5 Th
v, HMEF WEBOFHEEEI z 7 A1245 mmE L, z=0.0 mm Z HE&MH (FEEARD), z=45.0
mm g (M) & Lz, 72720, % 5 FEICBW T, HMEF O R XI55 E 21772
N, TORKCIE, FHEMEZ 45 mm 225 540 mm £ AL SE. £, AR THE LT
%5 HMEF Tl%, HEfem v 7 A%, Figure 2.16 @ Sponge with CaCls Ok (29 mm < z
<35.5mm) DAR LU VICHEF SN TWD EET T H. ARV VEITERIER LAt
B2 6S5Smm & Lz, 72720, FBESETIE, ARVUEEIOREEZBRGLTZ0, TORRIC
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X, ARV IUHIEZZ 16 mm 25 2 mm O T X®7-. HMEF |21, A ERR DA

IZHND . FEROEE, z=0.0mm 5 Ty =37°C, FHXHEE 100% DO Y 225 257K 0.1
m/s “C“m]\?“é. ZDLE, KERDEENR, Yo 1£0.037 &725. 72, z=450 mm L

Y20, Tair® z HIARLNE 7 O B BFEHSEE (Neuman &4F) &35, WKDOGE, z=45.0
mm 75 Ty =30 °COFMRZER, (Yypo = 0.0) 23FiEH —0.1m/s THRATDH. Alal kb & 7n
5 IR T DK DR ERFEIL 26 °CTH D05, 3 4 FD Figure 43 45 &, WRIREEIX
F130°CL o TND T LD, BEFE CIIWKIRE L 30°CE Lz, ZD&E, z=0.0mm
13 Yiz0, Tair® z AW NS ER DA EE«;IL.EH*@ (Neuman §:ff) &35, I ERAE 2T
RAHFFETIE, FERE 180 it L7=1%, W% 180s it L7=. AN EREA T~ 2 EBR Tl

JE#% 2565, 64s, 16s, 4s & L, W@IEINEFEOEE & FEE, R E WRUXFRIRRE & L.
F7-, HEICHWETE R YMES Table 2.3 ~7. 72721, —R&MAEEEIL, 8.3143
kdJ/(kmol-K) 68I-¢ & % .
HMEF
YH:O = 0037 dYHfO dT&lil‘
Exhalation =37 E>0.1111/s - d 0
dYH_"'O dT:u'l' _____________________________ __?;-'\-O = 0
" ds =0 —0 1111/s<:| Tm_= 30 °C Inhalation
Sponge with CaCl
E:E:E: » :111111:
0.0 29.0 35.5 450
Patient side Equipment side

Figure 2.16 Numerical model of the HMEF for one-dimensional simulation

Table 2.3 Physical properties for one-dimensional simulation

Material Name Symbol Value

Air Molar mass M, 28.97 kg/kmol 68!
Gas constant Rair 0.287 kJ/(kg-K)
Specific heat at constant pressure Cpair 1.007 kJ/(kg-K)

Steam Molar mass My,0(as) | 18.015 kg/kmol 68!
Gas constant Ru,0(gas) | 0.462 kJ/(kg-K)
Specific heat at constant pressure CpH,0(eas) | 1.870 kJ/(kg-K) [69)

Water Density PH,0(iquid) | 987 kg/m3
Specific heat at constant pressure | Cpn,00iquid) | 4.19 kd/(kg*K)
Heat of condensation of water hads 2260 kJ/kg (68l

Polyurethane | Density Ppy 1240 kg/m3[70]
Specific heat at constant pressure Cp,pu 2.07kJ/ (kg K) [70]
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J£77 0.1 MPa (2331 2 AMFE THiGE & 72 2 IR FEHIPH C DO 22R O & LBV R R 714 %
Table 2.4 (2777, AAFFEOIRERPH 20°C - 8O°CEE TlX, EELLEADZEIIL 0.2%FE TH
HDT, ZEROEELENIC, = 1.007 kd/(kg-K)—E & L1z, KEKDEELBIZOWTI,
ARG O BN FEM RN R INTEHEY, BEKRAEITIER T2, WHEHEE LT
1.8695 kJ/( kg - K)DWRENTEY, AFETIIZOMEZEAL, 0.1870kd/(kg-K) & L7-.

TR DKIZONWT, [AkER S DM FE & B L BVDIRFE (K f7VE % Table 2.5 (TR, & H 5
HIREKAFMIT/NE <, Table2.5 DIEDFHMEE LT, HEIZHOWTIEL 987Tkg/m? , EEH
BUZHOWTIE 4.19kd/(kg-K) & L7z, BRI, BEICOWTUIE2%REE, RSN T
FE1%UTFTHD.

Table 2.4 Specific heat at a constant pressure of air at 0.1MPa [*”]

T [K] 280 300 320 340 360
T [C] 6.85 26.85 46.85 66.85 86.85
Cp [kJ/(kg- K] 1.007 1.007 1.008 1.009 1.011

AWFFEIZ BV TIE, HMEF £ CaCle 2 3R SE-RY U L Z VO AR D2sgE LT
W5, BRLIMKRORY v L2 o 2H0o56, FEERICERNE, ZARBEPEZ 2 EAECERT D
HNRFES 720 OREREE R Y U L X A OFEN R R BRI D5, 22T, Thbx
BT HVLEND D, AiEILLRERE (SV) & LT, BREITLERE () LLTEETHI L
MNTED., LLERG, KFETE—MEORY v L2 AR CERHWZZ D,
INOOMEIZ—EMEOREE /D72, NI A=FE T Lotz RELT, DD
BB, WFEW SR, MRS R FDONRT A= X DEICE TN Z e D (FF
#% 3).

Table 2.5 Density and Specific heat at a constant pressure of liquid water at 0.1MPa [67]

T [K] 280 300 320 340 360
T [C] 6.85 26.85 46.85 66.85 86.85
p [kg/m®] 999.98 996.66 989.47 979.48 967.23
Cp [kd/(kg-K)] 4.198 4.179 4.180 4.188 4.202

225 EBEAEX

(a) fb27FE & 25K

AW TRD DEFICONWTRERT 5. 9, KB E BEERRICHETS. KERTIE,
AT R TEHICIR D b bh, T ELT5. £72, KBNS EET SR
D R AR T D HERER L KERTHD. LMo T, HREROERSE L KEIDE
BYREERTDHLICRD. £, BYEKTOKERIOEESRITHK 4%BRETH 5
NG, BYEKOMIEEICHT 5 KREREOEEIERT S 2L & Lin. BRI,
BT DR DK D BN T D, AR TIE, ARV EHEIAL LY MT—KThH D &

-32_



B28 WRFE

B2, BENOKEE ALY BT RY ) ORRELERET 5. £, KBS
WT OIS 2 5D DT, BIKBOREZERET 5.

b, A TRD LRI TO LB Th 5.

SR« AT R (Y ogasy)s 1 9 Z2RIRHE(T,,)

BRI AL LS 7 NBATE RN 7 ) DA DE R (), FERIR (T,

LIS, AWFZED—0E T VDX A R~

(b) EEMRAFX (EHD)
K221, ZEM—KItOEERGTFRO—REZR7.

T, tIIRE, z IXZERERE, p WX, ulXz FMOBEETHD. AUFH-HITIEE
WIHZ, B HEITEEORARHEZRL TN,
AWFFECTHWDES (B ZER) ZHVWTHRTE, XQ212)EE£DEIND.

0pm

ot
ZIT, pulElE0 ZBROEE, unlTiE ER0 z FEETH D, AL T, 1Y ZEX
HOKERDOEALREITRK 4%RETHY, DHEHE~OFEBIME T LEL TS
EDD, pm RS, up BIFR E WK TIEH TS 5, R, WRETNENOR
L LW EZ D, LT, RQR2LI)IEFITA Y L.

d

(o) EHFHFEX
2.2, 1T ZE ] — kIt D FEEREME TR DS F R O &2 3. AT E R &
RPRIE, AIIIEAAEEN RSN TS, ABFECiE, FEEMmERAZ 22—kt TE
TIALT BT, FEMEEIZBALZR .

Ju ou 0ps

p(EJ,uE):_a_’; (2.2.13)
ZIT, plIFRETHD.
AWFFE CTHWLEEEZRAWTET ERQ.2.1D e E£DIND

ouy, ouy, 0ps

pm65;+um7gﬂzz—g% (2.2.14)

AW TIE, FER, WRCHEE, FHnZ kT 20, R, WKENENOMIL, dix—
EERET D, Lo T, FHFEEFEEITITNQ.2.157, MFREICIZRQ2.2.16)DBFEA L Y 37
D,

Juy,

m _ 2.2.15
o 0 ( )
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0 2.2.16
0z 0 ( )
L7 »> T,
0=_9Ps 2.2.17)
0z

Thbb, R, WRENZNOM, ZEHOFHEILZ-ETHDHEBEXHILENTED. EEE
i, BERIEEE R DI K0 ERIOAND EH O TIZENENEL D, £, AFETIIEE
LTWRNE, T4V F—5RETDHEIDBIENBREINEL, TOENENEHIZKEL
5. TOLIREICENTSH, AOMRIGEERAH LR LRV E HI1Z, HMEF (22K
ENBHIENZET 98 Pa (1emAq) LA ESNTERY, MHERAZET0ENBRITmD T/hE
<IWzBENTEY, KTV Th, RQ2.2.1DDFERILEY 2L O TH D LW Tt 5.
IS EEE 2, A CILER S ERIIEO TV,

(d) {7 FEfRAF
2.2 1M FERAER O — B A=, 2oL, HHFRIOEREMLGEOXNTHS.
(CHEEH I & BB, A0y T-HEECE & AR TE A R T
o+ 2 =20 L vy = —ppy T (22.18)
T, miHbFREIOBMEEH Y OB R, YVIMEFEREOBE &SR, DIMbFREI O
BIEBAREL, wilHbFREIOARETH 5. AL PRI OB &2 M7 F i o xt
PR, PRI X AR X OMEF RO ABIEHIC L > T b &b 2 L 2R LTV A.
AWFFETIE, bR E U TR IR EKRRRDO —S>OWE %, BEEMTE, EIiE
(ZHEE SN DHRIK DK EE XD
LM O ERER R, AR THOAEHEHNTETE, K(Q2.219L 745,

am; ap
atl ( l m)_ m ]

ZIZT, INFilTair £720Z HzO(gas)k @5
KA O FFRIZZER L AKARD A THLHZ L n, LLTOBRMAEY ST,
Yair + Yi,0(gas) = 1 (2.2.20)
ZOBREY, [EMOFEREICE L TIE, KREAROIEFREEGARZMS Z EnTE NI,
2RO Ry FRIT, K2.2.20) L W EMICKD D Z ENTES.
Z 2T, KREKDIFEERFEREZIFRGFERTRT L,

aYH 0(gas) aYH »0(gas) a YH 0O(gas)
mza—t m ma—z —PmDu O(gas)#*‘wl—lzo(gas) (2 2'21)

2

92y,
pmDi S+ w (2.2.19)

+ a- (meum)

\

LB,
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[ A A L 7 IR DK DAL RAF U DWW TR, AR ER &8 L 722 SRE S
6:&#%,ﬁmziwﬂ%%m@,Wﬁ%L@%@%,ﬁﬁ?ﬁéﬂé.

0My,0(liquid)
Za—t = WH,0(liquid) (2.2.22)

WE DEALITKIER LK E DDA TH HT2, X(2.2.21)DAERIA & X(2.2.22) DA AR
DONZIE, BLFORERAR Y 32,
WH,0(gas) + WH, 0(liquid) = 0

(2.2.23)
WH,0(liquid) = —WH,0(gas) =

ZIT, wIAKREKDKICENTHAEEZELE LTWVA.

(e) —p/LX—AFE=
X222V = XN F—RIFRXDO R 2 ~T. ZORL, =X —DOFRZLN BT,
PEEIC KD =R F—Miik & = p VX —Apk, HEDOINZIZE LW EA2/R LTS,

9(piCpiTi) 62T-
% —(up1 T)=—2 2 (2.2.24)

ZIC, TUHMEFREIORE, p, Cppild, %m%nm%@mw&;mrw% Brig R 2R
LTCW5b., ElF—TIFEEEHETHY, ALFE _HIBRE ThLD. £-, AUFE-HT
JEHIZ X5 = VX —Wiik 2 Rk T AMREIE, £108 IO S, 13T 1L X —ERk, THIRETH
L. AR TIE, =RUF AR, HBIIKEKEBELKOMEIZE>TELD. 77205, S,

A LD =L —Aepk, HEERT. ERE L [EPET 256, AL, FEE
Mo 5 WIEERESEOKE TR D Z ENEX NG, Zo%G, A TE BN REIK
MO XNFX—ZAUIZTHET 200, [UBNZEH G T 5O RTe T L. 22 TR
e TIE, ARV —00FE r AT 5. r1L0-1 OHEPATELL, 0 & LA,
FHELDO =X F =TT X TRUEMDO =R VX —Z{RICHE L, 1 O%f, EER[Alo=xL
X—ZIZHGTH LD LT DH. F2T, Spidk, KO3 X —7EFNTIE (1=1) Sy,
BRI T, r-S,eRESn5.

SRR L CiE, B0 ZELABGFEL TWDHT®, 1B ERO =R X —RFREEL.
AERRIE & U CUE, SpDIENT, KR B FER~O BNk &S, & ALES A~ OBRRS, 2 B 8T
HZlETH 2T, BYEROZFVFX—REFAT, AR THNDERTET L, K
(2.2.25) L 72 %.

3(PmCpmT; ) aZT
- aim =+ (uumCp me) 62?1 +(1-7r) S-S -8 (2225

ZIZT, %?miﬁ@ﬁh%%ﬁ
FRERTET L, Q220D Lo IcEXEINS.

0Ty, 0Ty, 0%T,,
mep,m W + umpmcp,m W =—1 922

S+ (1 =1)-Sp—S.—S§  (2.2.26)
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B AR TIE, BIER 2. £, EEINB~OBGHE LS IEEIZKEMUNHETL D EE XD
L, X —RERITIRQ22DD L ricEEINS.

d(pscsTy) _ 02T,

at 0z2

22T, TSI ERM AR T, E, SHERMED B ERA~OBEIEREZ R L TR, K(2.2.28)
IZRT R DI, WY ZERIRET, & BRIRET, O 2 RIEER SR EK, 2 BT 2 Z LIk VA

Hans.

4 r-S,+ S, (2.2.27)

S; = Kp(Tyy — Ts) (2.2.28)

BERSME, 224 THTRARZZL 91, UTOXHICRET S.
//_‘ @j}ﬂ_j =
z=0.0 mm Y20,exa = 0.037 (BAFI/KZR SR, AL 100%)
Tair,exa =37°C
_ dYHZO dTalr
z=45.0 mm =0 (HHHSEM, Nauman §:44)

dz “dz
R DOBE
_ dYHZO dTalr
z=0.0 mm —B=—r= (B Byt S, Nauman 5:1F)
Z Z
z=450mm  Yyyo,ns = 0.0 (FIRZERSA:, FHXHEE 0%)
Tair,ins =30°C
2.2.6 Z91t

225 IR LT K 91T, AFgETIE, EEV RSN, WEORE, T70bb A RE
%t@@%%,%ébi%%ﬁ$ BIONEEL W) ST-0D A T—ENERTHS. L
oo T, ZEHFERIT BRI RES S FIRTH D, £ %, Blt, (LiEz, RMEKEL T
BE, AR TERY O RO KR EXQ220)D LI ITRT I ENTES.

