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Development of a Numerical Model for Natural Convection Heat
Transfer Analysis of Liguid Melt Subjected to a Solidification Process
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Abstract

During a late phase of hypothetical nuclear sewere  accident, o liguid corium pool
characterized by a mixture of warious core material may be formed inside the reactor wessel
lower head (REVLH), In this case, a thermal stratification of the higher density ozide layer of
Eaf 2]y to the lower part of EVLH and the lower density metal laver of S5/2 to the upper

part of BVLH has been supposed due to their density difference, If a water coolant exists
within the FEVLH, a crust laver formed during a rapid solidification process is expected to be
essentially important in determining the natural convection heat transfer characteristics for
each of two liguid lawvers and resultant heat fransfer rate to the BYVLH wall In recent times,
several experimental studies hawe been performed to predict the heat transfer characteristics of
solidifving liquid material, but less studied for the amalwtical modeling, The main puarpose of
this paper is to introduce a computer code WMELTPOOL and its numerical modes, dewveloped in
to analvtically predict the natural convection heat transfer characteristics of solidifving liquid
material,  The effectiveness of MELTPOOL model has been proved by comparing with the
experimental results for two ligquid metals confined within a rectangular cavity subjected fo
varlous temperature differences hetween top and bottom sides (e, natural convection heat
transfer coefficients of melt and thickness of solidified crust),
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2l A2 20 HEH F57H3
(10 53 BPERE 2319 AW FAEA(ZD-cartesian coodinates) oA 0] AT

HEZ oy EF (Single material) o FHETH
O, Hg=s4d FE0I0

& HEE 2ot FaEtA T SA8F s A=t
= 0t 3 HEZ DHET (Boussinesq approximation)
& AHTE e T TR = Enthalpy 2122 WA]EL

gawma G du . (1)

_wutE Are | Aleerd | Aloed AP 8 An _8 7 8u
e TRy ey Tl s PR ol by P R e by T R )
6714, BE Sy=—Lu
& v Bleedd | Blwwny AP 8 ¢ du A As
V-0 o Gt = ey (T ) Yy ) TSt S (3)

1M, BEEL Sy=ppy g8 T~ Ty, Se=—go

Ah | Bk  dlely 8 4T 4 4T
Enthalpy 232l p(—af +E )_é—ax (—ax )”_a;u(_ay )+5*,2+5*q (1)
AN E __ s dlef)  8lpf) ; dlef
HIA, BET Sy=—L—g -l L e

5, = Veolumetric heat source term

23 DEp e HAS (Sowrce Term)

Y UT =2 dEdd £ BET (5, )2 Uy EEEW ACYURLY ENE UERHFE =
=Hes T} RE® (Buovance) BHETE FEE HYT RE TN YWhgo] LET
Boussinesq approximation £ HE 3L}, BT e, = UET 2 E 20 A JE YR A =
WA AMH G WAAS, g = FTEHISLE, 0T, = EEELE 0 JE Zkets UE
WL}, A0 REE ZESe SEHASLE AW ER K W 222 Al E B



2 Hd 0] AAERA et ET S wrEAY 293 5, 2 5, & WA (Liquid phase)

2] Z¥499 (MWMushy region) o] HETH, BEE Darcy source term= &
HHEE=W DFE 9y EEE HHSH] AT Hdge g HIAD
=
=

T . ==
T} 2t :‘_n,:E AT AlREEl K = —'T_—-TJ-}E (Permeakilitv)S UEIHHAEH, °l= ol
Carman-Kozeny WALES ALESHY 28 4 91T} [6]

_ Fid

K= 77 (5)

|24, FE HAHEE (Liquid fraction), & = Mushy region 2] Morphoogy o] 2|Z25Hs 485:0]
o} [7].

TtH, 282 UEAENs Y=y HEurEaoA FEH4T (5, ) & AETLSZ A Az ELOH
iish region 0] P& =2EF EZ2 Eutectc mizture A E ZE-H 430 2% (Convective
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Hol% (Transient term, —2-2L80) o najEn, ey gee HOILAH L 2 BE (Lakn

heat), T ko] TE HAAMEE F 2 s 20 2430

Tz T, lbpad vemany — f=1 (6.1
T ¢ Tplsohd wegun) — =0 (6.2)

3 S 9 HIFF

HAA A 203 L3 2] 0] A (Discretzation) = Patankar [8] 71 & 9 Control Velume
i o2z cn, O]4FtE =52 whaal U™Ei A (Pressure correction) A
=2

