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A B S T R A C T

In relation to severe accident research of a nuclear reactor, an experiment was performed to simulate the premixing
process in the vapor explosion by dropping hot stainless-steel particle into heavy water filled in a rectangular tank. The test rig
consisted of a furnace and a rectangular tank (400mm in height, 100mm in width and 30mm in depth) filled with heavy water
kept at 4oC. The particle diameter used in the experiment were 6, 9 and 12 mm, and the initial temperature of the particle
ranged from 600 to lOOOoC. The behavior of gas dome generated by heated particle-subcooled water interaction was
successfully visualized by high-frame-rate neutron radiography at the recording speed of 500 frames/s. Temporal and spatial
variations of void fraction in the gas dome were measured by processing the images obtained. The void fraction measurement
indicated the possibility that the ambient fluid was superheated by the hot particle-water contact and the vapor was generated in
proportion to the particle size and temperature. Preliminary calculations of heat transfer from hot particle to water were
conducted by using an empirical correlation for steady film boiling. Comparison between experimental and calculated results
suggested that the transient heat transfer around the hot particle could not be explained only by steady film boiling but some
other heat transfer mechanisms such as unsteady film boiling or heat transfer due to direct contact may be needed.
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1. INTRODUCTION

Vapor explosion is one of most important
phenomena related to severe accident management of a
nuclear reactor. The process of vapor explosion involves the
rapid generation of vapor as a result of large heat transfer rate
from the high temperature molten fuel to the coolant. The
fundamental process of vapor explosion consists of following
four stages: premixing, triggering, propagation and expansion
(Corradini et al., 1988)

In the premixing process, film boiling dominates at
the surface of the hot molten metal particle. The collapse of
the vapor film may cause the direct contact between the
molten metal and the coolant, which would further cause the
fragmentation of molten metal particle (Takashima et al.,
1993). Therefore it is quite important to estimate transient
film boiling heat transfer, the stability of the vapor film
around the molten metal, and also heat transfer due to the
direct contact between the molten metal and the coolant
(Adachi et al., 1998; Inoue and Bankoff, 1981). Several
investigations have been conducted concerning film boiling
around a sphere and the stability of vapor film using hot
particles (Epstein and Hauser, 1980; Stevens and Witte, 1971;
Walford, 1969). However, in these experiments the heat flux
was calculated from the transient temperature change and the
temporal variation of the void fraction around the molten
metal has not been examined well (Saito et al., 1998).

In this study, we applied high-frame-rate neutron
radiography and image processing to estimate the amount of
vapor generated due to the contact of hot particle and heavy
water. It is difficult to visualize the phenomena inside the
vapor bubble by means of optical method, because of the

irregular reflection of light on the expanding bubble interface.
On the other hand, it is expected that a radiographic method
can do it. Baker et al. (1997), Ciccarelli et al. (1994) and
Theofanous et al. (1997) applied X-ray radiography to vapor
explosion research. Since neutron radiography has
complementary characteristics to X-ray, neutron radiography
is expected to provide complementary information to that
obtained by X-ray radiography. Recently, Mishima et al.
(1998) performed visualization study by using neutron
radiography to see the breakup of molten metal jet or lump
dropped into heavy water pool. This study revealed neutron
radiography to be a useful tool for visualization and
measurement in the vapor explosion research and it was
demonstrated that the molten metal lumps or jets and bubbles
could be distinguished from the heavy water, and that the
fragments of molten metal with a diameter over a few
millimeters could be detected by this method. In the
premixing process of vapor explosion, molten metal particles
are mixed with water generating vapor bubbles. To analyze
this process, information, such as the behavior of molten
metal particles and bubbles in water, heat transfer rates from
the particles to bubbles and water with the shapes and sizes of
the particles and bubbles as parameters is needed. However,
it is rather difficult to obtain such information from a realistic
premixing condition because it consists of a complex mixture
of dispersed molten metal particles and bubbles with various
shapes and sizes. From this point of view, an experiment was
performed by simulating molten metal particles by heated
solid spherical particles.
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2. EXPERIMENTAL

Molten Metal

Neutron Beam

Fig. 1 Basic concept of high-frame-rate neutron
radiography.

