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VOF-Based Algorithms and Their Applications for

Two-Phase Flows (Including Heat and Mass Transfers)
Student: Shi-Wen Lin Advisor: Dr. Yeng-Yung Tsui
Department of Mechanical Engineering

National Chiao Tung University

ABSTRACT

This paper is aimed at developing a numerical method for two-phase flows
with phase change on unstructured grids. AIn this article, two schemes are
presented based on VOF (volume-of-fluid) method. The first scheme is to
capture the interface by solving.the advection equation of the volume fraction
directly, termed as. FBICS. In-order to maintain the sharpness and boundedness
of the interface, the convective flux through each cell face is determined by
means of flux blending. The weakness of this method is that the interface region
will occupy several grid spaces. In the other scheme (termed as CISIT), the
interface is reconstructed first using -interpolation practice, following by a
predicted-correction procedure to handle the movement of the interface. Except
for the interface cells, the VOEF distribution is uniform, either in 1 or 0, and the
interface occupies only one cell in its width. Unlike the PLIC method, the CISIT
can be easily extended to unstructured grids with arbitrary geometry and 3-D
problems without causing any further complication because its formulation is
very simple. In PLIC, the reconstruction of the interface is not straightforward
and the procedure to advance the interface is complicated because a large
number of interface configurations (16 configurations for 2-D flows and 64 for
3-D flows) must be considered for determining of the flux across cell faces.
Tests on a number of cases reveal that results via these two schemes in this study,
which can be used on the unstructured grids, give good agreement with exact

solutions or experimental data of free surface flows.
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In order to simulate the two-phase flow with phase change, the CISIT
method is extended to include heat and mass transfer due to phase change. The
mass transfer across the phase boundary is determined by taking into account the
mass and energy jump conditions at the interface and added as a source term in
the continuity equation. Then, the interface is treated as an internal boundary
condition in the temperature flied. Finally, the energy equation is solved in an
implicit way. Besides, this method is also extended to simulate the heat transfer
of two-fluid flows without phase change based on the assumption of the
continuity conditions of the temperature and heat flux instead of jump
conditions at the interface. Application to film boiling flow on a horizontal plate
at a state near the critical pressure.shows that the boiling mode will be different
at different superheat temperatures. According to different superheat tempera-
tures, the boiling flows can-be divided into five modes: single-bubble mode
(AT <15°C), single/multiple_—bubble mode (AT =15~19°C), single-jet mode
(AT =19~22°C ), ~double-bubble mode (AT=22~27°C), and double-jet mode
(AT >27°C). In the single-bubble mode, good agreement with semi-empirical
correlations was obtained in-terms-of averaged Nusselt' number. Furthermore,
simulation of film boiling flow on a cylinder demonstrates that this method is
applicable to boiling flow with complex geometry.

Finally, the CISIT method with phase change is modified to calculate
three-dimensional two-phase flows. Unlike two-dimensional flow, the interface
is reconstructed with several non-coplanar triangular interfaces within the grid.
First, this method was tested through computations of a number of two-fluid
flows without phase change to validate the capability of tracking the interface in
three- dimensional flows. In addition, this method was also applied to simulated
film boiling flow on a horizontal plate. It can be shown that the space and time
averaged Nusselt numbers obtained from the current simulations have good
agreement with the semi-empirical correlations of Klimenko, especially
for AT =10°C .Finally, the heat transfer model without phase change was used to

simulate the molten tin droplet in o1l and the octane inlet in water.
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dik

R s s b oerd el
BRIFERILS AR A A s @M 1L 11(a)4 73 St 45 A il
250 @ (b)) ()R A W& AR ™ x foy & o Hiks SLIC i ~ PLIC i 11 2
FLAIR i #+ & 2 15 4 & 258 7 2B o

SR AR ahg £z BAHGA KNG e L o

piEe R e R B REERA s 2B ER > Pl BE

DEREREREFE A RGEA TR o AR ML ST Y LR - Bk

4

BHA@FensF S g dda fade R abg b ipd 3 ag e

BBl 3 S FRFE N L e B AR A ok 2 & 1 h PLIC

HZ Y o G RN A GO 3 64 M BRI i o
fiew it b f[35] 0 Am AN F B RE R o SHY- B
¥ 42 Mosso[ 36 ] & 4 i%:i8 Lagrangian-Eulerian s> ;% ki 7 a2 »

SApRE ATy M-H R B = & A ehiedt k sz ¥ [37,38] o

1.2.1.6 iz radkz2 R e

FiEe BHEE B RAY NEI S e 28 T Sl d

(R
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2/

A FH A F T I AR 2 NG e FUE S 0 KA ht BB

)

PG FRATA N AL I AR B R Y 4G LB S

£ TS BEHICPRAER A 5 8 A P A KRR 4 e b peS S R

=1

BT @R G Mok o R AL F AN G A S
B oo SRR A AP E NG 2 BT OB S FHREE GG W 5

2 FIEE o Flpt G ¥ S %‘f—g:}fh N REF S A kT

@ﬁz‘l —‘,L [39 43] ;\“u{g;@j\ﬁ;’ VOF = ﬁii‘ j\?"-?—r 5 & Hieeh
H2sm Aod 52 20 B8 % =582 fidad o

1.2.2 00 o B 4R
1.2.2.1 # 3 Bk

1998 & » Juric v Tnyggvason[ T]4k B~ =4 i B2 [13] 1 i 2 &

Ik

SARR P e r A G AR R T D 2 RoE R A 0 B )

o
\ﬁ'
=
5
\IU:‘

kT T g A e O % e Shin e Juric[44 [ w s B R £ B i
w2 (level-contour) £ i en> 38> B F R A% 7 = Baynd ? 5 2%
hb EH A RH A R R R ER % o @ 2004 £ - Esmaeeli fr

Tryggvason[4b, 46 ] 2 4p e e £

M-
gt
o+
~=i
=
—h
3
A
[
7“_.
1%
'\"%f
» ‘F
=
7.
.y
N
NN
&

o AT > B3 WM MEAF e EWAEREL R K FS

FE e T RS (multi-mode) RS e

*“?3
=hg
o
Bty
"
{4

Jg;ag*:;#,a%ﬁqp‘:agg, e I B e L. z§ &) AEH}J\F;{; g;m@q? ) ng_,ﬁvg,};
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Esmaeeli 4= Tryggvason[47]# » AR # & # (immersed boundary method)

KRR T FE L AR G o BEAR G B W R B AR B gt e

EFAAFARDER > LAk wol &ArA 8 0 22 A AR Y o
WA R AR FIEED D AFe ) A B B A maftaEL P oo

1.2.2.2 & =@k

H\
2N
ek
N
_j
ol
Zi-e-\'
z
‘.\1:

F W3R wm xHi B2 > Son fe Dhir[8]
FABEaR ™ o RHERETTRR B TERAE LT B DG ERR AL D
PE-HFRAKERRNTRT > F WL FIED NPEF G o Ra o
B EA R DR BIE A (Jet)en® 3R o Son[48]51 ~ A
B fadp T A T ek BT R SRR S 0 re gt 2 1 0 R LK
B A F e 2 AR enR AT o A 2 TR A R 1 S il A R
TR A FI F g uR A B At > T AR B S0 B (smoothed delta
function)[17] 14 3 4c /1 & Reifdfidicdd o ZAm p B K-8 a0 € gl :f B iF
2o @B R 2P o V- AR SEKY 4 B
(ghost fluid method)[49,50]&0> & ¥ A% ke il ehp g - 3 2 ¥
PRSI G Rt T e FlteF P 5 [1-03Ap R in B
NREEZ AR Gnd o @ 2007 £ > Son fr Dhir[54 ]+ & * 4p iufE 4
B - oz MoK TR E ot g o A [50]ehe 3¢ o EE e

wEE FAE2 PR AL 2 kTR E 2 EaA R
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1.2.2.3 intg g4 2

Welch {= Wilson[9] & & & M-/ #4842 F (>0 ip R F g - 4
HFHPLICEZ RE2 /o X a8 FrpRitmid hFEg iy
Bk T AR S o 2002 & 0 2 E - P HATE 3
BT A ol A g2 B en IR % [56] < Agarwal [57] % 4 RIE A% g2 0
FIRA RS T T A RERY C BT g s ol o
ERF MRS LTRSS SRR T ER BT LT SV

3 B G B B P4 2011 £ > Guo[58)E A T ie—

‘3\\-

b e
i
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AP AREFERT BT AR IR 25 dp i R R
%o g;@wp\*’v—A]ﬁa@ﬁﬁﬁvy;ﬁ‘ﬁaﬁﬁﬁﬁvi it & AR

R EEZ R AAL PR @S

|~
=y

AT RS BAYRMMAR IR E N FURREN G
#i.% (flux blending interface capturing scheme, FBICS)[59]% = 4z p

£ /i & #f #i_2 (conservative| interpolation scheme for interface

tracking, CISIT)[60]» *-ﬁ KE 03 B PR R ﬁwnuﬂ L R

Frh VOF 2 4258 ¢ 1R B anlli i A S alhind & k38 4 g A B
o BHRE T BRI U EREMAI N BB B Ik AT R

