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Abstract

In this study, in order to clarify the heat transfer characteristics of the boiling
phenomena and to discuss on their mechanism, a direct numerical procedure for
predicting the boiling phenomena has been developed. This procedure consists of an
improved phase-change model and a consideration of a relaxation time based on the
quasi-thermal equilibrium hypothesis.

At first, in order to establish the detailed data-base of boiling behaviors to
validate the direct numerical procedure for predicting the boiling phenomena, the
transient bubble shape data for every bubble-life cycle were obtained by means of the
visualization experiments regarding the subcooled pool-boiling phenomena by using an
ultrahigh speed video camera with a telescope system. Various transient bubble behavior
data were obtained by using a simple image processing, and then the entire bubble
growth process was compared with the results of existing analytical equations, such as
Rayleigh’s equation in the inertia control region and Plesset & Zwick’s equation in the
heat transfer control region. Resulting from this comparison, the experimental data
represented well both the inertia control and heat transfer control regions and was
confirmed as the validation database for direct numerical simulation for boiling
phenomena.

On the other hand, three dimensional direct numerical simulations based on
the MARS (Multi-interface Advection and Reconstruction Solver) with the improved
phase-change model and a consideration of a relaxation time have been conducted for
an isolated boiling bubble behavior in a subcooled pool, The subcooled bubble
behaviors, such as the growth process of the nucleated bubble on the heating surface,

the condensation process and the extinction behaviors after departing from the heating



surface were investigated, respectively. Especially, the bubble departing behavior from
the heating surface was discussed in detail. The overall numerical results showed in
very good agreement with the experimental results and the existing analytical equations.
In conclusion, the developed direct numerical prediction procedure for boiling
phenomena can be applied to the prediction of the subcooled pool boiling phenomena,
and the extension of this procedure could have a big potential to directly predict the

Dry-out and DNB-types critical heart flux in the near future.
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B E T, ZOWBHRIAFEFEICRBRT2H 00 bNImBEAT
HDHN, EFITENTBREEE, 37200, EROKEMTORMGEEMEE (-
&z E W BRE 98 e T10% ~10'WI(mPK)) & B L T, K& AR BEURER
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225 B TR S S, A HOEERBICZRBREREZ G2 TVWD Z LIT/HE
HOBEY ThHDH. ZOMBEMRZEOBEN TR, & <IZEBOFEAIICI F
D, E¥EFEMTITWEIC LD BAE LA ET IR E 3 228K, UhigKE
J7F47 (BWR : Boiling Water Reactor), FH{ 77 & b, BT x/LF—i§ds, Al
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2D XD BRITFMICEETH D UBEHZ ORI TR 2 A5E1E, 1930 420> Jacob
[1.1] CWbiEEE DAREMFFME: 2 2% 3B s i 2 9] & C FLHY L 7= Nukiyama [1.2] (Z4f
FU, BRCEHAALL B oM, RN ITHOITEY [1.3-1.6], FRZUbE
BRARTE 1% D RIB AR & 1 5 BB 1L 09 D 2 An BN B B C IR 12 @ W B IR
Az 500, THEREELSNTWS. LrLAaRD, BEHSE RITkE
MO REA~OHRELZE->TEY, S LA RN FNEMECEAE->TND
72, FEEICHEMBEORNER TH D, 22T, RIKEMZ LA (F—
V) HUZER W TIRARIREE 2SRRIl 72 ey (BT 7 — 1) Stk T CTodhiE
B Thd 77— T—)Vibls] OBEIZIE, 0% 77 —)VE (faf
RE L NV IHRIRE D7, T7bh, BmE) ORMNCFEY, Sy & g
LCEWAGREZSG DN D Z ENERICHAL N E > T0D [L7]. FFicH 7
7 — VAT TA L DU CIE, (BB B F A L 72 ZAKTEITE SIS m ik
(2t D T8, BEME A RO R B RIERGE L, BR L7 Rl EE D O B
L, BEBLE OKIBITEICERES T, REMIZHEBT 2. 2o X 77
— VI BLRIIE S LTEWEBIR A E A TEY, ZOREMR A = XLEIRTE
fRIAS TR, ERIETHE, @Y 77 —AFHETFTTRET DI ESINDA
T bikiE (MEB: Microbubble Emission Boiling) 237 H STV [1.8], #
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1) IEMESE (BREMIHD) - R&E RIRERIEMED T CRET 2 Bt (KUafRidiks
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BTV, Thwz, ﬁhfiﬂkﬁ%%T % PHEICREAT U, IR
HOHWIEFTHH L, BB/ T A —% 28 A L ERACRBRA KT
HET L (RERRT RO B Ths. 0 X5 3Bl
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Vv [113] EREEN DT FIEAERE LTHOWOLR TS, ZOFRIETIERK
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NTND., ZOLRDBRBEREZRMET HTDOF IR E LT, BRBRIR/T
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Advection and Reconstruction Solver) [1.20] 1%, SR IHIATE & 45 2005 E Clig
EBLORFZAEEE L, £DOMARSZHWT, Kunugi et al. [1.21] 13 —Z4
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2.1. EpEAER

IRFHVREEARHT T4E MARS [2.101F, B X > TRE SN @ ks i - 1R
BB FETH Y, PLIC (BRFEANICEWT, RAZLEDHEHE 2HTS
B THEMT 5 FE) [22] O&EZFICHESE, 1) REROEM M, R
FEEHEFIEO B LB L, &2 L NOREEREEOBHE TIAIC
B (1 FEZ AT > 7% n 8L, BRFERZ FRHE L 6B
ZATO FIE) 2179 ZLICK DAL TS, 61T, 2) fm
B VB OFRRO EM RS (RHERE) B, 3) 1 Fm CoORRR
Ot R EAEEE) DR S, BRx e RRBLRICE W RTRE I A B T
HZEDNHERIINTND,

EARI)72 MARS OFFHE TIEIZOWTiR*%. MARS Ti, ffrZEfMicBir s
RO (X, i=1,23) A0 O/ ED 5 E8WE (- K - KA ORFZERA5

([Z2OWT, ERERBIRF(t X ) 2> CTET AL L, [ERKR, HHRmE e

5. ZEMI (F) B A RICAES 2 B WE O BRI Ol & L TRATERE

2.

(F)=> Fy =10 (2.1)

ZIZTREWEn (=R4E, IE, ER) OFREER, () P ERT.

R Z BRONZZ A m FeARI 64 28 O AR F 2 AW TELF O L 51
FTD.

n4(u-V)F, =0 (2.2)

2T, T m TR EITRIR, u ITERERT NV THh D, T, LAY
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—OOWEE LTI S 72, HXH DY ¢ 1345 O IE (9) & LTK

X TERT 5.
(9)=>(F.4,) (2.3)

1 AT T IS < EE) 2L Boussinesq T2l & F V72 W\ 58 42 7R
Navier-Stokes . TH ¥V, A TRKIND.

ou

1
Ay G-
o +V-(uu)

(VP+V-1—F,) (2.4)
(p)
ZIZT, GIRENIEE, pIidEE, PIXENEZRL, #HMHS N3k TESRE
L7=.

7 =—(u)|(Vu)+ (Vu) | (2.5)

£7-, REENC L DS Fyid CSFmodel [2.3] TEE L. 2Bt GIH
X AR AT C O Bernoulli TEIZ X7 5.

HEE)SFEIC (2.4) 1% 2 B[ projection 75 [2.4] @A L, £9, Q2405 E
THEAERY WL FORXE &, PREES T EZRD 5.

~

M v (ul)=G -

(p)

(V-r-Fy) (2.6)

wNT, RQ2ADESHAE EHEHGEEHWCTENELEP ORT Y X%
Bi-CGSTAB {£[2.5] Tl x, N8 THELZH T 5. Z 2T, u™iTHEH I
THESRT MLV THD.

vﬂ%)vw} =V-U (2.7)



"M_og—| = VP 2.8
oo (@J @9

ZHTLOWMAEER F OikiZly, U FORAEOFEREEZ NS, 22
T, FLOFEHATR D BT DS AR O RFIEZ RO DITR L.

oF,

(F,u)=F V-u (2.9)

K29 DXHREAEVY -(F,u) DR RIFES 1, W Tk~ 2% FimAB 4 % 5 L7 S
ARHBINEIC X 2 BEVAREEIS OF Z VT, RO X ITHEmIckDbN5.
V-6 = AV -(F'u™) (2.10)
ZC, FEMETTIZOWTIE, LA N 3% L, dh=At/N & L 7= Fractional Step
14 Tz,

PLEO BB P THO DY CIREREEZ2ZE L TR, T
FEPETERR 72 LD Pouv & LT 5.
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22. [BREHEZEZZE L -REFFEENHE

MARS (Z31F 5 R AEHERNEL, 2 & L7 VOF (Volume Of Fluid) 7% [2.6]
DFRE R L7 FETHSH. VOF £ TiE, Donor-Acceptor £D3E 25, i
INFERTICHR RS SN D TR DO RFE 2 B IR AT L, REEZ IS0z, T
ZEM OB T, BEEET 5V 2 o A8 2 A L 7 i 2
fToTW5. ZOk®), ETHMIRO 2R EIEFHEZHIT 5 5 BTN TR
NI U CHEE (HDWIEKE) 2R mE 720, 2 WOtk Tt fim
IBEBRIR & 72 . ZOREERIRT D720, BEWATEEIA oF ORFE %17 2 BRI,
REOREL (OF 16x) ZEET 5. T72bb, iS5 EIC TE 22 W o Fi (R m i
FhS(X) & T2 LEBEEREREG FIZLLTOXTEIT 5.