The basic concept of the high-firame-rate neutron
radiography is shown in Fig. 1. The imaging system of high-
frame-rate neutron radiography consisted of a neutron source,
a fluorescent converter, a high-speed video camera and an
image intensifier. The test section was set up in front of the
converter. When the neutron beam from a neutron source
(JRR-3M, Japan Atomic Energy Research Institute) penetrates
a multiphase mixture in the test section, the beam is
attenuated in proportion to the water layer thickness along its
path. Thus the neutron beam projects the image of the
multiphase mixture. The neutron beam which conveys the
image of the mixture is converted into an optical image by a
converter (Kasei Optonix, NR converter). The luminous
intensity of the optical image is then increased by an image
intensifier (nac, GIB-M2P) to obtain a better image. After the
image brightness is intensified, it is detected with a high-
speed video camera (nac, HSV-1000). The quality of the
obtained image can be improved by using an image
processing system (PIAS-IH) consisting of an image memory
and image processor. The imaging system was basically the
same as that developed previously, except that a double
micro-channel plate was used in the image intensifier (Hibiki
etal, 1994).
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The test rig consisted of a furnace and a test section as
shown in Fig. 2. The ceramic furnace could heat stainless-
steel particle up to 1100cC with a ceramic heater. At the
bottom of the furnace, a movable rod which worked as a valve
was installed to release the stainless-steel particle into the test
section. The test section was a rectangular tank made of
aluminum alloy (30 mm-thickness in the direction of the
incident neutron beam, 200 mm wide and 400 mm high). The
tank was filled with heavy water and heated stainless-steel
particles were dropped into the heavy water by pulling the
movable rod up. Nitrogen cover gas was used over the heavy
water surface. As for the instrumentation, the temperatures of
heated stainless-steel particle and the heavy water were
measured with chromel-alumel thermocouples. The initial
temperature of the heated stainless-steel particle ranged from
600 to 1000°C, and the heavy water temperature was kept at
4°C. Three types of spherical particles with different sizes of
6, 9 and 12mm were used to investigate the effect of particle
size on the heated particle-heavy water interaction. The
summary of the experimental conditions is given in Table 1.
In this experiment, the heated stainless-steel particle-water
interaction was visualized at the speed of 500 frames/s by the
high-frame-rate neutron radiography. Void fraction was
measured from obtained images by means of the ^scaling
method (Mishima and Hibiki, 1996).

3. RESULTS AND DISCUSSIONS

3.1 Visualization of Hot Particle-Water Interaction

Figure 3 shows an example of original consecutive images
of the interaction between the hot particle and heavy water
taken at the recording speed of 500 frames/s. The particle
diameter and the initial temperature were 12 mm and 1000°C,
respectively. To elucidate the behavior of the gas dome, the
images are shown every 8 ms. The image at the upper left
(time: 0 ms) indicates the rectangular tank filled with heavy
water just before the particle reached the water surface. The
square dark part occupying most area of the image indicates
heavy water in the tank. The nitrogen cover gas-heavy water
interface is clearly visualized. Following consecutive images
show the behavior of gas dome formed by the contact of the
hot particle and heavy water. Although the hot particle can
not be clearly identified in these still images, it could be
recognized in the motion images played back. According to
this observation, the particle went out of the sight at 20 ms
after it reached to the water level. The gas dome was formed
along the path of the dropping particle. It can be seen from
the images after 20 ms that the gas dome did not reach the
bottom of the image, although the particle passed through.
This means that the heat transfer from the particle to the
ambient fluid occurred very quickly. The gradual expansion
of high void region after 20 ms implies the possibility of
thermal non-equilibrium conditions such as superheat in the
ambient fluid and the pressurization of the gas dome. During
the time from 32 ms to 64 ms, the position of the dome-tip
was almost unchanged and the dome diameter was gradually
increased in the transverse direction due to the relaxation of
thermal non-equilibrium conditions. The gas dome then
gradually shrank after the termination of relaxation process.

