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MODELING OF THERMAL AND HYDRODYNAMIC ASPECTS OF
MOLTEN JET/WATER INTERACTIONS
by
S. K. Wang, C. A. Blomquist, and B. W. Spencer

ABSTRACT

In order to predict the effect of a fuel-coolant interaction after a
hypothetical core-melt-down accident, a phenomenclogical model has been
developed to describe the thermal and hydrodynamic behavior of a high-temper-
ature molten jet when it interacts with saturated or subcooled water in a film
boiling regime. The mechanisms of jet-material erosion were analyzed by
Kelvin-Helmholtz instabilities on the coherent column and by boundary layer
stripping on the leading edge. The heat transfer coefficient, vapor-film
thickness, and net steam generation, all of which strongly affect the jet-
breakup behavior, were solved analytically. It was found that the jet breakup
(or erosion) depends strongly on the steam generation from the jet/water
interaction. The jet-breakup length (i.e., penetration distance) was found to
be sensitive to the initial jet temperature, water subcooling, and the phy-
sical state of the ambient water. The jet-breakup length and leading-edge
velocity of the Wood's metal/water experiments are predicted well by the cur-
rent model for the cases where a continuous vapor film exists.

NOMENCLATURE
Cp = drag coefficient
Ch = constant
dp = particle diameter
g = gravitational constant
h%g = latent heat of vaporization
Ja = Jacob number
k = wave number
k = thermal conductivity
Kp = drag constant
L/D = breakup length in terms of jet diameter
P = pressure

n = radiation heat flux
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radius

radial coordinate
time

temperature
velocity

erosion velocity
volume

erosion volume
lateral coordinate
axial coordinate

average void fraction

thermal expansion coefficient

vapor film thickness

1iquid momentum boundary layer
liquid thermal boundary layer

density

surface tension

shear stress

kinematic viscosity

dynamic¢ viscosity

1iquid (water)
vapor (steam)
melt (jet)
Jjet

leading edge
initial value
bubble
particle
steam

corium
interface
wall
subcooling



INTRODUCTION

In the event of a core-melt-down accident in & nuclear reactor, molten
fuel may pour into the lower plenum or the reactor cavity where it comes into
contact with water. Quenching of the melt produces steam, whose generation
rate and the resulting vessel pressurization depend strongly on the degree to
which the melt and water become intermixed. Thus, the extent to which the
molten jet interacts with water and the physical! state of the molten jet when
it comes into contact with the vessel structure is a major concern in a core-

melt-down accident.

The jet-breakup length has been analyzed previously by many inves-
tigators. Taylor estimated the breakup length of a liquid-metal jet in water
based on this earlier study of the generation of ripples by wind blowing over
a viscous fluid [1,2!. Epstain et a'. [3] determined analyticaliy the breakup
length of a liguid-metal jet in water for two 1imiting cases: very thin and
very thick vapor blankets. Those ana’yses assume that jet breakup is the re-
sult of the growth of infinitesimally smai’l disturbances, and a dispersion
relation is obtained to describe the erosion cn the jet. However, the predic-
tion of the jet-breakup length proposed by these investigators cannot be ap-
plied to the corium (molten core material) - water interaction for two main
reasons: (1) the formation and erosion of the jet leading edge, which is
believed to play an important role in jet breakup, has not been successfully
analyzed, and (2) the role of the vapor film and vapor-phase velocity in the
film has been overlooked.

Computer codes to predict melt-water mixing and steam generation have
been developed by Corradini et al. [4], Fletcher et al. [5], and Theofanous et
al. [6]. Corradini et al. treated the melt stream as a series "chunks" of
uniform diameter which subdivides into smaller fragments exponentially in a
dimensionless time scale, employed by Pilch [7] in his study of the breakup of
water droplets in high-speed air streams. Fletcher et al. and Theofanous et
al. both prescribed a length scale for the dispersed particles. Vessel
pressurization, predicted by these authors is in excellent agreement with
experimental data; nevertheless, the information on the jet breakup and the
dispersed particle-size distribution was totally missing.

The purpose of the present work has been concentrated on the development
of a model which can reasonably describe the jet-breakup mechanism and the



various heat-transfer aspects based on the experimental results of the simu-
lant-material/water and corium/water tests carried out at Argonne National

Laboratory.