OF = '[:_U&S(x)dx (2.11)

L7235 C, F OB RIS m AR 2 & 89 2 I S(x) DOAfilF R —E~E X
X TERDIENTED. dmma BT 5700, 1 ool EE 2 5. £7,
B2 LN TOMEBNERE CEX 2BREORNTRICHED 2R REE2% 2 5. 1EH
L TW 5Ol & AR O R TR &L NTEET DR o mig R
S(x) ZMEFANCZL L TV D D &1L, S(x) & EReEIE C(x) ITIZLL R DR
RN T B

S(x) =C(x) (2.12)

Thebb, R C(x) DREEIEREEM T HAUTTRDHRFERS(x) 3 REDH =
D . ZDC(x) & line-segment B LIS, T, KFEICBIT D
line-segment BE%(C(x) DEF L LT, LU NIRRT B2 —REEE 2 iz, 2
L, BFEALATOREAE Z —KEZKTHE L, ZOAE & FRIKEN LR
TR R TOREEEFET L HIETH DN, REEIE T IVORFEIFE T
SFRIELL BT CERNW I LA BRI IUT R L ERIEE 2D, RICAE
72 FEL RS, ihRPNER TE 2BEOR A ER TEE, RAD XD
(T DIERRAS T VS 2 AW CRIEARL '3 X O line-segment BI%(C(x) %
ERTED.
12



(2.13)

Fig. 2.1 1%, & (Ax, Ay ) THUEAL L7k -2 /LN OFRIRBS A O S A (f'<0)
ZROLGEOMENEZ TR L7 b O TH Y, FEEOF RS S(x) % line-segment B
BCx) THEEL LR T2 E L Tnd. Lz~ T, line-segment B4k
C(x) £ 0 FHITAFET DIMAER o O P fE S(x) 1%, BEOmME & L TkK

INOIEATRNCEIRTE D (22T, X ITAMEAEL f 2RO X FEIETH D).

su)zcu)=f(&+xy+%(vossu)sn 2.14)

7ol 21, Rmallo< f' <105 DOEKEF(X)1X, Fig. 2.1 O L7k
TN EEANCEE L CHIBER N y=1 LR 50 H0LEE X, RERICE
MNCBEY L CAEMBERD y=1 L2220 LPLEE X, ET5 8, LLTIORT
EIHMEEDOX IZXH L THEAETEX DL LT 5.

(0.0 for x <-x,
12 £x=(=x,)[ for —x, <x<-x
F()={ fk+1/2 for —x, <X <X, (2.15)
1-1/2f'(x, —x)* for x, <x<x,
\ 1.0 for x, <x

ok, REARN -1< ' <0 DgHERL< [T IZoWTHREERIZE B,
IRLRTORELEL DS L, RQ216)D & 5 ICHRICHEX LT Z LN TE 5,

sign =sign(f’), x, ==

1signxi— X _1 signxi+1
2 fro 2 fr

F'= min(l,Sign X f'), Yo: Sign ><(ngven _E) :

2) F'

13



X, —\/—%(ngven —£(1+ sign)) for x, <X,

f 2

Xo :< X, for -x, <X, <x (2.16)

2 1 ) _
L X, +\/?[Fgmn —5(1—5|gn)j for X, <—x,

L7z o T, HH LTWAIE A ONEREF B X ORmAE f' BBEHm Thi
X, (2.16) BB/ FIMIE X 23RD v, K(2.14) L 0 EfE7e kB O5E

FIHEFERSX) NEHAETE 5. (HL, f'=00%EITSKx+x)=F,, @M Th

given

D, f'=+0 ODEFFAIZIE, Donor-Acceptor {EZEHAT 5. A, H(2.10) 2B
T, & BN ANCIT 2 &)L i BESt i TOBEHRTEEIS oF 1%, line-segment
B C(x) ZfEH L C,

S5F :%[C(xi +1/2 - &)+ C(x, +1/2)]x uAh (2.17)

TRED. 22T, xiFHBLL-BEIERETHY,
X = UAh/ AX (2.18)

Thb. Fio, HFHTAREAE f 2OV TIE, vk L, EFlo £ 2 5
WHHDET S, LLEDO LI, REERRT AL R EAREHEST S Z
B IO line-segment BAEL A FIH U CRENTAOICHS TR mFER 251 H T 52 &
CE Y RENHETE D, £, ROTBERGHEEZEET 2 AR T
HEHT D2 LK o> THEF B LB TOWRBROERMEZ RO LN TE D,

14



Fluid 2

\ 4

12 X, 1/2

Fig. 2.1 Normalized computational cell, fluid-area, function S(x) and a line-segment

function C(x)
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23. REERAETIL

2 D OERHEAR DO & O MR D TRV ER & 2 e N T
H 250, MARS OFIEIENET /L E L THWE CSF (Continuum Surface Force)
ET7V[2.3] TiE, ZoOEBELZEhOEBRMEK S U CGEkERES C THEEIL, &
A 1 SOk RIZB T 2 RMERBE~NE S TS, Ler-> T,
BERHC, <C<C, TOMFIIx<l/h L7d (22T, HETREZ &I, &
B DR S O(h) 13k F DG E (AX) ITIKFTHRTH D).

Z OGRS C DALY, PUTFIORT X ) ISR CTOE 17 % BRI
DEA~MERT D1 L TCORBEIRN TEESHMZ L LN TES., 22T
%, MEZEMET 5720, 1, 2ReETVE AW TR T 5.

AL TlE, 2ok C 2k R F ERERBHE 2oL L, WKl &
Gk 2 o5t O < ERRT M O FE S BERSAFITRME ) ¢ & RiE IR o D
ElbaBE LI —EE L TRANTERE L.

. Oo
1ik _Tzik)nk +& (2-19)

(Pl—P2 +07()ﬁi =(r

ZIT, P dlifRa (a=1,2) DIET], AIXIRIR 2 ~[F10s 5 BALER~ 2 B,
T NTKMES T L TH S,

aik

A(2.19) THE\EIIC SERTAR EE L, RmsEREN Amicin-> Tl L
2N O &I, FUE T OIS ZE Py (P-P)IZIRA D L 9 12E T 5.
P =0k (2.20)

S

SR e 13, WEERF 225K b2 BALER~Z v (BT Fig. 2.2
ZI) 2T, KADPLROLNS.

= (E-V]|n|—(v-n):| (2.21)

16



&TC, CSF &7 /LTS EdD s x, DEALERY 72 0 OREES F(x )1,

RmiER7 svEHWT, ’RATRINS.
Fs (Xs) = [GK(XS) + (Tz (Xs)ii - Tl(xs)ii )] ﬁ(xs) (222)

RFE R 1, BB OE O (h — 0) T EXO BATHRES 72 0 ORiHES

F(x) &0 E 2 1E LTIRATEA BN D.

lim j F, (x)d*x = j F. (x,)dS (2.23)

2T, AV ITHEEE h BN RIS AT 2 O & R EICERE R 4 SOmE IZH
FNIUMAEEZRAZEZL TRV, H11T4AV ORI FICHUNEEAS ETomfg
BTHD. NQR2D)EEBHEBANOREA L, TS OMEETIE Fv=0 &7

%7, Delta BISS[A(X) - (x—x,)] ZHA L TR (@222) % B, wRA&75

2.

[ RO = [ F06) S [tx) - (- x)]d

(2.24)
= -[AV [O-K(Xs) + (Tz(xs)ii - Tl(XS)ii )] ﬁ(xs) o [ﬁ(xs) ’ (X - Xs)]dSX

= @ Delta BI%i3 h — 0 OREIR TPHHRRI% C (x) DARLE LI F ORI 2 H5-.
limVC(x) = A[C]5 [fi(x,) - (x—x,)]= VC(x) (2.25)
2T, X225) 2K (2.24)~AT B L,

J, P08 =tim [ owt) + (e,00), ~w,00) 120 @29

17



L. LENoT, #(2.23)E R(2.26)D Ml h B FEAE SIS L B IAFE S Fylt
KRDLHICETFT I TX B,

VC(x)

c]

I:v (X) = [O-K(X) + (Tz (X)ii - Tl(x)ii )] (2-27)
2T, MR~ O EE 2725, C(X) O Y ITEE p(x) & 1

WHZ LD, ZOBE, RETOBENp=(p, +p,)/2 725 X 51k
T5. 2F0, g =pX)/p (~HETgX)=1) ZEATDH L, KO
PEHND.

VC(X) = VC(X)g(x) = VF(X) p(X) | p (2.28)
L7cino> T, KT Fy OERMAIBITRAE 72 5.

