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Mean-field kinetic theory analysis

on the evaporation and condensation of vapor molecules
in the presence of non-condensable gas molecules
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1.1 HRE=

B &R (condensable gas) 1X78&( (vapor) & HFEEN, #HH (liquid phase) %
%M (vapor phase) T 5. MHANICE 2 & 26 DHIZAKR D T ORI N 5.
ZROERT TR ZERT 2—77, HERL TKMHEEZEKT 270 FoIdin. 2o
X 2R T, BRD TR S KHENH TNV L Z 2 %27&F (evaporation), UM 5
WHANA S Z & 2 & (condensation) &FER[1]. M 1.1(a) 132857 T DAFE - Kz
BEXNITR LTV 5.

Hefn - R Z SRV z JEETEXUA (non-condensable gas) EFER. 2O
RIFERE EDIFET DI N TE S, HIRIE, K2R GREHRMESMA) HIcZ&RES
%2R, HAHDEIDET VIR LICERES 5 2 L 3R B HENICHIE T 255
TH5. X 1.1(b) IFIEEHEMELRIBITFE T TOERRD FORFE - Bz SR L T
%. FEEREESIRDFEET % &, WHICADREOIEEMEIESIED FOVAMRT 5. 7228559
TSI A D IFEHEME AT TICEHR LSS 2 8 5 bhsd. ZORIEZH
5 HFEAMITRL TN,

R EMIRLADERIR I ZHERTH 20, THEIHILLIWHIR TV, fHlx
X, TUHIBRERE TG D77 & BB CBE L TB D, MBS R E L T3 2 1IE
LWETHZARE T VAR ER R 125 [2, 3. £z, MKIGKFE, FHEXERK, BXUE
KLY ¥ OB THIH S N A REREE T OBROREHIBV TS, MEDEFHEZIE
LSED WS BERD 2 Z e AMEINT WS [4, 5. X512, RKOEHEZ AT 2
AR ORI LT, RSO FEDHEZEZ 5 Z e 3d i o aTtu
% [6]. ¥z, L—H =7 TV — a3y eMENZEMIF /MHEORIEREICHW SR,
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Figure 1.1 Schematics of evaporation and condensation of a vapor molecule:
(a) pure vapor system; (b) vapor-gas mixture system. In (b), a small amount of
non-condensable gas molecules is dissolved in the liquid phase. A vapor molecule
collides with a non-condensable gas molecule and reflects at the vapor/gas-liquid

interface.

MRIRENC L — V% G U/2FE, 2 ORMEICHE L7 BFRMAICIEZATE & BiE L S s
BZ2(7,8. THHD KD XEARELEMIHRIZLOHBHETHON, LKA - THHE
nTWns.

Loz, TRIZHIT 27%F - BMRBEROLHAIE LT, KO FRETR)ZE
Foid. KIAIIEHEE KMHEOE 72 X DR - IHES 225, SIa L < IGHE LA
By x, ZOKIENTOKEICEESRI OEEDGHHEET 2 Z AN TNS
9-11). ZOBSIEF v EF—> a Y LIS, FvUT— 2 VHRET 2 L Z20EH
YIAANESEE 52 2 Z L E SN TE D, IBETIEZ DRHRRITENGRPRESOHE
DA R TENMTTICHINTETWVWS [12-16]. ZOF ¥ 75— 3 Y&dlk, ZXD
BEEIC & > THL ST 2 2 RIH TV 5.

ZD X IITHEFE - BRI OB DOE D ICHINBEHRSED, AN RICH SR
£71% (fluid dynamics) TIE, Z&FE - B E S AL Z EREICED RS Z 2 A TE L.
T S122 TR RREETIREE (local equilibrium state) ZIRE L TW3. JHFFEEIIRAE ¥ 1%
JRFTRNCIE 7 FEDOE RS TR ETE Y, 7 FHOEENZEE p(x,t), HE v(x,t),
BIORE T(x,t) LWVWoEMETILATEZLZRETH S [17]. T2 Tax = (2,y,2) &
EAFEIER COZEMNMET ¢ IRETH 5. MENEE p(e,t), v(z,t), BEIET(x,1)
DIRFRE - ZBREFERZ TS 25, ZKFE - EEIZIEEE (non-equilibrium) RIHRTH 5.
CZTCIFHE I, pTROEENTICEETVIRNWI EZ2 WS, KIRFHICB W T
FHIDEZEN TR ERWEE, [EAED HHTELSFIEZ D F EXMHEANAI W,
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Figure 1.2 Schematic of molecules composed of JY¥,. or JY,, where JY is the
molecular mass flux outgoing to the vapor-gas phase, and JY, is the molec-
ular mass flux colliding with the liquid phase. The arrow indicates the sign
of molecular velocity normal to the interface (x-direction), which means outgo-
ing/colliding molecules. These molecular mass fluxes are related to the evapora-

tion/condensation of the vapor molecules.

WICEMEP SR Z D TFIRFOEETRRAMCE LT 2. ZODKMEFAED S HT WL
DTOBEERK JYV, L KR EICHEZET 20 TOERERK JY | BWFEET 2. K1.2132
DR EERVITR L TWS. RENZAEEE S (o AR O TFOEEOFESER
LTWC, FE»H6HTWL AAe REICEZERT 2 AAEEKLTWS. o0 T
Eh SV e JY RERTES. ZhALKRAEOET D T OBERIRAIIZEFE - B
BLTWS. —F, EFAEEHCEICRENETIE I, & JY, 2XAlT25 23T
VAQAN

B 1.3 IZ7RF & 2 WK 2 & J7 IR RE £ T O Knudsen & & FHIATW
%. Knudsen EORIWZZFOVEFHEHITENEETHS. £, HEIRITBVWTST
M DEZEMNIE = 2 EE W ERTEXITETH 5 Knudsen B

TEFEIND [18]. ZIZTLIEFEROARREZTHS. ZD Knudsen BIZEHT % & &,
Kn=0(1) Thbh, ROREZZVFPHBTENIABEOREI LR -oTWS. Lk
Do THTHOERS IR Z TRIIFFEIRREICH 2. Ko T, B FEDT7771E%E
(Kn < 1) ZARE U7z R FERRER I EE D < TR 1213 Z DR D EATIZHE L TWhigw.,
7RI - BEME %2 11 5 Knudsen J8 O IEFH 2 KA DR Z K 5 121357 F5 K15 (molecular
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Figure 1.3 Schematic of Knudsen layer. The non-equilibrium region between the
vapor/gas-liquid interface and the end of the local equilibrium region is called
as Knudsen layer. In this region, the Knudsen number, which represents the
ratio of the molecular mean free path to the characteristic length of the system,
equals O(1). This means molecular collision does not occur sufficiently; the
system cannot be regarded as an equilibrium state. Therefore, fluid dynamics
in a macroscopic sense is not suitable for describing the flow in this region.
Instead, the non-equilibrium vapor-gas flow in the Knudsen layer, adjacent to
the vapor/gas-liquid interface, is treated by the Boltzmann equation in molecular

gas dynamics.
gas dynamics) [19] "EHTH 5.

1.2 BFRENFE

K3 - FifEZ & 7295 Knudsen J8 DI 2 BN 2 GLh T 5 7 I3 0 Tk
NEPHVWSEN S, 5 FEMAEITF T Boltzmann HERXZH W TRKAEDO RN E DR T
%. Boltzmann /7RI 70 FHEE OB 2 HGHYICEA L CIFFE R RO Z HLD
WD ZEMTES. Lho THENFETIEMD KD T & AT ERVEESE - gz 5 Ik
PR SR DTN Z RS 5 DICTHE L TW 5.,

Boltzmann 77 #2313 77 7 O # E 77 MBI EL (velocity distribution function, VDF)
fVi(z,&t) DM ETZART2HBERNTHZ. 22T € = (&,8,5) FERERRT
DR FORETH 5. KITIRT OPZEKHEMTHRD Boltzmann /TR TH 5.

or' _  ofY FV of"
ot oxr mY 0¢
ZZTFY =(F),F),F)) @3aF @B Nnchs. Cp 3EREL Xidh, 7FFL

= Cp(f". "), (1.2)

+¢&
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1 E Fin 1.2 7 FEURT I

-

DERIZE D [V OELERL TS, Cp OEANRIBIIHR [19] ITRENTWVS,
HESHERI L ToRTERSINS.
AN = Y (=, &, t)dedydzdE,dE,dE, . (1.3)
Z ORI ¢ 12351 2 2R [, + da] 2270 FOMEHP [£,¢ + dé] 1TH BT
DT
Z DT OEEN R E SEETHES T 2 L HURE, HE, BE LV EHRENS
Y (-8

o B
+oo +oo +oo
nY(x,t) = / / / fVde,de,de, (1.4)
o HEJN
+o0 +oo +oo
mvnv(m,t)vv(w,t) :/ / / mVEdeﬁmdSydﬁz (1.5)
o L1 )L¥F

“+o0 “+o0 “+oo )
gnv(w,t)kBTV(x,t):/_oo /_OO /_OO %mv(g—vl)Qdefl,d{ydfz (1.6)

22T, mV BRSO TOER, kpZ Boltzmann ETH 3.

DFRAETIFIT BT 2 R FH OZFE - BMOW D RN DOWTIER S, ElkL7z k5
12, SURSEHINCAE BT % L HiiED & KAEICIAD 5 01 & KD HIREANEZE T 5 577 03F
T 5. Wl SZMHICHEDP» S DI L > T JY, PR EH, K> HREANEET 3
DFREoTIY PRI, M 14(a) FKEAEMTICBT2 JY, & JY, 2R
IR LTW3. 7= (1,0,0) IXBAREDIEMRNZ bLTHZ. JY, & IV, ERDOK
ThEzoh3.

+oo +oo
Te= [ [ [ wVGeoshdedse.
—00 —00 n-£>0

+oo +oo +oo
= / / / mY &, fo dé,dg,dE,, (1.7a)
—00 —00 0
+oo “+oo
']c‘{)ll = —/ / / mv(’ﬁ : 5) X)lldgmdfydgz
—oo —oo Jn-£<0
+oo “+ o0 0
= / / / mY &, f¥déadE,dE ., (1.7b)
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Figure 1.4 (a) Schematic of the molecular mass fluxes at the vapor/gas-liquid

interface, Jou, and Jy,, and (b) schematic of molecular velocity distribution
function, fY,. and fY,. The outgoing molecules belong to JY,., and the colliding
molecules belong to JY,,,. The area of f¥,, corresponds to the number of outgoing
molecules, and the area of f¥,, corresponds to the number of colliding molecules.
By these molecular velocity distribution functions, we can derive molecular mass
fluxes, as shown in Eqs. (1.7). however, f¥, cannot be obtained by molecular
gas dynamics framework. It should be given as a kinetic boundary condition by

molecular simulations.

22T fY BEEARE,» SHTWL VT & > 0 OBESMEE, [V 1% KRS HE A E
2533 fV T 6 <0 DRESHEBTHS. K 1.40) Zhs Z2ERNTRLTWS.
Vo OERBIEIAED & KAEAAID 5 5 FORICKIG L, fYV, OEBIESHED & HEANM
PO DTG L TW5. £z, ZTHoD75FOREDHBERIIS T OHEDIHH
ZRoTWa 7D, X (1.7) DX ICHEERRZRDZ Z B TES. L Ly TN
YOPHATIE fV, ZRDZZeMNTEY, HAZKMFr LTEXRTRERLRV.
DRI BT 2 G52 KRR et (kinetic boundary condition, KBC)
XN, —f&IZ Boltzmann HERZ 7 < 7205 HEICBWT KBC 2330 E R D 5.
RLEEWAHRD KBCIZOWTR DTS Ial—Ya iZioTEL OISR REA, £
BREENHLPICINTWS [20-28]. ZHRSHIOWTREITHRRS.
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1.3 SURERIRFRMAF

FISTF OB 5T 2 LK RO KBC TH 3 [1].

~

out = [ 0" (Tp) + (1 — o )niee f*(T1), (1.8a)
P 1 &+ 6242
/ (TL) = WGXP <—W> , (Sx > 0), (1.8b)

2 2TV (Ty) FRRZRSEERE, T GAERE, RY (= kp/mY) 3K OSKMHERT
HB. f*(Tr) EHHED & KA TV K 5 F DM DB TP HHREE 2 £ 5 Maxwell
SHTHY, T, DADOEBTH 2. Y IFKEAEIC BTG T 2 % E TRDOA

Thzons.
o +o0 +oo 0
o I N A S (19)

ZZT YL KD SIREANEZE T 30 FORESHEKTH L. [V & Boltzmann
HEABINCEDELNE. 20 KBC EEKE KD OMDIL->TW5S. ol nV* 137
FTHY alnV*(T) f*(T1) BEKET 20 FOREIREKEE LTV, (1—a))nY,
FRETHD (1 —al )l f*(Tr) BEHERE I B VTR T 59 FORE SRR %
LTW3. ZLTaf BRRBERE, of ZEREREMXh, Fhehks - Bis 29
TOEEERT. £20<a) <1220<a) <1 TH3. K (1.8) ZHVTKIRAM

ZiliE S 2 IEROERMFIIKTREIND.

RVT
M = Jc‘){lt — JX)H = (agmvnv* — achVanef)\/ 5 L (1.10)

Al ¥ ¥ DIz OWTORISEERE < 0 HIThITE [1, 4, 20-31). ZKF - BEHRM
D& EEA L7z D1E Maxwell[32, 33] %, Knudsen TH 3 [34]. STH Tl Meland 5,
Ishiyama &, 3 XU Kobayashi 512 & - T/ F#E1/1%# (molecular dynamics, MD) %
W& ol oY OFTBEHEPRRERINTWS. K 1.5(a) 13283 - BFPEETVLIR
BAREHED D FORNEZHEANTR L TWS. ZOMOWHNE KBC 23 EEZR L
TED, KR EEL DD LKMHEANCH 5. 20 KBC ZERSEDHEZILR L 7z DH K
1.5(b) TH 3. HTFOFEENIAFR, K, BIUOEMITIONE. £IhsDFH X
DD HKHENH TV T« KMHDP SRHEANE R T 20 F2RTIENTES.
1.5(c) 3R FOEHP S ERSNTFOERTKERLTVS. TH5DTFOEH

10
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Figure 1.5 Schematics of vapor molecular mass fluxes across a vapor-liquid in-
terface: (a) pure vapor system; (b) classified molecules at the interface; (c) Juu,
JY, Je‘f,ap, JY:, and JY 4 are the molecular mass flux outgoing to the vapor
phase, a molecular mass flux colliding with the liquid phase, an evaporating
molecular mass flux, a reflecting molecular mass flux at the interface, and a
condensing molecular mass flux, respectively. The dashed line represents the po-
sition to impose the KBC. This line is slightly located in front of the vapor-liquid
interface. Further, these molecular mass fluxes crossing the line are defined by

counting the number of classified molecules, as shown in (b).

