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1 Introduction

This document presents the results of a study of ex-vessel steam explos ons for the
Combustion Engineering System 80+ reactors. The computer code GT3F ™= 0.9
was utilized for modeling molter fuel-water interaction in the reactor cavity following
a hypothetical cormelt accident. Fuel water interactions resulting from the following

three separate scenarios were simulated:
1. a central instrument tube rupture
2. an outer instrument tube ruptu.c
3. multiple instrument tube ruptures

Relevant characteristics of the Combustion Engineering System 80+, znd the ra-
tionale for the selection of the aforementioned scenarios can be found in (3].

In what follows, the steamn explosion following the failure of the central instrument
tube is first addressed in Section 2, followed in Section 3 by the results of the analysis
of a steam explosion resulting from an outer instrument tube failure. The case of
multiple instrument tube rupture is discussed in Section 4. Recommendations for
future work are presented in Section 5.

It is well recognized that fragmentation of the moiten fuel during the propagation
phase of a steam explosion is a key process which strongly affects the course of the
transient. Details of the relevant fragmentation models incorporated in the GT3F™™
computer code 1, 2] are provided in Appendix A.

Prior to the application of GT3F™ to the Combustion Engineering System 80+

scenarios, the code was benchmarked against Test # 21 of KROTOS steam explosion
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experiments [19]. Furthermore, in accordance with the method reported in 1, 2],
an empirical constant, namely, the limiting Weber number, in the molten fuel frag-
mentation model of GT3F™™ was adjusted in order to match the model-predicted
and experimentally- measured pressure peaks in the aforementioned KROT JS test.

Details of this benchmarking are provided in Appendix B.

2 Central Instrument Tube Failure

The system configuration is depicted in Figure 2.1. At the initiation of tube failure,
a single Corium jet, 3 cm in diameter, was assumed to flow downward into the water
with a velocity of 5.5 m/s. The initial water pool temperature wis assumed to be

393 K, and the pressure was assumed to be 2 bars.

2.1 Premixing

The computational domain, depicted in Figure 2.2, was nodalized using 10 radial
1odes with Ar = 3 cm, and 27 axial nodes with Az = 20 cm. It was not necessary
to model the entire 1.5 m radius region during premixing .ince no changes were
anticipated outside the selected computation domain. In the analysis, a lower limit
of DP = 10 mm was assumed for melt particle diameter. The time step was 100 us.
Premixing calculations were performed for a total of 2 seconds.

The calculated results at various times during the premixing phase of the explosion

are depicted in the following attached figures.

Figure 2.3: Molten fuel volume fraction contours



Figure 2.4: Void fraction (gas phase volume {raction| contours

Figure 2.5: Pressure contours

2.2 Triggering and Propagation

The computational domain for the triggering, propagation, and expansion phases of
the steam explosion following a central instrument tube failure is depicted in Figure
96. The calculations were performed using 27 axial nodes with Az = 20 cm, and
50 radial nodes with Ar = 3 cm. The time step size was 2 us. The explosion was
assumed to be triggered at one second aftcr the initiation of premixing. Triggering was
assumed to take place on the axis of symmetry of the jet, 4.1 m above the bottom
of the liquid pool which corresponds to the mid plane elev tion of the submerged
portion of the corbel supports. Triggering was simulated i. the code by assuming
that, at the triggering time, 10% of the molten fuel in node (1,21) underwent complete
fragmentation in one time step (2 us). The critical Weber number for the initiation
of molten fuel fragmentation was assumed to be 100.

The calculated results are depicted in the following attached figures.

Figure 2.7: Molten Fuel volume fraction contours
Figure 2.8: Void fraction (gas phase volume fraction) contours

Figure 2.9: Pressure contours

Figure 2.10: Pressure histories at varous nodes

In order to examine the effect of nodalization on the predicted results, the above

triggering and propagaticn calculations were repeated, this time using 25 radial nodes
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with Ar = 6 cm. All other parameter were maintained unchanged. Pressure histories
at various nodes for this calculation are presented in Figure 2.11. A comparison
between Figures 2.10 and 2.11 indicates that the node size can affect the computed
results. For example, as noted, the predicted peak pressures are considerably higher
for the smaller radial node size.