Fig. 2 Schematic diagram of test rig.
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Fig. 3 Consecutive images of hot stainless-steel particle and heavy water interaction.
(Recording speed: 500 fps, Frame interval: 8 ms, Initial particle temperature: 1000 °C, Particle diameter: 12 mm)

3.2 Void Fraction Measurement

Figure 4 shows the contour map of cross-sectional
averaged void fraction Qfcross against the distance from the
liquid level, z and the passage time, /. The cross-sectional
average was performed at each distance from the liquid level
in the horizontal plane with the depth of 30 mm and the width
of 38 mm on both sides of the dome center line, namely
76mm. The experimental conditions in Fig. 4 correspond to
those in Fig. 3. The slope of the contour line for across = 0.05
roughly indicates the velocity of the dome-tip in the z
direction, namely vertical downward direction. The velocity
changes from negative (vertical downward direction) to
positive (vertical upward direction) with time. The dome-tip
velocity during 0-20 ms is estimated to be 5.3 m/s,
corresponding to the falling velocity (~5.4m/s) of the particle
at the liquid level calculated by assuming a 1.5 m free fall.
After 20 ms, the dome-tip velocity became negative since the
particle had left the dome-tip. As shown in this figure, we did
not observe any bubbles below the dome-tip at t > 20 ms.
Thus, it could be considered that the heat transfer from the
heated particle to ambient fluid finished within 20 ms
resulting in superheat in ambient fluid and pressurization of
the gas dome. Then superheated ambient fluid began to

evaporate and the gas dome expanded around z = 60 mm due
to the surface tension of the gas dome. The maximum value
of void fraction and the location of maximum void fraction
increased with particle size and initial temperature, i. e., the
heat transfer rate and the heat capacity of the hot particle.
This means that the gas dome consisted mostly of the vapor
and contained some entrained cover gas. It should be noted
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Fig. 4 Contour map of void fraction against distance
from liquid level and passage time.
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Fig. 5 Temporal variation of volume average void
fraction as a parameter of particle temperature.

here that the cross-sectional averaged void fraction across is
calculated to be 0.31 assuming a cylindrical dome inscribed to
the wall of the rectangular tank, while the measured maximum
value was 0.35. Therefore, the gas dome may have reached
the walls. After ISO ms, the gas dome was vanished due to
the bubble rise and the condensation of the vapor.

Figure 5 shows an example of the time variation of
volume averaged void fraction <a > with the initial particle
temperature as a parameter for the particle diameter of 12 mm.
The volume average was performed over the volume of 38
mm in width on both sides of the dome center line, namely 76
mm, 100 mm in height from the liquid level and 30 mm in
depth. The volume averaged void fraction increased with the
initial particle temperature. Two void peaks were found
against the time for Tp= 600, 700, and 800°C, whereas the
first peak was not obvious for Tp =1000°C. The first peak
appeared around t = 10~20 ms, corresponding to the time for
the particle to leave the gas dome as shown in Fig. 4. The
location of the second peak depended on the initial particle
temperature and shifted to the right with increasing the initial
particle temperature, such as t = 40,60, 80, and 90 ms for Tp =
600, 700, 800, and 1000°C, respectively. The first peak may
be due to the loss of heat source in the gas dome and the
second one to the termination of relaxation process.
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Figure 6 shows an example of time variation of volume
averaged void fractions <a > with the particle size as a
parameter for the initial particle temperature of 800°C. The
generated amount of vapor is roughly estimated to be in
proportion to the heat stored in the particle which is
proportional to the size, initial temperature, and specific heat
of the particle.

3 3 Heat Transfer Estimated from Measured Void
Fraction

The amount of heat transferred from the hot particle
to the ambient fluid was estimated from the maximum volume
averaged void fraction in this section. Figure 7 shows the
variation of the maximum volume averaged void fraction with
the initial particle temperature. Since the gas dome includes
some cover gas, the vapor volume was calculated with two
extreme assumptions: In Case A, it is assumed that the gas
dome consists only of vapor while in Case B, the gas dome
consists of an annulus filled with vapor and a core with cover
gas as shown in Fig. 8.

