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1. Introduction

During the late phase of severe accidents in PWRS
(Pressurized Water Reactors), the molten corium may be
discharged into the reactor cavity if the lower head of the
reactor vessel is failed. The cooling and stabilization of
the discharged molten corium in the reactor cavity is
important to suppress further accident progression such
as molten core-concrete interaction which can cause the
containment failure and significant release of radioactive
material outside the containment.

The strategy of pre-flooding of coolant into a reactor
cavity for ex-vessel corium cooling and stabilization was
adopted for the most operating Korean NPPs. It is
expected that the molten corium breaks up in the water
pool, and accumulated on the cavity floor in the form of
a particulate debris bed. Also, it can be coolable.
However, if the molten corium reaches the cavity floor
without the completely break-up, or the debris bed is re-
melted, a continuous molten pool is produced on the
floor and it leads to MCCI.

The properties of the discharged molten corium and
the pressure difference between in- and ex-vessel depend
on the accident scenarios. As a results, the status of
particulate debris varies. In this work, the accident
scenario analysis was carried out using MELCORL1.8.6
code to set the initial failure conditions. Five initiating
events which were SBO, TLOFW, SGTR, SLOCA,
LLOCA were adopted for the sequence analysis. For
each accident scenario, the status of a particulate debris
at the cavity floor was calculated to check for the
existence of cake.

2. Description of Model
2.1 simplified ex-vessel debris bed coolability module

So far, the cooling process of the ex-vessel corium
debris can be divided into four categories which are melt
jet breakup, particle dynamics, debris bed formation, and
the bed cooling (Fig.1). When the molten corium release
from the RPV and goes into the water, the melt jet may
break and will fragment simultaneously. The fragmented
particles fall into the cavity floor and accumulate on the
cavity floor in the form of a debris bed. The heat
generated by the debris bed can be removed by natural
circulation of coolant through the porous bed.

The coolability of the debris bed may be affected by
the ex-vessel melt behaviors which are the PRV failure
condition, jet fragmentation, debris solidification, two-
phase flow in porous media, spreading of debris in the

pool, spreading of particulate debris bed, etc. The
simplified ex-vessel debris bed coolability model
covering important parts of the ex-vessel melt behavior,
such as the melt jet break-up, debris bed sedimentation,
debris bed formation, its cooling is under development
[1]. Two modules which are DEJET and DECOOL will
be developed (Fig. 2). DEJET dealt with both the melt jet
break-up and debris bed sedimentation. The results of
DEJET module which are the particle size distribution,
the particle temperature and mass, and the cake
temperature and mass if the breakup length is longer than
pool height, provide the initial condition for DECOOL
module. Here, to obtain the particle temperature when
the particle fall into the cavity floor, we used DEJET only.
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Fig. 2. Debris bed coolability analysis flow chart [1]



Transactions of the Korean Nuclear Society Autumn Meeting
Yeosu, Korea, October 25-26, 2018

2.2 Failure condition

The accident scenario analysis was carried out using
MELCORL1.8.6 code to set the initial conditions of this
research [2]. The reference reactor was OPR1000 as a
representative operating nuclear power plant in Korea.
Five initiating events which were SBO, TLOFW, SGTR,

SLOCA, LLOCA were adopted for the sequence analysis.

Specific accident sequence of each initiating event
presenting an earliest failure of a reactor vessel was
determined. According to the selection of each scenario,
HPSI, LPSI, spray on a pressurizer, motor-driven
auxiliary feedwater pump (MDAFP), turbine-driven
auxiliary feedwater pump (TDAFP), atmospheric dump
valve, condenser dump valve and containment spray
system were assumed to be failed all. That is because the
earliest failure of a reactor vessel is directly connected to
the largest decay heat of a corium on the containment
cavity in a conservative view of coolability. In all the
scenarios, the open of two safety depressurization valves
on a pressurizer was assumed to decrease the pressure in
a primary side at the SAMG entry (when a core exit
temperature was higher than 923 K).

In addition to the scenarios of the five initiating events,
for analyzing the effect of the delay of the reactor vessel
failure, one case was added with the operation of two
TDAFPs for four hours before the reactor vessel failure
in a SBO scenario. It is SBO-T4 as the most likely
scenario in a PSA level 2 [3].

Table | summarizes the results of the analysis. The
initial break diameter on a reactor vessel was 0.15 m. It
increased due to the ablation of the failure opening. Due
to the operation of TDAFPs before the core melting, the
failure of the reactor vessel was delayed in the SBO-T4
scenario. Therefore, the Zirconium oxidation ratio in the
SBO-T4 was higher than in the other scenarios. In a
lower vessel head (LVH), there was a wide range of
corium temperature due to the presence of particulate
debris and a molten pool. The melt discharge velocity
decreased due to the decrease of the pressure in a reactor
vessel.

Table I: Range of each variable at the reactor vessel failure

Variable Name Unit Ranges of Results
Break diameter m Increased from 0.15
Corium % UO2 :Zr :Zr02 :SS&SSOX =
composition 65~75 :5~15 :5~15 :0~10
Mass in LVH ton 110 ~130
Corium temp. K 2200 ~ 2800
Corium discharge m/s 6 — 1 (in LLOCA),
velocity 22 — 8 (in the others)

2.3 Melt jet breakup & sedimentation model [1]

The melt jet initial diameter (D;) and velocity (V; =

24P \05 | . . . .
( ) ) is determined by scenarios of accident
Pmelt

progression. The jet diameter (D¢) and the velocity (Ve)
at the water surface is as follow:
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where, Hs is the free fall height form the melt release
point to the water surface. The jet break-up length is
obtained Epstein’s correlation [4].