92
dp(t, Z)tf(t, 20 a(p(t,z)fgt;z)u(t,z)) e AD(2) g( )+ wies) (2229)
Flo, HFRFRTRT L,
52
p(t,z) 6{( )+p(t z2)u(t,z) f(tZ 2) = —p(t,z)D(t, z) E( ?) +w(t,z) (2.2.30)

&@5.::? P, widz F R, DIXPLHfRE, ié%%%ﬁbfhé.&ﬂ%
#%iﬁiﬁ%,%:@i%m%,EL“#@i#ﬁ%,%gﬁiéﬁﬁf%é
ARFIETIEZ @io@ﬁ”ﬁ&ﬁ%%\mb BMEFHEICLViEERD D, SEIT, B2
ZEH—RILTH D FAUTF M OWRA FRIFITER Th 5 Z L FHBMEMTH L Z LD,
FHAE, UFICRT Lo &ﬁff%‘kbt
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o(t,2) @ PN G At’zz —$t2) 2.2.31)
p(t, 2)u(t, 2) 08tz) p(t, 2)u(t, 2) §(t, 2+ 42) ~3(t,2) (2.2.32)

Az

0&é(t, z)
0z

p(t, 2)u(t, z)

= p(t, 2)u(t, z)é <(E(t,z +42) +4(t,2))

2
(2.2.33)
3 (£(t,2) + &(t,z — Az))
2
1
= p(t,2)u(t,z) >z (f(t,z + Az) —&(t,z — Az))
2
—p(t,z)D(t, z) g 232, 2)
1 ,Z+ Az) —&(t,
= —p(t,2)D(t, Z)E<€(t 2t Azz $t.2)
(2.2.34)
E(t,z) —&(t,z — Az)
B Az )
1 , A ,Zz —Az) — 2&(t,
ﬁ—p(t,z)D(t,z)E<€(tz+ Z)+f(tAj z) — 28(t Z)>
TR EEETHIIHT - T, 7 =T eI L EEEANT S,
J—Z 8 Cr = yat (2.2.35)
Az
"z & Pe = UTAZ (2.2.36)

X(2.2.31), X2.2.32), X(2233)FHNTRQR230)2=0bT5 L, UTFTDXHicETZen
TE 5.

At,z) — &(t, 2 A7) — E(E
ot D ZECD o e, T D 8D
(62Dt 7)— (5 (t,z+Az) +§(t,z — Az) — 28(¢, z)) (2.2.37)
Az Az
+w(t,2)
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7 —Z 8,

il
i
&
#
S
‘EL{IL_L
i
iy

_Mt@D@J)

+

ﬁ (E(t +At,z) —€(t,2))

_r, z)u(t z) (£(t, 2 + A2) — £(8,2)) (2.2.38)

2,2 (E(t,z+ Az) + &(t,z — Az) — 28(t,2)) + w(t, 2)

E(t+ At z) —&(t,2)

”(t Z)At (£(t,z + Az) — (¢, 2))
2.2.39
D@ Z)At(f(tz+Az)+€(tz—Az)—2§(t z)) ( )
2 t2)
ptz) ”

E(t+At,z) =E(t,z) — Cr(f(t,z+Az) —f(t,z))

D(t,z) u(t,z)At

(E(t,z+ Az) + &(t, z — Az) — 28(t,2))

s (2.2.40)
At
TR
N UHEEAT S L,
E(t+At,z) =E&(t,z) — Cr(f(t,z + Az) — &(t, z))
- z(f(t,Z + Az) + &(t, z — Az) — 2&(t, Z)) n At w(t, 2) (2.2.41)
re p(t, z)

TOLE, E13 Y, LD, £, BEEZHETLIGE, £ 1T T L2rd.

Cr
Y;(t + At z) = Yi(t, 2) —7(11-(t,z + Az) — Y;(t + At, z — Az))

+

Cr
5o (Y;(t, z + Az) + Y;(t + At, z — Az) — 2Y(¢, 2)) (2.2.42)

At
(6. 2) w(t, z)
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Cr
T(t +At,z) =T(t,z) — > (T(t,z + Az) — T(t + At,z — Az))

Cr
~ g (T(t,z + Az) + T(t + At,z — Az) — 2T (¢, 2)) (2.2.43)

At

oo ant?

BERSML, RN BRI TIRASEN R E > TV 572 Dirichlet BERS&MEE L, T
TS LCafid e o dEfit & L Neuman 55 5 & L7=. Dirichlet 555t 5
i, BRMEICEEEZ 5 %, Neuman 525054, BB O—>Fal Ol % 5l &
L7, z FIMOFHEKTR%E 1 1D nz total+l & T 5 &, &(t,1) & E(E, nziora + D) DIEERSRA:
ETR 0 TR 2~ NZprqr, TR BHE(,2) - E(t, NZiora)) DS AT FBEIR & 72 5 AFZEIZIB VT,
N4 D b HRAFEABE G % Vairexa B £ O'Tairexas LR D EFEMTEASIE % Vajp jns B £ O
Tarins £ 32 &, UTOXIICHEDOTZLNTED.

MDA -

LMl Dirichlet £254 40 & LTI,
Yair (6, 1) = Yairexa (2.2.44)
Tair (6, 1) = Tairexa (2.2.45)

A O Neuman SEFR S & L 21,
Yair (t, Zboundary) = Yair(t: Zboundary — 1) (2.2.46)
Tair(t: Zboundary) = Tair (t: Zboundary — 1) (2.2.47)

WK DS

L3> Dirichlet BEAR S & LT,
Yair (6, NZtotal + 1) = Yairins (2.2.48)
Tair (6, nZgoral + 1) = Tairins (2.2.49)

TRl Neuman 5245 & LTl
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Yair(6, 1) = Y, (8, 2) (2.2.50)
Tair (8, 1) = Tair(t, 2) (2.2.51)
LD,

2.2.7 ZHEFRERES L VEFEZIA

SR ZAT OB, ZERRRFREAZIZERMET01mm & Lz, T748bb, 22X 450 sl sE
Endz. BERZIAALZOWTIE, PitHEE LT, At LS TRHEEZIT- 2. AWFET
i, RS2 E LT, JAH 256s, 64s, 16s, 4s DBAITHETZINZ 5N, TlHEHHEIL,
JEAH 64s B LD 4s DEGAITHOWTIT 72, FDOfER % Table 2.6 (2757, Table 2.6 (2779 K
N, 7= M1 OEGEIZITNR LIERERNGE N0 Ten, 7—F 805 1 L0/
SWRE, WK LR RA2EL LN TE, £, DUOR LR RIE, B2 B 59,
RS R A2 R Lz, 22 C, FARRRREREIT, B ICAREL, SALEORE L2 EEMICT
L7 TIERWR, A b LT L6, BRDERE ST EEBEHRL TV,
Z T, AAFZETIE, At=01mst L7z, OHLOFERB L OELRITBWT, 256s, 64s, 16s,
4s DGEERL, BEEMZ DD, TlHeIEEITDRD 272 2568, 168 IZOWThH, HYEAR
LERLIZEICALNR ST,

Table 2.6 Effect of At on the numerical simulation

BRI %) 2 At (ms) 77— R AER
1 1 IR fiRIIELNT
0.1 0.1 I o At=0.01 ms & [AIFE
0.01 0.01 I A At=0.001 ms & [FIkE
0.001 0.001 IR FERDNE LN

(i U:0.1m/s  ZE[ER&T-TEIME Az: 1X10*m (0.1 mm))

228 J0—Fx—F

KEUEZ D 7 v —F v — b % Figure 2.17 [T, X, FHEAMEIC, K4y, EEICET
LESFTERANDEENTVS., 2oL, MFrACIESsr s L TP D b
DTHDHN, BEFAEOES, TNTNOHFREXZIEF BN TP ZEihd. 2oL X,
B EITRENTEIE, SEOHBRREWMEZERNT LICRY, BVRLIAENLELRD. K
BAEEHE CILEHEARMRIZI N T, ZERKIREE, AR D (CaClL #8) A4y &, AR VHE (CaCl,
) IR, BRI OKSEDIBIZHFENTWS. 22T, FEARKT, &R OBMEEHEEZTT
GG, VIR AEZTIHRVIERLEIRZIT). ZOLIICTLHILICL-T, bR
DZER, AR TEOKSy, REEZRTHBEXNEZWI-ITHEE2HEL LN TED. AR, Th
ZIOMEDBIK LIz E D a2l L, RANTOMY IR LEZE T T 5008 2 il -~
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ETHLN, ARFEIT KON RLHETH DL Z &b, BV IRLEKE
ECHVIRLFGEZE T T2 91C L7z, #0RLIEEK
ZN OPEALSETPMFIRZIT o 7ofR, 0 R LEEL 4 BREL ETIIRRA 1D 5
Ripole. TIT, TR0 IRLZHRT S0, IR LEEAZ 12EE LT

FTORETEDHEIITL, D

7.

Eiv==3

ix B

start

Initial value

=0

=t+At

For nn=1,n

Main
program

<.,

Not time progress
]is calculated, keeping & .

End

=t+At

=t
No max

Yes

o

Time progress

, is calculated with new & )

output

end

Figure 2.17 Flow chart of numerical simulation
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2.29 FHERE
ity 2 = L—3 3 »IZIX MATLAB(R) (Mathworks ARI&H) MW=, HiEY I 2L
—Yara— REEEMERLEZbDTH S, BHEIE, UTORETIT--.

a B a—H
Dell Precision 7920 Tower
TINA AL DESKTOP-8A0T8DO

“at v Intel (R) Xeon (R) Platinum 8260 @ 2.40GHz 2.39GHz (2 7' 1t v )
EIE RAM 1.00TB
VAT LADOF 648y NAXRL—T 4T VAT A, X64X—R Tk vi

R —F 4 VT AT A
=5 ¢33  Windows 10 Pro for workstations
N—T g v 20H2

VAVl Niyd= sty g
MATLAB R2021b Academic Use Mathworks & [F&ft

FHRREH

HETHNRTRA=F R EICL - TEDDLN, & IHEHEBOE L > TRE<SEL
72. HMEF O S8 FEBR &R U (L=45mm) OEA, —2OFM % R I 9 5 R ERI,
90 77 (1 WffH 30 43) ~120 43 (2 fft]) RETH o722, 5.2 i HMEF O K OFEICE
W (L=540mm) OFA, 900 45 (15 W§f]) FREEZZH L7,

2210 itROELE

ARFFE T, ZEM—RITHEET VAR L. BEIE, WREMKNKZHEITRI S L
IEAMIENG TH DN, ENETNOWMITIIE - EDOEFHRLTH Y, G0 B2 ITBMIIC
B D EME L. LEER>T, BIEFREZIT O BRICHE L 2 2 BILE O BT/ s n e &
ZHN5. BEFEOEEMT, 22. 7THIIRLIZL I, 7—F BB SR L.
Table 2.6 (2R L7= X 912, K% A % 1ms 705 0.001 ms 2L ¥ CHEZIT- 2. Tk
R, RIZI A 1ms D7 — T 1 OGEITIFNOREZ G5 Z LN TE RN o712, REEZ A
2301 ms LAFD 7 —F UM 0.1 L FOSAITITNRiEZ 55 Z LN T& 7z, £z, TOR
FITEARNGEDDRBD Do 7c. TNETRARTE L)1, eI 1 WIEEA
AT B Lo TTo 7o, BUERTRE OB Z MR T 272012, REMZRSEEIZONT, T
k4 IR TEDIE, 4 RKEALLYT - 7y BETHLERENL T - 7 v ZIETHHEBE LT
WV, TEORERZIERET L. TORER, bo b b RERERTH-THLENRETH-
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B28 WRFE

j>

7o, AREFETIE, < DONRTA—FOFEEITO 120, FHRIEE & FHEEM 2 & %%
MWL, 1 RIEEAA 7 —IECHEEZIT-T-

ME L2707 ARG EZHEEYICY I 2L — FTETNDENE I DLV RITOWNTI,
F3E, B 4EICBITD, WESE, BHISEOHEMSR L ERGEROLEND, #Y4
DTHLHEHW L. $7-, 6 ZIRLIELIIT, AFRICHBWNTERMICHRIET 52 &
X TE Ao 7znd, HIHO CaCl, DIRRE, T 720 HLAKFIMEDFREE & HMEF N ZER & #2feE
D6 70 KK HEI O B L Et L7 hE R, RS ROFMEZ EEICH R T 2 N TE L.

Lk, 7= %% RWizie, Sl 7 - 7o 2k O X OB 5 R &
FERFE RO X, AR CHRE LRt 7 v 77 2%, +okedet:zm35 b
DLYWrT LI ENTES.

AT

[}
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5% 3 E BRSNS

NDWMER 24895 72 DIV s HMEF Ti, Gl 9 5 28 OFEAUEMER & W03 JE
WIRIZ AR B @3 2 AR TH 5. Kitamura P X, & M AEBRZITV, FEJHF O HMEF
OHADOIRE, WEIXEICEE L, X DICRMORKRE & HITRENICELT 5 &
ZRALMT LI, L LR s, ZOFEMIIH2IZHALNC SN TN D EITF AR, £z,
HMEF (21X, SEIERT A AZ—PHOOLNTWDIED, WRMEICEN TS LT A
EZAWVWAHLOLELND. THHIZHOWNWT, TRZENOHELE L THRED 2 WIXEEIE ST
REMETORRITRENTND DD, JEMIZE) L EHRR IR Z 5 & LTeBRREIC S
WTIE IR Z M2 6N TWD LIEE 2T, RIS LE.

T ZTAMISEIL,  HMEF OERIBROEARREZ 572012, MAH) e HMEF (24
Ry, LI T D EEIR LIZAR Y Ve & RFEICED (11, T 0feE: % i
ODMCTHZEEZERNET D, RITIE, FFEFBIROE > & &R REETH 5 IER
ZAGICER L, FEBR, BEFHREOmMENOMEENZ 5.

