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ABSTRACT

When the molten core material relocates to the lower plenum of the reactor
vessel, the cooling process of corium and the related heat transfer mechanism have
been analyzed. The Critical Heat Flux in Gap (CHFG) test is being performed as a
part of Simulation Of Naturally Arrested Thermal Attack In-Vessel (SONATA-IV)
project and the state of art on CHF has been reviewed. A series of complex heat
transfer mechanisms of molten pool formation, natural convection in the molten
pool, solidification and remelting of the corium, conduction in the solidified crust,
and boiling heat transfer to surroundings can be occurred in the lower plenum.
Many studies are needed to investigate the complex heat transfer mechanisms in
the lower plenum because these phenomena have not been clearly understood yet.

On the contrary to the predictions by severe accident computer codes, the corium
in the TMI-2 severe accident was cooled down and retained within the lower plenum
of the reactor vessel without the reactor vessel failure. This fact made researchers
think of new cooling mechanisms enhancing heat transfer. As a result, three cooling
mechanisms were suggested and have been investigated: (1) Cooling by water in
gaps between the debris and vessel, (2) Cooling by water ingression into cracks, (3)
Cooling by enhanced area due to volume reduction. There were several efforts to
assess the contribution of each mechanism to the enhanced cooling but the
achievements are so few.

The SONATA-IV/ICHFG experiments are being carried out to develop CHF
correlation in a hemispherical gap, which is the upper limit of heat transfer.

According to the experimental work carried out with pool boiling condition, CHF in a
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parallel gap is reduced by 1/30 compared with the value measured in pool boiling
condition. Some experimental results show that CHF in a gap is related with CCFL
phenomena. Several correlations were compared with each other to find out the
effects of parameters. it was found that Monde et al. and Chang & Yao correlations
were not appropriate to evaluate the TMI-2 accident in several works.

A basic form of a CHF correlation has been developed to correlate the
measurements that will be made in the SONAT-IV/CHFG experiments. That
correlation is based on the fact that the CHF in a hemispherical gap is enhanced by
CCFL and a Kutateladze type CCFL parameter correlates CCFL data well in
geometry like this.

The experimental facility consists of a heater, a pressure vessel, a heat
exchanger and lots of sensors. The experiments are carried out in the range of 1 to
10 atm and the gap size of 0.5, 1, 2 mm using water and Freon-113.

When coolant injection to the In-Vessel is restricted, external vessel cooling using
the cavity flooding system and containment spray system would prevent reactor
vessel failure. This severe accident mitigation strategy, which is important in the
time of coolant injection and the amount to be injected should be acted precisely,
because it may result in negative results. Concerned with the external vessel
cooling strategy, many experimental and analytical studies have been performed in
the world, but it is quite difficult to be generalized to all nuclear power plants, due to

plant specific features.
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Mini-ACOPO 0.02 0.3 1.0x10"*<Ra< 2.6 <Pr 0.3<AR
(3+3) 7.0x10" <10.9 <1.0
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gt o2 E FEHAT
Kutateladze[4.13]= CHF7} +H%% @ (hydrodynamic phenomena) ©] il
AZsAn. 2 F719 29 &5 $AA S fA a9 @100 XWSHE CHF
#ANE FEFAT o] AL & AHA WYHezr {7t HAG 1 F
Zuber[4.14]°} =& A7)Stt 27t CHF 29 /e 93 Bz e et
2ot 7tEsE e % B9 9o 20] gl & o) Bu)Fo] Ao Taylor instability =
dEEE o] B AAAdA 717 42 mAURG. wA Yrte $7) 5L
Kelvin-Helmholtz £-<H4 A (instabiliy) 2 2 Ze A1 F7]9] @& =27} 4387 dr}. =

+%9 FaolH 442 ey BAE A



@7

q'=Cy- hfgpgug

H] 84 C, 2 Taylor instability 2 AAEHE F7]7]1%9 X9 03 FogrE

7] 715& ZAD S8t EAZYH W E FAH = 5719

A5 89 3
o] ERgEnY AW 37 715 BARAAY o] Arjt g Aoz

#49
xydd
—O'—SC2'—1—I[) u2 (48)
’IKH 2 g-g
o] W] Kelvin-Helmholtz $10] B F* A,y © TH2-3} o] Ao},
(4. 9)

(e
Ay =Cq o o
KH =3 \lg(p,—pg)

A 4.8)9) BAxDo2RE yy & TIHIL H@9)% §A A@. N dlYsd CHF

42 =84+ Yok

=

BAA0 2 71 ¥ o] S5 bl

" pz
9cur 4 g :kl @. 10)
Pehy \ goAp

g slel &

909 k& 4B e Fae] Z2HHE 4ol Kutateladzes A4 2 41
=
=

ol 835l EH|F ZHoA CHF #%< FAH3}e AN AFAA 0.13 ~ 0.19
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Fatit AA7A A g5 o] CHF 7oA B 4P 452 441008 ¢8-S
WA Pejo|tt. AS8)4 ZE=<) RELAP5SS COBRAE AL Hf& 2o A 9
CHF A4 0 2] Zuber-Griffith[4.15] A& o] &3] o] A& A4 10)o] A 3

ol g 2ol AUt
Kk, =01311-a) 4. 11)

u% @anyol tiste] Cheung S[4.161S 71&0] +ad 4QATHE W45
Zo) 7 W ob7) BN CHF 28L AN ST o 5o ojse wPeo) =
g AAFo F4Hel 377 Jx¥HE WMAYDY. sz dsdHos
WAYA moE o amel A2 ARSUN WA udn ol
FHZ AR AP A0l A SONATAIV AF9 dgoza $aF VISU-II A o)A
BAg 23 2719 3714 57 AAVY. SF W7 AL QoA Aoy
Zuvers} 4% AR0) A B BRD de AL EAHYT o5
W} Ak SE Abolo] 29 vlaFmicrolayeno] EAFE 5717} o 58
Aol 3FHE 422 AR D ool EAes) AsiAE 2]

&
k|

jet & 3017} Helmholtz 373 Bt} Zrolo} drfe AZto 2 Bg w43 A4S &3
o] #3t Rt}

2
h
Om —C1Upg(1+,0/)(f;] (ﬁg] 4.12)

A AN C, 7 q'p e A7 WA HH S Aol o4 BAF oYY
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FFHE 29 Fo] /|HE A AVHE AAZ 2o Fuy 2L )

Fog
Fhedwo] %22 diyout o FAFH o] Zo] CHF & Qo Aztale] &9

Q'cHe = P/hrgU/(5m)CHF /G35 4.13)

A AolA C; & (6n)ge = H1AIEF CHF Al Pl2F FAE 22 vebdin. o
S& CHF 7t Yul5 499 dAH30] dotn B 44.12)9 ¢'vg 7t o €
8n=(6m)gpe X1 BRTH elAT BHo2 A 4129 4.13)S BFSS T3

CHF 29-& 73t gt}

1/3

-16

. oy, Pg || Pg

q"cur = Bpgh ———(1+—j(—j 4. 14)
CHF 7 £1% Pr/\ P

S0l 4w CHF 29SS SONATA-IV/CHFG & 7 thAH¢l wh338 7+ o A o] CHF

wul Aa] Z 2 vabo] sojof §r}
4. Pool M| 54 W78 58 sl 2o] N o) QALK E

WY DTN A BA ALE FAHA Fkod FATA Az §7)
Se BAE AE ARz er] 49 97t ATE 9 BT HE Y Fu] 5 @ool
Boiling) 2ol 2te 798 AAL +AHAAG. M7 Y FzoA dAg B
A7 A ma sk M Qopns] Yool 7| Ro] FUY ATEL 2A A,
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Theofanous 5[4.171> YAZ2E7] FE =EASE ULPU-2000 AJZAE
ojg5te] Eu)FA AA=2L7] JHoA 9 CHF #& S35t ULPU-2000
T ERF 1.76 m, T 7.6 cm, § o] 15 cm, Aol 0.83 m 9] oA ¥ Slice 3528
EgXR 3gE oedez A3t 2000 kW/m® o] 448 d 5 Ut} o5
A g R nF JE L Ao g o] FREo2 R

RA), vhe 2AZ o] TolAE LAY 277 A eAojn YL WL
whg} Qo) o] ko 2 o] B}
S5 4P e7] QRE o= AAH o AASE 0|20 277} Y7k

B BAS MAE WA 49E TS FA T 4R AR
£4¢ 298 2EAQD. ANAL G887 gL BAGS Aa a8 2g
o] Fu|S ZAM APAATEIA D FAAE AF2 g7
3H 99EAR SARES WAsd AU dohte 2AENA
DolX ABsTh oSS ol weh thed WFNL ANIAL o AL

A2 L7 ¥ WZHA] 3¢ CHF #AAN 2 24] de o] &5 1 gir}.

i

A 1

Genp (0) = 300kW | m* 6 < 5°

Gene (6) =300+ 12.60kW /m*,  5° <@ <30° . 15)
ujA] 2

Qo (6) = 500+ 13 30kW /m*, 6 <15°
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Gepr (6) =540 +10.70kW /m*,  15° <6 <90° (4. 16)

Chu 5[4.18]2 A7 61 cm® 45d &¢FrE £H2 160 °C ¢} 330 °C=Z 714 ¢ 5
71k ZEde S 27H4 43 ¥4 A 715 Quenching 28-S 8383t}
Ay £ nigwd HAR FENF 335eme] FH F kX FYeS
ol&3qtt. T AL =T o 500 kW/m? ¢ CHF #°] X5}t El-Genk &
Gao[4.19] =& A7 0] 7.5cm o] 3L, vt 2] FEWA o] 148 cm 9219 cm Q! &

B3 2 2 Quenching 2 @& +¥3}] Kutateladze +& ©] 83 el o] CHF &4

o

T3 th Cheung[4.20] 2 A% 30 cm9] ¥W+3 &7]& o] 4dta] F§ A3

e
e

T o) 5] ¥kF uigol A ZAG X3 FE] 49 CHF 7k 400 kW/m?
ol
A& ATESF Theofanous 5[4.17]2] AT o] AL 71d S o] &% CHF

AgolAL YA HAFEL quenching AT ol A@AX ] T2y

2

AL 7tse 35 o gFo| A7 WFEo]t}. =, Theofanous T2 A AL o)

za-
o

slice | A = HA7] Wi 2P o2 J|HE AT 4+ Ao} Uiz 4382
2% 339 TS o] &3BZ JHE AXd=d oy o] UAT) o) F
g Ty zk3d A9 CHF A8L Al8%5<Q SONATA-IV/ICHFG o %

A AAA A st e s

FEHSA ANGY f 2N IABRE

74 A2 dRE ¥R Fo] NG FAE Yo F 2 (rectangular

channe)& F &t A7 8 A2 ¢AA ALE st Az fF 2ol cHF
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Aol Fatd AUt A7 FHdE ¥F T FAA TS A5t Fur)
327 ez A §F2A4 $39 CHF A3 WEE F54S(low boiling)
ZZAdA FHHAY. ALY F2oA9 CHF A8 dFF Eo] ofgjwtgo =

T2 9FFF A4 2SS X410 FeSRn

® 414129 §2o|A 95454 CHF 49

A & g AFRE AT 2% f2a9
(MPa) (Kg/m’s) (K) (mm)
Sudo et al.[4.25) 0.1-0.12 0-600 292-353 40.0x2.25
Yucel & Kakac[4.21] 0.1 1250-6250 331-370 5.84x6.35
Mishima[4.24] 0.1 0-600 302-360 30.x2.4
Sudo & Kaminaga 0.1 2-600 298-348 50x2.25
[4.22] 50%x2.8

G

Yucel & Kakac[4.21]2 HF+FAl CHF %ol 53 (co~current) X £ C
gyt okzt Aol B 18t gith Sudo & Kaminaga[4.22] = f 29 713 o] A A4S
CHF 7o) Z7lglon] §=29 yolut 7439 =77t CHF #oll d&e o 3

Fox Basgtt B¢ o5& 29 ZHo|7b.CHF #ol 9% FA gevxn
391t} o] A= Jeong & No[4.23] & CCFL 28 (& A9 727} FztolA
CCFL 2 %2 4Tl 2Ase] f29 dolt JFS FA ¢ 2)9 x|}
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Mishima[4.24] ¢} Sudo & Kaminaga[4.25]= T3 & JE)e] CHF A4BAL

3Rt

2
Gerr 411 P8 _ f(ATgys)+6,(CCFL) .17
pghfg gO-A

A
7 A}zyy

m{n

Ao A 2w o] AWM A -2 Q)T F 32 (subcooling)?] BEFS &g Aol
2 2ol delA] CCFLA ¢ d3ge 13 Aoln. olgd ¢

A= G = A CHFE CCFLY w]-$- 2435 #3417 = Aoz gdH.