O RFEERIH TV, , RATERE JY,, WRERE T PERTES. Chol
FRTOMEOEDME L 5. F Uikt & ZHEAT  BRH JY, & XD 51
AT 2 ERAH IV, I ROBIEDD 3.

I = Je‘fzap + I, Jon = Jeona T et (1.11)

INOEERHE & D AEFER o) L BHIRE o 13

JY Jv
al = —, al = —C;nd (1.12)
Jout Jcoll

TERINDG. ZITxIFFEREDEERL TV, RBFERETE IV, = TV,

11
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w1 = R 1.3 SR GmIR RS

-

B JY, =JY kil al =a) b 72K (1.11) ZAV3 KX (1.10)

evap cond
EM =T — IV LD

Ishiyama 51 MD {EZHWT Ar B FOEZEAFERDS I 2L —2 a VITX D AKH
KHHRD KBC 2N [20]. Z0FRid KBC ORI TH S of nV*(T1) f*(Ty) %3
RZDIHLTW3., BEERERTIZ IV, =0TH3. Thbb fV, =0ThHH, R
(1.8) @ fY  WTHRIF LR oY nV*(Tr) f*(TL) 2 HE 5. 7, Zor 2R (1.11) &

D IV = J¥a 8%, R (110) ZAVT M = JY, = JY. = almVnV* /BT =

out evap out evap

alJVe v, MEHZZICEkoTal 2510 T2 TES. FHOMAE,

out

Jap BTy OB LTRON. ThED of & Ty OBBE Ko7, of (Tr) 13K
MOGERF L IWEL T, D ERE BT LA, 2 ZTRIEE I Ar 7 7O =E R
J& (triple-point temperature) TH» 3 83.8K IEWRETH 3. /- Tr BEROGE
EERNT f*(TL) BSHAEIRE O Maxwell 5 TH 5 2 L MRS N, I THEEL I
Ty, = 130K 22 ¥ D Ar 53 T OEEFIRE (critical temperature) TV, = 150.7 K 12U WEE

cri

TH% (TL =0.863T)). £/, fo, »oMIL L7 J,, (TL) dEHIEHEFE (spontaneous

evaporation) & M-I, KBC OEERZZHFITK->TW5.

T Ishiyama SIXIREIC AN T 20T OHE S fV | 2L X, BkA 72 IEFH 5
2D KBC %7z [21]. WAHREER T, = 85K L EKRICRE XN (T = 0.564T).).
Jond = Jevap(TL) — M DBRZRAWTK (1.12) TREN D of 2N, of H f1)
WA S IR L IZIEAMETH 2 Z e 2R L. FEIREETIE o = o) ROT
oV =a¥ =a¥ YO ONIRA—RIZKRTIENTES. 7 f*(Ty) 2MFELE. 2

DFER f*(T1) BZXRDIFES M Maxwell D1RICHE X2 Hhz.

“ 1 2 2 + g
f(Tna Tt) = eXp | — gm - Sy 5
(2w R )3/2T,\/T, 2RVT, 2RVT,

) : (€, >0), (1.13)

ZCT, =T, THO, T} BRWMATHCAF T2 2 VFRE EY,
JIZJTE L mY (€2 + & 4 €2)/2)6ufYydends,ds. DBIMT, EYy AKE K %
22 T, BIIERINCRKELRB Z DAL IR o 7.

Ishiyama 5 & Boltzmann N DFRIC KBC %381 3 % J& B O Y BERIR I % 1
TR THE L7z, X 1.6 EBFHRMNIZOE LS 2R L TW 5. D & KAHICEEDE
3 2 B EERE (density transition layer) Y FHIND TERE oV BREDEXT
H5b. ZITHHRTOEEEREOHIMIE X, LJEX 1%, KD 10-90 thickness /7

12
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Figure 1.6 Schematics of (a) density transition layer and its thickness, §, and
center position, X,,, and (b) the region to impose KBC considered by Ishiyama et
al.[20]. The 6 and X,, are obtained by fitting the 10-90 thickness equation to the
density profile in the vapor-liquid equilibrium state. The thickness of obtained
0 is the order of a molecular diameter. According to Ishiyama et al., the KBC
region shown in (b) is thin compared to the molecular mean free path. Hence,
the Boltzmann equation analysis in molecular gas dynamics can be conducted
without considering the width of this region.

BREEEHICETIIH2 Ik >THELNS (K 1.6(a)).

nv(x) =

nVVaernqu n\‘,/ap—nl‘i/qt (x—Xm> (1.14)

2 0.4556
Z T ny,, KMEE, nf GEHEETHS. 2D 10-90 thickness T Z VW5 &
§=0(") 5.

Z L T Ishiyama 5% KBC % [X,, + 26, X,,, + 4] O#EPHIfET2dDeEZ T (K
1.6(b)). TR ZOHFPHTEHIEAAET 2HEMHIZED SR, DF DIRHEEZNKT 2
DFHORT VT v VOHENRNEEZONLZNOTHS. E I OHERTIIEHRRED
ZEENIFIE—E TH FRDOEEMNZIFHE N, EFIC 2 0fEBOE X 26 13 P8 BiTE
AMHANRTIFFIZNZ W, Lo TARBREOZEBRA T, —VIZERT 20 FXMEN%T
X, ZOHEBOREXZEHATEZ. 207k Ishiyama 5% [X,, + 2§, X, + 4] DIER
DIEII KBC ZBRL TIWVWEeE R .

Meland & [35] BX U Gu & [36] 1 ZRI 1.7TITRT LHR 2 2D5R (r = Xy, L&
THMMHEERE v = X ICHET 25MEER) ZHWTHRIE, O, BIOEMT 57
TEXAT 2 TEZRR L. ZOHIKIEDFOFEF 2 ERVITXHITE 5 205 FlEs

13
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Figure 1.7 Schematic of molecular mass fluxes classified by the interphase
boundary method[35, 36]. The classification of molecules can calculate the molec-
ular mass fluxes at the interface directly. Furthermore, these fluxes lead to the
evaporation coefficient and the condensation coefficient defined by Egs. (1.12).

H5.
L. ZFED TIRRANIHAEE S 2@ L, KSR 2@l s 5,
2. AT F IR RONCKAEE S 2 @it L, USRS 2 i L 72 W TH SRR 2

IS 5.
3. T FIERPNS KA S e @iE U, RIS 2 s s 5.

INODNFEBRALI2FRX Lo THTOHERKRIIRD XS IHETE 3.
'
SAt’

ZZT NI LAl OWIEIC X o THEAZ @B L0 T 08, SIEROMME, At ld5Efz
i 5 BRORFHZ A THEF B ORI A L FE LW, FERzEET 5D \?ODJ_
EZ2RET 2R X o CHRENMBAKZRONS. T O®EE ML) T03H 2 #it
75 (n-&)fY ZRIET2Z2ITHET 3. LrLZ @ﬁ&iﬁﬁ@@%m;bgzm
RKOMEHENL, o) & of OEZEMICIVETERNE WS BENDH - /.

% 2T Kobayashi HIFEHBEAR LML T LOBEAOMELRE LR [37. TROBHR
MR Z Xy, = X, — 0, KM% X, = X, +30 & L7z, ZOFEIFHER interphase
boundary i & N 5 [38]. HIZAFIE KBC OR#ETH D, HIFEAFKICEID KBC %
IR o nV*(Tr) f*(Tr) ¥ RS (1 — oV )n f*(Tr) wiid 5h s [20, 21). &
R interphase boundary 7512 & b, 2 DDERE AW TH T OZEE» 6 EHENIC o) &

JV = (1.15)

14
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o5 1 2 1.4 IEBEIE SRS AR L BERHRIC 5 2 5 I

-

af ODEEB/ZZENTEL XS IR,

Kon 133935 # M5 (mean-field kinetic theory) 1230 { B 7R @ Enskog—
Vlasov 722 HWT ZHEME L L THI SN2 IEFERIC X D KBC 27z [27].
2 (1.8) 2% A FTRE A &t % Boltzmann SRRRMHN & OBIC X D BET LAz, JY, 3%
MEERE L ROVHEER (1.8) EAATRET, JY PREVWHEER (1.13) D k512
FEFT M Maxwell 7ML o7z, FRZBBOGEICED oV =Y =a) ¥HR2Z%
R, oV (TL) FRHREDAIKFT 27 XA =R T JV XS RWZ bR o7,
Z AU Ishiyama 50 MD JAIC X 3R EFLETH S, 2D oV (Tr) 23X (1.8) ITHlAA
A, IFEHERICBWTHEAHAEER Z & % Boltzmann HRENXEN & OEIC K DR L 7.

DEDXSCXEIERAEICED of ¥ ol oErRkDd 5N TER. BKHERDHRD
Ha, af v al & Ty OARRKET 29 X=X T, Tp D EFIHFENVETT 3. Zhid
T, DR 722 EKHOEEDNE 125 Z R HEBRENEL 25 Z BB LTWS
EEZONS. INHIKDAFTE TR D F0Z LR, &I - BaD 03075 7
BrEZLNS.

1.4 JEERREERBEDFHERRBBERRFRAUCEZSZRE

BIET TR HN TR D KBC IZOW T L 72, BHEICIZ RS HICIEESEE A DF
F3 256020, IEEEESIADTFET 2 RICBIT 57285 - BHE BT 2 13EA L
JEEFEERA D R D Boltzmann HERZ L DREND 3.

afv afv FV oafv

W—'—g ox +mv ’ aE _CB(fvafv)+CB(fV7fG)7 (116&)
of¢  9fG FCG 9fC
W—’—ﬁ ox + mG ) 85’ :CB(fG7fG)+CB(fG7fV)7 (116b)

22T fY BELKDTFOEESMEET ¢ BIERMESE D T OEE S HMERE R T.
2208 O O BRI ISR 30, 40] IDRENT WS, £ 2 OWE %R EF L L]
PIREIN TS [41, 42].

Vv fOIT X I L 12BN B 2RI [z, x + da] 2D REEHEPH [£,€ + dE] ICH B 7
NENDKT D FDEUIIRTERTE 5.

AN = fi(x, &, t)dzdydzdE,dE,dE,, (1.17)

T ERF = (V,0) BEA (V) :dIREmE s (Q) BET.
FioRAHIETHS T 5 LIS, I, E L Vo ERESELNS.
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1.4 JERERAVE A T 37K FE R I & BRI S X 2 08

&
1
3
S

=
2%
e

W)= [ :O / :O / :O Fide,de,de. (1.18)

°
IE
i
<
i

+oo +oo +oo
m'n'(x, t)v' (z,t) = /_ /_ /_ m'€ fde,dg,de, (1.19)

o L)LY

+oo +oo +oo
gni(x,t)kBTi(w,t):/_ /_ /_ %mi(g—vi)Zf’idgmdgydgz (1.20)

2T mt BERRT T ERBIEREE S FOBRTH 3.
FEEEMEE AR I § 2 KRS T OB S IIEE U ST (diffusion reflection) &

PEDSN BT 7. A
oue = e [ (TL), (1.21a)

o +o0 +oo 0
o=\ [ [ [ efGucagac, (1.210)

FEEEMESMIEZRTE - BHRE B2 X3, K 1.8(a) TREND L HIThiX (degassing) « A
fi# (dissolving) §%. L2 LAWY CIMEH L, HKT2ERIAKE JS,,, BETIE
B E JC e RT (M1.8(b). T af ¥ of ®EhehIERHEELRED T OEH
FREL - BERECRIL E PR F LRI L RODEF [43] ZHW 5.

JS JG
G __ “evap G __ “cond
Oée = JG* 3 OCC = JT (122)
out coll

FEEMETE SR T T O - T8RRIV, REOEFPREITTHEeEZ AT
5. ZD7H KBC & LT (1.21) AMERHVWs T E . LA L, ZOXTIZIREEENE
KT TN E o 7 KB LRV E WSS HoTz. T D7 DS TENRAETHAHE
Hh oD IR R M SUARTR L & S O JEEEE 1 SR D 70 DS LLBIREFRIC S % £\ 5 Henry O
ERIZ 723 2 e I TERW.

% 2T Kobayashi 5% Ar-Ne OFEHRIED 57 % MD FHHEZ 1T WK & BT
KRt 2 KBC ZFANR7 [43]. Ar 3 FHEK5D T T, Ne 7 F0IEEMMERIADT 7T
»3. EEMmEESAES I D KR interphase boundary E%#H T2 Z e TE, 97
DEEMFIFIXDOATHLZ N TES.

m&N

SAt’
16
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1 FE P 1.4 JERERAVE SR T 37K FER I & BEERBUC S X 25

o Non—condensable gas molecule

Degassing (a)

%Outgoing molecules

Reflection

Liquid phase

aseyd se8/1odep

/——
’\ —s

Colhdlng molecules
/

Dlssolvmg

Figure 1.8 Schematics of non-condensable gas molecular mass fluxes across a
vapor/gas-liquid interface: (a) classified molecules at the interface; and (b) JS,
JE, Jg,ap, JS:, and JS . are the molecular mass flux outgoing to the va-
por phase, a molecular mass flux colliding with the liquid phase, an degassing
molecular mass flux, a reflecting molecular mass flux at the interface, and a
dissolving molecular mass flux, respectively. These molecular mass fluxes of
non-condensable gas molecules lead to the evaporation coefficient and the con-
densation coefficient for non-condensable gas molecules. Non-condensable gas
molecules cannot evaporate and condense at the interface; non-condensable gas
molecules dissolve into or degas from liquid instead. However, for convenience in
treating the coefficients, we call those the evaporation and condensation coeffi-
cients for non-condensable gas molecules.

