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ABSTRACT

To investigate the fundamental physical phenomena on the penetration
behaviors of a large molten core jet into coolant, the experiments have
been performed by using water jets into freon-1l and liquid nitrogen.

A hot water jet of 90 °C was injécted into freon-ll at room temperature
with various velocities from 2.5 m/s to 15 m/s through a nozzle with
various diameters from 5 mm to 40 mm. To examine the effects of density
difference between the jet and the coolant on the jet pénetration
behaviors, additional experiments were performed with a water jet at
room temperature and liquid nitrogen pool.

From the present experiments, it is found that the penetration
length of the jet into coolant tends to increase with the jet velocity,
the jét diameter and the density ratio between the jet and coolant.

The relative penetration length normalized by thé jet diameter can be
correlated well with the Froude number and the density ratio between the
jet and the coolant:

0.5

L/Ds = 2.1(pj/pc)0'5 r

J
This correlation can also predict well the experimental results of
the breakup length which were obtained by Spencer et al. with very heavy

jets such as Wood's metal injected into water pool.

* FBR Safety Engineering Section, Safety Engineering Division, O-arai

Engineering Center, Power Reactor and Nuclear Fuel Development Corporation
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It is also concluded that the behaviors of the vapor play an
important role in the penetration process of the hot jet into coolant.
In the case of mild FCIs such as present experiments, blanketing of the
jet by the wvapor generated at the leading edge due to the Rayleigh-Taylor
type instability tends to prevent the jet from contacting with the
coolant at the vertical trailing column of the jet, which helps the jet
to penetrate into the coolant. On the other hand, the Kelvin-Helmholtz
type instability increases the hydrodynamic interactions between the
vertical trailing jet column with the coolant, resulting in small

penetration of the jet into the coolant.
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I. INTRODUCTION

It is very important to provide the technical data base and more
reliable theoretical tcols in order to assess the inherent retentionability
of the molten core materials without leading to vessel failure and release
of the large amount of radiocactive materials after permanent shutdown in
LMFBR severe accidents. A very desirable goal of this kind of researches
is to confirm and moreover to ascertain the plant safety margins by
sophisticated design without additional engineered safety features for
this kind of very unlikely severe accidents in LMFBR.

After a permanent shutdown is achieved by the fuel dispersal from
the active core region, the remaining molten core materials may either
be encapsuled by the crust in the core assembly region to be cooled down
by the ambient coolant and the cold core structures, or penetrate the
core assembly in downward direction by the effects of the gravity and
residual decay heat generation and discharge into the lower plenum.

In this meaning, the following phenomena are important in the PAMR
(Post-Accident Materials Relocation) phase:

(1) molten core-pool behaviors such as
- pool separation due to the density difference between fuel and
structural materials (stainless steel)
- melting front propagation of the molten pool, and
(2) thermal and hydrodynamic interactions between molten core materials
and coolant/structures during the relocation process of the hot
debris in the lower plenum.

in the second part of the key phenomena, a great concern is the
potential direct contact of a molten fuel jet, which is released from
the bottom of the core through the control rod assemblies which have
weaker thermal resistance in the lower axial blanket region in LMFBR,
with structures located underneath the core assembly.

Therefore, a particular emphasis should be placed on the investigation
of the breakup or penetration behaviors of a large molten core material
jet in the coolant, and alsé on the erosion behaviors of the structures
by a large molten core material jet.

The hydrodynamic instability contributes to the jet breakup. Many

0,
(6)

and Meister et al. 4

theoretical and experimental studies have been performed by Rayleigh

(3) (4) (5)

Weber(z), Fenn et al. s Grant et al. s Phinney

)

which are summarized by MeCarthy and Molloy

-1 -



PNC-TN9410 88-014

Most of these studies were perforﬁed under isothermal condition
between the jet with relatively small diameter and the continuum field.
Under the anisothermal condition such as the interaction between molten
core material jets and coolant, the behaviors of the vapor generated may
play an important role in the penetration and breakup processes of the
hot jet in the coolant. The jet may be fragmented by the vapor explosion
before reaching the long penetration. On the other hand, in the mild
vapor generation, the vapor may prevent the hot jet from contacting with
coolant to help the penetration into coolant. In some conditions, the
jet may be cooled to form the crust on the surface before the fragmenta-
tion.