3.1 EEfaR
3.1.1 ﬂ¥ﬁ€—1ﬁ1ﬁ L7- Air1 ORE, EBEZEL
Figure3.1 12, PPRUZHE L 72 Air 1 2k L7256 0OWE, REZ(bZRT. WE, RE

DO E ilﬁ%%fﬁz%ﬁn XIZix, ZIEORKEN0-10s Tl 1s ZL, 10-30s TiESs
TL, 30sLIBETIZ10s D EICHIEM AR LTS,

FEEBRRIZBIT 57 4 V2 — BRI, Table2.2 (2R L7218V TH 5. Casel > HMEF
BEEDZEOYE, Figure31(a)lnd X 912, MERUAIADWRE, 1RE (MS1,TCl) 1%, #I#I%
#mm—%TA@a%ﬂﬁfpw4m@mﬁ%%% IZHEIN L, MERARERE L7245 Air 1 D5
P(Thir =37°C, py =44 mg/LIZHIT LTS, F72, WRMADIRE, JEE (MS2,TC2) D2
fEIEPERA DR B, JRE (MS1, TC1) OZ kL IZIXFERTH S, Case | DA, HMEF N
HIXZETHD Z LD, WNESTIIKS OERECRIE, [EIREy & RO LITiEZ 5
T, FERUAIIA D S0 D B BREKBADIZZEDEFRMANLTND I ENI DN ZD.

Case2 @ HMEF F#aNEE F1 725 F3 & TIC AR PREED b TV 54, Figure 3.1 (b)
RT RIS, MR D OWEE, JRE (MS1,TC1) 1X, Casel OfA & FEE, WIHISMH(T=
26°C, pyw =0mg/L)7» b I L, Air | DGAF(Tay =37°C, py =44 mg/L)IZH#T L TV 5.
R DR (MS2) 1, FIENCIEMEEA R (MS1) £V 150 B/ LTn5
2%, 180s BRIZIFFFRA AR E (MS1) SIZIERI UfE E 72> TV 5. AN CHREE (TC2)
IR TR (TCH £V b —HARE <D0, HmaIlRALRE (TC1) (2T LT
V5. HMEF WEROFIISME, Ty =26°C, py, =0mg/L DRLEZEE E L TWDHDT, AR
VU IO TS, ZZIT Airl & LTy, =37Cofafzecnticsns &, &
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N VTR L, € ORREEDIR Y BRDORELY B sz bins. £tk
BE 2B T D &, AR VI Air LIZEVIERD B, AR UREHHRXIZ Air 1 E[FEED
G725, ZTORER, BEEITRAICEZ 572< 720, WAMADRE, BE (MS2, TC2)
XA & & BT Air | BEEFREO R DA, IR (MS1, TC1) ICH#Ed 5.

HMEF ZZNEE F1 05 F3 £ TIZ AR UMRGED B, MDOAKRL Y F3 12 CaCl N &R
STV D Case3 DI, Figure 3.1 (0)lZnT X912, Air | MRS D &, MM DR
FE, IR (MS1,TC1) (%, Casel,2 DiGHE L IAEE, WIISMH(Thar =26°C, pyw =0mg/L)7H 2
HIZHNL, Air 1 O5M(Tyy, =37°C, py = 44 mg/L)IZHHE L TW 5. —J7, WA DR EE

(MS2) 1%, Case 1,2 1F EHIINEF, 180s HIZHBWTH 10 mg/L BREEICHIIT L TWD. ZD
fERIL, PR AR Y, CaCl, DFEIR A IS 2 IS, Y 2250 DK D T KIE I
DLIEZEEZRL TS, ZOWAIE, EEfEL, KE L TARS VB DT CaCl I
TWaboLBbinsd. £, WRMADWREE (TC2) X, 57°CH-V EFTEFLTNS.
Z OFERIY, CaCl OFEIE CRENH 722 L 2R L TEY, ZORAL, KRKOEMIC X
DEHEIEIC L VIR Y EX DRI NI ERTHD B2 6N 5. ZOFERIZ, CaCl, 237K
K[ROUHEROHEKRICKELERLTNWDZLE2RTHDOTH D,

31.2 BRREEELI- Air2 DRE, EBEZLIE

Figure 3.2 (WK AR L7 Air 2 20 L7-Broig B, EA AR, BESEOLRA,
211 BT AR LD TR BRKA~DEI VIR RT3 -4 s #E L7272, Figure 3.2 DAl
1185 s BRI TV, Figure 3.1 & [FEIER, ZLOREV185-195s Tikls T8, 195-
2158 T 5s Tk, 215s LARETIZ 10s L OWEMZ R L TWD. Air2 23 s & & OIS
1L, Airl @ 180s OFER & 72> T 5. HMEF B 2803220354, Figure 3.2(a)l 9 K 9 (12,
WA B OJEE (TC2) 1%, Airl @ 180s DIFDIRFENDS —FE 25 CREE TR FL TV
N, TDOK, Air2 DIRETH 5 26°CITHHT LT\ 5. ZiUL, Air2 IZE0 XD &, Ty =
26 CCORMRZEZ NG SN D720, Air | BREANCIAVAA TE T & S ITEREER 2 KT
GEfE L CHE LT3 D 727K DS, Tair = 26°COHLIRZERNTHE L TR L7201, ERIRED
DITNUET LIS D EEZ BN D, HMEF NEIXZE72 O T, FERMALA O OIREE (TC1) b I[F]
RRICZEMT 2. IEICEAL T, BRERICEBRSNAD Z LG, BKMAREE (MS2) &
MR R EE (MST) bpy, =0mg/L & 725 . HMEF BRI AR PNFED b TN D EE,
Figure3.2 (b) IZ~" ¥ XL 912, WRMMIALEEp, MS2) IZEHIZERIZR DAY, MEXUILA D
A (MS1) 1%, WA TBEIZHERT, po< D EBrlro T, T, FERFRC
AR DITEEE LTk, BRHRZER 0 Air2 12l s Z LIC K W AR LiZ72oig, FERMAA N
ICBITD py OHINRP-L Y LipoiztBbnd. AF L DICEHE L TOTRRTRTH
¥95L, MEMADICEBWTY, pyldBe s, BESbEZRLTARDSE, TEMA QT
B (MS2) (ITEHEARTRERMA DR (M1) 2SR E 22fEIZ 72 > TO D IREH T, WA R
B (TC2) IZHATHERMA R (TCH) OIRENMMETFLTCND. 202 L1, 185s 1D
245s (60s) DT, HMEF O AR IIZEERME L CWTZKMBAEFE LI Z L 2R LT 5.
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50 50 —O—-pwatMs2 ] 5o
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D : CEEY : 2
E, 30 # —-O-pwatMs1 4 30 .& E =
—O—pw at MS2 E_f@ P,_f"
:_.B 20 ——TairatTC1 { 20 CE
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Figure 3.1 Moisture and temperature variation Figure 3.2 Moisture and temperature variation
during a breathing-out period (Airl) during a breathing-in period (Air2)
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2455 THARBENK T T2 &, FERMIAFIRE (TC1) 1T RIRE (TC2) IZ#nr LT
<.

HMEF BEHZ AR UNREEDO LN TEY, ARV F3IZ CaCh 3 & iR STV 5 A (Case
3), Figure3.2 ()R T L 912, Air2 [ZHAWT, FERMIACOE (MS1) 1%, Case2 D4 X
DHILICBHFICREREL 2o TWD. £, REDKTHLEHE, t=365s 2B T
b, WRMAMRE (TC2) Io—T 25 Z i3 oz, T, ARV VITERE L Tk
IZINZ, CaChIZWAE L TCWIeKRGDEBNELS D)ozl Thd EE 2 5.

WS ERFEZRETT 212 h7z > T, MEREZBHEE L7 Air 1| OFEER% 180 s, W AHHEL
7o Air2 OFEERZ 180s 1To72. AW THEE &3 2 EHIEL, HMEF 28V 540 2 FE 0 & 1]
ThV, 4sBRETHHZ L0, WMEICERMEEZRFT27-DICHSICRF#TH D LB X
bitd. LL7e D, Figure3.l, Figure3.2 DiEREZH 5 L, Airl, Air2 ZiZ41, 180s
BORRIL, RPTLLEFICEL TS LEWVZARNWE ZARAELNRS. LI, A DB
A, WEDRKE, t=365s IZBWTIE, KEKE, REOHMIE, & bITHENET &1
STBELT, EFICEST-EARDLZLITH LY. 2T, 15 =360s& LT, ke L= 3 &
DEREIT -T2, T ORGSR % Figure 3.3 1[I T . KAKE py, E Thir & DICENZNDOJEH
FRROZ L Z R L TEY, +HABMOREWGEORR, TR0 LIEEINEDRMEZ R LT
WD ZENDDND. KT, Airl,Air2 ORAIOEFHFITIZIEFREEO MM Z R L TEY, RO
BN RERTHDHEBXDHIEMTED. 2L, TRNENORAMOZTITT L
TOBNRALND. ZHUL, FOREMEZR-> TWD EIXNn-Th, FEMICEIT K0S
BOFEAFOERED, DI 0T20Fbx bbb L Tna oL Ebis.

0.05 60

0.04 ¥ & & o OG § ©
o o — o o o
=) &) 40 ° o
5, 0.03 &
E ° ° oms1 °© ) %1% O%
0.02 0 o oms2 2 & o o
g ‘?% 20 %f °
< s s
0.01 #gm% M%M o TTC1
© o TTC2
0 @ m& M 0
0 360 720 1080 0 360 720 1080

t [s] t [s]
Figure 3.3 Periodicity in g = 360 s

_47_



FEIE BELTRHE

3.2 —RuaBERTIER

Figure 3.4 |2 CaCL, % &% L7235/ ORE S BE OB E O R E, BRiEE L bR
J. Figure 3.3 [T”" T K 91T, 3.1 €I Lo ERRERIL, &EICITEFIREBISET 58S
LT TWIRD o 72728, Figure 3.3 (255 1 AR LUK 3 A2 EBRER & L TRT.
PRSI DN %S ™5 z = 0 mm O FFEAEF 1T MS1, TC1 OREME &, WA Dl %G
T % z=45mm OFHFEAERIT MS2, TC2 ORIERR & Heik U7z, ERRE R & BUEEHE OfE R0
FIPDRLT VLI, ERFERE T r Y T, HERHERBREAMTRL TS, F, EB
FERIT10s TEORERZRLTND. B4l t=0-180s TiX HMEF [ZFERMIA DIZKHET 5 2
=0mm 75 37 CORIFIZES(Air DAL TE Y, t=180-360s TIFRKMA DIZXIRNT 5 2
=45 mm 75 26 °CORLREZER (Air 2)3 LD . FEERTIL, 180 - 185 s (/L7 BAPANM T
7z7=, Figure 3.2 TIE, Air2 ZHHG L7 G ORI K% 185 -365s & L TRL TV,
Figure 3.4 CIE, #EFHE & OEIRFI 21T 5 72912, 185-365s DFEBRFEF % 180-360s D
fERELTRLTWD.

Figure 3.4(a)lZ 9 X 912, MR Z#HE L72 Air 1 M8 535A(0-180s), z=45mm TiEZE
[IFOKBLZOERSENRKELBDO LTS, ZhiE, z=0mm »5AHE Sz fafizEs
73 CaCl, DEIRERCERHENE Z o 72720 THDH LB 2 HD, TOFEE, Figure3.4(b)IZ/RT X
INTEHEBC L 225N STV D. 180s TAIr 1 B Air2 (U Exobnb &, z=
45 mm TITIREIT Air2 OERSEMETH D 26°CIZBREIMICEI 0 B> T D, z=0mm TiZ,
CaCly ¥Rz WS L 72K D —E#B8232% L, Figure 3.4(a)lZ/”m T X 9 ICKARKOE B RN L
TW5., ZOB, KyDEIETENEDN D=, EEIX, Figure 3.40b)ZRSN5 X )1,
z=0mm OIREIT z=45mm OIRE LD ST L TWD. BUEMHTHRE R & F25RE R4 i+
L&, EREBZDZELEOTE DRI, MEFIXTLO—BERETWDER, 2T 55,
BAAIE, MERIRKED Y B2 BE, 1%, HTOTHUNRAOND. ZiuL, BEMHTCIL, SA3h
RFCBI VR Z B Z ENTE L7280, AT v TN b 2T 5708, EBRTIL, FEREORBH
EICEY, AT v TREEFEBT LI ENRLTNLL, TOEERENTWVDLEHD L
Bbihd. IREIZOWTHERROMBRNAGND. £72, 180 s LAETIE, z=45 mm TOiR

0

Air 1 Air 2 Air 1 Air 2
+t——————rt— > +—>
0.06 60
—7=0mm ——Z=45mm © MS1-1 o0gRARAEAGEARAEEE
— o Ms2-1 O MS1-3 o MS2-3 — =
— o004 | o ¥ a0 |[° °g
w@g@ﬁéﬂﬂaﬂﬂn i a
g 8@ = Egg j%ﬂaaaaagg
e < =]
~
~ 002 } oo 20 g 1§ 00¢
OOBBB Bog oooo0d]
5060000008688 8 —7=0mm ——7=45mm © TCI1-1
0.00 . . . 99gaa 0 o TC2-1 o TC1-3 o TC2-3
0 90 180 270 360 0 90 180 270 360
t [s] t [s]
(a) Moisture mass fraction (b) Air temperature

Figure 3.4 Comparison of experimental and numerical results
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FEIR TR AT » TR Z 5> Tvev, ZiuE, EBRTIX0-180s @ & x| 50°CLL EDZEX
23 z>50.6 mm OW KU O PRS2 ied, REEAEZR EREN S AL, Air 2 MRS S D BRIT Air 2
DBE L DBMRER PIC X D MRS D720, z=45mm (281 DIRE S BREIICHED Lo
TebDLBbhd. KEAKOEESBROFHEBRIIERERL VNS RoTEY, £,
EERTIEEREROIZIDRELS 2o TWNDE. 20O L%, AHEFE CIL, ZRIERIC
OWTEBRERZ EREMOICITHATE TRV EERL TS, ZOMRIZOWTIE, AP
EEeffE L7z CaCly 726 DZRFEIMIEIZ OV THRET /MER RSN TV RNEEZEZ B, ZOR
IZOWTIEH 6 ETHEEMNZ B,

PLEiR <7 Loz, BEFERBRT, 22l ZATIIETOEVETRTHOD, &
e L CEEREROEMEZFHET L ENTETCND. 202 &k, NDSOIEAREREIL,
B, WHEENED 1 RLET LV TRTIENTEIHILEARLTWD. ZOFETAVEZAVTE
BTz, WL o 72IRIK K D43 A % Figure 3.5 (27”7, Figure 3.5 21%, CaClL Z &% L
TofElE (z=29 mm - 35.5 mm) (23T DEE L 72K OKOEEZ R L TWA. CaCLhZ&ERL
TWRWEIK (z <29 mm and z > 35.5 mm) TIE, EAEKOEITO0kg £72> T 5. Figure
350@)IIRT L DIZ, t=0s TIE, CaCL OFIHIDIRIEZ B a K L ERL TWDHZ b,
CaCl, DFEIR DK DEIX, 0kg/kg-caco THD. z=0mm SR (Airl) MRS S D L 2EX
FOKRBELZDRIEDKE 720, FEH & L HITHRAITHEML TWD Z ER3bnd. BRE OSSR
BHDE, CaCh &R Lo Bt z=29mm) b &b K& REEZRL, FiRicw
WELEBR>TEA LTS, Zhix, SEIOBMEMRTCIX, KEKSEIKOKDZEIT,
RNQR2.DITRT LI, MEHREDEIZHAT D X IITET LS TN DT, WY 225 H
DIKFEZREN > E bZ W Bk b2 <785, £ LT, LiITRERDIRBEDOKIZE
fEL, B0 ESTOKRELKENBDTDZ 0D, FifNcw <I1F EHRIKOKDEITED L
TW5. TNENOME z TiX, RKROKOBEIFFFHE & HIZBEMLTEBY, SRIOFHED
ASEEZ] t=180s TiX, EJi z=29mm T, 4.5kg/kg-cacn (232 LT 5. Figure 3.5(b)iZ,
z=45mm 7 LW (Air2) BHHS SRR OBIRD KD RO Z 7R T, FERURFIZEEE L 72
KMZEFE L, WIKDOKDED D UHIREROKERIREEZEOTND I ENTND. WA
IRED K DZEFEIL, WRRFD E et z=35.5 mm [ CRABIZID U, R RITKELIDRE S
TWDERT DD, BRI CORFBNRIEE ThHT20, EEfERE & 138 e o 7t % /-
EBHZEERLTCND. T LN z=35.5 mm Il TR ENSRIKITHEAT 203, Fiiufil (z
=29.0mm) (TI1F & A EEL L. Bl oK ENE I/ D & M OZERBEED,
t=2885s < LD FIITHARDEMEFT 5. 72720, t=360s tRIZEB W TH, z=29.0-
35.5 mm OFEHROKSEITE T Lo TR, Thbb, X 180s, WA 180 s &, MR
ERREFE UK T 72 LTh, TR TOKSZERKDOELIICET Z LIXTE R0, 2
?Z L1¥, HMEF 2 RFEEEH] L7256, RIKDIKS A HMEF WIZIR X I E > T 5 2 &
ZRE LTS, FEEEO HMEF OEMIZEH N TS, KOoDEEBHERINTEY, RO
EHICIIE S 725 Z e 5. ABRIOFERIE, O X5 RIRIROKIy O O AIREME % /R
THLDOTHS.