Modeling of Pour-Stream Breakup

Based on the observation from simulant material tests [8], a conceptual
configuration of the jet when it interacts with the water has been assumed as
shown in Fig. 1. In high-temperature melt tests, a vapor film is always found
to blanket the pour stream and the pour stream is embedded in a highly-voided
two-phase mixture as shown in Fig. la. A vortex ball {i.e., the leading
edge), followed by a coherent jet column, is usually formed immediately after
the jet submerges into the water. As the vortex ball descends in water, its
size varies due to material accumulated from the jet column and material shat-
tered by the ambient fluid. A considerable amount of particles, some rather
large in size, were detached from the tail of the vortex ball while the par-
ticles dispersed from the coherent column seemed to be smaller. Finally, the
jet column became symmetrical (varicose) in shape and thinner and eventually

jet breakup occurred.

If the erosion of the jet material is characterized by the erosion veloc-
ities UE,J and UE,L on the jet column and the leading edge, respectively, then
the dynamic governing equations of the jet can be obtained by applying mass
and force balance on the coherent column and the leading edge as follows:

R,
2 -a—:t— = -UE,J; RJ(O) = RO (1)
a(u v, ) [Rd(t)lat column/ball interface
ot 2/2) v " on Jo (Uy - U) U, 2erdr
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The time variations of the jet diameter, the leading-edge velocity, and the
leading-edge volumn can be determined from these simultaneous differential
equations if the erosion velocities on the jet column and leading edge are
known. It will be shown later that the erosion velocities depend strongly on
the steam generated on the column and leading edge. Therefore, the jet-
breakup behavior is coupled with the jet/water thermal interaction.

Erosion Velocity on the Jet Column

The Kelvin-Helmholtz instability at the vapor/liquid interface has been
discussed by many authors, (e.g., see Ref. [9]). The fastest growth rate and
wave number of the interfacial disturbances were determined by differentiating
the dispersion egquation. Then the erosion velocity of the dispersed particles
at the interface due to dropiets formation is approximated by the imaginary
part of the velocity of the wave with the fastest growth rate. Wang et al.
[10] analyzed an inviscid parallel flow of high-temperature melt and water
separated by a thin sheet of steam that could occur during a molten-jet/water
interaction. They concluded that the erosion velocity of the particies dis-
persed from the jet surface is:

2 172
[Ko o (U - U) -0 k(Ko +0)] /
vm v m m v m
UE = Ko * o (4)
v m
where K = (1 + cosh ks)/sinh ks, and the most probable wave number, kp, is:
vauus
k= (5)

P 360 K -p U26
m vV
Therefore, the erosion due to Kelvin-Helmholtz instability depends on the

vapor (steam) velocity in the vapor film. The erosion on the jet column is
assumed to occur solely from this type of instability.



By assuming a linear temperature profile in the vapor film and a para-
bolic profile for both the 1liguid (water) velocity and the temperature in the
Tiquid boundary layer, as shown in fig. 2, and by applying the integral momen-
tum and energy equations, the vapor-film thickness, &, vapor velocity Uy, and
interfacial velocity U; can be determined by solving the following equations:

§ aU 8 8
Ap 2
f — dy [ U1 P dy [g E_ dy +[ Kp(Up - Uv) dy (6)

() 0
Ti Tw
+—+—=0
Gp g $
T
3 ' aUE
—_ 1 - = - - —_—
3z Uz(bz Um)dyz Sz(Tz Tm)gdyl Ve 3y, y£=0 (7)
o] o]
§
3T aT 2 UE v
u 'Y _ (- - LI
(qR v 3y ) (-k ) 3y, ) v fg 3z Uvdy T (8)

Note that the average density is used for the vapor phase to account for the
entrained droplets eroded from the vapor/liquid interface into the vapor

film. Assumptions associated with the average vapor density, drag force in-
duced by erosion of jet material, interfacial shear stresses, departure of
steam bubbles from the vapor/liquid interface into water, liquid momentum, and
thermal boundary layers, are described in Ref. [10].

The predicted vapor velocity and vapor-film thickness during a corium
jet/water interaction are shown in Figs. 3 to 6 for two ambient pressures. It
can be seen that the voidage of the two-phase mixture, <a>, as shown in Fig.
1, has a very strong effect on the vapor film thickness and vapor velocity.
The bubbles in the two-phase mixture are generated from the evaporation of
water by the dispersed jet material and are from the vapor film due to surface
instability. In general, a highly-voided two-phase mixture reduced the hydro-
static density difference between the vapor and liquid, and therefore, reduces
the vapor velocity and allows a thicker vapor film. The vapor velocity
increases rapidly near the bottom of the heated surface. Then a high entrain-
ment rate of 1iquid droplets, due to the high vapor velocity, produces a high
drag force that offsets the increases in the vapor velocity.