4], Enthalpy W3 A= 242 thaar &o] 03T

SEw wEA &Vt =S, Ui+ 1 v

YHBF WAL 6P I =Ea P i S, @
g w1 Vaol

Entyhalpy W32l ahf™ = Zawni' + adii+ A (5= 1D @

21 A, 5, = ZF A (Control volume) HE E el 225E5 2] 0|0t ET Enthalpy
whaal 2] b HA} (Superscript) x+1 £ FM 3 Time step ( &7 ) J‘ﬂ 4 (Iteration) 2]
2z 893 AZEE AHRAE UERH, oo 2HT2] #Hy EES » DAAA AR af

AMEFLY, FETH HEE] MREHA o = 01H Time step & @S, J%‘E}a, =5 HAAE
(Principal node) oA 2] o]itz} sl B8] £ ti2tg 4 (Diagonal element)E 2h2F LIERHTY
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s metal) 2] HER FZZ A &5t W AdHR 2 13 83"
A%t & Y A £HE HE A 4] & BlW SHETE Tabklk | & J2H AL

A=), Fig, 2 & Cavity 71512 248 2 319 (Dimension)S EHE
E RE Cavity ®E2 #2324 (Mo-slip condition), S0 A
:

(=1

rd A
s

- n“

[

- H oo

-
=
o
o
[
o

(=]

=
=
an

=
il

il
13

oo 4

)

FHs=E
W2 445 s 2= 1T (Hot isothermal temperature)
17851 @IS 2t= A= (Cold isothermal temperature) TS F 3T} Cavity
= &3H] 7t B2 (High aspect ratio) 2 2EH|IT 22 A2 (Low aspect
2o TTEPETE Tables 2 & 32 WELTPOOLA A 2 HEHH }5'-‘—:-1 Cavity
= EHEL, MELTPOOL E21A] Al A EZ BE A4 052F S15E ST,
Cavity 5 d9o] A F YU (Uniform grid) JAE AEstdn}l 8 2 HE Enthalpy field

oA gg |RG =R, < 167F B 2ojAT

ic
oo

[=]
=

rlo K
»
[k}
3
g
s

riu Mo

H1
Fu

Y Cavity 215t=t abgdo Tt &
Eg= 89 13E FA 4 HEE
r gl

s =]
=
El
ng
o 2
g r|E
=,
T
2
e
o
m 1= 1c

o
e
I
me
I
ruln E{_

0%
E gf; #Epy
wH
rr
-
UN
i
i
rﬂ

High aspect ratic Lo
el FOt 2 " “—‘?‘—Dﬂé
oo ‘?:“.‘
5iTh Fig 5
2 (Average Nu number) 9-}—] 4-1'3‘113 ECE]%E} DEHAE ME AEUER

=
3
o
o
o
=
2,

- ri
i rlo
=]

0
beoog ™ KL

o F ook H
oo ko2
& orlr oo

reogm 9 ood

)
I
H1
=2
1=
g
2= org b
o H1
_‘:ﬂ
=
3
H
o
|n

i3 ool g

EdES mtetatr] #Hetd DEZE g1 AE iR o] Zasts 22 Mercury (Pr=0.022)
ted —”F“’ Globe & Dropkin [12] 2F Zobgt 8] WSHEATH  ETH Tables E #Fides 2
P Wood's metal 2330 [4] ¢ MELTPOOL HAtofld] 23 P12 =3 o &

0%

2o 2o o2
booorst

=

iy, ”‘011-}1] E'z-l‘.: =

of o & o2k Jo
oo
Zomo B Opn -
1157
ra
e
N —
5
=
fr do g
o
4
i

o o

i
&,
0 =2
=2

G 5 g

= ol o
= i = —
Aols @asel BIUD AJt BRAES IHIUW SPoH WE 28E A

5]
1E rfo
=



= S71EIY 4 Nu 7t Z4EHE Fol2ly 5 £ 0, by €40] HE 19T
A 9= WELTPOOL A42ls EFeE EIES 208 BEz1 S5 metg £
5 48 9 IFFAF

