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The retention of a molten pool vessel cooled by internal vessel reflooding and/or  external 
vessel reactor cavity flooding has been considered as one of severe accident management 
strategies. The present numerical study investigates the effect of  both internal and external vessel 
mixed cooling on an internally heated molten pool. The molten pool is confined in a 
hemispherical vessel with reference to the thermal behavior of tbe vessel wall. In this study, our 
numerical model used a scaled-down reactor vessel of a KSNP (Korea Standard Nuclear 
Power) reactor design of  1000 MWe (a Pressurized Water Reactor with a large and dry 
containment). Well-known temperature-dependent boiling heat transfer curves are applied to 
the internal and external vessel cooling boundaries. Radiative heat transfer has been considered 
in the case of  dry internal vessel boundary condition. Computational results show that the 
external cooling vessel boundary conditions have better effectiveness than internal vessel cooling 
in the retention of the melt pool vessel failure. 
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Nomenclature 
A : Surface area of a hemispherical pool (m 2) 
C : Morphology constant 
c : Specific beat capacity (J /kg.K) 
f i Lliquid fraction of solidifying melt 

( O < A H / L  < 1) 
g : Gravity acceleration vector (m/s 2) 
A H :  Nodal latent heat undergoing phase change 

( 0 < A H <  L) (J/kg) 
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Hz : Initial depth of molten liquid relocated in 
lower plenum (m) 

h : Enthalpy (J/kg) 
Kp Z Permeability 
L : Latent heat of fusion (J/kg) 
N u  : Nusselt number 
p : Pressure (N/m 2) 
q" ~ Heat flux (W/m 2) 
4" : Surface-averaged heat flux (W/m 2) 

s 
q"  : Volumetric heat source (W/m 2) 
R : Inner  radius of the hemispherical cavity 

(m) 
R" : Ratio of the up- to-down heat fluxes 
Ra': Modified Rayleigh number based on 
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q"  (=pZcg13q"RS/ ~lz) 

T " Temperature (K) 

u : Velocity vector (m/s) 

V " Volume of a hemispherical pool (m 3) 

Greeks 
p " Liquid density (kg/m a) 

fl : Thermal expansion coefficient of liquid 

(l/K) 

e : Emissivity 

x : Thermal conductivity (W/mK) 

0 : Angle along the vessel wall 

/1 : Dynamic viscosity (kg/m-s) 

Sub/superscripts 
avg: Average 

b : Buoyancy 

d n :  Downward 

e : Electricity 

h : Latent heat 

l : Liquid 

m p :  Molten pool 

s : Surface 

th : Thermal 

u : Velocity 

up : Upward 

1. Introduction 

One of the most important issues arising in 

the analysis of severe core meltdown accidents, 

is to predict accurately the possibility of IVR 

(In-Vessel Retention) through the removal of the 

decay heat generated in the molten corium from 

the lower head of the RPV (reactor pressure 

vessel), by either reflooding of the internal vessel 

or flooding of the reactor cavity. The possibility 

of IVR depends on heat flux on the inner side 

of the vessel (between the melt and the wall), 

the heat transfer on the upper side of the molten 

pool (between the melt pool and the upper 

boundary),  the heat conductivity of the vessel 

material and the heat transfer at the outer side 

of the wall (between the wall and the boiling 

water). Among these, the downward heat transfer 

from the molten pool to the peripheral crust 

region has a direct impact on the conduction heat 

flux out to the reactor lower head, which, in turn, 

determines damage to the lower head wall. Vari- 

ous heat transfer mechanisms should be consi- 

dered when investigating these issues, including 

the natural convection of a molten pool, the 

thermal interaction between the molten pool 

and the vessel wall, the possibility of the internal 

and external cooling of the reactor walls, and 

the mechanical behavior of the vessel (Lee and 

Bankoff, 1998). For a successful IVR, it should 

be proven that the heat transfer is so efficient that 

at least part of the RPV wall thickness maintains 

its structural properties and is able to support the 

mechanical load that results from both the weight 

of the corium and the lower head, and from the 

pressure difference between the inside and the 

outside of the RPV. 