174 40 2 REGIEA & E 2 @ R R o e it PlEE | BB A fein SfR
2 2% o S F RN G EBE ek BB - B E TGk

SERATE T =R B >

¥l

R AR s REP T et 2 A
B ATERIE B R Sk RfRA G B AR

A ARHMACS BAEERS LA 2 R B REBIAS
B A > TR A G ki B2 RS Sl fen e g WA
A F RIS T s F AT AR S AP e r d I A F
R EA T LA GRS B KRB S Ao i o 2R E S

fel g st adg s o PIEERT PISO B 2 a3 S kg fm o
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2 AR I hd Apin 2 3t B R AR 1 A1 0 CISIT 2 ¢ ke
"od w2 frFE PR R ER  HELSTENG LFIPR AL D
Foef @ > Ry TREE g 2N R TP R Z A%
bend Apin o @ it B ARSI EE CISIT 2ordd o i n £ - 2p
FhRAIL > F o 2R RRRATE i B AR o T JEd 4 6 i
BRZHBE GG ER AN PEER R FERAS B HET R
AR PEIN R B AE2 P e TR SR A Y AR i et
2wt 2 e B a SRk R F A L kIS

1. FBICS ;#*tp d £ wmir(free surface flows)z & *

2. CISIT iz >t o s F-(two-fluid flows)z- & * -

3. CISIT iz ‘56 4p Rk B X - i W "2 HCRR A~ 17

4. CISITZ2*» = as p7-FEa2 B o

|
H
’f{-‘\
\4
Py
&
Jul
—.mﬂ
pat

|
=

LTGRO AR RS £ 2 i ER 0 PR
MHS R AT AR RS S ik (T R DGRP S i
BER LRI T T e § 2 BN Rl CISIT 2 R & &2 ori )
AR R R R R R N RS Mk T TR 2 [ E 2 04
EI R RS Y TR N AP R HCD B R ER ALY ki o B b D

RG> P A R-FE B AT CISIT 2 )48 B 3 = BonlicE gz |+ 0 P

Ao D eodclE R AR RN/ A 2 B o
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(c) A4

B 1.1 & Apinenfh A0 $ 95
na
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Gas

Interface

(b) Eulerian

Bl 1.2 & Apin s arie * cnie AN
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A|Chifical Heat F

)

(Leidenforst Pointl

AT

FE 1.3 Ko e sk

/o)

Vapor

LLL L L

LLLL L

B 1.4 Berenson ik
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Fluid2

Fluid1

=

B 15 s 5 L

3

|

Liquid
¢=+d
Interface //
P
P
=—d
Gas

|
\\/

B 1.6 &~ S#0% 7 3 B
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a7

..II..\.\

Fluid2

.-......\\__/

e oo 60 oo o Fluldl | oo ¢ o o/¢ o

45
IS
4

B 1.7 MAC .

Fluid2 ||« =0

interface |) < o < 1

Fluidl ||« =1

N

7

SRR (VOF) 2

B 1.8 7
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, reconstruction \ reconstruction
—— interface ~— interface

X-sweep : X-sweep .
—_— 1 _— == 1 1
(DA R/ 5 7 Bl (2)3 R — il
reconstruction , reconstructic
interface ‘—— jnterface

777 %
X-sweep X-sweep :
- = > LY Wiy 7 .
(3)= % 2V (DE R 5 4H

Bl 1.9 SLICZ i+ X > w2z iw £2 75 & B
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B 1.10 PLIC /= f§ *fs Amt et p 2 A ( e = w2 xh2 4 & 5

0~7/2)
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Ci# (y-sweep)

(d) PLIC iz (e) FLAIR i

B 1.11 7 ' VOF 2 /i & €222 ' #o7 & B
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LR S5
2.1 @A
AR ERAL ALY TR F TARRL 2 S AR R RS 2 e 7
M AR B R AR i B2 AR 2 S A (Volume-of -Fluid, VOF)
S AR o AR ELHAAE 2 5 (volume fraction) k A A A T 5B 2
kg T2 I - 9 rE S Be(Step function) cin KBRS A A 5 K & o 2 TR AY

im0 i

7
~

®
\“‘kﬂ
?.“3
e
-k

=
do

£ b AR A0 i ke 0 XY
oA A F R AT FA R MBRT A G R g
CSF(Continuum Surface Force)# w 5 4 -3 [61]7 M #7341 * - B £
oA e VRTINS R A m e B % 2 (Jump condition) e
INARR T R A P A B E R AT SR A R A G
BEAAREZE FABRAHEZ Ao RAPE 2ot T d A G A Rl 2 Y
PN AR AE RS w P 2O RSt BRI RN G el § 0 L% ER
TP EE NG PR AL TR R RAE T 507 .
BrLl o R B AR L g A i - F R R ARG

R AR AR 0 ¥ - DA REIT P BRI 5 R e d
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2.2 g% (VOF) = A25¢
AT BB F LA T RTET P AR > F Y IR A
(VOF)i# - e B g fe ks > Rt BREAE A Sis 2 % o REfE A 5

THE AT

T 2.1)
vl + VZ VCAVA .

HY THIfe2 & 73 B Faynd s CV. & F I HIMA o 1995 SR
MAEASAFZTR TR ELDRERALRI-FHE 10 Z /A7 kA

7535 (B 1.8) »

1 the cell is filled-with fluid
a =40 < a <1 nthe cell includes interface (2.2)
0 the cell'is filled with gas

G *Em m "‘ Bz v ”gﬁﬁfé\ z E% “?ﬁ @%}@ﬁi"} ‘\/*/ \ 3{"'?—41&&4’\

(material derivative)s F[22] > Flo" 84} 4 F I chfiiz = f2 3t 4o

Da o« oa
-2y =0 2.3)
Dt ot ' ox

ROV AR R o 1R - AR S PR A S B e X

iﬁ,’” 0 o %ﬁmﬁ'{r‘-—d— 5o, I}‘ILL# AN - @‘fﬁ/u -»@ §‘ %i;\'( O) ’

J

¥ o —\ ,Iﬂa’g\.g_: ’1/} Z_on ,l}é‘ngé‘rﬁc—g ﬁi’\ y 4T 5‘ :

0
-%%;@UO 24)

gd PN OURBEEMAZ G A, L BN AIA R

T2 AL REF A e BB IR o

35



2.3 i 43¢

RN R N R AT S LR R PR S L ABTE i E N i
AR AR ERET FARE DT o T LMY BT F A T
B HEEAETE AN o d AR R B o e g r
A2 OFTBE AL RIE N B A2 o AMBRIEMZ A A
B~ KRR 2T REEL A A M A RES UE A GRS oA
o B AR R g AR R K p Bolng AR 4 0T & o £ 4247 (energy

dissipatuion)sf o 3% FAE Rk o A2 ApiEt i A28 > F AT

47T L
op
+_
o tox (PV))=3, (2.5)
opV. 0 oP . O
—L+—( VNV )= —— - pgrrfs
ot axj( l') ox 6XJ PY (2.6)
opT 0 I | kot
—+—(pVT)=— =—— 2.
B axj(p ) axj(c:axj} @D

Lo %A~ h A4 % £ (viscous stress tensor) ~ P 3 B4 5 g

St

é:ﬁi"%\iﬁ}i‘fqﬂjf’% % & 3 ‘T?/m)i‘kﬁéi'gﬁé'ﬁgt Chrt-#n
S PlsipR i rALDTBE AT foS, L0 G ASFEERFEATEL
eI R o TN R G ATk e B A 2R Pl T LA T AT
_5” (2.8)

Hodopm2biF hdics o) 5 Himsk & o i0d 2 7 RGN E ZRIF lics ¥ 2 B
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RoE R
oV, 0 d oV,
2 5§( ]J—_EE Ko PO o (2.9)
LA AR ALY > AR F AR RApIET UGG Y N(2.9) RE B R 2 AL
A GER D MBS Tap A7 AT 2 5N
p=pa+p,(l-a) (2.10)
(2.11)

mu=pma+(-a)
He THI{e2 2 W5 2 Bl o Gd 35 2 TRt a @i VHR
s AR G - B gl § (plecewise—continuous) HfiE ) o At T A H
LB m A0 el AR A F RREH

Fa

— SRl i * SR INER 2

P e im0 al B3 AR (RN (2. 7)) B A A

}E'/‘n'g Pi\gﬁ IT":)*

Fakema s N

Ao RALE — N2 Reg®m 3 g% it

N e
BIr L7 g4

EFRBRENQ )T g > e s BHA R ER
Ry A B A CE
%g J§§+p8£=o (2.12)
Fogd FEa 3o 58 (2.10)
N, _-lop,, 8/3} ~1Dp_-1D[a(p-p,)+p] :pz—pl(Da]
ox plot 'ox | p Dt p Dt P Dt (2.13)

PR - ] & 2 MRS St [T B F %}n>*“@ﬁ<ﬁ%

VAR =R MR
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8wﬂ 2.14
ox (2.14)

B T AR S AR AP o Y el 2 AR5 2 IS 2
T o B SR MARH AL T BE ~ > T E A SR Y hd 2 A
7V 4T

Vs, (2.15)

ox, '
2.4 % & 3% 4 #7)