F (X) = [GK(X) + (1'2 (X)i —7.(X); )] VFF(]X) %

= [ox(x) +(z,(x), — 7,(x), )JVF(X)p(x) | B

Ry (%) =[ox(x) +(7,(2), - 7,(0,)In(X) p(x) | (2.29)
ﬁifl/zm/z ﬁi+1/2.j+1/2
é/ .
4
K, p
Ay, é//////
v /” ﬁi+112.j—1/2
i-1/2.j-1/2 Axi |
4

Fig. 2.2 Unit normal vector f, Curvature x and Volume force Fy
18



24. EMABAETIL

MARS T, #filifgis U7 iRik & BE COmEE, iR & BEm o fmic
TERT 2 RE AN X - TRAET DRIEOBEE KA VEIC L - CTHBET 5. ATE
TIE, WRROBERASEEZ RO E LTE B R, REENETVERLT
<K xE B RFTEEICERT 2@ & LTET M T 5.

WEIRIRDNBEI RS LT, T FERIRRRIC & 5 RF o0 H i St & B &

Vel & 0, L9 5 &, BEE & B HSRE OB Xy TOERNZ B ERED
LoicETS.

A=1A,cosd, +f,sing, (2.30)

Z I, A FEEEOBENERR S b Th Y, R & B B L OB

7 NVIZIEZRZ T HEEm OB Y ML Th D (Fig. 2.3 ).

2O LB mBE A O BB REOERS Y Mo ERBEmEmERMEE LT, £H@
BRITERI UK K(2.29)2 L 0, BEEREAEIC XL 2 HHMNEOE DELERD,
BEMEICHET 2 H IR EICER T 268871 & L CRMEiT 5 2 & C, iRk L BEm &
DIFIEEZ RIS 5.

~ EEEEELLLE A
n. . wredrsie N, .
i-1/2.j+1/2 riaiaiede 14112, j41/2
EETRIRIIIY ETTT T
a &

Sttt Cididddds
Lty Sididddds
Sy Frrr
gy

> >
By
B
ey
F ree su rface ey
Gas

H H Sty

| Liquid [

e AT
LR

El ey NI
S Ry LR
Ay AT F Ry
T AT 9 R S
EEEEE el R PR

S P R

Fig. 2.3 Unit normal vector of contact point between wall and free surface A,
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25, IRILF—K LB - BEETIL

MARS T, Wbl - BEfE7e EOMEBILB RO 21T 9 728, WD = 3% L
XF—HBRAAHANT, BRGSO E LY ORESRZHET 5.

g<pCV>MT +V-((pC,)yTu)=V-((2), VT)-P(V-u)+Q (2.31)

S 2T, TIHRE, CORERUEE, AFEVEEE, QUEBAATRL, () 15,
kb & DT MEFH O (4), =D (Fg,)) #FT. £, FlH 2 HO

Clausius-Clapeyron D= ZFAAITEL (P=T(@P/T),) TH Y, HE({LKEDIL

UT
HEEOEE R L, SHHE TIIRIEAER ORI « IHE IS S KRBz £ T
IS,

%72, MARS THWOHILTWD B « BT T V1L, BAERET VLKL
R-BMEET LD 2 BEBEPOER SN TWD[27]. BAERET LTI,
Rayleigh-Taylor % DARFEIZ & 2 BRI B 2R 22 BIFR X B 5 1
— AR IO < RS AERRE T V28] 2w L, k& 0 KTk o g
Bere R 5.

r = 20 (2.32)

© P (M)exply,[R - P, (T)]/RT,j-P,

ZIZC, olXREEIRE, T IEARIRE, Pa SEFIES, P RMAIES, v K
FHOEFRE, BLO R IFREEH A ~T. BEMICIE, BAERIE T 5508
ARG 2 E U, AREm 2 i i 2N Ve A R IS L2 a1, H(2.32)
TRE DL re ZFRFORIEE BRIEEIE) 24ARSESH. £ H 2T,
Z DR LT ERIE O KIaEE O RFEICH Y 3 2 KBTI RE 2 m @ m BIChE T 5.
7B, FEEOBEWEERESG CIIAY 2 AERNEE TWD b0 L —KIIZE 2
HITWD A, BEARERLOKIUREREIIMO TRE WD, Blko MARS
TIEEZE DEITHOWTEE L TR,
20



FEAE RS DRTARE: < SEfETE T /UIE, K [2.9] Ik BiEEREELS LI L
LT T L ERBAELIANIZEELIR (v AlGiR) 0% b o =2 2 E
L72fEE « WHEET V2T W5 ., IBEREETIVWDbY S Z )L E—iED

—fETHY

, Fig. 24 =2 2L E— LIREDOBIRIZHE, LTI RTFIETR

WA DSFAET D RHEME TSI DA LRAg 2R ET .

1)

@)

3)

(4)

()

SRS DAL DRt R (BRIAW) N THRERDELC 256,
MZERZ A 42 L, TOEBYLH (23RN & Qs 1Tk
TERSIND.

FT, HEEDRELCRY EBEEEBE LR SEORESMT &
TFRLX—XQRINNHRD 5.

RN, FHER TN OB U= B fidtii i Te 2k 5.
(To=faFI<AHRRIEE, T =R AR, F=iRFEIRIA=R)

T, =T, -(T,-TF, (2.34)

G G G

R 27 7N (A 1T W THEIRIBHRE (Te) 726 DIREZLSY,
THRDLIBGE E-ITEEE UT=T-T) 2k 5.

AT>0 (F72134T<0) 72 51F, WARITERZ i (F72130%0e) LT
BefE (F72137838) L, WRIRIEES IS E(REEE TeICEE L, R

DRI %

Q, = pC,AWAT (2.35)

21



(6) X(2.33)F L UH(2.35) 7 B IALAIICIRADIHZEA L= A9 BHFHND.

Ag =C,AT /h, (2.36)

(7) MARS TIFTHZ =AY DR R DAL= AF L FEMTH D & A7 L,
BEFRDIKRAINZ D : FeF+AF. BRI, AF N IED A 1T ERE,
BADOLEITITRRE L 72D,

TIT, hy R, C i EEHBTH B,

Enthalpy A
-«

phase
L AT
Liquid :
phase i '\?\Mixture
Py Temp.
7.4 76" 4 1,

Fig. 2.4 Relation of enthalpy-temperature by phase change model

—77, BZEE - WOEE 7 VTl EAEFIKIE R E TOREET D EREL,
HARSUA (y AlSUR) ofFxy bo =22 fE LI e, RO 2RI
EVINSAVACREAY

P"v’ =Pp, " = constant (2.37)

ZIT, VIZHEER, yiIBLETH L. LN TC, BiZn LB (n+1) OJE
N e BmEEBLORRIIR DO L )T D.
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P"(pn) =P (0] (2.38)

K(2.38)DIET) EBEDNEALZ P Lopy & LTREFREAZAND &, KK
2155.

P'(p;)" = (P"+ P )p} +p,)”
P'(p3)" =(P"+P)pp) (L+p, 1 05)
P'(p})" =P+ P)p;) -0, 1))
[here, (@L+x) =1+ nx+n(n—1)x*/ 24 -- ] (2.39)
0=P(0})" ~7(p3)" o, (P" - P)
oo, 1 )= P 1P + )
- p, 1 pt = ®l[y(P" +P)|

RABETETHDHD, BEES ] p ZHEEOEILE LTEET 5.
SFED, pv=1 £V, p+vdp=0. L7=08> 7T, Splp=-3vlv. Z DHEFELILSvIV
EWMREOEF ERETH D ERET D &, REMICEIZERIZ L HHUIME
BELE LTRAD XD IcETS.

N Op, oP
=X __ - _ 2.40
Vv ol 7/(P” +6P) ( )

Fig. 2.6 |2, Bl « BEEE 7 /L b & T2 MARS DRIREFIRZ =T
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PR ZE L — 7

START

GILES T

t—1o

>

TR
LR

HME{LET IV

JE )1 % ik < B 5 R
O DRSS 2 K6 %

JENRT Y o REfRE
RSB 70 S5 2 SR D %

fgak - I E 7 /L

A =R A& 7 <

te—t+4at

B FR R OIRAT

END

Fig. 2.6 Flow chart for MARS
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E3FE HITHV—)L - T—ILBERRILERT—2 N—
DIEE

AWFFECREGE T D Wb IS BL G O BB AT FUEIL, 16RO WRikET v [3.1]
DX, WBERIEORERRITENL, H<ETHLRE LD b RE MmAH
ARG E L CEMRICEHET 28T L 8138720, X0 a7 R a8 %
el L, BEAmE»ORIEAKRE LT, BB, HEET 5 &0 ) —EHORJEE
T A 7N B, FEAE LT KTARED B IS & DO IIS TR D iR EMR A 2 TR 3

DA EBERMEY I 2L —y 3 X o TPHIT 2 FEOM 2 HiE L T
L. Lo T, O &) RBUEMIT FIEORELITO ETIE, ¥ Iab—v
2V OFERRAED 72012, WIERF O KIERCR Y O FEM 72 IaIRIZEE T 5 7]
B SRR T — & DIFFIC %Ef‘: IND. EORR, BhERE O AR 2R R 2 MEET
% kT, 2n< %ﬁ@%’iﬂ?ﬁ”\iﬁb\7"—/1/?9%H?§%1¢T“0)%3%?~§7 PN EE R
ThdrEEZOND. REOFAHLEEOERICLY, 7L —AL— T
RICIRE CE DMl E ET A A 70)ijﬁdict v, FEESMERBICEN, KV
PR Y T 7 — VIS KA S ENC BT S TS EREE RS A S TE TV D
[3.2-33]. L/ L7Zah b, ZORFTRAEIXTIHE A XIR E LIomEBNITE A
EThHY, T NiblEERRE LIERINEIMZ DR 0ORBIRTH 5.