W
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5.0 5.0
s 15=360s 0s-360s s 15=360s 0s-360s
o 40 ¢ 40
9] 9]
on} t=0.0s e ——1=180.0s
:“450 30 [ —t=360s e;?o 30 | —t2160s

—1=72.0s ——1=252.05

—i 2.0 |l ——1=108.0s i 2.0 L. ——1=288.0s
j=11] —1t=144.0s =) t=324.0s
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Figure 3.5 Time-varying profiles of liquid water mass in the CaCl, zone.

3.3 #E

e FHIRIT FEAZHASE (HMEF) T, FER OGS UKFRR) MAR L DL CaCly IZEHTE L,
Z DR ISHEIE UTEWR T T 2 &0 ) RN R BIR 22 Z L 3k, I 61
I, W L0 2 < DK ERY IATe Z L A AREZR CaCl, D% 523, HifliZe Z LK TH 5 AR
VUITHARTHEICKREWZ L LERT D ZENTE . £, KOOEHE - RREEMHES 2
o OBRIIHEAHOREMA 7 — L TIREEET2HOTHY, ZOMWMIRICFE S JIROIRE
FRIIANROMELREEOIEE LD HIZDDICKRER LD LD 2 L%, WIS AR %
BE « BGE L72AMIZEIZ L > THIO THICT D Z E N TE .

SR HF 7K 53 DEERE LAY © FEEVE IR OIRE 2 K& < -S4, HMEF 226 H T < ER
EHITEETOHNTEY, g LTERKR DK DZEFIT L S WEIR KO E 2 K& <K
TEETWe, BEOWKIREIIMKEE L F L THH 2 B THY, HMEF ~K
ODNOEVER LOMEZMICT S22 L TE. 70, SRR TIE, WKRFFOKY DA
BRI DK Sy DEEF R L W /NS <, HMEF ICHERIE DK DNERE T A AR SR L TEY,
ZD LD BRIEARN 2R EE, HMEF O—RICET LV THELTE 5 Z L R0k ol

FEFR D HMEF i IR O FER AL, ABFSE TR C & 7oKy DG - ZAF8 LB ORF A 7 —
NEVEWLOTHY, K EHMRBSD HMEF NTEE CW A BB A2 EET 57200
IS EREZ BT 5 Z EDNEETH S L b s, £ 2 TIRETIL, HMEF ORBEHIGE
FREIZ DWW TR Z M A 5.
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F4F BHCERE

BRI, PR E 4-5 RS 1T 5 JAEER Ch 5. I8 ORI T, 1 2ITAFI
FEDOML A S H L, WARHICITAFEEICEL TORWVKRE, &5 WVITTFHE Clze
R[REWMANTDHZ LT, [EFEREEZ L TOVDLEE, [E e EOMNREE XS
%. £ Z T, HMEF Z 5O TH 57, Kitamural¥ 23t R AEBRIC I VB SN LTV
5 E 91T, MR DOKAERIRE IR DOE A 20 IR LN 5, RAIIKAKIREED
WIN9 28 IERZE L Z2 R, 5 3 FEICBW T, HMEF OFFX, WAICkHsT 5 2L oiEiEry
ZAUIZFE H L, HMEF ([ZFFRUC KT DI 37°COffZe5 % 180 s A L, Sl&fkix, W
KUK T DIREE 26°COHIZ 5 % 180 s eI 2 EREIT 722y, ZDORER, ik
U L EAOWTEEAE, AWARWEEAICHT, 37°COEZEA % 180s fiiin L2 B810i3kR
ROEHEENZE L ML, 26°CORMEZER % 180 s fifs L2 IR DR ENE L <
L, ¥y AOFRAMEHERT D ENTE . iz, BRICXIST 5 37°COfE
ez fitfs L7236, HMEF IC81T 5 /KRR DOEEEUZ L HMEF Z @i D25 O &
23 50°CLL BT L, i)y, WARUTKHRNT D 26°CORLIEZE R & ifa L 72 RFICIE, /KOZRFEEC
XV, HMEF ik, 2R DIREN 20°CLL FIZIL T35 2 Engnotz. ZoRERIFE/LD
T BDIKOEETE, EEEICEVEE) 2T —07, 20°CH 6 50°COFIP TR & IREZE LA
THIEND, IBEELDOEIZONTH HICHRFE N2 LB R’ H D Z L 2P LT L.
L L7 5, BRRT HMEF Z W TWAEEITIE, FEREHNTK 4 s Th 0 ZZ50RE I
S AT DX ) R REREINIT R > TWRY. 2O Z &%, HMEF O8I,
FLWEH ORENE & o JE IR EE N E B A U WA T AR LTS, £ TH
4 FETUE, WEISEOR AR E 2 C, HMEF O EMISE IOV CHEBRE L OBUEATIC X
DR EINZ D2 EEANET S,

4.1 £ FOMEIR/NSE —2

Figure 4.1 |2, ZEIZMNHZ L TWDHE O N Z — O FEN 2 —fF] (Kitamural®!) %
AT KR EN, R AL LSS T 258 E EIL, R A 2 IHIGT 25584 A L LT
ALTWD. JED, MEROIFE) DL, WROIFEI DRV, MR BRORRERITBES X
Z1:1.7 £leoTEY, MEREIZKHN 5.6s THD. —EANTIFEANZER B 0 FEK O JE H A3
Lo WD LD, T I TABFIETIE, Figured.l DIF RZ —2 2 HBEIZ, Ho b
HE VIR JE A 4 70 & L, WEEDERRERICE T e L TR E x5 2 & 835,
ZIZTAIrl &L, Airl & Air2 OHEGERE, 61X t=t, & Lz, KRHFFECIEN o 2%
ERRETT 57012, BlE 453558 LS, 4s, 165, 64s, 256s & L=, 728, MR EM
L7 Air 113, ZEXURIE 37°C, FRHEEE 100%0fafZE5 CTh 0, WA &M L7 Air 2 1%
72 26°C, FHXHREE 0% D FzffZe i & L.
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4.2 HERIER

4.21 Case 1 D#ER

Figure 4.2 |2, HMEF ONEBIZRIZ X E LR WGH OFER 27T . Jilitg =256 s DEE,
JAHAN I B2, Airl & Air 2 [3MSTISEIERN R b AR L TWA. Airl 2fE L7
Y&, Airl @ HMEF A OHIOERFEMEIHEE p, (MS1), JRE T (TC1), Airl OHAHIOEK
EA T pyy (MS2), IREE T (TC2) 1 & HIZRMIZEL, Airl DAOSEHETH S 37°CO
BFNZERDOSMECHE L, 1HE—ELR-oTW5D. Air2 1280 b5 &, Air 2 ARl (Air
LHEED, Air2 Ol (Air 1 ADED OWEE, IREITE BICREIZZLL, Air2 DARNS
HThH D, 26 CORRIELDOLMITHHTL, 1ZE—TLR>TW\5. Case 1 DA, HMEF
PIZIZ 722 HERE L T2V DT, Air 1, Air 2 X HMEF TRICHEZ LTI 5729
HMEF O TIRIEFRBEO L Z R LTV 5. Air 1 205 Air 2 [IZU 0 Bz 72854, B, &
JE & HICRIMICENL LTV DN, TOBKIX Airl Z 8 L723HE8 OB IR T 50T
b5, T, BER YT CTKRAN EFTL5E LEDT A TR, KEKOB
BT AN E TR EEZRL TS, T72bh, WEYE Y —[E0 TN E5A-
T OERORFER S BEN DT 5 & EORFERITE TR D, 72720, ZOREL, Casel,
Case2, Case3 # LI ABRIZITBAZE TR W2 &G, BEE Y —OIREENAEITO &
OORFEHERHNTITo72. £72, Air 1 25 Air2 IZYY XL &g, BENIIETEaC
7R DEANZ, MS2 OIREEDEN MS1T DfEL D B FREL Lo TWVD. ZH, MS2 O
FIXRIE SN TR0 2, MSE LD HIRWIRE L 720, FEsBER EI0h T MKy D5
L7 DB a i COKREKRE ORDPENT-Z ENRB 2 HND. FEEEEE S LA
Hb 7= X 91T, Air 2 HERRMIOFREIE Air 2 O PR PO EE A EE L, RIEENICHE L
2otz OBIZIRRD Case 2, Case 3 TiE, Air 1 (X HMEF [ X W BEEICBRIE SN D Z &0
5 Air 2 IS RITIRIBESETH Y, Case | DIFA DI Air 1 2MTIEEFIEE O &{E TN
L. MR EEOBEEEND, FEBREMHFILITELRVE -IZROZ ENEENDL D, RIRD
FEIT T RCE & TITo72. L= -> 7T, Case 1 IZRBWTIE, ERLOEEERNZZRE
LT, EREROBLEELITH.

FROE I RFITH L H DD, Case 1 DIy, HMEF [ZBWCIRE, REIXIZE A EZEL
LBRNWZ &5, 13=645,165,4s D5, FAMITE < 7> T A, Airl K& Air
2 AR CIE, 1 =256 s DG L FAIRE, FNEIUCHMNIIZEIERN 2B A b S. A
LB ERDE, EOBEAD Airl ADIZBIT 2L (FH) & Air2 ADZBT5281E (R
B IXIEIERBER B L EZ R L TR Y, HMEF N T/KOERE, ARIETIFLEALRE TR NE
EZDHENTED.
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Figure 4.2 Moisture and temperature variations in Case 1
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4.2.2 Case 2 DR

Figure 4.3 | HMEF WIZ CaCl, # iR L7 WAR L V% 3 BRE LGS, T7hbb AR
YV DIHDGEDRERERT. 5= 256 s DEE, Air | DG D L, MS1 OffeHEEIX
LI EH L, Airl OREEICIES< . MS2 TiE, #ishm 1300 TR Z ISR L, MSI
L0 HIEVMEE & D 2N BRA T 5. TCl OIEE, Airl MMEBEBBT D &, Airl
OYHIRE ThH 5 37°CICHRL LIZIE—E L 72 5. TC2 OiEIE, TCl ORE XY HiENLTE
HE 250, TCL IV HbEWEEZRLTWD. ZhbDfEHRIE, Airl X HMEF Z @&+ 5 &
T Air 1 FOKRKEKD AR DIZEENET 5 7212, MS2 OHEcHmEE 7S MS1 O#acHEE X
HARL 7220, EEMEELT Air 1 MR S, TC2 OIREN TC1 DRE LV EL o722 & &R
LTWA. Airl 25 Air2 [IZU10 8o 5 &, MS2 O g 1L, 2UEICED L e L7250,
MS1 O#axHm I IRECIIA LT\ D . 72, TC2 OREE Air 2 D AASRIETH D 26°C
FRECT—E Lo TWDHA, TCl1 DIREITIR 2 I L, TC2 L0 HIRWVEEZ/RL TN,
Z O JE EIRE D RIX, HMEF IZ8W T, Air | EHERFIC AR o DIZERME L 72 K5 D3 g e 2
KD Air 2 DNEIET DB L, TOARFBITLY Air 2 LB EDIL, Air 1 ORER
Air 2 LD RS ol Z L 2R LTS, T72bh, ARV, BERZERO Air 1 225K
K EEE L, Ar2 [IKAREMIGT 5 &9, HMEF OREZ R L T0DH Z LRSS
7o, tg=64s TIE, EARMIZITrg=256s & FARRZLZ R L TWNDA, 153 =256s DILGHIZH
NRC, REEICHANTEHEEOEIAZHEIML TCWA L IICRZD. 5=165s TiX, HEDIHE
EFEVENBEE IS/ D, MS1 OB T 2 12283 LR < 720, MS2 Ok B 13 i KME 2
KFLTWD. 70, BELREN/ NS 2-oTWS., ZOZ EFEAPNRELS holzb & T
b, Air 1| OKREK DR AR DIEEHME S, £ O—F2% Air 2 WilRFZ 2% LRI S
TWAHZEERLTWD. Th=4s Tl Th=16s OHAES LV FAEIZ72 D, MSI TIXRE D/
SARIRIEOHI A 0 IR L2226, SRR 2> T L TWb. £72 TC1IRE X T
IR EN A MR K L7223 B 37°CIZHliir LT 5.
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Figure 4.3 Moisture and temperature variations in Case 2
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4.2.3 Case 3 DBE

Figure 4.4 |2, Figure2.5(b)IZ/k7 F3 O AR I CaCly, & &R SV HA O R Z/RT.

