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Abstract

This paper presents the results of the TEXAS-V computer code simulations of FARO L-14,
[-28, and L-33. The old break-up model and new break-up model are tested to compare the

respective simulations of each. As these experimental data sets cover a wide range of ambient

pressures, sub-cooling of the water pool, and the melt jet diameters, the results of the

simulations will be beneficial in assessing the TEXAS-V code’ s capability to predict the steam

explosion phenomena in a prototypical reactor case. The current model was found to have

some deficiencies, and the modules for the fragmentation, the equation of state, and the

interfacial area for each flow regime in TEXAS-V were improved for the simulation of FARO

L28 and FARO L-33.
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1. Introduction

During a severe accident in a nuclear reactor a
steam explosion could occur if there is an
interaction between the molten core and a coolant.
Though many studies have sought to understand
the fundamental mechanisms underlying the
phenomena and to quantify the risk of steam
explosion, by either an analytical approach or an
experimental approach, there is no reliable way to
predict a steam explosion risk at the reactor scale.
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The explosivity of the reactor material remains a
fundamental issue, and the various approaches at
quantifying the steam explosion load have resulted
in only high degrees of uncertainty and large
deviations. As a result, an international
collaboration on Fuel Coolant Interaction (FCI)
research, named SERENA [1], was launched to
reach concurrence on the understanding of FCI
processes and energetics. Accordingly,
experimental research on steam explosion, using

prototypical material is under way [2, 3].
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The present paper discusses the results of the
simulations of the FARO experiments by the
TEXAS-V computer code (4, b], as part of the
SERENA program. The experiments selected are
FARO L-14 [6], L-28 [7], and L-33 {8]. The focus
of this paper is on assessing the capability of the
fragmentation model of the TEXAS-V in
predicting the premixing phase.

As shown in Table 1, these experiments cover a
wide range of initial and boundary conditions.
These experiments used the TERMOS (8] test
section. The melt composition is 20w% UQO, and
80w% ZrO,. The L-14 experiment was performed
at high pressure, while the L-28 and 1-33
experiments were performed at a low pressure.
The water pool of L-14 and L-28 was at the
saturated condition, while the pool water of FARO
L-33 was highly sub-cooled. The melt jet diameter
of FARO L-14 is two times larger than that of
FARO L-28 and FARO L-33. With these different
conditions, the effects of the ambient pressures,
the sub-cooling, and the melt jet diameters on the
TEXAS-V f{ragmentation model can be
systematically investigated in this paper. The
knowledge gained in these efforts will be very
beneficial in assessing the TEXAS-V code’s
capability in predicting the steam explosion
phenomena in a prototypical reactor case.

Table 1. Comparison of Major Parameters
Between FARO L-14, L-28 and L-33

L-14 L-28 L-33
Mass (kg) 125 175 92

Release diameter (m) 0.1 0.05 0.05

Pressure (MPa) 5.0 0.51 0.22

Sub-cooling (K) 0 0 104

Water Depth (m) 2.05 1.44 1.45
Gas volume (m3) 1.26 3.528 3.492
Water volume (m3) 0.798 0.564 0.628
Melt delivery (s) 1.0 521 1.125

2. TEXAS-V Fragmentation Model

The key constitutive relation in TEXAS-V is the
hydrodynamic fuel fragmentation model. The
current version [4] has an option for the old break
up model by Rayleigh-Taylor instability (RT) alone
and for the new break up model, which has three
break-up mechanisms.

2.1. Old Break-Up Model

The basic fragmentation mechanism employed
is Rayleigh-Taylor instability, developed by Chu
and Corradini [9], based on Pilch’s original
concept [10] of a multi-step fragmentation theory
for liquid particles. The model considers the fuel
particles to be deformed and dynamically
fragmented into a discrete number of particles of
smaller sizes. The correlation of this theoretical
model reads as:

D(T")=D(0)exp(-C,(T*)C,WeC?) o))

By averaging the fragmentation rate, the above
equation can be simplified to a linear, time-
independent form, as:

Dr*! = D7 (1-C,T"We*%) {2)

where the superscripts n, n+1 designate the old
and the new time step values; We is the Weber
number for the fuel particles; T* is a dimensionless
time step; and C, is a constant:

We= chre) 2Dfn (3)
AT* = Up (t™" ~ )/ Df" (p./p"”* @
C,=0.1093 - 0.0785 {p./p)'”? 5

where U, is the relative velocity; Dy is the fuel
diameter; and p; and p. are the densities of fuel

and coolant respectively. The break up model is
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applied to the free particles and the first NBREAK
number of injected particles.