ZOXDREROT, RUFIETHE L ED T DB - BefdE 7 L OMGEH
T A _— 2 OREEEIE H AT RE 7 60,000fps ui@%ﬁrgtfﬁﬁ% TRIO
RIFFEmER L o X2 W ic @R 2E Mo el EIlc X 507 7 —n « 7 —)Lik
fig iy 0 B —Syal 2@ IS B4 % w32 BRS R 2% Kawara, Okoba and Kunugi (2 &
> THE SN TV BDH[3.4].

K ClE Kawara, Okoba and Kunugi OHFZE T & 172K 72 AT HRALET S 2 &

IR AENTIZ K - CREM 72 Za kT — 2 2B L, AET/URMRGEH & L CEE
RRIAEENC KT A E BRI AT 5 2 & T, T 7 URGEH O R UK 7RIS
JORT — 2 N—=Z DR LT T, BARMIZIE, £% 77 —/VEIDE Ukl
Mﬁﬁ SIABIR OKEBLOEESFMOES) BLUT AT MMEEDOKRERS

—ZRXR=Z2Thb. i, B LKA ESEIICH LT, BFEOXILME
mﬂ&%@bkﬁ%uowf%@ﬂbk.
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3.1 TARIEEERBIE

AR FEBR[3.4] D HE BN X & Fig. 3.1 1O~ d . AL EBRIT KR KESRME T T,
ARBRESILAR U H—R 3 — FUFEEAZE 150mm(D)x150mm(W)x250mm(H) % F
TEESNTWD, A pEE L L COXEtEEmEE s 45 2 Z  (Vision
Research -8 Phantom 7.1) BLXOh &7 L 5% (FEHERE ¥R Cassegrain
System) 1T XD REHEEMERL AR NOHR STV D.

ﬁ_{ DC power |
T

Vapor bubble
L
Pt wire

/ (0.10mm)

High-speed
f Video camera

Purified

Light

[O_.__

Sub-heater Polycarbonate
Plate

Fig. 3.1 Schematic of visualization experimental apparatus

AR O RBNTITRE T THACBR L7k OkOREAEHIE 3 x 10°Q
LLb) ZEAL, BEKE LT, B O0Imm O H&ME B RRHTIZ X 2 EH
NS DRBERINT H57-0IZAR Y h—FRx— MK (EX 3mm) IZEEL, 7—
JUHRICIRE 80mm DOALEIZERE L TW5D. 20 A% B CREEEEE L TN
s, ARSI ERAESYE, A LEARKWENE X ElE T 40 A
TREBIOTE 7TV RFRLV AW TR LTWD. —F, KIRITIESR
NIZH DM e — % —I2 LV —EIZRD, V77— VELZGIEIE TN, &
BRSAEIT, REETICBWTH 77— E ATy, 28 0 ~22°C, i q 2% 0.25
MWIm? Th 5. £72, THILICEL, BlEET A ATOT7 L —hL— b E
8000 ~ 80000 fps, &ML 2~10ps, BT LU HFER LV AOMREEIL 6 ~
7 um/pixel IZFRE L TV 5. SBEIRICOWTIE, S@HEFRI2MEW 72912, 250W D
ABENNTA RIRENT 7 A N—ICB LT EATERE L THEALTEY, X
KGNS 7V FRBIOEEEE T A0 A I T, EHERSL
TWa5.
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32. BEILFE

T — 2%, HAMICEEEET A DA TBIOI B 7L U RV
x%%bf%%éhk%/&uummﬁﬁ%é%ﬁ?éﬁ%ﬂmﬁ@?~&k
LTHRLNTWD . BUEMETRE RITGT 5 E B ReHE 21T 5 72D12iE, 1556
MRﬁ@?~&ﬁ%E’ﬁﬁﬁﬁmﬁ%ﬁa_kkiof,ﬁ@%%ﬁ@i%
W7 — 2 2B T 0 0ERDHD.

Z 2T, AT, ULTOFIEEZ AW -mg My (aEEeT 40 A7
Phantom 7.1 \Zff@3 50 A7 =2 hu—/LY 7 k=7 Phantom 6.3) %17\,
LJIBEESZ OKIARR OKEB L OEE T HOR X) ORSRYIERNT — X
ARG L. 22T, BB OMRE LT 7 — VEE, AT4w=0.1, 5.1,
10.3, 154 XV 21.5°C & L7=. F7=, Table 3.1 | Al f Lmi{g o> 22 M A4 L k5
rO7r—Aar— AR

(1) KA EZFRET D720, BT — & OFEEEICK LT, Laplacian 7
A V2 (HERE 5x5 pixel) ZEAH &, KmfrE () 2t L7z migic
i,

(2) Btz DEGRT —Z )b, [EHERE PR E 721X S 2 ROE L C AR E % 51
HIL, #REE R

2T, FIAQ) 22T, Fig. 3.2 |[ZMmifg 28 #ani(a) & itk DT — # (b) %
m?.:@li@,%@mf IZIARE AR TH V, AL E O R E D
LW 28, Laplacian 7 4 /L% 2B S B2 A #0% (b)) T, KIS mE OmEs %
IRV EEICHEZ 2 Z ENTE TS, Z2C, [IARENMEX, ARTRE
NERNRIORERZE Lz, Lie-> T, TOHEMOIBICHAY T 23808 E T
HIZLEEBELZTNIZLRN. 22T, HEBLITE N5 HHARRZE Z MK
AE U725, WG it S 7= K0a i3 1.5~0.2mm THH DIkt L, HfRONE
134 30um (=4 pixelx7.5um/pixel) Th o772, FHHEAZEITN+2~13% FRIE,
GENLTNDZ LIRS,
R A LD FIEQ2) IOV T, Fig. 3.3 ORI G2 FIZ LT 5. Zofl
KT Z 3 DI EI LI O PR THRETE 2 B2 2D (S HITH
HEZR TR DG EITIX, TR DEFEME 2 RD L D 1T/ FIRE A I L TR LT2).
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Tbbh, KO &I VTR A GU(3-1)), AR V288 LT Vs id
% x, M (XB2BLIUVAQBI) LLTHBHTLZLATELHDE L.

2
Vl :§7Z' rlzhl (31)
1 2 2
V, = gzz(rl +00,+r, )h2 (3.2)
1 2 2
V, = gﬂ(rz +hL+ )h3 (3.3)

ZIT, DEESNERIEOBEICH LT, riZEE, hids S 25R7. &K
12, IR ERortlfnd LT, AUk RDDHZENTE B,

)

V=>V (3.4)

U EDOFEZAWEAERITIE, U TFORSRINT —& 2 BfE L.

© R

© KIAIBIR OKEGROER LORE S AORS) BT A7 Mt
- ARBAMENT T D AT oA J KL OVKTa Bl R S

Table 3.1 Information of visualization image

AT [°C] Resolution [pixel] Frame rate [fps]
0.1 4796
5.1
256x256
10.3 26143
15.4
21.5 128x128 66666
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(a) before conversion (b) after conversion

Fig. 3.2 Image analysis by using the Laplacian filter

circular truncated cone

Fig. 3.3 Example of approximate method for a bubble volume
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3.3 HEEKEREBRT—IR—ADEE

331 FAIfR{LER

THAEFER TH LN RICOWTEERT S, Table 3.2 OFKACTEHEELET
FHATIZEVBIEI NN T 7 — VB I8 O R AL E Gk L
T, AIEI G 7z mig A % O Eif% & Photo 3.1~3.5 (2R

Table 3.2 List of photographs for visualization image of boiling bubble behavior

Photo # ATsu [°C] q [MW/m?]
Photo 3.1 0.1
Photo 3.2 5.1
Photo 3.3 10.3 0.25
Photo 3.4 15.4
Photo 3.5 215

T T, WOPIIEEHEERA 2us TH Y, T2, EBROHIIREIZATw=0.1°C
T 209us, ATgwp=21.5°C T 15us, T DDV 77 —)LJET39us TH 5H.

