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Abstract

This paper reports an experimental study of direct containment heating (DCH) which would
occur if the primary system pressure is still high at the time of vessel breach during a light
water reactor core melt accident. The experiments were conducted in 1/30-scale cavity
models of Kori unit 1 and 2 and Young Kwang unit 3 and 4 nuclear power plants. One
1/20-scale model of the Kori plant was also used to investigate the scaling effect. The
primary variables in the experiments were initial vessel pressure, vessel breach size and cavity
geometry. It is observed that higher initial pressure and larger breach size enhance the melt
dispersal fraction. Also, the cavity geometry appears to affect the dispersal rate greatly. A
simple correlation of melt dispersal fraction is proposed in terms of nondimensional effective
period. This correlation shows good agreement with the present experimental data, the KAIST
data and the BNL data.
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1. Introduction

In the present day light water reactors (LWRs), if
complete and prolonged failure of normal and
emergency coolant flow occurs, fission product
decay heat could cause melting of the reactor
fuel. If the molten fuel mass is relocated and
accumulates on the lower head of the reactor
pressure vessel (RPV), it could cause the lower
head to fail by a thermally induced rupture or by
expulsion of an incore instrument guide tube. If
the reactor coolant system (RCS) is still at high
pressure at the time of this lower head failure,
forcible melt ejection and blowdown of the RCS
into the reactor cavity is initiated.

Blowdown gas adds both mass and energy to
the containment atmosphere. Some portions of
the molten material that is ejected into the reactor
cavity can be entrained, fragmented and dispersed
into the containment atmosphere. The debris dis-
persed from the reactor cavity can rapidly liberate
its thermal energy to the containment atmosphere.
The metallic components of the dispersed material
can oxidize with steam, releasing both energy and
hydrogen. These processes will heat the contain-
ment atmosphere and are, in general, called
‘direct containment heating(DCH)’, which- might
lead to early failure of the reactor containment
building by overpressurization or overheating. The
current probabilistic safety assessments (PSA) of
nuclear power plants are being extended to in-
clude severe accident phenomena such as DCH.

The past research on DCH phenomena have
been both experimental and analytical. An ex-
perimental study was conducted at Argonne
National laboratory using a 1/40-scale Zion cav-
ity in order to investigate a threshold gas velocity
of the melt dispersal process [1]. In this study,
they applied the observed fluid removal criteria to
the reactor system and suggested that water
should be swept from the cavity if the steam/gas
velocity in the tunnel exceeds 10 m/sec, and if
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higher than 30 m/sec, both the melt and water
should be dispersed. A scaling analysis and a
series of experiments were also performed at
Brookhaven National laboratory using three 1/42
linear scale cavity models of Zion, Surry and Watt-
sBar plants [2, 3]. They identified the breakup of
melt jet by dissolved gas, atomization at the vessel
breach, splash and entrainment from liquid film as
the mechanisms of droplets formation of the dis-
persed melt. They also proposed a scaling analysis
using a group of nondimensional parameters.

In Sandia National laboratory, a series of ex-
periments have been carried out using 1/10
linear scale cavity of Zion plant [4, 5]. In this
study, the aerosol characteristics of melt debris
and the effects of water and cavity structure were
investigated and the effect of flying distance of
melt droplets in the containment was examined.
. Their results indicated that water had little effect
on DCH phenomena while cavity structure had a
significant effect. It appears that the use of high
temperature melt simulant and larger scale model
makes these experiments unique in DCH studies.
Recently, Lee [6] and So [7] at KAIST added a
data set from the tests using Woods metal and
water. They used 1/41 and 1/25-scale cavities
of Young Kwang Unit 1 and 2. They observed
that the melt dispersal fraction is higher in the
larger scale cavity. However, the cut—off pressure
for the melt dispersal is nearly identical in both
scales.

In the analytical part of DCH studies, one
—dimensional control-volume analyses were pe
formed by a number of researchers [8, 9, 10] in
support of experimental data analysis and severe
accident analysis. In these analyses, the DCH
effects were quantified based on global mass and
energy balances. In addition, three—dimensional
models have been developed to investigate the
flow of the melt and driving gases.

