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Experimental studies have been performed to investigate vapor explosion phenamena which may
threaten the containment integrity during severe accidents in nuclear power plants. In this study, ex
perimental equipment is constructed for vapor explosion experiments, and the vapor explosion
experiments were conducted using water/R22. During the experiments, water/R22 interaction
phenomena were observed using the high speed camera, and the explosion pressure and released
mechanical energy were measured with presure transducer and presssure relief tube. And the ef-
fects of some important parameters-hot liquid temperature, hot liquid injection velocity, hot liquid
injection velocity, hot liquid injection time, and cold liquid depth-were investigated on the vapor
explosion. Also, the experiment with grid was conducted to study reactor - vessel - lower -structure ef-
fect on fuel/coolant interaction. Water/R22 explosion conversion ratios were measured between 0.
5~1.6%.

2 o

AR DAL FoHARRA| %%5‘ Al A FPASTE F7) 5 doA Axe Aderlel A4

< YT 43U £ ATl E F7120E mALE 4 e ARAAE AR, £ a8 A
st} 712304 A& s43tglcth °llﬂl n&ghe| e ARt 2urd A Bt
AR 2 o] 3t AL Ut S AAA A AE AF3NA. ol F
Z90lAE(EY &5, B9 F4x, B9 F Az, 222 Yuliel Fo))of iy T
Aahoich 22)x, h 4] vieke] FzEo] 88 /WA dhgol vl FaE Auiurelsted Al
P47 Aol el g Axiste) TUAYS AAGHc) T/ 2o Lo} A AZH 71A Ao
VRS o] &8 oA E82 0.5~1.6%3] Aoz A4bsglet

=
=
1A, F433719

2 2715

1:1]71.\': ax—l 0 2

I‘ﬂ-«l_m

1. Introduction enon in which the molten fuel rapidly fragments and
transfers its energy to the coolant resulting in shock
The term “Vapor Explosion” refers to a phenom- wave and possible mechanical damage[l]. If such
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event occurs during severe accidents in a nuclear
power plant, the integrity of reactor and/or contain-
ment may be highly threatened [2, 3]. Thus, many
analtical and experimental works have been
performed to understand the explosion phenomena
and predict the amount of mechanical energy
produced. However, due to the complexity of the
phenomena and the paucity of large-scaled exper-
imental data, few questions are so far cleared and,
moreover, even complex mechanism are not satisfac-
tory to precisely describe the whole process in spite
of their great efforts.

In this study, experimental investigations have been
performed using hot water(70°C~97°C)/R22(satu-
rated at atmospheric pressure) in a rectangular vessel
of 30 x30 x40cm to investigate the effects of some
important parameters on the vapor explosion. The
hot water is injected onto the liquid freon. The
parameters studied in this experiments are cold
liquid depth, hot liquid mass and temperature, injec-
tion velocity and existence of grid in the lower ple-
num. The explosion pressure and mechanical energy
released are measured with piezo-electric type press-
ure transducers installed at the vessel wall and slug
velocity measurement equipment, respectively.

2. Review of Water/Freon Experiments

Numerous experiments have been performed to
understand the mechanisms of vapor explosion and
energy generation with various simulant materials{4,
5]. Among them, a water/freon pair has been fre-
quently used in studying the fundamental mechan-
ism due to its visuality, and proper thermal property
for explosion[5].

Enger[6] and Holt{7] conducted experimental
studies with various liquid pairs including water and
R22. Both groups found that each liquid pair would
explode only when the hot liquid temperature fell
within a certain range; Enger observed explosions be-
tween 47°C an 82°C and Holt reported explosions
with 25°C water and R22 subcooled to-160°C. Since
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the reported explosive temperature ranges lay above
the homogeneous nucleation temperature(Thn) of
varous liquids, Nakanishi(8] and Katz[9] proposed
that vapor explosions could occur above Thn. How-
ever, pointing out that the explosive temperature
range extended below Thn of R22(54°C) and that
initial contact temperature between the two liquids
was below the homogeneous nucleation for almost
explosive temperature ranges, the homogeneous nu-
cleation would not be the sufficient condition for the
explosions[9].

Large scale dropping experiments were conducted
at ANL using water and R22 as well as other
simulants. The first ANL. experiment by Henry et al.
[10] showed that the lowest limit(threshold) for ener-
getic explosions was as that which produced an in-
stantaneous contact temperature equal to the homo-
geneous nucleation temperature of R22(54°C). Also,
Anderson and Amstrong at ANL showed that the
peak pressure increased linearly with dwell times.
And later, based on the available experimental data
reported prior to 1977, Fauske and Henry proposed
that vapor explosions were impossible unless the in-
between the two
interacting liquids was above the spontaneous nu-

itial interface temperature
cleation temperature[11].