15 =256 s DI, MS1 (L Case 1, Case 2 ZIZ[RERTH 5205, MS2 DiEXHEE p,, DED Case

ALY, EBICFELLBOL LTS, ZhiE, CaChzERLEZZEICED, L%
< 0)7&%’;%\75375%% L7icled Ebihd. Air2 IZU0 x5 &, MS1 Dp,, 1E Case2 DIGA K
DHEILIZEWVEEZRLTND., 2O LiX, CaClhiZ X 0 EHfE L7=K3HS Air 2 % L7
IZZRTE L, py DML THHEEZDZENTED. 15=165 DLGE, Z{LOKET-
1% Case2 DA LIZIEFRKRTH D, 15=4s bELOBETIT Case2 LIZIXFEKTHSH. Case2
& Case3 D RA T 5 L, 15=2565s,64s Tl, CaCl, DFRITFHEICHLND D, JEH
N =16s, 4s TlE, TOEITINAME TR D,

%@@%&Jﬂﬂﬁ TV, tg=4s DHFHITONTHD L, MS1 OWEEIT Air 1 O JE |2
L, MS2 DIRfEIXIEIEY r TH Y, TCL, TC2 DIRFEIZREL B LR ENSMND. 15=
4s DA, Airl, Air2 OFRIVDHEFENENLS, AR POLOGE L REE, AR URBICE
U DERESBRICEE LR 29, MS2 OWJE, TC1, TC2 OIREIXIZE A EALET, MSI
OMFEIE Air | DY OMEEIZHHE L TWD Z &E03530 5.
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Figure 4.4 Moisture and temperature variations in Case 3

-58_



FA4E BHLERHE

Figure4.5 |2, MREEZAH), REZZABORIEO WK FEM A RT. BRERE 0.125Hz Lk, &
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Figure 4.5 Amplitude of moisture and temperature oscillations
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Figure 4.6 |2, Kitamura®¥73fT o7zt s OFEIZ L 2 EBROFER & O 7R 3. Figure4.6

(a) 1%200s £ TORKR%, Figured.6(b)IZiX 40s £ TORERLZ T . Figured.6(a)lZ "7 L 9
ZIKHJL@#% X, PRI DM 1 R A IZ ERT R ZD%RITRA ML TEY,

%ﬁxﬂﬁﬂ@{ir EdESA=DES if%?iﬂ“(lﬂ ) \_OthST% %, Kitamura OFEREFETH 5.
vﬁwmﬁfi ARWFFEDEDIE D DA OFRER LD bRVME L 22> TWDHA, ZHuE, K
FERCITENI 2 W TR IROEZ b A2 ST\ 5728, Kitamura O 525k (Kitamural®)
2 & % Figure 4.1 |[Z7R" 7 L 9 7272 /e A b & OFEY, TIZIXEE R EOZERNL A
CTWbHDEEZLND. —J7, Figure4.6(b)IZ 9 X 512, ABFEOFER & Kitamura Off
B, B#BOBETIZB O CTRBRZMEM 2R LTV D, 2D OfERIT, AFFEORETAS, HMEF
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Figure 4.6 Comparison between the present experimental result
and human breathing experiments
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4.3 —RuHERTHER

ARFFETIE, EBREFE CEAM, 15=256s,64s,16s,4s DHAIT DN T —IRITCEAEIRIT 24T
o7, LTFICEDORERZ 7.

AREITIE, FEBRO Air L IKHET 280 EM:, 77205 37°CORMZER A it T %56 & R,
Air2 IR 28RS, T2 5 26°COMBEER Z T HAE 2 WK EMES. 72720, ER
fER LD, WARRFOWAKUAIA B OIREE, ke CORELZZT, 30 EREIC/R> T\l
D, BUEFHE COWSMOIRE OBERSMIL 30°CE Lz, £/, EBRICEIT S Air 1 G0
ZRREAL, Adr 2 SRS A 2R & RS

4.3.1 [A#] 256 PoDIHE

Figure 4.7 |2, M5 128 5,5 128 s, FEXUAR D A 15 =256 s D55 OB M (z=0mm)
Bl (z=45mm) (BT 5 EXHOKEREEDE Yuo) BLOVED EKOIRE
(Thiy) DOW§EZE L% 753, Figure 4.7(a)lZ Yy %, Figure 4.7(b)12T T, % R d. FEAEFIZIZE
FAN DKL E &7 ORISR OB RS T o D Vi = 0.037, Tayr = 37°CT—0E & 72
STWS. O, ZAIKARE B0 RIZ001EEE TR TL, EEIZKH 45°CETEAL
TW5D . R LA K 28 VB B B K ONRE IR KR OB R S T d 2 Ypo = 0,
Tar =30°CT—E Lo TS, ZOkf, BEMAKATE &0 RITEMAA D TIZ 0 Tho
TREEND 0.02 FREEE T B L, IREITFWMAIADRE LD KT L, £ 28°CRREIZ/ZR > T
W5, ZOZAbiX, Figure 4.4 (TR T 15 =256 s DA OFEBRFER L EEMIC—FH LTV 5.
bbb, AT, BEROADSEMELEELT, slot o TiE, KEKEE7RIE
BEFL, IBENEFLTEHY, HLALT 7 L0 TREZDEMRL, KEKEESEN
KL, O8N CasllH 0 CTOW Y ZZBRIREN EAH L2t 2R L TWD. fith, %
RTHE, @O ADEHICR LT, BEMOH N TIE, KEAKEESEN EFL, REN
KFLTWD., ZOZ &k, MEREHIHEE D V> T DO IZERE LT AKO—EREF L,
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Figure 4.7 Time variation in the temperature and mass fraction of water vapor of
moist air at the patient side (z=0 mm) and ambient air side (z=45 mm) in
the case of the period Tg=256s
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HELE 572012, HMEF W OIRE I X OVKZARVE &7 5540 OFEH 2 L% Figure 4.8 (Z
<7, Figure 4.8(a)lZ1 V) 225 OKAKE &3 4/~ 7 . Figure 4.8 KV, 0V 225D,
KARGEBESRIL, BAEINVY T L EER LTZAR VO (2=29.0-355mm) (LI,
AR VEETT) OFEETEMLTWD I ERNbnd. HROEE, MREME LIGDT-
BRIV 225 DOWE & AR DM OMMEE DN RKENZ & B Y 2258 O IT—XUTK
T3 25, R HEDICHON T, ERMAOWBEITMKT L, AR MOWE (AR Ik
g 7oK R O Z25DWEE) X EHT2 280 n, ZOEMNEL LD, KOG
ENETL, KEKEZEDRIIIENT L2812k b. £, RROEAIZIE, z=355mm »»
HAKAKEESEN EF L, BEMITF LTS, 2021k, Figured.d (28315 =256s D
Yt DFEBRFE S & EMEIC LT D,
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Figure 4.8 Time variation in the temperature and mass fraction of water vapor of
moist air profiles in the case of the period Tg=256s

Figures 4.9 and 4.10 (J, AR VEOHAL A VS 7 2IZERNE L72 /KO8R I ONEE O KR
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MELT-EE L OURSHTUV S, Figure 4.9(a)s L U Figure 4.10(a)lZ = 0.0 - 128.0 s DFE DR
ReDZE (%, Figure 4.9(b)F L U Figure 4.10(b)iZ ¢ = 128.0 - 256.0 s DRRDIRFED AL & 7R~
I OBENE LK OE R, FFROBEE, Figure4.9(a)lnd X 912, MEARFICIT BRI 54
L, K& & bITRAITHEMLTWD. i)y, WARZIE, Figured.9(b) 4 &k 51, W
[ & & bITEEE L7 AK OB BITHA LT D, IRETpelE, FERDYE, Figure4.10(a)l2 "9
E 91U, B s BEHL, FHRIChT T EAEGWMES DM & 720, Zn3keE &
EHITHRAICER LTS, 5, WK DA, Figure4.10(b)Z/~x3 & 512, WM F < ik
DI DM AR L DD, BIERFEHE & BT LTV ..
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Figure 4.9 Time variation in the water mass profile at the sponge area with CaCl, in the

case of the period Tg=256s
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Figure 4.10 Time variation in the temperature profile at the sponge area with CaCl, in the
case of the period Tg=256s
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Figure 4.11 Time variation in the water mass and temperature profiles at two boundaries of
sponge area with CaCl,
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W5, ZDOZAIE, Figure 4.4 (TR T ERFERD 15 = 64 sOGHOZE & EMEIZ—FH LT
W5, Thebb, MERTIE, BEMOADSME i LT, Sl o 0Tk, KAEKE RS
RITETL, BENEFLTEY, HbBLT 7 L0 TRERIDEMRL, KEKEEY
LT L, ZOURERACTHEMIIH 0 TR Y ZZXIEENS EF L2 2R LTWD. i,
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PMETFLTWD., 202 L, MERERCHE L D Vo T OB G LT KD —ERN 7R3 L,
ZERPTRARR L2, TOEBEATIRY EXIRENMET LI L2 R LTS, BLEDA
HEERY 57212, HMEF WERDIRE R X OVKARLKVE B0 R0 10 O[22t % Figure 4.13 |2
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Figure 4.12 Time variation in the temperature and mass fraction of water vapor of
moist air at the patient side (z=0 mm) and ambient air side (z=45 mm) in
the case of the period Tg=64 s
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Figure 4.13 Time variation in the temperature and mass fraction of water vapor of
moist air profiles in the case of the period tg=64 s
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Figure 4.14 Time variation in the water mass profile at the sponge area with CaCl, in
the case of the period Tg=64 s
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Figure 4.15 Time variation in the temperature at the sponge area with CaCl, in the
case of the period tg=604 s
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Figure 4.16 Time variation in the water mass profile at the sponge area with CaCl, at
64-128s in the case of the period Tg=64 s
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Figure 4.17 Time variation in the temperature at the sponge area with CaCl, at 64-
128s in the case of the period T7g=64 s
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Figure 4.18 Time variation in the water mass profile at the sponge area with CaCl, at
128-192 s in the case of the period t=64 s
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Figure 4.19 Time variation in the temperature profile at the sponge area with CaCl, at
128-192s in the case of the period =04 s
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Figure 4.20 Time variation in the water mass and temperature profiles at two boundaries

of sponge area with CaCl; in the case of the period t=64 s
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Figure 4.21 Time variation in the mass fraction of water vapor of moist air and
temperature at the patient side (z=0 mm) and ambient air side (z=45 mm)
in the case of the period Tg=16s

HMEF W OIRFE 3 L OVKAKVE &0 R 0 ORMZ 1t % Figure 422 (2777 . Figure
4.22(a)\ZiE Y 22K D KARKE By %, Figured.22(b)IZiEE %79, Figure4.22 LV, B0 %2
R[ROKRAKE B, REL, LN T 2 EER LT AR VO (2=29.0-35.5 mm)
TELTOD Z ERb0ND. ROEE, 2=29.0 mm TKRASEESRNME T LigD, &
X EH LD 5. WMROLBAITIE, z=35.5mm TKEAKE RS RN L Lise, IREMK
TLIBD TN D,

-70_



0.06 60
=105 0s-16s 75=16s 0s-16s
n 1
— 0.04 Y a0 ]
g t-0.0s ——1t-165 -
—t=325 ——t=4.0s =
>._I —t=64s ——1=80s E‘m
0.02 ——t=96s ——1t=11.25 20 t=0.0s ——t=1.65 —1=3.2s
—t=12.85 t=14.45 ——t=4.0s ——t=6.4s ——1=8.0s
t=16.0s ——1=9.65 —t=112s  ——1=12.8s
t=14.45 t=16.0s
0.00 0
0 15 30 45 0 15 30 45
z [mm] z [mm]
(a) Moisture mass fraction (b) Air temperature

Figure 4.22 Time variation in the temperature and mass fraction of water vapor of
moist air profiles in the case of the period tg=16s
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Figure 4.23 Time variation in the water mass profile at the sponge area with CaCl, at 0-
16 s in the case of the period Tg=16s
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Figure 4.24 Time variation in the temperature profile at the sponge area with CaCl, at 0-
16 s in the case of the period Tg=16s
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Figure 4.25 Time variation in the water mass profile at the sponge area with CaCl, at 16-
32 s in the case of the period 7g=16s
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Figure 4.26 Time variation in the temperature profile at the sponge area with CaCl, at
16-32 s in the case of the period tg=16s
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Figure 4.27 Time variation in the water mass profile at the sponge area with CaCl, at
160-176 s in the case of the period Tg=16s
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Figure 4.28 Time variation in the temperature profile at the sponge area with CaCl, at
160-176 s in the case of the period t=16s
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Figure 4.29 Time variation in the water mass and temperature profiles at two boundaries
of sponge area with CaCl, in the case of the period Tg=16s
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Figure 4.30 Time variation in the temperature and mass fraction of water vapor of

moist air at the patient side (z=0 mm) and ambient air side (z=45 mm) in
the case of the period 75=4 s
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Figure 4.31 Time variation in the temperature and mass fraction of water vapor of
moist air profiles in the case of the period tg=4 s
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Figure 4.32 Time variation in the water mass profile at the sponge area with CaCl, at
t=0-4 s in the case of the period =4 s
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Figure 4.33 Time variation in the temperature profile at the sponge area with CaCl, at
t=0-4 s in the case of the period =4 s
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Figure 4.34 Time variation in the water mass profile at the sponge area with CaCl, at
4.0-8.0 s in the case of the period tg=4 s
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Figure 4.35 Time variation in the temperature profile at the sponge area with CaCl, at
4.0-8.0 s in the case of the period T5=4 s
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Figure 4.36 Time variation in the water mass profile at the sponge area with CaCl, at
164.0-168.0 s in the case of the period Tg=4 s
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Figure 4.37 Time variation in the temperature profile at the sponge area with CaCl, at
164.0-168.0 s in the case of the period Tg=4 s
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Figure 4.38 Time variation in the water mass and temperature profiles at two boundaries
of sponge area with CaCl; in the case of the period tg=4 s
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Figure 4.39 Time variation in the water mass and temperature profiles at two
boundaries of sponge area with CaCl, at 0.0-16.0 s in the case of the
period Tg=4 s
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Figure 4.40 Time variation in the water mass and temperature profiles at two
boundaries of sponge area with CaCl, at 240.0-256.0 s in the case of the
period Tg=4s
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Figure 4.41 Comparison between experimental results and one-dimensional
numerical simulation results at Tg=256 s
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Figure 4.42 Comparison between experimental results and one-dimensional
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Figure 4.45 Effect of period of breathing
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Figure 4.46 Effect of tg on the transient variation in Yu2o
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Figure 5.1 Time variation in the water mass and temperature at the sponge area with CaCl,
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Figure 5.3 Time variation in the water mass and temperature at the sponge area with CaCl,
of lcaclz =4.0 mm
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Figure 5.4 Time variation in the water mass and temperature at the sponge area with CaCl,
of lcaclz =2.0 mm
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SHREILE R T2, EORREGREROKEROEEMGNLE L ERr TR, HOEEE
TH. LT T, KR TRWGEITHAT, KOZAEFRE, BRIV b2 Licks.

IKFN) DR A A S TG DZER T DK KD E 57 R a0 & 225 DR E T DZEAE
% Figure 6.1 |Z7~"9. (a)lZ, #FIHNIKFIIZ /2> T EE27RT. BEM (z=0mm) »»
5 AAFIRRE THERS S 72K FREUE, 24 CaCl i3 v /K CTH 5 7= OEEME ST L, gt
(z=45mm) , HMEF O O], TIXIFIFEr o THY, EMEMNERICITONS Z LN
LD, (b) =K (CaCly 1H,0) DO, (¢) IZIJKFi#) (CaCl-2H,0) D¥d, (d)
[ZUKFIY (CaCla-4H.0) OHE, (e) WZRKF (CaCly-6H,0) DIGE %R, —KFnp,
TOKF, WUKFNE, SNoKkFnmE, KFIE L THRDIAEIN TV DENKNELL b L, [EIR
FeH OB EAKHEE DS WM D KREREE 20, KR2.D)0 0 b bnd L 912, KOEEEIE
WAL, PokFoBIIZIZE o &> TOEEBMOKRLKOERE e L2259, K
VOENRKE R DIZEKRDERERMA LD Z EBDND.