Internal vessel cooling can be made by a miti- 

gating accidental action like a passive internal 

vessel water injection to cool down molten or 

particulate debris accumulated in the lower head 

of the vessel during a late core degradation phase. 

Internal vessel water injection to cool down the 

lower head debris bed is still recognized as an 

important cooling method, but this cooling meth- 

od creates negative effects such as significant hy- 

drogen generation. In contrast, the external vessel 

cooling has been regarded as one of the IVR 

strategies, by keeping the temperature of a signif- 

icant portion of the RPV lower-head below the 

wall creep deformation criteria. Intensive research 

has been performed worldwide on the feasibility 

of IVR through an external cooling of the reactor 

lower head as a possible accident management 

strategy (O'Brien and Hawkes, 1991; Park and 

Dhir, 1992 ; Theofanous et al., 1995 ; Chu, et al., 

1997 ; Cheung and Liu, 1999). It has been shown 

that the small and medium-sized reactor designs 

could maintain the integrity of the reactor lower- 

head during a severe core meltdown accident 

(Theofanous et al., 1995). The efficiency of ex- 

ternal vessel cooling should be investigated fur- 

ther to explore the feasibility of corium vessel re- 

tention, particularly for reactor vessels with high 

volumetric heating rates. 

However, fewer studies have been performed 

on the effects of internal and external vessel mix- 

ed cooling on RPV thermal behavior. The main 
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purpose of this paper is to numerically investi- 

gate the effects of both internal and external vessel 

cooling on the retention of an internally heated 

hemispherical molten pool vessel. In the present 

analysis, a 1/8 m linearly scaled-down reactor 

vessel from the Korean Standard Nuclear Power 

Plant (KSNP, a PWR of 1000 MWe with a large 

and dry containment) is utilized as the numeri- 

cal model. The present study simulates conjugate 

problems (natural convection with solid-liquid 

phase change heat transfer in the molten pool and 

heat conduction in the vessel wall) with internal 

and external vessel cooling boundary. 

2. Scaling Analysis and 
Assumptions 

Figure 1 shows a schematic diagram of the 

molten pool system and cooling boundary condi- 

tions. In the present analysis, it is assumed that 

the scale-down vessel lower head with an inner 

radius of 0.25 m is filled with A1203 melt simu- 

lant (with a Prandtl number of 0.68) in place 

of a molten pool corium pool (with a Prandtl 

number of 0.5--0.8)(Kang et al., 1998; 2000). 

These geometrical and molten pool conditions 

have been utilized in the LAVA-4 gap-cooling 

experiment (Kang et al., 2000) of the SONATA 

experimental series (Suh et al., 1995). 

In a scaled-down reactor vessel, it is necessary 

to specify an appropriate heat source comparable 

to a typical reactor case. In order to simulate the 

real thermal load on the vessel wall, the amount 

of power density generated in the molten pool 

Fig. 1 Schematic of the hemispherical pool and 
boundary cooling conditions 

(via an external heating method such as direct 

electrical or Joule heating) is determined by equa- 

ting the downward averaged heat flux (Clan, eq. 

( l ) )  in the scaled-down vessel to that in a typi- 

cal reactor. The downward averaged heat flux 

(c]~n) corresponding to the decay heat is about 

0.6 MW/m 2 for the KSNP design with an elec- 

tric power of 1000 MWe (thermal power of 3000 

MWth) and with the PRV inner radius of 2.06 m. 

The internal heat generation can be estimated by 

the following overall heat balances (eqs. ( 1 ) -  

(3)) that equate heat loss from a hemispherical 

pool to the both upward and downward surfaces 

(Theofanous et al., 1997 ; Epstein, 1989). 