Therefore, in the penetration process of the molten core material
jet into the coolant, the following effects are of great concern:

(1) Hydrodynamic instability and the breakup (or entrainment) not only
at the vertical trailing column but also at the leading edge,
especially in the case of the jet with large diameter,

(2) Anisothermal interactions (stable film boiling ?, vapor blanketing
?, energetic FCI ?),

(3) Density difference between the jet and the coolant,

(4) Crust formation on the jet surface,

(5) Scaling effects (ratio of the jet diameter to the coolant deﬁth).

The concept of the leading edge breakup and several kinds of
hydrodynamic instabilities were first proposed by Theofanous and Saito(s)
in comection with the molten jet penetration behaviors into coolant.
Some other experimental and theoretical researches have been performed by

(9 (10) (11) (12)

Marfeﬁ et al. » Spencer et al. » Bradley and Epstein et al.
The penetration and breakup behaviors of a hot and large jet in the
coolant, however, have not been well understood.

Therefore, a series of the model experiments on the interaction
between the molten jet and coolant/structure is in progress at PNC at
low (<500 °C) and high (1000 °C ~ 2300 °C) temperatures.

The present paper deals with the results of the preliminary model
experiments at low temperature which were performed by using water as a
jet, and freon-11 and liquid nitrogen as coolant, to understand the
fundamental physical phenomena of the penetration behaviors of a large

molten jet into coolant,



PNC-TN9410 88-014

II. EXPERIMENTS

The experiments were conducted in the facility (JET-I) shown in
Fig. 1, which consists of the heating tank, the nozzle section, the test
section and the N, gas line. The heating tank can be heated up to 300 °C
by the Nichrome heaters and pressurized up to 10 kg/cm? to control the
jet velocity. About 200 liters of jet materials such as water and molten
Wood's metal can be injected into the coolant simulant through a long
nozzle with Nichrome heaters and thermai insulations, which is detachable
to change the jet diameter up to 100 mm.

The inner vessel at the test section with 120 cm height and 30 cm x
30 cm cross section is surrounded by the thermal insulations for the
liquid nitrogen tests. Two side walls were made of special lucite plastic
plates for cobserving jet penetration behaviors into the coolant by a
high-speed video camera with 200 frames per seccnd.

The initial coolant level was always set to the lower edge of the
nozzle to avoid the entrapments of air. One of the blind walls was cut
for overflowing and keeping the coolant surface level constant during
the experiments.

The outer vessel with 170 cm height and 51 cm x 51 cm cross section
was installed for the coolant overflow and for the protection of the
measuring systems.

A hot water jet of about 90 °C was injected into freon-=11 at room
temperature with various velocities from 2.5 m/s to 15 m/s through a
nozzle with various diameters from 5 mm to 40 mm. To investigate the
influence of the density difference between the jet and the coolant,
additional experiments were performed with a water jet at room temperature
and liquid nitrogen pool.

The experimental conditions are shown in Tables 1 and 2.
ITI. EXPERIMENTAL RESULTS AND DISCUSSIONS
1. Overview of the ﬁenetration behaviors
The typical initial penetration behaviors of a hot water jet into

freon-11 are shown in Fig. 2. The time interval between the pictures is

20 msec. The picture at the left end on the top line shows the behavior

-3 -
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of a jet with the same experimental conditions falling in the air.

When the hot jet penetrates into coolant, most of the vapor is produced
at the leading edge, which immediately surrounds the vertical trailing
column of the jet. It is clearly seen, however, in these figures that
although the instability induced at the boundary between the vapor and
the ambient coolant tends to breakup the jet, the jet penetration
develops again, and that the thick jet blanketing by the vapor.helps the
penetration of the jet into the coolant because the wvapor layer prevents
the jet stream from interacting directly with the ambient coolant.

The good reproducibility of the experiments is shown in Fig. 3.
After initial jet penetration is developed, the position of the leading
edge stays with small fluctuations, where the forces are balanced among
the jet initial inertia, the buoyancy due to the density difference
between the jet and coolant, and the other force due to the hydrodynamic
interactions between the jet and the vapor flows, which will be discussed
later more thoroughly.

