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A Study on the Subcooled Boiling Phenomenon of Vertical

Annulus Pipe

Kim Do Yeop

Department of marine engineering system
Graduate School of

Korea Maritime University

Abstract

To enhance the multi-dimensional analysis capability of a subcooled
boiling two-phase flow, the population balance equations and improved

heat partitioning algorithm were coupled together.

Several models for the heat partitioning algorithm and the breakup &
coalescence models for the population balance equation were reviewed
and a detailed discussion was given to get a better understanding of

the subcooled boiling flows.

To implement the models, two—fluid models of CFX.12.1 was developed
with the improved heat partitioning algorithms and the latest breakup

& coalescence models.

Improved heat partitioning algorithm included the bubble lift-off

diameter model. it took into account the bubble's sliding on a heated

_1_



wall after its departure from a nucleate site.

Lehr et al.(2002) model was adopted as the breakup model of the
population balance model. It took into account bubble's capillary
pressure. Due to bubbles's capillary pressure, A very small bubbles 1is
unlikely to breakup and the formation of very small bubbles i1s also

unlikely.

Coalescence effects due to the turbulent fluctuation, buoyancy and
wake—entrainment were taken into account for bubbly flows. Among
coalescence models, Luo(1993), Wang(2005), and Hibiki(2000) models

were adopted for those coalescence effects.

There 1is no inter—-phase turbulent models at CFX.12.1. Inter-phase
turbulent models could do a significant role at the two—phase flows.
The SST(Shear Stress Transport) turbulent model was developed with
the Krepper(2010)'s inter—phase turbulent model .

With the improved two—fluid models and default models of CFX.12.1, the
behavior of an upwards forced convective subcooled boiling flows in a
vertical annular channel 1s simulated. Comparison of models
predictions against local measurements is made for the void fraction,
liquid velocity and vapour velocity covering a range of different

mass, heat fluxes and inlet subcooling temperature.

A lot of difference was revealed between the default model's
prediction and measurement. But better agreement 1s achieved between

the improved model's predictions and measurements.
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1. A8

1.1 a7 A7

I Zy A, A Lt 2
W oolel gk Hyzt AEje] AqA7E A ol = dde AdAnlT
(Subcooled boiling)e]&}ar 3k},

2
o,
rfo
=8
N
L
=4
)
rfo
=8
o,
P‘L

FF T Ae A dSetr] 98 Be Rdso] MEE AR
1 % two—fluid 22o] 7 A4d3ity Two-fluid EdA 7Y S48
gt 71 IAC(interfacial area density)E &38}A] 53l Holtt, o
714 TACE @9 AA &z A A7loltt 237] IAC Rdd=
Anglart and Nylund(1996)3} Zeitoun and Shoukri(1996) E=o] <)
ok SHAIRE, o3t REEE JACS HsltE 45T gle BA 54
S 7ML glel, AFsAl IACE 52 5 fITh

o]#13t IAC modeld EAAE sZs7] YslA, Hibiki and
Ishii(2000,2005)'"""*!, Krepper(201 1", Yao and Morel(200H)"! %2
coalescence R @3} breakup 2= T4 % PBE(population balance
equation)E ©]-8-3}3t}.

Ak

H] 3

ol
el
tlo
Rl
At

St A A o] Axde= 7] o]E2 4 (bubble
departure diameter), ©]8% X (departure frequency), NSD(nucleation
site density) ¢ stEHAZ A H]FEHo] Qi ool Fh, o]

# et nSrdo] sure Kocamustafaogullari and Ishii(1983)"), Kurul



and Podowski(1990)!'el] o8] o]Fo) A}t 18] & A7+ Kurul and
Podowski(1990) E2o] #FHLstA CFDOl o]&% i )t}

dH, Lee(2002)7'9F Tu(2005)= Ak vl Ao AU
gt M A= v 7|2 E BRI ol Y wiEel wAs=
Bk 5HANS Yeoh and Tu(2005)7'e)] o) 238 =Hglom, o
T b Fas 7]xE9  departure AT lift-off AL
Situ(zoo&s)“mﬂ force balance &S o] &3lo] Hlwz Ao}alA o=
CEREED!

Yeoh(2005)[9, Bae(2010)"= 712 9] sliding &#E agd %

=

2y JRAHQ JAC W3ItE 1183 PBEE ©o]&3sto] AQte] yrdzin]
52 953t er, 1 A3+ Kurual and Podowski(1990)¢2} Anglart

and Nylund(1996) R 218 A}&3 Axtpck @2 o|x A st
wEba vl Aol AESHE ol s YA IS FREH
= 7)1£9] slidingadE wEd v wdyl Gzl [AC W3}
£ ¥ PBE9 o]&eo] st}

5l CFDY Ydow ®o Aggryl Al#o] o} QAW
A

UDF(user defined function) 7]%< Al&sta gon, o=

LIF=7F B35 Q= 7] two—fluid BRES WAL 4



' Heat Flux

Boiling Point

Ave. Fluid
Temp.

Actual Fluid
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7] 98 A83= CFX.12.19 7]& two—fluid Z2& 7|dsk= Aot}
CFX.12.1v= 7 sdde] &= s 1
Kurual and Podowski(1990) E =3 JAC HW3}E g 5 e
Anglart and Nylund(1996) 29< Azstch S vl A7 Ui=
CFX.12.1914 Algsta A 2ok o]fd #AHNER <ls) 2dzi|
o =l 3ol CFX.12.1= & A8 HolV|k= &n, 53] At
7Sl A CFX.12.19 A& ofF Yot

Yeoh and Tu(2005)"= o213 A4S sjdstr] 98, A4S wat
Ale A geshs 71xe] F¥%s a#d ve Xy} IACe] WakE A
d3 PBES Agsisith. 1 A 7lEe] Bdo] A o5 + gl
A ASHsFFolM = vl Fagt AEIdES A& AU
PBE2 7]329] breakup E @3} coalescence RS 7FA|H, o] mdl
= frexdde wet AEeA AR ofof ). aeln

a3 HSrdoM 71 T3k 7|9 lift-off F AL force
balance 25 o] §3fe] Hlu A HFeA o= 7hssir. EJE, ARES)
© R A3 Axb-dRrde] HdAe] dgsi

o] ATl Aok #
function)& °o]&3ste] CFX.12.19] two-fluid =&& 7§ dstglem, 7
< ©]&3te benchmark &2 ALts 3833ttt Benchmark

Agule A3l KAERI d¥(Lee, 2005)& A¥sigion,
1o AlrbAzE 433k 2 CFX.12.19] default =& AlxHA )9}
At}

il

H~1
®,
=
=)
ije}

filo

flo

8o 7fARES UDF(user definition
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2. B&

2.1 ol-f-Ee] X ugg it

o] 45 (two-phase flow)ol= F7Fe] AW (interface)”t 4]ttt

©

AW-E &3 mass, momentum, enthalpy(energy), turbulent®] %4

El

o] o] R} olelg RE ARES Au] WHA|A throjHo} @
.

-

29 2.1 Vapour-liquid®] AW

Eulerian Rl AH&-¥ <= k-th phase#|d W] Fej= oot
&

Mass:

k k k k k k k k
ola’p) | ola"'ut) | ala'p"") | olapful) 2(2.1.1)
ot o oy 0z "

'Collection



x—Momentum:

(akpkuk) (akpkukuk> (akpkvkuk> (akpkwkuk>

+ + - 21(2.1.2)
at ox oy 0z
k k k
= 10" (" ) — 1+ ay[oz (" + ) oy I+ ) 21+ S,
y—momentum:
(akpkvk)+ (akpkukvk>+ (akpkvkvk>+ o (o oufh) A(21.3)
ot o oy 9z
k k k
O 1k ko k) OV O 1 ok ko k) OV O 1k ko kO
= ) =]+ — ) =]+ — 2]+ 8,
Dl i) 2] Sk ) 2]+ L G ) 2+ 5,
z—momentum:
(akpkwk)+ ool dfuiuf)  alaldout) ol )
at ox oy 0z
k k k
0 ke QW O g g g OWT O g gy OW
= ol (Wt ) = et () = I+l (" + ) ——1+ 5,
————————————————————————————————————————————— 21(2.1.4)
Enthalpy
o0 HY  olf g HY (o HY)  a(al gt )
at ox oy 0z
8w dTF 0 p 0Tt o ., 0T"
= [N ]+ [N ] + =[N —] 21(2.1.5)
ox ox oy oy 0z 0z
9. . M OHY. 9 .M oH o x M oHN .
B I A N
x Pr¥ ox oy Prt oy 0z Prt 0z



1714 momentum®] Z} £l S, S, S A7 ok AT

w”

'k
9 9 ou
S, :—ak—;’; —l—akpkgl,-l-—ax [ (4 + 1) 2] 21(2.1.6)

ok P
S = ak%—i_akpkgy - E[ak(ﬂk +Nf)—] }—\1] (217)

'k
.0 ke 0 ou
8 == ol raldy. ol G ) A(2.1.8)

T . B .
A7|A, p= HAUH o ZA p—f—gpkkk—i—g(uk%—uf)VUkﬂ' 2,
Aol S, Sh, Sh, Sk, Sy 7183 gl A A o] FolA] =

mass, momentum, energy exchangeZ UEbWIT]

2 . .
St =3 (my—my) 21(2.1.9)



=" 21(2.1.10)

A7IA he AWel dHdEEola, o+ I[AC(interfacial area

concentration)O|th. T, T, h,= 2420 A2k, AWSE, FFdolth

21(2.1.11)

i
(2

AZNM N, dE 77 el

E=8¢ Sauter mean diameter©]t}.
Ranz and Marshall(1952) 29L& ZAIS o]|ES ulEo = Nusselt 9

E ofgiel ol At
Nu=2+0.6Re] Pr"? 0 < Re, < 200 21(2.1.12)

271 A9l Reynolds 4% 7]3%9] Reynolds 24 ofg] 2oz &
ok A7 U, U= A7 48 7] Solth

’ 1y



Prantle =& o}#je} 2t}

. /ilel
Pr= y
Bt HEe FE5HY ATE == Hughmark(1967)S Ranz and

Marshall (1952) =4S o

kgt

Nu =2+ 0.6Re)"Pr’3 21(2.1.13)

(0 < Re, < 776.06,0 < Pr < 250)

Nu=2+0.27Re *Pr*™

(776.06 < Re,, 0 < Pr < 200)

2.1.2 47 2dly w3k

A7 By g2 two-fluid E2olA Foldt 9 st} RulE
TE WA AxFedE AA T 7FA o] REE "ok AR
Drag force®A 7} 83k dloja1, 4|7} Non drag force® YZAo]
A+ lateral lift force, wall lubrication force, virtual mass force,
turbulent dispersion force?] &= o|t}.

Hl 5ol 7133 Aol EAge. BEd 45 Aol F/FE ol
F7] wFo] AAS continuous phased}til SFal, 7]S dispersed
phase#}il 3t} Continuous phase”’} & <4 W, o] &5 o &
A= 7= dubdow HES kS woHEE continuous phased
SRt w27 Asete Aol v ol wE V|ExE AdHo=

S 259 continuous phase®| 93] H&EEE ATko] 9Jow, Lo



4= 9] continuous phases A& oz mE 7|3 93 7I&5E =

o
kol ol et Ao FHoJsle= do] AZE drag forceo]tt

Dispersed $5()Z8%, &89 &%, A-dF §5)olA A%t drag
forcet= olze} £}

2
ngrag:ZBkl(Ul_Uk) 21(2.1.14)

=1
1
17141 BklzgcdaipAUl_Udolq’-
A7 Aol FdH A 0,21 model ol Ishii and Zuber(1979)

=
modele] SIth. o] EEl2 FHL3 fFezio] - tte sow delA

=
gom, by 9o AHgs

al A
S HE o R gSd g2 2oz HoHIY.
Stokes region(0 < Re, < 0.2)
24
G Te,
Viscous region(0 < Re, < 1000):
C, = }2?;1 (140.1Re ™)
b
21(2.1.15)

Turbulent region(Re, = 1000)

C,=0.44E : Newton regime

2 . .
:§\/E0E . Distorted regime

Cd—gE : Churn-turbulent regime
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4714 el S, BE kel As

1+17.67(1—a,)""
18.67(1—ay)

qem B ok AT 2
EZ(l—ad)2

o] 7] A o, dispersed phase®] volume fraction®]t}.