4~n=q"Vmp{ 2zrR2(l +0.5R')  } -t (1) 

q"= (Aup~. + A~,~,) / V~p. V,~p = 2  7fR 3 (2) 

R" = Nuut,/ Nua ,  (3) 

Here, the ratio of the up- to-down heat fluxes, 

R' ,  depends on the modified Rayleigh number 

(Ra')  and the strength of natural convection 

occurring within the molten pool. The decay 

heat power densities are 1.3 MW/m 3 for R ' =  

1.0 and 1.43 MW/m 3 for R ' : I . 3 ,  respectively 

(Theofanous et al., 1997). The present scaled- 

down reactor vessel (R=0.25  m), with an inter- 

nal power density of 10.8 MW/m 3 in the case 

without natural convection ( R ' : I . 0 ) ,  or 11.8 

MW/m s in the case with natural convection 

(R '=1.3)  is required to generate the same heat 

fluxes as that of the KSNP. In this analysis, 

we utilized a lower power density of 10 MW/m 3 

corresponding to the lower bound of internal 

power density. This heat source is characterized 

by the modified Rayleigh number of 6.75× 101° 

in the present scaled-down geometry and this 

value is much lower than real corium expected 

in the core meltdown accident (Ra=1014~ 1017). 

Since the modified Ra number is the only repre- 

sentative dimensionless group of natural convec- 

tion heat transfer with heat source, the present 

value of the modified Rayleigh number corres- 

ponds to a laminar-to-turbulence transient re- 

gime of natural convection flow under a given 

Prandtl number (0.68). No special turbulence 
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models need to be used up to a Ra number  o f  

1012 (Nourgal iev  et al., 1997). 

In order  to describe molten pool  thermal be- 

havior,  the fo l lowing assumptions are incor- 

porated in the present numerical  model.  

(1) The  l iquid molten pool  material  is sub- 

jected to a single species with a uniform heat 

source. 

(2) The  flow of  the Newtonian  fluid is axisy- 

mmetric,  laminar  and incompressible.  

(3) The  material  properties are constant  dur ing 

the whole  transient t ime and the Boussinesq ap- 

proximat ion  is applicable.  

(4) An enthalpy formulat ion for the energy 

equat ion can be to account  for phase changes. 

(5) The  crust is assumed to be homogeneous  

without  gap cool ing  through porous  media. 

Based on the aforement ioned condit ions,  the 

initial and geometric data are summarized in 

Table  1. Thermophysica l  properties for the melt 

pool  s imulant  and the vessel wall  are given in 

Table  2. 

The current model  predictions has been vali- 

dated by considering a zero heat source for which 

reliable experimental  data are available for a 

L A V A  reactor. The  current model  predictions 

are compared  with L A V A - 6  tests having less gap 

cool ing  than other  experiments with the outside 

Table 1 Initial and boundary conditions 

Lower Head Geometric Conditions Melt simulant : Al2Oa 
Lower Head Inner Radius : 0.25 m 
Vessel wall thickness : 0.025 m 

Molten Pool Initial Conditions 
- System pressure (bar) 
- Pool depth or Aspect ratio (HI~R) 

- Initial melt pool temperature (K) 
- Melt pool heat source (MW/m 3) 

- Prandtl number of melt 
- Vessel wall temperature (K) 

Boundary Cooling Conditions 
- Melt pool overlying water (K) 
- Ex-vessel water temperature (K) 
- Ex-vessel heat transfer coefficient 

(dry case) 

17 
1.0 ( fully filled with AlzO3 in the lower plenum) 
2500 (180 K superheated) 
10 (=  S¢,,) 
(Ra '=6 .75  × 10 l°) 
(cf. R a ' ~  101~- 1017 for oxidic core melts) 
0.68 (cf. Pr,~0.6--0.8 for oxidic core melts) 
427 (50 K subcooling at 17 bar) 

477 (saturation temperature at 17 bar) 
323 (50 K subcooling at 1 bar) 
Constant heat transfer coefficient (50 W/m2K) 

Table 2 Thermophysical properties used in the present analysis 

Thermophysical parameters Melt simulant : AlzOa Vessel wall : Stainless steel 

Melting temperature (K) 2320 1800 

Latent heat of fusion (J/kg) 1.12× 106 2.5× l0 s 

Specific heat ( J /kg .K)  1230 540 

Thermal conductivity (W/m-K)  9.0 35 

Density (kg/m) 3751 8000 

Dynamic viscosity (kg/m-s) 5.0× 10 -a -- 

Thermal diffusivity (mZ/s) 1.95 )< 10 -6 -- 

Thermal expansion coefficient (I/K) 1.65 × 10 -s 

Thermal radiation emissivity 0.6 0.6 

Morphology constant 1.0 × 106 
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Fig. 2 Molten pool average temperature 

wall in the lower plenum of vessel begin cooled 

by radiation after 250 sec. The results of the com- 

parison made are as indicated in the Fig. 2. The 

computed results are in good agreement with 

those obtained experimentally. 