O TR S GBI o Fla H AR an s S 2 B4 0 i@
XET AR A S LR AR 4 L RIS AN R A ) o
pd Ao ﬁ“ﬁ‘ifé_ii#ﬁi?s%\iéﬁ" o dm kAT REITH 7w A G s
BAe 22
KR AP ¢ A2 43} &0 Marangoni effect o+ ,T-%—«‘?L’&_‘}ﬁ%ﬁﬁali‘@’ e E
TRIw EAL IR ERAIPROMVBRER TG AL TROP S 5 F
4 Marangoni convectione #Am A3 ? » L EXERNER-FH o
RGBT EFTRHREFRCOFVAGKRSAPRZE VLG KRS ko

- FHc Ft MG e it 4 gAp T R o A dE e ik R4

RlEAZ-RAZ > FTIRERF A FNGT I o B ZE 4G 5%
4 ff"ﬂ" mﬁﬁé I/J )(\‘ 47
AP=P-P =0k (2.16)
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HPPEwa RIURA ~PAMS RIBRS sk 5 T3d F o F x>0 &7 inkY
1 235 A i k<07nd8 2 230 A 5w RI(E) 2. 1) o 195 & ST &2 o0

'ﬁé’%ﬁﬁéé\ I T R Z#Flraw,. gl hH s £ TE G

Ro Yo
“Wa (2.17)

95 Brackbill[61]#74% 21 e CSF #23] » A G enT30d 57 & 5407

K=—(V-ﬁ)=—v-[&J (2.18)

. [|§—Z|-v]|w|—(v-w)} (2.19)

TPk~ e B 5 3 50 0 F N (2.19) 975 * 32 8 et ghdic § 30 5
(2.18) > F ok g e e e N S S Aty b
B N(2.19)07 NRIT I T m 2 F oo BN (21D (2. 16) F B 2 A

NP G R4 T TR

1 Va
f =VP=0oxVa= a|va|Kw-vlwq—(v-w)}w (2.20)

2.5 PR 2 F T BHT
BT e AR T2 R A Ao A Rk KR
BiEe o R aonF 2 FE - BEE RN TREET AN G

R SRR e
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My, = Py (Vy =V, el = p (V] =V, )R 2.21)
(P, = R)I A~ (7, — 7)o+ 1M, (V, -V)) = ow (222)
(2.23)

=M, (CT, —C,T,) = (k,VT, -k VT, )

1nt

HY g 2o PBRERELNAL ERTE A m P2 A5 AT E L
Srig SRR TRl g feine A W K AR F AR E 45 #(2.23)

E A /2"551" e P2 BRI EFTIIE 40T

Chye = M, Mg = ( ) ( j (2.24)

Py BT VR ot SN T A R TR RSB R  RRERF A

W

4P TR R PR EEE S LA G el MR S 0 2 4 AT
giowi s A 2R R n S S TR E ek RAA A2

iz el o T U G AT

[ vVav = [Vefids= [ (V, <V)erids (2.25)
CVv. K¢ S
AP OV G HMA SRt m S SR AR R F e o P50

Az APHE AT S (22D A @ 0 deT
oo [,
\ |)°”=(———]mm (2.26)

ERBENQ2DTHED Y DT B ERBR BN R L

(2.26) % B 51 »38(2.25)7 » ¥ @4 » Ap R 1 oA 23 2 4250 > 4o

1 1 1
V=S8 =—| ——— L, dS 2.27
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AV S A 2 WA
WM AN o PEFRRE AL DT EE L TREA

CR AR e VOF B AR B F A e IR Y S B AT

PR T Lok AT g2 PR B A R d 50(2.24)3 8 T
ZAGERELEE  SEPREFER FERL R TR TEALE > &B
ERE S Nk 1S et A A2 o IR AR SA T
A2 T2 R kiR R a ® S RN @ AR R ARG -

#18eh

a2l

N R R gl ) et B S VA (S

s
-
v
“};:
=
4%

e R AR LR R

Bt b Ap e O A F FRAGESK N G R R e R XY FIERE
BREEREAAG D PREE A BT o Ra LR
FORPREY SRR EFT RIS REREDEFHEE LB DT T AA
R PBRBREY > AP YRS AN G AR R 2 - T (T,
FEAAGIARMORERZAE T ENAGER £ F TR T LM
%o e A RIS - Fikd BAG ANERT 4T 40T

To=T =Ty (2.29)

(ka_Tj :(ka_T) (2.30)
on ), on ),

dofe 4R A AR 2 Y 0 A BT AR R R B HCR R T R
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HRAARLTEA T o p b e W R AR ER L
BABRA SBREfHAELSF oA o By r Rt r o v die s
TR 2 AR B o TR A P A i R iE i ey i o
Lo »vf R ibroc R A 8- RpERITDERSG LT @

Poom » 2 iR ok BB E WAL T~ T RS B ER Y HE

FRE A T AR RIERR TR RAT o
2. FMEEG C AAR Y g2 iAo B o5 T iop d BT (mean free
path) % & [ *FinHint B > ST FMES L T2 R ie S AL

e g L FE A FE R 2 R R Al g s e

“73f enE A F i # (no-slip condition) »+4e3¢(2.29) o @ A diT

EEw e A2 AR A SRR S F o b A A F e

V=V, (2.31)
i S—m%mﬂ "1|j,4,\;£/_m_§}l/£ {§i151§ﬂ11+1~7$é£&
BARSERRLBRGR GO -

3. MTgR A R i B REE

(a)

wh
S
o
T
=
L5

B @ Rfoin ML FHR L RN ER

|~

=t
i
)
=1
S
F=1)

SOREMAOFAFETETE S F €3
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(b) B4 Ivefh: ahr @Rt - BHERLARS T2 EF

B N ARTERER > S 2 RORBA LR B0 S RN

WAL TR ARl F LR L BRFARLE -
B EOTL R P RS T e R F R ek a0
PRI BRI ISR )

V. =0

Ny _ (2.32)
on

TR E TR R e yndk T B R 2w o Ra o HEEER

2 2,

T A A B R BRI Pl B koG R A o
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$=% @ §® &4 s 452 (FBICS)

3.1 4

AR LR AR AL R R - B RS 2

E o 2 A 6 ff B (interface capturing)m # £ /i & & i@ a0
o RERERR RIS AN VER A Bl o BALE
AEAlh> E g 50 A b2 (UDS) e B 2 (DDS) 0 & E B RS

.3.

A R g g2 (NVD)fe 2 2258 2 (TVD) - X a o d Se7n AR > 25
VoE T RERAIE IR s b a0 R AL OR T RF 0 & f € id N il
e RTQRIESS "SIl - = el CIR -2 1 IS At I NN o SPE L ol N g2 1R i A
€A BERT DM D FREF AL 0 wd v H BE FAEE AT o
¢ w2 A @@ R (sharpness) @ & ;2 4% 2 FF $ 5 #ic(step
function) s3] iy sF 200 F i * T b2 e JREIRIE 0 BEAR T W 4L BB PR
$eAL PR A R AR RATRT MR RR T R A
B o AR B A BRI LAY o T S R A

FET 5 R 4 g 2 ficE RfFfE T > B den ‘\)I*‘«r\aﬁ—
BAIAA G E R & A Ml Sl kR & B PR A A R 2 R
MELLE e TR FE AR ATy Gd U Sdkfie & F E R & Rk
i d el 08 & /o i #502 (flux blending interface capturing

scheme, FBICS) [H9] -
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3.2 m“@ﬁfﬁ AN 2 %F—‘ESC

FAT (2.7 A A Y AN S HR S e

—+V-aV =0 (3.1)
RisH* 3 "VHMHFZ > HIXHIMFREMHAL > 2R NP FR AN 2 A
Fd FAAR AL J ML L BESEHHEAE L D e 0 T

m dV+jjav .dS=0 (32)
% F R T I s Hdeend] st

A o —ad)+ SoF e, =0 (33)

At .
BY AV AT R AR TR Tindrofos B & & R
TP A f A B R S MR e S e RS L 5 o A B R £
R e R R he T

F=Vi-Si (3.4)
St R R MG D2 e (B 3. 1) Vi R A G i R N(3.2)

AR A e o RIS RAle f T s ke B £

He ’Tﬂ}ﬂ’—U‘f\?DA,\ 5] £ T g b EE Tﬁ?ﬁ”%ﬁ—?&(—&r’%} 3.2) @il B4

Sl y(r) B 5 AAR A SRR T 2 Sl 0 B R h R B heT
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(3.6)
Hoe THUU Anfdle 2 FaREEGeR 3.2) &50(3.5)7 » B85+
B g u i b2 F Hic(anti-diffusion) » 5 7 @ £ 2B AR {
te € TP-iE 0 Aipi 4B Crank-Nicolson #7738 k4 U EJL + b 35 > @ F
eI @ % Rt (explicit)fgiz » #7058 (3. 5)F Mt B 4o !

o zB(aS U)+y( )( ap - U)} (3.7)
B bt TR T AR AR R A (30 3) P 0 T E F R A AT R aAn

WAL A250 2 e AR 0 bo

Aap =) Aal+s, (3.8)
C
AV
A= A+ (3.9)
C
A =%maX(—Ff ;0) (3.10)
S, =) e —w(cxo —aO)F +AY o (3.11)
% f 5 f4u 5 D U f At P :
He TRPEATHAFIMAZ P ~ CETHIIMHF BTGB 3D -

