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Abstract

The investigation of the fuel cladding temperature behavior and heat transfer
mechanism during the reflooding phase of a LOCA plays an important role in perfor-
mance evaluation of ECCS and safety analysis of water reactors.

Reflooding experiments were performed with horizontal and vertical flow channels to
investigate the effect of coolant flow channel orientation on rewetting process. Emphasis
was mainly placed on the CANDU reactor which has horizontal pressure tubes in core,
and the results were compared with those of vertical channel. Also to investigate the
rewetting process visually, the experiments by using a rod in annulus and a quartz
tube heated outside were performed.

It can be concluded that the rewetting velocity in horizontal flow channel is clearly
affected by flow stratification, however, the average rewetting velocity is similar to

those in vertical flow channel for same conditions.
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1. Introduction

The ability to predict the rewetting pheno-
mena of hot surface is of considerable inte-
rest in nuclear reactor safety analysis. In
the event of the LOCA, it is expected that
the depressurization of the system and the
coolant loss in the core would be followed
by dryout of the fuel rods. The residual heat
generation and stored heat in the fuel ele-
ment would cause the clad temperature of
the fuel rod to rise unacceptably. In such
an emergency, rewetting of a hot surface
can be achieved by spray cooling(BWR)?,
by bottom flooding (PWR)#, or by horizon-
tal flooding (CANDU-PHW)®, These cooling
processes can exhibit considerably different
physical phenomena, since the flow pattern
can be different,

In spite of the numerous analytical®+® and
experimental®-” studies the thermal behavi-
our of the core during reflood phase is still
the central question of the LOCA. A number
of reflood review papers have been presented
in the literature such as Yadigaroglu®, But-
terworth and Owen?”, Sawan and Carbon!®,
These research efforts are concerned with
vertical flow channels.

The horizontal channels in the CANDU-
PHW reactors are subject to asymmetrical
effects by the gravitational field. The asym-
metrical effects are not significant in normal
operating conditions but can influence the
behaviour in reflood process where the mass
flow decreases and temperature rises. Very
little information is available on horizontal
flow channels. Therefore, simple experiments
were performed with vertical and horizontal
heated tubes to investigate the effect of
coolant flow channel orientation on rewet-
ting process under well-defined experimental

conditions. Visual observation of rewetting
phenomena in the annular-geometry and in
a transparant quartz tube was also discussed.
These informations are needed for various

codes modeling the rewetting process during
the LOCA.

1I. Experimental

Fig. 1 shows the schematic diagram of the
main test loop which is used to investigate
the rewetting phenomena for both vertical
and horizontal flow channel. The detail
description of the loop was reported else-
where!V, The test section was a 1.8m long
stainless steel 304 tube with an outside di-
ameter of 19.5mm and a wall thickness of
0.89mm. The tube was electrically heated
by attaching power leads to the 78mm di-
ameter, 8mm thick end stainless steel flan-
ges. Asbestos wrapped, chromel-alumel ther-
mocouples were spotwelded onto the outside
wall of the test section, 20cm spacing in
axial direction and 4 circumferential points
at each spaces for monitoring and recording
the wall temperature. Insulation was pro-
vided by wrapping the asbestos tape around
the test section. To avoid bowing of the
test section due to thermal expansion and
contraction during horizontal flooding, outlet
part of the test section was connected to the
U-shaped flexible hose and a support pad
was provided around the insulator of the
test section.

To observe the flow pattern during rewet-
ting process another test loop was arranged
such that a indirect heater rod as a test
section was housed in -transparent pyrex
tubes as shown in Fig. 2. The indirect
heater rod was made of double stainless steel
tubes with Ni-Cr filament as a heating
element insulated by MgO. Two stainless
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fig. 1. Schematic Diagram of Test Loop

steel sheath chromel-alumel thermocouples
were embedded between the stainless steel
tubes (Fig. 3). The heater rod was a 1.2m
long with a heated length of 60cm and
maximum linear power of 1.25kw/m. And
the test section was replaced by transparent
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Fig. 2. Schematic Diagram of Apparatus for
+  Annular Type Experiments

quartz tube which was heated outside by
winding the Ni-Cr filament around the tube
to get the information of and to observe
visually the rewetting phenomena in a heated
tube. And the experimental methods and
conditions were almost same as those of
the rod in annulus.