Figures 4 and 5 show the influence of jet velocity on the penetration
behaviors into freon-11 and liquid nitrogen pools, respectively. The
velocity of the leading edge in the initial penetration, the final
penetration depth and the fluctuation level of the leading edge tend to
increase with the original jet velocity. No or very slight overshoot of
the initial penetration was seen in the cases of the lower jet velocity.
It tends to appear, however, with the jet injection velocity and the
degree of the subcooling of frecon-11 as seen in Fig., 3. The almost
similar tendencies are seen for the influences of the jet wvelocity in
Jiquid nitrogen pool. The jet with the same injection velocity, however,
penetrates more deeply in the liquid nitrogen than in the freon-11 pool,
because of the denSity difference between the jet and the coolant, which
will be discussed more in detail in later section.

The effects of the jet diameter on the penetration behaviors were
shown in Fig. 6. With inceasing the size of the jet, the penetration -

depth and the oscillation level of the leading edge tends to increase.

The velocity of the leading edge during the initial pemetation, however,
tends to be independent of the jet diameter.

In most cases except for a few data with 5 mm?¢ jet size, the velocity
of the leading edge in the initial penetration stage reduced to almost
half of the original jet velocity. This means that almost half of the

jet mass flow from the nozzle may be entrained into the vapor and carried

-4 -



PNC-TN9410 88-014

away by the vapor flow from the jet stream or that the diameter of the
jet must be roughly 1.5 times of the original omne during the initial
penetration. .

From these observations, as pointed out previously by Theofanous

(8) (13)

and Saito s, and Theofanous et al. , it will be concluded that some
of the jet material may be stripped from the jet stream and mixed with
the vapor flow during the penetration into coolant, however, that the
undisturbed jet body is still continuous within the vapor blanket except

the highly broken-up leading edge.
- 2. Penetration length

The penetration length (L) of the jet into coolant was estimated
as a mean value of the depth of the leading edge because slight oscilla-
tions were observed after established complete steady-state jet. In
Fig., 7, the penetration lengths with the standard deviation are shown
as a function of the original jet velocity with jet diameter as a

parameter. From these figures, it is clearly seen that the penetration
length tends to increase linearly with the jet velocity. It is also
seen that the penetration length tends to inerease with the jet diameter.
In Fig. 7(a), the penetration lengths in the cases of the water jet into
the liquid nitrogen poocl are compared with those in the cases of the
water jet into the freom—11 pool. The penetration lengths in the liquid
nitrogen are longer than those in the freon-11.

All the results are summarized in Fig. 8, where the normalized
penetiation lengths by the jet diameter and the square root of the
density ratic of the jet to the coolant are plotted as a function of the
Froude number defined by Fr = sz/g Dj. From this figure, it is concluded
that the relative penetration length normalized by the jet diameter_can
be correlated well with the Froude number and the density ratio between
the jet and the coolant:

/D5 = 2.1(p3/0e) 7 B77 | (1)

In Fig, 8, two experimental results of the breakup length in the
case of the heavy metal jets injected into water are also plotted, which
were observed by the Hycamn camera in the experiments conducted by

Spencer et al.(IO) with Wood's metal (50% bismuth, 25% lead, 12.5% tin

B
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-and 12.5% cadmium; Py = 9200 kg/maj and Cerrotru (a eutectic, 58% bismuth
and 427% tin; pj = 8670 kg/m3) jets. Figure 8 shows that the correlation
of Eq. (1) can also predict well the breakup lengthé of the jet in the

case of higher denmsity ratio of the jet to the coolant.
3. Thermal and hydrodynamic interactions between jet and coolant

When a jet penetrates into coolant, it always receives the resistant
forces such as buoyancy due to the density difference ((pc—pj)g) and
other force, (AP/AL)f, due to thermal and hydrodynamic interactions
between the jet and coolant. As shown in Fig. 9, if these resistant
forces can balance steadily with the jet initial inertia at the depth
in the coolant, where the velocity of the jet leading edge is zero, the

penetration length (L) can be expressed:

1 AP
5 p3V4% = (pc—pjlel + G s (2)
Tyl SO . LN (3)
J 2 (pe-py) P’
where Fr = ij/ng : Froude number,
KP = 1/(1-K;) : Penetration Parameter, o)
and Ky = (QB) /{p:-po)g : Interaction Parameter (5)
i 7 \A1/g/ P37 e ' ) :

Ki defined by Eq. (5), which is named as Interaction Parameter,
indicates the relative strength of the resistant force due to the thermal
and hydrodynamic interactions between the jet and the coolarmt, compared
with the buoyancy due to the density difference. On the other hand, Kp
defined by Eq. (4), which is also named as Penetration Parameter, _
indicates the degree of the jet penetration into the coolant. The
relationship betﬁeen Interaction Parameter and Penetration Parameter
is shown in Fig. 10. ' _

In the case of the injéction of a jet with lower density than that
of the coolant, as the resistant force due to the thermal and hydrodynamic
interactions between the jet and the coolant becomes weaker and weaker,
that is (AP/Al)¢ + O, Interaction Parameter K; approaches to zero and

Penetration Parameter'Kp approaches to 1. When the resistant force due

— 6 —
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to the thermal and hydrodynamic interactions between the jet and the
coolant is very small and ignored compared with buoyancy, the penetration
length is determined. only by the balance between the initial jet inertia

and the buoyancy:

L/D; = % . Fr . | (6)

PP

On the other hand, when the resistanﬁ force becomes much stronger
than the buoyancy, Interaction Parameter K; becomes infinite and then
Panagration Parameter Kp becomes zerc, and this means that the jet
cannot penetrate into the coolant steadily.

The same discussions can be made for the case of the injection of
the heavier jet into lighter coolant. 1In this case, however, if the
resistant force due to the thermal and hydrodynamic interactions are
smaller than the gravitational force due to the density difference
between the jet and the coolant, the external forces acting on the jet
stream cannot balance the initial jet inertia, and this means that the
jet continues to penetrate into coolant down to the bottom of the pool
under this condition. Therefore, to achieve the finite penetration
depth steadily, the following condition is required:

GDs > Ciec)s > )

that is,

Ky > 1. ' (8)

The interaction force (AP/Al)f is a kind of shear force acting on
the jet surface, and, on the other hand, the gravitational force due to
density and the jet inertia are the body forces. Therefore, it can be
predicted that with increase of the jet diameter and density, it becomes
impossible to balance these forces to achieve the finite penetration
depth in the coolant. For example, the jet with large density and
diameter (e.g. in the order of meter) postuléted in whole core-melt down
process in LWR severe accidents, may penetrate into coolant down to the
bottoﬁ of the inlet plenum of the reactor vessel.

With increase of the resistant foree due to the thermal and hydro-
dynamic interactions, Interaction Parameter Ky becomes larger and

Penetration Parameter Kp approaches to zero, resulting in no penetration

-7 =
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of the jet into the coolant.

It is very difficult to determine the interaction force (AP/Al)f
between the jet and the coolant during the penetration theoretically.
From the experimental correlation for the penetration length of Eq. (1),
the balance equation of Eq. (3) and Eq. (4), however, KP & K{ can be

obtained empirically as:

0.5 -0.5
Kp = 4.2 (pc/pg) " (l-pj/pe) Fr
0.5 .
= 4.2 (0e/0)° > (L-p5/pe) (Bos /e 02, (9)
]. 0-5 '_1 0.
Ri = 14 755003/00) " (03/0c=1) T (Wey/Bog) **7 (10)
where Boj = pngjz/oj :  Bond number,
and Wey = ijszj/Gj : Weber number.

The Weber number, We 4 is related to the breakup along the vertical
trailing column of the jet caused by the Kelvin-Helmholtiz type instability.
Equation (10) indicates that with increase of Wej, the hydrodynamic
interactions between the jet and the coolant become stronger, resulting
in small penetration of the jet into the coolant.