3. Numerical Techniques and 
Boundary Conditions 

3.1 Numerical techniques 
A computational program has been develop- 

ed and this program has the capabilities of analy- 

zing (1) laminar natural convection of a single 

component fluid with volumetric heat generation, 

(2) l iquid-sol id phase change in the fluid, and 

(3) heat conduction in a hemispherical vessel 

wall containing the fluid. In the validation stu- 

dies, this program was well verified through the 

analysis of the partial solidification of  a molten 

pool with/without  volumetric heat sources for 

rectangular laminar flow regime of  a molten pool 

(Kim et al., 2000; Ahn et al., 2000). 

The computational boundaries are treated as 

radiation, convection, and pool -boi l ing  heat-re- 

moval. Under the above assumptions, the conser- 

vation equations are given as follows. 

Conservation of  mass 

V - u = O  (4) 

Conservation of  momentum 

8u 
o~,,[~-+ (u.V) u] (5) 
= - v b + v .  (aVu) +Sb+S,  

Conservation o f  energy 

3h hi Ore1[--~--b (U'V) (6) 

=v.  [KV(h/c) ] + S~,,+ Sh 

Heat conduction in the vessel wall 

ah 
O r e z ( - ~ - ) = V ' [ x V ( h / c )  ] (7) 

Source terms 

Sb = -- Preeglg (h-- hrel) / c (8) 

Su = - ~  u (9) 

[ Of + (u V)/] 
S h = - p r e z L  I_ Ot " (I0) 

8¢,,---- const  ( 11 ) 

Here, the buoyancy source term, Sb, accounts 

for the natural convection effects of the molten 

pool. The velocity source terms, Su, are used to 

suppress or initiate the velocity components as 

the liquid material undergoes a phase change 

from a liquid state to a solid state or vice versa. 

f~ Ks= (12) 
C(1 _ f ) 2  

where Kp is the permeability and C is constant 

dependent on the morphology of the porous 

medium (Voller, 1987). f i s  liquid fraction defin- 

ed as A H / L .  The energy source term, Sh, is used 

to account for the effect of  solidification. The 

first term in the square brackets, Of~at des- 

cribes the energy released from the liquid phase 

when solidification is made and the second term 

accounts for the convective effects due to the 

presence of a mushy region (if it exists). Finally,  

the volumetric heat source term is given as S¢,, 

as shown in table 1. 
In order to evaluate the flow and enthalpy 

fields, the above set of coupled partial  differential 

equations is discretized by the body-fit ted non-  

orthogonal grids (Choi et al., 1993; Ferziger 

and Peric, 1996) using a finite volume approach 
with collocated arrangements of variables. The 

discretized equations are solved iteratively using 

the strongly implicit procedure (Stone, 1968) and 
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the SIMPLEC algorithm (Van and Raithby, 

1984). The second order Euler backward implicit 

time step method is employed for constructing 

the discretization equations for unsteady flow 

and enthalpy. The QUICK scheme (Hayase et 

al., 1992) with deferred correction (Khosla and 

Rubin, 1974) is utilized to discretize the convec- 

tive term of the momentum equation. For  the 

method undergoing a phase change a Darcy 

source technique (Voller and Swaminathan, 

1991) is used. 

Grid dependency is checked with three dif- 

ferent grid sizes (42 × 42, 72 × 72 and 92 × 92) and 

72X72 is employed for computing the discrete 

values of the velocities and the enthalpy in the 

domain. To calculate the transient phenomena 

on the molten pool and vessel thermal behavior, 

a constant time step of  0.05 sec was applied. It 

was confirmed that a smaller time step did not 

change the accuracy. Convergence criteria was 

1 X 10-4% of the total mass present in the hemis- 

pherical cavity and then the absolute value of 

the energy balance error (the density product the 

surface integral of new latent heat subtracted from 
the old value) dropped below 1X 10-3%. 