W ALEL % O RER Y RIALER D, H7 7 — i siasEicx LT, L
T O DR S Tz,

1) ATsw=0.1°C (Photo 3.1) D EFIHEiE DL G, InBmE ) b AR L 72285001
V77— R L DERE DR B Z T L A EZ T T2, [N IEIE K
KIZEL, BIRDERIIZ 2 5 TR CIEEE N SBERL L7-. 2 2T, &
OD%‘éHFE ITEEE D D XIENIEAE L TG, K 3127 ps #fl L 72K CTh -
7. 0%, BEE SEER LRI 2 RS TRREC EA LT,

2) AT4=5.1°C (Photo 3.2) DA TIL, WEIZY T 7 —IVEDREN R Z 4
W, KIAOREIZETmEOLA L kT b EAICH D, Fiz,
{RENAET)N BEE U 72 083D 7 7 — ViR L BT 5 72, AR T ERE
UG 2 RN 23S ER L. & 2 C, KJaOBERLIREE D> 5 585

BELTH D, K 1798 us i L7 Th v, Sl 0% 6 & ik L ¢,
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FIIUNTARRETH o=, F2, 2OV 77 —=VEOLEMETIE, B anz
ARG OFPAN TRIAERMEIZ & 0 1T 5 £ Tl ii%ﬁm

3) ATa=10.3°C (Photo 3.3) (2725 &, Y77 — VEORENEE LD,
LJIOREFTE Il END. 2, [IANMERAERHEERT 5 &, K
JEH 7 7 — /WP TR D FRRRIRE AR T. £, (2B SRR L
T2 RIANTACES NZHIER B KO IZER L, S 612, Wm0 L5 -IR
272 o 7o t%, BRI R U7 R IREN 2 RV e s B BsICHEI L 7. 2 2
T, KUEOBENLIXEEAE 2 O RIENFAE LT D, #1186 ps #Rm L 72
RThoTc. £, [dO EFIZMEW, 8@ Lo o7 2—20
TERL S B OPIR D DR S V7. Ziudkia EFTPE 9 @mEER O FER
MBELTWAZ EEZERLTEY, WEOLEWEHE L L CTIREI NI
BSRIE[B S| DIFEEZ R L TS DO EEZ HND.

4) ATg,=15.4°C (Photo 3.4), &5 IZI% ATqw=21.5°C (Photo 3.5) £ TH 7~
—NVENKEL 2D L, ATgw=10.3°C THRIZ INIEFEN L D BEE & /e o
7. 2%V, KJIEOREIIMEAR EIZL Iz on, B8 SN L 7=
SIAEY 7 7 — VR TR IRBE A R DS HEERE L, SURICTEIR L 72,
F 7o, R L TZBRIZIIXTEDOEERE I E O WO IHIC L~ T, 77 —1
AR CIEFICRERBEARPEE SN TR RK IV LN E 2R
S, ZOERKITY 77— VERREWZELVPfEICA LT,

Table 3.3 [ZA[fAALIEIER L 0 15 67, KIaMEENHE > HRAE L CHENL T 5 &
TORERR 2R, 22T, £F 3 FH1TATew=0.1°C OfFE R 2 FEAEIZ L
cEIGAETRT. TORLVYT 7 —VERREL DD E, BEDLOKIARER
RFRXE S R DM H D Z E 3D, FRCHERL E TORGEBIFR 23 i b )
T2 ATgp=21.5°C DEFE TIE, ATew=0.1°C DOFLEMIFR] & el LT, #9 1/4 FREEIC

F CHEME S LTz
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Table 3.3 Bubble departure time from heated surface at various degrees of subcooling

Ao [°C] Bu_bble departure t, (AT,,) !
time : t_[us] t,(AT,, =0.1°C)
0.1 3127 1.0
5.1 1798 1/1.74 (0.57)
10.3 1186 1/2.64 (0.38)
15.4 995 1/3.14 (0.32)
215 840 1/3.72 (0.27)
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Photo 3.1 Visualization images of boiling bubble behavior at AT;,=0.1°C
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Photo 3.2 Visualization images of boiling bubble behavior at AT;,=5.1°C
(1/2)
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Photo 3.2 Visualization images of boiling bubble behavior at AT;,=5.1°C
(2/2)
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Photo 3.3 Visualization images of boiling bubble behavior at AT;,=10.3°C
(1/2)
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=)

=)

Photo 3.3 Visualization images of boiling bubble behavior at AT;,=10.3°C
(2/2)
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=)

=)

Photo 3.4  Visualization images of boiling bubble behavior at AT;,=15.4°C
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) 6150 ps 690.0 ps MY

Photo 3.5 Visualization images of boiling bubble behavior at AT,;,=21.5°C
(1/2)
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B 1305.0 us 1380.0 pus

Photo 3.5 Visualization images of boiling bubble behavior at AT;,=21.5°C
(2/2)
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332 SAKE

Fig. 3.4 EXIC, BEBMRITICE > THONEY T 7 — L EIZHT HH—&
VAR DR 279, £72, Fig. 3.4 FXIIHZ] 1ms £ ToO#FH ALK LT
ERTHD., ZorEER TBIZE SN —#HOKIEKE T A 7 VITIER I
HMERE S, 1A 7 VORI GFf) bIZF—ETh 7. LER-T,
XL LT, BEINTAHYLERT — & O EEOKIEMELT A 7 Vi
EFEHL, RUBBREEbOERBLEZIT . HY, B#EkE v o RVIERIERE
HEEDLERTE C, BRE T ARVTEEED LB L 2B O R E R~ T

&Y, ATw=0.1°C OEIFIPEOLEITIX, <IaILERLE2 b IRz
L7ct%, ZOREITRRNEZ T £ CTHIITEML, <IalEREZ3us T CEE
7 HEEL U=, Z ORS8O R Be b1, Bafnibie 2 (0E L 7= K Ia R B [3.6]
EHEMMIC LTV,

RUNT, ATy=5.1°C TIE, KB EITAHE LIZREZ10.3us LU, 7 27—
WOFBETKIAOREITIGE &, 1ZE—EOXIAEREZ R D 20 b RIIHE
B X D BERL L 7o, ZhuiE, RIARREEREIC I B RIR S i T O AT & & R
BENFZIFINTUVALTLRETHDLZLEEZRLTWVD EEZILN, KJADBER
L7c# b —EMH, ZOFEIIRFSAHEmICHo7=. 2o &%, KyaE
DOV T I — VTSNV TR THRIE LT2ATw=5.1°C LV H/hE N2 EnE 25
5.

— 8, ATyw=10.3°C (272 % &, BZ0.3us F2E CERIADRE N R K &~ L1214,
INETEV LY T —VEORENRKEIW-DIZ, [URRE TORRFEELY
b EE AT 2 & TR R A T LTV E, KEMeEE K D BED
L7=#%b, 77— Vi CRIaITEFRIGHE L7z,

EBHIT, V77 = VENKEL RDATWw=15.4°C 3 L U21.5°C TIE, KIAARE
134 T6=10.3°C DA L IZIZFIRZ] TR 278 L7272 (ATuwp=15.4°C THKEZ0.3ps,
ATyw=21.5°C THFA10.24ps), FHAIZEE LR R COXIEEIE T 7 7 — VB
DR E & BT LTS,
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UL EZ#R8 T, Table 3.4 |\ZXJAMAFED e KICHIzZE LT & £ DRFZIZ
LRI X O ok E R T _@F%ﬁ6%%W@iom,%77~w
FEMREL2DIZONT, ARFFORIAARIES L O ORIER LI L, £
7o, SN R KR E R TR D, 77— VEOHEMIED, Kl
®&Eﬂh@ﬁ FEAICHIR SN ABEMICH D 2 EPERTE D, 2L, B8

RIS TV DIBBVEE N Y7 7 — VEITIRE L C 70 D, T7eb
L, [JAIEE CORHEIC L o BETHDLEEZLND.

Table 3.4 Elapse time, maximum bubble volume and bubble shape at the instant of
maximum bubble volume obtained by visualization experiments

ATun [°C] Elapse time Maximum bubble Bubble shape
- [ms] volume [mm®] P
0.1 2.92 1.75
5.1 1.50 0.66
10.3 0.31 0.43
15.4 0.31 0.25
215 0.24 0.17 E
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Fig. 3.4 Time variation of bubble volume in subcooled pool boiling at various
degrees of subcooling obtained by visualization experiments
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333 Samik

KIATEIR OB 22 2 b &4 E BRCEHMI 3 2 72, Fig. 3512807 7 —/VE
2T 2 KIADOAKET MO KE (W) , BESFAOKRKAKES (H) LW, %
DT A7 Mt (HIW) OFFZELZRT. 22T, PO v RILOERIZ
Fig.3.4 L[AEETH 5.

AEHmOKIENE (Fig. 3.5) 1%, V77— ERKELRDHICoNT, K
PIT RSO KIAR RTINS v, 2D %EfE O 2 TRIAE DR iR TE 5.
—J, MEFMOKIAE S (Fig. 3.5(b) (%, KJjdiE & ki LT ~7 7 — /LRI
FRE RS, PO SR KTa R b KIa M B L D BERL 95 £ C
O, KYEE IIZEESMICA > THRICHEM L2, 2 b oBrix&Eo
7 A7 R (Fig. 35(@c) 1LV, 77— ERKELRDICOoNT, &l
IR (7 AT F<l) 12 HE L ThLEER T 2HEMICH D 2 03070
D, FIEICORBLEBR NG LN THS.

Z DX D s RIE OSBRI BENEE BT 2R SRIE, sREIR Y T 7 —
WP ORA RESAZTRT 5 ETHES o RTTh T Y [3.7], BEFD
BIEFE RO L ORE REARE SN TWH[3.3,38,39]. T74bb, 77—
R TOKIANLETKET PN R D BB LRE L, £D1%, ﬁﬁ&%
RN Lo TEEF M~ E XL E Lig, £ OBREOHEMOEM I
Tﬁ@ihﬁﬁi@%%?é%@k%z%hé.ik,#7&~w§ﬂ%m¢
BE, RIMOEENMIH SN Z LIk » TRIIT/NE L (HhREEN K E
<) Y, ZCKVREENDKRELSAEAT L2 LT, LVHER~EEEN
D EHEHIND., BROICINODIERANKREIEELT, Qg7 7 —
JVENEEINT 213 L, KIaRENOHENLT 5 £ TORRIZFE < 72 2MHmICH 5
EWVWZD.

