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ABSTRACT

Reflooding experiments have been performed to study flow
and heat transfer regimes in a heated annular vertical
channel under subcooled inlet conditions. A gamma den-
sitometer was employed to determine the void fraction as
a function of the distance from the quench front. Sur-
face heat fluxes were determined by fast measurements of
the temperature spatial distribution. Two quench front is
shown to lie in the transition boiling region which spreads
into the dry and wet segments of the heated surface.

INTRODUCTION

A hypothetical loss of coolant accident (LOCA) in water
cooled nuclear reactors may result in rapid heating of the
fuel channels. In order to ptevent the fuel from reaching a
metallurgical prohibitive temperature, an emergency core
cooling system (ECCS) is activated at a predetermined
reactor pressure or coolant level. The activation of the
ECCS system marks the beginning of the reflooding phase
of the accident. The initial temperature of the fuel rods in
this phase may exceed the rewetting temperature, i.e., the
highest temperature at which a direct contact u possible
between the fuel cladding and the coolant. T l i injected
KCCS coolant, in this case, typically forms a wet patch
on the hot surface which eventually develop into a moving
quench front.

As the quench front progresses along the flow channel,
it removes heat from the hot surface by several heat trans-
fer mechanisms such as axial conduction and radial con-
vection and radiation to the coolant. At typical medium
inlet flowrates (5-15 cm/sec) two flow regimes are promi-
nent downstream of the quench front, namely the inverted
annular flow (IAF) and the inverted slug flow (ISF). A
schematic of the various heat and flow regimes at the
quench front region is depicted in Fig. 1. A two phase
mixture typically exists downstream of the quench front.
Heat transfer to the two—phase flow mixture acts as a
precursory cooling, which gradually decreases the surface
temperature prior to quenching. Precursory cooling heat
transfer is an important factor in determining the quench
front velocity.

Numerous theoretical and experimental studies aiming
at investigating the heat and mass transfer mechanisms
during bottom reflooding have been reviewed by Elias and
Yadigaroglu (1977) and by Olek (1988). Generally, while
accurate data is available on the flow structure far from
the quench front region, the complex transport phenomena
taking place at the quench front itself are not adequately
described. As a result of the objective difficulties in mea-
suring heat and flow parameters near the quench front,
there is currently no conclusive description of the prevail-
ing heat transfer regimes at that region. A quantitative
characterization of the quench front region is one of the
main objective of the present study.

An experimental investigation of the bottom refiooding
phenomena with special emphasiie on the IAF regime,
was recently carried out by Darnea (1988, 1091). The ex-



perirnental program covert a range of initial feed-vessel
pressures, hot surface temperature! and inlet water tem-
peratures. The measurements include the inlet conditions
(water temperature, nowrate and static pressure), the out-
let conditions of the two separate phases (temperature and
total accumulated mass for each phase) and local instan-
taneous measurements along the test section including the
surface temperature, the coolant temperature, local void
fraction and the maximum liquid head in the channel. A
detailed description of the experimental apparatus is re-
ported in Burnea et «J. (1988, 1990). The research pro-
gram was based on small scale experiments which enable a
quantitative analysis of thr various heat transfer regimes,
along the test section.

R E S U L T S A N D D I S C U S S I O N

In the wetted surface atea, upstream of the quench
front, two cooling regimes were observed, namely: single
phase forced convection and tubcooled nucleate boiling
(cf., Fig. 1). The quench front is characterized hy a tran-
sition boiling regime spreading into both the wet and dry
sones of the surface. A transition between the wet and
dry sones takes place when the surface temperature first
drops below the quench front temperature TQ, defined as
the temperature at the point where surface cooling rate
first exceeds 500 °C /sec. The measured values of the
quench front temperature were fitted as a function of two
parameters: the apparent rewetting surface temperature,
TAR (shown in Fig. 1), and the local subcooled liquid
temperature, Ti, measured at the quench front plane.

TAR + 0Tt

1+/3 (1)

where 02 = (KpCp)i/{KpCp)AR. TAR if evaluated as
the point of intersection of two tangent lines drawn to
the surface temperature vs. time profile before and after
quenching (Fig 2). TQ in eq. (1) is equivalent to the
intermediate contact temperature between the liquid and
metal surfaces. It was found to fit the data within better
than 10 percent in the liquid lubcooling range of 40 "C to
70 *C and TAH >n the range of 260 'C to 360 "C .

The convection heat transfer coefficient at the hot sur-
face is calculated by performing a local heat balance using
the measured rate of change of'the surface temperature.

Data evaluation enables the definition of four heat transfer
zones (cf. Fig. 2) as follows:

Zone A - Forced convection in subcooled boiling liquid
defined along the surface in the temperature inter-
val TIB < T» < TCHF, where TIB and TCHF are the
incipient boiling and the maximum heat flux temper-
atures respectively.

Zone B - Transition Boiling phase-1, is defined along the
wetted surface in the temperature interval TCHF <
T« < TQ. This sone U characterised by a gradual
decrease in the frequency of liquid/surface contacts,
and respectively, a decrease in the heat transfer co-
efficient with an increase in surface temperature.

Zone C - Transition Boiling phase-2, defined in the tem-
perature interval TQ < T» < TAR. This lone ex-
ists over a very limited area (1-3 mm) along the hot
surface and is characterized by a sharp decrease in
the heat transfer coefficient due to surface drying at
Tm > TAR.

Zone D - Subcooled Inverted Annular Film Boiling,
downstream the quench front, in the dry surface area.
In this area no liquid is in contact with the wall and
heat transfer is by convection to vapor and radiation
to the subcooled liquid film. Experimental resulti in
this region indicate a constant void fraction and re-
spectively a constant thickness layer of vapor 30-50
mm downstream of the quench front.

The last two heat transfer regimes provide precursory
cooling downstream of the quench front. The heat transfer
coefficient in the precursory cooling area was calculated
analytically by solving the energy equation in the constant
film of vapor, including • turbulent enhancement factor.
An overall good agreement between experimental results
and the theoretical model is indicated foi two typical casei
in Fig. 3.
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Fig. 3 Comparison of Predicted and Measured Fleat

Transfer Coefficients in the Inverted Annular Flow
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