3.2 Initial and Boundary cooling conditions 

In the LAVA experiment, the initial tempera- 

ture of  the molten pool is assumed to be 2500 K 

(180 K superheat is the number correct), and the 

initial temperature of the vessel wall is given the 

same 427 K (50 K subcooling at 17 bar) (Kang et 

al., 2000). 

The upper surface of the melt pool may be 

cooled by the overlying water (i.e., wet condi- 

tion) or subjected to a dry atmosphere (i.e., dry 

condition).  A radiative heat transfer formula is 

utilized for the dry case and a boiling heat trans- 

fer is assigned to the wet case. For  the wet case, 

the Rohsenow correlation (Rohsenow and Choi, 

1961) and modified Bromley correlation (Collier, 

1981) are employed for a nucleate boiling regime 

and for a film boiling regime, respectively. Also, 

critical and minimum heat fluxes are calculated 

using the Zuber correlation (Churchill  and 

Churchill, 1975). In a transition boiling regime, 

a logarithmic interpolation between the C H F  

(critical heat flux) and the minimum film boi- 

ling heat flux are used to determine the heat flux 

at that temperature. In addition, radiation heat 

transfer between a melt pool surface and an 

Table 3 Upward pool boiling correlations 

Correlations Correlations according to regime (upward) 

Nucleate boiling regime 
[_ Cm( Ts . r f -  Ts~t) q_p_ ~ q~,'b [ d 'll/z~ * 

Pr" L g(Pt--Pv) I I 
Rohsenow 

q)'~tm =0.943 In,, (p,-- Or) gkg (hjg + l /2cpvA T) #,,Lc] ~"A T °'rs 
Film boiling regime Modified Bromley 

q~it,n=O.O9pvh~g[ a(pz_ pv) g /  pZt]l,4[pt/ (pt+ pv ) ]1/2 
Minimum film boiling regime Zuber 

Table 4 Downward pool boiling correlations 

Correlations Correlations according to regime (Downward) 

hz=0.135[l.414+Zl.76(Two-- Tz)t/612 (323~ Two~409 K) 
Subcooled regime Churchill and Churchill 

Nucleate boiling regime 

Transient boiling regime 

( Too - T, at) a 
hL=0.55 , (409~ Two~633 K) 

Two- 7", 
Experimental results of Dhir 

hL=532.5 I 553 I s.a°s Two-- Tsar , (633< Two<926 K) 

Experimental results of Dhir 
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overlying water pool is added during stable film 

and transition boiling. The details of the above 

correlations are presented in Table 3. The feed- 

back effect of thermal hydraulic conditions due 

to sustained steam generation and associated sys- 

tem pressurization is neglected. Analyses are not 

considered for the venting of a steam/water mix- 

ture on the top, and the dynamic behavior of 

the two-phase natural circulation flow. 

The exterior of the vessel may be submerged in 

water (i.e., wet condition) or subjected to the 

atmosphere (i.e., dry condition). A constant nat- 

ural heat transfer coefficient is utilized for the 

dry case and boiling heat transfer correlation for 

the wet case. For the dry case, a heat transfer 

coefficient of 50W/m2K (Bejan, 1993) is taken 

due to natural convection for surrounding air 

temperature of 323 K at l bar. Also, the radia- 

tion effect outside the exterior wall through air 

is added between the exterior wall and the sur- 

rounding atmosphere. For the wet condition, the 

present model utilizes the average single phase 

natural convection heat transfer coefficient for a 

submerged hemisphere which is obtained from 

the correlation suggested by Churchill and Chur- 

chill for subcooled water (Churchill and Chur- 

chill, 1975). Also, the heat transfer coefficients 

in nucleate and transitional boiling are obtained 

by two correlations based on the experimental 

Dhir's results (Dhir, 1978). The present cooling 

model is only applied to the pool boiling condi- 

tion, but bubble behavior along the curved sur- 

face (i.e., two-phase hydrodynamics) is not 

taken into account to obtain heat transfer at 

the surface. 