This paper reports a systematic experimental in-
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vestigation of the key parameters in melt dispersal
process that have been identified in the past stu-
dies. These are cavity geometry, initial RCS press-
ure and volume, and the size of vessel breach.
The primary purpose of the present study is to
understand the key parameters in the dispersal
mechanism and to develop a simple correlation of
melt dispersal fraction in terms of nondimensional
parameters. For this purpose, water was chosen as
a melt simulant and three ditferent scaled cavities
were used.

2. Experimental Apparatus

A schematic diagram of the experimental appar-
atus is shown in Fig. 1. It consists mainly of a gas
tank, melt holder, solenoid ball valve, and cavity.
The gas tank is connected to the melt holder by a
19.4 mm ID steel pipe and it simulates the reactor
coolant system. The melt holder is made of stain-
less steel and it initially contains melt simulant.
The total gas volume of the gas tank and melt
holder is determined based on the linear scale
from the corresponding reactor coolant system
volume as listed in Table 1. The melt holder is
connected to the cavity by a ball valve. It is initial-
ly closed to maintain the high pressure in the melt
1older and it is opened by fast solenoid actuation
«© simulate the vessel breach. The vessel breach
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Fig. 1. A Schematic Diagram of Experimental Appar-
atus

cavity

size is varied by an orifice with a circular hole
located between the ball valve and the cavity. The
three orifice sizes used in this study are 10, 15,
and 20 mm in diameter. A thin aluminum foil is
layered at the orifice and it ruptures at the applied
pressure as the ball valve is opened. This orifice
unit is enclosed and connected to the cavity by a
large tube fitting nut. The cavity is made of trans-
parent acrylic for visual observation. The three
cavity models used in this study are 1/20-scale
and 1/30-scale cavities of Kori Unit 1 and 2 and
1/30-scale cavity of Young-Kwang unit 3 and 4.
A schematic of these cavities is shown in Fig. 2
with the key dimensions.

The initial pressure and temperature of the melt

Table 1. Summary of Initial Conditions and Geometric

Dimensions

Experimental Cavity Model
Kori 1/20th Kori 1/30th YKN 1/30th

Initial Conditions

Pressure of the
primary System

(MPa)

050-191 030-160  0.52-2.60

Containment
Pressure 0.1 01 0.1

(MPa)
Mass of the Core
Melt Simulant 1.044 0.310 0.471
(kg)
Temperature of
the Core Melt 300 300 300
K
Temperature of
the Driving Gas 300 300 300
K)
Volume of the
Driving Gas

(m?3)

0.0228 0.0112 0.0112

Diameter of the

Breach Size 10/15/20  10/15/20 10/15/20

(mm)
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Area =1.49E- 2m>

< L=0.39m >

(1) Young-Kwang unit 3, 4
1/30th scaled cavity

Area = 1.62E-2 rn2
(7.21E-3)

L=0.39m
(0.26)

(2) Kori unit 1,2 1/20 scaled cavity
* ( ):Kori 1/30th scaled

Fig. 2. Shape and Dimensions of Cavity Models

and gas in the melt holder are measured using a
dynamic strain gauge and thermocouples. This
pressure transducer also allows the measurement
of pressure trace in the melt holder during the
blowdown phase. The flow visualization of the
cavity is made by a high speed camera. The dis-
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persed amount of the melt from the cavity is mea-
sured by the difference of the initial melt mass and
the remaining mass in the cavity after the test. The
mass of the melt is measured using an electric
balance.

3. Results and Data Analysis

A series of tests were conducted using water as
a melt simulant and three cavity models. The driv-
ing gas was primarily nitrogen, but helium or car-
bon dioxide was also used in selected tests in
order to examine an effect of the type of simulant
gas. The primary experimental parameters were
cavity geometry and scale, breach size, and vessel
pressure. The initial conditions and the key vari-
ables are summarized in Table 1.

3.1. Parametric Effects on Melt Dispersal

Fraction

The measured fractions of the melt dispersed
from the cavity are shown in Fig. 3 to Fig. 5 for
each cavity model as a function of initial vessel
pressure and breach size. It is seen that there is a
cut—off pressure below which no melt is dispersed
from the cavity. This cut—off pressure appears to
depend upon the scale and breach size in these
tests. The dispersal fraction increases as the press-
ure increases and approaches to the maximum of
about 80% within the current experimental range.

