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Analysis of Natural Convection Heat Transfer with Crust Formation
in the Molten Metal Pool using CONV-2&3D Computer Codes
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Abstract

Analytical studies have been performed on natural convection heat transfer with crust formation in
a molten metal pool to validate and evaluate experimental data using the CONV-2&3D computer
codes. Two types of steady state tests, a low and high geometric aspect ratio case in the molten
metal pool, were performed to investigate crust thickness as a function of boundary conditions. The
CONV-2&3D computer codes were developed under the OECD/NEA RASPLAYV project to simulate
two- and three-dimensional natural convection heat transfer with crust formation, respectively. The
Rayleigh-Benard flow patterns in the molten metal pool contribute to the temperature distribution,
which affects non-uniform crust formation. The CONV-2D results on crust thickness are a little higher
than the experimental data because of heat loss during the test. In comparison of the CONV-3D
results with the CONV-2D results on crust thickness, the three-dimensional results are higher than
the two-dimensional results, because of three dimensional natural convection flow and wall effect.

Al =AEFES AFL AR whet AR 8T
5 plenum, Y28 7] &) F-o A2 FF(cavity) 5ol AT §-& poole] FA =
5

7 o, A" =AEF pool> TGRS Wrate] wjEo] s AtEtEgwsat Aol



3
7

S

‘_?i

o

271 ok
==

T eH[3, 4],

} )
=

=

& a13}5 9] pool 2] Zol]

B gol

=3
=

P

-

HA

%

o]

Aol A7t

-

©] Rayleigh-Benard AFAH]F A o] HA

bl 2t

°©

11 9

[e)
] © & Viskanta[5] <]

R
=z}
H

o

pool=
1

3

(el =]
=

371 9]

S

F(conducting thermal barrier) <3S
7}

[e]

wAR Ao 2

]

>3

kel

A
H

°©

1

SHEToRTH o] H=
=

Huf oju) =48

43

S
LA

=
B

o)
0
el
{F
(i

A

P HaE 3kl

J]

B 77k $ARATHG, 7). ol AT Azl e

T

kel
pil

&t

9o
3

S
&

thal A Atk Prevt

25T AAUFI B LAsE Aol wHt
1] 9

ol & &

b

=]
R

°©

)

1

te W7k arshe o

Z

S

[e)
Q5L 11

. o] AN = &5=5

1

xe)
yul

7}3

2~ =
T o

] Nu™+= Ra<F, Prep, 84| 9] 3, &2 vER, 2
Nu

=
|

Bvlol =)
=

=
7VstaL, &

=

7t

2=
T

3taL, Pr

Tohar el 4 glet
Mol A FhA

7}

[}

=

&

R

A

AT ek A Aol

Ras7}

=
T

= EFETAA AAd

o]
PR

0

0
_&O
=
2y

o

olo

i

Ars=

d

to] CONV-2&3D

Pl 9

7}s

3

3

F349] RASPLAV

OECD/NEA

-

R

°|

RN

=z

Fl71 ol

CONV-2&3D HAFF (8]

°©

=

=

3T
ar

=13
=

ol
1

9
yul

-

o

BRI

S

oh
Aol M AHE

=

roit.
2AEQE]A G2 ¥

2.CONV2&3D #d e 2 9lg

‘&O
mr

YA

Stefan

Rius

4

D RENCRRE
3 welo e Fate
}o]  orthogonal curvilinear

o

<)

ol

It

Ris

2 (CONV-3D) Navier-Stokes

==

Fo] 2 Alo}2] Kurchatov -2 A4 7

9

‘?4

H] 4 % (unsteady) 2% (CONV-2D)3} 3%}



AR}

[e)
ge

3
pul

o AT )

g

AR (grid)y= A%

manual®l] 7] & %] o] I T}H9].

CONV-2&3D

)

—_
fite)

121t} CONV-2&3D 349

AFES

0

to] SUN-Sparc

d|

3} e A4Ee A

asic.

Workstation o] A A%

7]
A=

H| 7} 2H& 7 9-2] CONV-2D : 45x 152] 474 A=}

(<)

° =

a3l
=

H] 7} 2 7-9-2] CONV-2D : 50 x 40 © 44 A=}

.
=3

]
=

H] 7} 212 7 9-©] CONV-3D:45x 15x 15 9] 474 ZA =}

.
R

® 3NV} Z 492 CONV-3D:50x 15x40 2 44 AAH

o
=

}‘\_]__

o b2} CONV-2&3D 7

25

g

A %

ol s

J]

of o

s}

A

il

uho} o] 23 u]7} &

-
R

2D AL A A E RS o) I B

+ CONV

I3
pul

EEE T

]_

745-= 3719] Benard Cello] 24

A el

Benard Cell©]

o))
.