2.2. New Break-Up Model

In order to simulate the complete process of the
fragmentation of the fuel, during an interaction
with the coolant, three mechanisms are proposed
{11, 12, 13). Due to the different characteristic
lengths and conditions of each, these mechanisms
are assumed to be responsible for the
fragmentation in different parts of the fuel jet. The
first mechanism is Raleigh-Taylor instability (RT).
This mechanism was initially employed in TEXAS
and is considered the major factor for the
fragmentation, particularly when the fuel jet is
fragmented into small particles, which makes RT
more effective due to its small characteristic
length. For the part of the fuel jet that is still
intact, the Kevin-Helmholtz instability (KH), is
considered to be the major factor for its
fragmentation. The third mechanism, boundary
layer (BL) stripping, is considered responsible for
the fragmentation of the frontal part of the fuel jet,
due to its direct impact with the coolant.

Rayleigh-Taylor instability: Equations (1) to (5)

given in the previous section are still applicable.
The break up model applies to the first NBREAK
number of the injected particles and the free
particles generated from the intact jet by the RT,
KH, or BL models.

Kelvin-Helmholtz instability: The model
proposed by Epstein and Fauske [12] is used. In

this model, there are two sets of equations to be
applied based on the condition of the coolant
surrounding the fuel. If the coolant is mostly liquid
{(void fraction < 0.2, by default), the condition is
considered that of a “thin film”: only a very thin
vapor film is present over the surface of the fuel.
In such a case, the major effect is due to the liquid
itself. On the other hand, if the coolant is a

mixture of vapor and liquid (void fraction > 0.2)
then the “thick film” condition is assumed. In this
condition, both the liquid and the vapor can affect
the fragmentation. The equations for these two
conditions are as following.

Thin Film
D= PiPesn U/ (PP = (O O/ (pr+p)  (6)
Kein=2/3pipiluru)*/(c+0)/(pr+p) 7
Thick Film
N =P Kenn (U /() — O’/ (prtp) (8)

kwn=2/ 39{91(111'11()2/ (p+p)/ o 9)

with A= 27t/ Ko, the fragmentation rate is calculated
as dmyg,/dt=CiriaPNmamdma (10)

where C, is to be determined by the experiments,
and A is the surface area of the jet. For the
particles generated from the fragmentation, their
sizes are assumed to be that given by the critical
Weber number:

Wecﬁtical~ 1 O_ 1 2 y Dcriﬁcal = ofwe;ﬁtical/ (pcurelz) (1 1)

Boundary Layer Stripping: This model assumes
that the layer of the melt formed at the frontal part
of the jet would flow from the frontal part of the
jet to the side and would then be stripped away by
the surrounding fluid. In this scheme, a boundary
layer profile over the melt is assumed. With this
assumption, Chu et al. [13] estimated the erosion
rate as

dimg)/dt = p; j 2murdr (12)

& = (2aRvi/u)"? (13)
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U = Uy e (14)

The size of the particles generated is also
assumed to be that generated by equation {11).
The integration in equation {6) is from R-5 to R.
General remark: The melt jet injection is simulated
by an injection of a group of spherical particles.
Each particle is fragmented by wvarious
mechanisms. The fragmented particles generally
belong to the same group. The broken fuel
particles can be divided into two groups, only
when the number of particles in the original group
exceeds the given number of maxn, specified by
the user for the efficiency of the numerical
algorithm. The new group has the same property
as the original, except that the location is on top
of the original group. Each group has a number of
particles having the same temperature and velocity
that are subject to the same fragmentation type.

3. Simulation of FARO L-14

The pressure responses of FARO 1L-14 using the
Raleigh Taylor break up model and the new break
up model are compared with the experimental
data in Fig. 1. It is shown that the overall response
of the TEXAS-V simulation is in good agreement
with the experimental data. Though the RT break
up model is simple and straightforward, the
caleulated pressure is quite close to that of the
experimental data. The pressure calculated by the
new break up mode! is higher than that of either
the L14 test data or the old break up model. The
input data used for the new break up mode! are
Cii=0.01, maxn=1.e6, NBREAK=5, minimum
bubbile/ droplet radius R=0.001, which will be
discussed in section 5,

There is a slight difference in pressure response,
due to the different break up mechanism. The
comparison of the particle surface area is shown
in Fig. 2.
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Fig. 2. Comparison of Particle Surface Area

The particle surface area for the RT increases for
1.7 seconds and then decreases as the melt jet
injection stops at about 1 second. The
combination of particles at the bottom begins
when the particles accumulate at the bottom. The
total surface area for the new break up model is
much bigger than that of RT, because of a large
number of small-sized particles generated by the
BL and KH mechanisms. The small, broken up
particles take longer to reach the bottom, which
results in a much fonger time for the decrease in
the particle area.