Each experiment was done at atmospheric
pressure and a constant flooding rate. The
test procedure was as follows. The main tank
was filled with demineralized water and this
water was heated up to a desired tempera-
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Fig. 3. Idealized Presentation of Heater Rod



156 J. Korean Nuclear Society, Vol.12, No.3, September, 1980

ture. Then flow rate was adjusted by a rota
meter through the bypas line. The adjusted
flow rate divided by flow area of the test
section was defined as a flooding rate. After
setting the flooding rate, the test section
was heated up to the initial temperature by
sKVA, max. 1000 ampere, D.C power supply.
The water injection into the test section was
started by opening the quick-opening valve
after experimental conditions were obtained.
At the same time high speed data acquisition
system and strip chart recorder were operated
to detect the temperature variations. The
power to the test section was either main-
tained or switched off during injection accor-
ding to experimental conditions. The main
output of an experiment is the temperature-
time traces of the test section. The rewetting
velocity would be estimated by the methods

decribed in Ref. 11.
II1. Results and Discussions

Parameters which may influence the re-
wetting process are flooding rate, wall tem-
perature, heat generation rate, and channel
orientation. The ranges of parameters con-

sidered are given in Table 1.

Table 1. Ranges of Parameters

0. 25—40cm/sec
300—700°C

10—80°C

Vertical, Horizontal
up to 15W/cm?

Flooding Rate

Wall Temperature
Coolant Subcooling
Test-Section Orientation
Wall Heat Flux

1. Visual Observation of Rewetiing Phenomena

Rewetting can be defined by the change in
heat transfer regime during the cooling pro-
cess of hot surfaces from film to nucleate
boiling. In case of film boiling heat is con-
ducted from the hot surface to the fluid
mainly through a vapor film covering the

hot surface. When the hot surface is cooled
down to a temperature where direct contact
between fluid and surface takes place, nucl-
eate boiling is then possible. In this case
the surface is said to be quenched or rewet-
ted. This temperature is called rewetting
temperature, also called as the Leidenfrost,
calefaction, sputtering, quenching, temper-
ature corresponding to the minimum film
boiling heat flux.

It was observed in annular test section
that the rewetting front was clearly defined,
and was almost uniform around the circum-
ference of quench zone when the flooding
rate was less than 3cm/sec. This implied
that nearly uniform distribution of coolant
phase and rewetting velocify were main-
tained. However, when the flooding rate was
faster than 3em/sec, the vertical position of
the rewetting front was circumferentially
not uniform as shown in Fig. 4. So it was
assumed that surface condition seemed to
make the rewetting front not uniform. But
since such effect was very localized, average
value of rewetting velocity tended to remain
constant.

As the flooding rate increase, distinct flow
patterns were formed, as shown in Fig. 5
together with corresponding wall temper-
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Fig. 4. Showing of the Rewetting Front which
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ature. It was observed that only steam flew
up just after coolant contacted with the hot
surface. After enough steam was generated
such that entrainment of water was possible,
liquid droplets were seen to dance up and
down. This entrained droplets would hit the
hot surface and bounce back as a result of
rewetting phenomena. However, the droplets
acted as heat sinks for surface radiation and
provided very good local cooling during the
short periods of contact with the hot surface.
The flow boiling at this time was defined as
dispersed flow boiling.

Secondary observed flow pattern was film
beiling. Film boiling is the boiling mode in
waich a continuous blanket of vapor is
generated and maintained to isolate the liquid
from the hot surface. In film boiling region,
it was found that unstable and stable film
boiling took place. In case of unstable film

'3 WALL TEMPERATURE
0 2 4 6 XI00°C
T T T T

DISPERSED
FLOW BOILING

FILM BOILING
( UNSTABLE )

FILM
BOILING
(STABLE)

NUCLEATE
BOILING
FORCED CONVECTION

Fig. 5 Flow Pattern in Bottom Flooding with
Corresponding Wall Temperature

boiling film thickness was not clearly defi-
ned, and film was not continuous. In case
of stable film boiling, film thickness was
almost constant (~2mm) at the same con-
ditions, but film boiling length which was
defined as the distance between the rewetting
front and the water front was increased up
along the heater rod.