6. Pool H] S A] Z+Z oA o] A EEE

o] Ao AR T W Abol, Y Ato], B4 Alo] FolA s}
e e gEwe slde 299 FUR BF A 490 dod, 52

)

FE(pooldll Al 20| FHEHNUY. EvlTA I CHFE 78 &

r Y
e
tlo
ke

4.20] F& 3R
Aoz HYPAE F712A7] AT tube sheet Alolol= 2k 0.25 mme] 33
Zb=o] &R} 7+=F9] HigE 23glon o] RE L2 & H9ld nstyo 3aA

30 vlg MEm G

O:
[o}
2
>
3".’.
e
=
ojft
tle
14
lo
o
+
:
aQ
R
=
=+
2
N
N
S

_.o]

o

R0 dfdsd AFE olARLA AALRE AL 3

o
_?L
3
o

NBANE AFE2 /HdEE Fo] s} 2R Bete] AN ste] Ao 9o] 450
k)



JAAE F 4.30) Ao

H 4.2 Ev5A AFo]A e CHF 29

A & A TE + A ZF S (mm)
Katto & Yokoya[4.29] T 4% Water 0.8-2.0
Chang & Yao[4.26] T2 24 5 R-113, aceton 0.32,0.8,2.58
water
Katto & Kosho[4.28] T3 4% R-113, benzene 0.16-100 ©] 2%

Monde et al.[4.27]

¥
0
=

Ethyl alchol, water

R-113, benzene 0.45-7.0

Ethanol, water

¥ 4.3 Chang & Yao[4.26] ] 4d =4

e Fol= A

SUS304, £25.4,10.71, L101.6

A% & (atm) 0.6 -4.04
A3 7 ol(mm) 25.4,76.2
3 A7) (mm) 0.32,0.8,2.58

AHg A

Freon-113, aceton, water
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o]59] Adof 23l H Freon-1139 A-$ ZoA ALFEH2 200 kW/m? oot
0.32mm ZFEAAE 6.3 kWm® oAt F, 3o AAGRFEL oA g

gud e 24 YRy ose /ldd ¥98 44N £ A 2o

of

Fo)
A2 ©) CHF7F Loj 3 AZhahe] CCFL #7414 0 2 3] vhe-o] CHF 4843
FEHYT o] FPe LE 571 42 GGl $AHY B2 CCFL #A| 402 A

Wallis 4} & 0] &3}t

Gere | Pa _ 0.38

- (4. 18)
2
Py ¥ 9D4p (1+4/pg /p,) (L/S)

A Aol S, L, D = %29 25 27iet Bo] 2 71y slolZ o] AA o 247}
RRIAI=
Monde 5[4.27)7} Katto & Kosho[4.28]F & P47} 3 Y¢S o] &3} 1} L9

CHF ¥4 & 77t /g8t

q;HF Pg 016 @ 19)
oy \ godp T 1467 x10%( / pg)*8(L/S) ’

. ; 018
Qonr 4 P9 _ - (4. 20)
pghrg god

2
1+000918(p, / p)**4 Jg—"ﬂ(o /S)
[e2

ANEL By Zu|5A +2d A9 CHF A4 0] Wallis ¥4 &2 Kutateladze

)

48 0] §310) /LT $8& ¢ 5 Utk Chang & Yao[d.26] & AP = .29

._42__



vlgo] gty Qloj A fZujoll QF K F(counter current flow)o] A H | gk Katto &
Yokoya[4.29], Monde %[4.27]7} Katto & Kosho[4.28]€ Z& = F#o] glojA

Z719F Bo] & W (co-curren) 02 SHolv, AANF FEIE RIS Ho=

Az,
B9 Y9 A ABAL BT 71 AWol A SBE CHF & ol gato] 78l
Role, dFe £59 KA olgdtd VPL FUFo=A ALS WHE
DEE 4 e ABAL ALALA stk B FRAT| ¢ Aol e

232 A4 WAgg 2 Jehg e gotrr] st 2459 27171 1 mm o] AMS
FA7E & Aol disted 29 410 Wwdd. FEAL AT o fF29 Ao,
Aol A7 T HF9 A7) o] HMFEL 2} 3T Ao o] &8 AE FH9
kS o] 85t T A B ule} #o] Katto & Kosho[4.28] 9} Chang & Yao[4.26]
o] w2 o] Frhghe] whet CHF kol 713ttt vl ot Sol=e ZH S

BAT}t o] AL d WwolgdAX = ¢FHY A did 7€ AAz

t

Axgtch 12y Monde $[4.27]9] AL Unx F 2do oEgtnrc oj$ &
e dEatn] g W A = 2t Bk welA Monde $[4.27] 2R <]
Ag s g dgoz dFsA = dE Aoz gad).

I8 42€ H7IQ oA =9] 27171 Aol whe} CHF @A 0] d &35

flr

#ol Wslg RoEth Axe Aozt 9le B A 4@ BFE ko] A wa
CHF #% Z7HE XMoo &) Katto & Kosho[4.28] 2+ Monde et al.[4.27]9] T2
bS] F74gel wet CHF gkol F713tthrt 3 dted) ole Hoz 7350
T EHT 9L An|sty] dWEoltt. 212y Chang & Yao[4.26]9 22L&
YA 5 2da g2 A% Ftete %S 2AdT o) 2oz g9

Wornz ol Rdg 10mm ol AFoE H o] ErsE Ao w wotd)
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Correlations Comparison at 1mm gap

4000 : ; I .
3500}
3000}
~2500}
N
E
i — Monde et al.(1982) ]
¥ 2000 + Katto & Kosho(1979)
T X Chang & Yao(1983)
© 1500

0 2 4 6 8 10
Pressure in MPa

37 4.1 CHF Z8AoA &g S v
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CHF(KW/m2)

7000

6000

5000

i.N
Q
o
o

w
o
o
&

2000

1000

Correlation Comparison(0.1MPa)

T T T T

i X
— Monde et al.(1982) X
+ Katto & Kosho(1979) X

I X Chang & Yao(1983) X)g(x

.........

||||ll|ll[‘rllJ

0 10 20 30 40

Gap size in mm

1% 4.2 CHF Z#A A 225 27)9] 43 vu
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5 9] Siemens AGKWU[4.30]°] A = F& zkZo] A o] CHF A8 & $8stx Qo).
o] AP L T™MI-2 YA 2478 B3l A= 47|7} £A45 A EAT Yzt7| 7
AF37] s Aot ARAAE AAo] 600 mme IFH FEE WET o

obelol 94 HFL FANE wE F

2
JH
g
)
J0
fllo
s
—u
Kl
X0,
i
I
=]
rg
lo
R/
£

S
42 500 kW/m?ol®, 2t5¢9] A7), ER A&7, W A2 o] CHF @l A&
AFS AT . o] X B2 SONATA-IV/ICHFGE A9t f48A A=
Eutro] YA E HFo)A Y CHFE d7st Aok 28y} o] AL nk 9]
AU 2 F2 IR0 25ty lojA A JHAA ot o] AFAR o 7
T3 E SONATA-IV/ICHFG 2 @7A 9] Wt73 729 £33 F9 215 729 F3H)
xstez o] A¥Y ZH#AE SONATA-IV/ICHFG A@o] BYE AZF ulm

Aoz o ABE AFTT 4 YL Aot
7. Scaling

Berensonf4.31] & Eul5 XA T4 ARV & 71E4#E o]&8 CHF

49e FPshach 2 A,

olrt
1e
L
L
Mo
X
M
N
@
=
>
O
[¢]
-
Q
=
mw
g
(4]
2
=2
RS
i)

o 2wk CHFE 7 9] &S BA &S EAs T ol CHFE ¥27) e

A

AFE FE L JAV SH A =7t ol FHo 2R dA2 A e
d&olgte 9umojt. &, d£e A ¥W FHN A7} 7Fg}E2 3§
i Foll LA A FHAA LAAE 7 A} HA 9] AFo] CHFE doits Aol
Egan & Westwater[4.32]F €% 3|5 & WoA nj5o] dojd u) T3] 43 Aw
23L& 27 Y89 A7 6.4 mm ~ 3048 mme) 7Y LWL AH] AL

YA A CHF &2 £R38 o] 32 D/lp >252 W BN =49 CHF 7}
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318 A7) #A glol AT @& By A2AY. Iyp & Taylor instability &
do7le AF F AYAE 7HF F FF8H= 35 (most dangerous wave) 2] 3} o]t}
AR A A A CHF £ ¥A7] 79 FAZA A o] nz 4o g
#& 71%&38 e CHF 4840l Basith a8y CHFl tid 439 33-e g i3
AU o] 94 A £3}}. Collier[4.33, pp.268-269] = Bowring[4.34]19] A1 3} Alekseev
5143519 AL olgdtd BHoA AAUFA 4ol @& CHF HFS
B39t} olo] w29 CHF &2 ¢33 &7 F7tstth7t 9 30 bar o] FFEHE

R

42991 gt CHF BA4E ol§3E AFlME AYNM E3E
gozHE TN Fol £37 ASHES s QW HABA ol

ZAdctd At o2 @ 3 AAE AANT AT AFE E 440 A5t

tjo
e
o
3].',
2
ox
r cl
>
o

9, B2 AL AUA FAE WES= CHF #%
AEsodt ole 7k 3 59 dFS 2 49 & gle CHF 484 $
ARstr] 9 JEF @7 AL 3E FY} e geoA APho] sMsdre
FAAA FH wEolUtt L AT A B9 7|Fdo] ¢ AT ¥ 5o
¥7] WEo] dHeEF AY FIFA BadA doh wetA Jgdo] Fn

vl Ao ¥ o FAE ALFTHE AP H| 42 Y F I AFPo] golaA &
Zolth 2o FAZA Bo] AFEH = A2 R-113, acetone, benzene, ethyl alchol 5©)
AHEER LT o] 59 BAAE E 459 vt

BARAE AL 29 AALREE A5 AN E 22 AR e
Wo] ot AL FAzke] BAIE AYe 5 E 2R Ao Fh. oY F =YL
19603 i -8 Qo] gh=wl 2 F 73 28l Roleo A& o] Ahmad[4.41]9]
AT A3olrt. & o] o] g 0] §3to thF] 2o BAFFE AN
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R |

A 43 A W) 3

Soziev & 9err _ 1+pp /P =4l 5,
c,k
Khrizolitova o9 e qtelo] Aa
[4.36] Qek = 01 spghfg4\/ agAp/ sz
Po = ,/ga(p/ - pg)

. ' 0.1 A F
Tolubinsky Gore (P) _ ( 1-p/ py ) Gerr.pa(P) A= i
et al.[4.37] Gore(Po)  \1=Po/Per/ ok ps(Po) [ ouiiano] shayshol A
Levitan and

Lantsman[4.38]

erir ps = 014 phgYogdp/ o

. 03234 s o
Condie and Qere(P) _ ( Bg) A
Bengston(4.39] | 9ore(Po) L P
engston(4.39] Bundle-data base

Cobb & LIRS

_9evr ___ 170-3.90T - 0.04T? =
Park[4.40] Qcre(P=01)

+2.4173 +758T* +5207° —129T°

Griffith et al. Qore(P) _ Qorr pa(P) AR St 4 §7s
(4.15] Qcur(Po)  Qcrrpe(Po)
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X 4.5%%0] 0.1MPa &