CONV-2D A%

ki3

sl o
o] mukz =l o

CONV-2D A

i3

2

o A Hi= nle}

A
it

HoyFaL vk

oot

-

Uk 270 YERaL it o] oF o] Alxbd )

q
AR

o
B

7FRas=7} A7) w ol o] Z A YERRT

[e)
735

=
A

3D At E =

+ CONV

5
pul

7ol o

= nlo} ol Rayleigh-Benard Z}

BolFa ok oA B

~’
,.Mm.o

—~
o

CONV-3D AAA3}E Hof

i3

)

9} )55 Al o)

e Aeoe o

Al Rayleigh-Benard A+A 7+ & &o] th=A LEL 0]

=

)

o)
o

ki3

7ol oy
Jol %A YEpda g,

Hs) o) 3 uh
S

I Aot FoA B

_T_
22] CONV-2D AlAHA 3} 1t}

}od Ko

3|

I} o} v L

T

CONV-3D A~

A3}l H

2%

13 3%

ST
3t

CONV-3D AAE 3=



o]¢} #ro] CONV-3D 74H2#7F CONV-2D 74t At vh27 vepd AL Agaeqte] 3444
AR AA ) Fot By} witol vk meb v s Ao e &FE ] A
ol9} & 32+ IS koo & Folt},

4. 4E
CONV-2&3D ALrIA=E
TS A7 g 2 A4S EEh
® &8 T%° Rayleigh-Benard A1t )
nA= Aow yegton, F3njd wet oo e AddlF S5 tEA YEET.
o I FA U s Ax= AdAe] Bk

1. R. J. Park, S. J. Lee, S. K. Sim, and K. J. Yoo, "Crust Formation and Its Effect on the Molten Pool
Coolability," Proc. of the 7® Int. Mtg. NURETH7, NUREG/CP-0142, Vol. 3, pp. 1863-1880, Saratoga
Springs, New York, Sept. 10-15, 1995

2. R.J. Park, S. B. Kim, H. D. Kim, and S. M. Choi, "Crust Formation and Its Effect on Heat Transfer in the
Molten Metal Pool," ARS 1997 Int. Meeting, Orlando, Florida, June 1-4,1997

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

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

5. C. Beckermann, R. Viskanta, "Effect of Solid Subcooling on Natural Convection Melting of a Pure Metal,"
J. of Heat Transfer, Vol. 111, pp. 416-424, 1989

6. 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 - 790,1990

7. 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

8. OECD/NEA, “Agreement on the OECD RASPLAV Project to investigate Molten Reactor Fuel Lower
Pressure Vessel Head Interaction,” 1994

9. IBRAE, “CONV-3D: An Integrated Computer Code for Numerical Modeling of Convection/Diffusion
Processes with Regard for Melting,” Russian Academy of Science, May 1997



EH
N

L E 207k 2 5-9) w5 o] B 2% A3} CONV-2D A4k A she] 1)

Bottom Surface | Top Surface Liquid Area Crust Thickness (cm)
Temp. (°C) Temp. (°C) () Exp. Data | CONV-2D Results
100 69.4 3.2545¢-2 0.02 0.27
100 68.5 3.2545¢-2 0.11 0.27
90 69.9 3.2545¢-2 0.01 0.27
90 67.9 3.2517e-2 0.18 0.27
90 64.6 2.9830e-2 0.52 0.87
90 62.1 2.5696e-2 0.86 1.79
80 68.9 3.2380e-2 0.25 0.30
80 62.3 1.6710e-2 2.38 3.79
80 56.9 1.4053e-2 3.61 4.38
80 50.5 9.8900e-3 4.30 5.30
80 48.0 9.5880e-3 4.68 5.37
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Bottom Surface | Top Surface Liquid Area Crust Thickness (cm)
Temp.(°C) Temp. (°C) (m?) Exp. Data | CONV-2D Results
90 68.4 4.9390e-2 0.12 0.24
85 66.0 4.8587e-2 0.43 0.57
85 63.6 4.7500e-2 0.57 1.00
80 66.6 4.7737e-2 0.55 0.91
80 61.1 4.2033e-2 0.92 3.20
80 57.6 3.4517e-2 1.59 6.20
75 67.3 3.2380e-2 1.66 1.65
75 61.7 2.8870e-2 4.74 8.45
75 58.1 1.7874e-2 7.16 12.85
75 43.8 9.5353e-3 10.78 16.19
3. %07} L B 5o] 3|0E Foo] o g2 E A7k CONV-3D Ak 3] vl
Bottom Surface | Top Surface Liquid Volume Crust Thickness (cm)
Temp.(°C) Temp.(°C) (m’) Exp. Data | CONV-3D Results
100 68.5 4.8657¢-3 0.11 0.29
90 67.9 4.5800e-3 0.18 0.72
80 68.9 4.2841e-3 0.25 1.15
#4507k 2 450 993 o] @ 43 Aaksk CONV-3D A4k A she] )
Bottom Surface | Top Surface Liquid Volume Crust Thickness (cm)
Temp. (°C) Temp. (°C) (m?) Exp. Data | CONV-3D Results
90 68.4 7.2370e-3 0.12 0.69
85 66.0 6.4402¢-3 0.43 2.93
80 66.6 5.6800e-2 0.55 4.85
75 67.3 4.5370e-2 1.66 7.90
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