In order to calculate the amount of heat transferred
during the hot particle stayed in the gas dome, the amount of
vapor generation was estimated from the maximum volume
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Fig. 7 Variation of maximum void fraction with initial
particle temperature.

Cover Gas

Hot Particle

Case A CaseB

Fig. 6 Temporal variation of volume averaged void
fraction as a parameter of particle size.

Fig. 8 Estimation of vapor volume in the gas dome.
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averaged void fraction.
assumptions:

Here we made the following around a spherical particle:

(1) All of the heat transferred during the hot particle
stayed in the gas dome contributed to the evaporation of heavy
water, and the condensation of vapor could be neglected.
(2) When the volume averaged void fraction took a
maximum value, the pressure inside the gas dome was
considered to be the atmospheric pressure and the temperature
to be the saturation temperature.

The amount of heat to cause the maximum volume
averaged void fraction of < a >max can be calculated by the
following equation:

(1)

where Vc is the control volume (30x76x100 mm).
Figure 9 shows the relationship between the initial

particle temperature and the time tg, at which the hot particle
left the gas dome. As shown in this figure, tg increases
significantly with increasing temperature at lower temperature.
At higher temperature, however, tg becomes almost
independent of the initial particle temperature.

3.4 Heat Transfer Estimated by Existing Correlations

A preliminary analysis on the heat transfer from the
hot particle is performed in this section. It is assumed that the
heat transfer during 0< t < tg directly contributes to the vapor
generation in the gas dome. As usually treated in the literature,
the total heat flux can be split into convective and radiative
contributions as follows:

where a -eaSj 4 -T4) and J factor is assumed to be 7/8

(Bromely et al., 1953) in the present analysis. qc is the heat
flux due to convection. Thus the amount of heat, which
contributes to the evaporation of heavy water, can be given by
the following equation:

Q= A\ q, dt (?)

Since film boiling may dominate at the surface of the hot
particle in the premixing process, we used empirical equations
proposed for film boiling (Liu and Theofanous, 1994) to
estimate convective heat flux qc. Liu and Theofanous gave
the following empirical equations for steady film boiling
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Fig. 9 Variation of tg with initial particle temperature.

(4)

•-1|) (5)

where Nup denotes Nusselt number based on the heat transfer
coefficient due to pool film boiling which is given by the
following equations:

Kc(d') = 0.5d""4 forrf'<0.14

Kc (d
1) = 0.86/(1 + 0.28rf') for 0.14 < d' < 1.25 (7)

Kc(d') = 2.4/(1 + 3.0<f) for, 1.25 <d'< 6.6

Kc(d') = QA7d'l/t forrf'>6.6

Nus denotes Nusselt number based on the heat transfer
coefficient due to saturated forced convection film boiling
which is given by the following equation:

Nus = 0.5Re/'2 ^-\ - ^ - 1 (8)

And Nuj- denotes Nusselt number based on the heat transfer
coefficient due to subcooled forced convection film boiling
which is given by the following equation:
Nuf = Nus + 0.072Re/T!Pr/2 (pf ///„ \Sc'/Sp') (9)

where Mc is given by the following equations:

Mc = E3/[l + E/(Sp'Pr,ty(RPr,Sp'),

A = (l/27)&'3 + (l/3)R2Sp'PrfSc' + (l/4)R2Sp'2Prf
2,

B = (- 4/27)Sc'2 + {2/3)Sp'Pr/Sc' - (32/27]Sp'PrfR
2,

C = (l/2)R2Sp'Prf,

E = {A + CBV2f +{A-CB"2f +(l/3)Sc' (10)

In order to calculate the instantaneous heat flux,
temporal variation of surface temperature of hot particle is
needed. The change in the surface temperature of the
spherical particle is obtained based on the heat conduction
equation in the spherical coordinates with uniform properties:

a + )
dt [dr2 rdr)

The solution of the heat conduction equation can be derived
analytically as follows (Carslaw and Jaeger, 1959):

T -T,/ _-
T -T

sinvn -vncosvn

v,-sinv.
- v2Fo)

(v,,r/R)tsm(v,,r

<ymrlR)

(12)
where Fo is a non dimensional time give by a t/R2, ju,, is the
solution of fi JJ(JJ)=Bufo(ji) and Bi is Biot number given by
hR/X. Heat transfer coefficient h is calculated by the total heat
flux q,.