2]l Botvos v 83 g E ] H=2A ofgf 2y o
—0.)d?
Fo—= g<pl pd) s
g
3 Bozzano and  Dente(00D"™'e g A g

semi—empiricaldr =S A|ots}lAth. o] modele Ishii and Zuber &
d3} o] & bubbleo] Adl 2zl LASHY, ol 23 e FEHZ
EEIR= g

C, =f<%>2 21(2.1.16)

AZNM f, a, R 27t wEASG, 71329 F8 semi-axis, radius of

the equivalent spherical bubbleo]al o}ef¢} Zro] A o]slr},

P 1+12Mo'/? 0.9E0"?
Re, 1+436Mo"? " 1.4(1+30Mo"%) + Eo?/?
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(e 10(1+10Mo"%) +3.1Eo
R, 10(1+1.3Mo"/%) + Eo

o] 714 Reynolds 2} Eotovos <+ d=3dk nvpel 231, Morten <(

Mo)= ofefj ok #t.

a8, H Smolianski et al(2008) # Simonnet et al(2007)™! 5
o A3 mwolA 717 FEAA HY, 1HE 9 v Ee s vE

T

ok

o) Qdgre WY 5 Atk

i

N
e

7} A A HH 7]E 7kl hindrance$® enhanced rising Y
o] Z+83A FHt} o]E AZo] bubble swam effect#}al 3tt}h, =, Ef
AP 2 7127 oA Asstd 71E e SR WA H L,
ol|gt o] gFgow HWMEH 7|EO AFEETE webx F bubble
& coalescence®lt}h. ©]& chimney(EF%) effect?}ille gt} o] ¢} Wity
2 28 7|37} oA A5E u Flu2+ 7] ¥ hindrance effectE Wb
of £E7t At F 7IEE HAAE o "oy A Hr)

Bubble swam effect® &g &2 E® < Simonnet et al(2007)
mdo] 7 fHettt. 15 ofgfiel 2ol HEFASE swam effectE

Ak FHEEEUS ARbY. mdel ARE W= 7IE A7 10

e
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d, swam

1
Cd7Bozzano -« for 0<D=< 7[mm]’ 0= Qg = 0.15

—2/m
C;l, swam ay

—(1—a,) (1—ozd)m+(4-81_ad 21(2.1.17)

Cd, Bozzano

for 7<D<10[mm],0 < a; =03

where, m=25, C,p,...n,= B0zzano(2001) model

Dispersed oA A7t lift forcex FHHIeFo] S mtnf wfjFof &
A}, 7EE w2 SR W S ow A deE A #Hr o
£ lateral lift force@}al 3}™ drag forceZ A3t non-drag force &

o 714 F2

Slojt}. 17l 2.2+= lateral lift force?] 7§y =o]t}.

ot
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AH7b lift forceES F213)sld ol A3 b,

Fglift :_Fglzft qadpl(U U’l)x(vUi) }4(2118)

Lopez de Bertodano, Takagi and Matsumoto(1998): <F& A<=,

0

[

7kl 0.12 A¢tstith. Drew and Lahey(1997)& 0.5 kS A ¢tst
M, Wang et al(1987)2 HAAf-s+ 0.01 gko] Hslvta F43A
1=

I8y, Tomiyama(1998)= &7]-& AdAA 27 55 [mm] ©]/2]

Ay el il:;é}oﬂ}q o LrAoF %z}o]{_ l_ETo]‘ HAAFS =k

3} AL, Eotvos 5 o] 83k ol g} 22 25 A<ttt

min [0.288tanh (0.121 Re,), f (Eo,)] (for Fo < 4)

G =1 f(Fo,) = 0.00105F0},— 0.0159 Eo? — 0.0204E0,+0.474  (for4 < Fo < 10)

—0.29 (for Eo > 10)

____________________________________________ 21(2.1.19)
o] 714 =49 Eotvos F(Eo)e oFeje} o] Ao Ht},

g(pl - pv)DIQJ

g

Eo, =
o714 71E2] Hdl =3 A (D) Wellek et al.(1996)°] 2] o}
g o= FojHr}

Dy =d,(1+0.163E0" ™) 1/3)
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Lift force®} wlz7HA 2 lateral W o =2 7] 2838t T vE 3
< wall lubrication forceolth. o] 39| Q1L 7|29 WA= wjFo]
th 71Ee] EWAY Wi
th whabA oA ok7F "ol 3ol A vapour volume fraction®]
7k YER A ®th. Wall Lubrication force® 7dx: ofg 19
2.3% 2

A e VIEE HYd & 4] ge

19 2.3 A7F wall lubrication forced 7Y =

Wall lubrication force &8 t}S-3} 2},

L, lubrication ____ pw, lubrication __ _ 2 Al
FD ' - FD ' - wladpl|U2 U;)| Ty, _](2120)

o714 n,= Blol Aol 47 wE o]t}
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Antal(1991)-2 wall lubrication Al5~(C,)S oFele} 2ol Aot}

c. C
= max (0, —L + —*2) 21(2.1.21)

A7 ¢, C,= ZH7F -0.017 0.050]H, y = WO RRE ] AAZ
o] Aol o WL y, <—(C,/C,)d, A BN 2ES L, Antalo]
AR Gy, CLHs AFERS A9, y,=05d,7F "tk 18y Krepper
et al.(2005)& ¢, C,ol ZH7F -0.0064, 0.016 #& Al&37% 31

.

Tomiyama(1998)2 dlo]xo] FFAMAS A1 7|¥e 224UdS &

A9 AP AR S Antal(1991) RS 4 weksio o0
c,=C (Eo)ﬁ(i_il ) 21(2.1.22)
w w 2 y?ﬂ (D_yw)Q

7] D= o] o] 7ot}

23, C,(Fo)T Frank et al(2004)°] 2]3)] ofzje} o] Alt= At

0.47 (for Fo<1)

6*0.933E0+0.179 (fOI'l < Fo < 5)

0.00599F0 — 0.0187 (for 5 < Fo < 33)

0.179 (33 < Eo)

_16_



H< Frank(2008) #olxx AH D)ol o|EA oA Frx AV
Tomiyama(1998) &g ofgjsl o] +A43git.!"
1— Y
1 QU(*ds
C., = Cw(Eo)max (0, ) 21(2.1.23)
wd Y p—1
vl )

wes

o17]A Frank(2008)+= C,., C., pol 247k 10, 6.8, 1.79] #& AlQtsh
o},

Virtual mass force: AH7+e] 7}&EE Zpolo]| H#sl: dolt}h, E3,
gt 7178e] Wk Apelzt ol & A Ao r wAlsteE ol

=
=
=

[0

Z127F 7HAE FEe] 715 wEA ZIEE THEATIE s 9ol
7130 283l Aot} o]# 3 virtual mass force? 7fWd == ol o}
1Y 249 o

A%t virtual mass forceg T28}stH ol e} At

)

DU, DY,
Fl virtualmass __ FU m7tualma99_adplCV]”( i _ i ) }4(2124)
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Acceleration

! “““]“““““““““““““““‘

19 2.4 AZF virtual mass forced] 7EE

Virtual mass forceo] AF(Cp)E T2 0.5 @S 7HAe oz o4y
A QY. a8y Zuber(1964)= 71Xl AAMe 7|xel TR E=o}
Virtual mass force?] A7} @33 #AA 7 A5 ¥, ¢, atol

14+ 2¢,

B = bict.

ol

& Wik AL A

1—q
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Turbulent-dispersion forcex 2 f-&°|A continuous phase®
sk =AM O 2 yapour volume fractions 3l ks

5lt}. Turbulent-dispersion forced] 7@ Ex ofg] 18 2.59 7t}

13 2.5 A% turbulent dispersion force?] %=

Antal et al(1991)2 continuous phase?] WFF&Fol A (k) 7142

VEF(volume fraction)®] & ©]&3}e] turbulent-dispersion forceE

obel 23} ol e shgit.

FID disperion ____ Fg disperion __ CTDp[k[val );} (2 1 . 25)

AvE ©@9)e 71EE 7 ZERFAAM ¢S 0.1~0.57F A
3k Aow dex gom, Lopez de Bertodano(1998), Moraga et

al.(2003) &< 5009 #= AH&3t7% okl

_19_



9] Antal et al(1991) Eawc} FHLSHA o]&% L Q= turbulent
dispersion force E9< Favre averaged drag E@!%lo]31 ofg)e} 7+

.

/Jg vav \% Qg

(

pSC, @, o

) 21(2.1.26)

l, disperion _ w, disperion __
F, D F CTDQI

U E gk, A S A Prantle 9 d9stE $rolth &
o EAXo o AR AAH LS ALstae oH
o, F2 2% & fFulE =7} A3t 7)Ae] A9 o] 429 W3}

21(2.1.26)2] C,= A3F drag force2] s A|Goln 21(2.1.26)
fholl TS5

i . . i aak s dra, s, non — dray
Slk.:Z(mlkul_mkzuﬁ‘*‘(Pz_P)E"‘Fg,i g""FB,z e #(2.1.27)
1

‘ . : . da
Sh= Y3 (myo—myw) + (o, —p —y+F§§mq+Fﬁzm e #(2.1.28)

=1
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2

21(2.1.29)
21(2.1.30)

AH I} k-th
vle} o], Ranz and

k,non—drag
, 2

+FyT 9+ F,
ofgfj e} i,

T

O

oay,
0z

—p)
7
H
H

i

k

i

)+ Q

ob e o}

= Yha (T~ 1) °] ek

l

T

L
H

(ml;cwl_ mk'lwk> +
z}o]

R

1
1

Z (mlkHl_ mlek

l

2

2

l

=

S;k:
S
2(2.1.5) A AF7F A 223)(
=
A7 Q
interfacial area°|t}.

9]

R

0%

A

ol

Marshall(1952)¥ Hughmark(1967) =2 &S 11

U o2 two-equation

-

of =

=

=

F59] o

Ak

l

o

23!
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Al
py P oy s 21(2.1.31)
896[ l:UJt 8x]+8—y[alﬂta—y]+ Py & l:Uft Py ]+S/4
8(ape) 8(apue) 8(apve) 8(apwe)
1% P llll_|_ P& 2(2.1.32)
ot ox oy 0z

361 8[ 8[

) ; 96 B
[ [ thay]+a zﬂta ]+Se’

+
83@ e 8:6] oy

o714 2238, o §)E olel 2.