83 78 29§49 247

°of ¥ gt | Zgex | dAEx | FVEE | JsdEy

°C) Kgm’) | Kgm’) (KI/Kg)

g H,0 100 957 0.598 2257.0

R-11 CCLF 23 1481 5.854 180.6

R-113 CCLF-CCIF, | 475 1509 7.302 144.1

acetone C;H,O 56.1 785 - 501

benzene CeHs 80.1 872 - 393.3

ethyl alchol C,HsOH 78.3 787 - 837.0

”- FGD} [ e :lz/a [#g :!1/5 s
Hr oDpy Hr

%G HF=A%EDEXZE

stol 91 4 9] gho] ZolA W L 7)o ¥

d£0 2 CHF 7} 2= Aotk o] A7 ZFHE T g2 ZARAES
ABete 4782 938 T2 A F2AM AAdFY AAdF 2do] g5t
FHHAJT. FvF 2AAA ZA FALS] #AE ¢4 Ahmad [4.41] AT

Y FRAL G5 FU AAY AL obd glom, R de ws 9
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A4 49 CHF 494 Fe12 dehdth @A7R 28E o)A A #A17}

rE
e}
=2
=
ACH
rid
i

dg do] dold A =& CHF &9 Aol n)$ g gt
AAN R FH7] FE Z9E A ZPY dFE FAE dAdoz ARG

e FRovA AP Wgd we 3 Fr|o A4S WIE FAS

+

Mgl ez gald  gltke Aeojd. 28A ddes fAE gdez s
gERe) Age WA $RAHAT. e 1 4104 B uie} o
el o] o] & HFHA e F¢xE vk wEtA SONATA-IV/CHFG A @l A &
B} A g G FS B fst] 1k APo] BEA] Ya g

Hl5o] dojd o A7t w23t FEjolR 7FARANA 2AE F7)7) 52

+

ong 7]x9] AgFe] Watol JAELo] XaFHY CHF wry

of¥

7} 5]

fr

¥

p

£78 WA €. AA7 n x5 Gl AALGE] 2dFo=A

ol
y

CHF 2 <2 vl 717 o] Evta ¢ A v} Elkassabgi & Lienhard[4.42] 2 1.524,
1.295, 1.042, 0.813 mm ¢} 7} Y53 3 EHE o] &3 5 AFL FallA 44

PlEsteo] JFE 3 FHOR AU 0<4Ty,, <20 1 G E dALFH0|

ofN
N
N
ol

ATy, 37t @7 HYHoz F4S b3, 20<4T,

sup <60 A FFA A=
AtstAl AP oz F7H8HH, 60<4Ty, A AN E ATy, o AR AT
e gkl oF 250)& Btk SONATA-IVICHFG A@olAME ¥ 5|
#ost= F A7 slE 9 24T F 2mm WYY F2 o FH glong FA=
2 deio] 9l7] wiwol #A9) mlxste gL A A Ao AR &
AT,



Al 5 & SONATA-IV/CHFG & -

B &Aoo A= SONATA-IV @79 d3to 2 48311 9= k2o A9 adAde =

A4 SONATA-IV/ICHFGO W3t A7siitt. X3 dAA7tA 9 EARALE
53t @& AAL vgo g Afusle] A AAE AF3et=d] o] ) A2l

st

®

3] 28t

ol
r

1. SONATA-IV/CHFG oA g5 2.4

AR H AT Aol A A& 7 A 8ketE VISU-1A & 1}

rlr

Py B34 5 &
VISU-I 43¢ FAste 2235 Budgles 17. ol A@dd oad

22| BAE FrE B2 4

A

oA 7+Fo= Eole

in)
re
o
&
J8,
4o
o
Ul

o]F&d] o] FofA CCFLo] 2AFt ol Uddty HFo8 FFHEs 9
Aol /tdE v EHE 383 YA 71A X522 CHF/} #A% o uheba
£ Aoy Add zFolA o] CHF 4849 7|2 ¥d= CCFL @4 oz xE
fxgth. AAe] CCFL #d EIAXRAMNA AFE wiel Zo] wallis &
Makkenchery[4.11] 9} Richter[4.12] £ D*<40 ¢ ot wallis B4 E o] &35

432 o]l CCFLE & 531 D*>40 oA &£ Kutateladze 5 o] §8 AFsAlo] 2

g, ¥ Tl old Exgr pxo AYPAR A PP CCFL AJEL
Kutateladze 579l 712 & £ 4@ o] ¢ & dEFdd 1 B 1P}t =g A &3 ulof

Zo] wallis ¥ & o] 8§ Monde et al.[4.27]12] Z&AL 19t 249 7420 A CHF

_51_



&S Ad&sed £A47 dAA T Kutateladze 75 ©] § & Katto & Kosho[4.28] S}
& dFdyE=

L

Chang & Yao[4.26] ¢ 2&e 19z &gt} olgdd olf=

3B ¢ o2 CHF JH4 2 ey 2 d

B
R

o
o.

Kutateladze 9 71 % & ¥ CCF

5Lz FREES EF FVIE AR O3 2FRE Ao AP

My =M, = q‘;;AW 5. 1)
fg
M "
g _ _qL;Aﬂ. (5. 2)
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o1 89 23N wANE G o] 7% 5 3k

Ay aD? /2 __=aD* D
A g(D+2S)*/4-7zD*/4 2S(D+S) 2S
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(5.9), (5.10) & A1 (5.8)0] T 5he o} 2] CHF BA 42 22 % A}

" 2
QcHrF \/E _S 2C 611

pghfg @p —E (1+mm)2

Ay FdazReg m#y CE A €Y. 2 SONATA-IV/ICHFG A 3dlA

O

AG1DE gz olgdts AL oiin AY A#AE F BANG F YUEF

& ZASE] st B7E S8 E A At o] FEE 2cm
A FERFF R <ol AX @) SEAA Y 4 YR NI S S
gtoz AeEng see Wi 2 AFstaor geh Upuktol = 66 719
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A5 Ao WEST B ¢ I mm AEE FI 2HAA2E 292 A2
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10709] GAdE Hoz AXdd &AL ST o] F wE Alo]z o
FHET F2 YRATE 5 Yot 42 Jsto H5EA g 2y s
S
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2
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AHET FAE FF59 Freon 1138 AH830] A& S8 o 4 A% R
Agtels 2717 EAET FAE vSEAY PA=A dARS BaHn A
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Seie 428 =7 Bol W7ol REY A A &dHnz 433 Fy
Yzt Sl FARCIoF dt ol& &Us7] st A& E7)9E magnetic flow
BY 59 $A7E 4x8 o)fe BE AE7)9] Az e Hewlett-Packard A} 2]

VX1 Hlo)Et 85 2= 2] & A 1 HP9000 735 A FE o) 7|2}

A9 AFAe] Fasord de 39 2719 A8 #AE ZRehE Aol o
744 M5E BASE Yol B w0l Bastnz /4 94 oS W4 E WA
AR g ol detel 89S Fador A 58 239 37 E w77
okl ARRTE TR Wl B9 717k RS AAHES F oo}
du. 2Ze 37t B 4QA b 3L WFEM W Axd oF
ARFolE 24Y 4 9022 AL FNE AAY W vje VP2 Hop @k

AQRA L A 2AR F ARL FASE AAE GeH 2o
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A3 A A g
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7) S|EE2 & A= A A RE)

g) dugr] IAs PBE A} dste oz AAAHE
R EA=Y

9) AAAEfo) A 105 < CHF 7} 2 A &= g}

10) CHF 7} 28512 ¢k o™ 34 6 oA 9 74A] vE5-giry.

11) CHF 7} 2 A3 31 6] n 1 "o)g FEFXE A=A A7

12) AT LS F5AA A4 504 11 744 5 G

13) 4821071 7HA] £y T TP

14) ARB7] BA5E A% FANA AT Folgls BEL AATY.

15) A% &8l 12 7Y cldE "HoAW da#r] Yis TFEFE

BAAN7IT F7)HE BB E do] £

B AYGAE sy 29 £ #AFo] E715TIER CHF 24 ¥ & &
WS A5 e sddof ot CHF 24 o 5= A& &3 dlof st ol&
CHF 24 ¥ 38| & A IR X5t AFA 71 A a0 5187 &4 7] wjEo|ot.
2393 A AAA 48 sEE nA HA 5 3EF £33 L 54A HZZ CHF
HA A RE A& JasA gdste AL AP d S F835tt CHF 2484 8]
A9 2E7 F453] F/AY dEo] FAdER 5L EASA wd
NEo2 A4 § ok 13 5.4% Hewitth A<k CHF B W A3 Axto)).
B AY FAAAE it b do] ¥zhdoe] Hu yiiukE I o) B9
SIHE HH Zds e A 7HE WAolEs dAYE o8¢ YA xS
o] 83le] PAAL =2 o7& Bty Ao EANE o] g5 BE-e v go)
A1 FF2E 2= F7ME g4 e §oldide Fdel qld. v CHFL
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2 AgeA F48 A= 459, 159 A7), &Y, ASFA Folvh 2dL
AL 23N FFANAA AALE TER=A AALSEA Fg8A A
e 39 ZvldA AdL FFE7] Al slEG WEwTe Ve
RAANA T GFE 2719 JFATE A Fsto] vppo] ZpAx A@EA doh £
Ao e w73 5] CHF o d# (1) 259 Z7], 2) &9, 3) #FA] ¢
5%, @714 91X To de BT FAA L AL ug vk o] AT LY

242 g9 Xol A asin

¥ 5.1 CHFG A & Test Matrix

Z+=(mm)
0.5 1.0 2.0 5.0
31¢ 1,2 W,F W.F W.F W.F
318 1 w
58 2 w

sle 1: 38 A9, 3]y 2:3]¥ 3, W: Water, F: Freon-113

A 171~ 10 718k Alololl A 20 7 U o] £
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4. 2% A7 A

7b. 2 24 slice o A o] QAL 23

A4 $HT = CHFG ARAAE A% soom o) H7E gabo= 51 Yot

o] A7le AA YAZ AR vl o 18 §oll HA &= ATE AFPol. o
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A 6% AAZ 7] 99 32 AF R ALY 54

1. N8

AN =Bl &3 FUAIL TN 4AZ L] B FAE 93
Fy3tE FUAL 45 A2 FF FFULY S0 T A=)
AuYzte AA2FF FTAS, 4987 AT v F5AF & A58
A2 4717t HEH7] Aol A2 TFE A2 M5 AfE Aol 7h 612
7t47AF2Y Tl 28 AZR2L7] gE BAE A8t RWST(Refueling
Water Storage Tank)®] ¥z 94235 FUsd dA287] 98 B74&
TR AA EEE HoFa vk 2N BE big o] RWST ¥5&
A2 E7] 4o dAZFF FASNH dA2TF BT ohlg =47
o] o] At o] o] ¥4z A Hol 4Rz 87 o] Wzt A HEso
A2 7] W] Eo] 7z AgHE Fujrl @t
a8 62¢ YAEE7] & BAE o AA2ITFA IF+E FAEA
dAz87 A¥dze +3¢ Ao dF dA2E7] P plenum EES
BAFE vt 2o BE v o] St RYA] A2 &7 B&E AR &
At A2 FTF BA5-E FAste YAZIT FHWetes FEPLS
A2 L7117t FEHA Govd A LG E0 2 = BEFT = E§ Sl A
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Radiative Heat Transfer
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Debris Crust

Natural
Convection

Conduction b
Throuoh the Wall s

Nucleate Boiling

a9 62 dA=287] A d4e FAPS 9 dA=47) sy

plenum 2.5
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A X (conduction)9} M) F(boiling)oll ¢ WHeoz AARZRY] oFo Yzf=
dradsolop gl dAREI] HAME Y =AHEEFEF 9N B4
Aol Azo} g ARGl BT =MLY pool WEAE WE s g
Qg xto]l 2 Qdto] BAEE K2 (buoyance force) WFo] AAF A (A
27 Zx)o] HASHA Hoh6.1, 6.2].