The spontaneous nucleation is an extension of the
concept of homogeneous nucleation to include sur-
face nucleation effects. In addition to the lower limit
for the steam explosions, they have hypothesized the
existence of effective upper temperature limits where
stable film boiling prevented contact between the two
liquids. Thus, Fauske and Henry suggested that
explosions may occur when the interface tempera-
ture is between the spontaneous nucleation tempera-
ture and critical temperature.

However, this criterion has been criticized as a
necessary condition for a large steam explosion be-
cause the contact temperature of molten
corium/water in the light water reactor would exceed
the critical temperature of water.

Recently, stratified explosion experiments with an
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external trigger were conducted using the water/R12
pair{12]. They measured shock propagating speed
{90m/s), peak pressure(0.6 MPa) and explosion
work of 2500 J. There have been hundreds of
experiments on vapor explosions for many purposes;
there are still left further work despite such enormous
what are still left further work despite such enormous
efforts in the pasts. Morever, in experiments using
corium or metallic simulants, the systematic sensitivity
study was very limited.

Thus, the purpose of this experiment is to
measure the maximum explosion pressure under
various conditions and investigate the parametric ef-
fects on the explosion process.

3. Experimental Facility

The test facility consists of interaction vessel, water
injection chamber, isolation valves, pressure relief
tube as shown in Figs. 1 and 2. The rectangular in-
teraction vessel of 30X 30 x40cm is made of 5Smm
thick stainless steel. Its inner surface is coated with
FRP({Fiberglass Reinforced Plastic) and the outer sur-
face is covered with the ceramic fiber for thermal in-
sulation. The front face of the vessel has observation
glass which is made of 3cm thick acrilic. The cylindri-
cal water injection chamber of 30cm diameter and
60cm long has a 1kW electric heating rod for
heating the water and is pressurized by N2 gas to
control the water injection velocity.

The isolation valve(solenoid valve) on the guiding
pipe of 2.5cm inner diameter between the interaction
vessel and water injection chamber controls the injec-
tion time. The pressure relief tube, through which the
explosion pressure is released and the slug velocity is
measured, is a stainless steel tube of 10cm diameter
and 100cm height. The slug cuts off the enamel
wires(0.1mm diameter) equipped inside the tube at
the interval of 5cm and then, the electric circuit con-
nected with the wire converts the break signal to volt-
age drop signal. The slug mass is 1.5 and 7kg.

A piezo-electric type pressure transducer-PCB 102

AD5 SN3 152, its power unit is PCB Model 482A-is
used for the explosion pressure measurement. A
data acquisition system is composed of A/D con-
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verter{12bit 100kHz) and micro personal computer
(20MHz), which has the capability to store 30,000
samples per trigger. The slug velocity signal is
sampled with a oscilloscope (Tektronix 2430A,

{5) 0.297 sec
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300MHz). The electrical signal generated from a Z-
80 micro-computer(8 bit, 2 MHz) controls the whole
equipment including the valve and the data acqui-

sition systemn.

(6) 0.306 sec

Fig. 3. Visual Results of Water/R22 Vapor Explosion
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4. Experimental Procedure

The experiments are performed under the various
conditions of R22 depth{8~12cm), water tempera-
ture(70°C~97°C) and water injection welocity{2~
4m/sec). Also, the grid effect is investigated with an
iron wire net. The experimental procedures are con-
trolled with Z-80 Microcomputer for the systematic
experimental prodecure due to the very short period
of process. First, the interaction vessel is filled with
R22. Then, triggering the highspeed camera, pre-
viously heated water pressurized by N: gas is
injected with opening the isolation valve. After
injecting the water, the data acquisition system is
triggered at a preset time and collects data.

5. Results and Disscussions

In the beginning of this work, a series of tests
using water{80°C) and saturated liquid nitrogen were
attempted which did not produce the effective ex-
plosion due to Fauske’s criterion. That is, the contact
and critical temperature of liquid nitrogen are 17 and
-147°C, respectively, instead of 55 and 96°C for
water/R22. The water/R22 interaction process,
potographed with high speed. camera(1000fps), is
represented as Fig. 3. These are allowed to observe
the hot liquid/cold liquid interaction process and to
obtain the special data, for example, mixture area,
which is the area occupied by R22 vapor before
triggering, and hot liquid proceeding velocity through
the cold liquid (Im/sec : injection wvelocity is
2.87m/sec, and R22 depth is 10cm).

One interesting observation for water/R22 is the
double explosion for relatively long valve open(over
two second), where the second explosion is much
larger than the first explosion. This seems to be
caused by the fact that the unfragmented water dur-
ing first explosion may be fully mixed in the whole
liquid R22 and
refragmented to produce the second explosion

wolume when stiming the

under the confinement of upper ice layer.