S/ = o k, (CE1P1+C Gyl — 52P1€1)+Sg

o714 P& shear production®]i, o}gje} 7t}

2
P, = iV UV Ui+ (V U)) = 5V Ullpky + 'V U)

W F=lel 9] 8k production, G oFEle} ETh

_22_



1o] A&t

$o2A Qutd o
= odleh 2

4 A=<k

S
™

14 Gt o

2 A
Continuous phase®d Wi A A S
S continuous phase® 4HF

=C klg
WP &
Dispersed phase® WH#HA
vl el oot 22 Fel2 53] 7pg g
pr_1Mr . Mrp
pv g P Hr g P
ol fEe R maAolN 1R Fow Huol 9 Aol A o
g uRe MBFS JERlE 5§18 o wA Felsart oln, o]y
WO 2= ofgfjef & W Eo] T
AR, A4 Bd" VHoEA, T Zo] AHY dF LTS
ol o} o] Ao & 4 Ut
S]zl = Gy, P+ CuCoya k 21(2.1.33)
St = Q?’k o, P+ C,Croga € 21(2.1.34)
91 Aol A Aol whdAS(Ce oelsh 2o
3 CD| |
4 D,
—_ 23 —_

G =



Smith(1998)°ll ostd, ¢ AeolM zk A5 oot Lo

4,
G, =6.0

G, =0.75

Cpy = 4.0

G, =0.6

Yao and Morel(2004)= 27t & Hejl2 AA o] A2ATS A odlt},
I 8L olget

]z’ - (Fg,drag+ Fg,virtualmass)(Ud o Up) };} (2135)
D?
Si=0C, 7’j , = (=) 21(2.1.36)

oA714, = 54 AlRtela, AF ;2 0.6~1.0 Atele] ghol A3t
3

Zz = C};%%T }4(2137)

7 | v 1
S€l:Q2q3Eala”T }31(2138)
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o714 ¢, # 2= Lopez de Bertodano(1992)°l] €3 0.25 gto] A<t
S

o529 dFolH k-e GHFED 9o, SST W¢iFi Zdo] o]gd
4 Atk o] fEolAl SST =de] A uubA 2 ofge} o),

0 (azpzk’z)

!
T+V o (o Uk)) =

1
VAR [al(,ul + —T)Vkl]
013

#1(2.1.39)
+o*(P*+ G*—p,8 k) + S}
o (ypy) wr
T+V « (qpUw,) =V » [al(ul—FU—)le] 21(2.1.40)
w3

+2a,0,(1— F)——
P 1 w2wl

Vlewl—Fal% i (P +Cy | G )

2] Ao Z} A9 blending functionS 7]£¢ SST Rdly =<

3hcl. 9] Ao A Liao and Krepper(2010)P= AW o] »~~38k8 o}lgs}

ol el seleh.

C
Z’ :0-753?0[0/%@)_ Ui|3 };}(2141)

71327} oF7] AlZ

UF SEdUAE dF eddy 2AFE] o8 A4k=
a4

ZrelF o 2= Kreppere %
and Morel(2004)2] A|o+S- =&l &} T}

o, olefd aabgel

_25_



il D2
Si=Cy—, 7= (=) 21(2.1.42)

€
T €

Turbulent eddy frequency(S’)i= oFele} o] A&ttt

S wS) R
b= 1(2.1.43
Sw’ ﬁ,kl kl —1( )

’

f SST =de A=A 0.09 s 7HIth

_26_



2.2 0% g g l6l2]
73 ZP1) 5 (Subcooled boiling)e] &, B Ao FaLEHTh vhe 4
B Sz | A7 e Aol Bopa e dolth whepA A
j

Kurul and Podowski(1990)¢] % o] FHsA Ag% 1 At}

2.2.1 31AH v5 22

Kurul and Podowski(1990)2 dEWel 7l A= E&
A 2A e dgow dddna Mg 25 oy
I 2E AT s HAEoRE ARt

(a) Quenching heat flux, Q,

(b) Evaporation heat flux, Q,

(c) Convection heat flux, Q.

e Adwe] 71 AH54(Q)e otaleh Lon, 1% 26& ol
et Aol

Q=0+ Q. +Q, 21(2.2.1)
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Qw= Qq + Qe+ Qc

Quenching heat flux  Evaporation heat flux  Convection heat flux

4

1-Aq l ‘

$

A |

o

=l
=

c@>

a8 26 1AAH HES

Fd

A, Quenching heat flux, Q= ot 23 ).
Q,= AN (T, —T) 21(2.2.2)

TS 77 Agwe] exel ddwW Ao Lot

Quenchingell &% Ix2£E(h)< Del Valle and Kenning (1985)] 2
3 ol A3} Fo] Aol Hu}

B — QV)‘lquol \/f
‘ ves

ANA A, gy Cp & A7 Aabe] Args, el W, oo 4

M A(), 71Ee] og Wt}
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=4, Bowring(1962)2 3H]5 % 9 (nucleate boiling region)ol| A =

dielA 71 dA e o3t fEHS ofefer o] Ao skl

Q Na,f< bw)p(] fg }4(223)

1714 N,, d,,, p, hy, & 27 nucleate site density, 7139 olg A

g, 71784 ME, Aol

AR, 5 ) F(turbulent convection)o] €3 4-F<£LS Stanton F=

olgste] obd) Aoz Pelw
Q.= Stp,Cyu (T, — T))(1—A,)

of71A, S, wuS ZHZE Stanton 579 tangential ¢

(Stanton &: A} §A7F Subsl= dgeko] H), Rgpri o] 3h

9 BN A AAR JEe] FFS W GHORA ofy A3t

fiasy

d2
T 2(2.2.5)

A, =K

K= 2382 v)dA42A], Kurual and Podowski(1990)& 45 #|¢k3l

jm
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71 zpol7F A

Age a8A @ A%, 74 AR Gt wel Az Avsel %

FES AT S b o9 mASe ddas] 2w

M o] mEEol 54 FBEAY A¥ datadl TAYE AP olv],

Aol dstes 712 94 A717F | AdddolA ojgst=t

ojlwje] 7|¥ 9] A7|E 7]¥x9 ol¥ 2 (Bubble departure diameter)©]

_30_



ko g 7]E8] olgd AAe] A Fd Fr olgHa e EE

Tolubinsky and Kostanchuk (1970) ®E=lo|t},
Aol Pzt
_Q] ﬂ%E% sat

% (liquid subcooling temperature)=

—7; 2har o] S, o] mde olyje} P}

d,,, = min [0.0006exp(— 6/45),0.0014]

AA o] ThYZETE Aol A5 S
= A4 1.4 [mm]o=2 A <

ojaL, 7|38 =7
HEH ) Fritz(1935)« F53 A= e] go 4o =2 oy 218 A<t
A=
dy, = 0020804/ ) 21(2.2.7)
1 v
A7IM 0, o, g T2t 712 AEH 7%, 71x xR EAS, 587t
&L olth
Fritz2]S Kocamustafaogullari and Ishii(1995)& Ao 2 3ls}
L= ofgel o]l 4 H st
dbw:2.5x10‘5(p’_p”)9 7 21(2.2.8)
Py 9(p,—p,)
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i B FejolAw ASHAT b W 7T o]gH Y

2d
2 Unal(1976)"" 2jejtt. o] A2 dlF &moh ddwe] 248 29
shal = FEjolth
2.42 10" *p" ™ N
= (2.2.9)
bw /_b@ —

(q, —h0)"2), A

wP wcpw

a pr—
QCl/Bhfg \/WAl/plcplpg )\lplcpl

C= hfgﬂz [Cpl/(0.013hfgpr1.7)]3

[0/ (p,— p, )91
b=0/2(1=p,/p,)
k k
h, = D, N, = D_H(qz?ggipro-‘*)
(—L Y047 fop gy = 0.61m/s
= "0.61 !
1.0 for u, < 0.61m/s

7| AGAGF(h)Y 2 HINAME 0.03660]1L, o] Lo =
0.0239] #S 7MY T3 o]F

1889

Pressure: 0.1<p<17.7 MPa

Wall heat flux: 0.47<Q,<10.64 MW/m"2
Liquid Velocity: 0.08<4,<9.15 m/s

Liquid sub-cooling: 3.0 < ©® < 86T
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24210 9"

d 21 (2.2.10)
bw /_de -1
(11111 - j?mt ))\9
a pu—
204050V ™/ PiCyl
(T,,—1T;)
st U St < 0.0065
. 2(0—p,/p)
! G St > 0.0065
2(1 _Pg/Pl) 0.0065,Cu, ‘
QU}
St =
plC;olul(Tmt - 7;)
( hl %47 for w, > 0.61m/s
o= "0.61 L=
1.0 for u, < 0.61m/s

71329] o|g WX (Bubble departure frequency)@, ¢l Azt &
nucleate siteo|A] o|&sl= 7|39 ottt o] 7|29 old W

2ASS 71E olE4A(d,) Eh FsAEIT. TP ARERIE

ki

N
—_

s = | 2(2.2.11)
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R, Ivey(1967)= obefieh 22 RS At

=0.9g 21(2.2.12)

o} Bite el A Stephan(1992) Ao Agtel HU7 5
o o] g7bsam B wmelste] obulst e A2 Aksigint.

_ _\/ 2(2.2.13)
plgdbw

Z12]ar Jakob(1949)2 bubble growth time(z)¢t waiting time(t,)°]
Fdslth= 71 Skl o) AlS Aekditt. 714 bubble growth time
S 71327} 3 nucleation sitedl A 7|3E o|EAA7IX] AHAAst=d HQ
& A]7tol™, bubble waiting time<> & nucleation site®llx] 7137} o]
g 5 oA Z1ETE AR A7 S ARt R Ao . Jakob(1949)
R ofef A

(o, —p,)
fdy, = 0.59[ 2L o5 2(2.2.14)
]
Rz A\E9] o MEE ofsh ol A9 HE A7} ok
_ 1 Al
f* tg+tw "1(2215)

o]7]4 bubble waiting time(t,)+ oFele} 2ol 7HA4st= A7 A

_34_



59l Aol e},

t,=0.8/f 21(2.2.16)

a#Y HE, Yeoh(2008)F= A ES waiting time modelS ofzj e} &
o] Alratoict.”

1 (T,,— T)Cyr,
t,=——1 L 2 21(2.2.17)
™ (11111_ Ijsat)_2o-rmt/612pvhfgrc
oA 7] A,
1+cos6
G = sinf
1
2 sinf
20-7?9at)\l 1/2 . . . .
r,=F———]"% ! liquid cavity radius
) pvhngw
_ ]. 1/2 _ Sin20 1/2
F_(CICQ) _<1+cos,9)

o 7]14 #+= bubble inclined angle©]t}.

Nucleation site densityst @9 F<E™ T AAdE 7]3E9 Frolt),
Nucleation site density 22 % Lemmert and Chwala ®=@o| 7}%
BHEAoR AMRE 1 ¢tl. 71 Del Valle and Kenning(1985) 23

—_L

7ske] ofeff WA S At
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Kurul and PodowskiZ m, n #t2= 77} 210, 1.8059] k< Alctst
ATt ©o]% Koncar(2004)= mo| #koll 1855 A&3h= Zo] Hu AE
stthal F7st el

Kocamustafaogullari and Ishii(1995)+= FX%H|59 A8 Ags F4
stal o] & wigow HdAdwol Aot FAo d-=84 dHEs o
gt nucleation site density B@-& AASSH. o] & UlF HlE fEol
A-g3st7] 9lsll Al effective superheats MZF WER TAAIA, o}

o o] EAFAL.

N,=— [(LGT‘W N4 e fp) 21(2.2.19)

= . - L
dy, AT phy,

where, p = Ap/pg

Flp)=2.157x10"" « p*2(140.0049p")" "

o]714 AT, =SAT,=8(T,—T,,)°1", S AR} (suppression

factor)o|g}x stc},

71213 Basu(2002)2 Wi Hls AIAEE ufFGoRE 7|xe HE57t
&

S e Aeje) obd 42 AT

= ]

N, =0.34x10*(1—cos®) AT’ ATppp < AT, <15K 21(2.2.20)

N,=34x10 '"(1—cos®)AT>® 15K < AT,

Hibiki and Ishii(2003)< A7) Basu(2002)21¢] =4 B bste] o)) ¢
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728 A Z-§ nucleation site density &S A okgict,

2

AT, phy, \
YRT; ————)—1  2(2.2.21)

20T

sat

N, =4.72x10°[1 —exp(— Nexp(2.5x10 5 (p")

f(pt)=—0.01064+0.48246p" — (0.22712p" )*+ (0.05468p" )*

p" =log,,((0,—p,)/p)

A Al oA Sauter mean bubble diameter EE-& 7] ¥ H7]9
WstE aEshA] Srstar ARA Rl Wenter O AVE G5 5 S
t}. o]#3 1A Al Sauter mean bubble diameter Y E: Anglart

and Nylund(1996) = =o] 7} FHsim g2 AR&=a o

d,,0—T,)+d,,(0—T,)

= Al
d, T-T *1(2.2.22)

o714, ¢  AAY  BIZEolW, 4, =0.1lmm] at T, = 13.5[K],

db,2 =2[mm] at T, =5[K] |t}

Ht} B33 Sauter mean bubble diameter RS Zeitoun and

Shoukri(1996) X2 do] glow oz 23} i,

d 0.0683(p,/p,)"

S

- 2
/gl —p,)  Re"(Ja+((149.2(p,/p,) ") (Bo**"Re'9))) 21(2.2.23)

o] 714 Re, Bo, Jax ZtZ} Reynolds <, Boiling <, #d7Zt Jakob <

o],
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2.2.2 /A BE mgl7bl

Lee et al. (2002)¢} Tu et al(2005)¢] AdoA 18 2,73 o] A

dH S ug vnngAE ZIEES HASE Y. olE et A4S upwards
Y25, Hlso] &k An Gl Aoz AT

Sy,

Aol 7132 E ol (departure)® o] % lift-off ¥7] A7x] AEHE
we} ) 17E A A Ha, Ao e E §59 nucleate sited] 7] 3E9)

FAAA ofF Z BlEo] A= It}

a9 2.7 AEHAA sliding sl 7]

7127} ml11e] A HA 379 nucleate sited] A8t 7] Z o) x4
A5, lift-off E|&= 7]3E9] 4 nucleation siteo|A] 2AA=E A3 =
7139 FHt 954 ¥, quenching €% E(transient conduction)

o o}F Aujz o dofyth, o] F sliding AL el T HERDL

o=

_38_



Basu(2005)°] o] 43k Hglon 1 g a7)e k.

