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h i g h l i g h t s

� Two-phase flow regimes and transition behavior were observed in the coolant channel.
� Test were conducted for natural circulation with air-water.
� Data were obtained on flow regime, void fraction, flow rates and re-wetting time.
� The data were related to a cooling capability of core catcher system.
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a b s t r a c t

Ex-vessel core catcher cooling system driven by natural circulation is designed using a full scaled air-
water system. A transparent half symmetric section of a core catcher coolant channel of a pressurized
water reactor was designed with instrumentations for local void fraction measurement and flow visual-
ization. Two designs of air-water top separator water tanks are studied including one with modified
‘super-step’ design which prevents gas entrainment into down-comer. In the experiment air flow rates
are set corresponding to steam generation rate for given corium decay power. Measurements of natural
circulation flow rate, spatial local void fraction distribution and re-wetting time near the top wall are car-
ried out for various air flow rates which simulate boiling-induced vapor generation. Since heat transfer
and critical heat flux are strongly dependent on the water mass flow rate and development of two-
phase flow on the heated wall, knowledge of two-phase flow characteristics in the coolant channel is
essential. Results on flow visualization showing two phase flow structure specifically near the high void
accumulation regions, local void profiles, rewetting time, and natural circulation flow rate are presented
for various air flow rates that simulate corium power levels. The data are useful in assessing the cooling
capability of and safety of the core catcher system.

� 2017 Elsevier B.V. All rights reserved.

1. Introduction

External cooling by natural circulation has been considered
especially in advanced reactor core cooling systems because of
its high reliability and safety during severe accident scenarios.
The European versions of pressurized water reactor EU-APR1400

has adopted a passively actuating core catcher system which
arrests and retains the corium discharged from the reactor vessel
as a countermeasure for the severe accident (Song et al., 2011).
The schematic of the coolant loop in the core catcher system is
shown in Fig. 1. Molten core is cooled and the decay heat is
extracted by direct contact with water at the upside of the core
catcher steel plate and at the downside indirectly through the plate
to the coolant channel water supplied from the IRWST (In-
containment Recirculation Water Storage Tank). The water in the
coolant channel of the core catcher heats up and boils. The flow
in the coolant channel is driven by a thermally induced density
difference of working fluids to generate natural circulation flow
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without external power and removes decay heat of the discharged
molten core. An ultimate goal of the core catcher system is to cool
and stabilize molten core without molten core concrete interaction
(MCCI) and/or over-pressurization of the containment that may
threaten the containment integrity of the reactor.

There are two experimental facilities to simulate the EU-
APR1400 core catcher cooling systems. The Air-water Experiment
Passive Ex-vessel corium retaining and Cooling System (AE-PECS)
facility (Revankar et al., 2013) designed and installed at POSTECH
is based on scaling analysis to simulate natural circulation flow
in a coolant channel using an air-water system. The heated
steam-water system Cooling Experiment-PECS (CE-PECS) (Rhee
et al., 2012) is constructed in KAERI that actually simulates
steam–water flow in the coolant channel for different decay heat
of the corium. Evaluation of the core catcher facility using the
CE-PECS experiment and the RELAP5/MOD3 code has been con-
ducted especially in terms of the mass flow rate corresponding to
various heating conditions and water level in the core catcher
upper tank (Park et al., 2016). Both of these test facilities have pro-
vided some preliminary understanding of two-phase flow develop-
ment inside a core catcher coolant channel and their impact on
cooling performance of the core catcher. As prediction of two-
phase flow inside of such a complex geometry with large hydraulic
diameter using existing normal models has a limitation, further
experimental observation and data is necessary to fully compre-
hend the cooling capability of the core catcher for various flow
conditions.

Two-phase flow phenomena in a large diameter pipe are quite
different from that in a small diameter pipe. Large diameter pipe
in an air-water system under atmospheric pressure is defined as
a diameter larger than about 10 cm pipe (Shen et al., 2014), while

the hydraulics diameter of the core catcher channel is 20 cm.
Results of small scale experiments on flow boiling and pool boiling
are difficult to extrapolate to a large scale system due to scale
effects on flow structure and flow parameters such as maximum
bubble size (Batchelor, 1987) and vapor accumulation (Bui and
Dhir, 1985). To understand two-phase flow phenomena inside a
large scale channel, many experiments are carried out especially
in vertical and horizontal piping with co-current flow. Prasser
et al. (2007) have observed the two-phase flow development along
a large vertical pipe of 19.5 cm diameter using air-water and
steam-water and have collected a comprehensive database of
two-phase flow parameters for various flow rate conditions. Chan-
nel inclination effects on the flow regime in various flow condi-
tions were obtained by Oddie et al. (2003). In order to
investigate flow characteristics and the coolability of the reactor
system, full-scale experiments in a large channel have been con-
ducted in many facilities such as CYBL (Chu et al., 1994), ULPU
(Theofanous et al., 1994; Theofanous and Syri, 1997) and SULTAN
(Rougé, 1997) facilities. The experiment by Rougé (1997) using a
15 cm � 15 cm of 10� inclined a channel with a downward facing
heated wall observed a slug-type flow at low heat fluxes with peri-
odic re-wetting of the plate. The profile of coolant temperature and
void fraction is helpful to validate the two-phase flow code. In
order to estimate the coolability limits of the AP600reactor vessel,
Theofanous et al. (1994), Theofanous and Syri (1997) performed a
full-scale simulation of the reactor vessel lower head. Critical heat
flux distribution on the lower head and a correlation as a function
of angular position is given in different configurations. Chu et al.
(1994) reported the transition of the two-phase flow regimes and
boiling patterns along the AP600 reactor vessel lower head under
prototypic heat loads. These types of experiments are necessary

Nomenclature

T total measuring time [sec]
N total number of bubbles
Q volumetric flow rate [m3/sec]
q’’ heat flux [W/m2]
A area [m2]
j superficial velocity [m/s]
DNB departure from nucleate boiling
CHF critical heat flux

Greek symbols
q density
~a time averaged void fraction

Subscript
g gas
l liquid
fg difference between gas and fluid
j jth bubble
v vapor

Fig. 1. Natural circulation driven two-phase coolant loop in core catcher system.
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