The trajectory of the leading edge is shown in
Fig. 3. The old break up model resulted in a much
longer time to hit the bottom, as the leading
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particle became very small due to continuous
fragmentation by RT. However, the leading edge
in the new break up mechanism, which is prone to
BL only, has a larger size. This resulted in a faster
time for the leading edge to hit the bottom. The
vaporization rate is consistent with the
pressurization behavior, as shown in Fig.4.

Figure 5 shows the particle surface area
resulting from each break up mechanism in the
new break up model. After two seconds, either the
particles have cooled below the melting
temperature or they have reached the bottom
level. Subsequently, the surface area for the heat
transfer does not increase.

The surface area marked KH is the surface area
of the particles remains as a part of the intact melt
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Fig. 3. Trajectory of the Leading Edge for FARO L-14
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Fig. 4. Vaporization Rate

jet. It increases during melt delivery until 1 second.
After 1 second, it decreases, as the particles hit
the bottom of the test section. The front of the jet
still experiences the BL stripping, until the final
particle injected hits the bottom; however the
amount of break up by BL stripping is much less
than the others. The particles indicated as RT are
generated by the RT, KH, or BL fragmentation
mechanisms. The number of free particles is
reduced rapidly after melt jet delivery has stopped.
At about 1.0 second, there is a short halt in the
increase of the particle area. It corresponds to the
halt in the increase in pressurization. However, as
this phenomenon does not appear in the test data,
this may be an artificial effect caused by the new
break-up model.

As the melt accumulates at the bottom, the
increase in liquid temperature is most abrupt at the
lower cell, while the changes in the upper cells are
moderate. The void fraction near the middle of the
pool ranges from 0.4 to 0.6. The void fraction at

lower locations is relatively larger.
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Fig. 5. Surface Area for Each Fragmentation

4. Simulation of FARO L-28

The modules for the fragmentation, the equation
of state, and the interfacial area for each flow
regime in TEXAS-V are improved for the
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simulation of FARO L28 and FARO L-33, as
discussed in section 5. The trends of the TEXAS-V
simulation for these new tests are quite different
from that of the ISP 39 problem of FARO 114, in
the sense that the old break-up model and new
break-up model provided quite different results.
The main differences between FARO L-14 and
FARO L28 are the ambient pressures and melt jet
diameters.

The base case for the new break up model uses
Cku=0.12, NBREAK=5, maxn=1.e8, minimum
bubble/droplet radius R=0.005. Except for the
c{141) coefficient, the same input data are used
for the case as the old break up model. The
pressure responses for the base case with the new
break-up model and the old break-up model are
shown in Fig. 6. Surprisingly, the trends are very
different from those of FARO L-14. The case with
the old-break up model does not result in any
substantial pressurization. For the new break-up
model, we had to increase the proportional
constant Cyy for the KH break-up mechanism to
obtain a reasonable pressurization. It could be due
either to a deficiency in the heat transfer model at
a low pressure or to the break up mechanism
itself. Here, the focus is on the effect of the break
up mechanism.

The comparison of particle surface area for both

mechanisms is shown in Fig. 7. The trends are
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quite similar to those of FARO L-14. The melt jet
delivery for FARO L-28 stops at 5.21 seconds.
The particle surface area decreases when the last
particle hits the bottom in the case of the new
break-up model.

For the base case, the vaporization and the
condensation rate and particle surface area for
each fragmentation mechanism are shown in Fig.
8 and Fig. 9 respectively. The behaviour of the
vaporization and the condensation rate are
consistent with pressure response. When there is
large amount of condensation, the pressurization
stops temporarily. This phenomenon seems to be
closely related to the fragmentation mechanism.