ZAHFH] o] dojvt= Fot VIEs Ao At 7IEe A
AHE Wt ngAE VER 25 ¢ Atk A veEde] F8
mechanism- o} 7 7] o]t}

(a) micro-layer evaporation®] 2]3} latent heat transfer.

(b) waiting 7]t %<t thermal boundary layer’} Ao we

transient conduction.

Transient conduction< 7|27} AAE = G993 7|27 &30 A

o AGHel A dojdnr. AAE 7]FE o3 Q)2 otk &

t}.
DQ
Q.=2 ’f:’t ! (Tu]—ﬂ)RfNa(K%)tuj 21(2.2.24)
Ao, C axD?
+2 ’W’t ! (ZJ}—Z})RfNa(Td)(l—twf)

w

A714 D, t, = 27t 71329 departure %7, waiting time ©Jt}. -
Hol A WA & waiting time §<QF o] @3 7| o] FPHA A Ao
U+ transient conductionS g Fola, ¥l F WA g
growth time <&t A&e= 71E7F AAske 3rolA LA sk

transient conduction® 11#3}al YT}
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Sliding 7|39l 2]38} transient conduction(Q,.)< ©Fe<} £t}

Ao, C
Qs = 24|22 (T, = TR, N LDt f 4(2.2.25)
Ao, C 2
2| 2 (7, = TR, ()0 )

w

o714 D 71329 lift-off A4 (D) 7139 departure &7 (D)2

o

At gkoltl Judd and Hwang(1976)8 7| Eo] 9434S F+= o9

a#st7] 98, Ko 1.85 ALg3d71 %= sttt

Ao AAH 7|E¢} sliding ¥& 7130 JTFS A 4] G
3 convection heat transfer7} dojyt}. 7]3xo ojst JgFS WX
B TH1-4)= otHel Hh

7T]_7d2 7T]_7d2
1—Aq=1—Rf[Na(KT)tuf+Na( K s 21(2.2.26)
2
+NalsKDtuj+Nmftsl(—Wf )1 —t,f)]
w2l A] convection heat transfer(Q) & oFze} 2t}
Q. = Stp,C, (1 —Aq)(Tw -T) 21(2.2.27)

A7NN we AW Re] elxe] o)},
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mpx] ek o 2 n]Eo] 7]o]dk= heat fluxE olef e} 2t

21(2.2.28)

3
Q RfNaf< )pthq

==

Slidings z#3 /A REnddx 2o 3tgndo] Hest} 1 =

T8 MeSR oot & skl Xdso] Stk
Reduction factor(R) w9 AW AA lift-off ¥ 7|E2] 9
S 9] Hlelth Yeoh(2008)9] R, #h&

AYA

w9 Aduely BYsEe %
obehet ol Aol ik,

(forl, >s) 2(2.2.99)

1
(1,/5)

(forl, <s)

9 Bae(2010)% RS olgs} o] Aoslr|w= gl

S
D, (fors <D,)
_ 3 o 3 :
Rf— (1_ Dd )(5 Dd> & (fode<S<ls) @(2230)
'Dl3 l _‘Dd ‘Dl
1 (forlS <s)

A7 1, s 27 7129 v 1187 A ¢ nucleation site?] 72 o]

)= 1/y/N, oIt

t}. Nucleation site9] 7FZ (s
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Yeoh(2008)= 71329 w118 (1)el oFele] Maity(2000)'1e] 218 2]

I, =(2/3)Ct 21(2.2.31)

o] 714 7}& AlS=(acceleration coefficient(C))E o}z ¢} 7},
C =320 +1

A7 u AW B2 A A Hrolal, ¢, wI1rEzl ARE
°|th. Yeoh(2008)= 9 2= AR&slHA dd™ F-o AA9] e}
= B39 S ARESElon, 1o =it ol oA o

A A SHA] ekt

_lé%l-

fjo

g

HhH, Bae(2010)= H-HRES o] &dto] Zolatlont s A, H]

W4 rgE obe) Hom AE vuHd ALE oty

ol

gt 21(2.2.32)

st == gJom, 343 force balance model¥ Yeoh waiting time %

f= 21(2.2.33)
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Fd

Growth time(t)¥ %% force balance ERol|X F3F= Zeng
A5 ol&ste] fHA 7 F vk dEHelA sk 72T olg 4
A AAAske AlZko]l growth timeol]l s Rth ARAIRE &L &
Ela=g

T12]3l waiting time(t,)E LA WHOE 2(2.2.16)5 o|&sAY

21(2.2.17)S AFESE 5= S Aol

_43_



2.2.3 Force balance =g 11} [

71ze Mnsyg A4S a8 A Hlen

713Z 9] departure AR 7)EZ 9 lift-off AHL AZEA =38t A
ojth. sHAIYE, B2 EElSo] AF ol oEA oy olYd IS =
SAAGE xzsta ok ol wAlE A ASH] 98l Situ(2005) T
force balance models APF3IATE. < force balance model Z+5-H
qE v WHOEE Yeoh(2008)9 A<+ W Bae(2010)9 <+ W
Hol Atk

i}
[

(1) Yeohe] ®H (2008)

st Bdd 92 dA7atdnt. Upwards M5 #% 9 o, ddde] ¥
Zujo] gl 7|Eel g BE WYL xPF AR yIFHEOR
alsbssted, o|& Ba Ao @ Wl A7 F Aok 4 AR

obe} 43} o] ol gk

SE =F,+F,+F,+F+F, 21(2.2.34)

>F,=F,+F,, +F,+F 21(2.2.35)

AZN\M F, F,, F,;, F, F, F,, F 747y, sEAdE, 7)o vk
2o A3 wio LAs= unsteady drag force, shear lift force,
hydrodynamic pressure°] &3 & 7|7} W] H=E31 Y= WA
Bo AA e} H=sk= WHo] & u 2AYSE= contact pressure force,

FEHsko 2 7)o 283} quasi-steady drag force, H-2o|t}.

_44_



Ulx)

“13) 2.8 Force balance =¥
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Bubbleoll #Hgat= x& o] A2 yidF do A2 ok w9

7114'

=
Fx F,
Fo=—do—"[cosh 0] | F =d 7T(Q“_g”>['9+'9]
Fs s — Q0 6 -0 cosv, —cosv,, sy — 0 7T2—(9a—9,,)2 sind, +sind,
quav - quCOS 07 quy - quSinei
Fau g .
’ F, = pl7T?”2 (% Qr2+ rr)
Fq F,= %CLplA Unr?
2
9 wd,,
e By =4 AU ? 1
7rd2, 2%
Fcp F = w — SN
P 4 38
Fas F, =6CpyAUrr
4
o B, =m0, = p,)g

ki

I71A, g, 0., 0., 0, d = 27t FE7}

1? w

IS

, 7139] advancing angle,

7

receding angle, 7]3¥9 inclination angle, HZZl7o|t}y. 18] r

[

AU, Cp G & A7 NZ] WAE, Nz AP o &we o

smske] A, FEAZ, Fe Agolth & ALWORIE x=0 Al
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2 12
Cp=+[(=)"+0.796"] /"

Al
5 R, ~(2.2.36)

o] 7] A n=0.65°] 2L, Re, ZPIAUd/MIO] =

Fe 750 obelet .

C = 3.877GY*(Re; 2 +0.014G)'* 2](2.2.37)

o] 714 dimensionless shear rate(G)%T otalle} ).

duy,
dr

r ]
AU 21(2.2.38)

S

o714 Yeoh(2008)7F 18]8F 5, oF#l®] universal velocity profile
= A&7 2 skt

ut :%:2.5111(9.&#) 21(2.2.39)
o= % 21(2.2.40)
1

71 A mpEH(AG) &= of] 2]} P

2](2.2.39)F Vst ofel

2 4 2
dul . Uy du T 1 u,

E_ V_f de™ Vi 25x+ - 2.5x

o] 2 HE] 2](2.2.38)9] dimensionless shear rate(G)E Eo°]stH o}
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b Aot
dul T U r 1
. =57 = Al
° de |,_ AU 12521 AU  0.5%2.5%y" 2(2.2.41)
o}z 7|39 unnyA &xo| tEiA WasiA Ao 3 f 9= md

A3

O

Growth force(F, )& Zeng(1993)° <

.

F, = pl7r7“2 (% C;7;2+ ")

o714 Jacob F(Ja)¢ NAe] &4

o P},

o gol B % ok whehd oitige) RN (= AU)S RE 05

[3 glth o c@te ¥} vmelAA

ol
5

A

S
= ¢}

F 10]aL, 7]

Sz i 45 00] .

[<)

I =213} =3lem, ofefjol %

21(2.2.42)

°F 20/33h2 Agehgict.

Flqoz Aew

21(2.2.43)

A 2= (liquid thermal diffusivity(n))
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qugl (Tu - Tsat>

w2

ol

2.2.2

3z
ar

Lift-off

Fx=0, Fy

=0

sliding

0, Fy=0

Fx=

Remain

0 & Fy=0

Fy=

3E7} lift-offs

et 7]
g Zolt}.

v
s

a9 2.9 Lift-off A]¢] 7]
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A8 5 oglem, A AE A 00] Ak wepd, 7]xel

lift-off =%te] xWF P2 obefiol o] F 7] Art At

Fd?LI+E9lI =0 }4(2244)

Zeng(1993)°ll 98] C.3S 20/3o2 XA sl ¢ 22 Asd of
o A3 ok

'2 . 1 9 A
10r°+rr= Seosl, CAU ~(2.2.45)
Zeng RElo]A] A=2—f_wﬁ 2ha geosd, ofe 21(2.2.46)9 7ol

vis

Ve A e 4tk A7) AdA] pE A A4 Z A Steiner et

al(2005)20.21 zko] AF&3}9al, Yeoh+= 1.73 32 AFEH7|= 3%

Tl:A\/E 21(2.2.46)

= r=— 21(2.2.47)

ol&= ol&sl 2(2.2.45)% Eo|sHH,
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942 2C,AU°

t, cosb,

21(2.2.48)

2l (2.2.48) ¥ T}, o]ZHE lift off time(t)E T-3Fal YA Zeng

modelE ©|-&3to] Lift off A4 (D)& o= A2 &9 dold

gy, 7)1 9] departure 2749 force balance?] & 3= AL 4

=]
A vk FolshAby vhest gk J1Es} vimelAE EnEe yHR

5o &2 00t ol & o] &3t vt

7(0,—6,) ] ) 3 L, ey .
—dwam[smﬁa +SIH0T] _plﬂ'T‘Q(E C;’I"Q‘F’I”’I”)Sll'lei }l} (2249)