YAGN] FuAtn TN GAZE7] FE Ho dA2FTFA IASFE
Fdste] 9A=2E7E P Ade Wt Fdxn #e FERI ofdg
AA2FF 254 S (cavity flooding system)? 2L FH9 dA S} 24T AAI
A7) wEe A A HAE FAsT JE AA AFeAN BL A AY
A7et YA A 7He S Frteta vk 22y 9287 FELAE A
ARz g7 ezt Aete dd B #d 23 @4 A7 L AA gAY
Hg7t5A Hrhyh B2y wie WA= Lovisa AT uZo st

29l AP600E A3t ie o] FUALL SepietE A A HEshA Fn

QA FUAL BN UL $5E 9 A2 E7] 9837 Pere] A
E%E AR2grle FEL AT F YT A48 SenddE
CAEEES AAZTE WA WAES gow, Adgr) AR stdds

§&4 23 E W3 & 4987] #d T @4 S

2
2

X3
ofyzt 2@ A2A 5 YAE Y4A AT Wi#EY 3&E Jhsd e AAY F
Atk A2 &7] o Fzhgte] R A A W 3A5E AR FTF U=
FA7] Wil 4A287] 2 FYdte 34571 42 5 god, 4x=247]
Wit 979 2oz A €838 F7HE 9A=287] ¥l creep ruptured F

gt =g AF287] e WAL Qe YAIFA WALE s
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ttlo

FHHYAT A7} otsigo] 9424717 Hegnw
A2 EFNA =4S SET 324 A7 o] 9 27152 (steam explosion)
Aol 2AR] Ad8r] AAHL AVY & Y B 27 AYOR A
234 7] B-3}(containment load)”} 3712 = At

Ao A FoAan BN dR2E7] FELPAE ot AARFTF

4A5E FUeE 4R2 47 99 IBPAe YASE FRHE AF 2 ¢
2484 9t W wiAo] WS Fasth 4287 H¥Y ARZFFol
94758 et e dUEoE wAggol AFFNY myol g Y4

oz A1E 958 5+ Yt AR AA2EA7L HE57) Aol S aof
71 wWgol Amol te 4wl e Fasch waAd =Hed 432
4837 e + JE AS Fasth 29y A4 909 ASAE DLV
SEE o850 wAEd FEES BUY & ¥ goms wAey Age

A gatA HdslE R BIM5St a8 ns 2 4E3 S A 88 gord

4»

AE719) 47 dese], AFo] BT W FUAZ Ao dE A
) 2 % 7} (best estimate) A|3Fo] B3},

A2 L7 49 Wzd g% =AHLEFEY =u BZo] JtEdr] YeMe
HAZ87] 379 YAZFFAAN AE 8712 £F57]9 280 AF=2Yop &
Wetole} dAZ FFo2 FER W25 FFo] o] FojAHoket A} =g 120
AZG7] o] Y457 FER B 7] A BHo Mo} AL 2 A 9
BAL AL FE B4 754 S 93l Fa¢ F84 @t

2.9 ¥4 4787] st ddE 54
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QAN YIRS} $43E FUAT BAA DR8] & BAE A5t
A2 FFol Y452 TS A28 99 JASE FUAD S
ARH7 FoA87) FAAE FA BNA VPSS AN FHSA P

2 ok ol BANE B FFAHY)

32
rr

9 78 BRU4L ek

ra

&3 2.

- &% pooldl FA Fe : ddg, HEA, =4 'S
2§20] pool WM 2 EFEH EAT 5 AT 4§ 22 2ol 2o
EAG 5 Qo ARaA 1HH YA Aot

- 8% poold] AAUF AL A . A 2FolN J1Eed vpst go] AnAQ
A Lg poold] BAEG EAL oF 109 - 107 A=Y L RaFE IFHHF
FEE Bolm % §§E0]7) WEo) Pry7l 07 AEE Aon Ao)/E o
237} 03 AEE . B 4§ pool JHoe &880 1350
7@ Z(crust) S FAEH7) wiiol nAlek AR FHs fAH L st}
goh 22y ol e AddF dAY 20 UM = 37 +3E A o}
B2 A4 gesi

o

& pool 379 WA FAGF L 4R B ;. QAN 274
u3H FoAmE olz: Asht FdAm 24N Az et
Faolso] we S48 4%l WAE} FAY 4 slom, WH4)
A9 827 345 Atold] ARG HAol FasT. 1y oo
o] ob =) B &sA FH ol AA et

- 8% pool 99 N3 YA ARF FU] WG 54 © £4 poold]

Aol &§E o 24 Aol €4E AR ot sjgFo) A
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Folon oy YA G 5o 2 7RI A &gt

- 8% pool A9 HXFH dA2§7] WY Abold] AT EAFF ¢ Al 3
Fol A 71&d wis o] TMI2 FWAITAl HEa dxt=g7s] wd
Apolo] zVEo] EAjEt] o] Fow WztLIl FPst WA= 877}
& A gghon) o] @4l gisto] ofA] J&SHA R EHA &gkt

- QA2 LY gEoA e AL Yo : A= i Y5 Alojo] dAY
FeQ ]S (nucleate boiling), ¥A EF%, =85 @lm boiling) o ot
71&Y ARG FHAAL 27 Ao =SHIYY) WE AP X2 87]
jeojo] H 8 7S Hatr] YA B 77 A FA Aot

- A= EV1ES ARY - dAREY) §FY dREZFFA 2ET we
W55 FY95Hd 44287 FY =A8§ER 2EAIZT I =9
EAEEA QAR B4R ATl FUAHA AU A AA= 8] Ny}
QQRol gtgzatolrt ZA Bt WA ARAZL7] WRe Fe 2xe
gt ato) 7t 27) WFol @3 ol AA B = o] o Uist B & 35A
BE A 2] Gl WEo] A B2 A7Vt AT Ak
AL A71HA ¥ QA2 87 Ao 2AEH] Qo] WLt
HAEA S 2 Eolof 42 87] ¥ F AF HFdGo dAZE7] W9
ARG ES 3AY 7 3lon, AHEFES 34T 5 olxE HYHE=

3719 Z71A A A A ko] vpA S o of gt

A2 87 #AE LAE 45t gAZITFA AFE FASE FuA

gkt P2 A9 FQ THALGS Q%5HE b3 g
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- 4A=287] kT A =ALFEY] FF AL8FE=AES )t
T L AL 4

- ARG WF Y 94247 FER A2 Y4A AF9 At
TAZ F&

- QARG e HARY

- ARRE7] SR ARRFF AEHE 5719 AA DY

- YARFFA FYT 3459 sourcet F AL

- 9x4=247) 2 38 T2 E 9 E4(geometry, penetration A & 5)

ot ol ARSI A& WAE A A28 H¥el A2 FHo
W7A5E Fat Bl dANE 2D 2ed @40l Yoo ofd 2ol
gol ol Jx W48 12T gl B7] wjFol AA T o)A Batol @

gy e) FP o] Yool AP FRE WAE A% %3 gk

3. 93287 A B A7 H G

A v Zo] dANA Y FTUAL A AR FES PAGY)
Aste] A= 7|7 EH7) Aol ARFEFN AT E FYso dA=87)
Hg Bzste FuA S 8L TAH st FAA fato] i
A Aol Ag=ojof grt. a2y olTd dgd AL E4o] otz ol

TS A F3k7) gl o] W MY F7he BA oy ARz L) oyt

webe] 3AA EBsh ¥4 A0S AL BASE w83 BA 21 A
s =8e A%stn gk daA GeolE 44287] o9 Wz dA
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A3} o5 RS AA 239 o] dske] 22 7] &8

a
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r I

7}. 9] = INEL®| A7 8 3

1] = [daho = % < F 4 (Idaho National Engineering Laboratory : INEL)2} O'Brien®}
Hawkes 52 U.S.DOE(Department Of Energy)9] ¥ U3tol 74 B +2 & d)F o231 o
12H9 4AEYA A 488E Tejste dA2E7] AEWAE AE dA= 87
ezt "ok gigty s|MA oz EAEUTHE3, 64]. €L 48 FEaL
A A4 T2l FIDAPS ©j 838t df AAdUF /4% A= 5H
dAz L) WHe 25 E AlEod, 2EFEE ol83st9 SEALL
FPFAY. =g 42247 I dA2FTF 4T FA7 AAZ87) &
oA e e BAsAY ol dFZAdd wEd dA=24717F 48
osted st 7hg Aol Yo, A28 Ay BGA £V 4= R 7] &
g Asstd 424707 gEHA oy 3745 #9A7 dAz 4] §F
B o] YA 24U FEHE Aoz YElgt wEa dde] Fdalz
A A4 e BAE A AEZFTF FTFLLL 4AEFF U
FYete A4 Fol L= AL E 5 AT

INEL®] Thinner 5-& 1979 3¥of] 2% TMI-2 THALLA] 94 = 35 47]9
S AL 884 34 22 79 ABAQUSE o] &3t U= 8154 7] 9
creep A4S YA s T2 Y creep EAZA7F o3I E A& B FA036.5].
INEL®] Rempe 52 YA 287 3& 3 Hl(peneration tube failure or ejection, local or
global creep rupture, jet impingment)®} W#A3I BL HHEH dAFE AL

FRsgon, Aded LEdS 2920 FREFA dA2 47 {5 & AP
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CORVIS A & 2 1} 9} ] . 7}t A TH6.6, 6.7].

Y. |5 SNLO @783

0]=  Sandia YT 4 (Sandia National Laboratory ; SNL)= U.S.DOEY
% {5}l heavy water new production YA ZNPR-HWR)E tid o2 A2 47) 3&
WA E Yt dA2FF 4T FYA dAZE7] oA g 54 S
T3t 4@ CYBL(Cylindrical Boiling) Z2 1% 33 t}[6.8, 6.9, 6.10].
2 6304 BE vie} Zo] TE2AH 2 CYBL AAE 9AZ FFL ZAlste 91
£719 A= 8715 BEAstE WF 8719 FHoE o] Foi ATt 97 £7]9
AZLs51meolH, ole84molth N 871 A% 3.7m, ¥°] 68 molH, T

£7] Ato] £ &4 7tAL 0.71 m o|th. NPR 9429 3H3 wkiE Auky

=

Arzde 99 95389 242 st ok ool wet CYBL 43 X9 Wiy
€71 97 336 m 9] Crown 9 87 W7 0.66 m ¢ Knuckle ¥ 02 o] At}
=HEEEY 45 ZAME A48 87] W] dX 9 FAL FZ 3] E(Radiant Ramp
Heater)ol] 23} o]Fo1AH, Hdl 4582 6 MW °| X i 3% 44 40 Wem?
olth. s &7] vt A A n|F A4S A#st7] A8 W% 03-0.6 m 9 AlFo]
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FURY LA NG e Aow Yo, § 39 4goz 5 4B

-
ol

e A4S 27t B 19y EReREY Ws &5 ERen

*
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AP 47) 5 vk e TAAM 9.5 mm Yo X ¢ dAYZ £4¢ &
dolehg olgste] ALY AF5E HE 2 4 slo} T FY FRAA
A2 %S YA EA M FAxE vtg FdoA 73 E Aoz Yek
ol ARAY AFI) viet F REA F2UYL BAETY AFS BRI QG
Aol vl A= 9L gtebalr] 98e] NE1-UA 293 NE2-B 288 vlasind
REE uhe ol o) X9 HAEE v EH A df%o] 2 NE2-B AE <
A7 AL Aoz Vel AT @A AT 42 N Aoe2 e g
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e
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a

MR vTRTE AR disto] 249 A3dES A= ARg
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Upper Structure

o > — o a — —

————— — A ————— i “— —— ——————

Subcooled Water

_TJpper Crust /4

gen,p
Y%

V, G

R, : Inner Radius of Vessel Lower Head
R, : Outer Radius of Vessel Lower Head

H : Pool Depth

8y : Pool Angle

V, : Pool Volume

T, : Pool Temperature

Qgenp : Heat Generation in the Pool

Q. : Heat Transfer to the Top of the Pool

Qg : Heat Transfer to the Lower Part of the Pool

Qs : Heat Transfer to the Upper Structure

Q. : Heat Transfer to the Dry Wall of the Vessel Lower Head

3% 6.4 "X UCLAAA 4A287] 993z S A48 dA=2§7)