The calculated pressure impulse distributions over the corbel support surface are
depicted in Figure 2.12. These values were determined by integrating the pressure
histories at various axial locations along the wall. The maximum impulse 1s approx-
imately 10.5 kPa.s, and occurs at the bottom elevation of the corbel support (axial
node 18). The pressure impulse monotonically decreases with height, and reaches a
minimum value of approximately 5.5 kPa.s at axial node 27, representing the water
level height before the initiation of the transient. These predicted pressure impulse
loads are significantly lower than the 5th percentile impulse capacity for corbel sup-
ports, which is approximately 35 kPa.s [3]. The decreasing impulse with height is
consistent with the predictions of TEXAS and IFCI codes [3]. The pressure impulses
predicted by the TEXAS code are significantly higher, however, and are in the 12 to
42 kPa.s range [3]. The IFCI code, on the other hand, predicts pressure impulses in
the 3 to 15 kPa.s over the corbel surface (3], and is in good agreement with GT3F™
predictions. The results shown in Figures 2.12 also indicate that reducing the radial
node size from Ar = 6 cm to Ar = 3 cm had a slight effect on the predicted pressure

impulse distributions.



3  Outer Instrument Tube Failure

The system configuration is shown in Figure 3.1. The axis of the molten fuel jet
resulting from the failure of the outer instrument tube was assumed to be 15 cm
away from the corbel support wall. The jet was assumed to be 3 cm in diameter, and
the melt jet velocity, calculated based on the molten Corium hydrostatic head in the
vessel lower head above the jet exit, was assumed to be 4.6 m/s. The water pool was

initially at 393 K temperature and 2 bar pressure.

3.1 Premixing

The computational domain used to perform the premixing calculation is depicted
in Figure 3.2. In order to render two-dimensional calculations in polar cylindrical
coordinates possible, the computational domain was chosen to be a cylinder 15 cm in
diameter, with its cent erline coincident with the centerline of the molten fuel jet. The
computational domain was nodalized using 5 radial nodes with Ar = 3 cm, and 27
axial nodes with Az = 20 cm. The time step was 100 us. A lower limit of DP = 10
mm was assumed for melt particles. Premixing calculations were performed for a
total period of 2 seconds.

The calculated results are depicted in the foliowing attached figures.
Figure 3.3: Molten fuel volume fraction contours
Figure 3.4: Void fraction (gas phase volume fraction) contours

Figure 3.5: Pressure contours



3.2 Triggering and Propagation

These calculations were performed using the aforementioned computational domain
and nodalization scheme for the premixing calculations (Figure 3.2). Thus, 27 axial
nodes with Az = 20 ecm, and 5 radial nodes with Ar = 3 cm were used. The time
step size was 2 us. The explosion was assumed to be triggered at one second after
the initiation of premixing. The critical Weber number for the initiation of molten
fuel fragmentation was assumed to be 100. Triggering was assumed to take place on
the axis of symmetry of the molten fuel jet, 4.1 m above the bottom of the liquid
peol in node (1,21) which corresponds to the mid plane elevation of the submerged
portion of the corbel supports. The explosion was assumed to be triggered one second
after initiation of premixing. Triggering was simulated in the code by assuming that,
at the time of triggering, 10% of the molten fuel in node (1,21) underwent complete
fragmentation in one time step (2 us).

The calculated results are depicted in the following attached figures.
Figure 3.6: Molten fuel volume fraction contours
Figure 3.7: Void fraction (gas phase volume fraction) contours
Figure 3.8: Pressure contours
Figure 3.9: Pressure histories at various nodes
Figure 3.10 Pressure impulse distribution over the corbel support surface

It should be noted that the impulse values calculated for this transient are significantly

higher than those for the central instrument tube failure. It is also significantly higher



than the 5th percentile impulse capacity for the corbel supports. These resuits are

not surprising in view of the proximity of the jet to the corbel supports wall

4 Multiple Instrument Tube Failure

The system configuration is depicted in Figure 4.1. Eight similar holes, each 3 cm in
diameter, and supporting molten fuel jets with a velocity of 5.5 m/s, were wssumed
to simultaneously form due to the failure of the eight instrument tubes nearest to the
vessel centerline. The water pool was assumed to be initially at 393 K temperature

and 2 bar pressure.