4
+6CHuAUnr+ 5777“3 (o —p,)g=0

2=~ 0]

9l Aol 71Ee HE AA()S Maity(200) 284S o] &3 > 9

ofo
ok

o} Maity A3l 9stH 7|32 HEZ 7|29 departure 2749
Ae AL A3 vES 7Y 2 HlE 0% 1—exp(—26"%)o] T},
agar 9 Ao A Azt 3 7] E WX B9 MIEL 7 E9| lift-off
7o dlg Fote A4 LS Zeng IS o] 83t

sl A(2.2.49)F HUNskd, of#fel & AbA thakAle] FHE E

ot} (y/t, & 22 A &3F3AT}. t,: bubble departure time)

2 —Ax—B=0
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ole] 33 U4l S Cardan's 29 B4S AHESH obgs} P},

o|2HH & T3 & YA Zeng RIS ARESlY] 7139 departure
474% 78 5 9L Aotk ek, H5Fe x7le] wlebA Cardan's

o 2e HF B Bassl e &tk ogd 2 CFDelA A

ol#3t FAlox EB3}aL, Yeoh(2008)¢] =]+ force balance
5 o] &3l 7139 departure 742 E S dE 73 BA
A&sA AqEslar A %ol Yeoh(2008)7F 3+ 3517 ¢sf o

He 248 AP & 5 vk

tlo
O.u

_52_



(2) Bae® ®H(2010)

A vkl o] Yeoh(2008)9F o] force balance RE@-& Fo|gh
A5 7129 dift-off AR EHA 7 = b, 7R
departure #7429 & T8k A2 F&% Lol ol

A Bae(2010)E 7139 departure A3} lift-off A7l A2
= Algrstl=dl, AA7)elA Al 7139 departure BE-S ©]-§3ho
Aolgtv, lift-off A8 e HFHo=m 24T 5 Ut

71329] departure 21743 lift-off 2749 #AE ==3et7] 913, Zeng

e ok WMAsY et gk

T@):TﬁQ_}Ja\/ﬁ 2(2.2.50)
v

A:%Ja\/ﬁ 23 o, lift-off A74-< ofef A3 2},
Tl:Td—i_A\/g 21(2.2.51)

A7NA, t,e 71E2] nI1HAE AlZtolt}. o] = o]g3le] 2](2.2.45)9
oiistd, ofek £t

2
cosf.

(3

942, — Ar g, = CAU? 21(2.2.52)

713 2] growth ratio(r*)E o}g]e} o] A2 gtt}.
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R 4] (2.2.53)& ob#let o] 7herslA) fr)

AU
O 12 sy 21(2.2.53)

2 3 L 2
¥ K cost, A

9 A9 ¥ (Left hand side)E exponential function® = 2] S fit A

719, wHef ofeiel .

i_izg‘ggﬂn**l-“ 21(2.2.54)

2 3

HEHow 7|¥9 lift-off 217 departure 2732 A 2L oo}
Fdgu

cosb, ( A?

D, =D,(1+r*)=D,(1+8.34 21707) 21(2.2.55)

Bae(2010)2 7] 9] departure 27d°] Unal =2 (2(2.2.9)& F&3

ot
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2.3 Population balance mode]12}16!

AA JidelA 7IE fFF5 =2 HS5 F%5 W &A% Sauter

R

l:l

mean bubble diameters= Anglart and Nylund(1996)¥ Zeitoun and
Shoukri B¥l3} o] A2 Ql WFERES o] &sto] HoHIH. d&
£9] Anglart and Nylund(1996)+=
A, ZE7F s G @ 7l

<

ok sHARE, AAl e WelA =

SEnke] g golseixin, uhal
7] 2 IACe] A7]= WEHA &E

=7F wdeH s VE A7) 52

ol th. olef o] [ACe A7) WEE Fagel Fdst7] fslA
population balance X @ o] Y ZH| G5 oS = AT
[ACS] WstE Fdehe MY JPEn| 5o dSolA ol FQa3it}.
u

Aest B #5050l A1 IACY ®ste] F597] wZoltt
kAl o]elgk TACS] W38l mass, momentum, energy®] 77F w3heF

= WA
Population balance =22 184]7] Ludwig Boltzmannol] 2]&] #|<tE

equatione EU|® 3}E =, Boltzmann equation®]#til &8 7|%= 3t}

o] 2] 3} Population balance equatione ol 9} 7},

§n<m,t> +ai<v(m,t)n(m,t)) = By— Dy+ Bo— D,
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bubble®] & %=®E], & bubbleo] breakup ¥¢] % m<l bubbleo] ¥
T birth rate, 2% m9| bubbleo] breakup ¥o] A mur}
bubble®] %+ death rate, 2+ bubble©] coalescence %o} Z&H m<el
bubble®] ¥+ birth rate, 2% m<l bubble 9] coalescence T o] &

2 mX.t} 2 bubble©] ¥+ death rate® A9 Tt}

2229 By, Dy By Do BHA obele} o] Aol Hrh

BBZ/DOg(e;m)n(e,t)de 21(2.3.2)
DBZn(m,t)/Dog(e;m)de 21(2.3.3)
0
BCZ%/mQ(m—e;e)n(m—e,t)n(m,t)de 21(2.3.4)
0
Dczn(m,t)/wQ(m;e)n(e,t)dt 21(2.3.5)
0

A7 glem)T Qimie)= ZH2F breakup rate®} coalescence rate©]

.

9] population balance equationE F+= HWHLE 1964 =

Method of Moments(MOM), 1997d McGrawol] <& <ot
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Quadrature Method of Moments(QMOM), 2005% Marchisio and
Foxoll 93] 119tel Direct Quadrature Method of Moments
(DQMOM), w}A|" o = Class Method (CM)°e] S

o5 Fol WH Fo tFE9 E&I=EL Class MethodE A €st
al it Class method= AFEA7E A4 F&8l 4T = U= 7]

o] A71E AAsta, VIxE A7) HE 2 ) aFeE Us A

Y R

Aslct, 7} 1858 179 population balance equationS 7FA A E =
g, Z+ group Z%Fe] population balance equationE< breakup &
coalescence RElZ Aoy Axdle o3 A% sl olE =3
g 2Fo] 7FE 4 2= 71X number density?] |7} o]4tst wH),
o] Aol class method®] 7]¥ 7lde]t}. o] class method AREAF7}
FrEgel A AT ¢ Q= 71 AV|E AASA olE AV|ER OF
s} gtk AHolA MOM, QMOM, DQMOMel Hl&l| ity Fo] 7h
Aoz deEA Unt

Class method T+ IAC F5REE o] &35+ WHI Multiple Size

Group =2 (MUSIG modelol2tal E&3)S o] &8l Wol St}

2.3.1 IAC &% 29

WS mass, momentum, energy® nslo] [ACO] E&HE
= JACE A4 FAdste BHolth IACY =Z7]el wel Fu and Ishii
(2003), Hibiki and Ishii (2002), Sun et al.(2004), Wu et al (1998)

Sol F MY aFw sl 7] Wil &3] two group equation©] 2}
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Population balance equationE ZFeFslAl e ol e} o}
ON

ot

o714 RE local volume-averaged A2-3}o|t},

713%2] number denstiy(N)2 Ishii et al(2002)el] <&J3 o}zje} 7o)

gol =t

N=
Ve
o714 = ool 2
. 2(2.3.8)

7|4 D, equivalent diameter©]T}.

aejE® JIAC % WAL obfet Zo

oo

ot

N VAR (Vdal,):z(&)[%-f—v « (V)] !

4L (X
3 o, ot 3

i

(

a;

o] 7141, Rell coalescence & breakup Edo] Ao & 4 ).
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Ak A
21(2.3.10)

]_

o
1l

-
2 ofell Aol o3

o

=

el
|
My + Am(’l, - _>
2
Max — Minin

MUSIG (Multi Size Group) 292 Lo(1996)°l <

2.3.2 MUSIG =2 !
A&7}

my
Am=

E L I R
3 2 B 5 F W
m o] N B
" ~ n S ]
H . or o o
i B L R
a 7E lE Wi M Wi ﬂ;l
¢z g S
o < o Pog oW
—_ oo N
]J' M &O ox m ﬂ \a
X ° AR S w
) A RN
mm = mm_m W X
> ) 5N
o o G R
= 7 N T o o AR
~ o= g 3
2| \ ~ ~o A
= ‘UI (N o ﬂ.o z T N
W T oo g B o
il o
T = S FE e ¢
o al ol
o N %u T T = Ar
N8 T - % 3
3 h} 0 ,Ol ox ﬂAvO
@ §E g %
wc m Mm @ %_ N oo T
T3 i 76 " m| )
ol O wm N M o R
GO Z [ < :
T 3 ~ 2 ~ Howonw
£ ~ o W
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d; = dpy, + Ad(i — ) 21(2.3.11)

o] Hrol] Geometric mass discretizaton®]#t= WHE o thS-

3 mmax_mmin
m,=m . +-—— 21(2.3.12)

A& 59 7I2E 0~2[mm]7HA 2070 w38 stuAtEd o, 3 7%
I1ES Y B bubbled) A7)E ofy ® 2.3.17 Zth.
3.1 ol VEE FAZEE 20/ 283 SPuhd, 20719

O

—

3 2
population balance equation®] @43 Ha, ZF IF9 3
population balance equatione A 2~3lo] ol& & 159 population
balance equation¥} A& #83tt}, olgfst A o= g 172 7|E

number density®] =S FHA 71t}
kA fedell ST F A= VXY HY AV|E oAfF A AA
st 7129 2FS ol AMES sisivkd, a9 2,103 o] 7|iE9

number density: o} HF-IZd$ 49 FHZE YERS 4
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¥ 23.1 158 e 4 54 g 7)E sxe) 47
(Unit: mm)

Group Equal Mass Equal Diameter | Geometric Mass
1 585 50 22.5
2 843 150 28.4
3 1000 250 35.8
4 1118 350 45.1
o 1216 450 56.8
6 1300 550 71.5
7 1375 650 90.1
8 1442 750 114
9 1503 850 143
10 1560 950 180
11 1613 1050 297
12 1663 1150 286
13 1710 1250 360
14 1754 1350 454
15 1796 1450 572
16 1837 1550 721
17 1875 1650 908
18 1912 1750 1144
19 1948 1850 1442
20 1983 1950 1817
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Particle Number Density

10 2 s&F & 5 i 7 & 5 10 31 12 13 14 «15 16 17 /18 19 20

Group

22 2.10 MUSIG %.99] o] xts A}

b 5 5 20002 AlE3E Y= 9lv]= population balance

equatione 2071& FYUT 9v|olB=Z, group Tt BETH

58

flo

N

[

computer resources ZHQ38A I AAte] 2Q %= AZFE Ao

o] St

1

MUSIGE] 7§33l wat EF A 7H0)S] 71 3E i-18 9 number density
( N(t) )= obdlet 2o
M= [ nlmtim 2(2.3.13)

moq
-1
2

w2} A population balance equation< ofzfj e} -t}

(VI(t)N;(t)) = S, 21(2.3.14)
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EE, m N, =po ol §3ke] obelst Zo] vhehd & ik,

5} (piOli) 0
+
ot

(pJ‘ZVf) S, 21(2.3.15)

Size Fraction(f)& otell Ao=2 A9 slriH,
fi:ai/ad

7] e gt gl Al & 4
—(piadfiH%(piadei):Si 2(2.3.16)
T

EE 713 350 sd3 SR 2EE JRIna 7Hgdind, ofef et

_(pdadfi>+%(pdad‘/;fi)zsi 21(2.3.17)

°]= homogeneous MUSIG = do]g}ar st}

e 2 R 4e wEe] BE Ege &n

SdyYZS A T 5 QA

o wEA A ag3stE & 4 Ad+=d, °]3 S inhomogeneous

MUSIG modele]gtar 3kt},
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Homogeneous MUSIG model¥} Inhomogeneous MUSIG model?]
Aol g AE S oo} 2,