Nucleate boiling was observed at the end
of film boiling region. Near the rewetting
front very violent boiling took place at the
short small distance (~1mm). After nucleate
boiling the temperature of the heater rod
was decreased by liquid single convection.
The transition between film and nucleate
boiling becomes important when calculating
the rewetting velocity.

In order to observe the rewetting pheno-
mena in a heated tube a quartz tube heated
up to 600°C was used. Flow pattern observed
in a vertical quartz tube was similar to
those in annular test section. Injected water
could not wet the quartz tube at downstream
of the rewetting front and a liquid column
was formed in the center of the tube. When
the length of a liquid column became a cer-
tain value, the steam velocity breaked up the
liquid column into large droplets, these dro-
plets began to dance up and down and some-
times flew to the top of the tube with a
rapid progress and hit the tube like jet im-
pingement. When the wall temperature fell
down to the rewetting temperature the water
began to wet the wall, so rewetting occured.
Similar observation in a vertical quartz tube
was done in ref. 12.

When the quartz tube was placed horizon-
tally, the flow pattern was sensitive to
change of the flooding rate. At the low
flooding rate the flow was stratified and
never touched the top of the tube. At the
high flooding rate the flow pattern of rewet-
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ting was shown in Fig. 6. Film boiling was
formed at the bottom of tube, but the film
thickness was very small compared to those
of vertical. When the water front of the
bottom moved to forward very fast, the
water front of the top moved to backward
by back pressure. This implied that the
rewetting velocity in a horizontal tube was
not constant along the tube for same experi-
mental conditions.

TOP REWETTING

ATLHLLELLELLLLLELE” dALlLRRRL LRk RRNNY

BOTTOM REWETTING
FRONT

Fig. 6. Rewetting Phenomema in the Trans-
parent Horizontal Quartz Tube

2. Effect of Wall Temperature

In general, analytical study® assumed that
the wall temperature in the unwetted region,
i.e., downstream of the rewetting front, was
constant throughout the rewetting process.
This meant that the rewetting velocity was
constant. However, in all cases, axial wall
temperature was not uniform as shown in
Fig. 7. Fig. 7 shows that end effects could
be significant in experimental works. There-
fore the results from only middle portion of
the test section, where a reasonably uniform
temperature remained at the beginning of a
test, were considered. In the bottom flooding
the effect of precursory cooling by two
phase flow in unwetted region was consider-
able and the temperature of unwetted region
decreased significantly by precursory cooling.
This is clearly seen in Fig. 7. Therefore it

could be expected that the rewetting velocity
is not constant.

However, as the wall temperature was
decreased by precursory cooling, the rewet-
ting velocity along the test section was not
increased because coolant temperature was
increased as it moves along the test section
such that subcooling effect on the rewetting
velocity was decreased. It was observed by
experiments that rewetting velocity increases
as subcooling increases. So the assumption
of the constant rewetting velocity along the
vertical channel is quite reasonable, especi-
ally for the case of a low initial wall tem-
perature with a low flooding rate.

When the coolant was injected into the
horizontal test section, as we expected, phase
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distribution and the temperature distribution
around the test section circumference was
not uniform due to the gravitational force
and different heat transfer mechanism. As
stated before, at the low horizontal flooding
rate flow stratification was formed such
that the water tended to the bottom of the
test section while the steam with entrain-
ment moved to top. Flow stratification could
be seen on the temperature-time traces at
4.5cm/sec flooding rate (Fig.8). Even the
bottom region at thermocouple 4B was re-
wetted, top region at thermocouple 4T was
not contacted with coolant and cooled down
only by precursory cooling and conduction.

Fig. 9 shows that at the high flooding
rate bottom and top region were rewetted
with a time delay. But this time delay was
changed along the test section.

Our previous experimental studies'” in
bottom flooding showed that the rewetting
velocity was nearly constant with time, with
an approximately linear relation with the
reciprocal of the wall temperature. However,
the trend that rewetting velocity increase
with decrease in the wall temperature was
not found in the horizontal flow channel as
shown in Fig. 10. As previously described
the reason was thought to be due to flow
pattern variation which affects the rewetting
velocity at top and bottom in the horizontal
tube.

