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Abstract

7Ms paper describes the use of a relatively simple parametric model to estimate
containment loads following an ex-vessel steam spike. The study was motivated because
several PSAs have identified containment loads accompanying reactor vessel failure as a
major contributor to early containment failure. The paper includes a detailed description of
the simple but physically sound parametric model which was adopted to estimate
containment loads following a steam spike into the reactor cavity.

1. INTRODUCTION

Several Probabilistic Risk Assessments (PRA) have identified containment loads
accompanying reactor vessel failure as a mayor contributor of early containment failure
during severe accidents. Relatively simple, parametric models have been developed
to which allow the PRA analyst to evaluate the range of conditions under which the
containment loads may be an important contributor to the containment failure. In this
paper a set of calculations utilizing those parametric models to estimate containment
loads for Laguna Verde Nuclear Power Plant are presented, as well as a discussion of
its utilization in the PRA.

2. DESCRIPTION

The Laguna Verde Nuclear Power Plant (LVNPP) Unit 1 is a 1931 Mwt BWR-5 boiling
water reactor, designed and supplied by the General Electric Company with a Mark II
containment.

The containment design employs a steel lined reinforce concrete structure utilizing the
over-and-under pressure suppression concept. The pressure suppression concept
consist of a drywelt over a pressure suppression chamber or wetwell. The drywell and
wetwell are separate for a concrete floor (diaphragm floor) which is perforated by 68
downcomer pipes to drive the steam released during a Loss Of Coolant Accident into the
suppression pool. To suppress the pressure in the containment during an accident, two
trains of sprays are located in the containment. In the event of failure of sprays to
suppress the pressure, the containment can be vented. To reduce the potential of a
severe hydrogen combustion event the containment is inertized with nitrogen.
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3. PSA Requirements

Several Probabilistic Risk Assessments (PRA's) have identified containment loads
accompanying reactor vessel failure as a major contributor of containment failure during
postulated severe accidents[1]. One potential contributor to those loads is a
phenomenon referred to as "steam spike ". A Steam spike is a rapid (but non-
explosive) generation of steam that results from the interaction of molten core debris with
a pool of water.

In the reactor cavity of the Laguna Verde Nuclear Power Plant (LVNPP) are located the
control rod drive mechanism along wiht two pools to storage the floor and equipment
drains ( 3.96 m3 of storage capacity each). The liquid collected in those pools are small
leakages of the system components during normal operation. In the case of a
containment sprays actuation, there would be a significant amount of water in the above
mentioned pools. Therefore ,if the bottom of the reactor vessel fails, the molten core
debris will fall down into the reactor cavity and a steam spike phenomena would be
expected.

The PRA team have to analyse, the likelihood that the steam spike phenomena occurs
for each sequence related with reactor vessel breach. Analytical methods for estimating
containment loads have focused on the development of mechanistic models for
integration in large computer codes such as CONTAIN[2]. However, the application of
quite sophisticated mechanistic models requires an impractical investment on time and
financial resources to analyse hundreds of accident sequences of the containment event
tree. The methodology utilized in the NUREG-1150[ij lets the PRA analyst to handle
parameters and probabilities for the containment event tree heads and this flexibility
then allows the analysis of several accident progression pathways for a fixed set of initial
condition included in the definition of the plant damage state (i,e. Is highly uncertain the
amount of zircaloy oxided before vessel rupture, so that a set of possible answers is
required). In order to provide a practical tool, we propose to use a relatively simple but
physically sound model to represent the mass and energy addition to the containment
following core meltdown and breach of reactor vessel.

4. MODEL DESCRIPTION

Models for steam spike and direct containment heating developed by Mark T. Leonard[3]
are particularly convenient for the present analysis .The models are simple, physically
sound and were developed for Boiling Water Reactors.

The model considers three steps:

1. Molten core material emerges from the reactor vessel and falsl into a pool of water
that covers the drywell floor, for LVNPP we have to consider the equipment drains
collector sumps. The rate, composition and temperature at which melt would leave
the reactor vessel, are highly uncertain and several possibilities were examined
parametrically. A wide range in values for the following initial conditions were
considered:

• total mass of molten material interacting with water.
• initial temperature of the melt.
• fraction of zirconium mass that was oxidized in-vessel.
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2. When the melt reaches the water pool, rapid steam generation facilitates mixing of
fragmented melt particles with water. The extent of melt-coolant mixing is limited by
the rate at which steam can escape the water pool. Unmixed melt mass is assumed
to fall to the bottom of the water pool and not be quenched.

3. Molten debris transfers latent and sensible heat to the water pool. Oxidation of
molten zirconium/steel metal by sorrounding water consumes steam but produces
hydrogen in equal molar proportion. The reactions are also highly exothermic, adding
to the melt sensible heat that can be transferred to the water.

The maximum extent of heat transfer to the water and chemical energy addition to the
melt from oxidation reactions over the time frame of interest are rate limited. In the
case of heat transfer to water, heat losses from fragmented debris (melt) particles are
limited by film boiling at the particle surface. The Production of chemical energy is
limited by oxidation kinetics for metalic debris constituents.