Fig. 3.6 IZAR L 72 KR DSBS KT 5 T ofbf 274, T, |
% 20 R T oA I HEA T D REZI 7 b <A BN £ CORRZ b A2~ T
FIFNPBIB IS WS OSA T, BT Ol A T HRICD L 5 57mo
HENLIZ =D, —F, P77 = VERREL 2D L, [aBER 2RV, 131X
—E OB Z IR Z E Rl

Fig. 3.7 IZ5WA M am K 0 BEDL S 2 ERTOKIAIZIR 27T, 2O b
ONREDNT, BT 7= VERKRELRDITONT, KYEHEE ST IR <
FESNTWDHEEFRIT- XD LT 5.
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N, Fig. 3.8 12, KA EE & BitA L TS & v B4 2% £ ToR,
SIAEHOMEENE FICHEfi L TWAR S % L & LA OBEMiE S (=) ©
RE 2 b 2R3, KLY, GEEE EICHE L TV 2 50BERIE, ZoRiakE
(o THER L, #ERE S DR Z R Lictk, SEITHERAICHD LT, K
TRAPHOES (] 0.1mm) (2F T/ L7ZRER T, SIS 58 X 0 BEDL
L7~ ZOEMIEY 77— ETIRERBETH- 7.
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Fig. 3.5 Time variation of bubble shape ( (a):height, (b):width and (c):aspect ratio) in
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Fig. 3.6  Time variation of apparent contact angle in subcooled pool boiling at various

degrees of subcooling obtained by visualization experiments
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AT%p=0.1°C ATqw=5.1°C AT4=10.3°C

ATgi=154°C

Fig. 3.7 Comparison with the bubble shapes just before its departure from heating
surface in subcooled pool boiling at various degree of subcooling obtained by

Perimeter (zL) [mm]

visualization experiments

O 4 O D o
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: AT,,,~10.3°C
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: AT,,=21.5°C

Time [ms]

Fig. 3.8 Time variation of perimeter of contact line in subcooled pool boiling at
various degrees of subcooling obtained by visualization experiments
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334 REAMRERN LOHEK

HIEN CEA D NI-KIARREICH LT, 377 —VEDOFEN LA D a1
DRIARRF B P LT, BEfFoXia R EwmA s oz 17-72. 22T,
KIURIIREEOMFEIC L 0, 1) EMSEL (REME) £2) BvmzE3dhl (kR
B ICKBIEND Z ERBINTVWAT25H[3.10], 52O DK TR B D
Hinle LTERE SN T3, 1) Rayleighd s [3.11] (X(3.5)) LN 2) Plesset
and Zwick® X [3.12] (X(3.6)) Z AWV That&1T- 7=,

r(t)z{z{@}m} t 9

P

I’(t): 2\/§Ja at, Ja :m (3.6)
d pghlv

2T, r XIS, IR, T XSV 7R, T WXEAFIIEEE, hy 1XARIE
BE, p 1B, ¢ IXEEHEN, o IXEEILBEEZ T, £, IRTO g,1 13,
Hx KAB L2 =7, Rl O KTa & R AUT 2 TR E 2 50E L T
WD T2, ARSFEERAER L MRETT 51240, KRN THWA L7 BE T,
EEODLOICERTHIMMEE D, 22T, EBRTIIXIAHE Y ORI H
FHNTWRWZD, AR TRV ENSH (IBMEED) oKl 3BT
FHOWMBIKBHIZH D EAE L, £ OMEVKEIRE % ER) 515 bR
M (KIaMEE 2> HBERL L TR AT 5 £ TOREMERR) ORIICEAYRE|C
FoTEALERETHD LERL T, RADOIEETFBRE X OMTiEIC
Xo T, T,=110°CZ & L7=.

'an+mJa
k7

3.7)

T, T AHMEBNEIRE, To 3V 7R, q (FBGIR, o (ZBVEHGER, t X
FEORFHE, Kk 1 3BMnER 2K 7. £/, Table 3.5 [THHFHATHT L2/ 3T A
— 4 &N
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Fig. 3.9 EXIZBETF D& Ja kR B & ik U 7= K0a R o R 2L 2 R 9

(FEdh O TIRTE 136 5 #6%) . F£7=, Fig. 3.9 FEIEEFA] 0.3ms £ CTOHiH%
JERLEMERTHD. M, FHEHHSROZKEERFEITERERAINEREL
THEH L. K&V, ERTHELNI-KIEDOS R ER & S BmX e ORI
WOBRIZH D Z LR nD.

(nﬁ%mwmﬁﬁif-%ﬁ77~wﬁ’%%ﬁ<,%ﬁi%@mmeD
A G & —% CREVEEOWNED) .
Q)ﬁ%om4mmﬁﬁ#i@-me@wrbm PR Uth, B
% 29 Plesset and Zwick D= CKUa R IEFE 2N TP T RE GEEVK & 7 7 —
JVIR & DTSR
(3) HFZ10.2msLARE : V-7 7 — )V EE DN BAZE & 72 0, fafniT HERE,
Plesset and Zwick DX T a4 LD (77— D ﬂZ) .

U ED#ERNS, AIBUEEBRTIIY 77— Th o126l o673, 7

7 — VEED R LR B D T2 DR BEFEIZ IR - TS, SaFmiRiE 2 e L 72 BEf7

DRJe kR B 200 FZBRFEE R OOR THNICAHZ TH L b D LHWTTE 5. £,
ZORREBEINCET NV RIS 2 Z L2 ko T, BEMITICR T 25 A L
DRI DO FE R THANE S L THEATE 2 b0 LR TE 5.

Table 3.5 Values of the parameters for the analytical equations

analytical | T, Tt hiy o P a Chi
equations | [°C] | [°C] [O/kg]l | [kg/m®] | [kg/m®] | [m%s] | [3/(kg-°C)]

Rayleigh
(Eq. - -
(3.5))

Plesset
and

Zwick 1.68x107 4217
(Eq.
(3.6))

110.0 | 100.0 | 2.257x10° | 0.59758 | 958.35
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Fig. 3.9 Comparison of the experimental result with the existing analytical
equations at various degrees of subcooling
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Fig. 4.1 Bubble volume variation time in subcooled pool boiling at ATs,;,=10.3°C

obtained by visualization experiments
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Table 4.1 The result of Ts calculated by Eq. (4.1) with waiting period
at various degrees of subcooling

ATsuh [°C] t [ms] Ts [°C] ATsup [°C] t [ms] Ts [°C]
0.1 3.55 112.43 10.3 14.02 109.37
0.6 4.05 111.61 11.2 15.40 109.66
11 5.13 111.27 12.6 17.37 107.04
2.3 6.71 110.93 14.0 19.05 108.55
3.6 8.09 108.43 154 21.52 111.68
5.1 9.18 108.46 17.4 14.02 109.37
6.7 10.27 109.47 19.1 15.40 109.66
8.1 11.15 108.48 21.5 17.37 107.04
9.2 12.64 112.21 Ave. — 109.97

Tp=100+ATsw [°C], 9=0.25[MW/m?], o= 1.67x107"[m?/s], k= 0.67776[W/(m-°C)]
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Fig. 4.2 Computational domain for bubble growth process at AT;,=10.3°C
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Fig. 4.3 Comparison of numerical result of bubble volume-time values with
experimental data and analytical result in bubble growth process at ATg;,=10.3°C
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Fig. 4.4 Time series of the subcooled bubble growing behavior obtained by numerical
simulation for original model at AT¢,;,=10.3°C (1/3)
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Fig. 4.4 Time series of the subcooled bubble growing behavior obtained by numerical
simulation for original model at AT,=10.3°C (2/3)
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Fig. 4.4 Time series of the subcooled bubble growing behavior obtained by numerical
simulation for original model at AT,=10.3°C (3/3)
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Fig. 4.5 Computational domain for bubble condensation and extinction process at
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Fig. 4.6 Comparison of numerical result of bubble volume-time values with
experimental data in bubble condensation and extinction process at ATg,=10.3°C
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Fig. 4.7 Time series of the subcooled bubble condensing behavior obtained by
numerical simulation for original model at AT,;,=10.3°C
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Fig. 4.8 Estimation of the amount of volume change with original model for bubble
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Fig. 4.9 Estimation of the amount of volume change with original model for bubble
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Fig. 4.10 Bubble volume variation time with consideration for improved phase-change
model in bubble growth process at AT;,=10.3°C
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Fig. 4.11 Bubble volume variation time with consideration for improved phase-change
model in bubble condensation and extinction process at AT,=10.3°C
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Fig. 4.12 Time series of the subcooled bubble growing behavior obtained by
numerical simulation with consideration for improved phase-change model at
ATsubzlo.SOC
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Fig. 4.13 Time series of the subcooled bubble condensing behavior obtained by
numerical simulation with consideration for improved phase-change model at
ATsub:103OC