3.3 & £ ¥k

PR R D e EEO R LT U

2 2EAM end o E o N30V - e R L a2 e T Al d g
H Bk 2 [62,63] 0 B B S Hy(r)=0R %7 - B R 2 (UDS) -
y(N=1537 & Z &2 2CDS)A y(r)=2 5 T k2 (DDS) o H &= &5 iy a1+ &

B o A y=r LR R E (LUS) ~ p(r)=r/4+3/4 5 QUICK % -
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=
==
S
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-

A4
B RT AR ARA H ] BB ERIGRA R L 2 RS Ekeh
Fri o Fpt 4 2F 5 4o~ CBC[29]% TVD[64] % Uik 2 chzba i £ A j% 4p b7
2 0o ATR) RZRAUIE L ek AR > B UL R SR S
FatpERUETE R G P A S e BP0 KT o R T h R
it v i NVD E TVD £ 2 % m gl 22 eh i ok BT I
R S A T AL IR 57 AR [63] c B L LT
FoehwE A R U T S B R 0 T RS = H ARG
TR RE L LRI A e @R B T A T2
P B F P4t SUPERBEE 2 [65 )= &2 % 4. o
3.4 LERE N RS

dow e ParH pi Bl 4] 5080k 2 R L B E R e
B2 FIPFAETHRNIAIM A ek Rt i Moo g

St (00)) KR & A i £ T

2
EJ)
¢
ﬂd\

B fEAT A A
(High-resolution scheme, HR) % % 7 ™ R ;% (Bounded Downwind scheme,

BD) » # & 77 47 5N ¢
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j/FBICS—A :[l—a)(ﬁ)]yHR+a)(9)yBD (3.12)
PR A i el B9 £ 4 G df Uk (FBICS)[59] » # ¢ “i e *

R4 LA e BT b el B4 S BT A 7 Ao T

yHR =ma){0,min 4r,%r +%,2ﬂ (3.13)
y® = max| 0,min(4r,2)] (3.14)
HY HR/ZE2 Fromm’s i i A K Sifice 3 B30 - JF b iz > T h 2 E -
BEF RRGHADLAZ > LEAMEER A5 AL PHORFRGZ

it H R R o AL TR B AT TR AT B SR
ey FIR R BOm ) A R S 3] SNL66] B AT R TR
KRB A A G T RPF B o SN(3U12) P Ak eR & R A6 &
PRAIG T AR RN G R TR RE S F 20 g 2E g
o RIEC S R Y R AL AR o il d e kA (06, 27] 0 ot AR
2 g NVD AN e 2R e R AR E BTt cnd B AT T RIFE Y [26]

voarde 0 e i

o(0) = cos*(0) (3.15)
H v
Va, -8
6 =cos” 1 7% Qun (3.16)
‘Vaf “5UD‘

MRS T A G b PFRERL UL T D apedEe £ (0B 3.3) -

P

L #30 FBICS 2 ¢ % 1R £ 5 il £ /14 Sl » 117 95 48
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Leonard[67]#7#% 4} et 4.1t ¥ #c(normalized variable formulation, NVF)
KAv I o7 o H g HKA4cT o
(3.17)
B THUU ZT#dle £ FAFORECR 3.2) o Bt N he R E 5N
(3.5)% (3.6)7 7 (BRI mdT il chg FRF A F o 4o

ar =au +@(1—&u) (3.18)

TS SR S

r=—% (3.19)
d SN F gl e O et s S el A (sl 52 B B o
3] NVD 2 4 02 “Lrﬁ = s 28 d Gaskell ¥ Laul[29]#74 4!

¥ B & Pl (Convection Boundness Criterion, €BC) » H iz it &

1

{df , for ay<0. or a,>1 (320

a,<a; <l for 0=gy=<l
¥ o2 g ] i NVD Bl 42 (4] 3. 4(a)) o 4p gt NVD 2 - TVD £ 4 2 R

LB &R Ui F[64] (4B 3.4(b)) » 4o 3

a,=¢q, for a,<0 or a,>1

a, <a, <2, for 0<g, S% (3.21)

a, <a, <1 for

IA
—

|
ESO(U

FIg5 2 1 R Hcv # FBICS 2 @ *TR % ehB jair £ 2 2 § T b 2
£ T AT
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ai = 4 8 4 for HR scheme (3.22)
1 %<&U <1 (DDS)

av  au<0 or av>1 (UDS)
~ ~ 1
3au O<auﬁ§

ar =11 %<&U <1 (DDS) for BD scheme (3.23)

av  au<0 or av>1 (UDS)

# ¢ FDS % 57 Fromm’s /& © 0@ g 2bsitd £ 4 i & NVD @ & # chifa) 0 4ol

3.5 4% o Bl 3. 4,82 3. O BST TR = ARERT DA Bk 5 i TVD A

5

|~

ek @ e CBC AT o dt i § 8 N inZh A 4 AT Lt H AR ST A
4 ehlic @ Aol AT i 1A REE A m P e s5 8 d 2t A NVD )
o RS EMRA AR E(q =a, )t KR (a, =) AT TR
E oo Tt g AT DA AGARIR T & S o A 4 s chlic E BT
Fz oo g BARZRIT 2R T @M S ROET R(g =0) B &G R DR
M o FBICS 72 #-A 3% % 34#% ¢ #27 CICSIM 2 [26]% HRIC ;2 [27]fart fi» gt
A EENF AR E CHRICZED 3 A TRZEZ2 - FFRhi228

HNVF ¥ £ 57 e

e

~HRIC

[a)(@)dBD +(l—a)(¢9 )dUDS _dUDS:| 0'7_CN ’ 03 < CN < 07 (3.24)
f f f _—

0.7-0.3
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@ 3 %% CICSAM ;= o] &4 * HYPER-C ;2 [68]% ULTIMATE-QUICKEST(UQ):% %

AL HNFF 2w & 4T
_ |min| L& 0<au <l
ar = Cy for HYPER-C scheme (3.25)
av  au<0 or au>1 (UDS)
8C ., +(1-C )(6¢, +3 x ~
- min N ( N)( Gl ),rnin 1,& 0<au <1

as  au<0 or ay>1 (UDS)

2P C, s A if#Hc(local .Courant number) o % NVD B ® > gt = ;2 d
W S PR UEF RGES M (q,=4,/Cy )% BREBEARIT R 2 Y
g BTV L R R GRS SRR P R BRIt 1 R g
PEATCH & S 2 B AUR TR AT IS B A i B I e R
tHFE @ RF 0 BEHIT S PR B2 A hEk It T v O g
oo 1A AR FBICS i2 30 g | B in B W RGN 6 a4 o

Flpt A 2 FRBeag v CICSAM 72 sriing o ] #-HR 2 BD e:d & "4 & i 18

J

7% =max| 0 mm(max (2(——1)r 4r } (3.28)

Bdic k4 A o 4T

l\)lr—*

7" =max| 0 mm(max(Z(——l)r 4r} %

FEEE Y- 6 2R & dlic o 0 FBICS % 8 e t5 7 4 7 4o

yFEIcsB _ [l—a)(é’)]}/HR i a)(é?)}/BD (3.29)



At fEd R Sl E NVF 987 4 7 4o

max(iﬁ)gtu 0O<au < _mm(C— -)
C, 4(1-C,)’8
R P min((C— —)<au <3 (FDS)
ar = 4 4(1-C,) 8 4 for HR scheme (3.30)

1 %«}U <1 (DDS)

av  au<0 or av>1 (UDS)

max(—— . 3av  O<au < min(C, 1
C, 3

ar =11 min(CN,%)<gzu <1 (DDS) for BD scheme (3.31)

av  au<0 or_ay>=1. (UDS)

B (3.6(a))fr(3.6(b))~s 5% 7 H NVD ~F od 5|3 4258 F oo §
C >1/3PFF i * gp=B8au 5 A s @ C <1/3P:c* an=au/Cy % 2o
GRS SN T ) MR IR AR P (T
hoteB B 4 HcpE v CICSAM #5718 18 B BCEFB 3P 48 o S 8 A 2 #rdk 41 ehd

BARRE NG HGE D Bl R DL AR GRT B LA

.