FEE & e 2 &, KOG FEBREIZ R bV, @, CaCl, 2 KK TITHET
BHE, ZAKFIZRDRLTNVE SO TVDEN, AERGZOZ LIZHIGEL TN S.
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Figure 6.1 Effect of initial hydrate structure on profiles.

Figure 6.1(c)IZ/RT &L 912, CaCL OFJHIREE L LTIX KR EBZ D LN HETHD.
LU G, FERD Yino 1F, FEBRFERIZEWNT ¢ OHINE & HIZHIMIBME TN L 721,
001 ETIZE—ELR>TWVDA, FHEMRTIIRAITHEML 003 REETEL TV,
Z DEWI DWW T, AIFFEO R, HUEF R O R DML A R Z SIXTE 20, ,
CaCly 1T &V BEffg L 72 K713 R TAY CaCl (IZWAE T 5 01T Tld/e <, CaCly (2 & 0 EEffE L7z
KL CaCl IR £ 208, MUIFFAIUC XL - TERIKDOAKE LTRFRICIHEEND E ) 2 M
BEZoND. ZOWRKROKIZEAOLGEITIIRGBREMET L2 LT, RIS EE X
FTOLODRRENZRY 9 5.

ZDOREBETDHIDOIZ, WEES AR ZHAT 5H. AR ITMFRIRFIZ CaCly (2 KV §HifFE L 7=
KD H 5, CaCl FRICWE LT T 2EIGZ7RT. ARIZ 000 1 OZZ{LL, AR=0 T
FKIE CaCL IR 5 Z L1370 <, T CaCL 2> HEEBL L FIRICiii &5 Z & 2 Ek
L, AR= 1 TIIKIE CaCLERIC T R TIRAFT D2 & 2 L A EWT 5. Figure 6.2 (T AR D5
AR, AR /NS LT & =180 s I231T DB D Yino 1T 4 12 L, AR=0.1
25l IREERERLE BT 5. ZOMELY, 62H TIXAR=01ZHN5.
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Figure 6.2 Effect of adsorption ratio (4R)
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6.2 #EHI, ZREICBET 5EER

5.2 fiTlX, HMEF AL OERSy D88 % HMEF O2REOMEBL L TELR L. L0k
R, HMEF REUSNAOZERIZIBNT, MR EWROBER TIRABIS AL L, HMEF ORHEIC
BHE B G2 DGANH5 2 L RENTZ. £ 2 CAMITIE, HMEF AELAOZERMIC
DNWTIHITHFEMZDZ & & LTz,

Figure 6.3 (2, HMEF il 0722z~ L F 9. EEREE CIL, EBICHEEZ 23T 500
7L, IR E B OB OB L, AR DE HIRELEE £ TORIRENEET .
INET, INUOLOEBITBRICKRERFETG I VW THAD B X, BEFHETITZO
PEIUIFTAEICE TN TR LT, HEHE TIX CaCl 2517 S W72 AR PO i % 5
RELTWD., LEER-T, MR EWSITIEG T D AlietE D & 522137 <, 52 filckiT 5
AR R RIL, EBRERN BN D> D & LM, B E2RLTWD—J, EBGER
IS LR R O] 0 B X O IR B LT DR R Lo TR Y, IR WA
DERITHENEHE RS> TVWDHZ LERLTND.

1 2 1R T PR R OCEHEIL, AR PN TOERFROEILICER LTiTo 72 b
DTHY, WRTAL—=RITELLTHDED, ZHIEFFR, WRENENEHRZE L TR
Db DTHY, ZEERR & TOMR L RK A YV 2 56 ORI 722 288 2DV TG
LT,

ARFFE D FEBRILE OBHGE RS, ZEIREHIC W T A D &, EREIT RV &, ZEREIC
I3 HMEF & #5688 & 563 2 5 ISR DA 2 28 b D IR N AMEE T 5 2 &, 72
EWMHY, MRERR ALY XL T ENORLENEL, R ERINIREGT D
THEMEN DD EEZ NS, FORED A I = X LIAMZE TIIHEF L TR, 1BEH
REWEOEPRLIENT 28R EEZ %, UTFTOXTET VELT.

(i) = prey(i) — (@prev(D) — @i — 1)) x (dt/C) (6.2.1)

ZZC, i FMEOALE, a(i) 1Y Tarx ML L TR LEEE, RT: prev [X—FEAIRTD
i, delIFEEFME, CITERZRL TS, BHMCERE LT EEBLITHRSMNTRY, S
<THLAMITRD.
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HMEEF: Heat and moisture exchanger with Filter
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MS1, MS2: Moisture sensor
TC1, TC2: Thermocouple

(b) Open area

Figure 6.3 Connection area and Open area in the experimental
apparatus
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FATETIL, 6.1 Bl BV TR L7281 D CaClL K Fii DR BE D B ARE TR % HMEF
DOWSHOZEMOHELEZRE L2V, bo b bHfifbInTET AV EZHWEEETo72. &
DHH LI NTZET VA, KEiCTIE Modell £ 95, £72, £/ LIZKFOREE N Z 7=
ET /L% Model 11 & L, & HIZZEE, B ORFHBERORELZZ[E LT-E T /L% Model
I &4 %.

Figure 6.4(a)lZ, Model I OFfERAZRT . AKFWy, ZEMICET 2877 A —2 %Mz T
e, DN T A =2 EHEMEZTo7. TOMKR, B4 EORMRE, 72L& 213 Figure 4.42(c),
(dEHEET DL, EEMITITD LR DFERE > T DN, EEMICIEFEEREREZRL
TV 5. Figure 6.4(b)lZ, CaClL OUIHIDIRAER “KFi Lt L, 4R=0.1 & L7234 Model 11 ©
FEREZRT. RO O, 6.1 HiTELELIZLHITE{LLTW5. Figure 6.4(c)iZ
Befoetl, 22 DR A S LTz Model III OF5 R 2 7R3, Figure6.3(b)IZ L~ Tl b 2MT&1L,
LTW5.

Figures 6.5-6.8 |2, T = 256,64 5s,165,4 s{Z-2V T Model T & VW TER L7 58 & EB
RO ZRT. bo b bHMILLIZET A THE LR T2 &, X0 EBREE
RAIZHWE L E 72> TS, ZDZ &%, HMEF TiE, AR PEmRIOZRES, %78
EOZER ORGP REREEL G2 DL E2RBLTWND.

INODOFERERNT, AIFE TOBIEFIROEEIZOWTELT 5. Figures 6.5-6.8 | 27K
FEBRRE R & BUEET RS RIZHOWT, B O BB ORI L ORKO TR BT 5 E 4
Kb, ZORAEZLLFOXTRDIZ.

(FHEME — EBRME) /ZuiE (6.2.2)

AR, KRR OE B RICE LTI, (0.04-0.00) =0.04, IR I2BI LTI, (60°C-20°C)

=40°C & L7=. D% % Table 6.1 [Z777". Table 6.1 [2/79 X 912, IR AEITrg A5 <
2%l INEL 7o TS, THUE, Figures 6.5-6.8 2°5 LI L2 X 51T, il 2D &
JEEI 7225 b b/ N E < 72 BT, EBRE L FHEEORZESL /NS D.

Table 6.1 Average deviation of numerical results from experimental results
Tg 256's 64 s 16s 45
Average deviation | 0.175 0.087 0.078 0.064
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(c) Model III: Model Il with connecting tube and open space.

Figure 6.4 Comparison of results of models I, II and III.
Model I: simplified model.
Model II: model with di-hydrate CaCl,. and AR=0.1
Model III: Model II with connecting tube and open space.
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Figure 6.5 Comparison between experimental results and one-dimensional numerical
simulation results of Model Il at Tg=256's
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Figure 6.6 Comparison between experimental results and one-dimensional numerical
simulation results of Model III at Tg=64 s
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Figure 6.8 Comparison between experimental results and one-dimensional numerical
simulation results of Model IIl at Tg=4 s
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6.3 F=R

B3, B4 FEICKITTC, ERER EBEREE RO Z1T o 7. BUEEFERE RIL IR
FER L EMERIIC—E L, FEBRAER, BEFHREAEROLE)N S, HMEF (231 5/KD7E%, §
A=A DZHSNCTHZENTEL., LLARRD, BEHERE S ERERIIEE
BINCIZ R D8 6% o7, 2 2 TEOERITHOW TG L, CaCl, O¥HI D REER L Y CaCl,
ER ST AR P O WD 2RI X O ilIC B T DIREWMENEHE TH LB X, W
FANZOWTHEFHIC X v Rt 2 & 7.

Z DFER, CaCly DO KFN DIRKED K DEERME, 7858, REDOEIEE 5252 &
Dotz CaCl, DKFIWIZIIT HKOENRZVNEE, EIRE O E &R E 2 =< 720,
ZIUCPES T, BEffE, ZAIEENBT 5. FHRMER L FEBER & i L7k R, Ao %
BRIZEBWTIE, CaCLhix KA CTH T EBEZX DL NRYTHDL I EnbhroT.

Fio, ZER, BEEEICEAL TX, ZOERTOMNR EMKRDIRGEEETHI LIZLY,
FEREIC L D W ERH AR R 255 Z E N TE 2. 2D Z L%, HMEF OFEEE 2 -8
A, 2B, BEEE e EORFIAEE N EEAREEEAH UL LR LN E o T
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ETE #& 0

BTE KW

FTi e SI2BWNT, BEOBEYIRMNRZHEAT 2 ZEITEETHD. 20O, AL
72 MR BTN D . 20X 9 I N TR E OO INRING. O J7iE L LT, RN
a4 V5 71k L IR E R #igs (HMEF) 2 AWW2 5ER S 5. A 130 & B2
5720, BE, MEZTEICHET DO ENTEDLT VT 4 7 FIETH LN, HEK
L, FBMRT 2 — TR EBLETHY, PSR EZOERGIBHRK SN,
FLRELZBRD L, EROERN—HICBZ RIS Z L2y, 2o AT
DERZET 5. filfi, HMEF [ZEE OMKICE N5 EKR°/K5 % HMEF 1% 2 THAT 5
Ry VT FiETHD. BEOMRIIE ENHRCKDEZFRIMAT 57201, INEIRELEC
IR B 5705, BB AS Th Y, ORI RE & O A ARE T, BEOAT HIRER
FEREABA N LD, BAERFCLEZIHER T 288035 %. £7=, HMEF X #
PR TH DL EnD, BT L BT 2 EEEIND Z LD, ME, UA VAR
EDOBENEG 2 E ORI b BTV 5.

FATORR, B OFERUTRER 37°COMASIRETHR I, £, FINEOZEXIIN
23°CORIRETER L IR o TS Z D, MREHZITORNE, BT 37°COfMZEx %
PR T 20, ¥ 23°CRREDMBREREWLIT 252 L1270, OFERN, OR8N igEd
52 &Z7%. HMEF # 5 &, FEROKAESK A HMEF Thiffs, &L, TR OBRIZARSE
SHDH LMD, MPREBRKOEWVDEMIILS. HMEF (X, KPEHET 5 & X124 T 5%
MAEER L, REOBICHVWTEY, ARMICEE, BEAEHTLZLNTES. K
X, MPREMR AR IRTAMBRSE THY, £, BE L BENRERAICE(LT Dl %
THdhd. LLaens, THETIE, FHress), FEFEER88fBE 209, A
IZEEESTHY, EBRIEZ o TV 2iESRS, BE#BRLHNEEhe LT, 20
FEBERFE LS RN A I 2 7oA SEI TR S 2. E 7z, KRR &K OEZEAL & B O RS,
BRI DWW TR EIRE R G OBLE D DEFMBRFHIIT O TR b7, DN EEEATSIC
IS TOD IO TIE RSN S, £, KOEENE, RIEICHRMREL
J1v 7 A (CaCly) BHWVBILTUVD HMEF & & %03, (b vy o AOFHEIZ OV THE)
HZEN 2 E 8 L CRB SN R 52, 2 TAZETIE, HMEF OEE, 1B DR
MR 72 2 b2 526k, #ERHEIC LV MEtZ2 Nz, HMEF OB 8O SLEERHE A R 5 2
EEENETD.

TR W OIBIERZLIZ OV TRETE I 2 72455, HMEF (2 CaCL Z# VW5 Z &2k,
FER T DKRRR DRGNS, AR P2 OBEAIZHART, /KD CaCl, ~DOFIfRIZ X 0 BHE I
35, WRRHCITERE L7 KR R OKRAER E 20, ERMICHs S D. T72b 5, CaCl
I% HMEF |28 W TSRO K AR IRANCRKUCHAR T 2 2 N TEL 2 LR gn ol il
5, FEHFMIGEWGRIETIT o 124 BRI OFE R TIE, TAIRFO 3 B MR RE O ERfE & X 0 /)
&<, HMEF [THRIROKRDFERRE T 5 Alaettzr L7z
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R, W ORI ZIZDOWT, KO & 788 2 40 K3 HMEF O JE#e:%, JEH
% 2565, 64s, 16s, 4s EAL S THRFZMATFER, BENEWES, XKV, CaCl
(2L BKDEEE, ZARMERICEZ Y, EXHOBECREIIRE ST 5. BA#RE<
5 E, FEFEEBODFIZLY, WE, BEOEIIT/NEL Y, FEEOMRIZHIST 5 4
s TlE, TOEEIMD T/NSL< o7z, LEDZ & XV, HMEF OF:MEIZ1E, CaCl, DWIT
FPEIONZ, JEEEBOIEFHENBEEREFZE L TWDL 2 ERHLNERoT

WAL N> T DL, EOERWERIRMEND, DO TEWERMREAREMERELZ R~ T, & <ITH#HY
WLUPNELS, BENEEFIICERY D 2 LN TE D54, TOMENPEE RSN,
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FEERINCH SN T D Z N TE D> 72 HMEF ONEEEICEREZ N2 D Z LN TE -,
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DOWTHFZINZ 72, CaCl, DESIZHOWTIE, CaClh DEXZEL T51FE %< OKDOLREF
TE 5 X D270, CaCly BNLE & Y472 0 OKORFFRITRE & & H12H 2 —EfEICHnT
HZENbhole., UL, CaChIZKBRFFSIND &, AR VERMEAITDOZEKH OE%HE
FER BB 1T LT <. 5 &, KOEMENE 2 |ZHHT L, CaCl, ~D§ENE 1 &
720, REFFES—EMEICHEI L T 2 &2 5. HMEF O2RICELTE, 2E%#E<T
LT, BRE R ERISEEZBET LI LICRHELTRY, KA HBERICER, RN
THIEILEY, KOEMEABBHDONDLZ EBNHLMNERoTo. 72721, RFHER T
IR EREKORE TRENEL TS EB 2B, 5%TOMIIE, ERANRBEID
HETHDH. AW TIEHMEF B E OEARRHEZ S0 L TE 72, EHOLEE5 25
&, BREIINATHY, TOREEEE L TH% HMEF ICOW TR EZ A 5 2 & REE
ThhHrZ LW LMNI L.