4.1 Premixing

The computational domain used to perform the premixing calculations is depicted in
Figure 4. 2. Calculations were performed using 10 radial nodes with Ar = 15 cm, and
27 axial nodes with Az = 20 cm. A lower limit of DP = 10 mm was assumed for melt
particles. The time step was 100 gs. In order to make a two-dimensional analysis in
polar cylindrical coordinates possible, and in accordance with the physical location

of the failed tubes, the molten jets were distributed over the radial nodes as follows:
Radial node # 1 (centerline) 1 jet

Radial node # 2 1.5 jets
Radial node # 3 1.5 jets
Radial node # 4 2 jets
Radial node # 5 2 jets

Consistent with the two-dimensional (r.z) nodalization scheme, the molten )ets



arriving at each radial node are uniformly distributed over the node cross-sectional
area. This clearly leads to low concentrations of molten fuel in the system due to the
applied coarse radial mesh, as well as tiie two dimensional nature of the simulation.

The calculated results are depicted in the following attached figures.
Figure 4.3: Molten fuel volume fraction contours
Figure 4.4: Void [raction (gas phase volume fraction) contours
Figure 4.5: Pressure contours

As noted, the calculated molten fuel concentrations are extremely low (less that
2%) everywhere in the computational zone, and throughout the premixing phase.
Such low concentrations of molten fuel are evidently unrealistic, and do not provide
the necessary conditions for a steam explosion resulting in significant pressure peaks.
The predicted low molten fuel concentrations are due to the two-dimensional (r.z)
simulation of an essentially three-dimensional process, along with the application of

a coarse radial mesh.

4.2 Triggering and Propagation

These calculations were performed using the zforementioned computational domain
and nodalization scheme for the premixing calculations (Figure 4.2). Thus, 27 axial
nodes with Az = 20 cm, and 10 radial nodes with Ar = 15 cm were used. The time
step size was 2 us. The explosion was assumed to be triggered at one second after
the initiation of premixing. The critical Weber number for the initiation of molten

fuel fragmentation was assumed to be 100. Triggering was simulated in the code



by assuming that, at the time of triggering, 10% of the molten fuel in node (1,21)
underwent complete fragmentation in one time step (2 us). Again. this corresponds
to the mid plane elevation of the submerged portion of the corbel supports.

The calculated results for 7.5 ms are depicted in the following attached figures.
Figure 4.6: Molten fuel volume fraction contours
Figure 4.7: Void fraction (gas phase volume fraction) contours
Figure 4.8: Pressure contours
Figure 4.9: Pressure impulse distribution over the corbel support surface

As noted, the predicted pressures are quite low, and result in an unreasonably
low pressure impulse distribution. These results, which indicate a lower pressure
impulse than the case with a single jet due to the rupture of a central instrumen
tube (see Section 2), are questionable. The reason, as mentioned in the previous
subsection, is the two-dimensional (r,z) simulztion, along with the application of
coarse radial nodes. The applied nodalization scheme distributes the incoming fuel
jets over the cross-sectional areas of large radial nodes, and smears the high molten

fuel concentration explosion zones.

5 Recommendations for Future Work

o The triggering and propagation calculations for central and outer instrument
tube failure cases (Sections 2 and 3) were performed in this work assuming

that triggering occurred on the centerline of the melt jet at 4.1 m above the

9



bottom of the water pool, one second after the initiation of premixing. It is
recommended that triggering and propagation calculations be repeated assum-
ing that triggering occurs at the bottom of the pool upon impact of the moiten

fuel.

The two-dimensional (r,z) modeling of premixing, as well as triggering and prop-
agation phases of the steam explosion resulting from multiple instrument tube
failure leads to unrealistic predict.ons. It is recommended that these calcula-

tions be repeated using a significantly finer radial mesh.