Kobayashi &35 OFER, JFEHMEESAT T O KBC £ LTRDOIEEREEL 7.

sut = (@ (g, To)n® (e Tr) + 11— af (e, Tro)Inge } *(T1), (1.24)

Z 2T n R EIRER O IR SR ORMEETH 5. AEHOEER, EBIC o =
O(1072) LIFFIT/N I WMEERFFD Z L MRS Nz, F 7R O IEEEMEME SUA
(%FF o, MRELRBIEE oV = o) = af FET L7, Kobayashi 51&Zh% Henry
DFEAE BSOS TER LTz, D% D of HRKADTFD KBC IT5 2 2 B eI,
B U7z K512, Henry DERNT XAUXKIRFEHRREEIC B\ TEUHF O IR kD 77
pe ok o MLBIBIRICH 2. D% D of HRELIRD L p& HEL RS, BE—EDX
TTEPIREE T CILIIEBHEIE A D FORMZ 22 2L ITHB L, KIRFIICHE VW TER
SF L WML - IEEE SR D T L DS E D oV METLA-d D EZ OIS,

Tabe 51 Ar-Ne R CIEBRDZEFAE & 2 IEFM MD FHHEZITWV o) OEZFHN2

[44). FHIC Ar B THEEDTC, Ne 5 FHIERGEGAD TTh2. ORBELD
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Yo

%1 = F#H 1.5 AWtFED HIY

-

T 572 2D B DIEFEEMNE AT THARMR L THB D, WP QRS TR
& IRBEME AT T TR S N2 KHPAZEFE T 2. SR O D T80 — I HiliE 3
52 EoT, EWNCIEROERENRE 2IFFERZIED L. FHEOKRE, o)
ST DD BT ¢, DACKET S Z L &R,

1.5 AHAFZEOEH

AR TR F v E T — > a YSIEANED X 5 RIFEHETESUADTFE S 2 IR EE
BT 2 KBC 2R3, v T7—a YZICOZEEISEAE ICB T 2 1IEKRD EEHE
BHE —MITKELKFEL TV S, KTADUHED & R & EHEIDY) D b 2 721213
SIENEDENDEL BB ZEDPRBETH L. TDRDITIE —M BTN REZE
FEZoND. THUIEKGRB o) L ERERE Q) BTN 3 ZuicIB L, &K
HEDRDOINETORFIIal—ya YOBREES LRV, KIEOIETD & 5 7%
i CH) < FUA B TR - BRI SN2 2 WO R B IRIBE TV S DY [45], Z0D
BT S 227 o TV, Nie S IdEnE CH) < A3 2 S O KUR S 25 L 72 785K
HRDROFEZITY, 25 - BHRRE HEEINRED A toEenwiezrnlk. Z
LCZ DI - Bt (EEBEIGRED 1oV TOREE DRI IEEmEIE SR D IEE
WKEBHDEEHELTVS [46]. of & o) OISR ICE T 2 LR IAE
DPHERHZ5eEZHLNTWS [47]. EMHICIZD B OIEEHEIESIATER L T3
72, SaHNIFIEEHEE A E £ B [11]. Kobayashi ik o) & o) ZXIRAMIC
B2 IEEMEESAROREBEE 2, [IADFRBEEEZ 9 FXUER ¥ % AV TR L&
[48]. Z DFEHTIZFEEIREED o) ¥ of ZHWTED, FyvEF—yar&i@hon Lok
FJEFERRREIC BT 2 o) & o) Ofil b KIRSLEIC BT 3 IEERME SR D BRIE D2 - T
WV, Y EOEREZZ TR TIERD 3 DOMBEIZOWTHETT 5.

1. JEBHETE AP & 7s 2 PR D [ E
2. “HIRRE & UTHI S % RGE & FI W 7208 e IR P
3. ERTREIY 2 M2 W 72 IR 5 72 IE -

1 HHORMBEZ, [EAEIZT0Z  OIFEHREERET FOFEL TENDEL RS L X
KRR D T DRI - BRI NE L B drEMalds2 2 2HNET5. 2H/HD
ML, WA (two-surface problem) & LTHISN 2 R ZME IRz 2D
DIRIERNC T T 2 2 RIEEHTRIUCB W T, FEEREMESIA D F232858 - BRI R
ETHELEH TSI 2HNE 35, 3HFHOMEL, FRET 2IEOEKERmZAEL
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Yo

%1 = F#H 1.5 AWtFED HIY

-

7o ER CTHENT 22 W CIRER BRI R 2 (ERL L, 783 - BERRRED EH 72 IR
R B B2EZFONE I 02T 5.

IHHDIELWHRZERNRRANZORBICHODEMT 2D EZ 5. BHFLIZ
BEEZ 15 AR OMNZ T 2 £ &, KHIZBEWTOERK D ORI - B, 5
WIEIEBHEME SR D G & W o 7o F R 7 — LV OESE E BRI SZIC RS 5 2 &
DPRE SN TWS [19, 49, 50]. AU 72 77T O EH) O B R 23 EARRY IR AT 5412
CoTRHETHD I 2EKRT 5. JHEMIESIAEOIFE T TOERKIT T DT - BfalfrE
DHRIEF v ¥ T —> a YEXUADOZEE), file L ThNLTETHHAI SN, BXUR
HHEERHCTZDOMOTRNE T 27 DICEHTHEeEZONS.

RE L TIPS EEN R (mean-field kinetic theory) [51, 52] IZHD W7 Z85 & IR
ML A D 9% Enskog-Vlasov ZHWT, JEEMIERMAENTEET 2 R2D KBC 2
~N%. Enskog—Vlasov 7RI LAY EE G (kinetic theory) /7#30T, Sutherland
AT VCHEEHT 2 Bl ifiAziddhd 5. 2o ERIEH RN TEKXT
HYBBLKM MO D D AIRER Z e DK ERFHMTH L. SHOARTLDRT S
Boltzmann /SR & B D KBC Z5IRAMEICEH T Z 2 2 <, WHL KM Z Rz
%. ¥7z Frezzotti 51X o TIRE I N Z O HEROBUEF B 5 TED—D1Z Enskog—
Vlasov & > 7 A/ uE# (Enskog—Vlasov direct simulation Monte Carlo, EVDSMC)
EHH B[22, 53-56]. Z DFHE TR Boltzmann HFEROBEFHIETHZ TV TH
naE#EE (direct simulation Monte Carlo, DSMC) EDILRTH 5. EBEDO S T%
RIRFT2HRENZ DT (B IAnT) ZHOTKREFEIZE T 2283, i, BX
QBT 20 FEXAlTE 579, KBC Z#N2DIZHE L TW5a. ZEHIVIZ—RITOD
fEZk5> &, MDIELD 100 B EFRIENI EARERM[TH L. TN
Enskog—Vlasov FRAXD 7 FRIG I[N ZHMENCKRT Z it k5. 2Oz ss i
1393571 (mean-field force) & MEENS. ZOEMIUCHEEO 53, Pl - IEFHERIC
BWT MD #Er AR EREERLTVS. FRCARBXTHET 2 3 2DOMEICOW
TAFHEFENTDS. FTEELRDIEZHTHEIRD, MDIETIED 279 741
DRFLORTBNEERT D5 E AR MPEL K50 EVDSMC IETIEEHEa R
FME—ETH 2. DXL _WEMELRET 20, RZ2ER LT 58/FE0 MD HEIZHA
TEVDSMC 3B TH 5. $LZHOFAELITS e I2 & D RHNLHRZBUST
X2, IHIIHEEHEZHET I, 2ROV IV Fefz 2-0RERL BERE
52N TES. DLEDR K DAL TIX Enskog—Viasov TR ZHW 5.

ARSI RDWER E o TV, 2 BT FEGEEFEGRICESSA|W 2 KTRD
EnskogVlasov H 2R & BUEFT E S IEICOWTHAT 3. 3 ZTIXFHEIRED KBC %
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%1 & P 1.5 AWtFED HIY

-

HARD. FHZxF vy 7= a YJUADORMERED K 5 72 IFEHETE XA DFE 1 D3 EIREED
al v ol BHENG. 4 BTIRTHRRMEE AW CEE R IEFERRERIC BT 2 IERETER
KB KBCICH X 2 EBLHNS. bETEF Yy T —Y a YRIEDKRAHE 2K L 725
HTHREIT 22 VT, JEER D DIE T2 R D IREERE M KUAD KBC 125 2 %%
ZHAND. 6 BIIAMATHEONIAALZ Z D THEmE 3 5.

BB, R SUIRITHR S NZGmIcEI VTN 5.

e [57] K. Ohashi, K. Kobayashi, H. Fujii, and M. Watanabe, Sci Rep 10, 8143
(2020)

e [58] K. Ohashi, K. Kobayashi, H. Fujii, and M. Watanabe, Phys. Fluids 33,
122017 (2021)

e [59] K. Ohashi, K. Kobayashi, H. Fujii, and M. Watanabe, Int. Commun. Heat
Mass Transf. 142, 106622 (2023)
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E2F

Wi E BN IR R

121
N

2.1 BIE

AHITIE Karkheck & Stell 12 X o THRIE S N7 P85 G [51] OME 2B 5.
SR EEN R & d— R O ) B O R 22 [ FE B 2 5Lk 3 % Enskog—Vlasov 23
&, ZOHBERELDEINLEEARBSLANENFEDOZ L TH L. 2 I TRDHE
DB L, BEER e = (r,y,2) D TOREEE € = (§,8y,8) DR DHHZE
il (phase space) Z#& 27zt %12, HEMNDR (x, &) ZHDE L7z/NE W 6 RITOF
dxd§ = dzdydzd§,d&,dE, MIZH 20 FORE 52 5BBTH 5 [60]. ZOHEEHITHED
< Enskog—Vlasov ATERDEH Z fHHICHIAT 5. £ 3 HER—RDREE 75 HBEE DR
EEREEZRTHED Ko EE S MK EZEATZETEINS. ZOHERITRD
S7ODREZRBL [22]. (1) 7 FEDKFN %2R TIHIZ Enskog HERDEH ZRIEZ W5,
ZAROMHEBNCIE AR Y (n) AWV, (i) 2T EO5 %R TEO RO
WS 5. ZCEIK D FHESINEEESOBBE R )5 e idhs. 202D
DIREIZ & D B DR D Enskog—Vlasov AN EPN L. Z L THETZRD O ZHT
FADIIEDTHH TS [52, 54].

Z @ Enskog—Vlasov 7RI 123 Sutherland K7 > ¥ ¥y V" THEEHT 2 Z %
EE L TW5. Boltzmann R & 72 E G 2 H XD Lo o0 fREIC LD
S MHZW|S 2N TE 3. MD EE FIRICESE - Bfi e Wo tHOZE L Z|S Z &
HDATRER T2 D BT RICEBWT KBC OMENCHW O N T X/, X 2.1 13785 - BHRIRE
ERINRIRX—=%aV(=aY =a)) 12T Enskog-Vlasov SRR OEEFTHEIETH %
EVDSMC {#iZ & 24853 [27] £ 12-6 Lennard-Jones R 7 ¥ > ¥ MIZE-S5 < MD I &
% Ar 3T OFER [20) ZHHE L7232 DTH 3. o FROIFFHEOESVICHED ST, K



5 2 B EN G 2.2 Enskog—Vlasov ST\

12 T T T
B EVDSMC (Kon (2017))
N @ Argon MD (Ishiyama et al.(2004)) | |
0 3 i
() ‘ | [ B :
. o " Nmg l
o8 e E
SO I T S °
d .
oal
S —
0 | | |
0.55 0.6 0.65 0.7 0.75
Ty /TS

Figure 2.1 Parameter representing the evaporation and condensation coefficient
as a function of the reduced liquid temperature, aV(TL / Tc‘fi). oV obtained by
EVDSMC and Argon MD method is compared. The a" obtained by two different
methods takes a similar value, exhibiting nearly unity at lower liquid temperature
and a lower value in increasing the liquid temperature. The EVDSMC result
agrees with the Argon MD result. From this result, EVDSMC is a reliable

molecular simulation for obtaining the evaporation and condensation coefficients.

FHRE Tr, DADBEETH % Z &5 Ishiyama 5 & Kon I X o TREINTWS. Lizdo
T, FHEIREOMHETH 2 oV (=a) =a)) LWVWIS Ve DDNRTA—XTRT LM TE
5. &Y, BHEEAERLH FRET VY vy VOEWIZH»b o THEICEZ oV &
HWEZE D T /TY, O ERE 2 HIETLTWS. 2k D Enskog—Vlasov /72

I 72 /T BRI HIZRFE - BRI E IS T 2 DICEHETE 2 TIETH L EZAHND.

2.2 Enskog—-Vlasov A%

AT EE RIS D { Enskog—Vlasov FRERUICOWTHHT 5. AT
BZoHEXEHWS. QL IFEHERAED RO S DIZOWTEHHT 5.

% 3" Enskog—Vlasov FERIE 7 T DM E MBI fi(x, &, t) DE(LETRT 2 HFER
THb. 2O fi(x, € t) ERREZEMTHES T 22212k D, Boltzmann SN EFHL

22



5 2 B EN G 2.2 Enskog—Vlasov ST\

EOWEE, #E, BELVWoLERELZRS Z M TE 5. EnskogVlasov 2T
BWTH ,jrl—Jj: IXD Sutherland K7 > ¥ VCHEMEHT 2 Z e 2 ELTWS

w”:{+m = (2.1)
() eaen |

ZZTERY iy = (VV, VG, GV,GG) 3&K DM (VV), JEEMtESETFHE (GG)
Z L TERS FeIFRmESAES T (VG,GV) OMEERZRT. oV 35 TOE
Z, r=|x; — x| I THEHOEH, ¢V & r = 07 TORT VI VHFOHEX, v
FEI I OEFHZRD 2 EMTAMATIE Yy =6 ITHETD. =6 R/ETDHILT
12-6 Lennard—Jones K7 > ¥ ¥ )L L [A UHBEZEE & 7% 5 [54].