Vd Homogeneous
MUSIG
\
( |
i i i Inhomogeneous

I/z' I/z K MUSIG

A A A
[ \ I |
1 1 I I
| | | |
| i | |
} | | | } | | | I | | | I |
| | | \ \ | | | | | | | | |
di dmi dmi-1 dm1lem2

Bubble breakage Bubble coalescence

19 2.11 Homogeneous & inhomogeneous MUSIG 229 7fyd %=

7] AEeo A A2xd(S)E breakup®] A28 coalescence? Al

goz T4 gk

MUSIG E 2o A breakupel] #HE 2238 olgfje} 7t}

m; +—
B&:mi/ 2 Bydm 4(2.3.18)

= ng j,m

J>1

= Pdad(zg (mj§m¢)fj)

7>
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Dy, :pdad(fizg(mﬁmj)) 21(2.3.19)

j<l1

Breakup rate(g(m,m;))2 27} #4le]™, breakup rate® A3

Qs T

=
=2

b
rlo

MUSIGO 4] coalescenceo] #HH A2de ofgfjel 7o) A3 tf
A EZstANE mass fraction(x,,)E oFeiel o] Boste= Ao F4&
2

a4 e

>

(m;+m,)—m,;_
. d L (if my-y < my+my <m;)

m;—m;—y

X =9 my— (m;,+m, 21(2.3.2
ki 1= (my+my) S <FFm-.% 21(2.3.20)

My =My

0 (otherwise)
o] & o]8&3}o] coalescence®l| &gk AA3dHS Fol|stH, thS3 Zr}

My 11/2
B, =m, B dm 21(2.3.21)

m; /2

Z ZQ ]7mk jk'LNNk)

j<’L k<i
m;+my,
pdad Z ZQ mpmy, X/%fj Ko —)
j<’L k<i mmk
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D=5 Q15

J J

) 21(2.3.22)

o17]14 coalescence rate(Q(m;,m;))¢ A7} A4lo]™ coalescence

ratesS A3t Rd=5o T3]

_66_



(1) Breakup & d[19)[20]

Breakup =22 chemical engineering -7 #ofoll A o} = Q3}HA
TFo{ X1 Qo). dHb4 © & breakup mechanism< continuous phase
of oaf 7|Eell HdeE= F-AQl 3, o]¢h= Wi A-&ot= 7|2
FHAdEy dAd"He 4o 2 AWEr. -2 breakup mechanism<
ozl 47} o]t}

a) turbulent fluctuation and collision

b) viscous shear stress

c) shearing-off process

d) interfacial instability

Turbulent fluctuation and collision®] 93} 7|32 9] breakups 7] X
& Wk ofyet ol fsolA M S8k o

XL F2 WFIF ofp7|ek V¥ ¥ FEW F o]y continuous phase

o] eddyel &l breakup®t}. =, 7 £

o ARG AAW VEE WP HY T TN S L9

d

Aol 712 ZIfoJRY. o8 A &I} 7|EE daughter bubble ©]
gtal FE2r 7|Ee 3F 850 93 breakup 2 W, 7]3E 3o
2835t T8 HEAdES VX T ¢ WEolth mEkd Td
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AA AaEo] 93t breakup mechanismE oF#j9} #Zt}h. Continuous
phase?] HAA AddEE xS Ado7|a, o]ydt £EFujs 7%

o] ¥HE Wy 5L breakup Atk Wb S wakedl ]3] HAs}H7]

% shl, 7127t wake 99 WA ol 2 FUE AXsa 9% 4
9, ol wakeel 93 & QA FoluAl W ofu /|xe] EWE F

Uz wmygen), 24 22 37)9 F yolgly 7|xz2 Ry HEy), o)g

A 258 7| ¥EE YA (satellites)o] 2tz F-ET}. 319 #3829 oA
B A ERGE()E ol gstel Awel Jheaitt. AAdH &

A=) vl capillary F(Ca=7,/7)7F @A gk ool = A 9

o] ot A o)A B3] 7]13E7} breakup F T}

Shearing-offell 23t breakup< 7|37} cap/slug®}t o] o} AXS
745 HAFT}, o] olF & 7|EES Tylor bubbleolgta: 3
o] shearing-off + 7| #ZHel &L X}olo] o] LAt Adsk #
A f-Eol A cap/slug bubbled} #o] o} & V|EELS 7]E9 skirtol
A AR AddE s guREY B @o] Aoyl HaL, ofF AL W&
So] 7139 skirtdlA] AEHoZ wWolx vzit}h o]#l 3t breakupd

o

erosive breakaged}il® 3t} 1y Bo HAo] FAE HAx= Z

7] wgel, g7~ Aol ol2d el Awe 4 Ave



Wolx UzF 7129 AAS Fu and Ishii(2002)= =213 3+ v} ¢)

~}7] breakup mechanism< continuous phase® <5 (net flow)9
EXo 55 = vhd AlH o] &9t (surface instability) & continuous
T WAt o & 9] AAlE continuous
& A9 BAlE 7] FollA AF o] "ol

Jubd o7 7|9l 7

rlr
o
—o
=
=8
X
=)
1o
(i
g0
ol
©
e
ox
ok
B
%2
A

(o]

al, 7137} cap/sluget Zo] ol

or
o)
749~ shearing-off¥} &7 1185 o] %= breakup mechanism®|t}.

dRbH o ® FU|-& %, 7| EFE S ddde A= dfEol
& HYP7ZME FEoA FE A#sE breakup mechanism<
turbulent fluctuation and collision®] 93} breakup mechanism©]t}.
wehA, B =7 A= turbulent fluctuation and collision®l] 2]3+ 7]
9] breakup mechanism< ThET}

Turbulent fluctuation and collision®] ¢]3%+F breakup =22 7]
2835k YFGRAEY A 7)o adwo] 7HXa e de 739
NdolA BAHAT. olE B
et o 57HAR EFE 7 o, @

49l RAES P A%sd ol k.

u

=

(a) Turbulent kinetic energy of the particle greater than a
critical value (Coulaloglou and Tavlarides, 1977; Chatze et al.,

1989)
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(b) Velocity fluctuation around the particle surface greater than
a critical value (Alopaeus et al., 2002; Narsimhan and Gupta,
1979)

(c) Turbulent kinetic energy of the hitting eddy greater than a
critical value (Lee et al., 1987; Luo and Svendsen, 1996; Prince
and Blanch, 1990; Martinez-Bazan et al., 1999)

(d) Inertial force of the the hitting eddy greater than the
interfacial force of the smallest daughter particle (Lehr and
Mewes, 1999; Lehr et al., 2002)

(e) Combination of the criterion (¢) and (d), such as in Wang et

al.(2003) and Zhao and Ge (2007) model

ol Bd F F&3 HdEL [uo and Svendsen(1996) 2dx} 1
3.9] preakup =2 E0|t}. Luo and Svendsen Ed o]do] ndEL
A% W A Hpo] oEHo|dt) Wk Luo and Svendsen
Belle y R Ao X"t kinetic gas ©]& <A omE ooy} Arta

g obelsh et

i
N
0
=
[
i)

Break fraction(f; )& oFeiel &o] A9 grpd,

m,;

my

fpv=

Luo and Svendsen 22919 breakup rate(g(m;m;))= obefok 2t}
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1 2

9 pym) = 0923, (1—r,)(5) [ U e 2(2.3.23)

d; € 513
12043+ —fp)?P =1

1 x= 200 fBV)l e g oz F2 27 A

17
Bpelbde
=4l Qi

£ 7129 719t eddy A719] WEA ofel Aejo] whEr
£=)/d,

wea,
gmin = )\min/dmin O] ‘:]’

AZIA A = 22F oF2) A7} 2

dmin = (Eimmin)lm’ Amin S 11477
T Pq
1
o714 772(?1/2)1/4015}

1E 19 & breakup ratex= ol e} ot

0.5
g(mi): g(miQmj)deV }—\1](2324)

0

2719l Luo and Svendsen EE2 HAA7IAE HHHOZ o] &%l
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)+ breakup E@o|t},
Breakup XY H7lstes X FEAE 7]E9  daughter size

distribution(8(m, m;))°] ~ &o] o°]g¥ il 21tk Daughter  size

distribution< ofzfje} o] A olslt}.

/ 21(2.3.25)

ﬂ(mj, mz> =

A7) Aol A= A7 me) /1E7 A7) me 71EE breakup 2
T A+ rateo] B = HEA breakup ratedgtilx: 3t} 18]al ERE I
7] m;9] bubble®] breakup 2 F Y& HAA rateo]=2z HAAFH
breakup rate@}al 3T},

Luo and Svendsen X 219 daughter size distribution o}z 1z
o} v} o83t Helo daughter size distributionE 7FA: breakup

&S U-shape breakup E@olgtarx 3o},
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Dimensionless daughter size distribution, 3
o

0 1 1 1 1 1
0 01 02 03 0O4pd3 06 07 08 0.9 1

Volume Fraction, fy,

% 2.12 Luo and Svendsen =4 9]

Daughter size distribution

& A 7} A daughter size distributione A3 F8 7|Fo 2= of
A 37FA 7lsEol Sl

(a) Mother bubble®] %2 =17]2] daughter bubbleZ Z 7o =]
B2 oyAZE dasty] ool

breakup ratex Yt} agpE E3e 7|2 JERE R F 9

k4

IR

rlo

3719 71¥2 B FH

4

i daughter size distribution &A] Stolof st} =il sfo] HHS
719l 7|¥2 YFo& 4 9l breakup rate’} % (zero)& oY E =,
o] 749 daughter size distribution 9A] G (zero)o] Ho]Al+= <tE T}

(b) Daughter size distribution mother bubble®] =79} Wiolly

A aAbEol F&HEH
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(c) Breakup fraction(fy)°] 9(zero)ol &=  daughter size
distributione % (zero)oll 7}7FdAoF s}, 77 FS4E THAH
(o/r)o] ofF AX|7] wjzelv. dA =7] o]ste] A2 7|3E7} breakup
7] Y o 2 o] Hesi). o]lg A #S daughter bubble©]
NEX = Ax e oyt xwuAEel Ak 2HL capillary

pressure constraint@bal 3kc},

¢l 712 % Luo and Svendsen E2S Hrishd o33 2o ¢ 1
2 3Z o A breakup fraction(Z2 breakup volume fraction) 0.52] 27|
+ daughter bubble®] =7|7} mother bubbled] = 7]¢] 0.58]2}= 29]v]
olmg TS 7|9 xR RN ALE gu|sith. o] A%
daughter size distribution®] HAHS el Q. TSk o] 29
daughter size distribution®] <%(zero)o] o}yt}. uwEby A&
daughter size distribution= #7}st= FRAX ()] 2 H-3tsit}.
T3k mother bubble?] Z7]dl daughter size distribution®] F 4% =
AE 9 U E A B 4 . wEtbA daughter size distributions
d7Vete FoAIE (b)Eol & F3sio

a8y, 1o A breakup fraction®] 0°] +H 4= daughter

|

size distribution®] F3&stA F7tstE AS B F Atk oA ofF
Z+e. 37]9] daughter bubbleo] THEo]d 4= Q= &Eo| ol EU+=
olujo] o} 22 daughter bubbleX™ A=} F Al breakup ¥

S oJu)dlt}, welba] daughter size distributionS H7FetE FOA|E
()& Fg3st# g+t Luo and Svendsen Rdo] 7|39 3HZE

o] AfxAS st %7 wWEolt,
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1 9% Luo and Svendsen R2E 1A A<l kinetic gas ©|&&
nieto 2 gt A, aelae] B3l %3 upper, lower limit
o] gloll mdlo] A FHH+= H S22 VA AT} v BEE ¥
7he o Sl

Luo and Svendsen Ed o]%& FwWAH AokxAS 3t nd =

L

Zxo] 222 Lehr and Mewes (1999), 18]3l Lehr et al(2002)
Aot} Lehr et al.& 7|Ed] A&FS v XE= eddye BT Ao
2+8-3t= 3 HYBAEZHE breakup EEL Aesl T Lehr et al.