72171, AWFFECTHESE L= — R £ 7 LICiE, EEORT A= DNEFET D, BEEN
B A E L ZEM T EDOREDEA TEL 202 RTHA LT XL —SEE r DESC, &
FRENS AR Ky TR SR K 72 E DR A —Z OIEITRI TSR R D BN TE
0, ZOBUEDZLVETMENL SN TRV, SZOMEE LTI, ZNHDRTA—ZDH
ARHRIL A BMEIC T D LB D, FT, K0 RRERAIED 72012, SRITOE
DOFEMIZHEE LTz, AR POmERRME, ERESC, KyOWEE RS 5DICHNWS
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Figure 1.1 Ventilator with heated humidifier

Figure 1.2 Ventilator with heat and moisture exchanger with filter
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Figure 2.1 Experimental setup for transient motion

Figure 2.2 Snapshot of Experimental setup
Figure 2.3 Heating and humidifying unit
Figure 2.4 Cooling and de-humidifying unit

Figure 2.5 Experimental setup for a periodic motion

Figure 2.6 Capacitive humidity measurement system

Figure 2.7 Capacitive humidity and thermistor sensor

Figure 2.8 Installation of capacitive humidity and thermistor sensor
Figure 2.9 Thermistor measurement system

Figure 2.10  Installation of thermocouples

Figure 2.11  Sheath thermocouple

Figure 2.12  Results of response delay compensation

Figure 2.13  Polyurethane sponge surface with CaCl,

Figure 2.14  Condensed water mass at a unit mass of CaCl, vs. relative humidity of moist air
Figure 2.15  Model of Figure 2.15 for numerical simulation

Figure 2.16  Numerical model of the HMEF for one-dimensional simulation

Figure 2.17  Flow chart of numerical simulation
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Figure 3.1 Moisture and temperature variation during a breathing-out period (Air 1)
Figure 3.2 Moisture and temperature variation during a breathing-in period (Air 2)
Figure 3.3 Preridicity in 7g = 360 s

Figure 3.4 Comparison of experiments and numerical analysis

Figure 3.5 Time-varying profiles of liquid water mass in the CaCl, zone.
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Figure 4.1 Time variation in the flow rate of human breathing 1°*
Figure 4.2 Moisture and temperature variations in Case 1
Figure 4.3 Moisture and temperature variations in Case 2
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Figure 4.4
Figure 4.5
Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Moisture and temperature variations in Case 3

Amplitude of moisture and temperature oscillations

Comparison between the present experimental result and

the human breathing experiments

Time variation in the temperature and mass fraction of water vapor of moist air at the
patient side (z=0 mm) and ambient air side (z=45 mm) in the case of

the period 7g=256s

Time variation in the temperature and mass fraction of water vapor of moist air profiles
in the case of the period Tg=256s

Time variation in the water mass profile at the sponge area with CaCl; in the case of
the period Tg=256's

Time variation in the temperature profile at the sponge area with CaCl; in the case of
the period Tg=256's

Time variation in the water mass and temperature profiles at two boundaries of sponge
area with CaCl,

Time variation in the temperature and mass fraction of water vapor of moist air at the
patient side (z=0 mm) and ambient air side (z=45 mm) in the case of

the period Tg=64 s

Time variation in the temperature and mass fraction of water vapor of moist air profiles
in the case of the period Tg=64 s

Time variation in the water mass profile at the sponge area with CaCl; in the case of
the period Tg=64 s

Time variation in the temperature at the sponge area with CaCl; in the case of

the period Tg=64 s

Time variation in the water mass profile at the sponge area with CaCl, at 64-128s

in the case of the period Tg=64 s

Time variation in the temperature at the sponge area with CaCl, at 64-128s in the case
of the period Tg=604 s

Time variation in the water mass profile at the sponge area with CaCl, at 128-192 s

in the case of the period Tg=64 s

Time variation in the temperature profile at the sponge area with CaCl, at 128-192 s

in the case of the period Tg=64 s

Time variation in the water mass and temperature profiles at two boundaries of sponge
area with CaCl, in the case of the period tg=64 s

Time variation in the mass fraction of water vapor of moist air and temperature at the
patient side (z=0 mm) and ambient air side (z=45 mm) in the case of the period T5=16

S
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Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27

Figure 4.28

Figure 4.29

Figure 4.30

Figure 4.31

Figure 4.32

Figure 4.33

Figure 4.34

Figure 4.35

Figure 4.36

Figure 4.37

Figure 4.38

Figure 4.39

Time variation in the temperature and mass fraction of water vapor of moist air profiles
in the case of the period Tg=16s

Time variation in the water mass profile at the sponge area with CaCl, at 0-16 s

in the case of the period Tg=16s

Time variation in the temperature profile at the sponge area with CaCl, at 0-16 s

in the case of the period Tg=16s

Time variation in the water mass profile at the sponge area with CaCl, at 16-32 s

in the case of the period Tg=16s

Time variation in the temperature profile at the sponge area with CaCl, at 16-32 s

in the case of the period Tg=16s

Time variation in the water mass profile at the sponge area with CaCl, at 160-176 s

in the case of the period Tg=16s

Time variation in the temperature profile at the sponge area with CaCl, at 160-176 s

in the case of the period Tg=16s

Time variation in the water mass and temperature profiles at two boundaries of sponge
area with CaCl, in the case of the period t5=16s

Time variation in the temperature and mass fraction of water vapor of moist air at the
patient side (z=0 mm) and ambient air side (z=45 mm) in the case of the period T75=4 s
Time variation in the temperature and mass fraction of water vapor of moist air profiles
in the case of the period Tg=4 s

Time variation in the water mass profile at the sponge area with CaCl, at t=0-4 s

in the case of the period Tg=4 s

Time variation in the temperature profile at the sponge area with CaCl, at t=0-4 s

in the case of the period Tg=4 s

Time variation in the water mass profile at the sponge area with CaCl; at 4.0-8.0 s

in the case of the period Tg=4 s

Time variation in the temperature profile at the sponge area with CaCl, at 4.0-8.0 s

in the case of the period T5=4 s

Time variation in the water mass profile at the sponge area with CaCl; at 164.0-168.0 s
in the case of the period Tg=4s

Time variation in the temperature profile at the sponge area with CaCl, at 164.0-168.0
s in the case of the period 75=4 s

Time variation in the water mass and temperature profiles at two boundaries of sponge
area with CaCl, in the case of the period Tg=4s

Time variation in the water mass and temperature profiles at two boundaries of sponge

area with CaCl, at 0.0-16.0 s in the case of the period =4 s
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Figure 4.40

Figure 4.41

Figure 4.42

Figure 4.43

Figure 4.44

Figure 4.45
Figure 4.46

Time variation in the water mass and temperature profiles at two boundaries of sponge
area with CaCl, at 240.0-256.0 s in the case of the period Tg=4 s

Comparison between experimental results and one-dimensional numerical simulation
results at Tg=256's

Comparison between experimental results and one-dimensional numerical simulation
results at Tg=64 s

Comparison between experimental results and one-dimensional numerical simulation
results at Tg=16s

Comparison between experimental results and one-dimensional numerical simulation
results at Tg=4 s

Effect of period of breathing

Effect of g on the transient variation in Ymo

% 5% HMEF OEAREME

Figure 5.1
Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7

Figure 5.8
Figure 5.9

Time variation in the water mass and temperature at the sponge area with CaCl, of
lcaciz= 16.0 mm

Time variation in the water mass and temperature at the sponge area with CaCl, of
lcaciz= 8.0 mm

Time variation in the water mass and temperature at the sponge area with CaCl, of
lcaciz= 4.0 mm

Time variation in the water mass and temperature at the sponge area with CaCl, of
lcaciz= 2.0 mm

Variation in the total amount of water in sponge with lc,c12

Variation in the average amount of water in sponge with lcacp2

Total Condensed water mass at CaCl, vs. relative humidity of moist air

Effect of length of HMEF on the mass fraction of moisture

Effect of length of HMEF on air temperature
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Figure 6.1

Figure 6.2
Figure 6.3
Figure 6.4

Figure 6.5

Effect of initial hydrate structure on profiles

Effect of adsorption ratio (4R)
Connection area and Open area in the experimental apparatus
Comparison of results of models I, II and III.

Model I: simplified model.
Model II: model with di-hydrate CaCl, and AR=0.1

Model III: Model II with connecting tube and open space.

Comparison between experimental results and one-dimensional numerical simulation
results of Model Il at 75=256s
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Figure 6.6 Comparison between experimental results and one-dimensional numerical
simulation results of Model IIT at Tg=64 s

Figure 6.7 Comparison between experimental results and one-dimensional numerical
simulation results of Model IIT at 73=16 s

Figure 6.8 Comparison between experimental results and one-dimensional numerical
simulation results of Model IIT at t5=4 s
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Table 1.1 History of HMEF research and development at Teikyo University

Table 1.2 Composition of dry air at water surface level in JIS W2010-1990-01 (ISO 2533-1975)

852 8 HIRFE

Table 2.1 Sensor characteristics (Catalog values)

Table 2.2 Filter arrangement of HMEF

Table 2.3 Physical properties for one-dimensional simulation

Table 2.4 Specific heat at a constant pressure of air at 0.1MPa (7]

Table 2.5 Density and Specific heat at a constant pressure of liquid water at 0.1MPa [*7)

Table 2.6 Effect of At on the numerical simulation
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Table 6.1

Average deviation of numerical results from experimental results
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Figure Al.1 Heat transfer of thermocouple
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Figure A2.1 Numerical model
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)
% +V-(pvv) = -Vp + V- (1) (A2.2)
b5 FELRAE
apY;
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TR — A
dpE
% v, (pvE +p) =V- <keffVT—Zh,ji + (reff-v)> (A2.4)
at
ZIT, B, AT ¥—
2
E=p_P ¥ (A2.5)
p 2

2-3 MHZEET IV
AR T, WEDFNLRFHERT LI 00, KROMEICOWTIL, Filter A
B L OV Filter B #4312 20\ T, LFORISET/VE LTET /UKL,
Vaporization Hy0wapor) < H20iquia)

| (A2.6)
Condensation Hy0(yapor) = H20(iquia)

R; = A Xuz0(gas) " Xuzoiquiayexp(—E/RT) (A2.7)

A2-4 IS, SRS
Figure A2.2 [ZHIHIGM 8 L OBER SR A2 R T, AFHE TIE, MRIZOWTIEEER AD
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Mouth side

Ambient air side

Inflow Conditions .
Vi=1m/s, T=309K Ly~ —- [~
X, Xi=0.96:0.04

Outtlow Conditions
a0 _
i 0

Wall Conditions
Impermeable, adiabatic and non-slip conditions

(a) Breathing-out
Mouth side
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.. : Inflow Conditions
Outtlow Conditions £ I
ao ‘ ‘ ‘ <] T T it — = — = V;=-1m/s, T=300K
ax ¢ :? NairXio=1: 0

Wall Conditions
Impermeable, adiabatic and non-slip conditions

(b) Breathing-in

Figure A2.2 Initial conditions and boundary conditions
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£+ 2-1 Yoshihito OKINAGA*, Takahiro SAKAMOTO, Kunihisa EGUCHI, and Toshihisa
UEDA, “Numerical study on the momentum, heat and mass transfer in a heat and moisture
exchanger with filter,”, Proceedings of 7th ASCON-IEEChE, pp.314-317, The 7th Asian
Conference on Innovative Energy and Environmental Chemical Engineering (ASCON-
IEEChE), November 13-16, 2016, Yokohama, Japan.
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Figure A2.4 Time variation in the mole fractions of water vaper, water liquid and temperature
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S
k= f <xn + ¢jhj, yn + Atz a]-kkk)

k=1

L%, ZIT, sEBEREMHINSARE TS, 22T, s IRIEFATH] aj, siRNZ v
bi,c; %, 4 ROGEITOVWTRT &, Table A4l [Z<7 4 (Buther Bl4l)) & LTRTZ&
WT&E%. ZIT,

S

€ = Z ajk (A4.3)

k=1

MRS DOH D LIRTET 5.
5L, HMH L e 7y ZIEORYIT Table A2 (12T X H 1272 5.

Table A4.2 Buther arrangement for the

Table A4.1 Buther arrangement classic Runge-Kutta method

i an  an  ai Qs 0
¢ | an  an  axn  axu 172 | 1/2
3 | as an  as azy 121 0 1/2
C4 as) as ass a4 1 0 0 1
b by by D4 176 13 13 1/6

-139 -



5 &

Table A4.2 DEZ HWD &, 4 RIGEO IV« 7w XK,
4
PPl =P 4 Atz bik; = &P + At - (byky + byky + bsks + byky)
j=1

B 1 1 1 1
:Ei +At'gk1+§k2+§k3+gk4

ky + 2k, + 2ks + 1k,
6

= fip + At

4
ki=f <xn + cjh, yp + Atz ajcky )

k=1
(A4.4)
ki = f(x,, + Oh,y, + At - (Oky + Ok, + Okg + Ok,) )

ki = f(xnyn)

1 1
ke =f(xn +5hyn +At-(§k1 + Ok, + Ok, +0k4))
1 1
k, =f(xn+—h,yn+—At-k1)
2 2
1 1
ks =f<xn+§h,yn+At-<Ok1+§k2 + Oks +0k4)>

ks =f(xn+%h,yn +%At-k2)
ky=f(Qp+h oy, + At k3)
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T, AW RERE PV TERT L,
ki = f(fi—1p' fip'fiﬂp )
At i I;l'i_l. P+ M'Tk”.fmp 4 A i I;““)

At " kZ,'—l At " kz" At " kzr'+1
i )

ky; = f(fi—lp + At kg, &P At k3, &g’ A kg ) (A4.5)

Koi = £ (§ea” +

Kai = £ (§a” +

kii+ 2ky; + 2k3; +ky;
6
i:2—(N—-1)

EPT =8P + At

&P, &yPare bounary condtions.
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S bl
At-ky; = At- f(&4P, &P, &447)

At - kq ;- At-kq; Atk
At - ky; :At'f(fi—1p +¢’ P +—1:l' L 1,l+1>
' 2 2 R
At - ky ;i Atk ; At - ko :
At - ky; = At f (fi_lp + ¢' ip 2,0 ’ i+1p + 2,i+1 )
) 5 —5 .
At-ky; = At f(&E_1P + At kg, &P + At - k3, 407 + At k3pyq ) (A4.6)

£Pl = gp 4 At ky;+ 20t kg + 20t kg + At - kg
L 1 6
i:2—(N—-1)
&P, éyPare bounary condtions.