Z L TRITRT DIFZESIREHEME SR i 77 R D Enskog—Vlasov A1 TH 5.

Vv 1% 17a% VG 1%

%+€68ch + (FTTLV +F77’LV ) 8(;; :CE(fvva)+CE(fV7fG)7 (228’)
G G GG GV G

%ﬂf o, (fm + f;nc ) | aa{s = Cu(f9, f9) + Co(f% ),  (2.2)

ZITFY = (FJ,FJ,F7) 3510 L IR0 FRO5 N 23BN R THTS 5.
FiI 3 EEMEROBE L 5.

y dy ) —x
Y = J t)day. 2.3
/r>0ij dz |z, —:c]n (@1, t)das (2:3)

FHCZEHHNIC—RTTD & ERA L 72 5.

ngj — 271'@25” (Uz‘j)v/ (Il - m)nj(xl,t) day +/ (331 _ x)nj(xl,t)dxl
|z—xz1|>0% |$ - ‘T'Ul|’y |lz—z1|<o?
(2.4)
Cg & Enskog HTERDEZUH T T O/ & 23RE MM fi(x, &, t) DE{LE
L5, Cp BEEKIIZXOLE Y 5 [60].

ostr = [T [T (e GR) | P otk o @ e

y {n (:z: - %k)} Fi( — o'k €1, 1)z, m)} H(Er k) (& - B)A2dEr, e, s,
(2.5)

2T k3R L T 3 5700 H FOHRDERERGICH S BT~ F L, Y (n) 1& 4k
*ﬁﬁﬁ%ﬁﬁ (pair correlation function), H % Heaviside DFEEXBEIRL, &, = & — € 13fE2E
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5 2 B VI E B R 2.3 77 EDEH;

§ % 7 F DR TEZEE D DT OEEIIRD —FEEONTEZA 6N % !

& =&+ (& Rk (2:60)

& =6~ (& Rk (2.6b)

o 2 (2.6¢)
mt +mJ

PUEDR =5 %D Enskog—Vlasov SR TH 5.

23 SEDEH

SR [51] ICREED B A RDENOEHESEC L T KD ROESOEHEITS.
X (2.2) 12 € ZAY, DEEEMTHEST 2 L ROEHHTRANEHNS.

omYnVoV) o

o + a_w[m nV(vV)2+PV(k) +PVV(C) —|—PVG(C) _|_PVV(t) +PVG(t)] — O,
(2.7a)
G, GG
W+ai[mGnG(,UGy_i_PG(k)_i_PGG(c)+PGV(c)+PGG(t)+PVG(t)] —0,
x
(2.7b)

22T PR 3 FHEENC X 267 > Y LT Boltzmann FERICE 23D LRI TH
%. PO ZEHEEICXZIENT YAV THY, PIO ZEHEICE 367> Y LT
H5. ZNSDOEMENLRICOWTIISH [b1] Wil EhTnwad., cnsibhrr v
IR DERIE Maxwell 7310

: n E+&+¢8
jMB:@ﬁ@ﬁﬁﬁmp("TEﬁT_ (28)

ZRAT 2 ROIEDFESTI22 T B3R Bl ICX D 7o TWwa. #rik Maxwell 77
MERAT2ERZES.

P = gﬂnzna(gw)i’rkBTyU, (2.9b)
p(t) = _gﬂ-nznj (0'”)3—7 i BQZW. (2.9¢)
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5 2 B VI E B R 2.4 RFwxX BT % IEBEREIE A T DECD

EEEIAA LS.

p=pV ) 4 pCH) L pVV(e) L )VG(e) | VY () 4 VG() | GV(e) 4 pGG(e) 4 GV(D) | pGa(D)

= (nY +nkT

W[(UVV)S(HV)2YVV 4 (UVG)SnVnGYVG]kBT

_|_

W[(JGG)?’(TLG)QYGG + (an)gnGnVYGV]kBT

_|_
DN WM W N W N
3

2 3 [(UVV)3(nV)2¢VV + (JVG)BnVnG¢VG]

3
2
= |

[(O_GG)S(nG)2¢GG + (OGV)3TLG77JV(,/)GV].

w

w
2

BTN T 28T DEG %2 E Z 5 & 7KK L IFERMTESARICSN T 2RO TEPERT
=5,
pV _ pV(k) +pVV(C) _|_pVG(C) +pVV(t) +pVG(t), (211&)

pG — pG(k) +pGV(c) _|_pGG(c) +pGV(t) _|_pGG(t). (2.11b)

2.4 AEEXICHTBIEFEIETUADTFDED HKLY

ZZTo9 =0, m"=mC=m&33. DOEVHNTERLDTOERERAKDTLIE
BHAESA T FTELL T 5. ZOREFIFCF—279F (mechanically identical
molecules) & MHIA [39, 40, 49], FEEHEMESET T OZFE - gz Z 2RV Wn5 %
BOAIEBHTEIENTES. FRAEKD T L IREMERAD FOEZRZFE T <D
WS ZenTE, HENELGTHL VSR D 2. FHGEFHBRICEVTIDR
E% W3 &, Carnahan ¥ Starling & & » TIRE XN TW B HIKER T DIRREF R
WH%iﬁﬁ%tﬁﬁm%m%:tﬁ@%Y“:YWﬁ:%ﬁﬁ%Z&%BM.::T
n=mnnY +n%o3/6 TH3. ZDY(n) ZAVS LR (2.10) iZXXr %23,

(0 + 0 {1+ oY +n®)Y ()] kT

2 7 o3V +n)2[(V )26V + 2V (1 — )6V C + (1 — ¥)245C]. (2.12)

zZTc =0V /(Y +nC) RV, 2RSSR [54] IRENBZR e —HLTED,
van der Waals BUDIREE A TH 5.

25
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B2 B P EE) 25 NFMETF VS ¥y VOHRE

(a) (b) (c)
05 | 1 05¢ 1 05t
i ot 8 ot
= N $C¢ = 0.1kpTY,
-05 PVC =V =0.364kpTY] 057
-1 4 1+
dVV = 1.325kpTY,
1'5 L L L L L 15 L L L L L 15 L L L L L
0 05 1 15 2 25 3 0 05 1 15 2 25 3 0 05 1 15 2 25 3
r/o r/o r/o

Figure 2.2 Interaction potential of molecules: (a) vapor molecule-vapor
molecule; (b) vapor molecule-non-condensable gas molecule; and (c) non-
condensable gas molecule-non-condensable gas molecule. 1% is normalized by
ksTY:, pii = " /(K BTC‘Q). These settings enable vapor molecules to condense,

and non-condensable gas molecules not to condense.

25 ABFRARTUIvILDHRE

DFRIET > v D ¢ 12T ¢V = 1.325kpTY;, ¢VC = ¢GV = /Y VGG =
0.364kpT),, B ¢9C =0.1kpTY, £ T3. ZOXIRFET 5 Z & TEKD FIFE
FE - BEHEL, JRRMEMTESAT FIRIEEA LS - BRI SRV PR TEs. X
B, ¢V = ¢V = \/pVV$GG 1Z Lorentz Berthelot AlC & D7z, = 2T TV, 137
KOBFIEE TR (2.10) KBV T " =1 (0% =0) L BVEESHKTORD HRD 5
ZEDTERERD [22). .

4

TV, = 0.0943297—_73%. (2.13)
22 XN TFRIAET > v L BTT. K 2.2(a) 3ELH T, 2.2(b) 3ELKH T LIk
BTSRRI, X 2.2(c) BIREEE XA D FRD D FRART v v L EZRLTWS.
BEb, BT TFHENIRT V2 v AR BOG [ 03E < 23, FREHaME SR FRER T
YA HREL, AFECELNEZOTHITHS. IS DFEIIED T - IEEHEMES
TR - BT 5, LI LEVEVS ZNEPNONEERMT 2D EZ 5
ns.
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5 2 B VI E B R 2.6 BUEFH R T

2.6 BEFERE

ARHITIX 2.2 HiCTHAA L 72 Enskog—Vlasov R % i# 720 O BEFT B 75 % 5 ib
T 5. RS TIXEMERTH /575 2 LT Enskog—Vlasov € ¥ 7 4L v E#E (Enskog—
Vlasov direct simulation Monte Carlo method, EVDSMC %) [22, 53-56] ZH\ 5. Z
D J7i%E Boltzmann TR Z R 0 DE Y T A nELE (direct simulation Monte
Carlo method, DSMC %) [62-66] DLk & LT Frezzotti 51T & o TIRE S M.

EVDSMC #1255\, DSMC i & A H#HE MBI N o4 > T+ it
Blxn s, ZAFIBEFNIERD X 512 Dirac D7 VBB OERQAEOETRHINS.

fim,&t) = 1N2ﬁm—a J6[€ — &i(1)], (2.14)

T & &ERBENEFNIBHOY Y NG FOMNEERETH L. 72 W ITEED
TFREY Y IV FRZBEEDSIT 2HA (weighting factor) TH 2 [65]. Z2LTID
HEDHBEEICOWT t 205 t + At DE{LERD 572912, DSMC i & FIFRIRD 572
DOFEZEL. b5 (1) $ > InToBE), IO (i) > IAnTFoOEETH 5.
NS DDEEEBRED BT Z LI X > THESHEBOREFEEZRD 2 Z 25
T% 5. EVDSMC {EIZBWTIE DSMC L A, MgE2 280 icyE8 LTz
DENZEENZ T IR TORMEEIrSEMRERS . 728, EVDSMC iEIZEW
TELDOREFIRHFEEIVNEL S, ZHIER (2.5) 1T & D #EES BB FIE
RIEEOZEMZE N ZER L TVWE I IZL5.

(SN

26.1 () Y TILDFOWBE

B INADFOBINZOWTIERORUITHES .

FZ(A)

@it + At = @i(0) + £, 3

(2.15a)

Ei(t+ At) = &(t) + EAt (2.15Db)

ST F'=F'"4+ FiITH5.

27



5 2 B VI E B R 2.6 BUEFH R T

262 (i) 4V TILDFOERE

RIZH ¥ TIN5 T DEZLT DN T Enskog HFERDEZIEE b &1 L -HERNERIEE
15 [53]. 2TORTEEZEIEZ L O(N?) OFHH I X M 23505 DT ZHUTEET 720,
ZIZTETROERKOE R Z RED D, HERICHEDXFERIEHE RS 20 FONZIRET
5. ZOHERZON) OFtEa X+ Tdh b, DSMC HEIZB 2 mAEZZBEEIIMIG L T
W53, &E, NFNCHE—DODFOIREIC X b &R T IEEEESA D T2 X35 2
CRAEREIEDZ N TES.

Boltzmann FFEROEZUE L Bz D, Enskog FREROEEIEIIH 2 KE XD FERE
PWESHBERICER L TWS. LEDoT, ZRZFNDELILTHIIZ D TEENEZ %
DTS, BRolvMZEENI D FRLIERET 22 dEZ L. £ 2 CHARMH
Hiz Y DREERD T FELORKEZE FEE)

N
N, = Z ora? A C, (2.16)
i=1

EZ%5. TCCN=NV4+NCTH3. £/ A ¢ C 3R&H=T.
o~ ~
A, < A. )
mﬁf@(m1 2kﬂ_,A Vk € Sim, Vi, (2.17a)
|Emy —&| <G V(m,j), (2.17b)

ZIT g EmBEHORNLOREE, Siw 1E @ — ok € Cp Tz 322, Cn 3t
JLm OZEREEERT. EBIE A OV TIRiIESFTROFT—FRZ V0, &,
CLITOVWTEEZ TV AMBICH L TREWE (BIZIE C = 64/2RTY,) 22TOH¥
TAGFICED Y TR N, =2rNo?AC; L R Dt ENESTH 5.

RICEBZH Y I T ik 2fEsE3FIEEZRT. b = 2714,C;/N, DERTY
VINGFARER. BRBETODTFIREAL A & C, TRV L EEE (pp=1/N) &
k5. EEHFOY Y AT ) B3R WTERS 2 k2536l ¢ = o — ok
EEEL MDD 1/Ny OERTIER. 22T Ny XL mIZHEY Y TINTTOHT
HZDT, Bl mhOFEHERTYH Y IAGT ) ZBIZLZEKRLTWS.

M\ > T (i, ) BiBERE, FEERICHEZRE T 2RI

~

Y [ (@i - $k) | (& R)H(E - k)

op(k) = e (2.18)
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THEZHNE. ZITO< ¢p(k) <1 THZDTHEI U » ¢,(k) X /M iFhiz,
B INGTFR () BEREES. TROBR (2.6) I THELZEHT 5.

2.6.3 BHREDHE
D ED#EIEICED fEFens, BEREEZS YT LT 3.

o L)L m D i T DEEE

LT s

w oo pdoo ptoo N
S aya > e (O ~ 6 (OEde .
W Ny
Vm i€V
_ WNL(®) (2.19)
Vin

ZZT VL m OEETH 3.
o L)L m D i T DEFHE

/ /- +oo /| m J " eV, de,de.av

n

m ()0,

(2.20)

V_
W +oo 400 ptoo N
V_/ / / / 52533—% )16[€ — &i(t)]dE,dEydE.dVin
= Vﬁ Z &(t)
M eV
F 72 E I (2.19) ZHOWTRA & 3.
= > &/Na(t) (2.21)

i€V
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70 = i | m / m / - / € - v fide de, eV

e [T e i,
1
:

= e S G+ E+E - () - (0 — ()]
€42~ (1) - (o)) — (u1)7) (222)

ZITE=E+E+2r ()2 =)+ ()2 + (v)? RV,

DU ASEORE, SR R, REDY Y TAHETHS. 20O PRER:
Y OF ¥ T AR [67) IR I ATV B, 7 BUEF LTI TR R TS %
WD L. FTRAEERROBEAT IR C IR LTWS. =2 TR
EVDSMC H:0fih, $abbY Y FARTOBE, @76 L CEHRROY Y 7L e o
- HORNER 2.3 D70 —F ¥ — MRT.