Figure 9 shows the surface area for each
fragmentation. The response of coherent melt jet

prone to the KH mechanism is consistent with
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melt jet delivery. It becomes zero when the last
particle hits the bottom. During the early phase,
the coherent melt jet increases as the feeding of
particles exceeds the fragmentation by KH. The
fragmented particles become free, which results in
an increase in the particle area for RT. When the
fragmented particles cool down rapidly, the
particle area prone to RT decreases.
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Fig. 9. Surface Area for Each Fragmentation

The number of hot free particles, whose
temperatures are above the melting temperature,
disappears around 3 second. At this time, the
effect of condensation occurring in a cell with a
two-phase mixture becomes comparable to that of
the vaporization rate. As a result, the pressure
does not change. However, this kind of pressure
halt does not appear in the experimental data,
suggesting that the break-up model needs to be
improved. It is shown that BL stripping
mechanism is negligible.

5. Simulation of FARO L-33
5.1. Interfacial Area
In TEXAS-V there are three flow regimes of
bubbly, intermittent, and mist flow. It is assumed

that the dispersed phase consists of bubbles
and/or droplets of a uniform size. The interfacial

area of the dispersed phase is determined by the
void fraction and the droplet/bubble diameter. The
radius used in determining the surface area is the
minimum radius among the radii determined by
the critical Weber number, the radius equivalent to
the single bubbles occupying the whole volume,
and the size of the cell.

When either the slip velocity between the phases
or the fraction of the dispersed phase is small, the
appropriate radius should be specifically given. A
typical number of R=0.001 is used for the
simulation of FARO L-14. However, when this
number was used for the FARO L-28 and L-33
simulations, unrealistic depressurization occurred
during melt jet delivery. It turned out that this
depressurization was due to excessive
condensation. When the system pressure is low,
the bubble size of the bubbly flow increases. As a
result, larger bubble sizes should be used for low-
pressure tests of FARO L-28 and L-33. This effect
is due the combined effects of fine particles and
increased condensation potential. The TEXAS-V
logic for the fragmentation model and for
determining the interfacial area are modified to
handle this situation.

0.6,

e G(141)=0.12, R=0.001

‘ — ¢(141)=0.12, R=0.005
06
0.5

;-.‘\ k
=
® o4l i i 4
» / Wy
S o4 K it |
L i
03 ~
L . ]
3% 03 0.6 0.9 12 15
Time (sec)

Fig. 10. Pressure Response for FARO L-33

The input data selected for the base case for
FARO L-33 simulation are CKH=0.12,
NBREAK=5, maxn=1.e6. Atmospheric pressure
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is taken as the reference pressure. The most
important parameters are the minimum radius for
the bubbly flow and droplet flow, selected as
0.005 instead of 0.001.

The pressure response, evaporation, and
condensation rate for those cases are shown
below. The measured pressure for FARO L-33
increased from 4.1 bar to 4.4 bar until 1.125
seconds, when a steam explosion was set off with
an external trigger. The simulations are performed
until 1.5 seconds, for convenience, as the
behavior due to the explosion is not handled in
this paper.
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Fig. 11. Vaporization and Condensation Rate

The case of using a small radius results in
unrealistic oscillations in pressure, though the
average pressure behavior is the same as
R=0.005, which is the minimum bubble and/or
droplet radius. The case with a small
bubble/droplet radius results in a higher
condensation rate, which in turn highly increases
the evaporation rate to offset the condensation.
The exaggerated oscillations in the evaporation
and condensation rates result in a failure of

numerical convergence.
5.2. Effect of Fine Particles

When the new break-up model is employed,
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small particles are generated. They lose heat
rapidly and the temperature falls to that of the
surrounding fluid. If the pool water is highly sub-
cooled, there is a chance that the particle
temperature will fall below the saturation
temperature.

The original TEXAS-V logic has a deficiency in
handling this situation. The code failed during the
simulation of FARO L-33. This failure does not
happen during the simulations of FARO L-28 and
FARO L-14.

Therefore, the TEXAS-V logic has been
improved to handle this situation.

The behavior of the break-up mechanism can be
estimated by plotting the particle surface area for
each break up mechanism for the base case, as in
Fig. 12. A comparison of the particle areas
between the old break up model and new break up
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model is shown in Fig. 13. The trends are very
similar to that of FARO L-28. The melt jet
injection is terminated at 1.125 second.

6. Conclusions

By performing simulations for FARO L-14, L-
28, and 1-33 experiments, the capability and the
limitations of the TEXAS-V fragmentation models
for the premixing phase were investigated. By
improving the deficiencies in the modules for the
fragmentation, the equation of state, and the
interfacial area for each flow regime, successful
simulations of FARO L-14, L-28, and L-33 were
made possible. As those experimental sets cover a
wide range of initial and boundary conditions, the
results of the simulations will be very useful for
further application of the TEXAS-V at the reactor

scale.
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