34 Plenum 2.9
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Atol o] A DA & Mayingerst Gaborsol 7 FHA L& A48t 27E v
243, 9x=247 FEEY $HALLS A& fFPss ZEa9
NASTRANS o] 8317, 228 o] 242 Von-Mises criteria & A} 231 o}

a9 655 QALY R AT 2t B A28 UE LxwsE
BoFn g, aydA 4287 HetdFo wA3NY Axst Jxoln
aPoA BE nig) o] ALY oY 2xE 8§48 R AddF 4T
TO2 &% pool AFF =7t 7 wA UEwter, 4Rz 87 Hs -9
257t 74 @A dehd At astsel 9328707 dEdud 4247

Mayinger A#AL A4 Afode dAEE7] WHEIEI S{LxE
A3 Qo Gabor FTFAL AES ASde dAERL7) ¥y 2%}
$E2x2g 3 vetkth

a8 662 44287 Y plenumol A A §FET &§ o] 13lEo] &
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i
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¥
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=AE8E9] AduF 942 3Fez dA247 HIRIE A T4
AT AR 3 kAl FAEHAT. =HEFEFR §880] 13 Hol
g9 JDE Aol AALASE Mayinger FBHNE AEF ASE Gabor
ABNS AL ARt $5ET 3 Alojo] ARl T o] F0R) 7] wjFo
448 WE9 25 ¥A YER oy 942 87] shelld] 255 ¥4 Uyt
olg} o] &FEH FE AdFd FHE ARF Alold HLIHE dAG Al

~

A Aol wel 442 877} creep rupturedl] 251 5}& sh5Ado] Qe WwH T
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Mayinger et al’s
Correlation
€ = 0.5
€, = 0.5
€ = 0.5
T, = 1600 K 524 Molten Steel
H/R; = 0.614 | {— - i
8y= 67.3° :

| Ry

Gabor et al’s

Correlation
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18 65 AX287] ¥ Y2t A= 85 Uy exws
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Inner Wall Temperature, T\,;(K)
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UCLA digte] Dhir $& 99 FTUALA 9ARE7] F&WAE A4
23T FFA 4AZ287] 7 plenumd] UiF HAH AFG FAld B
29 3AYe FHHAE A9 PPARAH6.14). 015 L 2L 7| E o] §3to]
W7ol U5 2] o] Fox 3 gl W §7] % Wzt ¢ A WiF AAG
AEE FH3AT Pyrex f8 ¥l Z2-113 & FIANL F b A
AX T 750 W EF2 2 7HAA I, &7 I4F-E B4R YA @-d 9 K3

bl

U

3
I

<! CZEle-

fijy
I

AANE o] &5to] o] AAA Y pool E& H HHE 2%
113 9] 9= AF AA= AA s AFA|7|AA AF3ch A dl Za]2-113 pool
LEE B2 I AR A4 Y7 AL AFE FAT APl AL8E Pyrex
w8 B 722 F MRE AR, 1 A e HFE AF 43.65 cm 9
Zojst FAE Z+zt 59.44 cm, 1.1 cm R, 2 ¥ ¥EFE 60.1 cm WA F o] Z o]}
F71= 7+2} 59.55 cm, 1.17 cm ¥t 34 709 KB BANE 4 mm 27 9] Pyrex
Frol Aste] ZH2-113 poold] 22 FAEGRoH, 14 /19 K A E
Pyrex f2 w3 U9 ztz} 7 A Omegabond 101 A EZAE o] &35}k
FA3R

Z ) 2-113% Pyrex 8 w7 Ue] 43 FH2 FAAL F AA AL 0] 85
ZFAA T oF 1 Az & = 24113 Pool 9] 2%7 A Felol Rgstg e, &
AP AL k6 AU AR AN 2= AR g dAAE o] & T
25 o] Foldx Yol 2= Wl 10 E vl e Aoz

AASAT( 575 = TN 7FEAIZ1L, 25 = FUL FEL L F A= 2= &

e
ol

3RS ARdA FaZ diolgE o]&3ste] T Nuse 19940 Dhir,
Asfia, Frantz 5] 712 ¢ 4348 & dX5%en, dAD ASFE §a N upat

TG FEAA MR ke, PG ALY FEoz A4E UGS BT T2
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113 pool® B E 351 gl F2 97 ¥ (cold rigid wall) S22 FF GAG Al4=

19753 Kulacki, Emara 59¢] 733 A& 3 & d X8t Aoz Jebyrt

2} )= UCSBY] @3

u] 2] UCSB(University of California at Santa Barbara) ™3} ¢] Theofanous 5 &
dAzoo ggom 3¢ 677 22 AFAAE o] &8 FUALTA A= E7]
FENAE 98 dARFT T FAFE FUNN S i A2 87] uio] dAG
4% w9 3E ULPU 2000 2 @& 3383 TH6.15, 6.16]. ©°] 4@ = SNL9| CYBL
AP go] 2FE AFAA A AL 7|E] ddg FHA L dP 92A=87)
oulo] AL 5 & 7HE Yrists AU, o] @A A= VVER-440 I ] <]

QA2 VA=Y Loviisa FAZE EAF 4 | A9 o) §F B3 UA

ol APQAANA & @HHLE A Lovisa A9 F2 AL 11214 w2
FAas1gon, A9 FX9 Folt Lovisa 937 FUSA Zostgon Hy
d&e 2 MWm? & ZIA T 94287 999 downward facing curved X 9]
AR &2 9F 300 kWm? 9 Ao 48L £ 18 682 A= 47
oulo] dAG FEQ YA DLl i ULPU 2000 2B AHE BAF 1 Qo
O AARE7] o] HedF o ZAxrt gEolvh 2o B nupe} o)
A2 87] e HaF o dfdel M Fn A2 EUlEA A

Addez 718t e A& BYFD g 27] ULPU A8 338

=

A2 2o SAHUN D% - 1200 kWimd) 2 LA D55 Ae7} 2 4s R Lot

=
AA=2 §7] % EdolAe dA 9% ¥ BAL sste] AP600 Fu)el
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H e —
[ i oo | Cundeaser
N

ULPU-2000 ‘

Configuration I !

vLru-2000
Coafiguradan it

T Riser Dawncomer

8alTle (e abtaln
Configurecioa (I

Heat Input

Herter blocks

Windows
Schematic of Configuration I in ULPU- Schematc of Configuradons II and I
2000. The heater blocks extend over the region  in ULPU-2000. The heater blocks extend over
~30° < 8 < 30°. the region 0 < 6 < 90°.

2% 6.7 9T UCSB Ulghe] ULPUA @A A4S
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AA2E ZAstel Adz §7] FF VT I R T3 AP YA

A

S£2 =A% ULPU-2000 A8 o) €< : 2000 kW/m»)-S 438 % ©}. ULPU-2000
A8 ARA ANAZ 89 AEL A= &7] dF FolMo #%
o] AL LF1, Yzi5o 2AL BFyAoz HAF congfiguration I

AR o|r}t. Configuration I A @A Wyz+ 2 vlg A& X3 pool M5

o

A4 5%} Configuration 1 23 23 W¥z+7t 4Ad TFFEL /=
AAHR ¢5ho] B7M5 U TAE BT Y &7 vigdo 9 A &2
300 kW/m2o] 1t} AA] B¥zt4rt ade 2 423 Fod FYEH X hydrostatic
head®] ZolW&ol oF 17 °C A= w3 Ful7t doh. {29 AAHA &S
7}5 3+ Al @+ ULPU-2000, configuration It A @] A= A S+ zko] o 400 kW/m’

o2 459t ULPU ABdAE AF 97 FA2 Y ARz 2dA %

-

ZA 524 & 123 configuration Il A A & A & Fo|t}.

o}, u] = Pennsylvania t)ste] A1 H 3}

0] = ¢] Pennsylvania B H59] F. B. Cheung 52 ALWR(Advanced Light Water
Reactor)?] FUiAlA] 4A287] & WHAE sl AEZFF dz4ES
FAsR S v FA=E7] ¥ dHE 54L& 733 SBLB(Subscale Boundary
Layer Boiling Experiments) 2@ & T334 0}H6.17]. ©] APE LAFE AF A o A
Mt 7jEo] dAY JHAL dA dA2 87 g FHLHF e 2
B7vel7] 1§ AP o2 A H ¥ 7 (transient quenching), /373 8] 8] F (steady
state boiling), % = % (flow observation), A& 5 A (bheat transfer measurement) 5 3}

Tl BHE PR 4P SR



SBLB 439 AdZAE 2% 6971 BT vk a8 YdeEbd upgl o)
A= E71E 7tEsglen 9x4287] d¥dEe RE/ME7E AX§Hy
ARz2L7) He Wzt X tel(saturated liquid)E FANE=E SR
APRAA Hoe URrg #A5F 5 s FE HAst dAZE7] Hdp
2AstE 34, HEYPE 29 T J=F Stk SBLB 2@ subscale
73 71 5 (boundary layer) ¥ 5 A@ o2 4@ 471 dnn} FARE AHE5o 473
0.152 - 0381 m, F7 12 cmZ A FAA T A2 125 7|goldon HgdLe
0.01 - 1 MW/m?Ql ZAsHA AEE Fdste] AR287] N E AL/
59 uTgaAg Fugrt 2P3A €k A F B. Cheung 52 FAZ§7
Bzt oHd AAEAo] Jle W EAE 54¢ 7HsE 4P S JYsin

et
w2 FALS) AT A%

v] 9] FAl(Fauske & Associates Inc)E 7I47A4 22 Zion @A W3ty
ZUA R 2ABA A2 L7 & YA E Y5t AR FFA YTFE F L5
AA2L7] g YZ4ate Pt diste #4232 A9 dFHeny S
FRASAT. GAREY) ¥ FAEANA IG5 5 218 6.1094 BRE
vho} gho] A2 47) R iy FAEAL §3toq Y457t & 2051 A0E
Yzterh wlgste] S Frle dARE7] AV HAdEAL Fao @
AAD T 7H3E AHE SRt
u]% FAI® Hemry §°] 7HiA+29 FUATA 442847 F&4As 9w
A2 E7] A ¥z ¢S Frtshr] A AdFXE 2% 6.110] BAF 1 gl
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804 BE v}l o] A EFEL thermiteS AR5 1 9A287] 9=
9

A2 8717 &) Do) ARZFFol YA4E T4 4A57} QA= 87)

HAERS

1A

fr

)5} e Bz B2 M5SR4 49 sazd

R
-z

Jue] BAEde 2 Anso AR=247] s AR FEse Y= 8]
Wie dg F AAT & Y7 wE WA287 ReHA Pk Aoz
Gebth o9 Ze FUAL g 434287 9ue wates)

MALEE 27 i Zdads Jrpr Ao S WHch6.18, 6.19).

rlo

F

&

o] Henry 52 A3A7S Ed2dd /IAAF2e S 942 47)
& HAE Y3te AZ2FF W BAdsE FYaes b =47 8

plenum®] ©hd A =dg pEste] MAAP4d] Hrbsith wEld MAAP4

N
>

Aaasg ol g3t ZI4AFE FUARA ARG FEWRAE Yo
AR 2 FFo J44E FYUHE A2 87 &S PAY F QUh. o)g) o
AAZL7)7) FE5A 4 F A2 A2 87 ¥ dAd WAL Kelvin-
Helmoltz instabilityoll ¢3to] 28] S (film boiling) Al e 349 4Rz L7 o9
o] AEsto dido] ZEthE 7HE S AHEE37] WEoln o] UCLAY
Dhir7} 41 Zo] Qtdtha 7p3 & A& ket

FAI A= 4] Henry 59 AR ZFE o] §3to] /g mde A713 MAAP4
ANT=E o] 88 A AFZQ Zion A A0 AAFA AN AR
W2hA| HE LB -A|(shaft seal)7} FE3tE Aol distd QA=Z WA AE9
A AAZE sp&EH7] Ad Ad87] d(spray) HEZE A st AAZFF

9A5E FYsge W 12w, ARSI B9 FEL BAT & Qe stE

d

AALFF F5PRY FHO2 =AERE FHY 4+ YA DA AR FEES
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¢S A2 L7 FEL AR O, T2H0] creep ruptureH 7| Aol 9]

uob-g st A 2279 creep rupture® WA Y 5 A& WHTH6.20).
A}, 8 Alo}2] RASPLAV 97 @ %

2] Alot9] Kurchatov AT 40)AE OECD NEA F43t9 Al 3% A7
RASPLAV Z2AEE 1994d 7¥9%E 332 giti6.21] °] Z=2AEE

A2 L7] BHES WA i fA2EI] AT BGA 4247

Aozx FUe FFIAYIT A AHMAVIEAE IV gig. o
T2 ANE O phase 1& 1994»51' 79 NFE 1997d 6989 FEdY 39S
3390 1, phase 2= 19979 7€ E AFst 2000d 6¥714 3dF5¢ D
oA olt}. RASPLAVAA Fddte Fo AEL O9 6.129 A8AX FAHZAN
B ule} o] sliced YAZL7] dubo] C-22(UO, : 81.5 %, Zr0, : 5.0 %, Zr :
13.5 %) 200 kg& 57} (induction heating)2 §FA71E I E§E AP, A8o)
YAdRE SFAA 939 5S4 FYsE TULPAN 44, 8489 Addsst
1383 YA LS BYstE SALT 5ol #3531 ok RASPLAV FAFF -+

FAA = 7| ER A E RT3 Th6.22].