&%}FZL/, At'kk_i = Kk'ickj—é le,
K = At (&P &P &)

Kii-1 K1 Kii+1
Ko = A f (§ia? + =575 6F + 5 G ” + =5 )

Kzi-1 Kz i K2i+1
K3 = At'f(fi—lp +— &P +7'5i+1p +— )

Ky; = AL+ f(fi—1p +K3i-1, &0 F K3 &1+ K341 ) A(4.7)

gPH =g 4 Kiit 2K+ 2K3; + Ky
6
i:2—(N—-1)

&P, &yPare bounary condtions.

ABFFETIL, R OKELRDE B R 0B L OERIEE T, 25 BRI R 7R
ELTRINTWVDD, WFIL2.2.6 HIZRTRQR230)0I7RT, RO TERINS.

2
(tz)a€( D 4 ot ue, s 28D _ o (e 2) 5( )+- wt,z)  (22.30)
FDFESERL, 226 HIZRTH(2238) 705,
Mt)@@+m2)§azn
= PO (et + 82) - £(2,2) (2238)

W(f(az +Az) + £(t, z — Az) — 28(¢, 2)) + w(t, 2)
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(E(t +At,2) — €(t,2))
At

u(t

(E(t,z + Az) — &(t,2)) (2.2.38)

D(t
(E(t z+Az) +E&(t,z— Az) — 2&(t, Z)) +w(t, z)

NIRRT DI H>T, 7—=F BT VB EZEANTD.

UAt

J—F 8 Cr=—— (2.2.35)
Az
A% & e — % (2.2.36)
(E(t +At,2) — (¢, 2))
At
1
y: <—Cr(§(t, z+ A7) —&(t,2)) (2.2.41)

+—(€(t z+Az)+f(tz—Az)—2€(tz))+ (A )W(t ))

LR oT, VT« 7o X2EEEZDEEOL( )T

f(t, E(t,z—Az),E(t,2),E(t, z+ AZ))
= —Cr(f(t,z+ z) —f(t,z))

(A4.8)
Cr At
+ P—e(f(t,z +Az) + E(t,z — Az) — 2&(t,2)) + Ho) W(t,z))
f(P» fp,i—pfp,i; fp,i+1)
1
= <—Cr(€(t, z+ Az) —&(¢, Z)) (A4.9)

Cr At
+ ﬁ(f(t,z +Az) + E(t,z — Az) — 2&(t,2)) + He) w(t,z)
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IR 7e DT, BRG]  1ZBERMOFHERER 725, T7bb, Bl i+l OFfEREZRD D & &I
X, KA OFERAERHWD Z L b.
O, VT Ty ZED ki ZRDD. (=1-4)

AMFFETIE
f(p. fp,i—l' fp,i' Ep,i+1)

1
- __<_Cr(f(t,z +Az) — &(t, 2))

At (A4.10)
+—(€(t Z+A2) +&(t,z — Az) — 28(t,2)) + (At )W(t ))
x7,
i=2 DY,
f(P' fp,pfp,z:fps)
= A1t< CT(§p3 fpz)+ (€p3+fp1 pr,z) (A411)
+ Lw(t, z))
p(t, z)
i=N-1 D5,
(P; fp,N—z'fp,N—l;fp,N)
= ! < Cr(EpN EpN- 1)+ (S(pN'*'pr 2 prN—l)
At ’ (A4.12)

+L (t )
O N

Yizo D%
Yair(i)=Yair_prev(i) - CourantC*(Yair_prev(i+direction)-Yair(i-direction))/2 ...
+RF*TF(i)*CourantC/Pecletm*(Yair_prev(i+direction)+Yair(i-irection) (A4.13)
-2*Yair prev(i))-(dt/rhoair*rhoair) *((sv(i)/e(i)*jm(i))-(CourantC * SupSat))
L0, v e 7y 2EEEATLOEBATLTO LS ICRS.
f(Yair,i-direction, Yair,i, Yair,i+direction)
= -CourantC*(Yair_prev(i+direction)
-Yair(i-direction))/2+RF*TF(i)*CourantC/Pecletm*(Yair_prev(i+direction) (A4.14)
+Yair(i-direction)-2*Yair prev(i))-(dt/rhoair*rhoair)*((sv(i)/e(i)*jm(i))
-(CourantC * SupSat));
HIE
RS k1(1), k2(1), k3(1), k4(1) =0
W5 - kl(nz_total+1), k2(nz_total+1), k3(nz_total+1), k4(nz_total+1) =0
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k1(i)=Ar*f(Yair,i-direction,Yair,i, Yair,i+direction)
=Ar*(- CourantC * (Yair_prev(i+direction) - Yair_prev (i-direction))/2 ...
+RF*TF(i)*CourantC/Pecletm™*(Yair_prev(i+direction)+Yair prev (i-direction)
-2*Yair_prev(i))-(At/rhoair*rhoair)*((sv(i)/e(i)*jm(i))-(CourantC * SupSat)))

k2(i)=Ar*f(Yair,i-direction+k1(i-direction)/2, Yair,i+k1(i)/2, Yair,i+direction
+k1(i+dirction)/2)
=Ar*(-CourantC*(Yair_prev(i+direction)+k1(i+direction)/2
-Yair_prev(i-direction)+k1(i-direction)/2)/2+RF*TF(i)*CourantC/Pecletm
*(Yair_prev(it+direction)+k1(i+direction)/2+Yair prev(i-direction)
+k1(i-direction)/2-2*Yair_prev(i) +k1(i)/2)
-(At/rhoair*rhoair)*((sv(i) / €(i)*jm(i))-(CourantC * SupSat)))

k2(i)=Ar*f(Yair,i-direction+k1(i-direction)/2, Yair,i+k1(i)/2, Yair,i+direction
+k1(i+dirction)/2)
=Ar*(-CourantC*(Yair_prev(i+direction)+k1(i+direction)/2
-Yair_prev(i-direction)+k1(i-direction)/2)/2+RF*TF(i)*CourantC/Pecletm
*(Yair_prev(it+direction)+k1(i+direction)/2+Yair prev(i-direction)
+k1(i-direction)/2-2*Yair prev(i) +k1(i)/2)
-(At/rhoair*rhoair)*((sv(i) / €(i)*jm(i))-(CourantC * SupSat)))

K3(1)=Ar*f(Yair,i-direction+k2(i-direction)/2, Yair,i+k2(1)/2, Yair,i+direction
+k2(i+dirction)/2)
=Ar*(-CourantC*(Yair_prev(i+direction)+k2(i+direction)/2
-Yair prev (i-direction) +k2(i-direction)/2)/2+RF*TF(i)*CourantC/Pecletm
*(Yair_prev(it+direction)+k2(i+direction)/2+Yair prev(i-direction)
+k2(i-direction)/2-2*Yair prev(i)+k2(i)/2)
- (At/thoair*rhoair)*((sv(i)/e(i)*jm(i))-(CourantC * SupSat)))

k4=Ar*f(Yair,i-direction+k3(i-direction), Yair,i+k3(i), Yair,i+direction
+k33(i+dirction))
=Ar*(-CourantC*(Yair_prev(i+direction)+k3(i+direction)
-Yair_prev(i-direction) +k3(i-direction))/2+RF*TF(i)*CourantC/Pecletm
*(Yair_prev(i+direction)+k3(i+direction)+Yair prev(i-direction)
+k3(i-direction)-2 * Yair prev(i) +k3(i))
- (At / thoair*rhoair) *((sv(i) / (i) * jm(i)) - (CourantC * SupSat)))
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kyi+2ky; + 2k3; + ky
6

YairPH = Vo P + (A4.21)

Figure A4.1 (2, % 3 ¥ Figure 3.4 (278 L2 IS E ORIRAE RO T, 1 REEAA Z
—EE A WKEEN T 7oy ZIETEE LR Z . WEL, EMNR, EEHICFEERD
FERERLTVD.

Figures A4.2-A4.5 |2, %5 4 % Figures 4.42-4.45 |k L7- AHUISE O HEEROKMET, b o
EBHHE L 72T VOBFEIZONT, ASUTHWE | KEA A 7 —1EL 4 TRIGEL 5 -
7 ZIEORER % Figures Ad.2-A4.5 IR T . ZNENOKIZIEBNT, (a), (DI 4 TWIEHE L~
T 7y BIEORERE, (o), I 1 IRKEEA A 7 —1EDORERT. 15=256s, 13=64s, Tp
=165, tg=4s COHPALWHE OFRERITEMENC L EEMICHRKOBRER LTS, F
7=, Figures A4.6-A4.8 |, Y08 L Oyl O WT, L Z 7 o BB K DR LA A T —
BICK DR ERA—7 77 LTl Lz, KLY, MERb- L b ERDIMEERLTNDD
I%, Figure Ad.7(a) (TR T/RT z=0mm |ZEIT D t=256s DFETHDHN, ZOBEOmE
DFEHIT 0.000188 TH Y, Yypo P EERDOZEAUNE (7 A —)v) T2 0.037 125 LT 5.1%
Tholz. MOKRH, MEIZBITHERIIZOMEUT THD. LLEORERLY, 1| KEEAA
T BT K DRERIL, 4 RKEENL T - 7y ZIEIC K DRER EAROFERZ R L TND Z &M
s, EITAMIED L - L B EELRHNTH D ERBERL O LV ANLBE D L,
L RKEEA A T —iEL, T RBBELATLOMETHLLEBERDILENTED.

—J7, FHREEMIL, O g DAL, 4 URKEEN T - 7y ZIEOEAEKI 135 9, 1 IRK
FEAA T —IEOLE 0 RETHY, 1| WIEEAA T —IEOFRIFIL 4 REEL T - 7
v ZIEDK) 2/3 RETH o7z, KR TIEZ S OFMETOFELRARL DL ULERNH -T2 &)
5o, BHEREE, FHERMSEEZRAINCHEWIL, | KEEAA T —EE WD L LT,
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0.00 o o TC2-1 o TC1-3 o TC2-3
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= 0.04 & a0
2 =
T <
e~
=~ 0.02 20
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Figure A4.1 Comparison between the Runge-Kutta method and the Euler method at
t=360s (a), (b): Runge-Kutta method, (c), (d): Euler method.
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0.06 60
—Z=0mm —Z=0mm
. ——27=45mm . —7=45mm
= 004 | S a0 |
& =
an o
=~ o002 | 20 |
— |
0.00 : . 0 - - .
0 64 128 192 256 0 64 128 192 256
1 [s] 1 [s]
(a) ()
0.06 60
—7=0mm —Z=0mm
. —7=45mm _ ——7=45mm
— 004 } s 40 t
& =
o =
S~ 0.02 F \ 20
0.00 . ! 0 L . .
0 64 128 192 256 0 64 128 192 256
t [s] ¢ [s]
O d
Figure A4.2 Comparison between the Runge-Kutta method and the Euler method at
=256 s (a), (b): Runge-Kutta method, (c), (d): Euler method.
0.06 0.06
—7=0mm —Z=0mm
. —7=45mm _ —7=45mm
— 004 } — o004 }
o ®)
= s
= 0.02 | P~ 0.02 F}
0,00 — / 000 — /
0 64 128 192 256 0 64 128 192 256
t [s] ¢ [s]
() (b)
0.06 60
—7=0mm —Z=0mm
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— o004 | § a0 | ~
S =
am <
[
~ 002 | 20 |
/
000 1—/] /I 0 L L "
0 64 128 192 256 0 64 128 192 256
t [s] t [s]
(c) (d)

Figure A4.3 Comparison between the Runge-Kutta method and the Euler method at
Tg=04s (a), (b): Runge-Kutta method, (c), (d): Euler method.
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0.06 60
—Z=0mm —Z=0mm
— —7Z=45mm — —Z=45mm
— 0.04 ¥ a0 b
S =
an E:ﬁ
=~ o002 | 20
0 64 128 192 256 0 64 128 192 256
t [s] ¢ [s]
(a) (b)
0.06 60
—2Z=0mm —Z=0mm
—_— ——27=45mm — ——2Z=45mm
— 004 ¥ a0 |
S =
= e
=~ o002 | 20
0 64 128 192 256 0 64 128 192 256
t [s] t [s]
(0 (d)
Figure A4.4 Comparison between the Runge-Kutta method and the Euler method at
tg=16s (a), (b): Runge-Kutta method, (¢), (d): Euler method.
0.06 60
—Z7=0mm —Z=0mm
_ ——7=45mm . ——7Z=45mm
— 0.04 Y a0
o .
s :
F.‘\J
= 0.02 50 |
0.00 0
0 64 128 192 256 0 64 128 192 256
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(a) (b)
0.06 60
—7Z=0mm —7=0mm
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— 004 ¥ a0 |
S
am) <
[
=~ 002 20
0.00 annaannn mH\\\‘Mw\““llll”l”“ \H‘ 0
0 64 128 192 256 0 64 128 192 256
t [s] t [s]
@) (d)

Figure A4.5 Comparison between the Runge-Kutta method and the Euler method at
tg=4 s (a), (b): Runge-Kutta method, (c), (d): Euler method.
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Figure A4.6 Comparison between the Euler method and the Runge-Kutta method on
Yo and Ty in the transient case.
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Figure A4.7 Comparison between the Euler method and the Runge-Kutta method on

Yo in the periodic cases.
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Tuirin the periodic cases.
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Figure Al.1
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Figure A2.1
Figure A2.2
Figure A2.3
Figure A2.4
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Figure A3.1
Figure A3.2
Figure A3.3
Figure A3.4
{4k 4

Figure A4.1

Figure A4.2
Figure A4.3
Figure A4.4
Figure A4.5
Figure A4.6
Figure A4.7

Figure A4.8

%
gk 4
Table A4.1

Table A4.2

Heat transfer of thermocouple

Numerical model
Initial conditions and boundary conditions

Periodic flow pattern
Time variation in the mole fractions of water vaper and, water liquid, and temperature

Effect in KMe
Effect in KMi
Effect in KHe
Effect in KHi

Comparison between the Runge-Kutta method and the Euler method at 75=360 s
(a), (b): Runge-Kutta method, (¢), (d): Euler method.

Comparison between the Runge-Kutta method and the Euler method at 75=256 s
(a), (b): Runge-Kutta method, (¢), (d): Euler method.

Comparison between the Runge-Kutta method and the Euler method at Tg=64 s (a),
(b): Runge-Kutta method, (c), (d): Euler method.

Comparison between the Runge-Kutta method and the Euler method at 7g=16s (a),
(b): Runge-Kutta method, (¢), (d): Euler method.

Comparison between the Runge-Kutta method and the Euler method at Tg=4s (a),
(b): Runge-Kutta method, (c), (d): Euler method.

Comparison between the Euler method and the Runge-Kutta method on Y0 and Tair

in the transient case.

Comparison between the Euler method and the Runge-Kutta method on Y20 in the

transient cases.

Comparison between the Euler method and the Runge-Kutta method on 7 in the

transient cases.

Buther arrangement

Buther arrangement for the classic Runge-Kutta method
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