The multiple tube failure steam explosion is essentially a three-dimensional
process, and a two-dimensional (r,z) simulation, even with fine radial mesh,
may not be adequate for its analysis. A three-dimensional (r, #, z) analysis,
in which a reasonably small slice of the system (e.g.,Af = 45°) is simulated, is

recommended.
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Figure 2.2: Central Instrument Tube Failure
(Shaded area represents computational domain for premixing calculation)



Figure 2.3
Central Instrument Tube Failure-Premixing
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Figure 2.7

Central Instrument Tube Failure-Propagation
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Figure 2.7 (contd)
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Figure 2.10

Central Instrument Tube Failure-Propagation
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Figure 2.11
Central Instrument Tube Failure-Propagation
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Figure 3.1: Overall Configuration for Outer Instrument Tube Failure
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Multiple Instrument Tube Failures-Premixing
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A Particle Breakup and Fine Fragmentation

Models in GT3F™ Computer Code

A.1 Introduction

Particle breakup is important in the propagation of fast multi-fluid processes, since
it determines the interfacial surface area concentrations, and thereby strongly affects
the interphase transfer pirocesses. In what follows, recent studies relevant to bubble
and droplet breakup and particle fragmentation are reviewed, thereafter the models
utilized in the GT3FTM code are presented.

In the forthcoming discussions, distinction is made between hydrodynamic and
acceleration-induced breakup mechanisms on the one hand, and shock-induced fine
fragmentation on the other. The first governs particulation of liquid or gas phases
and breakup of melt droplets during premixing, while the second takes place during
the propagation phase of the steam explosions. This distinction is necessary because
hydrodynamic and acceleration-induced breakup generate particles typically 1 cm in
diameter, whereas shock-induced fragmentation generates fuel particles typically 100

um in diameter.

A.2 Hydrodynamic and Acceleration-Induced I'reakup
A.2.1 Breakup due to Rayleigh-Taylor Instability

When one fluid overlays a less dense fluid, perturbations at the interface tend to grow

by Rayleigh-Taylor instability. The breakup of a single bubble or drop rising . falling
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freely through stagnant media has thus been attributed to Rayleigh-Taylor instability
(Clift et al. [4]). This type of breakup mechanism has been recently studied by Lehrer
[5] and Grace et al. [6], who found that the following semi-empirical relation predicts

the maximum particle diameter:
[ g
N e ()

Grace et al. [6] compared the predicted maximum stable sizes with experimental data
of drops and bubbles in viscous liquids for eighteen different systems, and concluded
that agreement between the model and experimental results was favorable.

Equation (1) represents the maximum stable particle size; the mean particle size

at equilibrium can be obtained from (7]

J:zd;%; (2)

A.2.2 Acceleration-Induced Breakup

For acceleration-induced fragmentation, the hydrodynamic stabilitv Lmit is usually
described by the Weber number, which represents the ratio of the disruptive inertia
force to the stabilizing surface tension force:

3
We Pc‘v D '3)
o4

Where p, is the density of the continuous flow field, V; is the relative velocity between
the continuous flow field and the drop or bubble, D is the initial diameter of the drop
or bubble, and ¢ is the surface tension of the particle.

There is a critical Weber number (We,) below which drop breakup does not occur

[8]. For bubbles or low-viscosity liquid drops, this critical Weber number is about 12.
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For high-viscosity liquid drops, the viscous effect on breakup has been correlated as

[7):

We, = 12(1 + 1.0770n"®) (4)

Where the Ohnesorge number, On, is defined as:

On = —pi (5)
paDo

where ug is the dynamic viscosity of the drop and pg is the density of the drop.
According to Eq. (4), the drop breakup at high Ohnesorge numbers is progressively
more difficult. Expzriments performed recently by Hsiang and Faeth show (9] show
that there is no drop fragment.tion for On > 4.

When We > We, for a particle, acceleration induced fragmentation takes place.
Fragmentation continues over a break-up time, t;, which represents the time period
after which the bubble or drop and its fragments no longer undergo fragmentation.
Acceleration induced fragmentation can occur due to several different mechanisms.

According to Pitch and Erdman (7], these mechanisms and their boundaries are:

e Vibratonal breakup We <12

e Bag breakup 12 < We €50

e Bag-and-stamen breakup 50 < We < 100
¢ Sheet stripping 100 < We < 350
o Wave crest stripping followed by We > 350

catastrophic breakup
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The aforementioned authors also correiated the total breakup time, ¢;, based on
the published experimental data from eight sources for liquid drops falling in gases,

according to [T7):

Ty = 6(We - 12)79% 12< We< 18
T, = 2.45(We - 12)0% 18< We< 45
Ty = 1.41(We - 12)0% 45 < We < 351
T, = 0.766(We — 12)°% 351 < We < 2670
T, =355 We > 2670

Where the dimensionless breakup *ime, T}, is defined as:

Vi
Li=tpe’ (6)

where

€ = \/Pe/ Pd (7)

For the liquid-liquid systems, based on limited experimental data, Pilch et al. [7]

suggested that the breakup time is comparable tc that of the gas-liquid systems.