It is also observed that the larger breach size
(orifice diameter) enhances the melt dispersal frac-
tion and this trend is more apparent in the data of
Kori 1/20-scale and Young—Kwang cavities. This
may be attributed to the magnitude of gas velocity
in the cavity tunnel; as the ratio of the tunnel flow
area to the breach size becomes larger the veloc-
ity of blowdown gas gets smaller in the tunnel
where the entrainment of melt droplets takes
place. This observation was taken into account in
the data analysis which will be discussed in sec-
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Fig. 3. Dispersed Fraction vs. Initial Vessel Pressure in
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Fig. 4. Dispersed Fraction vs. Initial Vessel Pressure in
" Kori 1/30-scale

tion 3.3.

The effect of cavity geometry is shown in Fig. 4
and Fig. 5 using the data of 1/30-scale cavities of

Kori and Young-Kwang plants. The smaller dis-

persal fraction in Young—Kwang cavity is due pri-
marily to the longer flight length of the droplets in
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Fig. 6 Dispersed Fraction vs. Nondimensional Number

Ns

the cavity tunnel since the length of

the tunnel in

Young-Kwang cavity is 50% longer than Kori
cavity as shown in Fig. 12. It takes longer in
Young—Kwang cavity for the entrained droplets to
exit the cavity. This flight length and gas velocity
in the cavity are considered as the key parameters
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in the formulation of dispersal fraction correlation
which will be presented in section 3.3.

3.2. Nondimensional Analysis

The parameters which have the main effect on
the dispersal mechanism are blowdown time, drag
force on the melt film at the cavity wall, and the
force of breaking melt drops. In order to present
the experimental results with these factors, four
nondimensional numbers were selected from the
work of Tutu et al. [2].

[}
N, =
3 HgUg ()
PV,
Ne=-p" @)

PrUR
N. =
® JpLgo &)
B Ug JE
_S P @)

Ng = -
6 Nﬁa
where,
N, = Hy
L0 ,L
- PLE
A P, P .
u, = fly)— 9 Pr=—= Vo=
R Ag pRQRTo ®RT,

N is related to the drag force by blowdown gas
and N represents blowdown time. Ns is similar to
Kutateladze number and Ns is related to entrain-
ment.

The melt dispersal fractions are shown in Fig. 6
to Fig. 9 in terms of the four nondimensional
parameters. Since the nondimensional number Ns
is inversely related to the gas Reynolds number,
the dispersed fraction decreases as Ns increases as
shown in Fig. 6. The increase of Ni, which means
the increase of blowdown time, enhances the dis-
persed fraction as shown in Fig. 7. Ns shows the

(piES
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relation between the gravitational force and drag
force. Burgles et al. [11] suggested Ns=10 as a
reasonable criterion for the onset of flooding or
flow reversal for an annular flow in a vertical tube.
It has been also suggested that this criterion could
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be used for predicting the onset of debris dispersal
in a reactor cavity as shown in Fig. 8. The dis-
persed fraction also increases as Ne which is re-
lated to the entrainment phenomenon. Ishii et al.
[12] suggested Ns=1.0 as the inception criterion
for droplet entrainment in a two—phase concurrent
film flow. However, since then, it has been sug-
gested that this number must be reduced. Fig. 9
shows the relation between the dispersed fraction
and Ns. In this figure, it is interesting to note that
the dispersion initiates at around Ne=0.5.

3.3. Correlation of Dispersal Fraction

In the previous two sections, the measured dis-
persal fractio% of melt were presented with both
the key initial conditions and nondimensional pa-
rameters in order to characterize the effects of
these factors on the dispersal mechanisms. In
these analyses, blowdown time and entrainment
mechanism (Ne¢)are found to be the key variables.
Based on these observations, an attempt was
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made to interpret the experimental data in terms
of “effective period”, t. The effective period is
defined as the blowdown time until the wvessel
pressure decreases to the pressure which corres-
ponds to Ne=0.5. This value of 0.5 for N is
based on the cut—off value as shown in Fig. 9.
The experimental data are shown in terms of the
effective period in Fig.10.