3.5 Comparison between Experimental and Calculated
Heat Energy

Figure 10 shows the relationship between the amount of
heat transferred and the initial particle temperature. Open
circles and triangles denote the results for cases A and B,
respectively. The solid circles indicate predicted results based
on heat transfer correlations. As shown in this figure, the
results for cases A and B show reasonable agreement with
predicted one at lower temperature, however for Tp = 1000°C,
the both of the results for cases A and B are larger than the
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Fig. 10 Comparison between predicted and
experimental values.

predicted values. The dependency of the predicted values on
the initial particle temperature appears to be a little different
from those for cases A and B. These preliminary calculations
suggest that the transient heat transfer around hot particle
could not be explained only by steady film boiling but some
other heat transfer mechanisms such as unsteady film boiling
or heat transfer due to direct contact may be needed.

4. CONCLUSIONS

In relation to severe accident research of a nuclear
reactor, an experiment simulating the premixing process in the
vapor explosion was performed by dropping hot stainless-steel
particles into heavy water filled in a rectangular tank. The
behavior of gas dome generated by the hot particle-subcooled
water interaction was successfully visualized by the high-
frame-rate neutron radiography at the recording speed of 500
frames/s. Temporal and spatial variations of void fraction in
the gas dome was measured by image processing. The
following results were deduced from the void fraction
measurement and preliminary calculations:

(1) The results for void fraction measurement indicated
the possibility of superheat of the ambient fluid due
to the liquid-solid direct contact.

(2) The amount of vapor generated was estimated to be
in proportion to the particle size and temperature.

(3) Preliminary calculations for heat transfer from hot
particle to water suggested that the transient heat
transfer around the hot particle could not be
explained only by the steady film boiling but some
other heat transfer mechanisms such as unsteady
film boiling or heat transfer due to direct contact
may be needed.
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NOMENCLATURE

A
Ar

cp
DP

d1

Fr
g
h

K
k
Nu
Pr
q
Q
R
Re,
Sc'
Sp'
T
Tlp
t

U

vc

heat transfer area, [m2]
Archimedes number, giPfPt)Dp

3/(p,vv)
specific heat, [J/kg K]
diameter of sphere, [m]
dimensionless diameter, Dp/[er/g/(pfpJ]m

Froude number, U2l(gDp) •
gravitational acceleration, [m2/s]
heat transfer coefficient, qIAT
latent heat of vaporization, [J/kg]
latent heat plus sensible heat, h/g+QSCp^ATsup
density ratio, pj/pv

thermal conductivity [W/m • K]
average Nusselt number, hD/k
Prandtl number
average surface heat flux, [W/m2]
heat energy, [W]
dimensionless ratio, [(jip\/(jup)jl; or sphere radius
Reynolds number of liquid phase, UD/v
dimensionless subcooling, (Cp/ATmi,)/(hfg 'Prj)
dimensionless superheat, (Cp^iTs^yih/g 'Prv)
temperature, [°C]
Initial particle temperature, [°C]
time, [s]
time at which hot particle dropped off gas dome, [s]
velocity
control volume, [m3]

<Greek>
a
< a>
«fcross

ATmb

ATnip
£

M
P
a

CTB

thermal diffusivity, k/(pCp); or void fraction
volume average void fraction
cross sectional void fraction
liquid subcooling, T^rTf
average superheat of solid wall, Tw-T^

radiation emissivity
viscosity, [kg/m • s]
density, [kg/m3]
surface tension of vapor-liquid interface, [N/m]

Stefan-Boltzman constant, 5.67xlO"8 [W/m2K4]

<Subscripts>
c

f
P
r
s
sat
sub
t
V

w

convective contribution without radiation
forced convection film boiling; or liquid
pool film boiling; or particle
radiation
saturated value; or vapor
saturated
subcooled
total heat flux
vapor
wall
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