The conventional way to estimate the maximum stable diameter due to acceleration-

induced breakup is to write:
o

ez = Wee (8)

However, the predicted fragment sizes from Eq. (8) are reported to be too small by
nearly two orders of magnitude (7], and may cause numerical difficulties (10]. Pilch et
al. |7] studied the experimental observations, and pointed out that the aforementioned
conventional estimate of the maximum stable diameter fails primarily because of the

erroneous assumption that fragment Weber numbers decrease only because fragment
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sizes decrease, They introduced a new way to estimate the maximum stable particle
diameter, in which the change of the relative velocity before and after the breakup is
accounted for. Thus,
i Va ‘
Cae = Weesy (1 -7) (9)

where V; is the velocity of the fragment clond when all breakup processes cease.

Pilch et al. compared the modified maximum stable diameter with experimental
data [7). The results show that the correlation represented by Eq. (9) is valid for
350 <« We < 10°. However, for We < 350, the correlation over predicts the fragment
sizes. The authors also pointed out that the maximum fragment size is about twice
as large as the mass median fragment size, and that ratio is independent of the Weber
number (7).

Correlations for estimating th: fragment cloud velocity Vy are now discussed.
For the gas-liquid (liquid drops falling in gases) systems, Piich 7] recommended the
following empirical correlation:

V‘ 3 2
V,-(_"—-? = ngTg + 3BT} (10)
Here, Cy is the drag coefficient for a rigid constant-mass sphere, and B 1s an empurical

constant given by:

Ci=1 B =0.116 (compressible flow) (11)

Ce¢=105 B =0.0758 (incompressible flow) (12)

For the liquid-liquid systems, the following correlations can be used [7]:

Vi 0T,

o

V.8 = 17 3C,0°T,
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And Cy is suggested to be 2.5 to 3.0 based on the measi'~ements of Patel and Theo-
fanous [11] for a mercury-water system

The available experimental data for breakup of gas bubbles in liquid systems
are limited. Kolev [12] suggested estimating Vi by Kutateladze's terminal velocity.

Accordingly,

O'QAP] 1/4

v,-v,,r_\/i[ =

(14)

Substituting Eq. (14) into Eq. (9), one obtains the upper limit of the bubble size in

1 o
o Wi =
d:mu: 2 € QAP (15)

A lower limit can also be specified for particles resulting from acceleration-induced

the flow,

fragmentation. Brodkey [13] showed that bubbles with a diameter smaller than
%(2.53)\/;&; behave as solid spheres and are not subject to further splitting. There-

fore, the stable bubble size range after fragmentation should be,

1 o 1 o
—2.531/—<d'<-Wc¢ _ 16
A.2.3 Shock-Induced Fine Fragmentation

Fragmentation of the molten fuel during the propagation phase of steam explosions
generates tiny debris, typically 50 - 100 ym in diameter. Owing to the small debnis
size. the fragmented debris is assumed to reach thermodynamic equilibration with the
liquid coolant instantaneously. Adequate modeling of this fine fragmentation rate 15
crucial in steam explosion modeling.

Various fragmentation mechanisms have been proposed in recent years. Hydrody-

namic fragmentation models which appear to be better developed and validated at
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this time, are used in our model development. In hvdrodynamic models, the forces
responsible for fragmentations are directly related to the relative velocity between the
fluids.

The hydrodynamic fragmentation phenomena in steam explosions have been ex-
perimentally investigated by several authors. Patel and Theofanous [11] studied the
fragmentation of mercury, gallium and acetylene tetrabromide drops in water, using a
shock tube to produce a pressure pulse in order to initiate fragmentation. They found
that there was no Bonu number (which represents the ratio of accelerational forces to
surface tension forces) threshold for the onset of fragmentation. They postulated that
Rayleigh-Taylor instability was the dominant mechanism for fragmentation process,
and suggested a dimensionless breakup time of about 0.4, which is much shorter than
those observed in other experiments.