78



422 SARRICERT HXEEFOEE
AETTIX, BEHREIETLVEZ WA OKTaREICEGRT A YRR O
WA REHT 5 70, UUFOHEEZRE L.

(1) WIENREYS (b7 7 —) O
O ¥ 77— NAEEELLNES
Q@ V77 —NEBE LSS

(2) ZRFEFEIR DM

(1) PR (77 —) O

KBEITIE, OV 77 —LZ2EZELRWVEAICHOWTIE, MEATEEAE
B cliiloshicREEEZHEL, OV 77— EBELEGAIZONTL, R
Tz O A EEGRE CEDIL, TR LV IMIZ SN T 7 7 —IREETH 5
EL7. 22T, OIZoWTIE, AIfiCHY 207 7= KIa kB e O £ figsT <
AW wiiiEgiss (Fig. 4.2) L L7z, 72, Ol T, Fig. 4.2 DfENTIAR
G PE T, WA D 1 RILIEE F BB R E O AT R[4.3] 2 AV T, WIHRE S
ERE LTz,

HM=R+GVJJ}6ﬁ%§I+4 ém]‘ (4.6)

2T, X AHMBENE O OMEEE, T MEBMIRE, Ty XV EE, o ZIRE
PEHCR, t IRREEE 27, A ENER@.6)icxt L, O THW=Fig. 4.2 OfE#T
A bE, (EVEIEETA110°C, L7 EET,489.7°C (ATw=10.3°C),
EEIHR o 21.68 x10'mYs & L, T=110°CTAR T 5 EA6um D KL H3 i
BRI DD £ D1, FOBEER t 250us ([ZRE Lz, ZORMFICEIT 5 ER
BEES1E, s10umTH S (2 2 TiE, PEREARICTT 2 —RTIEEH R
WERARE OTEIR 6 = 120t % AN TZ) .

O L QORI S % FW =5 E OfENH#EFIC oW T, Fig. 4 1412K788
BORMZZER (O 77— a2 BELRV) BLOAHEHR (@Y7
—VEZBELE) CTRT. KLY, EROOY 77 —LExBRELLWEE (T
72bb, Fig. 410DBIEFZLE T VOMAHER) Ll LT, @o%iakE X

79



FERMGE, LXK LT IRATERL, ORI EDOXIAFEE
RLT. ZORKREED -0, Fig. 415250 A % i A2 F=0.5D %5l C
KL, fFECREa L Z—BIOHEEXY M EZRRLTE. IS0 89
(2, WBRIE D EN 2D, KIJAIIRET D L EHIZY T 7 — VI fibd TS
THN, BRETERL Y IMEL TWADOT, [EEAETEICHEWARSIEZ TR L
o, ZOZE LY, UIMIRESICRET 5% 7 7 —VOFENKIARREIZIER
ICRE R BERIFT 2 LR MHER T

(2) ZAFETEBL OB

RNT, KYERRICKIETABERE RG220, Y77 —L2BE LR
WHIIIR S &2 T, SRR T C D2 2 A BV (S8 5 ik o 31 A& 1
DIZPRE LTz (ZNLAORIAFR I TOREFE, BefEILE U\ Aafisr %
1Tol-. KEMICET DIENTR EICOWT, Fig. 4.161 500K A % i/l 2.F=0.5
DHEHMEmTRL, e TREa X —B X OHERY M 2R L. £72,
Fig. 41412 50a R ORI Z b 2 — S8 TR L7c. Fig. 416705, KJdEIC
o THEIREENARIE EHICRD EiF o, F£72, RIEMEITHE - TRIRD HE
BrEn ok R, #E AT 5 X O I RENE ISR B KA TR SR 1]
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® : Experiment = ----- : Rayleigh (Eq. 3.5)
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Fig. 4.14 Bubble volume variation time for thin superheated layer model and local
evaporation model in bubble growth process at AT,=10.3°C
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Time=0.00E+00 [ms]

Fig. 4.15 Time series of the subcooled bubble growing behavior obtained by
numerical simulation for thin superheated layer model at AT;,=10.3°C
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Fig. 4.16 Time series of the subcooled bubble growing behavior obtained by
numerical simulation for local evaporation layer model at AT,,=10.3°C
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LERD.
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0.15<F <0.85 (4.11)

EEMEE T VICHZLRFOfERMEH 2 Z )/ LT, FE, KJEkEiRiEs
K OVREUEEAR « VAR R O BB ARNT & FEh L 7=, Fig. 4.17 IZKJE KRR L O
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REBRITIER DIETEMREE TV, FERPHE LR OREFRF 2 B 8 LB 1E
AL T VORERZRT . Fig. 417 S 5172 X 51T, FIE LR OFE IR
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RNT, RET IR D RIaZFEE O EME el 2 il 4 5728, Fig. 4.19
(KT RERE, Fig. 4.20 (ZXUAEE « THBOBRRIZDOWT, SRS & ik
F=0.5 OEHMER TEL, FETEEa ¥ —BLOHEERY M 2R LTz,
Fig. 4.19 OXVEMF IR TIX, HIEBIGER, TURICKIAE D & 48 TR K
PR DR R T &, IHMBEIEREERCIECROBEEME/ET L (Fig.
4.12) & EMERIZIRER e E M 2R LTz,

—J7, Fig. 4.20 OB « WEIREL T b, (RO EFEMZIE T L (Fig. 4.13)
ERERRARAR Z R LTV 5723, MORIBRHN G 6237 X912, KidOEEE
3PRGE LIHIET 5 £ TICE 3 HEEMIX Fig. 4.13 &l L C, RET /L TIEK 1/2
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IXFEBRICA DY T, ATw=5.1, 154 5 XN 21.5°C THDH. F7=, NIRRT Fig.
45%%VWWm%:ﬁﬁﬁéﬁmﬁ@@:owfda%%7&~wﬁmmuf,
AR SR AL N 5 Table 4.2 12”75 ZERE LT,

Fig. 42112, ATaw=5.1 (LX), w4($x>%iUnch(TE)kjmfé
KIBAEHE ORI b2~k d. KLY, ATgw=5.1 8 XN 15.4°C TiE, ATgw=5.1°C
DENERT ZBRE, BUEMATRE R & ERER IRV —8E2 R L7z, 22T,
ATsup=5.1°C D& HH 70 TRATHE IR & FEERAE R &L OERDPHER IND D, Zhix
WA E LT 2R EhG OBEN R LT D & & 2 by, EBRCII% By
DEHAFEDPEAL TN T & B RTEJE 0 IZIZEFITIEWIRES AR S LTV
mboEEZLND. —JF, ATw=21.5°C TIE, BAEMHT T DAL= EEkE s 23
FERAER L L TR T LTV A, 2, FHER 718 50um (23t LT, #IHIX
JEEED 0.2mm Th VD, KJJEDOK T IREORNENHE LB xT-. £ T,
ATsup=21.5°C (2 I T D A& TG IE DB A WERR T D 723D, K I7 10 D& TR % -5
(2 L7z 25um (Fig. 4.21 : ATg,=21.5°C OfE#R) & 1/512 L7= 10um (Fig. 4.21 :
ATqw=21.5°C O — L #H#) 2 MO BB 2 54T L. T ORR, RFIRIGE
Z b D 2 & RIS BT RS BT O X, BRI T-IE 10pum Tl EBRRS &
L BIFIZ—F L.
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BY 77— )VE DKL A E) 2 MR 5729, Fig. 4.22 (ATsw=5.1°C), Fig.
4.23 (ATgp=15.4°C) B X U'Fig. 4.24 (ATgw=21.5°C) (25K A % ik F=0.5
DEBERKTEL, HFETREa L X —BIXOHENRY MUK EFRR L.
WTHNOGETY, KIEDERME OARIZ I TRIEIRE & fE O 7255 B IR W
O FEMPMERTE D, £, BEMEICEIBAOKMICKY, SyuEEOY 7
7 —VRIRE % R IEHHETRA LN, O LD R ERIE AT LSRR R &

EMERIIZ—B LT,

Table 4.2 Radius of bubble departure obtained from experiments for bubble
condensation and extinction process

ATus [°C] Radius of bubble
departure [mm]
5.1 0.55
154 0.3
215 0.2
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® : Experiment ~ ---- : Previous model
""" : Rayleigh (Eq. 3.5) ——— : Improved phase
change model
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Fig. 4.17 Bubble volume variation time for improved phase change model considering
relaxation time in bubble growth process at AT,=10.3°C
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Fig. 4.18 Bubble volume variation time for improved phase change model considering
relaxation time in bubble condensation and extinction process at AT¢,,=10.3°C
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Time=0.0E+00 [ms]