As the debris mass falls down into the pool, it breaks apart into smaller particles which
may subdivide further as steam produced at their surfaces flowing upward toward the
surface-of the pool. Melt fragmentation continues until the rate of steam production
precludes further debris-water contact (i.e., the remaing water is fluidized and
transported away from unfragmented debris) or the falling debris mass reaches the
bottom of the pool.

Following reference [3] the limit to melt-coolant mixing is defiened as a coolant
fluidization (countercurrent flow) limit. The maximum mass of molten debris that can be
mixed with the coolant is estimated as

where

md.m*x maximum (mixed) debris mass in coolant pool
pf, pv liquid and vapor (water) density, respectively
Dmix characteristic diameter of mixed debris particles
q"pm heat flux at the particle surface
hfn latent heat of vaporization for water
A^ drywell floor area (pool cross-sectional area)
vx superficial critical vapor velocity (i.e., steam velocity that will fluidize entering

liquid coolant)

The total extent of (metal) particle oxidation during the melt/coolant interaction is treated
parametrically (i.e. specified ahead of time). The total mass of molten debris poured into
the coolant pool is also specified as a parametric variable.

The energy of reaction corresponding to the specified extent of melt oxidation is added
to the enthalpy of the debris before calculating the maximum mass of melt that can be
mixed with the coolant. However, the mass of oxidized melt is assumed to be limited
by the mass of melt that can be mixed with the coolant.The maximum mass of melt that
can be mixed with coolant is a function of debris temperature. Therefore, an interative
solution is required.
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1. an estimatation of the fraction of the poured melt mass that mixes with the coolant
of the pool (the remainder is assumed to sink to the bottom of the pool uncoiled).

2. the film boiling heat flux at the surface of a melt particle of characteristic dimension

mix'

The total amount of energy transferred to the coolant pool is then simply the product of
the heat flux at the particle surface (q"^) and the total surface area represented by the
mixed mass of melt

where At is the time interval in which the steam generation produces an increase in
drywell pressure (1 s).

The total number of debris particles of characteristic size Dmu is given by

N (3)

where

m mass of melt poured into coolant pool
pour

maximum mass of debris that can mix with the coolant pool

Assuming the pool is initially at the saturation temperature, the mass of water vaporized
can be estimated. However, as discussed earlier, some of the steam is consumed in the
oxidation of a (predefined) fraction of the metallic melt. Two moles of hydrogen are
produced for every mole of steam consumed in oxidizing Zircaloy, and (using iron to
represent the reactions of stainless steel) one mole of hydrogen is produced per mole
of steam consumed in oxidizing steel. If the fraction of metal constituents in the molten
pour oxidized ex-vessel is defined as /or and the fraction of poured mass that is Zircaloy
is defined as f.r, then the total number of moles of vapor generated is

pocl d -ff) (4)

where

' s t n e molecular weight of water.

The initial number of moles in the drywell atmosphere (NRCi) can be estimate from the
ideal gas law:

Pi V
RC
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where

Pj pressure of the drywell at vessel breach
vRC. total free volume of the drywell
RQ universal gas constant
Tj temperature of the drywell atmosphere at vessel breach

Assuming an adiabatic (isothermal) pressure transient, the incremental pressure due to
steam spike and ratio of peak to initial pressure are

and

respectively,

5. RESULTS

In order to show the estimates obtained with the above parametric model, we present
two sets of calculations. In the first set, we assume

- A particle diameter of 10 mm
- 70% of the zirconium was oxidized in-vessel
- 1700 K of initial melt temperature.

The second set assumes a particle diameter of 100 mm with the same overall
assumption as in the first set.

Figure 1 shows that the smaller particle size precludes faster the premixing phase
because as the particle size becomes smaller the surface area for heat transfer become
higher, therefore the steam generation increase impeding the interaction between molten
core debris and coolant.

Figure 2 and 3 show the tendency to reach an increase pressure limit independent
of the molten core debris poured. The limit is bounded by the maximum mixed mass
and the transient time. The steam generated beyond the transient time (1s) is assumed
to be fully condensed. Figure 2 shows, in the 10% and 30% cases that the pressure
increases, this is due to an increase in melt temperature, and therefore the pressure
reaches its maximum, as the melt temperature fits the temperature at which the 10%
and 30% of the mass is mixed, as showned in the figure 1. Figure 3 shows the same
behaviour as the figure 2 but the profile remains unchanged due to that the fact that the
maximum mixed mass is not reached .
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FIGURE 1. Maximum mixed mass for a 10 and 100mm.
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FIGURE 2. Ratio of peak to initial pressure for the 10, 30 and 90% of the total metaiic mass

42



1.015- ; :
! Dmix = 1 0 mm.

1.009--
9C % 30 % V 10 %

§ T —H -
1.006- ; j :

-.003

1.00
1700 1750 i 800 1850 1900 19SO 2000 2C5O /.:::•:

MLLT TEMPERATURt (K)

FIGURE 3. Ratio of peak to initial pressure for the 10, 30 and 90% of the total metaiic mass.

6. CONCLUSIONS

The relatively simple but physically sound model adopted here allows the PSA analyst
to perform speedy parametric (sensivity) studies of the contribution of steam spike
containment loads.

The model described in this paper is not intentded to replace mechanistic models for
steam spike, rather, as a tool to provide rough estimates.
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