FEBEGRZAFREF ARG hit 4 > dop T 0 E D {HAE

B g o
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Bl 3.2 Fdirdlm 2 F ~ Tt B2 T LR
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1 <
CXU
»
|4
TVD regime
0 12 1 i
Uy

(b) TVD J gy

Bl 3.4 I 41 ALB2 CBC 4= TVD & r22¢ gy
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0 ws U3 1 =
Uy

(b) 3 & ™ R i*(bounded downwind scheme)

B 3.5 FBICS-A 2 #ri# * ezt 4] S dic
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|

|
14 |
|
|
|
¥ |

0 T T 3/4 1 Z
Cyn/4(1-Cy) 1S

(a)- % 347 £ % (high-résolution scheme)

(b) 3 & ™ R i*(bounded downwind scheme)

B 3.6 FBICS-B 2 #ri# * ezba il § 4] S dic
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e d FERLAGEBECISIT)
4.1 § 4
BRI ALY AR A TEFAAR L T o g R

B0 pLEE e {g&ﬁp&g,&g;g ® D)4k SRET R K AT 5 F] R dofe

Wb B Aot [ faE P

-}1
"3\
_5.
=1
a\
.jl ~
frm
W3
N
AN
P
g;
2
2
A
=
v
S
-\
bt

TRl E A IR o PR S e Pl A R

AR AR NE G SRR AR E R Y D e B
(interface tracking) >/ i ik £ AT R A o 5 2 258 T 4 » i 6
g orde A e 3069, 70]¢ > Yeh o 2 * 5 A F il
@ 4p i (VOF-FEM) 2. = 72 o 8 2k 5 AR B2 Bl or et T R8N

R A % 502 G

s
_nm-

FaRERY o REESYd SELERIAAMBERY 2 BN
AZEROMFELF > TP TEIS AU FELS FEN 0.5 28 § 4

, 193

S T R

N

=1

PRATH E IR A A AT E TS T
AL LA 0 a2 A5 i 2R LG E T Tad i kP E o

e R A R R AT A S A B AR AT A bk

-n\g.

bk 2 R iAo T A2 R R INT IR L 4G
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i iy (Conservation Interpolation Scheme for Interface Tracking,

CISIT){ & & F pFrgFB S Hics o w\ﬁ TRB T E I 0 A

L e FG =

-G EE IR BERFEALS SIS T I AN S 2 a=05(2
SRR A 2 AER A  RREP R RS2 BEG VA

FeRF B A AN Ea @Fe s S o

oM s F MR WA AT EFAE R AELA

i -‘ﬁ‘-" ;IL KQJI“E’;J‘,( % 7\ g :]’%Ij!liﬁd ?{ EL?’JFFB% ““ﬁp% ﬁ'r é J‘}‘ /Tg I'J—r ﬂ} E@*F‘g‘%fré’f’j

AN

L]y T -] ~ 7’
IS m A JE AT

Bl gk W 5 — P S B N 0 pt R R B
BB NP @ R TR R R A R e A RGBT Fa
AT 0 FIUt A2 AR R B IO eng® o i B Rfie E

TR A D R A RS it A AendicE B 2 ReEg A B om A

F2 Ak > A S AP aEIE ) AR TR Y o F A

)
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4.2 o £2&

¥ - Bend fpininsga 3 0 A Y g=05kTE IR =B 0 ¥ EE
- B A AR FA G DEE o A h A A TR R
FiEE o VBB TIMPELE S N AL AT RERERD o

2. W,
:Z—W (4.1)

j
Hoo T iAo R e TR R By ¥ RIAR B e o ow A T R
g R E TS o dew PO S BE Y e Rl A e i e gd b3t
TR GBS T T RF S B, 2 B R L BE T
3R e e TR s BaEhiE s A Bo>05FFY - 25
a, <05 » Pl & 7 At B3 @ 1 F LA S EEE SRR N
FTEINA G (a=05)0 il (Ao@l 4.1 2575 ) e M B8 Rk et
HEEIE Y ST R TR TR E R LR RO SR
EEEAIL S N F A AT BN 2 Wi P T il R ER

i m ek oo

4.3 MR A F R B

- RATHRE Ao BELERG R T RF G OVMA 2 R
A AR R A AR A A B NI AT i B AT
a;, :(\7f -éf)af (4.2)
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oo TR A G 3 302 (interface capturing) €8 4@ * fr4] 6 ki 4
P FRAH L SO e D ARFA S B (0 )BT FREY £ 3 LA
SN T U RER P EERICERRER TR PR o A AR T2 A
# i B2 (interface tracking) » #>38(4 )R EE* R 1 n 8RB ®
% (wetted area) s in 5 KB A 6 HF HETRIZ > 34 0 4o 30
Fia, =V St (4.3)

SES A A R e B WA 2) T e REA AR 4§

BB - B3 AR engedh s & A Gtz BREGL HAERR S A1

g

Bl Arikor i B A F o RERFFAHESIEES S 7 4 L0 1 g
CfLf2)R T (f3) e BN (4. 3) B\ W N (3.3 =

%(0{; —ap) +§j:\7 5455 £0 (4.4)
B TR R AR e e

BPEF LR S AR AR e Rl B (VieSy) & BRI & AT
FE o Vg * B8 (explicit) 2 g8 (implicit) enfd iz » 5d PR % kg 0
fR2enE R e PR3 EAL RT ORI AT A 20 EF B2 f2
E R EID > hoT

ap =a; ——Z(Vf]°8fj (4.5)

PE ARG AT - BRI N A A e 2 ARy TR

s

B ER 1 R AL R e bR A 2 Bl o L A R D R i
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R A e g T RE

T3
i
T
;gn'\

BAEa R AT S A Aoyt

N
\

\

VR A5 G P AT g T PR F I €5 BERHIC

NS

SRR A o gt h s AR E AR CFL Uit A AP 242 1 5
BB e

P A AN T Y AR T S A A R T hE s T
PR ENF S RSB S 7R CISIT 2 A Ap R e ™ = e

r—*—}P\—isf( 3 ﬁi} % 7T 4

W e Mooz 1 1)6,.0A
a, =, ——— E . 0S:i)° +—| — int =/ Int 4
R\ J-(ij 2 hg[ ,OJ AV (4.6)
B AA, R AR E RS PR

4.4 GBS T3 8 SR
b et B G R A AR A R T g e s e

R R BREROR RO x;rt TN GO R L s B 2 G

ZEFEA AR RN B 2 R S - A A
A G AT - BReaEey o8 4 > 4o LB A (over-filling)fe
# %7 & (under-filling) ; ¥ — FAR[E_find B3 A o 3R R et 2 8

2 v oA g 4 R o e 2 B i B (over-depleting) ~ 42 2B A &
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(under-depleting) o F i ek il F § & /i G jidpF > &2 4 2L/ U2
PREANGREET ORI FIL T RE R B iR 2 R
= be IUTLET o

4.4.1 #E &R (over-filling, a,>1)

Bt m iR A G R BARERG AT - BRERAEORE S Va6 A2
ap>1EPTF s ffz. SHE AER o - anids 5 6](40Bl 4.3(a)) 0 F e
B B W E T B RIS AT T e G R o BY Ao Tl R A B4
At @pEtige 308 b7 ROEEF 2 RBERER &R 5 ZLERE

T RN (4.0) T A R A el L . R R e >

ok

NG b R L RBEGME A AT () 6 E B o R R A B B
AHBLPEAR LB e E T - BRER N L RS F ¢
AZHE 10 Tt P gl Be e SN i3 0 o R A R W OE I ESAR R R G
i h? FR bl BB M (e =0, -1 EATA 1 T P54
N o $3 - B agund g 2 (B 4.3(b)) » H A BB 5 Rz

BT AENAON, BT o @ H 3T P i g5 et b PlaRAp T 1 fBE S o )

Wa=F—"—"—"> Wy =————— 4.7)

PR, frw A M R T AR d fi b PR B ot LB ] o kPR

SRR N S R T Nl R e AT e e
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d PR FaeAig AT e A g o GR AR o T

T PR A A T ()T T R e

AV,

ay = oy + Wy (ap —1) AV
Ni

(4.9)

BB PRFIE CERDERINGE LS F L 1(ap=1) -

M

4.4.2 #3:8 & (over-depleting, «, <0)

LG RE ¥ A At e 4 e THRBE R EROFIRT > drF
4.4(a)#7F o Bl d LB w LR R ELP AT PR N B 0 € T
e D s o A A RE 2 A FEL E (a,<0)n
fim > Flt &% F BT PR R R AR A SR A I A R BLIE R LR
B o dhofe B0 E R N S R i PO 4.4(b) - T LR
P48 RBE T AFRERON,N,NTE R It 5] > F]pt 7 BT PR

TP ARV A AT

AV,
Ay = O + Wy Xp AV (4.10)
N

I~ ‘\d ": aP ‘? g |g| 9 ”'Tl/( X ’g_ {:\t‘g—}—\%’ ﬂ\d - %E}‘!:,”‘T/,f :"13@ )?7 E‘h’%’?fﬁﬁ
E OB THREREAASFIAERGE o F B 21 R
E#afegz €Y F 0(a=0) o

4.4.3 ¥ > % E(under-filling, a,<1)
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B A2 Aimoar a3 7 (shear flow)2 @ o d RS F G 7
REwdimcd BER 0 Fl AR T sy 0 BRI G o TSR

Fd R B (F 4.3(b) 0 e B AR 2 L B A F 3 T

1Cap <)l s fze 3 2 ? Eodom &7 > F1 5 g T&K fa, =052
fewo FINMF AL B Bbena B2 B R H|ET A5 L F C Gd A REwEDT

PRt oy ARREEE- Ba B2 B3 0.0 A G A REN S FH
A1 Eh2 (B F A6 0.5(a, > 0.5 TRV £ 7 A FLEEPenEgh) o Bl A T A
oSS RBE R A A Bz B LR R ET RN
BASFRAE > A @7 RS 2B I Aot Gl (4. 8)fr
(4. APk 2 £ 25 B8 F #d BB RS | o

