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A B S T R A C T

For the purpose of figuring out the thermal-hydraulic behaviors during bottom reflooding in the narrow rec-
tangular channel of plate-type fuel reactor, experimental apparatus ‘THERMAL’ was established to simulate the
bottom reflooding process, with different inlet velocities and initial surface temperatures. The narrow channel
was formed between a heating plate made of stainless steel and a heat-proof glass. Thermocouples (TCs) were
fixed to measure the solid temperature in vertical and horizontal directions, and a high-speed camera was used
to record flow regime near the quench front. Based on experimental results, conclusions can be drawn that
quench velocity increases with increasing inlet velocity and decreasing initial solid temperature. The quench
temperature, which is strongly affected by the initial wall temperature, is almost independent of the inlet ve-
locity. A new method is utilized to determine rewetting front and quench front from ‘temperature variation
speed’ curve. Moreover, an analytical model of quench velocity in narrow rectangular channel is discussed and
proposed, which can predict quench velocity more precisely in ‘THERMAL’ facility.

1. Introduction

As is known that blowdown, refilling, reflooding and long-term
cooling are continuous sequences when large break loss of coolant ac-
cident (LBLOCA) occurs. Due to break of the pressure boundary, coolant
is expelled out of the primary loop in a very short time. Even though
reactor can be shut down in a short time, stored energy and decay heat
in the fuel elements still need to be removed urgently in case of severer
consequence. Reflooding is not only an important phase to guarantee
the integrity of core, but also a very complicated process, during which
various thermal-hydraulic phenomena exist.

The phenomenon of rapid cooling of an overheated solid is re-
cognized as quenching. However, when the surface temperature is
higher than some threshold values, coolant can't contact and cool the
surface directly. The reason is that the formation of steam film prevents
the contact between coolant and hot solid surface and cooling effect is
very limited when this steam film exists. As time passing, the steam film
gradually collapses. Once coolant contacts the surface, the solid can be
cooled acutely with much higher heat transfer ability. The phenomenon
of establishment of the contact between liquid phase and solid phase is
known as rewetting. Because of the complexity and significance of re-
flooding phenomena, experimental and theoretical studies on
quenching and rewetting have been performed by many researchers.

Murao (1978) defined the quench front as the leading edge of two-
phase contact area. The advancing velocity of quench front is called
quench velocity (or rewetting velocity). The apparent temperature, at
which the surface of fuel rods begins to be cooled rapidly and falls down
to nearly saturated, is called quench temperature.

Rewetting is characterized by a highly transient heat transfer pro-
cess. When the coolant enters an overheated channel from the bottom
side (known as bottom reflooding), the advancing tip of the liquid is
called reflooding front, which is shown as point X in Fig. 1 (Paul et al.,
2016). The location at every instant where the solid-liquid contact ex-
ists is known as rewetting front, which is indicated by point Y. The
temperature at which the transition between the dry region (film
boiling) and wet region (transition and nucleate boiling) takes place is
called the rewetting temperature.

Barnea et al. (1994) conducted an experimental and theoretical
study during quenching of an annular channel. The experimental pro-
gram covers the range of parameters applicable to the accident scenario
of LOCA in research reactors. The quantitative data and observations
were used to predict the rate of quench front velocity. Based on ob-
servations, Barnea defined rewetting temperature as the highest tem-
perature at which the slope of the surface temperature versus time
curve first exceeds an arbitrary value of 500 °C/s.

The determinations of the quench temperature and rewetting
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temperature are important for limiting the extent of core damage when
severe accident occurs, and they are essential for predicting the pro-
pagation rate of quench front. Takrouri et al. (2017) defined quench
temperature as the onset of the rapid decrease in surface temperature.
Meanwhile, quench temperature corresponds to the onset of destabili-
zation of vapor film that exists between the hot surface and liquid.
Rewetting temperature is the one at which the liquid establishes wet
contact with the hot surface.

Based on the conditions of core spraying, a 36-rod assembly was
heated to different temperatures and then cooled by top spraying,
Yamanouchi (1968) derived velocity correlation of wet front out of one-
dimensional heat conduction equation, which is shown as Eq. (1):
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T0, the critical wall temperature below which effective cooling by
wall-to-fluid heat transfer takes place, is considered to be around
150 °C, at which the water droplets starts to adhere to the surface, ac-
companied by intense boiling. The heat transfer coefficienth, in turn,
can be calculated from the test data of front velocity.

Duffey and Porthouse (1973) found that the physical processes in-
volved in the rewetting have been shown to be identical for falling
water films and bottom reflooding. According to the two-dimensional
heat conduction problem during rewetting of a thin slab, and based on
several additional assumptions, the authors obtained the rewetting
velocity correlation for low refilling rate ( <Bi 1) is the same as Eq. (1).
And the approximate solution for high refilling rate ( >Bi 1) is given as
Eq. (2):
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It can be concluded that major definitions of quench temperature
and rewetting temperature in literature are limited to literal state. In
addition, previous theoretical models of rewetting velocity (or quench
velocity) cannot be applied to different situations. The mentioned ex-
periments above were designed for rods and annual channel, while
thermal hydraulic phenomena in narrow rectangular channel are totally
different. In this study, bottom reflooding experiments in a narrow
rectangular channel were carried out over ranges of initial parameters.
Visualization results of boiling phenomena in the narrowly confined

channel were obtained by utilizing a high-speed digital camera.
Besides, a more specific method of ‘temperature variation speed’ is
proposed to determine locations of rewetting front and quench front.
Based on this method, quench velocity can be calculated from experi-
mental data. Last but not least, a suitable quench velocity model de-
duced from energy conservation, which can be applied in a narrow
rectangular channel, is also proposed.

2. Experimental facility and results analysis

The bottom reflooding experimental facility is named THERMAL,
which is the abbreviation of Thermal-hydraulic heat transfer experi-
ment for the narrow rectangular channel. THERMAL facility is built for
studying bottom reflooding phenomena in a narrow rectangular
channel. Reflooding test is different from others because it is a once
-through system rather than a circulation system. Referred to the design
of NEPTUN-III facility (Dreier et al., 1987), which is established for
carrying out reflooding experiments, THERMAL apparatus consists of
the following three main components: water loop system, test section
system and auxiliary system. The schematic diagram is shown in Fig. 2
with detail.

2.1. Description of experimental facility

The water loop system is composed of primary loop and cooling
loop. An inside coil cooler heat exchanger is installed in the primary
tank. Coolant is circulated in the cooling loop. Eventually, redundant
heat of primary loop is discharged by means of an air cooling tower.
The primary loop is used for adjusting the initial situations, such as
water temperature, volume flow rate and systematic pressure, to meet
the desired test conditions. The working fluid in the primary loop is
demineralized water, whose electric conductivity must be larger than
5μs cm/ , otherwise the electromagnetic flow meter can't function nor-
mally.

The test section system consists of main test section, steam-water
separator and water entrainment tube. Through the separator, two-
phase mixture expelled from the test section is divided into water and
steam. The separated water flows down into the entrainment tube and
the entrainment integral effect can be deduced from a pressure

Fig. 1. Photographic representation of reflooding and rewetting front.

Fig. 2. Schematic of THERMAL experimental apparatus.
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