2.6.4 DEEDRIE

M ED#EEIZOWT Enskog-Vlasov TR ¢ OBz idN5. £F, (i) ¥ Irn+
OBBIRAC & > CTHEDEEN IR [ 2195 2 LY T 5.

of
ot

of _F o
ox  mt 0&

+£

0. (2.23)

[iBBEeNS (i) ¥ > AN FOEIIC X bR At ROEESHEBIZRD & 5125E
3%,
fl@, &t + At) = f'(x,&,1) + [Ca(f', [') + Cr(f', [))]AtL. (2.24)

M EDFNEZY > PN T OBE  EHENDEECTE 52 Z 2 ITEIWTWE., ZNE D
JFHE X WS [63].
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Figure 2.3 Flowchart of EVDSMC method. {5 denotes the end time of the simulation.
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3.1 #¥8

ARETEKURTEHREBIC B W TIRBHRIE KA D TR0 T DS - BRI 5 2 %
WERHNS. I TRIRTHERIRAE L X, K - D 5 7% 2 R R BRI B TR
IELTBHIRED —HFRRETHZ. EIELTWEDTKBC ZiEHT 2 BDEDRNRE
D, ¥Ial—varyPRHTHY, FATHED MD I X 54G6R [43] L IR TE 2.

JICEEIREEIC B W TIE, ROEFIEL TV 2 O TIEROEERELSEN (mVnV o) =
0). Thbbt JV, =JY, TH3. X3.1(a) FLANCHAME, GRENCAER L IEEHHNE <A D
BEEXEEHEAMTRLTWS. 22T, 0 KBC s MBTHZ. ZDL LM
FE D5 FOERMAIM 3.1(b) TR & 512, S O—EE LT JL,, 25, Jo, ®—
e LT JY  HFIET 3.

IEBHEES A D T2, ZOOOEBRRBLO NS OEREIR X D EHHE XN 2 & H R
B BERIRENC S5 2 2B R R T 5. ROFTOIEEHEER D TORDZ VIRE, Tk
DEREE - BIEICR2RELTERANS. ZOREEFvET— a VRAEOFEO R
FEEPET & 2 KU T I L 7z & Z O KGENE O KR OIRBBITHIE L Tnd e & Z 5
ns.
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Figure 3.1 (a) Schematic of the liquid phase and the vapor-gas mixture, and (b)
Schematic of molecular mass fluxes across the vapor/gas-liquid interface  under
the equilibrium state. Under the equilibrium state, JY,, = JY,, which indicates

14
Jevap = Jcond-

Tr, = 0.633TY, WZIERITEF 3 [68]. KAHIFAR L IEEMMESIA» SRR XN 2. FEEHE
HRARORIGEE S — AR 31 DL I EZ 5. KAEAOIEEFEEKADRIZET
T IE B SR DIBIRT 2. ROWMN v = £300 AR RSAE 2T,

COREFRDEIWCHERT S, $3KR31LWCRT N HoERKY Y LTk
[—100, +100] ICELE L T2 /E 2. KiCZ oo fEBIc N 8o JERRE LAY
VIR FERIBT 5. WROWBEZHIE L 226 [68], T 7RRHARE L7205 I
R 2 5. BE TV (v) =TC%(2) = Ty, 2 #E )Y (z) = 08 (z) = 0 DFHEIRE L 725
Tl MR L OERBEY Y 7T 5. REFETIZ 4000 B4 > 70 U EHE % KR
LT, ERBERABEICNNT 5 1LY b 0BG > TG FEIE Ny = 500, %
A& Az = 0.20, B XCRREZIAZ At = 0.00050//2RTY, & L7,

cri

!
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Figure 3.2 Schematic of the present simulation system, whose length is 600.
The system is symmetric to the origin. The liquid film is set at the center of
the system. The vapor-gas mixture surrounds this film. The system is in an
equilibrium state specified at the temperature 7% = 0.6337.%;. The periodic

boundary conditions are imposed at x = £300.

Table 3.1 Simulation cases. NV is the total number of sample vapor molecules in
the system, and N¢ is the total number of sample non-condensable gas molecules
in the system.

Case no. NV NC

1 125,000 6,250

2 125,000 16,250
3 125,000 31,250
4 125,000 62,500
5 125,000 125,000
6 125,000 156,250
7 125,000 187,500
8 125,000 250,000

33 HBHRCER
331 BERES

FTEMBOMRZ RS, JEEMMIEIZOWT Henry ORI Z 072 3 22 RS

%. X 3.3(a) EEKLT DERITTHEE nV (2)o 2R T. MELBEXZ v/ = -7.5
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Figure 3.3 Number density profiles of each simulation case: (a) vapor compo-

nent, n"'¢%; and (b) non-condensable gas component, n€s®. In (a), the lig-

uid phase composed of vapor molecules locates between about z/o = - 7.5
and z/o = 7.5. In (b), The non-condensable gas number density increases
in the vapor-gas mixture phase, corresponding to the number of sample non-

condensable gas molecules set in the system.

¥ xfo = +7.5 ORISR I N TWS. X 3.3(b) FIEE M KA DI TTEE L
n%(x)o® BT, BE LRIEEHRESAORISIE U TEMRID nfod BEL B> T3,
¥ {12 Case 5-8 TIXIRKED nV o® ¥ HEATHERIZY nCod DR BoTWB. ZHUFIE
BRI RARDENDRIEF ICEVIREEr ZE X o 5. £R5MHD nCod BEL 221,
D nVod dERoT0nd., ZHUIEEEEREOEWENC L2 b0 EZ LIS,
T 2 CIEBHEM KA Henry OFERIZ 72 LW 2 02 2R 5. AT 0 IEEERE M
KR DERE
cqz—JﬁL— (3.1)
liq nl(.fq + nl‘i/q '
BEAT 5. T ITnf FHICET 2 BAR) OREE, nf GRS T 2 JEEEHREE
SRR DEEETH 5. 1.4 Hi Tl & 512 Henry DIERNC X AUIWAH A D IE Sk
WRIRDRE ¢ BEHMETOIEEEERAD D E p ikl T 2. K 3.4 13 2.3 LD
L 7 FEBEIE SR D IARTE N % p° = p9o® [ (kpTyy;) % WA O IEEHRETE AR of
TEELLLDOTH L. MNPORSIFIEEMEEREOTEEZRL, ELORFIET — X
FESERT. WS Henry OEAl, D% b p¢ ¥ of OLFIBFERLTVS. K&D
Cfiy < 0.002 H7= D % T Henry OIERIASiZ- SN TV A5, o > 0.002 LUK Henry
DEHID» BN TN S, BEXRICEMZEKITENE pV* = 0.004 T, Case 8 D&MD IEKE
TSR DEITTENE p¢ = 1.140 TH 2. LEd->TpS/pV* =285ThH3. Zh
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Figure 3.4 Non-dimensional non-condensable gas pressure p& = p©o®/(kpTY;)
as a function of molar fraction of dissolved non-condensable gas molecules clch.
Each number near the symbols denotes each case number. The dotted line shows
the eye guide (linear relation of Henry’ s law). When approximately ch < 0.002,
p¢ follows Henry' s law. After that p¢ deviates from Henry’ s law; we cannot
regard the non-condensable gas state as ideal. In this high-pressure condition,

the co-volume effect of the gas is considered to appear.

FROK-ZELRRICEZHZ 2 L ZBRADENDPH 10atm HYTH 2 Z 2 ITHIET 5.
2T, BROFENIEETH 20KDDEINNS W, p&/pV* LRI T =
5. DFREOEWC XD EEN R EEIEE LS, S OIEERETE SR D 7 EDIEH 12
Bl RoTWBZhbhb. Case 58 TIIEMHFD nCo WD nV o3 ¥ LLEEAIHE
RIFE RN, ZERHNIT S ® 590 F OFRENI AT v (BEBRIAEMIR). 207k
SEEHESRE EZ L ZEMTET, of AEL KDL Henry OB SR 0H O
LEZLND.

3.5(a) IZ Case 8 DEMESL Z/RT. MIRRLZOTHIERDOEF 7 ([00,300]) %
RLTWS. K12 10-90 thickness 12X (G (1.14)) Wk v BEo i KHEER &
WA AR DR LTV, BRI DEITTEEE nV o® X D KO AN TER S L
TV Zehbhsd. FRIEEHEESEROEITTEEE n“od X O AEIICEEEDRES
EHRFELTVE I b s, ZDRERMEITESR L IR E» SRS hTn b
73, nCo® O X D TIIERHEIESES EDTNS . R & IEEHENE KA D HEITTHE X
ZEERT VY /V2RTY, =5 /\/2RTY, =0 e #E LT3, E7-K L IERfME Sk

RE
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Figure 3.5 Macroscopic quantities of Case 8: (d) number density, velocity, and
temperature fields; and (b) mean-field forces of vapor and non-condensable gas
molecules. From the velocity and temperature fields, it can be confirmed that

the system reaches the equilibrium state specified at T7..

BEZREERTHICTY =T% =T, = 06337V, L &E LHREEEICZ> TN,
INSDHEE L IE XD RIKKTPEIREL LoTWd Z b s, K 3.5(b) 12V
Bh Bl FY =FYV +FYG v FS = FGC + FESV % kpTY. Jo THEEXITTL L= D
ZRT. I TRMEEFICBNWTHISIREL - TED, ZOMEIRBW TR
I EFRELNRNIEZERLTWS. Lo T, ZODNETI Boltzmann /5%
EHTIC B W CERES MBI N ZE R LR TRV, 2okl (1.8) ¢ X (1.21) T

K22 KBC ZRIMEBL LTHEHLTWSEEZLHNS.

332 PDFOEEMREEKF - RERE

DI 1.3 Hi TR 722 R interphase boundary #£i2 & b 18 5 W =K IS BT 5
DTOERRRYE, Zhb X DEEINIELS T IRBREES IR D + 2 e DT R
B BRatre R~s. 3, %E interphase boundary %I & D 187255 RO E % Hi5S
T3, A¥Ial—yaYRIZEFEREZOTREEICL > THROKEEEED L H
TE5%. ZITRZORBEXTIHIE DR d 5. X 3.61% Case 5 DEXITTE R
B & OEFE - BRI TR OBIRERT. K3.6(a) 13 JY, BXK JY,,, (b)id
JY BEETY  ERETEG L TOCETEZRLTOWS. MED, YA Z k51
DNTENR—EMEICPIR L TN Zebd 5. K 3.6(c) 1& 26 OIFHEEE S /- i
ZorEEMHIC & DK (1.12) TEHE U285 - B e R~ g, 225 - BERE S FE
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Figure 3.6 Molecular mass fluxes and evaporation/condensation coefficients av-
eraged in time (Case 5): (a) outgoing and evaporating vapor molecular mass
fluxes; (b) colliding and condensing vapor molecular mass fluxes; and (c) evapo-
ration/condenation coefficients calculated by the averaged molecular mass fluxes.
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Figure 3.7 Molecular mass fluxes as a function of ch: (a) outgoing, evapo-
rating, and reflecting vapor molecules; (b) colliding, condensing, and reflect-
ing vapor molecules; (c) outgoing, evaporating, and reflecting non-condensable
gas molecules; and (d) colliding, condensing, and reflecting non-condensable gas

molecules.
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Figure 3.8 FEvaporation coefficient, and condensation coefficient of vapor and
non-condensable gas molecules as a function of cgq: (a) evaporation and con-
densation coefficients of vapor molecules; (b) evaporation and condensation co-
efficients of non-condensable gas molecules. The evaporation and condensation
coefficients of vapor molecules decrease with cﬁ;q; the coefficient values approach

close to zero.
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Figure 3.9 (a) Evaporating and condensing molecular mass fluxes as the function
of Nﬁg ; and (b) schematic of J(X,ap and Jc‘fmd. Due to the collision of molecules
between the liquid and mixture gas boundaries, the backscattering for Je‘f,ap and

A4 .
Jeong 1NCrEases.
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TRINDIEBKIHEMEDEHARETH 2 Z e 2R L TWS., Zhd F/z MD EIC K
BihH [43] LA CHAITH 5.
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Figure 3.10 Molecular velocity distribution function normalized to unity at the
gas-mixture boundary (the position to impose KBC): (a) vapor of Case 1; (b) non-
condensable gas of Case 1; (c) vapor of Case 8; and (d) non-condensable gas of
Case 8.
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Figure 3.11 Non-dimensional number of reflecting molecules at the interface:
(a) definition of reflect position of reflecting molecules between mixture gas
and liquid boundaries; (b) non-dimensional number of reflecting molecules in
Case 1; (c) non-dimensional number of reflecting molecules in Case 8; (d) non-
dimensional stall time of reflecting for vapor and non-condensable gas molecules
in Case 1; (e) non-dimensional stall time of reflecting vapor and non-condensable

gas molecules in Case 8.
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Figure 4.1 Schematic of the two-surface problem.
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Figure 4.2 Present simulation system. A high-temperature liquid film is at the
center, a low-temperature liquid film is on each side of the system, and vapor
flows from the former to the latter. The system contains non-condensable gas
molecules, and periodic boundary conditions are assumed on both sides of the
System.
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Table 4.1 Simulation cases. Tfigh JTY, and T;° /T, are the reduced tempera-

tures of the high- and low-temperature liquid films, respectively; NV is the total

number of sample vapor molecules in the system, and N¢ is the total number of

sample non-condensable gas molecules in the system.

Case no. T}&"/TV. Tlov/TV. NV N¢
1 0.60 0.60 2,500,000 0
2 0.60 0.60 2,500,000 5,000
3 0.60 0.60 2,500,000 15,000
4 0.60 0.60 2,500,000 25,000
) 0.60 0.60 2,500,000 50,000
6 0.60 0.60 2,500,000 100,000
7 0.60 0.60 2,500,000 150,000
8 0.60 0.60 2,500,000 250,000
9 0.64 0.60 2,500,000 0
10 0.64 0.60 2,500,000 5,000
11 0.64 0.60 2,500,000 15,000
12 0.64 0.60 2,500,000 25,000
13 0.64 0.60 2,500,000 50,000
14 0.64 0.60 2,500,000 100,000
15 0.64 0.60 2,500,000 150,000
16 0.64 0.60 2,500,000 250,000
17 0.68 0.60 2,500,000 0
18 0.68 0.60 2,500,000 5,000
19 0.68 0.60 2,500,000 15,000
20 0.68 0.60 2,500,000 25,000
21 0.68 0.60 2,500,000 50,000
22 0.68 0.60 2,500,000 100,000
23 0.68 0.60 2,500,000 150,000
24 0.68 0.60 2,500,000 250,000
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Table 4.2 Vapor—gas/liquid coexistence data of Cases 1-8 (equilibrium simulations).