4. N u m e r i c a l  R e s u l t s  and 

D i s c u s s i o n s  

Computational calculations were carried out 

for up to 2500 seconds to get transient local heat 

fluxes and temperatures at the vessel wall for 

three typical azimuthal angles (0 °, 50 °, 80°). 
In order to gain further insight on the effec- 

tiveness of internal and external vessel mixed 

cooling on the corium vessel retention, the present 

numerical simulations are performed for each 

of the following four different boundary condi- 

tions : 

(Case 1) no water cooling in internal and 

external vessel (dry in-vessel and dry ex-vessel); 

(Case 2) water cooling in internal vessel and 

no water cooling in external vessel (wet in-vessel 

and dry ex-vessel); 

(Case 3) no water cooling in internal vessel 

with water cooling in external vessel (dry in-  

vessel and wet ex-vessel); 

(Case 4) water cooling in internal and external 

vessels (wet in-vessel and wet ex-vessel); 

4.1 Molten pool thermal behavior 
Figure 2 shows the total volume-averaged tem- 

peratures of the molten pool for four different 

cases, which are governed by the energy balance 

between the heat generation rate within the 

molten pool and the heat loss rate through the 

boundaries. If the rate of heat generation in the 

molten pool exceeds the heat loss, the molten 

pool will remain in liquid phase near its upper 

surface. Also, the initial temperature of the inte- 

rior wall vessel is much lower than the solidif- 

ying temperature of the molten pool and conse- 

quently a crust will immediately form on the 

inner wall of the vessel that is in contact with the 

molten corium. 

In Case i, the average temperature of the 

molten pool increases monotonously and reach 

2937 K at 2500 seconds. In the dry case, the heat 

from the upper surface of the molten pool is 

transported by radiation. In Case 2, the tempera- 

ture increases up to a maximum temperature of 

2780 K at about 1400 seconds and thereafter it 

remains saturated up to a temperature of 2772 K, 

which is much higher than the melting tempera- 

ture of the vessel. Dry external conditions such 

as Cases l and 2 give rise to increasing average 

temperatures, so the average temperature cannot 

be lowered without external cooling. Even if 

there is water cooling in the internal vessel as in 

Case 2, the average temperature increases. The 

results of Case 2 are mainly due to the fact that 

the wet internal upper boundary heat transfer 

condition generates film boiling condition rather 

than a nucleate boiling one. If the superheat of 
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molten pool is in the region of nucleate boi- 

ling, the internal vessel cooling will be highly 

effective in removing internal heat from the 

molten pool. 

When external vessel cooling conditions such 

as in Cases 3 and 4, are imposed, the molten pool 

average temperature slowly decreases until it 

reaches a quasi-steady temperature of 1800 K. 

The result of Case 3 shows that external vessel 

cooling is a highly effective cooling boundary 

condition than is the internal cooling boundary 

condition. However, despite additional cooling in 

internal vessel such as in Case 4, mixed cooling 

boundary conditions give slight effects, compared 

to external vessel cooling conditions. 

Figures 3(a) and (b) show the average upward 

and downward heat fluxes for each of the four 

cases. The average downward heat fluxes for 

22OO 
V i ~ ~ / ~ 1 1 ~ d O n g  Temp. 

2000 angle=0 ° Ra' =6.75e10 
inner outer 

leoo CASE 1 
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2200 

= i i i 
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vH~dwanP/~ltJ~ Te~la*. ang~=50 ° Ra'=6.75e10 
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--o-- --n--  CASE 3 
~ --O-- CASE4 

i i i 
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(b) Case 3 and 4 

Comparison of upward and downward with 
the average heat fluxes 

Cases 3 and 4 in Figure 3(b) are much higher 

than those in Cases 1 and 2 in Figure 3 (a). This 

means that the downward cooling in Cases 3 

and 4 removes heat more than upward cooling 

in Cases 1 and 2, because the downward heat 

flux is under the nucleate boiling regime. Down- 

ward cooling conditions in Cases 3 and 4 present 

a peak heat flux value approximately after 50 

seconds. After this time, downward heat fluxes 

decrease gradually due to heat transfer resistance 

by crust formation. 