It is assumed that the jet velocity is constant in the
water. So, the initial particle velocity is the same as jet
velocity at the water surface. On a conservative
assumption, the particle fall to the cavity floor along only
vertical direction. The particle movement is tracked by
the Kkinetic equation considering the fluid dynamic
resistance.

ot '

W:U;’ dtp :_Fdrag/mp+(pp_pl)/ppgl (3)
I:drag :%Cdpl (Up _Ua)z

where, Up, mp, z, and Cq are the particle velocity, the
particle mass, the particle location, drag coefficient. For
the drag model, Schiller and Naumann drag model [5]
was adopted.

The heat release from a particle during a sedimentation.
To evaluate the particle temperature, it is assumed that
the particles are lumped. The particle temperature during
a sedimentation is evaluated by the energy conservation
law. Initial particle temperature is assumed the
discharged molten corium temperature. Before particles
completely solidify, the heat release from a particle is
used for the phase change (Eq.4) after that, the particle
temperature is evaluated by Eqg. 5.

Ams = (JApheff (Tm _Tw)dt _Imededt)/(hﬁ +Cy (Tm _Ts,sf ))

(4)
T =T, ([ A (T, ~T, )t — [m,Qdt ) mc, (5)
where, her, Tw, Qe, and A, are the effective heat transfer
coefficient, the water temperature, the decay heat, and
the particle surface area. The effective heat transfer
coefficient is evaluated by various correlations which are
Ranz-marshall [6], Kutateladze [7], Zuber [8], Lienhard
and Dhir [9] depending on the particle surface
temperature.

2.4 results and discussion

Properties of ex-vessel corium are summarized in
table Il. The initial conditions of the pool and the cavity
are in table I11. We assumed that pool height is 6 or 6.858
m, free fall height is 0.858m or 0 m, and the failure
diameter in reactor vessel is 0.3 m. Also the pool
temperature assumes the saturation temperature at 1 bar.

Table II: Melt properties [10]

Material property Unit value

Material 70% UO2 and 30%ZrO>
Density liquid Kg/m? 8000
Cp-liquid J/kg/K 510

Cp-solid J/kg/K 450

Tsolidus K 2840
Tliquidus K 2870

Latent heat J/kg 320000
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Emssivity 0.79
Decay heat W/kg 80
Table I1: Initial pool and cavity condition
Variable Unit value
Particle diameter mm 1-10
Pool height m 6~6.858
Free fall height m 0.858-0
Pool temperature K 373
Cavity pressure bar 1
Failure diameter m 0.3

Table IV: Results
Scenario SBO- | SBO | TLOF | SGTR | SLOC | LLOCA
T4 W A

RV pressure | 1.5 1.6 1.7 1.6 1.9 0.2
[MPar]

Temperat 260 260 270 270 2300 | 2400

ure[K] 0 0 0 0

Break-up 4.19

length [m]

Pool height = 6m

Min AT* [ 848 [846 | 913 [914 [653 | 856

Pool height = 6.858m

Min AT* 106 106 114 114 846 936

4 6 0 0
*AT=initial molten corium temp — particulate debris temp at

cavity

During the breakup process, the size of the generated
particle varies. The particle temperature also strongly
depends on the particle diameter. In the simple
calculation using the energy balance, the temperature is
proportional to diameter of the third power. When it is
assumed that the typical particle diameter is 3 mm, which
is commonly used, results show in table IV.

The reactor vessel pressure varies from 0.2 to 1.6 MPa
and temperature is about 2300 to 2700K as the scenarios.
To find the maximum particulate debris temperature, we
tracked the debris particle from the end of melt jet in the
pool. So, we find the minimum temperature difference
between the discharged molten corium and the particle
temperature as the cavity floor. The breakup length is
4.19 m which is shorter than the pool height. It means
that the melt jet is completely break-up. The table 1V
shows that the minimum temperature difference is about
900K and 1000K for pool height are 6 m and 6.858 m
respectively. It indicates that the particles are solid, but
the temperature is still high as the film boiling region.

For six scenarios, the temperature of the particles was
calculated. Although the particle temperature greatly
depends on the diameter of the particles, when a typical
3mm particle, which is commonly used, is used, the
particle is a solid state but a temperature of the film
boiling region. The debris bed formation experiment will
be carried out in KAERI. At that time, the test matrix will
be made with reference to these conditions.

3. Conclusions

The accident scenario analysis was carried out using
MELCORZ1.8.6 code to set the initial failure conditions
for ex-vessel debris cooling. Five initiating events which
were SBO, TLOFW, SGTR, SLOCA, LLOCA were
adopted for the sequence analysis. For six scenarios, the
temperature of the particles was calculated, when the
condition is the pre-flooding of coolant in a reactor cavity
using a typical 3mm particle. The results show that
although the melt jet is completely break-up and particles
are solid, but the temperature is still high as the film
boiling region.
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