4.4.4 %7 & (under—depleting, a.>0)

SR R WA 4 68 4 RS Renk s 0 fE2 L 5B
oo HA & appinaly % C igdpa e 2b(R 4.4(b)) > XA L B2 &
fratE(ep>0) 0 )3 3 @ EIL Rk~ A G o Flt S 2
B AR ANH LA RO AT AR R ATy S 82 @302 0.5(a, <0.5)
KU A G RE S AR B A B TR A F B 2 SR

P48 r(4.10) > Fk-a REE2 BB S (e
4.5 CITSIT 3+ & in 42

ik e 5“‘;*5—%(1]}3'}7 REAH iE HE a B Lm0 T -
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BEERET 0 H AR B A

(1) & EEpaagsFEkeris €2

(2) & FAdengft > f1% 84 6) RIERHE FTREFF T SRR A F o
(3) $>0HF(DATIERI ML F AR FELERE JLBHER BT o
(4) BIFE LA B2 LB K2 B o

?Bbg«ﬂ)ﬁy’}"Liﬁ @&I};%&"ﬂ]ﬁ}imr

(‘,\"
-

I F = > 2
o Flpt - BT AR AER(DI(2)2 8 0 € £ RS () FI(4)h
#H 2

B iy e B AR ST RN 240 G BGE A AR TR
2OER et SR R T PR A B RHg § oot £ i R A R
A - P RBERN S P ELE 2§ NEFREREDA G
Eod S e ¥ ARJYE 9 A 4p et 452 P e
4.6 AU A F T

AL hd B AR AMIHAR L - BT iR T WA A
FRETHLEHET(HR(p) 2T () A F A7 ena R
AN G EHUE BT UG Al e - BRROTR R FlL A
BoRLH R R AR Gl B BB E N G AT T T A
AN AR o RS Q102 1D B R fodbF Glihe s 0 F

Fef G he PR - BREREE A G S Rl R R AR 7
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BEMH P RFEHEER A G ENE R AL IR RO B E

SR A AR BA R {5 BE o FU 50 @ CISIT

=
"
A
F_*
s
|l
3
N
{5u
g
L
Ae
et
o3
o
&

AT R A A E T R
Bl AL R T A e 6 17,20,T1]¢ 5 4G H 4 & fEend
i R T s M A B T iaT # 1 (averaging smoother) éh= ¢
AL o ik g CISIT 235 it e fe® o bl A 5 0 34

Ten

h

BN (A D LA D et Ean, Ltk @1 % 4T g N % E 3
B w2 o F e N SVRID > TG A SRR S e
TR d A R ¥ EG A AEES KT IOT FAIE (Aol 4.5) - F i aten
BART @I AR BT E 2 A s LT R e

WE AR R R AR RECLE R G R4 Pl o 4o

p=pe+p(l-a) (4.11)
= o+ (l-a) (4.12)

1 || Va ~ ~
A v/ ‘Va‘—(V-Va) (4.13)

K=——=
‘Va‘ ‘Va‘
BP g A TR RS F oS A L e CISIT % A% B A v sy
GEE R Lt SRR S TR LR AR A

II‘::';O
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Fluid2

Lokl ——fL 19
Fluid1
O S Ry B

Bl 4. L CISIT iz 2 /6% &2 7 LR

- V . | L
st L

W T
sz - sz

B 4.2 1o BB RPERETHEIDZERFSZ LRI 2RH 1)
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7 ]
— |
|
|
° %—Vﬁ/ L._Yfz )
N, | N,
|
'
|
]

(b)) = s

B 4.3 mteam =3 A o BARER G AT RERIEEZ T R E
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Q ]
-
|
|
o e.vfl L,:-Vfl °
N, | N,
|
I
|
]

(b) = @i

Bl 4.4t b /i o BBARRR e F R R T R F
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5.1 i 4
A g R A fpRt BT G R 2 R Y R S H - o
B FI P g - eR g S 2N e 2 AR S D LA A S

Hin B R k38 MR e hn o 3308 8 2 2 g A2 Pl E Gt

o
T

B R UMM KRBT o AT R B 2 A S - kM

MAfcr AN AT NEFERLA T ARG LR ELSF TR o Y
S AR F]M AR EAT(S R E D BNREE R e R A2 2 AR

O A At ® Tssa [T2] #1#% M av PISO(Pressure Implicit with
Splitting of Operators)ii & i kg & @ & frud § = 4258 » 2@ 7
B frerig B AR 4 e 300 2 Stk endp B B0 0 T v s
FIE R B D bl BB A d AR R PE R i S AR U 4
»RIE K (3N 2,27) 4 B A R Era R g 2 A2t P e gt ag
K3 EAp R hlEA)

MU R R B 2 AR P R I end e A P > T F A4 2 PISO iR & 2 e
Hmin AR 2 RS e R eEgE s oo

5.2 ¥ & & 423" ehdfdt

R FZRTARTEREANAEE RN T LR AT
0 -
aif+v-(pv¢)=v-(yv¢)+Q¢ (5.1)
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SR AL | g

\F‘lﬂ

QA FF RN FRIE o AT F T 5
SRR 2 SRR A (CV) AR A £ 7 3538 3 210 UL A 1
5] ﬁ}é\ » b T
0 - — -
JIT %8 av+ [[ (p79)dS = [[ (uv9)dS+[[[Qav (5:2)
CV. C.S. C.S. CV.
2P A NS R IE U R IR o LA B A RATIE 2 RE 0 T
g4 2 7 ARG m e o
5.2.1 &
7(5.2) ¢ bR AL B * 8 (forward)ems & = 3% H g 4o
0 AV -
[ av =2 (e - ) 53)

B FiEnfros Bl TATERIE > THP A A R E

5.2.2 i3
NG BHE I Beg ff A B 285 N o 4T
Q(p\w)dé:Z(p\?mf ‘S =2pFd =2 FF (5.4)
HY F e tenlifFd € a FCR 270 B4 £ - 2306 F dud &
ARG R Rzl B Sl RN EET A L

7()

= + >

(do—¢) (5.5)
THRUIDA B A A %52 T e (doB 3.3) A2 kB AN
Ptk onid § U] S8 s Van Leer 2 0 B i@ £ U] St 2 NVF 0 42

FNF AT AT L
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r+|r| o

r+1
%f _ %¢u — Py E)S(ﬁu <1 ) -
by ¢, < Oor g, >1

BRI Y o A ENN(E.0)Y S R Y RN

ad

=t

o K RAOT R BT R T

=+ 7(r)( ﬁj) (5.8)
H NP b b T BB A ] B ) e 0 T AR B
¢ (4o@ 5. 1)7 s B 4T
n_ ¢Fr’1 (Ff >0)
. _{@? (F,20) (59)

Ho THPICA Y £ on a f B fotp it gl o & 3558 (5. 8)4r (5. 9) 7 #-5¢

(5.4) ¢ frde 4N & RAER T Ao

FE = p; max(F;,0)g5 =0, max(-F,,0)4 |+ p,F, 7(r)(¢D ) 5.10)
5.2.3 HitH

FHCE o fr o RIFRT A N iE L

Q(ﬂw)dé:Z(ﬂW)f Sy =ZFP .

;}i\ ¢ FfD%\'ﬁﬁi’i%%/{i‘E“ o "\il: J—*#rq, lk_*xm_g , _‘% - f%gigm‘%i&

|l

VB UE AL R e

I

(5.12)
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He dir 2w ® 0 3 RELPE iTHECer w2 w2 (B 5. 1)
& AT
C s
d== §5PC (5.13)
pC " ©f

P SR mBPIRBCZw & o #38(5.12)" ~(5.11)% » ¥ -4t

Fo =uV, 'a+ﬂfv¢f (éf _a) (5.14)
PR L EAELS L ERIFEE LA N e LIE R EP L 2

IR R FRZ B ar g o R R A R BEP 2 ARIT R BEC
R R SUHE N A 7 o de T

Vo, =(1-wW)Vg +W ¢, (5.15)

BP wi L F]F o b i e RN S0 PIRATE B = L A 2 ARt

¥ AT AT L

‘2

pc (5.16)

S .
- ‘ (¢c ¢S)+/‘fv¢?' S —=

FP == _
5PC 5Pc ’ Sf

4 <
Y

PP E AR kY s 2RI B R o
5.2.4 R
FH N (5.2)¢ RIEQ RIS HAA AT & 74T
J;.IVI.Q“’dV:(q“’)PAV (5.17)

Hd g T RN AL IROT o AT IR ARG Y Bl 5
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A

TR PP E e AR EHCEY B R eiRE e 7
AT FESE LG ES T TR LI RREFAR
B4 E

Hod g S AP B B RA TR AR IR AJT o AR
PR AR A R R A 0 AR LT R A S A T
PLR A IE AT T A R AT

vpzﬁ gvj_vpdvzﬁ ” Pdézﬁzf: P S 5.18)
Hhegdw b i $7 WA 5 ¢
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Cy=0.75 (Rectangular mesh)
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Cy=05 (Rectangular mesh)
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Cy=0.1 (Rectangular mesh)