Erosion Velocity on the Jet Leading Edge

In addition to the surface instability, aerodynamic stripping also ac-
counts for the erosion on the leading edge. Taylor [12] investigated the
surface-layer stripping of a large drop in a high-speed air stream. He con-
cluded that the surface layer is removed by tangential friction and the in-
duced velocity in the surface layer shows a profile of boundary layer type.
Assume that the jet surface layer of the leading edge is constantly dragged by
the enveloping fluid, i.e., steam, and departs from the main body at the tail
edge due to an abrupt change in the pressure distribution, and assume a velo-
city profile for the surface layer as per Taylor [12]:

Im
u = U .exp [- —] (9)
Cm/x

The velocity and temperature profiles of the vapor and liquid adjacent to the
leading edge are similar to those of the jet column except z is replaced by x
and g is replaced by g sin 8, as shown in Fig. 7. In addition to Egs. (6) to
(8), two more equations are needed:

3 2 aUm
— U dy =y — _ (10)
ax Jf m-m m aym ym-O
0
and
aUm
= (11)
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The erosion velocity (or the rate change of the volume) on the leading edge
can be approximated by:

R
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After the erosion velocities on the column and leading edge are calculated,
the jet-breakup behavior can be completely determined.

Dispersed-Particle-Size Distribution

As described before, the diameter of the particles dispersed from the jet
column due to Kelvin-Helmholtz instability is approximated by the wave length
of the most unstable wave, i.e., dp ~ l/kp. However, the particles dispersed
from the tail of the leading edge may show quite a different size distribution
since the erosion mechanism is completely different. Presumably, the drag-
induced energy is lost at the tail in the form of the kinetic energy of dis-
persed particles and the formation of a new surface area. Then the particle
size can be estimated by solving the following equation:

1 ® 3
2 pmf ZH(RL - 'ym)um x=nRL/2dym
0
. i N G s 18 (13)
T d at g "mmi' at

For a thin corium boundary layer, Equation (13) can be simplified to yield

144 o
dp = 5 (14)

u.
°m mi

Hence, it can be shown that the dispersed particles from the leading edge are
usually ~1 to ~10 times bigger than the dispersed particles from the jet col-
umn during the corium/water interaction.



Comparisons with Jet-Breakup Experiments

Previous basic research on jet breakup has primarily been with small-
diameter jets on the order to 1 mm and with low-density fluids. The majority
of the currently published data is for liquid jets with low temperatures in-
jected into gaseous atmospheres. Therefore, very limited experimental data on
the high-temperature jet breakup are available. Gabor et al. [8] investigated
the breakup and mixture behavior of initially coherent streams of high-density
molten metals flowing into water. Molten Wood's metal was the pour-stream
material for the majority of the tests. Several experiments were conducted
with high-temperature melts (~600 to 750 K) so that film boiling was beliaved
to have occurred when the jets interacted with the water. The position of the
leading edge as a function of time was determined from motion-picture films.
The behavior of the leading-edge velocity was used to interpret the jet-
breakup process. The jet-breakup length was defined by Gabor et al. as the
point where the leading edge velocity becomes the settling velocity of the
dispersed particles. The measured and predicted jet-breakup length and the
leading-edge velocity for tests with high-temperature melts flowing into
saturated water are shown in Figs. 8 to 10. In general, the jet-breakup
length and the leading-edge velocity can be predicted very well by this model
for cases with high-temperature melts (T, > 600 K). However, for the case of
T, = 400 K (Fig. 10), a premature jet-breakup length was predicted because a
very thin vapor film (~0.05 mm) was calculated for such a Tow wall super-
heat. Consequently, a high-erosion velocity, which results from a high vapor
velocity in the thin film, was predicted and this caused the premature jet
breakup. However, under such Tow wall superheat, a continuous vapor film is
very unlikely to exist during the interaction. Therefore, this model cannot
be applied to the cases with low jet temperatures (5600 K). The leading-edge
velocity (or jet-penetration velocity, Up) was also analyzed by Hopkins and
Robertson [12] for two dimensions and the following correlation was given:

K= 2 () (15)

Where K was determined experimentally for different density ratios, and the
subscripts 1 and 2 denote the water and the jet, respectively. In general,



the jet penetration velocity predicted by Hopkins et al. is lower than the
measurements. This is probably due to the two-dimensional flow geometry used

by the authors.