(2002) model2 o}zfje} ).

(A+d,)? 2
g(mam.) =1. 190/ g V(27 _yan A1(2.3.26)
1/3 d4 NCE D p662/3 dj)\2/3 -

1% 19 total breakup frequencyi incomplete gamma-function®]

T2 olgste] HASIW o}l s} Lk

d5/3 619/15 Pl7/5 \/509 /5
S —__ve- ]
7 exp( Y 6/5) 21(2.3.27)
o Pl €

o]Z o]&3t daughter size distribution< o} 13z e} o] et
t}h ol#ldt HEfe daughter size distributions 7} breakup E9-S

M-shape breakup = 4do]g}ar slr},
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19 2.13 Lehr E21°] daughter size distribution

A3 Daughter size distributionS B7F8lE FRAXEZ Lehr
and Mewes (1999) modelE 7}t ofgjeh o). 9] 2eizolM =
T 9159, mother bubble =77} 9mm<¥ ZA$-= A ¢ 3thdA breakup
fraction 0.5°14] daughter size distribution®] A d<S YeR it}
w3l o] XA daughter size distribution®©] <d(zero)o] oYt} u}lz}
XA A <3k daughter size distributionS H7}st= FOAE (a)dte] =z
Hak3lt}, 3 mother bubble = 7]l daughter size distribution®] &
£He= s § 2d=ZoA E 5 vk @b daughter  size
distribution= H7}st= oA X (b)grel] 2 F3tstt}, w3k V(¥ o] #
HAHES 118397 wjFol breakup fraction®] <3 (zero)el]l &+ &4=

daughter size distribution® < (zero)o] A3 Ut Wl

:

daughter size distribution® H7}st= FLAXE (O)Fodx= # 533k
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=3

“12uh AHA breakup Hi= 59H bubbled] 93-S F= eddye] A
He 1ol A&k AW dEY dubHow An. w3 7|7}
breakup ¥7] A7t 7|E G7Fo] W7t HAlstE =

2t wElA Lehr et al(2002) Rdo] @hdsltta & 4= glo) ®d 9
Tefze A E 4 %ol mother bubble®] Z7]7} A
2 daughter bubble¢] ¥Eo]d 7hgAdo] FolXt},

olg]3 FAHES Wang et al(2003)3} Zhao and Ge(2007) S°] &
Astg . Wb Wang et al(2003)% Zhao and Ge(2007) Edo] 7}

s FHE JEh A vk 28y olE BE GA] 7| s

= F AE eddyd] Ha 2 Hd A718 BESA AL AA Z3)
o, HEg o F& o U o8BS /St A &tk B AT

—

o BrEn ol & T Wi Hoks olAE v jHiofta ¥
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(2) Coalescence ‘1_]3_1;—]2][21],[22],[6],[12]

Coalescence I}l tfsh o2 F 7} 543 o]20] film drainage
o]Zoltt. o] o]Ee wWEW ot A GAE AAWEAN T|EE
coalescence ¥t}

(a) 7 72T S=35FaL, gF2 A9

(b) 7I|E= 9] AMGE wiEatHA HESAHE A8

(c) 713 Afolo] ool viE=wA dA F7 o]tz wro] gfolAH

o] wo] Hojx|al 7] ¥ coalescence

=2
L
N
kel
S
>
L
2
m
ol
x
)
nt

g
ol

v Howarth(1964)= & 7| X7} &35 oy X9 93 coalescen
—ce7} dojyE =& dojyHA et P F U|¥EY A S5
7F dASE gk ool 7] Apolof] MA wRS FAJSLRA] @al 1 FA

coalescence B Aolgli= 714 kol oy x] BES A oksE )

Doubliez(1991)3} Duineveld(1994)= A& F 7]3Eo] AL
7F 95 749 coalescence’t TS Z dojuy= AS ST o]
3t AdS vlE o ® [ehr et al(2002) critical approach velocity &

A5 Algtelt.

By

j

2 Al 7FA o] EEL (Film drainage model, energy model, critical
approach velocity model)2 E5 7]¥9 At & X7} coalescence®l

AASEI ek oleld 7| E9] £& Aol WHF
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(a) turbulent fluctuation

(b) velocity gradient

(¢c) buoyancy

(d) eddy-capture

(e) wake effect

Turbulent fluctuation®l] 9]+ 7|32 9] T&E2 FA9Hoz dojdr)

g a Sxtafel] & S wmE o] V¥EE HFEvt =9 9] 7]

2ok 35T 5 Yok w=F D) OE JEE AR 0B pee] 93

g W] Rl FE &£we] Aolsl WAHe] FEL F Ytk B L

$ 57FA] coalescenced do I Q& U2 T, VIEfEAAN T2
dojgd Ao R AJAEHE AL ()Y turbulent fluctuatione] &XEx}ol,
()& H& A7] Ape]7}t oF7] AlZ coalescenceol™ F7F o2 (e)d}
o] wake”} ©oF7] A% coalescence”} ATt o] &gk M 7}A] coalescence

£ ZAlstetd obe 1Y 2,133 #Zth

-. (a) F © Ié (e) | Q
e D O |

X,

a9 2.14 71¥/552 52 coalescence:

((a)turbulent fluctuation, (c)buoyancy, (e)wake.)
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Coalescence RE& A Eg|4 mdy 2A3z# wmdo] git}, 18}

4
4Yq mde 2147 ol AAE PFUAL. @A grpe

=

o2

coalescence HRE-& g% rdso|th. o] EElEL coalescence

=
rate(Q(m,, mj))% ofgle} o] Aot}
Q(mi;m]‘) =01, 21(2.3.28)

4714 6, n;= “A4 collision frequency$} coalescence efficiency

o] t}.

G 5l 7 B o R HEE = coalescence EE2 Prince
B

and Blanch (1990) m@lflejt} o] mule 2ad wdar H43 H

2} #+o] collision frequency®} coalescence efficiency® w<o. = E}
Yol zth FHE o]F+= Film drainage B9 FoA% 7 33 =
do]7|% slt}, o] RS Wi o5 AR H¥

Y. Ao ® YehH obg ek A
Q(mzm,) = (0 +67)n,; 2](2.3.29)
o] 7] A coalescence efficiency(n, )= obef et 2o},
ny=e " 21(2.3.30)

A7 t,;9 7,5 27 coalescenceo] L7 H = AR AAl HES
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= Azbolth Zzte] Aol ozl 2,

T

3

Pl hy

t.. = : In(—

7\ 160 n(hf>
s
Tij fi/g

ANA b, by, T A7 Axe] AR we] T, critical % T,

T

equivalent §F#|Eo|t}, Equivalent ¥Hx] & 9] Aol o}lge} At}

o]# A coalescence efficiency®ll film drainage ¥}A S AA=E 7|2

= £& X5 film drainage modelZ F+&& = Jth

Sl
{fin)

Prince and Blanch (1990) %% frequencyol 4/ L8354 9
g SEI B9 Aold o3 FES stk WA 4R 8548

o,

S
M

93t =% frequency term< o}z

21(2.3.31)

7|4  F,,+ calibration factor ©]il, collision cross—sectional

area(s)t= obdlsh ol Hele 4 gk,
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_T 2
SA»—Z(dZAerj)

183 Rotta(1972)=

el a9},

s = VI

Prince and Blanch (1990)

=437) 7129 UR FE@W)E old Ao

frequency &2 oo} 7ty

= FepSij U~ U

Clift(1978)°ll <] s}4,
o 2t}

U,= \/ 2 13“ +0.505¢d,

cl

1.3

=904

Zpolel 9% F=

21(2.3.32)

[mm] o4l 71¥9] HF Fe&EE ol

Fp+= calibration factoro]th.

Prince

= oo e}l

and Blanch(1990) X doj| A
Luo(1993)e] 93] th4 Ex3 =z 5

coalescence

AR H3A

21(2.3.33)

efficiency+

N S



[0.75(1 —i—g%)(l + %)]1/2
o +05) P+ €)

;= exp(— Wel/?) 21(2.3.34)

o] 714 ¢, coalescence Hs o] 71 A7) HEA] TSy )

EE, 4 el 0.4% BE ARSI, we obdsh 2k

piid;

15

ij o

A7) A = w2+ 2)? = (26d,) 2 (146522 0] T

=844 2d F 7 Eolgk a2 critical approach velocity H2
olt}. A<L3F npe} 7ol critical approach velocity EEo] o &A=
A7 AR EA T MEe JU&EE 27 A& 4E coalescence”t ©

dojuttiE= Aolt}, olgfdt /e 7|9 coalescence Edo 7d 3}

Critical velocity =229 HFo] &3t RS [ehr(2002) 29

o) fasie). ey G a SR} B Aolo o9F FEEI
Z 18359t AS Prince and Blanch (1990) 23} Sd3ic}. &=
sk o] BEe gl wdo] AFOo A collision frequency}t

_83_



WA Lehr model(2002)9] collision frequencys oF#] ¢} 72t}

)

0y = %(d1+d2>2min(ul’um’itical> #1(2.3.35)

714 critical velocitys o}afj e} 7t}

I/Vém’itimla

U.oope 7 —
cirtical
pldeq

We =0.06

critial

2] Ao A characteristic velocitys ofef e} #Zc}.

v’ =max ( 1/3\/ d2/3 —I—d2/3 W = m

Characteristic velocity &olA maximum g2 3 ®HA & WiF
254w dg £E5 et 7 914 3 A77F °E VIEY A
sHEAelE yEd Aotk §9 Ao ¢ £X== Prince and
Blanch E@¥ w722 Clift(1978)¢]  terminal rise velocity
model(#](2.3.33))& A Y3}l Characteristic velocity #< &4
o2 collision frequency &9 minimum o 23 wu,., w1 230

AgS WA ok
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Lehr(2002) Rl A coalescence efficiencyZS ofefj e} ).
n;; = expl— (—5—1)°] 21(2.3.36)
’ (6%

Millies and Mewes(1999)¢ o3t 39 7|37} ¥1& glo] g &
bl MR 749 7139 AA &S Max. packing density(a,, ekl
3 1 ke 0.6°|th. 9] coalescence efficiencyS E2A13}8d o} g
a9 2,149 )zl g

T UE coalescence E 9o Wu et al.(1998), Hibiki and Ishii
(2000), Wang et al(2005) ==& 7Zt7] o& I59 FH=
coalescence efficiency® Edstal SJARE  Lehr(2002) =29
coalescence efficiency®} sdatA 7]7%e AAES o8&t FAH
ARt TFEHE 7HxIth S 1Y 2,149 aHZe; FARSE FHE R A
714Fe] A A Eo] A5E4= coalescence efficiency”’} 5713t}

Coalescence efficiency7} oleldt sl S 7HA|+= AL 7|27} 44
wo kP! 7)o A Eol Tt

el
A HAthE Ao, 7|27 EHEHA HE 727}

FU

-

Al =o] coalescence efficiency”}

oo
A
il
4»
3
rlr
_|>i
Jo
ol
o~
)
N
2
i

o] 3 HEo] 1y Ho] 49 coalescence 9] efficiencyol] &=
vapour volume fraction®] ¥WF %11 9 o™ vapour volume fraction©]

X582 coalescence efficiencys S718t= JeE|E 714t
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Coalescence efficiency
=

)
,

1E-11 01 02 03 0.4 05 06

Vapour volume fraction

a9 2.15 Lehr 22 9] coalescence efficiency

bel, thest gk

ol

HEH o2 Lehr (2002) 2ES Ay

1/3

(6%
Qlm,m,) = %(d1 +d,)Pmin(W,u, ;. Jexpl— ( a‘fj%; =7] 21(2.3.37)

Wang(2005)#e 7 71g&o] A¥ datas A8t F-Ho| o3
coalescence efficiency”’} A2l ¥A$HS ¥3S]al, Prince and Blanch
Bdo|x Fg Zolo] 9§ coalescence rates wEld W7]%= st
Wango] Aelgt F= Z}o] ujfo] WISt coalescence ratex= oF# <}