Schemes Square Circle

CICSAM

HRIC

FBICS-A

FBICS-B

115
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8.5 - 1+ 2 57 (Single Rising Bubble)
R r CISIT et 5 % 2 % el - f o %48 0 chip s 1 4 2
o Grace[TT]3e g 13 5 28 - + 2§25 M scdy > T F 1454p
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Square u=1v=0

C, =0.75 C, =05 C, =025 C, =0.1
Rec. error Conv. error Conv. error Conv. error Conv.
Grids rate rate rate rate
50x50 2.0E-3 4.8E-3 7.2E-3 6.9E-3
100x100 | 5.0E-4 2.0 1.2E-3 2.0 1.8E-3 2.0 1.7E-3 2.0
200x200 | 1.2E-4 2.0 3.0E-4 2.0 4.6E-4 2.0 4.2E-4 2.0
Circle u=1v=0
C, =0.75 C, =05 C, =025 C, =0.1
Rec. error Conv. error Conv. error Conv. error Conv.
Grids rate rate rate rate
50x50 2.0E-2 1.7E-2 1.1E-2 1.2E-2
100x100 | 1.4E-2 05 6.7E-3 1.3 5.2E-3 1.1 3.5E-3 1.8
200x200 | 1.3E-2 0.1 4.4E-3 0.6 2.8E-3 0.9 1.4E-3 1.3

- A B2 U B e foaE B (B R Ru=1v=0)

Square u=1 v=1

C, =0.75 C, =05 Cy=0.25 C, =0.1
Rec. error Conv. error Conv. error Conv. error Conv.
Grids rate rate rate rate
50x50 1.5E-1 1.1E-1 8.6E-2 6.3E-2
100x100 | 8.9E-2 0.8 5.2E-2 1.1 3.4E-2 1.3 2.6E-2 1.3
200x200 | 5.2E-2 0.7 2.5E-2 1.1 1.4E-2 1.3 1.0E-2 1.4
Circle u=1 v=1
C, =0.75 C, =05 C, =025 C, =0.1
Rec. error Conv. error Conv. error Conv. error Conv.
Grids rate rate rate rate
50x50 1.1E-1 7.5E-2 4.8E-2 4.0E-2
100x100 | 6.3E-2 0.8 4.3E-2 0.8 2.3E-2 1.1 1.1E-2 1.9
200x200 | 4.3E-2 0.6 2.6E-2 0.7 1.4E-2 0.7 6.3E-3 0.8
2= A @ﬁi%]z L34 2 etiract B4 (2w F%Hu=1 v=1)
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Square u=1 v=1

C, =0.75 C, =05 C, =025 C, =0.1
Tri. error Conv. error Conv. error Conv. error Conv.
Grids rate rate rate rate
1404 1.4E-1 1.3E-1 1.4E-1 1.5E-1
5620 9.1E-2 0.6 7.8E-2 0.7 7.7E-2 0.9 7.8E-2 0.9
22474 4.8E-2 0.9 3.8E-2 1.0 3.5E-2 1.1 3.6E-2 1.1
Circle u=1 v=1
C, =0.75 C, =05 C, =025 C, =0.1
Tri. error Conv. error Conv. error Conv. error Conv.
Grids rate rate rate rate
1404 1.3E-1 1.1E-1 1.0E-1 1.1E-1
5620 5.9E-2 La 5.4E-2 1.0 5.4E-2 0.9 5.7E-2 0.9
22474 3.5E-2 0.8 2.8E-2 0.9 2.4E-2 1.2 2.4E-2 1.2

2= his @ﬁg?]i L' 28 27 e B gk Bode (2 &R fu=1v=1)

Rec. Grids error Conyv. rate Tri. Grids error Conv. rate
50x50 1.3E-1 5626 3.5E-1
100x100 3.4E-2 1.9 22550 1.5E-1 1.2
200x200 1.4E-2 1.3 50658 7.9E-2 1.6
300x300 8.6E-3 1.2 89776 5.8E-2 1.1
Fw AGAT e 2 'L efRilcacd B4
2 sec 4 sec 6 sec 8 sec
Grids error Cony. error Cony. error Con. error Cony.
rate rate rate rate
48x144 | 3.2E-3 2.1E-2 1.2E-1 3.4E-1
96x288 | 3.3E-4 33 5.2E-3 2.0 4 4E-2 1.4 1.6E-1 1.2

2T FH-3BAEANL 2 UL e o acE & 2
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u=1v=0 Cy, =0.75 (Rectangular mesh)

Grids Square Circle

50x50

100x100

200x200

Bl 8.2 /ig 353 @ RHFY @ﬁ%iﬁ;% (u=1,v=0,C, =0.75 > = F 35 $%)
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u=1v=0 Cy, =0.5 (Rectangular mesh)

Grids Square Circle

50x50

100x100

200x200

B 8.3 g iz Adr B2 B% (u=1,v=0,C, =05 > = FA; )
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u=1v=0 Cy, =0.25 (Rectangular mesh)

Grids Square Circle

50x50

100x100

200x200

B 8.4 /o353 @ EHFY @ﬁ%iﬁ;% (u=1,v=0,C, =025 » = F 3 $%)
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u=1v=0 Cy =0.1 (Rectangular mesh)

Grids Square Circle

50x50

100x100

200x200

B 8.5 g iz Adr B2 B% (u=1,v=0,C, =0.1 > = :#A;%)
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u=1v=1 Cy =0.75 (Rectangular mesh)

Grids Square Circle
i 5 =l g E
A i \
N { .
50x50 \ \ i
N\ /
1 N
\
N N ’
S uE | - /
N / N —
100x100

200x200

Bl 8.6 /o353 @ AEHFY @@?Ji,%;&% (u=1,v=1,C, =075 > = #A; %)
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u=1v=1 C, =0.5 (Rectangular mesh)

Grids Square Circle

~|
I,
.

.
I

50x50 \ N 'i

100x100

200x200

W 8.7 Aigrimya AN B Bk (u=1,v=1,C =05 > = :F 35 $%)
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u=1v=1 Cy =0.25 (Rectangular mesh)

Grids Square Circle
{ f/’ - \
5050 ‘t
\\
™~ / \“'--..
100x100
%_:!E

200x200

B 8.8 /o353 @ R HFY @@?Ji,%;&% (u=1,v=1C, =025 > = #3, %)
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u=1v=1 Cy =0.1 (Rectangular mesh)

Grids Square Circle
| § ] / T A \

[ \

50x50 t /
\\\

/ e
100x100
:ﬁ:!iiE

200x200

W 8.9 /g rimya AN B Bk (u=1,v=1,C,=0.1 > = #3454 )
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0.75 (Triangular mesh)

u=1v=1 Cy
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Circle
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0.5 (Triangular mesh)
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0.1 (Triangular mesh)
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0.02F
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| - —[3F — ©€n=0.5
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_ i
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o 0.01F
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- \\
0.005H1 e
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| [ - -0 — ©€n=0.5
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= s e - -
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(b) 14

B 8.14 4 o T@ﬁ%iﬁi@éﬁii’%ﬁé%ﬁiﬂ 2 BBl (u=1Lv=0 = :§3;%%)
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ZF 4 AMAT=20CHFn? (B 9.26) - 22m » $ R EHARFFHS 3 30C

P TR t=0.330 fF @ RAEI > RIMA T F ME G L1146k
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B g ko pAY R f WEFTEEERE AP > 2 3571 ¢ Nussel t
Bt 9T 0T 379644 0 ¥ b B[55]¢ AR P H A L2 BES T
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% #.5% (mul ti—mode) & X 4% & vgi& ’%"
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¥ e Grashof #c > @ 723 5 B 3 4v 148 97 e e > A [9,46]¢
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RALY 243 RIA W 58 RER 22 S 0o BRI ARIP S EH
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T od t=0.8 H BV EFREFEBRIF Y 2 GBI Feamd 5o

PR EEG BT 39 Nusselt #cs i3] B o bk 5 & T4 B O

RS

A 2B d t=0. 9T fi2 B eh i e B BT Ao b i auB g
Prf e B2 MTIRTE 0 % m 7 d Nusselt BREPF R s it B R o
B AEEALY R T I W LA SRR e o
TG e S ep R AR T x5l 2 & B ehiE AR (e t=0. 38 £1 0.59 ) = Bl A B
= E ) ¥k g v i ] Kelvin-llelmoltz # f e ehgf 4 m
A2 S A R(et=l 05 F g2 2y By 2 t=1. 15 )5+ RIE
%JDO%ﬁjx TR Teait SUESIIGEN -3 Dol Sz R N Rt =y
5B R H-TIRREF (DB (1B bt B