The scatter of the data in this figure is further
reduced by introducing a nondimensional effective
period,t*, taking into account of the effects of the
flight length of droplets and the droplet velocity.

=2 ©
LP

The droplet velocity, v, is assumed to be equal to
the blowdown gas velocity and the average value
during the effective period is used. Lp is the flight
length of droplets as shown in Fig.12. The melt
dispersal fractions in terms of this nondimensional
effective period are shown in Fig.11 and are best
represented by the following correlation.
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Dispersed Fraction (%)

{= -2.55+2.4t for L.0<t <34 )

=80 for 34<t

This correlation is based on the present test results
in the range of Ns from 0.5 to 6.0. If a droplet is
initiated at the point A in Fig. 12, the non-
dimensional effective period is 1.0 which is
needed for the droplet to fly from the point A to
the exit of the cavity. In the present experiments,
the dispersion starts at t*=1 and the dispersed
fraction rarely exceeded 80%. The remainder of
about 20% of the initial melt mass was left in the
cavity and other structures.

The validity of this correlation was also tested
using the data of different blowdown gases. These
additional gases were CO: and He and tests were
conducted using 1/30-scale Kori cavity. The re-
sults are shown in Fig.13 and show that the data
are well represented by the correlation.

3.4. Comparison with KAIST and BNL data

To further check the validity of the correlation
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tive Period (t*)
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Flight Length = 0.845m

(1) Young-Kwang unit 3&4 1/30 scale cavity
”

.
b}

Flight Length= 0.563m
(0.375m)

(2} Kori unit 1&2 1/20 scale cavity
* () :Kori 1/30 scale

Fig. 12. Flight Length of Cavity Models

of melt dispersal fraction developed in the present
study, the data of KAIST [6, 7] and BNL experi-
ments [3] were analyzed using the parameter of
nondimensional effective period. It is noted that
both water and Woods metal were used as melt
simulant in these experiments. The initial condi-
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Table 2. Initial Conditions of Experiments in KAIST

Initial Conditions

Experimental Cavity Model

YKN 1/25th

YKN 1/41th

Pressure of the
primary System

(MPa)
Containment
Pressure

(MPa)

Mass of the Core
Melt Simulant

03-50

01

1.2

03-5.0

01

0.27
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-3 [e]
N Py
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Fig. 13. Dispersed Fraction vs. Nondimensional Effec-
tive Period (t*) in Kori 1/30-scale

tions are summarized in Table 2.
Fig. 14 and Fig. 15 shows the comparison of

the KAIST, BNL, and the current data together

with the proposed correlation. Noting that the
cavity geometry and scale and the driving gas are
different in these three experiments, the correla-
tion developed in this study based on the non-
dimensional effective period appears to reason-
ably predict the amount of melt dispersed from
the cavity in direct containment heating events.

4. Conclusion

An experimental study of direct containment
heating phenomena has been conducted using
scaled models of Kori 1 and 2 and Young Kwang
3 and 4 cavities. Water was used as melt simulant
and the measurement of melt dispersal from the
cavity and visual observations of flow field in the
cavity tunnel were made with various initial vessel
pressures and breach sizes.

It is observed that higher initial pressure and
larger breach size enhances the melt dispersal
fraction. The cut-off pressure exists -below which

(kg)
Temperature of
the Core Melt 298 298

(K)

Driving Gas Nz Nz
Temperature of
the Driving Gas : 300 300

(K)
Volume of the
Driving Gas

{m3)

0.0348 0.0079

Diameter of the

Breach Size 9.42/12.71/1608  5.70/7.78/9.76
{mm)
Flight Le
g nghil) 0.8925 0.5442
(m)
Area(Ar) (m?) 1.49E-2 5.48E-3

Note : The cavity models are the YKN unit 1&2.

e
v

e
no melt is dispersed from the cavity. Also, the
cavity geometry appears to greatly affect the dis-
persal rate. This implies that modification of cavity
geometry could suppress DCH. Based on the
observation of the key parameters such as blow-
down time and effective period, a simple correla-
tion of melt dispersal fraction was developed by
introducing a nondimensional effective period.
This correlation shows good representation of
both the data in the present study as well as
KAIST and BNL data. For further verification and
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improvement of the correlation, heated melt tests
with heavier material are recommended for future
study.
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