E EES EdlH FWAILA HAARHCcEREY AR FEIEH AWAE D HEEES AR
1 HHEY UEHE Eg= AUUR E4Y EdS ddHcRE Eoehr] ek AgE
A3C MELTPOOL 2 £RRES £MsHE0 TTh MyUmE A3 £ FEHZ = JHA] £2
HE 2= AARE Cavity ol S5k = 3E8S (Wood's metal, Mercury) 2] A5 TS
ZE A st £0E JE H4EEL (EEEW SR/REE BIE As T ARIE FH)
gt HlnEezH YS5ETE J1E dEAes] Blud o, MELTPOOL o& 2= dEAH H]5he
EHE Asv 4 =4, 13 FAHs U9 #E ITs BEESLD s o, ol 484 ©
22 AIE RE S4E T HENS FIRYN S0l ER%4 SFUE W= EF
445 IHIOE Ao A "E e 1NEE FAs 75 B4 Nu 71 d2- 89S o2t
3% £ o0} mEbY €40 Ad DH-A %= MELTPOOL AiREs E|do® EFgst
2iE B3 Sl g £ AT oHT Eod 2o, MELTPOOL +:E2& A Ra
2 (104 - 10e7) & = SEHEESY 2FY AANR 248 EES dEsts of 87T

T3 (Teol) 2 AFEE & 2ITH

JdF AT AL s D HEEEL] HEs EL HE#cz st HalHds SHAL
A sty rUEEB 22 SWEO SHIY D Ra 4 (WP o4 ¥ BREMS Bols
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Nomenclatures

& ol phology constant of porous media T, trelting temperature [ &)
e specific heat capacity ( feE ) 2 iz direction welocity [ sefg )
7 liguid fraction v, nedal point control solume
= gravity acceleration (s ) & v direction welocity

Hy  height of liguid melt (s )

-3 enthalpy ( fhe ) Greeks

A average convective heat transfer coefficient £ liguid density { Agpfa® )

i permeakility (= FA/C(1-F3¥ ) g volumetric thermal expension
£ thermal conductivity { WsE ) coefficient of lguid {175 )
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latent heat of fusion [ fag ) 2 dynamic viscosity { boises )

average Musselt number ot liquid fraction correction fachor
(= BHb= G HS (Toor— Tt 2]
pressure [ Mw ) Subscripts
pressure correction factor hai cavity bottom wall
average heat flux { Wisd ) H liguid raelt
Fayleigh number { = 228 (T s Tad Hif e ) " melting
latent heat source term %l teighborhood grids
(= —LIpfifae—LApfifdx—Lalpfiidy ) vef reference walue
wolumetric heat source term

5, u,v velocity control source terms Superscripts
{ Bu=— ol E , So=—aifE ) % iteration level
buowancy source tim [ = gy 880 T— Tyt ) g old walue

21 239 (References)

1]

K% 5uh and REHemry, Integral Analvsis of Debris Material and Heat Transport in
Beactor Wessel Lower Plenum, Nudear Engingering & Dezign, vol 161, pp203-221, 1994,

] TG Theotanous, et al, In-vessel Coolability and Betention of a Core Melt, DOE/ID-10460,

3]

[4]

k]

5]

[7]

[51]

B8]

Julw, 1995,

CGan and RWViskanta, Melting and Scolidification of a FPure Metal on a Vertical Wall, r
Heat Trangfer, Vol 108, pplTd-181, 1986,

E.J. Fark, et al,’Crust Formation and Its Effect on Heat Transfer in the Molten Metal
Pool” Znd Adwvanced Reactor Safety Conference ARS'97, Crlando, FL, June 1-4, 1997,

JS Che, KY Suh, CHChung, et al, "Heat Transfer Characteristics of the Melten IMEtal
Fool Solidification by Coolant with Eoiling ™ Intl, Cont, TOF SAFE, Spain, 1998,
F.C,Carman,"Fluid Flow through Granular Beds” Trans Jnst (hem  Engrs, Vol 15,
prlE0-166, 1983,

VERVoller and CFrakash A Fixed Grid WNumerical DModelling DMMethodology  for
Convecton-Diffusion Mushy Begion Phase-Change FProblems,” In¢é | Hegd and Mass
Trangfer, YWol30, ppl709-1718, 1987,

SV Patankar, MNumerical Heat Transfer and Fluid Fless, Hemisphere FPublishing Cerp,,
Washington D2, US4 | 1930,

M Feric, R Eessler and G3cheuerer, Comparison of Finite-Volume Nimerical Methods with
Staggered and Colocated Grids, Computers & Fluids Vol 16, Ne 4, pp389-403, 1993,

HOJHL, Stone, [terative Solution of Implicit Appromimations of Multidimensional Partial

Difference Equations, SIAM T Numer.Ang!, Volb, ppa30-658, 1963,

11]1YV R Woller, and CRSwaminathan, General Sourced-Eased Iethod for Solidification Phase