Case no. nl‘{qa3 NYop0” nﬁ;qcr?’ ngasa?’ o Z NV/]e XVCo
1 0.791  0.00497 0.00000 0.00000 1.00 0.96 45.3 -
2 0.792 0.00498 0.00000 0.00072 0.87 0.97 45.2 310.6
3 0.791  0.00500 0.00001 0.00211 0.70 0.97 45.1 106.5
4 0.791 0.00501 0.00002 0.00355 0.59 0.98 45.0 63.4
) 0.792 0.00506 0.00003 0.00708 0.42 0.99 44.5 31.8
6 0.792 0.00514 0.00004 0.01420 0.27 1.00 43.8 15.8
7 0.793 0.00522 0.00009 0.02141 0.20 1.01 43.0 10.5
8 0.794 0.00540 0.00016 0.03557 0.13 1.04 41.8 6.3
Gas—mixture boundary
(Positions to impose KBC)
1 ‘ ‘ ‘ ‘
0.8 frommy i _-_-.-_-. ””””””””” 3”7,"""’
b 0.6 *‘-l """""""""""""""" :'\ BERRNSRAAREEERE AR S
e 04 fo b R et S e e 1 e
02 v R ALRRRCTTEPRPPLRY rvill IARMISRERERERELEEREREE & P
0 Y L v ! w L L
-50 -40 -30 -20 -10 0 10 20 30 40 50
x/o

Figure 4.3 Simulation result of Case 17 (pure vapor). The red dotted line rep-

resents the non-dimensional number density distribution in the overall system.
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RS ZEMNTE S, ROBMHLDT, DIETIEGY7OEBOEHRESZRT.

M 4.4 \CEMRESZRT. BHERIHIFZAK (Case 17), ROFEMEIZAK (Case 21) T

50



54 B RS 4.3 fEREER

(a) Vapor/gas density fields (b) Temperature fields
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Figure 4.4 Flow-field macroscopic quantities. The red and blue solid lines rep-

resent the Case 21 (gas mixture) vapor and non-condensable gas components, re-

spectively: (a) non-dimensional number density fields (vapor/gas region), n" o

and n®c?; (b) non-dimensional temperature fields, TV /T.r; and T /T.;; (c) non-
dimensional velocity fields, vy /\/2RTY, and v§ //2RT);; (d) non-dimensional
mass flux fields, n¥ vy ¢ /\/2RTY; and n“vSa®/\/2RTY..

H ORI IEEMEIELAR (Case 21) TH S, M 4.4(a) IZFEEHERLTOVS, MKEER
& SIS IRIE D & IR A2 o TEEME T LR L TWa. —75, JEERMMEAX
RIFEEII LUEfFESh T3, UL, SiEE? SERRECE? 5 BRIk > T
JEEHRIES A TR I TNWBE 2 Z/RLTWS. ZOHEANX Boltzmann /2% H
W LETORIC S R s (39, 71, 72].

X 4.4(b) WCIRES RS, MMAKOSLE, SR & KIREE I A D o TR ED
FERLTVWS. Zhd 4.1 HiTIlRR MBI A OHS OMRE AN TH 5. IEE
MR E IR L 72358, WREDOARATE > TWa. ZHUIIEEMREIESAS FIc k-
THETOESE - BV o LMREEZONS.

X 4.4(c) & (d) Iz ZURES L BRIREG 2R T, BRSO EITHRELK DS
BICHARTIEE RS Z S ARG E KT LTV, 2O Boltzmann X%
FAWLETORZE =8 LT W3 [39, 71, 72]. T EERIIT KRR O AHIC 2R
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Figure 4.5 VDF normal to the interface at x = 25.10 in Case 17 (pure-vapor,
largest temperature difference). The VDF was averaged by 20 samples. The error
bar indicates the standard deviation. The VDF deviates from the Maxwellian

specified with the temperature at that position without the velocity.
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Figure 4.6 Knudsen number for all simulations as functions of average non-
condensable gas number density in gas phase, nS,.. When the average non-
condensable number density increased, the Knudsen number decreased due to
the decrease in the mean free path in the gas region.
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Figure 4.7 Vapor mass flux for all simulations as functions of average non-
condensable number density in gas phase, n%.. It can be confirmed that
the liquid temperature difference causes the mass flux as a result of evapora-
tion/condensation in the gas phase, and the presence of non-condensable gas

molecules decreases the mass flux.
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Figure 4.8 Temperature gradient for all simulations as functions of average non-
condensable gas number density in gas phase, n& .. For small nS .02, ie., large
Knudsen number cases, an inverted temperature gradient was observed in the gas
phase. However, when n$,.0® exceeded approximately 0.01, the temperature gra-
dient became normal because the evaporation and condensation were weakened

by the presence of non-condensable molecules.

AG/VE I RO TEREINS.

RIV* Z o (1, = T, T = 0,607, (49

cri’

T T ny * FRIEEERIE SR DRV IREE T ORI SRR E 2 £ 5. K 4.9 1Tt
MAESEEE nV o® v a9V oBfRERT. 20 nV*0® IR (L.11) KREh s JV:
DEHICHETHS. LD, nV*e3 13 al/V* 12 L THEMIZEML TBE Y XOR%
UTIIDDBIENTES.

nV*o% = 0.00005912°/V* 4+ 0.00497, R? = 0.999, (4.9)

ZIZT RPIFIRERITH 5. FIRIZESIE E O SEIMNIIE B U5 7 DI D 1A g
WEkoTrlFRIIhZLEEZONS.

B 4.10 ITEFEAIC BT 2 7 FOHEERKROBKK 27", Aid L7z X 5 IO
B TIOV = 0.60TY, WCEE LT, REHOEEE T, = 0.60TY;, 0.64TY, BXU

0.68TY, WCFET 5. T} 8" = 0.60TY, OFHRIERERE JV BI® JY FfiheFAL

HOTHD. —1, Jbu BWRHADAETHS. ZDOXSHRIRRT JY,,, Jo, BEU
JY q BRTWL.

95



54 B ZRERE 4.3 R HE

0.0054

0.0053
”b 0.0052
*

>§ 0.0051

0.005 |-

00049 — i i
o 1 2 3 4 5 6 7 8

Figure 4.9 Non-dimensional saturated vapor number density, n"*o?.
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Figure 4.10 Schematic relationship between vapor flow and molecular mass
fluxes, JY. 1, JY 4, and Je‘f,ap
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Figure 4.11 Molecular mass fluxes at condensing interface (T}°% = 0.607T.;

and evaporation, o), and condensation, o) coefficients organlzed by eV

un-
der non-equilibrium (mcludmg equilibrium) conditions: (a) JYi and Jiap; (b)
JYw and JY 4; (c) @f; and (d) o). The evaporation and condensation coeffi-
cients decrease with the non-condensable gas content at the condensing interface
regardless of the non-equilibrium degree represented by the liquid temperature

difference.
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Figure 4.12 Reflecting position distribution of vapor molecules at the condensing

liquid interface (TE’W = O.60Tc‘fi) inside the gas mixture and liquid boundaries in

Case 1 (pure vapor, equilibrium state).
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Figure 4.13 Reflecting position distribution of vapor molecules at the condensing
liquid interface (T;°Y = 0.607.%;) inside the gas mixture and liquid boundaries

in Case 24 (vapor—gas mixture, non-equilibrium state). The inset shows the

non-condensable gas concentration profile.
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Figure 4.14 Total number of non-condensable gas molecules, ngg, between lig-

uid and gas-mixture boundaries as a function of n%/V*.
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Figure 4.15 Evaporation and condensation coeﬂicients at the high temperature
liquid interface as functions of A%/V*: (a) oY normalized by oY p at Tzigh =
O.GOTC‘;, 0.64Tc‘fi, and 0.68Tcri, where ae,p is the evaporation coefficient in the
pure-vapor case; and (b) aY normalized by aXp at Ti‘igh = 0.607.;, 0.64T..,
and 0.687.Y;, where o) p is the condensation coefficient in the pure-vapor case.
Depending on each liquid temperature, both coefficients decreased linearly with

increased n°/V*.
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Figure 4.16 Evaporation and condensation coefficients in each equilibrium state
specified at Tr, = 0.607.Y;, Tt = 0.64T.;, and T = 0.687,%;. These coefficients

can be represented by the parameter o¥ (= a) = o).
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Figure 4.17 (a) Density fields, (b) velocity fields, and (c) temperature fields ob-
tained from Boltzmann equation (DSMC method) and Enskog—Vlasov equation
(EVDSMC method). The results of the Boltzmann equation well agreed with

those of the Enskog—Vlasov equation.
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Figure 5.1 Schematic of collapsing vapor—gas bubble and moving liquid film in

vapor—gas mixture system.
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Figure 5.2 Present simulation system. The liquid film moves toward the z-
direction by the given velocity as the initial condition. The net condensation
occurs in front of the moving liquid film, and the net evaporation occurs behind
the moving liquid film. Periodic boundary conditions are assumed at both ends

of the system.
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Figure 5.3 (a) Center position, X+ and thickness, 8, of the density transition

layer; and (b) liquid boundary, XI%, and gas-mixture boundary, X gib.

FEe FHENRB O EA R e s 2 2 2 THR L 7-.

FARDFIETERTHEN T 2MEDOIFFERZHET 2. WROEENICLD, HIZIXK
5.2 DIRBED MO FHTIEROZEFENIE Z, GHOFH TIEROEHESR X 5. [EKROD
ZRIRVKIERR D B X 2 AR L7 2 H0H] 3 2 % &2 D 5. F 7 IRERMITERIAR D I3
TMEREICHE 2 Z e A THEINS.

V3 a2 b= a IR SRS T O W OWIBEHEE V, (t = 0) ZE X THK 5.1
WWRT 9DDTr —R%E(To/2. ZRENDT — AR LT 4 DDFEEITWERO 7 v+
YTV RRR Uiz, FREREEEICET 5 1Y) o2 BY > a7
Ny = 1500, Z2i%A1E Az = 0.20, B & CREREIZIAE At = 0.00050//2RTY, ¥ L7-.

cri

67



% 5 B FBENRARRE 5.3 MR EH

Table 5.1 Simulation cases. V;(t = 0) is the initial film velocity, NV is the total
number of sample vapor molecules in the system, and N ¢ is the total number of

sample non-condensable gas molecules in the system.

Case no. Vg (t=0)/\/2RTY, NV N¢
1 0.50 858,420 50,000
2 0.50 858,420 150,000
3 0.50 858,420 450,000
4 1.00 858,420 50,000
5 1.00 858,420 150,000
6 1.00 858,420 450,000
7 1.25 858,420 50,000
8 1.25 858,420 150,000
9 1.25 858,420 450,000

522 REBECHICBEHTIEZERTORFDSEE

&I A, BXUEHGS 20 TO78ICE 1.3 Hitb 72X R interphase boundary
FErRHWS., RETEICBWT, ZOHEEBEIT 2 REOFOMIEICEE U2 BEER

et =2 - Xt (5.1)

TITS. 22 TXE) = (X, +X,N)/2THB. X (t) & XT(t) -z zhim e,
FRI O SN ETEE LD (n,, + nhy) /2 KHELWV. X~ (1) & XT(t) 3 —EitH 2=
TLRRT 2. Bkl X (¢) & XT(t) 22HEATHEML T, 2 [BHOFE THEEZE
12T W R interphase boundary #EEEMH T 5. of = X;) = X;" + 30 ZXMEER,
el =X = X - § BMEBFUCERE T 5. 2 2T § WIRHIERE OB o TRYIOG
FICX DI NIREIC L DRD B, F7e2h = X I KBC 2RI MELEZ 5N
. REICTHBRZHFEICEID S I aL—varEfToT.
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Figure 5.4 (a) Moving liquid film from the simulation (Case 5), and (b) film
velocity as a function of time. In (a), the numbers denote the non-dimensional
time. In (b), the dotted line denotes the speed of sound of the gas mixture at

the initial condition.

53 HEREE®R
5.3.1 BfREi5

& 5.4 12l LT Case 5 OMBEOEE %55, X 5.4(a) (IBHT 2 WE OB
ZAZR LTV, BFIIEATREZRT. KX DB EE V,(¢) TR HE DR
B HIBELTWE. BEXIBET 2 L WKOGMOEENFED L, BESH
HOBR 2> TWwWad. ZAUFIERDEMIC K D REGRIOERED? EH L, EKRD
RAECEOVBBREMOREE T LERRZEZEZOoNS. XM 5.4(b) BZREDREE
Ve(t) =dXL/dt ZZRU TV, BHRIFIERE (TV = TC =T, = 0.60TY,) OXHHH
DEH [ (BRTY)/3/+/2RTY, = 0.707 2R LT3, KL IEEHELKATHEIENS
RASEOHNC XD V() BIEF L sl EoME %R > T 3.

5.5(a) & (b) X Zh2hZER L IFEMESAROBITTEES nY 03 ¥ nYo® ZRT.
MEEOEBIC X D, K 5.5(a) OERREICH 2 ZKISTEOESIC X Y EME A, 20
MErEIE DS R DA% & & HICHTT ALY S . F 72 IEBHEE RIS IS B W TEREIBIE
INd. Tho OFENIFRET 2 2K & IEEMEESIED 572 2 K2 BEICS I 2L —
Ya v LTI BV THBE IR TV S [48, 77].