ZF2A CEA Grenobledl & St 284 9287 f&uxE 95

A2 F T 42445 AN 9R4247] JHoN) AL BN FYas] A B
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2P SULTAN A3 & F3sx AeH6.23]. °] 442 Aol 4 m, T4 1.5 cm
s I dx2 dgA7IEN 43 A4 ARG Ydee A
fFEdoln &L 1 7HFE 7147 AFAZIEA A3

oo
ilo
+
%
ol
K
2,
)

SULTAN A3 &8 7kx ZAA 4=, 48 2 458 AR50 F¢ Ade
olg3ted A IV W& #F A, AT FA, 71¥E& 2 A= £F,
Yoo x ¥ 553! ¢ Fot AR E SH A A7 rEE 5oz
du 9ot PHow FgsHe 4L AA XddAM FLdH 1 MWm® 71X
AghA A 5 9l

g TF2(CEA Grenoble)l A= YAZFF core catcher oF XA
ZUA D 2N AR Z87) 3 plenumol A o] 8§29 AF S FHE 4FU
BALI A4 & 831 loh6.24]. °] A8 3 SADL A3t glom wkA

2 me] APY471E AT ek oSS PH FPo] TRIOVF A==

il

1§38 B4 E AT e WAse] FH5T ok

A RAZ e A7AY

AA=9] VoM E 578 9A2Q VVER400 9AZ ] Sl LA A]
A2 g7] & PAS 945ty A2 IFF U4 FUAA 9A=87] &%
plemumoll A o] 8§29 AAUF A 54 & 757 Y& 2FA coro AP L
T3 AT}H6.25,6.26). ] APAAM = FFEZE ES AL glon AP L=
10 cm %9 234 slice FEHE AMSST Jov AAYE A3l xS
Sz dALG S FHA R ASST Yot O 2F AR EAE AFTL
&Y ALY Fejoa AR AFARG dA ¥4 Jelgon], 2A3d47)
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Hol A9 Af£9 peakinge FAIA gkt BAZAAME= coro AE

Halsto] 48 FAlFS T2 392 PHOENICSE ©] &3t A4 Aneg 7
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252 sas9t
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ARaon, A42FFo P45

]
N
jinA
o

Fe Fe AQes) AgEmg

)

552 1ds vz A4S 47 wgs $A4 Sdsdd ARz
SERAE S A AA2FF 98 P4 PR e 2290,

AZH, JF 34%7] AP AR AT FUHAL LA w48 Ao
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$437] A0 Ad-47] L5ET 28 55 9
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A2.47) 59 A2 T 5ol
JA5E FUSE FUAT 45 PAS FHE A28 Hee BAD &

o, wmAlo] =2 E AVlds 4947 45B2 10E AFod 42 FE
J7A5E Fdels 93287 B BT 5 9AY. 28y Aggr)

rPZE FF5 dARFFEL FTte TUAL St Fastodx

_98_



=HER] 89T A 248520l 94247 & Plemmo 2 AR = =
AL WA 5 gle Ao= Yyt

FF 3437 ALPE A= JF FHAD 2N =4 8§ 20! F=287]
37 plenume 2 AWMAHE Aol AGEr] AeBE 20iE FFSHd
AA2 35 A4S FLSE FHAT S5 WAL FRAHA 2 ZFA 7}
UE xo] dA23F ol 328 ¥A45E FUT 5 97 q2o dA=247]
st AT + glod, x4gdo] 885 AR g A+ 198
A FoAD 45 BAe $P3Y A2 FFA FYste W] Fol
U 27 gEo] 24719 &g WA 4 ' Ao et o|gf gol
A2 L7 d& WAE A% 4987 AFFZE AF= THAL 435 3
FHA 7S Fo] FHAS 4AREI} dEHEHAE AEE7] A

m

Z453te SUA T &3 Beke SR E TSR] e R A2 FFoR
FEHE 248880 A et e dA2F T =4 858 37
BRANA e Aoz Yyt tahA 99 3437 ALZ A @ FoA L
2YN AA2E7] U2 YAeE FY}E obFY Wkl Add Ad g7
AFFzy v 3FT AT §& o83t 42T T IAFE FAGE RO
FoAL L 23l FA A o fr2) s

dF 34%7] AYFA Atzol dig MAAP4 FAFE= AAZAT m=d
A2 8717t B&5H7] Aol 387 ZFATE 253 AR 2T F 3455

FUsHE AR23E AT W

O
tlo

3= Aol ulFAT Ao g Yebygoh oy
MAAP4 AAIFE=E o] &% dFAE ALY FEUAE Y dAzzE
F WS Gl Fa3 949 dA2E7] oY AHdEADR dAZTFA

Y S719] AALS FL& MAAPA AN o] miujdow wastx] EaAd)

_.99_



9% 342719 AA287) IHE o om T AQE2 A Y] WEo|
Aggr) A5Ane FEs AR2FF0 4247} FAAHGE BA5) o
1AL Fose] 42 87) ANt AW HEHE Aol 44 % 5 Uk =@
Q77 9R2 4] AW A7 AEEAE Y 3710} 47 AANA 22
5 glemz A% oo U@ FUF Ao Wage WA A=l
SFEWAE S A2 FE FFUeto] wULEEL AA2ET) 4R WE TR
2o she FolAa 98 YA A B F 84t 4287 ue) Adea
Qohe FuAE Be) EdoN 94287 98 Adeol

_)I:
4457t £35S S U P T £ Ye Aot o] AN =&d

i
X
et
o
off

%34 5710 AA FHEshe doe 94287 e ZAdEF 14
9 BgAgol vl g Bt d F Joy 47 565719 dRAEFF FF

AT 2A 2 FdAz #8 B¢y B S FLARE F8oA A8

pa)

S Aolth. AAY A2 FUALL 43 E AT A% BHFA dA=2 8]
o Yzt g d d4S sl @ Ado] add

_I(X)_



A7 28 LA ATHA

A E§ o] QAR E 7] 5 id AAHRNE W F- A5 G4 A
2N1E AFAF g AR A TMI2 AARA 9287 &R gEFoA 9
A SFE) BRFAA dig @A 71, BF oA D A dE JE
AF AT BA, LA EFET AR L] Atolo F4E 5 e BFolA o dd
EAS 7957 9% CHFG 43487 #d 2348, 943287 gz
dAE 54 diE 7E d¥2n 24 $& T8 dEen ZE AES

=S

o A4 F&L FAGUA £AESE S SVNNA AT Ho T WY
QA2 4] FRHTIAE 2e AAY B A $8F pool WFolA 9
Adds, $§%9 28 2 AL, $8EY 1F NGolqe AE,
£48S 401N WSTH 24, 45 W7D 3L FF WF So)
249 5 3o o} ols Bl tlstel BHAYe] EAG BE AT}
SRS

o TMI2 ATA FAZES] S BTN 2485 W2hol A= of
28040 AT 7MY 348 YAY T2 BAHT Y= AA4=E] A%
W7o} o488 Aolol Y48 & b BFL B 9 S dAAE

4229 H7ht 9 e

o IolAe AAY ABAL M7} ohd Fud} AV BN 27E APL

- 101 -



Eato] A7) WRo] AA] A4 AASE] HF BFolo) A4 AL
@At Qe 53] ol 4RSS Go] B Mud Aw de AFe
Bolmz olo] Y AANY @77} Baseh

CHFG 4% & 44 94287 3% %78 548 w749 298 o] §39
7Y BFo| o) ARG 7179 FYH 3B AL BEe SAs D gl
Bepd gEmsts Easld e FH 482 A9sn led, 4

A7 44 QA Bear] 99 594 48o=A Slice AWF CCFL

H

AEE AGFol i

AA2E7] o9 AL WY 94T BRo) U EFR S L IAY £ gl
Fo oz g8 977 fasAoY ofd B 28440 Yo, B

i

Al QAo AL e dALEE Hrhsh Bess] wEe Hr)

g sldo] B,

- 102 -



A |

1.1 DCH Working Group, “An Integrated Report on DCH Resolution for PWRs,”
NUREG/CR-6109, Sandia National Laboratories, 1991

1.2 S. B. Kim et.al.,, “Recent Progress in SONATA-IV Project,” OECD/NEA CSNI PWG-
2, The Third Mtg. Of TG-DCC, Rockville, MD, USA, May 9-10, 1997

1.3 K. Y. Suh et al.,, “SONATA-IV Simulation Of Naturally Arrested Thermal Attack In-
Vessel,” Proc. Int. Conf. on PSA Methodology and Applications, pp. 453-460, Seoul,
November 26-30, 1995

1.4 K. H. Kang et al., “Experimental Investigations on In-Vessel Debris Coolability through
Inhererent Cooling Mechanisms, OECD/CSNI Workshop on In-Vessel Core Debris
Retention and Coolability,” Garching, Germany, March 3-6, 1998

1.5 J. H. Jeong et al., “Experimental Study on CHF in a Hemispherical Narrow Gap,”
OECD/CSNI Workshop on In-Vessel Core Debris Retention and Coolability,

Garching, Germany, March 3-6, 1998

1.6 K.H. Bang et al., “Boiling Heat Transfer in Narrow Spaces and Its Implications for
Lower Head Integrity during a Severe Accident,” Proc. Int. Top. Meet. on Probabilistic

Safety Assessment, pp.1206-1211, Park City, Utah, 1996

1.7 BAE 9, 931y zkFol Ao ulF7HA s A9, X AAHTEE (97 F7)
e g3 =53 A 19, pp. 575, AW, 19979 5930Y 312

2.1 R. J. Lipinski, “A Model for Boiling and Dryout in Particle Beds,” NUREG/CR-2646,

June 1982

- 103 -



2.2 V. K. Dhir et al., “Dryout Heat Fluxes in Debris Beds Cooled ar the Bottom and Having
Subcooled Liquid at the Bottom,” Nuclear Technology, Vol. 46, pp. 356, December
1979

2.3 M. S. Bohn et al., "Experimental Study of Three Dimensional Natural Convection
High-Rayleigh Number," J. of Heat Transfer, Vol. 106, pp. 339 - 345, May 1984

2.4 A. Bejan et al., "The Prandtl Number Effect on the Transition in Natural Convection
Along a Vertical Surface," J. of Heat Transfer, Vol. 112, pp. 787 - 790, August 1990

2.5 M. Keyhani et al., "The Aspect Ratio Effect on Natural Convection in an Enclosure
with Protruding Heat Sources," J. of Heat Transfer, Vol. 113, pp. 883 - 891, 1991

2.6 G. D. Raithby et al., "Analysis of Heat Transfer by Natural Convection Across Vertical
Fluid Layers," J. of Heat Transfer, Vol. 99, pp. 287, May 1977