On the other hand, the Bond number, BOj is related to the breakup
at the leading edge of the jet which is caused by the Rayleigh-Taylor
type instability. With increase of BOj, the interactions at the leading
edge of the jet with the coolant become stronger, leading to a large
amounf of the vapor production, which makes the hydrodynamic interactions
between the vertical trailing jet column with the coolant weaker by the
thicker vapor blanket. Therefore, Interaction Parameter Ki becomes
smaller with increase of BOj. When Boj is small, the lack of the vapor
production at the jet leading edge causes the strong hydrodynamic
interactions between the vertical trailing jet column and the coolant
because of the thinmer vapor blanket. And hence it becomes difficult
for the jet to penetrate deeply into the coolant.

Equation (10) aiso indicates that with increase of the jet diameter
and density, Interaction Parameter K; approaches to 1. This means that
it becomes impossible to achieve the finite penetration depth as pre-
dicted in the previous section. |

The experimental results of Kp and K; are shown in Fig. 11 and 12,

- 8§ -
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respectively. From this figure, it is seen that most of the penetration
lengths in the cases of the hot water jet injected into freon-11 are
lower by one order than those predicted only by the balance between the
initial jet inertia and the buoyancy.

Interaction parameters of experiments by Spencer et al.(lo) are
also plotted in Fig. 12, which are much smaller than those of the
present experiments. This means that the thermal and hydrodynamic
interactions between the jet and the coolant are stronger in the water

jet injected into liquid nitrogen and freon-11 than in the heavy metal

jet injected into water.

IV. SUMMARY AND CONCLUSIONS

A series of the model experiments is in progress at PNC at low
(<500 °C) and high (1000~ 2300 °C) temperatures to investigate the key
phenomenology during the relocation processes of the molten core materials,
such as thermal and hydrodynamic interactions between the molten core jets
released from the bottom of the core assembly and the coolant/structures.
As the first series of the experiments to study the fundamental
physical phenomena of the penetrétion behaviors of a large molten jet
into coolant, the experiments at low temperature have been performed by
using a (hot) water jet, freon-l1l and liquid nitrogen pools. A hot water
jet was injected into freon-11 at room temperature with various jet
velocities from 2.5 m/sec to 15 m/sec through.a.nozzle with various
diameters from 5 mm to-40 mm. To examine the effects of the demsity
difference between the jet and the coolant on the jet penetration behav-
iors, additional experiments were performed with a water jet at room
temperature and the liquid nitrogen pool. The penetration behaviors of
the jet into coolant were observed by a high-speed video camera with
200 frames per second. |
The experimental results are summarized as follows:
(1} It is clearly seen that the instability produced by the vapor
flow which is generated by the thermal interaction between the
. hot jet and coolant tends to break up the jet and that in turn
the blanketing the jet by the vapor helps the penetration of the
jet into the coolant.

(2) The penetration length of the jet into coolant tends to increase

-9 -
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with the jet velocity, the jet diameter and the density ratio
between the jet and coolant. It, however, becomes much shorter
because of the thermal and hydrodynamic interactions between the
jet and the coolant. The relative penetration length normalized
by the jet diameter can be correlated well with the Froude number
and the density ratio between the jet and the coolant:

0.5

| 0.5
L/Dy = 2.1 (pj/pc) ¥r .

i

This correlation can also predict well the experimental results of
the breakup length which were obtained by Spencer et al. with hot and
very heavy jets such as Wood's metal injected into the water pool.

From the present experiments, it is concluded that the behaviors
of the vapor generated by the thermal interactions between the jet and
the coolant play an important role in the penetration process of the hot
jet into coolant. 1In the case of the mild FCIs such as present experi-
ments, the jet blanketing by the vapor generated at the leading edge of
the jet due to the Rayleigh-Taylor type instability tends to prevent
the jet from contacting with the coolant at the vertical trailing column
of the jet, which helps the jet to penetrate into the coolant. On the
other hand, the Kelvin-~Helmholtz type instability increases the hydro-
dyvnamic interactions between the vertical trailing jet colummn and the
coolant, which results in small penetration of the jet into the coolant.