In contrast to the Patel and Theofanous’ investigations, Baines [14] found that
both capillary wave growth and boundary-layer stripping contributed to fragmenta-
tion. For Weber numbers in the range of 100-2000, the stripping process was found

to be dominant and the breakup time was approximately constant and given by:
T,~4.0 (17)

Kim et al. [15] studied the hydrodynamic fragmentation of gallium drops in water
for Weber numbers in the range of 30-3519. They observed a gradual increase in
the efficiency of boundary layer stripping as the Weber number was increased, and
reported the following observations. At a Weber number of 30, the gallium drops
broke into two droplets; for 100 < We < 500, a closed, thin gallium skin was removed

from the drop and finally broke into smaller fragments; in the range of Weber numbers
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500 - 1300, direct stripping of fragments was observed parallel to the draw-off of closed
skins, and finally, for 1300 < We < 3600, direct boundary laver stripping effect was
dominant. The dimensionless breakup time was found to be in the range of 3.5 - 6.6,
with no clear dependence on the Weber number.

Carachalios et al. [16, 17] studied the experimental data of Kim et al. [15], and
produced a dynamic fragmentation model. In their model, the rate of mass loss of a

single fuel particle due to boundary layer stripping is given by:

dm

-Zt. = C/va"‘,rﬂozv PePd (18)

Whefe er.' ol 1/6.

A.2.4 Breakup Models in GT3F™™

In modeling the particulation of gas or liquid phases, and the breakup of the fuel melt,
hydrodynamic and acceleration-induced breakup mechanisms are both considered.
The bubble and droplet diameters are flow regime dependent, and are discussed in

detail in [18]. The melt average particle size is found from:

/ o 1 o
Dy =min{2, | ——v—— =We ————e (19)
i { VoTr-rho| ' 2 pc(u,c—w}
where ;. and V,. are the average coolant density and the relative velocity between

the melt particle and coolant, respectively, and are calculated as follows:

pe=ap+(l=a)p (20)

V,. = fraca pUy + (1 = a)p3lap. = Us (21)
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In the above equations, subscripts 1, 2, and 3 represent the gas, liquid coolant, and

melt phases, respectively, and

ap + ay

_ ay (22)

where a; represents the volume fraction of phase k in the three-phase mixture. Fur-

thermore, during the premixing phase, we assume
D3 2 lem (23)

The latter limit is imposed based on the model validation with experimental data,

which indicate that the imposition of the above lower limit results in good prediction

of the transient progression during the propagation and expansion phases.
Shock-induced fine fragmentation is assumed to start when for the unfragmented

melt droplets

We > We? (24)

where We® is an empirically adjusted critical Weber number. Parametric and sen-
sitivity calculations, to be explained later, indicate that good agreement between
the model and the data from the KROTOS-21 test [19] is obtained by assuming
We: = 100,

Following the initiation of shock-induced fine fragmentation, stripping of the
molten fuel during the propagation phase is modeled using the above described model
of Carachalios [16], represented by Eq. (18). Thus, assuming the melt particles re-
main spherical during boundary layer stripping, the rate of fragmentation, per unit

mixture volume, Jag, is calculated from:

Jy = as|0, ~ FalVP:Pa/'DJ (25)
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where [); is the fuel particle diameter before fragmentation, and U, and p. are the
coolant effective velocity and density, respectively. When a; < 0.2, it is assumed
that all the fuel particles are surrounded by, and hvdrodynamically interact with, the

liquid coolant only. Thus.

U, = U, (26)
Pe = P2 (27)

Fowever, when a; > 0.2, it is assumed that the fuel particles hydrodynamically

interact with both gas and liquid. Then, U. and p. are calculated from:

- ayply+ (1= 0'1)P:C'2
U, = == : 28
aypr + (1= ay)p2 (28)

where p. is found from Eq. (20).

The stripped fuel is fragmented into tiny particles, typically = 10 - 100 ym in
diameter. Owing to the small debris size, the fragmented debris is assumed to reach
thermodynamic equilibrium with the liquid coolant instantaneously. Estimation of

the fine debris size is thus not needed.