2.
Q(mi’ m]) = %<d1 +d2)2|u7’1 _u7’2|><0'5 )l]] (2338)
7|4, F= o 93] WA= terminal rise velocity2] Eztol=
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Prince and Blanch model?} w}zH7FX 2 Clift(1978) modelsS x| 8l s}aL

o)
PSS

o] ¥ol] F7|-F &4 10[mm] ©|ste] 7|xeo|A IHE F A&
coalescence™ Wakeol| ¢]3 #o]w, Hibiki and Ishii(2000)!'el] ]3]
ofefo} 7ro] =213} w¢lv}. Hibiki and Ishii (2000) R & ofget 2
1=

Q(m,, m,) = 15.40d u,,, X exp|— 0.46 21(2.3.39)

7 “slip,i

Ugip,i= 0.714/9gd,
d, d.o d. d.
@:{uj—y Y e
0 else
o2
d.=4
¢ 9o —p,)
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Aol o] &8s HE&FA=+ CFX.12.10]th CFX.12.12 #7255
< MASH] 918 default® Al&sh= two—fluid BRHRES HAshal 9l
ohoolHd REEe B Med ndFQ] Hs Zda g2 Ay

ol tg9] 3¢ EElz FAEo Qt. CFX.12.191A4 default® A
Soke ofe REs ol &3 AaE el HEdoh

w3 AddS wet vndAs 7IEE 2y fA AleRd, IAC
W3ls 13 E 4= 9+ population balance ®9, 1|3l CFX.12.19]

AlgstA Fehs At RS UDFE ol&ste] CFX.12.19 3193
!

o]Z 93dll, Benchmark f&%¢] B35 9™ benchmark 532

= F 23S Korean Atomic Research Institute(KAERD® 3}
Wzt vs A8 Bl
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2.4.1 Axv2 A

KAERI®] #dZ2d Aul= 28 2,163 o] =37 o|F ¢ FZFolth
ol Fo|X= dAfFS5o] e AE AEHol AE-S Inconel625°] T}
T ¥olv 1.67[mlelw AEdwe o FA4 2 19[mm]olt}. 24 o]
< 37.5[mm]olal ©EA Y HAT SHF-EHFE =o] A
Uz Y53, Adde] AzrdozRE dFE 1.610 [m]ol vapour
volume fractione 54T = AUtk Fo| 1.610[m]e] AA| £ 714

o & % 9tk
=

[
o
=
4z
N,
o

3% 2.4.1 KAERI experiments (Lee et al., 2002)

- working fluid water-—

Case No. P (MPa) | g, (kW/m?) G (kg/m?s) Tt (C)
1 0.115 169.76 478.14 83.9

2 0.121 232.59 718.16 84

3 0.130 114.78 476.96 95.6

4 0.125 139.08 715.17 93.9

9 dAA e FYEE 7|Fo 7 Case.l1¥ Case.2v 1HYIEE Y&
stal Case.3% Cased+ AAYEE st Aotk 28 79
o] Azkfakd uwal Case. .13 Case.32 AF=ES Wxsia

Case.3% Cased+ 1S W ist= 2Ado|r),
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Heated Rod

% 2.16 KAERI I 72HH) 5
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2.4.2 AR

g 2,17 AARARA

A2et x| Fo wpe) o)FH Fxo AES TS o, 9o
2 g 4 A7t oy og axld o], dFwdo R 3[degreel

T skl AFEke] fa e A A skl

15(Radial) < 40(Axial) X 1(circumference), 20(Radial) X
40(Axial) X 1(circumference)?] Hexa. meshE =H|3d}%] mesh 29]&
S AA3AT. 20(Radial) X 40(Axial) X 1(circumference)?]
Hexa. mesh® ZA¥7} 15(Radial) X 40(Axial) X 1(circumference)?]
Hexa. mesh®] ZAx}¢} zfo] o] gllom =z 15([Radial) X 40(Axial) X

1(circumference)?] Hexa. meshE o]&3le] AALS 351t
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2.4.3 71& 2d9 AR

HP7t vl fFEo sAS 8 CFX.12.10] Rfstal e 3h9 =
2 Default 2] H5& AFeH7] e Algdoldel AHeg 2H
S At oy ¥ 2.4.2~2.4.43 o) ol#d HAAL HEo|A A%

O

S nAH WSEa] Byt $As

2= 7]&

gl o] Main Setup ©]9, ¥ 2.4.3% 7|05 R4 9]

4 =l
Aol 2lal #2445 VB AR e dA el

¥ 2.4.2 Main Setup(Z7]EE9)

) Physical
Fluid Model(Parameter/Info)
Effect
Buoyancy Density Difference
Heat Iso—Thermal
v - transfer (Saturation Temp.)
apou Turbulence Zero—Equation
Bubble Sauter Mean
) Anglart
Diameter model
Buoyancy Density Difference
.. Heat
Liquid Thermal Energy
Transfer
Turbulence SST
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3# 243 7|EHeR2E AA

Default
Wall Boiling
Model
(Kurul and
Podwski)

Physical
Model(Parameter/Info)
Effect
Wall
) Lemmert and Chwala
Nucleation

Site Density

(m: 210, p=1.805)

Bubble
Departure

Diameter

Tolubinsky and Kostanchuk

Bubble
Detachment

Frequency

Cole

Bubble
Waiting

Time

Area
Influence
Factor, Aq
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¥ 2.4.4 78 37 mY A

= =20
) Physical
Fluid Model(Parameter/Info)
Effect
Wall Boiling _
Kurul and Podwski(1990)
Model
Vapour:
Heat Two Zero Resistance
Transfer Resistance Liquid:
Ranz Marshall
Drag Ishii Zuber
Lift Tomiyama
TursBont Favre Averaged
- urbulen
Inter-Phase ‘ ‘ Drag model
(Vapour | Liquid) )y (Coefficient:
Momentum Force L0)
Transfer Virtual -
Coefficient: 0.5
Mass
Antal
Wall ..
o Coefficient:
Lubrication
-0.01, 0.05)
Enhanced Turbulence Sato Enhanced
Production Model Eddy Viscosity
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2.4.4 MK 2de] A3

71329 sliding A4S 12H3 AN HESEAS UDFE o] &8k
CFX.12.19] #mY3}c). T3l Sauter mean diameter 2=+ TACY
W3slE2 welsly] fel MUSIG modelS ARRaIQon, H s o

M A4 %2 coalescence, breakup RS Q3T

QA ZF AFH FQ setup ofd EeF #r)h

¥ 2.4.5 Main Setup(ZRA1 = =1)

) Physical
Fluid Model(Parameter/Info)
Effect
Buoyancy Density Difference
Heat [so—Thermal
v - transfer (Saturation Temp.)
apou Turbulence Zero—Equation
Bubble Sauter Mean MUSIG model
Diameter model (% 2.4.6 #=x)
Buoyancy Density Difference
. Heat
Liquid Thermal Energy
Transfer
Turbulence SST ( Liao and Krepper)

%2
i
%)
0
-3
(o
ng
filo
a
£
[N
i®)
j=n
[ab)
2]
@)
2

Sauter mean diameter = 2o 483 MUSIG modelolA 4, T =

L

99| gapo] 9.25[mmlYS #Aetete], AFUA 9.5[mml=ZE setup A

t}. 18]3 Equal diameter discretization ®H S o|&3le] 15 153

_95_



102522 o] AlbAaE vluskglty. Case no.19 AlAHA e A
157 2802 AE3st dxet 107 2o 2 AEss A7 U=
o]3te], computer?] F3& FHAZE st7] 9 10 ZFo2 1A A=
BE cases AAFsISHh

olu] A}F8-3} coalescence, breakup RE-& ¥ 2.4.63 Zth

3% 2.4.6 MUSIG =& A4

Bubble Sauter MUSIG model

mean diameter model (0~9.5[mm], 10group)
Coalescence model Luo + Wang+ Ishii model
Breakup model Lehr breakup model

=

¥ 71329 turbulent fluctuation %% =}oll ©]3F coalescence®} T
719 7]3el &gk FEe] 22 Qe gt AdsESee] o] o
coalescence, 18]l <A AbFEtE £ Z|EVF WE £ dE wakeo
9]3t coalescenced 113}t
WA turbulent fluctuation &% Apel] 9]+ coalescence E2 2 film
drainage =99 7ol HAW  Prince and Blanch X 2oA
coalescence efficiencyE 7§A3F Luo modelS I Y3}t olu o=
A719) 7|3ol Agote= FEo A= QS AT AsEEo Aol o
coalescencex= Wang 29z tA|staL, oS 3d3star Ao AFE 3}
ATt F7FH o2 10[mm] ©]3te] 71X A7) 18 E 4 = wake
of 938t coalescence B2 o= Ishii models Y 3FA T
Breakup R do= T A AtzAS 183 a2 Lehr RdS

=93t
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EEEES

d e} slidingdls 7122

7+o] setup 3+t

aeg AN wEEde e

e
S

3 2.4.7 WA ve 2de] dA

Improved Wall

boiling model

(Bubble sliding
effect)

Physical
Effect

Model(Parameter/Info)

Wall Nucleation
Site Density

Lemmert and Chwala model
(m: 185, p=1.805)

Nucleation
Site Density

Reduction Factor

Yeoh model

Bubble Departure

Unal model

Diameter
Bubble
: Force balance model
Lift —off
. (Bae's approach)
Diameter
Bubble .
Detachment [,
Frequency

Bubble Waiting

Yeoh model
(bubble contact

Time
angle:45[degree])
Bubble Sliding
‘ Bae model
Distance
nD?
B[N, (K— =)t f
7D}
Area Influence + N, ( 1 J1—t,f)
Factor, A, + N, KDL, f

Nt (T2 11, )

(K: 1.8)
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o}z HollH Wi npe} o], 71EF A7 Axdd vidE S 9= nE

j

5L default =23 ARESH AXY HLEA setup ST ol &

i

-

A AN WERY, MUSIG 29, 47 dRmde] Aa4n 784

W2 B 5 92 ot
¥ 2.4.8 7|8} g7ted dA
) Physical
Fluid Model(Parameter/Info)
Effect
Wall Boiling .
Improved wall boiling model
Model
Vapour:
Heat Two Zero Resistance
Transfer Resistance Liquid:
Ranz Marshall
Drag Ishii Zuber
Lift Tomiyama
Favre Averaged
Inter—Phase Turbulent Drag model
(Vapour | Liquid) gAgy-rsion (Coefficient:
Momentum Force
1.0)
Transfer Virtual -
Coefficient: 0.5
Mass
Antal
Wall ..
o Coefficient:
Lubrication
-0.01, 0.05)
Enhanced Turbulence Sato Enhanced
Production Model Eddy Viscosity
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2.4.5 A} B4

04 T T T T

-=-Default
-=-Modeling
* Experiment

Void Fraction

WQQGDDDGGGDQ
0.6 0.8

O0 02 0.4
(r-Ri)/(Ro-Ri)

13 2.18 Case.19 vapour volume fraction
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Liguid Velocity (m/s)

= Default
-=-Modeling
* Experiment

0.8 g

0.2r 8

0 02 0.4 0.6 0.8 1
(r-Ri)/(Ro-Ri)

19 2.19 Case.19 liquid velocity
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Gas Velocity(m/s)

: * k7
*
0.6- .
-—-Default
-=-Modeling
* Experiment
0.4 el
0.2 .
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

(r-Ri)/(Ro-Ri)

13 2.20 Case.l9] gas velocity
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Void Fraction

0.4

P YA o A o W S, g

-—-Default
=-Modeling
* Experiment

I~
o

0.2 Y04 T T06
(r-Ri)/(Ro-Ri)

19 2.21 Case.29] vapour volume

- 102 -

ﬁﬁﬁ?
P, W w

&
0.8

fraction



Liquid Velocity (m/s)

0.4

0.2r .
---Default
=-Modeling

0 * Experiment
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