The effects of water subcooling on the breakup of a high-temperature
corium jet for two ambient pressures is shown in Figs. 11 and 12. If the void
fraction of the two-phase mixture, <a>, can be held constant under different
conditions of water subcooling, it is clear that the effect of water sub-
cooling is to delay the jet breakup, as shown by the dashed lines in Figs. 11
and 12. This is simply due to & Tower erosion velocity resulting from lower
steam generation by evaporization of water at the vapor/liguid interface.
However, in reality <a> depends on Several parameters, such as water sub-
cooling, initial jet temperature, and ambient pressure. The bubbles in the
two-phase mixture are mainly generatecd from vapor departure at the vapor/-
Tiguid interface due to surface instability, and-from evaporation by the jet
material eroded from the jet column and the leading edge. The void fraction
of the two-phase mixture is estimatad by averaging the total volume of gen-
erated bubbles over a volume determined by the lateral traveling distancz of
the ejected jet material during the interaction. If water is subcooled,
bubbies may condense or even collapse during ascension to the water surface.
For a thermally-controlled collapse, Hewitt and Parker {13] proposed a semi-
empirical correlation for the bubble collapse in a subcooled Tigquid:

R 1/2
el 1 - (ts) (16)
0
where
4 2at , 0 2 1.44 K.1.5
a - .
ts - ;'Ja —E (i—] (AT ]
R SUB

o}

Equation (16) was applied to calculate the void fraction, <a>, in subcooled
water and these results were used to estimate the jet-breakup length, as shown
by the solid lines in Figs. 11 and 12. In genéra], saturated water allows a
jet to penetrate deeper before a complete breakup occurs. If water



subcooling increases, the jet-breakup length decreases as the effect of <a>
prevai’s over that of the subcooling. Once the void fraction becomes very low
as the water subcooling increases, the jet-breakup length increases again.

The effect of jet temperature predicted by the present model for a corium
jet is shown in Fig. 13. The jet-breakup length shows a maximum at T, ~ 2000
K if the corium does not freeze belaw 2950 K. Aiso, note that the effect
of<a> is implicitly represented by the jet temperature. The jet-breakup
length was also analyzed by Epstein and Fauske [3] based on a linear Kelvin-
Helmholtz instability and no consideration of the steam velocity. The authors
derived the jet-penetration distance in a thick-steam film as follows:

o p_172
(1 +=2)(=5) (17)

°c P

L/D =

Y

where the subscripts s and c denote vapor (steam) and corium (jet), re-
spectively. Eguation (17) can be expressed in terms of jet-surface tempera-
ture, and over the jet temperature range of intarest, this equation over-
predicts the breakup length by a factor ranging from ~2 to 10 as compared to
the model presented.

Conclusions

The following conclusions may be drawn from the current analysis:

1. The breakup and quenching of a high-temperature molten jet flowing
through saturated or subcooled water in a film-boiling regime has been
analyzed by a simple, idealized configuration for a jet/water inter-
action. The erosion of jet material is calculated by assuming a Kelvin-
Helmholtz type interfacial instability on the coherent column and by
boundary-layer stripping on the leading edge.

2. The jet breakup (or erosion) depends strongly on the steam generated from
the jet/water interaction. Therefore, the hydrodynamic behavior of the
jet breakup is coupled with the jet/water thermal interaction.



The thermal aspects of the jet/water interaction, such as the heat-
transfer coefficient, the vapor-film thickness, the steam velocity, etc.,
are all solved for analytically. However, experimental data on the heat-
transfer coefficient for a jet with high temperature are required to
validate the present model.

The present model has been compared with the Corium/Coclant Mixing (CCM)
experiments carried out at Argonne National Laboratory [14]. A large
portion of the dispersed particles were predicted td be smaller than -1
mm, which is consistent with the visual inspection of the solidified

debris.

The jet-breakup length (penetration distance) was found to be sensitive
to the initial jet temperature, water subcooling, and accordingly, the
physical state of the ambient water. For a corium jet, a breakup length
of ~30 was predicted. However, the physical state of fhe ambient water
can be affected by the vessel boundary. For instance, if the vessel is
not large enough, then the boil-off of water due to jet injection may
produce a highly-voided environment that yields g counter-current flow.
Therefore, a scaling study on the system geometryﬁis needed.
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Fig. 13. Effect of Jet Temperature On Jet Breakup