Change, Wumerical Heat Trangfer, Part B, Vol 19, pp 175-189, 19491,

2] 5, dobe and D, Dropkin, Natural Cowvection Heat Trasfer in Ligquid Confined by Two

Herizonal Flates and Heated From Below, ASME, J .of Heat Trangfer, Vol 97, pp24-30,
1959,



Takle 1, Physical Froperties of Wood's metal

Densitylliguid)
cpecific Heat capacits
Volometric thermal ezpansion coefficieat of Liguid
Thertnal condoctiviky

Crrnatnic wiscosity

Latent heat of fusion
LEling termperature
Mo phology constant

9363.2
1675
Z..e-h
1B.B
000187
3E,hEh
33
1.kek

Table 2 Comparison of Ha number, Nu number, and Crust thickness (cm) ¢
High Aspect Ratio

Test [Botbotn | Top Experient WELTPOOL Belative
o, | termp. | terrip. |- Fa Hu thl!:é:[kfetss Ra Mo thil:éi-:unsgss error(?)
1 500 | BB | 1.41e? | 117 0.1z 1.37e? | 11.B 0,10 16,7
g Bs5 | BED |1.01e? | 115 0.43 9.B0eb | 11.3 0,55 -L7.8
3 B0.0 | BEE | EGBZeB | 10.B 0.5 f.EBlek | 101 0.E7 -E1E

Tabkle 3 Comparison of Ba number, Nu number, and Crust thickness (cm)
Low Aspect Hatio

Test || Botkotm | Top Caperiment WELTP ool Belative
Wo. | temp. | tetrp. | Fa Ny thl!:E:[kL:fEtss Ra N thitéitunsetss Breoc(z)
i 1000 | BBA | 1.1EeE | B.7 0.0 1.12ef | 5,30 0,036 -04
b 1000 | BBS | 1.0%eE | B.E 011 1,10e6 | 534 0,083 155
B §0.0 §7.9 | r.3leh | 5t 0.1B 7.03eh | 1B 0,195 -B3
T §0.0 Bi6 |G1leh | 52 0.5 .Z7eh | 1,67 047 5.6
B §0.0 BE.l |5.Efeh | Bl 0.BE h.7Geh | 1,61 0.BBE Ze.h
g B0.0 BE.9 | 3.dzeh | 4D 0.25 3.4heh | 1,07 0,211 3.6
10 B0.0 BE.3 | 1.20ek | 2.0 .38 1.B9eh | 3.ZE 1,hER 3.2
11 B0.0 59 | 5.28ed | 23 361 1,1Beh | 283 Z4Zh 3E.7
12 || BOD R0G | 20het | 2t 1,30 15hed | 1,81 3.B0G 111
13 B0.0 ag0 | 20let | EE 1,58 g 7fed | 1,50 1,365 BB




| Solve discretised momentum equations |

v

| Solve pressure correction equation | Update liquid
fraction

¢ according to

| Correct pressure , Velocities and fluxes | enthalpy

v

| Solve enthalpy equation |

No

Convergence?

No

Fig, 1 SINPLE Algorithm with Updating Ligoid Fracticn

Cold isothermal temperature

N
| \ Coolant(water) |

Left side wall : i Right side wall
' L Molten Allo ] )
(nsulated) T (Wood's meta) i (nseted)

Calculation Domain

Heater /

Hot isothermal temperature

Geometrical dimensions for Test
High aspect ratio : x=0.25 , y=0.2 (m) : Test 1—3
Low aspect ratio : x=0.45 , y=0.075 (m) : Test 4—13

Fig & Cavity Configuration and Boundary Condibicons,



Too= 850 , Tup = 66.0 To= 1000, Te,= 685

crust thickness = 1.036 (cm)

Toor = 100.0 Teop = 69.4

Fig. 3 Temperature Coenteur 8 Velocity Fiz. 4 Temperature Contour 8 Welocity
Vector for High Aspect Ratic Vector for Low Aspect Batio
20 r.
18-_ @® Experimental Data(Wood's metal) : with solidification

O MELTPOOL Prediction(Wood's metal) : with solidification

16 H Globe & Dropkin Correlation(Mercury) : without solidification

Nu number

0 1 11l 1 Ll 1 Ll 1 AR R
10* 10° 10° 107 10°
Ra number

Fig, & Cotnparicon of KMELTFOOL Predictions and Exzperitnental
Results ¢+ Mo Numbers in a Steady State
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