BB 9.31 P A AR TR opE s it Nusselt #c? Berenson v
Klimenko % (% ;@ TBenficE it fo > 2P L G N end & 8d o (27
2l et g A o B P Ao T2 Nusselt Bicd- #p F1 & R L oF e d g
PR A P 0 F]pt Nusselt BcSEPF P i+ hdrtg kg1 - @ A t=1.6
Fyié > Nusselt #csg it cdrtg AR dd ] > A TP Hp i & 5 2 4 =%
g WenPE R A - 3Rooo@ F RS R A R RF R e oG DR
~ W5 (B 9.32t=2.00 ) - B 9.31 ¢ ehpriait Nusselt #icAid " ES
- BRARETERAE G AT F A TR LS5 HEL 3,590
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PEAgFed iy FEE o 1995 Hosler 2 Westwater[81 ]z -L 5y
e S RIE(A)HFERF eGP RE(L=22)8 5% P LE
(A =2732)2 o d B 9.32 ¥ > e t=0. 4T fyPh f 72 4 & =¥ ehk <
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Grid 90x180 120 x 240 180x 360 240 x 480
Period (sec) 0.184 0.185 0.188 0.189
Nu 5.17 5.34 5.43 5.50

o 2 TR e R e 2 2 R i) 2 ot Nusselt #k

T (°C) K (W/mK) C (kJ/kgK) 1 (Pas)
373.00 0.5383 352 3.230xE-5
374.66 0.2502 43.18 2.912xE-5
376.33 0.2126 28.54 2.825%E-5
378.00 0.1918 22.27 2.775%xE-5
379.66 0.1777 18.64 2.743%E-5
381.33 0.1673 16.22 2.720%E-5
383.00 0:1591 14.48 2.704xE-5
384.67 0.1524 13.16 2.692xE-5
386.33 0.1468 12.11 2.683%E-5
388.00 0.1421 11.26 2.676xE-5
F = A F T A (P, =2180ar 7 T, =373'C)
AT=10°C"| AT=18'C | AT=20°C | AT=25°C | AT=30°C | AT=40C
Nu 5.43 5.55 7.14 5.89 8.00 8.07
Nug 5.27 4.82 4775 4.59 4.47 428
Nuy 4.85 4.40 435 4.25 4.17 4.03

N 2 T e st g2 prio it Nusselt #c L 55k S HHRR A

AT (°C) Nu Nu,

10 23.3 7.69

20 24.6 6.92

30 26.0 6.52

200 (P=1atm, [55]) 5.40 1.76

24 = MoK T EE EEA 2 pRioi Nusselt #icd L i o sV PR 4

210




interface

liguid

Tsat

Bl 9.1 = ate o 8t B AR 2 pR B
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A Exact sol.
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O L L L I L L L I L L L I L L L I L L L I
0 0.2 0.4 0.6 0.8 1
Time (s)

Bl 9.2 - A& fop T PR A CEET S E
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108

A Exact sol.
Numerical sol.
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=
C)

102
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=) I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1

L I L L L I L L L I L L L I L L L I
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Bl 0.3 - atedciR RiiT (LB AE2 B B A TR (t=1s)

interface
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y
|
vapor
f
|
|

Tsat

|
!
— X | >V int

B 9.4 - HEERWTCREZ TR B
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B A
B A
25k A
B A Exact sol. A
i ——— Numerical sol. A
2 -
d(m)y 5|
1k
05
1 I 1 1 I 1 I I 1 1 I
OO 2 4 5] 8 10

Time (s)

B 9.50— SHEACRRLT PR A G % KRR R

08

061

0.4

T(°C)' A Exact sol.
Numerical sol.
02
04
021 . L L1 . | L 1
0 2 4 5] 8 10
X (m)

Bl 9.6 - HEAFMATCRHEZERALF B (t=10s)
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Outlet

B 9.8 7 FiEtafiir R 2§ @ oA R
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(f) AT=40C
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t=1.320 s t=1.353 s t=1.400 s t=1.430 s
A2 A2 A2 Az
;
hd2/2 hd2/2 hi2/2 hd2/2
t=1.445 s t=1.478 s t=1.550 s t=1.587 s
A2 " Aida A2
hd2/2 hd2/2 h2/2 ha2l2
t=1.625 s t=1.651s t=1.665 s t=1.805 s
A
<]
A2 A2 A2
hd2/2 hd2/2 hd2/2 ha2l2

B 9.12 k& T4 FaA 2 & & Bl(AT=10C)
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t=1.230 s

t=1.260 s

t=1.280 s

=

t=1.290 s

—

Ad2f2 Pd2/2 Ad2f2 Ad2f2
t=1.300 s t=1.450 s t=1.460 s t=1.490 s
7‘-@2 ?‘-dz ?\dz 7‘-@2
Aa2/2 A2/ 22 Aa2/2
t=1.500 s t=1.520s t=1.540 s t=1.550 s
7‘-@2 7‘-@2 7‘-@2 7‘-@2 I
Ad2f2 Ad2f2 Ad2f2 Ad2f2
B 9.14 kT T %Eﬁﬁ;iﬂv%z # 85 BI(AT =17°C)

219




t=1.020 s t=1.040 s t=1.050 s t=1.070 s
A2 " hda
hd2/2 hd2/2 hd2/2 ha2l2
t=1.080 s t=1.180 s t=1.200 s t=1.210 s
g
‘J
hd2/2 hd2/2 h2/2 ha2l2
t=1.220 s t=1.240 s t=1.250 s ‘ t=1.260 s
dq
A2 A2 A2 ‘ A2
hd2/2 hd2/2 hd2/2 ha2l2

Bl 9.15 -k T4 s g2 6 fi B (AT =18°C)
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t=1.010s t=1.030 s t=1.050 s t=1.100 s
7‘-@2 7‘~d2l
Pd2/2 Pd2/2 Ad2f2 Ad2f2
t=1.180 s t=1.290 s t=1.700 s t=1.720 s
74
?‘-dZI ?‘-dZI ?"lﬂl
Ad2f2 Ad2f2 hd2/2 Ad2f2
t=1.730 s t=1.740 s t=1.750 s t=2.000 s
14 ¥V V
?‘-dZI ?‘-dZI ] ?‘-dZI ?‘-dZI
Ad2f2 Ad2f2 Ad2f2 Ad2f2

Bl 9.16 -k T 4r & A 2§ fi Bl (AT =20C)
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t=1.020 s t=1.040 s t=1.060 s t=1.080 s
a2 ldz. a2 a2
Ad2f2 Ad2f2 Ad2f2 Ad2f2
t=1.090 s t=1.100 s t=1.200 s t=1.230 s
7‘-@2 7‘-62 ?\dz 7‘-@2
Aa2/2 A2/ 22 Aa2/2
t=1.250 s t=1.260s t=1.270 s t=1.290 s
7‘-@2 7‘-@2 7‘-@2 7‘-@2

Ad2f2

[

Ad2f2

-

Ad2f2

Ad2f2

B 9. 17 -k T T 4r F ot g2 b fi (AT =25C)
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t=0.600 s t=0.620 s t=0.670 s t=0.760 s
7‘-@2 ?‘-dZI ?\'dzl
hd2/2 hd2/2 ha2/2 ha2/2
- t=0.860 s t=0.880 s t=0.910 s t=1.200 s
]
?‘-dZI ?‘-dZI
L—J
hd2/2 ha2/2 hu2/2 hd2/2
t=1.220 s t=1.250' s t=1.280 s t=1.300 s
?‘-dZI j ?‘-dZI
hd2/2 ha2/2 ha2/2 hd2/2

Bl 9.18 -k T 4r F oA 2§ fi Bl(AT =30°C)
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t=1.430 s t=1.300 s

95
%
75 215
g-g 18.5
s
35 e
25 &%
15 e
0.5 05

;"‘d2 ;"‘dz

2/ i A2l
(a) .AT=10C (b) AT =30°C

Bl 9.19 fig 2 BRrA% F

AT g 445

== - t=1478

B 9.20 =5 acNusselt #iin x 4 F ]
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OPEN B.C.

Water
15D

1D

7D

B 9. 22K A0 e 2 AW

Bl 9.23 KT FE &AM 2 e (R 12200)
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35

30f

= M A A AL AL

T

10F AT=10C

- average Nu

s

OD:' ‘ ‘OfZ‘ ‘ ‘Of4T;m‘e(‘s)0.I6‘ ‘ ‘OfS‘ — ‘II
(a) AT=10C

35

30F

b ST AR AT R A |

4 LJ

Nu

15

10? AT:ZOOC average Nu

OD:I ‘ ‘OfZ‘ . ‘OY4T;m‘e(‘s)OII6‘ ‘ ‘OfS‘ 7 ‘II
(b) AT=20°C

B

30:—

Ll —

25 U U ‘lw W

15
10F AT=30C

N average Nu

5¢
O:y“l“‘l.“l“‘l“‘l
0 0.2 0.4 0.6 0.8 1

Time (s)
(c) AT=30C

B 9.24 kT FE &5 % Nussel t B P 2 % 1t BI(D=0.211mm)
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t=0.329 s t=0.355 s t=0.359 s t=0.365 s
[
154 15% 15% . 15%
3 8
Th Th Th Th
t=0.373 s =0.376 s t=0.378 s t=0.394 s
o
a S g
154 154 15% 154

B 9.25 kT F

S
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B EZ # s BI(D=0211mm > AT =10C)




t=0.540 s t=0.570 s t=0.580 s t=0.580 s
A
154 154 154 . 154
o!
Th Th Th Th
t=0.600 s t=0.610 s t=0.620 s t=0.670 s
P

>

154 154 158 154 .

® 9.26 kT F

e .
PRI

E2 8 L Bl(D=0211mm > AT =20C)




t=0.250 s t=0.270 s t=0.320 s 1=0.!?30 S
A
=
154 154 154 154
Th Th Th Th
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