Now, the effects of parameters such as-R22 depth,
water temperature and injection velocity on the ex-
plosion pressure are as follows. First, the explosion
pressure increases as the temperature of hot liquid
increases. However, at higher temperature where the
pressure in R22 increase due to the increase of R22
boiling rate and the film boiling is more stable be-
cause the contact temperature(66°C at water 93°C)
is higher than R22 homogeneous temperature(40°
C~607), the explosion pressure drops remarkably
as shown in Fig. 4. Above 95°C of the water tem-
perature, the explosion pressure re-increase is
thought to be the phenomenon by additional insta-
bility generation due to woid generation in injected
water, but this is not important because the molten
corium is not boiling.

The explosion pressure trend versus the cold
liquid(R22) depth in Fig. 5 also shows that the in-
crease of R22 depth does not monotonously in-
crease the explosion pressure. When the cold liquid
depth is low enough, the mixing time is short and
thus the mixture area-this is obtained from the film
photographed using high speed camera-is small as
shown in Tab. 1. However, when the cold liquid
depth is deep enough, the impulse of the injected
water is weaker and the ambient pressure is built up
due to larger vapor generation before triggering.

Fig. 6, which is the explosion pressure versus the
hot liquid(water) injection velocity for three different
depths, shows the same results. The explosion press-

Table 1. Measured Explosion Pressure for Three Differ-

ent Coolant Depth
R22 Water  Mixture = Water Peak
Depth Vel. Area  Amount Pressure
(em) (m/s) (m?) (a) (MPa)
80 257 0.0095 414 024
100 326 0.0153 745 046
12.0 326 0.0226 644 0.26
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ure has a very strong dependency upon the hot
liquid velocity. At the low injection velocity, the mix-
ture is not sufficiently developed because the hot
liquid is incapable of penetrating into the cold liquid,
and at the high injection velocity, the hot liquid pen-
etrate into the cold liquid, bump against the interac-
tion vessel, and the triggering event occurs before
the mixture attains full growth. Thus, the explosion
pressure increase according to the injection velocity
is limited.

Fig. 7 shows that the explosion pressure is not
much affected by hot liquid injection time because
the triggering time, which are not varied by the injec-
tion time, is constant if only hot liquid temperature,
hot liquid velocity, and cold liquid depth are con-
stant. The triggering time is about 0.47sec after the
isolation valve open when hot liquid temperature,
hot liquid velocity, and cold liquid depth are setted
to be 80°C, 2.87m/sec, and 10cm as experimental
condition showed Fig. 7. Figs. 6 and 7 are the good
evidence of a bound of vapor explosion even though
increasing the fuel mass.

The grid effect is investigated. In the reactor vessel,
the lower support plate seems to affect the molten
core behavior and the interaction between molten
fuel and coolant. Thus, an iron wire net with Imm
spacing is installed at a location 7cm above the
vessel bottom. As shown in Fig. 8, this grid weakens
the explosion pressure because the first interaction
with grid pressurizes the cold liquid, which is induced
by the vapor generation with the hot liquid frag-
mented, and the impact force at the bottom may be

reduced due to break of the column.
Finally, the mechanical energies measured in the

pressure relief tube are shown in Fig. 9. The range
lies between 0.5 and 2.5J/cm? and the injected hot
liquid has total thermal energy, which is calcuated
from the difference between water and R22 tempera-
ture. Then, the conversion ratio obtained by deviding
total thermal energy by the total mechanical energy,
which multiply mechanical energy per unit area by
the interation vessel upper surface, is 0.5~1.6%. The

Table 2. Summary of Assumptions and Mechanistic

Calculation Results
c ) Melt Mass
Investigator onversion Participating
Ratio
(Ka)
Bankoff 24,000
Corradini
s 10-15 1,000
(no mixing)
;. 02-05 1,000—-10,000
(mixing)
Mixing rate is
Fauske 70 Kg/ms
15 1,905
Theofanous 15 6,350
Park 0.005—-0016 0.4—0.8(water/R22)

results are shown in Tab. 2 and compared with those
of other works[13].

6. Conclusion

In this study, experiments were conducted using
water/R22 to investigate the effects of some import-
ant parameters on the vapor explosion. The para-
metric study in experiments shows that the explosion
pressure has the bound for all parameters of the hot
liquid mass, temperature, injection velocity and the
cold liquid depth. And, the effect of grid in the lower
plenum is revealed to weaken the explosion pressure
because the first interaction with grid pressurizes the
water and the impact force at the bottom may be
reduced due to break in the liquid column.

The conversion ratio due to the shock wave of
high pressure vapor lies between 0.5 and 1.6%.
However, this result is difficult to be compared with
that of corium/water interaction because the scaling
difficult. Thus, large-scaled
experiments are further required for best estimate of

analysis is more

steam explosion threat during the nuclear power
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plant severe accident.
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