From the viewpoint of jet and coolant mixing behaviors, the density
difference of two fluids is of primary importance. Both densities are
much éloser in the present experiments than in the prototypical case,
and hence the present experiments correspond to higher mixing and lower
penetration cases. On the other hand, in reactof cases the heat transfer
between the jet and the coolant will be higher and the radiation would
make the jet penetration behaviors quite different from the present
experiments with weak radiation effects.

Therefore, to extrapolate the present results to the reactor accident
conditions, additional experimental data are required and being prepared
at PNC under conditions of larger density difference between the jet and
coolant, larger jet diameter, higher temperature of the jet and energetic

FCI.

- 10 -
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NOMENCLATURE
. . = p:eD:2/q3
Boj : Bond number ( pJgDJ /GJ)
Dj : Initial jet density
Fr ¢ Froude number (= VjZ/ng)
g : Gravitational acceleration
Ky : Interaction Parameter defined by Eq. (53)
Kp ¢ Penetration Parameter defined by Eq. (4)
L : Mean penetration length
(%%)f ¢ Resistant force due to thermal and hydrodynamic interactions
between jet and coolant
\£i Initial jet velocity
i » = - . 2 . .
We Weber number ( P35V DJ/UJ)
De : - Density of coolant
py - ¢+ Denmsity of jet
04 : Surface tension of jet
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Table I

Water jet into freom-11*

Experimental conditions (I)

Experimental Conditions
Experimental et Roglart
Hoa Diameter Initiél Temperature Temperature
i) Velocity (°C) °C)
(m/s)
I~W-R11-B5-01 2 2.5 90.0 8.0
-08 5 2.9 90.5 18.9
-03 5 5.2 90.0 3.0
-09 5 5.2 92..7 17.6
-04 5 9.0 90.0 4.0
~05 5 9.0 0.0 4.0
-06 5 9.0 90.0 2.0
-11 5 9.0 90.3 18.9
~-14 5 9.0 90.0 217
-07 5] 14.9 90.0 17.9
-12 5 14.9 89.7 21.6
-13 5 14.9 91,2 17.0
-15 5 14.9 90.9 19.4
-16 5 14.9 90.7 19.1
-B4-01 10 3.5 90.0 6.0
-05 10 3.9 90.4 13.4
-02 10 v 90.0 5.0
-03 10 Sl 90.0 23.2
-06 i0 10.2 91.9 14.4
-B3-01 20 4.3 90.0 14.0
-05 20 w7 90.6 22.0
-02 20 .1 90.0 14.0
-04 20 951 90.0 5.0
-07 20 10.6 89.7 l4.4
~B2~-02 30 5.5 90.8 22.0
=03 30 5.5 90.0 21,2
-06 30 6.8 90.0 20.5
-05 30 9.4 90.1 22,4
-B1-02 40 5.5 §89.8 6.5
-03 40 5.5 90.2 17.0
—~04 40 6.7 90.2 12,1
* Boiling point at 1 atm : 23.8°C

- 13 —
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Table 2 Experimental conditions (II)

Water jet into liquid nitrogen

Experimental Conditions
Experimental Jet Coolant
Nels Diameter | Velocity | Temperature |Temperature
(mm) (m/s) (°) (*c)
O~WeLN,~B5'-02 4,4 2.5 ~10 -195.8
-B5 -08 5 2.9 14:5 -195.8
-05 5 5.2 19.1 ~-195.8
-06 5 9.0 18.4 -195.8
-09 D 9.0 15.0 -195.8
-B4'-02 111 35 ~10 -195.8
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Mean peretration length (em)
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Fig. 7 1Influences of jet velocity, jet diameter and density ratio
of jet to coeclant con jet mean penetration lengths

- 20 -



PNC-TN9410 88-014

100

Water jet into freon—11
Dj:10 mm
90 -

I : Standard deviation

80 -

70

60 —

90 —

40

Mean peretration length (cm)

30 -

"l

10

0 I i I | I
0 2 4 6 8 10

Velocity of jet (m/s)

(b) Jet diameter: 10 mm

Fig. 7 {(contd.)

= BT,




PNC-TN9410 88-014
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Fig. 8 Experimental correlation on jet mean penetration length
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Fig. 9 Schematic of jet penetration behaviors into coolant
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