2.7 J. D. Gabor, et al.,, "Heat Transfer to Curved Surfaces From Heat Generating Pools,"
Journal of Heat Transfer, Vol. 102, August 1980

2.8 K. H. Kelkar et al.,"Numerical Analysis of Laminar Natural Convection of an Internally
Heated Fluid in a Hemispherical Cavity," '92 ANS Proceedings, August 1992

2.9 Globe S., and Dropkin, "Natural Convection Heat Transfer in Liquid Confined by Two
Horizontal Plates and Heated From Below," J. of Heat Transfer, Vol. 97, pp. 24-30,
1959

2.10 S. H. Chan et al., "Melting and Solidification with Internal Radiative Transfer - A
Generalized Phase Change Model," Int. J. Heat Mass Transfer, Vol 26, No.4, pp. 621-
633, 1983

2.11 Louis Baker et al., "Postaccident Heat Removal-Part 1 : Heat Transfer within an
Internally Heated, Nonboiling Liquid Layer," Nuclear Science and Engineering,
Vol. 61, pp. 222 - 230, 1976

2.12 R. E. Faw et al., "Postaccident Heat Removal-Part II : Heat Transfer from an

- 104 -



Internally Heated Liquid to a Melting Solid," Nuclear Science and Engineering, Vol.
61, pp. 231 - 238, 1976

2.13 T. C. Chawla et al., "Combined Natural Convection and Radiation in a Volumetrically
Heated Fluid Layer," J. of Heat Transfer, Vol. 102, pp. 81 - 85, Feb. 1980

2.14 R. F. Bergholz,"Natural Convection of a Heat Generating Fluid in a Closed Cavity," J.
of Heat Transfer, Vol. 102, pp. 242- 247, May 1980

2.15 OECD/NEA, Summary Record of the 5™ Program Review Meeting, Moscow, Nov. 4-3,
1996

2.16 M. Epstein, "The MACE Internally-Heated Corium Pool : Was It a Thermal
Oscillator ?," ANS Proceedings : '92 National Heat Transfer Conference, August 12,
1992

2.17]J. M. Bonnet et al., "Coolability of Corium Spread on to Concrete Under Water, the
PERCOLA Model," ANS Proceedings : '92 National Heat Transfer Conference, August
12, 1992

2.18 R. Viskanta etal., "Effect of Solid Subcooling on Natural Convection Melting of a Pure
Metal," J. of Heat Transfer, Vol 111, May 1989

2.19 R. Viskanta, "Three Dimensional Narural Convection Heat Transfer of a Liquid Metal
in a Cavity," Int. J. Heat Mass Transfer, Vol. 29, No. 3, pp. 474 - 485, 1986

220 ¥ AE 9, Bt v FeA &€ W xAEEEY LS P e
dT,” KAERU/TR-466/94, 1994 109

2214 24 9], e T A AFAE 75 A" KAERIVRR-1636/95, 19963

79 20

3.1 Wolf, J. R. et. al, “TMI - 2 Vessel Investigation Project Integration Report,”

NUREG/CR-6197 (EGG - 2734), 1994

- 105 -



3.2 Rempe, J.L., Wolf, J.R,, Chavez, S.A., Condie, K.G., Hagrman, D.L., Carmack, W.J,
“Investigation of the Coolability of a Continuous Mass of Relocated Debris to a Water-

Filled Lower Prenum,” EG&G Idaho Report, EGG-RAAM-11145, 1994

3.3 Henry, RE,, Dube, D.A,, “Water in the RPV : a Mechanism for Cooling Debris in
the RPV Lower Head,” OECD-CSNI specialists meeting on accident management,

Stockholm, Sweden, 1994

3.4 Suh, K.Y., “SONATA-IV : Simulation of Naturally Arrested Thermal Attack in
Vessel - Visualization Study using Pyrex Belljar and Copper Hemisphere Heater,”

CSARP Semiannual Review Meeting, Bethesda, MD, USA, 1995

3.5 Kymalainen, O., Hongisto, O.,‘Antman, J., Tuomisto, H., Theofanous, T.G., “COPO:
Experiments for Heat Flux Distribution from a Volumetrically Heated Corium Pool,”

20th Water Reactor Safety Information Meeting, Maryland, USA, 1992

4.1 Nukiyama S., “The Maximum and Minmum Values of the Heat Q Transmitted from
Metal to Boiling Water under Atmospheric Pressure,” J. JSME 37, p.367, 1934;

translated in Int. J. Heat Mass Transfer 9, p.1419, 1966

4.2 Katto, Y., “Critical Heat Flux, Advances in Heat Transfer,” Vol.17, pp.1-64, Academic

Press, 1985
4.3 Xatto, Y., “Critical Heat Flux,” Int. J. Multiphase Flow, Vol.20, pp.53-90,1994

4.4 Groeneveld, D.C., Snoek, C.W., “A Comprehensive Examination of Heat Transfer
Correlations Suitable for Reactor Safety Analysis,” In Multiphase Science and
Technology, Edited by G.F.Hewitt, JM.Delhaye, N.Zuber, Vol.12, pp.181-274,

Hemisphere, Washington DC, 1986

4.5 Celata, G.P.,, “A Review of Recent Experiments and Predictions Aspects of Burnout at

_1%_



Very High Heat Fluxes,” Proc. Int. Conf. on Multiphase Flows '91-Tsukuba 3, pp31-

40, 1991

4.6 Lienhard, J.H., “Burnout on Cylinders,” Trans. ASME J. Heat Transfer Vol.110,

pp.1271-1286, 1988

4.7 Tien, C.L., Liu, C.P,, “Survey on Vertical Two-Phase Counter-Current Flooding,”

EPRI NP-984, 1979

4.8 Bankoff, S$.G., Lee, S.C., “A Critical Review of the Flooding Literature,” Multiphase

Sciene and Technology, Vol.2, pp.95-180, Hemisphere Publishing, New York, 1986

4.9 Hewitt, G.F., “Counter Current Two - Phase Flow,” Proc. NURETH-4, pp.1129 -1144,

1989

4.10 Pushkina, O.L., Sorokin, Y.L., “Breakdown of Liquid Film Motion in Vertical Tubes,”

Heat Transfer Soviet Res. 1(5), pp.56-64, 1969

4.11 Wallis, G.B., Makkenchery, S., “The Hanging Film Phenomenon in Vertical Annular

Two-Phase Flow,” J. Fluids Engineering 96(3), pp.297-298, 1974

4.12 Richter, H.J. , “Flooding in Tubes and Annuli,” Int. J. Multiphase Flow 7(6) pp.647

- 658, 1981

4.13 Kutateladze, S.S., “Heat Transfer in Condensation and Boiling,” USAEC Rep-tr 3770,

1952
4.14 Zuber, N, “Hydrodynamic Aspects of Boiling Heat Transfer,” AECU-4439

4.15 Griffith, P., Pearson, J.F., Lepkowski, R.J., “Critical Heat Flux during Loss-of-

Coolant-Accident,” Nuclear Safety 18(3), pp.298-305, 1977

4.16 Cheung, FB., Haddad, K.H,, Liu Y.C., “A Scaling Law for the Local CHF on the

- 107 -



External Bottom Side of a Fully Submerged Reactor Vessel,” 24™ WRSM, Maryland,

October 1996

4.17 Theofanous, T.G., Syri, S., Salmassi, T., Kymalainen, O., Tuomisto, H., “Critical Heat
Flux through Curved, Downward Facing, Thick Walls,” Nucl. Eng. Des. 151, pp.247-

258, 1994

4.18 Chu, T.Y., Bainbridge, B.L., Bentz, J.H., Simpson, R.B., “Observations of Quenching

of Downward-Facing Surfaces,” Sandia Report SAND93-0668, 1994

4.19 El-Genk, M.S., Gao, C., “Pool Boiling from Downward-Facing Curved Surfaces:

Effects of Radius of Curvature and Edge Angle,” Nucl. Tech. 114, pp.351-364, 1996

420 Cheung, F.B., “Determination of Boiling Curves on a Downward Facing

Hemispherical Surface,” CSARP Semiannual Review Meeting, Maryland, 1994

4.21 Yucel, B., Kakac, S., “Forced Flow Boiling and Burnout in Rectangular Channel,”

Proc. 6th Int. Heat Transfer Conf. 1, pp.387-392, 1978

4.22 Sudo, Y., Kaminaga, M., “A CHF Characteristic for Downward Flow in a Narrow
Vertical Rectangular Channel Heated from Both Sides,” Int. J. Multiphase Flow 15(5),

pp.755-766, 1989

4.23 Jeong, J.H., No, H.C., “Experimental Study of the Effect of Pipe Length and Pipe-end

Geometry on Flooding,” Int. J. Multiphase Flow 22(3), pp.499-514, 1996

4.24 Mishima, K., “Boiling Burnout at Low Flow Rate and Low Pressure Conditions,”

Dissertation Thesis, Kyoto Univ., 1984

4.25 Sudo, Y., Miyata, K., Ikawa, H., Kaminaga, M., Ohkawara, M., “Experimental Study

of Differences in DNB Heat Flux Between Upflow and Downflow in Vertical

- 108 -



Rectangular Channel,” J. Nucl. Sci. Technol. 22, pp.604-618, 1985

4.26 Chang Y., Yao, S., “Critical Heat Flux of Narrow Vertical Annuli with Closed

Bottoms,” J. of Heat Transfer Vol.105, pp.192-195, 1983

427 Monde, M., Kusuda, H., Uehara, H, “Critical Heat Transfer during Natural
Convective Boiling in Vertical Rectangular Channels Submerged in Saturated Liquid,”

J. Heat Transfer 104, pp.300-303, 1982

4.28 Katto, Y., Kosho, Y., “Critical Heat Flux of Saturated Natural Convection Boiling in a
Space Bounded by Two Horizontal Co-axial Disks and Heated from Below,” Int. J.

Multiphase Flow 5, pp.219-224, 1979

4.29 Katto, Y., Yokoya, S., “Principal Mechanism of Boiling Crisis in Pool Boiling,” Int. J.

Heat Mass Transfer 11, pp.993-1002, 1968

4.30 Mayinger, F., Horner, P., Zeisberger, A., “Information about Actual Research
Activities on: Debris/Reactor Pressure Vessel Interactions after Partial Core Melting,”
CSNI Special Meeting on In-Vessel Debris Coolability and Lower Head Integrity,

November 1996

4.31 Berenson, P.J., “Experiments on Pool Boiling Heat Transfer,” Int. J. Heat Mass

Transfer 5, p.985, 1962

4.32 Egan, J.P.Jr, Westwater, J.W., “Effect of Horizontal Plate Diameter on Boling Heat

Transfer from Copper to Nitrogen,” J. Therm. Engng 4, pp.1-12, 1985
4.33 Collier, J.G., “Convective Boiling and Condensation,” 2™ed., McGraw-Hill, 1981

4.34 Bowring, R.W., “A Simple but Accurate Round Tube; Uniform Heat Flux Dryout

Correlation Over the Pressure Range 0.7-17.0MN/m?,” AEEW-R-789, 1972

_109_.