5.6(a) & (b) &2 h 225K & IEEEHE M SR o0 F T I 1 77 1A O 2K T8 E 1
oY /\/2RTY, ¥ vG/\/2RTY, %7R3 . 1D B TR & IR B I & ik 0 3 1%
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(a) Vapor density field
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Figure 5.5 Results of density fields for Case 5: (a) the vapor, n" o®, and (b) the

non-condensable gas, n“o®. The numbers denote the non-dimensional time.

—V,(0) TRI M TES. FHEOREE £ HITHBIIMET LTS, FHIREEL T
X ZDMHADEETH 2. THIFRKR L IFEHHIESAEITIEE L BITBEILTWb I %
RELTVWS.

X 5.7(a) & (b) IFZ 2R L IEFHHIE A DIRTTIRES TV /T, ¥ TC/T), &
Y. REKUEDEMNIC & D BHESE O FT IR SRS W E WS AT S T n
5. ZO%, SIREEDEIGICLAD > TwL.

IS EMRBLORRII D FRMARII (19, 49] THILE LTV S MR AR E 0
JBLTWB eEZ N5, XEATRAMAEIIBNTELNTFOERTROKRZ

NS

532 DFOHEERRCEMRFRER

DT OEERFIIEALE & IEERMEE SO EL T 5729, T3 HRHERE & KK
R ToOIEMESEDEDRHEZ(LZ /RS, ZD%, R interphase boundary 7412
IhEonrTFOERRKROKEZEILE RS, BRI N TV S LT OME IR FE
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(a) Vapor velocity field
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(b) Non-condensable gas velocity field
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Figure 5.6 Results of velocity fields for Case 5: (a) the vapor, vy /\/2RT).,
and (b) the non-condensable gas, vS//2RTY,. The numbers denote the non-

dimensional time.

50/y/2RTY, THEIhTW3. file LT Case 5 DFEREZRT. K 5.8(a) &2l = X
B BT T, /TY, = TV (2 = X{f,t)/TY, s, K& h i akii
B LA H 2 HRARIGEL MR, ©200ICREMET LTV, EROEHEIC X 2 R
TR D RS IREERE I & OO FRE TR Z 2 IEROEFRICED H2ERE T o7
TR EZBND. K 5.8(b) &2t = X 1B 2 AR ERT (T X —X
ARGV = nC(zh = X t) /ny* 2R, K& D 8T X — R OEIZERTTRMH £ = 100 XL
BIZIE—ETH D, —ERDOIFEMIETAPEMAHEICBWTERIN TV Z L 2Rk
LTW3.

X 5.9 139 FOEXTERREELRLTVS., ZALDHEFEEEL{=1TH > LI

NFz. TAUE 2,000 BEORRIR 7 v AICHS T 5. K5.9(a) 1 JY, & JY ., K5.9(b)
12 J¥ ey BRLTWS. R&D =100 UBHEE—ETHS. JY, & JY @b

WA LTWa., E0TFOEEBREIZ0LOBE->TWS. THFIIHNC BV TS,
R, BEOBHET A0 T20ETAIENTERVASLTHS. LA E =100 LR
CDEIRTFIERL, DENARETHLZ I 2R L (kD). L=dio THRF -
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(a) Vapor temperature field
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Figure 5.7 Results of temperature fields for Case 5: (a) the vapor, TV /T.%;, and
(b) the non-condensable gas, T¢ /T.%;. The numbers denote the non-dimensional

time.

BRI EICIE £ = 100 LEOREREZ VS, BRBEIRIBCHER JV 12onT
FEHiS 2 2 L oS L, Y 13 PERREE O TR ¥ IR SR R ICIRE S B
R I 2b—a VFIEEFIRETH O WAHRE & SR O IR SR RN T
R - ZERIANICE(LT 2. 2D JVF OUEICHER IR ¥ SRS T O JEkEE
HXHEOZREZRD 2 Z e L. RETTIIEHERE D A% R LARRBICOWT
X DRICHERT .

X 5.10 1ZX 5.9(a) DERFH 5K (1.12) 12 & D FHE L&KL D T OREREE R L
T3, MXbh, BERFIZFENCELT 2P EEREOMIIIZIE-ETHS. MED
FER KD, BEEREBEIIRAERE 2 REOIFREE SRR EEZ T 50, A I a
L—ayiZBVWTINHIIE—ETH S (X5.8). 20D, EMHEHEMEIZIE—E
KholtEZBLNS.

27— 20EMERER (1.12) ZHVTEHET 2. 20, WHEERELS —E L A%
B2 T TFOEERKREZEET 5. HlZ1E Case 512BWT 100 < ¢ < 200 DR
TL)TY, RE—EeEZ26N3 (K58(a). £IT, ZOMTEMREEEHETS. &
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Figure 5.8 Time history results for Case 5: (a) reduced liquid temperature at
the liquid boundary Tr. /T.Y; = TV (2% = X, ,1)/T%;, and (b) non-condesable gas
content at the gas-mixture boundary n®/V*(zF = ng, t).

TN IR EAERER 52 LM 511 IRT. N—E3FREEELETHE 2R
LTW3.

5.11 DEBWNI KRN BT 2 IEEEE SRR 2C/V v EIRE T /TY, ok
ELTOEMMREZRL TS, BOHOEL DB FEFr —AFESE2RLTWVWS. ROMHE
X 3 ODVRAEIRE O FERREME (X 4.15) 2 HERK L 72283 - BHRRE T ROATRX
5.

oV = A(TL/T) + B(Ty /T + C(Ty JTo) + D!V + B, (5.2)

ZZTA=-5438, B=-0.306, C =5.623, D =0.165, BXU' E = —0.523 TH
5. ABDIEREID, oV =a) =) LV DDRIRX—RIIRTIENTE 3.
K511 KA I 2L —a >y TRLALEmRE QY 3GV v Tp )TV Az L,
Iheofie e dizal P LTV, Xoizal & oV (V> Ty /TY.) Wi
ZWoTW5. ZORBIIREIFHEET 2 X 5 RIFEFERRITBNT D FHEIREBOZEF -
BHEIRE oV DSHEHARER Z BRI L TW5. £, A¥Ial—ya YORMHEED
HIPHCIISCHR [45] TIRIES TV S 28FE - B O MIHIRIRIIHR S e o 7z, KEITIE
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Figure 5.9 Time history results for Case 5: (a) non-dimensional molecular mass
fluxes for the condensation coefficient JY;; and jc‘gnd, and (b) non-dimensional

molecular mass fluxes for the evaporation coefficient Jgﬁap.
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Figure 5.10 Time history results for Case 5: the condensation coefficient.

Boltzmann FRERMBHICE D oV (nC/V* T /TY.) OBEEEFTS. oV (RE/V* Ty /TY)
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Table 5.2 Simulation results of the time-averaged condensation coefficient, com-
pared with values obtained under equilibrium states. The condensation coeffi-
cients obtained in the present simulation agree well with the equilibrium state

values.
Case no. Sampling interval 7a%/V* Ty /TV. ay aV
1 200 < { <400  0.665 0.621 0.834 0.855
2 200 <#<200 1.896 0.617 0.817 0.831
3 100 <1 <200  4.981 0.618 0.759 0.756
4 100 < <200 0.825  0.653 0.768 0.801
5 100 <#<200 2.289 0.650 0.739 0.757
6 100 <£<200 5.718 0.648 0.674 0.646
7 100 < <200 0.858 0.675 0.707 0.760
8 100 <# <200 2.328 0.670 0.672 0.710
9 100 <1 <150  5.522 0.669 0.577 0.587

5.4 Boltzmann AIETNEEATIC & B HREE

AiTIER (1.8) AW TIEEH % Boltzmann HREXMEH 21T 5. MWRICEE Lz
FEfER ol T EVDSMC iEIC &3> I aL—va v BT 2. EX2 T KBC I
af = o =aV AV Ty /TY) #REL o8 = X[ Wi d. Case b ZFtHI -2 L
t=200 FTEYI2aL—YaryoRe T3, FIZEE T = 0.601Y, OFHikGEL
L, = AAOMEE YL LT —0.938/2RTY, 2 —HIC5 2 5. Z OWIHIEE X { = 200 LLAT
DWPREZ I L7 DTH 5. BITOBFGEMEL LT ah = X + 10000 %> 5 8EAl
ELBEE Y o FTOEE % DD Maxwell 2FICHED ¥ > T T% AST 5. IEEHHE
WA DFIconTid 2t = X ek (1.21) TR B IBRE RIS, 5705
REML LT 2k = X + 10000 1CHIHISA £ [ L Maxwell 5715 TH > V57 F % A4t
35.

Boltzmann AR % # < 720, DSMC #EZx2H WA, LD RKE2XIX Az = 40 T
RERI%I %03 At = 0.0010/y/2RTY, & L7=. KBC (2 2 WAHERE 3G 28 L T
Ty, = 0.65TY, IC[EE L7z,

5.12 13 ZZ& K D DSMC B X 2455 % EVDSMC TAIC X 2/ER e L T 5.
DR FIEXR TR Z R L Twd. ROERD EVDSMC B L 2#R, FALERD
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Figure 5.11 Time-averaged condensation coefficients obtained from simulation
results, and equilibrium value surface o¥ (A%/V*, Ty, /TY;) obtained from the pre-
vious chapter. The number near each result represents the case number. These
values are shown in Table 5.2. The condensation coefficients obtained in the

present simulation decrease with the non-condensable gas content at the con-

~G/Vx

densing interface, 1 , and the liquid temperature, Tr,. This trend is the same

as the evaporation and condensation coefficients for the equilibrium state, a".

To verify ", the Boltzmann equation analysis is conducted by applying " to
the KBC at the condensing interface.

7% SR CREATE S DD DSMC RIS X KR TH 5. £z, DSMC IEIC & 2 H5HRIF ST
DDENDEL ML TWS. K& DEEE #ES, RESITXTIZEWT DSMC
FIZEBHERIZ EVDSMC RIS X 2R E2 K CHBHELTWS. Zhi b EVDSMC ki
L BEIRTIIGE S Z e BT ERD o LARBREICHERBEZEHAgETHL 8,
KBC 123 (5.2) TR I N2 FHARAEE 2 BRI RE/R 2 L 23 o Tz

IS DFERICHEDNT, WEIBEIT 2 X 5 RIEEE RIEFERICE W T b R R R
v EHEREC (5.2) TRINZ FHERREMEEARER Z e 2ibme 55, d LR
EG M EMRN AR (Bl ZIBRIEEAERZ ) ko T ntuk, <t iE%z
DT Ial—yaryETOTIKM N TES. THZFHEEEDHE D S A = 4 F] 5
TH2. ILAHMARAKRAEZBEL COEE, EHE, BIXUZXALFOHELZIEL
LR 27D DA F T EROBERAZMICHFE T2 e TE 5.
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5.5 &

25 L IR AR D & 72 2 K 2 EE TR E S 2 IO W T EVDSMC % A
WTEES R 2L —>a v &(To72. ZORIEIERTTIZB W TIERDO BEEIE X, A
TARXIEORRAEZBE L TV, REOREE ¥ HICBEIT 2 K ENE % T
L, MIRMEDBREZ KDz, TS X D IRIREATRICHE W TWR interphase boundary
BEZEA LD TOEERRZ KD, ZOFEIE MD EIZHART EVDSMC #T175 2
EDELTWS., BRERSZBEOY > TN FrR X EHETZIEEEMEOTCHE
GNP THL. ftHIAMOH?»S MDIETIZZOFIELZFETT L2 3 LVEE
Z2o6N3. FEOER, 7 TOEERKD SR IEMREIITEIRED b DL WEE
L olz. ZORR XD PERBEDZIE - EfifrEiz KBC IZflAiAA DSMC EIZ X %
FHENCHEH L7z, 2 DSMC FHEIEIERTT O SHEEENC 31 2 IEFi B TR 2 3k B
FNCHBS 2 X5 &H2FE L. KBC 2 MW/ DSMC &1 EVDSMC &Ik %
FRT XFCHBATEL, ZE D EETRET 2WED & 5 RIFEERRITBWT S Fh
IRREDZRFE - IR HHMRETH 2 Z e b o/, TOME XD, BWHOIERESD
EMRATRBRATHEI»NIL, 2 F Ial—Yaryz2RBEr Il 5Hem oy
MNTES., ZHFEHHEIAMOHEHP O RERFRTHS. FLXEAMZEL COEE -
HEEIE - ALY OlEEE L iib 3 2 200 EARROBREGEOMEICHFS
THZEDHRTE 3.
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T
Vapor density field (a)

200

gb {EL/O'

—— Enskog-Vlasov eq. (EVDSMC) —@—Boltzmann eq. (DSMC)

Figure 5.12 Comparison of time history results between the Enskog—Vlasov
and Boltzmann equations for (a) vapor density fields, (b) vapor velocity fields,
and (c) vapor temperature fields, considering Case 5. The numbers denote the
non-dimensional time. As a result of Boltzmann equation analysis, all macro-
scopic flow fields reproduce the Enskog—Vlasov equation results. This result
confirms that the equilibrium state coefficient can be applied to the unsteady

non-equilibrium gas flow.

78



79

E6E

+=a
Mo

1 BTNz X S IR DZEFE - EHfg e WO BHRIIERFICHRET 27213 TRr, F¥
7 —YaryUaicEB I 2 KO TEMTHICHEI NS, —RIC, R T
WBWTIHH SN 2 BICIEIREEE D HR S ERED M L D 72 D TR NIG D @M 3BT 72 5 .
RFE - BHEZE S SRR E @NT S 51213 Boltzmann AR EHWS. Z O, <K
REIZBNWT KBC 2RI BEDDH 5. BKRHEMT D KBC IZDWTIEZ K DN 7R
X, KBCIZEHENBKF - BRBOMEICOVWTHLMZINTER., Lr2rLFr L
T—¥a YRR EIN D &5 CRIVUGIIERRDIEMIIEEREIER R E B0 ELE
V. ZLTRIEDOFBHRICER SN S & 5 REESE X CIEEE RSB W IR S
KD FOMREBEIC B TEIRIZ DD o TV, Z 2 TR TIE 2 B TR P E
Bz VT

1. 3 ETIRIRRMEME AL & & 72 2 FHPIRRE D &
2. 4 BT HRERE 2 72 5 72 IR T
3. 5 BETIZER TRENS 2 MR 2 W7 JEE 7 IRl

WZDOWTERRTFDZTE - BEfifREe 22 hbEt L.