70



B Simulation of KROTOS-21 Steam Explosion

Experiment

GT3FT™ was used to simulate the KROTOS Test # 21 [19], whereby the fragmenta-
tion model in the code was empirically adjusted to provide the best agreement with
the experimentally-measured pressure histories. The simulation encompasses premix-
ing and the subsequent propagation phases of the explosion. The simulation results
are described in this appendix.

In this experiment molten tin, initially at 1350 K temperature, was poured into
water at 360 K temperature. The water level height above the bottom of the test
section was 1.1 m, and the pressure was 1 bar. Triggering took place about 1.05 s
after molten tin arrived at the water level, at which time about 6.5 kg of tin had

already mixed with the water. Figure B-1 depicts the test section.
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Figure B.1: Schematic and nodalization of KROTOS steam explosion

experiments (all dimensions in mm).

B.1 Premixing

The water-filled portion of the test section was represented by 11 axial nodes, each
10 cm in length. GT3FT™ simulation of the premixing phase of the steam explosion
test starts from the instant molten tin entered water, and continues for 1.05 s, at
which time triggering is imposed. Based on experimental observations and hand

calculations. it is assumed that the molten tin particles, upon arriving at the water



level, had a velocity of 2.5 m/s, and a diameter of 2.5 em. The boundary condition

at z = 1.1 m, representing che water level, was thus set as

P =1 bar
vy = -2 m/s
T, =1350 K
as = 0.069

where the quantities vy, T3, and aa represent velocity, temperature, and volume {rac-
tion of the melt fluid at the boundary, respectively.

The melt particle diameters, as described in Section A2 of Appendix A, are
determined by applying hydrodynamic and acceleration-induced breakup models. In
addition, a lower limit for the melt particle diameter can also be imnosed. In what
follows, simulation results will be presented for DP = 1 cm and DP = 0.5 cm as the
lower limits for melt particle diameter.

Figures B2-a, B2-b, and B2-c represent the predicted pressure, void fraction, and

melt volume fraction profiles in the test section, respectively.
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Figure B.2: Premixing predictions for KROTOS-21. (a) Pressure;
(b) Void fraction; (¢) Fuel Volume Fraction.
As noted in Figure B2-a, the pressure profiles are relatively flat, and the siight

pressure gradients are due to hydrostatic head. The void fraction profiles depicted in



Figure B2-b indicate that the void fraction distribution is more uniform for DP = |
cm. Near the top of the water pool the void fraction is high mainly due to the longer
exposure time to the hot melt, and partially due to the upward migration of bubbles
generated deeper in the pool. The fuel volume fraction profiles in Figure B2-c show
only a slight difference between caiculation results for DP = | ¢m and DP = 0.5
cm. Upon entering the water, the velocity of melt particles is reduced due to higher
drag, and as a result a slight increase of melt volume fraction with water depth can
be noted near the pooi surface. Also, as noted, when the melt particles reach the
buttom of the pool they accumulate in the lowest node.

As noted, the results obtained with a melt particle diameter lower limit of DP =
0.5 cm showed a strongly nonuniform void fraction distribution in the pool at the end
of the premixing. This resulted in pressure histories during the propagation phase
which were in complete disagreement with the experimental observations. Conse-
quently, all the calculations in this document were carried out using DP = 1.0 cm a

the lower limit on melt particle diameter during premixing.

B.2 Propagation

The predicted test section parameters at the end of the premixing phase were used
as the initial condition for the propagation phase, as described below.

The test section was renodalized, and 5-cm axial nodes were used for more accurate
simulation.

The explosion was triggered in the experiment by mechanical destruction of a

membrane at the bottom of the test section, which separated the test section from a



15 om? gas volume, initially at 12 MFa pressure. This was simulated in the computer
model by imposing a gas flux boundary condition, where gas at the velocity of sound
(210 m/s) flowed into the test section for a period of 10 micro second.

Calculated pressure histories at locations K1 through K5 are compared with the re-
ported experimental results [19] in Figure B3. The fragmentation mode! in GT3F™™
uses a melt particle critical Weber number, We;. Fragmentation takes place only
when We > We; for the melt particles (See Section A.3 in Appendix A). This criti-
cal Weber number will be empirically adjusted here in order to obtain the best possibi.

2-reement between mode!-predicted and experimentally-measured pressure histories.
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