4.35 Alekseev, G.V., Zenkevitch, B.A., Peskov, O.L., Sergeev, N.D., Subbotin, V.IL,
“Burnout Heat Fluxes under Forced Water Flow,” Teploenergetika 12(3), pp.47-51,

1965

436 Soziev, R.I., Khrizolitova, “Calculating Critical Heat Flux Density with Pool Boiling,”

Therm. Engng 37, pp.400-401, 1989

437 Tolubinsky, V.I., Domashev, Y.D, Litoshenko, A K., Matorin, A.S., “Boiling Crisis in

Concentric and Eccentric Annuli,” Heat Transfer Sov. Res. 9(1), pp.132-139, 1977

438 Levitan, L.L., Lantsman, F.P., “Critical Heat Fluxes in Internally Heated Annular

Channels,” Therm. Eng.(USSR) 24(4), pp.16-21, 1977

4.39 Condie, K.G., Bengston, S.J., “Development of the MOD7 CHF Correlation,” EG&G

Idaho Inc., Report PN-181-78, 1978

4.40 Cobb, C.B. and Park, E.L., Jr., “Nucleate Boiling - a Maximum Heat Flux Correlation
for Corresponding States Liquids,” Chem. Eng. Prog. Symp. Ser. 65(92), pp.188-193,

1969

441 Ahmad, S.Y., “Fluid to Fluid Modelling of Critical Heat Flux: a Compensated

Distorion Model,” Int. J. Heat Mass Transfer, Vol.16, pp.641-662, 1973

4.42 Elkassabgi, Y., Lienhard, J.H., “The Peak Pool Boiling Heat Flux from Horizontal

Cylinders in Subcooled Liquids,” J. Heat Transfer 110, pp.479-486, 1988

6.1 N. Lambha, S. A. Korpela, F. A. Kulacki, "Thermal Convection in a Cylindrical Cavity
with Uniform Volumetric Energy Generation," Proceedings of Sixth International
Heat Transfer Conference Toronto, Canadam August 7-11, 1978

6.2 Y. S. Lin, R.G. Akins, "Thermal Description of Pseudosteady-State Natural Convection

Inside a Vertical Cylinder," Int. J. Heat Mass Transfer, Vol. 29, No. 2, pp. 301-307,

- 110 -



1986

6.3 G. L. Hawkes et al., "Severe Accident Thermal Analysis of a PWR with In-Vessel
Radiation/Convection and External Cooling," AIChE Symposium Series, Heat
Transfer, San Diego, 1992

6.4 G. L. Hawkes et al., "Thermal Analysis of a Reactor Lower Head with Core Relocation
and External Boiling Heat Transfer," AIChE Symposium Series, Heat Transfer, San
Diego, 1992

6.5 G. L. Thinners, "TMI-2 Lower Head Creep Rupture Analysis," EGG-TMI-8133, August
1988

6.6 J. L. Rempe et al., "Light Water Reactor Lower Head Failure Analysis," NUREG/CR-
5642(Draft, EGG-2618), December 1990

6.7 J. L. Rempe et al., "Comparison of LWR Vessel Response during a Severe Accident,"
AIChE Symposium Series, Heat Transfer, San Diego, 1992

6.8 T. Y. Chu, K. D. Bergeron, "The Flooded Reactor Cavity‘Concept and Sandia's CYBL
Test Facility," Sandia National Laboratories, March 4, 1‘993

6.9 T. Y. Chu etal,, “Large Scale Boiling Experiments of the Flooded Cavity Concept for
In-Vessel Reaction," OECD/CSNI/NEA Workshop on Large Molten Pool Heat
Transfer, Nuclear Center, Grenoblem France, 9th - 11 th, March 1994

6.10 T. Y. Chu and J. H. Bentz, "Confirmatory Testing of the Flooded Cavity Design for In-
Vessel Core Retension in the CYBL Facility," CSARP Semi Annual Review Meeting,
Bethesda, Maryland, May 2-6, 1994

6.11 T. Y. Chu, et al., "Boiling From Downward Facing Surfaces with Application to the
Flooded Cavity Concept," Proceedings of 1992 National Heat Transfer Conference,
San Diego, California, August 9-12, 1992

6.12 H. ). Park, "Effect of External Cooling on the Thermal and Mechanical Behavior of

- 111 -



Light Reactor Vessel Lower Heads," Ph.D. Thesis, UCLA, 1992

6.13 H. J. Park and V. Dhir, "Steady-State Thermal Analysis of External Cooling of a PWR
Vessel Lower Head," AIChE Symposium Series, No. 283, Vol. 97, P. 1, 1991

6.14 F. J. Asfia, and V. K. Dhir, Natural Convection Heat Transfer in Volumetrically
Heated Spherical Pools, Proeecedings OECD/CSNI/NEA Workshop on Large Molten
Pool Heat Transfer, Nuclear Reserch Center, Grenoble, France, 1994

6.15 O. Kymalainen, H. Tuomisto, T.G. Theofanous, "Critical Heat Flux on Thick Walls of
Large, Naturally Convecting Loops," Proceedings of 1992 National Heat Transfer
Conference, San Diego, California, August 9-12, 1992.

6.16 O. Kymalainen et al., "Heat Flux Distribution from a Volumetrically Heated Pool with
High Releigh Number," NURETH 6, Grenoble, October 5-8, 1993

6.17 F. B. Cheung, "Determination of Boining Curves on a Downward Facing
Hemispherical Surface," CSARP Semi Annual Review Meeting, Betheda, Mayland,
May 2-6, 1994

6.18 R. E. Henry et al., "External Cooling of a Reactor Vessel under Severe Accident
Conditions," Nuclear Engineering and Design 139, pp. 31-43, 1993

6.19 R. E. Henry et al., "Cooling of Core Debris Within the Reactor Vessel Lower Head,"
Nuclear Technology, Vol. 101, pp. 385-399, Mar. 1993

6.20. K. Y. Suh et al," Recovery from an Accident State Example Sequence and SAM
Application," MAAP4 Training Course, June 14-16, 1993

6.21 "Draft Agreement on the OECD RASPLAV Project to Investigate Molten Reactor
Fuel - Lower Pressure Vessel Head Interaction”, OECD/NEA, February 1993

6.22 WeE 9, “OECD RASPLAV Z 239 | 194 A7 Ax 4 54 -
FTAAHAT 4, 19989 34

6.23 J. M. Bonnet et al., "Large Scale Experiments for Core Retention : BALI(Corium Pool

- 112 -



Thermalhydraulics) SULTAN(Boiling Under Natural Convection)," Presented at
OECD/NEA/CSNI Workshop on Lagre Molten Pool Heat Transfer, Grenoble, March 9
- 11, 1994

6.24 S. Rouge, J. M. Seiler, "Core Debris Cooling with Flooded Vessel of Core-
Catcher, Heat Exchange Coefficients under Natural Convection," Preliminary
Draft, 23, 24 March 1993, submitted to OECD/NEA

6.25 O. Kymalainen, et al., "COPO: Experiments for Heat Flux Distribution From a
Volumetrically Heated Corium Pool," Transactions of the Twentienth Water Reactor
Safety Information Meeting, Bethesda, Maryland, October 21-23, 1992

6.26 O. Kymalainen, et al.,, "COPO: Experiments for Heat Flux Distribution From a
Volumetrically Heated Corium.Pool," Proceedings of the Twentienth Water Reactor
Safety Information Meeting, Bethesda, Maryland, October 21-23, 1992

627 WeE o, “FUA LAl A2 & LAE A A2TF HE PO

537}, KAERUTR/467/94, S QA2 AL A 19943 109

- 113 -



HNoxo® o2 w4

I VE DM HE AEI7| BRI S EFEBIMHSE INIS &M a=
KAERITR -1027/98
ME/2H | SHAIDA = A RS2 wlidZin Ba s GNE S 24
oA LR MY | HREHADATE), LA SR PH),

BESEUADATY), LSHEUADSTY)
smal | o | wasw SERP NP e 1998. 4
g o| X| p. 120 T E UR(V), §3( ) 3 7| 26 Cm.
A DAbE | 197 SET|THA|
slolg | BAH(V), telul( ), _ Sul ROMER 7l% = A
SETIEE Aot s

Z=5 (152054 2))

2 dFoM=
m zted AEE §
ATl 2ty IPE
°JXP§R7I uEs %‘
pool& &, pool LHF
%%%’S 2| 2tol| A 2|
4o %2
X HAIOl AAHAR
JHLE CHFAMZHAIS
é}t**ml ggrers
st
0! & "*‘CFE
| SlE{e} €
ﬂﬂ ct,

S{A

E
[eF]
[}

A o
MEE

_JXJOHH SUHAIL LA E8E o2
on tH5l0 EAM5IA 20, SONATA-IV ¢io] e 2M SHst U= CHFG

oj;l.;} .ul_g_f,-}[:} iAIQ_

=2
==

of P37 |2

ol ¥X= 87| stet7tol]l Mepx|sio] 2t
tofl csted 2Asiqict -4 &S0 HFXRET! sHET 2 Mujx|=IAS w
I3t =AM BBEE TVIM2E W4T s AXR 7] stetolMq BEE
Me XIthF, 8889 13t ¥ MEE, 88=2 15 mEHolM e ML,
HIST AL Sol ST LT Y s4o| YUE £ ASL], ofF HEEHA| FP”‘EIII
B2 X2 87| 5HF Mujx[A| Z+=0] HHE HF ZH=0iAM 2l
758 Z&s5t7| 95101 SONATA-IVICHFG 4lgo| ’ﬂ%“soﬂ U2, 7| &0l
EAlsto] sl 2M 2 AEOIM HojE CHFIES 2AZi=dl o8
siict g8 SlE{et A2 Z7| Atololl HME 2HFolM 2ojrts CHF
Al W 2ol g4 stsl= 43 ol2{Et 7|58 P =olM = Kutateladze® el 2
A ZFE CHF A3 A2 7|2 Hel & JHL 31l CHFG A8 T X= 40 kW
HEste =¥ HE2Z 0[F0{H U2n, 21 Zaj282 0I8s5t] HEE
7| gfoll M 10 2| 27tx| =& st Zh=2f 37| d&2 27| /st 25805, 1,
ME e st Uck

(=]

gx

FHYEI=
(10SHO{ LY 2))

AlE
(=]

W2t 243 AR RS, ek,

XA &,

oo

a
— »




BIBLIOGRAPHIC INFORMATION SHEET

Performing Org. Sponsoring Org. ;
Report No. Report No. Standard Report No. INIS Subject Code
KAERI/TR-1027/98
S-Eg{ﬁ;e Analysis of Heat Transfer Mechanism on In-Vessel Corium Retention in Severe

Accidents

Project Manager (or
main author)
and Department

Rae-Joon Park(Severe Accident Research Laboratory)

Researcher and Ji-Whan Jeong, Sang-Baik Kim, Kyung-Ho Kang, Jong-Whan Kim(Severe

Department Accident Research Laboratory),
Publication X . Publication
Place Taejon | Publisher KAERI Date 1998. 4
Page p.120 Fig. & Tab Yes( O ), No( ) Size 26 Cm.
Note '97 Mid-Long Term Project -
. Open( O ), Restricted( . ), .
Classified ___Class Document Report Type Technical Report
Sponsoring Org. Contract No.

Abstract(15-20 Lines)

When the molten core material relocates to the lower plenum of the reactor vessel, the cooling
process of corium and the related heat transfer mechanism have been analyzed. The Critical Heat Flux
in Gap (CHFG) test is being performed as a part of Simulation Of Naturally Arrested Themmal Attack in
(SONATA-IV) project and the state of art on CHF has been reviewed. A series of complex heat transfer
mechanism of molten pool formation, natural convection in the molten pool, solidification and remelting
of the corium, conduction in the solidified crust, and boiling heat transfer to surroundings can be
occurred in the lower plenum. Many studies are needed to investigate the complex heat transfer
mechanism in the lower plenum, because these phenomena have not been clearly understood untif
now. The SONATA-IV/CHFG experiments are being carried out to develop CHF correlation in a
hemispherical gap, which is the upper limit of heat transfer. There is no experimental or analytical CHF
correlation applicable to a hemispherical gap. So lots of analytical and experimental correlations
developed using the similar experimental condition were gathered and compared with each other.
According to the experimental work that was carried out with pool boiling condition, CHF in a parallel
gap was reduced by 1/30 compared with the value measured without gap. A basic form of a CHF
correlation has been developed to correlate measurements that will be made in the SONAT-IV/CHFG
experiments. That correlation is based on the fact that the CHF in a hemispherical gap is enhanced by
CCFL and a Kutateladze type CCFL correlation develops CCFL date well in geornetry like this. The
experimental facility consists of a heater, a pressure vessel, a heat exchanger and lots of sensors. The
heater capacity is 40 kW and the maximum heat flux at the surface is 100 kW/m?. The experiments will
be carried out in the range of 1 to 10 atm and the gap size of 0.5, 1, 2 mm. The CHF will be detected
using 66 type-K thermocouples embedded in a heated copper vessel.
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