4.3 Temperature transient with angular 
position 

Figures 4(a) to 4(c) show the variation of 

local temperatures for three different angular 

positions (0 °, 50 ° , 80 ° ) at the inner and outer 

walls of the hemispherical vessel. Case 1 and Case 

2 reach melting temperature of vessel at 240 

seconds and 160 seconds for 0 ° and 50 °, respec- 

tively. And, temperature at 80 ° begins to exceed 

melting temperature after 90 seconds. There is a 

trend of increasing heat flux with increasing az- 

imuthal angle because of buoyancy force effects. 

As shown in Figure 4, Case 3 and Case 4 are 

also similar to Case 1 and Case 2 in view of the 

inner and outer wall temperatures increasing. 

Although direct comparison with experiments 

cannot be made, the above results are consistent 

with Theofanous's experiments, which were im- 

plemented under wet external cooling conditions 

(Theofanous, 1997). 

The temperature differences between the inner 

and outer wall for Cases 3 and 4 are much larger 

than that for Case 1 and Case 2. In spite of in- 

vessel cooling conditions such as Case 2, the 

entire vessel wall temperatures exceeded the 

melting point of the vessel (1800 K) after about 

90 seconds. The entire vessel wall is maintained 

far below its melting temperature over the whole 

transient time in the cases of wet external vessel 

cooling conditions. 

Figures 5 to 7 show velocity vectors and tem- 

perature contours for four cooling boundary 

conditions. As shown in figure 5 of the dry case 

of the external vessel, it can be seen that the 

wall of the vessel begins to melt at around 200 
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Fig. 5 Velocity vectors and temperature contours for 

Case 1 and Case 2 

will be larger and larger in the dry external vessel 

condition. Figure 6 shows the formation of a 

crust at the upper surface by wet boundary condi- 

tions on the internal vessel, which generate film 

boiling cooling conditions on the upper surface 

and then reduce the heat transfer rate. Near the 

upper boundary region, the crust formation of 

Case 4 (i.e. part of the invisible velocity vec- 

tors) is thicker than that of Case 3, because of 

the lower temperature as shown in Figure 4(c).  

As seen at 2500 seconds (quasi-steady),  internal 

wet cooling conditions have a little role in heat 

removal in comparison to Case 3, so the con- 

duction heat transfer through the crust does not 

contribute to heat removal. Cases 3 and 4 show 

stronger cooling effects in contrast to Cases I 
and 2 in view of vessel failure retention. Ac- 

cordingly, this means that external cooling is 

more effective than internal cooling. This is why 

external cooling methods with highly effective 

nucleate boiling make heat transfer enhanced 

and consequently make the crust formed near the 
wall. 
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Fig. 6 Velocity vectors and temperature contours 

with time-varying crust thickness: Case 3 

Fig. 7 Velocity vectors and temperature contours 

with time-varying crust thickness : Case 4 

5. Concluding Remarks 

The effect of internal and external vessel mixed 

cooling on the retention of an internally heated 

molten pool in a scaled-down reactor has been 

analyzed. Based on the present configuration of  

the molten pool and cooling boundaries, the 

time-varying heat flux distributions and the ves- 

sel wall temperature distributions have been ob- 

tained through a numerical simulation. These 

results show that downward heat removal by 

nucleate boiling is substantially more effective 

than upward heat transfer film boiling added to 

radiation. Vessel temperature remained far below 

its vessel melting temperature over the whole 

transient time in the cases of the wet external 

vessel cooling, which was subjected to subcooled 

nucleate boiling with very high heat flux. How- 

ever, wet internal cooling with dry external con- 

dition resulted in temperatures above the melting 

temperature of  the vessel. 

The wet external vessel cooling condition is a 

more effective than the wet internal vessel cooling 

condition in reactor retention during a severe 

nuclear accident. 
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