3EICBVTIH IR O RICB WIS AR EE L K513, BT TDHE
FE  FEREBDMET LT 012DV TWo e, ZAUTE LD IREHETE I X o TRURSR
BT 22850 F OB IECHNTIR D, DT DT - BHERRIMET L2 &
K5,

4 BEIZBVWTRRREMEE LTSN 2 8E e W TER ZIE Rz B L, FEkE
T SA D 23785 - BERIREIC G X 2 B 2T, BUERTEORIR, WIRIRE A T
TESNTIEFEEICRED & F4FE - BRI FHEIIRED S D LA CLEZ N - 72, 725K



=
2

56 B A

TSR D IR EHEME A 7 T O RIS U TREMEET Uz, JEEEREBIC S W T H 25 -
BRI OMEIE PR A CEEHR 722 212 & D, FPERRBDO KR - BHEREe RS
NI RX=& ' (=al =aY) BIFPEFEICEATZ N TELZEEZXT. 22 Ta
% KBC IZHWT Boltzmann FEREN 21T - 72. T OHE, Boltzmann /7T
D B ES X Enskog—Vlasov HEERICE 2D =K L7z, Ik D FEEIREED AT -
EEME PR R JE T 7 TRV D AT I E I AT RE 7R & & D3RS T 2 7.

5 FIZBWTIEEH CTHENT 2 IR X N 5 IEFM DD IR E B 72 BRI B W0
THRIEREOEZAAN. BEFEOME, Z0 K5 2RICTE VT HHREEITEEIR
RIGOWMEZERZ e LY o7z, 22T oV 2RV KBC % B HE ISR L
7z Boltzmann XM 21T - 72, T DGR, Boltzmann SR O EHES I
Enskog—Vlasov iERICE 5D RIFL—HZ L. THCED, 4FLIZRLR LR
WZBWT S FHURRARDZRTE - EEME(RECE AT ISR RTREZR 2 & DSTERR T 2 7.

DLEEX D, FEESEME SR DRE T TR EAHE IR R G2 LT KBC 12
SEHRRE D ZRFE - BRI TIRER Z &, B X UK E T OIS A DT
(B DEL 23 YAREUEIZ NS R Z e DBHL e o T2, T DOFHIRAED KT - Kt
fEREE B 5 b T 8T X — ZIZRE T OIRRMEIE LA T8 2C/V* L tRiaE T, /T,
DR TRDOIATERINS.

oV = ATy /TY.)? + B(Ty, ) TY )GV + C(Ty )T,

cri

)+DﬁG/V*+E,

ZZTA B, C, D, EWZRETHZ. ZOHMRIZAES - BHii%E S Mz @3 2 5
WEHRHT®H 2. »2IEFEHRICER OREZRD 2080372 <, WHZHRIE AT
fix, oV ZHHARAAL KBC Z25ARHICEE L T4 % Boltzmann HFERXTRIIZ, 2
F¥Ialb—a yeRRITOT KB OB RETH L. ZHUFEFTHEIX MO
H2HLRKELRFETHZ. AR AHEEL TCOHER, B8, T LVFEEREEZIEL
ik g 2 72D DA T 2 RSB AR 2 & B0 PR 1%
WKWBWTRRERINTED, RaXOMBRIZZCHFS T2 e TcE 5. FHERED
FREZ Zh o NBHT 2 2 & TRIENER KRR EOMETHOX 5 2 BEB
FUZFE - Bz fE > 2T 2 TE ST ORBICEE ST 2 Z el 5.

AT BT FIENENCFA — 20 T OIREICE DW=, O F b RLR DT L IEEE
HEAEDTOERCEEEPFELIRELE. L LEBOELR ST L IEEMRIESAR D 71X
HRYEREPER->TWS. ELAMETERS 7 FEHEFIFE L. LrLFrE
T—a YEIKEERDD L TR 2GEXE2 V. ZZTKEIZRETFTFTHD 2T
BRT20TbZRTATTH3. SHREIIVHEENRTTOET L, DXV ALY

80



=
2

56 B A

TOERE - -HE, BLUOZFETFDFANOILREZND ANS 28I &> TRMFED X 5 7%
DHENEENS. FEGEHEGR D R 557 FREANDOILRICOWTIXTE C IZHHS
5. FTHEDFRD Enskog—Vlasov HIERD ZHF 77 FANDHLRIE Busuioc & Gibelli
WEoTRBESINT WS [T8]. THHZHD ANLE Z &IZ X o TAIED & b HFEIZEW
REWCHET LRIt 3.

81



82

AT

P BELEFEROBMECRD, AMEEZITICHL > TEHZIIREZIHE,
RIFITT PANA RZ T E o KGRI DEETDH /M I0 X DE#HP L BT
E3E

Y- BEFREr S BHENIRD, HARIANE LTHE, BAREYIZMAEICALET
JHE, AR ZITOMRZ T o AWM DBEIETH 2 ERLAEID X D E#HH L L

DEE
BICLWH, KX DORIEZ G &2 TFE o REMTRAE, MHth—ATn&D
AL LS.

Y ITEHEWMRT NS RZ2HE, ZRFEROBFCIEIMELDOA v —T % T X o)k
HRZFETODEDEHFL LT ET.

LR OHEEEES A, BLIREORNRERIAIDE DEH#BL EFEY. £k
EEBRWT 2EREDRP oD TEH, AREVFEIFEDOERITO & D EHH L
EFxT.

LB LT E 206 REEBETOMGR - BIFEIC CFMR & T 2 THO 72 RS =
E & S~V —DIlNsAEE, RIEEEE, MEHRIV—TR, k4 RKE71—
TR, NP EE, GREXA, VU a— a CEEHEER MR E O BRI
EDREHHL BT ET.

RRIZ, WOBMEXZ T T E2RMEETH2HEDOIFEIOLL D EHHL LT ET.

2023 3 H 23 H
K& [LAER



83

T E SRR D 7 F

TIPS EFHR CTEE SN D 0 FITNIET 2 EBRD T2 XM [79] 25%
WHRETT 5. X3 HIT D Enskog—Vlasov FRERIC X 5 EH [22] 133X (2.10) iZBWT
n® =0 (=1 tBVEXROXTH 3.

p(n,T) =nYkpT[1+ %W0'377,VY(7])] - %W%Us(nv)%ﬁvv. (A.1)
N —
Tk [T IR NB ORI T 5 &, 7 TR T > » MRS % Vlasov
PRI R —RIZ

4 v 3 vy
= A2
3%7_30 1) (A.2)

TRINS.

SEEEI R X D RO = E A R (noble gas) D Vlasov 287 X — & ¥ 53 FEZDE
% Avogadro B Na = 6.022 x 10%® & =& K OWHEEE nyy, = 1000p,,/(NaM) T
ZRENERUCLIAETH 2 §m-2L50°0 YV NG & 0y, 5K [T OREN TS,
T M5 TFET prp(kg/m?) Z=BROWHEETH 5. RINTWVWDS o3ny, D%
FAWTEHE LD FER o OREREZR AL ITRT. o ZEBROD FERZIIWVEEZ & -
TW3., X2, RENTWS Vlasov 287 X —& gw%a%wm DEEFANT V'V %
AELEMEY 2% kpTy CTIESELE ¢V /(kpTe) OEZFE A2ITRT. 22T
Boltzmann E# kg = 1.38 x 1072 2z, 2D ¢VV(J) DHEICOVT HEBRD ST
T ADICTABETHZEZLNS. Hle LTAr 7 FIZDOWVWTR AL R A2
DIEZ W7z Sulterland R 7 > > v )L & 3R [20] THW S 7z 12-6 Lennard-Jones R
TR LR LEZDDOZK AL IRT. K& D IEgEEEEERO Sulterland K7 >
> ¥ LZ 12-6 Lennard-Jones K7 > & ¥ M KL TW 3.
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Table A.1 Molecular diameters for noble fluids derived from mean-field kinetic

theory. M is the molecular weight, p:, is the triple-point density in the liquid

phase, n¢, is the triple-point number density in the liquid phase, and o is the

molecular diameter.

Molecule M pip(kg/m3)  ng(1/m3)  odng, o(m)
Ne 20.18 1249.7  3.729 x 10?8 0.94 2.932 x 10710
Ar 39.95 1416.8 2.136 x 10*®*  0.98 3.580 x 10717
Kr 83.798 2446.6 1.758 x 1028 0.98 3.820 x 1010
Xe 131.293 2966.2 1.361 x 1028 0.98 4.161 x 10710

Table A.2 Sutherland potential well depth for noble fluids derived from mean-

field kinetic theory.

where N4 is Avogadro constant.

4 Ty
3~v—3

TV

cri

well depth of Sutherland potential.

o3¢V N3 is the Vlasov parameter normalized by N3,

is the critical temperature, and ¢""V is the

Molecule  §250°¢"V N3 (Jm?/mol®) TV (K) dVV(J) oV J(kgTY.)
Ne 0.052 444 6.790 x 10~22 1.108
Ar 0.326 150.87 2.338 x 10~2! 1.123
Kr 0.552 209.41 3.260 x 10~2* 1.127
Xe 0.988 289.77 4.515 x 102! 1.128
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100 :
Argon
50 | Sutherland potential ]
= /
2 0t
q \
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Figure A.1 Comparison of the intermolecular potential for Argon between
Sutherland potential (mean-field kinetic theory) and 12-6 Lennard-Jones poten-
tial. The molecular diameter and potential well depth for Sutherland potential
are derived by the mean-field kinetic theory. The derived potential is similar to

12—6 Lennard-Jones potential.
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{382 C
R HHRERE X

DTEREDREL S 2 K57 R D Enskog—Vlasov HIERE R < BRIz, AMEBERED HE
272 %, Z O ZAAMHBEREED SR [80] WCRENT W2 D THIM D DIGE [22] & R L 7.
Z O HAHBERI%UE Grundke-Henderson-Lee-Levesque DAY F % ¥ - T GHLL —1&
GEIES[ESp QAR ¢

% 3" EnskogVlasov SRR OEEIEICBVWTHEK Y (n) 3H5. 20D Y(n) &0 1H
DEZUCEEL TV, ZOM Y (n) IKOWTHAT 2. CHk [60] 1IC& % & Y IXHE
NFO_REEBEBE R e Eh, ROXSWHHEINS. —(KOEESMEK f1 £ D
n WRD XS IWTERSINS.

ni(xy,t) = /_:O /_J:o /_:O fi(z1, &1, )d€q. (C.1)

CHEBEE n ICFE LW (n=n). FRTAROEESMER fo XD AR MBIE L T
FND ng BERTE 3.

na(xy, o, t) = /;OO /J:O /J:O /J:o /J::’ /;OO fo(xy, o, €1, &2, t)dE1dES. (C.2)

1 e Lo #%'Eﬂfh\é e % Nng = TLZ VG%% Z 2753\?’3?5\%&5

lim nz(.flilz,t) = n2, (03)

12 —>00

ZZT T12 = ’CCQ — 581’ TZéZD LAl I e Lo i’giﬁb\t %, {2'3% da:l L:@%ﬁ?&iﬁg
HBdr, TH20TORITHERS 25, LERoTng ZRXDXIITET.

n2<$12,t) :n2[1+g(x12,t)]. (C4)
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T 2T g W AMBEEES e MR, METIFIC LB e, 2D g ZHWTHIRERD T2 5 72
ATEDE X
P e = bkpTn?g(o) (C.5)

LRINDG., ZZTb=2103/3ThH5%.
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23

3
22T p®) 3T oEENC X BTN, pl© ST ofE%E (o hEIEEROFIRT V> %
V) kB0 THS. pl@ @EHEHIFICE AR (CH) ODENLFALETH S Liib
2%, ZOZeroBERY (n) ZAHEBEBEEKE IR T WS, Frezzotti &I MI{AERD
Carnahan & Starling[61] DIRRE R Z F VT AAMHBERIZ XD X 512K L7 [22].

p=p® 4 = nkpT + kpTn?Y (n), (C.6)

_ter gyl 27m
Yin) = nb(nkBT 1) = 2(1—mn)3 (€-7)
RO HABR 77 O AR BEIBIBUC DWW TR B . SCHER [80] ITHIABR D Z 7R D
NHREINTWS. KRR T (V) LIFEMMERAET T (G) DRDBFE, EHIEX

1272 5.

2
p =14 _ﬂ_n[cVCV(a_VV)SgVV(O_VV) + CVCG(O'VG)SQVG(O'VG)
TL]{TBT 3

+CGCV(0‘GV)3gGV(0'GV) + CGCG(JGG)BQGG(JGG)]. (0.8)
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2
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n = %nv(av)3 + %nG(aG)g. (C.10)
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Pair correlation function

0 0.1 0.2 0.3 0.4 0.5 0.6

Figure C.1 Comparison of the pair correlation function between Ref. [80] and Ref. [22].

ZZTA=21/(1-n), N =72(n"(c")?+n%c%)?)/(1-n)? TH53.
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2.V Vi3 3(,,V -V\3
V()= (2 lmnie )7 L lmnTo ) (C.12)
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‘ Average 34. 483
Standard dev1at10n 20. 129

Normalized number of
evaporating molecules

30 40 50 60 70 80 90 100

Crossing time

Normalized number of
condensing molecules

O 10 20 30 40 50 60 70 80 90 100

Crossing time

Figure D.1 Dimensionless crossing time through the two boundaries measured
at t = 105 of Case 5 in Chapter 5: (a) evaporating molecules; and (b) condensing
molecules. The crossing time is defined by ¢1 — to, where t1 represents the out-
going time (= 1050 /1/2RT);) and to represents the incoming time. At # = 105,
it is observed that almost molecules cross the two boundaries within dimension-
less time 100. Hence, the improved interphase boundary method is available

approximately after this time, i.e., molecules can be classified into three types.
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Table E.1 Average distance between molecules.

nVo® Djo=(nYo3)/3

0.0050 5.848
0.0075 5.109
0.0100 4.642
0.0125 4.309
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