R T
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Fig. 4.19 Time series of the subcooled bubble growing behavior obtained by
numerical simulation for improved phase change considering relaxation time model at
ATsub:103oC
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Fig. 4.20 Time series of the subcooled bubble condensing behavior obtained by
numerical simulation for improved phase change model considering relaxation time at
ATSubzlo.SoC
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Fig. 4.21 Bubble volume variation time for improved phase change model considering
relaxation time in bubble condensation and extinction process at
ATgp=5.1, 15.4 and 21.5°C
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Fig. 4.22 Time series of the subcooled bubble condensing behavior obtained by
numerical simulation for improved phase change model considering relaxation time at
ATsubZS.loC
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Fig. 4.23 Time series of the subcooled bubble condensing behavior obtained by
numerical simulation for improved phase change model considering relaxation time at
ATsub:154OC
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Fig. 4.24 Time series of the subcooled bubble condensing behavior obtained by
numerical simulation for improved phase change model considering relaxation time at
ATgp=21.5°C
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VOB 2R, AT R ITATR O Xk 5108 — BB (Fig. 4.25 3248 « 3HEK T
i 1um) 1% Rayleigh D= (3((3.5)) OXJAREHE L IEFICEWVW—HAE R LT,
Z D%, H B (Fig. 4.25 FEHQ : FHEAS IR Sum) (2725 & KTEMEEITHE
FHoE Uik, 25 —BeMt (Fig. 4.25 SEMQ : FHHEHE 718 10um) T Rayleigh @
XD EBERIC—BET BB L. U, %@ﬁ%ﬁ@ﬁ@%®@
PR (Rayleigh O 7B B I OBYREIA~BITICE 2D EEZE X B, K
BAEFRAT S Z OE %2+ I X TWAHEEZERL TS, ZOlEs X5
BRd 2720, BvnEiloXTh D Plesset and Zwick DX (X(3.6)) B LY,
Rayleigh & Plesset and Zwick O A2 W& T 5T CTIRE SN 7=kD Mikic,
Rohsenow and Griffith [4.4] D% VT, KA EHE D #1772,
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T, im0V TR TACHOWT, Fifio&ELRICLY, T,=110°C & L
72346, Plesset and Zwick D= (((3.6)) # L O Mikicetal. D= (((4.12)) DX
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R, TS Mikicetal. DR AETRT. T OHEKERE NS, KIAKREIZLLF O
2R 2 EDN o T,

(1) FEBRT —Z OHE LTV RV R R BRI E M S D Rayleigh
F L O Mikic et al. O & EAEMEATRE R GHEASTIE Lum) (TR < —#
3% (~0.01ms)

(2) KV ITEM A (Rayleigh =) 7> 5 EUEE LA (Plesset and
Zwick) ~BAT GBBEM) + 2MmIc oW\ ik, Mikicetal D& E
B L OB AT RS 13—~ % (0.01~0.1ms)

(3) RIUMRENBMRELEICHEITT 5 &, Plesset and Zwick 35 & O Mikic et
al. OXUTEAFNBBE A KE L TN D728, 77— VDB D720
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1, AL SRR R TR S M RTE AR O R R ORRFE S L L T D,
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HIORES 2 ED X I ITRET AL » TRIBRENEA SRS, LR
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T, FEHSICEERNGEZIT 22 BTV, AREEMATICRB VT
BRI DE R NS b2, 22120 —flaRT. Fig. 4.29 ([ZEHEMK I8
20um Wi Xy FU— 7 HE TR LRI E R T, 22T, FERIER
FIFE AR R=099 D2 v ¥ —XE£T. ZORNSHGLR L I, [IBER s
B\ b & ORISIEFITHEORIE (1%REOHRIE) & LWFEN R I Lz, =
X, USEMEE DA IEFIC KR E B L RITFT EEXA LN TWHTE
W (w4 74 Y—) OFEETRETHHDOTHY, Fig. 4.29 DK TR L
7=, Cooperand AJ.P. Lloyd [4.5] BNEME L7-~A 7 v LA Y —IZT5ET VK
ERELLL TV 5. Fig. 4.30 IR S & iR F=0.5 OFHfim c& L, T
SHAWARED 2 2 — (09<Fy<1.0) BLOHERY M ARFE L. 0K
B, AKETFEASOZIEDRRA Y, KIS & AN & ORI E R 23
BOESH T SRR TE S, Zhid, M LEOEMEEMAZEE LT
ZLET, REKTHATIEIRAICAEE TE R WIRHENERE L L TEEELZ S
DTIFRWhEHERI SN D, Fiz, KJEREIZHE D Kdaihd b XIENE A
T HIRODRIIC K - T, KJaJEFAOIRIERS KIANERICH S IAEN DM S /5
Nz, ZTHHDBIRIZOWTIE, EETSRELEIMMTOA TRV, KREMHE
FEMT FIE CTIIAFIC A BRI RET MEEZITHOT LTI O L D RBIRPHRIZT I
2L — FTE TS &N RTIEFICHEHBRENE VWZ X ).

Table 4.3 Computational conditions for patchwork computations

Domain size
o Time Initial bubble
(x-y-2) Grid size [um] | . ]
increment [ns] | diameter [um]
[um]
60x65x60 1 10 6
512x250x512 5 50 60
1000x500x1000 10 50 240
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Fig. 4.25 Bubble volume variation time in bubble growth process for patchwork
computations with improved phase change model considering relaxation time
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Fig. 4.26 Comparison of numerical result by patchwork computations with analytical
equations and experimental data in bubble growth process
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Fig. 4.27 Time series of the subcooled bubble growing behavior obtained by
patchwork computations with grid size of 5um at AT,;,=10.3°C
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Fig. 4.28 Time series of the subcooled bubble growing behavior obtained by
patchwork computations with grid size of 10um at AT,;,=10.3°C
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F1G. 6. Model for bubble growth.
M.G.Cooper and A.J.P. Lloyd, Int J. Heat Transfer. (1969) [4.5]

Fig. 4.29 Snapshot of bubble shape by contour at F3=0.99 obtained by patchwork
computations with grid size of 20um at AT,,=10.3°C
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Fig. 4.30 Time series of the subcooled bubble growing behavior obtained by
patchwork computations with grid size of 20um at AT,;,=10.3°C
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2.0mm

Table 5.1 List of initial bubble shape

AT [°C] | a[mm] b [mm]

0.1 0.70 0.51

5.1 0.62 0.47

10.3 0.56 0.48

154 0.49 0.38

21.5 0.44 0.35

100
0.2
b
a 20

2.7mm

Fig. 5.1 Computational domain
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() ATsp=10.3°C (Upper : Experiment, Lower : Present)

a8

(b) ATsup=21.5°C (Upper : Experiment, Lower : Present)
80 87 84 85 €8 90 9¥ 94 9 9&)0[”0]

Fig. 5.2 Time variation of bubble departure behavior compared with experimental
results
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ATSub:5.1OC ATsub:].O.\?)oC ATgub:15.4oC ATSub:21.50C

80 82 84 €0 83 90 92 94 96 38 100[C]

(Upper : Experiment, Lower : Present)

Fig. 5.3 Comparison of bubble shape just before bubble departure from heating
surface at various degrees of subcooling
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Exp. Present
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s | : AT,,;=10.3°C
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=
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Time [ms]

Fig. 5.4 Time variation of bubble aspect ratio compared with experimental data at
various degrees of subcooling
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@ After departure

Fig. 5.5 Modified initial temperature and velocity fields at AT,,=10.3°C
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Experimental results

Numerical results with non-bubble departure history for initial temperature
and velocity fields

Numerical results with bubble departure history for initial temperature and
velocity fields

ATSub:5.1OC ATsub:].O.\?)oC ATsub:15.4oC ATSub:21.50C

o
80 82 84 96 63 90 92 94 96 98 1C0[°C]

Fig. 5.6 Effect of initial temperature and velocity fields at various degrees of
subcooling for bubble shape just before bubble departure from heating surface
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Fig. 5.7 Time variation of bubble aspect ratio at various degrees of subcooling
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Numerical results : X-Y
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Numerical results : Z-Y
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Fig. 5.8 Evolutions of bubble shapes and the temperature distribution between
experiments and numerical results at ATg,;,=10.3°C

Experimental

= =

Numerical results : X-Z

— —
[ . TlCl
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Fig. 5.9 Evolutions of bubble shapes in the xz plane and the temperature distribution
between experiments and numerical results at ATg,=10.3°C
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Fig. 5.10 The time variation of temperature distribution using a volume rendering
technique at ATy,p=10.3°C
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Fig. 5.11 The time variation of stream-lines and temperature distributions using a
volume rendering technique at ATs;,=10.3°C
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Fig. 5.12 The time variation of 1-D temperature distribution in y-direction at
ATsub:].O-goC
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Fig. 5.13 Effect of surface tension force for bubble aspect ratio at ATg,=10.3°C
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Fig. 5.14 Bubble shape just before bubble departure from heating surface at various
surface tension coefficients and ATg,=10.3°C
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Fig. 5.15 Numerical results of bubble shape and temperature distribution at £,,=20°,
45° and 90°, and AT,,=10.3°C
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Fig. 5.16 Numerical results of bubble shape and temperature distribution at £,=20°,
45° and 90°, and ATg;,=5.1°C, 15.4°C and 21.5°C
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Fig.5.19 Time variation of bubble aspect ratio at 6,,=20°, 45° and 90°, and
ATsub=15.4oC
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Fig. 5.21 Time variation of bubble shape and temperature distribution
in the xy-plane at AT¢;,=10.3 °C
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Fig. 5.22 Time variation of wall heat flux and bubble boundary distribution
in the xy-plane at AT¢;,=10.3 °C
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Fig. 5.23 Time variation of wall surface temperature distribution
in the xy-plane at AT¢;,=10.3 °C
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Fig. 5.24 Wall heat flux distribution in the x-direction just before bubble departing
from heated surface at various degrees of subcooling
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