3. Effect of Flooding Rate

Our previous report!” showed that for all
cases of the wall temperatures the rewetting
velocity increased linearly as the flooding
rate increase. Effect of the flooding rate on
time to rewet was analyzed in Fig. 11 and
12, where rewetting time was plotted versus
the flooding rate. The rewetting time incre-
ased with decrease in flooding rate for the
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whole range but more sensibly for lower
flooding rates. This was because the increase
in the flooding rate may increase the heat
transfer coefficient and precusory cooling of
the unrewetted region of the hot surfaces.
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Fig. 11. Effect of Flooding Rate on Rewetting
Time



160

70 T T T T T

ANNULAR TEST SECTION
WALL TEMPERATURE -~

® 500°C
© 600°C

o
3 8
1 T

REWETTING TIME, sec
g 8
J

10 A
[+ 1 1 i 1 !
0 ) 2 3 4 s [
FLOODING RATE, cm/secC
Fig. 12. Effect of Flooding Rate and Tempera-

ture on Rewetting Time

Fig. 13 shows that when the flooding rate
was less than 3cm/sec in bottom flooding,
the rewetting velocity was not less than the
flooding rate. It could be expected that the
coolant wetted the wall above the water
front by annular flow. Similar phenomena
were found in a transparent quartz tube
through visual observation.

Fig. 14 shows the effect of flow orienta-
tion. It was cleary found from experimental
works that the rewetting velocity for ver-
tical flow increased with increase in flood-
ing rate, when other conditions were kept
constant. For horizontal flow, however, the
rewetting velocity was not increased linearly
with flooding rate, but except some data
the sams trend as the case of vertical flow
was obtained. It may be thought that the
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average rewetting velocities in a horizontal
flow channel were close to those in a ver-
tical flow channel for same conditions. This
is not in agreement with the results reported

in ref. 13.

4. Effect of Heat Generation Rate

All the results presented so far are those
obtained from the tests where the power
input to the test section was switched off
at the beginning of the test, t=o; i.e., no
heat generation during the rewetting process.
Fig. 15 shows the rewetting velocities at
different power inputs during the rewetting
process in a vertical channels. :

For the range of flooding rate (11.3 to
22.5cm/sec) studied, the rewetting velocity
decreased with increase in power input.
Since higher heat generation during rewet-
ting process should produce a higher wall
surface temperature and increase the heat
content to be transferred, it should cause
the rewetting front to advance more slo-
wly. Fig. 15 also shows a critical flooding
rate at which the hot surface at a certain

amount of heat flux could be wetted.

5. Correlation of Experimental Data

Recently many investigators have proposed
the analytical solutions of rewetting process
and have correlate their solutions with the
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Fig. 15. Effect of Power Input during Rewetting
Process in Vertical Flow Channel
experimental data. But upon now therc is
no proper correlation exactly inter-relate the
rewetting temperature and heat transfer
coefficient because the physical phenomena
of rewetting process were not fully under-

stood yet.

In this paper the reweiting temperature
was assumed to be constant at 260°C and
the heat transfer coefficient to be the func-
tion of flow rate, coolant subcooling, and
wall temperature.

Fig. 16 shows the results of present study
with vertical tube test section in comparison

to other’s. In this figure, U* represents the

dimensionless rewetting velocity, p_CKth_ and

(Ts—Te) represents the coolant subcooling.
Present results are not much different from
other’s as we can see in Fig. 16.

We also compared the present results from

annular test section with the theory of @

Duffev and Porthouse” as shown in Fig. 17
and we can see that present results are in
agreement with the theory of Duffey and

Port1y1s e.

No attempt was made to compare the ex- '

perimental results from the horizontal test
section with analytical models, since there
is no credible analytical model for the hori-

zontal flow.
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IV. Conclusions

Experimental studies on the rewetting
process of PWR and CANDU reactors were
carried out with the test sections such as a
stainless steel tube, a heater rod in annulus,
and a quartz tube. Emphasis was placed on
the visual observation of rewetting pheno-
mena and on the particular feature of CAN
DU reactor, which has a horizontal pressure
tube, that is, the effect of coolant flow
orientation on the rewetting process. It can
be concluded from the experimental studies
that the rewetting velocity is clearly affected
by flow stratification due to the channel
orientation with respect to the gravitational
field, however, the average rewetting velo-
cities in horizontal flow channel are similar
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to those in vertical flow channel for same
conditions.
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